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Scleral remodeling during myopia 2
development in mice eyes: a potential role
of thrombospondin-1
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Abstract

Background Scleral extracellular matrix (ECM) remodeling plays a crucial role in the development of myopia,
particularly in ocular axial elongation. Thrombospondin-1 (THBS1), also known as TSP-1, is a significant cellular protein
involved in matrix remodeling in various tissues. However, the specific role of THBS1 in myopia development remains
unclear.

Method We employed the HumanNet database to predict genes related to myopic sclera remodeling, followed by
screening and visualization of the predicted genes using bioinformatics tools. To investigate the potential target gene
Thbs1, we utilized lens-induced myopia models in male C57BL/6J mice and performed Western blot analysis to detect
the expression level of scleral THBS1 during myopia development. Additionally, we evaluated the effects of scleral
THBS1 knockdown on myopia development through AAV sub-Tenon'’s injection. The refractive status and axial length
were measured using a refractometer and SD-OCT system.

Results During lens-induced myopia, THBS1 protein expression in the sclera was downregulated, particularly in the
early stages of myopia induction. Moreover, the mice in the THBS1 knockdown group exhibited alterations in myopia
development in both refraction and axial length changed compared to the control group. Western blotting analysis
confirmed the effectiveness of AAV-mediated knockdown, demonstrating a decrease in COLAT expression and an
increase in MMP9 levels in the sclera.

Conclusion Our findings indicate that sclera THBS1 levels decreased during myopia development and subsequent
THBS1 knockdown showed a decrease in scleral COLAT expression. Taken together, these results suggest that THBST
plays a role in maintaining the homeostasis of scleral extracellular matrix, and the reduction of THBS1 may promote
the remodeling process and then affect ocular axial elongation during myopia progression.
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Introduction

Myopia, commonly known as nearsightedness, is a
refractive error that impairs clear vision of distant objects
(Baird et al. 2020). Over the past half-century, the global
prevalence of myopia has significantly increased (Holden
et al. 2016). Furthermore, it is expected that nearly
10 million individuals will have high myopia, which is
defined as a refractive error exceeding —6.00 diopters
(Sankaridurg et al. 2021). High myopia is associated with
a higher susceptibility to retinal abnormalities and visual
impairment, including conditions such as retinal detach-
ment, cataracts, glaucoma, and myopic maculopathy.
The progression of myopia is believed to involve extra-
cellular matrix (ECM) remodeling of the sclera, leading
to irreversible deformation and axial elongation of the
eye (Harper and Summers 2015). However, the precise
mechanisms underlying the onset and development of
ECM remodeling and axial elongation in myopia remain
unclear.

Numerous studies have explored the relationship
between scleral ECM genes and myopia. Collagen genes,
tissue inhibitors of metalloproteinases (TIMPs), and
matrix metalloproteinases (MMPs), which regulate the
degradation of collagen and other ECM components,
have garnered significant attention in myopia research
(Yang et al. 2009; Jia et al. 2017). Nevertheless, despite
the identification of approximately 1027 ECM-related
genes in humans, the exact function of scleral ECM in
myopia development requires further investigation (Naba
et al. 2012). Bioinformatics tools enable researchers to
discover potential functional genes by combining large
amounts of existing data and have been widely used in
ophthalmology research fields including ECM and myo-
pia (Mei et al. 2017; Hu et al. 2021; Mo et al. 2021). The
development of new bioinformatics tools and databases
brings more possibilities for finding genes related to
myopic sclera remodeling.

Thbsi, also known as Tspl, is a critical extracellu-
lar matrix protein that mediates ECM remodeling and
enhances ECM homeostasis (Rosini et al. 2018). Pre-
vious studies have demonstrated a decreased expres-
sion of THBS1 during the development of myopia in a
lens-induced myopia model, suggesting its involvement
in scleral ECM remodeling (Gao et al. 2011; Guo et al.
2013, 2014). But the role of THBS1 in scleral remodeling
remains to be investigated. Here, we reported that that
lens-induced mouse myopia (LIM) induced the downreg-
ulation of scleral THBS1, thereby confirming its poten-
tial role in mediating scleral ECM remodeling and ocular
axial elongation in mice.
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Materials and methods

Prediction of myopia-associated ECM genes

To predict myopia-associated ECM genes, previously
reported genes were identified through a literature
review and the Consortium of Refractive Error and Myo-
pia (CREAM) report, serving as guide genes (Haarman
et al. 2021). These guide genes were used to search for
novel candidate genes by leveraging the direct linkages
of HumanNet V3, an integrated network of human genes
for disease studies based on supervised machine learning
techniques (Kim et al. 2022). For the inference algorithm
model, we selected HumanNet-XC, which incorporates
advanced models such as co-functional links, co-citation,
co-expression, pathway database, domain profile asso-
ciation, genetic interaction, gene neighborhood, phyloge-
netic profile association, and protein-protein interaction
(PPI) network predictions. HumanNet-XC has connected
18,462 genes with 1,125,494 connections, enabling
researchers to gain a comprehensive understanding of
complex biological processes and identify potential dis-
ease-related genes. To assess the discriminative power of
gene prediction, we performed Area under the Receiver
Operating Characteristic Curve (AUROC) analysis which
was based on HumanNet database and exported the top
5% ranked potential genes for further analysis. AUROC
represents the prediction power of candidate genes in top
ranks.

Functional enrichment analysis and validation of hub
genes

To validate the association of the gene list with myopic
scleral matrix remodeling again, we performed Reac-
tome pathway and functional enrichment analyses using
g: Profiler and visualization tools based on the R plat-
form’s clusterProfiler package (Raudvere et al. 2019; Li et
al. 2022). The gene list obtained from the inference algo-
rithm was imported into the Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING), a database that
combines known and predicted protein-protein inter-
actions (Szklarczyk et al. 2021). STRING incorporates
direct and indirect associations derived from computa-
tional prediction, knowledge transfer between organ-
isms, and aggregation from other primary databases. We
exported the PPI network as a TSV document and recon-
structed it using Cytoscape software (Kohl et al. 2011). To
rank the nodes in the predicted myopia ECM network,
we utilized the cytoHubba plugin in Cytoscape, which
combines multiple algorithms to determine the impor-
tance of nodes in the overall network (Chin et al. 2014).
Based on previous literature reports, we employed the
Maximal Clique Centrality (MCC) algorithm, which has
demonstrated better accuracy performance among the
11 algorithms available in cytoHubba, to sort the poten-
tial hub genes (Chin et al. 2014). In this network, nodes
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with higher MCC algorithm scores have higher centrality.
The centrality of each node was represented by shades of
color, with darker colors indicating higher values.

Animal administration

Male C57BL6]J mice were housed in a controlled envi-
ronment consisting of standard transparent cages main-
tained at a temperature of 24+2 °C and a humidity range
of 40—60%. The mice were kept in a clean room operating
on a 12-hour light-dark cycle. During the entire experi-
mental period, the mice were provided ad libitum access
to a standard rodent diet and water.

Ethical approval for all animal experiments conducted
in this study was obtained from the Animal Experimen-
tal Committee of Keio University (A2022-242). The study
adhered to the Institutional Guidelines on Animal Exper-
imentation at Keio University, the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research,
and the Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) guidelines for the use of animals in
research.

Establishment of LIM and measurement of ocular
biometric characteristics in mice

According to previous reports by our laboratory, mon-
ocular LIM was induced in mice (Jiang et al. 2018). The
left side of the glasses used in this study was affixed with
a 0D lens as an internal control, and the right side of the
glasses was affixed with a -30D lens (Fig. 1).

Fellow eye
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The glasses were removed and washed at least twice
a week. Ocular biometric characteristics, including the
refractive state measured using an infrared photorefrac-
tor (Steinbeis Transfer Center) and axial length (AL) and
choroid thickness analyzed using an SD-OCT system
(Envisu R4310, Leica) designed for mice, were measured
according to previous reports.

In this study, a time-course LIM operation was per-
formed on male wildtype C57BL/6] mice at 3 weeks of
age for durations of 2 days, 5 days, 8 days, and 24 days.
3-week-old male C57BL/6 mice (n=20) were randomly
divided into 4 groups of different durations of LIM.

AAV-based CRISPR/Cas9 system for THBS1 disruption in
mouse sclera

SaCas9 or guide RNA (Supplementary Table T2) against
THBS1 expression cassettes were constructed and pack-
aged into AAV-DJ vectors (titer>1.0E+13 GC/ml) by
Vector Builder as described in previous reports (Ikeda
et al. 2022; Zhao et al. 2018). The mice were randomly
assigned to three groups: a sham-operation group (anaes-
thetized and had a ‘dry’ needle inserted with no injec-
tion), a group injected with scramble guide RNA, and
a group injected with gThbsl. A 1:1 mixture of AAV-
packaged SaCas9 and guide RNA was injected into mice
following anesthesia and the application of Scopisol to
prevent reflux. Subtenon’s injections were administered
at two locations around each eye, spaced 180 degrees
apart (while avoiding blood vessels) as previous reported

Lens induced myopia eye

(OD/Left eye)

Lens protector

(-30D/Right eye)

Fixtures

24

LIM

Duration (days)

Fig. 1 Construction of lens-induced myopia (LIM) mice models. Monocular LIM was induced by -30D lens attached in the right eyes while 0D lens with
left eyes as the internal control. The time course of LIM started from three-week-old mice and lasted 2 days, 5 days, 8 days and 24 days
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(Supplementary Figure S1) (Ikeda et al. 2022; Zhao et al.
2018). A 33 G needle was used for the injections, and the
eyes were covered with 0.2% polyacrylic acid for the 3
days following the injection.

To evaluate the efficacy of subtenon’s AAV injection
for gene transfer into scleral tissue, the expression of
green fluorescent protein (GFP) in sclera flat mounts
was checked 28 days after AAV-DJ-GFP or AAV-DJ-
Vector injection using a Keyence BZ-800 fluorescence
microscope.

Western blotting

After administering anesthesia, mice were euthanized,
and two sclera samples were extracted from each mouse.
Subsequently, the two sclera samples obtained from a
single mouse were pooled to create a unified sample.
Each lane of western blot corresponded to a different
independent sample. Sclera samples were homogenized
in RIPA buffer supplemented with Halt protease inhibitor
cocktail (ThermoFisher Scientific, USA). Protein concen-
tration was determined using the BCA protein assay, and
samples were adjusted with Laemmli sample buffer (Nac-
alai Tesque, Japan). The protein extracts were separated
by SDS-PAGE, transferred to PVDF membranes (Merck
Millipore, MA, USA), and blocked with Blocking One
(Nacalai Tesque, Japan). Membranes were then incu-
bated overnight at 4 °C with specific antibodies, followed
by incubation with corresponding secondary antibod-
ies. Visualization was performed using SuperSignal West
Femto Maximum Substrate (Thermo Fisher Scientific,
USA). SDS-PAGE was conducted on 10% acrylamide
gels with protein size markers (MagicMark XP Western
Protein Standard, Thermo Fisher Scientific, USA). The
primary and secondary antibodies used for western blot
were listed as follows: THBS1 (1:1000 dilution, Invitro-
gen, #39-9300), COL1A1 (1:1000 dilution, Cell Signal-
ing Technologies, #84,336), LRP1 (1:1000 dilution, Cell
Signaling Technologies, #64,099), TGFB1 (1:1000 dilu-
tion, Abcam, ab179695), MMP9 (1:1000 dilution, Abcam,
ab228402), a-SMA (1:100 dilution, Invitrogen, #14-9760-
82), and B-ACTIN (1:5000 dilution, Cell Signaling Tech-
nologies, #3700).

Statistical analysis

To determine the statistical significance of comparisons,
independent sample t-tests (Fig. 4) and analysis of vari-
ance (ANOVA) with Tukey post hoc test (Figs. 5 and 6)

Table 1 Previous reported myopia associated ECM genes
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were performed individually using GraphPad Prism 9.
Figures 4, 5 and 6 are average of experiments and Fig. 7
is representative or of experiments. Choroidal thickness
and histogram analysis of Western blot were conducted
using Image ] (version 1.53t; NIH). A significance level of
P-value<0.05 was considered statistically significant.

Results

ECM genes predicted by inference algorithm model

We obtained 44 previous reported myopia-associated
ECM genes from literature review and CREAM report
as guide genes (Table 1). The HumanNet database cre-
ates null models by generating 10,000 random gene sets
of equivalent size to assess the statistical significance of
the observed AUROC score. The ROC analysis resulted
in an AUROC=0.9424, indicating that the prediction of
HumanNet V3 has excellent resolution ability (Supple-
mentary Figure S2). The initial list was arranged accord-
ing to the order presented in Supplementary Table 1,
which was scored by the dtabase. A total of 3002 genes
were predicted and ranked based on their scores, and the
top 5% genes were selected for further analysis with simi-
lar strategies employed in previous studies (Taneera et al.
2012; Stokes and Visweswaran 2012).

Functional enrichment analysis of ECM genes

To analyze the functional characteristics of the ECM
genes, we performed Reactome pathway analysis and
Gene Ontology annotation using the g: Profile database
and visualization tools based on the R platform. Nine-
teen Reactome pathways were significantly enriched
with P=1.0E-20 as the cutoff. Among them, the top
three Reactome pathways were “Extracellular matrix
organization, P=2.203E-169’, “Degradation of the extra-
cellular matrix, P=3.647E-79” and “Collagen forma-
tion, P=2.866E-73". The top three terms under Gene
Ontology Biological Process were “extracellular matrix
organization, P=2.875E-120", “extracellular structure
organization, P=2.875E-22” and “external encapsulating
structure organization, P=5.749E-22". At the same time,
gene ontology molecular function (MF) and cellular com-
ponent (CC) analyses were also performed (see details
of top 10 terms of each analysis in Fig. 2). These results
demonstrate a strong correlation between the predicted
gene list and the composition, homeostasis, and remod-
eling of the ECM matrix, further confirming the discrim-
inative power of the prediction tool by HumanNet V3.

Guide genes

ADAMTS2, ADAMTS10, ADAMTS17, ADAMTS18, ADAMTSLT, ADAMTSL4, BMP2, BMP3, BMP4, BMP6, CCL4, COL2AT, COL4A1, COL4A3, COL4AS,
COL5AT, COL6AT, COL8AT, COL9AT, COL9A2, COL10AT, COLT1AT, EFEMPT, FBNT, FBN2, GPC5, GPC6, IFNBT, IL23A, KAZALD1, LAMA2, LTBP2, NRGT,
PLOD1, PLOD3, PZP, RSPO1, SEMA3D, SEMAA4F, TNFSF12, TNFSF13, VCAN, WNT7B.

The list contained 44 previous reported myopia associated ECM genes, obtained from literature review and CREAM report.




Chen et al. Molecular Medicine (2024) 30:25 Page 5 of 11

Enriched REAC pathways

Extracellular matrix organization (il

Degradation of the extracellular matrix ([l

Collagen formation [l

Collagen biosynthesis and modifying enzymes )
Collagen degradation

ECM proteoglycans ()

Collagen chain trimerization ()

intersection size -log10 (adjusted P-value)

Assembly of collagen fibrils and other multimeric structures [
Integrin cell surface interactions ([l

Laminin interactions [l

B
innsh L
T _
il orgarizon
enraceivdar sivcure
o reocle TR
1 L2,
AN ‘{”"c e R _
| - SUCtne orgaizanon
o w23 coud | s Tards
oou 1\ eorans MupE 43
i BT 7 et |
T ‘tmmrs UAMAL covany gw‘,h TPIY panl e
ADAMTSY \ \ MMD.\ N padust
/ o ® = Witassie 1z
n{; sd / @ .- cotaom matabobe process |
W JU—
b [ 23
. Sremens
cob-substaie adhesion nesemens
— TR Lemiien
1241 SERPINHIL
Mg”‘“sz' « - _
‘cmgz
d‘“\ DT 15\ agrin-coedated sgnal
S TSI / /I iy § Zove int ted signaing
pahway
ﬂ; /./ AN AoAm-;w . c&mu
NEMC‘X 3 wm,s}xcouw c?;uuu ol .
/4] Pcouyz “ZoLeas. -
ool.wu’ PaHAL | FMOO,COUZIAIS «_
TGFB2® o ADAMTSIZ TR coagsn B3l organtzallon acelhlr maic
LOXCL pBatsy Loxt2 O assamiy
o 25 S0 s
c Count
coLzaa1
THes?, B covens s
poSTI- %1 59“5'(“ #COL12A1 L etracetular matix
LA';(.BA T Lo ‘mLMsCmaﬂlc 9.’. imnSoLs ‘Strocturad constitoent
couu o3 $°CoLAAG
cowzzar®-_ Hseo2eCO e 0 COLITAT COLIAZ extraconular marc
eremes 2 I ‘stroctural constituent |
L FBINZ. et Eo0 FBLNG.FBLNL meeg conlenring tensde sirengih
Ben® TNG carace1 o A men:x@mw&m ry
S MFARS- COLZEAI ral co GOk ¢ THESA p
HAPLNL MEAPZ couux, SLAMBL 1TGAT' % ecltagen binding |
oG, B3 cotidal| |, STanie seey” 10%°
spont, M S \ Tora Bt \ L fTeas
THBSZ® o -MGP~ 2 THS04 Coial| THBSTS . NXE — = TeBa MELAOENIOPEPRGASE ACHVitY
LAMAL, " £ola ™ CoLgazs (COLEATY SFNL iegin bating
Lanicze & Wi NDE L couP e [y - SO
TP peoyce, %3 - 00CK 3 o= integrin tinding |
Koo [ i o e -
SPRR W 6, o - "
‘mn";;; 15“0 m,m.#sn 1 _ i "
enBAG)_ TGA] ADAMTS13 ADAMTS1S re—
MMP12 = P%A.DAMfSM L il _
SERPIHY w . hpawrsre  1ONMTSS
i 18x Enmne metafosndopepides Y o1 T eI _
/ e ump:lo
/ ADAM‘S
roagrgts” 4, gt L _
ADAMTS16 AOAMTSD | ADAMTSS
MAMPIG, ADAMTS 12
MMPLS ADAM1Z suttur compound Banding |
[] » £ o
D cc
COMMECOLANE
compiex of cotigen timers ximorhie M
7l
| asoment mambane
[fore1] oM
I.T.BP Zorel } coLy,
AOAMTS: ERILINY cozdar endoplasmt retadum baven
noaufsr
cojeaLT2 cotagen times
ADAM'S]3 Lo
complex of COlaGEn bmers s

\ pree
=N dndopiasic reticulum lumea PFHAL . » YN

o pecin conphex vdred o

I IlIII|
§

oy O™ s
S fisar cosagen uimer{
o M CRTAP arvioin complex
BS4
Nl D:in‘

comp Lox'? uw EFENS?

N!Fﬂ.::g SPARC DS Lol SERP""" o banded colagen bl
MFAP Nieana was) pCOLCE ApamTss 11O
Acay m ADAMTSS bt
HIRALe NBTFOPLNL o o

ApaTS1S © fixg ADAMTSI

°
3
#
g

g&‘

Fig. 2 Results of Reactome pathway and Gene Ontology enrichment analysis. A: Polar plot of top ten enriched Reactome pathways of potential myopia
associated ECM genes with maximum adjusted P-value of 1.73E-33. B: Top ten gene ontology biological process (BP) annotations with maximum adjusted
P-value of 1.15E-21. C: Top ten gene ontology molecular function (MF) annotations with maximum adjusted P-value of 2.13E-18. D: Top ten gene ontology
cellular component (CC) annotations with maximum adjusted P-value of 1.60E-13
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Construction of PPl network and identification of hub
genes

A PPI network was constructed in STRING with mini-
mum required interaction score=0.7 of high confidence
(Fig. 3a). The result of STRING network then visualized
by Cytoscape as TSV document, which included 150
nodes and 5788 edges. CytoHubba was used to analyze
the centrality of individual nodes in the overall network
based on the selected MCC algorithm (Fig. 3b). In this
analysis, THBS1 had the highest score (1.13E+21) among
the gene nodes, suggesting that THBS1 may play a poten-
tial role in scleral ECM remodeling.

Establishment of time-course LIM models and scleral
THBS1 expression level during myopia development

From the fifth day onwards, significant differences in
both change in refractive error (Fig. 4a) and change in
axial length (Fig. 4b) were observed between the LIM/-
30D and control/OD eyes.

At the end of each LIM group, samples of the sclera
were collected and used for western blotting analysis.
The results of western blotting showed that compared
to the control eyes (wearing 0D lenses), the LIM eyes
(-30D) exhibited a decrease in the expression levels of
the THBSI in sclera samples collected for 2 days/5 days/8
days (Fig. 5).

Scleral THBS1 knockdown induced axial elongation

To assess the effectiveness of subtenon’s AAV injection
for gene transfer into scleral tissue, we examined GFP
expression in sclera flat mounts 28 days post AAV-D]J-
GFP or AAV-DJ-Vector injection. GFP distribution was
evident in eyes injected with AAV-DJ-GFP, whereas no
obvious GFP expression was observed in eyes injected
with AAV-DJ-Vector (Supplementary Figure S3). To
investigate the possible role of THBS1 in sclera ECM,
we performed scleral-specific THBS1 knockdown using
CRISPR/Cas9 system. Expression vector of Staphylococ-
cus aureus Cas9 (SaCas9) and guide RNA against Thbsl
were delivered two separate adeno-associated virus
(AAV, serotype: DJ) through co-injection into sub-Ten-
on’s capsule in both eyes, along with scrambled, non-tar-
geting guide RNA and sham group control (n=8). After
24 days of AAV injection, gThbsl injected showed more
axial elongation and refractive error compared to Scram-
ble and Sham groups, but not evidently change in cho-
roidal thickness assessed by previous reported method
(Jeong et al. 2023) (Fig. 6).

To confirm the knockout of THBS1 in the sclera and
explore the mechanism of THBS1-mediated sclera
remodeling, sclera samples were collected and analyzed
by western blotting. Previous studies have suggested that
THBS1 can regulate collagen homeostasis through col-
lagen decomposition and generation (Rosini et al. 2018).
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We checked several previous reported Thbsl related
genes, and our western blotting results showed that
compared to the Scramble and Sham groups, the gThbsl
group exhibited evidently decreased expressions of
THBS1 and COL1AL in the sclera, while the expression
of MMP9 was significantly increased. However, we did
not observe significant differences in the expression lev-
els of LRP1, TGFB1 and a-SMA among the three groups
(Fig. 7).

Discussion

Scleral ECM has been confirmed to be closely associated
with the occurrence and progression of myopia (Yu and
Zhou 2022). The normal thickness and elasticity of the
sclera are crucial for maintaining the mechanical stabil-
ity of the eye and safeguarding internal structures against
external damage (McBrien et al. 2009). Remodeling of
the scleral ECM can impact the biomechanical proper-
ties of the sclera, and any alterations in its mechanical
properties may lead to refractive errors (McBrien et al.
2009). Recent studies have indicated that hypoxia might
be one of the key mechanisms inducing abnormal ECM
remodeling in the regulation of scleral ECM during myo-
pia (Wu et al. 2018). Additionally, our previous findings
demonstrated that endoplasmic reticulum stress in the
sclera might play a significant role in the expression of
ECM proteins (Ikeda et al. 2022). However, due to the
intricate composition of the ECM, elucidating the role of
specific ECM genes in the myopia process is challenging,
and further exploration of the associated mechanisms is
warranted.

In this study, we initially generated a preliminary list
of candidate genes using a machine learning algorithm-
based prediction model (Kim et al. 2022). While the
results of the ROC analysis confirmed the model’s high
discriminative power, considering the broad range of
candidate gene lists obtained from the inference model
(scores ranging from 82.3 to 1.46), we further refined
the gene list and constructed a PPI network to revalidate
the correlation between the resulting gene list and ECM
remodeling, as well as identify the central node. Enrich-
ment analysis revealed a strong correlation between can-
didate gene networks and ECM remodeling. For the hub
gene screening method, we chose the MCC algorithm,
as it captures more essential proteins in the top-ranked
list of high- and low-level proteins, demonstrating bet-
ter performance based on previous reports (Chin et al.
2014). Among the genes, Thbsl exhibited the highest
MCC score in the overall gene network and was selected
for further evaluation. Notably, Thbs2, a related gene
belonging to the thrombospondin family, ranked second,
sharing considerable similarities with ThbsI while pos-
sessing distinct characteristics (Bornstein et al. 2004).
Although we did not explore its role in regulating scleral
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Fig. 3 Visualization of the overall network. A: Protein-protein interaction network of high confidence score (0.700) by STRING. The network nodes repre-
sent the proteins corresponding to the genes, and the edges represent the possible protein interactions. The different connection colours indicate spe-
cific types of interactions. B: The visualized result of the gene-interaction network by Cytoscape. The network nodes represent the proteins corresponding
to the genes, and the edges represent the protein interactions. The node’s shading, ranging from light to dark, corresponds to their MCC score, nodes with
darker shades indicate stronger connections within the network
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ECM in this study, it could be an intriguing direction for =~ Guo et al. 2013). In the early stage of myopia induction,
future research. THBS1 expression decreased, and this trend continued

Our in vivo studies demonstrated downregulation of before day 24 (relatively stable stage of myopia induc-
THBS1 expression levels in the sclera of lens-induced tion). To mitigate potential influences, we used AAV-
myopia during myopia progression, consistent with pre- mediated sclera THBS1 knockout instead of THBS1
vious reports in other animal models (Gao et al. 2011;  global knockout mice, as THBS1 global knockout mice
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develop severe dry eye, akin to autoimmune disease Sjo-
gren’s syndrome, which may not be suitable for studying
myopia models (Turpie et al. 2009). In the knockdown
experiments, reduction of scleral THBS1 through AAV-
DJ gene transfer induced axial elongation in mice eyes,
consistent with a previous study, suggesting a poten-
tial role of THBS1 in scleral ECM remodeling (Hu et al.
2021).

Previous studies have reported the regulatory role of
THBS1 on collagen homeostasis via the TGF-p pathway
and interaction with different matrix metalloprotein-
ases (MMPs) (Rosini et al. 2018; Patwardhan et al. 2021;
Yamashiro et al. 2020). Our results indicated a significant
decrease in the expression level of COL1A1, consistent
with findings observed in multiple myopia models (Gen-
tle et al. 2003). THBS1 is a known activator of TGF-$1
in vivo (Lopez-Dee et al. 2011) and TGF-p1 pathway has
been determined as one of the most important pathways
during myopia development (McBrien 2013; Jobling et al.
2008; Meng et al. 2015; Zha et al. 2009). Previous stud-
ies reported that TGF-P1 can induce THBS1 expres-
sion and act on ECM remodeling (Pal et al. 2016; Hsieh
2019). Though the total amount of TGF-1 showed no
significant change, it’s reasonable that knockdown of
THBS1 may affect the activation of latent TGF-B1 and
thus alter related pathways (Farberov and Meidan 2016;
Ahamed et al. 2009). There is another possibility that
this discrepancy is due to the detection time point, simi-
lar to a previous study where THBS1 knockdown failed

to significantly alter TGFB protein expression (Farberov
and Meidan 2014). Further experiments will be needed
to better understand the THBS1-TGEF-fB1 signaling in
scleral fibroblasts. At the same time, it is well-established
that THBS1 can regulate MMP9 expression and activa-
tion through multiple pathways (Sfar et al. 2007). Accord-
ing to our results, THBS1 knockdown led to a significant
increase in MMP9 expression, consistent with some pre-
vious studies (Ren et al. 2019; Kim et al. 2013; Nucera et
al. 2010). Interestingly, some other reports have shown
that although THBS1 can inhibit MMP9 activity, the
expression of THBS1 is positively correlated with MMP9,
possibly due to different cell and tissue types (Yin et al.
2019; Albo et al. 2002). In sum, while our study elucidates
THBS1’s potential contributions to collagen homeostasis
and its involvement in modulating MMP9 expression, we
acknowledge that several facets warrant further investi-
gation and clarification. The intricate interplay between
THBS1, TGF-B1, and MMP9 within the context of scleral
remodeling demands more extensive exploration to
unravel the mechanisms that underlie myopia develop-
ment. Further studies, such as in vitro experiments using
scleral fibroblasts, are needed to fully reveal the complex
mechanism by which THBS1 acts in the sclera.

Previous reports indicated that rhTHBS1 treatment of
primary fibroblasts stimulated collagenl production in
a dose-dependent manner (Hsieh 2019). This observa-
tion raises the prospect of developing myopia treatments
with THBSI as a target. Furthermore, it is noteworthy to
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mention a previous study that observed an upregulation
of THBS1 expression in the sclera of guinea pigs upon
exposure to short-wavelength light, specifically at a peak
value of 440 nm with a half bandwidth of 20 nm (Wen
et al. 2021). Our previous research indicated that violet
light (360 to 400 nm) can suppress myopia development,
making it intriguing to explore the potential connection
between THBSI and these findings (Jiang et al. 2021).

Conclusion

In summary, our study suggests a potential role for
THBS1 in mediating scleral ECM remodeling during
myopia development. Notably, the decreased expression
of scleral THBSI is observed at the onset of lens-induced
myopia (LIM) induction. This downregulation may ini-
tiate a cascade of events leading to scleral extracellular
matrix remodeling conducive to myopia development.
The remodeling process may include the upregulation of
MMP9 and the facilitation of collagen I degradation.
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