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Leucine-rich G Protein-coupled Receptor-5 Is
Significantly Increased in the Aqueous Humor of
Human Eye with Proliferative Diabetic Retinopathy
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Leucine-rich G protein-coupled receptor-5 (LGRS5) is known to be a stem cell marker in many organs. LGR5 may have important
roles in proliferative diabetic retinopathy (PDR) because LGR5 potentiate the Wnt/B-catenin pathway, which plays crucial roles in
pathologic neovascularization in the retina. The association between LGR5 and retinal pathologic neovascularization has not yet
been reported. In the present study, LGR5 was compared in human aqueous humor (AH) between normal control and patients with
PDR to confirm the relationship between LGR5 and PDR. AH was collected from 7 naive PDR patients and 3 control subjects before
intravitreal injection and cataract surgery, respectively. LGR5 and key members of Wnt/B-catenin were assessed by western blotting,
In the present study; it was confirmed for the first time that LGR5 is detected in AH and it increases in PDR patients. Key members
of Wnt/B-catenin pathway were also increased in AH of PDR patients compared to control. These findings might support the hy-
pothesis that LGR5 has important roles in PDR especially considering the roles of the Wnt/p-catenin pathway, which is activated by
LGRS, contributing to retinal pathologic neovascularization.

Key words: Leucine-rich G protein-coupled receptor-5, Aqueous humor, Pathologic neovascularization, Diabetic retinopathy, Wnt
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INTRODUCTION

Leucine-rich G protein-coupled receptor-5 (LGR5), also known
as GPR49, was initially cloned as an orphan receptor and identi-
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tied as a member of the leucine-rich repeat-containing G protein-
coupled receptor (LGR) family [1, 2]. LGR5 was primarily known
as a marker of self-renewing stem cells in rapidly proliferating
epithelia under physiological conditions or upon injury, including
the stomach [3], small intestine, colon [4], and so on [5-10]. In the
visual system, it has been reported that LGR5 was detected in only
two ocular tissues: the cornea in human [11-13] and the retina in
mouse. LGR5 expressing retinal amacrine cells of mouse retina
were the first piece of evidence that LGR5 was also expressed
in neuronal but not stem cell lineage [14, 15], and were known
to possess regenerative capacity and function as an endogenous
regenerative source in adult mice [14]. However, so far there have
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been no human studies regarding LGR5 in retina.

Wnt/B-catenin signaling pathway has been known to play cru-
cial role not only in developmental retinal angiogenesis but also
pathologic neovascularization [16, 17]. As LGR5 stabilizes Wnt re-
ceptor Frizzled (FZD) and potentiates the Wnt/p-catenin pathway
[18, 19], LGRS likely contributes to retinal pathologic neovascu-
larization. The association between LGR5 and retinal pathologic
neovascularization has not yet been reported. In the present study,
we investigated whether LGR5 can be detected in aqueous humor
(AH) as a novel marker of pathologic neovascularization. In ad-
dition, LGR5 level was compared in AH between normal control

and proliferative diabetic retinopathy (PDR).
MATERIALS AND METHODS

This prospective cross-sectional study included normal subjects
and PDR patients who visited Retina Clinic of the Department of
Ophthalmology of Hanyang University Guri Hospital between
January 2017 and May 2017. The study protocol was reviewed and
approved by the Institutional Review Board of Hanyang Univer-
sity Guri Hospital (IRB FILE No. 2017-03-002) and adhered to
the tenets of the Declaration of Helsinki. All participants provided
written, informed consent to participation in the study.

A total of 10 subjects, 7 naive PDR patients (PDR group) and 3
control subjects who were scheduled for intravitreal injection and
cataract surgery, respectively, were recruited for this study. Inclu-
sion criteria for the PDR group were treatment-naive PDR, no
diabetic macular edema on optical coherence tomography (OCT),
no history of previous panretinal photocoagulation, intravitreal
injection of any agent, and previous pars plana vitrectomy, and no
history of co-existent macular pathology and had a sufficiently
deep anterior chamber to perform anterior chamber paracentesis
without complications. AH was also collected during cataract
surgery from normal subjects who met the inclusion criteria as
follows: no history of ocular diseases other than cataract, no prior
intraocular surgery, no use of any topical ocular medications other
than topical mydriatic and antibiotic prior to surgery, and no sys-
temic diseases other than hypertension. Additionally, subjects in
both groups were excluded if they were receiving renal dialysis or
systemic immunosuppression at any time during the study or had
a history of stroke or myocardial infarction or if the amount of
AH sample collected was not sufficient for analysis or was judged
as inappropriate for analysis. All participants underwent standard
ophthalmologic examination including best-corrected visual acu-
ity, intraocular pressure, slit lamp biomicroscopy, OCT (Swept
Source OCT, Topcon DRI OCT-1 Atlantis; Topcon, Inc., Tokyo,
Japan), and Optos ultra-wide fundus photography (FP) and fluo-
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rescein angiography (FA, Optos, Dunfermline, Scotland). The
diagnosis of PDR was made when new vessels appeared in the FA.

AH samples were collected by the same operator at the begin-
ning of the procedure (surgery or injection). Briefly, after placing
a sterile eyelid speculum, 1~2 drops of 0.5% proparacaine hydro-
chloride (Alcaine, Alcon, Ft. Worth, TX, USA) and 5% povidone
iodine were instilled immediately before surgery or injection.
Anterior chamber paracentesis was performed using a 30-gauge
needle mounted on a 1 mL tuberculin syringe inserted through
the peripheral cornea under the surgical microscope, and approxi-
mately 50~200 uL of AH was collected. AH samples were trans-
ferred to tubes and immediately placed on dry ice. Samples were
stored at -80°C until further processing. First, the AH LGR5 levels
were analyzed in seven PDR patients and three control subjects
by western blotting. For further analysis, we grouped the AH of
five PDR patients and five control subjects and used the mixture
of each group to analyze the levels of other wnt signaling pathway
proteins by western blotting,

Levels of LGR5 and key members of the Wnt/p-catenin signaling
pathway in the AH were analyzed by western blotting. To remove
impurities, the AH was centrifuged at 10,000 rpm for 5 min, and
the supernatant was incubated in protease inhibitor solution [1
mM phenylmethylsulfonylfluoride (PMSF), I mM sodium fluo-
ride (NaF), | mM sodium orthovanadate (Na,VO,), 100X protease
inhibitor] for 30 min on ice. The AH was sonicated with a Sono-
plus (Bandelin Electronics, Berlin, Germany) and incubated for
30 min on ice again. The sonicated AH were centrifuged at 13,000
rpm for 15 min and the supernatant was collected. Protein concen-
trations of AH lysates were determined using a Bio-Rad (Hercules,
CA, USA) protein assay kit. Next, 0.1 pg of LGR5 positive control
protein (R&D Systems, Minneapolis, MN, USA) and AH samples
containing equal amounts (25 pg) of protein were resolved by
4~12% sodium dodecyl sulfate-polyacrylamide gel (Invitrogen,
Carlsbad, CA, USA) electrophoresis and then transferred to poly-
vinylidene fluoride membranes (Millipore, Billerica, MA, USA).
Membranes were blocked with 2% skim milk and incubated with
a specific primary antibody. The following antibody was used in
these experiments: anti-LGR5 (1:200, Santa Cruz Biotechnologies,
Santa Cruz, CA, USA), anti-R-spondin 1 (1 pg/ml, R&D systems),
anti-active -catenin (1:1000, Cell Signaling, Beverly, MA, USA),
anti-phospho-GSK3 (1:100, Cell Signaling), anti-GSK3 (1:500,
Cell Signaling), anti-cyclin D1 (1:2000, Cell Signaling), anti-c-myc
(1:1000, Cell Signaling), anti-VEGF (1:1000, Abcam, Burlingame,
CA, USA). Membranes were washed with Tris-buffered saline
containing 0.1% Tween-20 and processed using the appropriate
horseradish peroxidase-conjugated anti-mouse antibody (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA), anti-
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rabbit antibody (1:2000, Jackson ImmunoResearch Laboratories,
Inc.), or anti-goat antibody (1:2000, Jackson ImmunoResearch
Laboratories, Inc.) followed by ECL detection (GenDEPOT, Katy,
TX, USA). Blots were quantified with an image analyzer (Im-
ageQuant LAS 4000; GE Healthcare, Little Chalfont, UK).

RESULTS AND DISCUSSION

Table 1 shows the patient characteristics and ophthalmic data.
The mean age of the control group and PDR group were 65.0+2.6

and 46.0+13.1 years, respectively. Three control subjects (case 1~3)
had no systemic disease and no ocular disease except for cataract.
Among PDR patients (case 4~10), two patients had neovascular
glaucoma due to PDR (case 4 and 7), while two patients showed
vitreous hemorrhage due to PDR (case 6 and 7). Wide FPs and
wide FAs in each of two cases in PDR and control group are shown
in Fig. 1. Among PDR patients, case 5 (Fig. 1A, B), and HRPDR
patient, case 8 (Fig. 1C, D), showed retinal hemorrhage and micro-
vascular abnormalities and case 8 showed hard exudates, extensive
nonperfusion area, severe ischemia with retinal neovascularization

Table 1. Patient characteristics and ophthalmic data of control and diabetic retinopathy patients (e.g.,a, b, etc.)

M/E Age Diagnosis Laterality Underlying diseases BCVA 10P SE CMT HbAlc
Control
1 F 66 Control OD (-) 0.4 20 err n/c n/c
2 M 62 Control OD (-) 1 13 1 228 n/c
3 F 67 Control OD (-) 0.3 13 0 n/c n/c
PDR
4 M 50 NVG,HRPDR oS DM, HTN,CKD 0.5 19 -2.5 210 6.6
5 M 56 PDR OD DM, HTN,CKD 0.5 15 -1.75 232 8.4
6 M 62 HRPDR,VH OD DM, HTN,CKD 0.15 17 0 280 7.7
7 M 33 NVG,HRPDR,VH oS DM FC30 cm 62 -2.75 224 8.4
8 M 25 HRPDR OD DM 0.04 17 err n/c* 13.1
9 F 44 HRPDR oS DM, HTN,CKD 0.2 20 -2.25 263 11.7
10 F 52 HRPDR oS DM, HTN,CKD FC40 cm 16 -1.25 265 7.3

*Not checkable due to premacular hemorrhage.

BCVA, best corrected visual acuity; CKD, Chronic kidney disease; CMT, central macular thickness; DM, diabetes mellitus; DME, diabetic macular
edema; HbA 1¢, hemoglobin Alc; HRPDR, high risk proliferative diabetic retinopathy; HTN, hypertension; IOP, intraocular pressure; NVG, neovascular
glaucoma; PDR, proliferative diabetic retinopathy; SE, spherical equivalent; VH, vitreous hemorrhage.

Fig. 1. Wide fluorescein angiography (FA) and wide fundus photographic findings of proliferative diabetic retinopathy (PDR) and control cases. (A, B)
Wide fundus photograph and wide FA of case 5 (PDR) patients showed microvascular abnormalities, retinal hemorrhage, and limited retinal neovascu-
larization (NV). (C, D) Wide fundus photograph and wide FA of case 8 (high-risk PDR) show retinal hemorrhage, hard exudates, extensive nonperfu-
sion area, severe ischemia with retinal NVs, and premacular hemorrhage. (E, F) Wide fundus photographs of control cases (E, case 1; E case 3) showed

normal findings except for media opacity.
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(NV), and premacular hemorrhage in wide FPs (Fig. 1A, case 5;
Fig. 1C, case 8) and wide FA (Fig. 1B, case 5; Fig. 1D, case 8). Wide
FPs among control cases (Fig. 1E, case 1; Fig. 1F case 3) showed
normal findings except for the media opacity.

Western blot analysis of AH samples from 10 subjects showed
elevated LGR5 expression in PDR patients. Using an LGR5 posi-
tive control protein, we evaluated the positive band, validated the
western blotting protocol, and analyzed equal concentrations (25
ug/uL) of AH samples. We confirmed that the band appears were
more intense in PDR patients (Fig. 2A), which was supported by
the quantification results (Fig. 2B). We compared the levels of
LGRS between the control group and PDR group, which revealed
a significant increase in the PDR group (p=0.035, Fig. 2C).

To further explore the mechanism of increased LGR5 expression
in PDR, we also analyzed the levels of the key members of the Wnt/
B-catenin signaling pathway, R-spondin-1 (RSPO1), p-catenin,
phosphorylated glycogen synthase kinase-3p (pGSK3f[ser9]),
GSK3p, cyclin D1 and ¢-myc, via western blot analysis (Fig. 3). We
found that all of the Wnt/-catenin signaling pathway key proteins
were increased in AH of the PDR patients group. VEGE a media-
tor of retinal pathologic neovascularization, was also increased in
AH of the PDR patients group, as is well known.

In this study, LGR5 was detected in AH of human eyes for the
first time, and was increased in AH of patients with retinal patho-
logic neovascularization. We also found that the key members of

0.1ug Control

the Wnt/B-catenin signaling pathway was increased in AH of PDR
patients. LGR5 is known as an adult stem cell marker present as a
transmembrane protein; there are two main issues to discuss. First
is LGR5 detection in human AH, which is extracellular fluid, and
second is the mechanism of LGR5 elevation in pathologic retinal
vascularization.

Our results revealed that LGR5 was detected in the extracellular
fluid sample. As LGR5 is a membrane protein and has never been
found in the extracellular fluid, it is necessary to determine how
LGRS became present in the extracellular fluid. First, based on its
known mechanism of action, LGR5 exists not only as a membrane
protein, but also as an internalized form in the cytoplasm. The
canonical Wnt/p-catenin signaling pathway, in which LGR5 acts as
an enhancer, is known to be regulated by many regulatory proteins
in a variety of manners, including post-translational modification
of Wnt proteins, internalization of Wnt receptor complex, regula-
tion of Wnt receptor degradation, and specific ligand-receptor
complex formation [19]. LGR5 is a high-affinity receptor for the
R-spondin protein family and this R-spondin-LGR5 complex
is known to mediate internalization of Wnt receptor complex
and Wnt receptor degradation [20-26]. R-spondin-LGR5 signal-
ing contributes to the endocytosis of Wnt receptor complex by
promoting the internalization of these components associated
with LGR5 [20, 22]. Synder et al. [23] have revealed that LGR5
is internalized rapidly and constitutively into endosomes and to
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Fig. 2. Western blot analysis of aqueous humor (AH) samples of control and proliferative diabetic retinopathy (PDR) patients. Equal concentration (25
ug/ul) of AH samples and 0.1 pg of LGRS positive control protein were used. LGR5 is elevated in the AH of PDR patients. (A) Western blot bands of
LGR5. (B) Quantified levels of LGR5 from western blot. (C) Comparison of LGR5 levels between control group and DR group ("p<0.05).
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Fig. 3. Western blot analyses of LGR5 and Wnt/p-catenin signaling pathway proteins in AH of PDR patients and control subjects. AH samples were
obtained from the control and PDR groups, and the mixtures of each group were analyzed via western blot analysis four times. The results showed that
the protein levels of LGR5 and key members of the Wnt/B-catenin signaling pathway (RSPOL1, B-catenin, pGSK-3p(Ser9), Cyclin D1 and c-Myc) were
upregulated in the PDR group. (A) Western blot bands of LGR5 and Wnt/(-catenin signaling pathway proteins. (B) Comparison of protein levels be-
tween control and DR (*p<0.05, **p<0.01, **p<0.001). pGSK-3, phosphorylated glycogen synthase kinase-3[; RSPO1, R-spondin-1; VEGE vascular

endothelial growth factor.

the trans-Golgi network under steady-state conditions, and thus
LGRS5 is predominantly an intracellular protein. While the mecha-
nism by which the LGR5 is released outside the cell is unknown,
release may occur via exosomes or ectosomes as a possible mecha-
nism at the specific stage of endosome or from the steady state in
the trans-Golgi network. A previous review described that when
the membrane proteins are overexpressed, a significant number of
receptor molecules are distributed per exosomes [27], and another
review summarized the pathway of membrane proteins to shed
through exosomes or ectosomes [28]. If LGRS is secreted through
the exosome, the origin of LGR5-containing exosomes may be
retinal or other ocular tissues, as in the cases of exosomes derived
from retinal pigment epithelium [29, 30] or retinal astrocyte [31].
Alternatively, release of LGR5 into the cytoplasm may occur be-
cause of cell damage or death. These mechanisms may contribute
to LGR5 efflux into the extracellular fluid, and under certain con-
ditions certain mechanisms may become more active.

Several hypotheses may explain the mechanism of LGR5 in-
crease in pathologic retinal neovascularization. It may result
from the pathologic neovascularization development process,
regenerative process for homeostasis, or retinal cell damage. Wnt/
B-catenin signaling pathway has been known to play crucial roles
in retinal pathologic neovascularization [16, 17]. In animal models
of oxygen-induced retinopathy (OIR), expression of Wnt ligand
242
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and receptors and Wnt activity were upregulated in pathologic
neovascular tufts, and induction of OIR in LRP5 knockout mice
showed decreased pathologic neovascularization compared to in
wild-type OIR [17]. As LGR5 mediates Wnt/B-catenin signaling
pathway together with R-spondin, our findings suggest that LGR5
plays a role in retinal pathologic vascularization by regulating the
Wnt signaling pathway.

The current dogma explains that differentiated neurons are post-
mitotic and represent the endpoint of development, which are also
true for retinal neurons, and the adult mammalian retina lacks
regenerative capacity. However, recently, Chen et al. [14] reported
the expression of the adult stem cell marker LGR5 in the retina of
adult mice. According to this report, LGR5+ cells are generated
late in the retinal developmental stage and are consistent generated
throughout the lifetime of mice. Although LGR5+ cells exhibited
properties of differentiated amacrine interneurons (amacrine
cells), these LGR5+ amacrine cells contributed to retinal cell regen-
eration (retinal neurons and Miiller cells) by dedifferentiation or
transdifferentiation, which began in early adulthood and contin-
ues with aging. They concluded that LGR5+ amacrine cells serve
as endogenous resources for regeneration, namely retinal stem
cells, and may contribute to maintaining the homeostasis of retina
throughout the lifetime of the animal. Based on these findings, our
results suggest that LGR5 is expressed to maintain homeostasis,
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this action is more active in the PDR, and LGR5 expression is fur-
ther increased in the PDR.

There are several limitations in this study. First, this was a pilot
study with a small number of samples. Patients were all PDR, and
the patients could not be classified according to their characteris-
tics because of the small population. However, because this study
was a preliminary study, we did not include the non-proliferative
stage of diabetic retinopathy and included only the PDR group for
a clear comparison. Furthermore, there were some young diabetic
patients who presented severe PDR, and such patients were also
selected for clear comparison in this study. On the other hand,
cataract patients who need surgery are mostly elderly. Therefore,
we could not match the ages of the two groups. Second, as this
study used a cross-sectional design, it was not possible to compare
the changes in aqueous LGR5 level over time or before and after
treatment. A longitudinal study is needed to investigate changes
in aqueous LGR5 levels over time, relationship between aqueous
LGRS level and treatment response. Third, the protein amount of
the AH sample obtained from a single sampling procedure was
very small, so we could not carry out multiple analyses simultane-
ously with a single AH sample. Thus, we could only perform west-
ern blot analysis of LGR5 with AH samples at the first time. For
further analyses of Wnt/B-catenin signaling pathway proteins, we
used the mixture of several samples in each group. Finally, in this
study, only the results of ophthalmologic examination and analysis
of human AH were presented. As this study confirmed the detec-
tion of LGR5 in human AH, studies to reveal the mechanisms of
LGRS detection in AH and LGR5 increase in pathologic retinal
NV should be carried out (animal studies, etc.).

In conclusion, we detected LGR5 in human AH for the first time.
As LGRS is a stem cell marker, which reflects regenerative capac-
ity, this may be a good platform for investigating cell replacement-
based therapy. Our results suggest that LGR 5 plays a role in retinal
NV development in PDR, which can be used as a novel biomarker
of retinal neovascularization and a target protein for preventing
NV. Further studies using more relevant animal models and hu-
man samples are needed to confirm the role and clinical signifi-
cance of LGR5.
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