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ABSTRACT

Microenvironmental factors regulate stem cell fa&dronectin (FN), a key extracellular matrix
component of the microenvironment, has been linkedarious stem cell behaviors. However,
how FN controls self-renewal, proliferation, andrfemstasis of limbal stem cells remains unclear.
Our study investigated the roles of FN in the seffewal of rabbit limbal epithelial stem cells
(rLESCs) by assessing rLESC proliferation and stsarin the presence and absence of FN. We
further examined the effect of FN on non-canonWalt signaling during rLESC proliferation by
evaluating the expression of cell cycle regulatdve. found that rLESC proliferation increased
after FN treatment and that 12u/cnf FN maintained rLESC stemness. FN facilitated rLESC
self-renewal by promoting Wntll and Fzd7 interactiBurthermore, FN modulated cell cycle
regulators to enhance rLESC proliferation via theegulation of ROCK1 and ROCK2. Our study
provides new insights into the mechanism througltiwRN regulates the self-renewal of rLESCs;
specifically, this occurs via stimulation of the Wi/Fzd7/ROCK non-canonical Wnt pathway.
The roles of FN in the self-renewal of limbal epital stem cells should be further investigated

for the potential treatment of limbal deficiency.
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1. Introduction

Limbal epithelial stem cells (LESCs) are locatethimi limbal crypts between the palisades of

Vogt in the limbus (Shortt et al., 2007). Cornepltleelial cells are constantly replenished by

LESCs through proliferation, differentiation, andentripetal migration. The dynamic

characteristics and regenerative capacity of thieead epithelium are critical for maintaining its

structure and function during both homeostasisvemahd healing (Richardson et al., 2016).

The limbus provides a unique niche for LESCs, witmicroenvironment that is essential for

LESC development and maintenance (Davanger andsemeri971). It has been shown that

limbal stroma (limbal niche) modulates epitheliumthie direction favoring stemness, whereas the

corneal stroma promotes differentiation (Espanal.e2003). Moreover, outgrowths from limbal

stromas showed a steady decline in a wide ranggeaf cell properties with distance from the

central stroma, which supported the importance miximity of stem cells to their niche

environment in maintaining their undifferentiatehts (Kolli et al., 2008). These results also

suggest that some components of the limbal nichexantain the properties of LESCs.

The extracellular matrix (ECM) is a dynamic micreionment in the limbal niche that not

only provides mechanical and structural support $tem cells, but also regulates cellular

functions (Fuchs et al., 2004; Moore and Lemiscla®6; Li et al., 2007; Mei et al., 2012). The

ECM components collagens (lll, &, Va2, and XVI), fibronectin (FN), laminif2, vitronectin,

tenascin C, SPARC, nidogen 1/2, thrombospondin agtin, and versican are preferentially

expressed in the adult limbal niche compared vhigtir texpression in the cornea (Mei et al., 2012).

Thus, the specialized composition of the local E@Mhe limbal niche might play a critical role

in modulating cell fate decisions (Hunt et al., 2DIndeed, it has been previously shown that hair



follicle stem cells can successfully transdifferaig into cornea-like epithelial cells in the

presence of laminin-5, a major component of thenearlimbal basement membrane zone

(Blazejewska et al., 2009). And a recent studydiasvn that hyaluronan in the limbal stem cell

niche regulates the limbal stem cell phenotype {€@set al., 2017). Moreover, FN, an important

ECM glycoprotein, plays an essential role in stethself-renewal, differentiation, migration, and

adhesion (Pimton et al., 2013ingh and Schwarzbauer, 2012; Bentzinger et &l.3;20heng et al.,

2013; Moyes et al., 2013; Villegas et al., 2018hds been reported that activated satellite cells

dynamically remodel their niche through transieigthHevel expression of FN. In addition, FN

can induce the symmetric expansion of satellitenstells by enhancing Wnt7a-related signaling

(Le Grand et al., 2009). Whether FN has a simégutatory function in LESCs is unknown.

The Wnt signaling pathway, classified as canonaad non-canonical, is recognized as a

dominant pathway in self-renewal and cell fate heieation during embryogenesis and in stem

cells of a variety of tissues (Reya and Clever€)52Katoh, 2007; Nusse et al., 2008). Wnt

signaling also plays an important role in the depgient of ocular tissues. Activation of canonical

Wnt signaling promotes retina formation in mice,iletexpression of specific Wnt proteins and

frizzled (Fzd) receptors in the lens during embigaevelopment reveals their function in the

lens epithelium and in lens fiber differentiatiakupo et al., 2003; Stump et al., 2003; Lyu and

Joo, 2004; Das et al.,, 2006; Inoue et al., 2006t Wignaling may also regulate LESC

self-renewal and differentiation. Activation of Wfixcatenin signaling using LiCl has been found

to increase the proliferation and colony-forminfiogncy of cultured human LESCs (Nakatsu et

al., 2011). Moreover, several Wnt signaling compisiesuch as Fzd7 and Wnt inhibitory factor 1,

are preferentially expressed in the limbus compavitd the cornea in both adult monkeys and



humans (Ding et al., 2008; Nakatsu et al., 2013).

FN has been demonstrated to colocalize with Wreptr Fzd7n the basal limbal epithelium

layer (Mei et al., 2014). Moreover, higher FN exgsien has been detected in the limbus than in

other areas of the cornea (Schlétzer-Schrehasdt,2007). In addition, our previous experiments

found that FN treatment stimulated cell growth &bbit LESCs (rLESCs). However, the

molecular mechanism through which FN interacts wint signaling to regulate LESC

homeostasis remains unclear (Mei et al., 2014).sThue established FN-treatment and

FN-knockdown (FN-Kd) groups to investigate the effeof FN on proliferation and stemness of

rLESCs. We also studied the possible mechanismslved in the regulation of rLESC

self-renewal through the non-canonical Wnt pathway.

2. Materials and methods

2.1. Cdll culture medium

rLESCs were cultured in DMEM/F12 (1:1; Cat No: 10382; Invitrogen, Carlsbad, CA, USA)

supplemented with 10% fetal bovine serum (FBS; Bat 10099141; Gibco, Rockville, MD,

USA), 20 ng/ml EGF (Cat No: AF-100-15; PeproTeclck Hill, NJ, USA), 10 ng/ml bFGF

(Cat No: AF-100-18B; PeproTech), 10 ng/ml interliex& (IL-6; Cat No:AF-200-06; PeproTech),

5 ug/ml bovine insulin (Cat No: 10305000; Sigma-AldrjcSt Louis, MO, USA), 5Sug/mi

siderophilin (Cat No: 41400-045; Invitrogen), 5 md)/sodium selenite (Cat No: 51300-044;

Invitrogen), 0.5ug/ml hydrocortisone (Cat No: 803146; Sigma-AldricB) ng/ml cholera toxin

(Cat No: C8052; Sigma-Aldrich), 100 IU/ml peniailiand 100ug/ml streptomycin (Cat No:

V900929; Sigma-Aldrich).



2.2. Isolation and culturing of rLESCs

Male New Zealand rabbits (2.0-2.5 kg) without eyeedse were purchased from Lukang

Experimental Animal Center (Jining, Shandong, ChiAd animal experiments were approved by

the Institutional Ethics Committee of Animal Carenda Experimentation (approval no.

SD-SYKY-2014-021), and were carried out in accoogawith the National Institutes of Health

guide for the care and use of Laboratory animalbliphed by the National Institutes of Health

(NIH).

rLESCs were isolated from the limbal rim of New @l rabbit eyeballs and then cultured as

described previously (Ouyang et al., 2014) with samodifications. The limbus regions were

washed in phosphate buffered saline (PBS) withlU@®! penicillin and 10Qug/ml streptomycin

and cut into small pieces. Cell clusters were dagkesvith 0.1% dispase Il (Cat No: D4693;

Sigma-Aldrich) at 37C for 2.5 h and then single cells were obtainedunther digestion with

0.25% trypsin-EDTA (Cat No: 25200056; Thermo Fis8erentific, Waltham, MA, USA) at 37TC

for 15 min. Primary cells were seeded on a NIH-88&ler layer in 6-well plates and maintained

at 37 °C and 5% Cgin a humidified incubator. Monoclonal stem celbgth was observed daily

under an Eclipse TS100 inverted microscope (Nikokyo, Japan). And a 24-well plate was

coated with 0.2% gelatin (Cat No: 1288485; Sigmdrish) at 37 °C overnight, then the gelatin

solution was discarded gently, leaving a gelatiated surface for cell culture. The monoclonal

clusters were separately collected by scraping avislyringe needle under an anatomical lens and

digested further using 0.25% trypsin-EDTA to iselasingle cells, then seeded onto the

gelatin-coated plate. The different clone clusterere cultured in different wells of the

gelatin-coated plate, which was considered the reeaeneration. And then the subsequent



passage cells were directly cultured in 24-weltgdavithout gelatin-coating. Cells at passage 5-8

were used for experiments.

2.3. rLESC treatment

2.3.1. FN treatment

rLESCs were seeded into cell culture plates coatitd 12.5 pg/cnf FN (Cat No: F2006;
Sigma-Aldrich) according to manufacturer’s instions. Briefly, FN lyophilized powder was
dissolved at 1 mg/ml in sterile water. And an appiade volume of FN solution was added into
different culture plates with the final concentratiof 12.5ug/cnf and coated for 1 h at room
temperature. Excess FN was not removed. This erpetal group was termed FN(12.5).
2.3.2. FN-knockdown treatment

A short hairpin RNA (shRNA) targeting tHeN gene was cloned into the pGPU6/Neo plasmid
between théBamH | andBbs | restriction sites. The shRNA targeting sequefureFN-specific
knockdown (FN-Kd) was as follows,
5'-CACCGCAGCACGACTTCGAACTATGTTCAAGAGACATAGTTCGAAGTGTGCTGCT
TTTTTG-3'. rLESCs were transfected using X-treme@ENP DNA Transfection Reagent (Cat
No: 6366236001; Roche, Basel, Switzerland) accgrdm manufacturer’s instructions. The
reagent (Aul) was incubated with g plasmid DNA in 10Qul Opti-MEM | (Cat No: 31985062;
Gibco) for 15 min, after which the mixture was adde the cells. Approximately 1.5 x 410
cells/well were seeded in a 24-well plate, whichresponded to 60-70% confluency, at the
beginning of transfection. Twenty-four hours latdre cells were subjected to selection using

500ug/ml neomycin (Cat No: N6386; Sigma-Aldrich). A p@G&Neo control plasmid encoding



an shRNA that did not target any known genes wasl @s a negative control (vehicle-Kd) for

knockdown experiments. The vehicle-Kkd shRNA seqaenovas as follows,

5-CACCGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGSBGAATTTT

TTG-3"

2.3.3. Small interfering RNA (siRNA) treatment

SiRNAs forwnt4 (siwnt4), Wnt1l (siwwnt11),ROCK1 (siROCK1), andROCK2 (siROCK?2) and

non-targeting oligonucleotides (vehicle) were des@jand synthesized by Genepharma (Shanghai,

China). The SiRNA sequences were as follows, siWnt4sense,
5'-GCGCUCAUGAACCUCCAUATT-3' and antisense,
5-UAUGGAGGUUCAUGAGCGCTT-3’; siwnt11 sense,
5'-ACAGGAUCCCAAGCCAAUATT-3 and antisense,
5-UAUUGGCUUGGGAUCCUGUTT-3’; siROCK1 sense,
5'-CCAGAAAGGUAUAUGCUAUTT-3 and antisense,
5'-AUAGCAUAUACCUUUCUGGTT-3;; siROCK2 sense,
5-GCAUGAAGCGGACAGGAAATT-3 and antisense,
5-UUUCCUGUCCGCUUCAUGCTT-3}; vehicle sense,
5-UUCUCCGAACGUGUCACGUTT-3’ and antisense,

5-ACGUGACACGUUCGGAGAATT-3'. Cells grown to a confence of~50% were transfected

with siRNA using Lipofectamine 3000 Reagent (Cat M8000001; Invitrogen) according to

manufacturer’s instructions.

2.3.4. Treatment with ROCK inhibitor

For ROCK inhibition, rLESCs were cultured with maai containing 50 pM



N-(6-fluoro-1H-indazol-5-yl)-2-methyl-6-oxo0-4-(4f{fluoromethyl)phenyl)-1,4,5,6-tetrahydropyr
idine-3-carboxamide (GSK429286A; Cat No: S1474)eskl Chemicals, Houston, TX, USA) for

48 h. rLESCs cultured without treatment were ussdaantrol.

2.4. Morphological observation

The aforementioned groups were all cultured in 2d-plates (1.5< 10* cellsiwell) at 37 °C
and 5% CQ in a humidified incubator. Growth state and moipby were separately observed

and cells were counted at 3, 6, 12, and 24 h umd&100 inverted microscope.

2.5. Cdll proliferation assays

rLESCs (2,000 cells/well) of different groups weeeded in 96-well plates. Cell proliferation
was assessed using Cell Counting Kit-8 (CCK-8) yms¢@at No: WST-8; Dojindo, Kumamoto,
Japan) at 0, 6, 12, 18 and 24 h. Briefly, the suggants were replaced with DMEM/F12 (1:1)
medium containing 10% CCK-8 reagent. After a 24ubmation at 37°C, the absorbance at 450 nm
was measured to determine the number of viabls,aaticording to the manufacturer’s protocol.
The cell doubling time (DT) was calculated by tlguation: DT =AT x [Ig2 / (IgNt — IgNO)],

whereAT is the time interval, NO is the initial cell nuethand Nt is the end-point cell number.

2.6. Immunofluorescence

rLESCs (1.5< 10 cells/well) of different groups were seeded or skdles in 24-well plates.
The culture medium was discarded after 24 h arld esre washed with PBS three times. Then,
cells were fixed in 4% paraformaldehyde for 15 ramd washed with PBS three times again.
After permeabilizing with 0.5% Triton X-100 (prejarwith PBS) for 10 min at room temperature,

cells were washed with PBS three times and blocising 2% bovine serum albumin (BSA; Cat



No: B2064; Sigma-Aldrich) at 37 °C. Next, cells wencubated with anti-ABCG2 (1:50; Cat No:
ab24115; Abcam), anfiNp63 (1:150; Cat No: 619001; BioLegend, San Digga), anti-CK3
(1:200; Cat No: ab77869; Abcam), and anti-Ki67 (DQ; Cat No: ab15580; Abcam) antibodies
overnight at 4 °C. The cells were then washed WA®BS three times and incubated with
FITC-labeled secondary antibodies (Abcam) for 1t B@a°C. Finally, cells were counterstained
with 4',6-diamidino-2-phenylindole (DAPI; Cat No0:9B42; Sigma-Aldrich) for 10 min and

observed under a Nikon Ti-S fluorescent microscope.

2.7. Cdll cycle analysis

Flow cytometric assays were performed to analyeecél cycle. rLESCs (4 x i@ells/well) in
6-well plates were cultured, treated, harvestegt df?2 h, and fixed with 70% alcohol overnight at
4 °C. Five microliters of a 5-mg/ml propidium iodicand RNase solution (Cat No: 550825; BD
Biosciences, San Jose, CA, USA) was added toub@d the fixed cell suspension, followed by
incubation in the dark for 30 min. The stainedselere assayed using a FACScan flow cytometer

and analyzed with CXP analysis software (BD Bioscés).

2.8. RNA extraction and quantitative reverse transcription PCR (gRT-RCR)

rLESCs (4 x 10 cells/well) of different groups were seeded in éivplates. After 24 h, total
RNA was isolated using an RNA extraction kit (Cab:NCS14010; Invitrogenpaccording to
manufacturer’s instructions and then RNA conceioimatvas quantified using a Nanodrop 2000
(Thermo Fisher Scientific). Next cDNA was synthesizising a PrimeScript RT Reagent Kit (Cat
No: RRO37A; Takara, Osaka, Japan) and quantit®t@R performed using gene-specific primers

and SYBR Green PCR Master Mix (Cat No: RR820A; Takavith a Roche LightCycler 480



Real Time PCR System. The PCR cycling conditionseves follows, 95 °C for 30 s, followed by
40 cycles of 95 °C for 15 s and 60 °C for 30 s. Miaments were performed in triplicate and
normalized to endogenoBAPDH levels. Relative fold-changes in expression werleutated
using the AACT method. Primers sequences as followshBCG2 sense,
5-CAGCCTCGGTATTCCATT-3' and antisense, 5-TCACTGCCTCTTCCTCT-3"; 4ANp63
sense, 5-GGAAAACAATGCCCAGACTC-3 and antisense,
5-TGCTGGAAGGACACGTCGAA-3’; CK3 sense, 5-GACGAAATCAACAAACGCACAG-3
and antisense, 5-TGGACAGCACCACGGACAT-3;; GAPDH sense,

5-GTTTGTGATGGGCGTGAA-3 and antisense, 5-GAGGCAGBTGATGTTCT-3'.

2.9. Luciferase assays

rLESCs treated with 12.gg/cnf FN or 20 ng/ml Wnt3a (as positive control) weredss in
24-well plates at 1.810" cells/well. When cells reached 80-90% conflueritey were
transfected with Opti-MEM containing 500 ng TCF/LERiciferase reporter plasmid (Cat No:
GM-021042; Genomeditech, Shanghai, China) andullX-tremeGENE HP DNA Transfection
Reagent per well according to manufacturer’s imsions. After 24 h, the cells were lysed and
luciferase activity was determined using a Dual itarase Kit (Cat No: TMO040; Promega,
Madison, WI, USA). Relative firefly luciferase agty was normalized tdRenilla luciferase

activity.

2.10. Western blot analysis

rLESCs (4 x 1®cells/well) of different groups were seeded in @hplates. After 24 h, cells

were rinsed twice with PBS and collected afterdysith radioimmunoprecipitation assay (RIPA)



buffer astotal protein extract. And nuclear protein extnaets prepared using NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (Cat No: 788BBermo Fisher Scientific). Protein
concentrations were quantified using the Nanod@@e2Spectrophotometer. Then, &% of total
lysate was fractionated by 10% SDS-polyacrylamideetectrophoresis (SDS-PAGE) and further
transferred onto polyvinylidene difluoride membranéMillipore, Billerica, MA, USA).
Membranes were blocked with 5% non-fat milk for athroom temperature, and then incubated
with primary antibodies againgtcatenin (1:4000; Cat No: ab6302; Abcam), Histor3e(£2000;
Cat No: ab1791; Abcam), ROCK1 (1:2000; Cat No: &%27 Abcam), ROCK2 (1:5000; Cat No:
66633-1-1g; Proteintech, Rosemont, IL, USA), cyclpl (1:2000; Cat No: 60186-1-Ig;
Proteintech), cyclin D3 (1:500; Cat No: 26755-1-Afpteintech), cyclin E1 (1:500; Cat No:
11554-1-AP; Proteintech), cyclin E2 (1:500; Cat Nd935-1-AP; Proteintech), CDK2 (1:500;
Cat No: 10122-1-AP; Proteintech), CDK4 (1:500; @ai: 11026-1-AP; Proteintech), CDK6
(1:500; Cat No: 14052-1-AP; Proteintech), f)i?’l(l:SOO; Cat No: 10355-1-AP; Proteintech),
p27Kipl (1:2000; Cat No: 25614-1-AP; Proteintech), and GAIP(1:5000; Cat No: 60004-1-Ig;
Proteintech) at 4 °C overnight. After washing thiieges with TBST (TBS + 0.5% Tween-20), the
samples were incubated with appropriate HRP-comgagsecondary antibodies (Abcam) for 1 h
at room temperature. Immunoreactive proteins wasealized using chemilumescent (ECL)
Western Blotting Substrate (Cat No: 32106; PieRReckford, IL, USA) and autoradiography
following manufacturer’s instructions. The graywes of different proteins were analyzed using

NIH Image J 1.48V software.

2.11. Co-immunoprecipitation

To detect interactions between Wntll and Fzd7, HBHR2cells were co-transfected with the



respective pEX-3 vectors encoding Fzd7 ectodomdin-dhd FLAG-tagged Wntll using

X-tremeGENE HP DNA Transfection Reagent (Cat No478D93001; Roche) according to

manufacturer’s instructions. After 48 h, the ce&lisre collected and resuspended in i0080-1P

buffer (10 mM tris-HCI pH 7.4, 100 mM NacCl, 2.5 mMgCl,, 0.5% NP-40, and 1X proteinase

inhibitor), incubated on ice for 20 min, and cenged at 10,000 xg at 4 °C for 20 min. Then,

600 pl of supernatant was added to two pre-chilled Egdpéntubes, and 1Qg of anti-FLAG

antibody (Cat No: ab125243; Abcam) was added td ¢abe and incubated at 4 °C for 2 h.

Protein A/G magnetic beads (R0 Cat No: sc-2003; Santa Cruz, CA, USA) were adiedach

tube and incubated at 4 °C overnight. And thenstémaples were washed with co-IP buffer. The

input and eluted protein solutions were analyzeitgud0% SDS-PAGE and incubated with

anti-HA antibody (1:5000; Cat No: 66006-1-lg; Piotech) or anti-FLAG antibody at 4 °C

overnight, respectively. After washing three tinvdth TBST, the samples were incubated with

goat anti-mouse HRP-conjugated secondary antib@dy No: ab6789; Abcam) for 1 h at room

temperature. The appropriate normal immunoglob@lifigG) was used as a negative control.

2.12. cDNA library preparation and sequencing

A total of 3 pg RNA per sample was used as inpuena for RNA sample preparation of the

FN(12.5), FN-Kd, and control groups. Sequencingaliies were generated using NEBNext®

Ultra™ RNA Library Prep Kit for lllumina® (Cat NoE7760; NEB, Ipswich, MA, USA)

following the manufacturer’'s recommendations amtexncodes were added to attribute sequences

for each sample. Briefly, mRNA was purified fromtaio RNA using poly-T oligo-attached

magnetic beads. Fragmentation was carried out ubiradent cations under elevated temperatures

in NEBNext First Strand Synthesis Reaction Bufférst strand cDNA was synthesized using



random hexamer primers and M-MuLV Reverse Trantg&s@ Second strand cDNA synthesis

was subsequently performed using DNA PolymerasalIRNase H. Remaining overhangs were

converted into blunt ends via exonuclease/polyneeeadivities. After the adenylation of thé 3

ends of DNA fragments, NEBNext Adaptor with a hairfpop structure was ligated to prepare

for hybridization. To preferentially select cDNAafiments of 250-300 bp in length, library

fragments were purified using the AMPure XP sys(Beckman Coulter, Brea, CA, USA). Then,

3 ul USER enzyme was used with size-selected, adhgated cDNA at 37 °C for 15 min

followed by 5 min at 95 °C before PCR. PCR was qrened with Phusion High-Fidelity DNA

polymerase, universal PCR primers, and index (ither. Finally, PCR products were purified

(AMPure XP system) and library quality was assess#ag the Agilent Bioanalyzer 2100 system

(Santa Clara, CA, USA). Raw data presented in phillication have been deposited in the

Sequence Read Archive (SRA) database at NCBI uhdeaaccession number SRP152900.

2.13. Differential expression and KEGG pathway analysis

The transcript level of each expressed gene wazilagéd and normalized to FPKM (the

number of fragments per kilobase of exon per mmllivagments mapped). The statistical

enrichment of differentially expressed genes (DEBSKEGG pathways was tested between

FN(12.5) and FN-Kd groups using KOBAS software. f@#ntial expression analysis was

performed using the DESeq R package (1.18.0). Téwmintap was drawn by the function

“pheatmap” of R package and correlation coeffigentre calculation by the function “cor” in

RStudio (R version 3.4.2). Correctperalue of 0.05 and log2 (fold change) of 1 wereasethe

threshold for significantly differential expression



2.14. Satistical analysis

Each experiment was repeated three times indeptydBata were analyzed using one-way
ANOVA and two-tailedt-tests, assuming equal variance, with SPSS 22tvaef (SPSS Inc.,
Chicago, IL, USA) and expressed as the mean * atdrdkviation (SD)p < 0.05 was considered

statistically significant.

3. Results

3.1. FN promotes rLESC proliferation

The number of rLESCs increased compared with thahe control group when cells were
treated with different concentrations of FN (Supmatal Fig. 1A). Moreover, cells treated with
FN exhibited enhanced proliferation, with 12:&/cnf FN having the most significant effect on
proliferation and maintenance of stemness (Suppi&ah&ig. 1B—F). Therefore, a concentration
of 12.5 pg/ent of FN [FN(12.5) group] was used for subsequentegirpents. Moreover, two
rLESC lines with FN knockdown were prepared usihg shRNA targeting théN gene,
respectively, named FN-Kdl and FN-Kd2. Western bdsults showed that the FN expression
level in the FN-Kd1 rLESCs significantly decreadsdapproximately 96% compared with the
control, while ~57% reduction in FN-Kd2 rLESCs. Téiere, FN-Kd1 rLESCs were used for
subsequent experiments and named FN-Kd rLESCs [@upptal Fig. 2A-C).

Light microscopy analysis showed that cell numksgnificantly increased in the FN(12.5)
group compared with those in other groups at 3chZhh. Conversely, FN-Kd rLESCs showed
significantly decreased proliferation. And AnneXinstaining confirmed that there was an equal

number (~3%) of positive cells in the control ard-lkd groups, suggesting that the decrease in



proliferation was not due to apoptosis (Supplenidfiga 2D). However, rLESC proliferation in

the FN-Kd group was significantly enhanced afteogenous addition of FN (Fig. 1A). To

guantify proliferation rate, Ki67 staining was caoicted for each group, revealing that the rate of

cell positivity of the FN(12.5) group was approxiels 1.15-1.38-fold greater than that of the

control group, which decreased to 34—72% of coméngls for the FN-Kd group at different time

points. Moreover, the Ki67-positive rate in the RN-group after addition of exogenous FN

increased by approximately 1.08—2.06-fold compavitd that of the FN-Kd group. There was no

significant difference in the Ki67-positive ratetlveen the control and vehicle-Kd cells at 12 h

and 24 h, though the vehicle-Kd cells showed otshiplower positive rate than control at 3 h and

6 h. These findings were consistent with the ligitroscopy results (Fig. 1B and C). The analysis

of cell doubling times revealed that approximatély5+2.1 h were required by the FN(12.5)

group for cell doubling, whereas the FN-Kd grouguieed approximately 23.1+3.2 h. And the

doubling time of FN-Kd rLESCs was reduced to 18.8+R after adding FN. There was no

significant difference in the doubling time betweable control and vehicle-Kd rLESCs, 15.2+2.2

h and 16.1£3.0 h, respectively (Fig. 1D). Furthemnaell cycle progression was investigated in

each group at 12 h and found that 53.67+3.72% dfiLEIS) rLESCs were in S phase, which was

significantly higher than that of the control gro(#b.76+1.66%). Moreover, the proportion of

cells in S phase was lowest in the FN-Kd group12:80.66%), which was significantly enhanced

after addition of FN (29.33+0.51%). Besides, theportion of cells in S phase was 44.11+2.09%

in the vehicle-Kd group, without significant difearce from that of the control group (Fig. 2A and

B).

3.2. FN upregulates the non-canonical Wht pathway and accelerates cell cycle progression



The samples from the FN(12.5), FN-Kd, and controlugs were detected for cluster analysis
of DEGs (Supplemental Fig. 3). As shown in the ®alc plot, 9834 genes were detected to be
differentially expressed when comparing the FN(Lgfup with the FN-Kd group, including
4894 upregulated genes (red points) and 4940 dowlaied genes (green points) (Fig. 3A).
These 9834 DEGs were annotated into 275 pathwatiscell cycle as the most enriched KEGG
pathway. Moreover, the most enriched signalingwaifs included Hippo, TNF, MAPK, mTOR,
TGF-beta, VEGF, Ras, Wnt, cGMP-PKG, PI3K-Akt, Nqttli--kappa B, and Hedgehog, as well
as signaling pathways that regulate stem cell piteincy. Genes associated with ECM-receptor
interactions were also enriched in the FN(12.5ugrcompared with the FN-Kd group (Fig. 3B).

We then selected several genes of interest retatdue Wnt signaling pathway and cell cycle.
And a heatmap was generated based on expresdiereddes at the transcription levels (Fig. 3C).
Compared with the FN-Kd group, we found thett4 andWntll were significantly enhanced in
the FN(12.5) group, wherea¥nt3a, Wnt5a, Wnt5b, Wnt8b, Wht9a, and WntlOb were
significantly downregulated. In additiofrizzed (Fzd)-1, Fzd7, and Fzd9, —transmembrane
receptors of Wnt—were significantly upregulatedtive FN(12.5) group compared with the
FN-Kd group; similar expression patterns were alsserved foRhoA, ROCK1, ROCK2, Rorl,
Ryk, andglypican 4 (Gpc4). In contrastfFzd2, Fzd5, -catenin, Racl, andJNK were significantly
downregulated in the FN(12.5) group. Regarding geatated to cell proliferation, we found that
CDKZ2, CDK4, CDKS®, cyclin D1, cyclin D3, cyclin E1, andcyclin E2 were noticeably upregulated,
while CDK inhibitors (CDKIs) includingp21°* andp27X'™ were downregulated in the FN(12.5)
group compared with the FN-Kd group. And the exgims levels of rLESC markeABCG2

(Schlotzer-Schrehardt et al., 2005) and transoripfiactor Myc were also upregulated in the



FN(12.5) group compared with the FN-Kd group. Meep the heatmap analysis showed that

Wht11, ROCK1, ROCK2, Rorl, Gpc4, cyclin D1, cyclin D3, cyclin E1, cyclin E2, CDK2, CDK4,

CDK6, ABCG2, andMyc were significantly upregulated in the FN(12.5)gvacompared with the

control group; gRT-PCR results revealed that tlrarsble shRNA had no significant effects on

the expressions of the genes related to the Wnakig (Supplemental Fig. 2E).

3.3. Wht11 facilitates the self-renewal of rLESCs by interacting with Fzd7 to induce non-canonical

Wht signaling

Transcriptional analysis data demonstrated Wiatd and Wnt11l levels dramatically increased

in the FN(12.5) group compared with the FN-Kd grotip further confirm their effects on the

self-renewal of rLESCs, we independently utilizeBNAs targeting these genes. The results

showed that Ki67-positivity decreased after silagavnt4 expression, compared with that of the

FN(12.5) group; however, this difference was nghgicant. Similarly, afteMnt1l knockdown,

the Ki67-positive cell rate noticeably decreaseid.(BA). gqRT-PCR and immunostaining results

suggest that inhibitingVnt4 andWnt11l expression may lead to the differentiation of ridsSin

which CK3 was expressed abundantly while ABCG2 ANp63 expressions were decreased at

both the mRNA angrotein levels (Fig. 4B and C).

HEK293T cells were then used to co-express FLAGddd/NVntll (40 kDa) and the HA-tagged

ectodomain of Fzd7 (26 kDa); co-IP results reveéhad Wnt11 interacted with the ectodomain of

Fzd7, confirming the interaction effects betweent¥¥rnand Fzd7 (Fig. 5A). ActivB-catenin is

known to translocate to the nucleus where it imsrawith TCF/LEF1 proteins for the

transcriptional activation of downstream genes rurcanonical Wnt signaling. Therefore, the

B-catenin content in the nuclear extracts was fustlyzed after treatment with FN. Nuclear



B-catenin decreased by approximately 11% comparéd twe control level. In contrast, Wnt3a
(20 ng/ml) as a positive control for nuclear tracstion assays of-catenin significantly
increased (1.85 fold) the nuclear accumulatio-catenin (Fig. 5B and C). Then the effect of
B-catenin on a TCF/LEF1 luciferase reporter plaswasd examined to identify FN-induced Wnt
signaling. TCF/LEFL1 luciferase assays showed thatrEatment attenuated the stabilization and
nuclear localization of activ@-catenin in the FN(12.5) rLESCs, and the luciferasévity
significantly decreased by approximately 56% cormagawith control levels. In contrast, Wnt3a
enhanced the activation df-catenin, yielding a 2.19-fold increase in fluomrsce activity
compared with that of control cells (Fig. 5D).

Moreover, RhoA, ROCK1l, and ROCK2—intracellular nmlkes of non-canonical Wnt
signaling—were all upregulated after addition afambinant Wntll (10 ng/ml), whereas their
expression levels were downregulated in responsesiRNA-mediated targeting ofwhtll

(Supplemental Fig. 4).

3.4. FN modulates cell cycle regulatorsto enhance rLESC proliferation via ROCK1 and ROCK?2

Via western blotting and compared with the conggobup, FN was found to increase the
expression of ROCK1, ROCK2, cyclin D1, cyclin D3cln E1, cyclin E2, CDK2, CDK4, and
CDK6, as expected; on the other hand, "B27expression was significantly decreased.
Additionally, the expression of p2t—another CDKI—was also declined, but this change wa
not significant (Fig. 6). To determine whether Fkérs its effect on rLESC proliferation via the
ROCK signaling pathway, the specific inhibitor GS286A was used. Results showed that
cyclin D1, cyclin D3, cyclin E1, cyclin E2, CDK2, 0K4, and CDK6 were significantly

downregulated after inhibitor treatment, whereat“B2and p2*#** were obviously upregulated.



Furthermore, both siROCK1 and siROCK2 could indtiheedownregulation of these cyclins and
CDKs as well as the upregulation of (81 and p2#*. In addition, FN treatment could not
rescue the proliferation defects of rLESCs aftgyomxire to the ROCK inhibitor or siRNA. These

results suggest that FN mediates rLESC prolifenatia both ROCK1 and ROCK2.

4. Discussion

FN is an important ECM glycoprotein that regulasgsm cell functions including adhesion,
migration, proliferation, self-renewal, and diffat@tion, and recent studies have demonstrated
that FN shows beneficial effects on LESC prolifienat whereas other ECM components
(collagen, gelatin, fibrin, etc.) are not suffididar LESC culture (Kim et al., 2017). In the prese
study, we demonstrated that FN can not only inereeESC proliferation but also maintain their
stemness.

FN has been reported to affect upstream of nonsdealoWnt signaling (Le Grand et al., 2009).
To further investigate the roles of FN in regulgtithe self-renewal of rLESCs via the
non-canonical Wnt pathway, we conducted RNA-Seqlyaisacomparing the FN(12.5) and
FN-Kd groups, and mainly focused on the enrichnent/nt signaling and cell cycle pathways
based on KEGG pathway analysis. As is known, Watgims are highly secreted glycoproteins
that activate the Wrfifcatenin pathway via canonical Wnts (e.g. Wntl, 2¥yiwnt3a, Wnt8a,
Wnt8b, Wntl10a, Wntl10b, etc.), as well as the Wit/ JRCP) and Wnt/calcium pathways via
non-canonical Wnts (e.g. Wnt4, Wnt5a, Wnt5b, Wngtt,). Our RNA-Seq analysis revealed that
transcription levels of\nt4 andWht11l were significantly higher in the FN(12.5) grou@hin the
FN-Kd group, whereas those of canonical Wnts weweet in the FN(12.5) rLESCs than in the

FN-Kd cells.



It has been reported that Wnt4 is upregulated tial fanbus compared with its expression in

fetal central cornea (Figueist al., 2007). Our findings demonstrated that VWsigpression did

not significantly decline cell proliferation; howay differentiation marker CK3 expression was

significantly increased, while ABCG2 amtNp63—identified as the specific markers in limbal

stem cells—were decreased after the rLESCs werssfaeted with siwnt4. Therefore, we

inferred that FN may increase Wnt4 expression tintaia rLESC stemness, which still needs

further study to confirm and characterize. Wntlam®ther non-canonical Wnt that is the most

similar to Wnt4. Although Wnt4 and Wntll exhibitmsiar activity in some assays (Du et al.,

1995), they also elicit different cellular effe¢t§spert et al., 1998; Elizalde et al., 2011). tist

study, we found that Wntll interference declines pholiferation and stemness of rLESCs;

therefore, we proposed that FN can regulate rLES&enewal via Wntl1.

Notably, KEGG pathway analysis identified ECM-reimgpinteraction as one of the activated

signaling pathway after FN treatment. IntegeBpl is the primary receptor for FN (Akiyama,

1996). The integrin receptor and enhanced FAK phaggation activity are upstream regulatory

mechanisms that contribute to FN-mediated promatiooell proliferation (Shroff et al., 2012).

Moreover, FN has been proposed to act upstreanomicanonical Wnt signals via Syndecan 4

that binds to the heparin-binding domain of FN tlylo its glycosaminoglycans chains to regulate

integrin signaling (Woods and Couchman, 2001). Addally, integrin-linked kinase (ILK)

activation enables nuclear translocation tatenin by inhibiting GSK{3 activity, thus

enhancing the canonical Wnt signaling (Delcommegtred., 1998). However, the ILK expression

was not upregulated in the FN(12.5) rLESCs accgrdm our RNA-Seq data. These results

suggest that integrin581, probably together with Syndecan 4, mediatesettiect of FN on



activation of the non-canonical Wnt signaling (Mafet al., 2006), which needs to be further

explored in rLESCs.

According to the heatmap analysis of DEGs, FN S§icamtly enhanced the expression levels of

Fzdl, Fzd7, and Fzd9. Furthermore, co-IP results showed that Wntll racts with

transmembrane Fzd7 to transmit Wnt signaling inSCE. Indeed, Wntl11 and Fzd7 are frequently

found to interact in conjunction with other receptincluding tyrosine kinase-related receptors

Ror2 (Hikasa et al., 2002), Ryk (Kim et al., 2008phd heparan sulfate proteoglycan Gpc4

(Ohkawara et al., 2003). FN treatment did not affRor2 expression, but upregulated

Ror1—another Ror family receptor tyrosine kinase. Imtcast to Ror2, Rorl function in Wnt

signaling has not been fully elucidated (Greenlet2®14). However, Rorl is known to play a

critical role in regulating the proliferation of tedlite cells during skeletal muscle regeneration

(Kamizaki et al., 2017), and has also been immigain various non-Wnt responses

(Sanchez-Solana et al., 2012). Furthermore, FN atgmnced the expression of the receptor

tyrosine kinasdRyk, which cooperates with Fzd7 and Wntl11l during gdsion and convergent

extension movements iKenopus (Kim et al., 2008; Lin et al., 2010). We also fduthat FN

increasedspcd expressionn the FN(12.5) rLESCs. Additionally, the biocheali@nd functional

interaction between Wntll and Fzd7 was previouglynd to inhibit canonical Wnt signaling

mediated by Wnt3a (Uysal-Onganer dfygpta, 2012). Altogether and combined with the hessu

of nuclear accumulation d-catenin and luciferase reporter assays, it wasaled that FN

inhibits the canonical Wnt pathway via the intei@ttbetween Wntll and Fzd7, and instead

stimulates the non-canonical Wnt pathway in rLESCs.

Interactions between Wntll and Fzd7 contributeht dctivation of Rho family GTPases



(Yamanaka and Nishida, 2007) and affect multipignaiing pathways that activate several

different protein kinases in a cell type-specifiamrmer (Uysal-Onganer andypta, 2012).

Numerous studies have highlighted the importancdk@ICKs in regulating cell proliferation

(Croft and Olson, 2006). ROCK1 and ROCK2, exhilgitB2% identity in the kinase domain, are

among the different effectors of RhoA that haverbe®st extensively characterized. Several

studies have showed differential roles for the RGQ&Korms (Yonedat al., 2005; Yoneda et al.,

2007; Lock and Hotchin, 2009; Shi et al., 2013)tHe present study, RNA-Seq analysis showed

that the expression levels BhoA, ROCK1, andROCK2 were significantly increased after FN

treatment. Moreover, upregulated RhoA, ROCK1, a@CR2 were identified after addition of

recombinant Wntl1, whereas these levels were reabbridownregulated after treatment with

Whtl1-specific siRNA. All these findings indicate thaltORK1 and ROCK2 are involved in

signaling via RhoA after enhancing the interactimetween Wntll and Fzd7 in FN-treated

rLESCs.

The precise role of ROCK in cell proliferation istrfully elucidated, and recent studies have

showed that ROCK function is required for G1/S pesgion (Croft and Olson, 2006; Zhagigal.,

2009); ROCK depletion can mediate cell cycle arraabst likely in the G1 phase (Kimper et al.,

2016).0Onein vivo study reported that over-activation of ROCK2 ciimites to hyperproliferation

and epidermal thickening in mouse skin (Samuel.e2811). The effects of ROCK activity on

the levels of cell cycle regulatory proteins halsdeen implicated in the proliferation of corneal

epithelial cells (Chen et al., 2008). Based on #higlence, we further investigated the role of

ROCK in modulating the levels of specific cell ayckgulators in rLESCs.

Progression through each stage of the cell cydaires different sets of cyclins, CDKs, and



CDKIs (Morgan, 1997). Transition through the G1 ghas regulated by CDK4/cyclin D1 and
CDK®6/cyclin D3. CDK2/cyclin E is active during lat81 phase and is responsible for G1/S
transition. Negative regulation of CDK2 includes @ssociation with the p24* and p2#**
inhibitory proteins (Coulonval et al., 2003). Westeblot results in this study showed that
expression levels of cyclin D1, cyclin D3, cyclii Ecyclin E2, CDK2, CDK4, and CDK6 were
enhanced in the FN(12.5) group, whereas those Bfand p2¥#** decreased, suggesting that
the FN-treated cells could transition from G1 tglsase more quickly, decreasing cell cycle
duration and increasing proliferation. After intibbg ROCK1 and ROCK2 with GSK429286A,
the cyclins and CDKs were significantly downregethtwhereas the CDKIs were upregulated. To
further investigate the roles of the two ROCK isais, we targeted each isoform independently
with siRNAs. The results revealed that ablatioritier ROCK1 or ROCK2 decreased cyclin and
CDK expression and increased CDKI expression. M@eoFN addition could not rescue the
proliferation defects in the rLESCs treated witther the ROCK inhibitor or siRNA because the
ROCK pathway was blocked. These results indicaat BN enhances rLESC proliferation via
both ROCK1 and ROCK2, and that ROCK1 and ROCK2tionaedundantly.

Moreover, studies have confirmed that Myc plays important role in promoting the
self-renewal of embryonic stem cells (Fagnocchalet2016). Myc is not only essential for the
maintenance of epithelial stem cell homeostasi#, @so regulates the directional differentiation
and proliferation of epithelial stem cells duringpumd healing (Honeycutt and Roop, 2004).
Several studies have found that ROCK can phospditeryflyc at threonine 58 and/or serine 62 to
increase Myc stability after nuclear translocat{diu et al., 2009; Zhang et al., 2014). Nuclear

Myc also induces the expression of several positgelators of cell cycle progression by binding



to their promoters, and repress P21 and p2¥*' activities via different mechanisms.
Consequently, Myc stimulates cell cycle progressaod cellular proliferation (Bretonest al.,
2015). In the present study, RNA-Seq analysis detnated that expression levels of Myc in the
FN(12.5) group were significantly higher than tbathe FN-Kd group. Therefore, we theorized
that ROCK may promote rLESC proliferation by ingieg Myc activity, which needs to be
verified in the future.

In conclusion, FN not only enhances rLESC prolifiera but also maintains stemness by
promoting Wntll and Fzd7 interactions. Moreovef=3IC proliferation is increased through
ROCK1 and ROCK2 upregulation as well as further atatibn of cell cycle regulators (Fig. 7).
Our findings provide new evidence that FN play ampartant role in rLESC self-renewal via
stimulation of the Wnt11/Fzd7/ROCK non-canonical tVgathway.FN may thus be an essential

component of ECM scaffolds for limbus transplamtati
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Figure captions

Fig. 1. Fibronectin (FN) promotes proliferation of rabbit limbal epithelial stem cells
(rLESCs). (A): rLESC proliferation was higher in the 12:§/cnf FN treatment [FN(12.5)] group
than in the other groups at 3 h and 24 h, wherealffguation significantly decreased in the
FN-knockdown (FN-Kd) group, which was rescued adigding FN. (B): Ki67 staining showing a
higher Ki67-positive cell proportion in the FN(12.B.LESCs at 24 h. (C): The proportion of
Ki67-positive cells was calculated, which was ie@dance with the light microscopy results. (D):
Cell doubling times were analyzed for each groupe doubling time in the FN(12.5) rLESCs was
obviously shorter than those in the other groupd, €ontrol (rLESCs cultured on plastic plates
without treatment). Vehicle-Kd, an shRNA withoutgeting any known genes as a negative
control for knockdown experiments.p*< 0.05, **p < 0.01, one-way ANOVA and two-tailed

test.

Fig. 2. Fibronectin (FN) accelerates cell cycle pgression of rabbit limbal epithelial stem
cells (rLESCs).(A): Cell cycle analysis at 12 h showed a highepprtion of cells in the S phase
in the 12.5ug/cn? FN treatment [FN(12.5)] group than in the contgobup; however, the
proportion of cells in the S phase significantlgidased when FN was knocked down. Moreover,
the proportion of cells in S phase was significahigher in the FN-knockdown (FN-Kd) group
after treatment with FN than in the FN-Kd group):(Bhe percentages of cells in G1, S, and
G2/M phases from each group. Ctrl, control (rLE®Gkured on plastic plates without treatment).
Vehicle-Kd, an shRNA without targeting any knowmgs as a negative control for knockdown

experiments. *p < 0.01, one-way ANOVA.

Fig. 3. Analysis of differentially expressed gene®EGs) and KEGG pathways from 12.5
pg/cn? fibronectin treatment [FN(12.5)] and FN-knockdown (FN-Kd) groups of rabbit
limbal epithelial stem cells (rLESCs).(A): Volcano plot of the expression profiles of 98BEGs
between FN(12.5)ersus FN-Kd groups. The red points represent upregulBte@s (4894 genes)

with statistical significance and the green pointiicate downregulated DEGs (4940 genes). (B):



KEGG pathway analysis of DEGs between FN(12eb3us FN-Kd groups showed enrichment in
cell cycle, Hippo signaling, TNF signaling, MAPKgsialing, mTOR signaling, signaling
pathways that regulate stem cell pluripotency, T@E signaling, VEGF signaling,
ECM-receptor interaction, Ras signaling, Wnt sigral cGMP-PKG signaling, PI3K-Akt
signaling, Notch signaling, NF-kappa B signalingydaHedgehog signaling. (C): Heatmap
depicting DEGs from the FN-Kd, FN(12.5), and cohgoups. FN affected the expression of
Wnt- and cell cycle-related genes. Differential egsion analysis revealed that, compared with
the FN-Kd group, the expression levels of Wnt fgmihembersWht4 and Wntll, Wnt
pathway-related gendsdl, Fzd7, Fzd9, RhoA, ROCK1, ROCK2, Rorl, Ryk, andGpc4, and cell
cycle-related gene€DK2, CDK4, CDKB®, cyclin D1, cyclin D3, cyclin E1, andcyclin E2 were
significantly upregulated in the FN(12.5) group,erasp21°™ and p27°"* expressions were
downregulated. In addition, rLESC mark&rP-binding cassette sub-family G membe ABCG?2)
and transcription factoMyc were expressed at higher levels in the FN(12.Bumgrthan the

FN-Kd group. Ctrl, control (r(LESCs cultured on plaplates without treatment).

Fig. 4. Wntll promotes rabbit limbal epithelial sten cells (rLESCs) proliferation and the
maintenance of stemnessSmall interfering RNAs (SiRNAs) were used to indegently target
Wht4 (siwnt4) andWht1l (siwntll) after rLESCs were treated with 12d/cnf fibronectin
[FN(12.5)]. (A): Ki67-positivity decreased aftengnt4 transfection compared with that of the
control group, but these differences were not ficamt. However, this parameter significantly
decreased after siwntll treatment. (B): Quantiatawverse transcription PCR revealed that either
Wnt4 or Wntll ablation can induce the differentiatdf rLESCs, in whicltytokeratin 3 (CK3)

was expressed abundantly but ATP-binding casselttdéasnily G member 2ABCG2) and4Np63
expressions were decreased. (C): The same trendsalge found via immunofluorescence. Citrl,
control (rLESCs cultured on plastic plates withdrgatment). Vehicle, scramble-transfected

control rLESCs. < 0.05, *p < 0.01, two-tailed test.

Fig. 5. Interactions between Wntll and Fzd7 resulin a switch to non-canonical Wnt

signaling in rabbit limbal epithelial stem cells (LESCs). (A): Western blot analysis of



co-immunoprecipitated cells overexpressing FLAGgeEyWnt1l and the HA-tagged ectodomain
of Fzd7 in HEK293T cells. (B): Nuclear extracts tegs blot analysis d8-catenin in the rLESCs
pretreated with 12.5g/cnf fibronectin [FN(12.5)] and 20 ng/ml Wnt3a, respesly. Histone H3
was used as loading control. (C): Histogram demicthe ratios of target protein to Histone H3
intensity; the corresponding control groups wetteasel arbitrary unit. (D): TCF/LEF1 luciferase
assay demonstrating that FN treatment does nomneehzanonical Wnt signaling [contredrsus

positive (20 ng/ml Wnt3a) groups]gt< 0.05, **p < 0.01, one-way ANOVA.

Fig. 6. Fibronectin (FN) modulates specific cell le-regulatory proteins to promote rabbit
limbal epithelial stem cell (rLESC) proliferation via ROCK1 and ROCK2. (A): Western blot
analysis of rLESC treated with 124gg/cnf FN [FN(12.5)]. The FN(12.5) group showed
upregulated expression of ROCK1, ROCK2, cyclin Byglin D3, cyclin E1, cyclin E2, CDK2,
CDK4, and CDK®6, but downregulated expression of @2K inhibitors (CDKIs) p2%** and
p27Kip1. The ROCK inhibitor GSK429286A downregulated tlyelim and CDK expression, and
upregulated the CDKI expression. siRNA-mediateddting of eitheROCK1 or ROCK2 showed
similar effects as those of the inhibitor in rLES@B): Histogram depicting the ratios of target
protein to GAPDH intensity; the corresponding cohgroups were set as 1 arbitrary unit. Ctrl,
control (rLESCs cultured on plastic plates withtreitment). GSK, rLESCs treated with 50 pM
GSK429286A for 48 h. siROCK1, rLESCs transfectedhwsiRNA targetingROCK1 gene.
siROCK2, rLESCs transfected with siRNA targetRQCK2 gene. *p < 0.05, **p < 0.01versus

control group, two-tailedtest.

Fig. 7. Schematic diagram shows the regulatory effeof the Wnt11/Fzd7/ROCK pathway on
G1/S transition in fibronectin (FN)-treated rabbit limbal epithelial stem cells (rLESCs).FN
enhanced the interactions between Wntll and FzofZ;, Ryk, and Gpc4 are also involved in this
process. GDP bound to RhoA is replaced by GTP, whicther activates ROCK1 and ROCK2.
ROCK1/2 activation elevates the expression of aybli, cyclin D3, cyclin E1, cyclin E2, CDK2,
CDK4, and CDK6—possibly by upregulating the phospladion of the transcription factor

Myc—to enhance cell proliferation by promoting Giv&nsition.



Supplemental figure captions

Supplemental Fig. 1. Proliferation and differentiaion of rabbit limbal epithelial stem cells
(rLESCs) after treatment with fibronectin (FN) at different concentrations. (A): Light
microscopy results showing that 0.25, 2.5, 5.0, Eh&ug/cnt FN increased rLESC proliferation
in a concentration-dependent manner, whereaqid@6nf FN showed no significant effects
compared with that of the control group. (B): Kigtaining results were consistent with those of
light microscopy. A FN concentration of 12:§/cn appeared to exert the most significant effects;
therefore, we chose this concentration for furtegperiments. (C): Immunostaining results
suggested that FN can maintain high expressionslevie ATP-binding cassette sub-family G
member 2 (ABCG2) andNp63—identified as the specific markers in limb&ms cells. In
contrast, the differentiation marker cytokeratin(GK3)—known as a corneal epithelial cell
marker—was only marginally expressed. Moreover,ilamresults were also found via (D)
guantitative reverse transcription PCR and (E) &resblotting. (F): Histograms depicting the
ratios of target protein to GAPDH intensities; tt@responding control groups were set as 1
arbitrary unit. Ctrl, control (rLESCs cultured olagtic plates without treatment) p*< 0.05, **p

< 0.01versus control group, two-tailetitest.

Supplemental Fig. 2. Rabbit limbal epithelial stemcells (rLESCs) with fibronectin (FN)
knockdown were prepared using short hairpin RNA (siRNA). (A): Western blot analysis
indicated that FN expression declined significairiifhe FN-Kd1 and FN-Kd2 groups compared
with that of the control group. (B): Histograms d#ing the ratios of target protein factin
intensities; the corresponding control groups veateas 1 arbitrary unit. The FN expression level
in the FN-Kd1 rLESCs significantly decreased byragjmately 96% than the control. Therefore,
FN-Kd1l rLESCs were used for subsequent experimants termed FN-Kd rLESCs. (C):
Immunostaining demonstrated decreased FN expresstbe FN-Kd rLESCs compared with that
of the control group. And there was no significdiffierence in FN expression between the control

and vehicle-Kd cells. (D): Phosphatidylserine (B#ernalization experiments were conducted to



detect apoptosis using flow cytometry after FN Kamavn; FN knockdown did not induce
apoptosis. (E): Quantitative reverse transcripf@R revealed that FN knockdown significantly
downregulated the expression leveldhitll, frizaed7 (Fzd7), Rho-associated kinadgROCK1),
and the rLESC markers including ATP-binding cassstib-family G member 2ABCG2) and
ANp63, while upregulateds-catenin and the differentiation markesytokeratin 3 (CK3). The
expression levels of these genes from the vehidleliESCs had no significant difference from
those of control. Ctrl, control (rLESCs cultured plastic plates without treatment). Vehicle-Kd:

scramble-transfected control rLESCs using sShRNA<*0.05, **p < 0.01, one-way ANOVA.

Supplemental Fig. 3. Cluster analysis of differenéilly expressed genes (DEGs) from 12.5
pg/cn? fibronectin treatment [FN(12.5)], FN-knockdown (FN-Kd), and control groups. The
samples from the FN(12.5), FN-Kd, and control geowere detected to perform a heatmap for
cluster analysis of the DEGs. Red indicates upeggdlgenes and blue indicates downregulated

genes. Ctrl, control (rLESCs cultured on plastetgs without treatment).

Supplemental Fig. 4.ROCK1 and ROCK2 are involved in signaling via RhoA after
enhancing the interaction between Wnt1l and Fzd7 ifibronectin (FN)-treated rabbit limbal
epithelial stem cells (rLESCs).(A): Western blot analysis indicated that exprasdevels of
RhoA, ROCK1, and ROCK2 were upregulated after amtdibf recombinant Wnt11 (10 ng/ml)
for 24 h, whereas the expression levels decredsedaalditionWntll-specific SiRNA; this was
rescued by treatment with recombinant Wnt11 (1@nfjg/(B): Histograms depicting the ratios of
RhoA, ROCK1, or ROCK2 to GAPDH intensity; the capending control groups were set as 1

arbitrary unit. **p < 0.01, one-way ANOVA.
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HIGHLIGHTS

* FN improves the self-renewal of rabbit limbal epithelial stem cells (rLESCs).
* rLESC proliferation is enhanced through modulating ROCK 1/2 and cell cycle regulators.
* FN regulates rLESC self-renewal by stimulating the Wnt11/Fzd7/ROCK non-canonical Wnt

pathway.



