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Abstract

University of Ulsan 

Boyoung Jung

The corneal endothelium is located in the innermost of the cornea and 

serves to maintain transparency by regulating the water content in the 

stroma. When the corneal endothelium is damaged, it loses its transparency, 

and in severe cases the vision is lost. Since corneal endothelial cells do 

not proliferate in vivo, they are not self-renewing if they are damaged.

Therefore, the current corneal transplantation is the only treatment for 

corneal endothelial recovery. However, new treatments are needed to 

replace corneal transplantation because corneal donors are fewer than 

waiting for transplantation. The corneal endothelium is suitable for 

regeneration using a tissue engineering method because it is a simple 

structure without blood vessels. For this purpose, corneal endothelial 

cells should be able to proliferation in vitro at a sufficient level to be 

transplanted. Development of a culture method for proliferation is 

necessary because the endothelial cells of the cornea are arrested in the 

G1 phase of the cell cycle. In this study, we aimed to develop a culture 

method to increase corneal endothelial cell proliferation and to maintain 

the shape and function of corneal endothelial cells. In order to 

investigate the conditions under which the proliferation was improved, the 

corneal endothelial cells were tested using a ROCK inhibitor and hMSC 

derived conditioned medium. TGF-β inhibitor and BMP-7 were also used to 

maintain the morphology of corneal endothelial cells. Finally, spheroids 

were prepared using microwell and cultured to confirm morphology of 

corneal endothelial cells. As a result, it was confirmed that the rabbit

corneal endothelial cells retained their proliferative capacity and cell 

morphology when cultured in combination with ROCK-inhibitor and hMSC-
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conditioned medium. In addition, after cell proliferation, hMSC-

conditioned medium could be excluded to improve function. It was confirmed 

through gene analysis that this affects the transition from the G1 state 

of the cell cycle to the synthesis. However, unlike rabbit corneal 

endothelial cells, human-derived cells did not increase cell proliferation 

when treated with hMSC-conditioned medium, and even when treated with the 

ROCK-inhibitor, some of cells became fibrotic. Morphological change was 

not controlled in the treatment of TGF-β inhibitor or BMP-7. In contrast, 

the use of OptiMEM-I, known as a traditional human corneal endothelial 

cell culture medium, was able to proliferate while maintaining the 

function of DMEM/F12. In addition, it was possible to effectively produce 

spheroids of corneal endothelial cells by using microwell, and it was 

confirmed that the cells were smaller in size and maintained in shape when 

cultured with spheroids than with single cells. When confirming the effect 

of spheroid size, it was confirmed that be cultured in spheroid prepared 

in 400 μm microwell is effective to maintain morphology and lowers the 

senescence of cells than 200μm. Based on these results, it was possible 

to establish a culture method capable of maintaining the function of the 

corneal endothelial cells during proliferation in vitro. Based on these 

studies, it is expected that corneal endothelial cells cultured in vitro 

will be able to treat cornea through cell transplantation. However, since 

the problem of changing the morphology of the cells still remains during 

cultivation, it is necessary to solve not only the chemical factors of the 

cells but also the physical factors.

Keywords: Corneal endothelial cells, ROCK-inhibitor, MSC-conditioned 

medium, spheroids, proliferation
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Introduction

1. Research background

The cornea is an important organ that not only protects the eyes from the 

outside as a part existing on the outermost side of the eye but also 

allows the passage of light and refraction to be controlled. The cornea is 

divided into three major layers 1) Epithelium; located at the outermost 

side, 2) Stroma; occupying the thickest part in the middle, 3) 

Endothelium; forming the innermost layer (Fig. 1). [1]

The corneal endothelium is located in the innermost layer of the cornea 

and consists of a single layer cells and plays the role of maintaining the 

transparency of the cornea by adjusting moisture of the corneal stroma.[2]

It is because the barrier function and the endothelial cells form a tight 

junction and to the role of the pump using a sodium potassium ATPase. It 

is damaged by dystrophy, guiding surgery and trauma and corneal 

endothelial damage induces corneal malnutrition, losing transparency and 

damaging eyesight.[3] Also, severe pain is accompanied, and in severe 

cases vision may be lost. The corneal endothelial cells (CEC) are not 

proliferation and regenerated at the time of injury, the remaining 

endothelial cells are compensated for expansion, and the cell size becomes 

lager. In addition, the number of corneal endothelial cells decreases 

according to aging, resulting in a loss of function.[4]

In the case of terminal conditions that do not respond to various other 

treatments of endothelial disease, the only treatment is corneal 

transplantation. Corneal transplantation is a penetrating keratoplasty 

(PKP) and endothelial keratoplasty that is partial endothelial

transplantation. The PKP is a method of transplanting the whole cornea and 

endothelial keratoplasty is a Descemet’s membrane endothelial 

keratoplasty (DMEK),[5, 6] graft only consists of the corneal endothelium 

with its basement membrane and Descemet’s membrane stripping endothelial 
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keratoplasty (DSEK), the endothelial graft consists of the corneal 

endothelium, the Descemet's membrane, and a portion of corneal stroma.[7]

Corneal transplantation can be performed only when the donated cornea is 

provided through organ donation as with other organ transplants. Donor 

cornea is always underdeveloped in the present condition that organ 

donation is not active, and patients with diseases that can only be 

treated through corneal transplantation unless they receive the benefit of 

some donated cornea. As a result of the investigation by Korean network 

for organ sharing (KONOS), about 600 corneal transplant surgeries have 

been performed per year, but 2,000 people who are waiting for corneal 

transplantation have been investigated, which is tripled. It is estimated 

that there are more patients requiring corneal transplantation. 

Furthermore, it is a cornea donated by domestic donors of about 50% of the 

donated cornea used for corneal transplantation, and the remaining 50% is 

a cornea donated from overseas.

Therefore, it is very urgent to develop treatment methods that can replace 

corneal transplantation.

Figure 1. Structure of Cornea[8]
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2. Tissue engineering approach for corneal endothelial regeneration

The cornea has avascular structure and immune privilege than other organs, 

so it is suitable for approaching in tissue engineering. In particular, 

the corneal endothelium is a simple structure consisting of a single layer 

of cells, so there is no major difficulty in implementing it.[7, 9]

There have been various studies using tissue engineering methods for 

corneal endothelial regeneration. The transplantation of in vitro cultured 

corneal endothelial cells can be carried out by implantation in a single 

cell or sheet form. In the case of single cell transplantation, cell 

attachment is difficult and there are many cells that are lost, which is 

not effective. When transplanted in sheet form, the corneal endothelium is 

thin, fragile, and difficult to handle. Therefore, several biomaterials

(amnion, collagen, silk fibroin, hyaluronic acid) have been studied using

mimic Descemet's membrane as a support.[7, 10-14] However, since the 

transparency of the corneal endothelium is important, there is a problem 

of degradation and removal of biomaterials. Cell sheet technology using 

thermo-sensitive Poly(N-isopropylacrylamide)(PNIPAM) substrates technology 

is attracting attention because it is free from such controversy.[15-18]

However, in order to prepare a cell sheet, it is necessary to proliferate 

the corneal endothelial cells in an amount sufficient to transplant the 

cornea in vitro.[19, 20]

Corneal endothelial cells are arrested in the G1-phase of the cell cycle, 

and proliferation is limited.[4, 21] To date, various studies have been 

conducted to increase cell proliferation, but they are not of sufficient 

level to be used for transplantation.[22] Therefore, it is a challenge for 

tissue engineering to increase it to a sufficient number of cells. 

3. Culture of cornea endothelial cells

Corneal endothelial cells are different from endothelial cells in other 

organs and are not proliferated in vivo, so they are not replaced with new 
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cells even when they are damaged, and it is more restrictive to cultivate 

corneal endothelial cells in vitro by low proliferation force.[23, 24]

Recently, a method capable of culturing corneal endothelial cells in vitro 

using various growth factors and proliferation inducing substances has 

been proposed, but a limited effect is observed for application to the 

regeneration of corneal endothelium.[25]

3.1. Rho-associated kinase (ROCK) inhibitor

The Y27632 is a ROCK inhibitor to drop into the eye of the rabbit there is 

a study of the initial damage to the corneal endothelium has been 

recovered.[20] And there are studies that the number of proliferating 

cells increases when Y27632 is treated in CEC injury model and the corneal 

transparency increases to restore function.[26]

Further, in the case of treat Y27632 in vitro culture conditions rabbit 

CECs, while the process proceeds to cell cycle G1 phase in S phase (DNA 

synthesis), has been enhanced adhesion of cells.[27]

It has also been reported that Y27632 increases proliferation and adhesion 

in human corneal endothelial cell in vitro culture.[28]

3.2. Mesenchymal stem cell (MSC)-derived conditioned medium (CM)

MSC has paracrine effects by secretion of growth factors, cytokines, and 

other substances. Bone marrow mesenchymal stem cells (BMSC)-derived CM

promotes the proliferation of CEC and that proliferation of CEC stimulates 

G1 protein regulation of the cell cycle.[29], In studies using orbital 

adipose-derived stem cell-CM, CEC proliferation was significantly improved 

and related function markers were strongly positive.[30] There are reports 

that corneal stromal cells (CSCs)-CM, bone marrow -derived endothelial 

progenitor cells(BEPCs)-CM and BMSC-CM not only stimulated proliferation 

of CEC but also maintained a differentiated phenotype necessary for 

endothelial function. Of these, CSC-CM had the greatest influence on CEC 
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proliferation.[31] Several studies have shown that CEC proliferation is 

improved in vitro cultures using MSC-CM. Similarly umbilical cord blood 

(UCB) MSCs are able to “home” to areas of injured corneal endothelium 

and that the can be altered toward that of HCEC-like cells. [32]

3.3. Endothelial-to-mesenchymal transition 

CECs often adopt a fibroblastic-like morphology in culture, a process that

has been attributed to endothelial-to-mesenchymal transition (EndMT).[33]

Transforming growth factor-beta (TGF-β), and FGF-2 have shown that it is 

possible to block many signaling pro-EndMT pathways to improve the 

morphology, phenotype and function of cultured CECs. The importance of 

cell-cell junctions in maintaining endothelial phenotype is very important. 

The relevant activation of the Wnt/β-catenin pathway appears to be a good 

candidate for explaining many of the phenotypic events observed in in 

vitro CECs.[33, 34] EndMT can occur postnatally in a variety of pathologic 

settings Endothelial-to-mesenchymal transition-derived cells are believed 

to function as fibroblasts in damaged tissue, and may therefore have an 

important role in tissue remodeling and fibrosis.[35] The use of SB431542, 

a selective inhibitor of TGF- β receptor, counteracted the fibroblastic 

phenotypes to the normal contact-inhibited monolayer, and these polygonal 

cells maintained endothelial physiological functions. BMP-7 also reversed 

the fibroblastic phenotypes to the normal endothelial cells with contact-

inhibited monolayer and characteristic endothelial adhesion.[36]

3.4. Corneal Endothelial Sphere-Forming assay

Corneal endothelial cells change fibrotic morphology and increase in cell 

size during in vitro culture. It is reported that if the conventional 

shape is not maintained, the function does not work properly. Cell-cell 

interaction is important in the culture of endothelial cells. The cell 

density plays a crucial role in maintaining corneal endothelial cells 
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during culture.[37] It has been reported that when the corneal endothelial 

cells are cultured in the sphere form, it is enriches precursors with 

longer telomeres, higher telomerase activity, and younger progeny than the 

original cells. Thus, the sphere-forming assay may contribute to obtaining 

the young cells needed for regenerative medicine.[38]



7

4. Objective of this study

In order to utilize corneal endothelial cells for tissue engineering, we

intend to establish a culture method in which corneal endothelial cells

culture in vitro. It is necessary to at this time of corneal endothelial 

cell proliferation and maintain the function and morphology.

1) To confirm the effects of Rock inhibitor and mesenchymal stem cell-

derived conditioned medium on corneal endothelial cells.

2) Establish culture conditions to maintain the morphology and 

function of proliferated human corneal endothelial cells in vitro.

3) Development of new culture method using microwell that can maintain

function after corneal endothelial cells proliferation.
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Materials and Methods

1. Materials

1.1.Cell and cornea tissue

Umbilical cord derived MSC were obtain from Asan Medical center - Stem 

cell center. New Zealand white rabbit were purchased from Orient Bio Int. 

(Korea). Human corneas were obtained from corneal transplant recipients 

or purchased for research-grade tissue from Eversight (Ann Arbor, MI).

1.2.Cell culture 

Phosphate buffed saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM), 

Fetal Bovine Serum (FBS), Trypsin-EDTA (TE), antibiotics antimycotics (AA),

penicillin, streptomycin, collagenase, OptiMEM-I, pituitary extract, ITS 

solution, gentamicin and were purchased from life technologies (Carlsbad, 

CA). Ascorbic acid, amphotericin, RPMI1640 vitamins, chondroitin sulfate, 

Y27632 and Repsox were purchased from Sigma-Aldrich (St. Louis, MO), Nerve 

growth factor (NGF) and human epidermal growth factor (EGF) were purchased 

from R&D Systems (Minneapolis, MN). Laminin-521 was from BioLamina 

(Sweden). Collagen Film was obtained from Bioland (Korea). BMP-7 was from 

PeproTech (Korea).

1.3. Analysis

Rhodamine phalloidin, Alexa Fluoro 488 Phalloidin, Alexa Fluoro 488 goat 

anti-rabbit IgG, Alexa Fluoro 594 goat anti-mouse IgG, Mouse monoclonal 

antibody (mAb) against ZO-1, mirVan miRNA Isolation Kit and AlamarBlue 

reagent were purchased from life technologies (Carlsbad, CA). SYBR green 

master was from Roche (Switzerland)

Senescence β-Galactosidase Staining Kit was from Cell Signaling 

Technology (Beverly, MA). Anti-KI67 and Anti-Caspase-3 were obtained from

Abcam (Cambridge, UK) and anti-Na+K+-ATPase were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). PrimeScript RT Reagent Kit was from TaKaRa 

(Japan). 
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2. Methods

2.1. Effect of ROCK inhibitor and mesenchymal stem cell-derived 

conditioned medium on rabbit corneal endothelial cells

2.1.1. Primary and culture of rabbit corneal endothelial cells (RCECs)

RCEC were isolated from New Zealand white rabbit. (Orient Bio Int., Korea, 

2 ~ 3kg) The cornea was separated from the extracted eyeballs and peel off 

endothelium with Descemet's membrane. After incubation for 5 min at 37 ℃

in 0.25% trypsin-EDTA, isolate CEC by pipetting. Centrifuged and cultured

on Laminin-521 coating plate in DMEM containing 20% FBS. The RCECs were 

cultured in a humidified atmosphere at 37℃ in 5% CO2, and the culture 

medium was changed every 2 days. When cells are confluent, serial passage 

is performed at a ratio of 1: 3.

2.1.2. Prepare Human UC-MSC derived conditioned medium

Human Umbilical cord (UC)-MSC was used and passages 5 to 7 were used. 

After UC-MSC 80 ~ 90% confluent, RCEC culture medium was added after PBS 

wash and cultured for 24 h. The collected medium was centrifuged at 2000 

rpm for 10 min, filtered through 0.2μm syringe and stored at 4 ℃.

2.1.3. ROCK inhibitor and MSC-conditioned medium effect

RCECs were cultured from Passage 2 at 4 conditions 1) Cont; basal culture

media 2) Y; 10μM Y27632 3) CM; basal media: CM = 1: 1 mixed 4)Y-CM; Add 

10μM Y27632 to group 3 (Table 1). After cell morphology observation under 

a microscope for 7 days, confluent cells were treated with 0.25% TE for 5 

min. Serial passage is performed at a ratio of 1: 3. The number of cells 

was counted during subculture to confirm proliferation. In addition, each 

day 1, 4, and 7 were treated with 10% AlamarBlue reagent and incubated for 

3 hours. Fluorescent was measured using a microplate reader.
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Table 1. RCECs culture condition

Cont Y CM Y-CM

Y27632 (10μM) - + - +

hMSC-CM - - + +

2.1.4. Effect of medium exchange after RCECs expansion

After the RCECs were cultured to the 8th passage under the condition of 

the Y-CM group, the cells were replaced with the medium of the above four 

conditions (Cont, Y, CM, Y-CM). Cells were cultured on collagen film for 

immunostaining to confirm CEC function.

2.1.5. RNA sequencing

The sample prepared RCEC for the initial state of pass number 1 as a 

positive control. In four conditions of the previous experiment, Cont and 

Y were prepared as the passage 3 with decreased proliferation, and CM and 

Y-CM were prepared as the passage 5.

Extraction of seed total RNA was done via modifying the CTAB method  For 

quality control, NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., 

USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, USA) were used to 

determine the total RNA quantity, quality and reliability. Samples with 

RNA integrity number (RIN) of around 8.0 or higher were selected for 

library preparation and sequencing. The mRNA library preparation employed 

was SureSelect Strand-Specific RNA Library Prep for Illumina Multiplexed 

Sequencing (protocol version E0, March 2017). Consequently, RNA-seq was 

performed using Illumina HiSeq™ 4000 (Theragene Etex, South Korea).



11

2.2. Human corneal endothelial cells culture and maintenance

2.2.1. Primary and culture of Human corneal endothelial cells (HCECs)

HCECs were isolated from human cornea tissue, the Descemet’s membrane

including CECs was stripped and digested at 37℃ for overnight with 0.02%

collagenase I. After a digestion, the HCECs obtained from individual 

corneas were resuspended in culture medium and plated in 1 well of a 24-

well plate coated with laminin-521. The HCECs were cultured in a 

humidified atmosphere at 37℃ in 5% CO2, and the culture medium was 

changed every 2 days. When the HCECs reached confluency in 14 to 28 days,

serial passage is performed at a ratio of 1: 3.

2.2.2. Effect of hMSC-conditioned medium on HCECs

HCECs were cultured in DMEM/F12 medium with other supplements(Table 2).

To test the MSC-CM effect, the cultured HCECs were passaged with medium 

supplemented with or without hMSC-CM (50%)and were then evaluated after 1 

week. each day 1, 4, and 7 were treated with 10% AlamarBlue reagent and

incubated for 3 hours. Fluorescent was measured using a microplate reader.

Cell morphology was observed with actin stain.

2.2.3. Optimization of HCECs culture medium 

HCECs were cultured in two different media, 1) OptiMEM-I 2) DMEM/F12 

(Table 2). In each medium it was tested, and the effect of the effect of 

Y27632 hMSC-CM. Cells were subcultured serially from passage 2 to 6.

Cell morphology was observed under a microscope and cell proliferation was 

confirmed by AlamarBlue assay. The cell cycle-related genes were confirmed 

by performing the RT-PCR.
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Table 2. Supplemented media used in the culture of human corneal 

endothelial cells

Basal Medium Serum Growth Factors & Supplements

DMEM/F12
5% FBS

1 % ITS (Insulin_Transferrin_Selenium)

10 ng/mL EGF

0.02 mg/mL ascorbic acid 

0.2 mg/mL  CaCl2

10 µM/mL Y27632 (ROCK inhibitor)                                

1% penicillin/streptomycin  

Opti-MEM-Ι 8% FBS

100 µg/mL pituitary extract 

0.08% chondroitin sulfate 

10 ng/mL EGF

0.02 mg/mL ascorbic acid 

0.2 mg/mL  CaCl2

amphotericin 

gentamicin

20 ng/mL NGF

1% penicillin/streptomycin  

2.2.4. Effect of TGF-β inhibitor and BMP-7 treat on HCECs

To test the anti-fibroblastic effect, the cultured HCECs were passaged 

with medium supplemented with or without 1μM Repsox (selective TGF-β

inhibitor) and 0.1μg/ml BMP-7, and were then evaluated after 1 week.

Cell morphology was observed under a microscope and cell proliferation 

was confirmed by AlamarBlue assay.
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2.3. Corneal endothelial cell spheroids culture using microwell 

2.3.1 Spheroids formations

StemFIT 3D were purchased from Microfit(Seoul, Korea) that is a full-size 

15X15mm inside of the well is a concave structure to 400um. Add ethanol to 

prevent the formation of bubbles and wash with PBS. Cells were seeded

after 3% BSA coating for more than 2 hours to prevent cell adhesion.

The number of RCECs was varied under each condition in order to confirm 

the optimal inoculation concentration of CECs. 1) 6 x 105 cells/well, 2) 4

x 105 cells/well, 3) 2 x 105 cells/well Wait until the all cell do down to 

the bottom approximately 10 minutes. After exchange the media and 

incubated overnight.

2.3.2. Cell density vs spheroids culture

The number of HCECs inoculated in 12 well plate 1) was different from a 

low density, and 2) high density 3) spheroids. Low density is one-tenth of 

high density, and spheroid is about five times high cell density. After 7 

days of culture, cell morphology and density were measured by actin stain.

Figure 2. Spheroids formation and cell density and spheroids culture conditions
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2.3.3. Different size spheroids formations.

Using different microwells with different well sizes, different size

spheroids size produced. Each spheroid was prepared by the same method as 

that of the conventional method by adding 2 x 105 cells/well (SP-200) to 

200um well size and 4 x 105 cells/well (SP-400) to 400μm size. The SP-200 

and SP-400 spheroid cultures were compared when cultured in a single cell 

on a 12-well plate. Cells were examined microscopically on days 1, 3, and 

7 day, and actin stain, b-galactosidase stain, and immunofluorescent were 

performed on 7th day of culture.

2.4. Analysis

2.4.1. β-galactosidase cell senescence staining

2X104 cells were seeded on 12 well plates of RCECs, cultured for 7 days 

under each condition, and stained with Senescence β-Galactosidase 

staining kit (Cell signaling technology). Briefly, cultured RCECs were 

washed with PBS once and fixed with the fixative solution for 10 minutes. 

The samples were then washed twice with PBS and stained for SA-b-gal with 

a staining solution mix at 37℃. Stained samples were observed under a 

fluorescence microscope (EVOS FL Auto, Life technologies). 

2.4.2. Immunofluorescent analyses 

Samples were fixed in cold methanol for 5 min. Samples were treated with 

Triton X-100 for 30 min and washed with PBS and blocked for 1h in 3% human 

serum albumin in PBS before antibody conjugation. Anti-Ki67 (proliferation 

marker), Caspase-3 (apoptosis marker), ZO-1(tight junctions) and Na+K+-

ATPase (pump function) (1:100) was used as primary antibody and alexa 

fluoro anti-rabbit 488(Molecular probes) or anti-mouse 594 was used as a 

secondary antibody. Nuclei were counterstained with DAPI. Stained samples 

were observed under a fluorescence microscope (EVOS FL Auto, Life 

technologies).
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2.4.3. RT-PCR

Total RNA was extracted from HCECs by mirVan miRNA Isolation Kit and cDNA 

was synthesized by use PrimeScript RT Reagent Kit (TaKaRa). Quantitative 

PCR was performed using the following SYBR green master (Roche). The PCR 

was performed using the Light Cycler 480 (Roche) real-time PCR system.

Human Primers were designed using Primer-BLAST. 

Table 3. Sequences of oligonucleotide primers used real-time PCR

Gene (Human) Sequence

CDK2 Forward TTTGCTGAGATGGTGACTCGCCG

CDK2 Reverse CCGGGCCCACTTGGGGAAAC

E2F2 Forward CCGGCAGAAGCTGTGTGGGG

E2F2 Reverse GGCCTCCCTAGGCCCAGCTT

CCNE2 Forward GAGCGGTAGCTGGTCTGGCG

CCNE2 Reverse GGGCTGGGGCTGCTGCTTAG

CCND1 Forward GTGCTGCGAAGTGGAAACC

CCND1 Reverse ATCCAGGTGGCG ACGATCT

GAPDH Forward GCCAAGGTCATCCATGACAAC

GAPDH Reverse GTCCACCACCCTGTTGCTGTA
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2.4.4. Statistical analysis

All of the values were presented as the means standard deviation (SD). All 

of the statistical analyses were performed with OriginPro 8.0 software 

using one-way ANOVA analysis a probability value of 0.05 was considered to 

be statistically significant (*, P < 0.05). 
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Results

Chapter 1. Effect of ROCK inhibitor and mesenchymal stem cell-derived 

conditioned medium on rabbit corneal endothelial cells

1.1. Cell morphology

As a result of morphological observation by microscope, cells were show

small size in the group using CM (CM and Y-CM), and a polygonal structure

in a group containing Y27632 (Y and Y-CM group). In the CM group, it is 

confirmed that the morphology of the cells is more fibrotic and mixed, and 

some polygonal cells are maintained. The Y-CM group maintained the 

morphology of corneal endothelial cells in a uniform form with the 

smallest cell size (Fig. 3). This can be confirmed from the result of 

actin stain (Fig. 4). Actin stain results cell density was highest when CM 

was used, and the ratio of cell nuclear and cytoplasmic area was highest 

in the Y-CM group (Fig. 5).
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Figure 3. Phase-contrast images of RCECs with or without ROCK inhibitor,

Y27632 and hMSC-conditioned medium. A) Cont B) Y C) CM D) Y-CM. Passage 

number 5. Scale bar = 200 ㎛

Figure 4. Actin staining images of RCECs (red). Nuclei were stained with 

DAPI.  Passage number 5.  Scale bar = 200 ㎛
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Figure 5. Cell density and size graph of RCECs cultured with or without 

ROCK inhibitor and conditioned medium



20

1.2. Cell proliferation

In the early stage of culture (passage 2), cell proliferation was 

confirmed by cell count, and Y-CM group showed the highest proliferation 

(Fig 6A). This was similar to the results obtained by subculturing to 

passage 6. Cont group and Y were possible only up to culture passage 4

(Fig 6B). In the AlamarBlue assay, the CM and Y-CM group showed more than 

two times more proliferation than the Cont and Y groups. On the other hand, 

there was no significant difference between groups with and without Y27632

treatment (Fig. 6C).

As a result of confirm the marker expression of cell apoptosis and 

proliferation through immunofluorescent staining, caspae-3 was not 

expressed in all groups, and Ki67 showed high expression in CM and Y-CM 

group (Fig. 7).

As a result of cellular senescence confirmed by beta galactosidase 

staining, the staining became stronger in Cont and Y group (Fig. 8). The 

number of stained cells was counted, and the largest numbers of cells in 

the Cont group were stained, which was stained more than 10 times that of 

Y-CM (Fig. 9).
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Figure 6. Proliferation of RCECs with or without ROCK inhibitor and 

conditioned medium. A) accumulated cell count per culture day on passage 2 

B) accumulated cell count per passage C) AlamarBlur assay per culture day 

on passage 2

Figure 7. Expression of the proliferation and apoptosis marker, Ki67

(green), Caspase-3(red) by immunofluorescence staining. Nuclei were 

stained with DAPI.  Passage number 2
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Figure 8. Beta-galactosidase stain of RCECs with or without ROCK inhibitor 

and conditioned medium. Scale bar = 100 ㎛

Figure 9. Graph of senescence cell count. Count of beta-galactosidase 

stain cells in same size field. 
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1.3. Cell Functions

Immunostaining was performed to confirm the function of cultured cells. As 

a result, ZO-1, a tight junction marker, was not expressed on plasma 

membrane in all groups(Fig. 10) However, it was confirmed that ZO-1 was 

expressed well on the plasma membrane when the cells cultured under the 

same condition were cultured on collagen film (Fig. 11). ZO-1 was clearly 

expressed in the Cont group, and it was not clearly expressed in CM and Y-

CM. On the other hand, the expression of Na+K+-ATPase, which indicates a 

pump function, was confirmed in only a few cells in the CM and Y-CM groups 

in culture plate culture. However, when cultured on collagen film, 

expression was confirmed in 4 groups, and it was confirmed that Y-CM was 

most expressed.

Figure 10. Expression of the Function-related marker, ZO-1(green), of 

Na+K+-ATPase(red). Nuclei were stained with DAPI.  Passage 2. 
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Figure 11. Expression of the Function-related marker, ZO-1(green), Na+K+-

ATPase (red) on collagen film. Nuclei were stained with DAPI.  Passage 2. 
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1.4. Medium exchange effect

The corneal endothelial cells cultured until the 7th passage in the Y-CM 

condition. When the cells were inoculated for the 8th passage, the culture 

medium was replaced with the existing four conditions. As a result of 

observing the cells on day1 after incubation, Cont and CM without Y27632 

showed little adherence of cells. The Y group and Y-CM retained similar 

cell morphology (Fig. 12). AlameBlue, which confirmed cell proliferation, 

showed similar results to those of cells. The group with Y27632 showed 

higher proliferation (Fig. 13). Immunostaining for CEC functional marker

showed the highest expression in the Y group (Fig. 14).

Figure 12. Phase-contrast image of RCECs in exchanged culture medium after 

proliferation. Scale bar = 200 ㎛
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Figure 13. Proliferation of RCECs by AlamrBlue assay

Figure 14. Expression of the function-related marker, ZO-1(green), Na+K+-

ATPase(red) by immunofluorescence staining in exchanged culture medium 

after proliferation. Scale bar = 50μm
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1.5. RNA sequencing

Cells cultured in each group were compared for gene expression by RNA 

sequencing. When the similarity of gene expression between corneal 

endothelial cells and subcultured cells was examined, the most similarity 

was observed when cultured in Y-CM (fig. 15, 16). CM and Y-CM, Cont and Y 

showed more similar results respectively The expression of PCNA and Ki67, 

the genes associated with cell proliferation, was highest in Y-CM 

conditions.. Tight junction gene expression was also higher in CM and Y-CM, 

while ATP1B2, a gene for pump functions, showed a lower difference but 

higher expression in Y27632-treated group (Fig. 17). In addition, Y-CM 

showed the highest expression in the gene expression analysis associated 

with the cell cycle pathway (Fig. 18).
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Figure 15. Sample list and correlation range table in RCECs of different

culture conditions in vitro
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Figure 16. Clustergram analysis of expression in RCECs of different 

culture conditions in vitro; Positive control, Cont, Y, CM, Y-CM.
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Figure 17. Expressions of proliferation and function gene.

Figure 18. Expression of cell cycle pathway associated gene.
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2. Human corneal endothelial cells culture and maintenance

2.1 Effect of hMSC-CM on HCECs

Primary HCECs were subcultured in a basal medium with or without 50%. At 

passage 1, the morphology of the cells did not show any significant 

difference until 10 days (Fig 19A). However, in the proliferation, the 

group treated with CM after 7 days tended to decrease (Fig. 19B). As a 

result of subculture to passage 6, no significant effect on proliferation 

was observed in the CM treatment group. The results of beta-galactosidase 

staining for cell senescence were not different between the two groups 

(Fig. 19C). At the third subculture, the cell morphology changed fibrotic

morphology (Fig. 20). This has changed both with and without CM.
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Figure 19. Effect of hMSC-conditioned media on HCECs. Comparison of 

control (DMEM/F12) and MSC-CM treat (CM). A) phase-contrast image of HCECs 

on day 7 and 10, passage 1. B) graph of proliferation by AlamarBlue assay 

for 10 days, C) Cell Senescence stain by β-galactosidase
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Figure 20. Actin stain image of HCECs in passage 3. Comparison of control

(DMEM/F12) and MSC-CM treat (CM).   
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2.2. Effect of TGF-βinhibitor on HCECs

TGF-β inhibitor, Repsox was treated on HCECs already completely fibrotic 

at passage 6 to confirm whether morphological change was inhibited.

However, with the morphology already changed, it did not recovery in the 

original polygonal shape again. (Data is not shown). In order to confirm 

whether the shape is maintained when subcultured before the shape is 

changed, an experiment was conducted in which Repsox was treated from 

passage 1(Fig. 21A).In this case, the morphological changes of the cells 

were not inhibited. The results of cell senescence were not different from 

those of untreated cells (Fig. 21B).

Figure 21. Effect of TGF-βinhibitor on HCECs. Comparison of control

(DMEM/F12) and TGF-βinhibitor, Repsox (1μM). A) phase-contrast image of

HCECs on day 4, passage 2. B) Cell Senescence stain by β-galactosidase on 

passage 6. 
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2.3. Optimization of HCECs culture medium  

DMEM/F12 and OptiMEM-I (Opti) were compared to optimize media conditions 

in which HCECs maintain morphology and proliferation is increased. 

DMEM/F12 medium contained Y27632, so its effect was not compared. Opti 

medium was tested with Y27632-treated group (Opti+Y) and CM-added group 

(Opti-CM+Y). In passage 2, the initial cell culture stage, no significant 

difference was observed in the morphology (Fig. 22A). There was no 

significant difference in cell proliferation between groups, but DMEM/12 

was found to be slightly lower in proliferation (Fig. 22B).

The morphology of cells was clearly different in Passage 6, a late culture 

stage. In the DMEM/F12 medium, the cells were shown fibrotic morphology 

and proliferation was also decreased (Fig. 23).

As a result of genes related to the cell cycle, there was no significant 

trend of relationship between types of medium and presence or absence of 

CM treatment (Fig. 24).
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Figure 22. Optimization of HCECs culture medium. Comparison of OptiMEM-I 

(Opti), Opti + Y27632 (Opti+ Y), hMSC-CM + Y27632 (Opti-CM+Y) and DMEM/F12 

at early passage. A) phase-contrast image of HCECs on day 10, passage 2. 

B) graph of proliferation by AlamarBlue assay for 8 days.



37

Figure 23. Comparison of OptiMEM-I with Y27632 (Opti+ Y) and DMEM/F12 at 

late passage. A) phase-contrast image of HCECs on day 11, passage 6. B) 

graph of proliferation by AlamarBlue assay for 7 days.
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Figure 24. Quantitative RT-PCR of cell cycle associated gene expression. 
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2.4. Effect of BMP-7 on HCECs

In order to confirm the effect of BMP-7 on HCECs, the groups treated with 

0.1μg/ml BMP-7 (Opti + BMP-7), the group treated with 10μM Y27632(Opti + 

Y) and both them (Opti + Y+ BMP-7) were compared and observed. There was 

no significant difference between the groups in the cell morphology, and 

there was no significant difference in proliferation (Fig. 25).

Figure 25. Effect of the BMP-7 on HCECs. Comparison of control (Opti), 

0.1μg/ml BMP-7 (Opti + BMP-7), 10μM Y27632 (Opti + Y) and both treat

(Opti + Y+ BMP-7). A) phase-contrast image of HCECs on day 8, passage 5. 

B) graph of proliferation by AlamarBlue assay for 7 days.
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3. Corneal endothelial cell spheroids culture using microwell

3.1. Optimization of CEC cell number on Microwell

After seeding the cells in the microwell and observed the cells after one 

day, the most suitable shape of the spheroids was formed 4 x 10 5 cells

(Fig. 26). In the 6 x 10 5 cells, the size of the spheroid was increased 

but not completely aggregated. In the 2 x 10 5 cells, Only a part formed 

spheroids.

Figure 26. Optimization of CEC cell number on microwell. RCECs seeded 

microwell into A, D) 6 x 10 5 cells, B, E) 4x 10 5 cells, C, F) 2 x 10 5

cells/microwell. Scale bars is 200μm

3.2. Comparison of spheroid and single cell cultures

In RCECs, it compared the effects of inoculation density of Spheroids and 

single cells. The size of the cells was found to be the smallest in the 

spheroid than in the high density, rather than the low density (Fig. 27).

The morphology of the cells was also confirmed polygonal in spheroid 

culture. In the data of cell density, the density of spheroids was more 

than 2 times higher than that of single cells (Fig. 28).
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Figure 27. Comparison of spheroid and single cell cultures. Phase-contrast 

image of RCECs on day 7 (upper image). Actin stain image of RCECs (bottom

image).

Figure 28. Graph of cell density on spheroid and single cell cultures.
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3.3. Different size spheroids culture effect

HCECs were prepared with microwells of different sizes (200 and 400μm).

In a microwell of 200μm size was obtained a spheroid (SP-200) of the 

average size of 69μm, the size 400μm (SP-400) was 112μm size (Fig 29, 

Table4). In order to compare their culture effects, they were inoculated 

with single cells, SP-200 and SP-400, respectively. 

Cells grown on spheroid on day 1 were small in size. However, from the 3

day, single cells and SP-200 showed a fibrotic shape with no significant 

difference. SP-400 was a few fibrotic, but retained its shape compared to 

other groups (Fig. 30).

Cellular senescence results showed that the SP-400 group was the least 

stained. Immunofluorescent staining showed no significant difference 

between groups (Fig. 31).
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Figure 29. Different size spheroids formation using microwell.

Table 4. Spheroid size according to microwell size difference

SP-200 SP-400

Average size (μm) 69.11 112.03

Range (μm) 49~83.5 66.4~158.8
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Figure 30. Comparison of culture effects of spheroids according to size

and single. Phase-contrast image of HCECs on day 1, 3, passage 6. Actin 

stain image of HCECs (day7).
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Figure 31. Analysis of culture effects of spheroids according to size and 

single cells.
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Discussions

Rabbit CECs significantly increased proliferation by hMSC-CM. ROCK-

inhibitor does not enhance CEC proliferation but is important for 

maintaining cell size and morphology. It was confirmed that the 

combination of these two methods is effective for cell proliferation and 

function maintenance. It is not clear which substance induces 

proliferation in hMSC-CM, but it is presumed that there is a major 

substance among paracrine factors secreted by hMSC.[39, 40] More research 

is needed on these paracrine factors. The function of corneal endothelium 

was not expressed in conventional culture vessels. On the collagen film, 

markers that function were expressed. Therefore, it is important to 

cultivate on a more reliable culture material to confirm the function 

after cell culture. In the condition of Y-CM where cells are proliferated, 

the expression of the function marker was low. Since the cells do not form 

tight junctions during proliferation, they should be incubated with ROCK-

inhibitor only for function maintenance after completion of proliferation.

RNA sequencing confirmed that MSC-CM and ROCK-inhibitor combination, 

maintained the highest similarity to the initial stage of CECs. As a 

result of rabbit-derived cells, it is necessary to apply them to human 

corneal endothelial cells.

Proliferation of HCEC is not enhanced by hMSC-CM was changed to fibrotic 

morphology during in vitro culture. The different result from rabbit cells 

is related in the cell cycle.[41, 42] Since RCECs showed higher expression 

of cell cycle genes, while HCECs did not. This may be related to the study 

that cyclin E, cell cycle protein, is expressed in different location 

between rabbits and humans. The expression of cyclin E was confirmed in 

the cytoplasm of the rabbit and in the nucleus of the human. These results 

mean that the nature of the cell cycle is different between the two 

species. In rabbit data, the enhancement of proliferation by hMSC-
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conditioned medium is associated with the cell cycle and does not appear 

to affect the human cell cycle.[43-45] However, other reported studies 

suggest that MSC-CM derived from Umbilical cord used in this study was not 

effective because MSC-CM was effective in proliferating. Further study on 

the difference of conditioned medium according to MSC type is needed.

Unlike previous studies that known to be effective with EnMT, TGF-β 

inhibitors did not prevent that fibrotic morphology of HCECs change. This 

may be the case where the application concentration is not appropriate and 

more research is needed to find a clear condition. Opti-MEM-Iwas confirmed 

in an effective medium to HCECs culture than DMEM/F12 and cells were 

proliferated to the 6 passage. It is still necessary to develop an 

improved cultivation method to maintain the morphology of the cells 

because of the heterogeneous mixing of fibrotic. HCECs were also partially 

altered in morphology during culture, and the methods studied so far have 

not been able to completely inhibit them. This seems to be difficult to 

solve with various chemical factors in the culture medium. To solve this 

problem, it is necessary to add physical factors to the culture. There are 

studies in which corneal endothelial cells are cultured using a substrate 

having similar physical properties to Descemet's membrane in vivo.[46-50]

Research on developing a complete culture method by combining this method 

with various factors used in this study is needed.

RCECs confirmed that cell size was small in spheroid cultivation 

compared to single cell culture. In HCECs, the size of the cells was not 

noticeably decreased, but the change in the fibrotic shape reduced than in 

a single cell. According to the size of the spheroids, the cell senescence 

was reduced at a size of 400um compared to the single cell and 200um 

culture. The reason for this result is considered to be the effect of the 

cell-cell interaction of endothelial cells. Endothelial cells have been 

reported to senescence or change properties depending on the intercellular 

distance.[51, 52]
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Conclusions

Rabbit and human corneal endothelial cells showed different proliferative 

effects on hMSC-CM in vitro. Rabbit corneal endothelial cells were 

effectively proliferated and maintained function in vitro with ROCK-

inhibitor and hMSC-derived conditioned medium through the pathway 

associated with the cell cycle. Alternatively HCECs does not show any 

difference in cell cycle gene did not increase proliferation by hMSC-CM. 

HCEC was able to increase cell proliferation more than usual when using 

appropriate medium. The fibrotic cell changes during HCECs culture in 

vitro were not inhibited by the TGF-β inhibitor or BMP-7. As a method to 

reduce morphological changes of these cells, we could confirm some effect 

by spheroid using Microwell. Based on these results, a study was made to 

optimize corneal endothelial cell culture method for corneal regeneration.
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국문요약

각막 내피층은 각막의 가장 안쪽에 단층의 세포로 위치하며, 각막 내부의

수분을 조절하여 투명도를 유지하는 기능을 한다. 이러한 각막이 제대로

기능하지 않으면 각막이 불투명해지고 심각한 경우 시력이 손실된다. 각막

내피세포는 인체 내에서 스스로 증식하지 않고 크기가 커지는 보상성 확장을

하기 때문에 손상이 되었을 때 재생되지 않는다. 때문에 현재 각막 이식술만이

각막 내피 질환에 대한 유일한 치료법이다. 그러나 각막 기증자가 이식

대기자에 비해 턱없이 부족하기 때문에 각막 이식술을 대체할 수 있는 새로운

치료법이 시급한 실정이다. 각막 내피층은 혈관이 없는 단순한 구조이기 때문에

조직공학적 방법을 통하여 재생을 하기에 매우 적합한 조직이다. 하지만 이를

위하여는 각막내피세포가 체외에서 이식 가능한 수준으로 충분히 증식이 되어야

한다. 그러나 각막내피세포가 세포주기의 G1 상태에 머물러 있기 때문에 증식을

위한 새로운 방법의 개발이 필요하다. 따라서 본 연구에서는 각막 내피세포의

증식을 높이며, 증식된 세포가 각막내피세포의 형태와 기능을 유지할 수 있는

배양 방법을 개발하고자 하였다. 이를 위하여 각막내피세포 증식에 효과가 있는

것으로 알려진 ROCK-inhibitor 와 줄기세포 유래의 배양액인 hMSC-conditioned 

medium 을 함께 적용하여 증식능을 확인하였다. 또한 각막내피세포의 형태가

변화하는 것을 저해시키기 위하여 TGF-βinhibitor 와 BMP-7 의 처리시 효과를

확인하였다. 마지막으로 microwell 을 이용하여 각막내피세포의 spheroid 를

만들고, 이를 배양하였을 때 세포의 형태가 잘 유지되는지를 확인하였다. 그

결과 토끼유래 각막 내피세포에서는 ROCK-inhibitor 와 hMSC-conditioned 

medium 을 조합하여 배양한 경우에 증식능이 향상되고 세포 형태가 잘 유지되는

것을 확인하였다. 또한 세포 증식 후에는 hMSC-conditioned medium 을 제외하여

배양할 때에 기능을 향상 시킬 수 있었다. 유전자 분석 결과를 통하여 이것은

각막 내피세포가 세포주기의 G1 상태를 벗어나 합성기로 넘어가는데 영향을

주기 때문인 것으로 확인되었다. 하지만 토끼 유래의 세포에서와는 다르게 사람

유래의 각막 내피세포의 경우, hMSC-conditioned medium 을 처리한 경우에

세포의 증식이 증가하지 않았으며, 배양배지에 따라서 ROCK-inhibitor 를

처리하여도 세포가 fibrotic 형태로 변화하였다. 이를 막기 위하여 TGF-β
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inhibitor 와 BMP-7 을 처리하였지만 큰 효과를 보이지는 않았다. 다만 기존에

알려진 OptiMEM-I 을 기초로 하는 배지가 DMEM/F12 를 사용한 배지보다 더

효과적으로 증식이 증가하며 형태를 잘 유지할 수 있었다. 그리고, microwell 을

이용하여 각막내피세포의 spheroids 를 효과적으로 제조할 수 있었으며, 이것을

배양용기에 부착시켜 배양한 경우에 단일세포로 배양하는 것보다 세포의 크기가

작으며 형태가 잘 유지됨을 확인하였다. Spheroid 의 사이즈에 따른 효과를

확인하였을 때, 400μm 크기의 microwell 로 제작한 Spheroid 로 배양하는 것이

200μm 크기보다 세포의 senescence 를 낮추며 형태 유지에 효과적이라는 것을

확인하였다. 

이러한 결과를 바탕으로 각막 내피세포의 체외 배양시 증식능을 높이며

기능유지가 가능한 배양방법에 대한 토대를 확립할 수 있었다. 이를 통하여서

각막내피세포를 배양하여 증식시키면 손상된 각막 내피에 이식 할 수 있는

치료가 가능할 것으로 여겨진다. 하지만 여전히 배양 동안에 세포의 형태가

변화하는 문제가 남아있기 때문에, 향후에는 세포의 화학적 요인뿐만이 아닌

물리적인 요인까지 포함한 배양방법을 통하여 해결해 나가야 할 것이다. 
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