Racl Activation, Choroidal Endothelial Cell
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Definition

Ras-related C3 botulinum toxin substrate 1 (Racl) is an intracellular Rho GTPase that acts as a
biologic switch in response to external stimuli. In studies testing the effects of age-related macular
degeneration (AMD)-related stresses, activation of Racl was found to be necessary for choroidal
endothelial cell invasion into the neural retina to form vision-threatening macular neovascularization.
This entry summarizes the regulators of Racl activation, effectors of active Racl in choroidal
endothelial cells, and mechanisms by which active Rap1l, a Ras-like GTPase, may prevent active Racl-
mediated choroidal endothelial cell migration.

1. Introduction

Age-related macular degeneration (AMD) is a leading cause of blindness worldwide [, Vision loss occurs
in advanced forms of AMD (i.e., atrophic or neovascular). Vision loss from neovascular AMD is often
associated with the invasion of endothelial cells from the choroid (choroidal endothelial cells) into the
neural retina [213] and proliferate into neovascular lesions, known as type 2 macular neovascularization
(MNV) 41, Although treatments with agents that interfere with the bioactivity of vascular endothelial
growth factor (anti-VEGF) have improved outcomes in neovascular AMD, about 50% of patients continue
to experience vision loss [21. Therefore, understanding the molecular mechanisms that regulate choroidal
endothelial cell invasion into the outer retina is important to identify safe and effective treatments that
address the limitations of current anti-angiogenic agents.

A physiologically relevant human coculture assay was developed in which choroidal endothelial cells were
cocultured with the basal side of the cultured retinal pigment epithelial (RPE) cell monolayer to model
aspects of choroidal endothelial cell transmigration, a necessary step in type 2 MNV [&. Choroidal
endothelial cells that were cocultured with the RPE cell monolayer had significantly elevated Ras-related
C3 botulinum toxin substrate 1 (Racl) activation (see Section 2) compared to appropriate experimental
controls in which choroidal endothelial cells were cultured without the RPE cell monolayer [Z1. Inhibiting
active Racl-mediated signaling in choroidal endothelial cells by transduction of adenoviral vectors that
expressed dominant-negative Racl reduced migration across the RPE cell monolayer compared to
choroidal endothelial cells transduced with control adenoviral vectors 2, Furthermore, studies have
demonstrated that Racl is activated in choroidal endothelial cells by several AMD-associated stresses,
(i.e., tumor necrosis factor alpha (TNFa) (8], vascular endothelial growth factor (VEGF) [21110J11I112](13][14 1,
C-C motif chemokine 11 (CCL11) [12], reactive oxygen species (ROS)[8l, and 7-ketocholesterol (7KC)
[LLII15] (Figure 1). Taken together, the data suggest that Racl activation in choroidal endothelial cells is
an important molecular event that promotes the development of type 2 MNV. Therefore, this entry
discusses molecular mechanisms involved in pathologic Racl activation in choroidal endothelial cells. This
information may help to identify therapeutic approaches that reduce choroidal endothelial cell invasion
into the neural retina and address the potential limitations of current anti-angiogenic agents.
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Figure 1. Cross-talk and feed-forward signaling activate Racl in choroidal endothelial cells. Vascular
endothelial growth factor (VEGF) binds to VEGF receptor 2 (VEGFR2) and activates the receptor tyrosine
kinase while C-C motif chemokine 11 (CCL11), an angiogenic eosinophil chemotactic protein, binds and
activates signaling through the G protein-coupled receptor, C-C chemokine receptor 3 (CCR3). Each leads
to activation of Racl (RaclGTP) and, together, synergistically exacerbate Racl activation. Tumor necrosis
factor alpha (TNFa) leads to activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
and the reactive oxygen species (ROS) generated activate Racl, which can feed-forward to activate
NADPH oxidase. 7-ketocholesterol (7KC) increases Racl activation. Activated Racl binds the GTPase
related domain (GRD, dark green oval domain) of IQ motif containing GTPase activating protein 1
(IQGAP1) and has sustained activation. Dashed black lines represent indirect interactions, and solid black
lines represent direct interactions (image created with BioRender.com).

2. Activation of Racl GTPase in Endothelial Cells

Racl is a Rho GTPases that cycles from an inactive GDP-bound form (RaclGDP) to an active GTP-bound
form (RaclGTP) to transduce signaling in choroidal endothelial cells in response to different AMD-
associated stresses (see Section 1). The biologic switch is primarily regulated by Rho guanine nucleotide
exchange factors (Rho GEFs), Rho GTPase activating proteins (Rho GAPs), and Rho GDP dissociation
inhibitors (Rho GDIs) (Figure 2). However, current approaches to prevent Racl activation by targeting
these primary regulators are inefficient [16l[17]  Therefore, identifying alternative ways to regulate
pathologic Racl activation is necessary.
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Figure 2. Racl GTPase acts as a biologic switch in choroidal endothelial cells. Racl GTPase cycles from
an inactive, guanosine diphosphate (GDP)-bound, state to an activated, guanosine triphosphate (GTP)-



bound, state. The primary regulators of Racl activation are GDP dissociation inhibitors (GDIs), guanine
nucleotide exchange factors (GEFs), and GTPase activating proteins (GAPs). GDIs prevent the
translocation of inactive Racl to the plasma membrane by interacting with lipid moieties on Racl (e.g.,
farnesyl or geranylgeranyl lipids). GEFs activate Racl by replacing bound GDP on Racl with GTP. GAPs
inactivate Racl by accelerating the hydrolysis of bound GTP on Racl to GDP. Solid black lines represent
direct interactions (image created with BioRender.com).

3. Active Racl-mediated signaling in choroidal endothelial cells

Once activated, Racl interacts with several effectors in choroidal endothelial cells to elicit signaling
events that lead to migration. This entry will discuss two proteins that interact with active Racl in
choroidal endothelial cells: nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) and IQ
motif containing GTPase activating protein 1 (IQGAP1).

NOX1 and NOX2, isoforms of the NOX family, contain active Racl as a subunit. In choroidal endothelial
cells, VEGF-induced reactive oxygen species (ROS) generation was significantly reduced in cells
transfected with Racl siRNA compared to control siRNA [2], Pretreatment with diphenyleneiodonium, a
NOX inhibitor, reduced VEGF-induced choroidal endothelial cell migration 2], and pretreatment with
apocynin, a ROS quencher, reduced choroidal endothelial cell migration in response to VEGF 2] or TNFa
(8], These findings suggest that active Racl is an important subunit in NOX-generated ROS, which is
required for choroidal endothelial cell migration in response to different AMD-related stresses. These
results were corroborated in vivo using the murine laser-induced choroidal neovascularization (CNV)
model, which recapitulates aspects of MNV observed in humans. C57/BI6) mice treated with intravitreal
apocynin compared to vehicle control had significantly reduced laser-induced CNV volume 21, Also, laser-
induced CNV volume was reduced in p47phox knockout (Ncfl /=) mice compared to littermate wild-type
mice 21, Overall, the data suggest that NOX-mediated ROS generation is necessary for active Racl-
mediated choroidal endothelial cell migration and MNV by AMD-related stresses.

Another protein that interacts with active Racl in choroidal endothelial cells is IQ motif containing GTPase
activating protein 1 (IQGAP1). IQGAP1 was identified in immunolabeled paraffin-embedded sections of
human donor eyes at the region of neovascular lesions. Knockdown of IQGAP1 by siRNA reduced Racl
activation and migration induced by VEGF. In the laser-induced CNV model, Iggapl~/~ mice had
significantly reduced experimental CNV and reduced immunofluorescent of Rac1GTP within lectin-stained
sections of CNV lesions compared to littermate Iqggapl*/* mice (24, Specifically, endothelial IQGAP1
knockout in mice by Cre recombinase-mediated recombination significantly reduced laser-induced CNV
and immunofluorescent labeling of RaclGTP within lectin-stained sections of CNV lesions compared to
tamoxifen-treated littermate control mice that lacked Cre recombinase 23], Taken together, the data
suggest that IQGAP1 is necessary for Racl activation by AMD-associated stresses. On a molecular level,
previous studies have found that the GAP-related domain (GRD) of IQGAP1 binds to active Racl and
maintains Racl in its active state instead of accelerating the inactivation of Racl [18l, In support of this
notion, choroidal endothelial cells transfected with an IQGAP1 construct that interfered with Racl1GTP
binding IQGAP1 (IQ-MK24) had reduced Racl activation sustained by VEGF compared to choroidal
endothelial cells transfected with control full-length IQGAP1 construct (IQ-WT) 24l Overall, the data
suggest that interfering with Racl1GTP binding to IQGAP1 might reduce pathologic choroidal endothelial
cell activation, migration, and the development of vision-threatening MNV.

4. Active Rapl antagonizes Racl Activation in Choroidal Endothelial
Cells

Rapl is a small, Ras-like GTPase that acts as a biologic switch similar to Racl. Treatment with a
pharmacologic activator of a Rapl GEF, 8CPT-2'OME-cAMP (8CPT), significantly reduced choroidal
endothelial cell transmigration across an RPE monolayer in the coculture assay, and intravitreal 8CPT
administration reduced laser-induced CNV volume in the rodent laser-induced CNV models [EI[131[19][20] |n
cultured choroidal endothelial cells, 8CPT also increased Rapl activation and reduced Racl activation by
VEGF 131 or TNFa 8], Furthermore, choroidal endothelial cells transduced with adenoviral vectors that



expressed constitutively active Rapla had significantly reduced VEGF-induced Racl activation, migration,
and tube formation compared to choroidal endothelial cells transduced with control adenoviral vectors
(131 Furthermore, adenoviral transduction of active Rapla significantly reduced Racl activation and ROS
generation, measured by DCFDA fluorescence, induced by TNFa [8l. Taken together, the data suggest that
activation of Rapl antagonizes active Racl-mediated choroidal endothelial cell migration and the
development of MNV.

On a molecular level, studies have reported that active Rapla binds to the IQ domain of IQGAP1!21] and
displaces effectors that bind to the other domains of IQGAP1 [221123] |n support of this notion, choroidal
endothelial cells transfected with a mutant construct with point mutations in the IQ domain that enhanced
Rapl interactions with IQGAP1 (IQ-3,4R) [54] had decreased Racl activation and active Racl binding to
IQGAP1 induced by VEGF compared to choroidal endothelial cells transfected with control IQ-WT 131, This
finding suggested that active Rapl antagonizes Racl activation by also interfering with Rac1GTP binding
IQGAP1, a necessary step for sustained Racl activation (Figure 3).
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Figure 3. Active Rapl antagonizes Racl activation by age- and AMD-related stresses in choroidal
endothelial cells. Rapl is a Ras-like small GTPase that cycles from an active, GTP-bound, state to an
inactive, GDP-bound, state in choroidal endothelial cells. Active Rapl (RaplGTP) antagonizes Racl
activation by age-related stresses, such as vascular endothelial growth factor (VEGF) or tumor necrosis
factor alpha (TNFa). Active Rap1l binds to the IQ domain of IQGAP1 (red domain) and interferes with active
Racl binding the GRD of IQGAP1 (dark green domain). Active Rapl also interferes with reactive oxygen
species (ROS) generation that further activates Racl by feed-forward signaling (red arrows). Dashed lines
represent indirect interactions, and solid lines represent direct interactions (image created with
BioRender.com).
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