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Figure 3. Characterization of leucine-rich repeat G protein-coupled receptor 5 (LGRS ) Monkey corneal endothelial cells. (A): Phase contrast
image and immunocytochemistry for LGRS in LGRS ™ cells and LGRS5(—) cells after cell sorting. Scale bar = 100 um. (B): Average cell size of
LGRS ™ (184.6+45.8 umz) and LGR5™ (326.78 = 78.8 umz). Mean = SEM. **, p < .01. n=35. (C): Cell proliferation of LGRS * by double-immu-
nostaining. LGRS */Ki67 *; 3.4%, LGR5 * /Ki67~; 3.8%, LGRS /Ki67 *; 0%, LGR5/Ki67"; 92.8%. (D): Ki67-positive rate of LGR5™ and
LGRS5™. Mean = SEM. *, p <.05. n=4. Abbreviations: FITC, fluorescein isothiocyanate, LGRS, leucine-rich repeat G protein-coupled receptor 5.

homogeneously hexagonal cells (Fig. 2C). The expression pat-
tern of LGRS in the monkey CECs closely mimicked that of
in the human donor CECs (data not shown). Immunostaining
of those cells showed that LGRS is moderately expressed
both in the donor cells and in vitro cells (Fig. 2C), even
though the mean LGRS mRNA expression in vitro gradually
decreased through the cell passages (*p <.05) (Fig. 2D). In
view of these findings using human and monkey cells, it is
likely that LGRS may play a role in maintaining the cell in-
tegrity of CECs.

LGR5* CECs Were Small and Exhibited Higher
Proliferative Potential

To examine the characteristics of the LGR5™ and LGRS ™ cell
fractions, the subsets were isolated by flow cytometry. To val-
idate the cell sorting procedure, immunofluorescence for
LGRS confirmed its expression at the protein level in the
purified fraction (Fig. 3A).

As the highest clonogenicity is reportedly found in the
smallest keratinocytes [28], the cell size in each isolated frac-
tion was measured by use of Scion Image software. Viewed
under an inverted microscope, the LGRS™ cells were found to
be clearly smaller than the LGRS™ cells (Fig. 3B), and the av-
erage size of the LGR5™ cells was significantly smaller than
that of the LGR5™ cells (184.6 =45.8 um® vs. 326.78 =
78.8 um?, respectively, n=35, *¥*p < .01).

Next, to assess the cell-cycling status of each isolated cell
fraction, FACS was used for double-staining with LGRS and
Ki67. FACS analysis showed that the LGR5™&"/Ki67"&" cell
fraction was 3.4%, whereas the LGR5"&"/Ki67"" cell fraction
was 3.8% (Fig. 3C). Most interestingly, all LGR5"" cell frac-
tions showed the Ki67 low level (92.8%). To further examine
the proliferative capacity of each isolated cell fraction in
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detail, isolated cell fractions were cultivated on cell chamber
slides. Five days later in culture, the percentage of Ki67-la-
beled cells in the LGR5™ and LGR5™ cells was 14.2 +3.87%
and 0.58 * 0.5%, respectively, rendering the difference in the
Ki67-labeling index statistically significant (*p <.05) (Fig.
3D), suggesting that without the LGRS expression, CECs do
not have proliferative ability.

Active HH Signaling Induced LGRS Expression

HH signaling reportedly plays a key role in various kinds of
biological processes, such as cell differentiation, proliferation,
and growth [16, 29, 30]. To define the properties of LGRS in
CECs at the molecular level, we first examined the expression
of HH signaling-related molecules in human donor CECs. Of
interest, the levels of SHH, Glil, and Gli2 mRNA were found
to be elevated in CECs located in the peripheral-region as
compared to those in the central region (Fig. 4A). On the
other hand, the expression level of smoothened (Smo) and
protein patched homolog one (Prchl) receptor molecules in
the HH pathway was similar (Fig. 4A). Thus, HH signaling
was clearly activated in the peripheral-region CECs, suggest-
ing that a regional variation of HH signaling activity does
exist.

To determine whether the expression of LGRS in the
CECs was regulated by the HH signaling pathway, the periph-
eral donor CECs (outside the 8-mm central cornea area) were
incubated in culture medium (Dulbecco’s modified Eagle’s
medium + 5% FBS) and stimulated using recombinant SHH
(an HH ligand, 100 ng/ml), purmorphamine (an HH agonist,
2 uM) [31], and cyclopamine (an HH antagonist, 2 uM) [32]
for 24 hours at 37°C in 5% CO,. As expected, expression of
LGRS in the peripheral-region CECs, yet not in the central-
region CECs, was found to be upregulated by SHH and
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Figure 4. Hedgehog (HH) signaling pathway in corneal endothelial cells (CECs). (A): Real-time polymerase chain reaction (PCR) for HH sig-
nal-associated genes (SHH, Smo, Ptchl, Glil, and Gli2) in central and peripheral human donor CECs. Mean = SEM. *, p <.05. n=4. (B): Real-
time PCR of leucine-rich repeat G protein-coupled receptor 5 (LGRS), Ptchl, Glil, and Gli2 in human donor CECs treated with SHH, purmorph-
amine (Pur), and cyclopamine (Cyc), respectively. Mean = SEM. *, p <.05; **, p <.01. n =4. (C): Immunostaining of LGRS and Ki67 in human
donor CECs treated with SHH, Pur, and Cyc, respectively. Control: 0.1% dimethyl sulfoxide (DMSO). Scale bar = 100 um. (D): Immunostaining
of Ki67 in cultivated human CECs treated with SHH, Pur, and Cyc, respectively. Control: 0.01% DMSO. Scale bar = 100 um. Ki67-positive rate
of human CECs treated with SHH, Pur, and Cyc, respectively. Mean = SEM. **  p < .01. n=>5. Abbreviations: LGRS, leucine-rich repeat G pro-
tein-coupled receptor 5; mRNA, messenger RNA; ND, No significant difference; PI, propidium iodide; SHH, sonic Hedgehog.

purmorphamine stimulation, whereas LGRS expression was
reduced by cyclopamine stimulation at both the mRNA and
protein levels (Fig. 4B, 4C). The expression patterns of Gli/
and GIi2 were similar to that of LGRS, but HH activation did
not dramatically have an influence on Ptchl, the HH receptor
(Fig. 4B).

Next, immunohistochemistry for Ki67 was performed to
elucidate whether or not the HH pathway induced donor CEC

proliferation. As human CECs are mitotically inactive and
show weak-to-no proliferative capacity in vivo [3], an ele-
vated expression of Ki67 was not observed in all experimental
groups, suggesting that stimulation of the HH pathway alone
is not sufficient to induce donor CEC proliferation (Fig. 4C).
However, CECs reportedly retain the capacity to proliferate in
vitro [4], so we investigated whether the HH pathway induced
CEC proliferation in vitro. The expression of Ki67 was found
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Figure 5. Effect of short hairpin LGRS (shLGRS) in human corneal endothelial cells (CECs). (A): Real-time polymerase chain reaction for leu-
cine-rich repeat G protein-coupled receptor 5 (LGRS), Ptchl, Glil, and GIi2 in nontarget (NT)- and shLGRS-transfected cells. Mean = SEM.
*, p <.05. n=23. (B): Phase contrast microscopy image and immunostaining of Ki67 in NT- and shLGRS5-transfected human CECs. Arrows point
to Ki67 * cells. Scale bar = 100 um. Mean = SEM. *, p <.05. n=5. Abbreviations: LGRS, leucine-rich repeat G protein-coupled receptor 5; NT,

nontarget; PI, propidium iodide; shLGRS, short hairpin LGRS5.

to be upregulated in response to SHH- and purmorphamine-
stimulation, however, it was not upregulated in response to
cyclopamine (Fig. 4D). These findings indicate that in the in
vitro situation, the HH pathway is able to induce CEC prolif-
eration. We posit that CECs treated with cyclopamine were
unable to maintain their normal hexagonal morphology (Fig.
4D). Furthermore, Real-time PCR showed that the expression
of LGRS in the cultured CECs with SHH stimulation was ele-
vated as compared to those without SHH stimulation. Immu-
nohistochemistry showed that after SHH stimulation, the
expression of LGRS in the cultured CECs was elevated in
some of the cells, yet not in all of the cells (supplemental
online Fig. 1). In view of these findings, we discovered for
the first time that LGRS is the target molecule of HH signal-
ing in CECs and that CEC maintenance is partially regulated
by the HH pathway.

Downregulation of LGRS Decreased the
Proliferation of CECs

The direct effect of LGRS on the CECs was elucidated by the
knockdown of LGRS by shRNA. For this experiment, primate
cultivated CECs were used, due to the fact that cultured
human CECs rarely express LGRS (Fig. 2A, 2B). Nine sets of
shRNA were designed, and the efficacy of their knockdown
potential was then examined. Of those, ShRNA-589 was found
to be the most effective for knocking down the LGRS mRNA
expression (approximately 60% knockdown) (Fig. 5A). Real-
time PCR for Prchl, Glil, and Gli2 showed that no signifi-
cant differences were found between the short hairpin LGRS
(shLGRS5) group and the control (Fig. 5A). To demonstrate
the effect of knocking down the LGRS gene on CEC prolifer-
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ation, immunocytochemistry for Ki67 was performed. Com-
pared with the control, cell morphology of the shLGRS-
treated cells was not dramatically changed, however, the num-
ber of Ki67" cells in the shLGR5-treated cells was greatly
reduced (Fig. 5B). These findings indicated that downregula-
tion of LGRS did not have an effect on the HH pathway, but
did decrease CEC proliferation in vitro.

Persistent LGRS Expression Inhibited MT Through
the Wnt Pathway

To investigate the direct effects of persistent LGRS expression
on CECs, we attempted to overexpress LGRS using lentivirus
containing CMV-LGR5- mRFP. In this experiment, human
cultivated CECs (fourth passage, 62-year-old donor) were
used, as they rarely express LGRS (Fig. 2A). Real-time PCR
showed that the expression of LGRS in LGR5-transfected cells
(6 days after transfection) was about 60 times higher than that
in NT vector-transfected cells (p <.01) (Fig. 6B). Immunoflu-
orescence was used to confirm that the expression of LGRS in
the LGR5-transfected cells was elevated in comparison with
that in the NT cells (Fig. 6A). Of great interest, the relative
mRNA levels of the HH signaling molecules in LGR5-trans-
fected cells were downregulated as compared to those in the
NT cells (Fig. 6B), indicating that LGRS operates as a nega-
tive feedback regulator of the HH pathway.

Human CECs are reportedly vulnerable to morphological
fibroblastic change under normal culture conditions [5]. To
better demonstrate the effect of persistent LGRS expression,
we used fourth-passaged cultivated CECs. After lentivirus
transfection, some of the NT cells still exhibited an enlarged
and elongated shape (fibroblastic change) (Fig. 6A). Of great
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Figure 6. Function of leucine-rich repeat G protein-coupled receptor 5 (LGRS5) and R-spondin-1 (RSPO1) in corneal endothelial cells (CECs).
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RNA; NT, nontarget; PI, propidium iodide; RSPO, R-spondin-1.

interest, the LGRS5-transfected cells gradually changed their
morphology and were shown to be compact, smaller-size,
homogeneously hexagonal cells, resuming the normal physio-
logical morphology (Fig. 6A). Cell density of the LGR5-trans-
fected cells was found to be greatly elevated compared with
that of the NT cells (Fig. 6C). To examine the function of

cultivated CECs transfected with the NT and LGRS vector,
immunohistochemistry was performed for Na‘/K™ ATPase
and ZO1. The expression of these two functional proteins was
found to be much greater in the LGRS-transfected cells than
in the NT cells, even though these expression patterns were
not typical in comparison with those in in vivo CECs (Fig.

Stem Crus

_59_



Hirata-Tominaga, Nakamura, Okumura et al.

1405

6A). In view of these findings, it is likely that LGRS may be
the key molecule for maintaining normal CEC phenotypes.

Transformation of endothelial cells to fibroblastic cells is
known as endothelial-mesenchymal transformation (MT) [33].
The interesting findings observed in the LGRS5-transfected
cells led us to further study whether or not the persistent
expression of LGR5 was able to block the MT process. The
expression level of epithelial-MT (EMT)-related molecules
(Snail, Slug, Twist, and Collagenl) [34] was examined using
real-time PCR. Of great importance, the relative mRNA level
of all EMT markers except Slug were lower in the LGRS-
transfected cells than in the NT cells (Fig. 6D), suggesting
that persistent LGRS expression blocked the MT process. We
further examined which pathway regulates the endothelial-MT
observed in CECs. Recent studies suggest that the Wnt/f-cat-
enin signaling pathway plays an important role in EMT [34].
Therefore, the expression level of Wnt/S-catenin-related mole-
cules was examined using western blot analysis. Worthy of
note, the protein level of cytosolic (non membrane bound) f-
catenin and phosphorylated low-density-lipoprotein receptor-
related protein 6 (p-LRP6) was greatly decreased in the
LGRS5-transfected cells (Fig. 6F). We found that the expres-
sion of fS-catenin shifted from the cell membrane to the cyto-
plasm and nucleus, which is well observed in the typical
EMT process, in most of nontarget transfected CECs. In con-
trast, we could observe the expression of f-catenin in cell
membrane of LGRS-transfected CECs (supplemental online
Fig. 2). These findings indicated that persistent LGRS expres-
sion inhibited the corneal endothelial-MT through the Wnt/f-
catenin pathway.

RSPO1-Accelerated CEC Proliferation and Inhibited
MT Through the Wnt Pathway

Previously, LGRS was thought to be an orphan receptor of
the G protein-coupled receptor superfamily, and its ligand
was unknown. However, several recent reports demonstrated
that RSPOs function as ligands of LGRS to regulate Wnt/f-
catenin signaling [35-37]. Interestingly, we discovered that
RSPOI, 2, 3, and 4 mRNA were expressed in the corneal epi-
thelium, stroma, and endothelium, and that RSPQOI, 2, and 3
mRNA were only expressed in the peripheral-region CECs
(supplemental online Fig. 3A). To determine the function of
RSPOs on CEC differentiation, we cultured the primary
human CECs with or without human recombinant RSPOs.
Worthy of note, 7 days after culture, only cultivated human
CECs treated with RSPO1 [50 ng/ml] showed the compact,
smaller-size, homogeneously hexagonal cells, whereas other
RSPOs did not have an obvious effect on CEC differentiation
in vitro (supplemental online Fig. 3B). To determine the func-
tion of RSPOs on donor CEC proliferation, we performed
immunohistochemistry for Ki67. Most surprisingly and very
interestingly, human donor CECs incubated with RSPO1 (50
ng/ml) for 48 hours at 37°C showed a dramatically increased
level of Ki67" cell ratios as compared to other RSPOs (sup-
plemental online Fig. 3C). In view of these findings, we think
that among the RSPOs family, RSPOL1 in particular may play
an important role in the maintenance of CECs.

Finally, to further determine the effect of RSPOl1 on
CECs, we maintained the secondary culture of human CECs
with or without RSPO1. Through culturing the CECs in both
conditions, we clearly observed that the cultured cells with
RSPO1 maintained their hexagonal morphology, whereas
some of the cultured cells without RSPO1 still showed fibro-
blastic phenotypes (Fig. 6E). Moreover, the cell density of
RSPO1-treated cells was elevated in comparison with that of
the nontreated cells (Fig. 6E). To demonstrate which pathway
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regulates this type of corneal endothelial MT, we examined
the expression level of Wnt/f-catenin-related molecules using
western blot analysis. We performed the experiments twice,
and the results were nearly identical; the protein level of cyto-
solic f-catenin and p-LRP6 in the LGRS-transfected cells
treated with RSPO1 was decreased in comparison with that in
the NT cells (Fig. 6F). Moreover, the protein levels of the
RSPO1-treated NT and LGRS-transfected cells were more
decreased as compared to the cells not treated with RSPO1
(Fig. 6F). These results suggested that the stimulation of cells
overexpressing LGRS with RSPO1 accelerates pLRP degrada-
tion and f-catenin turnover.

Cornea tissue is extremely important, as most mammals ac-
quire the majority of their external information through it.
Recently, particular attention has been focused on CECs due
to the fact that the corneal transplantation procedure is cur-
rently undergoing a paradigm shift from keratoplasty to endo-
thelial keratoplasty. Therefore, both scientifically and clini-
cally, to establish the next generation of novel therapy for
treating cornea-related blindness worldwide, it is extremely
important to understand the molecular mechanism of corneal
endothelial stem/progenitor cells. However, very little is pres-
ently known about those molecular mechanisms.

It has been reported that the characteristics and prolifera-
tive potential of CECs are different between those located at
the central region of the cornea and those located at the pe-
ripheral region of the cornea [38, 39], and a study has shown
that the cornea has a higher density of endothelial cells in the
peripheral region than in the central region [40]. Moreover,
CECs from the peripheral region reportedly retain higher rep-
lication ability than those from the central region [12], and
peripheral-region CECs contain more precursors and have a
stronger self-renewal capacity than CECs in the central region
[41]. He et al. recently identified a novel anatomic organiza-
tion in the peripheral region of human corneal endothelium,
suggesting a continuous slow centripetal migration of CECs
from specific niches [15]. Thus, it is most likely that human
corneal endothelial stem/progenitor cells are mainly distrib-
uted in the peripheral region. In fact, no stem/progenitor cell
marker for CECs has thus-far been elucidated, and the results
of this study demonstrate for the first time that CECs exhibit
regional diversity with respect to LGRS expression. In view
of these findings and the unique expression pattern of LGRS
in CECs, LGRS might represent a first marker for corneal en-
dothelial stem-cell-containing populations.

It has been reported that cell size may distinguish kerati-
nocyte stem cells from transient amplifying cells or differenti-
ated cells [28]. In the epidermis, the response to phorbol
esters of the smallest keratinocytes is different from that of
other cells. Those keratinocytes also exhibited the highest clo-
nogenicity. Even though CECs are different from ectoderm-
derived keratinocytes, the average diameter of the LGRS™
cells in this study was in fact smaller than that of the LGR5™
cells. Based on these findings, and on the findings of the
above-cited previous report regarding the size of peripheral
CEQs, it is possible that cell size might be a potential indica-
tor of corneal endothelial stem/progenitor cells.

We found that LGRS is a key molecule for maintaining
the integrity of CECs and regulating normal cell phenotypes
in vitro. We also found that isolated cells fractionated based
on the intensity of their LGRS expression could produce dif-
ferent cell populations with different properties. Only cells in
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the LGR5™ population exhibited exceptionally high prolifera-
tive potential, features associated with stem/progenitor cell
populations. Based on these findings, the unique expression
pattern and necessity in the in vitro condition, there is possi-
bly a link between LGRS and the function of corneal endothe-
lial stem/progenitor cells.

Previous studies have indicated that high concentration of
SHH caused a marked increase in retinal progenitor cell pro-
liferation and a general increase in the accumulation of differ-
entiated cells [29]. The findings of this present manuscript
show that in the in vitro situation, the HH pathway is able to
induce CEC proliferation, consistent with the findings of pre-
vious reports. HH is a family of secreted molecules that serve
as morphogens during multiple aspects of development in a
wide range of tissue types. HH is involved in the left-right
asymmetry decision and anterior—posterior axis decision in
limb pattern determination by regulating cell proliferation and
survival. In CECs, there is regional variation of HH signal ac-
tivity, and based on our findings, HH signaling might possibly
control corneal endothelial morphogenesis.

RSPOs are a family of four cysteine-rich secreted proteins
that were isolated as strong potentiators of Wnt/f-catenin sig-
naling. A vast amount of information regarding the cell bio-
logical functions of RSPOs has emerged over the last several
years, especially with respect to their role as ligands of the
orphan receptors LGR 4/5/6. These updated and important
findings led us to further study whether RSPOs may have an
effect on the function of human CECs. As human CECs are
mitotically inactive and are essentially nonregenerative in
vivo, corneal endothelial loss due to disease or trauma is fol-
lowed by a compensatory enlargement of the remaining endo-
thelial cells. To the best of our knowledge, there are no
reports regarding a useful inductive reagent or molecule to
increase the level of human CEC proliferation and CEC den-
sity, although we previously developed the CECs culture pro-
tocol using Y-27632 [21, 22]. We examined the expression of
RSPO1 in CECs and found that its protein level is quite low
(data no shown), suggesting that external RSPOI1, rather than
internal RSPO1, plays a critical role in maintaining the CEC
function. Moreover, although there was no expression of
LGRS in the cultured CECs, RSPO1 did have some effect on
the condition of CECs in vitro. We do not precisely know the
reason why, but from our results, we presume that the effect
of RSPO1 on CECs might be of both an LGRS-dependent
and -independent manner. The findings of this study show for
the first time that CECs incubated with RSPO1 exhibited a
dramatically increased level of cell proliferation and cell den-
sity, suggesting that it might represent a first candidate mole-
cule for reconstructing the damaged cornea through topical
application or for use as a culture reagent.

Several studies suggest that the Wnt/S-catenin pathway
plays an important role in EMT and that activation of Wnt/f-
catenin-dependent signaling modulates the expression of
EMT-related genes [34]. However, previous reports have indi-

cated that RSPOs potentiate Wnt/f-catenin signaling by
actually functioning as a ligand of LGRS [35-37]. The exact
mechanism involved in this activation is still unclear and
there are several conflicting findings as to whether LGRS is a
positive or negative regulator of the Wnt pathway [42-44].
One possible explanation is that the molecular mechanism
depends on the tissues, organs, and the species of animal. The
cornea is a unique avascular tissue, and its health is main-
tained by tears and aqueous humor. In contrast, the health of
most other organs is maintained by vascular support, suggest-
ing that the characteristics and mechanism of corneal cells are
fundamentally different from the epithelial cells of other tis-
sues. Thus, based on the findings of this study, RSPO1 dra-
matically accelerates CEC proliferation and inhibits corneal
endothelial MT through the Wnt pathway.

In conclusion, the findings of this study are the first to dem-
onstrate the function of LGRS in human CECs (supplemental
online Fig. 4). LGRS has proven to be a powerful tool in
identifying a multitude of stem/progenitor cell populations.
Through the regulation of LGRS through the HH and Wnt
pathways, CEC integrity was well structured and maintained.
In addition, the LGRS ligand RSPO1 may exploit the novel
substantial protocol to provide the efficient expansion of
CECs, suggesting that RSPO1-based three dimensional culture
and medical treatments hold promise for regenerative therapy,
not only for the treatment of corneal dysfunctions, but also
for a variety of severe general diseases.
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CASE REPORT

Rho-Associated Kinase Inhibitor Eye Drop Treatment as a
Possible Medical Treatment for Fuchs Corneal Dystrophy
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Purpose: To report a case of Fuchs corneal dystrophy that was
successfully treated by Rho-associated kinase (ROCK) inhibitor eye
drops, subsequent to transcorneal freezing of damaged corneal
endothelial cells.

Methods: A 52-year-old Japanese man with a diagnosis of late-
onset Fuchs corneal dystrophy was referred to our hospital as
a candidate for keratoplasty. Best-corrected vision was 20/20 in the
right eye and 20/63 in the left eye. Multiple guttae were observed in
both eyes. The right cornea was clear, but the left showed severe
central edema, with a central corneal thickness of 703 um. We were
unable to perform specular microscopy in the central cornea, but
endothelial cells were observed in the midperiphery at a density of
757 cells per square millimeter. The patient was treated by a corneal
endothelial denudation in the prepupillary region followed by the
topical administration of a selective ROCK inhibitor, Y-27632, as
eye drops for 1 week. Follow-up of 24 months is reported.

Results: Comeal clarity recovered and vision improved to 20/20
" two weeks after the treatment. At 6 months, vision had improved to
20/16 and central corneal thickness measured was 568 um, signifi-
cantly lower than its pretreatment value. Endothelial function and
vision have been well maintained up to the most recent observation,
24 months after the treatment. The average corneal endothelial den-
sity in the central and peripheral cornea was 1549.3 *= 89.7 and
705.0 = 61.1 cells per square millimeter, respectively.

Conclusions: The case highlights the possibility of medical treat-
ments involving the use of ROCK inhibitor eye drops as an alternative
to graft surgery for certain forms of comeal endothelial disease.
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he proliferative ability of human corneal endothelial cells
is severely limited in vivo. As a consequence, corneal
endothelial damage caused by trauma, intraocular surgery, or
disease such as Fuchs corneal dystrophy often results in severe
visual disturbance. Comeal transplantation, including corneal
endothelial transplantation surgeries such as Descemet stripping
automated endothelial keratoplasty (DSAEK) and Descemet
membrane endothelial keratoplasty, is a beneficial and realistic
treatment for patients with endothelial dysfunction; however,
patients will not be totally free from the risk of graft rejection.
Moreover, corneal endothelial cell loss is a potential problem in
the long-term." Despite the value and potential of endothelial
graft surgery, however, a purely phanmacological approach to
endothelial recovery remains an attractive proposition.
Previously, we reported that a selective Rho-associated
kinase (ROCK) inhibitor, Y-27632, promoted the prolifera-
tion of primate corneal endothelial cells in vitro,” and the

FIGURE 1. The corneal endothelium observed by noncontact
specular microscopy before the treatment. A. Multiple guttae
were present (*), and corneal endothelial cells at a density of
632 cells per square millimeter were observed in the center of
the right cornea. B. We were unable to perform specular
microscopy in the center of the left cornea owing to the
edema; however, endothelial cells were observed in the mid-
periphery at a density of 757 cells per square millimeter.
Guttae were also observed (*).
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healing of the corneal endothelium in vivo.* Here, we present
a case of Fuchs corneal dystrophy scheduled for DSAEK
surgery but successfully treated by ROCK inhibitor eye drop
treatment subsequent to transcorneal freezing.

CASE REPORT

A 52-year-old Japanese man with blurred vision caused by
corneal endothelial dysfunction was referred to the Kyoto Prefectural
University of Medicine in May 2008. Visual acuity was 20/20 in the
right eye and 20/63 in the left eye. Multiple guttae, typical of Fuchs
corneal dystrophy, were observed in both eyes by slit-lamp
examination and by noncontact specular microscopy (EM-3000;
TOMEY Corporation, Nagoya, Japan) (Figs. 1A, B). The right cor-
nea was clear, although the corneal endothelial density was 632 cells

FIGURE 2. Slit-lamp photographs of
our Fuchs corneal dystrophy patient
before and after transcorneal freez-
ing and ROCK inhibitor treatment.
Before treatment, central corneal
edema (A) accompanied by a lesion
of epithelial bullae (B) was detected.
C, D, Three days after the treatment,
the corneal erosion created by the
transcorneal freezing had already
healed, and mild bullae were
detected. It should be noted that
less corneal edema was observed
at 3 days compared with the
pretreatment photograph. E, Six
months after the treatment, corneal
edema was significantly reduced,
and cornea had recovered its cla-
rity. F, No epithelial damage was
observed by fluorescein staining. G,
H, Two years after the treatment, the
patient’s cornea remains clear with
good (20/16) vision.

1168 | www.corneajrnl.com

per square millimeter. The left cornea showed severe central edema
accompanied by epithelial bullae (Figs. 2A, B). The central corneal
thickness was 703 pm in the affected left eye of the patient. We were
unable to perform specular microscopy in the central cornea owing
to the edema, but endothelial cells were observed in the midperiph-
ery at a density of 757 cells per square millimeter (Fig. 1B). The
patient was diagnosed with late-onset Fuchs corneal dystrophy.* He
was scheduled to have a DSAEK, but in April 2010, he volunteered
for an investigative clinical study of a ROCK inhibitor eye drop
treatment.

Treatment was initiated on May 18, 2010, according to
a protocol approved by the Institutional Review Board of the Kyoto
Prefectural University of Medicine. First, diseased corneal endothe-
lium in the prepupillary region was removed by transcorneal
freezing® by gently pressing a 2-mm-diameter stainless steel rod,
which had been cooled in liquid nitrogen onto the comeal surface

© 2013 Lippincott Williams & Wilkins
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ROCK Inhibitor Eye Drop Treatment

for 15 seconds. In our previous study using a rabbit model, we
confirmed that this transcorneal freezing procedure could make an
endothelial defect of approximately the same size as the rod diameter
in a reproducible fashion.> After the rod was removed and after the
cornea had thawed, 50 pL of 10 mM ROCK inhibitor, Y-27632
(Wako, Osaka, Japan), was applied topically as eye drops, repeated
6 times daily for 7 days (May 18-24, 2010). To prevent corneal
infection, 0.3% gatifloxacin hydrate eye drops were also applied
4 times daily. Epithelial erosion was detected after transcorneal
freezing but had healed by posttreatment day 3 (Figs. 2C, D). No
side effects, such as persistent epithelial defects or corneal stromal
scars, were observed.

The patient’s cornea recovered complete clarity 2 weeks after
the treatment, and vision had improved to 20/20. Six months after
the treatment, central corneal thickness was 568 um, significantly
lower than its pretreatment value. At this time, vision had improved
to 20/16 (Figs. 2E, F). Wide-field endothelial examinations 18
months after the treatment using contact specular microscopy
(Konan Medical, Inc, Nishinomiya, Japan; Fig. 3A) showed that
the average corneal endothelial densities in the central and peripheral
comea were 1549.3 £ 89.7 and 705 * 61.1 cells per square milli-
meter, respectively (mean * standard error of the mean; Fig. 3B).
Although Fuchs corneal dystrophy is a progressive disease, in our
patient, corneal clarity and good vision (20/16) have been main-
tained up to the most recent observation, 2-years after the treatment
(Figs. 1G, H).

DISCUSSION

ROCKs are protein serine/threonine kinases, which are
the first identified and best-characterized Rho downstream
effectors. The Rho/ROCK pathway is involved in regulating
the cytoskeleton and has an influence on cell migration,
apoptosis, and proliferation.>™®

We previously reported that a selective ROCK inhibitor,
Y-27632, promoted the proliferation of primate corneal endo-
thelial cells in vitro.? In our previous experiments, Y-27632 pro-
moted cell proliferation up to the time when cells became
preconfluent but did not promote proliferation in confluent cells

Nasal

whose proliferation had been stopped by contact inhibition.
Based on this, and on the results of experiments in rabbits,® we
hypothesized that the topical application of Y-27632 as an eye
drop, combined with the prior partial denudation of diseased
comeal endothelial cells, might be useful to promote the pro-
liferation in situ of the corneal endothelium, which is in the early
diseased phase. Thus, we came up with the protocol reported
here, which shows some potential for the new approach to treat
certain types of corneal endothelial dysfunction.

In the posttreatment observation of the presented case,
contact specular microscopy revealed relatively small corneal
endothelial cells, present at a high cell density, in the central
part of cornea from where corneal endothelial cells had been
removed by transcorneal freezing. The potential of topical
application of ROCK inhibitor suggested by the current report
clearly requires a larger comparative study to prove the effect
of this new treatment, and plans are underway to conduct this.
Regarding the mechanism of action of the procedure, we
should also point out that spontaneous remodeling of the
human corneal endothelial cells after Descemet stripping has
been reported.”'® Based on these reports, and also bearing
in mind the existence of corneal endothelial precursors with
higher proliferative ability in the peripheral cornea,'"'? we
cannot rule out the possibility that reestablishment of this
patient’s endothelium was not a direct result of ROCK inhib-
itor administration, but it was the consequence of denudation
of the pathologic endothelial cells. Not withstanding the pre-
liminary nature of the current observation, this case report
suggests the possibility of a medical treatment for the early
phase of diseases, such as Fuchs corneal dystrophy, via the
stimulation of nonaffected peripheral cells with ROCK inhib-
itor after the destruction of diseased cells in the central endo-
thelium by transcorneal freezing.

To the best of our knowledge, this is the first report
suggesting that the in vivo proliferation of a patient’s corneal
endothelium can be stimulated by interventional medical/
pharmaceutical treatment after the destruction of diseased

Central

Temporal

FIGURE 3. A, Wide-field observation
of the corneal endothelium by
contact-specular  microscopy 18
months after the treatment. Guttae
were detected mainly in the para-
central area. B, Representative, mag-
nified photographs from nasal
peripheral, central, and temporal
peripheral area. Smaller cells, present
at high density, were observed in the
central cornea (scale bar =100 um). B
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endothelium. We believe that our new findings will contribute 4.

to the opening up of a new approach to the treatment of
comeal endothelial dysfunction.
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Introduction

Corneal endothelial dysfunction is a major cause of severe visual
impairment leading to blindness due to the loss of endothelial
function that maintains corneal transparency. Restoration to clear
vision requires either full-thickness corneal transplantation or
endothelial keratoplasty. Recently, highly effective surgical tech-
niques to replace corneal endothelium [e.g., Descemet’s stripping
automated endothelial keratoplasty (DSAEK) and Descemet’s
membrane endothelial keratoplasty (DMEK)] have been devel-
oped [1-3] that arc aimed at replacing penetrating keratoplasty for
overcoming pathological dysfunctions of corneal endothelial tissue.
At present, our group and several other research groups have
focused on the establishment of new treatment methods suitable
for a practical clinical intervention to repair corneal endothelial
dysfunctions [4-9]. Since corneal endothelium is composed of a
monolayer and is a structurally flexible cell sheet, corneal
endothelial cells (CECs) have been cultured on substrates
including collagen sheets, amniotic membrane, or human corneal
stroma. Then the cultured CECs are transplanted as a cell sheet.
However, these techniques require the use of an artificial or
biological substrate that may introduce several problems such as
substrate transparency, detachment of the cell sheet from the

PLOS ONE | www.plosone.org

cornea, and technical difficulty of transplantation into the anterior
chamber. In our effort to overcome those substrate-related
problems, we previously demonstrated that the transplantation
of cultivated CECs in combination with a Rho kinase (ROCK)
inhibitor enhanced the adhesion of injected cells onto the recipient
corneal tissue without the use of a substrate and successfully
achieved the recovery of corneal transparency in two corneal-
endothelial-dysfunction animal models (rabbit and primate)
[10,11].

However, in the context of the clinical setting, another pivotal
practical issue is the i vitro expansion of human CECs (HCEC:s).
HCECs are vulnerable to morphological fibroblastic change under
normal culture conditions. Although HCECs can be cultivated
into a normal phenotype maintaining the contact-inhibited
polygonal monolayer, they eventually undergo massive endothe-
lial-mesenchymal transformation after long-term culture or
subculture. Thus, cultivation of HCECs with normal physiological
function is difficult, yet not impossible [12,13].

Epithelial mesenchymal transformation (EMT) has been well
characterized in epithelial-to-mesenchymal transition, and trans-
forming growth factor-beta (T'GF-B) can initiate and maintain
EMT in a variety of biological and pathological systems [14,15].
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Figure 1. Primate corneal endothelial cells exhibit fibroblastic phenotype and lose functions during cell culture. (A) Cultivated primate
CECs demonstrated two distinctive phenotypes; the cells maintained the characteristic polygonal cell morphology and contact-inhibited phenotype
(normal phenotype) and the cells showed a fibroblastic cell shape with multi-layering (fibroblastic phenotype). Both phenotypes of the cultured CECs
were primary cultured cells. Scale bar: 50 pm. The experiment was performed in triplicate. (B) Na*/K*-ATPase and ZO-1 at the plasma membrane was
preserved in the normal phenotype, while fibroblastic phenotype completely lost the characteristic staining profile of Na*/K*-ATPase and ZO-1 at the
plasma membrane. Scale bar: 100 pm. (C+D) Expression of the Na*/K*-ATPase and ZO-1 was higher in normal phenotypes than in the fibroblastic
phenotypes at both the protein and mRNA levels. Samples were prepared in duplicate. Immunoblotting and semiquantitative PCR were performed in
duplicate.

doi:10.1371/journal.pone.0058000.g001

The cellular activity of TGF-B is of particular interest in epithelial
cells, as it inhibits the G1/S transition of the cell cycle in these
cells. However, the same growth factor is the key signaling
molecule for EMT, and the role of TGF-P as a key molecule in the
development and progression of EMT is well studied [14-17].
Smad2/3 are signaling molecules downstream of cell-surface
receptors for TGF-B in epithelial-to-mesenchymal transition

PLOS ONE | www.plosone.org

[16,17]. Similar to epithelial cells, TGF-B inhibits the G1/S
transition of the cell cycle in CECs [18,19], however, it is not
known how TGF-B develops endothelial to mesenchymal trans-
formation and maintains it in CECs. Endothelial-mesenchymal
transformation is observed among corneal endothelial dysfunc-
tions such as Fuchs’ endothelial corneal dystrophy, pseudoexfolia-
tion syndrome, corneal endotheliitis, surgically-induced corneal
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endothelial damage, and corneal trauma and it induces the
fibroblastic transformation of CECs [20-23], suggesting that
CECs have the biological potential to acquire endothelial to
mesenchymal transformation. The apparent presence of fibroblas-
tic phenotypes in primate CECs and HCEC:s in culture led us to
search for the cause of such phenotypic changes of the cultivated
cells and for a means in which to prevent such undesirable cellular
changes toward endothelial-mesenchymal transformation.

In the present study, we established primate CEC and HCEC
cultures which respectively showed two distinctive phenotypes: 1)
normal and 2) fibroblastic. We further characterized the two
phenotypes and showed evidence that the use of an inhibitor to
TGF-B receptor or BMP-7 abolished the fibroblastic phenotypes
of cultivated CECs. Thus, intervention by inhibiting the endothe-
lial to mesenchymal transformation process that occurs during the
cultivation of CECs will certainly enable the w vitro expansion of
cultivated HCECs with a normal phenotype which would be ideal
for therapeutic clinical application.

Materials and Methods

Ethics Statement

The monkey tissue used in this study was handled in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Rescarch. The isolation of the tissue was approved by
an institutional animal care and use committee of the Nissei Bilis
Co., Ltd. (Otsu, Japan) and the Eve Bioscience, Co., Ltd.
(Hashimoto, Japan). The human tissue used in this study was
handled in accordance with the tenets set forth in the Declaration
of Helsinki. A written consent was acquired from the next of kin of
all deceased donors regarding eye donation for rescarch. All tissue
is recovered under the tenants of the Uniform Anatomical Gift Act
(UAGA) of the particular state where the donor was consented and
recovered.

Monkey cornea tissues and Research-grade human
cornea tissues

Eight corneas from 4 cynomolgus monkeys (3 to 5 years-of-age;
estimated equivalent human age: 5 to 20 years) housed at Nissei
Bilis and the Keari Co., Ltd., Osaka, Japan, respectively, were
used for the MCEGCs culture. The cynomolgus monkeys were
housed in individual stainless steel cages at Nissei Bilis and Eve
Bioscience. Each cage was provided with reverse-osmosis water
delivered by an automatic water supply system and supplied with
experimental animal diet (PS-A; Oriental Yeast Co., Ltd., Tokyo,
Japan). Room temperature was controlled by heating units inside
the rooms and was maintained at 18.0-26.0°C. The humidity was
maintained at 29.5 to 80.4%. Animals were maintained on a
12:12-h light:dark cycle (lights on, 7 a.m. to 19 p.m.). For other
research purposes, the animals were given an overdose of
intravenous pentobarbital sodium for euthanatization. The cor-
neas of cynomolgus monkeys were harvested after confirmation of
cardiopulmonary arrest by veterinarians, and then provided for
our research. Twenty human donor corneas were obtained from
the SightLifem (Seattle, WA) eye bank, and all corneas were
stored at 4°C in storage medium (Optisol; Chiron Vision
Corporation, Irvine, CA) for less than 14 days prior to the
primary culture.

Cell culture of monkey CECs (MCECs)

The MCECs were cultivated in modified protocol as described
previously [7,24]. Briefly, the Descemet’s membrane including
CECs was stripped and digested at 37°C for 2 h with 1 mg/mL
collagenase A (Roche Applied Science, Penzberg, Germany). After
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Figure 2. Fibroblastic primate CECs produced an abnormal
extra cellular matrix. (A) The fibroblastic phenotype demonstrated
excessive ECMs such as fibronectin and collagen type 1, while the
normal phenotype completely lost the staining potential. Scale bar:
100 um. (B) The protein expression level of fibronectin was more
strongly upregulated in the fibroblastic phenotype than in the normal
phenotype. (C) Semiquantitative PCR analysis showed that the type |
collagen transcript [a1() mRNA] was abundantly expressed in the
fibroblastic phenotypes, while the expression of al1(l) mRNA was
reduced in the normal phenotypes. The basement membrane collagen
phenotype a1(IV) mRNA was expressed both in normal and fibroblastic
phenotypes, yet to a lesser degree in the normal phenotype. Collagen
phenotype a1(VIll) mRNA was expressed in both phenotypes at similar
levels. Fibronectin and integrin o5 mRNA was observed in the
fibroblastic phenotypes, as opposed to the normal phenotypes in
which the two transcripts were not expressed. 81 integrin mRNA was
expressed in both phenotypes at similar levels. Samples were prepared
in duplicate. Immunoblotting and semiquantitative PCR were per-
formed in duplicate.

doi:10.1371/journal.pone.0058000.g002

a digestion at 37°C, the MCECs obtained from individual corneas
were resuspended in culture medium and plated in 1 well of a 6-
well plate coated with FNC Coating Mix® (Athena Environmental
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Figure 3. Different activation pattern of fibroblastic change
associated pathways in the fibroblastic phenotype of primate
CECs. Phosphorylation of Smad2, p38MAPK, and ERK1/2 was promoted
in the fibroblastic phenotype compared to that in the normal
phenotype, while phosphorylation of JNK was negligible. Samples
were prepared in duplicate, and immunoblotting was performed in
duplicate.

doi:10.1371/journal.pone.0058000.g003

Sciences, Inc., Baltimore, MD). All primary cell cultures and serial
passages of the MCEGCs were performed in growth medium
composed of Dulbecco’s modified Eagle’s medium (Invitrogen
Corporation, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS), 50 U/mL penicillin, 50 pg/mL streptomycin, and
2 ng/mL FGF-2 (Invitrogen). The MCECs were then cultured in
a humidified atmosphere at 37°C in 5% COs, and the culture
medium was changed every 2 days. When the MCECs reached
confluency in 10 to 14 days, they were rinsed in Ca”" and Mg**-
free Dulbecco’s phosphate-buffered saline (PBS), trypsinized with
0.05% Trypsin-EDTA (Invitrogen) for 5 min at 37°C, and
passaged at ratios of 1:2-4. Cultivated MCECs at passages 2
through 5 were used for all experiments. SB431542 (Merck
Millipore, Billerica, MA), a selective inhibitor of transforming
growth factor-f (TGF-beta), was tested for the anti-fibroblastic
effect.

Cell culture of HCECs

The HCECs were cultivated in a modified version of the
protocol used for the MCECGs. Briefly, the Descemet’s membrane
including CECs was stripped and digested at 37°C for 2 h with
1 mg/mL collagenase A (Roche Applied Science). After a
digestion at 37°C, the HCECs obtained from individual corneas
were resuspended in culture medium and plated in 1 well of a 12-
well plate coated with FNC Coating Mix®. The culture medium
was prepared according to published protocols [25], but with some
modifications. Briefly, basal culture medium containing Opti-
MEM-I (Invitrogen), 8% FBS, 5 ng/mL epidermal growth factor
(EGF) (Sigma-Aldrich Co., St. Louis, MO), 20 pg/mL ascorbic
acid (Sigma-Aldrich), 200 mg/L calcium chloride (Sigma-Aldrich),
0.08% chondroitin sulfate (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), and 50 ng/mlL of gentamicin was prepared, and
the conditioned medium was then recovered after cultivation of
inactivated 3T3 fibroblasts. Inactivation of the 3T3 fibroblasts was
performed as described previously [26,27]. Briefly, confluent 3T3
fibroblasts were incubated with 4 pg/mL mitomycin G (MMC)
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(Kyowa Hakkko Kirin Co., Ltd., Tokyo, Japan) for 2 h at 37°C
under 5% CO,, and then trypsinized and plated onto plastic
dishes at the density of 2x10* cells/cm® The HCECs were
cultured in a humidified atmosphere at 37°C in 5% COg, and the
culture medium was changed every 2 days. When the HCECs
reached confluency in 14 to 28 days, they were rinsed in Ca?* and
Mg?*-free PBS, trypsinized with 0.05% Trypsin-EDTA for 5 min
at 37°C, and passaged at ratios of 1:2. Cultivated HCECs at
passages 2 through 5 were used for all experiments. To test the
anti-fibroblastic effect, the cultured HCECs were passaged at the
ratio of 1:2 with medium supplemented with or without SB431542
(0.1, 1, and 10 pM) (Merck Millipore), a neutralizing antibody to
TGF-B (500 ng/ml) (R&D Systems, Inc., Minneapolis, MN),
Smad3 inhibitor (3 mM) (Merck Millipore), and bone morphoge-
netic protein (BMP) BMP-7 (10, 100, and 1000 ng/ml) R&D
Systems), and were then evaluated after 1 week.

Histological examination

For histological examination, cultured MCECs or HCECs on
Lab-Tek™ Chamber Slides™ (NUNC A/S, Roskilde, Denmark)
were fixed in 4% formaldchyde for 10 min at room temperature
(RT) and incubated for 30 min with 1% bovine serum albumin
(BSA). To investigate the phenotype of the CECs, immunohisto-
chemical analyses of ZO-1 (Zymed Laboratories, Inc., South San
Francisco, CA), a tight junction associated protein, Na*/K*-
ATPase (Upstate Biotechnology, Inc., Lake Placid, NY), the
protein associated with pump function, fibronectin (BD, Franklin
Lakes, NJ), and actin were performed. ZO-1 and Na*/K*-ATPase
were used as function related markers of the CECs, fibronectin
and collagen type 1 were used to evaluate the fibroblastic change,
and actin staining was used to evaluate the cellular morphology.
The ZO-1, Na*/K™-ATPase, collagen type 1, and fibronectin
staining were performed with a 1:200 dilution of ZO-1 polyclonal
antibody, Na*/K*-ATPase monoclonal antibody, and fibronectin
monoclonal antibody, respectively. For the secondary antibody, a
1:2000 dilution of Alexa Fluor® 488-conjugated or Alexa Fluor®
594-conjugated goat anti-mouse IgG (Invitrogen) was used. Actin
staining was performed with a 1:400 dilution of Alexa Fluor® 488-
conjugated phalloidin (Invitrogen). Cell nuclei were then stained
with DAPI (Vector Laboratories, Inc., Burlingame, CA) or
propidium iodide (PI) (Sigma-Aldrich). The slides were then
inspected by fluorescence microscopy (TCS SP2 AOBS; Leica
Microsystems, Wetzlar, Germany). The percentages of Na*/K*-
ATPase- and ZO-1-positive cells that expressed Na™/K*-ATPase
and ZO-1 at the plasma membrane in the @ viwo condition were
counted by a blinded examiner.

Immunoblotting

For immunoblotting, the cells were washed with PBS and then
lysed with radio immunoprecipitation assay (RIPA) buffer (Bio-
Rad Laboratories, Hercules, CA) containing Phosphatase Inhib-
itor Cocktail 2 (Sigma-Aldrich) and Protease Inhibitor Cocktail
(Nacalai Tesque, Kyoto, Japan). The lysates were then centrifuged
at 15,000 rpm for 10 min at 4°C. The resultant supernatant was
collected and the protein concentration of the sample was assessed
with the BCA™ Protein Assay Kit (Takara Bio Inc., Otsu, Japan).
The proteins were then separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were
then blocked with 3% non-fat dry milk (Cell Signaling Technol-
ogy, Inc., Danvers, MA) in TBS-T buffer. The incubations were
then performed with the following primary antibodies: Na*/K*-
ATPase (Merck Millipore), ZO-1, GAPDH (Abcam, Cambridge,
UK), fibronectin, and Smad2 (Cell Signaling Technology),
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Figure 4. Inhibition of the TGF-§ pathway suppressed fibroblastic change and maintained functions. (A) Primate CECs cultured with
SB431542 exhibited the authentic polygonal cell shape and contact-inhibited monolayer, while the control CECs exhibited the fibroblastic
morphology. Scale bar: 50 pm. (B) SB431542-treated CECs showed the characteristic plasma membrane staining of Na*/K*-ATPase and ZO-1, while
the control CECs lost their staining. Scale bar: 100 um. (C+D) Expression of Na*/K™-ATPase and ZO-1 was greatly upregulated in the SB431542-treated
fibroblastic phenotypes at both the protein and mRNA levels. Samples were prepared in duplicate. Immunoblotting and semiquantitative PCR were

performed in duplicate.
doi:10.1371/journal.pone.0058000.g004

phosphorylated Smad2 (Cell Signaling Technology), ERK1/2
(BD), phosphorylated ERK1/2 (BD), p38MAPK (BD), phosphor-
ylated p38MAPK (BD) JNK (BD) or phosphorylated JNK (BD)
(1:1000 dilution), and HRP-conjugated anti-rabbit or anti-rabbit
IgG secondary antibody (Cell Signaling Technology) (1:5000
dilution). Membranes were exposed by ECL Advance Western
Blotting Detection Kit (GE Healthcare, Piscataway, NJ), and then
examined by use of the LAS4000S (Fujifilm, Tokyo, Japan)
imaging system.

Semiquantitative reverse transcriptase polymerase chain
reaction (RT-PCR) and quantitative PCR

Total RNA was extracted from CECs and c¢DNA was
synthesized by use of ReverTra Ace® (Toyobo, Osaka, Japan), a
highly efficient RT. The same amount of cDNA was amplified by
PCR (GeneAmp 9700; Applied Biosystems) and the following
primer pairs: GAPDH mRNA, forward (5'-GAGTCAACG-
GATTTGGTCGT-3"), and reverse (5'-TTGATTTTGGAGG-
GATCTCG-3"); Na'/K*-ATPase mRNA, forward (5'-
CTTCCTCCGCATTTATGCTCATTTTCTCACCC-3"), and
reverse (5'-GGATGATCATAAACTTAGCCTTGAT-
GAACTC-3"); ZO-1 mRNA, forward (5’-GGACGAGGCAT-
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CATCCCTAA-3"), and reverse (5'-CCAGCTTCTCGAA-
GAACCAC-3"; collagenl mRNA, forward (5'-
TCGGCGAGAGCATGACCGATGGAT-3"), and reverse (5'-
GACGCTGTAGGT  GAAGCGGCTGTT-3");  collagend
mRNA, forward (5’-AGCAAGGTGTTACAGGATTGGT -3'),
and reverse (5'- AGAAGGACACTGTGGGTCATCT -3
collagen8 mRNA, forward (5"-ATGT-
GATGGCTGTGCTGCTGCTGCCT -3'), and reverse (5'-
CTCTTGGGCCAGGCTCTCCA-3"); fibronectin mRNA, for-
ward (5'-AGATGAGTGGGAACGAATGTCT -3'), and reverse
(5'-GAGGGTCACACTTGAATTCTCC -3'); integrin o)
mRNA, forward (3'-TCCTCAGCAAGAATCTCAACAA -3'),
and reverse (5'-GTTGAGTCCCGTAACTCTGGTC -3%); inte-
grin Bl mRNA, forward (5'-GCTGAAGACTATCCCATT-
GACC =31, and reverse (5'-ATTTCCAGA-
TATGCGCTGTTTT -3). PCR products were analyzed by
agarose gel electrophoresis. Quantitative PCR was performed
using the following TagMan® (Invitrogen) primers: collegenl,
Hs00164004_ml; fibronectin, Hs01549976_ml; GAPDH,
Hs00266705_gl. The PCR was performed using the StepOne™
(Applied Biosystems) real-time PCR system. GAPDH was used as
an internal standard.
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Figure 5. TGF§ induced fibroblastic change and function loss through the activation of the Smad signaling pathways. (A) Normal
phenotype primate CECs were transformed to fibroblastic cells when exposed to the exogenous TGF-B1 (10 ng/ml). Scale bar: 50 um. (B) The staining
pattern of Na*/K"-ATPase and ZO-1 at the plasma membrane of the normal phenotypes was greatly reduced upon exposure to TGF-B1 (10 ng/ml).
Scale bar: 100 pm. (C) TGF-B1 reduced the expression of Na*/K*-ATPase and ZO-1 at protein levels dose-dependently. (D) Phosphorylation of Smad2
was increased in a concentration-dependent manner. Samples were prepared in duplicate, and immunoblotting was performed in duplicate.

doi:10.1371/journal.pone.0058000.g005

Enzyme-linked immunosorbent assay (ELISA)

Collagen type I of culture medium supernatant of HCECs were
measured using ELISA kits for Collagen Type 1 Alpha 2
(COLIla2) (Usen Life Science Inc., Wuhan, China) according to
the manufacturer’s instructions. Culture medium supernatant
from HCECs cultured with or without SB431542 were used for
each group (n=3).

Statistical analysis

The statistical significance (P-value) in mean values of the two-
sample comparison was determined by use of the Student’s t-test.
The statistical significance in the comparison of multiple sample
sets was analyzed by use of the Dunnett’s multiple-comparisons
test. Values shown on the graphs represent the mean * SE.

Resuits

Two distinct phenotypes of primate CECs during cell
culture

Of great interest, the primate CECs in culture demonstrated
two distinctive phenotypes when determined by cell morphology
and the characteristic contact-inhibited phenotype. Although to
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culture primate CECs in a normal phenotype while maintaining
the monolayer contact-inhibited morphology is possible, they often
showed morphological fibroblastic change after primary culture
following isolation from the cornea, or long-term culture or
subculture, if they were once primary cultured in normal
morphology (Fig. 1A). The two phenotypes were then tested for
the endothelial characteristics; the staining pattern of Na*/K*-
ATPase and ZO-1 at the plasma membrane was well preserved in
the normal phenotypes, yet the fibroblastic phenotypes completely
lost the characteristic staining profile of Na*/K*-ATPase and ZO-
I at the plasma membrane (Fig. 1B). Expression of the two
functional proteins was found to be much greater in the normal
phenotypes than in the fibroblastic phenotypes at both the protein
(Fig. 1C) and mRNA levels (Fig. 1D). Comparison of the
expression of authentic fibrillar extracellular matrix (ECM)
proteins showed that fibroblastic phenotypes demonstrated a
fibrillar ECM staining pattern of fibronectin, while the normal
phenotypes completely lost the staining potential of fibronectin
(Fig. 2A). The protein expression level of fibronectin was more
strongly upregulated in the fibroblastic phenotypes than in the
normal phenotypes (Fig. 2B). Type I collagen produced by
fibroblastic phenotypes demonstrated dual locations, at the ECM
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Figure 6. Inhibition of the TGFp pathway suppressed the
fibroblastic change of HCECs. (A) HCECs cultured with SB431542
(1 uM) exhibited the hexagonal cell shape and contact-inhibited
monolayer, while the control CECs exhibited the fibroblastic morphol-
ogy. (B+C) Both neutralizing antibody to TGF-B (500 ng/ml) and Smad3
inhibitor (3 mM) blocked cells from acquiring fibroblastic phenotypes.
Scale bar: 50 pm. The experiment was performed in duplicate.
doi:10.1371/journal.pone.0058000.g006

and at the cytoplasm. Of interest, the cytoplasmic location of type
I collagen appeared to be at the Golgi complex, the intracellular
localization of which is essential for secretion, and these findings
are similar to the published data [28]. On the other hand, type I
collagen staining in the normal phenotypes was not clearly
observed (Fig. 2A). RT-PCR analysis was used to determine the
expression of major ECM proteins. The type I collagen transcript
[01(I) mRNA] was found to be abundantly expressed in the
fibroblastic phenotypes, while the expression of o1(I) mRNA was
negligible in the normal phenotypes (Fig. 2C). Unlike the type I
collagen transcript, the basement membrane collagen phenotype
al(IV) mRINA was expressed in both the normal and fibroblastic
phenotypes, yet to a lesser degree in the normal phenotype.
Collagen phenotype ol(VIII) mRNA was expressed in both
phenotypes at similar levels. Expression of fibronectin and integrin
a5 was observed in the fibroblastic phenotypes, as opposed to the
normal phenotypes in which the two transcripts were not
expressed (Fig. 2C). On the other hand, Bl integrin mRNA was
expressed in both phenotypes at similar levels (Fig. 2C).

Next, signaling pathways were determined to elucidate what
might cause fibroblastic phenotypes of CECs. Since Smad?2, p38,
ERK1/2; and JNK are reportedly all involved in the EMT
pathway [18-20,29,30], we therefore tested whether Smad2 and
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the MAPKs were involved in an endothelial-mesenchymal
transformation similar to the EMT observed in epithelial cells
(Fig. 3). Phosphorylation of Smad2 was found to be greatly
promoted in the fibroblastic phenotypes when compared to that in
the normal phenotypes. Phosphorylation of p38 and ERK1/2 was
greatly enhanced in the fibroblastic phenotypes, while activation of
JNK was negligible. These findings suggested that TGF-f
signaling may exert the key role for the fibroblastic transformation
of CECs.

TGF-B-mediated endothelial-mesenchymal
transformation and use of TGF-B receptor inhibitor to

block it in primate CECs

The findings shown in Fig. 3 led us to directly test whether
SB431542, the TGF-B receptor inhibitor, was able to block the
EMT process observed in the fibroblastic phenotypes. Phase
contrast imaging demonstrated that primate CECs cultured in the
presence of SB431542 exhibited the authentic polygonal cell shape
and contact-inhibited monolayer, while the control CECs
exhibited the fibroblastic morphology (Fig. 4A). Moreover, the
SB431542-treated CECs showed the characteristic plasma mem-
brane staining of Na*/K*-ATPasc and ZO-1, while the control
CECs lost their staining, suggesting that endothelial functions were
maintained in the SB431542-treated cells (Fig. 4B). Furthermore,
the expression of Na'/K*-ATPase and ZO-1 was strongly
upregulated in the SB431542-treated fibroblastic phenotypes at
both the protein (Fig. 4C) and mRNA levels (Fig. 4D). These data
further confirmed that TGF-PB might be the direct mediator of the
endothelial to mesenchymal transformation observed in primate
CEC cultures. Therefore, we tested whether the normal pheno-
types were transformed to fibroblastic cells when exposed to the
exogenous TGF-f, as in the findings shown in Fig. 5A. Of interest,
the staining pattern of Na™/K*-ATPase and ZO-1 at the plasma
membrane of the normal phenotypes was greatly reduced upon
exposure of polygonal cells to TGF-$ (Fig. 5B). The growth factor
also markedly reduced the expression of the two proteins at
protein levels in a concentration-dependent manner (Fig. 5C),
while phosphorylation of Smad2 was greatly increased in a
concentration-dependent manner (Fig. 5D). These data suggest
that even the normal phenotypes of primate CECs are prone to
acquire fibroblastic phenotypes in response to TGF-B-stimulation.

Two distinct phenotypes of HCEC cultures and the use of
TGF-B receptor inhibitor to block endothelial-
mesenchymal transformation

The interesting findings observed in primate CECs led us to
further study whether HCECs were subjected to the similar
undesirable prerequisite cellular changes leading to endothelial-
mesenchymal transformation. Of great interest, cultivated HCECs
lost the characteristic contact-inhibited monolayer and polygonal
phenotypes, and acquired fibroblastic cell morphology like primate
CECs (Fig. 6A). However, consistent with the primate CECs when
the CECs were cultivated with the specific inhibitor to the TGF-f3
receptor (SB431542), the inhibitor was able to block alteration of
the cell shape to fibroblastic phenotypes. Similar to the inhibitory
effect of SB431542 on fibroblastic phenotypes, both neutralizing
antibody to TGF-B (Fig. 6B) and Smad3 inhibitor (Fig. 6C) also
blocked cells from acquiring fibroblastic phenotypes. We then
tested whether SB431542 was able to maintain endothelial
function. The findings shown in Fig. 7A and Fig. 7B demonstrated
that blocking the TGF- receptor signaling enabled the subcellular
localization of Na'/K*-ATPase and ZO-1 at the plasma
membrane and their protein expression to be maintained. Of
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Figure 7. SB431542 maintained the functions and suppressed the fibroblastic change of HCECs. (A+B) Blocking the TGF-receptor
signaling by SB431542 (A: 1 uM, B: 0.1, 1, and 10 uM) enabled the subcellular localization of Na*/K*-ATPase and ZO-1 at the plasma membrane and
their protein expression to be maintained. Scale bar: 100 pm. (C) ELISA assay revealed that SB431542 significantly downregulated the secretion of
type | collagen to the culture supernatant. **P<0.05. (D+E) Quantitative PCR showed that SB431542 significantly reduced the expression of type |
collagen and fibronectin at the mRNA level. *p<<0.01, ** p<<0.05. Samples were prepared in duplicate. Immunoblotting, ELISA, and quantitative PCR
were performed in duplicate.

doi:10.1371/journal.pone.0058000.g007

great importance, ELISA assay revealed that SB431542 markedly Discussion
downregulated the secretion of type I collagen to the culture

supernatant (Fig. 7C). Coincidentally, SB431542 markedly Corneal endf)thelial dysfunction accompanied by visual distur-
reduced the expression of type I collagen and fibroncctin at the ~ Pance is a major indication for corneal transplantation surgery
mRNA level (Fig. 7D, E). [36,37]. Though corneal transplantation is widely performed for

corneal endothelial dysfunction, researchers are currently seeking
Use of BMP-7 to suppress fibroblastic changes and alternative methods to restore healthy corneal endothelium. The

fact that corneal endothelium is cultured and stocked as ‘master
cells’ from young donors allows for the transplantation of CECs
with high functional ability and for an extended period of time. In
addition, an HLA-matching transplantation to reduce the risk of

maintain endothelial functions

Bone morphogenetic protein-7 (BMP-7) promotes MET and
specifically inhibits the TGF-B-mediated epithelial-to-mesenchy-
mal transition. Thus, that molecule has been used to antagonize . .
the EMT process [31-34]. We therefore tested whether BMP-7 reection [38’3.9 I and‘overcolmmg‘ the y hor.t age of donor corneas
was able to antagonize the prerequisite changes of HCECs. The might be possible. Tissue ‘bloengmccrmg S @ new appr.oach o
fibroblastic HCECs were treated with BMP-7 in a concentration develop treatments for patients who have Ios't.\/lsua.l acuity [40]
ranging from 10 to 1000 ng/ml. Of important note, the elongated To date, t.here arc two methods that utilize ‘bloengmeermg
cell shapes of the fibroblastic phenotypes were reversed to the approgches. 1) use of culnired donor HGECs adher?d on
polygonal cell morphology in response to the presence of BMP-7 blogng*nlecred constructs [4,5,7,9], z‘md 2) transplantation of
in a concentration-dependent manner (Fig. 8A). BMP-7 enabled cultivated HfChC.:S into the anterior Cbamb@j [11’411._4.-3]'
the hexagonal cell morphology and actin cytoskeleton distribution Regardless ° ,Wthh of the two r.nethods » :?pphed to ¢ inical
at the cortex to be maintained (Fig. 8B), similar to that observed in settings, .estabhsh'ment Of, an. efficient cultivation technique for
normal CEGs [35], and it alo maintained the subcellular HQECS is cssentla}l a'\nd 1nev1tz';1ble [44]. Many researchers have
localization of Na*/K*-ATPase (Fig. 8C) and ZO-1 (Fig. 8D) at potlced tha‘t establishing a consistent long-term f:ulture of HCEGs
the plasma membrane. Thus, BMP-7 at the concentration of 15 challenging [40]. Although the successful cultivation of HCECs

1000 ng/ml was able to maintain CECs in polygonal and contact- has }aeen‘reported by several groups, the procedures ipvolvcd in
inhibited phenotypes with a positive expression of function-related the isolation and §ubsequent cultivation protOflols varied grcatl.y
markers (Fig. 8E, F). between laboratories [44]. One of the most difficult problems is
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Figure 8. BMP7 suppressed fibroblastic change and maintained the functions of HCECs. (A) The elongated cell shapes of the fibroblastic
phenotypes were reversed to a polygonal cell morphology in response to the presence of BMP-7 in a concentration-dependent manner. Scale bar:
50 pum. (B) BMP-7 enabled normal hexagonal cell morphology and actin cytoskeleton distribution at the cortex to be maintained. Scale bar: 100 pm.
(C+D) BMP-7 maintained the subcellular [ocalization of Na*/K*-ATPase and ZO-1at the plasma membrane. Scale bar: 100 pm. (E+F) The percentages of

both Na*/K*-ATPase and ZO-1 positive cells treated with BMP-7 were significantly higher than in the control. * p<0.01, ** p<<0.05. The experiment
was performed in duplicate.

doi:10.1371/journal.pone.0058000.g008

that HCECs are vulnerable to undergoing massive fibroblastic Transformation of endothelial cells to fibroblastic cells is
change over each passage [40]. Therefore, it is essential to find designated as endothelial- mesenchymal transformation. Such
means to circumvent the spontaneous transformation of the CECs transformation is triggered by TGF-B via the Smad2/3 pathway
in order to maintain the physiological phenotypes for the [16]. Endothelial-mesenchymal transformation causes the loss of
subsequent use for transplantation. the characteristic endothelial phenotypes, such as loss of the

contact-inhibited monolayer and loss of the apical junctional
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