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[Abstract] This

differentially expressed proteins (DEPs) in extraocular muscles from

Objective study aimed to identify the

patients with restrictive strabismus having thyroid-associated
ophthalmopathy (TAO) and those with concomitant esotropia by
proteomic analysis using a tandem mass tag (TMT).

Methods Extraocular muscle samples from five patients with
having TAO

concomitant esotropia were collected from August 2019 to

restrictive  strabismus and five patients with
December 2020. The patients received strabismus surgery. DEPs in
the extraocular muscle samples were identified by quantitative
proteomic analysis, and bioinformatic analysis was carried out using
TMT. Fold change =21.2 or <0.83 and P value <0.05 were regarded
as the thresholds to screen DEPs. Gene Ontology (GO) annotation,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis, and protein—protein interaction (PPI) network
analysis of DEPs were conducted through UniProt-Gene Ontology
Annotation (GOA)and STRING database. This study protocol was
approved by the ethics committee of Peking University People’s
Hospital (No. 2021PHB058-001).

Results A total of 53 DEPs were identified, 34 of which were
upregulated and 19 were downregulated. The biological processes in
which DEPs mainly participated included response to stimulation,
multicellular organismal process, metabolism, developmental process,
intracellular signal transduction, and positive regulation of the
biological process. DEPs were involved in pathways including focal
adhesion, tight junction, regulation of action cytoskeleton, and
apoptosis. Six key proteins identified using the PPI network included
myosin heavy chain 2, myosin heavy chain 7, myosin regulatory light
chain, a-actinin-2, fibrinogen alpha chain, and fibrinogen beta chain.

Conclusions DEPs were found in extraocular muscles from
patients with restrictive strabismus having TAO and those with
concomitant esotropia. Myosin, actinin, and filamin may be involved
in the pathogenesis of TAO through the regulation of action
cytoskeleton and focal adhesion.
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Thyroid-associated ophthalmopathy (TAO) is an autoimmune
disease 1.2, The tissues within the orbit, such as the extraocular
muscles and orbital fat, as well as the thyroid tissue, ate targeted by
the immune response, leading to fibrosis of the extraocular muscles,
loss of elasticity, and an increase in orbital soft tissue volume. This
results in various eye features, such as different degrees of proptosis,
incomplete eyelid closure, eyelid retraction, and compressive optic
neuropathy3. TAO often involves the inferior and medial rectus
muscles, resulting in restrictive hypotropia and esotropia 4. Patients
with TAO often experience significant diplopia, which seriously
affects their quality of life. The specific pathogenic mechanism of
TAO is Tandem mass tag (TMT) is a

peptide-labeling  technology that uses multiple isotope labels to

not yet clear 50,
covalently bind with the amino groups of peptides 7 vitro. It can be
used for the qualitative and quantitative analyses of proteins in 10
different samples at the same time. TMT has the advantages of
accurate quantification, good reproducibility, and high sensitivity,
and is widely used in differential protein expression analysis’. This
study used protein isotope—labeling quantitative analysis combined
with liquid chromatography—tandem mass spectrometry to
determine the secondaty restrictive strabismus extraocular muscles
and common strabismus extraocular muscles in TAO, screen for

(DEPs),

bioinformatics analysis of the functions of these proteins to identify

differentially ~ expressed  proteins and  perform

the potential biomatkers involved in the occurrence and
development of TAO. This study provided a research foundation

for further investigating the pathogenesis of TAO.

1 Materials and Methods

1.1 Sample collection

Five patients diagnosed with TAO and concurrent restrictive
strabismus who underwent strabismus correction surgery were
Peking
University People's Hospital, between August 2019 and December

recruited from the Department of Ophthalmology,
2020. During surgery, samples of the extraocular muscles were
collected. The control group consisted of five patients diagnosed
with concomitant esotropia who underwent strabismus correction
surgery during the same period, and extraocular muscle samples

were collected from them. This study protocol was approved by the
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ethics committee of Peking University People's Hospital (Approval
No. 2021PHB058-001).

1.2 TMT labeling and mass spectrometry detection

1.2.1 Protein digestion All muscle samples were added to the
lysis buffer, and two steel beads were placed in a grinder for tissue
lysis. The mixture was centrifuged at 20,000g for 30 min at 4°C, and
the supernatant was collected. Trichloroacetic acid (TCA)-acetone
(four times the volume of the supernatant) was added, and the
mixture was precipitated at —20°C for at least 2 h. The mixture was
centrifuged at 20,000¢ for 30 min at 4°C, and then three volumes of
pure acetone at —20°C were added. This step was repeated three
times, and the precipitate was washed. The lysate was added to the
precipitate and sonicated for 5 min to help in dissolution. The
sonication conditions were as follows: pulse on 2 s, pulse off 3 s,
power 180 W, and temperature 4°C. The lysate was then centrifuged
at 20,000¢ for 30 min to collect the supernatant. The protein
concentration of the sample was determined using the Bradford
method. First, 30 pg of the lysate was taken from each sample,
added to a 10K ultrafiltration tube, and centrifuged at 14,000g for 40
min at 4°C. The filtrate was discarded, and 200 uL of 50% (vol/vol)
tetracthyl ammonium bromide (TEAB) was added, followed by
centrifugation at 14,000¢ for 40 min at 4°C. The process was
repeated twice, and 1 pg/ul trypsin was added to the samples, with
3.3 pg of the enzyme added per 100 pg of the protein substrate.
The samples were incubated in a 37°C water bath for 24 h. The
digestion solution was freeze-dried, and then 25 uL of the 100
mmol/L TEAB was added to each tube to resuspend the peptide

segments.

1.2.2 TMT labeling of peptide segments The labeling reagent
was taken out at 4°C and equilibrated to room temperature. Then,
41 uL of acetonitrile was added to each tube containing the labeling
reagent and vortexed for 1 min. The mixed labeling reagent was
added to the peptide segments, with different samples labeled with
different sizes of isotopes. The mixture was vortexed and left at
room temperature for 1 h. Then, 8 pL of 5% hydroxylamine was
added and left at room temperature for 15 min. The sample was

mixed and dried under a vacuum.

1.2.3
chromatography

Reversed-phase high-performance liquid
liquid
chromatography (RP-HPLC) separation was performed using a
Phenomenex Luna SCX 250 X 4.60 mm 100 A column. The mobile

phase consisted of 95% H>O + 5% acetonitrile (water phase) and

Reversed-phase  high-performance

95% acetonitrile + 5% H>O (organic phase), both adjusted to pH
9.8 with ammonium hydroxide. The sample, which was dried as
mentioned in Section 1.2.2, was dissolved in 1 ml of water and
centrifuged at 15,000g for 10 min at 4°C. The supernatant was
subjected to a preseparated chromatogram using a set gradient
elution. FElution was initiated at 1 min after peak detection, and the
fractions were collected every 30 s until 130 min, which were

combined into 10 fractions and vacuum dried.

1.2.4 Mass spectrometry detection and differential protein

screening Mass spectrometry detection and differential protein
liquid
chromatography—mass spectrometry system (Q-Exactive-Orbitrap;
Thermo Fisher Scientific, Waltham, MA, 02454, USA) to detect
peptide signals. The mass spectrum signals were acquired and
converted into an mgf file. The Mascot software (MASCOT 2.3.01)

was used for qualitative retrieval and quantitative analysis. The Swiss

screening  were performed using a  high-precision

Human species database was used for protein identification with a
false discovery rate of <1% as the filtering criterion. The relative
quantification of peptides was based on ion abundance, and that of
proteins on the relative quantification of peptides. Differential
protein screening was performed based on a fold change of greater
than 1.2 or less than 0.83 and P <0.05 between the two groups for

the same protein.

1.3 Bioinformatics analysis

1.3.1 Protein annotation method DEPs were annotated using
the UniProt-GOA database for Gene Ontology (GO) analysis. The
software Proteome Discoverer 1.4 and the corresponding InterPro
domain database were used for protein domain annotation based on

protein sequence algorithms.

1.3.2 Protein functional enrichment Protein  functional
enrichment was divided into three parts: GO enrichment analysis,
pathway enrichment analysis, and protein domain enrichment
analysis. The protein GO annotations were divided into three main
categories: biological processes, cellular components, and molecular
functions. Fisher’s exact test was used to evaluate DEPs against the
background of identified proteins. The GO enrichment tests with P
< 0.05 were considered to have statistical significance. The InterPro
database was used to analyze the entichment of functional domains

of DEPs. Enrichment tests for domain units with P < 0.05 wete

considered to have statistical significance.

1.3.3 Protein clustering analysis First, the quantitative
information of the target protein set was normalized to the range
(-1, 1). Then, the ComplexHeatmap package in the R software
(version 3.4) was used to perform two-dimensional clustering on the
protein expression levels. Finally, a hierarchical clustering heat map

was generated.

1.3.4 Protein—protein interaction network analysis Using the
STRING (V.10.5) protein network interaction database as a
reference, the differential protein database IDs or protein sequences
from different comparison groups were compared to extract
differential protein interaction relationships with a confidence
score >0.7 (high confidence). The software CytoScape (version 3.2.1)
was used to generate the protein—protein interaction (PPI) network

connections.

2 Results

2.1 Differential protein screening results

A total of 24,265 spectrum segments were identified, with 9140
peptide segments, 8011 unique peptide segments, and 1697 proteins.
A total of 53 DEPs were identified in the TAO and control groups,
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including 34 upregulated and 19 downregulated proteins (Table 1).  The volcano plot of protein quantification is shown in Figure 1.

Table 1 Differentially expressed proteins in extraocular muscular samples of patients with TAO

UniProt Protein name P value TAO/control ratio
P02743 Serum amyloid P-component 0.0134 3.41
B3KVNO Solute carrier family 2 0.0463 3.23
AO0A140V]J6 Testicular tissue protein Li 70 <0.0001 3.18
P02671 Fibrinogen alpha chain <0.0001 2.86
P02042 Hemoglobin subunit delta 0.0047 2.87
QO6VFQO6 Hemoglobin beta chain (Fragment) 0.0338 2.87
P00918 Carbonic anhydrase 2 0.0001 2.77
QIUK54 Hemoglobin beta subunit variant (Fragment) 0.0002 2.76
A0A1S5UZ39 Hemoglobin subunit alpha <0.0001 2.65
QO5DK5 ADD2 protein (Fragment) 0.0200 2.64
G4V218 Anion exchange protein 0.0002 2.60
P02760 Protein AMBP 0.0429 2.50
P02675 Fibrinogen beta chain <0.0001 2.45
AO0A024R9Q1 Thrombospondin 1, isoform CRA_a 0.0214 243
AOA024R462 Fibronectin 1, isoform CRA_ 0.0026 2.26
P02549 Spectrin alpha chain, erythrocytic 1 0.0009 2.25
P00915 Carbonic anhydrase 1 0.0000 2.23
Q4VB386 EPB41 protein 0.0455 2.21
P16157 Ankyrin-1 0.0012 2.21
COJYY2 Apolipoprotein B (Including Ag(X) antigen), isoform CRA_a 0.0034 2.18
B4E1D8 C4b-binding protein alpha chain 0.0362 2.17
P04040 Catalase 0.0004 2.14
Q4ZGM8 Hemoglobin alpha-2 globin mutant (Fragment) 0.0010 2.09
BORMS9 Intcr—a}pha ((;vlobulig). inhibitor H4 A(Plasma 0.0382 108
Kallikrein-sensitive glycoprotein)
P30043 Flavin reductase NADPH) 0.0086 1.88
P02790 Hemopexin 0.0178 1.81
P32119 Peroxiredoxin-2 0.0002 1.75
AOA3B3ISX9 Tenascin-X 0.0155 1.71
P01024 Complement C3 0.0014 1.66
P13645 Keratin, type I cytoskeletal 10 0.0003 1.63
P35908 Keratin, type II cytoskeletal 2 epidermal 0.0024 1.51
Q13228 Selenium-binding protein 1 0.0450 141
P21333 Filamin-A 0.0001 1.40
P00738 Haptoglobin 0.0414 1.37
AOAO87WTAS Collagen alpha-2(I) chain 0.0411 0.80
Q15149 Plectinl 0.0237 0.65
P04075 Fructose-bisphosphate aldolase A 0.0134 0.51
Q14315 Filamin-C 0.0374 0.47
AONGQ3 Obscurin 0.0142 0.44
B4DFP1 Phosphoglucomutase-1 0.0452 0.42
P40925 Malate dehydrogenase 0.0369 0.40
D3DPGO Titin, isoform CRA_a <0.0001 0.39
QIY2K3 Myosin heavy chain 15 0.0006 0.37
AOA087X0T3 Myosin heavy chain 7B 0.0002 0.34
P35609 Alpha-actinin-2 0.0017 0.34
P52179 Myomesin-1 0.0249 0.32
P12883 Myosin heavy chain 7 0.0003 0.29
A0A384NPX1 Epididymis secretory sperm binding protein 0.0165 0.29
P06732 Creatine kinase M-type 0.0103 0.29
QIUKX2 Myosin heavy chain 2 <0.0001 0.27
B4DRWo6 Alpha-1,4 glucan phosphorylase 0.0082 0.26
014983 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 0.0105 0.26
QI6A32 Myosin regulatory light chain 2, skeletal muscle isoform 0.0222 0.23
TAO: thyroid-associated ophthalmology
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Figure 1 Volcano plot of differentially expressed proteins Red dots represent upregulated proteins, and green ones indicate downregulated proteins.
Gray dots are proteins not differentially expressed. FC: Fold change

2.2 Functional informatics analysis of DEPs

2.2.1 GO analysis of DEPs From the perspective of molecular of biological processes, these proteins mainly - participated in

. o . . rocesses such as response to stimuli, multicellular organism
function, DEPs had binding and transportation functions. In terms p P ’ &

processes, metabolic  processes, developmental — processes,



Chin J Exp Opthalmol, November 2022, Vol. 40, No. 11

Meng Qingyu et al.

intracellular signal transduction, and positive biological regulation

processes. In terms of cellular composition, these proteins were

Biological Process

Protein in Te

=

rms

mainly located in the intracellular region, cytoplasm, extracellular

region, and cytosol (Fig. 2).

Cellular Component

Proteinin Terms

Molecular Function

Protein in Terms

Figure 2 GO annotation for DEPs. (A) Biological process. (B) Cellular component. (C) Molecular function
cytoskeleton regulation, phagosome, and apoptosis (Fig. 3). The

2.2.2 KEGG pathway enrichment analysis of DEPs

The cell

process classification showed that DEPs mainly participated in

estrogen signaling pathway, myocardial cell adrenal signaling,

myocardial contraction, leukocyte chemotaxis, gastric acid secretion,

lifespan regulation pathway, platelet, and pancreatic secretion.

Environmental information processing classification showed that

DEPs mainly participated in glycation, amino acid nuclear magnetic

resonance, acetic acid metabolism, TCA metabolic cycle, vitamin

B12 metabolism, nitrogen metabolism, and carbon metabolism.

Human disease classification showed that DEPs mainly participated

in  Alzheimet's

cardiomyopathy,

viral myocarditis, and

disease, hypertrophic cardiomyopathy,

dilated

so forth. Metabolic
classification showed that DEPs mainly participated in the calcium

pathway, hypoxia-inducible factor-1 (HIF-1) signaling pathway,

Forkhead box O (FoxO) signaling pathway, cyclic guanosinc

monophosphate-protein kinase G (cGMP-PKG) signaling pathway,

and mitogen-activated protein kinase (MAPK) signaling pathway.

Biological system

classification

showed that

mainly

participated in pathways such as focal adhesion, tight junction,

Pathway Name

Figure 3 KEGG pathway analysis of DEPs

2.2.3 Regulation network of PPIs

Protein Number

Class

BN Human Diseases

m Environmental Information

Processing

BN Collular Pracesses

A complex regulation

network consisting of 34 nodes and 85 edges was formed, with an

average node degree of 5 and a clustering coefficient of 0.524 (Fig.

4). Six key proteins were identified: myosin heavy chain (MYH2 and
MYH7), myosin light chain (MYLPF), alpha-actinin-2 (ACTN2), and

fibrinogen alpha and beta chains (FGA and FGB).

significantly enriched pathways and their DEPs are shown in Table

2.
Table 2 Significantly enriched KEGG pathways
KEGG pathway Protein names DEP
number
Flavin reductase NADPH)
. Creatine kinase M-type
Metabolic pathway Fructose-bisphosphate aldolase A 4
Malate dehydrogenase
Catalase
Carbon metabolic Fructose-bisphosphate aldolase A 3
Malate dehydrogenase
Filamin-C
Focal adhesion Filamin-A 3
Myosin regulatory light chain 2
Tieht iuncti Myosin heavy chain 2 5
lght junction Myosin heavy chain 15
. Filamin-C
MAPK signal Filamin-A 2
cGMP-PKG signal Myosin heavy chain 7 5

Sarcoplasmic/endoplasmic reticulum calcium ATPase 1

DEP: differentially expressed proteins; KEGG: Kyoto encyclopedia of genes

and genomes

Pathway Name

Figure 4 Protein-protein interaction network

Class

Organismal Systems

Metabalism
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3 Discussion

This study proposed that the target of TAO was in the orbital
fibroblasts. The thyroid-stimulating hormone receptor (TSHR) was
considered to be the main autoantigen in Graves® disease, and the
expression of TSHR mRNA in orbital fibroblasts was elevated in
patients with TAO compared with normal controls 8°. The
insulin-like growth factor 1 receptor (IGF-1R) is a transmembrane
tyrosine kinase receptor that can form physical and functional
complexes with TSHR, activate downstream signaling pathways
including the cyclic adenosine monophosphate/protein kinase A
(cAMP/PKA) and phosphatidylionsitol 3-kinase (PI3K) pathways,
and promote the activation of orbital fibroblasts!®!l. Activated
orbital fibroblasts show increased proliferation and activity, can
produce inflammatory mediators, differentiate into adipocytes and
myofibroblasts, and produce excessive extracellular matrix
components’-¢. However, the pathogenesis of TAO is still unclear.
In this study, TMT proteomic analysis was used to determine and
analyze DEPs in the restricted lateral rectus muscle of patients with
TAO having esotropia and the coexisting medial rectus muscle of
patients with TAO having exotropia to lay the experimental
foundation for further exploring the pathogenesis of TAO.

The functional annotation analysis revealed that DEPs were
mainly involved in stress response, metabolic processes, and cell
signal transduction. The KEGG pathway analysis revealed that
DEPs were mainly involved in the MAPK signaling pathway, FoxO
signaling pathway, cGMP-PKG signaling pathway, focal adhesion
pathway, cell cytoskeleton regulation, and cell apoptosis. Combined
with PPI analysis, potential key proteins in TAO were identified,
including MYH2 and MYH7, MYLPE, ACTN2, and fibrinogen.

Myosin is the most abundant protein in skeletal muscle and a
major component of thick filaments. It plays an important role in
muscle contraction, metabolism, and cell structure. Myosin
comprises one pair of heavy chains and two pairs of light chains,
including one pair of myosin essential light chains and one pair of
MYLPF'™2. The essential light chain stabilizes the structure of the
heavy chain, while the regulatory light chain MYLPF regulates the
activity of myosin. Previous studies found that the function of
MYH subtypes and regulatory light chains was related to striated
muscle contraction'>14. An abnormal expression of MYH2, MYH7,
and MYLPF in patients with TAO may affect the contraction
strength and speed of extraocular muscle fibers, leading to eye
muscle dysfunction.

Actin is another important component of the cell skeleton and
forms contractile protein in muscle fibers by combining with
myosin!>. ACTN2 is a muscle actin cross-linking protein located in
the Z-disk of the sarcomere. It acts as a link between antiparallel
actin filaments and enhances the stability of the Z-disk by binding

to the N-terminus of actin. ACTN2 plays an important role in

stabilizing cell adhesion and regulating cell shape and cell movement.

Mutations in the ACTN2 gene can lead to different types of
congenital myopathy'S. This study found that the level of ACTN2

was downregulated in the extraocular muscles of patients with TAO,

indicating a decrease in ACTN2 function, which may disrupt the
stability of the Z-disk and lead to the occurrence of strabismus.

Fibrinogen is a plasma protein coagulation factor synthesized and
secreted by liver cells, which participates in the body's coagulation
system and is involved in infection and inflammation processes!’.
Thyroid disease is closely related to the coagulation system!s.
Previous studies showed that the fibrinogen level was negatively
correlated with thyroid-stimulating hormone levels and positively
correlated with the levels of free thyroxine T3 and T41°. This study
found that the alpha and beta chains of fibrinogen were upregulated
in the extraocular muscle tissue of patients with TAO, which might
be related to the patient's thyroid hormone levels.

The actin-binding protein filamin belongs to the family of
actin-binding proteins and is an important cross-linker of actin
filaments 2. Filamin plays a crucial role in regulating the mechanical
strength and plasticity of the cellular skeleton by binding to actin.
Mutations in the filamin (FLN) gene that encodes for filamin can
cause developmental abnormalities in multiple organs 2122, Recent
studies showed that filamin played a key role in cell adhesion and
migration to the extracellular matrix 2123, In combination with the
KEGG pathway enrichment analysis in this study, both Filamin-A
and Filamin-C were found to be involved in the local adhesion
pathway and the MAPK pathway (Table 2). Previous studies by
domestic scholars showed an upregulation of adhesion molecules in
the TAO extraocular muscles, indicating a role of cell adhesion
pathways in TAO pathogenesis?*. These findings combined with the
results of this study suggested that filamin might be involved in the
occurrence and development of TAO by affecting cell adhesion
processes.

Previous studies confirmed the involvement of TSHR, IGF-1R,
interleukin (IL)-6, and IL-10 in the pathogenesis of TAO 2520,
However, in this study, no significant difference was observed in the
expression of these molecules between the TAO and control groups
in extraocular muscle specimens. This might be because the number
of TSHR immunostaining—positive cells and TSHR mRNA
expression were higher in the early stage of TAO, but decreased
with prolonged disease duration in extraocular muscle samples. In
addition, compared with patients with active Graves' disease, those
with nonactive Graves' disease had lower mRNA expression levels
of pro-inflammatory cytokines, such as IL-18, IL-6, IL-8, and I1.-10,
in their orbital fat/connective tissue 2728, All the patents included in
this study were in the nonactive phase of TAO; therefore, no
significant differences were observed in the protein expression levels
of TSHR, IGF-1R, IL-6, and IL-10.

This study used TMT-based liquid chromatography—tandem mass
spectrometry to quantify DEPs in the secondary restrictive and
concomitant strabismus medial rectus muscles of patients with TAO.
A total of 53 DEPs were identified, including 34 upregulated and 19
downregulated proteins. The KEGG pathway enrichment analysis
revealed that the DEPs were mainly involved in pathways related to

local adhesion, tight junctions, cytoskeleton regulation, phagosomes,
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and apoptosis. Based on these results, further cellular and molecular
studies on protein function and signal transduction pathways are
needed to elucidate the precise pathogenesis of TAO and identify
potential therapeutic targets.
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