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PURPOSE. The purpose of this study was to investigate the role of lncRNA H19 in
epithelial-mesenchymal transition (EMT) and its molecular mechanism in fibrotic
cataracts.

METHODS. TGF-β2-induced EMT was induced in human lens epithelial cell line (HLECs)
and rat lens explants to mimic posterior capsular opacification (PCO) in vitro and in vivo.
Anterior subcapsular cataract (ASC) was induced in C57BL/6J mice. The long noncoding
RNA (lncRNA) H19 (H19) expression was detected by RT-qPCR. Whole-mount staining
of lens anterior capsule was used to detect α-SMA and vimentin. Lentiviruses carrying
shRNA or H19 vector were transfected in HLECs to knockdown or overexpress H19. Cell
migration and proliferation were characterized by EdU, Transwell, and scratch assay. EMT
level was detected by Western blotting and immunofluorescence. The rAAV2 carrying
mouse H19 shRNA was injected into ASC model mouse anterior chambers as a gene
therapy to determine its therapeutic potential.

RESULTS. PCO and ASC models were built successfully. We found H19 upregulation
in PCO and ASC models in vivo and in vitro. Overexpression of H19 by lentivirus
transfection increased cell migration, proliferation, and EMT. In addition, H19
knockdown by lentivirus suppressed cell migration, proliferation, and EMT levels in
HLECs. Moreover, transfection of rAAV2 H19 shRNA alleviated fibrotic area in ASC mouse
lens anterior capsules.

CONCLUSIONS. Excessive H19 participates in lens fibrosis. Overexpression of H19 increases,
whereas knockdown of H19 ameliorates HLECs migration, proliferation, and EMT. These
results demonstrate H19 might be a potential target for fibrotic cataracts.
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F ibrosis is a pathological process that can affect multiple
organs and is involved in many fatal diseases. Severe

fibrosis in essential organs, such as the liver and pulmonary
system, results in a lower survival rate than that of cancer.1,2

Abnormal epithelial–mesenchymal transition (EMT) initi-
ated by cytokines is the core process of tissue fibrosis.3

During this process, intercellular junctions become looser
with excessive extracellular matrix secretion. Epithelial cells
also acquire stronger migration and proliferation abilities.3

Although fibrotic diseases can be lethal, the underlying
mechanisms are unclear, and effective therapies are still
needed. The lens has been regarded as an ideal experi-
mental model to study the processes that give rise to fibro-
sis due to its avascular environment and relatively simple
composition.4–6 Posterior capsular opacification (PCO) and
anterior subcapsular cataract (ASC) are two kinds of lens
fibrotic diseases caused by lens epithelial fibrosis that result
in impaired visual quality.7 Therefore, further study of lens
fibrosis is needed not only because the lens is an ideal model
for fibrosis research but also because lens epithelial fibrosis
is a pathogenic factor in disease.

PCO and ASC are two different types of cataracts that
share similar molecular and cellular mechanisms. ASC is
a kind of primary lens opacification that is mainly caused

by trauma or cytokine irritation and is characterized by
fibrotic plaques underneath the anterior subcapsule of the
lens.5 Recently, researchers have shown that ASC occurs as
a complication of implantable collamer lens (ICL) surgery.8

PCO, also known as secondary cataract, is a common
long-term complication of cataract surgery. In PCO, fibrotic
plaques form in front of the posterior lens capsule.9 In
patients under 40 years of age, the PCO incidence after
cataract surgery can reach 70% to 78%.10 In children, the
incidence has been reported to be as high as 100%.11 In ASC
and PCO, intraocular upregulation of transforming growth
factor-β (TGF-β) has long been recognized as the major
initiator that induces lens epithelial cells to undergo the EMT
process, in which they migrate to the acellular posterior
capsule or form fibrotic plaques.9 Therefore, inhibition of
lens epithelial cell migration and proliferation by EMT regu-
lation might be an effective therapy for treating or prevent-
ing ASC or PCO.

Long noncoding RNAs (lncRNAs) are a series of tran-
scripts with more than 200 nucleotides that cannot be trans-
lated into proteins.12 Extensive evidence has demonstrated
that lncRNAs play a crucial role in organ fibrosis.13,14 To date,
only a few lncRNAs have been studied in PCO or ASC.15,16

The lncRNA H19 is encoded by a highly conserved imprinted
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gene located on chromosome 11p15.5.17 Studies have shown
that hepatocellular carcinoma (HCC) bone metastasis could
be increased by H19 overexpression.18 In breast cancer, H19
was shown to promote tamoxifen resistance by regulating
autophagy levels.19 However, the role of H19 in lens fibrosis
is still unclear.

In the present study, we found that the lncRNA H19 was
significantly upregulated in ASC and PCO in in vivo, semi-
in vivo, and in vitro models. Upregulation of H19 is an
inducing factor of lens epithelial cell fibrosis. In a human
lens epithelial cell (HLEC) EMT model, knockdown of H19
suppressed proliferation, migration, and EMT in a transform-
ing growth factor-β2-induced in vitro model. Moreover, short
hairpin (sh)RNA treatment targeting H19 mediated by rAAV2
in an ASC mouse model reduced fibrotic progression of lens
epithelial cells, providing a potential therapeutic target for
fibrotic cataracts.

METHODS AND MATERIALS

Cell Culture

The HLEC line HLE-B3 was kindly gifted by Dr. Qinyu. The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scien-
tific, Inc.) and 300 mg/L L-glutamine. The cells were cultured
in a 37°C humidified incubator with 5% CO2.

ASC Mouse Model

All animal experiments were approved by the Animal
Ethics Committee of China Medical University. The ASC
mouse model was established as described previously.20

Briefly, before the model was established, 5-week-old
C57BL/6J mice were anesthetized with pentobarbital sodium
(70 mg/kg), and mydriasis was induced with tropicamide
eye drops. In the center of the anterior capsule, a small
incision was made through the right cornea by a 28-gauge
hypodermic needle. The incision depth was approximately
300 μm. After 3.5 days and 7 days of healing (n = 30
in each group), the anterior lens capsules were harvested
for RT–qPCR experiments. To interfere with H19 levels in
lens epithelial cells, ASC model mice received 1 μL of rAAV
(1X1012) carrying GFP sequence and mouse H19 shRNA
or negative control virus in the anterior chambers (Brain-
VTA). After ASC injuries were created, rAAVs were imme-
diately injected into the anterior chambers with a microsy-
ringe (32-gauge, Hamilton). Thirty days later, the lenses were
harvested for RT–qPCR (n = 30 mice per group) and whole-
mount staining (n = 6 mice per group).

Rat Lens Explant EMT Model

Lenses from Wistar rats aged between 20 and 22 days were
carefully removed and incubated with the anterior side up.
Lenses were cultured in serum-free M199 medium (Gibco;
Thermo Fisher Scientific, Inc.) and 0.1 mg/mL L-glutamine.
The lenses were treated with 10 ng/mL TGF-β2 (PeproTech,
Inc.) and the same volume of 0.1% BSA as a control. Three
days and 7 days later (n = 15 in each group), anterior lens
capsules were harvested for RT–qPCR.

Construction of a Stably Transfected Cell Line

Lentiviruses carrying shRNA or overexpressing the H19
vector were purchased from Shanghai GeneChem. HLE-B3
cells were incubated in 6-well plates at 70% to 80% conflu-
ence. Then, the culture medium was replaced by diluted
virus in DMEM (MOI = 10). After 8 hours of transfection,
the dilution was replaced with normal culture medium. Cells
with stable H19 overexpression or downregulation were
selected with 4 μg/mL puromycin for 1 week in a 37°C
humidified incubator with 5% CO2.

Cell Counting Kit-8 Assay

Cell proliferation assays were performed using a Cell Count-
ing Kit-8 assay (CCK8; Beyotime Biotechnology, China)
according to the manufacturer’s instructions. A total of 2 ×
104 cells were seeded and incubated in 96-well plates. After
cellular attachment, the cells were treated with 1 ng/mL or
10 ng/mL TGF-β2. The control group was treated with the
same volume of 0.1% BSA. Seventy-two hours later, 10 μL of
CCK-8 solution was added to each well. The plate was incu-
bated in a 37°C incubator for 2 hours before the absorbance
at 450 nm was read by micrometer measurement.

Whole-Mount Staining for the Lens Anterior
Capsule

The mice with ASC were euthanized, and the lenses were
dissected under a light microscope (Olympus, Inc.). After
fixation in 4% paraformaldehyde for 30 minutes at room
temperature, the anterior capsule was isolated and blocked
in 5% BSA for 1 hour at room temperature and perme-
ated in 0.3% Triton X-100 for 1 hour at room temperature.
After that, the capsules were incubated in primary antibod-
ies against α-smooth muscle actin (α-SMA; 1:200; Abcam;
cat. no. ab124964) and vimentin (1:200; Abcam; cat. no.
ab92547) for 10 hours at 4°C. Next, lens capsules were incu-
bated in 1:200-diluted goat anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor 488 (cat. no.
A-11034; Thermo Fisher Scientific, Inc.) for 1 hour at room
temperature. After nuclear staining with DAPI (Thermo
Fisher Scientific, Inc.) at a concentration of 300 nM for
5 minutes at room temperature, the anterior capsules of the
lens were mounted on a microscope slide and observed and
imaged by an Olympus fluorescence microscope system.

Immunofluorescence Staining of Cultured Cells

Cells were cultured on slides for 48 hours with or without
TGF-β2 before fixation with 4% paraformaldehyde for 20
minutes. Subsequently, the cells were permeabilized with
0.5% Triton X-100 solution for 10 minutes and blocked
with 5% BSA for 30 minutes at room temperature. After
that, the cell slides were incubated with primary antibodies
against vimentin (1:200; cat. no. ab92547; Abcam), α-SMA
(1:200; cat. no. ab124964; Abcam), E-cadherin (1:200; cat.
no. ab40772; Abcam), N-cadherin (1:200; cat. no. ab18203;
Abcam), fibronectin (1:200; cat. no. ab268020; Abcam), and
Col-I (1:200; cat. no. ab34710; Abcam) for over 10 hours
at 4°C. The following day, the cell slides were incubated
with 1:200-diluted goat anti-rabbit IgG (H+L) highly cross-
adsorbed secondary antibody, Alexa Fluor 488 (cat. no.
A-11034; Thermo Fisher Scientific, Inc.) for 1 hour at room
temperature. Finally, nuclei were stained with DAPI (Thermo
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Fisher Scientific, Inc.) at a concentration of 300 nM for
5 minutes at room temperature. The slides were observed
and imaged by fluorescence microscopy.

EdU Assay

An EdU staining assay was used to evaluate cell prolifera-
tion after the stably transfected cells were treated with or
without TGF-β2. Forty-eight hours after 2X104 HLE-B3 cells
were seeded into 96-well plates, the cells were labeled with
EdU (RiboBio, China; 100 μL/well) for 2 hours. Then, the
cells were fixed with 4% paraformaldehyde for 30 minutes
at room temperature. After that, 0.5% Triton X-100 solution
was added and incubated for 10 minutes at room temper-
ature. Later, the cells were incubated with 1X Apollo stain-
ing solution from the EdU kit (RiboBio, Inc.) for 30 minutes
at room temperature. Finally, the cells were incubated with
DAPI (Thermo Fisher Scientific, Inc.) at a concentration of
300 nM for 5 minutes at room temperature. The cells were
counted and imaged by microscopy.

Cell Scratch Assay

Stably transfected HLE-B3 cells were seeded in 6-well plates.
At a confluence of 100%, the cells were scratched with a
sterile yellow plastic pipette tip (20 μL). Then, the cells were
washed with PBS 3 times, and fresh non-FBS DMEM with or
without TGF-β2 (10 ng/mL) was added. After incubation at

37°C and 5% CO2 for 48 hours, the scratched areas were
imaged and measured by ImageJ software (version 1.52;
National Institutes of Health).

Transwell Assay

For the Transwell assay, stably transfected HLE-B3 cells were
seeded in the upper Transwell chambers at a density of
1 × 105 cells per chamber. In the upper chambers, the
cells were incubated with serum-free DMEM with or without
10 ng/mL TGF-β2. DMEM with 10% FBS was added to
the lower chambers. After 24 hours of cell migration, the
membranes were washed in PBS 3 times, fixed with 4%
formaldehyde for 20 minutes at room temperature, and
dyed with 0.1% crystal violet for 10 minutes. Finally, the
membrane was cut and imaged. The cell number was
counted by ImageJ (version 1.52; National Institutes of
Health).

Real-Time Quantitative Polymerase Chain
Reaction

Total RNA of the lens capsule or cells was isolated by
RNAiso Plus (TaKaRa Bio, Inc.) according to the manufac-
turer’s protocol. Genomic DNA was diminished, and cDNA
was synthesized with the PrimeScript RT Master Mix kit
(TaKaRa Bio, Inc.). The mRNA amount was quantitatively
measured with a SYBR PrimeScript RT–qPCR kit (TaKaRa

FIGURE 1. The lncRNA H19 is upregulated in the HLEC EMT model. (a) CCK8 assay showing that TGF-β2 promotes HLEC proliferation.
(b) RT–qPCR analysis of H19 expression with or without TGF-β2 (1 ng/mL or 10 ng/mL) for 48 hours (*: P < 0.05, **: P < 0.01).

FIGURE 2. H19 is overexpressed in TGF-β2-treated rat lens explants. (a) Rat lens explants treated with TGF-β2 (10 ng/mL) for 3.5 and
7 days, and 7 days treated NC lens. Obvious capsular pearls and fibrosis occurred in the anterior capsule, and fibrous plaque were well
formed after 7 days of treatment. (b) RT–qPCR analysis of H19 expression in TGF-β2-treated explants compared with normal explants
(**: P < 0.01).
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Bio, Inc.). The RT–qPCR experiments were performed by
Roche 96. The relative expression level was obtained using
the 2−��Cq method.21 Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) served as the internal control.

Western Blot

For cellular protein extraction, HLE-B3 cells per well
were lysed in 100 μL of radioimmunoprecipitation assay
(RIPA; Solarbio, Inc.) with protease inhibitor cocktail. After
centrifugation at 12,000 × g for 30 minutes, the supernatants
were mixed with 5X protein loading buffer. The samples
were heated at 95°C for 15 minutes. Each sample was
loaded onto an SDS–PAGE gel. After transfer to polyvinyli-
dene difluoride (PVDF) membranes, the samples were incu-
bated in targeted primary antibodies diluted 1:1000 at 4°C
overnight. The primary antibodies were against GAPDH
(cat. no. ab181602; Abcam), vimentin (cat. no. ab92547;
Abcam), E-cadherin (cat. no. ab40772; Abcam), N-cadherin
(cat. no. ab18203; Abcam), fibronectin (cat. no. ab268020;
Abcam), and Col-I (cat. no. ab34710; Abcam). The next
day, the membranes were incubated in horseradish perox-
idase HRP-conjugated goat anti-rabbit IgG secondary anti-
bodies (1:5,000; cat. no. ab6721; Abcam) for 1 hour at room
temperature. Protein expression levels on the membrane
were detected by Chemistar High-sig ECL Western blotting
substrate (cat. no. 180-5001; Tanon Science and Technol-
ogy Co., Ltd.). The expression levels were quantified using
ImageJ (version 1.52; National Institutes of Health).

Statistical Analysis

All results presented in the figures are representative of
three or more repeated experiments. All data are presented

as the mean ± standard deviation (SD). GraphPad Prism
8.0 (GraphPad Software, USA) was used to perform the
statistical analysis. Differences between the two groups were
tested by independent samples t tests. Differences among
multiple groups were tested using 1-way analysis of vari-
ance (ANOVA) and Tukey’s post hoc test. A P value < 0.05
was considered statistically significant (*P < 0.05, **P < 0.01,
and ***P < 0.001).

RESULTS

H19 was Elevated in the TGF-β2-Induced EMT
Model

TGF-β2, as a major isoform in the aqueous humor, plays
essential regulatory roles in the eye.22,23 We induced HLEB-
3 EMT by TGF-β2 treatment. To determine a representative
concentration and duration for TGF-β2-induced prolifera-
tion in an in vitro model, we examined HLE-B3 cell viabil-
ity by CCK-8 assays (Fig. 1a). We found that cell viability
was already improved by TGF-β2 in the first 12 hours and
finally peaked at 48 hours, which was 1.44 times that at
0 hours with 10 ng/mL TGF-β2 treatment and 1.17 times
that at 0 hours with 1 ng/mL TGF-β2 treatment. Treatment
with 10 ng/mL TGF-β2 resulted in higher cell viability than
1 ng/mL treatment for 72 hours.

Thus, 48 hours was chosen as the experimental dura-
tion. The relative expression levels of 6 lncRNAs associated
with EMT in other diseases, including the lncRNAs DHRS4-
AS1,24 MAFG-DT,25 SNHG12,26 PITPNA-AS1,27 LINC01426,28

and H19,29 were assessed by RT–qPCR in the HLE-B3 cell
EMT model. Only the expression of H19 showed significance
in the experimental group compared to the control group.
In both the 1 ng/mL and 10 ng/mL TGF-β2-treated groups,

FIGURE 3. Overexpression of H19 in an in vivo ASC mouse model. (a) Pictures of ASC eyes. (b) Whole-mount staining of ASC lens capsules
compared to the controls. Red: Targeted protein. Blue: DAPI. Scale bar = 100 μm. (c, d) Changes in EMT-related markers in the 3.5-day and
7-day ASC model lens capsules (n = 3). (e) RT–qPCR analysis of H19 expression levels in 3.5-day and 7-day lens epithelial cells compared
to their self controls (**: P < 0.01).
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FIGURE 4. H19 induced EMT in HLECs. (a) RT–qPCR analysis of H19 expression levels in HLECs stably infected with plasmid virus and
negative control virus. (b, c) Western blot analysis of EMT-related marker protein levels in the stable H19-overexpressing cell line and negative
control virus-transfected cells (n = 3). (d) Immunofluorescence staining images of EMT-related markers in the stable H19-overexpressing cell
line and negative control virus-transfected cells. Green: Target protein staining. Blue: DAPI staining. Scale bar = 50 μm. TGF-β2 treatment:
10 ng/mL, 48 hours (**: P < 0.01).

H19 was upregulated by approximately 2 times compared
with that of the control group, as determined by RT–qPCR
(Fig. 1b).

Upregulation of H19 in the Lens Capsule of EMT
Rat Lens Explants

According to the reference, we constructed the rat lens
explant EMT model. As shown in Figure 2a, after 3.5 days
of 10 ng/mL TGF-β2 treatment, obvious capsular pearls and
fibrosis occurred in the anterior capsule, and fibrous plaque
were well formed after 7 days of treatment. RT–qPCR results
demonstrated that H19 was augmented on both 3.5 days (2.5
times, P < 0.001) and 7 days (2 times, P < 0.01) compared
to that of the control group (Fig. 2b).

Expression of H19 is Upregulated in the Lens
Capsule of the ASC Mouse Model

To further demonstrate H19 regulation in the fibrous lens
anterior capsule in vivo, we detected H19 expression in an
injury-induced mouse ASC model. At 7 days, the lens devel-
oped obvious plaques underneath the anterior capsule of
the lens in the middle of the lens (Fig. 3a). Obvious α-SMA

and vimentin overexpression was found in anterior plaques
of experimental lenses by whole-mount immunofluores-
cence staining of the lens anterior capsule, which suggested
EMT-derived fibrotic lesion formation (Fig. 3b). Next, RNA
was extracted from ASC model mouse anterior capsules
and negative control (NC) mouse anterior capsules and
analyzed by RT–qPCR. On certain days after injury, EMT
was augmented compared to that in the uninjured eye
(Figs. 3c, 3d). Transcriptional levels of N-cadherin (1.54 times
on day 3.5 and 1.36 times on day 7), α-SMA (2.11 times on
day 3.5 and 3.83 times on day 7), vimentin (1.43 times on
day 3.5 and 1.6 times on day 7), fibronectin (18 times on day
3.5 and 39 times on day 7), and COL I (11 times on day 3.5
and 36 times on day 7) were upregulated, and E-cadherin
was downregulated in the ASC mouse group (0.83 times on
day 3.5). The mRNA level of H19 was also tested by RT–
qPCR. The results showed that in the ASC group, the expres-
sion of H19 was significantly improved at both 3.5 days
(4.5 times higher than that in the NC group) and 7 days
(6 times higher than that in the NC group) after injury
(Fig. 3e). H19 upregulation demonstrated a positive corre-
lation with EMT levels in the ASC mouse model. We clearly
observed significant upregulation of H19 in all 3 models,
these results indicated that H19 might play an important role
in the pathology of the lens epithelial cell fibrotic process.
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FIGURE 5. The lncRNA H19 promotes HLEC migration and proliferation. (a, b) EdU staining experiments and quantification showed that
cell proliferation increased after upregulation of H19. Green: EdU staining. Blue: DAPI staining. Scale bar = 50 μm. (c, d) Transwell assays
and quantification showed that H19 increased the number of migrated cells. Scale bar = 100 μm. (e, f) Scratch assay and quantity in the
stable H19-upregulated HLEB-3 cell line, 10 ng/mL TGF-β2-treated stable H19-upregulated HLE-B3 cell line, and 10 ng/mL TGF-β2-treated
negative control virus-transfected cells 48 hours after scratching. Scale bar = 100 μm. TGF-β2 treatment: 10 ng/mL, 48 hours (*: P < 0.05,
***: P < 0.001).

H19 Promoted Lens Epithelial Cell Migration and
Proliferation

To demonstrate our hypothesis of the role of H19 in fibrotic
cataracts, we transfected the HLE-B3 cell line with lentivirus
carrying vectors overexpressing H19. The H19 expression
in the transfected cell line was 7 times higher than that
in the NC group, as shown by RT–qPCR (Fig. 4a), simi-
lar to that in the in vivo ASC model. An EdU staining
assay was performed to detect the proliferation of HLE-B3
cells with or without stable H19 overexpression. We found
that there was a significantly higher percentage of HLE-B3
cells in S phase after transfection with H19 pc-DNA (1.52
times) than after transfection with NC virus (Figs. 5a, 5b).
We performed Transwell assays and wound healing experi-
ments to detect the migration of HLE-B3 cells with or with-
out H19 overexpression. The Transwell assay showed higher
migration in the H19-overexpressing group than in the NC
group, which was 2.5 times greater than that in the NC
group (Figs. 5c, 5d). We also presented similar results by
wound healing assays. In the wound healing experiment, the
H19-overexpressing group showed a 1.5 times larger migra-

tion area than the NC group at 48 hours after scratching
(Figs. 5e, 5f).

Elevated H19 Expression Induced Lens Epithelial
Cell EMT

Compared to the NC cells, the H19-augmented HLE-B3 cells
showed significantly higher expression of fibronectin, N-
cadherin, COL I, and vimentin and lower levels of E-cadherin
by Western blots (Figs. 4b, 4c). The same results were
detected by immunofluorescence staining (Fig. 4d). The fluo-
rescence intensity and area of EMT biomarkers in the H19
group were higher than those in the NC group. Collec-
tively, H19 overexpression in HLECs initiated the HLEC-EMT
process.

H19 Ablation Inhibited TGF-β2-Induced Lens
Epithelial Cell Proliferation and Migration

To explore the functions of H19 in TGF-β2-induced HLEC-
EMT, we transfected H19 shRNA into HLE-B3 cells with
a knockdown efficiency of approximately 70% (Fig. 6a).
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FIGURE 6. Downregulation of H19 inhibited TGF-β2-induced EMT in HLECs. (a) RT–qPCR analysis of H19 expression levels in HLECs stably
transfected with shRNA virus and virus negative control. (b, c) Western blot analysis of EMT-related marker protein levels in TGF-β2-treated
stable H19-downregulated cells and TGF-β2-treated negative control virus-transfected cells (n = 3). (d) Immunofluorescence staining images
of EMT-related markers in TGF-β2-treated stable H19-downregulated cells and TGF-β2-treated negative control virus-transfected cells. Green:
Target protein staining. Blue: DAPI staining. Scale bar = 50 μm. TGF-β2 treatment: 10 ng/mL, 48 hours (**: P < 0.01).

TGF-β2-induced EMT was further investigated in HLE-B3
cells as an in vitro model. Knockdown of H19 suppressed
cell proliferation and abolished TGF-β2-induced prolifer-
ation in HLE-B3 cells (Figs. 7a, 7b). In the EdU assay,
the proliferation ability of the H19 ablation group showed
significant suppression compared to that of the NC group.
In addition, compared to that in the TGF-β2-treated NC
group, proliferation ability was downregulated in the TGF-
β2-treated H19 ablation group. Furthermore, H19 knock-
down markedly inhibited Transwell migration induced by
TGF-β2 in HLE-B3 cells (Figs. 7c, 7d). Fewer cells that
migrated to the bottom of the chamber (0.8 times that of the
NC group) were found in the H19 knockdown group. More-
over, H19 knockdown suppressed the migration of HLE-B3
cells induced by TGF-β2. The wound healing experiment
also achieved the same results (Figs. 7e, 7f).

H19 Mediated TGF-β2-Induced Lens Epithelial
Cell EMT

Increased fibronectin, N-cadherin, COL I, and vimentin levels
and decreased E-cadherin levels were shown by Western
blotting and immunofluorescence staining in the TGF-β2-

stimulated group (Figs. 6b, 6d). However, in the rescue
experiment, H19 ablation reduced TGF-β2-induced EMT in
the HLE-B3 cell line. We found that H19 ablation reduced
fibronectin, N-cadherin, COL I, and vimentin and sustained
E-cadherin protein expression in the TGF-β2-induced in
vitro EMT group compared to the NC group (see Figs. 6b, 6c).
Moreover, the same results were detected by immunofluo-
rescence staining (see Fig. 6d). In short, H19 mediated the
TGF-β2-induced HLEC-EMT process.

rAAV2-H19 shRNA Decreased the Fibrotic Area of
the ASC Model Mouse Lens Anterior Capsules

The interference efficiency of mouse H19 shRNA was
detected and verified by RT–qPCR (Fig. 8a). The rAAV2-H19
shRNA-transduced region was identified by the green fluo-
rescent protein (GFP) signal before whole-mount staining
(Fig. 8b). Vimentin expression revealed a smaller fibrotic
area in the anterior capsule from the rAAV2-H19 shRNA
group compared to the NC group by whole-mount staining
(Fig. 8c). Statistical analysis showed a significant reduction
in the fibrotic area in the rAAV2-H19 shRNA group compared
to the NC group (Fig. 8d).
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FIGURE 7. Knockdown of H19 can prevent TGF-β2-induced proliferation and migration of HLE-B3 cells. (a, b) EdU staining and quantification
were used to detect cell proliferation. Green: EdU staining. Blue: DAPI staining. Scale bar = 50 μm. (c, d) Transwell assays and quantification
showed that knockdown of H19 reduced the number of migrated cells. Scale bar = 100 μm. (e, f) Scratch assay and quantification of TGF-β2-
treated negative control virus-transfected cells. The stable TGF-β2-treated H19-downregulated HLEC cells, stable H19-downregulated HLEC
strain, and negative control virus-transfected cells 48 hours after scratching. Scale bar = 100 μm. TGF-β2 treatment: 10 ng/mL, 48 hours
(**: P < 0.01, ***: P < 0.001).

DISCUSSION

Lens anterior capsule fibrosis is considered a main patho-
logical cause of ASC. Many studies on artificial intraocular
lenses committing to reducing lens epithelial fibrosis have
revealed the importance of fibrosis in the pathogenesis of
ASC and PCO. TGF-β2 plays a major role in this process.23,30

However, more potential factors involved in this pathologi-
cal process need to be explored.

In the present study, we demonstrated a promoting role
of H19 in the fibrotic process of lens epithelial cells. H19
was markedly overexpressed in mouse ASC models, rat lens
explant EMT models and TGF-β2-induced in vitro models.
Overexpression of H19 initiated and mediated the fibrotic
process in HLECs. Knockdown of H19 in HLECs not only
reduced mesenchymal features but also suppressed the
TGF-β2-induced EMT process. Moreover, fibrotic areas were
reduced after treatment with rAAV2-H19 shRNA in injury-
induced ASC mouse lens anterior capsules, revealing the
therapeutic potential of H19 in fibrotic cataracts.

Among the 6 lncRNAs we selected that have been demon-
strated to regulate the EMT process in other diseases, only
H19 was markedly upregulated in the TGF-β2-treated HLE-
B3 cell line. To further verify the expression changes of
H19 in fibrotic cataracts, we established a semi-in vivo EMT
model and an in vivo ASC model. In the semi-in vivo model,

rat lenses were explanted in M199 medium. TGF-β2 was
added to the culture medium to imitate cytokine changes
in the aqueous humor after cataract surgery. The expres-
sion level of H19 in the lens capsule was markedly increased
after treatment for 3.5 days, which was higher than that at
7 days. This finding might be due to the promoting role
of H19 occurring in the early step of EMT. Similar expres-
sion trends were also detected in renal fibrosis. In a report
by Shi et al., H19 was overexpressed in 20-week-old CD-1
mice. However, the rate of increase was attenuated.31 Simi-
lar results were also found in our ASC model. On day 3.5,
H19 was highly upregulated in the injured lens capsule, and
the upregulation rate slowed down in the next 3.5 days.
The H19 gene is maternally imprinted and encodes the 2.3
kb H19 long noncoding RNA sharing the same locus with
IGF2. Moreover, H19 is a precursor of miR-675.32 The H19
has been reported to be involved in fibrotic processes in
several organs, including cardiac fibrosis, kidney fibrosis,
oral submucous fibrosis, pulmonary fibrosis, muscle fibrosis,
and liver fibrosis.31,33–38 As H19 is a highly conserved and
multifunctional gene, our findings indicated that upregula-
tion of H19 may play an important role in fibrotic diseases.

To test our hypothesis, we stably transfected HLEB-3 cell
lines with lentivirus to improve H19 expression levels. The
viability and migration of HLE-B3 cells were both improved
after overexpression of H19. Augmentation of these two
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FIGURE 8. The rAAV2-H19 shRNA treatment reduced the lens capsule fibrotic area of mice with ASC. (a) RT–qPCR analysis of H19 expression
changes after transfection with rAAV2- H19 shRNA. (b) Fluorescent images of GFP expression in rAAV2-transfected ASC lens capsules. Scale
bar = 100 μm. (c) Immunofluorescence staining images of vimentin in rAAV2-treated ASC lens capsules. Red: Vimentin staining. Blue: DAPI
staining. Scale bar = 100 μm. (d) Quantitative analysis of fibrotic area changes in ASC mouse lens capsules (n = 6).

characteristics made the lens epithelial cells remaining after
cataract surgery more capable of migrating to the posterior
capsule and proliferating to form fibrotic plaques or forming
fibrotic plaques in the anterior capsule after lens injury.39,40

There are three kinds of EMTs that contribute to embryo-
genesis, fibrosis, and cancer progression.41 The pathologi-
cal factor causing fibrotic cataracts is the second kind of
EMT and is irreversible.30 In the lens epithelial fibrotic
process, the cells lose epithelial characteristics and gain
mesenchymal characteristics, including excessive extracellu-
lar matrix, reduced cellular adhesion, and improved motil-
ity.42 These proteins, which are regarded as EMT biomarkers,
were detected in HLEB-3 cells. When H19 was upregulated,
a higher EMT level was observed. Therefore, the findings
supported the hypothesis that H19 could promote fibrosis
in lens epithelial cells.

Next, we further explored whether ablation of H19 could
inhibit fibrosis induced by TGF-β2 in lens epithelial cells.
After being cultured with TGF-β2, the HLE-B3 cell line
showed increased proliferation, migration, and EMT levels,
which were successfully suppressed by stable knockdown of
H19. These results indicated that H19 might have therapeu-
tic potential in fibrotic cataracts. However, in vivo, factors

other than TGF-β2, such as TNF-α, are involved in the
induction of fibrosis in lens epithelial cells.43 To further
investigate the therapeutic effect of H19 on lens epithe-
lial cell fibrosis in the presence of multiple cytokines, we
performed rAAV2-H19 shRNA treatment in mice with ASC.
The results showed significant suppression of fibrotic plaque
formation by interference with H19 in the lens capsule.
In ocular diseases, there are already drugs targeting RNA
approved by the US Food and Drug Administration (FDA),
and an increasing number of RNA-targeted drugs are being
investigated in clinical trials.44–46 The therapeutic effect
of H19 interference in the ASC mouse model provides a
novel strategy for the prevention and treatment of PCO and
ASC. To induce fibrosis, H19 may function through some
important pathways, including the canonical Smad pathway
and noncanonical pathways. In kidney fibrosis in diabetic
nephropathy and pulmonary fibrosis, H19 was verified to
mediate EMT via the Smad3 pathway.31,47 The variant of H19,
which lacks exon 4, promotes oral cancer by binding ZEB1
mRNA.48 By binding hnRNPA2B1, H19 promotes colorec-
tal cancer metastasis.49 Moreover, by directly antagonizing
P53, the tumor suppressor H19 enhances breast cancer
EMT.50
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Interestingly, Lang et al.51 reached the opposite conclu-
sion about the functions of H19 in the lens epithelial cell
fibrotic process. Instead of stable transfection, 24 hours
of transient transfection of the H19 plasmid in HLECs
inhibited EMT progression, revealing opposite roles of H19
in short-term upregulation versus long-term upregulation.
Moreover, long-term treatment with H19 knockdown exhib-
ited different efficacy than short-term treatment. After a
month of H19 shRNA treatment in our study, the ASC mice
showed shrunken fibrotic plaques of the anterior capsule.
Stable transfection of H19 shRNA in HLECs exhibited EMT-
inhibiting functions as well. However, in a study by Lang
et al., short-term downregulation of H19 resulted in accel-
eration of EMT in HLECs. Shorter-term treatment, including
the 24-hour upregulation of H19 in the fibrotic semi-in vivo
mouse lens model and the 6-day upregulation of H19 in the
fibrotic semi-in vivo human lens model in the study by Lang
et al., led to inhibition of fibrotic plaque growth. A previous
study has demonstrated that this may result from sponging
of different microRNAs that play opposite roles in different
stages of EMT progression.29 Considering our research and
Lang et al.’s research, treatment strategies targeting H19 in
the earlier and later stages of lens epithelial cell fibrosis may
have opposite effects, and it is better to upregulate H19 in
the earlier stage and downregulate H19 in the later stage.
Nevertheless, in the congenital H19 gene knockout mice in
Lang et al.’s research, long-term knockout of H19 resulted in
the phenotype of congenital cataract. Normal levels of H19
are essential for the normal growth and development of the
lens. In addition, the application of different epithelial cell
lines may have caused the conflicting results between our
research and that of Lang et al.

In the field of tumor therapy, H19 has already been
regarded as a novel therapeutic target.52 Researchers
consider H19 a biomarker in circulatory system disease.53,54

However, the mechanisms underlying H19-induced HLEC
fibrosis are still unclear. H19 may directly act on EMT-
associated molecules instead of acting through signal-
ing pathways. In oral submucous precancer fibrosis,
H19 directly regulates one of the extracellular matrix
components—COL1α.33

In conclusion, an in vitro EMT model was used to show
for the first time that H19 is highly expressed and related to
EMT marker protein expression in lens epithelial cells. The
rat lens explant EMT model and the ASC mouse model were
used to confirm the overexpression of H19 in the fibrotic
process of lens epithelial cells. Importantly, H19 promotes
the proliferation, migration, and EMT of lens epithelial cells
in vitro. In the presence of TGF-β2, interference with H19
repressed cytokine-induced fibrosis. The inhibitory effect of
H19 shRNA on fibrotic plaque formation was confirmed in
the mouse ASC model, revealing a novel therapeutic strategy
for fibrotic cataracts.
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