JBC Papers in Press. Published on November 22, 2011 as Manuscript M111.297150
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.M111.297150

A Corneal Anti-Fibrotic Switch Identified in Genetic and Pharmacological Deficiency of Vimentin

Paola Bargagna-Mohan', Riya R. Paranthan’, Adel Hamza®, Chang-Guo Zhan’, Do-Min Lee’, Kyung Bo
Kim®, Daniel L. Lau*, Cidambi Srinivasan®, Keiko Nakayama6, Keiichi I. Nakayama7, Harald Herrmann®,
and Royce Mohan'"

From the 'Department of Neuroscience, University of Connecticut Health Center, Farmington, CT 06030

*Department of Ophthalmology & Visual Sciences, *Department of Pharmaceutical Sciences, ‘Department of
Computer and Electrical Engineering, and *Department of Statistics, University of Kentucky, Lexington, KY
40503

%Division of Developmental Genetics, Tohoku University Graduate School of Medicine, Sendai, Miyagi, 980-
8575, Japan

"Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu University,
Fukuoka 812-8582, Japan

*Functional Architecture of the Cell Group, German Cancer Research Center (DKFZ), D-69120 Heidelberg,
Germany

Running title: Vimentin is a Fibrosis Target

*To whom correspondence should be addressed: Royce Mohan, PhD, John A. and Florence Mattern Solomon
Endowed Chair in Vision Biology and Eye Diseases, Laboratory of Chemical Biology & Drug Discovery,
Department of Neuroscience, University of Connecticut Health Center, 263 Farmington Ave, Farmington, CT
06030-3401. Tel: 860 679 2020; Fax: (860) 679 8766; E-mail: Mohan@UCHC.edu

Background: Withaferin A (WFA) is a vimentin-
targeting inhibitor that has potent anti-proliferative
activity.

Results: WFA protects against corneal fibrosis by
downregulating injury-induced vimentin to exert
epithelial cell cycle arrest and inhibit myofibroblast
expression, which is a mechanism closely mimicked
in vimentin-deficient mice during injury healing.
Conclusion: Vimentin is a novel fibrosis target.
Significance: Ocular fibrotic conditions that
overexpress vimentin could be treatable with WFA.

SUMMARY

The type III intermediate filaments (IFs)
are essential cytoskeletal elements of
mechanosignal transduction and serve critical
roles in tissue repair. Mice genetically deficient for
the IF protein vimentin (Vim™) have impaired
wound healing from deficits in myofibroblast
development. We report a surprising finding made
in Vim™ mice that corneas are protected from
fibrosis and instead promote regenerative healing
after traumatic alkali injury. This reparative

1

phenotype in Vim™ corneas is strikingly
recapitulated by the pharmacological agent
withaferin A (WFA), a small molecule that binds
to vimentin and downregulates its injury-induced
expression. Attenuation of corneal fibrosis by
WFA is mediated by downregulation of ubiquitin
conjugating E3 ligase Skp2 and upregulation of
cyclin-dependent kinase inhibitors (CKIs) p27<""'
and p21“?'. In cell culture models, WFA exerts
G2/M cell cycle arrest in a p27*"' and Skp2-
dependent manner. Finally, by developing a highly
sensitive imaging method to measure corneal
opacity, we identify a novel role for desmin
overexpression in corneal haze. We demonstrate
that desmin downregulation by WFA via targeting
the conserved WFA-ligand binding site shared
among type I1I IFs promotes further improvement
of corneal transparency without affecting CKI
levels in Vim™ mice. This dissociates a direct role
for desmin in corneal cell proliferation. Taken
together, our findings illuminate a previously
unappreciated pathogenic role for type III IF
overexpression in corneal fibrotic conditions and

Copyright 2011 by The American Society for Biochemistry and Molecular Biology, Inc.

TT0Z ‘€2 1aqwianoN uo ‘1sanb Aq Bio°ogl-mmm woly papeojumoqd


http://www.jbc.org/cgi/doi/10.1074/jbc.M111.297150
http://www.jbc.org/

also validate WFA as a powerful drug lead
towards anti-fibrosis therapeutic development.

Traumatic injury, in particular alkali burns to
the eye, can cause irreversible loss of vision due to
corneal opacification from fibrosis, which often
necessitates corneal transplantation as a means of
restoring vision. When coupled with the lack of
effective therapeutic modalities and served by
inadequate medical infrastructure, corneal
rehabilitation  for  millions of people in
underdeveloped nations remains a vital challenge (1).
Reflecting this insidious enigma, the leading cause of
worldwide blindness, second only to cataract, is from
corneal pathology where fibrosis is a central binding
mechanism of refractive failure. Corneal haze,
considered a reversible form of refractive aberration
is also a complication from corneal disease and
injuries and also can present in 2 to 5% of subjects
after surgical and laser vision corrective procedures
(2). As procedures such as LASIK® (laser in situ
keratomileusis) have become very popular crossing
the 10 million people mark in the US alone, concerns
over corneal failure to heal in patients who have had
vision corrective surgery has also gained recent
importance (3). Considering the unique requirement
for transparency (4), the molecular underpinnings of
how scar-free healing can be promoted to restore
visual acuity continues to remain a vital challenge for
corneal transplantation, rehabilitation and refractive
surgery.

The type III intermediate filaments (IFs) are a
family of highly homologous cytoskeleton proteins
that are widely conserved from humans to cold-
blooded fish (5). These proteins mechanically
integrate external influences with cellular biochemical
processes and govern many critical aspects of cell
structure, cell division, cell differentiation, apoptosis
and cell movement, acting together with the actin and
microtubule cytoskeletal elements to regulate
functions of a plethora of cellular proteins (6-8).
These IFs are expressed widely, e.g. in mesenchymal
cells such as fibroblasts, muscle and endothelial cells,
elsewhere in leucocytes, and in astrocytes and
macroglia of the central nervous system (CNS). The
genetic knockouts of IFs while revealing that they are
not essential for development or reproduction (9, 10),
have drawn more recent attention to their functions in
tissue repair and stress response (11, 12). Vimentin is
the prototypic Type III IF protein that is widely
studied because of its involvement in wound healing,

fibrosis, angiogenesis, tumor cell differentiation,
migration and metastasis (13-18). Vimentin plays a
critical role in wound repair by providing activated
wound fibroblasts during transition to the
myofibroblastic phenotype with force generation
required for tissue contraction (19). Notwithstanding,
vimentin-deficient (Vim™) mice display deficits in
physiological ~wound closure from delayed
myofibroblast activation and defective collagen
contraction (20), but these mice are otherwise
physiologically normal (9). Vimentin expression in
endothelial cells also helps to form anchoring
structures to assist leukocyte extravasation from
vasculature and hence Vim”™ mice are severely
compromised in leukocyte transmigration, which is
important for immune activation during infection
(21). Because vimentin is also the sole IF expressed
in vascular endothelial cells, neovascularization
responses in Vim” mice are impaired (12, 16). Despite
previous studies showing that vimentin is
overexpressed in the cornea during injury and fibrosis
(22, 23), its precise role in regulating corneal injury
repair has remained largely unexplored.

The small molecule withaferin A (WFA) is a
pluripotent natural product (24, 25), which was
recently discovered to target vimentin (16). WFA
covalently binds soluble tetrameric vimentin at its
single cysteine residue that is present in the conserved
rod 2B domain (16). Taking advantage of WFA’s
targeting this conserved cysteine residue found in
type I IFs, we recently demonstrated that WFA, in
addition to targeting vimentin in the retina, also binds
to glial fibrillary acidic protein (GFAP) and
downregulates GFAP expression in reactive Miiller
cells to block retinal gliosis (26, 27). Thus, expanding
the broad clinical usefulness of this newly discovered
type III IF targeting drug, others have also exploited
vimentin’s in vivo druggability by WFA to illustrate
tumor blockade through downregulation of vimentin
(15, 28), and as well to demonstrate protection against
bacterial meningitis via vascular targeting of vimentin
(15, 28). Here we report a novel finding using a
mouse model of alkali injury that vimentin and the
related IF desmin are coordinately overexpressed
during corneal fibrosis. We advance an important
discovery that Vim"' mice treated with WFA
recapitulates several hallmark features of Vim™ mice
in their protection from corneal fibrosis. Finally, we
reveal a novel role for desmin in corneal refractive
aberration, which we have unveiled in Vim"" mice that
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demonstrate  WFA’s targeting of this second IF
promotes further restoration of corneal transparency.

EXPERIMENTAL PROCEDURES

General methods- Withaferin A (WFA) was
purchased from a commercial vendor (Chromadex,
Santa Ana, CA) and WFA-Bt synthesis has been
previously described (29). All animal experiments
were conducted in accordance with the Declaration of
Helsinki, and procedures approved by IACUC
committees of the University of Kentucky and
University of Connecticut Health Center.

Cell culture- Wild-type, Skp2”, and p27”~ Mouse
Embryonic Fibroblasts (MEFs) were cultured in
DMEM medium containing 10% FBS, 100 mM
sodium pyruvate, 10 mM non-essential amino acids,
200 mM L-glutamine, and 50 mM p-mercaptoethanol
as previously described (30) and used before passage
5. Corneal fibroblasts were derived from primary
cultures of keratocytes isolated from corneas of New
Zealand white rabbits by collagenase digestion and
cultured in MEM medium containing 10% FBS and
penicillin and streptomycin (100U/ml) as previously
described (31). Cells were used before passage 8.

Three-dimensional Model of the Human Desmin
Tetramer Fragment- The homology modeling of the
desmin 3D tetramer model and molecular docking for
the WFA ligand binding was carried out essentially as
previously described (16).

Cell Cycle Analysis- MEFs from wild-type mice
and p27°"""" and Skp2”" were grown to confluence,
growth arrested by serum starvation for 48 h and
treated with vehicle or WFA in presence of serum for
21 h for cell cycle analysis as previously described
(24).

In vivo Corneal Injury Model- The corneal alkali
injury model in Vim” and Vim"" in 129 Svev
background has been described in detail previously
(16). Injured mice were treated with vehicle (DMSO)
or WFA (2 mg/kg solubilized in DMSO) on the day
of injury and every subsequent day by intraperitoneal
injection for a period of 7 or 14 days.

Immunofluorescence- Using procedures
previously described (16), whole- eye sections from
Vim"* and Vim”~ mice were prepared by
cryosectioning. Slides were probed with the following
primary antibodies, diluted in a background-reducing
buffer (Dako North America, CA): anti-rabbit
vimentin (Abcam, 1:200), anti-mouse desmin (Dako,
1:200), anti-mouse a-SMA (Dako, 1:100), anti-mouse
Skp2 (Abcam, 1:50), anti-rabbit p27**" (Santa Cruz

Biotechnology, Inc., 1:50), anti-rabbit vimentin (H-
84, Santa Cruz Biotechnology, Inc., 1:100), anti-rat
monoclonal E-cadherin (Abcam, 1:1000) and anti-
rabbit TGF-B2 (Santa Cruz Biotechnology, Inc., 1:50)
overnight at 4°C. After washing, sections were probed
with respective secondary antibodies conjugated to
Alexa Fluor 488 or 545 (Invitrogen) for 45 min at
room temperature and counterstained with 4,6-
diamidino-2-phenylindole (DAPI, Img/mL in 0.1 M
PBS) for 10 minutes. Digital images were acquired on
a Nikon TE2000 microscope at 30X magnification
and as well on Olympus IX81 fluorescence
microscope equipped with MetaMorph software.
Images were assembled using Adobe Photoshop
Software. For vimentin tissue staining, samples were
washed more extensively (30 h) at 4°C to improve the
quality and resolution of specific staining in
fibroblasts from injured corneas due to very high
expression of antigen. Thus, uninjured control
samples processed in parallel required a lower
threshold setting for imaging due to their relatively
low levels of vimentin. In related studies,
deconvolution software (MetaMorph) was also
employed to assess the filamentous staining of
vimentin in corneal sections. The measurement of
activated p65/Rel A was assessed by its nuclear
localization, which was scored by counting the
numbers of nuclei (DAPI staining) in the epithelium
from representative tissue sections of each treatment
group (n=8) that showed also nuclear co-staining with
antibody to p65/RelA. The data was graphed as the
percent of epithelial cells showing nuclear-localized
p65/RelA positive expression.

TGF-p treatment- Vim™" and Vim™ fibroblasts
(16) were cultured at low density (40% confluence) in
8-well chamber slides (Nalgene, Nunc, NY). After
cell attachment, cell cultures in triplicate wells were
incubated in media containing 0.2% serum alone, or
with serum plus 5 ng/ml TGF-p1 (R&D systems,
MN) in the presence of vehicle (DMSO) or 500 nM
WFA. The medium with each of these treatments was
replaced every 2 days for a treatment period of 6
days. Cells were fixed in methanol and processed for
immunostaining for a-SMA expression.
Representative frames from triplicate experimental
samples were assessed for numbers of cells positive
for a-SMA staining. DAPI counter staining was
employed to provide a total count of cells in each
frame.
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Immunoblotting of Protein Extracts- Corneal full-
thickness buttons were minced in ice-cold lysis buffer
(5 mM NaF, 1 mM PMSF, 1 mM DTT, 20 mM
HEPES pH 7.5, 1 mM EDTA, 400 mM NaCl, 1mM
EGTA, 0.1% NP-40) to which was added protease
inhibitor cocktail (Roche). Sodium dodecylsulfate
(SDS) was subsequently added to a final
concentration of 2% (w/v) and lysates were flash-
frozen and thawed 3 times, passed through a G-25
syringe needle multiple times, vortexed and finally
centrifuged for 10 min at 14,000 rpm to sediment
debris. The supernatant representing total proteins
was collected and equal amount of protein (Bio-Rad
protein assay; Bio-Rad) was fractionated by SDS-
polyacrylamide gel electrophoresis. For IF-poor
(detergent-soluble) protein extractions, corneal tissue
was extracted using a modified lysis buffer (5 mM
NaF, 1 mM PMSF, 50 mM Tris pH 7.5, 1 mM
EDTA, 150 mM NaCl, 1% NP-40) to which was
added protease inhibitor cocktail (Roche). The
supernatant representing soluble proteins after
centrifugation was adjusted with SDS-Laemmli
sample buffer prior to SDS-PAGE analysis. Western
blotting as performed as previously described (16).
Protein blots were probed with anti-mouse desmin
(Dako, 1:400), anti-mouse a-SMA (Dako, 1:400),
anti-rabbit Vimentin (V9, Santa Cruz Biotechnology,
Inc., 1:400), anti-mouse Skp2 (Santa Cruz
Biotechnology, Inc., 1:200), anti-mouse p27<"'
(Santa Cruz Biotechnology, Inc., 1:200), anti-mouse
p21“?! (Santa Cruz Biotechnology, Inc., 1: 100), anti-
rabbit cyclin E (Abcam, 1:200), anti-rabbit TKT
(1:1000, a gift from Dr. Joram Piatigorsky (National
Eye Institute/NIH), anti-annexin II (H50, Santa Cruz
Biotechnology, Inc.,  1:200), anti-rabbit [-actin
(Abcam, 1:1000), and anti-GAPDH (Santa Cruz
Biotechnology, Inc., 1:1000). Blots were reprobed as
described previously (16, 26). Blots were scanned and
band intensities quantified using NIH Imagel
software and normalized to GAPDH or -actin levels.

Tissue fixation and transmission electron
microscopy — Corneas from two representative mice
per group were used. Corneas were collected
immediately after mouse sacrifice, fixed immediately
in 3.5% glutaraldehyde/4% paraformaldehyde in 0.1
M cacodylate buffer, pH 7.2 for 1.5 hours at 4° C by
immersion. Tissue pieces cut in fixative, then washed
in 0.1 M cacodylate with 5% sucrose four times for
15 min each and post fixed with 1% OsO4 in buffer
for 1.5 hours at 4° C. After washing in 0.1M
cacodylate buffer they were dehydrated in graded

manner in ethanol (from 50% through 100%) at 4°C,
followed by final incubation in absolute ethanol at
room temperature. Tissues were placed in propylene
oxide at room temp for 30 min, followed by
infiltration with 50% Epon Araldite w/ accelerator-
50% propylene oxide overnight. The propylene oxide
-resin mixture was poured off and tissue placed in
fresh 100% resin for 2 hours. Tissues were embedded
in beem capsules for 48 hours at 60° C. Thin sections
(70-80 nm) were obtained on a Reichert Ultracut E
microtome and examined on a Philips Tecnai Biotwin
12 transmission electron microscope. Representative
images from 35 to 50 frames/cornea were collected
for analysis. A second set of corneal embedded
sections were cut on a Leica UC7 ultramicrotome,
mounted on 200 mesh Cu/Rh grids and stained with
6% Methanolic Uranyl Acetate for 4 min and Sato's
Lead for 4 min and examined on a Hitachi H-7650
transmission electron microscope.

Isolation of WFA-Bt-binding proteins by affinity
chromatography- The WFA-Bt ligand binding studies
in early passage (passage between 5 and 6) rabbit
corneal fibroblasts was performed as previously
reported for endothelial cells and astrocytes (16, 26).
In brief, fibroblast cultures plated at 60 to 70%
confluency were incubated with 5 uM WFA or
vehicle for 30 min. WFA-Bt (5 uM) was
subsequently added to the medium and cells
incubated for 2 h. Protein extracts were prepared in
buffer A (5 mM Tris pH 7.6, 50 mM NaF, 1% Triton
X-100, 5 mM EGTA) supplemented with a proteinase
inhibitor cocktail (Roche). Equal amount of proteins
were precleared on agarose beads (Sigma) to remove
nonspecific binding proteins. The beads were then
centrifuged and precleared cell lysates were
repeatedly loaded three times on columns containing
NeutrAvidin-agarose beads (Pierce) to maximize
immobilization of biotinylated proteins. After
extensive washing with ice-cold loading buffer A,
bound biotinylated proteins were eluted in Laemmli
gel loading buffer containing -mercaptoethanol, and
subjected to SDS-PAGE on 10% polyacrylamide gels
and transferred to PVDF membrane for western blot
analysis. Blots were probed with anti-mouse vimentin
(V9, Santa Cruz Biotechnology, Inc., 1:400), and
anti-rabbit  annexin II (H50, Santa Cruz
Biotechnology, Inc., 1:200).

WFA ligand binding studies with recombinant
tetrameric desmin and Liquid Chromatography-Mass
Spectrometric (LC-MS) Analysis - Binding studies
with WFA was done essentially as described before
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for vimentin (16) and GFAP (26). Briefly, purified
soluble recombinant human desmin (32) was
incubated with vehicle or 5 uM WFA for 1 h at 37°C.
Protein samples were subjected to tryptic digestion
and LC-ESI-MS-MS analysis was performed on a
ThermoFinnigan LTQ linear ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA).
Resulting MS-MS spectra were searched against
proteins in the Swiss-Prot database with the
Xl!Tandem search engine (www.thegpm.org). The
assignment of fragment ions in the MS-MS of the
modified and unmodified peptides was obtained with
the X!Tandem protein database search engine
allowing for a variable modification of +470 Da for
the WFA adduct.

Statistical Analysis- The statistical analysis to
compare the percentile curves of the clarity data
employed three different but related non-parametric
test procedure (Kolmogorov-Smirnov test, Cramer-
von Mises test, and Kuiper’s test). All three
procedures lead to the same conclusion with P-values
agreeing up to 4-digits. The computations were
performed using SAS version 9.2.

RESULTS
Corneal fibrotic switch is blocked by genetic and
pharmacological deficiency of vimentin

Several independent experiments described here
and in following sections indicate that the corneal
fibrotic switch can be attenuated by causation of
vimentin deficiency. Exploiting the modified alkali
injury model (33) we show in injured corneas of
Vim™" mice that by post-injury dayl4 (d14) corneal
transparency is lost due to heightened fibrosis (Fig.
1A). Surprisingly, in Vim™ mice subjected in parallel
to alkali injury there is remarkable improvement in
corneal healing and these mice regain very significant
levels of corneal transparency (Fig 1A- right panel).
We were prompted to ask whether use of a
complementary approach to pharmacologically
downregulate vimentin would mimic the phenotype
of genetic deficiency of vimentin. We exploited the
vimentin-targeting small molecule WFA (16, 26) and
show that in d14 injured Vim™" mice treatment with 2
mg/kg WFA significantly restored corneal clarity to
the extent similar to that observed in d14 healing Vim’
"mice (Fig. 1A, B). In comparison, WFA effects on
Vim™ mice at d14 promoted similar levels of healing
as that of vehicle-treated Vim” mice (Fig. 1B). To
address whether this novel corneal reparative healing
mechanism exerted in vimentin deficiency was

recapitulated due to WFA’s efficacy to reduce injury-
induced vimentin we analyzed corneal tissues first by
western blot analysis (Fig. 1C). We show that injury-
induced vimentin expression by d7 in Vim™" corneas
was potently inhibited by WFA treatment. This WFA
targeting activity is specific to type III IFs, as annexin
II, an wunrelated cytoskeletal-associated protein
reported also to bind WFA in cancer cells (34), was
not downregulated by drug treatment (Fig. 1D). Our
findings were further corroborated by
immunohistochemical analysis that showed injury-
induced expression of vimentin occurs in both corneal
epithelium and in stromal cells, which was potently
downregulated by WFA at d7. Corneas of d14 Vim"™*
mice expressed higher levels of vimentin than at d7,
and again, WFA potently downregulated vimentin in
both epithelium and stroma (Fig. 1E). To clarify
whether vimentin-overexpressing stromal fibroblasts
had invaded the epithelium we also co-stained corneal
sections with the epithelial marker E-cadherin. There
were a remarkable number of filamentous vimentin-
positive stromal cells found to have invaded the
corneal epithelium at sites showing discontinuity of
E-cadherin staining. Corneas from WFA-treated
Vim™" mice at d14 revealed an absence of this
phenotype, and stromal expression of vimentin was
also greatly reduced (Supplemental Fig. S1). Next, we
investigated whether vimentin downregulation is due
to direct covalent binding by WFA, as previous
findings we made in vascular endothelial cells and
brain astrocytes showed that soluble tetrameric
vimentin is targeted (16, 26). Employing a cell culture
model we differentiated naive primary cultures of
corneal keratocytes to fibroblasts (35) and performed
in vivo ligand binding studies to identify WFA’s
target(s). Cells were incubated with the cell
permeable biotinylated WFA analog (WFA-bt) in the
presence and absence of free-unconjugated WFA and
soluble proteins were affinity isolated by streptavidin
chromatography, boiled in 2-mercaptoethanol
Laemmli buffer and fractionated by gel
electrophoresis (26, 29). Gel blots when probed
sequentially with vimentin and annexin II antibody
revealed that WFA-bt only formed a covalent adduct
with vimentin, but not with annexin II, and this
binding was competed in vivo by excess WFA (Fig.
1F). Taken together, our findings corroborate that the
in vivo pharmacological downregulation of injury-
induced vimentin by WFA that affords protection
against corneal fibrosis, a phenotype that we show is
corroborated in genetic deficiency of vimentin.
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Corneal myofibroblast and TGF-f5 activation is
attenuated by vimentin deficiency

Myofibroblast activation through acquisition of
a-SMA expression in wound fibroblasts is considered
a major phenotypic switch that drives corneal fibrosis
(36). Also in our alkali burn model, a-SMA
expression is upregulated in the stromal cells of
injured Vim™ mice (Fig. 2A) and its increased
expression is time dependent, reaching high levels at
d14 (Fig. 2A). WFA significantly down regulates o-
SMA expression, being especially effective at d14
(Fig. 2A). Interestingly, injured Vim™ corneas also
showed early increased production of a-SMA at d7,
however, this induced expression is not sustained and
became devoid of detectable a-SMA expression by
d14 in both vehicle and WFA-treated Vim™ samples
(Fig. 2B). Western blot analysis confirmed the
staining results showing complete downregulation of
a-SMA expression in Vim™ corneas at d14 (Fig. 2C,
D).

Given the well-documented role for TGF-f in
corneal fibrosis as a stimulator of myofibroblast
transformation and mediator of a-SMA expression
(36, 37), we next investigated TGF-f expression
levels in injured Vim™" and Vim" corneas. We found
that TGF-f was appreciably increased in the
epithelium and stroma of injured- Vim™" cornea and
WFA treatment potently downregulates its expression
to level similar to the uninjured cornea (Fig. 3A).
WFA treatment also potently reduced TGF-p
expression in Vim™" corneas (Fig. 3A). On the
contrary, in d14 injured Vim”™ mouse corneas low
levels of TGF-f was found in the epithelium and
largely undetected in the corneal stroma (Fig. 3A).
This epithelial low expression pattern was maintained
in Vim” mice treated with WFA. To learn whether
vimentin expression is necessary for TGF-f
regulation, fibroblasts from Vim™* and Vim™ mice
were investigated. We found that Vim™" cells
stimulated with TGF-p induced a-SMA expression
by 25-fold over control, which was reduced
significantly by WFA down to 5-fold over controls
(Fig. 3B, C; P <0.05). On the contrary, Vim™ cells
responded weakly to TGF-f resulting in only 1.3-fold
mean increased expression of a-SMA (P = 0.0171)
and WFA’s antagonism of this induction was not
significant (P = 0.1586). Thus, we were curious
whether recovery of corneas from fibrotic injury
displayed other biomarkers associated with

transparency, such as maintenance of tissue
transketolase (TKT) (38). Western blot analysis
revealed that TKT expression in d14 injured Vim™"
corneas was reduced by 7-fold from the levels found
in uninjured corneas and WFA treatment restored
TKT expression to levels almost that of controls. In
Vim™" corneas injury resulted in only 40% reduction of
TKT expression compared to uninjured controls and
WFA did not produce any change (Fig. 3D, E). To
further compare the healing characteristics of Vim'™*
and Vim™ corneas we investigated their ultrastructure
by transmission electron microscopy (TEM) (Fig.
3F). Corneas from dl14 Vim™" mice showed the
increased presence of myofibroblasts that revealed
extensive rough endoplasmic reticuli and enlarged
cytoplasm (Fig. 3F, a), whereas the samples from
uninjured  Vim™" corneas showed scant rough
endoplasmic reticuli characteristic of normal corneal
keratocytes (Fig 3F, c¢). We also found
polymorphonuclear neutrophils (PMNs) in injured
Vim™ corneas (Fig 3F, b). WFA treatment also
reduced the numbers of PMNs detected.
Monocytes/macrophages were rarely detected at d14
in Vim™" corneas (data not shown), which suggests
that the CD11b" cells detected by immunostaining are
mostly PMNs. Comparison of the fibrillary structure
of collagen and fibril spacing in uninjured Vim"" and
Vim” mice showed no remarkable differences (data
not shown). Importantly, corneal epithelium in
injured Vim™" mice at d14 was often observed to be
thin and remarkably conjunctivalized as shown by
significant numbers of globlet cells (Supplemental
Fig. S2). In comparison, the epithelium of injured
Vim”™ mice had acquired corneal cell characteristics
similar to that of uninjured mice, which was similar
also after WFA treatment in injured Vim™" and Vim™
mice at d14 (Supplemental Fig. S2). Collectively,
these findings reveal a critical role for vimentin in
myofibroblast activation that enables the corneal
fibrotic switch to occur, which can be
pharmacologically attenuated by WFA or impaired
when vimentin is absent. Thus, vimentin deficiency
results in both restoration of corneal epithelial
characteristics and stromal healing.

Vimentin expression supports inflammatory cell
recruitment in injured corneas

Alkali injury to the cornea induces an
inflammatory cascade driven by NF-kB transcription
factor activation where its pharmacological inhibition
has been shown to also improve corneal burn
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recovery in mice (39). We enquired whether WFA’s
in vivo efficacy on corneal injury is likewise also due
to WFA’s potent NF-kB inhibitory activity (24, 40)
that is potentially mediated by vimentin. Injured
Vim™" corneas assessed at d7 showed reduction of
IkB-a levels, whereas Vim™" and Vim™ mice treated
with WFA as well as vehicle-treated Vim™™ mice
exhibited restoration of IkB-o in their corneas to
~75% of the levels that were found in uninjured
tissues (Fig. 4A, B). These results were further
confirmed by immunostaining corneal tissues at d14
where we found p65/RelA was nuclear localized in
injured Vim'" corneas, whereas p65/RelA expression
in all other injured corneas was found to be mostly
cytoplasmic (Fig. 4C). Quantification of nuclear
expression of p65/RelA in epithelium (overlap with
DAPI, data not shown) revealed 20-fold induction in
injured Vim"" corneas over uninjured corneas (P
<0.0001), which was reduced to 4-fold by WFA
treatment (P <0.0001). Injury to Vim” corneas
produced only a 4-fold induction over uninjured
corneas (P <0.001), and this induced nuclear
expression was not altered by WFA activity (P =
0.2295) (Fig. 4D). These data provide evidence that
vimentin regulates NF-kB activation in the alkali
injury model.

Alkali injury induces inflammation through
recruitment ~ of  monocyte/macrophages and
neutrophils that infiltrate into corneas, where
increased numbers of CDI1b" neutrophils were
associated with corneal opacity (41). We assessed
corneas of Vim™" and Vim™ mice at d14 (Fig. 4E) that
is the peak period of inflammatory cell infiltration in
this model (42). Alkali injury significantly increased
CD11b" cell numbers in Vim"" corneas compared to
Vim™ corneas showing 32-fold (P = 0.0015) versus
10-fold (P = 0.01004) increase, respectively. WFA
treatment reduced the numbers of CD11b" cells
infiltrating the injured corneas producing a 4.2-fold
increase (P = 0.002525) in Vim™" versus a 2.2-fold
increase (P = 0.005387) in Vim™ corneas compared to
their respective uninjured controls (Fig. 4F). This
suggested that although vimentin deficiency
significantly reduced the numbers of CD11b" cells,
WFA treatment in combination with vimentin
deficiency resulted in the most potent inhibition of
CD11b" cell infiltration. Our result corroborates
previous findings showing deficiency in type III IFs
severely attenuate CD11b" infiltration into injured

tissues of mice as revealed in the retinal detachment
model (43).
Corneal epithelial expression of p27*%" is restored by
genetic and pharmacological downregulation of
vimentin

We next investigated whether the critical
determinants of corneal healing is due to altered cell
proliferation characteristics that is different between
Vim"" and Vim™™ mice. The CKI p27°"' is critically
implicated in regulation of epithelial regeneration in
the injury-healing cornea (44, 45). We show by
western blots that p27°"" is potently downregulated
by injury at d7 and d14 in Vim"" corneas. WFA
treatment at d7 and dl14 restored p27%"' to levels
similar to that of uninjured mice (Fig. 5 A, B, C, D).
p275"P! expression levels were also reduced at d7 in
Vim™ corneas, and restored to near normal levels by
WFA treatment (Fig. 5 A, B). However, at d14, the
expression of p275"*" differed between the two mouse
lines; in the injured Vim™" corneas p27*"' expression
was persistently downregulated and WFA restored its
expression back up levels found in uninjured corneas
(Fig. 5 C, D). On the other hand, in the injured Vim™
corneas p27°P' expression was fully recovered and
WFA treatment did not further alter its expression
(Fig. 5 C, D). Immunostaining of tissues at d7 and
d14 confirmed that nuclear-associated changes in
p275"®" expression (overlap with DAPI staining; data
not shown) were responsible for the alterations in
protein analyzed by western blotting, and importantly,
that induced p27°"' expression was predominantly
occurring at the basal cell layer of the epithelium,
which is the site of mitosis (Fig. 5G) (46). Since
p27°"! expression is tightly controlled through the
ubiquitin proteasome pathway via the activity of E3
ubiquitin ligase Skp2 (30), we investigated next the
expression of Skp2’s other cell cycle targets by
western blotting. The CKI p21“?" was expressed at
low levels in uninjured corneas and became nearly
undetectable in injured Vim™* corneas at d14. WFA
induced p21°P" expression by over 13-fold in dl14
Vim™" healing corneas (Fig. 5C, D). Interestingly,
uninjured corneas of Vim™™ mice expressed 3.4-fold
higher levels of p21<"' compared to uninjured Vim™"
corneas. Consequently, in injured Vim” corneas
p21°P" levels declined by 7.5-fold and WFA
treatment did not alter this expression level. On the
other hand, in Vim"" corneas, cyclin E expression was
expressed at high basal levels in uninjured tissue and
downregulated by injury (Fig. 5C, D). This
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expression was restored by WFA to levels almost
reaching that of uninjured corneas in Vim"" mice.
However, in injured Vim™ corneas cyclin E was
highly downregulated with injury and remained
downregulated even after WFA treatment (Fig. 5C,
D). Finally, we investigated whether expression levels
of Skp2 were also affected by WFA activity. Skp2
expression was highly induced in injured corneas of
Vim” mice and WFA treatment potently
downregulated Skp2 expression to levels found in
uninjured corneas (Fig. S5E, F). There was a similar
level of injury-induced expression of Skp2 in Vim™
corneas at d14, however, WFA treatment reduced
Skp2 expression by less than 50%. Taken together,
these findings reveal that Skp2 expression is induced
with injury in both Vim™" and Vim™ corneas, but its
downregulation by WFA activity that is partly
enabled in vimentin deficiency does not result in
control of its targets p27°"', p21“?" and cyclin E in
Vim™" corneas.

Since Skp2 deficiency causes sustained
expression of p27<"®" that results in decreased corneal
epithelial cell proliferation (44), we next investigated
whether WFA’s growth inhibitory activity was
dependent on the Skp2-p27 axis. We exploited a cell
culture model using mouse embryonic fibroblasts
(MEFs) from wild-type and Skp2- and p27%F'-
deficient mice (30). WFA induced potent G2/M cell
cycle arrest in a dose-related manner in wild-type
MEFs, but Skp2- and p27%"'-deficient MEFs
completely lose this growth inhibition at both low and
high concentrations of WFA (Fig S5H). Taken
together, consistent with the major role of Skp2 to
cause p27°"' degradation during G2-M progression
(47), our findings identify the critical importance of
Skp2-p27°P' axis in WFA’s cell cycle targeting
affects.

A reverse chemical genetic approach identifies
desmin as a second binding target of WFA

Type III IFs are highly homologous and share as
much as 62% overall amino acid identity (32). Since
WFA covalently binds to the highly conserved rod 2B
domain of tetrameric vimentin (16) and the
corresponding 2B domain of tetrameric GFAP (26),
we postulated that WFA should similarly also bind to
the third IF member, desmin, at its rod 2B region that
is highly conserved with that of vimentin (16).
Therefore, we developed a molecular model for the
tetrameric 2B segment of desmin bound to WFA
using the tetrameric A,, orientation (48), which was

also used previously to develop molecular models for
vimentin (16) and GFAP (26). Stable binding of WFA
in the ligand-binding pocket of tetrameric desmin, i.e.
between the antiparallel half-staggered coiled-coil
dimers, was revealed by docking analysis of the
molecular dynamics (MD) simulated human desmin-
WFA complex (Fig. 6). As shown with the vimentin-
WFA and GFAP-WFA complexes (16), the invariant
cysteine amino acid residue (Cys333) in the desmin
helix lies in close proximity to the C3 and C6 carbons
of WFA (Fig. 6A), which facilitates a proper
orientation for nucleophilic attack by C333 on the
electrophilic carbon centers of WFA (Fig. 6B).
Having also identical residues in desmin that make
contact with the ligand, GIn329 can form a hydrogen
bond with the Cl-carbonyl group of WFA and
Asp336 can hydrogen bond with the C4-hydroxyl
group of WFA. Therefore, we can superimpose the
binding site of desmin-WFA on that of vimentin-
WFA to reveal that the binding mode of WFA is near
identical in both tetramer fragments (Fig. 6B).
Sharing high degree of conservation in a region of 44
amino acids between vimentin and desmin, this
segment of the 2B region bound by WFA has also
70.5% identical amino acids and 84% similarity
(Supplemental Fig. S3). Lastly, the molecular
mechanics/Poisson-Boltzmann surface area-
calculated binding energies for the two complexes are
found to be AGping ~ -17.3 and -17.4 kcal/mol for
vimentin-WFA and desmin-WFA, respectively. To
validate this molecular model, we also performed in
vitro binding analysis with purified human
recombinant tetrameric desmin and WFA. Mass
spectrometric sequencing analysis of tryptic peptides
showed that WFA binds covalently at the predicted
Cys333 residue, which was revealed by the addition
of WFA’s molecular mass to this amino acid residue
(Supplemental Fig. S4), and this data is in agreement
with our previous findings for vimentin and GFAP
(16, 26).

WFA targets desmin expression in vivo

We next investigated by immunohistochemical
analysis whether desmin might be upregulated during
corneal fibrosis and thus become a potential target for
WFA. Uninjured corneas did not show expression of
desmin. In injured Vim"" corneas desmin IFs were
found overexpressed in conjunctivalized epithelium
and stroma at d7 and this expression pattern was
potently downregulated by WFA treatment (Fig. 7A).
Contrary to its abundant expression in injured Vim"™*
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corneas, desmin IF-expression in Vim™ corneas at d7
was barely apparent in the stroma (Fig 7B). WFA
treatment potently downregulated desmin also in Vim’
" corneas at d7 to levels that became undetectable.
Desmin IF staining was increased in the corneas of
injured Vim™" mice at d14 being strongly expressed in
the anterior stroma and sub-epithelial region, which
was potently downregulated by WFA. Remarkably, in
Vim”™ corneas desmin IF staining became more
strongly expressed in the stroma at d14 and lower
levels of expression in the epithelium was noted as
dots (Fig. 7B, inset). WFA treatment downregulated
desmin staining in the stroma, and only the epithelium
showed increased dot-like nuclear-associated staining
pattern suggesting IF polymer disassembly. As the
tissue staining for desmin reveals almost exclusively
the abundant polymeric structures of this protein in
that the less abundant soluble forms are undetected,
we also performed western blotting experiments to
assess WFA’s affects on total and soluble desmin
expression. Low levels of total desmin expression
was observed as a doublet band in uninjured Vim'"*
corneas representing mural cells of preexisting limbal
blood vessels. However, Vim™" corneas at d7 and d14
showed presence of multiple bands indicating
different desmin isoforms or post-translationally-
processed variants. Injured Vim™ corneas also
showed the greatest abundance (between 4-to-8-fold
increase) and number of desmin species including a
prominent 52-kDa upper band most prominently
increased at d14 (Fig. 7C,D). WFA treatment potently
abrogated expression of these desmin bands at d7, and
also caused quantitative changes in the abundance of
lower molecular weight species at d14 (Fig. 7D). On
the other hand, Vim™ uninjured corneas expressed
similar low levels of the two desmin variants as found
in d7 corneas, and these desmin variants became
increased by 2-fold at d14. Interestingly, the protein
band profile of desmin variants in Vim"" mice treated
with WFA showed a similar pattern to that of vehicle-
treated Vim™ corneas at d14, revealing also the
striking absence of the prominent 52-kDa disease-
associated desmin species. On the other hand, WFA-
treated Vim™ corneas at d14 revealed a single desmin
variant/species that likely derives from the desmin
dots observed in the epithelium. As previous findings
showed that WFA targets soluble tetrameric vimentin
and GFAP that results ultimately in their insoluble
forms being depolymerized in vivo (16, 26), we next
investigated whether soluble desmin was targeted by
WFA in vivo. Soluble (low salt extracted) proteins

(26) were isolated and western blotted for desmin.
The injury-induced soluble desmin isoform (52 kDa
band) was most strikingly reduced by WFA in d14
Vim™™" corneas, whereas in Vim” d14 corneas both
injury-induced  soluble desmin bands were
downregulated by WFA (Fig. 7E, F). Collectively,
these findings reveal that desmin is differentially
regulated in injured Vim™" compared with Vim™
corneas, and furthermore, in vimentin deficiency
WFA potently targets injury-induced soluble desmin
expression resulting in IF disassembly.

Desmin targeting attenuates corneal haze in vimentin
deficiency

Finally, we wondered whether WFA’s targeting
of desmin in vimentin deficiency produced an effect
on the quality of corneal repair beyond the noticeable
attenuation of corneal fibrosis. We hypothesized that
overexpression of desmin in Vim™ corneas at d14
could potentially alter refractive functions of the
cornea via expression in wound fibroblasts. To afford
a sensitive and objective quantitative method to
measure corneal clarity in mice we developed a
computer-based algorithm to assess level of corneal
transparency. Slit-lamp  biomicroscopy affords
visualization of iris structural details enabling the
examiner to score corneal transparency, thus, we
premised that detection of pigment color of the iris
using a digital method (49) could also be adopted as a
surrogate measure of corneal transparency.
Consequently, opacity from injury-induced fibrosis or
haze that causes the cornea to whiten should alter the
color spectrum captured in digital images. According
to principles of color theory, white light is composed
of equal representation of red, green and blue
(Supplemental Fig. S5), and therefore, corneal opacity
that renders the cornea white in color represents a
deviation from the equal mixing of red, green and
blue. The advantage of this color detection method is
its digital sensitivity and that color interpretation is
not left to human subjectivity (50). We coded the
digital photographic images of mouse eyes and
obtained in a blinded manner three representative
equal sized rectangular segments (Fig. 8A) that were
taken from non-overlapping regions of the cornea
(avoiding the central pupil due to underlying lens).
The image collection library was analyzed to measure
deviation from the brown color baseline of uninjured
eyes, which was valid because both Vim"" and Vim™
mice in 129 Svev strain have equivalent brown
colored irises. The opacity values for injured vehicle-
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and WFA-treated groups were plotted as a function of
their percentile distributions (Fig. 8B), which
revealed three important results. First, injured Vim™"
corneas that ranked even in the top 10™ percentile for
clarity came only as close as the lowest 80™ percentile
group of injured Vim” corneas (mean 1.47 versus
1.42, P < 0.008). This result confirmed our visual
biomicroscopic assessment scoring data (Fig. 1B) that
the Vim” mice have a significant advantage over
Vim™" mice for healing such corneal injuries (mean
1.09 versus 2.13, P < 0.0001). Second, vehicle-treated
Vim™ mice showed a similar percentile rank
distribution for corneal clarity as WFA-treated Vim''*
mice (mean 2.04 versus 2.13, P = 0.1704), a finding
also supported by visual scoring data revealing the
pharmacological downregulation of vimentin had
similar protective effects as genetic deficiency of
vimentin. Lastly, and to our surprise, we found that
restoration of corneal clarity was the greatest in Vim™
corneas when mice were treated with WFA (mean
2.13 versus 2.67, P < 0.0001). Statistical comparison
of percentile distributions for human scored data and
computer-assisted image analysis was also performed
(Supplemental Table S1). This illustrated the greater
sensitivity of the computer-assisted image method
over human scored data. Taken together, we have
identified vimentin as a major driver of the
proliferative mechanism of corneal fibrosis and that
the underlying haze observed in injured corneas of
Vim™" mice is associated with overexpressed desmin.
This desmin-related corneal haze that is also
responsive to WFA treatment results in significant
improvement of corneal clarity, which appears not to
be directly associated with WFA’s cell cycle
regulatory mechanism.

DISCUSSION

The major finding of this study is that vimentin
deficiency alters the fibrotic response to corneal alkali
injury and instead engages a reparative healing
mechanism to restore corneal clarity. We validate this
novel discovery by complementing the genetic
deficiency of vimentin with a pharmacological
approach to cause vimentin downregulation, and thus,
we also illuminate vimentin as a novel druggable
target for potential treatment of fibrotic conditions.

A remarkable conclusion drawn from this study is
that the pharmacological downregulation of vimentin
by WFA in Vim™" mice broadly recapitulates the
repair mechanism elicited in the genetic deficiency of
vimentin in this corneal alkali injury model. In this
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respect, we already have shown that vimentin
deficiency impairs corneal neovascularization in this
alkali injury model (16). Additionally, we recently
reported that retinal gliosis manifested in response to
corneal alkali burns was similarly attenuated in Vim™
mice and mediated by restoration of p27<P!
expression in retinal ganglion astrocytes and glia,
which mimicked the activity of WFA in the retina
(26). Here, we identify that in addition to restoration
of p27%P' expression in the healing corneal
epithelium by WFA, the coordinate upregulation of
p21P! expression may be critical to the mechanism
of corneal reparative healing elicited by vimentin
downregulation. Considering that p27"" null mice
develop retinal gliosis and dysplasia even in absence
of an injury (47, 51), whereas the corneas of these
mice do not display ectopic or inappropriate epithelial
proliferation even after corneal scrape injuries (44),
this suggests that CKIs in addition to p27<"' may be
important for corneal mitotic arrest. This rationale is
supported by loss of corneal transparency in lumican-
deficient mice that occurs, in part, through
downregulated p21“?' expression, which causes
aberrant cell proliferation (52). Taken together, our
findings underscore that a novel vimentin-mediated
negative regulation of CKI expression is associated
with the corneal fibrotic switch in traumatic injury
healing that is blocked by suppression of vimentin
expression.

Vimentin is a motile protein that exists in many
dynamic native states, most noted by its abundant
filamentous structures that adorn the cytoplasm of
mesenchymal cells (53). Soluble tetrameric vimentin
(54), only a small fraction of cellular vimentin,
undergoes annealing to form intermediate unit-length
filaments (ULFs) that become rapidly incorporated
into long polymeric forms (7, 55). As cells initiate G1
cell cycle phase, both protein synthesis of vimentin
and its incorporation into polymers occurs (56).
Investigating the cell cycle, we previously showed
that WFA targets tetrameric vimentin in vitro and in
vivo resulting in GO/G1 cell cycle arrest in endothelial
cells and astrocytes (16, 26). We have also shown that
the pool of soluble tetrameric vimentin becomes
depleted in a WFA concentration-dependent manner,
where at the higher concentrations of WFA
filamentous vimentin collapse around the nucleus and
ultimately their depolymerization was observed (16,
26). While it is still unclear how WFA-targeted
soluble vimentin affects this dynamic process in vivo,
phosphorylation-dependent mechanisms that govern
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vimentin functions during cell cycle progression (57)
may be affected by WFA (26). It is noteworthy that
the dynamic reorganization of filamentous vimentin is
also quite noticeable at prometaphase where granular
dot-like structures believed to be depolymerized IFs
become plentiful (58). This enriched pool of soluble
vimentin might also be targeted by WFA during G2
cell cycle progression to cause mitotic arrest.
Importantly, our findings also identify that both Skp2
and p27°"" are required for WFA’s induction of
G2/M cell cycle arrest as revealed in our study of
MEFs from Skp2- and p27"'-deficient mice.
Corroborating this mechanism, downregulation Skp2
expression was also induced by a related natural
product withanolide (59) that contains the conserved
steroidal backbone and critical pharmacophore
moieties of WFA (29) shown to be important for
binding to the 2B region of type III IFs (16, 26). This
growth inhibitory mechanism would be consistent
with Skp2’s expression becoming maximal at S and
G2 phase (60), which also represents the critical time
when p275"®" degradation by Skp2 occurs in G2 phase
in order for progression into mitosis (47). Thus,
identification that Skp2 and its target p27"' are
reciprocally responsive to WFA’s activity in injured
corneas of Vim”" mice, but not in Vim” mice, links
vimentin as a mediator of WFA’s activity on the
critical Skp2-p27Kipl cell cycle axis. Furthermore,
since p21“"" and cyclin E, other targets of Skp2’s E3
ligase activity (30, 61) also responded to WFA
activity in a vimentin-mediated manner during injury
healing, it is clear that vimentin targeting can have
profound regulatory control on many critical cell
cycle regulators. This is obviously important to
therapeutic development efforts that recognize
suppressing Skp2 expression or interfering with its E3
ligase function has wide applications to diverse
proliferative disorders and malignant conditions
characterized by Skp2 overexpression (30, 62). Taken
together, we believe that our findings illuminate
vimentin as a novel druggable target for regulatory
control over the critical Skp2-p27"'axis and have
also borne out WFA as a important chemical probe of
this mechanism.

It is interesting that vimentin downregulation by
WFA results in the differential regulation of p21"!
compared to p275"'. This was noted in injured Vim™*
corneas treated with WFA having much higher
expression of p21“P" compared to p27<*'. One
possible explanation is that p21“P' becomes targeted
for degradation in prometaphase by the anaphase-
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promoting complex/cyclosome (APC/C™?%) (63).
Thus, if WFA activity were to cause APC/C
downregulation in injured Vim™* corneas this would
alleviate negative control over p21®' to cause p21°"!
levels to become elevated. In fact, WFA has been
demonstrated to cause APC/C downregulation and
promote G2/M cell cycle arrest (64), which would
suggest that this mechanism could be relevant to
WFA’s activity in the cornea. Given the complexity
of regulatory control of Skp2 and APC/C in exacting
timed destruction of CKIs, recognition that TGF-f3-
induced cell cycle arrest occurs by limiting Skp2
expression at post-transcriptional levels via promoting
its nuclear translocation and subsequent degradation
by APC/C*™ adds another level of regulation to CKI
expression (15, 65). Whether APC/C is also affected
by genetic deficiency of vimentin is not known, but
may be one possible reason for the basal levels of
p21°P" being higher in Vim™ corneas compared to
Vim"™" corneas. We postulate that Vim™ corneas
having reduced levels of TGF-f may alter the
effectiveness of APC/C*™ to regulate Skp2, and
hence, lose control over its nuclear targets in Vim™
corneas. Furthermore, our data suggests that while the
mechanism(s) governing induction of Skp2
expression with injury are apparently not affected in
vimentin deficiency, a vimentin-independent pathway
induced by WFA contributes to partial Skp2
downregulation in injured Vim” corneas.  We
speculate that desmin targeting by WFA may be
responsible for downregulation of Skp2 expression in
Vim"™ corneas. Thus, the differential regulation of
CKIs in vimentin deficiency remains to be further
investigated.

It has recently become recognized that Skp2 acts
as a node governing the integration of signals from
mechanical tension and growth factors to regulate cell
proliferation (66). Such tension-related integration of
signaling through Skp2 can impact fibrosis, which
was demonstrated by therapeutic delivery of Skp2-
targeting siRNAs to provide protection against
fibrosis and reduce scarring in a glaucoma filtration
surgery model (67). Also, Skp2-deficient mice are
protected from renal fibrosis from p27%P!
upregulation in epithelial cells (68). However, in the
cornea, desmin is not expressed after simple incision
injuries that normally heal without induction of
fibrosis (69). This may explain the clinical success of
numerous types of scar-less surgical procedures being
performed to correct for visual defects of the human
cornea (70). However, expression of both vimentin
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and desmin are remarkably elevated in corneas that
develop opacity, which was illustrated in an animal
model of laser photo ablation that emulates the
clinical outcomes of failure to heal in this popular
type of laser vision corrective procedure (22). Hence,
our finding of overproduced desmin in Vim™" fibrotic
corneas and persistence of its expression, although at
significantly lower levels in Vim” corneas that
display residual opacity or “corneal haze”, was
compelling evidence to also investigate desmin as a
potential corneal fibrotic mediator. We believe that
increased cell stiffness produced by desmin IFs (71)
could contribute to altering the viscoelasticity of the
cornea (70). In this respect, thermal burn injury
increases the stiffness of corneal tissue (72),
suggesting that such fibrotic injuries that affect
corneal viscoelasticity from edema and increasing
intraocular pressure (73) may also be governed by
type III IFs. Furthermore, our finding of desmin
localization in injured Vim"" corneas at the
subepithelial and anterior stroma suggest that the
anterior region of alkali-injured Vim"™" corneas is also
under greater stress than elsewhere. It is intriguing
that the anterior region of the cornea is also known to
be stiffer than the posterior stroma (74). While the
role of desmin in viscoelastic properties of the
corneas has not been investigated before, stress
studies conducted in other viscoelastic tissues have
identified that microarteries (resistant arteries) that
express the greatest amounts of desmin were most
affected, whereas, large compliance arteries that have
low levels of desmin were not when desmin is
deficient (75). These resistant arteries are most
affected because of their dependence on IFs for
maintaining viscoelasticity, where desmin promotes
transmission of contractile force to cell surface.
Similar studies made in bladder confirm such a role
for desmin in viscoelasticity (76). Thus, it remains to
be investigated whether the viscoelastic function of
desmin is truly responsible for the corneal haze we
observed in injured Vim™ corneas.

On the other hand, the reduction of TGF-f, a
profibrogenic stimulus for myofibroblast
differentiation, in Vim” mice and in WFA-treated
Vim™" mice points to a suppression of a fibrotic
switch elicited in genetic and pharmacological
deficiency of vimentin. That direct blockade of TGF-
B (39) or antagonizing its signaling mechanism in
corneal cells (77) inhibits a-SMA expression in
corneal stroma and restores corneal clarity in alkali
injured mice further supports the idea that this
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cytokine is relevant to therapeutic strategies being
considered for treatment of corneal fibrotic disorders
(37). In this respect, the regulatory control of TGF-f3
biogenesis and its activity is associated with
mechanical forces exerted by stromal myofibroblasts
on the extracellular matrix that facilitates a positive
feed back loop where mechanical tension in the
stroma promotes and sustains the myofibroblst
phenotype through activation of a-SMA expression
(78). Overexpression of both vimentin and desmin in
wound fibroblasts would provide this contractile force
and also enable long-distance communication within
the mesenchyme of the repairing tissue enabled by
polymeric IFs. Through such mechanical tension (79),
myofibroblasts/fibroblasts can continuously sense the
changing geometry of the corneal stroma as it
remodels its injured tissues (80, 36). Indeed, vimentin
expression is observed extended to the tips of the
fibroblastic cellular processes where these extensions
connect over a hundred micrometers in length across
the cornea; injured Vim” corneas would have
significant deficits in this tension-induced fibrotic
positive feed-back loop, which probably reflects the
lower expression levels of o-SMA and TGF-p
expression (81) and delayed expression of desmin.
Moreover, suggesting a common function of these IFs
in cell stiffness that contributes to pathology,
increased expression of vimentin and GFAP in retinal
glia contributes to glial scarring (82). In a similar
vein, overexpression of vimentin with desmin may
also contribute to corneal scarring due to increased
stiffness of fibroblasts/myofibroblasts because cells
that lack vimentin are known to lose their stiffness
(19), which may be due to loss of IF-related
nanomechanical functions (6).

Lastly, although vimentin and desmin are
expressed in the fibrotic cornea, their respective roles
are likely to be different. First, desmin expression is
rarely observed in a-SMA-expressing myofibroblasts
(data not shown). Second, desmin’s expression in
injured Vim™ corneas occurs at later stages of injury
repair when other fibrotic biomarkers were
attenuated; this disassociates a role for desmin in
fibrotic cell proliferation. Furthermore, overexpressed
vimentin but not desmin is observed with corneal
opacity in other corneal alkali burn injury models in
rabbits (69). While the reason for desmin not
upregulated in rabbits is unclear presently, despite
this, the critical role of vimentin overexpression in
fibrosis is highlighted. On the other hand, our
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findings identifying TKT downregulation in fibrotic
corneas and its restoration by both genetic absence
and pharmacological downregulation of vimentin
validates TKT loss as a biomarker of corneal fibrosis
(38). This identifies also that TKT regulation in
corneal fibrosis may be uncoupled from desmin-
related refractive aberrations. In this respect, our
findings would support the model that TKT loss
contributes  significantly to increased refractive
properties of myofibroblasts (83), suggesting that
TKT-independent mechanisms unveiled in Vim™
corneas may also contribute further to the quality of
corneal repair.

In conclusion, our finding that alkali injured Vim’
" corneas engage a reparative healing process leading
to significant improvement in corneal refractive
function came as a surprise because of reports of
defective wound repair in Vim” mice (19, 20).
Moreover, vimentin deficiency has also been shown
to reduce epithelial cell migration (84). Importantly,
these prior studies have investigated the role of
vimentin in normal physiological tissue repair, where
contribution of vimentin’s contractile forces to
promote stromal tissue contraction is important to seal
a wound with scar tissue (20, 70), while in the
epithelium, cell migration is a requirement for
resurfacing scrape injuries (84). As embryonic tissue
repair is also defective in Vim™ mice (20), which is a
situation where myofibroblasts are not involved (85),
clearly it is the contextual nature of injury when lack
of vimentin expression can be either beneficial or
detrimental to the outcome. In this corneal alkali
injury model, stromal fibroblast/myofibroblast
invasion into the corneal epithelium was also
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FOOTNOTES

’The abbreviations used are: LASIK, laser in situ keratomileusis; WFA, withaferin A; WFA-Bt, withaferin A-
biotin; IF, intermediate filament; CNS, central nervous system; Vim™"" -vimentin-deficient; TGF -B, transforming
growth factor-f; TBS, Tris-buffered saline; TBST, Tris-buffered saline with Tween-20; SDS, sodium
dodecylsulfate; DMSO, dimethyl sulfoxide; PBS, phosphate buffered saline; PMSF, phenylmethylsulfonyl
fluoride; MD, molecular dynamics; ULF, unit length filament; GAPDH, glyceraldehye phosphate
dehydrogenase; a-SMA, a-smooth muscle actin; LC-MS, liquid chromatography-mass spectrometry; LC-ESI-
MS-MS, liquid chromatography-electron spray ionization tandem mass spectrometry; TKT, transketolase;
MEFs, mouse embryonic fibroblasts; CKI, cyclin dependent kinase inhibitor; GFAP, glial fibrillary acidic
protein; Skp2, S-phase kinase-associated protein-2; DAPI, 4,6-diamidino-2-phenylindole; MEM, minimal
essential medium; PMN, polymorphonuclear neutrophil.
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FIGURE LEGENDS

FIGURE 1. Control of vimentin expression favors corneal clarity in the alkaline burn injury model. ¥im"" and
Vim” mice were subjected to corneal chemical injury with limbal and corneal epithelial cell debridement and
treated daily with DMSO (Veh) or 2 mg/kg/d of WFA by intraperitoneal injection for 7 and 14 days. (A)
Representative images at d14 of Vim™" and Vim” whole eyes show dramatic reduction of corneal opacity in
mice that have vimentin expression down-regulated either pharmacologically (WFA) or genetically (Vim™). (B)
Quantification of corneal opacity by biomicroscopy at d14 using an opacity scale 0 (clear) to 4 (opaque) (n = 8
samples/group). (C) Vimentin expression is down regulated pharmacologically by WFA at d7 as shown by
western blot analysis of corneal buttons from uninjured (Unj), injured vehicle-treated (Veh) and WFA-treated
Vim™" mice. Blots were probed sequentially with antibodies against vimentin (clone V9), annexin II and B-actin
was used as loading control. Data is representative of two independent experiments (n= 4 mice/group). (D)
Densitometric quantification of vimentin and annexin II normalized to B-actin using ImageJ software. (E)
Immunofluorescence staining of vimentin expression (green) in thin tissue sections from corneas of Unj, Veh
and WFA-treated Vim"™" mice at d7 and d14. Image of Unj sample is enhanced compared to Veh and WFA
samples to reveal low level of vimentin staining in corneal stromal keratocytes (white arrows). Nuclei are
stained with 4',6-diamidino-2-phenylindole (DAPI, blue). Bars, 150 um. Data are representative of two
independent experiments (n= 4 mice/group). (F) Affinity isolation of WFA-bt binding proteins from rabbit
corneal fibroblasts. Corneal keratocytes were differentiated in vitro to wound fibroblasts and pre-incubated with
DMSO (vehicle) or with 5 uM WFA for 30 min and subsequently both treatment groups were incubated
with 5 uM WFA-bt for 2 hr. Soluble protein lysates (SL) were obtained and subsequently purified over
NeutrAvidin affinity columns and western blotted by probing for vimentin and annexin II. A small amount of
soluble lysate was included in parallel to demonstrate presence of vimentin and annexin II in corneal cells. Error
bars represent the SD.

FIGURE 2. Corneal fibrosis is mediated by vimentin. Vim™" and Vim ™'~ mice were subjected to corneal alkali
injury and treated daily with vehicle (Veh) or 2 mg/kg/d WFA by intraperitoneal injection for 7 and 14 days. (A
and B) Immunofluorescence staining of a-SMA (red) in repairing corneas of Vim ™" (A) and Vim™~ (B) mice
treated with vehicle or WFA. Nuclei were stained with DAPI (blue). Epi = epithelium; St = stroma. Bar, 150
um. Data are representative of two independent experiments (n = 8/group). (C) Immunoblot analysis of a-SMA
expression in corneal tissues from Unj and injured Vim™" and Vim™~ mice at d7 and d14 treated with Veh or
WFA and GAPDH was used as loading control. (D) Densitometric quantification of a-SMA expression
normalized to GAPDH. Error bars represent the SD.

FIGURE 3. WFA downregulates TGF-B expression in injured corneas. (A) Vim"" and Vim™ mice were
subjected to corneal alkali injury and treated daily with Veh or 2 mg/kg/d WFA by intraperitoneal injection for
14 days. Immunofluorescence staining of TGF-p2 (green) in Unj and injured corneas of Vim ™" and Vim™™ mice.
Nuclei were stained with DAPI (blue). Data are representative of two independent experiments (n = 8/group).
(B) Differentiation of Vim™" and Vim " fibroblasts to myofibroblasts with TGF-f treatment in presence and
absence of 500 nM WFA. Expression of a-SMA expression (red) was assessed by immunofluoresence staining
and counterstained with DAPI to mark nuclei (blue). (C) Percent of cells expressing a.-SMA to total number of
cell nuclei from three replicates. Data are representative of two independent experiments (n= 9/group). (D)
Western blot analysis of corneal tissues from Unj and injured d14 Vim"" and Vim '~ mice treated with vehicle
or WFA. Blots were probed with polyclonal antibody to TKT followed by p-actin. (E) Densitometric
quantification of TKT normalized to B-actin using Imagel. (F) Transmission electron microscopy (TEM) of
mouse corneas. Vim™" and Vim™~ mice were subjected to corneal alkali injury and treated daily with Veh or 2
mg/kg/d WFA for 14 days. TEM images of corneas from Veh-treated Vim"™* mice reveal well-differentiated
myofibroblasts having an abundance of rough endoplasmic reticuli (a, arrow). The epithelial basement
membrane appears to be intact (a, arrowheads). The presence of PMNs is also observed in Veh samples (b,
arrow). In comparison, corneas of uninjured Vim'* mice reveal typical staining pattern for keratocytes (c,
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arrow). Corneas of Vim™" injured mice treated with WFA reveal mostly keratocytes and wound fibroblasts (d,
arrow) and myofibroblasts (not shown) were only rarely found. Injured Vim ™~ corneas also contain
keratocytes/fibroblasts, which was similarly observed in injured corneas of ¥im ™'~ mice treated with WFA (d
and e, arrows). Error bars represent the SD.

FIGURE 4. WFA downregulates expression of inflammatory markers during corneal repair. Vim™* and Vim ™~
mice were subjected to corneal alkali injury and treated daily with Veh or 2 mg/kg/d of WFA for 7 and 14 days.
(A) Immunoblot analysis of corneal tissues from Unj and injured Vim™" and Vim ™~ mice at d7 treated with Veh
or WFA. (B) Densitometric quantification of IkB-o normalized to f-actin. (C) Immunolocalization of p65
RelA/NF-kB staining (green) in the epithelium of Vim™" and Vim™~ corneas at d14 showing nuclear
localization of p65 (white arrows in basal layer) in Veh-treated Vim ™" sample. Bar, 10 um. (D) Percentage of
cells showing p65/RelA staining in nuclei of epithelial cells was determined by comparing with DAPI-staining
(not shown). Data are representative of two independent experiments (n=8/group). (E) Immunofluorescence
staining of CD11b (green) in Vim ™" and Vim ™~ corneas at d14. Nuclei were counterstained with DAPI (blue).
Epi = epithelium; St = stroma. Bar, 150 um. Data are representative of two independent experiments (n =
8/group). (F) Numbers of CD11b" cells detected in corneal tissue sections (n = 8/group). * P = 0.0025; ** P =
0.010; ***P = 0.0053. Error bars represent the SD.

FIGURE 5. WFA’s cell cycle activity during corneal repair is mediated by vimentin. Vim ™" and Vim™~ mice
were subjected to corneal alkali injury and treated daily with Veh or 2 mg/kg/d WFA for 7 and 14 days. Corneal
tissues were isolated and equal amount of protein extracts were subjected to western blotting and probed
sequentially with antibodies against p27"®', p21“"', and cyclin E (A and C). Blots from d14 samples were also
probed with antibody to Skp2. (E) Densitometric quantification of proteins to GAPDH (B and D) and p-actin
(F) was performed using NIH ImageJ. (G) Immunolocalization of p27*"' staining (green) in the epithelium of
Vim™" and Vim™" corneas at d7 and d14. Double arrowheads delimit the epithelium in injured (Veh) samples.
Data are representative of two independent experiments (n= 8 /group). Bar, 50 um. (H) WFA induces G,/M cell
cycle arrest. Embryonic fibroblasts from wild-type (WT), p27°P?'-, and Skp2-deficient mice were stimulated to
proliferate in presence of Veh or WFA and subjected to flow cytometry for cell cycle analysis. Data are
representative of two independent experiments. Error bars represent the SD.

FIGURE 6. Molecular model of WFA-desmin. Atomic model of tetramers formed by head-to-tail dimers in the
Ay and A, configurations (A) that was assembled using a part of a graphic representation previously published
(48). (B) Ribbon representation of the MD-simulated desmin-WFA complex structure overlapped with
vimentin-WFA complex. (a) Superposition of the desmin-WFA complex with the previously simulated
vimentin-WFA complex (16) in which the ribbon structures of the desmin and vimentin are in white and blue,
respectively. Amino acids that hydrogen bond with ring A of the ligand are represented by their stick structures
(b). Ribbon structure of desmin-WFA showing hydrogen bonds between Q329 and Cl-ketone of WFA and
D336 with C4-hydroxyl group of WFA. The fB-oriented 5-6 epoxide of WFA is positioned for nucleophilic
attack by C333 (yellow dotted arrow).

FIGURE 7. WFA downregulates injury-induced desmin expression in healing corneas. Vim™* and Vim™'~ mice
were subjected to corneal alkali injury and treated daily with Veh or 2 mg/kg/d of WFA for 7 and 14 days. (A
and B) Temporal induction and localization of desmin (green) in repairing tissues of corneas from Vim"* (A)
and Vim™~ (B) corneas from Unj, Veh and WFA-treated mice. Higher magnified images of Vim ' corneal
sections at d14 reveals a novel dot-like staining pattern for desmin in the epithelium (i) that appears nuclear-
associated. Nuclei were stained with DAPI (blue). Epi = epithelium; St = stroma. Bar, 200 um. Data are
representative of two independent experiments (n= 8/group). (C) Total corneal tissue lysates were also prepared
from d7 and d14 mice and subjected to western blotting and probed with desmin antibody. Asterisk indicates the
major 52-kDa protein species, and arrowhead and arrow indicate lower molecular weight desmin
species/variants differentially regulated. (D) Densitometric quantification of desmin in Vim™" and Vim ™~
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samples normalized to GAPDH. (E) Western blot analysis of soluble desmin from corneas of d14 Vim™" and

Vim~~ mice. Asterisk indicates the major 52-kDa band and arrowhead and arrow indicate smaller-sized desmin
variants; open circle is a non-specific band. (F) Densitometric quantification of soluble desmin in Vim™" and
Vim™"~ samples normalized to GAPDH. Error bars represent the SD.

FIGURE 8. Computer-aided imaging analysis of corneal transparency. (A) Representative images of injured
(Veh) and WFA-treated corneas of Vim™" and Vim™~ mice showing opacity that ranked at 50™ percentile for
corneal clarity. (B) Corneal clarity values for Vim™* and Vim ™ mice treated with and without WFA (n > 150
images/group) was plotted as a function of their percentile rank distributions to reveal the trends in healing for
each group. Maximal clarity scores at 4.0.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Vimentin-overexpressing stromal fibroblasts invade injured corneal epithelium. Vim™*
mice were subjected to corneal alkali injury and treated daily with vehicle (Veh) or 2 mg/kg/d WFA by
intraperitoneal injection for 14 days. (A and B) Immunofluorescence staining of vimentin (green) and E-
cadherin (red) in uninjured (Unj) corneas or injured corneas of Vim"" mice treated with Veh or WFA. Nuclei
were stained with DAPI (blue). Bar, 150 um (A). Image of Unj sample is enhanced compared to Veh and
WFA samples to reveal low level of vimentin staining in Unj corneal keratocytes (white arrows). (B)
Selected region (white box) from Veh sample has been magnified to show details of filamentous vimentin
expression in invasive fibroblasts found in the epithelium. Bar, 10 um. Data are representative of two

independent experiments (n = 8/group).

Figure S2. Transmission Electron Microscopy of alkali injured corneas. Vim™" and Vim ™ mice were
subjected to corneal alkali injury and treated daily with vehicle (Veh) or 2 mg/kg/d WFA for 14 days. TEM
images of injured Vim"" corneas reveal an abundance of conjunctivalized epithelia evidenced by persistence
of globlet cells (a, arrow). Elsewhere in the injured corneas of Vim”" mice basal cells reveal corneal
epithelial characteristics (b, arrow) and presence of hemidesmosomes appear intact (b, inset arrows; epi =
epithelium, str = stroma). The epithelia of injured corneas from Vim"" mice treated with WFA appear
normal (c, arrow). Corneas of injured Vim ™~ mice also were similarly shown to recover from injury and
display corneal epithelial characteristics as well as those from Vim ™ mice treated with WFA (d and e,
arrows). Epithelial cells from uninjured corneas of Vim"* mice (f, arrow) and from Vim "~ mice (g, arrow)
are shown for comparison. A keratocyte (g, large arrowhead) in corneal stroma of uninjured Vim '~ mice.
Small arrowheads in a-e demarcate the overlying epithelium from basement membrane.

Figure S3. Alignment of desmin and vimentin amino acid fragments used in the molecular modeling
studies. The EMBOSS Needle-alignment software from EMBL-EBI was employed to compare the
homology between human desmin and vimentin segments from the 2B region contained within the WFA
binding site. The cysteine residue (Cys333) that forms a covalent bond with WFA is labeled in red. The
amino acids of desmin and vimentin that form hydrogen bonds with WFA are labeled in blue (GIn329) and
green (Asp336). The amino acid numbering is for the human desmin polypeptide.

Figure S4. WFA binds soluble recombinant human desmin. Recombinant human tetrameric desmin was
incubated for 1 h at 37°C with 5 uM WFA and tryptic digests subjected to analysis by liquid chromatography
mass spectrometry. The LC-ESI-MS-MS scans of peptide chromatogram for the tryptic peptides
HQIQSYTC'EIDALKGTNDSLMR and HQIQSYTC'EIDALK show an increase by the mass of WFA in the
b7" and y7" (singly charged fragment ions) and b7*" and y7*" (doubly charged fragment ions) due to the
covalent modification of cysteine residue. The ions observed in the analysis are marked in red and blue.
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KOESTEYRRQVOSLTCEVDALKGTNESLERQMREMEENFAVEAA

KQOEMMEYRHQIQSYTCEIDALKGTNDSLMROMRELEDRFASEAS

# Program: needle

# Aligned sequences: 2

# 1: EMBOSS 001

# 2: EMBOSS 001

# Matrix: EBLOSUMG62

# Gap penalty: 10.0

# Extend penalty: 0.5

# Length: 44

# Identity: 31/44 (70.5%)
# Similarity: 37/44 (84.1%)
# Gaps: 0/44 (0.0%)
# Score: 164.0
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For the purpose of quantitatively evaluating the opacity of the cornea, we
note that as corneal opacity increases, the colors of the iris pixels of the
camera approach colorless shades of gray. As such, we can rely on color
theory and measure the variance in the colorfulness of each pixel. In
colorimetry, colorfulness is a measure of how far a specific color is from
neutral gray, independent of brightness. The process is characterized by
visualizing each pixel of the camera as a point in 3-D space characterize by a
red, green, and blue axis where each color component corresponds to a
number in the range from 0 to 1. Converting these (red, green, blue)-
triplets into a measure of colorfulness is then performed by, first, projecting
each point onto a 2-D plane defined by R and G axes according to the
following equations:

r=red [/ (red + green + blue ) and
g=green [ (red + green + blue).

On this plane, shades of gray map to the (r=1/3, g=1/3) coordinate while
solid reds, greens, and blues get mapped to the three corners, (1,0), (0,1),
and (0,0) respectively, of a color triangle. Repeating this map for each and
every pixel within a region of interest from a subject photograph produces
a cloud of points on the R, G axis as depicted in Fig. S4, which shows the
point clouds produced for three sample images where subject A has the
least measure of opacity, indicated by a sparsely distributed point cloud,
while subject C has the highest measure of opacity indicated by a tight
clustering of points surround the white coordinate. To convert these point
clouds into a scalar measure of opacity, we simply measure the mean
distance of these colorfulness points from their mean according to:

1

OPGCitZ/ZmZ\/("‘i—”_’)QJF(Qi—g)Q 5
i=1

where r and g represent the mean X and Y coordinates of the cloud.
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CIE 1931 Chromaticity Diagram

The CIE 1931 Chromaticity Diagram taken from
http://hancocktechnologies.com/Color%20Basics.html
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Table S1

Computer-assisted Image Clarity Percentile Curve Comparisons

Comparison AvsB AvsC AvsD BvsC BvsD CvsD

P-value <0.0001 <0.0001 <0.0001 >0.2368 <0.0001 0.0096
Human Scored Clarity Percentile Curve Comparisons

Comparison AvsB AvsC AvsD BvsC BvsD CvsD

P-value <0.0001 <0.0001 <0.0001 >0.02 >0.07 >0.003

A =Vim™*-Veh; B = Vim""* - WFA; C = Vim” - Veh; D = Vim” - WFA
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