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A B S T R A C T   

Endometriosis is a common disease in women and may be one of the factors that induces malignant epithelial 
ovarian tumors. Previous studies suggested that endometriosis is related to ARID1A mutation mediating the 
expression of HDAC6, but the detailed pathogenic mechanism is still unclear. First, we collected endometriosis- 
associated ovarian carcinoma (EAOC) clinical samples and examined the expression of HDAC6. Our results found 
that the high HDAC6 expression group was positively correlated with EAOC histology (P = 0.015), stage (P <
0.000), and tumor size (P < 0.000) and inversely correlated with survival (P < 0.000). We also found that 
ARID1A6488delG/HDAC6 induced M2 polarization of macrophages through IL-10. In addition, the HDAC inhibitor 
(HDACi) vorinostat inhibited cell growth and blocked the effect of HDAC6. Tomographic microscopy was used to 
monitor the live cell morphology of these treated cells, and we found that vorinostat treatment resulted in 
substantial cell apoptosis by 3 h 42 min. Next, we established a transgenic mouse model of EAOC and found that 
vorinostat significantly reduced the size of ovarian tumors by inhibiting M2 macrophage polarization in mice. 
Together, these data demonstrate that the signaling pathway of E4F1/ARID1A6488delG/HDAC6/GATA3 mediates 
macrophage polarization and provides a novel immune cell-associated therapeutic strategy targeting IL-10 in 
EAOC.   

1. Introduction 

Ovarian cancer is a cancer of the female reproductive system. 
Although it is second in the incidence of cervical cancer, it is the leading 
cause of death from female gynecological cancer in Taiwan. Early-stage 
ovarian cancer usually lacks typical symptoms and is difficult to detect. 
Although the cure rate has improved slightly, almost all ovarian cancers 
are discovered in the late stage, and the prognosis is still relatively poor. 
Worldwide, ovarian cancer is the most common cause of female cancer 
death [1]. There are three types of ovarian cancer based on histopa-
thology, including epithelial tumors, germ cell tumors, and ovarian 
stromal cell tumors. Among them, epithelial ovarian cancer (EOC) ac-
counts for 70% of all ovarian malignancies and is the fifth most common 
cancer in women and the fourth most common cause of cancer death in 

most countries[2,3]. Many past studies considered 
endometriosis-related ovarian cancer (EAOC) as one of the pathological 
types of EOC, including endometrioid carcinoma (EC) and ovarian clear 
cell carcinoma (OCCC)[4]. The widely accepted pathological mecha-
nism is endometrial cell transfer to the peritoneal cavity through men-
strual blood retrograde, causing endometrial cells to abnormally grow in 
other tissues [5]. Although endometriosis is considered a benign disease, 
its features, such as adhesion, invasion and proliferation, are similar to 
those of malignant cells. Therefore, endometriosis may be one of the 
factors that induces malignant epithelial ovarian tumors. Many studies 
have focused on gene mutations to explore endometriosis, and ARID1A 
is a popular research gene. 

AT-rich interactive domain 1A (ARID1A) is a factor that regulates 
chromatin remodeling and is a core member of the gene encoding the 
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SWI/SNF complex[6]. The SWI/SNF complex regulates the expression of 
genes through chromatin remodeling and participates in many biolog-
ical mechanisms, including repairing damaged DNA, DNA replication, 
and controlling cell growth, division, and maturation. Some studies have 
shown that the complex plays an important role in the development of 
carcinogenesis. In addition, The Cancer Genome Atlas (TCGA) database 
also found that ARID1Amutated cell populations are abundantly found in 
conditions with a high proportion of M2 macrophage infiltration 
through estimation of infiltrating immune cells[7]. However, the 
mechanism by which ARID1A gene mutations promote tumorigenesis is 
still unclear. In many cancers, the prognosis of ARID1A is still contro-
versial. Recent studies have noted that mutations in the ARID1A gene 
increase the expression of histone deacetylase 6 (HDAC6)[8]. HDAC6 is 
a unique member of the HDAC family. There are 18 members of the 
HDAC family. HDAC6 belongs to the HDAC IIb family, and the main 
members are located in the cytoplasm[9]. Different from other HDACs, 
HDAC6 mainly deacetylates the lysine residues of nonhistone proteins, 
including HSP90 and α-tubulin, which play an important role in various 
cellular processes, such as protein translocation, cell adhesion and for-
mation of immune synapses[10–13]. 

In addition, previous studies have found that the etiology of endo-
metriosis is multifaceted, among which macrophages in the immune 
system have been discussed in recent years to be related to EAOC. 
Macrophages were the first immune cells to be discovered. They are 
transformed from monocytes and exist in tissues, body cavities and 
mucosal surfaces. Macrophages are polarized into different functional 
types due to different environments. The common types of M1 macro-
phages, which are classically activated macrophages through IFN-γ 
secreted by Th1 (Type 1 T helper cells) cells, mainly secrete proin-
flammatory cytokines and chemokines, present antigens, activate the 
immune system, promote inflammation, and play a role in antitumor 
immunity. IL-6, IL-12 and TNF-α are mainly proinflammatory cytokines. 
On the other hand, IL-4 produced by Th2 (Type 2 T helper cells) cells can 
differentiate macrophages into M2 macrophages, which are alterna-
tively activated macrophages that mainly secrete arginase I. IL-10[14, 
15] is involved in the anti-inflammatory response, promoting tumor 
growth and immunosuppressive function. Macrophage polarization is 
very important for the defense of the body against pathogens. 

In the present work, we studied the correlation between EAOC pro-
tein levels of HDAC6 and found that the HDAC inhibitor vorinostat 
mediates M2 macrophage polarization by the ARID1A6488delG/HDAC6/ 
IL-10 signaling pathway. Therefore, this study reveals new evidence for 
the involvement of ARID1A6488delG and HDAC6 in the development of 
EAOC. 

2. Results 

2.1. Association of HDAC6 with clinicopathological features and survival 
of human ovarian cancer patients 

To analyze the role of HDAC6 in ovarian patients, we collected 76 
ovarian cancer tissues and recorded clinical eigenvalues (Fig. 1A). The 
HDAC6 profile was determined by immunohistochemistry analysis of 
ovarian cancer tissues, including 61 non-EAOC (previous without 
endometriosis) and 15 EAOC (previous with endometriosis) samples. 
Representative images of HDAC6-high and HDAC6-low EAOC tissues 
(clear cell and endometrioid cell types) are presented in Fig. 1B. Next, 
we analyzed the clinical significance of HDAC6 in ovarian cancer using 
GraphPad Prism version and SPSS software. The results showed that 
high HDAC6 levels were significantly correlated with clinicopatholog-
ical features, including histology (p = 0.015), stage (p = 0.000) and 
tumor size (p = 0.000) (Fig. 1C, D). In addition, the association of 
HDAC6 expression with overall patient survival was assessed by 
Kaplan–Meier analysis. High HDAC6 expression was associated with 
lower survival rates (p = 0.000) (Fig. 1 E). 

2.2. The E4F1/ARID1A6488delG complex induced HDAC6 expression 

A previous study found that ARID1A mutation directly increased the 
transcription of HDAC6 and that HDACi increased cancer cell apoptosis 
in ARID1A-mutated cells[8,16]. However, which ARID1A mutation site 
mediates the expression of HDAC6 is still unclear. In our previous study, 
ARID1A was the most frequently mutated gene, including 6488delG, 
4478delA, 3715 G>A and 4337 G>A, in EAOC[17]. Therefore, we 
explored which ARID1A mutation regulates HDAC6 expression in EAOC. 
First, we examined the performance of HDAC6 in IOSE (immortalized 
human ovarian surface epithelial cells), 12Z (immortalized human 
endometrial cells), TOV-21 G (clear cell ovarian cancer, EAOC patho-
logical type) and TOV-112D (endometrioid ovarian cancer, EAOC 
pathological type) cell lines. The results showed that HDAC6 was more 
highly expressed in malignant cell populations than in normal cells 
(Fig. 2 A). We cloned site-directed mutagenesis to alter the sequence 
(from WT to 6488delG, 4478delA, 3715 G>A and 4337 G>A) through 
pcDNA6-His-tag-ARID1A to analyze which mutated gene resulted in a 
dramatic increase in HDAC6. The data showed that ARID1A6488delG 

induced the highest HDAC6 expression compared to other mutant genes 
in TOV-21 G (Fig. 2B) and TOV-112D cells (Fig. 2 C). Next, we explored 
the signaling pathways through which ARID1A6488delG regulates HDAC6 
expression. We compared the transcription factor-binding sites of 
HDAC6 and predicted that a binding motif for E4F1 (GCT ACG TCAT) 
was identified in the HDAC6 promoter regulatory region through tran-
scription factor affinity prediction (TRAP) software. To examine 
whether E4F1 is an upstream transcription factor of HDAC6, we con-
structed a luciferase reporter plasmid (pGL3) encoding wild-type (WT, 
GCTACGTCAT) and mutant (MT, GCTAAATGCT) fragments of the 
HDAC6 5’-UTR E4F1 binding motif and cotransfected it with the E4F1 
plasmid into HEK-293 T cells. The results showed that E4F1 increased 
the activity of the luciferase reporter in a dose-dependent manner 
(Fig. 2D) in the wild-type (WT) group but not in the mutant (MT) group 
(Fig. 2E). In addition, we also found that E4F1 has a higher protein–-
protein interaction for ARID1A6488delG relative to ARID1A in TOV-21 G 
and TOV-112D cells (Fig. 2 F). Human Protein Atlas (HPA) databases 
also demonstrated that HDAC6 and E4F1 were highly expressed in 
endometrial (Fig. 2 G) and ovarian (Fig. 2H) cancer, as well as a sig-
nificant positive correlation (Fig. 2 I and J). 

2.3. HDAC6 increases M2 polarization of macrophages through GATA3/ 
IL-10 

Previous study found that blocking HDAC6 led to decreased 
expression of GATA3[18], an upstream transcription factor of many 
immune factors, including IL-1B, IL-4, IL-10 and IL-13. Our data show 
that the expression of GATA3 was increased through HDAC6 over-
expression in TOV-21 G (Fig. 3 A) and TOV-112D cells (Fig. 3B). We 
further explored whether HDAC6 can regulate the immune factors IL-1B, 
IL-4, IL-10 and IL-13. The profiles of IL-1B, IL-4, IL-10 and IL-13 were 
analyzed by ELISA kits, and the results showed that the level of IL-10 
(Fig. 3 C) was increased by supernatant with HDAC6 overexpression, 
but IL-1B (Fig. 3D), IL-4 (Fig. 3E) and IL-13 (Fig. 3 F) were not. Silencing 
GATA3 blocked the level of IL-10 when HDAC6 was overexpressed in 
TOV-21 G and TOV-112D cells (Fig. 3 G). To investigate the effect of 
HDAC6 on the regulation of macrophage polarization, we first exposed 
THP-1 cells (monocytes) to 20 nM PMA for 24 h (M0) and then added 
the EAOC cell supernatant with HDAC6 overexpression. After 24 h, the 
cell surface markers were analyzed using flow cytometry in THP-1 cells 
(Fig. 3H). M1 macrophages express CD86, while M2 macrophages ex-
press CD206 on the cell surface[19]. In addition, the results also found 
that IL-10 increase the level of CD206 in THP-1(Supplemental Fig. 1). 
Therefore, above results showed that HDAC6-overexpressing superna-
tant increased the expression of CD206 through GATA3/IL-10 in THP-1 
cells (Fig. 3I). 
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Fig. 1. HDAC6 is abundantly expressed in endometriosis-associated ovarian cancer. (A) Clinicopathological features of ovarian cancer patients. (B) Representative 
image of low and high HDAC6 expression in ovarian cancer. (C) The relationship between characteristics and HDAC6 expression (IHC) in ovarian cancer patients. (D) 
The average tumor size and HDAC6 expression of ovarian cancer patients. (E) Curves show the overall survival rates with high (green line) versus low (blue line) 
HDAC6 levels. 
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2.4. Vorinostat induced cell apoptosis and mediated the levels of HDAC6 
and GATA3 

Next, we examined whether HDACi inhibits cancer cell growth by 
mediating HDAC6 expression. We treated both TOV-21 G and TOV- 
112D cells with U.S. Food and Drug Administration (FDA)-approved 
HDACi available for cancer treatment, including vorinostat, PXD101, 
FK228 and panobinostat. The results showed that all HDACi inhibited 
cell growth (Fig. 4 A, B) and HDAC6 and GATA3 expression (Fig. 4 C, D), 

while vorinostat had better inhibitory effects in a time-dependent 
manner. Therefore, we chose Vorinostat for subsequent experiments in 
EAOC cell lines. Tomographic microscopy was used to monitor the live 
cell morphology of these treated cells at 0 min, 44 min, 46 min and 3 h 
42 min after treatment began. Vorinostat treatment resulted in sub-
stantial cell death by 3 h 42 min (Fig. 4E). We also analyzed apoptosis/ 
necrosis in these treated cells. Vorinostat increased apoptosis in these 
cancer cell lines (Fig. 4 F and Supplemental Fig. 2). These results suggest 
that Vorinostat induces cell apoptosis and decreases the expression of 

Fig. 2. ARID1A mutation mediates HDAC6 
expression. (A) HDAC6 protein expression was 
analyzed by western blotting in IOSE, 12Z, 
TOV-21 G and TOV-112D cells. (B, C) Two mi-
crograms of ARID1A(WT), ARID1A6488delG, 
ARID1A4478delA, ARID1A3715 G>A and 
ARID1A4337 G>A plasmids were transfected into 
the EAOC cell line, and His-tag and HDAC6 
protein expression was analyzed by western 
blotting. B-actin was analyzed to normalize 
protein expression levels. (D, E) HDAC6 lucif-
erase plasmids containing the 5′-UTRs of wild- 
type (WT HDAC6-Luc) and mutated (MT 
HDAC6-Luc) HDAC6 were constructed. HDAC6 
5′-UTR plasmids and an E4F1-expressing 
plasmid at different dose ratios were cotrans-
fected into HEK-293 T cells. (F) Two micro-
grams of ARID1A (WT) and ARID1A6488delG 

plasmids were transfected into the EAOC cell 
line, and the interaction between the His-tag 
and E4F1 was examined by immunoprecipita-
tion (IP) and Western blotting. (G, H, I, J) 
HDAC6 and E4F1 gene expression was analyzed 
using the HPA database with endometrial and 
ovarian cancer.   
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HDAC6 in EAOC cell lines. 

2.5. Vorinostat inhibits ovarian tumor formation by mediating M2 
macrophage polarization in EAOC mice 

To determine the role of Vorinostat in an animal model, we used the 
EAOC animal model[20] for ovarian cancer to conduct experiments. At 
6 weeks of age, ovarian tumors were induced by bilateral ovarian 
microinjection in EAOC mice. The mice that underwent tumor induction 
by Ad-Cre administration were intraperitoneally injected with 10 nM 

vorinostat each week beginning at 2 weeks after Ad-Cre exposure for 4 
weeks (Fig. 5 A). Vorinostat significantly reduced the size of ovarian 
tumors and did not affect weight (Fig. 5B, C and D). In addition, we 
collected tumor samples and abdominal fluid from transgenic mice 4, 6 
and 8 weeks after vorinostat treatment and examined IL-10 expression 
and macrophage polarization. The results showed that Vorinostat 
significantly inhibited the expression of IL-10 (Fig. 5E and F). We also 
investigated the effect of Vorinostat on the regulation of macrophage 
polarization, and the results showed that Vorinostat increased CD86 
expression in macrophages in abdominal fluid from transgenic mice 4, 6 

Fig. 3. HDAC6 mediated M2 macrophage po-
larization, (A, B) Two micrograms of HDAC6 
plasmid was transfected into the EAOC cell line, 
and HDAC6 and GATA3 protein expression was 
analyzed by western blotting. B-actin was 
analyzed to normalize protein expression levels. 
(C, D, E and F) The levels of IL-1B, IL-4, IL-10 
and IL-13 were analyzed by ELISA kits. (G) 
Two micrograms of HDAC6, GATA3 siRNA1/2 
and GATA3 siRNA1/2 +HDAC6 plasmids were 
transfected into the EAOC cell line, and the 
level of IL-10 was analyzed by ELISA. (H) The 
flow chart shows the process of macrophage 
polarization, and macrophage surface markers 
were analyzed by flow cytometry. (I) Two mi-
crograms of HDAC6 plasmid was transfected 
into the EAOC cell line, and macrophage po-
larization was analyzed by flow cytometry. 
Data are the mean ± SD from three indepen-
dent experiments. * P < 0.05 vs. untreated 
control; two-tailed Student’s t test.   
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Fig. 4. Vorinostat inhibits HDAC6 expression and mediates cell death, (A, B) EAOC cell lines were exposed to 10 nM HDACi vorinostat, PXD101, FK228 and 
panobinostat, and cell growth was analyzed by CCK-8. (C) EAOC cell lines were exposed to 10 nM HDACi vorinostat, PXD101, FK228 and panobinostat, and HDAC6 
and GATA3 protein expression was analyzed by western blotting. B-actin was analyzed to normalize protein expression levels. (D) EAOC cell lines were exposed to 
10 nM vorinostat in a time-dependent manner, and HDAC6 and GATA3 protein expression was analyzed by western blotting. (E) Two-dimensional (left) and 3D 
(right) images were reconstructed from continuously recorded tomographic microscopy of TOV-112D cells after the addition of 10 nM Vorinostat for the indicated 
times. In the two-dimensional images, organelles are in blue–green. The 3D images show the TOV-112D cells as imaged across different depths from a lower point at 
− 2.5 µm to an upper point at 2.5 µm in the cell culture. (F) The cancer cell line was incubated with 10 nM vorinostat for 4 h before analysis of apoptosis/necrosis. 
Data are the mean ± SD from three independent experiments. * P < 0.05 vs. untreated control; two-tailed Student’s t test. 
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and 8 weeks after Vorinostat treatment (Fig. 5 G). 3. Methods 

3.1. Study population and statistical analysis 

Clinical samples were collected from 76 patients with ovarian 

Fig. 5. Tumor suppressive functions of 
Vorinostat in vivo. (A) Timeline of Ad- 
Cre infection and vorinostat treatment 
in EAOC mice. (B, C and D) Ovarian 
cancer was induced by ovarian micro-
injection. Weight and ovarian tumor 
sizes were quantified for mice with 
ovarian tumors. (E, F) The level of IL-10 
was analyzed by qPCR and ELISA kits, 
and (G) macrophage polarization was 
analyzed by flow cytometry in abdom-
inal fluid from transgenic mice 4, 6 and 
8 weeks after vorinostat treatment. Data 
are the mean ± SD from three inde-
pendent experiments. * P < 0.05 vs. 
untreated control; two-tailed Student’s t 
test.   
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cancer. Before collecting tissue samples, each subject signed an informed 
consent form approved by the E-Da Hospital Review Board (IRB), and all 
research methods were approved by the E-Da Hospital IRB and followed 
relevant guidelines and regulations (EMRP-111–056). In addition, the 
clinical characteristics of each patient were recorded in detail, including 
age, stage, grade and tumor size. All statistical analyses were performed 
using GraphPad Prism version (GraphPad, La Jolla, CA, USA) and SPSS 
software. The correlations between high and low HDAC6 intensity and 
clinicopathologic features were analyzed by univariate analysis. Tumor 
size was analyzed for significance of differences between two indepen-
dent groups using a two-tailed Student’s t test. The overall survival rate 
was analyzed by survival analysis. P < 0.05 was considered to indicate a 
significant difference in all statistical analyses. 

3.2. Immunohistochemistry 

Tissue samples were cut into 4 µm sections, and the slides were 
immunostained with a human anti-HDAC6 (sc-28386, Santa Cruz 
Biotechnology, CA, USA) antibody and counterstained with Mayer’s 
hematoxylin (Sigma, St. Louis, MO). All samples were stained with the 
automated immunostaining machine Bond-Max following the manu-
facturer’s protocol (Leica Microsystems). Immunohistochemical stain-
ing was assessed by 2 expert pathologists using tumor cell extent 
multiplied by intensity to clearly define high and low intensity. 

3.3. Cell culture 

Immortalized human ovarian surface epithelial cell (IOSE), immor-
talized human endometriotic cell (12Z), clear cell ovarian cancer (TOV- 
21 G) and endometrioid ovarian cancer (TOV-112D) cell lines were 
obtained from the American Type Culture Collection (ATCC). IOSE and 
12Z cells were cultured in DMEM (Gibco, Grand Island, NY), and TOV- 
21 G and TOV-112D cells were cultured in DMEM/F12 medium. All 
media were supplemented with 10% fetal bovine serum (FBS) (Gibco, 
Grand Island, NY) and 1% penicillin–streptomycin (Gibco, Grand Is-
land, NY) at 37 ◦C in the presence of 5% CO2 in a humidified incubator. 

3.4. Plasmid and transfection 

The pCDNA6-ARID1A gene plasmids were obtained from Addegne 
(#39311), and a6488delG, 4478delA, 3715 G>A and 4337 G>A site 
mutation assays were performed by Protech Corp. gene synthesis lab. 
For the transfection assay, 104 cells were seeded into a 6–well, and after 
24 h, the plasmid was transfected into the cells using TurboFect Trans-
fection Reagent (Thermo Scientific, MA, USA) according to the manu-
facturer’s guidelines. 

3.5. Luciferase assay 

A luciferase reporter vector with a specific length of the 3′-UTR of 
WT or MT HDAC6 was constructed. Cells were cotransfected with 
luciferase reporter vectors and dose-dependent E4F1 plasmid by Tur-
boFect Transfection Reagent (Thermo Scientific, MA, USA). After 24 h, 
the levels of firefly and Renilla luciferase were quantified through a 
dual-luciferase reporter assay (Promega, Madison, WI). 

3.6. Flow cytometry 

THP-1 cells (1 ×104) were washed with PBS, and 50 µl of CD-206-PE 
(PE-65155, Proteintech, Chicago, USA) and CD-86-PECY5.5 
(NBP2–34569PECY55, Novusbio, Littleton, CO) were incubated for 
30 min in the dark. After that, the cells were washed twice with PBS and 
resuspended, and the fluorescence intensity was analyzed by flow 
cytometry (Guava, Luminex, US). 

3.7. Immunoprecipitation and Western blotting 

The cells were added to radioimmunoprecipitation assay (RIPA) lysis 
buffer. Protein lysates (20 µg) were loaded into sodium dodecyl sulfa-
te–polyacrylamide gel electrophoresis (SDS–PAGE) gels and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. The PVDF 
membrane was bound with primary antibodies against His-tag (#2365, 
Cell Signaling Technology, Beverly, MA), HDAC6 (sc-28386, Santa Cruz 
Biotechnology, CA, USA), E4F1 (H00001877, Abnova, Taipei, Taiwan), 
GATA3 (AF6233, Affinity Biosciences, Jiangsu province, China) and 
β-actin (SAB5600204, Sigma, St. Louis, MO) at 4 ◦C for 24 h. The 
Western blotting bands were detected by the Chemiluminescence Mul-
tiGel- 21 system. For immunoprecipitation, total cell lysates were 
incubated with His-tag antibodies and protein A/G beads (ab286842, 
Abcam, Oxford, UK) at 4 ◦C. After 24 h, the beads were mixed with 
6 × SDS sample buffer and boiled for 5 min. The coprecipitates were 
subjected to Western blot analysis. 

3.8. Cell growth 

Cell growth was determined by CCK8 assays (Sigma, St. Louis, MO). 
Briefly, 1 × 104 cells were seeded in 96-well plates, and CCK8 was added 
to the wells for 1 h at the indicated times. The 450 nm absorbance was 
measured in each well by a Thermomax microplate reader. 

3.9. Tomographic microscopy 

Cells (1 ×104 cells) from human cancer cell lines were seeded into 
35-mm culture dishes. After 24 h, the culture dishes were placed on a 
tomographic microscope (3D Cell Explorer, Nanolive S.A., Lausanne, 
Switzerland) and treated with 10 nM vorinostat. Thereafter, z-stacks of 
three-dimensional tomographic images were taken every 2 s for 1 min. 
The best focal plane was selected from each z-stack and used to construct 
a time-lapse sequence. Using the 3D images, we created a smooth- 
motion movie by converting fluorescence performance based on the 
refraction angle of the cell. 

3.10. Immunofluorescence 

Coverslips were placed in 24-well plates, and 1 × 102 cells were 
seeded in each plate. After 24 h of exposure to 10 nM vorinostat, the 
medium was removed, and the cells were fixed with 4% para-
formaldehyde. The cells were stained with Annexin V and 7-AAD 
(#30060, Biotium, CA, USA), and the nuclei were stained with 4′,6- 
diamidino-2-phenylindole (DAPI). Finally, the images were captured by 
a fluorescence microscope (Olympus, Tokyo, Japan). 

3.11. ELISA Kit 

The levels of immune system factors were determined using human 
ELISA kits in accordance with the manufacturer’s instructions. The im-
mune system factors included IL-1B (ab214025, Abcam, Oxford, UK), IL- 
4 (ab215089, Abcam, Oxford, UK), IL-10 (ab100549, Abcam, Oxford, 
UK) and IL-13 (ab288591, Abcam, Oxford, UK). 

3.12. Animal experiment 

The Institutional Animal Care and Use Committee at Kaohsiung 
Medical University approved all animal studies (Approval No. 107086). 
Adenovirus Cre (AdCre) recombinant protein was purchased from Sig-
naGen Laboratories, Gaithersburg, MD. For the ovarian tumor model, 
the ovaries required stimulation to undergo ovulation first and then 
were infected with adenovirus, following published protocols[20]. Brief, 
the mice were injected intraperitoneally with 5 U of pregnant mare 
serum gonadotropin (Sigma, St Louis, MO) and human chorionic 
gonadotropin (Sigma) and ovaries were induced to initiate ovulation. At 
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this time, 1 × 107 p.f.u./lL AdCre were gently injected into ovaries. 
After 6 weeks, tumors were established and treated with Vorinostat 
(50 mg/kg, intraperitoneally injected) every 3 days. 

4. Discussion 

In recent years, epidemiology has extensively studied the relation-
ship between endometriosis and ovarian cancer. It is mainly found that 
women with endometriosis are prone to ovarian cancer, and found that 
the histological subtypes of these ovarian cancers are most endome-
trioid/clear cell ovarian cancers[21,22]. Therefore, histological sub-
types are still used to distinguish EAOC and typical ovarian cancer. Some 
recent studies also found that ARID1A mutations are the main cause of 
EAOC[23], and our research is using endometrioid carcinoma and clear 
cell ovarian cancer cell lines to conduct experiments and continue our 
past research[17] to find out the key mutation gene ARID1A6488delG may 
be has the ability to regulate the formation of EAOC. 

Endometriosis in the uterine cavity is called adenomyosis, an 
estrogen-dependent gynecological disease that is characterized by the 
presence of ectopic endometrial glands and stroma in the myometrium 
of the uterine wall (the deep part of the myometrium), is surrounded and 
covered by myogenic fibers, and is usually associated with inflamma-
tion, chronic pain, and infertility[24]. The evolution of benign endo-
metriosis into malignant ovarian cancer has been a very popular 
research topic in recent years. Our study explored in detail the role of 
ARID1A mutations in EAOC. Our study found that the ARID1A 644del-

G/E4F1 complex induces the expression of HDAC6 and produces IL-10 
by mediating GATA3 activation. HDAC6 overexpression regulates 
IL-10 mobilization to the extracellular environment and affects macro-
phages. We collected supernatants from cells overexpressing HDAC6, 
which contained IL-10 released from the cells, and the results showed 
that this supernatant affected M2 macrophage polarization. In addition, 
the HDAC6 inhibitor vorinostat decreased the levels of HDAC6 and 
IL-10, leading to reduced M2 macrophage polarization and inhibited 
tumor formation. 

ARID1A is regarded as a cancer suppressor gene that prevents cells 
from growing and dividing quickly or uncontrollably. Therefore, 
ARID1A mutations may be related to the occurrence and progression of 
certain cancers. The mutations of ARID1A are mostly frameshift muta-
tions or meaningless mutations. There are two types of mutation hot 
spots: one is a mutation in the sequences of the nuclear output signal, 
which leads to a decrease in the nuclear output of ARID1A, and the other 
affects the interaction between ARID1A and SWI/SNF, thereby 
destroying the stability of the SWI/SNF complex[25]. ARID1A mutation 
leads to a decrease in the nuclear output of ARID1A. Previous studies 
also found that ARID1A mutation directly activates HDAC6 gene tran-
scription[8]. In addition, TRAP software identified E4F1 in the HDAC6 
promoter regulatory region. E4F1 is a member family of the SWI/SNF 
complex[26]. Therefore, we suggest that the ARID1A mutant destroys 
the stability of the SWI/SNF complex, binds to E4F1 and regulates 
HDAC6 transcription in the nucleus. Therefore, we verified that E4F1 is 
an upstream transcription factor of HDAC6 and found that E4F1 pro-
tein–protein interacted with ARID1A6488delG in TOV-21 G and 
TOV-112D cells (Fig. 2 D, E and F). Our experimental results showed 
that the E4F1/ARID1A6488delG complex is an upstream transcription 
factor of HDAC6. 

In addition, ARID1A is the epigenetic regulator with the highest 
mutation rate in all cancers [27], and some reports show that the low 
expression of ARID1A or mutations in ARID1A are associated with the 
death, recurrence, and development of specific cancers[28,29]. 
Furthermore, studies have indicated that mutations in the ARID1A gene 
promoter lead to reduced expression of ARID1A and that methylation of 
the ARID1A gene promoter leads to breast cancer [30]. ARID1A is 
frequently a tumor-suppressor gene, but ARID1A mutation leads to gene 
instability and loss of ARID1A protein expression; therefore, ARID1A is 
unsuitable as a target of clinical therapy in cancer[23]. ARID1A is a 

nucleocytoplasmic protein, and cytoplasmic ARID1A is more stable than 
nuclear ARID1A because the ubiquitin–proteasome system largely ex-
ists in the nucleus[25]. Some studies have found that HDAC6 expression 
is critical in ARID1A-mutated ovarian cancers[8,31]. Whether ARI-
D1A6488delG affects the ubiquitin–proteasome system in the nucleus is 
unknown. The glycine of the carboxyl-terminal of the target protein is 
combined with lysine residue and catalyzed by ubiquitin ligase, the 
protein will be sent to the proteasome for degradation[32]. In the future, 
we will focus on the role of ARID1A6488delG in ubiquitin–proteasome 
system. 

In our previous study, we collected four specimen types, including 
normal endometrium, ectopic endometriotic lesion, atypical endome-
triosis and carcinoma, from patients with malignant transformation and 
sequenced each sample with three independent samples by the Ion 
Torrent™ platform. We focused on ARID1A and found that the most 
frequently mutated sites were 6488delG, 4478delA, 3715 G>C and 
4337 G>A[17]. We further analyzed the association between ARID1A 
mutation and HDAC6 in this study. The results show that ARID1A6488-

delG increased HDAC6 protein expression compared to the control group. 
Our experimental results are the first to confirm that the ARI-
D1A6488delG mutation gene regulates the expression of HDAC6 in 
cancer. 

In addition, HDAC6 deacetylates other proteins and binds to ubiq-
uitin to regulate the degradation of misfolded proteins[33,34]. More 
evidence indicates that HDAC6 is involved in the regulation of inflam-
mation and the immune response[35], and HDAC6 regulates signal 
transduction through Toll-like receptors, whose transcription process is 
triggered by the detection of the cell surface and phagosome and plays 
an important role in the innate immune response of intracellular infec-
tion by bacteria. In addition, studies have also found the abnormal 
expression of HDAC6 in various diseases, including cancer and neuro-
degenerative diseases. The activation of HDAC6 affects the gene 
expression of certain key immune system factors, including 
tumor-associated antigens, interleukin-10 (IL-10), programmed cell 
death protein 1, PD-1 and programmed death-ligand 1, PD-L1, which are 
the main target factors for cancer immunotherapy [36,37]. Therefore, 
research on small molecule drugs targeted by HDAC6 as therapeutic 
agents is ongoing. Simultaneously, the relationship between HDAC6 and 
tumors is also relevant, and related reports have indicated that high 
expression of HDAC6 can be detected in lung cancer, bladder cancer and 
malignant melanoma. At present, it is also known that HDAC6 can 
participate in tumor generation and development through multiple 
pathways, such as cancer cell transformation, migration and invasion 
[38–40]. 

HDACi is an anticancer agent that can block the function of the 
HDAC enzyme and is currently known to reduce the expression of genes 
for cell division and inhibit the spread of cancer[41]. Currently, the U.S. 
Food and Drug Administration (FDA) has approved four HDAC in-
hibitors for the treatment of cancer patients. These include romidepsin 
(FK228)[42], zolinza (vorinostat)[43] and belinstat (PXD101)[44], 
which are mainly used to treat T-cell lymphoma. In addition, Farydak 
(panobinostat)[45] has been approved for the treatment of myeloma. 
Zolinza (vorinostat) and belinstat (PXD101) mainly act on class I and 
class II HDACs, and HDAC6 belongs to class II. The single agents zolinza 
(vorinostat) and belinstat (PXD101) have poor efficacy in solid tumors, 
but EAOC has not been evaluated in any clinical trials. Our study 
confirmed that Vorinostat can effectively inhibit the growth of EAOC 
tumors, which has further reference value for clinical trials in the future. 

The human immune system response to foreign pathogens involves 
the rapid activation of proinflammatory cytokines, which can activate 
the ability of the host to defend against microbial invasion. However, 
excessive inflammation in the body causes a systemic metabolic 
response that is harmful to the host. Therefore, the immune system has 
developed an antagonistic anti-inflammatory mechanism that can 
inhibit the production of proinflammatory factors, thereby limiting tis-
sue damage and maintaining or restoring a stable state[46,47]. 

T.-H. Hsieh et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 161 (2023) 114500

10

Interleukin-10 (IL-10) is an effective anti-inflammatory cytokine that 
plays an important role in preventing inflammation and autoimmune 
diseases in the body[48]. IL-10 is composed of 178 amino acids (AA) 
with a mature fragment of 160 AA, a signal sequence of 18 AA and a 
molecular weight of 37 kDa. There are many types of cells that can 
produce IL-10, including macrophages, dendritic cells, B cells, regula-
tory T cells, CD8 + T cells, and natural killer (NK) cells [49,50]. How-
ever, it is known that IL-10 deficiency or abnormal manifestations 
enhance the inflammatory response to microbial attack and cause 
inflammation in the body and the development of some autoimmune 
diseases[51]. A previous study found that silencing IL-10, impaired 
signal transduction, or acute infection enhanced the clearance of path-
ogens but also increased the inflammatory response, leading to an 
excessive immune response and tissue damage[52]. In contrast, some 
pathogens use the immunosuppressive ability of IL-10 to limit the im-
mune response of the host so that the pathogen can continue to infect the 
host. Inhibition of IL-10 immune activity is regulated by heterodimeric 
IL-10 receptors. Although IL-10 receptor complexes are expressed to 
varying degrees in different cell types, the main target cells of IL-10 seem 
to be monocytes and macrophages. Our study also confirmed that IL-10 
plays an important role in EAOC and has the ability to regulate M2 
macrophage polarization. 

Based on the above conclusions, we believe that HDAC6, IL-10 and 
mutations in ARID1A play important roles in EAOC for macrophage 
polarization. We suggest that HDAC6 is a key factor affecting the 
development of drugs for endometriosis and may be a therapeutic target 
for mutations in ARID1A. When vorinostat inhibits the expression of 
HDAC6, it will definitely cause side effects on normal tissues. Therefore, 
the mechanism that can accurately deliver and release drugs to tumor 
locations will be the focus of future development. Many small molecule 
peptides, modified plasmids and cell therapy are all possible treatments 
in the future. 
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