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Abstract

Receptor-interacting protein 3 (RIP3) plays an important role in the necroptosis sign-
aling pathway. Our previous studies have shown that the RIP3/mixed lineage kinase
domain-like protein (MLKL)-mediated necroptosis occurs in retinal ganglion cell line 5
(RGC-5) following oxygen-glucose deprivation (OGD). However, upstream regulatory
pathways of RIP3 are yet to be uncovered. The purpose of the present study was
to investigate the role of p90 ribosomal protein Sé6 kinase 3 (RSK3) in the phospho-
rylation of RIP3 in RGC-5 cell necroptosis following OGD. Our results showed that
expression of RSK3, RIP3, and MLKL was upregulated in necroptosis of RGC-5 after
OGD. A computer simulation based on our preliminary results indicated that RSK3
might interact with RIP3, which was subsequently confirmed by co-immunoprecip-
itation. Further, we found that the application of a specific RSK inhibitor, LJH685,
or rsk3 small interfering RNA (siRNA), downregulated the phosphorylation of RIP3.
However, the overexpression of rip3 did not affect the expression of RSK3, thereby
indicating that RSK3 could be a possible upstream regulator of RIP3 phosphorylation
in OGD-induced necroptosis of RGC-5 cells. Moreover, our in vivo results showed
that pretreatment with LJH685 before acute high intraocular pressure episodes
could reduce the necroptosis of retinal neurons and improve recovery of impaired
visual function. Taken together, our findings suggested that RSK3 might work as an
upstream regulator of RIP3 phosphorylation during RGC-5 necroptosis.
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1 | INTRODUCTION

In recent years, researchers have found that certain types of ne-
crosis can be regulated by a series of signaling molecules (He et al.,
2009; Zhang et al., 2009) that share similar morphological features
with necrosis signaling molecules (Holler et al., 2000; Matsumura
et al., 2000). This alternately regulated necrosis pathway is known
as necroptosis. It is a sub-type of regulated necrosis and depends
on the activities of receptor-interacting protein 3 (RIP3) and mixed
lineage kinase domain-like protein (MLKL; Degterev et al., 2005; Sun
et al., 2012; Kim and Li, 2013; Li et al., 2017; Negroni et al., 2017;
Zhang et al., 2017; Orozco et al., 2019). Earlier studies as well as
our own previous work have shown that, other than in non-neuro-
nal cells, necroptosis also occurs in many types of neurons, such as
retinal ganglion cells (RGCs) following acute retinal ischemia/reper-
fusion (I/R; Rosenbaum et al., 2010; Liao et al., 2017; Huang et al.,
2013), oxygen-glucose deprivation (OGD)/glutamate-induced neu-
ronal injury (Zhang et al., 2013a; 2013b; Wang et al., 2018a; 2018b;
2018c; 2018d; Mathew et al., 2019; 2019a; 2019b), oxidative stress,
or methamphetamine-induced cortical neuronal injury (Jiang et al.,
2014; Ding et al., 2015; Xiong et al., 2016; Lu et al., 2019; Guo et al.,
2020). Inhibition of necroptosis is extremely important for reduc-
ing neuronal death (Wu et al., 2015; Cruz et al., 2018; Wang et al.,
2018a; 2018b; 2018c; 2018d). However, the regulatory mechanisms
of necroptosis have not yet been fully elucidated.

RIP1 and RIP3 play important roles in the regulation of necropto-
sis (Moriwaki and Chan, 2016). During cell damage processes, when
death signals are transmitted to the cell, RIP1 and RIP3 phosphory-
late/activate each other via an RIP homotypic interaction motif or
an amino-terminal kinase domain to form the necrosome (Li et al.,
2012; Orozco et al., 2019). Accumulation of activated RIP3 may lead
to cell necroptosis via the phosphorylation and oligomerization of
MLKL, which in turn leads to the disruption of cell membrane integ-
rity (Sun et al., 2012; Nogusa et al., 2016; Li et al., 2017; Yang et al.,
2018; Najafov et al., 2019). For the overall phosphorylation of the
necrosome, RIP3 phosphorylation can promote the phosphorylation
of RIP1 (Vandenabeele et al., 2010; Bozec et al., 2016). However, the
regulatory mechanisms of RIP3 phosphorylation remain unknown.
Previous studies have suggested that the extracellular signal-regu-
lated kinases 1/2 (ERK 1/2) may indirectly modulate necroptosis by
regulating RIP3 expression (Gao et al., 2014). In contrast, a number
of studies have reported that the heat shock protein 90 (HSP90)
may regulate necroptosis via the formation of a necrosome (RIP1/
RIP3) in HT-29 cells and cortical neurons (Li et al., 2015; Jacobsen
and Silke, 2016; Wang et al., 2018a; 2018b; 2018c; 2018d; ). These
results showed that phosphorylation of RIP3 was reduced by regu-
latory molecules acting upstream of RIP3. However, necrotic neu-
rons can only be partly rescued by targeted intervention therapy for
two possible reasons: first, due to non-regulated necrosis, it might
not be possible to rescue some of the necrotic cells; second, some
other molecules might also play a redundant role in the regulation of
RIP3 phosphorylation. In fact, any type of cell death is cross-regu-
lated by multiple molecular mechanisms. These alternative aspects
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of the regulatory mechanisms of RIP3 phosphorylation need to be
investigated.

In general, phosphorylation and dephosphorylation of substrate
proteins are catalyzed by cytosolic kinases and phosphatases, re-
spectively. Protein phosphorylation plays an important role in many
biological processes and is regulated by a dynamic balance between
kinase and phosphatase activities. Some serine/threonine (Ser/Thr)
residues of RIP3 can be phosphorylated by protein Ser/Thr kinases
(Meylan and Tschopp, 2005). Yuan and co-workers analyzed the
modification profiles of all proteins expressed using proteomics and
RNA interference approaches, and found that three kinases were
associated with the phosphorylation of substrate proteins involved
in cell necroptosis (Hitomi et al., 2008). However, only the Ser/Thr
residue of Rpsék (ribosomal protein Sé kinase) showed phosphory-
lating activity in their study. Rpsék is widely expressed in different
types of neurons and is involved in cerebral hypoxia-ischemia injury
by phosphorylating its substrate proteins (Vazquez-Higuera et al.,
2011; Miyake et al., 2015). Also, Rpsék is likely involved in the pro-
cess of phosphorylation of the key protein RIP3 in the necroptotic
pathway. Currently, the molecular pathways underlying I/R injury of
regulated necrosis in retinal neurons remain elusive.

Rpsék is classified into p90 ribosomal Sé kinase (p90RSK) and
p70 ribosomal Sé kinase (p70RSK) subfamilies (Romeo et al., 2012).
Eukaryotic ribosomes are composed of two subunits, namely, 40S
and 60S. In 1985, Erikson and Maller reported a ribosomal Sé kinase
(S6K) in Xenopus laevis eggs which phosphorylated the 40S ribosomal
subunit Sé protein and promoted the translation of selected mRNAs
(Erikson and Maller, 1985). Sé kinases of 85-90 kDa were identified
by biochemical purification, which led to the cloning of cDNAs en-
coding highly homologous proteins later renamed p90RSK, or RSK
(Jones et al., 1988; Romeo et al., 2012). The vertebrate RSK family
is divided into RSK1, RSK2, RSK3, and RSK4 isoforms (Romeo et al.,
2012). RSK3, which belongs to the Ser/Thr kinase family, plays a
central role in the Ras-MAPK and PI3K-mTOR pathways by promot-
ing protein phosphorylation (Carriere et al., 2008; Serra et al., 2013;
Jagilinki et al., 2016; Pirbhoy et al., 2017; Shrestha et al., 2018; Wang
et al., 2018a; 2018b; 2018c; 2018d; ). As an important first-order
effector, RSK3 regulates many cellular processes, including cell pro-
liferation, cell cycle, cell survival, and differentiation (Romeo et al.,
2012; Kwon et al., 2018). Moreover, our preliminary, unpublished
micro-array data also demonstrated that the mRNA levels of both
rsk3 and rip3 in retinas associated with retinal acute high intraocular
pressure (aHIOP), a classical retinal I/R model, were sixfold higher
than in retinas of normal rats. Death of RGCs by ischemic injury is
a predominant characteristic of aHIOP (Buchi, 1992; Mathew et al.,
2019). Collectively, these reports raised the question whether RSK3
could directly interact with the phosphorylated form of RIP3, and
further regulate the RIP3-MLKL interaction during RGC necroptosis
following I/R injury.

Our previous results showed that RIP3-MLKL-mediated neuro-
nal necroptosis took place in the early stages of OGD injury in vitro
(Wang et al., 2018a; 2018b; 2018c; 2018d; ). In the present study,
we further evaluated the effect of RSK3 on the phosphorylation of
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RIP3/MLKL during retinal ganglion cell-5 (RGC-5) necroptosis fol-
lowing OGD injury. Additionally, we performed in vivo studies to
verify the role of RSK3 in necroptosis in the rodent visual system
elicited by acute high intraocular pressure (aHIOP). The outcome
of our study will improve the understanding of the RIP3 regulatory
mechanisms in neuronal necroptosis. It also provides a theoretical
and experimental basis to validate the potential intervention targets

for clinical treatment of ocular diseases.

2 | MATERIALS AND METHODS
2.1 | Animals

Forty adult Sprague-Dawley rats weighing 200-250 g, available from
the animal center of Central South University, were used in this study.
All animals were housed in acrylic box cages with free access to food
and water. Animals were maintained under conditions of constant tem-
perature (25°C), humidity (50 £ 10%), and lighting cycle (12:12 hr). All
experimental procedures in the present study were approved by the
Ethics Committee of Xiangya School of Medicine, in accordance with
the NIH guidelines for use and care of laboratory animals.

2.2 | Cell cultures and in vitro OGD model
preparation

The RGC-5 cell line derived from mice was provided by the Department
of Ophthalmology, Second Hospital of Jilin University. RGC-5 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) high-
glucose medium (HyClone Laboratories, Inc.) supplemented with 10%
fetal bovine serum (FBS; Gibco). The RGC-5 cells were used within five
passages post thawing in the experiment. The cells were incubated
at 37°Cin a 5% CO, incubator and the inoculation density was about
4-5 x 10* cells/ml. According to our previous studies, the homemade
in vitro OGD device can simulate I/R injury in vivo (Chen et al., 2016a;
2016b; Wang et al., 2018a; 2018b; 2018c; 2018d; ). The density of
RGC-5 cells was around 80% in a T25 or T75 flask, 35-mm dishes, or
multi-well plates before OGD. Cells were rinsed twice with phosphate-
buffered saline and the culture medium was replaced with glucose-free
medium. The OGD model was generated as described in our previous
study. In brief, the culture medium in the cell bottle was completely
replaced with DMEM sugar-free medium. Cells were exposed to the
atmosphere in a container with 5% CO, and 95% N, at a speed of 3 L/
min for 5 min until low O, levels were achieved in the container. After
4 hr of OGD injury, the glucose-free medium was replaced with the
previous medium and the RGC-5 cells were cultured in conventional
cell culture conditions for O, 2, 4, 6, and 12 hr. Cell death was assessed
by propidium iodide (Pl) staining, lactate dehydrogenase (LDH) release,
and flow cytometry analysis. Molecular changes were detected by
western blotting, immunofluorescence, real-time quantitative poly-
merase chain reaction (RT-qPCR), and immunoprecipitation at the indi-
cated time points after OGD.
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2.3 | Induction of aHIOP and PI treatment in vivo

The animal model was prepared following the procedure described by
Tong et al. (2010). Briefly, animals were anesthetized with 10% chloral
hydrate (4 ml kg'l). A droplet of 10% chloral hydrate was administered
to the conjunctival sac. A 30-gauge needle connected to the instilla-
tion instrument filled with normal saline was inserted into the anterior
chamber. The intraocular pressure was elevated to 110 mmHg. This
was maintained for 60 min and then gradually decreased to normal.
The rats were allowed to survive for 4 hr before terminal use. Thirty
minutes prior to animal perfusion, 3 pl Pl (1.0 mg mi™ in DW, Sigma-

Aldrich) was administered via intravitreal injection.

2.4 | Animal tissue preparation

At the specified time point, animals were anesthetized with 10% chloral
hydrate (4 ml/kg) and perfused transcardially with .9% sodium chloride,
followed by 4% paraformaldehyde (PFA) in .1 M phosphate-buffered
saline (PBS). After perfusion, the eyes were enucleated, the anterior
segments were removed, and the posterior eyecups were post-fixed
in 4% PFA overnight at 4°C. The eyes were then placed sequentially in
15% and 30% sucrose in .1 M PBS at 4°C. Next, the eyecups were em-
bedded in Tissue-Tek optimal cutting temperature medium and frozen
in liquid nitrogen. Subsequently, frozen sections were cut to a thick-
ness of 8 mm using a microtome (Thermo Scientific). The sections that

included the optic nerve were stored at —20°C until use.

2.5 | Propidium iodide staining

Propidium iodide staining was initially performed to determine the
necroptosis of RGC-5 cells at different time points after restoration.
Cell cultures on the coverslips with poly-D-lysine (PDL) coating were
washed twice with PBS and incubated with Pl (1.0 mg mI™) at 37°C
for 15 min in the dark. Subsequently, the coverslips were washed
three times for 5 min gently each time with PBS and then fixed with
4% PFA at room temperature for 20 min. After fixation, the cells
were washed thrice with PBS buffer for 5 min each time. Finally, the
plate was sealed with anti-fading mounting medium with 4',6-diami-
dino-2-phenylindole (DAPI, Vector Laboratories) and the cell side of
the slide with cells was inverted on a glass slide and photographed
using a fluorescence microscope (Olympus). Pl-positive cells were
counted and the result was expressed as the percentage of DAPI-

positive cells using Imace J software.

2.6 | Immunofluorescence staining

The coverslips with fixed cells were blocked (1 x PBS, 5% bovine serum
albumin, and .3% Triton X-100) for 1 hr and subsequently incubated
overnight at 4°C with the primary mouse anti-RSK3 antibody (1:200,
Abcam, ab201988) and rabbit anti-p-5232-RIP3 antibody (1:200,
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Abcam, ab195117). The next day, the coverslips were removed and
rewarmed at room temperature for 30 min. PBS was added and the
coverslips were slowly washed three times at low speed on a shaker
for 5 min each time. The fluorescent secondary antibody was diluted in
.3% Triton X-100 + 5% BSA and incubated with a Cy3-Alexa-conjugated
anti-mouse (1:200, Jackson ImmunoResearch, 715-165-151) and a
488-Alexa-conjugated anti-rabbit (1:200, Jackson ImmunoResearch,
711-545-152) antibody at room temperature for 2 hr. After washing
three times in PBS, the coverslips were covered with an anti-fading
mounting medium with DAPI before examination on a fluorescence
microscope with an emission wavelength of 570 nm and an excitation

wavelength of 550 nm.

2.7 | The siRNA approach

The siRNA kit against rsk3 was obtained from RIBO-Biology.
The siRNA targeting rsk3 had the following sequence: #1
5-CCACCTACTTTGCTCTGAAdTAT-3',#25"-GACTCACGTCTACCAG
GTTdTdT-3', #3 5'-GAGCCTGTGCTCTCATCTAdTAT-3".

When the density of RGC-5 was around 30%-50%, the trans-
fection was performed with Lipofectamine 2000 (Thermo Scientific,
Invitrogen) and Opti-MEM according to the manufacturer’s protocol.
The same concentration of the nonspecific sequence was used as a
negative control. Opti-MEM (Gibco) was replaced with normal cul-
ture medium after transfection 6 hr later. Cells were incubated for
24-72 hr after transfection until they could be subjected to OGD for
further detection and analyses.

2.8 | Drug application

LJH685, a specific RSK inhibitor, inhibits RSK biochemical activi-
ties. It was dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich) as
a stock solution. The stock solution was further diluted in the cul-
ture medium to achieve DMSO concentrations below .1%. LJH685
(Selleck) was used at a concentration of 1, 3, and 10 pM. The drug
solution was administered directly to RGC-5 cultures or by intravit-
real injection into rats, 4 hr before HIOP treatment (Aronchik et al.,
2014).

Necrostatin-1 (Nec-1, Sigma-Aldrich) is a potent, selective, and
cell-permeable necroptosis inhibitor that inhibits RIP1 kinase in
the necroptosis pathway. It was dissolved in DMSO as a stock solu-
tion. The stock solution was further diluted in the culture medium
to achieve DMSO concentrations below .1%. We pretreated RGC-5
cells with 20 uM Nec-1 for 2 hr before conducting the OGD model
or TNF-a/zVAD/SMAC-mimetic (TSZ) model to inhibit necroptosis
(Vieira et al., 2014).

TSZ is a typical necroptosis model (Cai et al., 2014; Wang et al.,
2014) and was used as a positive control of OGD in vitro in our
present study. Tumor necrosis factor-a (TNF-a; CST, #5178) was
dissolved in water as a stock solution. zZVAD (OMe)-FMK (zVAD,
CST, #60332) was dissolved in DMSO as a stock solution. SM-164
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is a bivalent mimetic of Smac and was dissolved in DMSO as a stock
solution. The stock solution was further diluted in the culture me-
dium to achieve DMSO concentrations below .1%. We pretreated
RGC-5 cells with 20 uM zVAD for 30 min, followed by treatment
with 20 ng mI™ TNF-a and 100 nM SM-164 for 6 hr to induce necro-
ptosis (Weigert et al., 2017).

2.9 | Western blot analysis

Cells were lysed in ice-cold radioimmunoprecipitation assay buffer
(CWBIO) supplemented with 1% protease and 1% phosphatase in-
hibitors. The extracts were maintained on ice for 30 min and cen-
trifuged at 16,000 g for 20 min at 4°C and the supernatant was
recovered. Protein concentration was determined using a BCA
protein assay kit (CWBIO). Proteins were resolved by SDS-PAGE
(10% polyacrylamide), transferred to nitrocellulose membranes
(GE Healthcare), and incubated with primary antibodies. The re-
actions were followed by incubation with peroxidase-labeled sec-
ondary antibodies. Primary antibodies were: anti-RSK3 (1:500,
Abcam, ab201988), anti-RIP3 (1:3,000, Sigma-Aldrich, PRS2283),
anti-p-5232-RIP3 (1:1,500, Abcam, ab195117), anti-RIP1 (1:1,000,
CST, 3493), anti-p-S166-RIP1 (1:1,000, CST, 31122), anti-GAPDH
(1:1,000, Beyotime, AF0006), anti-MLKL (1:1,000, CST, #37705),
and anti-p-S345-MLKL (1:1,000, CST, #37333). The secondary an-
tibodies were peroxidase-conjugated affiniPure donkey anti-rabbit
1gG (1:6,000, Jackson Immuno Research, 711-035-152) and donkey
anti-mouse IgG (H+L, 1:6,000, Jackson Immuno Research, 715-035-
150). The integrated density value (IDV) was quantified using IMAGE
J(NIH).

2.10 | Detection of phosphorylated proteins by
Phos-tag SDS-PAGE

The preparation of protein samples, the operating procedure, and
the reagents used for Phos-tag SDS-PAGE were almost identical
to those for conventional SDS-PAGE, except that the acrylamide-
pendant Phos-tag, which binds to the phosphate groups, was copo-
lymerized with the separation gel in Phos-tag SDS-PAGE. Proteins
were resolved by Phos-tag SDS-PAGE (8% polyacrylamide with
50 yM Mn2+-Phos-tag), transferred to nitrocellulose membranes (GE
Healthcare), and incubated with primary antibodies. The reactions
were followed by incubation with peroxidase-labeled secondary
antibodies. The primary antibodies were anti-RSK3 (1:500, Abcam,
ab201988) and the IDV was quantified using IMace J (NIH).

2.11 | RT-gPCR assay

The total RNA was extracted using TRIzol Reagent (Thermo Fisher
Scientific). For mRNA level detection, cDNA was synthesized using
the Hifair® Il 1st Strand cDNA Synthesis SuperMix for gPCR (gDNA



WANG ET AL.

digester plus; YEASEN). RT-qPCR was performed using the Hieff®
gPCR SYBR Green Master Mix (Low Rox Plus; YEASEN) on an ABI
7500 Real-Time PCR System (Thermo Fisher). The data were ana-
lyzed using the 2-24% method with ABI7500 software (Rampazzo
et al., 2019; Rehorova et al., 2019). GAPDH was used as an internal
control.

The primer sequence in RT-qPCR:

Gene Sequences

rsk3 F CCTCATCCTCAAAGCCAAGC
R GGTGACAAAGAACGGGTGAC

rip3 F CGGGAAACAGTGTGTGACAG
R GATGGCCTGTTTTCGGACTG

ripl F CCCCGATTTGAAGAGGCTTG
R GTGCACAATGAGCCAGGAAA

gapdh F TTGATGGCAACAATCTCCAC
R CGTCCCGTAGACAAAATGGT

2.12 | pEGFP-C1-rip3 construction and transfection

According to the experimental requirements, the pEGFP-C1 vector
was selected to prepare the linearized vector by double digestion
with EcoRl and BamHI. The experimental primer design is about RIP3
as follows:

Mouse-rip3-pEGFP-C1-Forward Primers: 5-GAGCTCAAGCT
TCGAATTCTATGTCTTCTGTCAAGTTATG-3'

Mouse-rip3-pEGFP-C1-Reverse Primers: 5'-TATCTAGATCCGGT
GGATCCCTACTTGTGGAAGGGCTGCC-3".

According to the manufacturer’s protocol, the target frag-
ment was amplified via PCR (Q5® High-Fidelity DNA Polymerase
kit) and the purified PCR product was detected and recovered
by agarose gel electrophoresis (EasyPure PCR Purification Kit).
Subsequently, to determine the concentration of the insert and
the linearized vector, an insert with overlapping sequences at
both ends, a linearized vector, and a 2 x EasyGeno Assembly Mix
were added to the reaction system, which was allowed to react for
15 min at 50°C to complete the recombination of the fragment and
the vector. The experimental procedure was performed following
the EasyGeno Assembly Cloning Kit manual. The recombinant
product was transformed into competent Escherichia coli cells by
rapid or conventional methods. Briefly, the tube was placed in a
42°C constant-temperature water bath for a heat shock of 90 s.
Immediately after removing the tube, the tube was placed in an
ice bath for 2-3 min, taking care not to vibrate the tube during the
period. Then 350 pl pre-warmed Luria-Bertani medium (without
antibiotics) was added to the centrifuge tube. The bacteria were
incubated at 5 g for 37-60 min at 37°C. After mixing the bacteria
in the centrifuge tube by light or suction, we added 100-200 pl to
the LB solid medium containing the corresponding antibiotic. The
cells were gently spread evenly with a glass coating bar. After the
surface of the plate was dried, the inverted plate was incubated
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at 37°C for 12-16 hr. After preliminary identification of the ex-
tracted plasmid, 2-4 positive clones of all newly constructed vec-
tors were sent to Shanghai Biotech for sequencing identification.
After sequence alignment, the fully qualified plasmid vector was
transfected into the cells by Lipofectamine 2000 for subsequent

overexpression-related experimental detection.

2.13 | Lactate dehydrogenase release

For in vitro experiments, an LDH cytotoxicity assay kit (Beyotime)
was used to measure LDH release from necrotic cells into the ex-
tracellular space/supernatant upon the rupture of the plasma mem-
brane (Li et al., 2016; Shang et al., 2017; Wang et al., 2018) after the
different treatments. Cell-free culture supernatants were collected
from 96-well microtiter plates and incubated with the appropri-
ate reagent mixture according to the manufacturer’s instructions
at room temperature for 30 min. For the in vivo experiment, the
LDH cytotoxicity assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute and used according to the manufacturer’s
instructions. Briefly, the retinae were homogenized by sonication
in .86% NaCl and incubated with the appropriate reagent mixture
at 37°C for 30 min. The intensity of the red color that formed in
the assay, was measured at a wavelength of 490 or 450 nm, and
was proportional to both the LDH activity and percentage of ne-
crotic cells. The percentage of necrotic cells was calculated from
the color intensity of treated cells minus control cells/LDH releas-
ing reagent-treated cells minus control cells, from four independent
experiments.

2.14 | Flow cytometry analysis

RGC-5 cells were trypsinized by EDTA-free trypsin, followed by
three washes. Cells were then resuspended in 500 pl of binding
buffer and 5 pl of Annexin V. A 10- ul aliquot of PI (YEASEN) was
added. After incubation for 10 min at room temperature in the dark,
the cells were washed and analyzed using a BD LSRFortessa™ Cell
Analyzer (Becton, Dickinson and Company). The percentages of cells
in each quadrant were analyzed using FLowJo software (FlowJo LLC).
Statistical analyses of flow cytometry results were conducted by cal-
culating the number of Pl-positive cells (Yang et al., 2017).

2.15 | Simulation of protein binding (RSK3-RIP3)
confirmation

The three-dimensional structure of proteins was built based on avail-
able protein crystal diffraction structures and frozen electron micro-
scopic structures by homologous modeling (Swiss Model; Schwede
et al., 2003). The protein surface electrostatic potential energy was
calculated using APBS (Figures were produced using PYMOL; Baker
etal., 2001).
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2.16 | Co-immunoprecipitation

We pre-incubated 5 ug of primary antibody (rabbit anti-RIP3 antibody,
1:200, Abcam, ab56164; rabbit anti-RSK3 antibody, 1:200, Abcam,
ab247271; rabbit anti-RIP1 antibody, 1:1,000, CST, 3493; normal rab-
bit IgG, 1 pg pl™, Beyotime, A7016) with 30 pl per sample in the re-
suspended Protein A+G Agarose for 8-12 hr at room temperature and
washed it five times with GLB* buffer. Cells were homogenized in cold
immunoprecipitation (IP) lysis buffer (Thermo Fisher, 87788) contain-
ing 1% phenylmethylsulfonyl fluoride and 1% phosphatase inhibitor
cocktail. Samples were incubated at 4°C for 30 min and centrifuged
for 20 min at 16,000 g. The pellet was discarded. Protein (2500 pg)
from lysate was then combined with Protein A+G Agarose (Beyotime,
P2055) coupled with primary antibody and incubated for 24 hr while
gently mixing at 4°C. Next, the mixture was pre-washed with cold GLB*
buffer 3-5 times and proteins were eluted with prepared 1 x loading
buffer by boiling for 5 min and centrifuging at 16,000 g for 2 min to
obtain the supernatant, which was then subjected to SDS-PAGE.

2.17 | Flash electroretinogram

The RM6240 system (Chengdu Instrument Factory) was used for
flash electroretinogram (fERG) recording. After drug treatment, rats
were dark-adapted for 6 hr. Under dim red illumination, the rats were
anesthetized using an intraperitoneal injection with a 1:1 mixed so-
lution (5 ml kg’i) of 10% chloral hydrate and 25% urethane. A re-
cording electrode was then inserted into the anterior chamber. The
reference and ground electrodes were placed on the subcutaneous
layer of the forehead and tail base, respectively. A bandpass filter of
10 Hz was used and the lash luminance was 1.6 cd s> m™. Each eye
was exposed to flashes three times at 5-min intervals. When one
eye was recorded, the contralateral eye was covered. All procedures
were repeated at least four times. The amplitude of the b-wave was
calculated from the trough of a wave to the peak of the b-wave.

2.18 | Statistical analysis

Figure panels were assembled using PHoTtosHor CS6 (Adobe
Systems Incorporated). The measurement data are presented as
the mean * standard deviation (SD). One-way analysis of variance
and independent sample t tests were used to analyze the data with
GraphPad Prism 5 software (GraphPad Software Inc.). Statistical sig-
nificance was set at p < .05.

3 | RESULTS
3.1 | OGD injury induces necrosis of RGC-5

We investigated whether necrosis occurred in RGC-5 follow-
ing OGD injury. Our results showed a change in OGD-induced
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membrane permeability by Pl-positive staining and LDH release
at 0, 2, 4, 6, and 12 hr after 4 hr of OGD injury. The Pl and DAPI
double-staining results showed that Pl-positive cells were rarely
found in the normal group (Figure 1a,b). Further, the number of
Pl-positive cells gradually increased in a time-dependent man-
ner following OGD injury. Quantitative analysis showed a marked
increase in necrotic RGC-5 levels within 2, 4, and 6 hr of recov-
ery from OGD injury. LDH release assay results (Figure 1c) also
showed that the percentage of necrotic cells was significantly
higher in the OGD group at 2, 4, 6, and 12 hr recovery time points
compared with normal or O hr groups (p < .01). Collectively, these
results showed that the necrosis of RGC-5 occurred 2-6 hr after
OGD injury.

3.2 | OGD upregulates RSK3 expression and
phosphorylation of RIP3 in RGC-5

To analyze whether RSK3 interacted with RIP3 in RGC-5, we man-
ually modeled hypothetical complexes of the two molecules ac-
cording to the potential energies and structures of RSK3 and RIP3.
We found a possible interaction site between positive and nega-
tive charges of the two proteins by simulating the stereoscopic
conformation of RSK3 and RIP3, which was calculated using APBS
software, followed by energy minimization using NAMD v2.12
(Figure 2a). Based on these results, the RSK3 kinase domains are
likely to associate with RIP3 through electrostatic interactions.
Next, we performed co-immunoprecipitation (Co-IP; Figures 2b,c
and S1A) assay, which showed that the RSK3 and RIP1/RIP3 were
bound to each other in the OGD groups of RGC-5. These results
suggested that the binding of these molecules could be involved in
OGD-induced necrosis in RGC-5. Results of the western blot (WB)
results showed that the phosphorylation of RSK3, RIP3, and MLKL
gradually increased in all injury groups (2, 4, 6, and 12 hr after OGD
4 hr) compared with the normal group (Figure 2d). Quantification
and statistical analysis of protein expression (Figure 2f) showed a
significant difference between OGD 4 hr/R 4 hr and the normal
group (p < .05). The ratio of p-RIP3/RIP3 (Figure 2e) was higher
than that of the normal group (p < .01). These results suggested
that the change in RSK3 phosphorylation might be involved in
RGC-5 necrosis after OGD injury. Immunofluorescence (IF) stain-
ing (Figure 3) showed that both RSK3 and p-RIP3 were mainly
localized to the cytoplasm and nucleus. Meanwhile, green fluo-
rescence intensities of RSK3 and p-RIP3 in RGC-5 were enhanced
in the injury groups (2, 4, 6, and 12 hr after OGD 4 hr) compared
with the normal group, indicating that the expression levels of
both RSK3 and p-RIP3 were increased. In addition, compared with
the normal group, the expression of RSK3 and p-RIP3 was slightly
increased at 2 hr. However, the fluorescence intensity of p-RIP3
further increased until 4 hr after OGD, indicating that RSK3 ex-
pression changed earlier than p-RIP3 levels. Taken together, these
results suggested that RSK3 and RIP3 might be activated after
OGD injury.



WANG ET AL.

FIGURE 1 Necrotic RGC-5 was
determined by Pl staining and LDH
release assay after OGD injury. (a) Pl (red)
staining of RGC-5 after OGD injury. Nuclei
were counterstained with DAPI (blue). The
Scale bars: 40 um (all images on the left
and middle bar); 10 um (all panels on the
right bar). (b) The statistical analysis of PI/
DAPI staining of necrotic cells. **p < .01
vs. normal group; ***p < .001 vs. normal
group. (c) The percentage of RGC-5
necrosis was determined by LDH release
assay. **p < .01 vs. normal or OGD 4 hr/R
0 hr; ***p < .001 vs. normal or OGD 4 hr/R
Ohr
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3.3 | LJH685 decreases RIP3 phosphorylation in
RGC-5 following OGD

To investigate the effect of RSK3 on RIP3/MLKL phosphorylation,
the RSK3-specific inhibitor LJH685 was added to the RGC-5 cul-
ture 4 hr before OGD. The WB results showed that the expression
of RSK3, p-RSK3, RIP3, p-RIP3, MLKL, and p-MLKL increased signifi-
cantly in the OGD 4 hr/R 4 hr group compared with the normal group
(Figure 4a). Notably, the levels of p-RSK3, p-RIP3, and p-MLKL de-
creased in the groups pretreated with 3 or 10 uM LJH685 before OGD
injury (Figure 4a,b). Statistical analysis showed a statistically significant
difference between the OGD injury group pretreated with 3 or 10 M
LJH685 and the OGD 4 hr/R 4 hr group (p < .05; Figure 4c). However,
no significant differences were found between the RSK3, RIP3, and
MLKL immunoreactive bands in the groups pretreated with 3 or 10 uM
LJH685 compared with the OGD 4 hr/R 4 hr group (Figure 4A,C). These
results indicated that inhibition of RSK3 phosphorylation by LJH685
application might block the phosphorylation of RIP3 and MLKL.

3.4 | Protein levels of p-RIP3 are decreased upon
rsk3 knockdown in RGC-5 following OGD

Three siRNA sequences were used to knock down rsk3 gene expres-

sion. The WB results showed that RSK3 protein levels decreased in

kkk ek

40 dedede

Necrotic cell death (%)

the rsk3-siRNA #1/#3 interference groups in comparison with the
normal group (Figure 5a,b), indicating successful knockdown of the
RSK3 expression. Thus, the rsk3-siRNA #1/#3 sequence was selected
for use in subsequent experiments. The immunoreactive bands posi-
tive for p-RSK3, p-RIP3, and p-MLKL were thinner and smaller for the
rsk3-siRNA #1/#3-treated groups compared with the OGD 4 hr/R
4 hr groups (Figure 5c,f). Statistical analysis of the ratio of p-RIP3/
RIP3 showed that the phosphorylation of RIP3 was also reduced in
the rsk3-siRNA #1/#3 groups (Figure 5d). The IDVs differed signifi-
cantly among normal RGC-5 cells, OGD, OGD+MOCK, negative con-
trol siRNA (NC)-treated OGD, and rsk3-siRNA-treated OGD groups
(p < .05). RT-gPCR results showed that the expression of rsk3 mRNA
was significantly reduced in the groups treated with rsk3-siRNA #1/#3
than with the OGD 4 hr/R 4 hr groups (Figure 5e), whereas the ex-
pression of rip3 mRNA in the rsk3-siRNA #1/#3 group did not change
significantly compared with that of the OGD group (Figure 5E). These
results implied that the inhibition of RSK3 expression in RGC-5 after
OGD injury could decrease phosphorylation of RIP3/MLKL.

3.5 | Immunofluorescence staining (IF) of RSK3 and
p-RIP3 in RGC-5 following OGD

IF was used to further evaluate the regulatory role of RSK3 in the phos-
phorylation of RIP3 during RGC-5 necroptosis (Figure 6). IF intensities
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FIGURE 2 The changes of RIP3/
MLKL pathway following OGD, and

the interaction of RSK3 with RIP3. (a)

A software simulation diagram of the
relationship between RSK3 and RIP3. (a)
The protein spatial structure of RSK3 and
RIP3. (b) The protein surface electrostatic
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RSK3 and RIP3. (b,c) IP assay of RSK3
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negative control and input was used as

a positive control. N represents normal
RGC-5, O represents RGC-5 undergoing
OGD 4 hr/R 4 hr. (d) The expression level
of RSK3, p-RSKS3, RIP3, p-RIP3, MLKL,
and p-MLKL in RGC-5 following OGD
determined by Western Blot. (E) The
statistical analysis of p-RIP3/RIP3 in
RGC-5 after OGD treatment. **vs. normal,
p < .01; ***vs. normal, p < .001. (f) The
statistical analysis of RSK3, p-RSK3, RIP3,
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of RSK3 and p-RIP3 were found to be increased in the cytoplasm and
nucleus after OGD 4 hr/R 4 hr (Figure 6). Fluorescence intensities of
RSK3 and p-RIP3 in the DMSO treatment group, NC siRNA treatment
group, and OGD 4 hr/R 4 hr group were gradually enhanced. However,
phosphorylation of RIP3 was inhibited by LJH685 pretreatment after
OGD 4 hr/R 4 hr as demonstrated by a decrease in fluorescence inten-
sity (Figure 6). On the other hand, we observed that the fluorescence in-
tensities of RSK3 and p-RIP3 decreased when RGC-5 cells were treated
with rsk3-siRNA (Figure 6). These results indicated that RSK3 might be
involved in the phosphorylation of RIP3 in RGC-5 after OGD injury.

3.6 | Interference with RSK3 activity reduces
necroptosis in RGC-5 after OGD injury

In our previous study, we found that RIP3 and MLKL knockdown
could reduce the number of necrotic cells during OGD injury. Here,

0OGD4hR12h

p-RIP3, MLKL, and p-MLKL expression
level in RGC-5 following OGD. ***vs.
normal, p <.001; @@ys. normal, p <.01;
@@@ys normal, p <.001; #vs. normal,
p <.05; #tys, normal, p < .001; &&ys,

RSK3/GAPDH normal, p < .01; %88ys. normal, p < .001;
= p-RSK3/GAPDH $$ L $3%

RIP3/GAPDH vs. normal, p < .01; **?vs. normal,

p-RIP3/GAPDH p <.001; vs.normal, p <.001. RSK3

MLKL/GAPDH ; _

o-MLKL/GAPDH phosphorylation was analyzed by a Phos

tag assay

we evaluated the effect of RSK3 via LJH685 or rsk3-siRNA pre-
treatment on RGC-5 necroptosis using flow cytometry and LDH
release assays. The flow cytometry results (Figure 7a) showed a
large number of living cells in the lower left quadrant, whereas ne-
crotic cells were found in the upper left and/or right quadrants of
all groups. The number of necrotic cells in the OGD 4 hr/R 4 hr,
DMSO, and NC siRNA pretreatment groups was significantly
higher than in the normal group (Figure 7a). However, the number
of necrotic cells was significantly decreased in the LJH685 or rsk3-
siRNA groups compared with the OGD group (Figure 7a). Statistical
analysis showed that LJH685 or rsk3-siRNA intervention signifi-
cantly inhibited OGD-induced RGC-5 necrosis (p < .01; Figure 7b).
Consistent with the flow cytometry results, the LDH release assay
also demonstrated that the ratio of RGC-5 necrosis increased in the
OGD 4 hr/R 4 hr group (Figure 7c,d). In addition, the release of LDH
by LJH685- or rsk3-siRNA-treated groups was significantly reduced
(p < .01). Combined with the previous RIP3 phosphorylation data,
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Immunofluorescence staining of RSK3 and p-RIP3 in RGC-5 following OGD at different survival time points. Green

fluorescence was positive for immunofluorescence staining of RSK3 and p-RIP3. Blue fluorescence was the DAPI-labeled nuclei. Scale
bars: 30 pm (applies to all images except the high magnification images); 60 um (applies to all high magnification images)

these results indicated that the RSK3 could reduce necroptosis by
regulating the phosphorylation of RIP3 in RGC-5 following OGD.

3.7 | Overexpression of the rip3 gene in RGC-5
affects neither RSK3 expression nor phosphorylation
after OGD injury

We confirmed that the inhibition of RSK3 could effectively modulate the
phosphorylation of RIP3 in RGC-5 after OGD. However, whether RIP3
could regulate RSK3 remained unclear. To further investigate whether
RIP3 could regulate RSK3 activity, we constructed the pEGFP-C1-rip3
plasmid, transfected it into RGC-5 cells to overexpress the rip3 gene, and
analyzed transfected cells by PCR (Figure 8b). The different groups (1, 2,
or 3 group) were reflected in the PCR results by the addition of different
template concentrations. The PCR results showed that the rip3 coding

sequence was successfully amplified in the sample 3 group.

Further, we transfected recombinant pEGFP-C1-rip3 plasmid
with Lipo2000 into RGC-5 to achieve an overexpression of rip3
(Figure 8a,c). Transfection efficiency of the recombinant plasmid
improved, as demonstrated by the increased expression of GFP
green fluorescent protein by the plasmid vector itself. The IF stain-
ing showed that the fraction of GFP-positive RGC-5 reached 50%
(Figure 8a). The WB results demonstrated that RSK3, p-RSK3,
RIP3, and p-RIP3 protein levels were upregulated in OGD injury
compared with the normal group (Figure 8c). Statistical analy-
sis showed that RIP3 expression was significantly upregulated
(Figure 8d) in the pEGFP-C1-rip3-transfected group after OGD
injury, whereas RSK3 and p-RSK3 expression levels remained un-
changed (Figure 8d). These results showed that the overexpression
of the rip3 gene did not affect the expression and phosphoryla-
tion of RSKS3, thereby indicating that RSK3 could be an upstream
molecule that regulates the phosphorylation of RIP3 during OGD-
induced RGC-5 necroptosis.
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3.8 | RSK3 regulates cell necroptosis in the retinal
GCL and INL after HIOP

While establishing an in vivo model for uncovering the role of RSK3
in necroptosis, we first analyzed visual function and necrosis of reti-
nal neurons in rats after aHIOP. Pl dye liquor was injected intravitre-
ally to examine the dispersal of necrotic cells in the rat retina. The
LDH release assays were performed on retinal tissue to measure
the necrosis of rat retinal neurons. The fERG was used to detect the
changes in the visual function of the rats. The results of fluorescence
double staining with PI (red) and DAPI (blue) did not show Pl-positive
cells in the normal (Figure 9a,b) or sham groups (Figure 9¢,d). On the
other hand, Pl-positive necrotic cells numbers were increased in the
retinal GCL and INL in the aHIOP group (Figure 9e,f). Quantitative
analysis of Pl-stained cells in the retinal GCL and INL is shown in
Figure 9(m). After pretreatment with LJH685 before aHIOP, the
number of necrotic cells was reduced in the retinal GCL and INL
(Figure 9g,h). In addition, statistical analysis of the LDH release
assay (Figure 9n) showed that the release of LDH in the LJH685
pretreatment group was significantly lower than in the normal and
sham groups (p < .05). These results indicated that the inhibition of
RSK3 activity could protect neurons in retinal GCL and INL against
aHIOP-induced necrosis. Additionally, the fERG results showed
that the amplitude of b-waves in the aHIOP group was almost zero.
However, following pretreatment with the RSK3 inhibitor LJH685,

FIGURE 4 Changesinthe

phosphorylation levels of RIP3/MLKL

in RGC-5 after LJH685 pretreatment

following OGD. (a) WB analysis of RSK3,
kit p-RSK3, RIP3, p-RIP3, MLKL, and p-MLKL

following LJH685 + OGD 4 hr/R 4 hr.

(b) The statistical analysis of the

changes in protein level of p-RIP3/

RIP3. *vs. OGD 4 hr/R 4 hr, p < .05;

**vs. OGD 4 hr/R 4 hr, p < .01. (c) The
statistical analysis of RSK3, p-RSK3, RIP3,
p-RIP3, MLKL, and p-MLKL expression
level in RGC-5 following OGD and
LJH685 + OGD. *vs. normal, p < .05;
@@@ys normal or OGD 4 hr/R 4 hr,

p <.001; 888ys. normal, p < .001; ###ys,
normal or OGD 4 hr/R 4 hr, p < .001;

$vs. normal, p < .05; **"vs. normal

or OGD 4 hr/R 4 hr, p < .001. RSK3
phosphorylation was analyzed by a Phos-
tag assay

RSK3/GAPDH
pP-RSK3/GAPDH
RIP3/GAPDH
pP-RIP3/GAPDH
MLKL/GAPDH
P-MLKL/GAPDH

the amplitude of b-waves recovered (Figure 9i-l,n). Collectively,
these results further demonstrated that RSK3 played a key role in

the regulation of necroptosis in rat retinal neurons.

4 | DISCUSSION

In the present study, we investigated the role of RSK3 in RIP3/
MLKL-modulated retinal necroptosis in vivo and in vitro in an acute
I/R injury model. First, we examined necroptosis 4-6 hr after OGD
injury in RGC-5 cells, followed by I/R injury in rat retina by in vivo PI
staining and LDH release assay. The levels of phosphorylated RIP3
and MLKL were found to increase significantly following OGD injury
in RGC-5. We further demonstrated that RSK3 played a partial role
in p-RIP3/p-MLKL-modulated necroptosis via LJH685 or rsk3-siRNA
intervention. After injury, the number of necrotic neurons was re-
duced by the suppression of both RSK3 activity and expression. We
transfected the pEGFP-C1-rip3 plasmid into RGC-5 cells to verify
that RSK3 is an upstream regulator of RIP3. Finally, using an ani-
mal model, we also confirmed the neuroprotective role of inhibiting
RSK3 activity in aHIOP-induced necroptosis in the rat retina. In sum-
mary, these results indicate that RSK3 is implicated in the p-RIP3/p-
MLKL pathway as an upstream regulator of necroptosis.

Retinal ganglion cell loss and axon degeneration are key fea-
tures of glaucoma (Xie and Jiang, 2018). As two major risk factors,
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FIGURE 5 The protein levels of A
RSKS3, p-RIP3, RIP3, p-RIP3, MLKL, and

p-MLKL in RGC-5 transfected with rsk3-

siRNA following OGD. (a) Changes in
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RSK3 expression level after rsk3-siRNA
intervention. Mock: transfection control
group; NC-siRNA: negative control siRNA;
rsk3-siRNA: rsk3-knockdown group.
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increased intraocular pressure (IOP) and insufficient blood supply to
the optic nerve alter the retinal micro-environment of RGCs (Buchi,
1992; Feng et al., 2013). Rosenbaum et al. (2010) reported that
necroptosis occurred in the retinal GCL after 6 hr in a rat aHIOP
model. Many studies have confirmed that the phosphorylation of
RIP3 is also required in the regulation of necroptosis (Moriwaki and
Chan, 2016; Honda et al., 2017). The RIPs trigger inflammatory re-
sponses by participating in the formation of the necrosome, in which
RIP1 and RIP3, in particular, relate to necroptosis. The RIP homo-
typic interaction motif (RHIM) can mediate an interaction between
RIP1 and RIP3 to form an amyloid p-protein structure, which recruits
intracellular free RIP3 to promote the formation of an active necro-
some (Li et al., 2012; Daskalov et al., 2016). Subsequently, the death
signals transmitted through the TNF and Toll-like receptor signal-
ing pathways are able to recruit and phosphorylate MLKL, thereby
triggering cell disintegration and necroptosis or inflammation (Lin
et al., 2016; Nogusa et al., 2016; Cabal-Hierro and O’'Dwyer, 2017).
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Our experiment was performed in an in vitro OGD model of retinal
ischemia to simulate the aHIOP model in vivo (Mathew et al., 2019).
Our results showed that RSK3 and RIP3/MLKL were increased sig-
nificantly in RGC-5 following OGD injury, which was accompanied
by an increase in p-RSK3, p-RIP3, and p-MLKL levels. However, the
mechanisms of retinal neuronal necrosis remain poorly identified
in glaucoma. In recent years, several types of regulated cell necro-
sis have been found and defined (Roca and Ramakrishnan, 2013;
Chen et al., 2016a; 2016b; Kong et al., 2017; Cheng et al., 2018),
such as necroptosis, ferroptosis, pyroptosis, parthanatos, and MPT-
mediated regulated necrosis, among others. Therefore, it is import-
ant to investigate the necrosis mechanism of RGCs under I/R injury.
Our previous experiments focused on RIP3/MLKL-mediated necro-
ptosis pathways in RGCs under conditions of elevated hydrostatic
pressure (EHP; Liao et al., 2017). In the current study, the phosphor-
ylation of RSK3 and RIP3/MLKL was increased following reperfu-
sion injury, with a necrosis rate that peaked 6 hr after reperfusion. In
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FIGURE 6

Immunofluorescence staining of RSK3 and p-RIP3 in RGC-5 via LJH685 and rsk3-siRNA pretreatment following OGD. DMSO:

vehicle control group; NC-siRNA: the scrambled base control group. rsk3-SiRNA: the siRNA treatment group. RSK3 (red)/p-RIP3 (green)/
DAPI (blue) triple-staining in RGC-5. Scale bars: 10 um (all panels except the high magnification images); 20 um (all high magnification

images)

addition, p-RIP3 was blocked by LJH685 or rsk3-siRNA after OGD
injury. Based on these results, we speculated that the RSK3 may be
involved in OGD-induced necroptosis in RGC-5. Moreover, results
from the software simulation and confirmatory Co-IP showed that
RSK3 and RIP3 interacted with each other. Thus, we conclude that
RSK3 may have a regulatory function in the phosphorylation of RIP3
during necroptosis.

Expression of RSK3 in ventricular myocytes of neonatal rats
was upregulated and activated by a-adrenergic stimulation in vitro
(Zhang et al., 2013a; 2013b; Martinez et al., 2015). Passariello et al.
(2013) and Passariello et al. (2016) also demonstrated that RSK3
knockout could improve cardiac function as well as prevent exces-
sive pressure and catecholamine infusion-associated cardiac hyper-
trophy in TM180 mice (Li et al., 2013; Ryba et al., 2017). Moreover,
RSK3/4 has been found to mediate resistance to PI3K pathway in-
hibitors in breast cancer (Serra et al., 2013). However, whether RSK3
is involved in RGC-5 necroptosis following OGD is still not known.
Considering the different roles and changes of RSK3 in cell survival,
we focused on whether the activation of RSK3 and RIP3 mediates
neuronal necroptosis after OGD injury. Several highly selective and
potent RSK inhibitors, such as BI-D1870, LJH685, and LJI308, are
currently known (Sapkota et al., 2007; Aronchik et al., 2014; Davies
etal., 2015). Aronchik et al. (2014) found that the inhibition efficiency
of LJH685 and LJI308 on RSK3 was significantly higher than that of
BI-D1870 (Roffe et al., 2015). The crystal structure analysis suggests

that LJH685 has three aromatic rings in a non-planar conformation

that form a spiral-shaped arrangement, allowing it to bind to RSK3. As
a result, RSK3 was functionally inhibited and the downstream mol-
ecules could not activate phosphorylation. Compared with LJI308,
LJH685 has a superior suppression effect. In the present study,
we used a specific small-molecule inhibitor of RSK3, LJH685, and
rsk3-siRNA to determine the roles of RSK3 in RIP3/MLKL-mediated
necroptosis induced by OGD injury in RGC-5 cells or aHIOP injury in
the rat retina. Inhibition of RSK3 by the inhibitor or siRNA decreased
the phosphorylation of RIP3, which in turn reduced neuronal necro-
ptosis. Although accumulation of p-RIP3 was inhibited by LJH685
interfering with RSK3 activity, the expression of RIP3 itself did not
change significantly. This suggests that LJH685 exerts its effects ex-
clusively by preventing the phosphorylation of RSK3 substrates.
RIP1 and RIP3 are key molecules of necroptosis. In many cases,
RIP1 and RIP3 combine with each other to form a cytosolic com-
plex that mediates necroptosis, wherein RIP1 plays the upstream
role to phosphorylate RIP3. As such, we explored the potential role
of RIP1 alone in necroptosis. The WB results showed no significant
differences between the expression of RSK3 and p-RSKS3 in the
OGD+Nec-1 group compared with the OGD group (Figure S1B). This
suggested that Nec-1 had no effect on RSK3. Second, we did not
observe any changes in RIP1 expression when RSK3 activity or ex-
pression was inhibited in RGC-5 after OGD injury, compared with
the OGD group (Figure S1C,E,G). Collectively, these results indi-
cated that RSK3 did not modulate the expression of RIP1 in the OGD

model. Unfortunately, we could not detect a band for p-RIP1 in the



WANG ET AL. 13
ANAT(S)gACIIC}%‘%% Journal ofAnatomy WI LEYJ—
A Normal DMSO+0OGD4hR4h NC-siRNA+OGD4hR4h
" 0.3% 0.0% 48.7% 6.0% wo—49-7% 5.9%
Qi o4
0.0%
Qs Q4
”"E:TOA”""-'A‘ T e ”“'\;:TOA"”'H' T
o]
A~ OGD4hR4h LJH685+OGD4hR4h rsk3-siRNA+OGD4hR4h
47.2% 8.9% 31.2% 5.8% 124.2 3.6%

T
10°

I
10°

Annexin V-FITC

*k *kk

B (o]
&
X 80

dk —
2 =
m N
E 60 + §
o g
o
E a0 s
[o] N
2 ©
-t 20 - )
z g
2 5
- 0 2

w
o
)

Necrotic cell death (%) O

OGD4hR4h -

Lip0o2000 —
LJH685+0OGD4hR4h  NC-siRNA
rsk3-siRNA —

FIGURE 7 The role of RSK3 in regulating RGC-5 necroptosis. (a) Annexin V/PI staining of RGC-5 detected by flow cytometry. (b) The
statistical analysis of flow cytometry results. **vs. OGD 4 hr/R 4 hr, p < .01. (c) The percentage of RGC-5 necrosis was determined by LDH
release assay following LJH685+0OGD. **vs. OGD 4 hr/R 4 hr, p < .01. (d) The percentage of RGC-5 necrosis was determined by LDH release

following rsk3-siRNA+OGD. ***vs. OGD 4 hr/R 4 hr, p < .001

WB results of the OGD model; however, it was detected in the TSZ
treatment experiment using the same antibody (Figure S3A). RIP1 is
phosphorylated at several sites, including Ser14, Ser15, Ser161, and
Ser166, within the kinase domain (Ofengeim and Yuan, 2013; Zhang
etal.,2017). However, we were unable to obtain any alternative RIP1
antibodies (no commercial products) and were therefore unable to
determine whether phosphorylation of RIP1 was regulated by RSK3
in the OGD model (Figure 10).

The induction of necroptosis by TNF-a is widely accepted
(Newton et al., 2019; Zhang et al., 2019). Compared with the OGD
model, we used TSZ to induce necroptosis in RGC-5 and found sim-
ilar results as with OGD injury. The annexin V/PI staining and LDH

assay results suggested that LJH685 and rsk3-siRNA could rescue
RGC-5 from necrosis induced by TSZ (Figure S2). Additionally, the
WB results suggested that Nec-1 affected the phosphorylation of
RIP1 and RIP3 of the TSZ group (Figure S3A,B), which was consis-
tent with the literature, and indicates that the RIP1/RIP3/MLKL reg-
ulatory axis played an important role in TSZ-induced necroptosis of
RGC-5 (Figure 10). However, the phosphorylation and expression of
RSK3 in the Nec-1+TSZ group (Figure S3A,B) did not change signifi-
cantly compared with the TSZ group, which was consistent with the
OGD model.

In our study, LJH685 + TSZ or rsk3-siRNA + TSZ inhibited RIP3
phosphorylation without changing the expression of RIP1 or RIP3
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significantly compared with the TSZ group (Figure S3A,B). Further
analysis by RT-qPCR showed that the expression of rsk3 was sig-
nificantly reduced in rsk3-siRNA#1/#3 + TSZ compared with the
TSZ group (Figure S3C), but the expression of rip3 and rip1 in the
LJH685 + TSZ or rsk3-siRNA#1/#3 + TSZ groups did not change sig-
nificantly compared with the TSZ group (Figure S3C). Collectively,
these results suggested that RSK3 could regulate RIP3 phosphor-
ylation without affecting the expression of RIP1/RIP3 of RGC-5 in
the TSZ model, which confirmed our hypothesized molecular mech-
anism in the OGD model (Figure 10). It should be noted that although
the Co-IP results (Figure S1A) showed that RSK3 may bind to the
cytosolic complex containing the kinases RIP1/RIP3, the band for
p-RIP1 in the LJH685 + TSZ or rsk3-siRNA#1/#3 + TSZ groups did
not change significantly compared with the TSZ group. Collectively,
these findings suggest that RSK may regulate the necroptosis of
RGC-5 by enhancing the phosphorylation of RIP3, but not the phos-
phorylation of RIP1, in the TSZ model (Figure 10).

Previous studies have shown that RSK3 is mainly located in the
cytoplasm under physiological conditions. However, when cells are
subjected to a pathological stimulus or when the activation of in-

tracellular-related factors is triggered by extracellular signals, RSK

can directly activate substrate proteins in the cytoplasm or switch
to membrane-associated proteins. RSK could partially translocate to
the nucleus to trigger the phosphorylation of various downstream
nuclear proteins, such as c-Fos, cAMP response element-binding
protein (CREB), nuclear factor-kB (NF-kB), and estrogen receptor
o (ERa), among others (Zhao et al., 1995; MacKenzie et al., 2000;
Yamnik and Holz, 2010; Park et al., 2018). Our IF results also showed
that RSK3 proteins were present in both the cytoplasm and nucleus
under normal conditions. After OGD injury, the expression of RSK3
increased compared with the normal control, and the distribution
of p-RIP3 protein was visibly increased in the cellular nucleus.
The green fluorescence intensity of RSK3 increased significantly
after 2 hr of reperfusion, but p-RIP3 signals changed only slightly.
Immunofluorescence intensities of p-RIP3-derived signals increased
significantly after 4 hr of reperfusion, indicating that RSK3 expres-
sion changed earlier than p-RIP3 levels (Figure 3). To the best of
our knowledge, this is the first report to show that RSK3 acts as
an upstream regulator of the RIP3/MLKL pathway to promote RIP3
phosphorylation. We transfected the recombinant plasmid pEGFP-
C1-rip3 into RGC-5 cells but the overexpression of the rip3 gene
did not affect the expression of RSK3 in RGC-5 after OGD. These
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FIGURE 9 RSK3 regulated necroptosis in retinal GCL and INL following HIOP in vivo. (a-h) Pl (red, necrotic neurons)/DAPI (blue) double
staining in rat retina. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer
plexiform layer; Sham, a sham operation group. Scale bar: 20 pum (all panels). LJH685 inhibitor and Pl reagent were injected through the
vitreous cavity in rat eye. (a’,c’,e’,g’) The framed areas show merged nuclei and PI staining in the GCL as indicated. (i-I) Representative fERG
results. (m) Quantitative analysis of Pl-stained cells in GCL and INL of retina. ***vs. normal group, p < .001; ¥&vs. HIOP group, p < .001. (n)
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results confirmed that RIP3 could not act as an upstream regulator of
RSK3 in the process of necroptosis in RGC-5 cells after OGD injury
(Figure 10).

Phosphorylation is an important modification that serves to
regulate the biological functions of proteins (Wu et al., 2019). Some
studies have shown that the N-terminal phosphorylation sites at po-
sitions Ser199 and Ser227 of RIP3 are autophosphorylated during
necroptosis (Sun et al., 2012). When caspase-8 is inhibited, Toll-like
receptor 4 (TLR4) interacts directly with RIP3 and MLKL via the RIP
homotypic interaction motif (RHIM) of its adaptor Toll/interleukin
(IL)-1 receptor domain-containing adaptor interferon (IFN)-p (TRIF;
Najjar et al., 2016). Subsequently, they phosphorylate amino acids
T357 and S358 of MLKL, thereby resulting in the release of intercel-
lular materials after cell necroptosis (Kang et al., 2015). In the present
study, we showed that an inhibition or silencing of RSK3 reduced
the phosphorylation of RIP3 and MLKL. Further, the phosphory-
lated RIP3 could induce the phosphorylation of the pseudokinase
domain of MLKL, which is critical for cell necroptosis (Gunther et al.,
2016). We also found that RSK3 interacts with RIP3 and acts as a
kinase-promoting protein to phosphorylate RIP3, eventually regulat-
ing RGC-5 necroptosis after OGD injury. Other research has shown
that ERK activates RSK by binding to inactive RSK at the carbox-
yl-terminal kinase domain (CTKD; Doehn et al., 2009; Martinez et al.,
2015; Kidger and Cook, 2018). Phosphoinositide-dependent protein
kinase-1 (PDK1) was shown to be recruited to RSK following CTKD
autophosphorylation of the RSK hydrophobic motif (Frodin et al.,
2000; Zaru et al., 2015). Using antibodies against the N-terminus of
RSK3, Zhao et al. (1995) showed that RSK3 was translocated to the
nucleus of Hela cells, where it subsequently phosphorylated nuclear
proteins, such as c-Fos and histones (Pereira et al., 2014). However,
the specific domains of RIP3 to which RSK3 binds, and which are
regulated by RSK3, remain unknown and will require further study.

Other studies have suggested that the necroptosis of RGCs is an
early event responsible for the loss of vision (Zhou et al., 2018). The

WANG ET AL.

compound LJH685 may serve as a useful tool in disrupting the po-
tential signaling pathways by inhibiting RSK3 activity (Poomakkoth
etal., 2016). In our study, we demonstrated that RSK3 plays a neuro-
protective role in an in vivo model of aHIOP-induced necroptosis in
the rat retina. Inhibition of RSK3 activity can be used to rescue some
of the retinal neurons from necroptosis, thereby maintaining some
visual function in rats. Furthermore, these results demonstrated that
RSK3 may play a role in regulating retinal neuronal necroptosis in
vivo. As such, the findings presented in this study provide a novel
theoretical basis for targeting the necroptosis pathway in RGCs.
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