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The Graves’ disease is an autoimmune disease highly associated with thyroid cancer. The Graves’ ophthalmopathy (GO) is a special Graves’ disease with inflammatory ophthalmopathy being a typical extrathymic complication. GO is caused by the formation of orbital fat and extraocular muscle fibrosis due to the inflammation of orbital connective tissues. Thus, controlling extraocular muscle fibrosis is critical for the prognosis of GO. The objective of this study is to identify and experimentally validate key genes associated with GO and explore their potential function mechanisms especially on extraocular muscle fibrosis. Specifically, we first created a GO mouse model, and performed RNA sequencing on the extraocular muscles of fibrotic GO mice and controls. SRC was identified as the most significant unstudied differentially expressed gene between GO mice and controls. Thus, we conducted a few in vitro analyses to explore the roles and functions of SRC in GO, for which we selected primary cultured orbital fibroblast (OF) as the in vitro cell line model. It is known that myofibroblast (MFB), which expresses α-SMA, is an important target cell in the process of fibrosis. Our experiment suggests that TGF-β can induce the transformation from OF to MFB, however, the transformation was inhibited by silencing the SRC gene in OF. In addition, we also inhibited TGF-β/Smad, NF-κB, and PI3K/Akt signaling pathways to analyze the interaction between these pathways and SRC. In conclusion, the silence of SRC in OF can inhibit the transformation from OF to MFB, which might be associated with the interaction between SRC and a few pathways such as TGF-β/Smad, NF-κB, and PI3K/Akt.
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INTRODUCTION

The Graves’ ophthalmopathy (GO), also called infiltrative exophthalmos, is one type of Graves’ disease with great prevalence (Tsai et al., 2015). About 25–50% of the Graves’ disease patients have varying degrees of GO (Jiskra, 2017). However, the pathogenesis of GO is still unclear. At present, many researches consider it as an autoimmune disease (Burch and Wartofsky, 1993). The symptoms in its early stage mainly include inflammation and edema, while that in the late stage is retrobulbar fibrosis (Heufelder, 1999). Fibrosis of extraocular muscles causes the loss of normal contractile function of muscle tissue, which leads to the limitation of eyeball movement. Patients may suffer from diplopia, strabismus and even compression of optic nerve lead to blindness, which seriously affects their life quality. At present, there is no good treatment for GO and the medication usually cannot prevent the occurrence of advanced extraocular muscle fibrosis. Therefore, it is of great clinical importance to study the pathogenesis of extraocular fibrosis of GO and develop effective prevention and treatment strategies.

Previous studies have suggested that the thyrotropin receptor (TSHR) of orbital fibroblasts (OF), which can regulate thyroid function, plays a pivotal role in GO (Weetman, 2000). In addition to thyroid epithelial cells, TSHR can be detected in extraocular muscle tissue and fat tissue in orbit (Krieger et al., 2016), and the concentration of TSHR in extraocular muscle tissue of GO patients is significantly higher than that of healthy people (Gillespie et al., 2012). Thus, TSHR has been considered as important disease targets in GO (Iyer and Bahn, 2012). The acting mechanism of TSHR is related to various active factors in the process of orbital autoimmune response caused by thyroid orbital autoantigen, which may transform OF to myofibroblast (MFB), a type of cell expressing α-smooth muscle actin (α-SMA; Dik et al., 2016). A few previous studies suggest that the emergence of MFB is the key step in the process of fibrosis (Saika et al., 2016), and the continuous accumulation of MFB or the defect of apoptosis process will lead to the progressive development of fibrosis (Huang and Susztak, 2015).

As another important factor for transforming OF to MFB, transforming growth factor-β (TGF-β) also plays a critical role in the fibrotic diseases of various organs and tissues (Shen et al., 2015). In fact, TGF-β is recognized as the starting hub of the formation and development of fibrosis, which has been widely studied. For example, Steensel et al. (2009) found that the expression level of TGF-β1 mRNA in the orbital tissue of GO patients was twice that of normal people. In addition, TGF-β significantly promotes the proliferation and transformation OF into MFB (Heufelder and Bahn, 1994; Koumas et al., 2003), and regulates the expression of TSHR (Valyasevi, 2001).

At present, researches on GO mechanism are mainly focused on its immunological pathogenesis (Antonelli et al., 2014; Rapoport and McLachlan, 2014; Chen et al., 2015). Recent studies suggest that genes, oxidative stress and other factors may also affect the pathogenesis of GO (Chng et al., 2014; Wang et al., 2015). For example, many genes were abnormally expressed in GO (Chen et al., 2014; Pei et al., 2018), and research shows that gene polymorphism also affects the occurrence and development of GO (Hooshang et al., 2015; Yang et al., 2017). Studies on these aspects can provide a more comprehensive understanding of the pathogenesis of GO. However, a deep exploration on abnormally expressed genes, antioxidant stress, and their acting mechanisms on extraocular fibrosis is more or less ignored, especially at the late stage of the disease. In addition, though it is known that the genetic mechanism of translation and transcription of susceptibility genes in GO patients may cause the self-immune response to TSHR (Brand and Gough, 2010), the mechanism of extraocular fibrosis in the late stage of GO patients has not been clarified. Finally, although it has been found that some molecular mechanisms and signal pathways may be involved in the pathogenesis of GO (Wang, 2014; Tong et al., 2015; Xiao-Ling et al., 2017), the regulation and interaction of these molecular mechanisms need to be further studied, and the role of these molecular mechanisms and signal pathways in GO extraocular muscle fibrosis is unclear.

In this study, we established a GO mouse model by genetic immunization (Sajad et al., 2013), and selected OF as the cell model for in vitro study of GO extraocular muscle fibrosis (Lim et al., 2014). Specifically, we first used GO mouse extraocular muscle to screen out key genes for GO extraocular muscle fibrosis, among which SRC has not been studied according to literature mining. We then studied the role of SRC in GO extraocular muscle fibrosis using the in vitro cell model, and its interaction with a few signaling pathways including PI3K/Akt/NF-κB signaling pathway, TGF-β/Smad signaling pathway, and so on. This study provides a new direction for the mechanism of GO development. It also provides a new idea for finding effective intervention targets for the treatment of extraocular muscle fibrosis in GO, which might be of importance clinical significance.



MATERIALS AND METHODS


Mouse Model of Graves’ Orbitopathy

BALB/c female mice (with age 8–10 weeks) were purchased from Animal Experimental Center of Harbin Medical University. Animals were housed under conventional conditions in cages with filter top lids and food made available ad libitum. For immunization, BALB/c mice were anesthetized for injection with 50 μL plasmid (1 mg/mL) into each biceps femoris (thigh) muscle. A single injection with the needle entered deep (3–4 mm) into the thigh muscle was performed, with slow release of plasmid into the muscle. Great care was taken to ensure reproducibility of the injection protocol in all immunizations. Injection and in vivo electroporation were performed four times at 3-week intervals using an ECM830 square wave electroporator with 7-mm caliper electrodes at 200 V/cm. Application of the current was in ten-20 ms square wave pulses at 1 Hz. All animals were maintained in Specific Pathogen Free and procedures were conducted under Harbin Medical University regulations of accepted standards of humane animal care.



Cloning and Preparation of Plasmid DNA

The multi-system expression plasmid pTriEx-1.1 Neo was used as a vector and purchased from the BioVector NTCC. Human TSHR A-subunit (amino acid residues 22–289) was amplified for cloning. TSHR A-subunit cDNA region was cloned into BamHI and NotI restriction sites in pTriEx-1.1 Neo by amplification from pcDNA3.1-human TSHR plasmid using forward primer 5′-CGCGGATCCATGAGGCGATTTCGGAGG-3′. The cDNA was excised and subcloned into BamHI and NotI-digested pTriEx-1.1 NeopTriEx-1.1 Neo vector. The plasmids, termed pTriEx-1.1 Neo-TSHR A-subunit was fully sequenced in strands. All plasmids were grown in E. coli XL-1 Blue cells in LB medium in cultures. Purified plasmid concentrations were measured using a spectrophotometer, resuspended at 1 mg/mL in sterile water, and stored at −80°C. Single plasmid preparations were used for the entire set of injections for the group of animals.



Screening of Differentially Expressed Genes

Three groups of extraocular muscle tissues were entrusted to SeqHealth Tech Co., Ltd., Wuhan, China for RNA Sequencing. The cuff norm was used to quantify the expression levels for each gene normalized by reads per kb of RPKM reads (1). RPKM ≥ 0.5 was defined as a mapped gene. The mapped genes were then used to calculate the difference of RPKM values and the fold changes between GO mice samples and control group samples. A value of p < 0.05 and log FC > 1 were classified as a differentially expressed gene (DEG). Map all differentially expressed genes to the various terms of the Gene Ontology database1, calculate the number of genes for each term, and then apply a hypergeometric test to find out the difference compared to the entire genome background. Significantly enriched GO entries in the expressed genes. Using Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway2 saliency enrichment analysis, hypergeometric tests were used to find Pathway that was significantly enriched in differentially expressed genes compared to the entire genomic background. After making KO annotations for genes, statistics are based on the KEGG metabolic pathways they participate in. A value of p < 0.01 was defined as significant enrichment.
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Cell Culture and Transfections

Primary culture was performed on OFs for BALB/c mice. The cells were cultured in Dulbecco’s Modified Eagle’s Medium (Corning, United States), supplemented with 10% fetal bovine serum (ExCell Bio, Uruguay), and maintained at 37°C in a humidified environment containing 5% CO2. For transfection, the cells were plated into 6-well plates with 2.5 × 105cells/well. Once the cells were 70–90% confluent, SRC mimics or NC mimics were transfected into the OFs using Lipofectamine® 3000 reagent (Thermo Fisher Scientific, United States), according to the manufacturer’s protocol. SRC mimics (5′-GCGGCUGCAGAUUGUCAAUTTAUUGACAAUCUGCAGCC GCTT-3′) and its scramble control (5′-ACGUGACACGU UCGGAGAATT-3′) were designed and chemically synthesized by Shanghai GenePharma Co. Ltd. For Inhibitor treatment, 24 h after seeding, the medium was removed and replaced with Oxymatrine (5 mg/mL, cat. no. HY-N0158), JSH-23 (50 μmol/l, cat. no. HY-13982) and PI3K-IN-1 (25 μmol/l, cat. no. HY-12068) or equal amounts of DMSO and incubated for 24h at 37°C. Inhibitors purchased from MedChemExpress, United States. Serum−starved for 24 h, and then treated with human recombinant TGF-β1 (PeproTech, United States). The concentration of TGF-β1 is 10 μg/L and treated for 24 h.



Immunofluorescent Staining

For Immunofluorescent (IF) staining, the cells grown on the slides were fixed with 4% paraformaldehyde for 30 min at 4°C, then blocked with 5% bovine serum album in for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. The next day, the slides were washed with PBS, and incubated with goat anti-rabbit IgG H&L FICT secondary antibodies (1:1000; cat. no.ab6717; Abcam, United Kingdom) and DAPI (Beyotime Biotechnology, China) for 2 h at room temperature. Fluorescence microscopy images were obtained with a research fluorescence microscope equipped with a digital camera. The following primary antibodies were used: Anti-alpha smooth muscle antibody (1:200; cat. no. ab5694; Abcam, United Kingdom) and Anti-Collagen I antibody (1:500; cat. no. ab34710; Abcam, United Kingdom).



Real-Time Quantitative PCR

Total RNA was extracted from OFs with TRIzol® reagent (Thermo Fisher Scientific, United States). A total of 1 μg RNA was transcribed into cDNA using transcriptor first Strand cDNA Synthesis Kit (Roche Diagnostics GmbH, Germany) for mRNA according to the manufacturer’s protocol. The expression levels of the genes were detected by qPCR. qPCR was performed using the SYBR Green (Roche Diagnostics GmbH, Germany) dye detection method. The thermocycling conditions were as follows: 95°C for 10 min; followed by 40 cycles of 95°C for 15 s; and 60°C for 60 s. The following primers were used: Acta2 forward, 5′-GACGCTGAAGTATCCGATAGAA-3′ and reverse, 5′-AATACCAGTTGTACGTCCAGAG-3′; Col1a1 forward, 5′-TGA ACGTGGTGTACAAGGTC-3′ and reverse, 5′-CCATCTTTAC CAGGAGAACCAT-3′; Src forward, 5′-CTATGTGGAGCGGA TGAACTAT-3′ and reverse, 5′-ATTCGTTGTCTTCTATGAGC CG-3′; Pik3r1 forward, 5′-AAACAAAGCGGAGAACCTATTG-3′ and reverse, 5′-TAATGACGCAATGCTTGACTTC-3′; Nfkb1 forward, 5′-CAAAGACAAAGAGGAAGTGCAA-3′ and reverse, 5′-GATGGAATGTAATCCCACCGTA-3′; Smad3 forward,5′-AT TCCATTCCCGAGAACACTAA-3′ and reverse, 5′-TAGGTCCA AGTTATTGTGTGCT-3′. Primers were designed and chemically synthesized by Sangon Biotech Co. Ltd., Shanghai, China.



Western Blotting

Cells were lysed in RIPA buffer supplemented with complete Protease Inhibitor Cocktail tablets (Roche Diagnostics GmbH, Germany) and Phosphatase Inhibitor Cocktail tablets (Roche Diagnostics GmbH, Germany) for 30 min on ice. Protein lysates (30 μg) were subjected to 8% SDS-PAGE (Beyotime Biotechnology, China) and transferred to PVDF membrane. Subsequent to blocking with 5% non-fat milk in 0.05% TBS-Tween-20 (v/v) for 1 h at room temperature, the membranes were incubated with the appropriate primary antibodies overnight at 4°C. The secondary antibodies were horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (cat. no. ZB-2305; 1:2500; ZSJQ-BIO, China) and HRP-conjugated goat anti-rabbit IgG (cat. no. ZB-2301; 1:2500; ZSJQ-BIO, China). The secondary antibodies were incubated for 1 h at room temperature. Protein detection was performed using an enhanced chemiluminescence substrate (Thermo Fisher Scientific, United States) prior to exposure to film. Primary antibodies used were as follows: Anti-alpha smooth muscle antibody (1:2500; cat. no. ab5694; Abcam, United Kingdom), Anti-Collagen I antibody (1:5000; cat. no. ab34710; Abcam, United Kingdom), TIMP-1 antibody (1:1000; cat. no. NB100-74551; Novus Biologicals, United States), Phospho-NF-κB p65 (ser536)(93H1) Rabbit mAb (1;1000; cat. no.#3033; Cell Signaling Technology, United States), NF-κB p65(D14E12)XP Rabbit mAb (1;1000; cat. no.#8242; Cell Signaling Technology, United States), Phospho-Smad2 (ser465/467)/Smad3(ser423/425)(D27F4) Rabbit mAb (1;1000; cat. no.#8828;Cell Signaling Technology, United States), Smad2/3(D7G7)XP Rabbit mAb (1;1000; cat. no.#8685;Cell Signaling Technology, United States), Anti-PI3 Kinase p85 alpha (phospho Y607) antibody (1:1000; cat. no. ab182651; Abcam, United Kingdom), PI3 Kinase p85 (19H8) Rabbit mAb (1;1000; cat. no.#8242; Cell Signaling Technology, United States).



Measurement of ROS Level in Cells

The cells (density: 2.5 × 105 cells/well.) were grown in a 6-well plate. After that, DCFH2– (10 μM) and the culture were combined; they were subjected to incubation for 30 min at 37°C. Warm PBS was used to wash the cells, and generation of reactive oxygen species (ROS) was ascertained from intracellular 2′,7′-dichlorofluorescein (DCF) production that was the result of 2′,7′-dichlorodihydrofluorescein (DCFH2) oxidation. A fluorescence enzyme-labeled instrument was employed to determine the level of DCF fluorescence in 488 nm excitation wavelength and 525 nm emission wavelength. ROS kit was purchased from Soleil Technology Co. Ltd.




RESULTS


HTSHR A-Subunit Plasmid-Immunized Mice

We initially challenged nine mice with hTSHR A-subunit plasmid by the Moshkelgosha protocol (Sajad et al., 2013). They were weighed weekly before the start of immunization. Animals similarly immunized with pTRiEx1.1 neo (n = 9) did not lead to any visible changes in their health or to any histologic manifestations in thyroid and orbital tissue and were used as the control group. As a result, animals in the experiment group showed extraorbital changes with typical signs of acute orbital congestion (chemosis; Figure 1A). The finding of severe sickness prompted us to initially examine thyroid histology by hematoxylin–eosin (H&E) staining, which showed typical pattern of hypothyroidism, with most follicles characterized by thinning of epithelial cells (Figure 1B). In contrast, the H&E examination of thyroid glands of mice in the control group showed normal appearance. We next examined the H&E staining on orbital tissues. While the controlled mice showed normal appearance, the animals immunized with hTSHR A-subunit plasmid showed histologic signs of orbital pathology, and interstitial inflammatory infiltrate into extraocular muscle, which was extended into the muscle tissue and isolating individual fibers (Figure 1C). These symptoms are similar to those described in patients with active GO (Boschi et al., 2005). The hTSHR A-subunit plasmid-in vivo electroporation model in female BALB/c mice is recognized for robust antibody responses to TSHR, which persists for months after end of immunization (Zhao et al., 2011). The model therefore gave us the opportunity to evaluate the long-term effect of ongoing anti-TSHR immune response on orbital pathology. Finally, the H&E examination of orbital tissue was characterized predominantly by orbital muscle fibrosis, which by Masson’s Trichrome staining exhibited extensive deposition of glycosaminoglycans with pericellular fibrosis in retrobulbar tissue (Figure 1D). Histologic analysis of the orbital tissue also showed disease heterogeneity in the experiment group with expansion of adipose tissue. None of the animals immunized with control plasmids showed any orbital pathology or disease.
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FIGURE 1. GO mice model and Pathological images. (A) control mice and appearance of head region of hTSHR-A subunit plasmid-immunized mouse undergoing chemosis; (B) control mice normal thyroid and GO mice hypothyroid gland; (C) control mice H&E staining performed normal extraocular muscles and GO mice extraocular muscles showing interstitial inflammatory infiltrate; and (D) GO mice Masson’s Trichrome-stained section of orbital muscle to show fibrosis in extraocular muscles and control mice did not show fibrosis.


We evaluated thyroid function in the above animals undergoing GO in serum obtained 15 weeks after the end of immunization. Total T4 measurements in mice undergoing experimental thyroid autoimmunity are commonly used for assessment of endocrine status during the course of disease (Gilbert et al., 2006). The animals showed a trend toward lower T4 values, correlating with the findings of hypothyroid glands by histology (Figure 2A). Importantly, the animals in the experiment group showed significant weight gain during the course of immunizations, conferring hypothyroid status (Figure 2B). In addition, the animals showed high levels of TSH (Figure 2C), and the determination of anti-TSHR antibody subtypes showed that the animals are highly positive for TSAbs (Figure 2D).
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FIGURE 2. Thyroid function and Antibody. (A) control mice and GO mice total serum T4 values; (B) control mice and GO mice killed at 6 and 15 weeks after end of immunization; (C) control mice and GO mice total serum TSH values; and (D) control mice and GO mice total serum TSAb values. *P value < 0.05 compared with control group; **P value < 0.01 compared with control group.


We performed immunohistochemical staining on the GO mice and control mice. Compared with controlled mice, we detected positive signals on TGF-β, α-SMA and Col-1, and immunohistochemical staining of extraocular muscles for GO mice (Figure 3).
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FIGURE 3. Immunohistochemical staining. The immunohistochemical staining of extraocular muscles in GO mice and control mice.




Screening of DEGs Based on RNA-Seq

We performed differentially expressed gene (DEG) analysis between GO mice and the controls. Specifically, the extraocular muscle tissues of three GO mice and three control mice were undergone RNA sequencing (RNA-Seq). The genes with transcript per million mapped (RPKM) values <0.5 were removed, and the remaining genes were kept for DEG analysis using DESeq2. A gene with adjusted p < 0.05 and | log FC| > 1 was classified as a DEG. A DEG is up-regulated if its logFC > 1 and down-regulated if logFC < −1. Based on this definition, there were 2079 up-regulated and 1483 down-regulated genes. These 3562 DEGs were regarded as candidate genes for further study, and their expression levels were shown in a heat map in Figure 4A. We studied the functions of the DEGs by their enrichment on Gene Ontology terms and KEGG pathways using the hypergeometric test. A term/pathway of p < 0.01 was defined as significant enrichment. The significantly enriched Gene Ontology terms and KEGG pathways were shown in Figures 4B,C, respectively. As can be seen from Figure 4B, the top enriched Gene Ontology terms for up-regulated genes include synapse and neuron related function, while the top enriched Gene Ontology terms for down-regulated genes are mainly mitochondria-related functions. Similarly as shown in Figure 4C, the top enriched KEGG pathway for up-regulated genes is nicotine addition, while that for down-regulated genes is oxidative phosphorylation.
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FIGURE 4. DEGs based on RNA-Seq. (A) DEGs shown in a heat map, MA Plot of DEGs and Statistics of DEGs Up-Down; (B) GO enrichment map of up- and down-regulated genes; (C) KEGG enrichment map of up- and down-regulated genes.




Validation of DEGs by q-PCR

We embedded the 3562 differentially expressed genes into the protein interaction network (STRING), and finally selected five genes including DLG4, SRC, PRKCA, GRIN1, and NDUFA2 with degree greater than 10 (Figure 5A). We then used q-PCR to validate the mRNA levels of five DEGs in extraocular muscle tissues of both GO mice and controls (Figure 5B). As can be seen, the expressions of four genes (DLG4, SRC, PRKCA, and GRIN1) were consistent between q-PCR and RNA-Seq, among which we could not find any GO-related research on SRC by PubMed search. Thus, we selected SRC as the candidate gene for further experiments.
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FIGURE 5. Validation of DEGs. (A) Up- and down-regulated genes in PPI; (B) Validation of DEGs by q-PCR.




TGF-β Induces OF and SRC Gene Silencing OF Transformation

The primary culture of OFs for BALB/c mice was shown in Figure 6. The serum was starved for 24 h, and then treated with human recombinant TGF-β1. We selected 5, 10, and 20 μg/L of TGF-β to induce OF cells for 6, 12, 24, and 48 h respectively, and tested the expression levels of α-SMA, Col-1and Timp-1. The expression was the highest when treated with 10 μg/L for 24 h (Figure 7A), so we chose 10 μg/L TGF-β1 treated for 24 h for further analysis. SRC mimics were transfected into the OFs using Lipofectamine® 3000 reagent, obtaining the OF with the SRC gene knockdown. The OF with SRC knockdown was further verified by Q-PCR. Furthermore, we can see that Acta2 expression was also reduced in TGF-b-induced OF with SRC gene knockdown (Figure 7B). Western blot results also showed that the expression levels of α-SMA, Col-1, and Timp-1 were reduced in the SRC gene knockdown group compared with the control group, and TGF-β-induced OF transformation was inhibited (Figure 7C).
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FIGURE 6. Orbital fibroblasts and myofibroblast. (A) Primary culture orbital fibroblasts for BALB/c mice for IF staining; (B) OF and TGF-β to induce OF for Electron Microscope.
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FIGURE 7. TGF-β1 induces the transformation from OF to MFB. (A) Western blot for TGF-β1 concentration and time; (B) Src and Acta2 expression in SRC gene knockdown group by q-PCR; and (C) the expression levels of α-SMA, Col-1, and Timp-1 in the SRC gene knockdown group by Western blot.


For inhibitor treatment, 24 h after seeding, the medium was removed and replaced with the TGF-β/Smad pathway inhibitor Oxymatrine (5 mg/mL), the NF-κB inhibitor JSH-23(50 μmol/L) and the PI3K inhibitor PI3K-IN-1(25μmol/L) to block the TGF-β/Smad, NF-κB, and PI3K/Akt signaling pathways, respectively. And an equal amount of DMSO was used as a control and incubated at 37°C for 24 h. Interestingly, we found that the Acta2 expression was also reduced after TGF-β induction in OFs after inhibitor treatment (Figure 8A). The Western blot results also showed that compared with the control group, the expression of α-SMA, Col-1, and Timp-1 decreased, and TGF-β induced OF transformation was inhibited (Figure 8C). We further detected the expression of Smad3, Nfkb1, Pik3r1, and Akt1 in the SRC knockdown group by q-PCR (Figure 8B). The western blot results also suggested that SRC knockdown inhibited the phosphorylation of SMAD2/3, NF-κB p65, and PI3K p85 proteins (Figure 8D).
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FIGURE 8. Signaling inhibitors. (A) Acta2 expression after Signaling inhibitors by q-PCR; (B) the expression of Smad3, Nfkb1, Pik3r1, and Akt1 in the SRC gene knockdown group by q-PCR; (C) the expression of α-SMA, Col-1, and Timp-1 after Signaling inhibitors by western blot; (D) the phosphorylation of SMAD2/3, NF-κB p65 and PI3K p85 proteins in SRC gene knockdown group by western blot.




ROS Level in Cells

We tested the ROS generation in each group. DCFH2– (10 μM) and the culture were combined, which were subjected to incubation for 30 min at 37°C. A fluorescence enzyme-labeled instrument was employed to determine the level of DCF fluorescence. As can be seen from Figure 9, the use of inhibitors and SRC gene knockdown can significantly inhibit ROS production during TGF-b-induced OF transformation.
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FIGURE 9. Measurement of ROS level. The ROS generation of each group.





DISCUSSION

We adopted the GO mouse model construction method proposed by Moshkelgosha, which is known to have a high GO mice formation rate of 75% and repeatable (Sajad et al., 2013). Fifteen weeks after the end of immunization, GO mice developed extraocular muscle fibrosis. We then killed the GO mice, obtained the extraocular muscle tissue and thyroid tissue of mice for pathological staining, and detected the serum T4, TSH, TSAb of the mice to evaluate the thyroid function. By comparing with the control group, we determined that the GO mice produced in this experiment had the changes of thyroid function and the fibrosis of extraocular muscles. We identified the differentially expressed genes between the extraocular muscles of GO mice and those of the controls, among which SRC was selected as a candidate gene that may cause the extraocular muscle fibrosis. Steensel et al. (2009) showed that the expression of TGF-β1 mRNA in the orbital tissue of GO patients was twice that of normal people. In addition, by detecting the expression level of TGF-β1 in muscle, it was found that the expression level of TGF -β1 in mice with fibrosis was much higher than that in the control group. Thus, it was speculated that TGF-β1 could induce the differentiation of α-SMA protein into MFBs by inducing fibroblasts to express α-SMA, and then induces the occurrence of muscle fibrosis (Liu et al., 2016). Our results confirmed this speculation. Through immunohistochemical analysis, we can see that TGF-β1 expression was higher in extraocular muscle tissue of GO mice in controls. In addition, the expressions of α-SMA and Col-1 were also higher in GO mice than in controls, suggesting that the fibroblast in extraocular muscle of GO mice has begun to change in function and phenotype, and orbital tissue has a large number of extracellular matrix (ECM) accumulation. Moreover, the protrusion of the eyeball can be seen in all GO mice, and the Masson staining of the extraocular muscle can also confirm the fibrosis of the extraocular muscle tissue.

As the target and effector OF autoimmune response, OF can be cultured to serve as an in vitro GO model. The transformation from OF to MFB is a key step in the process of fibrosis (Saika et al., 2016), and the expression of α-SMA is a key marker for the transformation (Dik et al., 2016). In this study, we used TGF-β1 to induce the transformation from OF to MFB and to create a cell model of extraocular fibrosis for in vitro analyses. The expression of α-SMA was used to evaluate the fibrosis and the expression of COL-1 and TIMP-1 reflected the accumulation of ECM. Our results showed that the OF cell lines without SRC knockdown was transformed to MFB under the action of TGF-β1, which expresses a high level of α-SMA, and also produces a high level of ECM. In contrast, the transformation induced by TGF-β1was inhibited with SRC knockdown, as indicated by significant low expression of α-SMA, COL-1 and TIMP-1, and less accumulation of ECM. This indicates that SRC gene plays an important role in the fibrosis of go extraocular muscles.

It is worth noticing that we used an inhibitor Oxymatrine to inhibit TGF-β/Smad signaling pathways. In addition to restrain Smad2 and Smad3 phosphorylation, Oxymatrine also restrain the TGF-β1 induced transformation from OF to MFB, as indicated by the low express of α-SMA, Col-1, and TIMP-1. The results confirmed the role of TGF-β/Smad signaling pathway in the process of GO extraocular muscle fibrosis, consistent with the findings of Van Steensel L studies (Steensel et al., 2009). In addition, Smad2 and Smad3 phosphorylation were inhibited in OFs with SRC silencing, suggesting that SRC might be involved in the functioning of TGF-β/Smad signaling pathway in developing GO.

NF-κB is a kind of nuclear factor, which can promote direct or indirect activation of inflammatory factors, chemokines, inflammatory and TGF-β gene expression (Chen et al., 2012). Thus, it plays an important role in the development of extraocular muscle fibrosis. The results showed that JSH-23, an NF-κB inhibitor, could inhibit the TGF-β1 induced transformation from OF to MFB, which was indicated by relatively reduced expressions of α-SMA, COL-1 and TIMP-1. But the silencing of SRC can inhibit the phosphorylation of NF-κB, indicating that SRC could play a role in the process of GO extraocular muscle fibrosis by affecting the NF-κB signaling pathway. It is kown that PI3K/Akt signaling pathway plays a key role in TSH induced IL-1ra in GD (Li and Smith, 2014), and it is believed that PI3K/Akt pathway can increase the synthesis of HA by OFs (Xiao-Ling et al., 2017). Therefore, our study tried to determine the relationship between the SRC gene and the PI3K/Akt signaling pathway, which is a major upstream component of NF-κB. PI3K/Akt is thought to be involved in the pathogenesis of GO. By using the PI3K inhibitor PI3K-IN-1, we demonstrated that TGF-β1 induced transformation into MFB was also inhibited, with relatively reduced expressions of α-SMA, Col-1 and Timp-1. SRC silencing can also restrain the phosphorylation of PI3K and Akt, showing that SRC might affect the role of PI3K/Akt signal pathway in the process of external muscle fibrosis.

In addition, previous studies showed that the production of a large number of ROS can activate inflammatory signaling pathways like PI3K/Akt/NF-κB, and promote the expression of type I collagen fibers and TGF-β1, ultimately promoting the occurrence of fibrosis (Cohen-Naftaly and Friedman, 2011; Grochot-Przeczek et al., 2012). Interestingly, SRC can positively promote the production of ROS (Nakashima et al., 2017; Walter et al., 2017), and the rise of ROS induced by different stimuli can further promote the activity of SRC in cells (Kopetz et al., 2009). On the contrary, antioxidants can inhibit the activation of SRC activity by inhibiting ROS production (Fu et al., 2014). In our study, intracellular ROS production was detected, suggesting that the OF with SRC silencing produced fewer ROS during TGF-β1 induced transformation than the control group. The results further demonstrated the role of ROS in the process of GO extraocular muscle fibrosis.

Based on the studies, we believe that SRC is involved in the ROS mediated oxidative stress process, causing the activation of PI3K/Akt/NF-κB signaling pathway and leading to the occurrence of GO extraocular muscle fibrosis. In addition, SRC also plays a role in the development of GO involved in TGF-β/Smad signaling pathway. The results provide a new direction for the study of mechanisms behind GO as well as a potential new intervention target for treating GO patients.



DATA AVAILABILITY STATEMENT

The data used in this study can be downloaded from https://submit.ncbi.nlm.nih.gov/subs/sra/SUB7185401.



ETHICS STATEMENT

The animal study was reviewed and approved by The Second Affiliated Hospital of Harbin Medical University.



AUTHOR CONTRIBUTIONS

HQ conceived the concept of the work. MH, JS, YZ, DZ, JH, and JZ performed the experiments. MH wrote the manuscript.


FOOTNOTES

1http://www.geneontology.org/

2http://www.genome.jp/kegg/


REFERENCES

Antonelli, A., Ferrari, S. M., Corrado, A., Franceschini, S. S., Gelmini, S., Ferrannini, E., et al. (2014). Extra-ocular muscle cells from patients with Graves’ ophthalmopathy secrete α (CXCL10) and β (CCL2) chemokines under the influence of cytokines that are modulated by PPARγ. Autoimmun. Rev. 13, 1160–1166. doi: 10.1016/j.autrev.2014.08.025

Boschi, A., Daumerie, C., Spiritus, M., Beguin, C., and Many, M. C. (2005). Quantification of cells expressing the thyrotropin receptor in extraocular muscles in thyroid associated orbitopathy. Br. J. Ophthalmol. 89, 724–729. doi: 10.1136/bjo.2004.050807

Brand, O. J., and Gough, S. C. L. (2010). Genetics of thyroid autoimmunity and the role of the TSHR. Mol. Cell. Endocrinol. 322, 135–143. doi: 10.1016/j.mce.2010.01.013

Burch, H. B., and Wartofsky, L. (1993). Graves’ ophthalmopathy: current concepts regarding pathogenesis and management. Endocr. Rev. 14, 747–793. doi: 10.1210/er.14.6.747

Chen, H. H., Yang, T., and Endocrinology, D. O. (2015). Research progresses in the pathogenesis of thyroid associated ophthalmopathy. Chin. J. Pract. Inter. Med. 7.

Chen, H. X., Shao, B. Z., Chen, X. C., Zhou, W. M., and Zhang, Y. (2014). Inhibition effect of B7-H1 gene-modified regulatory dendritic cells on thyroid-associated ophthalmopathy in mice. Int. Eye Sci. 14, 1765–1769.

Chen, X., Liu, C., Lu, Y., Yang, Z., and Lu, L. (2012). Paeoniflorin regulates macrophage activation in dimethylnitrosamine-induced liver fibrosis in rats. BMC Complement. Alternat. Med. 12:254. doi: 10.1186/1472-6882-12-254

Chng, C. L., Lai, O. F., Chew, S. M., Yu, P. P., Fook-Chong, M. C., Seah, L. L., et al. (2014). Hypoxia increases adipogenesis and affects adipocytokine production in orbital fibroblasts-a possible explanation of the link between smoking and Graves’ ophthalmopathy. Int. J. Ophthalmol. 7:403. doi: 10.3980/j.issn.2222-3959.2014.03.03

Cohen-Naftaly, M., and Friedman, S. L. (2011). Current status of novel antifibrotic therapies in patients with chronic liver disease. Ther. Adv. Gastroenterol. 4, 391–417. doi: 10.1177/1756283X11413002

Dik, W. A., Virakul, S., and Van Steensel, L. (2016). Current perspectives on the role of orbital fibroblasts in the pathogenesis of Graves’ ophthalmopathy. Exp. Eye Res. 142, 83–91. doi: 10.1016/j.exer.2015.02.007

Fu, Y., Yang, G., Zhu, F., Peng, C., Li, W., Li, H., et al. (2014). Antioxidants decrease the apoptotic effect of 5-Fu in colon cancer by regulating Src-dependent caspase-7 phosphorylation. Cell Death Dis. 5:e983. doi: 10.1038/cddis.2013.509

Gilbert, J. A., Gianoukakis, A. G., Salehi, S., Moorhead, J., Rao, P. V., Khan, M. Z., et al. (2006). Monoclonal pathogenic antibodies to the thyroid-stimulating hormone receptor in graves’ disease with potent thyroid-stimulating activity but differential blocking activity activate multiple signaling pathways. J. Immunol. 176, 5084–5092. doi: 10.4049/jimmunol.176.8.5084

Gillespie, E. F., Papageorgiou, K. I., Fernando, R., Raychaudhuri, N., and Douglas, R. S. (2012). Increased expression of TSH receptor by fibrocytes in thyroid-associated Ophthalmopathy leads to Chemokine production. J. Clin. Endocrinol. Metab. 97, E740–E746. doi: 10.1210/jc.2011-2514

Grochot-Przeczek, A., Dulak, J., and Jozkowicz, A. (2012). Haem oxygenase-1: non-canonical roles in physiology and pathology. Clin. Sci. 122, 93–103. doi: 10.1042/CS20110147

Heufelder, A. (1999). Pathogenesis of Graves’ ophthalmopathy. Zeitschrift Arztliche Fortbildung Qualitatssicherung 93(Suppl. 1), 35–39.

Heufelder, A. E., and Bahn, R. S. (1994). Modulation of Graves’ orbital fibroblast proliferation by cytokines and glucocorticoid receptor agonists. Invest. Ophthalmol. Vis. Sci. 35, 120–127.

Hooshang, L., Daniele, C., Senarath, E., John, W., Leigh, D., Patrick, C., et al. (2015). Novel single-nucleotide polymorphisms in the calsequestrin-1 gene are associated with Graves’ ophthalmopathy and Hashimoto&rsquo;s thyroiditis. Clin. Ophthalmol. 9, 1731–1740. doi: 10.2147/OPTH.S87972

Huang, S., and Susztak, K. (2015). Epithelial Plasticity versus EMT in Kidney fibrosis. Trends Mol. Med. 22, 4–6. doi: 10.1016/j.molmed.2015.11.009

Iyer, S., and Bahn, R. (2012). Immunopathogenesis of Graves’ ophthalmopathy: the role of the TSH receptor. Best Pract. Res. Clin. Endocrinol. Metab. 26, 281–289. doi: 10.1016/j.beem.2011.10.003

Jiskra, J. (2017). Endocrine orbitopathy: the present view of a clinical endocrinologist. Vnitr Lek 63, 690–696.

Kopetz, S., Lesslie, D. P., Dallas, N. A., Park, S. I., Johnson, M., Parikh, N. U., et al. (2009). Synergistic Activity of the Src Family Kinase Inhibitor Dasatinib and Oxaliplatin in Colon Carcinoma cells is mediated by oxidative stress. Cancer Res. 69, 3842–3849. doi: 10.1158/0008-5472.CAN-08-2246

Koumas, L., Smith, T. J., Feldon, S., Blumberg, N., and Phipps, R. P. (2003). Thy-1 expression in human fibroblast subsets defines Myofibroblastic or Lipofibroblastic Phenotypes. Am. J. Pathol. 163, 0–1300.

Krieger, C. C., Place, R. F., Bevilacqua, C., Marcussamuels, B., Abel, B. S., Skarulis, M. C., et al. (2016). TSH/IGF-1 receptor cross talk in Graves’. Ophthal. Pathog. 101:2340. doi: 10.1210/jc.2016-1315

Li, B., and Smith, T. J. (2014). PI3K/AKT pathway mediates induction of IL-1RA by TSH in Fibrocytes: modulation by PTEN. J. Clin. Endocrinol. Metab. 99, 3363–3372. doi: 10.1210/jc.2014-1257

Lim, H. S., Back, K. O., Kim, H. J., Choi, Y. H., Park, Y. M., and Kook, K. H. (2014). Hyaluronic acid induces COX-2 Expression via CD44 in orbital fibroblasts from patients with thyroid-associated ophthalmopathy. Invest. Ophthalmol. Vis. Sci. 55, 7441–7450. doi: 10.1167/iovs.14-14873

Liu, F., Tang, W., Chen, D., Li, M., Gao, Y., Zheng, H., et al. (2016). Expression of TGF-β1 and CTGF is associated with fibrosis of denervated Sternocleidomastoid muscles in mice. Tohoku J. Exp. Med. 238, 49–56. doi: 10.1620/tjem.238.49

Nakashima, K., Uekita, T., Yano, S., Kikuchi, J.-I., Nakanishi, R., Sakamoto, N., et al. (2017). Novel small molecule inhibiting CDCP1-PKCδ pathway reduces tumor metastasis and proliferation. Cancer Sci. 108, 1049–1057. doi: 10.1111/cas.13218

Pei, M., Ziyu, C., Lihong, J., Jinwei, C., and Ruili, W. (2018). PTX3: a potential biomarker in thyroid associated ophthalmopathy. Biomed. Res. Int. 2018:5961974. doi: 10.1155/2018/5961974

Rapoport, B., and McLachlan, S. M. (2014). Graves’ hyperthyroidism is antibody-mediated but is predominantly a Th1-Type Cytokine disease. J. Clin. Endocrinol. Metab. 99, 4060–4061. doi: 10.1210/jc.2014-3011

Saika, S., Yamanaka, O., Okada, Y., and Sumioka, T. (2016). Modulation of Smad signaling by non-TGFβ components in myofibroblast generation during wound healing in corneal stroma. Exp. Eye Res. 142, 40–48. doi: 10.1016/j.exer.2014.12.015

Sajad, M., Po-Wah, S., Neil, D., Salvador, D. C., and Paul, B. J. (2013). Cutting Edge: Retrobulbar Inflammation, Adipogenesis, and Acute Orbital Congestion in a Preclinical Female Mouse Model of Graves’ Orbitopathy Induced by Thyrotropin Receptor Plasmid-in Vivo Electroporation. Endocrinology 154, 3008–3015. doi: 10.1210/en.2013-1576

Shen, M., Liu, X., Zhang, H., and Guo, S.-W. (2015). Transforming growth factor β1 signaling coincides with epithelial–mesenchymal transition and fibroblast-to-myofibroblast transdifferentiation in the development of adenomyosis in mice. Hum. Reproduct. 31, 355–369.

Steensel, L. V., Paridaens, D., Schrijver, B., Dingjan, G. M., and Dik, W. A. (2009). Imatinib Mesylate and AMN107 Inhibit PDGF-Signaling in Orbital Fibroblasts: a potential treatment for Graves’. Ophthalmopathy. Invest. Ophthalmol. Vis. Sci. 50, 3091–3098. doi: 10.1167/iovs.08-2443

Tong, B. D., Xiao, M. Y., Zeng, J. X., and Xiong, W. (2015). MiRNA-21 promotes fibrosis in orbital fibroblasts from thyroid-associated ophthalmopathy. Mol. Vis. 21, 324–334.

Tsai, C. C., Wu, S. B., Chang, P. C., and Wei, Y. H. (2015). Alteration of Connective Tissue Growth Factor (CTGF) Expression in Orbital Fibroblasts from Patients with Graves’ Ophthalmopathy. PLoS One 10:e143514. doi: 10.1371/journal.pone.0143514

Valyasevi, R. W. (2001). Effect of Tumor Necrosis factor, interferon, and transforming growth factor on Adipogenesis and expression of Thyrotropin receptor in human orbital Preadipocyte Fibroblasts. J. Clin. Endocrinol. Metab. 86, 903–908. doi: 10.1210/jc.86.2.903

Walter, E., Vielmuth, F., Rotkopf, L., Sárdy, M., Horváth, O. N., Goebeler, M., et al. (2017). Different signaling patterns contribute to loss of keratinocyte cohesion dependent on autoantibody profile in pemphigus. Sci. Rep. 7:3579. doi: 10.1038/s41598-017-03697-7

Wang, R. (2014). Establishment and Regulation of the B lymphocytes and Orbital Fibroblasts Co-culture in thyroid associated ophthalmopathy. Invest. Ophthalmol. Vis. Sci. 55:1843.

Wang, W. Y., Zhou, W. M., Zhang, Y., and Chen, H. X. (2015). Inhibition effect of mouse orbital fibroblasts TLR4 gene silencing on the thyroid-associated ophthalmopathy. Int. J. Ophthalmol. 15, 1862–1866.

Weetman, P. A. (2000). Graves’ Disease. N. Engl. J. Med. 343, 1236–1248.

Xiao-Ling, C., Wei-Min, H., Wei, L., Ophthalmology, D. O., Hospital, W. C., and University, S. (2017). Effects and its mechanism of IGF-1R on the Synthesis of Hyaluronic acid in Orbital Fibroblasts of thyroid associated ophthalmopathy. J. Sichuan Univ. 48, 727–731.

Yang, H. W., Wang, Y. X., Bao, J., Wang, S. H., and Sun, Z. L. (2017). Correlation of HLA-D Q and TNF-α gene polymorphisms with ocular myasthenia gravis combined with thyroid associated ophthalmopathy. Biosci. Rep. 37:BSR20160440.

Zhao, S.-X., Tsui, S., Cheung, A., Douglas, R. S., Smith, T. J., and Banga, J. P. (2011). Orbital fibrosis in a mouse model of Graves’ disease induced by genetic immunization of thyrotropin receptor cDNA. J. Endocrinol. 210, 369–377. doi: 10.1530/JOE-11-0162


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hao, Sun, Zhang, Zhang, Han, Zhang and Qiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fbioe-08-00392-g005.jpg
. m
®
( _
® _ nrb‘
e A
] K : B k.\u\
R, : " — ”L.J o \AV
Sl ‘w\ : M m 0]
d ol g S N
‘ A3 7 _
m. ) ,_,. w\ s .u??%gw - 1 .\ m | [+ 4
M. 0\ Wi | %
y.3
C ‘ PAV
a T , 0
m S ® © w « o

¥

Co_wwm._axm YNHW SAlE|2Y

Control mice

Co_wwm._ﬁ_xm YNH W SAlE|oY





OPS/images/fbioe-08-00392-g006.jpg
IOOX DAPI 100X- Vlmentln

Electron Microscope-OF x3.0k Electron Microscope-MFB x3.0k





OPS/images/fbioe-08-00392-e001.jpg





OPS/images/fbioe-08-00392-g003.jpg
GO mice

Control mice

Control mice

GO mice

Cdntrol mice





OPS/images/fbioe-08-00392-g004.jpg
Terms

Terms

trans-synaplic sgnaiing =
synaglic signaling =

SyNAPHC MSmErans = L]
SYNapse part -
synapse -

postsynapss - L]

progecton morphoge L]
neurcn prosechon «
Muron par =
neuron dilerentation =
neuron development =
nourogenesis = ()

REMvOUS System developmen - .

on channel complex - ®
Qeneration of neurons = .

cell progection =
aon- B

Synaptic vesicle cycle =

Oy gnakng pathway - @
Nicotne addiction =
Neurcactive igand-receptor interaction -
Morphine addiction =
Long-lerm potentiation =
Ghutamatergec synapse =
GABApegc synapse =
Dopaminergic synapse -
Cocane addiction -
Circadean entrainment =
Cholinesgic synapse -
caNcer =
CAMP signaling pathway =

Amphetamne addiction -
Acoholsr - @
2

L ]
[
L
25 )
- logys (P value)

GO-up

L]
@
o
L]
L]
.
)
®
.
&
L]
; é
“logyo (P value)

KEGG-up

-

1500

count

Average logCPM

2074

up

SArComene «

respryiony chain compléx- ®

respiraiony chain -
cxidoneductase activity =
ondason-reducion process =
organell inner membrane =
myodioni -

milochondrion =

P &

mitochondrial pan -
miochondral membrane pan -
miochondrial membrane =

membrans

matochondnal envelope -

25 e P P
generaton of precursor matabolies and energy -

ensngy o8

Input number
®
@
[ E

Rich factor |9

LA S L

by ol
aton by oxidation o D
coniractle ber pan =

contractile fiber =

Valne, leucine and isoleucine degradation «
Tryplophan metabolsm -

Pyruvate mataboksm -

Propanoate melaboksm -

Parkirson's disease -

Omidative phosphorylation =

Non-alcohole tatty liver disease (NAFLD) -
Metabolc pathways -

Hyperirophee cardsomyopathy (MOM) =
Hunlington's disease =

Glycolysis [ Gluconeogenssis -

Faity acd metaboksm -

Fatty acad degradaton -

Dilated casdomyopathy -

Carate cycle (TCA cychs) -

Cardiac muscie contraciion =

Carbon mataboksm -

Alrhemer's dissase =

2-Omocarboxyic acd matabokem -

20
-logyq (P value)

KEGG-down

25
Input number

® W
L BE

® =

Input number
[
®





OPS/images/fbioe-08-00392-g009.jpg
ROS level

80000=
m Control+T
— e (Control
40000=
20000=
3 | | | | 1 | | 1
> ® % ®
o \g & o <
0&5 %&é D *\"-’q *'39
© KO SR





OPS/images/fbioe-08-00392-g007.jpg
COM | e o e e e e 0 DD W o = & |

a-SMA ‘ - — - — - - — — - ’

Timp-1

Tubulin I—i.-......-.. |

P PIR TCS TRC YRS RS R SR SR SR R TR R
6\-693,& Q‘V%,\Q Q&'O) N Q‘bf) N
OO 6' 6' \ \fv \‘V (b ‘» L W&' u @' u o
c a-SMA c col-1 c Timp1
a e’ L
2 0.8+ o 1.5+ ¢ 2.5+
s 2 -4
8 2 i
w w w
c - 1.0+ &=
‘D [ T 2
S T © °
a o a
E ()
L L £
)
& : &) 0. : o
> > >
&@f,o?;go‘:Qo%o?so%o}o?;@%o%o?;@?@“ & ",o?;gozgo%o?;@%o&,o?;y%@%o?;@?&& &(: ,,o?;go‘.:?&:f,o?;go?&o:‘oo?so%o:ﬁo?&o%&
[s) 6 6‘ 6‘ \m 0’ \‘.v ‘» fbh' f»b' @ #‘ @0 Oo 6 60 60 \'» 00 \'»n w mh' q'" Q @0 ’ 6’ 6’ [N 0‘ \'v m f»h' f»h' v &’ ‘%o
B SRC acta2
*
[ *
O c
-E 2.5- I * I ’g
a3 | | 7
o o
3 S
- 0
< <
< Z
- e
E =
2 o
5 £
o o
o 4
a-SMA
C

OF OF+TGF-B

control negative siRNA control negative siRNA

- —

a-SMA

Timp-1 ﬁ; '.i

GAPDH | e wnee wne — e co—
Col-1
g *
% 204 | e |
4 | |
a 1.54
< T
2
5 1.0+
a
2 0.5+
©
[}
o 0.0-
A < A s A
‘o \‘ 6‘ ox é x
& © 2 & N
[ N S S )
O 00 e@ eo& é\Q'

Relative Protein Expression

c
L.
(7]
(72}
o
a
=
)
-
O
S
(o
[
i
—
£
Q
14






OPS/images/fbioe-08-00392-g008.jpg
acta2

/.2
A
, %
%,
= %
o0
% : %
C (1] 2 QQOQ
(1’ o e, %
n o5
S %
pra Y,
x e
? r “y, .
° %
S 8 32 8 3 # . Y% E=%"T % & 5
sv ™~ - - o o
UOIRSAKNGE IO SARIed % uoissaldxg uILlold dAlelRY
- d T « . . .
o m xe‘.v
S— . M 5 s&w
o e, %
0 S 0 s v __ Y,
- - [ =] o “ v
o . «K\Oﬂ
:O_mwm._axm VYNHW BAlje|oY & . xomu
o & “ \o.voo E
:..; ® i & & & & 92 M
H o~ o b o o
o 2 [ -
il =1 , . uoissaidx3 uiLlold oOAe|oY uoissaldx3 ulejold aAneRy
Oo| =
e AR
5
o 3 Y,
‘ < [ — . @ S o 5 o
«..é 3 u . . - < = =
B %, m uoissaidx3 u1sjold aAne|ey
éQ l\% [TH -
0< ol &
2 G, ¥ 2
S| N H _ <
- - mmv AN* m uszG‘
& ° owv v ] &
2 m - . G ¥ . — ” %,
wlol Y 3 )
o|8| ® Y @l ., . . X = <
o % % wle el )
Z “, ol £ 58 o %
“ . . «X A\ — - 0 QQ
? B o +| ¢ . . o e, 9
- | o -.or ° 4.00
3 = % E %
o o g Z %, H . . .
I 1 1 1 v o - - o 5 %
" < ol S %,
- — o o || uoissaidx3 uiejold aAjeey 4 5 O
- = ™ x m ¥ T %,
co_wwm._axw YNHW 2AllE|2Y - M a W M m - A.nw m [ o I S v
% 7] - o = a w o < - - o =
o = m m a o uoIssaldx3 uIvjold aAne|ey
&) (] o





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exploring the Role of SRC in Extraocular Muscle Fibrosis of the Graves’ Ophthalmopathy



		INTRODUCTION



		MATERIALS AND METHODS



		Mouse Model of Graves’ Orbitopathy



		Cloning and Preparation of Plasmid DNA



		Screening of Differentially Expressed Genes



		Cell Culture and Transfections



		Immunofluorescent Staining



		Real-Time Quantitative PCR



		Western Blotting



		Measurement of ROS Level in Cells







		RESULTS



		HTSHR A-Subunit Plasmid-Immunized Mice



		Screening of DEGs Based on RNA-Seq



		Validation of DEGs by q-PCR



		TGF-β Induces OF and SRC Gene Silencing OF Transformation



		ROS Level in Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FOOTNOTES



		REFERENCES

















OPS/images/fbioe-08-00392-g001.jpg
b4 W a Sy ‘ " » .

s " AT 2o clinie. ™ W

i - 4 - 8 . { ke o . - X -

< ”' & e, LT T ! b TS ‘ i~ - - i
N7 SR R & =1

Control mice GO mice

Control mice R o

-
Seur &
“
- . -
-~
- - .
N -
.-
- v .

Control mice GO mice

Control mice

GO mice





OPS/images/fbioe-08-00392-g002.jpg
e Control mice
® GO mice

(lwBu) uonesUadU0D

™ &
W, oy
%
«..\6
P Yo
£
.NO
3 %
- 0
W . %
-2,
* %
L 1 T T
8 8 & K] ¢
11 (B)Brap
<
» . -
< .wx@
%
<
[l
\0.\
%,
S 9 W e © © o
? ° g 8§ 8 8

TSAb

(]

o

sk

(YNIw) uonesuUIdUOD

_ A
TEr %
%
— = a’ ™ IO,.v\A\\
\0.\\o
e
& £ I =
m ® & & =
A_E\mcv uoljejuadsuod
J— n“ -+ AA% - Of.v\@
%
L A
._.4 b [ ™%
\OA\A\O
v
w o W o W o
o™~ ™~ - - o o





OPS/images/fbioe-08-00392-e000.jpg
total exon reads
RPKM =

mapped reads (millions) x exon length (KB)





OPS/images/cover.jpg






OPS/images/logo.jpg
' frontiers
in Bioengineering and Biotechnology





