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<ABSTRACT>

The therapeutic role of histone deacetylase (HDAC) inhibition
in an in vitro model of Graves’ orbitopathy

Hyeong Ju Byeon

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jin Sook Yoon)

Graves’ orbitopathy (GO) manifested by Graves’ disease (GD) is characterized by orbital
fibroblast-induced inflammation leading to fibrosis or adipogenesis. Histone deacetylases
(HDAC:s) counteracting histone acetyltransferase activity play a central role in modifying
autoimmune diseases and fibrosis. Moreover, HDAC inhibitors have been approved for use
against hematologic malignancies. We investigated HDAC inhibition in orbital fibroblast
from Graves’ orbitopathy in order to evaluate its potential as a therapeutic agent. HDACs
gene expression levels in orbital tissues and peripheral blood mononuclear cells (PBMC)
were screened. The effect of the HDAC inhibitor, Panobinostat, on orbital fibroblasts was
examined. Primary cultured orbital fibroblasts from GO and normal subjects were treated
with Panobinostat under the stimulation of IL-1p or TGF-B. Adipocyte differentiation was
made in an adipogenic medium adding IL-1B. Inflammatory cytokines, fibrosis, and
adipogenesis-related proteins were analyzed using western blotting. To evaluate the
selectivity of Panobinostat, the effect of Panobinostat on the expression of HDACs mRNA
was measured in GO orbital fibroblasts using real-time PCR and HDAC7 was knocked
down using small interfering RNA (siRNA) transfection. Using Oil Red O, cells were
stained to quantify lipid accumulation. Panobinostat reduced the production of IL-1pB-
induced inflammatory cytokines such as IL-6, IL-8, and TGF-B-induced fibrosis-related

proteins such as collagen Ia/3, a-SMA, and fibronectin. In addition, Panobinostat



suppressed adipocyte differentiation and production of C/EBPa/p, aP2, adiponectin, leptin,
and PPARY proteins. Panobinostat significantly attenuated HDAC7 mRNA expression in
orbital fibroblasts from GO, and the silencing of HDAC7 also showed anti-inflammatory
and anti-fibrotic effects. Panobinostat by inhibiting HDAC7 gene expression, suppressed
the production of inflammatory cytokines, profibrotic proteins, and adipogenesis in GO
orbital fibroblasts. Our in vitro study using primary cultured orbital fibroblasts suggests that
HDACT7 can be a potential therapeutic target to inhibit inflammation, adipogenesis, and

fibrotic mechanisms of GO.

Key words : Graves orbitopathy, orbital fibroblasts, HDAC inhibitor, Panobinostat,
HDAC7,

vi



The therapeutic role of histone deacetylase (HDAC) inhibition
in an in vitro model of Graves’ orbitopathy

Hyeong Ju Byeon

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jin Sook Yoon)

I. INTRODUCTION

Graves’ ophthalmopathy (GO) is an orbital inflammation in approximately 15% to 30%
of Graves’ disease (GD).!? GO has a presentation of eyelid retraction, exophthalmos, and
extraocular muscle enlargement; 3-5% have experienced vision-threatening severe form
including compressive optic neuropathy and corneal exposure.>?

Dysregulated orbital fibroblasts and orchestrated mononuclear cells play a key role in the
pathogenesis of GO. Autoantibodies to thyrotropin receptor and insulin-like growth factor
1 receptor (IGF-1R) activate infiltration of mononuclear cells such as T cells, B cells, and
macrophages.* Mononuclear cells that have been activated, particularly CD4+ T cells,
release cytokines that stimulate orbital fibroblast and moreover, orbital fibroblast itself
produces proinflammatory cytokines that exacerbate and maintain ocular inflammation.>*
Stimulated orbital fibroblasts proliferate to produce glycosaminoglycans (GAG) and
differentiate into adipocytes or myofibroblasts, which eventually leads to orbital tissue
swelling, enlargement, and fibrosis.

First-line treatment in GO is glucocorticoid to alleviate inflammation induced by
autoimmunity but has systemic complications. Teprotumumab, recently approved by the
United States Food and Drug Administration (US FDA), is IGF-1R monoclonal antibody

that intervenes the initiation of inflammation but it is so far defined to the patients who



have high clinical activity score (CAS) and has limitations in about one-third of responders
show relapse during the year after cessation.’ It also carries critical adverse effects
including hearing loss, hyperglycemia, and muscle spasm. The ultimate goal is to cut the
immune reaction occurring around the orbital fibroblast. Therefore, gaining a deeper
knowledge of the molecular mechanisms underlying the pathophysiology of GO could lead
to the discovery of new therapeutic targets.

As a part of the effort approaching the pathogenesis and finding treatment of GO, genetic
susceptibility emerged in the past decade, however, there was no significant evidence of
genotypic or allele differences between GO and non-GO patients.’ Nowadays, the
research focuses on the epigenetic and/or environmental factors; gut microbiome, DNA
methylation, miRNA, and histone modification.'°

Histone deacetylase (HDAC), counteract of histone acetyltransferase (HAT), is one of the
promising molecules in epigenetics. Based on their enzymatic domain organization, the
eighteen HDACs are classified into four groups, and Zn*" dependent HDACs are called
classical HDACs; Class [ (HDAC 1,2,3,8), Class ITa (HDAC 4,5,7,9), Class IIb
(HDAC 6,10), and Class IV (HDAC 11), whereas Class III (Sirtuins) is mediated
through NAD" dependently. HDACs mediate the deacetylation of lysine residues on the
histone tail as post-translational modification and make DNA tighten around the
nucleosome, consequently inhibiting transcription factor access to DNA.!' This
modification regulates gene transcription controlling the cell cycle or immunologic
pathway.'> Moreover, in addition to histone protein, lysine acetylation occurs in several
non-histone proteins, including transcription factors or proteins involved in metabolism
and cell cycle.”* HDAC inhibitors (HDACis) have been approved for hematologic anti-
tumor activity by inhibiting various pathways involving cytokines, growth factors, and
protein kinases,'* however, the role of HDAC and related cytokines needs to be elucidated
in autoimmune diseases.

Similar to orbital fibroblast, lung fibroblast and synovial fibroblast have been appreciated

as active participants in autoimmune diseases.!® The role of HDAC has been researched a



lot in the lungs and synovium. In rheumatoid arthritis (RA), the first FDA-approved pan-
HDACI, Vorinostat, when treated with synovial fibroblast, induced apoptosis and reduced
NF-kB phosphorylation and anti-apoptotic proteins (Bcl-xL and Mecl-1) expression.'®
Trichostatin A, another pan-HDACI, lowered synovial fibroblast viability and reduced the
expression of matrix metalloproteinases (MMP)-2, MMP-9, with inactivation of PI3K/Akt
pathway. 7 HDAC6 specific inhibitor decreased the arthritis score in the collagen-induced
arthritis model and reduced the expression of TNF-a. and IL-1B in RA patients.'® Also, the
inhibition of HDAC6 was reported to enhance the suppressive activity of regulatory T cells
in inflammation and autoimmunity.'%!

HDAC:s in the lung have been researched focused on pulmonary fibrosis, which has
pathogenesis of the apoptosis-resistant cell character producing extracellular matrix
persistently. With human primary idiopathic pulmonary fibrosis (IPF) lung fibroblasts,
TGF-B mediated anti-fibrotic gene repression promoted fibroblast activation and HDAC7
was a key factor in fibrosis.?” IPF-fibroblast treated with pan-HDACI, Panobinostat, show
decreased phosphorylated STAT3 protein level and survival-related gene Bcl-XL and
BIRC5/surviving expression.?' Similar results also have been reported as Vorinostat induce
apoptosis and lung function was improved in the murine model.*

The role of HDAC in GO pathogenesis needs to be broadly explored. Among the HDAC
is that have been approved to exhibit hematologic anti-tumor activity, Panobinostat
(LBHS589), an orally available pan-HDACi, was approved by US FDA in 2015 as a drug
for the treatment of multiple myeloma.'* Panobinostat had at least ten-fold more potency
of anti-cancer effect compared to Vorinostat, and ICso (concentration needed for 50%
inhibition) values were lower than the other pan-HDACis.?*?* In addition, Panobinostat
showed superior anti-fibrotic effects in primary idiopathic pulmonary fibroblasts compared
with Pirfenidone, the only currently covered IPF treatment.?!

In this study, initial experiments evaluated the effects of pan-HDACIi, Panobinostat, on
GO pathogenesis by RT-PCR and western blot; inflammation, adipogenesis, and fibrosis.

Additional experiments were performed to assess which HDAC exerts the therapeutic effect



of Panobinostat, and consequently, we focused on HDAC?7. Finally, we could conclude that
Panobinostat showed anti-inflammatory, anti-fibrotic, and anti-adipogenic effects through
HDACT regulation in GO fibroblasts, therefore, HDAC7 could be a potential target for GO

treatment.



II. MATERIALS AND METHODS

1. Reagents and chemicals

The following reagents were used in the study: Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 (DMEM/F12, 1:1); penicillin/streptomycin (Welgene,
Gyeongsan-si, Gyeongsangbuk-do, South Korea); fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Waltham, MA, USA); Panobinostat (Selleckchem, Huston, TX,
USA); recombinant IL-1p and TGF-B (R&D Systems, Minneapolis, UT, USA); antibodies
for IL-6, IL-§, HDAC6, HDAC7, CCAAT/enhancer-binding protein (C/EBP) a,
phosphorylated (p)-Akt, total (t)-Akt, p-extracellular signal-related kinase (ERK), t-ERK,
p-p38, t-p38, p-c-Jun N-terminal kinases (JNK), t-JNK, p-nuclear factor (NF)xB, t-NF«B,
p-SMAD1/5/9,t-SMAD1/5/9, p-SMAD?2, t-SMAD?2, p-SMAD3, t-SMAD3 in western blot
(Cell Signalling Technology, Danvers, MA, USA); Fibronectin antibody (BD, Franklin
Lakes, NJ, USA); Collagen Ia antibody (Abcam, Cambridge, UK); a-smooth muscle actin
(SMA) antibody (Sigma-Aldrich, St. Louis, MO, USA); anti-Collagen 3, HDAC3, C/EBPp,
adiponectin, leptin(ob), adipocyte protein 2 (aP2), peroxisome proliferator-activated

receptor (PPAR) y, B-actin antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

2. Tissue and cell preparation

Orbital adipose tissues were obtained during surgeries. GO tissues were collected from
orbital decompression surgery in 10 patients (4 men and 6 women, age 22-65). All patients
at the time of surgery had achieved euthyroid status and a CAS less than 3. For the control
group, normal tissues were harvested in 8 patients (4 men and 4 women, age 37-75) during
upper or lower eyelid blepharoplasty and orbital fat prolapse, who had not been diagnosed
as GO or autoimmune thyroid disease (Table 1). This study was approved by the
institutional review board of Severance Hospital, Yonsei University College of Medicine
(Seoul, Korea) (IRB number: 4-2022-0244) and all the subjects provided written informed
consent. This study abides by the tenets of the Declaration of Helsinki.



Table 1. Clinical data of patients used in this study.

Age Duration of Proptosis
(yegrs) Sex CAS GO (years) R/Lp(rnm) Surgery performed
GO patients
57 F 0 1 17/16 Orbital decompression
22 F 1 5 21/22 Orbital decompression
45 M 1 1 16/15 Orbital decompression
48 F 0 13 20/20 Orbital decompression
27 F 2 2 20/23 Orbital decompression
23 M 0 3 21/20 Orbital decompression
63 M 1 7 20/24 Orbital decompression
65 F 0 2 23/23 Orbital decompression
25 F 0 3 20.5/21 Orbital decompression
36 M 0 3 25/26 Orbital decompression
Normal control subjects
75 F n/a n/a n/a Upper lid blepharoplasty
74 M n/a n/a n/a Lower lid blepharoplasty
68 M n/a n/a n/a Upper lid blepharoplasty
76 F n/a n/a n/a Upper lid blepharoplasty
56 M n/a n/a wa Orbital fat prolapse
removal
37 F n/a n/a n/a Upper lid blepharoplasty
61 M n/a n/a n/a Upper lid blepharoplasty
61 F n/a n/a n/a Lower lid blepharoplasty

GO, Graves’ orbitopathy; CAS, clinical activity scores; n/a; not applicable; F, female; M,
male; R, right eye; L, left eye.

Orbital fat tissues to be used for RNA preparation were collected in RNAlater (Invitrogen,
Carlsbad, CA, USA) for long-term storage. For primary cell culture, orbital fat tissues were
minced and distributed in DMEM/F12 containing 20% FBS, 1% penicillin/streptomycin.
As orbital fibroblasts proliferated, the cells were passaged serially with
trypsin/ethylenediaminetetraacetic acid (EDTA) and incubated with DMEM:F12
containing 10% FBS and 1% penicillin/streptomycin. Strains under the 4th passage were
stored in liquid nitrogen for subsequence use. The orbital fibroblasts were grown to

confluence in 10 cm dishes in a humidified 5% CO- incubator at 37 C. The cultured cells

were plated in 6-well plates, and the culture medium was changed to serum-free



DMEM/F12 containing 1% penicillin/streptomycin before reagent treatment.

3. Peripheral blood mononuclear cells (PBMC) preparation

A total of 10ml peripheral venous blood from healthy donors and GO patients was used
for PBMC isolation by Ficoll-Paque (Cytiva, Marlborough, MA, USA) density-gradient
centrifugation (Table 2). For long-term storage, isolated PBMCs were preserved in TriZol

(Invitrogen) reagent at a -80 C  freezer. Extracted RNA from PBMC was used for real-

time polymerase chain reaction.

Table 2. Demographics of subjects used for peripheral blood analysis.

Normal control GO patients

(N=11) (N=32) p-value

Age, years (range) 44.5+16.9 (21-83) 40.2 +13.0 (18-76) 0.68
Sex (M : F) 3:8 13:19 0.67
Graves’ disease duration, years - 5.5+43 -
GO CAS (range) - 1.5+ 1.7 (0-5) -
Thyroid lab (normal range)

T3 (ng/mL) (0.61-1.16) - 1.1£05 -

Free T4 (ng/mL) (0.80-1.23) - 1.0+04 -

TSH (uIU/mL) (0.41-4.30) - 1.9+2.7 -

TRAD (IU/L) (0-1.75) - 11.4+12.1 -

TSI (SRR,%) (0-140%, negative) - 251.7+131.7 -

GO, Graves orbitopathy; TSH, Thyroid stimulating hormone; TSI, Thyroid stimulating
immunoglobulin; TRAb, Thyroid stimulating hormone receptor antibody; SRR, specimen-to-
reference ratio.

Data are represented as mean + standard deviation or number.

4. Cell viability test

Orbital fibroblasts from GO patients and normal subjects were seeded into 24-well
culture plates at a density of 1 x 103 cells/well and exposed to various concentrations of
Panobinostat (control, 10, 30, 50, 70, and 100 nM) for 24 hours in order to determine the
non-cytotoxic concentration for these cells. Following exposure, cells were cleaned and

incubated with a 5 mg/mL MTT solution (3-[4,5-dimethylthiazol-2-yl]-2,5-



diphenyltetrazolium bromide; Sigma Aldrich) for 2 hours at 37 °C. A microplate reader
(EL 340 Bio Kinetics Reader; Bio-Teck Instruments, Winooski, VT, USA) was used to
measure the dye's absorbance at 560 nm and 630nm after it had been solubilized with
DMSO (dimethyl sulfoxide; Sigma-Aldrich). In comparison to untreated control cells,

cell viability was expressed as a percentage.

5. Real-time polymerase chain reaction (RT-PCR)

A tissue homogenizer (Precellys 24; Bertin Instruments, Montigny-le-Bretonneux,
France) was used to homogenize the harvested orbital fat tissues, and tissues were lysed
with a Precelly lysing kit (Bertin Instruments) with TriZol. Primary cultured GO orbital
fibroblasts treated with Panobinostat were also lysed with TriZol. The RNA concentration
was determined using NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). cDNA
was synthesized according to the manufacturer’s protocol (SensiFAST cDNA Synthesis
Kit; Meridian Life Science, Inc., Memphis, TN, USA). PCR amplification was performed
using QuantStudio3 real-time PCR thermocycler (Applied Biosystems, Carlsbad, CA,
USA) with specific primers and SYBR green PCR master mix (Takra Bio, Inc., Shiga,
Japan). Primer sequences specific for multiple HDACs (class | HDACs; HDACI, 2, 3,
class Ila HDACs; HDACY, 5, 7, class IIb HDACs; HDAC6, 10) are described in Table 3.
The results were normalized against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and presented as the fold change in cycle threshold (Ct) value relative to the

JAVAN ¢}

control group, calculated using the 2- method.

Table 3. Primers for quantitative PCR

Name Primer sequences (5°-3)
HDACI Forward CTA CTA CGA CGG GGA TGT TGG
Reverse GAG TCATGC GGA TTC GGT GAG
HDAC? Forward ATG GCG TAC AGT CAA GGA GG
Reverse TGC GGATTC TAT GAG GCT TCA
HDAC3 Forward CCT GGC ATT GAC CCATAG CC
Reverse CTCTTG GTG AAG CCTTGC ATA




Forward GGC CCA CCG GAATCT GAA

HDAC4 Reverse GAA CTC TGG TCA AGG GAA CTG

HDACS Forward TCT TGT CGA AGT CAAAGG AGC
Reverse GAG GGG AACTCT GGT CCA AAG

HDAC6 Forward AGC GGA GGT AAA GAA GAAAGG CAAAAT G
Reverse CCA GGCAGG CACAGGAGTATGAGTT

HDAC7 Forward GGC GGC CCTAGAAAGAACAG
Reverse CTT GGG CTT ATA GCG CAG CTT

HDAC10 Forward TGG CAC CGC TAT GAG CAT
Reverse GAGACCAGCACCAGCTCAG

GAPDH Forward ATG GGG AAG GTG AAG GTC G
Reverse GGG GTC ATT GAT GGC AAC AAT A

6. Western blot

Orbital fibroblasts treated with a reagent in accordance with the study plan were washed
with Dulbecco's phosphate-buffered saline solution (Welgene) and then lysed using RIPA
lysis buffer (Welgene) containing a Halt™ Protease Inhibitor Cocktail (#1860932Thermo
Fisher Scientific). After being resolved in 8-15% SDS-PAGE, the cell lysates were
transferred to nitrocellulose membranes (Millipore Corp., Billerica, MA, USA). After
that, primary antibodies were applied to the membranes for a whole night at 4°C. Using
an image reader (LAS-4000 mini; Fuji Photo Film, Tokyo, Japan), immunoreactive bands
were identified using a secondary antibody coupled to horseradish peroxidase with a
chemiluminescent substrate (Thermo Fisher Scientific). To quantify the protein level, the
intensities of the band were measured using Image J software (National Institutes of
Health, Bethesda, Maryland, USA) as a densitometry analysis and standardized to those

of the B-actin in the same sample.

7. Adipogenesis

Orbital fibroblasts were differentiated into adipocytes for 14 days. During the fourteen
days, cells grown in 6-well plates were stimulated with adipogenic solutions; DMEM
high glucose (Welgene) with 10% FBS and antibiotics, 33 uM biotin (Sigma-Aldrich), 17
UM pantothenic acid (Sigma-Aldrich), 10 pg/mL transferrin (Sigma-aldrich), 0.2 nM T3



(Sigma-Aldrich), 1 uM insulin (Boehringer-Mannheim, Mannheim, Germany), 0.2 uM
carbaprostaglandin (cPGI2; Calbiochem, La Jolla, CA, USA) and 10 pM rosiglitazone
(Cayman, Ann Arbor, MI, USA). The media was replaced every 2-3 days. For the first 4
days, 10 uM dexamethasone (Sigma-Aldrich) and 0.1 mM isobutylmethylxanthine
(IBMX; Sigma-Aldrich) were also added. To assess the effect of Panobinostat on
adipogenesis, cells were co-treated with Panobinostat (10nM) or IL-1p (10ng/ml) for 14
days.

8. Oil Red O staining
To assess adipocyte differentiation, orbital fibroblasts were stained with Oil Red O. Cells
were washed twice with 1 x PBS, fixed with 10% formalin in PBS for 1 hour at 4 C, then

stained for 2 hours with 200uL Oil Red O (#01516, Sigma-Aldrich) working solution
(Oil Red O:DW=6:4, filtered). The plates were rinsed with PBS and observed using a
microscope (IX73; Olympus Optical, Tokyo, Japan) with a charge-coupled device camera
(DP71; Olympus Optical). To quantify lipid accumulation, Oil red O stain was solubilized
with 100% isopropanol, and the optical density of the solution was determined using a

spectrophotometer at 490nm.

9. Silencing of HDAC

Small interfering RNA (siRNA) designed to silence HDAC6, HDAC7 genes were
obtained from Dharmacon (Horizon Discovery, Cambridge, UK), and Silencer™ Select
Negative Control No. 1 siRNA was from Invitrogen (Table 4). 10nM siRNAs were
transfected into 80% confluent orbital fibroblasts with Lipofectamine RNAIMAX
(Invitrogen) according to supplier instructions. The medium was changed to a fresh
complete medium containing 10% FBS and antibiotics after 24 hours of transfection.

Cells were maintained for 48 hours.

Table 4. Small interfering RNA sequence

10



Name Sequences (5°-3°)

Negative (Sense) UUC UCC GAA CGU GUCACG UTT

control (Antisense) ACG UGA CAC GUU CGG AGAATT

GGGAGGUUCUUGUGAGAUC

GGAGGGUCCUUAUCGUAGA

HDAC6 GCAGUUAAAUGAAUUCCAU

GUUCACAGCCUAGAAUAUA

GACAAGAGCAAGCGAAGUG

GCAGAUACCCUCGGCUGAA

HDAC7 GGUGAGGGCUUCAAUGUCA

UGGCUGCUCUUCUGGGUAA

10. Statistical analysis

For statistical analysis, IBM SPSS Statistics for Windows v 29.0 (IBM Corp., Armonk,
NY, USA) was used. All experiments were performed twice in cells from three different
patients. The results were averaged and expressed as the mean values + standard deviation
(SD). Normal distribution was verified with Kolmogorov—Smirnov test, and with the
results, Student t-test or Mann—Whitney U-test was used to compare the differences

between groups. A p-value less than 0.05 was considered statistically significant.

11



III. RESULTS

1. mRNA levels of HDAC:s in orbital tissue and PBMC
The basal levels of HDACs’ transcript were analyzed by RT-PCR. Eight HDACs which
included class I (HDAC 1,2,3), class Ila (HDAC 4,5,7), and class I1Ib (HDAC 6,10) were

studied. In orbital tissues taken from GO subjects (n=10) and normal controls (n=8), median

mRNA expression levels of HDAC 3, 4, 5, 6, and 7 were significantly lower in GO patients
(median mRNA relative expression level 0.493, 0.526, 0.552, 0.610, and 0.456 respectively,

*p <0.05) (Figure 1). We also investigated HDAC gene expression patterns in PBMC of

GO patients (n=32) and normal controls (n=11). There were no significant differences in

the mRNA expression of HDACs between GO and normal PBMC (Figure 2).
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Figure 1. HDAC mRNA expression in GO and normal orbital tissues. Orbital tissues from

GO (n=10) and normal subjects (n=8) were analyzed to evaluate the mRNA expression

level of HDACs (class | HDACs; HDACI, 2, 3, class 1lla HDACs; HDACY, 5, 7, class Ilb
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HDACs; HDAC6, 10). RT-PCR was performed, and the results are presented as the median

and interquartile ranges (*p <0.05 versus normal control).
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Figure 2. HDAC mRNA expression level in PBMC. PBMCs from GO patients (n=32) and
normal control (n=11) were used. HDACs (class | HDACs; HDACI, 2, 3, class Ila HDACs;
HDAC4, 5, 7, class IIb HDACs; HDAC6, 10) mRNA expressions were determined by RT-

PCR. The results are represented as median and interquartile ranges.

2. Effect of Panobinostat on cell viability
To assess the treatment effect of HDAC inhibition, a pan-HDACi, Panobinostat, was used.
MTT assay was performed to determine the non-toxic concentration of Panobinostat. In
both normal and GO orbital fibroblasts, Panobinostat at concentrations between 10 and
100nM did not reduce cell viability below 95% over the course of a 24-hour treatment

(Figure 3).
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Figure 3. Cell viability after treatment with Panobinostat. Orbital fibroblasts from GO
patients (n=3) and normal subjects (n=3) were seeded into 24-well culture plates and
various concentrations of Panobinostat (control, 10, 30, 50, 70, and 100 nM) were treated
for 24 hours. The MTT assays were repeated twice on three different individual cells.

Results are represented as means = SD relative to untreated control.

3. Suppression of HDACs by Panobinostat in GO orbital fibroblasts

Even with Panobinostat which is known as a nonselective HDACI, not all HDACs are
inhibited uniformly. Pan-HDACis could have different effects on each HDACs depending
on the cell context.?> To verify the selectivity of Panobinostat on GO orbital fibroblasts,
GO orbital fibroblasts were incubated for 24 hours with and without Panobinostat (100nM),
and the level of various HDACs transcripts were analyzed using RT-PCR; class I HDAC:s;
HDACI, 2, 3, class Ila HDACs; HDAC4, 5, 7, class IIb HDACs; HDAC6, 10. HDAC3
mRNA was upregulated and HDAC6 and HDAC7 mRNA were downregulated
significantly (*p <0.05) (Figure 4).
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Figure 4. Effect of Panobinostat on HDACs mRNA expression. Orbital fibroblasts from
GO (n=3) were cultured with Panobinostat (100 nM) for 24 hours. GO Orbital fibroblasts
cultured without Panobinostat for 24 hours were compared as control. HDACs (class 1
HDACs; HDACI, 2, 3, class lla HDACs; HDAC4, 5, 7, class 1Ib HDACs; HDAC6, 10)
mRNA expressions were measured by RT-PCR. All experiments were conducted twice in

three different subjects and the graphs show mean = SD (*p <0.05 versus control).

4. Treatment effect of Panobinostat on stimulated orbital fibroblasts
We evaluated the therapeutic effect of Panobinostat in multiple pathogenic processes of GO
(inflammation, adipogenesis, and fibrosis) in primary cultured orbital fibroblasts. First, GO
and normal orbital fibroblasts were pretreated with Panobinostat (100nM) for 30 minutes
and inflammatory stimulation by IL-1f (10ng/ml) was applied to the orbital fibroblasts for
24 hours. Western blot results showed that IL-1B-induced proinflammatory cytokines, IL-
6 and IL-8, were suppressed by the Panobinostat treatment (*p < 0.05) (Figure 5).
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Figure 5. Suppressive effect of Panobinostat on the expression of proinflammatory
cytokines. Orbital fibroblasts from GO (n=3) and normal subjects (n=3) were pretreated
with Panobinostat (100nM) for 30 minutes and then stimulated with IL-1 (10ng/ml) for
24 hours. Western blot was performed to measure the protein expression of
proinflammatory cytokines, IL-6 and IL-8. Representative western blot gel images are
shown. Western blot analysis was quantified with densitometry and normalized with -
actin in the same sample. Data in columns are represented as mean = SD of three

independent experiments conducted in duplicate (*p <0.05).

Second, in the same experimental condition, pretreatment stimulation was changed to TGF-
B (5ng/ml) to investigate the anti-fibrotic effect. Increased protein expressions of
profibrotic cytokines, fibronectin, collagen la, and collagen 3, induced by TGF-p were

significantly ameliorated after the treatment of Panobinostat (*p < 0.05) (Fig. 6).
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Figure 6. Suppressive effect of Panobinostat on the expression of TGF-B-induced
profibrotic proteins. Orbital fibroblasts from GO (n=3) and normal controls (n=3) were
pretreated with Panobinostat (100nM) for 30 minutes, followed by stimulation with TGF-
B (5ng/ml) for 24 hours. Profibrotic proteins, fibronectin, collagen la, collagen 3, and a-
SMA, expression levels were determined by western blot analysis. Representative western
blot gel images are shown. B-actin was used as a normalization for western blot analysis.
Results represent mean = SD of three different individuals conducted in duplicate (*p

<0.05).

Lastly, the Panobinostat effect on the adipocyte differentiation of orbital fibroblasts was
examined. During the 14 days of adipogenesis cultured in an adipogenic medium,
GO orbital fibroblasts were also co-treated with Panobinostat (10nM) or IL-1p (10ng/ml).

Panobinostat significantly attenuated IL-1f induced adipogenesis (Figure 7A), as shown

17



by the lipid quantification under spectrophotometer at 490nm (*p <0.05) (Figure 7B).
Protein expression level of all the investigated adipogenic transcription factors, PPARYy,
C/EBPa, C/EBPB, aP2, adiponectin, and leptin(ob), and HDAC7 was reduced with the
Panobinostat treatment (*p <0.05) (Figure 7C, 7D).
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Figure 7. Suppressive effect of Panobinostat on adipogenesis. GO orbital fibroblasts (n=3)
were differentiated into adipocytes under 14 days of incubation with adipogenic medium.
Panobinostat (10nM) or IL-1p (10ng/ml) was added during the adipogenesis of 14 days.
All the experiments were performed twice. (A) To evaluate adipocyte differentiation, cells
were stained with Oil Red O, and cytoplasmic lipid droplets were examined under
microscopy (x 40). (B) Stained cell lysates were solubilized and measured with a
spectrophotometer at 490nm. The graphs were represented as relative density with mean +
SD (*p <0.05 versus without Panobinostat). (C) Adipogenic transcription factors, PPARY,
C/EBPa, C/EBPB, aP2, adiponectin, leptin(ob), and HDAC7 were analyzed with western
blotting after 14 days of adipogenic differentiation of orbital fibroblasts. Representative
western blot gel images are shown. (D) Densitometer results of the western blot are shown
as relative mean density £ SD normalized to the B-actin (*p <0.05 versus without

Panobinostat).

5. The effect of Panobinostat on signaling pathway molecules
After examining Panobinostat showed anti-inflammatory and anti-fibrotic effects, we
further researched intracellular signaling pathway molecules with Panobinostat treatment.
Orbital fibroblasts pretreated with Panobinostat (100nM) for 24 hours were incubated with
IL-1B (10ng/ml) for 15 minutes. Among the signaling pathway molecules, NF-kB, Akt,
JNK, and ERK, IL-1p induced JNK and Akt phosphorylation were ameliorated with
Panobinostat treatment in GO orbital fibroblasts (*p <0.05) (Figure 8).
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Figure 8. Effect of Panobinostat on signal proteins under IL-1p stimulation. Orbital
fibroblasts from GO (n=3) and normal (n=3) were pretreated with Panobinostat (100nM)
for 24 hours, followed by IL-1p (10ng/ml) for 15 minutes. Total (t-) and phosphorylated
(p-) pathway molecules, NF-kB, Akt, INK, and ERK, were analyzed with western blotting.
The representative western blot gel images are shown. -actin was a loading control. After
quantification using densitometry, the ratio of p- and t- pathway molecules were measured
and relatively presented compared to the control. The results of the graphs are shown as

relative mean density = SD (*p <0.05 versus without Panobinostat).

Upon TGF-B stimulation, SMAD and non-SMAD signaling are induced.?® As a major
transducer of TGF-, SMAD pathway molecules, SMAD 1/5/8, SMAD 2, and SMAD 3,
were investigated to find the effect of Panobinostat. Culture with 100nM Panobinostat for
3 hours significantly reduced TGF-p (5ng/ml, 1 hour) induced SMAD 3 phosphorylation
more predominantly in normal cells (*p <0.05) (Figure 9A). As non-SMAD pathway
molecules, Akt, INK, p38, and ERK expressions were examined under TGF-f} stimulation
(5ng/ml, 1 hour) after Panobinostat (100nM) exposure for 3 hours. Phosphorylation of Akt
was attenuated by treatment with Panobinostat in both GO and normal cells, and

phosphorylation of p38 was reduced in normal cells (*p <0.05) (Figure 9B).
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Figure 9. Effect of Panobinostat on signal proteins under TGF- stimulation. (A) Orbital
fibroblasts were exposed to 100nM of Panobinostat for 3 hours, and then stimulated with
TGF-B (5 ng/ml) for 1 hour. Phosphorylated (p-) and total (t-) SMAD signaling transducers,
SMAD1/5/8, SMAD2, and SMAD3, were analyzed by western blotting. (B) Non-SMAD
pathways under TGF-B (5 ng/ml) stimulation for 1 hour were examined on orbital
fibroblasts. 100nM of Panobinostat was pretreated for 3 hours before TGF-f treatment.
Western blot analysis of p- and t- form of non-SMAD pathway molecules, Akt, INK, p38,
and ERK, was done. Orbital fibroblasts from three different GO and normal subjects were
used. f-actin was a loading control. The ratio of p- form divided by t- form was relatively
expressed by control, and mean density + SD was indicated (*p <0.05 versus without

Panobinostat).

6. The role of HDAC?7 in GO orbital fibroblasts
Based on the previous results that HDAC7 showed notable suppression by Panobinostat
(Figure 4), the effects of HDAC7 on GO orbital fibroblasts were examined. GO orbital
fibroblasts were treated with IL-1f (10ng/ml) and TGF-p (5ng/ml) for different times, 0, 5,
10, 30, and 60 minutes. Western blot analysis revealed that HDAC7 protein level was
increased after 30 minutes in response to the IL-1p, and 60 minutes of TGF-f stimulation

(*p <0.05) (Figure 10).
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Figure 10. HDAC7 expression under stimulation of IL-1p and TGF-f in GO orbital
fibroblasts. Orbital fibroblasts from GO (n=3) were stimulated with IL-1 (10 ng/ml) and
TGF-B (5 ng/ml) over increasing time intervals (0-60 minutes). HDAC7 release was
measured in the times indicated (0, 5, 10, 30, and 60 minutes) by western blot analysis.
Representative western blot gel images were presented. B-actin was a loading control. Data
measured with densitometry was represented as the mean + SD of duplicate experiments

for three different individuals (*p <0.05 versus cells without stimulation).

To clarify the role of HDAC7, HDAC7 siRNA silencing was conducted. siRNA for HDAC7
(si-HDAC?7) and control siRNA (si-con) was transfected for 24 hours, and then stimulated
with IL-1p (10 ng/ml) or TGF-B (5 ng/ml) for 24 hours to evaluate the effect on

inflammation or fibrosis. IL-6 which was increased following IL-1p treatment was
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significantly reduced in the orbital fibroblasts with the si-HDAC7 transfection (*p <0.05)
(Figure 11A). HDAC?7 inhibition significantly reduced the TGF-f induced profibrotic
proteins, fibronectin and a-SMA in both GO and normal orbital fibroblasts, and Col la. and
Col 3 in GO cells (*p <0.05) (Figure 11B).
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Figure 11. Anti-inflammatory and anti-fibrotic effects of silencing HDAC7 in orbital
fibroblasts. HDAC7 was knocked down by transfecting of siRNA (10nM) for 24 hours and

maintaining for 48 hours. GO and normal orbital fibroblasts (n=3) showed the silencing



efficiency of si-HDAC7 as compared with si-con. (A) IL-1B (10 ng/ml) stimulation
proceeded for 24 hours. Western blot analyses were performed to investigate
proinflammatory cytokines, IL-6 and IL-8. (B) TGF-B (5 ng/ml) was treated for 24 hours.
Profibrotic proteins, fibronectin, collagen la, collagen 3, and a-SMA, were measured using
western blot analysis. B-actin was used as a loading control for normalization. Each
experiment was performed twice. Bars represent values of relative density with the mean

+ SD (*p <0.05).

Additional experiments were performed to determine the effects of HDAC3 and HDAC6
which showed significant changes to Panobinostat. In Figure 4., HDAC6 mRNA
expression was suppressed by Panobinostat treatment. We knocked down HDAC6 with
siRNA transfection, and the orbital fibroblasts were treated with IL-1f (10 ng/ml) or TGF-
B (5 ng/ml). Protein levels of the IL-1B-induced proinflammatory cytokines, I1L.-6 and IL-
8, did not differ between cells with siRNA transfection for HDAC6 (si-HDAC6) and
control (si-con) (Figure 12A). Upon TGF-B stimulation, profibrotic proteins, fibronectin
and a-SMA, were down-regulated with si-HDACG6 transfection in normal cells, however,
the other proteins, Colla and Col3, in normal cells and all profibrotic proteins in GO cells

showed no difference in si-HDAC6 transfection (*p <0.05) (Figure 12B).
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Figure 12. Effect of silencing HDAC6 on inflammation and fibrosis. Orbital fibroblasts
from GO (n=3) and normal (n=3) subjects were transfected with si-HDAC6 (10ng) or si-
con for 24 hours and maintained for 48 hours. (A) Following the treatment, orbital
fibroblasts were stimulated with IL-1f (10ng/ml) for 24 hours. Proinflammatory cytokines,
IL-6 and IL-8, were analyzed with western blotting. (B) TGF-B (5ng/ml) was treated for 24
hours to the si-HDACG6 or si-con transfected cells. Profibrotic proteins, fibronectin,
collagen Ia, collagen 3, and a-SMA, were measured by western blot analysis. Values were
normalized with B-actin and presented as relative to the control. Graphs are presented as

the mean = SD from three independent experiments conducted twice.

In Figure 4, HDAC7 mRNA expression decreased, whereas HDAC3 mRNA expression
was significantly upregulated by Panobinostat treatment. To determine whether HDAC7
inhibition directly affects anti-inflammation and anti-fibrosis not through the increased
HDACS3, we investigated the effect of siHDAC7 on HDAC3 expression. The effect of
Panobinostat on the expression of HDAC3 and HDAC?7 in orbital fibroblasts was
reconfirmed by the protein level using Western blotting, demonstrating down-regulation of
HDAC7 and up-regulation of HDAC3 in accordance with the mRNA results (Figure 13).
Silencing HDAC7 did not affect the protein expression of HDAC3 in orbital fibroblasts
(Figure 13B). Therefore, it can be concluded that the anti-inflammatory and anti-fibrotic
effects of Panobinostat are mediated by HDAC?7 independently of HDAC3.

A Normal GO s Normal GO
control panchinostat  control panobinostat si-con si-HDAC? si-con si-HDAC7

2 B ) Eets 0§

BraCHN  c— — c—— [i-actin

31



Figure 13. Expression of HDAC3 and HDAC?7 in Panobinostat treatment and HDAC7
siRNA transfection. (A) Orbital fibroblasts were cultured with Panobinostat (100nM) for
24 hours. HDAC3 and HDACT7 protein expression levels were determined using western
blotting. (B) After 24 hours of siRNA transfection for silencing HDAC7 and its negative
control followed by 48 hours of maintenance, the protein level of HDAC3 and HDAC7
was measured by western blot. All experiments were conducted twice in orbital fibroblasts

from three different individuals. Representative gel images are shown.
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IV. DISCUSSION

In this study, we identified Panobinostat, a pan-HDAC inhibitor, as a potent attenuator of

orbital fibroblast activation. Panobinostat repressed the expression of pro-inflammatory,
pro-fibrotic, and adipogenic proteins induced by each stimulator in orbital fibroblasts. We
also investigated the role of Panobinostat in GO pathologic molecular pathways.
Furthermore, Panobinostat showed a selective inhibitory effect on different HDACs in GO
orbital fibroblasts, and especially blockage of HDAC7 had an association with the
therapeutic effect of Panobinostat on GO pathogenesis.

Previous studies have investigated the association between HDACs and thyroid
autoimmune disease. One study analyzed RNA levels of histone modifier genes such as
HATs and HDAC: isolated from PBMC, and HDAC1 and HDAC2 mRNA expressions
were upregulated in PBMCs from GD patients, which induced histone H4 hypoacetylation.
7 Interestingly, our analysis found no differences in HDAC mRNA levels in PBMC
between GO and normal individuals (Figure 2). The subjects of the previous study were
composed of patients who were primarily diagnosed with GD without medication, whereas
the GD duration of our patients was a mean of 5.5 years, and thyroid hormone levels were
stable under medication (Table 2). Long-standing GD could manifest different aspects of
HDAC expression, and it is feasible to deduce that the upregulation of HDAC is associated
with the uncontrolled stage of GD. Similarly, this could also be applied to orbital tissue
samples. Our tissue samples were mainly obtained as a byproduct from orbital
decompression surgeries, usually undergone when the patient was in inactive stable GO.
Most of the HDACs from GO orbital tissues showed lower mRNA expression levels than
normal orbital tissues, possibly because of the negative feedback after the active phase
(Figure 1). When IL-1f and TGF- were added to make an active stimulatory environment,
HDACT7 protein expression was elevated (Figure 10). Other studies investigated the role of
HDAC:Ss in GD and Hashimoto’s thyroiditis (HT) in regards to class IIl HDAC and HDAC9,
which we did not cover in this study.?®?’ By demonstrating elevated HDAC9 expression in

thyroid tissues and PBMC, particularly in T regulatory (Treg) lymphocytes, Sacristan-
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Gomez et al. suggested that elevated HDAC9 in Tregs inhibits Treg activation, leading to

the expansion of effector T cells and the production of inflammatory cytokines.?® Yin et al.

reported class IIl HDAC, Sirtuinl, expression is reduced in thyroid gland tissue and PBMC

of patients with GD, allowing NF-kB pathway activation.”” When evaluating the in vivo

application of pan-HDACi;, it is important to consider the resulting impact on thyroid glands,
mononuclear cells, as well as fibroblasts in relation to GD.

According to a recently published report about GO and HDAC, the expression of HDAC4
in orbital fibroblast of GO showed an upregulation in response to stimulation with platelet-
derived growth factor-BB (PDGF-BB). HDAC4 silencing reduced Collal, a-SMA, Ki67,
HAS2, and hyaluronic acid production induced by PDGF-BB stimulation.*® These data
suggested that acetylated lysine 9 of histone H3 potentially exacerbates the excessive
production of extracellular matrix in GO fibroblasts. This is consistent with the current
study linking that HDAC inhibition could be a potential therapy to alleviate the tissue
remodeling of GO. Meanwhile, in contrast to previous study that primarily examined the
production of hyaluronan, our research investigated proinflammatory cytokines, which are
the more fundamental causes of GO, represented by IL-6 and IL-8. IL-6 enhances B-cell
differentiation and antibody production, and stimulates TSHR expression in orbital
fibroblasts, which amplifies inflammation.? Also, IL-6 may enhance adipogenesis in GO.3!
IL-8 is also an important mediator as a chemoattractant and activator of neutrophils and
lymphocytes.*¥ Moreover, we also focused on fibrosis, which leads to a restriction of eye
movement and potentially results in long-lasting impairment. Lastly, PDGF-BB, which was
used as a stimulator of orbital fibroblasts in the previous study, is a significant contributor
to GO pathogenesis. Nevertheless, its source comes from immune cells stimulated by a
plethora of cytokines such as IL-1pB, IFN-y, TNF-0, and TGF-B.>* Therefore, using more
general regulators, including IL-1p and TGF-B, as a stimulator and their blocking effects
may have a more powerful impact on GO treatment.

The sensitivity of each HDAC inhibition by pan-HDACi varies in different cellular

contexts, despite its pan-inhibitory nature.”® For example, in myeloma cells, Vorinostat
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exposure did not alter the expression of HDACs, however, Panobinostat upregulated most
HDAG S, especially HDAC6, and uniquely downregulated HDAC7.*> In our study,
Panobinostat showed selective inhibitory effect on the mRNA expression of individual
HDAC:s in GO orbital fibroblasts, decreasing HDAC6, HDAC7, and increasing HDAC3
(Figure 4). In addition, HDAC7 suppression by Panobinostat was also verified in western
blot analysis (Figure 7C, 7D). Similar to our findings, one of the other HDACi, trichostatin
A (TSA) which has been known to inhibit class I and class Il HDACs, exhibited an
elevation of HDAC3 and a downregulation of HDAC?7 in skin fibroblasts from systemic
sclerosis patients.*® To mitigate the adverse effects associated with Panobinostat, we aimed
to explore the underlying mechanism of Panobinostat by selectively targeting specific
HDACs. Specific inhibition using HDAC6 and HDAC7 siRNA clarified that the
downregulation of HDAC?7 is associated with the anti-inflammatory and anti-fibrotic effect
of Panobinostat (Figure 11, 12). Meanwhile, since a previous study demonstrated that
enzymatic activity of HDAC7 in the cell nucleus relies on HDAC3 binding mediated by

SMRT and N-CoR,*” we need to find out whether the therapeutic effect of Panobinostat is
directly through HDAC?7 reduction not mediated by elevated HDAC3. By verifying that
HDAC7 reduction did not induce HDAC3 elevation, we could conclude that HDAC7
mediates the therapeutic effect of Panobinostat independently (Figure 13).

In orbital fibroblasts, TGF-B, a profibrotic cytokine, promotes the transformation of
fibroblasts to myofibroblasts. Activated myofibroblasts express a-SMA which is critical for
contractility and produce fibronectin and collagen. Particularly in the context of fibrosis,
HDACT7 has been identified as a significant factor in the pathogenesis of inflammation-
related diseases. Systemic sclerosis and Peyronie’s disease are inflammatory diseases
resulting in excessive fibrosis in the skin. Dr. Jungel's study group demonstrated cytokine-
induced type I collagen and fibronectin were reduced upon treatment with TSA via
inhibition of Smad transcription factors in systemic sclerosis skin fibroblasts.*® They also
showed diminished dermal accumulation of extracellular matrix in vivo mouse model. In

the subsequent study, they analyzed the molecular mechanism of TS A-mediated antifibrosis
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and verified that TGF-B induced type I and type III collagen was reduced by specific
knockdown of HDAC?7 in primary cultured systemic sclerosis fibroblasts.*® In fibroblasts
derived from Peyronie’s plaque, HDAC7 silencing by HDAC7 siRNA limited the
differentiation of fibroblasts into myofibroblasts and reduced the production of fibrotic
extracellular matrix proteins such as collagen I, IV, and fibronectin.* In lung tissue from a
mouse model of ovalbumin-induced airway fibrosis, protein expression of HDAC7 was
increased.*® Nuclear translocated HDAC?7 in response to the stimulation of endothelin-1
(ET-1) promoted connective tissue growth factor (CTGF) production which has been
implicated in fibroblast differentiation and systemic tissue fibrosis. In another study, as
HDAC deacetylase lysins residues not only in histone proteins but also in non-histone
proteins, HDAC7 was identified as a critical factor for HDAC-dependent deacetylation in
the promotor region of anti-fibrotic gene PPARGC1A upon TGF-f stimulation.”’ HDAC
could play an essential role in TGF-B mediated fibrosis activation by repressing the anti-
fibrotic gene.

Several previous studies suggested HDAC inhibition may disrupt canonical TGF-f
signaling, Smad-dependent pathway.*®3* In addition, it is not surprising that inhibition Akt
phosphorylation alleviates GO inflammation and adipogenesis.*** However, our
investigation on the downstream target of Panobinostat against proinflammatory and
profibrotic stimulation in orbital fibroblasts suggested Akt is a possible signaling pathway
molecule on either stimulation (Figure 8,9). In prior studies with IPF, prominent PI3k-Akt
signaling pathways have been demonstrated. Tubastatin, a selective inhibitor of HDAC6,
abrogated TGF-B induced type I collagen or cell proliferation by repressing Akt
phosphorylation in lung fibroblast.**** Also, treatment of TSA blocked a-SMA expression
in response to TGF-f, and it was dependent on HDAC4 mediated by phosphorylation of
Akt.*® Taken together, Akt signaling cascade contributes to the therapeutic impact of HDAC
inhibition in regards to fibrosis as well as inflammation in GO.

Current clinical trials of HDACi are predominantly focused on cancer; however, with

emerging reports, clinical trials for non-oncogenic diseases, including inflammatory

36



diseases, have also been investigated.*® In order to reduce toxicity from pan-HDAC
inhibition, an isoform-selective HDAC7 inhibitor is requested. Currently, only a limited
number of potent HDAC?7 inhibitors have been identified. These compounds exhibit high
potency as inhibitors of HDAC?7, but they also demonstrate inhibitory activity towards the
other class Ila HDACs (HDAC4, 5, 9) to a comparable or lesser degree than HDAC7.#
Class Ila HDACs exhibited high association with various immune cells, such as
macrophages and lymphocytes.*® Moreover, given that HDAC4 has been recognized as a
target for hyaluronan production of GO,* it may be inferred that HDAC7 inhibitors have
the potential to serve as a therapeutic intervention for GO even though they inhibit other
class Ila HDACs. Further investigations are necessary when considering the application of
HDACY7 inhibitors in an in vivo study.

In conclusion, Panobinostat could be a potential treatment option and HDAC7-specific
inhibition could be a more effective therapy for GO. Our findings contribute to further
understanding of GO pathogenesis and provide a crucial step toward the development of
epigenetic-targeted treatments for GO. Further investigation on molecular mechanism and

in-vivo study should be warranted.
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V. CONCLUSION

Panobinostat, a pan-HDAC inhibitor, is a significant attenuator against pro-inflammatory,
pro-adipogenic, and pro-fibrotic stimulations in primary cultured orbital fibroblasts from
Graves’ orbitopathy. Throughout the further investigation of the downstream molecular
pathway, we demonstrated that Akt is associated with the anti-inflammatory and anti-
fibrotic effect of Panobinostat. We confirmed a specific role of Panobinostat by analyzing
mRNA expression of HDACs, and identified that HDAC?7 is a key factor for the anti-
inflammatory, anti-fibrosis effect of Panobinostat. In summary, our data indicates that
Panobinostat exhibits promise as a potential treatment for GO. Furthermore, the specific
inhibition of HDAC7 may contribute to advancing tailored therapeutics for GO by

enhancing specificity and reducing toxicity.
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