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Abstract: Objectives: Corneal endothelial cells (CECs) are extremely vulnerable to injury. In this study, the role and
mechanism of action of the long non-coding RNA HOXA11-AS during corneal endothelial injury (CEl) were evalu-
ated in vivo and in vitro. Methods: Scratch wounds were made to induce CEl in the corneal endothelium of rats and
mice. Homeobox A11 (HOXA11)-AS expression was determined at different time points using quantitative real-time
PCR. Human CECs with HOXA11-AS overexpression or downregulation were examined for survival, ferroptosis, and
migration. Bioinformatics and dual-luciferase reporter assays were used to investigate the correlation between
HOXA11-AS and microRNA (miR)-155. Results: HOXA11-AS expression was reduced in the corneal endothelium in a
time-dependent manner. Scratch wounds triggered high rates of ferroptosis and migration in CECs and impaired cell
proliferation. HOXA11-AS overexpression partially attenuated the scratch wound-induced changes in proliferation,
ferroptosis, and migration, whereas silencing HOXA11-AS had the opposite effects. Moreover, HOXA11-AS served
as a competing endogenous RNA of miR-155. Levels of miR-155 were upregulated in the corneal endothelium fol-
lowing the scratch injury, and this upregulation abolished the effect of HOXA11-AS overexpression on the behavior
of CECs after injury; miR-155 inhibition counteracted the effect of HOXA11-AS silencing. Conclusions: HOXA11-AS
exerts protective effects against CEl by sponging miR-155, suggesting that these loci are treatment targets for cor-
neal endothelial disorders.
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Introduction corneal transparency and stromal edema, lead-
ing to irreversible vision loss [3]. Corneal trans-
plantation is the only efficient way to restore
vision in patients with endotheliopathy. The
need for donor corneas has prompted investi-
gators to explore the feasibility of using expand-

ed corneal endothelial cells (CECs) as a treat-

The corneal endothelium is a monolayer formed
by hexagonal cells that present a leaky obsta-
cle between the aqueous humor in the anterior
chamber of the eye and the corneal stroma.
The major role of the corneal endothelium is to

provide a slightly dehydrated condition (known
as corneal deturgescence) for the corneal stro-
ma, which is needed for optical transparency.
The leaky obstacle is due, at least in part, to
the discontinuous tight junction protein zonula
occludens-1 (Z0-1) [1]. To balance liquid flow
into the stroma, endothelial cells are capable of
actively transporting fluid back to the anterior
chamber by ion transporters, such as Na*K'-
ATPase pumps [2]. Disorders that can influence
the “pump-leak” balance will cause a loss of

ment option by anterior chamber cell injection
or tissue engineering [4].

CECs exist in the innermost corneal layer and
are important for corneal transparency, since
they act as a barrier and as “ion pumps” [5].
Cell cycle arrest of human CECs (hCECs) occurs
at the G1 phase; therefore, the division of
human CECs does not occur in vivo [6]. In nor-
mal conditions, a mean loss rate of 0.3-0.6%
CECs can be detected each year; however, adja-
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cent cells can surround the wound area by
migration and/or spreading. Thus, CECs are
capable of maintaining a fluid inlet/outlet bal-
ance and corneal transparency in a compensa-
tory manner [7]. However, corneal surgeries,
extra traumas, and stresses from glaucoma or
endothelial dystrophies have the potential to
dramatically decrease the cell density, eventu-
ally causing residual CEC decompensation [8].
When the human CEC density is reduced to
<500-1000 cells/mm?, redundant aqueous
humor storage in the corneal stroma may
result in bullous keratopathy, corneal edema,
and visual acuity loss [9]. Some studies have
indicated that topical Rho kinase (ROCK) inhibi-
tors are capable of facilitating the recovery of
the cryoinjured corneal endothelium [10, 11].
Y-27632, a ROCK inhibitor, has been experi-
mentally used in patients with bullous keratop-
athy during cultivated human CEC transplanta-
tion [12]. Owing to the risk of endothelial-mes-
enchymal transition (EMT) and limitations in
the ex vivo expansion of human CECs, medici-
nal or new grafting treatments suitable for
patients suffering from corneal endothelial
decompensation are lacking [13, 14]. Thus, itis
necessary to investigate novel therapeutic
methods, intrinsic biological and molecular
mechanisms, and essential factors involved in
corneal endothelial injury (CEI).

Long non-coding RNAs (IncRNAs) are critical in
many diseases, especially tumors, as they par-
ticipate in various biologic processes, such as
MRNA selective splicing, epigenetic and post-
translational modulation, chromatin modifica-
tion, and microRNA (miRNA) decoy activity [15-
17]. Many studies have indicated that cytoplas-
mic IncRNAs function as sponges capable of
sequestering miRNAs to control the expre-
ssion of other RNAs [18, 19]. Homeobox A1l
(HOXA11)-AS has recently been identified as a
critical tumor-promoting IncRNA in many can-
cers, such as squamous cell cancer [20], gas-
tric cancer [21], breast cancer [21], and non-
small-cell lung carcinoma [22]. However, the
role of HOXA11-AS in CEl has not been
established.

In the present study, scratch wounds were
made to induce CEl in the corneal endothe-
lium of rats and mice. HOXA11-AS expression
was evaluated under both normal and injured
conditions. Loss- and gain-of-function studies
were performed to assess the role of HOXA11-
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AS in CEC damage and the underlying molecu-
lar mechanisms. Our findings indicate that
HOXA11-AS exerts protective effects against
CEl.

Material and methods
CEIl model establishment

Male BALB/c mice (aged 56 days) and male
SD rats (aged 42 days) were provided by the
Tianjin Experimental Animal Center. All ex-
periments were approved by the Animal Care
and Experiment Committee of Tianjin Medical
University. All operations were conducted in
accordance with the Association for Research
in Vision and Ophthalmology (ARVO) Statement
for animal use. Rats and mice were kept in dif-
ferent colony rooms with a 12-h light/dark cycle
at 25°C for 7 days prior to the experiments. All
animals were arbitrarily classified into injured
and control groups. A scratch wound model of
the corneal endothelium was constructed. In
brief, animals were anesthetized by an intra-
abdominal injection of pentobarbital sodium
and topical oxybuprocaine. Under a stereo-
scopic microscope, a 30-gauge needle was
inserted into the anterior chamber of the eye
through the limbus, and an endothelial wound
was made by gently scraping cells, taking care
not to collapse the anterior chamber or to dam-
age Descemet’'s membrane. Researchers were
blinded to the group assignment in the process
of data collection and analysis [23].

Hematoxylin and eosin (H&E) staining

After fixation for 16-18 h with paraformalde-
hyde (4%), the corneal samples were exposed
to ethanol (EtOH) dehydration at various con-
centrations (70%, 80%, 90%, 95%, and 100%),
rinsed twice with xylene (X820585, 500 mL)
for 300 s each time, embedded in paraffin, and
sectioned (thickness, 4 ym). The paraffin-em-
bedded sections were dewaxed with water,
subjected to hematoxylin staining (CO0O07) for
10 min at room temperature (RT), rinsed with
running water for 0.5-1 min, differentiated with
1% hydrochloric acid alcohol for 60 s, and
rinsed with running water for 60 s. The sections
were then stained with eosin for 5-10 min at RT,
dehydrated in the EtOH gradient mentioned
above for 60 s, rinsed twice with xylene for 60
s each time, and mounted in neutral balsam.
Pathologic changes were observed using a
fluorescence microscope (Zeiss, Oberkochen,
Germany).
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remove contaminating DNA. PCR (30
cycles) was used to amplify the glyce-
raldehyde 3-phosphate dehydrogenase
(GAPDH) and U6 small nuclear RNA genes

Table 1. Sequences of primers in qRT-PCR

Primer Sequence
HOXA11-AS F 5’-TCT CCT GGA GTC TCG CAT TT-3’

HOXA11-AS R 5'-TCG GAA GTG ACC ATG AAT GA-3’ to validate the genomic DNA and RNA
miR-155 F S -TAA AAA GGA CAG GAATAC A-3' deletion. RNA (2 pg) was then reverse-
miR-155 R 5"-CAAGTCTTCAGATACAATG-3' transcribed to obtain cDNA in a reaction
GAPDH F 5’-GGG CAT GAA CCA TGA GAA GT-3’ mixture (20 yL) containing dNTPs (2 uM),
GAPDH R 5-AAG CAG GGA TGA TGT TCT GG-3’ random hexamers (2.5 pM), and M-MLV
U6 F 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' reverse transcriptase (200 U). qRT-PCR
U6 R 5"-CGC TTC ACG AAT TTG CGT GTC AT-3' was then conducted using an ABI PRISM

CEC scratch assay

B4G12 cells (an authenticated human immor-
talized CEC line) were obtained from Creative
Bioarray Company and cultivated in Dulbecco’s
modified Eagle’s medium supplemented with
10% fetal bovine serum. Wounds were inflicted
by scratching with a sterile pipette tip and har-
vested for subsequent analyses 0.5 days after
wounding.

Transfection

To generate CECs with high or low HOXA11-AS
levels, pcDNA3.1-HOXA11-AS or HOXA11-AS
siRNA was first synthesized (GenScript) and
confirmed by sequencing (Ruibiotech). CECs
were transfected with pcDNA3.1-HOXA11-AS,
pcDNA3.1-empty, HOXA11-AS siRNA (5-CAG
UUA UCA CAG UGC UGA UGC U-3’), or NC siRNA
(5’-UUC UCC GAA CGU GUC ACG UTT-3") by
Lipofectamine 2000 (Invitrogen, Waltham, MA,
USA) to construct the lentivirus. The transfec-
tion efficiency was confirmed by qPCR.

All miR-155 mimic (5-UUA AUG CUA AUC GUG
AUA GGG GU-3), inhibitor (5’-UUA AUG CUA AUC
GUG AUA GGG GU-3’), NC mimic (5-UUG UAC
UAC ACA AAA GUA CUG-3’), and NC inhibitor (5’-
UCA CAA CCU CCU AGA AAG AGU AGA-3’) were
purchased from RiboBio (Guangzhou, China)
and diluted to 50 nM. CECs were transfected
with the miR-155 inhibitor, mimic, or NC using
Lipofectamine 2000 (Invitrogen), according to
the manufacturer’s instructions. The transfec-
tion efficiency was confirmed by gqPCR.

Reverse transcription and quantitative real-
time PCR (qRT-PCR)

Total RNA was isolated with TRIzol (Invitrogen)

according to the manufacturer’s protocol and
subjected to RNase-free DNase 1 incubation to
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7300 Real-time Cycler as follows: initial
denaturation, 3 min at 95°C; 40 cycles of
10 s at 95°C, 30 s at 58°C, and 30 s at 72°C.
Relative mRNA expression of the target gene
was measured using the 2%2°T method, as
described in the User Bulletin of Applied
Biosystems No. 2 (P/N 4303859) [24], using
GAPDH and U6 as internal references. The
primers used in this experiment are displayed
in Table 1.

Western blotting (WB)

B4G12 cell lysis was performed in RIPA buffer
for 0.5 h on ice. Cell lysates were then centri-
fuged for 20 min at 12,000 x g, and the protein
concentration was determined using a BCA Kit
(Dingguo Company; catalog no: PO012). Cell
lysates (30 mg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) for western blotting (WB). The
antibodies used for WB were as follows: anti-
GPX antibody (1:2500, ab153969; Abcam,
Cambridge, UK), anti-SLC7A11 antibody (1:
1000, ab37185; Abcam), anti-ACSL4 antibody
(1:5000, ab155282; Abcam), anti-ZO-1 anti-
body (1:2500, ab216880; Abcam), anti-N-cad-
herin antibody (1:2500, ab76057; Abcam), anti-
E2F2 antibody (1:2500, ab235837; Abcam),
and anti-Tubulin antibody (1:5000, ab7291;
Abcam). The blots were rinsed with Tris-buffered
saline plus Tween 20 (TBST) extensively and
examined by chemiluminescence (Chemi-Doc
XRS; Bio-Rad, Hercules, CA, USA).

Cell Counting Kit (CCK)-8 assay

Cell viability was evaluated by the CCK-8 assay.
In brief, plated B4G12 cells were exposed to
CCK-8 (0.5 mg/mL, 10 pL) and incubated for
60 min. The absorbance of cells at 450 nm was
determined using an Infinite M200 microplate
reader (Tecan, Mannedorf, Switzerland) to eval-
uate cell viability.
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Figure 1. Homeobox A11 (HOXA11)-AS expression in the injured corneal en-
dothelial tissue. The right eye of mice (n = 8 in each group) was subjected
to corneal endothelial scratch to establish an injury model. A. Hematoxylin
and eosin (H&E) staining was performed to examine the pathogenic altera-
tions of the corneal endothelium. B. HOXA11-AS expression in the corneal
endothelium was determined via qRT-PCR at 6 h and 12 h post-modeling. *P
< 0.05, **P < 0.01 vs. Normal group.
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Figure 2. Expression of HOXA11-AS in the scratch-injured B4G12 cells.
Wounds on B4G12 cells were made by scratching via a sterile pipette tip.
B4G12 cells were transfected with sSiRNA-HOXA11-AS or pcDNA3.1-HOXA11-
AS or corresponding negative controls (NC) and were collected at 12 h after
scratching for further analyses. A. HOXA11-AS expression in B4G12 cells
was determined by qRT-PCR. B. B4G12 cell viability was examined by the
CCK-8 assay. **P < 0.01, ***P < 0.001.

Intracellular and lipid reactive oxygen species
(ROS) measurements

the cells were subjected to a
scratch assay for 0.5 days.
2’-7’-Dichlorofluorescein dia-
cetate (DCFH-DA) or the C11
BODIPY fluorescent probe was
used to determine intracellu-
lar ROS or lipid ROS levels,
respectively. Briefly, cells were
rinsed three times with PBS
and exposed to DCFH-DA (10
uM) or C11 BODIPY (5 uM) at
37°C for 20 min in the dark.
After incubation, fluorescence
intensity (Excitation 488 nm,
Emission 525 nm) was deter-
mined using a SpectraMax®
M5 fluorescence microplate
reader.

Apoptosis determination

The quantification of dead
cells was performed by flow
cytometry (FC) using Annexin
V-Fluorescein Isothiocyanate/
Propidium lodide (Annexin
V-FITC/PI) Apoptosis Detec-
tion Kits (BD Pharmingen,
San Diego, CA, USA). Briefly,
the cell suspension was incu-
bated with Annexin V-FITC (10
pL) and PI (5 L) after prepara-
tion with binding buffer (20
pL). Apoptotic cells were ass-
essed and identified by FC
using FACS Diva (BD Bio-
sciences, San Jose, CA, USA).

Cell migration determination
assay

Confluent B4G12 cells were
scratched with a pipette tip,
allowed to move to the wound,
and fixed. The scratched area
was examined using a micro-
scope. The migration propor-
tion (%) was obtained as
width2d/widthOd.

Statistical analyses

The results are displayed as mean + standard

B4G12 cells were first inoculated into six-well
plates (3 x 10° cells/well). One day later,
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deviation (SD). Comparison among multiple
groups was conducted using analysis of vari-
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ance (ANOVA) followed by a Fisher’s least sig-
nificant difference (LSD) test for post-hoc analy-
sis. Statistical significance was set at P < 0.05.

Results

CEI modeling induced the downregulation of
HOXA11-AS in mice

The right eyes of mice were subjected to CEIl
modeling, and edema corneal turbidity was
evaluated to verify successful model establish-
ment. H&E staining showed that the corneas of
healthy mice were transparent and smooth,
with micro-neovascularization. Corneal edema
was detected in eyes with deeply covered
matrices, white turbidity on the surface, and
substantial neovascularization, indicating that
scratching conditions could lead to corneal
impairment and supporting successful CEl
model construction (Figure 1A). Neovascu-
larization and corneal epithelial cell conditions
were also observed by H&E staining. The cor-
neal epithelia in the control group were tightly
arranged, with an intact cell morphology, with-
out vessels in the stromal layer, and with evenly
distributed dead cells. In the injured groups,
the corneal epithelia and number of cell layers
were reduced and showed vacuolization, and
the matrix layer exhibited a substantial neovas-
cularization and severe edema (Figure 1A).
HOXA11-AS mRNA expression, examined by
gRT-PCR, was downregulated in the injured cor-
neal endothelium of rats in a time-dependent
manner (Figure 1B). These results suggest that
HOXA11-AS participated in the regulation of
CEl.

HOXA11-AS expression and its role in the vi-
ability of scratch-treated B4G12 cells

We introduced a scratch injury in the B4G12
cell line to establish a cell-based CEl model
for analyses of the role of HOXA11-AS in vitro.
After the scratch wound was introduced, the
HOXA11-AS mRNA expression level dramatical-
ly decreased in BAG12 cells relative to levels in
the untreated control group (Figure 2A). Loss-
and gain-of-function experiments were then ini-
tiated by silencing or overexpressing HOXA11-
AS in B4G12 cells. After transfection for 48 h,
gRT-PCR results confirmed that HOXA11-AS
expression was significantly reduced or elevat-
ed, ininjured B4G12 cells with silenced or over-
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expressed HOXA11-AS, respectively (Figure
2A).

Scratch injury significantly reduced the survival
of B4G12 cells, as assessed by a CCK-8 assay.
HOXA11-AS downregulation further impaired
cell viability in scratch-injured cells, whereas
HOXA11-AS overexpression partially recovered
the rate of cell survival in scratch-injured
B4G12 cells (Figure 2B).

Ferroptosis induced by scratch injury is regu-
lated by HOXA11-AS

FC was used to evaluate the influence of
HOXA11-AS on apoptosis in injured B4G12
cells. First, HOXA11-AS overexpression attenu-
ated the rate of apoptosis in B4G12 cells treat-
ed with scratch injury, whereas a HOXA11-AS
deficiency further augmented apoptosis in
injured cells (Figure 3A).

Intracellular and lipid ROS production are two
important indicators of cellular oxidative stress.
Both intracellular and lipid ROS levels were
higher in scratch-injured B4G12 cells than in
untreated cells. HOXA11-AS overexpression
alleviated intracellular and lipid ROS levels,
whereas HOXA11-AS silencing had the opposite
effect (Figure 3B, 3C).

High rates of apoptosis and increased lipid
ROS levels are two indicators of ferroptosis.
Therefore, we examined the protein expression
levels of ferroptosis markers GPX4, ACSL4,
and SLC7A11 in scratch-injured B4G12 cells.
Scratch injury suppressed glutathione peroxi-
dase 4 (GPX4) and solute carrier family 7 mem-
ber 11 (SLC7A11) expression but increased
the expression of acyl-CoA synthetase long
chain family member 4 (ACSL4) in B4G12 cells
compared with levels in control cells. HOXA11-
AS silencing further reduced GPX4 and
SLC7A11 levels and promoted ACSL4 expres-
sion ininjured cells, whereas its overexpression
reversed these phenotypes in scratch-injured
B4G12 cells (Figure 3D). These data indicated
that scratch wound-induced ferroptosis in
B4G12 cells was attenuated by HOXA11-AS.

HOXA11-AS promoted the migration of
scratch-injured B4G12 cells

Next, we examined the role of HOXA11-AS in
the migration of scratch-injured B4G12 cells.

Am J Transl Res 2022;14(12):8489-8503
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Figure 3. Effect of HOXA11-AS on scratch injury-induced ferroptosis in B4G12 cells. Wounds on B4G12 cells were
made by scratching via a sterile pipette tip. B4G12 cells transfected with sSiRNA-HOXA11-AS or pcDNA3.1-HOXA11-
AS or their negative controls (NC) were collected at 12 h after scratches for the subsequent analysis. (A) Apoptotic
cells were counted by FC. The cell apoptosis rate in each group is shown on the right-hand panel. (B) DCFH-DA and
(C) C11 BODIPY staining were performed to evaluate the production of intracellular and lipid reactive oxygen spe-
cies (ROS) in B4G12 cells, respectively. (D) WB of glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long chain
family member 4 (ACSL4), and solute carrier family 7 member 11 (SLC7A11) expression in B4G12 cells. *P < 0.05,
***P < (0.001.
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or their negative controls (NC) and were collected at 12 h after scratches for further analyses. A. The migration rate
of B4G12 cells was determined by a scratch wound healing assay. B. Zonula occludens-1 (Z0-1) and N-cadherin
protein expression levels were analyzed using WB. *P < 0.05, **P < 0.01.

The downregulation of HOXA11-AS in B4G12
cells led to a significant reduction in the rate of
CEC migration, whereas HOXA11-AS overex-
pression increased the migratory capacity
(Figure 4A). Furthermore, WB showed that the
expression levels of tight junction proteins ZO-1
and N-cadherin were reduced by HOXA11-AS
silencing and were upregulated after HOXA11-
AS overexpression in B4G12 cells (Figure 4B).
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These findings indicated that HOXA11-AS pro-
moted the migration of scratch-injured B4G12
cells.

HOXA11-AS acts as a sponge RNA of miR-155-
5p (MiR-155)

A previous study demonstrated that the IncRNA
HOXA11-AS and its target miR-155 mediate

Am J Transl Res 2022;14(12):8489-8503
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Figure 5. HOXA11-AS serves as a miR-155 ceRNA. A. Graphical representa-
tion of the conserved HOXA11-AS binding motif of miR-155. B. Dual-lucifer-
ase reporter assay (DLRA) using luciferase reporter constructs containing
either mutant (Mut) or wild-type (WT) HOXA11-AS transfected with miR-155/
NC mimic. Firefly luciferase activity was normalized against Renilla luciferase
activity as a reference. C. Wounds on B4G12 cells were made by scratching
via a sterile pipette tip. B4G12 cells transfected with siRNA-HOXA11-AS or
pcDNA3.1-HOXA11-AS or their negative controls (NC) were collected at 12 h
after scratches for further analyses. qRT-PCR was used to quantify miR-155

in cells with overexpressed
HOXA11-AS (Figure 6A, 6B).

A CCK-8 assay showed that
the survival of scratch-injur-
ed B4G12 cells with silenc-
ed HOXA11-AS was restored
by miR-155 inhibition (Figure
6C), whereas transfection with
the miR-155 mimic decreased
the viability of B4G12 cells
with overexpressed HOXA11-
AS (Figure 6D). These data
suggested that miR-155 and
HOXA11-AS exerted opposi-
te effects in scratch-injured
B4G12 cells.

miR-155 counteracted the
effect of HOXA11-AS on
scratch-injured B4G12 cell
ferroptosis

We hypothesized that miR-
155 counteracts the positive
effect of HOXA11-AS on fer-

expression in B4G12 cells. *P < 0.05, **P < 0.01, ***P < 0.001.

squamous cell carcinoma [20]. We, therefore,
hypothesized that this axis might be involved
in CEl and scratch-injured B4G12 cell pheno-
types. A bioinformatic analysis clearly demon-
strated that HOXA11-AS targeted miR-155
(Figure 5A). A dual-luciferase reporter assay of
B4G12 cells confirmed that there was a nega-
tive correlation between HOXA11-AS and miR-
155 (Figure 5B). Furthermore, scratch wounds
resulted in the upregulation of miR-155 expres-
sion in B4G12 cells, which would be further
augmented by HOXA11-AS silencing or amelio-
rated by HOXA11-AS overexpression (Figure
5C). These data suggested that HOXA11-AS
acted as a ceRNA of miR-155 in CEI.

Involvement of miR-155 in the effects of
HOXA11-AS on scratch-injured B4G12 cells

To evaluate the contribution of miR-155 to
the HOXA11-AS-mediated viability of scratch-
injured B4G12 cells, injured cells with silenced
or overexpressed HOXA11-AS were transfected
with @ miR-155 inhibitor or mimic. qRT-PCR
results showed that after transfection, miR-
155 levels were reduced in B4G12 cells with
silenced HOXA11-AS expression but elevated
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roptosis. To evaluate this hy-
pothesis, we performed FC,
intracellular and lipid ROS detection, and
ferroptosis marker expression analyses in
scratched-injured B4G12 cells. miR-155 inhibi-
tion alleviated ferroptosis, decreased intracel-
lular and lipid ROS levels, upregulated GPX4
and SLC7A11 expression levels, and down-
regulated ACSL4 levels in HOXA11-AS-silenced
and scratch-injured B4G12 cells (Figure 7A-D).
In contrast, the rate of apoptosis was signifi-
cantly higher in HOXA11-AS-overexpressing
and scratch-injured B4G12 cells with miR-155
upregulation. miR-155 upregulation also led
to higher levels of intracellular ROS, lipid ROS,
and ACSL4 expression, as well as decreased
GPX4 and SLC7A11 protein levels (Figure 7E-H).
These data clearly indicated that miR-155
counteracted the inhibitory effect of HOXA11-
AS on scratch-injured B4G12 cell ferroptosis.

miR-155 abolished the effect of HOXA11-AS
on the migration of scratch-injured B4G12
cells

Next, we determined the involvement of miR-
155 in the HOXA11-AS-induced migration of
scratch-injured B4G12 cells. A scratch wound
healing assay showed that miR-155 inhibition

Am J Transl Res 2022;14(12):8489-8503



HOXA11-AS in corneal endothelial injury

HOXA11-AS on the migration
of scratch-injured B4G12 ce-
Ils.

E2F2 is a downstream target
of the HOXA11-AS-miR-155
axis in B4G12 cells during
injury

Previous studies have de-
monstrated that the 3’-un-
translated region (UTR) of the
E2F2 gene acts as a target of
miR-155 [25, 26], and a recent
report has shown that E2F2
is responsible for the miR-
155-regulated cell cycle and
barrier function of CECs in
myopia [27]. Here, we exam-
ined the protein level of E2F2
in scratch-injured B4G12 cells
to understand the correlation
between E2F2 expression and
the HOXA11-AS-miR-155 axis.
Bioinformatics-based predic-
tion also confirmed that miR-
155 might target the 3’-UTR
of E2F2 (Figure 9A). A dual
luciferase assay showed that
the activity of luciferase fus-
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Figure 6. Role of miR-155 in the HOXA11-AS-mediated attenuation of viabil-
ity in injured B4G12 cells. Wounds on B4G12 cells were made by scratching
via a sterile pipette tip. B4G12 cells were transfected with siRNA-HOXA11-
AS and NC/miR-155 inhibitor or pcDNA3.1-HOXA11-AS and NC/miR-155
mimic and then collected at 12 h after scratches for further analyses.
A, B. HOXA11-AS expression in B4G12 cells was determined via qRT-PCR.
C, D. B4G12 cell viability was examined by a CCK-8 assay. **P < 0.01, ***P

< 0.001.

contributed to a higher rate of migration in
B4G12 cells with silenced HOXA11-AS than
in the control group (Figure 8A). ZO-1 and
N-cadherin expression levels were also elevat-
ed after miR-155 inhibition (Figure 8B). On the
other hand, miR-155 mimic transfection in
HOXA11-AS-overexpressing and scratch-injur-
ed CECs caused a reduction in migration and
decreased Z0-1 and N-cadherin expression lev-
els (Figure 8C, 8D). Collectively, these data
suggested that miR-155 abolished the effect of
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ed to the wild-type 3-UTR of
E2F2 was reduced by half fol-
lowing transfection with the
miR-155 mimic compared to
that in the control group
(Figure 9B). E2F2 expression
in injured B4G12 cells was
lower than that in non-injured
control cells. HOXA11-AS sil-
encing in injured B4G12 cells
caused the downregulation of
E2F2 expression, while the
overexpression of HOXA11-AS
led to the upregulation of
E2F2. Furthermore, miR-155 counteracted the
effect of HOXA11-AS on E2F2 expression in
B4G12 cells (Figure 9C). These data suggested
that E2F2 was a downstream target of the
HOXA11-AS-miR-155 axis in B4G12 cells during
scratch wounding.

Discussion

In vivo, CECs are arrested in the G1 phase of
the cell cycle and are actively maintained in a

Am J Transl Res 2022;14(12):8489-8503
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Figure 7. Contribution of miR-155 to the HOXA11-AS-mediated reduction in ferroptosis in B4G12 cells. Wounds on
B4G12 cells were made by scratching via a sterile pipette tip. B4G12 cells were transfected with siRNA-HOXA11-
AS and NC/miR-155 inhibitor or with pcDNA3.1-HOXA11-AS and NC/miR-155 mimic and collected at 12 h after
scratches for subsequent analyses. (A, E) Apoptotic cells were counted by FC. The rate of apoptosis in each group
is shown on the right-hand panel. (B, F) DCFH-DA and (C, G) C11 BODIPY staining were performed to evaluate the
production of intracellular and lipid ROS in B4G12 cells, respectively. (D, H) WB results for the expression of GPX4,
ACSL4, and SLC7A11 in BAG12 cells. *P < 0.05, **P < 0.01, ***P < 0.001.

non-proliferative state. After injury, cells with
endothelial phenotypes acquire the capacity
for proliferation; however, this is insufficient to
resolve large wounds. Corneal surgery, external
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trauma, and stress from endothelial dystro-
phies or glaucoma may dramatically decrease
the endothelial cell density, causing residual
CEC decompensation [28]. In addition, the bar-
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Figure 9. E2F2 is a miR-155 target gene. A. Graphical representation of
the conserved 3’-UTR E2F2 binding motif of miR-155. B. Dual-luciferase re-
porter assay (DLRA) using luciferase reporter constructs containing either
mutant (Mut) or wild-type (WT) 3’-UTR E2F2 transfected with the miR-155/
NC mimic. Firefly luciferase activity was normalized to Renilla luciferase ac-
tivity, which was used as the reference. C. B4G12 cells were transfected
with siRNA-HOXA11-AS, pcDNA3.1-HOXA11-AS, or corresponding negative
controls, co-transfected with siRNA-HOXA11-AS and NC/miR-155 inhibitor
or pcDNA3.1-HOXA11-AS and NC/miR-155 mimics, and collected 12 h after
scratch wounding for further analysis. WB was used to detect the protein
level of E2F2 in B4G12 cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 10. Schematic diagram of the effects of HOXA11-AS during CEC
damage. Scratch-injured B4G12 cells showed high levels of ferroptosis and
migration. HOXA11-AS expression was downregulated, while miR-155 ex-
pression was upregulated, in scratch-injured B4G12 cells. HOXA11-AS over-
expression decreased ferroptosis, as evidenced by decreases in apoptosis,
intracellular and lipid ROS production, and ferroptotic protein expression.
HOXA11-AS promoted the migration of injured B4G12 cells.
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rier function, including Z0O-1
and N-cadherin functions, and
migration of cells are impor-
tant for maintaining visual
acuity; however, any abnor-
mality in barrier-related pro-
teins may damage their func-
tion [29, 30]. Based on the
post-transcriptional modulato-
ry function of IncRNAs, we
hypothesized that the IncRNA
HOXA11-AS is involved in the
proliferation, barrier function,
and migration of CECs during
scratch wounding. In the pres-
ent study, HOXA11-AS expres-
sion was lower, while miR-155
expression was higher, in the
corneal endothelium of CEI-
treated mice and scratch-
injured B4G12 cells than in
control cells, suggesting that
dysregulated HOXA11-AS and
miR-155 are related to CEI
Additional bioinformatic ana-
lyses and dual-luciferase re-
porter assay results suggest
that there is an inverse cor-
relation between HOXA11-AS
and miR-155 (Figure 10).

Recently, the ferroptotic mode
of programmed necrosis has
been identified as a form of
cell death independent of ap-
optosis [31]. Ferroptosis is
mostly promoted by lipid per-
oxidation and is modulated at
many levels, including by iron
metabolism and antioxidant
pathways [32]. Ferroptosis is
characterized by iron-depen-
dent, robust lipid ROS accu-
mulation [33-35]. Enzymes
used to modify chromatin me-
diate the sensing of intermedi-
ary metabolic products to reg-
ulate gene modulation and
disease (e.g., cancer) develop-
ment [36-38]. To the best of
our knowledge, this study is
the first to demonstrate that
ferroptosis participates in CEl
development, and the overex-
pression of HOXA11-AS exerts
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an inhibitory effect on ferroptosis by mediating
miR-155 expression in CECs, providing a novel
mechanism underlying CEI.

HOXA11-AS is an HOX A1l antisense IncRNA.
In the human genome, the HOX gene family fea-
tures highly conserved homeodomains [39].
HOXA11-AS may be involved in embryonic
implantation, cervical carcinogenesis, and en-
dometrial progression by modulating HOXA11
expression [40]. There is accumulating evi-
dence that HOXA11-AS could serve as a new
modulator of the metastasis and proliferation
of various human cancers [22, 41, 42]. However,
the role of HOXA11-AS in other diseases, includ-
ing CEl, has rarely been reported. Our findings
clearly demonstrate that HOXA11-AS expres-
sion level is reduced in the injured corneal
endothelium and scratch-injured CECs. The
silencing of HOXA11-AS aggravated cell dam-
age, as evidenced by impaired cell viability and
elevated ferroptosis. HOXA11-AS overexpres-
sion partially restored the cell survival rate
after scratch wounding. Moreover, HOXA11-AS
promoted the barrier function and rate of migra-
tion of CECs, suggesting that HOXA11-AS has a
protective function against CEI.

In summary, our findings demonstrated that
the IncRNA HOXA11-AS in CECs promotes sur-
vival, inhibits ferroptosis, and improves barrier
function and migration during injury by spong-
ing miR-155. However, the results were not con-
firmed in an animal model of CEl, which will be
addressed in our future work. Our findings dem-
onstrated that the HOXA11-AS/miR-155 axis
may be a therapeutic target for CEI.
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