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Aims: Influenced by microenvironment, human peritoneal mesothelial cells (HPMCs)
acquired fibrotic phenotype, which was identified as the protagonist for peritoneal
fibrosis. In this study, we examined the role of histone deacetylase 6 (HDAC6) for
interleukin-6 (IL-6) induced epithelial-mesenchymal transition (EMT), proliferation, and
migration of HPMCs.

Methods: The role of HDAC6 in IL-6-elicited EMT of HPMCs was tested by morphological
observation of light microscope, immunoblotting, and immune-fluorescence assay; and
the function of HDAC6 in proliferation and migration of HPMCs was examined by CCK-8
assay, wound healing experiment, and immunoblotting.

Results: IL-6 stimulation significantly increased the expression of HDAC6. Treatment with
tubastatin A (TA), a highly selective HDAC6 inhibitor, or silencing of HDAC6 with siRNA
decreased the expression of HDAC6. Moreover, TA or HDAC6 siRNA suppressed IL-6-
induced EMT, as evidenced by decreased expressions of α-SMA, Fibronectin, and
collagen I and the preserved expression of E-cadherin in cultured HPMCs.
Mechanistically, HDAC6 inhibition suppressed the expression of transforming growth
factor β (TGFβ) receptor I (TGFβRI), phosphorylation of Smad3, secretion of connective
tissue growth factor (CTGF), and transcription factor Snail. On the other hand, the
pharmacological inhibition or genetic target of HDAC6 suppressed HPMCs
proliferation, as evidenced by the decreased optical density of CCK-8 and the
expressions of PCNA and Cyclin E. The migratory rate of HPMCs also decreased.
Mechanistically, HDAC6 inhibition blocked the activation of JAK2 and STAT3.
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Conclusion: Our study illustrated that IL-6-induced HDAC6 not only regulated IL-6 itself
downstream JAK2/STAT3 signaling but also co-activated the TGF-β/Smad3 signaling,
leading to the change of the phenotype and mobility of HPMCs. HDAC6 could be a
potential therapeutic target for the prevention and treatment of peritoneal fibrosis.

Keywords: histone deacetylase 6, interleukin-6, epithelial-mesenchymal transition, proliferation, migration,
peritoneal mesothelial cells

INTRODUCTION

Peritoneal dialysis (PD) is an effective and home-based renal
replacement therapy for end-stage renal disease (ESRD) patients
(Li et al., 2017). Peritoneal fibrosis (PF) is the main factor for
ultrafiltration loss and treatment failure in PD patients, and it is
characterized by the loss of mesothelial cells (MCs) and increase
of myofibroblasts in submesothelial areas, where epithelial-
mesenchymal transition (EMT) occurs (Zhou Q. et al., 2016).

The EMT process refers to the trans-differentiation of
epithelial cells into motile mesenchymal cells, which is
regulated by related transcriptional factors, such as Snail and
Twist, resulting in upregulation of mesothelial cell markers
(i.e., α-SMA, Collagen I, and Fibronectin) and downregulation
of epithelial cell markers (i.e., E-cadherin and ZO-1) (Lamouille
et al., 2014). Meanwhile, peritoneal mesothelial cells under
phenotypic transformation often acquire the capacity of
proliferation and invasiveness and secrete more cell cycle
associated proteins, such as proliferating cell nuclear antigen
(PCNA) and Cyclin E (He et al., 2015). Traditionally, this
process is triggered via the activation of the canonical
transforming growth factor-β (TGF-β) pathway (Zhou Q.
et al., 2016). However, peritoneal fibrosis has two cooperative
parts, the fibrosis process itself and the inflammation (Zhou Q.
et al., 2016; Balzer, 2020). The link between them is frequently
bidirectional, with each one inducing the other (Balzer, 2020).
Thus, the noncanonical inflammatory cytokines-elicited EMT
also arouses the attention of researchers.

Particularly for IL-6, it is a multifunctional cytokine
produced by a variety of cells such as lymphoid and non-
lymphoid cells and by normal and transformed cells,
including macrophages, mesothelial cells, and mesenchymal
cells (Choy et al., 2020). The prospective clinic studies show
that significant amounts of IL-6 in drained dialysate are in much
higher concentrations than in serum under stable conditions
(Lopes Barreto et al., 2011; Yang et al., 2014; Yang et al., 2018).
The dialysate IL-6 level is increased shortly before the onset of
and during the peritoneal fibrosis and several months after the
clinically cured peritonitis, suggesting its local production and
reflecting an intraperitoneal fibrosis and inflammatory state
(Yang et al., 2014; Yang et al., 2018). However, the cellular
mechanisms initiating an IL-6-related fibrosis response are still
unclear. The current study aims to investigate the mechanism of
IL-6-directed EMT, proliferation, and migration of MCs from
an epigenetic point of view.

Epigenetics refers to heritable changes in gene
expression which does not involve changes to the
underlying DNA sequences (Guo et al., 2019).

Acetylation is an important epigenetics modification in
histone tail, which is regulated by histone
acetyltransferases (HATs) and histone deacetylases
(HDACs) (West and Johnstone, 2014). Histone
deacetylase 6 (HDAC6) belongs to class IIb and
primarily resides in the cytoplasm, while its deacetylase
activity controls both cytoplasmic and nuclear functions
(Pulya et al., 2021). The best characterized substrate for
HDAC6 is α-tubulin (Hubbert et al., 2002). HDAC6
deacetylates α-tubulin via a process that requires its
second HDAC domain and leads to an increase in the
cell motility (Hubbert et al., 2002). Moreover, we and
other research groups found that, unlike classes I, IIa,
and III HDACs knockout mice, the homozygous
HDAC6-deficient mice, which presented hyperacetylated
tubulin in quite a lot tissues, were viable and fertile (Zhang
et al., 2008; Chen et al., 2020). This indicated that HDAC6-
specific inhibitors could be a safer and better tolerated
medicine than pan-HDAC inhibitors. Recently, some of
HDAC6 selective inhibitors, such as ACY-1215 (IC50 �
4.8 nM) and ACY-241 (IC50 � 2.6 nM), had been
underwent the Phase I/II clinical trials in the field of
tumors treatment (Porter et al., 2017; Pulya et al., 2021).
Comparing these molecules, tubastatin A (TA) inhibited
HDAC6 with an IC50 of 15 nM. Even so, TA was still a
potential candidate because of its high selectivity. TA was
found to have about 1093 fold selectivity towards HDAC6
over class Ⅰ HDACs, while ACY-1215 and ACY-241 had 12-
fold and 18-fold selectivity, respectively (Porter et al.,
2017; Pulya et al., 2021). Thus, TA was adopted and
administrated at different concentrations in the
current study.

Notably, previous studies reported that HDAC6 promoted
kidney and lung fibrosis, mainly through its regulation and
activation on growth factor receptors (Deribe et al., 2009; Saito
et al., 2017; Chen et al., 2020). However, the role of HDAC6 in the
inflammatory factor IL-6 signaling pathway remains unexplored.
IL-6 was accounted for a significant concentration in the drained
dialysate and thus adopted to stimulate human peritoneal
mesothelial cells (HPMCs). Interestingly, we observed that
HDAC6 was overexpressed after stimulation; meanwhile
HPMCs tended to EMT, proliferation, and migration. What is
the role of this IL-6-induced deacetylase for cell phenotype and
mobility? Does it have a modification on the downstream
signaling of IL-6? Could it be a linker between IL-6 and TGF-
β signaling?

In this study, we first assessed the effect of TA on the IL-6-
induced change of the phenotype and the mobility of HPMCs and
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further investigated the signaling regulatory mechanism, in order
to provide evidence for future clinical trials in the field of
peritoneal fibrosis.

MATERIALS AND METHODS

Antibodies and Reagents
Tubastatin A and MG132 were purchased from Selleckchem
(Houston, TX, United States). Antibodies to HDAC6 (#7612),
Acetyl Histone H3 (Lys9) (#9649), Histone H3 (#9717), Acetyl
α-Tubulin (Lys40) (#5335), α-Tubulin (#3873), ZO-1 (#13663),
Smad3 (#9523), p-Smad3 (#9520), JAK2 (#3230), p-JAK2
(#3771), STAT3 (#9139), p-STAT3 (#9138), CTGF (#86641),
E-cadherin (#14472), Cyclin E (#20808) and Snail (#3879)
were purchased from Cell Signaling Technology (Danvers,
MA, United States). Antibody to Fibronectin (ab2413) was
purchased from Abcam (Cambridge, MA). Antibodies to
GAPDH (sc-32233), Collagen I (A2) (sc-28654), TGFβRI (sc-
399), Smad7 (sc-365846), and PCNA (sc-71858) were purchased
from Santa Cruz Biotechnology (San Diego, CA, United States).
IL-6 protein was purchased from R&D Systems (Minneapolis,
MN, United States). HDAC6 siRNA was purchased from
GenePharma (Shanghai, China). Lipofectamine 2000 was
purchased from Invitrogen (Grand Island, NY, United States).
The Cell Counting Kit-8 (CCK-8) proliferation assay kit was
purchased from Beyotime Biotechnology (Haimen, China).
Antibody to α-SMA (A2547) and all other chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, United States).

Mesothelial Cell Culture
Human peritoneal mesothelial cells (HPMCs) (Jennio
Biotechnology, Guangzhou, China) were cultured in MEM
containing 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin in an atmosphere of 5% CO2 and 95% air at
37°C. To determine the effect of HDAC6 inhibition on EMT
induced by IL-6, the HPMCs were starved for 24 h with 0.5% FBS
in MEM and then exposed to IL-6 (100 ng/ml) for 36 h in the
presence or absence of different concentrations of TA (5, 10, and
20 µM) orMG132 (5 µM) before cell harvesting. All of the in vitro
experiments were repeated for at least three times.

siRNA Transfection
The small interfering (si) RNA oligonucleotides targeted specially
for HDAC6 were used to downregulate the HDAC6 level in the
cultured human peritoneal mesothelial cells. The HPMCs were
seeded to 30–40% confluence in antibiotic-free medium and grown
for 24 h and then were transfected with HDAC6 siRNA (50 nmol)
with Lipofectamine 2000 according to the manufacturer’s
instructions. In parallel, scrambled siRNA (50 nmol) was used as
control for the off-target changes in the HPMCs. After transfection
for 24 h, the cells were treated with IL-6 (100 ng/ml) for an
additional 36 h before being harvested for further experiments.

CCK-8 Proliferation Assay
The CCK-8 proliferation kit was used according to the
manufacturer’s instructions. The HPMCs were starved for 24 h

with MEM containing 0.5% FBS and then exposed to IL-6
(100 ng/ml) in the presence or absence of TA (5, 10, and
20 µM). After 36 h, the original culture medium was removed,
and 100 µl newMEMmedium containing 10 µl CCK-8 was added
to each well in a 96-well plate for 37°C incubation for an
additional 4 h. The final optical density values were read at
450 nm.

Immunoprecipitations and Immunoblotting
Following an initial 24 h starvation, the HPMCs were exposed to
IL-6 (100 ng/ml) for 36 h. The cell lysate was harvested by using
ice-cold non-denaturing lysis buffer (Thermo Scientific,
Rockford, IL). Co-immunoprecipitation (co-IP) was done
using the Thermo Scientific Pierce co-IP kit (26149) following
the manufacturer’s protocol. Briefly, the HDAC6 or IgG antibody
was first immobilized for 2 h using AminoLink Plus coupling
resin. The resin was then washed and incubated with the cell
lysate overnight. After incubation, the resin was again washed and
the protein was eluted using the elution buffer. The samples were
analyzed by immunoblotting using the antibodies of Smad3,
HDAC6, and GAPDH. Immunoblotting was performed as
previously described (Zhou X. et al., 2016). The densitometry
analysis of immunoblotting results was conducted by using
ImageJ software.

Wound Healing Assay
The HPMCs were seeded in a 6-well plate and allowed to reach
90% confluence. A scratch wound was created on the cell surface
using a micropipette tip. Then, the cells were washed with PBS
three times and incubated in serum-free MEM with IL-6 (100 ng/
ml) in the presence or absence of TA (20 µM) and HDAC6
siRNA. The photomicrographs (× 40 objective magnification) of
the migrating cells were taken at 0–36 h. The width of the wound
was measured using ImageJ software (National Institutes of
Health, Bethesda, MD, United States). The migratory rate was
calculated as (A− B)/A × 100%, where A and B reflect the width of
the wound at 0–36 h, respectively.

Immunofluorescence Staining
The cells grown on chamber slides were fixed for 15 min with 4%
paraformaldehyde. The samples were permeabilized with 0.1%
Triton X-100 for 30 min. Then, the samples were blocked with
goat serum for 15 min. The primary antibodies against HDAC6,
Acetyl Histone H3, α-SMA, Fibronectin, E-cadherin, and ZO-1
diluted in PBS (1:100) were added to the samples, respectively,
and incubated overnight at 4°C. After PBS washing, the cells were
incubated with the Texas Red-labeled secondary antibody (1:200,
Beyotime, China) diluted in PBS for 1 h at room temperature. The
nuclei were stained with DAPI. After additional washing for
5 min three times, the samples were sealed by the antifade reagent
and visualized with an Olympus fluorescence microscope (at
×200 magnification).

Statistical Analysis
All the experiments were conducted at least three times. The data
depicted in the graphs represent the means ± SEM for each group.
The intergroup comparison was made using one-way analysis of
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variance. Multiple means were compared using Tukey’s test. The
differences between the two groups were determined by Student’s
t-test. The statistical significant difference between the mean
values was marked in each graph. p < 0.05 was considered
significant. The statistical analyses were conducted by using
IBM SPSS Statistics 20.0 (Version X; IBM, Armonk, NY,
United States).

RESULTS

IL-6 Increases the Expression of HDAC6 in
Cultured Peritoneal Mesothelial Cells
IL-6 was a canonical inflammation factor, which was highly
expressed in the fibrotic peritoneum and the dialysis effluent
from long-term PD patients (Lopes Barreto et al., 2011; Yang

FIGURE 1 | IL-6 increases the expression of HDAC6 in cultured human peritoneal mesothelial cells. (A)Cell morphology was observed using light microscopy. Red
arrows indicate the cobblestone-shaped cells and yellow arrows show the spindle-shaped cells. (B) Cell lysates were subjected to immunoblot analysis with antibodies
against HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH. (C) Expression levels of HDAC6 and Acetyl Histone H3 were quantified by
densitometry and normalized with GAPDH and total Histone H3, respectively. (D) Expression level of Acetyl α-Tubulin was quantified by densitometry and
normalized with total α-Tubulin. Immunofluorescence photomicrographs (×200) illustrate staining of HDAC6 (E) and Acetyl Histone H3 (F). In the HPMCs under different
treatment, the count of HDAC6 or Acetyl Histone H3 positive cells was calculated from 10 random fields of each cell sample. Data are represented as the mean ± SEM
(n � 3). Means with different superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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et al., 2014; Yang et al., 2018). We aimed to investigate the
mechanism by which IL-6 regulated the peritoneal fibrosis.
Firstly, the human peritoneal mesothelial cells were stimulated
by IL-6 in vitro. We found that the exposure of HPMCs to IL-6 at
100 ng/ml changed the cell morphology into fusiform or spindle
shape (Figure 1A) and increased the expression level of HDAC6
and decreased the expression of Acetyl Histone H3 and Acetyl
α-Tubulin in the cultured HPMCs (Figures 1B–D). The
treatment of cells with TA, a highly selective inhibitor of
HDAC6, at different concentrations (5, 10, and 20 μM)
resulted in decreasing the expression of HDAC6 and
increasing the expression of Acetyl Histone H3 (Figures 1B,C)
and Acetyl α-Tubulin (Figures 1B,D) in a concentration-
dependent manner, with a maximum effect at 20 μM. Neither
IL-6 stimulation nor TA treatment had an impact on total
expression of Histone H3 and α-Tubulin (Figure 1B). In
addition, the immunofluorescent staining of HPMCs showed
that HDAC6 was mainly expressed in both nucleus and the
cytosol, while TA treatment decreased IL-6-induced HDAC6
and improved Acetyl Histone H3 (Figures 1E,F).

Notably, we found that TA not only inhibited the activity of
HDAC6 but also reduced the expression of HDAC6. We
suggested that TA induced the degradation of HDAC6
through the ubiquitin-proteasome pathway. It has been
documented that MG132 is a specific inhibitor which can
reduce the degradation of ubiquitin-conjugated proteins in
mammalian cells (Longhitano et al., 2020). The HPMCs were
exposed to IL-6 (100 ng/ml) and TA (20 μM) treatment in the
presence or absence of MG132 (5 µM). Immunoblotting showed
that TA significantly downregulated the expression of HDAC6,
and further administration of MG132 resulted in upregulation of
HDAC6 as indicated in Supplementary Figure S1. These data
suggested that IL-6 increased the expression of HDAC6 in
HPMCs, which was sensitive to TA and ubiquitination at least
in part contributed to the downregulation of HDAC6.

Pharmacological Blockade of HDAC6
Inhibits IL-6 Induced EMT of Cultured
Human Peritoneal Mesothelial Cells
Beside the canonical TGF-β-directed EMT pathway,
inflammatory cytokine IL-6 also facilitated the EMT of the
peritoneal mesothelial cells (Xiao et al., 2017), while the
specific mechanism was still obscure. Considering the high
expression of HDAC6 under the IL-6 stimulation, we
hypothesized that HDAC6 would play an essential role in IL-
6-trigged EMT of HPMCs. To test this hypothesis, we examined
the effect of HDAC6 inhibition on IL-6-induced EMT of
peritoneal mesothelial cells. As shown in Figure 2, exposure to
IL-6 promoted the EMT of HPMCs, showing the increased
expression of mesenchymal cell markers (α-SMA, Fibronectin,
and Collagen I) and the decreased expression of epithelial cell
marker, E-cadherin (Strippoli et al., 2016). Inhibition of HDAC6
with TA markedly suppressed IL-6-induced expression of
α-SMA, Fibronectin, and Collagen I and prevented E-cadherin
loss (Figures 2A–C). In parallel, immunofluorescent staining had
a similar phenomenon. TA treatment downregulated the

expressions of α-SMA and Fibronectin and upregulated the
expressions of E-cadherin and ZO-1 (Figures 2D–G). The
results indicated that the inhibition of HDAC6 by TA could
effectively alleviate IL-6-induced EMT of HPMCs.

siRNA-Mediated Silencing of HDAC6
Inhibits EMT of Peritoneal Mesothelial Cells
To further verify the role of HDAC6 in EMT, we tested the effect
of HDAC6 knockdown on the EMT of HPMCs using specific
siRNA. As shown in Figure 3A, the cell morphology was slightly
turned into oval or cobblestone shape after HDAC6 inhibition.
siRNA-mediated silencing of HDAC6 recovered the abnormally
low expression of Acetyl Histone H3 and Acetyl α-Tubulin
induced by IL-6 but did not alter the level of total Histone H3
and α-Tubulin (Figures 3B–D). As expected, HDAC6 siRNA also
downregulated α-SMA, Fibronectin, and Collagen I and
upregulated the expression of E-cadherin (Figures 3E–G).
These data further confirmed the importance of HDAC6 in
mediating IL-6 induced EMT of peritoneal mesothelial cells.

HDAC6 Is Required for the Activation of the
TGF-β Signaling Pathway in Peritoneal
Mesothelial Cells
It was reported that IL-6 could trigger the activation of the TGF-β
signaling pathway in the fibrosis process (Luckett-Chastain et al.,
2017); however, the cross-talk mechanism was obscure. We
speculated that IL-6-elicited HDAC6 was required for the
activation of the TGF-β signaling pathway, leading to an
increased secretion of growth factors, such as CTGF, and the
increased expression of transcription factors, such as Snail. To
test this hypothesis, we examined the expression of TGF-β type
receptor I (TGFβRI) on the TA-inhibited peritoneal mesothelial
cells. As shown in Figures 4A,B, the base level of TGFβRI was
negligible in the starved cell. However, its expression level was
substantially elevated after IL-6 stimulation, which was further
inhibited by TA treatment in a dose-dependent manner. TA also
suppressed the phosphorylation of Smad3, while it restored the
expression of Smad7, which could block the activation of Smad2/
3 by competitively binding with TGFβRI (Murayama et al., 2020).
There was no impact on total Smad3 (Figures 4A–D). Moreover,
the immunoblot results presented that TA decreased the secretion
of the growth factor CTGF in the IL-6 stimulated HPMCs
(Figures 4E,F); and the nuclear transcription factor Snail,
which was responsible for transcription inhibition of
E-cadherin (Zhang et al., 2018; Wang et al., 2020), also
witnessed a decrease after TA treatment (Figures 4G,H).
Similarly, HDAC6 siRNA inhibited accumulation of TGFβRI,
phosphorylation of Smad3, and loss of Smad7 (Figures 5A–D). It
also had an inhibition effect on the expressions of CTGF and Snail
(Figures 5E–H). These results suggested that HDAC6 was
required for the activation of the TGF-β/Smad3 signaling
pathway, resulting in the secretion of CTGF and upregulation
of Snail (Figure 8).

Additionally, we conducted the immunoprecipitation
experiment to find the direct substrate of HDAC6
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(Supplementary Figure S2). The starved HPMCs were exposed
to IL-6 (100 ng/ml) for 36 h and then harvested and prepared for
immunoprecipitation and immunoblot. The result showed an

interaction between HDAC6 and Smad3 in HPMCs treated with
IL-6. Therefore, we speculated that HDAC6 directly interacted
with Smad3 in the cytoplasm, and deacetylated Smad3 tended to
nuclear localization and phosphorylation.

Inhibition of HDAC6 with TA or siRNA
Alleviates Proliferation and Migration
Through the JAK2/STAT3 Signaling
Pathway in HPMCs.
It was reported that HPMCs underwent EMT acquired the ability
of cell cycle progression, cell proliferation, and cell mobility (He
et al., 2015). Thus, we assessed the role of HDAC6 in regulating

FIGURE 2 | Pharmacological blockade of HDAC6 inhibits IL-6-induced EMT of cultured human peritoneal mesothelial cells. (A) Cell lysates were subjected to
immunoblot analysis with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin, and GAPDH. (B) Expression levels of α-SMA, Fibronectin, and Collagen
I were quantified by densitometry and normalized with GAPDH. (C) Expression level of E-cadherin was quantified by densitometry and normalized with GAPDH.
Immunofluorescence photomicrographs (×200) illustrate staining of α-SMA (D), Fibronectin (E), E-cadherin (F), and ZO-1 (G) in HPMCs under different treatment.
The count of α-SMA, Fibronectin, E-cadherin, and ZO-1 positive cells was calculated from 10 random fields of each cell sample. Data are represented as themean ± SEM
(n � 3). Means with different superscript letters are significantly different from one another (p < 0.05). The scale bars in D, E, and F � 100 μm and the scale bar in
G � 25 μm.
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FIGURE 3 | siRNA-medicated silencing of HDAC6 inhibits EMT of peritoneal mesothelial cells. (A) Cell morphology was observed using light microscopy. The red
arrows indicated the cobblestone-shaped cells and the yellow arrows showed the spindle-shaped cells. (B) Cell lysates were subjected to immunoblot analysis with
antibodies against HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH. (C) Expression levels of HDAC6 and Acetyl Histone H3 were
quantified by densitometry and normalized with GAPDH and total histone H3, respectively. (D) Expression level of Acetyl α-Tubulin was quantified by densitometry
and normalized with total α-Tubulin. (E) Cell lysates were subjected to immunoblot analysis with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin,
and GAPDH. (F) Expression levels of α-SMA, Fibronectin, and Collagen I were quantified by densitometry and normalized with GAPDH. (G) Expression level of
E-cadherin was quantified by densitometry and normalized with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are
significantly different from one another (p < 0.05). All scale bars � 100 μm.
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the proliferation of HPMCs by the CCK-8 assay. The results
showed that IL-6 at 100 ng/ml substantially stimulated the cell
proliferation of HPMCs, compared with the simple starved
group, while the TA treatment kept down the proliferation

level, especially at the concentration of 20 μM (Figure 6A).
The immunoblot analysis further confirmed the ability of TA
in inhibiting cell proliferation, as indicated by decreased
expression levels of PCNA and Cyclin E, two proliferating

FIGURE 4 | Pharmacological blockade of HDAC6 inhibits the activation of the TGF-β signaling pathway and decreases the expression of CTGF and Snail in
peritoneal mesothelial cells. (A)Cell lysates were subjected to immunoblot analysis with specific antibodies against TGFβRI, p-Smad3, Smad3, Smad7, and GAPDH. (B)
Expression level of TGFβRI was quantified by densitometry and normalized with GAPDH. (C) Expression level of p-Smad3 was quantified by densitometry and
normalized with Smad3. (D) Expression level of Smad7was quantified by densitometry and normalized with GAPDH. (E)Cell lysates were subjected to immunoblot
analysis with specific antibodies against CTGF and GAPDH. (F) Expression level of CTGF was quantified by densitometry and normalized with GAPDH. (G) Cell lysates
were subjected to immunoblot analysis with specific antibodies against Snail and GAPDH. (H) Expression level of Snail was quantified by densitometry and normalized
with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are significantly different from one another (p < 0.05).
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hallmarks (Figures 6B–D). In addition, the cell migration test
showed that TA suppressed the migratory rate of HPMCs
(Figures 6E,F). To further reveal the mechanism in TA-

downregulated proliferation and migration, we tested the
expressions of JAK2 and STAT3 before and after the TA
treatment in IL-6-stimulated HPMCs. The immunoblot

FIGURE 5 | siRNA-medicated silencing of HDAC6 inhibits the activation of the TGF-β signaling pathway and decreases the expression of CTGF and Snail in
peritoneal mesothelial cells. (A)Cell lysates were subjected to immunoblot analysis with specific antibodies against TGFβRI, p-Smad3, Smad3, Smad7, and GAPDH. (B)
Expression level of TGFβRI was quantified by densitometry and normalized with GAPDH. (C) Expression level of p-Smad3 was quantified by densitometry and
normalized with Smad3. (D) Expression level of Smad7was quantified by densitometry and normalized with GAPDH. (E)Cell lysates were subjected to immunoblot
analysis with specific antibodies against CTGF and GAPDH. (F) Expression level of CTGF was quantified by densitometry and normalized with GAPDH. (G) Cell lysates
were subjected to immunoblot analysis with specific antibodies against Snail and GAPDH. (H) Expression level of Snail was quantified by densitometry and normalized
with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are significantly different from one another (p < 0.05).
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analysis showed that TA suppressed the phosphorylation of JAK2
and STAT3 in a concentration-dependent manner, while the total
protein was not impacted (Figures 6G,H). Additionally, we
found that siRNA-mediated silencing of HDAC6 achieved
similar results (Figure 7). Taken together, these data
illustrated that HDAC6 promoted the proliferation and
migration of HPMCs through regulating the JAK2/STAT3
signaling (Figure 8).

DISCUSSION

The mesothelial cells which transferred to the mesenchymal
phenotype acquired the increased capacity of proliferation,
migration, and extracellular matrix (ECM) secretion, forming
a fibrosis scar (Zhou Q. et al., 2016). Beside the canonical TGF-β,
the inflammation factor IL-6 was also an important fibrosis
inducer, which had a significant amount in the drained

FIGURE 6 | Pharmacological blockade of HDAC6 alleviates proliferation andmigration through the JAK2/STAT3 signaling pathway in human peritoneal mesothelial
cells. (A)Cell proliferation was assessed by the CCK-8 assay. (B)Cell lysates were subjected to the immunoblot analysis with specific antibodies against PCNA, Cyclin E,
and GAPDH. (C) Expression level of PCNA was quantified by densitometry and normalized with GAPDH. (D) Expression level of Cyclin E was quantified by densitometry
and normalized with GAPDH. (E) Wound-healing assay of HPMCs treated with IL-6 (100 ng/ml) in the presence or absence of TA (20 μM). Photomicrographs of
migrating cells were taken at 0 and 36 h. (F) The width of the wound was measured, and the migratory rate was calculated. (G) Cell lysates were subjected to the
immunoblot analysis with specific antibodies against p-JAK2, JAK2, p-STAT3, STAT3, and GAPDH. (H) Expression levels of p-JAK2 and p-STAT3 were quantified by
densitometry and normalized with JAK2 and STAT3, respectively. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are
significantly different from one another (p < 0.05). All scale bars � 500 μm.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72263810

Shi et al. Role of HDAC6 in PMC

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


dialysate from the PD patients (Lopes Barreto et al., 2011; Yang
et al., 2014; Yang et al., 2018). However, the specificmechanism in
the IL-6-induced cell phenotype change was still obscure. The
current study firstly unravels a pivotal role of IL-6-elicited
HDAC6 in signaling regulation and in EMT, proliferation, and
migration of HPMCs.

It had been well established that TGF-β1 triggers EMT.
Indeed, IL-6 also had this capacity, which was an indirect

process through coactivating the TGF-β signaling pathway
(Luckett-Chastain et al., 2017). Although the IL-6/TGF-β
cooperation in the realm of ECM deposition had been
documented (Luckett-Chastain et al., 2017; Epstein Shochet
et al., 2020), their modulatory link was obscure. Our current
study found that IL-6 stimulation induced the overexpression
of HDAC6 in HPMCs. HDAC6 might be a vital linker between
two signalings. The best characterized substrate for HDAC6

FIGURE 7 | siRNA-medicated silencing of HDAC6 inhibits proliferation and migration through the JAK2/STAT3 signaling pathway in human peritoneal mesothelial
cells. (A) Cell lysates were subjected to the immunoblot analysis with specific antibodies against PCNA, Cyclin E, and GAPDH. (B) Expression levels of PCNA and Cyclin
E were quantified by densitometry and normalized with GAPDH. (C) The wound-healing assay of the HPMCs treated with IL-6 (100 ng/ml) in the presence of HDAC6
siRNA or scrambled siRNA. Photomicrographs of migrating cells were taken at 0 and 36 h. (D) The width of the wound was measured, and the migratory rate was
calculated. (E) Cell lysates were subjected to the immunoblot analysis with specific antibodies against p-JAK2, JAK2, p-STAT3, STAT3, and GAPDH. (F) Expression
levels of p-JAK2 and p-STAT3 were quantified by densitometry and normalized with JAK2 and STAT3, respectively. Data are represented as the mean ± SEM (n � 3).
Means with different superscript letters are significantly different from one another (p < 0.05). All scale bars � 500 μm.
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was α-Tubulin, an important component of the cytoskeleton,
which had been reported to closely contact with clathrin, a
receptor endocytosis-related protein (Rappoport et al., 2003;
Montagnac et al., 2013). Evidence showed that clathrin moved
along the microtubule cytoskeleton parallel to the cell surface
(Rappoport et al., 2003; Montagnac et al., 2013). Acetylation of
α-Tubulin tended to form a polymerization of microtubule and
resulted in modest reduced endocytosis, while deacetylated
α-Tubulin facilitated the insertion of the complexes in the
clathrin-coated pits (Thomas et al., 2016; Melgari et al., 2020).
Given that the TGF-β receptors were constitutively
internalized via clathrin-dependent or lipid raft-dependent
endocytic pathways (Kardassis et al., 2009), we suggested
that IL-6 might modulate the activity of TGFβRⅠ through
upregulating deacetylase HDAC6, deacetylating α-Tubulin,
and subsequent promoting clathrin internalization. This was
evidenced by our present data demonstrating that HDAC6
inhibition increased the acetylation of α-Tubulin, decreased
the expression of TGFβRⅠ, and the activation of the TGF-β
network in IL-6 treated HPMCs. But how does IL-6 increase
the expression and activity of HDAC6? It might also work
through an epigenetic mechanism. The detailed mechanism
waited further investigation.

Our study also found that HDAC6 affected the activity of
Smad3 in IL-6-treated HPMCs. The activation of Smad3 was not
just the downstream effector of the TGF receptor. The emerging
evidence implicated that the microtubule structure regulated the
Smads activity (Dong et al., 2000; Zhu et al., 2004). Binding of
Smads to microtubules kept Smads in their inactive stage, and
TGF-β1 could trigger the release of Smads frommicrotubules and
the subsequent phosphorylation of Smads (Dong et al., 2000; Zhu
et al., 2004). Thus, one possible mechanism is that HDAC6
modulated the Smad3 activity through deacetylating α-Tubulin
and promoting the release of Smad3. Another mechanism of
Smad3 activation might be a direct acetylation modification by
HDAC6 itself. A recent study reported the requirement of
HDAC6 for the epidermal growth factor- (EGF-) triggered
nuclear localization of β-catenin (Li et al., 2008). The
deacetylation of lysine 49 in β-catenin was suggested to be
essential for nuclear localization of β-catenin. It was
conceivable that HDAC6 regulated nuclear localization of
Smad3 via deacetylating Smad3 or Smad3-interacting proteins.
As expected, the immunoprecipitation experiment confirmed a
direct interaction between HDAC6 and Smad3 in HPMCs treated
with IL-6. Subsequently, intranuclear Smad3 recruited and
activated the transcription factor Snail and promoted the
expression of the ECM protein and the secretion of CTGF.
Our results showed that HDAC6 was required for the
phosphorylation of Smad3, while it did not affect the total
expression of Smad3. Interestingly, Smad7, a Smad3 blocker in
the TGF-β network, encountered a significant increase following
the HDAC6 inhibition. Collectively, we suggested that HDAC6
was required for IL-6-elicited TGF-β signaling transduction
through upregulation of TGFβRⅠ, activation of Smad3, and
downregulation of Smad7. Nevertheless, the mechanisms
underlying HDAC6-mediated Smad signaling need further
investigation.

Another important transcription factor in IL-6 signaling was
STAT3, which was responsible for cell proliferation and invasion
(Cheng et al., 2020). We speculated that activation of JAK2/
STAT3 might relate to deacetylation of α-Tubulin. Like many
other transcription factors, STAT3 possessed a coiled-coil
domain, which was found in a variety of tubulin-binding
proteins (Zhang et al., 2000; Tala et al., 2014). In leukemia
cells, STAT3 was mainly concentrated in the centrosome
region where microtubules were more stable and
hyperacetylated (Yan et al., 2015). It was possible that
deacetylation of α-Tubulin promoted the activation and
nuclear translocation of STAT3, which might generate a
positive feedback and affect phosphorylation of JAK2,
contributing to an amplifying IL-6/JAK2/STAT3 signaling.
Thus, the cell cycle associated proteins (i.e., PCNA and Cyclin
E) increased and resulted in cell proliferation. Moreover, HDAC6
also promoted the cell migration. It was documented that the
interaction between deacetylated α-Tubulin and STAT3 changed
the stability of microtubule and activated the small GTPase Rac-1
or Rho to control actin-dependent membrane ruffling and cell
motility (Hubbert et al., 2002). Consistently, HDAC6 inhibition
reduced the STAT3 response and blocked the feedback for JAK2,
slowing down the proliferation and migration of HPMCs.

FIGURE 8 | Requirement of HDAC6 for IL-6 induced EMT, proliferation,
and migration of peritoneal mesothelial cells resulted in an aggravation of
peritoneal fibrosis. Exposure of IL-6 to the peritoneal mesothelial cells
upregulates HDAC6, which leads to activation of TGF-β/Smad3 and
JAK2/STAT3 signaling, subsequently inducing EMT (i.e., expression of CTGF
and Snail), proliferation, and migration (i.e., production of PCNA and Cyclin E)
response. All these responses are inhibited by TA or HDAC6 siRNA.
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In conclusion, the current study firstly found that IL-6-induced
deacetylase HDAC6 not only regulated IL-6 itself downstream the
JAK2/STAT3 signaling but also co-activated the TGF-β/Smad3
signaling, leading to the change of the phenotype and mobility of
cells. This finding partially interpreted the mechanism of the
development of peritoneal fibrosis under the inflammation
microenvironment. HDAC6 could be a potential therapeutic
target for the prevention and treatment of peritoneal fibrosis.
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