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1   |   INTRODUCTION

Nonkeratinized stratified squamous epithelia line the wet 
surfaces of the cornea, conjunctiva, oral cavity, esophagus, 

vagina, and ectocervix.1 This type of epithelium is well 
suited to resist the abrasive stress that accompanies blink-
ing and the passage of solid food, since superficial cells are 
constantly desquamating and being replaced before the 
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Abstract
One of the primary functions of nonkeratinized stratified squamous epithelia is 
to protect underlying tissues against chemical, microbial, and mechanical insult. 
Basigin is a transmembrane matrix metalloproteinase inducer commonly overex-
pressed during epithelial wound repair and cancer but whose physiological sig-
nificance in normal epithelial tissue has not been fully explored. Here we used a 
CRISPR/Cas9 system to study the effect of basigin loss in a human cornea model 
of squamous epithelial differentiation. We find that epithelial cell cultures lack-
ing basigin change shape and fail to produce a flattened squamous layer on the 
apical surface. This process is associated with the abnormal expression of the 
transcription factor SPDEF and the decreased biosynthesis of MUC16 and invo-
lucrin necessary for maintaining apical barrier function and structural integrity, 
respectively. Expression analysis of genes encoding tight junction proteins iden-
tified a role for basigin in promoting physiological expression of occludin and 
members of the claudin family. Functionally, disruption of basigin expression led 
to increased epithelial cell permeability as evidenced by the decrease in transepi-
thelial electrical resistance and increase in rose bengal flux. Overall, these results 
suggest that basigin plays a distinct role in maintaining the normal differentiation 
of stratified squamous human corneal epithelium and could have potential impli-
cations to therapies targeting basigin function.
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underlying connective tissue is exposed. Similar to other 
mucosal surfaces, nonkeratinized stratified epithelium is 
defined by the presence of a mucin coat that provides a 
protective barrier to pathogens and contribute to lubricate 
and enhance wettability, thereby preventing desiccation. 
In addition, the presence of specialized cell–cell and cell–
extracellular matrix junctions provide additional barrier 
functions and play an important role in defining cell mor-
phology and tissue physiology.2,3

Basigin (BSG), also known as CD147 or EMMPRIN, is 
a highly glycosylated transmembrane protein with pleio-
tropic functions.4 The human gene, located on chromo-
some 19, encodes a 269 amino acid protein composed of 
a 21 amino acid signal sequence, a 186 residue-long ex-
tracellular portion with two Ig-like domains, and a highly 
conserved 21 amino acid transmembrane domain with a 
41 residue cytoplasmic tail.5 Transcription of basigin re-
sults in a 29 kDa backbone protein with three asparagine 
N-glycosylation sites within the Ig-like domains, which 
can be extended to produce a glycoprotein with a size 
between 39 and 65  kDa. The pleiotropic nature of this 
protein is underscored by the diversity of its binding part-
ners. The intramembranous domain of basigin modulates 
cis recognition of numerous molecules within the same 
membrane, such as members of the monocarboxylate 
transporter family, GLUT1, and CD44.6 Basigin also uses 
its extracellular, glycosylated Ig-like domains to participate 
in trans interactions with opposing cells, resulting not only 
in the formation of basigin homo-oligomers, but also in 
the establishment of heterophilic complexes with other 
molecules such as integrins. These homo-  and hetero-
interactions influence many biological processes such as 
cell invasiveness, nutrient transport, and inflammatory 
signaling pathways. In addition, basigin has also been im-
plicated in facilitating infection by serving as a receptor for 
viruses such as HSV-1 and, more recently, SARS-CoV-2, re-
sponsible for the global pandemic of COVID-19 disease.7,8

Basigin was first characterized as a tumor cell-derived 
collagenase stimulatory factor based on its ability, when ex-
pressed on carcinoma cell membranes, to promote MMP-1 
biosynthesis by neighboring fibroblasts.9 Subsequent 
studies found that basigin has a wider influence in stim-
ulating the biosynthesis of other matrix metalloprotein-
ases, such as gelatinases and stromelysins.4,10 The use of 
tissue microarrays has been instrumental in demonstrat-
ing that, other than being highly prevalent in human tu-
mors, basigin is present in the normal stratified squamous 
epithelia of the oral cavity, esophagus, and ectocervix.11 
Basigin has been additionally detected in the stratified 
squamous epithelium of the human cornea, although its 
expression dramatically increases in several pathological 
states including ulceration, dry eye, and keratoconus.12-15 
The excessive degradation of cellular junctions and 

extracellular matrix that follows the upregulation of bas-
igin in pathological states has been primarily associated 
with the induction of matrix metalloproteinase activity. 
Consequently, repressing basigin expression or function 
has been proposed as a therapeutic modality, yet the ad-
verse implications of this approach to physiological pro-
cesses remain a concern.11,16 Here, we took advantage of 
a CRISPR/Cas9  genome editing approach to determine 
whether homeostatic expression of basigin contributes to 
maintain human corneal epithelial integrity. We find that 
basigin plays an essential role sustaining the structure and 
normal differentiation of stratified squamous cells and 
promoting epithelial barrier function.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture and human tissue

The telomerase-immortalized human corneal epithelial 
cell line, hTCEpi, was used in this study. These cells 
stratify, differentiate, and desquamate similar to normal 
human corneal epithelium.17 For the establishment of 
multilayered cell cultures, cells were plated at a seed-
ing density of 4  ×  105 cells/cm2 and maintained in ke-
ratinocyte serum-free medium (KSFM; Thermo Fisher 
Scientific) until confluence. Thereafter, cells were grown 
in DMEM/Ham's F-12  media supplemented with 10% 
newborn calf serum and 10  ng/ml epidermal growth 
factor for 7 days to promote stratification and differen-
tiation. Healthy human corneal epithelial tissue was col-
lected from donors who underwent LASIK surgery under 
an Institutional Review Board-approved protocol for dis-
carded tissue and frozen in optimal cutting temperature 
compound (OCT).

2.2  |  CRISPR/Cas9-mediated gene editing

LentiCRISPRv2GFP, an all-in-one lentiviral-delivery 
system containing an eGFP fluorescent reporter, Cas9 
enzyme and single guide RNA (sgRNA) scaffold, was 
a gift from David Feldser (Addgene plasmid #82416).18 
Three sgRNAs containing a 20-nucleotide sequence tar-
geting basigin and an NGG protospacer associated motif 
(PAM) sequence were designed using the CRISPR Design 
Tool (http://crispr.mit.edu/) to minimize off-target ef-
fects (Table S1). The sgRNAs were annealed and cloned 
into LentiCRISPRv2GFP vector by digestion with Esp3I 
(Thermo Scientific). The ligated products were trans-
formed into NEB Stable Competent E. coli via heat-shock 
and single colonies were used for plasmid preparation 
(QIAprep Spin Miniprep Kit; Qiagen). Plasmids from 

http://crispr.mit.edu/
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single colonies were sequenced to confirm integration of 
the sgRNAs into the LentiCRISPRv2GFP vector.

The sequence-verified constructs were transfected 
into mammalian cells using a standard transfection pro-
tocol.19 Briefly, HEK 293T cells were transfected with 
LentiCRISPRv2GFP+sgRNA, the packaging plasmid 
psPAX2 (gift from Didier Trono; Addgene plasmid # 
12260) and the envelop plasmid pCMV-VSV-G (gift from 
Bob Weinberg; Addgene plasmid # 8454) in the presence of 
polyethylenimine (Sigma-Aldrich) in serum-free DMEM. 
Media was changed to DMEM with 10% fetal bovine 
serum at 6 hours post-transfection and the viral particle-
containing media was collected at 24, 48, and 72  hours. 
The lentivirus preparations were titrated using the qPCR 
Lentivirus Titration Kit (Applied Biological Materials).

For transduction of hTCEpi cells, 3 × 105 cells per well 
were plated in 6-well plates and infected 24 hours later at 
a MOI of 25 or 50. Normal growth medium was removed 
before adding 2  ml inoculation medium containing the 
lentivirus and 8  µg/ml polybrene transfection reagent 
(Sigma-Aldrich). The lentivirus was omitted in noninfected 
controls. The culture medium was changed 24 hours later 
to KSFM alone. Approximately 14 days post-infection, cells 
were stained with PE-conjugated mouse anti-human basi-
gin antibody (1:200; 8D12; Thermo Fisher Scientific) in 2% 
fetal calf serum for 45 minutes on ice in the dark. Cells were 
then washed and resuspended in FACS sorting buffer (1 mM 
EDTA, 25 mM HEPES pH 7.0, 1% heat-inactivated FBS and 
5 units/ml DNAse in PBS). Subpopulations of GFP+BSG− 
cell suspensions were separated on a FACSAria Fusion Cell 
Sorter (BD Biosciences) and collected in KSFM containing 
1% penicillin/streptomycin and 20% FBS. Noninfected cells 
were stained with PE-basigin antibody and used as gating 
controls. Basigin KO single cell clones were grown subse-
quently to prevent allelic heterogeneity. Sorted cells were 
diluted in KSFM to a concentration of 5 cells/ml. Then, 
200 µl cell suspensions were added to each well of a 96-well 
plate and cells were cultured for 10–14 days before expan-
sion. Knockout efficiency was assessed by immunoblotting 
for basigin. sgRNA-3 produced a clone with undetectable 
levels of basigin and was used in further experiments. The 
Cas-OFFinder algorithm was used to identify potential 
off-target sites with up to three mismatches, by comparing 
the sgRNA target site for basigin against the Homo sapiens 
GRCh38/hg38 reference genome.20

2.3  |  Histology and scanning 
electron microscopy

Histological assessment was carried out in cell cultures 
grown on 12-well Transwell inserts (Corning). The sam-
ples were fixed with half strength Karnovsky's fixative, 

post-fixed in 2% osmium tetroxide, dehydrated with graded 
ethyl alcohol solutions and embedded in tEPON-812 
epoxy resin (Tousimis) in a Llynx II EM Tissue Processor 
(Electron Microscopy Sciences). Semi-thin (1  μm) sec-
tions were cut on a Leica EM UC7 ultramicrotome (Leica 
Microsystems), stained with toluidine blue and imaged by 
brightfield microscopy. For scanning electron microscopy, 
cell cultures were grown on 12  mm diameter glass cov-
erslips, fixed in half strength Karnovsky's fixative, dehy-
drated through an ethanol series, critical point dried with a 
SamDri-795 critical point dryer (Tousimis) and coated with 
chromium using an Ion Beam Coater 610 (Gatan). Samples 
were photographed on a JEOL 7401F Field Emission scan-
ning electron microscope (JEOL). The area of cells with 
unambiguous cell–cell borders was outlined and quanti-
fied using ImageJ software (National Institutes of Health).

2.4  |  Immunofluorescence

OCT-embedded human corneal specimens were cut in 
10-µm sections and placed onto glass slides. Sections were 
fixed in methanol at −20℃ for 10  minutes, rehydrated 
with PBS and incubated with 3% bovine serum albumin 
(BSA) in PBS for 10 minutes. Slides were incubated over-
night with mouse anti-human basigin (1:100; clone HIM6; 
BioLegend) or isotype control antibody in 1% BSA in PBS. 
Samples were treated with Alexa Fluor 488 rabbit anti-
mouse IgG antibody (1:500) for 1 hour at room temperature. 
Cell cultures grown on 8-well chamber slides were fixed in 
4% paraformaldehyde for 20 minutes, permeabilized with 
0.25% Triton-X 100 in PBS for 10 minutes (for ZO-1 and 
occludin) and blocked with 3% BSA in PBS for 30 minutes 
at room temperature. Slides were then incubated with rab-
bit anti-ZO-1 (1:150; 61–7300; Thermo Fisher Scientific), 
mouse anti-occludin (1:150; OC-3F10; Thermo Fisher 
Scientific), mouse anti-MUC16 (1:300; M11; Neomarkers), 
or isotype control antibody overnight on a shaker at 4℃, 
followed by incubation with AlexaFluor 488  goat anti-
rabbit IgG (1:50 for ZO-1) or goat anti-mouse IgG (1:300 for 
occludin; 1:100 for MUC16) antibody for 2 hours at room 
temperature. Cells were washed twice for 5  minutes in 
PBS between each step. Nuclei were counterstained using 
Vectashield with DAPI (Vector Laboratories). To deter-
mine cell area, the cell–cell border area in each image was 
outlined using ZO-1 staining and quantified using ImageJ 
software (National Institutes of Health).

2.5  |  Immunoblotting

Cells were lysed in RIPA buffer supplemented with cOmplete 
EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics). 
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After homogenization with a pellet pestle, cell extracts were 
centrifuged at 17,115 g for 45 minutes at 4℃, and the pro-
tein concentration of the supernatant determined using the 
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 
Proteins were separated by SDS-PAGE (10 or 15% resolving 
gel) and electroblotted onto nitrocellulose membranes. For 
MUC16 detection, proteins were separated by 1% agarose gel 
electrophoresis and blotted onto nitrocellulose membranes 
using vacuum. Nonspecific binding to the nitrocellulose was 
blocked by incubation with 5% nonfat milk in Tris-buffered 
saline with 0.1% Tween 20 at room temperature for 1 hour. 
Membranes were then incubated with primary antibod-
ies to basigin (1:3,000; A12; Santa Cruz Biotechnology), 
NCOR2 (1:250; PA1-843; Thermo Fisher Scientific), MUC16 
(1:3,000; M11; Thermo Fisher Scientific), MUC1 (1:3,000; 
214D4; EMD Millipore), involucrin (1:1,000; SY5; Thermo 
Fisher Scientific), galectin-3 (1:3,000; H160; Santa Cruz 
Biotechnology), occludin (1:1,000; OC-3F10; Thermo Fisher 
Scientific), or claudin-4 (1:300; 3E2C1, Thermo Fisher 
Scientific) in blocking buffer overnight at 4℃. GAPDH 
(1:3,000; FL-335; Santa Cruz Biotechnology) staining served 
as a sample loading control. Membranes were then incu-
bated with the appropriate secondary antibodies coupled to 
horseradish peroxidase (1:3,000; Santa Cruz Biotechnology) 
for 1  hour at room temperature. Peroxidase activity was 
visualized using chemiluminescence. Densitometry was 
performed using ImageJ software.

2.6  |  Zymography

Cell culture medium was collected and centrifuged at 21,130 g 
for 5 minutes to remove cells and cellular debris. The super-
natant (30  µl) was mixed with nonreducing loading buffer 
(50 mM Tris-HCl pH 6.8, 10% glycerol, 1% SDS, and 0.01% 
bromophenol blue) and resolved on 7.5% SDS-PAGE gels con-
taining 1 mg/ml gelatin (bovine skin type B). Gels were then 
incubated in 50 mM Tris containing 5 mM CaCl2, and 2.5% 
Triton-X 100 for 2 hours at room temperature. After washing 
with distilled water, gels were incubated in collagenase buffer 
(50 mM Tris-HCl pH 7.6, 5 mM CaCl2) for 24 hours at 37℃ 
followed by staining in Coomassie Brilliant Blue solution 
(40% methanol, 10% acetic acid, 0.025% Coomassie Brilliant 
Blue R-250) for 2  hours at room temperature. Gels were 
then washed in distilled water, destained with 40% metha-
nol and 10% acetic acid for at least 1 hour and photographed. 
Gelatinase activity was quantified using ImageJ software.

2.7  |  MTS assay

MTS assay was performed using the CellTiter 96 AQueous 
One Solution Cell Proliferation Assay (Promega). Here, 

cells were seeded onto 12-well plates (4 × 105 cells/well) 
and switched to stratification medium upon confluence 
for the indicated lengths of time. Subsequently, the cells 
were incubated with AQueous One Solution Reagent mixed 
with stratification medium (1:5, vol:vol) for 1 hour at 37℃ 
in 5% CO2. The medium was transferred to a 96-well plate 
in triplicate and the absorbance read at 495 nm.

2.8  |  qPCR and human tight junction 
PCR array

Total RNA was extracted from cell cultures using the 
RNeasy Plus Mini Kit (Qiagen). Up to 1 µg total RNA was 
used for cDNA synthesis (RT2 First Strand Kit; Qiagen). 
Gene expression levels were detected by qPCR using the 
SYBR Fast qPCR kit (Kapa Biosystems) in a Mastercycler 
ep realplex thermal cycler (Eppendorf). Primer sequences 
for SPDEF, KLF4, and GAPDH were obtained from Bio-Rad 
(catalog numbers qHsaCID0021209, qHsaCED0044721, 
and qHsaCED0038674, respectively). Primer sequences 
for ELF3 have been previously published.21 All qPCR sam-
ples were normalized using GAPDH housekeeping gene 
expression. The expression of 84  genes associated with 
tight junctions was evaluated using a human RT2 Profiler 
PCR array (PAHS-143Z; Qiagen) according to the manu-
facturer's instructions. The array was repeated twice with 
independently isolated RNA. Expression values were nor-
malized by automatic selection of an optimal set of refer-
ence genes. The ΔΔCT and ΔCT methods were used for 
relative quantification of the number of transcripts.

2.9  |  Barrier function

Transcellular barrier function was assayed with the rose 
bengal anionic dye as previously described.22 Cells in tis-
sue culture plates were rinsed with PBS and incubated 
for 5 minutes with a 0.1% solution of rose bengal (Acros 
Organics) in PBS. Afterwards, the dye was aspirated and 
the culture washed with PBS. The extent of dye penetrance 
was assessed using an inverted microscope (Nikon Eclipse 
TS100). Images were taken at 20× magnification with a 
SPOT Insight Fire Wire Camera (Diagnostic Instruments) 
and analyzed using ImageJ software. Transepithelial 
electrical resistance was determined on cells grown in 
Transwell cell culture inserts using an EVOM2 Epithelial 
Voltohmmeter (World Precision Instruments). Before 
each measurement, the voltohmmeter was “zeroed” ac-
cording to the manufacturer's instructions. One Transwell 
insert was left empty as a control to determine the intrinsic 
resistance of the filter, which was subtracted from all read-
ings. Transepithelial resistance (ohm-square centimeters) 
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was calculated by multiplying the measured electrical re-
sistance by the area of the filter (1.12 cm2).

2.10  |  Statistical analysis

Statistical analyses were performed using Prism software 
version 7 (GraphPad Software).

3   |   RESULTS

3.1  |  Loss of basigin impairs squamous 
stratification and apical cell enlargement

Consistent with previous reports, we found that basigin 
in healthy human corneas localizes to cell membranes of 
basal cells within the stratified squamous epithelia, as well 
as superficial cells along the apical region (Figure 1A).12 

To gain insight into the function of basigin in the ho-
meostatic cornea, we took advantage of a human cornea 
model of squamous epithelial differentiation in which the 
basigin gene was abrogated using the CRISPR/Cas9 gene-
editing system. Use of sgRNA-3 targeting exon 3 of the 
genomic locus of the human BSG gene produced several 
single cell clones of human corneal epithelial cells pre-
senting undetectable levels of basigin protein (Figure 1B). 
Transduction with sgRNA-3 in these experiments did 
not induce unintended editing of the transcription factor 
NCOR2, the only genome-wide off-target site predicted by 
CAS-OFFinder.

Induction of differentiation in human models of cor-
neal epithelium is associated with stratification and the 
appearance of flattened squamous cells with increased 
surface heterogeneity.23,24 Histological analysis revealed 
that induction of differentiation in control cells resulted in 
the formation of stratified cultures with 2–4 cell layers and 
large, flattened superficial cells (Figure 2A). On the other 

F I G U R E  1   CRISPR/Cas9 genome editing efficiently blocks basigin biosynthesis in human corneal epithelial cells. (A) 
Immunofluorescence micrographs of healthy human corneal epithelial tissue stained with anti-basigin antibody or isotype control. The 
arrowheads indicate apical localization of basigin. DAPI was used for nuclear staining (blue). (B) Schematic representation of the first three 
intron-exon organization of the BSG gene and location of the sgRNA-3 target site. The target sequence of sgRNA-3 is shown in red and the 
PAM is shown in green. Subpopulations of GFP+BSG− cells were separated by cell sorting. Lysates derived from basigin knockout single 
cell clones (KO) and noninfected controls (CT) were analyzed by immunoblotting using antibodies against the indicated proteins (n= 3–5 
independent clones). Representative blots are shown on top, and quantification of band intensity relative to GAPDH is shown below. Data 
are expressed as mean ± SD. 
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hand, stratified cultures null for basigin underwent mor-
phological changes with cells rounding up at the apical 
cell layer. Analyses of culture supernatants by gelatin zy-
mography revealed no significant changes in the levels of 
MMP9 produced by the basigin null cultures (Figure 2B), 
suggesting that lack of proper squamous stratification in 
these cultures is independent of basigin-mediated ma-
trix metalloproteinase activity. Similarly, we found no 
differences in proliferative activity that could account 
for the abnormal appearance of the basigin null cultures 
(Figure 2C).

In subsequent experiments, we used scanning electron 
microscopy to gain insight into the surface morphology 

of apical cells in control and basigin null cultures. 
Although there was no apparent difference in plasma 
membrane specializations among these conditions, we 
found that cultures lacking basigin had a scarce number 
of cells presenting large surface apical areas (Figure 2D). 
This finding was further confirmed by immunofluores-
cence microscopy using a monoclonal antibody directed 
against ZO-1, a junctional protein present at the cell bor-
der. Analysis of cell outlines demonstrated an aberrant 
distribution of this antibody in the absence of basigin, 
with cultures lacking squamous cells with large apical 
surfaces (i.e., those with areas greater than 0.01  mm2) 
(Figure 2E).

F I G U R E  2   Loss of basigin impairs squamous stratification and apical cell enlargement. (A) Toluidine blue-stained semi-thin sections 
of basigin knockout (KO) and control (CT) cell cultures grown on Transwell inserts. (B) Gelatin zymography of cell culture media (n = 3 
independent experiments). A representative image is shown on top, and quantification of band intensity is shown below. (C) The number 
of viable cells in each culture at different time points during stratification was determined by MTS assay (n = 3 independent experiments). 
(D) Scanning electron microscopy images of the apical surface of basigin KO and control cell cultures. The images were recorded at 500× 
magnification. Surface area was measured in approximately 70 cells derived from the examination of 11–12 scans per condition. (E) 
Immunofluorescence detection of ZO-1 staining at cell borders. Cell area in each image was outlined using ZO-1 staining and quantified 
using ImageJ software. Surface area was measured in approximately 150 cells per condition from eight images corresponding to three 
different experiments. DAPI was used for nuclear staining (blue). Data are expressed as mean ±SD. The box-and-whisker plots show the 
25th and 75th percentiles (boxes), the median, and the minimum and maximum data values (whiskers). Scale bars: 20 µm (D); 100 µm (E). 
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3.2  |  Basigin promotes terminal 
differentiation of human corneal 
epithelial cells

To better understand how basigin influences the morpho-
logical appearance of human corneal epithelial cells, we 
evaluated the expression of upstream transcription factors 
known to regulate terminal epithelial differentiation. We 
found that the expression of SPDEF, a transcription factor 
involved in the control of mucin production in mucosal 
epithelia,25 was markedly reduced in basigin null cultures 
(Figure  3A). The influence of basigin on the transcrip-
tion machinery responsible for terminal differentiation 
appeared to be selective, since basigin abrogation did not 
significantly alter the expression levels of KLF4 and ELF3, 
two other transcription factors associated with the matu-
ration of epithelial cells.26

We next asked whether abrogation of basigin in human 
corneal epithelial cells would alter the expression of well-
established markers of terminal differentiation. Toward 
this purpose, we report here the synthesis and distribu-
tion of MUC16, a large transmembrane mucin markedly 
induced by SPDEF25 and associated with forming a tran-
scellular barrier in the cornea.27,28 MUC16 is prevalent 
on plasma membranes of apical cells in the human cor-
nea, but not in other species such as mouse or rat, which 
likely reflects an adaptation to different environments.29 
Immunofluorescence microscopy revealed that strat-
ified cultures had a mosaic pattern of MUC16 antibody 
binding similar to that found in normal human tissue 
(Figure 3B).30 On the other hand, cell cultures lacking bas-
igin failed to produce squamous cells expressing MUC16 
on their apical surfaces. Downregulation of MUC16 in 
these cells was further confirmed by immunoblotting 
(Figure 3C). Interestingly, we did not observe changes in 
MUC1, the other major mucin expressed in cornea and 
whose expression appears to antagonize the barrier func-
tion of MUC16.31

In additional experiments, we also found that lack of 
basigin led to a significant reduction in the protein lev-
els of galectin-3, a carbohydrate-binding protein that 
contributes to the glycocalyx barrier through interaction 
with mucins32,33 and involucrin, a transglutaminase sub-
strate responsible for the formation of the cell envelope in 
terminally differentiated stratified squamous epithelia34 
(Figure 3D).

3.3  |  Homeostatic basigin expression 
contributes to maintain barrier function

To better understand how the loss of basigin affects the 
integrity of terminally differentiated squamous cells, 

we performed a PCR array targeting the expression 
of 84  genes involved in epithelial cell polarity and the 
biogenesis of components of the junctional complex. 
Epithelial attachment structures serve not only as a cru-
cial component of the mucosal barrier, but also transmit 
signals that regulate cell proliferation, migration, and 
survival.35,36 A direct comparison of the relative expres-
sion levels in control cell cultures revealed that the most 
highly expressed genes included the Rho family of small 
GTPases, RAC1, RHOA, and CDC42, which are mem-
bers of the G protein superfamily involved in actin dy-
namics (Figure 4A, Supplemental Table S2). Other genes 
prevalently expressed in the human model of squamous 
stratification were associated with establishing proper 
cytoskeletal architecture (e.g., actinin and catenins) and 
signal transduction.

Eight genes were found to be at least tenfold regulated 
in cultures lacking BSG gene expression (Figure 4B). Of 
these, six genes were downregulated and two upregu-
lated. Downregulation occurred in genes necessary for 
the stabilization of the tight junction (zonula occludens) 
and included occludin (OCLN) and members of the clau-
din family (CLDN4, CLDN8, CLDN9, and CLDN17). One 
gene encoding a protein mediating intercellular adhesion, 
ICAM1, was also downregulated. Conversely, loss of bas-
igin resulted in upregulation of two genes encoding the 
junctional adhesion proteins JAM2 and JAM3, which are 
specifically enriched at tight junctions. We next focused 
on occludin since this protein provides structural integrity 
to epithelial tissues and restricts the paracellular transport 
pathway.37 Further, the finding that OCLN was downregu-
lated in cultures lacking basigin seemed counterintuitive, 
since induction of basigin in human corneal epithelial 
cells has been associated with the proteolytic degrada-
tion of occludin and the formation of a dysfunctional ep-
ithelial barrier.13 Consistent with our PCR array data, we 
found that the protein levels of occludin were significantly 
downregulated in cell cultures lacking basigin expression 
(Figure  4C). As shown by immunofluorescence micros-
copy, these cells lacked the apical staining of occludin 
along the cell borders present in control cells (Figure 4D). 
Hence, these results implicate basigin as having dual ef-
fects on occludin, acting as an enhancer at the transcrip-
tional level during homeostatic conditions and prompting 
its proteolytic degradation during pathological states.

The impairment of MUC16 expression in the glyco-
calyx, as well as the downregulation of genes necessary 
for the stabilization of tight junctions, led us to evaluate 
the functional implications of basigin loss to both the 
transcellular and paracellular epithelial barriers. Rose 
bengal is a topical ophthalmic dye used to assess damage 
of the ocular surface epithelial glycocalyx.38 In our ex-
periments, we found that rose bengal was excluded from 
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islands of stratified cells in control cultures but penetrated 
to a large extent into cultures lacking basigin expression 
(Figure  4E). Likewise, abrogation of basigin was associ-
ated with an increase in tight junction permeability across 

the epithelial cultures, as evidenced by a significant reduc-
tion in transepithelial electrical resistance (Figure 4F), in-
dicating that basigin is integral to the normal functioning 
of the human corneal epithelium.

F I G U R E  3   Basigin promotes terminal differentiation of human corneal epithelial cells. (A) Gene expression levels of SPDEF, KLF4, 
and ELF3 as determined by qPCR in basigin knockout (KO) and control (CT) cell cultures. The expression of genes was normalized with the 
ΔΔCT method. (B) Immunofluorescence colocalization of ZO-1 and MUC16 in basigin knockout and control cell cultures. DAPI was used 
for nuclear staining (blue). (C and D) Lysates derived from basigin KO and control cell cultures were analyzed by immunoblotting using 
antibodies against the indicated proteins (n= 4–6 independent experiments). Representative blots are shown to the left, and quantification of 
band intensity is shown to the right. The box-and-whisker plots show the 25th and 75th percentiles (boxes), the median, and the minimum 
and maximum data values (whiskers). Significance was determined using the Mann–Whitney U test. *, p < 0.05; ***, p < 0.001; ****, p < 
0.0001. Scale bar: 100 µm. 
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F I G U R E  4   Homeostatic basigin expression contributes to maintain barrier function. (A) Relative transcript abundance of genes 
encoding proteins involved in epithelial cell polarity and the biogenesis of components of the junctional complex in control cultures of 
human corneal epithelial cells. The expression of genes was determined using a human tight junction PCR array and normalized with the 
ΔCT method. (B) Scatterplot comparing the expression of genes in basigin knockout (KO) and control (CT) cell cultures. The green and red 
dots indicate at least tenfold up- or downregulation, respectively, compared with control. The array was repeated twice with independently 
isolated RNA. (C) Lysates derived from basigin KO and control cell cultures were analyzed by immunoblotting using antibodies against 
occludin and claudin-4, the two most highly expressed tight junction components whose transcription was reduced in KO cells (n= 4 
independent experiments). Representative blots are shown on top, and quantification of band intensity of occludin relative to GAPDH 
is shown below. (D) Immunofluorescence detection of occludin staining at cell borders. DAPI was used for nuclear staining (blue). (E) 
Glycocalyx barrier function was determined by the rose bengal penetration assay. Representative rose bengal images are presented. (F) 
Barrier function as measured by transepithelial electrical resistance. Data in (A) are expressed as mean ± SD. The box-and-whisker 
plots show the 25th and 75th percentiles (boxes), the median, and the minimum and maximum data values (whiskers). Significance was 
determined using the Student's t-test (C and F) or the Mann–Whitney U test (E). *, p < 0.05; ****, p < 0.0001. Scale bars: 100 µm. 
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4   |   DISCUSSION

The presence of a nonkeratinized stratified squamous epi-
thelium is highly beneficial to organs that are in close con-
tact with the external environment and regularly exposed 
to physical abrasion. Identifying the mechanisms that sus-
tain the proper formation and maintenance of this kind of 
epithelium is critical to reduce the morbidity associated 
with loss of barrier function.39,40 In the human cornea, 
high basigin expression has been observed in pathologi-
cal conditions where there is aberrant expression of pro-
teolytic enzymes, such as ulceration, fibrosis, and dry eye. 
These observations have led to recent attempts to pharma-
ceutically block basigin function.41 To better understand 
the role of basigin at the ocular surface, we generated an 
in vitro human model of squamous cell differentiation 
where basigin expression was abrogated using a CRISPR/
Cas9 genome editing approach. Our results provide com-
pelling evidence that blocking the physiological expres-
sion of basigin has deleterious effects on the structural 
integrity and barrier function of squamous epithelial cells.

This study raises important questions regarding the 
dual role that basigin exhibits in promoting the degra-
dation or, conversely, the expression of components of 
the epithelial junction within the same organ. Induction 
of MMP activity following basigin overexpression is 
commonly observed in a variety of physiological and 
pathological conditions that require remodeling such as 
development, tissue repair, and cancer.42 The mechanisms 
regulating basigin-mediated MMP activity are multiple 
and mostly dependent on the glycosylation status of bas-
igin as well as its homo-oligomerization and heterophilic 
interactions with other proteins.43 In cornea, interaction 
of basigin with the carbohydrate-binding protein galec-
tin-3 results in the MMP-dependent loss of occludin at the 
tight junction and the disruption of cell–cell contacts.44 
Likewise, increased expression of basigin has been asso-
ciated with the MMP-mediated cleavage of occludin and 
loss of barrier function in a model of dry eye disease.13 
These findings are in apparent contrast with the current 
study showing that basigin is necessary to support the 
expression and cellular distribution of occludin at cell 
boundaries in corneal epithelium.

We hypothesize that differences in basigin expres-
sion, glycosylation, or ability to multimerize between 
homeostatic conditions and conditions that require ex-
tensive tissue remodeling are responsible for the unique 
functions of basigin in mediating junctional stability 
or degradation. Basigin biosynthesis and activation are 
tightly regulated by complex mechanisms that include 
cytokines, growth factors, and cellular interactions.42 In 
cornea, basigin activation occurs when epithelial cells be-
come in direct contact with neighboring fibroblasts in the 

underlying stroma following injury.12 Also, it is known 
that expression of the basigin partner, galectin-3, in cor-
nea is lower under normal conditions compared to that 
observed in ulcerated or wounded tissues.15,45 Therefore, 
it is feasible to speculate that unique cellular distribution 
and low levels of basigin and its interacting proteins under 
homeostatic conditions are insufficient to trigger basigin 
activation and, consequently, promote MMP expression 
and loss of barrier function. This hypothesis is consistent 
with the data indicating that basigin does not play a role 
in modulating MMP9 activity in our model system of nor-
mal squamous differentiation. It is worth noting, how-
ever, that the apical corneal epithelium of Bsg−/− mice 
shows a marked alteration in occludin immunostaining, 
which appears as long and thick lines compared to the 
punctate staining observed in wild type controls.13 Yet, it 
is unclear from this study whether this observation im-
plies an alteration in occludin protein levels, is linked to 
abnormal MMP activity in the cornea or has functional 
consequences to the barrier function of the epithelium. It 
is also important to keep in mind that some of the actions 
of basigin could be species specific and be dependent on 
the model system being studied.

Our findings indicate that homeostatic expression 
of basigin sustains the transcription of occludin and 
other components of the tight junction. Yet, the mech-
anism that contribute to this type of regulation remains 
unknown. There is no evidence suggesting that basigin 
contains intrinsic motifs responsible for signal transduc-
tion, despite the myriad of signaling events attributed to 
basigin.10 It is likely that basigin regulates the expression 
of components of the tight junction through an indirect 
mechanism. Previous studies in cancer have shown that 
basigin trafficking and surface interaction with other 
proteins modulates cell behavior and signaling.46,47 An 
example is the small GTPase Arf6, which regulates the 
endocytic recycling of basigin in hepatocellular carci-
noma cells. Disruption of Arf6-mediated basigin traffick-
ing has been shown to reduce cell adhesion and to disrupt 
tight junction formation.48 Similar results have been ob-
tained in immune cells, where the dynamic interaction 
between basigin and its partners leads to a plethora of 
phosphorylation events involved in biological processes 
such as cytoskeletal activity and protein modification.49 
Questions remain as to the trafficking dynamics and pro-
tein interactions that regulate basigin activity in human 
corneal epithelial cells. Fortunately, the use of CRISPR/
Cas9 gene-editing technology has proven to be a valuable 
tool to answer these questions going forward.
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