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orbital adipose/connective tissue of thyroid-associated
ophthalmopathy

1,2,3 1,2,3

Lianqun Wu'23*, Yu Liang"?**, Nan Song**, Xiying Wang'?3, Chao Jiang">3, Xinxin Chen®,
Bing Qin®, Xiantao Sun’, Guohua Liu® and Chen Zhao'-%3

Eye Institute and Department of Ophthalmology, Eye & ENT Hospital, Fudan University, Shanghai 200031, China; 2NHC Key Laboratory
of Myopia (Fudan University), Key Laboratory of Myopia, Chinese Academy of Medical Sciences, Shanghai 200031, China; *Shanghai Key
Laboratory of Visual Impairment and Restoration, Shanghai 200031, China; “Department of Facial Plastic and Reconstructive Surgery,
Eye & ENT Hospital, Fudan University, Shanghai 200031, China; *Department of Ophthalmology, Changzheng Hospital, Second Military
Medical University, Shanghai 20003, China; °Department of Ophthalmology, Sugian First Hospital, Sugian 223800, China; ’Department of
Ophthalmology, Children’s Hospital Affiliated of Zhengzhou University, Zhengzhou 450053, China; Department of Ophthalmology, Qilu
Children’s Hospital of Shandong University, Jinan 250022, China

Corresponding author: Chen Zhao. Email: dr_zhaochen@fudan.edu.cn
*These authors contributed equally to this work.

Impact statement

Thyroid-associated ophthalmopathy (TAO)
is a common ocular autoimmue complica-
tion of thyroid dysfunction, but its mecha-
nism is poorly understood. To our best
knowledge, we are the first to sequence
total RNA from orbital adipose/connective
tissue samples to analyze alternative
splicing pattern in TAO. We found the
prevalence of alternative splicing in tran-
scriptome of TAO, which significantly
influences immune response, extracellular
matrix remodeling, and adipogenesis in
orbit of patients. This manuscript shed light
on the important role of alternative splicing
mechanism in modulating the development
of TAO, and it will also provide contribution
to current understanding of TAO as well as
the potential treatment strategy against
autoimmune disease for further studies.

Abstract

Thyroid-associated ophthalmopathy is a typical autoimmune disease of orbital tissues.
Alternative splicing significantly influences many diseases progression, including cancer,
age-related macular degeneration, and multiple sclerosis, by modulating the expression of
transcripts. However, its role in thyroid-associated ophthalmopathy is still unclear. In this
study, differential expression transcripts and differential alternative splicing genes in orbital
adipose/connective tissues of thyroid-associated ophthalmopathy patients were detected
using RNA sequencing, Cuffdiff, and replicate multivariate analysis of transcript splicing.
Three thousand ninety six differential expression transcripts and 2355 differential alternative
splicing genes were screened out, while functional enrichment analysis indicated that dif-
ferential expression transcript and differential alternative splicing genes were associated
with immune modulation, extracellular matrix remodeling, and adipogenesis. The expres-
sion of the SORBS1, SEPT2, COL12A1, and VCAN gene transcripts was verified by qRT-
PCR. In conclusion, prevalent alternative splicing is involved in the disease development in
thyroid-associated ophthalmopathy. More attention should be paid to the mechanism of

alternative splicing to explore more potential therapeutic targets in thyroid-associated ophthalmopathy.
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Introduction

Thyroid-associated ophthalmopathy (TAO) is a common
ocular manifestation involved in thyroid dysfunction,
which occurs most frequently in patients with Graves” dis-
ease.! As an autoimmune disease, TAO is characterized by

ISSN 1535-3702

an abnormal autoimmune response against antigens, such
as thyroid-stimulating hormone receptor (TSHR), calse-
questrin, and collagen XIII, shared by the thyroid and the
orbit.>? In the orbit, infiltrating T cells mainly provoke the
activation of orbital fibroblasts and lead to extracellular
matrix (ECM) remodeling.* Orbital fibroblasts (OFs) are
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the critical effectors in TAO and are divided into two pop-
ulations according to the expression of surface glycoprotein
Thy-1. Thy-1-positive cells are prone to differentiating into
myofibroblasts, whereas Thy-1-negative cells mainly under-
go differentiation into adipocytes in response to elevated
levels of peroxisome proliferator-activated receptor gamma
(PPARY), which is responsible for an increased volume of
orbital adipose/connective tissue (OACT).”° Merging stud-
ies have revealed the close association of OFs with adipo-
genesis and TAO. For example, the expression of TSHR is
increased during adipogenesis in TAO patients, while
insulin-like growth factor-1 (IGF-1) boosts stromal cells to
significantly proliferate in TAO periorbital adipose tissues.””
However, the modulatory mechanism underlying the acti-
vation of fibroblasts and adipogenesis in adipose/connec-
tive tissues in TAO has yet to be discovered.

Accumulating epidemiological evidence demonstrates
the genetic etiology of TAO. More than 50 genes that con-
tribute to TAO have been identified, including TSHR,
CTLA-4, CD40, HLA-DR, HLA-DQ, and TNF-2.>°
Moreover, differentially expressed genes associated with
the cell cycle, pathways of ribosomes, and retinol metabo-
lism have been identified as critical regulators of TAO,"°
providing new insights into the pathogenesis and thera-
peutic targets of the disease. The important role of post-
transcriptional regulation in orbitopathy has recently
been confirmed. In OFs in TAO, miR-21 is overexpressed
and regulates orbital muscle fibrosis."" Our previous study
revealed the potential regulatory function of the
circRNA_14940/CCND1/Wnt signaling pathway in TAO
using high-throughput RNA sequencing.'

Alternative splicing (AS) is a regulated process that enables
a single messenger RNA (mRNA) precursor (pre-mRNA) to
produce different functional proteins by rearranging the pat-
tern of intron and exon elements, thereby significantly
increasing the complexity of gene expression.”> AS has been
proven to play a vital role in many biological processes over
the entire life span and in the development of the brain, testes,
and immune system.13 Furthermore, AS-related factors, such
as Sam68, SRSF10, and SRp40, participate in adipogenesis
processes and regulate the AS events of the mammalian
target of rapamycin (mTOR), Lipinl, and PPAR}(.14 The acti-
vation and differentiation of human monocytes under stimu-
lation is also modulated by specific splicing events."” Merging
evidence also reveals that alternative splicing is associated
with the pathogenesis of macular and autoimmune diseases,
such as age-related macular disease, multiple sclerosis, and
cancer.'"® However, the knowledge of the relationship
between AS and TAO remains to be expanded.

In this study, to explore the potential relationship
between AS and TAO, differential expression transcripts
(DETs) and differential alternative splicing (DAS) genes
were identified based on high-throughput RNA sequenc-
ing data of tissues from TAO and control subjects, using
replicate multivariate analysis of transcript splicing
(rMATS). Then, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were obtained to screen out significantly enriched
functions through the DAVID database. Furthermore,
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quantitative real-time polymerase chain reaction (qRT-
PCR) was performed to validate DET and DAS genes.

Materials and methods

Patients and tissue samples

All patients included in this study were diagnosed with TAO
based on the Bartley criteria and had normal thyroid func-
tions after treatment with antithyroid drugs.'® The following
patients were excluded: (i) patients with other ocular or sys-
temic inflammatory or autoimmune diseases, (ii) patients
who had wundergone radioiodine therapy or thyroid
operations, and (iii) patients who had been treated with
anti-inflammatory and/or immunosuppressive drugs (e.g.
steroids) within six months prior to the study. Six TAO
patients were screened out, and all of these cases were recog-
nized as inactive TAO with a clinical activity score (CAS) of
less than three for at least six months.*® Additionally, six indi-
viduals who had not been diagnosed with thyroid or orbital
diseases or any inflammatory/autoimmune diseases partici-
pated in the study as controls. OACT samples of TAO patients
were collected from tissue removed during orbital decom-
pression surgery. Besides, tissues of control individuals
obtained in plastic surgery were collected as control samples.

Ethical approval

This study was approved by the Ethics Committee of
Changzheng  Hospital, Second Military = Medical
University. All patients signed informed consent forms
based on a full understanding of the study’s aims and pro-
cedures before being enrolled. The research protocol com-
plied with the provisions of the Declaration of Helsinki.

RNA isolation and sequencing

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. The integrity of RNA was evaluated using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA). Its quality and quantity were assessed using a
Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA).

Using a TruSeq Stranded Total RNA kit and Ribo-Zero
Gold treatment (Illumina, San Diego, CA, USA), strand-
specific RNA sequencing libraries were established after
ribosomal RNA was depleted according to the manufac-
turer’s protocol. For each sample, extracted RNA was
used for double stranded cDNA synthesis, and then was
purified and adenylated and ligated with adapters at the
3’ ends. The DNA fragments were enriched by PCR with 14
cycles and the main peak of the library was 350 bp. After
evaluating the library quality using an Agilent 2100
Bioanalyzer (Agilent Technologies), high-throughput RNA
sequencing was performed using a HiSeq 2500 System
(llumina). The RNA sequencing data of each sample was
97.96 M to 99.79 M reads.

Sequence assembly and analysis

The quality of raw reads was assessed using
Trimmomatic.?! Adapters, low-quality bases, and reads
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were filtered out. The remaining clean reads were aligned
with the human genome (GRCh38.p12) for assembly using
HISAT2.* Sequence segments were spliced and annotated,
and the transcript expression counts were calculated using
the htseq-count script.”® Gene expression was quantified
with Cufflinks with fragments per kilobase of exon per mil-
lion mapped reads (FPKM),** and the read counts were
normalized with DESeq.””> PCA of samples was exhibited
based on the expression of the transcripts.

AS allows one gene to produce multiple mRNA tran-
scripts that may be translated into different proteins.
Based on the mapping results (in BAM format), we
detected the presence of AS events in the samples using
rMATS.* Through rMATS, alternative splicing events
that corresponded to known alternative splicing patterns
was automatically detected and analyzed.

DET and DAS analysis

DETs were screened out based on the FPKM values accord-
ing to the criteria of log2|fold change| >1 and P <0.05.
To identify homogeneous groups of all samples, pheatmap
package in R was used to make hierarchical clustering anal-
ysis according to the expression levels of the transcripts.””

DAS genes in TAO patients and controls were
identified using rMATS.*® Five main alternative splicing
events, A3SS, A5SS, MXE, RI, and SE, were analyzed.
The DAS genes were calculated with a threshold of
| IncLevelDifference | > 0.01 and FDR-adjusted P < 0.05.

Functional enrichment analysis

DET and DAS genes were selected and subjected to Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes
pathway analysis. In terms of the GO analysis, the related
genes were annotated according to BP, CC, or MF. For
KEGG analysis, the differentially enriched pathways were
ranked by the enrichment scores.

Quantitative real-time PCR

Total RNA of orbital tissue from two groups was isolated
using TRIzol reagent (Invitrogen), and was reverse-
transcribed into complementary DNA using a HiScript II
Q RT SuperMix Ila Kit (Vazyme Biotech, Shanghai, China).
Quantitative RT-PCR was performed using a ChamQ SYBR
gqPCR Master Mix Kit (Vazyme) on a GeneAmp PCR
System 9700 (Applied Biosystems, Foster City, CA, USA).
All samples were normalized to internal B-actin controls,
and the relative expression levels of target genes were cal-
culated using the 24" method. The primer sequences of
all target genes are shown in Table S1.

Results

DETs in OACT samples of TAO patients

In total, 113,095 genes were identified in RNA sequencing
profile derived from samples of TAO and control group.
The unique mapped reads were assembled into transcripts
using Cufflinks, and the expression of mRNAs was quan-
tified by the FPKM values. The box plot of the FPKM values

of mRNAs revealed no abnormal expression in three sam-
ples of each group (Figure 1(a)). Principal component anal-
ysis (PCA) revealed a clear separation between the samples
of the two groups (Figure 1(b)). With a threshold of log?2 |
fold change | >1 and a P value of <0.05, a total of 3096 DETs
were screened, consisting of 1460 upregulated genes and
1636 downregulated transcripts (Figure 1(c)). Hierarchical
clustering analysis showed two distinct separate clusters,
suggesting that TAO and control samples could evidently
be discriminated according to the expression of the 3096 DE
genes (Figure 1(d)).

DAS gene analysis

To investigate potential AS in TAO patients, five main types
of AS events, including alternative 3’ splice sites (A3SS),
alternative 5 splice sites (A5SS), mutually exclusive exons
(MXE), retained intron (RI), and skipped exon (SE), were
analyzed using rMATS (Figure 2(a)). AS events were
detected in 12,021 genes. A3SS events occurred in 4298
genes, A5SS events occurred in 3593 genes, MXE events
occurred in 3193 genes, RI events occurred in 1196 genes,
and SE events occurred in 11,767 genes (Figure 2(b)).
Within them, 130 overlapping genes were regulated by all
five main AS events. Furthermore, 2533 DAS genes were
identified in TAO and control groups, with a threshold of |
IncLevelDifference | >0.01 and a false recovery rate (FDR)-
adjusted P value of <0.05 (Figure 2(c)). The numbers of
A3SS, A5SS, MXE, RI, and SE events were 503, 386, 203,
140, and 2347, respectively. SE was the most prevalent AS
event in TAO patients, whereas RI was the least prevalent.

Enrichment analysis of DET genes

Aimed at investigating the functions of DET genes, the
functional enrichment analysis was exhibited based on
GO annotation and KEGG pathway databases. The top 30
most significant GO terms of upregulated and downregu-
lated DET genes were identified (Figures 3 and 4). The
upregulated mRNAs of TAO samples were mainly related
to the T cell antigen processing and presentation (biological
process [BP]) and prostaglandin F receptor activity (molec-
ular function [MF]), which were involved in the immune
response and inflammation in TAO, as well as microtubule
anchoring (BP), proteinaceous extracellular matrix (cellular
component [CC]), kinetochore microtubule (CC), and
microtubule plus-end binding (MF), which were associated
with fibroblast activation (Figure 3, Table 1). The downre-
gulated mRNAs were mostly connected with to cell adhe-
sion (BP), the collagen catabolic process (BP), collagen type
XII trimer (CC), extracellular matrix (CC), integrin binding
(MF), and extracellular matrix structural constituent con-
ferring tensile strength (MF), which were mainly associated
with  ECM remodeling and the interaction between
immune cells and the ECM (Figure 4, Table 1).

The top 20 enrichment KEGG pathways were listed
(Figures 5 and 6). The pathways associated with upregu-
lated mRNAs included the PPAR signaling pathway, the
transforming growth factor beta (TGF-f) signaling pathway,
the insulin signaling pathway, the regulation of the actin
cytoskeleton, and the interleukin 17 (IL-17) signaling
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Figure 1. Qualification and analysis of identified genes from RNA sequencing data. (a) Box plot of FPKM values of transcripts in TAO and control groups. (b) Scatter
plot of the PCA analysis for each sample on the first (PC1) and second principal components (PC2). (c) Volcano plot of differential expression transcripts based on a
threshold of log2|fold change| > 1 and P < 0.05. (d) Heatmap of hierarchical clustering analysis for all samples based on the expression of genes. (A color version of this
figure is available in the online journal.)
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Figure 2. Analysis of differential alternative splicing (AS) genes and distribution of the five main AS events. (a) Schematic diagrams of the mechanisms of the five main
AS events. (b) Venn diagram of the detected genes undergoing the five AS events and overlap of these genes. (c) Distribution of differential AS events based on a
threshold of |IncLevelDifference| > 0.01 and FDR-adjusted P < 0.05. (A color version of this figure is available in the online journal.)
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Figure 3. Gene Ontology (GO) function enrichment analysis of upregulated DET genes. Top 30 most significant GO terms of upregulated DET genes associated with biological processes (BP), cellular components (CC), and

molecular functions (MF). (A color version of this figure is available in the online journal.)
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Figure 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of upregulated DET genes. Top 20 enriched KEGG pathways of
upregulated DET genes. (A color version of this figure is available in the online journal.)
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Figure 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of downregulated DET genes. Top 20 enriched KEGG pathways of
downregulated DET genes. (A color version of this figure is available in the online journal.)
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pathway, which were involved in adipogenesis,
inflammation, and immune response (Figure 5, Table 2).
Enrichment pathways associated with downregulated
mRNAs included protein digestion and absorption, ECM-
receptor interaction, the PI3K/Akt signaling pathway,
and the mTOR signaling pathway (Figure 6, Table 2). The
results of KEGG analysis were consistent with the GO
annotations.

Enrichment analysis of DAS genes

The function of DAS genes was also investigated using GO
annotation and KEGG pathway analysis. As the most prev-
alent events in OACT of TAO, SE events mainly participat-
ed in the activation of Janus kinase activity (BP), protein
localization to centrosome (BP), centrosome (CC), and actin
binding (MF), which were associated with fibroblast migra-
tion, adipogenesis (cytoskeleton reorganization), and ECM
remodeling (Figure 7). A3SS events were related to positive
regulation of type I interferon production (BP), the centro-
some cycle (BP), negative regulation of TOR signaling (BP),
the microtubule cytoskeleton (CC), cytoskeletal adaptor
activity (MF), and thyroid hormone receptor binding
(MF) (Supplementary Figure 1(a)). A5SS events were relat-
ed to cytoskeleton organization, negative regulation of type
I interferon production (BP), the centrosome, the cytosol,
the Z disc (CC), and the structural constituent of muscle
(MF) (Supplementary Figure 2(a)). MXE events were relat-
ed to the fatty acid metabolic process, smoothened signal-
ing pathway, cilium assembly (BP), ECM (CC),

WNT11; TNXB; WNT4; COL6A3; WNT16; PPP2R1B; TBK1; MDM2; COL4A4; CREB1; HDAC4; COL4A5; FNT;

DLG1; UBE3A; WNT5B; PIK3CB
PGR; ESR1; FZD6; TCF7L2; CDKN1A; APC; WNT2; WNT11; SHC3; WNT4; WNT16; WNT5B; PIK3CB

WNT4; WNT16; GAB1; MDM2; ANK3; CAMK2G; FN1; WNT5B; PIK3CB
FZD6; TCF7L2; NFATC2; MAPKS8; APC; WNT2; WNT11; DKK2; CTNNBIP1; WNT4; WNT16; PRICKLE2;
KDMB6A; WNT16; NR4A3; MDM2; MLF1; ATF1; FUT8; NCOR1; MAF

CAMK2G; TBL1XR1; CTBP1; MAPK10; WNT5B; PLCB4
FZD6; TCF7L2; CDKN1A; JUP; APC; WNT2; WNT11; CDKN2B; SHC3; WNT4; WNT16; GAB1; WNT5B; PIK3CB

IGFBP3; IL6; RUNX2; HIST2H3D; PLAU; EWSR1; RUNX1T1; CDKN1A; EYA1; PTK2; JUP; ETV6; MMP3; GRIAS;

RNF152; TTI1; GRB10; ULK2; WNT5B; PIK3CB

LAMA2; ITGA11; COL6AB6; FZD6; TCF7L2; CDKN1A; VEGFA; PTK2; PPP2R5C; APC; COL4A6; THBS2; WNT2;
FMO3; FMO5; GSTM1; HPGDS; MGST2

MAPKAP1; PRR5; FZD6; SLC38A9; RRAGC; PRKAAT; WNT2; RPS6KA3; WNT11; SGK1; WNT4; WNT16;
CD44; SDC1; ESR1; PLAU; FZD6; CDKN1A; VEGFA; MMP2; PTK2; ANK2; ERBB3; WNT2; WNT11; ANK1;

ABCB5; ABCC10; ABCG1; ABCD4; ABCB11; ABCA6

g metalloendopeptidase activity, and actin binding (MF)
(] (Supplementary Figure 3(a)).
The top 20 KEGG enrichment pathways of DAS genes
are shown in Figure 5. SE events of DAS genes were
5 5 involved in fatty acid biosynthesis, the PPAR signaling
2 g pathway, glycerophospholipid metabolism, and adherens
c S o junction, which were related to adipogenesis in TAO
2 S s (Figure 8). A3SS events were involved in fatty acid degra-
£ 5 5 5 g dation, glycerophospholipid metabolism, the toll-like
g 2 % e § é‘,’ receptor signaling pathway, thyroid hormone synthesis,
3 g fol = £ and the PPAR signaling pathway (Supplementary Figure
§ 5 g 2 % ° S 5 E 1(b)). A5SS events were involved in the regulation of lipol-
H : % 583 £ £s ysis in adipocytes, the adipocytokine signaling pathway,
o e ;7:’ g § 3 5 o % and Th1/Th2 cell differentiation (Supplementary Figure 2
E § g ° 29 2 fg *E g (b)). MXE events were involved in the regulation of lipoly-
k|2 ®E o<a = OF sis in adipocytes, the PPAR signaling pathway, the JAK/
STAT signaling pathway, and cytokine-cytokine receptor
interaction (Supplementary Figure 3(b)).
8 I8 g8 o gy In summary, the enriched GO terms and KEGG path-
— (SN o D O (2] [SVESY] . . . .
) 8y 8983 I 343 ways in DAS genes were largely associated with adipogen-
ol 23 333 3 B89 esis and ECM remodeling, which is consistent with the
results of the DET gene enrichment analysis.
o
:Ej Validation of the expression of DET genes
é In accordance with the differential expression analysis, the
BN samples of TAO patients exhibited differential splicing
% [ transcript expression of VCAN, SORBS1, SEPT2, and
S| a COLI12A1. To validate the RNA sequencing results, we

detected the expression levels of transcript variant 1
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Figure 7. Gene Ontology (GO) function enrichment analysis of DAS genes edited by SE events. Top 30 most significant GO terms in BP, CC, and MF of DAS genes
edited by SE events. (A color version of this figure is available in the online journal.)
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Figure 8. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DAS genes edited by SE events. Top 20 enriched KEGG pathways of
DAS genes edited by SE events. (A color version of this figure is available in the online journal.)
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Figure 9. Validation of the expression of DET genes in TAO and control samples. (a) Sequences and exon distribution in transcripts NM_004385.4 and
NM_001164097.1 of the VCAN gene. (b) Level of exon inclusion reads, which represents the reads across the junction between exons, of VCAN in TAO and control
samples. (c) Expression levels of six transcripts from four genes (SORBS1, SEPT2, COL12A1, and VCAN) based on the RNA sequencing data. (d) Expression levels of
six transcripts from four genes based on the gRT-PCR results. (A color version of this figure is available in the online journal.)

(NM_004385.4) and transcript variant 3 (NM_001164097.1)
of VCAN, transcript variant 12 (NM_001290298.1) of
SORBS1, transcript variant X2 (XM_024452921.1) of
SEPT2, and transcript variant short (NM_080645.2) and
transcript variant X2 (XM_017010252.2) of COL12A1.
Transcript NM_001164097.1 of VCAN lacked an exon in
the coding region compared with transcript NM_004385.4
(Figure 9(a)). The RNA sequencing analysis revealed that
the levels of exon inclusion reads and NM_004385.4 of
VCAN were lower in TAO patients (Figure 9(b) and (c)),
indicating that the occurrence of SE events in VCAN was
more frequent in TAO patients’ samples than in those of
controls. Moreover, transcript NM_001290298.1 of SORBS1
and transcript XM_024452921.1 of SEPT2 were upregulated,
whereas transcripts NM_080645.2 and XM_017010252.2 of
COL12A1 were downregulated (Figure 9(c)). The qRT-PCR
results confirmed that the expression levels of

NM_001290298.1 of SORBS1 and XM_024452921.1 of
SEPT2 were elevated, whereas the levels of NM_080645.2
and XM_017010252.2 of COL12A1 and NM_004385.4 of
VCAN were reduced (Figure 9(d)). Thus, the qRT-PCR
results were consistent with the RNA sequencing results.

Discussion

TAO is characterized by the remodeling and expansion of
orbital tissue. Dysregulated metabolism of the ECM and
increased orbital adipose/connective tissue are considered
the two major elements associated with the pathogenesis of
TAO. However, the underlying mechanism is not yet fully
understood. In this study, we used RNA sequencing to ana-
lyze the DET and DAS genes in OACT of TAO patients in
order to investigate the genetic regulation of TAO. Among
113,095 identified genes from RNA sequencing data, 3096
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DETs were predicted, of which 1460 were upregulated and
1636 were downregulated. Moreover, 4278 DAS genes were
compared between TAO patients and control subjects.
Among five main AS events, SE events were the most prev-
alent, accounting for 66.48%, while RI events were the
rarest, accounting for 2.59%. The results indicated the prev-
alence and importance of the mechanism of AS in the reg-
ulation of TAO. Moreover, SE events may play a critical role
in the pathological changes of adipose/connective tissue.

The enriched GO terms and KEGG pathways provided
more insights into the role of DET and DAS genes in TAO.
Based on the results, we found that numerous DETs were
associated with the autoimmune response, ECM remodel-
ing, and adipogenesis in adipose/connective tissue. T cell
infiltration is a major trigger of pathogenesis in the orbit.®
In terms of GO analysis, DETs associated with the BP of T
cell antigen presentation (GO:0002457) may influence the
function of immune cells. The pathway analysis revealed
the relationship between DETs and cytokine signaling path-
ways, including TGF-B (hsa04380) and IL-17 (hsa04657).
Aberrant cytokine signaling plays a critical role in the path-
ogenesis of TAO. Growing evidence shows that the cyto-
kine profile is derived not only from monocytes/
macrophages and lymphocytes but also from thyrocytes,
OFs, and even adipocytes, participating in inflammation
and fibroblast activation in adipose/connective tissue.”®
IL-17A can significantly promote the proinflammatory
and profibrotic functions of OFs.?* Moreover, in the pres-
ence of proinflammatory signaling, TGF- promotes the
differentiation of naive CD4+ T cells into Thl7 cells,
which mainly produces IL-17.%° Hence, TGF-B and IL-17
cooperate in promoting TAO.

DETs were associated with the CC of the ECM
(GO:0031012), the BPs of the collagen catabolic process
(GO:0030574) and cell adhesion (GO:0007155), and the
MF of integrin binding (GO:0005178). The ECM-receptor
interaction pathway (hsa04512), associated with downre-
gulated DETs, was also screened out. Profound ECM
remodeling mediated by activated fibroblasts is a major
process in TAO.” The accumulation of ECM components,
such as collagen, is a hallmark of ECM remodeling and
provides multiple potential autoantigens to exacerbate an
aberrant autoimmune response.’’ Previous studies have
demonstrated that integrin-dependent pathways mediate
the recruitment of activated T lymphocytes in the retro-
orbital space.*” Impaired interaction between T cells and
the ECM also stimulates this process.*

The GO terms related to the microtubule cytoskeleton
function (GO:0034453, GO:0005828, and GO:0051010) pre-
dicted that the related transcripts modulated the adipogen-
esis of OFs.** The KEGG analysis revealed that the DETs
were associated with pathways such as the PPAR signaling
pathway (hsa03320), the insulin signaling pathway
(hsa04910), the PI3K/Akt signaling pathway (hsa04151),
and the mTOR signaling pathway (hsa04150), which are
also closely related to adipogenesis.”*®> Growing evidence
shows that the increased volume of the orbital space is
largely due to the adipogenesis process. OFs cultured
from TAO mouse models with high TSHR and IGF-IR
levels exhibited increased adipogenesis, indicating its

important role in TAO.?® PPARY is the most important tran-
scriptional modulator in adipogenesis.”” It has been found
that the level of PPARY is positively correlated with adipo-
genesis and the level of TSHR in adipose/connective tis-
sues of TAO patients.®® Another member of the PPAR
family, PPARa, also participates in modulating the secre-
tion of CXCL8 and CXCL10 of OFs and preadipocytes,
which regulate the inflammatory response.”” IGF-1 and
IGF-1R also play major roles in TAO. IGF-1R is an autoan-
tigen on the cell surface that can form a physical and func-
tional signaling complex with TSHR on fibrocytes,
contributing to the transduction of downstream signal-
ing.*® A randomized placebo-controlled trial investigated
human IGF-1R-inhibiting monoclonal antibody teprotumu-
mab as a potential therapeutic strategy to attenuate patho-
genesis, producing good outcomes compared with the
placebo.*’ Consequently, the related DETs are also potential
regulators of the pathogenesis of TAO.

Our DAS analysis showed that differential AS events
were also significantly related to the above processes, espe-
cially adipogenesis. ASleads to the generation of differential
splicing transcripts from one gene, which can be translated
into differential functional isoforms. In the DAS analysis, we
found that the enriched GO terms associated with AS events
were related to centrosome, actin, and microtubule functions.
Other GO terms included the BF of positive regulation of type
I interferon production, the MF of thyroid hormone receptor
binding, the CC of the ECM, and the MF of metalloendopep-
tidase activity, which were related to cytokine function and
ECM remodeling. The KEGG pathway analysis revealed the
most enriched pathways, including fatty acid biosynthesis,
the PPAR signaling pathway, glycerophospholipid metabo-
lism, and adherens junction. Microtubules and actin fila-
ments are the two main cytoskeleton networks supporting
the intracellular architecture and the centrosome, which are
considered the organizing centers of both.*? Cytoskeleton
changes interacting with the ECM and influencing the
shape and function of cells are observed during adipogene-
sis.**** However, their role in TAO has not yet been elucidat-
ed. On the other hand, several pathways have been
integratedly analyzed. Fatty acid biosynthesis and glycero-
phospholipid metabolism are critical parts of adipogenesis,
with close interactions with the PPAR family.*’

Our analysis showed a remarkable overlap between the
functions of DET and DAS genes. Among them, SORBS1
encodes Cbl-associated protein (CAP), which plays a role in
signaling transduction and cytoskeleton rearrangement.
CAP is enriched in insulin-sensitive tissues and partici-
pates in the insulin signaling pathway and in adipocyte
differentiation.*® A PPAR response element in its promoter
has been identified in the sequence of SORBS1, which can
regulate the level of CAP.*” Our analysis revealed one tran-
script of SORBS1 upregulated in TAO patients, suggesting
its potential regulatory function in adipogenesis. The septin
family is involved in cytoskeleton reorganization, cytokine-
sis, and membrane dylrlamics.48 Little is known about the
exact function of septin-2, encoded by the SEPT2 gene, in
TAO. However, PPARy can regulate the expression and
function of SEPT2 in hepatoma cells,*’ suggesting the
potential role of SEPT2 in cytoskeleton regulation and
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PPAR-mediated signaling. Our results showed opposite
expression patterns in two transcripts of SEPT2. The impor-
tance of this difference remains to be studied.

Collagen XII is a critical component of the ECM, helping
to maintain its structure and function. AS of COLI2A1
results in a large isoform collagen (XIIA; 320 kD) and a
short isoform collagen (XIIB; 220 kD).50 Collagen XIIA has
an NC3 domain carrying glycosaminoglycan chains,
whereas collagen XIIB does not. We only discovered low
levels of the short splicing transcript, which is involved in
the collagen catabolic process according to the GO terms.
VCAN encodes versican, an ECM proteoglycan associated
with glycosaminoglycan metabolism, which potentially
influences TAO. The protein domains encoded by exons 7
and 8 can attach to glycosaminoglycan residues,” while AS
produces different transcripts either containing these exons
or not. According to our analysis, SE events were more
prevalent in VCAN genes of TAO patients, indicating
high expression of transcripts without exon 7. This also
suggests the modulatory role of AS in TAO.

Taken together, the integrated analysis of DET and DAS
genes demonstrated that multiple pathways modulating
the development of TAO are regulated by the mechanism
of AS, resulting in the differential expression of diverse
functional transcripts. In particular, the upregulation of
components and pathways associated with adipogenesis
in our analysis is notable. However, previous studies
have reported contradictory results regarding the stimula-
tion of adipogenesis-inhibiting pathways. A study showed
that the TGF-p and IL-17 signaling pathways promote
fibrosis of Thy+ orbital fibroblasts but inhibit the adipo-
genesis of Thy—OFs.”> Moreover, PGF-20, suppresses the
function of PPARYy and activates the MEK/ERK cascade,
inhibiting the early phase of adipogenesis through prosta-
glandin F receptor.” In our study, PGF receptor activity and
the TGF-B/IL-17 signaling pathway were related to upre-
gulated DETs. It is assumed that they exert a potentially
protective effect against adipogenesis, which is indicative
of the complex modulatory network of adipogenesis and
inflammation. Previous research has revealed increased
inflammation and adipogenesis in active TAO, which can
be attenuated in inactive TAO.** Thus, some pathways
associated with the inhibition of adipogenesis and the acti-
vation of fibrosis may be triggered in response to a change
in TAO activity. In our study, the TAO patient tissue sam-
ples were in the inactive phase. Hence, it is possible that
some adipogenesis-inhibiting signaling pathways were sig-
nificantly activated. More attention should be paid to AS
events to explore new biomarkers and therapeutic targets
for TAO and to study changes in AS events during the dif-
ferent phases of TAO.

Conclusions

In this study, we conducted an analysis of DET and DAS
genes of adipose/connective tissues of TAO patients, pre-
dicting 3096 DETs and 4278 DAS genes. Using rMATS, we
found that SE is the most prevalent of all AS events. GO and
KEGG analysis showed that the most enriched functions
are related to the immune response, ECM remodeling,

and adipogenesis. Our results suggest a potentially impor-
tant role of AS in the pathogenesis of TAO. AS of candidate
genes may provide insights into the underlying mecha-
nisms and new therapeutic targets for TAO in the near
future.
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