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PURPOSE. To investigate circadian clock oscillation and circadian global gene expression in
cultured human corneal endothelial cells (cHCECs) to elucidate and assess the potential
function of circadian regulation in HCECs.

METHODS. In this study, we introduced a circadian bioluminescence reporter,
Bmal1:luciferase (Bmal1:luc), into cHCECs and subsequently monitored real-time biolu-
minescence rhythms. RNA-sequencing data analysis was then performed using sequential
time-course samples of the cHCECs to obtain a comprehensive understanding of the circa-
dian gene expression rhythms. The potential relevance of rhythmically expressed genes
was then assessed by systematic approaches using functional clustering and individual
gene annotations.

RESULTS. Bmal1:luc bioluminescence exhibited clear circadian oscillation in the cHCECs.
The core clock genes and clock-related genes showed high-amplitude robust circadian
messenger RNA (mRNA) expression rhythms in cHCECs after treatment with dexametha-
sone, and 329 genes that exhibited circadian mRNA expression rhythms were identi-
fied (i.e., genes involved in various physiological processes including glycolysis, mito-
chondrial function, antioxidative systems, hypoxic responses, apoptosis, and extracellular
matrix regulation, which represent the physiological functions of HCECs).

CONCLUSIONS. Our findings revealed that cHCECs have a robust and functional circadian
clock, and our discovery that a large number of genes exhibit circadian mRNA expression
rhythms in cHCECs suggests a potential contribution of circadian regulation to fine-tune
HCEC functions for daily changes in the environment.
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The circadian clock is a fundamental system in most
organisms living on Earth, as it regulates diverse behav-

ioral and physiological functions. In mammals, the master
circadian pacemaker resides in the suprachiasmatic nucleus
of the hypothalamus and coordinates other peripheral circa-
dian oscillators distributed throughout the body, includ-
ing the eyes.1–6 In all mammalian cells, a set of transcrip-
tion factors comprised of cell-autonomous transcriptional
and translational feedback loops lead to circadian rhythms
of gene expression. The transcription factors CLOCK and
BMAL1 heterodimerize and positively regulate transcrip-
tion of Period (PER1, PER2, and PER3) and Cryptochrome
(CRY1 and CRY2) genes. The produced PER and CRY
proteins repress transcriptional activity of CLOCK/BMAL1
heterodimers and downregulate their own transcription,
thus constituting the primary feedback loop.7,8 The expres-

sion of BMAL1 is also controlled by a secondary feedback
loop in which retinoic acid receptor-related orphan receptor
(ROR)α and RORγ transactivate and REV-ERBα and REV-
ERBβ repress BMAL1 expression by competing bindings at
the BMAL1 promoter.9,10 These transcriptional loops regu-
late circadian expression of diverse clock-controlled output
genes.

In the eye, the circadian clock may contribute to diurnal
fluctuations in the physiological functions, such as intraoc-
ular pressure, anterior chamber depth, choroidal thickness,
and ocular length.11,12 These diurnal variations are thought
to be important for normal physiology of the eye and are
related to ocular diseases such as glaucoma, myopia, and
central serous chorioretinopathy. Moreover, previous stud-
ies have revealed diurnal variation in both corneal curvature
and thickness.13–17 Because the cornea is exposed to diurnal
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environmental changes, such as daytime light and nighttime
hypoxic conditions due to long periods of eyelid closure
during sleep, corneal cells might possibly have the ability to
predict and adapt to these environmental changes. During
morning hours, patients afflicted with bullous keratopa-
thy typically often experience worse vision. The findings
in a study on diurnal variation of corneal edema in Fuchs
endothelial corneal dystrophy (FECD) demonstrated that a
noticeable degree of morning edema exists in corneas with
advanced FECD, yet it resolves within the first 4 hours
after the eye is first opened.18 For decades, clinicians have
explained that morning corneal edema is due to decreased
oxygen levels beneath the closed eyelid during sleep.19–21

However, the specific mechanism has yet to be fully eluci-
dated.

It has been reported that in mice, circadian expression of
PER2::LUCIFERASE (PER2::LUC) bioluminescence reporter
is observed in both the corneal epithelial and endothelial
layers.22 In a previous rabbit-model study on corneal epithe-
lial cells, the findings revealed circadian rhythms in the
regeneration of the corneal epithelium.23 Although corneal
endothelial cells (CECs) also play pivotal roles in the main-
tenance of corneal functions and homeostasis, the circadian
regulation of CECs has yet to be well described.

In this present study, we investigated intracellular circa-
dian clock function in cultured human CECs (cHCECs) by
using mature differentiated cells that mimic the character-
istics of HCECs in healthy tissue in vivo.24 We performed
global expression analysis in HCECs to highlight the possi-
ble circadian regulation on human corneal endothelial func-
tions as an important system allowing eyes to adapt to daily
environmental changes.

MATERIALS AND METHODS

Donor Human Corneal Tissue and CECs

The human tissue used in this study was handled in accor-
dance with the tenets of the Declaration of Helsinki. The
HCECs used in the study were derived from donor corneas
obtained from CorneaGen Inc. (Seattle, WA, USA) and were
cultured prior to the experiments, with subsequent analysis
being performed. Informed written consent for eye dona-
tion for research was obtained from the next of kin of
all deceased donors. All tissues were recovered under the
tenets of the Uniform Anatomical Gift Act of the particu-
lar state in which the donor consent was obtained and the
tissue was recovered. All donor corneas were preserved in
Optisol-GS (Chiron Vision, Irvine, CA, USA) corneal stor-
age medium and then shipped via international air trans-
port for research purposes. Donor information accompany-
ing the donor corneas showed that all donors were consid-
ered healthy and absent of any corneal disease at the time
when the corneas were obtained.

Cultured HCECs

The HCECs were cultured according to the previously
published protocols, but with some modifications.25–29

Briefly, Descemet’s membranes with CECs were stripped
from the donor corneas and digested at 37°C with 1 mg/mL
collagenase A (Roche Applied Science, Penzberg, Germany)
for 2 hours. The HCECs obtained from a single donor cornea
were then seeded in one well of a type I collagen–coated
six-well plate (Corning, Inc., Corning, NY, USA). The culture

medium was prepared according to the published proto-
cols.25–29 The HCECs were then passaged after harvest with
10× TrypLE Select (Thermo Fisher Scientific, Waltham, MA,
USA) treatment at 37°C for 12 minutes after reaching conflu-
ence. The HCECs at passages two to four were used for
all experiments. Phase-contrast images of the HCECs were
obtained via the use of an inverted microscope system
(CKX41; Olympus Corporation, Tokyo, Japan).

Flow Cytometry Analysis of cHCECs

The HCECs were collected from the culture dish by TrypLE
Select treatment and suspended at a concentration of 4 ×
106 cells/mL in fluorescence-activated cell sorting (FACS)
buffer (i.e., phosphate buffered saline containing 1% bovine
serum albumin and 0.05% NaN3). Next, an equal volume
of antibody solution was added and incubated at 4°C
for 2 hours. The antibodies used were as follows: fluo-
rescein isothiocyanate-conjugated anti-human CD90 mono-
clonal antibody (mAb), phycoerythrin (PE)-conjugated anti-
human CD166 mAb, PerCP-Cy5.5 conjugated anti-human
CD24 mAb, and PE/Cy7-conjugated anti-human CD44 (all
obtained from BD Biosciences, San Jose, CA, USA), as
well as eBioscience allophycocyanin (APC)-conjugated anti-
human CD105 (Thermo Fisher Scientific). After washing with
FACS buffer, the HCECs were analyzed by use of the BD
FACSCanto II Flow Cytometry System (BD Biosciences).

Reagents

Rho-associated protein kinase inhibitor Y-27632 was
obtained from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Fetal bovine serum was obtained from Thermo
Fisher Scientific, and plastic culture plates were obtained
from Corning.

Plasmids and Transfection

At 1 day after passage, the cells were transfected with
the Bmal1:luciferase (Bmal1:luc)–pT2A plasmid30 and the
Tol2 transposase expression vector pCAGGS-TP by using
FuGENE HD Transfection Reagent (Promega Corporation,
Madison, WI, USA) according to the manufacturer’s instruc-
tions.

Bioluminescence Imaging

For bioluminescence imaging, the medium was replaced
with a medium containing 0.2-mM luciferin with or with-
out 100-nM dexamethasone (DEX). Next, via the use of a
bioluminescence microscope imaging system (LV200 LUMI-
NOVIEW; Olympus Corporation), 20-minute-exposure time-
lapse images of the cells were collected at 60-minute inter-
vals.

Period Analysis

The data recorded via use of the LV200 LUMINOVIEW biolu-
minescence microscope image system were analyzed using
a sine-wave fitting. A linear baseline was subtracted from
the raw data, and each value was then further divided by
the standard deviation within the sliding 24-hour window
for amplitude normalization. The detrended data from 13 to
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72 hours were then used for analysis. The sine-wave fitting
was performed using the following equation:

y (t ) = A sin

(
2π (t − ϕ)

τ

)

where A = amplitude, t = time, τ = period, and ϕ = phase.

RNA Sequencing

We used cHCECs cultured from a single donor cornea. The
medium of cHCECs was replaced with a medium contain-
ing 100-nM DEX, which was present throughout the time-
course experiment. The cells were frozen at the indicated
time points. Cells were harvested from a dish per one
time point over two complete circadian cycles. Total RNA
was extracted from the cells via use of the miRNeasy Kit
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions. PolyA RNA selection, library construc-
tion using the TruSeq RNA Sample Prep Kit v2 (Illumina,
Inc., San Diego, CA, USA), and RNA sequencing (RNA-seq)
was performed by Macrogen Japan (Tokyo, Japan) using the
NovaSeq 6000 Sequencing System (Illumina) with 101-bp
paired-end reads according to the manufacturer’s instruc-
tions. After adaptor sequence trimming using the Java appli-
cation Trimmomatic was performed,31 the sequenced reads
were mapped to the human genome (GRCh38/hg38) using
the STAR open-source software package.32 To obtain reli-
able alignments, the reads with a mapping quality of less
than 10 were removed by the SAMtools set of utilities.33 The
known canonical gene set (60,675 genes) in the University
of California, Santa Cruz, GENCODE Gene Track Version
36 was used for annotation, and the reads mapped to the
exons were quantified using the HOMER analysis suite34

as previously described.35 To report one isoform per locus
(gene symbol), the highest expressed isoform was chosen.
A gene was assumed to be expressed if there were more
than 20 reads mapped, on average, in the exon of the gene.
An expression level cutoff—average fragments per kilobase
of exon per million reads (FPKMs) of > 0.5—was used
for the downstream data analysis. RNA cycling was deter-
mined using Metacycle (an integrated R package to evalu-
ate periodicity in large-scale data; R Foundation for Statis-
tical Computing, Vienna, Austria)36 with P < 0.05, rAMP
of > 0.1, and the following options: minper = 20, maxper
= 28, cycMethod = c(“ARS,”“JTK,”“LS”), analysisStrategy =
“auto,” outputFile = TRUE, outIntegration = “both,” adjust-
Phase = “predictedPer,” combinePvalue = “fisher,” weight-
edPerPha = TRUE, ARSmle = “auto,” and ARSdefaultPer
= 24. The functional enrichment analysis on the identi-
fied gene list was performed via the use of Metascape.37

To compare the global gene expression profile obtained
from the cHCEC samples with that in the previous study.38

Sequence Read Archive (SRA) files in GSE65991 were down-
loaded from the SRA (National Center for Biotechnology
Information, Bethesda, MD, USA), converted to FASTQ files
using the National Center for Biotechnology Information
SRA Toolkit, and then analyzed as described above. A Chow–
Ruskey diagram of the multiple comparison overlaps of the
expressed genes was made with R using the Vennerable
package.39 DESeq2 rlog-transformed raw counts of genes
expressed in at least one cell type in the Chow–Ruskey
diagram (17,557) were used for hierarchical cluster analy-
sis using hclust from the standard R package.

Real-Time Quantitative PCR

Total RNA was subjected to cDNA synthesis with random
hexamer primers and M-MLV Reverse Transcriptase (Thermo
Fisher Scientific), a recombinant DNA polymerase, accord-
ing to the manufacturer’s instructions. Real-time quantita-
tive polymerse chain reaction (qPCR) was performed via
the use of iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and the StepOne-
Plus Real-Time PCR System (Thermo Fisher Scientific). The
primer sequences used for qPCR are listed in Supplementary
Table S1.

RESULTS

Robust Circadian Rhythms of Bmal1:luc Reporter
Expression in cHCECs

To assess the circadian clock function in HCECs, we intro-
duced a circadian bioluminescence reporter, Bmal1:luc, in
which transcription of the luciferase gene is driven by
promoter of a core clock gene, Bmal1, into cHCECs derived
from an adult donor (Fig. 1A). After repeated passaging of
the cHCECs, Bmal1:luc bioluminescence was recorded via
the use of a high-sensitivity, electron-multiplying, charge-
coupled-device camera–based microscope. A biolumines-
cence image displaying cells with the Bmal1:luc reporter
is shown in Figure 1B. Sequential imaging clearly demon-
strated time-dependent fluctuations of bioluminescence
(Fig. 1C; Supplementary Video). Quantification of the biolu-
minescence revealed that most cells showed clear circadian
oscillation of Bmal1:luc bioluminescence (Fig. 1D). Periods
of bioluminescence rhythms were calculated from single-cell
recordings distributed in the range of 20.2 to 25.4 hours,
and the mean period was 22.5 hours (Fig. 1E). Our findings
clearly indicate that the cHCECs have the functional circa-
dian clock machinery of transcriptional/translational feed-
back loops.

To assess the susceptibility of the circadian clock in the
cHCECs to resetting by an external stimulus, the cells were
treated with a medium containing DEX that is known to
entrain the peripheral circadian clock. Our findings showed
that the amplitude of bioluminescence rhythms in a cell
population was increased upon DEX treatment of the cells
(Fig. 1F). Taken together, these findings suggest that cHCECs
possess cell-autonomous and entrainable circadian oscilla-
tors.

Global Gene Expression Analysis of cHCECs

To understand the circadian gene expression network and its
possible physiological impact on the local circadian clock-
work in cHCECs, the cells were entrained with DEX and total
RNA was extracted from the cells at 4-hour intervals over a
2-day period (range, 16–64 hours) after DEX treatment. RNA
samples from the cHCECs were then analyzed by polyA RNA
selection and RNA-seq. We first compared the global gene
expression profile obtained from our cHCEC samples with
that obtained in the previous study, which provides tran-
scriptome analyses of ex vivo HCEC culture (evHCEnC) and
primary HCEC culture (pHCEnC), and distinct HCEC lines
(HCEnC and HCEC).38 Our findings revealed that 10,562
out of 13,499 genes (i.e., more than 78% of expressed
genes) were overlapped among the HCEC samples (Fig. 2A;
Supplementary Table S2). Hierarchical clustering of HCEC
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FIGURE 1. Circadian bioluminescence rhythms of the Bmal1:luc reporter in cHCECs. (A) A phase image of the cHCECs. Scale bar: 50 μm.
(B) Representative bioluminescence image showing cells with Bmal1:luc reporter expression. Numbers indicate cells corresponding to the
numbers in (D). Scale bar: 100 μm. (C) Sequential bioluminescence images of cells #2 and #3 at 1-hour intervals. (D) Bioluminescence from
each cell quantified and plotted on a graph. (E) The period of each bioluminescence rhythm was calculated and plotted (black dots). The
red line indicates the mean period. (F) Circadian bioluminescence rhythms were entrained upon the exchange to the medium containing
dexamethasone. Bioluminescence in a cell population was plotted. Time 0 indicates the timing of the medium exchange.
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FIGURE 2. Global expression analysis validating the characteristics of cHCECs. (A) Chow–Ruskey diagram showing overlaps among expressed
genes in our cHCECs and other HCECs reported in a previous study38 (further described in the text). Each number in parentheses indicates
the number of expressed genes in each cell type. Of all cell types analyzed, a total of 10,562 genes were found to be commonly expressed.
(B) Hierarchical cluster analysis of gene expression profiles of 13 time-course samples of cHCECs with previously reported HCECs using
the complete linkage method with Euclidean distance. (C) Flow cytometry analysis showing that the dominant population of cHCECs shows
characteristics of in vivo healthy-tissue HCECs.

gene expression datasets further revealed that our cHCEC
samples showed a close relationship with the evHCEC and
pHCEC samples in the previous study, thus suggesting a
gene expression profile similar to that of in vivo CECs
(Fig. 2B); that is, the cHCECs are divided into subpopula-
tions in which CD44−/dull mature differentiated cells with-
out cell-state transition (CST) are selectively applicable for
cell-based therapy.25,26,40 Flow cytometry analysis revealed
that the majority of cHCECs showed CD166+/CD24−/
CD26−/CD44−/dull/CD105−/dull characteristics that mimic the
cell surface markers of in vivo healthy-tissue HCECs
(Fig. 2C).25 Collectively, these findings suggest that our
cHCECs had the characteristics of in vivo HCECs.

Comprehensive Analysis of the Circadian Profiles
of Global Gene Expression Rhythms in the
cHCECs

Given the consistency and the validity of the gene expression
profiles of the cHCECs, we next set out to explore potential
circadian regulation of the global gene expression patterns.
RNA-seq analysis revealed that as many as 329 genes were
cyclically expressed within the standard range of a circadian
period (Fig. 3A; Supplementary Table S3). The peak phase of
mRNA expression of each gene varied throughout the circa-
dian time (Fig. 3B). Of important interest, the core clock
genes including PER1, PER2, CRY1, CRY2, and BMAL1 (also
called ARNTL) showed clear circadian oscillation of mRNA
expression (Fig. 3C; Supplementary Fig. S1). NR1D1 and
NR1D2, which encode REV-ERBα and REV-ERBβ, respec-
tively, and DBP, which encodes a clock-related transcription
factor, also exhibited circadian mRNA expression with high
amplitudes. Phase analysis of clock and clock-related genes

demonstrated an obvious antiphase relationship between
E-box–driven PER1 and PER2 and ROR-response-element–
driven BMAL1 and NPAS2 (Fig. 3D). These results clearly
indicate that the functional circadian transcriptional feed-
back loops are maintained in cHCECs with an adequate
phase relationship.

Gene ontology analysis of the 329 cycling genes demon-
strated that circadian rhythm was ranked at the top of the
enriched terms (Fig. 3E). There are also other enriched terms
related to several metabolic processes and signaling path-
ways. In the context of diurnal fluctuation of the availability
of oxygen in the cornea, we first focused on genes involved
in glycolysis, mitochondrial functions, and energy homeosta-
sis and then identified a set of oscillating genes, including
PDK4, SLC25A10, MTHFD1L, LDHD, MTERF2, MAP1LC3C,
PRKAG2, DEPTOR, AKR1C1, AKR1C3, ALFH3A2, and
ALDH4A1 (Fig. 3F; also see Discussion). These findings
suggest the possibility that glycolysis and mitochondrial
functions can be affected by the intrinsic circadian clock in
CECs.

Implication of Circadian Gene Expression for
Human Corneal Physiology

To further identify rhythmically expressed genes with poten-
tial relevance in the physiology of CECs, we surveyed
the gene clusters involved in corneal endothelial func-
tions by using a list of the top 100 abundantly expressed
genes. Our findings revealed a number of genes that
were previously identified as highly expressed genes in
HCECs41–43 and that those abundantly expressed genes
are related to ion transport (ATP1A1, SLC4A11, CA2, CA3,
CA12, and AQP1), extracellular matrix (ECM) regulation
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FIGURE 3. Comprehensive analysis of global circadian gene expression in cHCECs. (A) Heatmap image of the cycling genes. Each gene
is represented as a horizontal line ordered vertically by phase as determined by MetaCycle. The indicated time (h) means the time after
dexamethasone treatment. (B) Phase distribution of the cycling genes. (C) Circadian expression of clock and clock-related genes in the
cHCECs. (D) Phase distribution of the clock and clock-related genes. Peak phase in radian was plotted in a circadian cycle. Peak phase
of BMAL1 expression was set to 0/2π . (E) The top 20 enriched terms of functional enrichment analysis of 329 cycling genes obtained by
Metascape. (F) mRNA expression rhythms of the cycling genes involved in glycolysis, mitochondrial function, and energy homeostasis.

and barrier function (COL8A1, COL8A2, COL1A2, and
COL12A1), mitochondrial function (ATP5F1B and a number
of mitochondrially encoded genes), and glycolysis (SLC2A1,

ENO1, and ALDOA) (Fig. 4A). The genes PTGDS and
ALCAM (CD166) are also reportedly highly expressed in
HCECs.41,42,44,45 Our gene ontology analysis rendered a
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FIGURE 4. Circadian expression of genes involved in clusters of corneal endothelial function. (A) The top 100 highly expressed genes in the
cHCECs. The average expression levels of 13 time-course samples were plotted. (B) The network view of the functional enrichment terms
of 100 highly expressed genes obtained by Metascape analysis. (C) mRNA expression rhythms of the cycling genes involved in the indicated
functions. The indicated time (h) means the time after dexamethasone treatment.

network plot of highly expressed genes in the cHCECs
(Fig. 4B). Enriched terms likely represent important phys-
iology and functions in HCECs, including translation, bicar-

bonate transport, ECM regulation, and response to oxygen
level, as well as glycolysis and adenosine triphosphate
biosynthesis.
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Given the functional network, we identified a set of oscil-
lating genes involved in each cluster of the enriched terms,
including the genes MT1X and MT2A in the cluster of ion
homeostasis, the genes HIF1A and BCL2L1 in the cluster
of hypoxic response and apoptosis, and the genes COL5A3,
LOXL4, SEMA7A, and ADAMTS4 in the cluster of ECM regu-
lation (Fig. 4C). Collectively, these findings highlight the
potential functional significance of the local circadian clock
in corneal endothelium, although the physiological impor-
tance must be further evaluated.

DISCUSSION

To the best of our knowledge, the findings in this study are
the first to identify the functional circadian clock in HCECs.
Moreover, our further analysis of the global gene expression
profiles demonstrated that a number of genes are expressed
in a circadian manner in cHCECs. Given that the cornea is
exposed to daily environmental changes, such as light and
eyelid closure-induced hypoxia during sleep, maintaining a
circadian homeostasis in corneal cells must surely be neces-
sary. It was previously reported that the absence of the core
clock gene Bmal1 resulted in a loss of circadian regula-
tions, an acceleration of aging, and a shortened life span
in mice.46 Bmal1-deficient mice develop ocular abnormali-
ties such as a leukoplakic plaque on the cornea. Moreover,
histological examinations have revealed corneal neovascu-
larization, keratinization, and progressive inflammation.46,47

These observations suggest that circadian homeostasis is
essential for maintaining a healthy cornea. Although the
regulatory mechanism controlling circadian corneal physi-
ology has yet to be fully elucidated, the highly robust circa-
dian clock in cHCECs may represent the importance of
the local circadian clock in corneal endothelium. Consid-
ering that circadian intraocular pressure rhythms primarily
depend on dual pathways of glucocorticoid and the sympa-
thetic nervous system, but not on the local ciliary clock,48

further studies are needed to reveal the role of the local
circadian clock in CECs.

Of note, although we focused on the circadian clock in
CECs in this study, the circadian clock in other types of cells
in cornea including immune cells, corneal neural cells, and
stromal cells remains to be elucidated. Given that the circa-
dian clock in corneal epithelial cells has been reported in
mice previously,22 it should also be worth investigating the
circadian clock in these specific types of cells in cornea.

One of the important roles of CECs is to maintain corneal
transparency by pumping fluid from the stroma to the
anterior chamber. To produce sufficient energy for active
pumping, CECs are highly enriched with mitochondria to
satisfy the continuous energy demand. The hypoxic condi-
tion during sleep leads to increased lactate production and
is considered to increase energy demand for the pump
function of corneal endothelium.49 Given that the PDK4
function acts as a switch from mitochondrial respiration
to glycolysis, circadian regulation of PDK4 expression may
optimize energy production in accordance with circadian
time of day. As it has been reported that PDK4 expres-
sion is regulated by the circadian clock in murine periph-
eral tissues, including heart and skeletal muscle,50,51 circa-
dian clock-dependent PDK4 expression may represent a
universal basis for circadian homeostasis of glucose and fatty
acid utilization for energy production across tissues. Circa-
dian expression of the gene HIF1A also highlights the fluc-
tuation of glycolytic processes and oxygen metabolism in

HCECs. Accumulating evidence suggests that the circadian
control of oxygen consumption and glycolysis is mediated
via HIF1α.52,53 Circadian expression of PDK4 andHIF1Amay
serve as a system that predicts circadian time-dependent
hypoxic conditions and energy demand, thus optimizing
the energy production in HCECs. If the circadian clock
has a role in energy production required for the mainte-
nance of water flux, malfunction of circadian regulation
could aggravate morning edema, which is often observed
in bullous keratopathy. A previous study has shown that
expression levels of genes involved in several pathways
including glycolysis, responses to hypoxia, and oxidation-
reduction processes are altered in the CECs of patients
with bullous keratopathy.54 Therefore, proper regulation of
gene expression in these pathways would be related to
normal corneal endothelial function, although further study
is needed to evaluate the relevance of circadian regulation.

SLC25A10 is a mitochondrial carrier protein that trans-
ports the dicarboxylate substrates, thus regulating NADH
synthesis and redox homeostasis to protect cells against
oxidative stress.55 Intriguingly, the findings in a previous
study demonstrated that CLOCK can bind to and acetylate
SLC25A10 and regulate its function.56 Circadian expression
of SLC25A10 has also been shown in the mouse liver. Thus, it
is possible that SLC25A10 also mediates circadian regulation
of mitochondrial function in CECs. Reportedly, another mito-
chondrial gene, methylenetetrahydrofolate dehydrogenase
1-like (MTHFD1L), shows circadian expression in the mouse
liver that is transcriptionally regulated by CLOCK/BMAL1 via
its E-box sequence.57 Moreover, other genes implicated in
the regulation of mitochondrial function and energy home-
ostasis, such as lactate dehydrogenase D (LDHD),58 mito-
chondrial transcription termination factor 2 (MTERF2),59

mitophagy regulatorMAP1LC3C,60 a non-catalytic subunit of
AMP-activated protein kinase (PRKAG2),61 and an inhibitory
regulator of mTOR complex 1 (DEPTOR)62 also exhibit
clear circadian mRNA expression rhythms. Considering that
recent studies have revealed circadian regulation of mito-
chondrial morphology and generation, as well as respiratory
function,63 it may be important for metabolically active and
mitochondria rich HCECs to coordinate energy balance and
mitochondrial respiration with diurnal changes in environ-
ment.

Another important aspect of high mitochondrial activ-
ity is the enhanced production of reactive oxygen species
(ROS). Oxidative stress has been implicated in the pathogen-
esis of corneal endothelial disorders, including FECD.64,65

Thus, it would be advantageous to upregulate antioxidative
mechanisms against ROS, especially in the active phase of
mitochondrial respiration. Circadian expression of antiox-
idant factors including metallothionein genes MT1X and
MT2A, aldo/keto reductase genes AKR1C1 and AKR1C3,
and aldehyde dehydrogenase genes, such as ALDH3A2 and
ALDH4A1, may contribute to the prediction and counter-
action of the daily raise of ROS produced by mitochon-
drial activity.66–69 In addition to those factors, anti-apoptotic
BCL2L1, which reportedly shows circadian expression in
various tissues, may participate in the defense system against
oxidative stress.70 In our analysis, the findings also identified
genes involved in ECM regulation and cell-to-cell interaction,
such as SEMA7A, LOXL4, COL5A3, and ADAMTS4. Report-
edly, SEMA7A is expressed in the corneas of mice and links
corneal nerve regeneration and inflammatory processes.71

Also, LOXL4 is slightly decreased in keratoconus corneas72

and is essential to the wound-healing mechanism in human
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corneal epithelial cells.73 However, the relevance of those
genes to the function of HCECs remains unclear. Further
evaluation of circadian gene expression rhythms identified
in this study is necessary to establish the physiological
significance of the circadian clock in HCECs.

In this study, we used CD44−/dull mature differentiated
cHCECs without CST, which mimic the characteristics of in
vivo healthy-tissue HCECs and thus would be useful for eval-
uating the physiological relevance of the circadian clock in
HCECs. To further elucidate the function of healthy CECs,
a similar further study involving cHCECs with CST, which
share the characteristics of damaged HCECs observed in
corneal diseases such as FECD, may be required.74 It is also
important to investigate inter-individual differences in circa-
dian gene expression using corneas from multiple donors in
a future study. The identification of a robust and entrainable
circadian clock in cHCECs suggests potential molecular links
between the circadian clock and CEC function. Further anal-
yses should be conducted to clarify circadian regulation in
physiological processes including glycolysis and mitochon-
drial functions in HCECs. As our cHCECs should have kept
the in vivo characteristics of CECs, this study could shed new
light on the regulation of corneal endothelial function and
pave the way for further understanding of human corneal
physiology.
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