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PURPOSE. Transforming growth factor-beta (TGF-β) is known to influence many cell
functions. In the corneal endothelium, TGF-β1 exerts contextual effects, promoting
endothelial–mesenchymal transition in proliferating cells and enhancing barrier integrity
in early confluent maturing cells. Herein, we studied how TGF-β isoforms participate in
the formation of corneal endothelial intercellular junctions.

METHODS. Corneal endothelial cells (CECs) were cultured using a two-phase media
approach. When CECs reached confluence, the proliferation medium was replaced
with maturation medium, which was supplemented or not with TGF-β isoforms. The
cell morphology (circularity index), intercellular junction protein expression, trans-
endothelial electrical resistance (TEER), and permeability of 7-day postconfluent CECs
were assessed. Gene transcription and signaling pathways that were activated following
maturation in the presence of TGF-β2 were also studied. The beneficial effect of TGF-β2
on CEC maturation was evaluated using ex vivo corneas mounted on a corneal bioreactor.

RESULTS. The results showed increases in circularity index, membrane localization of
junction-related proteins, and TEER when TGF-β isoforms were individually added during
the maturation phase, and TGF-β2 was the most effective isoform.Gene profiling revealed
an increase in extracellular matrix-related gene expression. In ex vivo cell adhesion exper-
iments, CECs that were matured in the presence of TGF-β2 had a higher circularity index
and cell density and exhibited cell membrane-localized junction-related protein expres-
sion at earlier time points.

CONCLUSIONS. These results suggest that TGF-β2 can strengthen cell–cell and cell–substrate
adhesion, which accelerates barrier integrity establishment and thus enhances CEC func-
tionality.
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The corneal endothelium is a thin monolayer of hexag-
onal cells that forms a leaky barrier between the

aqueous humor of the anterior chamber and the corneal
stroma. Adherens and tight junctions, located on the lateral
membranes of corneal endothelial cells (CECs),1 are respon-
sible for cell–cell adhesion and occlude the paracellular
space to inhibit the fluid leak generated by the swelling pres-
sure associated with the hydrophilic glycoaminoglycans of
the corneal stroma.2 This fluid leak is counterbalanced by
an active pump mechanism that drives fluid from the stroma
back into the anterior chamber, preventing corneal edema.2

A breach in intercellular junctions results in an increase in
aqueous humor leakage into the corneal stroma, altering the
“pump–leak” balance and causing vision loss.3

Human CEC density is approximately 6000 cells/mm2 at
birth4 and decreases throughout life at an average rate of
0.6% per year,5 reaching 2300 cells/mm2 at age 85.6 When a
cell dies, neighboring cells need to fill the gap to reform a
functional barrier, and they do so via cell migration and cell

spreading; this phenomenon partially explains the decrease
in endothelial cell density and the increase in polymegeth-
ism and pleomorphism. Therefore, throughout life, CECs
transiently need to quickly reform intercellular junctions to
avoid an increased influx of aqueous humor into the stroma.

It is possible to study intercellular junction formation
using cultured CECs. After cultured CECs reach confluence,
they progressively adopt a mature phenotype of hexago-
nal cells. This process requires many weeks of culture at
postconfluent stages. For example, a gradual maturation of
N-cadherin was reported in human cultured CECs, reach-
ing a pattern similar to that observed in vivo after 21
days of culture.7 When optimizing markers of functional
CECs for cell therapy, the Kinoshita group8 developed a
method to quantify the number of “effector” cells (authors
defined “effector cells” as the side population of CECs that
would be applicable for cell therapy) in culture using an
“E-ratio” (CD166+/CD44–/CD105–/CD26–/CD24–/CD133–).
These authors showed that this ratio gradually increased
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TABLE. Tissue Donor Details

Donor Age (y) Sex Cause of Death Use

1 75 M Unavailable Circularity, immunofluorescence, TEER
2 62 M Infarctus Circularity, immunofluorescence, TEER
3 70 M Pulmonary neoplasia Circularity, immunofluorescence, TEER
4 84 M Colon neoplasia Circularity, immunofluorescence, TEER
5 57 F Infarctus TEER, permeability
6 55 M Kidney neoplasia TEER, permeability
7 67 F Cerebral hemorrhage TEER, permeability
8 68 F Pulmonary neoplasia Ca2+-switch assay
9 60 F Infarctus Ca2+-switch assay
10 45 F Cerebral hemorrhage Ca2+-switch assay
11 45 F Metastatic breast neoplasia Gene profiling, TGF-β array
12 55 M Unavailable Gene profiling, TGF-β array
13 59 F Unavailable Gene profiling
14 72 M Pulmonary neoplasia Gene profiling, TGF-β array
15 50 M Pulmonary neoplasia Devitalized
16 58 M Pulmonary neoplasia Devitalized
17 66 M Coma Devitalized
18 52 F Metastatic breast neoplasia Devitalized
19 60 F Pulmonary neoplasia Devitalized
20 79 F Pulmonary neoplasia Adhesion assay
21 60 M Stomach neoplasia Adhesion assay
22 71 M Respiratory failure Adhesion assay
23 68 M Pulmonary neoplasia Adhesion assay

from week 1 to week 3 of cell culture, further demonstrat-
ing the beneficial effect of prolonged culture times for the
maturation of CECs.

We previously demonstrated that transforming growth
factor-beta 1 (TGF-β1) exerted contextual effects on CECs.9

Although TGF-β1 induced a fibroblastic-like morphology in
subconfluent CECs (proliferative phase), it restored a polyg-
onal cell shape and cell–cell junctions in 7-day postconflu-
ent cells (maturation phase).9 Compared to controls, TGF-
β1 allowed the quick reformation of a functional barrier
in vitro. As aqueous humor contains all three isoforms of
TGF-β (TGF-β2 being the most concentrated10), we hypoth-
esized that TGF-β isoforms may function to help main-
tain the homeostasis of the corneal endothelium, espe-
cially regarding barrier integrity. We investigated whether
all three TGF-β isoforms exerted effects on morphology,
cell–cell junctions, and in vitro functionality. To study its
influence on the formation of intercellular junctions, we
performed gene expression and cell signaling analysis using
CECs that were matured in the presence of TGF-β2. We
also tested the beneficial effect of TGF-β2 maturation on
cell adhesion by injecting cells into a bare Descemet’s
membrane using ex vivo corneas mounted on a corneal
bioreactor.11

METHODS

All of the experiments were conducted in accordance with
the tenets of the Declaration of Helsinki. The research proto-
col was approved by the “Bureau de l’éthique de la recherche
du CHU de Québec–Université Laval” ethics committee (DR-
002-1382).

Cell Isolation and Culture

Pairs of research-grade corneas (n = 23) from cadavers
were obtained from our local Eye Bank, Banque d’yeux

du Centre universitaire d’ophtalmologie (CUO), CHU de
Québec, Québec, QC, Canada. The donor age ranged from
45 to 84 years (62 ± 10 years) (Table). Research-grade
corneas are those that were rejected for clinical use by the
eye bank because of low endothelial cell density or expired
delays in Optisol. The corneal endothelium and Descemet’s
membrane were peeled off, and the strips were incubated
in collagenase A (1 mg/mL) for 3 to 4 hours before being
seeded on dishes coated with FNC Coating Mix (AthenaES,
Baltimore, MD, USA).12

At every subsequent passage, the nearly confluent CECs
were dissociated with trypsin (0.05%)–EDTA (0.53 mM;
Corning Inc., Corning, NY, USA), manually counted with a
hemacytometer, and seeded at a density of 20,000 cells/cm2,
which corresponds to a 1:2 to 1:3 dilution, depending on
the amount of cells.12 At this initial cell density, cells take an
average of 4 days before reaching near confluency. All of the
experiments were conducted using passage 3 cells.

CECs were cultured following a previously described
two-phase media approach.9,12 During the proliferation
phase, CECs were cultured in proliferation medium (P-
medium) consisting of Opti-MEM I basal medium (Life Tech-
nologies, Carlsbad, CA, USA) supplemented with 8% fetal
bovine serum (FBS; Life Technologies), 5 ng/mL epider-
mal growth factor (Austral Biologicals, San Ramon, CA,
USA), 0.08% chondroitin sulfate (Sigma-Aldrich, St. Louis,
MO, USA), 20 μg/mL ascorbic acid (Sigma-Aldrich), and
streptavidin/penicillin (VWR, Radnor, PA, USA). When the
CECs reached confluence, the proliferation medium was
replaced with maturation medium (M-medium) consisting
of Opti-MEM I medium (Life Technologies) supplemented
with 8% FBS and streptavidin/penicillin (VWR). The M-
medium was supplemented or not with 5 ng/mL recom-
binant human active TGF-β1, TGF-β2, or TGF-β3 (R&D
Systems, Minneapolis, MN, USA), which was added at each
medium change. The medium was changed every 2 to 3
days. CECs were maintained in M-medium for 7 days before
analysis.
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Circularity Index Analysis

The cell circularity index (CI) was calculated based on
phase-contrast images taken at every medium change with
a phase-contrast microscope (Nikon, Tokyo, Japan) and Zen
acquisition software. The formula used to calculate the CI
was CI = 4π(area/perimeter2).13 The area and perimeter
were manually measured using ImageJ (National Institutes
of Health, Bethesda, MD, USA). One hundred cells from four
micrographs per condition per population were analyzed.
Using this formula, a cell with a perfectly circular morphol-
ogy would have a circularity index of 1, and an elongated
cell would have a value closer to 0. As a reference, the native
CEC CI was calculated from electronic microscopy images
and had a value of 0.87 ± 0.03. Cell morphology was clas-
sified according to the average CI: endothelial/hexagonal
morphology (CI > 0.68), intermediate morphology (CI =
0.68–0.55), and fibroblastic-like/elongated morphology (CI
< 0.55).14

Indirect Immunofluorescence

Cells cultured on glass coverslips or on inserts as indicated
were fixed with 4% paraformaldehyde for 20 minutes at
room temperature and washed three times with phosphate-
buffered saline (PBS). Next, the cells were permeabilized
with 0.2% Thermo Scientific Triton X-100 (Thermo Fisher
Scientific, Waltham, MA, USA) for 10 minutes before block-
ing with 5% bovine serum albumin (Sigma-Aldrich) diluted
in PBS for 30 minutes. Primary antibodies—mouse mono-
clonal anti-N-cadherin (Agilent Technologies, Santa Clara,
CA, USA), mouse monoclonal anti-ZO1 (Thermo Fisher
Scientific), or mouse monoclonal anti-β-catenin (Agilent
Technologies)—were added and incubated for 1 hour at
room temperature. The cells were washed three times in
PBS, and then the secondary antibody (anti-mouse IgG
conjugated to Alexa Fluor 594; Thermo Fisher Scientific) and
counterstains (Hoechst-33258; Sigma-Aldrich) were added
and incubated for 1 hour at room temperature in the dark.
Coverslips were mounted on glass slides with mounting
media and stored at 4°C until observation. Micrographs were
taken with a confocal microscope (ZEISS LSM 800; Carl Zeiss
Meditec, Jena, Germany) and Zen acquisition software.

Trans-Endothelial Electrical Resistance Assay

CECs were seeded on standing culture inserts (EMD Milli-
pore, Burlington, MA, USA) covered with FNC Coating Mix
and cultured following the two-phase culture approach as
described above. When the cells reached confluence, trans-
endothelial electrical resistance (TEER) measurements were
taken at every media change for a total of four time points.
The medium was first changed, and TEER (Millicell ERS-2
Voltohmmeter; EMD Millipore) was measured after letting
the fresh medium equilibrate for at least 30 minutes. During
TEER measurements, CEC cultures were maintained at 37°C
on a warming plate. The electrical resistance was normal-
ized to the culture insert surface area (60 mm2). Three
measurements per insert were performed, and three inserts
per condition were used. Inserts without cells were used as
blanks.

Permeability Assay

After the TEER measurement assay, CECs cultured on inserts
were used for permeability measurements. At 7 days post-

confluence, 40 μg/mL 4-kDa dextran–FITC (Sigma-Aldrich)
or 10-kDa dextran–Alexa Fluor 488 (Sigma-Aldrich) was
added to the inserts and incubated in the dark at 37°C. After
2.5 hours, the medium below the insert was collected, and
the fluorescence was measured at 530 nm with a CytoFluor
4000 Plate Reader (Life Technologies). Each condition was
performed in duplicate, and five reads per condition were
captured. Fluorescence was normalized to the fluorescence
from an insert without cells. CECs on inserts were then fixed
in 4% paraformaldehyde for indirect immunostaining.

Western Blotting

Total proteins were harvested at 7 days postconfluence with
radioimmunoprecipitation assay buffer supplemented with
a cocktail of phosphatase inhibitors, protease inhibitors and
phenylmethanesulfonyl fluoride. After 30 minutes on ice, the
extracts were centrifuged. Supernatants were collected and
stored at −80°C. The protein concentration was determined
with a Pierce Micro BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

For western blotting, proteins were diluted to 1 μg/μL
in Laemmli buffer and denatured at 95°C for 5 minutes.
Samples were run on 7.5% acrylamide gels at 100 V for
90 minutes and transferred at 120 V for 90 minutes. The
membranes were blocked in 5% nonfat powdered milk
diluted in Tris-buffered saline (TBS) containing 0.5% Tween
20 (Promega, Madison, WI, USA) for 1 hour. The primary
antibody (mouse monoclonal anti-N-cadherin; Agilent Tech-
nologies) was added to the membranes and incubated
overnight at 4°C on a shaking platform. The membranes
were then washed three times with TBS–Tween 20. Then,
the secondary antibody (peroxidase-conjugated AffiniPure
Goat Anti-Mouse Antibody; Thermo Fisher Scientific) was
added and incubated for 1 hour at room temperature. The
membranes were visualized using enhanced chemilumines-
cent substrate (Western Sure Premium Chemiluminescent
Substrate; Li-COR, Lincoln, NE, USA) and a scanner (C-Digit
Chemiluminescence Western Blot Scanner; Li-COR). Tubu-
lin served as a loading control (mouse anti-α-tubulin anti-
body; Abcam, Cambridge, UK). Relative quantification of the
western blotting bands was performed using Li-COR Image
Studio Digits software. The means of the measurements
for each sample and standard deviations were calculated
using Excel (Microsoft, Redmond, WA, USA). The results are
presented as the protein relative to the loading control.

TGF-β Phospho Antibody Array

The TGF-β Phospho Antibody Array (Full Moon BioSys-
tems, Sunnyvale, CA, USA) is an ELISA-based assay featuring
176 antibodies against proteins associated with the TGF-β
signaling pathway. Protein extracts were obtained following
the manufacturer’s protocol for adherent cells. Lysates were
purified, quantified (absorbance at 280 nm), and biotinylated
prior to their addition to the precoated slides. The protein
concentration was 4 mg/mL. A Cy3-coupled antibody against
biotin was used for detection. The slides were read with
a SureScan Microarray scanner (Agilent Technologies) and
analyzed using ImageJ.

Gene Profiling

After 1 week of culture in maturation media supplemented
with or without TGF-β2, CECs were harvested and flash-
frozen at −80°C. RNA isolation was performed with an
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RNeasy Mini Kit (QIAGEN, Hilden, Germany) following the
manufacturer’s protocol. The quantity and quality of RNA
(RNA integrity number) were assessed with an Agilent Tech-
nologies 2100 bioanalyzer and RNA 6000 Nano LabChip
Kit. Only samples with an RNA integrity number over 7
were used for gene profiling. Gene profiling was performed
by the CUO-Recherche gene profiling service (Québec, QC,
Canada) using Agilent Technologies’ protocol. Briefly, cRNA
was labeled with cyanine 3-CTP using the Agilent One-Color
Microarray-Based Gene Expression Analysis Kit (Agilent
Technologies). Then, 600 ng of cRNA was incubated on a
G4851A SurePrint G3 Human GE 8 × 60K microarray slide
(60,000 probes; Agilent Technologies) for cRNA hybridiza-
tion. The slide was washed and scanned on an Agilent SureS-
can Scanner. The data were extracted with Arraystar V12
software (DNASTAR, Madison, WI, USA) and transformed
into log2 values.

The microarray linear expression data were uploaded
into Network Analyst (https://www.networkanalyst.ca/) to
be filtered and normalized (variance-stabilizing normaliza-
tion). A list of significantly differentially expressed genes
(Benjamini–Hochberg adjusted P < 0.05 and log fold change
>1.0) was then generated using the limma statistical method
(Supplementary Material). This list was then used to gener-
ate causal gene interaction networks related to selected
cellular functions of interest in CECs exposed to TGF-β2.

Adhesion Assay

After 1 week of culture in maturation media supplemented
with or without TGF-β2, CECs were harvested and resus-
pended in M-medium at 10 million cells/mL. Human corneas
(N= 5 pairs) were devitalized using three freeze–thaw cycles
and washed to remove the native endothelial cells, resulting
in a bare Descemet’s membrane.15 The devitalized corneas
were then mounted on a corneal bioreactor.11 Each bioreac-
tor was connected to a 60-mL syringe inserted into a syringe
pump that was set to inject M-medium at a rate of 5 μL/min.
The disposal bottle was placed high enough to generate a
pressure between 16 and 21 mmHg. Then, 100 μL (106 CECs)
was injected with a 30-gauge needle through the periph-
eral cornea. The mounted corneas were turned upside-down
(epi-side down) for 3 hours in order for the CECs to adhere
to the Descemet’s membrane, then returned to their epi-side-
up position. The dynamic cultures were maintained for 2 or 7
days. The nonadherent cells were eliminated via the flow of
M-medium into the disposal bottle. At the end of the experi-
ment, the corneas were carefully demounted, and Alizarin
Red staining was performed as described.15 Images were
analyzed using ImageJ to calculate endothelial cell density.
The endothelium was further fixed with 4% paraformalde-
hyde, and indirect immunofluorescence was performed to
visualize cell–cell junctions (zonula occludens-1 [ZO-1] and
N-cadherin) as described above.

Statistical Analysis

The results are presented as the mean of all measure-
ments and standard error of the mean. Statistical significance
was calculated with one- or two-way ANOVAs, followed by
Tukey’s multiple comparisons test using Prism 7 (GraphPad,
San Diego, CA, USA). P < 0.05 was considered significant.

Data Availability

The gene expression data were deposited in the Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/; accession number GSE172573).

RESULTS

Evaluation of the Effects of TGF-β Isoforms on
CEC Morphology

We first evaluated whether all three TGF-β isoforms influ-
enced cell morphology when added during the matura-
tion phase of postconfluent CECs. After the cells reached
confluence, the growth media were replaced with matura-
tion media containing (or not) TGF-β1, TGF-β2, or TGF-
β3 for 7 days, and phase-contrast images were obtained at
every medium change. The effect of TGF-β on cell morphol-
ogy was slowly progressive (Supplementary Fig. S1). After
7 days, CECs cultured in maturation medium without TGF-β
exhibited a more elongated cell morphology, whereas cells
cultured in the presence of TGF-β1, -β2 and -β3 were more
polygonal (Fig. 1A). This observation was supported by the
mean CI (Fig. 1B). Indeed, the CI of the control condi-
tion was 0.57 ± 0.16. The CI increased when CECs were
matured in the presence of the TGF-β isoforms, especially
TGF-β2, and these cells exhibited an endothelial/polygonal
cell morphology (TGF-β1, CI = 0.67 ± 0.13; TGF-β2, CI =
0.71 ± 0.12; TGF-β3, CI = 0.65 ± 0.13).

Effect of TGF-β Isoforms on Intercellular Junction
Protein Expression

The levels of the intercellular junction-related proteins ZO-
1, β-catenin, and N-cadherin were observed by immunofluo-
rescence microscopy 7 days postconfluence (Fig. 1A). In the
control condition, ZO-1 and β-catenin were scattered within
the cytoplasm (Fig. 1A, second and third column). When
TGF-β isoforms were added, these proteins were present
at the cell membrane. N-cadherin was absent in the control
condition (Fig. 1A, fourth column), but its protein expression
increased after incubation with all three TGF-β isoforms.
This increase in N-cadherin expression was confirmed by
western blotting (Figs. 1C, 1D). The relative expression
increased from 4.9 to 5.6 times that of the control when
TGF-β was added (Fig. 1D).

In Vitro Functionality of CECs Exposed to TGF-β1,
TGF-β2, and TGF-β3.

TEER measures the integrity of a monolayer. TEER measure-
ments were performed at every medium change after conflu-
ence (Fig. 2A). At the first medium change (confluence),
CECs had similar TEER values under all conditions (control,
11.7 ± 5.6 �cm2; TGF-β1, 12.0 ± 5.6 �cm2; TGF-β2, 14.5 ±
5.2 �cm2; TGF-β3, 14.2 ± 6.9 �cm2). Then, TEER increased
throughout the maturation period. At the second time point
(t2), the CECs exposed to TGF-β1 (24.1 ± 5.9) and TGF-
β2 (25.0 ± 5.2) had significantly higher TEER values than
the CECs exposed to the control condition (16.1 ± 5.9
�cm2). At t3, only the CECs exposed to the TGF-β2 condi-
tion (31.5 ± 6.7 �cm2) had significantly higher TEER than
the CECs exposed to the control condition (22.3 ± 9.8). At
7 days postconfluence, there was no significant difference
between the CECs exposed to all of the conditions (control,

https://www.networkanalyst.ca/
http://www.ncbi.nlm.nih.gov/geo/
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FIGURE 1. Effect of TGF-β1, TGF-β2, and TGF-β3 on cell morphology and junctional complexes. (A) Representative images of phase-contrast
images (first column) and immunofluorescence detection of ZO-1 (second column), β-catenin (third column), and N-cadherin (fourth column)
at day 7 postconfluence in control maturation medium (CTRL; first line) or in maturation medium containing TGF-β1 (second line), TGF-β2
(third line), or TGF-β3 (fourth line). Scale bar: 100 μm (phase-contrast and immunofluorescence images). (B) CI calculated from the area
and perimeter for all conditions. (C) Representative western blots against N-cadherin (α-tubulin as loading control). (D) Bar graph of relative
quantification of N-cadherin for all conditions. Results are expressed with mean ± SEM. **P < 0.005; ****P < 0.0001.

27.9 ± 6.3 �cm2; TGF-β1, 27.0 ± 6.7 �cm2; TGF-β2, 33.4 ±
6.2 �cm2; TGF-β3, 29.0 ± 4.1 �cm2), but all of these cells
showed a significant increase in TEER compared to the first
measurement (Fig. 2B). Acute retinal pigment epithelial 19
(ARPE-19) cells were used as a positive control (cells that
consistently form an efficient barrier with a high TEER) (Fig.
2B, 63.9 ± 4.1 �cm2). Fibroblasts were used as a negative
control because they do not form a well-organized barrier
and maintain a low TEER (Fig. 2B, 21.4 ± 1.9 �cm2).

The fact that TEER increased in fibroblasts, which do not
form a cell monolayer, led us to wonder if the increase in
TEER could be due to a superposition of cells rather than an
increase in barrier integrity. To confirm the implication of
cell–cell junctions in the TEER measurements, further TEER
analysis was performed using a Ca2+-switch assay (Fig. 2C).
This assay is based on the requirement of calcium for junc-
tion protein conformation.2 When calcium is removed from
the culture medium, a decrease in TEER is observed for cells
that have previously formed intercellular junctions. CECs
without TGF-β (control condition) showed no variation in
TEER during the Ca2+-switch assay. This demonstrates that
these fibroblast-like cells TEER values were not obtained
because of the presence of intercellular junctions but rather
because they formed a physical barrier due to a stacking of
cells growing on top of each other. The TEER values from
the three TGF-β treatment groups decreased (approximately
50%) when calcium was depleted from the medium. When
Ca2+ was added back, the TEER measurements increased
after 60 minutes in all of the TGF-β treatment groups, indi-
cating the importance of their intercellular junctions. The

junction-related protein ZO-1 was also correctly cytolocal-
ized near the cell membrane 60 minutes after Ca2+ was
added back to the culture media (Fig. 2D).

Permeability tests were also performed on 7-day post-
confluent CECs using dextran (4 and 10 kDa) coupled to a
fluorescent dye (Fig. 2E). The control group had a nonsignifi-
cantly higher percentage of 4-kDa dextran permeability than
the TGF-β–treated groups. There was no difference in the
percentage of 10-kDa dextran permeability under any of the
four conditions. ARPE-19 cells and fibroblasts were used as
positive and negative controls, respectively. Because treat-
ment with TGF-β2 resulted in the greatest increase in CI
(Fig. 1B) and faster recovery of in vitro barrier integrity (Fig.
2A), we performed the remaining experiments using only
TGF-β2.

Gene Profiling and Signaling Pathway Profiling of
CECs Exposed to TGF-β2

To obtain a better understanding of the effect of TGF-β
during cell maturation, we performed a wide gene expres-
sion analysis, as well as signaling pathway activation anal-
ysis, with a TGF-β–specific array. Gene profiling analysis
showed that 332 gene products were deregulated by twofold
following maturation with TGF-β2 (170 genes were upreg-
ulated and 162 genes were downregulated) (Fig. 3A). With
these deregulated genes, we performed a functional anal-
ysis using NetworkAnalyst. Principal component analysis
showed that the four investigated CEC populations cultured
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FIGURE 2. In vitro functionality of corneal endothelial cells through cell maturation with TGF-β1, TGF-β2, and TGF-β3. (A) TEER measure-
ments through cell maturation of endothelial corneal cells that matured in control medium (CTRL) or in medium containing TGF-β1, TGF-β2,
or TGF-β3. (B) TEER measurements at confluence and at day 7 postconfluence for all conditions. The ARPE-19 cell line was used as high
TEER control and fibroblasts (fibros) as low TEER control. (C) Relative TEER during Ca2+-switch assay. (D) Phase-contrast images of CECs
before (pre), during (switch), and after (post) Ca2+-switch assay and ZO-1 staining after Ca2+-switch assay. Scale bar: 100 μm (phase-contrast
and immunofluorescence images). (E) Permeability percentage of 4-kDa and 10-kDa dextran for all conditions including control (ARPE-19
and fibros). **P < 0.005; ***P < 0.0005; ****P < 0.0001.

with TGF-β2 had a more uniform transcriptome than the
control CECs, which exhibited high gene expression vari-
ability among individual samples (Fig. 3B). Functional anal-
ysis revealed that genes that were the most upregulated by
TGF-β2 were associated with focal adhesion and extracellu-
lar matrix (ECM)–receptor interactions (Fig. 3C).

At the level of intercellular junction-related genes, only
the expression of CDH2 was dysregulated after incubation
with TGF-β2 (Fig. 4A). Indeed, the expression of CDH2,
which encodes N-cadherin, was upregulated (4×; P =
0.01) by TGF-β2, which is in accordance with the upreg-
ulated protein level. Among ECM-related genes, we iden-
tified COL4A1, COL4A2, COL4A4, COL8A1, and COL8A2
as exhibiting significantly upregulated expression in TGF-
β2–treated CECs (Fig. 4B). SLC4A11, known to participate
in CEC adhesion,16 was also significantly upregulated with
TGF-β2 (2.1×; P = 0.048) (Fig. 4B).

Signaling pathway activation was assessed with a TGF-
β Phospho Antibody Array (Figs. 4C, 4D). We found eight
upregulated phosphorylated proteins, including protein
kinase B (AKT; phospho-Ser473, 4.5×), mammalian target

of rapamycin (mTOR; phospho-Ser2448, 5.5×; phospho-Ser-
2481, 5.4×), S6 ribosomal protein (phospho-Ser235, 6×),
p38 mitogen-activated protein kinase (MAPK; phospho-
Thr180, 5×), specificity protein 1 (SP1; phospho-Thr739,
13.7×), extracellular signal-regulated kinase 1 (ERK1)-
p44/42 MAPK (phospho-Tyr204, 6.1×), and mothers against
decapentaplegic homolog 3 (Smad3; phospho-Ser425, 2.4×).
Four proteins were phosphorylated to lesser degrees,
including MAPK kinase 3 (MKK3; phospho-Ser189, 0.3×),
MKK3/MAP2K3 (phospho-Thr222, 0.06×), SAPK/Erk kinase
(SEK1)/MMK4 (phospho-Thr261, 0.1×), and Ras-guanine
nucleotide releasing factor 1 (GRF1; phospho-916, 0.4×).

Adhesion of CECs on Devitalized Descemet’s
Membranes

We evaluated the increased cell-substrate adhesion by inject-
ing cells onto the bare Descemet’s membrane of ex vivo
corneas mounted on a corneal bioreactor (Fig. 5A). One
million CECs that were matured in the presence (or absence)
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FIGURE 3. Gene and activated signaling pathway profiles of CECs that matured in the presence of TGF-β2. (A) Volcano plot of P values
presented as log2 of linear expression for all genes. (B) Principal component analysis. Blue dots represent the four populations in the CTRL
condition, and pink dots represent the four populations that matured with TGF-β2. (C) Functional analysis where each dot represents a
cellular function. Dot colors represent the strength of the correlation (e.g., red means that gene expression strongly correlates with the
function). Links between the dots represent close relations between the functions.
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FIGURE 4. Changes in gene expression or kinase activation after 7 days of maturation with TGF- β2. (A) Heat map of differently expressed
intercellular-related genes. CDH genes are genes encoding for cadherins (adherens junctions); CLDN, TJAP1, TJP1, and TJP2 are tight
junction-related genes. (B) Heat map of differentially expressed adhesion-related genes. The first eight genes are collagen-related genes;
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LUM and VCAN are proteoglycan-related genes, VTN and THBS1 are glycoprotein-related genes, and ITGA11 and ITGA7 are genes encoding
for integrins. SLC4A11 encodes for a Na+-coupled OH− transporter,57 and the protein has been shown to play a role in CEC adhesion to
Descemet’s membrane.16 (C, D) TGF-β Phospho Antibody Array analysis of upregulated protein activation (C) and downregulated protein
activation (D).

FIGURE 5. Adhesion assay after cell maturation with TGF-β2. (A) Pictures of the corneal bioreactor with a devitalized cornea and cell injection
procedure. (B) Macroscopic and Alizarin Red staining images of corneas after dynamic culture. Scale bar: 100 μm (Alizarin Red images).
(C) Bar graph of cell density on Descemet’s membrane after dynamic culture. (D) Bar graph of circularity indexes. (E) Representatives
images of immunofluorescence detection of ZO-1 and N-cadherin. Scale bar: 100 μm.

of TGF-β2 were injected into the anterior chamber and incu-
bated under pressure for 2 or 7 days. After 2 days of dynamic
culture, both conditions generated clear corneas (Fig. 5B).
Alizarin Red staining revealed that CECs that were matured
with TGF-β2 formed an endothelium with a higher endothe-
lial cell density (2 days, 1372 ± 219 cells/mm2; 7 days, 1832
± 90 cells/mm2) than the control CECs (2 days, 917 ± 235
cells/mm2; 7 days, 1180 ± 50 cells/mm2) (Figs. 5B, 5C). TGF-
β2–matured CECs also had a higher CI after 2 days (control,
0.66 ± 0.04; TGF-β2, 0.80 ± 0.03) and 7 days (control, 0.69
± 0.006; TGF-β2, 0.79 ± 0.007) of dynamic culture (Fig.
5D). CECs that were matured in the presence of TGF-β2 had
membrane-bound ZO-1 after only 2 days of dynamic culture,
whereas control CECs had less ZO-1 bound at the membrane
after 7 days of dynamic culture (Fig. 5E). The same pattern
was observed with N-cadherin at 2 days of dynamic culture
(Fig. 5E).

DISCUSSION

The corneal endothelium plays an important role in main-
taining corneal stromal transparency, and it achieves this
transparency through a fragile “pump–leak” balance. Under-
standing how CECs form intercellular junctions is thus
important to comprehending how they maintain their barrier
integrity in health and disease states. It is known that
all three TGF-β isoforms are found in normal aqueous
humor.10,17 Studying their impact on CECs allows for a
better comprehension of CEC biology. In this study, we first
showed that all three TGF-β isoforms, when added to post-
confluent CECs, influenced cell morphology, cell–cell junc-
tion protein expression, and endothelial barrier integrity
(TEER).

The isoform that is most concentrated in the healthy
aqueous humor is TGF-β2. Depending on reports, its total
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amount ranges from 100 to 8000 pg/mL, and the amount
of its active form ranges from 40 to 5000 pg/mL.10,18–36

TGF-β2 was reported to play a role in the growth arrest
of CECs in vitro.37–39 It has also been reported to help
maintain the immune privilege of the anterior chamber.40

Isoform 2 of TGF-β is the major isoform implicated in
anterior chamber development at the embryonic stage.41

TGF-β1 is present at lower concentrations than TGF-β2
in healthy aqueous humor (total, 5–100 pg/mL; active,
0–5 pg/mL),19,24–26,28,32,33,42,43 whereas TGF-β3 is nearly
absent.19,24–26,28 Their roles in CEC biology are not well
understood. In other layers of the cornea, TGF-β1 is involved
in cell migration44 and ECM production by keratocytes.45

TGF-β3 is known to induce cell proliferation in epithe-
lial wound repair46 and to have antifibrotic proprieties by
promoting normal ECM assembly by fibroblasts in kerato-
conus.47

All three active TGF-β isoforms, when added during the
maturation phase (when cells have stopped proliferating),
increased the formation of intercellular junctions. Because
cell–cell junction formation is known to be a cause of growth
arrest,48 our results suggest that the effect of TGF-β on
growth arrest might be mediated through cell junction reor-
ganization. TGF-β isoforms may be important in the mainte-
nance of the barrier integrity of the corneal endothelium, as
they restore in vitro functionality. Ca2+-switch assays have
shown that only CECs exposed to TGF-β reached TEER that
is similar to that of mature junctions.49 Ca2+ is a major regu-
lator of cadherin conformation, which also influences tight
junction assembly.49,50 Control CECs showed no change in
TEER after Ca2+ depletion, confirming the low expression
of N-cadherin, as well as the delocalization of ZO-1 and
β-catenin observed via immunofluorescence staining. Here,
our results revealed that junction assembly was accelerated
when TGF-β1, TGF-β2, or TGF-β3 was added to maturation
media, a finding that is consistent with our previous work
on TGF-β19 and suggests an important role for this cytokine
in CEC homeostasis.

The analysis of the signaling pathways that are activated
in the presence of TGF-β2 revealed 12 proteins that were up-
or downregulated by at least twofold. Among the activated
proteins, Smad351,52 and AKT53 are known to be involved
in increasing N-cadherin expression, which correlates with
our results at both the gene and protein levels. Homo-
typic binding of N-cadherin is the first step in intercellu-
lar junction formation.54 After the establishment of a strong
interaction between cadherins of neighboring cells, other
proteins linked to the junctional complex are scaffolded.
Initiating the expression of N-cadherin is therefore impor-
tant to obtain a mature endothelium, ensuring its barrier
function.

Gene profiling provided insights into the deregu-
lated gene expression that we further analyzed. Principal
component analysis showed that adding TGF-β2 decreased
interindividual variations by clustering the populations,
making CEC culture outcomes more constant. Functional
analysis demonstrated that TGF-β2 increased the transcrip-
tion of the collagens that are present in the basal membrane
of the corneal endothelium (Descemet’s membrane), such
as collagen types IV and VIII, and increased the transcrip-
tion of integrins that bind to laminin and collagens (also
components of Descemet’s membrane55,56), suggesting that
this cytokine influences cell–ECM interactions; this result
was confirmed by the QIAGEN Ingenuity Pathway Analy-
sis. A new player in CEC adhesion is solute carrier family

4 member 11 (SLC4A11), a Na+-coupled OH− transporter57

that has recently been shown to play a role in CEC adhesion
to Descemet’s membrane.16 Following 1 week postconflu-
ence, TGF-β2 induced a twofold increase in SLC4A11 gene
expression. This result is consistent with a previous paper
that reported a 17-fold increase in SLC4A11 gene expres-
sion following 4 weeks of postconfluence,58 also suggesting
that, after 7 days with TGF-β, CECs would therefore be at an
early stage of maturation and would benefit from a longer
maturation time.

Although we did not study ECM deposition, our gene
profiling analysis suggests that TGF-β2 increases ECM depo-
sition in CECs. Consistent with this hypothesis, Ignotz et al.59

reported an increase in the production of ECM (fibronectin
and collagens) when CECs were exposed to TGF-β1. More-
over, in lens epithelial cells, TGF-β has been reported to
increase cell–ECM interactions via a process mediated by
Rho and Rac GTPase activation.60 Cell–ECM interactions
similarly activate many signaling pathways that reshape
the actin cytoskeleton.61 These signaling pathways, such as
phosphatidylinositol-3-kinase (PI3K)/AKT, which were acti-
vated in our CECs that were matured with TGF-β2, also
play a role in tight and adherent junction establishment.62,63

Taken together, our results suggest that the enhanced barrier
functionality, revealed by cell–cell junction expression and
TEER measurements, could occur secondary to the increased
adhesion of CECs to their substrate following TGF-β expo-
sure.

When we performed the adhesion assay, we found that
the cell density was higher when CECs had matured in
TGF-β2–supplemented medium, suggesting that more CECs
adhered to the devitalized Descemet’s membrane. Addi-
tionally, our results suggest better barrier functionality,
which was demonstrated by increased expression and better
cytolocalization of ZO-1 and N-cadherin.

TGF-β controls many fundamental aspects of cellular
behavior. It can promote endothelial to mesenchymal transi-
tion (EndMT) in subconfluent CECs,9 and adding the TGF-β
receptor inhibitor SB451542 during the cell culture process
has been shown to reduce the development of EndMT that
can occur during subculture.64 Serial passaging has also been
shown to increase senescent-associated changes, such as
activation of the p38 MAPK pathway,65 a pathway that was
also more activated in the presence of TGF-β herein. Given
that we used P3 cultures, we cannot exclude that a side
population of cells could have been in a senescent or sub-
senescent state. Performing the experiment using P0 or P1
cultures would reduce this limitation. Demonstration that P0
or P1 cells would respond similarly to P3 cells remains to be
performed.

It has been shown that TGF-β acts as an antiproliferating
agent in cultured CECs, mediated by p27kip1 (a G1-phase
inhibitor), suggesting that TGF-β could be one of the path-
ways that lead to G1 phase arrest in CECs in vivo.37,38,66 It
would make sense, in the context of our study using post-
confluent maturing CECs, that a mitotic inhibition generated
by TGF-β would help establish stable cell–cell and cell–
substrate contacts, which in turn would generate a more
functional monolayer.

In conclusion, this study shows that adding TGF-
β2 to postconfluent maturing P3 CECs increases inter-
cellular junction formation, improves in vitro barrier
functionality, and increases cell–ECM interactions. This
represents a step forward in better understanding CEC
biology.
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