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Abstract

Neovascular age-related macular degeneration (nAMD) is a leading cause of blindness. The 

pathophysiology involves activation of choroidal endothelial cells (CECs) to transmigrate the 

retinal pigment epithelial (RPE) monolayer and form choroidal neovascularization (CNV) in the 

neural retina. The multidomain GTPase binding protein, IQGAP1, binds active Rac1 and sustains 

activation of CECs, thereby enabling migration associated with vision-threatening CNV. IQGAP1 

also binds the GTPase, Rap1, which when activated reduces Rac1 activation in CECs and CNV. In 

this study, we tested the hypothesis that active Rap1 binding to IQGAP1 is necessary and 

sufficient to reduce Rac1 activation in CECs, and CNV. We found that pharmacologic activation of 

Rap1 or adenoviral transduction of constitutively active Rap1a reduced VEGF-mediated Rac1 

activation, migration, and tube formation in CECs. Following pharmacologic activation of Rap1, 

VEGF-mediated Rac1 activation was reduced in CECs transfected with an IQGAP1 construct that 

increased active Rap1-IQGAP1 binding but not in CECs transfected with an IQGAP1 construct 

lacking the Rap1 binding domain. Specific knockout of IQGAP1 in endothelial cells reduced 

laser-induced CNV and Rac1 activation in CNV lesions, but pharmacologic activation of Rap1 did 

not further reduce CNV compared to littermate controls. Taken together, our findings provide 

evidence that active Rap1 binding to the IQ domain of IQGAP1 is sufficient to interfere with 

active Rac1-mediated CEC activation and CNV formation.

*Correspondence to: M. Elizabeth Hartnett, MD, Address: 65 Mario Capecchi Drive, Salt Lake City, UT 84132. Tel: 
801-213-4110; Fax: 801-581-3357, ME.Hartnett@hsc.utah.edu.
Authors’ contributions
AR, HW, and MEH designed the experiments; AR and EK housed the animals; AR, HW, EK, CP performed experiments; AR, HW, 
and MEH analyzed the data; BC provided Cdh5-CreERT2 mice; DBS provided IQGAP1 plasmid constructs; MEH provided funding 
supports; AR and MEH wrote the manuscript; all authors critically reviewed the manuscript.

Conflicts of Interests
The authors declared there were no conflicts of interests to disclose.

HHS Public Access
Author manuscript
FASEB J. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
FASEB J. 2021 July ; 35(7): e21642. doi:10.1096/fj.202100112R.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Choroidal neovascularization; IQGAP1; Vascular endothelial growth factor; Rac1GTP; Rap1GTP

Introduction

Age-related macular degeneration (AMD) is a leading cause of blindness worldwide1. 

Neovascular AMD (nAMD), an advanced form, accounts for rapid vision loss largely due to 

the activation of choroidal endothelial cells (CECs) to transmigrate the retinal pigment 

epithelial (RPE) monolayer and form choroidal neovascularization (CNV) in the neural 

retina2,3. CNV is successfully treated with agents that inhibit the bioactivity of vascular 

endothelial growth factor (VEGF) but only in approximately 40% of cases4–6. Part of this 

finding may be due to the fact that many factors are involved in the early pathophysiology of 

nAMD. These include genetic variants, advanced aging, angiogenic factors (e.g., VEGF), 

inflammatory cytokines (e.g., tumor necrosis factor alpha [TNFα]), and oxidative stimuli 

(e.g., reactive oxygen species [ROS])7–11. We focus on the understudied cellular and 

molecular events stimulated by external factors that affect signaling cascades that activate 

CECs, disrupt the integrity of the RPE barrier and lead to CNV. Our long term goal is to 

improve outcomes in nAMD.

We previously identified Rac1, a Rho GTPase, as a common downstream effector that is 

activated by several AMD-related stresses, including TNFα12, VEGF13,14, and ROS15. Rac1 

is a biologic switch that is activated by guanine nucleotide exchange factors (GEFs) and 

inactivated by GTPase activating proteins (GAPs) in response to external stimuli16. Rac1 

regulates actin polymerization and cell motility when in the GTP-bound (active) state17–19. 

We found Rac1 activation was necessary for CEC transmigration of the RPE20. Accordingly, 

pharmacological inhibition of Rac1 to prevent CEC activation and migration would seem an 

effective treatment for nAMD, but such a treatment might interfere with the physiologic 

roles of Rac1GTP21. We address this concern by studying mechanisms involved in the 

pathologic activation of Rac1 in CECs.

We previously reported that pathologic CEC activation and migration required sustained 

Rac1 activation, which occurred when Rac1GTP bound the GTPase related domain (GRD) 

of the scaffolding protein, IQ protein motif containing GTPase activating protein 

(IQGAP1)14. IQGAP1 contains other domains in addition to GRD (e.g., calponin homology 

domain (CHD), poly-proline protein-protein domain (WW), IQ domain, rasGAP-related 

domain), and each domain binds various proteins that effect different cellular responses22. In 

addition, competitive binding of proteins to one IQGAP1 domain can interfere with binding 

and activation at another domain, including the GRD23. Rap1, a member of the Ras GTPase 

family, is one protein that can bind the IQ domain of IQGAP1 and interfere with binding of 

effectors at other domains24. We and others found that pharmacologic activation of Rap1 

reduced CEC activation12 and experimental laser-induced CNV in rodents15,25,26. In this 

study, we tested the hypothesis that Rap1GTP binding to IQGAP1 was necessary and 

sufficient to prevent Rac1GTP-IQGAP1 interactions and reduce pathologic CEC activation 

and formation of vision-threatening CNV.
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Materials and Methods

Choroidal Endothelial Cell Isolation, Genotype, and Culture

CECs were isolated from adult de-identified human donor eyes obtained from the Utah 

Zions Eye Bank (Salt Lake City, UT) as previously described14, and were exempt from 

human subjects research by the University of Utah Investigational Research Board. Genomic 

DNA was isolated from cultured CECs to genotype for the following AMD-related variants: 

rs800292 (CFH I62V), rs1061170 (CFH Y402H), rs1410996 (proxy for protective block), 

rs12144939 (proxy for CFHR3/CFHR1 deletion), rs10490924 (ARMS2 A69S), rs11200638 

(HTRA1 promoter), and rs2230199 (C3 R102G) through the Steele Center for Macular 

Degeneration. CECs used in this study all had a low to moderate risk of AMD, which was 

determined by AMD odds ratios based upon data from over 6,000 case/control individuals27. 

Each experiment used CECs that were obtained from three different donors. Isolated CECs 

were grown in endothelial growth medium (EGM-2, Lonza, Walkersville, MD) 

supplemented with 5% fetal bovine serum and were used from passages 3 to 5 for 

experiments.

Plasmid Transfection, Adenoviral Transduction, and Treatment of Cultured Choroidal 
Endothelial Cells

CECs were transfected using Lipofectamine 3000 according to the commercial protocol 

(Life Technologies, Grand Island, NY) with one of the following DNA plasmid constructs: 

green fluorescent protein (GFP)-tagged full length IQGAP1 (GFP-IQ-WT), GFP-tagged 

IQGAP1 with the IQ domain deleted (GFP-IQ-ΔIQ)28, Myc-tagged full length IQGAP1 

(Myc-IQ-WT), or Myc-tagged IQGAP1 with selected arginine residues in the third and 

fourth IQ motifs substituted by glutamine (Myc-IQ-3,4R)29. Forty-eight hours after 

transfection, CECs were serum starved in endothelial basal media (EBM-2, Lonza, 

Walkersville, MD) for three hours then treated with equal volumes of either 50 ng/mL 

human recombinant vascular endothelial growth factor (VEGF, R&D Systems, Minneapolis, 

MN) and 0.05% dimethyl sulfoxide (DMSO), 1 μM 8-(4-chlorophenylthio)adenosine-2-O-

Me-cAMP-AM (8CPT-AM; Tocris Bioscience, Minneapolis, MN) and 1 μL PBS, 50 ng/mL 

VEGF and 1 μM 8CPT, or 1 μL PBS and 0.05% DMSO (vehicle control) for 30 minutes.

CECs were transduced with adenoviral constructs expressing GFP (Ad-GFP) or GFP-tagged 

constitutively active Rap1a (Ad-GFP-63E) as previously described12. Viral vectors were 

kindly provided by Dr. Keith Burridge (University of North Carolina, Chapel Hill, NC). 

Forty-eight hours following viral transduction, cells were serum starved for three hours and 

treated with equal volumes of either 50 ng/mL VEGF or PBS for 30 minutes.

Treatment of non-transfected and non-transduced CECs were performed in similar fashion 

using doses of VEGF or 8CPT-AM, as indicated in the figures and figure legends.

Immunocytochemistry of Choroidal Endothelial Cells

CECs, grown on glass coverslips (Thomas Scientific, Swedesboro, NJ), were transfected for 

48 hours with GFP-tagged IQGAP1 plasmid constructs and then treated with either 1μL PBS 

and 0.05% DMSO, 50 ng/mL VEGF and 0.05% DMSO, 1 μL PBS and 1 μM 8CPT-AM, or 
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50 ng/mL VEGF and 1 μM 8CPT-AM for 30 minutes. CECs were fixed for 10 minutes with 

4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) at room 

temperature and washed three times with PBS. CECs were blocked and permeabilized for 

one hour at room temperature in PBS containing 5% normal goat serum (NGS) and 0.4% 

TritonX-100. CECs were stained with rabbit anti-GFP (1:100, Abcam, Cambridge, MA) and 

either mouse anti-IQGAP1 (1:100, BD Biosciences, San Jose, CA) or mouse anti-Rap1GTP 

(1:100, NewEast Bioscience, King of Prussia, PA) overnight at 4°C. CECs were washed 

three times with PBS and incubated for one hour with AlexaFluor 488 goat anti-rabbit 

secondary antibody (1:500, Abcam, Cambridge, MA) for GFP, AlexaFluor 647-conjugated 

rat anti-mouse secondary antibody (1:500, BioLegend, San Diego, CA, USA) for IQGAP1 

or Cy3-conjugated goat anti-mouse secondary antibody (1:500, Jackson ImmunoResearch 

Inc., West Grove, PA) for Rap1GTP for one hour at room temperature. After three washes in 

PBS, the coverslips were mounted in DAPI Fluoromount-G (SouthernBiotech, Birmingham, 

AL). Images were captured using a confocal microscope (Olympus Corporation, Japan) at 

100X objective.

Immunoprecipitation and Western Blots

Following treatment, CECs were washed once with ice cold PBS. Then ice cold 

radioimmunoprecipitation assay (RIPA) lysis buffer containing both protease inhibitors 

(Millipore Sigma, Burlington, MA) and phosphatase inhibitors (ThermoFisher Scientific, 

Rockford, IL) was added to each well. CECs were scraped from the surface of the well plate 

and transferred to 1.5 mL microcentrifuge Eppendorf tubes. Lysates were clarified by 

spinning for 10 minutes at 16,000 × g, at 4°C. Supernatants were transferred to new 

Eppendorf tubes, and a bicinchoninic acid (BCA) assay was performed to determine protein 

concentrations. Protein from cell lysates was suspended in 1X sample buffer and denatured 

at 95°C for 5 minutes to assess protein expression by western blot. Co-immunoprecipitation 

(co-IP) or immunoprecipitation (IP) was performed by incubating 400 μg of protein from the 

same cell lysate with 10 μL Dynabeads protein G (Invitrogen, Carlsbad, CA) and antibodies 

to either rabbit anti-GFP (1:200, Abcam, Cambridge, MA), mouse anti-Myc (1:50, Santa 

Cruz Biotechnology, Dallas, Texas), mouse anti-Rac1GTP (1:200, NewEast Bioscience, 

King of Prussia, PA), or mouse anti-Rap1GTP (1:200, NewEast Bioscience, King of Prussia, 

PA) overnight with gentle rocking at 4°C. The Dynabead/antibody/protein complex was 

washed three times with RIPA lysis buffer, re-suspended in 2X sample buffer and denatured 

at 95°C for 5 minutes. The protein complex bound to GFP, Myc, Rac1GTP, or Rap1GTP 

was separated by western blot.

Western blots were performed by loading and separating denatured samples in NuPAGE 4% 

to 12% Bis-Tris Gels (Invitrogen, Carlsbad, CA) followed by transfer to polyvinylidene 

difluoride (PVDF) membranes (ThermoFisher Scientific, Rockford, IL). PVDF membranes 

were incubated overnight in 5% bovine serum albumin (BSA) in 1X Tris Buffered Saline 

(TBS, Quality Biological, Gaithersburg, MD) with one of the following primary antibodies: 

mouse anti-Rac1 (1:1000, BD Transduction Laboratories, Franklin Lakes, NJ), mouse anti-

Rap1 (1:1000, BD Transduction Laboratories, Franklin Lakes, NJ), or rabbit anti-IQGAP1 

(1:1000, Abcam, Cambridge, MA). Membranes were washed three times with TBS 

supplemented with 0.1% Tween-20 (TBST) and then incubated for one hour with 
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horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:3000, ThermoFisher Scientific, 

Rockford, IL) or HRP-conjugated goat anti-mouse (1:3000, Cell Signaling Technology, 

Danvers, MA) in 5% BSA in 1X TBS. Where indicated, membranes were re-probed with β-

actin (1:3000, Santa Cruz Biotechnology, Dallas, Texas) as loading control in 5% milk in 1X 

TBS.

VEGF and VEGF receptor 2 (VEGFR2) were measured in RPE/choroid tissue lysates using 

a similar protocol. Briefly, RPE/choroids were sonicated in RIPA lysis buffer and the protein 

concentration was quantified using a BCA assay. Protein from tissue lysate was suspended 

in 1X sample buffer and denatured at 95°C for 5 minutes to achieve a final concentration of 

1 μg/μL. Western blots were performed, and PVDF membranes were probed with rabbit 

anti-VEGF (1:500, Santa Cruz Biotechnology, Dallas, Texas) or rabbit anti-VEGFR2 (Cell 

Signaling Technology, Danvers, MA). PVDF membranes were also re-probed with HRP-

conjugated β-actin, as a loading control.

CEC Migration and Tube Formation assays

CEC migration assays were performed as previously described12,14. Briefly, thawed 

Matrigel matrix (Corning, Tewksbury, MA) was diluted with an equal volume of EBM-2 

supplemented with either recombinant human VEGF (50 ng/mL) or PBS. Twenty-four well 

plates were coated with 150 μL of Matrigel mixed with either VEGF or PBS for three hours 

at room temperature to solidify. 500 μL of EBM-2 was added to each well on top of gelled 

Matrigel followed by a 6.5 mm diameter Transwell insert (8 μm pores; Corning, NY). CECs 

stained with Vybrant DiL (Invitrogen, Carlsbad, CA) or transduced with either Ad-GFP or 

Ad-GFP-63E were seeded on top of the Transwell inserts at 50,000 cells per 100 μL of 

serum-free EBM-2 media. Vybrant-stained CECs were treated with either 1 μM 8CPT-AM 

or 0.05% DMSO as vehicle control and incubated for 16 hours at 37°C, 5% CO2. The 

migrated CECs on the underside of the Transwell inserts were imaged with a Confocal Laser 

Scanning Microscope (Olympus Corporation, Japan) at 20X objective. Five different visual 

fields per Transwell insert were captured. Images were imported into FIJI software, and the 

number of CECs were quantified.

Tube formation assays were also performed as previously described14. Briefly, 45,000 CECs 

stained with Vybrant DiL or transduced with either Ad-GFP or Ad-GFP-63E were seeded on 

top of 100 μL of gelled Matrigel in 48 well plates. Vybrant-stained CECs were treated with 

either 50 ng/mL VEGF and 0.05% DMSO, 1 μM 8CPT-AM and 1 μL PBS, 50 ng/mL VEGF 

and 1μM 8CPT-AM, or 1 μL PBS and 0.05% DMSO as vehicle control. Transduced CECs 

by adenovirus were treated with equal volumes of either 50 ng/mL VEGF or PBS. After 12 

hours of incubation, tubes were imaged using a Confocal Laser Scanning Microscope 

(Olympus Corporation, Japan) at 10X objective. Images were imported into FIJI software 

and the number of tubes were quantified30.

Animals and Ethical Statement

All animal procedures were approved by Institutional Animal Care and Use Committee, the 

Institutional Biosafety Committee of the University of Utah and followed the Guide for the 

Care and Use of Laboratory Animals of the University of Utah and the Association for 
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Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and 

Vision Research. Male and female mice on a C57Bl/6J background were used and routinely 

tested for Rd1, Rd8 and Gnat2 mutations. Genotyping was performed by Transnetyx using 

real-time PCR. Iqgap1tm1A(EUCOMM)Wtsi mice (MGI:5008016) crossed with a 

Rosa26Sortm1(FLP1)Dym mice (MGI:2429412)31 were bred to create Iqgap1flox/flox mice and 

crossed with Rosa26Sortm1(EYFP)Cos mice (MGI:2449038)32 to create 

Iqgap1flox/flox;Rosa26-EYFPflox/STOP/flox mice (IQfl). IQfl crossed with Cdh5-Cre/ERT2+/− 

mice33,34 were bred to create Cdh5-Cre/ERT2+/−; Iqgap1flox/flox;Rosa26-EYFPflox/STOP/flox 

mice (IQiΔEC). Four-week-old IQfl and littermate IQiΔEC received intraperitoneal tamoxifen 

once every other day (2 mg in corn oil/day) for 3 injections. Mice were anesthetized with 

intraperitoneal ketamine and xylazine (100 and 10 mg/kg of body weight, respectively) and 

euthanized by inhalation of isoflurane and subsequent cervical dislocation after confirming 

they were unresponsive to a toe-pinch.

Laser-induced Choroidal Neovascularization Model and Intravitreal Injections

Six-week-old mice underwent laser-induced choroidal neovascularization (CNV) as 

previously described14. After dilation with 1% tropicamide ophthalmic solution (California 

Pet Pharmacy, Hayward, CA), anesthetized mice were treated with laser using the Phoenix 

Image-Guided Laser System 94 (Phoenix Micron IV, Pleasanton, CA) at settings of ~460 

mW intensity and 100 ms duration. Generation of cavitation bubbles, indicating disruption 

of Bruch’s membrane, without bleeding was considered successful treatment. Each eye had 

four laser burns, and each burn was located approximately two-disc diameters from the optic 

nerve.

Intravitreal injection of either 1 μL of 20.5 μmol/L 8-(4-chlorophenylthio)adenosine-2-O-

Me-cAMP (8CPT; Calbiochem, La Jolla, CA) or 1 μL of PBS was administered using a 

Microliter syringe (Hamilton Company, Reno, NV) as previously described12,15,26. Mice 

received the same treatment in both eyes and were treated with topical erythromycin 

following injections.

Preparation of RPE/choroids for Flat Mounts, Quantification of CNV volume, and Eyecup 
Sections

Harvested eyes were corneal clipped and placed in 4% PFA for one hour. Eyes were washed 

three times with PBS and dissected to isolate the posterior eye cup, which contains RPE/

choroid/sclera tissue (herein referred to as RPE/choroid). RPE/choroids were blocked and 

permeabilized for two hours at room temperature in PBS containing 5% normal goat serum 

(NGS) and 0.4% TritonX-100, and then stained with AlexaFluor 568-conjugated Isolectin 

B4 (1:500, Invitrogen, Carlsbad, CA) overnight at 4°C. Radial incisions, avoiding laser 

lesions, were performed to flat mount RPE/choroids onto a microscope slide with 

vectashield mounting medium (Vector Laboratories, Burlingame, CA). Confocal z-stack 

images of each lesion were acquired at 568 nm using a Confocal Laser Scanning 

Microscope (Olympus Corporation, Japan) at 20X objective. Images were imported into 

IMARIS (the Oxford Instruments, Switzerland), and CNV volumes were measured using the 

Surfaces Module (Version 9.1.2, Bitplane, Santa Barbara, California, USA) as previously 
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described14,35. CNV with obvious bridging were excluded from analysis, per standard 

protocol36.

For cryosections and immunolabeling, harvested eyes were fixed for one hour in 4% PFA, 

dissected to remove the extraocular muscle, cornea and lens, and the resulting eyecup 

washed three times in PBS, then placed into 15% sucrose for three hours and 30% sucrose 

overnight at 4°C. Eyecups were then embedded in a 2:1 solution of optimal cutting 

temperature compound (OCT, Sakura Finetek USA, Inc., Torrance, CA, USA):30% sucrose 

over dry ice. Frozen embedded eyecups were sectioned at 12 μm with a cryostat (Thermo 

Fisher Scientific, Cheshire, England). Eyecup sections were placed onto charged microscope 

slides. Sections were washed once with PBS, blocked in 5% NGS in PBS/0.1% TritonX-100 

for 1 hour at room temperature, and stained with mouse anti-Rac1GTP (1:100), mouse anti-

IQGAP1 (1:100), or rabbit anti-GFP (1:200, Abcam, Cambridge, MA) overnight at 4°C. 

Sections were washed three times with PBS and incubated for one hour with AlexaFluor 

568-conjugated Isolectin B4 (1:500) to label vessels, TO-PRO-3 (1:500, Thermo Fisher 

Scientific, Waltham, MA) or DAPI to label cell nuclei, and either FITC-conjugated goat 

anti-mouse secondary antibody (1:500, Invitrogen, Carlsbad, CA) for Rac1GTP, AlexaFluor 

647-conjugated rat anti-mouse secondary antibody (1:500, BioLegend, San Diego, CA, 

USA) for IQGAP1, or AlexaFluor 488 goat anti-rabbit secondary antibody (1:500, Abcam, 

Cambridge, MA) for GFP. After three washes in PBS, the sections were mounted in 

Fluoromount-G (SouthernBiotech, Birmingham AL) or DAPI Fluoromount-G 

(SouthernBiotech). Images were captured using a confocal microscope (Olympus, Japan) at 

20X or 100X objective, indicated by scale bars in images.

Statistical Analysis

For in vitro studies, a mixed-effects linear regression model treating CECs from different 

donors as a random effect was used to analyze the results. For in vivo studies, a mixed 

effects linear regression model with CNV lesions nested within the same eye was used to 

statistically analyze CNV volumes as previously described14,35, and a two-sample t-test was 

used for protein analysis. Results are presented as mean±SEM. A P value < 0.05 was 

considered statistically significant. All statistical analyses were performed with STATA-14 

software (StataCorp LLC, College Station, TX).

Results

Rap1 Activation Prevents CEC Migration and Tube Formation by Inhibiting VEGF-mediated 
Rac1 Activation.

We previously found that activation of Rap1 reduced CEC migration by TNFα-mediated 

Rac1 activation and NADPH oxidase generated ROS12. To test the prediction that increased 

Rap1GTP also antagonizes VEGF-induced Rac1 activation, we performed a dose-response 

experiment in which CECs were treated with different concentrations of 8CPT-AM, a Rap1 

activator, in the presence of VEGF (50 ng/mL) or PBS. We found increased Rap1 activation 

with increasing concentrations of 8CPT-AM reduced VEGF-induced Rac1 activation in a 

dose-dependent manner (Fig. 1A–B). The data show activation of Rap1 interferes with 

VEGF-induced Rac1 activation.
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We previously found sustained VEGF-induced Rac1 activation in CECs required Rac1GTP 

to be bound to the GRD of IQGAP114. Since Rap1 interactions with IQGAP1 were reported 

to compete with binding of effectors to IQGAP1 domains using other cells24, we predicted 

that increased Rap1GTP interactions with IQGAP1 would be associated with reduced 

VEGF-induced Rac1GTP. To test this, we treated cultured CECs with equal volumes of 

8CPT-AM (1 μM) or 0.05% DMSO (control) in addition to VEGF or PBS. Compared to 

DMSO, 8CPT-AM increased Rap1 activation and Rap1GTP co-immunoprecipitated with 

IQGAP1 (Fig. 2A–B) and reduced VEGF-mediated Rac1GTP and Rac1GTP co-

immunoprecipitated with IQGAP1 (Fig. 2C–D). In parallel experiments CEC migration 

(Fig. 2E–F) and tube formation (Fig. 2G–H) were similarly reduced in association with 

Rap1 activation by 8CPT-AM. Thus, our data suggest that increased Rap1GTP-IQGAP1 

interactions are associated with reduced VEGF-induced Rac1 activation, CEC migration and 

tube formation.

Rap1GTP-binding to the IQ domain of IQGAP1 Interferes with Rac1 Activation.

In order to determine if Rap1GTP binding to the IQ domain of IQGAP1 in CECs reduced 

Rac1 activation and binding, we transfected CECs with GFP-tagged full length IQGAP1 

(GFP-IQ-WT), which overexpressed IQGAP1, or GFP-tagged IQGAP1 with the IQ domain 

deleted (GFP-IQ-ΔIQ)28. In cultured CECs, the GFP-IQ-ΔIQ construct reduced Rap1GTP 

binding IQGAP1 compared to GFP-IQ-WT (Supplementary Fig. 1A), and the expressed 

GFP-IQ-WT and GFP-IQ-ΔIQ proteins localized to similar subcellular compartments as 

endogenous IQGAP1 (Supplementary Fig. 1C). Following treatment with 8CPT-AM or 

DMSO and either VEGF or PBS for 30 minutes, CECs transfected with the GFP-IQ-ΔIQ 

construct had significantly increased VEGF-induced Rac1GTP compared to CECs 

transfected with GFP-IQ-WT (Fig. 3A, Rows 1 and 2, Columns 2 vs. 6, and 4 vs. 8; Fig. 

3B). 8CPT-AM did not increase Rap1GTP co-localization with GFP-tagged IQGAP1 in 

CECs transfected with GFP-IQ-ΔIQ compared to CECs transfected with GFP-IQ-WT (Fig. 

3C–D). These data suggest that active Rap1 binding to the IQ domain of IQGAP1 is 

necessary to antagonize VEGF-induced Rac1 activation in CECs.

To determine whether Rap1 binding was sufficient to prevent Rac1 activation, we used a 

Myc-tagged IQGAP1 construct that contained point mutations in selected arginine residues 

to glutamine in the IQ domain (Myc-IQ-3,4R) and enhanced Rap1GTP binding24 compared 

to the Myc-IQ-WT control (Supplementary Fig. 1B). Following treatment with VEGF or 

PBS and either 8CPT-AM or DMSO, CECs transfected with Myc-IQ-3,4R and treated with 

8CPT-AM had significantly less VEGF-induced Rac1GTP compared to Myc-IQ-WT (Fig. 

4A, Rows 1 and 2, Column 4 vs. 8; Fig. 4B). Given the effect of the Myc-IQ-3,4R mutant in 

increasing Rap1GTP binding, the data support the notion that Rap1GTP binding of IQGAP1 

is sufficient to interfere with VEGF-mediated Rac1 activation in CECs. Together, the results 

from Figures 3 and 4 suggest Rap1GTP binding the IQ domain of IQGAP1 is both necessary 

and sufficient to prevent VEGF-mediated Rac1 activation in CECs.
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Activation of Rap1a Prevents VEGF-mediated Rac1 Activation, Cell Migration, and Tube 
Formation.

Rap1 has two isoforms that are 95% homologous37, Rap1a and Rap1b, and both isoforms 

bind to IQGAP124,38. However, deficiency of Rap1a, but not Rap1b, led to VEGF-mediated 

permeability in endothelial cells39. Furthermore, we previously found that expression of 

active Rap1a was sufficient to reduce CEC activation and migration induced by TNFα12. 

Therefore, we tested the prediction that activation of Rap1a would sufficiently reduce 

VEGF-mediated CEC activation and migration. CECs were incubated with an adenovirus 

expressing either GFP (Ad-GFP) or GFP-tagged constitutively active Rap1a (Ad-

GFP-63E)12,15 (Fig. 5A–B) and treated with equal volumes of either PBS or VEGF for 30 

minutes. VEGF-mediated Rac1GTP was prevented in CECs transduced with Ad-GFP-63E 

compared to Ad-GFP (Fig. 5C–D). In addition, VEGF-mediated CEC migration (Fig. 5E–F) 

and tube formation (Fig. 5G–H) were prevented in CECs transduced with Ad-GFP-63E 

compared to Ad-GFP. These data suggest that active Rap1a is also sufficient to prevent 

VEGF-mediated CEC migration and tube formation.

Endothelial IQGAP1 is Required for Active Rac1-Mediated Choroidal Neovascularization.

Since IQGAP1 binding Rac1GTP is necessary to sustain Rac1 activation in CECs14, we 

postulated that endothelial-specific deletion of IQGAP1 would reduce CNV as a result of 

loss of Rac1GTP-IQGAP1 interactions. To test this hypothesis, we used the Cre-lox system 

to generate mice with an inducible deletion of IQGAP1 specifically in endothelial cells and 

determined their response to laser-induced CNV. We first validated our endothelium-specific 

knockout mouse model by administering tamoxifen to induce IQGAP1 deletion to four-

week-old mice (IQiΔEC) and littermate control mice (IQfl) (Fig. 6A). Cre-mediated 

recombination of the floxed IQGAP1 allele was confirmed by PCR of DNA isolated from 

ear punches (Fig. 6B) and Cre-mediated recombination of the floxed YFP allele to permit 

expression of YFP in endothelial cells was confirmed through live fluorescence imaging of 

the retina using the Micron IV (Fig. 6C). To validate endothelial-specific activation of Cre 

recombinase in the choroid, we performed immunohistochemical staining of posterior eye 

cup cross-sections. IQGAP1 was present in lectin-stained vessels in IQfl, whereas IQGAP1 

expression was not present in lectin-stained CECs of IQiΔEC (Fig. 6D). We then performed 

laser to induce CNV and found significantly reduced CNV volumes in IQiΔEC compared to 

littermate IQfl (Fig. 7A–B, Supplementary Fig. 2A). (Laser-induced CNV was lower in 

female compared to male control tamoxifen-treated IQfl, which lacked Cre, Supplementary 

Fig. 2B). We also observed significantly reduced Rac1GTP co-localization with lectin-

stained CNV lesions compared to littermate IQfl (Fig. 7C–D). Since VEGF signaling 

through its angiogenic receptor, VEGFR2, has been implicated in murine laser-induced 

CNV development40,41 and nAMD pathogenesis42,43, we measured VEGF and VEGFR2 

levels in RPE/choroids from IQiΔEC and littermate IQfl. Normalized VEGF and VEGFR2 

levels were not significantly changed between IQiΔEC and their littermate IQfl controls 

(Supplementary Fig. 2C–D). Together, the data support the hypothesis that endothelial 

IQGAP1 mediates Rac1GTP-induced CNV independent of VEGF/VEGFR2 protein levels. 

These findings suggest that Rac1GTP-IQGAP1 interactions in endothelial cells are 

important in the development of CNV.
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Rap1GTP Interactions with Endothelial IQGAP1 are Required to Protect Against Laser-
Induced CNV.

We previously found a significant reduction in laser-induced CNV in C57Bl/6J mice treated 

with intravitreal 8CPT to increase broad Rap1 activation26. In addition, gene therapy to 

introduce constitutively active Rap1a through adeno-associated virus 2 specifically into RPE 

cells also reduced CNV after laser44,45. IQiΔEC had reduced CNV volume due to reduced 

Rac1GTP expression and we determined if treatment with intravitreal 8CPT to broadly 

activate Rap1, including in the RPE, would further reduce CNV after laser compared to IQfl 

treated with 8CPT. However, we observed no difference in laser-induced CNV volumes 

between IQfl treated with intravitreal 8CPT and IQiΔEC treated with intravitreal 8CPT (Fig. 

8A–B). This finding suggests that a main effect of active Rap1 in CNV requires interactions 

with IQGAP1 in endothelial cells.

Discussion

nAMD is one of the leading causes of blindness worldwide46. Vision loss is associated with 

activated CECs that transmigrate the RPE monolayer to form vision-threatening CNV in the 

neural retina. The standard of care is use of agents that interfere with the bioactivity of 

VEGF47; however, anti-VEGF agents have improved visual acuity in only 40% of 

patients6,48,49. Reasons may involve multiple age-related stresses that crosstalk to activate 

downstream effectors of VEGF signaling to promote pathology. Our previous studies 

identified Rac1GTP as a common downstream effector of inflammatory (e.g., TNFα)12, 

angiogenic (e.g., VEGF and CCL11)14,50, and oxidative (e.g., NADPH oxidase-generated 

ROS) signaling pathways, which are implicated in nAMD pathology. We previously found 

Rac1GTP was required for CEC transmigration of the RPE and was involved in laser-

induced CNV14,20. Furthermore, we observed that Rac1GTP was sustained when bound to 

the GRD of IQGAP1 in CECs14. These results suggest binding between Rac1GTP and 

IQGAP1 is necessary to activate CECs and promote cell migration into the neural retina as 

vision-threatening CNV. Since Rac1 inhibitors are inefficient51,52, and Rac1 has physiologic 

effects21, we seek methods to regulate Rac1 activation as a means to reduce CNV. Broad 

activation of Rap1GTP or increased activation of Rap1aGTP in the RPE reduced laser-

induced CNV. In other cells, Rap1GTP can bind the IQ domain of IQGAP1 and interfere 

with other GTPases binding the GRD24. This prompted us to test the hypothesis that 

Rap1GTP binding the IQ domain of IQGAP1 in CECs prevents CNV by interfering with 

Rac1 activation.

Using cultured CECs from human donors with low to moderate AMD risk profile, we found 

that 8CPT reduced VEGF-mediated Rac1 activation, CEC migration and tube formation but 

increased Rap1GTP interactions with IQGAP1. These findings extend our previous findings 

in which the inflammatory cytokine, TNFα, activated Rac1, whereas pharmacologic 

activation of Rap1 with 8CPT reduced TNFα-induced Rac1 activation12. However, other 

studies have reported that VEGF increases Rap activation53. We did not observe VEGF-

induced Rap1 activation in cultured CECs (Figs. 1 and 2), but we cannot rule out the 

possibility that VEGF increased other Rap family members, such as Rap254, which we did 

not measure. Previous studies have also reported increased cell proliferation to 8CPT in 
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other types of cultured endothelial cells55. Based on the data, there may be a difference in 

VEGF-induced Rap1 activation among different cell types. Our data, however, suggest that 

an interaction of Rap1 with IQGAP1 in CECs interfered with Rac1 activation.

We also observed 8CPT-induced Rap1GTP binding the IQ domain was both necessary and 

sufficient to reduce Rac1 activation. We, however, found a modest increase in VEGF-

induced Rac1 activation in CECs transfected with wild type IQGAP1 (GFP-IQ-WT and 

Myc-IQ-WT) (Figs. 3 and 4). We found significant VEGF-induced Rac1 activation in non-

transfected CECs (Fig. 2) and we previously found knockdown of IQGAP1 by siRNA 

abolished VEGF-induced Rac1 in CECs14. CECs transfected with GFP-IQ-WT and Myc-

IQ-WT overexpress IQGAP1. Overexpression of IQGAP1 increases the activation of small 

GTPases (i.e., Cdc42 and Rac1) in unstimulated cells56–58. We speculate overexpression 

may lead to greater basal IQGAP1-Rac1GTP binding, thereby reducing the increase 

expected with VEGF treatment. Myc-IQ-3,4R transfected CECs had reduced Rac1GTP 

compared to Myc-IQ-WT transfected CECs, but some Rap1GTP even in the absence of 

8CPT (Fig. 4). We speculate CECs transfected with Myc-IQ-3,4R have basal Rap1GTP 

binding to IQGAP1 that reduces Rac1GTP in both control and VEGF-treated CECs. Our 

findings still support the notion that Rap1GTP binding to IQGAP1 reduces Rac1 activation.

We previously observed Iqgap1−/− mice had significantly reduced laser-induced CNV and 

Rac1GTP co-localization with lectin-stained CNV lesions in cryo-sections compared to 

littermate Iqgap1+/+ mice14. Since IQGAP1 interacts with both Rac1GTP and Rap1GTP, we 

determined if endothelial IQGAP1 would be necessary for laser-induced CNV through the 

binding of active Rac1 to the GRD. Tamoxifen-inducible endothelial IQGAP1 knockout 

mice (IQiΔEC) in the murine laser-induced CNV model had significantly reduced CNV 

volumes and Rac1GTP co-localization with lectin-stained CNV lesions compared to 

tamoxifen-injected littermate control mice (IQfl) (Fig. 7). Our findings in IQiΔEC 

corroborated our results from Iqgap1−/− mice. We, however, also found that tamoxifen-

injected female IQfl, compared to male IQfl, had significantly reduced CNV. Previous 

studies reported tamoxifen to have an anti-angiogenic effect by inhibiting the secretion of 

VEGF from epithelial cells59. However, neither male nor female IQiΔEC and IQfl had 

differences in VEGF or VEGFR2 levels in RPE/choroids. We also did not observe sex 

differences in CNV volumes in Iqgap1−/− mice compared to Iqgap1+/+ mice, suggesting that 

sex effects were due to tamoxifen-mediated inhibition of laser-induced CNV and warrant 

future studies. Nonetheless, these findings support the hypothesis that endothelial IQGAP1 

regulates Rac1-induced CNV independent from VEGF and VEGFR2 concentrations.

Rap1 activation reduced CEC activation and migration by interacting with IQGAP1 in vitro. 

Similarly, in vivo, we found pharmacologic activation of Rap1 with 8CPT significantly 

reduced CNV in IQfl mice and did not further reduce CNV in IQiΔEC (Fig. 8). These 

findings point to the importance of Rap1GTP interactions with IQGAP1 in endothelial cells 

to interfere with CNV. There was a reduced fold effect from 8CPT in control IQfl treated 

with tamoxifen compared to our earlier studies15,26 potentially related to tamoxifen effects 

in female mice that reduced baseline laser-induced CNV volumes and masked the effect 

from intravitreal 8CPT. Still, this did not diminish the importance of endothelial Rap1-

IQGAP1 interactions in reducing CNV.
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In conclusion, our study supports the hypothesis that Rap1GTP binding to the IQ domain of 

IQGAP1 can prevent Rac1 activation in CECs, which is an important molecular event that 

leads to CNV (Fig. 9). The findings from our study also support the hypothesis that 

interactions between IQGAP1 and Rap1GTP are sufficient to reduce Rac1 activation in 

CECs and prevent the development of vision-threatening CNV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Rap1 activation reduces VEGF-induced Rac1 activation in a dose-dependent manner.
A) Representative western blot images depicting Rac1 activation by immunoprecipitation of 

Rac1GTP and blot of total Rac1 (row 1), total Rac1 (row 2), Rap1 activation by 

immunoprecipitation of Rap1GTP and blot of total Rap1 (row 3), total Rap1 (row 4), and β-

actin (row 5) in lysates from CECs treated with 0.05% DMSO (0 μM 8CPT-AM), 0.25 μM, 

0.5 μM, or 1 μM of 8CPT-AM in the presence of PBS or VEGF (50 ng/mL). B) 

Quantification of Rac1 activation (top) and Rap1 activation (bottom) by densitometry 

analysis (Normalized mean±SEM, *p<0.05 vs. 0 μM of PBS, †p<0.05 vs. 0 μM of VEGF, 

n=3 per group from 3 independent experiments)
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Fig. 2. Rap1 activation reduces VEGF-induced Rac1 activation, migration, and tube formation 
by interacting with IQGAP1 in CECs.
A) Representative western blot images that show Rap1GTP interactions with IQGAP1 

determined by co-immunoprecipitation (row 1), total IQGAP1 (row 2), Rap1 activation by 

immunoprecipitation (row 3), and total Rap1 (row 4) in lysates from CECs treated with PBS 

and 0.05% DMSO (Control), VEGF (50 ng/mL) and Control, PBS and 8CPT-AM (1 μM), or 

VEGF and 8CPT-AM for 30 minutes; B) Quantification of Rap1GTP interactions with 

IQGAP1 by densitometry analysis (Normalized mean±SEM, *p<0.05 vs. PBS of Control, 

†p<0.05 vs. VEGF of Control, n=3 per group from 3 independent experiments); C) 

Representative western blot images depicting Rac1GTP interactions with IQGAP1 

determined by co-immunoprecipitation (row 1), total IQGAP1 (row 2), Rac1 activation by 

immunoprecipitation of Rac1GTP and blot of total Rac1 (row 3), and total Rac1 (row 4) in 

lysates from CECs treated similarly as Fig. 2A; D) Quantification of Rac1 activation by 

densitometry analysis (Normalized mean±SEM, **p<0.05 vs. PBS of Control, †p<0.05 vs. 

VEGF of Control, n=3 per group from 3 independent experiments); E) Quantification of 

migrated CECs on underside of Transwell insert in response to overnight treatment with 

0.05% DMSO (Control) or 8CPT-AM (1 μM) in the presence of VEGF (50 ng/mL) or PBS 

(Normalized mean±SEM, **p<0.05 vs. PBS of Control, †p<0.05 vs. VEGF of Control, n=9 

per group from 3 independent experiments); F) Representative confocal images of Vybrant-

stained CECs on the underside of Transwell inserts in response to treatments described in 

Fig. 2E; G) Quantification of tube formation in CECs treated with 0.05% DMSO (Control) 

or 8CPT-AM (1 μM) in the presence of VEGF (50 ng/mL) or PBS for 12 hours (Normalized 

mean±SEM, **p<0.05 vs. PBS of Control, †p<0.05 vs. VEGF of Control, n=9 per group 

from 3 independent experiments); H) Representative fluorescent images of tube formation 

using Vybrant-stained CECs grown on top of Matrigel in response to treatments described in 

Fig. 2G
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Fig. 3. Active Rap1 binding the IQ domain of IQGAP1 is necessary to reduce VEGF-induced 
Rac1 activation in CECs.
A) Representative western blot images that depict Rac1 activation by immunoprecipitation 

of Rac1GTP and blot of total Rac1 (row 1), total Rac1 (row 2), GFP-tagged IQGAP1 

plasmid construct (i.e., either GFP-IQ-WT or GFP-IQ-ΔIQ) interactions with Rac1 by co-

immunoprecipitation (row 3), GFP-tagged IQGAP1 pulled down by immunoprecipitation as 

loading control (row 4), Rap1 activation by immunoprecipitation (row 5), and total Rap1 

(row 6) in lysates from CECs transfected with GFP-IQ-WT (columns 1–4) or GFP-IQ-ΔIQ 

(columns 5–8) and treated with 0.05% DMSO or 8CPT-AM (1 μM) in the presence VEGF 

(50 ng/mL) or PBS; B) Quantification of Rac1 activation by densitometry analysis 

(Normalized mean±SEM, †p<0.05 vs. Control of GFP-IQ-ΔIQ, *p<0.05 vs. VEGF of GFP-

IQ-WT, ‡p<0.05 vs. 8CPT-AM of GFP-IQ-WT, $p<0.05 vs. VEGF+8CPT-AM of GFP-IQ-

WT, n=3 per group from 3 independent experiments); C) Representative confocal images of 

CECs labelled to identify GFP tagged IQGAP1 (green), Rap1GTP (red), and DAPI (blue) in 

response to 1 μL PBS and 0.05% DMSO (control), 50 ng/mL VEGF and 0.05% DMSO 

(VEGF), 1 μL PBS and 1 μM 8CPT-AM (8CPT-AM), or 50 ng/mL VEGF and 1 μM 8CPT-

AM (VEGF+8CPT-AM); D) Quantification of Rap1GTP fluorescent density in response to 

treatments described in Fig. 3C (Normalized mean±SEM, **p<0.05 vs. Control of GFP-IQ-

WT, ††p<0.05 vs. Control of GFP-IQ-ΔIQ, n=3 per group from 3 independent experiments)
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Fig. 4. Active Rap1 binding the IQ domain of IQGAP1 is sufficient to reduce VEGF-induced 
Rac1 activation in CECs.
A) Representative western blot images that depict Rac1 activation by immunoprecipitation 

of Rac1GTP and blot of total Rac1 (row 1), total Rac1 (row 2), Rac1GTP interactions with 

IQGAP1 by co-immunoprecipitation (row 3), total IQGAP1 (row 4), Rap1 activation to total 

Rap1 by co-immunoprecipitation (row 5), and total Rap1 (row 6) in lysates from CECs 

transfected with Myc-IQ-WT (columns 1–4) or Myc-IQ-3,4R (columns 5–8) and treated 

with 0.05% DMSO or 8CPT-AM (1 μM) in the presence VEGF (50 ng/mL) or PBS; B) 

Quantification of Rac1 activation by densitometry analysis (Normalized mean±SEM, 
#p<0.05 vs. Control of Myc-IQ-WT, *p<0.05 vs. VEGF of Myc-IQ-WT, ‡p<0.05 vs. 8CPT-

AM of Myc-IQ-WT, $p<0.05 vs. VEGF+8CPT-AM of Myc-IQ-WT, n=3 per group from 3 

independent experiments)
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Fig. 5. Activation of Rap1a is sufficient to prevent VEGF-induced Rac1 activation, migration, 
and tube formation in CECs.
A) Representative images of CECs transduced with adenovirus expressing GFP (Ad-GFP) or 

constitutively active Rap1a (Ad-GFP-63E) 48 hours post-infection; B) Representative 

western blot images that depict expression of GFP (columns 1 and 2) or constitutively active 

Rap1a (columns 3 and 4) following 48 hours of transduction and treatment with equal 

volumes of PBS or VEGF (50 ng/mL) for 30 minutes; C) Representative western blot 

images that depict Rac1GTP interactions with IQGAP1 by co-immunoprecipitation (row 1), 

total IQGAP1 (row 2), Rac1 activation by immunoprecipitation of Rac1GTP and blot of 

total Rac1 (row 3), and total Rac1 (row 4) in lysates from CECs transduced with Ad-GFP 

(columns 1 and 2) or Ad-GFP-63E (columns 3 and 4) and treated with PBS (columns 1 and 

3) or VEGF (50 ng/mL, columns 2 and 4) for 30 minutes; D) Quantification of Rac1 

activation by densitometry analysis (Normalized mean±SEM, *p<0.05 vs. PBS of Ad-GFP, 
††p<0.01 vs. VEGF of Ad-GFP, n=3 per group from 3 independent experiments); E) 

Quantification of transduced CECs migrating in response to overnight treatment with VEGF 

(50 ng/mL) or PBS (Normalized mean±SEM, *p<0.01 vs. PBS of Ad-GFP, ††p<0.01 vs. 

VEGF of Ad-GFP, n=9 per group from 3 independent experiments); F) Representative 

confocal images of transduced CECs on the underside of Transwell insert in response to 

treatments described in Fig. 5E; G) Quantification of tube formation in transduced CECs 

treated with PBS or VEGF (50 ng/mL) for 12 hours (Normalized mean±SEM, *p<0.05 vs. 

PBS of Ad-GFP, ††p<0.01 vs. VEGF of Ad-GFP, n=9 per group from 3 independent 

experiments); H) Representative confocal images of tube formation using transduced CECs 

in response to conditions described in Fig. 5G
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Fig. 6. Characterization of tamoxifen-inducible endothelial IQGAP1 knockout mouse model.
A) Diagram of floxed (top) and recombined (bottom) Iqgap1 alleles that depict the locations 

of the designed primers for genotyping; B) PCR product demonstrating recombination of the 

floxed Iqgap1 allele in tamoxifen-injected IQiΔEC (bottom row, 2nd lane) and not in 

tamoxifen-injected IQfl mice (bottom row, 1st lane) using isolated DNA from ear punches; 

C) Representative images of live fluorescence imaging of the retina using the Micron IV that 

depict expression of YFP in endothelial cells in in tamoxifen-injected IQiΔEC (right, yellow 

arrow) and not in tamoxifen-injected IQfl mice (left, yellow arrow); D) Representative 

confocal images of RPE/choroid/scleral tissues that demonstrate Cre-mediated 

recombination in tamoxifen-injected IQiΔEC (right image) that were heterozygous for Cdh5-

CreERT2 allele compared to no recombination in IQfl that lack Cdh5-CreERT2 (left 

image).Tamoxifen-injected IQiΔEC show loss of IQGAP1 (white) co-localization with lectin-

stained vessels (red) and expression of YFP in the choroid (right image), whereas tamoxifen-

injected IQfl demonstrated IQGAP1 (white) co-localization with lectin-stained vessels (red) 

without YFP expression (left image)
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Fig. 7. Endothelial IQGAP1 is necessary for Rac1GTP-mediated CNV in the murine laser-
induced CNV model.
A) Representative images of lectin-stained RPE/choroid flat mounts from IQfl showing no 

YFP and littermate IQiΔEC showing YFP; B) Quantification of laser-induced CNV volume 

(Mean±SEM, *p<0.05 vs. IQfl, n=36 CNV lesions from 9 different mice for IQfl and n=49 

CNV lesions from 13 different mice; C) Representative confocal images of posterior eye cup 

sections that were co-labeled with antibodies against Rac1GTP (green), lectin (red), and 

TOPRO-3 (grey) in IQfl (middle column) and IQiΔEC (right column) at either 20X (top row) 

or 100X (bottom row) objective, staining with secondary antibody along with lectin and 

TOPRO-3 (left) was also performed in the absence of primary Rac1GTP antibody to 

determine non-specific fluorescence from secondary antibody in CNV lesion (white arrow); 

D) Quantification of Rac1GTP fluorescent density in lectin-labeled CNV lesion (Normalized 

mean±SEM, *p<0.05 vs. IQfl, n=6 sections from 3 different mice per group); (GCL, 

ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer)

Ramshekar et al. Page 22

FASEB J. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Activation of Rap1 reduces CNV in the murine laser-induced CNV model by interacting 
with endothelial IQGAP1.
A) Representative confocal images of lectin-stained RPE/choroid flat mounts from IQfl and 

littermate IQiΔEC treated with either intravitreal PBS (first column) or intravitreal 8CPT 

(second column); B) Quantification of laser-induced CNV volume (Mean±SEM, *p<0.05 

vs. intravitreal PBS treated IQfl, n=44 CNV lesions from 11 different IQfl treated with 

intravitreal PBS, n=48 CNV lesions from 12 different IQfl treated with intravitreal 8CPT, 

n=32 CNV lesions from 8 different IQiΔEC treated with intravitreal PBS, n=56 CNV lesions 

from 14 different IQiΔEC treated with intravitreal 8CPT)
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Fig. 9. Diagram of proposed mechanism in which active Rap1 interferes with Rac1 activation.
8CPT-induced active Rap1 binds to the IQ domain of IQGAP1 in choroidal endothelial cells. 

This interaction between active Rap1 and IQGAP1 interferes with active Rac1 binding to 

IQGAP1, which prevents sustained Rac1 activation. This results in reduced CEC migration 

and reduced development of CNV (the diagram was created with BioRender)
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