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ARTICLE INFO ABSTRACT
Keywords: Patients with advanced chronic kidney disease (CKD) have elevated circulating calcium x phosphate product
Chronic kidney disease (CKD) levels and exhibit soft tissue calcification. Besides the cardiovascular system, calcification is commonly observed
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in the cornea in CKD patients on hemodialysis. Cardiovascular calcification is a cell-mediated, highly regulated
process, and we hypothesized that a similar regulatory mechanism is implicated in corneal calcification with the
involvement of corneal epithelial cells (CECs). We established a mouse model of CKD-associated corneal calci-
fication by inducing CKD in DBA/2J mice with an adenine and high phosphate diet. CKD was associated with
aorta and corneal calcification as detected by OsteoSense staining and corneal Ca measurement (1.67-fold
elevation, p < 0.001). In vitro, excess phosphate and Ca induced human CEC calcification in a dose-dependent
and synergistic manner, without any influence on cell viability. High phosphate and Ca-containing osteogenic
medium (OM; 2.5 mmol/L excess phosphate and 0.6 mmol/L excess Ca over control) increased the protein
expression of Runx2 and induced its nuclear translocation. OM increased the expression of the bone-specific Ca-
binding protein osteocalcin (130-fold increase, p < 0.001). Silencing of Runx2 attenuated OM-induced CEC
calcification. Immunohistology revealed upregulation of Runx2 and overlapping between the Runx2 and the
Alizarin red positive areas of calcification in the cornea of CKD mice. This work sheds light on the mechanism of
CKD-induced corneal calcification and provides tools to test calcification inhibitors for the prevention of this
detrimental process.

1. Introduction hydroxyapatite in soft tissues [2]. Heterotopic mineralization of the
cardiovascular system (aorta, heart valves) is a very frequent compli-
Chronic kidney disease (CKD) is a global public health problem, with cation, and an important contributor to the high cardiovascular risk of

an estimated prevalence of 13.4 % [1]. Advanced CKD (stages 4 and 5) is CKD patients [2].
associated with the elevation of the Ca x phosphate product concen- Besides the cardiovascular system, corneal and conjunctival calcifi-
tration and the deposition of the excess phosphate and Ca in the form of cations (CCC) are commonly observed in CKD patients on hemodialysis

Abbreviations: AR, Alizarin red; Ca, calcium; CCC, corneal and conjunctival calcifications; CECs, corneal epithelial cells; CKD, chronic kidney disease; Ctrl, control;
DAPI, 4,6-diamidino-2-phenylindole; DMEM, Dublecco’s modified eagle medium; DMSO, dimethyl sulphoxide; H&E, hematoxylin and eosin; ECM, extracellular
matrix; EDTA, ethylenediamine-tetraacetic acid; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide; OCN, osteocalcin; OD, optical density; OM, osteogenic medium; PBS, phosphate-buffered saline; PFA, paraformaldehyde; Pi, inorganic
phosphate; Runx2, runt-related transcription factor 2; VICs, valve interstitial cells; VSMCs, vascular smooth muscle cells.
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treatment [3,4]. In previous studies, the prevalence of CCC was found to
be as high as 82.7-87.3 % among CKD patients who were on dialysis
therapy for >6 months [5,6]. The symptoms of CCC include decreased or
blurred vision, foreign body sensation in the eye, irritation, redness, and
light intolerance. CCC treatment options mostly target the symptoms
and not the cause of the disease. Among them, surgical mechanical
debridement and ethylene-diamine-tetra-acetic acid (EDTA) chelation
therapy are the most common techniques [7].

Some studies found an association between CCC and vascular calci-
fication and revealed that the severity of CCC is an independent pre-
dictor for all-cause one-year mortality in CKD patients under
hemodialysis [5,8]. However, others found no correlation between CCC
and coronary calcium scores [6].

Vascular calcification in CKD is an active process in which pheno-
typic switching of vascular smooth muscle cells (VSMC) into osteoblast-
like cells occurs [9]. Runx2, a key transcription factor that regulates
osteoblast and chondrocyte differentiation, has been shown to orches-
trate high phosphate-induced lineage reprogramming of VSMC towards
osteo-/chondrogenesis [10]. This notion is supported by the finding that
VSMC-specific Runx2-deficiency is associated with the inhibition of
high-fat diet-induced calcification in mice [11].

We lack knowledge of whether hydroxyapatite deposition in the
cornea — similar to vascular calcification — is the result of an active
process, or CCC is a passive/degenerative process. Corneal epithelial
cells (CECs) express Runx2 [12], and genome-wide association studies
identified Runx2 as one of the top genes related to central corneal
thickness [13,14], and corneal biomechanics [15]. However, we lack
information on whether CECs can undergo osteo-/chondrogenic differ-
entiation and whether Runx2 plays a role in it. In this work, we aimed to
establish an in vivo model of CKD-induced corneal calcification and to
investigate the capability and regulation of osteo-/chondrogenic dif-
ferentiation of CECs.

2. Materials and methods
2.1. Induction of CKD in mice

All the mice were housed in a temperature- (22 °C) and light-
controlled (12-h light/12-h dark) room, in cages with standard bed-
dings and unlimited access to food and water. Female DBA/2 J mice
(8-12 weeks old, n = 24) were randomly divided into 2 groups, control
(Ctrl) and CKD. CKD was induced by a two-phase diet as described
previously [16]. In the first 6 weeks, the CKD mice received a diet
containing 0.2 % adenine and 0.7 % phosphate, followed by a diet
supplemented with 0.2 % adenine and 1.8 % phosphate (S8106-S075
and S8893-S006 respectively; Ssniff) for 6 weeks. Control mice received
a standard rodent diet containing 0.3 % phosphate throughout the
experiment. At the end of the experiments, mice were euthanized by CO,
inhalation, blood was collected by cardiac puncture into citrate-
containing tubes, and the aortas and eyes were harvested for analysis.
Animal care and experimental procedures were performed following the
institutional and national guidelines and were approved by the Institu-
tional Ethics Committee of the University of Debrecen under registration
number 10/2021/DEMAB. Animal studies were reported in compliance
with the ARRIVE guidelines.

2.2. Laboratory analysis of renal function in mice

Plasma phosphate, calcium urea, and creatinine levels were evalu-
ated by kinetic assays on a Cobas® c502 device (Roche Diagnostics).

2.3. Imaging and quantification of aortic and eye calcification
OsteoSense dye (OsteoSense 750 EX, NEV10020EX, PerkinElmer)

and near-infrared imaging were used to evaluate aorta calcification in
mice as previously described [17]. One day before the end of the
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experiment, mice were anesthetized with isoflurane inhalation and
injected with OsteoSense dye in a dose of 2 nmol/20 g body weight
through the retro-orbital venous sinus. Imaging was performed 24 h
post-injection. The mice were euthanized with COy inhalation, then
perfused with 5 mL of ice-cold PBS, and the isolated aortas and eyes
were analyzed ex-vivo with IVIS Spectrum In Vivo Imaging System
(PerkinElmer).

2.4. Histology

Eight eyes (4 in each group) were fixed in 10 % neutral-buffered
formalin and embedded in paraffin blocks. Subsequently, they were
cut into 4 pm-thick cross-sections. The sections were deparaffinized and
rehydrated, followed by von Kossa and Alizarin red using standard
procedures. For von Kossa staining, the sections were placed in fresh 1 %
silver nitrate under UV light for 1 h, washed with fresh 5 % sodium
thiosulfate for 5 min, and counterstained with nuclear fast for 5 min. For
Alizarin red S staining, sections were stained for 5 min in 2 % alizarin
red S (pH 4.2). All sections were dehydrated using a graded alcohol
series and mounted. All the sections were counterstained with Hema-
toxylin and Eosin.

2.5. Immunohistochemistry staining

Paraffin-embedded eye sections (4 pm thick) were deparaffinized
with xylene and then rehydrated with a graded series of ethanol. Af-
terward, heat-mediated antigen retrieval was performed in the universal
HIER antigen retrieval reagent (ab208572, Abcam), and the slides were
then incubated with an anti-Runx2 antibody (Sc-390715, Santa Cruz,
1:100), at 4 °C overnight. Endogenous peroxidase activity was blocked
with a peroxidase-blocking solution (30 % H202 in methanol) for 30
min, slides were then incubated with anti-mouse IgG H&L (HRP poly-
mer, ab214879, Abcam) for 1 h and stained with DAB substrate
(ab64238, Abcam). The nuclei were counter-stained by a Hematoxylin
and Eosin solution.

2.6. Cell culture and treatments

Human corneal epithelial cells (CECs) (P10871, Innoprot) were
maintained in DMEM (D6171, Sigma) medium supplemented with 10 %
FBS (10270-106, Gibco), antibiotic antimycotic solution (A5955, Sigma)
sodium pyruvate (58636, Sigma) and 1-glutamine (G7513, Sigma). Cells
were cultured at 37 °C in a humidified atmosphere containing 5 % CO.
All experiments were performed on confluent CECs between passages 4
and 10. To induce calcification, we exposed CECs to an osteogenic me-
dium that was prepared by supplementing growth medium with
different concentrations of inorganic phosphate (NaH2PO4-NasHPOy,
1.5-3.0 mmol/L, pH 7.4) and calcium (CaCly, 0.3 or 0.6 mmol/L). Both
growth medium and osteogenic medium were replaced every other day.

2.7. Alizarin Red (AR) staining and quantification

After washing with DPBS, the cells were fixed in 4 % para-
formaldehyde (PFA; 16005, Sigma) and rinsed with deionized water
thoroughly. Cells were stained with Alizarin Red S (A5533, Sigma) so-
lution (2 %, pH 4.2) for 20 min at room temperature. Excessive dye was
removed by several washes in deionized water. To quantify AR staining
in 96-well plates, we added 100 pL of hexadecylpyridinium chloride
(C9002, Sigma) solution (100 mmol/L) to the wells and measured op-
tical density (OD) at 560 nm, using hexadecylpyridinium chloride so-
lution as blank.

2.8. Quantification of Ca deposition

Cells were washed with DPBS and decalcified with HCI (0.6 mol/L)
for 30 min. The Ca content of the HCl supernatant was determined using
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the QuantiChrome Calcium Assay Kit (DICA-500, Gentaur). After
decalcification, cells were washed with DPBS and lysed with NaOH (0.1
mol/L) and sodium dodecyl sulfate (0.1 %) lysis buffer to collect protein
content, which was measured with the BCA protein assay kit (Thermo-
Fisher). The Ca content of the cells was normalized to the protein con-
tent and expressed as mg/mg protein.

2.9. Determination of cell viability

To determine cell viability MTT assay was performed. Following cell
treatment, the cells were washed with PBS, then 3-[4,5-Dimethylthiazol-
2-yl]-2,5-diphenyl-tetrazolium bromide solution (MTT, ML2128, Sigma,
0.5 mg/mL) was added. After 4 h of incubation at 37 °C, the MTT so-
lution was removed, and then formazan crystals were dissolved in
DMSO. Optical density was measured at 570 nm.

2.10. Western blot

To evaluate protein expression cells were lysed with 2x Laemmli
buffer (Sigma). Whole-cell lysates were then resolved in SDS-PAGE (1
and then blotted onto a nitrocellulose membrane (10600002, Amersham
Biosciences). Afterward, membranes were incubated with an anti-Runx2
antibody (20700-1-AP, Proteintech, 1:500) overnight at 4 °C, followed
by the HRP-labeled anti-rabbit IgG secondary antibody (NA-934,
Amersham Biosciences). Antigen-antibody complexes were detected by
enhanced chemiluminescence using Clarity™ Western ECL Substrate
(170-5061, Bio-Rad Laboratories). Chemiluminescent signals were
detected by an X-ray film or digitally using a C-Digit Blot Scanner (LI-
COR Biosciences). After detection, the membranes were reprobed for
B-actin using an anti-p-actin antibody at a dilution of 1:4000 (sc-47778,
Santa Cruz Biotechnology). Blots were quantified by using the inbuilt
software on the C-Digit Blot Scanner (LI-COR Biosciences).

2.11. Immunofluorescence staining

CECs were cultured on glass coverslips placed in 12-well plates.
Following the treatment, the cells were washed with cold PBS, fixed with
4 % PFA for 10 min at room temperature, and permeabilized with 0.1 %
Triton X-100 solution for 15 min. The coverslips were then blocked with
1 % BSA for 45 min, then they were incubated with anti-Runx2 antibody
(sc-390715, Santa Cruz Biotechnology, 1:200) overnight at 4 °C. After
that they were incubated with goat anti-mouse IgG-CFL 488 antibody
(A28175, Invitrogen, 1:300) for an hour at room temperature. To stain
the nucleus CECs were counterstained with DAPI (4',6-diamidino-2-
phenylindole, 62248, Thermo Fisher Scientific) at the dilution of
1:1000.

2.12. RNA silencing

CECs were transfected with siRNA with Lipofectamine RNAIMAX
transfection reagent (13778-150, Invitrogen), according to the manu-
facturer’s protocol. The siRNA for Runx2 (AM16708, ID: 115587), and
silencer negative control #1 (4390843) were purchased from Invi-
trogen. To confirm the efficiency of silencing we performed a Western
blot analysis.

2.13. Quantification of osteocalcin (OCN)

For OCN detection, the extracellular matrix (ECM) of the cells, which
were grown on 6-well plates was dissolved in 100 pL of EDTA (E6758,
Sigma, 0.5 mol/L, pH 6.9). OCN content of the EDTA-solubilized ECM
samples was quantified by an enzyme-linked immunosorbent assay
(ELISA) (DY1419-05, DuoSet ELISA, R&D) according to the manufac-
turer’s protocol.
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2.14. Statistical analysis

Data are presented as mean + SD with individual data points. Sta-
tistical analyses were performed with GraphPad Prism software (version
8.01). An unpaired two-tailed t-test was used to calculate p values when
two groups were compared. Comparisons between more than two
groups were carried out by one-way ANOVA followed by Tukey’s
multiple-comparisons test. A value of p < 0.05 was considered
significant.

3. Results
3.1. CKD is associated with the deposition of hydroxyapatite in the cornea

We induced CKD in female DBA/2 J mice with a diet containing
adenine (0.2 %) and elevated phosphate (0.7 %) for 6 weeks, then
phosphate content of the diet was further increased up to 1.8 % and mice
received this diet for an additional 6 weeks. Control mice (Ctrl) received
a normal rodent diet with 0.3 % phosphate content (Fig. 1a). CKD was
associated with increased plasma urea, creatinine, and phosphate levels,
while calcium levels remained unchanged (Fig. 1b-e). We used Osteo-
Sense, a hydroxyapatite-specific near-infrared fluorescent imaging
agent, to investigate aorta and eye calcification. We injected the mice
with OsteoSense dye (2 nmol/25 g body weight) intravenously. Organs
were collected for analysis 24 h post-injection. As we expected fluores-
cent intensities of the aortas were higher in CKD mice compared to
control mice with normal renal function (Fig. 1f). Interestingly, besides
the aorta, we found massive hydroxyapatite deposition in the eyes
derived from CKD mice (Fig. 1g-h).

Next, we dissected the eyes into the corneal part, the lens, and the
retinal part, and found out that the OsteoSense signal is derived from the
cornea (Fig. 2a-b). Corneal Ca content was elevated in CKD mice
compared to Ctrl (1.67-fold, p < 0.001) (Fig. 2c). To identify the exact
location and pattern of calcification we performed Alizarin red and von
Kossa stainings of eye sections from CKD and Ctrl mice. The eyes of Ctrl
mice showed no staining; however, we detected Alizarin red and von
Kossa positive pocket-like structures in between the corneal epithelial
and stromal layers in the eyes of CKD mice (Fig. 2d).

3.2. Elevated Pi and Ca synergistically induce calcification of human
corneal epithelial cells (CECs)

To investigate whether CECs could actively participate in the CKD-
associated corneal calcification, we exposed CECs to osteogenic me-
dium (OM) containing different concentrations of excess phosphate
(1.5-3.0 mmol/L) and Ca (0.3; 0.6 mmol/L) for 10 days. Calcification
was detected by Alizarin red staining which revealed that elevated
phosphate and Ca induced extracellular matrix (ECM) calcification of
CECs in a synergistic manner (Fig. 3a-b). This result was confirmed by
the measurement of the Ca content of the HCl-solubilized ECM (Fig. 3c).
OM treatment did not influence cell viability which was determined
with MTT assay (Fig. 3d).

3.3. Runx2 regulates OM-induced osteogenic differentiation and
calcification of CECs and is upregulated in the calcified cornea of CKD
mice

The transcriptional regulator Runx2 plays an essential role in the
osteogenic differentiation of mesenchymal stem cells as well as VSMCs,
therefore, next, we investigated their role in CECs calcification. To see
whether OM treatment induces the expression of Runx2 we performed a
time-course experiment and measured Runx2 expression after 24, 48,
and 72 h of exposure (Fig. 4a). We found a slight increase in Runx2
expression at the 48- and 72-h time points (Fig. 4a-b). Then we inves-
tigated the cellular localization of Runx2 with immunofluorescent mi-
croscopy. In the Ctrl cells, Runx2 was present mostly in the cytoplasm.
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(a) CKD was induced with a two-phase diet in female DBA/2J mice. Scheme of the experimental protocol. (b) Plasma urea, (c) plasma creatinine, (d) plasma
phosphate (e) plasma calcium levels in control (Ctrl) and CKD mice (n = 6/group), Bright-field and macroscopic fluorescence reflectance imaging and quantification
of OsteoSense staining intensity of aortas (f, h) and eyes (g, h) from Ctrl and CKD mice (n = 6/group). Data are expressed as mean + SD. Ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test was used to calculate p values. *p < 0.05, ***p < 0.005, ****p < 0.001.

Only about 10 % of the cells showed strong nuclear Runx2 staining
(Fig. 4c-d). In contrast, in OM-treated cells, we observed nuclear
translocation of Runx2 in nearly all (96 %) of the cells after a 24-h
exposure (Fig. 4c—d). Then we measured the expression of osteocalcin
(OCN), a bone-specific Ca-binding ECM protein, under the transcrip-
tional regulation of Runx2. We found a 130-fold increase in OCN level in
the EDTA-solubilized ECM samples of OM-treated samples compared to
Ctrl CECs (Fig. 4e).

To prove the critical involvement of Runx2 in CEC calcification we
used a target-specific siRNA to knock down Runx2 expression. With this
approach, we could decrease the Runx2 expression that was evaluated
by western blot (Fig. 5a-b). Knock-down of Runx2 was associated with
decreased OM-induced calcification as determined by alizarin red
staining (Fig. 5c-d) and ECM Ca measurement (Fig. 5e). Finally, we
wanted to investigate whether Runx2 was involved in corneal calcifi-
cation in our in vivo CKD model. To this end, we performed immuno-
histology on the eyes of Ctrl and CKD mice and investigated the protein
expression of Runx2. We found that Runx2 expression was strongly
upregulated in the eyes of CKD mice compared to Ctrl and observed that
the Runx2 and the Alizarin red positive areas of calcifications were
overlapping in the cornea of CKD mice (Fig. 5f).

4. Discussion

Corneal calcification is a chronic condition, characterized by the
deposition of calcium hydroxyapatite salt on the corneal surface. It is a
frequent eye complication of dialysis-dependent CKD [3,4]. CKD is
accompanied by the elevation of Ca x phosphate product concentration,
and its spontaneous precipitation in the oversaturated milieu is
considered to be the mechanism of CKD-associated corneal calcification
[18].

In this work, we have challenged this consideration and tested the
hypothesis that corneal calcification, similarly to vascular calcification,
is an active, cell-mediated process. We report for the first time that CEC
calcification in vitro can be triggered by elevated Ca and phosphate

levels. CEC calcification is accompanied by nuclear translocation of the
master osteogenic transcription factor Runx2. We observed a notable
synergistic effect of Ca and phosphate in combination on CEC calcifi-
cation, corroborating earlier reports showing that elevated Ca and
phosphate induce calcification of VSMC and valve interstitial cells
(VICs) synergistically [19,20]. We found that CEC calcification is Runx2-
dependent, agreeing with previous publications, demonstrating the
Runx2-dependency of VSMC and VIC calcifications [10,21]. We show
for the first time that hydroxyapatite accumulates in the cornea of mice
with CKD. Corneal calcification was associated with elevated Runx2
expression at the site of calcification. Abnormalities in Ca and phosphate
metabolism may, therefore, directly contribute to the increased sus-
ceptibility of CKD patients to corneal calcification through an active
mechanism that involves Runx2-dependent calcification of CEC.

In this work, we studied the CKD-associated calcification in DBA/2J
mice which is a genetically predisposed mouse strain that shows spon-
taneous age-dependent cardiac tissue calcification [22]. We used a diet
containing adenine to induce CKD in DBA/2J mice, and high phosphate
to trigger soft tissue calcification. Previously this diet was used to trigger
CKD in C57BL/6 mice, in which model medial arterial and heart valve
calcification and renal osteodystrophy were presented [16,17,23,24].
Concomitant with medial calcification upregulated expressions of
Runx2, alkaline phosphatase, and osteopontin were shown in the aorta
of CKD mice, suggesting that medial arterial calcification was driven by
osteoblastic trans-differentiation of vascular smooth muscle cells. In our
work, in DBA/2J mice, we found that the adenine + high phosphate
diet-induced kidney dysfunction caused an elevation in urea, creatinine,
and plasma phosphate levels (Fig. 1) similar to that of C57BL/6 mice. We
investigated soft tissue calcification with a hydroxyapatite-specific
fluorescent dye, OsteoSense, as in our previous study [17]. A major
observation of this work is that besides aorta calcification, CKD induc-
tion in DBA/2J mice triggered corneal calcification (Fig. 2), providing a
new in vivo tool for studying CKD-associated corneal calcification. Inside
the cornea, we detected the calcified plaques in between the stromal and
the corneal epithelial layers. Several histopathological studies reported
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mean + SD. Ordinary one-way ANOVA followed by Tukey’s multiply comparison test was used to calculate p values: * p < 0.05, *** p < 0.005, **** p < 0.001.

similar calcification patterns in the cornea in human patients [25,26], properties [30]. In this work, we asked whether corneal calcification
mice [27,28], and rats [29]. can be an active, cell-mediated process that is similar to vascular and

Vascular and valve calcifications are driven by a phenotypic switch valve calcification, or it is just a spontaneous precipitation of hydroxy-
of VSMCs and VICs, respectively, whereby they gain osteoblast-like apatite. To this end, we set up an in vitro model in which we exposed
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Fig. 5. Runx2 is critical for the osteogenic trans-differentiation and calcification of CECs.

Confluent CECs were cultured in Ctrl or osteogenic conditions (OM, 2.5 mmol/L excess Pi, 0.6 mmol/L excess Ca over Ctrl) in the presence of Runx2 or scrambled
siRNA. (a-b) Runx2 expression detected by Western Blot from whole cell lysate (24 h). Membranes were re-probed for p-actin. (a) Representative Western blots and
(b) densitometry analysis from 3 independent experiments. (c-d) Representative AR staining (day 3) and quantification (e) Ca content of the HCl-solubilized ECM. (f)
Immunohistochemistry staining of eyes obtained from Ctrl and CKD mice. Representative images of Alizarin red staining and Runx2 immunoreactivity in the corneal
epithelium. Scale bars: i-iv: 500 pm; v-viii: 50 pm. Data are expressed as mean + SD. One-way ANOVA followed by Tukey’s multiply comparison test was used to

calculate p values. *p < 0.05, ***p < 0.005, ****p < 0.001.

CECs to an osteogenic medium with elevated phosphate and Ca content.
We chose this osteogenic stimulus since patients with late stages of CKD
have elevated circulating Ca and phosphate, and because previous
studies showed that increased Ca and/or phosphate induces calcification
of VSMCs and VICs independently and synergistically in a modifiable
cell-mediated process [19,20,24,31]. Therefore, elevated phosphate and
Ca levels are considered to be the most physiologically relevant drivers
of cardiovascular calcification in the late stages of CKD [32,33]. Simi-
larly, to the above-mentioned previous observations on VSMCs and VICs
[19,20,24,31], here we showed that elevation of phosphate and Ca
levels induce calcification of CECs in a synergistic manner (Fig. 3).
Runx2, a member of the family of RUNX transcription factors, ex-
hibits a wide range of biological functions. It is a fate-determining

transcription factor in the differentiation of osteoblasts and chon-
drocytes [34]. The RUNX family of transcription factors heterodimerizes
with the core binding factor f which largely enhances their DNA-binding
ability [35]. Runx2 is involved in the pathomechanism of diverse dis-
eases including cancers and cardiovascular diseases via affecting cell
proliferation, apoptosis, autophagy, metastasis, and osteo-/chondro-
genic differentiation. Importantly, Runx2 regulates the phenotype
switch of VSMCs towards osteo-/chondrogenesis and thereby influences
vascular calcification [10,11,21].

Runx?2 is expressed and involved in diverse processes in different
types of epithelial cells. For example, in mammary epithelial cells,
Runx2 is implicated in the normal regulation of gene expression and
tissue regeneration [36,37]. A pile of evidence shows the role of Runx2
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in regulating epithelial-mesenchymal transition in normal and
cancerous tissues [38-40]. Runx2 is expressed in CECs and its expression
has been linked to central corneal thickness and corneal biomechanics
[12-15].

Here we confirmed that CECs express Runx2 and reported that CEC
calcification is associated with elevated expression and nuclear trans-
location of Runx2 (Fig. 4). Runx2 exerts its effects as a transcription
factor within the nucleus and some studies suggested that post-
translational modifications i.e. phosphorylation, acetylation, and ubiq-
uitination may be required for Runx2 activation [41]. Whether these
post-translational modifications played a role in osteogenic medium-
induced nuclear translocation of Runx2 must be investigated further.

Silencing of Runx2 attenuated the calcification of CECs, suggesting a
regulatory role of Runx2 in the calcification process (Fig. 4). Runx2
expression is increased in calcified vessels and heart valves. We found
elevated expression of Runx2 in the calcified cornea of CKD mice
(Fig. 5), suggesting that a common Runx2-mediated mechanism is
involved in cardiovascular and corneal calcification.

CKD is a progressive condition that affects >10 % of the general
population worldwide, corresponding to over 800 million individuals
[42]. The frequency of eye manifestations and vision impairment is high
among CKD patients, however, currently, there is no recommendation
for screening for ocular diseases in this population [43]. Considering the
increasing prevalence of CKD due to population aging the burden of eye
diseases and vision impairment in CKD patients is likely to rise [43].
Treatment options for CKD-associated ocular diseases are limited due to
a lack of complete understanding of the etiology of these diseases which
warrants the development of proper disease models and further research
in this field. In this study, we established an in vivo mice model of CKD-
associated corneal calcification and suggested that a Runx2-regulated
phenotype transition of CECs towards osteoblast-like cells is impli-
cated in corneal calcification. This novel approach might initiate further
research to identify new therapeutic targets to prevent or treat CKD-
associated corneal calcification.
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