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PURPOSE. To investigate the effect of matrix stiffness on the morphology and stem
characters of maintenance and differentiation of limbal niche cells (LNCs) and the
mechanisms involved.

METHODS. Human LNCs were isolated, cultured, and identified based on published liter-
ature, and LNCs from passages 4 to 6 (P4–P6) were used in this study. They were
coated with hydrogels of different concentrations to prepare matrices with different
stiffnesses, and non-coated plate were used for the control group. Elastic modulus
values were determined by atomic force microscopy (AFM). The expression of putative
stem cell markers (SOX2, OCT4, PAX6) and fibrosis markers (α-SMA, COL1A1, S100A4)
was analyzed by immunofluorescence and quantitative reverse-transcription PCR
(RT-qPCR). The intracellular distribution and expression of Yes-associated protein (YAP)
and drosophila mothers against decapentaplegic protein family members 2 and 3
(SMAD2/3) accordingly were analyzed using immunofluorescence and western blot.

RESULTS. The elastic modulus values of plastic, low-concentration hydrogel–coated
surfaces, and high-concentration hydrogel–coated surfaces were 3261.05 ± 172.78 MPa,
30.39 ± 5.84 kPa, and 6.99 ± 4.04 kPa, respectively; thus, they were referred to as the
dish, stiff, and soft groups. Using an in vitro model to explore the effect of matrix stiffness
on LNCs, we found that a soft substrate could activate YAP to change the morphology
and elevate the stemness of LNCs, whereas activation of SMAD2/3 on a stiff substrate
decreased nuclear YAP (nYAP) levels, leading to myofibroblast phenotype. Inhibition of
SMAD2/3 on stiff substrates partially restored LNC stemness by promoting YAP nuclear
translocation.

CONCLUSIONS. Our findings confirm that matrix stiffness regulates the stemness and
differentiation of LNCs through the YAP/SMAD signaling pathway, indicating a
potential strategy for the treatment of limbal stem cell deficiency based on LNCs.
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L imbal niche cells (LNCs) are located in the limbal region
of the eye, the boundary between the cornea and sclera.

This region harbors a special microenvironment (known as
the limbal niche) that maintains the integrity and function
of the corneal epithelium by supporting limbal stem cells
(LSCs).1–3 In previous studies, LNCs have been shown to
express vimentin and embryonic stem cell markers such
as octamer-binding transcription factor 4 (OCT4) and SRY-
box transcription factor 2 (SOX2),4,5 and they have the abil-
ity to induce mature corneal epithelial cells (MCECs) to
de-differentiate into LSCs.6,7 However, subjecting LNCs to
serial passages on rigid plastic has led to irreversible repro-
gramming of the myofibroblast phenotype,8 highlighting the
impact of the mechanical environment on cell behavior.
Essentially, the biomechanical rigidity of the human limbal
niche is lower compared to that of the differentiated zone,9

and it has been demonstrated that a rigid matrix can induce
LSC differentiation.10

Yes-associated protein (YAP) is expressed in various
tissues of mammals,11 and its expression status is considered
to be highly correlated with the rigidity of the surround-
ing matrix.12–14 Interestingly, the effect of substrate stiffness
on the subcellular distribution of YAP remains controver-
sial. Some studies have reported that YAP transfers from
the cytoplasm (cYAP) to the nucleus (nYAP) in response
to a perceived stiff substrate, thereby activating a mech-
anistic response pathway that promotes stem cell prolif-
eration and differentiation.13,15–19 However, the nuclear
translocation of YAP (nYAP) to maintain the undifferen-
tiated state of stem cells in soft substrate has also been
observed by other researchers.20–22 Our previous study
found that LNCs can effectively maintain the undifferenti-
ated phenotype of limbal epithelial stem cells in a three-
dimensional (3D) environment composed of soft matrix,
as demonstrated by larger spheroids, higher levels of the
stem cell marker P63α, and lower levels of the differ-
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entiation marker CK12.6 The drosophila mothers against
decapentaplegic protein (SMAD) family proteins have been
proven to play a crucial role in the TGF-β signaling path-
way.23 Typically, active phosphorylated SMAD2/3 proteins
translocate to the nucleus to regulate multiple cellular
processes, such as cell proliferation, apoptosis, and differ-
entiation. Recent studies have indicated that SMAD2/3
proteins can also respond to mechanical signals, leading
to cell differentiation, and can crosstalk with the YAP path-
way.24–26 Therefore, we propose that YAP and SMAD2/3 may
have a unique mechanism and regulatory network in the
cornea.

In the current study, we investigated the nYAP/cYAP
translocation mechanism in LNCs by adjusting substrates
stiffness during cell culture. We conducted a comprehensive
investigation of LNC morphology, stem cell characteristics,
and YAP expression to evaluate the impact of this mecha-
nism on LNC behavior. These findings may offer important
insights into the mechanisms of fibrosis and provide new
strategies for the treatment of corneal and ocular surface
diseases.

MATERIALS AND METHODS

Preparation of Substrates of Varying Stiffness

Hydrogels with different levels of stiffness were prepared by
adjusting the chemical composition of polyacrylamide (PA)
solution. Both 40% w/v acrylamide (Sangon Biotech, Shang-
hai, China) and 2% w/v methylenebisacrylamide (Sangon
Biotech) were sterilized by filtration through 0.2-μm dispos-
able pinhead filters. Acrylamide and methylenebisacry-
lamide of the required composition (Table) were mixed
to a final volume of 10 mL. To initiate polymeriza-
tion, 1/100 of the total volume of ammonium persulfate
(APS) (Sinopharm Group, Shanghai, China) and 1/1000 of
the total volume of tetramethylethylenediamine (TEMED)
(Klamar, Shanghai, China) were added to the acrylamide–
methylenebisacrylamide mixture.

Stiffness Measurement by Atomic Force
Microscopy

The stiffness of the hydrogel was determined by atomic force
microscopy (AFM; Bruker, Billerica, MA, USA) in contact
mode. Carefully remove the hydrogel after solidification, the
sample was immersed in a 1× PBS liquid environment and
measured using a spherical AFM tip probe with a radius of
about 5 μm to minimize the strain field. Seven points on
each sample were randomly selected and measured, and
each substrate was randomly measured three times.27 The
results were analyzed using Atomic Force Microscope oper-
ating software (Asylum Research, Santa Barbara, CA, USA).
Stiffness is expressed as the mean ± SD.

TABLE. Related Components of Polyacrylamide Hydrogels With
Different Stiffness

Soft
Substrate (mL)

Stiff
Substrate (mL)

40% Acrylamide 0.75 2
2% Methylenebisacrylamide 1.5 1.32
ddH2O 7.75 6.68

ddH2O, double-distilled water.

Isolation and Culture of LNCs

Healthy donor corneas between 50 and 70 years old were
obtained from the Red Cross Eye Bank of Wuhan Tongji
Hospital (Hubei, China) and managed in accordance with
the tenets of the Declaration of Helsinki. All experiments
were approved by the Ethics Committee of Tongji Hospital
(TJ-IRB20230899). Supplementary Table S1 provides records
of the donors.

Human LNCs were isolated and cultured as described
previously.4,28 Following the standard operating procedures
of the eye bank, we removed the donor corneal ring and
placed it in the medium-term solution (Eusol-C; Alchimia
srl, Ponte San Nicolò, Italy). Several days later (no more
than 5 days generally), we removed the corneal limbal tissue
from the corneal storage medium. Working within a ster-
ile environment, we used 2 mg/mL collagenase A to digest
limbal explants at 37°C for 16 hours to produce clusters
containing the entire limbal epithelium and underlying stro-
mal cells. The clusters were further digested at 37°C with
0.25% trypsin/0.5-mM EDTA (TE) for 15 minutes to obtain
single cells and were then inoculated into six-well plates
coated with 5% Matrigel at a density of 1 × 105/cm2 in
modified embryonic stem cell medium (MESCM). Detailed
information on the composition and concentration of the
MESCM can be found in Supplementary Table S2. After
the cell density reached 80% to 90%, LNCs were passed
continuously at a density of 1 × 105/cm2. P4 to P6 LNCs
were used for follow-up experiments when cultured in
substrates with different stiffnesses. After 10 days of incuba-
tion, samples from the different groups were photographed
and subjected to immunocytochemistry, western blot, and
quantitative reverse-transcription PCR (RT-qPCR) analyses.
In subsequent experiments, we examined the expression of
SMAD2/3 on day 5 of culture. All materials used for cell
isolation and culture are listed in Supplementary Table S2.

Hematoxylin and Eosin Staining

Human eye samples were fixed and then paraffin embed-
ded and sliced. Paraffin sections were dewaxed to water.
After the three cylinders of xylene were used to dehydrate
for 10 minutes each, the gradient alcohol (100%, 95%, 75%)
was hydrated for 5 minutes per cylinder. After washing with
pure water, EDTA (pH 9.0) was used for antigen repair.
After the repair solution was cooled to room temperature,
we removed the slices and soaked them in pure water for
3 minutes.

Hematoxylin staining solution was then applied for
4 minutes followed by washing under tap water for
2 minutes. Then, 1% hydrochloric acid alcohol was differ-
entiated for 3 seconds, followed by rinsing with tap water
and subsequent examination under a microscope to assess
the staining intensity. Eishin dye solution was used for
20 seconds, and the water washing step was bypassed,
instead proceeding directly to gradient alcohol dehydration
(80%, 90%, 95%, and 100%), use xylene to transparent, seal-
ing, and microscopic examination.

Immunocytochemistry and
Immunohistochemistry

TE was applied to digest the adherent LNCs into a suspended
state. Then, a StatSpin CytoFuge2 (Beckman Coulter, Brea,
CA, USA) was used to prepare cell smears at 1000 rpm for
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4 minutes at a cell density of 1 × 104 per slide for immunoflu-
orescence staining. After air drying for 5 minutes, the cell
smear was fixed with 4% paraformaldehyde for 15 minutes,
permeated with 0.3% Triton X-100 on PBS for 12 minutes,
sealed with 10% donkey serum for 1 hour, and then incu-
bated with primary antibody at 4°C overnight. The second
antibody was detected by incubating at room temperature
for 2 hours and restaining the nucleus with DAPI. Paraf-
fin sections were dewaxed to water as above, and antigenic
repair was performed. The following steps were the same as
for cellular immunofluorescence. The results were observed
using a confocal laser scanning microscope (LSM700; Carl
Zeiss Microscopy, Jena, Germany) and photographed using
NIS-Elements software (Nikon, Tokyo, Japan). Detailed
information regarding the primary and secondary anti-
bodies and other reagents is provided in Supplementary
Table S3.

Western Blotting Analysis

LNCs were lysed in radioimmunoprecipitation assay (RIPA)
cleavage and extraction buffer containing 1% phenylmethyl-
sulfonyl fluoride protease inhibitor. The nuclear and cyto-
plasmic components of YAP were dissociated by NE-
PER Nuclear and Cytoplasmic Extraction Reagents (78833;
Thermo Fisher Scientific, Waltham, MA, USA). Protein
concentrations were measured by a bicinchoninic acid
(BCA) protein assay kit (23225; Thermo Fisher Scientific).
The proteins were blocked with 5% milk for 1 hour
at room temperature. The list of antibodies is provided
in Supplementary Table S3. Finally, protein bands were
detected by chemiluminescence using electrochemical lumi-
nescence reagents. The staining intensity was quantified
using ImageJ (National Institutes of Health, Bethesda,
MD, USA).

RNA Extraction and RT-qPCR

Total RNA was isolated using Invitrogen TRIzol (Thermo
Fisher Scientific) and purified according to the manu-
facturer’s protocol. A NanoDrop microspectrophotometer
(Thermo Fisher Scientific) was used to determine the
absorption value of RNA solutions at 260 nm to calcu-
late RNA concentration and purity. Reverse transcription
of cDNA using a high-volume kit (Applied Biosystems,
Foster City, CA, USA) and ChamQ Universal SYBR qPCR
Master Mix (Vazyme, Nanjing, China) was used to detect
target genes. Data were standardized using an internal
control glyceraldehyde-3 phosphate dehydrogenase. For
each primer group, all assays were performed in triplicate.
The standard 2−��Ct method was used to quantify rela-
tive gene expression. The primer sequence is provided in
Supplementary Table S4.

Animal Model of Limbal Stem Cell Deficiency

Male or female Bal/BC mice (n =3) were kept in captiv-
ity under pathogen-free conditions and fed a standard diet.
Adult mice 6 to 8 weeks old were anesthetized by intraperi-
toneal injection of 100 mg/kg ketamine and 10 μg/g toluene
thiazide. A filter paper immersed in 1-M sodium hydroxide
(NaOH) was attached to the right cornea of the mouse right
eye for 30 seconds, and then the eye was rinsed with 0.9%
sodium chloride (NaCl) to induce limbal stem cell deficiency
(LSCD).29 The uninjured left eye served as a control. Then,

15 days after the alkali burn, the mouse was euthanized and
samples were collected.

Statistical Analysis

Statistical analysis was performed using Prism 9.0 (Graph-
Pad, Boston, MA, USA). The data in this study followed a
normal distribution and thus are expressed as the mean
± SD of independent experiments. Differences among
normally distributed values of the three experimental groups
were analyzed by one-way ANOVA with Tukey’s correc-
tion for multiple comparisons. All measurements were
made in triplicate. P < 0.05 was considered statistically
significant.

RESULTS

Isolation and Culture of LNCs

As shown in Figure 1A, limbus located at the annular
zone marked the tissue boundary between the cornea and
adjacent sclera. In contrast, differentiated cells, referred to
as MCECs, were situated in the central cornea, which is
microscopically distinguishable. The anatomically similar
LSCs and LNCs were closely adjacent to each other and
located in the palisade of Vogt of the limbal microenviron-
ment (Supplementary Fig. S1). To isolate clusters contain-
ing LNCs, we minced corneoscleral rings into 16 equal
pieces, and then the small pieces were digested with
collagenase A (Fig. 1B). After that, LNCs were seeded on
coated Matrigel and cultured for 10 days in MESCM. Consis-
tent with our previous study, P0 cells were a mixture
of pancytokeratin (PCK)+/vimentin (Vim)– epithelial cells
and PCK–/Vim+ mesenchymal cells, whereas P4 LNCs were
uniformly PCK−/Vim+ cells. Briefly, we purified LNCs as
described earlier in the discussion regarding purification of
the MESCM (Fig. 1C).

Substrate Stiffness Affected LNC Morphology

Previous measurements of corneal stiffness in humans have
shown that the human central cornea (20 kPa) is much
stiffer than the limbus (8 kPa).30 Using an in vitro model,
we developed a strategy to investigate the response of LNCs
to different stiffnesses. Specifically, we constructed PA gels
of varying stiffness (stiff or soft) and used direct culture on
plastic plates as a control (referred to here as dish). The
Young’s modulus values as measured by AFM for stiff and
soft substrates were 30.39 ± 5.84 kPa and 6.99 ± 4.04 kPa,
respectively (Fig. 1D). These values are close to the stiffness
values of the central cornea and limbus,20 whereas the plas-
tic surface stiffness was 3261.05 ± 172.78 MPa. Because the
limbus extracellular matrix serves as the stem cell niche, its
stiffness may play an important role in LNC regulation.

P4 LNCs were grown on different surfaces and
photographed at day 1 (D1), day 5 (D5), and day 10 (D10).
At D1, LNCs were attached to all substrates with signifi-
cant morphological diversity. In the dish group and the stiff
group, LNCs grew in a spindle shape, and the stiff group
grew better than the dish group. However, in the soft group,
LNCs were smaller and tended to form spheres (Fig. 2).
These results suggest that substrate stiffness can affect the
morphology of LNCs, which were smaller and rounder on
the soft substrate.
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FIGURE 1. Isolation and culture of human LNCs. (A) Image of human eye and limbus. Scale bar: 200 μm. (B) Corneoscleral rings. After
16 hours of collagenase digestion, clusters of cells isolated from the limbus were visible. Scale bar: 200 μm. (C) After TE digestion, a large
number of PCK+ epithelial cells and a small number of Vim+ LNCs were observed in P0 cells. At P4, the cells expressed Vim uniformly,
suggesting that epithelium was removed from the LNCs. Scale bar: 100 μm. (D) Hydrogels of varying stiffness. The elastic moduli of the
soft, stiff, and dish groups were calculated using AFM from three independent experiments. Indentation points = 7 for each experiment. All
quantitative data are presented as mean ± SD.

Soft Substrates Enhanced the Stemness of LNC

Given the altered morphology, we determined whether or
not LNCs were altered in the phenotype of the embryonic
stem cells. Representative stemness markers (SOX2, OCT4)
and the eye development marker (paired box 6 [PAX6]) were
selected. As shown in Figure 3A, a large number of positive
cells were observed in groups with the soft PA gel, whereas
the opposite trend was observed in the dish group. Also,
there was a significant difference observed between the dish
and stiff groups. We then investigated whether the stem-
ness and eye development in LNCs belonging to different
groups showed differences in their transcription levels. RT-
qPCR assays showed that SOX2, OCT4, and PAX6 transcrip-
tion levels were increased in the soft group (Fig. 3B). These
results suggest a stimulated effect of soft substrates on LNC
stemness in vitro.

Rigid Substrates Confer LNC Myofibroblast
Phenotype

Although we showed that a soft substrate enhanced stem-
ness expression in LNCs, it was not clear whether the regu-

lation effect works in other processes in LNCs. We found
that the morphological changes did not reveal the phenotype
switch of the mesenchymal stem cells (MSCs) (Supplemen-
tary Fig. S2). However, immunofluorescence results showed
that LNCs that have expanded on plastic and stiff substrates
acquire characteristics of myofibroblasts, α-smooth muscle
actin (α-SMA) and S100A4, and secreted collagen 1 (COL-
1) (Fig. 4A). In contrast, this phenomenon did not occur in
the soft group. Subsequently, we validated the results of the
immunofluorescence analysis using RT-qPCR (Fig. 4B). Inter-
estingly, levels of laminin, an important component of base-
ment membranes, were increased in the soft group (Supple-
mentary Fig. S3). Our results revealed that rigid substrates
initiated fibrotic progress in LNC.

Substrates Stiffness Regulated YAP Localization

Immunofluorescence images showed localization and
expression of YAP in the different groups. Compared with
LNCs in the dish and stiff groups, LNCs cultured on soft
substrates showed higher YAP expression levels and greater
nuclear localization of YAP (Fig. 5A, Supplementary Fig. S4).
As shown in Figure 5B, the use of a nuclear and cytoplasmic
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FIGURE 2. LNCs were cultured on hydrogels of varying stiffness. There were significant differences in cell morphology. In the dish and stiff
groups, the LNCs grew in a spindle shape, whereas, in the soft group, the cells were smaller and rounder and had a tendency to aggregate
into spheres. Scale bar: 200 μm.

extraction kit revealed that there was a significant increase
of nuclear YAP in the soft group, and the expression levels of
total YAP were also elevated (Fig. 5C). Such results suggest
that substrate stiffness largely affects YAP nuclear accumu-
lation, but it is not known how.

Next, the expression pattern of YAP in mouse limbus
was characterized by YAP immunohistochemical staining.
YAP was predominantly and consistently expressed in the
nuclear form within the limbus region. However, in a mouse
model of alkali burn, YAP exhibited characteristics of cyto-
plasmic expression (Fig. 6A). The expression of YAP in
the cornea of mice and alkali-burned mice is shown in
Supplementary Figure S4. The detection of nYAP in the
limbus region and the loss of YAP nuclear localization in
alkali-burned mice indicate that YAP plays a broad role
in LNCs.

Blocking of SMAD2/3 in LNC Reversed Phenotype
Switching

Our results are not consistent with many studies link-
ing nYAP to stiffer substrates; however, other studies have
recently reported that softer substrates enhance nYAP in
stem cells. Bhattacharya et al.20 proposed that the reason
may be that the stiffness of the cornea compared with
other tissues stimulates another signaling pathway in effect

before the YAP–SMAD signaling pathway, leading to cYAP
localization. After a search of the STRING website, we
used Cytoscape software to draw a protein interaction map
that shows significant crosstalk between YAP and SMAD
proteins, including SMAD2 and SMAD3 (Fig. 6B). There-
fore, we examined SMAD2/3 expression in LNCs grown for
5 days on substrates of varying stiffness. Significant nuclear
SMAD2/3 was detected on substrate of corneal stiffness (stiff
group), whereas in the soft group, SMAD2/3 was mostly
expressed in the cytoplasm (Fig. 7A). Together, these data
suggest that substrate stiffness affects YAP localization and
expression in LNCs and is associated with the SMAD path-
way.

Extracellular matrix (ECM) stiffness controlled the subcel-
lular localization of SMAD2/3, and this change was earlier
and stronger than that of YAP. To further verify the involve-
ment of SMAD2/3 in stiffness regulation of LNC morphol-
ogy and stemness, SMAD2/3 inhibitor SB431542 and YAP
inhibitor verteporfin were used in subsequent experi-
ments. We found that SB431542 inhibited the reduction in
corneal stiffness of nuclear SMAD2/3 (Fig. 7A). Importantly,
SB431542 treatment also promoted YAP nuclear translo-
cation, suggesting that SMAD2/3 negatively regulates YAP
expression.

Western blot results also showed that the levels
of stiff group SMAD2/3 and phosphorylated SMAD2/3
(p-SMAD2/3) were significantly higher, and it was shown
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FIGURE 3. Expression of embryonic stem cell markers in LNCs cultured with hydrogels of different stiffness after 10-day culture.
(A) Immunostaining of SOX2, OCT4, and PAX6 of LNCs on dish, stiff, and soft substrates. Scale bar: 200 μm. (B) The mRNA expres-
sion of SOX2, OCT4, and PAX6 of LNCs on dish, stiff, and soft substrates after 10-day culture. All quantitative data are presented as mean
± SD. ****P < 0.0001, ***P < 0.001, **P < 0.01.

that p-SMAD2/3 enters the nucleus to function. After
using the SMAD inhibitor SB431542, the expression of
p-SMAD2/3 was suppressed. Furthermore, we found that,
upon addition of SB431542 to the stiff group, the expres-
sion of stem cell markers SOX2, OCT4, and PAX6 was
partially restored. Conversely, when the YAP inhibitor
verteporfin was added to the soft group, the stem cell
characteristics of LNCs were decreased (Supplementary
Fig. S5).

These findings allowed us to propose a novel mecha-
nistic model elucidating how matrix stiffness modulates the
behavior and phenotype of LNCs. In this model, the softer
characteristics of the limbus facilitate the translocation of

YAP into the nucleus, thereby sustaining the undifferenti-
ated state of stem cells and maintaining elevated expression
levels of SOX2, OCT4, and PAX6. Conversely, with regard to
corneal stiffness, an alternative pathway involving SMAD2/3
is activated to enter the nucleus, inhibiting the nuclear entry
of YAP and promoting cellular differentiation (Fig. 8).

DISCUSSION

Scarring of the cornea and other ocular surface tissues is
one of the main symptoms of LSCD.31,32 In the process
of scar progression, abnormal precipitation of the ECM,
such as COL-1, will lead to changes in the matrix compo-
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FIGURE 4. Expression of fibrosis markers in LNCs cultured with hydrogels of different stiffness. (A) Immunostaining of α-SMA, COL1A1,
and S100A4 of LNCs on dish, stiff, and soft substrates after 10-day culture. Scale bar: 200 μm. (B) The mRNA expression of α-SMA, COL1A1,
and S100A4 of LNCs on dish, stiff, and soft substrates after 10-day culture. All quantitative data are presented as mean ± SD. ****P < 0.0001,
***P < 0.001, *P < 0.05.

sition of the limbal niche; that is, the matrix stiffness
increases.33 Basically, a softer or more physiologically appro-
priate matrix stiffness would favor the maintenance of of
stem cell pools,34,35 and this theory could also explain
the behavior of LSCs with regard to the central corneal
and limbal stiffness. Our previous studies have shown that
LNCs are an important part of the limbal niche and can
maintain the undifferention and function of LSCs. Interest-
ingly, continuous passage of LNCs on rigid plastic is subject
to irreversible reprogramming of myoblast phenotypes,
which is not seen in 3D soft environments for the same
components.8

In order to study the effect of matrix stiffness on LNCs,
we established PA gel-based culture systems with vary-

ing stiffness. Not surprisingly, LNCs first exhibited differ-
ent growth morphologies in cultures with different stiff-
ness. Specifically, the LNCs maintained a consistent spin-
dle shape in the dish and stiff groups but grew spheri-
cally in the soft group. However, the morphological changes
did not reveal the phenotype of MSC (Supplementary Fig.
S2), but instead affected the embryonic stem cell pheno-
type, and there was a definite decline in PAX6 (Fig. 3),
which represents the phenotype of the neural crest and eye
development.

In addition, although the LNCs in the stiff group retained
the characteristics of MSCs, they again showed a transfor-
mation toward the myofibroblast phenotype, as evidenced
by positive levels of α-SMA and S100A4, whereas the posi-
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FIGURE 5. YAP expression on different substrates revealed distinct patterns of intracellular localization. (A) Immunostaining of LNC YAP on
dish, stiff, and soft substrates. Scale bar: 200 μm. (B, C) Nuclear YAP were extracted using a nuclear and cytoplasmic extraction kit, and the
expression levels of nuclear and total YAP were detected. SB431542 treatment increased nuclear YAP levels on the stiff substrate, whereas
verteporfin successfully inhibited nYAP. All quantitative data are presented as mean ± SD. ****P < 0.0001, ***P < 0.001.

tive levels of α-SMA and S100A4 were lower in the group
representing the stiffness of limbus. Moreover, COL1A1,
which is indicative of abnormal precipitation of the extra-
cellular matrix, also varied significantly in positive levels
among the groups. This finding suggests that stiffness,
mostly caused by fibrosis of the initial injury, inevitably
affects the function of the support cells and the compo-
sition of the niche materials in the limbal niche continu-
ously even after the injury has healed and will further affect

the function and state of the adult stem cells it contains.33

A significant advancement in understanding tissue repair
and the pathogenesis of fibrosis is the recognition that
the biophysical properties of tissues undergoing repair,
particularly increased matrix stiffness, can engage in a
positive feedback loop with myofibroblast activation and
persistence.36,37 Within this loop, heightened matrix stiff-
ness facilitates myofibroblast differentiation and activation.
The subsequent augmented deposition and cross-linking
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FIGURE 6. YAP expression in normal and alkali-burn mouse limbus. (A) YAP was located in the nucleus of normal mouse limbal cells, but
in the alkali-burned limbus YAP lost its nuclear expression. Scale bar: 100 μm. (B) YAP-related protein interaction map shows that YAP
interacted closely with SMAD2 and SMAD3 protein.

of ECM proteins by these activated myofibroblasts further
enhance matrix stiffness, thereby perpetuating the amplifi-
cation loop.36

Classically, the specific physical factors contained in the
stem cell niche, such as matrix stiffness, play an impor-
tant role in regulating stem cell morphological structure
(e.g., adhesion, spreading) and function (e.g., prolifera-
tion, differentiation).38 In most cases, in response to stiff
matrix signals, YAP translocates from the cytoplasm to the
nucleus and promotes stem cell proliferation and a differ-
entiated phenotype.10,16,38,39 In this study, those in the
stiff group showed higher abnormal cYAP levels, which is
not consistent with many studies linking nYAP to stiffer
substrates. However, other recent studies have reported
that lower stiffness can instead increase the proportion of
nYAP in stem cells. Bhattacharya et al.20 proposed that
the reason may be that the stiffness of cornea relative
to other tissues stimulates another signaling pathway, the
SMAD2/3 signaling pathway, and ultimately leads to cYAP
localization.

Our subsequent detection of the SMAD2/3 pathway
confirmed that this theory is also valid for LNCs. Pospho-
rylated SMAD2/3 in the stiff substrate culture system
prevented YAP from entering the nucleus and initiated the
myofibrotic process of LNCs via the SMAD/α-SMA axis,
which can be blocked by SMAD inhibitor. Consistent with
previous literature reporting that inhibiting TGF-β signaling
can promote stem cell pluripotency,40,41 successful nuclear
translocation of YAP in the soft substrate enables subse-
quent expression of embryonic stem cell markers such as
OCT4 and SOX2.42,43 YAP is a transcriptional coactivator
protein that has been widely studied as a downstream effec-
tor of Hippo signaling pathway, and it is expressed in various
tissues of human body. Hippo/YAP signal transduction plays
an important role in organ size regulation, cancer occur-
rence, tissue regeneration, and stem cell function and regu-
lates tissue growth and organ size by positively regulating
the proliferate activity of stem cells and progenitor cells.44

Independent of the Hippo pathway, YAP can also respond
to mechanical signals inside and outside the cell to regu-
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FIGURE 7. Blocking YAP and SMAD signaling in LNCs suggests their roles. (A) The stiff substrate stimulated SMAD2/3 to enter the nucleus
and YAP was distributed in the cytoplasm, but the situation was reversed on the soft substrate. The application of the SMAD inhibitor
SB431542 effectively blocked SMAD2/3 activity within the nucleus and partially reinstated the nuclear expression of YAP. Use of the YAP
inhibitor verteporfin verified the roles of YAP and SMAD2/3. Scale bar: 100 μm. (B, C) Western blot was used to detect the levels of p-
Smad2/3 and Smad2/3 separately. Compared with the soft group, significantly higher levels of activated p-Smad and Smad2/3 were observed
in the stiff group. After treatment with the dual SMAD inhibitor SB431542, the expression of both p-SMAD2/3 and SMAD2/3 was reduced.
All quantitative data are presented as mean ± SD. ****P < 0.0001, ***P < 0.001, **P < 0.01.

late cell function and tissue homeostasis. Additionally, YAP,
along with transcriptional co-activator with PDZ-binding
motif (TAZ), has been identified as a mechanoregulator of
TGF-β/SMAD signaling, which is crucial for renal fibrogene-
sis. The stiffening of the kidney after injury is recognized as a
significant driver of fibrogenesis, and YAP/TAZ proteins are

mechanosensory elements that bind to SMAD transcription
factors, mediating profibrotic responses.26 In many cases, in
response to stiff matrix signals, YAP translocates from the
cytoplasm to the nucleus and promotes cell proliferation and
differentiation. The role of YAP in maintaining the pluripo-
tency of stem cells, especially MSCs, has been explored in
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FIGURE 8. An illustration of how matrix stiffness influenced the behavior of LNCs through mechanotransduction. In soft ECM, YAP entered
the nucleus and activated downstream signaling molecules to maintain the morphology and stem cell characteristics of the LNCs. However,
when the ECM stiffness increased, the nuclear expression of SMAD2/3 proteins inhibited the nuclear translocation of YAP, leading to
differentiation of LNC cells toward myofibroblast.

some studies.44–47 Especially in the limbal niche, the role of
YAP in maintaining the undifferentiated state of stem cells
has been highlighted.20 Interestingly, by removing collagen
in the corneal limbus following alkali burn, Gouveia et al.10

successfully recovered the limbal natural LSC-supporting
capacity.

CONCLUSIONS

In this study, we explored the influence of substrate stiffness
on LNCs by constructing culture systems with substrates of
varying stiffness to reveal their morphology, stem cell char-
acteristics, and the key trigger pathway of fibroblast trans-
formation. Specifically, the loss of stem cell phenotype and
myofibrosis occurred in stiff LNCs but not in soft LNCs.
These changes were accompanied by an altered nYAP/cYAP
ratio. We found that corneal stiffness and even greater stiff-
ness of the substrates stimulated SMAD2/3 to enter the
nucleus, which inhibited the nuclear translocation of YAP
and triggered the subsequent myofibrogenesis process. In
contrast, soft substrates promoted nYAP conversion by limit-
ing SMAD2/3, and the YAP/SOX2/OCT4 axis was thus deliv-
ered. In conclusion, this study provides new insights into the

response of different tissue-derived cells to YAP and offers
a new perspective for the treatment of some fibrosis-related
diseases.
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