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Discoidin domain receptor 1 (DDR1) is involved in tumorigenesis and angiogenesis. However, its role in lymphangiogenesis
has been unknown. Here, we tested whether downregulation
of DDR1 expression by miR-199a/b can suppress lymphangiogenesis. We also aimed to identify miRNA target site(s) in
the 3′ untranslated region (UTR) of DDR1. Transfection with
miR-199a/b-5p mimics reduced expression of DDR1 and tube
formation in primary human dermal lymphatic endothelial
cells, whereas miR-199a/b-5p inhibitors showed the opposite
effects. Critically, injection of miR-199a/b-5p mimics suppressed DDR1 expression and lymphangiogenesis in a corneal
alkali-burn rat model. The three well-conserved seed matched
sites for miR-199a/b-5p in the DDR1 3′-UTR were targeted,
and miRNA binding to at least two sites was required for
DDR1 inhibition. Our data suggest that DDR1 promotes enhanced lymphangiogenesis during eye injury, and miR199a/b-5p suppresses this activity by inhibiting DDR1 expression. Thus, this miRNA may be useful for the treatment of
lymphangiogenesis-related eye diseases.
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INTRODUCTION
Lymphangiogenesis has been implicated in the rejection of
corneal transplantation (Ling et al., 2008) as well as the
pathophysiology of numerous eye disorders, such as choroid
angiogenesis, macular edema, and eye tumors (Goyal et al.,
2010; Regenfuss et al., 2008; Yang et al., 2016). For example, a C57BL/6 mouse model of dry eye syndrome demonstrated increased lymphangiogenesis and enhanced expression of lymphangiogenesis-related factors in the center of
the cornea, whereas angiogenesis was not observed (Goyal
et al., 2010). Lymphangiogenesis is triggered by inflammation, wound healing, keratoplasty, and tumor invasion
(Bachmann et al., 2008; Flister et al., 2010; Paavonen et al.,
2000), and several signal transduction pathways are involved
in this process. The proteins VEGF-C and -D are strong lymphangiogenic factors (Jussila and Alitalo, 2002), and both
lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1)
and podoplanin are expressed specifically in lymphatic endothelial cells (Breiteneder-Geleff et al., 1999; Jackson et al.,
2001).
Previously, we demonstrated that the microRNA (miRNA)
hsa-miR-466 inhibits Prospero homeobox 1 (PROX1) expression and suppresses lymphangiogenesis in human dermal
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lymphatic endothelial primary cells (HDLECs), which are primary cells that generate lymphatic vessels (Kerjaschki et al.,
2011; Nakanishi et al., 2016; Seo et al., 2015). In addition,
treatment with a miR-466 mimic reduced corneal turbidity
and inhibited both lymphangiogenesis and angiogenesis in a
corneal alkali-burn rat model (Seo et al., 2015). These data
support the potential efficacy of miRNA-based therapies for
treating eye diseases involving lymphangiogenesis.
Discoidin domain receptors (DDRs) are a unique subfamily
of receptor tyrosine kinases (RTKs) that interact with various
collagens (Shrivastava et al., 1997). DDR1 is expressed in
epithelial cells, endothelial cells, and tumor cells, whereas
DDR2 is expressed mainly in mesenchymal cells (Borza and
Pozzi, 2014; Heinzelmann-Schwarz et al., 2004; Johansson
et al., 2005; Sakamoto et al., 2001; Song et al., 2016; Yamanaka et al., 2006). DDR1 interacts with almost all types of
collagen, including fibrillar collagens I–III (Shrivastava et al.,
1997; Vogel et al., 1997), and binding of DDR1 to typespecific collagens causes slow, but persistent, tyrosine autophosphorylation, which differs from the actions of other
RTKs (Leitinger, 2014; Leitinger and Hohenester, 2007).
Autophosphorylation of DDR1 triggered by collagen binding
induces cell proliferation and tumor angiogenesis through
the extracellular signal-regulated kinase (ERK) pathway (Xiao
et al., 2015). It is noteworthy that lymphangiogenesis is also
activated by the ERK signaling pathway (Wissmann and
Detmar, 2006), suggesting that DDR1 may also be involved
in lymphangiogenesis.
The miRNA miR-199a/b targets and downregulates DDR1
expression, and this activity has been found to modulate cell
proliferation, migration, invasion, and tumor progression in
breast cancer, colorectal cancer, hepatocellular carcinoma,
and acute myeloid leukemia (Fau et al., 2012; Hu et al.,
2014; Mata et al., 2016; Shen et al., 2010). Additionally,
miR-199a/b can regulate angiogenesis by targeting hypoxiainducible factor-1 alpha (HIF-1α), podocalyxin (PODXL), and
DDR1 (Das et al., 2006; Fau et al., 2012; Xiao et al., 2015).
However, the role of this miRNA in lymphangiogenesis is
unclear, and the exact target sites for miR-199a/b binding in
the DDR1 mRNA are unknown.
In this study, we investigated the effects of miR-199a/b on
DDR1 expression and lymphatic endothelial cell tube formation by HDLECs in culture. We further explored the role of
these factors on corneal lymphangiogenesis in vivo using an
alkali-burn rat model. Lastly, we identified the miR-199a/b
target sites in the 3′ untranslated region (UTR) of DDR1 and
demonstrated their role in DDR1 regulation.

MATERIALS AND METHODS
Cells
Primary HDLECs from juvenile foreskin were purchased from
PromoCell (Cat No. c-12216; Germany) and cultured in MV2
medium containing 10 ng/ml bFGF, 5 ng/ml EGF, and 20
ng/ml IGF-1 (PromoCell). HEK293T human embryonic kidney cells were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco BRL, USA) supplemented with 10% fetal bovine
serum and antibiotics (100 U/ml penicillin and 100 μg/ml
streptomycin; Gibco BRL). All cells were maintained at 37℃
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in the presence of 5% CO2.

miRNA mimics, siRNA, and miRNA inhibitors
The miRNA mimics, DDR1 siRNA (siDDR1), and scrambled
control miRNA used as a negative control were purchased
from Genolution Pharmaceuticals (South Korea). Sequences
were as follows: 5′-CCCAGUGUUCAGACUACCUGUUC-3′
(miR-199a-5p mimic), 5′-CGGTGUGUUCAGACUACCUGUUC3′ (miR-199a-5p mimic mutant; miR-199a-5pm), 5′-CCCA
GUGUUUAGACUAUCUGUUC-3′ (miR-199b-5p mimic), 5′CCCAGUGUUUAGACUAUCUGUUC-3′ (miR-199b-5p mimic
mutant; miR-199b-5pm), 5′-UCUGGAGGGAUGGACUCCU
GUCUUAUU-3′ (siDDR1), 5′-UUUUAACUCAGUAUUUUUA3′ (scrambled control). The miRNA inhibitors for miR199a/b-5p and a negative control inhibitor were purchased
from Exiqon (Denmark). Sequences were as follows: 5′TAACACGTCTATACGCCCA-3′ (negative control inhibitor),
5′-AACAGGTAGTCTGAACACT-3′ (miR-199a-5p inhibitor),
5′-ACAGATAGTCTAAACACT-3′ (miR-199b-5p inhibitor).

Luciferase reporter plasmid construction and site-directed
mutagenesis
The 3′-UTR of DDR1 was amplified from the genomic DNA
of Akata cells and cloned between the Renilla luciferase coding sequence and the poly(A) site of the psiCHECK-2 plasmid (Promega, USA) using XhoI/NotI sites to produce psiCDDR1. The primers for amplification of the DDR1 3′-UTR
were 5′-TCTAGGCGATCGCTCGAGCCTCAGGGAGCGATCCAG3′ and 5′-TTATTGCGGCCAGCGGCCGCCTGCCTAGTGCAGG
GGATTA-3′. Mutations were introduced into the putative
seed match sequences of psiC-DDR1 using the EZchange
Site-Directed Mutagenesis Kit (Enzynomics, Korea). The primer sequences were psiC-DDR1_m1: 5′-TCTGTCTATCCTATAT
TTCTCCCCACCCT-3′ and 5′-CCACATGGCCCATTGGAGCAC3′; psiC-DDR1_m2: 5′-TCTGTGTGACAGGGAGAGAGAAGC3′ and 5′-CCACCCCATGGCTGAGAATCT-3′; psiC-DDR1_m3:
5′-TCTGTTTCAGGTGATGGAGGAGGAA-3′ and 5′-CCACCT
GGGGGTAGCCCCGC-3′.

Luciferase reporter assay
To test whether the miRNAs directly target the 3′-UTR of
DDR1, a luciferase reporter assay was performed. HEK293T
human embryonic kidney cells, which are frequently used for
luciferase reporter assays (Kim et al., 2015; Lossner et al.,
2011; Xu et al., 2012) and HDLECs were seeded in 96-well
3
plates (5 × 10 cells/well). After 24 h, cells were cotransfected with 10 nM of each miRNA mimic and 20 ng
psiC-DDR1 or a mutant reporter vector (psiC-DDR1_m1,
psiC-DDR1_m2, psiC-DDR1_m3, psiC-DDR1_m1m2, psiCDDR1_m2m3, psiC-DDR1_m1m3, or psiC-DDR1_m1m2m3).
Luciferase activity was measured at 48 h post-transfection
using the Dual-Glo Luciferase Assay System (Promega).
Renilla luciferase activity was normalized using the firefly
luciferase activity for each sample.

Transfection of HDLECs
Cells were seeded for 24 h prior to transfection in 60 or 100
mm diameter dishes containing 5 or 10 ml of culture medium, respectively. Transfection was performed with 20 nM of
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each miRNA mimic, siRNA, or miRNA inhibitor using Lipofectamine 2000 (Invitrogen), according to the manufacturer's
protocol. Cells were harvested for RNA and protein extraction 48 h post-transfection.

served by fluorescence microscopy and quantified by counting the number of tubes formed in three randomly chosen
fields using ImageJ software (National Institutes of Health
[NIH], USA).

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Experimental corneal alkali-burn animal model

HDLECs were harvested, and total RNA was extracted using
RNAiso Plus (Takara, Japan), according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized using 1 μg total RNA, oligo(dT) (Macrogen, South Korea), and M-MLV reverse transcriptase (Invitrogen). For miRTM
NA detection, cDNA was synthesized using mir-X miRNA
First-Strand Synthesis Kit (Takara), according to the manufacturer's instructions. Real-time PCR for DDR1 or miR-199a/b5p was carried out using the TOPreal qPCR 2X PreMIX
(SYBR Green with low ROX; Enzynomics, Daejeon, Korea)
with the CFX96 Real-Time PCR System (Bio-Rad, USA). Primer
sequences
were
as
follows:
DDR1,
5′AATCGCAGACTTTGGCATGAG-3′ and 5′-CGTGAACTTCCC
CATGAGGAT-3′; glyceraldehyde phosphate dehydrogenase
(GAPDH), 5′-ATGGGGAAGGTGAAGGTCG-3′ and 5′-GGGG
TCATTGATGGCAACAATA-3; miR-199a-5p, 5′-CCCAGTGTTC
AGACTACCTGTTC-3′; miR-199b-5p, 5′-CCCAGTGTTTAGAC
TATCTGTTC-3′. For U6 amplification, the primers included in
the mir-X miRNA First-Strand Synthesis Kit were used. PCR
conditions were as follows: 95℃ for 10 min, followed by 40
cycles at 95℃ for 20 s, 60℃ for 30 s, and 72℃ for 30 s for
DDR1/GAPDH detection, and 95℃ for 10 min, followed by
40 cycles at 95℃ for 5 s and 60℃ for 20 s for miR-199/U6
detection. To confirm specific amplification of PCR products,
dissociation curves were checked routinely. PCR products
were ramped up from 55℃ to 95℃ at a heating rate of
0.1℃/s, and fluorescence was measured continuously. Relative gene expression was calculated according to the comparative Ct method using GAPDH (for DDR1) or U6 (for
miRNAs) as an internal standard.

Tube formation assay
Endothelial cells were plated on a reconstituted basement
membrane matrix, which promotes the formation of capillary-like tubules, as well as rapid attachment and alignment
of cells (Arnaoutova et al., 2009). This endothelial cellspecific process is rapid and quantifiable; therefore, tube
formation has been used to study angiogenic and antiangiogenic factors, to investigate mechanisms of angiogenesis, and to define endothelial cell populations. Here, we
utilized tube formation experiments to assess the effect of
miRNAs on lymphangiogenesis in HDLECs, using an In Vitro
Angiogenesis Assay Kit (Millipore), according to the manufacturer's protocol. Briefly, eight-well chamber slides were
coated with cold liquid ECMatrix (130 μl/well) and incubated at 37℃ in a humidified 5% CO2 incubator for 1 h to
5
promote solidification. Cells transfected with miRNAs (10
cells/well) were then seeded into these polymerized ECMatrix-coated chamber slides and incubated with conditioned
medium at 37℃ for 4-6 h. To detect tube formation more
clearly, cells were stained in a medium containing 5 μM calAM
cein
for 1 h. Formation of tube-like structures was ob-

Male Sprague-Dawley rats (body weight approximately 250300 g, n = 5 for each group) were utilized for this study. All
the animals were treated in accordance with the guidelines
of the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. The study protocol was approved by the Committee for Animal Research, Catholic University of Medicine.
Rats were deeply anesthetized via intraperitoneal injection of
50 mg/kg tiletamine plus zolazepam (Zoletil; Virbac, France)
and 15 mg/kg xylazine hydrochloride (Rompun; Bayer, Leuverkeusen, Germany). Alkali injuries to the eyes were induced by a 10-s exposure of the central cornea to a 4-mm
diameter disk of filter paper soaked in 0.5 N NaOH, followed
by rinsing with 1 ml sterile saline. To avoid corneal infection,
one drop of 0.5% levofloxacin (Cravit; Sante, Japan) was
dispensed onto the ocular surface immediately after alkaliburn injury. Animals were then randomly assigned to three
treatment groups: scrambled control, miR-199a-5p, and
miR-199b-5p (n = 5 for each). All mice were treated with a
single subconjunctival injection of 20 nM miRNA (20 μl)
immediately following alkali-burn injury.
To test the effect of DDR1 inhibition for lymphangiogenesis, mice were randomly allocated to seven groups (n = 3).
One group was used as a normal control without treatment.
For the other six groups, alkali injuries to the eyes were induced and treated with indicated miRNA as described above.
A DDR1 inhibitor 7rh (Sigma-Aldrich, USA) was dissolved in
DMSO to make 2.5 mg/ml stock solution and 1/10 diluted in
PBS before use. Three groups of mice were co-injected subconjunctivally with a DDR1 inhibitor 7rh together with miRNA immediately following alkali-burn injury. One mouse of
each group was used for LYVE-1 immunostaining of cornea.
Corneas were isolated from the other two mice of each
group for Western blot analysis.

Western blot analysis
HDLECs were harvested and corneal tissues were ground
using Dounce tissue grinder set (Sigma-Aldrich) before adding radioimmunoprecipitation assay (RIPA) buffer. Samples
were mixed with 5X loading buffer (Fermentas, USA), heated at 92℃ for 5 min, separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, USA). Membranes were incubated overnight at
4℃ with rabbit polyclonal antibodies to DDR1 (1:500; Santa
Cruz Biotechnology, USA), lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) (1:1000; Novus biologics, USA),
podocalyxin (PODXL) (1:1000; Santa Cruz Biotechnology),
or hypoxia-inducible factor-1 alpha (HIF1α) (1:1000; Novus
biologics). After washing with 0.5X tris-buffered saline with
tween 20 (TBST) for 1 h, blots were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated
anti-rabbit secondary antibody (1:5000; Santa Cruz BiotechMol. Cells 2018; 41(2): 93-102 95

MiR-199 Targets DDR1 to Inhibit Lymphangiogenesis
Sooeun Oh et al.

nology), and protein bands were visualized using an enhanced chemiluminescence detection system (Amersham
Biosciences, USA). A β-actin antibody (1:1000; Cell Signaling
Technology, USA) was used to confirm comparable loading.
The density of each protein band was determined using
Fujifilm Multi Gauge version 3.0 software.

Statistical analysis

Immunostaining

RESULTS

Formalin-fixed corneas were embedded in paraffin, and 4μm sections were prepared for examination. To detect DDR1,
corneal sections were incubated with anti-DDR1 antibody
(dilution, 1:500; Santa Cruz Biotechnology) for 1 h and
washed three times with phosphate buffered saline (PBS).
Corneal sections were then treated with a Texas Redconjugated secondary antibody (Abcam, USA) and stained
with Hoechst solution to visualize the nuclei prior to examination by fluorescence microscopy at 100X magnification.
To assess lymphangiogenesis, a corneal flat mount was utilized for lymphatic vessel endothelial hyaluronan receptor-1
(LYVE-1) immunostaining. For this assay, whole corneas
were isolated from the eye and incubated with anti-mouse
LYVE-1 antibody (1:500; Abcam) for 16 h at 4℃. After three
washes with PBS for 15 min, corneas were stained with a
Texas Red-conjugated secondary antibody (Abcam). The
stained areas were calculated by ImageJ software version
4.01 (NIH, USA), and values were expressed as ratios to
measurements obtained from animals treated with the
scrambled control.

A

B

C

Data were analyzed using a Student’s t-test. Curve fit and
analysis were performed using GraphPad Prism software
(GraphPad Software, USA). P-values < 0.05 were considered
statistically significant. All results are expressed as mean ±
standard deviation (SD).

Effect of miRNA mimics on the expression of DDR1 mRNA
and protein
To determine whether miR-199a/b-5p modulates the expression of DDR1 in lymphatic endothelial cells, HDLECs
were transfected with the miRNA mimics, miR-199a-5p and
miR-199b-5p, as well as the scrambled control. Total RNA
was then prepared from cells harvested at 48 h posttransfection, and DDR1 expression was determined by qRTPCR. Our data demonstrate that levels of DDR1 mRNA were
decreased by approximately 50–60% following transfection
with either miR-199 mimic compared to the scrambled control (Fig. 1B). Western blot analysis also showed that DDR1
protein expression decreased by approximately 60–70%
following transfection with miR-199a/b-5p mimics compared to the control (Fig. 1C). As an additional control, we
transfected HDLECs with mutant versions of the miRNA
mimics (miR-199a-5pm and miR-199b-5pm), which are
predicted to be inactive. As expected, expression of DDR1
protein was not considerably affected by these mutant miRNAs (Figs. 1A and 1C).

Fig. 1. Effects of miR-199a/b-5p mimics on
expression of DDR1 mRNA and protein. (A)
Sequence of miR-199a/b-5p and the mutant forms of miR-199a/b-5p (miR199a/b-5pm); mutants have nucleotide
substitutions at two to four sites within the
miRNA. (B) Reduction in DDR1 mRNA
levels by miR-199a/b-5p. HDLECs were
transfected with 20 nM miR-199a/b-5p
mimics or the scrambled control, and levels of DDR1 mRNA were measured by
qRT-PCR. Relative gene expression was
calculated according to the comparative
Ct method, using GAPDH as an internal
control (n = 3). Error bars indicate standard
deviation (SD). (C) Effects of miR-199a/b5p on DDR1 protein expression. HDLECs
were transfected with 20 nM miR-199a/b5p mimics or the scrambled control. To
confirm the sequence-specific function

of miR-199a/b-5p, miR-199a/b-5p mutants (miR-199a/b-5pm) were also transfected. Cell lysates were examined by Western blot analysis with an anti-DDR1 polyclonal antibody (1:500) at 48 h post-transfection; an anti-β-actin antibody (1:1000) was used to normalize
protein loading. Three sets of independent experiments were performed, and representative results are shown in the lower panel; asterisk (*) indicates nonspecific band. The density of each protein band was quantified using Fujifilm Multi Gauge software version 3.0 and
expressed as a ratio to the density of the band from the scrambled control. Upper panel shows mean ± SD values of the three independent experiments.
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Elucidation of miR-199a/b-5p target sites in the 3′-UTR of
DDR1 mRNA
To determine whether miR-199a/b-5p directly targets the 3′UTR of human DDR1 mRNA, we co-transfected HEK293T
cells or HDLECs with each miRNA mimic and the psiC-DDR1
luciferase reporter vector. Mutant forms of miR-199a-5p
and miR-199b-5p (miR-199a-5pm and miR-199b-5pm)
were also used to confirm the sequence-specific function of
each miRNA mimic. We found that the miR-199a/b-5p mimics significantly reduced luciferase activity from psiC-DDR1,
as compared to the scrambled control in HEK293T (Fig. 2A)
and HDLECs (Fig. 2B). In contrast, psiC-DDR1 luciferase activity was not affected by either of the mutant miRNAs in
both cells (Figs. 2A and 2B). The TargetScan program
(http://www.targetscan.org) predicts that miR-199a/b-5p
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has three well-conserved 8mer seed matches with the human DDR1 3′-UTR. Thus, we utilized site-directed mutagenesis to assess which sites are directly targeted by miR199a/b-5p. Single, double, or triple mutations were introduced in the three well-conserved seed match sequences to
produce reporter vectors with seven mutant forms of the 3′UTR (psiC-DDR1_m1, psiC-DDR1_m2, psiC-DDR1_m3, psiCDDR1_m1m2, psiC-DDR1_m2m3, psiC-DDR1_m1m3, and
psiC-DDR1_m1m2m3; Figs. 2C and 2D). Each of these vectors was co-transfected into HEK293T cells with miR199a/b-5p or the scrambled control, and luciferase activity
was measured. We found that luciferase activity from the
single mutant vectors (psiC-DDR1 m1, psiC-DDR1 m2, and
psiC-DDR1 m3) was partially reduced when the cells were
co-transfected with miR-199a/b-5p mimics (Figs. 2E and 2F).

Fig. 2. Luciferase reporter assay to identify miR-199a/b5p target sites in the DDR1 3′-UTR. (A, B) Luciferase
reporter assay testing the effect of miR-199a/b-5p on
DDR1. A reporter construct containing (psiC-DDR1)
the DDR1 3′-UTR and the Renilla luciferase gene was
co-transfected into HEK293T cells or HDLECs with the
miR-199a/b-5p mimics. To confirm the sequencespecific function of miR-199a/b-5p, the miR-199a/b5pm (mutant miRNA), which have nucleotide substitutions at two to four sites of miR-199a/b-5p, were
also used. Error bars indicate SD (n = 3). (C) Illustration showing the location of possible seed matched
sites for miR-199a/b-5p in the DDR1 3′-UTR. Sitedirected mutagenesis was performed to produce all
possible mutant forms of the DDR1 3′-UTR seed
match sequences. Mutation signatures are as follows:
m1 (psiC-DDR1_m1), m2 (psiC-DDR1_m2), m3 (psiCDDR1_m3), m1m2 (psiC-DDR1_m1m2), m2m3 (psiCDDR1_m2m3), m1m3 (psiC-DDR1_m1m3), and
m1m2m3 (psiC-DDR1_m1m2m3). (D) Seed matches
between miR-199a/b-5p and the wild-type (wt) or
mutated (m1, m2, or m3) target sites in the 3′-UTR of
DDR1. Bottom bars indicate mutated nucleotides in
m1, m2, and m3 (E, F). Luciferase reporter assay testing the target sites of miR-199a/b-5p on the 3’-UTR of
DDR1. HEK293T cells or HDLECs were co-transfected
with miR-199a/b-5p and luciferase reporter vectors
containing the wt or mutated 3′-UTR of DDR1. The
scrambled control and miR-199a/b-5pm (mutant
miRNA) were used to confirm sequence-specific binding between miR-199a/b-5p and the DDR1 3′-UTR.
Luciferase activity was normalized using firefly luciferase activity and is expressed as the ratio to the activity
in scrambled control-transfected cells. Error bars indicate SD (n = 3).
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However, activity from each double mutant vector (psiCDDR1_m1m2, psiC-DDR1_m2m3, and psiC-DDR1_m1m3)
was not significantly affected in the cells co-transfected with
the miR-199a/b-5p mimics (Figs. 2E and 2F). Unexpectedly,
luciferase activity from the triple mutant vector, psiCDDR1_m1m2m3, was increased in cells co-transfected with
the miR-199a/b-5p mimic or miR-199-5pm as compared to

scrambled control (Figs. 2E and 2F). The reason for this is
not clear, and we did not pursue this unexpected observation any further. As expected, luciferase activity from the
wild-type or mutated DDR1 3’-UTR reporter vectors was not
affected by co-transfection with the scrambled control, a
mutant form of miR-199a-5p (miR-199a-5pm), or a mutant
form of miR-199b-5p (miR-199b-5pm) (Figs. 2E and 2F).

Fig. 3. Effect of miR-199a/b-5p mimics on HDLEC
tube formation. HDLECs were transfected with
20 nM miR-199a/b-5p mimics (A) or siRNA targeting DDR1 (siDDR1) (B). Scrambled control
siRNAs were used for comparison. After 48 h,
5
cells (10 cells/well) were plated in an ECMatrixcoated eight-well chamber in MV2 medium,
containing 10 ng/ml bFGF, 5 ng/ml EGF, and 20
ng/ml IGF-1. To detect the tube formation more
clearly, the cells were stained in a media containing 5 μM calcein AM for 1 h. Capillary-like structures within the Matrigel layer formed by
HDLECs were photographed after 4–6 h at 50X
magnification. Three independent experiments
were performed for each condition and representative results are shown in the left panels.
Tube formation was quantified using ImageJ
software, and the mean ± SD values are plotted
in the right panels (n = 3).

A

B

Fig. 4. Effect of miR-199a/b-5p inhibitors on
HDLEC tube formation. (A) Effect of miRNA
inhibitors on the level of miR-199a/b-5p.
HDLECs were transfected with 20 nM miR199a/b-5p inhibitors or the negative control
inhibitor. After 48 h, cells were harvested for
qRT-PCR analysis; three independent experiments were performed, and relative miR199a/b-5p expression was calculated according
to the comparative Ct method, using U6 as an
internal control (n = 3). Error bars indicate SD.
(B) Western blot analysis to detect DDR1 expression 48 h after transfection with miR-199a/b-5p
inhibitors. Three sets of independent experiments were performed and representative results are shown (upper panel). Anti-β-actin antibody (1:1000) was used to confirm comparable
C
loading. Band densities were quantified using
Fujifilm Multi Gauge software version 3.0, and
relative DDR1 expression levels are plotted (lower panel). Error bars indicate SD (n = 3). (C) At
5
48 h post-transfection, cells (10 cells/well) were
plated in an ECMatrix-coated eight-well chamber in MV2 medium, containing 10 ng/ml bFGF,
5 ng/ml EGF, and 20 ng/ml IGF-1. To detect the
tube formation more clearly, the cells were stained in a media containing 5 μM calcein AM for 1 h. Capillary-like structures within the
Matrigel layer formed by HDLECs were photographed after 4-6 h at 50x magnification. Three independent experiments were performed for each setting and representative results are shown at the left panels. Tube formation was quantified using ImageJ software,
and the mean +/- SD values are plotted on the right panels (n = 3).

A
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These results demonstrate that miR-199a/b-5p specifically
targets all three of the well-conserved target sites, and if any
two of these sites are mutated, the efficiency of miR-199a/b5p targeting was significantly reduced.

Effect of miR-199a/b-5p or the inhibitors on HDLECs tube
formation
We used an in vitro tube formation assay to determine
whether miR-199a/b-5p has anti-lymphangiogenic effects.
HDLECs transfected with miR-199a/b-5p mimics or the
scrambled control were cultured for 48 h and then transferred to Matrigel-coated 8-well glass slides. The extent of
tube formation was assessed after 2-6 h. We observed a 3050% less tube formation in HDLECs when transfected with
miR-199a/b-5p mimics than when transfected with the
scrambled control (Fig. 3A). Notably, tube formation was
also decreased by approximately 60% in HDLECs transfected
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with siDDR1 compared to the control cells (Fig. 3B).
To assess whether endogenous miR-199a/b-5p can regulate
the expression of DDR1 in HDLECs, we utilized miR-199a/b5p inhibitors. HDLEC cells were transfected with the inhibitors
or a control inhibitor. qRT-PCR performed at 48 h posttransfection revealed that levels of miR-199a/b-5p were reduced by about 40-50% by transfection with each inhibitor
compared to the control inhibitor (Fig. 4A). Total protein was
also prepared at 48 h post-transfection. Western blot analyses
demonstrated that DDR1 protein levels were increased by
40% in HDLECs transfected with the miR-199a/b-5p inhibitors compared to cells transfected with the control inhibitor
(Fig. 4B). We then assessed the tube-forming ability of cells
transfected with miR-199a/b-5p inhibitor. When HDLECs
transfected with the miR-199a/b-5p inhibitor for 48 h were
cultured on Matrigel-coated 8-well glass slides, tube formation
was significantly higher than in the control cells (Fig. 4C).

Fig. 5. Inhibition of corneal lymphangiogenesis and
DDR1 expression by miR-199a/b-5p in a corneal injury animal model. Corneas of Sprague-Dawley rats
were subjected to alkali burns with NaOH, and animals were treated with miR-199a/b-5p mimics or
the scrambled control by subconjunctival injection
on the day of injury (n = 3 for each treatment group).
(A) Representative photographs of corneas taken
one week after treatment. Corneal neovascularization of the whole rat eye was observed by light microscopy. Arrows in each panel show blood vessels
formed on cornea. (B) Levels of angiogenesis were
quantified for each group using ImageJ software
and expressed as a ratio to the level of angiogenesis
in the scrambled control group (n = 5). (C) Lymphatic
vessel formation in the cornea. Whole corneas were
flat-mounted, as shown in (G), and stained with the
LYVE-1 antibody. Red stain indicates areas positive
for LYVE-1, a marker of lymphatic vessels. (D) Lymphatic vessel formation was assessed in all treatment
groups using ImageJ software by quantifying LYVE-1
positive areas (n = 5). Values are expressed as ratios to
the scrambled control group. (E) DDR1 expression in
the cornea. Formalin-fixed corneas from each treatment group were embedded in paraffin; these were
cut into 4 μm sections and stained with anti-DDR1
antibody. Red stain represents DDR1, and blue stain
indicates nuclei stained with DAPI. Similar results
were obtained in two independent experiments, and
one representative set is shown. (F) DDR1 expression
level was assessed in all treatment groups using
ImageJ software by quantifying DDR1 positive areas
(n = 5). Original magnification, (A) 10x, (C, E) 100x.
(G) Right panel shows how the corneal flat mounts
were prepared for LYVE-1 staining. Neovascularization in alkali-burned cornea is also shown in contrast
to clear normal cornea. Left panel shows the histological location for the paraffin sections used for
DDR1 immunofluorescence assay.
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Effect of miR-199a/b-5p on lymphangiogenesis in a
corneal alkali-burn animal model
To confirm the effects of miR-199a/b-5p on corneal lymphangiogenesis and DDR1 expression in vivo, we used an
experimental animal model for corneal injury. Following
introduction of alkali burns in rat corneas, miR-199a/b-5p
mimics or scrambled control RNA were injected once subconjunctivally, and the effects were assessed a week later.
We observed severe angiogenesis in corneas subjected to
alkali burn as compared to the normal cornea (Figs. 5A and
5G). Critically, the number of blood vessels formed in miR199a/b-5p mimic-treated eyes was approximately 50–80%
less than that in scrambled control-injected eyes (Figs. 5A
and 5B).
To determine the effect of miR-199a/b-5p on lymphangiogenesis in the cornea, lymphatic vessels in flat-mounted
corneas (illustrated in Fig. 5G) were stained with an antiLYVE-1 antibody (Fig. 5C). We found that the LYVE-1positive area, which indicates the region containing lymphatic vessels, was about 50-70% smaller in miR-199a/b-5p
mimic-treated corneas than in scrambled control-injected
corneas (Fig. 5D). DDR1 expression was then assessed in
paraffin-embedded corneal sections (Fig. 5G) by immunohistofluorescence staining with an anti-DDR1 antibody. Our
data demonstrate that DDR1 expression, similar to what was
observed for LYVE-1, was induced at limbus and epithelium
following alkali burn (Figs. 5E and 5G). DDR1 expression in
corneal tissues from miR-199a/b-5p mimic-treated eyes was
clearly decreased over 50% compared to scrambled controlinjected eyes (Figs. 5E and 5F). However, LYVE-1 but not
DDR1 was not stained at the center of corneas (Fig. 5C).
To test the effect of DDR1 inhibition on lymphangiogenesis, we used a DDR1 inhibitor 7rh (Sigma-Aldrich, USA)
known to reduce DDR1 expression and phosphorylation (Lu
et al., 2016). Cornea-injured rats were co-treated with DDR1
inhibitor 7rh with scrambled control or miR-199a/b-5p mimic. LYVE-1 immunostaining showed that 7rh treatment drastically suppressed lymphangiogenesis compared to the corneas untreated with 7rh (Supplementary Fig. S1A). Western
blot analyses showed that a 7rh treatment effectively reduced DDR1 and LVYE-1 expression compared to the corneas untreated with 7rh (Supplementary Figs. S1B-S1D). LYVE1 expression was further reduced when the cells were cotreated with 7rh and miR-199a/b-5p (Supplementary Figs.
S1B and S1D). As expected, miR-199a/b-5p downregulated
PODXL (Supplementary Figs. S1B and S1E), but 7rh did not
affect PODXL expression (Supplementary Figs. S1B and S1E).
Nevertheless, LYVE-1 was significantly downregulated after
7rh treatment (Supplementary Figs. S1B and S1D). HIF1α
was undetected in cornea samples by Western blot (data not
shown).

DISCUSSION
Previous reports have suggested that miR-199-5p modulates
DDR1 expression in some tumor cells (Hu et al., 2014; Mata
et al., 2016). However, the specific target site(s) for miR199a/b-5p in the 3′-UTR of the DDR1 gene had not been
identified. Furthermore, the role of DDR1 in lymphangio100 Mol. Cells 2018; 41(2): 93-102

genesis was unclear. In this study, we found that miR199a/b-5p directly targeted three sites on the 3′-UTR of
DDR1 and reduced DDR1 expression at both the mRNA and
protein levels in HDLEC cells. In addition, miR-199a/b-5p
suppressed tube formation of lymphatic endothelial cells in
culture, seemingly by its effect on DDR1 expression. Critically,
we found that in vivo injection of a miR-199a/b-5p mimic
not only suppressed DDR1 expression, but also inhibited
lymphangiogenesis in a corneal alkali-burn rat model.
The TargetScan program identified three well-conserved
8mer seed match sites for miR-199a/b-5p in the 3′-UTR of
DDR1. When a point mutation was introduced into each of
the three sites, the effect of miR-199a/b-5p on DDR1 expression was partially reduced, suggesting that all three sites
are genuine targets of these miRNAs. In addition, when any
two of the three seed matched sites were mutated simultaneously, the effect of miR-199a/b-5p on the expression of
DDR1 disappeared completely. These results suggest that
occupation of just one target site by miR-199a/b-5p is not
sufficient, and that miR-199a/b-5p must bind to at least two
of the three sites to suppress DDR1 expression. Considering
miRNAs are generally involved in fine tuning gene expression
(Ying et al., 2006), we observed significant reduction in
DDR1 expression (about 50%) by miR-199a/b-5p. This
strong effect on DDR1 may be due to the presence of multiple target sites for miR-199a/b-5p in the 3′-UTR of this gene
(Bartel, 2009).
The increased DDR1 expression and enhanced tube formation following miR-199a/b-5p inhibitor treatment in
HDLECs support the theory that endogenous levels of miR199a/b-5p in these lymphatic endothelial cells are sufficient
to affect DDR1 expression. These results further suggest that
miR-199a/b-5p plays an important physiological role in lymphangiogenesis by inhibiting DDR1 expression.
A number of previous studies have shown that lymphangiogenesis, as well as angiogenesis, are induced in an alkaliburn injury model (Ling et al., 2009; Zhu et al., 2015). We
therefore used a rat corneal alkali-burn model for this study.
A single subconjunctival injection of miR-199a/b-5p mimic
into corneas after alkali injury efficiently suppressed DDR1
expression and reduced corneal lymphangiogenesis.
A DDR1 inhibitor 7rh treatment not only effectively reduced DDR1 and LVYE-1 expression but also suppressed
lymphangiogenesis. These results support that miR-199a/b5p inhibited lymphangiogenesis at least partially by targeting
DDR1 expression. As miR-199a/b-5p also targets PODXL
and HIF1α, we wanted to test whether they are also responsible for suppressed lymphangiogenesis cause by miR199a/b-5p. HIF1α was undetectable in cornea samples by
Western blot under our experimental conditions (data not
shown). PODXL was expressed at high level in normal cornea. PODXL expression was unaffected by alkali burn or 7rh
treatment, but down regulated by miR-199a/b-5p. Thus,
HIF1α and PODXL seem to have little role in cornea lymphangiogenesis following alkali injury.
Similar to the results shown in this study, we and other investigators have previously reported that corneal lymphangiogenesis is also significantly downregulated by a single injection of miRNAs targeting other protein species (Grimaldo et
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al., 2015; Seo et al., 2015). These observations may be explained by the fact that the cornea is an isolated tissue,
and/or transient modulation of miRNA function may be sufficient for long-term suppression of corneal lymphangiogenesis.
Our results demonstrate that miR-199a/b-5p directly targets the 3′-UTR of DDR1 and downregulates the expression
of this gene, resulting in the inhibition of lymphangiogenesis
both in cultured human lymphatic endothelial cells and a
corneal alkali-burn rat model. Our results indicate that DDR1
downregulation by miR-199a/b-5p may be therapeutically
useful for treating corneal lymphangiogenesis, and DDR1
itself provides a potential target for the development of improved therapeutics for lymphangiogenic eye diseases. MiRNAs have multiple targets and modulate cellular functions,
while siRNAs target and downregulate a specific gene (Lam
et al., 2015). Thus, miR-199a/b-5p might target a variety of
lymphangiogenic factors and exert co-operative effect compared to siDDR1.
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