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Abstract: Trabecular meshwork (TM) is the main channel of aqueous humor (AH) outflow and the
crucial tissue responsible for intraocular pressure (IOP) regulation. The aberrant fibrotic activity
of human TM (HTM) cells is thought to be partially responsible for the increased resistance to AH
outflow and elevated IOP. This study aimed to identify the TM cell fibrotic activity biomarker and
illustrate the mechanisms of fibrotic activity regulation in HTM cells. We used TGFβ2-treated HTM
cells and detected the changes in the cytoskeletal structure, the Yes-associated protein (YAP) and its
transcriptional co-activator with PDZ-binding domain (TAZ) activation, and the expression levels of
the fibrosis-related proteins Collagen I and α-SMA in HTM cells by immunofluorescence staining or
western bolt analyses. The expression of YAP was inhibited using siRNA transfection. The results
showed that the expression levels of YAP/TAZ and the fibrosis-related proteins Collagen I and α-SMA
in HTM cells were elevated under TGF-β2 treatment, which was correlated with the structural change
of the cellular F-actin cytoskeleton. Furthermore, the inhibition of YAP decreased the expression
of connective tissue growth factor (CTGF), Collagen I, and α-SMA in HTM cells. These findings
demonstrate that YAP/TAZ are potential biomarkers in evaluating the TM cell fibrotic activity, and it
could sense cytoskeletal structure cues and regulate the fibrotic activity of TM cells.

Keywords: trabecular meshwork; extracellular matrix; fibrotic activity; cytoskeleton

1. Introduction

Glaucoma is the leading irreversible eye disease around the world, making it one of
the major health issues of global concern [1]. Pathological IOP elevation due to a reduction
in the AH outflow rate is a major cause of glaucomatous optic neuropathy and can lead to
irreversible blindness [2]. Reducing IOP by decreasing the resistance to AH outflow and
increasing the rate of AH outflow is the most common treatment for glaucoma. TM is the
main channel for AH outflow [3], and it is sensitive to mechanical forces [4]. Therefore, the
study of the mechanotransduction pathway in this tissue could provide new therapeutic
strategies to reduce AH outflow resistance and regulate IOP. However, it is still poorly
understood how TM responds to mechanical cues.

TGF-β2 is known to induce actin cytoskeletal remodeling and extracellular matrix
(ECM) deposition in various tissues [5,6]. The anomalous deposition of ECM proteins,
increased matrix stiffness, and the activation of myofibroblasts are characteristic of cellular
fibrosis [7,8]. Abnormal fibrotic activity in HTM cells is thought to be partly responsible
for AH outflow resistance increase and IOP elevation [9]. The overexpression of TGF-β2
in the mouse eye can lead to IOP elevation [10]. Previous studies have shown that the
Hippo pathway plays a crucial role in mediating the effects of mechanical stimulation on
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cell behavior, either from internal or external sources [11,12]. YAP and TAZ are two im-
portant transcriptional co-activators in the Hippo signaling pathway, both expressed in
HTM tissue [13]. The actin cytoskeleton is known to be highly sensitive to the mechanical
environment in which the cells are exposed, and cells respond to that by modifying the
structure and tension of their stress fibers [14,15]. In addition, studies have shown that
the polymerization of F-actin and the formation of stress fibers promote the activity of
YAP/TAZ [15]. Studies on Drosophila and mammals have revealed that the Hippo pathway
and YAP/TAZ may indirectly perceive and respond to cellular mechanical environment
changes by monitoring the actin cytoskeleton [16]. YAP/TAZ have different localizations
in cells and performs different functions. When YAP and TAZ are translocated from the
cytoplasm into the nucleus, they form a transcriptional regulatory complex with a TEA
domain family member (TEAD) to regulate the transcription of the CTGF. The CTGF is a
group of cytokines widely involved in fibrosis in various tissues, and its expression level is
significantly increased in the AH of glaucoma patients compared to normal people [17].
However, the intrinsic relationship between YAP/TAZ activation and cytoskeletal changes
and their role in regulating fibrotic activity remain unclear in TGFβ2-treated HTM cells. We
hypothesized that cytoskeletal changes are the dominant input cues for YAP/TAZ activa-
tion. YAP/TAZ transcriptional activity elevation is associated with TM cell dysfunction. It
has been found that the YAP/TAZ nuclear localization was increased in the glaucomatous
HTM cells compared to the normal HTM cells [18]. This study aimed to investigate the
regulatory effect of YAP/TAZ on the fibrotic activity of HTM cells and their potential as
biomarkers for fibrotic activity.

2. Materials and Methods
2.1. Cell Culture and Treatment

HTM cells were purchased from ScienCell Research Laboratories. The cells were
cultured in Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F12,
11330032, Gibco) supplemented with 10% fetal bovine serum (FBS, 10091148, Gibco) and
1% penicillin/streptomycin (SV30010, Hyclone). The cells were cultured at 37 ◦C with
5% CO2. When the TM cells were treated with dexamethasone (DEX), myocilin was
significantly upregulated, a characteristic that is not present in neighboring cells. Therefore,
the DEX induction of myocilin is the most common and reliable method currently used
to identify TM cells [19]. The cultured HTM cells were stimulated with 1 µM DEX (HY-
14648, MedChemExpress) for 72 h. The myocilin (MYOC) expression level was assessed by
western blot. The cells of passages 3–5 were used in this study. The HTM cells were treated
with 5 ng/mL TGF-β2 (HY-P7119, MedChemExpress) for 48 h, and before treatment, the
cells were maintained in a serum-free culture medium for 24 h.

2.2. Western Bolt Analysis

The HTM cells were lysed in RIPA buffer supplemented with protease and phos-
phatase inhibitors on ice and then centrifuged at 140,000 rpm for 20 min at 4 ◦C to obtain
proteins. The BCA protein assay was used to measure the total protein concentration.
Subsequently, the proteins were loaded and ran on denatured 4–15% gradient polyacry-
lamide ready-made gels (P0519S, Beyotime). Then, the protein was transferred to PVDF
membranes. The membranes were blocked with 5% skimmed milk for 1 h and further
incubated at 4 ◦C overnight with the following primary antibodies: FN ((1:1000, MA1116,
BOSTER), MMP3 (1:1000, 17873-1-AP, ProteinTech), myocilin (1:800, sc-137233, Santa Cruz),
Collagen I (1:1000, ab260043, Abcam), α-smooth muscle actin (α-SMA, 1:10,000, ab124964,
Abcam), YAP (1:1000, 14074, CST), TAZ (1:1000, 83669, CST), CTGF (1:1000, 23936-1-AP,
ProteinTech), F-actin (1:1000, bs-1571R, Bioss), GAPDH (1:2000, 10494-1-AP, ProteinTech),
and β-actin (1:2000, 20536-1-AP, ProteinTech). The membranes were washed three times
with Tris-buffered saline with Tween Solution (TBST) and incubated with the horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:10,000, 111-035-003, Jackson ImmunoRe-
search Laboratories) or anti-mouse IgG (1:2000, 7076, CST) for 1 h at room temperature.
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The bands were then visualized and imaged with a Bio-Rad imaging system. The data
were analyzed by Gel-Pro Analyzer.

2.3. Cell Staining

The HTM cells were fixed with 4% paraformaldehyde for 20 min and permeabilized
with 0.3% Triton X-100 for 20 min, followed by blocking in 5% bovine serum albumin for
1 h at room temperature. The fixed cells were incubated at 4 ◦C overnight with primary
antibodies against YAP/TAZ (1:100, 8418, CST). Then, the cells were washed and incubated
with anti-rabbit IgG (Alexa Fluor 594 Conjugate, 8889, CST) for 2 h at room temperature.
After washing, the cells were incubated with a mounting buffer containing DAPI for 5 min.
Cytoskeleton staining was performed with Alexa Fluor-488 phalloidin (1:20, 8878, CST).
Images were obtained by a Nikon fluorescence microscope.

2.4. Cell siRNA Transfection

The siRNA of YAP (siYAP) was supplied by Hanbio Biotechnology Co., Ltd. The
sequences were as follows: siYAP sense, 5′-GGACTAAGCATGAGCAGCTACAGTG-3′;
siCtrl sense, 5′-TTCTCCGAACGTGTCACGTAA-3′. ThesiRNA transfection was performed
with lentivirus at 20 multiplicities of infection. The medium was replaced 24 h after
transfection. Then, the cells were incubated at 37 ◦C for 48 h. The transfection efficiency
was determined by western blot analysis.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS software. Two-group comparisons
were assessed using an unpaired t-test. All the data were presented as the mean ± S.E.M.
for at least three independent experiments. p < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of HTM Cells

We characterized the HTM cells as previously described [19–21]. The cell morphology
is shown in Figure 1A. In addition, the HTM cells expressed MMP3 and FN at passage 2 (P2)
and passage 4 (P4) as shown in Figure 1B. After treatment with DEX, the expression level of
myocilin (p < 0.05) increased significantly compared to that of the control cells (Figure 1C,D).Chemosensors 2022, 10, x FOR PEER REVIEW 4 of 11 
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(1 μM for 72 h) increased myocilin expression in HTM cells, which was indicated by (C) the bands 
of myocilin and (D) quantification analysis of the myocilin expression level. * p < 0.05. 

3.2. TGF-β2 Treatment Induced Cytoskeleton Alteration and Fibrotic Activity in HTM Cells 
To explore the effect of TGF-β2 treatment on the cytoskeleton of HTM cells, the cyto-
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formed from a long spindle shape to an interlaced and complex actin network. The stress 
fibers of the control cells were mostly arranged regularly in one direction, while those of 
the TGFβ2-treated cells showed disorderly distribution (Figure 2A). However, the expres-
sion level of F-actin in the TGFβ2-treated cells was not obviously different from that in the 
control cells (Figure 2B,C). We performed western blot analysis to detect the expression 
levels of Collagen I, a major component of ECM [22], and α-SMA, a marker protein of 
myofibroblast activation [23,24]. TGF-β2 treatment significantly promoted the expression 
levels of Collagen I (p < 0.05) and α-SMA (p < 0.05) compared to the control cells (Figure 
3A,B), which indicated an increase in fibrotic activity in the HTM cells under TGF-β2 treat-
ment. 

Figure 1. Characterization of HTM cells. (A) Phase-contrast microscopic images of HTM cells. (B) The
band of MMP3 and FN in HTM cells at passage 2(P2) and passage 4(P4). (C,D) DEX treatment (1 µM
for 72 h) increased myocilin expression in HTM cells, which was indicated by (C) the bands of
myocilin and (D) quantification analysis of the myocilin expression level. * p < 0.05.
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3.2. TGF-β2 Treatment Induced Cytoskeleton Alteration and Fibrotic Activity in HTM Cells

To explore the effect of TGF-β2 treatment on the cytoskeleton of HTM cells, the
cytoskeletal structure was detected by phalloidin fluorescence staining. The cytoskeleton
deformed from a long spindle shape to an interlaced and complex actin network. The
stress fibers of the control cells were mostly arranged regularly in one direction, while
those of the TGFβ2-treated cells showed disorderly distribution (Figure 2A). However,
the expression level of F-actin in the TGFβ2-treated cells was not obviously different from
that in the control cells (Figure 2B,C). We performed western blot analysis to detect the
expression levels of Collagen I, a major component of ECM [22], and α-SMA, a marker
protein of myofibroblast activation [23,24]. TGF-β2 treatment significantly promoted the
expression levels of Collagen I (p < 0.05) and α-SMA (p < 0.05) compared to the control
cells (Figure 3A,B), which indicated an increase in fibrotic activity in the HTM cells under
TGF-β2 treatment.

Chemosensors 2022, 10, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 2. The effect of TGF-β2 treatment on the cytoskeleton actin stress fibers in HTM cells. (A) The 
TGFβ2-induced changes in the cytoskeletal structure were evaluated by phalloidin fluorescence 
stating. (B) The bands of F-actin and (C) quantification analysis of F-actin expression levels in HTM 
cells treated with or without TGF-β2 (5 ng/mL for 48 h). Scale bar: 100 μm. 

 
Figure 3. TGF-β2 treatment induced the fibrotic activity of HTM cells. (A) Serum-starved HTM cells 
(24 h) treated with TGF-β2 (5 ng/mL for 48 h) presented a significant increase in the levels of α-SMA 
and Collagen I compared with the control cells. (B) Quantification analyses of α-SMA and Collagen 
I expression levels. * p < 0.05. 

3.3. TGF-β2 Treatment Induced YAP/TAZ Activation 
YAP and TAZ are known to play an essential role in sensing mechanical cues [25]. In 

order to explore the role of YAP/TAZ in the TGFβ2-induced changes of the cytoskeleton 
in HTM cells, 24 h serum-free HTM cells were treated with TGF-β2 (5 ng/mL) for 48 h, 
and the expression levels of YAP and TAZ were evaluated by western blot analysis. Com-
pared with the control cells, the expression levels of YAP (p < 0.05) and TAZ (p < 0.05) 
were both upregulated in the TGFβ2-treated cells (Figure 4A,B), indicating the activation 
of YAP and TAZ. Additionally, immunofluorescence staining for YAP/TAZ showed that 
the TGFβ2-treated cells exhibited increased nuclear localization compared to the control 
cells (Figure 4C,D). 

Figure 2. The effect of TGF-β2 treatment on the cytoskeleton actin stress fibers in HTM cells. (A) The
TGFβ2-induced changes in the cytoskeletal structure were evaluated by phalloidin fluorescence
stating. (B) The bands of F-actin and (C) quantification analysis of F-actin expression levels in HTM
cells treated with or without TGF-β2 (5 ng/mL for 48 h). Scale bar: 100 µm.
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Figure 3. TGF-β2 treatment induced the fibrotic activity of HTM cells. (A) Serum-starved HTM cells
(24 h) treated with TGF-β2 (5 ng/mL for 48 h) presented a significant increase in the levels of α-SMA
and Collagen I compared with the control cells. (B) Quantification analyses of α-SMA and Collagen
I expression levels. * p < 0.05.
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3.3. TGF-β2 Treatment Induced YAP/TAZ Activation

YAP and TAZ are known to play an essential role in sensing mechanical cues [25]. In
order to explore the role of YAP/TAZ in the TGFβ2-induced changes of the cytoskeleton in
HTM cells, 24 h serum-free HTM cells were treated with TGF-β2 (5 ng/mL) for 48 h, and
the expression levels of YAP and TAZ were evaluated by western blot analysis. Compared
with the control cells, the expression levels of YAP (p < 0.05) and TAZ (p < 0.05) were
both upregulated in the TGFβ2-treated cells (Figure 4A,B), indicating the activation of
YAP and TAZ. Additionally, immunofluorescence staining for YAP/TAZ showed that the
TGFβ2-treated cells exhibited increased nuclear localization compared to the control cells
(Figure 4C,D).
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in the nucleus. * p < 0.05. Scale bar: 100 µm.

3.4. YAP Was Required for the Fibrotic Activity of HTM Cells

YAP and TAZ are transcriptional co-activators acting downstream of the Hippo path-
way. YAP/TAZ nuclear translocation promotes the expression of CTGF and is associated
with ECM production and wound healing [15,26,27]. To determine the relative importance
of YAP in the fibrotic activity in HTM cells, lentivirus was used to inhibit the YAP expression
level, and then western blot analysis was performed to assess the lentivirus transfection
efficiency of YAP and to evaluate the expression levels of fibrosis-related proteins in the
cultured HTM cells. As shown in Figure 5, the expression level of YAP (p < 0.05) in the
HTM cells was efficiently decreased after siYAP treatment compared to the control cells.
Furthermore, the HTM cells treated with siYAP showed significantly decreased expression
levels of CTGF (p < 0.05), Collagen I (p < 0.05), and α-SMA (p < 0.05) compared to the
control cells.
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Collagen I compared with control cells based on western blot analysis. (B) Quantification analyses of
YAP, TAZ, CTGF, α-SMA, and Collagen I expression levels. * p < 0.05.

4. Discussion

Our results showed that HTM cells treated with TGF-β2 presented fibrosis-like mani-
festations with the overexpression of collagen I and α-SMA. Collagen I is a major component
of ECM [22], while α-SMA is known to be a biomarker of fibroblast activation [23,24]. ECM
deposition and myofibroblasts activation are the typical features of fibrotic activity [8]. The
fibroblast is a highly contractile cell that further stiffens ECM, and that secretes and activates
fibrogenic growth factors [28]. Previous studies have shown that the expression levels of
the CTGF protein and mRNA were markedly increased in HTM cells after treatment with
TGF-β2 [29–31]. At the same time, we found that TGF-β2 induced the actin cytoskeleton
to form an interlaced and complex actin network, with the cytoskeletal structure chang-
ing from a long spindle to an expanded shape with extended pseudopods. YAP/TAZ
activity in a cell could be dictated by the cytoskeletal structure [26]. Therefore, we exam-
ined whether YAP/TAZ were activated in HTM cells after treatment with TGF-β2. The
expression levels of YAP and TAZ in the TGFβ2-treated HTM cells were significantly up-
regulated compared with those in the control cells, suggesting that the activity of YAP/TAZ
were elevated. The immunostaining results revealed that TGF-β2 induced the nuclear
translocation of YAP/TAZ, further confirming YAP/TAZ activation. As two transcriptional
co-activators, the functions of YAP and TAZ overlap largely. Nonetheless, compared with
TAZ knockdown, YAP knockdown has a greater impact on the cell physiology (e.g., cell size,
proliferation, migration) [32]. Moreover, the behaviors of YAP knockdown cells are more
similar to those of YAP/TAZ double knockdown cells [32]. Therefore, YAP was inhibited
in this study, which reduced the expression levels of collagen I and α-SMA, suggesting that
YAP may be essential for TGFβ2-induced fibrotic activity in HTM cells.

YAP/TAZ are considered as a sensor of the structural and mechanical characteristics
of the cellular microenvironment [33]. It was found that YAP/TAZ were localized in the nu-
cleus and had transcriptional activity in the cells cultured on a stiff ECM, whereas YAP/TAZ
were excluded from the nucleus and the function was inhibited in the cells cultured on a
soft ECM [34]. Another study has revealed that YAP and TAZ were prominently expressed
in fibrotic lung tissue, and the activation of fibroblast YAP/TAZ promoted the fibrotic
response in vivo [35]. Cells sense and respond to mechanical signals through mechan-
otransduction [36,37], and the cytoskeleton is vital for these mechanoresponses [15,34,38].
In response to mechanical forces, such as forces generated from the cell–ECM and cell–cell,
the cells remodeled the actin cytoskeleton [33], and the cytoskeleton is a key regulator of
YAP/TAZ signalings [16,33]. Our findings showed that the actin cytoskeleton structure was
associated with increased nuclear YAP/TAZ. Similar results have been found in various
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cell studies. The actin cytoskeleton remodeling involves YAP/TAZ nuclear localization and
activation, which is induced by shear stresses in endothelial cells [39]. The arrangement
of the cytoskeleton in dental pulp stem cells cultured on scaffolds with different surface
morphologies was related to the nuclear localization of YAP [40]. In vitro cultured skin
keratinocytes were shown to induce the nuclear translocation of YAP/TAZ through the
mechanical forces of integrin adhesion and the actin cytoskeleton, thereby inducing cell
proliferation [41]. It needs to be clarified that the cytoskeletal tension affects YAP/TAZ
nuclear localization and activity [15]. The linker of the nucleoskeleton and cytoskeleton
(LINC) complex and the integrin adaptor protein talin are critically relevant for intracel-
lular mechanical connections among the different cytoskeletal structures [42]. The LINC
complex connects the nucleus to the stress fibers mechanically [43], whereas talin unfolding
causes the formation of stress fibers [44]. The LINC complex and talin unfolding could
mechanically connect the cytoskeleton and the nucleoskeleton, enabling forces to access
the nucleus and drive YAP translocation and activation [42].

It has been suggested that the actin cytoskeleton can influence the mechanics and shape
of the nucleus through the Nesprin and SUN domain-containing protein complexes, thus
inducing nuclear deformation and increasing nuclear pore complex (NPC) permeability to
promote YAP/TAZ nuclear translocation [45]. Furthermore, YAP/TAZ transcriptional acti-
vation was inhibited when Rho was inhibited or the actin cytoskeleton was disrupted [15].
RhoA activation increased the expression of YAP/TAZ and cell stiffness in HTM cells [46].
These results indicate that the RhoA/ROCK pathway may have an important role in
YAP/TAZ activation regulated by the cytoskeleton. Researchers had found that the overex-
pression of F-actin resulted in increased YAP/TAZ in the nucleus, while the loss of F-actin
resulted in the accumulation of YAP/TAZ in the cytoplasm [16]. However, the results
of our research showed that the expression level of F-actin in the TGFβ2-treated HTM
was not obviously different from that in the control cells, suggesting that the activation of
YAP in TGFβ2-treated HTM cells is due to cytoskeletal rearrangement rather than F-actin
expression level changes. The sensitivity of YAP/TAZ to the actin cytoskeleton is not only
due to mechanical regulation but is also mediated by G-protein-coupled receptor signaling.
G-protein-coupled receptor signaling regulates Hippo signaling by upregulating F-actin
via Rho-GTPase [47,48]. In summary, we propose several possible molecular pathways for
the cytoskeletal regulation of YAP/TAZ in TM cell fibrosis activity, but they need to be
identified in future studies.

YAP/TAZ not only respond to mechanical cues but also act as mechanical signal medi-
ators [34]. A previous study has demonstrated that YAP/TAZ activation in TM cells causes
cytoskeletal remodeling and affects the elasticity of TM cells [13]. Compared with RhoA
activator treatment, the stiffness of HTM cells treated with both the Rho activator and siYAP
decreased, indicating that YAP activity affects cellular mechanical properties [46]. In HTM
cells, DEX treatment promoted the formation of cross-linked actin networks (CLANs) in the
actin cytoskeleton. However, siYAP and siTAZ cotransfection attenuated the DEX-induced
CLANs formation [49]. We considered that, due to the wide variety of mechanosensory
proteins, the transduction of mechanosensing into biochemical processes may activate lots
of signaling pathways, which may interact to generate functional responses. Subsequent
cellular responses may trigger additional mechanosensory signals, leading to a second
round of responses [36]. Since DEX and TGF-β2 are the two most commonly used agents
to induce TM cell fibrosis, we hypothesize that the inhibition of YAP would also attenuate
the TGFβ2-induced cytoskeletal structure changes in HTM cells.

This study demonstrated that YAP regulates the fibrotic activity of HTM cells by
sensing changes in cytoskeletal cues and can be considered as a potential biomarker in
evaluating TM fibrotic activity. These findings not only improve our understanding of
the TM response to intracellular mechanics cues but also provide new ideas for reducing
AH resistance and treating glaucoma. One limitation of this research is that the effect of
YAP in regulating the cytoskeletal structure was not explored. The potential effect of the
interaction between YAP and the cytoskeleton on the fibrotic activity in TM cells needs
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to be further investigated. The other is that this study only detected the effects of YAP
knockdown on HTM cell fibrotic activity. Although YAP and TAZ are functionally similar,
they are not identical [50]. We should knockdown TAZ itself and in combination with YAP
to investigate the corresponding effects in future studies.
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