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PURPOSE. Cigarette smoking has been implicated in the pathogenesis of AMD. Integrin
dysfunctions have been associated with AMD. Herein, we investigate the effect of risute-
ganib (RSG), an integrin regulator, on RPE cell injury induced by hydroquinone (HQ),
an important oxidant in cigarette smoke.

METHODS. Cultured human RPE cells were treated with HQ in the presence or absence of
RSG. Cell death, mitochondrial respiration, reactive oxygen species production, and mito-
chondrial membrane potential were measured by flow cytometry, XFe24 analyzer, and
fluorescence plate reader, respectively. Whole transcriptome analysis and gene expres-
sion were analyzed by Illumina RNA sequencing and quantitative PCR, respectively.
F-actin aggregation was visualized with phalloidin. Levels of heme oxygenase-1, P38,
and heat shock protein 27 proteins were measured by Western blot.

RESULTS. HQ induced necrosis and apoptosis, decreased mitochondrial bioenergetics,
increased reactive oxygen species levels, decreased mitochondrial membrane potential,
increased F-actin aggregates, and induced phosphorylation of P38 and heat shock protein
27. HQ, but not RSG alone, induced substantial transcriptome changes that were regu-
lated by RSG cotreatment. RSG cotreatment significantly protected against HQ-induced
necrosis and apoptosis, prevented HQ-reduced mitochondrial bioenergetics, decreased
HQ-induced reactive oxygen species production, improved HQ-disrupted mitochondrial
membrane potential, reduced F-actin aggregates, decreased phosphorylation of P38 and
heat shock protein 27, and further upregulated HQ-induced heme oxygenase-1 protein
levels.

CONCLUSIONS. RSG has no detectable adverse effects on healthy RPE cells, whereas RSG
cotreatment protects against HQ-induced injury, mitochondrial dysfunction, and actin
reorganization, suggesting a potential role for RSG therapy to treat retinal diseases such
as AMD.
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RPE cells form a monolayer of highly specialized, polar-
ized epithelial cells interposed between the choriocapil-

laris and photoreceptors. RPE cells play an important role in
retinal homeostasis and are vital to photoreceptor cell health
and visual function.1

RPE cell dysfunction or death is thought to be an
important contributor to AMD.2,3 RPE cells are continually
exposed to oxidants throughout life and oxidative stress
plays a major role in the pathogenesis and progression of
AMD.2,4 Cigarette smoke contains high concentrations of
free oxidants and has been implicated as a major environ-
mental risk factor for AMD.3 Hydroquinone (HQ), a major
oxidant in both tobacco smoke and atmospheric pollu-
tants, increases reactive oxygen species (ROS) generation
and promotes oxidative stress.5 ROS, a group of unstable
oxygen-containing molecules that can easily react with other

molecules in a cell, are generated during cellular metabolism
and in response to various stimuli. In cells, the major site
of ROS production is the mitochondrial electron transport
chain, where some electrons leak from the transport process
and spontaneously react with molecular oxygen, producing
superoxide anion.6 ROS have important physiological func-
tions; however, excess ROS can cause RPE cell oxidative
damage.4,7

Mitochondria, the intracellular organelles comprising the
main respiratory machinery in cells, are crucial for energy
production and cell homeostasis. Owing to a high level of
metabolic demand by photoreceptors, RPE cells are enriched
with a large mitochondrial population to meet the high-
energy needs. Consequently, RPE mitochondrial dysfunc-
tion can lead to tissue damage and has been implicated
in the development of AMD.8 In RPE cells from eyes with
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AMD, damaged, fragmented, and ruptured mitochondria
have been observed.9 Mitochondrial DNAmutation levels are
also elevated in RPE cells of eyes with AMD.7,10,11

Integrins, a family of heterodimeric, noncovalently bound
cell adhesion proteins, are transmembrane receptors consist-
ing of a larger α subunit and a smaller β subunit. Integrins
serve as bridges between cells and regulate cellular interac-
tion with other surrounding cells and with the extracellu-
lar matrix through signal transduction pathways.12 Physio-
logically, they play important roles in cell adhesion, prolif-
eration, shape, and motility. They are involved in a variety
of biological processes, and are also central to the etiology
and pathology of many disease states. Integrins αvβ3, αvβ5,
and α5β1, for example, are closely associated with choroidal
neovascularization in eyes with wet AMD.13,14 Therefore,
integrins are an attractive target to treat retinal diseases.

Risuteganib (RSG; also known as Luminate, ALG-1001,
Allegro Ophthalmics, LLC, San Juan Capistrano, CA) is
an engineered arginylglycylaspartic acid class synthetic
peptide that modulates integrin receptors. RGD peptide
treatment suppresses retinal neovascularization and facili-
tates the release of cellular adhesion between the vitreous
and the retina, inducing posterior vitreous detachment.15,16

In previous studies, RSG decreased expression of several
disease-relevant integrins, including αvβ3, αvβ5, α2β1, and
α5β117,18 (Kaiser PK, et al. IOVS 2017;58:ARVO E-Abstract
2029), which are expressed in RPE cells.19,20 Earlier studies
also suggest a potential cytoprotective effect of RSG, which
would be beneficial in retinal degenerative diseases such as
dry AMD (Beltran MA, et al. IOVS 2018;59:ARVO E-Abstract
1465). The phase II clinical study of RSG in intermediate dry
AMD demonstrated statistically significant improvements in
visual acuity and a phase III study to determine the effects
of RSG in intermediate dry AMD is currently planned.21,22

However, there is minimal published information to directly
address the protective role of RSG on RPE cells and the
mechanisms by which the drug exerts its effect. Herein, we
investigated the effect of RSG on HQ-induced RPE cell injury,
in an in vitro cell culture system.

METHODS

Reagents

RSG was obtained from Allegro Ophthalmics, LLC.
HQ, the tetrazolium salt WST-1 (4-[3-(4-lodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1.3-benzene disulfonate),
phalloidin-TRITC (cat# P1951), and collagen type I were
purchased from Sigma (St. Louis, MO). TrypLE (cat# 12604-
013), Annexin V Pacific Blue conjugate (cat# A35122),
Annexin V binding buffer (cat# V13246), eBioscience 7-AAD
viability staining solution (cat# 00-6993-50), JC-1 dye and 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diac-
etate, acetyl ester (CM-H2DCFDA), BCA protein assay kit,
radioimmunoprecipitation assay lysis and extraction buffer
(cat# 89900), and TURBO DNA-free kit were purchased
from Thermo Scientific (Chicago, IL). Cell mito stress test
kit (cat# 103015-100), XF base medium (cat# 103193-100),
and XFe24 FluxPak (cat# 102342-100) were purchased from
Agilent technologies (Santa Clara, CA). RNeasy Mini and
RNeasy Plus Mini Kits were purchased from Qiagen (Valen-
cia, CA). Rabbit anti-heme oxygenase-1 (HO-1; cat# ADI-
OSA-150D) antibody was purchased from Enzo Life Sciences
(Farmingdale, NY). Rabbit anti-P38 (cat# 9212), rabbit anti-
phospho-P38 (Thr180/Tyr182, D3F9, cat# 4511), mouse anti-

heat shock protein 27 (HSP27; cat# 2402), and rabbit anti-
phospho-HSP27 (Ser82, D1H2F6, cat# 9709) antibodies were
purchased from Cell Signaling Technology (Danvers, MA).
Mouse anti-GAPDH antibody was purchased from Chemi-
con (Temecula, CA).

Human RPE Cell Culture and Treatments

Human donor eyes from a 62-year-old male donor were
obtained from the North Carolina Organ Donor and Eye
Bank, Inc. (Winston-Salem, NC) in accordance with the
provisions of the Declaration of Helsinki for research involv-
ing human tissue. RPE cells were collected as previously
described.23 Cells were grown in Eagle’s minimal essential
medium (MEM; Invitrogen) with 10% fetal bovine serum
(Thermo Scientific) and with 1× penicillin/streptomycin
(Thermo Scientific) at 37°C in a humidified environment
containing 5% CO2. The identity of RPE cells was confirmed
by cytokeratin-18 and ZO-1 stain (not shown).

Human donor RPE cells were seeded on collagen-coated
96-well plates (0.8 × 104/well), 24-well plates with or with-
out coverslips (6 × 104/well), 12-well plates (10 × 104/well),
and 6-well plates (25 × 104/well) (Corning-Costar Incor-
porated, Corning, NY), as we have previously described.24

Except for the Seahorse assay, on day 6 after plating, cells
were washed twice with serum-free, phenol red-free MEM
(SF-MEM), and treated with HQ at a various concentrations
in the presence or absence of RSG (0.4 mM) in SF-MEM for
various times at 37°C. Different doses of HQ were used in
the following assays; the effects of HQ varied depending on
the vessel in which they were plated. We observed that cells
grown in 6-well plates were more resistant to HQ-induced
damage when compared with those plated in 96-well plates,
despite similar density per growth area. To compensate for
these differential effects, we optimized the concentrations
and exposure times for each assay to produce similar levels
of oxidant injury, regardless of the plates used to grow the
cells. Elsewhere in this article, RSG cotreatment refers to the
condition in which cells were cotreated with RSG and HQ.
Control refers to the condition in which cells were treated
with SF-MEM alone.

Flow Cytometry

RPE cells in triplicate wells of a 6-well plate were treated
with HQ (150 μM) in the presence or absence of RSG
(0.4 mM) for 12 hours. Cell morphology was recorded by
light microscopy, and then cells were detached with 1×
TrypLE and centrifuged at 300g for 5 minutes. Cells were re-
suspended with 100 μL 1× Annexin V binding buffer, incu-
bated with 5 μL Annexin V for 10 minutes and then 5 μL
7-AAD was added to the Annexin V mixture and incubated
for additional 5 minutes. Cell death was analyzed with flow
cytometry.

WST Assay

RPE cells in triplicate wells of a 96-well plate were treated
with HQ (150 μM) for 2.5 hours in the presence or absence
of RSG (0.4 mM). The medium was removed and cells were
incubated with WST-1 solution for 30 minutes at 37°C. A
colorimetric assay was performed based on the cleavage of
the tetrazolium salt WST-1 by mitochondrial dehydrogenases
in viable cells. The plate was read on a spectrophotometer
at 440 nm with a reference wavelength at 690 nm.
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Seahorse Assay

RPE cells were seeded in triplicate wells of collagen-coated
XF 24-well plates and grown for 24 hours. RPE cells that
had just reached confluence were washed with SF-MEM
and treated for 1.5 hours with HQ (175 μM) with or with-
out RSG (0.4 mM). Media were removed and cells were
washed with XF base medium containing 1 mM sodium
pyruvate, 2 mM glutamine, and 8 mM glucose at a pH
of 7.4. The cells were incubated for 1 hour at 37°C in a
CO2-free incubator. The oxygen consumption rate (OCR)
was measured by Seahorse XFe24 flux analyzer under
basal conditions followed by the sequential addition of 1
μM oligomycin, 1 μM trifluorocarbonylcyanide phenylhydra-
zone, and 1 μM rotenone and antimycin A. Maximal OCR
was the difference in OCR between trifluorocarbonylcyanide
phenylhydrazone–induced respiration and OCR after injec-
tion of antimycin A. Mitochondrial spare respiratory capac-
ity was the difference between maximal respiration and the
basal OCR. Media were removed and the total proteins were
extracted for BCA protein assay after OCR measurements.
OCRs were normalized to the total protein content.

Determination of ROS

RPE cells in triplicate wells of 96-well black plates with clear
bottoms were washed with SF-MEM, loaded with 20 μM
CM-H2DCFDA in SF-MEM for 30 minutes at 37°C and then
washed twice. Cells were then treated with HQ (160 μM) in
the presence or absence of RSG (0.4 mM). Fluorescence was
measured at various times with a fluorescence plate reader
(490 nm excitation, 522 nm emission).

Determination of Mitochondrial Membrane
Potential

RPE cells in triplicate wells of 96-well black plates with
clear bottoms were washed with SF-MEM, loaded with 10
μM JC-1 dye in SF-MEM for 30 minutes at 37°C and then
washed twice. Cells were then treated with HQ (160 μM)
with or without RSG (0.4 mM). A fluorescence plate reader
was used to measure the fluorescence at various times to
quantify green JC-1 monomer (490 nm excitation, 522 nm
emission) and red JC-1 aggregates (535 nm excitation, 590
nm emission).

RNA-sequencing (RNA-seq) Sample Preparation
and Analysis

RPE cells in sextuplicate wells of a 6-well plate were treated
for 4 hours with HQ (250 μM or 300 μM) in the presence
or absence of RSG (0.4 mM). Total RNA was extracted using
an RNeasy Mini Kit and DNA was removed with TURBO
DNA-free kit. RNA quality was measured with a Bioana-
lyzer (Agilent Genomics, Santa Clara, CA). RNA-seq libraries
were prepared from poly-A enriched messenger RNA and
sequenced by GENEWIZ (South Plainfield, NJ) to generate
approximately 20 to 30 million paired-end, 150 base pair
reads per sample. RNA-seq FASTQ files were quality tested
with FastQC.25 Reads were aligned with STAR26 to human
genome (GRCh38.p12) and transcriptome (GENECODE v30)
references, followed by read quantification with the feature-
Counts software.27

A principal component analysis was used to visualize
the high-dimensional RNA-seq dataset using the top 15,000
genes that had the highest average counts, as normalized by

DESeq2’s VST method.28 Differential expression analysis was
performed using edgeR exact test29; analysis limited to genes
with count per million of 1 or greater in at least six samples
in the dataset (collectively referred to as expressed genes).
Differentially expressed (DE) genes are defined to have a
false discovery rate of less than 0.05 and an absolute value
of a log2-fold-change absolute value of greater than 0.25.
Strongly regulated DE genes, defined as those with an abso-
lute value of a log2-fold-change absolute value of greater
than 0.50, were submitted to goseq30 for enrichment of gene
ontology biological processes31,32 and Kyoto Encyclopedia
of Genes and Genomes33 biological pathways that are over-
represented in the gene list. Biological processes and path-
ways were considered statistically significant with adjusted
P values of less than 0.05. Enriched biological processes
were condensed and visualized with REVIGO34 with a simi-
larity metric set to small and the gene ontology term size
determined by Uniport Homo Sapiens database; biologically
relevant processes were selected and labeled. Six enriched
Kyoto Encyclopedia of Genes and Genomes pathways were
selected for visualization of gene expression changes, based
on their biological relevance and the strength of the nega-
tive correlation between HQ and RSG cotreatment. Empirical
RNA-seq Sample Size Analysis (ERSSA)35 was used to check
whether the six biological replicates used in this study were
sufficient for differential expression discovery; the analysis
was performed with a log2-fold change cutoff of 0.25 and
50 subsamples at each replicate level.

Real-time RT-PCR Analysis

RPE cells in triplicate wells of a 12-well plate were treated
for 4 hours with HQ (250 μM) in the presence or absence
of RSG (0.4 mM). Total RNA was isolated using RNeasy Plus
Mini Kit according to the manufacturer’s specifications and
real-time quantitative RT-PCR was performed as we have
described previously.36 Primer pairs for HMOX-1 and ribo-
somal protein, large, P0 (RPLP0) were as follows (5′ to 3′):
HMOX-1, forward: CAG GAG CTG ACC CAT GA; reverse:
AGC AAC TGT CGC CAC CAG AA; and RPLP0, forward: GGA
CAT GTT GCT GGC CAA TAA; reverse: GGG CCC GAG ACC
AGT GTT.

F-actin Immunofluorescent Staining

RPE cells in triplicate wells of a 24-well plate containing
collagen-coated coverslips were treated for 6 hours with
HQ (140 μM) in the presence or absence of RSG (0.4 mM)
and then fixed in 4% paraformaldehyde for 12 minutes
at room temperature. Cells were permeabilized with 0.5%
Triton X-100 for 12 minutes and incubated for 1 hour at
room temperature with phalloidin-TRITC in 0.5% bovine
serum albumin/0.1% Triton X-100/PBS. The percentage of
F-actin aggregates was determined by a masked observer.
Briefly, for each sample, 10 to 11 Z-stack images (cover-
ing 12 μm at 1-μm z-steps, six along the x-axis and five
along the y-axis nonoverlapping fields) were captured under
identical conditions with a 20× objective on a Nikon A1
confocal microscope. Maximum intensity projected images
were imported into Fiji open-source imaging software and
segmented using the Trainable Weka Segmentation plugin
following Fiji’s online instructions. Briefly, for generation of
a “threshold,” a segmentation classifier was created using
an image containing both aggregates and nonaggregates.
Aggregates and nonaggregates were traced and added into
separate groups, respectively. This process was repeated
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FIGURE 1. RSG cotreatment protected against HQ-mediated RPE cell death. RPE cells in triplicate wells of a 6-well plate were treated for 12
hours with HQ (150 μM) in the presence or absence of RSG. (A) Morphology of cells was captured before cell harvest. A large number of
the HQ-treated RPE cells appeared less adherent (black arrow) and other cells seemed to be shriveled (red arrow). (B–D) Cells were then
harvested and stained with Annexin V and 7-AAD. Cell death was analyzed with flow cytometry. HQ primarily induced RPE cell necrosis and
to a lesser extent, apoptosis. RSG cotreatment significantly protected against both HQ-induced necrosis and apoptosis. Data were averaged
from two separate experiments (n = 6 per condition).

until satisfactory image segmentation was achieved. The
classifier was then tested on three images that had varying
degrees of aggregate density to ensure accurate segmenta-
tion. For data analysis, segmented images were converted to
eight-bit, binary images and F-actin aggregates were quanti-
fied using the particle analyzer function (0–infinity size and
0–1 circularity) in Fiji.

Western Blot

RPE cells in triplicate wells of 12-well or 6-well plates were
treated for various times with HQ (160 μM in 12-well plates
or 170 μM in 6-well plates) in the presence or absence of
RSG (0.4 mM). Total protein was extracted with radioim-
munoprecipitation assay buffer supplemented with protease
inhibitors and phosphatase inhibitors, quantified with Brad-
ford protein assay, and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis and Western blot as we
have previously described.24

Statistical Analysis

Data are expressed as the mean ± standard deviation.
Two-way ANOVA with Tukey multiple comparisons correc-

tion was used to determine whether there were statisti-
cally significant differences between treatment groups as
measured by flow cytometry,WST assay, XFe24 flux analyzer,
ROS assay, JC-1 assay, F-actin aggregates analysis, quan-
titative RT-PCR, and Western blot. Results were plotted
using GraphPad Prism 8.3.0 with asterisks indicating the
magnitude of P value (N.S. = not significant, * P ≤ 0.05,
** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001).

RESULTS

RSG Cotreatment Protects against HQ-mediated
RPE Cell Death

To investigate whether RSG protected against HQ-induced
RPE cell death, flow cytometry analysis was performed
with annexin V and 7-AAD staining to identify apopto-
sis and necrosis, respectively. Early apoptotic cells are
Annexin V positive and 7-AAD negative. Late apoptotic
cells are Annexin V and 7-AAD double positive. Necrotic
cells are 7-AAD positive and Annexin V negative. As shown
in Figure 1A, HQ (150 μM) caused cells to shrivel or detach,
whereas RSG cotreatment improved HQ-induced morpho-
logic changes. A similar morphology was observed in cells
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FIGURE 2. RSG cotreatment protected against the HQ-induced deleterious effect on mitochondrial function. (A) RPE cells in triplicate wells
of a 96-well plate were treated for 2.5 hours with HQ (150 μM) in the presence or absence of RSG. Cell viability as reflected by mitochondrial
dehydrogenase activity was measured with the WST-1 reagent. RSG cotreatment significantly protected cells from HQ-decreased cell viability.
Data are representative of three separate experiments with similar results. (B) RPE cells in triplicate wells were treated for 1.5 hours
with HQ (175 μM) in the presence or absence of RSG. Basal respiration, maximal OCR, ATP production, and spare respiratory capacity
were significantly decreased in HQ-treated cells versus control, whereas RSG cotreatment significantly increased mitochondrial metabolic
parameters when compared with HQ-treated cells. Data are averaged from three separate experiments (n = 9 per condition). (C) RPE cells
in triplicate wells of a 96-well plate were loaded with 20 μM CM-H2DCFDA for 30 minutes and washed twice. Cells were treated with HQ
(160 μM) in the presence or absence of RSG. ROS production was measured by relative fluorescence units (RFU) at the indicated times using
a fluorescence plate reader. RSG cotreatment significantly decreased HQ-induced ROS generation. Data are representative of three separate
experiments with similar results. (D) RPE cells in triplicate wells of a 96-well plate were loaded with 10 μM JC-1 dye for 30 minutes and
washed twice. Cells were treated with HQ (160 μM) in the presence or absence of RSG. The ��m was measured at the indicated times
by the fluorescence of JC-1 monomers and aggregates. RSG cotreatment significantly improved HQ-mediated reduction of ��m. Data are
representative of three separate experiments with similar results.

treated with RSG alone, when compared with control. As
shown in Figure 1B through D, HQ induced primarily
necrotic cell death and much less apoptotic cell death. RSG
cotreatment significantly protected cells from HQ-induced
necrosis and apoptosis. RSG alone had little effect on the
number of live and dead cells compared with control.

RSG Cotreatment Protects Cells from Deleterious
Effects of HQ on Mitochondria

WST-1 is a stable tetrazolium salt that can be cleaved by
cellular mitochondrial dehydrogenase to form a soluble
formazan. The amount of formazan generated by mitochon-
drial dehydrogenase activity is directly proportional to the
number of living cells, which makes it useful as a cell
viability assay. Accordingly, to further evaluate RSG’s cyto-
protective effect, a WST assay was performed. As shown
in Figure 2A, HQ significantly decreased cell viability as
reflected by decreased mitochondrial dehydrogenase activity
when compared with control, while RSG cotreatment signif-
icantly increased HQ-reduced cell viability. RSG alone had
little effect on cell viability when compared with control.

To evaluate the role of RSG in the regulation of mito-
chondrial function, we measured mitochondrial respira-
tion. HQ significantly decreased mitochondrial bioenergetics
when compared with control. RSG cotreatment significantly
increased basal respiration, maximal respiration, and spare
respiratory capacity when compared with HQ-treated cells.
No significant change in mitochondrial bioenergetics was
detected in cells treated with RSG alone, when compared
with control (Fig. 2B).

To examine whether RSG decreases oxidative stress-
mediated ROS production, we measured ROS levels. As
shown in Figure 2C, ROS production was significantly
increased in HQ-treated cells when compared with control,
whereas RSG cotreatment significantly decreased HQ-
induced ROS production. RSG alone did not significantly
change ROS level when compared with control.

Mitochondrial membrane potential (��m) is critical
to maintain the physiological function of the respiratory
chain to generate ATP. The membrane-permeant JC-1 dye
is widely used to test ��m. To evaluate the effect of RSG
on HQ-mediated changes in ��m, we determined the ratio
of JC-1 monomers to aggregates. As shown in Figure 2D,
the ��m was significantly decreased in HQ-treated cells
when compared with control, whereas RSG cotreatment



Risuteganib Protects against HQ-induced Injury IOVS | August 2020 | Vol. 61 | No. 10 | Article 35 | 6

FIGURE 3. HQ and RSG cotreatment-initiated gene expression changes. RPE cells in sextuplicate wells of 6-well plate were treated for 4
hours with HQ at 250 μM or 300 μM in the presence or absence of RSG. Poly-A–enriched messenger RNAs were isolated and sequenced
using RNA-seq. (A) The six treatment conditions. Orange arrows indicate the differential expression comparisons performed. (B) A principal
component analysis was used to visualize the samples on the first two dimensions that captured the largest amount of variance (shown in
axis label) in the dataset. First two dimensions showed clear separation between control, HQ-treated, and RSG cotreated cells. (C) The edgeR
software was used to identify genes that are DE between selected conditions. The number of genes that passed the false discovery rate and
log2-fold change thresholds are shown. The number of genes that were strongly downregulated, downregulated, upregulated, or strongly
upregulated are colored in dark blue, blue, red, or dark red, respectively. Few DE genes were found after RSG treatment alone, whereas HQ
treatment and RSG cotreatment induced large transcriptome changes.

significantly improved the HQ-mediated decrease in the
��m. When compared with control, RSG alone did not
induce significant changes in the ��m.

RSG Cotreatment Modulates HQ-regulated
Transcriptome

To investigate gene expression changes in response to HQ
and RSG, RPE cells were exposed for 4 hours to HQ at two
dosages (250 μM or 300 μM) with or without RSG, followed
by whole transcriptome measurement using RNA-seq
(Fig. 3A). All RNA-seq samples had excellent RNA quality
(Bioanalyzer RNA Integrity Number > 9.70) and sequenc-
ing quality (data not shown). Principal component analysis
visualization of the samples showed that the top two dimen-
sions captured a combined 81% of variance in the dataset
and revealed clear separation on dimension 1 between HQ-
treated and nontreated cells and on dimension 2 between
HQ-treated and RSG cotreated cells. No observable separa-

tion was discovered between cells treated with RSG alone
and control (Fig. 3B).

On differential expression analysis, approximately 7000
genes were changed in HQ-treated cells at the two dosages
tested when compared with control, whereas RSG treat-
ment alone only changed 15 DE genes (Fig. 3C, Supple-
mentary Fig. S1). However, compared with cells treated with
HQ alone, RSG cotreatment also regulated thousands of
genes. Further analysis showed that many of the genes influ-
enced by RSG cotreatment were also regulated by HQ and
the expression frequently changed in the opposite direc-
tion to that induced by HQ (Fig. 4A: HQ 250 μM, 2017 of
4404 or 46% of genes; Supplementary Fig. S2A: HQ 300
μM, 1165 of 3234 or 36% of genes). Additionally, when
all HQ-regulated genes were evaluated, negative correla-
tions were observed between expression changes modu-
lated by HQ and RSG cotreatment (Fig. 4B: HQ 250 μM,
–0.2166; Supplementary Fig. S2B: HQ 300 μM, –0.1039),
indicating that RSG modulates HQ-induced expression
changes.
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FIGURE 4. RSG cotreatment suppressed HQ-regulated gene expression. RNA-seq measured gene expression similarities and differences
between RPE cells treated with HQ at 250μM (HQ_250μM vs. control) versus RSG cotreatment (HQ_250μM + RSG vs. HQ_250μM). (A) A
Venn diagram represents the DE genes affected by HQ and RSG cotreatment, separated by direction of expression change. Shades of gray
represent number of genes. A large proportion of RSG cotreatment-regulated genes showed expression change opposite in direction to that
of HQ. (B) Visualization of a log2-fold change of DE genes in HQ_250 μM versus control. The x-axis represents the gene’s log2-fold change
in the HQ comparison, and the y-axis represents the corresponding log2-fold change in the RSG cotreatment comparison. The display is
limited to a (−2, 2) range on both axes and is divided into four quadrants by x = 0 and y = 0 lines shown in blue dotted lines; labels in red
indicate the number of genes in each quadrant. Linear regression of data is shown as a solid blue line. A moderately negative correlation
was observed between gene expression changes associated with HQ and RSG cotreatment.

A functional analysis of the DE gene lists was performed
to identify biological processes and pathways that are signif-
icantly enriched in genes regulated by HQ, RSG treatment
alone, or RSG cotreatment. Among the 15 DE genes found
regulated by RSG treatment alone, no processes or pathways
were enriched. When performed with genes regulated by
either HQ or RSG cotreatment, a large number of processes
were enriched, including cell proliferation, cell death, regu-
lation of cell adhesion, regulation of metabolism, inflamma-
tory response, and response to stimulus (Fig. 5A, B: HQ 250
μM; Supplementary Fig. S3A, B: HQ 300 μM). In particular, a
large number of processes overlapped between the two anal-
yses (HQ 250 μM: 489 of 747 or 65% of processes enriched
with RSG cotreatment-regulated genes; HQ 300 μM: 428 of
774 or 55% of processes enriched with RSG cotreatment-
regulated genes), indicating that many of the same biolog-
ical processes are regulated by HQ and RSG cotreatment.
Similarly, enriched biological pathways showed large over-
lap between HQ and RSG cotreatment, including cytokine
and cytokine receptor interaction, mitogen-activated protein
kinase (MAPK), Janus kinase-signal transducer and activator
of transcription (JAK-STAT), and TGF-β signaling (Fig. 5C,
D: HQ 250 μM; Supplementary Fig. S3C, D: HQ 300 μM).
Although many of the same biologically relevant pathways
were regulated by HQ and RSG cotreatment, their induced
changes were generally in opposite directions as indicated
by the negative correlations (Fig. 5E: HQ 250 μM; Supple-
mentary Fig. S3E: HQ 300 μM). Overall, gene expression
changes across the two dosages of HQ tested by RNA-seq
were highly consistent as shown by the large positive corre-
lations (Supplementary Fig. S4).

For the five differential expression comparisons tested,
RNA-seq sample size analysis was performed using ERSSA.
Briefly, ERSSA determines if sufficient biological replicates
have been used to discover a majority of DE genes in any

specific comparison. ERSSA showed that sufficient samples
were used in four of the comparisons to produce meaning-
ful numbers of DE genes, as the average discovery trends
tapered off when sample size approached n = 6, the number
of biological replicates per condition in this experiment.
In the comparison of RSG versus control, ERSSA showed
that additional replicates were unlikely to further improve
discovery beyond low double-digit number of DE genes
(Supplementary Fig. S5).

RSG Cotreatment Decreases HQ-induced F-actin
Aggregation, P38 MAPK Activation, and HSP27
Phosphorylation

The RNA-seq analysis suggested that RSG cotreatment regu-
lated genes in a variety of oxidant-induced pathways, includ-
ing those that affect actin cytoskeleton (Fig. 5E, Supple-
mentary S3E). Oxidant-induced cytoskeleton reorganization
to form F-actin aggregates reflects a deleterious effect on
RPE cells.37 To further explore the functional effects of
RSG on F-actin injury during oxidative stress, cells were
treated with HQ with or without RSG, and then F-actin
aggregates were quantified. HQ significantly increased the
number of F-actin aggregates when compared with control,
whereas RSG cotreatment significantly inhibited the produc-
tion of HQ-induced aggregates. RSG alone had no observ-
able effect on F-actin cytoskeleton morphology and no
significant change in number of F-actin aggregates when
compared with control (Figs. 6A, B).

RNA-seq data showed that MAPK pathway genes were
modulated by HQ alone and RSG cotreatment (Fig. 5C,
Supplementary S3C, D). P38 MAPK activation is associated
with F-actin aggregation in ARPE-19 cells.37 To support a
role for the MAPK pathway on the observed RSG effects on
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FIGURE 5. Biological processes and pathways regulated by HQ and RSG cotreatment. Biological processes (A, B) and pathways (C, D)
enriched with DE genes regulated by HQ (HQ_250μM vs. control, A and C) and RSG cotreatment (HQ_250μM + RSG vs. HQ_250μM, B and
D). (A, B) Enriched biological processes are summarized and displayed; selected biologically relevant processes are labeled. Many processes
were regulated by both HQ and RSG cotreatment. (C, D) Enriched biological pathways are ranked by the false discovery rate with a dotted
line at the false discovery rate of 0.05. Many pathways were regulated by both HQ and RSG cotreatment as shown in orange highlight.
(E) Visualization of the log2-fold change of DE genes from selected biological pathways enriched with DE genes regulated by HQ or RSG
cotreatment. The x-axis represents the gene’s log2-fold change in the HQ comparison, and the y-axis represents the corresponding log2-fold
change in the RSG cotreatment comparison. The display is limited to a (−1.5, 1.5) range on both axes. Linear regression of data is shown
as solid blue lines. Across biologically relevant pathways, negative correlations were observed between expression changes associated with
HQ and RSG cotreatment.
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FIGURE 6. RSG cotreatment decreased HQ-induced F-actin aggregations, P38 activation and HSP27 phosphorylation. (A, B) RPE cells in
triplicate wells of a 24-well plate containing coverslips were treated for 6 hours with HQ (140 μM) in the presence or absence of RSG
and then stained with phalloidin-TRITC. (A) HQ induced F-actin aggregation (white arrows). (B) F-actin aggregates were quantified with
Fiji Image-J. HQ significantly induced RPE F-actin aggregation versus control, while RSG cotreatment significantly decreased HQ-induced
aggregation. Data are representative of three separate experiments with similar results. (C-F) RPE cells in triplicate wells of a 12-well plate
were treated for either indicated times (C-D) or 1 hour (E-F) with HQ (160 μM) in the presence or absence of RSG. Total proteins (30 μg)
were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis for Western blot (C, E). (D) The quantity of proteins relative
to β-actin indicated that HQ induced P38 activation and HSP27 phosphorylation. Data are representative of three separate experiments with
similar results. (E) The quantity of phosphorylated proteins relative to total proteins indicated that RSG cotreatment decreased P38 activation
and HSP27 phosphorylation. Data were averaged from two separate experiments (n = 6 per condition).

F-actin aggregation, we performed Western blots to inves-
tigate whether RSG cotreatment affected P38 MAPK acti-
vation and phosphorylation of HSP27, an important P38
substrate. We first conducted time-course assays to evalu-
ate the peak time of HQ-induced P38 activation for subse-
quent RSG cotreatment studies. We found that HQ signif-
icantly increased P38 phosphorylation 20 minutes after

treatment (data not shown), which increased further by
1 hour, and was then maintained for at least 6 hours
(Figs. 6C, D). Accordingly, we chose the 1-hour time point
for RSG cotreatment experiments. We found that RSG
cotreatment significantly decreased HQ-induced P38 acti-
vation and HSP27 phosphorylation 1 hour after treatment
(Figs. 6E, F).
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FIGURE 7. RSG cotreatment upregulated HQ-induced HO-1 expres-
sion. (A, B) RPE cells were treated for 4 hours with HQ (250
μM) in the presence or absence of RSG. RNA was extracted and
gene expression was analyzed via RNA-seq (A) and quantitative RT-
PCR (B). RSG cotreatment upregulated HQ-induced HMOX-1 gene
expression. (C-D) RPE cells in triplicate wells of a 6-well plate were
treated for 8 hours with HQ (170 μM) in the presence or absence
of RSG. Total proteins (30 μg) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis for Western blot (C). (D)
The quantity of HO-1 relative to GAPDH indicated that HQ-elevated
HO-1 protein level was further upregulated by RSG cotreatment.
Data are representative of two separate experiments with similar
results.

RSG Cotreatment Upregulates HQ-induced HO-1
Expression

RNA-seq data indicated that HQ exposure strongly upreg-
ulated the cytoprotective HMOX-1 gene that encodes HO-
1 protein (618% and 420% increase by 250 μM and 300
μM HQ, respectively), which was further enhanced by RSG
cotreatment (241% and 391% increase, respectively) when
compared with expression levels induced by 250 μM and
300 μM HQ alone (Fig. 7A).

To confirm the RNA-seq results,HMOX-1 gene expression
and HO-1 protein levels were examined by quantitative RT-
PCR and Western blot, respectively. As shown in Figures 7B–
D, the HMOX-1 gene and HO-1 protein levels were signifi-
cantly upregulated by HQ and further upregulated by RSG
cotreatment.

DISCUSSION

In this study, we demonstrated that RSG treatment alone
had no detectable adverse effect on healthy cells, whereas
RSG cotreatment significantly (1) protected against HQ-
induced RPE cell necrosis and apoptosis, (2) improved
HQ-induced cell viability reduction, (3) prevented HQ-
decreased mitochondrial bioenergetics, (4) suppressed HQ-
induced ROS production, and (5) improved HQ-disrupted
��m. Furthermore, RSG alone minimally affected the RPE
cell transcriptome, whereas HQ induced substantial tran-
scriptome changes. RSG cotreatment modified many of
these HQ-regulated biological processes and pathways. RSG
cotreatment mitigated F-actin aggregates and decreased HQ-
induced P38 activation and HSP27 phosphorylation. HMOX-
1 mRNA and HO-1 protein levels were significantly upregu-
lated by HQ and further upregulated by RSG cotreatment.

There is accumulating evidence to indicate that, in AMD,
oxidative stress plays a critical role to cause RPE cell dysfunc-
tion and death.38 The mechanism by which oxidative stress
induces RPE death in this disease is still controversial. Most
in vitro studies indicate that oxidative stress induces primar-
ily apoptotic cell death, although some studies suggest that
necrosis contributes to RPE death.39,40 Caspase 3/7 activity,
measured as an apoptosis marker, is not changed in ARPE-19
cells after treatment with various HQ concentrations (50–500
μM) (Woo GB, et al. IOVS 2012;53:ARVO E-abstract 4276).
In contrast, HQ downregulates apoptosis-related genes after
HQ injury in differentiated ARPE-19 cells.41 In the current
study, we found that HQ primarily induced necrosis and, to a
much lesser extent, apoptosis. RSG cotreatment significantly
protected against both necrosis and apoptosis induced by
HQ. Integrins trigger a variety of cell signaling cascades that
have profound effects on cell viability. Integrins also play a
complex role to regulate cell survival, and their dysfunction
can lead to apoptosis.42 Our results suggest that RSG plays
a role to protect against oxidative stress-induced integrin-
mediated RPE necrosis and apoptosis.

It is well-known that apoptosis is a highly regulated
process. However, a significant component of necrotic death
also occurs through highly regulated mechanisms.43 Necro-
sis can include signs of controlled processes, such as mito-
chondrial dysfunction, enhanced generation of ROS, adeno-
sine triphosphate depletion, and plasma membrane failure.44

Thus, mitochondrial dysfunction plays an important role in
both apoptosis and necrosis.45,46 HQ increases ROS levels
and decreases the ��m in ARPE-19 cells.47 The results
obtained from donor RPE in the current study were consis-
tent with data from ARPE-19 cells. In Seahorse assays, we
found that HQ significantly decreased mitochondrial basal
respiration, maximal respiration, adenosine triphosphate
production, and spare respiratory capacity. RSG cotreatment
significantly protected cells from the deleterious effects of
HQ on mitochondrial bioenergetics. These observations
of mitochondrial protection are consistent with studies of
RSG in human Müller cells and ARPE-19 cells. (Kenney CM,
et al. IOVS 2018;59:ARVO E-Abstract 771; Beltran MA, et
al. IOVS 2018;59:ARVO E-Abstract 1465). Owing to the
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important role mitochondria play in cellular function, inte-
grin signaling can have a profound impact on the mitochon-
dria and vice versa. Integrins control mitochondrial function
and ROS production by interacting with small G proteins.48

Integrin ligations trigger ROS production by promoting
changes in mitochondrial metabolic/redox function48 and
activation of distinct oxidases.49 Conversely, disruption
of mitochondrial function with inhibitors increases ROS
production and upregulates integrin β5 expression in
human gastric cancer SC-M1 cells.50 Our results suggest
that RSG, as an integrin regulator, can positively influence
mitochondrial function, although integrin-independent
effects cannot be ruled out.

RNA-seq is a powerful quantitative tool to explore
genome-wide expression. To further investigate the thera-
peutic mechanism of action of RSG, we used RNA-seq as
an unbiased method to assess the transcriptome changes
induced by the HQ and RSG cotreatment. We found that
RSG alone had minimal influence on the transcriptome,
consistent with its limited effect on healthy RPE cells. A
large transcriptome change involving roughly one-half of
the detectable expressed genes was seen after HQ treat-
ment. These observations are supported by our pathway
analysis that showed regulation of genes in (1) inflammation
pathways that included cytokine–cytokine receptor interac-
tion and JAK-STAT signaling pathways, (2) cell proliferation
and death pathways such as phosphoinositide-3-kinase–Akt,
MAPK, TGF-β, and Ras signaling pathways, (3) cell adhe-
sion and migration pathways such as focal adhesion and
actin cytoskeleton regulation, and (4) pathways that func-
tion in diverse signaling systems such as the calcium signal-
ing pathway. These findings are consistent with studies in
various cell models that show regulation of cell growth, cell
death, extracellular matrix, and stress response genes after
HQ exposure.41,51,52

Although RSG alone elicited minimal transcriptome
changes, RSG cotreatment significantly modified the cellular
gene expression response to HQ stress. A significant portion
of the RSG cotreatment-regulated genes were also regulated
by HQ treatment alone, except the expression changes were
in the opposite direction. Similarly, a functional analysis
of RSG cotreatment-regulated genes indicated that they are
involved in biological processes and pathways modulated by
HQ. Taken together, these observations, which were consis-
tent across two HQ dosages tested, suggest that RSG cotreat-
ment moderated cellular transcriptome changes elicited by
HQ.53,54

Actin cytoskeleton serves mechanical, organizational, and
signaling roles that contribute to cellular functions. The
regulation of the F-actin cytoskeleton depends on a vari-
ety of molecular mechanisms.55 Oxidative stress is a key
mechanism that causes aggregation of a number of proteins
implicated in neurodegenerative disorders.55,56 HQ induces
F-actin aggregation through the phosphorylation of the
P38/HSP27 cascade in ARPE-19 cells.37 In the current study,
we found that HQ also induced F-actin aggregation, P38
activation, and HSP27 phosphorylation in donor RPE cells,
and RSG cotreatment abrogated these effects. These data
complement the previous work in ARPE-19 cells37 and
provide a mechanistic explanation for the effect of RSG
to inhibit F-actin aggregation. Actin cytoskeletal signaling
networks are composed of a large group of proteins such as
integrins, kinases, and small GTPases. Integrins can affect
the actin cytoskeleton through a number of molecular link-
ages.57,58 Integrins can either stimulate or suppress actin-

based structures, indicating the variety of pathways lead-
ing from integrins to the cytoskeleton. A variety of studies
demonstrate the functional link between integrin and P38.
For example, blocking functionality or downregulation of
αv integrin decreases endogenous P38 activation in breast
cancer cells.59 Our data indicate that there is a link between
integrin regulation and P38 activation in human RPE cells
and support the hypothesis that RSG prevents HQ-induced
damage to normal actin cytoskeleton, at least in part by
reversing the adverse effects of HQ on integrin regulated
F-actin assembly.

The expression of HO-1 protein is highly upregu-
lated by a variety of stress sources, including oxida-
tive stress, substrate heme, ultraviolet light, hyperthermia,
heavy metals, peroxides, endotoxins, and cytokines.60,61 HO-
1 induction is recognized as a pivotal cellular adaptive
and protective response against oxidative stress toxicity.62

HMOX-1 mRNA levels are significantly increased in undif-
ferentiated and differentiated ARPE-19 cells treated with t-
butyl hydroperoxide and hydrogen peroxide,63 whereas HO-
1 protein expression is upregulated in ARPE-19 cells treated
with cigarette smoke extract.64 ARPE-19 cells that overex-
press HO-1 are more resistant to t-butyl hydroperoxide–
induced cell death65 and HO-1 activation has shown to play
an important role to protect against retinal injury.66−69 In this
study, HMOX-1 was one of genes most upregulated by HQ
and RSG cotreatment, which prompted us to further assess
the effects on HO-1 protein levels. We found that HMOX-
1 gene and HO-1 protein expression were significantly
upregulated by HQ and further increased by RSG cotreat-
ment. Additional upregulation of HO-1 by RSG cotreatment
beyond that induced by HQ alone suggests that RSG triggers
the activation of antioxidant enzyme in response to oxida-
tive stress to prevent HQ-induced cell death. However, acti-
vation of HO-1 was only observed when cells were under
HQ stress, while RSG alone did not induce observable cellu-
lar stress and HO-1 activation. Further studies are needed
to investigate the precise upstream molecular regulator of
HO-1 activation70 induced by HQ and RSG cotreatment.

Ultimately, any model, whether in vitro, or in vivo, cannot
fully replicate human pathophysiology or response to treat-
ment. However, such models are useful to gain insight into
possible biochemical or disease mechanisms, and potential
human therapeutic effects. HQ-induced RPE cell damage has
been used as a model for oxidant injury in a variety of in
vitro and in vivo studies.71,72 Furthermore, many of these
studies have used these models to explore a possible role
of oxidants in AMD.71,72 Detailed in vivo experiments with
RSG are beyond the scope of the current report. However,
existing data from animal studies indicate that RSG induces
expression of antioxidant proteins, including superoxide
dismutase, glutathione peroxidase, and catalase in corneal
epithelium, which may contribute to RSG protection against
desiccating stress-induced corneal damage in a dry eye
mouse model (Quiroz-Mercado H, et al. IOVS 2019;60:ARVO
E-Abstract 288). Our data demonstrate a protective role of
RSG against oxidant injury and mitochondrial damage. This
information complements the recent positive phase II clin-
ical data that suggested RSG may be useful to treat inter-
mediate AMD21,22 and are consistent with the hypothesis
that these observed therapeutic effects of RSG in inter-
mediate AMD, at least in part, are mediated through its
protective effects on oxidant injury. Furthermore, recent in
vitro, in vivo, and clinical data suggest that another agent,
elamipretide, that protects against mitochondrial injury, may
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have a beneficial effect on AMD (Kapphahn R, et al. IOVS
2017;58:ARVO E-Abstract 1954; Cousins SW, et al. IOVS 2016;
57:ARVO E-Abstract 2126; Cousins SW, et al. IOVS
2019;60:ARVO E-Abstract 974). Taken together, these data,
our RSG in vitro data, and RSG animal model and human
clinical data support the hypothesis that oxidant injury is
important in AMD pathogenesis and that agents to protect
against oxidant injury may be useful therapeutic agents.

In conclusion, RSG cotreatment protects RPE cells against
HQ-induced injury, restores mitochondrial function, and
modifies a variety of the biological processes induced by
HQ. Although some of these observations can be explained
by the regulation of integrin by RSG, the precise molecular
mechanisms governing the promotion of cell survival by RSG
remain to be fully elucidated. We continue to investigate the
RSG-modulated biological pathways and believe this infor-
mation will enhance our understanding of a potential role
for RSG therapy to treat degenerative retinal diseases, such
as dry AMD.
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