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ABSTRACT

Thiel-Behnke corneal dystrophy (TBCD) is an epithelial-stromal TGFBI dystrophy caused by mutations in
the TGFBI (transforming growth factor beta induced) gene, though the underlying mechanisms and
pathogenesis of TBCD are still obscure. The study identifies a novel mutation in the TGFBI gene (p.
Gly623_His626del) in a TBCD pedigree. Characteristics of the typical vacuole formation, irregular corneal
epithelial thickening and thinning, deposition of eosinophilic substances beneath the epithelium, and
involvement of the anterior stroma were observed in this pedigree via transmission electron microscopy
(TEM) and histological staining. Tgfbi-p.Gly623_Tyr626del mouse models of TBCD were subsequently
generated via CRISPR/Cas9 technology, and the above characteristics were further verified via TEM and
histological staining. Lysosomal dysfunction and downregulation of differential expression protein CTSD
(cathepsin D) were observed using LysoTracker Green DND-26 and proteomic analysis, respectively.
Hence, lysosomal dysfunction probably leads to autophagic flux obstruction in TBCD; this was supported
by enhanced LC3-Il and SQSTM1 levels and decreased CTSD. TFEB (transcription factor EB) was promi-
nently decreased in TBCD corneal fibroblasts and administration of ATP-competitive MTOR inhibitor torin
1 reversed this decline, resulting in the degradation of accumulated mut-TGFBI (mutant TGFBI protein) via
the ameliorative lysosomal function and autophagic flux owing to elevated TFEB activity as measured by
western blot, confocal microscopy, and flow cytometry. Transfected HEK 293 cells overexpressing human
full-length WT-TGFBI and mut-TGFBI were generated to further verify the results obtained in human
corneal fibroblasts. Amelioration of lysosome dysfunction may therefore have therapeutic efficacy in the
treatment of TBCD.

Abbreviations AS-OCT: anterior segment optical coherence tomography; ATP: adenosine triphosphate;
Cas9: CRISPR-associated protein 9; CLEAR: coordinated lysosomal expression and regulation; CRISPR:
clustered regularly interspaced short palindromic repeats; CTSB: cathepsin B; CTSD: cathepsin D; CTSF:
cathepsin F; CTSL: cathepsin L; DNA: deoxyribonucleic acid; ECM: extracellular matrix; Fas1: fasciclin 1; FC:
flow cytometry; GAPDH: glyceraldeyde-3-phosphate dehydrogenase; GCD2: granular corneal dystrophy
type 2; HE: hematoxylin and eosin; LAMP2: lysosomal-associated membrane protein; MT: mutation type;
MTOR: mechanistic target of rapamycin kinase; MTORC1: MTOR complex 1; mut-TGFBI: mutant TGFBI
protein; SD: standard deviation; TBCD: Thiel-Behnke corneal dystrophy; TEM: transmission electron micro-
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Introduction

Lysosomes are dynamic organelles that control the switch
between anabolism and catabolism by regulating lysosomal
biogenesis and macroautophagy/autophagy (herein referred to
as autophagy) [1,2]. Generally speaking, lysosomes are the
terminal degradative components of the autophagy-lysosomal
pathways [3]. The regulation of lysosomal function and the
succedent process of protein degradation depends on numer-
ous factors; foremost among these are proteolytic enzyme
activity and lumenal pH [4]. Cathepsins are proteases con-
tained in lysosomes and are essential for many biological
processes, including digestion, immune response, and peptide
synthesis. Cathepsins consist primarily of 15 classes and have

the capacity to hydrolyze proteins delivered to endolysosomes
[5]. CTSD is a representative aspartic proteinase responsible
for the maintenance of cellular proteostasis and the intra-
lysosomal digestion of autophagic material. Two enzymati-
cally active forms of CTSD have been revealed: 1) a single-
chain form that is rapidly converted into the double-chain
form that is active at a very acidic pH of 5.5-6.5 within the
endosomes and 2) a mature double-chain form that is active
at a pH of 3.5-4.5 within the lysosomes [6]. The latter form
participates in the autophagy-lysosome protein degradation
pathway, showing a particular affinity for substrates enriched
in hydrophobic (aromatic) amino acids [7]. Previous studies
have reported that the lack of CTSD in mice results in a severe
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blockage of the autophagic flux and that the activity of CTSD
is essential for degrading the unfolded protein aggregates
delivered to lysosomes via autophagy and endocytosis [6].

The regulation of lysosomal gene expression depends on
the coordinated lysosomal expression and regulation
(CLEAR) network, which is recognized by its master regulator
TFEB [8]. TFEB was the first member in the MiTF/TFE family
to be identified as a master regulator of lysosomal biogenesis
and is primarily regulated by the MTOR (mechanistic target
of rapamycin kinase) complex 1 (MTORC1). Specifically, the
activated form of TFEB participates in a number of biological
processes involved in cellular clearance, including lysosomal
biogenesis, autophagy, exocytosis, and endocytosis [9]. The
lysosomal hydrolases that participate in substrate degradation,
such as CTSD, belong to the group identified as transcrip-
tional targets of TFEB [10]. Previous studies have shown that,
under basal conditions, a substantial fraction of TFEB is
phosphorylated by MTOR on S142 and S211 serine residues
and the binding of YWHA/14-3-3 proteins is retained in the
cytoplasm [11,12]. However, upon starvation or lysosomal
stress, TFEB is activated following dephosphorylation and is
translocated to the nucleus by inhibition of MTOR and con-
comitant activation of the phosphatase PPP3/calcineurin [13].

TGFBI gene-linked corneal dystrophies (CD)s are a group
of primary inherited progressive corneal diseases. The typical
clinical manifestation of CD is a gradual loss of corneal
transparency in bilateral eyes, which often leads to recurrent
corneal erosion and visual impairment. TGFBI is an extracel-
lular matrix (ECM) protein with a secretory signal sequence
and cysteine-rich domain at the N terminus, four homologous
internal Fasl (fasciclin 1) domains, and an Arg-Gly-Asp
(RGD) integrin recognition sequence at the C-terminus
[14,15]. Progressive abnormal aggregation of mut-TGFBI
deposits in the corneal epithelia and stroma that interfere
with corneal transparency, thus impairing visual acuity, is
the hallmark of TGFBI-linked CDs. In vitro studies have
shown that TGFBI mediates cell growth, cell differentiation,
wound healing, cell adhesion, migration [16], apoptosis [17],
proliferation, and tumorigenesis. Furthermore, TGFBI med-
iates migration and cell adhesion through interaction with cell
surface integration in receptors [18]. TFEB has been explored
as a potential therapy target in some lysosomal storage dis-
eases that are distinguished by aberrant protein accumulation
and the impairment of the autophagy-lysosomal process.
However, the mechanisms involved in corneal diseases, espe-
cially CDs, remain elusive.

Thiel-Behnke corneal dystrophy (TBCD; OMIM 602082) is
a TGFBI-linked CD that is characterized by honeycomb-like,
subepithelial corneal opacities with recurrent erosions. It appears
in the first and second decades of life and was categorized as an
“epithelial-stromal TGFBI dystrophy” by the International
Committee for Classification of Corneal Dystrophies (IC3D) in
2015 [19]. TBCD has been mapped to chromosome 5q31 of
TGFBI and is associated with the following mutations: p.
M502V/R555Q, p.R555Q and p.H626P [20-23]. Lesions related
to TCBD predominantly occur in the surface epithelium, the
Bowman membrane/anterior basement membrane complex and
the subepithelium, as well as the anterior stroma of the cornea.
Lesions related to TCBD predominantly occur in the Bowman

layer and the subepithelium. They also occur in the surface
epithelium, Bowman membrane-anterior basement membrane
complex, and the anterior stroma of the cornea. Irregular deposits
within the epithelium and the Bowman layer, as detected by
confocal microscopy and anterior segment optical coherence
tomography (AS-OCT) and the substitution of electron-dense
bodies by “curly fibers,” as observed by electron microscopy of
corneal tissue can be used to help diagnose TBCD [24,25].

Autophagy is the main intracellular lysosome-dependent
degradation mechanism for TGFBI and a defect in autophagy
could be related to the mut-TGFBI aggregates in TGFBI-
linked corneal fibroblasts in granular corneal dystrophy type
2 (GCD2) [26]. However, in other TGFBI-linked corneal
dystrophies such as TBCD, the underlying mechanisms and
pathogeneses remain ambiguous, regardless of available thera-
pies or drugs.

In this study, we identified a novel association between
TBCD and the TGFBI (p.Gly623_His626del) mutation and
analyzed the severity of clinical and pathological phenotype
at different stages of keratopathy. It was found that lysosomal
alkalization and downregulation of CTSD may contribute to
the obstruction of autophagic flux in TGFBI (p.
Gly623_His626del) TBCD. We hypothesize that impaired
lysosomal function, resulting from lysosomal alkalization
and CTSD deficiency might be responsible for the defective
degradation of mut-TGFBI as a result of autophagy flux
blockage in TBCD. Torin 1 largely promoted the degradation
of mut-TGFBI by activating TFEB-mediated transcription of
lysosome and autophagy-related genes. These findings pro-
vide new insights into the pathogenic mechanisms of TGFBI
gene mutations in (p.Gly623_His626del)-linked TBCD and
suggest that correcting lysosome dysfunction by pharmacolo-
gical modulation of TFEB activity may represent a promising
therapeutic avenue.

Results

The diagnosis of TBCD in a family with p.
Gly623_His626del mutation of the TGFBI gene

Fourteen individuals from a five-generation pedigree were
recruited, including seven affected and seven unaffected
members (Figure 1A). All of the affected patients had one
parent that suffered from corneal dystrophy, indicating
that the pathogenic gene was transmitted from the parent
and suggesting autosomal dominant inheritance. The pro-
band of this family (III-6) was a 49-year-old man who
began to experience repeated irritative eye symptoms at
a young age, but did not seek medical advice due to the
limited availability of local medical services. Visual acuity
deteriorated and corneal lesions increased as the disease
progressed with age in the proband and in other affected
family members. All clinical information is listed in Table
S1. Slit-lamp examination of patient IV-6 revealed bilat-
eral tiny, superficial, irregularly shaped gray “honeycomb”
opacities as shown by the arrow in the area of the pupil
The peripheral cornea had more irregular diffuse opacities
with clear interruptions that extended to the limbus in
RBCD (Figure 1B). Patient IV-4 exhibited an extensive
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Figure 1. Phenotypes and histopathological observation of a TBCD family with p.Gly623_His626del mutation of the TGFBI gene. (A) Pedigree showing inheritance of
TBCD. The proband of the family is highlighted with an arrow. Open and closed symbols indicate unaffected and affected individuals, respectively. Deceased family
members are denoted by diagonal slashes. (B-E) Slit-lamp photographs showing progression of the disease from minor to serious. Irregularly shaped gray
“honeycomb”opacities were observed (black arrow) in IV-6 and IV-4 in the pupil area with noninvolvement of the peripheral cornea in the Bowman layer in (B)
and (C). Slit-lamp photographs of lll-7 and IlI-1 show a mass of gray-white opacities, progressing to the corneal periphery and secondary scarring in (D) and (E). The
corresponding AS-OCT results are shown in (F-I). The typical hyperreflective, thick-banded lesion with a saw-tooth pattern toward the corneal epithelium in
Bowman's layer was observed. (J) The presence of curly collagen fibers (black arrow) in MT corneal tissues by TEM. (K) TEM shows numerous vacuole formations,
impairment of cellular integrity, increase in autophagosomes, and abnormal lysosomes in MT corneal stroma compared with normal corneal stroma structure in WT
corneal tissues in (L). (M-N) and (O-P) respectively show histologic features of MT corneal tissues by HE staining and Alcian blue stain. (M) shows the irregular
changes of corneal epithelium and the eosinophilic deposits (asterisks) beneath the epithelium, involved the anterior stroma in MT by HE. (O) Alcian blue stain shows
the sawtooth-like appearance of Bowman layer and the partial absence of the basement membrane in MT. (N, P) The uninvolved deeper corneal stromal layer in MT.
(Q-R) HE staining and Alcian blue staining of WT corneal tissues (scale bars: 16X in B-E; 1:1 pixel in F-I; 5 um in J; 1 ym in K; 2 ym in L; 100 pym in M-R).

honeycomb-shaped configuration of grayish opacities
beneath the epithelium and at the Bowman’s layer
(Figure 1C). As the disease worsened with age, the opa-
cities progressed from the central cornea to the periphery
and presented with a large gray-white opacity and second-
ary scar tissue instead of typical honeycomb opacities as
observe via slit-lamp examination of patients III-7 and III-
1 (Figure 1D,E).

AS-OCT showed a hyperreflective and continuous thin
band in Bowman’s layer in patient IV-6 (Figure 1F) and
a partial, thick-banded lesion toward the corneal epithelium
that was consistent with the lesions observed via slit-lamp in
patient IV-4 (Figure 1G). A hyperreflective, thick-banded
lesion with a saw-toothed pattern was observed toward the
corneal epithelium in Bowman’s layer via AS-OCT examina-
tion in the eyes of patients III-7 and III-1 (Figure 1H,I).
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TEM seemed to be the best means for diagnosing, distin-
guishing and differentiating different patterns of sediment.
Presence of curly collagen fibers, as opposed to the rod-
shaped electron-dense bodies in the excised corneal tissue of
the mutation type (MT, which hereinafter refers to the p.
Gly623_His626del team), was slightly visible, as shown by
the arrow in Figure 1], and was an important characteristic
to distinguish this from RBCD. Moreover, TEM observations
of corneal fibroblasts confirmed that TBCD corneal fibro-
blasts exhibited a series of vacuole formations, impairment
of cellular integrity, accumulations of double-membrane
structure, and abnormally enlarged lysosomes as contrasted
to wild type (WT) (Figure 1K,L). Hematoxylin and eosin (HE)
staining analysis of MT corneal tissues demonstrated an irre-
gularly thickened and thinned layered corneal epithelium,
eosinophilic deposits (shown by asterisks) beneath the epithe-
lium, and involvement of the anterior stroma compared to
normal cornea (Figure 1M,N). The Bowman layer had
a characteristic sawtooth-like appearance and a focal absence
of the epithelial basement membrane that was replaced by
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superficial fibrosis, which caused alternating irregular thick-
ening and thinning of the epithelial layer as shown by Alcian
blue dye (Figure 10,P). The deeper corneal stromal layer,
Descemet’s membrane, and endothelium appeared to be nor-
mal in MT (Figure IN,P) and consistent with WT (Figure 1Q,
R), as demonstrated using two dyeing methods.

Mutated variant analysis and Sanger sequencing detected
a heterozygous c.1868-1879del mutation, resulting in an in-
frame mutation in the affected members of this family, which
was absent in unaffected members (Figure 2A,B). This hetero-
zygous involves deletion of twelve nucleotides of exon 14,
causing an in-frame mutation, resulting in deletion of four
amino acids (GVVH) and leading to connection of adjacent
residual amino acids (Figure 2C). Even though the effect of
the mutation on the physicochemical properties of the TGFBI
remains unclear, attempts to describe the structural modifica-
tion for mutations in the Fas1-4 domain will be touched upon
briefly. To predict the possible effects of TGFBI structure,
a protein model was established to exhibit variations asso-
ciated with mutations in the Fasl-4 domain (Figure 2D). The
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Figure 2. Sequence analysis of the mutated TGFBI gene and the probable modification for the c.1868-1879del in the Fas1-4 domain involved in the mut-TGFBI
structure. (A) Sequence chromatograms show the novel heterozygous deletion mutation (c.1868-1879del). (B) Shows the normal sequence of TGFBI and the mutated
sequence. (C) Shows the normal corresponding amino acid sequence and the mutated amino acid sequence below with lack of GVVH and the repaired connect after
the deletion. (D) Shows the human WT-TGFBI structure containing four fasciclin 1 domains. The mut-TGFBI structure exhibits the deletion of four amino acid (GVVH).
(E-F) Secondary structure of TGFBI changed from the stabilized state of 3-sheet to a flexible loop region resulting from the ¢.1868-1879del. (G-H) Before mutation:
GVVH formed a dense hydrogen bond system with surrounding amino acids, which stabilized the local structure and played a conclusive role in regional stability and
conformation. After mutation: GVVH deletion system, the surrounding amino acid hydrogen bond network system disappeared.



conformational conversion from the stabilized state of -sheet
to a flexible loop region (Figure 2E,F) caused the disappear-
ance of the surrounding amino acid hydrogen bond network
system leading to the changes in its physical and chemical
properties (Figure 2G,H).

Based on the above data, including clinical features, AS-
OCT images, and histopathologic analysis, the corneal dystro-
phy in this family was preliminarily diagnosed as TBCD.

Abnormal corneal characterization of Tgfbi-p.
Gly623_Tyr626del mice

To better elucidate the effect of the Tgfbi mutation on the
development and progression of TBCD, CRISPR-Cas9 tech-
nology was used to generate a Tgfbi-p.Gly623_Tyr626del
mouse model of TBCD. The relevant sgRNAs and the specific
location in exon 14 are shown in Figure 3A,B. DNA sequen-
cing technology was conducted to identify the Tgfbi-p.
Gly623_Tyr626del mutant mice and to further examine the
genotype of the pups (Figure 3C). Somewhat surprisingly,
upon slit-lamp examination, the Tgfbi-p.Gly623_Tyr626del
mice had corneal opacities, similar to human TBCD patients
when compared with wild-type mice (Figure 3D). In addition,
electron-dense deposits in the corneal fibroblasts and extra-
cellular matrix, as well as formation of vacuolated cytoplasm
was observed via TEM in 42 week-old mice (Figure 3E,F). HE
staining demonstrated irregular thickening and thinning of
the corneal epithelia of Tgfbi®623-1yr626del /WT pice com-
pared with WT Tgfbi mice (Figure 3G). Protein modeling of
mouse TGFBI structure revealed a minor variation in the
overall geometry of the protein (Fig. S1A and S1B) in MT
compared with WT mice. Structure in MT mice was similar to
the structure of human TGFBI, in which the stabilized p-sheet
had a flexible loop region resulting from the lack of GVVY
(Fig. S1C and S1D). The corresponding hydrogen bond net-
work system was not present, leading to the modification of
physical and chemical properties of TGFBI (Fig. S1E
and S1F).

Autophagic flux was obstructed in TBCD corneal
fibroblasts

Because the expression of TGFBI was distinctly upregulated in
TBCD corneal fibroblasts compared with WT corneal fibro-
blasts as shown by western blotting (Figure 4A,B), the levels of
TGFBI mRNA between WT and MT corneal fibroblasts were
compared using real-time PCR, to determine whether TGFBI
mRNA was upregulated in TBCD corneal fibroblasts. As
shown in Figure 4C, no significant differences in expression
levels of total TGFBI mRNA were detected between WT and
MT corneal fibroblasts. Although the total TGFBI mRNA
abundance was comparable between WT and MT corneal
fibroblasts, the WT-TGFBI mRNA abundance was markedly
lower in MT corneal fibroblasts than in WT corneal fibro-
blasts (Figure 4D). Due to the heterozygous mutation of
TGFBI in MT corneal fibroblasts, the levels of TGFBI and
WT-TGFBI mRNA were evaluated in MT corneal fibroblasts
and it was found that mut-TGFBI accumulated in TBCD
corneal fibroblasts.
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In eukaryotic cells, two main cellular protein degradation
pathways are responsible for the removal of abnormal pro-
teins: one is the ubiquitin/proteasome pathway and the other
is the autophagy pathway [27]. To explore whether the ubi-
quitin/proteasome pathway contributes to mut-TGFBI degra-
dation in TBCD, western blotting was conducted with
ubiquitins. As expected, there were no remarkable differences
in ubiquitin levels between WT and MT corneal fibroblasts,
with equal loading verified by Coomassie Brilliant Blue stain-
ing (Fig. S2). The above observations indicate that no signifi-
cant change in ubiquitin/proteasome pathways were found in
TBCD corneal fibroblasts. LAMP2 (lysosomal-associated
membrane protein 2) is mainly wrapped around the inner
surface of the lysosomal membrane and localized in late
endosomes and lysosomes. LAMP2 is responsible for the
degradation of cytosolic proteins in the lysosome [24].
Confocal microscopy revealed that TGFBI puncta had colo-
calized with LAMP2 in cytosolic vesicles in both WT and MT
as shown in Figure 4E, indicating that TGFBI might be
trafficked to lysosomes in TBCD corneal fibroblasts and that
mut-TGFBI may be degraded in the lysosome. In addition,
TBCD heterozygous corneal fibroblasts revealed a much more
extensive pattern of mut-TGFBI colocalized with LAMP2 than
was observed in WT corneal fibroblasts (Figure 4F). This
finding suggests that, in TBCD, accumulated mut-TGFBI in
corneal fibroblasts might predominantly be degraded in lyso-
somes. Previous reports have confirmed that autophagy is
mainly responsible for TGFBI degradation in GCD2 corneal
dystrophy [26]. Hence, the following analyses and TEM data
examine whether there are pathological changes in the auto-
phagy-lysosomal pathway in TBCD corneal fibroblasts.

To examine autophagy activity in TBCD corneal fibro-
blasts, the protein levels of the autophagosomal protein, LC3
and the autophagy substrate protein, SQSTM1 were detected.
The levels of LC3-II and SQSTM1 were significantly increased
in MT corneal fibroblasts compared to WT corneal fibroblasts
(Figure 4G,H). These data suggest that autophagic flux is
obstructed in TBCD corneal fibroblasts.

We speculated that the possible reasons for the blockage of
autophagic flux might be either impaired fusion between auto-
phagosomes and lysosomes or lysosomal dysfunction. To deter-
mine the cause(s) for the blockage of autophagic flux, corneal
fibroblasts were treated with bafilomycin A; and compared with
untreated corneal fibroblasts. Bafilomycin A; is an autophagy
inhibitor that inhibits fusion between autophagosomes and lyso-
somes by blocking the vacuolar-type H"-translocating ATPase.
As shown in Figure 41-K, LC3-II, SQSTM1 levels were gradually
enhanced in WT corneal fibroblasts treated with bafilomycin A;
ranging from 0.02 to 0.04 pM. However, the LC3-II and
SQSTM1 protein levels decreased in fibroblasts treated with
0.06 uM bafilomycin A; compared to 0.04 uM bafilomycin A;.
Based on the above data, 0.04 uM bafilomycin A; was chosen for
subsequent experiments. The levels of both LC3-II and SQSTM1
were enhanced in WT and MT corneal fibroblasts treated with
bafilomycin A; compared with untreated WT and MT corneal
fibroblasts. Notably, the increased amplitude of protein levels in
MT corneal fibroblasts was less than that in WT corneal fibro-
blasts (Figure 4L,H). In addition, the lysosomes in MT corneal
fibroblasts were enlarged as evidenced by LAMP2-positive
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Figure 3. SQRNA/Cas9-mediated Tgfbi-p.Gly623_Tyr626del mouse model of TBCD. (A) shows sgRNA sequence and the associated upstream and downstream primers.
(B) Schematic representations of targeting strategy for the generation of Tgfbi-p.Gly623_Tyr626del mouse model of TBCD using the CRISPR/Cas9 system. (C)
Representative sequencing results of Tgfbi-p.Gly623_Tyr626del homozygous and heterozygous mutant mice in Tgfbi. (D) Anterior segment picture of wild-type mice
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vesicles. Colocalization of LC3 puncta with LAMP2 was higher
in MT compared with WT corneal fibroblasts (Figure 4N). The
quantification analysis is shown in Fig. S3A. Taken together,
these findings indicate that, in TBCD, autophagosome could
fuse with lysosome and the blockage of autophagic flux might
probably be derived from the dysfunction of lysosomes.

Lysosomal dysfunction in TBCD corneal fibroblasts

Maintaining a stable acidic pH is essential for optimal func-
tion of lysosomes. The pH-sensitive indexes of lysosomal
function can be affected by lysosomotropic dyes, such as
LysoTracker Green [28]. To gain further insight into
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data are shown in (B). * p < 0.05; n = 3 for each group; (C-D) mRNA levels of total TGFBI and WT-TGFBI in WT and MT were analyzed. The ratios of the mRNA level of
total TGFBI and WT-TGFBI to that of GAPDH mRNA are shown. NS = no significance; ***P < 0.001; n = 3 for each group; (E) WT and MT corneal fibroblasts were
subjected to immunostaining for TGFBI (green), LAMP2 (red), and DAPI (blue) followed by confocal microscopy. (F) The quantification of the colocalization ratio of
TGFBI and LAMP2 in (E). ** p < 0.01; n = 3 for each group. (G) The expression of LC3-Il and SQSTM1 were analyzed in WT (from three different WT corneal fibroblasts
line) and MT corneal fibroblasts. (H) shows significant differences in MT compared with WT corneal fibroblasts of LC3-Il and SQSTM1 levels. * p < 0.05, n = 3 for each
group; () Western blotting analysis of LC3-Il and SQSTM1 levels in WT corneal fibroblasts treated with bafilomycin A; (0-0.06 pM). (J-K) Western blotting was
quantified from WT corneal fibroblasts after normalization to GAPDH. * p < 0.05; ** p < 0.01, n = 3 for each group; (L) LC3-Il and SQSTM1 levels were assessed by
western blotting treated with or without bafilomycin A; (0.04 uM) in WT and MT. Quantification of LC3-Il and SQSTM1 levels presented in (M) after normalization to
GAPDH protein signals. * p < 0.05; ** p < 0.01; NS = no significance, n = 3 for each group. (N) WT and MT corneal fibroblasts were subjected to immunostaining for
LC3 (green) and LAMP2 (red) followed by confocal microscopy. The enlarged photographs from the left three boxed areas are shown in the right three panels. The
quantification of the colocalization ratio in the above groups was shown in Fig. S3A. Error bars indicate standard deviation (SD). (scale bars: WT or MT 5 pm in E; WT
or MT 100 pm, 5 pm in N).
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lysosomal functions, we performed FC (flow cytometry) and
found a loss of the LysoTracker signal in MT corneal fibro-
blasts compared with the LysoTracker signal observed in WT
(Figure 5A,B). As mentioned before, lysosomes function

mainly through numerous proteolytic enzymes contained in
the cell organelle. Therefore, in order to find the key abnor-
mal proteins in lysosomes, proteomic analysis was conducted
to determine the protein expression profiles in WT and MT
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corneal fibroblasts. The proteome profiles of WT and MT
corneal fibroblasts were compared. A total of 6,228 proteins
were identified, among which 5,521 proteins contained quan-
titative information. These data revealed a dramatic shift in
the protein differential expression, reflected by 129 upregu-
lated proteins and 89 significantly downregulated proteins

between WT and MT corneal fibroblasts with a cutoff for
the fold-change > 1.5 and significance P values of < 0.05
(Figure 5C). Figure 5D,E show the ratio of expression of
a class of differentially expressed proteins that caught our
attention; the specific contents are as follows: TGFBI (2.318
fold-change, p = 0.00996), CTSD (-0.666 fold-change,
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Figure 5. Lysosomal dysfunction in TBCD corneal fibroblasts. (A-B) A tendency toward lower expression of LysoTracker Green (+) cells was shown in lysosome
function analysis by FC in MT corneal fibroblasts compared to WT. *** p < 0.001, n = 3 for each group; (C) The quantitative protein expression in MT corneal
fibroblasts was shown in the volcano plot of statistical significance against log2-fold change and shaded upregulated proteins in red as well as downregulated
proteins in blue compared to WT. (D-E) Heatmap of the differentially expressed proteins in MT corneal fibroblasts compared with WT. Heatmap of the vital
differentially expressed proteins in MT corneal fibroblasts versus WT. (F-G) show the subcellular distribution of the differentially expressed proteins. (H-I) The protein

levels of CTSD in WT and MT corneal fibroblasts were verified by western blotting. *

p < 0.05; n = 3 for each group. Error bars indicate SD.



p = 0.0126), and ATG4B (-0.620 fold-change, p = 0.0618).
Investigation of the subcellular distribution of differentially
expressed proteins showed that the largest proportion of the
upregulated differentially expressed proteins identified were
annotated as nucleus (46.67%), followed by cytoplasm
(18.89%), extracellular (14.4%), and mitochondrion (8.89%).
Among the downregulated differentially expressed proteins,
extracellular (30.39%) accounted for the largest proportion,
followed by cytoplasm (21.1%), mitochondrion (14.36%), and
nucleus (12.71%) (Figure 5F,G). These proteomics data indi-
cate that the expression of CTSD is significantly reduced.
Consistent with the proteomics data, western blotting further
confirmed the meaningful decline of CTSD in MT corneal
fibroblasts in contrast to WT (Figure 5H,I). Therefore, we
speculate that the blockage of autophagic flux and mut-
TGFBI accumulation might be a result of lysosomal alkaliza-
tion and loss of CTSD.
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Impaired TFEB-mediated dysfunction of the lysosome and
autophagy process in TBCD corneal fibroblasts and
potential reversal of this dysfunction with torin 1

TFEB is regarded as an upstream regulator of the lysosomal
system and autophagy biogenesis. Thus, we investigated
whether the dysfunction of lysosomes in TBCD corneal fibro-
blasts could be due to impaired TFEB function. Strikingly,
a distinct decrease in total TFEB was observed in MT com-
pared with WT corneal fibroblasts (Figure 6A,B). Following
dephosphorylation, TFEB translocated to the nucleus and was
activated. Next, the cytoplasmic and nuclear TFEB protein
levels were measured in MT and WT corneal fibroblasts. As
expected, cytoplasmic and nuclear TFEB protein levels were
markedly lower in MT than in WT corneal fibroblasts
(Figure 6C-E). Confocal microscope analysis revealed that,
under the normal state, the quantify of activated TFEB in
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Figure 6. Total and activation of TFEB were reduced in TBCD corneal fibroblasts. (A) Western blotting analysis of total TFEB protein levels in WT and MT. Data were
normalized against GAPDH, as shown in (B) * p < 0.05; n = 3 for each group; (C) Decreased cytosolic and nuclear TFEB proteins in MT versus WT and the treatment
with torin 1 enhanced the translocation from cytoplasm to nucleus in both WT and MT. (D-E) show data analysis of (C) normalized separately against GAPDH and H3.
* p < 0.05; *** p < 0.001; NS = no significance; n = 3 for each group; (F-G) Confocal microscopy analysis of the subcellular distribution of TFEB in WT and MT treated
with or without 500 nM torin 1 for 12 h. (H-K) Quantification of the relative TFEB level in the nucleus of WT and MT in (F-G). * p < 0.05; NS = no significance; n = 3 for

each group; Error bars indicate SD. (scale bars: WT or MT 5 ym in F and G).
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the nucleus was decreased in MT compared with WT corneal
fibroblasts (Figure 6F,H).

The activation of TFEB leads to a coordinated upregulation
of CLEAR genes, which collectively improves the efficiency of
vesicular trafficking and promotes the eventual substrate
degradation in the lysosome. We postulated that torin 1,
a known MTOR inhibitor, could accelerate the degradation
of the accumulated mut-TGFBI in MT corneal fibroblasts via
elevating dephosphorylated TFEB to translocate into the
nucleus. Our data showed that the expression level of cyto-
plasmic TFEB protein was dramatically decreased in both WT
and MT corneal fibroblasts that had been treated with torin 1
(500 nM, 12 h). Conversely, the expression level of nuclear
TFEB protein was enhanced in both WT and MT corneal
fibroblasts that had been treated with torin 1 (500 nM, 12 h)
(Figure 6C-E). The fluorescent signal showing nuclear-
activated TFEB was greater in corneal fibroblasts treated
with 500 nM torin 1 than in untreated corneal fibroblasts
(Figure 6G). These results indicate that torin 1 can upregulate
the activated TFEB to a similar level in the nuclei of both WT

and MT corneal fibroblasts (Figure 61,]). Furthermore, torin 1
reversed the level of the activated TFEB in the nuclei of MT
corneal fibroblasts to the near-normal level of activated TFEB
in the nuclei of WT corneal fibroblasts (Figure 6K).

Our findings indicate that torin 1 treatment (500 nM, 12 h)
potently increased dephosphorylated TFEB to translocate into
the nucleus and induce the elevation of activated TFEB, thereby
augmenting autophagic flux and confirming the upregulated
expression of LC3 and CTSD as well as the downregulated
expression of SQSTMI in both WT and MT corneal fibroblasts
(Figure 7A-D). Additionally, we found that torin 1 treatment
(500 nM) produced a time-dependent decline in levels of mut-
TGFBI and SQSTM1 (Figure 7E,F) in MT corneal fibroblasts
and that administration of torin 1 (500 nM, 12 h) reversed
lysosomal dysfunction (Figure 8A-C) in both WT and MT
corneal fibroblasts as shown via confocal microscopic analysis
and FC. Confocal microscopic analysis also revealed that torin 1
caused an increase of colocalization puncta of LC3 and LAMP2
not only in WT corneal fibroblasts, but also in MT corneal
fibroblasts (Figure 8D). The quantification of the colocalization
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puncta indicated that torin 1 might promote autophagosome-
lysosome fusion (Fig. S3B). These data illustrate that, in TBCD
corneal fibroblasts, there is a downward trend in total and
cytoplasmic, as well as nucleic TFEB expression and that torin
1 can reverse nucleic TFEB expression and subsequently
enhance the autophagic flux, as well as ameliorate lysosomal
dysfunction, leading to a decrease in aggregated mut-TGFBI.

Overexpression of mutant TGFBI impaired the
autophagy-lysosome process in HEK 293 cells

To investigate whether TGFBI gene mutations may cause
TGFBI deposition and impair the autophagy-lysosome
process in other cell lines, human full-length WT-TGFBI
(hereafter, HEK 293 pCAGGS-TGFBI-WT), mut-TGFBI
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(hereafter, HEK 293 pCAGGS-TGFBI-MT), and only
a pCAGGS (hereafter, HEK 293 pCAGGS) were trans-
ferred into HEK 293 cells via pCAGGS plasmid. As
expected, there was only slight expression of TGFBI in
HEK 293 pCAGGS; however, the level of TGFBI in HEK
293 pCAGGS-TGFBI-MT was obviously increased com-
pared with HEK 293 pCAGGS-TGFBI-WT after transfec-
tion for 72 h (Figure 9A,B). The above results indicate that
the accumulated TGFBI observed in HEK 293 pCAGGS-
TGFBI-MT was caused by the in-frame mutation of the

PCAGGS-TGFBI-MT also tended to be higher (Figure 9A,
C). A significant increase in the SQSTMI1 level was
observed in HEK 293 pCAGGS-TGFBI-MT compared
with HEK 293 pCAGGS and HEK 293 pCAGGS-TGFBI-
WT (Figure 9A,D). Similar changes were also observed via
immunofluorescence analysis. The fluorescence intensity
of TGFBI in HEK 293 pCAGGS-TGFBI-MT was higher
compared with HEK 293 pCAGGS and HEK 293
pCAGGS-TGFBI-WT (Figure 9E,F). Analogous to human
TBCD corneal fibroblasts, after transfection for 72 h, HEK
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Figure 9. Western blotting and immunofluorescence analysis in transfected HEK 293 cell line. (A) Western blotting analysis of TGFBI, SQSTM1, LC3-Il in HEK 293

pCAGGS, HEK 293 pCAGGS-TGFBI-WT and HEK 293 pCAGGS-TGFBI-MT transfected for 72 h. (B-D) show normalized data in (A) ** p < 0.01, ***

p < 0,001, ****

p < 0.0001, n = 3 for each group; (E) showed the immunofluorescence analysis of TGFBI in HEK 293 pCAGGS, HEK 293 pCAGGS-TGFBI-WT and HEK 293 pCAGGS-TGFBI-
MT transfected for 72 h and the quantification was shown in (F) * p < 0.05; ** p < 0.01, n = 3 for each group. (G) showed the immunofluorescence analysis of
LysoTracker (+) fluorescence in HEK 293 pCAGGS, HEK 293 pCAGGS-TGFBI-WT and HEK 293 pCAGGS-TGFBI-MT and the quantification was shown in (H). * p < 0.05;
NS = no significance; n = 3 for each group. (I) Western blotting analysis of nucleus TFEB in HEK 293 pCAGGS, HEK 293 pCAGGS-TGFBI-WT and HEK 293 pCAGGS-TGFBI-
MT transfected for 72 h. (J) The normalized data in () ** p < 0.01, n = 3 for each group; Error bars indicate SD. (scale bars: 100 ym in E and G).



fluorescence signal deficiency compared with HEK 293
pPCAGGS-TGFBI-WT, as well as HEK 293 pCAGGS
(Figure 9G,H). These results suggest that the autophagy
flux was obstructed and that there was lysosome dysfunc-
tion in HEK 293 pCAGGS-TGFBI-MT cell line.
Noticeably, a significant decrease in activated TFEB was
manifested in the nuclei of HEK 293 pCAGGS-TGFBI-MT
compared with HEK 293 pCAGGS-TGFBI-WT after trans-
fection for 72 h (Figure 9L]). However, there was no
difference in total TFEB or activated TFEB between the
nuclei of HEK 293 pCAGGS-TGFBI-MT and HEK 293
PCAGGS-TGFBI-WT after transfection for 48 h, probably
due to insufficient transfection time (Fig. S4A-D). Taken
together, the above data further confirm that the accumu-
lated mut-TGFBI was due to the c.1868-1879 del mutation
of TGFBI and the impaired autophagy and lysosomal dys-
function, as well as the downregulated dephosphorylated
TFEB in the HEK 293 pCAGGS-TGFBI-MT cell line.
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In conclusion, a schematic diagram summarizes the prob-
able pathogenic molecular mechanism of TBCD featured by
blockage of autophagic flux resulting from alkalization of
lysosomes and the deficiency of CTSD (Figure 10).

Discussion

The current study presents the first report of a TBCD pedi-
gree associated with a novel in-frame mutation in the TGFBI
gene; a heterozygous c.1868-1879del mutation on 5q31 chro-
mosome in exon 14. We found that, in TBCD corneal fibro-
blasts, the obstructed autophagy flux directly impacts mut-
TGFBI accumulation and lysosomal alkalization and that the
deficiency of CTSD might be responsible for this blockade.
Furthermore, it was found that TFEB plays a critical role in
the modulation of autophagy and lysosomal biological pro-
cesses and that a decrease in TFEB might be the main cause of
lysosomal dysfunction. More importantly, torin 1 enhanced
TFEB levels contributing to profound impacts on the

Lysosome

Figure 10. A proposed model of TFEB interacts with the MTORC1 complex and the dysfunction of lysosome in autophagy pathways in TBCD. At the initial stage of
autophagy, the phagophore surrounds mut-TGFBI and forms a double-membrane autophagosome. After that, the autophagosome fuses with lysosomes and the
sequestered contents are degraded by lysosomal hydrolases. However, decreased TFEB in the nucleus directly leads to decreased lysosomal biogenesis, resulting in
the reduction in the main lysosomal hydrolase CTSD and insufficient autophagy. Pharmacological inhibition of MTORC1 may promote TFEB nuclear translocation and
related lysosomal biogenesis. We hypothesize that, in TBCD, torin 1 might increase TFEB-mediated lysosomal biogenesis in such a way as to rescue the insufficient

autophagy.
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degradation of mut-TGFBI in TBCD, suggesting that torin 1
might be a promising therapeutic target for TBCD.

TGFBI is initially translated on ribosomes bound to endoplas-
mic reticulum, and then translocated to the endoplasmic reticu-
lum where it undergoes a series of processes to attain full
biological activity. The Golgi apparatus sorts the proteins and
secretes them, in the form of secretory vesicles, to intracellular
functional sites [29]. Some aggregates of mut-TGFBI are likely
wrapped and form large multivesicular bodies that are trafficked
to the plasma membrane, where, upon fusion with the plasma
membrane, they release their contents into the extracellular space
via the exosome pathways [30]. Mut-TGFBI in ECM is hydrolyzed
by a series of proteolytic enzymes, such as MMPs, aminopeptidase
[31], and HTRAL. Some TGFBI gene-related corneal dystrophies
are caused by abnormities of the extracellular proteolytic process.
The main driving force of the LCD disease may be the removal of
the degradation products of TGFBI by HTRAL, as this process can
release peptides that are prone to amyloid fibrillation, leading to
the deposition of amyloid in the cornea [20]. We speculated that
there were the aggregations of mut-TGFBI in ECM in TBCD. The
reason for this accumulation is likely similar to LCD, since ele-
vated ECM hydrolyzed protein MMP3 was found by proteomic
analysis (Fig. S5). The other two possible intracellular main
degradation pathways of mut-TGFBI are considered to be the
ubiquitin/proteasome and autophagy pathways. Previous reports
have provided a compelling rationale that mut-TGFBI in corneal
fibroblasts are localized to Golgi, and later appear in lysosomes,
and are mainly degraded by autophagy rather than through the
ubiquitin/proteasome pathway [26]. Post-translational modifica-
tions of ubiquitins in our study confirmed that there were no
significant ubiquitin differences in TBCD. Conversely, accumula-
tions of mut-TGFBI were encapsulated to form autophagosomes.
Nonetheless, lysosomal alkalinization and decreased CTSD
resulted in an insufficient number of lysosomes fusing with auto-
phagosomes, thus causing autophagic flux blockage and mut-
TGEFBI aggregation.

TFEB, a key autophagy and lysosome signal regulator factor,
has been associated with lysosomal biogenesis and autophagy via
affecting lysosomal hydrolases, lysosomal membrane proteins,
and proteins [9]. The activity of TFEB is regulated by MTOR-
mediated phosphorylation, and phosphorylated TFEB is retained
in the cytoplasm; whereas dephosphorylated TFEB translocates to
the nucleus to induce the transcription of target genes [32].
A series of kinases that phosphorylate TFEB has been identified;
namely MTORC1, MAPKI1/ERK2, PRKCB (protein kinase
C beta) and AKT [33,34]. TGFBI can trigger phosphorylation
and activation of AKT and MAPK/ERK [35], which raises the
speculation that a reduction in activated forms of TFEB in TBCD
corneal fibroblasts might be due to the activation of AKT and
MAPK/ERK resulting from the accumulated TGFBI. Importantly,
data in the current study shed light on the fact that torin 1,
a specific inhibitor of MTOR, also known as an activator of
TFEB, probably decreased the accumulated mut-TGFBI in
TBCD corneal fibroblasts resulting in enhanced autophagic flux
and reversed lysosomal function, which was related to the
increased dephosphorylated TFEB to some degree. Nevertheless,
the protein kinase, torin 1 inhibited both MTORC1 and
MTORC2, and also affected other pathways, especially the AKT-

mediated survival signaling pathway, via promoting growth fac-
tor-mediated cell survival and blocking apoptosis. Therefore, the
safety and feasibility of using torin 1 as a potential therapeutic for
TBCD needs further exploration. The plant-derived polyphenolic
compound, Quercetin, enhances the TFEB-mediated lysosomal-
autophagy pathway in RPE cells, effectively inhibiting MTORC1
without affecting AKT phosphorylation [36]. Recently, trehalose
was found to induce TFEB nuclear translocation and promote
autophagic flux via the inhibition of AKT against inflammation
and might be beneficial in primary HCECs exposed to hyperos-
mosis in dry eye [37]. Whether Quercetin or trehalose can also be
used in the treatment of TBCD needs to be further examined.
Although limited research has focused on TFEB-associated ther-
apy in TBCD, the possibility that it may be of benefit in TBCD
patients has been extensively accepted. There are other therapeutic
possibilities for enzyme replacement therapy for recombinant
CTSD. Studies have shown that dosing of rhCTSD in the murine
CTSD/CLN10 model leads to a correction of lysosomal hypertro-
phy, storage accumulation, and impaired autophagic flux in the
viscera and the central nervous system [6]. Therefore, it is possible
that the blockage of autophagic flux in TBCD might be alleviated
to some extent with thCTSD treatment. However, thCTSD is
a type of pro-CTSD protein, and needs to undergo proteolytic
processing and maturation within a specific pH. Alkaline pH in
TBCD might not provide the optimum pH environment for
maturation and may lead to inactivation of rhCTSD. Therefore,
initially modifying the raised pH in TBCD should be considered;
otherwise, recombinant CTSD might not be activated and will
have the same fate as endogenous CTSD. Identifying the upstream
regular signals of CTSD might also be helpful for TBCD therapy.
Studies have demonstrated that CTSL is able to degrade CTSD,
which then cleaves to CASP3 [38]. CTSD might act as a key player
in the switch from apoptosis to autophagy. However, whether
inhibition of CTSL expression by a Z-FY-CHO inhibitor could
specifically enhance the level of CTSD in TBCD to promote the
switch from apoptosis to autophagy has not yet been elucidated.

Studies have described that establishment of a transgenic
mouse model with a mutated Tgfbi gene R124 H and R124 C
would be helpful for studying the pathogenesis and treatment of
TGFBI-linked corneal dystrophies. A granular corneal dystrophy
type 2 mouse model was established via R124H mutation of Tgfbi
and cross-sectional studies in this model revealed that genotype
and age were associated with the incidence of corneal opacity [39].
The Tgfbi"'**“ mutant mouse model was established via CRISPR/
Cas9 and is characterized by corneal opacity owing to the accu-
mulation of mut-TGFBI and delayed epithelial wound healing
similar to that observed in human patients with R124C LCD;
though this model might not be a reliable as a LCD1 model due
to the lack of amyloid deposition [40]. Currently, to the best of our
knowledge, no animal models of human TBCD are available. In
our study, by mimicking TGFBI gene mutation in humans, we
successfully generated a Tgfbi-p.Gly623_Tyr626del mouse model
of TBCD carrying Tgfbi gene ¢.1867-1878 GTGTGGTCTATG
del using CRISPR/Cas9 technology. The mice developed corneal
opacities at 42 weeks of age, and these changes were consistent
with what is observed in human TBCD. Features of human
TBCD, including thinness of the corneal epithelium and vacuoli-
zation changes of the corneal stroma were reproduced in this



model. Collectively, our in vitro studies suggest that Torin 1 can
degrade the pathological deposits of mut-TGFBI and we specu-
lated that it might also be applied therapeutically in the treatment
of TGFBI mutation-related corneal dystrophies. The effective
ingredients of this drug were extracted and administered to
Tgfbi-p.Gly623_Tyr626del mice via eye drops, which probably
enhanced the lysosomal-autophagic flux and the degradation of
mut-TGFBL. This model provides a vital avenue for future
research and may lead to possible new treatment options for
patients suffering from TBCD.

Our study demonstrated that the heterozygous c.1868-
1879del mutation in TBCD corneal fibroblasts resulted in
accumulation of TGFBI, accompanied by autophagic flux
blockage and lysosomal dysfunction. In addition, our
experiments revealed that TGFBI may be predominantly
degraded via an intracellular lysosome-dependent autopha-
gy pathway in TBCD corneal fibroblasts. Nevertheless,
further research into whether the intracellular lysosome-
dependent autophagy pathway is responsible for the degra-
dation of TGFBI in various types of TGFBI-linked corneal
dystrophies is required.

Conclusion

In summary, this study not only uncovers a novel mutation of
the TGFBI gene (c.1868-1879del heterozygous in-frame
mutation) in TBCD patients that had not yet been reported,
but also identifies a possible mechanism, lysosomal alkaliza-
tion and dysfunction that obstructs autophagy flux, for accu-
mulated mut-TGFBI in TBCD corneal fibroblasts. In future
work, the feasibility of using torin 1 for the treatment of
TBCD will be investigated in the Tgfbi-p.Gly623_Tyr626del
TBCD mouse model and other possible therapeutics for
TBCD will be explored.

Materials and methods
Patients and clinical examinations

Seven patients from the TBCD pedigree received clinical diag-
noses by three doctors using slit-lamp biomicroscopy at the First
Affiliated Hospital of Harbin Medical University. Our control
group was not age- or sex-matched with the experimental group,
and no ophthalmic examination was performed on these indivi-
duals. Clinical examination consisted of visual acuity, slit-lamp
biomicroscopy with photography, endothelial cell measure-
ments, and AS-OCT. Anterior segment imaging was performed
by one observer. Twenty normal relatives from this pedigree
received all the above ophthalmic examinations (Table S1).
The study was conducted in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee of
Harbin Medical University. All patients signed informed consent
before any study procedure.

Reagents and antibodies

The following reagents and antibodies were used in this
investigation: Dulbecco’s Modified Eagle Media: Nutrient
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Mixture F-12 (Hyclone, SH30023.01); Fetal bovine serum
(ExCell Bio, FND500); ubiquitin (Jingjie PTM BioLab, PTM-
1107); TGFBI (Abcam, ab170874); SQSTM1/p62 (Becton,
Dickinson and Company, 610,833); CTSD (Calbiochem,
IM16); LC3 (Cell Signaling Technology, 3868); LAMP2
(Abcam, ab25631); TFEB (Cell Signaling Technology, 4240);
TFEB (Abcam, ab270604); GAPDH (Protein Tech, 10,494-
1-AP); HRP-conjugated secondary antibody (Zsbio, ZB-
2301); Donkey anti-Rabbit IgG (H + L) highly cross-
adsorbed secondary antibody (Invitrogen, A32808); Donkey
anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary
Antibody (Invitrogen, A32789); ECL developer (Beyotime,
P0018AS); Bafilomycin A; (Sigma, B1793); Torin 1 (Cell
Signaling Technology, 14,379); LysoTracker Green DND-26
(Cell Signaling Technology, 8783).

TGFBI analysis

DNA extraction kit (DNeasy Blood and Tissue Kit; QIAGEN,
69,504) was used for the separation of genomic DNA from
peripheral leukocytes of 24 members (7 affected and 17 unaf-
fected). To amplify the region of the open reading frame of
TGFBI, we selected 14 pairs of primers. The specific condi-
tions were as follows: first, a mixture of genomic DNA (100
ng), 25 uL of Phanta max buffer, deoxynucleotide tripho-
sphates mix, and Phanta Max Super-Fidelity DNA polymerase
(Vazyme Biotech Co., P505-d1) were made to the final reac-
tion mixture 50 uL. To amplify the products, the following
conditions were performed: 5 min of denaturation at 95°C
followed by 35 cycles of denaturation at 95°C for 15 s, anneal-
ing for 15 s at 56°C or at 58°C, extension at 72°C by 30 to 60
s/kb, and a further extension step at 72°C for 5 min. The kit
(High Pure PCR Product; Roche, 11,732,668,001) was used to
identify the above products with an analysis of agarose gel
electrophoresis. Sequences were then tested by an automatic
fluorometric DNA sequencer (model 373A; Applied
Biosystems, Foster City, CA, USA).

Isolation and culture of primary WT and MT corneal
fibroblasts

TBCD was diagnosed by DNA sequence analysis for TGFBI
mutations and comprehensive analysis of three doctors from
the First Affiliated Hospital of Harbin Medical University
according to symptoms, signs, and clinical examinations.
WT and MT primary corneal fibroblasts were prepared
from healthy corneas from individuals with no visual
impairment and patient III 1 after penetrating keratoplasty.
The corneal epithelium and endothelium were removed
from the corneal tissues and the remainder were slit into
small pieces. Corneal tissues were placed on a culture plate
and maintained in Dulbecco’s Modified Eagle Media:
Nutrient Mixture F-12 containing 10% fetal bovine serum,
1000 U/ml penicillin, and 1000 pg/ml streptomycin (Gibco,
15,070,063) at 37°C under 95% humidity and 5% CO,.
Suffered a series of propagation and subculture with tryp-
sin-EDTA (Gibco, 25,200-056), fibroblasts from passages 5
to 8 were used in the succedent experiments.



780 (&) L WANG ET AL.

Plasmid construction and transduction

The gene of WT- and mut-TGFBI amplification from the total
RNA of the corneal fibroblasts. Human full-length WT- and
mut-TGFBI ORF ¢cDNA were cloned into the pCAGGS plas-
mid (made in our laboratory) by enzyme digestion and liga-
tion. After sequencing identification, the plasmid with target
gene was transfected into HEK293 (ATCC, CRL-1573) cells
by X-treme GENE 9 DNA transfection reagent (Merck,
6365779001) according to the manufacturer’s instructions.

Histological staining and transmission electron
microscopic

Corneal specimens of TBCD and healthy individuals were
first fixed in 10% buffered formalin, sectioning of the tissue
samples, and then stained hematoxylin and eosin for the
analysis by light microscopy examination. Furthermore, tissue
masses were immersed in ethanol 100%, rinsed in water,
immersed in acetic acid 3%, and subsequently stained in 1%
Alcian blue 8GX (Changchun Semerete Technology Co., SM-
RT-027) in 3% acetic acid (pH 2.5) for 3 h. By rinsing slides
with 3% acetic acid and water, nonspecific stains were
removed. After being subsequently oxidized in 1% periodic
acid and water, slides were immersed in Schiff’s reagent, and
then rinsed in water 0.5% sodium metabisulphite (Changchun
Semerete Technology Co., SM-RT-027) [41].

Corneal tissue was rinsed in buffer, post-fixed in 2%
osmium tetroxide and 1.5% potassium ferrocyanide in ddH,
O for 2 h, dehydrated in increasing concentrations of ethanol
from 30% to 95% for 5 min each at 48°C. Finally, dehydration
embedded in epoxy resin medium (Ted Pella, GP18010).
Ultrathin sections were cut with a diamond knife, stained
with 5% uranyl acetate and lead citrate, and then observed
using transmission electron microscopy.

Analysis of gene expression

Total RNA of corneal fibroblasts was isolated using TRIzol
reagent (OMEGA bio-tek, R6830-01). RNA was treated with
gDNA wiper Mix (Vazyme, R223-01) to remove the contami-
nated genomic DNA and transcribed into ¢cDNA using the
HiScript® IT Q RT SuperMix (Vazyme, R223-01). Quantitative
real-time PCR (RT-qPCR) was performed using AceQ® qPCR
Probe Master Mix (Vazyme, Q112-02/03) with specific pri-
mers (Table S$2). The mRNA levels of GAPDH were used to
normalize the expression of genes of interest. Relative quanti-
fication based on the 27**“" method was performed to com-
pare the transcript levels of target genes.

Proteomic analysis

WT and MT corneal fibroblasts were collected and dis-
solved in lysis buffer (8 M urea [Amresco, M123], 1%
Protease Inhibitor Cocktail [Roche, 04693123001]). To
digest the protein samples, the protein solution was treated
with dithiothreitol, alkylated with iodoacetamide, and then
hydrolyzed with trypsin (Promega, V5280). After that, pep-
tide was obtained, and was desalted, vacuum-dried, and

finally reconstituted in TEAB (Sigma-Aldrich, T7408). The
tryptic peptides were fractionated by HPLC fractionation
and subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q Exactive'™ Plus (Thermo
Fisher Scientific) coupled online to the UPLC. The resulting
data of MS/MS was processed using MaxQuant with inte-
grated Andromeda search engine (v.1.5.2.8) [42]. To ana-
lyze these data, a volcano plot and a heat map were
produced to better visualize and identify the differentially
expressed proteins. We also used a subcellular localization
prediction software (http://cello.life.nctu.edu.tw/) to predict
subcellular localization and draw the differentially
expressed protein-protein interaction network.

Ubiquitin modification and western blotting analysis

Total proteins were extracted from corneal fibroblasts using
radio-immunoprecipitation assay buffer (Beyotime, P0013B)
containing 1% PMSF (Beyotime, ST506). Crude cell lysates
were centrifuged at 12,000 g for 10 min at 4°C and protein
concentrations were determined via the Brandford method
(Beyotime, P0006). Nuclear and cytoplasmic Protein samples
of corneal fibroblasts were prepared via a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, P0027).
Samples were denatured with 5 x loading buffer (Beyotime,
P0015), boiled for 4 min at 100°C, and separated by electro-
phoresis on 12.5% SDS-PAGE gel (EpiZyme, PG113) running
continuously at 80 V and 120 V. After electrophoresis, the
proteins were transferred onto polyvinylidene difluoride
membranes (Millipore Corp, ISEQ00010), that were blocked
at room temperature in 8% skim milk (Biofroxx, 1172 GR100)
for 2 h and then washed, being incubated with primary anti-
bodies and then the protein post-translational ubiquitin mod-
ification and autophagy-related proteins were analyzed.
Membranes were washed in PBST (1 x PBS [Hyclone,
SH30256.01] containing 0.05% TWEEN-20 [Solarbio,
T8220]) three times, followed by incubation with secondary
antibody for 1 h at room temperature. The immunoreactive
bands were visualized using enhanced Tanon imaging system
(Tanon 4600, China) and infrared fluorescence scanning ima-
ging system (Odyssey CLx 1594, USA) and analyzed by
Image] software version 1.46 r (Wayne Rasband, National
Institute of Health, USA), corrected by background subtrac-
tion and normalized to the intensity of the corresponding
GAPDH (glyceraldeyde-3-phosphate dehydrogenase) protein
bands.

Treatment of cells with bafilomycin A; and torin 1

The autophagy inhibitors bafilomycin A; and torin 1 were
first dissolved in dimethyl sulfoxide (T'CI, D0798) and then
freshly diluted in F-12 culture medium at 0.01 to 0.06 uM and
500 nM, respectively, for use.

LysoTracker labeling and FC

To visualize enlarged lysosomes, we used LysoTracker, which
can stain cellular acidic compartments in lysosomes. Corneal
fibroblasts were stained with LysoTracker Green according to
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the manufacturer’s instructions, then immunofluorescence
analysis was conducted by confocal microscopy and the pro-
portion of LysoTracker-positive cells were measured using an
FC (Beckman Coulter. Cytomics FC 500MCL).

Animal experiments

The animal experiments were approved by the Experimental
Animal Care Committee of the First Affiliated Hospital of
Harbin Medical University. Tgfbi-p.Gly623_Tyr626del trans-
genic mice were generated with C57BL/6 mice via the
CRISPR-Cas9 system with Tgfbi gene ¢.1867-1878
GTGTGGTCTATG del. Two sgRNA sequences were designed
(sgRNA 1: GGCATAGACCACACCGTTTGTGG; sgRNA 2:
GATGATGGCCACAAACGGTGTGG) and transcribed to
target exon 14 in Tgfbi. SgRNA, Cas9 as well as donor oligo-
nucleotides were injected into mouse zygotes. Tgfbi-p.
Gly623_Tyr626del knock-out heterozygous founders (FO0)
were obtained and confirmed by DNA sequencing to carry
the designated substitute mutations. To assess the genotype of
the offspring mice, the examination was performed on DNA
extracted from the mice via PCR using the Forward primer:
GAGGGTAAGAATCCAGCTAATTGC and Reverse primer:
GATAGCCTCAAGTTCTGTAGCATG.

Statistical analysis

All experimental data were analyzed using Prism 8 version 1.0
(GraphPad, USA). The data given in the text were represen-
tatives from at least three independent experiments and per-
formed by Student’s t-test.
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