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Damage to the cornea from chemical burns is a seri-
ous clinical problem that often leads to permanent
visual impairment. Because transforming growth fac-
tor (TGF)-� has been implicated in the response to
corneal injury, we evaluated the effects of altered
TGF-� signaling in a corneal alkali burn model using
mice treated topically with an adenovirus (Ad) ex-
pressing inhibitory Smad7 and mice with a targeted
deletion of the TGF-�/activin signaling mediator
Smad3. Expression of exogenous Smad7 in burned
corneal tissue resulted in reduced activation of Smad
signaling and nuclear factor-�B signaling via RelA/
p65. Resurfacing of the burned cornea by conjuncti-
val epithelium and its differentiation to cornea-like
epithelium were both accelerated in Smad7-Ad-
treated corneas with suppressed stromal ulceration,
opacification, and neovascularization 20 days after
injury. Introduction of the Smad7 gene suppressed
invasion of monocytes/macrophages and expression
of monocyte/macrophage chemotactic protein-1,
TGF-�1, TGF-�2, vascular endothelial growth factor,
matrix metalloproteinase-9, and tissue inhibitors of
metalloproteinase-2 and abolished the generation
of myofibroblasts. Although acceleration of healing of
the burned cornea was also observed in mice lacking
Smad3, the effects on epithelial and stromal healing
were less pronounced than those in corneas treated
with Smad7. Together these data suggest that overex-

pression of Smad7 may have effects beyond those of
simply blocking Smad3/TGF-� signaling and may rep-
resent an effective new strategy for treatment of ocu-
lar burns. (Am J Pathol 2005, 166:1405–1418)

The cornea is a highly organized avascular transparent
tissue located in the anterior part of the eye. It must
remain transparent to refract light properly. Ocular
trauma in the form of an alkali burn to the cornea is a
serious clinical problem and may cause severe and per-
manent visual impairment.1 Activation of corneal cells, ie,
keratocytes and epithelial cells, and influx of inflamma-
tory cells such as monocytes/macrophages, are both
involved in the pathogenesis of injury after alkali tissue
damage in the cornea and can lead to persistent epithe-
lial defects.2,3 Moreover, breakdown of the basement
membrane by matrix metalloproteinases (MMPs, gelati-
nases) secreted by these cells contributes to the patho-
genic ulceration and perforation of the stroma.4–9 Con-
junctivalization of the corneal surface on the loss of limbal
stem cells together with opacification and neovascular-
ization of the corneal stroma all impair the patients’ vision
in the later healing phases.10,11 Surgical transplantation
of autografts or allografts of limbal epithelium containing
corneal epithelial stem cells is used in some cases.12,13

Although such allografting can be effective in cases with
alkali injury to both eyes, this therapy requires long-term
immunosuppression by drugs, potentially increasing
risks of infection and producing other unwanted side
effects. Moreover, even this treatment is not effective in
severe cases, leading to loss of vision, and emphasizing
the need for development of new, more effective, treat-
ment strategies.
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A number of growth factors and cytokines are believed
to be involved in the tissue destruction and late scarring
that occur in the cornea after alkali burn. One prime
candidate is transforming growth factor (TGF)-�, which
has been shown not only to promote migration of corneal
epithelial cells and keratocytes, but also to be chemotac-
tic to monocytes/macrophages and to induce transdiffer-
entiation of keratocytes to myofibroblasts.14–17 Overex-
pression of TGF-� in the burned cornea exacerbates
damage of the injured tissue, in part by its ability to
induce expression of other cytokines, such as vascular
endothelial growth factor (VEGF) and monocyte/macro-
phage chemotactic protein-1 (MCP-1),18,19 which are be-
lieved to be involved in local neovascularization and in-
flammation, respectively.20–27

TGF-� activates multiple signaling cascades including
those involving the mitogen-activated protein kinase (MAPK),
c-Jun-N-terminal kinase, p38MAPK, and Smads.28–31 Of
these, the Smad2/3/4 pathway is uniquely specific for the
TGF-�/activin signaling.28–31 In this pathway, receptor-acti-
vated Smad proteins, Smad2 or Smad3, are phosphory-
lated directly by the TGF-� type I receptor kinase (T�RI),
partner with the common mediator, Smad4, and translocate
to the nucleus where they play a prominent role in activation
of TGF-�/Smad-dependent gene targets. Smad3 signaling
has been shown to be critical in healing of cutaneous
wounds and in injury-induced fibrosis in many tissues, such
as skin, kidney, and the lens and retina of the eye.17,32–40

Smad7 is an inhibitory Smad, inducible not only by TGF-�
but also by inflammatory cytokines.28–31 It both blocks
Smads2/3 signaling41,42 and has other putative Smad-inde-
pendent effects.43 Transient introduction of the Smad7
gene by using an adenovirus vector has been reported to
be effective in treating tissue inflammatory/fibrotic disorders
in lung, kidney, liver, and lens of the eye.44–47 Crosstalk
between the Smad and nuclear factor (NF)-�B signal trans-
duction pathways has also been reported.48–51 In particu-
lar, Smad7 has been shown to exert an inhibitory effect on
NF-�B signaling independent of its action on Smad signal-
ing,52 and might contribute to modulation of the inflamma-
tory reaction triggered by various cytokines. Based on this,
we hypothesized that overexpression of Smad7 might si-
multaneously modulate TGF-� and NF-�B signaling path-
ways and prevent the tissue destruction resulting from alkali
injury to the cornea.

To test this hypothesis, we used a mouse model of total
ocular surface burn in which the eye is exposed to alkali.
Here we show for the first time the therapeutic efficacy of
Smad7 adenoviral-mediated cDNA transfer to the alkali-
burned mouse cornea. Evaluation of epithelial healing,
stromal repair, influx of inflammatory cells, and patterns
of cytokine expression all suggest that gene transfer of
Smad7 improves the healing of the injured tissue, and
reduces scarring and neovascularization. Combined in
vivo and in vitro data demonstrate effects of Smad7 over-
expression on both Smad2/3 and NF-�B signaling. The
better outcome of eyes treated with Smad7 compared to
eyes in Smad3-null mice after alkali injury to the cornea
suggests that Smad7 likely affects multiple signaling
pathways in addition to those mediated by Smad3.

Materials and Methods

All experimental procedures were approved by the DNA
Recombination Experiment Committee and Animal Care
and the Use Committee of Wakayama Medical University,
Wakayama, Japan, and conducted in accordance with
the Association for Research in Vision and Ophthalmol-
ogy Statement for the Use of Animals in Ophthalmic and
Vision Research.

Adenovirus Vector Construction and Virus
Purification

We used the adenovirus Cre/LoxP-regulated expression
vector set (no. 6151; Takara, Tokyo, Japan) to make
recombinant adenovirus expressing Smad7 as previously
reported.44 Each adenoviral vector was used at the con-
centration of 1.0 � 107 PFU/�l.

Alkali Burn in C57BL/6 Mice and Treatment with
Smad7 Gene Transfer for Histological
Evaluation

Three �l of 1 N sodium hydroxide solution was applied to
the right eye of adult C57BL/6 mice (n � 87) to produce
an ocular surface alkali burn under both general and
topical anesthesia.49 A mixture of recombinant adenovi-
ruses carrying CAG (cytomegalovirus enhancer, chicken
�-actin promoter plus a part of 3� untranslated region of
rabbit �-globin) promoter-driven Cre (Cre-Ad) and
mouse Smad7 cDNA (Smad7-Ad) was administered at 2
and 24 hours and days 5, 10, and 15 after an alkali
exposure (Smad7-Ad group). Cre recombinase ex-
pressed via the CAG promoter deletes the stuffer PolyA
through the Cre/LoxP system. Preliminary experiments
showed that there was no obvious difference in the his-
tology or in healing at the macroscopic level in an alkali-
burned mouse eye with (Cre-Ad group) or without appli-
cation of adenovirus carrying Cre (no vector group). Thus
corneas of the Cre-Ad group were used as controls. After
the evaluation of the corneal surface with fluorescein
staining of the injured epithelium, the eye globe was
enucleated 2 hours after labeling with bromodeoxyuri-
dine (BrdU)53 and processed for histological examination
in either paraffin or cryosections at days 3, 5, 10, and 20.
Fluorescein staining of the cornea allows surface defects
to be visualized as green. The numbers of eyes for par-
affin sections were 4 and 4 (day 3), 6 and 6 (day 5), 14
and 17 (day 10), or 8 and 8 (day 20) in the Cre-Ad and
Smad7-Ad groups, respectively. The numbers of eyes for
cryosection were two and two (day 3), three and two (day
5), four and three (day 10), or two and two (day 20) in
Cre-Ad group and Smad7-Ad group, respectively. The
efficiency of gene transfer was evaluated by co-infection
of Cre-Ad and GFP (green fluorescein protein) under
control of the Cre/LoxP system. Expression of GFP was
evaluated in unfixed cryosections using fluorescent
microscopy.
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Alkali Burn in Smad3-Knockout Mice

To compare the effects of Smad7 gene transfer and loss
of Smad3 on the healing process after alkali burn in a
cornea, a similar alkali burn was administered to corneas
of Smad3 knockout mice (a mixture of three strains;
C57BL/6/NIH Swiss/SV129). Twenty-four eyes total of 12
Smad3�/� mice and 12 Smad3�/� mice were examined
at days 5, 10, or 20 after alkali burn. The enucleated eyes
were processed for paraffin sections as described
above. For assay of expression of mRNAs of cytokines,
real-time reverse transcriptase (RT)-polymerase chain re-
action (PCR) was performed as described above. Alkali-
burned corneas of Smad3�/� and Smad3�/� mice were
obtained at days 10 and 20 after burn (n � 4 at each time
point) and processed for tRNA extraction and real-time
RT-PCR as described below. Four uninjured corneas of
two Smad3�/� mice and six of three Smad3�/� mice
were included to obtain the basal expression level of
each cytokine.

Immunohistochemistry

Deparaffinized sections (5 �m thick) or cryosections (7
�m thick) fixed in cold acetone for 5 minutes were pro-
cessed for indirect immunohistochemistry. The following
antibodies were used; rabbit polyclonal anti-Smad3 anti-
body [(1:100 dilution in phosphate-buffered saline (PBS);
Zymed, South San Francisco, CA)], goat polyclonal anti-
Smad7 antibody (1:300 in PBS; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit polyclonal anti-phosphory-
lated p65/RelA of NF-�B (1:50 dilution in PBS; Cell
Signaling, Beverly, MA), rabbit polyclonal anti-keratin 12
antibody (1 �g/ml in PBS), mouse monoclonal anti-�-
SMA antibody (1:100 dilution in PBS; Neomarker, Fre-
mont, CA), rat monoclonal anti-laminin antibody (1:25
dilution in PBS; Sigma, St. Louis, MO), goat polyclonal
anti-MCP-1 (1:100 dilution in PBS, Santa Cruz), goat poly-
clonal anti-connective tissue growth factor (CTGF) anti-
body (1:100 dilution in PBS, Santa Cruz), goat polyclonal
anti-VEGF (1:100 dilution in PBS, Santa Cruz), goat poly-
clonal anti-type IV collagen antibody (1:100 in PBS;
Southern Biotechnology, Birmingham AL), and rat mono-
clonal anti-CD31 (PECAM) antibody (1:100 in PBS, Santa
Cruz). The rat monoclonal F4/80 anti-macrophage anti-
gen antibody (clone A3-1, 1:400 dilution in PBS; BMA
Biomedicals, Augst, Switzerland) was used to detect
monocytes/macrophages. The number of labeled cells in
the central cornea (200 �m in length) was determined in
four corneas in each treatment group. Fluorescein iso-
thiocyanate-conjugated specific secondary antibodies
were used for detection of the primary antibody and
4,6-diamidino-2-phenylindole (DAPI) was used for nu-
clear counterstaining. Cell proliferation in the healing
epithelium was determined by immunostaining with an
anti-BrdU antibody (1:11 in PBS; Roche Diagnostics,
Mannheim, Germany) and diaminobenzidine reaction
with hematoxylin counterstaining as previously report-
ed53 followed by counting the number of labeled cells in
healing epithelia in the affected cornea. Specimens were

treated with 2 N HCl for 60 minutes at 37°C before anti-
body application. Immunohistochemistry for TGF-�s was
performed as previously reported.54,55

Expression of mRNAs of TGF-�1, TGF-�2,
MCP-1, VEGF, MMP-2, MMP-9, Smad7, and
Tissue Inhibitors of Metalloproteinases (TIMP)-1
and -2 in Burned Corneas by Using Real-Time
RT-PCR

For extraction of RNA, alkali-burned corneas from
seven mice were obtained from each treatment group
[C57BL/6 mice (n � 28), Smad3�/� mice (n � 8), or
Smad3�/� mice (n � 8)] at days 10 or 20 and stored at
�80°C. Untreated corneas of three C57BL/6 mice, two
Smad3�/� mice, and six Smad3�/� mice were also in-
cluded to get the baseline mRNA expression. Total RNA
from corneal tissue excised from a burned eye was ex-
tracted using ISO GENE (Nippon Gene, Tokyo, Japan)
according to the manufacturer’s protocol and processed
for semiquantitative real-time RT-PCR for mRNAs of
mouse TGF-b1, TGF-b2, mcp-1, vegf, Smad7, mmp-9,
and timp-2. For the real-time RT-PCR, the TaqMan one-
step RT-PCR master mix reagents kit and the Applied
Biosystems Prism 7700 (PE Applied Biosystems, Foster
City, CA) were used as previously described. Primers
and oligonucleotide probes were designed according to
the cDNA sequences in the GenBank database using the
Primers Express software (PE Applied Biosystems) and
are listed in Table 1. RT-PCR conditions were as follows:
2 minutes at 50°C (stage 1, reverse transcription), 10
minutes at 95°C (stage 2, reverse transcription inactiva-
tion and AmpliTaq Gold activation), and then 40 cycles of
amplification for 15 seconds at 95°C and 1 minute at
60°C (stage 3, PCR).

Table 1. Primers and Olignucleotide Probes

Transcript Sequence

mTGF-�1 F: 5�-gca aca tgt gga act cta cca gaa-3�
R: 5�-gac gtc aaa aga cag cca ctc-3�
P: 5�-acc ttg gta acc ggc tgc tga ccc-3�

mTGF-�2 F: 5�-acc ttt ttg ctc ctg cat ctg-3�
R: 5�-gtc gag ggt gct gca ggt a-3�
P: 5�-tcc cgg tgg cgc tca gtc tgt-3�

mMCP1 F: 5�-tgg ctc agc cag atg cag t-3�
R: 5�-cca gcc tac tca ttg gga tca-3�
P: 5�-ccc cac tca cct gct gct act cat tca-3�

MVEGF F: 5�-agc gga gaa agc att tgt ttg-3�
R: 5�-caa cgc gag tct gtg ttt ttg-3�
P: 5�-cca aga tcc gca gac gtg taa atg ttc c-3�

mMMP9 F: 5�-aga cca agg gta cag cct gtt c-3�
R: 5�-ggc acg ctg gaa tga tct aag-3�
P: 5�-cgc acg agt tcg gcc atg cac-3�

mTIMP-2 F: 5�-gtc cca tga tcc ctt gct aca-3�
R: 5�-tgc cca ttg atg ctc ttc tct-3�
P: 5�-ctc ccc gga tga gtg cct ctg ga-3�

mSmad7 F: 5�-gac tcc agg acg ctg ttg gt-3�
R: 5�-cca tgg ttg ctg cat gaa ct-3�
P: 5�-agt gtt ccc tgg ttt ctc cat caa ggc t-3�

F, Forward primer; R, reverse primer; P, probe.
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Effect of Exogenous Smad7 on NF-�B Signaling
in Cultured Cells

Simian virus (SV)-40 large T-antigen-immortalized human
corneal epithelial cells (Araki-Sasaki cells)56 provided by
the Riken Cell Bank (Tokyo, Japan) were used to examine
the effect of overexpression of exogenous Smad7 on
NF-�B signaling. The cells (2.0 � 105/six-well culture
plate or 2.0 � 104/16-well chamber slides; Nalge Nunc
Int., Naperville, IL) were cultured in Dulbecco’s modified
Eagle’s medium/F-12 mixture medium supplemented
with 10% fetal bovine serum, 5 �g/ml cholera toxin, 5
mg/ml insulin, 10 ng/ml human epidermal growth factor,
and antibiotics for 24 hours until confluent. Cells were
then incubated for 2 hours in a serum-free medium con-
taining Cre-Ad or both Cre-Ad and Smad7-Ad at a con-
centration of 4 � 103 PFU/ml, and then incubated for
another 48 hours in Dulbecco’s modified Eagle’s medi-
um/F-12 medium supplemented with 10% fetal bovine
serum, 5 �g/ml cholera toxin, and antibiotics. Cells were
then exposed to 10 ng/ml of recombinant human tumor
necrosis factor (TNF)-� (R&D Systems, Minneapolis, MN)
for 30 minutes, 1 hour, and 2 hours and were processed
for immunocytochemistry and Western blotting.

For Western blotting, cells in six-well plates were ho-
mogenized in a lysis buffer (100 ml of CelLytic-M mam-
malian cell lysis/extraction reagent; Sigma) supple-
mented with a cocktail of proteinase inhibitors (Complete
protease inhibitor cocktail tablet; Rosch, Mannheim, Ger-
many). The cell lysate was centrifuged, mixed with 3�
sample buffer, run on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred to polyvinylidene
difluoride membrane, and Western blotted for Smad7
(Santa Cruz), total RelA (Santa Cruz), phospho-RelA (Cell
Signaling), and �-actin (Santa Cruz). Phospho-RelA was
determined on polyvinylidene difluoride membranes first
stained for total RelA and stripped. To determine nuclear
proteins, cells were fractionated into cytoplasm and nu-
clei by using ProteoExtract subcellular proteome extrac-
tion kit (Calbiochem, Darmstadt, Germany) according to
the manufacturer’s protocol and processed as above.
Immunoreactive bands were visualized on Lumino ana-
lyzer LAS1000 (Fujifilm, Tokyo, Japan), using enhanced
chemiluminescence Western blotting detection reagents
(Amersham Bioscience, Piscataway, NJ). For immunocy-
tochemistry, cells in Nunc 16-well chamber slides were
immunostained with antibody against Smad7, total RelA,
or phospho-RelA and detected as above.

Results

Efficiency of Adenoviral Gene Transfer into a
Burned Mouse Cornea

The efficiency of gene transfer was evaluated by co-
infection of adenoviruses carrying Cre under control of
the CAG promoter and GFP under control of the Cre/LoxP
system. Our preliminary experiments in uninjured mouse
corneas or corneas with a central epithelial 2-mm de-

bridement showed that although adenovirus infected
conjunctival epithelium efficiently, it infected corneal ep-
ithelium only weakly, and did not infect keratocytes in
agreement with previously published studies.57 In con-
trast, in the total ocular surface alkali burn model used in
the present study, we administered the GFP-expressing
adenovirus at 2 and 24 hours and day 5 and the cryo-
sections of day 5 or day 10 specimens were observed
under fluorescence microscope without fixation. GFP ex-
pression was easily detected in conjunctival epithelium,
subconjunctival fibroblasts, keratocytes, and healing ep-
ithelium at day 5 and very weakly in epithelium at day 10
(data not shown).

A mixture of Cre-Ad and a recombinant adenovirus
carrying mouse Smad7 cDNA under control of the Cre/
LoxP system was administered at 2 and 24 hours, and
days 5, 10, and 15 after an alkali exposure (hereafter
referred to as Smad7-Ad). Cre recombinase expressed
via the CAG promoter deletes the stuffer PolyA through
the Cre/LoxP system, leading to expression of Smad7.
Real-time RT-PCR showed up-regulation of Smad7
mRNA at days 3 and 5 in both Cre-Ad and Smad7-Ad
groups (Figure 1a), with expression levels being much
higher in Smad7-Ad group as compared with Cre-Ad
group at these time points. In both groups Smad7 mRNA
expression rapidly declined at day 10 (Figure 1A), sug-
gesting that administration of Smad7-Ad to the healing
cornea at days 10 and 15 had no effect, consistent with
the nearly complete extent of healing at this time point
(Figure 2A). Immunohistochemical analysis showed that
almost no Smad7 was detected in uninjured corneal ep-

Figure 1. Detection of adenovirally introduced Smad7 in the healing mouse
cornea after alkali burn. A: Real-time RT-PCR showed a marked up-regula-
tion of Smad7 mRNA at days 3 and 5 after injury in Smad7-Ad groups,
compared to the Cre-Ad group. In both groups levels of Smad7 mRNA were
strongly reduced at day 10. Corneas were treated topically with Smad7-Ad at
2 and 24 hours, and again at days 5, 10, and 15 as indicated. Data represent
a typical result in one experiment of four done at each time point. Arrows
indicate the points of viral vector administration. B: Immunohistochemical
analysis showed that a faint immunoreactivity for endogenous Smad7 was
detected in healing epithelium or keratocytes in corneas of the Cre-Ad
control group at days 3 to 5 (a, c). On the other hand, marked expression of
exogenous Smad7 was seen in healing epithelium and keratocytes in the
Smad7-Ad group (b, d). At day 10, weak Smad7 staining was still detected in
the regenerated epithelium in the Smad7-Ad-treated cornea (f), but it was
more intense than that in a Cre-Ad group cornea (e). It was then barely
detectable at day 20 in both groups (g, h), Nuclei are counterstained with
DAPI. Scale bar, 10 �m.
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ithelium and keratocytes (or corneal fibroblasts) (data not
shown). At days 3 to 5 a faint immunoreactivity for en-
dogenous Smad7 was detected in healing epithelium or
keratocytes in corneas of the Cre-Ad control group (Fig-

ure 1B, a and c). On the other hand, marked expression
of exogenous Smad7 was seen in healing epithelium on
the burned cornea and keratocytes in the Smad7-Ad
group (Figure 1B, b and d). At day 10, weak Smad7
staining was still detected in the regenerated epithelium
in the Smad7-Ad-treated cornea (Figure 1B, f), but it was
still more intense than that in a Cre-Ad group cornea
(Figure 1B, e). Smad7 was barely detectable at day 20 in
both groups (Figure 1B, g and h), consistent with the
RT-PCR results.

Alkali-Burned Corneas Treated with Adenoviral
Gene Transfer of Smad7 Show Improved
Healing

Because preliminary experiments showed no obvious dif-
ferences in either the histology or the rate of healing of
alkali-burned mouse corneas treated with either Cre-Ad
alone or no vector, we used corneas of the Cre-Ad group
as controls. Green fluorescein staining was used to eval-
uate healing of the corneal surface as quantitated by the
presence or absence of an epithelial defect/ulceration
(Figure 2A), and the degree of macroscopic corneal stro-
mal opacification (Figure 2B). At day 10 after injury, 13 of
18 corneas of the Cre-Ad group still showed an epithelial
defect or stromal ulceration, whereas 0 of 20 corneas
treated with Smad7-Ad showed any defects. At this same
time point, corneas in the Cre-Ad group that remained
free of epithelial defects (5 of 18) exhibited dense stromal
opacification, compared to minimal stromal opacification
in all of the corneas of Smad7 group (Figure 2B, c versus
g). At day 20 after injury, 50% of the corneas in the
Cre-Ad group still exhibited epithelial defects/ulceration
and the remaining corneas showed dense stromal opaci-
fication (Figure 2B, d). In contrast, all corneas in the
Smad7-Ad group exhibited only minor opacification with-
out epithelial defects (Figure 2B, h).

Hematoxylin and eosin (H&E) staining (Figure 2C)
showed that although burned corneas of both Cre-Ad
and Smad7-Ad groups showed epithelial defects and
stromal inflammation at day 3 (Figure 2C; a, a’, b, b’), at
day 10, corneas in the Cre-Ad group were characterized
by a less organized epithelium with invasion into the
underlying stroma (Figure 2C; c, c’, d, d’). The absence of
staining for keratin 12, which is expressed in corneal, but
not conjunctival epithelium (see uninjured cornea in Fig-
ure 2D, a), showed that the regenerated epithelium in
both Cre-Ad- (Figure 2D, b) and Smad7-Ad-treated
groups (Figure 2D, c) was of conjunctival origin, regard-
less of the more organized appearance in the Smad7-
Ad-treated eyes. At day 20, corneas in the Cre-Ad group
were, on average, thicker than corneas in the Smad7-Ad
group, which had remodeled to a nearly normal thickness
(Figure 2C; e, e’, f, f’). Importantly, the conjunctival epi-
thelium resurfacing the corneas in the Smad7-Ad group
transdifferentiated into cornea-like epithelium, while that
resurfacing the healing corneas in the Cre-Ad group
showed conjunctivalization (Figure 2C, e’ versus f’), as
indicated by the presence of many mucin-secreting gob-
let cells (arrows).

Figure 2. Healing of an alkali-burned mouse cornea treated with either
Smad7-Ad or Cre-Ad. A: Scoring of the percent incidence of corneas of C57BL/6
mice with an epithelial defect at each time point in Cre-Ad (solid line) or
Smad7-Ad-treated (dotted line) groups. At day 10 all of the corneas in the
Smad7-Ad group were re-epithelialized, whereas at day 20, 50% of the corneas
in the Cre-Ad group still showed defects. B: Macroscopic observation of the
corneal defects as visualized by staining with fluorescein to allow visualization of
cornea defects in green shows the extent of the ocular surface burn in the
Cre-Ad- (a) and Smad7-Ad-treated (e) groups at day 3. In the Cre-Ad group,
epithelial defects with stromal opacification are observed at days 5 (b) and 10
(c), with re-epithelialization and dense stromal opacification at day 20 (d).
Defects seen in corneas treated with Smad7-Ad were typically smaller at day 5 (f)
and the cornea is almost transparent at days 10 (g) and 20 (h). C: Histology of
burned corneas stained with H&E. No histological differences were seen in the
central corneas of the Cre-Ad group (a, a’) and Smad7-Ad group (b, b’) at day
3. Bleeding and inflammation in the anterior chamber are more marked in the
Cre-Ad group as compared with the Smad7-Ad group. Higher magnification
pictures show the majority of cells in the burned stroma to be inflammatory cells
(a’, b’). At day 10 Cre-Ad-treated corneas often show epithelial in-growth into
the stroma (asterisk, c, c’), whereas Smad7-Ad-treated corneas exhibit a regen-
erated epithelium with nearly normal stratification (epi) (d, d’). At day 20
corneas in the Cre-Ad group still show a significant hypercellularity (presumed
to be both inflammatory cells and corneal stromal cells), conjunctivalization of
resurfaced epithelium and thicker stroma (e, e’), whereas corneas in the
Smad7-Ad group exhibit a well-regenerated epithelium with a less cellularity in
the stroma (f, f’). Higher magnification pictures show the presence of many
goblet cells (arrows) in conjunctival epithelium resurfacing a Cre-Ad-treated
cornea (e’), whereas the epithelium in a Smad7-Ad-treated cornea exhibits a
cornea-like morphology (f’). Immunofluorescence staining for type IV collagen
shows a disrupted basement membrane and ectopic type IV collagen deposition
in the stroma in a Cre-Ad-treated cornea at day 20 (g), whereas the basement
membrane remains intact in a Smad7-Ad-treated cornea (h). epi, healing epi-
thelium. Nuclei are counterstained with DAPI in g and h. D: Whereas the
uninjured mouse cornea stains positively for keratin 12 (a), regenerated epithe-
lium in burned corneas is conjunctiva-derived and keratin 12-negative in both a
Cre-Ad cornea (b) and a Smad7-Ad-treated cornea (c) at day 10 after injury. E:
Cell proliferation in either Cre-Ad-treated (dotted line) or Smad7-Ad-treated
(solid line) corneas at days 3 to 20 after injury as detected by BrdU incorpo-
ration. Bar, SD of the number (in parentheses) of corneas examined. Scale bars:
50 �m (C); 10 �m (D).
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Development of corneal ulceration after alkali burn is
characterized by degradation of the epithelial basement
membrane by MMPs expressed by healing epithelial
cells and keratocytes as well as by inflammatory cells.
Immunostaining of healing corneas in the Cre-Ad control
group for type IV collagen, showed disruption of the
basement membrane and loss of epithelial integrity be-
ginning at day 5 (data not shown) and continuing through
day 20 (Figure 2C, g). In contrast, corneas in the
Smad7-Ad group showed a linear pattern of subepithelial
immunoreactivity indicating an intact basement mem-
brane (Figure 2C, h).

Smad7 Expression Alters the Proliferative Profile
of the Healing Epithelium

Proliferation and migration of regenerated epithelium are
critical to corneal healing after alkali injury, and both are
known to be responsive to TGF-�/Smad signaling. Such
epithelial cell proliferation is considered to be modulated
in a complex way by both autocrine and paracrine sig-
naling. Quantitation of BrdU staining showed that treat-
ment with Smad7-Ad (solid line, Figure 2E) profoundly
alters the time course of proliferation of conjunctival ep-
ithelium, enhancing proliferation at early times after injury
but suppressing it from days 5 to 10 after injury, com-
pared to Cre-Ad-treated eyes (dotted line, Figure 2E). At
the latest time point, day 20 after injury, epithelial prolif-
eration in the Smad7-Ad group was again enhanced
compared to controls (Figure 2E).

Smad Signaling in the Injured Cornea Is
Inhibited by Exogenous Smad7

To investigate whether treatment with Smad7-Ad blocks
Smad signaling in alkali-burned corneas, specimens
were immunostained with antibodies against phosphory-
lated Smad2, as an indicator of activation of Smad sig-

naling. At day 5 after injury, when expression of exoge-
nous Smad7 was high, phospho-Smad2 was detected in
the nuclei of healing epithelium and keratocytes in the
Cre-Ad-treated group, but to a greatly reduced extent in
eyes treated with Smad7-Ad (Figure 3, a versus b). Sim-
ilarly, at day 5 after burn, Smad3 was detected in the
cytoplasm and nuclei of many epithelial cells in Cre-Ad
group cornea, whereas it mainly localized to the cyto-
plasm of epithelial cells in Smad7-Ad group (Figure 3, c
versus d).

Effect of Loss of Smad3 on Corneal Healing

Because Smad2/3 signaling is known to be inhibited by
Smad741,42 and because we have previously shown en-
hanced healing of an incisional skin wound in mice in
which Smad3 has been deleted,17 we evaluated healing
of corneas of Smad3-knockout mice after alkali burn.
Throughout the time period of observation, the degree of
tissue damage and inflammation from the alkali injury was
less severe in the mixed C57BL/6/NIH Swiss/SV129 ge-
netic background of the Smad3�/� mice, compared to
that of the C57BL/6 mice used for the adenoviral study,
with or without viral vector application. Although corneas
from Smad3�/� mice showed a lesser incidence of epi-
thelial defects and stromal thickening at day 10 than
Smad3�/� controls (Figure 4A), corneas of both
Smad3�/� and Smad3�/� were free from ulceration [Fig-
ure 4, A and B (b, e)]. However, at day 20, corneas from
both Smad3�/� and Smad3�/� mice remained opaque
(Figure 4B, c and f), in contrast to those C57BL/6 mice
treated with Smad7-Ad, which were almost transparent at
this time point (Figure 2B, h).

Examination of the histology of healing corneas of
Smad3�/� mice confirmed accelerated healing com-
pared to eyes of Smad3�/� littermates (Figure 4C). Stro-
mal edema and infiltration of inflammatory cells were
more prominent in Smad3�/� mice (Figure 4C; a, a’, c, c’,

Figure 3. Smad signaling status in alkali-burned corneas treated with Cre-Ad or Smad7-Ad at day 5. At day 5 after injury, staining for nuclear phospho-Smad2 is
detected in the healing epithelium and stromal cells in the peripheral cornea treated with Cre-Ad (a), whereas it is not seen in the healing epithelium and stromal
cells of a Smad7-Ad-treated cornea (b). Smad3 is detected in the cytoplasm and nuclei of the healing epithelium and faintly in stromal cells in a cornea treated
with Cre-Ad (c), whereas Smad3 is located mainly in the cytoplasm of healing epithelium and stromal cells in the Smad7-Ad group (d). e to h: The nuclei of a
to d as visualized by DAPI staining. epi, epithelium. Scale bars, 20 �m.
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e, e’) than in Smad3�/� littermates (Figure 4C; b, b’, d, d’,
f, f’) at each time point examined. Even though these
mice showed less severe injury than the C57BL/6 mice, at
day 20, healed corneas in Smad3�/� mice still exhibited
a thickened edematous, less-organized, stroma (Figure
4C, f), as compared with burned corneas of C57BL/6

mice treated with Smad7-Ad (Figure 2C, f). As in both the
Smad7-Ad and Cre-Ad-treated groups of C57BL/6 mice,
the resurfacing epithelium of Smad3-knockout mice was
negative for keratin 12 regardless of the Smad3 genotype
(data not shown). Also consistent with the Smad7-Ad
treated corneas, regenerated epithelia in Smad3�/� mice
exhibited a conjunctival phenotype as evidenced by the
presence of many goblet cells (arrows), whereas that in
Smad3�/� mice lacked goblet cells at day 20 (Figure 4C,
e and f). In contrast to the effects seen with Smad7-Ad
treatment of C57BL/6 mice, epithelial cell proliferation as
evaluated by BrdU incorporation was not affected by the
Smad3 genotype (Figure 4D). Assessment of the effects
of loss of Smad3 on Smad2 signaling in the healing cornea
showed markedly less staining for phospho-Smad2 in both
the central (Figure 4E, a and b) and peripheral cornea of
Smad3�/� mice compared to Smad3�/� littermates day10
after injury (Figure 4E, e and f).

Formation of Myofibroblasts Is Associated with
the Poorer Healing in Cre-Ad and Smad3�/�

Corneas

One of the hallmarks of scar tissue formation and opaci-
fication of corneal stroma is the well-established transdif-
ferentiation of keratocytes into �-SMA-positive myofibro-
blasts.58–61 Examination of the expression pattern of
�-SMA in injured corneas showed that, at day 10 after
injury, many stromal cells in injured corneas of Cre-Ad-
treated mice and Smad3�/� mice expressed �-SMA (Fig-
ure 5A, b and h, respectively), but that this was substan-
tially reduced in Smad7-Ad-treated and Smad3�/� mice
(Figure 5A, e and k, respectively). Although these differ-
ences persisted at day 20 after wounding (Figure 5A; c,
f, i, and l), it is important to note that �-SMA staining was
still detectable (arrows in Figure 5A, l) in corneas of
Smad3�/� mice at this time point, whereas it was below
the level of detection in corneas treated with Smad7-Ad
(Figure 5A, f), consistent with the better outcome in that
group.

Smad7-Ad-Ttreated and Smad3�/� Corneas
Exhibit Less Damage to the Stromal
Compartment

Because invasion of monocytes/macrophages plays an
important role in tissue damage after injury, including
alkali burning in the cornea, we used the F4/80 antibody
to quantify the number of monocytes/macrophages in the
central stroma of alkali-injured corneas (Figure 5, B and
C). At all time points examined there was a substantial
reduction in the number of F4/80-positive cells in corneas
of Smad7-Ad-treated and Smad3�/� mice [Figure 5, B (c,
d and g, h) and C] compared to their respective Cre-Ad
and Smad3�/� controls [Figure 5, B (a, b and e, f) and C].
As expected, there was no significant difference in the
number of monocytes/macrophages in untreated burned

Figure 4. Healing of alkali-burned corneas of Smad3-knockout mice. A: The
percent incidence of corneas with an epithelial defect at each time point in
Smad3�/� (n � 4, solid line) and Smad3�/� (n � 4, dotted line) mice.
Epithelial resurfacing is accelerated in Smad3�/� mice. B: Macroscopic
observation shows total ocular surface burn in both Smad3�/� (a) and
Smad3�/� (d) mice at day 5. At day 10, an epithelial defect with stromal
opacification is observed in a Smad3�/� cornea (b), whereas the burned
cornea has been resurfaced in Smad3�/� (e) mice. Although all of the
corneas in both Smad3�/� (c) and Smad3�/� (f) mice have been resurfaced
by day 20, stromal opacification is more marked in Smad3�/� mice. C:
Histology of burned corneas of Smad3-knockout mice stained with H&E. An
epithelial defect is observed in both Smad3�/� (a, a’) and Smad3�/� (b, b’)
mice at day 5. The burned stroma is thinner in a Smad3�/� mouse (b, b’) as
compared with that in a Smad3�/� mouse (a, a’). Higher magnification
pictures (a’, b’) suggest that the majority of cells in the burned stroma are
inflammatory cells at day 5. At day 10 the burned corneas in both Smad3�/�

and Smad3�/� mice have been resurfaced (c, c’, d, d’) and stroma is again
thinner in a Smad3�/� mouse (c versus d). At day 20, the corneal surface is
covered with conjunctival epithelium with abundant goblet cells in a
Smad3�/� mouse (e and e’, arrows), whereas the epithelium in Smad3�/�

mice is cornea-like (f, f’). The thickened stroma of a Smad3�/� mouse
compared to that of a Smad3�/� mouse persists at this time point. D: Cell
proliferation in healing corneas as detected by BrdU incorporation. There is
no difference of the number of BrdU-labeled epithelial cells between
Smad3�/� mice (solid line) and Smad3�/� mice (dotted line) at each
healing interval. Bar, SD. E: Immunofluorescent staining for phospho-Smad2
(a, b, e, f) in the central (a to d) or peripheral (e to h) corneas of Smad3�/�

(a, c, e, g) and Smad3�/� (b, d, f, h) mice at day 10 after alkali burn. Nuclear
staining for phospho-Smad2 is more marked in the healing corneal epithe-
lium (epi) of Smad3�/� mice than in Smad3�/� mice. c, d, g, and h: DAPI
nuclear staining of the area seen in a, b, e, and f, respectively. Scale bars: 20
�m (E); 50 �m (C).
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corneas compared to the Cre-Ad-treated group (Figure
5C, white versus red bars).

Neovascularization of the corneal stroma likely contrib-
utes to stromal opacification and is associated with in-
flammation. Examination of stromal neovascularization
using an antibody to CD31 (PECAM) (Figure 5D) showed
marked staining in Cre-Ad-treated corneas at all time
points examined (Figure 5D, a and b) which was sub-
stantially reduced in eyes treated with Smad7-Ad (Figure
5D, c and d). Similar differences were observed in
Smad3�/� as compared to Smad3�/� eyes (not shown).

Smad7-Ad-Treated and Smad3�/� Corneas
Show Reduced Expression of Growth Factors
and Metalloproteases after Alkali Injury
Compared to Their Controls

Because various cytokines and matrix-degrading en-
zymes induced after injury are known to be regulated, in
part, through the TGF-�/Smad signaling pathway, we
examined the effects of Smad7-Ad treatment and loss of
Smad3 on expression of such target genes implicated in

Figure 5. Analysis of stromal healing in burned corneas. A: The expression pattern of �-smooth muscle actin (�-SMA) as detected by immunofluorescence in
stromal cells at days 5 (a, d, g, j), 10 (b, e, h, k), and 20 (c, f, i, l) after alkali burn of either Cre-Ad (a to c) or Smad7-Ad-treated (d to f) C57BL/6 mice. The
same analysis was done in Smad3�/� (g to i) and Smad3�/� (j to l) mice. At day 5 no �-SMA-positive cells are observed in the burned stroma of corneas treated
with either Cre-Ad (a) or Smad7-Ad (d). In burned corneas treated with Cre-Ad, stromal cells expressing �-SMA are observed at days 10 (b) and 20 (c), whereas
such cells are seen only occasionally at day 10 (e) and are absent at day 20 (f) in corneas treated with Smad7-Ad. In Smad3�/� mice (g to i) and Smad3�/� mice
(j to l) stromal cells expressing �-SMA are observed throughout the healing interval up to day 20 with a peak at day 10 (h, k). However, �-SMA expression is
more marked in Smad3�/� mice (h, i) as compared with that in Smad3�/� mice (k, l) at both days 10 (h, k) and 20 (i, l). B: The presence and distribution of
F4/80-positive monocytes/macrophages as detected by immunofluorescence in representative areas of the burned corneal stroma at days 10 (a, c, e, g) and 20
(b, d, f, h) in either Cre-Ad (a, b) or Smad7-Ad-treated (c, d) C57BL/6 mice or in Smad3�/� (e, f) and Smad3�/� mice (g, h). Labeled cells (monocytes/
macrophages) are distributed throughout the stroma in corneas treated with Cre-Ad (a, b), whereas a few, if any, labeled cells are seen in the stroma of corneas
treated with Smad7-Ad (c, d) at days 10 (a, c) and 20 (b, d). Similarly, the burned stromas of Smad3�/� mice show many monocytes/macrophages at days 10
(e) and 20 (f), whereas many fewer cells are detected in the Smad3�/� mice (g, h). C: Bar graph of the number of monocytes/macrophages in the central stroma
at days 5 to 20 after injury determined as described in Materials and Methods: C57BL/6 mice untreated (white bar), treated with Cre-Ad (red bar), or treated
with Smad7-Ad (pink bar); Smad3�/� mice (dark blue bar), Smad3�/� mice (light blue bar). The number of monocytes/macrophages in the stroma of corneas
treated with Smad7-Ad is significantly reduced compared to that of corneas treated with Cre-ad at all time points examined. Whereas levels of monocytes/
macrophages in Smad3�/� mice is less than in C57BL/6 mice at days 10 and 20 (dark blue bar), loss of Smad3 in the mice of this background further reduces
the number of such cells at all time points (light blue bar). ** or *** indicate P � 0.05 or P � 0.01, respectively, for comparisons of Smad7-Ad against Cre-Ad
and of Smad3�/� against Smad3�/� data. D: Stromal neovascularization after alkali burn as detected by immunofluorescent staining using an antibody against
PECAM (CD31). At each time point, stromal neovascularization was suppressed by application of Smad7-Ad vector (c, d) as compared with Cre-Ad (a, b). Nuclei
are counterstained with DAPI in A, B, and D. Scale bars, 50 �m.
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the tissue destruction in alkali-burned corneas. It is
known that Smad3 signaling contributes to autoinduction
of TGF-�1 in many injured tissues, and that this results in
elevated levels of peptide that typically persist long after
the initial injury. Immunohistochemical staining showed
that TGF-�1 and TGF-�2 were both expressed in the
epithelium of the uninjured cornea (Figure 6A). Although
the level of expression of intracellular TGF-�1 in epithe-
lium did not change substantially after injury (not shown)
levels of extracellular TGF-�1 were significantly elevated
at day 10 (not shown) and persisted at day 20 after injury
in Cre-Ad-treated eyes (Figure 6A, b). A similar pattern
was observed for TGF-�2, with stromal expression of
TGF-�2 being particularly intense at day 20 (Figure 6A,
e). This up-regulation of TGF-�1 and TGF-�2 was sup-
pressed by Smad7-Ad treatment (Figure 6A, c and f). The
expression patterns of both TGF-�1 and TGF-�2 in
Smad3�/� mice compared to Smad3�/�mice were simi-
lar to that seen in corneas treated by Smad7-Ad com-
pared to Cre-Ad (data not shown).

MCP-1, VEGF, and CTGF were all detected immuno-
histochemically in epithelium and stromal cells in healing
postalkali-burned corneas in the Cre-Ad group, and ex-
pression of these cytokines was markedly reduced by
Smad7-Ad treatment (data not shown). Real-time RT-PCR
also showed a marked up-regulation mRNAs of TGF-�1,

TGF-�2, mcp-1, mmp-9, and timp-2 in burned corneas of
Cre-Ad-treated C57BL/6 mice and those of Smad3�/�

mice, compared to their respective controls at days 10
and 20 (Figure 7B).

Reduction in NF-�B Signaling Distinguishes
Smad7-Ad-Treated Corneas from Corneas of
Smad3�/� Mice after Alkali Injury

NF-�B mediates signaling from many inflammatory cyto-
kines. It was recently reported that Smad7 inhibits NF-�B
signaling independently of its effects on Smad2/3 phos-
phorylation.52 Indeed, evaluation of the status of NF-�B
signaling in burned corneas showed that the phospho-
p65/RelA subunit of NF-�B was detected in epithelial
cells and stromal cells of Cre-Ad-treated corneas (Figure
7A), but not in corneas of the Smad7-Ad group (Figure
7C). Importantly, epithelial staining for phospho-p65/RelA
was not reduced in Smad3�/� corneas as compared to
Smad3�/� corneas, suggesting that Smad3 is not in-
volved in the regulation of NF-�B signaling in this model
(Figure 7, E and G).

To further confirm the suppressive effect of ectopic
Smad7 on NF-�B signaling, we performed immunocyto-
chemistry and Western blotting using an SV40-immortal-

Figure 6. Expression of cytokines and growth factors in burned corneas. A: Immunohistochemical detection of extracellular TGF-�1 (a) and TGF-�2 (b) in
representative uninjured corneas and in burned corneas treated with either Cre-Ad (b, e) or Smad7-Ad (c, f) at day 20 after injury. Accumulation of extracellular
TGF-�1 and of TGF-�2 is increased in the burned stroma of the Cre-Ad group (b, e) as compared with that in Smad7-Ad group (c, f) at day 20. Nuclei are
counterstained with hematoxylin. B: Quantitation of mRNAs of TGF-�1, TGF-�2, MCP-1, MMP-9, and TIMP-2 by real-time RT-PCR at days 10 and 20 after injury
in corneas of C57BL/6 mice treated with either Cre-Ad (red) or Smad7-Ad (pink) or in corneas of Smad3�/� (blue) or Smad3�/� mice (light blue). Real-time
RT-PCR shows a marked up-regulation mRNAs of TGF-�1, TGF-�2, MCP-1, MMP-9, and TIMP-2 in burned corneas of Cre-Ad-treated C57BL/6 mice and in those
of Smad3�/� mice as compared to levels in the uninjured cornea, and this up-regulation is dramatically suppressed by Smad7 gene transfer or in corneas of mice
lacking Smad3 at days 10 and 20. Data represent a typical result in one experiment of three to four done at each time point. Scale bar, 50 �m.
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ized human corneal epithelial cell line (Araki-Sasaki’s
cell) treated with either Cre-Ad or Smad7-Ad. Immuno-
staining showed that exogenous Smad7 did not affect
immunolocalization of RelA and phospho-RelA at 30 min-
utes after TNF-� addition (Figure 8A, c and m) despite
strongly increased immunoreactivity for Smad7 protein
(Figure 8A, a compared to k), but suppressed nuclear
translocation of phospho-RelA and expression RelA at 60
minutes (Figure 8A; d, n, and e, o). In contrast, Western
blotting of the total cell lysate showed that overexpres-
sion of exogenous Smad7 did not affect the levels of RelA
and phospho-RelA up to 60 minutes (Figure 8B). Be-
cause phospho-RelA is translocated into the nucleus, we
then analyzed the effect of Smad7 overexpression on its
nuclear translocation. Western blotting of the nuclear
fraction for RelA and phospho-RelA (Figure 8C) showed
that nuclei of cells treated with Smad7-Ad contained
substantially less RelA and phospho-RelA than those of
cells treated with Cre-Ad at both 60 and 120 minutes after
addition of TNF-�. The purity of the nuclear fractions were
confirmed by the absence of staining for the cytoplasmic
protein I � kinase � (Figure 8D). These results indicate
that ectopic Smad7 does not alter phosphorylation of
NF-�B/RelA in these cells, but attenuates nuclear local-
ization of both RelA and phospho-RelA.

Discussion

In the present study we show that adenoviral gene trans-
fer of Smad7 prevents tissue destruction in a mouse

cornea burned with a topical application of 1 N NaOH.
Corneas of the control Cre-Ad group exhibited ulceration,
scarring, and neovascularization, as well as conjunctival-
ization of the resurfaced epithelium at the final time point
of day 20. In contrast, burned corneas treated with
Smad7-Ad were resurfaced with a cornea-like epithelium
and healed with no, or minimal, scarring as evidenced by
restored transparency at day 20. Expression of exoge-
nous Smad7 at early times after injury (up to day 5) was
sufficient to improve healing as expression fell to control
levels at later times, despite repeated infection at days 10
and 20. Our immunohistochemical data suggest that the
mechanisms whereby overexpression of Smad7 im-
proves healing of alkali-burned corneas involve blocking
not only of Smad2/3 signaling, but possibly also of sig-
naling leading to activation and nuclear translocation of
NF-�B, a dimeric transcription factor activated most com-
monly by proinflammatory cytokines including TNF-� and
interleukin-1.62–65 At a cellular level, Smad7-Ad likely
prevents corneal ulceration and stromal opacification di-
rectly by modulating Smad and/or NF-�B signaling in
conjunctival epithelial cells, keratocytes/myofibroblasts
and indirectly by reducing their expression of growth
factors and cytokines/chemokines that both feedback on
these two target pathways and contribute in other ways to
the outcome.

Effect of Smad7 on Stromal Wound Healing in
the Injured Cornea

Transient conversion of keratocytes to myofibroblasts, as
characterized by expression of �-SMA,58–61 is one of the
most important elements of corneal stromal wound heal-
ing after exposure to alkali and is associated with up-
regulation of matrix components involved in stromal scar-
ring. Although in vitro studies have shown that expression
of �-SMA in dermal fibroblasts is regulated by cytokines
and extracellular matrix, ie, fibronectin ED-A54, TGF-�/
Smad2 signaling is essential for it.66–69 In the present
study, treatment with Smad7-Ad completely abolished
expression of �-SMA in keratocytes in burned stroma,
whereas it was only partially reduced in corneas lacking
Smad3. Although the data suggest that blocking of both
Smad2 and Smad3 signaling may be necessary to com-
pletely inhibit expression of �-SMA, the reduction of ex-
pression of TGF-�1 and of matrix proteins that modulate
�-SMA expression in Smad3�/� mice likely contributes
indirectly to its down-regulation. These mechanisms are
distinct from those implicated in myofibroblast differenti-
ation after injury to the kidney, lens, or retina, where
myofibroblasts are generated by epithelial-mesenchymal
transition (EMT) of renal tubular epithelial cells, lens ep-
ithelial cells, or retinal pigment epithelial cells, respec-
tively.36–38,44 In those cases, an unidentified early step in
the differentiation is completely blocked in the absence of
Smad3.

Stromal scarring and opacification are believed to be
dependent, in part, on up-regulation of TGF-�1, causing
stromal cells to express extracellular matrix components
qualitatively and quantitatively different from those found

Figure 7. Effect of Smad7 expression on signal transduction through the
NF-�B pathway. In a representative cornea treated with Cre-Ad, phospho-
p65/RelA is detected in the nuclei of healing peripheral epithelium and
stromal cells (A), whereas it can be seen only faintly in the healing central
epithelium in a cornea treated with Smad7-Ad (C). In contrast, no difference
is seen in peripheral corneas of Smad3�/� compared to Smad3�/� mice. B,
D, F, and H represent DAPI nuclear staining corresponding to A, C, E, and
G, respectively. Nuclei are counterstained with DAPI. Scale bar, 20 �m.
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in uninjured stroma. Up-regulation of TGF-�1 in the
burned cornea was completely blocked by loss of Smad3
or by treatment of injured eyes with Smad7-Ad, consis-
tent with its dependence on Smad3. Regulation of MMP/
TIMP levels, important in degradation and remodeling of
stromal extracellular matrix, has been implicated in mod-
ulation of stromal opacification.6–9 Expression of mmp-9
and timp-2 were both suppressed in corneas of Smad7-
Ad-treated or Smad3�/� mice, compared to their respec-
tive controls, suggesting an altered pattern of remodeling
(turnover) of matrix macromolecules in corneas in which
Smad3 signaling is blocked.

Neovascularization of corneal stroma also potentially
contributes to opacification. Suppression of the up-regu-
lation of VEGF expression by treatment of alkali-burned
corneas with Smad7-Ad correlates with reduced stromal
neovascularization. Moreover, in corneas treated with
Smad7-Ad, reduced levels of VEGF, as well as TGF-�
and MCP-1, each of which is capable of recruiting mono-
cytes/macrophages to sites of injury likely contribute to
the reduced recruitment and invasion of inflammatory

cells, which themselves are capable of VEGF production.
Our unpublished data showing suppression of neovas-
cularization after alkali burn by topical administration of
an adenoviral vector expressing the soluble VEGF recep-
tor (S. Saika, K. Ikeda, O. Yamanaka, unpublished data)
further support the possible role of the reduction of VEGF
level in suppression of stromal neovascularization.

Effect of Interference with Smad Signaling on
Epithelial Wound Healing in an Alkali Burned
Cornea

In the burn model we have described here, defects in the
corneal epithelium resulting from alkali injury were re-
placed by conjunctival epithelium lacking keratin 12, sim-
ilar to that seen in the clinical setting.1–3 Importantly,
histological analysis showed a transdifferentiation to a
cornea-like epithelium in resurfaced corneas of the
Smad7-Ad group and Smad3�/� mice, while the resur-
faced epithelium in the Cre-Ad group and in Smad3�/�

Figure 8. Suppression of NF-�B signaling by Smad7 overexpression in SV40-immortalized corneal epithelial cells. A: Immunocytochemistry confirms the high
level of Smad7 expression in cells treated with Smad7-Ad (k). There is no obvious difference in expression of phospho-RelA between Cre-Ad and Smad7-Ad-
treated cultures up to 30 minutes after TNF-� addition (b versus l, c versus m). At 60 minutes of exposure to TNF-�, staining for phospho-RelA (d versus n) and
total RelA (e versus o) in the nuclei is reduced in the cells treated with Smad7-Ad as compared with Cre-Ad. f to j and p to t: Nuclear localization as stained with
DAPI corresponding to a to e and k to o. Nuclei are counterstained with DAPI. B: Western blotting of total cell lysates shows that overexpression of exogenous
Smad7 did not affect the level of RelA and phospho-RelA up to 60 minutes after TNF-� addition. C: Western blotting of nuclear fractions shows that total RelA,
but not phospho-RelA can be detected in untreated Cre-Ad and Smad7-Ad cultures (time 0), At 60 and 120 minutes after TNF-� addition, Smad7-Ad suppresses
TNF-�-induced up-regulation of nuclear translocation of total RelA and phospho-RelA. D: Immunodetection of I � kinase (IKK) in the nuclear fractions used in
C and the corresponding cytoplasmic fractions derived from each cell culture. IKK is detected in the cytoplasmic fraction, but not in nuclear fraction, indicating
the fraction is not contaminated. Scale bar, 200 �m.
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mice retained its conjunctival nature, as evidenced by the
presence of goblet cells (conjunctivalization). The similar
effect of overexpression of Smad7 and loss of Smad3 on
the epithelial phenotype, suggest that this particular ef-
fect of Smad7 is likely dependent on its ability to block the
Smad3 pathway. This difference in the phenotype of the
conjunctival epithelium may also contribute to the lack of
effectiveness of repeated Smad7-Ad applications at days
10 and 15, because conjunctival epithelium is more sus-
ceptible to adenoviral infection than corneal epithelium.56

It was recently reported that differentiation of conjunctival
epithelium resurfacing the injured corneal surface de-
pends on the level of VEGF in the tissue.22 The sup-
pressed levels of VEGF shown here in alkali-injured cor-
neas treated with Smad7-Ad or in Smad3�/� burned
corneas, together with our demonstration that adenoviral
gene transfer of soluble VEGF receptor suppressed con-
junctivalization of the healing epithelium in the same type
of mouse corneal alkali burn (S. Saika, K. Ikeda, O. Ya-
manaka, unpublished data) suggest that a reduction of
VEGF might contribute to the cornea-like differentiation of
resurfacing conjunctival epithelium as well as to reduced
neovascularization of the injured stroma.

Expression of Smad7 Blocks Not Only Smad2/3
Signaling but Also Signaling via NF-�B

Direct comparisons between the adenoviral treated
C57BL6 mice and the Smad3 mice are complicated both
by effects of the mixed background of the latter and by
the different approaches involving transient expression of
ectopic genes versus genetic loss. Nonetheless, the
strikingly similar effects of overexpression of Smad7 and
of loss of Smad3 on epithelial phenotype, inflammation,
neovascularization, and expression of various cytokine
mediators of the response to injury clearly implicate the
blocking of Smad3 in the mechanism of Smad7 action
and suggest that deleterious effects of Smad signaling
are most prominent in the early stages of the response to
injury. Yet, other effects such as suppression of �-SMA
expression and effects on proliferation of the corneal
epithelium clearly distinguish the mechanisms of action
of these two signaling molecules. In this regard, we have
demonstrated here for the first time that ectopic expres-
sion of Smad7 not only blocks Smad signaling, but also
signaling through NF-�B in vivo, suggesting that blocking
of both of these pathways contributes to accelerated
corneal wound healing with reduced scarring/opacifica-
tion. In vitro studies using an immortalized human corneal
epithelial cell line confirmed that nuclear translocation of
both RelA and phospho-RelA were reduced in cells
treated with Smad7-Ad, similar to results previously re-
ported in cultured renal podocytes.70 Interestingly, this
effect seems to be cell type-specific because no effect of
Smad7 overexpression was seen on nuclear phospho-
RelA in the human HaCat keratinocytes cell line (L. Lyakh,
personal communication). Our finding of reduced NF-�B
activation in corneas treated with Smad7-Ad likely con-
tributes both to the repressed inflammation in response to
alkali injury and to the suppressed expression of MMPs in

cells,71,72 and amplifies the effects of Smad7 on interfer-
ence with Smad2/3 signaling in the burned cornea.
Again, while avoiding a direct comparison, the reduced
effect on healing of loss of Smad3 compared to Smad7-
Ad-treated corneas is consistent with the lack of effect of
loss of Smad3 on NF-�B signaling and with our data on
the effectiveness of topical administration of a cell per-
meable NF-�B inhibitor ligand (Upstate Biotechnology,
Lake Placid, NY) on the healing of a mouse corneal alkali
burn.73 Whether the reduced phosphorylation of the p65/
RelA subunit of NF-�B in corneas treated with Smad7-Ad
results from direct effects of Smad7 on the pathway or
indirectly from modulated expression of cytokines capa-
ble of activating the NF-�B pathway, cannot be deter-
mined in this model. Regardless, our data lead us to
suggest that development of Smad7 delivery vectors may
open new opportunities for therapeutic intervention in
treatment of chemically burned corneas.
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