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Abstract

Objectives: Fibrotic cataract, including posterior capsule opacification (PCO) and
anterior subcapsular cataract (ASC), renders millions of people visually impaired
worldwide. However, the underlying mechanism remains poorly understood. Here,
we report a miRNA-based regulatory pathway that controls pathological fibrosis of
lens epithelium.

Materials and methods: Expression of miR-22-3p and histone deacetylase 6 (HDAC6)
in normal and PCO patient samples were measured by gPCR. Human lens epithelial
explants were treated with TGF-B2 in the presence or absence of miR-22-3p mim-
ics or inhibitor. Cell proliferation was determined by MTS assay, and migration was
tested by transwell assay. Expression of HDAC6 and EMT-related molecules were
analysed by Western blot, gqPCR and immunocytochemical experiments.

Results: We identify miR-22-3p as a downregulated miRNA targeting HDAC6 in LECs
during lens fibrosis and TGF-f2 treatment. Mechanistically, gain- and loss-of-function
experiments in human LECs and lens epithelial explants reveal that miR-22-3p pre-
vents proliferation, migration and TGF-f2 induced EMT of LECs via targeting HDAC6
and thereby promoting a-tubulin acetylation. Moreover, pharmacological targeting
of HDAC6 deacetylase with Tubacin prevents fibrotic opaque formation through in-
creasing a-tubulin acetylation under TGF-p2 stimulated conditions in both human
lens epithelial explants and the whole rat lenses.

Conclusions: These findings suggest that miR-22-3p prevents lens fibrotic progres-
sion by targeting HDAC6 thereby promoting o-tubulin acetylation. The ‘miR-22-
HDAC6-a-tubulin (de)acetylation’ signalling axis may be therapeutic targets for the

treatment of fibrotic cataract.

Xiaoran Wang and Liping Wang are contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Cell Proliferation published by John Wiley & Sons Ltd

Cell Proliferation. 2020;53:12911.
https://doi.org/10.1111/cpr.12911

wileyonlinelibrary.com/journal/cpr 1of 14


www.wileyonlinelibrary.com/journal/cpr
https://orcid.org/0000-0003-4827-6930
mailto:﻿
mailto:﻿￼
https://orcid.org/0000-0001-8492-9658
http://creativecommons.org/licenses/by/4.0/
mailto:huangsh29@mail.sysu.edu.cn
mailto:zhyfeng@mail.sysu.edu.cn

WANG ET AL.

2 of 7

Proliferation
1 | INTRODUCTION

The crystalline lens, composed of only mono-layered lens epithe-
lium and orderly arranged lens fibres with a basement membrane
surrounded, is a remarkable structure that contributes to focusing
of images on the retina. Opacification in lens, the cataract, is the
leading cause of blindness worldwide.t Surgery is currently the
only effective treatment available. However, the most common
complication, known as posterior capsule opacification (PCO),
could result in visual axis opacification once again due to the mi-
gration of the remaining lens epithelial cells (LECs) towards the
posterior lens capsule with excessive proliferation and mesenchy-
mal transformation in response to the surgical injury.2 In paediat-
ric cataract patients, particularly, the incidence of PCO is almost
100%, which could disrupt their visual development and may re-
sult in irreversible blindness.® Apart from PCO, fibrotic opacities
could also accumulate underneath the anterior capsular induced
by ocular trauma, inflammation or radiation, namely anterior sub-
capsular cataract (ASC).*

In fibrotic cataracts, lens epithelium loss their integrity and
function while disorganized mesenchymal-like cells accumulate
with excessive fibronectin (FN) and collagen (Col) secreted into
the ECM, thereby damaging the architecture of the lens and lead-
ing to eventual visual loss.> TGF-ps are considered as the most
prominent pro-fibrotic factors, and TGF-p2 is the major isoform
in the aqueous humour.® Therefore, deciphering the underlying
mechanism of proliferation, migration and TGF-p2-induced EMT in
lens is of great value for the prevention and treatment of fibrotic
cataract.

MicroRNAs (miRNAs), a group of small non-coding RNA strands
that regulate their targets via translational repression or mRNA
degradation, are involved in diverse biological cellular processes.’”
MiRNAs level is controlled by the TGF-p signalling pathway in both
direct and indirect manners in fibrotic diseases. SMADs, the key
TGF-p signal transducer, could directly regulate miRNAs expression
through several mechanisms, including the inhibition of pri-miRNA
transcription, Drosha-mediated pri-miRNA processing and the
maturation of miRNAs.®? Moreover, TGF-p could indirectly affect
miRNAs, such as miR-203 and miR-200 family, through downstream
transcriptional factors, like ZEB1, ZEB2, SNAIL and SLUG.'0!!
Increasing evidence has demonstrated that dysregulation of miR-
NAs, such as let-7a-5p, miR-34a, miR-181a and miR-204-5p,"%** is
associated with EMT process during cataract. However, the spe-
cific effect of miR-22-3p in lens fibrosis remains unexplored. In this
study, miR-22-3p was found to decrease significantly in both fibrotic
cataract tissue and TGF-p2 induced fibrosis model of human lens
epithelial explants, implying miR-22-3p as a repressor during the
pathogenesis of fibrotic cataracts.

Our previous study has identified HDAC6 as a target gene of miR-
22-3p in mesenchymal stem cells.?® Histone deacetylases (HDACs)
are a group of enzymes that control chromatin condensing and
gene transcription through deacetylation on lysine residues mainly

in histones.”'8 Studies have shown that HDAC inhibition prevents

EMT of LECs and suggested the epigenetic modifiers as potential
targets to control lens fibrosis.?° Distinguished from other HDAC
members, HDACS6 is a primary cytoplasmic deacetylase owing to its
association with microtubules and could deacetylase cytoplasmic
substrates besides chromatin histones to initiate signalling events,
including embryonic development, tumorigenesis and neurodegen-
erative diseases.?*? Emerging evidences reveal HDAC6 as a critical
regulator in renal,?* peritoneal?® and pulmonary fibrosis; however,
the effect of HDAC6 on ocular fibrosis remains unknown.

In this study, we identify miR-22-3p as a key regulator that
prevents lens fibrosis. We show that miR-22-3p decreases signifi-
cantly in PCO cataract and that TGF-p2 markedly downregulates
miR-22-3p expression in fibrotic human lens epithelial explants.
Moreover, HDACS, a direct target of miR-22-3p, is increased and ac-
tivated in these settings and controls lens fibrosis. Importantly, we
reveal a novel mechanism underlying TGF-p2-induced lens fibrosis
by showing the effect of miR-22-3p downregulation on proliferation,
migration and EMT of LECs, via increasing HDAC6 and consequently
decreasing o-tubulin acetylation. Furthermore, using of HDAC6
deacetylase inhibitor ‘Tubacin’ can reverse ASC development. Our
study identifies a regulatory pathway in LECs consisting of miR-
22-3p, HDAC6 and a-tubulin (de)acetylation that controls lens fibro-
sis. Modulation of this pathway may provide a therapeutic option for
fibrotic cataracts.

2 | MATERIALS AND METHODS

2.1 | Lens epithelial explants collection, cell culture
and treatment

All human samples were gathered from organ donors provided by
the Eye Bank of Zhongshan Ophthalmic Center (Guangdong, China)
in accordance with the Declaration of Helsinki. Totally 29 fresh
post-mortem human lenses from donors (ages ranged from 40 to
55 years, 23 males and 6 females) collected within 8 hours after
death were used in our study. Three of the lenses were PCO tissues
from donors who had cataract surgery before death, and the fibrotic
part of the posterior capsule was isolated with the capsulotomy van-
nas scissors. For the 26 normal transparent lenses, anterior capsules
with attached epithelium were dissected with capsulotomy scis-
sors along the lens equator region and stripped away from the lens
fibre by capsulorhexis forceps for lens epithelial explants collection.
Lens epithelial explants were cultured with the epithelium side up
in the Minimum Essential Medium (MEM, Thermo Fisher Scientific)
containing 1% foetal bovine serum (FBS, Thermo Fisher Scientific)
with 1% NEAA (Life Technologies), 100 IU/mL penicillin and 100 pg/
mL streptomycin (Life Technologies). For the TGF-p2-induced lens
fibrosis model, explants were treated with 5 ng/mL TGF-$2 (302-
B2; R&D) for 48-72 hours. The human lens epithelial cell line SRA
01/04 was kindly provided by Professor Fu Shang of Tufts University
(Boston, MA, USA) and cultured in Dulbecco's modified Eagle's me-
dium (DMEM, Thermo Fisher Scientific) with 10% FBS.
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2.2 | Invitro transfection with miRNA mimics,
miRNA inhibitors and siRNA

The synthetic miR-22-3p mimics, inhibitors and interfering RNAs of
HDAC6 (siHDAC6) were from Life Technologies. About 50 nmol/L
miRNA mimics, inhibitors or 40 nmol/L siHDACé was transfected
to human lens epithelial explants or human LECs for gain- and loss-
of-function studies by using siPORT™ NeoFX™ Transfection Agent
(AM-4511; Applied Biosystems) according to the manufacturer's in-

structions. The detailed sequences are listed in Table S1.

2.3 | Whole-mount staining with
immunofluorescence staining analysis

The whole-mount lens epithelial explants were flattened on a glass
slide and fixed with 4% paraformaldehyde for 20 minutes after TGF-
B2 treatment and/or transfection. The samples were blocked in PBS
solution containing 0.3% Triton X-100 and 3% BSA for 30 minutes,
followed by overnight incubation with primary antibodies (1:100) at
4°C. Then, the samples were incubated with secondary antibodies
for 1 hour and counterstained with DAPI (Sigma-Aldrich). The fol-
lowing antibodies were used: rabbit anti-fibronectin polyclonal an-
tibody (ab137720; Abcam), mouse anti-a-SMA monoclonal antibody
(ab7817; Abcam), rabbit anti-Ki67 polyclonal antibody (AB9260;
Millipore), rabbit anti-ZO-1 polyclonal antibody (61-7300; Thermo
Fisher Scientific), rabbit anti-p-catenin monoclonal antibody (8480;
CST), rabbit anti-HDACé6 polyclonal antibody (07-732; Millipore)
and rabbit-acetylated-a-tubulin monoclonal antibody (5335; CST).
Images were obtained using a Leica DM3000 microscope system.

2.4 | RNAsolation and gPCR

Total RNA from fibrotic PCO tissues or lens epithelial explants were
purified using Arcturus PicoPure RNA isolation kit (KIT0O204; Applied
Biosystems) according to the manufacturer's protocol. cDNAs of
miRNAs were synthesized by miScript Il RT Kit (218160; Qiagen),
and gPCR analysis of miR-22-3p was performed using miScript SYBR
Green PCR Kit (218073; Qiagen). cDNAs of mRNAs were synthe-
sized with Maxima First strand cDNA synthesis kit (K1641; Thermo
Fisher Scientific) and gPCR was performed using FastStart Universal
SYBR Green Master (Rox) (4913914001-1; Roche). The amplification
was performed on a StepOnePlus real-time PCR system (Applied
Biosystems) on standard settings. The expression levels were nor-
malized to that of U6 or GAPDH, respectively. The sequences of oli-

gonucleotide primers used in this study are listed in Table S1.

2.5 | Western blot analysis

Lens epithelial explants were lysed with radioimmunoprecipita-

tion assay buffer supplemented with protease inhibitors (P0013C;

Proliferation

Beyotime). Proteins were separated with SDS-PAGE and trans-
ferred onto PVDF membranes. The membranes were saturated
with 5% non-fat milk and incubated overnight at 4°C with the fol-
lowing primary antibodies (1:1000): mouse anti-B-actin monoclo-
nal antibody (3700; CST), rabbit anti-HDAC6 polyclonal antibody
(07-732; Millipore), rabbit-acetylated-a-tubulin monoclonal anti-
body (5335; CST) and rabbit a-tubulin monoclonal antibody (2125;
CST). Secondary HRP-conjugated antibodies (CST) were added for
2 hours. Finally, the bands of the membranes were revealed with the

chemiluminescence detection systems (Protein simple).

2.6 | Proliferation assay

We used MTS Cell Proliferation Colorimetric Assay Kit (G3580;
Promega) to determine the proliferation abilities of cells as instruc-
tions. The cells were seeded into 96-well plates at a density of
2 x 10* cells/ well. MTS reagent was added and incubated at 37°C
for 1 hour from day O to day 5, and the absorbance values of each
well were measured by using a spectrophotometer at 490 nm.

2.7 | Transwell migration assay

Human LECs (2 x 10°) were dispensed into the upper wells of the
transwell chamber with 8-um pores (Corning), while the lower wells
contained medium with 10% FBS as the chemoattractant. After in-
cubation for 24 hours, the cells on the upper surfaces of the filter
were swabbed and those on the lower surfaces were fixed with 4%
paraformaldehyde for 30 minutes. The migrated cells were dyed
with crystal violet (Beyotime) and counted with microscope (Zeiss
AxioObserver Al).

2.8 | Detection of HDAC6 deacetylase activity

The activity of HDAC6 was determined using the HDAC6 Activity
Assay Kit (K466-100; Bio Vision) according to the manufacturer's
protocol. Briefly, extract (2 pg total protein) was incubated at 37°C
with 2 uL HDAC6 Substrate in HDAC6 Assay Buffer to 100 pL for
30 minutes. The reaction was stopped by adding 10 uL Developer
to each well at 37°C for 10 minutes. Fluorescence was measured
by using a Synergy H1 Hybrid Reader (BioTek) with excitation at
380 nm and emission at 490 nm. HDACé activity was calculated by

Relative Fluorescence Unites per milligram of the sample.

2.9 | Model of TGF-p2-induced ASC in whole
lens culture

All animal procedures were carried out in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research

and were approved by the Animal Use and Care Committee of
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Zhongshan Ophthalmic Center at Sun Yat-Sen University. Whole
lenses of 21-day-old Wistar rats were cultured in 4 mL serum-free
M199 medium with 0.1% BSA, 0.1 pg/mL L-glutamine, 100 IU/mL
penicillin and 100 ug/mL streptomycin. Different concentrations of
Tubacin (SML0065; Sigma-Aldrich) were added to the medium with
or without 5 ng/mL TGF-p2 for up to five days. On Day 5, all lenses
were fixed with 10% formaldehyde and embedded in paraffin for
further immunofluorescence analysis.

2.10 | Statistical analysis

Comparisons between two groups were examined using Student's
t test while the differences among multiple groups were analysed
using One-way ANOVA. A value of P < .05 was considered statisti-

cally significant.

3 | RESULTS

3.1 | MiR-22-3p is downregulated in PCO tissues
and explants

Transparent lens capsules and fibrotic lens capsules from healthy
donors and PCO patients were collected. Expression levels of
mesenchymal marker a-SMA, ECM markers FN and Col | as well as
proliferative marker Ki67 were markedly increased in PCO tissues
relative to normal lens epithelium (Figure 1A,B), which indicates
that lens fibrosis involves a combination of processes including
hyperproliferation and EMT. Interestingly, miR-22-3p was signifi-
cantly downregulated in PCO tissues than that of normal tissues
(Figure 1C). To further explore the regulatory role of miR-22-3p
in lens fibrosis, human lens explants were stimulated with TGF-
f2, the main type of pro-fibrotic cytokines in aqueous humour. As
shown in Figure 1D,E, lens epithelial explants treated with TGF-
B2 lost epithelial features with reduced Zonula occludens-1 (ZO1)
and E-cadherin (E-cad) expression as well as B-catenin translocated
from cell membrane to cytoplasm, and transformed into mesen-
chymal-like cells indicated by increases of a-SMA, FN and Col |,
with both morphological and molecular changes resembling the
fibrotic cataract. Notably, miR-22-3p decreased significantly upon
TGF-p2 stimulation in both dose- and time-dependent manners
(Figure 1F,G). These findings suggest miR-22-3p is downregulated
in PCO tissues and explants, which may be correlated with lens fi-

brosis development.

3.2 | MiR-22-3p prevents proliferation,
migration and TGF-p$2-dependent EMT of LECs

To explore the functional impact of miR-22-3p on lens fibrosis,
we performed gain- and loss-of-function studies by transfecting

miR-22-3p mimics or inhibitor into human lens epithelial explants

treated with TGF-p2 (Figure 2A). Surprisingly, ectopic expression
of miR-22-3p largely blocked TGF-p2-induced EMT of LECs by pre-
venting mesenchymal-transformed markers of «a-SMA, FN and Col
| while retaining epithelial markers of ZO1 and E-cad upon TGF-
B2 treatment (Figure 2B,C). Meanwhile, overexpression of miR-
22-3p restored the epithelial morphology and prevented p-catenin
translocating from the cell membrane into the cytoplasm following
TGF-B2 incubation (Figure 2C). Consistently, miR-22-3p inhibitors
promoted EMT of lens epithelial explants (Figure 2B,D). Moreover,
miR-22-3p overexpression in human lens SRA01/04 cells inhibited
while its downregulation promoted proliferation and migration of
LECs compared with the miR-NC- or Inh-NC-transfected group
(Figure 2E-G).

3.3 | MiR-22-3p inhibits LECs EMT by regulating
HDACG6 expression post-transcriptionally

Our previous study has shown that miR-22-3p targets the 3'UTR
of HDAC6 mRNA in mesenchymal stem cells.?® After transfecting
LECs with miR-22-3p mimics, we found that increasing miR-22-3p re-
pressed HDAC6 protein expression by 88% in LECs (Figure 3A) with-
out affecting its mRNA level (Figure 3B), demonstrating that HDAC6
is negatively regulated by miR-22-3p in a post-transcriptional man-
ner in the lens. To confirm the potential role of HDAC6 during lens
fibrosis, we analysed HDAC6 expression levels in PCO tissues and
normal lens epithelium. Notably, HDACé dramatically increased in
PCO tissues compared to normal LECs (Figure 3C). Expressions of
HDACSG, particularly in protein levels, were upregulated significantly
by TGF-B2 in lens epithelial explants in both dose- (Figure 3D,E) and
time-dependent manners (Figure 3F,G).

Furthermore, miR-22-3p mimics significantly downregulated
HDACG6 levels in lens epithelial explants while miR-22-3p inhibi-
tors upregulated HDAC6 expression levels with or without TGF-p2
(Figure 3H-J), indicating that HDAC® is a direct target of miR-22-3p
during lens fibrosis.

3.4 | HDACSG inhibition suppresses proliferation,
migration and TGF-p2-dependent EMT

To investigate whether HDAC6 mediate the biological functions of
miR-22-3p during lens fibrosis, we conducted a loss-of-function ap-
proach by knocking down HDAC6 in LECs. Introduction of a siRNA
targeting HDAC6 mRNA (siHDAC6) effectively inhibited the expres-
sion of HDAC6 in SRA01/04 cells (Figure 4A,B) and blocked prolif-
eration (Figure 4C) and migration of LECs (Figure 4D,E). Moreover,
lens epithelial explants treated by TGF-p2 exhibited restoration of
epithelial state and diminished mesenchymal markers with HDAC6
knockdown (Figure 4F-H). Collectively, these results demonstrate
that HDACG is required for LECs transforming into mesenchymal-
like cells and strengthen the finding that miR-22-3p controls lens
fibrosis by targeting HDAC6.
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FIGURE 1 MiR-22-3p is downregulated in PCO tissues and explants. A, Transparent normal lens and fibrotic PCO tissues from donors.
FN (red) and a-SMA (green) merged with DAPI (blue) in normal lens and PCO tissues by immunofluorescence staining. scale bars: 100 pm.

B, Comparison of gene expression levels (FN, a-SMA, Col | and Ki67) in normal lens epithelium vs PCO tissues by qPCR analysis. C, gPCR
analysis of miR-22-3p in PCO tissues relative to normal lens epithelium. D, Inmunofluorescence staining of FN, a-SMA, ZO-1, p-catenin and
Ki67 in lens epithelial explants treated with or without TGF-B2 (5 ng/mL) for 48 h. scale bars: 50 pum. E, Comparison of gene expression levels
(FN, a-SMA, Col | and E-cad) in lens epithelium treated with or without TGF-$2 (5 ng/mL) for 48 h by qPCR analysis. F and G, qPCR analysis
of the expression of miR-22-3p in response to TGF-B2 in lens epithelial explants with different concentrations (2.5, 5 and 10 ng/mL) for 6 h
(F) and at different time points (6, 12, 24 and 48 h) (G). **P < .01 and ***P < .001 by Student's t test, all n = 3 per group. Data are shown as
mean + SD

3.5 | Involvement of miR-22-3p-HDAC6-a-tubulin processes?® and that EMT is a process by which epithelial cells re-

(de)acetylation axis in lens fibrosis organize their cytoskeleton to obtain mesenchymal morphology.29
However, the regulatory network and the role of a-tubulin acetyla-

HDACS6 can shuttle between cytoplasm and nucleus to deacetylase tion on lens fibrosis have not been explored.

both non-histone and histone substrates under certain contexts.”® To clarify the underlying mechanism of HDAC6 on lens fibrosis, we

In this study, HDAC6 was shown to accumulate exclusively in the detected the HDAC6 deacetylase activity and acetylated a-tubulin lev-

cytoplasm of the elongated and spindle-shaped mesenchymal cells els in the PCO tissues and TGF-p2-induced fibrotic lens. Deacetylase

upon TGF-B2-induced fibrosis of lens (Figure 6B), excluding the pos- activity of HDAC6 revealed a nearly 4-fold increase in PCO tissues

sibility of its modification on nuclear histones and emphasizing its compared with normal lens epithelium (Figure 5A). In contrast, acetyl-
cytoplasmic deacetylation effect during lens fibrosis. Microtubule ated-a-tubulin was decreased by 91.2% in PCO tissues relative to nor-
a-tubulin, the primary component of the cytoskeleton, represents mal lens epithelium (Figure 5B). Moreover, HDAC6 deacetylase activity
the most important substrate of HDAC6.?’ It is worth noting that cy- was elevated notably while a-tubulin acetylation was inhibited signifi-

toskeleton, the basic cellular structure, affects nearly all the cellular cantly by TGF-2 in dose- and time-dependent manners (Figure 5C-F).
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FIGURE 2 MiR-22-3p prevents proliferation, migration and TGF-$2-dependent EMT of LECs. A, MiR-22-3p levels in lens epithelial
explants by qPCR after being transfected with miR-22-3p mimics or inhibitors for 24 h and followed by further treatment with or without
5 ng/mL TGF-B2 for 24 h. B-D, Changes of EMT-related markers after transfected with mimics and inhibitors of miR-22-3p in TGF-p2
induced fibrosis model of lens epithelial explants detected by gPCR (B) and immunofluorescent staining (C, D). E, Proliferative activity of
LECs after transfected with mimics and inhibitors of miR-22-3p. F and G, Quantification of lower chambers (F) and representative images
(G) following Transwell migration assays after overexpression or inhibition of miR-22-3p. All scale bars: 50 um. **P < .01 and ***P < .001 by
Student's t test, all n = 3 per group. Data are shown as mean + SD
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FIGURE 3 MiR-22-3p inhibits LECs EMT by regulating HDAC6 expression post-transcriptionally. A, Western blot analysis of HDAC6

protein level in non-transfected (NT), miRNA-negative control (miR-NC) and miR-22-3p mimic-transfected lens epithelial explants after 48 h
transfection. B, gPCR analysis of HDAC6 mRNA level in NT, miR-NC and miR-22-3p mimic-transfected lens epithelial explants after 48 h
transfection. C, Western blot analysis of HDAC6 protein level in the normal lens epithelium and PCO tissues. D, Western blot and gPCR
analysis (E) of HDAC6 expression levels after treated by TGF-p2 with different concentrations (2.5, 5 and 10 ng/mL) for 6 h. F, Western blot
and qPCR analysis (G) of HDAC6 expression levels in response to TGF-$2 (5 ng/mL) treatment at different time points (6, 12, 24 and 48 h),
untreated lens epithelial explant was considered as controls. Western blot (H, I) and immunofluorescence staining (J) of HDAC6 expression
levels after transfection with miR-22-3p mimics or inhibitors for 24 h and further treatment with or without TGF-82 (5 ng/mL) for 24 h in

lens epithelial explants. All scale bars: 50 pmol/L. NS, not significant. *P < .05 by Student's t test, all n = 3 per group. Data are shown as

mean + SD

These data reveal a significant suppression of a-tubulin acetylation
with increased HDAC6 deacetylase activity during lens fibrosis.

To determine the association between miR-22-3p and a-tubulin
(de)acetylation in LECs induced by TGF-p2, we evaluated whether
HDACS6 could trigger a-tubulin deacetylation under TGF-p2-treated
conditions. HDAC6 knockdown prevented elevation of its deacety-
lase activity induced by TGF-B2 (Figure 5G) and thereby promoted
a-tubulin acetylation (Figure 5H). Furthermore, miR-22-3p mimics
significantly prevented TGF-p2-induced HDAC6 activity elevation
(Figure 5l1) while promoted a-tubulin acetylation (Figure 5J) and
maintained epithelial morphology of LECs (Figure 5M). In contrast,
miR-22-3p inhibitors markedly enhanced HDACé6 deacetylase ac-
tivity (Figure 5K) and decreased acetylated a-tubulin levels with or
without TGF-p2 (Figure 5L). Interestingly, inhibition of miR-22-3p

in LECs showed spindle-shaped cells morphological transforma-
tion with a-tubulin deacetylation even without TGF-p2 (Figure 5M).
These results imply ‘miR-22-3p-HDAC6-a-tubulin (de)acetylation’ as
a regulatory pathway during EMT.

3.6 | Inhibition of HDACG6 prevents lens fibrosis
through a-tubulin acetylation

Based on the mechanistic rationale, we evaluated whether phar-
macological targeting of HDACé6 deacetylase with specific in-
hibitor, Tubacin, could phenocopy the impact of HDAC6 genetic
knockdown on lens fibrosis. Tubacin promoted «-tubulin acety-

lation significantly in lens epithelial explants (Figure 6A,B). Both



WANG ET AL.

(@)} i
12 - *x ) T
< i NT siNC siHDAC6 c
—_ 1 T S
e g
- b0
c 0.8 HDAC6 =
§ js - ee—n - 9
e O 0.6 4 c
£ % 2
o2 04 T . °
Q2 B-actin 2
< O 0.2 4 Q2
ow - <
T 0 : : . r r \
0 Day0 Dayl Day2 Day3 Day4 Day5
NT siNC  siHDAGs
D NT siNC siHDACS
(D) .
siHDAC6 (F)
WETN T ] *%
s A 1.4 -
SN _ 12 **
Ny = [,
- 3% 11
*% c
& 140 - é _g 0.8
Q
120
S £ 06 1
g 100 1 82
.g, 20 4 < @, 0.4 -
€ 60 - o= 0.2 A
=
° 40 4
o v .
2 20 - &
g 0 T T 1
z NT siNC  siHDAGS
(G) (H)
Z0-1 B-catenin q-SMA FN
)
siNC g
g
<
2
o
siHDAC6 £
[J]
2
siNC E
+TGF-B2 <
siHDAC6 } X }
+TGF-2 E-cad a-SMA Col | FN
EE Con mm TGRB 2 TGF-B 2+siNC TGF-B 2+siHDAGG

FIGURE 4 HDACG inhibition suppresses proliferation, migration and TGF-p2-dependent EMT. A and B, gPCR and Western blot analysis
of HDAC6 expression levels in non-transfected (NT), siRNA negative control (siNC) and siRNA of HDAC6 (siHDACé)-transfected human
LECs after 48 h transfection. C, Proliferative activity of LECs after transfected with siHDAC6 and siNC. D and E, Representative images (D)
and quantification (E) of lower chambers following Transwell migration assays after HDAC6 knockdown by siRNA. F, HDAC6 mRNA level
in lens epithelial explants by qPCR after transfected with siHDAC6 for 12 h and further treated with or without TGF-p2 (5 ng/mL) for 24 h.
G and H, Changes of EMT-related markers after transfected with siHDAC6 in TGF-p2 induced fibrosis model of lens epithelial explants
detected by immunofluorescent staining (G) and gPCR (H). All scale bars: 50 pm. **P < .01 and ***P <.001 by Student's t test, all n = 3 per

group. Data are shown as mean + SD

proliferation and migration of LECs were inhibited notably as con-
centration of Tubacin increased (Figure 6C-E). Meanwhile, Tubacin
restored epithelial makers while repressed mesenchymal markers
following TGF-B2 stimulation (Figure 6F,G). Consistent with the
role of miR-22-3p overexpression and HDACé inhibition on lens fi-
brosis, a-tubulin acetylation prevented LECs transforming towards
mesenchymal-like cells, indicating (de)acetylated-a-tubulin as a
mediator of HDAC6 and miR-22-3p in the pathogenesis of fibrotic

cataract.

3.7 | o-tubulin acetylation with Tubacin, an HDAC6
deacetylase inhibitor, prevents TGF-p2-induced ASC

To study whether blockade of HDAC6 deacetylase abrogates lens
fibrosis in a more sophisticated system, we delivered different con-
centrations of Tubacin to the semi-in vivo ASC model.*® Whole rat
lenses were cultured with 5 ng/mL of TGF-p2 for 5 days and devel-
oped obvious cloudy opacities beneath the lens capsule (Figure 7A)

with disorganized proliferation and aberrant fibrosis evidenced by



WILEY-2°™

WANG ET AL.
(A) (B) & o ©) 2500 (D) TGF-B2 (ng/ml)
o — 4000 & & -
B .E *ok & £ %%
53 3000 S g 2000 0 25 5 10
= 5 - *
T o Acetylated € 2 1500
<& 2000 a-tubulin <x * Acetvlat_ed
O oy S » 1000 a-tubulin
2 E g E
S = 1000 . 835 500
g2 a-tubulin T2 a-tubulin
0 0
Normal  PCO TGF-B2 0 25 5 10
(E) (F) (G) (H) TGF-B2
3000 *x Con Con siNC siHDAC6
g‘g TGF-B2 Oh 48h 72h L 2500 o o
g8 2000 £% 2000 i HDAC6 e~y N
g E 1000 a-tubulin g % 1000 Acetylated | s o -
2 2 E 500 a-tubulin
@ a3
TGFB2 oh  4sh  72h & @ @ B-actin |.—-—
F o ¢
£ &
TGF-B2
TGF-B2 - -+
(1) TS ®) B (K) W O ¥
1500 — - 4+ -+ 2500 * Acetylatgd po— |
Zg= Acetylated |--ﬂ zg 0 . o-tubulin
g g1 a-tubulin 28 10 M
g ST 10 a-tubulin |....|
o .
ZE a-tubulin |- —— -| Eg o
0 \ B-actin l....
S Y B B-actin M ¢ & R
S &P e & &7 & & R R
.&,6 & {\'559 s(u $(,¢ /;,Q @Q 3 S\C‘ & o \Q: & :\,'V nj:
& & & ¥ '» «’0’ & 8 ¥ 6“'& o« & &
& & N & ¥
M) TGF-B2 siHDAC6 miR-22-3p  Inh-miR22-3p
Acetylated
a-tubulin

FIGURE 5

Involvement of miR-22-3p-HDAC6-a-tubulin (de)acetylation axis in lens fibrosis. A, Comparison of HDACé deacetylase

activity in normal lens epithelium and PCO tissues. B, Western blot analysis of acetylated a-tubulin in PCO tissues vs normal lens epithelium.
C and D, Activity of HDAC6 deacetylase (C) and acetylated a-tubulin levels (D) in lens epithelial explants in response to TGF-p2 with
different concentrations (2.5, 5 and 10 ng/mL). E and F, Activity of HDACé deacetylase (E) and acetylated a-tubulin levels (F) in lens
epithelial explants in response to TGF-p2 (5 ng/mL) at different time points (48 and 72 h). G, HDAC6 deacetylase activity in lens epithelium
after 12 h transfection by siHDAC6 or siNC and further treatment with or without TGF-p2 for 24 h. H, Western blot analysis of acetylated
a-tubulin in lens epithelium after HDAC6 knockdown under TGF-B2 treated conditions. | and J, Effect of miR-22-3p overexpression on
HDACS6 deacetylase activity (I) and acetylated a-tubulin levels (J) in lens with or without TGF-2 treatment for 24 h. K and L, Effect of miR-
22-3p inhibitor on HDAC6 deacetylase activity (K) and acetylated a-tubulin levels (L) in lens with or without TGF-f2 treatment for 24 h.

M, a-tubulin acetylation by immunofluorescence staining analysis after TGF-p2 treatment, siHDAC6, miR-22-3p mimics and miR-22-3p
inhibitor transfection in lens epithelial explants. Scale bar: 10 pm. *P < .05, **P < .01 by Student's t test, all n = 3 per group. Data are shown

as mean + SD

increased Ki6é7, a-SMA and FN (Figure 7B-D). In contrast, Tubacin
reversed TGF-p2-induced ASC as concentration increased and the
lenses treated with 5 and 10 pmol/L Tubacin remained transparent
as normal lens (Figure 7A). Additionally, lenses treated by Tubacin not
only retained mono-layered lens epithelium with decreased prolifer-
ation but also maintained epithelial state by preventing mesenchymal
cells accumulation and ECM secretion with decreased a-SMA and FN
(Figure 7B-D). Collectively, these findings reveal that a-tubulin acet-
ylation via HDAC6 inhibition can suppress ASC formation.

4 | DISCUSSION

Investigating the mechanism underlying lens fibrosis is important
for improving strategies for the prevention and treatment of fi-
brotic cataract. Here, we show that ‘miR-22-3p -HDACé-a-tubulin
(de)acetylation’ signalling axis plays a pivotal role in hyperprolif-
eration, migration EMT of LECs. MiR-22-3p, which is downregu-
lated during PCO and TGF-B2-induced EMT, is responsible for the

maintenance of epithelial markers and prevention of mesenchymal
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transition by targeting HDAC6 post-transcriptionally and increasing disorganized growth and fibrosis opaque formation in TGF-p2-
a-tubulin acetylation. Tubacin, a specific inhibitor of HDAC6 dea- induced ASC model, implying the therapeutic potential of Tubacin

cetylase, could elevate o-tubulin acetylation and thereby prevent for the intervention of fibrotic cataract.
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FIGURE 7 «-tubulin acetylation
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with Tubacin, an HDAC6 deacetylase
inhibitor, prevents TGF-p2-induced
ASC. A, Representative images of lenses
treated by different concentrations of
Tubacin (0, 2, 5 and 10 pmol/L) with or
without TGF-p2 (5 ng/mL) for 5 d. B-D,
Immunofluorescence staining for Ki67
(B), -SMA (C) and FN (D) under indicated
conditions. All scale bars: 50 umol/L.

*P < .05 by Student's t test, all n = 3 per
group. Data are shown as mean + SD
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MiR-22-3p is one of the most evolutionarily conserved mi-
croRNAs in vertebrates, especially in mammary progenitor cells,
suggesting that it may be important for the basic physiology func-
tions.®! Accumulating evidence has demonstrated that miR-22-3p
was extensively involved in hyperproliferative diseases, such as
cancer and fibrosis. MiR-22-3p was downregulated in diverse can-
cers and had been identified as a tumour suppressor via negative
regulation mainly on proliferation and invasion.®? Furthermore,
miR-22-3p also suppressed cell proliferation, migration and EMT
in fibrotic diseases such as arteriosclerosis obliterans, post-myo-
cardial infarction and cardiac fibrosis.>>** Meanwhile, we re-
ported earlier that miR-22 was downregulated in cataractous

human lenses through microarray.35 However, whether and how

Tubacin-2 uM

miR-22-3p regulates lens fibrosis is still largely unknown. In the

Tubacin-5 pM Tubacin-10 uM

current study, we demonstrated that miR-22-3p was decreased
in both fibrotic plaques from fibrotic cataract patients and under
TGF-p2 stimulation, as well as exerted inhibitory effects on the
fibrosis processes through HDACé6.

Previous works also have shown the EMT-promoting role of
HDACS6 by deacetylating a-tubulin and reorganization of the cytoskel-
etal architecture in mammary epithelial cells.3¢ Apart from microtu-
bule a-tubulin, the roles of other cytoplasmic substrates of HDAC6,
including the chaperone Hsp90, cortactin or others to be identified,
should also be considered during fibrosis. Studies show that both
Hsp90 and cortactin are involved in EMT regulation.>”? Increased

Hsp70 and Hsp90 are shown to prevent EMT and enhance cell survival
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of rat lens epitheliumy40 and tyrosine phosphorylated cortactin is re-
quired for E-cadherin stability.*! Additionally, HDAC6 deacetylates

fB-catenin and thus represses its phosphorylation, leading to its nuclear
translocation and promoting proliferation of cancer cells.*>*® Hence,
further studies are still needed to reveal whether other cytoplasmic
substrates of HDAC6 are involved in miR-22-3p regulated lens fibrosis.

In addition, HDAC6 has functions beyond its deacetylase ac-
tivity due to the ubiquitin-binding motif at its C-terminus by which
HDACS6 binds to poly-ubiquitinated proteins and transports them
into autophagosomes through microtubules for clearance by auto-
phagy.** Autophagy is an intracellular homoeostatic process asso-
ciated with the degradation and recycling of proteins and cellular
organelles in response to signals from the microenvironment.*
HDAC6-mediated autophagy is critical for neurodegenerative
disorders with aggregated proteins'44 and accumulating studies
have identified the involvement of autophagy during fibrosis. For
instance, renal fibrosis can be attenuated by reducing autophagy
through HDAC6 reduction and microtubule disruption.46 Our pre-
vious study also revealed the potential role of autophagy on EMT
of retinal pigment epithelial cells during retinal fibrotic pathogene-
sis.*” Moreover, miR-22 has been mentioned in cancer progression
and other pathological processes through autophagy.*®>° Thus,
the effect of miR-22-3p- or HDAC6-mediated autophagy might
also be considered as potential mechanism during lens fibrosis,
and further investigation focusing on autophagy will be performed
in our future work.

A key feature of EMT is the loss of cell-cell junctions. More than
adhesive functions, E-cadherin/B-catenin complex plays a crucial
role in controlling EMT whereby loss of E-cadherin promotes the
release of p-catenin from the cell membrane, thus stabilizing p-cat-
enin in the cytosol for nuclear import to promote the expression
of EMT-related genes.’>>2 Moreover, p-catenin is a key mediator
in the Wnt signalling implicated in lens development and cataract
formation.”®>>> In this study, both TGF-p2 treatment and miR-
22-3p inhibition to lens epithelial explants decreased E-cadherin
expression and promoted fB-catenin translocating into cytoplasm.
In contrast, miR-22-3p overexpression, HDACé6 inhibition and
a-tubulin acetylation retained p-catenin to the cell membrane
and restored E-cadherin expression levels, thereby maintaining
the lens epithelial state. Additionally, HDACé6 was responsible for
Wnt- and EGF-induced nuclear localization of p-catenin through
deacetylating B-catenin at different lysine sites in cancer cells.*%43
Together, these results indicated that miR-22-3p and HDACé
might modulate lens fibrosis through controlling the stability of
the E-cadherin/p-catenin complex and related pathways. Hence, it
would be interesting to explore whether ‘miR-22-3p-HDAC6-(de)
acetylated a-tubulin’ axis induced by TGF-f2 modulates lens fi-
brosis via regulation of the E-cadherin/p-catenin complex through
crosstalk with Wnt signalling or other pathways.

In summary, we identify miR-22-3p as an anti-fibrotic factor
during lens fibrosis. We have established a post-translational mech-
anism by which miR-22-3p directly targets HDAC6 and thereby pro-

motes a-tubulin acetylation to control lens fibrosis by maintaining

the homoeostasis of the lens epithelium, providing a novel mecha-
nistic insight for prevention and treatment of fibrotic cataract and
other fibrotic diseases.

ACKNOWLEDGEMENTS

This study was supported by National Natural Science Foundation of
China(No. 81300749, No. 81600707), Natural Science Foundation of
Guangdong Province (2018A030313628), National Basic Research
Program of China (973 Program) (2015CB964600) and the State Key
Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun

Yat-sen University.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS

W.X, W.L and S.Y performed the experiments. C.B, X.L, C.J and H.M
analysed the data. T.X, and W.J designed the project. H.S, Z.Y and
L.Y designed the project and wrote the manuscript.

DATA AVAILABILITY STATEMENT
All data generated or analysed during this study are included in this

article.

ORCID

Xiaoran Wang https://orcid.org/0000-0003-4827-6930

Shan Huang https://orcid.org/0000-0001-8492-9658

REFERENCES

1. Stevens GA, White RA, Flaxman SR, et al. Global prevalence of
vision impairment and blindness: magnitude and temporal trends,
1990-2010. Ophthalmology. 2013;120(12):2377-2384.

2. Awasthi N, Guo S, Wagner BJ. Posterior capsular opacifica-
tion: a problem reduced but not yet eradicated. Arch Ophthalmol.
2009;127(4):555-562.

3. ZhengQ,YangS,ZhangY,etal. Vitreous surgery for macular hole-re-
lated retinal detachment after phacoemulsification cataract ex-
traction: 10-year retrospective review. Eye. 2012;26(8):1058-1064.

4. Kruger AJ, Amon M, Schauersberger J, et al. Anterior capsule opaci-
fication and lens epithelial outgrowth on the intraocular lens surface
after curettage. J Cataract Refract Surg. 2001;27(12):1987-1991.

5. Eldred JA, Dawes LJ, Wormstone IM. The lens as a model for fibrotic
disease. Philos Trans R Soc Lond B Biol Sci. 2011;366(1568):1301-1319.

6. Lovicu FJ, Shin EH, McAvoy JW. Fibrosis in the lens. Sprouty regu-
lation of TGFbeta-signaling prevents lens EMT leading to cataract.
Exp Eye Res. 2016;142:92-101.

7. Bartel DP. MicroRNAs: target recognition and regulatory functions.
Cell. 2009;136(2):215-233.

8. Blahna MT, Hata A. Smad-mediated regulation of microRNA bio-
synthesis. Febs Lett. 2012;586(14):1906-1912.

9. Suzuki HI. MicroRNA control of TGF-p signaling. Int J Mol Sci.
2018;19(7):1901.

10. Gregory PA, Bert AG, Paterson EL, et al. The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting
ZEB1 and SIP1. Nat Cell Biol. 2008;10(5):593-601.

11. Ding X, Park SI, McCauley LK, Wang CY. Signaling between
transforming growth factor p (TGF-B) and transcription factor
SNAI2 represses expression of microRNA miR-203 to promote


https://orcid.org/0000-0003-4827-6930
https://orcid.org/0000-0003-4827-6930
https://orcid.org/0000-0001-8492-9658
https://orcid.org/0000-0001-8492-9658

WANG ET AL.

e

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

epithelial-mesenchymal transition and tumor metastasis. J Biol
Chem. 2013;288(15):10241-10253.

Liu H, Jiang B. Let-7a-5p represses proliferation, migration, invasion
and epithelial-mesenchymal transition by targeting Smad2 in TGF-
b2-induced human lens epithelial cells. J Biosci. 2020;45. https://
www.ias.ac.in/describe/article/jbsc/045/0059

Wang YE, Li W, Zang X, et al. MicroRNA-204-5p regulates epi-
thelial-to-mesenchymal transition during human posterior cap-
sule opacification by targeting SMADA4. Invest Ophthalmol Vis Sci.
2013;54(1):323-332.

Han R, Hao P, Wang L, et al. MicroRNA-34a inhibits epithelial-mes-
enchymal transition of lens epithelial cells by targeting Notch1. Exp
Eye Res. 2019;185:107684.

Dong N, Tang X, Xu B. miRNA-181a inhibits the proliferation, migra-
tion, and epithelial-mesenchymal transition of lens epithelial cells.
Invest Ophthalmol Vis Sci. 2015;56(2):993-1001.

Huang S, Wang S, Bian C, et al. Upregulation of miR-22 promotes
osteogenic differentiation and inhibits adipogenic differentiation of
human adipose tissue-derived mesenchymal stem cells by repressing
HDACG6 protein expression. Stem Cells Dev. 2012;21(13):2531-2540.
Seto E, Yoshida M. Erasers of histone acetylation: the his-
tone deacetylase enzymes. Cold Spring Harb Perspect Biol.
2014;6(4):a18713.

Haberland M, Montgomery RL, Olson EN. The many roles of his-
tone deacetylases in development and physiology: implications for
disease and therapy. Nat Rev Genet. 2009;10(1):32-42.

Chen X, Xiao W, Chen W, et al. The epigenetic modifier trichosta-
tin A, a histone deacetylase inhibitor, suppresses proliferation and
epithelial-mesenchymal transition of lens epithelial cells. Cell Death
Dis. 2013;4:e884.

Xie L, Santhoshkumar P, Reneker LW, Sharma KK. Histone deacety-
lase inhibitors trichostatin A and vorinostat inhibit TGFbeta2-
induced lens epithelial-to-mesenchymal cell transition. Invest
Ophthalmol Vis Sci. 2014;55(8):4731-4740.

Wang H, Ling L, Ai L, Bai L. HDACé6 inhibition induces the fail-
ure of mouse early embryonic development. J Cell Physiol.
2019;234(6):8752-8759.

Liu Y, Peng L, Seto E, Huang S, Qiu Y. Modulation of histone
deacetylase 6 (HDAC6) nuclear import and tubulin deacetylase ac-
tivity through acetylation. J Biol Chem. 2012;287(34):29168-29174.
Seidel C, Schnekenburger M, Dicato M, Diederich M. Histone deacety-
lase 6 in health and disease. Epigenomics-Uk. 2015;7(1):103-118.

Ke B, Chen Y, Tu W, et al. Inhibition of HDAC6 activity in kidney
diseases: a new perspective. Mol Med. 2018;24(1):33.

Xu L, Liu NA, Gu H, et al. Histone deacetylase 6 inhibition coun-
teracts the epithelial-mesenchymal transition of peritoneal
mesothelial cells and prevents peritoneal fibrosis. Oncotarget.
2017;8(51):88730-88750.

Liu D, Zhu H, Gong L, et al. Histone deacetylases promote ER stress
induced epithelial mesenchymal transition in human lung epithelial
cells. Cell Physiol Biochem. 2018;46(5):1821-1834.

Hubbert C, Guardiola A, Shao R, et al. HDAC6 is a microtubule-as-
sociated deacetylase. Nature. 2002;417(6887):455-458.
Etienne-Manneville S. From signaling pathways to microtubule dy-
namics: the key players. Curr Opin Cell Biol. 2010;22(1):104-111.
Lamouille S, Xu J, Derynck R. Molecular mechanisms of epitheli-
al-mesenchymaltransition. Nat Rev Mol Cell Biol. 2014;15(3):178-196.
de longh RU, Wederell E, Lovicu FJ, McAvoy JW. Transforming growth
factor-beta-induced epithelial-mesenchymal transition in the lens: a
model for cataract formation. Cells Tissues Organs. 2005;179(1-2):43-55.
Ibarra |, Erlich Y, Muthuswamy SK, Sachidanandam R, Hannon GJ.
A role for microRNAs in maintenance of mouse mammary epithelial
progenitor cells. Genes Dev. 2007;21(24):3238-3243.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Wl LEyw

Proliferation
Zuo Q-F, Cao LY, Yu T, et al. MicroRNA-22 inhibits tumor growth
and metastasis in gastric cancer by directly targeting MMP14 and
Snail. Cell Death Dis. 2015;6(11):e2000.

Zhao XS, Ren Y, Wu Y, Ren HK, Chen H. MiR-30b-5p and miR-

22-3p restrain the fibrogenesis of post-myocardial infarc-
tion in mice via targeting PTAFR. Eur Rev Med Pharmacol Sci.
2020;24(7):3993-4004.

Hong Y, Cao H, Wang Q, et al. MiR-22 may suppress fibrogenesis
by targeting TGFBR | in cardiac fibroblasts. Cell Physiol Biochem.
2016;40(6):1345-1353.

Wu C, Lin H, Wang Q, et al. Discrepant expression of microRNAs
in transparent and cataractous human lenses. Invest Ophthalmol Vis
Sci. 2012;53(7):3906-3912.

Gu S, Liu Y, Zhu B, et al. Loss of alpha-tubulin acetylation is asso-
ciated with TGF-beta-induced epithelial-mesenchymal transition. J
Biol Chem. 2016;291(10):5396-5405.

Zhang K, Wang D, Song J. Cortactin is involved in transform-
ing growth factor-betal-induced epithelial-mesenchymal tran-
sition in AML-12 cells. Acta Biochim Biophys Sin (Shanghai).
2009;41(10):839-845.

Deskin B, Lasky J, Zhuang Y, Shan B. Requirement of HDACé6 for
activation of Notch1 by TGF-betal. Sci Rep. 2016;6:31086.

Wei CY, Zhu MX, Yang YW, et al. Downregulation of RNF128 acti-
vates Wnt/beta-catenin signaling to induce cellular EMT and stem-
ness via CD44 and CTTN ubiquitination in melanoma. J Hematol
Oncol. 2019;12(1):21.

Banh A, Deschamps PA, Vijayan MM, Sivak JG, West-Mays JA.
The role of Hsp70 and Hsp90 in TGF-beta-induced epitheli-
al-to-mesenchymal transition in rat lens epithelial explants. Mol Vis.
2007;13:2248-2262.

Liang X, Budnar S, Gupta S, et al. Tyrosine dephosphorylated cort-
actin downregulates contractility at the epithelial zonula adherens
through SRGAP1. Nat Commun. 2017;8(1):790.

Wang SH, Li N, Wei Y, Li QR, Yu ZP. beta-catenin deacetylation is
essential for WNT-induced proliferation of breast cancer cells. Mol
Med Rep. 2014;9(3):973-978.

LiY, Zhang X, Polakiewicz RD, Yao TP, Comb MJ. HDAC6 is required
for epidermal growth factor-induced beta-catenin nuclear localiza-
tion. J Biol Chem. 2008;283(19):12686-12690.

Pandey UB, Nie Z, Batlevi Y, et al. HDAC6 rescues neurodegenera-
tion and provides an essential link between autophagy and the UPS.
Nature. 2007;447(7146):859-863.

Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular
degradation. Science. 2000;290(5497):1717-1721.

Noh MR, Woo CH, Park MJ, In KJ, Park KM. Ablation of C/
EBP homologous protein attenuates renal fibrosis after
ureteral obstruction by reducing autophagy and micro-
tubule disruption. Biochim Biophys Acta Mol Basis Dis.
2018;1864(5):1634-1641.

Wu J, Chen X, Liu X, et al. Autophagy regulates TGF-beta2-induced
epithelial-mesenchymal transition in human retinal pigment epithe-
lium cells. Mol Med Rep. 2018;17(3):3607-3614.

Li G, Wang G, Ma L, et al. miR-22 regulates starvation-induced au-
tophagy and apoptosis in cardiomyocytes by targeting p38alpha.
Biochem Biophys Res Commun. 2016;478(3):1165-1172.

Zhang H, Tang J, Li C, et al. MiR-22 regulates 5-FU sensitivity by
inhibiting autophagy and promoting apoptosis in colorectal cancer
cells. Cancer Lett. 2015;356(2 Pt B):781-790.

Liu Z, Li T, Zhu F, et al. Regulatory roles of miR-22/Redd1-mediated
mitochondrial ROS and cellular autophagy in ionizing radiation-in-
duced BMSC injury. Cell Death Dis. 2019;10(3):227.

Tian X, Liu Z, Niu B, et al. E-cadherin/beta-catenin complex and the
epithelial barrier. J Biomed Biotechnol. 2011;2011:567305.


https://www.ias.ac.in/describe/article/jbsc/045/0059
https://www.ias.ac.in/describe/article/jbsc/045/0059

14of14 | WcCel
WILEY

52.

53.

54.

55.

WANG ET AL.

Clevers H. Wnt/beta-catenin signaling in development and disease.
Cell. 2006;127(3):469-480.

Wang Y, Mahesh P, Wang Y, et al. Spatiotemporal dynamics
of canonical Wnt signaling during embryonic eye develop-
ment and posterior capsular opacification (PCO). Exp Eye Res.
2018;175:148-158.

Cvekl A, Zhang X. Signaling and gene regulatory networks in mam-
malian lens development. Trends Genet. 2017;33(10):677-702.
Chong CC, Stump RJ, Lovicu FJ, McAvoy JW. TGFbeta pro-
motes Wnt expression during cataract development. Exp Eye Res.
2009;88(2):307-313.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Wang X, Wang L, Sun Y, et al.
MiR-22-3p inhibits fibrotic cataract through inactivation of
HDAC6 and increase of a-tubulin acetylation. Cell
Prolif.2020;53:12911. https://doi.org/10.1111/cpr.12911



https://doi.org/10.1111/cpr.12911

