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Purrost. To evaluate the expression of sry-box transcription factor 9 (SOX9) in orbital
fibroblasts (OFs) of thyroid eye disease (TED) and to find its potential role and underlying
mechanism in orbital fibrosis.

MetHoDs. OFs were cultured from orbital connective tissues obtained from patients with
TED ( = 10) and healthy controls (z = 6). SOX9 was depleted by small interfering RNA
or overexpressed through lentivirus transduction in OFs. Fibroblast contractile activity
was measured by collagen gel contraction assay and proliferation was examined by EAU
assay. Transcriptomic changes were assessed by RNA sequencing.

Resurts. The mRNA and protein levels of SOX9 were significantly higher in OFs cultured
from patients with TED than those from healthy controls. Extracellular matrix-related
genes were down-regulated by SOX9 knockdown and up-regulated by SOX9 overex-
pression in TED-OFs. SOX9 knockdown significantly decrease the contraction and the
antiapoptotic ability of OFs, whereas the overexpression of SOX9 increased the ability
of transformation, migration, and proliferation of OFs. SOX9 knockdown suppressed the
expression of phosphorylated ERK1/2, whereas its overexpression showed the opposite
effect. Epidermal growth factor receptor (EGFR) is one of the notably down-regulated
genes screened out by RNA sequencing. Chromatin immunoprecipitation-qPCR demon-
strated SOX9 binding to the EGFR promoter.

Concrusions. A high expression of SOX9 was found in TED-OFs. SOX9 can activate
OFs via MAPK/ERK1/2 signaling pathway, which in turn promotes proliferation and
differentiation of OFs. EGFR was a downstream target gene of SOX9. SOX9/EGFR can be
considered as therapeutic targets for the treatment of orbital fibrosis in TED.

Keywords: sry-box transcription factor 9, epidermal growth factor receptor, thyroid eye
disease, orbital fibroblast, fibrosis

hyroid eye disease (TED) is a common autoimmune

disease involving the orbital tissue with the potential
risk of cosmetic disfigurement and vision loss.! Research on
TED pathogenesis has largely focused on the orbital fibrob-
lasts (OFs) as these are one of the major target cells in the
pathological progression.!=? Activated by immune cells and
the secretion of inflammatory cytokines, fibroblasts were
differentiated into adipocytes and myofibroblasts, synthesiz-
ing a large amount of extracellular matrix (ECM), thereby
causing tissue remodeling and fibrosis in TED.*> The pathol-
ogy of orbital fibrosis would contribute to several hallmark
clinical features, including eyelid retraction, restricted eye
movement, and strabismus,® resulting in deterioration of
quality of life.”® At present, the clinical treatment options
are targeted primarily to the inflammatory process; the ther-
apeutic effect of treatments for orbital fibrosis is not as effec-
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tive as expected, and the pathogenesis of orbital fibrosis is
not clear.

Sry-box transcription factor 9 (SOX9), a member of the
sry-related high mobility group box-containing proteins
family, is crucial for multiple organ development includ-
ing the heart, lung, pancreas, and retina.’ Extensive exper-
imental evidence indicated that the overexpression of
SOX9 promoted fibrosis in the lung, kidney, and cardioid,
and experimental reduction of SOX9 suppressed fibro-
sis.!1%-13 Biologically TGF-8 accumulation is the crucial initi-
ating step of myofibroblast transdifferentiation.'* SOX9 was
up-regulated by TGF-B8 and induced fibrosis by partic-
ipating in the TGF-B signaling pathway.!> SOX9 posi-
tively contributes to fibrosis by stimulating the expres-
sion of a range of genes encoding pathological ECM
components.!?
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SOX9 Induces Orbital Fibroblast Activation in TED

The activation of mitogen-activated protein kinase
(MAPK) signalings was indispensable for the disassem-
bly of adherens junctions and cell motility during TGF-
B-induced epithelial-mesenchymal transition.'>'” Several
studies demonstrated that there appeared to be a link
between the functional role of SOX9 and MAPK path-
ways.'®1 Depletion of SOX9 attenuated protein kinase B
(Akt) and MAPK activity. E-cadherin/SOX9 axis regulated
cell growth and self-renewal of cancer stem cells partially
through Akt and MAPK signaling in multiple myeloma
cells.?® In addition, the activity of the SOX9-dependent colla-
gen type II alpha 1 enhancer was increased upon the coex-
pression of a constitutively active MAPK kinase 1 mutant
both in primary chondrocytes and C3H10T1/2 cells.?! There-
fore, we hypothesized that SOX9 might promote fibrosis via
the MAPK pathways.

Currently, no prior studies have yet been performed to
evaluate the role of SOX9 in the pathogenesis of orbital
fibrosis. This study aims to detect SOX9 levels and explore
its profibrotic effect and the underlying mechanisms in the
fibrotic pathogenesis of TED in primary cultured OFs.

METHODS
Subjects

Orbital adipose tissue samples were collected from 10
patients with TED who underwent orbital decompression.
Normal control (NC) tissues were collected from 6 healthy
controls who underwent blepharoplasty. The baseline char-
acteristics of TED patients and healthy controls are given
in Table. No significant differences were observed between
the two groups with regard to demographic character-
istics (Supplementary Table S1). Exclusion criteria were
listed as follows: use of glucocorticoids, immunosuppres-
sive agents, or radiotherapy within the past 3 months; a
history of ocular surgery and trauma; and other systemic
diseases such as rheumatoid arthritis or systemic lupus
erythematosus.

The ethical permission was granted by the Ethics Commit-
tee of Zhongshan Ophthalmic Center, Sun-Yat Sen Univer-
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donors, and the tenets of the Declaration of Helsinki were
followed throughout.

Primary Cell Culture

Primary OFs were cultured following standard protocols
as previously reported.?? Tissue samples were cut into
1- to 2-mm® pieces and transferred into 10-cm plates, and
OFs migrated out from these pieces. Cells were serially
passaged with trypsinization after reaching 80% to 90%
confluence. Passages 3 to 8 OFs with good viability were
used during the whole experiment. OFs were treated with
different experimental conditions, details were specified in
the corresponding main text or respective figure legends. All
experiments were repeated at least three times with different
cell passage numbers, with at least three different individu-
als (OFs obtained from three or more different donors).

Immunofluorescence

OFs (1 x 10%) were seeded in 20-mm confocal dishes,
and adhered to the bottom after 12 hours. The OFs were
rinsed with PBS and fixed with 4% paraformaldehyde for
20 minutes, then blocked and permeabilized in a mixture
containing 3% BSA, 0.3% Triton X-100, and 5% normal
donkey serum in PBS for 1 hour at room temperature.
Afterward, the OFs were subjected to overnight incubation
with the primary antibody, followed by incubation with the
secondary antibody labeled with either Alexa Fluor 488 or
Alexa Fluor 594 (Thermo Fisher Scientific, Waltham, MA,
USA) for 2 hours at room temperature. After being counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI), the OFs
were visualized and photographed using a confocal micro-
scope (Carl Zeiss 880, Oberkochen, Germany).

RNA Extraction and Quantitative Real-Time PCR

Total RNA from cultured OFs was isolated using an
RNA Quick Purification kit (RN0O1, Esscience, Shanghai,
China) and then reverse transcribed into cDNAs using

8 sity. Written informed consent was signed by all tissue the Evo M-MLV RT Kit (Accurate Biology, Hunan, China).
C
()
O TasLe. Clinical Characteristics of the Patient Samples Used in this Study
(2 Sex TED History Clinical TED Severity Previous TED Surgery
g Age (Male/Female) (Months) Activity Score Assessment Treatment Performed
2] .
S Patients

1 46 Male 12 3/7 VI GCs Decompression
o3 2 56 Male 10 1/7 VI GCs Decompression
S 3 26 Male 24 4/7 111 GCs Decompression
(@) 4 26 Female 72 0/7 111 GCs Decompression
© 5 36 Female 12 1/7 111 GCs Decompression
g 6 54 Female 60 1/7 111 GCs Decompression
© 7 52 Male 12 1/7 v GCs Decompression
_E 8 28 Female 156 0/7 111 GCs Decompression
‘g_ 9 39 Male 12 2/7 VI GCs Decompression
@) 10 54 Female 10 3/7 v GCs Decompression
o Controls
= 1 51 Male / / / / Blepharoplasty
"(B' 2 58 Male / / / / Blepharoplasty
(@)} 3 34 Female / / / / Blepharoplasty
."a 4 52 Male / / / / Blepharoplasty
() 5 27 Female / / / / Blepharoplasty
E 6 33 Female / / / / Blepharoplasty
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The quantitative real-time PCR (qRT-PCR) was performed
on a Roche LightCycler 480 (Roche, Basel, Switzerland)
using SYBR Premix Pro Taq HS (Accurate Biology, Hunan,
China). To determine relative expression levels, the 2744¢T
method was used with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) used as the endogenous control. Primer
sequences used for qRT-PCR are shown in Supplementary
Table S2.

RNA Sequencing and Bioinformatic Analysis

Total RNA was extracted using TRIzol reagent (RNAiso Plus,
Takara, Japan). After this step, a NanoDrop spectropho-
tometer (Thermo Fisher Scientific) was used to assess the
concentration, quality, and integrity of RNA. A total amount
of 3 pg RNA per sample was used as input material for
the library preparations. The DNA libraries were sequenced
on NovaSeq 6000 platform (Illumina) Shanghai Personal
Biotechnology Cp. Ltd. Hisat2 (v2.0.5) was used for align-
ing filtered reads to the reference genome sequence. HTSeq
(version 0.9.1) was used for the analysis of Read Count
values, providing the original expression levels of the genes.
Subsequently, the expression levels were standardized using
FPKM. Follow-up analyses were carried out using R soft-
ware (The R Foundation for Statistical Computing, Vienna,
Austria).

Western Blotting

The cellular lysates were obtained using radioimmuno-
precipitation assay buffer supplemented with protease
and phosphatase inhibitors (all from EpiZyme, Shang-
hai, China). Protein concentration was measured using
the bicinchoninic acid protein assay kit (Beyotime, Shang-
hai, China). Equal amounts of total protein were sepa-
rated on sodium dodecyl sulfate—polyacrylamide gels (8%
or 12%) and electrotransferred onto polyvinylidene fluo-
ride membranes (Millipore, Darmstadt, Germany). To block
any nonspecific binding, the membranes were incubated
in QuickBlock Blocking Buffer (Genscript, Nanjing, China)
for 15 minutes and subsequently incubated overnight
with primary antibodies against a-smooth muscle actin
(¢-SMA), collagen type I alpha 1 (COLlal), connective
tissue growth factor (CTGF), epidermal growth factor recep-
tor (EGFR), extracellular signal-regulated kinase (ERK)1/2,
p-ERK1/2, c-Jun N-terminal kinase (JNK), p-JNK, P38,
p-P38 (all from CST, Beverly, MA, USA) and SOX9 (Abcam,
Cambridge, MA, USA). GAPDH was used as endogenous
control. After washing the membranes three times with
tris buffered saline-TWEEN, they were incubated with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies for 2 hours. Finally, the membrane
was visualized by incubation with a chemiluminescence
Western blot kit (Millipore) and captured using a chemi-
luminescence imager (Tanon Science & Technology Co.,
Ltd., Shanghai, China). Immunofluorescence images were
analyzed using ImageJ software (NIH, Bethesda, MD,
USA).

Wound Healing Assay

Wound healing assay was detected using the ibidi Culture-
Insert 2 well (ibidi GmbH, Munich, Germany). OFs were
cultured on Culture-Insert 2 well at a density of 2 x 10%
cells/well. After 12 hours, the insert was removed and
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the medium was replaced with high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) with 1% fetal bovine
serum. Micrographs were taken at Ohour, 24 hours, and
48hours to visualize and analyze the wound closure
process.

Collagen Contraction Assay

The OFs in the logarithmic growth phase were treated
with 0.25% trypsin and resuspended with serum-free DMEM
medium to the final cell density of 2.5 x 10° cells/mL. A
type-I collagen solution (Gibco, Carlsbad, CA, USA) mixture
containing 250 pL of type I collagen solution, 32.5 pL of
10x DMEM, and 6.25 pL of 1N NaOH was prepared. The
cell suspension (300 pL) was mixed with this collagen solu-
tion and then transferred into 24-well plates. The plates
were incubated in a 37°C, 5% CO, humidified incubator
for 40 minutes to allow gelation. Subsequently, 500 pL of
serum-free DMEM medium was added to each well and
a pipette tip was used to release the collagen gel from
the well. Photographs were taken at the time point (0
hour, 24 hours, and 48 hours) and analyzed using Image]J
software.

Apoptosis Assay

Apoptotic cells were visualized using a commercial TUNEL
assay kit (Elabscience, Wuhan, China). Briefly, cells were
fixed with 4% paraformaldehyde for 20 minutes and washed
with PBS. Afterward, cells were treated with 0.2 % Triton
X-100 for 10 minutes. Each sample was incubated in 100 pL
TdT equilibration buffer for 30 minutes at 37°C. The newly
configured TUNEL working solution was used for staining,
and the incubation was carried out for 60 minutes at 37°C
stored under light protection. Finally, nuclei were stained
with DAPI. The number of apoptotic cells was indicated as
the ratio of TUNEL-positive cells to the total nuclear number
in each field.

Proliferation Assay

Proliferation experiments were analyzed wusing the
5-ethynyl-2’-deoxyuridine (EdU) Kit (C0078S, Beyotime).
Cells were seeded into 48-well plates for 24 hours before
the experiments and then incubated with EdU reagent
(1:1000 dilution) for 2 hours. Cells were fixed with 4%
formaldehyde for 15 minutes and permeabilized with 0.3%
Triton X-100 for 15 minutes. After that, fluorescent dye and
Hoechst were used to stain cells.

Lentiviral Construct and Overexpression

SOX9 overexpression lentivirus and control lentivirus were
purchased from Shanghai Jikai Gene Co., Ltd. Lentiviral
transduction of OFs was performed at a multiplicity of infec-
tion of 100. Selection of stably transduced OFs was carried
out using puromycin

RNA Interference

For gene knockdown, OFs were transfected with small inter-
fering RNA (siRNA) purchased from RiboBio (Guangzhou,
China). Transfection of siRNAs was conducted using
lipo3000 (Thermo Fisher Scientific) as per the manufac-
turer’s instructions.
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Chromatin Immunoprecipitation (ChIP) Coupled
With qPCR Assay

ChIP assays were performed using a ChIP Assay Kit (KT101-
02, gzscbio, Guangzhou, China) following the manufac-
turer’s protocol. Cells were cross-linked by adding 1%
formaldehyde at room temperature. Then, cells were lysed
and digested by micrococcal nuclease. Immunoprecipita-
tion was carried out using either an anti-SOX9 antibody
or control IgG. After washing the immunoprecipitates,
DNA/antibody complexes were eluted twice with IP elution
buffer. Finally, the eluted DNA was purified and analyzed by
gPCR. Primers listed in Supplementary Table S2 are used in
ChIP-qPCR assay.

Statistical Analyses

Statistical analysis and figure drawing were performed
using GraphPad Prism version 9.5.0 (GraphPad Software,
Inc., La Jolla, CA, USA). Data are presented as mean =+
SD. The Student ¢ test was used to analyze normally
distributed continuous data between two groups, and the
Mann-Whitney test was used for non-normally distributed
continuous data. When comparing multiple groups, one-
way ANOVA or the Kruskal-Wallis test was selected
based on whether the data were normally distributed. A
P value of less than 0.05 was regarded as statistically
significant.

REsuLTS
Cell Identification

Primary cells from healthy controls and TED patients’ orbital
connective tissues were cultured for the subsequent exper-
iments. Cells expressing vimentin (VIM) indicated meso-
derm differentiation, such as fibroblasts. The positive expres-
sion of VIM was observed in all cells, suggesting that they
were fibroblasts. In addition, the cells stained negatively
for desmin (DES), keratin (KRT17), myoglobin, and S100B,
excluding the smooth muscle cells and cardiomyocytes,
skin cells, muscle and striated muscle, nerve cells and skin
melanocytes (Fig. 1). Therefore, these primary cells were
identified as fibroblasts as they were positively marked with

DAPI Merge
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Immunofluorescence staining showed that primary cells were stained positive for VIM, whereas negative for DES, keratin

FiGure 1.
17 (KRT17), myoglobin (MB), and S100B. Scale bar, 50 um.

IOVS | February 2024 | Vol. 65 | No.2 | Article 25 | 4

VIM and negatively marked with DES, KRT17, myoglobin,
and S100B.

SOX9 Is Highly Expressed in OFs Cultured From
Patients With TED

RNA was extracted from OFs derived from TED patients (»
= 10) and healthy controls (z = 6), and SOX9 transcript
levels were compared between the two groups using qRT-
PCR. The qRT-PCR results showed that the expression of
SOX9 mRNA was greater in the TED group compared with
the control group (Fig. 2A). SOX9 protein expression was
analyzed and quantified by Western blotting, and GAPDH
served as the endogenous control. SOX9 protein expression
was significantly higher in OFs from patients with TED (n =
10) than those from controls (n = 6) (Figs. 2B, 2C). Similarly,
immunofluorescence staining revealed more SOX9-positive
OFs in the TED group (# = 3) than in the control group
(n = 3) (Figs. 2D, 2E). These results suggested that SOX9 is
up-regulated in TED-OFs. To explore the effect of passages
on the expression of SOX9, we analyzed the expression of
SOX9 in the P4, P5, and PG passages in OFs of the two
groups (n = 3). The expression of SOX9 remained relatively
constant through passages in OFs cultured from healthy
controls and patients with TED. It is worth mentioning that
OFs obtained from TED patients expressed a higher amount
of SOX9 compared with those obtained from controls even
as the passage number increased (Figs. 2F, 2G).

SOX9 Is a Positive Regulator of OFs Migration,
Survival, Transformation, and Proliferation

To evaluate the effect of SOX9 on fibrogenesis, we knocked
down SOX9 expression by siRNA. OFs cultured from patients
with TED were transfected with NC-siRNA or SOX9-siRNA
for 24 hours, 48 hours, and 72 hours, then replaced the
growth medium and cultured for an additional 24 hours
with 10 ng/mL TGF-81 (n = 6). The knockdown efficiency
reached 40% at 24 hours, 70% at 48 hours, and 79% at
72 hours in OFs transfected with SOX9-siRNA compared
with those transfected with NC-siRNA (Supplementary Fig.
S1). ECM-related gene expression including COL1o1, ACTA2,
and CTGF gradually decreased as the knockdown efficiency

DAPI Merge
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SOXO9 is highly expressed in OFs cultured from patients with TED compared with those from NCs. (A) The expression of SOX9

mRNA in OFs obtained from the TED (z# = 10) and NC (z = 6) was quantified by qRT-PCR. (B) Western blot analyses were conducted to
compare the protein expression of SOX9 in OFs obtained from the TED (1 = 10) and NC (1 = 6). (C) Quantification and statistical analysis
of relative protein expression. (D) Representative immunofluorescence pictures of OFs stained with SOX9 (green), a-SMA (red), and DAPI
(blue). Scale bar, 100 pm (TED, n = 3; NC, n = 3). (E) Statistical analysis of the percentage of SOX9-positive OFs per visual field. (F) The
expression of SOX9 in the P4, P5, and P6 passages in OFs cultured from the TED (nz = 3) and NC (z = 3). (G) Quantification and statistical
analysis of relative protein expression. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

increased (Figs. 3A—-C). TUNEL assay, collagen gel contrac-
tion assay, scratch migration assay, and EdU assay were
carried out in OFs at 72hours after transfection (z = 6).
The results of TUNEL staining demonstrated that in contrast
with the control group, more TUNEL-positive OFs were
observed in SOX9 knockdown group (Figs. 3D, 3E). In
the collagen gel contraction assay, SOX9 knockdown led

to a significant reduction in fibroblast contractile ability,
comparable to the control siRNA knockdown (Figs. 3F, 3G).
The scratch migration assay showed that migrative capac-
ity was impaired in SOX9 knockdown group (Figs. 3H, 3D).
Furthermore, the EdU assay revealed that SOX9 knockdown
markedly decreased the percentage of EdU-positive cells
(Figs. 3], 3K).
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field. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

We then constructed SOX9 overexpressing system using
a lentivirus vector. OFs cultured from patients with TED (»
= 3) were infected with SOX9 overexpression lentivirus or
control lentivirus (multiplicity of infection = 100), and qRT-
PCR and Western blot assay validated the overexpression
efficiency (Supplementary Fig. S2). After successful SOX9
overexpression was confirmed, OFs were exposed to TGF-
B1 (10 ng/mL) for 24 hours. As expected, the expression of
COL1la1, @-SMA, and CTGF was significantly elevated in OFs
after the overexpression of SOX9 (Figs. 4A-C). Immunoflu-
orescence staining revealed that the expression of myofi-
broblast marker «-SMA was more intense in fibroblasts upon
overexpression of SOX9 (Fig. 4D). The wound healing assay
showed that cell mobility was significantly increased in
SOX9 overexpression OFs, compared with the control over-
expression OFs (Figs. 4E, 4F). Consistently, the EAU assay
revealed that SOX9 overexpression increased EdU incorpo-
rated cell proportion (Figs. 4G, 4H).

SOX9 Regulates the MAPK/ERK1/2 Pathway
During Fibrosis

To further demonstrate the mechanism of SOX9 in orbital
fibrosis, we performed transcriptome sequencing on OFs

transfected with SOX9-siRNA in comparison with those
transfected with NC-siRNA for 72 hours (n = 3). Differ-
entially expressed genes (DEGs) were visually represented
using volcano plots (Fig. 5A). The top 10 up-regulated and
down-regulated genes are listed in Supplementary Table
S3. Gene Ontology enrichment analysis revealed that these
DEGs were predominantly enriched in biological processes
such as regulation of cell migration and regulation of cell
motility (Fig. 5B). The MAPK signaling pathways were identi-
fied as one of the top-enriched Kyoto Encyclopedia of Genes
and Genomes pathways (Fig. 5C). To verify the involve-
ment of the MAPK signaling pathways, total and phos-
phorylated protein of three MAPK subfamilies (p-ERK1/2,
ERK1/2, p-P38, P38, p-JNK, and JNK) were explored in the
SOX9 knockdown and SOX9 overexpressing systems after
1 hours of TGF-1 (10 ng/mL) stimulation (z = 3). SOX9
knockdown abrogated ERK1/2 phosphorylation, while over-
expression of SOX9 exhibited the opposite effect. However,
overexpression or knockdown of SOX9 did not affect the
phosphorylation of P38 and JNK (Figs. 5D, 5E). To further
support the involvement of the ERK 1/2 pathway, we used
U0126 (CST, Beverly, MA, USA), a highly selective inhibitor
of MAPK kinase 1/2 acting upstream ERK1/2. OFs (n = 3)
were treated with 10 ng/mL TGF-g1 for 90 minutes with
pretreatment with 20 pM U0126 or vehicle (0.1% DMSO)
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Figure 5. SOX9-mediated the phosphorylation of ERK1/2 but not P38 and JNK. (A) Volcano plot showing the DEGs with the knockdown
of SOX9 in OFs cultured from patients with TED by RNA sequencing (nz = 3). (B) Gene Ontology (GO) term enrichment analysis of DEGs.
(C) Signaling pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG) database enrichment analysis. (D) OFs cultured from TED
patients were transfected with siRNA or lentivirus prior to stimulation with 10 ng/mL TGF-g1 for 1 hour (# = 3). Protein levels of p-P38,
P38, p-ERK1/2, ERK1/2, p-JNK, JNK, and GAPDH were determined by Western blot. (E) Quantification and statistical analysis of relative
protein expression. (F) SOX9-overexpressing OFs were treated with 10 ng/mL TGF-A1 for 90 minutes with pretreatment with 20 pM U0126
or vehicle (0.1% DMSO) for 1 hour (z = 3). The expression of ECM-related proteins (¢-SMA and CTGF) was detected by western blot assays.
(G) Quantification and statistical analysis of relative protein expression. *P < 0.05, **P < 0.01, ***P < 0.0001.

for 1 hour. The inhibitor of ERK1/2, U0126, significantly
decreased the expression of ECM-related genes caused by
SOX9 overexpression (Figs. 5F, 5G). These data further
confirmed that SOX9 promoted orbital fibrosis by regulat-
ing the MAPK/ERK1/2 signaling pathway.

EGFR Was a Downstream Target Gene of SOX9 in
Regulating Fibrosis

Key downstream target genes were identified by taking the
intersection of DEGs with predicted target genes gener-

ated by CHEA, JASPAR, and MotifMap datasets (https://
maayanlab.cloud/Harmonizome/). The intersection results
are shown in Supplementary Figure S3 in the Supplemen-
tary file. EGFR is one of the notably down-regulated genes
in our RNA sequencing results (Supplementary Table S3).
After transfection with siRNA or lentivirus, the OFs were
stimulated with 10 ng/mL TGF-g1 for 24 hours (n = 3).
Immunoblotting data illustrated that overexpression of SOX9
led to an increase in EGFR expression, whereas knock-
down of SOX9 impeded this induction, which suggested that
the expression of EGFR was regulated by SOX9 in fibrob-
lasts (Figs. 6A, 6B). The EGFR immunofluorescence intensity
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Ficure 6. EGFR is a downstream target of SOX9. After transduction with siRNA or lentivirus, the OFs cultured from TED were stimulated
with 10 ng/mL TGF-g1 for 24 hours (n = 3). (A, B) Representative images of Western blotting results and the quantitative analysis of EGFR
in OFs treated with siRNA or lentivirus. (C) Immunofluorescence showing the EGFR expression with SOX9 overexpression in OFs scale
bar, 50 pm. (D) JASPAR websites predicted the possible binding sequences of SOX9 to the EGFR promoter region. (E) Enrichment of SOX9
protein on the EGFR promoter was determined by ChIP-qPCR assay. *P < 0.05, **P < 0.01.

was significantly higher in the SOX9 overexpression group
compared with the control group (Fig. 6C). The binding sites
of SOX9 in the potential promoter region of EGFR were
predicted by JASPAR website (http://jaspar.Genereg.net/)
(Fig. 6D). The ChIP-qPCR results demonstrated that EGFR
promoter region #3 (—1072 to —1080 before the TSS) was
the most abundant among regions enriched by the anti-SOX9
antibody (Fig. GE).

DiscussION

In the current study, SOX9 was aberrantly up-regulated in
the OFs cultured from patients with TED. We revealed that
SOXO9 is a positive regulator of migration, survival, differen-
tiation, and proliferation in TED-OFs by SOX9 knockdown
and SOX9-overexpressing systems. SOX9 might exert its
profibrotic effects partially by activating the MAPK/ERK1/2
pathway, and partially by activation of the downstream
target gene EGFR.

SOX9 was found to be overexpressed in tissues or cells
in a number of human fibrotic diseases.'*!>? In line with
those studies, we also observed higher SOX9 expression
in TED-OFs compared with those from controls, even as

the passage number increased. It has been remarked on
several occasions that TED-OFs exhibit different character-
istics compared with OFs from healthy controls. In addition
to highly expressing some cell surface molecules such as
CD40 and Thy-1,>$% TED-OFs exhibited stronger prolifer-
ative activity when stimulated with certain cytokines and
growth factors.?® We suggest that TED-OFs show hyper-
responsiveness to certain cytokines and growth factors
might be a key mechanism in the pathogenesis of TED.
Furthermore, high expression of these proteins, such as
SOX9, CD40, and Thy-1, may be responsible for the hyper-
responsiveness. Crucial points of fibrosis involved the aber-
rant conversion of fibroblasts into a-SMA-expressing myofi-
broblasts and increased collagen deposition.?’*® We inves-
tigated the in vitro effect of SOX9 in TGF-B1l-induced
myofibroblast transdifferentiation. SOX9 knockdown caused
down-regulation of TGF-$1 induced «-SMA, COLl«1, and
CTGF expression, whereas overexpression resulted in an
increase, suggesting SOX9 promoted myofibroblast transd-
ifferentiation and ECM remodeling. Activated fibroblasts are
hyper-proliferative, hyper-secretory, migrative,” and resis-
tant to apoptosis.’® Our experiments showed that SOX9
deficiency attenuated the contraction, survival, proliferation,
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and migration capacity of OFs, whereas SOX9 overexpres-
sion increased the differentiation, migration, and prolifer-
ation of OFs. The present results demonstrated that SOX9
is an important factor in the promotion of OFs activation
and deposition of ECM during the orbital fibrotic process.
Additionally, our study adds to evidence that SOX9 can drive
fibrosis in multiple organs.

To probe the underlying mechanisms by which SOX9
enforces fibrosis, we conducted an RNA-sequencing analysis
of SOX9 knockdown in TED-OFs and identified gene regu-
latory networks and biological processes. Functional enrich-
ment analysis revealed that DEGs were mainly enriched in
the regulation of migration and cell motility and immune
system process. Kyoto Encyclopedia of Genes and Genomes
pathways identified modulation of MAPK pathways by SOX9
in the process of fibrosis. TGF-f—induced myofibroblast
differentiation can be activated by Smad signaling or non-
Smad signaling pathways, such as MAPK pathways (includ-
ing ERK1/2 and JNK ) and phosphatidylinositol 3-kinase-Akt
pathway.?! MAPK pathways regulate diverse cellular activ-
ities in multiple cell types, including proliferation, differ-
entiation, and apoptosis.>> Numerous experiments demon-
strated that antifibrotic drugs exerted their effect through
MAPK signaling pathways.>*=3° Simvastatin inhibits myofi-
broblast differentiation induced by TGF-8 through suppres-
sion of the Ras homolog family member A/Rho-associated
protein kinase/ERK and p38 MAPK signaling pathways,
what’s more, inhibitors of p38 and ERK reduced the o-SMA
expression mediated by TGF-8.3° Intercellular cell adhesion
molecule-1 induced by CD40L, which is expressed in several
types and associated with various inflammatory and autoim-
mune diseases,”” was blocked by the ERK1/2, p38, and JNK
antagonists in fibroblast of TED.*® Gajjala et al.!? clarified
that SOX9 was up-regulated via MAPK/phosphatidylinositol
3-kinase-dependent signaling in idiopathic pulmonary
fibrosis; furthermore, they found that transcription factor
Wilms’ tumor 1 may directly bind to SOX9 promoter enhanc-
ing the fibroblast activation. We observed that the overex-
pression of SOX9 markedly promoted the phosphorylation
of ERK1/2, whereas its knockdown yielded the opposite
effect. However, SOX9 expression did not affect the phos-
phorylation of P38 and JNK. Using specific inhibitors of the
ERK1/2 pathway attenuated the expression of profibrotic
proteins induced by SOX9 overexpression. The ERK1/2 path-
way is predominantly implicated in the regulation of growth
and proliferation, whereas the P38 and JNK pathways are
activated by different stress-inducing stimuli and play vital
roles in inflammation, apoptosis, and stress responses.? 4!
Most likely, SOX9 activates fibroblast and promotes its
growth and proliferation through the MAPK/ERK1/2 signal-
ing pathway in fibrosis induced by TGF-f1. We demon-
strated that ERK1/2, but not p38 and JNK, was implicated
in the fibrotic process mediated by SOX9.

Several studies have demonstrated that SOX9 promotes
fibrosis by regulating downstream genes.!*> Osteopontin
is a vital component of the ECM with profibrotic and proin-
flammatory effects. -4 SOX9 combines with a conserved
upstream region of the osteopontin gene and modulates its
expression, which in turn contributes to fibrosis progres-
sion.”? Interestingly, we found that EGFR was dramat-
ically down-regulated after SOX9 knockdown by high-
throughput sequencing analysis. By using the ChIP-qPCR
assay, we further confirmed that SOX9 can directly bind
to the EGFR promoter. EGFR belongs to the family of the
ErbB tyrosine kinase receptors, which is a critical regula-
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tor of cellular growth and proliferation.*®4” Activation of

the EGFR can phosphorylate multiple effector proteins, trig-
gering multiple downstream signal pathways, including the
MAPK/ERK1/2 pathway and the PIK3 (phosphatidylinositol
3-kinase)/Akt pathway, in turn a series of tissue regenera-
tion and wound healing processes.®®* Growing evidence
indicates the pivotal role of EGFR in the pathophysiology
of hyperproliferative diseases, such as cardiac fibrosis and
lung fibrosis.’®>! Suppression of EGFR signaling promotes
liver progenitor cells mediated liver regeneration through
the MAPK kinase—-ERK-SOX9 cascade in vitro.”? A pan-EGFR
inhibitor (afatinib) down-regulated forkhead box protein
A2 transcript, which in turn decreased the expression of
S0OX9.>® Previous experiments indicated that SOX9 is regu-
lated positively by EGFR through activating specific media-
tors. Combined with previous research results, it is specu-
lated that SOX9 and EGFR positively co-regulate with each
other, and activate fibroblasts gradually induce the devel-
opment of orbital fibrosis through SOX9-EGFR circuitry.
SOX9 might exert profibrotic effects either through activat-
ing MAPK/ERK/2 pathway or by binding to the downstream
target gene EGFR.

Taken together, we confirmed by SOX9 knockdown and
overexpression experiments that SOX9 promoted OFs acti-
vation via MAPK/ERK1/2 pathway or activating the down-
stream target gene EGFR, which enhanced fibrosis progres-
sion. Our data provide insight into the roles of SOX9 in the
regulation of orbital fibrosis and may serve as a potential
therapeutic target or as a useful starting point to identify
downstream targets for the discovery of future drug candi-
dates.
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