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PURPOSE. Fuchs endothelial corneal dystrophy (FECD) is characterized by Descemet’s
membrane (DM) abnormalities, namely an increased thickness and a progressive appear-
ance of guttae and fibrillar membranes. The goal of this study was to identify abnormal
extracellular matrix (ECM) proteins expressed in FECD DMs and to evaluate their impact
on cell adhesion and migration.

METHODS. Gene expression profiles from in vitro (GSE112039) and ex vivo (GSE74123)
healthy and FECD corneal endothelial cells were analyzed to identify deregulated matri-
some genes. Healthy and end-stage FECD DMs were fixed and analyzed for guttae
size and height. Immunostaining of fibronectin, tenascin-C, osteopontin, and type XIV
collagen was performed on ex vivo specimens, as well as on tissue-engineered corneal
endothelium reconstructed using healthy and FECD cells. An analysis of ECM protein
expression according to guttae and fibrillar membrane was performed using immunoflu-
orescent staining and phase contrast microscopy. Finally, cell adhesion was evaluated on
fibronectin, tenascin-C, and osteopontin, and cell migration was studied on fibronectin
and tenascin-C.

RESULTS. SPP1 (osteopontin), FN1 (fibronectin), and TNC (tenascin-C) genes were upreg-
ulated in FECD ex vivo cells, and SSP1 was upregulated in both in vitro and ex vivo FECD
conditions. Osteopontin, fibronectin, tenascin-C, and type XIV collagen were expressed
in FECD specimens, with differences in their location. Corneal endothelial cell adhe-
sion was not significantly affected by fibronectin or tenascin-C but was decreased by
osteopontin. The combination of fibronectin and tenascin-C significantly increased cell
migration.

CONCLUSIONS. This study highlights new abnormal ECM components in FECD, suggests a
certain chronology in their deposition, and demonstrates their impact on cell behavior.

Keywords: Fuchs endothelial corneal dystrophy (FECD), extracellular matrix (ECM),
corneal endothelium, Descemet membrane (DM)

The cornea is the transparent tissue located at the front
of the eye. The corneal endothelium, the inner layer of

the cornea, plays a major role in maintaining corneal trans-
parency by keeping the corneal stroma partially dehydrated,
a process called deturgescence. When the endothelium
is dysfunctional, corneal edema appears, causing corneal
opacification and eventually irreversible vision loss.1,2 One
of the most common diseases leading to a dysfunctional
endothelium is Fuchs endothelial corneal dystrophy (FECD).
This endotheliopathy was responsible for 36% of the 49,110
corneal transplants reported by US eye bank members in
20213 and 41% of those performed in 10 European member
states, the United Kingdom, and Switzerland.4 Current treat-
ment consists of removing the pathological endothelium

and its basal membrane (Descemet’s membrane [DM]) and
replacing it with that of a healthy eye bank donor cornea
using surgical techniques, such as Descemet membrane
endothelial keratoplasty (DMEK) or Descemet stripping
automated endothelial keratoplasty (DSAEK). Recently, a
new technique without transplantation has emerged, where
a small central zone of DM is removed from the patient’s
cornea, leaving the peripheral endothelial cells to migrate
and reform a functional endothelium, a technique known
as Descemet stripping only (DSO) or Descemet without
endothelial keratoplasty (DWEK).5

DM is continuously deposited by corneal endothelial cells
(CECs) throughout their lifetime. A healthy DM contains two
layers, a fetal and a postnatal layer. The stromal side of
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DM is composed of type VIII collagen, type IV collagen,
and fibronectin, whereas entactin, laminin, perlecan, and
type IV collagen are present on its endothelial side.6 The
first clinical manifestation in FECD is an abnormal deposi-
tion of ECM. This leads to the formation of heterogeneously
distributed excrescences on DM, called guttae, that become
more numerous and wider over time.1,7 DM thickness can
increase up to four times the normal thickness, with two
additional layers, that is, the collagenous banded layer that
typically contains guttae and a loose fibrillar membrane that
embeds guttae.8–10 The DM composition in FECD also differs
from that in healthy DM.6,9,11 Previous studies have shown
a higher expression of laminin, fibronectin, and type IV
collagen on the endothelial side of FECD DMs compared
to healthy DMs.9,11,12 Type I, III, and IV collagens were
also observed in the fibrillar membrane in FECD.13 Normal
ECM is essential to maintain tissue homeostasis, and ECM
anomalies play key roles in diverse diseases.14–16 Indeed,
communication between cells and their ECM can impact cell
migration,17 adhesion,18 proliferation,19 and even apopto-
sis.20 In FECD, there is evidence that guttae and the fibril-
lar layer alter CEC behavior and survival.13,21 For instance,
in cells adjacent to large guttae, the expression of αSMA,
n-cadherin, Snail1, and NOX4 genes was shown to be
upregulated compared to cells grown on normal DMs or
small guttae.21 Furthermore, endothelial cell density was
found to be lower in regions where the fibrillar layer is
present.13

Most of the data on ECM protein expression in FECD
were acquired using ex vivo tissue specimens extracted at
the time of corneal transplantation.12,22–24 These specimens
are valuable because they represent the variability of the
FECD population followed in the clinic. However, they only
illustrate the end stages of the disease, and the amount
of information that can be extracted from these specimens
is limited, given their small size (usually 8 mm in diame-
ter). Among the other models available to study FECD, 2D
models from primary cultures10,11,19,24 or from immortalized
cell lines25 have proven useful for gene and protein analyses
and deciphering of signaling pathways. Our laboratory has
also proposed a tissue-engineered 3D model produced by
seeding primary cultures of FECD cells on top of decellu-
larized corneas.11,26 Using this model, we showed an early
fibronectin deposition, preceding laminin and type IV colla-
gen deposition,11 whereas levels of function-related genes
and proteins (pumping functionality and barrier functional-
ity) remained similar to those of the healthy models.24 Based
on these results, we postulated that the tissue-engineered
endothelia represented early events of FECD (prior to gutta
formation) and that the early deregulation in FECD was ECM
related. In the present paper, our aim was to identify other
ECM proteins in late-stage ex vivo FECD specimens, as well
as in earlier stage 3D models, with an aim to find a certain
chronology in their deposition.We also studied the impact of
some of the deregulated ECM proteins on CEC adhesion and
migration.

METHODS

All experiments were conducted in accordance with
the Declaration of Helsinki. The research protocol was
approved by the “Bureau de l’éthique de la recherche
du CHU de Québec – Université Laval” ethics committee
(DR-002-1263).

TABLE. Donor Tissue Details

Age Sex Cause of Death Figure

Healthy 82 M Digestive hemorrhage 2
84 F Ruptured abdominal aortic aneurysm 2
72 M Neocollic 2
73 M Ischemic heart disease 2
75 M Infarction 2
73 F Infarction 2
74 M Glioblastoma 2
68 M Myocardial infarction 2
63 F Solid cancer 2
67 M End-stage alcoholic cirrhosis 2
58 F Brain glioblastoma 2,6
80 M Small-cell lung carcinoma 2,6,7
59 F Intracranial hypertension/intra

parenchymal hemorrhage
4

55 F Ovarian neoplasia 4
64 M Lung cancer 4
65 M Multiform glioblastoma 4
51 F Solid cancer 4
52 F Breast metastatic cancer 4
60 F Sarcoma 4
72 M Infarction 6
66 F Malignant arrhythmia 6
82 M Anoxic encephalopathy 6,7
75 M Neo urethral 7

FECD
67 F – 2
73 F – 2
73 F – 2
67 M – 2
66 M – 2
75 M – 2
73 F – 2
71 M – 3,4
70 M – 3,4
86 F – 3,4
73 F – 4
74 F – 4
77 F – 4
76 M – 4
84 F – 4
85 M – 4
73 M – 4,5
73 F – 4,5
73 F – 4,5
76 F – 5
73 F – 5
71 M – 5
74 F – 5
64 F – 5
73 M – 5

Specimens

Healthy research-grade corneas (27 corneas from 23 donors)
were obtained from our local eye bank (Banque d’yeux
du Centre universitaire d’ophtalmologie [CUO], CHU de
Québec, Québec, Québec City, Canada) with next of kin
informed consent. Donor age ranged from 51 to 84 years
(68 ±10 years old; see the Table). FECD explants (n =
25) were obtained from consenting patients with end-stage
(stage 4) clinical FECD undergoing endothelial transplanta-
tion. Patient’s ages ranged from 64 to 86 years (74 ± 5 years
old; see the Table).
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Cell Isolation and Culture

Healthy and FECD CECs were isolated as previously
described.10,27,28 Briefly, DMs were peeled off and incu-
bated overnight at 37°C in culture medium. Cells were
detached from DMs using 0.02% ethylenediaminetetraacetic
acid (EDTA; Millipore-Sigma, Oakville, Ontario, Canada)
for 30 minutes and then the solution was aspirated up
and down to dislodge the cells. Cells were seeded on
FNC coating mix (Athena Enzyme Systems, Baltimore, MD,
USA), as described by the manufacturer, and cultured
in Opti-MEM I (Invitrogen, Burlington, Ontario, Canada)
supplemented with 0.2 g/L CaCl2 (Millipore-Sigma), 8%
fetal bovine serum (HyClone, Logan, UT, USA), 5 ng/mL
human epidermal growth factor (Austral Biologicals, San
Ramon, CA, USA), 20 mg/mL ascorbic acid (Sigma–Aldrich),
0.08% chondroitin sulfate (Millipore-Sigma), and 100 IU/mL
penicillin/streptomycin G (Millipore-Sigma). Cells were
used between passages 3 and 6. The decellularized DMs
were also collected and frozen at -20°C for subsequent
analysis.

Gene Profiling Analysis

Gene profiling data from healthy and FECD ex vivo spec-
imens (GSE74123) and from cultured healthy and FECD
cells (GSE112039) were analyzed. Matrisome genes were
isolated using Array star. Matrisome genes with a linear
signal higher than 100 and with a minimum of 2-fold
difference between FECD and healthy specimens were kept
for analysis. Heap maps were generated using GraphPad
Prism version 9. The color scale reflects the log2 expres-
sion level values and was obtained by the hierarchical clus-
tering algorithm of the Euclidian metric distance between
genes.

Tissue-Engineered Corneal Endothelium

Tissue-engineered endothelia were produced as previously
described.11,26,29 Briefly, healthy donor corneas were devi-
talized by three freeze (−20°C) – thaw (4 °C) cycles and
kept at −20°C until use. Dead cells on the surface of DMs
were removed by rinsing. Healthy or FECD CECs were
seeded on devitalized DM (100 μL cell suspension of 2.85
million cells/mL) and incubated for 3 hours before immers-
ing the corneas in culture medium. Corneas were cultured
for 14 days. Three tissue-engineered corneal endothelia,
using three different cell populations, were produced per
condition.

Guttae Morphometry Analysis

Decellularized FECD DMs were fixed with 3.7%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) and counterstained with Hoechst reagent 33258
(Millipore-Sigma). Orthogonal views of DMs were obtained
using a confocal microscope (Zeiss LSM-800, Toronto,
Ontario, Canada) with z stacks of 20 to 35 slices of 1 μm
thickness. The number of guttae on each acquisition was
counted using the CellCounter plugin of ImageJ software.
Guttae diameter, height, and density were analyzed using
ImageJ software30 and grouped by frequency distribution
for statistical analysis.

Indirect Immunofluorescence Staining and
Analysis

Ex vivo and tissue-engineered endothelia were embed-
ded in Optimal Cutting Temperature compound (Soma-
gen, Edmonton, Alberta, Canada), frozen in liquid nitrogen
and stored at -80°C until use. Immunofluorescence stain-
ing was performed on 20 μm-thick cryosections. Addition-
ally, entire decellularized healthy and FECD DMs were used
for en face immunostaining. All tissues were fixed with
3.7% paraformaldehyde (Electron Microscopy Sciences) for
20 minutes, permeabilized with 0.2% Triton X-100 (Fisher
Scientific) for 15 minutes, and immunostained for 1 hour
at room temperature using the following primary antibod-
ies: rabbit anti-fibronectin (F14; Abcam, Toronto, Ontario,
Canada), mouse anti-tenascin-C (EB2; Abcam), rabbit anti-
osteopontin (8448; Abcam), and rabbit anti-type XIV colla-
gen (NBP1; Novus Biologicals, Toronto, Ontario, Canada).
After rinsing, secondary antibodies (anti-rabbit conjugated
with Alexa Fluor 594 [Life Technologies, Burlington, Ontario,
Canada] or anti-mouse conjugated with Alexa Fluor 488
[Life Technologies]) were incubated for 45 minutes at room
temperature. Cell nuclei were counterstained with Hoechst
reagent 33258 (Millipore-Sigma). Fluorescence and bright
field images were obtained using a laser confocal micro-
scope (Zeiss LSM-800, Toronto, Ontario, Canada) or an
epifluorescence microscope (Zeiss Axio Imager 2, Toronto,
Ontario, Canada). The mosaic function was used when the
entire DM image was needed. Each immunostaining was
repeated using at least three different specimens per condi-
tion.

Adhesion Assay

Ninety-six-well plates were coated with 1 μg/cm2 of
fibronectin and/or tenascin-C, alone or in combination (1:1)
and with 1 μg/cm2 of osteopontin and/or tenascin-C, alone
or in combination (1:1), for 1 hour. Wells without coat-
ing served as controls. Wells were rinsed with sterile phos-
phate buffered saline containing calcium and magnesium
before seeding healthy CECs at a density of 30,000 cells/cm2.
After 1 hour, nonadherent cells were discarded, and the
wells were rinsed 3 times. Cells were fixed and perme-
abilized with cold 90% acetone (Fisher Scientific) at -20°C
for 10 minutes. Wells were rinsed 3 more times, and cell
nuclei were stained with Hoechst reagent 33258 (Millipore-
Sigma) for 10 minutes. Wells were then photographed with
an Eclipse TE2000 inverted microscope (Nikon, Mississauga,
Ontario, Canada). Nuclei were counted using ImageJ soft-
ware. Experiments were performed using three different cell
populations in triplicate, and three images were acquired per
well.

Migration Assay

Wells of 12-well plates were coated with 1 μg/cm2 of
fibronectin and/or tenascin-C, alone or in combination (1:1).
Wells without coating served as controls. The ECM protein
solution was left to dry for 1 hour before a 4-chamber
insert was inserted (Ibidi GmbH,Gräfelfing, Germany). Once
removed, these inserts leave a uniform free area of 500
μm width. Healthy CECs were seeded at a cell density
of 17,500 cells/chamber (chamber area = 0.35 cm2) until
complete confluence (between 2 and 3 days), after which
the inserts were removed, and cell migration was observed
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using a time-lapse microscope (Axio Imager 2; Zeiss), acquir-
ing images every 30 minutes for 24 hours. The free area
was measured using ImageJ. The percentage of free area
was obtained by comparing the 8 hour, 16 hour, and 24
hour acquisitions with the 0 hour acquisitions. Experi-
ments were performed using three different cell popula-
tions.

Statistical Analysis

The results are presented as the means of all measure-
ments and standard deviation (SD). Statistical analyses were
performed using GraphPad Prism version 9 and Microsoft
Excel 2016 software (Microsoft Corp., Redmond, WA, USA).
One-way or 2-way ANOVA tests were used, followed by
Dunnett’s multiple comparison test or a Bonferroni multi-
ple comparison test. Any P value < 0.05 was considered
significant.

RESULTS

Gene Expression of SPP1, FN1, and TNC Is
Upregulated in FECD

To identify new abnormal ECM proteins that appear in FECD,
we first analyzed the matrisome genes that were deregulated
in FECD, both ex vivo (GSE74123) and in vitro (GSE112039).
In FECD ex vivo specimens, 628 ECM-related genes with a
mean expression linear value greater than 100 and a 2-fold
deregulation were identified. Figure 1A presents the most
deregulated genes coding for matrisome proteins other than
matrix metalloproteinases (MMPs), tissue inhibitors of metal-
loproteinases (TIMPs), and glycosaminoglycans (GAGs). Of
interest, SPP1 (osteopontin), FN1 (fibronectin), and TNC
(tenascin-C) were upregulated 50-fold, 11-fold, and 10-fold,
respectively, in ex vivo FECD. In in vitro FECD CECs, 31 ECM-

related genes with a mean linear value greater than 100 were
identified, of which 18 were upregulated more than 2-fold
in FECD (Fig. 1B) and 13 were downregulated, including
COL8A2 (Fig. 1C).

Expression of Tenascin-C, Fibronectin,
Osteopontin, and Type XIV Collagen in Ex Vivo
Specimens and in Tissue-Engineered Models

The presence of tenascin-C, fibronectin, osteopontin, and
type XIV collagen was analyzed using cross-sections of ex
vivo specimens (Fig. 2). Tenascin-C, fibronectin, and osteo-
pontin were selected following the gene profiling analysis
(see Fig. 1), whereas the type XIV collagen was chosen
because its gene was recently shown to be upregulated in
a SLC4A11 -/- mouse model,31 and SLC4A11 mutations were
reported to be associated with FECD.31,32 The results showed
that all four proteins were present on the endothelial side
of the DM in ex vivo FECD specimens, whereas they were
absent in the healthy ex vivo specimens. Immunostaining
was also performed using tissue-engineered models recon-
structed using healthy and FECD cells11,24 (see Fig. 2). In the
FECD-engineered model, tenascin-C and fibronectin were
expressed on the endothelial side of the DM, whereas osteo-
pontin and type XIV collagen were absent. The four proteins
were also absent in the healthy engineered tissue model (see
Fig. 2).

Guttae Diameter Increases in Guttae-Rich Regions
of FECD DM

We performed a morphometric analysis of guttae using
orthogonal views of DMs obtained by confocal microscopy
to determine how their diameter and height evolved accord-
ing to their density (Fig. 3A). Guttae density varied from

FIGURE 1. Heatmaps of matrisome-related genes in healthy and FECD cells. The most deregulated ex vivo (A) and in vitro (B, C) matrisome-
related genes in healthy and FECD cell populations. Red rectangles indicate genes of interest.
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FIGURE 2. Expression of extracellular matrix proteins in ex vivo and tissue-engineered healthy and FECD conditions. Immunostaining of
tenascin-C (TN-C; green), fibronectin (FN; red), osteopontin (OPN; red), and type XIV collagen (COL XIV; red) on cross sections of healthy
and FECD ex vivo tissues and on corneal endothelia engineered using healthy and FECD cells. The white dashed line indicates the stromal
side of the Descemet membrane. The white arrow shows the endothelial side of the Descemet membrane. The results are representative of
three different specimens per condition. TN-C and FN immunostaining were performed on the same specimens. Scale bar = 50 μm.

0 in the periphery of the specimens to 1328 guttae/mm2

in the center of the specimens (Figs. 3B, 3D). Guttae
density was categorized using the grouped frequency distri-
bution method. The results showed a statistically significant
increase in guttae diameter from 11 ± 3 μm for densities
between 30 and 330 guttae/mm2 to 14 ± 5 μm for 630
guttae/mm2 and over (Fig. 3C). Fluctuations in mean guttae
height, between 8 ± 1 μm and 9 ± 2 μm, were not signifi-
cant, regardless of guttae distribution (Fig. 3E). This analysis
allowed us to define guttae-rich regions as those with more
than 630 guttae/mm2 and guttae-poor regions as those with
less than 330 guttae/mm2.

Tenascin-C, Fibronectin, and Osteopontin Are
Expressed in Guttae-Rich Areas of FECD DM

The link between ECM expression and guttae density was
evaluated using en face immunostaining (Fig. 4A). Tenascin-
C was clearly expressed in guttae-rich regions, faintly
expressed in guttae-poor regions, and was also present in
areas with no gutta. Fibronectin was expressed across the
entire DM. Osteopontin was mostly expressed in guttae-
rich areas, and its expression was more diffuse. Type XIV
collagen was absent in no-gutta and guttae-poor areas and
was expressed in guttae-rich areas, mostly concentrated at
the periphery of guttae. In guttae-rich regions, orthogonal
views allowed us to observe that tenascin-C, fibronectin,
and osteopontin proteins covered guttae and DM, whereas
type XIV collagen was present on the side of guttae
(Fig. 4B).

Tenascin-C, Fibronectin, and Osteopontin Are
Expressed in the Fibrillar Layer of the FECD DM

In the late stages of FECD, a fourth layer, the fibrillar layer, is
formed over the DM in guttae-rich regions, surrounding and
embedding guttae.10 Using brightfield imaging, the fibril-
lar layer is visible as fibrillar-like structures, and the guttae
are less visible when buried underneath. By selecting these
fibrillar-like regions (Fig. 5 second column), we were able
to study the relationship between the presence of a fibrillar
layer and ECM protein expression (see Fig. 5). The results
showed that tenascin-C and osteopontin were present in
the fibrillar layer-like structures, whereas fibronectin was
expressed in and outside the fibrillar layer-like structure.
Type XVI collagen was mostly present outside the regions
of the fibrillar-like membrane structures.

Tenascin-C Does not Prevent Corneal Endothelial
Cells From adhering to Fibronectin, and
Osteopontin Decreases Cell Adhesion

Because there is a progressive decrease in cell density in
FECD,33 we assessed whether tenascin-C could interfere with
CEC adhesion to fibronectin, as observed in other diseases,34

which could lead to cell detachment and explain cell loss.
CEC adhesion on fibronectin remained similar to that of the
control (Fig. 6A), regardless of the different coating protein
concentration used (Supplementary Fig. S1). Compared to
uncoated plates, there was a small decrease in the number of
cells that adhered to 1 μg/cm2 tenascin-C-coated wells (from
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FIGURE 3. Association among guttae diameter, height, and density. (A) Orthogonal view of a DM used for guttae diameter, height, and
density analysis. Scale bar = 20 μm. (B) Guttae diameter according to guttae density. (C) Guttae diameter distributed in classes of guttae
density per mm2. (D) Guttae height according to guttae density. (E) Guttae height distributed in classes of guttae density per mm2. Each dot
represents a single guttae. The results from three different FECD specimens are presented on the same graph. **P < 0.001; ***P < 0.0001.

2172 ± 472 to 1852 ± 442 adherent cells). This decrease was
not statistically significant. There were no statistically signifi-
cant differences between adhesion on fibronectin and adhe-
sion on fibronectin/tenascin-C co-coating. We also assessed
CEC adhesion to osteopontin. The results showed a statisti-
cally significant decrease in the number of adhered cells on
osteopontin (from 5360 ± 425 on uncoated wells to 4363 ±
413 on osteopontin), although the adhesion rate to tenascin-
C and to the osteopontin/tenascin-C co-coating (1:1) was
similar to that of the control (Fig. 6B).

The Combination of Tenascin-C and Fibronectin
Increases Corneal Endothelial Cell Migration

The ECM can also influence cell migration.17 Healthy CEC
migration on tenascin-C and/or fibronectin was followed
using a migration assay and time-lapse microscopy (Figs. 6C,
6D). After 24 hours, fibronectin alone increased CEC migra-
tion by 19.4% over the control. Tenascin-C alone showed
similar migration compared to controls but decreased migra-
tion by 26.2% compared to fibronectin. The combination
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FIGURE 4. Localization of extracellular matrix proteins of different regions of ex vivo DM. En face view (A) and orthogonal view
(B) immunostaining of tenascin-C (TN-C; green), fibronectin (FN; red), osteopontin (OPN; red), and type XIV collagen (COL XIV; red)
in healthy and FECD ex vivo tissues. The results are representative of at least three different specimens per condition. TN-C and FN
immunostaining were performed on the same specimens. Scale bars = 100 μm (A) and 20 μm (B).

of tenascin-C and fibronectin increased cell migration by
31.2% over controls; the scratch was completely closed at
24 hours.

DISCUSSION

Thickening of DM, formation of guttae, and end-stage depo-
sition of a fibrillar membrane are chronological hallmarks
of FECD. In this study, we identified new abnormal ECM
proteins that are expressed in FECD DMs, namely, osteo-
pontin, and type XIV collagen. We show that tenascin-C and
osteopontin are strongly expressed in the fibrillar membrane
regions, fibronectin is expressed throughout FECD DMs, and

type XIV collagen is exclusively present on the sides of
guttae. Furthermore, we demonstrate that tenascin-C does
not interfere with the adhesion of cells to fibronectin at the
protein coating concentrations tested, and that the combi-
nation of fibronectin and tenascin-C increases cell migra-
tion. In parallel, an in-depth morphometric analysis of guttae
revealed that once they reached a density of 630 guttae/mm2,
guttae diameter continued to increase, whereas their height
remained stable.

ECM gene deregulation in late-stage FECD specimens has
been previously studied.12,35 Weller et al. identified several
collagen genes (COLIV, COLIA1, and COLIIIA1), glycopro-
teins (FN1 and LAMA2), integrins (ITGA1, ITGA3, ITGA4,
ITGB1, and ITGB3), metalloproteinases and their inhibitors
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FIGURE 5. Expression of extracellular matrix proteins with refer-
ence to the fibrillar layer of FECD DM. First column: Mosaic of
the entire FECD Descemet membrane (DM) at low (5X) magnifi-
cation immunostained against ECM proteins (first row: tenascin-C
[TN-C; green]) and fibronectin [FN; red] co-immunostaining; second
row: osteopontin [OPN; red]; and third row: type XIV collagen [COL
XIV; red]). White squares represent the regions that are presented
in the higher magnifications (20×) of the second, third and fourth
columns. Scale bar = 2 mm. Second column: Brightfield images.
Arrowheads point to the fibrillar-like regions of FECD DM. Scale
bar = 100 μm. Third and fourth columns are ECM immunostainings
(first row: tenascin-C [green] and fibronectin [red] coimmunostain-
ing; second row: osteopontin [red]; and third row: type XIV collagen
[red]). Arrowheads point to the fibrillar-like regions of FECD DM.
Scale bar = 100 μm. The results are representative of three differ-
ent specimens per condition. TN-C and FN immunostaining were
performed on the same specimens.

(MMP10, MMP14, and TIMP1), and apolipoproteins (CLU)
as upregulated in FECD specimens. The protein expres-
sion of some of them, such as clusterin and type III colla-
gen, has been confirmed on FECD DMs.12 Matthaei et al.
reported increased gene expression of FN, LAMC1, COLIVA1,
and COLIIIA1 and demonstrated that their upregulation was
followed by an abnormal deposition of the proteins encoded
by these genes.35 Cui et al. observed an upregulation of FN1
and TNC genes in FECD ex vivo specimens,36 and a recent
transcriptome analysis identified FN1, SPP1, and COL6A2 as
the top upregulated genes in FECD ex vivo specimens.37

Herein, we confirmed the upregulation of FN1, TNC, and
SPP1 in FECD.

Tenascin-C was selected for protein analysis because
of its role in modulating cell adhesion and migration to
fibronectin,38,39 an ECM protein clearly present in FECD
DMs.9,11 Tenascin-C is a glycoprotein expressed in the
epithelial basement membrane and the anterior corneal
stroma of FECD specimens,40 and its presence in FECD DMs
has recently been demonstrated.41 The upregulation of the
SPP1 gene raised interest because it was the only ECM-
related gene overexpressed both ex vivo and in vitro in
FECD CECs. Its protein, osteopontin, is a matrix structural
glycophosphoprotein that acts as a cytokine and regulates
the activity of resident tissue cells at sites of injury. Inter-
estingly, both tenascin-C and osteopontin are ligands for the
integrin α9 subunit, the gene for which is upregulated in
FECD (GSE74123). Both proteins are known for their role in
wound healing.42,43 Osteopontin is also a master regulator
of endothelial to mesenchymal transition (EMT),44 a process

that has been proposed to be implicated in FECD patho-
genesis.25,45 The COLXIV gene encodes a FACIT collagen
that binds fibrillar collagens, which are the main compo-
nents of DM. It was selected due to its major upregula-
tion in an SLC4A11-deficient mouse.31 The SLC4A11 gene
encodes a member of the SLC4 family of bicarbonate trans-
port proteins that contributes to osmotically maintaining
corneal fluid balance. Its downregulation is known to be
one of the genetic causes of FECD.33,46,47 Surprisingly, the
COLXIV gene was not upregulated in the gene profiling of
ex vivo (GSE74123) and in vitro (GSE112039) FECD cells.
Perhaps the specimens used for the transcriptome anal-
ysis came from patients who did not carry an SLC4A11
mutation, although this remains to be confirmed. Inter-
estingly, in addition to identifying new upregulated aber-
rant ECM genes, our in vitro analysis showed downregu-
lation of the COLVIII gene. Its protein, type VIII collagen,
is the major constituent of DM. The decrease in healthy
ECM might also contribute to the diseased DM environ-
ment.

Guttae apparition is one of the first clinical signs of
the disease. They typically first appear centrally and slowly
continue to expand toward the periphery.1,7 Clinically, slit-
lamp grading of guttae density is used to judge the severity
of the disease. According to the Krachmer grading scale for
FECD, the presence of more than 12 central nonconfluent
guttae corresponds to a severity grade of 1, and the pres-
ence of more than 5 mm confluent guttae corresponds to
a severity grade of 4.48 It is still unclear why guttae first
appear and increase in density in the center of the cornea. A
partial explanation might be that the central cornea is more
exposed to UV light49 and that UV exposure induces oxida-
tive stress,50 which was demonstrated to be more severe in
the center.51 Because FECD CECs are more sensitive to oxida-
tive stress,52 central CECs would be the first to be affected
by the disease, explaining why guttae are more numerous
in the center of DM. A greater guttae density is associated
with a greater CEC loss,1,2 and it is now acknowledged that
guttae can alter CEC survival according to their diameter.21 In
this study, we confirmed that guttae were larger where their
distribution was denser. It is interesting to note that although
guttae become wider with time, their height remains stable.
The fact that CECs cannot cover large guttae21 and the
possibility that they continue to deposit ECM on the side
of the guttae explains why guttae become wider but not
taller.

Immunostaining of late-stage FECD ex vivo specimens
was performed to establish a possible relationship among
the four proteins of interest (fibronectin, tenascin-C, osteo-
pontin, and type IV collagen) and guttae density. As
reported, fibronectin was expressed on FECD DMs.9,11,12

Fibronectin and tenascin-C were mostly present in the
fibrillar membrane layer in guttae-rich regions but also
regions without guttae. Type XIV collagen was only present
around guttae in guttae-rich regions. Osteopontin was
located in the fibrillar layer in guttae-rich regions. Given
that the fibrillar membrane appears in later stages, its pres-
ence could therefore represent a more advanced stage of
the disease, and, inversely, regions without guttae might
represent an earlier stage of the disease. The immunos-
tainings of these specimens suggest that chronologically,
fibronectin and tenascin-C are first deposited, then guttae
forms and type XIV collagen is deposited around them
when guttae reach high density, followed by the forma-
tion of a fibrillar membrane that embeds guttae in a
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FIGURE 6. Impact of extracellular matrix on cell adhesion and migration. (A, B) Adhesion assays were performed on fibronectin (FN) and
tenascin-C (TNC) (A) and on osteopontin (OPN) and TNC (B). The number of adherent cells was quantified after 1 hour. (C) Migration assays
with 1000 ng/cm2 fibronectin (FN), tenascin-C (TN-C), and the combination of fibronectin and tenascin-C (FN/TN-C) were performed for 24
hours. White dotted lines indicate the wound edges. (D) Quantification of the scratch areas at 8 hours, 16 hours, and 24 hours compared to
0 hours. *P < 0.05; **P < 0.01; ***P < 0.001.

fibrous layer composed of tenascin-C, osteopontin, and
fibronectin.

In contrast to late-stage FECD ex vivo specimens in which
the disease has progressed for approximately 50 years,
tissue-engineered FECD models allow the study of proteins
that are rapidly deregulated in vitro and before the appear-
ance of guttae.11,24 Combined with the ex vivo data, the
tissue-engineered FECD model allows to add elements of
information regarding the timeline of ECM deregulations,
where the in vitro model would be the first deregulations,
followed by the periphery of ex vivo specimens where there
are few guttae, followed by the guttae-rich regions at the
center of the ex vivo specimens, where the disease is most
advanced. It makes sense that the tissue-engineered models
did not express osteopontin or type IV collagen, as these
two ECM proteins were observed only ex vivo after the
appearance of guttae. Accordingly, fibronectin and tenascin-
C were observed in the tissue-engineered FECD model, and
they were also expressed ex vivo in regions without guttae.
Thus, the tissue-engineered models seem to recapitulate the
chronology of ECM deposition suggested with the ex vivo

specimens, with an early accumulation of fibronectin and
tenascin-C.

It is also interesting to note that fibronectin and tenascin-
C are not only produced in the early stages of the disease
but also seem to be continuously produced by FECD CECs
throughout the disease, because they are expressed in all
regions of the FECD DM (no gutta, guttae-rich, and fibril-
lar membrane). Their accumulation could also mean a
lack of degradation. Indeed, previous findings highlighted
an imbalance in MMP expression in FECD, where MMP2
and MMP10 expression decreased in cultured FECD CECs.
MMP2 and MMP10 are known to degrade fibronectin53;
therefore, their downregulation could explain the accumu-
lation of this ECM protein. It has also been shown that
the MMP14, MMP9, and MMP3 genes were downregu-
lated in FECD ex vivo cells.54 MMP14 is known to cleave
fibronectin,55 MMP9 cleaves tenascin-C56 and osteopontin
is a ligand of MMP3.57 Thus, it could be postulated that
this decrease in MMPs prevents the degradation of tenascin-
C, fibronectin, and osteopontin by CECs during disease
progression.
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After 1 hour of attachment and thorough rinsing, a simi-
lar number of cells remained in the wells covered with
fibronectin and tenascin-C, alone or in combination, demon-
strating that tenascin-C does not interfere with the ability of
CECs to adhere to fibronectin, confirming previous results.58

Our results also demonstrated that osteopontin decreased
CEC adhesion compared to the control, tenascin-C, and
the combination osteopontin/tenascin-C. As osteopontin is
known to be a protein that promotes cell adhesion,59 our
results suggest that adhesive forces may be weaker on
osteopontin compared to tenascin-C. Indeed, weak adhe-
sive forces could explain cell detachment following rinsing.
The necessity of additional adhesive forces following the
first signs of attachment and the influence of different ECM
proteins on this attachment have been previously demon-
strated by Engler et al.60

Fibronectin also increased cell migration, which was even
more marked when CECs migrated on a combination of both
tenascin-C and fibronectin. These results were particularly
noteworthy because, to our knowledge, the combined role
of these two glycoproteins on CECs has not yet been studied.
The presence of fibronectin and tenascin-C throughout the
disease thus suggests an increase in cell migration, perhaps
in an attempt to maintain endothelial monolayer integrity
despite cell losses in the early phases of the disease,33 and/or
maybe in an attempt to navigate around guttae in later
stages of the disease, as guttae were shown to decrease
cell migration.61 On the other hand, the aberrant expression
of fibronectin, tenascin-C, and osteopontin in the fibrillar
membrane may contribute to cell death. Indeed, excessive
accumulation of ECM changes tissue homeostasis, which can
lead to pathological phenotypes.15,62,63 Moreover, Hribrek et
al. highlighted that the fibrillar membrane might be a toxic
environment for CECs, which are less dense in this region.13

FECD is a multifactorial disease, and variability from
one patient to another is high. Indeed, FECD etiology
remains difficult to establish. Herein, we present new knowl-
edge about FECD ECM, when these ECM proteins probably
appear, and how they could impact corneal endothelial cell
behavior. We identified two ECM proteins, fibronectin and
tenascin-C, that could become useful markers for in vitro
pharmacological studies aimed at controlling ECM deposi-
tion to slow FECD pathogenesis using in vitro models. From
a clinical point of view, our results highlight the importance
of removing the region of DM where the fibrillar layer is
present to optimize the success of Descemet stripping only
(DSO) surgery for patients with FECD.
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