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Role of Substratum Stiffness in Modulating Genes
Associated with Extracellular Matrix and
Mechanotransducers YAP and TAZ
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PURPOSE. Primary open-angle glaucoma is characterized by
increased resistance to aqueous humor outflow and a stiffer
human trabecular meshwork (HTM). Two Yorkie homologues,
Yes-associated protein (YAP) and transcriptional coactivator
with PDZ-binding motif, encoded by WWTR1 (TAZ), are
mechanotransducers of the extracellular-microenvironment
and coactivators of transcription. Here, we explore how
substratum stiffness modulates the YAP/TAZ pathway and
extracellular matrix genes in HTM cells and how this may be
play a role in the onset and progression of glaucoma.
METHODS. HTM cells from normal donors were cultured on
hydrogels mimicking the stiffness of normal (5 kPa) and
glaucomatous (75 kPa) HTM. Changes in expression of YAP/
TAZ related genes and steroid responsiveness were determined. Additionally, transglutaminase-2 expression was determined after YAP silencing.
RESULTS. YAP and TAZ are both expressed in human trabecular
meshwork cells. In vitro, YAP and TAZ were inversely regulated
by substratum stiffness. YAP and 14-3-3r were downregulated
to different extents on stiffer substrates; TAZ, tissue transglutaminase (TGM2), and soluble frizzled-related protein-1 (sFRP1) were significantly upregulated. CTGF expression appeared
to be altered differentially by both YAP and TAZ. Myocilin and
angiopoietin-like 7 expression in response to dexamethasone
was more pronounced on stiffer substrates. We demonstrated a
direct effect by YAP on TGM2 when YAP was silenced by small
interfering RNA.
CONCLUSIONS. The expression of YAP/TAZ and ECM-relatedgenes is impacted on physiologically relevant substrates. YAP
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was upregulated in cells on softer substrates. Stiffer substrates
resulted in upregulation of canonical Wnt modulators, TAZ and
sFRP-1, and thus may influence the progression of glaucoma.
These results demonstrate the importance of YAP/TAZ in the
HTM and suggest their role in glaucoma. (Invest Ophthalmol
Vis Sci. 2013;54:378–386) DOI:10.1167/iovs.12-11007
laucoma, a leading cause of blindness, afflicts approximately 80 million patients.1 Increased intraocular pressure
is the primary risk factor for primary open angle glaucoma
(POAG), the most common form of glaucoma.2 It is thought
that aqueous humor outflow through the trabecular meshwork
(TM) is the major site of intraocular pressure (IOP) regulation.3–5 The juxtacanalicular (JCT) meshwork and adjacent
inner walls of the Schlemm’s canal are believed to be
responsible for this regulation. Changes in the structural
organization of the extracellular matrix (ECM) of the JCT in
patients with POAG have been correlated to damage to the
optic nerve.6 Expanding on these morphologic findings, our
laboratory recently reported that human TM (HTM) from
glaucomatous donors was at least 20-fold stiffer than HTM from
normal donors.7 These alterations to the attributes of the HTM
suggest an intriguing biophysical component to glaucoma and
IOP regulation.
Biophysical cues such as structural topography and
stiffness are known to be potent modulators of cell
behaviors. Numerous studies from our laboratory8–11 and
others12–19 have demonstrated that modulation of substratum stiffness can alter phenotypic characteristics of cells,
gene expression, or response to drugs. However, the primary
molecular mechanisms by which the biophysical attributes
influence cell behaviors remain unknown. Additionally, the
molecular consequences of such altered biophysical cues on
the onset and/or progression of glaucoma are not understood.
The specialized anatomy of the HTM has prevented
development of suitable animal models of glaucoma for in
vivo studies. For this reason, HTM cells have been used in vitro
to investigate mechanisms by which HTM cells are altered
during disease. A commonly used in vitro model for glaucoma
is treatment of HTM cells with glucocorticoids (GCs),20 a
family of steroid hormones. Approximately 30% to 40% of
people treated with GCs develop elevated IOP (referred to as
steroid responders), and this is a causal risk factor for
glaucoma.21,22 Dexamethasone (DEX) has been widely used
in vitro to investigate the mechanisms underlying GC-induced
glaucoma23–27 in the HTM. Myocilin (MYOC) and angiopoietin
like protein 7 (ANGPTL7) are two ECM proteins significantly
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increased in expression in glaucoma as well as in response to
GC treatment of HTM cells.28–34
Recently, two Yorkie homologues YAP (Yes-associated
protein) and TAZ (transcriptional coactivator with PDZ-binding
motif, encoded by WWTR1) were identified as nuclear relays of
mechanical signals exerted by ECM rigidity.35 While YAP and
TAZ are proteins traditionally associated with the Hippo
pathway to limit organ size,36,37 their role in mechanotransduction is thought to be outside of the canonical Hippo
pathway.35 The functions of YAP/TAZ are primarily dictated by
their spatial localization within the cell (i.e., cytoplasmic or
nuclear).38 In the cytoplasm, YAP/TAZ are sequestered via
phosphorylation and can bind to 14-3-3r (encoded by
SFN),39,40 as well as interact with a number of other proteins.
Of specific interest to the current work, cytoplasmically
localized TAZ can antagonize the Wnt pathway,41 similar to
extracellular soluble frizzled related protein (sFRP-1).42,43
In the nucleus, YAP/TAZ modulate the activity of transcription factors (TEAD and RUNX family),44,45 and SMADS.46,47
Importantly, among the YAP transcription targets are connective tissue growth factor (CTGF) and TGF-b, growth factors
that regulate the extent of remodeling of tissue architecture35
and have been shown to be associated with glaucoma.48–51
Transglutaminase-2 (TGM2), also regulated by YAP, is also
important to ECM deposition and turnover and has been
reported to be significantly upregulated in glaucoma or with
glucocorticoid treatment of HTM cells.52 YAP/TAZ are localized
to the nucleus when cells are cultured on stiffer substrates.35
The nuclear localization of YAP/TAZ and subsequent transcriptional activity on such genes as CTGF, TGF-b, and TGM2 can
thus be hypothesized to play a significant role in the initiation
and progression of glaucoma. In this study, we investigated the
impact of substratum stiffness (normal/soft: homeomimetic;
and glaucomatous/stiffer: pathomimetic) on genes that are
involved with ECM changes observed in glaucomatous HTM as
well as genes that transduce matrix changes in HTM cells.
Since cytoplasmic YAP/TAZ can be targeted for degradation,
the mRNA expression pattern for 14-3-3r, the protein thought
necessary for YAP/TAZ degradation, was also determined. A
better understanding of the impact of homeomimetic and
pathomimetic substratum compliance could inform the identification and development of novel glaucoma therapeutics.

MATERIALS

AND

METHODS

Preparation of Substrates
Polyacrylamide hydrogels mimicking the elastic modulus of normal (5
kPa) and glaucomatous (75 kPa) HTM were fabricated and characterized by atomic force microscopy as described previously.8–10 Briefly,
the hydrogels were sterilized with ultraviolet light and rinsed
thoroughly three times for 24 hours each in Dulbecco’s PBS (DPBS)
to remove any toxic monomeric acrylamide and hydrate the hydrogels
completely. The polymer hydrogels (20-mm diameter) were then
allowed to adhere to tissue cultured plastic (TCP), stored in growth
medium for 24 hours, and coated with a proprietary mixture of
fibronectin/collagen (FNC; Athena ES, Baltimore, MD) prior to cell
culture. Atomic force microscopy was used to validate the elastic
modulus of the fully hydrated hydrogels, and the elastic modulus of the
hydrogels used were 4 6 2 kPa and 71 6 5 kPa for 5 and 75 kPa,
respectively.8,11

Isolation and Culture of HTM Cells
Primary human trabecular meshwork cells were isolated from donor
corneoscleral rims (Heartland Lions Eye Bank, St. Louis, MO) as
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described previously.9,11,53 All experiments were performed in
compliance with the tenets of the Declaration of Helsinki. Cells
isolated from four donors (designated as HTM631, HTM265, HTM211,
and HTM516) were used in this study. Isolated cells were maintained in
DMEM/F-12 with 2.5 mM L-glutamine (Thermo Scientific HyClone,
Logan, UT) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrence, GA) and 1% penicillin/streptomycin/amphotericin B (Lonza, Walkerville, MD). Cells in passages 3 to 7 were used for
all experiments. For RNA extraction, cells were seeded on FNC coated
polyacrylamide hydrogel substrates, in six well dishes at 2 3 105 (75
kPa) or 3 3 105 (5 kPa) cells/well. For protein extraction, cells were
seeded on FNC-coated polyacrylamide hydrogels in one well plate (110
cm2) at approximately 2 3 106 (75 kPa) or 3 3 106 (5 kPa) cells/plate. A
higher density of cells were seeded on the 5 kPa hydrogels because
HTM cells proliferate more slowly on softer versus stiffer substrates.9
In addition, HTM cells were treated with DEX to investigate the
influence of substratum stiffness on GC-stimulated HTM cells. HTM
cells were treated with DEX. HTM cells, 24 hours after plating, were
treated with 107 M DEX in ethanol (EtOH) or the vehicle only
(equivalent volume of EtOH i.e. at a 1:1000 dilution). The media was
changed after 3 days. Seven days after the first treatment, the cells were
rinsed with DPBS and RNA or protein was extracted.

RNA Isolation and Quantitative Real-Time PCR
RNA was isolated using an RNA purification kit (RNeasy Mini Kit;
Qiagen, Valencia, CA) following the manufacturer’s instructions and
equal amounts were used for the quantitative real time PCR (qPCR)
reactions. The qPCR was performed using a reagent kit (TaqMan OneStep RT-PCR Master Mix Reagents Kit; Applied Biosystems, Carlsbad,
CA) and commercially available primers for 18S (Hs99999901_s1);
ANGPTL7 (Hs00221727_m1); CTGF (Hs00170014_m1); MYOC
(Hs00165354_m1); sFRP1 (Hs00610060_m1); SFN
( H s 0 0 9 6 8 5 6 7 _ s 1 ) ; T G M 2 ( H s 0 1 0 9 6 6 8 1 _ m 1 ) ; YA P
(Hs00371735_m1); and WWTR1 (Hs00210007_m1) in total volumes
of 10 lL per reaction (Applied Biosystems). The TAZ protein is
encoded by the gene WWTR1. In this study, both the mRNA and the
protein encoded by the WWTR1 gene are termed TAZ. The reverse
transcription reaction was performed in a qPCR machine (StepOne;
Applied Biosystems) with the following parameters: 30 minutes at
508C followed by 10 minutes at 958C; 40 cycles of 608C for 1 minute
followed by 958C for 15 seconds. Relative expression levels of the
mRNAs of interest were normalized to the expression of the
ribosomal RNA 18S. At least three reactions were run for each
sample, and the experiments were performed for HTM cells from
three individual donors. Gene expression was normalized relative to
the expression of mRNA from HTM cells on homeomimetic (5 kPa)
hydrogels treated with vehicle (EtOH), which was given a value of
1.0. In brief, equal amounts of RNA (60 ng) were loaded for all PCR
reactions to account for variations in cell density. The Ct values
obtained represent logarithmic changes in gene expression. The
difference in Ct (i.e., D Ct) between the gene of interest (e.g., YAP,
TAZ) and the calibrator gene (18S) were calculated. Next, the D Ct
values between the 75 kPa data was normalized with the control (5
kPa, EtOH treated) data. Control data was normalized for each
experiment and the logarithmic changes in gene expression were
expressed as relative expression to the control data.

Gene Downregulation by siRNA Transfection
At 60% to 80% confluence of HTM cells, siRNA transfections were
performed using a transfection reagent (DharmaFECT 4; Dharmacon,
Lafayette, CO) following the manufacturer’s instructions with final
concentrations of 28.5 nM of YAP siRNA (Hs_YAP1_5) or control siRNA
(ON-TARGETplus Non-targeting siRNA #3, Dharmacon). At 48 and 72
hours posttransfection, cells were harvested for RNA isolation.
Knockdown to expression levels below 30% was achieved as

380

Raghunathan et al.

FIGURE 1. YAP (A) and TAZ (B) are expressed in human trabecular
meshwork tissue. Strong cytoplasmic localization (black arrows) was
observed for YAP and TAZ in all cells with multifocal nuclear
localization in some cells (black arrowheads). No protein expression
was observed in sections stained without primary antibody (C).
Schlemm’s canal is indicated with a bracket. Scale bar represents 50
lm.
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FIGURE 2. YAP, CTGF, and SFN expression were differentially
modulated significantly by substratum stiffness in HTM cells. Graphs
demonstrate significant downregulation of (A) YAP, (B) CTGF, and (C)
SFN in HTM631 cells that were cultured on the pathomimetic
substrate. Expression of CTGF and SFN genes in the other cells closely
followed the expression of YAP on the 75 kPa substrate, but was not
significantly different than the 5 kPa substrate. Donor lineage is
indicated by HTM631, HTM265, HTM211 and HTM516. Results are
mean 6 SD, n ¼ 3; *P < 0.05, ***P < 0.001 with respect to 5 kPa values,
t-test.
peroxidase, and developed with Vector Red chromogen prior to
counterstaining with hematoxylin and coverslipping.

determined by qPCR analyses. The gene knockdown was done three
times with cells from different donors.

Immunohistochemistry
The corneoscleral rim from a 57-year-old donor with no history of
disease was fixed overnight in 10% neutral buffered formalin, paraffin
embedded, and sectioned. Sections were deparaffinized in xylene,
subjected to citrate antigen retrieval, peroxidase blocked, and
incubated overnight at 48C with mouse anti-human YAP-H9 (Santa
Cruz Biotechnologies, Santa Cruz, CA) and TAZ (Abnova, Walnut, CA)
antibodies. Sections were then treated with horse anti-mouse
biotinylated secondary antibody, followed by streptavidin-horseradish
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Protein Isolation and Western Blotting
Cell monolayers cultured on polyacrylamide hydrogels were washed
once in PBS and lysed and scraped into RIPA buffer (ThermoScientific,
Waltham, MA) supplemented with protease and phosphatase inhibitors
(Fisher Scientific, Hampton, NH) on ice. The cells were then
homogenized and centrifuged at 1000g for 1 minute to remove any
cell debris. Protein was quantified using a modified Lowry assay (DC
assay; Bio-Rad Laboratories, Hercules, CA) with bovine serum albumin
as the standard. Protein homogenate was then denatured in Laemmli
buffer (Sigma-Aldrich, St. Louis, MO) by boiling for 10 minutes.
Approximately 10 lg protein was loaded per well for each sample.
Protein was separated on precast gels (NuPAGE 10% Bis-Tris;
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FIGURE 3. (A) Expression of TAZ was significantly elevated in HTM cells when cultured on stiffer substrates. TAZ expression on the 75 kPa
substrates was elevated in HTM516 and HTM631 cells. This increase in gene expression was also accompanied by an increase in its protein
expression. Donor lineage is indicated by HTM631, HTM265, HTM211, and HTM516. Results are mean 6 SD, n ¼ 3, *P < 0.05 with respect to values
on 5 kPa, t-test. (B) Western blot analyses of YAP and TAZ normalized to b-actin in control HTM631 cells. The desired representative blots were cut
and aligned together as is shown here. The band for YAP occurred at a molecular weight between 65 to 75 kDa, TAZ around 75 kDa, and b-actin
around 42 kDa. YAP is downregulated while TAZ is upregulated on stiffer substrates consistent with the mRNA expression of YAP and TAZ. Graph
demonstrates the optical density of the bands normalized to b-actin.
Invitrogen, Carlsbad, CA) and transferred onto nitrocellulose membranes. Immunoblotting was done against anti-human YAPH9 (Santa
Cruz Biotechnologies, Santa Cruz, CA); TAZ (Abnova); and beta-actin
(Abcam, Cambridge, MA) overnight at 48C. This was followed by
incubation with secondary antibodies conjugated with horseradish
peroxidase (HRP; Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
MD) for 1 hour at 378C. The bands were then amplified and detected
colorimetrically following protocols detailed using a substrate kit
(Amplified Opti-4CN kit; Bio-Rad Laboratories). Blots were then imaged
using an imaging system (ImageQuant 350; GE Healthcare Life
Sciences, Pittsburgh, PA). The optical densities of the protein bands
were quantified using a Java-based image processing program (ImageJ;
National Institutes of Health, Bethesda, MD).54

Statistics
All statistics were performed using graphing software (SigmaPlot 11;
Systat Software, Inc., San Jose, CA). Pairwise comparisons were
assessed using Student’s t-test. Throughout the paper, statistically
significant differences are denoted with *P < 0.05, **P < 0.01, ***P <
0.001 unless stated otherwise.

RESULTS
Immunohistochemical staining of HTM tissue from a normal
donor showed both YAP and TAZ were present in HTM cells as
well as in Schlemm’s canal cells (Fig. 1). Both YAP and TAZ
were found to be broadly localized in the cytoplasm (black
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arrows), with some cells having a strong nuclear localization
(black arrowheads).
To determine the effects of substrate stiffness on the
expression of YAP/TAZ, HTM cells were grown on homeomimetic (5 kPa) and pathomimetic (75 kPa) hydrogels for 7 days
in the absence of DEX. The mRNA expression of YAP was
significantly downregulated in three of the four donor HTM
cells (HTM631, HTM265, and HTM211 cells) cultured on stiffer
substrates (Fig. 2A). YAP protein expression was also markedly
decreased in HTM631 cells on the 75 kPa hydrogels (Fig. 3B).
In contrast, TAZ mRNA expression in three of the four donors
was greater in cells cultured on stiffer substrates. For example,
in HTM516 and HTM211 cells, gene expression of TAZ was
~1.8 fold greater in cells cultured on 75 kPa versus 5 kPa
hydrogels (Fig. 3A). CTGF mRNA expression was also
influenced by the substrate stiffness, but the effect was donor
dependent; whereas cells isolated from one donor (HTM631)
demonstrated a 1.6-fold decrease in CTGF. HTM211 cells
showed a dramatic increase (>2-fold) in mRNA expression on
the stiffer substrates compared with the homeomimetic ones.
There was no significant difference in the cells isolated from
the other two donors (HTM265 and HTM516), but decreases in
CTGF followed decreases in YAP (Fig. 2B versus Fig. 2A).
Donor-dependent variability in expression patterns was also
observed with SFN mRNA expression (encoding for 14-3-3r).
In HTM631 and HTM211 donor cells, SFN mRNA was 2-fold
lower (Fig. 2C); but with other donors (HTM265 and
HTM516), no significant differences were seen. Together, the

382

Raghunathan et al.

FIGURE 4. SFRP-1 and TGM2 expression were upregulated on the
pathomimetic substrates. SFRP-1 (A) and TGM2 (B) were markedly
increased in HTM cells grown on the 75 kPa substrates in comparison
to the 5 kPa substrates. Donor lineage is indicated by HTM631,
HTM265, HTM211, and HTM516. Results are mean 6 SD, n ¼ 3, ***P <
0.001 with respect to 5 kPa values, t-test; for TGM2 expression in
HTM516 cells (P ¼ 0.052).

trend suggested that a decrease in expression of SFN in cells on
the stiffer hydrogels followed YAP (Fig. 2C versus Fig. 2A). In
contrast to the trends shown by YAP, CTGF, and SFN, SFRP-1
and TGM2 expression tended to increase on stiffer substrates.
SFRP-1 was significantly increased in cells from at least three
donors (Fig. 4A). TGM2 followed a similar trend in cells from

FIGURE 5. TGM2 was also regulated by YAP. To investigate the
relationship between YAP and TGM2, YAP was knocked-down, using
siRNA specific to YAP, to levels <20% of control siRNA. YAP
knockdown was associated with a dramatic inhibition of TGM2
expression (<30% when compared with control) within 48 hours.
However, TGM2 mRNA levels appeared to recover to approximately
80% expression in control cells after 72 hours, although YAP
expression remained below 20%. Results are mean 6 SD, n ¼ 3, ***P
< 0.001 with respect to 5 kPa values, t-test.
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three of four donors (HTM265, HTM211 and HTM516),
consistent with previous findings.11 For example, in HTM516
and HTM211 cells, TGM2 increased more than 2-fold on the
stiffer hydrogels (Fig. 4B).
To determine a specific role of YAP in TGM2 expression, we
knocked down YAP expression in HTM cells using siRNA.
Forty-eight hours after transfection, YAP knockdown was
confirmed at 13% of control and TGM2 expression dropped
to 34% of control (Fig. 5). However, this loss was transient.
Seventy-two hours after transfection, YAP was still effectively
silenced (15% of control), but TGM2 expression had mostly
recovered (76%).
Finally, to determine the influence of substrate stiffness of
HTM cells to dexamethasone, we treated cells from all donors
with DEX over 7 days. In our expression panel, we included
two ECM-related genes, MYOC and ANGPTL7, known to be
upregulated with dexamethasone. Substratum stiffness had a
marked effect on the mRNA expression of MYOC and
ANGPTL7, with upregulation of both genes found in all three
donors after 7 days on the pathomimetic polyacrylamide
hydrogels compared with the homeomimetic substrates (Fig.
6). However, the relative response to MYOC and ANGPTL7
were suppressed when cells were cultured on the softer 5 kPa
substrates. For example, in HTM631 cells, MYOC expression
increased 3-fold on 5 kPa hydrogels on treatment with DEX,
but it was elevated more than 100-fold on the 75 kPa hydrogels,
compared with vehicle control on 5 kPa hydrogels (Fig. 6). In
HTM631 cells, ANGPTL7 expression was increased 20-fold on
5 kPa hydrogels and greater than 4500-fold on 75 kPa hydrogels
with DEX treatment (Fig. 6). No trends in other genes were
noted with the DEX treatment (data not shown).

DISCUSSION
Alterations in trabecular meshwork ECM have long been
correlated with glaucoma.55,56 In addition to the morphologic
changes documented with light and electron microscopy,
atomic force microscopy studies have recently documented
that the meshwork is stiffer with glaucoma.7 The altered
mechanical properties of the HTM in glaucoma7 and the
changes in the substratum biophysical properties have
dramatic effects on HTM cell phenotype.9,11 In this study, we
report that two of the proteins known to be involved with the
ECM, MYOC, and ANGPTL-7 were significantly upregulated
when HTM cells were grown on substrates with stiffness
similar to the glaucomatous meshwork in vivo. It is important
to note that elevated stiffness has previously been reported to
downregulate ANGPTL-711; however, those experiments used
a much shorter time point (24-hours). Taken together, these
reports revealed a temporal component to ANGPTL-7 regulation. Both MYOC and ANGPTL-7 have previously been
reported to be upregulated by GCs such as DEX.57,58 In the
present study, DEX added to HTM cells grown on hydrogels
resulted in marked increases in mRNA expression of these two
genes. Additionally, this DEX stimulated response of MYOC and
ANGPTL-7 was even more striking in HTM cells grown on the
pathomimetic substrates in comparison with the homeomimetic substrates. This is particularly important to consider
while using GCs as a model for glaucoma. The DEX response of
MYOC and ANGPTL7 observed on stiffer substrates is
significantly attenuated on softer substrates (typical of normal
HTM), suggesting that stiff substrates, such as the cultureware
used in many previous studies, will induce a dramatically
different DEX phenotype than would be observed in vivo.
Thus, growing HTM cells on the homeomimetic and pathomimetic substrates described in this report may be a better in
vitro model for studying glaucoma than HTM cells grown on
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FIGURE 6. Myocilin (MYOC) and ANGPTL7 expression in HTM cells were modulated significantly by substratum stiffness. Representative graphs to
illustrate the trends in expression of (A) Myocilin and (B) ANGPTL7 in HTM631 cells clearly demonstrate that both genes were significantly
upregulated when cultured on stiffer substrates. A similar trend was demonstrated for HTM cells from two other donors (data not shown).
Treatment with 107 M dexamethasone (DEX) accentuated this response. Results are mean 6 SD (n ¼ 3), **P < 0.001, ***P < 0.01, t-test.

TCP. Furthermore, these data suggest feedback loops in tissue
stiffening. An increase in ANGPTL7 can reduce the deposition
of key ECM proteins,29 resulting in reduced ECM stiffness and
therefore reduced ANGPTL7 expression.
While the prime event responsible for changing the
biophysical attributes of the microenvironment surrounding
cells remains unknown, an increasing body of literature
suggests that various proteins are involved in mechanosensing
and mechanotransduction. YAP and TAZ were identified as two
mechanotransducers of substrate rigidity that also act as
nuclear relays for activation of transcription factors.35 Additionally, recent studies have demonstrated that YAP/TAZ
expression plays a critical role in tumorigenesis, and renal
and pulmonary diseases.36,59,60 We thus explored the expression of YAP/TAZ in HTM cells as well as other genes related to
YAP/TAZ and the ECM. This is the first study to report that YAP
and TAZ were present in all layers of HTM including the JCT,
which is thought to provide the majority of resistance to
aqueous humor outflow.5 Undoubtedly, it would be very
interesting to compare YAP/TAZ expression in the HTM of
normal and glaucomatous donors, but HTM tissue from
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patients with glaucoma is difficult to obtain. We investigated
the regulation of YAP/TAZ in HTM cells grown on biologically
relevant substrates. Indeed, altered expression of YAP/TAZ in
response to substrate properties was observed. YAP mRNA and
protein expression was elevated on the softer hydrogels, while
TAZ mRNA and protein was elevated on the stiffer hydrogels
demonstrating that YAP/TAZ are actively regulated in the HTM
and therefore may serve as mechanotransducers in HTM cells.
This inverse relation between YAP/TAZ expression—if conserved in vivo—would point to divergent influences of the two
proteins, with YAP being more important during normal
functioning of the HTM and TAZ growing in influence as the
HTM is altered in glaucoma and contrasted with the Dupont
study, which demonstrated that both YAP and TAZ were
upregulated on stiffer substrates in mammary epithelial cells.35
Consistent with a recent publication,61 these results demonstrate that YAP and TAZ may respond differently in various cell
types and it is important to investigate their role in the cell
type of interest.
In line with this, it is important to keep in mind other
biophysical or biochemical stimuli capable of modulating YAP/
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TAZ expression and localization may be present in the HTM.
Iyer and colleagues have recently shown that the activity of
autotaxin, the enzyme that produces lysophosphatidic acid
(LPA), is upregulated in glaucoma and inhibition of LPA
production led to a reduction in IOP.62 While the previous
study did not describe a complete mechanism, Yu et al.63 and
Miller et al.61 have identified LPA as an activator of YAP/TAZ.
These reports, considered together, point to a novel autotaxinLPA-YAP/TAZ signaling axis. Thus, further studies of alterations
of autotaxin in HTM cells on normal and glaucomatous
substrates are warranted.
CTGF is highly expressed in the HTM,64 modulates the
expression of ECM proteins relevant to POAG,65 and has been
linked to elevated IOP.66 Importantly, YAP67,68 and TAZ69 are
both capable of directly regulating CTGF. In the present study,
CTGF expression closely mirrored YAP expression in three of
the four donor cells. In cells from one donor (HTM631), CTGF
was strongly inhibited on the stiffer substrates while there was
minimal change in cells from the other two donors (HTM265
and HTM516). However, in cells from HTM211, CTGF
expression was markedly elevated. Concurrently it was also
observed that TAZ expression was elevated in three of the four
donor cells (HTM631, HTM211, and HTM516). These data
suggest that there is high interindividual variability in CTGF
expression. The data also suggest differential regulation by YAP
or TAZ following exposure to different substrates. This result is
especially intriguing. It must be noted that most data published
on YAP/TAZ and gene regulation do not individually distinguish
the specificity of YAP or TAZ. A more nuanced mechanism is
suggested by our studies. We infer, from our data, that CTGF
expression may be determined by the relative dominance of
YAP or TAZ. Cautiously, we speculate that TAZ expression may
be more dominant under glaucomatous or pathomimetic
conditions to drive CTGF expression, while YAP may be the
dominant regulator of CTGF under normal conditions or
homeostasis.
TGM2 is an enzyme which crosslinks ECM proteins and
thus increases their resistance to mechanical or proteolytic
degradation.70 It is upregulated in glaucoma and has been
speculated to contribute to the decreased outflow facility of
glaucomatous TM.52 Importantly, it is regulated by YAP/TAZ,35
and our results suggest that it is influenced particularly by TAZ
in HTM cells, as silencing YAP only resulted in a transient
reduction in TGM2; specifically, TGM2 expression levels
recovered in the cells 72 hours after siRNA treatment while
YAP expression levels remained below 20%. Similar to TAZ
expression, our results show increased TGM2 expression on
pathomimetic substrates, consistent with our previous demonstration of increased TGM2 after acute (24 hours) exposure
to pathomimetic substrates.11 These data show a persistent
effect of substrate stiffness on TGM2 expression, concordant
with data showing increased TGM2 expression in glaucomatous tissue.52 In vivo, this association could result in positive
feedback of HTM stiffening with elevated stiffness leading to
increased TGM2 expression, which in turn crosslinks the ECM,
resulting in further stiffening of the tissue. Thus, decreasing
the expression of TAZ, and thus downstream TGM2, is a novel
therapeutic target in the treatment of glaucoma.
A key regulator of YAP/TAZ, SFN (14-3-3r), was also
modulated by substrate stiffness. Interestingly, the trend for
expression of SFN across three of the four donors followed that
of YAP. SFN sequesters both YAP and TAZ in the cytoplasm,
thus inhibiting their transcriptional activity.38,40 The ability of
SFN to regulate YAP/TAZ in HTM cells is important to consider
in the development of new therapeutic targets for glaucoma.
The Wnt signaling pathway, an important pathway in
glaucoma,43,71 is also influenced by YAP/TAZ. The results from
the present study also implicate substratum stiffness in Wnt
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regulation. SFRP-1, a canonical Wnt antagonist,72,73 was
significantly increased on pathomimetic substrates. These data
were consistent with previous reports of SFRP-1 being
overexpressed in glaucomatous HTM cells and increased
expression resulting in elevated IOP.43,71 TAZ, also upregulated
on pathomimetic substrates, has been identified as a Wnt
antagonist.41 Our results suggest that the overexpression of
SFRP-1 and TAZ in cells cultured on pathomimetic substrates
inhibits Wnt signaling in glaucoma. These data are consistent
with the view that antagonism of Wnt signaling was a causative
factor in increased IOP43 or maybe constitutive Wnt expression is important in maintaining a normal IOP in the HTM.
In conclusion, our data show the potential importance of
changes in the ECM and the mechanosensors YAP/TAZ in
glaucoma. Additionally, we highlight the importance of
incorporating substratum biophysical properties into an in
vitro study design for investigating molecular mechanisms of
diseases such as glaucoma. Our study points to YAP/TAZ
mechanotransduction as a central pathway in mediating HTM
cell response to the increased stiffness observed in glaucoma.
This is particularly exciting as it identifies novel molecular
targets for the development of glaucoma therapeutics.
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