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Purrose. The development and progression of myopia are influenced by the Wnt7b/g-
catenin signaling pathway. This study investigated the specific impacts of this path-
way on the biomechanical properties of the sclera by altering the expression of matrix
metalloproteinase-2 (MMP-2) to regulate type I collagen (collagen I) levels.

MerHops. We examined the effects of the Wnt7b/S-catenin signaling pathway and MMP-
2 on human fetal scleral fibroblasts (HFSFs) and the sclera of guinea pigs with form-
deprivation myopia (FDM). To explore the effects of the Wnt7b/S-catenin pathway and
the role of MMP-2 in this context, we treated HFSFs and guinea pig sclera with specific
agonists and inhibitors targeting Wnt7b/S-catenin and MMP-2. The expression levels of
Wnt7b, MMP-2, and collagen I were subsequently analyzed quantitatively via western
blot (WB) analysis, immunofluorescence, and quantitative real-time PCR (qRT-PCR) to
assess protein and mRNA changes in response to pathway manipulation. Atomic force
microscopy (AFM) was used to measure the elastic modulus of the treated HFSFs and
guinea pig sclera to directly evaluate changes in cell and tissue stiffness. In the FDM
model, essential ocular parameters such as refractive error and axial length (AL) were
also assessed.

Resutrs. In vivo and in vitro activation of the Wnt7b/8-catenin signaling pathway signif-
icantly upregulated MMP-2 expression, which was accompanied by a notable decrease
in collagen I levels. This change led to a reduction in the elastic modulus of both HFSFs
and the sclera of guinea pigs with FDM. These significant biomechanical changes in the
scleral tissue were indicated by a reduction in stiffness. Alterations in scleral biomechan-
ics were associated with changes in ocular parameters, including an increase in AL and
a myopic shift in refraction.

Concrusions. The Wnt7b/B-catenin pathway regulates scleral biomechanics by upregu-
lating MMP-2 expression, which leads to increased collagen I degradation and, conse-
quently, an increase in axial elongation and a myopic shift in refractive error.
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M yopia is characterized by the inability of parallel
light rays to focus on the retina, resulting in unclear
images, typically due to excessive axial eye length elonga-
tion.! Epidemiological studies indicate that the prevalence
of myopia in adults ranges from 10% to 30% globally, with
some areas in East Asia and Southeast Asia experiencing
rates as high as 80% to 90% among young people.>® Severe
pathological myopia can lead to serious complications that
cause substantial and irreversible vision loss, including reti-
nal detachment, choroidal neovascularization, and macular
degeneration blindness.*~”

The most notable anatomical changes during myopia
progression are abnormal increases in axial length (AL) and
substantial thinning of the sclera.® Scleral thinning primar-
ily results from the abnormal degradation of the extracellu-
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lar matrix (ECM).'° Type I collagen (collagen 1) is the major
component of the scleral ECM.? Previous studies have shown
that the upregulation of matrix metalloproteinase-2 (MMP-
2) expression is linked to the development of myopia.'l-1?
Moreover, MMP-2 is a crucial enzyme involved in degra-
dation of the ECM.'%'S In mice with form-deprivation
myopia (FDM), scleral hypoxia leads to an increase in
hypoxia-inducible factor 2o (HIF-2a) expression, which
in turn promotes myopia progression by increasing the
expression of MMP-2 and accelerating the degradation of
collagen 1.1

The Wnt7b/f-catenin signaling pathway has been
confirmed to regulate AL elongation to promote the devel-
opment of myopia.'” Previous studies have revealed that
the expression of essential proteins of the Wnt/S-catenin
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signaling pathway, including Wntless (WLS), B-catenin, and
T-cell factor 4 (TCF4), is significantly increased in the
sclera of mice with FDM, preceding alterations in refrac-
tion and AL.!® Furthermore, genome-wide association stud-
ies on human myopia have demonstrated that Wnt family
member 7B (WNT7B) is significantly associated with AL and
high myopia.'” However, the precise interplay between the
Wnt7b/pB-catenin signaling pathway and MMP-2 or collagen
I remains poorly understood.

The biomechanical properties of the sclera, such as the
elastic modulus and stiffness, are pivotal to the develop-
ment of myopia.’ The elastic modulus (stiffness) refers to
how much stress (force) is required to generate reversible
deformation.?’-?? These properties are influenced primar-
ily by the collagen-rich ECM, which maintains the structural
integrity of the sclera. Scleral fibroblasts, which are respon-
sible for synthesizing ECM components, play crucial roles
in modulating these biomechanical properties. These cells
respond to retinal signaling cascades, remodeling the sclera
and altering the ECM composition and scleral collagen orga-
nization.?>2> Thus, examining changes in the biomechani-
cal properties of scleral fibroblasts and scleral tissue during
myopia progression is crucial for gaining a complete under-
standing of myopia development.

In this study, we investigated the role of the Wnt7b/g-
catenin signaling pathway and MMP-2 in regulating scle-
ral biomechanics and their potential contributions to
myopia progression. We hypothesized that activation of
the Wnt7b/p-catenin signaling pathway results in increased
MMP-2 expression, which in turn promotes the degradation
of collagen I. This process is anticipated to reduce scle-
ral stiffness, thereby contributing to axial elongation and
ultimately driving the progression of myopia. To test this
hypothesis, we manipulated the activities of both MMP-2
and the Wnt7b/f-catenin pathway in human fetal scleral
fibroblasts (HFSFs) and evaluated their effects on collagen I
degradation and the elastic modulus of HFSFs. Furthermore,
we manipulated the activity of the Wnt7b/g-catenin pathway
and MMP-2 expression in the sclera of guinea pigs with FDM
during myopia development and investigated the effects of
these manipulations on scleral collagen I levels and scleral
stiffness.

METHODS
Cell Culture

HFSFs (1101HUM-PUMCO000139) were obtained from the
Cell Resource Center at the Institute of Basic Medi-
cal Sciences, Chinese Academy of Medical Sciences. The
cells were cultured in high-glucose Dulbecco’s Modified
Eagle Medium (DMEM, 11995065; Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 1% penicillin—
streptomycin (BL505A; Biosharp, Hefei City, China) and 10%
fetal bovine serum (FBS, 10099158; Thermo Fisher Scien-
tific). Cultures were maintained at 37°C in a humidified incu-
bator with 5% CO,. When the cells reached 70% conflu-
ence, they were treated for 24 hours with specific agonists or
inhibitors. SKL2001 (SKL, HY-101085, 71.38 pM; MedChem-
Express, Monmouth Junction, NJ, USA) and teplinovivint
(TEP, HY-137454, 60 uM; MedChemExpress) were used
to manipulate the Wnt7b/f-catenin signaling pathway as
an agonist and inhibitor, respectively, whereas oxidized
glutathione (Glu, HY-D0844, 2.48 mg/mL; MedChemEx-
press) and ARP-100 (ARP, HY-103444, 13.86 nM; MedChem-
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Express) were used as agonists and inhibitors of MMP-2,
respectively. After 24 hours of treatment, Wnt7b, MMP-2, and
collagen I expression levels were analyzed using western
blotting (WB), immunofluorescence (IF) staining, and quan-
titative real-time PCR (qQRT-PCR).

IF Staining

HFSFs were cultured in 24-well plates (702002; NEST
Biotechnology, Jiangsu, China) containing poly-i-lysine-
coated glass slides. When the cells reached 70% conflu-
ence, they were subjected to 24 hours of pharmacologi-
cal treatment. Anti-MMP-2 (ab92536; Abcam, Cambridge,
UK) or anti-collagen 1 (ab138492; Abcam) antibodies were
incubated with the cells on the slides overnight at 4°C.
The following day, the cells were washed with phosphate-
buffered saline (PBS) and then incubated with secondary
antibodies (ab138492, ab150077, and ab150079; Abcam) for
1 hour at room temperature in the dark. After another
PBS wash, the cells were stained with 4',6-diamidino-2-
phenylindole (DAPI, S2110; Solarbio, Beijing, China) in the
dark for 10 minutes to visualize the cell nuclei. An N2-DMi8
inverted fluorescence microscope (Leica, Wetzlar, Germany)
was used to capture images. The relative density scores
were calculated using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) on the basis of the mean
fluorescence intensity (mean = IntDen/area), with back-
ground correction and normalization to the control group.
Details regarding the western blot and qRT-PCR protocols
are provided in the subsequent section, which focuses on
the in vivo experiments.

Induction of Monocular FDM in Guinea Pigs

The Animal Care and Ethics Committee of Central South
University (Changsha, China) approved the use of the
animals in this study (2020sydw0224). The studies were
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. The
experimental animals used in this study were Dunkin-
Hartley guinea pigs obtained from Hunan Taiping Biotech-
nology Co., Ltd. (Hunan, China) and were housed in the
Laboratory Animal Department of Central South University.
The light level in the animal room was approximately 300
lux (12 hours of daylight and 12 hours of night); the room
temperature was maintained at 24°C to 26°C, and the air
humidity was 60%. All of the animals had access to sufficient
food and clean drinking water. Because guinea pigs cannot
synthesize vitamin C endogenously, they were provided with
fresh vegetables twice daily as a vitamin C supplement.

Three-week-old guinea pigs (n = 42), each weighing
approximately 150 to 180 g, were chosen for the study, with
an equal number of males and females. The inclusion crite-
ria for refractive error required bilateral spherical refractive
errors greater than +1.00 diopter (D) and less than +1.50 D.
Additionally, participants had to be free from ocular infec-
tions, cataracts, and fundus diseases. Monocular FDM was
established by covering the right eye with a nontoxic, semi-
transparent mask made of latex balloons but leaving the left
eye, both ears, mouth, and nose exposed. The tightness of
the mask was adjusted according to the size of the guinea
pig to prevent contact with the cornea and ensure normal
feeding and activity. The ocular parameters of the guinea
pigs were examined before and at the end of the treatment
period.
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Animal Experimental Paradigms

Research personnel were blinded throughout the study. To
this end, the guinea pigs (n = 42) were randomly assigned
to six groups, with assignments coded by an indepen-
dent researcher. Different experimenters conducted pre- and
post-experiment measurements without knowledge of the
group assignments. The codes were revealed only after all
the data had been collected and analyzed, ensuring unbiased
results. The group assignments were as follows:

1. NC group—Normal (untreated) control group

2. Untreated FDM group—FDM-treated animals that
were subjected to periocular saline injections without
the following drug treatments

3. SKL group—FDM-treated animals that were subjected
to periocular injections of the Wnt7b/f-catenin signal-
ing pathway activator SKL2001 (8 mM)

4. TEP group—FDM-treated animals that were subjected
to periocular injections of the Wnt7b/f-catenin signal-
ing pathway inhibitor TEP (5 mM)

5. Glu group—FDM-treated animals that were subjected
to periocular injections of the MMP-2 activator
oxidized Glu (20 mg/mL)

6. ARP group—FDM-treated animals that underwent
periocular injections of the MMP-2 inhibitor ARP-100
(5 mM)

In the FDM groups, the right eye (designated FDM-R)
experienced form deprivation for 2 weeks, whereas the
untreated left eye (designated FDM-L) served as an inter-
nal control. In the NC group, the right eye was designated
NC-R, and the left eye was designated NC-L.

Drug stock solutions were prepared according to the
manufacturer’s recommendations. SKL, TEP, and ARP were
initially dissolved in a vehicle containing 10% dimethyl
sulfoxide (DMSO), 40% PEG300, 5% Tween 80, and 45%
sterile saline. Glu was dissolved in sterile PBS. All drugs
were diluted with physiological saline to the final working
concentrations immediately before use. The experimental
groups received a 10-pL periocular injection of the assigned
drug on days 1, 4, 7, 10, and 13 during the deprivation
period, with injections administered between 11:00 AM and
1:00 PM. Injections were administered into the peribulbar
space of the right eye on the temporal side, with a needle
insertion depth of approximately 2 to 3 mm.

Analysis of Refraction and AL

Before FDM induction, baseline ocular parameters, includ-
ing the AL and refractive errors of both eyes, were measured
across all experimental groups. The statistical analysis
revealed no significant differences in any parameter between
the groups (P > 0.05), confirming that the groups were
comparable at the beginning of the study. The refractive
errors of the guinea pigs were measured using an eccentric
infrared photorefractor (Striatech, Tiibingen, Germany).2%-?’
The accompanying software automatically calculates the
refractive error in the vertical meridian. Measurements were
made in a dark room without anesthesia or cycloplegia.
Refractions were recorded when the Purkinje image was
centered in the pupil of the guinea pig, and the pupil diam-
eter and refractive error were relatively stable. Five consec-
utive measurements were recorded for each eye, and the
average value was calculated. The power refractor used in
this study has a manufacturer-specified accuracy of £0.25 D.
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AL measurements were conducted using an A-scan
ultrasound unit (Axis Nano; Quantel Medical, Cournon-
d’Auvergne, France) with modifications to adapt the probe
for guinea pig eyes.?® Specifically, a plastic tube approxi-
mately 8 mm in length and 3 mm in diameter was attached to
the front end of the probe as a stand-off device. The tube was
filled with double-distilled water and sealed with parafilm
(Amcor, Victoria, Australia).

For the measurements, guinea pigs were placed in a
quiet environment, and one or two drops of 0.5% propara-
caine hydrochloride (H20160133; Alcon, Geneva, Switzer-
land) were applied to the cornea for local anesthesia. The
tip of the stand-off tube was pre-moistened with saline and
gently positioned on the apex of the anterior corneal surface,
ensuring perpendicular contact to minimize measurement
errors. The A-scan ultrasound unit operated at a frequency
of 10 MHz, offering a resolution of approximately 0.01 mm.
Each measurement was repeated 10 times, and the mean
value was recorded, with the standard deviation controlled
within 0.1 mm to ensure accuracy and consistency.

Quantitative Real-Time PCR

On day 14 of the experiment, the guinea pigs were humanely
euthanized via an intraperitoneal injection of an overdose
of pentobarbital sodium (150 mg/kg). The eyes were care-
fully dissected, and the scleral tissue was precisely sectioned
along the sagittal plane using the optic nerve as an anatom-
ical reference to ensure unbiased sample allocation. The
optic nerve head (ONH) was excised to prevent potential
confounding influences of its unique structure on down-
stream analyses. The resulting scleral halves were labeled
“left” and “right.” A computer-generated randomization algo-
rithm (the RAND function in Microsoft Excel) was used to
assign each half for either qRT-PCR or WB analysis. The half
designated for qRT-PCR was placed in TRIzol (Life Technolo-
gies, Carlsbad, CA, USA) and homogenized with a cryogenic
grinder. HFSFs were homogenized using ultrasonication in
TRIzol Reagent. The TRIzol Reagent was used to extract RNA
from the sclerae or cells according to the manufacturer’s
guidelines. After the RNA concentration was determined
with a NanoDrop spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA) to be within the 200- to 1000-
ng/pL range, reverse transcription was conducted to synthe-
size cDNA using a reverse transcription kit (R20613; Trans-
Gen Biotech, Beijing, China). With specific primers and
SYBR Green (Q20421; TransGen Biotech), qRT-PCR was
performed on a QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA). With thresh-
old cycle values and the 2724 method, the MMP-2 mRNA
and collagen I mRNA levels were estimated by normaliza-
tion to those of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) mRNA. The Table lists the sequences of the
primers used.

Immunoblot Analysis

The other half of the dissected sclera was homoge-
nized in radioimmunoprecipitation assay (RIPA) lysis buffer
(P105; Beyotime, Jiangsu, China) supplemented with 1/100
protease inhibitor cocktail (P0013B; Beyotime). HFSFs were
homogenized in the same lysis buffer. The homogenates
were subjected to 15 minutes of centrifugation at 12,000g at
4°C to extract the supernatants. Protein concentrations were
measured using an Enhanced BCA protein assay kit (P0010;
Beyotime).
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TaBLe. Primers for qRT-PCR

Gene Forward Primer Reverse Primer
hcollagen I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
hMMP-2 TACAGGATCATTGGCTACACACC GGTCACATCGCTCCAGACT
hGAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
geollagen 1 AAGTCCTCTTCCGCCCATTG TATGCCTTTTGGGGCGACTT
gMMP-2 GGTACCCGTTCGATGGGAAG CCCAGAGTCCACAGCTCATC
8GAPDH TTCTACCCACGGCAAGTTCC CCAGCATCACCCCACTTGAT

Note: “h” represents human and “g” represents guinea pig.

Equal amounts of 15 ug of total protein from HFSFs
or 30 pg of total protein from guinea pig scleral samples
were loaded onto 4% to 20% SurePAGE gels (M00656;
GenScript, Piscataway, NJ, USA), separated by electrophore-
sis, and then blotted onto nitrocellulose membranes (Milli-
poreSigma, Billerica, MA, USA). The membranes were
blocked with 5% nonfat milk (BS102; Biosharp) for 2
hours at room temperature. Afterward, the membranes
were incubated with primary antibodies against collagen
I (ab138492 and ab270993; Abcam,), MMP-2 (ab92536;
Abcam), Wnt7b (ab227607; Abcam), or GAPDH (AF2823;
Beyotime) overnight at 4°C. After three 5-minute washes
with 1x Tris-buffered saline with Tween 20 (TBST, BL315B;
Biosharp), the membranes were incubated with Goat Anti-
Rabbit IgG (H+L)-HRP Conjugate (A0208; Beyotime) for 2
hours at room temperature. The membranes were subjected
to three 5-minute washes with 1x TBST, and a ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA, USA) was used
to visualize the protein bands. ImageJ software was used
to analyze the protein band intensities. For statistical anal-
ysis and normalization, GAPDH was used as an internal
control.

AFM Mechanical Measurements

The mechanical properties of HFSFs and sclerae were
characterized via AFM (MFP-3D; Asylum Research, Santa
Barbara, CA, USA) with a colloidal probe?** The AFM
instrument was attached to an inverted microscope (IX71;
Olympus, Tokyo, Japan) featuring an electron-multiplying
charge-coupled device camera (Ixon3X; Andor Technology,
Belfast, Ireland) for simultaneous recording of mechanical
and optical data. The colloidal probes for measuring the
sclera and HFSFs were composed of glass beads with R =
25 pm and R = 15 pm adhered to the front end of rectangu-
lar cantilevers with elastic constants of 0.3 N/m (NSC35/Pt;
MikroMasch, Sofia, Bulgaria) and 0.09 N/m (NSC36/Pt;
MikroMasch), respectively. A thin coating of poly(L-lysine)-
g-poly(ethylene glycol) (PLL-g-PEG) was deposited on the
colloidal probe before the AFM measurements, which signif-
icantly reduced the surface adherence of the sclera and
the HFSFs to the probe.”® The AFM closed fluid chamber
housed either the sclera or HFSFs at the bottom, with the
AFM cantilever positioned to contact the top surface of the
samples. The force measurements for the sclera were taken
at room temperature (25°C), whereas those for HFSFs were
conducted at 37°C, which was monitored and maintained by
a local temperature controller inside the fluid chamber.
The elastic modulus E for both the sclera and HFSFs
was determined through force indentation measurements
using AFM in contact mode. The indentation force, F(§), was
recorded as a function of indentation § when the AFM probe
was initially pressed down against the sample surface at a

constant loading speed of v = 50 um/s (approach) and then
retracted from the cell surface at the same speed. With 1- to
3-um indentation depths, the approaching curves were fitted
using the Hertz model, F = ﬁERO'SSLS, to calculate E,*’
where v = 0.33 is Poisson’s ratio. The elastic modulus of
the sclera was measured at 20 distinct locations and was
distributed as evenly as possible across the tested region.
These locations included areas 2 to 4 mm proximal to the
ONH margin and extended toward the equatorial zone. Each
location was measured at least three times. Similarly, for each
experimental group of cells, the elastic modulus of at least 20
cells was measured, with each cell subjected to a minimum
of three force indentation measurements.

Statistical Analysis

All of the statistical analyses were carried out with Prism
8.0.2 (GraphPad, Boston, MA, USA). The experimental
results are displayed as mean £+ SEM. The raw data were
processed and graphs were created using GraphPad Prism.
The outliers were identified and removed through the
ROUT method (Q = 1%). Normality was evaluated with the
Shapiro-Wilk test, whereas Levene’s test was used to assess
homogeneity of variance. When the data met the assump-
tions of normality and homogeneity of variance, unpaired
two-sided Student’s #-tests were used to assess differences
between the treated (right) eyes of the two groups. One-
way ANOVA was utilized for comparisons involving three or
more groups. If the above assumptions were not fulfilled,
nonparametric tests were applied (Mann-Whitney U test or
Kruskal-Wallis test). The group sizes were determined via a
power analysis (power = 0.8, alpha = 0.05) using estimated
effect sizes from preliminary data. P < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, **P < 0.001,
P < (0.0001).

REsuULTS

Effects of MMP-2 on the Expression of Collagen I
in HFSFs

Glu is an agonist and ARP is an inhibitor of MMP-2.2>30 We
used a Cell Counting Kit-8 (CCK-8) assay to evaluate their
effects. Both Glu and ARP had concentration-dependent
cytotoxic effects on HFSFs, with half-maximal inhibitory
concentration (ICsy) values of 2.447 mg/mL and 13.86 nM at
24 hours, respectively (Supplementary Figs. S1, S2). The fluo-
rescence intensity of MMP-2 was also significantly increased
in the HFSFs treated with Glu, as visualized by IF staining,
but it was notably decreased in the HFSFs treated with ARP.
The fluorescence intensity of MMP-2 in the HFSFs treated
with Glu was 2.09 times greater than that in the HFSFs
treated with ARP (Figs. 1A, 1B). Additionally, the MMP-2
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Figure 1. MMP-2 promotes the degradation of collagen I in HFSFs. (A, B) Representative images of IF staining and the corresponding
relative IF intensity of MMP-2 in HFSFs treated with Glu, ARP, or PBS for 24 hours. Blue indicates DAPI; red, MMP-2. Scale bar: 50 pm.
(C) The mRNA levels of MMP-2 in the HFSFs treated with Glu, ARP, or PBS for 24 hours were measured via qRT-PCR. GAPDH was used
as an internal control. (D, E) Representative images of IF staining and the relative IF intensity of collagen I in HFSFs treated with Glu,
ARP, or PBS for 24 hours. Blue indicates DAPI; green, collagen I. Scale bar: 50 nm. (F) The mRNA levels of collagen I in the HFSFs treated
with Glu, ARP, or PBS for 24 hours were measured via qRT-PCR. GAPDH was used as an internal control. (G-I) WB analysis of MMP-2
and collagen I expression in HFSFs following treatment with ARP, Glu, or PBS for 24 hours. The data are presented as mean £+ SEM. The
statistical significance of differences between the two groups was calculated via one-way ANOVA. *P < 0.05, **P < 0.001, ***P < 0.0001.




Investigative Ophthalmology & Visual Science

Role of Wnt7b/B-Catenin/MMP-2 Pathway in Myopia

mRNA level in the HFSFs treated with Glu was 2.46 times
greater than that in the ARP-treated HFSFs (Fig. 1C). These
results confirmed that Glu and ARP can regulate MMP-2
expression in HFSFs.

We evaluated collagen I expression in HFSFs by manip-
ulating MMP-2 levels to investigate the potential effect on
collagen I regulation. Initially, IF analysis revealed a notable
increase in collagen I fluorescence intensity in the HFSFs
treated with ARP, whereas a reduction in collagen I fluo-
rescence intensity was found in the HFSFs treated with
Glu (Figs. 1D, 1E). Additionally, qRT-PCR revealed a 3.48-
fold increase in collagen I transcript levels in the HFSFs
treated with ARP compared with those in the HFSFs treated
with Glu (Fig. 1F). Moreover, WB analysis revealed a link
between elevated MMP-2 levels and decreased collagen
I levels (Fig. 1G). Specifically, the MMP-2 protein level
increased by 6.6-fold, whereas the collagen I level decreased
by 30% in the HFSFs treated with Glu compared with those
treated with ARP (Figs. 1H, 1D). In summary, these find-
ings indicate that MMP-2 promotes collagen I degradation in
HFSFs.

Effects of the Wnt7b/f-Catenin Signaling Pathway
on the Expression of MMP-2 and Collagen I in
HFSFs

SKL is an agonist and TEP is an inhibitor of the Wnt7b/g8-
catenin signaling pathway,?!*? with ICs, values of 71.38 uM
and 50.07 pM, respectively, in HFSFs after 24 hours of treat-
ment, as shown by CCK-8 assays. These ICs, values were
subsequently applied as treatment concentrations in the cell-
based experiments (Supplementary Figs. S1, S2). Wnt7b is a
hallmark of Wnt7b/g-catenin signaling pathway activation.*?
The effects of SKL and TEP on the expression of Wnt7b
were then explored via WB analysis (Fig. 2A). We found a
notable 1.5-fold increase in Wnt7b expression in the HFSFs
treated with SKL compared with the HFSFs treated with PBS.
Conversely, treatment with TEP resulted in a 63% reduction
in Wnt7b levels in the HFSFs compared with those in the
PBS-treated cells (Fig. 2B). These findings confirm that SKL
and TEP can modulate the activation of the Wnt7b/-catenin
signaling pathway in HFSFs.

Next, we elucidated the underlying associations between
the activation of the Wnt7b/S-catenin signaling pathway and
the expression of MMP-2 and collagen I. We directly quan-
tified the expression of MMP-2 and collagen I after manip-
ulating the activity of the Wnt7b/S-catenin signaling path-
way. WB analysis revealed a 1.21-fold increase in MMP-2
expression and a 12% decrease in collagen I levels in the
HFSFs subjected to SKL treatment compared with those in
the HFSFs treated with PBS. Conversely, the TEP-treated cells
exhibited a 73% reduction in MMP-2 expression but a 3.23-
fold increase in collagen I expression (Fig. 2B). IF exper-
iments further revealed that MMP-2 expression increased
but collagen I expression decreased in the HFSFs treated
with SKL and that MMP-2 expression decreased but colla-
gen 1 expression increased in the HFSFs treated with TEP
(Figs. 2C-2F). Moreover, qRT-PCR revealed that the expres-
sion of the MMP-2 transcript increased 3.08-fold and that of
collagen I decreased 4.27-fold in the HFSFs treated with SKL
compared with those treated with TEP (Fig. 2G). These find-
ings indicate that activation of the Wnt7b/gB-catenin signal-
ing pathway results in the upregulation of MMP-2 and a
reduction in collagen I expression.
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Effects of the Wnt7b/f-Catenin Signaling Pathway
or MMP-2 on the Elastic Modulus of HFSFs

Because the elastic modulus is an essential indicator of
mechanical properties and is closely related to the physi-
ological activity and health of cells,*">* we used AFM with
a colloidal probe to measure the elastic modulus of HFSFs
(Figs. 3A, 3B). The elastic modulus of the HFSFs treated with
TEP was 3.14 times greater than that of the HFSFs treated
with SKL. Moreover, the elastic modulus of the HFSFs treated
with ARP was 1.38 times greater than that of the HFSFs
treated with Glu (Fig. 3C). The results indicate that both the
activation of the Wnt7b/f-catenin signaling pathway and the
upregulation of MMP-2 increased the degradation of colla-
gen | and reduced the elastic modulus of HFSFs.

Effects of MMP-2 on Refraction and the AL of
Guinea Pigs With FDM

An FDM guinea pig model was generated to further study the
roles of MMP-2 and the Wnt7b/f-catenin signaling pathway
in the development of myopia (Fig. 4A).'° First, the refrac-
tive error of the FDM-R group became relatively myopic by
approximately —2.64 D, whereas the refractive errors of the
NC-R group remained relatively constant. Second, the AL
elongation in the FDM-R eyes was 4.2 times greater than that
in the NC-R eyes (Figs. 4B, 4C), indicating successful form
deprivation in the guinea pig eyes. Additionally, the scle-
ral expression of the MMP-2 protein in the untreated FDM
group was increased by approximately 79.29% compared
with that in the NC group, whereas collagen I protein
expression was decreased by approximately 31.48% in the
untreated FDM group compared with that in the NC group
(Figs. 4D-4F). These findings suggest that form-deprivation
myopia results in the upregulation of MMP-2 expression and
the downregulation of collagen I expression in the sclera.
Glu or ARP was administered via peribulbar injection
to the FD eyes of guinea pigs on days 1, 4, 7, 10, and 13
to determine how MMP-2 expression influences the sever-
ity of myopia. Western blot analysis revealed that MMP-2
protein expression in the Glu-treated group was approxi-
mately 1.48-fold higher than that in the ARP-treated group
and 1.20-fold higher than that in the untreated FDM group,
whereas MMP-2 protein expression in the ARP-treated group
was approximately 0.82-fold of that in the untreated FDM
group (Figs. 4D, 4E).These results indicate that both Glu
and ARP altered MMP-2 expression in the sclera of the
FDM-affected guinea pigs. Additionally, the MMP-2 mRNA
levels in the Glu-injected guinea pigs were 7.37 times greater
than those in the ARP-treated guinea pigs and 1.53 times
greater than those in the untreated guinea pigs with FDM,
whereas the MMP-2 mRNA level in the ARP-treated guinea
pigs was approximately 0.21 times that in the untreated
guinea pigs in the FDM group (Fig. 4G). Similarly, collagen
I mRNA expression in the Glu-treated group was approx-
imately 0.28 times that in the ARP-treated group and 0.39
times that in the untreated FDM group, with collagen I
mRNA levels in the ARP-treated group being approximately
1.36 times greater than those in the untreated FDM group
(Fig. 4G). These results suggest that both the activation and
inhibition of MMP-2 significantly influence the progression
of form-deprivation myopia. Furthermore, we found a close
correlation between increased scleral MMP-2 expression and
decreased collagen I expression during myopia develop-
ment. Additionally, the WB and qRT-PCR results indicate that
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Ficure 2. Effects of the Wnt7b/S-catenin signaling pathway on the expression of MMP-2 and the metabolism of collagen I in HFSFs. (A) The
expression of Wnt7b, MMP-2, and collagen I in the HFSFs treated with TEP, SKL, or PBS was determined by WB analysis. (B) Densitometric
quantification of the WB results for Wnt7b, MMP-2, and collagen I. (C) The protein expression levels of MMP-2 in the HFSFs treated with
TEP, SKL, or PBS were determined by IF staining. Blue indicates DAPI; red, MMP-2. Scale bar: 50 pm. (D) The protein expression levels of
collagen I in the HFSFs treated with TEP, SKL, or PBS were determined by IF staining. Blue indicates DAPI; green, collagen 1. Scale bar: 50
pm. (E) Relative IF intensity of MMP-2. (F) Relative IF intensity collagen I. (G) The mRNA levels of MMP-2 and collagen I were analyzed by
qRT-PCR with specific primers. GAPDH was used as an internal control. The data are presented as mean £ SEM. The statistical significance
of differences between two groups was calculated via one-way ANOVA. **P < 0.01, **P < 0.001, ***P < 0.0001.
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Ficure 3. The Wnt7b/p-catenin signaling pathway influences the elastic modulus (E) of HFSFs. (A) Real-time top view of the AFM measure-
ment of HFSFs. (B) Schematic diagram of AFM measurements of the elastic modulus of HFSFs using colloidal probes. (C) Statistical analysis
of the elastic modulus of HFSFs in the SKL, TEP, Glu, ARP, and PBS groups. The data are presented as mean + SEM. The statistical significance
of differences between the two groups was calculated via one-way ANOVA. *P < 0.05 and ****P < 0.0001.

the upregulation of MMP-2 and downregulation of collagen I
induced by form deprivation, compared with those in the NC
group, are difficult to reverse with MMP-2 inhibitors alone.

Compared with the guinea pigs injected with ARP, the
guinea pigs injected with Glu presented a 1.76-fold increase
in relative myopia, along with a 1.78-fold increase in AL
(Figs. 4H, 4D). These results suggest that MMP-2 is involved
in the development of myopia by promoting the degrada-
tion of collagen I and thereby axial ocular elongation and a
myopic shift in refractive error.

Effects of the Wnt7b/g-Catenin Signaling Pathway
on Refraction and the AL of Guinea Pigs With
FDM

We manipulated the activation of the Wnt7b/g-catenin path-
way in the sclera of guinea pigs with FDM and subse-
quently measured the MMP-2 and collagen I expression
levels to determine whether the Wnt7b/B-catenin signal-
ing pathway influences myopia development by regulating
MMP-2 expression in myopic eyes. WB analysis revealed that
the scleral Wnt7b protein level in the SKL-treated guinea pigs
was 2.53 times greater than that in the guinea pigs treated
with TEP and 1.38 times greater than that in the untreated
guinea pigs with FDM. Scleral Wnt7b protein levels in the
untreated guinea pigs with FDM were 1.83 times higher than
those in the guinea pigs injected with TEP (Figs. 5A-5C).
Furthermore, WB analysis revealed that the scleral MMP-2
protein level in the SKL-treated guinea pigs was 3.35 times
greater than that in the guinea pigs treated with TEP and
1.54 times greater than that in untreated guinea pigs with
FDM. The MMP-2 protein level in the untreated FDM group
was 2.17 times greater than that in the TEP group (Figs.
5A, 5C). However, scleral collagen I protein levels in the
TEP-treated guinea pigs were 1.9 times greater than those
in the SKL-treated guinea pigs and 1.2 times greater than
those in the untreated guinea pigs with FDM. The collagen
I protein level in the untreated guinea pigs with FDM was
1.57 times greater than that in the SKL-treated guinea pigs
(Figs. 5A, 50). Consistent with the WB results, scleral MMP-2
mRNA levels in the SKL-treated guinea pigs were 2.35 times
greater than those in the TEP-treated guinea pigs and 1.66
times greater than those in the untreated guinea pigs with

FDM. The MMP-2 mRNA level in the untreated guinea pigs
with FDM was 1.42 times greater than that in the TEP-treated
guinea pigs. Additionally, scleral collagen I mRNA levels in
the TEP-treated guinea pigs were 2.38 times greater than
those in the SKL-treated guinea pigs and 1.51 times greater
than those in the untreated guinea pigs with FDM. Collagen I
mRNA levels in the untreated guinea pigs in the FDM group
were 1.59 times higher than those in the SKL-treated guinea
pigs (Fig. 5D).

These findings suggest that Wnt7b/p-catenin signaling
promotes the degradation of collagen I in the sclera by
upregulating MMP-2 expression, thus contributing to scleral
remodeling in guinea pigs. However, both the WB and qRT-
PCR results indicate that inhibitors of the Wnt7b/B-catenin
signaling pathway could not fully inhibit the upregulation
of MMP-2 and the downregulation of collagen I associated
with form-deprivation myopia compared with the levels in
the NCs.

Finally, refraction and AL measurements indicated that,
compared with the TEP-treated guinea pigs, the SKL-treated
guinea pigs exhibited refractive errors that were 1.85 times
greater and ALs that were 1.62 times longer (Figs. 5E, 5F).
These results indicate that activation of the Wnt7b/g-catenin
signaling pathway induces increased myopic shifts in refrac-
tive error.

Effects of the Wnt7b/p-Catenin Signaling Pathway
or MMP-2 on the Elastic Modulus of the Sclera in
Guinea Pigs With FDM

We evaluated the mechanical properties of the scleras of
myopic eyes using AFM with a colloidal probe to measure
the scleral elastic modulus (Figs. 6A, 6B). The results
revealed a significant reduction in the scleral elastic modu-
lus across all five FDM groups after the development of
myopia compared with that in the NC group, indicating that
myopia reduced scleral stiffness (Fig. 6C). Among the five
FDM groups, the scleral elastic modulus of the guinea pigs
injected with TEP was 3.48 times greater than that of the
guinea pigs injected with SKL and 1.49 times greater than
that of the untreated guinea pigs with FDM. Furthermore,
compared with the SKL group, the untreated FDM group
presented a 2.20-fold greater elastic modulus. Similarly, the
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scleral elastic modulus in the guinea pigs injected with ARP
was 2.47 times greater than that in the Glu-treated group
and 1.43 times greater than that in the untreated guinea
pigs with FDM, with the modulus in the untreated FDM
group being 1.73-fold greater than that in the Glu-treated
group (Fig. 6C). These findings indicate that, during scle-
ral remodeling in myopia, activation of the Wnt7b/S-catenin
signaling pathway and upregulation of MMP-2 expression
substantially decrease the scleral elastic modulus, thus facil-
itating myopia progression. Conversely, inhibiting Wnt7b/-
catenin signaling or downregulating MMP-2 expression
attenuates this effect, potentially slowing the progression of
myopia.

Discussion
Role of MMP-2 in Collagen I Degradation

Previous reports have shown that MMP-2 disrupts the
balance between ECM production and degradation in the
sclera, thereby inducing scleral remodeling during the devel-
opment of myopia.'?35:3% Collagen I is the main component
of the scleral ECM. MMP-2 plays a key role in the degradation
of collagen I in the sclera.?* Previous experimental myopia
models have shown that elevated MMP-2 expression in the
sclera accelerates collagen I degradation.'® In our current
study, upregulation of MMP-2 expression in HFSFs not only
led to a reduction in collagen I levels but also decreased
the elastic modulus. This finding is consistent with previous
findings by Wu et al.,'® who reported a similar relationship
between MMP-2 and collagen I in related cell and animal
models. In guinea pigs with FDM, the upregulation of MMP-
2 expression leads to a decrease in collagen I and the elas-
tic modulus in the sclera, resulting in axial elongation and
myopic shift. These results confirm that MMP-2 can mediate
collagen I degradation and promote scleral remodeling and
the development of myopia. Because collagen proteins are
integral to the structure and biomechanical properties of the
sclera,” the reduction in total scleral collagen, together with
the altered morphology and arrangement of collagen fibers,
leads to a decrease in scleral stiffness, with increased axial
elongation and myopic shifts in refractive error being the in
vivo expression of the same ?*2>

Regulatory Role of the Wnt7b/B-Catenin Signaling
Pathway in Myopia

The Wnt/B-catenin signaling pathway has been reported
to play an important role in the development of myopia.
Multiple studies, including those that explored this path-
way in human samples,!” those that investigated the molec-
ular mechanisms in animal models,'®¥’ and those that
focused on genetic aspects, have provided evidence for this
role. Wnt7b, a critical ligand in the Wnt/p-catenin signal-
ing pathway, is closely associated with high myopia.l?-38:3°
The Wnt/B-catenin pathway consists of extracellular signals,
membrane segments, cytoplasmic segments, and nuclear
segments. Matrix metalloproteinases have been identified as
downstream target genes of the nuclear segment.”* Among
the matrix metalloproteinase family, MMP-2 is strongly
associated with the development of myopia.i!~# In this
study, we found that the activation or inhibition of the
Wnt7b/B-catenin signaling pathway significantly upregu-
lated or downregulated the expression of MMP-2 in HFSFs,
respectively. This change in MMP-2 expression promoted
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or inhibited the degradation of collagen I, thereby caus-
ing changes in the elastic modulus of HFSFs. In the FDM
model of guinea pigs, activation of the Wnt7b/B-catenin
pathway in the sclera resulted in the upregulation of MMP-
2 expression. This upregulation led to accelerated colla-
gen I degradation and reduced scleral stiffness. As a result,
axial elongation and myopia progression both increased.
Conversely, when the Wnt7b/p-catenin pathway was inhib-
ited, the expression of MMP-2 was downregulated, colla-
gen I degradation was reduced, and scleral stiffness was
increased. Thus, the progression of myopia has slowed.
These results highlight the critical role of the Wnt7b/g-
catenin signaling pathway in modulating scleral biome-
chanics during myopia development. Scleral remodeling
is a dynamic process involving continuous synthesis and
degradation of the ECM.** During normal eye develop-
ment, ECM accumulation and collagen I synthesis contribute
to increased scleral stiffness, which helps maintain struc-
tural integrity and refractive error stability during puberty
and early adulthood.?> Our findings suggest that activa-
tion of the Wnt7b/S-catenin pathway accelerates collagen I
degradation, which reduces scleral stiffness and promotes
abnormal scleral remodeling in myopic eyes, leading to
increased axial elongation and further myopia progression.
Thus, our results confirm that Wnt7b/f-catenin signaling
regulates scleral remodeling by modulating MMP-2 expres-
sion and collagen I degradation, contributing to myopia
progression.

Crucial Role of Biomechanics of HFSFs and the
Sclera During Myopia Progression

Scleral fibroblasts are the primary cellular component of
the sclera. These cells maintain the physiological function,
chemical composition, and biomechanical properties of the
sclera via the secretion of collagen. Collagen I provides
major structural support in the sclera, thereby maintain-
ing its biomechanical integrity.* Scleral properties are influ-
enced by three primary factors: the activity of scleral fibrob-
lasts,”> the structural characteristics of the sclera (includ-
ing its thickness, stiffness, and collagen content),” and its
hydration levels, which are regulated by glycosaminogly-
cans in the ECM.° Research has shown a close correlation
between the elastic moduli of biological tissues and cells and
their physiological activities and health status. If the sclera is
modeled as a simple pressure vessel, its deformation during
the development of myopia will be inversely proportional
to its elastic modulus.>* Multiple studies have demonstrated
that imbalances in the upregulation and downregulation of
MMP-2 lead to alterations in the biomechanical character-
istics of the sclera,~% and the content and arrangement
of scleral collagen determine the biomechanical properties
of the sclera.?>%% In this study, we investigated the role
of the Wnt7b/f-catenin signaling pathway in regulating the
elastic modulus of the sclera during myopia progression. We
found that FDM was linked to the activation of the Wnt7b/S-
catenin signaling pathway, which promoted MMP-2 expres-
sion, reduced collagen I content, and decreased scleral stiff-
ness. Scleral stiffness is primarily determined by its structure.
The stiffness of the sclera is predominantly dictated by its
collagen-dense extracellular matrix. During the development
of myopia, collagen degradation results in scleral thinning,
which not only compromises its structural integrity but also
reduces it biomechanical resistance, leading to increases eye
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elongation.>® These scleral changes may lead to the estab-
lishment of a pathological feedback loop that accelerates
myopia progression.

Limitations and Future Perspectives

On the basis of our findings, we propose that FDM activates
the Wnt7b/p-catenin signaling pathway in the sclera. This
activation upregulates the downstream target gene MMP-2,
promoting collagen I degradation and progression of
myopia. This process reduces the content of scleral collagen
proteins and fibers, leading to decreased scleral stiffness,
increased axial elongation, and further myopia progression.
Although our study has provided valuable insights, it still has
limitations. First, although we have demonstrated that the
Wnt7b/B-catenin pathway regulates MMP-2-mediated colla-
gen I degradation during the progression of myopia, further
investigations are required to elucidate the direct role of
this pathway in regulating collagen expression in normal
eyes.”'~>% Second, the pharmacological inhibitors used in
this study cannot completely block the effects of Wnt7b/8-
catenin signaling and MMP-2 on downstream pathways.
Conditional gene knockout models or gene-editing tech-
niques would provide stronger evidence for our conclusions.
Finally, the refraction and axial length were only measured
at baseline and at 2 weeks after treatment, but additional
measurements during the 2-week treatment period could
potentially offer insights into the onset of the drug treat-
ments.

CONCLUSIONS

In conclusion, our research confirmed that MMP-2 and the
Wnt7b/B-catenin signaling pathway are crucial regulators of
scleral ECM remodeling during myopia development. The
activation of the Wnt7b/B-catenin pathway during myopia
increases the expression of MMP-2, its downstream target
gene, facilitating collagen I degradation. This process results
in a decrease in the scleral collagen content and stiff-
ness which in turn promotes axial ocular elongation and
contributes to a myopic shift in refractive error. In addi-
tion to offering deeper insights into the mechanisms under-
lying myopia-related eye enlargement, our findings identi-
fied potential gene targets for further exploration in myopia
treatment.
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