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PURPOSE. Chemokine receptor 4 (CXCR4) plays an essential role in the early stage of
corneal neovascularization (CNV), but the underlying key molecular mechanism has yet
to be addressed. This study aimed to explore the new molecular mechanism of CXCR4
in CNV and the related pathological events.

METHODS. CXCR4 was assayed by immunofluorescence or Western blotting. The func-
tion of the supernatant from hypoxia-treated human corneal epithelial cells (HCE-T)
cells was examined by culturing with human umbilical vein endothelial cells. MicroRNA
sequencing was used to detect the downstream microRNAs upon CXCR4 knockdown and
analyzed by preliminary bioinformatics. The proangiogenic functions and downstream
target genes of microRNA were investigated by gene interference and luciferase assay.
An alkali-burned murine model was introduced to examine the function and mechanism
of miR-1910-5p in vivo.

RESULTS. High CXCR4 expression was confirmed in corneal tissues of patients with CNV
and hypoxic HCE-T cells. The supernatant from hypoxia-treated HCE-T cells is involved
in the CXCR4-mediated angiogenesis of human umbilical vein endothelial cells. Notably,
miR-1910-5p was demonstrated to be at a high level in wild-type HCE-T cells and its
supernatant, and in CNV patient tears. The proangiogenic functions of miR-1910-5p
were demonstrated with the assays of cell migration, tube formation, and aortic ring.
Moreover, miR-1910-5p significantly inhibited multimerin-2 expression by targeting its
3ʹ untranslated region and caused significant extracellular junctional defects in human
umbilical vein endothelial cells. MiR-1910-5p antagomir could significantly increase
multimerin-2 level and decrease vascular leakage, and ultimately inhibit CNV in a murine
model.

CONCLUSIONS. Our results revealed a novel CXCR4-mediated mechanism and proved that
targeting the miR-1910-5p/multimerin-2 pathway could be a promising therapeutic target
for CNV.

Keywords: corneal neovascularization (CNV), CXCR4, miR-1910-5p, multimerin-2
(MMRN2)

Corneal neovascularization (CNV) is often caused by a
variety of etiologies, such as alkali injury, contact lens

wearing, dry eye syndrome, corneal infections, and other
ocular surface diseases, which is a major sight-threatening
condition worldwide that leads to corneal opacification
and even loss of sight.1,2 CNV originates from preexisting
limbal vessels and includes two processes: vasculogenesis
and angiogenesis.3 Moreover, bone marrow–derived circu-
lating endothelial progenitor cells (EPCs) play a key role
in vasculogenesis in response to injury,4 in which EPCs
migrate to neovascularization sites and differentiate into
endothelial cells (ECs) in situ, a process termed vasculoge-
nesis. Under normal conditions, ECs are stable and inter-
connected; interendothelial junctions allow only the leak-

age of small molecules and solutes, thus maintaining tissue
homeostasis.5 Thus, vascular stability and permeability
might be damaged during pathological neovascularization.
Subsequently, angiogenesis occurs by proliferating ECs and
forming new vessels based on preexisting vessels. Despite
significant advances in neovascularization studies through-
out the decades, treatment of CNV still faces many chal-
lenges. The molecular mechanism in the early stage of CNV
is not well-defined.

A growing body of literature has reported that CXC
motif chemokine receptor 4 (CXCR4), a receptor for SDF-
1, is expressed in ECs and EPCs both in vitro and in
vivo and plays a major role in the early stages of neovas-
cularization and angiogenesis.6–8 For example, a study
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by Omori et al.9 demonstrated that SDF-1/CXCR4 interac-
tions might modulate the effects of chronic inflammation
and subretinal neovascularization at the retinal pigment
epithelial site of the blood–retina barrier. Our previous stud-
ies also demonstrated that CXCR4 was significantly upregu-
lated in the corneal epithelium in a model of CNV and was
barely expressed in normal corneas.10,11 Moreover, de Nigris
et al.12 indicated that CXCR4/YY1 transcriptionally regulated
VEGF expression and disturbed its network and neovas-
cularization during tumor development. They suggested
that CXCR4 might be an upstream target in neovascular-
ization and angiogenesis. Thus, SDF-1/CXCR4 signaling is
important in neovascularization and angiogenesis. However,
the detailed cellular and molecular mechanisms of CXCR4-
mediated signaling in the early stage of CNV remain poorly
understood.

Recently, many studies have reported that microRNAs
(miRNAs) are small signal transduction molecules involved
in neovascular processes.13,14 The miRNAs are a class of
short, highly conserved, noncoding RNAs that bind to target
mRNAs to regulate gene expression at the transcriptional
and posttranslational levels.15 Moreover, miRNAs possess
the characteristics of high dynamicity and dose sensitiv-
ity in quantitative regulation, which serve as generators of
graded responses or as signaling amplifiers in regulating
distinct cell fates in response to a limited number of signal-
ing cues.16 In the case of the cornea, miRNAs regulate key
pathological conditions of inflammation and neovascular-
ization, such as miR-21, miR-204, and miR-184.17–19 Wang
et al.20 and Klein et al.21 demonstrated that miR-7-5p and
miR-15a/16-1 might be critical downstream mediators of the
CXCL12/CXCR4 axis involved in breast cancer as well as
neuroblastoma tumors. However, different miRNAs play a
key role in different pathological stages and tissues. The
miRNA involved in the early stage of CNV remains poorly
explored.

To address these questions, we first confirmed that
CXCR4 was highly expressed in the corneas of patients,
such as corneal graft rejection, alkaline burns, and corneal
leukoma. Human corneal epithelial cells (HCE-T) were
treated with hypoxia, which mimics the stimulation in
vivo. The supernatant from hypoxia-treated HCE-T cells
was confirmed to promote in CXCR4-mediated angiogen-
esis in vitro. To elucidate the CXCR4-mediated mecha-
nism involved in CNV, tagged miRNA sequencing was
performed to obtain the downstream miRNAs of CXCR4
by comparing the knockout cells by CRISPR–Cas9 gene
editing technology with normal cells under hypoxic condi-
tions in vitro. Moreover, preliminary bioinformatics was
performed to identify miRNAs with significant differences
combined with proangiogenic functions. miR-1910-5p was
demonstrated to be regulated by CXCR4 and play a crucial
role in CXCR4-mediated vascularization for the first time
both in vitro and in vivo. Meanwhile, miR-1910-5p was
confirmed to be highly expressed in CNV patient tears.
More important, the downstream target gene of miR-
1910-5p, multimerin-2 (MMRN2), a protein deposited along
blood vessels and maintaining vascular homeostasis, was
predicted by bioinformatics analysis and verified both in
vitro and in vivo. miR-1910-5p antagomir could signifi-
cantly increase Mmrn2 level and decrease vascular leak-
age, and ultimately inhibit CNV in a murine model. Thus,
to our knowledge, this study revealed a novel mechanism
of CXCR4/miR-1910-5p/MMRN2 involved in the early stage
of CNV.

METHODS

Human Samples

This study was approved by the Ethics Committee of the
second affiliated hospital of Guangzhou Medical University
(2021-hs-63-02) and informed consent was obtained from all
patients before obtaining the samples.

For tear collection, 12 patients and 12 healthy volunteers
were enrolled in this study. Twelve healthy volunteers were
healthy with no medication or history of ophthalmic disease.
Twelve patients were observed having CNV and clinical diag-
nosis information of patients were summarized in Supple-
mentary Table S1. Basal tears were collected from the exter-
nal canthus of the inferior fornix using a sterile capillary tube
(Seinda Biomedical Corporation, China) according to the
manufacturer’s protocol. Tears from four different patients
or volunteers were pooled as one sample. All tear samples
were collected by the same clinician and placed in micro-
tubes and stored at −80 °C until further examination.

Animals and Alkali Burn Injury Model of CNV

All animal experiment procedures in this study were
approved by the Institutional Animal Care and Use Commit-
tee of Zhongshan Ophthalmic Center (2019-166) and treated
for the Use of Animals in Ophthalmic and Vision Research
according to the ARVO Statement.

The animal model of alkali burn-induced CNV was estab-
lished as previously described.10,22 In brief, a circular piece
of filter paper (2.0 mm in diameter) soaked with 1 M NaOH
was placed on the surface of the cornea for 40 seconds by a
surgical microscope. After alkali exposure, the ocular surface
was then rinsed with 0.9% saline (10 mL). The slit-lamp
biomicroscope examination was monitored daily to observe
the development of CNV. One day after the alkali injury, mice
were divided randomly into three groups. Ten microliters
of miR-1910-5p antagomirs (2.5 nmol, Tsingke Biotechnol-
ogy, Beijing, China), antagomir negative control (antagomir
control, 2.5 nmol), or PBS was injected into the subconjunc-
tival space at 2 and 8 days after injury. CNV was observed
by an ophthalmologist and photographed under the fluores-
cence microscope (Nikon Eclipse Ni-U) on day 10 after the
operation.

Cell Culture and Treatment

The HCE-T cell was kindly provided by Prof. Wu of Sun
Yat-Sen University. HCE-T cells were cultured in DMEM/F12
containing 10% fetal bovine serum, 5 μg/mL insulin, and 5
μg/mL epidermal growth factor. The human umbilical vein
ECs (HUVECs) were purchased from the ATCC Collection
(Manassas, VA, USA) and cultured in EC medium supple-
mented with 5% of fetal bovine serum, 1% P/S, and 1% ECGS.
All cells were cultured in a humidified atmosphere at 37 °C.

The corneal epithelial chronic injury process was imitated
by the model of hypoxic stimulation of the HCE-T cells in
vitro by culturing in the mixing of 5% CO2, 1% O2, and 94%
N2 at 37 °C in a humidified atmosphere for 48 hours.

Cell transfection were performed using Lipofectamine
3000 (Invitrogen, Waltham, MA, USA) at a final concentra-
tion of 50 nM (miRNA mimic or mimic control) and 100 nM
(miRNA inhibitor or inhibitor control) following the manu-
facturer’s instructions (Tsingke Biotechnology).
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Cell Viability Assay

The effect of CXCR4 knockout and miR-1910-5p overex-
pression on the viability of cell proliferation was deter-
mined using the CCK-8 assay (Dojindo Laboratories,
Kumamoto, Japan) following the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm followed by
incubation with CCK-8 reagent for 3 hours at 37 °C.

RNA Extraction and Quantitative PCR (qPCR)

Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA USA) and cDNA was synthesized
using a PrimeScript RT Reagent kit (Takara, Shiga, Japan).
For the patients’ tears RNA extraction, TRIzol reagent and
Dr. GenTLE precipitation carrier (Takara) were used. RNA
was reverse transcribed into mature miRNA using the Mir-X
miRNA First-Strand Synthesis Kit (Takara). The expression
levels of mRNA and miRNAs were measured by qPCR using
SYBR PrimeScript RT-PCR kit (Takara). β-Actin and U6 were
used as an internal control for mRNA and miRNA detection,
respectively. The primers are listed in Supplementary Table
S2. The reverse primer of miRNAs was provided by The Mir-
X miRNA First-Strand Synthesis Kit.

Small RNA Sequencing and Sequencing Data
Analysis

Total RNA from wild-type (WT) cells and CXCR4-knocout
(KO) cells in the presence of hypoxia for 48 hours was
isolated using TRIzol reagent. Three qualified biological
replicates of each sample were sequenced. One microgram
of total RNA was used to prepare a small RNA library, accord-
ing to the protocol of TruSeq Small RNA Sample Prep Kits
(Illumina, San Diego, CA, USA). Libraries were sequenced
by Illumina Hiseq 2000/2500 (Illumina) with single-end
50-bp read length. Raw reads were subjected to an in-house
program, ACGT101-miR (LC Sciences, Houston, TX, USA) to
remove adapter dimers, junk, low complexity, common RNA
families (ribosomal RNA, transfer RNA, small nuclear RNA,
small nucleolar RNA), and repeats. Subsequently, unique
sequences with length in 18 to 26 nucleotides were mapped
to specific-species precursors in miRBase 22.0 by BLAST
search to identify known miRNAs and novel 3p- and 5p-
derived miRNAs. Differential expression of miRNAs based
on normalized deep sequencing counts was analyzed using
the Student t-test. The significance threshold was set at a
P value of<0.05. All sequencing data have been uploaded
to GEO (GSE226185).

Western Blot Assay

Cells and cornea tissue proteins were extracted with RIPA
extraction buffer completed with protease inhibitors. Ten
micrograms of total protein per sample were loaded into
SDS-PAGE gels and transferred to PVDF membranes, then
blocked with 5% milk at room temperature (RT) for 3 hours.
The membranes were incubated with primary antibodies
overnight at 4° (Supplementary Table S3). The membranes
were further incubated with anti-rabbit secondary antibody
(cat no: 7074, CST) or anti-mouse secondary antibody (cat
no: 7076, CST) for 2 hours at RT. The band intensity was
quantified using Image J software.

Immunofluorescence Staining Assay

HCE-T cells, HUVECs, and aortic ring tissues were fixed
with 4% paraformaldehyde for 1 hour and blocked with 5%
BSA with the addition of 0.3% Triton X-100 for 30 minutes,
then incubated overnight at 4 °C with primary antibodies
(Supplementary Table S3). Alexa Fluor 555 anti-rabbit lgG
(cat no: 4413, CST) and Alexa Fluor 488 anti-mouse lgG (cat
no: 4408, CST) were served as secondary antibodies. Images
were captured using fluorescence microscopy (Zeiss, Jena,
Germany). The mean fluorescence intensity was evaluated
by the ImageJ software.

Immunofluorescence for an EC marker (CD31) was
performed on whole cornea tissues to assess CNV lesion
size as previously described.10,22 Briefly, mice were eutha-
nized and corneas were fixed in 4% paraformaldehyde for
1 hours at RT. Then corneas were treated with 0.3% Triton
and 5% BSA blocking buffer for 2 hours, then incubated
in primary antibody CD31 (cat. no: 553370, BD Pharmin-
gen, Franklin Lakes, NJ, USA) for 16 hours at 4 °C and in
Alexa Fluor 488 Goat anti-Rat IgG (H+L) antibody (cat. no:
A-11006, Invitrogen) for 3 hours at RT. All corneas were care-
fully dissected radially into four pie-shaped wedges and then
flat-mounted. The vessels were visualized using a fluores-
cence microscope. The CD31-positive fluorescent areas of
corneas were evaluated with Image J software.

Wound Healing Assay and Tube Formation Assay

HUVECs were seeded on six-well plates and cultivated at
37 °C. On reaching 90% cell confluence, the medium was
exchanged to serum-free EC medium. A-200 μL pipette was
used to make scratches when the cell density was 100%.
Meanwhile, the cell culture medium was replaced by condi-
tioned medium (CM, supernatant of HCE-T cells and a fresh
culture medium, 1:1 by volume). The picture was captured
at specific time points. The scratch area was determined by
a light microscope and analyzed by Image J software.

For tube formation assay, the 96-well plates were
precoated with 50 μL/well Matrigel and allowed to solidify at
37 °C for 30 minutes. Then, HUVECs were gently seeded on
top of the Matrigel in the presence of a supernatant of HCE-
T cells together with a fresh medium 1:1 ratio. The forma-
tion of the capillary-like structure after 3 hours was captured
using a light microscope. The average number of nodes,
junctions, and meshes was calculated from three fields in
each sample by using Image J software.

Aortic Ring Assay

Aortic ring assays were prepared by modification of the
protocol. Briefly, the thoracic aorta was dissected from
C57/BL6J mice, placed in ice-cold DMEM medium, and
cut into several aortic rings (0.5 mm thick). Aortic rings
were serum-starved and transfected with 100 nM miR-1910-
5p mimic and mimic control using Lipofectamine 3000 for
24 hours and then embedded in Matrigel (10 mg/mL). The
capillary sprouts of aortic rings were monitored every day
for up to 9 days. The area of the outer aortic vessel sprouting
was quantified by using the Image J software.

Luciferase Reporter Assay

The promoter sequence of miR-1910-5p (host gene:
C16orf74, −2589 bp to +529 bp) was inserted into pGL3
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basic reporter vectors (Promega, Madison, WI, USA).
HCE-T cells were transfected with miR-1910-5p-Luc and
CXCR4/control vectors using Lipofectamine 3000.

For the miRNA luciferase reporter assay, the full-length 3′-
untralnslated region (UTR) sequence of MMRN2 was ampli-
fied and cloned into the pMIR-REPORT luciferase vector.
The luciferase reporter plasmids (pMIR-WT or pMIR-mutant
recombinant vector) were simultaneously transfected with
miR-1910-5p mimics/mimic controls or inhibitors/inhibitor
controls into cultured HCE-T cells using Lipofectamine
3000. At 48 hours after transfection, luciferase activity was
measured using the Dual-luciferase Reporter Assay system
(cat no: E1960, Promega).

Visualization of Leakage of Corneal Vessels

The 2000-kDa FITC–dextran (50 mg/mL, 250 μL, Sigma-
Aldrich, St. Louis, MO, USA) was injected into the tail veins of
miR-1910-5p antagomir or antagomir control or PBS-treated
C57/BL6J mice at 10 days after alkali burn. After the FITC–
dextran had circulated for 10 minutes, the mice were sacri-
ficed and the eyes were enucleated. The corneas were fixed
for 30 minutes in 100% acetone, flat-mounted corneas were
performed as described earlier and examined by fluores-
cence microscope. Similarly, ImageJ software was performed
to determine the fluorescent area.

Statistics

All data are expressed as the mean ± SD. Differences
between two groups were assessed using a two-tailed
Student t-test. Differences among more than two groups
were assessed by one-way ANOVA. Each experiment was
repeated at least three times. A P value of <0.05 was required
for results to be considered statistically significant.

RESULTS

CXCR4 Is Significantly Upregulated in Corneal
Epithelial Tissue of Patients With CNV

In our previous study, CXCR4 was upregulated dramati-
cally in the neovascularized cornea in an animal model
of corneal burns after alkali exposure compared to in the
healthy cornea.10 Here, we first identified CXCR4 expres-
sion in primary human neovascularized corneal tissue of
common corneal neovascular diseases, including corneal
graft rejection, alkaline burns, and corneal leukoma.

As shown in Figure 1, CXCR4 expression was barely
detectable in normal patients. In contrast, in corneal
epithelium from patients with CNV, CXCR4 expression
was markedly upregulated in the cytoplasm (white arrow-
head), cell membrane (white triangle), and nucleus (yellow
arrowhead). These results clinically indicate that CXCR4 is
involved in the process of CNV.

CXCR4 Is Highly Expressed in Hypoxic HCE-T
Cells, and CXCR4 Knockout Reduces
Proangiogenic Activity of CM From Hypoxic
HCE-T Cells

To explore the potential molecular mechanism of CXCR4 in
CNV, we first used an in vitro model of HCE-T cells subjected
to hypoxia damage by exposing HCE-T cells to 1% O2 for

48 hours. As indicated in Figure 2A, Western blotting assay
showed hypoxia-inducible factor and CXCR4 were signifi-
cantly upregulated in response to 1% O2 compared with
normoxic conditions. The relative intensities of CXCR4 were
quantified by densitometry and normalized to β-tubulin
levels. Meanwhile, an immunofluorescence staining assay
also exhibited that CXCR4 expression was upregulated in
HCE-T cells treated with hypoxia (Fig. 2B).

To further investigate the molecular functions of CXCR4
in angiogenesis, we knocked out CXCR4 in HCE-T cell lines
using the CRISPR–Cas9 system. The single guide RNA recog-
nition position was designed in the second exon (Fig. 2C).
To guarantee CRISPR–Cas9 knockout efficiency, we selected
three candidate single clones with similar target single
guide RNA recognition positions. The sequencing result of a
Sg-CXCR4 clone (Fig. 2D) indicated that a two-base deletion
was produced by the CRISPR–Cas9 system, which led to a
frameshift in the CXCR4 gene. Immunofluorescence stain-
ing and Western blotting assays confirmed it (Figs. 2E, F).
Then, the impact of CXCR4 knockout on cell proliferation
was detected by CCK8 assay. Our data indicated that cell
proliferation was significantly inhibited in the CXCR4−KO
group compared with the control group (Fig. 2G).

Owing to the supernatant of hypoxic cells playing a
pivotal role in signal transduction, the influence of CM from
CXCR4-KO or WT cells under hypoxic conditions was exam-
ined. As shown in Figures 3A and B, there was no difference
in the cell migration rate at 24 hours, but there was a signifi-
cant decrease in the HUVEC migration rate at 48 hours after
treatment with CM from CXCR4-KO cells compared with that
treatment with CM from WT cells. Accordingly, tube forma-
tion assays indicated that the average number of nodes,
junctions, and meshes formed by HUVECs treated with the
CM from CXCR4-KO HCE-T cells significantly decreased
compared with those of the controls (Figs. 3C, D). Over-
all, these results indicate that the CM from CXCR4-KO cells
cannot support HUVEC migration and angiogenesis. More-
over, the alternative material in the supernatant plays a key
role in the migration and angiogenesis of HUVECs in vitro.

Identification of miR-1910-5p as a Target miRNA
Regulated by CXCR4 Under Hypoxia Impairment

MiRNAs are mainly deposited in the CM to deliver signals
to other cells.16 Thus, tagged miRNA sequencing was
performed to compare the expression patterns of miRNA
between WT HCE-T and CXCR4-KO cells under hypoxic
conditions. Among the significantly changed miRNAs, three
miRNAs were upregulated and 33 miRNAs were downreg-
ulated during CXCR4 knockout (Supplementary Table S4).
Then, we screened 14 differentially expressed miRNAs that
were downregulated by 2-fold (log2) in CXCR4-KO cells
compared with WT cells (Fig. 4A). Gene Ontology enrich-
ment analysis indicated that targeted genes for total differen-
tial miRNAs were involved in angiogenic processes (Fig. 4B).
To identify angiogenesis processes regulated by a certain
miRNA, we confirmed that three miRNAs (miR-1224-5p, miR-
10526-3p, and miR-1910-5p) were closely related to the
angiogenesis process. The following qPCR assays also identi-
fied that miR-1910-5p was significantly decreased in CXCR4-
KO cells compared to in WT cells (Fig. 4C). Moreover, miR-
1910-5p was significantly upregulated in hypoxic HCE-T
cells compared with the control (Supplementary Fig. S1).
More important, miR-1910-5p was significantly higher in the
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FIGURE 1. CXCR4 is significantly upregulated in the corneal epithelial tissue of patients with CNV. Immunofluorescence staining of CXCR4
was highly expressed in neovascularized corneas of corneal graft rejection (48 years old, female), alkaline burns (33 years old, male) and
corneal leukoma (45 years old, male). Scale bars, 200 μm. The yellow arrowhead indicates nuclear staining, the white arrowhead indicates
cytoplasmic staining, and the white triangle indicates cell membrane staining.

tear samples of patients with CNV than in the normal tears
(Figs. 4D, E). This abnormal evidence was not observed for
miR-1224-5p and miR-10526-3p (data not shown). Notably,
to date, few papers have reported that miR-1910-5p is
expressed in some cells and tissues.23–26 There is no study
on its proangiogenic and other functions.

Based on the high expression of miR-1910-5p in tears
and angiogenic-associated properties of CM from HCE-T
cells, the supernatants of HCE-T cells were collected and
assayed for miR-1910-5p expression level. Consistent with
our speculation, miR-1910-5p was significantly higher in
supernatant of hypoxia-treated HCE-T cells than normoxia-
treated cells. Accordingly, knockout of CXCR4 significantly
decreased miR-1910-5p expression levels in the supernatant

of CXCR4-KO cells compared with the WT cells (Fig. 4F).
Thus, we focused on the mechanism and bioactivity of miR-
1910-5p in subsequent experiments.

CXCR4 Transcriptionally Regulates miR-1910-5p
Expression

To reveal whether CXCR4 transcriptionally regulated
miR-1910-5p, HCE-T cells were transfected with a
plasmid expressing CXCR4 (CXCR4-OE) and a vector
(control). The relative intensities of CXCR4 were quanti-
fied by densitometry and normalized to β-tubulin levels
(Fig. 5A). Then, the miR-1910-5p expression level was
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FIGURE 2. CXCR4 is highly expressed in hypoxic human corneal epithelial (HCE-T) cells, and establishes stable cell lines with a single
knockout of the CXCR4 gene in HCE-T cells. (A, B) Hypoxia-inducible factor-1a and CXCR4 were highly expressed in HCE-T cells under
hypoxic conditions compared to normoxic conditions according to Western blotting (A) and immunofluorescence assays (B). The relative
protein expression was quantified using ImageJ software. Scale bars, 100 μm. (C) The knockout target sequence of CXCR4 is located in exon
2. The single guide RNA (sgRNA) sequence is shown in black. The protospacer adjacent motif (PAM) sequence is indicated in bold type.
(D) In HCE-T cells, after transfection with CRISPR–Cas9 vector lentivirus, the PCR products of CXCR4 gene knockout (CXCR4-KO) monoclonal
cells were sequenced. (E) An immunofluorescence staining assay was used to detect the expression of CXCR4-KO monoclonal cells. Scale
bars, 100 μm. (F) Western blotting was used to detect the expression of CXCR4 in CXCR4-KO monoclonal cells. (G) CCK-8 assay indicated
that the knockout of CXCR4 represses HCE-T-cell proliferation. Data are presented as the means ± SD (n = 3). *P < 0.05. The Student t-test
was used for comparison.

assayed by qPCR. As shown in Figure 5B, the overexpres-
sion of CXCR4 resulted in upregulation of miR-1910-5p in
HCE-T cells. Because hsa-miR-1910-5p is located within
a noncoding transcript of C16of74 on chromosome 16
and is cotranscribed with this host gene, C16orf74, was
analyzed as a control (https://www.ncbi.nlm.nih.gov/).
Similarly, C16orf74 was increased in CXCR4-OE cells
compared with control cells. In contrast, CXCR4 knock-
out also decreased the levels of C16orf74 in HCE-T cells
compared with in the control cells (Fig. 5C). Thus, these

results indicated that CXCR4 could affect the transcription of
miR-1910-5p.

Notably, proteins with transcriptional regulation roles,
such as transcription factors, typically have nuclear-localized
or nuclear translocation. Previous studies have also demon-
strated that nuclear CXCR4 expression has been observed in
several malignment tumors, such as breast cancer,27 colorec-
tal cancer,28 and thyroid carcinoma.29 Therefore, we spec-
ulate that similar nuclear translocation occurs in HCE-T
cells upon pathological stimulation. As expected, CXCR4
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FIGURE 3. CXCR4 knockout alleviates proangiogenic activity of CM from hypoxic HCE-T cells. (A, B) Representative images and histogram
showing the migration rate at the indicated time points during the wound healing assay. (C, D) Representative images and quantita-
tive analysis of tube formation characterized the number of nodes, junctions and meshes. Scale bar, 100 μm. Data are presented as the
means ± SD (n = 3). *P < 0.05. The Student t-test was used for comparison.

was mostly localized to the cytoplasm of normoxic corneal
epithelial cells (Fig. 5D, top), and upon hypoxia treat-
ment for 48 hours, the nuclear translocation of CXCR4 was
observed by positive nuclear immunostaining (Figs. 5D, E).
Then, we examined the expression location of CXCR4 by
extracting nuclear and cytoplasmic proteins by Western blot-
ting assay. As shown in Figures 5F and G, CXCR4 was
expressed in the cytoplasm and obviously in the nucleus
under hypoxia treatment. The relative intensities of the
bands were quantified by densitometry and normalized to
the levels of β-tubulin (cytoplasm) or Lamin A+C (nuclear).
These results implied that CXCR4 might enter the nucleus
and perform an upstream transcriptional activation role to
regulate the expression of miR-1910-5p. Hypoxia-inducible
factor-1a was a relative reference.

MiR-1910-5p Promotes HUVECs Migration, Tube
Formation and Proliferation, and Increases
Angiogenesis in Aortic Rings

CXCR4 knockout might induce many changes in the expres-
sion profile. Does miR-1910-5p play a key role in the
proangiogenic process? To directly confirm the proangio-
genic effects of miR-1910-5p, the miR-1910-5p mimic and
inhibitor and its controls were transfected into HUVECs.
As shown in Figures 6A and B, the miR-1910-5p mimic
significantly promoted cell migration after transfection for
24 hours compared with the mimic control; in contrast, the

miR-1910-5p inhibitor significantly suppressed the migra-
tion of HUVECs compared with the controls. In addition,
the miR-1910-5p mimic substantially promoted tube forma-
tion of HUVECs, resulting in an increase in the number of
nodes, junctions, and meshes. In contrast, the miR-1910-5p
inhibitor significantly suppressed tube formation, resulting
in the reduction of nodes, junctions, and meshes in HUVECs
(Figs. 6C, D).

Moreover, we evaluated the influence of miR-1910-5p
on angiogenesis phenotype by culturing mouse aortic rings
transfected with miR-1910-5p mimics or the mimic controls
(Fig. 6E). From days 4, 6, and 9 after aortic ring explantation,
there was a significantly larger sprouting area (red arrow) in
aortic rings treated with the miR-1910-5p mimic compared
with the controls. Consequently, miR-1910-5p could promote
angiogenic sprouting in vitro. Similarly, miR-1910-5p signifi-
cantly increased cell proliferation compared to the control at
48 and 72 hours after treatment (Fig. 6F). Collectively, these
results provide direct evidences to support that miR-1910-5p
promoted angiogenesis in vitro.

miR–1910–5p Acts as a Novel Upstream Regulator
of MMRN2, a Protein Maintaining Vascular
Homeostasis, by Directly Targeting Its 3ʹ-UTR
To further elucidate miR–1910–5p–mediated downstream
genes, four different prediction algorithms (miRWalK,
miRDB, TargetScan, and miRanda) were used to predict
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FIGURE 4. Identification of miR-1910-5p as a target miRNA regulated by CXCR4 under hypoxia impairment. (A) Heatmap of the differential
expression levels of miRNAs in WT and CXCR4-KO cells under hypoxic conditions. In the heatmap, each row represents a single miRNA, and
each column represents an individual sample. The color scale shown on the right illustrates the expression level (log2) of a miRNA across
all samples. Each column represents the average of three biological replicates. The relatively high expression is indicated in red, whereas
the relatively low expression is indicated in blue. (B) Gene Ontology (GO) analysis indicated the target genes of differentially expressed
miRNAs in various processes. (C) The expression levels of three differential miRNAs from tagged miRNA sequencing were validated by qPCR.
(D, E) Representative clinical photographs of patients with CNV are shown. The qPCR analysis results showed that the relative expression
of miR-1910-5p in the tear fluid of patients with CNV was significantly higher than that in the control group. (F) miR-1910-5p showed higher
expression in hypoxic HCE-T cells than normoxia group, and downregulated in CXCR-KO cells under hypoxic stimulation compared with
WT cells. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01. The Student t-test was used for comparison.

miR-1910-5p target genes. One hundred twenty-six genes
were identified as the most likely downstream targets of
miR-1910-5p (Fig. 7A). Because miRNAs mainly inhibit target
genes at the posttranscriptional level, the negative regu-
lation of angiogenic genes regulated by miR-1910-5p was
our candidate of interest. The selected 126 overlapping
genes were then deposited into the Database for Anno-
tation, Visualization and Integrated Discovery for further
Gene Ontology enrichment analysis. The results indicated

that there were three antiangiogenic genes (VASH1, ISM1,
and MMRN2) for the next screening step (Fig. 7B). The
TargetScan algorithm showed that the bases from 2947 to
2953, 680 to 686, and 189 to 195 in the VASH1, ISM1, and
MMRN2 3ʹ-UTRs have perfect complementarity to the seed
sequence of miR-1910-5p, respectively (Fig. 7C, Supplemen-
tary Fig. S2). The qPCR results exhibited that the miR-1910-
5p mimic significantly decreased the expression of VAH1,
ISM1, and MMRN2 (Supplementary Fig. S3).
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FIGURE 5. CXCR4 transcriptionally regulates miR-1910-5p expression. (A) After transfection of CXCR4-overexpressing plasmid, CXCR4
protein expression levels were significantly upregulated in HCE-T cells. (B) miR-1910-5p and C16orf74 showed higher expression in CXCR4-
overexpressing (CXCR4-OE) HCE-T cells than in control cells. (C) Conversely, C16orf74 showed lower expression in CXCR4-KO cells under
hypoxia treatment than in the WT cells. (D) Immunofluorescence analysis of CXCR4 cytoplasm and nuclear localization in HCE-T cells.
Arrowheads indicate the nuclear localization of CXCR4. (E) The percentage of CXCR4-positive nuclei (%) in the HCE-T cells was quantified.
(F, G) Western blot analysis of CXCR4 and hypoxia-inducible factor-1α in the subcellular fractions of HCE-T cells treated with hypoxia for
24 hours. Tubulin and Lamin A+C were used as the cytoplasmic and nuclear markers, respectively. Data are presented as the means ± SD
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. The Student t-test was used for comparison.

To substantiate the site-specific repression of miR-1910-
5p on target genes, we constructed WT and mutant VASH1,
ISM1, and MMRN2 3′-UTR luciferase reporters. Luciferase
activity assays showed that the WT MMRN2 3′-UTR
constructs were significantly inhibited by the miR-1910-5p
mimic, whereas it was not altered in mutant MMRN2 3′-UTR
constructs (Fig. 7D). Conversely, the miR-1910-5p inhibitor

significantly enhanced the luciferase activity of the WT
MMRN2 3′-UTR, not in the mutant construct of the MMRN2
3ʹ-UTR (Fig. 7E). For the other two genes (VASH1 and ISM1),
the miR-1910-5p mimic did not change the luciferase activ-
ity of the WT or mutant construct of the 3′-UTR (data not
shown). Thus, only MMRN2 was supposed to be a target of
miR-1910-5p.
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FIGURE 6. miR-1910-5p promoted HUVEC migration, tube formation, proliferation and increased angiogenesis in aortic rings. (A, B) Repre-
sentative images and quantitative analysis of the wound healing assay. Scale bar, 100 μm. (C, D) Representative images and quantitative
analysis of tube formation characterized the number of nodes, junctions, and meshes. Scale bar, 200 μm. (E) Mice aortic rings were transfected
with the miR-1910-5p mimic or mimic control and cultured for 9 days. Representative images (top) and quantification of the microvascular
sprouting area (bottom) from the mimic and mimic control groups. Arrowheads indicate microvascular sprouts. Scale bar, 200 μm. (F) CCK-8
assay results showed that miR-1910-5p mimic-treated HUVECs had higher levels of proliferative activity. Data are presented as the means ±
SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. The Student t-test was used for comparison.

miR-1910-5p Mimic Decreases MMRN2
Expression and Causes Significant Extracellular
Junctional Defects In Vitro

To further confirm the regulatory effect of miR-1910-5p on
the expression of MMRN2, Western blotting assays also indi-
cated that the miR-1910-5p mimic significantly suppressed
the expression level of MMRN2, whereas the miR-1910-
5p inhibitor significantly increased the MMRN2 expression

level in HCE-T cells (Figs. 7F, G). The relative intensities of
MMRN2 were quantified by densitometry and normalized
to β-tubulin levels. Taken together, these data suggest that
MMRN2 expression depends on miR-1910-5p, which directly
targets the 3ʹ-UTR of MMRN2.

In addition, we further investigated whether miR-1910-
5p affects MMRN2 expressing in HUVECs, we assessed
MMRN2 expression in HUVECs incubated with the CM of WT
and CXCR4-KO cells treated with miR-1910-5p mimic and
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FIGURE 7. miR–1910–5p acted as a novel upstream regulator of MMRN2 by directly targeting its 3ʹ-UTR. (A) Venn diagram of predicted
miR-1910-5p targets by four different prediction algorithms (miRWalK, miRDB, TargetScan, and miRanda). Each labeled circle represents one
prediction algorithm with the number of its predicted genes, and the number listed in overlapping circles is simultaneously predicted by
different algorithms. (B) Bioinformatics prediction by the Database for Annotation, Visualization and Integrated Discovery online database
of 3 target genes (VASH1, ISM1, and MMRN2) of miR-1910-5p that appear to be related to antiangiogenic function. (C) Sequences of miR-
1910-5p and the potential miR-1910-5p-binding sites at the 3ʹ-UTR of MMRN2. The seed sequence is marked in red. (D, E) A WT and
mutant 3′-UTR-MMRN2 luciferase reporter and miR-1910-5p mimic (D) or inhibitor (E) were cotransfected into HCE-T cells, and luciferase
activities were assessed. (F, G) Western blotting assay showed that the miR-1910-5p mimic could downregulate MMRN2 expression and that
the miR-1910-5p inhibitor could upregulate MMRN2 expression in HCE-T cells. Data are presented as the means ± SD (n = 3). *P < 0.05,
**P < 0.01, ***P < 0.001. The Student t-test was used for comparison.

control. As shown in Figure 8A, two bands were observed in
Western blot assay. According to the molecular weight, the
second bands were target of MMRN2. After calculating the
band signal, our data indicated that the miR-1910-5p mimic

decreased the expression of MMRN2 in HUVECs treated with
both WT and CXCR4-KO HCE-T cell supernatant. The aver-
age ratio of MMRN2 to β-tubulin in control-treated cultures
was defined as 1.0. The immunofluorescence assay also
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FIGURE 8. miR-1910-5p mimic decreases MMRN2 expressing and causes significant extracellular junctional defects in vitro. (A, B) Western
blot analysis of MMRN2 protein expression in HUVECs incubated with CM from CXCR4-KO or WT HCE-T cells cotreated with miR-1910-
5p-mimic or mimic control. (C) Representative images show the expression of MMRN2 following after with miR-1910-5p mimic and mimic
control in HUVECs. Histogram showing that the miR-1910-5p mimic decreased the mean fluorescence intensity of MMRN2 compared with
the mimic control group in HUVECs. (D) Representative images show the expression of VE-cadherin after transfection with the miR-1910-5p
mimic in HUVECs. Histogram showing that the miR-1910-5p mimic decreased the mean fluorescence intensity of VE-cadherin compared
with the mimic control group in HUVECs. Scale bars, 50 μm. (E) Representative pictures of the immunofluorescent staining of aortic rings.
Endothelial sprouts were stained with CD31 (green) and MMRN2 (red), nuclei were stained with DAPI (blue), and merged pictures are
shown. Scale bar, 200 μm. Data are presented as the means ± SD (n = 3). *P < 0.05, **P < 0.01. The Student t-test was used for comparison.

indicated that the protein expression of MMRN2 was down-
regulated in HUVECs treated with miR-1910-5p mimics
(Fig. 8C). Moreover, MMRN2, a protein deposited along

blood vessels that maintains vascular homeostasis, is
involved in vascular stability and permeability through extra-
cellular junctions. In parallel, VE-cadherin, the adherens
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FIGURE 9. miR-1910-5p antagomir reverses EC junctional defects and decreases vascular leakage by increasing Mmrn2, and inhibits CNV
in an alkali-burned murine model. (A) The qPCR analysis of miR-1910-5p in the corneas from the alkali-burned model at 4 and 10 days
after injury compared with untreated corneas. (B) The protein expression of Mmrn2 was significantly downregulated in injured corneas at
4 and 10 days after alkali burn. (C) Western blotting analysis showed that the levels of Mmrn2 expression were significantly higher after
miR-1910-5p antagomir treatment in alkali-burned corneas (n ≥ 3). (D) In vivo downregulation of miR-1910-5p attenuates CNV in a murine
model of alkali injury. Representative images of corneal and CNV (green, CD31) with subconjunctival injection of PBS, antagomir control,
and miR-1910-5p antagomir at 10 days after alkali burn. Scar bars, 200 μm. (E) CNV was quantified by measuring the neovascular area in
the cornea and expressed as a percent of the total corneal area (n = 8). (F) Increased leakage of FITC-dextran (2000 kDa) through corneal
neovessels after subconjunctival injection of PBS, antagomir control and miR-1910-5p antagomir at 10 days after alkali burn. Scale bars,
200 μm. (G) Corneal vessel leakage was quantified by measuring the fluorescence area in the cornea and expressed as a percent of the total
corneal area (n = 6). Data are presented as the means ± SD, *P < 0.05, **P < 0.01. The Student t-test and one-way ANOVA were performed
for comparison between two groups and multiple groups, respectively.
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junction molecule, plays a key role in the maintenance of
vascular integrity and permeability characteristics.30 Accord-
ingly, as shown in Figure 8D, the miR-1910-5p mimic also
led to junction disruption of HUVECs stained with VE-
cadherin. In parallel, we performed immunofluorescence
staining for two additional critical proteins to further eval-
uate the junctional morphology. zonula occludens protein-
1 is the tight junction protein, and β-catenin is a linker
protein of junction integral membrane protein, which are
known to be associated with vascular permeability.31–33

Our results demonstrate that the expression of these two
proteins is downregulated in the miR-1910 mimic group
compared with the control, further indicating a potential
decrease in the vascular permeability (Supplementary Figure
S5). Furthermore, the expression of MMRN2 was confirmed
in the aortic rings by inflorescence staining after trans-
fection with the miR-1910-5p mimic and control. MMRN2-
positive sprouting new vessels were found and were partic-
ularly abundant in the control group, but not in the mimic
group (dashed ring, Fig. 8E). Therefore, miR-1910-5p directly
targets MMRN2 and causes extracellular junctional defects in
vascular ECs.

miR-1910-5p Antagomir Reverses EC Junctional
Defects and Decreases Vascular Leakage by
Increasing Mmrn2, and Inhibits CNV in an
Alkali-burned Murine Model

Finally, we used a murine model of alkali burn-induced
CNV to verify miR-1910-5p function in vivo. Although most
miRNA targets are well-conserved in mammalian mRNAs, a
similar miRNA sequence from the mouse source was not
found in the publicly available database.34 Therefore, we
first detected whether miR-1910-5p is expressed in C57 mice.
The relative expression levels in multiple organ tissues are
presented in the Supplementary Materials. miR-1910-5p was
confirmed to be specifically expressed in eyeballs (Supple-
mentary Table S5). As anticipated, miR-1910-5p continued
to increase with the extension of time in alkali-burned
corneal tissues compared with the control group (Fig. 9A).
The expression of Mmrn2 was also significantly downregu-
lated at the protein level in alkali-burned corneas compared
with that in the normal controls. The relative intensities of
Mmrn2 were quantified by densitometry and normalized to
β-tubulin levels (Fig. 9B).

Moreover, we administered a subconjunctival injection of
miR-1910-5p antagomir, antagomir control, and PBS. West-
ern blotting analysis revealed that Mmrn2 expression in
corneal tissues was significantly higher after subconjunc-
tival injection of the miR-1910-5p antagomir than in the
antagomir control and PBS groups. The relative intensities
of Mmrn2 were quantified by densitometry and normalized
to β-tubulin levels (Fig. 9C). Fluorescence staining of CD31
indicated that the area of CNV in the miR-1910-5p antagomir-
injected group was remarkably diminished compared with
that of the miR-1910-5p antagomir control-injected and PBS-
injected groups on day 10 after alkali burning (Figs. 9D–
E). In addition, intravenous injection of FITC–dextran was
performed to assay vascular leakage. As shown in Figures
9F and G, miR-1910-5p antagomir decreased vascular leak-
age in alkali-burned corneal tissues compared with the
antagomir control and PBS groups. Collectively, these
data further confirm that miR-1910-5p/MMRN2 is involved
in CNV by effecting vascular stability and permeability
in vivo.

DISCUSSION

In this study, our data confirmed that CXCR4 was silenced in
normal, healthy corneas, whereas it was remarkably upreg-
ulated in corneal tissues of patients with CNV (Fig. 1),
which clinically demonstrated that CXCR4 plays an impor-
tant role in CNV. Similarly, our previous study found that
CXCR4 expression dramatically increased in alkali burn-
induced CNV.10 On the one hand, CXCR4 is essential for
the recruitment of bone marrow–derived circulating EPCs
in CNV.4 Moreover, many studies have also demonstrated
that CXCR4 plays a essential role in the homing of stem and
progenitor cells in the bone marrow and modulates their
mobilization into peripheral blood and tissues in response
to injury.35 On the other hand, CXCR4 antagonists have been
demonstrated to be useful in inhibiting CNV in animal exper-
iments. For example, subconjunctival injection of the CXCR4
antagonist plerixafor significantly alleviates CNV induced by
alkali burns, as reported by Peng et al.36 Specific blockade
of CXCR4 with a neutralizing antibody has been proven to
inhibit CNV progression.37

Moreover, our data indicated that CXCR4 promotes
angiogenesis by affecting secreted materials from damaged
corneal epithelial cells. The supernatant from hypoxia-
treated HCE-T cells, which highly express CXCR4, increased
HUVEC migration and tube formation in vitro (Supplemen-
tary Fig. S4). Conversely, the proangiogenic effect was allevi-
ated after CXCR4 knockout in HCE-T cells (Fig. 3). Therefore,
constituents of the supernatant from hypoxia-treated HCE-T
cells might be changed after CXCR4 knockout. MiRNAs are
abundant in different cells and as extracellular circulating
miRNAs,38 which play an important role in signal transduc-
tion pathways by regulating the translation and stability of
target transcripts by being released into body fluids.39 Some
reports have indicated that miRNAs seem to target approxi-
mately 60% of the genes of humans and other mammals.40,41

Therefore, in this study, we focused on the alteration of
miRNAs induced by CXCR4 knockout.

Furthermore, a strength of this study is the discovery
that miR-1910-5p plays a crucial role in CXCR4-mediated
CNV by miRNA sequencing, bioinformatics analysis and
gene interference. After searching PubMed, there were only
several papers reporting the expression profile of miR-1910-
5p. Kalaimani et al.23 reported that miR-1910-5p was signifi-
cantly upregulated in an enriched human corneal epithelial
stem cell population in comparison to differentiated central
corneal epithelial cells by small RNA sequencing. In tumor
development, miR-1910-5p was highly expressed in locally
advanced head and neck squamous cell carcinoma.26 For its
detailed biofunction, only two studies suggested contrary
effects on damage stimulation. Ayaz and Dinç24 indicated
that H2O2 increased miR-1910-5p concentrations in ARPE-19
cells. However, the study by Mao and Wu25 showed that miR-
1910-5p was downregulated in extracellular vesicles in RPE
cells treated with oxidized low-density lipoprotein. There are
no papers reporting miR-1910-5p biofunction in vasculariza-
tion and other diseases.

In our study, we found that miR-1910-5p was significantly
higher in hypoxia-treated HCE-T cells and its supernatant
of than normoxia-treated cells (Fig. 4F). Subsequently, miR-
1910-5p function was confirmed both in vitro and in vivo.
The miR-1910-5p mimic had an extremely proangiogenic
effect (Fig. 6). Moreover, our data demonstrated that miR-
1910-5p was significantly upregulated in the neovascular-
ized corneas of mice. The therapeutic role of miR-1910-5p
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in CNV was also confirmed in vivo by subconjunctival injec-
tion of the miR-1910-5p antagomir (Figs. 9D, E). Thus, our
study provides strong evidence to support the idea that miR-
1910-5p is involved in CNV.

Finally, the elucidation of the miR-1910-5p target down-
stream genes demonstrated that impairing vascular perme-
ability might be responsible for CXCR4-mediated CNV
through both in vitro and in vivo assays. MMRN2 was
confirmed as a downstream target gene of miR-1910-5p
(Figs. 7, 8, and 9). MMRN2 is an extracellular matrix glyco-
protein and member of the elastin microfibril interface-
located proteins.42 Previous studies demonstrated that it can
interfere with tumor angiogenesis and growth, serves as a
TGF-β antagonist, and interferes with the VEGF-A/VEGFR2
pathway.43,44 MMRN2 plays an important role in patholog-
ical vascularization of the choroid, revealing new possibili-
ties for therapeutic intervention in neovascular AMD.45 More
important, two recent studies further elucidated the mech-
anism in detail. Fejza et al.46 reported that MMRN2 is also
deposited in juxtaposition between ECs and pericytes as a
homeostatic molecule deposited in the later stages of vessel
formation and is required to maintain vascular stability. A
study by Pellicani et al.31 further indicated that MMRN2
is a key molecule required to maintain vascular stability.
Mmrn2−/− mice displayed cell junctional defects, impaired
pericyte recruitment, more collapsed vessels, and increased
vascular leakage.31 Moreover, in our study, overexpression of
miR-1910-5p led to a significantly decreased expression of
MMRN2 and VE-cadherin in HUVECs compared with those
in cells treated with the control (Fig. 8). In vivo data also
showed that the miR-1910-5p antagomir decreased vascu-
lar leakage in alkali-burned corneal tissues compared with
the control and PBS groups (Figs. 9F, G). These results
strongly support that excessive miR-1910-5p suppresses
the expression of MMRN2 and impairs proper vessel
stabilization.

In addition, there are some limitations to the present
study. First, of note, bone marrow-derived circulating EPCs
play a key role in vasculogenesis in response to injury.4

Therefore, we hypothesize that miR-1910-5p decreases
MMRN2, subsequently attenuating vascular stability and
increasing vascular leakage, which stimulates EPC migra-
tion to the damaged corneal limbus. We tried to find EPC
migration but failed. We speculate that we did not choose
the correct time point for the in vivo experiment. Second,
CXCR4 is usually located on the cell surface and in the
cytoplasm.47 Our data show that CXCR4 translocates from
the cytoplasm to the nucleus under hypoxia treatment
(Figs. 5D, G). Thus, CXCR4 enters the nucleus and might
perform an upstream transcriptional activation role to regu-
late the expression of miR-1910-5p. However, we did not
provide direct evidence to support it. We analyzed the
upstream sequence (−2589 bp to +529 bp) of C16orf74
(the host gene of miR-1910-5p) by luciferase reporter assays.
Unfortunately, −2589 bp to +529 bp is not its promoter
region. The determination of the promoter of miRNA is rela-
tively difficult.48,49 Further studies are required to validate
that the specific promoter region of CXCR4 directly binds
to the promoter of miR-1910-5p for its transcription. Of
course, there is another possibility, namely, that CXCR4 may
indirectly regulate miR-1910-5p transcription. In addition,
in Figures 7F and 8A, there are two bands in the samples
from human cells with a rabbit polyclonal antibody from
Cloud-Clone Corp (PAF593Hu01, specific to human). Accord-
ing to the molecular weight, the second bands were target of

MMRN2. Therefore, MMRN2 might be modified by phospho-
rylation or methylation. However, there is only one band in
mouse sample when we used a rabbit polyclonal antibody
from Cloud-Clone Corp (PAF593Mu01, specific to mouse)
in a Western blot assay (Figs. 9B, C). Thus, we speculate
that there is a potential possibility induced by nonspecific
cross-reactions.

In summary, to our knowledge, our study reveals a
novel mechanism of CXCR4-mediated CNV both in vitro
and in vivo. MiR-1910-5p is an intrinsic promoter of patho-
logic ocular angiogenesis through suppression of MMRN2.
CXCR4/miR-1910-5p/MMRN2 plays a significant role in the
early stage of CNV by impairing vascular stability and perme-
ability. Thus, this study not only reveals a CXCR4-mediated
mechanism, but also suggests that miR-1910-5p could be a
promising therapeutic target for CNV in clinical treatment in
the future.
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