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Abstract 

Biomimetic extracellular matrix hydrogels to model and investigate conventional outflow 

cell biology under normal and simulated glaucomatous conditions 

Haiyan Li 

Advisor: Samuel Herberg, PhD 

 

Dysfunction of the conventional outflow pathway (comprised of the trabecular 

meshwork (TM) and adjacent Schlemm’s canal (SC)) is the principal cause of elevated 

intraocular pressure in primary open-angle glaucoma. Other in vitro TM model systems 

cannot accurately mimic the cell-extracellular matrix (ECM) interface, limiting their use 

for investigating glaucoma pathology. In this dissertation, we report a novel biomimetic 

hydrogel by mixing donor-derived human TM (HTM) cells with ECM proteins found in 

the native tissue. We demonstrated that this HTM hydrogel system allowed for 

investigation of actin arrangement, ECM remodeling, cell contractility, and HTM stiffness 

on a simulated tissue level (Chapter 2). Furthermore, we showed that TGFβ2-induced 

ERK signaling negatively regulates Rho-associated kinase-mediated phospho-myosin light 

chain expression and HTM cell contractility when cultured on soft ECM hydrogels but not 

on glass (Chapter 3). 

YAP and TAZ are important mechanotransducers implicated in glaucoma pathogenesis. 

We demonstrated that YAP/TAZ activity was upregulated by transforming growth factor 

beta 2 (TGFβ2) in both HTM and HSC cells cultured on/in ECM hydrogels (Chapters 4 

and 5). It is widely accepted that the glaucomatous TM/SC interface is stiffer. To mimic 

the stiffness difference between diseased and healthy tissue, we utilized two different 

methods. In Chapter 4, riboflavin was used to facilitate secondary UV crosslinking of 
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collagen fibrils and stiffen the matrix. We showed that ECM stiffening elevated YAP/TAZ 

activity in HTM cells through modulating focal adhesions and cytoskeletal rearrangement. 

In Chapter 6, we developed an ECM-alginate hybrid hydrogel system, which allowed 

for on-demand control over matrix stiffness during the culture of cells. We found that the 

stiffened matrix increased nuclear YAP and filamentous-actin fibers in HSC cells, which 

was completely reversed by matrix softening. We further demonstrated that YAP/TAZ 

inhibition could rescue HTM/HSC cell dysfunction induced by either TGFβ2 or stiff matrix 

(Chapters 4, 5, and 6). Finally, we showed that pharmacologic YAP/TAZ inhibition had 

promising potential to improve outflow facility in an ex vivo mouse eye perfusion model 

(Chapter 6). Collectively, we have developed bioengineered ECM hydrogels for modeling 

and investigation of conventional outflow cell-ECM interactions under normal and 

simulated glaucomatous conditions. 
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1.1 Glaucoma and intraocular pressure 

Glaucoma, a leading cause of irreversible blindness worldwide, is a progressive, age-related 

optic nerve neuropathy [1]. In 2020, about 80 million people suffered from glaucoma and this 

number is expected to increase to 112 million by 2040 [2]. Primary open-angle glaucoma (POAG) 

is the most common type; in POAG, the iridocorneal angle is open but aqueous humor (AH) 

outflow is diminished [3, 4]. Therefore, elevated intraocular pressure (IOP) has been identified as 

the primary risk factor for POAG, and consequently the reduction of IOP delays or prevents the 

damage of optic nerve axons [5].  

The major determinant of IOP is the equilibrium between the production and drainage of the 

AH. AH is produced by the ciliary body, circulates within the anterior chamber, and is then drained 

through the conventional (trabecular) or unconventional (uveoscleral) pathway (Fig. 1.1A) [6]. 

After passing through the conventional outflow pathway, AH drains into the episcleral venous 

system [7]. In the unconventional pathway, AH diffuses through the interstitial spaces of the ciliary 

muscle, and through the supraciliary and suprachoroidal spaces to reach the sclera, choroid and 

lymphatic vessels located within the ciliary body [8]. The conventional outflow pathway is thought 

to drain ~90% of the AH, and it is the only pathway that provides resistance against AH outflow. 

Under normal conditions, the outflow of AH equals its production from the ciliary body, 

maintaining normal IOP. In eyes with POAG, the conventional outflow pathway generates higher 

outflow resistance, leading to elevated IOP [9]. Of note, IOP is not a fixed value but fluctuates 

considerably over time. It is widely accepted that IOP changes over the course of a day, which 

could be caused by bodily postural changes associated with blood pressure [10, 11]. Compensatory 

mechanisms can preserve the outflow tissues to not be damaged by the regular IOP fluctuations. 
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However, irregular and large IOP fluctuations may result in disruption of the homeostatic 

mechanism, which could contribute to the development and progression of POAG [11].  

In the conventional outflow pathway, AH drains into the episcleral veins. Consequently, 

episcleral venous pressure (EVP) is the ultimate pressure that IOP must overcome in order for AH 

to leave the eye via the conventional outflow pathway [7]. The relationship between EVP and IOP 

is defined by the modified Goldman equation: IOP = EVP + (Q - U)/C (Q represents the AH inflow 

(μL/min), U represents the unconventional outflow (μL/min), and C represents conventional 

outflow facility (μL/min/mm Hg)) [12]. It has been reported that mean EVP is ~9 mmHg if the 

subject is seated [13, 14]. Assuming a resting IOP of 15-17 mmHg, this suggests that EVP accounts 

for ~53-60% of the IOP in human eyes. Although, EVP may have an important role on regulating 

IOP, elevated EVP has not yet clearly been shown in POAG [13]. Interestingly, AH outflow is 

segmental; segmental outflow is observed in the conventional outflow pathway and remains 

segmental to the episcleral veins [15-18]. Relatively high-flow and low-flow regions of the 

conventional outflow pathway have been described, and there is a decrease in the amount of high-

flow regions in glaucomatous eyes compared to the amount in normal eyes [19].  

1.2 Trabecular meshwork and Schlemm’s canal 

In POAG, elevated IOP is mainly caused by increased resistance to AH outflow in the 

trabecular meshwork (TM) and Schlemm’s canal (SC) inner wall endothelium [20]. The TM, 

located in the iridocorneal angle, is an avascular connective tissue with filtering features and 

complex architecture [21]. It is comprised of 3 filtering regions (from inner to outermost): the 

uveal trabecular meshwork (UTM), the corneoscleral trabecular meshwork (CTM) and, the 

juxtacanalicular connective tissue (JCT) directly adjacent to SC inner wall (Fig. 1.1B) [7, 22, 23]. 

The UTM and CTM consist of a network of collagen and elastin beams covered by TM cells with 
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large “open spaces” in-between individual beams, and the UTM exhibits bigger intra-beam spaces. 

The UTM and CTM regions function as pre-filters, removing cellular debris and reactive oxygen 

species from AH before reaching the JCT region [7]. Most of the AH outflow resistance is thought 

to be localized to the deepest JCT region [24], where a few discontinuous layers of TM cells reside 

in and interact with a dense amorphous extracellular matrix (ECM). Throughout the JCT, a 

network of elastic fibers (cribriform plexus) spans tangentially to the SC endothelium. This 

cribriform plexus is also connected to the ciliary muscle system. Elastic tendons of ciliary muscle 

were found that not only show the same fine structure as the cribriform plexus but also join it; they 

extend from the longitudinal ciliary muscle fibers through the UTM/CTM and into the JCT, 

attaching to JCT cells and inner wall of SC cells on their basal side [25-27] (Fig. 1.2).  

 

Figure 1. 1. The aqueous humor outflow pathway in the eye.  
(A) Schematic diagram of eye structures involved in aqueous humor (AH) production and outflow. 
AH is produced by the ciliary body, circulates within the anterior chamber, and is then drained 

through conventional (trabecular) or unconventional (uveoscleral) pathway. (B) TM architecture. 

Light micrograph of a meridional TM section showing the UTM, CTM, and JCT region with SC. 

Arrows point to SC inner wall. Scale bar = 10 μm. Reproduced from [7, 28]. 
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Figure 1. 2. Schematic diagram showing the complex network of elastic fibers that connect 
the ciliary muscle to the TM/SC.  
The elastic tendons (black) of the ciliary muscle insert into the JCT elastic fiber network, which 

extends toward the SC endothelium. Reproduced from [27].  

 

TM cells play an essential role in modulating AH outflow resistance by controlling the 

production of contraction forces and the secretion/degradation of ECM proteins to support tissue 

homeostasis [29]. There are two contractile systems that influence the conventional outflow 

pathway to modify AH outflow resistance in the JCT region [5]. Since the ciliary muscle connects 

to the TM via elastic tendons, contraction of the ciliary muscle influences geometry of the 

conventional outflow pathway, which reduces AH outflow resistance. The second contractile 

system is led by the TM cells in the JCT, which exhibit properties of contractile myofibroblast [5, 

30]. Previous studies have demonstrated that TM cells show increased contractility under 

glaucomatous conditions, which increases AH outflow resistance [31, 32]. Apparently, ciliary 
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muscle and JCT modulate their contractility to regulate AH outflow resistance, which act as 

functional antagonists [33].  

The SC is a continuous vessel that encircles the anterior chamber at the iridocorneal angle; its 

lumen is lined with a single non-fenestrated layer of endothelial cells having both blood and 

lymphatic characteristics [34-38]. Situated in close apposition to the TM, the SC is divided into 

the inner and outer wall [35]. The SC inner wall experiences a basal-to-apical pressure gradient 

(intraocular versus episcleral venous pressures) that drives AH into the SC lumen, which is then 

drained into the collector channels and aqueous veins [39]. The inner wall endothelium of SC 

exhibits strong resistance to AH fluid passage [35]. The physiological substrate of the SC cells in 

the inner wall is the JCT, the deepest aspect of the TM [39]. It is widely accepted that the JCT is 

stiffer in glaucomatous eyes compared to that in healthy eyes [40, 41]. SC cells modify their gene 

expression in response to substrate stiffness; for example, SC cells cultured on collagen type I-

coated stiff polyacrylamide hydrogels exhibit increased expression of TGM2, connective tissue 

growth factor, and secreted acidic and cysteine rich protein compared to soft controls, which may 

further stiffen the substrate [42]. HSC cells are highly contractile [37], and previous studies have 

demonstrated that the glaucoma-associated stressor transforming growth factor beta 2 (TGFβ2) 

reduced the length of SC endothelium through increasing SC cell contractility, which increased 

AH outflow resistance and induced ocular hypertension [17].  

Most people do not develop ocular hypertension or glaucoma, even at advanced ages, 

suggesting the existence of a robust IOP homeostatic mechanism [43]. It has been shown that TM 

and SC cells respond to increasing IOP by adjusting the AH outflow resistance to prevent ocular 

hypertension [43-45]. However, glaucomatous eyes are unable to respond correctly to an IOP 

homeostatic challenge [19], which suggests that the conventional outflow cells are in a pathologic 
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state. The sustained high IOP produces mechanical stretch or distortion on the conventional 

outflow cells and tissues [46]. SC is a collapsible vessel; previous studies have shown that elevated 

IOP tends to stretch the TM and narrow the lumen of SC [47, 48]. This generates two mechanical 

cues on TM and SC cells in response the IOP elevation: (i) increased tensile strain on TM cells 

[44, 49]; and (ii) elevated shear stress on SC inner wall endothelial cells, due to circumferential 

flow through a narrowing SC lumen [50, 51]. 

1.3. ECM composition in the TM and SC 

A variety of ECM structural and organizational components have been identified within the 

TM; e.g., non-fibrillar and fibrillar collagens, elastic fibrils, and basement membrane-like 

materials. The narrow space between HTM cells and ECM fibers is filled with a ground substance 

rich in proteoglycans and the glycosaminoglycans. The collagen structural fibers in the TM are 

mostly collagen type I and III; along with collagen, elastin fibers in the TM provide resilience and 

tensile strength, and offer a mechanism for reversible deformation in response to loading of the 

AH [25]. Collagen types V and VI localize to UTM/CTM beams and JCT, with type VI a key 

component of the connecting fibrils between SC inner wall or JCT cells and the network of elastic 

fibers in the JCT [52]. Non-fibrillar collagen types VII, VIII, XI, and XXII are produced by TM 

cells, as are fibril-associated collagen types XII and XIV [52, 53]. Several basement membrane 

proteins, such as laminin and type IV collagen, have been found in basement membranes of 

UTM/CTM beam cells, JCT-TM cells, and SC inner wall cells [54, 55]. Of total trabecular 

glycosaminoglycans, approximately 20–25% is hyaluronic acid (HA), 40–60% is chondroitin and 

dermatan sulfates, 5–10% is keratan sulfate, and 15–20% is heparan sulfate; HA is primarily in 

the JCT with less in the UTM/JCT [56]. Proteoglycans, such as perlecan, syndecan, decorin, and 

versican, have been found in the TM; core proteins of many of these proteoglycans (e.g., perlecan 
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and versican) can bind to glycosaminoglycans and interact with various other ECM proteins or 

cellular receptors [57]. Fibronectin fibrils are abundantly expressed throughout the TM, with 

slightly higher levels in the basement membranes of TM cells and SC inner wall cells and have 

several integrin binding sites. Therefore, fibronectin provides a structure to respond to 

biomechanical cues (e.g., ECM stiffness; tensile, compressive and shear forces; topographical 

strain) to remodel the tissue. In POAG eyes, there is increased deposition of ECM proteins (e.g., 

fibronectin and collagen type IV) [58, 59] and ECM crosslinking molecules (e.g., tissue 

transglutaminase 2 (TGM2) and lysyl oxidase) [60, 61], which jointly contribute to ECM stiffening. 

These cell-driven alterations ultimately lead to increased AH outflow resistance and ocular 

hypertension [62, 63]. Prolonged elevation of IOP causes pathologic distension and compression 

of the TM and further tissue stiffening. Consequently, the stiffened TM negatively affects IOP and 

TM cell function in a feed-forward loop [64-66]. 

Taken together, the diseased conventional outflow pathway, TM and SC inner wall 

endothelium, is responsible for generation of ocular hypertension in POAG. However, most POAG 

medications do not specifically target the diseased TM/SC; instead, they lower IOP by either 

decreasing AH production, or by increasing unconventional outflow [67, 68]. In the United States, 

only the recently approved Rho-associated kinase (ROCK) inhibitor netarsudil [69] directly aims 

at the conventional outflow pathway to increase AH outflow via cell/tissue relaxation [70-74]. This 

highlights the clear unmet need for new/improved POAG treatment strategies. Targeting ECM 

mechanics by reversing ECM/tissue stiffening to limit pathological progression is an emerging 

therapeutic approach in other diseases [75], with promising potential for POAG therapy. 
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1.4 Cell-ECM interactions 

Cells interact with their surrounding ECM microenvironment, a complex and dynamic network 

of protein biopolymers with different physical and biochemical properties [76]. The ECM 

functions as an instructive microenvironment to regulate cell behaviors, such as cell proliferation, 

migration and differentiation, to maintain normal tissue/organ homeostasis and function [77, 78]. 

The ECM consists of two main classes of macromolecules: 1) fibrous proteins such as collagens, 

elastins, fibronectins, and laminins, and 2) proteoglycans such as chondroitin sulfate, heparan 

sulfate, keratan sulfate (i.e., glycosaminoglycan chains covalently linked to a specific protein core) 

and, non-sulfated hyaluronic acid [79, 80]. Relative amounts and organization of the ECM 

components are distinct in different tissues, leading to well-defined biochemical and 

biomechanical properties to the ECM. Especially, the elastic modulus of tissues range from as low 

as ~100 Pa in brain tissues and up to ~10 kilopascal (kPa) in muscle, and even gigapascal (GPa) 

in bone [81]. In each of these tissues, cells interact with their specific ECM to regulate tissue 

homeostasis. Cells attach to the ECM proteins, such as fibronectin and collagen, via 

transmembrane integrin receptors. In adherent cells, integrins link the cell to the ECM through 

focal adhesions, inducing intracellular signaling events and actin cytoskeleton rearrangement [82]. 

The coupling to actin and signaling proteins forms a feedback loop that regulates cell contractility, 

gene expression, cell adhesion, and ECM dynamics [83].  

The properties of ECM (i.e., composition, architecture, and stiffness) are dynamic, with matrix 

being remodeled during development, aging, and disease processes [84]. Increased tissue stiffness 

has been observed in multiple pathologies. For example, tumors are stiffer than healthy tissues; 

progression of breast and gastric cancer is associated with tissue stiffening [85, 86]. In fibrosis-

related diseases, such as pulmonary fibrosis, systemic sclerosis, liver cirrhosis, and cardiovascular 
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disease are associated with stiffening of tissues [87]. Cells can translate external mechanical cues 

into internal biochemical signaling cascades through a process known as mechanotransduction, 

which regulates cellular functions [88]. Mechanotransduction involves a plethora of 

mechanosensitive molecules at the cell membrane, such as focal adhesion proteins, stretch-

activated ion channels, G protein coupled-receptors, and growth factor receptors, activating 

different mechanotransduction pathways [89]. For example, a stiff ECM upregulates focal 

adhesions to mediate actomyosin contractility and filamentous (F)-actin organization, which 

influences structural modifications of proteins at the membrane or in the cytoplasm and their 

shuttling to the nucleus [90].  

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ, 

encoded by WWTR1) are a critical class of mechanosensitive shuttling proteins [91, 92]. Binding 

with TEA domain (TEAD) transcription factors in the nucleus, YAP/TAZ activate the transcription 

of certain proteins, such as connective tissue growth factor (CTGF), cysteine-rich angiogenic 

inducer 61 (CYR61), and ankyrin repeat domain 1 (ANKRD1) [93]. Nuclear translocation of 

YAP/TAZ is regulated by both biochemical and biomechanical cues through either the Hippo-

dependent or -independent pathway. In the Hippo pathway, YAP/TAZ are phosphorylated by the 

mammalian Ste20-like kinases 1/2 (MST1/2), Salvador homolog 1 (SAV1), Mps one binder 1 

(MOB1) and large tumor suppressor kinases 1 and 2 (LATS1/2), and bind with 14-3-3s, leading 

to their cytoplasmic sequestration or ubiquitin-mediated degradation (Fig. 1.3A) [91, 94, 95]. It 

has been shown that mice with MST1/2 mutation exhibited an enlarged liver and the formation of 

hepatoma compared to wild type mice (Fig. 1.3B,C) [96]. In the Hippo-independent pathway, 

YAP/TAZ activity is regulated by the tension of F-actin cytoskeleton, which depends primarily on 

the substrate on which cells are cultured (Fig. 1.4A) [97, 98]. A previous study has shown that 
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cells exhibited greater cell spreading area when cultured on stiff substrates; they also displayed 

high ROCK activity and actomyosin contractility force generation, which induced YAP/TAZ 

nuclear localization and cell proliferation. Conversely soft substrates, decreasing cell adhesive area, 

caused cytoplasmic retention and inhibition of YAP/TAZ activity (Fig. 1.4B) [99]. Taken together, 

YAP/TAZ activity, regulated by Hippo signaling and biomechanical cues, may act as a signaling 

integrator to influence cell behavior. 

 

Figure 1. 3. YAP/TAZ regulation by Hippo signaling pathway.  
(A) Schematic diagram showing the upstream components involved in the Hippo signaling 

pathway. (B) Wild type mice display a normal liver. (C) MST1/2 mutant mice exhibit enlarged 

liver and form tumors. Reproduced from [96].   
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Figure 1. 4. YAP/TAZ regulation by biomechanical cues.  
(A) Schematic diagram showing cellular interactions with the soft or stiff ECM that regulates 

actomyosin tension force generation to drive YAP/TAZ cytoplasmic to nuclear shuttling. (B) 

Effects of substrate stiffness on epithelial cell YAP/TAZ localization and proliferation. Scale bar 

= 20 μm. Reproduced form [97, 99].  

 

1.5 Hydrogels as in vitro ECM mimics 

Most in vitro studies investigating cell (patho)physiology to date have used conventional cell 

monolayer cultures on tissue culture plastic or glass, although these are very stiff substrates 

(megapascal, MPa – gigapascal, GPa range), and are known to result in non-physiological culture 

conditions [100]. For instance, it has been shown that cell-drug interactions in conventional two-

dimensional (2D) cell culture systems were unable to represent the actual working mechanism in 

vivo, which resulted in low drug efficacy [101]. This is, in part, due to the fact that cells in native 
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tissues are surrounded by a complex ECM network, while a simple 2D culture system cannot 

provide an environment that allows for accurate modeling of cell-ECM interactions. 

Hydrogels are attractive biomaterials and have been widely used in a broad range of 

applications, such as tissue scaffolds, biomedical implants, biosensors, and drug delivery carriers 

[102]. Hydrogels are three-dimensional (3D) networks composed of water-swollen polymers 

formed through physical or chemical crosslinking reactions. In general, hydrogels are divided into 

two classes, natural (e.g., collagen, gelatin, elastin, alginate, chitosan, fibrin, hyaluronic acid, and 

agarose) and synthetic (e.g., poly(2-hydroxyethyl methacrylate), polyacrylamide, and 

polyethylene glycol) hydrogels [103]. Although synthetic polymers exhibit superior mechanical 

properties, there is an emerging paradigm shift toward developing natural hydrogels, owing to 

their biocompatibility, biodegradability, tunable properties, and - most importantly - inherent 

similarity to in vivo cellular microenvironments not requiring further modifications to aid in cell 

attachment [104, 105]. 

Collagen is the most abundant fibrous protein in the native ECM of various tissues, such as 

skin, muscle, cartilage, blood vessels, and tissues in the eye [102, 103]. Therefore, collagen-based 

hydrogels have been widely used in bioengineering applications. For example, a previous study 

created a transplanted clear cornea consisting of an aligned network of collagen fibrils and 

mesenchymal stem cells using 3D printing techniques, and demonstrated that the fabricated 

collagen-based hydrogels mimicked the cornea’s native macrostructure (Fig. 1.5A,B) [106]. In 

another study, olfactory-derived ectomesenchymal stem cells were encapsulated in collagen 

hydrogels, and osteogenic capacity of the cell-laden constructs were evaluated. Their results 

showed that cell-laden hydrogels exhibited strong calcium deposition and expression of 

osteogenic-related genes. Importantly, the in vivo transplantation of these hydrogels resulted in 
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substantial bone repair in rats, demonstrating the possibility for their use in treating bone defects 

(Fig. 1.5C,D) [107].  

 

Figure 1. 5. Applications of collagen in bioengineering.  
(A) Schematic illustration of bioengineered cornea fabrication using collagen hydrogel. (B) Optic 

and 2D cross-sectional OCT images of cornea after bioengineered cell-laden hydrogel construct 

transplantation. (C) The ECM mineralization evaluation of cell encapsulated collagen hydrogels. 

Scale bar = 100 μm. (D) Representative micro-CT images of rat calvarial defects treated with cell-

free or cell-encapsulated hydrogels, and analysis of new formation of bone area (*p<0.05). 

Reproduced from [106, 107]. 

 

Elastin, one of the main elastomeric proteins in the ECM, is present in elastic fibers of many 

tissues, such as connective tissues, skin, cartilage, lung, tendon, and blood vessels [102, 103]. In 

native tissues, elastic fibers are highly crosslinked and insoluble preventing their direct processing 

for use in biomaterials [108]. Therefore, various forms of soluble elastin have been engineered. 

For example, a previous study engineered a type of elastin-like polypeptide (ELP) that can be 

photocrosslinked, leading to the formation of a highly elastic hydrogel. These ELP hydrogels were 

shown to integrate into host tissues without immune response indicated by the absence of 

lymphocyte infiltration (CD3) and little macrophage invasion (CD68), suggesting their potential 

to support wound healing (Fig. 1.6A,B) [109]. Similarly, recombinant elastin-like protein was 
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incorporated in plasma-derived fibrin hydrogels for modeling skin, which improved the constructs’ 

mechanical properties (Fig. 1.6C) and decreased cell-laden hydrogel contraction (Fig. 1.6D,E). 

This implicates that fibrin-elastin hydrogels are promising candidates in skin wound healing 

applications [110].  
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Figure 1. 6. Applications of elastin in bioengineering.  
(A) Image of 10% (w/v) ELP hydrogel during stretching. (B) Immunostaining of implanted ELP 

hydrogels at day 28. Scale bar = 100 μm. (C) Elastic modulus of fibrin-elastin hydrogels (*p<0.05). 

(D) Analysis of cell-laden fibrin-elastin hydrogel contraction over time. (E) Representative images 

of cell-laden hydrogels at day 1 and day 10. Scale bar = 1 cm. Reproduced from [109, 110]. 

 

Hyaluronic acid (HA) is a critical ECM component and is found throughout the body [111]. 

HA has been widely used in biomedical applications owing to its biocompatibility, inherent 

biodegradability, and low immunogenicity [112, 113]. Additionally, biomechanical properties of 

HA-based hydrogels can be easily tuned by chemical modifications with various functional groups, 

such as thiol, norbornene, methacrylate, and aldehyde [113, 114]. For example, a norbornene-

modified HA hydrogel encapsulated with mesenchymal stem cells was used as bioink in a 3D-

printed cartilage tissue. Over 56 days of culture in chondrogenic media, the printed constructs 

exhibited increased expression of ECM proteins associated with cartilage tissue including diverse 

sulfated glycosaminoglycans and collagen types II and I (Fig. 1.7A) [115], illustrating the utility 

of HA in stem cell-based cartilage tissue engineering applications. In another example, a 

collagen/HA/laminin hybrid hydrogel was engineered to mimic the 3D in vivo microenvironments 

for Schwann cells. Schwann cells cultured in the hydrogel secreted nerve growth factor and brain-

derived neurotrophic factor. Interestingly, co-cultured neurons in the hydrogel were able to extend 

their neurites to interact with the Schwann cells (Fig. 1.7B) [116]. These findings indicate that this 

neural tissue-mimetic hydrogel may have potential applications in nerve regeneration.  
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Figure 1. 7. Applications of HA in bioengineering.  
(A) Alcian blue staining for sulfated glycosaminoglycans, and immunohistochemistry staining for 

collagen types II and I in printed constructs after 0, 28, and 56 days of culture. Scale bar = 100 μm. 

(B) Three-dimensional image showing immunostaining for Schwann cells and neurons in 

collagen/HA/laminin hybrid hydrogels (Arrows point to Schwann cell - neuron interactions). Scale 

bar = 75 μm. Reproduced from [115, 116]. 

 

1.6 Research overview 

The ECM plays a critical role in regulating cell behavior, and protein-based hydrogels have 

shown the potential to mimic the native microenvironment. Therefore, natural polymers made 

from ECM proteins found in the native tissue would be suitable candidates for engineering in vitro 

TM/SC models and investigating cell-ECM interactions. HTM cells within the JCT are surrounded 

by essential fibrillar ECM components (i.e., collagen type I, elastin) to form a loose connective 

tissue rich in the glycosaminoglycan HA [7, 24, 52, 117, 118]. In Chapter 2 of this dissertation, 

we engineered a novel hydrogel system by mixing human TM (HTM) cells with collagen type I, 

HA, and ELP - each containing photoactive functional groups - followed by photoinitiator-

mediated short UV crosslinking. We then assessed the effects of the ocular hypertension-causing 
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steroid dexamethasone (DEX) [119] and the IOP-lowering ROCK inhibitor Y27632 [120] on 

cytoskeletal organization and tissue-level functional changes contingent on HTM cell-ECM 

interactions. To validate our model, we encapsulated glaucomatous HTM (GTM) cells derived 

from a confirmed POAG donor eye and compared cell proliferation, contractility, fibronectin 

deposition, and stiffening of GTM hydrogels to normal HTM hydrogels, without or with 

DEX/Y27632 treatment. 

Transforming growth factor beta 2 (TGFβ2) is a major contributor to the pathologic changes 

occurring in HTM cells in POAG [3, 121-125]. TGFβ2 activates extracellular-signal-regulated 

kinase (ERK) and ROCK signaling pathways, both affecting HTM cell behavior [126-128]. 

Therefore, in Chapter 3, we studied the molecular mechanism underlying TGFβ2-induced 

pathologic HTM cell contractility, and the crosstalk between ERK and ROCK signaling pathways 

depending on the culture substrate properties (i.e., soft ECM hydrogels in comparison to stiff glass 

coverslips). 

A recent multi-ethnic genome wide meta-analysis report identified YAP1 as a potential genetic 

risk factor for POAG across European, Asian, and African ancestries, implicating a potential 

causal association with outflow dysfunction [129]. In Chapter 4, we assessed the influence of 

TGFβ2 on YAP/TAZ signaling in HTM cells in 2D and 3D hydrogel cultures. Previous studies 

demonstrated that the TM tissue is stiffer in POAG eyes [40, 130, 131]. Corneal UV crosslinking 

with riboflavin is a clinical treatment to stabilize the collagen-rich stroma in corneal ectasias [132], 

with promising potential for enhancing mechanical properties of collagen-based hydrogels [133, 

134]. To simulate glaucomatous ECM stiffening for investigations of the cellular response, we 

used riboflavin to double-crosslink collagen in the hydrogels. Using this protocol, we investigated 

the effects of ECM stiffening on mediating YAP/TAZ mechanotransduction in HTM cells. In this 
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tissue-mimetic environment, we then investigated whether YAP/TAZ inhibition would alleviate 

ECM stiffness- or TGFβ2-induced HTM cell pathobiology. 

Most in vitro studies to date investigating outflow cell dysfunction have focused on TM cells 

[135-137]. In contrast, the contributions of glaucoma-associated stressors (i.e., TGFβ2 and 

stiffened ECM) to SC cell pathobiology are considerably less well understood. SC inner wall 

endothelial cells rest on a discontinuous basal lamina, which is in direct contact with the JCT 

region of the TM [36, 39]. In Chapter 5, we cultured human Schlemm’s canal (HSC) cells atop 

ECM hydrogels to investigate the effects of TGFβ2 on regulating YAP/TAZ activity in HSC cells. 

Additionally, we examined whether pharmacologic YAP/TAZ inhibition would attenuate TGFβ2-

induced HSC cell dysfunction. 

To tune hydrogel stiffness independently of ECM composition or structure, additional bioinert 

polymers can be incorporated to form a so-called interpenetrating network [138-144]. Alginate is 

widely used in this application due to its tunable mechanical properties via soluble calcium 

crosslinking [145, 146]. Alginate lyase catalyzes the degradation of alginate to dynamically 

decrease the elastic modulus of such a hybrid ECM-alginate hydrogel in a cytocompatible manner 

[147-149]. In Chapter 6, we developed a novel ECM-alginate hydrogel that allows precise and 

on-demand control over matrix stiffness during the culture of cells to investigate how YAP 

mechanotransduction in HSC cells was regulated by matrix stiffening and softening. In patients 

with POAG, there is a buildup of ECM proteins within the JCT-TM, especially fibronectin, which 

is believed to contribute to the increase in cellular mechanoresponsiveness to biophysical cues, 

cytoskeletal organization, and resistance to AH outflow [62, 150]. We explored the effects of 

fibronectin deposition on regulating YAP activity in HSC cells cultured atop ECM hydrogels. 
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Finally, we assessed whether pharmacologic YAP inhibition would rescue outflow cell 

dysfunction and increase ex vivo outflow facility using a mouse eye perfusion system. 

In the concluding Chapter 7, I summarize the presented findings, discuss their implications, 

and present potential future directions. 

 

1.7 References 

1. Quigley, H.A. and A.T. Broman, The number of people with glaucoma worldwide in 
2010 and 2020. Br J Ophthalmol, 2006. 90(3): p. 262-7. 

2. Tham, Y.C., et al., Global prevalence of glaucoma and projections of glaucoma burden 
through 2040: a systematic review and meta-analysis. Ophthalmology, 2014. 121(11): p. 

2081-90. 

3. Quigley, H.A., Open-angle glaucoma. N Engl J Med, 1993. 328(15): p. 1097-106. 

4. Kwon, Y.H., et al., Primary open-angle glaucoma. N Engl J Med, 2009. 360(11): p. 

1113-24. 

5. Tamm, E.R., B.M. Braunger, and R. Fuchshofer, Intraocular Pressure and the 
Mechanisms Involved in Resistance of the Aqueous Humor Flow in the Trabecular 
Meshwork Outflow Pathways. Prog Mol Biol Transl Sci, 2015. 134: p. 301-14. 

6. Johnson, M.P. and E. Kw. Mechanisms and routes of aqueous humor drainage. 2000. 

7. Tamm, E.R., The trabecular meshwork outflow pathways: structural and functional 
aspects. Exp Eye Res, 2009. 88(4): p. 648-55. 

8. Johnson, M., J.W. McLaren, and D.R. Overby, Unconventional aqueous humor outflow: 
A review. Experimental eye research, 2017. 158: p. 94-111. 

9. Johnson, M., 'What controls aqueous humour outflow resistance?'. Exp Eye Res, 2006. 

82(4): p. 545-57. 

10. Liu, J.H., et al., Nocturnal elevation of intraocular pressure is detectable in the sitting 
position. Invest Ophthalmol Vis Sci, 2003. 44(10): p. 4439-42. 



 21 

11. Kim, J.H. and J. Caprioli, Intraocular Pressure Fluctuation: Is It Important? Journal of 

ophthalmic & vision research, 2018. 13(2): p. 170-174. 

12. Brubaker, R.F., Goldmann's equation and clinical measures of aqueous dynamics. Exp 

Eye Res, 2004. 78(3): p. 633-7. 

13. Sit, A.J. and J.W. McLaren, Measurement of episcleral venous pressure. Exp Eye Res, 

2011. 93(3): p. 291-8. 

14. Phelps, C.D. and M.F. Armaly, Measurement of episcleral venous pressure. Am J 

Ophthalmol, 1978. 85(1): p. 35-42. 

15. Bill, A. and E.H. Bárány, Gross facility, facility of conventional routes, and 
pseudofacility of aqueous humor outflow in the cynomolgus monkey. The reduction in 
aqueous humor formation rate caused by moderate increments in intraocular pressure. 
Arch Ophthalmol, 1966. 75(5): p. 665-73. 

16. Freddo, T.F., M. Civan, and H. Gong, Aqueous Humor and the Dynamics of Its Flow: 
Mechanisms and Routes of Aqueous Humor Drainage, in Albert and Jakobiec's 
Principles and Practice of Ophthalmology, D. Albert, et al., Editors. 2020, Springer 

International Publishing: Cham. p. 1-46. 

17. Carreon, T.A., et al., Segmental outflow of aqueous humor in mouse and human. Exp Eye 

Res, 2017. 158: p. 59-66. 

18. Vranka, J.A., et al., Mapping Molecular Differences and Extracellular Matrix Gene 
Expression in Segmental Outflow Pathways of the Human Ocular Trabecular Meshwork. 
PLOS ONE, 2015. 10(3): p. e0122483. 

19. Raghunathan, V.K., et al., Glaucomatous cell derived matrices differentially modulate 
non-glaucomatous trabecular meshwork cellular behavior. Acta Biomater, 2018. 71: p. 

444-459. 

20. Brubaker, R.F., Flow of aqueous humor in humans [The Friedenwald Lecture]. Invest 

Ophthalmol Vis Sci, 1991. 32(13): p. 3145-66. 

21. Gould, D.B. and S.W.M. John, Anterior segment dysgenesis and the developmental 
glaucomas are complex traits. Human Molecular Genetics, 2002. 11(10): p. 1185-1193. 

22. Abu-Hassan, D.W., T.S. Acott, and M.J. Kelley, The Trabecular Meshwork: A Basic 
Review of Form and Function. J Ocul Biol, 2014. 2(1). 



 22 

23. Dautriche, C.N., Y. Xie, and S.T. Sharfstein, Walking through trabecular meshwork 
biology: Toward engineering design of outflow physiology. Biotechnol Adv, 2014. 32(5): 

p. 971-83. 

24. Keller, K.E. and T.S. Acott, The Juxtacanalicular Region of Ocular Trabecular 
Meshwork: A Tissue with a Unique Extracellular Matrix and Specialized Function. J 

Ocul Biol, 2013. 1(1): p. 3. 

25. Rohen, J.W., R. Futa, and E. Lütjen-Drecoll, The fine structure of the cribriform 
meshwork in normal and glaucomatous eyes as seen in tangential sections. Invest 

Ophthalmol Vis Sci, 1981. 21(4): p. 574-85. 

26. Goel, M., et al., Aqueous humor dynamics: a review. The open ophthalmology journal, 

2010. 4: p. 52-59. 

27. Tektas, O.-Y. and E. Lütjen-Drecoll, Structural changes of the trabecular meshwork in 
different kinds of glaucoma. Experimental Eye Research, 2009. 88(4): p. 769-775. 

28. Fan, B.J. and J.L. Wiggs, Glaucoma: genes, phenotypes, and new directions for therapy. 
J Clin Invest, 2010. 120(9): p. 3064-72. 

29. Kelley, M.J., et al., Stem cells in the trabecular meshwork: present and future promises. 
Exp Eye Res, 2009. 88(4): p. 747-51. 

30. Hinz, B., et al., The Myofibroblast: One Function, Multiple Origins. The American 

Journal of Pathology, 2007. 170(6): p. 1807-1816. 

31. Pattabiraman, P.P. and P.V. Rao, Mechanistic basis of Rho GTPase-induced extracellular 
matrix synthesis in trabecular meshwork cells. Am J Physiol Cell Physiol, 2010. 298(3): 

p. C749-63. 

32. Junglas, B., et al., Connective Tissue Growth Factor Causes Glaucoma by Modifying the 
Actin Cytoskeleton of the Trabecular Meshwork. The American Journal of Pathology, 

2012. 180(6): p. 2386-2403. 

33. Stamer, W.D. and T.S. Acott, Current understanding of conventional outflow dysfunction 
in glaucoma. Current opinion in ophthalmology, 2012. 23(2): p. 135-143. 

34. Ashpole, N.E., et al., Shear stress-triggered nitric oxide release from Schlemm's canal 
cells. Investigative ophthalmology & visual science, 2014. 55(12): p. 8067-8076. 

35. Dautriche, C.N., et al., A Closer Look at Schlemm's Canal Cell Physiology: Implications 
for Biomimetics. J Funct Biomater, 2015. 6(3): p. 963-85. 



 23 

36. Stamer, W.D., et al., Biomechanics of Schlemm's canal endothelium and intraocular 
pressure reduction. Prog Retin Eye Res, 2015. 44: p. 86-98. 

37. Ethier, C.R., The inner wall of Schlemm's canal. Exp Eye Res, 2002. 74(2): p. 161-72. 

38. Stamer, W.D., et al., Isolation, culture, and characterization of endothelial cells from 
Schlemm's canal. Invest Ophthalmol Vis Sci, 1998. 39(10): p. 1804-12. 

39. Gong, H. and A.W. Francis. Schlemm s Canal and Collector Channels as Therapeutic 
Targets. 2014. 

40. Wang, K., et al., Estimating Human Trabecular Meshwork Stiffness by Numerical 
Modeling and Advanced OCT Imaging. Investigative Ophthalmology & Visual Science, 

2017. 58(11): p. 4809-4817. 

41. Last, J.A., et al., Elastic Modulus Determination of Normal and Glaucomatous Human 
Trabecular Meshwork. Investigative Ophthalmology & Visual Science, 2011. 52(5): p. 

2147-2152. 

42. Overby, D.R., et al., Altered mechanobiology of Schlemm's canal endothelial cells in 
glaucoma. Proc Natl Acad Sci U S A, 2014. 111(38): p. 13876-81. 

43. Acott, T.S., et al., Intraocular pressure homeostasis: maintaining balance in a high-
pressure environment. J Ocul Pharmacol Ther, 2014. 30(2-3): p. 94-101. 

44. Bradley, J.M., et al., Effects of mechanical stretching on trabecular matrix 
metalloproteinases. Invest Ophthalmol Vis Sci, 2001. 42(7): p. 1505-13. 

45. Acott, T.S., et al., Normal and glaucomatous outflow regulation. Prog Retin Eye Res, 

2021. 82: p. 100897. 

46. Johnson, D.H. and R.C. Tschumper, Human trabecular meshwork organ culture. A new 
method. Invest Ophthalmol Vis Sci, 1987. 28(6): p. 945-53. 

47. Johnstone, M.A. and W.G. Grant, Pressure-dependent changes in structures of the 
aqueous outflow system of human and monkey eyes. Am J Ophthalmol, 1973. 75(3): p. 

365-83. 

48. Van Buskirk, E.M., Anatomic correlates of changing aqueous outflow facility in excised 
human eyes. Invest Ophthalmol Vis Sci, 1982. 22(5): p. 625-32. 

49. Keller, K.E., et al., Extracellular matrix turnover and outflow resistance. Exp Eye Res, 

2009. 88(4): p. 676-82. 



 24 

50. Stamer, W.D., et al., eNOS, a pressure-dependent regulator of intraocular pressure. 
Invest Ophthalmol Vis Sci, 2011. 52(13): p. 9438-44. 

51. Ethier, C.R., A.T. Read, and D. Chan, Biomechanics of Schlemm's canal endothelial 
cells: influence on F-actin architecture. Biophys J, 2004. 87(4): p. 2828-37. 

52. Acott, T.S. and M.J. Kelley, Extracellular matrix in the trabecular meshwork. Exp Eye 

Res, 2008. 86(4): p. 543-61. 

53. Keller, K.E., M.J. Kelley, and T.S. Acott, Extracellular matrix gene alternative splicing 
by trabecular meshwork cells in response to mechanical stretching. Invest Ophthalmol 

Vis Sci, 2007. 48(3): p. 1164-72. 

54. Murphy, C.G., et al., Localization of extracellular proteins of the human trabecular 
meshwork by indirect immunofluorescence. Am J Ophthalmol, 1987. 104(1): p. 33-43. 

55. Fuchshofer, R., et al., Biochemical and morphological analysis of basement membrane 
component expression in corneoscleral and cribriform human trabecular meshwork cells. 
Invest Ophthalmol Vis Sci, 2006. 47(3): p. 794-801. 

56. Acott, T.S., et al., Trabecular meshwork glycosaminoglycans in human and cynomolgus 
monkey eye. Invest Ophthalmol Vis Sci, 1985. 26(10): p. 1320-9. 

57. Knepper, P.A., et al., Glycosaminoglycans of the human trabecular meshwork in primary 
open-angle glaucoma. Invest Ophthalmol Vis Sci, 1996. 37(7): p. 1360-7. 

58. Lütjen-Drecoll, E., et al., Immunomicroscopical study of type VI collagen in the 
trabecular meshwork of normal and glaucomatous eyes. Exp Eye Res, 1989. 48(1): p. 

139-47. 

59. Lütjen-Drecoll, E., R. Futa, and J.W. Rohen, Ultrahistochemical studies on tangential 
sections of the trabecular meshwork in normal and glaucomatous eyes. Invest 

Ophthalmol Vis Sci, 1981. 21(4): p. 563-73. 

60. Sethi, A., et al., Transforming growth factor-beta induces extracellular matrix protein 
cross-linking lysyl oxidase (LOX) genes in human trabecular meshwork cells. Invest 

Ophthalmol Vis Sci, 2011. 52(8): p. 5240-50. 

61. Tovar-Vidales, T., et al., Tissue transglutaminase expression and activity in normal and 
glaucomatous human trabecular meshwork cells and tissues. Investigative 

ophthalmology & visual science, 2008. 49(2): p. 622-628. 



 25 

62. Faralli, J.A., M.S. Filla, and D.M. Peters, Role of Fibronectin in Primary Open Angle 
Glaucoma. Cells, 2019. 8(12). 

63. Ramos, R.F., G.M. Sumida, and W.D. Stamer, Cyclic Mechanical Stress and Trabecular 
Meshwork Cell Contractility. Investigative Ophthalmology & Visual Science, 2009. 

50(8): p. 3826-3832. 

64. Last, J.A., et al., Elastic modulus determination of normal and glaucomatous human 
trabecular meshwork. Invest Ophthalmol Vis Sci, 2011. 52(5): p. 2147-52. 

65. Stamer, W.D. and T.S. Acott, Current understanding of conventional outflow dysfunction 
in glaucoma. Curr Opin Ophthalmol, 2012. 23(2): p. 135-43. 

66. Wang, K., et al., Estimating Human Trabecular Meshwork Stiffness by Numerical 
Modeling and Advanced OCT Imaging. Invest Ophthalmol Vis Sci, 2017. 58(11): p. 

4809-4817. 

67. Beidoe, G. and S.A. Mousa, Current primary open-angle glaucoma treatments and future 
directions. Clin Ophthalmol, 2012. 6: p. 1699-707. 

68. Lin, C.W., et al., Discovery and Preclinical Development of Netarsudil, a Novel Ocular 
Hypotensive Agent for the Treatment of Glaucoma. J Ocul Pharmacol Ther, 2018. 34(1-

2): p. 40-51. 

69. Serle, J.B., et al., Two Phase 3 Clinical Trials Comparing the Safety and Efficacy of 
Netarsudil to Timolol in Patients With Elevated Intraocular Pressure: Rho Kinase 
Elevated IOP Treatment Trial 1 and 2 (ROCKET-1 and ROCKET-2). Am J Ophthalmol, 

2018. 186: p. 116-127. 

70. Rao, P.V., et al., Modulation of aqueous humor outflow facility by the Rho kinase-specific 
inhibitor Y-27632. Invest Ophthalmol Vis Sci, 2001. 42(5): p. 1029-37. 

71. Wang, S.K. and R.T. Chang, An emerging treatment option for glaucoma: Rho kinase 
inhibitors. Clin Ophthalmol, 2014. 8: p. 883-90. 

72. Tanna, A.P. and M. Johnson, Rho Kinase Inhibitors as a Novel Treatment for Glaucoma 
and Ocular Hypertension. Ophthalmology, 2018. 125(11): p. 1741-1756. 

73. Rao, P.V., P.P. Pattabiraman, and C. Kopczynski, Role of the Rho GTPase/Rho kinase 
signaling pathway in pathogenesis and treatment of glaucoma: Bench to bedside 
research. Exp Eye Res, 2017. 158: p. 23-32. 



 26 

74. Zhang, K., L. Zhang, and R.N. Weinreb, Ophthalmic drug discovery: novel targets and 
mechanisms for retinal diseases and glaucoma. Nat Rev Drug Discov, 2012. 11(7): p. 

541-59. 

75. Lampi, M.C. and C.A. Reinhart-King, Targeting extracellular matrix stiffness to 
attenuate disease: From molecular mechanisms to clinical trials. Sci Transl Med, 2018. 

10(422): p. eaao0475. 

76. Watt, F.M. and W.T.S. Huck, Role of the extracellular matrix in regulating stem cell fate. 
Nature Reviews Molecular Cell Biology, 2013. 14(8): p. 467-473. 

77. Lu, P., et al., Extracellular matrix degradation and remodeling in development and 
disease. Cold Spring Harb Perspect Biol, 2011. 3(12). 

78. Lu, P., V.M. Weaver, and Z. Werb, The extracellular matrix: a dynamic niche in cancer 
progression. J Cell Biol, 2012. 196(4): p. 395-406. 

79. Kular, J.K., S. Basu, and R.I. Sharma, The extracellular matrix: Structure, composition, 
age-related differences, tools for analysis and applications for tissue engineering. J 

Tissue Eng, 2014. 5: p. 2041731414557112. 

80. Frantz, C., K.M. Stewart, and V.M. Weaver, The extracellular matrix at a glance. J Cell 

Sci, 2010. 123(Pt 24): p. 4195-200. 

81. Engler, A.J., et al., Matrix Elasticity Directs Stem Cell Lineage Specification. Cell, 2006. 

126(4): p. 677-689. 

82. Schwartz, M.A. and M.H. Ginsberg, Networks and crosstalk: integrin signalling spreads. 
Nat Cell Biol, 2002. 4(4): p. E65-8. 

83. Geiger, B., J.P. Spatz, and A.D. Bershadsky, Environmental sensing through focal 
adhesions. Nat Rev Mol Cell Biol, 2009. 10(1): p. 21-33. 

84. Hynes, R.O., The extracellular matrix: not just pretty fibrils. Science, 2009. 326(5957): 

p. 1216-9. 

85. Branco da Cunha, C., et al., CD44 alternative splicing in gastric cancer cells is regulated 
by culture dimensionality and matrix stiffness. Biomaterials, 2016. 98: p. 152-62. 

86. Kumar, S. and V.M. Weaver, Mechanics, malignancy, and metastasis: the force journey 
of a tumor cell. Cancer Metastasis Rev, 2009. 28(1-2): p. 113-27. 



 27 

87. Handorf, A.M., et al., Tissue stiffness dictates development, homeostasis, and disease 
progression. Organogenesis, 2015. 11(1): p. 1-15. 

88. Lampi, M.C. and C.A. Reinhart-King, Targeting extracellular matrix stiffness to 
attenuate disease: From molecular mechanisms to clinical trials. Sci Transl Med, 2018. 

10(422). 

89. Wang, N., Review of Cellular Mechanotransduction. J Phys D Appl Phys, 2017. 50(23). 

90. Martino, F., et al., Cellular Mechanotransduction: From Tension to Function. Frontiers 

in Physiology, 2018. 9. 

91. Dupont, S., et al., Role of YAP/TAZ in mechanotransduction. Nature, 2011. 474(7350): p. 

179-183. 

92. Boopathy, G.T.K. and W. Hong, Role of Hippo Pathway-YAP/TAZ Signaling in 
Angiogenesis. Frontiers in Cell and Developmental Biology, 2019. 7(49). 

93. Low, B.C., et al., YAP/TAZ as mechanosensors and mechanotransducers in regulating 
organ size and tumor growth. FEBS Lett, 2014. 588(16): p. 2663-70. 

94. Lei, Q.Y., et al., TAZ promotes cell proliferation and epithelial-mesenchymal transition 
and is inhibited by the hippo pathway. Mol Cell Biol, 2008. 28(7): p. 2426-36. 

95. Zhao, B., et al., Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell 
contact inhibition and tissue growth control. Genes Dev, 2007. 21(21): p. 2747-61. 

96. Lu, L., et al., Hippo signaling is a potent in vivo growth and tumor suppressor pathway 
in the mammalian liver. Proc Natl Acad Sci U S A, 2010. 107(4): p. 1437-42. 

97. Totaro, A., T. Panciera, and S. Piccolo, YAP/TAZ upstream signals and downstream 
responses. Nature Cell Biology, 2018. 20(8): p. 888-899. 

98. Dupont, S., Role of YAP/TAZ in cell-matrix adhesion-mediated signalling and 
mechanotransduction. Exp Cell Res, 2016. 343(1): p. 42-53. 

99. Aragona, M., et al., A mechanical checkpoint controls multicellular growth through 
YAP/TAZ regulation by actin-processing factors. Cell, 2013. 154(5): p. 1047-1059. 

100. Jensen, C. and Y. Teng, Is It Time to Start Transitioning From 2D to 3D Cell Culture? 

Frontiers in Molecular Biosciences, 2020. 7(33). 



 28 

101. Langhans, S.A., Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and 
Drug Repositioning. Frontiers in Pharmacology, 2018. 9. 

102. Davari, N., et al., Protein-Based Hydrogels: Promising Materials for Tissue Engineering. 
Polymers, 2022. 14(5): p. 986. 

103. Geckil, H., et al., Engineering hydrogels as extracellular matrix mimics. Nanomedicine 

(Lond), 2010. 5(3): p. 469-84. 

104. Drury, J.L. and D.J. Mooney, Hydrogels for tissue engineering: scaffold design variables 
and applications. Biomaterials, 2003. 24(24): p. 4337-4351. 

105. Panahi, R. and M. Baghban-Salehi, Protein-Based Hydrogels, in Cellulose-Based 
Superabsorbent Hydrogels, M.I.H. Mondal, Editor. 2019, Springer International 

Publishing: Cham. p. 1561-1600. 

106. Kim, H., et al., Shear-induced alignment of collagen fibrils using 3D cell printing for 
corneal stroma tissue engineering. Biofabrication, 2019. 11(3): p. 035017. 

107. Simorgh, S., et al., Human Olfactory Mucosa Stem Cells Delivery Using a Collagen 
Hydrogel: As a Potential Candidate for Bone Tissue Engineering. Materials, 2021. 

14(14): p. 3909. 

108. Mithieux, S.M. and A.S. Weiss, Elastin. Adv Protein Chem, 2005. 70: p. 437-61. 

109. Zhang, Y.-N., et al., A Highly Elastic and Rapidly Crosslinkable Elastin-Like 
Polypeptide-Based Hydrogel for Biomedical Applications. Advanced Functional 

Materials, 2015. 25(30): p. 4814-4826. 

110. Stojic, M., et al., Elastin-Plasma Hybrid Hydrogels for Skin Tissue Engineering. 
Polymers, 2021. 13(13): p. 2114. 

111. Fraser, J.R., T.C. Laurent, and U.B. Laurent, Hyaluronan: its nature, distribution, 
functions and turnover. J Intern Med, 1997. 242(1): p. 27-33. 

112. Laurent, T.C. and J.R. Fraser, The properties and turnover of hyaluronan. Ciba Found 

Symp, 1986. 124: p. 9-29. 

113. Burdick, J.A. and G.D. Prestwich, Hyaluronic acid hydrogels for biomedical 
applications. Adv Mater, 2011. 23(12): p. H41-56. 



 29 

114. An, S., et al., Hyaluronic Acid-based Biomimetic Hydrogels for Tissue Engineering and 
Medical Applications. Biotechnology and Bioprocess Engineering, 2021. 26(4): p. 503-

516. 

115. Galarraga, J.H., M.Y. Kwon, and J.A. Burdick, 3D bioprinting via an in situ crosslinking 
technique towards engineering cartilage tissue. Sci Rep, 2019. 9(1): p. 19987. 

116. Suri, S. and C.E. Schmidt, Cell-laden hydrogel constructs of hyaluronic acid, collagen, 
and laminin for neural tissue engineering. Tissue Eng Part A, 2010. 16(5): p. 1703-16. 

117. Hann, C.R. and M.P. Fautsch, The elastin fiber system between and adjacent to collector 
channels in the human juxtacanalicular tissue. Invest Ophthalmol Vis Sci, 2011. 52(1): p. 

45-50. 

118. Abu-Hassan, D.W., T.S. Acott, and M.J. Kelley, The Trabecular Meshwork: A Basic 
Review of Form and Function. J Ocul Biol, 2014. 2(1): p. 9. 

119. Rybkin, I., et al., Model systems for the study of steroid-induced IOP elevation. Exp Eye 

Res, 2017. 158: p. 51-58. 

120. Koga, T., et al., Rho-associated protein kinase inhibitor, Y-27632, induces alterations in 
adhesion, contraction and motility in cultured human trabecular meshwork cells. Exp 

Eye Res, 2006. 82(3): p. 362-70. 

121. Fuchshofer, R. and E.R. Tamm, Modulation of extracellular matrix turnover in the 
trabecular meshwork. Experimental Eye Research, 2009. 88(4): p. 683-688. 

122. Granstein, R.D., et al., Aqueous humor contains transforming growth factor-beta and a 
small (less than 3500 daltons) inhibitor of thymocyte proliferation. J Immunol, 1990. 

144(8): p. 3021-7. 

123. Inatani, M., et al., Transforming growth factor-beta 2 levels in aqueous humor of 
glaucomatous eyes. Graefes Arch Clin Exp Ophthalmol, 2001. 239(2): p. 109-13. 

124. Agarwal, P., A.M. Daher, and R. Agarwal, Aqueous humor TGF-β2 levels in patients 
with open-angle glaucoma: A meta-analysis. Molecular vision, 2015. 21: p. 612-620. 

125. Kasetti, R.B., et al., Transforming growth factor β2 (TGFβ2) signaling plays a key role in 
glucocorticoid-induced ocular hypertension. J Biol Chem, 2018. 293(25): p. 9854-9868. 

126. Zhang, Y.E., Non-Smad pathways in TGF-β signaling. Cell Research, 2009. 19(1): p. 

128-139. 



 30 

127. Prendes, M.A., et al., The role of transforming growth factor β in glaucoma and the 
therapeutic implications. Br J Ophthalmol, 2013. 97(6): p. 680-6. 

128. Montecchi-Palmer, M., et al., TGFβ2 Induces the Formation of Cross-Linked Actin 
Networks (CLANs) in Human Trabecular Meshwork Cells Through the Smad and Non-
Smad Dependent Pathways. Investigative ophthalmology & visual science, 2017. 58(2): 

p. 1288-1295. 

129. Gharahkhani, P., et al., Genome-wide meta-analysis identifies 127 open-angle glaucoma 
loci with consistent effect across ancestries. Nat Commun, 2021. 12(1): p. 1258. 

130. Vahabikashi, A., et al., Increased stiffness and flow resistance of the inner wall of 
Schlemm’s canal in glaucomatous human eyes. Proceedings of the National Academy of 

Sciences, 2019. 116(52): p. 26555-26563. 

131. Wang, K., et al., Trabecular meshwork stiffness in glaucoma. Exp Eye Res, 2017. 158: p. 

3-12. 

132. Zhang, Y., A.H. Conrad, and G.W. Conrad, Effects of ultraviolet-A and riboflavin on the 
interaction of collagen and proteoglycans during corneal cross-linking. J Biol Chem, 

2011. 286(15): p. 13011-22. 

133. Ahearne, M. and A. Coyle, Application of UVA-riboflavin crosslinking to enhance the 
mechanical properties of extracellular matrix derived hydrogels. J Mech Behav Biomed 

Mater, 2016. 54: p. 259-67. 

134. Heo, J., et al., Riboflavin-induced photo-crosslinking of collagen hydrogel and its 
application in meniscus tissue engineering. Drug Deliv Transl Res, 2016. 6(2): p. 148-58. 

135. Li, H., et al., TGFβ2 regulates human trabecular meshwork cell contractility via ERK 
and ROCK pathways with distinct signaling crosstalk dependent on the culture substrate. 
Current Eye Research, 2022: p. 1-41. 

136. Li, H., et al., Extracellular Matrix Stiffness and TGFβ2 Regulate YAP/TAZ Activity in 
Human Trabecular Meshwork Cells. Frontiers in Cell and Developmental Biology, 2022. 

10. 

137. Torrejon, K.Y., et al., TGFβ2-induced outflow alterations in a bioengineered trabecular 
meshwork are offset by a rho-associated kinase inhibitor. Scientific Reports, 2016. 6(1): 

p. 38319. 



 31 

138. Matricardi, P., et al., In situ cross-linkable novel alginate-dextran methacrylate IPN 
hydrogels for biomedical applications: mechanical characterization and drug delivery 
properties. Biomacromolecules, 2008. 9(7): p. 2014-20. 

139. Hu, T. and A.C.Y. Lo, Collagen-Alginate Composite Hydrogel: Application in Tissue 
Engineering and Biomedical Sciences. Polymers (Basel), 2021. 13(11). 

140. Geanaliu-Nicolae, R.E. and E. Andronescu, Blended Natural Support Materials-Collagen 
Based Hydrogels Used in Biomedicine. Materials (Basel), 2020. 13(24). 

141. Drury, J.L. and D.J. Mooney, Hydrogels for tissue engineering: scaffold design variables 
and applications. Biomaterials, 2003. 24(24): p. 4337-51. 

142. Baniasadi, M. and M. Minary-Jolandan, Alginate-Collagen Fibril Composite Hydrogel. 
Materials (Basel), 2015. 8(2): p. 799-814. 

143. Mao, A.S., et al., Deterministic encapsulation of single cells in thin tunable microgels for 
niche modelling and therapeutic delivery. Nat Mater, 2017. 16(2): p. 236-243. 

144. Zhang, Y.S. and A. Khademhosseini, Advances in engineering hydrogels. Science, 2017. 

356(6337): p. eaaf3627. 

145. Lee, K.Y. and D.J. Mooney, Alginate: properties and biomedical applications. Prog 

Polym Sci, 2012. 37(1): p. 106-126. 

146. Rowley, J.A., G. Madlambayan, and D.J. Mooney, Alginate hydrogels as synthetic 
extracellular matrix materials. Biomaterials, 1999. 20(1): p. 45-53. 

147. Zhu, B. and H. Yin, Alginate lyase: Review of major sources and classification, 
properties, structure-function analysis and applications. Bioengineered, 2015. 6(3): p. 

125-31. 

148. Jang, M., et al., Matrix stiffness epigenetically regulates the oncogenic activation of the 
Yes-associated protein in gastric cancer. Nat Biomed Eng, 2021. 5(1): p. 114-123. 

149. Wong, T.Y., L.A. Preston, and N.L. Schiller, ALGINATE LYASE: review of major 
sources and enzyme characteristics, structure-function analysis, biological roles, and 
applications. Annu Rev Microbiol, 2000. 54: p. 289-340. 

150. Babizhayev, M.A. and M.W. Brodskaya, Fibronectin detection in drainage outflow 
system of human eyes in ageing and progression of open-angle glaucoma. Mechanisms 

of Ageing and Development, 1989. 47(2): p. 145-157. 

 



 32 

Chapter 2 

A tissue-engineered human trabecular meshwork hydrogel for 

advanced glaucoma disease modeling 

 

 

Haiyan Li, Tyler Bagué, Alexander Kirschner, Ana N. Strat, Haven Roberts,  

Robert W. Weisenthal, Alison E. Patteson, Nasim Annabi, W. Daniel Stamer,  

Preethi S. Ganapathy, Samuel Herberg 

 

 

 

 

 

This Chapter was published in Exp Eye Res. 2021 Apr; 205:108472. doi: 

10.1016/j.exer.2021.108472. Epub 2021 Jan 29. PMID: 33516765. 

 

 

 

Permission to reproduce the manuscript in this dissertation was obtained from 

Elsevier. 

 

 

 

Author Contributions: Haiyan Li designed all experiments, collected, analyzed, and interpreted 

the data together with Samuel Herberg. Tyler Bagué and Alexander Kirschner assisted with 

HTM cell isolation, ELP expression/purification, PDMS-mold design/3D printing, and imaging. 

Ana N. Strat performed MTS assay and live/dead staining for HTM 19. Robert W. Weisenthal, 

Alison E. Patteson, and Nasim Annabi provided study materials. W. Daniel Stamer provided the 

reference HTM cells. Preethi S. Ganapathy contributed to the study design. Haiyan Li and 

Samuel Herberg wrote the manuscript. Samuel Herberg conceived and supervised the research. 

 

 

 

 

 

  



 33 

2.1 Abstract  

Abnormal human trabecular meshwork (HTM) cell function and extracellular matrix (ECM) 

remodeling contribute to HTM stiffening in primary open-angle glaucoma (POAG). Most current 

cellular HTM model systems do not sufficiently replicate the complex native three dimensional 

(3D) cell-ECM interface, limiting their use for investigating POAG pathology. Tissue-engineered 

hydrogels are ideally positioned to overcome shortcomings of current models. Here, we report a 

novel biomimetic HTM hydrogel and test its utility as a POAG disease model. HTM hydrogels 

were engineered by mixing normal donor-derived HTM cells with collagen type I, elastin-like 

polypeptide and hyaluronic acid, each containing photoactive functional groups, followed by UV 

crosslinking. Glaucomatous conditions were induced with dexamethasone (DEX), and effects of 

the Rho-associated kinase (ROCK) inhibitor Y27632 on cytoskeletal organization and tissue-level 

function, contingent on HTM cell-ECM interactions, were assessed. DEX exposure increased 

HTM hydrogel contractility, f-actin and alpha smooth muscle actin abundance and rearrangement, 

ECM remodeling, and fibronectin deposition - all contributing to HTM hydrogel condensation and 

stiffening consistent with glaucomatous HTM tissue behavior. Y27632 treatment produced 

precisely the opposite effects and attenuated the DEX-induced pathologic changes, resulting in 

HTM hydrogel relaxation and softening. For model validation, confirmed glaucomatous HTM 

(GTM) cells were encapsulated; GTM hydrogels showed increased contractility, fibronectin 

deposition, and stiffening vs. normal HTM hydrogels despite reduced GTM cell proliferation. We 

have developed a biomimetic HTM hydrogel model for detailed investigation of 3D cell-ECM 

interactions under normal and simulated glaucomatous conditions. Its bidirectional responsiveness 

to pharmaceutical challenge and rescue suggests promising potential to serve as screening platform 

for new POAG treatments with focus on HTM biomechanics. 
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2.2 Introduction 

The human trabecular meshwork (HTM), located in the iridocorneal angle, is an avascular 

connective tissue with filtering features and complex architecture [1]. Its main function is to 

control the resistance to drainage of aqueous humor (AH) via the conventional outflow pathway 

to maintain normal intraocular pressure (IOP) [2]. Most of the AH outflow resistance is localized 

to the deepest juxtacanalicular tissue (JCT) region [3], where a few discontinuous layers of HTM 

cells reside in and interact with a dense amorphous extracellular matrix (ECM). A variety of ECM 

structural and organizational components have been identified within the JCT; e.g., non-fibrillar 

and fibrillar collagens, elastic fibrils, and basement membrane-like materials. The narrow space 

between HTM cells and ECM fibers is filled with a ground substance rich in proteoglycans and 

the glycosaminoglycan hyaluronic acid (HA) [3-7].  

HTM cells play an essential role in modulating AH outflow resistance by controlling the 

production of contraction forces and the secretion/degradation of ECM proteins to support tissue 

homeostasis [8]. As such, the reciprocity between HTM cells and their ECM is critical for normal 

tissue function and IOP maintenance within narrow margins in the healthy eye. Dysregulation of 

HTM cells can cause elevated ECM deposition as well as HTM cell and tissue contraction, which 

jointly contribute to HTM stiffening, ultimately leading to increased AH outflow resistance and 

elevated IOP [9, 10]. Prolonged elevation of IOP causes pathologic distension and compression of 

the HTM and further tissue stiffening. Consequently, the stiffened HTM negatively affects IOP 

and HTM cell function in a feed-forward loop [11-13]. Since elevated IOP is a primary risk factor 

for glaucoma, this pathologic process leads to retinal ganglion cell damage resulting in the 

irreversible loss of vision that is characterized as primary open-angle glaucoma (POAG), the most 

common form of glaucoma [14-18]. 
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Elevated IOP is the only modifiable risk factor for POAG, and management of the disease is 

focused on IOP lowering [16]. First line POAG medications do not specifically target the diseased 

HTM; instead, they lower IOP by either increasing AH outflow bypassing the HTM altogether, or 

by decreasing AH production [19, 20]. In the United States, only the recently approved Rho-

associated kinase (ROCK) inhibitor netarsudil [21] directly aims at the stiffened HTM to increase 

AH outflow via cell/tissue relaxation [22-26]. However, various adverse events at the ocular 

surface in some patients have been reported during the drug’s brief window of availability [27-

29], raising concerns over its routine use. This highlights the clear unmet need for new/improved 

POAG treatment strategies. Targeting ECM mechanics by reversing tissue stiffening to limit 

pathological progression is an emerging therapeutic approach in other diseases [30], with 

promising potential for POAG therapy. 

A number of models are available to study HTM physiology and POAG pathophysiology; e.g., 

conventional two dimensional (2D) HTM cell monolayer cultures, perfusion-cultured anterior 

segments from postmortem human and animal eyes, or animal models of different (large and small) 

species [31-35]. While each of these model systems has proven strengths, they cannot reliably and 

efficiently determine the relative contributions of HTM cells and their ECM to the onset and 

progression of glaucomatous HTM stiffening. This has hampered advances in the mechanistic 

study of this biomechanical element in POAG pathophysiology.  

The interdisciplinary field of tissue engineering aims to produce functional biomimetic replicas 

of tissues of interest [36]. HTM tissue engineering is still in its infancy; few studies have been 

reported that use bioengineered 3D HTM in vitro models. Constructs made of porous scaffolds 

(~20 µm thick) seeded with HTM cells were shown to partially mimic normal in vivo tissue 

function, including pharmacological induction/rescue of glaucomatous conditions [37-39]. 
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However, an argument could be made that this model is more akin to a 2D cell culture system (i.e., 

HTM cells grown on a flat culture substrate) rather than a true 3D model, as it cannot accurately 

mimic the 3D cell-ECM interface beyond ECM secreted by the HTM cells while grown atop the 

synthetic polymer scaffold. Another scaffold-based approach utilized porcine TM cells [40] or 

HTM cells [41] cultured atop a freeze-dried polymer matrix made of collagen and chondroitin 

sulfate and/or HA exhibiting aligned pores throughout the 3D construct (~3 mm thick). The 

scaffolds were shown to support TM cell proliferation into the porous matrix, and the 

bioengineered constructs displayed certain aspects of normal tissue function. Nevertheless, the 

study did not investigate the constructs’ behavior under induced glaucomatous conditions.  

In addition to scaffold-based systems, viscoelastic hydrogels (i.e., water-swollen networks of 

polymers) are widely used in tissue engineering applications. They provide a simplistic version of 

the natural 3D tissue environment and allow for accurate in vitro modeling of cellular behaviors 

[42-46]. To that end, Matrigel, the gelatinous protein mixture secreted by mouse sarcoma cells, 

has been used to fabricate a rudimentary 3D HTM hydrogel culture model [47-49]. Significant 

drawbacks include Matrigel’s tumorigenic origin, diverse composition, and batch-to-batch 

variability affecting its biochemical and mechanical properties [50]. Lastly, a recent study reported 

a shear-thinning peptide hydrogel with HTM cells seeded atop to engineer an injectable HTM 

implant with utility as in vitro model [51]. However, this simple 20-residue peptide cannot 

faithfully recapitulate the complex ECM environment HTM cells interact with in the native tissue. 

Together, these studies highlight the need for more well-defined hydrogel systems to support 

relevant HTM modeling studies under normal and induced glaucomatous conditions.  

Here, we report a novel tissue-engineered HTM hydrogel composed of normal donor-derived 

HTM cells and ECM biopolymers found in the native tissue, with focus on modeling the JCT 
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region owing to both its critical role in regulating AH outflow resistance and IOP, and inextricable 

link to glaucomatous HTM stiffening. HTM hydrogels in different sizes/shapes were formed by 

mixing HTM cells with collagen type I, HA, and elastin-like polypeptide (ELP) - each containing 

photoactive functional groups - followed by photoinitiator-mediated short UV crosslinking. We 

then used proven pharmacological induction of glaucomatous conditions by treating HTM 

hydrogels with the corticosteroid dexamethasone (DEX) [35] and assessed the therapeutic effects 

of the ROCK inhibitor Y27632 [52], either as co- or sequential treatment, on cytoskeletal 

organization and tissue-level functional changes contingent on HTM cell-ECM interactions. To 

validate our model, we encapsulated glaucomatous HTM (GTM) cells derived from a confirmed 

POAG donor eye and compared cell proliferation, contractility, fibronectin deposition, and 

stiffening of GTM hydrogels to normal HTM hydrogels without or with DEX/Y27632 treatment. 

 

2.3 Materials and Methods 

2.3.1 HTM cell isolation and culture 

Human donor eye tissue use was approved by the SUNY Upstate Medical University 

Institutional Review Board (protocol #1211036), and all experiments were performed in 

accordance with the tenets of the Declaration of Helsinki for the use of human tissue. Normal 

human trabecular meshwork (HTM) cells were isolated from healthy donor corneal rims discarded 

after transplant surgery, and cultured according to established protocols [53, 54]. Using an 

SMZ1270 stereomicroscope (Nikon Instruments, Melville, NY, USA), corneal rims were cut into 

wedges and the HTM tissue was grabbed by placing one tip of Dumont #5 fine-tipped forceps 

(Fine Science Tools, Foster City, CA, USA) into the Schlemm’s canal lumen and the other on top 

of the anterior HTM. The dissected strips of HTM tissue were digested for 20 min with 1 mg/ml 



 38 

collagenase (Worthington, Lakewood, NJ, USA) and 4.5 mg/ml human albumin (Sigma-Aldrich, 

St. Louis, MO, USA) in Dulbecco’s Phosphate Buffered Saline (DPBS; Gibco; Thermo Fisher 

Scientific, Waltham, MA, USA) at 37ºC, placed into a single well of gelatin-coated (Sigma-

Aldrich) 6-well culture plates (Corning; Thermo Fisher Scientific), and overlaid with glass 

coverslips to aid in tissue adherence. HTM tissue strips were cultured in low-glucose Dulbecco's 

Modified Eagle's Medium (DMEM; Gibco) containing 20% fetal bovine serum (FBS; Atlanta 

Biologicals, Flowery Branch, GA, USA) and 1% penicillin/streptomycin/glutamine (PSG; Gibco), 

and maintained at 37°C in a humidified atmosphere with 5% CO2. Fresh media was supplied every 

2-3 days. Once confluent, HTM cells were lifted with 0.25% trypsin/0.5 mM EDTA (Gibco) and 

sub-cultured in DMEM with 10% FBS and 1% PSG. All studies were conducted using cells 

passage 3-7; the reference HTM cell strain HTM129 was isolated and characterized at Duke 

University by W.D.S. (Table 2.1). 

Table 2. 1. HTM cell strain information. 

ID Sex Age Used in 

Reference (HTM129)* Female 75 Fig. 2; Suppl. Fig. S4 

HTM01 Female 26 Figs. 2, 3, 5; Suppl. Figs. S4, 5, 7 

HTM12 Female 60 Figs. 2, 3, 4, 5, 6, 7, 8, 10; Suppl. Figs. S4, 7, 8 

HTM19 Male 34 Figs. 2, 3, 4, 5, 6, 7, 8; Suppl. Figs. S4, 7, 8 

*obtained from W.D.S. at Duke University 

 

2.3.2 HTM cell characterization 

HTM cells were seeded at 1x10
4
 cells/cm

2
 in 6-well culture plates or on sterilized glass 

coverslips in 24-well culture plates, and cultured in DMEM with 10% FBS and 1% PSG. HTM 

cell morphology and growth characteristics were monitored by phase contrast microscopy using 
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an LMI-3000 Series Routine Inverted Microscope (Laxco; Thermo Fisher Scientific). Once 

confluent, HTM cells were treated with 100 nM dexamethasone (DEX; Fisher Scientific) or 

vehicle control (0.1% (v/v) ethanol) in DMEM with 1% FBS and 1% PSG for 4 d, and serum- and 

phenol red-free DMEM for 3 d. The HTM cell culture supernatants were collected and 

concentrated using Amicon® Ultra Centrifugal Filters (Millipore Sigma, Burlington, MA, USA) 

for immunoblot analysis. The monolayer HTM cells were processed for quantitative reverse 

transcription-polymerase chain reaction (qRT-PCR) and immunocytochemistry (ICC) analyses. 

DEX-induced myocilin (MYOC) upregulation in more than 50% of HTM cells was used as 

inclusion/exclusion criterion.  

 

2.3.2.1 Immunoblot analysis 

Equal protein amounts (10 µg), determined by standard bicinchoninic acid assay (Pierce; 

Thermo Fisher Scientific), from concentrated HTM cell culture supernatants ± DEX at 7 d 

supplemented with Halt™ protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific) in 

6X loading buffer (Boston Bio Products, Ashland, MA, USA) with 5% beta-mercaptoethanol 

(BME; Fisher Scientific), were subjected to SDS-PAGE using NuPAGE™ 4-12% Bis-Tris Gels 

(Invitrogen; Thermo Fisher Scientific) at 200V for 50 min and transferred to 0.45 µm PVDF 

membranes (Millipore; Thermo Fisher Scientific). Membranes were blocked with 5% nonfat milk 

(Nestlé USA, Glendale, CA, USA) in tris-buffered saline with 0.2% Tween®20 (TBST; Thermo 

Fisher Scientific), and probed with a primary antibody against MYOC (anti-MYOC [MABN866] 

1:2000; Sigma-Aldrich) followed by incubation with an HRP-conjugated secondary antibody (Cell 

Signaling, Danvers, MA, USA). Bound antibodies were visualized with the enhanced 

chemiluminescent detection system (Pierce) on autoradiography film (Thermo Fisher Scientific).  
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2.3.2.2 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

Total RNA was extracted from HTM cells ± DEX at 7 d (N = 3 per group and donor) using 

PureLink RNA Mini Kit (Invitrogen). RNA concentration was determined with a NanoDrop 

spectrophotometer (Thermo Fisher Scientific). RNA was reverse transcribed using iScript™ 

cDNA Synthesis Kit (BioRad, Hercules, CA, USA). Fifty nanograms of cDNA were amplified in 

duplicates in each 40-cycle reaction using a CFX 384 Real Time PCR System (BioRad) with 

annealing temperature set at 60ºC, Power SYBR™ Green PCR Master Mix (Thermo Fisher 

Scientific), and custom-designed qRT-PCR primers for MYOC and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (IDT, Coralville, IA, USA; Table 2). Transcript levels were normalized 

to GAPDH, and DEX-induced MYOC mRNA fold-changes calculated relative to vehicle controls 

using the comparative CT method [55]. 

Table 2. 2. qRT-PCR primer information. 

Gene Forward Reverse 

MYOC ATTCTTGGGGTGGCTACACG TGATGAAGGCATTGGCGACT 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

 

2.3.2.3 Immunocytochemistry analysis 

HTM cells ± DEX at 7 d were fixed with 4% paraformaldehyde (PFA; Thermo Fisher 

Scientific) at room temperature for 10 min, permeabilized with 0.5% Triton™ X-100 (Thermo 

Fisher Scientific), blocked with blocking buffer (BioGeneX, Fremont, CA, USA), and incubated 

with primary antibodies against MYOC (anti-MYOC [ab41552] 1:200; Abcam, Cambridge, MA, 

USA) or alpha B-Crystallin (anti-CRYAB [ab13497] 1:200; Abcam) followed by incubation with 

Alexa Fluor® 488-conjugated secondary antibodies (Abcam). Nuclei were counterstained with 
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4’,6’-diamidino-2-phenylindole (DAPI; Abcam). Coverslips were mounted with ProLong™ Gold 

Antifade (Thermo Fisher Scientific) on Superfrost™ Plus microscope slides (Fisher Scientific), 

and fluorescent images were acquired with an Eclipse Ni microscope (Nikon). Four fields of view 

per sample were analyzed to quantify percent of cells expressing MYOC, followed by calculation 

of mean ± SD as follows:  

DEX-induced MYOC upregulation = (MeanDEX – MeanCtrl) ± [(SDDEX)
2
 + (SDCtrl)2

]
1/2

. 

 

2.3.3 Glaucomatous donor history 

Patient was an 81 year old, white female that was taking Brimonidine (1 drop, long-term), 

Dorzolamide-timolol (22.3-6.8 mg/ml drop), and Latanoprost (0.005% drop) for treatment of 

ocular hypertension. The patient was diagnosed with moderate stage primary open-angle glaucoma 

(POAG) in her OS eye, and a high-risk POAG suspect in their OD eye. There was thinning of the 

nerve fiber layer in the OS eye by optical coherence tomography, which was consistent with Single 

Field Analysis showing inferior and superior nasal steps. Lastly, the patient’s cup to disc ratio, 

taken by fundus exam in May of 2019, was 0.6 for OD and 0.65 for OS, and both eyes had reached 

a maximum intraocular pressure of 19 mmHg while under maximal treatment. Upon receipt of 

donor eyes by W.D.S., outflow facility measurements during constant pressure perfusion 

conditions were 0.13 and 0.16 μl/min/mmHg from OD and OS eyes, respectively. 

  

2.3.4 GTM cell characterization 

Glaucomatous HTM cells (GTM1445) were isolated from the OD eye of the donor and 

characterized. GTM cells were seeded at 1x10
6
 cells/cm

2
 in 6-well culture plates or on sterilized 
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circular glass coverslips (22 mm, non-coated; VWR, Radnor, PA, USA) in 24-well culture plates, 

and cultured in DMEM with 10% FBS and 1% PSG. Cell morphology and growth were monitored 

by phase contrast microscopy using an inverted light microscope (Zeiss, White Plains, NY, USA). 

Once confluent, GTM cells were treated with 100 nM DEX (Sigma Life Sciences) or vehicle 

control (0.1% (v/v) ethanol) in DMEM with 1% FBS and 1% PSG for 7 d.  

 

2.3.4.1 Immunoblot analysis 

GTM1445 cells in 6-well plates were washed with ice-cold 1X DPBS (Gibco, Thermo Fisher 

Scientific) and lysates were scraped into 2X Laemmli sample buffer (90% sample buffer, 10% β-

mercaptoethanol (BME)). Samples were boiled for 5 min, loaded in equal amounts (10 µg) into 

10% polyacrylamide gels (BioRad), and proteins separated using SDS-PAGE at a constant rate of 

0.3 amps for 70 min. Proteins in gel slabs were transferred electrophoretically to nitrocellulose 

membranes (BioRad). Membranes were blocked with 5% nonfat, blotting grade milk (Genesee, 

San Diego, CA, USA), and probed with a custom primary antibody against MYOC (1:1000; [56]) 

followed by incubation with an HRP-conjugated goat-anti-rabbit secondary antibody (Jackson 

Immunoresearch, 1:5000). Bound antibodies were visualized by spraying with HyGLO 

chemiluminescent HRP antibody detection reagent (Thomas Scientific, Swedesboro, NJ, USA) 

and visualized using the ChemiDoc Touch Imaging System (BioRad). 

 

2.3.4.2 Immunocytochemistry analysis 

GTM1445 cells on coverslips were washed with ice-cold 1X DPBS, then fixed on ice with 4% 

PFA (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 min, permeabilized with TX 
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solution (1:1000 Triton® X-100 in DPBS) at room temperature, blocked for 1 h (90% TX solution, 

10% goat serum), and incubated with the custom primary antibody against MYOC (1:200) 

followed by incubation with an Alexa Fluor® 488-conjugated AffiniPure goat-anti-rabbit 

secondary antibody (1:200; Jackson ImmunoResearch, West Grove, PA, USA). Nuclei were 

counterstained with DAPI. Coverslips were mounted with Immu-Mount (Shandon; Thermo 

Scientific) on Premium Frosted microscope slides (Fisher Scientific), and fluorescent images were 

acquired with an Eclipse 90i microscope (Nikon). Three fields of view per sample were analyzed 

to calculate percent MYOC induction.  

 

2.3.5 Elastin-like polypeptide (ELP) expression and analysis. 

A plasmid containing a unique ELP was obtained from N.A. at the University of California, 

Los Angeles. It consists of 70 repeats of the pentapeptide VPGVG, in which the 1
st
 valine was 

replaced with isoleucine in every 5
th

 pentapeptide (i.e., ([VPGVG]4[IPGVG])14), flanked by KCTS 

residues to render the ELP UV-crosslinkable [57]. The construct was verified by standard 

nucleotide sequencing using T7 primers (GENEWIZ; South Plainfield, NJ, USA) (Suppl. Fig. 

2.1A). Escherichia coli (E. coli) was used as a host to express the protein as described previously 

[57, 58]. Briefly, a 50 ml E. coli starter culture in terrific broth (Thermo Fisher Scientific) was 

incubated at 37°C overnight, followed by inoculation (1:100) of the expression culture and 

incubation at 37°C for 24 h. Bacterial pellets were collected and resuspended in lysis buffer (10 

mM Tris, 1 mM EDTA, 100 mM NaCl, 5 mM MgCl2, 14.3 mM BME; all Thermo Fisher 

Scientific). Lysozyme (Acros Organics, Fair Lawn, NJ, USA) was added to the solution at 1 mg/ml 

and samples were incubated for 30 min on ice, followed by 5 min sonication (1 min on, 1 min off). 

The solution was centrifuged at 15,000 g for 20 min at 4°C and the supernatant was kept. To 
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precipitate the protein, 1 M NaCl was added and centrifuged at 15,000 g for 20 min at 37°C. ELP 

was purified using inverse transition cycling (1 cold spin, one hot spin; x3), dialyzed against diH2O 

at 4°C for 18 h, and lyophilized. Because ELP precipitates at high temperatures and solubilizes at 

low temperatures (thermal transition temperature of 29°C for a 1% (w/v) solution; Suppl. Fig. 

2.1C), these temperature changes provide a way to collect and purify the ELP. To verify the 

molecular weight of the purified product, ELP was reconstituted in DPBS at 10 mg/ml. Ten 

micrograms of ELP in 6X loading buffer (Boston Bio Products) with 5% BME (Fisher Scientific) 

were subjected to SDS-PAGE using NuPAGE™ 10% Bis-Tris Gels (Invitrogen) at 200V for 40 

min. Gels were stained with Coomassie Blue R-250 (Biorad) and de-stained in a solution 

containing 50% (v/v) diH2O, 40% ethanol, and 10% acetic acid (Sigma-Aldrich). De-stained gels 

were imaged using a ChemiDoc system (BioRad) (Suppl. Fig. 2.1).  

 

2.3.6 Hydrogel precursor solutions 

Methacrylate-conjugated bovine collagen type I (MA-COL; molecular weight: ~300 kDa, 

degree of methacrylation: ~60-70%; Suppl. Fig. 2.2A; Advanced BioMatrix, Carlsbad, CA, USA) 

was reconstituted in sterile 20 mM acetic acid at 6 mg/ml. Immediately prior to use, 1 ml MA-

COL was neutralized with 85 µl neutralization buffer (Advanced BioMatrix) according to the 

manufacturer’s instructions. Thiol-conjugated hyaluronic acid (SH-HA; Glycosil®; molecular 

weight: ~300 kDa, degree of thiolation: ~20-30%; Suppl. Fig. 2.2A; Advanced BioMatrix) was 

reconstituted in sterile diH2O containing 0.5% (w/v) photoinitiator (4-(2-hydroxyethoxy) phenyl-

(2-propyl) ketone; Irgacure® 2959; Sigma-Aldrich) at 10 mg/ml according to the manufacturer’s 

protocol. In-house expressed ELP (SH-ELP; thiol via KCTS flanks; molecular weight: 31.2 kDa, 

degree of thiolation: bi-functional; Suppl. Fig. 2.2A) was reconstituted in DPBS at 10 mg/ml and 
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sterilized using a 0.2 µm syringe filter in the cold. These photoactive biopolymers have the ability 

to form chemical crosslinks via methacrylate, thiol-ester, or disulfide linkages (Suppl. Fig. 2.2B). 

 

2.3.7 Preparation of PDMS molds 

Custom master molds (8-mm diameter x 1-mm depth, or 8-mm diameter x 2-mm depth) were 

3D-printed (F170; Stratasys, Eden Prairie, MN, USA) using ABS-M30 filament (Suppl. Fig. 2.3). 

Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, Midland, MI, USA) was mixed in a 

10:1 ratio of elastomer to curing agent according to the manufacturer’s protocol, poured into the 

3D-printed negative master molds, degassed under vacuum in a desiccator, and cured overnight at 

60ºC. The PDMS molds were sterilized under UV light for 30 min prior to use.  

 

2.3.8 Preparation of HTM hydrogels 

HTM or GTM cells (1.0x10
6
 cells/ml) were thoroughly mixed with MA-COL (3.6 mg/ml [all 

final concentrations]), SH-HA (0.5 mg/ml, 0.025% (w/v) photoinitiator), and SH-ELP (2.5 mg/ml) 

on ice. The HTM/GTM cell-laden hydrogel precursor solution was pipetted: a) onto PDMS-coated 

(Sylgard 184; Dow Corning) 24-well culture plates (10 µl droplets), b) into custom 8x1-mm PDMS 

molds (50 µl), c) onto 12-mm round glass coverslips (10 µl droplets) followed by spreading with 

pipette tips, or d) into standard 24-well culture plates (150 µl) depending on the type of experiment, 

and UV crosslinked (OmniCure S1500 UV Spot Curing System; Excelitas Technologies, 

Mississauga, Ontario, Canada) at 320-500 nm, 2.2 W/cm
2
 for 1-30 s before transferring constructs 

to 24-well culture plates (Fig. 2.1). One milliliter of DMEM with 10% FBS and 1% PSG was 

added to each well, and constructs were maintained at 37°C in a humidified atmosphere with 5% 
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CO2. HTM hydrogels were cultured for 1-10 d with media replenished every 3 d. GTM hydrogels 

were prepared and cultured in the same manner. 

 

 

Figure 2. 1. Schematic of HTM hydrogel formation.  
HTM hydrogels were fabricated by mixing HTM or GTM cells (1x10

6
 cells/ml) with methacrylate-

conjugated collagen type I (MA-COL), thiol-conjugated hyaluronic acid (SH-HA; with 
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photoinitiator), and in-house expressed elastin-like polypeptide (SH-ELP; thiol via KCTS flanks). 

Desired volumes of the HTM/GTM cell-laden hydrogel precursor solutions were added to different 

wells/molds [a) 10 µl on PDMS-coated 24-well plates, b) 50 µl in custom 8x1-mm PDMS molds, 

c) 10 µl on glass coverslips + spreading, d) 150 µl in standard 24-well culture plates], UV 

crosslinked (320-500 nm, 2.2 W/cm
2
, 1-30 s), and cultured in growth media, without or with 

different treatments, for 1-10 d.  

 

2.3.9 HTM hydrogel microstructural analysis 

One hundred microliters of acellular hydrogel precursor solutions were pipetted into custom 

8x2-mm PDMS molds, made from 3D-printed templates, UV crosslinked, and equilibrated in 

DPBS for 3 h to wash off any un-crosslinked polymers. Hydrogel samples were bisected to expose 

the interior hydrogel network surface and fixed in 4% PFA at 4°C overnight, washed with DPBS, 

flash frozen in liquid nitrogen, and lyophilized. Dried samples were mounted on scanning electron 

microscopy (SEM) stubs, sputter coated with gold, and visualized using a JSM-IT100 

InTouchScope™ SEM (JEOL USA, Peabody, MA, USA) at 7 kV. Two fields of view per sample 

were analyzed to quantify hydrogel pore size (N = 40 total) using ImageJ software (National 

Institutes of Health, Bethesda, MD, USA).  

 

2.3.10 HTM hydrogel cell viability analysis 

Cell viability was determined using a LIVE/DEAD™ Viability/Cytotoxicity Kit (i.e., live = 

green-stained, dead = red-stained) (Invitrogen) according to the manufacturer’s instructions. 

HTM/GTM hydrogels were incubated with the staining solutions (calcein-AM (0.5 µl/ml) and 

ethidium homodimer-1 (2 µl/ml) in DMEM with 10% FBS and 1% PSG) at 37°C for 45 min and 

washed with DPBS. Fluorescent images were acquired on 0 d (i.e., immediately after UV 

crosslinking; N = 4 per group and donor) and 7 d (qualitative) with an Eclipse Ti microscope 



 48 

(Nikon). Four fields of view per sample were analyzed to quantify percent HTM cell viability (i.e., 

ratio of live to total cells), followed by calculation of mean ± SD. 

 

2.3.11 HTM hydrogel cell proliferation analysis 

Cell proliferation was measured with the CellTiter 96® AQueous Non-Radioactive Cell 

Proliferation Assay (Promega, Madison, WI, USA) following the manufacturer’s protocol. 

HTM/GTM hydrogels cultured in DMEM with 10% FBS and 1% PSG for 1-10 d (N = 3 per group 

and donor) were incubated with the staining solution (38 μl MTS, 2 μl PMS solution, 200 μl 

DMEM) at 37°C for 1.5 h. Absorbance at 490 nm was recorded using a spectrophotometer plate 

reader (BioTEK, Winooski, VT, USA). Blank-subtracted absorbance values served as a direct 

measure of HTM cell proliferation over time.  

 

2.3.12 HTM hydrogel treatments 

HTM hydrogels cultured in DMEM with 10% FBS and 1% PSG were subjected to the 

following treatments for 10 d: 1) vehicle control (ethanol; 0.1% (v/v)), 2) DEX (100 nM), 3) Rho-

associated kinase (ROCK) inhibitor Y27632 (10 μM; Sigma-Aldrich), 4) DEX (100 nM) + 

Y27632 (10 μM) [co-treatment], or 5) DEX (100 nM) for 5 d followed by Y27632 (10 μM) for 5 

d [sequential-treatment]. For comparisons between normal HTM hydrogels and GTM hydrogels, 

samples were subjected to the following treatments for 7/10 d: 1) vehicle control (ethanol; 0.1% 

(v/v)), 2) DEX (100 nM), or 3) Y27632 (10 μM). 
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2.3.13 HTM hydrogel contraction analysis 

HTM/GTM hydrogels were cultured in DMEM with 10% FBS and 1% PSG, in absence or 

presence of the different treatments (N = 3-4 per group and donor; 3 independent experiments). 

Longitudinal brightfield images were acquired over 10 d with an Eclipse Ti microscope (Nikon). 

Construct area was measured using ImageJ software (NIH) over time and normalized to 0 d.  

 

2.3.14 HTM hydrogel immunocytochemistry analysis 

HTM hydrogels, spread on glass coverslips and cultured in DMEM with 10% FBS and 1% 

PSG in presence of the different treatments for 10 d, were fixed with 4% PFA at 4ºC overnight, 

permeabilized with 0.5% Triton™ X-100 (Thermo Fisher Scientific), blocked with blocking buffer 

(BioGeneX), and incubated with primary antibodies against α-smooth muscle actin (anti-αSMA 

[ab5694] 1:200; Abcam), followed by incubation with an Alexa Fluor® 488-conjugated secondary 

antibody; nuclei were counterstained with DAPI (both Abcam). Similarly, constructs were stained 

with Phalloidin-iFluor 488 (Abcam), nuclei were counterstained with DAPI, according to the 

manufacturer’s instructions. Coverslips were transferred to 35-mm glass bottom dishes (MatTek, 

Ashland, MA, USA), and fluorescent images were acquired with an Eclipse Ni or Ti microscope 

(Nikon). 

 

2.3.15 HTM hydrogel histology and immunohistochemistry analyses 

HTM/GTM hydrogels, cultured in DMEM with 10% FBS and 1% PSG in presence of the 

different treatments for 7/10 d were fixed in 4% PFA at 4°C overnight, followed by incubation in 

30% sucrose for 24 h at 4°C, washed with DPBS, embedded in Tissue-Plus™ O.C.T. Compound 
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(Fisher Scientific), and flash frozen in liquid nitrogen. Twenty micrometer cryosections were cut 

using a cryostat (Leica Biosystems Inc., Buffalo Grove, IL, USA) and collected on Superfrost™ 

Plus microscope slides (Fisher Scientific). Sections were stained with standard Hematoxylin & 

Eosin (H&E) or Picrosirius Red/Hematoxylin (PSR) using the Picrosirius Red Stain Kit 

(PolySciences, Warrington, PA, USA) following the manufacturer’s protocols. Slides were 

mounted with Permount™ (Fisher Scientific) and brightfield images were captured with an Eclipse 

E400 microscope (Nikon). For immunohistochemistry analyses, sections were permeabilized with 

0.5% Triton™ X-100, blocked with blocking buffer, and incubated with primary antibodies against 

fibronectin (anti-fibronectin [ab45688] 1:500; Abcam) or collagen type IV (anti-collagen IV 

[ab6586] 1:500; Abcam) followed by incubation with an Alexa Fluor® 488-conjugated secondary 

antibody; nuclei were counterstained with DAPI (both Abcam). Slides were mounted with 

ProLong™ Gold Antifade (Thermo Fisher Scientific), and fluorescent images were acquired with 

an Eclipse Ni microscope (Nikon). Three fields of view per sample were analyzed to quantify 

normalized fibronectin signal intensity, followed by calculation of fold-change vs. control. 

 

2.3.16 HTM hydrogel rheology analysis 

Fifty microliters of HTM cell-laden or acellular hydrogel precursor solutions were pipetted 

into custom 8x1-mm PDMS molds (Suppl. Fig. 2.3). Similarly, 150 µl of HTM/GTM cell-laden 

hydrogel precursor solutions were pipetted into 24-well culture plates. All samples were UV 

crosslinked and equilibrated as described above. Acellular hydrogels were measured on 0 d. 

HTM/GTM hydrogels, cultured in DMEM with 10% FBS and 1% PSG in presence of the different 

treatments, were measured on 0 d and 7/10 d; samples were cut to size using an 8-mm diameter 

tissue punch. A Kinexus rheometer (Malvern Panalytical, Westborough, MA, USA) fitted with an 
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8-mm diameter parallel plate was used to measure hydrogel viscoelasticity. To ensure standard 

conditions across all experiments (N = 3 per group), the geometry was lowered into the hydrogels 

until a calibration normal force of 0.02 N was achieved. Subsequently, an oscillatory shear-strain 

sweep test (0.1-60%, 1.0 Hz, 25°C) was applied to determine storage modulus (G’) and loss 

modulus (G”) in the linear region. Compression testing was performed at axial strains from 0% to 

-50% by changing the gap between the plates followed by applying a sinusoidal shear strain of 2% 

at a frequency of 1.0 Hz to determine storage modulus (G’) with increasing axial strain. 

 

2.3.17 Statistical analysis 

Individual sample sizes are specified in each figure caption. Comparisons between groups were 

assessed by unpaired t test, one-way or two-way analysis of variance (ANOVA) with Tukey’s 

multiple comparisons post hoc tests, as appropriate. All data are shown with mean ± SD, some 

with individual data points. The significance level was set at p<0.05 or lower. GraphPad Prism 

software v8.4 (GraphPad Software, La Jolla, CA, USA) was used for all analyses.  

 

2.4 Results 

2.4.1 HTM cell characterization 

A reliable feature of HTM cells in vitro is upregulation of MYOC expression in more than 50% 

of cells in response to challenge with the corticosteroid DEX [54]. Three strains (HTM01, HTM12, 

HTM19) were used and compared to a validated reference strain (HTM129). All of our HTM cell 

strains exhibited normal morphology (i.e., cobblestone-like pattern with some overlapping 

processes; Fig. 2.2A) and growth characteristics (i.e., contact inhibited with doubling time of ~2 
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d) comparable to the reference standard. Significantly increased MYOC mRNA expression by 

qRT-PCR was observed with DEX treatment vs. controls across HTM cell strains (Suppl. Fig. 

2.4). Qualitative assessment of secreted MYOC protein by immunoblot showed robust DEX-

inducible expression at 7 d (Fig. 2.2B,C). It is plausible that overall DEX-induced MYOC 

upregulation determined by these techniques could be driven by a small number of high-expressing 

HTM cells. Therefore, we next measured intracellular MYOC expression by 

immunocytochemistry and found significantly increased levels with DEX treatment vs. controls 

(p<0.001 for all HTM cell strains; Fig. 2.2D). Alpha B-Crystallin (CRYAB) is exclusively 

expressed in the JCT region of the HTM [59]. Collagenase was used to digest the dissected strips 

of HTM tissue; specifically, to disrupt contacts between JCT-HTM cells and their dense ECM, 

and to encourage cell migration out of the HTM tissue. Our results showed that all of our HTM 

cell strains and the reference cells highly expressed CRYAB (Fig. 2.2E), suggesting that a 

significant population of cells were derived from the JCT layer.  

Together, these data suggest that HTM01, HTM12, and HTM19 exhibit all required key 

characteristics according to a recent consensus paper [54] to faithfully identify them as normal 

HTM cells, comparable to a confirmed reference standard.  
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Figure 2. 2. HTM cell characterization.  
(A) Representative phase contrast micrographs of reference, HTM01, HTM12, and HTM19 cell 

strains with sex/age information. Scale bar, 250 µm. (B) Experimental design and timeline. (C) 

Immunoblot of secreted MYOC at 7 d. (D) Representative fluorescence micrographs of 

intracellular MYOC at 7 d (MYOC = green; DAPI = blue). Scale bar, 250 μm. (E) Representative 

fluorescence micrographs of CRYAB (CRYAB = green; DAPI = blue). Scale bar, 250 μm. 

 

2.4.2 ELP characterization 

Upon receipt of the unique ELP construct, the correct nucleotide sequence was confirmed 

(Suppl. Fig. 2.1A). Molecular weight analysis of the purified ELP showed the expected 31.2 kDa 

band with negligible impurities consistent with the original report (Suppl. Fig. 2.1B) [57]. 

Importantly, the ELP possesses the elastic properties of native elastin via a ([VPGVG]4[IPGVG])14 

core sequence flanked by KCTS residues in which the cysteines provide the thiol groups to render 

it UV-crosslinkable. This ELP, together with the commercial methacrylate-conjugated collagen 
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type I and thiol-conjugated hyaluronic acid constitute the photocrosslinkable hydrogel used herein 

(Suppl. Fig. 2.2; Fig. 2.1). 

 

2.4.3 HTM hydrogel optimization 

The number of HTM cells in native tissue decreases with aging. A steady decline from (0.59-

1.74)x10
6 
cells/ml in 20-year-old individuals to (0.31-0.92)x10

6 
cells/ml in 80-year-old individuals 

has been shown [7, 60]. Therefore, we used a normalized density of 1.0x10
6
 cells/ml in HTM cell-

laden hydrogels independent of donor age. To ascertain that HTM cells could withstand the UV 

light-activated free-radical crosslinking process, HTM cell viability in hydrogels crosslinked for 

increasing times was determined by live/dead staining. Hydrogel-encapsulated HTM01 cells 

displayed high viability immediately after photocrosslinking (0 d); we observed negligible cell 

death after 1 s and 5 s of UV crosslinking, and more than 80% cells remained viable after 10 s and 

20 s of irradiation. In contrast, significant cell death was noted after 30 s of UV crosslinking (Suppl. 

Fig. 2.5A,B).  

HTM cells interact with and contract their ECM environment [10]. We observed an inverse 

relationship between UV crosslinking time and HTM hydrogel contraction; i.e., constructs showed 

highest degree of contraction with shortest crosslinking time (Suppl. Fig. 2.5). HTM01 hydrogels 

crosslinked for 1-10 s significantly contracted over culture time, reaching ~40-50% of their 

original size by 7 d. No differences between constructs irradiated for 1 s and 5 s were found, but 

hydrogels formed using 10-30 s of UV exposure were significantly less contracted (Suppl. Fig. 

2.5C,D). Constructs in the 20 s group approximated 80% of their baseline size by 7 d, whereas 

HTM01 hydrogels crosslinked for 30 s exhibited virtually no contraction (Suppl. Fig. 2.5C,D). 

This was linked to major cytotoxicity at this time point that interfered with cell spreading/function; 
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while HTM01 cell viability after initial hydrogel formation was ~79%, by 7 d less than 10% of 

viable cells remained (Suppl. Fig. 2.5E).  

A key advantage of using hydrogels to assess cellular behaviors vs. traditional 2D or scaffold-

based 3D culture systems is their viscoelastic behavior [50]. Hydrogels showed tissue-like 

viscoelastic properties by rheology independent of UV crosslinking time, with significantly higher 

shear storage moduli (G’) vs. loss moduli (G”) indicating predominantly elastic rather than viscous 

characteristics. We observed a relationship between UV crosslinking time and hydrogel stiffness; 

i.e., constructs showed highest G’ values with longest crosslinking time, while G” remained 

relatively stable (Suppl. Fig. 2.6). 

Taken together, consistent hydrogel formation was observed with 5 s UV crosslinking. These 

cytocompatible conditions created a supportive 3D environment enabling normal HTM cell 

function aided by the adequately soft biomaterial properties. Therefore, 5 s UV crosslinking time 

was chosen for all following experiments.  

 

2.4.4 HTM cell viability, contractility, and proliferation in hydrogels 

Using the optimized conditions, we next characterized HTM hydrogels made using three 

different cell strains (HTM01, HTM12, and HTM19) with regard to cell viability, contractility, 

and proliferation within the 3D biopolymer network. Across all HTM strains, similarly high cell 

viability exceeding 90% was observed immediately after initial hydrogel formation (0 d) (Fig. 

2.3A,B). Longitudinal contractility quantification showed significant hydrogel contraction with all 

three HTM cell strains over time, reaching ~20-40% of their original size by 7 d indicating normal 

donor-to-donor variability (Fig. 2.3C,D). This was accompanied by near linear cell proliferation 
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in hydrogels over 7 d, at which point negligible cell death and prominent cell spreading were 

observed with all three HTM cell strains (Fig. 2.3E,F).  

 

 

Figure 2. 3. HTM cell viability, contractility, and proliferation in hydrogels.  
(A) Cell viability quantification of hydrogel-encapsulated HTM01, HTM12, and HTM19 cells 

UV-crosslinked for 5 s at 0 d (N=4 per donor; dotted line shows 100% viability for reference; 

shared significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). (B) Representative fluorescence micrographs of 
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HTM01, HTM12, and HTM19 hydrogels at 0 d (live cells = green; dead cells = red). Scale bars, 1 

mm (top) and 250 μm (bottom). (C) Longitudinal quantification (i.e., construct size relative to 0 d) 

of HTM01, HTM12, and HTM19 cell contractility in hydrogels (N=3 per donor; shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). (D) Representative brightfield images of HTM01, 

HTM12, and HTM19 hydrogels at 3, 5, and 7 d; dashed lines outline original size of constructs at 

0 d. Scale bar, 1 mm. (E) Longitudinal cell proliferation quantification of HTM01, HTM12, and 

HTM19 hydrogels (N=3 per group and donor; shared significance indicator letters represent non-

significant difference (p>0.05), distinct letters represent significant difference (p<0.05)). (F) 

Representative fluorescence micrographs of HTM01, HTM12 and HTM19 hydrogels at 7 d (live 

cells = green; dead cells = red). Scale bar, 250 μm.  

 

2.4.5 HTM hydrogel microstructural and mechanical properties 

HTM cells within the JCT region reside in a loose connective tissue comprised of reticular and 

elastic fibers, and ground substance made of proteoglycans and glycosaminoglycans. Pore sizes 

across the JCT have been estimated at ~2-15 µm [3-7]. To assess the hydrogel microarchitecture, 

SEM images were acquired at 0 d (i.e., immediately after 5 s UV crosslinking). Acellular hydrogels 

exhibited a honeycomb-like architecture with 43.3 ± 27.3 µm pore size (Fig. 2.4A), comparable 

to a recently reported hydrogel made of ELP and HA [58]. For correlative analyses, we next 

assessed hydrogel mechanical properties by rheology of both acellular and HTM cell-encapsulated 

hydrogels (HTM12 and HTM19). In general, hydrogel stiffness is dependent on biopolymer 

concentrations/arrangement and crosslinking density (Suppl. Fig. 2.6), with encapsulated 

contractile cells further contributing to construct elasticity. At the chosen crosslinking time of 5 s, 

we observed overall relatively low modulus values in the low pascal-range, consistent with the 

low-to-medium biopolymer concentrations used. HTM cell-encapsulated hydrogels were 

significantly stiffer compared to acellular samples independent of the HTM cell strain used, while 

G” was comparable (Fig. 2.4B). Regardless of whether or not cells were present within the 3D 
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biopolymer network, hydrogels displayed tissue-like compression stiffening [61]; i.e., increase in 

shear modulus with increasing compressive strain (Fig. 2.4C).  

These data show that our HTM hydrogel provides an adequately porous and soft 3D 

microenvironment that mimics the mechanical properties of native heterogeneous soft connective 

tissues.  

 

 

Figure 2. 4. HTM hydrogel microstructural and mechanical analyses.  
(A) Scanning electron micrographs of acellular hydrogels UV-crosslinked for 5 s at 0 d (dashed 

box shows region of interest in higher magnification image). Scale bars, 250 µm (top) and 100 µm 

(bottom). (B) Storage and loss moduli of acellular and HTM12 or HTM19 cell-encapsulated 

hydrogels UV-crosslinked for 5 s at 0 d (N=4 per group/donor; shared significance indicator letters 

represent non-significant difference (p>0.05), distinct letters represent significant difference 

(p<0.05)). (C) Storage modulus measured at 2% shear strain as a function of axial strain for 

acellular and HTM12 or HTM19 cell-encapsulated hydrogels at 0 d (N=3 per group/donor).  
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2.4.6 HTM hydrogels as glaucoma disease model: pharmacological induction/rescue 

2.4.6.1 Hydrogel contractility 

The contractility status of HTM cells and overall tissue influences AH outflow resistance and 

IOP [62]. Increased HTM contraction is observed in patients with POAG, which typically leads to 

tissue stiffening, decreased AH outflow facility, and elevated IOP [60]. Steroid therapy is widely 

used to treat a variety of inflammatory diseases and conditions. However, long term use of ocular 

corticosteroids such as DEX often results in elevated IOP and POAG [63]. To ascertain whether 

photocrosslinked HTM hydrogels could serve as a glaucoma disease model, we treated constructs 

with DEX [54] to induce POAG-like conditions and evaluated its effects on hydrogel contractility. 

In the United States, the ROCK inhibitor netarsudil is a clinically available drug that directly 

targets the stiffened HTM to increase AH outflow via cell/tissue relaxation [21-25]. Therefore, we 

assessed the effects of ROCK inhibitor Y27632 treatment on HTM hydrogel contractility using 

three different cell strains (HTM01, HTM12, and HTM19) following DEX induction.  

We observed significant contraction over time in all groups independent of the HTM cell strain 

used (Fig. 2.5A-C; Suppl. Fig. 2.7A-C). DEX-treated HTM hydrogels exhibited significantly 

greater contraction vs. controls by 5 d, reaching ~30-44% of their original size, that was influenced 

by donor-to-donor variability. Comparable values were found in the sequential treatment samples 

(DEX (5 d) + Y27632 (5 d)), which at this point had only been exposed to DEX rendering the two 

groups virtually identical (all below controls). In contrast, Y27632 significantly relaxed the HTM 

hydrogels (i.e., decreased contraction; ~65-77% of their original size) vs. controls. Small 

differences were noted between DEX + Y27632 co-treated samples and controls by 5 d, displaying 

significantly less contraction compared to DEX- and DEX (5 d) + Y27632 (5 d)-treated HTM 
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hydrogels, yet significantly more contraction vs. Y27632-treated constructs; this suggests that 

Y27632 can prevent DEX-induced pathologic contraction of HTM hydrogels when presented 

together (Fig. 2.5D-I; Suppl. Fig. 2.7A-C).  

Overall similar trends were observed at 10 d (Fig. 2.5J-O; Suppl. Fig. 2.7A-C). DEX 

treatment induced notably more contraction (~16-25% of their original size; statistically significant 

for HTM12), whereas Y27632 treatment resulted in significantly less contraction (~37-56% of 

their original size) vs. all other groups. Again, small differences were observed between DEX + 

Y27632 co-treatment and controls. Importantly, in a clinical scenario, the HTM tissue would likely 

already show signs of dysfunction before any POAG treatment would be administered. We 

simulated this with the sequential treatment group: DEX induction for 5 d followed by Y27632 

treatment for 5 d with DEX withheld. Our results showed that Y27632 rescued HTM hydrogel 

contraction induced by DEX and prevented further contraction; i.e., construct size with DEX (5 d) 

+ Y27632 (5 d) sequential treatment was similar to the control and DEX + Y27632 groups, but 

significantly increased compared to DEX-treated samples (Fig. 2.5J-O; Suppl. Fig. 2.7A-C).  

Next, to see if hydrogel contractility was influenced by the cell number, we assessed HTM cell 

proliferation (HTM12 and HTM19) in constructs subjected to the different treatments. For HTM12 

hydrogels, cells in the DEX-treated group showed significantly less proliferation compared to the 

Y27632 treated group at 10 d, while no significant differences were observed across all other 

groups (Suppl. Fig. 2.7D). No differences between groups were found for HTM19 hydrogels 

(Suppl. Fig. 2.7E).  

Together, this suggests that DEX robustly induces HTM hydrogel contractility mimicking 

glaucomatous conditions across multiple donor cell strains, and that ROCK inhibition prevents or 

rescues DEX-induced pathologic contraction. 
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Figure 2. 5. HTM cell contractility in hydrogels with corticosteroid induction and ROCK 
inhibitor rescue.  
Longitudinal quantification (i.e., construct size relative to 0 d) of (A) HTM01, (B) HTM12, and 

(C) HTM19 cell contractility in hydrogels UV-crosslinked for 5 s subjected to control, 100 nM 

DEX, 10 µM Y27632, DEX + Y27632, or DEX (5 d) + Y27632 (5 d) (N=3-4 per group and donor; 

shared significance indicator letters represent non-significant difference (p>0.05), distinct letters 
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represent significant difference (p<0.05)). Detailed comparisons between groups at 5 d in (D) 

HTM01, (E) HTM12, and (F) HTM19 hydrogels (N=3-4 per group and donor; dotted lines show 

respective control values for reference; shared significance indicator letters represent non-

significant difference (p>0.05), distinct letters represent significant difference (p<0.05)). 

Representative brightfield images of (G) HTM01, (H) HTM12, and (I) HTM19 hydrogels 

subjected to the different treatments at 10 d (dashed lines outline original size of constructs at 0 d. 

Scale bars, 1 mm). Detailed comparisons between groups at 10 d in (J) HTM01, (K) HTM12, and 

(L) HTM19 hydrogels (N=3-4 per group and donor; dotted lines show respective control values 

for reference; shared significance indicator letters represent non-significant difference (p>0.05), 

distinct letters represent significant difference (p<0.05)). Representative brightfield images of (M) 

HTM01, (N) HTM12, and (O) HTM19 hydrogels subjected to the different treatments at 10 d 

(dashed lines outline original size of constructs at 0 d. Scale bars, 1 mm). 

  

2.4.6.2 Hydrogel actin rearrangement 

The actin cytoskeleton, the primary force-generating machinery in cells, plays fundamental 

roles in various cellular process such as migration, morphogenesis, and cytokinesis [64]. 

Filamentous (F)-actin fiber arrangement directly affects cell and tissue contraction. Therefore, we 

next investigated F-actin and alpha smooth muscle actin (αSMA) abundance and organization in 

HTM hydrogels (HTM12 and HTM19) subjected to the different treatments (Fig. 2.6). 

Independent of the HTM cell strain used, DEX-treated constructs showed qualitatively increased 

formation and different organization of F-actin fibers in the 3D hydrogel environment vs. controls. 

Expected crosslinked actin networks (white dashed outlines) were abundant and readily identified 

in DEX-treated HTM12 and HTM19 cells cultured on 2D glass coverslips, corresponding with 

differentially organized F-actin in the DEX-treated 3D hydrogels (yellow dashed outlines) (Fig. 

2.6A,B). Y27632 treatment notably reduced F-actin fibers in HTM12 and HTM19 hydrogels 

compared to both control and DEX-treated groups. No differences were observed for DEX + 

Y27632 co- or sequential treatment in comparison to Y27632; again markedly decreased F-actin 

fibers were noted vs. control and DEX-treated groups (Fig. 2.6A,B).  
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Overall relatively similar trends were observed for αSMA. DEX-treated samples showed 

substantially increased αSMA expression vs. all other groups, whereas Y27632 nearly abolished 

the αSMA signal (high exposure chosen to illustrate this point in HTM12 hydrogels). Again, no 

differences were observed between DEX + Y27632 co- or sequential treatment, with comparable 

αSMA expression in HTM12 or HTM19 hydrogels to controls, but slightly higher levels vs. 

Y27632-treated hydrogels (Fig. 2.6C).  

Together, these data show that DEX increases F-actin fibers and α-SMA in HTM hydrogels 

independent of the donor cell strain used, which is potently rescued by Y27632. This is consistent 

with the reported reduction of actomyosin contractile tone in HTM tissue following ROCK 

inhibition [22-25]. These changes in F-actin and α-SMA could have a direct impact on HTM cell 

contractility and interactions with their surrounding ECM, as well as HTM tissue stiffness and 

ultimately AH outflow resistance.  
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Figure 2. 6. HTM cell F-actin and αSMA expression in hydrogels with corticosteroid 
induction and ROCK inhibitor rescue.  
Representative fluorescence micrographs of F-actin in (A) HTM12 and (B) HTM19 hydrogels 

UV-crosslinked for 5 s subjected to control, 100 nM DEX, 10 µM Y27632, DEX + Y27632, or 

DEX (5 d) + Y27632 (5 d) at 10 d (F-actin = green; DAPI = blue). Scale bars, 250 μm. High 

magnification images of DEX-treated HTM hydrogels showing differentially organized F-actin 

structures (yellow dashed outlines) or HTM cells on glass coverslips to illustrate formation of 

crosslinked actin networks (white dashed outlines). Scale bars, 50 µm. (C) Representative 
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fluorescence micrographs of αSMA in HTM12 and HTM19 hydrogels subjected to the different 

treatments at 10 d (αSMA = green; DAPI = blue). Scale bars, 250 μm. 

 

2.4.6.3 Hydrogel morphology and ECM deposition  

Continuous remodeling of baseline hydrogel ECM components (i.e., fibrillar collagen type I 

and ELP, plus HA) and HTM cell-secreted ECM over culture time, and in response to the different 

treatments, is expected and desired. We next investigated overall morphology of HTM hydrogels 

(HTM12 and HTM19) subjected to the different treatments using hematoxylin & eosin- and 

picrosirius red-stained sections (Suppl. Fig. 2.8A,B). Consistent with the contractility analyses, 

DEX-treated HTM12 hydrogels appeared morphologically more condensed. By contrast, Y27632 

qualitatively increased the network spacing compared to controls. DEX + Y27632 co- or sequential 

treatment groups were comparable to controls but qualitatively less dense vs. DEX-treated 

constructs. Abundant hematoxylin-stained HTM cells were visible across groups. The overall 

morphology of HTM19 hydrogels was relatively comparable across groups; hydrogels appeared 

slightly denser compared to HTM12 samples (Suppl. Fig. 2.8A,B), highlighting inherent donor-

to-donor variability. 

There is increased accumulation of ECM proteins in the HTM tissue of glaucomatous eyes 

[65]. Therefore, we next evaluated HTM cell-mediated fibronectin deposition within hydrogels 

(HTM12 and HTM19) in response to the different treatments (Fig. 2.7). In HTM12 hydrogels, 

DEX-treated constructs exhibited significantly more fibronectin deposition vs. controls, whereas 

Y27632 markedly reduced the fibronectin signal intensity. DEX + Y27632 co-treatment resulted 

in significantly less fibronectin deposition compared to the control and DEX groups. Importantly, 

Y27632 rescued aberrant fibronectin deposition induced by DEX; i.e., significantly less signal 

intensity with DEX (5 d) + Y27632 (5 d) sequential treatment was noted compared to DEX-treated 



 66 

samples (Fig. 2.7A,B). Relatively similar trends were observed for HTM19 hydrogels; DEX-

treated constructs again showed significantly higher fibronectin deposition vs. controls. 

Fibronectin levels with Y27632 treatment were comparable to controls. DEX + Y27632 co- or 

sequential treatment groups exhibited higher fibronectin deposition than controls but overall less 

vs. DEX-treated constructs (Fig. 2.7A,C). These observations suggest a differential response of 

fibronectin secretion to ROCK inhibition in HTM19 vs. HTM12 hydrogels, consistent with donor-

to-donor variability seen with other readouts. An overall comparable collagen IV deposition 

pattern was found in HTM12 and HTM19 hydrogels (Suppl. Fig. 2.8C). 

Together, these data show that DEX induces HTM hydrogel condensation and remodeling, and 

aberrant ECM deposition across multiple donor cell strains consistent with glaucomatous tissue 

dysfunction, which is largely rescued with ROCK inhibition.  
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Figure 2. 7. HTM cell fibronectin deposition in hydrogels with corticosteroid induction and 
ROCK inhibitor rescue.  
(A) Representative fluorescence micrographs of fibronectin deposition (= green) in HTM12 and 

HTM19 hydrogels UV-crosslinked for 5 s subjected to control, 100 nM DEX, 10 µM Y27632, 

DEX + Y27632, or DEX (5 d) + Y27632 (5 d) at 10 d. Scale bar, 250 μm. Quantification of 

fibronectin deposition in (B) HTM12 and (C) HTM19 hydrogels subjected to the different 

treatments at 10 d (N=3 per group; dotted lines show respective control values for reference; shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 

 

2.4.6.4 Hydrogel stiffening 

Dysregulation of HTM cells and pathologic ECM remodeling jointly contribute to HTM 

stiffening in POAG, which negatively affects IOP in a positive feedback loop [11-13]. To assess 

the functional consequences of increased hydrogel contraction/condensation, driven by 



 68 

cytoskeletal rearrangements and ECM remodeling/deposition, on tissue-level construct stiffness, 

we next performed rheology analysis of HTM hydrogels (HTM12 and HTM19) subjected to the 

different treatments to determine storage moduli (Fig. 2.8). DEX treatment significantly stiffened 

HTM hydrogels vs. control (~1.7-fold for HTM12 hydrogels; ~1.5-fold for HTM19 hydrogels; 

Fig. 2.8A,B) consistent with recent reports of glaucomatous HTM tissue behavior [13, 66], while 

Y27632 had precisely opposite effects and significantly softened HTM hydrogels vs. controls 

(~0.6-fold for HTM12 hydrogels; ~0.4-fold for HTM19 hydrogels; Fig. 2.8A,B). No differences 

were observed between DEX + Y27632 co-treatment and controls. Importantly, Y27632 rescued 

pathologic HTM hydrogel stiffening induced by DEX, independent of the donor cell strain used, 

and prevented further stiffening; i.e., storage modulus with DEX (5 d) + Y27632 (5 d) sequential 

treatment was similar to the control and DEX + Y27632 groups, but significantly lower compared 

to DEX-treated samples (Fig. 2.8A,B). These findings were in agreement with HTM hydrogel 

contraction, F-actin and αSMA expression, and fibronectin deposition (Figs. 2.5-2.7). 

This suggests that DEX induces tissue-level HTM hydrogel stiffening independent of the donor 

cell strain used consistent with glaucomatous tissue behavior, and that ROCK inhibition effectively 

prevents or rescues DEX-induced pathologic stiffening. 
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Figure 2. 8. HTM hydrogel stiffness with corticosteroid induction and ROCK inhibitor 
rescue. 
Normalized storage modulus (to controls) of (A) HTM12 and (B) HTM19 hydrogels UV-

crosslinked for 5 s subjected to control, 100 nM DEX, 10 µM Y27632, DEX + Y27632, or DEX 

(5 d) + Y27632 (5 d) at 10 d (N=3 per group; dotted lines show respective control values for 

reference; shared significance indicator letters represent non-significant difference (p>0.05), 

distinct letters represent significant difference (p<0.05)).  

 

2.4.7 GTM hydrogels as glaucoma disease model: validation 

2.4.7.1 GTM cell characterization and hydrogel encapsulation 

Glaucomatous HTM (GTM) cells, isolated from donor eyes with confirmed POAG history, 

enable relevant studies of HTM cell pathophysiology in vitro, possibly without further 

pharmacological stimulation. GTM1445 cells showed normal morphology but slower growth 

characteristics (Fig. 2.9A). Qualitative assessment of intracellular MYOC protein by immunoblot 

showed robust DEX-inducible expression (Fig. 2.9B). This was confirmed by quantitative 
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immunocytochemistry analysis; we observed significantly induced MYOC expression with DEX 

treatment vs. control. Of note, baseline MYOC expression in absence of DEX was markedly 

elevated (~40%; Fig. 2.9C) compared to normal HTM cells (<10%; Fig. 2.2D), possibly indicative 

of the cells’ disease status. Upon hydrogel encapsulation, GTM1445 cells displayed high viability 

(94.2%) immediately after 5 s UV crosslinking (0 d) (Fig. 2.9D), comparable to normal HTM 

hydrogels (Fig. 2.3A,B). Markedly slower GTM1445 cell proliferation (~4.4-fold) vs. normal 

HTM cells (Fig. 2.3E,F) was observed over 7 d, at which point there was negligible cell death, yet 

limited cell spreading throughout the 3D hydrogel network (Fig. 2.9E,F).  

These data show that GTM1445 cells exhibit all required key characteristics [54] to identify 

them as glaucomatous HTM cells, and that our hydrogel system provides a cytocompatible and 

supportive 3D environment facilitating adequate cell growth and spreading.  

 

 

Figure 2. 9. GTM cell characterization, and viability and proliferation in hydrogels.  
(A) Representative phase contrast micrograph of GTM1445 cells with sex/age information. Scale 

bar, 250 µm. (B) Immunoblot of intracellular MYOC at 7 d. (C) Representative fluorescence 



 71 

micrographs of intracellular MYOC at 7 d (MYOC = green; DAPI = blue). Scale bar, 250 μm. (D) 

Representative fluorescence micrographs of GTM1445 hydrogels UV-crosslinked for 5 s at 0 d 

(live cells = green; dead cells = red). Scale bars, 1 mm (left) and 250 μm (right). (E) Longitudinal 

cell proliferation quantification of GTM1445 hydrogels UV-crosslinked for 5 s (N=4 per group; 

shared significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). (F) Representative fluorescence micrographs of 

GTM1445 hydrogels UV-crosslinked for 5 s at 7 d (live cells = green; dead cells = red). Scale bar, 

250 μm. 

 

2.4.7.2 GTM hydrogel contractility, proliferation, ECM deposition, and stiffening 

To validate our hydrogel system as a glaucoma disease model, we encapsulated GTM1445 

cells for comparisons with normal HTM12 hydrogels (best possible “age match”) under non-

induced conditions. Furthermore, constructs were treated with DEX to explore the GTM cells’ 

response to further glaucomatous induction, and Y27632 to simulate clinical ROCK inhibition. 

GTM1445 hydrogels in absence of pharmacological induction showed significantly greater 

contraction vs. normal HTM12 hydrogels by 10 d, reaching ~30% of their original size (Fig. 

2.10A,B). With DEX-induction, both GTM1445 and HTM12 hydrogels exhibited significant 

further contraction at comparable rates relative to their respective controls. In contrast, Y27632 

significantly relaxed GTM1445 and HTM12 hydrogels (i.e., decreased contraction; ~47% and ~45% 

of their original size, respectively) vs. control and DEX-treated groups (Fig. 2.10A,B). GTM1445 

hydrogels were significantly less contracted vs. normal HTM12 hydrogels, suggesting greater 

sensitivity of GTM cells to ROCK inhibition. Notably, pathologic GTM1445 cell contractility in 

hydrogels was observed despite significantly lower cell numbers than in HTM12 hydrogels across 

all groups (Fig. 2.10C). Owing to the GTM cells’ apparent “pathologic memory” not requiring 

additional DEX-induction, we focused on untreated controls and Y27632 for subsequent 

experiments. Due to an unforeseen technical problem, we evaluated cell-mediated fibronectin 

deposition and hydrogel stiffness at 7 d rather than 10 d. GTM1445 hydrogels exhibited 
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significantly more fibronectin deposition vs. HTM12 hydrogel controls, while Y27632 

significantly reduced the signal intensity to normal baseline levels (Fig. 2.10D,E). Importantly, 

GTM1445 hydrogels were significantly stiffened vs. HTM12 hydrogels (~1.2-fold), and Y27632 

treatment significantly softened GTM1445 hydrogels reaching levels similar to normal controls 

(Fig. 2.10F).  

Together, these data suggest that hydrogel-encapsulated GTM cells in absence of additional 

stimuli mirror the pathologic behavior of induced normal HTM cells, validating our model. 

 

 

Figure 2. 10. GTM cell contractility, proliferation, fibronectin deposition, and stiffness of 
hydrogels with ROCK inhibitor rescue.  
(A) Contractility of HTM12 and GTM1445 hydrogels UV-crosslinked for 5 s subjected to control, 

100 nM DEX and 10 µM Y27632 at 10 d. (N=3 per group and donor; dotted lines show respective 

control values for reference; *p<0.05, **p<0.01, ***p<0.001 HTM12 vs. GTM1445; shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 
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represent significant difference (p<0.05) HTM12 [cyan] or GTM1445 [purple]). (B) 

Representative brightfield images of HTM12 and GTM1445 hydrogels UV-crosslinked for 5 s 

subjected to the different treatments at 10 d (white dashed lines outline original size of constructs 

at 0 d. Scale bar, 1 mm). (C) Cell proliferation quantification of HTM12 and GTM1445 hydrogels 

UV-crosslinked for 5 s subjected to the different treatments at 10 d (N=4 per group; ***p<0.001 

HTM12 vs. GTM1445; shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05) HTM12 [cyan] or GTM1445 

[purple]). (D) Quantification of fibronectin deposition in HTM12 hydrogels UV-crosslinked for 5 

s subjected to control, and GTM1445 hydrogels subjected to control and 10 µM Y27632 at 7 d 

(N=3 per group; dotted lines show respective control values for reference; shared significance 

indicator letters represent non-significant difference (p>0.05), distinct letters represent significant 

difference (p<0.05)). (E) Representative fluorescence micrographs of fibronectin deposition (= 

green) in HTM12 and GTM1445 hydrogels UV-crosslinked for 5 s subjected to the different 

treatments at 7 d. Scale bar, 250 μm. (F) Normalized storage modulus (to controls) of HTM12 and 

GTM1445 hydrogels UV-crosslinked for 5 s subjected to the different treatments at 7 d (N=3 per 

group; dotted lines show respective control values for reference; shared significance indicator 

letters represent non-significant difference (p>0.05), distinct letters represent significant difference 

(p<0.05)).  

 

2.5 Discussion 

In vitro studies of HTM cell function are fundamentally limited by traditional cell culture 

systems. It is widely accepted that cells in 3D environments made of relevant ECM proteins show 

altered behavior compared to 2D, highlighting the need for more biologically-relevant HTM model 

systems [67, 68]. Current bioengineered models [37, 39-41, 47-49, 51, 69] are useful tools for 

investigating aspects of HTM cell/tissue behavior under normal and simulated glaucomatous 

conditions, and complement proven ex vivo perfusion-cultured anterior segments and in vivo 

animal models. However, they cannot accurately mimic the complex native HTM cell-ECM 

interface, which makes them less than ideal to investigate the processes involved in the onset and 

progression of glaucomatous HTM stiffening typically observed with POAG. In this study, we 

used a “reductionist approach” and focused on critical ECM proteins present in the native tissue 

to formulate a novel biomimetic 3D HTM hydrogel to provide a key advancement in bioengineered 

glaucoma disease modeling.  
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Our aim was to partially recapitulate the JCT region for both its critical role in regulating AH 

outflow resistance and IOP, and inextricable link to glaucomatous HTM tissue stiffening. HTM 

cells within the JCT are surrounded by essential fibrillar ECM components (i.e., collagen type I, 

elastin) to form a loose connective tissue rich in the glycosaminoglycan HA [3-7]. We recognize 

that other important ECM components (e.g., collagen type IV, laminin, fibronectin) contribute to 

the JCT function; however, their possible - yet not trivial - hydrogel incorporation exceeds the 

scope of the present study. Proper maintenance of the HTM cell-ECM microenvironment is critical 

for homeostatic IOP regulation via normal ECM remodeling [4-7]. Protein-based hydrogels are 

widely used in tissue engineering applications as they provide a simplified version of the natural 

3D tissue environment and allow for accurate in vitro modeling of cellular behaviors [42-46]. 

Photoactive functional groups (e.g., thiols, methacrylates) can be chemically conjugated to protein-

based materials. These functionalized precursors can then be crosslinked by exposure to UV light 

in the presence of a biocompatible photoinitiator, without or with cells, to form stable hydrogel 

networks with high water content [46]. Collagen type I and HA are frequently used for tissue 

engineering applications and functionalized polymers are commercially available; however, 

incorporating elastin presents certain challenges. In native tissues, elastic fibers are highly 

crosslinked and insoluble preventing their direct processing for use in biomaterials [70]. Therefore, 

various forms of soluble elastin have been engineered, including ELPs [71, 72]. The key advantage 

of the unique ELP used herein is that it is flanked by a short peptide sequence (KCTS) in which 

the two cysteines effectively act as photoactive thiols [57]. A UV-crosslinked hydrogel containing 

ELP and HA was recently reported [58]; however, no study to date has developed a biopolymer 

composite system with added collagen type I, the most abundant fibrillar protein in the human 

body and main structural element of the ECM [73].  
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We formulated a novel HTM hydrogel by mixing normal human donor-derived TM cells with 

methacrylate-conjugated collagen type I, KCTS-flanked ELP, and thiol-conjugated HA followed 

by photoinitiator-mediated short UV crosslinking. The photoactive biopolymers can form 

chemical crosslinks via methacrylate, thiol-ester, or disulfide linkages. In addition, crosslinking 

occurs via covalent bond formation between amino acids of collagen fibrils [74], or moieties (C-

H, O-H, or N-H groups) in the ELP sequence [57]. Informed by previous studies [75], we showed 

excellent HTM cell viability (i.e., negligible cytotoxicity) in response to 5 s UV crosslinking at the 

chosen conditions. This protein-based hydrogel created a supportive microenvironment to 

facilitate prominent HTM cell spreading/proliferation throughout the adequately soft and porous 

3D network. Of note, we estimated (acellular) hydrogel pore size at ~40 µm, which is larger than 

that found in the JCT region but consistent with the central and outer lamellar regions [4, 5, 7]. 

Higher concentrations of biopolymer precursors could provide increased crosslinking density, 

which may increase the hydrogel stiffness and consequently decrease pore size. Dynamic 

interactions between HTM cells and their surrounding ECM resulted in hydrogel 

condensation/contraction and remodeling, mimicking critical normal tissue behavior. As such, our 

HTM cell-encapsulated hydrogel containing (by weight) ~68% collagen type I, ~26% ELP, and 

~5% HA is the first of its kind with distinct biomimetic advantages over other HTM model systems 

[37, 39-41, 47-49, 51, 69].  

Prolonged treatment with ocular corticosteroids such as DEX can lead to steroid-induced 

elevation of IOP. This in turn can cause steroid-induced glaucoma, which has commonalities with 

POAG; namely, increased HTM cell/tissue contraction and ECM deposition that can lead to HTM 

stiffening and increased resistance to AH outflow [9, 10, 76, 77]. Therefore, DEX is frequently 

used to induce glaucomatous conditions in experimental studies [35]. Rho-associated kinases are 
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effectors of the small GTPase Rho, which play major roles in mediating the reorganization of the 

actin cytoskeleton [78, 79] with involvement in diseases such as pulmonary hypertension, nerve 

injury, and POAG [80]. To that end, the recently approved ROCK inhibitor netarsudil [21] directly 

targets the stiffened HTM to increase AH outflow via cell/tissue relaxation through reduction of 

actomyosin contractile tone [22-26]. And while not without merit, current HTM model systems 

are hampered by their inability to reliably and efficiently determine the relative contributions of 

HTM cells and their ECM to the onset and progression of glaucomatous HTM stiffening. No in 

vitro study to date has reported changes in tissue-level construct stiffness with DEX 

challenge/Y27632 rescue. To assess the utility of our HTM hydrogel as glaucoma disease model, 

we used proven corticosteroid induction of POAG-like conditions with DEX, and assessed the 

effects of ROCK inhibition with Y27632 on cell cytoskeletal organization and tissue-level function 

dependent on HTM cell-ECM interactions using three different HTM cell strains.  

Independent of the HTM cell strain used, we showed increased HTM hydrogel contraction 

with DEX treatment, which is opposite to what a previous study found using simple collagen type 

I hydrogels encapsulated with bovine TM cells [81], but consistent with data obtained from 

perfusion-cultured HTM tissues challenged with DEX [76, 77]. Actin abundance and organization 

are thought to modulate intracellular force generation and cell contractility; our results showed 

that DEX induced elevated F-actin and αSMA abundance and rearrangement, which is consistent 

with observations made using porous scaffolds seeded with HTM cells [38]. This suggests that 

increased actin abundance could induce cell contractile force generation to condense HTM cells 

within the 3D hydrogel network resulting in overall increased construct contractility. HTM 

remodeling is critical for proper tissue function, driven by the reciprocity between HTM cells and 

their ECM. By the same token, pathologic ECM remodeling contributes to glaucomatous tissue 
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dysfunction. We observed increased morphological ECM remodeling (i.e., condensed hydrogels 

with qualitatively decreased network spacing) with DEX treatment. Furthermore, increased 

fibronectin deposition induced by DEX was confirmed in our model, which has been reported to 

contribute to elevated outflow resistance in the HTM with POAG [4]. Observed differences of 

fibronectin deposition with DEX challenge/Y27632 rescue between HTM hydrogels made using 

different cell strains likely reflect both inherent donor-to-donor variability and differential adaptive 

responses to the pharmacological agents, with possible cellular feedback and crosstalk between 

stimulated signaling pathways. These finding are in agreement with glaucomatous pathology and 

have all been linked to progressive HTM tissue stiffening. Importantly, consistent with the reported 

reduction of actomyosin contraction in HTM tissue following ROCK inhibition [22-25], we 

showed that Y27632 co-treatment (simulating a prophylactic approach) and sequential treatment 

(simulating a therapeutic approach) potently rescued the DEX-induced pathologic changes in 

HTM hydrogel contractility, condensation, and ECM deposition/remodeling across multiple HTM 

cell strains. Using an alternate pair of pharmacological induction/rescue of glaucomatous 

conditions - transforming growth factor-β2 (a potent cytokine implicated in POAG pathology [82]) 

and latrunculin-b (an actin filament depolymerizing agent [83]), we were able to validate the utility 

of our HTM hydrogel as glaucoma disease model (Supplemental Information and Suppl. Fig. 2.9).  

Patients with POAG, the most common subtype of glaucoma, typically suffer from elevated 

IOP and experience increased HTM stiffness, which in turn can negatively affect IOP and HTM 

cell function in a feed-forward loop [9-13]. It is perhaps because of these observations that more 

studies in recent years have focused on the biomechanical properties of tissues within the 

conventional outflow pathway, and their dynamic changes in disease. HTM tissue stiffness has 

been determined directly and indirectly in several studies. In an early report, HTM stiffness was 
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shown to be ~20-fold higher in glaucomatous vs. normal eyes by atomic force microscopy (AFM) 

[11]. Several limitations to this study, however, may have resulted in overestimated differences in 

tissue elasticity. In a recent elegant study using a novel indirect approach (with AFM correlation), 

HTM stiffness was determined to be ~1.4-fold greater in glaucomatous HTM tissues vs. normal 

controls [13, 66]. The discrepancies in both absolute and relative stiffness values (i.e., normal vs. 

glaucomatous) between the two studies most likely stem from methodological differences. We 

here showed a ~1.5-1.7-fold increase in HTM hydrogel stiffness using two different HTM cell 

strains with DEX treatment vs. controls as measured by a common oscillatory rheology shear-

strain sweep test to determine hydrogel viscoelastic properties, consistent with the reported 

glaucomatous HTM tissue behavior [13, 66]. Y27632 treatment had precisely opposite effects, and 

was shown to prevent or rescue the DEX-induced pathologic changes, resulting in HTM hydrogel 

softening independent of the donor cell strain used. This was in agreement with the HTM hydrogel 

contraction, cytoskeletal rearrangement, and ECM remodeling/deposition data suggesting potent 

therapeutic potential of Y27632 in support of clinical netarsudil use.  

To further validate our hydrogel system as a glaucoma disease model, we encapsulated 

glaucomatous HTM (GTM) cells for comparisons with normal HTM hydrogels - matched to the 

HTM cell strain nearest in donor age - in absence or presence of additional corticosteroid 

stimulation. GTM cells were derived from a donor eye categorized as high-risk POAG suspect 

(contralateral eye diagnosed with moderate stage POAG). With long-term use of Brimonidine, 

Dorzolamide-timolol and Latanoprost, IOP was moderately-controlled and did not exceed 19 

mmHg; however, outflow facility measurements upon receipt of the donor eyes demonstrated a 

~50% reduction in normal AH outflow facility indicative of TM tissue damage. GTM hydrogels 

in absence of DEX induction were significantly more contracted and stiffened vs. normal controls, 
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and ROCK inhibition using Y27632 restored hydrogel stiffness to baseline levels. This suggests 

that upon hydrogel encapsulation, GTM cells possess “pathologic memory”; and mirror key 

glaucomatous behaviors of DEX-induced normal HTM cells within the 3D biopolymer network 

and respond to proven targeted pharmacological treatment, providing ultimate validation of our 

tissue-engineered HTM hydrogel. We acknowledge that a limitation to our system is the lack of 

flow. Ongoing work to integrate the HTM hydrogel, with addition of a Schlemm’s canal 

endothelial cell layer, on a microfluidics platform for measurements of flow resistance under 

dynamic conditions is expected to further expand the utility of our hydrogel-based glaucoma 

disease model. 

In sum, we have developed a novel in vitro biomimetic HTM hydrogel model that allows for 

detailed investigation of the 3D HTM cell-ECM interface under normal and simulated POAG 

conditions upon in situ corticosteroid induction, or preferably encapsulation of confirmed 

glaucomatous cells. Importantly, unlike other model systems, the HTM biopolymer hydrogel 

enables correlative analyses of HTM cell cytoskeletal organization with tissue-level functional 

changes - namely glaucomatous contractility and stiffening - contingent on HTM cell-ECM 

interactions. The bidirectional responsiveness of the HTM hydrogel model system to pathologic 

challenge and rescue suggests promising potential to serve as a screening platform for new POAG 

treatments with focus on HTM cell/tissue biomechanics.  
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2.8 Supplementary Material   

 

Suppl. Fig. 2. 1. ELP characterization.  
(A) Complete ELP nucleotide sequence (from Genewiz sequencing) and amino acid sequence with 

KCTS flanks in bold. (B) Coomassie blue-stained protein electrophoresis gel of purified ELP 

showing the expected 31.2 kDa band with negligible impurities at approximately double the 

molecular weight. (C) UV-Vis plot showing the transition temperature of a 1% (w/v) ELP solution, 

reproduced from (Zhang et al., 2015) with permission from Wiley. 
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Suppl. Fig. 2. 2. Hydrogel precursors.  
(A) Schematic of methacrylate-conjugated collagen type I (MA-COL; molecular weight: ~300 

kDa, degree of methacrylation: ~60-70%), thiol-conjugated elastin-like polypeptide (SH-ELP; 

elastic ([VPGVG]4[IPGVG])14 core sequence, thiol via KCTS flanks; molecular weight: 31.2 kDa, 

degree of thiolation: bi-functional), and thiol-conjugated hyaluronic acid (SH-HA; molecular 

weight: ~300 kDa, degree of thiolation: ~20-30%). (B) Possible chemical crosslinks of the 

photoactive biopolymers via methacrylate, thiol-ester, or disulfide linkages. 

 

 

Suppl. Fig. 2. 3. PDMS mold fabrication.  
Custom master molds (8x1-mm, 8x2-mm) were 3D-printed using ABS-M30 filament. 

Polydimethylsiloxane (PDMS) was mixed as per the manufacturer’s protocol, poured into the 3D-

printed negative master molds, degassed under vacuum, and cured overnight at 60ºC. 
 

 

Suppl. Fig. 2. 4. HTM cell MYOC mRNA fold-change.  
mRNA fold-change of MYOC by qRT-PCR at 7 d (N = 3 per group and donor; *p<0.05, 

***p<0.001 vs. control). 
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Suppl. Fig. 2. 5. HTM cell viability and contractility in hydrogels.  
(A) Cell viability quantification of hydrogel-encapsulated HTM01 cells across UV crosslinking 

times at 0 d (N=4 per group; dotted line shows 100% viability for reference; shared significance 

indicator letters represent non-significant difference (p>0.05), distinct letters represent significant 

difference (p<0.05)). (B) Representative fluorescence micrographs of HTM01 hydrogels at 0 d 

(live cells = green; dead cells = red). Scale bars, 1 mm (top) and 250 μm (bottom). (C) Longitudinal 

quantification (i.e., construct size relative to 0 d) of HTM01 cell contractility in hydrogels; dashed 

box shows detailed comparisons between groups at 7 d (N=3 per group and donor; shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). (D) Representative brightfield images of HTM01 

hydrogels at 7 d; white dashed lines outline original size of constructs at 0 d. Scale bar, 1 mm. (E) 

Representative fluorescence micrographs of HTM01 hydrogels UV crosslinked for 30 s at 7 d (live 

cells = green; dead cells = red). Scale bars, 1 mm (top) and 250 μm (bottom). 
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Suppl. Fig. 2. 6. Hydrogel mechanical analysis.  
Storage (G’) and loss moduli (G”) of acellular hydrogels UV-crosslinked for 1, 5, 10 or 30 s at 0 

d (N=3 per group; ***p<0.001 G’ vs. G”; shared significance indicator letters represent non-

significant difference (p>0.05), distinct letters represent significant difference (p<0.05)).  
 

 

 

 

 

 

 



 85 

 

Suppl. Fig. 2. 7. HTM cell contractility and proliferation in hydrogels with corticosteroid 
induction and ROCK inhibitor rescue.  
Representative brightfield images of (A) HTM01, (B) HTM12 and (C) HTM19 hydrogels UV-

crosslinked for 5 s subjected to control, 100 nM DEX, 10 µM Y27632, DEX + Y27632, or DEX 

(5 d) + Y27632 (5 d) at 0, 3, 5, 7 and 10 d. Scale bars, 1 mm. Cell proliferation quantification of 

(D) HTM12 and (E) HTM19 hydrogels subjected to the different treatments at 10 d (N=3 per group; 

shared significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 
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Suppl. Fig. 2. 8. HTM hydrogel morphology and collagen IV deposition with corticosteroid 
induction and ROCK inhibitor rescue.  
Representative brightfield micrographs of (A) hematoxylin & eosin (H&E)- and (B) picrosirius 

red/hematoxylin (PSR)-stained sections from HTM12 and HTM19 hydrogels UV-crosslinked for 

5 s subjected to control, 100 nM DEX, 10 µM Y27632, DEX + Y27632, or DEX (5 d) + Y27632 

(5 d) at 10 d (hydrogel/ECM = pink; HTM cells = dark pink/blue [arrows]). Scale bars, 250 μm. 

(C) Representative fluorescence micrographs of collagen IV (= green) in HTM12 and HTM19 

hydrogels subjected to the different treatments at 10 d. Scale bar, 250 μm. 
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HTM hydrogel model validation: 

To validate the utility of the HTM hydrogel as glaucoma disease model, we also assessed an 

alternative pair of pharmacological induction and rescue: transforming growth factor beta-2 (TGF-

β2), implicated in the pathogenesis of POAG (Lutjen-Drecoll, 2005), and latrunculin-b (Lat-B), 

which prevents polymerization of actin filaments (Rasmussen et al., 2014). Remarkably similar 

results to DEX/Y27632 were obtained. We noted significant contraction over time in all groups 

(Suppl. Fig. 2.9A). TGF-β2-treated HTM hydrogels showed significantly greater contraction vs. 

controls by 5 d, reaching ~45% of their original size. Comparable values were observed in the 

sequential treatment samples (TGF-β2 (5 d) + Lat-B (5 d); identical to TGF-β2 at this time point). 

Lat-B only slightly relaxed the HTM hydrogels (~58% of their original size) vs. controls. 

Furthermore, no differences were found between TGF-β2 + Lat-B co-treated samples and controls 

by 5 d, but constructs were significantly less contracted compared to TGF-β2-treated HTM 

hydrogels; this suggests that Lat-B can offset TGF-β2-induced pathologic contraction of HTM 

hydrogels when presented together (Suppl. Fig. 2.9A,B,D). By 10 d, TGF-β2 treatment induced 

significantly more contraction (~25% of their original size) vs. all other groups, while Lat-B 

treatment resulted in only slightly less contraction (~44% of their original size) vs. controls. No 

differences were observed between TGF-β2 + Lat-B co-treatment and controls. However, Lat-B 

rescued HTM hydrogel contraction induced by TGF-β2; i.e., construct size with TGF-β2 (5 d) + 

Lat-B (5 d) sequential treatment was similar to the control and TGF-β2 + Lat-B groups, but 

significantly increased compared to TGF-β2-treated samples (Suppl. Fig. 2.9A,C,E). 
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Suppl. Fig. 2. 9. HTM cell contractility in hydrogels with cytokine induction and actin 
depolarization rescue.  
(A) Longitudinal quantification (i.e., construct size relative to 0 d) of HTM12 cell contractility in 

hydrogels UV-crosslinked for 5 s subjected to control, 2.5 ng/ml transforming growth factor beta-

2 (TGF-β2), 2 µM latrunculin-b (Lat-B), TGF-β2 + Lat-B, or TGF-β2 (5 d) + Lat-B (5 d) (N=4 

per group; shared significance indicator letters represent non-significant difference (p>0.05), 

distinct letters represent significant difference (p<0.05)). Detailed comparisons between groups at 

(B) 5 d and (C) 10 d (dotted lines show respective control values for reference). Representative 

brightfield images of HTM12 hydrogels subjected to the different treatments at (D) 5 d and (E) 10 

d; white dashed lines outline original size of constructs at 0 d. Scale bars, 1 mm. 
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3.1 Abstract 

Purpose: Transforming growth factor beta 2 (TGFβ2) is a major contributor to the pathologic 

changes occurring in human trabecular meshwork (HTM) cells in primary open-angle glaucoma. 

TGFβ2 activates extracellular-signal-regulated kinase (ERK) and Rho-associated kinase (ROCK) 

signaling pathways, both affecting HTM cell behavior. However, exactly how these signaling 

pathways converge to regulate HTM cell contractility is unclear. Here, we investigated the 

molecular mechanism underlying TGFβ2-induced pathologic HTM cell contractility, and the 

crosstalk between ERK and ROCK signaling pathways with different culture substrates. 

Methods: Hydrogels were engineered by mixing collagen type I, elastin-like polypeptide and 

hyaluronic acid, each containing photoactive functional groups, followed by UV crosslinking. 

Primary HTM cells were seeded atop pre-formed hydrogels for comparisons with glass, or 

encapsulated within the hydrogels. Changes in actin cytoskeleton, extracellular matrix production, 

phospho-myosin light chain (p-MLC) levels, and hydrogel contraction were assessed. 

Results: HTM cell morphology and filamentous (F)-actin organization were affected by the 

underlying culture substrates. TGFβ2 increased HTM cell contractility via ERK and ROCK 

signaling pathways by differentially regulating F-actin, α-smooth muscle actin, fibronectin, and p-

MLC in HTM cells. ERK inhibition, even as short as 4 h, further increased TGFβ2-induced p-

MLC in HTM cells on hydrogels, but not on glass. This translated into hypercontractility of HTM 

cell-laden hydrogels. ROCK inhibition had precisely the opposite effects and potently relaxed the 

TGFβ2-induced hydrogels.  

Conclusions: Our data suggest that ERK signaling negatively regulates ROCK-mediated HTM 

cell contractility. These findings emphasize the critical importance of using tissue-mimetic ECM 

substrates for investigating HTM cell physiology and glaucomatous pathophysiology in vitro.  
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3.2 Introduction 

Transforming growth factor beta 2 (TGFβ2), the predominant TGFβ isoform in the eye and 

aqueous humor, has been identified as a major player in contributing to the pathologic changes in 

primary open-angle glaucoma (POAG) with elevated intraocular pressure (IOP) [1-6]. TGFβ2 is a 

key regulator of human trabecular meshwork (HTM) cell extracellular matrix (ECM) synthesis, 

deposition and degradation [7]. TGFβ2 has been shown to induce the synthesis/secretion of ECM 

proteins such as collagen type I and VI, laminin, elastin, fibronectin, plasminogen activator 

inhibitor 1 and myocilin, and increase the expression/activity of ECM crosslinking enzymes such 

as tissue transglutaminase 2, which irreversibly crosslinks fibronectin [8-15]. Furthermore, 

exposure of HTM cells to TGFβ2 induces the formation of F-actin stress fibers and expression of 

α-smooth muscle actin (αSMA), both strongly associated with cell contractility [10, 16].  

Binding of active TGFβ2 to its receptor on the cell surface activates canonical Smad (Smad2/3) 

and diverse non-Smad signaling pathways including extracellular-signal-regulated kinase (ERK), 

c-Jun N-terminal kinases (JNK), P38 kinases and Rho-associated kinase (ROCK) [17-20]. It has 

been shown that ERK inhibition in HTM cells decreased the expression of αSMA and fibronectin, 

and inhibited formation of cross-linked actin networks; this is thought to mediate TM tissue 

stiffness to affect aqueous humor outflow and IOP [16, 20]. By the same token, previous studies 

have also demonstrated that ROCK signaling in TM cells is involved in regulating aqueous humor 

outflow resistance and thereby IOP homeostasis [21, 22]. In the United States, only the recently 

approved ROCK inhibitor Netarsudil [23] directly targets the TM to increase outflow via 

cell/tissue relaxation [22, 24-28]. It has been shown that ROCK inhibition in HTM cells can 

potently reduce downstream phospho-myosin light chain (p-MLC) levels and assembly of actin 

stress fibers, jointly contributing to decreased HTM cell contractility [16, 29]. Thus, both ERK 
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and ROCK signaling are considered critical in regulating outflow and IOP; however, the required 

interplay or crosstalk between these signaling pathways underlying HTM cell behaviors remains 

incompletely understood.  

Most studies investigating HTM cell (patho)physiology to date have used conventional cell 

monolayer cultures on tissue culture plastic or glass, although these are very stiff substrates 

(megapascal, MPa – gigapascal GPa range), and are known to result in non-physiological culture 

conditions [30]. Some studies have utilized purely elastic polyacrylamide films coated with various 

adhesive ECM proteins to investigate HTM cell behaviors [31]; however, the ECM of native TM 

tissue is soft (pascal, Pa – kilopascal, kPa range) and viscoelastic. This ECM is composed of 

proteins such as non-fibrillar and fibrillar collagens, elastic fibrils, proteoglycans and 

glycosaminoglycans as well as basement membrane-like materials [15, 32-35]. Viscoelastic 

hydrogels (i.e., water-swollen networks of polymers) are attractive biomaterials owing to their 

similarity to in vivo cellular microenvironments and tunable physiochemical properties (e.g., 

stiffness, degradability) [36]. Thus, tissue-mimetic hydrogels provide an environment that allows 

for accurate modeling of cell-ECM interactions. We recently reported that a biomimetic HTM 

hydrogel can be used to investigate cell-ECM interactions under normal and simulated 

glaucomatous conditions [37]. The elastic modulus of our HTM cell-laden hydrogels was ~0.2 kPa 

by atomic force microscopy (AFM), and exposure to TGFβ2 resulted in a ~2-fold increase in HTM 

hydrogel stiffness [38]. The observed delta in stiffness was in good agreement with data from 

human tissue specimens; previous AFM analyses reported elastic moduli of normal and 

glaucomatous TM of ~0.9-16 kPa and ~2-80 kPa, respectively [39-41]. As such, our engineered 

HTM hydrogel is positioned close to the lower range of native TM tissue while simulating a more 



 100 

favorable soft tissue-mimetic ECM microenvironment compared to supraphysiologically stiff 

glass/plastic.  

Taken together, HTM cells play an essential role in modulating outflow resistance by 

controlling the production of contractile forces and the secretion/degradation of ECM proteins to 

support tissue homeostasis [42]. TGFβ2-induced HTM cells show increased ECM protein 

secretion/deposition, actin expression and tension, all strongly associated with cell contractility in 

POAG [8-14, 16]. Thus, the purpose of this study was to determine: (a) the molecular mechanism 

of HTM cell contractility underlying TGFβ2-induced glaucomatous dysfunction and, specifically, 

whether there is crosstalk between ERK and ROCK signaling pathways, and (b) whether the 

mechanistic response of HTM cells to TGFβ2 varies depending on the culture substrate properties 

(i.e., soft ECM hydrogels in comparison to stiff glass coverslips). 

 

3.3 Materials and Methods  

3.3.1 HTM cell isolation and culture 

Human donor eye tissue use was approved by the SUNY Upstate Medical University 

Institutional Review Board (protocol #1211036), and all experiments were performed in 

accordance with the tenets of the Declaration of Helsinki for the use of human tissue. Primary 

human trabecular meshwork (HTM) cells were isolated from healthy donor corneal rims discarded 

after transplant surgery, and cultured according to established protocols [43, 44]. Three HTM cell 

strains (HTM12, HTM14, HTM19) were used for the experiments in this study (Suppl. Table 3.1). 

All HTM cell strains were validated with dexamethasone (DEX; Fisher Scientific, Waltham, MA, 

USA; 100 nM) induced myocilin expression in more than 50% of cells by immunocytochemistry 

(~700 cells/group were quantified) and immunoblot analyses (Suppl. Fig. 3.1 and our previous 
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study [37]). All studies were conducted using cell passage 3-7. HTM cells were cultured in low-

glucose Dulbecco's Modified Eagle's Medium (DMEM; Gibco; Thermo Fisher Scientific) 

containing 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA) and 1% 

penicillin/streptomycin/glutamine (PSG; Gibco), and maintained at 37°C in a humidified 

atmosphere with 5% CO2. Fresh media was supplied every 2-3 days.  

 

3.3.2 Preparation of hydrogels 

Hydrogel precursors methacrylate-conjugated bovine collagen type I (MA-COL, Advanced 

BioMatrix, Carlsbad, CA, USA; 3.6 mg/ml), thiol-conjugated hyaluronic acid (SH-HA, Glycosil®, 

Advanced BioMatrix; 0.5 mg/ml, 0.025% (w/v) photoinitiator Irgacure® 2959; Sigma-Aldrich, St. 

Louis, MO, USA) and in-house expressed elastin-like polypeptide (SH-ELP, thiol via cysteine in 

KCTS flanks [37]; 2.5 mg/ml) were thoroughly mixed. Thirty microliters of the hydrogel solution 

were pipetted onto a Surfasil (Fisher Scientific) coated 12-mm round glass coverslip followed by 

placing a regular 12-mm round glass coverslip onto the hydrogels. Constructs were crosslinked by 

exposure to UV light (OmniCure S1500 UV Spot Curing System; Excelitas Technologies, 

Mississauga, Ontario, Canada) at 320-500 nm, 2.2 W/cm
2
 for 5 s, as previously described [37]. 

The hydrogel-adhered coverslips were removed with fine-tipped tweezers and placed in 24-well 

culture plates (Corning; Thermo Fisher Scientific). HTM cell-laden hydrogels were prepared by 

mixing HTM cells (1.0 × 10
6
 cells/ml) with MA-COL (3.6 mg/ml [all final concentrations]), SH-

HA (0.5 mg/ml, 0.025% (w/v) photoinitiator) and ELP (2.5 mg/ml) on ice, followed by pipetting 

10 μl droplets of the HTM cell-laden hydrogel precursor solution onto polydimethylsiloxane-

coated (PDMS; Sylgard 184; Dow Corning) 24-well culture plates (Suppl. Fig. 3.2C). 
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3.3.3 HTM cell treatments 

HTM cells were seeded at 2 × 10
4
 cells/cm

2 
on premade hydrogels/coverslips/tissue culture 

plates (Suppl. Fig. 3.2), and cultured in DMEM with 10% FBS and 1% PSG for 1 or 2 days to 

grow to 80 – 90 % confluence. Then, HTM cells were cultured in serum-free DMEM with 1% 

PSG and subjected to the following treatments for 2 h (starvation in serum-free DMEM with 1% 

PSG for 24 h prior to treatments) or 3 d: 1) vehicle control (40 μM hydrochloric acid (HCL), 0.002% 

bovine serum albumin (BSA), 0.1% dimethyl sulfoxide (DMSO); all from Thermo Fisher 

Scientific), 2) TGFβ2 (2.5 ng/ml; R&D Systems, Minneapolis, MN, USA), 3) TGFβ2 (2.5 ng/ml) 

+ U0126 (10 μM; Promega, Madison, WI, USA), 4) TGFβ2 (2.5 ng/ml) + Y27632 (10 μM; Sigma-

Aldrich). In the 4 h treatment of U0126 or Y27632 experiment, HTM cells were cultured in serum-

free DMEM with 1% PSG and subjected to vehicle control (40 μM HCL, 0.002% BSA) or TGFβ2 

(2.5 ng/ml) for 3 days, followed by the treatments of vehicle control (40 μM HCL, 0.002% BSA, 

0.1% DMSO), TGFβ2 (2.5 ng/ml), TGFβ2 (2.5 ng/ml) + U0126 (10 μM) or TGFβ2 (2.5 ng/ml) + 

Y27632 (10 μM) for 4 h. The monolayer HTM cells were processed for immunocytochemistry or 

immunoblot analyses.  

 

3.3.4 Immunoblot analysis 

Protein was extracted from cells grown on 6-well culture plates using lysis buffer (CelLytic
TM

 

M, Sigma-Aldrich) supplemented with Halt™ protease/phosphatase inhibitor cocktail (Thermo 

Fisher Scientific). Equal protein amounts (10 µg), determined by standard bicinchoninic acid assay 

(Pierce; Thermo Fisher Scientific), in 4× loading buffer (Invitrogen; Thermo Fisher Scientific) 

with 5% beta-mercaptoethanol (Fisher Scientific), were boiled for 5 min and subjected to SDS-

PAGE using NuPAGE™ 4-12% Bis-Tris Gels (Invitrogen; Thermo Fisher Scientific) at 120V for 

80 min and transferred to 0.45 µm polyvinylidene fluoride membranes (PVDF; Sigma; Thermo 
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Fisher Scientific). Membranes were blocked with 5% bovine serum albumin (Thermo Fisher 

Scientific) in tris-buffered saline with 0.2% Tween®20 (Thermo Fisher Scientific), and probed 

with primary antibodies against p-ERK (anti-p-ERK [9101S] 1:4000; Cell Signaling Technology, 

Danvers, MA, USA), ERK (anti-ERK [9102S] 1:3000; Cell Signaling), and MYOC (anti-MYOC 

[MABN866] 1:2000; Sigma-Aldrich) followed by incubation with an HRP-conjugated secondary 

antibody (Cell Signaling). Bound antibodies were visualized with the enhanced chemiluminescent 

detection system (Pierce) on autoradiography film (Thermo Fisher Scientific). To investigate more 

than one protein on the same blot, the membrane was stripped using a mild stripping buffer (15 g/l 

glycine, 1 g/l sodium dodecyl sulfate, 1% Tween®20; all from Thermo Fisher Scientific) and re-

probed for other targets. Densitometry of scanned films was performed using Fiji software (NIH). 

Data from N = 3 replicates per group from one HTM cell strain were normalized to GAPDH (anti-

GAPDH [G9545] 1:80000; Sigma-Aldrich). 

 

3.3.5 Immunocytochemistry analysis 

HTM cells in presence of the different treatments were fixed with 4% paraformaldehyde 

(Thermo Fisher Scientific) at room temperature for 20 min, permeabilized with 0.5% Triton™ X-

100 (Thermo Fisher Scientific), blocked with blocking buffer (BioGeneX), and incubated with 

primary antibodies against MYOC (anti-MYOC [ab41552] 1:200; Abcam), α-smooth muscle actin 

(anti-αSMA [C6198] 1:500; Sigma-Aldrich), fibronectin (FN [ab45688] 1:500; Abcam), or 

phospho-myosin light chain 2 (Ser19) (p-MLC [3675] 1:200; Cell Signaling), followed by 

incubation with Alexa Fluor® 488-conjugated or 594-conjugated secondary antibodies (Invitrogen; 

Thermo Fisher Scientific); nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; 

Abcam). Similarly, cells were stained with Phalloidin-iFluor 488 or 594 (Abcam)/DAPI according 
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to the manufacturer’s instructions. Coverslips were mounted with ProLong™ Gold Antifade 

(Invitrogen) on Superfrost™ microscope slides (Fisher Scientific), and fluorescent images were 

acquired with an Eclipse Ni microscope (Nikon Instruments, Melville, NY, USA). Fluorescent 

signal intensity was measured using Fiji software (National Institutes of Health (NIH), Bethesda, 

MD, USA). Quantitative immunostaining was measured for F-actin, αSMA, FN, and p-MLC from 

N = 30 images per group from 3 HTM cell strains with 3 replicates per HTM cell strain following 

image background subtraction. F-actin fiber alignment was measured using the Directionality 

Fourier transform (FFT) plug-in in Fiji. The nuclear shape index (circularity = 4*π*area/perimeter
2
) 

and nuclear aspect ratio (major axis/minor axis) [45, 46], indicators of the shape of the cells, were 

also measured from N = 150 nuclei from 3 HTM cell strains with 3 replicates per HTM cell strain 

using Fiji software. 

 

3.3.6 HTM hydrogel contraction analysis 

HTM cell-laden hydrogels were cultured in DMEM with 10% FBS and 1% PSG in presence 

of the different treatments. Longitudinal brightfield images were acquired at 0 d and 7 d with an 

Eclipse Ti microscope (Nikon). Construct area from N = 11 hydrogels per group from 3 HTM cell 

strains with 3-4 replicates per HTM cell strain was measured using Fiji software (NIH) and 

normalized to 0 d followed by normalization to controls.  

 

3.3.7 HTM hydrogel cell proliferation analysis 

The number of viable cells was measured with the CellTiter 96® Aqueous Non-Radioactive 

Cell Proliferation Assay (MTS; Promega) following the manufacturer’s protocol. HTM hydrogels 
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cultured in DMEM with 10% FBS and 1% PSG in presence of the different treatments for 7 d were 

incubated with the staining solution (38 μl MTS, 2 μl PMS solution, 200 μl DMEM) at 37ºC for 

1.5 h. Absorbance at 490 nm was recorded using a spectrophotometer plate reader (BioTEK, 

Winooski, VT, USA). Blank (DMEM with the staining solution)-subtracted absorbance values 

served as a direct measure of HTM cell viability from N = 11 hydrogels per group from 3 HTM 

cell strains with 3-4 replicates per HTM cell strain normalized to controls. 

 

3.3.8 Statistical analysis 

Individual sample sizes are specified in each figure caption. Comparisons between groups were 

assessed by one-way or two-way analysis of variance with Tukey’s multiple comparisons post hoc 

tests, as appropriate. All data are shown with mean ± SD, some with individual data points. The 

significance level was set at p<0.05 or lower. GraphPad Prism software v9.1 (GraphPad Software, 

La Jolla, CA, USA) was used for all analyses.  

 

3.4 Results  

3.4.1 Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on F-actin stress 

fibers in HTM cells 

To investigate the effects of different cell culture substrates and downstream signaling events 

of TGFβ2 stimulation, HTM cells were seeded on top of pre-made hydrogels or glass coverslips 

(Suppl. Fig. 3.2A,B), and treated with TGFβ2 alone, or co-treated with ERK inhibitor U0126 or 

ROCK inhibitor Y27632 and then stained for F-actin structures. We observed significantly more 

F-actin stress fibers in HTM cells treated with TGFβ2 alone or TGFβ2 + U0126 vs. controls 
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independent of the culture substrate. In HTM cells on hydrogels, treatment with TGFβ2 + Y27632 

restored F-actin intensity to control levels. While HTM cells on glass also showed a significant 

reduction of TGFβ2-induced F-actin stress fibers, intensity levels remained significantly higher 

than controls (Fig. 3.1A-C).  

We used the FIJI plugin “Directionality Fourier transform (FFT)” to quantify the relative 

orientation of actin filaments in HTM cells. In general terms, this parameter represents perfectly 

aligned F-actin (i.e., parallel) as a histogram with a single unimodal peak and anisotropic filaments 

as deviations i.e., less aligned, multimodal peaks or minor-to-no peaks [47, 48]. In our analysis, 

HTM cells on hydrogels displayed highly aligned F-actin with a unimodal histogram in the control 

group, whereas F-actin in HTM cells treated with TGFβ2 ± U0126/Y27632 had misordered F-

actin arrays, represented as multimodal peaks (Fig. 3.1A,D). Additionally, all cells plated on glass 

regardless of treatment displayed anisotropic F-actin arrays (Fig. 3.1A,D). 

Next, we assessed effects of the different substrates (i.e., hydrogel and glass) and treatments 

on HTM cell morphology. HTM cells on hydrogels with TGFβ2 ± U0126 treatment exhibited a 

significantly increased nuclear area compared to controls (Fig. 3.1E) with an increased nuclear 

shape index (NSI) and a reduced nuclear aspect ratio. By contrast, Y27632 significantly prevented 

changes induced by TGFβ2 (Suppl. Fig. 3.3A,C). HTM cells on glass across groups displayed 

overall larger nuclear area and higher NSI, indicative of bigger and more rounded nuclei vs. cells 

on hydrogels (indicated with the dashed lines in Fig. 3.1F and Suppl. Fig. 3.3B,D). Mirroring the 

behavior on hydrogels, treatment with TGFβ2 ± U0126 significantly increased HTM cell nuclear 

area vs. controls on glass; Y27632 treatment significantly decreased nuclear size compared to 

TGFβ2-treated cells, but did not reach baseline levels. HTM cells on glass subjected to the different 
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treatments showed no difference in NSI, and only cells treated with TGFβ2 exhibited significantly 

lower nuclear aspect ratio compared to controls. (Fig. 3.1E,F; Suppl. Fig. 3.3).  

Together, these data show that HTM cells on biomimetic soft ECM substrates in absence of 

treatment exhibit a highly aligned F-actin cytoskeleton, while cells on supraphysiologic stiff 

substrates display differential F-actin organization. Exposure to the different treatments results in 

a generally lesser organized cytoskeleton across groups, suggesting that the biochemical cues 

impart cellular changes that supersede effects mediated by the culture substrates. TGFβ2 reliably 

increases F-actin stress fibers, which is reduced by Y27632, while ERK inhibition has minor to no 

effect. Nevertheless, HTM cells display distinct nuclear size/shape in soft vs. stiff culture 

environments, suggesting that overall cell morphology is partly affected by the underlying 

substrate.  

 

Figure 3. 1. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on F-actin 
stress fibers and morphology of HTM cells.  
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(A) Representative fluorescence micrographs of F-actin in HTM cells on hydrogel and glass 

substrates subjected to control, TGFβ2 (2.5 ng/mL), TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632 

(10 µM) at 3 d (F-actin = green; DAPI = blue). Scale bar, 20 μm. Quantification of F-actin intensity 

in (B) HTM cells on hydrogels and (C) HTM cells on glass subjected to the different treatments at 

3 d (N = 30 images per group from 3 HTM cell strains with 3 replicates per HTM cell strain). (D) 

Histograms representing the F-actin direction in HTM cells on hydrogel and glass substrates 

subjected to the different treatments. A unimodal distribution denotes aligned uniaxial F-actin fiber 

alignment, whereas a multimodal indicates anisotropic F-actin array arrangement. Quantification 

of nuclear area in (E) HTM cells on hydrogels and (F) HTM cells on glass subjected to the different 

treatments at 3 d (N = 150 nuclei from 3 HTM cell strains with 3 replicates per HTM cell strain; 

dotted lines show mean value of control HTM cells on hydrogel for reference). Symbols with 

different colors represent different cell strains. The bars and error bars indicate Mean ± SD. 

Significance was determined by two-way ANOVA using multiple comparisons tests (shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 

 

3.4.2 Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on αSMA expression 

in HTM cells 

It has been shown that Y27632 inhibits ROCK1 and ROCK2 activity with a Ki of 22 nM and 

41 nM, respectively [49]. To determine the effects of ERK and ROCK inhibition upon TGFβ2 

stimulation, HTM cells were treated with TGFβ2 in the presence of U0126 or Y27632 to assess 

ERK activity. We observed that TGFβ2 significantly increased ERK1/2 phosphorylation 

(=activation) vs. controls. As expected, co-treatment with U0126 prevented ERK activation, while 

Y27632 did not affect the TGFβ2-induced phosphorylation of ERK (Fig. 3.2A,B). TGFβ2 has 

been shown to induce a fibrotic response in HTM cells, as indicated by expression of the 

myofibroblast marker αSMA [16, 50-52]. To gain insight into the effects of ERK and ROCK 

inhibition on HTM cells, we next assessed αSMA levels in HTM cells treated with TGFβ2 ± U0126 

or Y27632. We found that the various treatments did not affect cell viability (~10 cells/0.05 mm
2 

across groups). TGFβ2 ± U0126 treated groups showed significantly increased αSMA expression 

in HTM cells vs. the other groups independent of the culture substrate (Fig. 3.2C-E). We observed 
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that TGFβ2 induced a bigger change of αSMA expression in HTM cells on hydrogels (5.59-fold 

of controls) compared to glass (4.53-fold of controls). Y27632 restored TGFβ2-induced αSMA 

expression to control levels in HTM cells on hydrogels (Fig. 3.2C,D). Likewise, Y27632 treatment 

significantly decreased αSMA expression vs. the TGFβ2-treated group in HTM cells on glass, but 

did not fully reach baseline levels (Fig. 3.2C,E).  

Collectively, these data show that TGFβ2 upregulates ERK activity in HTM cells, which 

is potently attenuated by U0126, while ROCK inhibition has no effect on TGFβ2-induced ERK 

activation. Furthermore, TGFβ2 increases αSMA expression, which is prevented by Y27632, 

whereas ERK inhibition does not affect aberrant αSMA stress fiber formation independent of the 

underlying substrate. This suggests that αSMA expression is largely unaffected by the biophysical 

cues from the culture environment. 
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Figure 3. 2. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on αSMA 
expression in HTM cells.  
(A) Immunoblot of p-ERK and ERK. (B) Quantification of p-ERK/ERK (N = 3 replicates per 

group from one HTM cell strain). (C) Representative fluorescence micrographs of αSMA in HTM 

cells on hydrogel and glass substrates subjected to control, TGFβ2 (2.5 ng/ml), TGFβ2 + U0126 

(10 µM), TGFβ2 + Y27632 (10 µM) at 3 d (αSMA = red; DAPI = blue). Scale bar, 20 μm. 

Quantification of αSMA intensity in (D) HTM cells on hydrogels and (E) HTM cells on glass 

subjected to the different treatments at 3 d (N = 30 images per group from 3 HTM cell strains with 

3 replicates per HTM cell strain). Symbols with different colors represent different cell strains. 

The bars and error bars indicate Mean ± SD. Significance was determined by two-way ANOVA 

using multiple comparisons tests (shared significance indicator letters represent non-significant 

difference (p>0.05), distinct letters represent significant difference (p<0.05)). 

 

3.4.3 Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on FN synthesis in 

HTM cells 

There is increased accumulation of ECM proteins in the HTM tissue of glaucomatous eyes, 

among which fibronectin (FN) is a major component [53, 54]. To assess the effect of TGFβ2 on 

ECM protein expression and deposition, we evaluated FN levels in HTM cells subjected to the 

different treatments. We observed overall more pronounced FN fibril formation in HTM cells 

grown on glass vs. hydrogels in absence of any treatment, suggesting that ECM deposition was 

affected by the underlying substrate (Fig. 3.3A). Importantly, TGFβ2-treated HTM cells showed 

significantly increased FN expression and deposition vs. controls independent of the culture 

substrate, whereas U0126 and Y27632 markedly reduced the FN signal intensity, indicating that 

ERK and ROCK activities were associated with ECM expression and deposition (Fig. 3.3).  

Together, these data show that TGFβ2 increases FN expression/deposition in HTM cells, 

which is potently attenuated by either U0126 or Y27632 co-treatment independent of the 

underlying culture substrate. We speculate that ERK and ROCK activation could be prerequisite 

for TGFβ2-induced aberrant FN fibril formation in HTM cells. 
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Figure 3. 3. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on FN 
synthesis in HTM cells.  
(A) Representative fluorescence micrographs of FN in HTM cells on hydrogel and glass substrates 

subjected to control, TGFβ2 (2.5 ng/ml), TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632 (10 µM) at 

3 d (FN = red; DAPI = blue). Scale bar, 100 μm. Quantification of FN intensity in (B) HTM cells 

on hydrogels and (C) HTM cells on glass subjected to the different treatments at 3 d (N = 30 

images per group from 3 HTM cell strains with 3 replicates per HTM cell strain). Symbols with 

different colors represent different cell strains. The bars and error bars indicate Mean ± SD. 

Significance was determined by two-way ANOVA using multiple comparisons tests (shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 

 

3.4.4 Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on p-MLC expression 

in HTM cells 

The Rho/ROCK pathway is a master regulator of the actin cytoskeleton and cell 

contractility via phosphorylation of myosin light chain (MLC), one of its main substrates [55]. 

ROCK is strongly associated with HTM cell contractility; we have demonstrated that TGFβ2 

increases HTM cell contractility in a soft tissue-mimetic ECM environment, which is potently 
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rescued by ROCK inhibition [37]. To investigate the effects of ERK and ROCK inhibition on 

HTM cell contractility, we assessed the expression of p-MLC. TGFβ2 significantly increased p-

MLC levels vs. controls in HTM cells on both hydrogels and glass, which was completely 

prevented by Y27632 co-treatment. Strikingly, HTM cells on hydrogels co-treated with TGFβ2 

and U0126 exhibited significantly increased expression of p-MLC vs. TGFβ2-treated samples 

(Fig. 3.4A,B), while U0126 did not affect TGFβ2-induced p-MLC expression in HTM cells on 

glass (Fig. 3.4A,C).  

The half-lives of U0126 and Y27632 in culture have been estimated at ~2 h and 12-15 h, 

respectively [56, 57]. To ascertain that the results seen with concurrent exposure to TGFβ2 plus 

U0126 or Y27632 for 3 d were not affected by waning inhibitor activity, HTM cells on both 

substrates were treated with TGFβ2 for 3 d followed by supplementation of U0126 or Y27632 for 

only 4 h in presence of TGFβ2 (Fig. 3.5A). We observed that HTM cells on hydrogels undergoing 

short-term ERK inhibition with U0126 showed significantly increased p-MLC levels compared to 

TGFβ2-treated samples (Fig. 3.5B,C), consistent with the 3 d co-treatment data (Fig. 3.4A,B). An 

even larger potentiation of the TGFβ2-induced p-MLC signal intensity was observed (4 h: ~1.9-

fold) compared to full-length co-treatment (3 d: ~1.5-fold; blue symbols for same HTM cell strain 

in Figs. 3.4B and 3.5C). In contrast, short-term supplementation of U0126 did not alter TGFβ2-

induced p-MLC levels in HTM cells on glass (Fig. 3.5B,D). Independent of the culture substrate, 

ROCK inhibition with Y27632 for 4 h fully restored TGFβ2-induced p-MLC to control levels (Fig. 

3.5B-D), mirroring the effects of full-length TGFβ2 + Y27632 co-treatment (Fig. 3.4A-C). While 

similar effects of short-term or full-length ERK/ROCK inhibition on F-actin levels in HTM cells 

were noted on both hydrogels and glass (Suppl. Fig. 3.4A-C), supplementation of U0126 or 
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Y27632 for only 4 h was insufficient to reverse the TGFβ2-induced increase in αSMA and FN 

(Suppl. Fig. 3.4D-I).  

Collectively, these data show that TGFβ2 elevates p-MLC levels, which is further 

potentiated with U0126 co-treatment, even as short as 4 h, in HTM cells on biomimetic soft ECM 

substrates but not on supraphysiologic stiff substrates. This suggests that active ERK signaling 

may be required to prevent aberrant ROCK activation that exacerbates TGFβ2-induced HTM cell 

contractility.  

 

Figure 3. 4. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on p-MLC 
expression in HTM cells.  
(A) Representative fluorescence micrographs of p-MLC in HTM cells on hydrogel and glass 

substrates subjected to control, TGFβ2 (2.5 ng/ml), TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632 

(10 µM) at 3 d (p-MLC = red; DAPI = blue). Scale bar, 20 μm. Quantification of p-MLC intensity 

in (B) HTM cells on hydrogels and (C) HTM cells on glass subjected to the different treatments at 

3 d (N = 30 images per group from 3 HTM cell strains with 3 replicates per HTM cell strain). 

Symbols with different colors represent different cell strains. The bars and error bars indicate Mean 

± SD. Significance was determined by two-way ANOVA using multiple comparisons tests (shared 
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significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 

 

 

 

Figure 3. 5. Effects of short-term ERK or ROCK inhibition on TGFβ2-induced p-MLC 
expression in HTM cells.  
(A) Schematic showing time course of the different treatments. (B) Representative fluorescence 

micrographs of p-MLC in HTM cells on hydrogel and glass substrates subjected to control, TGFβ2 

(3 d; 2.5 ng/ml), TGFβ2 (3 d) + U0126 (4 h; 10 µM), TGFβ2 (3 d) + Y27632 (4 h; 10 µM) (p-

MLC = red; DAPI = blue). Scale bar, 20 μm. Quantification of p-MLC intensity in (C) HTM cells 

on hydrogels and (D) HTM cells on glass subjected to the different treatments at 3 d (N = 10 

images per group with 3 replicates). The bars and error bars indicate Mean ± SD. Significance was 

determined by one-way ANOVA using multiple comparisons tests (shared significance indicator 

letters represent non-significant difference (p>0.05), distinct letters represent significant difference 

(p<0.05)). 
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3.4.5 Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on HTM hydrogel 

contractility 

In our recent study, we showed that HTM cells encapsulated in ECM biopolymer hydrogels 

are highly contractile, and that TGFβ2 increases HTM hydrogel contraction vs. controls [37]. To 

investigate the effects of ERK and ROCK signaling, and their crosstalk, on HTM cell contractility, 

we assessed HTM hydrogel contraction upon treatment with TGFβ2 alone, or co-treated with 

U0126, Y27632, or U0126 + Y27632. TGFβ2-treated HTM hydrogels exhibited significantly 

greater contraction vs. controls by 7 d (71.87%), whereas Y27632 significantly decreased hydrogel 

contraction (=relaxed) in presence of TGFβ2 stimulation (123.90%), consistent with our previous 

report. Interestingly, co-treatment of TGFβ2 + U0126 induced significantly greater contraction 

(50.12%) compared with TGFβ2-treated samples (Fig. 3.6A,B). Of note, exposure to U0126 alone 

induced significantly greater HTM hydrogel contraction compared to controls (54.74%), while 

Y27623 significantly relaxed the hydrogels (138.2%; Suppl. Fig. 3.5) mirroring our earlier studies 

[37]. Hydrogel size with TGFβ2 + U0126 + Y27632 treatment was similar to controls (102.30%; 

Fig. 3.6A,B), indicating that hydrogel relaxation via ROCK inhibition can overcome HTM cell 

hypercontractility mediated by ERK inhibition. Lastly, to rule out that hydrogel contractility was 

influenced by the cell number, we assessed HTM cell viability in constructs subjected to the 

treatments. No differences between the different groups were observed for HTM cell-laden 

hydrogels (Fig. 3.6C).  

Together, these data show that TGFβ2 robustly induces HTM hydrogel contractility, which is 

exacerbated by U0126, while ROCK inhibition potently relaxes the HTM hydrogels. This suggests 

that active ERK signaling may be necessary to prevent abnormal ROCK activation that drives 
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pathologic TGFβ2-induced HTM cell hypercontractility in a tissue-mimetic ECM environment, 

consistent with the p-MLC data. 

 

Figure 3. 6. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on HTM 
hydrogel contractility.  
(A) Representative brightfield images of HTM hydrogels subjected to control, TGFβ2 (2.5 ng/ml), 

TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632 (10 µM), TGFβ2 + U0126 + Y27632 at 7 d (dashed 

lines outline original size of constructs at 0 d. Scale bar, 1 mm). (B) Construct size quantification 

of HTM hydrogels subjected to the different treatments at 7 d (N = 11 hydrogels per group from 3 

HTM cell strains with 3-4 replicates per HTM cell strain; dotted line shows control value for 

reference. (C) Cell viability quantification of HTM hydrogels subjected to the different treatments 

at 7 d (N = 11 hydrogels per group from 3 HTM cell strains with 3-4 replicates per HTM cell 

strain). Symbols with different colors represent different cell strains. The bars and error bars 

indicate Mean ± SD. Significance was determined by two-way ANOVA using multiple 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 
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3.5 Discussion 

TGFβ2 is a major contributor to the pathologic changes occurring in HTM cells/tissue in 

POAG [1, 2]. A number of studies have shown elevated levels of TGFβ2 in the aqueous humor of 

glaucomatous patients compared to age-matched normal eyes [4, 5, 58, 59]. TGFβ2 induces the 

formation of F-actin stress fibers and expression of αSMA, as well as increases the synthesis and 

decreases the degradation of several ECM proteins, including FN, produced by HTM cells - all 

strongly associated with pathologic cell contractility and outflow resistance [8, 10, 16, 60]. In our 

recent study, we demonstrated increased contraction of HTM cell-laden hydrogels in response to 

glaucomatous stressors dexamethasone and TGFβ2 [37]. Here, our aim was to elucidate 

mechanisms governing the HTM cell contractility response to simulated glaucomatous conditions, 

with a focus on TGFβ2 induction and culture substrate properties. 

TGFβ2 is known to signal via both canonical Smad and non-canonical signaling pathways, 

such as ERK, JNK, P38 kinases and ROCK [17]. TGFβ2 has been shown to induce cross-linked 

actin network formation in HTM cells, which was blocked with Smad3, ERK, JNK, P38 and 

ROCK inhibition [20]; however, possible interactions between the various signaling pathways in 

HTM cells have not been explored in detail. Among the non-canonical TGFβ2 signaling pathways, 

ERK and ROCK have been shown to regulate F-actin, αSMA and FN expression, all of which are 

correlated with glaucoma pathology [16, 20, 61]. It has also been reported that ROCK promotes 

smooth muscle cell migration and serotonin-mediated cell proliferation via upregulating ERK 

activity [62, 63]. In neurons and microglia, ERK activity is negatively regulated by ROCK [64]. 

Thus, there is mounting evidence that ERK and ROCK signaling pathways interact to regulate 

behaviors in a variety of cells [62-65], whereas mechanisms of their crosstalk in HTM cells are 

less well understood. TGFβ2 has been shown to upregulate ERK via activating RhoA/ROCK in 
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HTM cells to increase ECM protein expression, F-actin stress fibers and αSMA [16], putting the 

two non-canonical signaling pathways in sequence. By contrast, we here demonstrate that ROCK 

inhibition via Y27632 did not influence TGFβ2-induced ERK activity, as determined by 

measuring levels of p-ERK (Fig. 3.2A,B).  

Most in vitro studies of HTM cell (patho-)physiology have relied on conventional cell 

monolayer cultures on plastic or glass. However, biophysical cues such as substrate composition 

and stiffness are known to be potent modulators of cell behaviors [31]. ECM protein-based 

hydrogels are widely used to mimic the natural tissue environment and allow for more accurate 

investigation of cellular behaviors in vitro [66-70]. Importantly, these types of hydrogels allow for 

seeding cells atop and encapsulating within the 3D polymer network to establish artificial tissue 

models without further surface modifications, unlike polyacrylamide gels which can only be used 

for seeding cells atop after ECM protein modification. In our recent study, we established a 

bioengineered HTM hydrogel formed by mixing normal donor-derived HTM cells with collagen 

type I, elastin-like polypeptide and hyaluronic acid, each containing photoactive functional groups, 

followed by UV crosslinking. Our in vitro HTM model can be used to investigate cell-ECM 

interactions under normal and simulated glaucomatous conditions [37].  

We first compared the behaviors of HTM cells cultured atop the biomimetic hydrogels with 

cells on traditional glass coverslips. HTM cells on hydrogels showed aligned F-actin fibers, while 

HTM cells on glass showed multiple directions of F-actin fibers in absence of exogenous 

biochemical cues (Fig. 3.1A,D). Besides, HTM cells on glass showed bigger and increased 

spherical nuclei compared with HTM cells on hydrogels, which demonstrated that HTM cells 

exhibited distinct morphology on different substrates (Fig. 3.1E,F; Suppl. Fig. 3.3). In general, 

TGFβ2 increased F-actin and αSMA levels, which was largely prevented by Y27632, while co-
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treatment of U0126 with TGFβ2 showed minor-to-no effects on F-actin and αSMA intensity. Co-

treatment of Y27632 with TGFβ2 restored F-actin and αSMA in HTM cells on hydrogels to control 

levels, while HTM cells on glass treated with TGFβ2 + Y27632 showed significantly higher F-

actin and αSMA than controls (Fig. 3.1A-C, Fig. 3.2C-E).  

ECM remodeling is critical for HTM function, and increased FN expression/deposition has 

been associated with glaucomatous tissue dysfunction [53]. We showed higher FN deposition in 

HTM cells on glass compared to hydrogels (Fig. 3.3; Suppl. Fig. 3.5G). It is possible that the 

artificial culture conditions of glass coverslips (exhibiting supraphysiological stiffness) cause 

higher cell stress in HTM cells potentially instructing them to make their own softer substrate, 

which leads to more FN fibril formation vs. HTM cells grown on biomimetic soft ECM. FN has 

multiple isoforms generated by alternative processing of a single primary transcript at three 

domains: extra domain A (EDA), extra domain B (EDB), and the type III homologies connecting 

segment [71]. It has been demonstrated that FN-EDA was elevated in glaucomatous vs. normal 

HTM tissue [72]. Future studies will investigate the effects of TGFβ2 in absence or presence of 

ERK/ROCK inhibition on FN-EDA and FN-EDB. 

Phospho-MLC, a downstream target of ROCK activation, induces the generation of cellular 

forces from actomyosin filament contraction [55, 73]; our results showed that a short-term 4 h or 

a long-term 3 d supplementation of U0126 to inhibit ERK phosphorylation/activation further 

increased TGFβ2-induced p-MLC levels in HTM cells on hydrogels, which was not observed in 

HTM cells on glass (Fig. 3.4, Fig. 3.5). Of note, we observed that the 4 h treatment of ERK 

inhibitor induced a larger potentiation of TGFβ2-induced p-MLC compared to the 3 d co-

treatment, suggestive of a rapid response leading to ROCK hyperactivation upon ERK inhibition. 

To our knowledge, this is the first report demonstrating that ERK inhibition can increase p-MLC 
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levels in HTM cells. In a previous study, it has been shown that both ERK and ROCK inhibition 

downregulated p-MLC expression in HTM cells cultured on conventional stiff substrates [16]. 

Here, we showed that ERK inhibition had no effect on TGFβ2-induced p-MLC in HTM cells on 

glass (Fig. 3.4A,C; Fig. 3.5B,D), suggesting that p-MLC levels are highly influenced by the 

underlying substrate. These data highlight the potential of biomimetic ECM hydrogels to 

investigate nuances in HTM cell biology that may otherwise go unnoticed when relying 

exclusively on traditional stiff substrates. Activation of Rho, an upstream protein of ROCK, 

increases activity of Rho-kinase ROCK1 and ROCK2 [74]. Future studies will investigate how 

ERK inhibition regulates ROCK signaling by assessing protein expression and activity levels of 

Rho and ROCK1/2. 

Consistent with the p-MLC data, we showed further increased HTM hydrogel contraction with 

ERK inhibition (even in absence of TGFβ2 induction), whereas ROCK inhibition had precisely 

the opposite effects and potently relaxed the TGFβ2-induced hydrogels (Fig. 3.6). Taken together, 

this suggests that ERK signaling negatively regulates ROCK-mediated (i.e., via p-MLC) HTM cell 

contractility, and that impairment of this crosstalk balance may contribute to pathologic 

contraction in the context of the glaucomatous stressor TGFβ2.  

In summary, we showed that different culture substrates affected HTM cell morphology and 

F-actin organization under normal and simulated POAG conditions using TGFβ2 induction. We 

demonstrated that TGFβ2 increased HTM cell contractility via ERK and ROCK signaling 

pathways by regulating F-actin, αSMA, FN and p-MLC. Importantly, we showed that ROCK 

activity was negatively regulated by ERK with TGFβ2 induction (Fig. 3.7). These findings 

emphasize the critical importance of using viscoelastic ECM substrates for investigating HTM cell 

physiology and glaucomatous pathophysiology in vitro. 
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Figure 3. 7. Schematic illustration of how TGFβ2 may regulate HTM cell contractility via 
ERK and ROCK signaling pathways.  
HTM cells on hydrogels exhibit aligned F-actin fibers in absence of biochemical cues. Results 

showed that exposure to TGFβ2 activates ERK and ROCK signaling pathways to regulate F-actin, 

αSMA, FN and p-MLC (black arrows), which are associated with pathologic HTM cell 

contractility under glaucomatous conditions. Importantly, in this tissue-mimetic viscoelastic ECM 

environment, ROCK activity appears negatively regulated by ERK (red arrow and amplification 

indicator) which was not observed in HTM cells on glass, and impairment of this crosstalk balance 

may contribute to pathologic HTM cell contraction via elevated p-MLC in the context of the 

known glaucomatous stressor TGFβ2. These findings emphasize the critical importance of using 

3D tissue-mimetic soft ECM substrates for investigating HTM cell physiology and glaucomatous 

pathophysiology in vitro. Created with BioRender.com. 
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Suppl. Fig. 3. 1. HTM14 cell characterization.  
(A) Representative fluorescence micrographs of intracellular myocilin (MYOC) at 7 d (MYOC = 

green; DAPI = blue). Scale bar, 100 μm. (B) Immunoblot of secreted MYOC at 7 d. 

 

 

Suppl. Fig. 3. 2. Schematic of sample preparation.  
(A and B) HTM cells were seeded on pre-made hydrogels or conventional glass coverslips. (C) 

HTM cell-laden hydrogel preparation (adopted from reference 37). Created with BioRender.com. 

 

 
Suppl. Fig. 3. 3. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on 
HTM cell nuclear shape index and aspect ratio.  
(A,B) Nuclear shape index and (C,D) nuclear aspect ratio of HTM cells on hydrogels and glass 

subjected to the different treatments at 3 d (N = 150 nuclei from 3 HTM cell strains with 3 

replicates per HTM cell strain ; dotted lines show mean value of control HTM cells on hydrogel 

for reference). Symbols with different colors represent different cell strains. The bars and error 

bars indicate Mean ± SD. Significance was determined by two-way ANOVA using multiple 



 124 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 

 

 

 

Suppl. Fig. 3. 4. Effects of short-term ERK or ROCK inhibition on TGFβ2-induced F-actin, 
αSMA and FN remodeling in HTM cells.  
(A,D,G) Representative fluorescence micrographs of F-actin, αSMA and FN in HTM cells on 

hydrogel and glass substrates subjected to control, TGFβ2 (3 d; 2.5 ng/ml), TGFβ2 (3 d) + U0126 

(4 h; 10 µM), TGFβ2 (3 d) + Y27632 (4 h; 10 µM) (F-actin = green; αSMA = red; FN = red; DAPI 

= blue). Scale bar, 20 μm in A and D; 100 μm in G. (B,C,E,F,H,I) Quantification of F-actin, αSMA 
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and FN intensity in HTM cells on hydrogels and glass subjected to the different treatments (N = 

10 images per group with 3 replicates). The bars and error bars indicate Mean ± SD. Significance 

was determined by one-way ANOVA using multiple comparisons tests (shared significance 

indicator letters represent non-significant difference (p>0.05), distinct letters represent significant 

difference (p<0.05)). 

 

 

Suppl. Fig. 3. 5. Effects of ERK and ROCK inhibition on HTM hydrogel contractility.  
(A) Representative brightfield images of HTM hydrogels subjected to control, U0126 (10 µM), 

Y27632 (10 µM) at 7 d (dashed lines outline original size of constructs at 0 d. Scale bar, 1 mm). 

(B) Construct size quantification of HTM hydrogels subjected to the different treatments at 7 d (N 

= 7 hydrogels per group from 2 HTM cell strains with 3-4 replicates per HTM cell strain; dotted 

line shows control value for reference. Symbols with different colors represent different cell 

strains. The bars and error bars indicate Mean ± SD. Significance was determined by two-way 

ANOVA using multiple comparisons tests (shared significance indicator letters represent non-

significant difference (p>0.05), distinct letters represent significant difference (p<0.05)). 
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4.1 Abstract 

Primary open-angle glaucoma progression is associated with increased human trabecular 

meshwork (HTM) stiffness and elevated transforming growth factor beta 2 (TGFβ2) levels in 

aqueous humor. Increased transcriptional activity of Yes-associated protein (YAP) and 

transcriptional coactivator with PDZ-binding motif (TAZ), central players in 

mechanotransduction, are implicated in glaucomatous HTM (GTM) cell dysfunction. Yet, the 

detailed mechanisms underlying YAP/TAZ modulation in HTM cells in response to alterations in 

extracellular matrix (ECM) stiffness and TGFβ2 levels are not well understood. Using biomimetic 

ECM hydrogels with tunable stiffness, here we show that increased ECM stiffness elevates 

YAP/TAZ nuclear localization potentially through modulating focal adhesions and cytoskeletal 

rearrangement. Furthermore, TGFβ2 increased nuclear YAP/TAZ in both normal and 

glaucomatous HTM cells, which was prevented by inhibiting extracellular-signal-regulated kinase 

and Rho-associated kinase signaling pathways. Filamentous (F)-actin depolymerization reversed 

TGFβ2-induced YAP/TAZ nuclear localization. YAP/TAZ depletion using siRNA or verteporfin 

decreased focal adhesions, ECM remodeling and cell contractile properties. Similarly, YAP/TAZ 

inactivation with verteporfin partially blocked TGFβ2-induced HTM/GTM hydrogel contraction 

and stiffening. Collectively, our data provide evidence for a pathologic role of aberrant YAP/TAZ 

signaling in glaucomatous HTM cell dysfunction, and may help inform strategies for the 

development of novel multifactorial approaches to prevent progressive ocular hypertension in 

glaucoma. 
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4.2 Introduction 

Primary open-angle glaucoma (POAG) is a leading cause of irreversible vision loss worldwide, 

and elevated intraocular pressure (IOP) is the primary modifiable risk factor [1-5]. Elevated IOP 

results from increased resistance to aqueous humor outflow in the juxtacanalicular region of the 

conventional outflow pathway where the trabecular meshwork (TM) and Schlemm’s canal inner 

wall cells interact [6]. Human trabecular meshwork (HTM) cells within the JCT tissue are 

surrounded by a complex extracellular matrix (ECM), which is primarily composed of non-fibrillar 

and fibrillar collagens, elastic fibrils, proteoglycans and the glycosaminoglycan hyaluronic acid 

[7-11]. In addition to providing structural support, the ECM imparts biochemical signals (e.g., 

hormones, growth factors and diffusible morphogens) and mechanical cues (e.g., matrix stiffness; 

tensile, compressive and shear forces; topographical strain) to regulate cell behaviors [12]. These 

external biophysical cues are translated into internal biochemical signaling cascades through a 

process known as mechanotransduction, and cells play an active role in remodeling their matrix to 

promote mechanical homeostasis and maintain tissue-level functionality [13]. 

HTM cells are exposed to a variety of biophysical cues through cell-cell and cell-ECM 

interactions, and fluctuations in IOP. In POAG, impaired HTM cell function (i.e., remodeling of 

cell cytoskeleton, increased cell stiffness) and increased ECM deposition contribute to HTM 

stiffening [14-18]. HTM stiffening affects HTM cell function and IOP in a feed-forward cycle 

characterized by dynamic reciprocity. HTM stiffening in POAG indicates that a biophysical 

component likely contributes to IOP regulation. Therefore, targeting mechanotransduction 

pathways in the HTM to interrupt this feed-forward cycle between HTM stiffening and cellular 

response to the stiffened ECM is emerging as a promising strategy for managing ocular 

hypertension. 
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Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ, 

encoded by WWTR1) are central players in mechanotransduction. YAP/TAZ can be activated by 

increased ECM stiffness, mechanical stress and growth factors [19, 20]. It has been demonstrated 

that certain glaucoma related molecules that influence outflow function, such as dexamethasone, 

lysophosphatidic acid and interleukin-6, mediate the expression of YAP and TAZ in HTM cells 

[21-24]. YAP was found to be reduced in HTM cells incubated on stiff two-dimensional (2D) 

polyacrylamide hydrogels, while TAZ levels were increased [25]. Other research showed that both 

YAP and TAZ were significantly higher in HTM cells on stiffer polyacrylamide substrates or 

stiffened HTM cell-derived matrices [26, 27]. Whilst it appears that these findings may be 

contradictory, it is important to note that functional outcomes of YAP and TAZ are governed by 

their subcellular localization which is substrate and context dependent. Together, these highlight 

the importance of studying YAP/TAZ signaling in a microenvironment mimicking the native 

tissue to further our understanding of HTM cell mechanobiology with an emphasis on cell-ECM 

interactions. This is especially important considering a recent multi-ethnic genome wide meta-

analysis report that identified YAP1 as a potential genetic risk factor for POAG across European, 

Asian, and African ancestries implicating a causal relationship for outflow dysfunction [28]. 

Biomaterials for cell culture applications are designed to mimic aspects of the ECM and 

provide researchers with methods to better understand cell behaviors. Protein-based hydrogels (i.e., 

water-swollen networks of polymers) are attractive biomaterials owing to their similarity to in vivo 

cellular microenvironments, biocompatibility, biodegradability and tunable mechanical properties 

[29, 30]. Recently, we developed a bioengineered hydrogel composed of HTM cells and ECM 

biopolymers found in the native HTM tissue, and demonstrated its viability for investigating cell-
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ECM interactions under normal and simulated glaucomatous conditions in both 2D and 3D 

conformations [17, 31]. 

Here, we hypothesized that altered YAP/TAZ activity drives HTM cell dysfunction under 

simulated glaucomatous conditions. The TM from POAG eyes is stiffer than that from healthy 

eyes [32-34]; transforming growth factor beta 2 (TGFβ2), the predominant TGFβ isoform in the 

eye and aqueous humor, has been identified as a major contributor to the pathologic changes 

occurring in ocular hypertension and POAG [1, 35-39]. Using TGFβ2 as a glaucomatous stimulus 

and tuning the stiffness of our hydrogels, here, we investigated the effects of ECM stiffening and 

TGFβ2 on regulating YAP/TAZ in HTM cells in 2D and 3D cultures. In this tissue-mimetic 

environment, we then investigated whether YAP/TAZ inhibition would alleviate ECM stiffness- 

or TGFβ2-induced HTM cell pathobiology. 

 

4. 3 Materials and Methods 

4.3.1 HTM cell isolation and culture 

Experiments using human donor eye tissue were approved by the SUNY Upstate Medical 

University Institutional Review Board (protocol #1211036), and were performed in accordance 

with the tenets of the Declaration of Helsinki for the use of human tissue. Primary HTM cells were 

isolated from healthy donor corneal rims discarded after transplant surgery as recently described 

[17, 31], and cultured according to established protocols [40, 41]. Five HTM cell strains (HTM05, 

HTM12, HTM14, HTM17, HTM19) were used for the experiments in this study (Suppl. Table. 

4.1). All HTM cell strains were validated with dexamethasone (DEX; Fisher Scientific, Waltham, 

MA, USA; 100 nM) induced myocilin (MYOC) expression in more than 50% of cells by 

immunocytochemistry and immunoblot analyses (Suppl. Fig. 4.1A,B and [17, 31]). Different 
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combinations of 2-3 HTM cell strains were used per experiment with 3-4 replicates each, 

depending on cell availability, and all studies were conducted between cell passage 3-7. HTM cells 

were cultured in low-glucose Dulbecco's Modified Eagle's Medium (DMEM; Gibco; Thermo 

Fisher Scientific) containing 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, 

GA, USA) and 1% penicillin/streptomycin/glutamine (PSG; Gibco), and maintained at 37°C in a 

humidified atmosphere with 5% CO2. Fresh media was supplied every 2-3 days.  

 

4.3.2 Glaucomatous donor history 

Glaucomatous HTM cells (GTM211 and GTM1445) were used in this study. GTM211 was 

isolated from a 75-year-old, white female that was taking Xalatan (0.005%) in both eyes nightly 

for treatment of ocular hypertension. The patient was diagnosed with glaucoma, and had bilateral 

cataract surgery, and retina surgery. Upon receipt of donor eyes by W.D.S., outflow facility 

measurements during constant pressure perfusion conditions were 0.24 and 0.17 μl/min/mmHg 

from OD and OS eyes, respectively. GTM211 were isolated from the OS eye of the donor and 

characterized as previously described [17]. GTM1445 has been characterized in our previous study 

[17]. GTM cell strain information can be found in Suppl. Table. 4.1. 

 

4.3.3 Preparation of hydrogels 

Hydrogel precursors methacrylate-conjugated bovine collagen type I (MA-COL, Advanced 

BioMatrix, Carlsbad, CA, USA; 3.6 mg/ml [all final concentrations]), thiol-conjugated hyaluronic 

acid (SH-HA, Glycosil®, Advanced BioMatrix; 0.5 mg/ml, 0.025% (w/v) photoinitiator Irgacure® 

2959; Sigma-Aldrich, St. Louis, MO, USA) and in-house expressed elastin-like polypeptide (ELP, 

thiol via KCTS flanks [17]; 2.5 mg/ml) were thoroughly mixed. Thirty microliters of the hydrogel 
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solution were pipetted onto a Surfasil (Fisher Scientific) coated 12-mm round glass coverslip 

followed by placing a regular 12-mm round glass coverslip onto the hydrogels. Constructs were 

crosslinked by exposure to UV light (OmniCure S1500 UV Spot Curing System; Excelitas 

Technologies, Mississauga, Ontario, Canada) at 320-500 nm, 2.2 W/cm
2
 for 5 s, as previously 

described [17]. The hydrogel-adhered coverslips were removed with fine-tipped tweezers and 

placed in 24-well culture plates (Corning; Thermo Fisher Scientific). Hydrogel stiffening was 

achieved by soaking the hydrogels in 0.1% (w/v) riboflavin (RF; Sigma) for 5 min, followed by 

low-intensity secondary UV crosslinking (bandpass filter: 405-500 nm, 5.4 mW/cm
2
) for 5 min. 

 

4.3.4 HTM/GTM cell treatments 

HTM/GTM cells were seeded at 2 × 10
4
 cells/cm

2 
on premade hydrogels/coverslips/tissue 

culture plates, and cultured in DMEM with 10% FBS and 1% PSG for 1 or 2 days. Then, HTM 

cells were cultured in serum-free DMEM with 1% PSG and subjected to the different treatments 

for 3 d: TGFβ2 (2.5 ng/ml; R&D Systems, Minneapolis, MN, USA), the ERK inhibitor U0126 (10 

μM; Promega, Madison, WI, USA), the Rho-associated kinase (ROCK) inhibitor Y27632 (10 μM; 

Sigma-Aldrich), the actin de-polymerizer latrunculin B (10 μM; Tocris Bioscience; Thermo Fisher 

Scientific), or the YAP inhibitor verteporfin (0.5 μM; Sigma). The monolayer HTM cells were 

processed for immunoblot, qRT-PCR and immunocytochemistry analyses.  

 

4.3.5 Immunoblot analysis 

Protein was extracted from cells using lysis buffer (CelLytic
TM

 M, Sigma-Aldrich) 

supplemented with Halt™ protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific). 

Equal protein amounts (10 µg), determined by standard bicinchoninic acid assay (Pierce; Thermo 
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Fisher Scientific), in 4× loading buffer (Invitrogen; Thermo Fisher Scientific) with 5% beta-

mercaptoethanol (Fisher Scientific) were boiled for 5 min and subjected to SDS-PAGE using 

NuPAGE™ 4-12% Bis-Tris Gels (Invitrogen; Thermo Fisher Scientific) at 120V for 80 min and 

transferred to 0.45 µm PVDF membranes (Sigma; Thermo Fisher Scientific). Membranes were 

blocked with 5% bovine serum albumin (Thermo Fisher Scientific) in tris-buffered saline with 0.2% 

Tween®20 (Thermo Fisher Scientific), and probed with various primary antibodies followed by 

incubation with HRP-conjugated secondary antibodies or fluorescent secondary antibodies (LI-

COR, Lincoln, NE, USA). Bound antibodies were visualized with the enhanced chemiluminescent 

detection system (Pierce) on autoradiography film (Thermo Fisher Scientific) or Odyssey® CLx 

imager (LI-COR). Densitometry was performed using the open-source National Institutes of 

Health software platform, FIJI [42] or Image Studio
TM

 Lite (LI-COR); data were normalized to 

GAPDH. A list of all of antibodies used in this study, including their working dilutions, can be 

found in Supplementary Table 4.2. 

 

4.3.6 Immunocytochemistry analysis 

HTM cells in presence of the different treatments were fixed with 4% paraformaldehyde 

(Thermo Fisher Scientific) at room temperature for 20 min, permeabilized with 0.5% Triton™ X-

100 (Thermo Fisher Scientific), blocked with blocking buffer (BioGeneX), and incubated with 

primary antibodies, followed by incubation with fluorescent secondary antibodies; nuclei were 

counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; Abcam). Similarly, cells were stained 

with Phalloidin-iFluor 488 (Invitrogen) or 594 (Abcam)/DAPI (Abcam) according to the 

manufacturer’s instructions. Coverslips were mounted with ProLong™ Gold Antifade (Invitrogen) 

on Superfrost™ microscope slides (Fisher Scientific), and fluorescent images were acquired with 
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an Eclipse Ni microscope (Nikon Instruments, Melville, NY, USA) or a Zeiss LSM 780 confocal 

microscope (Zeiss, Germany). Fluorescent signal intensity was measured using FIJI software. A 

list of all of antibodies used in this study, including their working dilutions, can be found in 

Supplementary Table 4.2. 

 

4.3.7 Image analysis 

All image analysis was performed using FIJI software. Briefly, the cytoplasmic YAP intensity 

was measured by subtracting the overlapping nuclear (DAPI) intensity from the total YAP/TAZ 

intensity. The nuclear YAP/TAZ intensity was recorded as the proportion of total YAP/TAZ 

intensity that overlapped with the nucleus (DAPI). YAP/TAZ nuclear/cytoplasmic (N/C) ratio was 

calculated as follows: N/C ratio = (nuclear YAP/TAZ signal/area of nucleus)/(cytoplasmic 

signal/area of cytoplasm). Fluorescence intensity of F-actin, αSMA, FN, and p-MLC were 

measured in at least 20 images from 2 HTM cell strains with 3 replicates per HTM cell strain with 

image background subtraction using FIJI software. For number of vinculin puncta quantification, 

the 3D Object Counter plugin in FIJI software was used to threshold images and quantify 

puncta/0.05 mm
2
 (above 2 μm in size). Nuclear area was also measured using FIJI software. At 

least 100 nuclei were analyzed from 2 HTM cell strains with 3 replicates per HTM cell strain. 

 

4.3.8 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

Total RNA was extracted from HTM cells using PureLink RNA Mini Kit (Invitrogen). RNA 

concentration was determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific). 

RNA was reverse transcribed using iScript™ cDNA Synthesis Kit (BioRad, Hercules, CA, USA). 

One hundred nanograms of cDNA were amplified in duplicates in each 40-cycle reaction using a 
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CFX 384 Real Time PCR System (BioRad) with annealing temperature set at 60ºC, Power 

SYBR™ Green PCR Master Mix (Thermo Fisher Scientific), and custom-designed qRT-PCR 

primers. Transcript levels were normalized to GAPDH, and mRNA fold-changes calculated 

relative to mean values of normal HTM cell controls using the comparative CT method [43]. A list 

of all of primers used in this study can be found in Supplementary Table 4.3. 

 

4.3.9 Active TGFβ2 enzyme-linked immunosorbent assay (ELISA) 

TGFβ2 levels were quantified using the Quantikine ELISA kit (R&D Systems). HTM and 

GTM cells were seeded at 2 × 10
4
 cells/cm

2
 on tissue culture plates, and cultured in DMEM with 

10% FBS and 1% PSG for 1 or 2 days to grow to 80 – 90 % confluence. Then, HTM and GTM 

cells were cultured in 1 ml serum-free DMEM with 1% PSG for 3 d. After 3 days, the cell culture 

supernatants were collected and centrifuged at 1000 g for 10 min. The supernatants were used 

immediately without processing/activation for ELISA according to the manufacturer’s instructions. 

In brief, after a 2 h incubation of standards and samples in the adhesive strip, wells were washed 

and incubated for 2 h with TGFβ2 Conjugate followed by incubation with Substrate Solution. After 

20 min, the reaction was stopped by adding Stop Solution. Absorbance was measured at 450 nm 

using a spectrophotometer plate reader (BioTEK, Winooski, VT, USA), with background 

correction at 540 nm. Active levels of TGFβ2 were calculated using standard curves. 

 

4.3.10 siRNA transfection 

HTM cells were depleted of YAP and TAZ using siRNA-loaded lipofectamine RNAimax 

(Invitrogen) according to the manufacturer’s instructions. In brief, HTM cells were seeded at 2 × 
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10
4
 cells/cm

2
 on RF double-crosslinked hydrogels in DMEM with 10% FBS and 1% PSG. The 

following day, the cell culture medium was changed to antibiotic-free and serum-free DMEM and 

the samples were kept in culture for 24 h followed by transfection. Transfection was performed 

using a final concentration 3% (v/v) lipofectamine RNAimax with 150 nM RNAi duplexes 

(custom oligonucleotides; Dharmacon). Transfected HTM cells were used 48 h after transfection. 

ON-TARGET plus nontargeting siRNA were obtained from Dharmacon. Custom siRNA were 

based on validated sequences previously described [19]: YAP, sense, 5’-

GACAUCUUCUGGUCAGAGA-3’, and YAP, anti-sense, 5’-UCUCUGACCAGAAGAUGUC-

3’; TAZ, sense, 5’-ACGUUGACUUAGGAACUUU-3’, and TAZ, anti-sense, 5’-

AAAGUUCCUAAGUCAACGU-3’. 

 

4.3.11 HTM hydrogel contraction analysis 

HTM cell-laden hydrogels were prepared by mixing HTM cells (1.0 × 10
6
 cells/ml) with MA-

COL (3.6 mg/ml [all final concentrations]), SH-HA (0.5 mg/ml, 0.025% (w/v) photoinitiator) and 

ELP (2.5 mg/ml) on ice, followed by pipetting 10 μl droplets of the HTM cell-laden hydrogel 

precursor solution onto polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning) coated 24-well 

culture plates. Constructs were crosslinked as described above (320-500 nm, 2.2 W/cm
2
, 5 s). HTM 

cell-laden hydrogels were cultured in DMEM with 10% FBS and 1% PSG in presence of the 

different treatments. Longitudinal brightfield images were acquired at 0 d and 5 d with an Eclipse 

Ti microscope (Nikon). Construct area from N = 8-11 hydrogels per group from 2 HTM/GTM cell 

strains with 3-4 biological replicates per HTM/GTM cell strain was measured using FIJI software 

and normalized to 0 d followed by normalization to controls.  
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4.3.12 HTM hydrogel cell proliferation analysis 

Cell proliferation was measured with the CellTiter 96® Aqueous Non-Radioactive Cell 

Proliferation Assay (Promega) following the manufacturer’s protocol. HTM hydrogels cultured in 

DMEM with 10% FBS and 1% PSG in presence of the different treatments for 5 d were incubated 

with the staining solution (38 μl MTS, 2 μl PMS solution, 200 μl DMEM) at 37ºC for 1.5 h. 

Absorbance at 490 nm was recorded using a spectrophotometer plate reader (BioTEK, Winooski, 

VT, USA). Blank-subtracted absorbance values served as a direct measure of HTM cell 

proliferation from N = 6-8 hydrogels per group from 2 HTM/GTM cell strains with 3-4 biological 

replicates per HTM/GTM cell strain. 

 

4.3.13 HTM hydrogel rheology analysis 

Fifty microliters of acellular hydrogel precursor solutions were pipetted into custom 8x1-mm 

PDMS molds. Similarly, 250 µl of HTM cell-laden hydrogel precursor solutions were pipetted 

into 16x1-mm PDMS molds. All samples were UV crosslinked and equilibrated as described 

above. Acellular hydrogels were measured at 0 d. HTM hydrogels, cultured in DMEM with 10% 

FBS and 1% PSG in presence of the different treatments, were measured at 5 d; samples were cut 

to size using an 8-mm diameter tissue punch. A Kinexus rheometer (Malvern Panalytical, 

Westborough, MA, USA) fitted with an 8-mm diameter parallel plate was used to measure 

hydrogel viscoelasticity. To ensure standard conditions across all experiments (N = 3 per group), 

the geometry was lowered into the hydrogels until a calibration normal force of 0.02 N was 

achieved. Subsequently, an oscillatory shear-strain sweep test (0.1-60%, 1.0 Hz, 25°C) was applied 

to determine storage modulus (G’) and loss modulus (G”) in the linear region. Elastic modulus 
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was calculated with E = 2 * (1 + v) * G′, where a Poisson's ratio (v) of 0.5 for the ECM hydrogels 

was assumed [44]. 

 

4.3.14 HTM hydrogel atomic force microscopy (AFM) analysis 

Thirty microliters of HTM cell-laden hydrogel solution were pipetted onto a Surfasil (Fisher 

Scientific) coated 12-mm round glass coverslip followed by placing a regular 12-mm round glass 

coverslip onto the hydrogels. Constructs were crosslinked by exposure to UV light at 320-500 nm, 

2.2 W/cm
2
 for 5 s, and cultured in DMEM with 10% FBS and 1% PSG for 7 days. Samples were 

shipped overnight to UHCO where they were locally masked. Elastic modulus of HTM cell-laden 

hydrogels were obtained by atomic force microscopy (AFM) in fluid in contact mode as described 

previously [45].  Briefly, force vs. indentation curves were obtained on a Bruker BioScope Resolve 

(Bruker nanoSurfaces, Santa Barbara, CA) AFM employing a PNP-TR cantilever (NanoAndMore, 

Watsonville, CA) whose pyramidal tip was modified with a borosilicate bead (nominal diameter 

5 µm), nominal spring constant of 0.32 N/m assuming sample Poisson’s ratio of 0.5. The diameter 

of each sphere attached to the cantilever was qualified prior to usage. Prior to experimental 

samples, cantilever was calibrated on a silicon wafer in fluid. Force-distance curves were randomly 

obtained from 7-10 locations with 3 force curves obtained per location per sample. Force curves 

were analyzed using the Hertz model for spherical indenters using a custom MATLAB code [46]. 

Curve fits were performed for at least 1 µm of indentation depth for the samples. 

 

4.3.15 Statistical analysis 

Individual sample sizes are specified in each figure caption. Comparisons between groups were 

assessed by unpaired t-test, one-way or two-way analysis of variance (ANOVA) with Tukey’s 
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multiple comparisons post hoc tests, as appropriate. The significance level was set at p<0.05 or 

lower. GraphPad Prism software v9.2 (GraphPad Software, La Jolla, CA, USA) was used for all 

analyses.  

 

4.4 Results 

4.4.1 TGFβ2 and YAP/TAZ activity is upregulated in GTM cells 

It has been shown that levels of TGFβ2 are elevated in eyes of glaucomatous patients compared 

to age-matched normal eyes [37, 38, 47, 48]. We confirmed that GTM cells isolated from donor 

eyes with POAG history secreted significantly more active TGFβ2 protein by ~2.44-fold (Fig. 

4.1A) compared to normal HTM cells, which was consistent with increased mRNA levels (Suppl. 

Fig. 4.2A).  

To investigate YAP and TAZ transcriptional activity under normal and glaucomatous 

conditions, the expression of YAP/TAZ and relevant select downstream targets at mRNA and 

protein levels were evaluated in normal HTM and GTM cells, which were plated with similar cell 

density. The functions of YAP/TAZ depend on their spatial localization within the cellular nucleus 

or cytoplasm. When localized to the nucleus, YAP/TAZ interact with TEAD transcription factors 

to drive the expression of certain proteins, such as transglutaminase-2 (TGM2) and connective 

tissue growth factor (CTGF), cysteine-rich angiogenic inducer 61 (CYR61) and ankyrin repeat 

domain 1 (ANKRD1) [49]. When localized in the cytoplasm, YAP can be phosphorylated at five 

serine/threonine residues, TAZ at four, by the large tumor suppressor (LATS) kinases 1 and 2. Of 

these sites, the most relevant residues that keep YAP and TAZ inhibited are S127 (S89 in TAZ) 

and S381 (S311 in TAZ) [50]. Phosphorylation of YAP/TAZ either primes to binding with 14-3-
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3s leading to their cytoplasmic sequestration or ubiquitin-mediated protein degradation [19, 51, 

52]. We demonstrated that mRNA levels of YAP and TAZ were both significantly upregulated in 

GTM cells compared to normal HTM cells (Fig. 4.1B). TGM2 and CTGF have been shown to 

play a role in HTM cell pathobiology in glaucoma [53, 54]; here we showed that mRNA of TGM2, 

CTGF and ANKRD1 were also significantly upregulated in GTM cells vs. normal HTM cells, 

whereas no significant difference was observed for CYR61 (Fig. 4.1B; Suppl. Fig. 4.2B,C). GTM 

cells showed significantly lower p-YAP (S127) and p-TAZ (S89) vs. normal HTM cells, while 

total YAP and TAZ expression were equivalent to HTM cells; this resulted in significantly 

decreased p-YAP/YAP and p-TAZ/TAZ ratios (= less inactive YAP/TAZ in GTM cells). 

Consistent with the lower ratio of phosphorylated-to-total proteins, 14-3-3σ expression in GTM 

cells was significantly decreased compared to normal HTM cells (Fig. 4.1C,D). Besides, GTM 

cells exhibited significantly increased YAP/TAZ nuclear-to-cytoplasmic (N/C) ratio and TGM2 

expression compared to normal HTM cells (= more active YAP/TAZ in GTM cells) (Fig. 4.1E-

H; Suppl. Fig. 4.3). Together, these data demonstrate that levels of active TGFβ2 as well as YAP 

and TAZ nuclear localization and transcriptional activity are elevated in GTM cells isolated from 

patients with glaucoma compared to normal HTM cells. 
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Figure 4. 1. Upregulated active TGFβ2 and YAP/TAZ nuclear localization in GTM cells 
compared to normal HTM cells.  
(A) Active TGFβ2 levels were quantified by ELISA (N = 16 replicates from 3 HTM cell strains, 

N = 13 replicates from 2 GTM cell strains). (B) mRNA fold-change of YAP, TAZ, TGM2 and 

CTGF normalized to GAPDH by qRT-PCR (N = 6 replicates from 2 HTM/GTM cell strains). (C) 

Immunoblot of 14-3-3σ, p-YAP, p-TAZ, total YAP and total TAZ. (D) Immunoblot analysis of 

14-3-3σ, p-YAP/YAP and p-TAZ/TAZ normalized to GAPDH (N = 6 replicates from 2 

HTM/GTM cell strains). (E and G) Representative fluorescence micrographs of YAP/TAZ in 

HTM and GTM cells (YAP/TAZ = grey). Scale bar, 20 μm; arrows indicate YAP/TAZ nuclear 

localization. (F and H) Analysis of YAP/TAZ nuclear/cytoplasmic ratio (N = 20 images from 2 

HTM/GTM cell strains with 3 replicates per cell strain). Open and closed symbols represent 

different cell strains. In A, B and D, the bars or lines and error bars indicate Mean ± SD; In F and 

H, the box and whisker plots represent median values (horizontal bars), 25th to 75th percentiles 

(box edges) and minimum to maximum values (whiskers), with all points plotted. Significance 

was determined by unpaired t-test (A, F and H) and two-way ANOVA using multiple comparisons 

tests (D) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 

 

4.4.2 ECM stiffening increases YAP/TAZ activity in HTM cells via modulating focal adhesions 

and cytoskeletal rearrangement 

Atomic force microscopy (AFM) analyses showed that the TM from POAG eyes is ~1.5-5-

fold stiffer compared to that from healthy eyes [18, 33, 34]. To that end, we recently showed that 

DEX treated HTM cell-laden hydrogels are ~2-fold stiffer compared to controls [17]. Here, we 
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demonstrated that TGFβ2-treated HTM cell encapsulated hydrogels were also ~2-fold stiffer 

compared to controls using AFM and rheology (Fig. 4.2A, Suppl. Fig. 4.4). To mimic the stiffness 

difference between glaucomatous and healthy HTM tissue, we utilized riboflavin (RF)-mediated 

secondary UV crosslinking of collagen fibrils, which stiffened the hydrogels by ~2-fold (Fig.4. 

2B).  

Adherent cells are connected to the ECM through transmembrane receptor integrins and focal 

adhesion (FA) proteins such as vinculin [55]. HTM cells on stiff glass exhibited strong vinculin 

FA staining (Suppl. 4.5A), while cells on soft hydrogels showed qualitatively fewer vinculin 

puncta compared to cells on glass (Fig. 4.2C). The stiffened ECM hydrogels significantly 

increased number and size of vinculin puncta in HTM cells compared to HTM cells on the soft 

hydrogel substrates (Fig. 4.2C,D; Suppl. 4.5B). Consistent with our observation on vinculin FA, 

HTM cells on stiff hydrogels exhibited ~1.26-fold larger nuclei compared to cells on the soft 

hydrogels, which was still less compared to the nuclei in HTM cells on conventional glass (Fig. 

4.2E,F). We also found that the stiffened ECM hydrogels significantly increased filamentous (F)-

actin, phospho-myosin light chain (p-MLC) and α-smooth muscle actin (αSMA) levels in HTM 

cells compared to cells on the soft matrix (Fig. 4.2G-J, Suppl. 4.5C,D). Importantly, we observed 

that nuclear localization of YAP/TAZ, TGM2 expression, and fibronectin (FN) remodeling in 

HTM cells were upregulated by the stiffened ECM hydrogels compared to cells on the soft 

hydrogels (Fig. 4.2K-N; Suppl. Fig. 4.5E-H).  

Together, these results suggest that the stiffened ECM hydrogels induce a bigger nuclear size 

in HTM cells on stiff matrix compared to cells on soft matrix. The stiffened hydrogels induce FA 

and actomyosin cytoskeletal rearrangement, correlating with elevated YAP/TAZ nuclear 

localization in HTM cells.  
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Figure 4. 2. Stiffened ECM hydrogels elevate YAP/TAZ activity in HTM cells via modulating 
FA and cytoskeletal rearrangement.  
(A) Elastic modulus of HTM cell-encapsulated hydrogels subjected to control and TGFβ2 (2.5 

ng/mL) measured by AFM (N = 6 replicates/group). (B) Schematic of riboflavin (RF)-mediated 

double photo-crosslinking to stiffen ECM hydrogels, and elastic modulus of the hydrogels (N = 3 

replicates/group). (C) Representative fluorescence micrographs and FIJI mask images of vinculin 

in HTM cells on soft and stiff hydrogels (dashed box shows region of interest in higher 

magnification image; vinculin = grey). Scale bar, 20 μm (left) and 5 μm (right). (D) Analysis of 

number of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates per cell 

strain). (E and F) Representative fluorescence micrographs and analysis of nuclei of HTM cells on 

soft and stiff hydrogels (N = 30 images from 2 HTM cell strains with 3-6 replicates per cell strain; 

more than 100 nuclei were analyzed per cell strain; dotted line shows nuclear area of HTM cells 

on glass for reference). (G and I) Representative fluorescence micrographs of F-actin and p-MLC 

in HTM cells on soft and stiff hydrogels (dashed box shows region of interest in higher 

magnification image. F-actin = green; p-MLC =red). Scale bar, 20 μm. (H and J) Analysis of F-

actin and p-MLC intensity (N = 20 images per group from 2 HTM cell strains with 3 replicates per 

HTM cell strain). (K and M) Representative fluorescence micrographs of YAP/TAZ in HTM cells 

on soft and stiff hydrogels (YAP/TAZ = grey). Scale bar, 20 μm. (L and N) Analysis of YAP/TAZ 

nuclear/cytoplasmic ratio (N = 30 images from 2 HTM cell strains with 3-6 biological replicates 

per cell strain). Open and closed symbols, or symbols with different colors represent different cell 
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strains. The bars and error bars indicate Mean ± SD; Significance was determined by unpaired t-

test (**p < 0.01; ***p < 0.001; ****p < 0.0001). 

 

4.4.3 TGFβ2 regulates YAP/TAZ activity via ERK and ROCK signaling pathways 

TGFβ2 has been shown to activate canonical Smad (Smad2/3) and diverse non-Smad signaling 

pathways including extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinases, P38 

kinases and Rho-associated kinase (ROCK) in various cell types with context-dependent crosstalk 

[56-59]. In HTM cells, TGFβ2 was shown to upregulate ERK via activating RhoA/ROCK to 

induce a fibrotic-like, contractile cell phenotype using conventional stiff culture substrates [60]. 

By contrast, we recently demonstrated that in the context of cell contractility, ROCK activity was 

negatively regulated by ERK with TGFβ2 induction in HTM cells cultured on soft tissue-like ECM 

hydrogels; this resulted in differentially regulated F-actin, αSMA, FN, and p-MLC [31]. Here, we 

investigated whether YAP signaling in HTM cells in response to TGFβ2 induction requires ERK 

or ROCK. HTM or GTM cells were seeded on top of soft hydrogels treated with TGFβ2 ± U0126 

(ERK inhibitor) or Y27632 (ROCK inhibitor). Consistent with our observation for cells seeded on 

glass (Fig. 4.1), we found significantly higher levels of nuclear YAP/TAZ and TGM2 expression 

in GTM cells compared to normal HTM cells on the soft ECM hydrogels (Fig. 4.3; Suppl. Fig. 

4.6). TGFβ2 increased nuclear YAP in both HTM and GTM cells, which were blocked by co-

treatment of U0126 or Y27632. Importantly, we found that YAP N/C ratio in GTM cells with ERK 

or ROCK inhibition were at similar levels as HTM controls (Fig. 4.3A-D).  

YAP and TAZ are generally thought to function similarly in response to mechanical and 

biochemical signals [61]. However, it has been shown that YAP and TAZ are distinct effectors of 

TGFβ1-induced myofibroblast transformation [62]. In this study, we observed that TGFβ2 

significantly induced nuclear TAZ localization in HTM cells, and co-treatment of U0126 or 
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Y27632 with TGFβ2 rescued TAZ nuclear localization to control levels (Fig. 4.3E,F). Similarly, 

TGFβ2 increased TAZ N/C ratio in GTM cells, while ERK or ROCK inhibition decreased TGFβ2-

induced nuclear TAZ to HTM control levels (Fig. 4.3G,H). Consistent with YAP/TAZ nuclear 

localization, TGM2 expression was upregulated by TGFβ2, which was significantly decreased by 

co-treatment of U0126 or Y27632 (Suppl. Fig. 4.6).  

These data show that TGFβ2 increases nuclear YAP/TAZ and TGM2 expression in both HTM 

and GTM cells, which was attenuated by either U0126 or Y27632 co-treatment. Collectively, this 

suggests that external biophysical (stiffened ECM) and biochemical signals (increased TGFβ2) 

drive altered YAP and TAZ mechanotransduction in HTM cells that contributes to glaucomatous 

cellular dysfunction. 
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Figure 4. 3. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on nuclear 
YAP/TAZ localization in HTM and GTM cells.  
(A, C, E and G) Representative fluorescence micrographs of YAP or TAZ in HTM or GTM cells 

on soft hydrogels subjected to control, TGFβ2 (2.5 ng/mL), TGFβ2 + U0126 (10 µM), TGFβ2 + 

Y27632 (10 µM) at 3 d (YAP = grey). Scale bar, 20 μm. (B, D, F and H) Analysis of YAP or TAZ 

nuclear/cytoplasmic ratio (N = 20 images from 2 HTM cell strains with 3 replicates per cell strain; 

N = 10 images from one GTM cell strain with 3 replicates). Symbols with different colors represent 

different cell strains; dotted line shows HTM cells control value for reference. The bars and error 

bars indicate Mean ± SD. Significance was determined by one-way ANOVA using multiple 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 
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4.4.4 F-actin polymerization modulates YAP/TAZ activity 

It has been shown that latrunculin B (Lat B), a compound that inhibits polymerization of the 

actin cytoskeleton, increases outflow facility and decreases IOP in human and non-human primate 

eyes [63-65]. Likewise, Lat B has been reported to depolymerize HTM cell actin and decrease 

cellular stiffness via cytoskeletal relaxation [15]. To investigate the effects of F-actin cytoskeletal 

disruption on YAP/TAZ activity, HTM cells were seeded on top of soft hydrogels, and treated 

with TGFβ2 for 3 d, followed by Lat B treatment for 30 mins (Fig. 4.4A). Consistent with our 

previous study [31], TGFβ2 significantly increased F-actin fibers, and co-treatment of Lat B with 

TGFβ2 potently depolymerized F-actin and decreased F-actin fiber formation (Fig. 4.4B,C) 

without negatively influencing cell viability (all three groups exhibited ~8 cells/0.05mm
2
). We 

observed significantly more vinculin puncta and increased puncta size induced by TGFβ2, which 

was abolished by Lat B treatment (Fig. 4.4D,E; Suppl. 4.7). Similar to before (Fig. 4.3), TGFβ2 

significantly increased YAP/TAZ nuclear localization and TGM2 expression, which were restored 

to control levels by 30 mins of Lat B co-treatment (Fig. 4.4F-K). Immunoblot analyses 

corroborated the immunostaining results and showed that co-treatment of TGFβ2 and Lat B 

increased the ratio of p-YAP to YAP and p-TAZ to TAZ (Fig. 4.4L,M), representing overall 

decreased nuclear YAP and TAZ consistent with previous studies [66-68]. Interestingly, according 

to the immunoblot result, Lat B may regulate YAP activity by increasing p-YAP while maintaining 

similar levels of total YAP, whereas Lat B may decrease total levels of TAZ while maintaining 

similar levels of p-TAZ (Fig. 4.4L,M).  

In sum, these findings demonstrate that F-actin depolymerization decreases TGFβ2-induced 

vinculin FA, nuclear YAP/TAZ and their downstream target TGM2. 
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Figure 4. 4. Lat B reduces YAP/TAZ activity in HTM cells.  
(A) Schematic showing time course of Lat B experiments with HTM cells. (B) Representative 

fluorescence micrographs of F-actin in HTM cells on soft hydrogels subjected to control, TGFβ2 

(2.5 ng/mL), TGFβ2 + Lat B (2 µM) at 3 d (F-actin = green; DAPI = blue). Scale bar, 20 μm. (C) 

Quantification of F-actin intensity (N = 20 images from 2 HTM cell strains with 3 replicates per 

cell strain). (D) Representative fluorescence micrographs of vinculin in HTM cells on soft 

hydrogels subjected to the different treatments (dashed box shows region of interest in higher 

magnification image; vinculin = grey; DAPI = blue). Scale bar, 20 and 10 μm. (E) Analysis of 

number of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates per cell strain). 

(F and H) Representative fluorescence micrographs of YAP/TAZ in HTM cells on soft hydrogels 

subjected to the different treatments (YAP/TAZ = grey). Scale bar, 20 μm. (G and I) Analysis of 

YAP/TAZ nuclear/cytoplasmic ratio (N = 20 images from 2 HTM cell strains with 3 replicates per 

cell strain). (J) Representative fluorescence micrographs of TGM2 in HTM cells on soft hydrogels 

subjected the different treatments (TGM2 = green; DAPI = blue). Scale bar, 20 μm. (K) Analysis 

of TGM2 intensity (N = 20 images per group from 2 HTM cell strains with 3 replicates per HTM 

cell strain). (L and M) Immunoblot of p-YAP, total YAP, p-TAZ and total TAZ, and immunoblot 

analysis of p-YAP/YAP and pTAZ/TAZ (N = 3 replicates). Symbols with different colors 

represent different cell strains. The bars and error bars indicate Mean ± SD. Significance was 

determined by one-way (C, E, H, J and L) and two-way ANOVA (F) using multiple comparisons 

tests (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 
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4.4.5 YAP and TAZ regulate FA formation, ECM remodeling and cell contractile properties 

Our results so far suggest that POAG-related stimuli (i.e., TGFβ2 and stiffened ECM) increase 

YAP/TAZ activity in HTM cells. To further investigate the roles of YAP/TAZ in HTM cell 

function, we seeded HTM cells on stiff hydrogels to increase the baseline levels of YAP/TAZ in 

controls, and depleted YAP and TAZ using combined siRNA knockdown (Fig. 4.5A). Treatment 

reduced mRNA expression levels to 34.52% and 35.25% of siRNA controls, respectively (Suppl. 

Fig. 4.8A). On a protein level, we observed 64.80% YAP knockdown with combined siYAP/TAZ 

treatment or 49.10% YAP knockdown with single siYAP treatment. TAZ protein levels were 

reduced by 89.90% with siYAP/TAZ and by 80.90% with siTAZ treatments, respectively (Suppl. 

Fig. 4.8B-D). Curiously, we noted a drop in TAZ protein levels in siYAP-treated HTM cells, 

whereas no such effects were noted in YAP protein expression with siTAZ treatment, requiring 

further investigation. Immunostaining showed that YAP/TAZ nuclear localization in HTM cells 

transfected with siYAP/TAZ were significantly decreased vs. controls despite culture in a stiffened 

ECM environment (Suppl. Fig. 4.8E-H). Importantly, we observed that YAP/TAZ depletion 

significantly reduced expression of TGM2, FN and CTGF, which may decrease HTM ECM 

stiffness (Fig. 4.5B-E,O).  

F-actin filaments, αSMA and p-MLC are all involved in cell contractility regulation, and we 

have previously demonstrated that their expression was upregulated in HTM cells under simulated 

glaucomatous conditions [17, 31]. Here, YAP/TAZ depletion significantly decreased F-actin 

filaments and expression of αSMA and p-MLC, suggestive of reduced HTM cell contractility (Fig. 

4.5F-I,O). We also found that the expression of canonical Hippo pathway kinases LATS1, LATS2 

and 14-3-3σ was not affected by siYAP/TAZ knockdown (Suppl. Fig. 4.8I). Tension generated 

within the actomyosin cytoskeleton is transmitted across FA to induce integrin-mediated 
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remodeling of the ECM [69]. As such, we observed that YAP/TAZ depletion significantly 

decreased the number and size of vinculin puncta and nuclear size (Fig. 4.5L-N; Suppl. 4.8J).   

Collectively, these data demonstrate that YAP/TAZ depletion using siRNA leads to impaired 

YAP/TAZ signaling, FA formation, cytoskeletal/nuclear and ECM remodeling, and cell 

contractile properties. 

 

Figure 4. 5. YAP/TAZ are regulators of FA formation, ECM remodeling and cell contractile 
properties in HTM cells.  
(A) Schematic showing time course of YAP/TAZ depletion using siRNA experiments with HTM 

cells. (B, D, F, H, J and L) Representative fluorescence micrographs of TGM2, FN, αSMA, F-

actin, p-MLC and vinculin in HTM cells on stiff hydrogels subjected to siControl or siYAP/TAZ 

(dashed box shows region of interest in higher magnification image; TGM2/F-actin = green; FN/p-

MLC/αSMA = red; vinculin = grey; DAPI = blue). Scale bar, 20 μm in B, F, H and J; 20 μm and 

5 μm in L; 100 μm in D. (C, E, G, I, K and M) Analysis of TGM2, FN, αSMA, F-actin, p-MLC 

and number of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates per cell 

strain). (N) Representative fluorescence micrographs and analysis of nuclei of HTM cells on stiff 
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hydrogels subjected to siControl or siYAP/TAZ (N = 40 images from 2 HTM cell strains with 6 

replicates per cell strain; more than 100 nuclei were analyzed per cell strain). (O) mRNA fold-

change of FN, TGM2, CTGF, αSMA in HTM cells on stiff hydrogels subjected to siControl or 

siYAP/TAZ by qRT-PCR. The mRNA levels were normalized to the levels of GAPDH mRNA 

48h post transfection (N = 6 replicates from 2 HTM cell strain). Open and closed symbols represent 

different cell strains. The bars and error bars indicate Mean ± SD; Significance was determined by 

unpaired t-test (C, E, G, I, K, M and N) and two-way ANOVA (O) using multiple comparisons 

tests (**p < 0.01; ****p < 0.0001). 
 
4.4.6 YAP/TAZ-TEAD interaction is required for YAP/TAZ downstream effects 

Canonically, YAP/TAZ bind to TEAD family members to induce the transcription of 

YAP/TAZ target genes [49]. To test the effects of YAP/TAZ-TEAD interaction on HTM cell 

behavior under simulated glaucomatous conditions, we tested the effects of verteporfin (VP), a 

selective inhibitor of the YAP/TAZ-TEAD transcriptional complex [70]. HTM cells were seeded 

on top of or encapsulated in soft hydrogels, and treated with TGFβ2 ± VP. Interestingly, we 

observed that HTM cells inside hydrogels showed qualitatively decreased YAP nuclear-to-

cytoplasmic ratio compared to cells atop of the hydrogels in absence of any treatments (Fig. 4.6A-

D). In both cell culture environments, TGFβ2 increased nuclear YAP/TAZ localization, and 

treating HTM cells with VP significantly decreased TGFβ2-induced nuclear YAP/TAZ as well as 

downstream TGM2 compared to controls, consistent with the effects of siRNA-mediated 

YAP/TAZ depletion (Fig. 4.6A-D; Suppl. Fig. 4.9A-D). We observed that the inhibition of 

YAP/TAZ-TEAD interaction not only decreased nuclear YAP/TAZ, but also reduced cytoplasmic 

and total protein levels (Suppl. Fig. 4.9E). VP treatment significantly decreased TGFβ2-induced 

F-actin filaments, expression of αSMA and p-MLC, and FN deposition (Fig. 4.6E-G; Suppl. Fig. 

4.9F-K). 

Collectively, these results show that pharmacological inhibition of YAP/TAZ-TEAD 

interaction leads to impaired ECM remodeling and cell contractile properties, which is independent 

of cell culture environments (atop or encapsulated in ECM hydrogels). 
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Figure 4. 6. Inhibition of YAP/TAZ-TEAD interaction with VP decreases nuclear YAP and 
F-actin levels.  
(A) Representative fluorescence micrographs of YAP in HTM cells cultured on top of soft 

hydrogels subjected to control, TGFβ2 (2.5 ng/mL), VP (0.5 µM), TGFβ2 + VP at 3 d (YAP = 

grey; DAPI = blue). Scale bar, 20 μm. (B) Analysis of YAP nuclear/cytoplasmic ratio (N = 20 

images from 2 HTM cell strains with 3 replicates per cell strain). (C) Representative fluorescence 

micrographs of YAP in HTM cells encapsulated in soft hydrogels subjected to the different 

treatments at 3d (YAP = grey; DAPI = blue). Arrows indicate higher YAP in nuclei, arrowheads 

indicate higher YAP in cytoplasm. Scale bar, 20 μm. (D) Analysis of YAP nuclear/cytoplasmic 

ratio (N = 6 images from one HTM cell strain with 3 replicates). (E) Representative fluorescence 

micrographs of F-actin in HTM cells on or inside of soft hydrogels subjected to the different 

treatments (F-actin = red). Scale bar, 50 μm. (F) Analysis of F-actin intensity in HTM cells on soft 

hydrogels (N = 20 images from 2 HTM cell strains with 3 replicates per cell strain). (G) Analysis 

of F-actin intensity in HTM cells inside of soft hydrogels (N = 6 images from one HTM cell strain 

with 3 replicates). Open and closed symbols represent different cell strains. The bars and error bars 

indicate Mean ± SD; Significance was determined by one-way ANOVA using multiple 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 

 

4.4.7 YAP and TAZ mediate HTM cell contractility and HTM hydrogel stiffness 

Lastly, to investigate the effects of YAP/TAZ on HTM cell contractility and ECM stiffening, 

we encapsulated HTM cells in ECM hydrogels and treated with TGFβ2, either alone or in 

combination with VP, and assessed hydrogel contractility and stiffness. TGFβ2-treated HTM 

hydrogels exhibited significantly greater contraction vs. controls by 5 d (74.30% of controls), 
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consistent with our previous report [17]. Co-treatment of TGFβ2 + VP potently decreased HTM 

hydrogel contraction (90.37% of controls) compared to TGFβ2-treated samples (Fig. 4.7A). We 

observed that TGFβ2 significantly increased hydrogel stiffness (1.86-fold of controls), which was 

prevented by co-treatment with VP (1.16-fold of controls) (Fig. 4.7B).  

To assess whether YAP/TAZ inhibition had comparable effects on GTM cells, we evaluated 

GTM cell-laden hydrogel contraction in response to the same treatments. Consistent with our 

previous study [17], we demonstrated that GTM hydrogels in absence of additional TGFβ2 

induction exhibited significantly greater contraction relative to normal HTM hydrogels (86.08% 

of HTM hydrogels controls); TGFβ2 further increased GTM hydrogel contraction, and VP 

partially blocked this during the short 5 d exposure (Fig. 4.7C).  

To determine if hydrogel contractility was influenced by the cell number, we assessed 

HTM/GTM cell proliferation in constructs subjected to the different treatments. We observed a 

fewer number of cells in the TGFβ2 + VP group compared to TGFβ2-treated samples (10.10% 

decreased) (Suppl. Fig. 4.10A), while co-treatment of TGFβ2 + VP reduced hydrogel contraction 

and stiffening by 21.63% and 59.45% compared to the TGFβ2-treated group, respectively (Fig. 

4.7A,B); demonstrating that VP induced decreasing hydrogel contraction was not only caused by  

the smaller cell number, but also reduced cell contractility. No significant differences between the 

different groups were observed for GTM cell-laden hydrogels (Suppl. Fig. 4.10B).  

Together, these data demonstrate that TGFβ2 robustly induces HTM hydrogel contractility and 

stiffening in a soft ECM environment, which are potently reduced by YAP/TAZ inhibition. 

Likewise, inhibition of YAP/TAZ had similar effects on GTM cells inside the 3D hydrogel 

network. 
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Figure 4. 7. Inhibition of YAP/TAZ activity decreases HTM hydrogel contractility and 
stiffness. 
(A) Representative brightfield images of HTM hydrogels subjected to control, TGFβ2 (2.5 ng/ml), 

TGFβ2 + VP (0.5 µM) at 5 d (dashed lines outline original size of constructs at 0 d). Scale bar, 1 

mm. (B) Construct size quantification of HTM hydrogels subjected to the different treatments (N 

= 11 replicates per group from 3 HTM cell strains). (C) Normalized elastic modulus (to controls) 

of HTM hydrogels subjected to the different treatments (N = 6 replicates per group from 3 HTM 

cell strains). (D) Representative brightfield images of GTM hydrogels subjected to the different 

treatments at 5 d (dashed lines outline original size of constructs at 0 d). Scale bar, 1 mm. (E) 

Construct size quantification of GTM hydrogels subjected to the different treatments (N = 8 

replicates per group from 2 GTM cell strains). Open and closed symbols, or symbols with different 

colors represent different cell strains; dotted line shows control value for reference. The bars and 

error bars indicate Mean ± SD; Significance was determined by one-way ANOVA using multiple 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 

 

4.5 Discussion 

The mechanosensitive transcriptional coactivators YAP and TAZ play important roles in 

mechanotransduction, a process through which cells translate external biophysical cues into 

internal biochemical signals. YAP/TAZ modulate target gene expression profiles with broad 

functional consequences across many cell and tissue types [19, 20]. Through this mechanism, 
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YAP/TAZ signaling regulates critical cellular functions and normal tissue homeostasis; imbalance 

or failure of this process is at the core of various diseases [66]. Indeed, elevated YAP/TAZ 

transcriptional activity is associated with glaucomatous HTM cell dysfunction [21, 22, 24, 26, 71-

73]. Importantly, a recent genome-wide meta-analysis identified YAP among 44 previously 

unknown POAG risk loci [28]; this observation provides strong new evidence that YAP may play 

a prominent role in glaucoma pathogenesis. Here, we found that YAP/TAZ nuclear localization, 

the principal mechanism to regulate their function, is significantly higher in TM cells from patients 

with glaucoma compared to cells isolated from healthy tissue, exhibiting normal variability 

between cells from different donors (i.e., one GTM cell strain showed higher baseline YAP/TAZ 

nuclear localization and transcriptional activity compared to the other) (Fig. 4.1; Suppl. Fig. 

4.2,4.3). However, the detailed mechanisms for YAP/TAZ modulation in HTM cells under 

glaucomatous conditions (i.e., stiffened ECM and increased growth factors in AH) remain to be 

elucidated. To model this, we used biomimetic ECM hydrogels with tunable stiffness to study the 

roles of YAP and TAZ in HTM cells in response to stiffened matrix and TGFβ2. As summarized 

in Fig. 4.8, our data support that YAP/TAZ are critical regulators in mediating HTM cellular 

responses to the stiffened ECM and elevated TGFβ2 in POAG involving both ERK and ROCK 

signaling with likely crosstalk; we propose that increased YAP/TAZ nuclear retention may drive 

further HTM tissue stiffening to exacerbate disease pathology conditions. This conclusion is 

supported by the findings that (i) stiffened ECM hydrogels elevate YAP/TAZ nuclear localization, 

potentially through regulating FA formation and cytoskeleton rearrangement; (ii) TGFβ2 induces 

nuclear YAP/TAZ localization and target gene activation through ERK and ROCK signaling 

pathways; (iii) depolymerization of F-actin decreases nuclear YAP/TAZ; (iv) YAP/TAZ depletion 

using siRNA or pharmacological inhibition of YAP/TAZ-TEAD interaction decreases FA 
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formation, cytoskeletal/nuclear/ECM remodeling and cell contractile properties; (v) YAP/TAZ 

inhibitor VP decreases HTM/GTM cell-laden hydrogel contraction and HTM hydrogel stiffening. 

 

Figure 4. 8. Schematic illustration of the effects elicited by ECM stiffness and TGFβ2 that 
modulate YAP/TAZ activity in HTM cells.  
Stiffened ECM hydrogels elevate YAP/TAZ activity potentially through regulating focal adhesion 

formation and actin cytoskeleton rearrangement. TGFβ2 activates ERK and ROCK signaling 

pathways, with potential context-dependent crosstalk, to regulate YAP/TAZ activity in normal 

HTM and GTM cells. YAP/TAZ activation induces HTM cell contractility and ECM remodeling, 

which together may increase HTM stiffness in POAG. Created with BioRender.com. 
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Most in vitro studies of HTM cell (patho-)physiology have relied on conventional cell 

monolayer cultures on plastic or glass of supraphysiologic stiffness. However, biophysical cues 

such as substrate composition and stiffness are known to be potent modulators of cell behaviors 

[25]. In our previous studies, we reported that HTM cells on glass exhibited bigger nuclei and 

different organization of F-actin fibers compared to HTM cells on ECM hydrogels [31]. Here, we 

demonstrated that HTM cells on hydrogels showed a smaller number of vinculin FA vs. HTM cells 

on glass (Fig. 4.2C,D; Suppl. Fig. 4.5A), confirming that HTM cells display distinct physiological 

characteristics on soft tissue-mimetic biomaterials and traditional tissue culture plastic or glass 

substrates of supraphysiological stiffness [74].  

Increased tissue stiffness has been observed in multiple pathologies, including cancer, 

cardiovascular and fibrosis-related diseases [13]. ECM stiffening can precede disease development 

and consequently increased mechanical cues can drive their progression via altered 

mechanotransduction [12, 75, 76]. Therefore, therapeutically targeting ECM stiffening by 

disrupting the cellular response to the stiffened ECM environment, or in other words targeting 

mechanotransduction, is an emerging field with clear implications for glaucoma treatment. It is 

widely accepted that the ECM is stiffer in the glaucomatous HTM [18]. Previous studies have also 

shown that ECM deposited by HTM cells treated with DEX was ~2-4-fold stiffer relative to 

controls [45, 77]. Our recent data using DEX-induced HTM cell-encapsulated 3D ECM hydrogels 

were in good agreement with these observations [17]. In this study, we demonstrated that TGFβ2 

treatment resulted in a comparable ~2-fold increase in ECM stiffness surrounding the HTM cells 

as they reside embedded in our bioengineered hydrogels (Fig. 4.2A). In both scenarios, the 

stiffness changes were cell-driven in response to biochemical cues implicated in glaucoma. 
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Corneal UV crosslinking with riboflavin (RF) is a clinical treatment to stabilize the collagen-

rich stroma in corneal ectasias [78, 79], with promising potential for enhancing mechanical 

properties of collagen-based hydrogels [80, 81]. Crosslinking occurs via covalent bond formation 

between amino acids of collagen fibrils induced by singlet O2 from UV-excited RF [82]. To 

simulate glaucomatous ECM stiffening for investigations of the cellular response, we used 

riboflavin to double-crosslink collagen in the hydrogels, which increased their stiffness ~2-fold 

over baseline (Fig. 4.2B). HTM cells on the stiffened hydrogels exhibited bigger nuclei, increased 

number of vinculin FA, cytoskeleton rearrangement, ECM deposition and YAP/TAZ nuclear 

localization compared to cells on soft hydrogels (Fig. 4.2C-N; Suppl. Fig.4.3). Taken together, 

our findings indicate that YAP/TAZ subcellular localization in HTM cells is distinctive on 

different substrates, suggesting that hydrogels with tunable physiochemical properties may be 

more suitable to investigate subtleties in HTM cell behaviors that would otherwise go unnoticed 

when relying exclusively on traditional stiff 2D culture substrates. 

TGFβ2 levels are elevated in the aqueous humor of glaucoma patients compared to age-

matched normal eyes [37, 38, 47, 48]. Here, we showed that GTM cells isolated from POAG donor 

eyes secreted significantly more active TGFβ2 compared to normal HTM cells (Fig. 4.1A; Suppl. 

Fig. 4.2). We observed that TGFβ2 upregulated YAP/TAZ nuclear localization and TGM2 

expression, a downstream effector of active YAP/TAZ signaling, in both normal HTM and GTM 

cells, confirming that YAP/TAZ activity are upregulated under glaucomatous conditions. 

Consistent with these observations, our immunoblot data showed significantly decreased p-

YAP/YAP and p-TAZ/TAZ ratios (Fig. 4.1C,D), indicative of “less inactive YAP/TAZ” in GTM 

cells compared to normal HTM cells. Given that S127 in YAP (and S89 in TAZ) is among the 

most relevant residues that keeps YAP inhibited, it appears likely that LATS1/2 kinases play a 
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central role in HTM/GTM cell modulation. However, it is conceivable that kinases other than 

LATS1/2 target S127, as it was originally identified as AKT target [83]. S127 phosphorylation has 

been observed to occur in a LATS1/2-independent manner; in the context of cell contractility and 

ECM stiffening, YAP mechanotransduction was also shown to occur independently of LATS-

mediated phosphorylation, rather involving ROCK and myosin activities [67, 84]. 

ERK or ROCK inhibition decreased nuclear YAP/TAZ and TGM2 in both HTM and GTM 

cells, and co-treatment of ERK or ROCK inhibitor with TGFβ2 restored YAP/TAZ cellular 

localization and TGM2 to HTM control levels (Fig. 4.3; Suppl. Fig. 4.6). TGFβ2 is known to 

signal via both canonical Smad and non-canonical signaling pathways, such as ERK, JNK, P38 

kinases and ROCK in various cell types [56]. In HTM cells, TGFβ2 induces cross-linked actin 

network formation and this process is similarly blocked by inhibition of Smad or non-Smad 

signaling pathways [59]. Among the non-canonical TGFβ2 signaling pathways, ERK and ROCK 

have emerged as potent regulators of F-actin, αSMA and FN expression - all of which are 

implicated in glaucomatous cell pathobiology [59, 60, 85]. Other reports showed that ROCK 

promotes smooth muscle cell migration and serotonin-mediated cell proliferation via increasing 

ERK activity [86, 87]. In neurons and microglia, ERK activity has been found to be negatively 

regulated by ROCK [88]. Together, this suggests the presence of complex ERK and ROCK 

signaling crosstalk to regulate cellular behaviors in a context-dependent manner; yet, the molecular 

mechanisms of their crosstalk in HTM cells is far from clear. TGFβ2 was shown to upregulate 

ERK via activating RhoA/ROCK in HTM cells cultured on conventional stiff substrates, such as 

glass or plastic, to induce a fibrotic-like, contractile cell phenotype [60]. Consistent with other cell 

systems, findings from this study suggested that the two non-canonical signaling pathways act in 

sequence. In our recent study, however, we demonstrated that ERK may inhibit ROCK activity 
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and p-MLC to increase contractility of HTM cells cultured in a soft tissue-like ECM environment; 

no such effect was observed in cells on stiff glass [31]. Further research will be necessary to 

investigate in greater detail whether/how canonical Smad signaling cross talks with non-canonical 

ERK and ROCK signaling pathways to regulate YAP and TAZ activity in HTM cells.  

Actomyosin cell contractility forces are increased in response to elevated ECM stiffness and 

TGFβ2 induction [13, 31]. Additionally, we have demonstrated that the stiffened ECM induces 

YAP/TAZ nuclear localization, and increases F-actin filaments, p-MLC and αSMA - all involved 

in actomyosin cell contractility force generation. We hypothesized that increased actomyosin cell 

contractility may drive YAP/TAZ nuclear localization in HTM cells. Here, we used Lat B to 

depolymerize F-actin stress fibers and increase cytoskeletal relaxation. We found that a short 

exposure time to Lat B eliminated vinculin FA formation and YAP/TAZ nuclear localization, and 

decreased TGM2 expression. ROCK inhibition has also been shown to decrease HTM cell F-actin 

fibers and contractility [17]. These observations on effects of Lat B were consistent with our 

findings that ROCK inhibitor reduced YAP/TAZ activity (Fig. 4.3; Fig. 4.4F-M). It would be 

worthwhile to further investigate effects of other cell contractility related molecules, such as 

myosin light chain kinase, myosin II, cofilin and gelsolin, on YAP/TAZ activity in both HTM and 

GTM cells. 

We have observed that simulated glaucomatous conditions (i.e., elevated TGFβ2 and stiffened 

ECM) upregulated nuclear YAP/TAZ, and treatments that can reduce IOP in experimental models 

(i.e., ROCK inhibitor and Lat B) downregulated YAP/TAZ nuclear localization, in agreement with 

previous reports [66-68]. These observations led us to explore the role of YAP/TAZ on glaucoma 

pathology development. We found that YAP/TAZ depletion using siRNA consistently decreased 

FA formation (i.e., vinculin), and reduced expression of cell contractile proteins (i.e., F-actin, p-
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MLC and αSMA) and ECM proteins (i.e., FN) (Fig. 4.5). Also, YAP/TAZ deactivation reduced 

expression of TGM2, a protein that promotes cell-matrix interactions and FN crosslinking to 

stiffen the ECM [89], and CTGF, known to increase ECM production and cell contractility in HTM 

cells, and elevate IOP in mouse eyes [54]. Thus, YAP/TAZ inhibition may decrease subsequent 

ECM stiffness potentially through regulation of ECM, TGM2 and CTGF production. Furthermore, 

we demonstrated that inhibition of YAP/TAZ-TEAD interaction using VP significantly decreased 

TGFβ2-induced YAP/TAZ nuclear localization in HTM cells independent of their spatial 

arrangement atop or inside of the ECM hydrogels. Consistent with the effects of siRNA-mediated 

YAP/TAZ depletion, VP treatment rescued TGFβ2-induced YAP/TAZ activity, cell contractile 

properties and ECM remodeling (Fig. 4.6; Suppl. Fig. 4.9).  

Notably, YAP/TAZ inhibition using VP blunted HTM/GTM cell-laden hydrogel contraction 

and stiffening (Fig. 4.7). Thus, we conclude that YAP/TAZ act as central players in regulating 

HTM cell mechanical homeostasis in response to changes of the surrounding microenvironment 

(e.g., levels of growth factors, ECM stiffness) to maintain tissue-level structural integrity and 

functionality. It has been demonstrated that the relative roles of YAP/TAZ are cell type- and 

context-dependent; they can cause homeostatic regulation of tissue properties (negative feedback 

loop) or promote fibrotic conditions (positive feedback loop). Some reports implicated YAP/TAZ 

in a feed-forward promotion of cytoskeletal tension and ECM protein deposition [21, 90, 91], while 

some research showed YAP/TAZ had a negative feedback regulation that acted to suppress actin 

polymerization and cytoskeletal tension [92, 93]. Our data were consistent with the former; i.e., 

YAP/TAZ drives HTM cell contraction and ECM stiffening. 

In conclusion, using our bioengineered tissue-mimetic ECM hydrogel system, we 

demonstrated that nuclear YAP/TAZ is upregulated in response to simulated glaucomatous 



 168 

conditions (i.e., TGFβ2 induction and stiffened ECM), and that YAP/TAZ activation induces HTM 

cell contractility and ECM remodeling, which together may increase HTM stiffness in POAG. Our 

findings provide strong evidence for a pathologic role of aberrant YAP/TAZ signaling in 

glaucomatous HTM cell dysfunction, and may help inform strategies for the development of novel 

multifactorial approaches to prevent progressive ocular hypertension in glaucoma. 

 

4.6 Acknowledgments 

We thank Dr. Robert W. Weisenthal and the team at Specialty Surgery Center of Central New 

York for assistance with corneal rim specimens. We also thank Dr. Nasim Annabi at the University 

of California – Los Angeles for providing the KCTS-ELP, Dr. Alison Patteson at Syracuse 

University for rheometer access, Drs. Audrey M. Bernstein and Mariano S. Viapiano, and 

Neuroscience Microscopy Core at Upstate Medical University for imaging support.  

 

4.7 Funding 

This project was supported in part by National Institutes of Health grants R01EY026048, 

R01EY031710, K08EY031755 (to VK.R., W.D.S., and P.S.G), an American Glaucoma Society 

Young Clinician Scientist Award (to P.S.G.), a Syracuse University BioInspired Seed Grant (to 

S.H.), unrestricted grants to SUNY Upstate Medical University Department of Ophthalmology 

and Visual Sciences from Research to Prevent Blindness (RPB) and from Lions Region 20-Y1, 

and RPB Career Development Awards (to P.S.G. and S.H.). 

 

 



 169 

4.8 Supplementary Material 

 

 
 

Suppl. Fig. 4. 1. HTM05, HTM17 and GTM211 cell characterization.  
(A and C) Representative fluorescence micrographs of intracellular MYOC at 7 d (MYOC = green; 

DAPI = blue). Scale bar, 100 μm. (B and D) Immunoblot of secreted MYOC at 7 d. 

 

 

 

Suppl. Fig. 4. 2. Expression of TGFβ2, CRY61 and ANKRD1 mRNA in GTM cells compared 
to normal HTM cells.  
(A) mRNA fold-change of TGFβ2 by qRT-PCR (N = 3 replicates/cell strain). The bars and error 

bars indicate Mean ± SD. Significance was determined by one-way ANOVA using multiple 

comparisons tests (shared significance indicator letters represent non-significant difference 

(p>0.05), distinct letters represent significant difference (p<0.05)). 
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Suppl. Fig. 4. 3. Upregulated TGM2 expression in GTM cells compared to normal HTM cells. 
(A) Representative fluorescence micrographs of TGM2 in HTM and GTM cells (TGM2 = green; 

DAPI = blue). Scale bar, 20 μm. (B) Analysis of TGM2 intensity in HTM and GTM cells (N = 20 

images per group from 2 HTM/GTM cell strains with 6 replicates). Open and closed symbols 

represent different cell strains. The box and whisker plots represent median values (horizontal 

bars), 25th to 75th percentiles (box edges) and minimum to maximum values (whiskers), with all 

points plotted. Significance was determined by unpaired t- test (****p < 0.0001). 

 

 

 

Suppl. Fig. 4. 4. Stiffness of HTM cell-encapsulated hydrogels.  
Elastic modulus of HTM cell-encapsulated hydrogels measured by rheometer (N = 3 

replicates/group). The bars and error bars indicate Mean ± SD. Significance was determined by 

unpaired t-test (*p<0.05). 
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Suppl. Fig. 4. 5. Effects of ECM hydrogel stiffness on nuclear size, αSMA, TGM2 and FN 
expression.  
(A) Representative fluorescence micrographs of vinculin in HTM cells on glass (dashed box shows 

region of interest in higher magnification image; vinculin = grey; DAPI = blue). Scale bar, 20 μm. 

(B) Analysis of size of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates 

per cell strain). (C, E and G) Representative fluorescence micrographs of αSMA, TGM2 and FN 

in HTM cells on soft and stiff hydrogels (αSMA/FN = red; TGM2 = green; DAPI = blue). Scale 

bar, 20 μm in C and E; 100 μm in F. (D, F and H) Analysis of αSMA, TGM2 and FN intensity (N 

= 20 images from 2 HTM cell strains with 3 replicates per cell strain). Open and closed symbols 

represent different cell strains. The bars and error bars indicate Mean ± SD. The box and whisker 

plots represent median values (horizontal bars), 25th to 75th percentiles (box edges) and minimum 

to maximum values (whiskers), with all points plotted. Significance was determined by unpaired 

t-test (***p<0.001, ****p<0.0001). 
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Suppl. Fig. 4. 6. Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on 
TGM2 expression.  
(A and C) Representative fluorescence micrographs of TGM2 in HTM or GTM cells on soft 

hydrogels subjected to control, TGFβ2 (2.5 ng/mL), TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632 

(10 µM) at 3 d (TGM2 = green; DAPI = blue). Scale bar, 20 μm. (B and D) Analysis of TGM2 

intensity in HTM and GTM cells (N = 20 images from 2 HTM cell strains with 3 replicates per 

cell strain; N = 10 images from one GTM cell strain with 3 replicates). Symbols with different 

colors represent different cell strains; dotted line shows HTM cells control value for reference. The 

bars and error bars indicate Mean ± SD. Significance was determined by one-way ANOVA using 

multiple comparisons tests (shared significance indicator letters represent non-significant 

difference (p>0.05), distinct letters represent significant difference (p<0.05)). 

 

 

Suppl. Fig. 4. 7. Lat B reduces vinculin puncta size in HTM cells.  
Analysis of size of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates per 

cell strain). Symbols with different colors represent different cell strains. The bars and error bars 

indicate Mean ± SD. Significance was determined by one-way using multiple comparisons tests 

(****p < 0.0001). 
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Suppl. Fig. 4. 8. YAP/TAZ depletion using siRNA.  
(A) mRNA fold-change of YAP and TAZ in HTM cells on stiff hydrogels subjected to siControl 

or siYAP/TAZ knockdown by qRT-PCR. The mRNA levels were normalized to the levels of 

GAPDH mRNA 48h post transfection (N = 6 replicates from 2 HTM cell strain). (B) Immunoblot 

of YAP and TAZ. (C and D) Immunoblot analysis of YAP and TAZ (N = 3 replicates). (E and G) 

Representative fluorescence micrographs of YAP/TAZ in HTM cells on stiff hydrogels subjected 

to siControl or siYAP/TAZ (YAP/TAZ = grey). Scale bar, 20 μm. (F and H) Analysis of YAP/TAZ 

nuclear/cytoplasmic ratio (N = 20 images from 2 HTM cell strains with 3 replicates per cell strain). 

(I) mRNA fold-change of LATS1/2 and 14-3-3σ in HTM cells on stiff hydrogels subjected to 

siControl or siYAP/TAZ by qRT-PCR. The mRNA levels were normalized to the levels of 

GAPDH mRNA 48h post transfection (N = 6 replicates from 2 HTM cell strain). (J) Analysis of 

size of vinculin puncta (N = 20 images from 2 HTM cell strains with 3 replicates per cell strain). 

Open and closed symbols represent different cell strains. The bars and error bars indicate Mean ± 

SD; Significance was determined by unpaired t-test (F, H and J) and one-way or two-way ANOVA 

(A, C, D and I) using multiple comparisons tests (****p < 0.0001). 
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Suppl. Fig. 4. 9. Inhibition of YAP/TAZ-TEAD interaction with VP decreases nuclear TAZ, 
TGM2, cell contractile properties and ECM remodeling in HTM cells.  
(A) Representative fluorescence micrographs of TAZ in HTM cells on soft hydrogel subjected to 

control, TGFβ2 (2.5 ng/mL), VP (0.5 µM), TGFβ2 + VP at 3 d (YAP/TAZ = red; DAPI = blue). 

Scale bar, 20 μm. (B) Analysis of TAZ nuclear/cytoplasmic ratio (N = 20 images from 2 HTM cell 

strains with 3 replicates per cell strain). (C) Representative fluorescence micrographs of TGM2 in 

HTM cells on soft hydrogel subjected the different treatments (TGM2 = green; DAPI = blue). 

Scale bar, 20 μm. (D) Analysis of TGM2 intensity (N = 20 images from 2 HTM cell strains with 

3 replicates per cell strain). (E) Immunoblot of p-YAP, total YAP, p-TAZ, total TAZ and TGM2. 

(F, H and J) Representative fluorescence micrographs of αSMA, p-MLC and FN in HTM cells on 

soft hydrogel subjected to the different treatments (αSMA = grey; FN/p-MLC = red; DAPI = blue). 

Scale bar, 20 μm in F and H; 100 μm in J. (G, I and K) Analysis of αSMA, p-MLC and FN (N = 

20 images from 2 HTM cell strains with 3 replicates per cell strain). Open and closed symbols 

represent different cell strains. The bars and error bars indicate Mean ± SD; Significance was 

determined by one-way ANOVA using multiple comparisons tests (shared significance indicator 

letters represent non-significant difference (p>0.05), distinct letters represent significant difference 

(p<0.05)). 
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Suppl. Fig. 4. 10. HTM/GTM cell viability affected by YAP/TAZ inhibition.  
Cell proliferation quantification of HTM hydrogels (A) and GTM hydrogels (B) subjected to 

control, TGFβ2 (2.5 ng/ml), TGFβ2 + VP (0.5 µM) at 5 d (N = 6-7 hydrogels per group from 2 

HTM/GTM cell strains with 3-4 replicates per HTM/GTM cell strain). Open and closed symbols 

represent different cell strains. The bars and error bars indicate Mean ± SD; Significance was 

determined by one-way using multiple comparisons tests (shared significance indicator letters 

represent non-significant difference (p>0.05), distinct letters represent significant difference 

(p<0.05)). 
 
Suppl. Table 4. 1. HTM cell strain information 

ID Sex Age 

HTM05 Male 57 

HTM12 Female 60 

HTM14 Female 50 

HTM17 Male 33 

HTM19 Male 34 

GTM211* Female 75 

GTM1445* Female 81 

*obtained from W.D.S. at Duke University 



 176 

 
Suppl. Table 4. 2. Antibody information 

Target  Catalog no. Company Dilution 
WB 

Dilution 
ICC 

anti-p-YAP 4911S Cell Signaling 

Technology 

1:1000   

anti-p-TAZ 59971 Cell Signaling 

Technology 

1:1000   

anti-YAP 14074S Cell Signaling 

Technology 

1:1000 1:200 

anti-TAZ 4883S Cell Signaling 

Technology 

1:1000 1:200 

anti-YAP sc-376830 Santa Cruz 

Biotechnology 

1:200   

anti-TAZ sc-293183 Santa Cruz 

Biotechnology 

1:200   

anti-14-3-3! 8312 Cell Signaling 

Technology 

1:1000   

anti-TGM2 ab421 Cell Signaling 

Technology 

1:1000 1:400 

anti-GAPDH G9545 Sigma 1:80000   

anti-Vinculin ab129002 Abcam   1:200 

anti-p-MLC 3675 Cell Signaling 

Technology 

  1:200 

anti-MYOC MABN866 Sigma 1:2000   

anti-MYOC ab41552 Abcam   1:200 

anti-Fibronectin ab45688 Abcam   1:500 

anti-αSMA C6198 Sigma   1:400 

anti-Rabbit HRP ab6721 Abcam 1:50000   

IRDye® 680RD Goat anti-Rabbit 

IgG 

926-68071 LI-COR 1:15000   

IRDye® 800CW Goat anti-Mouse 

IgG 

926-32210 LI-COR 1:15000   

Alexa Fluor® 488-conjugated anti-

Rabbit IgG 

A27034 Invitrogen   1:500 

Alexa Fluor® 584-conjugated anti-

Rabbit IgG 

ab150080 Abcam   1:500 

Alexa Fluor® 488-conjugated anti-

Mouse IgG 

A21203 Invitrogen   1:500 
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Suppl. Table 4. 3. Primer information 

Target Forward Reverse 
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

YAP AGCCAGTTGCAGTTTTCAGG AACAGCAGCAATGGACAAGG 

TAZ CATGGCAGTATCCCAGCCAA AGCGCATTGGGCATACTCAT 

CTGF ATGTGCATTCTCCAGCCATC TTCACTTGCCACAAGCTGTC 

TGM 2 TCAACTGCAACGATGACCAGG TGTTCTGGTCATGGGCCGAG 

CYR61 GAGTGGGTCTGTGACGAGGAT GGTTGTATAGGATGCGAGGCT 

ANKRD1 AGTAGAGGAACTGGTCACTGG TGGGCTAGAAGTGTCTTCAGAT 

14-3-3! TATAAGAACGTGGTGGGCGG CCTCCTTGATGAGGTGGCTG 

FN GTCTTGTGTCCTGATCGTTG AGGCTGGATGATGGTAGATTG 

a-SMA GGCATCATCACCAACTGGGA CAGGGTGGGATGCTCTTCAG 

LATS1 CTCTGCACTGGCTTCAGATG TCCGCTCTAATGGCTTCAGT 

LATS2 ACATTCACTGGTGGGGACTC GTGGGAGTAGGTGCCAAAAA 
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5.1 Abstract 

Purpose: Elevated transforming growth factor beta2 (TGFβ2) levels in the aqueous humor have 

been linked to glaucomatous outflow tissue dysfunction. Potential mediators of dysfunction are 

the transcriptional co-activators, Yes-associated protein (YAP) and transcriptional coactivator 

with PDZ binding motif (TAZ). However, the molecular underpinnings of YAP/TAZ modulation 

in SC cells under glaucomatous conditions are not well understood. Here, we investigate how 

TGFβ2 regulates YAP/TAZ activity in human SC (HSC) cells using biomimetic extracellular 

matrix (ECM) hydrogels, and examine whether pharmacologic YAP/TAZ inhibition would 

attenuate TGFβ2-induced HSC cell dysfunction. 

Methods: Primary HSC cells were seeded atop photocrosslinked ECM hydrogels, made of 

collagen type I, elastin-like polypeptide and hyaluronic acid, or encapsulated within the hydrogels. 

Changes in actin cytoskeleton, YAP/TAZ activity, ECM production, phospho-myosin light chain 

levels, and hydrogel contraction were assessed. 

Results: TGFβ2 significantly increased YAP/TAZ nuclear localization in HSC cells, which was 

prevented by either filamentous (F)-actin relaxation or depolymerization. Pharmacologic 

YAP/TAZ inhibition using verteporfin decreased fibronectin expression and reduced actomyosin 

cytoskeletal rearrangement in HSC cells induced by TGFβ2. Similarly, verteporfin significantly 

attenuated TGFβ2-induced HSC cell-encapsulated hydrogel contraction. 

Conclusions: Our data provide evidence for a pathologic role of aberrant YAP/TAZ signaling in 

HSC cells under simulated glaucomatous conditions, and suggest that pharmacologic YAP/TAZ 

inhibition has promising potential to improve outflow tissue dysfunction. 
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5.2 Introduction 

The Schlemm’s canal (SC) is a continuous vessel that encircles the anterior chamber at the 

iridocorneal angle; its lumen is lined with a single non-fenestrated layer of endothelial cells having 

both blood and lymphatic characteristics [1-5]. Situated in close apposition to the trabecular 

meshwork (TM), the SC is divided into the inner and outer wall [2]. The SC inner wall experiences 

a basal-to-apical pressure gradient (intraocular versus episcleral venous pressures) that drives 

aqueous humor into the SC lumen, which is then drained into the collector channels and aqueous 

veins [6]. Most of the resistance to aqueous humor outflow is generated at, or close to the SC inner 

wall in a region called the juxtacanalicular tissue (JCT) of the TM [7-9]. Importantly, increased 

outflow resistance in the JCT leads to elevated intraocular pressure (IOP), the only modifiable risk 

factor for primary open-angle glaucoma (POAG) [8, 10-13].  

Previous studies have demonstrated that glaucomatous SC cells isolated from POAG eyes 

exhibited higher levels of filamentous (F)-actin, α-smooth muscle actin (αSMA) and fibronectin, 

as well as increased cell stiffness compared to normal SC cells [14, 15]. The ocular hypertension-

causing steroid, dexamethasone was shown to increase F-actin fibers, while the IOP-lowering Rho-

associated kinase (ROCK) inhibitor Y27632 that increases decrease F-actin levels [16, 17]; F-actin 

is thought to mediate SC cell contractility and stiffness to negatively affect aqueous humor outflow 

and IOP [18]. Thus, SC cell dysfunction is thought to be a significant contributor to the increased 

outflow resistance in POAG; however, the mechanistic underpinnings of SC cell pathobiology 

remain incompletely understood.  

Transforming growth factor beta 2 (TGFβ2), the predominant TGFβ isoform in the eye and 

aqueous humor, is a major player in contributing to the pathologic changes in POAG [10, 19-23]. 

It has been shown that levels of TGFβ2 are elevated in eyes of glaucoma patients compared to age-
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matched normal eyes [21, 22, 24, 25].  In culture, TM and SC cells isolated from donor eyes with 

POAG secrete more active TGFβ2 protein compared to normal cells [15, 26]. Accordingly, 

perfusion of TGFβ2 in human anterior segments increases resistance in the conventional outflow 

pathway [27]. At the cellular level, TGFβ2 increases actin stress fibers and phospho-myosin light 

chain (p-MLC) to drive pathologic TM cell contraction [28-30]. Moreover, exposure of TM cells 

to TGFβ2 induces the expression/deposition of extracellular matrix (ECM) proteins such as 

collagen types I and IV, and fibronectin [28, 31-33]. Despite the progress made in uncovering the 

role of TGFβ2 in TM cell dysfunction, the contributions of TGFβ2 to SC cell pathobiology are 

less well understood. 

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) 

are powerful regulators of cell proliferation and differentiation, with an established link to tissue 

fibrosis [34-38]. Upon nuclear translocation, YAP/TAZ interact with TEA domain (TEAD) 

transcription factors to drive the expression of known (CTGF, CYR61, ANKRD1) and glaucoma-

related putative downstream effectors of active YAP/TAZ signaling (e.g., transglutaminase-2 

(TGM2)) [39]. To that end, YAP1 was recently identified among a group of previously unknown 

POAG risk loci across European, Asian and African ancestries, suggesting a potential causal 

association with outflow dysfunction [40]. YAP/TAZ can be activated by multiple stimuli, such 

as stiffened ECM, increased mechanical stress, and exposure to growth factors [41, 42]. Recently, 

we demonstrated that both ECM stiffening and TGFβ2 increase YAP/TAZ activity in human TM 

cells, which linked to pathologic cell contractility and ECM remodeling that may exacerbate 

glaucoma pathology [26].  

The physiological substrate of the SC inner wall endothelial cells is its discontinuous basal 

lamina, which is in direct contact with the JCT  [3, 6]. Recently, we developed a bioengineered 



 189 

hydrogel composed of ECM biopolymers found in the native JCT region encapsulated with human 

TM (HTM) cells, and demonstrated its utility for studying cell-ECM interactions under normal 

and simulated glaucomatous conditions in a relevant tissue-mimetic 3D microenvironment [26, 30, 

43]. Here, we investigated the effects of TGFβ2 on regulating YAP/TAZ activity in human SC 

(HSC) cells cultured atop the acellular ECM hydrogel. Additionally, we examined whether 

pharmacologic YAP/TAZ inhibition would alleviate TGFβ2-induced HSC cell dysfunction. 

 

5.3 Materials and Methods 

5.3.1 HSC cell isolation and culture 

Experiments using human donor eye tissue were approved by the SUNY Upstate Medical 

University Institutional Review Board (protocol #1211036), and were performed in accordance 

with the tenets of the Declaration of Helsinki for the use of human tissue. Primary HSC cells were 

isolated from healthy donor corneal rims discarded after transplant surgery and cultured according 

to established protocols [5]. Briefly, the corneal rims were cut into wedges and placed into a 100 

mm dish containing low-glucose Dulbecco's Modified Eagle's Medium (DMEM; Gibco; Thermo 

Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS; Atlanta Biologicals, 

Flowery Branch, GA, USA) and 1% penicillin/streptomycin/glutamine (PSG; Gibco). Using an 

SMZ1270 stereomicroscope (Nikon Instruments, Melville, NY, USA), a 2% gelatin-coated 

(Sigma-Aldrich) 6-0 nylon monofilament sterile suture (eSutures, Mokena, IL, USA) was inserted 

into the SC lumen of each wedge with fine-tipped forceps (Fine Science Tools, Foster City, CA, 

USA), and these wedges were cultured in DMEM with 10% FBS and 1% PSG, and maintained at 

37°C in a humidified atmosphere with 5% CO2 for 3 weeks. Next, curvilinear incisions were made 

parallel to Schwalbe’s line (alongside the suture) into the TM, which produced a TM flap. After 
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lifting the TM, the sutures were gently removed, and a ~2 mm long piece was cut from each end 

of the suture to prevent fibrotic cell contamination. Next, the sutures were washed with Dulbecco’s 

Phosphate Buffered Saline (DPBS; Gibco), placed into a single well of gelatin-coated (Sigma-

Aldrich) 6-well culture plates (Corning; Thermo Fisher Scientific), and digested for 2 min with 

0.25% trypsin/0.5 mM EDTA (Gibco). Subsequently, 5 ml DMEM with 10% FBS and 1% PSG 

were added, and the sutures were moved to another gelatin-coated well. The digests and sutures 

were cultured in DMEM with 10% FBS and 1% PSG, and maintained at 37°C in a humidified 

atmosphere with 5% CO2. Fresh media was supplied every 2-3 days. Once confluent, HSC cells 

were lifted with 0.25% trypsin/0.5 mM EDTA and sub-cultured in DMEM with 10% FBS and 1% 

PSG. All studies were conducted using cells passage 3-6. Four HSC cell strains (HSC01, HSC02, 

HSC03, HSC09) were characterized and used for the experiments herein; the reference cell strain 

HSC78 was isolated and characterized at Duke University by K.M.P. and W.D.S. (Table 1). 

Different combinations of 2-3 HSC cell strains were used per experiment, depending on cell 

availability. 

 

Table 5. 1. HSC cell strain information. 

ID Sex Age 

HSC01 Male 33 

HSC02 Male 46 

HSC03 Female 46 

HSC09 Female 69 

Reference HSC78* Male 77 

*obtained from W.D.S. at Duke University 
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5.3.2 HSC cell characterization 

HSC cells were seeded at 1 × 10
4
 cells/cm

2
 in 6-well culture plates or on sterilized glass 

coverslips in 24-well culture plates, and cultured in DMEM with 10% FBS and 1% PSG. HSC cell 

morphology and growth characteristics were monitored by phase contrast microscopy using an 

LMI-3000 Series Routine Inverted Microscope (Laxco; Thermo Fisher Scientific). Once confluent, 

the monolayer HSC cells were processed for immunocytochemistry and immunoblot analyses to 

assess expression of fibulin-2 and vascular endothelial-cadherin (VE-CAD), respectively. To rule 

out the contamination of HTM cells, dexamethasone (DEX; Fisher Scientific)-induced myocilin 

(MYOC) expression was assessed in HSC cells. Briefly, confluent HSC cells were treated with 

100 nM DEX or vehicle control (0.1% (v/v) ethanol) in DMEM with 1% FBS and 1% PSG for 4 

d, and serum- and phenol red-free DMEM for 3 d. The HSC cell culture supernatants were 

collected and concentrated using Amicon® Ultra Centrifugal Filters (Millipore Sigma, Burlington, 

MA, USA) for immunoblot analysis. 

 

5.3.3 Preparation of ECM thin-film hydrogels 

Hydrogel precursors methacrylate-conjugated bovine collagen type I (MA-COL, Advanced 

BioMatrix, Carlsbad, CA, USA; 3.6 mg/ml [all final concentrations]), thiol-conjugated hyaluronic 

acid (SH-HA, Glycosil®, Advanced BioMatrix; 0.5 mg/ml, 0.025% (w/v) photoinitiator Irgacure® 

2959; Sigma-Aldrich, St. Louis, MO, USA) and in-house expressed elastin-like polypeptide (SH-

ELP, thiol via KCTS flanks [43]; 2.5 mg/ml) were thoroughly mixed. Thirty microliters of the 

hydrogel solution were pipetted onto a Surfasil (Fisher Scientific)-coated 18 × 18-mm square glass 

coverslip followed by placing a regular 12-mm round glass coverslip onto the hydrogels. 
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Constructs were crosslinked by exposure to UV light (OmniCure S1500 UV Spot Curing System; 

Excelitas Technologies, Mississauga, Ontario, Canada) at 320-500 nm, 2.2 W/cm
2
 for 5 s, as 

previously described [26, 30, 43]. The hydrogel-adhered coverslips were removed with fine-tipped 

tweezers and placed in 24-well culture plates (Corning; Thermo Fisher Scientific).  

 

5.3.4 HSC cell treatments 

HSC cells were seeded at 2 × 10
4
 cells/cm

2 
atop premade ECM hydrogels and cultured in 

DMEM with 10% FBS and 1% PSG for 1 or 2 days. Then, HSC cells were cultured in serum-free 

DMEM with 1% PSG and subjected to the different treatments for 3 d: TGFβ2 (2.5 ng/ml; R&D 

Systems, Minneapolis, MN, USA), the ROCK inhibitor Y27632 (10 μM; Sigma-Aldrich), the actin 

depolymerizer latrunculin B (10 μM; for 30 min only to preserve cell viability; Tocris Bioscience; 

Thermo Fisher Scientific), or the YAP inhibitor verteporfin (0.5 μM; Sigma).  

 

5.3.5 Immunoblot analysis 

Equal protein amounts (10 µg), determined by standard bicinchoninic acid assay (Pierce; 

Thermo Fisher Scientific), from HSC cell lysates in lysis buffer (CelLytic
TM

 M, Sigma-Aldrich) 

or from concentrated HSC cell culture supernatants ± DEX at 7 d supplemented with Halt™ 

protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific) in 4× loading buffer (Invitrogen; 

Thermo Fisher Scientific) with 5% beta-mercaptoethanol (Fisher Scientific) were boiled for 5 min, 

subjected to SDS-PAGE using NuPAGE™ 4-12% Bis-Tris Gels (Invitrogen; Thermo Fisher 

Scientific) at 120V for 80 min, and transferred to 0.45 µm PVDF membranes (Sigma; Thermo 

Fisher Scientific). Membranes were blocked with 5% bovine serum albumin (Thermo Fisher 

Scientific) in tris-buffered saline with 0.2% Tween®20 (Thermo Fisher Scientific), and probed 
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with various primary antibodies followed by incubation with HRP-conjugated secondary 

antibodies or fluorescent secondary antibodies (LI-COR, Lincoln, NE, USA). Bound antibodies 

were visualized with the enhanced chemiluminescent detection system (Pierce) on 

autoradiography film (Thermo Fisher Scientific) or Odyssey® CLx imager (LI-COR). A list of all 

antibodies and their working dilutions can be found in Supplementary Table 5.1. 

 

5.3.6 Immunocytochemistry analysis 

HSC cells atop ECM hydrogels subjected to the different treatments for 3 d were fixed with 4% 

paraformaldehyde (Thermo Fisher Scientific) at room temperature for 20 min, permeabilized with 

0.5% Triton™ X-100 (Thermo Fisher Scientific), blocked with blocking buffer (BioGeneX), and 

incubated with primary antibodies, followed by incubation with fluorescent secondary antibodies; 

nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; Abcam). Similarly, cells 

were stained with Phalloidin-iFluor 488 (Invitrogen) or 594 (Abcam)/DAPI according to the 

manufacturer’s instructions. Coverslips were mounted with ProLong™ Gold Antifade (Invitrogen) 

on Superfrost™ microscope slides (Fisher Scientific), and fluorescent images were acquired with 

an Eclipse Ni microscope (Nikon Instruments, Melville, NY, USA). A list of all antibodies and 

their working dilutions can be found in Supplementary Table 5.1.  

 

5.3.7 Image analysis 

All image analyses were performed using FIJI software (National Institutes of Health (NIH), 

Bethesda, MD, USA). Briefly, the cytoplasmic YAP/TAZ intensity was measured by subtracting 

the overlapping nuclear (DAPI) intensity from the total YAP/TAZ intensity. The nuclear 

YAP/TAZ intensity was recorded as the proportion of total YAP/TAZ intensity that overlapped 
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with the nucleus (DAPI). YAP/TAZ nuclear/cytoplasmic (N/C) ratio was calculated as follows: 

N/C ratio = (nuclear YAP/TAZ signal/area of nucleus)/(cytoplasmic signal/area of cytoplasm). 

Fluorescence intensity of F-actin, FN, TGM2, and p-MLC were measured in at least 30 images 

from 3 HSC cell strains with 3 replicates per HSC cell strain with image background subtraction 

using FIJI software. Given the lack of defined αSMA fibers in untreated controls, we measured 

the percent of αSMA-positive cells using FIJI software. At least 150 cells were analyzed in 30 

images from 3 HSC cell strains with 3 replicates per HSC cell strain. 

 

5.3.8 HSC hydrogel contraction analysis 

HSC cell-laden hydrogels were prepared by mixing HSC cells (1.0 × 10
6
 cells/ml) with MA-

COL (3.6 mg/ml), SH-HA (0.5 mg/ml, 0.025% (w/v) photoinitiator) and SH-ELP (2.5 mg/ml) on 

ice, followed by pipetting 10 μl droplets of the HSC cell-laden hydrogel precursor solution onto 

polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning)-coated 24-well culture plates. 

Constructs were crosslinked as described above (320-500 nm, 2.2 W/cm
2
, 5 s). HSC cell-laden 

hydrogels were cultured in DMEM with 10% FBS and 1% PSG in presence of the different 

treatments. Longitudinal brightfield images were acquired at 0 d and 5 d with an Eclipse Ti 

microscope (Nikon). Construct area from N = 12 hydrogels per group from 3 HSC cell strains with 

4 replicates per cell strain was measured using FIJI software and normalized to 0 d followed by 

normalization to controls.  

 

5.3.9 HSC hydrogel cell viability analysis 

Cell viability was measured with the CellTiter 96® Aqueous Non-Radioactive Cell 

Proliferation Assay (Promega) following the manufacturer’s protocol. HSC hydrogels cultured in 
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DMEM with 10% FBS and 1% PSG in presence of the different treatments for 5 d were incubated 

with the staining solution (38 μl MTS, 2 μl PMS solution, 200 μl DMEM) at 37ºC for 1.5 h. 

Absorbance at 490 nm was recorded using a spectrophotometer plate reader (BioTek, Winooski, 

VT, USA). Blank-subtracted absorbance values served as a direct measure of HSC cell viability 

from N = 12 hydrogels per group from 3 HSC cell strains with 4 replicates per cell strain. 

 

5.3.10 Statistical analysis 

Individual sample sizes are specified in each figure caption. Comparisons between groups were 

assessed by two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons post hoc 

tests, as appropriate. The significance level was set at p<0.05 or lower. GraphPad Prism software 

v9.2 (GraphPad Software, La Jolla, CA, USA) was used for all analyses.  

 

5.4 Results 

5.4.1 HSC cell characterization 

Four HSC cell strains (HSC01, HSC02, HSC03, and HSC09) were used and compared to a 

validated reference strain (HSC78). All of our HSC cell strains exhibited typical spindle-like 

elongated cell morphology comparable to the reference standard (Fig. 5.1A). A reliable feature of 

HSC cells in vitro is expression of two positive markers, fibulin-2 and vascular endothelial-

cadherin (VE-CAD) [44]. Our results show that all HSC cell strains highly expressed fibulin-2 

(Fig. 5.1B) and VE-CAD (Fig. 5.1C), comparable to the reference strain. In culture, HTM cells 

upregulate MYOC expression following challenge with the corticosteroid DEX [45], whereas this 

does not occur in HSC cells. We observed that none of the HSC cell strains expressed MYOC in 
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response to DEX treatment (Fig. 5.1D), suggesting pure HSC cell preparations devoid of HTM 

cell contamination.  

Together, these data suggest that HSC01, HSC02, HSC03, and HSC09 exhibit required key 

characteristics according to previous publications [5, 44] to faithfully identify them as normal HSC 

cells, comparable to a confirmed reference standard.  

 

Figure 5. 1. HSC cell characterization.  
(A) Representative phase contrast micrographs of reference HSC, HSC01, HSC02, HSC03, and 

HSC09 cell strains. Scale bar, 200 μm. (B) Representative immunofluorescence micrographs of 

fibulin-2. Scale bar, 100 μm. (C) Immunoblot of VE-Cadherin (VE-CAD). (D) Immunoblot of 

secreted myocilin (MYOC) at 7 d (= negative marker). 
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5.4.2 Effects of TGFβ2 in absence or presence of ROCK inhibition or Lat B on actin cytoskeleton 

in HSC cells 

F-actin levels are higher in SC cells isolated from POAG eyes compared to normal SC cells 

[15]. To investigate the effects of TGFβ2 on actin cytoskeleton remodeling, HSC cells were 

cultured atop premade ECM hydrogels and treated with TGFβ2 alone, or co-treated with ROCK 

inhibitor Y27632 or latrunculin B (Lat B), a compound that inhibits actin polymerization (Fig. 

5.2A). We observed significantly increased F-actin fibers in HSC cells treated with TGFβ2 

compared to controls, which was significantly prevented by co-treatment with Y27632 or Lat B 

co-treatment; with acute Lat B treatment showing a stronger effect (Fig. 5.2B,C). Of note, both 

types of actin destabilizers failed to fully block TGFβ2-induced F-actin assembly. We observed a 

range of responsiveness to the TGFβ2 challenge ± treatments among the HSC cell strains, 

indicating normal donor-to-donor viability.  

We, and others, have shown that the fibrotic marker α-smooth muscle actin (αSMA) is 

upregulated in HTM cells by TGFβ2 exposure [28-30, 46]. Here, we demonstrated that TGFβ2 

induced expression of αSMA in 45.87% of HSC cells compared to only ~3.16% in controls. 

Similar to results with F-actin, Y27632 prevented αSMA expression induced by TGFβ2, with only 

13.98% αSMA
+
 cells.  Interestingly, short term Lat B treatment failed to block TGFβ2-induced 

αSMA expression (% of αSMA
+
 cells: 41.95%) (Fig. 5.2D,E).  

Collectively, these data demonstrate that TGFβ2 upregulates F-actin fibers in HSC cells, which 

is decreased by either actin cytoskeleton relaxation or depolymerization. Furthermore, TGFβ2 

induces αSMA expression, which is prevented by ROCK inhibition, whereas short-term actin 

depolymerization does not influence aberrant αSMA stress fiber formation independent on the cell 

strain used.  
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Figure 5. 2. Effects of TGFβ2 in the absence or presence of a ROCK inhibitor or Lat B on F-
actin and αSMA stress fibers in HSC cells. 
(A) Schematic showing time course of the different treatments. (B) Representative fluorescence 

micrographs of F-actin in HSC cells on ECM hydrogel substrates subjected to control, TGFβ2 (3 

d; 2.5 ng/mL), TGFβ2 + Y27632 (3 d; 10 µM), TGFβ2 (3 d) + Lat B (30 min; 2 µM). Scale bar, 

20 μm. (C) Analysis of F-actin intensity (N = 30 images per group from 3 HSC cell strains with 3 

replicates per HSC cell strain). (D) Representative immunofluorescence micrographs of αSMA in 

HSC cells on ECM hydrogel substrates subjected to the different treatments. Scale bar, 20 μm. (E) 

Analysis of percentage of αSMA
+ 

cells (N = 30 images per group from 3 HSC cell strains with 3 

experimental replicates per HSC cell strain; more than 150 cells were analyzed per cell strain). 

Symbols with different colors represent different cell strains. The bars and error bars indicate Mean 

± SD. Significance was determined by two-way ANOVA using multiple comparisons tests (shared 

significance indicator letters represent non-significant difference (p>0.05), distinct letters 

represent significant difference (p<0.05)). 

 

5.4.3 TGFβ2 stabilizes actin cytoskeleton to upregulate YAP/TAZ activity 

Recently, we demonstrated that TGFβ2 increases nuclear YAP and TAZ, a readout for active 

YAP/TAZ signaling, in HTM cells cultured atop or within ECM hydrogels [26]. To assess the 

effect of TGFβ2 on YAP/TAZ subcellular localization in HSC cells subjected to the different 
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treatments, we evaluated both YAP and TAZ nuclear-to-cytoplasmic (N/C) ratios. We observed 

that exposure to TGFβ2 significantly increased YAP N/C ratio (Fig. 5.3A,B), TAZ N/C ratio (Fig. 

5.3C,D), and expression of their putative downstream effector TGM2 (Fig. 5.3E,F) compared to 

controls; suggesting that TGFβ2 enhanced YAP/TAZ transcriptional activity. Given that actin 

cytoskeletal integrity is required for proper YAP/TAZ regulation in a variety of cells [41, 47], we 

investigated whether TGFβ2-induced YAP/TAZ activation in HSC cells depended on an intact 

actin cytoskeleton. Our results revealed that HSC cells co-treated with Y27632 or Lat B 

significantly decreased TGFβ2-induced YAP/TAZ nuclear localization and TGM2 expression. 

Consistent with our observation on F-actin fibers in response to the different treatments, Lat B was 

more effective in decreasing YAP/TAZ activity in HSC cells (i.e., below control levels) compared 

to Y27632 (Fig. 5.3A-F). 

Together, these data show that TGFβ2 increases nuclear YAP/TAZ and TGM2 expression in 

HSC cells from multiple donors, which is potently attenuated by either actin cytoskeleton 

relaxation or depolymerization. 
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Figure 5. 3. Effects of TGFβ2 in the absence or presence of a ROCK inhibitor or Lat B on 
YAP/TAZ activity in HSC cells.  
(A and B) Representative immunofluorescence micrographs of YAP and TAZ in HSC cells on 

ECM hydrogel substrates subjected to control, TGFβ2 (3 d; 2.5 ng/mL), TGFβ2 + Y27632 (3 d; 

10 µM), TGFβ2 (3 d) + Lat B (30 min; 2 µM). Scale bar, 20 μm; arrows indicate YAP/TAZ nuclear 

localization. (C and D) Analysis of YAP/TAZ nuclear/cytoplasmic ratio (N = 30 images from 3 

HSC cell strains with 3 experimental replicates per cell strain). (E) Representative fluorescence 

micrographs of TGM2 in HSC cells on ECM hydrogel substrates subjected to the different 

treatments. Scale bar, 20 μm. (F) Analysis of TGM2 intensity (N = 30 images from 3 HSC cell 

strains with 3 replicates per cell strain). Symbols with different colors represent different cell 

strains. The bars and error bars indicate Mean ± SD. Significance was determined by two-way 

ANOVA using multiple comparisons tests (shared significance indicator letters represent non-

significant difference (p>0.05), distinct letters represent significant difference (p<0.05)). 

 

5.4.4 YAP/TAZ mediate ECM remodeling and actomyosin cell cytoskeleton 

It has been shown that HSC cells isolated from glaucomatous eyes exhibit increased F-actin 

levels and expression of ECM proteins including fibronectin [15]; in this study, our results suggest 

that TGFβ2 also increases actin cytoskeleton remodeling. Both abnormal ECM deposition and 
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actin remodeling may be part of a pathologic signature in HSC cells. Therefore, we next tested 

whether pharmacologic YAP/TAZ inhibition could rescue TGFβ2-induced HSC cell dysfunction. 

To do so, HSC cells atop ECM hydrogels were treated with TGFβ2 alone or co-treated with 

verteporfin (VP), which disrupts nuclear YAP/TAZ-TEAD interactions thereby inhibiting 

transcriptional activity [48]. Co-treatment of VP with TGFβ2 significantly decreased N/C ratios 

of YAP and TAZ in HSC cells compared to TGFβ2 alone, approximating baseline levels (Suppl. 

Fig. 5.1A-D). Similarly, VP significantly decreased TGFβ2-stimulated TGM2 expression; yet, 

levels remained significantly higher compared to controls (Suppl. Fig. 5.1E,F). 

We observed that exposure to VP significantly reduced TGFβ2-induced fibronectin deposition 

approximating untreated controls (Fig. 5.4A,B). Importantly, we demonstrated that TGFβ2-

induced αSMA expression (Fig. 5.4C,D), F-actin fibers (Fig. 5.4E,F), and phospho-myosin light 

chain (p-MLC) levels (Fig. 5.4G,H) were significantly decreased by VP co-treatment, but again 

did not reach baseline levels. 

In sum, these data suggest that pharmacologic YAP/TAZ inhibition reduces the expression of 

fibronectin and decreases actomyosin cytoskeletal rearrangement independent of the cell strain 

used. 
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Figure 5. 4. Effects of YAP/TAZ inhibition on ECM remodeling and actomyosin cytoskeleton 
in HSC cells.  
(A) Representative immunofluorescence micrographs of fibronectin (FN) in HSC cells on ECM 

hydrogel substrates subjected to control, TGFβ2 (3 d; 2.5 ng/mL), TGFβ2 + VP (3 d; 0.5 µM). 

Scale bar, 100 μm. (B) Analysis of fibronectin intensity (N = 30 images per group from 3 HSC 

cell strains with 3 experimental replicates per HSC cell strain). (C) Representative 

immunofluorescence micrographs of αSMA in HSC cells on ECM hydrogel substrates subjected 

to the different treatments. Scale bar, 20 μm. (D) Analysis of percentage of αSMA
+ 

cells (N = 3 
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HSC cells strains, more than 150 cells were analyzed per cell strain). (E and G) Representative 

fluorescence micrographs of F-actin and p-MLC in HSC cells on ECM hydrogel substrates 

subjected to the different treatments. Scale bar, 20 μm. (F and H) Analysis of F-actin and p-MLC 

intensity (N = 30 images from 3 HSC cell strains with 3 experimental replicates per cell strain). 

Symbols with different colors represent different cell strains. The bars and error bars indicate Mean 

± SD. Significance was determined by two-way ANOVA using multiple comparisons tests 

(*p<0.05, ***p<0.001, ****p < 0.0001). 

 

5.4.5 YAP/TAZ mediate TGFβ2-induced HSC cell contractility 

It has been shown that perfusing ex vivo human anterior segments with TGFβ2 reduced the 

length of the SC inner wall [27], suggestive of tissue contraction. HSC cells are known to be highly 

contractile [3]. To that end, we observed that HSC cell-laden hydrogels were markedly more 

contractile than comparable HTM cell-encapsulated hydrogels, reaching ~35-42% of their original 

size by 5 d with normal donor-to-donor variability (Suppl. Fig.5.2). Our data so far showed that 

YAP/TAZ inhibition reduced pathologic actomyosin cytoskeleton remodeling. Therefore, we 

hypothesized that TGFβ2 may increase HSC cell contractility, which could be reduced by 

YAP/TAZ inhibition. To test this hypothesis, we encapsulated HSC cells in ECM hydrogels - a 

method developed in our laboratory to characterize HTM cell behavior [26, 30, 43] - and treated 

the constructs with TGFβ2, either alone or in combination with VP, to assess the level of hydrogel 

contraction at 5 d. TGFβ2-treated HSC hydrogels exhibited significantly greater contraction 

compared to controls (62.79% of controls; Fig. 5.5A,B), consistent with our previous studies using 

HTM cells [26, 30, 43]. Co-treatment with VP significantly decreased pathologic HSC hydrogel 

contraction (81.56% of controls) compared to TGFβ2-treated samples (Fig. 5.5A,B), but it did not 

fully restore baseline levels. Of note, the influence of VP on HSC cell-laden hydrogel contraction 

differed between HSC cell strains, showing a stronger effect on HSC02 than HSC03 and HSC09 

consistent with normal donor-to-donor variability (Fig. 5.4A,B). To rule out that hydrogel 

contractility was influenced by the cell number, we assessed HSC cell viability in constructs 
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subjected to the different treatments. No differences were observed for HSC cell-laden hydrogels 

across groups (Fig. 5.5C). 

Together, these data demonstrate that TGFβ2 robustly induces HSC cell contractility in a 3D 

ECM microenvironment across multiple cell strains, and that pharmacologic YAP/TAZ inhibition 

potently decreases pathologic HSC cell contraction. 

 

Figure 5. 5. Effects of TGFβ2 in the absence or presence of YAP/TAZ inhibition on HSC 
hydrogel contractility.  
(A) Representative brightfield images of HSC hydrogels subjected to control, TGFβ2 (3 d; 2.5 

ng/mL), TGFβ2 + VP (3 d; 0.5 µM) at 5 d (dashed lines outline original size of constructs at 0 d. 

Scale bar, 1 mm). (B) Construct size quantification of HSC hydrogels subjected to the different 

treatments at 5 d (N = 12 hydrogels per group from 3 HSC cell strains with 4 experimental 

replicates per HSC cell strain). (C) Cell viability quantification of HSC hydrogels subjected to the 

different treatments at 5 d (N = 12 hydrogels per group from 3 HSC cell strains with 4 experimental 

replicates per HTM cell strain). Symbols with different colors represent different cell strains. The 
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bars and error bars indicate Mean ± SD. Significance was determined by two-way ANOVA using 

multiple comparisons tests (****p<0.0001). 

 

5.5. Discussion 

The profibrotic cytokine TGFβ2 is a key contributor to outflow tissue dysfunction in POAG 

[10, 19]. TGFβ2 has been shown to increase the deposition of ECM material in the JCT-TM 

beneath the SC inner wall endothelium and contract the SC [26, 27, 30]. Most in vitro studies to 

date investigating the effects of TGFβ2 on outflow cell dysfunction have focused on TM cells [26, 

30, 46]. In contrast, the contributions of TGFβ2 to SC cell pathobiology are considerably less well 

understood. A recent multi-ethnic genome wide meta-analysis identified YAP1 as a potential 

genetic risk factor for POAG, implicating that YAP (and perhaps TAZ by association) may play a 

critical role in glaucoma pathogenesis [40]. We have shown that TGFβ2 upregulates YAP/TAZ 

activity in HTM cells cultured atop or within ECM hydrogels [26]. Here, our aim was to elucidate 

mechanisms governing YAP/TAZ modulation in HSC cells in response to TGFβ2 by culturing 

cells on a tissue-mimetic ECM substrate. 

Glaucomatous SC cells isolated from POAG eyes exhibited higher levels of F-actin compared 

to normal cells [15]. Consistent with this observation, we found that TGFβ2 significantly increased 

F-actin fibers in HSC cells (Fig. 5.2B,C). It has been extensively reported that the glaucoma-

associated stressors dexamethasone and TGFβ2 stimulate the formation of cross-linked actin 

networks (CLANs) in HTM cells [49-52]. Yet, we did not observe TGFβ2-induced CLANs in 

HSC cells. A number of signaling pathways including Smad, Wnt, ROCK and ERK have been 

shown to modulate CLAN formation in HTM cells [53]. Further research will be necessary to 

investigate the specific contribution of these important signaling pathways in HSC cell 

pathobiology in the context of cytoskeletal homeostasis. 
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The transcriptional coactivators YAP and TAZ play important roles in mechanotransduction 

and POAG pathogenesis [40, 41]. Recently, we showed that activity of YAP/TAZ is upregulated 

in HTM cells under diverse simulated glaucomatous conditions [26]. However, the mechanisms 

underlying YAP/TAZ signaling in HSC cells influenced by TGFβ2 remain to be elucidated. We 

here demonstrated that TGFβ2 increased YAP/TAZ activity in HSC cells, which was potently 

attenuated by actin cytoskeleton relaxation using Y27632 or actin depolymerization using Lat B 

(Fig. 5.3). This suggests that actin integrity is required for YAP/TAZ activation in HSC cells. 

Moreover, we found that a 30 min treatment of Lat B – necessary to preserve HSC cell viability - 

was more effective than a 3 d treatment of Y27632 on inducing YAP/TAZ cytoplasmic 

translocalization. A previous study showed that HTM cells can recover to their initial state after 

removal of Lat B treatment in a short period of time [54]. It would be worthwhile to further 

investigate whether Y27632/Lat B-reduced YAP/TAZ activity could be reversed with the 

treatments withheld.    

Endothelial-to-mesenchymal transition (EndMT) is a process whereby endothelial cells 

undergo a series of molecular events, such as increased expression of αSMA, fibronectin, 

vimentin, and collagen types I and III, that lead to a change in phenotype toward mesenchymal-

like cells [55, 56]. TGFβ has been shown to induce EndMT, which can contribute to various 

fibrotic diseases and cancers [56-59]. In a previous study, it was shown that TGFβ2 stimulated 

EndMT of HSC cells cultured on top of a synthetic biomaterial; downregulation of endothelial cell 

markers and upregulation of mesenchymal makers were noted [60]. Consistent with this, we 

showed that TGFβ2 induced EndMT of HSC cells cultured atop tissue-mimetic ECM hydrogels, 

as indicated by increased expression of αSMA and fibronectin (Fig. 5.2D,E, Fig. 5.4A-D). 

Importantly, we found that TGFβ2-induced EndMT was partially blocked by pharmacologic 
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YAP/TAZ inhibition with VP treatment (Fig. 5.4A-D). Moreover, TAP/TAZ inhibition decreased 

TGFβ2-induced expression of TGM2 (Suppl. Fig. 5.1E,F), which crosslinks fibronectin and 

thereby stiffens the ECM [61]. This suggests that YAP/TAZ inhibition may decrease ECM 

stiffness to improve aqueous humor outflow. Therefore, targeting YAP/TAZ signaling in the SC 

endothelium to inhibit EndMT is an intriguing strategy for managing ocular hypertension.  

HSC cells are highly contractile [3]. In fact, we found that HSC cells were even more 

contractile than HTM cells using our ECM hydrogel system (Fig. 5.5A). Actomyosin, the actin-

myosin complex, regulates cell contractility in various cell types [62]. HSC cells in absence of any 

treatment exhibited qualitatively lower levels of actin fibers compared to HTM cells when cultured 

atop our ECM hydrogels. Therefore, we speculate that the higher degree of HSC cell contractility 

could stem from upregulated activity of myosin II, which is responsible for producing contraction 

force [63]. Myosin II activity is primarily regulated by phosphorylation of MLC; this process is 

mediated by myosin light chain kinase (MLCK) and myosin phosphatase [64]. Importantly, 

MLCK inhibition has been shown to decrease IOP in rabbit eyes [65]. Blebbistatin, a 

pharmacologic inhibitor of myosin II adenosine triphosphatase activity, increases outflow facility 

via blocking the binding of myosin to actin [66]. Futures studies would be necessary to investigate 

in greater detail the role of myosin II activity and myosin-actin interactions in HSC cell biology.  

Consistent with our observation on HTM cells, TGFβ2-treated HSC cells exhibited elevated 

levels of cell contractility-related molecules (i.e., αSMA, F-actin and p-MLC), which correlated 

with increased HSC hydrogel contraction. Importantly, this TGFβ2-induced pathologic process 

was potently attenuated by pharmacologic YAP/TAZ inhibition (Fig. 5.4C-H, Fig. 5.5B-D). 

Previous studies showed that outflow resistance is modulated by SC cell stiffness, which is directly 
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correlated with their contractility status [14, 67]. It would be worthwhile to further investigate the 

effects of YAP/TAZ inhibition on HSC cell stiffness.   

In conclusion, by culturing HSC cells on tissue-mimetic ECM hydrogels, we demonstrated that 

TGFβ2 drives actin stress fiber formation to upregulate YAP/TAZ activity, and that YAP/TAZ 

inhibition reduces HSC cell contractility, which may positively affect cell stiffness and outflow 

resistance. Our findings provide new evidence for a pathologic role of YAP/TAZ hyperactivation 

in HSC cell pathobiology in glaucoma, and suggest that pharmacologic YAP/TAZ inhibition has 

promising potential to improve outflow tissue dysfunction. 
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5.8 Supplementary Material 

 
Suppl. Fig. 5. 1. Effects of TGFβ2 in absence or presence of VP on YAP/TAZ activity in HSC 
cells.  
(A and B) Representative fluorescence micrographs of YAP and TAZ in HSC cells on ECM 

hydrogel substrates subjected to control, TGFβ2 (3 d; 2.5 ng/mL), TGFβ2 + VP (3 d; 0.5 µM) 

(YAP/TAZ = grey). Scale bar, 20 μm; arrows indicate YAP/TAZ nuclear localization. (C and D) 

Analysis of YAP/TAZ nuclear/cytoplasmic ratio (N = 30 images from 3 HSC cell strains with 3 

replicates per cell strain). (E) Representative fluorescence micrographs of TGM2 in HSC cells on 

ECM hydrogel substrates subjected to the different treatments (TGM2 = green; DAPI = blue). 

Scale bar, 20 μm. (F) Analysis of TGM2 intensity (N = 30 images from 3 HSC cell strains with 3 
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replicates per cell strain). Symbols with different colors represent different cell strains. The bars 

and error bars indicate Mean ± SD. Significance was determined by two-way ANOVA using 

multiple comparisons tests (*<005, ****p < 0.0001). 

 

Suppl. Fig. 5. 2. HSC hydrogel contraction.  
Quantification of HSC hydrogel contraction at 5 d (N = 4 hydrogels per HSC cell strain; dotted 

line shows mean of normalized HTM hydrogel size at 5 d from Ref 43). 

 

Suppl. Table 5. 1. Antibody information 

Target  Catalog no. Company Dilution 
WB 

Dilution 
ICC 

anti-Fibulin2 ab251662 Abcam 1:2000  

anti-VE-Cadherin 2500 Cell Signaling 

Technology 

1:2000  

anti-GAPDH G9545 Sigma 1:80000   

anti-MYOC MABN866 Sigma 1:2000   

anti-YAP 14074S Cell Signaling 

Technology 

 1:200 

anti-TAZ 4883S Cell Signaling 

Technology 

 1:200 

anti-Fibronectin ab45688 Abcam   1:500 

anti-αSMA C6198 Sigma   1:400 

anti-p-MLC 3675 Cell Signaling 

Technology 

 1:200 

anti-TGM2 ab421 Abcam  1:400 

Alexa Fluor® 488-conjugated anti-

Rabbit IgG 

A27034 Invitrogen   1:500 

Alexa Fluor® 584-conjugated anti-

Rabbit IgG 

ab150080 Abcam   1:500 
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Alexa Fluor® 488-conjugated anti-

Mouse IgG 

A21203 Invitrogen   1:500  

IRDye® 680RD Goat anti-Rabbit 

IgG 

926-68071 LI-COR 1:15000  

IRDye® 800CW Goat anti-Mouse 

IgG 

926-32210 LI-COR 1:15000  
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ECM stiffening drives Schlemm’s canal cell pathobiology via 
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6.1 Abstract 

Ocular hypertension in primary open-angle glaucoma is associated with dysfunction of the 

juxtacanalicular tissue (JCT) region where the trabecular meshwork and Schlemm’s canal (SC) 

inner wall endothelial cells interface. It is widely accepted that the glaucomatous JCT region 

exhibits increased extracellular matrix (ECM) deposition and stiffening. Yes-associated protein 

(YAP) has emerged as key contributor to glaucoma pathogenesis; YAP1 was recently identified as 

potential genetic risk factor. However, the precise role of SC cell YAP signaling in response to 

ECM stiffening/deposition is poorly understood. Here, we developed an ECM-alginate hydrogel 

system which allowed precise and on-demand control over the matrix stiffness during culture of 

cells. We demonstrated that stiffened matrix increased YAP activity and F-actin levels in human 

SC (HSC) cells, which was completed reversed by matrix softening. Fibronectin deposition 

upregulated YAP nuclear localization, correlating with elevated actomyosin cytoskeletal 

rearrangement. Furthermore, we showed YAP inhibition decreased actin cytoskeletal/ECM 

remodeling, cell contractile properties, and increased ex vivo outflow facility. Collectively, our 

data provide evidence for a pathologic role of aberrant YAP signaling in glaucomatous HSC cell 

dysfunction, and suggest that YAP inhibition has promising potential to improve outflow tissue 

dysfunction. 
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6.2 Introduction 

Primary open-angle glaucoma (POAG), a leading cause of irreversible blindness worldwide, 

is often associated with elevated intraocular pressure (IOP) [1-5]. The major determinant of normal 

IOP is the equilibrium between the production and drainage of the aqueous humor (AH). AH is 

produced by the ciliary body, circulates within the anterior chamber, and is then drained through 

the conventional (trabecular) or unconventional (uveoscleral) outflow pathway [6]. Elevated IOP 

is mainly caused by increased resistance to AH outflow in the juxtacanalicular tissue (JCT) region 

of the conventional outflow pathway, where the trabecular meshwork (TM) and Schlemm’s canal 

(SC) inner wall endothelium directly interface [7] [8].  

It has been shown that the TM from POAG eyes is stiffer compared to that from healthy eyes, 

which is thought to be caused, in part, by increased cell contractility and extracellular matrix (ECM) 

deposition/crosslinking [9-11]. In response to their surrounding mechanical environment, cells 

translate external cues into internal biochemical signaling cascades through a process known as 

mechanotransduction [12]. For example, this “mechanosensing” instructs fibroblasts and 

mesenchymal stem cells to alter their morphology, transcriptional profile, and function in response 

to different substrate stiffnesses [13-15]. Importantly, it has been shown that TM and SC cells 

adapt their cellular stiffness and gene expression in response to alterations of the biophysical 

microenvironment during culture [16-21].  

Yes-associated protein (YAP) is a mechanosensitive transcriptional coactivator with a major 

role in organ development and size control, as well as cancer and tissue fibrosis [22-26]. 

Importantly, a recent genome-wide association study identified YAP1 as a potential genetic risk 

factor for POAG implicating a potential causal relationship with outflow dysfunction [27]. 

Mechanical cues (e.g., ECM stiffness, mechanical loading, and cell adhesive area) regulate YAP 
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activity, which is principally governed by its subcellular localization in either the cytoplasm (= 

inactive) or the nucleus (= active) where it binds to TEA domain (TEAD) transcription factors to 

drive downstream biochemical signaling [28-32]. YAP was found to be upregulated by glaucoma-

associated stressors (i.e., transforming growth factor beta (TGFβ) and stiff substrate) in multiple 

ocular cells such as corneal fibroblast, TM cells and lamina cribrosa cells [17, 21, 33, 34]. YAP is 

also expressed in SC cells [17]; however, its role in and regulation of SC cell (patho)biology in the 

context of mechanical cues or TGFβ is largely unclear. 

The ability of cells to interact with their microenvironment drives gene expression and a 

myriad of cellular behaviors. An improved fundamental understanding of cell-ECM interactions 

is needed to investigate cell physiology and disease pathology more accurately. Protein-based 

hydrogels are attractive biomaterials to study cell-microenvironment interactions owing to their 

tissue-mimetic makeup, architecture, and high-water content akin to native ECM in vivo [35, 36]. 

The JCT-TM is rich in ECM, which is primarily composed of non-fibrillar and fibrillar collagens, 

elastic fibrils, proteoglycans, and the glycosaminoglycan hyaluronic acid [37-41]. In our previous 

studies, we developed a bioengineered hydrogel composed of ECM biopolymers found in the 

native JCT tissue, and demonstrated its utility for investigating human TM (HTM) cell biology 

and signaling pathways affected by glaucoma insults [21, 42, 43]. Using our ECM hydrogel system, 

we showed that YAP activity in HTM cells is upregulated in response to simulated glaucomatous 

conditions, and that YAP activation induces HTM cell contractility and ECM remodeling, which 

together may increase TM tissue stiffness in POAG [21]. 

To tune hydrogel stiffness independently of ECM composition or structure, additional bioinert 

polymers can be incorporated. They interlace with the ECM proteins to form a so-called 

interpenetrating network [44-50] [51]. In such hydrogel systems, the different polymer 
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components are crosslinked by their distinct mechanisms, either simultaneously or in sequence. 

Alginate, derived from seaweed, is a widely-used biocompatible polymer with a gentle mode of 

crosslinking by soluble calcium. It presents no intrinsic cell-binding domains and therefore acts as 

a bioinert crosslinker [52, 53], making alginate an attractive choice for use in biomaterials. For 

example, collagen-alginate [54-56], fibrin-alginate [57] and polyethylene glycol-alginate [58] 

have been described for tissue engineering applications. Alginate has also been used to model 

tissue properties in several ocular and neural diseases [59-63]. A key feature of alginate from a 

materials perspective is its bidirectional responsiveness to crosslinking (= stiffening) and digestion 

(= softening). Alginate lyase catalyzes the degradation of alginate to dynamically decrease the 

elastic modulus of such a hybrid ECM-alginate hydrogel in a cytocompatible manner [64-66]. 

Here, we describe an ECM-alginate hydrogel system that enables precise and on-demand 

control of matrix stiffness. We investigated the influence of ECM stiffness and composition, 

specifically the presence of excess fibronectin, on regulating YAP activity in human SC cells 

(HSC), and whether pharmacologic YAP inhibition would rescue HSC cell dysfunction and 

increase ex vivo outflow facility in mouse eyes. 

 

6.3 Materials and Methods 

6.3.1 HSC cell isolation and culture 

Experiments using human donor eye tissue were approved by the SUNY Upstate Medical 

University Institutional Review Board (protocol #1211036), and were performed in accordance 

with the tenets of the Declaration of Helsinki for the use of human tissue. Primary HSC cells were 

isolated from healthy donor corneal rims discarded after transplant surgery as previously described 

[67] and cultured according to established protocols [68]. Four HSC cell strains (HSC01, HSC02, 
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HSC03, HSC09) were used for the experiments in this study (Supplementary Table 6.1). All 

HSC cell strains were characterized based upon the typical spindle-like elongated cell morphology, 

expression of vascular endothelial-cadherin (VE-CAD) and fibulin-2, and lack of myocilin 

induction following exposure to dexamethasone (DEX) [67]. Different combinations of 3 HSC 

cell strains were used per experiment with 3 replicates each, depending on cell availability, and all 

studies were conducted between cell passage 3-6. HSC cells were cultured in low-glucose 

Dulbecco's Modified Eagle's Medium (DMEM; Gibco; Thermo Fisher Scientific) containing 10% 

fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA) and 1% 

penicillin/streptomycin/glutamine (PSG; Gibco), and maintained at 37°C in a humidified 

atmosphere with 5% CO2. Fresh media was supplied every 2-3 days.  

 

6.3.2 Preparation of soft ECM thin-film hydrogels 

Hydrogel precursors methacrylate-conjugated bovine collagen type I (MA-COL, Advanced 

BioMatrix, Carlsbad, CA, USA; 3.6 mg/ml [all final concentrations]), thiol-conjugated hyaluronic 

acid (SH-HA, Glycosil®, Advanced BioMatrix; 0.5 mg/ml, 0.025% (w/v) photoinitiator Irgacure® 

2959; Sigma-Aldrich, St. Louis, MO, USA) and in-house expressed elastin-like polypeptide (SH-

ELP, thiol via KCTS flanks [42]; 2.5 mg/ml) were thoroughly mixed. Likewise, ECM-alginate 

hydrogels were fabricated by mixing ECM hydrogel precursors (MA-COL at 3.6 mg/ml; SH-HA 

at 0.5 mg/ml with 0.025% (w/v) Irgacure® 2959; SH-ELP at 2.5 mg/ml) with sodium alginate (4 

mg/ml; Sigma-Aldrich). Thirty microliters of the hydrogel solution were pipetted onto a Surfasil 

(Fisher Scientific)-coated 18 × 18-mm square glass coverslip followed by placing a regular 12-

mm round glass coverslip onto the hydrogels. Constructs were crosslinked by exposure to UV light 

(OmniCure S1500 UV Spot Curing System; Excelitas Technologies, Mississauga, Ontario, 
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Canada) at 320-500 nm, 2.2 W/cm
2
 for 5 s, as previously described [21, 42, 43]. The hydrogel-

adhered coverslips were removed with fine-tipped tweezers and placed in 24-well culture plates 

(Corning; Thermo Fisher Scientific). Fibronectin coating at 10 μg/cm
2 

was achieved by 

submerging UV-crosslinked ECM hydrogels in human fibronectin solution (0.5 mg/ml; Advanced 

BioMatrix) at room temperature for 1 h followed by washing with DPBS to remove unbound 

protein.  

 

6.3.3 Hydrogel stiffening and softening 

Riboflavin (RF)-mediated hydrogel stiffening was achieved by soaking pre-formed ECM 

hydrogels in 0.1% (w/v) RF (Sigma) for 5 min, followed by low-intensity secondary UV 

crosslinking (bandpass filter: 405-500 nm, 5.4 mW/cm
2
) for 5 min. ECM-alginate hydrogels were 

submerged in serum-free DMEM with 1% PSG supplemented with CaCl2 (100 mM; Thermo 

Fisher Scientific) to crosslink alginate at 37°C for 1 h. In situ matrix softening of ECM-alginate 

hydrogels was achieved by digestion with alginate lyase (50 µg/ml; Sigma) in serum-free DMEM 

with 1% PSG at 37°C for 1 h.  

 

6.3.4 hydrogel rheology analysis 

Fifty microliters of acellular hydrogel precursor solutions were pipetted into custom 8x1-mm 

PDMS molds. All samples were UV/Ca
2+

 crosslinked and equilibrated. A Kinexus rheometer 

(Malvern Panalytical, Westborough, MA, USA) fitted with an 8-mm diameter parallel plate was 

used to measure hydrogel viscoelasticity. To ensure standard conditions across all experiments (N 

= 3 per group), the geometry was lowered into the hydrogels until a calibration normal force of 

0.02 N was achieved. Subsequently, an oscillatory shear-strain sweep test (0.1-60%, 1.0 Hz, 25°C) 
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was applied to determine storage modulus (G’) and loss modulus (G”) in the linear region. Elastic 

modulus was calculated with E = 2 * (1 + v) * G′, where a Poisson's ratio (v) of 0.5 for the ECM 

hydrogels was assumed [69]. 

 

6.3.5 HSC cell treatments 

HSC cells were seeded at 2 × 10
4
 cells/cm

2 
on premade hydrogels and cultured in DMEM with 

10% FBS and 1% PSG for 1-2 day. Then, HSC cells were cultured in serum-free DMEM with 1% 

PSG and subjected to the YAP inhibitor verteporfin (0.5 μM; Sigma). The monolayer HSC cells 

were processed for qRT-PCR and immunocytochemistry analyses.  

 

6.3.6 Immunocytochemistry analysis 

HSC cells in presence of the different treatments were fixed with 4% paraformaldehyde 

(Thermo Fisher Scientific) at room temperature for 20 min, permeabilized with 0.5% Triton™ X-

100 (Thermo Fisher Scientific), blocked with blocking buffer (BioGeneX), and incubated with 

primary antibodies, followed by incubation with fluorescent secondary antibodies; nuclei were 

counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; Abcam). Similarly, cells were stained 

with Phalloidin-iFluor 488 (Invitrogen) or 594 (Abcam)/DAPI according to the manufacturer’s 

instructions. Coverslips were mounted with ProLong™ Gold Antifade (Invitrogen) on 

Superfrost™ microscope slides (Fisher Scientific), and fluorescent images were acquired with an 

Eclipse Ni microscope (Nikon Instruments, Melville, NY, USA). A list of all antibodies and their 

working dilutions can be found in Supplementary Table 6.2. 
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6.3.7 Image analysis 

All image analyses were performed using FIJI software (National Institutes of Health (NIH), 

Bethesda, MD, USA). Briefly, the cytoplasmic YAP/TAZ intensity was measured by subtracting 

the overlapping nuclear (DAPI) intensity from the total YAP/TAZ intensity. The nuclear 

YAP/TAZ intensity was recorded as the proportion of total YAP/TAZ intensity that overlapped 

with the nucleus (DAPI). YAP/TAZ nuclear/cytoplasmic (N/C) ratio was calculated as follows: 

N/C ratio = (nuclear YAP/TAZ signal/area of nucleus)/(cytoplasmic signal/area of cytoplasm). 

Fluorescence intensity of F-actin, fibronectin, TGM2, and p-MLC were measured in at least 30 

images from 3 HSC cell strains with 3 replicates per HSC cell strain with image background 

subtraction using FIJI software. Given the lack of defined αSMA fibers in untreated controls, we 

measured the percent of αSMA-positive cells. At least 150 cells were analyzed in 30 images from 

3 HSC cell strains with 3 replicates per HSC cell strain. 

 

6.3.8 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

Total RNA was extracted from HSC cells using PureLink RNA Mini Kit (Invitrogen). RNA 

concentration was determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific). 

RNA was reverse transcribed using iScript™ cDNA Synthesis Kit (BioRad, Hercules, CA, USA). 

One hundred nanograms of cDNA were amplified in duplicates in each 40-cycle reaction using a 

CFX 384 Real Time PCR System (BioRad) with annealing temperature set at 60ºC, Power 

SYBR™ Green PCR Master Mix (Thermo Fisher Scientific), and custom-designed qRT-PCR 

primers. Transcript levels were normalized to GAPDH, and mRNA fold-changes calculated 

relative to mean values of controls using the comparative CT method [70]. A list of all of primers 

can be found in Supplementary Table 6.3. 
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6.3.9 siRNA transfection 

HSC cells were depleted of YAP and TAZ using siRNA-loaded lipofectamine RNAimax 

(Invitrogen) according to the manufacturer’s instructions. In brief, HSC cells were seeded at 2 × 

10
4
 cells/cm

2
 on stiff ECM-alginate hydrogels in DMEM with 10% FBS and 1% PSG. The 

following day, the cell culture medium was changed to antibiotic-free and serum-free DMEM and 

the samples were kept in culture for 24 h followed by transfection. Transfection was performed 

using a final concentration 3% (v/v) lipofectamine RNAimax with 150 nM RNAi duplexes 

(custom oligonucleotides; Dharmacon). Transfected HSC cells were used 48 h after transfection. 

ON-TARGET plus nontargeting siRNA were obtained from Dharmacon. Custom siRNAs were 

identical to those used in our recent HTM cell study [21], based on validated sequences previously 

described [28]: YAP, sense, 5’-GACAUCUUCUGGUCAGAGA-3’, and YAP, anti-sense, 5’-

UCUCUGACCAGAAGAUGUC-3’; TAZ, sense, 5’-ACGUUGACUUAGGAACUUU-3’, and 

TAZ, anti-sense, 5’-AAAGUUCCUAAGUCAACGU-3’. 

 

6.3.10 Measurement of outflow facility using iPerfusion 

Verteporfin and DMSO stock solutions were masked and shipped overnight to Duke 

University. Outflow facility was measured by iPerfusion according to the institutional guidelines 

for the humane treatment of animals (Duke University IACUC protocol A020-16002 and A001-

19-01) and to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, 

as described previously [71, 72]. A total of ten C57BL/6J mice (both male and female, 3-6 months-

old) were used for the study; mice were euthanized using isoflurane, and eyes were carefully 
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enucleated and mounted on a stabilization platform located in the center of a perfusion chamber 

using a small amount of cyanoacrylate glue (Loctite). The perfusion chamber was filled with 

prewarmed DPBS with added 5.5 mM D-glucose (DBG), submerging the eyes and regulating 

temperature at 35 °C. Two glass microneedles, back-filled with filtered DBG, were connected to 

the system. Using micromanipulators, one microneedle was inserted into each anterior chamber of 

paired eyes without contacting the irides. Both eyes were perfused at 9 mmHg for 30 min to allow 

acclimatization and stabilization, followed by perfusion at nine sequential pressure steps of 4.5, 6, 

7.5, 9, 10.5,12, 15, 18, and 21 mmHg. For each mouse, one eye received verteporfin (10 µM) while 

the contralateral eye received vehicle control in a balanced design (i.e., equal numbers of OD and 

OS eyes were treated with drug and control). Stable flow rate (Q) and pressure (P) averaged over 

4 min at each pressure step were used for data analysis. A nonlinear flow-pressure model [Q = 

Cr(P/Pr)β
P] that accounts for the pressure dependence of outflow facility in mice (β) was fit to the 

flow-pressure data using nonlinear regression, yielding the facility Cr evaluated at Pr = 8 mmHg, 

a pressure that approximates the physiological pressure drop across the conventional outflow 

pathway in living mice. 

 

6.3.11 Statistical analysis 

Individual sample sizes are specified in each figure caption. Comparisons between groups were 

assessed by unpaired t-test, one-way or two-way analysis of variance (ANOVA) with Tukey’s 

multiple comparisons post hoc tests, as appropriate. The significance level was set at p<0.05 or 

lower. GraphPad Prism software v9.2 (GraphPad Software, La Jolla, CA, USA) was used for all 

analyses.  
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6.4 Results 

6.4.1 Matrix stiffening increases YAP activity in HSC cells 

The TM from POAG eyes is ~1.5-20-fold stiffer compared to that from healthy eyes [9-11, 

73]. In our previous studies, we demonstrated that dexamethasone (DEX) or TGFβ2-treated HTM 

cell-laden hydrogels are ~2-fold stiffer than controls, consistent with glaucomatous tissue behavior 

[21, 42]. To investigate the influence of substrate stiffness on YAP mechanotransduction in HSC 

cells, we used an ECM-alginate hydrogel system that allows for dynamic changes of matrix 

stiffness while maintaining cell-biomaterial interactions. By incorporating alginate in the baseline 

ECM hydrogel, matrix stiffness was increased ~3.5-fold upon Ca
2+

 crosslinking (Fig. 6.1A,B). 

HSC cells were cultured on soft or stiff hydrogels, and the YAP nuclear-to-cytoplasm (N/C) ratio 

was analyzed. We observed that HSC cells on a stiff matrix showed significantly increased YAP 

mRNA compared to cells on a soft matrix (Fig. 6.1C), together with significantly increased YAP 

N/C ratio (Fig. 6.1D,E). The YAP paralog transcriptional coactivator with PDZ-binding motif 

(TAZ) is generally thought to function similarly in response to mechanical and biochemical signals 

[29]. Consistent with our observation on YAP, we revealed that TAZ N/C ratio was also 

significantly increased by the stiff matrix (Suppl. Fig. 6.1A,B). We further confirmed that putative 

and known downstream effectors of nuclear YAP/TAZ, transglutaminase-2 (TGM2) and 

connective tissue growth factor (CTGF) respectively, were upregulated by the stiffened matrix 

(Fig. 6.1C,F,G). Moreover, we demonstrated that HSC cells cultured on a stiff matrix exhibited 

increased phospho-myosin light chain (p-MLC) and filamentous (F)-actin levels compared to soft 

controls (Fig. 6.1H,I; Suppl. Fig. 6.1C,D). Lastly, fibronectin is one of the major ECM proteins 

known to accumulate in outflow tissues in glaucoma [74, 75]; we observed that matrix stiffening 

increased fibronectin deposition in HSC cells (Fig. 6.1J,K).  
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Riboflavin (RF) can induce covalent bond formation between amino acids of collagen fibrils 

under UV excitation [76]. In our recent study, we demonstrated that ECM hydrogels subjected to 

RF-mediated secondary UV crosslinking were stiffened by ~2-fold [21]. To validate our 

observations on YAP activation using stiff ECM-alginate hydrogels, we cultured HSC cells on 

RF-stiffened ECM hydrogels (Suppl. Fig. 6.2A). HSC cells atop RF-stiffened ECM hydrogels 

exhibited similarly elevated YAP nuclear localization, F-actin, and TGM2 expression (Suppl. Fig. 

6.2B-G).  

Together, these results suggest that ECM stiffening drives YAP activity in HSC cells 

independent of the experimental methodology used, concurrent with glaucoma-like cellular 

dysfunction.  

 

Figure 6. 1. Effects of matrix stiffening on YAP activity in HSC cells. 
(A) Schematic of ECM-alginate hydrogel UV crosslinking and subsequent Ca

2+
-mediated 

secondary crosslinking. (B) Modulation of ECM-alginate hydrogel stiffness (N = 3 

replicates/group). (C) mRNA fold-change of YAP, TGM2, and CTGF normalized to GAPDH by 

qRT-PCR in HSC01/HSC03 on the stiff matrix over on the soft control (N = 3 replicates). (D) 
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Representative fluorescence micrographs of YAP in HSC cells on soft and stiff matrix. Scale bar, 

20 μm; arrows indicate YAP nuclear localization. (E) Analysis of YAP nuclear/cytoplasmic ratio 

(N = 30 images from 3 HSC cell strains with 3 replicates per cell strain). (F, H and J) 

Representative fluorescence micrographs of TGM2, p-MLC and fibronectin (FN) in HSC cells on 

soft and stiff hydrogels. Scale bar, 20 μm. (G, I and K) Analysis of TGM2, p-MLC and FN intensity 

(N = 30 images per group from 3 HSC cell strains with 3 replicates per HSC cell strain). Symbols 

with different colors represent different cell strains. The bars and error bars indicate Mean ± SD; 

Significance was determined by unpaired t-test or one-way ANOVA using multiple comparisons 

tests (**p < 0.01; ***p < 0.001; ****p < 0.0001). 

 

6.4.2 Matrix softening reverses pathologic YAP activation 

Cells can retain information of their past physical microenvironment, and this mechanical 

history influences cellular behavior and function [77, 78]. To test whether stiffness-induced YAP 

activity in HSC cells could be reversed by decreasing matrix stiffness, ECM softening via alginate 

lyase digestion was performed. (Fig. 6.2A). We noted a significant decrease in hydrogel stiffness 

reaching soft baseline levels (Fig. 6.2B). As such, this ECM-alginate hydrogel system facilitates 

dynamic bidirectional manipulation of matrix stiffness to investigate HSC cell responses in a time-

dependent manner. To assess the effects of in situ matrix softening on YAP subcellular 

localization, HSC cells were cultured on stiff hydrogels for 3 d before dynamically decreasing 

stiffness at 0 d and further culture for 3 d on the softened matrix; unmodified soft and stiff 

hydrogels served as controls over 6 d (Fig. 6.2C). Consistent with our earlier observations, HSC 

cells cultured on stiff hydrogels exhibited significantly higher YAP nuclear localization and F-

actin levels compared to soft controls. Importantly, upon alginate lyase treatment, HSC cells 

cultured on the softened matrix showed significantly decreased nuclear YAP and F-actin stress 

fibers compared stiff controls, indistinguishable from soft control levels (Fig. 6.2D-G). The 

expression of TGM2 was also downregulated by in situ hydrogel softening (Suppl. Fig. 6.4).   
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In sum, these findings demonstrate that pathologic YAP activity and cytoskeletal 

reorganization in HSC cells induced by short-term ECM stiffening is fully reversible by matrix 

softening.  

 

Figure 6. 2. Effects of reversible matrix stiffening on YAP activity and F-actin levels in 
HSC cells. 
(A) Schematic of in situ ECM-alginate hydrogel softening using alginate lyase. (B) Modulation of 

hydrogel stiffness (N = 3 replicates/group). (C) Schematic showing the time course of matrix 

softening with soft and stiff controls. (D) Representative fluorescence micrographs of YAP in HSC 

cells on soft, stiff, and softened hydrogels. Scale bar, 20 μm; arrows indicate YAP nuclear 
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localization. (D) Analysis of YAP nuclear/cytoplasmic ratio (N = 30 images from 3 HSC cell 

strains with 3 replicates per cell strain). (F) Representative fluorescence micrographs of F-actin in 

HSC cells on soft, stiff, and softened hydrogels. Scale bar, 20 μm. (G) Analysis of F-actin intensity 

(N = 30 images per group from 3 HSC cell strains with 3 replicates per HSC cell strain). Symbols 

with different colors represent different cell strains. The bars and error bars indicate Mean ± SD; 

Significance was determined by two-way ANOVA using multiple comparisons tests (****p < 

0.0001). 

 

6.4.3 Dynamics of YAP and F-actin after matrix softening 

A recent study demonstrated rapid YAP nuclear-to-cytoplasmic redistribution in human 

mesenchymal stem cells as early as 0.5 h after ECM softening [79]. Therefore, we next investigated 

the time-dependent reversal of stiff-induced YAP nuclear localization and F-actin reorganization 

in HSC cells after matrix softening. HSC cells were cultured on stiff hydrogels for 3 d before 

alginate lyase-mediated softening, followed by assessing YAP N/C ratio and F-actin levels after 3 

h, 24 h, 3 d and 5 d (Fig. 6.3A). YAP N/C ratio and F-actin intensity were stable in cells on soft 

or stiff control hydrogels across time (add images to Supplement). As expected, HSC cells on the 

stiff matrix showed significantly higher YAP nuclear localization and F-actin intensity compared 

to cells cultured on the soft matrix. Importantly, we found that YAP N/C ratio was decreased to 

soft baseline levels by 3 h after matrix softening and then stabilized (Fig. 6.3B,D). In contrast, F-

actin levels decreased more slowly, and a significant difference compared to stiff controls was 

observed only at 24 h post softening (Fig. 6.3C,D).  

Taken together, these data suggest that hyperactivation of YAP in HSC cells stimulated by 

short-term ECM stiffening is rapidly rescued by matrix softening, whereas actin cytoskeletal 

adaptions occur in a slightly delayed manner. 
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Figure 6. 3. Time-dependent recovery of pathologic YAP activity and F-actin organization 
upon dynamic matrix softening. 
(A) Schematic showing the time course of ECM-alginate hydrogel softening using alginate lyase. 

(B) Analysis of YAP nuclear/cytoplasmic ratio (N = 20 images from 2 HSC cell strains with 3 

replicates per cell strain). (C) Analysis of F-actin intensity (N = 20 images per group from 2 HSC 

cell strains with 3 replicates per HSC cell strain). (D) Representative fluorescence micrographs of 

YAP and F-actin in HSC cells on soft, stiff and softened hydrogels. Scale bar, 20 μm; arrows 

indicate YAP nuclear localization. The bars and error bars indicate Mean ± SD. Significance was 

determined by two-way ANOVA using multiple comparisons tests (significance of softened time 

point versus 0 h: ****p < 0.0001; significance of stiff versus soft: 
#
p<0.0001). 

 

6.4.4 Fibronectin elevates YAP activity 

In patients with POAG, there is a buildup of ECM proteins within the JCT region of the TM, 

especially fibronectin. This is believed to contribute to the increase in cellular 

mechanoresponsiveness, cytoskeletal reorganization, and resistance to AH outflow [74, 80]. We 

previously showed that ocular hypertension-associated DEX and TGFβ2 upregulate fibronectin 
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deposition in HTM cell-encapsulated hydrogels [21, 43]. In this study, we demonstrated that 

fibronectin deposition in HSC cells was upregulated in response to ECM stiffening (Fig. 6.1J,K). 

Therefore, the next question we asked was whether the presence of excessive fibronectin fibers 

influences YAP mechanotransduction in HSC cells. To test this notion, we coated soft ECM 

hydrogels with fibronectin or bioinert alginate of comparable molecular weight, followed by 

culturing HSC cells atop (Fig. 6.4A). We first confirmed the successful deposition of fibronectin 

fibers on the ECM hydrogel surface as evidenced by strong immunostaining; no signal was 

apparent in unmodified or alginate-coated control hydrogels (Fig. 6.4B).  Next, we assessed YAP 

nuclear localization; we found a significantly increased YAP N/C ratio in response to fibronectin 

coating compared to both controls (Fig. 6.4C,D).  

Consistent with our observations on YAP, we next showed that nuclear TAZ localization and 

expression of YAP/TAZ downstream effectors, TGM2 and CTGF, were significantly upregulated 

by fibronectin coating in HSC cells compared to unmodified controls (Fig. 6.4E-G; Suppl. Fig. 

6.4A,B). We also observed that fibronectin significantly increased the levels of p-MLC and F-

actin compared to controls (Fig. 6.4H,I; Suppl. Fig. 6.4C,D). Lastly, fibronectin coating of 

hydrogels led to an increase in α-smooth muscle actin (Suppl. Fig. 6.4E,F), a key fibrotic maker 

[81].  

Collectively, these data suggest that fibronectin 1) increases YAP activity in HSC cells via 

enhanced cell-matrix interactions rather than it being an indirect effect caused by potentially 

altered matrix stiffness stemming from the presence of fibrillar polymers, and 2) stimulates a 

contractile, fibrotic-like cellular phenotype. 
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Figure 6. 4. Effects of fibronectin deposition on YAP activity in HSC cells. 
(A) Schematic showing the time course of fibronectin (FN) coating. (B) Representative 

fluorescence micrographs of FN staining in HSC cells on unmodified control, FN-coated, and 

alginate-coated hydrogels. Scale bar, 100 μm. (C) Representative fluorescence micrographs of 

YAP in HSC cells on unmodified control, FN-coated, and alginate-coated hydrogels. Scale bar, 20 

μm; arrows indicate YAP nuclear localization. (D) Analysis of YAP nuclear/cytoplasmic ratio (N 

= 30 images from 3 HSC cell strains with 3 replicates per cell strain in the control and FN-coated 
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hydrogel group; N = 10 images from 1 HSC cell strain with 3 replicates in the alginate-coated 

hydrogel group). (E) Representative fluorescence micrographs of TGM2 in HSC cells on control 

and fibronectin-coated hydrogels. Scale bar, 20 μm. (F) Analysis of TGM2 intensity (N = 30 

images per group from 3 HSC cell strains with 3 replicates per HSC cell strain). (G) mRNA fold-

change of YAP, TGM2 and CTGF compared to control hydrogels normalized to GAPDH by qRT-

PCR (N = 9 replicates from 3 HSC cells strains). (H) Representative fluorescence micrographs of 

p-MLC in HSC cells on control and fibronectin-coated hydrogels. Scale bar, 20 μm. (I) Analysis 

of p-MLC intensity (N = 30 images per group from 3 HSC cell strains with 3 replicates per HSC 

cell strain). Symbols with different colors represent different cell strains. The bars and error bars 

indicate Mean ± SD; Significance was determined by unpaired t-test, one- or two-way ANOVA 

using multiple comparisons tests (***p<0.001, ****p < 0.0001). 

 

6.4.5 YAP regulates matrix stiffness-driven HSC cell dysfunction 

YAP binds to TEAD family members to induce transcription of target genes [32]. We 

speculated that YAP nuclear localization may play a central role in stiffness-driven HSC cell 

dysfunction since YAP nuclear shuttling is mechanosensitive. To test this, we first inhibited YAP 

activity with verteporfin (VP) (Fig. 6.5A), which disrupts interactions of YAP with the TEAD 

transcriptional complex [82]. After 3 d of VP treatment of HSC cells cultured atop stiff hydrogels, 

YAP mRNA and N/C ratio were decreased by 45.54% and 45.24%, respectively compared to 

controls (Suppl. Fig. 6.5). Also, we confirmed that VP treatment significantly decreased mRNA 

expression of TGM2, CTGF, cysteine-rich angiogenic inducer 61 (CYR61) and ankyrin repeat 

domain 1 (ANKRD1), which are validated downstream targets of active YAP (Fig. 6.5B), as well 

as TGM2 protein levels (Fig. 6.5C,D). Importantly, we observed that inhibition of YAP with VP 

significantly decreased stiff-induced F-actin, αSMA, and p-MLC levels, all of which are associated 

with actomyosin contractility force generation (Fig. 6.5B,E-J). Moreover, YAP inhibition nearly 

abolished fibronectin mRNA expression (Fig. 6.5B), and significantly decreased protein 

deposition in HSC cells (Fig. 6.5K-L). These results suggest that YAP regulates actomyosin cell 

contractility and ECM remodeling in HSC cells to enable the pathologic effects of matrix 

stiffening.  
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To further confirm our findings using pharmacologic YAP inhibition, we depleted YAP/TAZ 

using combined siRNA targeting both YAP and TAZ in HSC cells cultured on stiff hydrogels 

(Suppl. Fig. 6.6A). siRNA transfection reduced mRNA expression levels of YAP and TAZ to 

45.77% and 25.15% of non-targeting siRNA controls, respectively (Suppl. Fig. 6.6B,E). 

Immunostaining showed that YAP/TAZ nuclear localization in HSC cells transfected with 

siYAP/TAZ were significantly decreased vs. controls (Suppl. Fig. 6.6C,D,F,G). On a protein 

level, we observed 50.78% YAP knockdown with combined siYAP/TAZ treatment or 36.45% 

YAP knockdown with single siYAP treatment. TAZ protein levels were reduced by 87.64% with 

siYAP/TAZ and by 76.63% with siTAZ treatments, respectively (Suppl. Fig. 6.6H-J). Similarly, 

we observed that siYAP/TAZ reduced levels of cell contractile proteins (i.e., F-actin, p-MLC, 

αSMA), and key proteins involved in ECM deposition/remodeling (i.e., TGM2, CTGF and 

fibronectin) (Suppl. Fig. 6.7).  

In sum, these data suggest that pharmacologic or genetic YAP/TAZ inhibition potently 

attenuates the contractile, fibrotic-like HSC cell phenotype induced by ECM stiffening. 
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Figure 6. 5. YAP/TAZ mediates actomyosin contractility and ECM remodeling in HSC cells. 
(A) Schematic showing the time course of pharmacologic YAP-TEAD inhibition with verteporfin 

(VP). (B) mRNA fold-change of TGM2, CTGF, CYR61, ANKRD1, αSMA, and fibronectin 

normalized to GAPDH by qRT-PCR in HSC cells on stiff hydrogels subjected to VP (0.5 μM) 

over control (N = 9 replicates from 3 HSC cell strains). (C,E,G,I and K) Representative 

fluorescence micrographs of TGM2, F-actin, αSMA, p-MLC and fibronectin in HSC cells on stiff 

hydrogels subjected to the different treatments. Scale bar, 20 μm in C,E,G,I; 100 μm in K. (D,F,J 

and L) Analysis of TGM2, F-actin, p-MLC and fibronectin intensity (N = 30 images per group 

from 3 HSC cell strains with 3 replicates per HSC cell strain). (H) Analysis of percentage of 

αSMA
+ 

cells (N = 30 images per group from 3 HSC cell strains with 3 replicates per HSC cell 

strain; more than 150 cells were analyzed per cell strain). Symbols with different colors represent 

different cell strains. The bars and error bars indicate Mean ± SD; Significance was determined by 

unpaired two-way ANOVA using multiple comparisons tests (***p<0.001, ****p < 0.0001). 

 

6.4.6 YAP regulates outflow facility of AH 

Our previous studies demonstrated that pharmacologic YAP-TEAD inhibition with VP reduces 

TGFβ2-induced HTM cell-laden hydrogel contraction and stiffening [21], akin to ROCK inhibitor 

treatment [42]. By the same token, we recently showed that VP potently attenuated TGFβ2-

induced HSC cell contraction when encapsulated in ECM hydrogels [67]. Therefore, we 

hypothesized that YAP inhibition would increase outflow facility through the conventional 
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outflow pathway. Mouse eyes are an ideal model for investigating AH outflow owing to their well-

developed TM and SC, and their responses to drugs that both increase and decrease outflow facility 

comparable to human eyes [83-85]. To test our hypothesis, we assessed the effects of VP perfusion 

on outflow facility in enucleated mouse eyes using the established ex vivo iPerfusionTM system 

[71]. Importantly, we observed that 6 out of 10 mouse eyes displayed ~15-80% increased outflow 

facility with VP perfusion. The other 4 pairs showed opposite behavior; markedly decreased 

outflow facility was noted with VP perfusion compared to controls, requiring further investigation 

(Fig. 6.6).  

Collectively, these data demonstrate that pharmacologic YAP inhibition using a clinically-

approved small molecule is a potential strategy to increase outflow facility for the treatment of 

ocular hypertension. 

 

Figure 6. 6. Effects of VP perfusion on ex vivo outflow facility. 
(A) Outflow facility in one pair of mouse eyes (pair 5; biggest effect). Blue line represents the 

control eye, red line represents the VP-treated eye. (B) Normalized outflow facility in VP-perfused 

eyes. Shaded region indicates predicted log-normal distribution, with shaded band giving 95% 

confidence interval on the mean. Central white line shows mean value, with 2 SDs indicated by 

the outer white lines. Facility for each eye with 95% confidence intervals is shown by individual 

data points and error bars. 
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6.5 Discussion 

The increased resistance to AH outflow generated in or close to the SC endothelium is thought 

to be caused by the stiffened JCT region where the TM and SC inner wall cells interact [7]. It has 

been demonstrated that YAP, a mechanosensitive transcriptional regulator, may play a critical role 

in POAG pathogenesis [21, 27, 67]. However, the detailed mechanisms governing YAP 

modulation in HSC cells affected by the stiffness and composition of their underlying JCT-ECM 

substrate remain to be elucidated. To model this, we developed a novel ECM-alginate hydrogel 

that allows precise and on-demand control over matrix stiffness during the culture of cells to 

investigate how YAP mechanotransduction in HSC cells was regulated by dynamic matrix 

stiffness changes and presence of excessive fibrous ECM protein. As summarized in Fig. 6.7, our 

data support that YAP is a critical regulator of HSC cellular responses to increased ECM stiffness 

and fibronectin deposition seen in POAG. This conclusion is supported by the findings that (i) the 

stiffened matrix elevates YAP activity and actin cytoskeleton remodeling in HSC cells, which is 

completely reversed by matrix softening; (ii) fibronectin deposition increases nuclear YAP, 

correlating with upregulated actomyosin cytoskeletal rearrangement; (iii) YAP/TAZ depletion 

using siRNA or the pharmacologic inhibitor verteporfin (VP) decreases actin cytoskeletal/ECM 

remodeling and cell contractile properties, with VP also increasing ex vivo outflow facility. 
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Figure 6. 7. Matrix stiffening drives HSC cell dysfunction through elevated YAP activity.  
Stiffened matrix or fibronectin (FN) deposition facilitates YAP nuclear accumulation. Pathologic 

YAP activity could be restored by matrix softening. YAP hyperactivation further increases F-actin 

rearrangement, actomyosin contractility, and ECM remodeling to develop an “inside-out” positive 

feedback system to modulate cell/tissue tension and stiffness. Created with BioRender.com. 

 

 

To tune hydrogel stiffness independently of ECM composition or structure, additional bioinert 

polymers can be incorporated to form a so-called interpenetrating network [44-50]. Alginate is 

widely used in this application due to its tunable mechanical properties via soluble calcium (and 

other divalent cations such as strontium) crosslinking [52, 53]. For example, collagen-alginate 

hydrogels were developed to investigate epigenetic reprogramming of tumor cells [56], cell 

migration and spreading [54, 86], and mesenchymal stem cell differentiation [87]. It is widely 

accepted that the JCT, the physiological substrate of SC cells, is stiffer under glaucomatous 
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conditions [11, 21, 42, 88, 89]. In this study, we fabricated an ECM-alginate hybrid hydrogel 

system which increased hydrogel stiffness by ~3-3.5-fold over baseline (Fig. 6.1A,B). Importantly, 

this ECM-alginate system enables in situ hydrogel softening by digesting alginate with alginate 

lyase in a cytocompatible manner [64-66], resulting in a decrease of hydrogel stiffness to the soft 

baseline levels (Fig. 6.2A,B).   

YAP, a mechanosensitive transcriptional coactivator, enables cells to sense the biophysical 

properties of their surrounding microenvironment. YAP modulates target gene expression profiles 

with broad functional consequences across many cell and tissue types [28, 29]. Through this 

mechanism, YAP signaling regulates critical cellular functions and normal tissue homeostasis; 

imbalance or failure of this process is at the core of various diseases [90]. YAP1 was identified as 

a potential POAG risk gene in a multi-ethnic genome-wide meta-analysis [27]; we recently 

demonstrated that YAP activity was upregulated in human TM (HTM) cells by ECM stiffening 

[21], implicating YAP could be a central regulator in outflow cell pathobiology. Consistent with 

our observations on HTM cells, we revealed that HSC cells cultured atop the stiffened matrix 

exhibited increased nuclear YAP subcellular localization compared to cells grown on the soft 

matrix (Fig. 6.1, Fig. 6.2; Suppl. Fig 6.2). Furthermore, our results showed expression of 

downstream effectors of nuclear YAP (i.e., TGM2 and CTGF) and deposition of fibronectin were 

also increased by the stiffened matrix (Fig. 6.1C,F,G). TGM2 is a protein that promotes cell-

matrix interactions and crosslinking of ECM proteins, especially fibronectin [91]. CTGF has been 

shown to increase fibronectin deposition and elevate IOP in mouse eyes [92]. Therefore, we 

speculate that YAP hyperactivation may induce HSC cell ECM protein deposition/remodeling to 

further increase ECM stiffness. Future studies could investigate stiffness of deposited ECM protein 

secreted by the HSC cells cultured atop soft or stiff matrix using atomic force microscopy. Of note, 
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we observed that the effects of matrix stiffening on YAP and TGM2 mRNA expression varied 

greatly between HSC cell strains, while YAP N/C ratio and TGM2 protein levels showed a smaller 

donor-to-donor variability. It would be worthwhile to further investigate post-transcriptional 

mechanisms that regulate YAP total protein levels and subcellular localization in HSC cells.  

In situ softening of the novel ECM-alginate hydrogel system enabled our investigation of 

whether YAP hyperactivation induced by the stiffened matrix could be reversed by matrix 

softening in a time-dependent manner. YAP activity adapted in a rapid fashion to the softened 

matrix; YAP moved from the nucleus to the cytoplasm as early as 3 h after matrix softening and 

then stabilized (Fig. 6.2D,E, Fig. 6.3B,D). Interestingly, we observed that F-actin levels decreased 

slower than YAP N/C ratio, which took 24 h to reach the soft baseline levels (Fig. 6.3 C,D). YAP 

mechanotransduction is regulated by the tension of the F-actin cytoskeleton [93]. We speculated 

that myosin II, which is responsible for producing cytoskeleton contraction force [94], may 

respond to matrix softening quickly to regulate YAP subcellular localization. This hypothesis is 

supported by our previous study in which we demonstrated that p-MLC was regulated in HTM 

cells by a short-term treatment of  extracellular-signal-regulated kinase inhibitor (i.e., 4 h), while 

no difference was observed on F-actin levels [43]. Future studies will be necessary to investigate 

the time-dependent response of p-MLC to matrix softening and if myosin II activity regulates YAP 

signaling in HSC cells.  

Fibronectin is one of the major ECM proteins in the outflow tract [74, 75], and increased 

expression/deposition of fibronectin was observed in TM and SC cells under glaucomatous 

conditions [42, 43, 95]. Here, we demonstrated that HSC cells exhibited increased fibronectin 

deposition in response to matrix stiffening (Fig. 6.1J,K). Fibronectin coating of biomaterials has 

been shown to increase nuclear YAP in endothelial cells and mesenchymal stem cells [96, 97]. 
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Thus, we hypothesized that fibronectin deposition may influence YAP activity in HSC cells. Our 

data revealed that fibronectin coating of soft hydrogels increased nuclear YAP localization, p-

MLC levels, and actin cytoskeleton remodeling (Fig. 6.4; Suppl. Fig. 6.4). Fibronectin has 

multiple isoforms generated by alternative processing of a single primary transcript at three 

domains: extra domain A (EDA), extra domain B (EDB), and the type III homologies connecting 

segment [98]. Two major forms of fibronectin exist in human: plasma fibronectin, which does not 

contain EDA and EDB, and cellular fibronectin, which has EDA or EDB or both [99]. It has been 

demonstrated that fibronectin-EDA was elevated in glaucomatous vs. normal TM tissue [100]; 

fibronectin-EDA was shown to elevate intraocular pressure  in mice [101]. In this study, we used 

plasma fibronectin to coat the hydrogels, future research would be necessary to investigate the 

effects of cellular fibronectin and fibronectin-EDA on YAP signaling in HSC cells. 

YAP and TAZ, two highly related transcriptional regulators, are generally thought to function 

similarly in response to mechanical and biochemical signals [93]. Consistent with our observations 

on HTM cells in our recent study [21], we here demonstrated that nuclear localization of both YAP 

and TAZ were increased by the stiffened matrix or fibronectin coating of the soft hydrogels (Suppl. 

Fig. 6.1A,B, Suppl. 6.2B,C, Suppl. Fig. 6.4A,B), suggesting that YAP/TAZ mechanotransduction 

in response to biophysical alterations of the microenvironment could be equivalent in HSC cells.  

Our results showed that YAP/TAZ activity was upregulated in HSC cells by matrix stiffening 

and fibronectin deposition (Fig. 6.1, Fig. 6.4). These observations led us to explore the cellular 

responses upon YAP/TAZ inhibition. We found that YAP/TAZ depletion using siRNA or 

pharmacological inhibition using verteporfin (VP) abrogated stiffness-mediated F-actin 

remodeling, actomyosin contractility, and fibronectin expression/deposition (Fig. 6.5), 

demonstrating that YAP and TAZ transduce the external mechanical signals into cellular responses 
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to modulate HSC cell contractility and ECM remodeling. More importantly, we found that ocular 

perfusion of VP increased outflow facility in ex vivo mouse eyes, further demonstrating that 

YAP/TAZ inhibition could be a promising strategy for reducing ocular hypertension (Fig. 6.6). In 

support of this notion, it has been shown that nanocarriers loaded with latrunculin A – an actin 

depolymerizer – tagged with a peptide that targets HSC cells exhibited significantly greater uptake 

by the cells and stronger effects on cell softening compared to non-targeted micelles [102]. Future 

studies could develop TM/SC cell targeted nanocarriers loaded with VP to reduce off-target drug 

delivery and potential for side effects. 

In conclusion, by using an ECM-alginate hybrid hydrogel system that allows precise and 

on-demand control over matrix stiffness during the culture of cells, we demonstrated that nuclear 

YAP and F-actin levels in HSC cells are upregulated by matrix stiffening, which is completely 

reversed by matrix softening. YAP hyperactivation further increases F-actin rearrangement, 

actomyosin contractility, and ECM remodeling to develop an “inside-out” positive feedback 

system to modulate cell/tissue tension and stiffness, and outflow facility. Our findings provide 

strong evidence for a pathologic role of aberrant YAP signaling in pathobiology of HSC cells, and 

may help inform strategies for the development of novel multifactorial approaches to prevent 

progressive ocular hypertension in glaucoma. 
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6.8 Supplementary Material 

 
Suppl. Fig. 6. 1. Influence of substrate stiffness on TAZ subcellular localization and F-actin 
levels.  
(A) Representative fluorescence micrographs of TAZ in HSC cells on soft and stiff hydrogels 

(TAZ = grey). Scale bar, 20 μm; arrows indicate TAZ nuclear localization. (B) Analysis of TAZ 

nuclear/cytoplasmic ratio (N = 30 images from 3 HSC cell strains with 3 replicates per cell 

strain). (C) Representative fluorescence micrographs of F-actin in HSC cells on soft and stiff 

hydrogels. (F-actin = green; DAPI = blue). Scale bar, 20 μm. (D) Analysis of F-actin intensity (N 

= 30 images from 3 HSC cell strains with 3 replicates per cell strain). Symbols with different 

colors represent different cell strains. The bars and error bars indicate Mean ± SD; Significance 

was determined by unpaired t-test or two-way ANOVA using multiple comparisons tests (**p < 

0.01; ****p < 0.0001). 
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Suppl. Fig. 6. 2. RF-stiffened ECM hydrogels elevate F-actin and YAP activity in HSC cells.  
(A) Schematic of riboflavin (RF)-mediated double UV crosslinking to stiffen ECM hydrogels. (B) 

Representative fluorescence micrographs of YAP in HSC cells on soft and RF-stiffened hydrogels. 

Scale bar, 20 μm; arrows indicate YAP nuclear localization. (C) Analysis of YAP 

nuclear/cytoplasmic ratio (N = 20 images from 2 HSC cell strains with 3 replicates per cell strain). 

(D and F) Representative fluorescence micrographs of F-actin and TGM2 in HSC cells on soft and 

RF-stiffened hydrogels. Scale bar, 20 μm. (E and G) Analysis of F-actin and TGM2 intensity (N 

= 20 images per group from 2 HSC cell strains with 3 replicates per HSC cell strain). Symbols 

with different colors represent different cell strains. The bars and error bars indicate Mean ± SD; 

Significance was determined by unpaired t-test (****p < 0.0001). 

 

 
Suppl. Fig. 6. 3. Effects of matrix softening on TGM2 expression in HSC cells. 
(A) Representative fluorescence micrographs of TGM2 in HSC cells on soft, stiff, and softened 

hydrogels. Scale bar, 20 μm. (B) Analysis of TGM2 intensity (N = 20 images per group from 2 

HSC cell strains with 3 replicates per HSC cell strain). Symbols with different colors represent 

different cell strains. The bars and error bars indicate Mean ± SD; Significance was determined by 

two-way ANOVA using multiple comparisons tests (****p < 0.0001). 
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Suppl. Fig. 6. 4. Effects of fibronectin deposition on TAZ subcellular localization, F-actin 
and αSMA in HSC cells.  
(A) Representative fluorescence micrographs of YAP in HSC cells on control and fibronectin-

coated hydrogels. Scale bar, 20 μm; arrows indicate YAP nuclear localization. (B) Analysis of 

YAP nuclear/cytoplasmic ratio (N = 30 images from 3 HSC cell strains with 3 replicates per cell 

strain). (C,E) Representative fluorescence micrographs of F-actin/αSMA in HSC cells on control 

and fibronectin-coated hydrogels. Scale bar, 20 μm. (D) Analysis of F-actin intensity (N = 30 

images per group from 3 HSC cell strains with 3 replicates per HSC cell strain). (F) Analysis of 

percentage of αSMA
+ 

cells (N = 30 images per group from 3 HSC cell strains with 3 replicates per 

HSC cell strain; more than 150 cells were analyzed per cell strain). Symbols with different colors 

represent different cell strains. The bars and error bars indicate Mean ± SD; Significance was 

determined by unpaired t-test (****p < 0.0001). 
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Suppl. Fig. 6. 5. Inhibition of YAP/TAZ-TEAD interaction with VP decreases YAP activity 
in HSC cells.  
(A) mRNA fold-change of YAP normalized to GAPDH in HSC cells on stiff hydrogels subjected 

to control or VP (0.5 μM) by qRT-PCR. (N = 9 replicates from 3 HSC cell strains). (B) 

Representative fluorescence micrographs of YAP in HSC cells on stiff hydrogels subjected to the 

different treatments. Scale bar, 20 μm; arrows indicate YAP nuclear localization. (C) Analysis of 

YAP nuclear/cytoplasmic ratio (N = 30 images from 3 HSC cell strains with 3 replicates per cell 

strain). Symbols with different colors represent different cell strains. The bars and error bars 

indicate Mean ± SD; Significance was determined by unpaired t-test (****p < 0.0001). 
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Suppl. Fig. 6. 6. YAP/TAZ depletion using siRNA. 
(A) Schematic showing the time course of YAP/TAZ depletion using siRNA. (B and E) mRNA 

fold-change of YAP and TAZ in HSC cells on stiff hydrogels subjected to siControl or siYAP/TAZ 

knockdown normalized to GAPDH by qRT-PCR 48h post transfection (N = 6 replicates from 2 

HSC cell strains). (C and F) Representative fluorescence micrographs of YAP/TAZ in HSC cells 

on stiff hydrogels subjected to siControl or siYAP/TAZ. Scale bar, 20 μm; arrows indicate 

YAP/TAZ nuclear localization. (D and G) Analysis of YAP/TAZ nuclear/cytoplasmic ratio (N = 

20 images from 2 HSC cell strains with 3 replicates per cell strain). (H) Immunoblot of YAP and 

TAZ. (I and J) Immunoblot analysis of YAP and TAZ (N = 3 replicates). Symbols with different 

colors represent different cell strains. The bars and error bars indicate Mean ± SD; Significance 
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was determined by unpaired t-test or one-way ANOVA using multiple comparisons tests (****p 

< 0.0001; shared significance indicator letters represent non-significant difference (p>0.05), 

distinct letters represent significant difference (p<0.05)). 

 

 

Suppl. Fig. 6. 7. YAP/TAZ are regulators of ECM remodeling and cell contractile properties 
in HSC cells.  
(A, C, E, G and I) Representative fluorescence micrographs of TGM2, FN, αSMA, F-actin, and p-

MLC in HSC cells on stiff hydrogels subjected to siControl or siYAP/TAZ. Scale bar, 20 μm in 

A, E, G and I; 100 μm in C. (B, D, H and J) Analysis of TGM2, FN, αSMA, F-actin, and p-MLC 

(N = 20 images from 2 HSC cell strains with 3 replicates per cell strain). (F) Analysis of percentage 

of αSMA
+ 

cells (N = 20 images per group from 2 HSC cell strains with 3 replicates per HSC cell 

strain; more than 150 cells were analyzed per cell strain). (K) mRNA fold-change of TGM2, 

CTGF, αSMA, and FN normalized to GAPDH by qRT-PCR in HSC cells on stiff hydrogels 

subjected to siYAP/TAZ 48h post transfection over siControl (N = 6 replicates from 2 HSC cell 

strain). Symbols with different colors represent different cell strains. The bars and error bars 

indicate Mean ± SD; Significance was determined by unpaired t-test or two-way ANOVA using 

multiple comparisons tests (**p<0.01, ***p<0.001, ****p < 0.0001). 
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Suppl. Table 6. 1. HSC cell strain information 

ID Sex Age 

HSC01 Male 33 

HSC02 Male 46 

HSC03 Female 46 

HSC09 Female 69 

HSC78* Male 77 

*obtained from W.D.S. at Duke University 

 
 
Suppl. Table 6. 2. Antibody information 

Target  Catalog no. Company Dilution 
WB 

Dilution 
ICC 

anti-YAP 14074S Cell Signaling 

Technology 

1:1000 1:200 

anti-TAZ 4883S Cell Signaling 

Technology 

1:1000 1:200 

anti-TGM2 ab421 Cell Signaling 

Technology 

 

1:400 

anti-p-MLC 3675 Cell Signaling 

Technology 

  1:200 

anti-Fibronectin ab45688 Abcam   1:500 

anti-αSMA C6198 Sigma   1:400 

Alexa Fluor® 488-conjugated anti-

Rabbit IgG 

A27034 Invitrogen   1:500 

Alexa Fluor® 584-conjugated anti-

Rabbit IgG 

ab150080 Abcam   1:500 

Alexa Fluor® 488-conjugated anti-

Mouse IgG 

A21203 Invitrogen   1:500 

 

 

Suppl. Table 6. 3Suppl. Table 6. 4. Primer information 

Target Forward Reverse 
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

YAP AGCCAGTTGCAGTTTTCAGG AACAGCAGCAATGGACAAGG 

TAZ CATGGCAGTATCCCAGCCAA AGCGCATTGGGCATACTCAT 
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CTGF ATGTGCATTCTCCAGCCATC TTCACTTGCCACAAGCTGTC 

TGM 2 TCAACTGCAACGATGACCAGG TGTTCTGGTCATGGGCCGAG 

CYR61 GAGTGGGTCTGTGACGAGGAT GGTTGTATAGGATGCGAGGCT 

ANKRD1 AGTAGAGGAACTGGTCACTGG TGGGCTAGAAGTGTCTTCAGAT 

FN GTCTTGTGTCCTGATCGTTG AGGCTGGATGATGGTAGATTG 

a-SMA GGCATCATCACCAACTGGGA CAGGGTGGGATGCTCTTCAG 
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In vitro studies of HTM/HSC cell function are fundamentally limited by traditional cell culture 

substrates. It is widely accepted that cells cultured in environments made of relevant ECM proteins 

show altered behavior compared to conventional stiff and planar cell culture substrates, 

highlighting the need for more biologically-relevant HTM/HSC model systems [1, 2]. The work 

presented in this dissertation has focused on the application of 3D ECM protein-based hydrogels 

to further the field’s understanding of cellular and biomechanical aspects of conventional outflow 

cell dysfunction in glaucoma. These tissue-mimetic ECM hydrogel systems offer two key 

advantages compared to most other current in vitro models [3-13]: 1) they better replicate the 

dynamic nature of native tissue microenvironments governed by complex cell-ECM interactions, 

and 2) they facilitate investigation of cellular dysfunction with tissue-level functional changes such 

as glaucomatous contraction and stiffening, considered hallmarks of glaucoma pathophysiology.  

7.1 HTM and HSC modeling using ECM hydrogels 

In Chapter 2, we used a “reductionist approach” and focused on critical ECM proteins present 

in the native JCT-TM tissue to formulate a novel biomimetic 3D HTM hydrogel that provides a 

key advancement in bioengineered glaucoma disease modeling. Using functionalized ECM 

biopolymers, we were able to fabricate HTM cell-laden hydrogels via photoinitiator-mediated 

short and cytocompatible UV crosslinking, facilitating prominent HTM cell spreading and 

proliferation through the soft and porous 3D network. Dexamethasone (DEX) and TGFβ2 can 

cause elevation of IOP, leading to their applications as “glaucoma stressors” in experimental 

studies [14-16]. The FDA approved ROCK inhibitor netarsudil [17], the active ingredient in 

Rhopressa
TM

, directly targets the TM and SC in the conventional outflow pathway to increase AH 

outflow facility via cell/tissue relaxation [18-22]. Here, we demonstrated that DEX and TGFβ2 

increased HTM cell cytoskeletal rearrangement, ECM remodeling/deposition, HTM hydrogel 
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contraction and stiffness, consistent with data obtained from perfusion-cultured HTM tissues 

challenged with DEX [23, 24]. Moreover, we found that DEX/TGFβ2-induced pathologic changes 

were rescued by ROCK inhibitor Y27632 treatment, in support of clinical netarsudil use. 

Importantly, we validated this hydrogel system as a glaucoma disease model by encapsulating 

glaucomatous HTM (GTM) cells for comparisons with age-matched normal HTM hydrogels. Our 

results demonstrated that GTM hydrogels were more contracted and stiffened compared to normal 

HTM controls, and ROCK inhibition restored hydrogel stiffness to baseline levels. This suggests 

that hydrogel-encapsulated GTM cells possess a “pathologic memory” and provides ultimate 

validation of our biomimetic HTM hydrogel model. Other ECM components in the TM tissue, 

such as laminin, fibronectin, collagen IV and vitronectin, also facilitate ECM organization and 

cell-ECM interactions [25-28]. Future studies could incorporate some of these ECM components 

in the hydrogel system to recapitulate the in vivo TM tissue with further accuracy. 

In Chapter 3, we demonstrated that HTM cells exhibited different cell morphology and F-

actin organization cultured on different substrates (i.e., cell culture plastic/glass vs. ECM 

hydrogels), implicating the importance of cell-ECM interactions on influencing cell behavior. 

Importantly, we showed for the first time that TGFβ2-induced ERK signaling negatively regulates 

ROCK-mediated p-MLC expression and HTM cell contractility when cultured on soft ECM 

hydrogels. In contrast, no such crosstalk between ERK and ROCK signaling pathways was 

observed in HTM cells grown on glass/plastic. These data highlight the potential of biomimetic 

ECM hydrogels to investigate nuances in HTM cell biology that may otherwise go unnoticed when 

relying exclusively on traditional stiff substrates. Future studies could expand the crosstalk 

investigations to include canonical TGFβ2-Smad2/3 signaling. 
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Previous atomic force microscopy (AFM) analyses reported elastic modulus of normal and 

glaucomatous TM of ~0.9-16 kPa and ~2-80 kPa, respectively [29-31]. The elastic modulus of our 

HTM cell-laden hydrogels was ~0.2 kPa by AFM, which was in good agreement with data from 

human tissue specimens. Our engineered HTM hydrogel is positioned close to the lower range of 

native TM tissue while simulating a more favorable soft tissue-mimetic ECM microenvironment 

compared to supraphysiologically stiff glass/plastic. Future research could increase the hydrogel 

stiffness to better approximate the baseline ECM stiffness of native TM tissue.  

The physiological substrate of the SC cells in the inner wall is the JCT, the deepest aspect of 

the TM [32]. To build upon this work, we cultured HSC cells on/in the soft ECM hydrogels and 

challenged the cells with TGFβ2 in Chapter 5. We demonstrated that TGFβ2 upregulated actin 

cytoskeleton remodeling, ECM deposition, and HSC cell-laden hydrogel contraction, similar to 

HTM cells. Taken together, using ECM hydrogels, we engineered in vitro HTM and HSC hydrogel 

models that could serve as a screening platform for new POAG treatments with focus on cell/tissue 

biomechanics. To our knowledge, this is the first report establishing well-defined, bioengineered 

HTM/HSC hydrogels using relevant biopolymers found in the native tissue to partially replicate 

the complex native 3D cell-ECM interface. Elevated IOP is mainly caused by increased resistance 

to AH outflow in the JCT region of the conventional outflow pathway where the TM and SC inner 

wall cells interact [33]. Importantly, it has been shown that TM-SC cell interactions regulate 

outflow facility [34]. Future studies could combine the independent systems to engineer a true in 

vitro JCT-TM/ECM/SC interface for mechanistic cell communication studies. By incorporating 

the hydrogel platform on a custom microfluidics chip, the model system would then also become 

suitable for dynamic measurements of flow resistance/outflow facility in a controlled tissue-

mimetic ECM environment. 
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The native ECM is a complex and dynamic microenvironment, which functionally depends on 

the precise equilibrium of ECM biosynthesis and degradation [35]. Matrix metalloproteinases 

(MMPs) are a group of enzymes that can degrade various ECM proteins [36]. TM cells secrete 

diverse MMPs, including MMP-1, -2, -3, -4, -9, -12, -14 and -24, which can degrade collagen, 

gelatin, fibronectin, laminins, proteoglycans, and many other ECM proteins [37-41]. Previous 

studies have shown that MMP-2 was upregulated in HTM cells by relevant glaucoma stressors 

corticosteroids and TGFβ2 [4, 42]. Moreover, it has been demonstrated that perfusing human 

anterior segment with recombinant MMP-2, MMP-3, or MMP-9 elevated outflow facility, while 

inhibition of MMPs activity reduced AH outflow [43]. Therefore, it is widely accepted that ECM 

turnover by MMPs in the TM is important to maintain steady state outflow facility, and that MMPs 

are promising targets for rescuing ocular hypertension. Of note, HSC cells also express MMP-2 

[44]. Future studies could investigate MMP regulation in HTM/HSC cells under normal and 

glaucomatous conditions using biomimetic ECM hydrogels, and assess whether MMP inhibition 

would affect cell contractility and hydrogel stiffness.  

Interestingly, the glaucomatous TM contains little to no HA compared to the normal tissue 

[45], and HA has been shown to upregulate the expression of MMP-2 and MMP-9 in GTM cells 

[41]. Since both TM and SC cells express CD44, which can bind to HA [41, 46], we hypothesize 

that HA-CD44 interaction could regulate expression and activity of MMPs. Future work could 

focus on tuning HA concentration in the ECM hydrogel, and assessing its effects on MMPs in 

HTM/HSC cells under normal and glaucomatous conditions.  

7.2 YAP/TAZ signaling in HTM and HSC cells 

YAP/TAZ signaling regulates critical cellular functions and normal tissue homeostasis; 

imbalance or failure of this process is at the core of various diseases, such as cancer and tissue 
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fibrosis [47]. Importantly, a recent genome wide meta-analysis identified YAP1 as a potential 

genetic risk factor for POAG across European, Asian, and African ancestries, implicating a 

potential causal relationship with outflow dysfunction [48]. We demonstrated that GTM cells 

exhibited higher YAP/TAZ activity compared to normal HTM cells (Chapter 4), consistent with 

previous studies [48], jointly suggesting that YAP/TAZ may play an important role in maintaining 

outflow tissue homeostasis. In this dissertation, we investigated the effects of TGFβ2 and matrix 

stiffness on YAP/TAZ activity in HTM and HSC cells. 

 

7.2.1 YAP/TAZ activity mediated by TGFβ2 

In Chapters 4 and 5, we demonstrated that TGFβ2 induced YAP/TAZ hyperactivation in both 

HTM and HSC cells. TGFβ2 is known to signal via both canonical Smad and non-canonical 

signaling pathways, such as ERK, c-Jun N-terminal kinases, P38 kinases, and ROCK [49]. In 

Chapter 4, we demonstrated that TGFβ2 increased YAP/TAZ nuclear localization in HTM cells 

via ERK and ROCK signaling pathways. Future studies could investigate the effects of other 

TGFβ2-mediated signaling pathways, and the crosstalk among them, on YAP/TAZ activity in 

HTM/HSC cells.  

Moreover, we discovered that YAP/TAZ inhibition using verteporfin (VP) decreased TGFβ2-

indcued HTM/HSC cell-laden hydrogel contraction and HTM hydrogel stiffness (Chapters 4 and 

5). These results suggest that YAP/TAZ could be central players in the pathologic processes of 

TGFβ2-induced TM/SC cell contractility and tissue stiffening. VP is an approved treatment for 

macular degeneration via inhibiting YAP/TAZ activity [50]. In the United States, the ROCK 

inhibitor netarsudil [17] is the only approved ocular hypertension/glaucoma treatment directly 

targeting the conventional outflow pathway. However, various adverse events at the ocular surface 



 269 

in some patients have been reported [51-53], raising concerns over netarsudil's routine use. Our 

data suggest that VP could be a promising candidate for rescuing ocular hypertension. Future in 

vivo studies could be performed to directly assess the effects of VP on outflow tissue homeostasis 

and IOP regulation.  

 

7.2.2 YAP/TAZ activity mediated by fibronectin 

Fibronectin is one of the major ECM proteins in the outflow tract [54, 55], and increased 

expression/deposition of fibronectin was observed in TM and SC cells under glaucomatous 

conditions [12, 56, 57]. This is believed to contribute to the increase in cellular 

mechanoresponsiveness, cytoskeletal reorganization, and resistance to AH outflow [54, 58]. In this 

dissertation, we demonstrated that ocular hypertension-associated DEX and TGFβ2 upregulated 

fibronectin expression/deposition on/in hydrogels with HTM cells atop or inside (Chapter 2, 3 

and 4), and that fibronectin was upregulated by TGFβ2 in HSC cells cultured on hydrogels 

(Chapter 5). In Chapter 6, we showed that fibronectin coating of soft ECM hydrogels increased 

nuclear YAP/TAZ localization, p-MLC levels, and actin cytoskeleton remodeling in HSC cells via 

enhanced cell-ECM interactions. Focal adhesions, comprised by integrins and membrane-

cytoskeletal proteins (e.g., vinculin, paxillin, talin, focal adhesion kinase, and Src), are dynamic 

protein complexes that connect the intracellular actin cytoskeleton to the ECM [59]. Our data 

indicate that extracellular fibronectin may regulate focal adhesions to modulate actin cytoskeleton 

remodeling and YAP/TAZ subcellular localization.  

Integrins are a family of transmembrane heterodimeric cell surface receptors made up of an 

alpha and a beta subunit [60]. The various combinations of the integrin subunits form a heterodimer 

that exhibits distinctive binding to different ECM ligands. Currently 12 different integrins have 
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been identified in the TM/SC cells (Table 7.1) [61-64]. Several studies have shown that integrins 

are highly associated with TM/SC cell glaucoma pathobiology and impaired AH outflow facility. 

For example, DEX has been found to upregulate β1 and αvβ3 integrins to induce crosslinked actin 

networks in TM cells that are associated with increased cell contractility and stiffness [65, 66]. 

Importantly, it has been demonstrated that activation of αvβ3 integrin increased IOP in mice and 

decreased outflow facility in organ culture anterior segments [67], indicating that integrins are 

important regulators of POAG pathogenesis. TM and SC cells express a number of membrane-

cytoskeletal proteins including vinculin, paxillin, and focal adhesion kinase [12, 68, 69]; focal 

adhesion kinase was found to be associated with phagocytosis of TM cells, which regulates AH 

outflow facility [70]. A variety of integrins in the TM/SC cells (i.e., α4β1, α5β1, αvβ1, αvβ3, 

αvβ5, αvβ8, and α4β7) can bind to fibronectin [61-64], future studies could investigate the effects 

of fibronectin deposition on expression/activity of integrins and levels of membrane-cytoskeletal 

proteins, and explore how focal adhesion regulates YAP/TAZ activity in the conventional outflow 

cells. 

Table 7. 1. Integrins in the TM/SC cells and their ECM ligands 

Integrins  ECM ligands 
α1β1* Collagens (I, IV, IX), laminin 
α2β1* Collagens (I, IV, IX), laminin, thrombospondin 1 
α3β1* Laminin, thrombospondin 1 
α4β1 Fibronectin 
α5β1 Fibronectin, fibrillin, thrombospondin 1 
α6β1* Laminin 
αvβ1 Fibronectin, vitronectin 
αvβ3 Fibronectin, vitronectin, collagen IV 
αvβ5 Fibronectin, vitronectin 
αvβ8 Fibronectin, vitronectin 
α6β4* Laminin 
α4β7 Fibronectin 
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All listed integrins have been identified in the TM. The star symbol (*) indicates that those 

integrins have also been identified in SC cells [61-64]. 

 

7.2.3 YAP/TAZ activity mediated by matrix stiffness 

Activity of YAP/TAZ has been shown to be regulated by the substrate stiffness in various cell 

types, such as fibroblast, mesenchymal stem cells, and cancer cells [71-73]. In this dissertation, 

we used two different methods to stiffen the ECM and investigated effects of the stiffened matrix 

on YAP/TAZ activity in HTM/HSC cells. Riboflavin (RF) is a clinical treatment to stabilize the 

collagen-rich stroma in corneal ectasias via crosslinking of collagen fibrils to enhance mechanical 

properties [74, 75]. Inspired by this, we used RF to double-crosslink collagen in the ECM 

hydrogels. This procedure increased hydrogel stiffness ~2-fold over baseline, consistent with 

glaucomatous TM tissue behavior [29, 76]. Our results showed that RF-mediated matrix stiffening 

increased YAP/TAZ nuclear localization in both HTM (Chapter 4) and HSC cells (Chapter 6). 

We then sought to investigate if the stiffened matrix-induced YAP/TAZ hyperactivation could be 

rescued by matrix softening; yet, RF-mediated matrix stiffening is irreversible. To overcome this 

limitation, we developed a new system by incorporating bioinert alginate in the ECM hydrogel 

formulation (Chapter 6).  

Alginate is a bioinert polymer exhibiting a gentle mode of crosslinking by soluble calcium 

(and other divalent cations such as strontium), which facilitates further matrix stiffening [77]. 

Importantly, the ECM-alginate hydrogel system enables in situ matrix softening by digesting 

alginate with alginate lyase [78], which allows for reducing matrix stiffness without changing the 

network of the ECM polymers. In our study, we fabricated an ECM-alginate hybrid system which 

was ~3.5-fold stiffer compared to alginate-free matrix and demonstrated that targeted alginate 

digestion resulted in a decrease of hydrogel stiffness to soft baseline levels. Consistent with our 
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findings using the RF hydrogel, we demonstrated that stiffened ECM-alginate hydrogels increased 

YAP nuclear localization and F-actin levels in HSC cells (3 d on the stiffed matrix), which was 

rescued by alginate lyase-mediated matrix softening (3 d on the softened matrix). Furthermore, we 

investigated time-dependent recovery of YAP localization and F-actin. We found that YAP 

remodeling adapted in a rapid fashion to the softened matrix; it moved from the nucleus to the 

cytoplasm by 3 h after softening. In contrast, F-actin levels decreased far slower, and significantly 

lower F-actin levels were observed only after 24 h post-softening. Together, these data showed 

that ECM stiffening induced YAP hyperactivation and actin remodeling, which were reversible by 

matrix softening. This suggests that targeting ECM stiffness to interrupt the feed-forward cycle 

between matrix stiffening and cellular response to the stiffened ECM could be a promising strategy 

for restoring outflow cell dysfunction and managing ocular hypertension in glaucoma.  

Cellular mechanical memory describes how cells acquire and retain information from their past 

biophysical microenvironments [79, 80]. Recent studies suggest that mesenchymal stem cells and 

fibroblasts develop a permanent memory of their previous mechanical environment induced by 

long-term (i.e., >10 days) culture on stiff hydrogel substrates in vitro [81, 82]. In this context, 

irreversible YAP nuclear accumulation, and thus constitutive activation, is a hallmark of cellular 

mechanical memory [83-90]. “Consolidation” of this memory depends on the extent of mechanical 

dosing, i.e., the amount of time a cell experiences elevated matrix stiffness. A short mechanical 

dose results in transient mechanical memory; YAP diffuses from the nucleus back to the cytoplasm 

with minimal changes in gene expression. In contrast, a longer mechanical dose results in 

persistent mechanical memory; YAP remains localized in the nucleus causing significant changes 

in gene expression. Future studies could investigate how mechanical memory in TM cells is first 

formed and then stored, and how it contributes to the persistence of glaucomatous dysfunction.  
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YAP and TAZ interact with TEA domain (TEAD) to upregulate expression of effector proteins 

which may further promote YAP/TAZ-mediated mechanical or metabolic signaling (positive 

feedback loop) [91]. In this dissertation, we found that YAP/TAZ depletion using siRNA or 

pharmacological inhibition using VP abrogated stiffness-mediated F-actin remodeling, 

actomyosin contractility, and fibronectin deposition in both HTM and HSC cells, which blocks the 

“inside-out” positive feedback loop. More importantly, we found that ocular perfusion of VP 

increased outflow facility in ex vivo mouse eyes, further demonstrating YAP/TAZ inhibition could 

be a promising strategy for reducing ocular hypertension. YAP/TAZ inhibition experiments in this 

dissertation were performed by using either siYAP/TAZ or VP, both methods block activity of 

YAP and TAZ together. However, YAP and TAZ may function differently. Future studies could 

focus on dissecting individual functions of YAP and TAZ, and their potentially distinct 

transcriptional effectors in HTM/HSC cells. YAP or TAZ could be depleted separately in 

HTM/HSC cells followed by performing chromatin immunoprecipitation sequencing (ChIP-

seq) experiments to pull down and sequence genes associated with them.  

Our data suggest that YAP/TAZ nuclear translocation is critical for the progression of 

HTM/HSC cellular dysfunction. The linker of nucleoskeleton and cytoskeleton (LINC) 

complex connects the nucleus to the cytoskeleton, consisting of nesprins and Sad1p-UNC-84 

(SUN) proteins, regulating both mechanotransduction and gene expression [92]. Nesprins 

locate on the outer nuclear membrane and interact with the cytoskeleton in the cytoplasms. On 

the nuclear face, nesprins bind to SUN proteins at the inner nuclear membrane. The SUN 

proteins are in turn connected to the lamina and to the chromatin in the nucleus [93, 94]. Many 

studies show that extracellular mechanical cues can directly propagate to the nucleus through 

the LINC complex. For example, it has been shown that mesenchymal stem cells cultured on a 
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stiff matrix exhibited higher Lamin A/C expression compared to cells on a soft substrate [95]. 

Another study constructed a mutated nesprin with limited sites to SUN proteins, and 

demonstrated that nesprin-SUN protein interaction was critical for force transmission between 

the cytoskeleton and nucleus [96]. To better understand the mechanism of YAP/TAZ 

subcellular translocation, future studies could focus on investigating the role of LINC complex 

in the process of YAP/TAZ nuclear transport induced by glaucoma-associated stressors in 

HTM/HSC cells.  

In the nucleus, DNA wraps around the nucleosome, called chromatin. This allows for an 

open, transcriptionally active euchromatin conformation or a condensed, inactive 

heterochromatin conformation. Epigenetic modifications, such as DNA methylation, histone 

acetylation, and histone methylation, can regulate chromatin condensation, resulting in 

transcriptional activation or repression [97, 98]. Studies have shown that matrix stiffness 

affects DNA and histone modifications in multiple cell types. For example, a recent study 

demonstrated that a stiff substrate decreased DNA methylation in gastric cancer cells, resulting 

in YAP hyperactivation and tumor progression [72]. Similarly, levels of histone 3 acetylation 

in human mammary epithelial cells were found to be upregulated by a stiff matrix, which 

increased chromatin accessibility and induced tumor formation [99]. In addition, levels of 

histone acetylation in mesenchymal stem cells influenced by matrix stiffness are thought to be 

highly correlated with cellular differentiation [95, 100]. Overall, the level of chromatin 

condensation determines transcriptional activity and cellular function. We observed that both 

HTM and HSC cells exhibited larger nuclei when cultured on a stiffened ECM hydrogel, 

indicating that the chromatin condensation state could be affected by the surrounding ECM 
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microenvironment. As such, a more open chromatin structure in outflow cells in glaucoma 

would be more susceptible for YAP-mediated transcriptional activation. Future studies could 

focus on investigating epigenetic modifications, in particular histone acetylation, in HTM/HSC 

cells under normal and glaucomatous conditions. Assay for Transposase-Accessible 

Chromatin using sequencing (ATAC-seq), a technique to assess genome-wide chromatin 

accessibility, could be used to expose the genome regions that are changing under normal and 

glaucomatous conditions in HTM/HSC cells, followed by correlative analyses involving YAP. 

The SC endothelium experiences a biomechanical microenvironment that subjects it to a basal-

to-apical pressure drop, which tends to push SC inner wall cells off their supporting basement 

membrane [44]. As a result, SC cells form large dome-like outpouchings into the SC lumen, the 

so-called giant vacuoles (GVs), and transendothelial pores [44, 101]. GVs and pores in SC cells 

are thought to mediate AH transport into the SC lumen and regulate outflow resistance [101, 102]. 

Previous studies have shown that the size and density of both GVs and pores in SC cells of 

glaucomatous eyes are reduced compared to that in healthy eyes [29, 44]. Increasing HSC stiffness 

is positively correlated with decreasing pore density, implicating that HSC cell dysfunction in 

glaucoma could be caused by increased cell stiffness [44]. Future studies could investigate whether 

YAP signaling in HSC cells affects cell stiffness and GV/pore formation.  

Tissue stiffening is associated with a diverse array of pathologies, such as tissue fibrosis-

related diseases and cancer [103, 104]. In the eye, several tissues, including cornea, sclera, TM, 

choroid, and lamina cribrosa, exhibit fibrosis-like features and become stiffer with aging or under 

disease conditions [29, 76, 105-108]. Increased ECM/tissue stiffness also occurs in non-ocular 

tissues, such as lung, kidney, liver, heart, and blood vessels [109-113]. Importantly, targeting ECM 

mechanics by reversing tissue stiffening to limit pathological progression is an emerging 



 276 

therapeutic approach in non-ocular tissue fibrotic diseases [114]. For example, the small molecule 

pirfenidone was approved in the United States in 2014 to treat idiopathic lung fibrosis via 

inhibiting TGFβ-stimulated ECM protein production/deposition [115, 116]. Targeting 

transglutaminase-2 (TGM2), a crosslinker of ECM proteins, using pharmacological inhibition or 

siRNA technology has successfully demonstrated preclinical potential as antifibrosis therapies in 

liver and lung [117, 118]. Verteporfin, a YAP/TAZ inhibitor, was found to suppress the persistent 

fibrotic phenotype of scleroderma dermal fibroblasts, indicating its potential on treating fibrosis 

as seen in systemic sclerosis [119]. In this dissertation, we demonstrated that YAP/TAZ activity 

in the conventional outflow cells is upregulated by glaucoma-associated biochemical (TGFβ2) and 

biophysical (stiffened ECM) stimuli, and that YAP/TAZ inhibition rescues conventional outflow 

cell dysfunction induced by glaucomatous stressors. As such, our observations are comparable to 

abnormal YAP/TAZ activation seen in fibrosis and cancer [120]. Fluid shear stress was found to 

activate YAP to promote cancer cell migration [121]. HSC inner wall cells experience elevated 

shear stress in glaucoma [122, 123]; therefore, future studies could investigate the effects of fluid 

shear stress on YAP/TAZ activity in HSC cells. 

In summary, we demonstrated that the bioengineered ECM hydrogels developed in this 

dissertation provide a major advancement in conventional outflow tissue modeling and allow for 

the investigation of cell-ECM interactions in a biologically-relevant 3D microenvironment. These 

tissue-mimetic hydrogels help improve our understanding of TM and SC cell pathobiology 

induced by glaucoma-associated stressors. We showed that TGFβ2 increases ECM deposition, 

ECM/tissue stiffening, cell contractility, and YAP/TAZ activity; ECM deposition/stiffening 

induces cell dysfunction via mediating YAP/TAZ activity in a feed-forward cycle characterized 

by dynamic reciprocity (Figure 7.1). HTM stiffening in POAG indicates that a biophysical 
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component likely contributes to IOP regulation. Therefore, targeting ECM/tissue stiffening and 

YAP/TAZ hyperactivation in the conventional pathway to interrupt this feed-forward cycle is 

emerging as a promising strategy for managing ocular hypertension. These findings will have 

significant implications for vision health by informing the search for novel therapeutic approaches 

with focus on biomechanics to permanently restore outflow function.  

 

Figure 7. 1. Schematic illustration of a feed-forward cycle between ECM/tissue stiffening and 
cellular response to the stiffened matrix in the conventional outflow pathway responsible for 
ocular hypertension. 
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