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Purrosk. Silent information regulator 1 (SIRT1) is a nicotinamide adenine dinucleotide
(NAD+) dependent deacetylase, which plays an essential role in cellular metabolism,
autophagy, and chromatin accessibility. Our study aimed to determine its role in control-
ling corneal epithelial wound healing (CEWH).

MerHops. Corneal epithelial (CE)-specific Sirt1 deletion mice were created using the
Cre-lox system. CE debridement was used to create a CEWH model. Corneal epithelial
cells (CECs) were collected with an Algerbrush. Western blot analysis and RT-qPCR were
performed to determine protein and mRNA expression levels. SiRNA transfection tech-
nology knocked down SIRT1 and cortactin expression levels in human corneal epithe-
lial cells. Scratch wound assay, MTS assay, and TUNEL assay determined cell migratory,
proliferative, and apoptotic behavior, respectively. Co-immunoprecipitation probed for
SIRT1 and cortactin interaction. Immunofluorescence staining evaluated the location and
expression levels of SIRT1, cortactin, acetylated-cortactin, and F-actin.

Resurrs. During CEWH, increases in SIRT1 mRNA and protein expression levels accom-
panied the downregulation of acetylated lysine in non-histone proteins. The loss of SIRT1
function reduced cell migration and, in turn, delayed CEWH. SIRT1 bound to and deacety-
lated cortactin in vitro and in vivo. Loss of either SIRT1 or cortactin suppressed wound
edge lamellipodia formation, which is consistent with migration retardation.

Concrusions. During CEWH, SIRT1 upregulation and its modification of cortactin boost
CEC migration by increasing the development of lamellipodia at the wound edge. There-

fore SIRT1 may serve as a potential target to enhance CEWH.
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he integrity of the corneal epithelial layer is essen-

tial for maintaining corneal transparency and normal
vision. Disruption of this outmost layer by injury or infec-
tion may lead to corneal opacification and degradation of
optical acuity. If this occurs, resurfacing of areas where
the barrier function has been weakened is required to
restore normal corneal function. Numerous related growth
factors,! cytokines,> and chemokines® are involved in this
renewal process by interacting with their cognate recep-
tors and linked signaling pathways to mediate rises in gene
and protein expression, which underpins cell proliferation
and migration. It has been discovered recently that epige-
netic modifications also play essential roles in corneal injury
repair. Previously our group has found epigenetic modifi-
cations, including DNA methylation,* histone methylation,’
and microRNAs,>’ mediate corneal epithelial wound heal-
ing (CEWH). Histone modifications, such as acetylation and
methylation occurring on histone H3 and H4, are common
epigenetic markers of chromatin state.®° Such modifications
have activating or inhibiting effects on the control of gene
expression, regulating various biological processes. Here we
aimed to explore the role of acetylation in regulating CEWH.
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Lysine acetylation is one such post-translational modifi-
cation that affects protein regulatory functions by changing
its stability, activity, and interaction.’® Such changes affect a
range of biological pathways, as well as stress responses and
metabolism.!' Changes in the acetylation status of proteins
are a major form of epigenetic regulation in modulating
cell proliferation and migration. However, there are few
reports regarding this epigenetic modification involved in
CEWH. Histone acetyltransferases and deacetylases (HDACs)
are the enzymes that, respectively, add and remove acetyl
groups from lysine residues on the histones and non-histone
proteins.!? SIRT1 is an NAD-+-dependent class III HDAC
that removes acetyl groups from histone and non-histone
proteins. It regulates a wide variety of biological processes,
including cell proliferation, migration, differentiation, and
apoptosis, through deacetylating its substrates.”>"'® Previ-
ous studies have shown that SIRT1 affects cell migration in
a variety of malignancies,'*'7-'8 indicating that it is essen-
tial for controlling cell motility. Additionally, loss of SIRT1
is reported to inhibit angiogenesis and migration during
skin wound repair.!” Regarding corneas, SIRT1 is richly
distributed in the nucleus of corneal epithelial cells and
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keratocytes.?* Overexpression of SIRT1 promotes high
glucose-attenuated corneal epithelial wound healing via p53
regulation of the IGFBP3/IGF-1R/AKT pathway.?! However,
its specific role in mediating corneal epithelial responses
underlying wound healing requires clarification.

We show here that SIRT1 is involved in regulating corneal
epithelial renewal after injury. Furthermore, deleting this
deacetylase selectively suppressed cell migration in corneal
epithelial-specific Sirt1 deletion mice. One of the reasons
for the dependence of migration on SIRT1 expression is
that it regulates the acetylation status of Cortactin that binds
to actin filaments and contributes to mediating cytoskeletal
regulation. Collectively, our findings underscore the signif-
icance of the SIRT1-Cortactin axis in regulating CEWH,
suggesting SIRT1 might be a possibility for accelerating
CEWH.

MATERIAL AND METHODS
Animals

Krt12-cre mice (B6.129 (Cg)-Krt12tm3 (cre) Wwk/J), which
express CRE recombinase induced by the Krt12 promoter,*?
and Sirt /7% mice (B6; 129-Sirt1tm1Ygu/J), in which loxP
flanked on both sides of exon4, were bought from The Jack-
son Laboratory (Bar Harbor, Maine, USA). Krt12-Cre mice
were mated to SirtZ/°¥/°% mice to generate heterozygous
Krt12-Cret, Sirt17°%* mice, which were then backcrossed to
Sirt17°%/°% mijce to create Krt12-Cret, Sirt1°%/°* mice (Sirt1
cKO). Sirt1/"°¥/"°* mice or Krt12-Cret mice were treated as
the control counterparts. PCR examination of DNA extracted
from tail biopsies verified the genotype of the mice. The
PCR primer sequences were as follows: Sirt1-flox forward:
5-GGT TGA CTT AGG TCT TGT CTG-3', Sirt1-flox reverse:
5'-CGT CCC TTG TAA TGT TTC CC-3'; Krt12-wt forward:
5'-CAG GAC TGA AAG CCC AGA CT-3', Krt12-wt reverse:
5'-AAG TCA CAG AGG CGG TAT GC-3'; Krt12-cre forward:
5-CAG GAC TGA AAG CCC AGA CT-3/, Krt12-cre reverse:
5'-CGG TTA TTC AAC TTG CAC CA-3'.

All the animal experiments were conducted in compli-
ance with the recommendations of the Association for
Research in Vision and Ophthalmology and approval of the
Wenzhou Medical University Animal Care and Use Commit-
tee.

Corneal Epithelial Debridement

Corneal epithelial debridement was carried out as previ-
ously described.®?* Briefly, eight-week-old C57BL/6 mice
were anesthetized by intraperitoneal injection of ketamine
(100 mg/kg body weight) combined with xylazine (10 mg/kg
body weight), followed by topical application of propara-
caine eye drops. A circular area of 2.0-mm diameter of
cornea was labeled using a trephine blade, and the epithelial
fragments were removed using an Alger brush II (The Alger
Company, Inc, Lago Vista, TX, USA). The corneal epithe-
lial layers were collected for RNA and protein analysis. The
recovery of the epithelial wound was quantified by stain-
ing the debrided area with a drop of 1% sodium fluorescein
and photographed using a slit-lamp bio-microscope with a
Nikon D200 camera. Wounded areas were calculated using
Image Pro Plus 6.0 software (Media Cybernetics, Rockville,
MD, USA).
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Cell Culture

Human corneal epithelial cells (HCECs) were Kkindly
provided by Araki Sasaki Kagoshia (Miyata Eye Clinic,
Kagoshima, Japan). Cells were grown in Dulbecco’s modi-
fied Eagle’s medium/F12 (1:1; Invitrogen, Carlsbad, CA, USA)
with 10% fetal bovine serum (Invitrogen), and cultured in a
37°C humidified incubator containing 5% CO,.

SIRT1 Inhibitor Treatment

SIRT1 specific inhibitor ex-527 (Abcam, Cambridge, MA,
USA) was dissolved in dimethyl sulfoxide to form a 100
mM stock solution. The effects of ex-527 were evaluated
on CEWH at a working concentration of 100 pM diluted by
saline solution according to the previous research in vivo.?
Ten microliters ex-527 working solutions were administered
topically to the right injured corneas using pipettes every six
hours after corneal epithelial debridement. Saline solution
treatment of the left injured corneas served as the control.
After 24 hours, the recovery of corneal epithelia was exam-
ined.

In HCECs, 10 pM ex-527 was added to the cells, and
dimethyl sulfoxide treatment was used as the control. After
24 hours treatment, the cells were subjected to further exper-
iments.

Small Interfering RNA (siRNA) Transfection

When HCECs reached 30-40% confluence, the cells were
transfected with siRNA mixed with lipofectamine RNAimax
(Invitrogen). After six hours culture, the medium was
replaced with fresh medium. The targeted sequences for the
siRNA experiments were as follows: siSIRT1-I: 5-GAA GTT
GAC CTC CTC ATT GT-3/, siSIRT1-1I: 5-GTA TTG CTG AAC
AGA TGG AA-3'; siCortactin: 5'-GCU GAG GGA GAA UGU
CUU U-3'; negative control (NC) siRNA: 5’- UUC UCC GAA
CGU GUC ACG UTT-3'".

According to the previous report,” Specific Cortactin
or NC siRNA was delivered into the corneal epithelial
layer using in vivo-polyethylenimine (Polyplus transfection;
ArchiMed, Lyon, France). In brief, the right eyes were
intrastromally injected with 100 uM Cortactin siRNA mixed
with polyethylenimine using a 33-gauge needle (Hamilton,
Bonaduz, Switzerland) under a stereomicroscope; the left
eyes were injected with NC siRNA as the control meanwhile.
After six hours, corneal epithelial debridement was carried
out. The sequences of in vivo siRNA were as follows: siCor-
tactin: 5'- CCA GGA ACA CAU CAA CAU UTT-3'; NC siRNA:
5'- GGC TCT AGA AAA GCC TAT GC-3'. Specific knockdown
of SIRT1 or Cortactin was confirmed by Western blot analy-
sis.

In Vitro Scratch Assay

HCECs were seeded in a 12-well plate (Corning, Inc., Corn-
ing, NY, USA) and transfected with siRNA. After 48 hours,
when the cells were confluent completely, a sterile 100 pL
pipet tip was used to form a lengthwise scratch. Floating
cells were washed away and replaced with fresh serum-
free medium. Images were acquired at zero hours and 24
hours after incubation at the same field using a camera
attached to a microscope (100 x , Axiovert 200; Zeiss, Jena,
Germany). The cell migratory behavior is expressed as a
percentage of wound closure: Relative Migrated Distance=
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(Aon-Az4n)/Aon X 100%, Ag, and Ay, represent the areas
of the wound measured at zero hours and 24 hours after
scratching, respectively. The wounded areas were evaluated
using Image Pro Plus 6.0 software.

Transwell Assay

SiRNA-transfected HCECs were trypsinized, resuspended,
and replated at a density of 5 x 10* cells/100 pL in the
upper chambers of transwell plates (8 pm; Corning). Human
growth factor 10 ng/mL was added to the medium. After
additional 24 hours culture at 37°C, cells were fixed with 4%
paraformaldehyde (PFA) for 30 minutes at room tempera-
ture (RT), and stained with crystal violet. Cells in the upper
chamber were wiped off carefully, and photographs were
taken under a phase contrast microscope (x100; Axiovert
200; Zeiss). Counting cells from five randomly selected areas
yielded the average number of cells migrating through the
filter. This experiment was repeated three times.

Apoptosis Assay

The apoptotic cells were quantified wusing terminal
deoxynucleotidyl transferase (TdT) deoxyuridine triphos-
phate (dUTP) nick-end labeling (TUNEL) staining technique.
According to the standard protocols of the TUNEL kit (In
Situ Cell Death Detection Kit Fluorescein; Roche, Mannheim,
Germany), HCECs were plated in triplicate in a 96-well plate
(Corning) and transfected with SIRT1 or NC siRNA. After
48 hours, cells were fixed with 4% PFA for one hour. The
eyeball sections from eight-week-old mice (the ¢cKO or the
control mice) were fixed for 20 minutes. After fixing, samples
were washed three times with PBS, followed by incubation
in permeabilization solution (0.1% triton X-100 in PBS) on
ice for two minutes. After washing with PBS three times,
samples were incubated with a TUNEL reaction mixture
for one hour at 37°C in the dark. Positive controls were
performed at the same time by incubating samples with
100 U/mL DNasel recombinant (Roche). After PBS wash,
samples were stained with 4'-6-diamidino-2-phenylindole
(DAPD) to label the nucleus, mounted with anti-quenching
agents (Sigma-Aldrich, St. Louis, MO, USA), and observed by
the confocal microscopy (LSM 710; Zeiss).

Cell Proliferation Assay

The MTS assay kit (CellTiter 96 Aqueous one solution
reagent; Promega, Madison, WI, USA) was used to evalu-
ate cell proliferation. HCECs were seeded onto a 96-well
plate (Corning) at a density of 3000 per well and transfected
with SIRT1 or NC siRNA. After 48 hours’ culture, complete
medium was removed, a mixture containing 15 pL MTS and
85 pL F12 (Invitrogen) was added. The cells were incubated
for another two hours. OD values were read at 490 nm using
the M5 plate reader (Molecular Devices, San Jose, CA, USA).

Flow Cytometry Analysis

Forty-eight hours after transfection, HCECs were harvested
and stained with propidium iodide (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s instruc-
tions. DNA content was analyzed with a flow cytometer
(FACS caliber; Becton Dickinson, San Jose, CA, USA).
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Immunofluorescence Staining

Dissected mouse eyes were embedded in optimal cutting
temperature compound (Thermo Scientific) and frozen on
liquid nitrogen. The frozen block was cut into 10-pm-thick
sections. Corneal sections and HCECs were fixed in freshly
4% PFA for 30 minutes. After three successive PBS washes,
samples were permeabilized with 0.5% TritonX-100 in PBS
for 10 minutes and incubated with 5% goat serum in PBS
for one hour. The subcellular localization of endogenous
SIRT1, Cortactin and acetylated-Cortactin (Ac-Cortactin) was
determined by incubating sections with the primary antibod-
ies overnight at 4°C. The Ki67 antibody was used to label
the proliferating cells. They were subsequently incubated
with fluorescence-conjugated secondary antibodies for one
hour in the dark. Antibodies were used as follows: Ac-
Cortactin (1:100; EMD Millipore, Seattle, WA, USA), SIRT1
(1:100; Cell Signaling Technology, CST, Beverly, MA, USA),
Cortactin (1:200; Abcam), Ki67 (1:100; CST). The sections
were washed, stained with DAPI to label nuclei, mounted,
and examined by confocal microscopy (LSM 710; Zeiss).

Phalloidin Staining

Twenty-four hours after scratches were made, cells were
fixed with 4% PFA for 30 minutes and permeabilized with
0.5% TritonX-100 in PBS for 10 minutes. After being washed
three times in PBS, cells were incubated in FITC-Phalloidin
(1:100; AAT Bioquest, Pleasanton, CA, USA) to label F-actin
for one hour in the dark at RT. The cells were washed and
then stained with DAPI, mounted, and examined by confocal
microscopy (LSM 710; Zeiss).

Western Blot Analysis

Western blot analysis was performed in accordance with
the standard protocol. Total cell lysate was prepared using
RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China)
with protease inhibitor cocktail. Proteins 20 ng were loaded
and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel and electrotransferred
to nitrocellulose blotting membranes (0.2 pm; GE Health-
care Life Science, Uppsala, Sweden). Membranes were incu-
bated with 5% non-fat milk for three hours and incubated
with primary antibodies overnight at 4°C. Fluorescence-
conjugated secondary antibody (goat anti-rabbit/mouse
IRDye; LI-COR Biosciences, Lincoln, NE, USA) diluted in the
blocking buffer (1:5000) was incubated for one hour at RT,
and protein bands were detected using Odyssey infrared
imaging system (LI-COR Biosciences). Primary antibodies
were as follows: anti-SIRT1 (1:1000, CST), anti-Cortactin
(1:1000; CST), anti-Acetylated-lysine (1:1000; CST), anti-
Ac-Cortactin (1:1000; Millipore), anti-Histone3 (H3; 1:1000;
CST) anti-Ac-H3 (1:1000; Millipore), anti-Histone4 (H4;
1:1000; CST), anti-Ac-H4 (1:1000; Millipore), anti-S-Actin
(1:1000; CST). The protein bands were analyzed by Image
J (NIH) software.

Co-Immunoprecipitation

Co-Immunoprecipitation was performed according to the
standard procedures provided in the Pierce Classic IP Kit
(Thermo Scientific). Briefly, cells were lysed in IP lysis buffer
(Thermo Scientific) added with a protease inhibitor cocktail.
Cell lysates underwent incubation with primary antibodies
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overnight at 4°C. Targeted immune complex was captured
using protein A/G agarose and eluted with elution buffer.
Antibodies used for IP were as follows: anti-SIRT1 (1:100;
CST), anti-Cortactin (1:100; Millipore), and anti-IgG (1:100;
Millipore). Immunoprecipitates were subjected to SDS-PAGE
as described above.

Mass Spectrometry Analysis

Protein was obtained by IP using an anti-SIRT1 antibody
and loaded onto SDS-PAGE. The separated protein bands
stained by Coomassie blue were excised from the gel and
subjected to mass spectrometry (MS) performed by the
Chinese Academy of Sciences, Shanghai. Briefly, Experi-
ments were performed on a Q Exactive mass spectrometer
(Thermo Scientific) that was coupled to an Easy nLC1000
HPLC system. A data-dependent top-10 method was adopted
to acquire MS data, choosing the most abundant precursor
ions from the survey scan (resolution of 70,000 at 200 m/z).
Protein Discoverer software (version 1.1; Thermo Scientific)
was used to process the raw data. A UniProt database of
Synechocystis 6803 proteins was searched using an in-house
Mascot server (version 2.2). One missed trypsin cleavage,
Met oxidation, 6-ppm, and 0.1-D mass accuracies for the
mass spectrometry and tandem mass spectrometry modes,
were all allowed under the search criteria, respectively.

Quantitative Reverse Transcription Polymerase
Chain Reaction

Cells were lysed in Trizol reagent according to the manu-
facturer’s instructions. Each RNA extract (1 pg) was reverse
transcribed into c¢cDNA by using the reverse transcrip-
tion system kit (Promega, Madison, WI, USA). Quantitative
reverse transcription polymerase chain reaction (RT-qPCR)
was performed using an ABI ViiA7 real-time PCR system
(Thermo Scientific). Amplification and quantification were
performed in a 20 pL reaction mixture containing 10 pL
Power SYBR Green PCR master mix (Thermo Scientific), 1 pL
cDNA, 1 pL primers, and 8 pL ddH,O. The reaction condition
was as follows: 50°C for two minutes; 95°C for 10 minutes;
40 cycles of 95°C for 15 seconds, and 60°C for 60 seconds.
A B-Actin was used as an internal control for gene expres-
sion normalization. The data were analyzed and expressed
as relative gene expression using the 2722¢T method. The
sequences of the PCR primers are presented in the supple-
mentary data (Supplementary Table).

Statistical Analysis

All data are provided as mean = standard error of the mean.
Difference between two groups was tested by a two-sided
Student ¢ test. P < 0.05 was referred as statistically signif-
icant. Statistical significance: *P < 0.05; **P < 0.01; **P <
0.001.

RESULTS

Acetylated Lysine Profiles and Expression of
SIRT1 during Corneal Epithelial Wound Healing

To determine whether acetylation modification occurs in
the corneal epithelia during CEWH, we compared the level
of lysine-acetylated proteins in the harvested CE during
wound healing with that in the basal condition using West-
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ern blotting. The result indicated that the level of acety-
lated lysine in non-histone proteins decreased significantly
during CEWH. Interestingly, the level of acetylated-histones
instead was up-regulated (Fig. 1A). These opposing effects
were further confirmed by Western blot assay using anti-
acetylated-Histone3 (Ac-H3) and anti-acetylated-Histone4
(Ac-H4) antibodies. The result showed that both Ac-H3 and
Ac-H4 significantly increased in WH corneal epithelia (Fig.
1B). Next, we tested the mRNA profiles of acetylase and
deacetylase by RT-qPCR analysis. The respective expres-
sion levels of acetylases Katl and Kat2b increased, whereas
Kat6b and Kat13a-c decreased in the WH samples compared
with the control counterparts (Fig. 1C). Among the HDACs,
Sirt1 was upregulated almost threefold (Fig. 1D). Western
blot analysis verified a near twofold upregulation of Sirtl
during CEWH (Fig. 1E). Taken together, the lysine-acetylated
protein profiles during CEWH suggest that increased Sirtl
expression levels may account for the decreases in acety-
lated non-histone proteins, which may contribute to regulat-
ing CEWH.

Generation of Corneal Epithelial-Specific Sirt1
Deletion Mice

To determine the function of Sirt1 in the corneal epithelia,
we conditionally inactivated Sirt1 in the corneal epithelia
using Krt12-Cre and Sirt/"*¥/°* mice to generate Sirt1 condi-
tional knockout (¢cKO) mice (Figs. 2A, 2B). The morphology
and thickness of corneal epithelia showed no overt pheno-
type in cKO mice compared with their counterparts (Supple-
mentary Fig. S1). To determine whether Krt12-Cre-mediated
ablation of Sirt]l was successful, we collected corneal epithe-
lia and then performed Western blotting to analyze Sirtl
protein expression. Sirtl protein expression was absent in
the Sirt1 cKO CE compared with the control counterparts
(Fig. 20). Immunofluorescent staining further confirmed that
Sirtl was absent in the nucleus of the cKO corneal epithelia
compared with the controls (Fig. 2D).

Corneal Epithelial-Specific Sirt1 Deletion Delays
Corneal Epithelial Wound Healing In Vivo

To determine whether epithelial Sirt1l expression contributes
to mediating CEWH, we used an in vivo eight-week-old
model of CEWH. A 2.0-mm corneal epithelial debridement
wound was created in the ¢cKO and the control mice. Twenty-
four hours after injury, cKO mice had a larger wound area
than their control counterparts. The wound area was 43.2%
+ 1.5% in the ¢cKO mice compared with 28.5% =+ 2.0%
in the Sirt2’°/"% mice and 20.0% + 4.5% in the Krt12-
Cre mice. The control mice had totally healed 48 hours
after damage, whereas the ¢KO mice still had 13.2% =+
2.3% wound area (Figs. 3A, 3B). To validate Sirtl activity
involvement, the effect of the Sirtl specific inhibitor ex-527
was evaluated during CEWH. Ex-527 treatment inhibited CE
repair significantly compared with saline treatment (Figs.
3C, 3D). Immunostaining with ki67 was used to detect the
proliferative behavior of the CE. The result showed no appar-
ent difference in the number of Ki67-positive cells between
the cKO and the control mice (Figs. 3E, 3F). This lack of
difference implies that Sirtl deletion causes CEWH declines
primarily by affecting migration. Altogether, these findings
imply that CEWH was suppressed by Sirtl deletion in CE
owing to decreased migration rather than proliferation.



Investigative Ophthalmology & Visual Science

Sirt1 Promotes Corneal Epithelial Migration

IOVS | November 2022 | Vol. 63 | No. 12 | Article 14 | 5

A
CON1 WH1 CON2 WH2 CON3 WH3 CON1 WH1 CON2 WH2 CON3 WH3
FEmE e e Acetylated non-histone protein T Frenm
I i - 3‘ - - AC-H3 | e il i o — S a——
1 L‘__,v_. . H3 —  cm—
§.a
Acetylated = = . % 1.0
-lysine ' - S il AC-HA " o . — — —
E & 2 05 He o e c—— ——
: ©
g% & 1 con
; 0.0 ; 25 - WH
CON WH ® *k
s 20 *%
k]
I 15
o
c
2 10
k2]
3 05 ‘ | | |
Q 8
C <
0.0 T T
c Ac-H3 Ac-H4
S 2.0q
k7]
[%]
o
a 1.54
x
w
% 1.0 E
E CON1 WH1 CON2 WH2 CON3 WH3
2 0.54 .
% Sirt] sete gumme = GRRP o —
6 i
& 0.0- SACHN c— c— da— a—— a— a—
AU S I P (RPN R U R S B :
@@ @ @ @@ @ 8 S S
2.5 *k
D 2.0
£
©
1.54
° X3
? = 1.0
e b=
3 D 0.5
w
< 0.0 T
5 CON WH
1S
o
2
K
[3)
o

RN LT GRS (AT I SIS
A N\ N N N A A\ A N\ N
@ 9 9 9 o o G ?‘6 Y\b ?\f) \?\6 \?\6 Q\b \?\b Q\b \?\6 \>3>'b &

A
NN
O &bo

Ficure 1. Acetylated-lysine profiles in the re-epithelialized cornea epithelia. (A) CE was collected as the control group. At 48 hours after
wounding, the CE was completely healed and collected as the wound healing (WH) group. Western blot assay determined the level of
lysine-acetylated proteins in WH groups (n = 6/group) compared with the controls. The bands a, b were supposed to be acetylated-histone
3 and acetylated-histone 4, respectively. The densitometry of the levels of lysine-acetylated non-histone proteins (dashed box) was quantified.
CON, control corneas. (B) Western blot images and histograms of densitometry of acetylated-histone 3 (Ac-H3) and acetylated-histone 4
(Ac-H4) in the wound healing corneal epithelia and the control corneas (n = 6/group). Histone 3 (H3) and Histone 4 (H4) were used as
internal references. (C) RT-qPCR detected the lysine acetyl-transferases (KATs) and (D) histone deacetylases (HDACs) mRNA expression
levels in the WH epithelia and those in the control corneas (n = 4/group). (E) Western blot images and quantification of densitometry of
Sirtl protein expression in the re-epithelial cells collected during CEWH compared with those in the control epithelia (n = 6/group). The

B-actin was used as the internal reference.

SIRT1 Knockdown Inhibits Human Corneal
Epithelial Migration In Vitro

SIRT1 siRNA transfection was further performed to deter-
mine whether loss of SIRT1 function inhibited human
corneal epithelial migration. Two sets of siRNAs targeting
different regions of the SIRT1 transcript were used to avoid
the off-target effect. The SIRT1 protein expression level

was reduced by 80% in the siSIRT1 transfected cells rela-
tive to the NC siRNA transfected HCEC (Supplementary Fig.
S2). The scratch wound assay revealed that healing was
40% slower than the NC transfected cells after 24 hours,
which is statistically significant (Figs. 4A, 4B). In addition,
we further investigated the specific effect of SIRT1 on cell
migration using the transwell assay. The result showed that
fewer cells migrated through the transwell membrane in
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Ficure 2. Generation of corneal epithelial-specific Sirt1 knockout mice. (A) Strategy to generate CE-specific deletion of Sirt1 gene in mice.
Conditional Sirt1 allele was generated by inserting loxP sites flanking exon 4 of mouse Sirt1 genomic locus. CE-specific Sirt1 deletion mice
were obtained by breeding with Krt12-Cre transgenic mice. (B) Genotype identification of CE-specific Sirt1 deletion mice by PCR. Krt12-
cre”, Sirt1?/*: wild type mice; Krt12-cre™, SirtV/"°%*: Sirt1 heterozygous mice; Krt12-cre™, Sirt1/19%/10%; sirt1 homozygous mice; Krt12-cret,
Sirt17/*: Krt12-Cre mice; Krt12-cret, Sirt110+; CE-specific Sirt1 deletion heterozygous mice; Krt12-cret, Sirt11010%; CE-specific Sirt1
knockout (¢KO) mice. (C) Western blot analysis and quantification of Sirtl in corneal epithelia showed efficient depletion of Sirtl in the
¢KO mice compared with the controls (n = 4/group). (D) Representative immunofluorescence micrographs of Sirtl in corneal cryosections
of the Sirt1 cKO mice and the controls (Green, Sirtl; Blue, DAPI). Scale bars: 50 pm.

the SIRT1 knockdown group compared with the control
group (Supplementary Fig. S3).The effect of SIRT1 knock-
down on cell proliferation was analyzed based on an MTS
assay. The result showed that both the siSIRT1 transfected
and the siNC transfected cells had identical proliferation rate
(Fig. 4C). Flow cytometry analysis further showed that the
inhibition of SIRT1 expression had no significant effects on
the cell cycle distribution profiles compared with the NC
group (Figs. 4D, 4E). Furthermore, we determined the effect
of SIRT1 knockdown on corneal epithelial cell apoptosis
using TUNEL assay. The results showed no apoptotic cells
were detected in both siSIRT1 and NC transfected HCECs
(Supplementary Fig. S4A). We also examined the apoptosis
of CE in the SIRT1 cKO and the control mice. TUNEL analy-
sis showed no significant difference in apoptotic rate of the
corneal epithelia (Supplementary Fig. S4B). Taken together,
these results confirmed that loss of SIRT1 function selec-
tively inhibited cell migration.

SIRT1 Binds and Deacetylates Cortactin in HCECs

To gain insight into how SIRT1 regulates HCEC migration,
we performed MS to screen the proteins interacting with
SIRT1. Cortactin, an actin-binding protein, is among the
highly expressed proteins (Fig. 5A). To determine whether
SIRT1 associates with cortactin, we assessed cortactin and
SIRT1 localization in HCECs by Co-immunostaining. The
result showed that cortactin was distributed in the nucleus
and cytoplasm, and SIRT1 and cortactin co-localize with one
another in the nucleus (Fig. 5B). In addition, co-IP anal-
ysis performed by using an anti-SIRT1 antibody followed
by Western blot with an anti-Cortactin antibody revealed
that SIRT1 interacted with cortactin (Fig. 5C). Their asso-
ciation with one another was confirmed by reciprocal co-
IP using an anti-Cortactin antibody followed by Western
blot with an anti-SIRT1 antibody (Fig. 5D). Next, we exam-
ined whether SIRT1 can regulate the cortactin acetylation
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Ficure 3.  Sirtl deletion in the corneal epithelia delays CEWH. (A) Representative photographs and (B) quantification of fluorescein staining
scratches in the ¢cKO and the control mouse corneas at zero hours, 24 hours, and 48 hours after corneal epithelial injury (n = 6/group).
(C) Representative photographs and (D) quantification of fluorescein-positive staining scratched areas in the ex-527 treated corneas and the
control corneas (normal saline-treated) at zero hours and 24 hours after corneal epithelial injury (n = 6/group). NS, normal saline solution.
(E) Representative images and (F) quantification of Ki67 immunofluorescence in the mouse corneal cryosections at 48 hours after corneal
injury in the Sirt1 cKO mice and the control counterparts (n = 6). NS, no significant difference.

status. As shown in Figure SE, the immune-staining of Ac-
Cortactin in the nuclei of siSIRT1 transfected HCECs was
more potent than that of siNC transfected cells. We also
examined the protein expression levels of the total Cortactin
and Ac-Cortactin in the siSIRT1 transfected HCECs. The
total cortactin protein expression level was unaffected by
SIRT1 downregulation. However, the Ac-Cortactin expres-
sion level increased in a certain degree in the siSIRT1
transfected HCECs (Figs. 5F, 5G). To confirm the impact of
the loss of SIRT1 activity on Ac-Cortactin level, we treated
HCECs with 10 pM ex-527. As expected, the Ac-Cortactin

protein level increased significantly in the ex-527 treated
HCECs (Supplementary Fig. S5). Furthermore, the inten-
sity of Ac-Cortactin immunostaining in nuclear was substan-
tially greater in the ¢KO mice, as compared to that in
the control mice. While there was no significant differ-
ence in total cortactin staining intensity (Fig. 5H). Western
blot assay results also confirmed the higher Ac-Cortactin
protein expression levels in ¢KO mice (Fig. 50). Altogether,
these data suggest that SIRT1 binds to and deacetylates
cortactin in the corneal epithelia both in vivo and in
vitro.
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Ficure 4. SIRT1 Knockdown inhibits HCEC migration rather than proliferation. (A) Representative phase-contrast images of the initial
wound (0 h) and 24 hours after scratch wound in the siSIRT1 transfected and the control HCECs. Scale bars: 200 pm. (B) Quantification of
the percentage of the initial wound at 24 hours after scratch wound (n = 3/group). (C) MTS assay analyzed the effect of SIRT1 downregulation
on the proliferation of HCECs (n = 3/group). NS, no significant difference. (D) Flow cytometry analyzed the effect of SIRT1 downregulation
on the cell cycle distribution. (E) Statistical analysis of the cell cycle distribution in the siSIRT1 transfected HCECs compared to the control

cells (n = 3/group).

Cortactin Inhibition Suppresses Migration
Because of Decreased Formation of Lamellipodia
in Corneal Epithelia

As previously reported, the acetylation of cortactin rendered
it inactive.?> To simulate this effect, we transfected HCECs
with cortactin siRNA to inactive the protein (Supple-
mentary Figs. S6A, S6B). Scratch assay results showed
that the cortactin siRNA transfected HCECs migrated 35%
slower than the NC group (Figs. 6A, 6B). The role of
cortactin expression in modulating CEWH in vivo was

further investigated using Cortactin siRNA injection in
corneal epithelia (Supplementary Figs. S6C, S6D). Simi-
lar to its effect in vitro, CEWH was retarded by 50%
in the cortactin siRNA injected mice (Figs. 6C, 6D).
The effects of either cortactin or SIRT1 downregula-
tion on actin cyto-architecture were studied using FITC-
phalloidin labeling. As shown in Figure OGE, either
cortactin or SIRT1 knockdown reduced the formation
of lamellipodia and marginal actin bundles in HCECs
at the wound edge, which resulted in decreased
migration.
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Ficure 5. SIRT1 deacetylates Cortactin in corneal epithelial cells. (A) Diagrammatic representation of the workflow used to analyze the
interacting proteins with SIRT1 in HCECs using mass spectrometry analysis. (B) Immunofluorescence evaluation of SIRT1 (green) and
endogenous Cortactin (red) expression in HCEC. The nucleus was stained with DAPI (blue). Representative green, red, blue, and merge
images (x400) captured on a confocal microscope are shown. Scale bars: 50 um. (C) Representative images of the immunoprecipitation
bands. After immunoprecipitation of cell lysates with anti-Sirt]l antibody, the immunoprecipitants were immunoblotted with an anti-Cortactin
antibody. Immunoprecipitants with IgG were used as controls. (D) After immunoprecipitation of cell lysates with anti-Cortactin antibody, the
immunoprecipitants were immunoblotted with an anti-SIRT1 antibody. Immunoprecipitants with IgG were used as controls. (E) Representa-
tive immunofluorescence images showed that the fluorescence intensity of Ac-cortactin in the siSIRT1 transfected HCECs was more potent
compared with the control counterpart. Scale bars: 50 pm. (F) Western blotting analyzed the protein levels of Ac-cortactin and the total
cortactin in the siSIRT1 transfected HCECs. (G) Quantification of densitometry of the protein levels of Ac-cortactin and the total cortactin in
the siSIRT1 transfected cells (n = 3/group). (H) Representative immunofluorescence images of mouse corneal cryosections and statistical
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analysis showed the fluorescence intensity of Ac-cortactin in the Sirt1 cKO was stronger compared with the control counterparts (Krt12-cre™
and Sirt19%/°% mice), while there is no alteration of the intensity of Cortactin (n = 6/group). (I) Western blotting analyzed protein levels
of Ac-cortactin and the total cortactin in the ¢KO corneal epithelia and the control corneas, and the densitometry of the protein levels of

Ac-Cortactin and the total Cortactin was quantified (n = 3/group).
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Ficure 6. Cortactin decline elicits the same phenotype as SIRT1 ablation in the corneal epithelia. (A) Representative phase-contrast images
of the initial wound (0 h) and at 24 hours after scratch wound in the siCortactin transfected and the control HCECs. Scale bars: 200 pm.
(B) Quantification of the percentage of the initial wound area at 24 h after a scratch wound (n = 3/group). (C) Representative photographs
and (D) Quantification of corneal wound areas in the siCortactin injected corneas and the control corneas at zero hours and 24 hours
after corneal epithelial abrading (n = 6/group). (E) FITC-phalloidin (green) staining of cells at the wound margin showed polymerization
of F-actin and formation of lamellipodia (arrows) along the wound edge. Cells were stained with FITC-phalloidin (green) to detect actin

filaments, with DAPI (blue) to detect nuclei. Scale bars: 50 pm.

DISCUSSION

In eukaryotes, lysine acetylation is a reversible and dynamic
post-translational modification that affects hundreds of
histones and non-histone proteins. Changes in acetyla-
tion status modulate numerous responses associated with
different physiological and pathophysiological responses,

such as cancers,?® metabolic diseases,?’ and cardiovascular

disorders.?® In the current study, the acetylation status of
histone3 and histone4 increased during CEWH. Consistent
with these effects, several studies showed that increases in
histone acetylation levels promoted re-epithelialization after
skin wounding.?:3° Histone acetylation has been shown
to improve gene transcription in most instances,’* which
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might aid corneal epithelial migration to heal. Interestingly,
we found for the first time that the acetylation status of
non-histone proteins instead decreased during this process.
Acetylation modification enhances or suppresses the activ-
ity of proteins depending on the acetylated site.?® Here,
deacetylated proteins possibly activate proteins to assist
CEWH. Elevated deacetylase or declined acetylase leads to a
decrease in protein acetylation. In the current study, among
these deacetylases that maintain the balance of acetylation
status, SIRT1, SIRT6, and HDACG6 were increased during
CEWH. SIRT6?! and HDACG*? were previously reported to
play essential roles in maintaining corneal homeostasis.
Consistent with our group’s previous findings,® SIRT1 was
shown to be significantly upregulated in the CEWH process,
indicating it is responsible for the downregulation of the
acetylation level of proteins. Taken together, SIRT1 control
of the acetylation state of proteins appears to be critical for
maintaining proper CEWH.

Sirtuins, a family of NAD+ dependent histone deacety-
lase, contains seven members (SIRT1-7) with diverse func-
tions in mammals.>®> Emerging evidence indicates that sirtu-
ins are involved in promoting corneal epithelial wound heal-
ing. Specifically, Sirt3 promotes diabetic corneal epithelial
wound repair by regulating mitophagy levels.>* In addi-
tion, Sirt6 deficiency resulted in corneal keratitis and opac-
ity, which hampered corneal epithelial wound healing.?! To
discover the precise role of SIRT1 in the CEWH process,
we established CE-specific Sirt1 knockout mice. Such ¢KO
mice showed no histological abnormalities in adult corneas.
However, corneal epithelial wound healing was dramatically
retarded. The role of SIRT1 activity was further confirmed
by showing that the SIRT1 inhibitor ex-527 also retarded
epithelial wound healing. In agreement with our find-
ings, epidermis-specific deletion of Sirtl reduced epider-
mal healing by inhibiting cell migration and inflammation,
suggesting SIRT1 activation enhances the epidermal repair
process.'? Proliferation and migration are the key steps
during the CEWH process. Hence, we determined whether
the number of Ki67-positive cells differed between the Sirt1
cKO corneas and the controls during CEWH. Interestingly,
Sirt1 deletion did not affect the proliferation of corneal
epithelial cells. Like our previous study, SIRT1 affects migra-
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tory behavior other than proliferation in human retinal
endothelial cells.?® In summary, Sirt1 deficiency suppressed
CEWH solely because of declined migration.

We further explored the impact of SIRT1 on HCECs to
confirm whether the insights gained from the Sirt1 cKO mice
can be applied to humans. Consistent with the in vivo find-
ings, SIRT1 down-regulation dramatically decreased HCEC
migration rather than proliferation. SIRT1 is involved in a
myriad of cellular processes, such as proliferation, differen-
tiation, angiogenesis, and migration. Loss of SIRT1 activity
has been shown to limit migration in endothelial cells,*> as
well as a variety of cancer cells.**3” In the present study,
SIRT1 has a strong influence on corneal epithelial migration,
probably because of SIRT1’s specific modulation of proteins
whose acetylation state is entirely responsible for CEC move-
ment. Future research should define which proteins are
SIRT1’s downstream targets during CEWH, based on the
varied impacts of SIRT1 on these responses.

A critical observation in our study is that SIRT1-mediated
Cortactin deacetylation contributes to mediating wound-
induced increases in corneal epithelial migration. Our
current study showed that Cortactin is abundantly bound
to SIRT1 in HCECs. Cortactin is functionally entailed in
a variety of cellular processes relating to structures. It
contains highly conserved F-actin binding repeats, which
could be acetylated to regulate its activity.?® Acetylation
of Cortactin neutralizes charged lysine residues within the
binding domain of F-actin, thereby abrogating the Cortactin
binding to F-actin and decreasing cell motility.* In this study,
acetylated Cortactin was found mainly in the CE nucleus,
and its amount was shown to be negatively associated with
SIRT1 expression. Considered together with the findings
that SIRT1 is co-precipitated with Cortactin, and it is co-
localized with acetylated-Cortactin in the nucleus, SIRT1
is necessary for the cytoplasmic distribution of Cortactin.
In addition, we confirmed the role of Cortactin in CEWH
by showing that decrease of Cortactin significantly slowed
corneal epithelial migration in vivo and in vitro. This anti-
migration impact is congruent with the previous findings in
podocytes® and GnRH neurons,*' whose cyto-architecture
maintenance are dependent on Cortactin deacetylation by
SIRT1. The first step in cell movement involves the formation
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Ficure 7. Schematic representation of SIRT1 regulation through deacetylating Cortactin during corneal epithelial migration.
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of lamellipodial protrusions, which are cytoskeletal protein
actin projections at their leading edges.*? Loss of SIRT1
function decreased the lamellipodial protrusions, mimick-
ing the inhibitory effect of loss of Cortactin function on
cell migration. Taken together, SIRT1-mediated deacetyla-
tion of Cortactin promotes lamellipodial formation and in
turn increases cell migration during CEWH.

In conclusion, increases in Cortactin acetylation status
resulting from loss of SIRT1 function suppress CEWH
through decreased lamellipodia formation at the wound
edges of migrating cells (Fig. 7). Strategies to promote the
SIRT1-Cortactin signaling axis may prove to be an effective
therapeutic approach to enhancing CEWH.
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