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PURPOSE. To clarify the expression profiles of ion channels and transporters of metabolic
substrates among heterogeneous cultured human corneal endothelial cells (cHCECs)
distinct in their effectiveness in reconstituting the corneal endothelium.

METHODS. Integrated proteomics for cell lysates by liquid chromatography–tandem mass
spectrometry was carried out from three aliquots of cHCECs enriched in either cluster of
definition (CD)44−/+ (mature) cHCECs or CD44++/+++ cell-state transition (CST) cHCECs.
The expression profiles of cations/anions, monocarboxylic acid transporters (MCTs), and
solute carrier (SLC) family proteins, as well as carbonic anhydrases (CAs), were investi-
gated.

RESULTS. The polarized expression of cations/anions, MCTs, and SLC family proteins,
as well as CAs, was clarified for mature and CST cHCECs. Most SLC4 family members,
including SLC4A11 and SLC4A4 (NBCe1), were upregulated in the CST cHCECs, whereas
SLC9A1 (Na+/H+ exchanger isoform one [NHE1]) and CA5B were detected only in the
mature cHCECs. In addition, SLC25A42, catalyzing the entry of coenzyme A into the
mitochondria, and SLC25A18, functioning as a mitochondrial glutamate carrier 2 (both
relevant for providing the substrates for mitochondrial bioenergetics), were selectively
expressed in the mature cHCECs.

CONCLUSIONS. Our findings may suggest the relevance of qualifying the polarized expres-
sion of these ion channels and transporter-like proteins to ensure not only the suitability
but also the in vivo biological functionality of cHCECs selected for use in a cell-injection
therapy.

Keywords: oxidative phosphorylation, glycolysis, mitochondria, ion channels, solute
carrier family transporters

Corneal transplantations are among the most common
and successful surgical procedures performed in

modern-day medicine, with nearly 200,000 being performed
globally each year. However, it is now anticipated that
a novel and innovative cell-based regenerative medicine
therapy involving the injection of cultured human corneal
endothelial cells (cHCECs) will soon become an alterna-
tive surgical pathway to donor corneal graft transplan-
tation for the treatment of corneal endothelial dysfunc-
tion.1 Eight years ago, at the beginning of our study, there
were very few published studies focused on investigating
the phenotypical and functional heterogeneity of cHCECs.
Thus, we first reported the presence of heterogeneity and
a way to distinguish the heterogeneous cHCEC subpop-

ulations by analyzing cluster of definition (CD) antigens
expressed on their cell surface, and we defined the effec-
tor cells suitable for the therapy2–4 (i.e., the SP with the
CD44−/+CD166+CD24−CD26−CD105low phenotype).

The establishment of standardized quality control is a
vital component for obtaining the required governmental
approvals for legal-based pharmaceutical applications for
safe, effective, and stable cell-based therapy. We conducted
clinical studies that confirmed that the mature differenti-
ated CD44−/+ cHCECs exhibited a far better biological effect
in the clinical setting than did cell-state transition (CST)
cHCECs1,2 (also see Ueno M, American Academy of Ophthal-
mology Annual Meeting, October 12, 2019, AAO E-Poster
and Abstract PO070). However, it was important to deter-
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mine, in detail, why and how the effector CD44−/+ cHCECs
exhibited a far better clinical outcome compared with CST
cHCECs, which prompted us to conduct this current study
to characterize the distinct cardinal features of CD44−/+ and
CST cHCECs with regard to the expression of ion chan-
nels and related transporters that may play pivotal roles in
executing the in vivo biological effects.

Metabolically active corneal endothelial (CE) tissue helps
to maintain corneal transparency via its ion and fluid trans-
port properties. As we previously reported,2 among the
many ion channels the expression of Na+/K+ adenosine
triphosphatase (ATPase) on cHCECs, alone, does not fully
ensure in vivo biological functionality in a cell-injection
therapy. From that aspect, the findings in a recent report
by Li et al.5 are quite instructive, as they illustrate that
the transendothelial lactate gradient is required for efficient
functioning of the Na+/K+-ATPase pump in CE tissues.

Mitochondrial respiration and glycolysis are the most
relevant pathways for producing adenosine triphosphate
(ATP), the primary molecular unit of intracellular bioener-
getics in corneal endothelial cells (CECs), and are report-
edly necessary for maintaining the corneal stroma in its
adequately dehydrated and transparent state.6–12 The abil-
ity of the cornea to maintain proper hydration is achieved
by the balance between the passive leakage of fluid into
the stroma and the active pumping of ions into the anterior
chamber via metabolic energy.6,13

CE is one of the most metabolically active tissues in the
human body.14 In our recent study,15 our findings revealed
that the metabolic rewiring in mature differentiated cHCECs
provides essential cues underlying the dynamics of cell fate
modulation. In the previous preliminary studies, both Wang
et al.16 and our group4 found that metabolomic profiling
segregated immature from mature differentiated cHCECs.
Moreover, our findings revealed that cHCECs have an incli-
nation toward CST into a senescence phenotype, epithelial–
mesenchymal transition, and transformed fibroblastic cell
morphology, thus limiting their use in the clinical setting.
CST cHCECs switch to a glycolytic metabotype, whereas
mature differentiated cHCECs become more oxidative and
elicit a reduced amount of lactate secretion extracellularly.
The catabolic and anabolic pathways in the tricarboxylic acid
(TCA) cycle operating in the mitochondrial matrix consist of
multiple enzymes, such as citrate synthase, aconitase, isoc-
itrate dehydrogenase, succinate dehydrogenase, fumarate
hydratase, and malate dehydrogenase. We recently found
that all of these isozymes function in the mitochondria
of mature cHCECs, whereas the corresponding cytosolic
isozymes function in CST cHCECs (Numa et al., manuscript
in preparation).

In our previous study, we clarified the distinct expres-
sion profiles of CD44, c-Myc, and p53 among cHCECs.2

Moreover, other recent studies have reported ammonia
metabolism dictated by p5317 and the identification of solute
carrier (SLC) family protein 12A8 as a specific nicotinamide
mononucleotide (NMN) transporter,18 as well as an indica-
tion of the role of SLC4A11 in clinical etiology in late-onset
Fuchs corneal dystrophy.19 Thus, the purpose of this present
study was to investigate the expression profiles in cHCECs
of cations/anions, monocarboxylic acid transporters, and
SLC family proteins, as well as carbonic anhydrases (CAs).
Integral proteomics on cHCECs have revealed either up- or
downregulated expression of these transporter-like proteins
among cHCECs distinct in their phenotypes, and our find-
ings may indicate the relevance of qualifying the polar-

ized expression of these ion channels and transporter-like
proteins in order to clarify the in vivo pharmacological effect
of cHCECs in a cell-injection therapy for CE disorders.

MATERIALS AND METHODS

Human Corneal Tissues and Endothelial Cell
Donors

The human tissue used in this study was handled in accor-
dance with the tenets set forth in the Declaration of Helsinki.
HCECs were obtained from human donor corneas supplied
by the CorneaGen (Seattle, WA, USA) eye bank and then
cultured prior to the experimental analysis. Informed writ-
ten consent for eye donation for research was obtained from
the next of kin of all deceased donors. The donor eyes used
for the culture were obtained from two donors: (1) age 27
years (corneal endothelial cell density [ECD], 3195 OD/3425
OS) and (2) age 11 (corneal ECD, 3202 OD/3588 OS). All four
donor corneas used in this study were preserved in Optisol-
GS (Chiron Vision, Inc., Irvine, CA, USA) and then shipped
via international air transport for research purposes. Donor
information accompanying the donor corneas showed that
they were considered healthy and absent of any corneal
disease.

Cell Cultures of HCECs

HCECs obtained from the imported donor corneas were
cultured according to the previously published protocols, yet
with modifications.2–4 Briefly, Descemet’s membranes with
CECs were stripped from the donor corneas and digested
for 2 hours at 37°C with 1 mg/mL collagenase A (Roche
Applied Science, Penzberg, Germany). The stripped HCECs
were then seeded in one well of a six-well plate coated with
Type I collagen (Corning, Inc., Corning, NY, USA). Culture
medium was prepared according to previously published
protocols.2–4 The HCECs were then cultured at 37°C in a
humidified atmosphere containing 5% CO2, and the culture
medium was changed twice per week. When the cHCECs
had reached confluence, they underwent normal passag-
ing at a density of 800 cells/mm2 after treatment with
TrypLE Select 10× (Thermo Fisher Scientific, Waltham, MA,
USA) for 12 minutes at 37°C. The CD44−/+ mature cHCECs
and CD44++/+++ CST cHCECs were derived from separate
donors, as described above. The CD44−/+ mature cHCECs
were lysed after the 40-day culture, and the CD44++/+++ CST
cHCECs were lysed after the 135-day culture of the fourth
passage. In our research, which extended for more than 4
years, we found that the only rational way to obtain CD44−/+

mature cHCECs and CD44++/+++ CST cHCECs from donors
with the same range of donor age and tissue ECD was to
prolong the culture period from the standard 35 to approx-
imately 50 days to more than 130 days, with a change of
medium every 3 to 4 days without culture passage (Supple-
mentary Fig. S1). Three different lots of each culture for
both subpopulations were lysed by the use of QIAzol Lysis
Reagent (QIAGEN, Hilden, Germany).

Flow Cytometry Analyses of the cHCECs

The cHCECs were collected from the culture dish via
the above-described TrypLE Select treatment and then
suspended at 4 × 106 cells/mL in flow cytometry (FACS)
buffer (PBS containing 0.5% BSA and 0.05% NaN3). Next,
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an equal volume of antibody solution was added and then
incubated for 2 hours at 4°C. The antibody solutions were as
follows: fluorescein isothiocyanate (FITC)-conjugated anti-
human CD26 mAb, PE-conjugated anti-human CD166 mAb,
PerCP-Cy 5.5-conjugated anti-human CD24 mAb, PE-Cy 7-
conjugated anti-human CD44, and FITC-conjugated antihu-
man CD90 mAb (all from BD Biosciences, San Jose, CA,
USA), as well as APC-conjugated anti-human CD105 (eBio-
science, Inc., San Diego, CA, USA). After washing with
FACS buffer, the cHCECs were analyzed via use of the
BD FACSCanto II Flow Cytometry System (BD Biosciences).
The cell lysates of cHCECs at passage 4 were used for the
proteome analysis. The mature cHCECs were collected from
the three wells containing the population with a CD44−/+

phenotype at the average ratio of 93.9%; similarly, the CST
cHCECs were collected from the other three wells containing
the population with a CD44++/+++ phenotype at the average
ratio of 73.8% (Supplementary Fig. S2).

Reagents

Rho-associated protein kinase (ROCK) inhibitor Y-27632 and
epidermal growth factor (EGF) were obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan), and pyridinyl
imidazole inhibitor SB203580 was obtained from Cayman
Chemical (Ann Arbor, MI, USA). Dulbecco’s Modified Eagle’s
Medium, High Glucose (DMEM-HG) and fetal bovine serum
were obtained from Gibco Industries, Inc. (Langley, OK,
USA), and plastic culture plates were obtained from Corning.
Unless otherwise stated, all other chemicals were obtained
from Sigma-Aldrich, Inc. (St. Louis, MO, USA).

Integral Proteomics by Liquid
Chromatography–Tandem Mass Spectrometry and
Liquid Chromatography/Mass Spectrometry
Dataset Analysis

All of the following procedures were performed as recently
described.15 In brief, the cell lysates of cHCECs at passage
4 were used for the proteome analysis. Three aliquots of
each lysate from the three wells for either the mature
cHCECs or CST cHCECs were analyzed. Cell lysates from
three aliquots of each cHCEC were dried and resolved in
20 mmol/L HEPES-NaOH (pH 58.0), 12 mmol/L sodium
deoxycholate, and 12 mmol/L sodium N-lauroylsarcosinate.
After reduction with 20 mmol/L dithiothreitol at 100°C
for 10 minutes and alkylation with 50 mmol/L iodoac-
etamide at ambient temperature for 45 minutes, proteins
were digested with immobilized trypsin (Thermo Fisher
Scientific). Peptides were analyzed using the LTQ Orbi-
trap Velos mass spectrometer combined with the UltiMate
3000 RSLCnano HPLC system (both, Thermo Fisher Scien-
tific). Protein identification and quantification analysis were
performed with MaxQuant software. The tandem mass spec-
trometry (MS/MS) spectra were searched against the Homo
sapiens protein database in Swiss-Prot, with a false discov-
ery rate set to 1% for both peptide and protein identification
filters. Only Razor-unique peptides were used to calculate
the relative protein concentrations. For the integral analy-
sis of proteins, all detected peaks were standardized via the
adjustment of the median value to 1.0 to 104.

The liquid chromatography (LC)/MS dataset, composed
of 4641 proteins in total, was obtained using Proteome
Discoverer 2.2 software.15 After removal of the data for

which the abundance ratio could not be calculated, we
analyzed the remaining data by means of the web-based
program DAVID v6.8 (The Database for Annotation, Visual-
ization and Integrated Discovery; https: //david.ncifcrf.gov).
The data analysis resulted in 4315 genes, each with a unique
DAVID Gene ID, for the subsequent analyses.

For gene expression analysis, we calculated the statisti-
cal P value and fold-change between two groups. Further
investigations for the genes of interest, as well as the
related genes and pathways suggested to be involved in
cHCEC metabolism, were performed using DAVID and its
BIOCARTA and KEGG_PATHWAY options.

Statistical Analyses

In the LC/MS dataset analysis, the significance of difference
between two types of cHCECs was assessed by Student’s
or Welch’s t-test after confirmation by the F test. The fold-
change was based on the abundance ratio derived from the
Proteome Discoverer 2.2 software (Thermo Fischer Scien-
tific). Microsoft Excel 2013 (Redmond, WA, USA) and R soft-
ware version 3.6.0 (http://www.r-project.org/) were used for
all data analysis.

Measurement of Intracellular pH in cHCECs

In order to conduct a preliminary investigation of the pres-
ence or absence of a difference of intracellular pH (pHi)
in cHCECs, either suitable or not for cell-injection therapy,
pHi was measured from one specific CST cHCEC type
via the use of the cell-permeable probe 3′-O-acetyl-2′,7′-
bis(carboxyethyl)-5,6-carboxyfluorescein acetoxymethyl
ester (BCECF-AM special packaging; Chemical Dojin, Co.,
Ltd., Tokyo, Japan). Two distinct cHCEC types were derived
from the cornea of a 28-year-old female donor (ECD, 3003
cells/mm2 and 3021 cells/mm2, respectively), either in the
presence of only 10-μM Y27632 and ascorbic acid in Nancy
medium (mature cHCECs) or in the presence of 10-μM
Y-27632 + 10-μM SB203580 + 5-ng/mL EGF + ascorbic
acid (Sigma-Aldrich) in Nancy medium3,4 for the first 4
days after cell seeding in each passage, as well as in the
presence of these additives, except Y27632, for the later
period of the culture (i.e., the CST cHCECs). The former
consisted of 99.4% mature cHCECs, and the latter consisted
of 100% CST cHCECs. The cHCECs were stained by use of
the cell-permeable probe BCECF-AM, and all experiments
were performed in accordance with the manufacturer’s
instructions. The fluorescence intensity was determined by
using a fluorescent plate reader with an excitation wave-
length of 488 nm (GloMax Explorer; Promega Corporation,
Madison, WI, USA). The mature cHCEC measurements were
repeated 24 times, and the CST cHCEC measurements were
repeated 12 times. Statistically significant differences were
then assessed via the Mann–Whitney U test.

In this study, we used Dojindo’s assay kit (Dojindo Molec-
ular Technologies, Inc., Tokyo, Japan). The procedures for
calibrating BCECF fluorescence were as follows:

1. Prepare calibration buffer (130-mM KCl, 10-mM NaCl,
1-mM MgSO4, and 10-mM Na-MOPS), pH 6.6, 7.0, 7.2,
7.4, 7.8, and 8.2.

2. Save 500 μL of cell suspension in a 1.5-mL
PROTEOSAVE tube (Sumitomo Bakelite Co., Ltd.,
Tokyo, Japan).

http://www.r-project.org/
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FIGURE 1. Protein expression levels of ATPase isoforms in mature and CST cHCECs. The average expression abundances of three lots of the
mature cHCECs and CST cHCECs are shown. The significance of difference between the two types of cHCECs was assessed by Student’s t-tests
after confirmation by F tests. P < 0.01 was considered statistically significant. Integral proteomics on the two types of cHCECs revealed that
the expression of all 11 isoforms was elevated more in the mature cHCECs than in the CST cHCECs. The CD44–/+ mature and CD44++/+++
CST cHCECs were derived from two eyes of separate donors, as detailed in the text. Four culture passages were performed for both. To
identify the cHCECs distinct to the expression of surface CD44, the CD44–/+ mature cHCECs were lysed at 40 days, and the CD44++/+++
CST cHCECs were lysed at 135 days of the fourth passage.

3. Centrifuge two times at 300×g (1867 rpm) for 3
minutes.

4. Suspend cell pellets in the six distinct pH calibration
buffers.

5. Add 2.5 μL/500 μL of 2.2 mg/mL nigercin/EtOH (final
concentration of 10 μg/mL), and incubate for 10
minutes at room temperature.

6. Pour 150 μL/well of prepared calibration cell suspen-
sion solution into a 96-well plate.

7. Measure with a fluorescence plate reader (GloMax
Explorer; Promega, Madison, WI, USA), at 500-nm
excitation and 530-nm detection.

8. Use 2 mg/mL nigercin/EtOH stock solution and 1-mM
BCECF-AM/DMSO (Doujin Chemicals, Tokyo, Japan),
50 mg + 72.612 mL DMSO per B221 tube.

RESULTS

Na+/K+-ATPase Isomers

The expression of all 11 isoforms detected in the integral
proteomics showed segregated profiles between cHCECs
distinct in their cell surface phenotypes (i.e., CD44−/+

mature and CD44++/+++ CST cHCECs), with CD44−/+ mature
cHCECs exhibiting uniformly elevated expression of all
11 isoforms (Fig. 1), thus indicating that Na+/K+-ATPases
are candidate components of the pump mechanism in the
mature cHCECs, although the expression of this ATPase
alone does not fully guarantee in vivo biological functional-
ity when used for cell-injection therapy.2 That finding imme-
diately prompted us to explore the expression profiles of

other ion channels, transporters, and SLC family proteins in
cHCECs heterogeneous in their phenotypes.

Nicotinate and Nicotinamide Metabolism

Oxidized nicotinamide adenine dinucleotide (NAD+), which
is required for the ATP-generating steps of glycolysis, is
regenerated from NADH by mitochondrial NADH dehy-
drogenase or lactate dehydrogenase (LDH). NAD+ biosyn-
thesis is mediated mainly by nicotinamide phosphoribo-
syltransferase (NAMPT),18,20 which catalyzes the conver-
sion of nicotinamide and 5-phosphoribose pyrophos-
phate into nicotinamide mononucleotide (NMN).21,22 We
found that enzymes responsible for nicotinate and nicoti-
namide metabolism—NAMPT, purine nucleotide phospho-
rylase (PNP), nicotinamide N-methyltransferase (NNMT),
and nicotinate phosphoribosyltransferase (NAPRT)—were
all upregulated in the CST cHCECs, whereas only ectonu-
cleotide pyrophosphatase/phosphodiesterase 1 (ENPP1)
was upregulated in the mature cHCECs (Fig. 2).

Arginine Metabolism and NH3/H+ Cotransporter
SLC4A11

Recently, Zhang et al.14 reported that glutaminolysis, the
prerequisite for generating ATP to maintain CE function,
is severely disrupted in CE cells deficient in SLC family 4
member 11 (SLC4A11), an NH3/H+ cotransporter, and that
glutamine anaplerosis contributes to the additional supplies
of biosynthetic precursors not met by glucose metabolism.
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FIGURE 2. Protein expression levels of nicotinate and nicotinamide metabolites in mature and CST cHCECs. Segregated protein expression
levels of key enzymes in nicotinate/nicotinamide metabolism in the two types of cHCECs are illustrated on the KEGG pathway map. The
average expression abundances of three lots of mature cHCECs and CST cHCECs are shown. The significance of difference between the two
types of cHCECs was assessed by Student’s t-tests after confirmation by F tests. P < 0.01 was considered statistically significant. NAMPT,
PNP, NNMT, NAPRT, and NY5C1A were upregulated in the CST cHCECs, whereas only ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1) was upregulated in the mature cHCECs. NT5C1A, 5′-nucleotidase, cytosolic IA; ND, not detected.

With that context in mind, in this current study we investi-
gated nitrogen and arginine metabolism in cHCECs. Of note,
we found that the expression of argininosuccinate synthase
1, known as the catalytic enzyme in the urea cycle (Fig. 3),
as well as the expression of glutamate-ammonia ligase, was
elevated in the CST cHCECs, in contrast with the reduced
expression of glutamate dehydrogenase 1 and 2 and glutam-
inase 2 when compared with those in the mature cHCECs
(Fig. 3).

Next, we investigated the expression of the SLC4 family
members with regard to their roles in acid–base home-
ostasis. Our findings revealed that SLC4A4 was most abun-
dantly expressed in cHCECs and that SLC4A11 was rela-
tively more abundant than the other family members (Fig. 4).
Interestingly, and in a sharp contrast with the enzymes
involved in the arginine metabolic pathways, most of the
five SLC4 family members detected were upregulated in
the CST cHCECs (Fig. 4), including SLC4A11 and SLC4A4
(NBCe1), a sodium bicarbonate transporter, thus indicating

the presence of exquisite mechanisms for maintaining acid–
base homeostasis in cHCECs heterogeneous in their pheno-
types. SLC4A11 reportedly facilitates transmembrane water
movement, Na+/OH− co-transport, Na+-independent H+

(OH−) transport, and NH3 transport.23 Intriguingly, although
SLC9A1 (Na+/H+ exchanger isoform one [NHE1]), which is
well known to be an Na+/H+ exchanger and crucial for pHi
regulation,24 was detected in the mature cHCECs but not in
the CST cHCECs (Fig. 4).

Nitrogen Metabolism and Carbonic Anhydrase

Considering the skewing of the CST cHCECs to a glycolytic
metabotype in contrast to the skewing to mitochondrial
oxidative phosphorylation of the mature cHCECs,16 we were
prompted to investigate the possible segregated expres-
sion of mitochondria carrier protein among cHCECs with
distinct phenotypes. Similar to the findings in the previous
reports,13,25 we found that the absolute expression levels of
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FIGURE 3. Protein expression levels of metabolites involved in arginine biosynthesis in the mature and CST cHCECs. Segregated protein
expression levels of representative enzymes in arginine biosynthesis in the two types of cHCECs are illustrated on the KEGG pathway map.
The average expression abundances of three lots of mature cHCECs and CST cHCECs are shown. The significance of difference between the
two types of cHCECs was assessed by Student’s t-tests after confirmation by F tests. P < 0.01 was considered statistically significant. GOT1,2,
glutamic-oxaloacetic transaminase 1 and 2.

CA2 and CA3 were higher than that of CA5B. No statistically
significant difference was found in CA2 and CA3 between
the two types of cHCECs investigated (Fig. 5a). In addition,
no expression of CA5B was detected in the CST cHCECs,
compared with the moderate expression level of CA5B in the
mature cHCECs, thus indicating the possible relevance of the
transporter CA5B, together with SLC4A4/NBCe1, SLC4A11,
and SLC9A1/NHE1, for maintaining pHi homeostasis.

Monocarboxylate Acid Transporter (MCT)/SLC16
Family

In glycolysis, most glucose carbon is converted to pyruvate,
and this pyruvate is NADH-dependently reduced to lactate
by LDH.26 The bidirectional monocarboxylate acid trans-
porters (MCTs) perform an H+-linked transport of lactate
across the plasma membrane.27 Among MCTs, MCT1 is the
main lactate exporter under normal conditions, when the
intracellular lactate levels are low. Between the two types of
cHCECs in this study, we found that MCT1 and MCT4 protein
expression levels in the cHCECs were almost at comparable

levels (Fig. 5b), although the subcellular localization of these
transporters, including apical or basolateral, was not clear.
MCT8 expression was detected only in the mature cHCECs
(Fig. 5b). SLC5A8, a molecule recently identified as a Na+-
coupled transporter for short-chain monocarboxylates and
known as a tumor suppressor,28,29 was not detected in either
type of cHCEC in the present proteome analysis.

SLC12 Family and Other SLC Molecules

SLCs are the largest group of transporters in the human
genome, and many SLCs reportedly play roles in cellu-
lar processes.30 The SLC transporter proteins exhibiting
either >2 or <0.5 abundance ratios—(abundance in CST
cHCECs)/(abundance in the mature cHCECs)—are summa-
rized in the Table.

Among the SLC12 family of chloride transporters, we
found that A4, A5, and A6 were more highly expressed in
the CST cHCECs than in the mature cHCECs, whereas A2
and A9 were inversely more highly expressed in the mature
cHCECs (Fig. 6a). It is of note that A1 was detected only
in the mature cHCECs. A1, also known as NKCC2, is an
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FIGURE 4. Protein expression of SLC4 family transporters and NHE1 in the mature and CST cHCECs. Segregated protein expression levels
of representative SLC4 family transporters and NHE1 in the two types of cHCECs are illustrated. The average expression abundances of
three lots of mature cHCECs and CST cHCECs are shown. The significance of difference between the two types of cHCECs was assessed
by Student’s t-tests after confirmation by F tests. P < 0.01 was considered statistically significant. The expressions of SLC4A4, A5, A10, and
A11 were significantly upregulated in the CST cHCECs. SLC9A1 (NHE1) was detected only in the mature cHCECs. SLC4A1AP, solute carrier
family 4 member 1 adaptor protein.

Na+/K+/2Cl− cotransporter, and A4, A5, and A6 function as
Na+-independent cation-chloride cotransporters.31–33

Our findings show that 17A5 and 7A14 were dominantly
expressed in the mature cHCECs (Fig. 6b). SLC17A5 is an
H+/nitrate cotransporter, and 7A14 is a cationic amino acid
transporter. SLC38A9 and 29A1 were inversely expressed
dominantly in CST cHCECs (Fig. 6b). SLC38A9 is known to
be a sodium-coupled neutral amino acid transporter, and
7A14 is a nucleoside transporter referred to as equilibrative
nucleoside transporter 1; they both play a role in the promo-
tion of cell proliferation.

SLC family 25 (SLC25) is comprised of a large group
of proteins that transport a variety of substrates across
the inner mitochondrial membrane,34,35 and we found that
SLC25A42 and A18 were selectively expressed in the mature
cHCECs (Table). Interestingly, both transporters, as well as
CA5, are located on the mitochondrial inner membrane.36,37

It is well known that SLC25A42 protein is a mitochondrial
transporter for cofactor coenzyme A (CoA) and ADP,36 and
SLC25A18 is a mitochondrial glutamate carrier 2, alterna-
tively termed glutamate/H(+) symporter 2.37

pHi in Distinct cHCECs

In a recent study,15 our findings confirmed that the metabolic
rewiring in the mature cHCECs provides essential cues
underlying the dynamics of cell-fate modulation; however,
and to the best of our knowledge, there have been no
published reports with regard to a link between the
metabolic rewiring of cHCECs and pHi homeostasis. The
polarized expression of ion channels and SLC family trans-
porters on two types of cHCECs may possibly indicate that
the mature- and CST cHCECs can be distinguishable by their
pHi. We performed a preliminary study to confirm the differ-

ence between pHi in the mature cHCECs suitable for therapy
and that of the CST cHCECs, the two types of cHCECs that
were provided for the analysis (Fig. 7). pHi was found to
be lower in the mature cHCECs (7.09 ± 0.156; n = 24) than
in the CST cHCECs (7.35 ± 0.228, n = 12) (P = 0.003966,
Mann–Whitney U test). Phase contrast microscopy exami-
nation (Fig. 7) revealed smaller sized cells in the mature
cHCECs than in the CST cHCECs, consistent with the find-
ings of ECD being higher in the mature cHCECs (i.e., 1900
cells/mm2) than in the CST cHCECs (i.e., 1231 cells/mm2).

DISCUSSION

In a previous study, we reported that, aside from that needed
to meet the absolute requirements, the sole expression of
Na+/K+-ATPase in cHCECs does not ensure the quality of
mature differentiated CD44−/+ cHCECs that are indispens-
able for cell-injection therapy for CE disorders.1,2 In this
present study, the expression of the isoforms of Na+/K+-
ATPase was found to be more elevated in the mature
cHCECs, leading to the speculation that pump function in
the mature cHCECs may be superior to that in CST cHCECs
(Fig. 1). To confirm such speculation, actual measurement
of Na, K-ATPase activity or corneal endothelial pump func-
tion is required. In their excellent research on the ion (e.g.,
bicarbonate) channels in CE, Bonanno and associates38,39

presented novel findings suggesting that the passive fluid
influx, or “leak,” is offset by an outward active “pump”
located within the CE, thereby maintaining corneal hydra-
tion and transparency. The activity of basolateral Na+/K+-
ATPase, 1Na+:2HCO3

– cotransport, 1Na+:1K+:2Cl– cotrans-
port, Cl–/HCO3

– exchange, and Na+/H+ exchange was also
confirmed.23,25,32,40,41 Recently, Bonanno’s team reported
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FIGURE 5. Protein expression levels of CAs and MCTs in the mature and CST cHCECs. Segregated protein expression levels of representative
CAs (a) and MCTs (b) in the two types of cHCECs are shown. The average expression abundances of three lots of mature cHCECs and CST
cHCECs are shown. The significance of difference between the two types of cHCECs was assessed by Student’s t-tests after confirmation by
F tests. P < 0.01 was considered statistically significant. The selective localization of the CAs, cytosol, mitochondrial membrane, and plasma
membrane is indicated. CA5B was not detected in the CST cHCECs, and MCT8 was not detected in the CST cHCECs.

that efficient Na,K-ATPase activity is necessary for maintain-
ing the transendothelial lactate flux.5

NAD+, which is required for the ATP-generating steps
of glycolysis, is regenerated from NADH by mitochondrial
NADH dehydrogenase or LDH. We found that the enzymes
responsible for nicotinate and nicotinamide metabolism (i.e.,
NAMPT, PNP, NNMT, and NAPRT) were all upregulated
in the CST cHCECs (Fig. 2). This may indicate a counter
response against elevated cellular (oxidative) stress in CST
cHCECs. Considering the recent identification of SLC12A8 as
an NMN transporter and the requirement of sodium ion for
the transport,18 SLC12A8 may play a critical role in regulat-
ing NAD+, as well as in cHCECs. However, the expression
of SLC12A8 protein was not detected in our present experi-
ment (Table), possibly due to the culture microenvironments
that we adapted. The elevated expression of NAMPT (Fig. 2),
the rate-limiting NAD+ biosynthetic enzyme, in CST cHCECs
may assist the NAD+ biosynthesis itself, rather than an
import from the outside. In glycolysis, most glucose carbon

is converted to pyruvate and NADH-dependent reduction of
pyruvate to lactate by LDH. This reductive reaction may be
what recycles the NAD+ reduced to NADH during glycolysis
in cHCECs.

The metabolic programs that support cell prolifera-
tion reportedly rewire the cell-fate decisions with distinct
metabolic features that may actually represent specialized
adaptations to unique cellular demands.42,43 Cell homogene-
ity is one of the most critical and indispensable issues for
a safe, effective, and stable cell-based therapy. We previ-
ously identified one specified differentiated/mature cHCEC
that shares the surface phenotypes with mature HCECs in
in vivo CE tissues and found it to be an ideal cHCEC that is
efficient in cell-injection therapy for CE dysfunctions1–3 (see
also Ueno M, American Academy of Ophthalmology Annual
Meeting, October 12, 2019, AAO E-Poster and Abstract,
PO070). It should be noted that the homeostatic cellular
identity of cHCECs may require a passive metabolic adap-
tation to environmental culture conditions. The metabolic
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FIGURE 6. Protein expression levels of the SLC12 family and other SLC molecules in the mature and CST cHCECs. Segregated protein
expression levels of representative CAs (a) and MCTs (b) in the two types of cHCECs are shown. The average expression abundances of
three lots of mature cHCECs and CST cHCECs are shown. The significance of difference between the two types of cHCECs was assessed by
Student’s t-tests after confirmation by F tests. P < 0.01 was considered statistically significant. SLC12A1 and 9A1 were not detected in the
CST cHCECs.

convergence between proliferation and cell-fate regulation
may be relevant in immature cHCECs, as is the case in stem
cells.42

Of interest, distinct metabolic features can be char-
acterized in terms of the functional expression of ion
channels and diverse transporters among cHCECs with
high metabolic activity. Lactate/H+ cotransport via MCTs
is facilitated by HCO3

–, CA activity, Na+/H+ exchange,
and 1Na+:2HCO3

– cotransport.44 This indicates that the
efficient reduction of intracellular lactate is essential in
lowering corneal hydration, thus suggesting that cellular
buffering by HCO3

–, HCO3
– transporters, and CA activ-

ity might be a significant component of the CE pump
that reduces the risk of corneal edema by maintaining a
low level of stromal lactate.40 We found that CD44++/+++

CST cHCECs display segregated profiles of extracellularly
secreted metabolites (i.e., an increased amount of lactic acid
and TCA-cycle intermediates), whereas secreted serine and
branched-chain amino acids were decreased in the mature
cHCECs.15

Also of interest, we found that most enzymes with
mitochondrial localization were upregulated in the mature
cHCECs, whereas most enzymes with cytosolic localization
were upregulated in the CD44++/+++ CST cHCECs.15 To
maintain the physiological pHi homeostasis, cells report-
edly require the efflux of lactate and H+ to prevent intra-
cellular acidification.45,46 Among the cHCECs in this study,
MCT1 and MCT4 protein expression was unexpectedly
almost at comparable levels in the mature cHCECs and
the CST cHCECs (Fig. 5b). Hence, it may be critical to
further clarify the subcellular localization, including either
apical or basolateral, in future studies. A recent report
described the relevance of concerted actions for the differen-
tiation in mature adipocytes through upregulated MCT1- and
MCT4-mediated lactate flux and NBCe1 (SLC4A4)-mediated
HCO3

–/pH homeostasis,47 which may imply the relevance of
similar concerted actions in the differentiation of cHCECs.
Moreover, polarized expression of MCT has been reported,
with studies describing MCT1, MCT2, and MCT4 being
expressed in rabbit CE on both the apical and basolateral cell



SLC Transporters and Ion Channels in cHCECs IOVS | May 2020 | Vol. 61 | No. 5 | Article 47 | 11

FIGURE 7. pHi in the mature and CST cHCECs. A lower pHi was found in the mature cHCECs (7.09 ± 0.156) compared to the CST cHCECs
(7.35 ± 0.228) (P = 0.003966, Mann–Whitney U test). Phase contrast microscopy imaging revealed smaller sized cells in the mature cHCECs
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compared to the CST cHCECs. The corneal ECD was 1900 cells/mm2 in the mature cHCECs and 1231 cells/mm2 in the CST cHCECs. (a)
Fluorescence-activated cell-sorting (FACS) analysis. (b) Phase contrast microscopy images of the cultures on day 40 at the end of the passage
4 (upper) and after PBS treatments to clearly define the cell boundaries.

surface.48 Also, the cellular buffering contributed by HCO3
–,

NBCe1, and CA activity facilitates lactate/H+ efflux, thus
controlling corneal hydration in in vivo basolateral surfaces
and function to transport lactate/H+.49 These findings may
imply the relevance of similar concerted actions in the differ-
entiation of cHCECs. Although the function of MCT8 as a
transporter of thyroid hormones is well known in other cells,
the exact function of MCT8 in the physiological pHi home-
ostasis of cHCECs has yet to be elucidated.50

NHEs have multiple functions in pathological and phys-
iological processes, including regulation of NaCl transport,
intracellular acid–base balance, pH homeostasis, and, conse-
quently, cell volume.51–53 The Na+/H+ exchange activity of
NHE1 is crucial for pHi regulation, and, quite strikingly,
we found that NHE1 was expressed only in the mature
cHCECs. Activation of NHE1 by osmotic stress or intracel-
lular acidification and inhibition of NHE1 by ATP depletion
occur without detectable changes in the phosphorylation of
the exchanger.54 The stress of accelerated lactate produc-
tion in glycolysis in CD44++/+++ CST cHCECs would not be
compensated in the context of MCT, and the pHi homeosta-
sis might be fragile. For example, it was reported that p38
mitogen-activated protein kinase-dependent phosphoryla-
tion of NHE1 could be activated by platelet-derived growth
factorin culture medium,54–56 thus implying the metabolic
fragility of cHCECs and substantial interference with the
control of cell quality.

A TCA cycle supported by glutamine was reportedly
found to involve the supply of acetyl CoA to the TCA cycle.44

Glutaminolysis, which is needed to maintain CE function, is
severely disrupted in CE cells deficient in NH3/H+ cotrans-
porter SLC4A11.14 In a study by Guha et al.,57 the authors
suggested a possible role of SLC4A11 in regulating oxida-
tive stress. In this present study, we found that many of the
SLC4 family members were upregulated in the CST cHCECs
(Fig. 4). In a recent study, it was reported that the export
of NH3+ through SLC4A11 confers the proliferative features
to the corresponding cells.58 It is of note that the SLC4A11
gene is responsible for late-onset Fuchs corneal dystrophy,
congenital hereditary endothelial dystrophy, and posterior
polymorphous corneal dystrophy and has been applied in
the treatment of corneal endothelial dystrophy.19,59

In addition to the polarized presence of NHE1 in
the mature cHCECs, our findings, interestingly, confirmed
the polarized presence of mitochondria localized isoforms
of transporters CA5, SLC25A42, and SLC25A18 only in
the mature cHCECs. All of these isoforms are rele-
vant to providing substrates for mitochondrial respiration
(Figs. 4, 5, 6). Reportedly, the most important func-
tion of CAs is related to the respiration and transport
of CO2/bicarbonate in various tissues,60 and the primary
function of SLC25A42 is probably to catalyze the entry
of CoA into the mitochondria in exchange for adenine
nucleotides.37 SLC25A18 reportedly functions as a mitochon-
drial glutamate carrier 2 and may play a role in glutamine-
mediated anaplerosis.37 Furthermore, in this study, the
observed polarized presence of transporters that provide
the mitochondrial substrates was also confirmed in HCE
tissues with regard to ECD in CE tissues. The expres-

sion of CA5 and SLC25A42 was higher in HCE tissues
with an ECD of >3000. Conversely, the expression of
SLC25A18, a mitochondrial glutamate carrier 2, was higher
in HCE tissues with an ECD of <2000 (Supplementary
Fig. S3).

Divergent energetic requirements among heterogeneous
cHCECs may implicate either a segregated metabolic profile
or distinct mitochondrial function among the mature, imma-
ture, and CST cHCECs. Alterations in the metabolic features
in the context of polarized expression of ion channels and
SLC family transporters are consistent with our previous
observation that mature differentiated cHCECs become more
oxidative and elicit a reduced amount of lactate secretion
extracellularly, thus providing additional, relevant qualifica-
tion markers to identify heterogeneous cHCECs suitable for
cell-injection therapy. In the near future, it will be necessary
to conduct an intensive study to validate these findings and
confirm the functional activity of the components described
in this study.

In conclusion, the findings presented in this study
clearly indicate the necessity for much more extensive and
detailed studies regarding this new aspect of ion channels
and transporter-like proteins expressed in cHCECs. Further
intensive research is needed to provide new molecular
targets beyond cell-based therapy for CE disorders and to
provide a better understanding of the underlying molecular
mechanism in the differentiation of HCECs.
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