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PURPOSE. To reveal the mechanism triggering the functional disparity between degener-
ated and non-degenerated corneal endothelium cells in the water efflux from corneal
stroma to the anterior chamber.

METHODS. The varied levels of the microRNA (miR)-34, miR-378, and miR-146 family
in human corneal endothelium and cultured cells thereof were investigated using 3D-
Gene Human miRNA Oligo Chips. Concomitantly, CD44, p53, c-Myc, matrix metallopro-
tease (MMP)-2 expression, and Ras homolog gene family member A (Rho A) activity was
correlated to the expression intensities of these microRNAs, partly complemented with
their altered expression levels with the transfection of the corresponding mimics and
inhibitors. The levels of miRs were further associated with intracellular pH (pHi) and
mitochondrial energy homeostasis.

RESULTS. P53-inducible miR-34a/b repressed CD44 expression, and CD44 was repressed
with the elevated c-Myc. The repressed miR-34a activated the CD44 downstream factors
Rho A and MMP-2. MiR-34a mimics downregulated pHi, inducing the skewing of mito-
chondrial respiration to oxidative phosphorylation. The oxidative stress (H2O2) induced
on human corneal endothelial cells, which repressed miR-34a/b expression, may account
for the impaired signaling cascade to mitochondrial metabolic homeostasis necessary for
an efficient water efflux from the corneal stroma.

CONCLUSIONS. The upregulated expression of CD44, through repressed miR-34a/b by reac-
tive oxygen species and elevated c-Myc by oxidative stress, may impair mitochondrial
metabolic homeostasis, leading to human corneal endothelial failure.

Keywords: CD44 and miRNA, mitochondria metabolic homeostasis, human corneal
endothelium failure, intracellular pH, oxidative stress

A single layer of human corneal endothelial cells (HCECs)
in the human corneal endothelium (HCE) forms a

barrier between the corneal stroma and aqueous cham-
ber (AC).1,2 HCECs are metabolically active and facilitate a
pumping action with an active efflux of ions from the corneal
stroma into the AC,3 thereby preventing stromal overhydra-
tion to maintain corneal transparency. HCEC attrition beyond
approximately 500 cells/mm2 results in endothelial decom-
pensation.4

Allogeneic corneal transplantation, or keratoplasty, is
currently the standard clinical modality for patients with
corneal endothelial degeneration.5–7 Several new modali-
ties have been recently reported, including cell therapy by
cultured HCECs (cHCECs).8,9

The putative population of endothelial progenitors can
harbor stem cell–like or dedifferentiated cell characteristics
in the peripheral HCE or cHCECs.4,10,11 We have proposed a
new avenue to achieve efficient in vitro propagation through
the dedifferentiation of mature HCECs into progenitor-like

cells, followed by the differentiation of thus induced imma-
ture proliferative (progenitor) HCECs into mature differenti-
ated HCECs.10,11 Propagated cHCECs are relatively homo-
geneous compared to directly expanded cHCECs, which
tend to be a mixture of subpopulations (SPs) with distinct
cell-state transition (CST) phenotypes.12 We have success-
fully identified cHCEC SPs with high clinical efficacy (occa-
sionally described as effector cells) versus those with low
clinical efficacy.9,13 We have also specified the effector cell
cHCEC SPs with CD133, CD105, CD90, CD44, CD26, CD24,
and human leucocyte antigen (HLA)-DR as negative and
CD166, HLA-ABC, and programmed cell death ligand 1
(PD-L1) as positive, as well as the manufacturing approach
thereof.12,14,15

Mitochondrial oxidative phosphorylation (OXPHOS)
in mature differentiated SPs is more dominant, whereas
both glycolysis and OXPHOS are elevated in cHCEC SPs
with CST,10,11,16 including dedifferentiation, epithelial–
mesenchymal transition (EMT), immaturity, and cell
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senescence. The preliminary proteome analysis has revealed
that functionally critical ion channels and transporters—
solute carrier family 4 member 11 (SLC4A11), aquaporin 1
(AQP1), and Na+/H+ exchanger 1 (NHE1)—are selectively
polarized in mature differentiated cHCEC SPs.1,17 AQP1
and SLC4A11, together with the ordered expression of
zonula occludens-1 (ZO-1), on HCE are critical players
engaging in the water efflux from the corneal stroma into
the AC.18 SLC4A11 is mutated in late-onset Fuchs’ corneal
dystrophy and in the congenital hereditary endothelial
dystrophy (CHED) of corneal endothelium.19–23 Individuals
with CHED have mutations in SLC4A11, which encodes a
transmembrane protein in the SLC4 family of bicarbonate
transporters.

There are several reports that intracellular pH (pHi) is
related to mitochondrial respiratory functions and indirectly
to cell differentiation.24–32 The maintenance of glycolysis
and OXPHOS-processing enzymes is highly dependent on
pHi. In this context, our recent study has revealed that pHi
regulates not only the HCEC fate, such as differentiation
versus CST, dedifferentiation, or EMT, but also mitochon-
drial metabolic homeostasis; consequently, it is associated
with efficient water efflux in cell therapy from the corneal
stroma into the AC by the injection of mature differentiated
cHCEC SPs.17

In the present study, we revealed the molecular
mechanisms underlying HCE failures—namely, the func-
tional disparity between degenerated and non-degenerated
HCECs. We confirmed that p53-inducible microRNA (miR)-
34a downregulates CD44 expression in a concerted manner
with the elevated c-Myc and that the miR-34a/CD44 axis
activates the downstream factors of CD44, including Ras
homolog gene family member A (Rho A) and matrix metal-
loprotease (MMP)-2. In addition, MiR-34a mimics downreg-
ulate pHi, inducing the polarization of mitochondrial respi-
ration to OXPHOS.25,33 The oxidative stress imposed on the
cHCECs depressed miR-34a expression.

MATERIALS AND METHODS

HCEC Donors, Cell Cultures, and Flow Cytometry
Analysis

The human tissue used in this study was handled in accor-
dance with the tenets set forth in the Declaration of Helsinki.
Human donor corneas were obtained from CorneaGen,
Inc. (Seattle, WA, USA), as described in the Supplementary
Section (Supplementary Table S1). Unless stated otherwise,
the HCECs were cultured according to the published proto-
cols.10,12,14,15 The 30 lots of cHCECs used in this study are
summarized in Supplementary Table S2. All procedures for
flow cytometry analysis were the same as described previ-
ously.14 Phase-contrast microscopy images were captured
using the Olympus CKX41 Inverted Microscope (Olympus
Corporation, Tokyo, Japan).

Cell Fractionation

Cell fractionation was performed using a nuclear/cytosol
fractionation kit (K266-25; BioVision, Milpitas, CA, USA)
according to the manufacturer’s instructions. In brief, the
cells were lysed and the cell suspension was centrifuged
at 15,000g for 5 minutes. The resulting supernatant was
then collected as the cytosol fraction. The cytosol-depleted
pellet was solubilized in nuclear extraction buffer. Follow-

ing centrifugation at 15,000g for 10 minutes, the supernatant
was collected as the nuclear fraction. Fraction purity was
analyzed by immunoblotting. Histone H3 and β-actin were
used as nuclear and cytosol-specific markers, respectively.

Western Blotting of p53, p21, Rho A, and MMP-2

The basic procedures are the same as described previ-
ously.10,14–16 The primary antibodies were obtained as
follows: Na+/K+-ATPase (#05-369; Merck KGaA, Darm-
stadt, Germany); β-actin (#4967), heme oxygenase-1 (HO-1;
#5061), p53 (#9282), phospho-p53 (Ser15; #9284), phospho-
H2A histone family member X (H2AX, Ser139; #9718),
sirtuin 1 (SIRT1; #9475), p21 (#2946), and mitochondrial
transcription factor A (TFAM; #8076) from Cell Signal-
ing Technology (Danvers, MA, USA); c-Myc (ab32072), DJ-
1 (ab18275), Kelch-like ECH-associated protein 1 (Keap1;
ab66620), nuclear factor erythroid 2-related factor 2 (Nrf2;
ab62352), translocase of outer mitochondrial membrane 20
(TOMM20; ab56783), and voltage-dependent anion channel
(VDAC; ab235143) from Abcam (Cambridge, UK); histone
H3 (#05-928; MilliporeSigma, Temecula, CA, USA); PGC1-a
(NBP1-04676; Novus Biologicals, Littleton, CO, USA); and
Rho A (ab54835) and MMP-2 (ab92536) from Abcam. Goat
anti-mouse immunoglobulin G (IgG) and goat anti-rabbit
IgG (H+L; Southern Biotech, Birmingham, AL, USA) were
used as the secondary antibodies. MagicMark XP Western
Protein Standard (Thermo Fisher Scientific, Waltham, MA,
USA) was used as the molecular weight marker. The protein
bands were made visible by a Western BLoT HRP substrate
series (TakaraBio, Shiga, Japan).

Enzyme-Linked Immunosorbent Assay and
Mitochondrial Respiration Assay

Enzyme-linked immunosorbent assays and mitochondrial
respiration assays were performed as described previ-
ously.10,11,14 The oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) were analyzed according
to the manufacturer’s protocol using the Seahorse XFe24
Analyzer (Agilent Technologies, Santa Clara, CA, USA).11,14

Quantitative Real-Time Polymerase Chain
Reaction and MicroRNA Expression Profiling

Polymerase chain reaction (PCR) was performed under the
conditions described previously.10–12 The levels of miR-
34a, mir-34b, mir-378a, CD44, p53, IL-8, platelet-derived
growth factor (PDGF)-ββ, vascular endothelial growth
factor (VEGF), and Rho A were normalized to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
the results were presented as 2−�Ct (relative units of expres-
sion). The primers used are listed in Supplementary Table
S3 by the assay IDs of the manufacturers.

For miRNA expression profiling, 3D-Gene Human miRNA
Oligo Chips (miRBase version 17-21; Toray Industries, Inc.,
Tokyo, Japan) were used, and the other procedures were the
same as those described previously.33

Transfection of miR Mimics or Inhibitors

The transfection of both miR mimics and miR inhibitors at
30 nM was conducted using the Lipofectamine RNAiMAX
reagent (Thermo Fisher Scientific) according to the manu-
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facturer’s protocol. The mimics and inhibitors targeting
miR-34a, miR-34b, miR-378a, and negative control mimics
or inhibitors were purchased from Thermo Fisher Scientific.
Each vector plasmid was combined with each miRNA trans-
fection by using a DharmaFECT Duo reagent (GE Health-
care Dharmacon, Lafayette, CO, USA) in accordance with the
manufacturer’s protocol.

Detection of p53 and p21 Proteins Induced by
Nutlin-3a

Immature cHCEC SPs at the proliferative stage with
CD44++/+++ (71.5%) were stimulated with a mouse double
minute 2 homolog (MDM2) inhibitor, Nutlin-3a, for 24 hours,
and the induction of p53 and p21 proteins was monitored
by western blotting (WB). The direct monitoring of p53
activity in both mature and immature cHCEC SPs had been
unsuccessful; therefore, this indirect method was adapted
to monitor the induction of p21 protein, which is known
to be in parallel with p53 activity.34,35 Cells (5–7 × 105/mL)
were cultured for 24 hours with the indicated concentrations
of Nutlin-3a, and whole cell lysate (40 mg) was prepared.
The expression levels of p53-related proteins were detected
using WB analysis, and those of miR-34a and miR-34b were
detected by quantitative real-time polymerase chain reac-
tion (qRT-PCR). The stimulation level (fold induction) was
determined by setting the value without Nutlin-3a as 1.0.
Experiments were performed in duplicate, and the results
are expressed as mean ± SD.

Rho A Activation Assay

Cells grown under normal conditions were treated in
serum starvation conditions (1% fetal bovine serum [FBS])
for 6 hours, after which the samples were collected
and preserved through snap-freezing in liquid nitrogen.
After the protein quantity was made equivalent across all
samples by measuring the protein concentration using a
Bradford reagent through a NanoDrop spectrophotometer
(immunoblotting; Thermo Fisher Scientific), Rhotekin-RBD
beads and other reagents from the RhoA Pull-Down Acti-
vation Assay Biochem Kit (#BK036-S; Cytoskeleton, Inc.,
Denver, CO, USA) were added to the protein lysates and then
centrifuged as described in the product protocol according
to the manufacturer’s instructions. WB was then performed
on the proteins that remained bound to the beads, using a
special Rho A primary antibody provided by the manufac-
turer.

Immunocytochemical Detection of MMP-2

To compare the correlation of the expression of miR-34a
and MMP-2, cHCEC SPs with either high or low expres-
sion of intracellular miR-34a were fixed for 10 minutes at
−30°C with cold methanol and then blocked with 1% FBS
in Dulbecco’s phosphate-buffered saline (Nacalai Tesque,
Kyoto, Japan) for 60 minutes at room temperature. The
cells were then stained overnight at 4°C with anti-MMP-
2 antibody (1:100), followed by staining for 60 minutes at
room temperature with a second antibody, FITC Goat Anti-
Mouse IgG (1:1000; Abcam). The cells were then viewed
by fluorescence microscopy (BZ-9000 Fluorescence Micro-
scope; Keyence, Osaka, Japan).

Measurement of pHi of cHCECs

The pHi of cHCEC SPs was measured using the
cell-permeable probe 3′-O-acetyl-2′,7′-bis(carboxyethyl)-5,6-
carboxyfluoresceinacetoxymethyl ester (BCECF-AM special
packaging; Dojin Chemical Co., Ltd., Tokyo, Japan) following
the manufacturer’s instructions.10 We used the Dojindo Assay
Kit (Dojindo Molecular Technologies, Inc., Tokyo, Japan).
The procedures for calibrating BCECF fluorescence have
been detailed previously.10

Statistical Analysis

A Student’s t-test was conducted to determine the statistical
significance (P value) of the mean values for two-sample
comparisons, and Dunnett’s multiple-comparison test was
conducted to determine the statistical significance for the
comparison of multiple sample sets. Values shown in the
graphs represent mean ± SE.

RESULTS

Repression of miR-34a/b and miR-378a in HCE
Tissues

First, we assessed the expression levels of miR-34a/b-5p
and miR-378-3p and three isoforms of control miR-146
(a-5p, b-3p, and b-5p) in HCE tissues distinct in their
tissue endothelial cell density (ECD; 3145, 1463, and 949
cells/mm2, respectively) (Fig. 1A). The statistically signifi-
cant repressed expression levels of miR-34a-5p and miR-
34b-5p were confirmed in HCE tissues with reduced ECD,
in contrast to the absence of repressed expression of miR-
146 isoforms. Considering the hypothetical mimicry between
in vitro CST cHCECs and degenerated HCE tissues with
lowered ECD and/or guttae, we next compared the miR
profiles in cHCEC SPs distinct in the proportion of CD44−/dull

cells (E-ratios). The downregulation of miR-34a/b-5p and
miR-378-3p was statistically significant in CST cHCECs,
whereas the three isoforms of reference miR-146 (a-5p, b-
3p, and b-5p) were not downregulated (Fig. 1B). Thus, it
is rational to deduce that the downregulation of the former
three miRs in freshly degenerated HCE tissues with lowered
ECD and/or guttae can be comparably simulated by those in
CST cHCECs.

Repressed Expression Levels of miR-34a/b and
miR-378a in cHCEC SPs

We have previously reported the distinctly staged prolif-
eration, differentiation, and maturation of dedifferentiated
cHCEC SPs during cultures.11 Consequently, the periodic
alteration of the expression levels of miR-34a-5p, miR-34b-
5p, and miR-378-3p during the culture stages was moni-
tored. The expression levels of the latter two miRs were
found to be already elevated at the differentiation stage on
day 21, whereas miR-34a-5p was only elevated at the matu-
ration stage on day 42 (Fig. 2A). The altered expression
levels of these miRs were also recognized among cHCEC
SPs distinct in terms of CD44 expression levels (93.4%, 50%,
and 21.6%, respectively) (Fig. 2B). With the aim to eluci-
date the dependency of expression profiles of miRs on the
SP composites distinct in their differentiation/maturation
stages, RNA extracted from fluorescence-activated cell sorter
(FACS)-defined cHCEC SPs was used for the 3D-Gene
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FIGURE 1. Repression of miR-34a/b and miR-378a in HCE tissues and cHCECs. (A) The expression levels of miR-34a/b-5p and miR-378-3p
and three isoforms of control miR-146 (a-5p, b-3p, and b-5p) in HCE tissues with distinct ECDs (3145, 1463, and 949 cells /mm2, respectively)
were analyzed using a Toray 3D-Gene microarray. PCR was performed under the previously described conditions.10–12 The levels of miRs
were normalized to that of GAPDH. The results are presented as relative units of expression. (B) The miR profiles were analyzed in two
cHCEC SPs with distinct proportions of CD44−/dull cells (E-ratios = CD44−/dull cell proportions, 95.6% vs. 0.9%).

miRNA analysis. The volcano plots of miR profiles of fully
matured SPs (CD44−/dull, 92.2%; CD44++, 7.8%) and inter-
mediately matured SPs (CD44−/dull, 2.5%; CD44++, 84.3%)
revealed the upregulation of miR-34a-5p in fully mature
SPs, supporting the notion that miR-34a-5p expression
is upregulated only at the stage of final maturation of
cHCECs (Fig. 2C).

Cell Fate Decision by miR-34a/b in Immature
cHCECs

The gene activation of IL-8, PDGF-ββ, and VEGF has been
proven to be the biomarker in qualifying the differentia-
tion status of cHCECs.10,11,16 The elevated IL-8 and VEGF, as
well as the repressed PDGF-ββ gene expression, parallel the
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FIGURE 2. Repressed expression levels of miR-34a/b and miR-378a during culture period of cHCECs. (A) The periodic alteration of expression
levels of miR-34a-5p, miR-34b-5p, and miR-378-3p during the culture stages was monitored. The expression levels of the latter two miRs were
found to be already elevated at the differentiation stage on day 21, whereas that of miR-34a-5p was only elevated at the maturation stage
on day 42. The analysis method was the same as that shown in Figure 1. (B) The altered expression levels of these miRs was reproducibly
recognized among three cHCEC SPs with distinct CD44 expression levels (93.4%, 50%, and 21.6%). (C) A volcano plot of miR profiles of
fully matured (CD44−/dull, 92.2%; CD44++, 7.8%) and intermediately matured SPs (CD44−/dull, 2.5%; CD44++, 84.3%).
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elevated CD44 gene expression and the decreased propor-
tion of cHCEC SPs with cell-surface CD44−/dull (E-ratios).
In the current study, the reproducibility of this principle to
qualify the cellular features of cHCECs was confirmed among
the cHCEC lots c33P3, C28 P5, and a3P3 with distinct E-ratios
of 95.8%, 44.3%, and 0.9%, respectively (Fig. 3A). Aiming
to clarify the direct participation in the cell-surface CD44
expression levels of miR-34a-5p and 34b-5p, the mimics for
these miRs were transfected into day 6 cHCEC SPs with
an E-ratio of 0.1% (lot a16) (Fig. 3B). RT-PCR conducted
48 hours after the transfection revealed the considerable
repression of both of the miRs, although miR-34a-5p elicited
more stable repression (Fig. 3B). The efficacy of the transfec-
tion was separately confirmed using small interfering RNA
against GAPDH (siGAPDH), and the phenotype of respon-
der day 6 cHCEC SPs with E-ratio 0.1% (lot a16) is illus-
trated in Supplementary Figure S1. The forced expression of
the miR-34a-5p mimic also stably repressed IL-8 and VEGF
and elevated PDGF-ββ gene expression in accordance with
the repressed CD44 gene expression (Fig. 3C) (The respon-
der cHCEC SP values for CD44, IL-8, and VEGF were 44.3%
for CD44−/dull and 53.3% for CD44++; those for PDGF-ββ

were 0.9% for CD44−/dull, 22.5% for CD44++, and 52.6% for
CD44+++.) In contrast, the forced expression of miR-34b-5p
inhibitor stably elevated IL-8 and VEGF and repressed the
PDGF-ββ gene expression in accordance with the elevated
CD44 gene expression (Fig. 3D). The inhibitor of miR-34a-5p
significantly repressed PDGF-ββ inversely with the elevated
CD44 gene expression, whereas no significant elevation was
observed for IL-8 and VEGF gene expression levels. The
responder cHCEC SP for CD44, IL-8, VEGF, and PDGF-ββ

was 95.4% for CD44−/dull (Fig. 3D).

MiR34a-5p Mimics Lowers pHi and Restores
Repressed Mitochondrial OXPHOS in CST cHCECs

Recently, we confirmed that pHi is lower in mature cHCEC
SPs than in CST cHCEC SPs.10,11 The forced expression of
miR-34a-5p mimic induces a statistically significant lowering
of pHi (from none: 7.54 ± 0.19 to 7.10 ± 0.08, P = 0.00035,
n = 12; from control mimic: 7.13 ± 0.10 to 6.91 ± 0.11, P
= 0.00045, n = 10), consistent with the induction of cell
phenotypes characteristic of the mature cHCECs described
above (Fig. 4A).

In the Mito Stress Test, the forced expression of miR-
34a-5p mimic into cHCECs (Supplementary Figs. S2A, S2B)
showed a significant elevation (*P < 0.05) in the maxi-
mum OCR, but no significant downregulation of ECAR was
observed (Fig. 4B), indicating the skewing to OXPHOS
with no elevation of glycolysis by the transfection of miR-
34a-5p mimic. We hypothesized the roles of miR-34a-5p
and miR-34b-5p as illustrated in Figure 5. The differenti-
ated mature HCECs might enter dedifferentiation, includ-
ing EMT, to produce proliferative CD44++/+++, miR-34a-5p,
and miR-34b-5p –/dull CST cHCEC SPs. Under the succes-
sive influence of both miR-34a-5p and miR-34b-5p, the
CST cHCECs will differentiate and mature to differentiated
mature cHCECs sharing almost similar phenotypes with the
cells in fresh HCE tissues (Fig. 5).

P53 Participates in the Induction of miR-34a/b in
Immature cHCECs

We next examined the induction of in immature cHCECs by
p53. We selected the indirect assay of p53 activity in cHCECs

by measuring the induction of p21 protein by an MDM2
inhibitor, Nutlin-3a, because Nutlin-3a is expected to stabi-
lize and activate p53 protein.36,37 The accumulation of p53
and p21 in parallel was verified with a WB analysis (Fig. 6).
Meanwhile, there was a clear upregulation of miR-34a and
miR-34b with the increased concentration of Nutlin-3a that
was added (2–5 mM). These results indicate that Nutlin-3a
causes the accumulation of and increase in the transcrip-
tional activity of p53 to upregulate the lowered levels of
miR-34a and miR-34b in immature cHCEC SPs.

Correlation of MiR34a and Proteins Responsible
for the Cellular Cytoskeleton, Rho A, and MMP-2

The miR-34a/c-Myc axis regulated the CD44 expression
and its downstream factors: Rho A and MMP-2.38 Cultured
HCECs with increased levels of cell-surface CD44 expression
elicited a positive correlation with increased Rho A activity,
as evidenced by a lower level of guanosine-5’-triphosphate
(GTP)-bound Rho A (Fig. 7A). The immunoblotting showed
that the level of intracellular MMP-2 protein was also posi-
tively correlated with the expression level of CD44 and
inversely correlated with that of miR-34a-5p in cHCECs (Fig.
7B). These results were supported by those obtained by
immunocytological staining, which showed the increased
level of MMP-2 selectively in CD44++/+++ immature cHCECs
but not in CD44−/dull mature cHCECs (Fig. 7C).

Exposure to H2O2 Represses miR-34a Expression

Equal amounts of protein derived from mature differenti-
ated cHCEC SPs exposed to 1-mM H2O2 for 4 or 24 hours
were applied in WB. The gene product c-Myc, which is
reportedly regulated by miR-34a, was remarkably upregu-
lated, although the activation of p53, known as an miR-
34a regulator, was moderate or absent. The mitochondria
biogenesis-related proteins SIRT1 and DJ-1 did not elicit
distinct responses, whereas PGC1-α, which is most respon-
sible for mitochondrial biogenesis, was downregulated.
The mitochondrial markers TOMM20 and TFAM showed
decreased expression. As expected, oxidative stress-induced
DNA damage-related cellular proteins, phospho-H2AX, Nrf2,
and HO-1, were all upregulated (Fig. 8A).

c-Myc can make the cells addicted to specific bioenergetic
substrates.39 In this context, c-Myc also regulates the expres-
sion of CD44, which is a key molecule in distinguishing
between differentiated cHCECs and cHCECs with CST (our
published observations).40 Differentiated cHCECs exposed
to H2O2 for 24 hours clearly upregulated the expression
levels of both c-Myc (Fig. 8A) and CD44 (Fig. 8A), indi-
cating that the oxidative stresses exposed on differentiated
mature HCECs are the causal cellular stress, albeit in part,
that induces their degeneration with the impaired mitochon-
drial homeostasis (lowered TOMM20 and TFAM) in HCECs.
The expression levels of miR-34a (P = 0.034)/miR-34b (P =
0.021), and miR-378a (P = 0.012) after 24 hours of exposure
to 1-mM H2O2 were clearly repressed in parallel with the
upregulated expression of CD44 (P = 0.006) (Fig. 8B).

DISCUSSION

A recent landmark study conducted by our group has
demonstrated that the intracameral injection of cHCECs
can reverse corneal edema with stable clinical outcomes
in patients with bullous keratopathy and Fuchs’ endothelial
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FIGURE 3. Cell fate decision by miR-34a/b in immature cHCECs. (A) Gene activation of IL-8, PDGF-ββ, and VEGF,which are useful biomarkers
for qualifying the differentiation status of cHCECs, as well as that of CD44 among the three cHCECs with distinct proportions of CD44−/dull

SPs (A, B, C: 95.8%, 44.3%, and 0.9%, respectively), was analyzed by RT-PCR. (B) The cell-surface CD44 expression on cHCECs was directly
regulated by the transfection of miR-34a-5p and miR-34b-5p mimics. These miRs were transfected into day 6 cHCEC SPs with an E-ratio of
0.1%. RT-PCR was performed 48 hours after the transfection. (C) The forced expression of miR-34a-5p mimic also stably repressed IL-8 and
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VEGF and elevated PDGF-ββ gene expression in accordance with the repressed CD44 gene expression. (The responder cHCEC SP values for
CD44, IL-8, and VEGF were 44.3% for CD44−/dull and 53.3% for CD44++; those for PDGF-ββ were 0.9% for CD44−/dull, 22.5% for CD44++,
and 52.6% for CD44+++.) (D) The forced expression of miR-34b-5p inhibitor stably elevated IL-8 and VEGF and repressed PDGF-ββ gene
expression in accordance with the elevated CD44 gene expression. The inhibitor of miR-34a-5p significantly repressed PDGF-ββ inversely
with the elevated CD44 gene expression. The responder cHCEC SP for CD44, IL-8, VEGF, and PDGF-ββ was CD44−/dull 95.4%.

FIGURE 4. miR34a-5p mimics lower pHi and restore represses mitochondrial OXPHOS in CST cHCECs. (A) The forced expression of miR-
34a-5p mimic lowered pHi (from 7.54 ± 0.191 to 7.10 ± 0.075; P = 0.00035; n = 12). (B) In the Mito Stress Test, the forced expression
of miR-34a-5p mimic showed a significant elevation (*P < 0.05) in the maximum OCR, but no significant downregulation of ECAR was
observed.

corneal dystrophy (FECD).8,9,13 We have successfully distin-
guished between cHCEC SPs with high clinical efficacy (the
SPs are described as effector cells) and those with low effi-

cacy. The former elicited cellular phenotypes almost the
same as those of fresh tissue HCEs, whereas the latter elicited
a clear distinction from them.10–16 In addition, mitochondrial
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FIGURE 5. Hypothesis for the induction of mature differentiated HCE cells. The differentiated mature HCECs in HCE tissues might enter
dedifferentiation to produce proliferative CD44++/+++, miR-34a-5p, and miR-34b-5p –/dull cHCEC SPs. Under the successive influence of
both miR-34a-5p and miR-34b-5p, the CST cHCECs will differentiate and mature to mature differentiated cHCECs sharing almost similar
phenotypes (neutral pHi, SLC4A11+, AQP+, and disposed to mitochondrial OXPHOS) with the cells in fresh HCE tissues.

FIGURE 6. p53 participates in miR-34a/b induction in immature cHCECs. The indirect assay of p53 activity in cHCECs obtained by measuring
the induction of p21 protein by an MDM2 inhibitor, Nutlin-3a, was selected. The accumulation of p53 and p21 in parallel was verified with a
WB analysis, and Nutlin-3a was found to upregulate the expression levels of miR-34a and miR-34b (qRT-PCR). The responder cHCECs used
were CD44−/dull 28.5%. The experiments were repeated three times, and the representative results are presented.

OXPHOS in the effector SPs was more dominant, whereas
glycolysis and OXPHOS were both elevated in cHCEC SPs
with CST, including dedifferentiation, EMT, immaturity, and
cell senescence.10,11

In fresh HCE tissues, we observed contrasting miR signa-
tures. The miRs related to EMT were upregulated in HCE
tissues with low ECD.40 The miR-34a and miR-378 family was
downregulated in HCE tissues with low ECD and in cHCECs
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FIGURE 7. Correlation of miR-34a and CD44 downstream proteins responsible for the cellular cytoskeleton, Rho A and MMP-2. (A) Five
cHCECs with increased levels of cell-surface CD44 expression elicited a positive correlation with increased Rho A activity, as evidenced by a
lower level of GTP-bound Rho A. Reagents from the Cytoskeleton RhoA Pull-Down Activation Assay Biochem Kit were added to the protein
lysates according to the manufacturer’s instructions. WB was then performed on the proteins that remained bound to the beads by using a
special Rho A primary antibody provided by the manufacturer. (B) The immunoblotting showed that the level of intracellular MMP-2 protein
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was positively correlated with the expression levels of CD44 among three and six independent cHCEC SPs (A, B, C and 1–6) and inversely
correlated with miR-34a-5p expression in these cHCECs (qRT-PCR). The experiment was repeated in duplicate, and the average expression
intensity over GAPDH is depicted. (C) The immunocytological staining increased the level of MMP-2 selectively in CD44++/+++ immature
cHCECs but not in CD44−/dull mature cHCECs. HeLa cells were stained under the same condition as those used for a positive control.

FIGURE 8. Exposure to H2O2 regulates the mitochondrial homeostasis and inversely represses miR-34a expression with the elevation of
CD44 expression. (A) Equal amounts of protein derived from mature differentiated cHCEC SPs exposed to 1-mM H2O2 for 4 or 24 hours
were applied in WB. c-Myc was upregulated, and the activation of p53 was moderate or absent, whereas PGC1-α was downregulated.
Mitochondrial markers TOMM20, VDAC, and TFAM showed decreased expression levels. DNA-damage–related cellular proteins (phospho-
H2AX, Nrf2, and HO-1) were all upregulated. (B) Differentiated mature cHCECs exposed to H2O2 for 24 hours clearly upregulated CD44
expression. The expression levels of miR-34a (P = 0.034)/miR-34b (P = 0.021) and miR-378a (P = 0.012) after exposure to 1-mM H2O2
for 24 hours were clearly repressed in parallel with the upregulated expression of CD44 (P = 0.006). All data were globally normalized
according to the manufacturer’s protocol. All experiments for (A) and (B) were repeated four times, and representative data are shown.

with low proportions of effector cells (Fig. 1). In the current
study, we confirmed the inverse association of the expres-
sion levels of miR-34a/b and miR-378a during the distinct

culture stages of HCECs (proliferation, differentiation, and
maturation), with the progressively repressed gene expres-
sion of cell-surface CD44 (Fig. 2A), in addition to directly
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FIGURE 9. Schematic hypothesis regarding the cell fate disposition to OXPHOS skewed HCEC. Differentiated mature HCECs dominant in
OXPHOS exhibited a disposition for anaerobic glycolysis instead of mitochondria-dependent OXPHOS under the ROS-induced upregulation
of CD44 through the downregulation of miR-34a and upregulation of c-Myc.

confirming that miR-34a downregulates CD44 expression
(Figs. 3B–3D) and that the miR-34a/CD44 axis activates the
downstream factors of CD44, including Rho A and MMP-2
(Fig. 7), which are responsible for the organization of tubulin
and actin cytoskeleton.38 The findings here have raised the
novel notion that the oxidative cellular stress causing degen-
erated cHCECs is accompanied by reduced miR-34a expres-
sion (Fig. 8B) and a reduction in mitochondria biogene-
sis (refer to TFAM, VDAC, and TOMM20 gene expression
levels) through the reduced PGC-1α signaling cascade (Fig.
8A). PGC-1α regulates mitochondrial biogenesis and oxida-
tive metabolism by activating many transcription factors,
including Nrfs.41,42 Oxidative stress plays a major role in
the chronic degenerative process of the corneal endothelium
and CEC apoptosis observed in FECD.43–46 Under oxidative
stress, reactive oxygen species (ROS) induce modifications
in the Nrf2–Keap1 complex, which lead to Nrf2 dissociation
from Keap1 and enable Nrf2 translocation to the nucleus to
activate the antioxidant responsive element (ARE).

The above-mentioned observation supports our newly
proposed hypothesis on the cell fate decision process, as
shown in Figure 9. Differentiated mature CD44−/dull cHCEC
SPs dominant in OXPHOS exhibit a disposition for anaero-
bic glycolysis instead of mitochondria-dependent OXPHOS
under oxidative stress through the downregulation of miR-
34a. The mitochondrial respiratory function is dynamically
plastic in response to the upregulation of CD44 expression
through c-Myc, upregulated directly by ROS or indirectly by
repressed miR-34a induced by decreased p53 activity, which
is also regulated by ROS. Interestingly, p53 suppresses the
Nrf2-dependent transcription of ARE-dependent genes, and
there is a negative correlation between Nrf2 and p53 activ-
ity.47 In this study, we confirmed that the Nutlin-3-induced
activation of p53→p21 was well correlated with the upreg-
ulated expression levels of miR-34a-5p and miR-34b-5p (Fig.
6), indicating the upstream role of p53 in ROS-induced
downregulation of these miRs. A positive correlation exists
between miR-34a and p53 in a SIRT1–p53-dependent path-
way, and miR-34a can regulate both SIRT1 and Nrf2.48

There are several reports that pHi is directly related to the
mitochondrial function and indirectly to cell differentiation
in other cells.24–32 In this context, we hypothesized that pHi
regulated directly or indirectly by miR-34a in HCECs is asso-
ciated with mitochondrial homeostasis (Fig. 4). pHi can regu-

late not only the cell fate, such as differentiation versus CST,
dedifferentiation, or EMT, but also mitochondrial homeosta-
sis and is consequently associated with the efficient water
efflux from corneal stroma to the AC of cHCEC effector SPs.

In 2007, several researchers determined that members
of the miR-34 family are the most prevalent p53-induced
miRNAs.49 The present study has demonstrated for the first
time, to the best of our knowledge, that the miR-34a/CD44
pathway regulates the mitochondria-dependent bioenerget-
ics impaired by ROS-induced cellular stress. The c-Myc/miR-
34a axis regulates the cellular cytoskeleton by mediating
the expression and/or activation of CD44, including Rho A
and MMP-2,38 as well as the disposition to mitochondrial
OXPHOS. CD44 ablation increases metabolic flux to mito-
chondrial respiration and concomitantly inhibits entry into
glycolysis.50

To clarify the distinction between in vitro CST cHCECs
and degenerated HCE tissues, it is quite critical to extend
this study further from the standpoint of morphology and
morphometry.
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