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Abstract

Glaucoma is a leading cause of irreversible blindness worldwide. Elevated intraocular pressure
(IOP) is considered to be a predominant risk factor for primary open angle glaucoma, the most
prevalent form of glaucoma. Although the etiological mechanisms responsible for increased 10P
are not completely clear, impairment in aqueous humor (AH) drainage through the conventional or
trabecular pathway is recognized to be a primary cause in glaucoma patients. Importantly,
lowering of 10P has been demonstrated to reduce progression of vision loss and is a mainstay of
treatment for all types of glaucoma. Currently however, there are limited therapeutic options
available for lowering IOP especially as it relates to enhancement of AH outflow through the
trabecular pathway. Towards addressing this challenge, bench and bedside research conducted over
the course of the last decade and a half has identified the significance of inhibiting Rho kinase for
lowering IOP. Rho kinase is a downstream effector of Rho GTPase signaling that regulates
actomyosin dynamics in numerous cell types. Studies from several laboratories have demonstrated
that inhibition of Rho kinase lowers 10P via relaxation of the trabecular meshwork which
enhances AH outflow. By contrast, activation of Rho GTPase/Rho kinase signaling in the
trabecular outflow pathway increases IOP by altering the contractile, cell adhesive and
permeability barrier characteristics of the trabecular meshwork and Schlemm’s canal tissues, and
by influencing extracellular matrix production and fibrotic activity. This article, written in honor of
the late David Epstein, MD, summarizes findings from both basic and clinical studies that have
been instrumental for recognition of the importance of the Rho/Rho kinase signaling pathway in
regulation of AH outflow, and in the development of Rho kinase inhibitors as promising 10P-
lowering agents for glaucoma treatment.
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1. Introduction

Glaucoma is a chronic optic neuropathy which represents a leading cause of irreversible
blindness worldwide (Quigley and Broman, 2006). Globally there are nearly 60.5 million
people affected by glaucoma and this number is expected to increase to 112 million by year
2040 (Tham et al., 2014). Primary open angle glaucoma (POAG) is considered to be the
most prevalent among several different forms of glaucoma, (Kwon et al., 2009; Weinreb and
Khaw, 2004). Although POAG is a multifactorial disease, elevated intraocular pressure
(10OP) caused by impaired aqueous humor (AH) drainage from the eye is recognized as a
primary risk factor (Kwon et al., 2009; Weinreb and Khaw, 2004). Elevated IOP in the
anterior chamber of the eye damages optic nerve axons and leads to retinal ganglion cell
(RGC) death which eventually impairs vision in glaucoma patients (Kwon et al., 2009;
Quigley, 2011; Tian et al., 2015). Although the relationship between elevated 10P, optic
nerve axonal damage and loss of RGCs is not completely clear at the mechanistic level,
lowering 1OP has been proven to delay further loss of RGCs in glaucoma patients
(Higginbotham et al., 2004; Kass et al., 2005; Kwon et al., 2009; Tian et al., 2015).
Moreover, since there are no proven neuroprotective therapeutic agents available to directly
prevent optic nerve axonal damage and RGC loss in humans, lowering IOP remains the
mainstay of glaucoma treatment (Kwon et al., 2009; Lee and Goldberg, 2011; Weinreb and
Khaw, 2004).

Intraocular pressure is determined by the balance between production of AH by the ciliary
epithelium and drainage of AH through the conventional and non-conventional outflow
pathways (Gabelt and Kaufman, 2005; Weinreb and Khaw, 2004). In humans, most of the
AH is drained via the conventional or trabecular pathway consisting of the trabecular
meshwork (TM), juxtacanalicular tissue (JCT) and Schlemm’s canal (SC) (Gabelt and
Kaufman, 2005; Lutjen-Drecoll, 1999). Importantly, blockage or increased resistance to AH
outflow in the trabecular pathway is recognized as the main cause for elevated IOP in
glaucoma patients (Gabelt and Kaufman, 2005; Lutjen-Drecoll, 1999; Stamer and Acott,
2012).

Cellular responses to physiological cues including cytokines, growth factors, steroids,
miRNAs, ECM, mechanical stretch and reactive oxidants, have been demonstrated to
influence AH outflow through the conventional pathway (Clark and Wordinger, 2009;
Gabelt and Kaufman, 2005; Gagen et al., 2014; Gonzalez et al., 2014; Keller et al., 2009;
Rao and Epstein, 2007; Sacca et al., 2016; Wiederholt et al., 2000). At the physiological
level, cellular contraction/relaxation, permeability, cell stiffness, phagocytosis, ECM
remodeling, cell survival and anti-oxidative activities are some of the cellular activities
recognized to be important for maintaining homeostasis of AH outflow through the
conventional pathway (Alvarado et al., 1981; Gabelt and Kaufman, 2005; Rao and Epstein,
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2007; Sacca et al., 2016; Stamer and Acott, 2012; Wiederholt et al., 2000). Despite
continued efforts however, we have yet to identify the definitive molecular pathways that
serve as key determinants of trabecular AH outflow homeostasis, the disruption or
impairment of which underlies increased resistance to AH outflow and eventually leads to
elevated 1OP in glaucoma patients (Stamer and Acott, 2012). Encouragingly, recent efforts
using various animal and perfusion models in conjunction with molecular and
pharmacological approaches have begun to not only identify certain major cellular pathways
and molecular mechanisms regulating AH outflow and IOP, but also drive exploration of
novel therapeutic avenues for targeted drug development to lower IOP and treat glaucoma
(Agarwal and Agarwal, 2014; Gabelt and Kaufman, 2005; Inoue and Tanihara, 2013; Rao
and Epstein, 2007; Stamer and Acott, 2012).

In this review, we have focused on describing (I) the Rho GTPase/Rho kinase signaling
pathway and its role in TM and SC cell physiology, AH outflow and IOP in both normal and
glaucoma subjects, and (I1) the development of Rho kinase inhibitors as glaucoma
therapeutics in humans.

2. The Rho GTPase and Rho kinase signaling pathway

Rho GTPases are a family of the Ras superfamily of monomeric small GTP-binding
proteins, with the roles of RhoA, Racl and CDC42 being best characterized in the context of
regulation of actin dynamics and various actin-associated cellular activities (Burridge and
Wennerberg, 2004; Etienne-Manneville and Hall, 2002; Hall, 2012; Ridley, 2001). Briefly,
these intracellular GTPases act as molecular switches that cycle between a GTP-bound,
active conformation and a GDP-bound, inactive conformation. This cycling between bound
GDP and GTP is regulated by guanine nucleotide exchange factors (GEFs), GTPase
activating proteins (GAPs) and guanine nucleotide dissociation inhibitors(GDIs) (Burridge
and Wennerberg, 2004). The activities of GEFs and GAPs are regulated via engagement of
various receptors at the plasma membrane (Cherfils and Zeghouf, 2013; Garcia-Mata and
Burridge, 2007).

Among several downstream effectors of RhoA, the role of the Rho-associated, coiled-coil
serine/threonine kinase, or Rho kinase, is well understood (Amin et al., 2013; Fukata et al.,
2001; Hartmann et al., 2015; Julian and Olson, 2014; Knipe et al., 2015; Loirand, 2015;
Thumkeo et al., 2013). There are two isoforms of Rho kinase, ROCK1 (ROKp/P160) and
ROCK2 (ROKa), which exhibit nearly 65% homology and are encoded by two different
genes localized on human chromosomes 18 and 2, respectively (Fukata et al., 2001; Julian
and Olson, 2014; Thumkeo et al., 2013). Both Rho kinase isoforms share many cellular
effects, but also exhibit some isoform-specific activities (Thumkeo et al., 2005). ROCK1 and
ROCK?2 both contain an N-terminal serine/threonine kinase domain followed by a coiled-
coil region containing the Rho-binding domain (RBD) and a pleckstrin homology domain
with a cysteine-rich domain at the C terminus (Julian and Olson, 2014). Once activated by
Rho GTPase, Rho kinase phosphorylates various intracellular substrates. The best
characterized substrates include myosin light chain (MLC), myosin phosphatase substrate 1
(MYPTL, the regulatory subunit of myosin phosphatase), LIM kinase, CP1-17, calponin and
the ERM (ezrin, radixin and moesin) proteins (Fukata et al., 2001; Somlyo and Somlyo,
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2003; Thumkeo et al., 2013). Through these substrate interactions, Rho kinase regulates
actin cytoskeletal dynamics, actomyosin contraction, cell adhesion, cell stiffness, cell
morphology and ECM reorganization (Fig.1). While cellular contraction can be regulated
via both calcium-dependent and independent means involving myosin light chain kinase and
myosin phosphatase, respectively, Rho kinase has been demonstrated to regulate cellular
contraction in smooth muscle tissues mainly through modulating myosin 1l activity in a
calcium-independent manner (Fukata et al., 2001; Somlyo and Somlyo, 2003; Uehata et al.,
1997).

Based on data obtained from gene targeted mouse models, it is now well recognized that
ROCK1 and ROCK?2 play a vital role in several facets of cellular physiology (Thumkeo et
al., 2003; Thumkeo et al., 2005). Importantly, there is also growing evidence that Rho kinase
dysregulation is associated with various diseases (Amin et al., 2013; Hartmann et al., 2015;
Knipe et al., 2015; Loirand, 2015; Mueller et al., 2005; Shimokawa et al., 2016; Thumkeo et
al., 2013; Tsou et al., 2014). Therefore, Rho kinase has been considered a promising
therapeutic target to explore the utility of inhibitors of the enzyme for treatment of a broad
range of human diseases, with several clinical trials at various stages of completion (Feng
and LoGrasso, 2014; Knipe et al., 2015; Loirand, 2015).

3. Role of Rho/Rho kinase signaling in the conventional AH outflow

pathway and regulation of IOP

Well before several of us initiated research focused on the role of Rho GTPase and Rho
kinase in TM tissue and the AH outflow pathway (Inoue and Tanihara, 2013; Rao and
Epstein, 2007; Thieme et al., 2000), studies carried out in the laboratories of Paul Kaufman,
Michael Wiederholt and David Epstein had demonstrated that integrity of the actin
cytoskeleton and contractile properties of the TM influence AH outflow and 10P (Epstein et
al., 1999; Erickson-Lamy et al., 1992; Kaufman and Barany, 1977; Peterson et al., 1999;
Tian et al., 2000; Wiederholt et al., 2000). Moreover, certain broad specificity kinase
inhibitors that influence cytoskeletal integrity and contraction of the TM had also been
reported to alter AH outflow (Epstein et al., 1999; Tian et al., 1999; Tian et al., 1998). These
significant and important initial studies spurred our interest in identifying specific and
druggable signaling pathways that play a dominant role in the regulation of actin
cytoskeletal organization and contractile properties in TM tissue and the AH outflow
pathway. In this regard, the pioneering studies of Alan Hall (Hall, 1998), Anne Ridley
(Ridley, 2001), Keith Burridge (Chrzanowska-Wodnicka and Burridge, 1996), Kozo
Kaibuchi (Kimura et al., 1996) and Shuh Narumiya (Uehata et al., 1997) and others,
demonstrating the role of Rho GTPases and Rho kinases in the regulation of actin dynamics,
cell adhesion, cell shape and contraction, led us to postulate that Rho GTPase/Rho kinase
signaling would play a critical role in TM function, AH outflow and 10P.

Since a great deal of work involving several laboratories has gone into exploring the role of
Rho/Rho kinase signaling in TM cells, AH outflow and IOP, this review will separately and
briefly discuss the effects of inhibition and activation of Rho/Rho kinase on TM cell biology
and the aforementioned functional parameters.
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3.1. Bench side research: The effects of inhibition of Rho GTPase and Rho kinase on TM,
AH outflow and I0OP

TM and SC cell studies—Early research into Rho GTPase and Rho kinase signaling
demonstrated a major role for these proteins in regulating smooth muscle contractile activity
and actomyosin organization in a calcium independent manner (Fukata et al., 2001; Somlyo
and Somlyo, 2003; Uehata et al., 1997). Since it was recognized that contractile properties
of the TM influenced AH outflow (Wiederholt et al., 2000), and that the TM possessed
smooth muscle-like properties and expressed a.-smooth muscle actin (aSMA) (de Kater et
al., 1992; Wiederholt et al., 2000), we and others undertook an evaluation of the effects of
Rho kinase inhibitor Y-27632 on TM cells and tissues of the AH outflow pathway. Inhibition
of Rho kinase in TM cells was demonstrated to induce dose- and time-dependent reversible
changes in cell shape in association with decreased actin stress fibers, focal adhesions and
cell-cell interactions (Honjo et al., 2001; Inoue and Tanihara, 2013; Rao et al., 2005b; Rao et
al., 2001). These cellular changes were closely regulated by nonmuscle myosin Il activity
via myosin light chain (MLC) phosphorylation (Rao et al., 2005b; Rao et al., 2001). Rho
kinase inhibitors caused a decrease of MLC phosphorylation in TM cells and TM tissue via
inhibition of phosphorylation of MLC and myosin phosphatase (Ramachandran et al.,
2011a; Rao and Epstein, 2007).

Rho kinase inhibitors suppress the contractile response of TM and ciliary muscle to various
extracellular factors, and this has been confirmed using several structural analogues of
Y-27632 and fasudil (Cellini et al., 2005; Fukiage et al., 2001; Honjo et al., 2001; Rao and
Epstein, 2007; Thieme et al., 2000). TM cells and the tissues of the AH outflow pathway
(TM, JCT and SC) express both ROCK1 and ROCK 2 isoforms along with RhoA
(Goldhagen et al., 2012; Nakajima et al., 2005; Rao et al., 2001). SC cells derived from
human and monkey eyes exhibit very similar responses to Rho kinase inhibitors as those
observed in TM cells in terms of changes in cell morphology, actin cytoskeleton and cell
adhesive interactions (Kameda et al., 2012; Rao et al., 2001; Stamer et al., 2015). Inhibition
of Rho GTPase and Rho kinase can also affect the integrity of inter-cellular junctions
including the adherens junctions and tight junctions, thereby influencing the permeability
barrier of the inner wall of SC (Kameda et al., 2012; Kaneko et al., 2016; Kumar and
Epstein, 2011; Rao et al., 2001). It also is now well recognized that inhibition of Rho kinase
reduces cell mechanical tension and stiffness, and decreases extracellular matrix synthesis
and rigidity in various cell types including TM and SC cells through different molecular
mechanisms (Pattabiraman et al., 2014; Zhang et al., 2008; Zhou et al., 2012).

Additionally, treatment of TM cells with Rho kinase inhibitors impairs Wnt planar cell
polarity (PCP) signaling which regulates cytoskeletal organization (Yuan et al., 2013).
Similarly, Rho kinase inhibitors suppress dexamethasone-induced cytoskeletal changes and
enhance SC cell permeability revealing the possible involvement of Rho GTPase signaling in
glucocorticoid-induced ocular hypertension (Fujimoto et al., 2012). Consistent with the
effects of Rho kinase inhibitors, expression of dominant negative Rho kinase in TM cells
decreases actin stress fibers, MLC phosphorylation and focal adhesions, confirming a
definitive and specific role for Rho kinase in regulation of TM cell contractile activity (Rao
etal., 2005a).
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Moreover, Rho kinase inhibitors have been found to suppress the TGF-p2, lysophosphatidic
acid (LPA), CTGF and RhoA-induced increase in TM cell transdifferentiation into
myofibroblast-like cells, confirming the anti-fibrotic potential of Rho kinase inhibitors
(Pattabiraman et al., 2014). It is also important to recognize that Rho kinase inhibitors
influence nitric oxide (NO) mediated endothelial cell relaxation by increasing the expression
and activation of endothelial NO synthase (Amin et al., 2013; Huveneers et al., 2015;
Kolluru et al., 2014; Sawada and Liao, 2014). Although NO has been reported to modulate
AH outflow and IOP, the interactions between the NO and Rho/Rho kinase pathways in TM
or SC cells needs exploration in future studies (Cavet et al., 2015; Stamer and Acott, 2012).

In addition to these studies of Rho kinase inhibition, inhibition of Rho GTPase activity in
TM cells has been studied using dominant negative forms of RhoA (Borras et al., 2015;
Vittitow et al., 2002), direct inhibitors of RhoA including C3 exoenzyme (Liu et al., 2005;
Pattabiraman and Rao, 2010; Slauson et al., 2015), and inhibitors of protein isoprenylation,
e.g. statins and geranylgeranyl transferase inhibitors-GGTIs (Pervan et al., 2015; Rao et al.,
2008; Song et al., 2005; Von Zee et al., 2009). As expected, each of these agents reduces
actin stress fibers, focal adhesions and MLC phosphorylation, mimicking the changes
induced by Rho kinase inhibitors in TM cells (Rao et al., 2008; Song et al., 2005; Vittitow et
al., 2002). Inhibition of Rho GTPase activity in TM cells using isoprenylation inhibitors and
C3 exoenzyme decreases TGF-p2 expression and secretion (Pervan et al., 2015).
Interestingly, myocilin, a mutation in which is linked to juvenile-and adult-onset primary
open angle glaucoma (Stone et al., 1997), diminishes cell:matrix interactions in TM cells by
inhibiting Rho GTPase activity, indicating a potential functional link between myocilin and
Rho GTPase in regulation of cell adhesive interactions (Shen et al., 2008). Furthermore,
forskolin and cAMP-induced TM cell relaxation is linked to inactivation of Rho GTPase
signaling via phosphorylation of RhoA (Ramachandran et al., 2011b). These observations
suggest that Rho GTPase plays a central role in TM biology by way of interacting with key
regulatory molecular and cellular pathways.

AH outflow studies—Following recognition of the dramatic effects induced by inhibitors
of Rho kinase and Rho GTPase on morphological, contractile and cell adhesive interactions
in TM and SC cells, the effects of these inhibitors on AH outflow were evaluated in both
enucleated eyes and in live animals (Inoue and Tanihara, 2013; Rao and Epstein, 2007; Tian
and Kaufman, 2005). Since AH outflow occurs through the trabecular pathway and the
uveoscleral pathway (Gabelt and Kaufman, 2005; Weinreb and Khaw, 2004), it is necessary
to know whether a given agent lowers IOP through changes to one- or both pathways. For
instance, the prostaglandin F2a analogs, which are most commonly used first line treatment
for lowering 10P, are known to achieve their ocular hypotensive effect mainly by increasing
AH outflow through the uveoscleral pathway (Alm, 1998; Gabelt and Kaufman, 1989;
Weinreb and Khaw, 2004).

Therefore, we and others assessed the effects of Rho kinase inhibition on AH outflow and
demonstrated that different Rho kinase inhibitors all mediate a dose-dependent increase in
AH outflow primarily through the trabecular pathway (Gong and Yang, 2014; Inoue and
Tanihara, 2013; Li et al., 2016; Rao et al., 2005a; Rao et al., 2005b; Rao et al., 2001; Tian
and Kaufman, 2005). Importantly, this increase in AH outflow through the trabecular
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pathway was associated with TM tissue relaxation (mediated by decreased MLC
phosphorylation), increases in giant vacuoles in the SC inner wall, expansion of JCT,
widening of SC and washout of extracellular material in the trabecular pathway (Gong and
Yang, 2014; Li et al., 2016; Rao et al., 2005b; Rao et al., 2001). In addition to
pharmacological inhibitors of Rho kinase, expression of dominant negative Rho kinase in
organ cultured human eyes also led to increase in AH outflow facility through the trabecular
pathway, confirming a definitive role for Rho kinase activity in regulation of the
conventional AH outflow (Rao et al., 2005a).

In analogous fashion, inhibition of Rho GTPase using C3 exoenzyme, statins and GGTIs has
been shown to increase AH outflow facility through the trabecular pathway in porcine and
monkey eyes (Liu et al., 2005; Rao et al., 2008; Song et al., 2005). Additionally, expression
of dominant negative RhoA in the anterior chamber of human donor eyes has been
demonstrated to increase AH outflow through the trabecular meshwork (Vittitow et al.,
2002). Moreover, overexpression of miR-200c was reported to inhibit the contractile activity
of TM cells and increase AH outflow through the TM by suppressing the expression of
RhoA and activators of RhoA, including LPAR1 receptor and endothelin-1 (Luna et al.,
2012). The studies using eyes from several different species consistently demonstrated that
inhibitors of both Rho kinase and RhoA GTPase increase AH outflow through the trabecular
pathway (Figs. 2), establishing the importance of this signaling pathway in homeostasis of
AH outflow (Inoue and Tanihara, 2013; Rao and Epstein, 2007).

IOP studies—Honjo et. al (Honjo et al., 2001) and Waki et. al (Waki et al., 2001) first
reported that Rho kinase inhibition could lower 10P in rabbits via topical application and
intracameral injections of Y-27632. Following this initial observation, several laboratories
have confirmed that Y-27632 and other Rho kinase inhibitors consistently lower IOP in
various animal models including rabbits, rodents, cats and monkeys, under both normal and
ocular hypertensive conditions (Donegan and Lieberman, 2016; Feng et al., 2015; Fukunaga
et al., 2009; Inoue and Tanihara, 2013; Isobe et al., 2014; Junglas et al., 2012; Li et al., 2016;
Nishio et al., 2009; Pattabiraman et al., 2015b; Sumi et al., 2014; Van de Velde et al., 2014).
Importantly, both ROCK1 and ROCK2 null mice exhibit lower basal 10P, confirming a
definitive role for Rho kinase in IOP homeostasis (Whitlock et al., 2009).

Consistent with the 0P lowering effect of Rho kinase inhibitors, lowering of IOP in rodent
eyes has been achieved by inhibition of Rho GTPase activity, either via expression of
recombinant C3 exoenzyme which inhibits RhoA through ADP-ribosylation, or expression
of dominant negative RhoA in the anterior chamber of rodent eyes (Borras et al., 2015; Liu
et al., 2005; Slauson et al., 2015). Similarly, reduction of RhoA activity in the AH outflow
pathway using shRNA lowers IOP in rodents (Liu et al., 2012).

Interestingly, inhibition of LIM kinase, a well characterized downstream target of Rho
kinase also lowers IOP in ocular hypertensive mice (Harrison et al., 2009). Recently,
LX7101, a dual inhibitor of both LIM kinase and Rho kinase, was reported to lower IOP in
mice exhibiting dexamethasone-induced ocular hypertension (Harrison et al., 2015). Steroid-
induced ocular hypertension is associated with changes in the TM that include stiffening of
the tissue, actin cytoskeletal crosslinking and overproduction of ECM (Clark and Wordinger,
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2009; Raghunathan et al., 2015). Therefore, it is reasonable to believe that the LIM kinase
and Rho kinase inhibitors decrease IOP in steroid-induced ocular hypertensive mice through
TM relaxation, actin depolymerization and decreased ECM production. Additionally, the
ability of a Rho kinase inhibitor to lower IOP in rodents with ocular hypertension induced
by the overexpression of CTGF, a pro-fibrotic cytokine (Junglas et al., 2012) suggests that
the anti-fibrotic activity of Rho kinase inhibitors might account for their IOP lowering
effects.

The mechanisms and tissues involved in the increase in trabecular outflow that occurs upon
treatment with inhibitors of Rho GTPase and Rho kinase are still being actively investigated.
A relatively new Rho kinase inhibitor currently in clinical development, netarsudil
(previously AR-13324), has been shown to decrease IOP in monkeys by increasing
trabecular AH outflow facility (Wang et al., 2015), and in rabbits it has also been shown to
decrease episcleral venous pressure (Kiel and Kopczynski, 2015). Netarsudil, in addition to
inhibiting Rho kinase, also exhibits a norepinephrine transport inhibitory activity (Sturdivant
etal., 2016; Wang et al., 2015), so it is unclear whether its ability to reduce episcleral venous
pressure is due to inhibition of Rho kinase, norepinephrine transporter, or both.

3.2.Bench side research: The effects of Rho GTPase activation on TM, AH outflow and IOP

TM and SC cell studies—Rho kinase is activated downstream of Rho GTPase in
response to engagement of receptors for various extracellular factors and ligands that
activate the Rho GTPase signaling pathway (Somlyo and Somlyo, 2003). In cultured TM
cells derived from different species, RhoA GTPase activity has been demonstrated to be
stimulated by LPA, S1P (sphingosine 1-phosphate), thromboxane A2, thrombin,
Angiotensin I1, endothelin-1, ECM proteins, dexamethasone, TGF-beta, CTGF, Wnt,
mechanical stretch and galactin-8 (Diskin et al., 2012; Fujimoto et al., 2012; lyer et al.,
2012; Kumar and Epstein, 2011; Mettu et al., 2004; Pattabiraman et al., 2015a; Rao et al.,
2005b; Sumida and Stamer, 2010; Yu et al., 2010; Yuan et al., 2013; Zhou et al., 2012).
Some of these agents are known to stimulate Rho GTPase activity in SC cells as well, with
many of them influencing the permeability barrier function of TM and SC and increasing
resistance to AH outflow (Kumar and Epstein, 2011; Mettu et al., 2004; Stamer et al., 2009).
Moreover, the levels of TGF-p2, endothelin-1 and CTGF are known to be elevated in AH
derived from human glaucoma patients (Choritz et al., 2012; Noske et al., 1997; Tripathi et
al., 1994). Importantly, mechanical stretch due to elevated IOP activates Rho GTPase
signaling in the TM tissue (Pattabiraman et al., 2015a). Interestingly, dexamethasone
treatment not only results in increased levels of Rho GTPase, but also decreases the levels of
Rho GDI, and activates Rho GTPase activity in TM cells (Yu et al., 2010). Wnt-mediated
nonconventional signaling in TM cells also activates Rho GTPase signaling and induces
cross-linking of actin filaments (Yuan et al., 2013). RhoA activation was found to mediate
TGF-p induced aSMA expression and contractile activity in TM cells (Nakamura et al.,
2002). Collectively, these different observations reveal that Rho GTPase activity in AH
outflow pathway cells, is responsive to, and can be dynamically regulated by various
external cues.
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Since dysregulated Rho GTPase function, especially chronic activation, has been implicated
in various age related diseases (Amin et al., 2013; Hartmann et al., 2015; Loirand, 2015),
studies from our group and others have explored the effects of sustained activation of Rho
GTPase signaling in TM cells. Several laboratories have reported that Rho GTPase
activation in TM and SC cells induces cellular contraction, stiffness and permeability barrier
alterations in association with increased formation of actin stress fibers, focal adhesions,
cell-cell interactions and increased myosin light chain phosphorylation (Kumar and Epstein,
2011; Mettu et al., 2004; Rao et al., 2005b; Stamer et al., 2015; Sumida and Stamer, 2010).
Expression of constitutively active RhoA in TM cells increases the expression and levels of
several ECM proteins and cytokines including the pro-fibrotic cytokines TGF-p and CTGF
(Zhang et al., 2008). Moreover, activation of RhoA influences ECM rigidity and induces
expression of aSMA in TM cells (Pattabiraman and Rao, 2010).

At a mechanistic level, in addition to its well understood role in actin cytoskeletal dynamics,
Rho GTPase has also been demonstrated to directly control the transcriptional activity of
SRF (serum response factor) and its co-activator MRTF (myocardin-related transcription
factor), by regulating the ratio of G-actin to F-actin (Small, 2012; Treisman et al., 1998).
MRTF binds to G-actin and accumulates in the cytosol. However, under conditions involving
Rho GTPase activation, which drives increased F-actin generation via G-actin
polymerization, MRTF is freed from G-actin and translocates to the nucleus to interact with
SRF and initiate transcription of SRF/MRTF responsive genes including aSMA, CTGF and
collagen-1(Knipe et al., 2015).

In our studies, Rho GTPase activation induced the expression of aSMA and various ECM
proteins along with an enhanced fibrogenic response in TM cells, in an SRF/MRTF-
dependent manner (Pattabiraman et al., 2014; Pattabiraman and Rao, 2010). Activation of
SRF/MRTF transcription initiates transdifferentiation of fibroblasts into myofibroblasts and
leads to fibrosis in various tissues (Knipe et al., 2015). Importantly, LPA and TGF-p-
mediated activation of Rho GTPase leads to an increase in levels of aSMA, promoting
transdifferentiation of TM cells and causing them to acquire a myofibroblast-like phenotype.
These changes occur in association with the expression of Slug, Twist and snaill fibrotic
transcription factors, leading to mechanical changes due to hypercontraction of TM cells
(Pattabiraman et al., 2014). Additionally, activation of Rho GTPase/Rho kinase signaling by
external cues (e.g., dexamethasone) was documented to regulate the activity of
transcriptional factors YAP/TAZ in different cell types, which control the expression of
fibrotic genes including CTGF and collagen-1(Liu et al., 2015), and influence biomechanical
characteristics of cells via the mechanosensitive Hippo signaling pathway (Mo et al., 2012;
Sorrentino et al., 2014) (Fig.1).

AH outflow and IOP studies—Expression of constitutively active RhoA GTPase
(RhoAV14) in organ cultured porcine eyes inducing an increase in TM contractile activity
has been shown to decrease AH outflow facility, confirming the direct influence of Rho
GTPase activity on AH outflow (Zhang et al., 2008). Additionally, lentiviral-mediated
expression of RhoAV14 in the anterior chamber of an in vivo rat model was found to
increase IOP in a sustained manner (Pattabiraman et al., 2015b). An important finding is that
the ocular hypertension noted in these animals was associated with increased fibrotic activity
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in tissues of the AH outflow pathway (Pattabiraman et al., 2015b). Significantly, topical
application of Rho kinase inhibitor Y-27632 was found to lower 1OP in rats exhibiting
RhoAV14 induced ocular hypertension (Pattabiraman et al., 2015b). The effects of Y-27632
on elevated IOP in this animal model were suggested to be mediated partly through the
known anti-fibrotic activity of this Rho-kinase inhibitor (Knipe et al., 2015; Moriyama and
Nagatoya, 2004; Pattabiraman et al., 2014).

The potential importance of dysregulated Rho GTPase /Rho kinase signaling in the
pathogenesis of human glaucoma with ocular hypertension gains support from human
genetic studies. Recent genome-wide association studies conducted in human glaucoma
patients identified an association between increased 10P and a well characterized nucleotide
exchange factor (ARHGEF12) of Rho GTPase (Springelkamp et al., 2015). However, human
polymorphism studies have not revealed an association between the Rho kinases and
propensity for glaucoma (Demiryurek et al., 2016).

4. Bedside research: Rho kinase inhibitors as glaucoma therapeutics

Based on consistent and promising results demonstrating the IOP lowering effects of Rho
kinase inhibitors in both live animals and eye perfusion models (Inoue and Tanihara, 2013;
Rao and Epstein, 2007; Tian and Kaufman, 2005), several pharmaceutical companies
initiated exploration of the ocular hypotensive effects of Rho kinase inhibitors in humans. To
date, the Rho kinase inhibitors that have been evaluated for clinical safety and efficacy in
human subjects, including ripasudil (K-115), fasudil, SNJ-1656, AMAQ0076, AR-12286 and
netarsudil (AR-13324), have all demonstrated ocular hypotensive effects (Inoue and
Tanihara, 2013; Pakravan et al., 2016). Two of these compounds, ripasudil (Kowa) and
netarsudil (Aerie), were successfully advanced to phase 3 clinical studies in Japan and the
US, respectively. Twice-daily topical administration of 0.4% ripasudil in phase 3 trials
reduced mean diurnal IOP by 2.9 mmHg in glaucoma patients. Ripasudil was recently
approved in Japan for the treatment of ocular hypertension and glaucoma (Garnock-Jones,
2014; Inoue and Tanihara, 2013). This compound also demonstrated additive efficacy when
used in combination with the beta blocker timolol, which reduces IOP by reducing AH
production, and the prostaglandin F2a. analog latanoprost, which reduces IOP by increasing
uveoscleral outflow (Tanihara et al., 2015). The demonstration of additive efficacy is
significant, since it indicates that the Rho kinase mechanism of lowering IOP by increasing
trabecular outflow is compatible with other currently approved classes of glaucoma drugs.

Phase 3 clinical trials of Aerie Pharmaceuticals’ netarsudil, a Rho kinase/norepinephrine
transporter inhibitor, are expected to be completed by mid-2016. In Phase 2 clinical trials in
patients with elevated IOP, once-daily dosing of 0.02% netarsudil produced reductions in
mean diurnal IOP ranging from 5.7 to 6.8 mmHg (Bacharach et al., 2015; Levy et al., 2015;
Lewis et al., 2016). Interestingly, in contrast to latanoprost which was most effective in
subjects with higher baseline IOPs and less effective in subjects with lower baseline 10Ps,
0.02% netarsudil maintained the same IOP lowering effect at both lower and higher baseline
IOPs (Bacharach et al., 2015). In a separate Phase 1 study of healthy subjects with low
baseline 10Ps (14-20 mmHg), 0.02% netarsudil again produced significant IOP reductions,
reducing mean diurnal IOP from 16.2 mmHg to 11.3 mmHg after 8 days of treatment (Levy
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et al., 2015). The substantial IOP reductions observed in subjects with lower baseline IOPs
could be related to netarsudil’s reported ability to lower episcleral venous pressure in rabbits
(Kiel and Kopczynski, 2015; Sturdivant et al., 2016), given that episcleral venous pressure
can be responsible for more than half of measured IOP in normotensive patients (Selbach et
al., 2005).

Based on demonstrated additive efficacy between Rho kinase inhibitors and prostaglandin
F2a analogs, Aerie Pharmaceuticals developed a fixed combination of 0.02%netarsudil plus
0.005% latanoprost, referred to as PG324. In a Phase 2 study, once-daily dosing of 0.02%
PG324 provided IOP reductions that were 1.6 to 3.2 mmHg greater than latanoprost alone
(Lewis et al., 2016). Phase 3 clinical development of 0.02% PG324 was initiated in 2015.

The most common adverse event associated with different Rho kinase inhibitors was
conjunctival hyperemia, which was typically transient and asymptomatic. Conjunctival
hyperemia is an expected pharmacological effect of Rho kinase inhibitors due to their ability
to relax smooth muscle cells and dilate blood vessels (Somlyo and Somlyo, 2003; Uehata et
al., 1997).

5. Effects of Rho GTPase and Rho kinase signaling on optic nerve axons

and retinal ganglion cell survival

Optic nerve degeneration and retinal ganglion cell (RGC) loss are the main cause for the loss
of vision in glaucoma (Kwon et al., 2009; Van de Velde et al., 2015). Although lowering IOP
slows the neuronal degeneration of axons and loss of RGCs, in a large population of
normotensive glaucoma patients, optic nerve atrophy and loss of RGC occur with no obvious
elevation in IOP (Kwon et al., 2009; Quigley, 2011; Van de Velde et al., 2015). Interestingly,
Rho/Rho kinase signaling is recognized to be involved in the pathobiology of various central
nervous system (CNS) disorders (Chrissobolis and Sobey, 2006; Forgione and Fehlings,
2014; Fujita and Yamashita, 2014). The Rho GTPase signaling pathway has been
demonstrated to be especially involved in the inhibition of axonal outgrowth by Nogo,
myelin-associated glycoprotein (MAG), oligodendrocyte-myelin glycoprotein (OMgp), and
other repulsive guidance molecules (Fujita and Yamashita, 2014; Hall and Lalli, 2010).
Moreover, Rho GTPase and Rho kinase influence neuronal cell death as well via regulating
the activities of several molecules involved in cell survival and death including PTEN
(Phosphatase and Tensin homolog) and microtubule-associated proteins (Boomkamp et al.,
2012; Mimura et al., 2006; Varma et al., 2010). Importantly, optic nerve head and optic
nerve head astrocytes derived from glaucoma patients show elevated levels of RhoA and
Rho kinase, indicating a possible involvement for Rho GTPase signaling in glaucoma
pathobiology at the optic nerve (Goldhagen et al., 2012; Lukas et al., 2008). In the rat optic
nerve crush model, RGC cell apoptosis and axonal degeneration were associated with
elevated levels of RhoA, RhoA activation, caspase-3 and ROCK?2 in the retinal ganglion cell
layer (Tan et al., 2011; Xu et al., 2014).

It also is becoming increasingly evident from various experimental studies that inhibition of
the Rho/Rho kinase signaling pathway suppresses neuronal damage in different CNS disease
models and promoting both increased axonal extension and increased neuronal survival
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(DeGeer and Lamarche-Vane, 2013; Fujita and Yamashita, 2014). RhoA inhibition using C3
exoenzyme and suppression of RhoA expression by shRNA increases axonal outgrowth and
RGC survival in various animal models of glaucomatous damage (Bertrand et al., 2007;
Bertrand et al., 2005; Drummond et al., 2014; Koch et al., 2014). Similarly, different Rho
kinase inhibitors including HA1007 (fasudil), Y-39983 (SJN-1656), ripasudil (K-115) and
Y-27632 were found to exhibit neuroprotection by promoting axonal outgrowth and RGC
survival in different animal models (Bermel et al., 2009; Hirata et al., 2008; Kitaoka et al.,
2004; Sagawa et al., 2007; Sugiyama et al., 2011; Van de Velde et al., 2015; Yamamoto et
al., 2014; Yu et al., 2015; Yu et al., 2016). Fasudil and Y-39983 have also been shown to
increase blood flow to the optic nerve head in rabbits (Sugiyama et al., 2011; Tokushige et
al., 2011).

Although there are a vast number of preclinical studies that support the importance of Rho
GTPase and Rho kinase inhibitors as potential neuroprotective agents (Van de Velde et al.,
2015), the efficacy of these drugs as direct neuroprotective agents has yet to be tested in
human patients.

6. Concluding remarks

The current time is undoubtedly an exciting period in which remarkable progress is being
made toward understanding the physiology of the conventional AH outflow pathway and the
mechanisms of IOP homeostasis. Through this understanding, the ultimate goal of
developing targeted therapies to lower IOP in glaucoma patients via increasing trabecular
outflow appears to be coming to fruition. The Rho GTPase/Rho kinase signaling pathway
has been identified as one of the central mechanisms that integrates inputs from various
external factors and generates outputs and cellular effects that regulate AH outflow
homeostasis through the trabecular pathway. The first Rho kinase inhibitor has been
approved for the treatment of patients with glaucoma, and a Rho kinase/norepinephrine
transporter inhibitor will soon complete Phase 3 clinical development. Additionally,
combinatorial therapy using Rho kinase inhibitors in combination with timolol or
latanoprost is being exploited to harness additive efficacy to lower 10P.

Importantly, as this work continues, it is providing important and novel insights into other
related molecular pathways and targets for pharmacological manipulation of IOP. Most
significantly, additional studies are required to understand how Rho/Rho kinase signaling is
regulated by external factors in the healthy AH outflow pathway, as well as to identify the
basis for dysregulation of this pathway with aging and ultimately in glaucomatous eyes.

Beyond lowering of IOP, Rho kinase inhibitors may provide additional benefits for the
treatment of glaucoma. The anti-fibrotic activity of Rho kinase inhibitors may be able to
slow or stop the functional deterioration of trabecular outflow tissues that is the underlying
cause of elevated I0OP in glaucoma patients, and to prevent tissue scarring following
glaucoma filtration surgery. Furthermore, it is imperative that we continue to explore this
class of drugs for their potential to provide neuroprotective activity that could directly rescue
or mitigate optic nerve axonal damage and enhance RGC survival in patients with glaucoma.
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Highlights

Rho/Rho kinase signaling plays a crucial role in homeostasis of AH outflow
and I0P

Dysregulation of Rho/Rho kinase signaling impairs AH outflow and leads to
increased 10OP

Inhibition of Rho/Rho kinase signaling results in an ocular hypotensive
response

Inhibition of Rho/Rho kinase has neuroprotective effects

Rho kinase inhibition exhibits anti-fibrotic effects in TM and Tenon
fibroblasts
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Fig. 1.
Schematic illustration of the role of Rho GTPase/Rho kinase signaling pathway in regulation

of actin cytoskeletal organization and cellular processes in smooth muscle and non-smooth
muscle cells.
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RhoA inhibition (by C3 exoenzyme, siRNA, microRNAs, Statins, GGTIs)
Rho kinase inhibition (Pharmacological inhibitors)
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Fig. 2.
Inhibitors of Rho GTPase and Rho kinase lower 10P by increasing aqueous humor outflow

through the conventional pathway and exhibit neuroprotective effects by stimulating axonal
outgrowth and retinal ganglion cell survival.
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