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PURPOSE. Fuchs endothelial corneal dystrophy (FECD) is a progressive corneal
disorder characterized by excessive extracellular matrix (ECM) accumulation and corneal
endothelial cell death. CTG trinucleotide repeat expansion in the transcription factor 4
(TCF4) gene represents the most significant genetic risk factor. This study aimed to
elucidate the role of TCF4 in FECD pathogenesis through comprehensive proteomic
analysis.

METHODS. Corneal endothelial cells isolated from patients with FECD harboring TCF4
trinucleotide repeat expansion were immortalized to establish an FECD cell model
(iFECD). CRISPR/Cas9-mediated genome editing was employed to generate
TCF4-knockout iFECD cells. Whole-cell proteome analysis was performed using
liquid chromatography–mass spectrometry, followed by pathway enrichment analysis
of differentially expressed proteins (DEPs). The effects of TCF4 deletion on
TGF-β–mediated protein aggregation and cell death were evaluated using Western
blot analysis, flow cytometry, and aggresome detection assays.

RESULTS. Proteomic analysis identified 88 DEPs among 6510 detected proteins. Pathway
analysis revealed significant enrichment in ECM-associated pathways, oxidative stress
responses, and cellular motility. TCF4 deletion attenuated TGF-β–induced cell death
in iFECD cells. Concordantly, Western blot analysis demonstrated that TCF4 deletion
suppressed TGF-β2–mediated cleavage of caspase-3 and poly (ADP-ribose) polymerase.
Flow cytometric analysis of Annexin V–positive cells confirmed reduced apoptosis in
TCF4-deleted cells following TGF-β2 treatment. Additionally, aggresome detection assays
revealed that TCF4 deletion diminished TGF-β2–induced protein aggregation.

CONCLUSIONS. This study demonstrates a crucial role for TCF4 in FECD pathogenesis,
particularly in ECM regulation and protein aggregation–induced cell death.
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Fuchs endothelial corneal dystrophy (FECD) is a progres-
sive bilateral disorder characterized by dysfunction and

degeneration of the corneal endothelium, with consequent
corneal edema and severe vision impairment. The forma-
tion of excrescences of the Descemet’s membrane (basement
membrane) due to excessive extracellular matrix (ECM)
production is a clinical hallmark of FECD.1,2 The preva-
lence of FECD ranges between 4% and 11%.3–6 A recent
meta-analysis that demonstrated a 7.33% prevalence among
4748 subjects identified FECD as the most common inherited

corneal dystrophy.7 Several genes, including AGBL1,
LOXHD1, SLC4A11, and ZEB1, have been implicated in late-
onset FECD,8–14 but mutations in these genes are relatively
rare.15 Most FECD cases are associated with a CTG trin-
ucleotide repeat expansion in the TCF4 gene, which is
recognized as the most significant genetic factor.16–23

This expansion has advanced our understanding of FECD
pathophysiology and has implicated several mechanisms,
including RNA-mediated toxicity, dysregulated TCF4 expres-
sion, and repeat-associated non-AUG translation.19,24–29
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The pathogenesis of FECD also involves activated TGF-β
signaling and epithelial–mesenchymal transition (EMT).30–32

However, many aspects of this genetic mutation remain
unclear, including how it causes specific cellular impair-
ments and the variability in clinical symptoms.23

Several research groups, including ours, have investigated
TCF4 gene expression, isoform variation, and differential
exon usage in the corneal endothelium of patients with
FECD.33–39 Indeed, transcriptomics has identified dysregu-
lated expression of TCF4, and this dysregulation is proposed
as one of the potential pathologic mechanisms underlying
FECD.33–39 However, the influence of TCF4 on the expres-
sion of other molecules, especially at the protein level, has
not been comprehensively investigated, largely due to the
limited availability of adequate quantities of patient corneal
endothelial samples. Proteomics exploration is an essen-
tial addition to transcriptome analysis because it examines
the actual proteins that are produced, their modifications,
and their interactions, which are not reflected at the RNA
level.40–43

Therefore, in the current study, we utilized an FECD
cell model and CRISPR/Cas9 to investigate the comprehen-
sive impact of TCF4 knockout on the expression of other
proteins. We investigated differentially expressed proteins
(DEPs) induced by TCF4 knockout and performed pathway
analyses. We also assessed the effect of TCF4 knockout on
TGF-β–mediated unfolded protein deposition and cell death
in the FECD cell model.

MATERIALS AND METHODS

Ethics Statement

The human tissue used in this study was handled under
the guidelines of the Declaration of Helsinki. Institu-
tional review board approvals for research involving human
subjects were obtained from the Friedrich-Alexander Univer-
sity Erlangen-Nürnberg (Applied number: 140_20 B) and
Doshisha University (Applied number: 20009). Informed
consent was acquired from patients with FECD who under-
went Descemet’s membrane endothelial keratoplasty at the
Friedrich-Alexander University Erlangen-Nürnber. Patients
who were unable to provide informed consent, prison-
ers, and vulnerable populations were excluded from the
study. Additionally, patients with advanced FECD, for whom
insufficient corneal endothelial cells could be collected for
RNA sequencing analysis, were also excluded. Stripped
Descemet’s membranes, including corneal endothelial cells,
were obtained following the surgery.

Culture of Corneal Endothelial Cells Derived
From a Patient With FECD

Immortalized corneal endothelial cells derived from patients
with FECD (iFECD) were established previously and
used in this study.30 The iFECD cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Nacalai Tesque,
Kyoto, Japan) containing 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin (Nacalai Tesque).
When the cells reached 80% confluency, they were
passaged using 0.05% Trypsin-EDTA (Nacalai Tesque).
For some experiments, iFECD cells were cultured until
80% confluency and further cultured with fresh DMEM
without FBS supplemented with 10 ng/mL TGF-β2

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) for
24 hours.

Knockout of the TCF4 Gene Using the
CRISPR–Cas9 System

The basic helix–loop–helix (bHLH) in TCF4 of iFECD or
20 bases in exon 9 in TCF4 of iFECD were knocked
out using CRISPR/Cas9 (hereafter, iFECD TCF4�bHLH,
iFECD TCF4−/−). Guide RNA (gRNA) for CRISPR–Cas9
was designed on Feng Zhang’s website (http://crispr.mit.
edu/; Massachusetts Institute of Technology; site no longer
active). The insert oligonucleotides for bHLH in TCF4 dele-
tion gRNA-1 were 5′-CACCGCCACAGCAATAATGACGATG-
3′ and 5′-AAACCATCGTCATTATTGCTGTGGC-3′, and for
bHLH in TCF4 deletion gRNA-2, they were 5′-CACCGAGT
CTGGAGCAGCAAGTCCG-3′ and 5′-AAACCGGACTTGCTG
CTCCAGACTC-3′ for the TCF4 gene (Gene ID: 6925). Insert
oligonucleotides for 20 bases in exon 9 in TCF4 dele-
tion gRNA-1 were 5′-CACCGGACTACAAATAGGGACTCGCC-
3′ and 5′- AAACGGCGAGTCCCTATTGTAGTC-3′, and insert
oligonucleotides for 20 bases in exon 9 in TCF4 dele-
tion gRNA-2 were 5′-CACCGCAAGCACTGCCGACTACAAT-3′

and 5′- AAACATTGATGTCGGCAGTGCTTG-3′ for the TCF4
gene.

The complementary oligonucleotides for gRNA were
annealed and cloned into lentiCRISPR v2, gifted from Feng
Zhang (Addgene plasmid #52961; http://n2t.net/addgene:
52961; RRID:Addgene_52961; Addgene, Watertown, MA,
USA). The insertions of the gRNAs were assessed using
Sanger sequencing (SeqStudio Gentic Analyzer, Thermo
Fisher Scientific, Waltham, MA, USA). Each plasmid vector
was cotransfected with psPAX2 (Plasmid #12260; Addgene)
and pCMV-VSV-G (Plasmid #8454; Addgene) into 293T
cells using OptiMEM-I with Lipofectamine 3000 (Thermo
Fisher Scientific). Lentiviral supernatants were harvested
after 24 hours and concentrated using Lenti-X Concentra-
tor (Clontech Laboratories, Inc., Mountain View, CA, USA)
according to the manufacturer’s protocol. iFECD cells were
cultured in 6-well plates to ∼70% confluency with DMEM
supplemented with 10% FBS and penicillin/streptomycin
(Nacalai Tesque). Lentiviral concentrates (100 μL), poly-
brene (5 μg/mL; Nacalai Tesque), and puromycin (1 μg/mL;
InvivoGen, San Diego, CA, USA) were added to the culture
medium, and iFECD cells were further cultured. After 5 days,
the surviving cells were collected and cultured as single cells
in 96-well plates to establish single-cell clones. The single-
cell clones were isolated and passaged after 14 to 17 days
of culture.

Genomic DNA Analysis and Sequencing

Cultured cells were harvested using 0.05% Trypsin-EDTA,
centrifuged, and then lysed using a MonoFas gDNA Cultured
Cells Extraction Kit VI (Animos, Saitama, Japan) to extract
DNA. Forward primer (5′-CTTACTCCTGTTAAGCTGCCTTG -
3′) and reverse primer (5′-CTAAATCCATAAGGCAGCATCCC
-3′) were used to confirm the deletion of bHLH. The
PCR products were amplified using a T3000 thermocycler
(Analytik jena, Jena, Germany) under the following condi-
tions: 35 cycles of denaturation at 95°C for 20 seconds,
annealing at 55°C for 20 seconds, and elongation at 72°C
for 20 seconds. The PCR amplicons were subjected to elec-
trophoretic separation on 1% agarose gels, followed by
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staining with ethidium bromide, and visualized under ultra-
violet light using an Amersham Imager 600 (GE Health-
care, Chicago, IL, USA). The PCR amplicons were purified
using ExoSAP-IT (Thermo Fisher Scientific). The sequence
of the treated PCR products was confirmed by Sanger
sequencing (SeqStudio Gentic Analyzer, Thermo Fisher
Scientific) with the following primers: forward primer (5′-
CTTACTCCTGTTAAGCTGCCTTG-3′) and reverse primer (5′-
CTAAATCCATAAGGCAGCATCCC-3′) for iFECD TCF4�bHLH
and forward primer (5′- GTAAAACGACGGCCAGT-3′) and
reverse primer (5′-CAGGAAACAGCTATGAC-3′) for iFECD
TCF4−/−.

Protein Isolation for Mass Spectrometry

The iFECD and iFECD TCF4�bHLH cells were washed with
PBS, detached using TrypLE (Thermo Fisher Scientific), and
washed again three times with PBS. The cell pellets were
flash frozen in liquid nitrogen and preserved at −80°C
for future analysis. The cell pellets were lysed by sonica-
tion in a buffer containing 2% SDS and 50 mM triethy-
lammonium bicarbonate, supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scien-
tific). After sonication, the lysates were centrifuged, and
the supernatant was collected for protein quantification
using the BCA protein assay. Protein quality was verified
by electrophoresis of 20 μg protein on a 10% SDS-PAGE
gel. Reduction and alkylation of proteins were achieved
by treating the samples with 5 mM dithiothreitol at 60°C
for 1 hour, followed by 10 mM iodoacetamide at room
temperature for 30 minutes in the dark. The proteins
were precipitated using ice-cold acetone and an incubation
period of 12 hours at 4°C, after which the samples were
centrifuged, and the resultant pellet was resuspended in
50 mM triethylammonium bicarbonate. This was followed
by enzymatic digestion with trypsin (Promega, Madison, WI,
USA) for 12 hours. The resulting peptides were purified
using a Sep-Pak C18 Plus Light Double Luer-Lock Cartridge
(Waters, Milford, MA, USA). The digested peptides were
acidified with 1% formic acid and centrifuged, and the
supernatants were collected. A Sep-Pak column was acti-
vated using 100% acetonitrile, followed by 0.1% formic acid,
and then acidified peptide samples were loaded onto the
column, washed with 0.1% formic acid, and eluted with
40% acetonitrile in 0.1% formic acid. Following elution, the
peptides were dried and resolubilized in 100 mM triethy-
lammonium bicarbonate buffer (TEAB) and subsequently
labeled with TMT10plex Isobaric Label Reagents and Kits
(Thermo Fisher Scientific), following the manufacturer’s
instructions.

Basic pH Reverse Phase Liquid Chromatography
Fractionation

The labeled peptides were solubilized in 1 mL basic pH
RPLC solvent A (7 mM TEAB, pH 8.5) and fractionated by
basic pH reverse phase liquid chromatography (bRPLC) on
an XBridge BEH C18 Column (Waters), employing a progres-
sively increasing gradient of bRPLC solvent B (7 mM TEAB,
pH 8.5, 90% acetonitrile), utilizing an Agilent 1260 HPLC
system (Agilent Technologies, Santa Clara, CA, USA). The
flow rate for the mobile phase was set at 0.3 mL/min, and the
eluted peptides were monitored by absorbance changes at
280 nm. The procedure was completed over a total duration

of 90 minutes, yielding a collected volume of 27 mL. Subse-
quently, the 96 fractions were consolidated into 12 fractions
and vacuum dried.

Liquid Chromatography/Tandem Mass
Spectrometry Analysis

Lyophilized peptides were resuspended in 0.1% formic acid
and analyzed using an Orbitrap Fusion Lumos Mass Spec-
trometer (Thermo Fisher Scientific) interfaced with an Easy-
nLC 1200 nanoflow liquid chromatography system (Thermo
Fisher Scientific). The peptides were applied to a precolumn
(nanoViper; 100 μm × 20 mm, Thermo Fisher Scientific) at
a flow rate of 3 μL/min for enrichment and subsequently
separated on an analytical column (HPLC Column Acclaim
RSLC 120 C18, 75 μm × 50 cm; Thermo Fisher Scientific) at
a flow rate of 280 nL/min. The elution was performed using
a step gradient of 8% to 22% solvent (0.1% formic acid in
95% acetonitrile) over 70 minutes, followed by an increase
to 22% to 35% solvent for a duration of 70 to 103 minutes.
The total acquisition time was set at 120 minutes. The mass
spectrometer was operated in a data-dependent acquisition
mode. Survey full-scan mass spectrometry (MS) (from m/z
350–1600) was acquired in the Orbitrap at a resolution of
120,000 at 200 m/z. The AGC target for MS1 was set at 4
× 105 and the ion filling time was set at 50 ms. The most
intense ions with charge state ≥2 were isolated with isola-
tion window 1.6 in a 3-second cycle and fragmented using
higher-energy collisional dissociation (HCD) fragmentation
with 34% normalized collision energy and detected at a mass
resolution of 50,000 and an ion injection time of 100 ms.

Analysis of DEPs

For protein identification and quantification, the SEQUEST
search algorithm was employed using Proteome Discov-
erer software against the Human RefSeq protein database.
The search parameters included a maximum of two missed
cleavages. Carbamidomethylation at cysteine and TMT 10-
plex (+229.163) modification at the N-terminus of peptide
and lysine were set as fixed modifications, while oxidation
of methionine was a variable modification. For MS data,
monoisotopic peptide mass tolerance was set to 10 ppm and
MS/MS tolerance to 0.1 Da. A false discovery rate of 1% was
set at the peptide-spectrum match level as well as at 1% at
the protein level.

Subsequent analyses were conducted using Perseus soft-
ware44 to compute fold changes and P values through
t-tests, with fold changes undergoing logarithmic trans-
formation to the log2 scale. The criteria for identifying
DEPs included thresholds of |log2 fold changes| (≥0.5)
and P values (<0.05). A volcano plot, integrating log2 fold
changes and P values, was generated to depict the distri-
bution of each protein, utilizing the ggplot2 package in
R. Proteins upregulated in iFECD TCF4�bHLH relative to
iFECD were marked with red dots, whereas downregulated
proteins were denoted with blue dots. Additionally, heatmap
clustering was performed using the heatmap.2 function
within the gplot package for R, with all protein expres-
sion levels normalized to z-scores and illustrated across a
spectrum from +2 to −2. Red stripes represented relatively
high expressions, and blue stripes indicated relatively low
expressions.
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Functional Enrichment and Protein–Protein
Interaction Analyses

Gene Ontology (GO) analysis45 was performed using the
ClusterProfiler package (version 4.2.2)46 in R. Significantly
enriched GO terms were determined with a P value thresh-
old of <0.05. The top 12 GO terms, representing biologi-
cal processes (BP), cellular components (CC), and molecu-
lar functions (MF), were selected and graphically visualized
using the ggplot2 package (version 3.3.6) in R. For pathway-
based enrichment analysis, Reactome47 and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG)48,49 analyses were
also conducted. KEGG pathway analysis was conducted with
the ClusterProfiler package and illustrated using the ggplot2
package in R. Reactome pathway analysis was carried out
using the ReactomePA (version 1.38.0) and ggplot2 pack-
ages. Significantly enriched pathways, identified with a P <

0.05, were visually presented, showcasing the top 12 path-
ways based on their significant gene ratio on the x-axis. P
values were converted with “–log10,” then displayed with
colors ranging from blue to red using the scales package.
For protein–protein interaction (PPI) networks, GeneMA-
NIA (http://genemania.org/), an accessible online tool, was
employed.

Confirmation of Altered ECM-Related Molecules at
the mRNA Level Using RNA Sequencing Data

Our RNA sequencing (RNA-seq) data for the corneal
endothelium derived from patients with FECD and healthy
subjects were obtained from the DDBJ database.38 Two other
RNA-seq data sets available at the GEO repository were also
downloaded.50,51 Data preprocessing was conducted utiliz-
ing fastp for the removal of adapter bases and low-quality
reads.52 The refined reads were then mapped to the refer-
ence genome via the STAR alignment tool, with gene expres-
sion quantification achieved through RSEM.53,54 Differen-
tial gene expression analysis was performed employing the
DESeq2 package in R, applying criteria for adjusted P values
to compare gene expression in the corneal endothelium
of patients with FECD against gene expression in healthy
controls. The expression levels for specific genes of interest
were visualized by constructing boxplots in R utilizing the
ggplot2 package.

Immunocytochemistry and Aggresome Staining

Cells were fixed with 4% paraformaldehyde for 10 minutes,
permeabilized using 1% Triton X-100 (Nacalai Tesque),
and subsequently blocked with 2% bovine serum albumin
to prevent nonspecific binding. The samples were incu-
bated overnight at 4°C with primary antibodies against
fibronectin (dilution 1:1000; BD Biosciences, Franklin Lakes,
NJ, USA). Alexa Fluor 488–conjugated goat anti-mouse anti-
bodies (Life Technologies, Carlsbad, CA, USA) were used as
secondary antibodies, applied at a dilution of 1:1000 and
incubated at 37°C for 45 minutes. Aggresomes were identi-
fied using an aggresome-specific reagent (dilution 1:1000;
Enzo Life Science, Farmingdale, NY, USA) at 37°C for 45
minutes. Nuclei were stained with DAPI (Vector Labora-
tories, Carlsbad, CA, USA). Fluorescence microscopy anal-
ysis was conducted using a DM 2500 microscope (Leica
Microsystems, Wetzlar, Germany). Colocalization analysis
was performed using the ImageJ software (version 1.54f;
National Institutes of Health, Bethesda, MD, USA). Manders’s

coefficients were calculated to quantify the degree of colo-
calization between aggresome and fibronectin signals.

Western Blotting

The cells from iFECD, iFECD TCF4−/−, and iFECD
TCF4�bHLH were rinsed with ice-cold PBS and lysed using
ice-cold radioimmunoprecipitation assay buffer supple-
mented with phosphatase inhibitor cocktail 2 (Millipore-
Sigma, Burlington, MA, USA) and a protease inhibitor
cocktail (Roche Applied Science, Penzberg, Germany). The
lysates were centrifuged at 800 × g for 10 minutes, and
the concentration of total proteins in the supernatants was
determined utilizing the BCA Protein Assay Kit (Thermo
Fisher Scientific). The proteins were then separated by
SDS-PAGE and transferred onto PVDF membranes, which
were then blocked with 3% nonfat dry milk for 1 hour
at room temperature and incubated overnight at 4°C
with primary antibodies against cleaved caspase-3 (1:1000;
Cell Signaling Technology, Danvers, MA, USA), cleaved
poly (ADP-ribose) polymerase (cleaved PARP) (1:1000; Cell
Signaling Technology), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (1:3000; Medical & Biological Laborato-
ries Co., Ltd., Tokyo, Japan), TCF455 (1:500), Snail1 (1:1000;
Cell Signaling Technology), ZEB1 (1:1000; Cell Signal-
ing Technology), fibronectin (1:20,000; BD Biosciences),
phosphorylated Smad3 (p-Smad3) (1:1000; Cell Signaling
Technology), Smad2 (1:1000; Cell Signaling Technology),
phosphorylated Smad2 (p-Smad2) (1:1000; Cell Signaling
Technology), and Smad3 (1:1000; Cell Signaling Technol-
ogy). Following primary antibody incubation, the blots
were washed and incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000; GE Healthcare,
Chicago, IL, USA) and visualized using luminal-based
enhanced chemiluminescence with the ECL Advanced West-
ern Blotting Detection Kit (Nacalai Tesque). The relative
density of immunoblot bands from Western blot analyses
was quantified using ImageJ software.

Flow Cytometry

For flow cytometry analysis, control and TGF-β2–treated
cells were stained with DMEM containing Annexin V (Medi-
cal & Biological Laboratories Co., Ltd.) for 15 minutes and
harvested using Accumax (Innovative Cell Technologies, San
Diego, CA, USA). Flow cytometric analysis was performed
using CellQuest Pro software (BD Biosciences) for data
acquisition and analysis.

Statistical Analysis

All statistical analyses were performed using R software.
For comparisons between two groups, statistical signif-
icance was assessed using Student’s t-test. For multiple
group comparisons, Dunnett’s multiple-comparisons test
was applied. Statistical significance was defined as P < 0.05
for all analyses. Results are presented as mean ± SEM.

RESULTS

Knockout of the bHLH in TCF4 in an iFECD

In this study, we employed an in vitro model of iFECD
due to the limited availability of corneal endothelial cells
obtainable from surgical specimens of patients with FECD.
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We first generated the TCF4 knockout iFECD for proteome
analysis to evaluate the effect of TCF4 on other molecules
at the protein level. Representative images obtained with
phase-contrast microscopy showed that iFECD exhibited a
polygonal and monolayer structure. The iFECD TCF4�bHLH
variant with a deletion in the bHLH domain that abrogates
TCF4’s function as a transcription factor also exhibited a
morphology similar to that of the control iFECD (Fig. 1A).
The PCR product size of the genomic DNA of the TCF4 gene
was approximately 900 bp in iFECD and 700 bp in iFECD
TCF4�bHLH (Fig. 1B), showing the successful deletion of
the bHLH domain. Western blotting showed the success-
ful suppression of TCF4-A (54 kDa) (NM_001243234.2)
and TCF4-B (72 kDa) (NM_001083962.2) (Fig. 1C). Quan-
titative analysis further demonstrated a significant reduc-
tion in TCF4-A and TCF4-B expression levels in iFECD
TCF4�bHLH compared to iFECD (Fig. 1D). Sanger sequenc-
ing also confirmed the absence of the bHLH domain in the
TCF4 region (Fig. 1E). (Note that the upstream and down-
stream bases of the bHLH domain are indicated by red or
blue lines, respectively.)

Identification of DEPs

DEPs between iFECD and iFECD TCF4�bHLH were iden-
tified using mass spectrometry for quantitative whole-cell
proteomics to elucidate the molecular changes induced by
TCF4 functional deletion in corneal endothelial cells derived
from patients with FECD. The volcano plot revealed a global
overview of the protein expression distributions of iFECD
compared to the iFECD TCF4�bHLH (Fig. 2A). Among a
total of 6510 proteins detected, 88 DEPs were found, includ-
ing 52 upregulated (indicated in red dots) and 36 down-
regulated proteins (in blue dots) with thresholds of |log2

(fold change)| ≥ 0.5 and P < 0.05 (Fig. 2A). A heatmap
illustrated a hierarchical clustering of the iFECD and iFECD
TCF4�bHLH representing variations in the relative abun-
dance of all detected proteins with row z-scores ranging
from −2 (blue) to +2 (red). A heatmap showed a visually
split hierarchical clustering into two groups consisting of
iFECD and iFECD TCF4�bHLH groups and the similarity
within each group (Fig. 2B). The top 30 upregulated and
downregulated proteins in iFECD TCF4�bHLH compared to
iFECD are shown in Tables 1 and 2, respectively. The top
three upregulated proteins in the iFECD TCF4�bHLH were
alpha-2A adrenergic receptor (ADRA2A), carbonic anhy-
drase 2 isoform 1 (CA2), and retinal dehydrogenase 1
(ALDH1A1) (Table 1). The top three downregulated proteins
were keratin, type I cytoskeletal 19 (KRT19); calponin-1
isoform 1 (CNN1); and contactin-associated protein 1 precur-
sor (CNTNAP1) (Table 2).

Enrichment Analysis of DEPs

GO enrichment analysis was carried out using the 88 DEPs
associated with the knockout of TCF4 (Fig. 3). The GO
terms were subdivided into three categories: BP, CC, and MF.
Response to oxidative stress, response to toxic substances,
and cellular response to chemical stress were significantly
enriched in BP. The apical part of the cell, collagen-
containing ECM, and cell–cell junction were significantly
enriched in CC. Actin binding, ECM structural constituent,
and cadherin binding were significantly enriched in MF.

Reactome pathway analysis indicated that DEPs were
enriched in the metabolism of carbohydrates, ECM orga-

nization, transport of inorganic cations/anions and amino
acids/oligopeptides, cell surface interactions at the vascular
wall, and collagen formation (Fig. 4A). KEGG pathway analy-
sis demonstrated the enrichment of proteoglycans in cancer,
sphingolipid metabolism, protein digestion and absorption,
ECM–receptor interaction, and ferroptosis (Fig. 4B).

The proteins altered by the knockout of TCF4 were
further analyzed by creating PPI networks using Gene-
MANIA. For upregulated proteins, the solute carrier (SLC)
protein family strongly interacted in the network, indicating
an enrichment of amino acid–associated functions (Supple-
mentary Fig. S1A). For downregulated proteins, ECM-related
functions were potentially involved in TCF4, as extracellular
structure organization and ECM organization were signifi-
cantly enriched in the network (Supplementary Fig. S1B).

Our enrichment analyses indicated the enrichment of
multiple pathways related to ECM; therefore, we also inves-
tigated the expression level of the pathway-related mRNA
corresponding to the DEPs using previously published RNA-
seq data, including our own.38,50,51 In terms of DEPs related
to ECM organization (GO:0030198), COL1A2, COL8A1, and
SULF1 were downregulated, and LUM, ANTXR1, CCN1,
and NPNT were upregulated. The mRNA expression levels
evaluated by three RNA-seq data sets revealed distinctive
patterns of ECM-related molecules in corneal endothelial
cells from patients with FECD compared to controls. Three
genes showed consistent upregulation across all data sets:
ANTXR1, SULF1, and COL1A2 (Figs. 5A–C). FLNB was upreg-
ulated in both Nakagawa et al.38 and Chu et al.50 but not
in Nikitina et al.51 (Fig. 5D), while CCN1 showed increased
expression in Nikitina et al.51 and Chu et al.50 but not
in Nakagawa et al.38 (Fig. 5E). SDC1 exhibited opposite
expression patterns between data sets: decreased expression
in Nakagawa et al.38 and increased expression in Nikitina
et al.51 with no significant changes in Chu et al.50 (Fig. 5F).
COL8A1 showed significant upregulation only in Nakagawa
et al.38 (Fig. 5G). In contrast, LUM and HAPLN1 showed no
significant changes across all data sets (Figs. 5H, 5I). These
results suggest that these pathologic ECM molecules are at
least partially regulated by TCF4.

Effect of TCF4 Deletion on TGF-β2–Mediated ECM
Production and Apoptosis

We previously reported that the TGF-β signaling pathway
plays an important role in producing excessive ECM and
subsequent unfolded protein response–mediated apopto-
sis56,57; therefore, we evaluated the effect of TCF4 deletion
using the FECD cell model. For these experiments, in addi-
tion to iFECD TCF4�bHLH (featuring deletion of the bHLH
domain in TCF4), we utilized iFECD TCF4−/− (harboring a
20-base deletion in exon 9 of TCF4) to further corrobo-
rate the effects of TCF4 knockout. Phase-contrast images of
iFECD, iFECD TCF4−/−, and iFECD TCF4�bHLH showed a
monolayer sheetlike structure with polygonal cell morphol-
ogy resembling an in vivo corneal endothelial monolayer
(Fig. 6A, left). Consistent with our previous report,30 the
phase-contrast images showed that TGF-β2 induced cell
death in iFECD. By contrast, no cell death was induced by
TGF-β2 in iFECD TCF4−/− and iFECD TCF4�bHLH (Fig. 6A,
right). Sanger sequencing confirmed that 20 bases in exon
9 in TCF4 were deleted in iFECD TCF4−/− (note that the 20
bases in exon 9 in TCF4 are indicated by red lines) (Fig. 6B).
The exon numbers refer to TCF4-B (NM_001083962.2). West-
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FIGURE 1. Knockout of the bHLH in TCF4 in the FECD cell model (iFECD). (A) iFECD cells were established from patient-derived corneal
endothelial cells. Using CRISPR/Cas9, either the bHLH region or 20 bases in exon 9 of TCF4 were knocked out (iFECD TCF4�bHLH, iFECD
TCF4−/−). Phase-contrast microscopy images show that iFECD retains a polygonal, monolayer structure, similar to iFECD TCF4�bHLH. Scale
bar: 200 μm. (B) PCR analysis showed genomic DNA product sizes of approximately 900 bp in iFECD and 700 bp in iFECD TCF4�bHLH.
Experiments were repeated independently at least three times with consistent results; representative images are shown. (C) Western blotting
confirmed the suppression of TCF4-A (54 kDa, NM_001243234.2) and TCF4-B (72 kDa, NM_001083962.2). Experiments were conducted in
three independent replicates with reproducible results. (D) Densitometric analysis of TCF4 protein expression levels. Values were normalized
to GAPDH and are expressed as mean ± SEM from three independent experiments. (E) Sanger sequencing verified the absence of the bHLH
domain in the TCF4 region. Red and blue lines indicate bases upstream and downstream of the bHLH domain, respectively.
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FIGURE 2. Identification of DEPs between FECD cell model (iFECD) and iFECD TCF4�bHLH. (A) The volcano plot provides an overview of
protein expression in iFECD compared to iFECD TCF4�bHLH. Mass spectrometry identified 6510 proteins, with 88 DEPs: 52 upregulated
(red dots) and 36 downregulated (blue dots). The gray-shaded areas mark thresholds of |log2 (fold change)| ≥ 0.5 and P < 0.05. (B) The
heatmap shows hierarchical clustering of iFECD and iFECD TCF4�bHLH, displaying variations in protein abundance with row z-scores
from −2 (blue) to +2 (red). The heatmap visually splits into two distinct clusters, representing the similarity within the iFECD and iFECD
TCF4�bHLH groups.

TABLE 1. Top 30 Upregulated Proteins in the TCF4 Knockout Corneal Endothelial Cells Derived From the Patients With Fuchs Endothelial
Corneal Dystrophy Control Subjects

Protein Name
Log2 Fold
Change P Value

Gene
Symbol

Entrez
Gene ID

Alpha-2A adrenergic receptor 3.55 2.61 × 10−4 ADRA2A 150
Carbonic anhydrase 2 isoform 1 2.28 1.22 × 10−6 CA2 760
Retinal dehydrogenase 1 1.81 8.14 × 10−7 ALDH1A1 216
Protocadherin Fat 2 isoform X1 1.61 1.64 × 10−7 FAT2 2196
Inactive dipeptidyl peptidase 10 isoform d 1.59 1.04 × 10−4 DPP10 57628
Prostaglandin E synthase isoform X1 1.11 3.86 × 10−4 PTGES 9536
Lumican precursor 1.09 1.81 × 10−5 LUM 4060
Hyaluronan and proteoglycan link protein 1 isoform X1 1.07 1.25 × 10−4 HAPLN1 1404
Cellular retinoic acid–binding protein 2 1.02 3.85 × 10−4 CRABP2 1382
BTB/POZ domain-containing protein KCTD12 1.01 5.45 × 10−5 KCTD12 115207
Cystine/glutamate transporter 1.01 9.15 × 10−6 SLC7A11 23657
Chloride intracellular channel protein 3 isoform X1 0.902 2.59 × 10−5 CLIC3 9022
7-Methylguanosine phosphate-specific 5′-nucleotidase 0.869 2.07 × 10−4 NT5C3B 115024
Aldose reductase isoform 1 0.868 4.13 × 10−6 AKR1B1 231
Retinoid-binding protein 7 0.854 3.18 × 10−3 RBP7 116362
NAD(P)H dehydrogenase [quinone] 1 isoform a 0.841 1.90 × 10−2 NQO1 1728
4F2 cell-surface antigen heavy chain isoform b 0.829 1.76 × 10−5 SLC3A2 6520
Spectrin beta chain, nonerythrocytic 2 isoform X1 0.820 9.93 × 10−5 SPTBN2 6712
Zinc finger protein Rlf 0.778 4.36 × 10−2 RLF 6018
Rho-related GTP-binding protein RhoB precursor 0.769 1.44 × 10−5 RHOB 388
Aldo-keto reductase family 1 member B10 0.760 2.80 × 10−4 AKR1B10 57016
Argininosuccinate synthase isoform X1 0.733 3.73 × 10−4 ASS1 445
Protein CYR61 precursor 0.725 2.36 × 10−3 CYR61 3491
Large neutral amino acids transporter small subunit 1 0.715 9.62 × 10−5 SLC7A5 8140
Pituitary tumor-transforming gene 1 protein-interacting protein isoform 1 precursor 0.694 1.05 × 10−2 PTTG1IP 754
Band 4.1-like protein 1 isoform X9 0.682 4.78 × 10−2 EPB41L1 2036
Sulfate transporter isoform X1 0.645 4.54 × 10−4 SLC26A2 1836
Retrotransposon-derived protein PEG10 isoform 3 0.639 6.77 × 10−4 PEG10 23089
Phospholipid phosphatase 3 0.637 3.51 × 10−4 PLPP3 8613
Annexin A8–like protein 1 isoform 1 0.632 354 × 10−3 ANXA8L1 728113
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TABLE 2. Top 30 Downregulated Proteins in the TCF4 Knockout Corneal Endothelial Cells Derived From the Patients With Fuchs Endothelial
Corneal Dystrophy Control Subjects

Protein Name Log2 Fold Change P Value Gene Symbol Entrez Gene ID

Keratin, type I cytoskeletal 19 −1.59 6.45 × 10−4 KRT19 3880
Calponin-1 isoform 1 −1.17 3.84 × 10−4 CNN1 1264
Contactin-associated protein 1 precursor −0.879 2.25 × 10−5 CNTNAP1 8506
Epiplakin isoform X3 −0.843 1.45 × 10−3 EPPK1 83481
Syndecan-1 isoform X1 −0.834 1.19 × 10−2 SDC1 6382
Filamin-B isoform 2 −0.827 1.34 × 10−2 FLNB 2317
NADH-cytochrome b5 reductase 2 isoform X1 −0.812 2.98 × 10−5 CYB5R2 51700
Tropomyosin alpha-1 chain isoform Tpm1.6cy −0.800 3.78 × 10−2 TPM1 7168
Centrosomal protein of 97 kDa isoform 1 −0.796 1.29 × 10−2 CEP97 79598
MANSC domain-containing protein 1 isoform 1 precursor −0.788 5.95 × 10−3 MANSC1 54682
Collagen alpha-2 (I) chain precursor −0.748 3.73 × 10−6 COL1A2 1278
Creatine kinase B–type isoform 2 −0.741 1.22 × 10−3 CKB 1152
Rho GDP-dissociation inhibitor 2 isoform X1 −0.715 3.90 × 10−4 ARHGDIB 397
Pyruvate kinase PKM isoform c −0.673 3.93 × 10−3 PKM 5315
Telomerase reverse transcriptase isoform 1 −0.664 2.80 × 10−2 TERT 7015
DNA-binding protein RFXANK isoform a −0.657 8.35 × 10−3 RFXANK 8625
Nuclear receptor coactivator 7 isoform X1 −0.648 6.76 × 10−4 NCOA7 135112
Protein ECT2 isoform X1 −0.645 1.72 × 10−2 ECT2 1894
Lathosterol oxidase −0.641 5.13 × 10−3 SC5D 6309
Adipogenesis regulatory factor −0.636 4.77 × 10−2 ADIRF 10974
Extracellular sulfatase Sulf-1 isoform X1 −0.619 5.94 × 10−6 SULF1 23213
Caspase-1 isoform alpha precursor −0.616 8.64 × 10−3 CASP1 834
Alpha-crystallin B chain isoform 1 −0.605 1.29 × 10−4 CRYAB 1410
GTP cyclohydrolase 1 feedback regulatory protein −0.597 5.23 × 10−5 GCHFR 2644
Fructose-1,6-bisphosphatase isozyme 2 −0.587 6.16 × 10−3 FBP2 8789
Centrosomal protein of 164 kDa isoform X6 −0.586 2.90 × 10−2 CEP164 22897
Collagen alpha-1 (VIII) chain precursor −0.585 4.64 × 10−2 COL8A1 1295
Serine/threonine-protein kinase 26 isoform 1 −0.580 2.79 × 10−5 STK26 51765
Aryl hydrocarbon receptor −0.572 2.73 × 10−3 AHR 196
Myelin expression factor 2 isoform a −0.568 2.24 × 10−4 MYEF2 50804

ern blotting showed that TGF-β2 induced the cleavage of
caspase-3 and PARP in iFECD. Conversely, the TGF-β2–
mediated cleavages of caspase-3 and PARP were reduced
in iFECD TCF4−/− and iFECD TCF4�bHLH (Fig. 6C). Flow
cytometric analysis showed that TGF-β2 treatment increased
the percentage of Annexin V–positive cells to 31.4% ± 2.0%
in iFECD. The percentage of Annexin V–positive cells in
TGF-β2–treated iFECD TCF4−/− cells showed a trend toward
reduction (19.8% ± 1.3%), although this difference did not
reach statistical significance (P = 5.28 × 10−2). In contrast,
TGF-β2–treated iFECD TCF4�bHLH cells exhibited a signif-
icant decrease in Annexin V–positive cells (18.0% ± 1.6%,
P = 3.02 × 10−2) compared to TGF-β2–treated iFECD cells
(Fig. 6D). Representative flow cytometric dot plots illustrat-
ing the gating parameters for all experimental conditions are
presented in Supplementary Figure S2.

Western blotting confirmed the suppression of TCF4 in
iFECD TCF4−/−. In terms of molecules related to the EMT,
Snail1 was upregulated in iFECD by TGF-β2, but this TGF-
β2–mediated upregulation of Snail1 was suppressed in both
iFECD TCF4−/− and iFECD TCF4�bHLH. ZEB1 was not
altered by TGF-β2 in any of the cell lines. The expres-
sion level of fibronectin was increased by TGF-β2 in iFECD
but not in either iFECD TCF4−/− or iFECD TCF4�bHLH
(Fig. 6E). Phosphorylation of Smad2 and Smad3 by TGF-β2
was observed in iFECD and iFECD TCF4−/−, while it was
suppressed in iFECD TCF4�bHLH (Fig. 6F). This differen-
tial response in Smad signaling suggests that the mecha-
nism by which TCF4 deletion rescues cells from apopto-

sis might involve distinct pathways in the two mutant cell
lines. Quantitative analysis of these Western blot results and
statistical testing are shown in Supplementary Figures S3,
S4, and S5. Immunofluorescent staining showed that TGF-
β2 increased fibronectin expression in iFECD but caused
a smaller increase in iFECD TCF4−/−. Aggresome stain-
ing showed that TGF-β2 induced unfolded proteins that
partially colocalized with fibronectin. By contrast, TGF-β2
did not induce unfolded proteins in iFECD TCF4−/− (Fig. 7A).
Quantitative analysis of colocalization using Manders’s
coefficient showed significantly higher coefficient in TGF-
β2–treated iFECD (0.735 ± 0.040) compared to TGF-β2–
treated iFECD TCF4−/− (0.152 ± 0.014, P = 1.41 × 10−3)
(Fig. 7B).

DISCUSSION

The aim of this study was to elucidate the role of TCF4
in FECD pathophysiology by conducting a proteomic anal-
ysis of the FECD cell model after CRISPR/Cas9 knockout
of TCF4. This manipulation enabled the identification of
DEPs and pathways for understanding the molecular mech-
anisms underlying FECD. Liquid chromatography–MS anal-
ysis followed by pathway enrichment analysis identified
significant molecular pathways potentially involved in the
pathogenesis of FECD.

TCF4, a bHLH family member, is located on chromosome
18q21.2 (OMIM #602272; ENSG00000196628). TCF4 regu-
lates gene expression by binding to E-box DNA sequences,
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FIGURE 3. GO analysis of DEPs between FECD cell model (iFECD) and iFECD TCF4�bHLH. GO analysis was performed on the 88 DEPs
associated with TCF4 deletion. Significantly enriched GO terms were identified with a P value threshold of <0.05. The GO terms are
categorized into three groups: BP, CC, and MF. In BP, significant enrichments include response to oxidative stress, response to toxic substance,
and cellular response to chemical stress. In CC, enrichments include the apical part of the cell, collagen-containing ECM, and cell–cell junction.
In MF, significant enrichments include actin binding, ECM structural constituent, and cadherin binding.

thereby influencing a broad spectrum of developmental and
cellular processes. However, the role of TCF4 varies depend-
ing on the cell type and disease. Numerous studies have
linked TCF4 to various neurodevelopmental disorders, with
common genetic variants now associated with increased
susceptibility to schizophrenia58–60 and primary sclerosing
cholangitis.61,62 Rare mutations in TCF4 are causes of Pitt–
Hopkins syndrome, a condition characterized by intellectual
disability and developmental delays.63–67 The critical role
of TCF4 in neurodevelopment is substantiated by knockout
mouse models, which exhibit significant neurodevelopmen-

tal defects and abnormal neuronal migration.68 These find-
ings underscore the importance of TCF4 in normal brain
development and function. In the immune system, TCF4
is essential for the development of plasmacytoid dendritic
cells, which play a crucial role in antiviral responses.69,70

TCF4 is also involved in the EMT, a process vital for embry-
onic development, tissue repair, and cancer metastasis in
epithelial cells of the kidney and neuroblastoma cells.71–75

In FECD, the discovery that a major portion of patients with
FECD harbor a trinucleotide repeat expansion in TCF4 has
led to significant research efforts directed toward under-
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FIGURE 4. Enrichment analyses of DEPs between FECD cell model (iFECD) and iFECD TCF4�bHLH. (A) Reactome pathway analysis showed
DEPs enriched in carbohydrate metabolism, ECM organization, transport of inorganic cations/anions and amino acids/oligopeptides, cell
surface interactions at the vascular wall, and collagen formation. (B) KEGG pathway analysis demonstrated enrichment in proteoglycans in
cancer, sphingolipid metabolism, protein digestion and absorption, ECM–receptor interaction, and ferroptosis.

standing how TCF4 contributes to the pathogenesis of
FECD.23

Various mechanisms have been proposed to elucidate
how the repeat expansion in TCF4 impacts cellular func-
tions in FECD. A primary hypothesis is that TCF4 is dysreg-
ulated because the repeat expansion alters expression levels
and splicing of TCF4 transcripts.27,33–38,76 This disruption
can lead to aberrant splicing and dysregulated expression
of specific TCF4 isoforms, thereby disrupting normal cellu-
lar functions.34,37,39 Another proposed mechanism is RNA-
mediated toxicity, as the expanded repeat RNA transcripts
sequester RNA-binding proteins, such as muscleblind-like
(MBNL) proteins, leading to widespread splicing dysreg-
ulation. This process mirrors the pathogenic mechanism
seen in myotonic dystrophy, another trinucleotide repeat
disorder.77–79 In FECD, the sequestration of MBNL proteins
by expanded repeats in TCF4 RNA results in abnormal
splicing of multiple genes, contributing to cellular dysfunc-

tion.24,28,80,81 Repeat-associated non-AUG translation82 has
also been identified as a potential pathogenic mechanism.29

This process produces toxic polypeptides from expanded-
repeat RNA without a traditional start codon. These peptides
can aggregate, disrupting cellular homeostasis and inducing
cell death. However, despite these significant advancements
in understanding the role of TCF4 in FECD, many aspects of
the disease mechanism remain elusive, including the exact
role of TCF4 in the corneal endothelium.23

Previous studies mainly studied the transcriptome by
analyzing samples obtained from FECD with repeat expan-
sion in TCF4, FECD without repeat expansion, and non-
FECD subjects. The limited availability of clinical samples
of corneal endothelium has hampered a comprehensive
proteome analysis. However, proteomics is an indispens-
able addition to transcriptome analysis because it captures
the dynamic and functional aspects of proteins that are
not reflected at the RNA level.40–43 The current pathway
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FIGURE 5. Confirmation of altered ECM molecules at the mRNA level using RNA-seq data. Expression levels of ECM-related mRNAs corre-
sponding to DEPs were analyzed using three previously published RNA-seq data sets, including our own.38,50,51 ANTXR1 (A), SULF1
(B), and COL1A2 (C) show consistent upregulation across all data sets in corneal endothelial cells from patients with FECD compared
to controls. FLNB (D) was upregulated in Nakagawa et al.38 and Chu et al.,50 while CCN1 (E) showed increased expression in Nikitina
et al.51 and Chu et al.50 SDC1 (F) exhibited decreased expression in Nakagawa et al.38 but increased expression in Nikitina et al.51 COL8A1
(G) showed upregulation only in Nakagawa et al.38 LUM (H) and HAPLN1 (I) showed no significant changes in any data set.
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FIGURE 6. Effect of TCF4 knockout on TGF-β2–mediated ECM production and apoptosis. (A) The bHLH region or 20 bases in exon 9 of
TCF4 in iFECD were knocked out using CRISPR/Cas9 (iFECD TCF4−/−, iFECD TCF4�bHLH). Cells were cultured in serum-free medium for
24 hours, then treated with or without TGF-β2 (10 ng/mL) for 24 hours. Phase-contrast images show that iFECD forms a monolayer with
polygonal morphology. TGF-β2–induced cell death in iFECD but not in iFECD TCF4−/− or iFECD TCF4�bHLH. Scale bar: 200 μm. (B) Sanger
sequencing confirmed the deletion of 20 bases in exon 9 of TCF4 in iFECD TCF4−/−. Red lines indicate the deleted bases. (C) Western blot-
ting showed TGF-β2–induced cleavage of caspase-3 and PARP in iFECD, which was suppressed in iFECD TCF4−/− and iFECD TCF4�bHLH.
(D) Flow cytometric analysis of Annexin V–positive apoptotic cells in response to TGF-β2 treatment. TGF-β2 treatment substantially increased
the percentage of Annexin V–positive cells to 31.4% ± 2.0% in iFECD cells. Both iFECD TCF4−/− and iFECD TCF4�bHLH cells demonstrated
resistance to TGF-β2–induced apoptosis, showing lower percentages of Annexin V–positive cells (19.8% ± 1.3% and 18.0% ± 1.6%, respec-
tively; P= 5.28 × 10−2 and P= 3.02 × 10−2, compared to TGF-β2–treated iFECD). Data are presented as mean ± SEM from three independent
experiments. (E) Western blotting confirmed suppression of TCF4 in both iFECD TCF4−/− and iFECD TCF4�bHLH. TGF-β2 upregulated
Snail1 in iFECD, but this upregulation was suppressed in both mutant cell lines. ZEB1 expression was unaffected by TGF-β2 in all cell lines.
Fibronectin levels increased in iFECD but not in either iFECD TCF4−/− or iFECD TCF4�bHLH with TGF-β2 treatment. (F) Phosphorylation
of Smad2 and Smad3 by TGF-β2 was confirmed in both iFECD and iFECD TCF4−/−, while this phosphorylation was suppressed in iFECD
TCF4�bHLH. All experiments were performed independently at least three times with reproducible results.
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FIGURE 7. Effect of TCF4 knockout on TGF-β2 mediated unfolded protein deposition. (A) iFECD and iFECD TCF4−/− cells were cultured with
or without TGF-β2 (10 ng/mL) for 24 hours. Fibronectin production and unfolded protein deposition were evaluated by immunofluorescent
staining and aggresome staining, respectively. Immunofluorescent staining showed that TGF-β2 increased fibronectin expression in iFECD
but showed a lesser increase in iFECD TCF4−/−. Aggresome staining indicated that TGF-β2 induced unfolded protein partially colocalizing
with fibronectin in iFECD. In contrast, TGF-β2 did not induce unfolded protein in iFECD TCF4−/−. To ensure reproducibility, all experiments
were performed in triplicate (n = 3 independent experiments), yielding similar results. Representative images are presented. Scale bar:
50 μm. (B) Colocalization between aggresome and fibronectin signals was quantified using Manders’s coefficient. Values are expressed as
mean ± SEM from three independent experiments.

analyses at the protein level revealed that multiple ECM-
related pathways are associated with TCF4. The guttae
induced by excessive deposition of ECM components83,84

are diagnostic FECD features, and they are responsible for
reduced visual function due to light scattering.85,86 Our
proteome analyses presented here have added evidence
that TCF4 plays a pivotal role in the phenotypic features
of FECD.

In FECD, corneal endothelial cells lose their epithelial
cell phenotype and transform into a mesenchymal pheno-
type associated with the production of multiple ECM compo-
nents; some researchers have proposed that this process is
the EMT or endothelial–mesenchymal transition.30,46,87 The
EMT is a crucial process in development, wound healing,
and pathologic conditions like fibrosis and cancer metas-
tasis.88 Our current data support an involvement of TCF4
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in the EMT in corneal endothelial cells, although further
study using multiple EMT markers is necessary. We previ-
ously reported that excessive production of ECM proteins,
including fibronectin and collagen type 1, results in the
formation of unfolded proteins in the corneal endothe-
lium, as observed in samples obtained from patients with
FECD.56,57 Our previous in vitro study using the FECD cell
model showed that TGF-β, which plays a pivotal role in
EMT by activating intracellular signaling pathways, such as
the Smad and non-Smad pathways, increases the production
of ECM, resulting in apoptosis mediated by the unfolded
protein response.56,57 In the current study, the deletion
of TCF4 suppressed this formation of unfolded protein
and counteracted TGF-β–mediated apoptosis of the FECD
cell model. These results suggest that TCF4 induces the
EMT and causes excessive production of pathologic ECM
molecules, which eventually cause endoplasmic reticulum
stress–induced apoptosis.

The remaining question is how TCF4 induces pathologic
processes only in patients with FECD but not in healthy
subjects. We recently analyzed three RNA-seq data sets for
corneal endothelial cells derived from non-FECD and FECD
subjects. We found that one isoform of TCF4, among at least
93 isoforms, was upregulated in the corneal endothelium of
patients with FECD harboring repeat expansion in TCF4. The
discovery of this isoform, TCF4-277 (ENST00000636400.2),
indicated that a dysregulated isoform of TCF4 associated
with repeat expansion potentially induces the pathologic
process of FECD.38,89 Our current results indicate that dele-
tion of TCF4 in the FECD cell model suppresses the disease
phenotype, providing further support for the concept that
dysregulated TCF4 plays an important role in pathophysiol-
ogy.

One limitation of the present study is the lack of FECD
cells without repeat expansion; therefore, the precise role
of TCF4 in FECD without expansion is still unclear. Similar
analyses using corneal endothelial cells derived from multi-
ple patients with FECD are also necessary, as the sever-
ity of FECD varies widely depending on the individual. In
summary, our present findings highlight the critical role of
TCF4 in the pathophysiology of FECD, particularly implicat-
ing ECM-related pathways and TGF-β–mediated cell death.
Further investigation of the role of dysregulated TCF4 might
reveal the precise details of FECD pathophysiology and
provide potential therapy targeting TCF4 or associated path-
ways.
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