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Purpose: The purpose of this study was to explore the pathogenicity and function of
twonovel SLC4A11 variants associatedwith congenital hereditary endothelial dystrophy
(CHED) and to study the function of a SLC4A11 (K263R) mutant in vitro.

Methods: Ophthalmic examinations were performed on a 28-year-old male proband
with CHED.Whole-exome and Sanger sequencingwere applied for mutation screening.
Bioinformatics and pathogenicity analysis were performed. HEK293T cells were trans-
fected with the plasmids of empty vector, wild-type SLC4A11, and SLC4A11 (K263R)
mutant. The transfected cells were treated with SkQ1. Oxygen consumption, cellular
reactive oxygen species (ROS) level, mitochondrial membrane potential, and apoptosis
rate were measured.

Results: The proband had poor visual acuity with nystagmus since childhood. Corneal
foggy opacity was evident in both eyes. Two novel SLC4A11 variants were detected.
Sanger sequencing showed that the proband’s father and sister carried c.1464-1G>T
variant, and the proband’s mother and sister carried c.788A>G (p.Lys263Arg) variant.
Based on the American College ofMedical Genetics (ACMG) guidelines, SLC4A11 c.1464-
1G>T was pathogenic, whereas c.788A>G, p.K263R was a variant of undetermined
significance. In vitro, SLC4A11 (K263R) variant increased ROS level and apoptosis rate.
Decrease in mitochondrial membrane potential and oxygen consumption rate were
remarkable. Furthermore, SkQ1 decreased ROS levels and apoptosis rate but increased
mitochondrial membrane potential in the transfected cells.

Conclusions: Two novel heterozygous pathogenic variants of the SLC4A11 gene
were identified in a family with CHED. The missense variant SLC4A11 (K263R) caused
mitochondrial dysfunction and increased apoptosis in mutant transfected cells. In
addition, SkQ1 presented a protective effect suggesting the anti-oxidant might be a
novel therapeutic drug.

Translational Relevance: This study verified the pathogenicity of 2 novel variants in the
SLC4A11 gene in a CHED family and found an anti-oxidant might be a new drug.

Introduction

Congenital hereditary endothelial dystrophy
(CHED; MIM # 217700) is an inheritable disorder of
the corneal endothelium that causes bilateral, symmet-
ric, non-inflammatory corneal clouding (edema)
at birth or soon after. Patients with CHED present

manifesting as involuntary eyemovements (nystagmus)
and decreased vision.1,2 CHED results in degeneration
and dysfunction of endothelial cells of the cornea, and
thickening of corneal, which can reach two to three
times of the normal thickness. CHED is character-
ized by thickening of the Descemet’s membrane and
stromal layers, severe disorganization, and destruc-
tion of the stroma structure.1,3 Some cases of CHED
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may progress to Harboyan syndrome (CDPD, MIM
# 217400), which presents manifests as CHED with
sensorineural hearing loss.4 Corneal transplantation is
currently an effective treatment for CHED.

According to the updated International Classifica-
tion of CornealDystrophies in 2015, CHED refers only
to the more severe phenotype of autosomal recessive
CHED (originally CHED2).5 SLC4A11, a causative
gene of CHED, is located on the short arm of human
chromosome 20. The SLC4A11 gene has 19 exons, of
which 19 are coding exons, encoding 891 amino acids.2
SLC4A11 protein is widely expressed in the thyroid,
trachea, cornea, kidney, salivary gland, and other
tissues.6 SLC4A11 was identified as a novel electro-
genic NH3+/H+ co-transporter protein,7 which plays
an irreplaceable role in the survival, growth, and prolif-
eration of corneal endothelial cells.8,9 Ogando et al.
found SLC4A11 is localized in the inner mitochondrial
membrane and activated SLC4A11 is a mitochondrial
uncoupler that can regulate mitochondrial membrane
potential (MMP) and reactive oxygen species (ROS)
levels.10 It has been confirmed that SLC4A11 mutant
cells are more sensitive to oxidative stress-mediated
damage.11 Loss of SLC4A11 activity induces oxida-
tive stress and cells death, leading to CHED, corneal
edema, and vision loss.10 Han et al. constructed an
Slc4a11 knockout mouse model that exhibited charac-
teristic morphological changes of CHED, confirm-
ing that deletion of the SLC4A11 gene could lead
to progressive cells damage and apoptosis of corneal
endothelial cells.12 In addition, Liu et al. found that
the proliferation of human corneal endothelial cells
(HCECs) was inhibited after knocking downSLC4A11
using short hairpin RNA (shRNA), further confirm-
ing that endothelial cells loss was associated with
increased cells death caused by activation of apoptotic
pathways.13 However, the exact mechanism of CHED
remains unclear.

So far, 127 mutations in SLC4A11 gene have been
reported, including 90 missense/nonsense mutations, 8
splicing mutations, 4 deletion mutations, 16 small
deletion mutations, 2 small insertion mutations,
and 7 small insertion and deletion mutations (https:
//www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC4A11).
SLC4A11 plays an important role in corneal function.
In addition to CHED, mutations in SLC4A11 also
cause Harboyan syndrome (CDPD, MIM # 217400),
Fuchs endothelial corneal dystrophy (FECD; MIM #
613267), and may be related to familial keratoconus
(KTCN; MIM # 148300).14–17 SLC4A11 mutation-
related CHED has rarely been reported in China. In
this study, we identified a Chinese family with CHED.
Genetic analysis of the target region by high through-
put sequencing revealed 2 novel pathogenic variants of

SLC4A11, which expanded the mutation spectrum of
SLC4A11. We investigated the effect of K263R variant
on mitochondrial function and apoptosis in mutated
SLC4A11 gene transfected cells. Furthermore, we
tested whether SkQ1, a mitochondria-targeted antiox-
idant, could protect the mutant gene transfected cells.

Materials and Methods

Clinical Examinations

This study was carried out in accordance with
the Declaration of Helsinki and was approved by
the Ethics Committee of Henan Eye Hospital. After
explaining the risks and benefits of the study to
all participants in detail, the participants agreed to
participate in this study and signed an informed
consent form. The proband, a 28-year-old man,
underwent ophthalmic examinations, including best
corrected visual acuity (BCVA), slit-lamp microscopy,
and swept source optical coherence tomography (SS-
OCT; VG200D, SVision Imaging, Luoyang, Henan,
China).

Gene Sequencing and Analysis

The peripheral blood of four subjects in the family
was extracted and the DNA was extracted using the
whole blood DNA extraction kit (DP304; Tiangen,
Beijing, China). DNA was sequenced with WES.18–20
The captured DNA was eluted, amplified, purified,
and sequenced with high-throughput sequencing
(NovaSeq 6000, Illumina, San Diego, CA, USA).
Sequencing data was analyzed with XYGeneRanger2.0
software (Shanghai Xunyin Biotechnology Co., Ltd.,
Shanghai, China), TGex software (LifeMap Sciences,
Alameda, CA, USA), and EGIS (SierraVast Bio-
Medical Technology Co., Ltd., Shanghai, China)
software and human genome build hg19 was used
as the reference genome. The average sequencing
depth was 100X. The variant loci were filtered by
ExAC (http://exac.broadinstitute.org), gnomAD
(http://gnomad.broadinstitute.org/), and 1000
Genomes (https://www.ncbi.nlm.nih.gov/variation/
tools/1000genomes/) public database. Low quality
variants and variants with minor allele frequency
(MAF) >2% were excluded. Variations identified by
WES were validated by Sanger sequencing.18–20

In Silico Analysis and Bioinformatics Analysis

The pathogenicity of genetic variants was evalu-
ated according to the Standards and Guidelines for
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the Interpretation of Sequence Variants issued by
American College of Medical Genetics (ACMG) in
2015. The pathogenicity of variant sites was predicted
by Mutation Taster (http://www.mutationtaster.org),
CADD (https://cadd.gs.washington.edu/), Polyphen2
(http://genetics.bwh.harvard.edu/pph2/index.shtml),
REVEL (https://sites.google.com/site/revelgenomics/),
and SIFT software (https://sift.jcvi.org/).18–20 Protein
sequences between different species were compared
with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/). The conserved nature of the variants was
analyzed with GERP++ (http://mendel.stanford.
edu/SidowLab/downloads/gerp/index.HTML) and
Weblogo (http://weblogo.berkeley.edu/logo.cgi). Three-
dimensional structure of protein was built with
PyMOL. Mutation effect on the protein structure
was predicted online with HOPE (https://www3.
cmbi.umcn.nl/hope/)21 and Expasy (http://web.expasy.
org/protparam/).18–20

Plasmid Synthesis

The CDS sequences of SLC4A11 (NM_032034.4)
wild type and c.788A>G, p.K263R were synthesized
by Sangon Biotech (Shanghai, China) and cloned into
the pcDNA3.1 vector. All sequences of the vector
were verified with Sanger sequencing (Sangon Biotech,
Shanghai, China).18–20

Cell Culture and Transfection

HEK293T cell line was purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were cultured in high glucose DMEM
medium containing 10% fetal bovine serum (35-081-
CV; Corning, NY, USA) and 100 U per mL of
penicillin/streptomycin (32105; Mengbio, Chongqing,
China), and placed in a 37°C incubator (5% CO2).18,19
Mycoplasma contamination in HEK293T cells was
excluded by the kit (AC16L061; Shanghai Life-
iLab Biotech, Shanghai, China).20 Transfection of
HEK293T cells was performed with EZ Trans Cell
Transfection Reagent (AC04L092; Shanghai Life-iLab
Biotech, Shanghai, China) andDNAwas conducted in
a 3:1 ratio according to themanufacturer’s instructions.

Western Blotting

HEK293T cells were seeded into 6-well plates
and cultured them in complete DMEM medium
for 24 hours after transfection with the plasmids.
In RIPA lysis buffer (PC101; Epizyme Biomedical
Technology, Shanghai, China) containing a 1X general
protease inhibitor (GRF101; Epizyme Biomedical

Technology, Shanghai, China), the HEK293T cells
were lysed. To achieve complete lysis, the lysates were
further treated with a sonicator (ZQ-650Y; Shanghai
Zhengqiao Scientific Instruments, Shanghai, China).
After centrifugation at 12,000 rpm for 30 minutes,
supernatants were collected and BCA Protein Assay
Kit (P0011; Beyotime, Shanghai, China) was used
to determine protein concentrations. After mixing
with the 5X loading buffer solution, samples were
boiled for 5 minutes at 95°C. We resolved protein
samples on 7.5% SDS-PAGE gels and transferred
them to a PVDF membrane. A PVDF membrane
was blocked with 5% skimmed milk powder at room
temperature for 2 hours, then incubated overnight
at 4°C with specific primary antibodies: SLC4A11
(ER62838, HUABIO, Hangzhou, China) and β-
actin (200068-8F10, ZENBIO, Chengdu, China). A
PVDF membrane was washed 3 times with TBST,
then incubated with secondary antibodies at room
temperature for 2 hours. Finally, a PVDF membrane
was exposed to enhanced chemiluminescence using
a chemiluminescence apparatus (GelView6000Plus,
Guangzhou Biolight Biotechnology, Guangzhou,
China).20,22

ROSMeasurement

Detection of intracellular reactive oxygen levels was
conducted by detecting changes in fluorescence inten-
sity of the fluorescent dye DCFH-DA (2,7-dichlorodi-
hydrofluorescein diacetate, S0033; Beyotime, Shang-
hai, China). According to the manufacturer’s instruc-
tions, the detection working solution was obtained by
diluting DCFH-DA with a serum-free basal medium
at a ratio of 1:1000 to a final concentration of 10
μM. HEK293T cells were seeded into 12-well plates
and cultured them in complete DMEM medium for
48 hours after transfection with the plasmids. The cells
were washed twice with serum-free basal medium and
added to the detectionworking solution. Then, the cells
were placed in the plates in a cell culture incubator set
at 37°C and incubated for 30 minutes in the dark. After
washing three times with serum-free basal medium,
the cells were quickly observed with a fluorescence
microscope (Ex/Em= 488/525 nm). Image fluorescence
intensity was analyzed using ImageJ software (version
1.52a; National Institutes of Health [NIH]).22,23

Detection of Mitochondrial Membrane
Potential

The mitochondrial membrane potential assay was
performed using the JC-1 assay kit (C2006; Beyotime,
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Shanghai, China).22,23 Briefly, HEK293T cells were
seeded into 12-well plates, and cultured them in
complete DMEM medium for 48 hours after trans-
fection with the plasmids. The cells were digested
with EDTA-free trypsin, collected in centrifuge tubes,
centrifuged, and incubated for 20 minutes at 37°C
in a cell incubator protected from light. The cells
were washed twice with JC-1 staining buffer (1X)
and detected by flow cytometry for mitochondrial
membrane potential, which were expressed as the ratio
of JC-1 aggregates to monomer.22,23

Detection of Apoptosis

Apoptosis was detected using the PE Annexin
V Apoptosis Assay Kit I (559763; BD Biosciences,
Franklin Lakes, NJ, USA). The 10X binding buffer was
diluted to 1X with pure water. HEK293T cells were
seeded in 12-well plates, and cultured them in complete
DMEM medium for 48 hours after transfection with
the plasmids. The cells were digested by adding EDTA-
free trypsin and collected into centrifuge tubes. The
cells were washed twice with cold PBS and resuspended
with 100 μL 1X binding buffer. The solution was added
with 5 μL PE-annexin V and 5 μL 7-AA, and gently
mixed. The cells were incubated at room temperature
for 15 minutes and protected from light. Then, 400 μL
1X binding buffer diluent was added and the apoptosis
rate was detected by flow cytometry.22

Determination of Oxygen Consumption Rate

Oxygen consumption rate of cells, which reflects the
function of the respiratory chain, was measured by an
XFe analyzer (XFe96; Agilent Seahorse Technologies,
Palo Alto, CA, USA).22 HEK293T cells were inocu-
lated at a density of 10,000 cells per well in XF 96-
well plates (102601-100; Agilent Seahorse Technolo-
gies, Palo Alto, CA, USA) and incubated overnight
after 1 hour of standing. Pyruvate (1 mM), glutamine
(2 mM), and glucose (10 mM) were added to XF basal
medium (103334-100; Agilent Seahorse Technologies),
mixedwell, and placed at 37°C for preheating. Then the
XF96-well plates were moved to an incubator at 37°C
without CO2 for 60 minutes. The XF Cell Mito Stress
Kit (103015-100; Agilent Seahorse Technologies) was
used to test the respiratory function and mitochondrial
metabolism of cells. The diluted reagents Oligomycin
(15 μM), FCCP (5 μM), and Rotenone/antimycin A
(5 μM) were injected into the probe plate and placed
in the Seahorse XFe analyzer for testing. Finally, the
protein concentration of each well was measured and

normalized. The results were analyzed usingWave 2.6.3
software.22

Statistical Analysis

Data were collected from 3 independent experi-
ments, and analyzed by 1-way ANOVA followed by
Bonferroni correction, with GraphPad Prism version
7.0 software (GraphPad, La Jolla, CA, USA). Any P
value< 0.05 was considered statistically significant. All
quantitative data were displayed as mean ± standard
deviation (SD).

Results

Clinical Features

The proband (II-1), a 28-year-old man, presented
with binocular poor vision and nystagmus since child-
hood. The BCVA was 0.05 for the left eye and 0.1 for
the right eye. Slit-lamp microscopy showed that the
corneas of both eyes were foggy and edematous. The
depth of the anterior chamber was moderate, the pupil
was round with the diameter at 3 mm. The structure
of the rest of the eye could not be seen clearly. In the
left eye, several vesicles were seen in the central cornea,
and corneal leucoma was seen in the inferior tempo-
ral region (Fig. 1B). SS-OCT showed that the signal
of the corneal stroma of the right eye was uneven.
A low-reflection cavity was visible under the corneal
epitheliumof the left eye, with enhanced light reflection
of the posterior corneal tissue (white arrow, Fig. 1C).
Neither the father (I-1) nor the mother (I-2) of the
proband had ocular signs, although the younger sister
(II-2) of the proband had similar clinical manifesta-
tions.

Genetic Test Results

After sequencing, 2 new heterozygous variants of
SLC4A11 gene were detected, as shown in Figure 2A.
The variant SLC4A11 c.1464-1G>T was a new splic-
ing mutation located in chr20-3210907. It was not
listed in gnomAD_exome (EAS), ExAC (EAS), 1000
Genomes, and other databases. Mutation Taster and
CADDpredicted that it was harmful. We used spliceAl
software (https://spliceailookup.broadinstitute.org/) to
predict the damage of the splice mutation, and the
results showed that it caused Acceptor_loss and the
prediction score was 0.99, indicating that the splice
mutation was harmful. As a membrane transporter,
SLC4A11 protein may mediate signal transduction
in the form of receptor. Mutation may lead to

https://spliceailookup.broadinstitute.org/
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Figure 1. Pedigree and clinical examinations of the proband with congenital hereditary endothelial dystrophy (CHED). (A) Pedigree of the
proband, indicating by an arrow. (B) Slit lamp microscopy photograph of the proband. (C) Swept source optical coherence tomography
(SS-OCT) image of the corneas.

loss or weakening of receptor function, thus affect-
ing mitochondrial function and transport function.
According to the ACMG guidelines, the variant was
pathogenic: PVS1 + PM2_Supporting.

The variant SLC4A11 c.788A>G, p.K263R
was a novel variant, which was not reported in
gnomAD_exome (EAS), ExAC (EAS), 1000Genomes,
and other databases. Mutation Taster, CADD
predicted that it was deleterious, and Polyphen2
predicted that it was probably damaging. However,
SIFT predicted it was benign. GERP++ showed that
the amino acids it encodes were highly conserved.
We compared the protein sequences between differ-
ent species with Clustal Omega (Fig. 2B) and
analyzed them by Weblogo (Fig. 2C). The variant
site was highly conserved. According to the ACMG
guidelines, the variant was a variant of undeter-
mined significance: PM3 + PM2_Supporting
+ PP3.

The segregation verification showed that the father
(I-1) and the sister (II-2) carried the SLC4A11 c.1464-
1G>T variant. The mother (I-2) and sister (II-2)
carried the SLC4A11 c.788A>G, p.K263R variant.

Protein Structure and Function Prediction of
K263R

We used HOPE (https://www3.cmbi.umcn.nl/
hope/) and Expasy software (https://www.expasy.org/)
to predict the protein structure, and used PyMOL
to make 3D structural models of SLC4A11 (K263R)
protein (Fig. 3B). Figure 3A was the schematic struc-
tures of the original and the mutant amino acid. The
backbone, which was the same for each amino acid,
was colored red. The side chain, unique for each
amino acid, was colored black. The mutant residue
was bigger than the wild-type residue after lysine
changed to arginine at position 263. The wild-type

https://www3.cmbi.umcn.nl/hope/
https://www.expasy.org/
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Figure 2. Two novel SLC4A11 variants (c.1464-1G>T and c.788A>G, p.K263R) were identified in the CHED family. (A) Confirmatory Sanger
sequencing. (B) Clustal Omega software formultiple sequence alignment of p. Lys263 loci among different species. (C) The conservativeness
of the p. Lys263 locus was analyzed using Weblogo. The horizontal coordinate represents the position of the amino acid and the vertical
coordinate represents the conservativeness of the amino acid. The higher the length, the stronger the conservativeness.
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Figure 3. Tertiary structure prediction ofwild type andmutant proteins. (A) A schematic diagramof the structure of the original amino acid
(left) and themutant amino acid (right). (B) Three-dimensional (3D) protein structure comparison by SLC4A11wild type (left) with c.788A>G,
p.K263R (right).

residue was predicted to be located in an α-helix,
whereas the mutation caused the replacement of the
wild-type residue with another residue that does not
prefer α-helices as a secondary structure. Mutant was
less stable than wild type.

SLC4A11 Protein Expression Levels

In order to explore the expression levels of
SLC4A11 protein, the cDNA plasmids of the wild-
type SLC4A11 and variant SLC4A11 (K263R) were
sub-cloned into pcDNA3.1 (+) expression vectors
to HEK293T cells and cultured for 24 hours for
Western blotting assay. The results showed that higher
SLC4A11 protein expression was seen in the wild
type group and the K263R group after plasmid
transfection.

K263RMutation Caused Mitochondrial
Dysfunction

In order to investigate whether K263R affected
mitochondrial function, the cDNA plasmids of wild-
type SLC4A11 and variant SLC4A11 (K263R) were

sub-cloned into pcDNA3.1 (+) expression vectors to
HEK293T cells. After 48 hours of incubation, we used
the Seahorse XFe analyzer to measure the oxygen
consumption rate (OCR), maximum OCR value, and
ATP production value of the cells. The results showed
that the basal OCR,maximumOCR, andATP produc-
tion values of the K263R cells were significantly lower
than the empty vector cells and the wild type cells
(Fig. 4B).

In order to further verify the mitochondrial
function, we detected intracellular ROS andmitochon-
drial membrane potential. The DCFH-DA fluorescent
probe was used to evaluate intracellular ROS levels.
Fluorescent images showed that the ROS-positive cells
in the K263R group were significantly more than those
in the empty vector group and the wild type group
(Fig. 5A), indicating that the K263R cells were in a
state of higher oxidative stress.

Mitochondrial membrane potential is an important
indicator of mitochondrial function. The results of JC-
1 assay showed that the K263R group showed higher
green fluorescence intensity, but the red fluorescence
intensity was much weaker than that of the empty
vector and the wild type groups (Fig. 5B), indicating
that the mitochondrial membrane potential decreased
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Figure 4. K263R caused dysfunction of the mitochondrial respiratory system. (A) The protein expression levels of SLC4A11 were detected
usingWesternblotting. (B) Cell oxygen consumption ratemeasuredbyXFe analyzer. (C) Bar charts showbasal respiratory capacity,maximum
respiratory capacity and ATP production (values are expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

significantly. The results further proved that K263R
caused mitochondrial dysfunction.

K263RMutation Promoted Apoptosis

To explore whether the K263R affected cell fate, cell
apoptosis was detected 48 hours after plasmid trans-
fection by flow cytometry. The results showed that
compared with the empty vector cells and the wild-type
cells, the apoptosis rate (Q2 + Q4) of the K263R cells
was significantly increased (Fig. 5C).

SkQ1 Improved Mitochondrial Function and
Inhibited Apoptosis

Transfected HEK293T cells were treated with SkQ1
(50 nM, HY-100474; MedChemExpress, Monmouth
Junction, NJ, USA) for 6 hours, and then incubated for
another 48 hours. We tested the ROS level, mitochon-
drial membrane potential, and cell apoptosis rate.
The results showed that SkQ1 treatment signifi-
cantly decreased the ROS level and cell apopto-
sis rate but significantly increased the mitochondrial
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Figure 5. K263R caused impairment of mitochondrial function and apoptosis. (A) Detection of mitochondrial membrane potential by
using JC-1 staining. The JC-1 aggregates produce red fluorescence, and the JC-1 monomer produces green fluorescence. The ratio of JC-1
aggregates to monomer is used to represent the mitochondrial membrane potential. (B) ROS levels were measured in HEK293T cells.
(C) Flow cytometry was used to quantitatively detect cell apoptosis. Q2 represented late apoptotic cells, and Q4 represented early apoptotic
cells. The value of Q2 + Q4 represented the degree of apoptosis (values are expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001,
n = 3).

membrane potential in the K263R cells (Figs. 5A-
C). The data suggested that SkQ1 might reverse the
oxidative stress-related cell damage caused by K263R
variation.

Discussion

The cornea is a transparent membrane located in
the anterior wall of the eyeball. It is divided into
five layers from the front to the back: epithelium,
Bowman’s membrane, stroma, Descemet’s membrane,

and endothelium.24 The mitochondria, as the power-
houses for cells, are responsible for energy production
in the form of ATP.25 Mitochondrial density in corneal
endothelium is very high, just below that of photore-
ceptors in humans, to ensure the production of the
high amounts of ATP required to sustain Na+/K+-
ATPase pump function.26 The electron transport chain
and oxidative phosphorylation (oxphos) system in the
mitochondria are the principal sources of endoge-
nous oxidative stress.27 Oxidative stress describing an
imbalance between ROS production and scavenging in
cells plays an important role in the degeneration and
apoptosis of human corneal endothelial cells.
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Many corneal dystrophies, such as CHED and
FECD, are associated with oxidative stress.28 CHED
mainly manifests as corneal endothelial hypoplasia or
corneal endothelial cells degeneration and hypofunc-
tion. The clinical features are diffuse corneal edema and
opacity in both eyes. Different degrees of visual impair-
ment occur early in life, seriously affecting the visual
development of patients, resulting in nystagmus or
amblyopia. In this study, the proband had poor visual
acuity with nystagmus since childhood. Corneal foggy
opacity in both eyes and several vesicle-like bulges in
the center of the cornea of the left eye was evident
(Fig. 1B). SS-OCT results showed that the light reflec-
tion signal of the corneal stroma of the right eye was
uneven, and a low-reflection cavity was visible under
the corneal epithelium of the left eye, with enhanced
light reflection of the posterior corneal tissue (Fig. 1C).

SLC4A11 is a dimer present in the plasma
membrane, consisting of an NH2-terminal 374 amino
acids cytoplasmic domain and a 517 amino acids
integral membrane domain. The membrane domain
of the SLC4A11 protein contains a total of 14 trans-
membrane regions.11,29 SLC4A11 belongs to the
SLC4 bicarbonate transporter family,30 however,
SLC4A11 does not have bicarbonate transporta-
tion activity.31,32 SLC4A11 was identified as a novel
electrogenic NH3+/H+ co-transporter protein7 and is
basolateral in corneal endothelial cells.33 Mutations in
SLC4A11 can cause congenital hereditary endothelial
dystrophy, Harboyan syndrome, Fuchs endothelial
corneal dystrophy, and other diseases.14,15,17 Loss of
function of SLC4A11 is considered to be an important
factor in the death of corneal endothelial cells.13

In this study, two novel heterozygous mutations
SLC4A11 c.1464-1G>T and SLC4A11 c.788A>G,
p.K263R were detected. SLC4A11 c.1464-1G>Twas a
splicing mutation, which was predicted to be harmful.
SLC4A11 c.788A>G, p.K263R is a novel missense
mutation. According to the ACMG guidelines, the
variant was of undetermined significance. There-
fore, we focused on exploring whether the SLC4A11
c.788A>G, p.K263R is a pathogenic variant. HEK293
cells hold all human post-translational modifications
and they are capable of producing proteins that are
similar to those naturally synthesized in humans.34
Therefore, we used HEK293T cells to determine the
pathogenicity of SLC4A11 c.788A>G, p.K263R and
to explore the pathogenic mechanisms.

Under physiological conditions, mitochondria are a
significant source of ROS, which are involved in both
free radical metabolism and energy metabolism.35,36
Low concentration of ROS is necessary for the function
of cells, but excessive ROS will produce oxidative
stress, leading to cell damage and apoptosis.37,38 The

basic characteristics of mitochondrial dysfunction are:
the disorder of basic mitochondrial functions, such
as bioenergy, antioxidation, and regulation, which
usually leads to the decline of electron transporta-
tion chain function, the decrease of ATP produc-
tion, the decrease of mitochondrial membrane poten-
tial, the increase of ROS production, and eventu-
ally leads to cell death. A growing body of evidence
supports a strong link between mitochondrial dysfunc-
tion and ocular diseases.39 It was reported mutations
in SLC4A11 affected mitochondrial activity leading
to corneal endothelial dysfunction.11 We hypothe-
sized that SLC4A11 (K263R) mutation might also
affect the cellular response to oxidative stress and
lead to mitochondrial dysfunction. We found that
SLC4A11 (K263R) mutant increased ROS produc-
tion, decreased mitochondrial membrane potential,
and decreased cellular oxygen consumption rate, but
increased apoptosis rate (Fig. 4B, Figs. 5A-C). Our
data suggested that SLC4A11 c.788A>G, p.K263R
was a pathogenic variant. Our study expanded the
genetic mutation spectrum of SLC4A11 and provided
a new reference for the molecular diagnosis of CHED.
Although HEK293T cells do not fully represent the
specific pathogenesis of CHED, they might still be a
valuable model for studying this disease.

In reference to the previously reported topology
model,15 we found that amino acids 263 is located in
the N-terminal domain. The protein sequence between
different species showed the amino acids are conserved,
indicating that they may have an important function.
Kodaganur et al. reported a pathogenic mutation
in p.Thr262Ile, but the exact pathogenic mechanism
remains unclear.40 Roy et al. investigated the physiolog-
ical roles of SLC4A11 and 4 mutants associated with
CHED2 (S213L, R233C, G418D, and T584K). They
found that cells containing mutant SLC4A11 were
more susceptible to oxidative stress and mitochondrial
damage, and prone to apoptotic.11 These findings are
similar to ours.

SkQ1 is a derivative of plastoquinone, which is
not only oxidized by ROS but also subsequently
reduced by the charged electron transportation
chain in the mitochondria. This feature makes these
antioxidants “rechargeable” compared to many other
mitochondrial-targeting antioxidants.41 SkQ1 can
selectively accumulate in the inner mitochondrial
membrane, it can therefore work at very low concen-
trations, which means that SkQ1, as a potential
drug candidate, can reduce the risk of side effects.
It was reported recently that SkQ1 could reduce
cell damage caused by excessive ROS, effectively
regulate mitochondrial membrane potential, reduce
corneal damage, restore corneal function, and reduce
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ocular surface inflammation.42–44 In addition, SkQ1
presented therapeutic effects on dry eye syndrome,
uveitis, and conjunctivitis.45–48 Evidence from clinical
trials indicated that the safety, tolerability, and efficacy
of SkQ1 and suggested it may be a promising treat-
ment for dry eye disease.44 We used SkQ1 to protect the
mitochondrial dysfunction and apoptosis caused by
the SLC4A11mutation. The results showed that SkQ1
improved mitochondrial function and decreased the
apoptosis rate. Thus, SkQ1 might be used for treating
CHED, providing more favorable preclinical data are
accumulated.

In conclusion, our results broadened both the
genotype and phenotype of SLC4A11 associated
CHED. We identified two novel pathogenic variants
(c.1464-1G>T and c.788A>G, p.K263R) of SLC4A11
in a Chinese family with CHED. We found that
the mutant SLC4A11 (K263R) caused mitochondrial
dysfunction and exaggerated the apoptosis rate. In
addition, SkQ1 could protect mitochondrial dysfunc-
tion and apoptosis caused by the SLC4A11 mutation,
suggesting that SkQ1 might be a promising therapy for
treating this hereditary corneal disorder.
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