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Abstract

Retinoic acid-induced 14 is a developmentally regulated gene induced by retinoic acid and is closely associated with NIK/
NF-«B signaling. In the present study, we examined the effect of RAI14 on mTOR-mediated glial inflammation in response
to inflammatory factors and chemical ischemia. A U87 cell model of LPS- and TNF-a-induced inflammation was used
to investigate the role of RAI14 in glial inflammation. U87 cells were treated with siR-RAI14 or everolimus to detect the
correlation between mTOR, RAI14, and NF-kB. CoCl,-stimulated U87 cells were used to analyze the effect of RAI14
on mTOR-mediated NF-xB inflammatory signaling under chemical hypoxia. LPS and TNF-a stimulation resulted in the
upregulation of RAI14 mRNA and protein levels in a dose- and time-dependent manner. RAI14 knockdown significantly
attenuated the level of pro-inflammatory cytokine via inhibiting the IKK/NF-xB pathway. Treatment with an mTOR inhibitor
(everolimus) ameliorated NF-kB activity and IKKo/p phosphorylation via RAI14 signaling. Notably, RAI14 also enhanced
mTOR-mediated NF-xB activation under conditions of chemical hypoxia. These findings provide significant insight into the
role of RAI14 in mTOR-induced glial inflammation, which is closely associated with infection and ischemia stimuli. Thus,
RAI14 may be a potential drug target for the treatment of inflammatory diseases.
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IkB-a NF-kappa-B inhibitor alpha

IKK Nuclear factor NF-kappa-B inhibitor kinase

LPS Lipopolysaccharide

mRNA Messenger RNA

mTOR Mammalian target of rapamycin

mTORC Mammalian target of rapamycin complex

NF-xB Nuclear factor kappa-light-chain-enhancer of
activated B cells

NIK NF-kappa-B-inducing kinase

PAMPs Pathogen-associated molecular patterns

PBS Phosphate-buffered saline

RAIl4 Retinoic acid-induced protein 14

Raptor Regulatory-associated protein of mTOR

RT-gPCR  Quantitative real-time polymerase chain
reaction

si-NC Control siRNA.

siR-RAI14 RAI14 siRNA

siRNA Small interfering RNA

TLRs Toll-like receptors

TNF-a Tumor-necrosis factor-o

Introduction

The human novel retinal pigment epithelial cell gene (NOR-
PEG, RAI14) is a developmentally regulated gene originally
derived from the human retinal pigment epithelial cell line,
ARPE-19 (Kutty et al. 2001). This gene encodes the RAI14
protein that contains six ankyrin repeats and an extended
coiled-coil domain. Moreover, RAI14 is widely expressed
in a variety of human tissues and participates in the reor-
ganization of actin filaments in the testis, contributing to
spermatid polarity and cell adhesion (Chen et al. 2018a, b;
Peng et al. 2000; Qian et al. 2013). While the Gene Ontol-
ogy has deduced that RAI14 is associated with NIK/NF-kB
signaling (Huttlin et al. 2017), the function of RAI14 in glial
inflammation remains unknown.

It has been well established that the NF-xB signaling
pathway is involved in the wide variety of pathological
conditions, such as cancer and neurodegenerative diseases
(Collignon et al. 2018; Li et al. 2012). Under different patho-
logical conditions (e.g., LPS, TNF-a and hypoxia), NF-xB
p65 activation and nuclear translocation control various tran-
scriptional responses (Li et al. 2016). Thus, pro-inflamma-
tory agonists, such as LPS and TNF-a, could play a vital role
in the progression of diseases of the central nervous system.
Additionally, since hypoxia can trigger a pro-inflammatory
immune response (Cosin-Roger et al. 2017; Subhan et al.
2017), CoCl, (cobalt chloride), a hypoxia-mimetic agent,
can be used to make an analogical analysis of the NF-kB
inflammatory signaling pathway under conditions of chemi-
cal hypoxia. It has previously been shown that mTOR is
associated with proinflammatory immune responses through
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the activation of the mTOR/IxB-a/NF-kB pathway (Temiz-
Resitoglu et al. 2017). Moreover, the mammalian target of
rapamycin (mTOR) functions as a serine/threonine pro-
tein kinase and controls protein synthesis, contributing
to the associated physiological and pathological outcome
(Caccamo et al. 2018; Wendel et al. 2004). mTOR is com-
monly comprised of mTOR complexes 1 (mMTORC1) and
2 (mTORC?2). In addition, mMTORCI activity is primarily
inhibited by everolimus (RADO001) (Han et al. 2016; Yun
et al. 2016), which has been shown to effectively treat can-
cers and autoimmune diseases (Kingwell 2013; Vitiello et al.
2015). Nevertheless, the precise molecular mechanisms
underlying mTORC1-mediated inflammatory stress have
yet to be sufficiently identified.

In the present study, we have explored the mechanisms
underlying the RAI14 in mTOR-mediated inflammation
using models of inflammation and chemical hypoxia.

Methods
Cell Culture and Treatment

The human glioma cell (U87) or human umbilical vein
endothelial cell (HUVEC) was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). U87
and HUVEC cells were cultured in Dulbecco’s Modification
of Eagle’s Medium (DMEM; Gibco, Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (Gibco),
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco).
The cells were cultured in 60-mm culture dishes at 37 °C in a
humidified atmosphere of 5% CO,. U87 cells were grown on
60-mm culture dishes then incubated with 20 nM everolimus
(MedChem Express, Monmouth Junction, NJ, USA) with
or without TNF-a, LPS, or CoCl, as a baseline for further
research. Recombinant human TNF-a was obtained from
Hangzhou Biologic Biotechnology (China). All cell experi-
ments were repeated at least three times.

Antibodies

Rabbit anti-RAI14 polyclonal antibody, rabbit anti-GAPDH
polyclonal antibody, mouse anti-a-tubulin monoclonal anti-
body, rabbit anti-phospho-mTOR (Ser2448) antibody and
rabbit anti-phospho-eIF4AEBP1 (Thr37 + Thr46) antibody
were purchased from Bioss (Beijing, China). Phospho-
IKKa/f (Ser176/180) antibody and NF-kB p65 rabbit mon-
oclonal antibody were obtained from Beyotime (Shanghai,
China). Rabbit anti-a-actin monoclonal antibody, rabbit
anti-B-actin polyclonal antibody, and rabbit anti-p-tubulin
monoclonal antibody were obtained from BOSTER (Wuhan,
China). All secondary antibodies were purchased from
ZSGB-BIO (Beijing, China).
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siRNA Transfection

The siRNA probe 525049 for RAI14, siRNA probe s25048
for RAI14 (Hasson et al. 2013), GAPDH positive control
oligonucleotides and its control small interfering RNA
(siRNA) in experiments refer to an All-Starnon silencing
siRNA synthesized by Shanghai GenePharma (Shanghai,
China). Lipo6000™ Transfection reagent (Beyotime) was
used for the transfection of siRNA according to the manu-
facturer’s instructions.

Quantitative Real-Time Polymerase Chain Reaction

A Reverse Transcription Kit and the SYBR Green PCR Mas-
ter Mix were obtained from Takara (Otsu, Shiga, Japan).
Total RNA was isolated from the cells using Trizol reagent
according to the manufacturer’s instructions (Beyotime)
and cDNA was reverse-transcribed using a Reverse Tran-
scription Kit (TaKaRa, Otsu, Shiga, Japan) according to the
manufacturer’s instructions. Real-time polymerase chain
reaction (PCR) was performed using a QuantiTect SYBR
Green PCR Kit (TaKaRa Bio), and run on a Stratagene
MX3000P (Agilent, CA, USA). Relative quantification was
determined using the AAC, method. The relative expression
of messenger RNA (mRNA) for each gene was normalized
to the level of B-actin RNA. The primers were synthesized
by Invitrogen.

Western Blot

Cells were harvested and lysed in RIPA lysis buffer (Beyo-
time) supplemented with 1 mM phenylmethylsulfonyl fluo-
ride. The protein concentration was determined using a BCA
kit (Beyotime). An equal amount of each protein sample
was separated on 10% or 8% sodium dodecyl sulfate—poly-
acrylamide electrophoresis gels and then transferred to a
nitrocellulose filter membrane (Millipore, Solarbio, Beijing,
China). Subsequently, the membranes were blocked for 1 h
at room temperature with 5% BSA in TBST and incubated
with the corresponding primary antibody overnight at 4 °C:
rabbit anti-RAI14 polyclonal antibody (1:500), rabbit anti-
phospho-IKKo/p (Ser176/180) antibody (1:1000), NF-xB
p65 rabbit monoclonal antibody (1:000), rabbit anti-p-
tubulin monoclonal antibody (1:300), mouse anti-a-tubulin
monoclonal antibody (1:800), rabbit anti-p-actin polyclonal
antibody (1:1000), rabbit anti-GAPDH polyclonal antibody
(1:4000), and rabbit anti-a-actin monoclonal antibody
(1:300). After washing with TBST thrice, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies anti-mouse IgG (1:10,000) or anti-
rabbit IgG (1:10,000). The intensity of the protein bands

was evaluated using an ECL Western Bot analysis kit (Mil-
lipore) and were normalized to those of a-actin or f-actin or
a-tubulin or p-tubulin or GAPDH.

Co-immunoprecipitation

According to the manufacturer’s instructions, 2 ug NF-xB
p65 rabbit monoclonal antibody was added to the same
amount (500 pg) of cell lysate overnight at 4 °C. Protein
A/G-agarose spheres (Santa Cruz Biotechnology, Dallas,
TX, USA) were added and the samples stored at 4 °C for 2 h.
The samples were then centrifuged at 13,000g at 4 °C for
1 min, washed three times with lysis buffer, and boiled for
10 min after the addition of 30 uL 1x SDS Loading Buffer.
The denatured samples were kept at —20 °C for future west-
ern blotting.

Immunofluorescence Analysis

U87 cells were subjected to an immunofluorescence analy-
sis following transfection and pharmaceutical treatment. An
immunofluorescence analysis was used to observe the sub-
cellular localization of the RAI14 protein and NF-kB p65
using a rabbit anti-RAI14 polyclonal antibody (1:300) or
NF-«xB Activation Nuclear Translocation Assay Kit accord-
ing to the manufacturer’s instructions (Beyotime). The pro-
tein levels of p-mTOR and p-eIFAEBP1 were performed
using special antibodies, respectively. Cell nuclei were visu-
alized by DAPI (40, 6-diamidino-2-phenylindole) staining.
Fluorescence analysis was performed using a Leica DMi8S
microscope (Leica Microsystems).

Cell Viability Assay

Cell viability was assessed using a Cell Counting Kit-8
(CCK-8) assay in accordance with the manufacturer’s
instructions. The CCK-8 kit was purchased from MedChem
Express (Monmouth Junction, NJ, USA). The cells were
plated at a density of 8 x 10% cells per well into 96-well
plates. At 48 h after seeding, the cells were treated with dif-
ferent concentrations of LPS or TNF-a and transfected with
siRNA. After culturing the cells for 24 h, 10 uL. CCK-8 rea-
gent was added to the medium. The cells were incubated for
4 h at 37 °C. A BioTek-EIx800 microplate reader (BioTek,
Winooski, VT, USA) was used to measure the absorbance
at 450 nm to assess cell viability.

Reactive Oxygen Species (ROS) Analysis
The U87 cellular ROS level was determined by ROS assay
kit in accordance with the manufacturer’s instructions (Bey-

otime). Briefly, U87 cells were treated with TNF-a for 24 h
before DCFH-DA solution (10 uM) was added and then
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incubated at 37 °C for 20 min. After washing the cells with
serum-free medium, the sample was analyzed using a Leica
DMi8S microscope (Leica Microsystems). Rosup was used
as positive control.

Dual Luciferase Assay to Measure NF-kB Activity

According to the manufacturer’s instructions, the NF-xB-
dependent reporter constructs pNFkB-luc or pGL6 (Beyo-
time) were transiently transfected into U87 cells cultured in
24-well plates, using Lipo6000™ Transfection Reagent. The
RL-SV40-N plasmid encoding Renilla luciferase (Beyotime)
was simultaneously transfected as an internal control. After
transfecting for 6 h, the cells were treated with 200 nmol/L
LPS for 6 h and harvested using a Dual-Luciferase Reporter
Gene Assay Kit (Beyotime) in accordance with the manu-
facturer’s protocol. SpectraMax i3x was used to determine
the results (Molecular Devices, CA, USA).

Statistical Analysis

At least three independent experiments were performed for
each experiment. Data are presented as the mean + SEM.
Statistical analyses were performed using SPSS 22.0 (SPSS,
Chicago, IL, USA). Analysis of variance and a Student’s
t test were used to compare the values of the test and the
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control samples. A one-way analysis of variance for a
between—between design was used to analyze the differences
between both time and condition and any interaction effect
between the two. Statistical significance was considered if
P<0.05.

Results

Pro-inflammatory Agonists Induced the Elevation
of RAI14 mRNA and Protein Levels in U87 Cells

RAI14 is a developmentally regulated gene induced by
retinoic acid (Kutty et al. 2001). To assess the ability of
the selected pro-inflammatory agonists to induce RAI14
mRNA and protein expression in U87 cells, RT-qPCR and
western blotting were used to measure the level of RAI14
expression across different the time points in response to
LPS (50, 100, and 200 ng/mL) or TNF-a (5, 10, 20, and
50 ng/mL) stimulation (Fig. 1; Table 1). Quantification of
RAI14 mRNA and protein levels was performed at 6, 12,
and 24 h following LPS treatment, and after 24 h and 48 h
of TNF-a exposure. Each pro-inflammatory agonist spatially
and temporally resulted in the elevation of RAI14 at the
mRNA level (Fig. 1a, d). A more potent effect was evoked
by LPS compared with TNF-a-treated U87 cells. There were
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Fig. 1 Pro-inflammatory agonists induce elevated levels of RAI14
mRNA and protein expression in U87 cells. U87 cells were incu-
bated for 6, 12, 24, or 48 h in the presence of PBS (control), LPS
(50, 100, and 200 ng/mL), or TNF-a (5, 10, 20, and 50 ng/mL) for
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the subsequent quantification of RAI14. LPS (a—¢) and TNF-a (d—f)
spatially and temporally increased the level of RAI14 mRNA and
protein expression. Data are displayed as the mean+SEM. *P <0.05,
*#*P<0.01, and ***P <0.001 compared with the control groups
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Table 1 Primer sequences used

Target gene
for RT-qPCR measurements

Forward and reverse primer sequences (5'-3")

NCBI reference

RAIl14 Forward: AATGCAGGAATTCAAAGCCTTCTATT NM_001145520.1
Reverse: GGTAGGACTGATAGGAGGTGG

GADPH Forward: ATCACCATCTTCCCAGGAGCG NM_002046.6
Reverse: AGTTGGTGGTGCAGGAGG

ACTB Forward: CCCAGCACAATGAAGATCAAGAT NM_001101.4
Reverse: GGACTCGTCATACTCCTGCTT

IL1B Forward: GGCCCTAAACAGCTGAAGTGC NM_000576.2
Reverse: CATGGCCACAACAACTGACG

TNFa Forward: AGCCCATGTTGTAGCAAACC NM_000594.3
Reverse: CTGATGGTGTGGGTGAGGAG

IL6 Forward: CAATCTGGATTCAATGAGGAGAC NM_000600.4

Reverse: CATTTGTGGTTGGGTCAGGG

significant 190% (P <0.001) and 203% (P <0.001) increases
in the protein expression of RAI14, induced by 200 ng/mL
LPS for 6 h and 20 ng/mL TNF-a for 48 h, respectively
(Fig. 1c, f). Thus, the RAI14 appears to be regulated by pro-
inflammatory agonists, particularly LPS.

Effect of RAI14 Knockdown on Pro-inflammatory
Cytokine mRNA Expression Under Pro-inflammatory
Conditions

To date, there have been no published reports regarding the
effect of RAI14 on pro-inflammatory cytokine production in
astrocytes. Thus, to elucidate this effect, we targeted RAI14
in U87 cell cultures. After an RAI14 knockdown (Fig. 2a—d),
a significant decrease in RAI14 protein and mRNA expres-
sion was observed (38.1% and 38.7%, respectively). To
quantify the induction of pro-inflammatory cytokine mRNA
expression in response to TNF-a exposure, RT-qPCR was
used to measure the level of IL-1p and IL-6 mRNA expres-
sion. A predefined dose of 20 ng/mL TNF-a was shown
to significantly promote inflammation in comparison to the
control groups (Fig. 2e, f). The highest induction of IL-1p
(267.2%) was observed at 48 h, and the level of IL-6 mRNA
was significantly elevated at 48 h (199.7%). However, the
depletion of RAI14 in U87 cell lines resulted in an attenu-
ation of TNF-a-induced inflammation (Fig. 2g, h). These
findings indicate that RAI14 positively regulates the expres-
sion of pro-inflammatory cytokines in response to LPS and
TNF.

RAI14 Knockdown Attenuates Pro-inflammatory
Agonist-Induced NF-kB Activation

Through the process of Gene Ontology, RAI14 is considered
to be associated with NIK/NF-kB signaling (Huttlin et al.
2017). This is consistent with the observed direct association
of siR-RAI14-mediated proinflammatory cytokine responses
(Fig. 2g, h). To explore the precise mechanism by which

RAI14 regulates proinflammatory cytokines, immunofluores-
cence microscopy was used to investigate the potential effect of
an RAI14 knockdown on NF-xB p65 activation in U87 cells.
The level of p65 intensity in the nuclei of TNFa-stimulated
U87 cells was increased compared with the controls (Fig. 3a).
Moreover, siR-RAI14 treatment was associated with decreased
NF-kB p65 in the nuclei of the stimulated cells decreased com-
pared to the corresponding siR-NC (Fig. 3b), indicating RAI14
could promote the nuclear accumulation of p65. In addition,
we observed a partial inhibition of NF-kB p65 activation and
nuclear translocation with the use of a nanoparticle transfec-
tion reagent to carry the siRNA (Online Resource 1). Although
RAI14 was found to partially co-localize with NF-xB p65 in
the nucleus and the cytoplasm (Fig. 3b), no structural associa-
tion between endogenous RAI14 and NF-«xB p65 was detected
by Co-IP (Fig. 3c).

Since RAI14 has been suggested to attach to predicted tran-
scription factors and cofactors in the human genome (Li et al.
2008), we next analyzed whether RAI14 effects the NF-xB
signaling pathway in U87 cells expressing a Firefly luciferase
reporter gene driven by a promoter containing an NF-xB
response element. U87 cells were co-transfected with pNFkB-
luc or pGL6 (empty vector), along with pRL-SV40-N consti-
tutively expressing the Renilla luciferase, as an internal control
for data normalization. Cells were exposed to 200 ng/mL LPS
for 6 h to establish a baseline for further research. The inhibi-
tion of RAI14 substantially blocked Firefly luciferase activity,
whereas transfection with the pGL6 vector only exhibited a
moderate effect on luciferase activity (Fig. 3d), suggesting that
RAI14 is involved in the regulation of the positive response for
pro-inflammatory cytokines via NF-kB signaling.

Everolimus Inhibits the RAI14 Transcription-
Translation Reaction and Ameliorates Inflammatory
Activity

RAII14 has been found to exhibit a significant correlation
with everolimus (Hsu et al. 2013), an mTOR inhibitor,
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Fig.2 Effect of siR-RAI14

- . a b RAI14
on pro-inflammatory cytokine P &Q
mRNA expression in response N 4\« K3 1.5
to 20 ng/mL TNF-a. U87 Cells PO A o :
were transfected with siRNA s & §F
against RAI14 (siR-RAI14)
or GAPDH (siR-GAPDH) or RAI14 e e

a Lipo6000™ Transfection
reagent (control) as indicated.
a—d After the knockdown of
RAI14, the level of RAI14 pro-
tein or mRNA expression was
measured by western blot (a, b)
and RT-qPCR (¢, d), respec-
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Fig.3 RAIl4 knockdown attenuates pro-inflammatory agonist-
induced NF-kB activation. a The effect of TNF-a on the nuclear
translocation of NF-kB transcription factor p65. b Inhibition of
RAI14 prevented the nuclear accumulation of NF-xB p65. Immuno-
fluorescence analysis of the fields of NF-kB p65 and RAI14 localiza-
tion using anti-NF-kB p65 (red) and anti-RAI14 (green) in U87cells
in response to stimulation with 20 ng/mL TNF-« for 48 h. Cell nuclei
were stained with DAPI (blue). Scale bar 20 pm. ¢ The inability of
RAI14 to directly bind to NF-kB p65. U87 cells were harvested and

which exerts a potent influence on anti-inflammatory activ-
ity (Vitiello et al. 2015). To determine the effect of everoli-
mus on RAI14 during the inflammatory response, western

< IgG heavy chain

RAI14

NF-kB p65

siR-NC-TNF-a

RAI14 NF-kB p65

siR-RAI14-TNF-a

control

300uM CoCl,
200ng/ml LPS
20ng/ml TNF-a

Firefly Luciferase/Renila Luciferase (RLU)

lysed after exposure to a variety of stimuli. RAI14 did not structur-
ally interact with NF-kB p65 in the intracellular environment. d siR-
RAI14 can promote the activation of an NF-kB dependent reporter.
After siRNA transfection, U87 cells were co-transfected with the
NF-xB dependent reporter construct pNFkB-luc, pRL-SV40-N-
Renilla luciferase, or pGL6. Cells were then stimulated with 200 ng/
mL LPS for 6 h. Firefly luciferase activity was normalized against
Renilla luciferase activity. Values are expressed as the mean+SEM
of three independent experiments

blot was performed to analyze the expression of RAIl14
protein. After 24 h incubation with everolimus, the U87
cells displayed reduced expression of total RAI14 protein
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(Fig. 4a—d). Although everolimus inhibited the production
of RAI14 protein, no significant differences were observed
for the effect of everolimus (20 nM) on the level of RAI14
mRNA in the LPS-induced inflammation model (Fig. 4e).
Using an mTOR inhibitor, we also observed a significant
inhibitory effect of everolimus regarding the level of IL-1p
and IL-6 mRNA evoked by LPS (Fig. 4f, g), consistent with
studies of Vitiello et al. (2015). Everolimus treatment also
inhibited protein levels of p-mTOR but increased protein
levels of p-eIFAEBP1 in response to TNF-a stimuli (Fig. 4h,
i). These data suggest that mTOR/eIF4AEBP1 signaling is
involved in the RAI14 transcription-translation reaction in
astrocytes.

a b =
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TNF+DMSO

DAPI
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TNF+Evero

Fig.4 Everolimus inhibited the RAI14 transcription—translation
reaction and ameliorated inflammatory activity. a—d Before treat-
ment with everolimus (20 nM), U87 cells were exposed to LPS
(200 ng/mL) for 6 h (a) or TNF- a (20 ng/mL) for 48 h (b) and the
level of RAI14 protein expression was analyzed. a, ¢ Western blots
of RAI14 protein were compared to pB-tubulin or/and f-actin stand-
ards. ¢, d Quantitation of western blots for RAI14 protein expres-
sion. e Effect of everolimus (20 nM) exposure on mRNA levels for
RAI14 in U87 cells following LPS stimulation, as measured by RT-
qPCR. f, g Levels of inflammatory cytokine mRNA from US87cells
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Everolimus Ameliorates NF-kB Activity and IKKa/p
Phosphorylation in a RAI14-Dependent Manner

Since everolimus was found to be involved in inhibiting
RAI14 and inflammatory activity (Fig. 4), we next sought
to determine the influence of an RAI14 knockdown on
everolimus-mediated pro-inflammatory cytokine inhibi-
tion by measuring the level of IL-1f, IL-6, and TNF-a
expression with RT-qPCR. Following siR-RAI14 transfec-
tion, IL-1p, IL-6, and TNF-a were observed to be consist-
ently expressed at a lower level than the corresponding
controls when the same amount of siR-NC was trans-
fected (Fig. 5a). Since: (1) the RT-qPCR data showed that
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cultured with everolimus (20 nM) for 24 h. Levels of the pro-inflam-
matory cytokines, IL-1p and IL-6, decreased in the everolimus-
treated groups. Protein levels of p-mTOR (h) and p-eIF4EBP (i)
from U87cells cultured with everolimus (20 nM) for 24 h. Values
show the mean + SEM of three independent experiments with similar
results.*P < 0.05 and **P <0.01. Everolimus was dissolved in DMSO
and the equivalent volume of DMSO was added to the corresponding
controls. LPS lipopolysaccharide, DMSO phosphate-buffered saline,
TNF-a tumor-necrosis factor-a, RAI14 retinoic acid-induced protein
14, evero everolimus
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everolimus ameliorated inflammatory activity and inhib-
ited the RAI14 transcription-translation reaction (Fig. 4);
(2) TNF-a and LPS have been shown to regulate mTOR
activity via IKKf (Lee et al. 2007) and NF-kB activity
may be controlled by mTOR in a cell type-specific manner
(Guo et al. 2013); and (3) our dual luciferase assay data
demonstrated that siR-RAI14 induced the downregula-
tion of luciferase activity under the control of the NF-kB
p65 promoter (Fig. 3d), we next sought to investigate the
molecular mechanisms underlying the effect of everolimus
on the relationship between RAI14 and NF-kB signaling.
To this end, we used siR-RAI14 to analyze the downregu-
lation of pro-inflammatory cytokines in the everolimus-
treated groups. Consistent with the role of mTOR/Rap-
tor in positively regulating NF-kB activity (Dan et al.
2008), we observed decreased NF-kB p65 protein expres-
sion (Fig. 5b, d) and decreased IKKa/p phosphorylation
(Fig. 5f) following everolimus treatment. Importantly,
transfection with siR-RAI14 further strengthened the
effects of the mTOR inhibitor on the negative regulation of
NF-xB p65 (Fig. 5b, d). Similarly, a knockdown of RAI14
substantially enhanced the downregulation of everolimus-
mediated p-IKKo/p (Fig. 5f). These observations sug-
gest that mTOR activity may be a strong promoter of the
RAI14-mediated positive regulation of the NF-xB signal-
ing pathway.

Inhibitory Effect of Everolimus on CoCl,-Induced
Astrocyte Inflammation Related with RAI14

Due to the effects of hypoxia on triggering pro-inflammatory
responses (Cosin-Roger et al. 2017; Subhan et al. 2017),
CoCl,, a hypoxia-mimetic agent, was used to make an ana-
logical analysis of the role of the mMTOR/RAI14 signaling
pathway on the astrocyte inflammatory reaction derived
from chemical hypoxia. Following incubation with 50, 100,
300, or 500 pM CoCl, for 24 h, U87 cells were lysed to
monitor the level of RAI14 protein expression. As expected,
50 pM CoCl, resulted in a reduced expression of the total
RAI14 protein, while 100 pM CoCl, resulted in the barely
detectable quantification of RAI14 protein levels in U87
cells (Fig. 6a). Most importantly, this influence could be
reversed by treatment with 300 or 500 pM CoCl, (Fig. 6b).
Consistent with this observation, the impact of CoCl, on
IL-6 and TNF-a gene expression exhibited a similar effect
in U87 cells during the same period (Fig. 6¢, d). Similarly,
in our model of hypoxia, everolimus was observed to be
an effective negative regulator of NF-kB p65, which was
further strengthened following transfection with siR-RAI14
(Fig. 6e, f). These results provide further insight into the role
of RAI14 on mTOR-mediated NF-xB inflammatory signal-
ing under conditions of chemical hypoxia.

Discussion

The central nervous system can launch a series of innate
immune responses under both infectious and noninfectious
conditions. In general, astrocytes and microglia partici-
pate in this innate immune response through the release
of proinflammatory cytokines and chemokines, as well
as the induction of phagocytosis and cytotoxicity, ulti-
mately resulting in neuroinflammation (Guo et al. 2018;
Kielian 2006; Liu et al. 2017). The immediate activation
of resident glial cells via Toll-like receptors (TLRs) in
response to the recognition of diverse pathogen-associated
molecular patterns (PAMPs) maximize proinflammatory
responses within the CNS. In this study, we used LPS-
and TNF-a as stimuli and found that both could spatially
and temporally regulate the level and functionality of
RAIl4 (Fig. 1). In addition, a knockdown of RAI14 sig-
nificantly ameliorated the inflammatory response in astro-
cytes (Fig. 2), which is consistent with the suggestion that
RAI14 is associated with NIK/NF-kB signaling (Huttlin
etal. 2017).

It has been well established that the expression of NF-«xB-
dependent genes is involved in the pathological course of
conditions, such as inflammatory stress and neurodegen-
erative diseases (Li et al. 2012). Indeed, the activation and
nuclear translocation of NF-kB via TLR signaling con-
trols the expression of a wide array of genes related to the
immune response (Kielian 2006). In our analysis of the effect
of RAI14 on NF-kB p65, we found that the knockdown of
RAI14 greatly diminished NF-kB p65 activation and nuclear
translocation and actively blocked the transcription of the
Firefly luciferase reporter gene driven by a promoter con-
taining the NF-kB response element (Fig. 3). Although the
co-localization of RAI14 with NF-kB p65 was observed via
immunofluorescence microscopy, and there is a substan-
tial similarity in the sequences and structure of the ankyrin
repeat domain between IxBoa (69-282 aa) and RAI14
(12-270 aa) (Online Resource 2), no structural association
between endogenous RAI14 and NF-kB p65 was detected in
our Co-IP assay (Fig. 3). Since the RAI14 protein contains
six ankyrin repeats and an extended coiled-coil domain, we
assumed that the coiled-coil domain has an inhibitory func-
tion when interacting with the ankyrin repeat domain when
there is no activation signal. Moreover, there is a binding site
sequence for the classical masking of the 14-3-3 protein and
the nuclear localization signal in the amino acid sequences
of the RAI14 protein (Kutty et al. 2006). Since RAI14 can
form a protein complex with its 14-3-3 binding partner (Hut-
tlin et al. 2017), we deduced that this complex blocked the
endogenous combination between RAI14 and NF-«xB p65.

The mTOR pathway contributes to the physiological
and pathological course of several processes, including
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Fig.5 Everolimus ameliorates
NF-xB activity and IKKao/f3
phosphorylation in an RAI14-
dependent manner. a U87 cells
were pre-treated with LPS

(200 ng/mL) for 6 h before plas-
mid transient transfection for

6 h. Levels of the pro-inflamma-
tory cytokines, IL-1p, IL-6, and
TNF-a, were quantified by RT-
qPCR. b—g After transient trans-
fection, U87 cells were exposed
to LPS (200 ng/mL) for 6 h b, ¢
or TNF-a (20 ng/mL) for 48 h
d—g prior to everolimus (20 nM)
treatment for 24 h. The level

of p-IKKo/B(Ser176/180) and
NF-xB p65 protein expression
was analyzed. b, d, f Western
blots of p-IKKa/pB(Ser176/180)
and NF-kB p65 protein expres-
sion were compared to f-tubulin
or/and f-actin standards. c, e,

g Quantitation of western blots
of p-IKKo/B(Ser176/180) and
NF-xB p65 protein. Everolimus
was dissolved in DMSO and
then diluted with appropriate
media. The equivalent volume
of DMSO was added to the
corresponding controls. Values
show the mean + SEM of three
independent experiments

with similar results.*P < 0.05;
**P<0.01; and ***P <0.001
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Fig.6 Inhibitory effects of everolimus on CoCl,-induced inflam-
mation related with RAI14. a, b Decreased levels of RAI14 pro-
tein expression were induced by treatment with 50 uM CoCl, a but
reversed by treatment with 300 or 500 uM CoCl, for 24 h (b). ¢, d
Effect of CoCl, on IL-6 and TNF-a genes expression in U87 cells by
RT-qPCR. e, f siR-RAIl4-mediated decrease in the level of NF-xB

cell growth, survival, metabolism, cancer, and neurodegen-
erative diseases (Caccamo et al. 2018; Wendel et al. 2004).
A previous study has shown that mTOR, a serine/threo-
nine protein kinase, is associated with proinflammatory
immune responses through the activation of the mTOR/
IkB-o/NF-kB pathway (Temiz-Resitoglu et al. 2017).
Moreover, TNF-a and LPS have been shown to regulate
mTOR activity via IKKp (Lee et al. 2007) and mTOR may
control NF-kB activity in a cell type-specific manner (Guo
et al. 2013). In addition, a significant correlation has been
found between the RAI14 gene and everolimus (Hsu et al.
2013). Therefore, we sought to investigate the correlation
between mTOR, RAI14, and NF-kB, as well as examine
the impact of RAI14 on mTOR-mediated NF-kB signaling
in astrocytes. Under everolimus-mediated downregulation

p65 protein in U87 cells when exposed to CoCl, (300 uM) was sig-
nificantly promoted by treatment with 20 ng/mL Evero for 24 h.
Everolimus was dissolved in DMSO and then diluted with appropri-
ate media. The equivalent volume of DMSO was added to the cor-
responding controls. Results are presented as the means +SD of three
independent experiments. *P <0 05; **P <0 01; and ***P <0 001

of mTOR activation, we observed a marked decrease in the
mRNA levels of IL-1f and IL-6 and reduced total RAI14
protein expression; however, there were no significant dif-
ferences in the level of RAI14 mRNA expression during
astrocyte inflammation (Fig. 4), suggesting the impact of
active mTOR on the RAI14 transcription—translation reac-
tion. Indeed, mTORC1 can mediate phospho-eukaryotic
initiation factor 4E binding protein 1 (4EBP1) (Coffey
et al. 2016; Hara et al. 1997), which dissociates from
eukaryotic translational initiation factor 4 epsilon (eIF4E),
leading to the initiation of translation (Hay and Sonenberg
2004). Previous studies have proved that mTORC1 plays
a key role in mouse RAI14 mRNA translation, which was
effectively inhibited in DKO (4E-BP1/2 double-knockout
MEFs) cells compared to WT cells treated with Torinl
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Fig.7 A tentative model

of RAIl4 in inflammatory
responses is shown schemati-
cally. Pro-inflammatory ago-
nists, such as LPS and TNF-«,
induce the expression of RAI14.
Subsequently, RAI14 activation
contributes to the positive regu-
lation of IKKo/p phosphoryla-
tion and NF-xB activation and
nuclear translocation, allowing
for the subsequent induction of
NF-xB-dependent genes, such
as TNF-a, IL-6, and IL-1p. The
serine/threonine protein kinase,
mTORCI, is also involved in
RAI14 activation. It likely con-
trols the RAI14 transcription—
translation reaction through

the mTORCI1/4EBP1/elF4E
signaling pathway

Membrane

Cytosol

for 2 h (Thoreen et al. 2012). Our present data further
suggests mMTORC1-mediated RAI14 mRNA translation,
especially in human cells (Fig. 4h, i). It is noteworthy
that RAI14 transcript is more likely a TOP-like mRNA
on account of the ~2-kb-long 3'-untranslated region of its
transcript (Kutty et al. 2001).Thus, everolimus may inhibit
the RAI14 transcription—translation reaction through the
mTORC1/4EBP1/elF4E signaling pathway. Notably, the
RAI14 knockdown substantially enhanced the effects of
the mTOR inhibitor-mediated downregulation of NF-kB
p65, p-IKKo/f, and pro-inflammatory cytokines (e.g.,
TNF-a, IL-1f, and IL-6) (Fig. 5), suggesting that RAI14
contributed to mTOR-mediated NF-«xB activation. Simi-
larly, everolimus also ameliorated inflammatory activity
via RAI14 in HUVEC cells (Online Resource 3). Thus,
we propose a tentative model of RAI14 in inflammatory
responses (Fig. 7). As for U87 cell proliferation, everoli-
mus decreased ROS levels via RAI14 and effectively main-
tained normal cell morphology, suggesting that mTOR
signaling may contribute to cell survival under inflam-
matory stress (Online Resource 4). However, no signifi-
cant changes were observed following exposure to various
stimulating factors in CCK-8 assays (Online Resource 5).

Since the interplay between RAI14, mTOR, and NF-xB
tends to be complex, we used CoCl, to analogically ana-
lyze the role of RAI14 in mTOR-mediated inflammatory
responses under conditions of chemical hypoxia. However,
the influence of hypoxia on mTOR-mediated inflammation
remains controversial. Under conditions of ischemic precon-
ditioning, environmental hypoxia ameliorates inflammation
through the downregulation of the mTOR-NLRP3 complex
and the activation of autophagy (Cosin-Roger et al. 2017). In
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contrast, the expression of p-mTOR and activated autophagy
may display coordinated regulation in cerebral ischemia/rep-
erfusion lesions and chemical hypoxia-mediated the inflam-
matory response (Gu et al. 2013; Yang et al. 2015). In the
present study, we demonstrated that different concentrations
of CoCl, exerted an opposing influence on RAI14 and the
glial inflammatory response (Fig. 6). Furthermore, the effect
of mTOR on autophagy remains elusive. Indeed, mTOR
has been shown to block autophagy in response to myocar-
dial ischemia/reperfusion injury, and the mTOR activator,
MHY 1485, inhibits autophagy via blocking autolysosome
formation (Chen et al. 2018a, b; Choi et al. 2012). Under
the MHY 1485-mediated upregulation of mTOR activity, we
observed a marked increase in the level of RAI14 mRNA
(Online Resource 6). Thus, RAI14 may be a critical inter-
mediate in the relationship between mTOR, NF-xB, and
autophagy. However, further research is required to verify
this association.

Conclusions

The present study found a novel mechanism underlying the
activation of NF-kB induced by mTOR signaling. RAI14 is
the active intermediate responsible for increasing the effect
of mTOR on NF-kB activation. Thus, the vital role of RAI14
in the inflammatory response could contribute to the treat-
ment of inflammation-related central nervous system disor-
ders and implies that RAI14 may be a potential drug target
for the treatment of such diseases.
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