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A B S T R A C T

Proliferative vitreoretinopathy(PVR) is a type of fibrotic eye disease with a poor clinical prog
nosis. Increasing evidence has shown that the primary pathological mechanism of PVR is the 
epithelial-mesenchymal transition(EMT) of retinal pigment epithelium(RPE) cells. Histone 
deacetylase 3(HDAC3) is a crucial enzyme involved in regulating the acetylation level of proteins. 
Several studies have reported associations between HDAC3 levels and EMT in various tumors; 
however, the specific effect of HDAC3 on PVR remains largely unknown. The current study found 
that HDAC3 was highly expressed in both human PVR membranes and experimental PVR. In vivo, 
silencing HDAC3 in RPE cells reduced their ability to develop experimental PVR through sup
pression of EMT. In vitro, inhibition of HDAC3 in RPE cells suppressed EGF-mediated cell pro
liferation, migration, and EMT. Additionally, overexpression of HDAC3 in RPE cells promoted cell 
proliferation, migration, and EMT. Mechanistically, the results of chromatin immunoprecipitation 
(ChIP) and luciferase assays revealed a direct binding of the transcription factor MAZ to the 
promoter region of HDAC3, thereby promoting its transcription. Furthermore, It was demon
strated that HDAC3 facilitated EMT by interacting with AKT and contributing to its deacetylation. 
In summary, our findings indicated the involvement of HDAC3 in the EMT of RPE cells, as well as 
its role in PVR through the regulation of the AKT pathway. These results suggested that targeting 
HDAC3 could be a potential strategy for preventing and treating PVR.

1. Introduction

Proliferative vitreoretinopathy(PVR) is a fibrotic ocular disease that can be a primary reason for the failure of rhegmatogenous 
retinal detachment repair. PVR occurs in around 5 %–10 % of all retinal detachment cases, and the clinical prognosis for patients with 
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PVR remains generally poor [1,2]. Surgery is presently the primary treatment for PVR, but it frequently recurs after the operation [1]. 
Despite advancements in vitreoretinal techniques, the incidence of PVR has not significantly changed [3]. Thus, a more comprehensive 
understanding of the pathogenesis of PVR is necessary to search for effective treatments for PVR.

PVR is defined by the expansion and contraction of the proliferative membranes on both sides of the retinal surface, which can 
contribute to tractional retinal detachment and severe vision loss [4]. The proliferative membranes within PVR consist of the extra
cellular matrix and various fibrous cellular components [5], with retinal pigment epithelium(RPE) cells being the principal cell type 
[6]. Recent studies have provided increasing evidence to support the notion that the epithelial-mesenchymal transition(EMT) of RPE 
cells is a crucial event in the formation of PVR [7,8]. During the EMT process, epithelial markers such as E-Cadherin are downregulated 
in RPE cells, whereas mesenchymal markers such as α-smooth muscle actin(α-SMA) and matrix metalloproteinase-9(MMP-9) are 
upregulated [9]. Following EMT, RPE cells lose their polarity and tight junctions, eventually transforming into myofibroblasts and 
contributing to the formation of proliferative membranes [10]; however, the specific regulatory mechanisms of this process are still 
unknown. Therefore, it is critical to investigate the molecular mechanisms of the EMT process in RPE cells along with the course of PVR 
to target RPE cells for the treatment of PVR.

Multiple studies reported that epigenetic changes, such as DNA methylation and mRNA methylation, were crucial in regulating the 
EMT of RPE cells [11,12]. However, recent studies have shown that histone acetylation also played a significant role in modulating 
various biological processes [13–15]. Histone deacetylases(HDACs) are important enzymes that modulate the acetylation level of 
proteins [16]. Among the HDACs family, HDAC3 is a critical and specific member, which is required for embryonic growth, devel
opment, and physiological function [17]. Recently, HDAC3 has been found to regulate the EMT of several epithelial cells in tumors and 
pulmonary fibrosis [16,18–20]. Nevertheless, it is still unknown whether HDAC3 is also involved in the EMT of RPE cells during PVR 
formation. To gain a deeper understanding of the regulatory mechanism of PVR, it is crucial to elucidate the role of HDAC3 in the EMT 
of RPE cells.

In this study, a mouse model of PVR and an EMT model of RPE cells were employed to test the potential effect of HDAC3 on PVR. 
The findings showed that inhibiting HDAC3 slowed the progression of PVR in vivo and suppressed the EMT process of RPE cells in 
vitro. Mechanistically, it was demonstrated that HDAC3 regulated the process of EMT by interacting with AKT. In summary, our 
findings highlighted the crucial role of HDAC3 in regulating PVR formation and EMT of RPE cells, and understanding this regulatory 
mechanism could offer new insights for preventing and treating PVR.

2. Materials and methods

2.1. PVR microarray profile collection and differentially expressed HDACs screening

The Gene Expression Omnibus(GEO) database, available at http://www.ncbi.nlm.nih.gov/geo, is an internet-based public re
pository for genome data, specifically high-throughput gene expression datasets. The gene expression profile GSE179603, obtained 
from the GEO database using the search terms ’proliferative vitreoretinopathy’, was based on the GPL15433 platform. GSE179603 
comprises ten human PVR membranes and ten macular puckers. All mRNA data for HDACs was downloaded for further analysis.

2.2. PVR induction in mice eyes

The study obtained approval from the medical ethics committee of Zhujiang Hospital of Southern Medical University for all animal 
experiments(LAEC-2021-145) and followed the guidelines of the Declaration of Helsinki. In short, male C57BL/6 mice aged 6–8 weeks 
and weighing 20±3g were purchased from the ZhuhaiBesTestBio-TechCo,Ltd. The mice were anesthetized using chloral hydrate, 
followed by the application of an antibiotic and a topical anesthetic to the right eye. Subsequently, the mice model of PVR was created 
by injecting 3 μL of human retinal pigment epithelial cell line(APRE-19, 1 × 106 per μL in PBS[pH 7.4]) into the vitreous cavity of the 
eyes using a 33G Hamilton syringe [21]. The control mice received the same volume of PBS(pH 7.4) injection. To inhibit HDAC3, the 
vitreous cavity was injected with ARPE-19 cells expressing low levels of HDAC3 (100 nM of siHDAC3). Additionally, control vector 
cells were injected into the PVR model mice in the control groups. After the operation, the right eye was coated with an antibiotic eye 
ointment. All mice were sacrificed using cervical dislocation at 14 days after the operation and the eyes were used for the subsequent 
experiments.

2.3. ARPE-19 cells culture and treatment

The ARPE-19 cells were purchased from Procell Technology Co., Ltd and were grown in Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 medium(Gibco) with 10 % fetal bovine serum(FBS, Gibco) and 1 % penicillin-streptomycin(Hyclone) at 37 ◦C with 5 % 
CO2. All of the experiments employed ARPE-19 cells at passages 4–6. Human recombinant EGF(MedChemExpress) was used at a 
concentration of 20 ng/ml to induce EMT in the ARPE-19 cells. The cells were treated with 15 μM of RGFP966(MedChemExpress) to 
suppress HDAC3 activity, as recommended by the manufacturer. To inhibit AKT signaling, the cells were treated with 10 μM of MK- 
2206(MedChemExpress). CHX(MedChemExpress) was used to block de novo protein synthesis at a concentration of 20 μM.

2.4. Protein-protein network construction

The protein network of HDAC3 related to EMT was created using STRING (https://cn.string-db.org/) with a medium confidence 
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score of 0.4. The network of protein-protein interactions among significantly associated proteins was constructed and displayed with 
the combined score.

2.5. Proliferation of APRE-19 cells

The growth of ARPE-19 cells was evaluated using the Cell Counting Kit-8(CCK-8, MedChemExpress) assay. Specifically, 4 × 103 

ARPE-19 cells in 100 μL were placed in a 96-well plate. After treatment for 24 or 48 h, the cells were incubated with 90 μL of culture 
medium and 10 μL of CCK-8 solution at 37 ◦C for 2 h. The optical density was measured using a microplate reader at a wavelength of 
450 nm. The proliferative capacity of ARPE-19 cells was quantified by subtracting the optical density of the blank wells from that of 
each well.

2.6. Migration of ARPE-19 cells

The movement of ARPE-19 cells was assessed using both the wounding healing and transwell assay. In the wounding healing assay, 
cells were initially cultured in 6-well plates until reaching 80 % density, at which point scratches were created using a 200 μL tip. 
Afterward, the old medium was taken out and substituted with a new fresh serum-free medium containing the test substance(EGF, 
RGFP966, MK-2206, or siHDAC3) or a control. The cells were then observed and imaged using an optical microscope at 0, 24, and 48h. 
The width of the scratch was determined by measuring the distance between its two edges with Image J software.

In the transwell assay, 4 × 104 cells in 200 μL of DMEM/F12 without FBS were placed in the upper chamber of an 8-μm pore 
transwell system(Corning Incorporated), while 700 μL of DMEM/F12 containing 10 % FBS was added to the lower chamber in a 24- 
well plate. The upper chamber was carefully submerged in the liquid of the lower chamber with sterile. The 24-well plate with 
transwell chamber was then placed in a 37 ◦C incubator for either 24 or 48 h. Following this incubation period, the liquid from the 
upper chamber was extracted and rinsed three times with 600 μL of PBS in a well. The cells remaining in the upper well were wiped 
away, while the cells that migrated onto the lower side were fixed with methanol for 30 min and then stained for another 30 min at 
room temperature with 0.1 % crystal violet(Bioss Biotechnology). A phase contrast microscope was used to observe the stained cells, 
and ImageJ was used to count the cells.

2.7. Real-Time PCR

The RNA extraction from ARPE-19 cells was carried out using the TRIzol reagent. Subsequently, an aliquot of 1 μg of total RNA was 
used to perform reverse transcription into cDNA using the SuperScript first-strand synthesis system. Quantitative PCR was conducted 
using the Power SYBRGreen PCR MasterMix, with the primer sequences detailed in Table 1.

2.8. Transfection with siRNA and plasmid

All siRNA and plasmids were obtained from IDT DNA Technologies. Transfection of plasmids and siRNA was performed using 
jetPRIME (Polyplus-transfection S.A) in accordance with the manufacturer’s protocol. To transfect with siRNA, the cells underwent 
transient transfection with 5.5 μl of siHDAC3, siMAZ, or siNC, 50 μM in stock, mixed with 200 μl buffer and 4 μl reagent of jetPRIME. 
To transfect with the plasmid, the cells transfected with 1 μg of pcDNA3.4-HDAC3 (OE-HDAC3), pcDNA3.4-MAZ (OE-MAZ), or 
pcDNA3.4-NC (OE-NC), which mixed with 200 μl buffer and 2 μl reagent of jetPRIME. After transfecting for 48 h, the cells were 
prepared for individual experiments. The sequences of siRNA are shown in Table 2.

2.9. Histological and immunofluorescence detection

On day 14, all mice were sacrificed using cervical dislocation. The eyes were then incubated and fixed with 4 % paraformaldehyde 
for 24 h, followed by dehydration using reagent alcohol in a gradient. Subsequently, the dehydrated samples were fixed in paraffin and 
cut to a thickness of 4 μm. Masson’s trichrome staining was conducted to analyze the histology of the retina, following a standard 
protocol by Masson Staining Kit(Solarbio Technology).

For the immunofluorescence analysis, tissue slices were fixed in fresh 4 % paraformaldehyde for 15 min and then washed three 
times with PBS, each wash lasting 5 min. The fixed cells were incubated with 5 % bovine serum albumin (BSA) for 1 h at room 
temperature, followed by overnight incubation at 4 ◦C with HDAC3 (1:200, Abcam) or alpha-SMA (1:200, Abcam) antibodies. After 
three additional washes with PBS, the samples were incubated for 1 h at room temperature with a Dylight 594 fluorescent-labeled goat 
anti-rabbit secondary antibody, followed by 15 min of staining with 4′,6-diamidino-2-phenylindole (DAPI). The images were then 

Table 1 
Primer sequences used in Real-Time PCR.

Primers Forward primer Reverse primer

HDAC3 CCACTCCGAGGACTACATTGACTTC CGTTGACATAGCAGAAGCCAGAGG
MAZ GAGCAGGAGGAAGAGCCAGGAG GGACACAGGAACACGATGACATGG
β-actin TGCTGTCCCTGTATGCCTCTGG ACCGCTCGTTGCCAATAGTGATG
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captured using a Nikon microscope.

2.10. Western blotting and immunoprecipitation(IP)

Protein was isolated from mice retinal samples and ARPE-19 cells, and the concentration was measured using a Pierce BCA Protein 
Assay Kit(KeyGEN). After being separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 20 μg of 
proteins per sample, the proteins were transferred onto polyvinylidene difluoride(PVDF, Merck-Millipore) membranes. Following 
electro-blotting onto PVDF membranes, 5 % BSA was used to block the membranes for a full hour at room temperature. Subsequently, 
the membranes were incubated at 4 ◦C overnight with primary antibodies, including HDAC3(1:1000, Affinity), alpha-SMA(1:1000, 
Affinity), E-cadherin (1:1000, Proteintech), MMP-9(1:1000, Bioss Biotechnology), MAZ(1:1000, Affinity), acetylated-lysine(1:1000, 
Abmart), ubiquitin(1:500, HuaBio), AKT(1:1000, Zen-Bioscience), phospho-AKT(1:1000, Zen-Bioscience), and glyceraldehyde 3-pho
phate dehydrogenase(GAPDH, 1:1000, Fude Biotechnology). The membranes were then rinsed three times with 0.1 % TBST before 
incubating with secondary antibodies for an hour at room temperature. Finally, the protein bands were visualized using an ECL-plus 
Western blotting detection system, and ImageJ was used for analysis. The expression of GAPDH served as an internal control.

The IP was carried out following a standard protocol by IP Kit(Thermo Fisher Scientific). In brief, the antibodies stock including 
HDAC3(HuaBio), AKT(HuaBio), and negative control IgG was diluted with IP lysis buffer to achieve a final concentration of 5μg/100 
μL. The lysates of APRE-19 cells were isolated using an IP lysis buffer. Depending on the protein concentration measured, the total 
protein was adjusted to 500 μg, and then the cell lysates were diluted to 500 μL with IP lysis buffer. Subsequently, the 500 μL of diluted 
cell lysates were incubated with the 100 μL of diluted antibodies overnight at 4 ◦C in a tube. Each tube received 30 μL of beads and was 
incubated at room temperature for an hour, with mixing. After combining with beads, the complex was washed in IP buffer three times 
before boiling with SDS buffer, which was then subjected to elution and western blotting.

2.11. Chromatin immunoprecipitation(ChIP) assay

ChIP was conducted using a Pierce Magnetic ChIP kit from Thermo Fisher Scientific. In the experiment, 1 × 107 cells were utilized, 
and MNase digestion was performed to break the crosslinked chromatin into 150- to 1000-bp pieces. Subsequently, the chromatin 
underwent immunoprecipitation using either 2 μg of rabbit IgG or 2 μg of rabbit anti-MAZ antibody, which were rotated overnight at 
4 ◦C. After adding 20 μL of magnetic beads to each tube, the tubes were mixed and incubated at 4 ◦C for 2 h. The magnetic beads were 
then subjected to five washes with IP wash buffer and subsequently eluted. qRT-PCR was used to examine the immunoprecipitated 
chromatin following purification. Primers used in PCR were designed within the promoter region(Table 3).

2.12. Luciferase assay

The cells (4 × 104) were seeded in 24-well plates and cultured for 24h for a dual-luciferase reporter gene assay. Luciferase was 
linked to HDAC3 wild-type (HDAC3 WT-Luc), HDAC3 Mut 1 (HDAC3 Mut 1-Luc), HDAC3 Mut 2 (HDAC3 Mut 2-Luc), or HDAC3 Mut 3 
(HDAC3 Mut 3-Luc) reporter vector, respectively, then transfected into APRE-19 cells. After transfection, a Dual-Lcuiferase Reporter 
Assay Kit (Promega) was applied through the manufacturer’s recommendations. 20 μL collected cell lysate of groups was added to a 
black label plate. A firefly luciferase reaction fluid was added and mixed, followed by detecting the activity of firefly luciferase within 
30 min at 550 nm. A Renilla luciferase reaction fluid was then added to each well and mixed, followed by detecting the activity of 
Renilla luciferase within 30 min at 480 nm.

2.13. Statistical analysis

The data were represented as the mean ± SD. Statistical analyses were conducted using Prism 8.0(GraphPad) based on the results of 
three separate experiments. The differences between groups were compared using the student’s t-test or one-way analysis of variance 

Table 2 
The sequences of siRNA used in transfection.

siRNA sequences

siHDAC3 CUGACAAUGGUACCUAUUATT
siMAZ CCAAGUUGGUUGCGGGGGATT
siNC UUCUCCGAACGUGUCACGUTT

Table 3 
Primer sequences used in Chromatin immunoprecipitation (ChIP).

Primers Forward primer Reverse primer

Primer1 TTTGGCCTGGGTCTGTTGGT AGACGTGCTTGTTTCAGATCCTG
Primer2 CACGAGATGGGACGGCATTCTTAG GGGAGGGGAGGAATCAAGGGATG
Primer3 ATACCCGCGCCGTGGCA ATAGACCAGTGGACAACACCCACG
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(ANOVA). Statistical significance was determined using *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

3. Results

3.1. HDAC3 was overexpressed in human PVR membranes

All original data from GSE179603 were uploaded to Sangerbox (http://www.sangerbox.com/tool) for the assessment of differ
entially expressed HDACs, using the criterion of a p value < 0.05 and a Fold Change>1.2. The expressed HDACs mRNA of the data set 
was visualized through heat maps in Fig. 1A. Among these HDACs, HDAC3 exhibited the highest expression abundance and was 
identified as one of the most upregulated HDACs, thus warranting further investigation(Fig. 1B). Fibronectin1(FN1), alpha-1 type I 
collagen(COL1A1), alpha-2 type II collagen(COL1A2), and alpha-1 type III collagen(COL3A1) were the main fibrotic components of 
PVR membranes and increased in PVR(Fig. 1C). Notably, these four proteins demonstrated a significant correlation in expression with 
HDAC3, as indicated by the intensity reads from the microarray data(Fig. 1D, E, F, and G).

3.2. Downregulation of HDAC3 inhibited the progression of the PVR mice model

To confirm our findings, we established the PVR mice model by injecting ARPE-19 cells intravitreously. The masson’s trichrome 
staining showed that the epiretinal membrane attached to the inner retinal layer, followed by the alterations in the retina structure and 
detachment of the retina in the PVR mouse model(Fig. 2A). Western blot analysis validated an elevated production of HDAC3 in the 
retinal tissues of the PVR mouse model(Fig. 2B). The results of immunofluorescence further demonstrated an increased expression of 
HDAC3 in the proliferative membrane of the PVR mouse model(Fig. 2C). To evaluate the effect of HDAC3 on the PVR mice model, the 
vitreous cavities of mice were injected with PBS, cell suspension of the siNC, or the siHDAC3, respectively. Our findings indicated that 
the disruption in the retina was mitigated in the PVR + siHDAC3 group, as opposed to the PVR + siNC group, where the retinal 

Fig. 1. HDAC3 was up-regulated in human PVR membranes. (A)Heat map of HDACs expression in GSE179603 data set. (B)The HDAC3 mRNA 
expression between human PVR membranes and macular pucker. *P < 0.05; n = 10. (C)Heat map of FN1, COL1A1, COL1A2 and COL3A1. (D)The 
expression relationship of HDAC3 and COL3A1 in GSE179603. (E)The expression relationship of HDAC3 and FN1 in GSE179603. (F)The expression 
relationship of HDAC3 and COL1A1 in GSE179603. (G)The expression relationship of HDAC3 and COL1A2 in GSE179603.
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structure was disrupted(Fig. 2D). Additionally, the expression of alpha-SMA, a myofibroblast marker [22,23], was lower in the PVR +
siHDAC3 compared to the PVR + siNC group(Fig. 2E). According to Western blot analysis, alpha-SMA and MMP-9, two mesenchymal 
indicators, were downregulated in the PVR + siHDAC3 group, but the epithelial marker E-Cadherin was upregulated(Fig. 2F). These 
results indicated that the downregulation of HDAC3 could inhibit the progression of PVR by suppressing EMT in vivo.

3.3. HDAC3 was increased in ARPE-19 cells treated with EGF rather than TGFβ

Both transforming growth factor-beta(TGFβ) and epidermal growth factor(EGF) were significantly upregulated with the vitreous in 

Fig. 2. Downregulation of HDAC3 inhibited the progression of the PVR mice model. (A)Masson staining was performed on the retinas of mice 
to assess the proliferative membrane formation. Scale bar, 50 μm. n = 3. (B)The expression of HDAC3 in the retinal tissue of mice was detected by 
Western blot. ***P < 0.001; n = 3. (C)Immunofluorescence analysis was used to detect the expression of HDAC3. Scale bar, 50 μm. n = 3. (D)Masson 
staining in the retinal tissue of mice. Scale bar, 50 μm. n = 3. (E)The Immunofluorescence of alpha-SMA in the retinal tissue of mice. Scale bar, 50 
μm. n = 3. (F)Western blot assay was conducted to assess the levels of E-Cadherin, MMP-9, and alpha-SMA expression in the retinal tissue of mice. 
*P < 0.05; **P < 0.01; ****P < 0.0001; n = 3.
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PVR patients and often used to induce the EMT process in vitro [24,25]. In our study, we found that HDAC3 was upregulated in 
ARPE-19 cells treated with EGF rather than TGFβ1(Fig. 3A and B). Furthermore, treatment with different concentrations of EGF 
induced a gradual increase in HDAC3 at the mRNA and protein level(Fig. 3C and D). Meanwhile, HDAC3 expression also increased in 
ARPE-19 cells treated with 20 ng/ml EGF from 24 h to 48 h(Fig. 3E and F). These findings revealed that the upregulation of HDAC3 was 
mediated by EGF rather than TGFβ during the EMT process.

3.4. Inhibition of HDAC3 attenuated EGF-mediated cell proliferation, migration and EMT

To investigate the potential involvement of HDAC3 in the EGF-induced cells EMT model, ARPE-19 cells were treated with the 
HDAC3 inhibitor RGFP966 at a concentration of 15 μM. In the transwell assay, the migration rate of cells treated with the RGFP966 
was notably reduced compared with the DMSO group at 24 h and 48 h in the existence of EGF(Fig. 4A and B). Consistent with the 
transwell assay, RGFP966 markedly decreased the rate of wound closure after 24 h and 48 h of EMT induction(Fig. 4C and D), 
indicating its ability to attenuate the migratory capacity of RPE cells during the EMT process. Additionally, the CCK-8 assay 

Fig. 3. HDAC3 was upregulated in EGF-induced EMT of ARPE-19 cells. (A)The Real-Time PCR was used to measure the mRNA expression of 
HDAC3 in ARPE-19 cells following treatment with TGFβ1 or EGF for 48 h **P < 0.01; n = 3. (B)Western blot assay was conducted to assess the levels 
of HDAC3 expression in ARPE-19 cells following treatment with TGFβ1 or EGF for 48 h **P < 0.01; ***P < 0.001; n = 3. (C)Real-Time PCR was used 
to determine the expression of HDAC3 in ARPE-19 cells following treatment with various doses of EGF(0, 5, 10, 15, and 20 ng/ml) for 48 h *P <
0.05; **P < 0.01; n = 3. (D)Western blot analysis for HDAC3 expression in ARPE-19 cells treated with various doses of EGF(0, 5, 10, 15, and 20 ng/ 
ml) for 48 h *P < 0.05; ***P < 0.001; ****P < 0.000; n = 3. (E)The Real-Time PCR was used to measure the mRNA level of HDAC3 in ARPE-19 cells 
following treatment with 20 ng/ml EGF at various periods. ***P < 0.001; ****P < 0.000; n = 3. (F)The protein level of HDAC3 in ARPE-19 cells was 
assessed using Western blot after treatment with 20 ng/ml EGF at various periods. **P < 0.01; ***P < 0.001; n = 3.
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demonstrated that RGFP966 significantly suppressed the EGF-induced cell proliferation following 24 h and 48 h(Fig. 4E). Furthermore, 
as shown in Fig. 4F, EGF induced a significant drop in the epithelial marker E-Cadherin and a rise in the mesenchymal indicators alpha- 
SMA and MMP-9, however, these changes at the protein level were prevented by RGFP966 treatment(Fig. 4F).

To further validate the involvement of HDAC3 in RPE cells EMT, HDAC3-siRNA was used to knock down the HDAC3 protein. A non- 
targeting siRNA was utilized as the control group. The HDAC3-siRNA greatly reduced the expression of their respective mRNA and 
protein(Fig. 5A). Notably, the suppression of HDAC3 resulted in a reduction in cell proliferation in response to EGF at both 24 and 48 h 
(Fig. 5B). As shown in Fig. 5C and D, in the wound healing assay, 20 ng/ml EGF enhanced the migration of APRE-19 cells, but this effect 
was significantly attenuated by HDAC3-siRNA. In the transwell system, the quantity of migrated cells was elevated under EGF 
treatment, but such an increase was diminished by HDAC3-siRNA (Fig. 5E and F). Furthermore, as illustrated in Fig. 5G, HDAC3 
knockdown led to an increase in the expression of E-Cadherin and a decrease in the expression of alpha-SMA and MMP-9 (Fig. 5G). 
These findings suggested that HDAC3 was essential for EGF-induced EMT of RPE cells.

3.5. Overexpression of HDAC3 promoted cell proliferation, migration, and EMT

To further investigate the potential involvement of HDAC3 in the EMT of RPE cells, ARPE-19 cells were transfected with pcDNA3.4- 
HDAC3 to overexpress HDAC3 (OE-HDAC3). In the CCK-8 assay, the data showed that HDAC3 overexpression significantly enhanced 
cell proliferation following 24 h and 48 h (Fig. S1A). As shown in the wound healing assay, HDAC3 overexpression increased the rate of 

Fig. 4. RGFP966 suppressed the cell proliferation, migration, and EMT induced by EGF in ARPE-19 cells. (A)The transwell assay was used to 
detect the migration of ARPE-19 cells treated with 20 ng/ml EGF and 15 μM RGFP966 for 24 h and 48 h. Scale bar, 25 μm. n = 3. (B)Statistical 
analysis of the quantity of cells that migrated through the upper chamber. *P < 0.05; **P < 0.001; ***P < 0.001; ****P < 0.0001; n = 3. (C)The 
scratch assay was used to examine ARPE-19 cells’ wound-repair abilities. Scale bar, 100 μm. n = 3. (D)The quantitative assessment of the rate of 
wound closure. ****P < 0.0001; n = 3. (E)ARPE-19 cells were exposed to a combination of 20 ng/ml EGF and 15 μM RGFP966 for 24 h or 48 h. Cell 
proliferation was evaluated using the CCK-8 assay. *P < 0.05; **P < 0.01; ***P < 0.001; n = 3. (F)Western blot assay was conducted to analyze the 
levels of E-Cadherin, MMP-9, and alpha-SMA expression in APRE-19 cells treatment with RGFP966 or DMSO and exposure to EGF. *P < 0.05; **P <
0.01; n = 3.
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wound closure after 24 h and 48 h (Fig. S1B). Consistent with the wound healing assay, the migration rate of cell transfection with the 
OE-HDAC3 was notably upregulated compared with the OE-NC group at 24 h and 48 h (Fig. S1C), indicating its ability to promote the 
migratory capacity of RPE cells. Additionally, the Western blot assay demonstrated that the epithelial marker E-Cadherin was 
decreased, while the mesenchymal indicators alpha-SMA and MMP-9 were increased in the HDAC3 overexpression group (Fig. S1D). 
These data demonstrated that HDAC3 was essential in the EMT process of RPE cells.

3.6. The transcription factor MAZ bound directly to the promoter region of HDAC3 and promoted its expression

The study delved into the regulatory mechanisms of the expression of HDAC3 in RPE cells treated with EGF. Potential transcription 
factors that could bind to the promoter region of HDAC3 were predicted using the PROMO tool (http://alggen.lsi.upc.es/cgi-bin/ 
promo_v3/promo/promoinit.cgi?dirDB=TF_8.3)(Fig. 6A). Among these transcription factors, three(MAZ, AHR, and RAR-alpha) 
showed significant differences in expression in human PVR membranes based on the microarray results(Fig. 6B). Of these, MAZ, a 
Myc-associated zinc-finger protein known to bind to a GA box(GGGGAGGG)(Fig. 6C), exhibited a significant correlation in expression 

Fig. 5. HDAC3 knockdown inhibited the cell proliferation, migration, and EMT induced by EGF in ARPE-19 cells. (A)The expression of 
HDAC3 was detected using Real-Time PCR and Western blot after transfecting with siHDAC3 or siNC in ARPE-19 cells. ****P < 0.0001; n = 3. (B) 
The cell proliferation was examined using CCK-8 assay after transfecting with siHDAC3 or siNC in ARPE-19 cells. *P < 0.05; ***P < 0.001; n = 3. (C) 
ARPE-19 cells that were transfected with siHDAC3 or siNC were subjected to the examination of cell migration using the scratch assay. Scale bar, 
100 μm. n = 3. (D)The statistical analysis of the data presented in Fig. 5C demonstrated the significant decrease in EGF-induced cell migration 
following the transfection of HDAC3-siRNA at both 24 and 48-h time points. ****P < 0.0001; n = 3. (E)The transwell assay was utilized to detect the 
migration of ARPE-19 cells that were transfected with siHDAC3 or siNC. Scale bar, 25 μm. n = 3. (F)The statistical analysis of the data presented in 
Fig. 5E revealed a significant decrease in EGF-induced cell migration following the transfection of HDAC3-siRNA at both 24 and 48-h time points. 
***P < 0.001; n = 3. (G)Western blot assay was conducted to analyze the levels of E-Cadherin, MMP-9, and alpha-SMA expression in APRE-19 cells 
transfected with siHDAC3 or siNC and exposure to EGF. *P < 0.05; **P < 0.01; n = 3.
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with HDAC3 based on the microarray data intensity reads (Fig. 6D). This correlation was further confirmed through western blotting of 
MAZ and HDAC3 in ARPE-19 cells treated with or without EGF, and their expression relationship was compared using linear 
regression. Similarly, both MAZ and HDAC3 showed significant increases in ARPE-19 cells treated with EGF, and a significant link was 
found between these two genes(Fig. 6E and F). Additionally, we investigated a 2 kb region upstream of HDAC3’s transcription start site 
using the PROMO online toll, and three MAZ-binding motifs from − 1315 to − 1033, − 889 to − 874, and − 822 to − 807 were identified 
(Fig. 6G). Subsequently, ChIP assays were conducted to determine whether MAZ directly was bound to the promoter region of HDAC3. 
Three primer pairs were designed based on the potential binding sites within the 2000 bp upstream of HDAC3(Fig. 6H), and qRT-PCR 
with the ChIP product and three primer pairs indicated that MAZ was enriched at the three HDAC3 promoter sites(Fig. 6I). Luciferase 
assays were also performed to identify the regions of HDAC3 that might be bound by MAZ. As shown in Fig. S2, the luciferase reporter 
activity of HDAC3 was upregulated by co-transfection with the MAZ-overexpression plasmid (OE-MAZ) in ARPE-19 cells in HDAC3- 
WT group, as well as HDAC3-Mut 1 and HDAC3-Mut 2 group, while the luciferase reporter activity of HDAC3 was no significant 
difference in HDAC3-Mut 3 group compared with the pcDNA3.4-NC control vectors (OE-NC) (Fig. S2). To further determine the 
relationship between MAZ and HDAC3, a specific siRNA targeting MAZ was synthesized and transfected into ARPE-19 cells treated 
with EGF. The siMAZ inhibited the EGF-induced expression of MAZ, and the knockdown of MAZ inhibited the EGF-mediated upre
gulation of HDAC3(Fig. 6J and K).

3.7. HDAC3 mediated APRE-19 cells EMT by regulating AKT phosphorylation

To determine the specific signaling pathways associated with HDAC3, a protein-protein interaction(PPI) network involving HDAC3 
and EMT-related signaling was established using data from the STRING database(https://cn.string-db.org). The analysis revealed that 
the top three significant EMT-related signaling pathways linked to HDAC3 were TNF(0.921), AKT1(0.666), and STAT1(0.407), based 
on a combined score of each interaction with a confidence level of 0.4. Given that the interaction between HDAC3 and TNF has been 
previously examined and the regulation of AKT by HDAC3 has not been fully explored [26–28], the relationship between HDAC3 and 
AKT was investigated. In vivo, we found that the phosphorylation of AKT was downregulated in the PVR + siHDAC3 group(Fig. 7B). To 
further clarify the cross-talk signaling between HDAC3 and AKT, the EGF-mediated AKT phosphorylation was tested after treatment 
with RGFP966 or transfected with siHDAC3. The results indicated that the inhibition of HDAC3 reduced the EGF-evoked AKT 
phosphorylation in ARPE-19 cells(Fig. 7C and D), suggesting that HDAC3 played a pivotal role in regulating AKT phosphorylation.

The AKT pathway plays a crucial role in EGF-induced EMT of ARPE-19 cells. We also investigated the role of the AKT pathway in 
EGF-induced EMT in PRE cells. Transwell assay indicated that AKT inhibitor MK-2206 of 10 μM inhibited ARPE-19 cell migration in 
response to EGF(Fig. 8A and B). Consistent with the transwell assay, the wound healing assay showed that MK-2206 suppressed EGF- 
induced cell migration (Fig. 8C and D). Additionally, treatment with MK-2206 also reduced EGF-mediated cell growth(Fig. 8E). 
Furthermore, Western blot analysis showed that the mesenchymal markers alpha-SMA and MMP-9 were downregulated in the EGF +
MK-2206 group, whereas the epithelial marker E-Cadherin was upregulated in comparison to the EGF group(Fig. 8F). These results 
confirmed that HDAC3 was involved in EGF-induced EMT of RPE cells by regulated AKT pathway signaling.

3.8. HDAC3 promoted the phosphorylation of AKT by deacetylating AKT

To further clarify whether AKT phosphorylation regulated by HDAC3 was attributed to its potential regulation of the expression of 
upstream regulators, and thus indirectly impacting AKT phosphorylation, ARPE-19 cells were subjected to cycloheximide(CHX) 
treatment to impede de novo protein synthesis. Surprisingly, the CHX treatment had only a minimal impact on RGFP966-induced 
suppression of AKT phosphorylation (Fig. 9A), implying that RGFP966’s lowered AKT phosphorylation was not largely mediated 
by its effect on the expression of AKT upstream regulators.

It was reported that Polyubiquitination plays a critical role in the phosphorylation of AKT [29]. Our study revealed that the 
polyubiquitination of AKT increased in ARPE-19 cells following EGF treatment, and this effect was time-dependent(Fig. 9B). 
Considering the potential competition between acetylation and polyubiquitination at the same lysine residues [30], we examined the 
regulatory role of HDAC3 in AKT acetylation. Initially, we indicated the interaction between HDAC3 and AKT in ARPE-19 cells 
(Fig. 9C). Then, we found that inhibition of HDAC3 by RGFP966 or siRNA increased AKT acetylation(Fig. 9D and E), but decreased 
AKT polyubiquitination and phosphorylation(Fig. 9F and G). These results suggested that HDAC promoted the phosphorylation of AKT 
by deacetylating AKT.

4. Discussion

The EMT of RPE cells is a critical pathological mechanism in the development of PVR, which ultimately contributes to the formation 
of proliferative membranes and results in substantial impairment of vision [1,31,32]. Focusing on RPE cells may represent a promising 
therapeutic approach for preventing and treating PVR. Currently, the potential regulatory mechanism of RPE-EMT remains largely 
unknown. In the present investigation, we have demonstrated that the upregulation of HDAC3 expression occurred in mice with PVR 
induced by intravitreal injection of RPE cells and EGF-induced RPE cell EMT. In vivo, knockdown HDAC3 in RPE cells resulted in the 
inhibition of the experimental PVR progression through suppression of EMT. In vitro, it was observed that HDAC3 inhibition atten
uated cell proliferation, migration, and the expression of EMT markers. Furthermore, HDAC3 overexpression promoted cell prolif
eration, migration, and EMT in RPE cells. Mechanistically, HDAC3 enhanced the phosphorylation levels of AKT by binding to AKT and 
promoting its deacetylation. The data of the current study support the hypothesis that HDAC3 is significantly involved in the EMT of 
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RPE cells during the progression of PVR, which may be regarded as a potential target for PVR.
HDAC3 is a particular member of the class I HDACs, which also include HDAC1, HDAC2, and HDAC8 [16]. Previous reports have 

shown that HDAC3 was different compared with HDAC1 and HDAC2 in that HDAC3 had an intriguingly variable C terminus [18,33], 
indicating that HDAC3 may have several unique functions in various physiological and pathological events such as EMT. A recent study 
showed that HDAC3 exacerbated EMT in alveolar type 2 epithelial cells(AT2) and contributed to the development of pulmonary 
fibrosis by deacetylating GATA3 and impeding its degradation [19]. Furthermore, it was reported that HDAC3 could have a significant 
impact on the process of EMT in a variety of cancer cell types, including those found in gastric and breast cancer [18,34]. In addition, 
the link between HDACs and RPE-EMT has been revealed in a previous study, which found that some of class I and class II were 
increased in RPE cells stimulated with TGFβ, excluding HDAC3 [35]. In our research, we also illustrated that the levels of HDAC3 
expression remained largely unchanged in TGFβ-treated RPE cells; however, HDAC3 was significantly upregulated in EGF-induced 
EMT in human RPE cells. It was thought-provoking that the upregulation of HDAC3 was mediated by EGF rather than TGFβ. Here, 
we further found that HDAC3 inhibition limited the EMT phenotype in RPE cells. It should be mentioned that alpha-SMA is a marker of 
myofibroblasts, which is upregulated in fibrosis diseases [36,37]. EGF stimulation resulted in a notable decrease in the expression of 
E-Cadherin and a concurrent increase in the expression of alpha-SMA. Our findings showed that HDAC3 inhibition reversed the 
EGF-induced expression of EMT-related molecules in RPE cells. Additionally, we found that HDAC3 overexpression upregulated 
alpha-SMA expression and downregulated E-Cadherin expression. Thus, it was speculated that HDAC3 may be recognized as a target to 
abrogate the EMT phenotype in RPE cells.

The migration of RPE cells is strongly linked to the onset of PVR [32]. During the PVR progression, RPE cells disengage from 

Fig. 6. Direct binding of the transcription factor MAZ to the HDAC3 promoter region increased the expression of HDAC3. (A)Transcription 
factors that may have been bound to the promoter region of HDAC3. (B)Heat maps of AHR, MAZ, and RAR-alpha expression in GSE179603 data set. 
(C)The sequence was directly bound by MAZ. (D)The correlation between HDAC3 and MAZ was determined by analyzing the intensity reads ob
tained from the microarray data. n = 10. (E)The levels of HDAC3 and MAZ were assessed in ARPE-19 cells following treatment with or without EGF 
using Western blot analysis. *P < 0.05; **P < 0.01; n = 3. (F)The relationship between HDAC3 and MAZ expression in ARPE-19 cells following 
treatment with or without EGF. n = 6. (G)MAZ may have been linked to the promoter region of HDAC3 within a 2 kb region. (H)The three primers 
were based on the three potential sites within the 2000 bp upstream of HDAC3. (I)ChIP assays were conducted to investigate the direct binding of 
MAZ to the promoter region of HDAC3. ***P < 0.001; ****P < 0.0001; n = 3. (J) The levels of MAZ and HDAC3 were assessed using Real-Time PCR 
after transfecting with siMAZ and exposure to EGF. *P < 0.05; ***P < 0.001; ****P < 0.0001; n = 3. (K)The levels of MAZ and HDAC3 were 
measured using Western blot analysis after transfecting with siMAZ and exposure to EGF. **P < 0.01; ***P < 0.001; n = 3.

Fig. 7. The activation of AKT in PVR was reliant on the activation of HDAC3. (A)A PPI network involving HDAC3 and signaling pathways 
related to EMT was established using data sourced from the STRING database. (B)Western blot analysis was conducted to assess the levels of AKT 
and phospho-AKT expression in the mice’s retinal tissue. *P < 0.05; **P < 0.01; n = 3. (C)Western blot analysis was conducted to assess the levels of 
AKT and phospho-AKT expression in APRE-19 cells that were transfected with siHDAC3 or siNC and exposed to EGF. ****P < 0.0001; n = 3. (D) 
Western blot analysis was conducted to assess the levels of AKT and phospho-AKT expression in APRE-19 cells treated with RGFP966 or DMSO and 
exposed to EGF. **P < 0.01; n = 3.
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Bruch’s membrane and move towards the vitreous cavity to establish the proliferative membranes [32,38]. In the present study, the 
inhibition of HDAC3 notably suppressed the EGF-induced RPE cell migration, as demonstrated by both transwell assay and scratch 
assay. During the migration process, RPE cells secreted various matrix metalloproteinases(MMPs) that broke down the basement 
membrane and produced a great quantity of extracellular matrix(ECM), such as collagen. Among the family of MMPs, MMP-9 appears 
to exhibit the strongest association with cell migration [39]. Our findings showed that the level of MMP-9 expression was upregulated 
in RPE cells during the EMT process, and the elevated level could be downregulated by HDAC3 inhibition. Based on these data, we 
speculated that HDAC3 inhibition suppressed the migration of RPE cells treated with EGF partly attributing to the downregulation of 
MMP-9.

To further investigate the expression of HDAC3 in EGF-treated ARPE-19 cells, we conducted an examination of the transcription 
factors associated with HDAC3 expression. Our findings revealed that MAZ, a Myc-associated zinc-finger protein, directly interacted 
with the HDAC3 promoter region and stimulated its expression. As an important transcription factor, MAZ has been observed to be 
highly expressed in diverse human cancer types, which was implicated in the EMT process of tumor cells [40–42]. In hepatocellular 
carcinoma, a study from Wei et al. has reported that MAZ promoted the invasion and metastasis of hepatocellular carcinoma by 
inducing EMT through upregulating the expression of ZEB1 and ZEB2 [41]. In addition, a recent study revealed that MAZ promoted the 
progression of breast cancer by regulating SIPL1 [43]. These studies indicated that MAZ facilitated cancer cell metastasis and EMT by 
the modulation of the downstream target genes. In our study, it was observed that the level of MAZ was elevated in human PVR 

Fig. 8. The AKT pathway played a crucial role in the EMT model induced by EGF in ARPE-19 cells. (A)The transwell assay was used to detect 
the migration of ARPE-19 cells following treatment with MK2206 or DMSO. Scale bar, 25 μm; n = 3. (B)The statistical analysis of the data presented 
in Fig. 8A demonstrated the significant decrease in EGF-induced cell migration by MK-2206 at both 24 and 48-h time points. ***P < 0.001; ****P <
0.0001; n = 3. (C)The scratch assay was used to examine ARPE-19 cells’ wound-repair abilities. Scale bar, 100 μm; n = 3. (D)The quantitative 
assessment of the rate of wound closure. ****P < 0.0001; n = 3. (E)ARPE-19 cells were exposed to a combination of 20 ng/ml EGF and 10 μM MK- 
2206 for 24 h or 48 h. Cell proliferation was evaluated using the CCK-8 assay. *P < 0.05; **P < 0.01; ****P < 0.0001; n = 3. (F)Western blot assay 
was conducted to analyze the levels of E-Cadherin, MMP-9, and alpha-SMA expression in APRE-19 cells treatment with MK-2206 or DMSO and 
exposure to EGF. *P < 0.05; **P < 0.01; n = 3.
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membranes and EGF-induced EMT of RPE cells. Additionally, it was found that MAZ facilitated the transcriptional expression of 
HDAC3, suggesting a potentially significant involvement of MAZ in the EMT process of RPE cells. Further research is necessary to 
elucidate the mechanisms through which MAZ influences the EMT of RPE cells.

The AKT kinase also referred to as protein kinase B, is significantly involved in cell proliferation, growth, apoptosis, and metabolism 
[44], which has been proven to play a key role in the EMT of RPE cells [45–47]. Activation of AKT occurs through phosphorylation at 
Thr308 and subsequent phosphorylation at Ser473 in response to various growth factors such as EGF [48,49]. Our study also indicated 
that EGF led to an increase in AKT phosphorylation in RPE cells, and AKT inhibitor MK-2206 attenuated EGF-induced EMT of RPE cells, 
suggesting that AKT played a vital role in RPE-EMT. Besides phosphorylation, other post-translational modifications are also important 
in regulating the activity of AKT, including polyubiquitination and acetylation [50]. It was reported that the inhibitors of class I/II 
HDACs could suppress the phosphorylation of AKT by Chen et al. [51]. In agreement with the research, our results indicated that 
HDAC3 inhibition downregulated EGF-induced AKT phosphorylation. One possible explanation for this result was that the inhibitor 
potentially affected the production of upstream regulators, such as PHLPP1, a protein known to decrease the phosphorylation of AKT 
[52]. However, our findings provided evidence that CHX treatment had only a negligible impact on the inhibition of AKT phos
phorylation induced by RGFP966, indicating that RGFP966’s lowered AKT phosphorylation was not largely facilitated by its influence 
on the expression of AKT upstream regulators. Our experiments further confirmed that HDAC3 interacted with AKT, promoting the 
polyubiquitination of AKT by deacetylating it, which ultimately led to AKT phosphorylation and activity. Consistent with our study, 
the relationship between HDAC3 and AKT has also been observed in PTEN- or SPOP-mutated prostate cancer [53].

In this study, our results demonstrated for the first time the significant involvement of HDAC3 in the EMT of RPE cells during the 
formation of PVR by upregulating the phosphorylation of AKT. Inhibiting HDAC3 in RPE cells can impede EMT and slow the evolution 
of PVR. Given the close association between EMT of RPE cells and PVR, these findings offer new insights into the pathogenesis of PVR 
and suggest a possible therapeutic target for its prevention and therapy.

5. Conclusions

Our results indicate that HDAC3 is the key determinant of PVR development and EMT of RPE cells, and suggest that HDAC3 could 

Fig. 9. HDAC3 promoted the phosphorylation of AKT by deacetylating AKT. (A)ARPE-19 cells were exposed to 20 μM of CHX for 12 h, after 
which they were subjected to treatment with RGFP966(15 μM) for 48 h for subsequent Western blot analysis using specified antibodies. n = 3. (B) 
ARPE-19 cells were exposed to a concentration of 20 ng/ml of EGF for varying durations, followed by a collection for IP and Western blot analysis 
using specified antibodies. (C)The relationship between HDAC3 and AKT was analyzed by Co-IP. (D)RGFP966 was used to inhibit HDAC3. The 
acetylation of AKT was investigated by IP. (E)HDAC3-siRNA was used to knock down the expression of HDAC3. The acetylation of AKT was tested 
by IP. (F)RGFP966 was used to inhibit HDAC3. The polyubiquitination of AKT was detected by IP. (G)HDAC3-siRNA was used to knock down the 
expression of HDAC3. The polyubiquitination of AKT was determined by IP.
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serve as a promising therapeutic target for the prevention and treatment of PVR.
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EMT Epithelial-mesenchymal transition
RPE Retinal pigment epithelium
HDAC3 Histone deacetylase3
GEO Gene expression omnibus
EGF Epidermal growth factor
ChIP Chromatin immunoprecipitation
AKT Protein kinase B
Alpha-SMA Alpha-smooth muscle actin
APRE-19 Human retinal pigment epithelial cell line
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
CCK-8 Cell Counting Kit-8
SDS-PAGE Sulfate-polyacrylamide gel electrophoresis
PVDF Polyvinylidene difluoride
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
MAZ Myc-associated zinc finger protein
TGF-β1 Transforming growth factor-beta 1
CHX Cycloheximide
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