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Abstract
● AIM: To investigate the role of transmembrane protein 
206 (TMEM206) in corneal edema in mice by knockout the 
TMEM206 gene using CRISPR/Cas9 editing technology.
● METHODS: TMEM206-knockout mice were generated 
using the CRISPR-Cas9 system. Variations in ophthalmic 
pathology were observed using slit lamp microscope and 
optical coherence tomography (OCT), intraocular pressure 
(IOP) was measured using a TonoLab Rebound Tonometer, 
and the ultrastructure of the corneal was observed using a 
transmission electron microscope.
● RESULTS: Corneal opacity was observed in 4/18 
homozygous TMEM206-/- mice whereas a similar change 
was not observed in heterozygous TMEM206+/- mice and 
wild-type littermates. OCT examination showed that the 
mean central cornea thickness was 125±5.4 µm in 4 
homozygous TMEM206-/- mice developed corneal edema 
and 115±1.2 µm in wild-type mice (t=3.468, P<0.05) at 
43wk. The mean IOP was 12.08±0.07 mm Hg in four right 
eyes with corneal edema and 12.03±0.03 mm Hg in three 
normal left eyes (P>0.05). Transmission electron microscopy 
revealed a disruption in the organization of the collagen 
fibrils in the central part of the cornea in homozygous 
TMEM206-/- mice.
● CONCLUSION: TMEM206 is associated with corneal 
edema which caused organizational disruption of collagen 
fibrils in corneas of mice.
● KEywORDS: transmembrane protein 206; knockout; 
cornea; edema; mouse
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IntRoduCtIon

P roteins of the transmembrane protein family are 
present in various cell membranes, such as those of the 

endoplasmic reticulum, mitochondria, lysosomes, and Golgi, 
and are involved in important physiological processes[1]. 
A number of transmembrane proteins act as channels that 
allow the transport of specific substances across biological 
membranes[2]. Transmembrane protein 206 (TMEM206) was 
previously confirmed by whole-cell patch-clamp recording to 
be a proton-activated Cl− (PAC) channel activated by a highly 
acidic extracellular pH (~5.5 to 6.0). This channel shows a 
strong outwardly rectifying current-voltage relationship that 
is also referred to as a proton-activated outwardly rectifying 
anion channel or acid-sensitive outwardly rectifying anion 
channel[3]. The PAC channel is activated at a highly acidic 
extracellular pH that may be limited to pathological conditions 
(for example, in cancer and ischemic stroke) in which the PAC 
currents may contribute to cell death induced by high levels of 
tissue acidosis. In addition to its pathological role in acidosis, 
the broad tissue expression profile of TMEM206 suggests that 
it may also play an important functional role[4].
Normal vision relies on the maintenance of corneal 
transparency, which can be struck a balance if the inner and 
outer restricting endothelial and epithelial layers cannot 
compensate the tendency of the stromal layer to imbibe 
water and swell[5]. The corneal endothelium and epithelium 
transfer ions and water between the stroma, front aqueous 
chamber and tear fluid, respectively[6]. The corneal epithelium 
transfers chloride from the basal part to the tear part, and 
sodium from the tear to the basal part[7]. The primary role 
of the corneal endothelium is to keep corneal transparency 
via the active transfer of ions and water[8]. Several types 
of chloride transporting molecules have been identified in 
corneal epithelial cells[9]. However, little is known about 
TMEM206 in the cornea. Corneal edema is common in corneal 
endothelial dysfunction and is caused by surgery, trauma 
and inflammation. The cornea transparency is dependent 
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on ion transport and endothelial cell number in the corneal 
endothelium; furthermore, chloride channels are implicated 
in corneal edema. TMEM206 is a novel chloride channel. In 
this study, we focus on the impact of the TMEM206 channel 
on corneal edema. We discovered that the loss of corneal 
transparency was detected in TMEM206 knockout mice. Our 
study provides insight into the mechanisms underlying corneal 
edema and identifies a potential target for the therapeutic 
intervention for corneal edema.
mateRIals and methods
ethical approval  All experiments involving the care and 
use of animals were carried out in accordance with the U.S. 
National Institutes of Health guidelines (NIH, revised 1996) 
and the Animal Research: Reporting In Vivo Experiments 
guidelines.
Generation of TMEM206 Knockout mice  C57BL/6 mice 
were purchased from Gempharmatech Co., Ltd. (Nanjing, 
China) and housed under standard conditions with a 12h 
light/dark cycle on a daily. Next, we generated a TMEM206 
knockout mouse model using clustered regularly interspaced 
short palindromic repeats (CRISPR)-CRISPR-associated 
nuclease 9 (Cas9) technology[10]. The co-injection of single 
guide RNAs targeting exon 2 and exon 5, and Cas9 protein, 
was performed in 1-cell-stage C57BL/6J zygotes. The 
single guide RNAs sequences were as follows: gRNA1: 
5’-ctagcttctgctgattaccc-3’; gRNA2: 5’-ccttaaagatgtaccccaag-3’; 
gRNA3: 5’-caagaaggctcacggaccac-3’ and gRNA4: 
5’-agtgaagcctgaagctcggc-3’. These experiments successfully 
generated mice carrying mosaic heterozygous indel 
modifications between exon 2 and exon 5.
T h e  T M E M 2 0 6  k n o c k o u t  m i c e  w e r e  c r e a t e d  b y 
Gempharmatech Co., Ltd. (Nanjing, China). Founders were 
backcrossed to generate homozygous TMEM206 knockout 
offspring. TMEM206 knockout mutation was confirmed 
by polymerase chain reaction (PCR) screening and Sanger 
sequencing using genomic DNA extracted from tail 
biopsies.
evaluation of Corneal opacity  Corneal opacity and the 
integrity of the corneal epithelium were evaluated individually 
using a slit lamp microscope (Topcon, Japan) in 30-week-old 
mice without anesthesia. The degree of cornea opacity for each 
eye was scored on a numerical scale of 0-4, as follows: 0, clear 
cornea; 1, mild stromal opacity; 2, moderate stromal opacity; 
3, severe corneal opacity; and 4, opaque cornea. Digital 
images of each cornea were acquired by slit lamp microscopy. 
Central corneal thickness was measured by optical coherence 
tomography (OCT, Zeiss, Germany) in 43-week-old mice 
under intraperitoneal anesthesia. Intraocular pressure (IOP) 
was measured using a TonoLab Rebound Tonometer (Icare, 
Finland) under intraperitoneal anesthesia.

electron microscopy Features of mice Corneas  Mice were 
anaesthetized systemically by an intraperitoneal injection with 
40 μL of ketamine and 10 μL chlorpromazine hydrochloride 
in 0.5 mL of 0.9% sodium chloride solution. The cornea 
was divided into blocks and fixed in 2.5% glutaraldehyde 
and osmium tetroxide to observe the corneal ultrastructure 
by transmission electron microscopy (Hitachi H9500, 
Japan). Images of corneal ultrastructure were obtained at 
magnifications of ×13 500 to ×50 000. In brief, the vacuum 
around the sample was approximately 10 Pa. Backscattered 
electrons originating from the specimen’s surface were 
detected by a detector at an accelerating voltage of 80 kV in 
accordance with the manufacturer’s instructions.
statist ical  analysis   The data  were expressed as 
means±standard deviation (SD), and statistical analysis was 
performed using GraphPad Prism V7 software (GraphPad, 
California, USA). One-way analysis of variance was 
performed for analysis of normal distribution data in different 
groups, and Kruskal-Wallis test was employed for data analysis 
that did not show normal distribution. Student’s t-test was used 
to compare difference between two groups. A value of P<0.05 
was considered as a significant difference.
Results
Generation of TMEM206 Knockout mice  Constitutive 
knockout of the TMEM206 allele was obtained by inserting a 
stop codon in exon 2 of the gene by CRISPR-Cas9-mediated 
gene editing (Figure 1A). Mutated F0 founders were identified 
by genotyping and sequencing. Tail tissues were genotyped 
by conventional PCR with two specific primers. The primer 
sequences used for conventional PCR were as follows: KO-F: 
5’-ctgagtggactctaagccacatttcc-3’; KO-R: 5’-gtgcattatacactggt
gaaccagttg-3’; WT-F: 5’-gagaccaagatggtggagcaaa-3’ and WT-
R: 5’-tgtcactcagggtcaaagtggg-3’. The six F0 founders were 
genotyped by PCR followed by Sanger sequencing analysis 
(Figure 1B-1E). One of the F0 founders was selected for 
expansion into heterozygote and homozygote breeding pairs. 
Heterozygous breeding pairs were then selected to produce 
TMEM206-/- mice and wild-type littermates.
TMEM206-/- mice developed Corneal opacity  Sixty-
nine F1 generation mice were obtained using founders that 
were backcrossed from TMEM206+/- mice. Sixty-nine mice 
from the F1 generation featured 18 TMEM206-/- mice, 36 
TMEM206+/- mice and 15 wild-type C57BL/6 mice. In 
week 30 postburn, the corneal opacity score was 4 in three 
homozygous TMEM206-/- mice (Figure 2A, 2C, and 2D) and 
3 in one homozygous TMEM206-/- mouse (Figure 2B). The 
corneal opacity score was 0 in heterozygous TMEM206+/- 
mice (Figure 2E) and wild-type littermates (Figure 2F). 
Variable ophthalmic pathology was observed in four out of 
the 18 homozygous TMEM206-/- mice; these changes were not 
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observed in heterozygous TMEM206+/- mice and their wild-
type littermates. Corneal edema was observed in the right eye 
in four TMEM206-/- mice and the lens capsule was collapsed 
in the left eye of one TMEM206-/- mouse. Corneal opacity 
scores did not differ significantly when compared between 
heterozygous TMEM206+/- mice and wild-type mice. OCT 
examination showed that the mean central cornea thickness 
was 125±5.4 µm for the edematous cornea in 4 out of the 18 
homozygous TMEM206-/- mice developed corneal edema; 
this compared to 115±1.2 µm in wild-type mice. The central 
cornea of TMEM206-/- mice was significantly thicker than 
that in wild-type C57BL/6 mice (t=3.468, P<0.05) according 
to the measurement of 4/18 homozygous TMEM206-/- mice 
with corneal edema at 43wk (Figure 3). All samples of corneal 
epithelium were smooth and intact except for in one damaged 
eye. The mean IOP was 12.08±0.07 mm Hg in four right eyes 

with corneal edema and 12.03±0.03 mm Hg in three normal 
left eyes. There was no obvious difference between the IOP 
of eyes with corneal edema when compared with the IOP of 
normal eyes. Collectively, our findings showed that TMEM206 
knockout is associated with corneal edema in mice.
electron microscopy Features of Cornea  Corneal 
transparency is dependent upon the arrangement of collagen 
fibrils. Transmission electron microscopy of the corneas from 
experimental mice revealed disruption in the organization 
of the collagen fibrils in the central part of the cornea in 
homozygous TMEM206-/- mice (Figure 4A) when compared 
to the collagen fibrils of wild-type mice with normal corneas 
(Figure 4B). These results demonstrated that disruption in the 
organization of collagen fibrils in the cornea was associated 
with the corneal edema caused by TMEM206-knockout in 
mice.

Figure 1 Genotypical analysis of TMEM206 knockout F0 founder mice  A: Schematic diagram of TMEM206 knockout via CRISPR-Cas9-

mediated gene editing; B: PCR products amplified from the targeted region of genomic DNA revealed TMEM206 knockout genotypes (KO); C: 

PCR products amplified from the targeted region of genomic DNA revealed wild-type TMEM206 genotypes (WT); D: The precise length of DNA 

ladders; E: Two different types of knockout segments in the TMEM206 gene from the 6 F0 founders. PCR: Polymerase chain reaction.

Figure 2 Anterior imaging by slit lamp microscopy in 30-week mice  A-D: Four homozygous TMEM206-/- mice; E: Heterozygous TMEM206+/- 

mice; F: Wild-type C57BL/6 mice.
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dIsCussIon
The corneal stroma extracellular matrix consists mainly of 
collagen with minor amounts of proteoglycans. The deficient 
synthesis of proteoglycan can produce blindness by disrupting 
the arrangement of the collagen fibrils in human[11]. Hydration 
of the corneal stroma is kept predominantly by a balance 
between its trend to imbibe water and swell and an active 
process of ion transport throughout the corneal endothelium[12]. 
The tendency to absorb water and swell is owing to the 
presence of negatively charged macromolecules such as 
glycosaminoglycans in the stromal collagenous matrix. Ion 
transport throughout the corneal endothelium is considered 
to involve the active transfer of anions from the stroma to 
the aqueous humor, followed by the passive dispersion of 
cations[13]. The cornea loses its clarity at hydration levels out 
of the normal range. Thus, faulty endothelial ion transport will 
contribute to stromal swelling, corneal edema and damaged 
vision[14]. Chloride ions are the most abundant anions; the 
movement of chloride ions across cell membranes, mediated by 
chloride ions channels, is central to certain cellular functions, 
such as the regulation of cell volume and the acidification of 
intracellular vesicles in cells. Several types of chloride ion 
transporting channels have been detected in corneal epithelial 
cells[15]. The TMEM206 protein channel has been characterized 
as an acid-sensitive ion channel in the plasma membrane[16]. 
However, little is known about TMEM206 in corneal 
endothelial and epithelial cells.

The TMEM206 gene encodes a new type of chloride channel 
activated by protons[3]. TMEM206 is a transmembrane 
protein that is widely expressed in mammalian cells[3]. The 
wide expression profile of TMEM206 suggests a broad role 
for this chloride channel in physiological and pathological 
processes[17]. In the present study, the results of TMEM206-
knockout in mice demonstrated ophthalmic pathology in 
4/18 homozygous TMEM206-/- mice; this pathology was not 
observed in heterozygous TMEM206+/- mice. Corneal edema 
and collapse of the lens structure were the key aspects of 
ophthalmic pathology in TMEM206-/- mice. OCT examination 
confirmed that the common ophthalmic pathology was corneal 
edema. Corneal edema was detected in four homozygous 
mice while the collapse of the lens structure was only in one 
homozygous mouse out of 18 homozygous TMEM206-/- mice. 
Eye infection can cause the collapse of the lens structure. 
In the present study, one homozygous TMEM206-/- mouse 
showed ophthalmic pathology in its left eye with the collapse 
of the lens structure and corneal edema in the right eye; 
there was no evidence of eye infection in its littermates. This 
study suggested that lens structure collapse might be caused 
by TMEM206 knockout. This study suggests that corneal 
edema is associated with the knockout of TMEM206 in mice. 
Based on the results of this study, it may be speculated that 
TMEM206 also serves a fundamental role in the corneal 
endothelium and the transport of water by the epithelium. 
The regular arrangement of collagen fibrils is necessary for 
corneal transparency[11]. Corneal transparency depends on the 
orderly packing of small size collagen fibrils. The distinctive 
arrangement of the collagen fibrils is a chief determinant 
of their function[13]. Other extracellular matrix molecules 
such as hyaluronan are also related to the reduction of 
light scattering[13]. A previous study concerning developing 
embryos suggested that there was a relation between 
glycosaminoglycans in the stromal collagenous matrix and the 
appearance of an exactly organized collagen lattice during the 
achievement of corneal transparency[18].
To improve our understanding of the role of TMEM206 in the 
cornea, we aimed to investigate the arrangement of collagen 

Figure 3 Corneal thickness, as determined by optical coherence tomography in 43-week mice  A: The corneal thickness of wild-type C57BL/6 

mice; B: The corneal thickness of homozygous TMEM206-/- mice with corneal edema.

Figure 4 Electron micrographs of the corneas in 43-week mice  A: 

Collagen fibrils in the corneas of TMEM206-/- mice; B: Collagen fibrils 

in the corneas of wild-type C57BL/6 mice.

TMEM206 with corneal transparency in mice
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fibrils in the corneal stromal layer by transmission electron 
microscopy. Parallel bundles of collagen fibers are known 
to be tightly packed in lamellae lying parallel to the surface 
of the corneal stroma[19]. The precise temporal and spatial 
regulation of the extracellular matrix assembly is dependent 
on matrix-matrix and matrix-cell interactions during corneal 
development. Sulfate groups on the proteoglycans bind water 
and act as a reserve for hydration[20]. In the present study, 
organizational disruption of collagen fibrils occurred in the 
central part of the cornea in homozygous TMEM206-/- mice. 
TMEM206 knockout resulted in the transport of chloride ions 
and water into the extracellular matrix, thus affecting stromal 
hydration and the structural organization of the collagen fibrils. 
Therefore, the disruption of collagen fibrils may be caused by 
TMEM206 knockout subsequently affecting chloride transport. 
Further studies are now necessary to fully elucidate the role 
of TMEM206 in the structure and function of the cornea. 
There are several types of chloride ion channels in corneal 
epithelial cells; other chloride channels could compensate for 
abnormalities in the function of PAC channels. Therefore, the 
knockout of TMEM206 could not have been responsible for 
corneal edema in all mice.
Normal vision requires transparency of the cornea. However, 
the cornea transparency is in part dependent on the capability 
of the corneal epithelial layer to induce fluid flow from the 
stromal side into the tear film side; however, these flows are 
not as important as those mediated by the inside endothelial 
layer[21]. The corneal epithelial layer is the front layer while 
the corneal endothelium is the rear layer; the corneal stroma 
locates between these two layers. Damage to the corneal 
endothelium or corneal epithelium can result in stromal edema. 
TMEM206 was previously confirmed to be a PAC channel 
activated by a highly acidic extracellular pH in a range of cells. 
Tissue acidosis is a wide-spread pathological feature associated 
with many diseases, including ischemia, cancer, infection and 
inflammation[22]. The threshold for PAC channel activation is 
too acidic to be found under physiological conditions except 
for endocytic pathways and secretory vesicles, which are 
known to have an acidic extracellular pH[23]. The presence of 
corneal edema in some of the TMEM206 knockout mice in the 
present study suggested that TMEM206 may be expressed in 
corneal endothelium and epithelium and play an essential role 
in chloride ion transport across the corneal endothelium and 
epithelium. Therefore, the results of the present study suggested 
that TMEM206 may also play an important function under some 
physiological conditions with a pH between 7.2 and 7.5.
In summary, TMEM206  knockout in mice disrupts 
organization of the collagen lattice and results in corneal 
edema. However, there are several types of chloride channels 
in the corneal epithelia and endothelium. The maintenance of 

corneal transparency via the transport of ions and fluid can be 
compensated for through other chloride channels. Therefore, 
the loss of corneal transparency was only observed in four of 
the 18 TMEM206 knockout mice.
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