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PURPOSE. Thyroid eye disease (TED) is a visually debilitating and cosmetically disfiguring
orbital disorder, characterized by the remodeling of extraocular muscles (EOMs). This
study aimed to investigate the role of long non-coding RNA (lncRNA) ENST00000581911
in the EOMs of TED.

METHODS. LncRNA microarray analysis was performed on EOM tissues sampled from
patients with TED and patients with concomitant esotropia. LncRNA ENST00000581911
was identified and subjected to bioinformatics analysis. High-throughput RNA sequenc-
ing, CCK-8 assay, CFSE staining, and ELISA were used to investigate the regulatory func-
tion of ENST00000581911 in vitro. Furthermore, RNA pull-down, liquid chromatography-
tandem mass spectrometry (LC-MS/MS), and western blot (WB) analyses were applied to
identify the RNA-binding protein (RBP) interacting with ENST00000581911.

RESULTS. A total of 1261 lncRNAs were found to be differentially expressed in the
EOMs of TED, with 648 upregulated and 613 downregulated lncRNAs. Among these, the
upregulated lncRNA ENST00000581911 exhibited the highest expression level, as vali-
dated by quantitative real-time PCR (qRT-PCR). Functional analysis demonstrated that
ENST00000581911 might be involved in inflammatory response, regulation of muscle
contraction, and amino sugar and nucleotide sugar metabolism. RNA sequencing of
ENST00000581911-overexpressing and control orbital fibroblasts (OFs) showed that
ENST00000581911 might play a regulatory role in DNA replication, extracellular matrix,
and cell cycle. Furthermore, KHSRP was identified as the RBP of ENST00000581911.
Overexpression of ENST00000581911 promoted cell proliferation and hyaluronic acid
secretion in OFs, whereas silencing KHSRP attenuated these effects.

CONCLUSIONS. This study provides novel insights into the role of lncRNA
ENST00000581911 in the pathogenesis of EOM remodeling in TED. ENST00000581911
may serve as a potential therapeutic target of TED.

Keywords: long non-coding RNA (lncRNA), thyroid eye disease (TED), extraocular muscle
(EOM), tissue remodeling

Thyroid eye disease (TED), also known as thyroid-
associated ophthalmopathy or Graves’ ophthalmopathy,

is a visually debilitating and cosmetically disfiguring orbital
disorder.1 Patients with TED may experience symptoms such
as exophthalmos, eyelid retraction, swelling of periorbital
tissues and conjunctiva, eye movement dysfunction (includ-
ing strabismus and diplopia), and even visual loss. These
manifestations can lead to decreased work ability, dimin-
ished quality of life, and impaired mental health.2

Extraocular muscles (EOMs) are frequently affected in
TED, with nearly 70% of patients with Graves’ disease show-
ing EOM expansion,1 and 17% to 50% of patients with
TED developing strabismus due to severe EOM expansion.2

EOM expansion results from tissue remodeling processes,
including excessive cell proliferation, inflammation, fibro-
sis, and extracellular matrix secretion. Orbital fibroblasts
(OFs) are key players in these pathological changes. As
targets of autoimmune responses in TED, OFs are acti-
vated to synthesize hyaluronic acid (HA) and differentiate
into myofibroblasts.3,4 However, the mechanisms regulating
these processes remain unclear and are subject to ongoing
investigation.

Long non-coding RNAs (lncRNAs) are functional RNA
molecules longer than 200 nucleotides that do not encode
proteins.5 LncRNAs have been shown to regulate gene
expression at various levels, including chromosome imprint-
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ing, cell-cycle control, transcription, and post-transcriptional
processing.6 They are involved in a wide range of phys-
iological processes, such as apoptosis, proliferation, and
differentiation, and are associated with individual develop-
ment. In addition, dysregulation of lncRNAs plays a signifi-
cant role in many human diseases, such as cancers, cardio-
vascular diseases, inflammatory diseases, and autoimmune
diseases.7–10 However, the biological roles and clinical signif-
icance of lncRNAs in TED remain largely unknown.

To reveal the potential role of lncRNAs in the EOMs
of TED, we performed lncRNA expression profiling and
compared their expression differences between EOM tissues
sampled from patients with TED and patients with concomi-
tant esotropia (CET) using microarray analysis. Among the
differentially expressed lncRNAs, the upregulated lncRNA
ENST00000581911 exhibited the highest expression level,
as validated by quantitative real-time PCR (qRT-PCR). Func-
tional analysis indicated that ENST00000581911 might be
involved in EOM remodeling in TED. Furthermore, high-
throughput RNA sequencing, along with the subsequent cell
counting kit-8 (CCK-8), carboxyfluorescein diacetate succin-
imidyl ester (CFSE) staining, and enzyme-linked immunosor-
bent assay (ELISA), demonstrated that ENST00000581911
promoted cell proliferation and HA secretion of OFs in vitro.
Subsequent RNA pull-down assay, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and western blot
(WB) analysis identified KH-type splicing regulatory protein
(KHSRP) as the binding protein of ENST00000581911.
Further investigations revealed that ENST00000581911 inter-
acted with KHSRP to regulate OF function. This study
provides novel insights into the role of lncRNAs, particularly
ENST00000581911, in the pathogenesis of EOM remodeling
in TED.

METHODS

Sample Collection and Ethics Statement

EOM samples were collected from the surgical wastes of
eight patients with TED and eight patients with CET who
underwent strabismus surgery. All EOMs were lateral rectus
muscles. Samples no. 1 to no. 5 from each group were used
for RNA extraction, and samples no. 6 to no. 8 were used
for the primary culture of OFs. These EOM samples were
entirely distinct and did not overlap with those used in the
previously published work.11,12

TED was diagnosed according to the Bartley criteria in
1995.13 Patients were assessed for disease activity using
the clinical activity score (CAS) system, whereas the sever-
ity of the condition was determined based on the guide-
lines provided by the European Group on Graves’ Orbitopa-
thy.14–16 All patients with TED included in our study were
classified as moderate-to-severe with a CAS of less than
3. Lateral rectus resection were performed due to resid-
ual esotropia after maximal bilateral medial rectus reces-
sion in those patients, as also suggested by the Ameri-
can Adult Strabismus Preferred Practice Pattern.17 Steroid
or immunosuppressive treatment was discontinued for at
least 3 months before surgery. Patients with TED with a
history of radioactive iodine therapy or thyroidectomy and
other systemic/ocular inflammatory or autoimmune diseases
were excluded from the study. All patients with CET exhib-
ited normal versions and ductions, and showed no clinical
signs of abnormal contractility, as confirmed by the forced
duction test. Besides, patients with CET had no history of

local or systemic autoimmune and inflammatory diseases,
strabismus or orbital surgeries, thyroid disease or orbital
diseases. The baseline demographic and clinical character-
istics of patients with TED and patients with CET are listed
in Supplementary Table S1.

Our study was approved by the Ethics Committee of
the Eye & ENT Hospital, Fudan University (2020070 and
2022144). All above procedures were handled in accordance
with the Helsinki Declaration. Written informed consent for
sample collection was taken from every enrolled partici-
pant before the study began. The human tissue experiments
complied with the guidelines of the ARVO Best Practices for
Using Human Eye Tissue in Research (Nov2021).

RNA Extraction

Total RNA was isolated using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Nuclear and cytoplasmic RNA were extracted using
a Cytoplasmic and Nuclear RNA Purification Kit (Norgen
Biotek, Thorold, ON, Canada) following the manufacturer’s
instructions. RNA quantity and quality were measured by a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Samples with an OD260/280 ratio
between 1.8 and 2.1 were considered acceptable. RNA
integrity was evaluated using an Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), with samples
having an RNA integrity number (RIN) > 7 selected for
subsequent treatments.

LncRNA and Gene Microarray Analysis

LncRNA and gene microarray analysis, including labeling,
hybridization, and scanning, was performed by Shanghai
Kangchen Biotech (Shanghai, SH, China) using the Arraystar
Human LncRNA Microarray V4.0 (Arraystar, Rockville, MD,
USA). In brief, RNA samples were labeled using an Arraystar
RNA Flash Labeling Kit (Arraystar) in accordance with the
manufacturer’s protocol. MRNA was purified from total
RNA after rRNA removal using the mRNA-ONLY Eukary-
otic mRNA Isolation Kit (Epicentre, Madison, WI, USA). Each
sample was then amplified and transcribed into fluorescent
cRNA across the entire length of the transcripts without 3′

bias utilizing a random priming method. The labeled cRNAs
were purified using the RNeasy Mini Kit (Qiagen, Hilden,
NRW, Germany), and their concentration and specific activ-
ity were measured by NanoDrop 2000 (Thermo Fisher Scien-
tific).

Subsequently, the labeled cRNAs were hybridized to the
Agilent SureHyb microarray (Agilent Technologies) to allow
for specific binding of labeled RNA to complementary DNA
probes on the array. After hybridization, the microarrays
were washed to remove any non-specifically bound RNA.
The arrays were then fixed and scanned using the Agilent
DNA Microarray Scanner (Agilent Technologies) to capture
the fluorescent signals. Signal intensities were extracted
using the Agilent Feature Extraction version 11.0.1.1 soft-
ware (Agilent Technologies). To ensure comparability of data
across different samples, the raw signal intensities were
normalized using the Agilent GeneSpring GX version 12.1
software (Agilent Technologies). Following quantile normal-
ization, lncRNAs and mRNAs that had flags in “Present” or
“Marginal” status (“All Targets Value”) in at least 5 out of 10
samples were selected for further analysis.
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The original data of microarray analysis have been
deposited in NCBI’s Gene Expression Omnibus (GEO)18

and are accessible through GEO Series accession number
GSE278934 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE278934).

Functional Analysis of Differentially Expressed
LncRNAs

The Agilent GeneSpring GX version 12.1 software (Agilent
Technologies) was used for statistical analysis to determine
significant differences in expression levels between TED and
control groups. Differentially expressed lncRNAs and genes
were screened using the cutoff criteria of P value < 0.05 and
|log2 Fold change (FC)| > 1.

To explore the potential regulatory roles of the differ-
entially expressed lncRNAs, we performed subtype analy-
sis including natural antisense lncRNAs and long intergenic
non-coding RNAs (lincRNAs). Gene Ontology (GO; http://
geneontology.org/)19 and Kyoto Encyclopedia of Genes and
Genomes (KEGG; https://www.kegg.jp/)20 analyses were
conducted to show the functional enrichment of the differ-
entially expressed lncRNAs using R based on the hypergeo-
metric distribution, with a cutoff criterion of P value < 0.05.
R (version 3.2.0) was used to draw the column diagram and
bubble diagram of the significant enrichment term.

Additionally, we conducted joint analysis of lncRNAs and
their corresponding genes to identify potential interactions
and regulatory networks. Pearson’s correlation test was used
to assess the correlation between differentially expressed
lncRNAs and genes. LncRNA-gene pairs with a P value <

0.05 and Pearson’s correlation coefficient (PCC) > 0.8 were
screened and visualized using a circos plot21 and a co-
expression network.

qRT-PCR Validation

Total RNA was reversely transcribed using a HiScript IV All-
in-One Ultra RT SuperMix for qPCR (Vazyme, Nanjing, JS,
China) and amplified by qRT-PCR with a Taq Pro Universal
SYBR qPCR Master Mix (Vazyme) on a LightCycler 480 II
Real-time PCR instrument (Roche, Basel, Switzerland). The
housekeeping gene β-actin or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was applied as an internal control.
The 2−��Ct method was adopted to quantify the relative
quantification of gene expression levels.22 All primers used
for qRT-PCR are shown in the Table.

Primary Culture and Transfection of OFs

Primary OFs were cultured as described previously.23

Briefly, tissue explants were minced and plated in 10
cm culture dishes with high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Gaithersburg, MD, USA)
containing 20% fetal bovine serum (FBS; Gibco) and 1%
penicillin/streptomycin (Gibco). The cultures were incu-
bated at 37°C in a humidified atmosphere with 5% CO2.Once
fibroblasts had grown from the explants, they were passaged
after detachment with trypsin/ethylenediaminetetraacetic
acid (EDTA; Gibco), and the cultures were maintained in
high-glucose DMEM containing 10% FBS and 1% peni-
cillin/streptomycin using conventional cell culture tech-
niques. All studies utilized cells between the third and tenth

TABLE. Primer Sequences for qRT-PCR in This Study

Genes Sequences (5′–3′)

β-actin Forward: GTGGCCGAGGACTTTGATTG
Reverse: CCTGTAACAACGCATCTCATATT

ENST00000454470 Forward: CTACAGGCACTTCAGGTCAAA
Reverse: TAAATGCTGGGCTGTTTCG

ENST00000529081 Forward: CCTTCCATTGGTTTGCAGAC
Reverse: ATCCCATCTGTTTGACTGAGGT

NR_038849 Forward: GTACTGGAGGAGCCATTAACAA
Reverse: CTGAGAAACCCAGTTCCTTAGA

ENST00000424343 Forward: CTCAGCAAAGCAAGAGCCA
Reverse: ATGAGCATCGCGGTGACTA

ENST00000422831 Forward: CATCTGTCCTGATTGCCCTAC
Reverse: GGGTTACAGAAACTCCTAAGGC

T371450 Forward: ACCACCAGACTTCCCCATT
Reverse: GCCTAAAGGGTCTTGTTGGA

T127417 Forward: TACACCCAAGGGAACTGAAA
Reverse: ACGATTGGTTAATCCACTCATC

T277939 Forward: GTGTTGACATTCTGCTTGGTTG
Reverse: ACCTTGATTCCGCTCAGTCG

ENST00000581911 Forward: AGGAATGAGGGGTAAAAGATGC
Reverse: TTGGGGACAGATAGGGTTGC

NR_110771 Forward: CCATAGCAGCCACAAAAGG
Reverse: TGGGGTTGACAGACAGGTT

U2 Forward: CATCGCTTCTCGGCCTTTTG
Reverse: TGGAGGTACTGCAATACCAGG

U6 Forward: CTCGCTTCGGCAGCACA
Reverse: AACGCTTCACGAATTTGCGT

GAPDH Forward: AGAAGGCTGGGGCTCATTTG
Reverse: AGGGGCCATCCACAGTCTTC

passages, and cells from the same passage were used within
each individual experiment to ensure consistency.

For the transfection experiments, OFs were all derived
from the EOMs of control patients. OFs were seeded
into 24-well plates at a density of 1 × 104 cells per
well. The following day, OFs were transfected with
an adenovirus (ThinkGene, Shanghai, SH, China) to
overexpress ENST00000581911 (MOI = 2000) or with
50 nM siRNA (Genomeditech, Shanghai, SH, China)
using Lipofectamine RNAiMAX Reagent (Invitrogen) to
silence KHSRP. Cells transfected with empty adenovirus
vectors (ThinkGene) or scrambled siRNAs (Genomeditech)
served as negative controls. SiRNA sequences used
for KHSRP were 5′-GTTGGAAGATGGAGATCAA-3′ for
si1, 5′-CCCGAGAAGATTGCTCATATA-3′ for si2, and 5′-
GCCTACTACTCACACTACT-3′ for si3.

High-Throughput RNA Sequencing and
Differentially Expressed Gene Analysis

High-throughput RNA sequencing and analysis were
conducted by OE Biotech (Shanghai, SH, China). RNA
libraries were constructed using TruSeq Stranded mRNA LT
Sample Prep Kit (Illumina, San Diego, CA, USA) according
to the manufacturer’s instructions. Then, the libraries were
sequenced on an Illumina HiSeq X Ten platform (Illumina)
and 150 bp paired-end reads were generated. About 50 M
raw reads for each sample were generated. Raw data of
fastq format were firstly processed using fastp24 and the low-
quality reads were removed to obtain the clean reads. Then,
about 45 M clean reads for each sample were retained for
subsequent analysis. The clean reads were mapped to the
human genome (GRCh38) using HISAT2.25 FPKM26 of each

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accGSE278934
http://geneontology.org/
https://www.kegg.jp/
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gene was calculated and the read counts of each gene were
obtained by HTSeq-count.27 Principal component analysis
(PCA) was performed using R (version 3.2.0) to evaluate the
biological duplication of the samples.

Differential expression analysis was performed using the
DESeq2.28 Q-value < 0.05 and |log2 FC| > 1 was set as
the threshold for significantly differential expression. Hier-
archical cluster analysis (HCA) of differentially expressed
genes (DEGs) was performed to demonstrate the expres-
sion pattern of genes in different groups and samples. GO
and KEGG analyses were carried out as described before.
Gene set enrichment analysis (GSEA) was performed using
the GSEA software.29 The analysis used a predefined gene
set, and the genes were ranked according to the degree of
differential expression in the two types of samples. Then, it
was tested whether the predefined gene set was enriched at
the top or bottom of the ranking list.

The original data of RNA sequencing have been deposited
in NCBI’s Sequence Read Archive (SRA)30 and are accessible
through SRA Series accession number PRJNA1169778 (https:
//www.ncbi.nlm.nih.gov/sra/PRJNA1169778).

CCK-8 Assay and CFSE Staining

Cell proliferation was assessed using CCK-8 assay and CFSE
staining. OFs were seeded into 96-well plates at a density of
5000 cells per well. After cell attachment, OFs were treated
with 5 ng/mL TGF-β1 (MedChemExpress, Monmouth Junc-
tion, NJ, USA) for 24 hours. Subsequently, 10 μL of CCK-8
reagent (Beyotime, Shanghai, SH, China) was added to each
well, and the plate was incubated at 37°C for an additional
4 hours. The amount of formazan produced was determined
by measuring absorbance at 450 nm using a Multiskan FC
microplate reader (Thermo Fisher Scientific). For CFSE stain-
ing, OFs were labeled with 5 μM CFSE (Selleck, Shanghai,
SH, China) in PBS for 30 minutes at room temperature in the
dark, and washed with PBS 3 times. A lower CFSE intensity
indicated increased cell proliferation.

ELISA Assay

OFs were treated with 5 ng/mL TGF-β1 (MedChemExpress)
for 24 hours to stimulate HA secretion. After treatment, the
cell culture supernatants were collected and centrifuged at
1000 g for 20 minutes to remove impurities such as cells and
debris. HA concentration in the supernatants was measured
using an ELISA kit (ZCIBIO, Shanghai, SH, China) follow-
ing standard procedures. The absorbance was measured at
450 nm using a Multiskan FC microplate reader (Thermo
Fisher Scientific). Sample concentrations were calculated
based on a standard curve generated using a four-parameter
logistic (4-PL) model.

RNA Pull-Down Assay

ENST00000581911 RNA was transcribed in vitro using the
RiboMAX Large Scale RNA Production System (Promega,
Madison, WI, USA) and biotinylated using the RNA 3′ End
Desthiobiotinylation Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Agarose gel elec-
trophoresis was used to detect the synthesized RNA on a
Mini-PROTEAN system (Bio-Rad, Hercules, CA, USA). The
293T cells (ZQXZ Biotech, Shanghai, SH, China) were lysed
using IP Lysis Buffer (Thermo Fisher Scientific). RNA pull-
down assays were performed using the Pierce Magnetic

RNA-Protein Pull-Down Kit (Thermo Fisher Scientific). Next,
the desthiobiotinylated RNA was captured with strepta-
vidin magnetic beads and incubated with whole cell lysates
at room temperature for 2 hours, followed by washing
and elution of the RNA binding protein (RBP) complex.
The eluted proteins were subjected to silver staining using
SilverXpress Silver Staining Kit (Thermo Fisher Scientific).
Specific bands were excised from the gel for LC-MS/MS,
followed by Western blot (WB) analysis.

Liquid Chromatography-Tandem Mass
Spectrometry

The protein strips were sequentially rinsed, decolorized,
dehydrated, and freeze-dried before undergoing reduction,
dilation, and enzymatic hydrolysis, followed by peptide
extraction and centrifugation to collect the supernatant.
Proteomic data analysis was conducted by Shanghai Luming
Biotech (Shanghai, SH, China) using the nano-HPLC UltiMate
3000 RSLCnano (Thermo Fisher Scientific) for peptide sepa-
ration and Q-Exactive plus MS (Thermo Fisher Scientific)
for analysis. The MS/MS spectra were searched using the
ProteomeDiscoverer 2.5 (Thermo Fisher Scientific) against
the Uniprot Homo sapiens database (https://www.uniprot.
org/proteomes/UP000005640).

WB Analysis

WB analysis was conducted according to standard protocols.
In brief, SDS-PAGE loading buffer (Beyotime) was added
to the proteins and boiled at 95°C for 10 minutes. Then,
the proteins were separated by electrophoresis on BeyoGel
Elite Precast PAGE Gels (Bis-Tris, 4-20%, 15 wells; Beyotime),
and then transferred to 0.45 μm polyvinylidene difluoride
(PVDF) membranes (Merck, Darmstadt, HE, Germany) on a
Mini-PROTEAN system (Bio-Rad). SDS-PAGE Electrophore-
sis buffer and transfer buffer were purchased from Beyotime.
WB analysis was determined using primary antibody against
KHSRP (1:2,000; Abcam, Cambridge, UK). Detection was
performed using an HRP-conjugated secondary antibody
(1:50,000; Abcam) and developed with Super-Signal chemi-
luminescent substrate (Pierce Biotech, Rockford, IL, USA) on
a ChemiDoc MP imaging system (Bio-Rad).

Statistical Analysis

Statistical analysis was conducted using Prism 8 (Graph-
Pad, Boston, MA, USA). Data are presented as the mean
± standard error. For normally distributed data, differences
between or among groups were compared using two-tailed
unpaired Student’s t-test or 1-way ANOVA. For non-normally
distributed data, a non-parametric test (Wilcoxon rank-sum
test) was used. A P value < 0.05 was considered statisti-
cally significant. The levels of significance are indicated as
follows: no significance (ns), *P < 0.05, **P < 0.01, and ***P
< 0.001. All experiments were validated using at least three
replicates.

RESULTS

Identification of Differentially Expressed
LncRNAs in the EOMs of TED

Microarray analysis was used to detect the differences
of lncRNA expression profiles between the TED and the

https://www.ncbi.nlm.nih.gov/sra/PRJNA1169778
https://www.uniprot.org/proteomes/UP000005640
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FIGURE 1. Long non-coding RNA (lncRNA) microarray analysis of extraocular muscles (EOMs) in thyroid eye disease (TED). (A)
Principal component analysis (PCA) analysis showing correlations among samples. The red dots indicate the TED samples, and the blue dots
indicate the constant esotropia (CET) samples. (B) Volcano plot depicting the screening of differentially expressed lncRNAs. The red dots
indicate upregulation, and the green dots indicate downregulation. (C) Chromosome distribution of the differentially expressed lncRNAs.
(D) Length distribution of the differentially expressed lncRNAs. (E) Classification of the differentially expressed lncRNAs based on their
positional relationship with coding genes.

control groups. PCA analysis showed significant difference
of lncRNA expression profiles between the TED and the
control groups (Fig. 1A). Volcano plot displayed the screen-
ing of differentially expressed lncRNAs with a threshold of P
< 0.05 and |log2 FC| > 1 (Fig. 1B). Among the 14,431 lncR-
NAs detected, a total of 1261 differentially expressed lncR-
NAs were screened out, including 648 upregulated lncRNAs
and 613 downregulated lncRNAs.

Further annotation showed that these differentially
expressed lncRNAs were mainly distributed on Chr2, with
a length of more than 2000 nt (Figs. 1C, 1D). According

to their positional relationship with coding genes, these
differentially expressed lncRNAs were classified into six
categories: bidirectional, intergenic, intronic antisense, natu-
ral antisense, exon sense-overlapping, and intron sense-
overlapping. Among these, intergenic lncRNAs accounted for
the largest proportion (Fig. 1E).

Identification of LncRNA ENST00000581911

Circos plot showed the chromosomal distribution of
lncRNA-gene interaction pairs (Fig. 2A). Besides, the top
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FIGURE 2. Bioinformatics analysis and qRT-PCR validation of the differentially expressed lncRNAs. (A) Circos plot showing interactions
between differentially expressed lncRNAs and genes on chromosomes. In the yellow rings, the red lines represent upregulated lncRNAs, and
the green lines represent downregulated lncRNAs. In the most inner ring, the red lines indicate positive co-expression, and the blue lines
indicate negative co-expression. (B) Co-expression network between top 10 differentially expressed lncRNAs and their corresponding genes.
The red dots indicate upregulation, and the green dots indicate downregulation. (C) Normalized expression levels of top 10 differentially
expressed lncRNAs based on microarray data. (D) Relative expression levels of the top 10 differentially expressed lncRNAs to β-actin based on
qRT-PCR. For C and D, the red fonts indicate upregulation, and the green fonts indicate downregulation. ENST00000581911 was highlighted
in yellow. ns, no significance; *P < 0.05; **P < 0.01; and ***P < 0.001.

500 interaction pairs between the top 10 differentially
expressed lncRNAs (T277939, ENST00000430468, T371450,
ENST00000600090, NR_126054, ENST00000581911,
ENST00000593830, T219240, NR_110771, and NR_073455)
and 152 corresponding genes were used to construct
the co-expression network (Fig. 2B). Among these,
ENST00000581911 was significantly correlated with
66 genes, such as solute carrier family 39 member 11
(SLC39A11; PCC = 0.99, P = 1.8E-08) and matrix metal-
lopeptidase 14 (MMP14; PCC = 0.98, P = 3.1E-07). To vali-
date the accuracy and reliability of the microarray data, 10
lncRNAs (6 upregulated and 4 downregulated) from the top
20 differentially expressed lncRNAs were randomly selected

for qRT-PCR detection. The expression trends of upregulated
lncRNAs (T277939, ENST00000581911, and T127417) and
downregulated lncRNA ENST00000424343 were consistent
with the sequencing data (Figs. 2C, 2D). Notably, lncRNA
ENST00000581911 demonstrated the highest expression
level, making it the focus of our further analysis.

ENST00000581911 was Involved in EOM
Remodeling of TED

According to the Ensembl Database, ENST00000581911
is an intergenic lncRNA located on the reverse strand
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FIGURE 3. Functional analysis of lncRNA ENST00000581911. (A) Localization of the coding gene of ENST00000581911 on the genome.
(B) Gene ontology (GO) analysis of the upregulated co-expressed genes of ENST00000581911 in the biological process (BP) category. (C)
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the upregulated co-expressed genes of ENST00000581911. (D) GO analysis
of the downregulated co-expressed genes of ENST00000581911 in the BP category. (E) KEGG analysis of the downregulated co-expressed
genes of ENST00000581911. The top enriched terms and pathways were highlighted in yellow.

of Chromosome 17 (73,894,749 to 73,911,878), with a
length of 419 nt (https://asia.ensembl.org/Homo_sapiens/
Gene/Summary?db=core;g=ENSG00000266765;r=17:738947
49-73911878;t=ENST00000581911; Fig. 3A). To explore

the potential function of ENST00000581911 in vivo, we
analyzed the co-expressed genes of ENST00000581911.
The upregulated co-expressed genes were enriched in
inflammatory response (GO:0006954, P = 1.1E-04, such

https://asia.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000266765;r=17:73894749-73911878;t=ENST00000581911
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as PROK2 and XCR1) and chemotaxis (GO:0006935, P =
2.5E-04, such as PROK2 and RNASE2) in the biological
process (BP) category according to GO analysis (Fig. 3B).
Besides, KEGG analysis revealed enrichment in the IL-17
signaling pathway (hsa04657, P = 1.7E-03, such as S100A9
and S100A8) and TNF signaling pathway (hsa04668, P =
3.6E-03, such as IL18R1 and MMP14; Fig. 3C).

Conversely, the downregulated co-expressed genes were
enriched in regulation of muscle contraction (GO:0006937,
P = 2.9E-05, such as TNNC1 and PPP1R12B) according to
GO analysis (Fig. 3D), and amino sugar and nucleotide sugar
metabolism (hsa00520, P = 2.1E-03, such as MPI and NANP)
and insulin secretion (hsa04911, P= 5.7E-03, such as KCNN2
and PCLO), according to KEGG analysis (Fig. 3E).

In addition, co-expressed genes involved in inflammatory
response (such as CCL5 and CCL8) were used to construct
a protein-protein interaction network, whereas neighboring

genes of ENST00000581911 (such as CCL5 and CCL8) were
used to construct a cis-regulation network (Supplementary
Fig. S1). In summary, our functional analysis showed that
ENST00000581911 was involved in inflammation, muscle
contraction, and extracellular matrix, suggesting it might
play a regulatory role in EOM remodeling in TED.

ENST00000581911 Promoted Cell Proliferation
and HA Secretion in OFs

We first assessed the expression of ENST00000581911
in OFs from patients with TED and the control group
using qRT-PCR. The results showed a significant upregu-
lation of ENST00000581911 in TED OFs (Fig. 4A). Then,
OFs derived from CET controls were included in further
analysis. An adenovirus was constructed to overexpress
ENST00000581911 in OFs, and qRT-PCR confirmed the

FIGURE 4. High-throughput RNA sequencing of ENST00000581911-overexpressed orbital fibroblasts (OFs). (A) Relative expression
of ENST00000581911 in OFs from patients with TED and controls. (B) Relative expression of ENST00000581911 in ENST00000581911-
overexpressed and control OFs. (C) PCA analysis showing correlations among samples. The red dots indicate ENST00000581911-
overexpressed OFs, and the blue dots indicate negative controls. (D) Heatmap showing gene expression patterns of ENST00000581911-
overexpressed and control OFs. The red dots indicate upregulated genes, and the blue dots indicate downregulated genes. (E) Volcano plot
depicting the screening of differentially expressed genes (DEGs). The red dots indicate upregulation, and the green dots indicate downreg-
ulation. *P < 0.05; and ***P < 0.001.



LncRNA ENST00000581911 in Thyroid Eye Disease IOVS | March 2025 | Vol. 66 | No. 3 | Article 46 | 9

FIGURE 5. ENST00000581911 regulated OF function in vitro. (A, B) GO and KEGG analyses of the DEGs in ENST00000581911-
overexpressed OFs. The top enriched terms and pathways were highlighted in yellow. (C) Gene set enrichment analysis (GSEA) analysis
of gene enrichment in DNA replication, extracellular matrix, and cell cycle. (D) Cell counting kit-8 (CCK-8) assay of ENST00000581911-
overexpressed OFs. (E) Carboxyfluorescein succinimidyl ester (CFSE) staining on ENST00000581911-overexpressed and control OFs. (F)
Quantitative analysis of the normalized mean fluorescence intensity (MFI) in E. (G) Hyaluronic acid (HA) concentration in the cell culture
supernatants of ENST00000581911-overexpressed OFs. ***P < 0.001.
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successful overexpression following adenoviral infection
(Fig. 4B).

Subsequently, we conducted high-throughput RNA
sequencing on ENST00000581911-overexpressed and
control OFs. PCA and HCA analyses demonstrated distinct
gene expression profiles between the ENST00000581911-
overexpressed and control groups (Figs. 4C, 4D). A total of
14,305 genes were identified, of which 2102 were differen-
tially expressed (1173 upregulated and 929 downregulated;
Fig. 4E).

GO analysis revealed that the DEGs were notably
enriched in DNA replication (GO:0006260, P = 1.7E-10, such
as RRM2 and FEN1) in the BP category, extracellular matrix
(GO:0031012, P = 2.4E-12, such as ADAMTS15 and THBS2)
in the cellular component category and extracellular matrix
structural constituent (GO:0005201, P = 1.6E-07, such as
THBS2 and COL8A1) in the molecular function category (Fig.
5A). KEGG analysis showed enrichment of DEGs in cell cycle
(hsa04110, P = 7.6E-10, such as SFN and CDKN2B) and
FoxO signaling pathway (hsa04068, P = 1.5E-06, such as
CDKN2B and CCNB1; Fig. 5B). Meanwhile, GSEA analysis
also highlighted gene enrichment in DNA replication, extra-
cellular matrix, and cell cycle (Fig. 5C).

CCK-8 assay and CFSE staining results suggested
that ENST00000581911 promoted the proliferation of
OFs (Figs. 5D–F). Additionally, ELISA assay showed that
ENST00000581911 enhanced HA secretion in OFs (Fig. 5G).

In summary, our results suggested that
ENST00000581911 may play a key role in regulating
gene expression involved in DNA replication, extracellular
matrix, and cell cycle. This regulation appears to promote
cell proliferation and HA production in OFs, which could
be critical in the pathology of TED.

KHSRP Is the Binding Protein of
ENST00000581911

To investigate the subcellular localization of
ENST00000581911, we fractionated the nuclear and
cytoplasmic components of OFs and performed qRT-
PCR. The results revealed that an average of 98.3% of
ENST00000581911 was localized in the nucleus (Fig. 6A).
The interaction of lncRNA with RBPs, particularly those
localized in the nucleus, plays a regulatory role in various
cellular processes, such as gene expression, chromatin
remodeling, transcriptional regulation, and RNA splicing.31

In order to screen potential RBPs of ENST00000581911,
RNA pull-down assay followed by LC-MS/MS analy-
sis was conducted, using the antisense sequence of
ENST00000581911 as a negative control (Figs. 6B, 6C). The
identified proteins are listed in Supplementary Table S2.

Through an overlapping analysis of LC-MS/MS
results with RBPs predicted by the RBPmap32 and
catRAPID33 databases, as well as the upregulated genes in
ENST00000581911 overexpressed OFs, KHSRP was identi-
fied as the most likely binding protein of ENST00000581911
(Fig. 6D). WB analysis further validated the binding of
ENST00000581911 and KHSRP (Fig. 6E). The representa-
tive KHSRP peptides detected by LC-MS/MS are displayed
in Fig. 6F, and the potential binding regions were predicted
by catRAPID database (Fig. 6G). According to CELLO
version 2.5,34 KHSRP was also found to be localized in
the nucleus, consistent with ENST00000581911, supporting
their interaction (Fig. 6H).

ENST00000581911 Interacted With KHSRP to
Regulate OF Function

To investigate the impact of KHSRP on OFs, we used siRNA
to silence the expression of KHSRP. Three siRNAs targeting
KHSRP were designed and transfected into 293T cells, and
qRT-PCR was used to assess KHSRP expression. Among the
sequences, si3-KHSRP demonstrated the highest silencing
efficiency and was selected for further experiments (Fig. 7A).
CCK-8, CFSE staining, and ELISA assays showed that silenc-
ing KHSRP inhibited cell proliferation and HA secretion,
which reversed the functional effect of ENST00000581911
overexpression in OFs (Figs. 7B–E). In conclusion, our find-
ings suggested that ENST00000581911 interacts with KHSRP
to regulate OF function, thereby contributing to EOM remod-
eling in TED (Fig. 7F).

DISCUSSION

TED is an autoimmune orbital disorder that affects orbital
soft tissues, including orbital fat and EOMs. Previous studies
have demonstrated the critical role of lncRNAs in the orbital
fat of TED.11,12,35 However, in TED, the pathological alter-
ations in orbital fat and EOMs differ, and the underly mecha-
nisms can be markedly distinct. Studies have revealed differ-
ential involvement36 and distinct inflammatory gene expres-
sion37 of orbital fat and EOMs in TED. Therefore, a dedicated
investigation into the role of lncRNAs in the EOMs of TED is
essential to advance our understanding of the disease mech-
anisms.

In this study, we revealed the lncRNA expression profile
in the EOMs of TED using microarray analysis. Among
the differentially expressed lncRNAs, a novel upregulated
lncRNA, ENST00000581911 (P = 2.9E-03, log2 FC = 4.48),
attracted our attention. Co-expression analysis identified
SLC39A11 and MMP14 as the most significantly co-expressed
genes with ENST00000581911. According to GO analysis,
SLC39A11 was involved in plasma membrane (GO:0005886)
and zinc II ion transmembrane transport (GO:0071577).
MMP14, as revealed by KEGG analysis, participated in
TNF signaling pathway (hsa04668), and played a vital
role in extracellular matrix remodeling.38 Additionally,
CCL5 and CCL8 were identified as cis-regulated genes of
ENST00000581911, which are implicated in pathological
processes, such as inflammation and cancer progression.39

These results highlighted the potential regulatory role of
ENST00000581911 in EOM remodeling in TED.

To investigate the regulatory function of
ENST00000581911, high-throughput RNA sequencing
was performed on ENST00000581911-overexpressed OFs.
The analysis revealed enrichment of DNA replication
(GO:0006260) and extracellular matrix (GO:0031012)
in both GO and GSEA analyses, whereas the cell cycle
(hsa04110) was enriched in KEGG and GSEA analyses.
Ribonucleotide reductase regulatory subunit M2 (RRM2)
emerged as the most differentially expressed gene involved
in DNA replication (GO:0006260). As a small subunit of
ribonucleotide reductase, RRM2 facilitates the conver-
sion of ribonucleotides to deoxyribonucleotides, ensuring
a balanced dNTP pool for DNA synthesis, repair, and
replication.40,41 A disintegrin and metalloproteinase with
thrombospondin motifs 15 (ADAMTS15) was the most
differentially expressed gene involved in extracellular
matrix (GO:0031012). The protein encoded by ADAMTS15
belongs to the proteoglycanase clade of the ADAMTS
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FIGURE 6. The binding of ENST00000581911 and KH-type splicing regulatory protein (KHSRP). (A) Nuclear and cytoplasmic RNA
expression of ENST00000581911. (B) Electrophoresis of ENST00000581911 and antisense RNA. (C) Silver staining of the RNA binding
proteins (RBPs) of ENST00000581911 and antisense RNA. (D) Overlapping analysis screening the most potential RBP of ENST00000581911.
(E) Western blot (WB) analysis of KHSRP. (F) Representative KHSRP peptides detected by LC-MS/MS. (G) Potential binding regions of
ENST00000581911 and KHSRP. (H) Subcellular localization of KHSRP.
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FIGURE 7. ENST00000581911 interacted with KHSRP to regulate OF function. (A) The silencing effect of three KHSRP-specific siRNAs.
(B) CCK-8 assay of OFs. (C) HA concentration in the cell culture supernatants of OFs. (D) CFSE staining on OFs. (E) Quantitative analysis
of the normalized MFI in D. (F) Schematic representation of the key findings in this study. NC, negative control; OE, ENST00000581911-
overexpressed; si, KHSRP-silenced; OE+si, ENST00000581911-overexpressed and KHSRP-silenced. ns, no significance; *P < 0.05; **P < 0.01;
and ***P < 0.001.

superfamily, which mediates the proteolytic degradation
of extracellular matrix components, particularly targeting
proteoglycans, such as aggrecan and versican.42 SFN was
the most differentially expressed gene involved in cell cycle
(hsa04110). It encodes a highly conserved soluble acidic
protein in the 14-3-3 family, which regulates cell cycle by
interacting with p53 or AKT signaling pathways.43,44 These
results highlighted the potential roles and mechanisms of
ENST00000581911 in regulating OF function.

KHSRP, known as KH-type splicing regulatory protein,
is a single-stranded nucleic acid-binding protein that inter-

acts with various RNA molecules, including mRNAs, micro
RNAs, and lncRNAs, to modulate RNA stability and regulate
gene expression.45 The role of KHSRP in tissue remodel-
ing has been demonstrated in processes such as the brown-
ing of white adipose tissue and the early phases of wound
healing mediated by TGF-β.46,47 Additionally, KHSRP’s inter-
action with lncRNAs has been reported in several studies,
such as its association with lncRNA LINC01305 in cervical
cancer progression,48 SNHG7 in endothelial-mesenchymal
transition in diabetic retinopathy,49 and AB074169 in papil-
lary thyroid carcinoma.50 In our study, RNA pull-down, LC-
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MS/MS, and WB analyses identified KHSRP as the RBP
for ENST00000581911. Further experiments confirmed that
ENST00000581911 interacted with KHSRP to regulate cell
proliferation and HA secretion of OF. However, the down-
stream mechanism by which KHSRP regulates OF function
and EOM remodeling in TED requires further investigation.

In summary, our study identified lncRNA
ENST00000581911 as the potential regulatory lncRNA
in TED. Bioinformatics analysis suggested that
ENST00000581911 plays a role of in the regulation of
inflammation, muscle contraction, and extracellular matrix
in the EOMs of TED. In vitro studies, including RNA
sequencing, CCK-8, CFSE staining, and ELISA assays,
demonstrated that ENST00000581911 regulates cell prolif-
eration and HA secretion in OFs. Further investigations
confirmed the binding and interaction of ENST00000581911
with KHSRP, revealing a potential mechanism by which
ENST00000581911 modulates OF function and EOM remod-
eling. These findings shed new light on the molecular
pathways involved in TED and suggest ENST00000581911
as a potential therapeutic target for future treatments.

However, our EOM samples were obtained from patients
with moderate-to-severe TED who had a CAS < 3. This
represents a limitation of our study in using CAS to iden-
tify patients, as CAS may not fully capture disease activity.
Notably, a low CAS score does not necessarily indicate the
absence of inflammation or the inactive stage of TED; rather,
it reflects relatively stable signs and symptoms without overt
inflammatory manifestations. In our study, all patients had
a strabismus duration of no less than 1 year and demon-
strated clinical stability for more than 6 months prior to
undergoing strabismus surgery. Based on both CAS evalua-
tion and Rundle’s curve of TED progression,51 these patients
might be considered in the stable phase of the disease.
However, even in this phase, disease recurrence or reactiva-
tion remains possible, underscoring the complex, dynamic
interplay between pathological processes across the active
and inactive stages of TED.

Our findings suggested that ENST00000581911 was asso-
ciated with inflammation regulation, OF proliferation, and
HA secretion, contributing to EOM remodeling. EOM remod-
eling is a progressively developing, dynamic pathological
process that occurs throughout the course of TED, suggest-
ing that ENST00000581911 might also play a role in early
onset TED. However, further studies are essential to confirm
the role of ENST00000581911 and to expand upon these
findings. This could be achieved by analyzing EOM samples
obtained from various stages of TED, utilizing more objec-
tive evaluations that incorporate multifactorial assessments,
such as the CAS, disease duration, and magnetic resonance
imaging-based parameters.

Another key limitation of our study is the use of EOMs
from patients with CET as controls rather than from healthy
individuals. Previous studies have indicated that patients
with CET may exhibit structural and functional alterations in
their EOMs,52–54 which might not represent a truly healthy
baseline. For instance, microarray analysis of strabismic
EOMs has shown that genes associated with extracellu-
lar matrix structure are upregulated, and genes related to
contractility are downregulated, as compared to healthy
EOMs.52 However, most of the strabismic EOMs included
in this study were derived from patients with exotropia,
so we do not know whether the lateral rectus muscle in
patients with CET would show the same results. Patients
with CET might also undergo similar changes. Thus, using

patients with CET as controls may lead to misestimation of
the findings regarding changes in contractility and extracel-
lular matrix in TED EOMs. In this study, we have found that
lncRNA ENST00000581911 enhances OF proliferation and
HA secretion. Besides, bioinformatics analysis of microarray
results has suggested that ENST00000581911 was associated
with inflammation regulation in TED EOMs. However, no
evidence of upregulated inflammation, OF proliferation, or
HA secretion has been found in CET EOMs. Obtaining truly
“healthy” human EOM tissues, however, remains a significant
ethical and practical challenge. Therefore, as a compromise,
we opted to use patients with CET as controls. Addition-
ally, although OFs are the primary cellular and functional
components in the EOMs of TED,55 the observed changes in
the EOMs may involve contributions from connective tissue
or other components.

To address these limitations, future research should focus
on using more refined control groups, such as postmortem
human tissues. Besides, single-cell RNA sequencing is essen-
tial for distinguishing cell-specific changes and verifying
whether the observed alterations are predominantly linked
to OFs or other components. This line of investigation is
currently underway. These approaches will help validate our
findings and provide deeper insights into the pathology of
TED.
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