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Effects of GSK2606414 on cell proliferation and
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Abstract. GSK2606414 is a novel, highly selective inhibitor of
protein kinase R-like endoplasmic reticulum kinase (PERK).
GSK2606414 and its analogues have recently been demon-
strated to delay tumor growth and prevent neurodegeneration.
The present study investigated the effects of GSK2606414 on
proliferation, apoptosis, and the expression of activating tran-
scription factor 4 (ATF4), CCAAT/enhancer-binding protein
homologous protein (CHOP) and vascular endothelial growth
factor (VEGF) in human retinal pigment epithelial (RPE) cells
under endoplasmic reticulum (ER) stress. ARPE-19 human
RPE cells were treated with 0.01-50 xuM GSK2606414, and
ER stress was induced by thapsigargin (TG) treatment. Cell
proliferation was assessed using the Cell Counting kit-8 cell
viability assay. Apoptosis was detected by Annexin-V/prop-
idium iodide double staining using flow cytometry. Western
blot analysis was used to measure eukaryotic initiation
factor 2a (eIF2a) phosphorylation levels. ATF4, CHOP
and VEGF mRNA expression levels were assessed using
reverse transcription-quantitative polymerase chain reaction.
GSK2606414 treatment inhibited RPE cell proliferation in a
dose-dependent manner, however it did not induce apoptosis.
In addition, GSK2606414 treatment inhibited eIF2a phos-
phorylation and reduced CHOP and VEGF mRNA expression
levels in RPE cells under TG-induced ER stress. To the best
of our knowledge, the present study is the first to demonstrate
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that GSK2606414 has a potential antiproliferative effect in
RPE cells in vitro. This effect appeared to be achieved via
inhibition of the PERK/ATF4/CHOP signaling pathway and
suppression of VEGF expression levels.

Introduction

Age-related macular degeneration (AMD) is a retinal degen-
erative disease, which causes progressive loss of central vision
in the elderly (1). Clinically, AMD is comprised of two forms:
Dry and wet. Dry AMD is characterized by drusen forma-
tion and geographical atrophy. Wet AMD is characterized
by choroidal neovascularization (CNV) and the subsequent
development of hemorrhage, exudation, scarring or retinal
detachment. The retinal pigment epithelium (RPE) is the
primary target of AMD (2,3). During AMD progression, the
RPE is damaged, accompanied by a disruption of the choroidal
blood-eye barrier and degeneration of photoreceptors. In addi-
tion, RPE cells proliferate and secrete various proangiogenic
factors, including vascular endothelial growth factor (VEGF),
which serves an important role in AMD-associated CNV (4).

Although the precise underlying mechanisms of AMD
are not fully understood, numerous lines of evidence have
indicated that endoplasmic reticulum (ER) stress contributes
to the etiology of RPE cell damage and neovascularization
formation (5-7). Several types of cellular stress, including
hypoxia (8), infection (9), nutrient deprivation (10), oxidative
stress (11) and dysfunctional calcium homeostasis (12), may
induce accumulation of unfolded proteins in the ER lumen.
This process activates protein kinase R (PKR)-like endo-
plasmic reticulum kinase (PERK), inositol-requiring kinase
1 and activating transcription factor (ATF) 6, and initiates
unfolded protein response (UPR) signaling pathways (13,14).
As one of three primary UPR effectors, PERK directly
phosphorylates eukaryotic initiation factor 2o (eIF2a), which
consequently inhibits initiation of general translation and
reduces ER burden (15). However, eIF2a phosphorylation leads
to selective translation of numerous mRNAs, including ATF4.
ATF4 induces expression of the proapoptotic transcription
factor CCA AT/enhancer-binding protein homologous protein
(CHOP), which mediates PERK-induced apoptosis (16).
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Furthermore, ATF4 serves an important role in VEGF expres-
sion under hypoxia or chemical stress (17,18). Activation of the
PERK/elIF20/ATF4 signaling pathway has been reported in
numerous retinal degenerative diseases including AMD (16),
glaucomatous retinopathy (19) and diabetic retinopathy (20).
Disruption of PERK activity has been demonstrated to reduce
hydroquinone-induced apoptosis and hypoxia-induced VEGF
expression in human RPE cells in vitro (5,21). These findings
suggested that inhibition of the PERK/eIF2a/ATF4 signaling
pathway may be a novel therapeutic strategy for the treatment
of AMD.

Screening for PERK inhibitors has led to the identifica-
tion of a family of highly selective and potent molecules,
including GSK2606414 (molecular formula, C,,H,,F;N;O).
GSK2606414 is an adenosine triphosphate-competitive
inhibitor of PERK with a half maximal inhibitory concentra-
tion (ICs,) of 0.4 nM (22). GSK2606414 and its analogues
have previously been demonstrated to inhibit ER stress, delay
tumor growth and prevent neurodegeneration (23-25). To the
best of our knowledge, the effects of GSK2606414 on cell
proliferation and PERK signaling in cultured RPE cells under
ER stress have yet to be reported.

The present study investigated the effects of GSK2606414
on PERK signaling and VEGF expression levels in RPE
cells under ER stress, and examined the potential underlying
mechanisms of GSK2606414 in RPE proliferation. The results
of the present study provided valuable information for drug
development or potential novel strategies for the treatment of
AMD.

Materials and methods

Cell culture. ARPE-19 human RPE cells were purchased from
the American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in a 1:1 mix of Dulbecco's modified Eagle's
medium and F-12 medium (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Cells
were cultured at 37°C in a humidified atmosphere containing
5% CO,.

Reagents. GSK2606414 (EMD Millipore, Billerica, MA,
USA) and thapsigargin (TG; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) were dissolved in dimethyl sulfoxide
(DMSO; Sigma-Aldrich; Merck KGaA). The concentration of
DMSO was <0.1% for all experiments to avoid cytotoxicity.

Cell Counting kit-8 (CCK8) cell viability assay. Cell viability
was assessed using a CCK8 assay (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). ARPE-19 cells were
seeded into a 96-well plate at a density of 2x10° cells/well
and incubated with 0.01, 0.05, 0.1, 0.5, 1, 5, 10 or 50 uM
GSK2606414 for 24, 48 or 72 h at 37°C. Subsequently, the
medium was replaced with 100 gl of fresh medium and CCKS8
reagent (10 pl) was added to each well, and cells were incubated
for 2 h at 37°C. Absorbance (optical density) was measured at a
wavelength of 450 nm.

Cell morphology assay. ARPE-19 cells (2x10° cells/well) were
plated on 6-well plates and incubated at 37°C for 24 h. Cells were
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subsequently treated with or without 5 M GSK2606414 for
24 h at 37°C. Cell morphology was observed by phase-contrast
microscopy using an Axiovert 200 inverted microscope (Carl
Zeiss AG, Oberkochen, Germany).

Quantitative detection of apoptosis by flow cytometry. Cell
apoptosis was measured using the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) Apoptosis
Detection kit (eBioscience, Inc., San Diego, CA, USA)
according to the manufacturer's protocol. ARPE-19 cells were
seeded into a 25 cm? plate at a density of 3x10° cells/well for
24 h, and were subsequently treated with various concentra-
tions of GSK2606414 (0.5-5 uM). Cells treated with 200 yuM
H,0, served as a positive control. After 24 h treatment, cells
were washed once with phosphate-buffered saline (PBS)
and resuspended in 1X binding buffer at a concentration of
1x10° cells/ml. Annexin V-FITC (5 ul) was added to 100 ul cell
suspensions, and the cells were incubated at room temperature
for 15 min in the dark. Cells were subsequently washed in
1X binding buffer and resuspended in 200 xl binding buffer,
followed by the addition of 5 ul PI. Annexin V- and PI-stained
cells were analyzed using a Cytomics FC500 flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA) and CXP Analysis
Software version 2.2 (Beckman Coulter, Inc.).

Western blotting. ARPE-19 cells were treated with various
concentrations of GSK2606414 (0.5-1 uM) for 1 h, followed
by stimulation with TG (I uM) for 2 h at 37°C. For the
extraction of total cellular protein, cells were washed twice
in cold PBS and homogenized in radioimmunoprecipitation
assay lysis buffer (Cell Signaling Technology, Inc., Danvers,
MA, USA) containing PhosSTOP™ and protease inhibitors
(Roche Diagnostics, Indianapolis, IN, USA). Lysates were
centrifuged at 13,000 x g for 15 min at 4°C. Protein concen-
trations were measured using a Bicinchoninic Acid protein
assay kit (Pierce; Thermo Fisher Scientific, Inc.). Samples
(40 ug) were separated by 10% (w/v) SDS-PAGE and subse-
quently transferred onto polyvinylidene difluoride membranes
(Merck KGaA). Membranes were blocked in 5% bovine
serum albumin (Sigma-Aldrich; Merck KGaA) for 2 h at room
temperature and incubated overnight at 4°C with the following
primary antibodies: Anti-eIF2a (1:1,000; Cell Signaling
Technology, Inc.; catalog no. 5324), anti-phosphorylated
(p)-elF2a (1:1,000; Cell Signaling Technology, Inc.; catalog
no. 3398), and anti-f-actin (1:10,000; Sigma-Aldrich; Merck
KGaA; catalog no. A2228). Membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody (1:5,000; Abcam, Cambridge, UK catalog
no. ab6721) or (HRP)-conjugated goat anti-mouse secondary
antibody (1:5,000; Abcam; catalog no. ab6789) for 1 h at room
temperature, and the immunoreactive bands were visualized
by an Enhanced Chemiluminescence detection system (Pierce;
Thermo Fisher Scientific, Inc.). Band densitometry was quanti-
fied using Quantity One image analysis software version 4.62
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (qPCR). ARPE-19 cells were treated
with various concentrations of GSK2606414 (0.5-5 uM) for 1 h,
followed by TG stimulation (1 #M) for 24 h at 37°C. Total RNA
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was isolated using a PureLink RNA Mini kit (Invitrogen; Thermo
Fisher Scientific, Inc.) and quantified by ultraviolet spectrom-
etry at a wavelength of 260 nm. RNA was reverse transcribed
into cDNA in a total reaction volume of 10 y1 using PrimeScript
RT Master Mix Perfect Real Time kit (Takara Bio, Inc., Otsu,
Japan). The reaction system contained 200 ng/ul total RNA
(2 pul), 5X PrimeScript Buffer (2 ul) and RNase-free distilled
water (6 pl); the reactions were incubated at 37°C for 15 min,
followed by 85°C for 5 sec. qPCR reactions were conducted in a
20 ul reaction volume containing SYBR Green Real-Time PCR
Master Mix (10 ul; Roche Diagnostics), diluted cDNA (2 ul),
10 uM forward primer (1 ul), 10 M reverse primer (1 pl) and 6 pl
distilled water. The primers used were as follows: ATF4, forward
5-CCCTTCACCTTCTTACAACCTC-3, reverse 3-GTCTGG
CTTCCTATCTCCTTCA-5'; CHOP, forward 5-ATGAACGGC
TCAAGCAGGAA-3, reverse 3-TGTGGGATTGAGGGTCAC
ATC-5'; VEGF, forward 5"-TCACAGGTACAGGGATGAGGA
CAC-3', reverse 3-TCCTGGGCAACTCAGAAGCA-5"; and
B-actin, forward 5'-ACAATGTGGCCGAGGACTTT-3', reverse
3 TGTGTGGACTTGGGAGAGGA-5'. Samples were analyzed
in triplicate in a LightCycler 480 Instrument (Roche Diagnostics
GmbH, Mannheim, Germany). The reaction conditions were as
follows: Initial denaturation step at 95°C for 5 min, followed by
50 cycles at 95°C for 10 sec, 60°C for 10 sec, 72°C for 10 sec and
a final elongation step at 72°C for 10 min. The 2244 method
was applied to estimate relative transcription levels (26), and the
results were normalized to -actin. ATF4, CHOP and VEGF
mRNA expression levels are expressed relative to the control

group.

Statistical analysis. Data were analyzed with SPSS 19.0
(IBM SPSS, Armonk, NY, USA). Data are expressed as the
mean + standard deviation. Unpaired Student's t-test was used
to compare differences between two groups. One-way analysis
of variance was used to compare differences between three or
more groups, followed by Bonferroni's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

GSK2606414 suppresses proliferation of human RPE cells. To
assess the effects of GSK2606414 on RPE cell proliferation,
ARPE-19 cells were treated with 0.01-50 uM GSK2606414 for
24,48 or 72 h. Cell proliferation was quantified by CCKS assay.
Cell viability was inhibited by GSK2606414 in a dose- and
time-dependent manner (Fig. 1A). At increased concentra-
tions (0.5-50 pM), GSK2606414 significantly inhibited cell
proliferation compared with the control group (P<0.05). The
ICs, of GSK2606414 was 1.7 uM in ARPE-19 cells treated
with GSK2606414 for 72 h. The results were confirmed by
morphological observation (Fig. 1B), which revealed that
GSK2606414 (5 uM) did not cause changes in ARPE-19 cell
morphology compared with control group, but it did signifi-
cantly reduced cell growth in vivo.

GSK2606414 does not induce apoptosis in human RPE cells.
The effects of GSK2606414 on apoptosis were examined
in APRE-19 cells using an Annexin V-FITC/PI Apoptosis
Detection kit. Treatment with 0.5-5 yM GSK2606414 for
24 h did not significantly induce apoptosis in APRE-19 cells
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Figure 1. Effects of GSK2606414 on ARPE-19 cell proliferation. (A) ARPE-19
cells were treated with various concentrations of GSK2606414 (0-50 yM)
for 24, 48 or 72 h, and cell viability was detected by Cell Counting kit-8
assay. Data are presented as the mean + standard deviation (n=3). "P<0.05
vs. control. (B) Cell morphology analysis; phase contrast images of ARPE-19
cells untreated and treated with GSK2606414 (5 uM) for 24 h; magnification,
x100. GSK, GSK2606414.

(Fig. 2A). However, apoptosis was significantly increased in
ARPE-19 cells under 200 M H,0,-induced oxidative condi-
tions (Fig. 2B) compared with in 5 uM GSK2606414-treated
cells (Fig. 2C).

GSK2606414 inhibits elF2a phosphorylation in ARPE-19
cells. PERK serves an important role in the UPR by phosphory-
lating the translation initiation factor, elF2a. To determine the
effects of GSK2606414 on elF2a phosphorylation, ARPE-19
cells were pretreated with 0.05-1 xM GSK2606414 for 1 h
followed by treatment with the ER stress inducer, TG, for 2 h.
Protein expression levels of p-elF2a were reduced compared
with elF2a (Fig. 3A). GSK2606414 treatment dose-depend-
ently inhibited TG-induced eIF2a phosphorylation (Fig. 3B).

GSK2606414 inhibits ER stress-induced ATF4, CHOP and
VEGF expression in ARPE-19 cells. ATF4 and CHOP are
primary transcription factors involved in the PERK signaling
pathway, which serve important roles in regulating cellular fate
and angiogenesis under stress conditions (15,27). The effects of
GSK2606414 on ER stress-induced ATF4, CHOP and VEGF
mRNA expression levels were examined in ARPE-19 cells.
ATF4 (Fig. 4A), CHOP (Fig. 4B) and VEGF (Fig. 4C) mRNA
expression levels were significantly increased in ARPE-19 cells
following TG-induced ER stress. ATF4, CHOP and VEGF
mRNA expression levels were increased in cells treated with
low concentrations of GSK2606414 (0.05-0.1 xM) compared
with cells treated with TG alone. CHOP and VEGF mRNA
expression levels were significantly reduced in cells treated
with increased concentrations of GSK2606414 (0.5-5 uM)
compared with cells treated with TG alone.
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Figure 2. Effects of GSK2606414 on ARPE-19 cell apoptosis. ARPE-19 cells were incubated with various concentrations of GSK2606414 (0.5-5 uM) for 24 h.
(A) Apoptosis was measured using an Annexin V/PI detection kit. (B) ARPE-19 cells treated with 200 M H,O, served as a positive control. Cells in the early
stage of apoptosis are Annexin V* and PI', and cells that are dead or are in the late stage of apoptosis are Annexin V* and PI'. (C) Apoptotic rates were analyzed
by flow cytometry. Data are presented as the mean + standard deviation (n=3). P<0.05. GSK, GSK2606414; PI, propidium iodide.

Discussion

The present study investigated the effects of GSK2606414
on cell proliferation, apoptosis, and ATF4, CHOP and VEGF
expression levels in human RPE cells under TG-induced
ER stress. GSK2606414 was originally synthesized by
GlaxoSmithKline as a potent and selective inhibitor of
PERK, with ICy, values in the low nanomolar range (22,28).
GSK2606414 and its analogue GSK2656157 have previously
been demonstrated to inhibit tumor growth in a murine
xenograft model (21,22). RPE cell proliferation is involved
in late AMD and proliferative retinopathy (4,29-31). In the
present study, GSK2606414 was revealed to inhibit RPE cell

proliferation in a dose- and time-dependent manner. The
inhibitory effects of GSK2606414 on cell proliferation were
more potent at concentrations >0.5 pM. GSK2606414 did not
induce RPE cell apoptosis. Furthermore, GSK2606414 was
demonstrated to inhibit eIF2a phosphorylation in ARPE-19
cells, suggesting that RPE cell proliferation may be associated
with PERK-eIF2a phosphorylation.

elF2a is believed to serve a fundamental role in integrating
stress response and cell survival. elF2a may be phosphory-
lated by four kinases including PERK, PKR, general control
non-derepressible 2 and heme-regulated inhibitor in response
to various cellular stressors, including misfolded proteins,
oxidative stress, viral infection and nutrient deprivation (32).
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Figure 3. Effects of GSK2606414 on elF2a phosphorylation in ARPE-19
cells treated with TG. ARPE-19 cells were pretreated with various concen-
trations of GSK2606414 (0-1 yM) for 1 h and then exposed to 1 uM TG for
2 h. (A) Protein expression levels of t-eIF2a and p-elF2a were measured by
western blot analysis. 3-actin served as a loading control. (B) Densitometry
ratio of protein expression levels in ARPE-19 cells. Data are presented as the
mean + standard deviation (n=3). ‘P<0.05 vs. control; “P<0.05 vs. TG-treated
cells. TG, thapsigargin; p, phosphorylated; t, total; eIF2a, eukaryotic initia-
tion factor 2a; GSK, GSK2606414.

PERK is primarily activated by accumulation of misfolded
proteins under ER stress conditions. e[F2a phosphorylation
by PERK may block protein synthesis (32,33). Axten et al (22)
reported that 0.03 xM GSK2606414 adequately inhibited
PERK activity in A549 lung adenocarcinoma cells. The present
study demonstrated that the ER stress inducer TG increased
elF2a phosphorylation in RPE cells, and elF2a phosphoryla-
tion was inhibited by GSK2606414 at concentrations >0.1 #M.
These results suggested that the novel PERK inhibitor may
inhibit protein synthesis by inhibiting e[F2a phosphorylation.

elF2o phosphorylation has been reported to increase
translation of basic leucine zipper transcription factors,
such as ATF4 (32). The present study examined the effects
of GSK2606414 on the expression levels of numerous
ATF4-associated genes in ARPE-19 cells under ER stress.
Notably, the inhibitory effect of GSK2606414 on gene expres-
sion did not correspond to its inhibitory effect on elF2a
phosphorylation. GSK2606414 at 0.05 and 0.1 #M inhibited
elF2a phosphorylation; however, GSK2606414 at these doses
upregulated ATF4, CHOP and VEGF mRNA expression
levels. At increased concentrations (>0.5 uM), GSK2606414
consistently inhibited eIF2a phosphorylation and CHOP and
VEGF mRNA expression levels. These results suggested that
a concentration >0.5 yM may be required for GSK2606414 to
inhibit ATF4 signaling. CHOP, which is a proapoptotic tran-
scription factor, is a key downstream target of ATF4 (13,34).
Downregulation of CHOP has been reported to serve a
neuroprotective role against stress-induced injury (13,35).
The present study demonstrated that increased concentra-
tions of GSK2606414 inhibited CHOP expression without
significantly inhibiting ATF4 expression in RPE cells. This
result may explain why GSK2606414 did not induce apop-
tosis. Therefore, GSK2606414 may be useful in preventing
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Figure 4. Effects of GSK2606414 on ATF4, CHOP and VEGF mRNA expres-
sion in ARPE-19 cells following TG treatment. ARPE-19 cells were pretreated
with 0-5 uM GSK2606414 for 1 h followed by treatment with 1 uM TG for
24 h. (A) ATF4, (B) CHOP and (C) VEGF mRNA expression levels were
measured by reverse transcription-quantitative polymerase chain reaction.
Data are presented as the mean + standard deviation (n=3). ‘P<0.05 vs. control;
"P<0.01 vs. TG-treated cells. ATF4, activating transcription factor 4;
CHOP, CCAAT/enhancer-binding protein homologous protein; VEGF,
vascular endothelial growth factor; TG, thapsigargin; GSK, GSK2606414.

ER stress-induced apoptosis in RPE cells. In addition, VEGF
secretion by RPE cells is thought to be a key factor respon-
sible for ocular neovascularization. Subretinal injection of
adeno-associated virus-VEGF was reported to induce subret-
inal neovascularization and RPE cell proliferation in rats (36).
Conversely, knockdown of VEGF by various pharmacologic
agents effectively inhibited neovascularization in animal
models of CNV (37,38). PERK/eIF20/ATF4 signaling has
previously been reported to regulate VEGF expression (6,17).
The present study demonstrated that VEGF mRNA expression
levels were decreased in RPE cells treated with GSK2606414.
This result may explain, at least in part, why GSK2606414
inhibited RPE cell proliferation without inducing apoptosis.
These findings additionally indicated that GSK2606414 may
serve as a relatively safe antiproliferative and antiangiogenic
drug for the treatment of AMD and numerous retinal prolif-
erative diseases. The in vivo effects of GSK2606414 on the
treatment of AMD require further examination in animal
models in future studies.

In conclusion, the results of the present study demon-
strated that GSK2606414 inhibits e[F2a phosphorylation, and
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downregulates the expression levels of CHOP and VEGF in
RPE cells, which serves an important role in AMD. These
findings suggested that GSK2606414 may function as a poten-
tial neuroprotective and antiangiogenic drug for the treatment
of AMD.
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