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Abstract
Purpose—To determine the effects of inhibition of protein geranylgeranyltransferase type I
(GGTase-I), which isoprenylates so-called CaaX proteins, including the GTP-binding proteins such
as Rho GTPases and the βγ subunits of heterotrimeric G-proteins, on aqueous humor outflow and
trabecular meshwork cytoskeletal integrity.

Methods—A selective small molecular inhibitor of GGTase-I, GGTI-DU40, was tested in this study
to investigate its effects on actin cytoskeletal integrity, cell adhesions, cell-cell junctions, myosin II
phosphosphorylation, and membrane localization of GTP-binding proteins in trabecular meshwork
(TM) cells, using immunofluorescence detection and immunoblotting analysis. The effects of GGTI-
DU40 on aqueous humor outflow were determined using organ-cultured, perfused anterior segments
of porcine eyes.

Results—In the TM cell lysates, GGTI-DU40 was confirmed to inhibit GGTase-I activity in a dose-
dependent manner. TM cells treated with GGTI-DU40 displayed dose-dependent changes in cell
morphology and reversible decreases in actin stress fibers, focal adhesions, and adherens junctions.
Myosin light chain phosphorylation was decreased significantly, and membrane localization of
isoprenylated small GTPases and Gβγ was impaired in drug-treated TM cells. Aqueous outflow
facility was increased significantly in eyes perfused with GGTI-DU40.

Conclusions—These data demonstrate that inhibition of geranylgeranyl isoprenylation of CaaX
proteins in the aqueous outflow pathway increases aqueous humor outflow, possibly through altered
cell adhesive interactions and actin cytoskeletal organization in cells of the outflow pathway. This
study indicates that the GGTase-I enzyme is a promising molecular target for lowering increased
ocular pressure in glaucoma patients.

Glaucoma, a leading cause of blindness characterized by optic nerve degeneration and
progressive visual field loss, is commonly associated with elevated intraocular pressure (IOP).
In primary open-angle glaucoma (POAG), the most common form of the disease, elevated IOP
occurs as a result of pathologically increased resistance to drainage of aqueous humor through
the pressure-dependent trabecular or conventional outflow system.1 Therefore, elevated IOP
is considered a major risk factor for glaucoma, and lowering IOP is the only modality available
for the treatment of POAG.1 The conventional outflow pathway is composed of the trabecular
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mesh-work (TM), juxtacanalicular region (JCT), and Schlemm canal. In humans this pathway
represents a predominant route of aqueous humor drainage.2,3 Aqueous humor is secreted by
nonpigmented epithelial cells that line the iris and ciliary body and flows into the anterior
chamber, which then drains through the TM into Schlemm canal and the episcleral veins on a
continuous basis.4 Glaucoma is an age-related disease, and increased contractile activity and
cell adhesive interactions of the cells of aqueous outflow pathway are believed to be partly
responsible for the elevated IOP and POAG.4-7

Perfusion studies using cytoskeleton-interfering agents such as actin-depolymerizing agents,
inhibitors of myosin light chain kinase, myosin II, protein kinase C, Rho GTPase, and Rho
kinase, in different model systems, have indicated a link between cytoskeletal integrity within
the TM and aqueous outflow through the TM.2,4,5,7,8 Agents that increase actin
depolymerization and decrease cell– extracellular matrix interactions and myosin II
phosphorylation in the TM increase aqueous outflow, presumably by cellular relaxation,
altering the geometry of outflow pathway and fluid flow through the inner wall of the Schlemm
canal.2,7 In contrast to the effects of inhibiting Rho, Rho-kinase, myosin II, and myosin light-
chain kinase, physiological agonists including endothelin-1, lysophosphatidic acid, thrombin,
and TGF-β (which are known to activate Rho/Rho kinase signaling) have been shown to reduce
aqueous humor outflow in the perfused model systems.6,9-11 These different observations
collectively implicate the activation status of the Rho/Rho-kinase pathway, heterotrimeric G-
proteins, and the contractile force of the TM in the regulation of aqueous humor outflow and
homeostasis of IOP.

GTP-binding proteins, including small GTP-binding proteins such as Rho and Rac and the
heterotrimeric G-proteins G12/13 and Gq, regulate tissue contractile and relaxation properties
and actin cytoskeletal organization and cell adhesive interactions in smooth muscle and
nonmuscle cells.12-15 The activity of these G proteins (both monotrimeric and heterotrimeric)
requires the addition of an isoprenoid lipid at the carboxyl terminal through enzyme-mediated
isoprenylation posttranslational modification. This lipid modification aids the G-proteins and
Rho GTPases to localize to the plasma membrane, where they interact with other regulatory
proteins and participate in signaling activity to control various cellular processes.16,17 The
CaaX prenyltransferases protein farnesyltransferase and protein geranylgeranyltransferase
type I (GGTase-I) attach either a 15-carbon farnesyl group or a 20-carbon geranylgeranyl
group, respectively, to the cysteine residue found within the CaaX motif at the C-terminus of
protein substrates.16 GGTase-I substrates include Rho and Rac GTPases and the gamma
subunit of most heterotrimeric G-proteins, and the inhibition of isoprenylation has been
considered one of the rational and promising approaches to modulate the activity of oncogenic
small GTP-binding proteins and heterotrimeric G-proteins with therapeutic importance for the
treatment of cancers.16,18 Recently, a novel small molecular pyrazole-derived compound,
GGTI-DU40 (Fig. 1), has been identified and characterized as a specific and potent inhibitor
of GGTase-I. GGTI-DU40 has been shown to impair membrane localization of various
geranylgeranylated G proteins, including Rho and Rap GTPases, by inhibiting the
isoprenylation modification in different cell types.19

Rho GTPases and G-protein–coupled receptors regulate cell shape, actin cytoskeletal
organization, cell adhesive interactions, and contractile activity, which have now been well
recognized to participate in the modulation of aqueous humor outflow.2,6,7 Indeed,
experiments using a peptidomimetic GGTI, GGTI-298, showed blocking geranylgeranylation
can decrease leukocyte adhesion.20 In this study, we have explored the effects of GGTI-DU40
on aqueous humor outflow and TM cell cytoskeletal and adhesive characteristics. The results
of this study reveal the promising effect of GGTI-DU40 on aqueous outflow through the TM
pathway and identify GGTase-I as a potential molecular target for lowering IOP in glaucoma
patients.
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Materials and Methods
Materials

GGTI-DU40 was synthesized at the Duke Small Molecule Synthesis Facility. Geranylgeranyl
diphosphate (GGPP) was purchased from Biomol, Inc. (Plymouth Meeting, PA). [3H]GGPP
was purchased from PerkinElmer Life Sciences (Waltham, MA). Rhodamine-phalloidin,
monoclonal antibodies of vinculin, and β-catenin were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphospecific MLC polyclonal antibody and monoclonal anti-Rap1GTPase
antibody were from Cell Signaling Technology, Inc. (Beverly, MA) and Santa Cruz
Biotechnology (Santa Cruz, CA), respectively. Anti-Gβ antibody (985) was a gift from Thomas
Gettys (Pennington Biomedical Research Center, Baton Rouge, LA). All other chemicals were
of analytical grade.

Cell Culture
Porcine TM (PTM) cells were isolated from freshly obtained cadaver eyes by collagenase IV
digestion, as we described previously.21 Cells were cultured at 37°C under 5% CO2 in
Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and
penicillin (100 U/mL)/streptomycin (100 μg/mL). All experiments were conducted using
confluent cell cultures between passages 3 and 5.

Immunostaining
Porcine TM cells were grown to confluence on 2% gelatin-coated, glass coverslips. Cells were
treated with GGTI-DU40 (1–40 μM dissolved in dimethyl sulfoxide) for 24 hours in the
presence of 0.1% serum. Changes in cell shape were recorded with a phase-contrast microscope
(IM 35; Carl Zeiss Meditec, Dublin, CA). After treatment with GGTI-DU40, cells were fixed
with 3.7% formaldehyde and actin; focal adhesions and adherens junctions were stained with
rhodamine-phalloidin, anti-vinculin antibody, and anti-β-catenin antibody in combination with
TRITC-conjugated secondary antibody, respectively, as described previously.21
Representative fluorescence micrographs were recorded using a fluorescence microscope
(Axioplan-II; Carl Zeiss Meditec).

RT-PCR
Human TM cells were isolated as we described earlier22 and were cultured at 37°C under 5%
CO2 in DMEM containing 10% FBS and penicillin (100 U/mL)/streptomycin (100 μg/mL)/
glutamine (292 μg/mL). Expression of GGTase-I in human TM cells (passage 4) was confirmed
by RT-PCR analysis. Total RNA extracted (RNeasy Mini kit; Qiagen, Valencia, CA) from the
human TM cells was treated with DNaseI to eliminate contamination from genomic DNA.
RNA was then reverse transcribed (Advantage RT-for-PCR kit; Clontech, Mountain View,
CA) according to the manufacturer’s instructions. Controls lacking reverse transcriptase (RT)
were also set up to confirm the absence of genomic DNA-generated signals. PCR amplification
was then performed on the resultant TM RT-derived complementary DNA libraries (Advantage
RT-for-PCR kit), according to the manufacturer’s instructions, with sequence-specific forward
and reverse oligonucleotide primers for the GGTase-I. RT-PCR–amplified DNA fragments
were sequenced to confirm gene identity.

MLC Phosphorylation
To determine the effects of GGTI-DU40 on MLC phosphorylation in PTM cell cultures, cells
were grown to confluence and treated with GGTI-DU40 for 24 hours in the absence of serum.
The status of MLC phosphorylation in PTM cells was determined by urea-glycerol gel
electrophoresis and immunoblot analysis, as we described previously,21 using phosphospecific
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anti-MLC (Thr18/Ser19) polyclonal antibody. Equal protein loading was verified by probing
for actin with antisera for β-actin in the same cell lysates.

Cell Viability and Toxicity
To evaluate the effects of GGTI-DU40 on the viability of PTM cells, cells treated with drug
for 24 hours were subsequently incubated with fluorescein diacetate and propidium iodide, as
described in our previous studies.21 Viable cells and dead or damaged cells, which stained
green and red, respectively, were evaluated by fluorescence microscopy.

Gβγ and Rap1 Membrane Partitioning and Immunoblotting
PTM cells were grown to confluence in Petri dishes and treated with GGTI-DU40 in the
absence of serum for 24 hours. After drug treatment, cells were rinsed with cold PBS and lysed
with ice-cold hypotonic lysis buffer (70 mM HEPES, pH 7.4, 2 mM EDTA, 1 mM
dithiothreitol, and protease inhibitors), as described by Peterson et al.19 After sonication, the
whole cell lysate was centrifuged at 100,000g for 45 minutes at 4°C. After protein concentration
determination, the supernatant and the pellet fractions were subjected to SDS-PAGE
electrophoresis with 4% to 20% gradient acrylamide gels. Proteins were transferred to
nitrocellulose membranes and immunoblotted for Gβγ. Rap1 was immunoblotted using antisera
specific for the unprenylated form of Rap1, and sample loading was verified by reprobing the
blots with antisera specific for total Rap1.

GGTase-I Assay
GGTase-I activity was determined by the following incorporation of radiolabeled isoprenoid
from 3H-GGPP into Ras protein (Ras-CVLL), as described previously.19 Briefly, the
100,000g supernatant of PTM cell lysates (25 μg protein) was used to initiate reactions
containing 0.5 μM GGPP, and a concentration of 1 μM appropriately purified His-tagged Ras
substrates (Ras-CVLL). As indicated in the figure legend (Fig. 2), GGTI-DU40 inhibitor was
added at the indicated concentrations. Final dimethyl sulfoxide concentration was 2% for all
samples. Reactions were carried out for 10 minutes at 30°C before precipitation and product
determination.19

Perfusion
Porcine eyes (obtained fresh from a local abattoir) were placed in culture according to published
techniques.23 Anterior segments from paired eyes were prepared by dissecting the eyes at the
equator; removing the lens, iris, and vitreous; and rinsing thoroughly with culture medium
before clamping them to a two-cannulae, modified Petri dish, as we described earlier.23 To
avoid disturbing the TM tissue, anterior segments were left with some ciliary body and iris.
Anterior segments were perfused with high-glucose DMEM containing 0.1% FBS, penicillin
(100 U/mL), streptomycin (100 μg/mL), gentamicin (36 μg/mL), and amphotericin (0.25 μg/
mL) at a constant flow (3 μL/min), using microinfusion pumps (Harvard Bioscience, South
Natick, MA), under 5% CO2 at 37°C. Perfusion pressure was monitored continuously with a
pressure transducer connected to the second cannula and was recorded with an automated
computerized system. After the initial baseline aqueous outflow facility was recorded for 36
hours, the anterior segments of the test eyes were exchanged into, and perfused with, medium
containing GGTI-DU40 (10 or 25 μM) for 6 days. Contralateral fellow eyes were perfused
with medium containing vehicle alone. Data were recorded continuously at 1-minute intervals
over 6 days. The outflow facility at the initial 36-hour perfusion before exposure of eyes to
drug was taken as baseline facility. The percentage of change in the aqueous outflow facility
from the baseline values was computed for drug- and sham-perfused eyes. At each 12-hour
interval, the significance of differences in median percentage of change in outflow facility was
assessed with the paired t-test.
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Results
Expression of GGTase-1 in Human TM Cells

To confirm the expression of the GGTI-DU40 drug target GGTase-I, total RNA extracted from
the cultured human TM cells was subjected to RT-PCR analysis using the sequence-specific
oligonucleotide primers. Figure 2A shows the expression of GGTase-I in HTM cells. In
addition to detecting the GGTase-I transcripts, we also determined the GGTase-I enzyme
activity in the TM cell lysates derived from the porcine species in the absence and presence of
GGTI-DU40. As shown in Figure 2B, GGTase-I activity was readily detectable in the TM cell
lysates and was inhibited by GGTI-DU40 in a concentration-dependent manner. The IC50 (half-
maximal inhibitory concentration) for GGTI-DU40 inhibition of TM cell GGTase-I activity
was roughly 70 nM, and complete inhibition was observed at 5 μM. Data in Figure 2B depict
representative results of two independent analyses.

GGTI-DU40–Induced Changes in TM Cell Shape, Actin Cytoskeletal Organization, and Cell
Adhesive Interactions

To determine the influence of inhibition of protein isoprenylation mediated by GGTase-I on
TM cell morphology, the confluent cultures of porcine PTM cells maintained in 0.1% fetal
bovine serum for 24 hours were treated with different concentrations (5–40 μM) of GGTI-
DU40, and the changes in cell morphology were monitored by viewing under a phase-contrast
microscope. GGTI-DU40 treatment of TM cells resulted in dose- and time-dependent
influences on cell morphology. TM cells exhibited cell separation and cell rounding with
GGTI-DU40 treatment starting from 6 hours, and by 24 hours cells treated with 10 μM GGTI-
DU40 appeared completely round (Fig. 3).

The effects of GGTI-DU40 on TM cell morphology were associated with decreased actin stress
fibers, as determined by recording the actin filament staining with rhodamine phalloidin. TM
cells treated with 10 μM GGTI-DU40 for 24 hours showed almost no detectable actin stress
fibers (Fig. 3). Similarly, the drug-treated cells exhibited a dose-dependent decrease in focal
adhesions and cell– cell junctions in a time-dependent manner. TM cells treated with GGTI-
DU40 (5 and 10 μM) for 24 hours and immunostained for focal adhesions and adherens
junctions with antibodies specific for vinculin and β-catenin, respectively, showed marked
decreases in their staining, as shown in Figure 3. GGTI-DU40–induced changes in cell
morphology, actin filament depolymerization, and decreased focal adhesions were found to be
reversible within 24 to 36 hours after drug withdrawal from the cell culture media (data not
shown). Further, under drug treatment with 10 and 25 μM GGTI-DU40 for 24 hours, TM cells
did not exhibit any significant increase in cell toxicity over the control cells based on live cell
imaging of fluorescein diacetate fluorescence and propidium iodide incorporation (not shown).

Decreased Myosin II Phosphorylation by GGTI-DU40
Because many of the small GTP-binding proteins, including Rho and Rac, and the βγ subunits
of heterotrimeric G-proteins such as Gq and G12/13, which are known to control tissue
contractile activity by regulating the myosin II phosphorylation, are isoprenylated through
GGTase-I,12,16,19 we determined the effects of GGTI-DU40 on TM cell myosin II
phosphorylation. The contractile and relaxation characteristics of many tissues are regulated
by the status of myosin light chain (MLC), the regulatory subunit of myosin II.12 Therefore,
confluent cultures of PTM cells maintained in 0.1% FBS for 24 hours were treated with GGTI-
DU40 (5 and 10 μM) for 24 hours and evaluated for changes in the status of MLC
phosphorylation by immunoblot analysis using anti-phospho-MLC–specific antibody. Drug-
treated TM cells showed a dose-dependent, significant decrease in the levels of phosphorylated
MLC. A representative immunoblot of MLC phosphorylation derived from the drug-treated
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cell lysates and its quantitative differences between the control and drug-treated samples is
shown in Figures 4A and 4B, respectively.

GGTI-DU40–Induced Inhibition of Isoprenylation of G Proteins and Small GTP-Binding
Proteins in TM Cells

To determine the impact of GGTI-DU40 treatment on the modification of geranylgeranylated
proteins in TM cells, the drug (5 and 10 μM for 24 hours)-treated TM cells, as described earlier,
were examined for the partitioning of the Gβγ subunit between the soluble and membrane
fraction (100,000g supernatants and pellets) by immunoblot analysis. PTM cells treated with
10 μM GGTI-DU40 for 24 hours revealed increased levels of Gβγ in the soluble fraction
compared with control cells in which the Gβγ was partitioned primarily to the insoluble or
membrane fraction, indicating impaired isoprenylation of Gβγ in the drug-treated cells and
leading to its accumulation in the soluble fraction (Fig. 5A). In addition to Gβγ, we examined
the isoprenylation status of Rap1, a small GTP-binding protein involved in integrin-mediated
cell adhesion signaling.24 Here we used Rap1 as a representative of geranylgeranylated small
GTP-binding proteins and examined its isoprenylation status in the GGTI-DU40–treated TM
cells by immunoblot analysis using an antibody specific to the nonisoprenylated Rap1. As
shown in Figure 5B, TM cells treated with 5 and 10 μM GGTI-DU40 for 24 hours showed
increased levels of nonisoprenylated Rap1 compared with control cells. In these same cell
lysates, the levels of total Rap1 were determined using the anti-Rap1 antibody by immunoblot
analysis and were found to be the same between the control and the drug-treated samples (Fig.
5B).

Increased Aqueous Humor Outflow Facility with Perfusion of GGTI-DU40
Organ-cultured porcine eye anterior segments (n = 8) perfused with GGTI-DU40 (10 and 25
μM) at a constant flow demonstrated a time-dependent increase in aqueous outflow facility
(Figs. 6A, 6B). This increase in facility was progressive, starting from approximately 5% (at
6 hours) and reaching 40% to 45% (at 66 hours) after drug perfusion with GGTI-DU40. In the
case of 10 μM drug-perfused samples, the change in outflow facility was maintained at
approximately 40% from baseline until 108 hours, and later it started to drop to 30% (Fig. 6A).
With 25 μM drug, the change in outflow facility reached up to 50% at 66 hours after drug
perfusion and was maintained at that level until the end of the 144-hour perfusion (Fig. 6B).
Sham-treated eyes exhibited a lower increase in facility, starting with almost no change from
the baseline facility (±5%) at 6 hours and reaching a maximum of 15% at 66 hours of perfusion
that was maintained until the end of the 144-hour perfusion. Although there was a noticeable
variance in each sample, especially in the 25-μM drug-perfused samples, the difference in
aqueous outflow facility between sham- and drug-treated samples (n = 8) was statistically
significant (*P < 0.05 and **P < 0.01) after 10 and 25 μM GGTI-DU40 perfusion.

Discussion
This study provides evidence for a critical role of GGTase-I in the modulation of aqueous
humor outflow and documents the effects of GGTI-DU40, a specific inhibitor of GGTase-1
activity, on aqueous humor outflow in the organ-cultured anterior eye segment-based perfusion
model. Perfusion of organ cultured porcine eye anterior segments with GGTI-DU40, a potent
and specific inhibitor of GGTase-1, leads to increases in aqueous humor outflow, a response
that appears to be linked to impaired activity of monomeric GTPases including the Rho
GTPases and of heterotrimeric G-proteins. GGTI-DU40 treatment was also accompanied by
alterations in cell morphology and cytoskeletal integrity in TM cells. Furthermore, the
concentration(s) of GGTI-DU40 that elicited changes in aqueous humor outflow in perfused
eyes were also effective at triggering biochemical and cellular/morphologic changes in cultured

Vasantha Rao et al. Page 6

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TM cells. These observations identify GGTase-I as a novel and promising molecular target for
lowering increased IOP in glaucoma patients.

Based on data acquired from the effects of various pharmacologic modulators of contractile
function, cytoskeletal integrity, and cell adhesions in TM cells, inhibitors of TM tissue
contractility and actin/myosin interactions have been identified as having potential therapeutic
significance for lowering IOP in patients with glaucoma.4,6-8 Members of the Rho GTPase
subfamily of monomeric GTPases, including Rho, Rac, and Cdc42, Rap1, and heterotrimeric
G-proteins including G12/13 and Gq, which are isoprenylated proteins, play critical role(s) in
smooth muscle contraction, maintenance of cell morphology, cytoskeletal organization,
trafficking, and cell adhesive interactions.12-16,24,25 Specific inhibitors of Rho GTPase, Rho
kinase, myosin light chain kinase, and myosin II have been demonstrated to increase aqueous
humor outflow and to lower IOP in various perfusion and live animal models.4,8,21,26-29 In
addition to this class of pharmacologic agents, cholesterol-lowering statins, which are
inhibitors of HMG-CoA reductase (the rate-limiting enzyme of the cholesterol biosynthetic
pathway) have also been documented to increase aqueous outflow in perfused eye anterior
segments.23 Anecdotally, human patients on a statin treatment regimen are reported to have a
lowered incidence of glaucoma.30 Although the precise mechanism behind the lowered
incidence of glaucoma in this group of patients is not completely understood, supplementation
with geranylgeranyl pyrophosphate has been shown to reverse the statin-induced increases in
aqueous humor outflow facility in perfused eyes, indicating a potential significance for protein
geranylgeranyl isoprenylation in the modulation of aqueous humor outflow.23 Furthermore,
statins have been demonstrated to impair Rho GTPase activity in various cell types because of
their ability to lower the levels of isoprenoids.23,31

Based on the widely documented observations supporting a role for the Rho GTPases in the
regulation of aqueous humor outflow and the importance of the isoprenylation modification
for the activity of Rho GTPases, we assessed in this study the role of GGTase-I on aqueous
outflow using a specific inhibitor, GGTI-DU40. GGTI-40 is a potent inhibitor of GGTase-I
and has been demonstrated to impair the processing of various geranylgeranyl isoprenylated
proteins, including Rho and Rap1.19 Mechanistically, GGTI-DU40 has been shown to compete
for the CaaX peptide-binding site on GGTase-I.19 Lysates derived from PTM cells treated
with 5 μM GGTI-DU40 exhibited a complete inhibition of GGTase-I activity (Fig. 2B). Further,
GGTI-DU40–treated TM cells also revealed decreased processing of Rap1 and Gβγ, indicating
impaired isoprenylation of Rho GTPases and heterotrimeric G-proteins in response to drug
treatment. Additionally, the GGTI-DU40–induced effects on TM cell morphology,
cytoskeletal organization, and myosin light chain phosphorylation appeared similar to those
triggered by statins and Rho kinase inhibitors.21,23 The drug concentration required for these
effects, however, was much lower for GGTI-DU40 (5–10 μM) than for the statins.23 Similarly,
perfusion with 10 μM GGTI-DU40 also induced a significant increase in aqueous outflow
facility.

Taken together, these observations suggest that, unlike statins, which indirectly impair not only
the activity and function of the Rho GTPases but also those of all other isoprenylated proteins
including Ras and Rab GTPases, the GGTase-I inhibitor GGTI-DU40 exhibits higher
selectivity to inhibit geranylgeranyl modification of the Rho GTPases.19 Moreover, unlike the
Rho GTPase and Rho kinase inhibitors, the use of GGTase-I inhibitors impairs Rho and Rac
GTPase activities.19 Rac GTPase is recognized to play a critical role in regulating cell– cell
junctions and thereby influences para-cellular permeability barrier function.32,33 Enhanced
permeability barrier activity of the inner wall of the Schlemm canal is presumed to increase
resistance to aqueous humor drainage through the conventional route.8,34 Therefore, it is
possible that the ability of GGTI-DU40 to target the activity of both Rac GTPase and Rho
GTPase underlies the increased efficacy this inhibitor exerts on increasing aqueous drainage,

Vasantha Rao et al. Page 7

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



as opposed to inhibitors of either Rho GTPase or Rho kinase. Both Rho GTPase and Rho kinase
have been reported to influence retinal ganglion cell survival, and statins and inhibitors of these
proteins have been documented to have neuroprotective effects.35-38 Therefore, it is
reasonable to speculate that GGTI-DU40 might also exhibit a similar neuroprotective activity.
Further studies are warranted to explore and confirm this hypothesis and to assess the in vivo
effects of GGTI-DU40 on IOP.

In conclusion, findings from this study reveal a critical role for GGTase-I in the modulation
of aqueous outflow facility, with the inhibition of GGTase-I by GGTI-DU40 leading to
increases in aqueous outflow facility. Thus, the direct inhibition of GGTase-I in the aqueous
outflow pathway may be of therapeutic significance in lowering intraocular pressure in patients
with glaucoma.
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Figure 1.
Structure of GGTI-DU40. Reprinted with permission from Peterson YK, Kelly P, Weinbaum
CA, Casey PJ. A novel protein geranylgeranyltransferase-I inhibitor with high potency,
selectivity, and cellular activity. J Biol Chem. 2006;281:12445–12450. © American Society
for Biochemistry and Molecular Biology, Inc.
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Figure 2.
Geranylgeranyltransferase I expression and activity profiles in cultured TM cells. (A)
Expression of GGTase-I in TM cells. RT-PCR analysis was performed using sequence-specific
oligonucleotide primers corresponding to human GGTase-I and RNA extracted from human
TM cells. Reactions lacking reverse transcriptase (−RT) were also set up to confirm lack of
contamination of RNA with DNA. The PCR product was sequenced to confirm the identity of
GGTase-I. (B) GGTase-I activity in TM cells. Soluble extracts (25 μg protein from
100,000g supernatant) of PTM cells were prepared, and GGTase-I activity was measured by
quantifying the incorporation of radiolabeled isoprenoid from 3H-GGPP into Ras protein (Ras-
CVLL) in the absence and presence of GGTI-DU40, as described in Materials and Methods.
A representative analysis is illustrated to show the inhibition of GGTase-I activity in TM cell
lysates by GGTI-DU40.
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Figure 3.
GGTI-DU40 –induced changes in cell shape, actin cytoskeletal organization, focal adhesions,
and cell– cell junctions in cultured PTM cells. The effects of GGTI-DU40 on TM cell
morphology, actin cytoskeletal organization, focal adhesions, and adherens junctions were
evaluated by treating cells for 24 hours with a 5-μM or 10-μM concentration of drug. Drug-
treated TM cells exhibit dose-dependent changes in morphologic and histologic attributes, such
as cell rounding and disorganized actin filaments, together with loss of actin stress fibers,
decreased focal adhesions (stained with vinculin antibody), and decreased cell– cell junctions
(stained with β-catenin antibody).
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Figure 4.
GGTI-DU40–induced decreases in myosin light-chain phosphorylation in TM cells. To
determine the effects of GGTI-DU40 on MLC phosphorylation in TM cells, PTM cells cultured
under 0.1% serum for 24 hours were treated with different concentrations of GGTI-DU40 (24
hours). Cell lysates were prepared and evaluated for changes in MLC phosphorylation using
immunoblot analysis in conjunction with a phosphospecific anti-MLC polyclonal antibody.
(A) Representative immunoblot of MLC phosphorylation in drug-treated samples. (B)
Quantitative and significant differences in the MLC phosphorylation between the drug-treated
and control samples.

Vasantha Rao et al. Page 14

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Effects of GGTI-DU40 treatment on isoprenylation of Gβγ and Rap1 in TM cells. (A) Impact
of GGTI-DU40 treatment on Gβγ membrane association. TM cells were treated with the
indicated concentrations of drug, lysed, and separated into soluble and insoluble fractions
(100,000g pellet). Soluble (S) and insoluble (P) fractions were monitored for changes in the
levels of cytosolic versus membrane-associated forms of Gβγ by immunoblot analysis.
Accumulation of Gβγ in the soluble fractions of the drug-treated (10 μM) samples was
observed, indicating impaired membrane targeting because of altered isoprenylation. (B)
Impact of GGTI-DU40 treatment on Rap1 processing. Accumulation of unprenylated Rap1a
in the drug-treated TM cells was assessed using an antibody that selectively recognizes
unprenylated Rap1. Total Rap1 levels are shown for comparison and were found to be the same
between control and drug-treated samples.
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Figure 6.
GGTI-DU40–induced increases in aqueous humor outflow facility in organ-cultured porcine
eye anterior segments. To determine the effects of GGTI-DU40 on aqueous humor outflow,
organ cultured anterior segments of porcine eyes were perfused with drug, followed by time-
dependent measurements of changes in aqueous outflow. Perfusions carried out with two
different concentrations (10 and 25 μM) of drug exhibited significant and time-dependent
increases in aqueous outflow facility compared with sham-treated specimens.
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