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Differences in Gene Expression
Profiles and Phenotypes of
Differentiated SH-SY5Y Neurons
Stably Overexpressing Mitochondrial
Ferritin

Anarmaa Mendsaikhan, Shigeko Takeuchi, Douglas G. Walker* and Ikuo Tooyama*

Molecular Neuroscience Research Center, Shiga University of Medical Science, Otsu, Japan

Mitochondrial ferritin (FtMt) is an iron-transport protein with ferroxidase properties
localized to mitochondria. Levels are generally low in all tissues, while increasing the
expression of FtMt in neuronal-like cells has been shown to be protective. To determine
whether FtMt has potential as a therapeutic approach, there remains the question of how
much FtMt is protective. To address this issue, we transfected SH-SY5Y neuroblastoma
cells with a FtMt expression plasmid and isolated cell lines with stable expression of
FtMt at high, medium and low levels. Using these cell lines, we examined effects of
FtMt on neuronal phenotype, neuroprotective activity and gene expression profiles.
The phenotypic properties of high, medium and low FtMt expressors were compared
with native untransfected SH-SY5Y cells after differentiation with retinoic acid to a
neuronal phenotype. Overexpression of FtMt, even in low expressing cells, showed
significant protection from oxidative stress induced by hydrogen peroxide or cobalt
chloride. Higher levels of FtMt expression did not appear to offer greater protection,
and did not have toxic consequences to cells, even though there were significantly
more aggregated mitochondria in the highest expressing clone. The phenotypes
differed between cell clones when assessed by cell growth, neurite outgrowth, and
expression of neuronal proteins including those associated with neurodegenerative
diseases. Microarray analysis of high, medium and negative FtMt-expressing cells
identified different patterns of expression of certain genes associated with oxidative
stress and neuronal development, amongst others. Validation of microarray analyses
was carried out by real time polymerase chain reaction. The results showed significant
differences in expression of thioredoxin-interacting protein (TXNIP) and microsomal
glutathione transfer-1 (MGST-1), which can have critical roles in the regulation of oxidative
stress. Differences in expression of calcitonin-related polypeptide alpha (CALCA), growth
differentiation factor-15 (GDF-15) and secretogranin Il (SCG2) were also observed. Our
findings indicate that even low levels of increased FtMt expression can be protective

Frontiers in Molecular Neuroscience | www.frontiersin.org 5

January 2019 | Volume 11 | Article 470


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2018.00470
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2018.00470&domain=pdf&date_stamp=2019-01-08
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:walker@belle.shiga-med.ac.jp
mailto:kinchan@belle.shiga-med.ac.jp
https://doi.org/10.3389/fnmol.2018.00470
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00470/full
http://loop.frontiersin.org/people/613985/overview
http://loop.frontiersin.org/people/263778/overview
http://loop.frontiersin.org/people/132564/overview

Mendsaikhan et al.

Mitochondrial Ferritin Overexpressing Neurons

possibly by alterations of some oxidative stress-related and growth factor genes, while
high levels of expression did not appear to offer greater protection from oxidative stress
or induce significant toxicity in cells. These experiments provide supporting data that
increasing FtMt might be a feasible strategy for therapeutics in certain neurodegenerative

and neurological diseases.

Keywords: neuroprotection, free radical, mitochondria, iron, neurodegeneration, cell culture

INTRODUCTION

Age-associated  neurodegenerative  diseases,  particularly
Alzheimer’s disease (AD) and Parkinson’s disease (PD),
have proven resistant to effective therapies as the pathological
processes are complex and still incompletely understood.
There have been multiple approaches aimed at slowing down
the degenerative processes, but they have primarily focused on
inhibiting the formation or promoting the removal of toxic forms
of amyloid beta (AB) peptide or tau (for AD) or a-synuclein
(for PD) (Brundin et al,, 2017; Jan et al., 2017). Although these
diseases have significant clinical and pathological differences,
one common feature is increased oxidative stress through
elevated levels of damaging reactive oxygen species (ROS) (Nesi
et al, 2017; Lang and Espay, 2018). Effective regulation of
intracellular iron plays a critical role in controlling generation of
ROS. Ferritin-H is the major cellular regulator of iron in most
cells, but a significant role has been identified for mitochondrial
ferritin (FtMt), a ferritin-H-like molecule that is targeted to
mitochondria (Arosio et al., 2009).

FtMt has roles that overlap with ferritin, but its expression in
normal tissue is very low and restricted to testis, brain, heart, and
erythroblasts (Levi and Arosio, 2004; Santambrogio et al., 2007).
FtMt expression is highest in cells of tissues with high oxygen
demand, including neurons in brain (Gao and Chang, 2014).
FtMt has multiple properties, in particular ferroxidase activity to
reduce reactive ferrous ions to less reactive ferric ions. Within
the realm of biological processes, it participates in oxidation-
reduction, iron transport across membranes and cellular iron
homeostasis. FtMt is synthesized as a 30 kDa polypeptide that
is cleaved once the protein is translocated to the mitochondria
matrix and assembles into a “ferritin-shell” of 24 of 22 kDa
polypeptide chains (Levi et al, 2001; Drysdale et al., 2002).
FtMt binds iron with similar properties to ferritin, but has
particularly important function of regulating reactive iron species
in mitochondria (Yang et al., 2013; Wang Y. Q. et al., 2016). In
contrast to ferritin, FtMt mRNA lacks an iron-response element
indicating a different mechanism of regulation (Drysdale et al.,
2002). Recently, the FtMt gene promoter was shown to contain
positive regulatory sequences for cyclic-AMP response element-
binding protein (CREB), YYTI and SP1 transcription factors, and
C/EBPB, GATA2 and FOXALI sequences as negative regulators
(Guaraldo et al., 2016).

With reference to the involvement of FtMt in diseases, it has
been associated with Friedreich’s Ataxia, restless leg syndrome
and macular degeneration (Huang et al,, 2009; Snyder et al,
2009; Stenirri et al., 2012; Wang X. et al., 2016). Overexpression

of FtMt significantly slowed the replication of FtMt transfected
SH-SY5Y neuroblastoma cells, both in culture and after in vivo
transplantation of overexpressing cells to immune-deficient mice
(Gong et al., 2017). Increased expression of FtMt has been
demonstrated in neurons in regions of human brains affected by
AD and PD pathology (Wang et al., 2011; Yang et al., 2017).

A number of studies using overexpression or knockdown
models employing neuronal-like cells, particularly SH-SY5Y
cells, demonstrated that FtMt protected against oxidative
stressors and AP neurotoxicity (Shi et al., 2015; Gao et al,
2017; Li X. et al, 2017; Wang et al., 2017), (Wu et al,
2013; Wang Y. Q. et al,, 2016; Gao et al,, 2017; Guan et al.,
2017). The potential therapeutic benefits of FtMt have also
been suggested from different animal models for AD or PD.
Using a line of mice with deletion of FtMt gene, it was shown
that intracerebroventricular administration of the toxic AB25-35
fragment exacerbated memory deficits, with enhanced caspase
activation in the gene deletion mice compared to mice expressing
FtMt (Wang et al., 2017). Such studies will be enhanced with a
transgenic mouse line that overexpresses FtMt. In models of PD,
increased expression of FtMt was shown in mice treated with the
dopaminergic toxins 6-OHDA and MPTP, while similarly treated
FtMt gene deletion mice had higher levels of dopaminergic cell
loss (Shi et al., 2010; You et al., 2016).

To determine whether FtMt has potential as a therapeutic
approach, possibly by gene delivery methods, there remains the
question of how much FtMt is protective and if mitochondrial
damage can occur if levels are too high. Our previous
paper showed that overexpression of FtMt in the ARPE-
13 line of retinol epithelium cells caused several effects
on mitochondrial function including increased mitochondrial
fission and mitophagy (Wang X. et al, 2016). In order to
clarify these issues, we established neuronal cell lines with
stable expression of high, medium and low FtMt levels. Using
these cell lines, we examined effects of overexpression of FtMt
on neuronal phenotype, neuroprotective activity, and gene
expression profiles.

MATERIALS AND METHODS
Cell Culture

The human neuroblastoma SH-SY5Y cell line was obtained from
the American Type Culture Collection (Gaithersburg, MD, USA)
(Ross et al., 1983). Cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) with high glucose and supplemented
with 5% fetal bovine serum (FBS) and 50 jug/ml gentamicin. All
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cell culture reagents were obtained from Nacalai-Tesque, Kyoto,
Japan. Cells were routinely subcultured with 0.1% trypsin/1 mM
EDTA in Hanks Balanced Salt Solution (HBSS) before reaching
confluency, but in some circumstances during earlier stages of
clone establishment, cells were subcultured with PBS without
trypsin to separate the neuroblast from epithelial-type cells. After
initial isolation of FtMt-expressing clones, all experiments were
carried out with differentiated cells with the exception of studies
on cell growth. To produce differentiated cells with neuronal
features, untransfected and isolated clones were treated with
retinoic acid (10 wM)(Sigma-Aldrich, St. Louis, MO, USA) for 7
days in DMEM with 0.5-1.0 % FBS. Media was refreshed after 3
days of culture.

Transfection

Cells were transfected with a pEGFP-FTMT plasmid whose
construction and characterization has been described (Wang
et al, 2011). All recombinant DNA experiments were carried
out with appropriate institutional approvals. To isolate stably-
expressing SH-SY5Y cells, cells were plated at 2 x 10° cells/well
in 12 well-plates in growth media. After 24h, media was
replaced with serum-free DMEM, and transfection was carried
out in triplicate using 0.5-1 pg plasmid DNA mixed with
Viofectin (Viogen, New Taipei City, Taiwan) according to the
manufacturer’s instructions. After 6 h, serum was added to media
to 5% final concentration, and cells allowed to recover for 18 h.
The cultures were then subcultured with cells from each well-
being transferred to a 60 mm diameter petri dish. The following
day, media was replaced with growth media (DMEM + 5%
FBS) containing 500 pg/ml G418 (Selection Media) (Nacalai-
Tesque, Kyoto, Japan). The progress of the cultures were followed
with twice-weekly media changes until growing colonies could
be identified on plates. Individual colonies were selected using
trypsin-soaked cloning discs (approximately 0.5cm diameter),
and these were transferred to individual T25 flasks in selection
media for expansion. A number of separate colonies of G418-
resistant cells were grown until cell numbers were sufficient
to permit screening for FtMt expression and freezing in liquid
nitrogen. A total of 26 isolated clones were isolated, screened and
stored (Supplemental Figure 1).

Western Blot Screening Colonies for FtMt

Expression

Western blots were used to screen isolated clones for expression
of FtMt protein in selected clones. Initial screening was
carried out using undifferentiated cells. Cell pellets were briefly
disrupted by sonication in RIPA buffer (50mM Tris-HCI,
pH 7.6, 1% sodium deoxycholate, 1% NP40, 0.1% sodium
dodecyl sulfate (SDS) and a cocktail of protease inhibitors).
Protein concentrations in samples were measured using a
MicroBCA Protein assay kit (Thermo Scientific, USA). Samples
were prepared for SDS-polyacrylamide gel electrophoresis by
dissolving in SDS-sample buffer containing 0.1M dithiothreitol
(DTT). Equal amounts of protein were loaded on precast 5-20%
SDS gradient gels (Wako, Japan or Nacalai-Tesque, Japan). After
separation, proteins were transferred to Immobilon P (Millipore,

MA, USA) PVDF membrane using semi-dry electroblotting
apparatus.

Western Blot Detection and Quantification
The following procedures were used for all western blot in
the analyses in this report. PVDF membranes were blocked
for 1h with 5% skim milk dissolved in Tris-buffered saline
(50mM Tris-HCI, pH 7.5, 150mM NaCl) containing 0.05%
Tween 20 (TBST). Membranes were subsequently incubated
at room temperature for 18h in optimal antibody dilution
in 2% skim milk in TBST containing 0.005% sodium azide.
The production and characterization of the custom rabbit
polyclonal antibody to FtMt has previously been described (Yang
et al,, 2015). The antibodies used in this report are listed in
Table 1. After antibody incubation, membranes were sequentially
washed 3 x 10min in TBST, and incubated in the appropriate
horseradish peroxidase (HRP)-conjugated anti-immunoglobulin
for 2h. Membranes were imaged using Chemi-Lumi-One HRP
chemiluminescence substrate (Nacalai-Tesque) with a LAS4000
Imaging system (GE Biosciences, U.S.A.). Some membranes
were reprobed with different antibodies after treatment with
Stripping Agent-Strong (Nacalai-Tesque). For normalization
and loading control, membranes were subsequently incubated
with an HRP-conjugated antibody to p-actin (FujiFilm/Wako,
Japan) at 1:15,000 for 1h. All images were quantified using
Image Studio Lite software (Licor, NE, USA). Results are
calculated as relative expression after normalization for levels of
B-actin.

Immunocytochemistry

Immunocytochemistry was used to demonstrate expression
and localization of FtMt, neurofilaments, and mitochondrial
cyclooxygenase 1 (MtCox-1) in differentiated FtMt expressing
clones. Different clones were plated onto chamber slides (Nunc)
at 10* cells/well and differentiated for 7 days in RA-containing
media. After that period, cells were rinsed with PBS, and fixed
with 70% ethanol at —20°C for 30 min. The fixative solution
was removed and cells dried to ensure attachment. Cells were
incubated in optimal dilutions of antibody (Table 1) diluted in
TBST overnight at room temperature. After washing three times
with TBST, cells were incubated with optimal dilution of anti-
species immunoglobulin conjugated with fluorophore (dyes used
indicated in Figure legends). Cells were counterstained with
DAPI to allow identification of nuclei and coverslipped with
fluorescent mounting agent. Stained cells were examined using
a FV1000 Olympus confocal microscope. Photos were taken
from three randomly selected fields for each experiment of three
independent experiments.

Cellular Fractionation and Mitochondria

Isolation

To measure the subcellular localization of overexpressed FtMt,
differentiated cells were fractionated using the Mitochondria
Isolation kit for Mammalian Cells (Thermo Fisher, USA) to
isolate a mitochondria-enriched fraction. FtMt expressors and
untransfected cells were grown in T75 flasks and differentiated
for 7 days with RA treatment. Mitochondria fractions were
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TABLE 1 | Description of reagents used in study.

Antigen Supplier/Cat.no Description Species Application Dilution
ANTIBODIES

FtMt Custom Polyclonal Rabbit WB, ICC 1/5000
NFH/M Biolegend (837904) Monoclonals Mouse WB, ICC 1/2000
PSD95 Abcam (ab126732) Monoclonal Rabbit WB 1/2000
SNAP25 Abcam (ab109105) Monoclonal Rabbit WB 1/10000
APP Abcam (ab126732) Monoclonal Rabbit WB 1/3000
Tau Pierce (MN1000) Monoclonal Mouse WB 1/2000
a-synuclein Covance 4B12 Monoclonal Mouse WB 1/2000
TXNIP Abcam (ab188865) Monoclonal Rabbit WB 1/2000
Mt-Cox-1 Abcam (ab14705) Monoclonal Mouse WB, ICC 1/2000
Histone H3 Abcam (ab21054) HRP Polyclonal Rabbit WB 1/10000
B-actin Fuijifilm (017-24573) HRP Monoclonal Mouse WB 1/10000
WB, Western blot; ICC, Immunocytochemistry.

Gene Sequence Amplicon (bp) Ref.Seq.

PCR PRIMER SEQUENCES

FTMT sense CCCATTTGTGCGATTTCC 166 NM_177478.1
FTMT antisense TTCTGCTTGTTTTCATTTCCA

MGST-1 sense GAAAGGTTTTTGCCAATCCA 186 XM_011520674
MGST-1 antisense TTCCTGCCATTCTCATTTCC

TXNIP sense TCGTGTCAAAGCCGTTAGGA 228 NM_006472.5
TXNIP antisense TTGAAGGATGTTCCCAGAGGC

TXN sense GCCTTTCTTTCATTCCCTCTCT 145 NM_003329.3
TXN antisense ACCCACCTTTTGTCCCTTCT

CALCA sense GTCAAGGCACAGCATTACCA 95 XM_017018283.1
CALCA antisense CCCTATTGACATTGGTGGCTCT

SCG2 sense AGATGAAACGCTCAGGGCAG 147 NM_003469.4
SCG2 antisense GCCCATTCTGTAACCTCCCA

GDF-15 sense CTCTCAGATGCTCCTGGTGTT 159 AF003934.1
GDF-15 antisense AGCAGGTCCTCGTAGCGTTT

TFRC sense GCCAATGTCACAAAACCAAA 188 NM_003234.3
TFRC antisense AAGTCCTCTCCTGGCTCCTC

B actin sense CCTATGTGGGCGACGAG 242 NM_001101.3

B actin antisense ATGGCTGGGGTGTTGAAG

isolated from collected cells following a modification of the
manufacturer’s recommended protocol. In brief, cell pellets
containing approximately 1.5 x 107 cells were resuspended
in Reagent A (with added protease inhibitors) (400 pl) and
incubated on ice for 2min. 5 pl of Reagent B was then added
and pellets were gently sonicated for 5s to ensure complete
cell lysis without damaging nuclei. The lysates were centrifuged
for 10min at 700 g and the supernatants transferred to new
tubes. This step was repeated to remove all nuclear material. The
supernatants were then centrifuged at 12,000 g for 15 min. The
pellets were resuspended in 500 pl of Reagent C and centrifuged
for the same period as a wash step, while the supernatants
were saved as cytosolic fractions. The protein concentration was
determined for each fraction, and samples processed for western
blot analysis.

Cell Replication and Neurite Elongation

Measurements

Similar analysis methods were used to determine the rate
of replication of undifferentiated FtMt clones compared to
untransfected cells, and development of neurites of differentiated
FtMt clones compared to untransfected cells. For measuring cell
replication, 10* cells from different clones were plated into T25
flasks in growth media. Phase contrast images were recorded
at Day 1, Day 3, Day 5, and Day 7 using an Olympus phase
contrast microscope. Area occupied was used as the measure of
cell numbers. The area of cells in 20x images were measured
using image J software (NIH, USA). Five images taken at random
were recorded at each time point for each clone. Each experiment
was repeated three times. Results recorded show mean values £+
standard error of mean (SEM).
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For measuring neurite formation, 10 cells from each
clone were plated into wells of 12-well plates in triplicate.
The following day media was exchanged for differentiation
media containing RA. Five images/well were recorded
and analyzed for neurite elongation after 7 days using
Image ] software plugin Neuron] (https://imagescience.
org/meijering/). The area occupied by neurites in each
field was measured and data analyzed as described
above.

Cell Viability Measurements

For assessing responses to oxidative stress caused by hydrogen
peroxide or cobalt chloride, a microtiter assay was used. Using
96-well-tissue culture microtiter plates, 1.5 x 10* cells/well
were plated in 100 wl of media. After attachment, media
was exchanged for differentiation media and cells were treated
for 7 days to develop a neuronal phenotype. For assessing
treatments, media was exchanged for DMEM + 1% FBS to which
different concentrations of hydrogen peroxide (0-250 uM) or
cobalt chloride (0-200 wM) were added. Cells were incubated
for 24h and then 10 pl of cell viability reagent WST-1 (Cell
Count Reagent, Nacalai-Tesque, Japan) was added to each
well. Absorbance at 450 nm was recorded using a Tecan 2000
plate reader after 1, 2 and 4h of further incubation. Changes
in absorbance were calculated after subtraction of absorbance
from cell-free wells. Degree of protection was calculated
as percentage changes relative to untreated cells for each
clone.

RNA Preparation

RNA was prepared from 7 day RA-differentiated neuronal-like
cells (FtMt clones and untransfected cells) using the RNeasy
plus Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. RNA yield was assessed using a
Nanodrop spectrophotometer (Thermo Scientific, USA), and
integrity with an Agilent Bioanalyzer and RNA 6000 Nano
kit (Agilent Inc, Palo Alto, USA). All RNA samples had
RIN values >9 and were considered suitable for microarray
analysis.

Microarray Analysis

Microarray analysis using the Applied Biosystems Human
Genome U133 Plus 2.0 array (ThermoFisher Scientific, USA)
was carried out as a contract analyses by Takara Bio Inc.
(Kusatsu, Japan) using RNA isolated from the clone with
the highest expression of FtMt, the medium expression
FtMt clone, and untransfected control cells. Labeled cRNA
probes from RNA were prepared using the 3° IVT Plus
transcription kit (Thermo Fisher Scientific). The array contained
11 separate oligonucleotide probes to represent each of over
47,000 transcripts. Data was extracted and analyzed using
Affymetrix Signal Console software. Signal intensity for each
gene oligonucleotide probe was obtained based on the mean
of oligonucleotide replicates after correction for normalization
controls.

Microarray Data Analysis

Results of analysis of gene expression were prepared by pairwise
comparison of untransfected (negative) to high FtMt expression;
untransfected (negative) to medium FtMt expressor, and medium
to high FtMt expressors. Intensity data for each clone for
each gene probe was log, transformed. Significant differences
between gene expression values were highlighted when the
difference in log, values varied by +1 or —1 (reflecting 2.7
fold increase or decrease in expression). Adjusted p-values
were provided that reflect significant differences in expression
based on the 11 oligonucleotide/transcript technical replicates.
Tables were prepared that highlighted significant differences in
gene expression, but excluding low expressing genes marked
as Absent (below background), and genes with no assigned
identity. Different processes of data analysis were examined to
demonstrate how altered levels of FtMt affect cellular phenotypes.
Particular emphasis was placed on data mining for genes
important for protection from oxidative stress, iron transport,
and those involved in neuronal differentiation and phenotypes.

Real Time Reverse
Transcription-Polymerase Chain Reaction

Quantification of FtMt gene expression and validation of
identified genes with differential expression was carried out
by real time RT-PCR with SYBR green detection using RNA
from the high and medium FtMt overexpressing clones used
for microarray analysis and untransfected cells, and also one
additional high expressor and one low FtMt expressor clone.
RNA was isolated as described above, and equal amount of RNA
(0.75-1 g total cellular RNA) from each sample was reverse
transcribed using the PrimeScript RT kit with genomic DNA
eraser (Takara Bio, Japan). Appropriate numbers of samples
that were not reverse transcribed were analyzed to verify that
amplification signal was not due to contaminating DNA.

Real time PCR was carried out using a relative standard curve
method (Walker et al.,, 2009) for analysis using Thunderbird
SYBR QPCR master mix supplemented with Rox reference dye
(Toyobo, Inc, Japan). Primers (listed in Table 1) were used at
12.5 pmol/reaction, and each sample was analyzed in duplicate
using triplicate biological replicates on the Roche Light Cycler
480 qPCR machine using the following program: 95 C 60
denaturation/activation, followed by amplification program of
95°C for 155, 60°C for 20s and 72" C for 30's for 45 cycles. PCR
experimental design followed most of the criteria for Minimum
Information for Publication of Quantitative Real time PCR
Experiments (MIQE) (Bustin et al., 2009). Primers were designed
and analyzed to show absence of self-dimers or cross dimers, and
this was verified by demonstration of melting curves that showed
single bands.

Statistical Analysis

Statistical analyses were carried out using Graphpad Prism 7
software (La Jolla, CA). Analysis between groups and treatments
were carried out by One-way or Two-Way Analysis of Variance
(ANOVA) with Tukey’s test of multiple comparisons to examine
significance between groups. Significance was assessed if p < 0.05.
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RESULTS

Isolation of Mitochondrial Ferritin
Overexpressing SH-SY5Y Cells

Using standard cell transfection methodology and a plasmid that
expressed the human FtMt gene using the CMV immediate early
gene promoter, we isolated by disc cloning 26 separate G418-
resistant colonies and expanded them in separate cultures. These
were screened for expression of FtMt protein by western blot
(Supplemental Figure 1). As this image was obtained during the
screening process, it used protein extracts from undifferentiated
cells. As shown, there was a wide range of FtMt expression levels
ranging from undetectable to high levels of expression. Isolated
clones were expanded and then frozen, and for subsequent
experiments, each clone was used for 6-8 passages before a new
frozen vial was revived. Expression and growth of some of the
highest expressors proved unstable, but final characterization was
carried out on 4 separate clones as their growth and different
FtMt expression levels were stable with passage.

Relative levels of FtMt mRNA and protein were measured by
real time polymerase chain reaction (QPCR) and western blot.
Two clones had high levels of expression of FtMt mRNA and
protein (Figures 1A,B), while one had medium level of FtMt
mRNA expression and low levels of detectable protein, and one
had low level of FtMt mRNA expression but with no detectable
protein (representative western blot: Figure 1C). The difference
in mRNA expression between the low and high clones was 20-
fold, and 4-fold between medium and high, but for protein levels,
the difference in expression between medium and high was 22-
fold. Considering the differences in mRNA expression, it might
be expected that FtMt protein should be detectable in the low
expressor clone. These differences between mRNA and protein
would suggest that FtMt protein was being rapidly degraded. It
should be noted that untransfected SH-SY5Y differentiated cells
used in these experiments did not contain detectable levels of
FtMt mRNA or protein.

Phenotyping of FtMt Overexpressing

Clones

Characterization of FtMt Expressing Clones

As elevated amounts of FtMt will increase the levels of potentially
toxic iron in mitochondria, a series of experiments were carried
out to determine how overexpression affected the phenotype and
gene expression of clones differentiated to a neuronal phenotype.
Staining of cells with antibody to FtMt showed expected clear
differences in immunoreactivity intensity between medium and
high expressor cells (Figures 2B,C), while the untransfected cells
only showed some background staining (Figure 2A). Higher
magnification images are shown in Figures 2D-E. All cells
of the high expressor clone showed FtMt immunoreactivity
(Figures 2C,F). The punctate immunoreactivities are consistent
with mitochondrial localization. Staining of cells with pan-
neurofilament antibody (SMI312) showed that all cells produced
the characteristic processes of neurons (Figures 2G-I). Staining
of cultures with an antibody to mitochondrial cytochrome
oxidasel (MtCox-1) showed an unexpected gradation of
distribution and intensity of mitochondria in the untransfected,
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FIGURE 1 | (A) FtMt mRNA expression in FtMt expressing clones and
untransfected differentiated SH-SY5Y cells: Real time PCR results showing
comparison of FtMt mRNA levels in indicated clones compared to
untransfected cells normalized for levels of B-actin mRNA. Results show
combination of triplicate independent experiments with 2 or 3
samples/experiment. Data analyzed by One-way ANOVA with Tukey’s
post-hoc comparison test. Bar charts illustrate mean + standard error of mean
(SEM). Results with p-values of significance are indicated. “o < 0.05; **p <
0.01, **p < 0.001, *** p < 0.0001. (B) FtMt protein expression in FtMt
expressing clones and untransfected differentiated SH-SY5Y cells: Western
blot results showing comparison of FtMt protein levels in indicated clones
compared to untransfected cells normalized for levels of B-actin protein.
Results show combination of triplicate independent experiments with 2 or 3
samples/experiment. Data analyzed by One-way ANOVA with Tukey’s
post-hoc comparison test. Bar charts illustrate mean + SEM. Results with
p-values of significance are indicated. *p < 0.05; **p < 0.01, **p < 0.001,
****p < 0.0001. (C) Representative Western blots of FtMt expressing clones
and untransfected differentiated SH-SY5Y cells: Representative western blot
image of data shown in (C). FtMt expression was highly expressed in clones
High A and High B. A longer exposure was required to show FtMt protein in
Medium (Med) expressing clone (Darker FtMt).

medium expressor and high expressor cells (Figures 2J-L).
Many of the high FtMt expressing cells showed MtCoxl
staining consistent with an aggregated morphology. This

Frontiers in Molecular Neuroscience | www.frontiersin.org

10

January 2019 | Volume 11 | Article 470


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Mendsaikhan et al. Mitochondrial Ferritin Overexpressing Neurons

< 80+

® —““l
2 604

o

o

4

S 40

s

3

- ==
§20" 7
1

30 [ : I /’
<

Un Med High B

FIGURE 2 | Immunocytochemistry of FtMt expressing clones. (A-C). Untransfected (A), Medium (B), and High B (C) clones differentiated for 7 days stained with
antibody to FtMt to identify positive expressing cells. Positive staining is observed for Medium and High B clone, but not untransfected cells. Antibody reacted cells
were identified by reaction with Alexa568 labeled-anti rabbit immunoglobulin G. All images were recorded using an Olympus FV1000 laser confocal
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post-hoc test. **p < 0.001, ***p < 0.0001.

FIGURE 2 | microscope. (D-F). Higher magnification images of FtMt antibody reacted cells. Images from areas indicated with white lines on (A-C). (G-I)
Untransfected (G), Medium (H), and High B (I) clones differentiated for 7 days stained with antibody SMI-312 that stains neurofilament proteins, but predominantly
NF-M. All cells showed SMI-312 positive neuronal processes consistent with differentiated morphology. Undifferentiated cells show no staining for SMI312 (not
shown). Antibody-reacted cells were identified by reaction with Alexa568 labeled-anti mouse immunoglobulin (G). (J-L). Untransfected (J), Medium (K), and High B
(L) clones differentiated for 7 days stained with antibody MtCox1 that stains mitochondrial cytochrome oxidase-1. Morphology of MtCox1 immunoreactive
mitochondria in FtMt expressing clones (K-Medium and L- High B) compared to untransfected cells (J). Antibody reacted cells were identified by reaction with
Alexab68-labeled anti mouse immunoglobulin (G). (M) Quantitative estimation of aggregated/abnormal mitochondria. Estimation of percentage of aggregated
mitochondria in untransfected (Un), Med, and High B expressing clones. The numbers were estimated by visual examination of 3 fields/image and 3 images for each
clone at magnification shown in (A=C). Results show mean + SEM, with standard significance levels indicated from data analyzed by one way ANOVA with Tukey

was confirmed by determining the percentage of cells with
aggregated morphology of MtCox-1 immunoreactivity. This
showed significant increase between the untransfected and high
expressing clone (Figure 2M).

Subcellular Localization of Mitochondrial Ferritin
Quantification of MtCox-1 expression by western blots of total
cell lysates detected the opposite pattern with significantly higher
levels in untransfected neurons (Figures 3A,B). The reason for
this discrepancy requires further investigation, but both data
suggest abnormalities of mitochondria.

The levels of FtMt protein in different cellular fractions,
particularly mitochondria, were measured by western blot.
The method used produced a mitochondria-enriched fraction,
and also a nuclear and cytosolic fraction, from each cell
extract. The question being asked was whether the considerably
increased amounts of FtMt being produced by overexpressing
cells accumulated predominantly in the mitochondria fraction.
The western blots were representative of distinct experiments
carried out in triplicate (Figure 3C). The results showed that
FtMt was predominantly detected in the mitochondria fraction,
but a certain amount could also be detected in the nuclear
fraction of the highest expressing clone (Figure 3C - HighB).
The levels of FtMt in the nuclear fraction of this clone were
higher than might be expected from contamination of this
fraction by mitochondria. In the cytosolic fraction, we detected
two polypeptide bands of slightly higher molecular weight than
processed FtMt. As these were also detected in the untransfected
cells that lack FtMt RNA, these bands were considered as
non-specific. Similar to Figure 3B, the western blots showing
levels of MtCox1 in the different fractions showed larger
amounts of this protein in the untransfected cells. The relative
intensities of FtMt in the different fractions are illustrated in
Figure 3D.

Alteration in Expression of Neuronal Proteins

To determine if FtMt overexpression affects neuronal phenotype
upon differentiation, expression levels of key neuronal
proteins-neurofilament M (NF-M); synapse-associated proteins,
postsynaptic density protein 95 (PSD95) and synaptosomal-
associated protein-25 (SNAP-25)- were measured by western
blotting (Figure4). To confirm the effect of retinoic acid
differentiation on expression of proteins, differentiated, and
undifferentiated cells from untransfected and High B FtMt
clone were analyzed for NF-M, PSD-95, SNAP-25 and FtMt
(Figure 4A), which shows that these neuronal proteins were

upregulated by RA differentiation. Surprisingly, it was also
observed that there was increased amounts of FtMt in the
overexpressing clone following RA treatment. This was
unexpected as FtMt in these clones was being expressed using
the plasmid CMV IE promoter not the native FtMt promoter.

There were significantly higher levels of NF-M in higher
FtMt overexpressing clones compared to the untransfected and
low expressor (Figure 4B). By comparison the low expressor
had significantly higher levels of the synaptic proteins PSD-95
(Figure 4C) and SNAP25 (Figure 4D). The pattern of expression
for both proteins between the different cell types analyzed
was similar with decreasing expression from low to high. A
composite western blot showing these three proteins along
with p-actin normalization for one representative experiment
is shown (Figure4E). NF-M, PSD-95, SNAP-25, and P-actin
were sequentially detected on the same membrane. Although
we could not detect FtMt protein by western blot in the
analyses made in the low FtMt expressing clone, we did
show significant expression of FtMt mRNA in these cells
compared to untransfected cells, and assume that small
amounts of FtMt protein are functional in this clone, but
the turnover of this protein makes it undetectable. Further
investigations are needed to improve sensitivity of detection,
but these results and subsequent data suggest this low FtMt
expressing clone has significant differences from untransfected
cells.

Alteration in Expression of Amyloid Precursor
Protein, Tau, and a-synuclein

Similar analyses were carried out for expression of amyloid
precursor protein (APP) and microtubule associated protein
tau, proteins associated with AD pathology, and a-synuclein,
which is associated with PD (Figure 5). Expression of APP was
generally higher in FtMt-expressing clones with highest levels
of expression in the lowest expressing clone (Figure 5A). By
contrast, a different pattern was seen for tau, with significantly
increased expression in the medium FtMt expressor (Figure 5B).
Highest a-synuclein expression was also observed in this clone,
but the magnitude of change was less than for tau (Figure 5C).
A composite western blot showing these three proteins along
with B-actin normalization for one representative experiment
is shown (Figure 5D). APP, tau, a-synuclein and p-actin were
sequentially detected on the same membrane. The pattern of
expression for tau was also observed in the gene expression
analyses of these clones (see Table 7—MAPT).
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FIGURE 3 | Characterization of mitochondria in FtMt expressing clones. (A,B) Western blot measurements of MtCox-1 in whole cell extracts. Measurement of Mt
Cox-1 in total cell lysates by western blots gave the reverse result compared to immunocytochemistry. There were significantly reduced levels of MtCox-1 protein in
FtMt expressing clones. Results based on triplicate determinations. The different patterns of expression are shown in representative western blot. (C) Composite
western blot panel of subcellular fractions from FtMt expressing clones. Cell extracts from differentiated clones fractionated into mitochondria (Mit), cytosol (Cyt), and
nucleus (Nuc) fractions were analyzed by western blot and probed with antibodies to FtMt, MtCox1, Histone -H3, and B-actin. The results for MtCox1 and Histone-H3
indicate that the mitochondria contain some contaminating nuclei, and the nuclei contain some contaminating mitochondria. The results show that the majority of
overexpressed FtMt is present in mitochondria though the abundance in nucleus is higher than might be expected from mitochondria contamination. Enhanced
exposure was needed to demonstrate FtMt in Med clone (Darker Ftmt). A non-specific band of higher molecular weight than FtMt. is detected in cytosol fraction. (D)
Quantitative estimation of results in (A). Results show relative levels of FtMt protein in different fractions from FtMt expressing clones. Results are not normalized and
represent signal intensities from triplicate experiments. Results show mean + SEM, with standard significance levels indicated from data analyzed by one way ANOVA
with Tukey’s post-hoc test. **p < 0.001, ***p < 0.0001.
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FIGURE 4 | Expression of neuronal proteins in FtMt clones. (A) Composite picture of western blots showing the differences in levels of NF-M, PSD-95, SNAP-25, and
FtMt between undifferentiated (-) and RA differentiated (+) of untransfected (Un) and FtMt high expressing clone (High B). It was noticed in all experiments that FtMt
expression was increased with differentiation RA treatment, even though the expression vector was using the CMV immediate-early promoter, and not the native FtMt
promoter. (B) Relative levels of NF-M (B) in different FtMt clones. Results shown in B represent mean 4+ SEM of triplicate experiments. Data analyzed by One way
ANOVA with Tukey’s post hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (C) Relative levels of
PSD-95 (C) in different FtMt clones. Results shown in C represent mean + SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc
test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (D) Relative levels of SNAP-25 (D) expression in
different FtMt clones. Results shown in -D represent mean 4+ SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of
significance. Results indicate level of significance. “p < 0.05. (E) Composite Western blot showing pattern of expression for NF-M, PSD-95, and SNAP-25.
Representative western blots of one experiment showing patterns of expression in untransfected and different FtMt clones. Experiment represents the sequential
probing of single membrane for NF-M, PSD-95, and SNAP-25 followed by normalization for g-actin.

Effect of FtMt Overexpression on Neuronal comparison, the medium expressor and high expressor clones
Phenotypes produced significantly less density of neurites after retinoic acid

Cell Division and Neurite Formation differentiation for 7 days.

Comparison was made between undifferentiated clones of their

rate of growth (Figure 6A) (Table 2A) and neurite formation  Resistance to Oxidative Stress From Hydrogen
(Figure 6C) (Table 2B). Representative photomicrographs for ~ Peroxide or Cobalt Chloride

these experiments are shown in Figures 6B,D. These analyses  Cytotoxicity assays were carried out using hydrogen peroxide
showed that FtMt expressing clones replicated at a slightly  and cobalt chloride as inducers of oxidative stress to determine
faster rate over 7 days than the untransfected parent cells. By  if the FtMt expressing clones showed more resistance to these
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FIGURE 5 | Expression of neuronal disease-associated proteins in FtMt clones. (A) Relative levels of amyloid precursor protein (APP) in different FtMt clones. Results
shown represent mean + SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of
significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (B) Relative levels of Tau in different FtMt clones. Results shown represent mean + SEM of triplicate
experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001,
**p < 0.0001. (C). Relative levels of a-synuclein (a-syn) in different FtMt clones. Results shown represent mean + SEM of triplicate experiments. Data analyzed by
One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. “o < 0.05. (D) Composite Western blot showing pattern of
expression for APP, tau, and a-synuclein. Representative western blots of one experiment showing patterns of expression in untransfected and different FtMt clones.
Experiment represents the sequential probing of single membrane for APP, tau, and a-synuclein followed by normalization for -actin.

agents. These agents induce oxidative stress through different  (Supplemental File 1) that shows all expression intensities of
mechanisms, with hydrogen peroxide being a direct source of indicated genes for these clones. For analysis of differential
reactive oxygen species and cobalt chloride modeling oxidative ~ gene expression, expression intensities were log, transformed
stress caused by hypoxia (Yu and Gao, 2013). FtMt expressing  and differences of 1 log, or greater (more than 2.7 fold) were
clones appeared significantly more resistant to the toxic effectsof ~ considered of significance. The microarray platform used for
hydrogen peroxide compared to untransfected cells (Figure 6E).  these analyses did not include probes for FtMt, so we cannot
Summary of statistical pairwise comparison for different doses of ~ directly compare gene expression values with levels of FtMt
hydrogen peroxide is shown in Table 3A. These results confirm  expression.

an earlier observation that differentiated cells are more resistant Initial inspection of this large dataset revealed that expression
to different oxidative stress inducing factors (Cecchi et al., 2008;  of many genes were marked as absent (below the level of
Cheung et al., 2009; Lee et al., 2015; Forster et al., 2016). A similar ~ detection). It was decided not to consider results from any genes
pattern of resistance was shown to cobalt chloride with significant ~ where one or more of the values were tagged as absent. Another
protection in FtMt overexpressing clone (Figure 6F). Summary  noticeable feature was that a number of genes had multiple
of statistical pairwise comparison for different doses of cobalt  results that were attributed to different Genbank accession

chloride is shown in Table 3B. numbers. This indicated different results depending on the

gene sequence used to design the oligonucleotide probes on
Gene Expression Profiling of FtMt Overexpressing the microarray. Our analysis only considered the gene set with
Neuronal Cells the highest expression values as low expression values tended

Gene expression profiling using microarrays was carried out  to be highly variable and therefore less reliable. Finally, we
with RNA derived from High (B) expressor, medium expressor ~ excluded from analyses unassigned or uncharacterized genes
and untransfected RA-differentiated neurons. Complete even though some showed significant differential expression.
results are provided in a searchable Microsoft Excel file  Expression of commonly used housekeeping genes (ACTB,
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of growing cells identified using Image J image analysis software. Data analyzed by Two-way ANOVA. Relative statistical differences between clones and are listed in
Table 2A. (B) Representative photomicrographs of proliferating clones untransfected, Medium FtMt expressor and High B FtMt expressor at Day 1, Day 3, Day 5, and
Day 7. (C,D) Measurements of Neurite formation of Differentiated FtMt clones. (C) Results showing relative area occupied of neuritic processes at day 7 of
untransfected (Un), Medium FtMt expressor (Med) and High Ft expressor (High B). Measurements involved measuring area occupied of neurites identified using
Neurond plugin of Image J image analysis software. Results are representative of triplicate experiments. Relative statistical differences between clones listed in

Table 2B. (D) Representative photomicrographs of differentiated, untransfected, Medium FtMt expressor and High B FtMt expressor at Day 7. (E,F) Responses of
FtMt overexpressing clones to oxidative stress. (E) Changes in cell viability (as percentage of untreated cultures) with increasing doses of hydrogen peroxide (HoOo)
(0-250 uM). Untransfected and FtMt expressing clones were differentiated in microtiter plate wells for 7 days. Treatments added to media lacking RA containing 1%
FBS on day 7 for 24 h. Cell viability assessed by added WST-1 reagent after 24 h. Absorbance (450 nm) measured after 1, 2, and 4 h. Results presented (mean +
SEM) of six wells/treatment and combination of three independent experiments. Data analyzed by Two Way ANOVA. Relative statistical differences between clones
and treatments are listed in Table 3A. (F) Changes in cell viability (as percentage of untreated cultures) with increasing doses of Cobalt Chloride (CoCly) (0-200 wM).
Untransfected and FtMt expressing clones were differentiated in microtiter plate wells for 7 days. Treatments added to media lacking RA containing 1% FBS on day 7
for 24 h. Cell viability assessed by added WST-1 reagent after 24 h. Absorbance (450 nm) measured after 1, 2, and 4 h. Results presented (mean + SEM) of six
wells/treatment and combination of three independent experiments. Data analyzed by Two-way ANOVA. Results indicate level of significance. *o < 0.05; **p < 0.01,
*p < 0.001, ***p < 0.0001. Relative statistical differences between clones and treatments are listed in Table 3B.
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TABLE 2 | Effect of FtMt overexpression on Cell division and differentiation.

Sample P-values

(A) EFFECT OF FtMt ON CELL REPLICATION OF ISOLATED CLONES

Untransfected vs. Low 0.026

Untransfected vs. Medium <0.0001
Untransfected vs. High A 0.3530
Untransfected vs. High B <0.0001

(B) EFFECT OF FtMt OVEREXPRESSION ON NEURITE FORMATION OF
DIFFERENTIATED CELLS

Untransfected vs. Medium 0.0002
Untransfected vs. High B 0.0013
Medium vs. High B 0.7856

Summary of results at day 7 between clones as illustrated in Figure 6B. Areas occupied
by non-differentiated cells were measured using ImageJ from 5 separate random fields of
each cell type. Results analyzed by Two Way Analysis of Variance with Tukey’s post-hoc
test. Results are compiled from three separate experiments.

Summary of results at day 7 between clones as illustrated in Figure 6D. Areas occupied
by neurites formed from retinoic acid differentiated cells were measured using ImageJ
with Neurond plugin from 5 separate random fields of each cell type. Results analyzed by
Two Way Analysis of Variance with Tukey’s post-hoc test. Results are compiled from three
separate experiments.

GAPDH, TUBB, PPIA, HPRT1, G6PD, B2M) showed no
significant differences (<1 log, difference) between the different
analyzed cells.

Table 4 presents the top 20 upregulated and downregulated
genes selected in order between the high FtMt expressor
and untransfected neurons (left columns) and in adjacent
columns, the differences between medium expressor and
untransfected (middle columns) and between high and medium
expressors (right columns). A complete list is presented
in Supplemental Data that lists all genes with differential
expression of >1 log, (Supplemental File 2). Table 5 presents
the top 20 upregulated and downregulated genes selected in
order between the medium FtMt expressor and untransfected
neurons (left columns) and in adjacent columns, the differences
between high expressor and untransfected (middle columns)
and between high and medium expressors. Table 6 presents the
top 20 upregulated and downregulated genes selected in order
between the high FtMt expressor and medium FtMt expressor
(left columns), and in adjacent columns, the differences between
high expressor and untransfected cells (middle columns) and
between medium and untransfected cells (right column). Most of
these genes followed the pattern of highest or lowest expression
in high FtMt expressor, followed by moderate FtMt expressor,
followed by untransfected cells (Complete gene lists for Table 5,
6 are included in Supplemental Files 3, 4).

Genes Associated With Neuronal Structure and
Differentiation

Further data mining of the gene expression profiling data had
revealed changes in a class of differentiation genes designated
Inhibitor of Differentiation or Inhibitor of DNA-binding (ID)
1-4. These genes have been shown to be downregulated with
RA treatment of neuroblastomas (Lopez-Carballo et al., 2002;

Peddada et al, 2006). The data show increased expression
between high expressor FtMt and untransfected neurons for
ID1, ID2, and ID3, but reduced expression for ID4 (Table 7).
For all of these listed genes, there were intermediate levels
of expression in medium expressor FtMt clone. Table 7 also
shows the gene expression results for a number of neuronal
structural genes that were measured by western blot. Two
tables of genes of interest related to iron metabolism and
oxidative stress are also presented as Supplemental File 5). The
majority of these genes did not show significant changes, but
are involved in many of the key processes associated with FtMt
function.

Validation of Genes Associated With Oxidative Stress
Although there are multiple criteria available for selecting genes
of interest to study further, one of the central goals of the
experiments was to investigate novel mechanisms associated
with FtMt protection from oxidative stress. With this in mind,
examination of the expression data indicated significant changes
in expression of thioredoxin-interacting protein (TXNIP). This
protein has multiple functions, but one key role is binding
and inactivating reduced thioredoxin, a major cellular anti-
oxidant. Increased amounts of cellular TXNIP will reduce
the protective effects of thioredoxin. Gene expression data
indicated relatively high expression in untransfected SH-SY5Y
neurons, and considerable reduction in FtMt expressing clones.
The highest reduction in TXNIP mRNA was in the high
FtMt expressor, with less reduced in medium FtMt expressor,
compared to untransfected cells. Three separate analysis for
TXNIP were carried out on the microarray using separate probe
sequences, but all showed similar results with reduction ranging
from 5.5 fold to 3.8 fold. To confirm these findings, qPCR
validation was carried out for TXNIP and TXN1 (Figures 7A,C).
It is noticeable the considerable difference in TXNIP expression
between the two different high FtMt expression clones. Both
confirmed considerable reduction compared to untransfected
cells (Figure 7A). For TXN, consistent with the microarray
data that indicated a small non-significant increase in TXN
expression in the high expressor clone, PCR validation produced
similar result (Figures 7B,C); confirming that TXN expression
is relatively unchanged. This is consistent with a protective
mechanism involving reduced TXNIP levels. We have observed
these differences in expression patterns between the two high
expressor clones for TXNIP as well as some other genes that
have to be further investigated. A western blot for TXNIP protein
in these cells confirmed highest levels in untransfected cells,
and least in the high expressor clones (High A and High B)
(Figure 7B).

Another gene target of interest was microsomal glutathione
transferase-1 (MGST1), which is localized to mitochondria,
and is protective from oxidative stress (Figure 7D). Increased
expression of MGST1 would also be protective from oxidative
stress. Although the microarray data showed significant
differences in expression of transferrin receptor (TFRC) between
clones, this was not validated by qPCR analyses (data not
shown).

Frontiers in Molecular Neuroscience | www.frontiersin.org

17

January 2019 | Volume 11 | Article 470


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Mendsaikhan et al.

Mitochondrial Ferritin Overexpressing Neurons

TABLE 3 | Effect of FtMt overexpression on resistance to oxidative stress by hydrogen peroxide and cobalt chloride.

Samples Significance (P-values)

Dose (uLM) 0 50 100 150 250
HydrogenPeroxide

Untransfected vs. Low 0.99 (NS) 0.15 (NS) 0.028 0.106 (NS) 0.0001
Untransfected vs. Medium 0.99 (NS) 0.80 (NS) 0.1 (NS) 0.086 (NS) 0.0004
Untransfected vs. High A 0.99 (NS) 0.22 (NS) 0.019 0.013 0.0001
Untransfected vs. High B 0.99 (NS) 0.66 (NS) 0.16 0.52 (NS) 0.0003
Dose (M) Cobalt 0 50 100 150 200
Chloride

Untransfected vs. Low 0.99 (NS) 0.0005 0.98 (NS) 0.058 (NS) 0.0001
Untransfected vs. Medium 0.99 (NS) 0.94 (NS) 0.4 (NS) 0.048 0.0001
Untransfected vs. High A 0.99 (NS) 0.006 0.61 (NS) 0.30 (NS) 0.0001
Untransfected vs. High B 0.99 (NS) 0.46 (NS) 0.99 (NS) 0.01(NS) 0.0001

Summary of results between clones as illustrated in Figure 6E (hydrogen peroxide) and Figure 6F (cobalt chloride) after 24 h treatment. Results analyzed by Two-Way Analysis of
Variance with Tukey's post-hoc test. Results are compiled from three separate experiments. NS, not significant statistically.

Validation of Growth Factor Associated Genes

Three genes belonging to different classes of growth
factor/neuroendocrine factors with the significant levels of
differential expression (see Tables4-6) were identified for
validation. The genes GDF15 (growth differentiation factor
15), CALCA, SCG2, and CHGA share some common functions
but were shown to have different expression profiles by
microarray. Changes in expression of GDF15 (Figure 7E),
CALCA (Figure 7F), and SCG2 (Figure 7G) for separate clones
are shown with indicated significance between groups share
common functions.

DISCUSSION

A number of studies have demonstrated that increased levels
of FtMt in cells have significant protective effect from a
range of insults linked to production of ROS, including those
associated with neurodegenerative disease mechanisms. These
previous studies have shown that protection can be conferred
even with small levels of increased FtMt (Shi et al., 2010;
Wang Y. Q. et al, 2016; You et al, 2016; Gao et al,
2017; Li J. et al, 2017). Although expressed at low levels
compared to ubiquitious iron binding proteins such as ferritin,
the protective effect would appear to come from its specific
localization to mitochondria, the major cellular source of ROS
(Nesi et al., 2017).

The significant protective effects of FtMt from insults
associated with AD and PD have indicated that this protein might
be a therapeutic target for these diseases. Gene delivery methods
are feasible for targeted delivery to involved tissues, but it does
raise the question about the consequences of overexpression of
a protein that could be toxic to mitochondria.. Several studies
have utilized the widely used SH-SY5Y neuroblastoma cell as
a model to study effects of FtMt, but all of these studies

used undifferentiated cells. Some studies employed the mouse
FtMt gene for overexpression in SH-SY5Y cells (Shi et al.,
2010). The cleaved FtMt proteins only show 88% homology
at the amino acid level and within this sequence, the human
FtMt only has 2 cysteines while the mouse FtMt protein has
4. This difference can not only affect the redox properties
of the protein but also its secondary structure. Because of
these features, some differences in function are possible. For
this study, we attempted to advance the previous models
by establishing stable overexpression of human FtMt in SH-
SY5Y, and then study them in a differentiated state as a
simplified model of human neurons. Earlier studies have shown
increase in mature neuronal features if SH-SY5Y cells were
differentiated with retinoic acid (Nicolini et al., 1998; Simpson
et al., 2001; Lopez-Carballo et al., 2002), and that differentiated
SH-SY5Y neurons are more resistant to oxidative stress inducing
toxins (Cecchi et al, 2008; Cheung et al., 2009; Lee et al,
2015; Forster et al., 2016) than undifferentiated cells. Retinoic
acid differentiated SH-SY5Y cells were shown to express a
significantly larger panel of mature neuronal genes (Pezzini et al.,
2017).

In this study, we isolated a number of FtMt-expressing SH-
SY5Y clones. Some of the clones proved unstable, but several
clones that had relatively stable levels of FtMt expression
after 2-3 passages showed normal cell growth and replicated
at a significantly higher rate than untransfected cells. This
finding is in contrast to one study that concluded that FtMt
overexpression slowed the rate of neuroblastoma cell division
(Shi et al., 2015). The overexpressing clones produced neurites at
a lower density than untransfected cells. High FtMt expression
did not affect the viability of cultures, but immunocytochemical
staining for FtMt and the mitochondrial marker MtCox1 showed
a higher number of aggregated mitochondria, a possible sign
of mitochondrial damage. Analysis of nuclear, mitochondrial,
and cytosolic fractions from the highest expressor FtMt clones
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TABLE 4 | Differential Genes expressed by FtMt overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
HighB vs. Un Med vs. Un HighB vs. Med
UPREGULATED GENES
GDF15 AF003934 4.39 21.02 1.85 3.60 2.55 5.84
SGK1 NM_005627 3.35 10.22 2.88 7.34 0.48 1.39
TFPI2 L27624 3.03 8.17 2.30 4.91 0.74 1.66
TENM1 ALO22718 3.02 8.13 2.05 4.15 0.97 1.96
MSN NM_002444 2.96 7.78 1.31 2.47 1.65 3.15
CDKN1A NM_000389 2.83 7.1 1.84 3.58 0.99 1.99
VIP NM_003381 2.82 7.08 2.55 5.87 0.27 1.21
ZDHHC2 AK001608 2.69 6.44 2.62 5.75 0.16 112
ACTA2 NM_001613 2.47 5.53 1.59 3.00 0.88 1.84
TFPI2 AL574096 2.42 5.37 1.80 3.48 0.63 1.54
ID1 D13889 2.40 5.28 0.78 1.72 1.62 3.07
SPATA18 AI559300 2.37 517 1.13 2.18 1.25 2.37
FRMD3 BF589413 2.24 4.73 1.68 3.21 0.56 1.47
FN1 AK026737 2.21 4.63 2.20 4.61 0.01 1.00
ZDHHC2 Alg14257 2.21 4.63 2.00 3.99 0.21 1.16
FN1 BC005858 2.20 4.61 2.67 6.36 —0.46 1.38
SLC35F1 AIB09083 217 4.51 1.46 2.74 0.72 1.64
KITLG Al446414 2.16 4.48 1.565 2.94 0.61 1.68
IL13RA1 us1380 2.07 4.21 1.91 3.77 0.16 1.12
DOWNREGULATED GENES
CARTPT NM_004291 —3.36 10.25 —3.48 11.14 0.12 1.09
TMEM100 NM_018286 -3.15 8.90 —0.70 1.62 —2.46 5.48
AJAP1 AF052109 —2.84 717 -1.30 2.46 —1.54 2.92
D4 AL022726 —2.77 6.81 —0.74 1.67 —2.03 4.09
HIF3A BC026308 —2.51 5.71 —0.55 1.47 —1.96 3.89
SLC8A1 Al741439 —2.51 5.70 —0.64 1.56 —1.87 3.66
TXNIP NM_006472 —2.45 5.48 —1.70 3.24 —-0.76 1.69
IGF2 X07868 —2.45 5.46 —3.00 8.00 0.55 1.47
KIT NM_000222 —2.41 5.32 —-0.41 1.33 —2.00 4.00
LPART AW269335 -2.34 5.07 -1.33 2.51 —1.01 2.02
TMEM178A AA058832 -2.31 4.96 —0.43 1.34 —1.88 3.69
LINCO1105 NM_153011 -2.25 4.77 —2.07 4.21 -0.18 1.13
WNT2B BF961733 -2.25 4.75 -0.25 1.19 —1.99 3.98
SEMABA AB002438 -2.25 4.75 —-2.11 4.31 —0.14 1.10
IGFBP7 NM_001553 -2.20 4.59 —2.64 6.23 0.44 1.36
GRIA2 NM_000826 —-2.156 4.43 —1.22 2.33 —0.93 1.91
AJAP1 AA835004 —-2.11 4.31 —-0.29 1.28 —1.82 3.62
DMD NM_004010 —-2.10 4.29 —1.54 2.91 —0.56 1.47
NPY2R U32500 —2.04 4.12 —1.60 2.83 —0.54 1.46

Genes ordered for High expressing vs. Untransfected, compared to other comparison pairs.

showed that the majority of overexpressed FtMt was localized
to mitochondria, though some could be detected in the nuclear
fraction.

The value of the clones isolated for future studies is their
expression of different levels of FtMt mRNA. The difference
in expression ranged was 20-fold from lowest to highest. The

lowest FtMt expressor expressed readily detectable mRNA by
qPCR, but we were unable to detect protein in these cells.
This is unexpected as the difference in mRNA expression levels
would indicate that protein should be detectable. It is possible
that some mechanism is involved in the rapid degradation
of the low level of protein. This is being investigated, but
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TABLE 5 | Differential Genes expressed by FtMt overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
Med vs. Un HighB vs. Un HighB vs. Med
UPREGULATED GENES
CALCA BF447272 5.61 48.77 1.26 2.40 —4.34 20.31
CALCB AAT4T7379 3.83 14.22 0.58 1.49 —3.26 9.55
RGS13 AF030107 2.95 7.73 2.07 4.20 —0.88 1.84
SGK1 NM_005627 2.88 7.34 3.35 10.22 0.48 1.39
FN1 BC005858 2.67 6.36 2.20 4.61 —0.46 1.38
PLK2 NM_006622 2.59 6.02 1.71 3.27 —0.88 1.84
VIP NM_003381 2.55 5.87 2.82 7.08 0.27 1.21
ZDHHC2 AK001608 2.62 5.75 2.69 6.44 0.16 1.12
RGS13 BC036950 2.50 5.64 1.78 3.44 —-0.71 1.64
TMEM74 BC030710 2.48 5.58 —0.43 1.35 —2.91 7.53
CPED1 BF724137 2.47 5.55 1.64 3.12 —0.83 1.78
TFPI2 L27624 2.30 4.9 3.03 8.17 0.74 1.66
PRKCH NM_006255 2.29 4.9 1.59 3.02 —0.70 1.62
EDIL3 AA053711 2.29 4.89 1.05 2.08 —-1.23 2.35
FN1 AK026737 2.20 4.61 2.21 4.63 0.01 1.00
SMIM3 AF313413 2.14 4.40 0.96 1.94 —-1.18 2.26
IGSF11 BE221674 212 4.34 1.21 2.31 —-0.91 1.88
EGR1 Al459194 2.07 4.19 2.03 4.09 —0.03 1.02
TENM1 AL022718 2.05 4.15 3.02 8.13 0.97 1.96
DOWNREGULATED GENES
CARTPT NM_004291 —3.48 11.14 —3.36 10.25 —3.48 11.14
IGF2 /// INS-IGF2 X07868 —3.00 8.00 —2.45 5.46 —3.00 8.00
DLK1 U15979 —2.88 7.35 —2.63 6.19 —2.88 7.35
NAALAD2 BC038840 —2.74 6.69 -1.29 2.44 —2.74 6.69
IGFBP7 NM_001553 —2.64 6.23 —2.20 4.59 —2.64 6.23
SOX9 NM_000346 -2.33 5.03 —1.96 3.88 —2.33 5.03
INSM2 AA046951 —2.32 5.01 —1.54 2.90 —2.32 5.01
ABI3BP ABO056106 —2.25 4.77 —1.55 2.94 —2.25 477
KCNQ5 BF513800 —2.18 4.55 —-1.32 2.50 —2.18 4.55
SEMAGA AB002438 -2.11 4.31 —2.25 4.75 —2.11 4.31
SPOCK1 AF231124 —2.09 4.25 —2.00 4.01 —2.09 4.25
HIST1H4 NM_003542 —1.99 3.97 —0.62 1.54 —1.99 3.97
UTRN N66570 —-1.97 3.93 —1.00 2.00 —-1.97 3.93
AQP1 AL518391 —1.96 3.88 —1.31 2.48 —1.96 3.88
PDZRN3 AL569804 -1.93 3.81 —0.85 1.81 —-1.93 3.81
ZNF229 AA180985 —-1.91 3.77 —-0.75 1.68 —-1.91 3.77
SLC16A10 Al935541 —1.86 3.64 —-1.19 2.28 —1.86 3.64
SYTL4 AL391688 —1.82 3.54 —1.68 3.21 —-1.82 3.54
SCAF11 AAB79858 —1.81 3.50 —1.83 3.56 —1.81 3.50

Genes ordered for Medium expressing vs. Untransfected, compared to other comparison pairs.

to date the mechanisms of FtMt processing and degradation
have not been identified. This hypothesis is strengthened if
you consider the medium expressor clone, which expressed 3.9-
fold less RNA than the highest expressor, but 22.1-fold less
protein. Future experiments will include the use of inhibitors of
proteosomal degradation and autophagy to determine if these

affect cellular FtMt levels. Unlike in some other studies, the
untransfected isolate of SH-SY5Y cells used to produce the
transfected clones expressed no detectable FtMt RNA or protein.
These experiments used a different SH-SY5Y isolate compared
to experiments which we previously reported (Guan et al,
2017).
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TABLE 6 | Differential Genes expressed by FtMT overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
HighB vs. Med HighB vs. Un Med vs. Un
UPREGULATED GENES
GDF15 AF003934 2.55 5.84 4.39 21.02 1.85 3.60
FAM162B Al540210 2.13 4.37 0.96 1.94 —-1.17 2.25
TNFRSF10A W65310 1.90 3.72 0.64 1.56 —-1.25 2.38
NHLH2 AA166895 1.82 3.54 1.54 2.91 —0.28 1.22
MBNL3 Al197932 1.79 3.46 1.34 2.53 —0.46 1.37
CD99 NM_002414 1.70 3.24 0.51 1.43 —-1.18 2.27
GALNT6 NM_007210 1.66 3.15 0.43 1.35 —1.28 2.34
MSN NM_002444 1.65 3.15 2.96 7.78 1.31 2.47
SFXN4 Al346445 1.63 3.09 0.36 1.29 —1.26 2.40
ID1 D13889 1.62 3.07 2.40 5.28 0.78 1.72
RBPMS2 BE348466 1.65 2.93 0.96 1.95 —0.59 1.51
ITGB5 NM_002213 1.65 2.92 0.10 1.07 —1.44 2.72
CD99 us2164 1.54 2.92 0.50 1.41 —1.05 2.07
MYBL2 NM_002466 1.51 2.86 0.59 1.51 —0.92 1.89
ITPR1 38019 1.49 2.81 1.22 2.33 -0.27 1.21
PTPRM BC029442 1.48 2.78 0.28 1.21 —-1.20 2.30
RIT2 NM_002930 1.46 2.76 0.74 1.67 -0.72 1.65
NAALAD2 BC038840 1.46 2.74 —1.29 2.44 —2.74 6.69
OSBPL3 Al202969 1.45 2.73 1.99 3.97 0.54 1.46
LYN NM_002350 1.44 2.71 0.61 1.53 —0.82 1.77
DOWNREGULATED GENES
CALCA BF447272 —4.34 20.31 1.26 2.40 5.61 48.77
PPP2R2B AAI74416 -3.37 10.31 —1.58 2.98 1.79 3.46
CALCB AA747379 -3.26 9.55 0.58 1.49 3.83 14.22
TMEM74 BC030710 —-2.91 7.53 —0.43 1.35 2.48 5.58
NEGR1 Al123532 —2.65 6.26 —1.57 2.97 1.08 2.1
LDLRAD4 NM_004338 —2.51 5.69 —-0.97 1.96 1.64 2.91
TMEM100 NM_018286 —2.46 5.48 —-3.15 8.90 —-0.70 1.62
PLD5 R38585 —2.24 4.74 —1.16 2.23 1.09 213
MMP28 NM_024302 —2.08 4.24 —0.58 1.49 1.50 2.84
D4 AL022726 -2.03 4.09 —2.77 6.81 —0.74 1.67
KIT NM_000222 —2.00 4.00 —2.41 5.32 —0.41 1.33
WNT2B BF961733 —1.99 3.98 —2.25 4.75 —0.25 1.19
HIF3A BC026308 —1.96 3.89 —2.51 5.71 —0.55 1.47
GRIA3 AW294729 —1.95 3.86 —-1.27 2.41 0.68 1.60
FAM19A4 AA757457 —1.92 3.79 —-1.32 2.50 0.60 1.62
DST AL049215 —1.90 3.72 —1.62 3.07 0.28 1.21
TMEM178A AA058832 —1.88 3.69 —2.31 4.96 —0.43 1.34
CADPS BE467579 -1.88 3.67 -1.25 2.37 0.63 1.55
MRAP2 AA418816 -1.88 3.67 —1.06 2.08 0.82 1.76
SLC8A1 Al741439 -1.87 3.66 —2.51 5.70 —0.64 1.56

Genes ordered for High B expressing vs. Medium, compared to other comparison pairs.

The characterization of FtMt overexpressing cells showed  changes in neuronal properties. Further studies will determine if
differences in expression of mature neuronal proteins. The  FtMt overexpression affects cellular production of the AB peptide
differences in levels of NF-M, PSD-95, and SNAP-25, along with ~ from APP, or the levels of phosphorylated tau or a-synuclein,
the disease-associated proteins APP, tau, and a-synuclein suggest ~ which are associated with AD or PD pathology. The use of
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TABLE 7 | Differential expression of genes associated with neuronal structure and differentiation.

Gene Symbol RefSeq Intensity Intensity Intensity Log2 Fold
Un Med HighB Un vs. HighB
ID1 D13889 168 289 889 1.7 5.3
D2 NM_002166 786 1229 2038 0.95 2.6
D3 NM_002167 181 551 1591 2.2 8.9
D4 AW157094 520 409 172 -1 0.33
MYC NM_002467 300 365 300 0 1
MYCN BC002712 821 335 248 —-1.2 0.3
PCNA NM_002592 10,090 7,301 12,037 0.18 1.2
NEFL AL566528 1,785 2,116 1,543 -0.14 0.86
NEFM NM_005382 11,227 16,853 16,335 0.38 1.45
NEFH NM_021076 1,076 905 1,249 0.37 1.45
SNAP25 L19760 3,932 4.469 4,322 0.15 1.16
MAPT Jo3778 1,117 1,763 1,053 —0.06 0.94
MAP2 BF342661 7,218 6,353 7,384 0.02 1.02
TH NM_000360 113 ND ND ND
DBH NM_000787 5,988 2,991 6,630 0.1 1.1
APP NM_000484 4,606 4,285 3,415 -0.3 0.74
SNCA NM_000345 468 981 569 0.2 1.2

Data shows raw intensity values (Intensity) between untransfected (Un), Medium FtMt expressing clone (Med) and High FtMt expressing clone (HighB).
Logs difference and Fold change between untransfected (Un) and High B clone are included to indicate which genes met the 1log» difference criteria used for differential expression.

ND: Not detected.
Results in bold refer to genes that were analyzed at protein level by western blot.

these experimental models of stable FtMt overexpression for
studying changes in aggregation or phosphorylation of tau and
a-synuclein would be feasible.

A potentially significant new finding from the gene array data
has been linking overexpression of FtMt to downregulation of
TXNIP expression. TXNIP is a member of the alpha arrestin
protein family that regulates and binds to reduced thioredoxin
(TXN) and can be induced in response to oxidative stress,
calcium influx and hyperglycemia (Kim et al., 2012). TXNIP
has many identified functions, but is an important regulator
of thioredoxin activity. Thioredoxin, a thiol-oxidoreductase, is
a major regulator of cellular redox signaling which protects
cells from oxidative stress (Mahmood et al, 2013). Binding
of thioredoxin and TXNIP inhibits the anti-oxidative function
resulting in the greater accumulation of reactive oxygen species
and cellular stress. Increased levels of TXNIP has been associated
with many diseases of oxidative stress including ischemic heart
disease, diabetes, cancer, AD, and PD (Zhou et al., 2010; Li J.
et al,, 2017; Duan et al., 2018; Melone et al., 2018). Thioredoxin-
TXNIP is a major regulator of mitochondrial-mediated oxidative
stress in many pathologies including cerebrovascular and
neurodegenerative diseases (Nasoohi et al., 2018). Areas with
the highest level of thioredoxin activity in brain are those
with the highest level of metabolic and oxidative burden (Aon-
Bertolino et al., 2011), similar to FtMt. One recent study that
linked TXNIP to AD pathology showed that inhibiting TXNIP
expression in SH-SY5Y cells and AD model mice using a
pharmaceutical agent directly inhibited the phosphorylation of
the microtubule associated protein tau (Melone et al., 2018).

Increased phosphorylation of tau is a key pathological event in
AD, and its inhibition due to reduced TXNIP expression that can
be caused by FtMt overexpression could provide further rationale
forthis therapeutic approach for AD.

TXNIP expression is induced in neurons after oxidative
or glucose stress in either ischemic or hyperglycemic-ischemic
condition (Kim et al, 2012). Induction of TXNIP can be
pro-apoptotic under these conditions. The changes in TXNIP
protein levels in these overexpressing clones followed the
same pattern as TXNIP mRNA expression. Downregulation
of TXNIP while maintaining levels of thioredoxin-1 and -2
will provide protection from oxidative stress. Another factor
shown to be protective is microsomal glutathione transferase-1
(MGST1), which accumulates in mitochondria and is protective
from oxidative stress (Siritantikorn et al., 2007). It has been
observed that MGST1 expression was very low in neuroblastomas
and neuroblastoma cell line (Bjorkhem-Bergman et al., 2014).
These authors hypothesized that this could explain the extreme
sensitivity of neuroblastomas to oxidative stress. Increasing
MGST1 expression resulted in significant protection of MCF-2
cells from lipid peroxidation (Siritantikorn et al., 2007), while
downregulating expression increased PC12 cells susceptibility to
toxic stress (Sobczak et al., 2014).

Three other groups of genes that coded for growth
factor and cytokine molecules were investigated as they
had shown significant differences between FtMt expressing
clones by microarray analysis. Growth differentiation factor-
15 (GDF-15), also called macrophage inhibitory cytokine-1
(MIC-1), was strongly upregulated in FtMt expressing clones.
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FIGURE 7 | Validation of expression of key differentially expressed genes identified by microarray. (A) Real time PCR measurement of expression of
thioredoxin-interacting protein (TXNIP) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s
post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (B) Western blot showing relative levels of
TXNIP protein in different clones compared to expression of FtMt and B-actin. ns: not significantly different (C) Real time PCR measurement of expression of
thioredoxin (TXN) in different clones. Results are combined of three independent experiments. Data show no significant differences between expression levels of
different clones. (D) Real time PCR measurement of expression of microsomal glutathione transferase (MGST)—1 in different clones. Results are combined of three

independent experiments. Data analyzed by one-way
(Continued)
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of significance. *p < 0.05.

FIGURE 7 | ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01. (E) Real time PCR measurement of
expression of growth differentiation factor-15 (GDF-15) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA
with Tukey post-hoc test of significance. Results indicate level of significance. **p < 0.01. (F) Real time PCR measurement of expression of calcitonin gene related
peptide alpha (CALCA) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s post-hoc test of
significance. Results indicate level of significance. **p < 0.01. (G) Real time PCR measurement of expression of secretogranin-2/chromogranin C (SCG-2) in different
clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s post-hoc test of significance. Results indicate level

It was initially identified as a powerful protective factor for
cultured dopaminergic neurons exposed to toxic doses of
iron and other toxins (Strelau et al., 2000, 2003). Deficiency
of GDF-15 has been shown to increase the vulnerability of
dopaminergic neurons to 6-OHDA administration in mice
(Machado et al.,, 2016). GDF-15 was shown to have a role
in normal erythropoiesis, and its expression was increased
in erythroblasts from patients with refractory anemia, which
is associated with large increase in iron in mitochondria
(Ramirez et al., 2009). GDF-15 can regulate energy homeostasis
in mitochondria in muscle through elevation of oxidative
metabolism (Cheung et al., 2009). Expression of calcitonin gene
related polypeptide alpha (CALCA) and beta (CALCB) genes
were significantly altered. These genes produce pro-peptides
that are cleaved to neuroactive peptide hormones calcitonin
and calcitonin gene related polypeptide (CGRP), which are
involved in calcium homeostasis, including vasodilation. CGRP
expression is high in the CNS suggesting neurotransmitter
activity. CGRP was shown to provide significant protective
properties in different experimental systems, including heat
injury and ischemia/reperfusion in rats and overexpression in
Schwann cells subject to oxidative stress (Russell et al., 2014; Wu
et al,, 2015; Yang et al,, 2016; Lu et al., 2017). Secretogranin II
(SCG2)(Chromagranin C) is also a neuroendrocrine secretory
protein that is cleaved to form the peptide secretoneurin.
Expression of SCG2 is modulated by extracellular calcium
(Zhan et al, 2008), and it can induce expression of the
anti-apoptotic protein Bcl2 through activation of JAK2/STAT3
signaling, providing protection in a murine stroke model (Shyu
et al., 2008). This gene is involved in neuronal differentiation
and resistance to apoptosis. Due to the large amount of data
generated by the microarray profiling of different FtMt clones,
there are a number of other genes of potential interest to neuronal
phenotype and differentiation that can be explored.

In conclusion, our data have identified that FtMt
overexpression has significant effects on neuronal-like cells.
The results indicate that the protective effect is not dependent
on amount of FtMt expression. High levels of expression did
not appear to harm the viability of cells in terms of growth
and differentiation, but some mitochondria abnormalities were
observed in the highest expressing clone. There was a clear
difference in expression of many genes between low and high
expressing clones that suggest a dose effect. cells. The data
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Aging is a major risk factor for many diseases including metabolic syndrome, cancer,
inflammation, and neurodegeneration. |dentifying mechanistic common denominators
underlying the impact of aging is essential for our fundamental understanding of age-
related diseases and the possibility to propose new ways to fight them. One can define
aging biochemically as prolonged metabolic stress, the innate cellular and molecular
programs responding to it, and the new stable or unstable state of equilibrium between
the two. A candidate to play a role in the process is protein kinase R (PKR), first identified
as a cellular protector against viral infection and today known as a major regulator of
central cellular processes including mRNA translation, transcriptional control, regulation
of apoptosis, and cell proliferation. Prolonged imbalance in PKR activation is both
affected by biochemical and metabolic parameters and affects them in turn to create
a feedforward loop. Here, we portray the central role of PKR in transferring metabolic
information and regulating cellular function with a focus on cancer, inflammation, and
brain function. Later, we integrate information from open data sources and discuss
current knowledge and gaps in the literature about the signaling cascades upstream and
downstream of PKR in different cell types and function. Finally, we summarize current
major points and biological means to manipulate PKR expression and/or activation and
propose PKR as a therapeutic target to shift age/metabolic-dependent undesired steady
states.

Keywords: PKR, protein synthesis, learning and memory, signal transduction, metabolic stress, aging, cancer,
Alzheimer’s disease

INTRODUCTION

Protein kinase R (PKR) is a serine-threonine kinase (551 amino acid long) encoded in humans by
the EIF2AK2 gene [located on chromosome 2 (Feng et al., 1992)], which plays a major role in central
cellular processes such as mRNA translation, transcriptional control, regulation of apoptosis, and
proliferation (Garcia et al., 2007). In accordance with such preponderant role, PKR dysregulation
(see Figure 1) has been implicated in cancer, neurodegeneration (Segev et al., 2013, 2015; Stern
et al,, 2013), inflammation, and metabolic disorders (Segev et al., 2016; Garcia-Ortega et al., 2017).
This kinase, which is constitutively and ubiquitously expressed in vertebrate cells, is not found in
plants, fungi, protists, or invertebrates (Taniuchi et al., 2016). PKR was first cloned in 1990 at the
Pasteur Institute (Meurs et al., 1990; Watanabe et al., 2018), and is also known as Protein kinase
RNA-activated; and interferon-induced, double-stranded RNA-domain kinase (Hugon et al., 2009).
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The structural composition of PKR consists of an N-terminal
double stranded RNA binding domain composed of two tandem
repeats of a conserved double stranded RNA binding motif
(dsRBM1 and dsRBM2) interspaced by a 23 amino acid linker,
and followed by a flexible linker connecting to a C-terminal
kinase domain (Meurs et al., 1990). Both dsRBMs are required for
the high-affinity interaction with double stranded RNA (dsRNA)
(McKenna et al.,, 2006). The catalytic domain of PKR, where
its dimerization takes place, has a typical protein kinase fold
formed between its f-sheet N-terminal lobe and its a-helical
C-terminal lobe (Dzananovic et al., 2018). However, while the
catalytic domain structure is similar to other protein kinases,
the interaction of PKR with its best-characterized substrate, the
eukaryotic initiation factor 2a (eIF2a), requires a specific a-helix
unique to PKR (aG), which is located on the surface of the
C-terminal lobe of the kinase domain (Dar et al., 2005).

While the best-described transcriptional motif in the PKR
promoter is an IFN-stimulated response element (ISRE), allowing
it to be transcribed in response to type I IFN (Kuhen and Samuel,
1997), numerous transcription factors have been identified as
binders of the promoter region of the EIF2AK2 gene [e.g.,
92 different factors identified by CHIP-Seq assays in the
context of the ENCODE project (Rouillard et al., 2016)]. This
scenario supports the notion of PKR as an interferon stimulated
gene (ISG), while also allowing for the modulation of PKR
expression in cellular programs involving the activation of
different repertoires of transcription. Activation of PKR results
in a number of conformational changes, the most important of
which is its homodimerization, based on biochemical and genetic
analyses (Dey et al., 2005). As a result of its homodimerization,
PKR is autophosphorylated at multiple serine and threonine sites,
including Ser242, Thr255, Thr258, Ser83, Thr88, Thr89, Thr90,
Thr446, and Thr451 (Taylor et al., 2001). The latter two, namely,
the Thr 446 and Thr 451 sites, are consistently phosphorylated
during PKR activation, resulting in further stabilization of its
homodimerization and increased catalytic activity (Hugon et al.,
2009; Watanabe et al., 2018).

Protein kinase R serves as a central hub for the detection of
cellular stress signals and response to them, and is thus expected
to be regulated by different stress-response pathways. In accord
with this notion, the canonical activator of PKR is double-
stranded RNA (an obligatory feature of the replication process of
RNA viruses), rendering PKR as a pattern recognition receptor
endowed with cell function modulatory abilities. The central
role of PKR in mediating anti-viral responses is also evidenced
by the high degree of positive selection exhibited by coding
sequence, indicative of the arms race against the pathogens
it encounters and combats (Elde et al, 2009; Rothenburg
et al, 2009; Carpentier et al, 2016). However, PKR can
also be activated by other factors, for example, heat shock
proteins, growth factors (e.g., PDGF), and heparin (Li et al,
2006). PKR is also activated in response to numerous insults,
including non-viral pathogens (bacterial lipopolysaccharide,
which activates the toll-like receptor 4 pathway), nutrition or
energy excess, cytokines (e.g., TNF-a, IL-1, IFN-y), calcium,
reactive oxygen species, irradiation (presumably by inducing
DNA damage), mechanical stress, and endoplasmic reticulum

stress resulting from the presence of a large quantity of unfolded
proteins [caused, e.g., by tunicamycin, arsenite, thapsigargin,
or H,O,, which in turn activate the PKR activator protein
(PACT; RAX in mice)] (Gil and Esteban, 2000; Garcia et al,,
2007; Hugon et al, 2017; Watanabe et al., 2018). Figure 2
summarizes molecular pathways upstream and downstream of
PKR, and Figure 3 presents interaction partners and substrates
of PKR.

PKR is one of four kinases that regulate protein synthesis
via the eIF2a pathway. These kinases include, apart from PKR,
the (PKR)-like endoplasmic reticulum kinase (PERK); general
control non-derepressible 2 kinase (GCN2), and heme-regulated
elF2a kinase (HRI). All four kinases regulate the phosphorylation
of eukaryotic initiation factor 2 on its a subunit (eIF2a), a major
regulator of the initiation phase of mRNA translation, the rate
limiting step of protein synthesis. Phosphorylation of eIF2a on
Ser 51 by any of the four kinases leads to its inhibition and a
consequent transient suppression of general protein synthesis,
up to its complete blockade, concomitant with translation of
mRNAs that encode for antiviral factors and/or mediate the
integrated stress response (Hoang et al.,, 2018). Such blockade
of protein synthesis results in the decrease or prevention of
viral replication, and may result in apoptosis (Garcia et al,
2007). PKR can also induce apoptosis independently of elF2a
phosphorylation, by activation of the FADD/caspase-8/caspase-
3 and caspase-9 APAF pathways (Gil et al., 2002; von Roretz and
Gallouzi, 2010).

Both PKR-dependent apoptosis strategies, either with
or without blockade of protein synthesis, serve as anti-
viral responses. Consequently, many viruses have developed
mechanisms which prevent the establishment of an anti-viral
state, by inhibiting components of the PKR pathway. These
mechanisms include viral proteins that serve as inhibitors
of PKR, which inhibit it by direct binding of PKR (thereby
preventing autophosphorylation; e.g., Hepatitis C virus, Herpes
simplex 1, and Kaposi’s sarcoma vIRF-2), changing its subcellular
localization (e.g,, Human and Murine Cytomegalovirus),
directing it for degradation (e.g., Rift valley fever virus), or
regulating its activity. Regulation of PKR activity is done by
expression of proteins that disrupt PKR RNA binding sites
by dsRNA sequestration, direct obstruction of these sites
(e.g., Vaccinia virus, Influenza virus), or interference with the
phosphorylation of eIF2a (e.g., Human Immunodeficiency
Virus 1) (Dzananovic et al.,, 2018). Specifically, adenovirus and
Epstein-Barr virus transcribe dsRNAs with structural elements
required for binding the dsRBMs and a stem-loop structure that
inhibits PKR autophosphorylation (McKenna et al., 2006; Wahid
et al., 2009; Dzananovic et al., 2014).

In addition to its ability to sense dsRNA, primarily of
viral origin, PKR is also activated in response to endogenous
RNA. Many of these are non-coding RNAs and/or regulatory
RNAs such as microRNAs (miRNAs). For example, the non-
coding nc886 miRNA functions as a suppressor of PKR by
interacting with it directly (Lee et al,, 2011), and its expression
is increased in some malignancies but reduced others (Lee et al.,
2016). In accordance, its suppression or epigenetic silencing
result in induction of apoptosis and increased expression of

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2019 | Volume 11 | Article 480


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Gal-Ben-Ari et al.

PKR: A Kinase to Remember

 vema
8[84+

#7 Low activation
“ of defense
mechanisms

%2 Obesity

% Viral infections

5

- Genetic factors

ko (e.g., ApoE4)

FIGURE 1 | A different balance in defense mechanisms exists in different cells. The development of novel PKR inhibitors differing in properties (e.g., affinity,
reversibility) may be advantageous for the treatment of different types of cancer, brain diseases, inflammatory, and metabolic diseases.

Aging & Prolonged
metabolic stress

e T
«

Cellular defense
mechanisms

P

@? Prolonged activation of
~ defense mechanisms

4% Cancer
2 Inflammation

@ Neurodegeneration

#E Metabolic disease

oncogenes in certain models of cancer (Lee et al, 2014; Hu
et al.,, 2017), and a protective effect in other models of cancer
in vitro (Lee et al, 2016). Additionally, overexpression of
miR-29b in developing cerebellar granular neurons confers
protection against ethanol neurotoxicity leading to apoptosis
through the SP1/RAX/PKR cascade (Qi et al.,, 2014). Another
example is the long non-coding RNA HOX antisense intergenic
RNA (HOTAIR), whose overexpression in keratinocytes resulted
in increased expression of PKR and, as a result, decreased
cell viability, increased levels of apoptosis, and increased
expression of inflammatory factors in ultraviolet B (UVB)-
treated cells (Liu and Zhang, 2018). Furthermore, a recent
study has shown that PKR binds other non-coding RNAs such
as retrotransposons, satellite RNAs, and mitochondrial RNAs
(which can form intermolecular dsRNAs through bidirectional
transcription of the mitochondrial genome). In fact, in a screen
for molecules which bind PKR, done using the formaldehyde-
mediated crosslinking and immunoprecipitation sequencing,
mitochondrial RNA constituted the majority of endogenous
molecules that bind PKR (Kim et al., 2018). In addition, PKR has
been proposed to bind dsRNAs formed by inverted Alu repeats
(IRAlus), upon disruption of the nuclear membrane in mitosis,

leading to the phosphorylation of elF2a in this phase of the cell
cycle (Kim et al., 2014).

PKR IN THE BRAIN

Neurodegeneration

In the past two decades, increased levels of PKR phosphorylation
have been detected in the brains of patients with HIV and
neurodegenerative diseases such as Alzheimer’s disease (AD)
(Chang et al., 2002), Parkinson’s disease, Huntington’s disease
(Peel et al., 2001), dementia, and prion disease (Hugon et al.,
2009). Furthermore, elevated levels of p-PKR and p-elF2a have
been observed in several mouse and monkey models of AD,
including wild-type mice and cynomolgus monkeys injected with
AB1_4 oligomers (i.c.v.), APPSwe/PSIDE9 mice, and ApoE4
mice (Lourenco et al, 2013; Segev et al., 2016). In both AD
and Huntington’s disease, PKR has been implicated as mediating
an ER stress-induced cell death (Peel and Bredesen, 2003;
Bando et al., 2005), and it is possible that this is also the case
regarding other neurological disorders where PKR levels are
elevated. In the case of AD, increased staining of phosphorylated
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PKR (p-PKR) and phosphorylated elF2a (p-elF2a) have been
observed mainly in degenerating hippocampal neurons, partially
colocalized with hyperphosphorylated tau, a major hallmark of
AD, and p-PKR levels are increased in cerebrospinal fluid from
patients with AD and mild cognitive impairment (Mouton-Liger
et al., 2012; Hugon et al.,, 2017), in positive correlation with
cognitive decline in AD (Dumurgier et al., 2013). According to
another study, increased levels of p-PKR, p-elF2a, and p-mTOR
were found in peripheral blood lymphocytes derived from
AD patients compared to healthy subjects, in correlation with
cognitive decline, further supporting the use of these molecules
as biomarkers for the diagnosis of AD progression (Paccalin et al.,
2006). Moreover, sporadic cases of AD constitute approximately
95% of AD cases, while the rest are familial ones. The sporadic
cases are hypothesized to result from interaction between genetic
and environmental factors, such as virus infections. Indeed, a
study that analyzed human genes involved in the cell response to
the herpes simplex virus type 1 (HSV-1) in AD samples compared

to healthy subjects identified a SNP (rs2254958) located on the
5'UTR region of EIF2AK2, the gene encoding to PKR. This
SNP, found within an exonic splicing enhancer, was found to be
associated with AD, and homozygous carriers showed slightly
earlier onset of AD (3.3 years), especially in the absence of the
APQOEA allele (Bullido et al., 2008).

It has also been shown that in neuroblastoma cells
overexpressing PKR, incubation with AP peptide resulted in
increased phosphorylation levels of elF2a, concomitant with an
increase in the number of apoptotic cells (Chang et al., 2002). In
a reciprocal experiment, incubation of PKR™/~ neuroblastoma
cells with AP peptide resulted in reduced levels of p-eIF2a and
apoptosis, and in accordance, primary culture cells derived from
PKR KO mice were less sensitive to Ap-induced toxicity (Chang
et al., 2002). Finally, treatment with C16, the most widely used
PKR inhibitor, in 12-month-old 5XFAD AD model mice rescued
fear memory deficits almost fully, and restored LTP impairment
in these mice. This was shown to occur without affecting AB; —4
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levels in these mice. Similar cognitive rescue effects were induced
by C16 in AB;_4;-injected mice in the novel object recognition
task and LTP impairment (Hwang et al., 2017).

The link between neurodegenerative diseases and oxidative
stress has been a prevailing dogma in neurodegeneration research
in the past three decades. Recent studies suggest a link between
oxidative stress and PKR. Specifically, the anti-oxidant drug
gastrodin (a phenolic glucoside), which suppresses BACE1
expression has been shown to enhance long term memory in the
Tg2576 mouse model of AD in the Morris water maze paradigm
of spatial learning. While induction of oxidative stress using
H,0; in neuroblastoma cells led to increased levels of pPKR,
p-elF2a, and BACE]L, in accordance with the literature, treatment
with either gastrodin or a peptide PKR inhibitor prevented
the increased elevation in all three parameters, indicating that
gastrodin exerts its neuroprotective effect by inhibition of the
PKR/eIF2a pathway (Zhang et al., 2016). Another study has
identified PKR as an inducer of apoptosis in response to oxidative
stress. The authors showed that oxidative stress induced by
nicotinamide adenine dinucleotide phosphate reduced oxidase
(NADPH oxidase; NOX), an enzyme activated downstream of
ER-stress, leads to the activation of PKR and amplification
of its downstream target CCAAT/enhancer binding protein
homologous protein (CHOP), resulting in apoptosis (Li et al.,
2010).

Learning and Memory

Protein kinase R has also been directly implicated in learning
and memory. Cumulative evidence suggests that de novo global
protein synthesis is a prerequisite for the consolidation of

labile, short-term memory into more stable, long-term memory
(Rosenblum et al., 1993; Klann and Richter, 2007; Gkogkas
et al., 2010; Alberini and Chen, 2012; Gal-Ben-Ari et al.,
2012). Since the rate-limiting step of most protein synthesis
through mRNA translation is the initiation phase, it is plausible
that global protein synthesis during memory consolidation
involves the e[F2a pathway. Global protein synthesis is increased
when phosphorylation levels of elF2a are decreased. Indeed,
enhancement of long term memory has been shown in both
mice and rats, in cortical- and hippocampal-dependent learning
paradigms, using genetic and pharmacological methods for
decreasing elF2a phosphorylation directly or indirectly, by
reducing expression levels or activity levels of any of its four
regulatory kinases, including PKR. For example, e[F2a*/5°1A
mice (where Ser51 is replaced with alanine, preventing the
phosphorylation of eIF2a) show enhanced performance in
hippocampal-dependent spatial memory and contextual and
auditory fear conditioning, and cortical-dependent conditioned
taste aversion (CTA). The reciprocal experiment of stereotaxic
administration of Sal003 (a derivative of salubrinal, which
inhibits eIF2a dephosphorylation) into the rat hippocampus
resulted in impaired contextual fear learning (Costa-Mattioli
et al., 2007). However, these findings may be ascribed to PERK,
rather than PKR, since similar memory enhancement has been
observed by PERK genetic reduction (viral vectors and PERK
KO mice) or pharmacological inhibition (using PERK inhibitor
GSK2606414) (Trinh et al, 2012; Ounallah-Saad et al., 2014;
Trinh et al., 2014; Sharma et al., 2018; Zimmermann et al,
2018), and also in a mouse model of AD (Ma et al., 2013; Yang
et al., 2016). It is important to note that the main kinase to
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determine the basal phosphorylation state of eIF2« in the brain
and primary culture is PERK (80%), while the other three elF2a
kinases including PKR determine the remaining 20% (Ounallah-
Saad et al., 2014). Below we list findings supporting the beneficial
effects of inhibiting or suppressing PKR specifically.

Similarly, in rats, pharmacological inhibition of PKR using
C16 (aka PKRi) resulted in enhanced cortical-dependent novel
taste learning (insular cortex-dependent positive, incidental
learning) and CTA (negative, insular cortex dependent taste-
malaise associative learning) when administered either i.p. or
stereotaxically into the insular cortex prior to the taste stimulus.
Similar results were obtained in mice using these paradigms.
This effect of C16 on memory enhancement was shown to
be PKR-specific, since it did not occur when PKR™/~ mice
were administered C16 either in the novel taste learning or the
CTA paradigm. However, administration of C16 did not affect
phosphorylation levels of eIlF2a either in the hippocampus or
the cortex, in WT or PKR KO mice (Jiang et al., 2010; Stern
et al,, 2013). This point has been neglected in the literature
thus far, and is in line with the fact that PERK is the major
kinase to determine levels of eIF2a phosphorylation in the brain
(Ounallah-Saad et al., 2014). We deem it important to explicitly
state that, contrary to our simplistic view, C16 administration
usually does not decrease p-eIF2a levels either in vivo or in
cell culture [e.g., Hwang et al., 2017; 5XFAD mice treated with
AB1_4 and PKRi (0.335 mg/kg, i.p.)]. In fact, to the best of
our knowledge, in certain cases, p-eIF2a levels can be decreased
by C16 only by pushing cells to extreme conditions involving
massive cell death, such as prolonged incubation with toxic
agents and/or high concentrations of C16 in vivo [e.g., striatal
quinolinic acid administration combined with C16 (600 mg/Kg,
i.p.) (Tronel et al,, 2014)], ex vivo [e.g., bath treatment of brain
slices; C16 (50 wM) for 2 h (Stern et al., 2013)], or in culture
[e.g., PKRi 500 nM (C16) in cerebellar granular neurons from
rats treated with amprolium (1.5 mM) for 24 h; amprolium is a
thiamine competitor and depletes its intracellular levels (Wang
et al., 2007); hippocampal neurons treated with Ap oligomers for
3 h and PKRi (C16) 1 wM (Lourenco et al., 2013)]. C16 has an
ICs0 of 210 nM (Jammi et al., 2003).

A major current advancement in neuroscience is the ability
to zoom in molecularly on specific cell/neuronal types. Zhu
et al. (2011) have shown that PKR™/~ mice or WT mice treated
with PKR inhibitor C16 have enhanced long-term memory
and synaptic plasticity in inhibitory neurons, while synaptic
plasticity in excitatory neurons is unaltered. Furthermore, the
authors demonstrated that IFN-y was increased in PKR ™/~ mice.
In addition, hippocampal-dependent memory enhancement, as
measured in the contextual fear conditioning paradigm, was
observed following administration of PKR inhibitor C16 and was
abolished in IFN-y~/~ mice. In accordance, treatment of mouse
hippocampal slices with C16 led to sustained L-LTP in slices
derived from WT mice, but not IFN-y~/~ mice. The authors
concluded that IFN-y mediates disinhibition, which underlies
the enhanced cognitive performance and synaptic plasticity when
PKR is suppressed genetically or pharmacologically (Zhu et al.,
2011). Importantly, the effect downstream of PKR is unclear,
since levels of eIF2a phosphorylation in general or in the relevant

GABAergic neurons were not measured. Further research using
neuronal-specific manipulation is needed to better understand
the possible differential role of PKR and/or the elF2a pathway
in different neuronal subtypes.

Other studies have also shown the direct involvement of
IFN-y in learning and memory and in synaptic plasticity. For
example, the production of IFN-vy is altered in many conditions
accompanied by cognitive deficits. A recent study has shown
that hippocampal-dependent tasks such as spatial memory and
recognition memory are enhanced in IFN-y KO mice (while
other functions, such as motor function or anxiety, for example,
are unaltered). These IFN-y KO mice were also shown to have
increased DG neurogenesis, along with enlarged dendritic trees,
characterized by longer dendrites in this brain subregion, as well
as changes in cell volume and number, restricted to the dorsal part
of the hippocampus (Monteiro et al., 2016).

PKR IN NEUROINFLAMMATORY
PROCESSES

As mentioned above, PKR is activated by pro-inflammatory
cytokines (e.g., TNF-a, IL-1, and IFN-y) (Khandelwal et al,
2011), and in turn, activates inflammation-related pathways,
including the pro-apoptotic c¢-Jun N-terminal kinases (JNK)
pathway (Bonnet et al., 2000; De Felice and Ferreira, 2014) and
the pro-inflammatory NF-kB pathway (by direct interaction with
IkB, an inhibitor of the NF-kB B subunit) (Bonnet et al., 2000).
Activated PKR enhances IFN-a/p expression by IRF3 activation
(Zhang and Samuel, 2008) and contributes to IFN-o/f mRNA
integrity (Schulz et al., 2010). Activation of both IFN-a/p and NF-
kB occurs downstream of toll-like receptor 3 (TLR3) activation in
response to dsRNA. The signaling cascade, as demonstrated using
poly I:C, involves (TLR3)-mediated activation of NF-kB and
MAP kinase through the signaling components TLR3-TRAF6-
TAKI1-TAB2-PKR (Jiang et al,, 2003). Depending on the cell
type and insult activating PKR, it also induces the release of
pro-inflammatory IL-1B, IL-18, and high mobility group box 1
(HMGB1) protein (Lu et al., 2012). However, in addition to its
pro-inflammatory activity, PKR also activates anti-inflammatory
IL-10 (Cheung et al., 2005; Chakrabarti et al., 2008) and reduces
CD8 T cell proliferation in several models (Grolleau et al., 20005
Kadereit et al., 2000). In addition, PKR promotes apoptosis
by interacting with the Fas-associated death domain protein
(Couturier et al.,, 2010; von Roretz and Gallouzi, 2010) and
upregulation of the proapoptotic factor Bax (Balachandran et al.,
1998).

Indeed, neuroinflammation and activation of microglia are
molecular hallmarks of AD, alongside neuronal loss, AP senile
plaques (which are surrounded by reactive microglia and
astrocytes), and neurofibrillary tangles of hyperphosphorylated
tau protein (Duyckaerts et al., 2009). In addition, it has been
shown in mice that inflammation, even if external to the brain,
may lead to neuroinflammation and increased brain levels of A
(Kahn et al., 2012; Krstic et al., 2012), whereas treatment of brain-
external inflammation may halt or even reverse the progression
of this neuropathology. Increased brain levels of AP, in turn,
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may lead to exacerbation of inflammation, since AP peptide can
activate microglia and lead to further release of pro-inflammatory
cytokines, e.g., TNF-a or IL-1f (Kahn et al., 2012; Krstic et al,,
2012; Carret-Rebillat et al., 2015). PKR contributes directly to
neurotoxicity by activating pro-apoptotic caspase 3 and caspase 8,
as shown in AB-treated cells and the APPSLPS1 knock-in mouse
model of AD (Couturier et al., 2010).

A recent study has uncovered at least some of the molecular
mechanisms underlying PKR-mediated neuroinflammation. In
this study, the authors injected lipopolysaccharide (LPS; present
in bacteria and used to induce inflammation) intraperitoneally
to WT or PKR-KO mice, and measured inflammation-related
parameters in the cortex and the hippocampus. These authors
showed that many of the inflammation-related parameters were
PKR-dependent, since these phenomena were not observed in
PKR knockout mice, as opposed to WT mice, including LPS-
induced increase in hippocampal neuroinflammation (measured
by IBAIl, a marker of microglia activation), cytokine release
(TNF-o and IL-6), as well as BACE1, AP4,, and phosphorylated
STAT3 (BACEI transcription regulator) protein expression levels
(Carret-Rebillat et al., 2015).

In another study using PKR KO mice, 7-week-old mice
were challenged with intracranial administration (into the
left hemisphere) of the neurovirulent JHM strain of mouse
hepatitis virus, JHMYV, which induces encephalitis. In this model,
too, the increase in brain levels of pro-inflammatory genes
observed in WT mice was prevented in PKR KO mice (e.g.,
II-6, Ccl5, and Cxcl10) (Kapil et al., 2014). However, no such
PKR KO vs. WT mouse differences were observed in the
respective proteins encoded by these genes, or IL-1f levels (Taga
et al., 2017). By contrast, other inflammation-related genes and
their respective proteins were matched in the impaired pro-
inflammatory response in PKR KO mice compared to WT mice,
for example, IL-10 and TIMP1. Notably, IEN-y levels (gene
and protein) were higher in PKR KO mice compared with WT
ones (Kapil et al,, 2014). It should be noted that both IL-1f
and IL-6 are upregulated following neuroinflammation, and both
cytokines promote disruption of the blood-brain barrier (BBB)
and recruitment of lymphocytes (Hopkins and Rothwell, 1995;
Erta et al,, 2012).

These data suggest that pharmacological inhibition of PKR
or its downregulation, e.g., by a virus, may also protect against
neuroinflammation and its exacerbation. Indeed, injection of
C16 (600 pg/kg, i.p.), the currently most potent PKR inhibitor
(IC50 = 210 nM; Jammi et al, 2003), to a rat model
(10 weeks old) of acute inflammation, induced by unilateral
stereotaxic administration of quinolinic acid (QA), decreased
neuronal loss. Furthermore, it ameliorated neuroinflammation,
as demonstrated by reduced levels of pro-inflammatory IL-1f
and cleaved caspase 3, a marker of apoptosis and increased levels
of anti-inflammatory IL-10 (Lu et al., 2012; Tronel et al., 2014).
However, no significant differences were detected in TNF-a or
IL-4 in the QA-treated animals following C16 treatment. In
another study, treatment with C16 (100 pg/kg) was shown to
prevent neonatal hypoxia-ischemia brain damages by inhibiting
neuroinflammation, reducing pro-inflammatory TNF-a, IL-6,
and IL-1p mRNA expression levels in neonate (7 days old) rats

(Xiao et al., 2016). In both studies, less tissue damage was evident
in Cl6-treated animals (Tronel et al., 2014; Xiao et al., 2016).

THE ROLE OF PKR IN METABOLISM

PKR in Whole-Body Metabolism

Evidence suggests that PKR constitutes the link binding
metabolic stress, obesity, diabetes, and inflammation, although
this is controversial across the literature. PKR is apparently
involved in metabolism throughout the body, and increased
phosphorylation of eIF2a is a hallmark of obesity and diabetes-
related insulin resistance (Nakamura et al., 2010, 2014; Carvalho-
Filho et al, 2012). Furthermore, in culture, PKR inhibits
pancreatic B-cell proliferation (Song et al., 2015), whereas insulin
treatment elevates PKR phosphorylation on tyrosine residues,
while inhibiting poly I:C-induced PKR phosphorylation on
threonine residues (Swetha and Ramaiah, 2015). Additionally,
high glucose impairs insulin signaling by activation of the PKR
pathway (Udumula et al., 2017), whereas PKR activation induces
insulin resistance in peripheral tissues (Nakamura et al., 2010,
2014; Carvalho-Filho et al., 2012; Carvalho et al., 2013). In
a recent study, PKR was shown to interact with TAR RNA-
binding protein (TRBP) under conditions of metabolic stress,
and that phosphorylation of TRBP results in the activation of
PKR, which in turn leads to JNK activation. While overexpression
of TRBP in obese mice resulted in exacerbation of glucose
metabolism, inhibition of TRBP phosphorylation in the liver
had beneficial effects, including improved insulin resistance and
glucose metabolism as well as reduced inflammation (Nakamura
etal., 2015).

In another study, where PKR KO mice were fed on a high
fat diet (HFD), insulin levels were markedly higher compared
to PKR KO mice fed on control diet or WT mice fed on either
diet. However, no significant differences between WT and PKR
KO mice fed on HFD were noted in other parameters measured,
such as body weight or glucose levels (Taga et al., 2018). Similar
findings were reported by Lancaster et al. (2016) regarding these
parameters in HFD-fed PKR KO mice. However, Lancaster and
colleagues reported that PKR does have a role in T-lymphocyte
recruitment, and PKR KO mice had less T cells in adipose tissue,
which was thought to protect them from inflammation. However,
this was not the case, and the authors showed that genetic
deletion of PKR did not protect these mice against saturated
fatty acid-induced inflammation or inflammasome activation.
Furthermore, contrary to the studies presented above, injection
of poly LI:C in order to increase PKR did not result in impaired
glucose tolerance (Lancaster et al., 2016).

These contradictory findings may be explained by different
transgenic mouse models used. The widely used PKR KO mouse
models have a deletion either in the N terminal or C terminal
of PKR, and cells derived from these models were shown to
express truncated forms of PKR (Baltzis et al, 2002), which
retain partial functionality, and studies have shown that different
domains of PKR are required for its different functions. Indeed,
the catalytic domain is necessary for suppression of mRNA
translation regulation and induction of inflammation in response
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to excessive consumption of nutrients and energy (Garcia-Ortega
et al., 2017); the dsRNA binding domain is required for the
activation of PKR by snoRNA under conditions of metabolic
stress (Youssef et al., 2015); and the protein binding domain of
PKR (but not its dsSRNA binding domain) is required for other
functions, e.g., as an adaptor protein. For example, a catalytically
inactive PKR with intact protein binding was shown to promote
B-cell proliferation via the TRAF2/RIP1/NF-kB/c-Myc pathways
(Gao et al., 2015). However, this finding is inconsistent with
those reported by Song et al. (2015), where PKR was reported
to inhibit B-cell proliferation through sumoylation-dependent
stabilization of P53. Of note, most kinase inhibitor compounds,
including inhibitors of PKR, target only the catalytic domain
(Garcia-Ortega et al., 2017).

PKR Metabolism in the Brain

Insulin plays a major role in orchestrating energy availability
in the body, as well as in the brain, a high-energy demanding
organ (Fernandez and Torres-Alemdn, 2012). In recent years,
it has become increasingly clear that metabolic dysregulation
in the brain underlies cognitive disorders, including AD, now
considered type III diabetes (de la Monte and Wands, 2008).
Such metabolic dysregulation or metabolic stress may result from
aging, particularly when combined with high caloric intake and
lack of physical exercise, which may lead to health problems
spanning obesity, cardiovascular diseases, and diabetes (see
Figure 1).

Metabolic stress also plays a role in AD, inter alia, through
the Apolipoprotein E (ApoE) protein, which plays a role in lipid
metabolism and transport in the liver and the brain, including
clearance of AP peptide from the synapse (Li et al., 1988). The
ApoE4 €4 allele (ApoE4) is currently the best studied risk factor
for late-onset, sporadic AD, with a prevalence of 20% in the
general population, compared to 50% in AD patients, although
estimates vary between different sources (Ward et al., 2012).

A recent study examined the interplay of PKR, metabolic
stress, and ApoE4. Following prolonged metabolic stress, induced
via HFD (60% fat for 3 months), higher levels of anxiety behavior
were observed in ApoE4 mice compared to control ApoE3 mice
fed on the same HFD. Furthermore, maintenance on HFD led
to poorer levels of metabolic parameters in ApoE4 compared
to ApoE3 mice, resembling diabetes mellitus-like characteristics,
manifested as more rapid weight gain, lower serum and plasma
insulin levels, and higher serum glucose levels in ApoE4
compared to ApoE3 mice. Furthermore, this HFD protocol led
to higher hippocampal levels of B-site amyloid precursor protein-
cleaving enzymel(BACE1) and p-eIF2a protein expression levels,
as well as higher hippocampal levels of ATF4 mRNA in ApoE4
compared to ApoE3 mice (Segev et al, 2016). However, the
increase observed in p-elF2a protein expression levels may be
ascribed to elF2a regulatory kinases other than PKR, especially
PERK, the predominant kinase to affect p-eIF2a, and the main
kinase to respond to ER stress (Ounallah-Saad et al., 2014).

In another study, ApoE4 mice were shown to have poorer
long-term memory compared to ApoE3 mice, as measured by
freezing in the fear conditioning paradigm. However, a single-
dose treatment with the PKR inhibitor C16 (0.335 pg/g body

weight, 1 h before conditioning) resulted in restoration of long
term memory in ApoE4 mice, with freezing levels similar to
ApoE3 mice in the fear conditioning paradigm. In addition,
hippocampal ATF4 mRNA levels were found to be higher in
ApoE4 mice compared to ApoE3 mice, whose ATF4 levels were
similar to those of C57BL/6 mice. Hippocampal ATF4 mRNA
levels were further elevated in aged ApoE3 and ApoE4 mice
(12 months old) compared to their younger (4 months old)
counterparts. Similar findings were observed in humans, where
ATF4 mRNA levels were higher in ApoE4 carriers (67-98 years
old) compared to non-carrier age-matched controls (Segev et al.,
2015).

While immune system aspects are discussed in the section
above, the interplay of PKR, the immune system, and metabolism
has been shown in several studies. For example, Ap oligomers
have been shown to remove insulin receptors from the neuronal
surface, which in turn leads to activation of c-Jun N-terminal
kinase (JNK). This is followed by inhibition of the insulin
receptor substrate (IRS-1) and, in cultured hippocampal neurons,
this inhibition was shown to be mediated both by JNK/TNFa
and PKR (Bomfim et al, 2012). This is supported by the
finding that elevated levels of serine phosphorylation of IRS-1
and activated JNK were found in brains of both AD and
diabetes patients (Bomfim et al., 2012). In addition, JNK/TNFa
signaling leads to peripheral insulin resistance (Gregor and
Hotamisligil, 2011), and this may also be the case in AD. Recent
studies have shown that while i.c.v. administration of AB;_4
oligomers to mice resulted in long term memory impairment,
this impairment was prevented both in PKR™/~ mice and in
TNFR™/~ mice, and mice treated with either PKR inhibitor
C16 or TNF-a neutralizing antibody, infliximab (Lourenco
et al, 2013; Hwang et al, 2017). Furthermore, treatment of
hippocampal cultures with insulin prevented AB;_4, oligomer-
induced phosphorylation of PKR (Lourenco et al., 2013).

PKR IN ENDOTHELIAL CELLS

Protein kinase R has multiple effects in the vascular system in
general and in endothelium cells in particular. One mechanism
through which PKR exerts its effect in the vascular system is by
modulating the expression of adhesion molecules in endothelial
cells in the vascular system, thereby leading to the onset and
development of inflammation (Osborn, 1990; Carlos and Harlan,
1994). For example, the adhesion molecule E-selectin is expressed
on endothelial cells during inflammation, and its transcription
can be induced by TNF-a or IL-1 (Ghersa et al., 1992). The
activation of E-selectin by these cytokines is mediated by NF-kB
in conjunction with endothelial leukocyte adhesion molecule 1
(ELAM-1) (Schindler and Baichwal, 1994). In aortic endothelial
cells derived from PKR™/~ mice, the induction of E-selectin by
either TNF-a or PKR-specific inducer was attenuated, supporting
the idea described above, that PKR functions downstream of
TNF-a, and additionally, demonstrating that PKR mediates
the role of the adhesion molecule E-selectin in inflammation.
Furthermore, the authors showed that the attenuation of
E-selectin activation in the PKR deficient mice was caused by a
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reduction in the formation of the NF-ELAM-1 complex, as well
as reduced activation of NF-kB (Bandyopadhyay et al., 2000).

As mentioned above, PKR is activated in response to
mechanical stress, and plays a central role in determining cell
fate, whether toward apoptosis or survival (Gil and Esteban,
2000; Garcia et al., 2007; Hugon et al., 2017; Watanabe et al,,
2018). Furthermore, many of the factors known to promote or
exacerbate congestive heart failure, which constitutes mechanical
stress due to hemodynamic overload, are also known to activate
PKR, including oxidative stress, Toll receptor activation, and low-
grade chronic inflammation (Kadokami et al., 2001; Lu et al,
2010). In a recent study, it was shown that PKR activation
is increased both in a model of chronic transverse aortic
constriction in mice, a mechanically induced simulation of
congestive heart failure, and in human samples of congestive
heart failure. Moreover, PKR™/~ mice were protected from
transverse aortic constriction-induced pulmonary congestion,
cardiac dysfunction, elevation in inflammatory cytokines (TNF-a
and IL-1p), and apoptosis (as measured by the TUNEL assay and
mRNA and protein expression levels of pro-apoptotic Bax and
Caspase-3) (Wang et al., 2014).

Many studies have shown that PKR plays a central role
in angiogenesis, which in turn plays a central role in cancer,
neurodegeneration, and inflammation, cardiovascular diseases,
as well as age-related macular degeneration, a common cause for
blindness in the elderly. In two independent studies using in vitro
and in vivo models (each) for cardiovascular diseases mediated by
hypoxia and mechanical stress caused by hemodynamic pressure,
similar results were obtained, showing that PKR is necessary
for angiogenesis and neovascularization. Specifically, Zhu et al.
(2016) used the RF/6A rhesus choroid-retinal endothelial cell
line, where hypoxia was chemically induced using cobalt chloride
(CoCly). In this system, PKR expression was upregulated
in parallel with p-PI3K, p-Akt, and VEGF expression, all
of which were downregulated using siRNA directed against
PKR (Zhu et al.,, 2016). The authors demonstrated that PKR
is upstream of p-PI3K, p-Akt, and VEGF using a p-PI3K
inhibitor, which affected p-PI3K, p-Akt, and VEGE but not
PKR. In addition, the knockdown of PKR using siRNA in a
co-culture of RF/6A and ARPE-19 cells resulted in decreased
cell migration and tube formation, strongly implicating the
necessity of PKR in the formation of vasculature. In a mouse
model of choroidal neovascularization (CNV), which mimics
age-related macular degeneration, PKR was colocalized with
CD31, a marker of vascular epithelium. In this model, treatment
with monoclonal antibodies directed against PKR resulted in
decreased progression of CNV. These findings were supported
by another study, focusing on peripheral artery disease (Zhu
et al,, 2015), where PKR™/~ mice were shown to have delayed
blood flow recovery, with a 34% decrease in CD31 in the
ischemic tissue, indicating a reduced number of endothelial
cells. In vitro, the authors demonstrated in a model of human
umbilical vein endothelial cells (HUVECsS) that pPKR expression
was increased in response to hypoxia, whereas inhibition of
PKR using siRNA resulted in reduced microtubule formation
and migration. Furthermore, VEGF expression was reduced
both in PKR™/~ mice and in HUVECs treated with PKR

siRNA, supporting the findings of the study above regarding the
necessity of PKR for VEGF-mediated angiogenesis under hypoxia
conditions.

Other studies have shown the role of PKR in angiogenesis in
the context of hypoxia in tumors. For example, PKR was shown to
function as a tumor suppressor, downregulating transcription of
hypoxia-inducible factor 1o (HIF-1a) under hypoxia conditions.
This was shown to occur by PKR-regulated activation of T-cell
protein tyrosine phosphatase, which in turn suppresses signal
transducer and activator of transcription 3 (Stat3) (Papadakis
et al., 2010). The role of PKR in cancer is discussed in further
detail below.

Aging, as a risk factor for cancer, cardiovascular diseases, and
neurodegeneration, is also related to senescence of endothelial
cells. A recent study has shown that PKR inhibition (either by
siRNA for PKR or inhibition of its phosphorylation using 2-
AP) can reverse palmitate-induced (an independent risk factor
of cardiovascular diseases) senescence of HUVECs, by activating
JNK. JNK activation results in inhibition of silent information
regulator 1 (Sirtl), which serves as an anti-senescent factor (Li
et al., 2018), by affecting downstream targets such as histones,
transcription factors, and many other aging proteins, one of
which is the tumor suppressor p53 (Volonte et al., 2015). Taken
together, these studies point to PKR as an attractive target for the
treatment of cardiovascular diseases.

PKR IN CANCER

PKR, an Enzyme With Contentious Roles

in Cancer

While the role of PKR in metabolic stress and brain function is
well established and described above, the role of PKR in cancer
biology remains a subject of debate, as both tumor-suppressive
and tumor-stimulatory functions have been attributed to this
enzyme. The attribution of different and even contradictory
roles for PKR in tumorigenesis reflect its involvement in the
regulation of diverse cellular processes which may differentially
affect the cancer cell and its interaction with the tumor
microenvironment. Such processes include cell autonomous
events such as the negative regulation of protein synthesis
through eIF2a phosphorylation or signal transduction through
different pathways including NF-k B, which alter the susceptibility
of the cell to apoptosis and modulate the expression of
inflammatory cytokines. Thus, variations in PKR expression and
activity are predicted to affect both cancer-cell-autonomous and
non-cell-autonomous aspects of the developing tumor.

This duality of effects is predicted to be a source of differences
in experimental results and in their ensuing interpretation, with
dependence on tumor type, tumor stage, or experimental model.
Thus, results may differ between in vitro vs. in vivo studies,
immune-deficient vs. immunocompetent mouse models, and
tumors driven or not by inflammation. Also, the regulatory
role performed by PKR in transduction of oncogenic/tumor
suppressor signals may serve as a source for dual roles in
tumor progression. This is exemplified by the PKR-mediated
activation of NFkB (Maran et al., 1994). PKR was shown to
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activate NF-kB in diverse cellular contexts, with a differential
dependence on its enzymatic activity (Kumar et al., 1994;
Bonnet et al., 2000; Bonnet et al., 2006). As NF-kB may have
powerful, albeit contradictory (double-edged sword) roles in
cancer, mediating either tumor promotion or tumor suppression
in different tumor settings (Pikarsky and Ben-Neriah, 2006),
one can imagine similarly dual roles for PKR. Moreover, the
proposed non-enzymatic activity of PKR may support the
distinction between pro- or anti-tumorigenic roles, alternatively
resulting from modifications in PKR expression or activity. In
this context, functional interactions between PKR and pro-
tumorigenic signaling pathways [e.g., STAT3 (Shen et al., 2012) or
v-mos (Dagon et al., 2001)] were proposed to inhibit PKR activity,
resulting in a scenario where increased PKR expression may not
necessarily coincide with its increased activity.

Tumor Suppressor Roles of PKR

The notion that PKR functions as a tumor suppressor
is supported by: (i) Cell growth inhibition upon PKR
overexpression (Chong et al., 1992; Meurs et al, 1993). In
this context, PKR-mediated regulation of cellular replication
may occur either through the inhibitory effect of PKR on protein
synthesis, an essential resource for cell growth, or through
PKR-dependent phosphorylation of cell cycle regulators. Of note,
the expression and activity of PKR are differentially regulated in
the cell cycle (Zamanian-Daryoush et al., 1999), and exposure
to dsRNA upon mitotic breakdown of the nuclear envelope
and exposure of dsRNA was proposed as a mechanism for
PKR activation in mitosis (Kim et al., 2014). However, both
stimulatory (Kim et al., 2014) and inhibitory (Dagon et al,
2001; Yoon et al., 2010) roles have been proposed for PKR
in mitotic progression, underscoring the putative dual role of
PKR in cancer. (ii) PKR-mediated stimulation of apoptosis
through different molecular mechanisms (Jagus et al., 1999; Gil
and Esteban, 2000) including transcription- and translation-
mediated increases in expression of receptors that mediate
programmed cell death (e.g., Fas (CD95/Apo-1) and/or pro-
apoptotic Bcl2 effector proteins (Balachandran et al., 1998),
which result in increased caspase activity (Gil et al., 2002). (iii)
Functional interactions between PKR and tumor suppressors
which regulate apoptosis (e.g., p53). Indeed, PKR is a p53
target gene (Yoon et al, 2009). Moreover, Type I interferon
increases expression of both p53 (Takaoka et al., 2003) and
PKR, and PKR amplifies interferon B induction by dsRNA
(McAllister et al., 2012). Furthermore, PKR and p53 physically
interact, and PKR positively regulates p53 transcriptional activity
(Cuddihy et al.,, 1999a,b), while p53 positively regulates gene
induction by dsRNA (Hummer et al., 2001). Together, these data
suggest that PKR and p53 are intertwined in a positive feedback
loop. However, other studies show that dsRNA stimulates
p53 degradation (Marques et al., 2005; Baltzis et al., 2007),
suggesting a negative feedback loop involving p53 and PKR, and
underscoring the complexity of their functional interactions.
(iv) In vivo experiments demonstrating an inverse correlation
between PKR expression and/or activity and tumorigenicity.
For example, knockdown of PKR in HCT116 human colon
cancer cells supported rapid tumor growth and resistance to

genotoxic drugs in nude mice (Yoon et al, 2009). Similarly,
expression of dominant—negative mutants of PKR resulted
in malignant transformation of NIH 3T3 cells and endowed
these cells with the ability to generate tumors in nude mice
(Koromilas et al., 1992; Meurs et al., 1993; Barber et al., 1995).
(v) Reduced expression and/or activity of PKR in tumors. For
example, in head and neck carcinoma, PKR and the proliferation
marker PCNA exhibited inversely correlated expression patterns,
suggesting a proliferation-inhibitory role for PKR (Haines
et al, 1998). Furthermore, in myelodysplastic syndrome (a
slow growing form of blood cancer), deletion of chromosome
5q, and the ensuing lack of IRF1 expression, lead to reduced
PKR expression (Beretta et al., 1996). In addition to reduced
expression, inactivation of PKR, similarly to what occurs in cells
of patients with B-cell chronic lymphocytic leukemia (Hii et al.,
2004), was also suggested to support tumorigenesis.

PKR and Tumor Promotion

The established roles of inflammation in cancer progression
(Coussens and Werb, 2002; Hanahan and Weinberg, 2011), the
pro-inflammatory nature of NF-kB signaling and its multiple
roles in cancer development (Taniguchi and Karin, 2018), and
the identification of PKR as a stimulator of NF-kB activity
(Kumar et al., 1994; Maran et al., 1994; Bonnet et al., 2000, 2006)
form a strong rationale for pro-tumorigenic signaling by PKR.
Indeed, PKR has been identified as overexpressed and activated
in several cancers including hematopoietic malignancies (Basu
et al., 1997), breast cancer (Kim et al., 2000), melanoma, and
colon cancer (Kim et al., 2002). For example, in melanoma, eIF2a
phosphorylation and the ensuing translation reprogramming
were recently described as drivers of phenotypic plasticity,
invasiveness and therapeutic resistance in melanoma (Falletta
et al., 2017). These studies suggest that eIlF2a kinases, such
as PKR, may switch melanoma from a proliferative to an
invasive cancer cell, driving metastasis in this manner. Indeed,
interference with PKR reduced the growth and metastatic
potential of murine melanoma (Delgado André and De Lucca,
2007; André et al., 2014). Moreover, and in accord with a
correlation between PKR expression and tumor progression,
primary melanomas revealed minimal PKR immunoreactivity,
while melanoma lymph node metastases expressed high levels of
PKR (Kim et al., 2002).

Recent transcriptomic studies in multiple cancer types (e.g.,
The Cancer Genome Atlas, TCGA) and their compilation into
accessible public databases [e.g., cBio Portal, (Cerami et al., 2012;
Gao etal., 2013)] allow for a global assessment of PKR expression
in human tumors. The picture that emerges is one in which
PKR (EIF2AK2) is broadly expressed across different cancer
types, individual patients within a defined cancer type show
considerably variable (up to 10-fold) levels of PKR expression
(Figure 4A), PKR is rarely mutated, and 5-10% of patients show
overexpression of PKR. Visualization of publically accessible
TCGA data with the UCSC Xena browser' shows survival data
(Kaplan-Meier curves for overall survival) across multiple cancer
types (TCGA PanCanAtlas, 12830 patients). These data revealed

'https://xenabrowser.net
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FIGURE 4 | Increased expression of PKR correlates with activation of interferon-STAT1 signaling and with poor prognosis in multiple cancer types. To evaluate the
expression of EIF2AK2 (PKR) in samples of cancer patients, we employed cBio Portal to assess studies of The Cancer Genome Atlas (TCGA). (A) Expression of
EIF2AK2. Graph depicts the RPKM value of EIF2AK2 expression in different patient samples, ordered according to the median value of expression in the given
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cancer type. Blue puncta are samples where the EIF2AK2 sequence is wild type, red are samples in which EIF2AK2 is mutated. (B) Analysis of survival of cancer
patients according to EIF2AK2 expression. Graph depicts the survival of patients (12830 patients form the PANCAN TGCA database, assessed and visualized with
the UCSC Xena browser) classified according to a threshold of EIF2AK2 expression (blue, low expression; red, high expression). (C) Correlation of expression of
EIF2AK2 and STAT1 in pancreatic cancer patients (196 cases, PAAD TGCA study, visualized with the UCSC Xena browser). (D,E) Analysis of survival of pancreatic
cancer patients according to EIF2AK2 (D) or STAT1 (E) expression. Graph depicts the survival of patients (196 patients form the PAAD TGCA database, assessed

and visualized with the UCSC Xena browser) classified according to threshold expression (blue, low expression; gray, median expression; red, high expression).

that higher levels of PKR expression correlated with poor
survival (Figure 4B, p = 4.441E-16). For example, in pancreatic
cancer (PAAD study, TCGA pancreatic cancer database, 196
cases), EIF2AK2 expression is considered as an unfavorable
prognostic marker’; and data depiction with the UCSC Xena
browser shows a negative correlation between PKR expression
and survival (p = 0.001, Figure 4C). Indeed, expression of STAT1
(an interferon stimulated gene, and a mediator of interferon-
transcriptional activity) and its correlation with survival in this
cohort revealed a similar scenario to the one observed with PKR
(Figures 4D,E). Together, these data support the notions of a

Zhttps://www.proteinatlas.org

pro-tumorigenic association of PKR expression and cancer, and
of the regulation of its expression by JAK-STAT signaling in
cancer cells. Of note, JAK-STAT signaling pathway is intimately
associated with the transduction of signals from inflammatory
cytokines (e.g., interferon gamma), suggesting that the pro-
tumorigenic role of PKR occurs within the context of tumor-
related inflammation.

PKR in cancer therapy. Due to its roles as a mediator of
apoptosis and anti-viral responses, PKR expression and function
have been implicated in two forms of anti-cancer therapy:
chemotherapy and oncolytic virotherapy. In the former, PKR
expression and activity have been positively associated with the
therapeutic effects of 5-Fluorouracil [5-FU, (Garcia et al., 2011)],
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TABLE 1 | Continued

Reference

Disease

Readout

Model

Concentration

used

Mode of

Field

administration

Wang et al., 2007

Vitamin B1

Levels of pelF2a/elF2a| and cell viability

Cerebellar granular neurons from rats
treated with amprolium (thiamine

500 nM
depletion)

NA

deficiency

Ingrand et al., 2007

Neuroprotection

Levels of pPKRT™46/PKR |, pelF2u/elF2a

Sprague-Dawley rats (7 days old, 1, 2,

4,6, 9, and 12 months old)

0.335, 3.35, 33.5,
or 167.5 ng/kg

pmTOR/MTOR (=), p70S6KTM389/p70S6K(—)

and pPERK/PERK(—)

Stern et al., 2013

Memory

CTA%, NT# Levels of pelF2a/elF2a/,

pPKRThr451 /PKR 1

Male Wistar rats, PKR-KO and WT

(129SVEvV) Hippocampal slices

167.5 u/kg, 50 uM
for hippocampal
slices and local

injection

i.p. and local

microinjection

Zhu et al., 2011

Memory

Synchronized EEG and inhibition|,, FC (Auditory

and Context)t

Ifn-y~=/~ and WT CF57BL/6 mice

0.1 mg/kg

The inhibitor C16 was acquired from Calbiochem (cat. # 527450) or from Sigma Aldrich (cat. # 19785). 1 up-regulation. |, down-regulation. (—) no change. NOR, Novel Objet Recognition; FC, Fear conditioning; MWM,

Morris Water Maze; mDC, human monocyte-derived dendritic cells; BMDM, murine bone marrow derived monocytes; CTA, Conditioned taste aversion; NT, Novel taste; WAT, white adipose tissue; MEF, Mice Embryonic

Fibroblasts; QA, quinolinic acid; NA, not applicable; ABO, AB oligomers.

doxorubicin (Peidis et al., 2011), bozepinib (Marchal et al,
2013), and histone deacetylase inhibitors [HDACI, (Peidis et al.,
2010)]. Concerning oncolytic virotherapy, which aims at the
specific infection and killing of cancer cells (oncolysis) and
the activation of anti-tumor immunity, defects in interferon
signaling in cancer cells expose these cells to viral oncolysis
(Stojdl et al., 2000; Danziger et al., 2016). Specifically, defects
in PKR activation were identified as a central mechanism by
which oncogenic Ras enables oncolysis of transformed cells
with oncolytic reovirus (Strong et al, 1998). In addition to
oncolysis resulting from productive infection (a scenario which
may benefit from defects in PKR expression or function), we have
recently identified a novel form of viral oncolysis (oncolysis by
non-productive viral infection, ONPVI) in which the combined
exposure of interferon-responsive prostate cancer cells to a novel
oncolytic virus (epizootic hemorrhagic disease virus-Tel Aviv
University, EHDV-TAU) and interleukin-6, induced caspase-
mediated cell death. ONPVT occurred in the context of STAT-
1-dependent upregulation of multiple anti-viral gene products,
including PKR (Danziger et al.,, 2018); opening the possibility
that PKR may contribute to virally induced cancer cell death.
Given the dependency of anti-immune checkpoint therapy
on functional interferon-gamma/JAK-STAT signaling (Zaretsky
et al., 2016; Sharma et al., 2017), and the positive feedback
loop involving interferon signaling and PKR expression/function,
we speculate that PKR may also play roles in this form of
therapy. Together, these data suggest that the assessment of the
status of PKR expression and function in cancer cells may be
important for the choice of optimal therapeutic options, and
that the development of means to manipulate its expression and
function may have future applications in combination therapy
settings.

TOOLS FOR INHIBITING PKR

Taken together, the studies above point to PKR as a hub
for co-morbidity and an attractive target for the treatment of
metabolic diseases, cardiovascular diseases, neurodegenerative
diseases, inflammation, and cancer. Moreover, when it comes
to aging and correlated cognitive decline (Segev et al., 2015),
PKR inhibition should serve both as an anti-neurodegenerative
disorders agent and a pro-cognitive agent. The main obstacles to
better understand PKR are (i) the available tools to inhibit PKR
activity in general and specific functions of PKR in particular,
(ii) the differences in expression levels between different cells,
and (iii) the ability to manipulate PKR in specific cell types
within a tissue. The most widely used pharmacological PKR
inhibitor is the highly potent small molecule imidazolo-oxindole
C16, also known as PKRi, which targets the ATP binding site
of PKR. C16 has an ICs5y of 210 nM in vitro (Jammi et al.,
2003), and is typically used at doses of 210-500 nM in vitro
for 1 h (Table 1). Incubation of cells with high concentrations
of C16 induces high cell toxicity (see PKR in Learning and
Memory section above). C16 has been successfully used by i.p.
administration in mice and rats to elicit memory enhancement,
indicating that the compound can cross the blood brain barrier.
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Table 1 shows that inhibition of PKR with C16 rarely inhibits
elF2a phosphorylation, the most known and cited substrate of
PKR. It is clear that, in the brain, PERK is the dominant kinase
to control basal levels of eIF2a phosphorylation (Ounallah-Saad
et al., 2014); however, we do not know if this is the case in
different neuronal subtypes (e.g., inhibitory versus excitatory
neurons). Another less specific pharmacological inhibitor of PKR
is the 2-aminopurine (2-AP) compound, which competes for
ATP at the ATP binding site of PKR, and thereby inhibits its
phosphorylation (Hu and Conway, 1993). This compound is less
potent than C16, and is used in vitro at doses of 4-10 mM for
4 h (Endoh et al., 2009). Other inhibitors of PKR have been
developed, although these were less potent than C16 (Weintraub
etal., 2016).

The PKR can also be inhibited by monoclonal antibodies and
using genetic tools such as siRNA or viral vectors harboring
an shRNA sequence directed against PKR, and both approaches
have been successfully used in vitro and in vivo (André et al.,
2014; Zhu et al,, 2015, 2016). However, a new direction with
promising high specificity is the use of biological, custom-
designed peptides, whose advantages include high potency, high
specificity, relative lack of toxicity, predictable metabolism, and
selective targeting of specific functions (Kaidanovich-Beilin and
Eldar-Finkelman, 2006; Eldar-Finkelman and Eisenstein, 2009;
Fosgerau and Hoffmann, 2015). Indeed, some peptide drugs have
already been FDA approved (Kaspar and Reichert, 2013). Still,
peptides suffer from disadvantages, which include instability,
high susceptibility to degradation, susceptibility to hydrolysis
and oxidation, tendency for aggregation, short half-life, limited
bioavailability due to their low membrane permeability, and
consequently, the inability to administer them orally (Fosgerau
and Hoffmann, 2015). However, in recent years there have
been technological developments allowing to overcome some
of the drawbacks of peptides, such as conferring membrane
permeability by fusion to the Tat peptide or insertion of
peptides into liposomes, micelles, nano-emulsions, or polymer
nanoparticles to confer membrane permeability (Kaidanovich-
Beilin and Eldar-Finkelman, 2006). Nevertheless, this strategy is
still under development.

SUMMARY AND FUTURE

As can be clearly understood from the review above, we, the
authors, recognize the complexity of PKR-mediated signaling
in different cells and/or body/organs at different developmental
stages and cellular compartments (Figures 2, 3). The main
points we conclude from the many excellent papers summarized
above are:

(I) PKR level and post-translation modifications are
excellent biomarkers for neurodegenerative diseases (e.g.,
AD, dementia, Parkinson’s disease, Huntington’s disease, and
prion disease) and cancer (Figure 4, based on open source
data).

(2) Inhibition of PKR is predicted to be highly beneficial in
age-related neurodegenerative diseases. PKR is positioned in the
center of metabolic syndrome disease, including glucose or Af

load and inflammation and its inactivation reduces the insult
(Figure 1).

(3) PKR inhibition contributes positively and directly to
cognitive function in young and old mice.

(4) Inhibition of PKR is beneficial in certain cases of cancer.
However, here, the situation is more complex as the role of PKR
in tumors (pro- or anti-tumorigenic) may differ according to
tumor type and/or stage.

(5) PKR inhibition or deletion is not essential for an
organism response to viral infection as detected in PKR
KO mice or prolonged treatments with the best-known PKR
inhibitor, C16, and thus has the potential to serve as medical
treatment.

(6) Treatment with C16 following different stimulations in
most cases does not affect elF2a phosphorylation levels, although
many publications are trying to explain the phenotypes of
PKR inhibition via regulation of mRNA translation (Table 1).
Moreover, brains of PKR KO mice do not show significant change
in eIF2a phosphorylation. On the other hand, most papers do
show a clear effect of PKR inhibition on the NF-kB pathway
(Table 1).

(7) The recent findings that PKR detects not only exogenous,
viral dsRNA but also endogenous dsRNA, such as mitochondrial
RNA, point to it as a new target for reducing oxidative stress and
apoptosis in disease states and specifically in neurodegenerative
diseases.

We hypothesize that better understanding of PKR equilibrium
and function in different scenarios, in addition to its ‘traditional’
role in cellular viral response, can be extremely important
in understanding basic related biological processes such
as inflammation, metabolism, aging, cancer, and brain
function in normal and pathological states. Moreover, we
predict that potent, non-toxic, specific inhibition of PKR
function/s will serve as treatment for different diseases in
certain situations. The most plausible steps in order test our
hypotheses are:

(1) Identify small molecule inhibitors for PKR. Weintraub and
colleagues (2016) employed a computational chemistry screening
approach, which yielded interesting but unsatisfactory results.
Screening small molecule libraries is the next reasonable step.

(2) Better understanding of the interplay of levels of PKR
expression, function, and cell states.

(3) Identifying new tools (i.e., non-small molecule inhibitor),
such as peptides, to inhibit specific functions of PKR.

(4) Understanding the role of PKR in specific cellular
and subcellular compartments (e.g., neuronal dendrites) and
cellular-specific context using genetics and/or pharmacokinetic
tools.

We believe that the steps proposed above together with the
new tools of omics and precision biology will allow better
fundamental understanding of PKR functions to be translated
into treatment of currently incurable diseases.
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Circadian rhythms regulate many biological processes and play fundamental roles
in behavior, physiology, and metabolism. Such periodicity is critical for homeostasis
because disruption or misalignment of the intrinsic rhythms is associated with
the onset and progression of various human diseases and often directly leads
to pathological states. Since the first identification of mammalian circadian clock
genes, numerous genetic and biochemical studies have revealed the molecular basis
of these cell-autonomous and self-sustainable rhythms. Specifically, these rhythms
are generated by two interlocking transcription/translation feedback loops of clock
proteins. As our understanding of these underlying mechanisms and their functional
outputs has expanded, strategies have emerged to pharmacologically control the
circadian molecular clock. Small molecules that target the molecular clock may
present novel therapeutic strategies to treat chronic circadian rhythm-related diseases.
These pharmaceutical approaches may include the development of new drugs to
treat circadian clock-related disorders or combinational use with existing therapeutic
strategies to improve efficacy via intrinsic clock-dependent mechanisms. Importantly,
circadian rhythm disruptions correlate with, and often precede, many symptoms
of various neuropsychiatric disorders such as sleep disorders, affective disorders,
addiction-related disorders, and neurodegeneration. In this mini-review, we focus
on recent discoveries of small molecules that pharmacologically modulate the core
components of the circadian clock and their potential as preventive and/or therapeutic
strategies for circadian clock-related neuropsychiatric diseases.

Keywords: circadian rhythm, circadian clock, cryptochrome, REV-ERB, ROR, small molecule, circadian rhythm-
related disease

INTRODUCTION

Circadian rhythms are ubiquitous biological oscillations with an approximate 24-h period. These
evolutionarily well-conserved rhythms arise from an intrinsic timekeeping system known as the
“circadian clock”, which allows organisms to anticipate environmental cycling and coordinate
biological processes. This clock is self-sustainable through an elaborate cooperation of genetic
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components and is hierarchically organized into a circadian
timing system. In mammals, the apex of this system is the
suprachiasmatic nucleus (SCN) of the hypothalamus, which
is considered the central or master clock (Ralph et al., 1990;
Reppert and Weaver, 2002). The SCN integrates environmental
cues such as light into time information to entrain its phase
and then conveys this information to other oscillators in extra-
SCN brain regions and peripheral tissues. Indeed, in multi-
cellular organisms, most cells harbor cell-autonomous oscillators.
These so-called local or peripheral clocks contribute to overt
circadian rhythms, including the rest-activity cycle, periodic
daily variations in metabolism and body temperature, as well as
rhythmic hormone secretion (Dibner et al., 2010; Son etal., 2011).

Robust circadian timing is required for health, and disruption
of these intrinsic rhythms causes diverse pathologies. For
instance, circadian disruption caused by shift-work, jet-lag, or
mis-timed food intake is considered a risk factor for various
chronic diseases, including sleep disorders, metabolic syndromes,
cardiovascular diseases, affective disorders, neurodegeneration,
and tumorigenesis (Takahashi et al., 2008; Bechtold et al., 2010).
To develop treatments for these disorders, extensive studies
have identified several small molecule compounds that can
directly modulate circadian clocks. In this mini-review, we will
discuss recent investigations of the most promising of these
small chemical compounds and their therapeutic implications in
neuropsychiatric diseases.

THE MAMMALIAN CIRCADIAN
MOLECULAR CLOCK

The self-sustainable nature of the circadian system is primarily
attributed to circadian molecular oscillators. The molecular clock
is composed of several clock proteins that are required for
the generation and maintenance of cell-autonomous rhythms
(Dibner et al, 2010). Clock proteins form two interlocking
positive and negative transcription/translation feedback loops
that drive periodic expression of their target genes (Figure 1).
The primary regulators are Circadian Locomotor Output Cycle
Kaput (CLOCK) and Brain Muscle Aryl Hydrocarbon Receptor
Nuclear Translocator-Like 1 (BMALI, encoded by the ARNTL
gene). They belong to the basic helix-loop-helix-PER-ARNT-
SIM (bHLH-PAS) transcription factor family. CLOCK and
BMALI activate transcription of target genes by forming
heterodimers and binding to E-box enhancer elements (5'-
CACGTG-3') in the promoter/enhancer regions. In addition
to CLOCK, Neuronal PAS 2 (NPAS2) is another bHLH-
PAS protein enriched in forebrain regions that can also form
heterodimers with BMALI to control E-box element-dependent
gene transcription (Asher and Schibler, 2006). The targets
include proteins that form a negative feedback loop such as
PERIODs (PERs: PER1, 2, and 3) and CRYPTOCHROME:s
(CRYs: CRY1 and 2). Accumulated PER and CRY proteins form
repressive complexes that suppress E-box-mediated transcription
by binding to CLOCK/BMALI heterodimers, whereas PER
and CRY degradation terminates this repression and reinitiates
transcription (Gekakis et al., 1998; Hogenesch et al, 1998;

Kume et al., 1999; Shearman et al., 2000). Stability of PER and
CRY proteins is linked with their post-translational modifications
and is crucial for proper circadian period length. It is well
known that the Tau-mutant hamster, bearing a mutation in the
casein kinase 1e (CKlIe) gene, displays a shortened free-running
period in locomotor activities (Ralph and Menaker, 1988). In
accordance, PER proteins are phosphorylated by CKls prior
to their proteasomal degradation, contributing to regulation of
circadian period lengths (Eide et al., 2005; Shirogane et al,
2005). Similarly, CRY protein phosphorylation by adenosine
monophosphate-activated protein kinase (AMPK) or glycogen
synthase kinase 3 (GSK3p) leads to degradation mediated by
paralogous F-box proteins, FBXL3 and FBXL21 (Busino et al.,
2007; Lamia et al., 2009; Kurabayashi et al., 2010; Hirano et al.,
2013; Yoo etal., 2013). Mutations in the FbxI3 gene result in long-
period phenotypes in mice, whereas FbxI21-mutant mice display
short-period phenotypes (Godinho et al., 2007; Siepka et al., 2007;
Hirano et al,, 2013; Yoo et al.,, 2013). This CLOCK/BMALI1-
initiated loop is considered the core loop of the mammalian
clock.

An additional stabilizing loop adjusts the amounts of
bHLH-PAS proteins. This secondary loop consists of sets of
the circadian nuclear receptors, in particular REV-ERBs (REV-
ERBa and B, encoded by NRIDI and NRI1D2, respectively) and
retinoic acid receptor-related orphan nuclear receptors (RORs:
RORa-y), that are also under the transcriptional control of
CLOCK/BMALLI heterodimers. REV-ERBs and RORs compete
to occupy the RORs/REV-ERBs-responsive elements (RREs)
located in the promoter/enhancer regions of their target genes.
RORs usually activate RRE-mediated transcription, whereas
REV-ERBs strongly suppress it (Preitner et al., 2002; Ueda et al.,
2002; Sato et al., 2004). This stabilizing loop was originally
considered as accessory because only moderate phenotypes
were observed in mutant mice bearing null alleles of any
of these genes. However, more recent studies using inducible
double knockouts for both NrIdl and 2 revealed that their
compensatory activity yielded these subtle phenotypes and that
REV-ERBs are required for normal period regulation (Cho
et al, 2012). REV-ERBs also control circadian outputs by
cooperating with cell type-specific transcriptional regulators
(Chung et al.,, 2014; Zhang et al., 2015). Additional feedback
loops involving the proline and acidic amino acid-rich basic
leucine zipper proteins (PARbZip), such as D-box binding
protein (DBP) and E4 promoter-binding protein 4 (E4BP4),
as well as several members of bHLH transcription factors
(BHLHE40 and BHLHE41), also intersect with the main loops
to confer further regulation and mediate circadian expression
of subsets of clock-controlled genes (Mitsui et al., 2001;
Honma et al., 2002).

SMALL MOLECULES TARGETING
CLOCK PROTEINS

As noted earlier, circadian disruptions are pivotal in various
biological dysfunctions. Subsequent studies have attempted
to correct these dysfunctions by exploring pharmacological
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FIGURE 1 | The mammalian circadian molecular clock and its potential drug targets. The mammalian circadian clock is composed of two interlocking
transcription/translation feedback loops, the core and stabilizing/auxiliary loops, respectively. The integral components of the core loop are CLOCK (or NPAS2) and
BMAL1, which form a heterodimer and then induce E-box-mediated transcription of their negative regulators Periods (PERs) and Cryptochromes (CRYs).
Accumulated PER and CRY proteins repress E-box-mediated transcription until they are sufficiently cleared by proteasome-mediated degradation. CLOCK and
BMALT1 also control expression of circadian nuclear receptors such as RORs and REV-ERBs, which modulate Bmal7 mRNA levels by competitive actions on the
RORs/REV-ERBs-responsive elements (RREs) in the Bmal1 promoter. Collectively, cycling of clock components determines the periodic mRNA expression levels of
various clock-controlled genes (CCGs) through E-box, RRE, and/or other cis-elements recognized by secondary circadian transcription factors, thus generating
rhythmic physiological outputs. Of these core clock proteins, we focused primarily on CRYs, REV-ERBs, and RORs (red boxes), which were recently identified as

targets for small molecule modifiers of the circadian clock.

Stabilizing |oo%/

CRYs

- Natural ligand: None
- Stabilizer/activator: KLO01 & derivatives
- Inhibitor: KS15

REV-ERBs

strategies (Schroeder and Colwell, 2013). Initially, high-
throughput screening studies identified several compounds that
influence circadian oscillators by acting on post-translational
regulators, including CKls, CK2, GSK3f, and AMPK (Chen
et al., 2018). These studies have advanced our understanding of
the post-translational mechanisms underlying the circadian clock
and uncovered novel clock-regulatory pathways. Additionally,
some of the clock modulators that target these signaling
pathways have already been recognized for their therapeutic
implications (He and Chen, 2016; Chen et al, 2018). For
example, lithium, a widely used mood stabilizer, inhibits GSK38
and lengthens the circadian period; however, some synthetic
inhibitors exhibited opposite effects (Hirota et al., 2008; Li et al.,
2012). Also, AMPK activators with a wide range of beneficial
metabolic and physiological effects also altered circadian gene
expression, as demonstrated both in vivo and in vitro (Um
et al., 2007; Lamia et al., 2009). These observations suggest that
modulation of the circadian clock may have beneficial effects on
circadian rhythm-related chronic diseases. In this regard, recent
investigations have attempted to directly target core components
of the mammalian circadian clock by using small-molecule
modifiers. Representative small molecules that bind to core clock
components are summarized in Table 1. Pharmacological targets
of these small molecules include CRYs, REV-ERBs, and RORs,
which are described below.

CRYs: Key Targets of Small Molecules
That Act Directly on the Core Loop

A carbazole derivative, KL001, and its analogs are the first-
in-class small molecules that target the core components
of the mammalian clock (Hirota et al., 2012). In cultured

SCN explants and fibroblasts, continuous treatment with these
compounds significantly lengthens the circadian period and
reduces amplitude of both Bmall and Per2 promoter activity,
implying CRY protein activation. KL001 binds to CRY through
the FAD-binding pocket, which is known to be recognized by
FBXL3 and mediate proteasomal degradation (Xing et al., 2013).
The co-crystal structure of the KLO01-CRY2 complex revealed
that KLOO1 competes with FAD and interferes with binding of
the FBXL3 C-terminal to CRY, thereby stabilizing CRY proteins
(Hirota et al, 2012; Nangle et al, 2013). Alternatively, we
identified a derivative of 2-ethoxypropanoic acid (designated as
KS15) that inhibits CRY-mediated feedback on CLOCK/BMAL1-
mediated transcription (Chun et al, 2014). KS15 directly
binds to CRY C-terminal domains, enhancing E-box-mediated
transcription in a CRY-dependent manner, and attenuates the
circadian oscillations of Bmall and Per2 promoter activity (Chun
et al, 2014; Jang et al., 2018). Thus, while KL001 and its
derivatives strengthen CRY-mediated feedback, KS15 increases
basal promoter activity by inhibiting the repressive actions of
CRYs on CLOCK/BMALIl-mediated transcription. CRYs are
composed of highly conserved N-terminal photolyase homology
regions and variable C-terminal extension domains (Chaves et al.,
2006). The putative coiled-coil (CC) domain is located in the
C-terminal tail and is highly conserved between CRY1 and
CRY2. Previous studies have suggested that CRY C-terminal tails,
including the CC domain, are important for nuclear localization
and interactions with other core clock proteins (Chaves et al.,
2006; van der Schalie et al., 2007). We found that KS15 binding
of CRY C-terminal domains significantly inhibits CRY-BMALI1
interactions, but barely affects CRY-PER associations. Thus, KS15
can be used as a distinct scaffold to develop additional derivatives
with improved pharmacokinetics, although further SAR studies
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TABLE 1 | Representative small molecule clock modulators.

Name Structure Actions

Potential applications Reference

KLOO1 and analogs 2

J\/N

CRY stabilizer

N o
Me0,S transcription
Alters period

KS15 L CRY inhibitor
Enhances E-box-mediated

transcription

QL
OEt
SR9009 and related ¢

REV-ERB agonist

compounds Ao Suppresses RRE-mediated
= transcription
NO,
CO,Et
SR8278 m o] REV-ERB antagonist
s Enhances RRE-mediated
— transcription
SMe
- OMe X
Nobiletin OMe O RORa/y agonist
Meo O ° ] oMe  Enhances RRE-mediated
MeO transcription

OMe O Increases amplitude
o)
SR1078 and related FQCO_/( cF,  RORa/y agonist
compounds N < > <C§3” Enhances RRE-mediated
transcription

SR1001 and related
compounds

RORa/y inverse agonist
Suppresses RRE-mediated
transcription

Suppresses E-box-mediated

Metabolic disorders Hirota et al., 2012; Nangle et al.,

2013

Cancer Chun et al., 2014, 2015;

Jang et al., 2018

Sleep disorders
Anxiety disorders
Metabolic disorders
Cancer

Solt et al., 2012; Banerjee et al.,
2014; Sulli et al., 2018b

Depressive disorders
Risk of bipolarity

Kojetin et al., 2011; Chung et al.,
2014; Guo et al., 2018

Depressive disorders
Neurodegeneration
Metabolic disorders

Onozuka et al., 2008; Yi et al.,
2011; Yabuki et al., 2014; Nakajima
etal, 2015; He et al., 2016

Autism-spectrum disorders
Diabetic cardiomyopathy

Wang et al., 2010, 2016; Zhao
etal., 2017

Metabolic disorders
Atherosclerosis
Autoimmunity
Anti-inflammation

Solt et al., 2011; Billon et al., 2016;
Dai et al., 2017

CRY, cryptochrome; ROR, retinoic acid receptor-related orphan nuclear receptor; RRE, RORs/REV-ERBs-responsive element.

are required to determine its mechanism of action (Jang et al,,
2018).

Circadian Nuclear Receptors as Small

Molecule Probe Targets

The circadian nuclear receptors, REV-ERBs and RORs, mediate
many physiological processes, including circadian rhythms,
development, metabolism, immunity, and even various brain
functions. Members of the nuclear receptor superfamily are
ligand-activated transcription factors that act as intracellular
receptors for cell-permeable ligands. Thus, nuclear receptors are
considered as one of the primary molecular classes suitable for
drug targets. Interestingly, REV-ERBs contain atypical ligand-
binding domains (LBDs) and lack C-terminal transactivation
domains, which are used for interactions with transcriptional
co-activators. These features provide a structural basis for
constitutively repressive action of REV-ERBs upon binding
their target genes transcription. Recent studies have identified
endogenous ligands for these circadian nuclear receptors, thereby
stimulating the development of synthetic ligands with therapeutic

applications to circadian rhythm-related diseases (Kojetin and
Burris, 2014).

Although REV-ERBs were initially identified as orphan
nuclear receptors, subsequent studies revealed that heme binds
to the LBD of REV-ERBs (Raghuram et al,, 2007; Yin et al,
2007). The discovery of endogenous REV-ERBs ligands led
to the identification of chemical scaffolds that can act as
synthetic ligands. The first identified synthetic REV-ERB ligand
was GSK4112 (Meng et al, 2008). Specifically, GSK4112 is
a REB-ERB agonist that enhances recruitment of NCoR and
HDACS3 to their target promoters and then represses target
gene transcription (Grant et al, 2010). While GSK4112 did
not exhibit favorable pharmacokinetics, it paved the way for
the subsequent development of synthetic REV-ERBs ligands.
To improve potency, efficacy, and pharmacokinetics, Burris
and colleagues developed additional REV-ERB agonists, such
as SR9009 and SR9011, that were more suitable for in vivo
applications. Both compounds demonstrated therapeutic efficacy
of small molecule REV-ERB modulators in the treatment of
circadian-related metabolic diseases and sleep disorders (Solt
et al,, 2012). Although there are several REV-ERBs agonists,
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SR8278 is the only antagonist that has been identified thus
far. SR8278 inhibits the transcriptional repression activity of
both REV-ERBs, thereby enhancing RRE-mediated transcription
(Kojetin et al., 2011). So far, SR8278 applications in vivo have
been limited; however, it provides a convenient tool to temporally
inhibit REV-ERB activity in target cells or tissues.

Cholesterol and some of its metabolites were initially shown
to act as natural ROR ligands. Recent studies revealed that
several oxysterols are high-affinity endogenous ROR modulators.
Oxysterol ligands bind directly to the RORa/y LBD and act as
inverse agonists by modulating the interaction of co-regulators.
As indicated by their names, RORs are evolutionarily related
to retinoic acid receptors. Interestingly, all-frans retinoic acids
recognize the LBD of ROR, but not RORa/y, suggesting subtype
specificity. Alternatively, the liver X receptor agonist, T0901317,
was the first synthetic ligand and inverse agonist identified for
RORa/y (Kumar et al., 2010). Subsequently, a series of RORa/y
agonists or inverse agonists were developed as reviewed in
more detail elsewhere (Kojetin and Burris, 2014). In a more
recent study, Chen et al. identified that nobiletin, a natural
polymethoxylated flavone, enhances circadian molecular rhythm
amplitudes by acting on RORs (He et al.,, 2016).

IMPLICATIONS IN CIRCADIAN
RHYTHM-RELATED
NEUROPSYCHIATRIC DISEASES

Considering the impact of the circadian system on a wide range of
biological processes, small-molecule circadian modifiers may be
used to optimize internal timing for pharmacological treatment
and/or to rescue the desynchrony underlying circadian-related
diseases. For example, SR9009/9011 and nobiletin have beneficial
effects on high-fat diet-induced metabolic disturbances that
affect a wide range of molecular, metabolic, and behavioral
rhythms (Kohsaka et al., 2007; Solt et al., 2012; He et al., 2016).
Dysregulation of circadian rhythmicity is also associated with
various neuropsychiatric disorders, including sleep disorders,
affective disorders, substance use disorders, schizophrenia,
and neurodegeneration (Jagannath et al, 2013). However,
determining whether the changes in brain function associated
with these disorders manifest because of circadian dysregulation
or additional malfunctions is controversial. Compelling evidence
suggests that the effects of circadian disruption on brain function
are attributable to both the SCN and local oscillators in discrete
brain regions. Here, we will discuss how the circadian clock
is involved in neuropsychiatric disorders and the potential
implications of clock modulators for those diseases.

Sleep Disorders

Given that the circadian system constitutes one of the two major
mechanistic facets of sleep, small molecule clock modulators
may be applicable for circadian rhythm-related sleep disorders.
Indeed, abnormal sleep phenotypes have been reported in mutant
mice with defective alleles of core clock genes as well as
genes mediating post-translational modification of clock proteins
(Sehgal and Mignot, 2011). For example, familial advanced

sleep phase syndrome can be caused by either phosphorylation-
defective mutations in human PER2 or by mutant alleles for
protein kinases such as CK13 (Toh et al., 2001; Xu et al., 2005).
A variation in human PER3 is also associated with differential
sleep homeostasis, particularly after sleep deprivation (Viola
et al., 2007). Furthermore, REV-ERBs appear to have a certain
role in both homeostatic and circadian regulation of sleep. In
mutant mice with a defective allele of Rev-erba gene, sleep/wake
distributions are advanced in comparison with the environmental
light-dark cycle. Moreover, both electroencephalogram delta
power and sleep consolidation were also significantly reduced
after sleep onset, suggesting a slower increase of homeostatic
sleep need during wakefulness in the mutant mice (Mang
et al., 2016). Interestingly, daytime administration of REV-ERB
agonists induced wakefulness and suppressed both slow-wave
and rapid eye movement sleep (Banerjee et al, 2014). Thus,
pharmacological manipulation of the circadian clock may be used
to treat circadian rhythm-related sleep disorders, such as sleep
fragmentation, abnormal sleep phase syndromes, and non-24-h
sleep-wake rhythm disorders.

Mood-Related Psychiatric Disorders
Mood spectrum disorders, including major depression, bipolar
disorder, seasonal affective disorder, and various addiction-
related diseases, are the most attractive targets for clock
modulators. Patients with mood disorders commonly suffer
from disrupted sleep/wake cycles and dysregulated diurnal mood
variations. Furthermore, several genetics studies have reported
significant associations of clock genes with the onset and
symptoms of affective disorders (Wulft et al., 2010; McCarthy
and Welsh, 2012). Similarly, mutant mice with defective clock
genes exhibit behavioral phenotypes linked with abnormal
despair, anxiety, and reward responses (McClung et al., 2005;
Hampp et al,, 2008; Chung et al., 2014; Schnell et al., 2015).
The key mediators of circadian mood regulation are central
monoamine systems, making them ideal therapeutic targets
for affective disorders. These monoamine systems are related
to circadian disruption, as mutant mice bearing defective
ClockA19 demonstrate mania-like behaviors characterized by
hyperactivity, as well as decreased depression- and anxiety-
related behaviors. They also demonstrate increased cocaine
sensitization with enhanced dopamine (DA) transmission
(McClung et al.,, 2005). More recently, our data demonstrating
mania-like phenotypes in Rev-erba-deficient mice revealed that
REV-ERBa connects the molecular clock with the midbrain DA
system (Chung et al., 2014). CLOCK and REV-ERBu expression
in DA neurons evokes daily variations in DA biosynthesis
and transmission in mesocorticolimbic DA circuits, particularly
through transcriptional control of tyrosine hydroxylase, a rate-
limiting enzyme for catecholamine biosynthesis. Monoamine
oxidase-mediated DA clearance in post-synaptic sites is also
reported to be under the circadian control of NPAS2 and
BMAL1 (Hampp et al., 2008). Taken together, these findings
indicate that the circadian clock tightly controls DA biosynthesis,
transmission, and turnover.

Interestingly, acute administration of the REV-ERB
antagonist, SR8278, to the ventral midbrain produces mania-like
behaviors with increased DA production and release (Chung
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et al., 2014). While both REV-ERB agonists and antagonists
reduce anxiety-like behaviors in mice, REV-ERB agonists do not
significantly affect despair-based behaviors (Banerjee et al., 2014;
Chung et al., 2014). This discrepancy may arise from the presence
of two REV-ERB isoforms that could interact with synthetic
ligands. Although SR8278 promotes mania in wild-type mice, it
acts as an anti-depressant in a mouse genetic model of depression
(Guo et al., 2018). Nobiletin also has anti-depressant-like effects
that are comparable with those of fluoxetine. These effects are
also prevented by inhibitors for monoamine transmission (Yi
et al, 2011). These findings strongly suggest that circadian
clock modulators have therapeutic potential for mood-related
psychiatric disorders, but also warn of potential risks in their
clinical applications to circadian rhythm-related sleep and
metabolic diseases.

Neurodegenerative Diseases

Circadian disruptions are common among patients with
neurodegenerative diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease, despite the
range in pathogenesis and associated symptoms of these diseases
(Hood and Amir, 2017). Circadian disturbances manifesting
as alterations in sleep-wake cycles, hormone secretion, and
diurnal mood regulation precede the cognitive and motor
symptoms characteristic of these diseases. Indeed, various forms
of AD models have exhibited phenotypes linked with circadian
and/or sleep abnormalities (Wisor et al., 2005; Gorman and
Yellon, 2010; Sterniczuk et al.,, 2010; Koss et al., 2016), and
neurodegenerative lesions in the SCN have been proposed as a
possible underlying mechanism (Sterniczuk et al., 2010; Zhou
et al., 2016). Conversely, amyloid-beta (AB) pathologies are
affected by the sleep-wake cycle in both mice and humans (Kang
et al,, 2009; Ooms et al., 2014). The sleep-wake cycle controls
a diurnal rhythm found in AP levels in brain interstitial fluid
(ISF) and sleep deprivation exacerbated AP plaque burden in an
AD mouse model (Kang et al., 2009). These findings collectively
suggest mutual interactions between circadian disturbances and
neurodegenerative pathologies.

Considerable evidence suggests that circadian disturbances
may play more direct roles in the progression of
neurodegenerative diseases, particularly in sporadic disease
forms (Musiek and Holtzman, 2016; Videnovic and Willis,
2016). Specifically, genetic variations in clock gene loci are
associated with neurodegenerative diseases (Gu et al., 2015).
Furthermore, the absence of functional BMALLI is associated
with various phenotypes of premature aging, increased oxidative
stress, induced age-dependent gliosis, and neurodegeneration
in the presence of neurotoxic assaults (Kondratov et al,
2006; Musiek et al., 2013). Recently, Musiek et al. (2013)
demonstrated that loss of central circadian rhythms accelerates
amyloid plaque accumulation along with disruption of daily
AP oscillations in hippocampal ISF, whereas loss of local
BMALL in extra-SCN brain regions promotes fibrillar plaque
deposition and increased APOE expression, suggesting both
central and local brain clock influence AD pathogenesis (Kress
et al., 2018). It was also demonstrated that the expression of
several AD risk genes, including Bacel and Bace2, are under
the control of cellular clockworks (Ma et al., 2016). In addition

to AD, genetic abrogation of REV-ERBa and chronic circadian
disruption were shown to exacerbate neurotoxin-induced
PD-like phenotypes and neuroinflammation-mediated DA
neuron loss (Lauretti et al., 2017; Kim et al., 2018). Thus, chronic
circadian disruption by either environmental or genetic causes
is likely a risk factor for sporadic forms of neurodegenerative
diseases, and neuroinflammatory dysregulation could be a link
between circadian dysfunction and neurodegeneration (Musiek
et al., 2013; Lauretti et al., 2017).

These findings also suggest that circadian rhythm-based
therapeutics may delay the progression and severity of
neurodegenerative diseases. Such chronobiological interventions
for neuropsychiatric disorders, such as affective disorders and
neurodegeneration, include bright-light therapy and timed
melatonin administration (Forbes et al., 2014). Previous studies
have suggested that timed light exposure and/or melatonin
administration partially improve sleep- and circadian rhythm-
related symptoms of AD and PD (Ancoli-Israel et al., 2003;
Riemersma-van der Lek et al.,, 2008; Videnovic et al., 2017).
However, whether bright light has long-lasting beneficial effects
on cognitive or motor-skill impairments in AD or PD patients
remains unclear. Alternatively, these impairments may be
treated with small-molecule modulators of clock proteins.
Indeed, nobiletin attenuated memory impairments and amyloid
pathology in transgenic mouse models of AD (Onozuka et al.,
2008; Nakajima et al., 2015) and ameliorated motor and cognitive
deficits in MPTP-induced PD mice (Yabuki et al., 2014).
Considering that clock proteins have been implicated in cellular
antioxidant responses (Lee et al, 2013; Woldt et al, 2013),
amelioration of oxidative damage may be an additional potential
mechanism by which clock modulators delay neurodegeneration.

Possible Mode of Actions: Brain
Region-Specific and Systemic
Mechanisms

Although still in preclinical development, small-molecule
modifiers of clock components may exert beneficial effects
at multiple levels (Sulli et al., 2018a). The simplest modes of
action could involve cellular clock-dependent modulation
of transcriptional networks or signaling pathways that
are responsible for pathological states due to malfunction.
Considering that the cellular clock coordinates diverse cellular
pathways, pharmacological manipulation of clock components
may have pleiotropic benefits, comparable to combination-
therapy approaches. For example, a REV-ERBs antagonist
enhanced both DA biosynthesis and activity-dependent
neurotransmitter release, which may both contribute to its
anti-depressant-like effects (Chung et al, 2014; Guo et al,
2018). In this context, it should be also noted that some
molecular targets of established drugs have been identified to
follow oscillatory expression or to be directly controlled by
the cellular clock. Hogenesch et al. (1998) identified sets of
oscillatory genes across multiple tissues in mice. Additionally,
they found that more than 20% of the 100 best-selling drugs
with short half-lives involved circadian gene targets; these drugs
included widely used drugs for neuropsychiatric disorders
such as insomnia, depressive disorders, and attention-deficit

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2019 | Volume 11 | Article 496


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Cha et al.

Small Molecule Circadian Modulators

hyperactivity disorders (Zhang et al., 2014). These findings imply
therapeutic potential of clock modulators that can be also
considered for combinational therapy with existing treatments to
improve their efficacy.

Systemic restoration or stabilization of the circadian system
may also mediate therapeutic effects of clock modulators,
plausibly by strengthening the autonomous oscillations of
the SCN pacemaker and/or by helping the synchronization
between brain clocks. As noted earlier, behavioral interventions
to restore circadian rhythm and sleep have been reported
to ameliorate some symptoms of affective disorders and
neurodegeneration (Forbes et al, 2014; Sulli et al, 2018a).
Furthermore, co-morbidities among circadian rhythm-related
diseases are frequently found. For example, there is a bi-
directional association between metabolic syndromes and mental
health disorders including bipolar disorder, major depression,
anxiety, attention-deficit hyperactivity disorder, schizophrenia,
and autism spectrum disorders (Nousen et al., 2013). Because
circadian rhythms coordinate the multiple brain systems
responsible for affective, cognitive, and metabolic functions,
dysregulation of circadian clocks has been proposed to play
a central role in cardio-metabolic co-morbidity in psychiatric
disorders (Barandas et al., 2015). It can be, therefore suggested
that systemic actions of clock-targeting pharmaceuticals may
provide additional distinct preventive or therapeutic strategies
for co-morbid disorders.

CONCLUDING REMARKS

Circadian clocks govern a wide spectrum of biochemical,
physiological, and behavioral processes. Disruption or
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In the central nervous system (CNS), astrocytes form networks interconnected by gap
junctions made from connexins of the subtypes Cx30 and Cx43. When unopposed
by an adjoining hemichannel, astrocytic connexins can act as hemichannels to control
the release of small molecules such as ATP and glutamate into the extracellular space.
Accruing evidence indicates that astrocytic connexins are crucial for the coordination
and maintenance of physiologic CNS activity. Here we provide an update on the role of
astrocytic connexins in neurodegenerative disorders, glioma, and ischemia. In addition,
we address the regulation of Cx43 in chronic pain.

Keywords: astrocyte, connexin 43, Alzheimer’s disease, glioma, ischemia, neuropathic pain

INTRODUCTION

As the most abundant cells in the central nervous system, astrocytes are critical for synaptic
transmission and homeostasis maintenance. Astrocyte dysfunction has been associated with many
neurological disorders, including but not limited to neurodegenerative diseases, gliomas, and
ischemia (Verkhratsky et al., 2010; Yang et al., 2013; Hirayama and Koizumi, 2018). Over the
last two decades, accumulating evidence has shown that astrocytes are also key mediators in pain
development and maintenance (Ji et al., 2013).

Astrocytes in the CNS form a highly interconnected network via gap junctions or hemichannels.
Each connexin hemichannel consists of six protein subunits termed connexins, which belong to
a protein family encoded by 20-21 genes in mammals (Scott et al., 2012). An individual subunit
possesses four alpha-helical transmembrane domains, connected by two extracellular loops and one
intracellular loop, with cytoplasmic carboxyl and amine terminals (Bennett et al., 2016). When one
hemichannel docks to its counterpart on the apposed cells, a gap junction is formed. Gap junctions
of astrocytes allow rapid intercellular exchange of ions and metabolites, which is critical for K
and glutamate buffering, calcium wave propagation, and synaptic plasticity (Li et al., 2014; Lapato
and Tiwari-Woodruff, 2018). Unpaired connexins can act as hemichannels, which are responsible
for the release of gliotransmitters, including ATP, glutamate, nicotinamide adenine dinucleotide
(NAD), and D-serine to the extracellular milieu (Saez et al., 2003; Retamal et al., 2014). This offers
a new exchange route between neurons and glia.

Accruing evidence suggests that connexin hemichannels can open at both physiological and
pathological conditions (Saez et al., 2003). The opening of hemichannels is highly dynamic and can
be controlled by multiple regulators. Lower or higher intercellular Ca?T can increase the opening
probability of hemichannels (Decrock et al., 2011). In addition, pathological conditions, such as
oxidative stress, lower pH, mechanical stimulation, and inflammation can significantly enhance
the hemichannel opening (Johansen et al., 2011; Batra et al., 2014; Castellano and Eugenin, 2014;
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Retamal et al., 2015). The uncontrolled opening of hemichannels
can lead to cell damage and homeostatic imbalance (Orellana,
2016). It is accepted that excessive release of ATP and glutamate
or overload of intracellular free Ca?>* are toxic to neighboring
cells or trigger secondary damages to distant cells (Takeuchi
et al., 2006; Orellana et al, 2011). Of note, dysregulation of
hemichannels permeability can also induce excessive influx of
Na™ and CI™, leading to osmotic and ionic imbalance (Orellana
et al, 2016). In astrocytes, the predominant connexins are
connexin 43 (Cx43), though Cx26 and Cx30 are also detectable
(Rash et al., 2001a,b). This review will focus on the role of
astrocytic Cx43 in the regulation of CNS disorders (Table 1,
Figure 1). Furthermore, we also discuss an emerging role of
astrocyte Cx43 in chronic pain (Table 2).

Cx43 IN NEURODEGENERATIVE

DISEASES
Alzheimer’s  disease = (AD), a  representative = CNS
neurodegenerative disease characterized by plaques and

tangles in the brain (Ballard et al., 2011), is the leading cause
of dementia worldwide. Until recently, the role of astrocytes in
AD has been appreciated, though astrocytic modification was
discovered in AD decades ago (Nagy et al., 1996; Rodriguez et al.,
2009; Verkhratsky et al., 2010). Astrogliosis and p-amyloid(AB)
plaque, two prominent pathologic features of AD, are both
highly associated with astrocytic connexins, which offer a novel
pathological mechanism and a potential therapeutic target for
AD (Yi et al,, 2017b). Altered expression of astrocytic connexins
have been observed in the brains of both AD patients and mice
(Nagy et al., 1996; Mei et al., 2010), though the mechanisms by
which connexins expression is changed, remain controversial.
For example, the expression of Cx43 in astrocytic gap junctions
of AD patients is upregulated in the cortical regions with
AP plaques, and some plaques corresponded exactly to the
potentiated Cx43 immunoreactive sites (Nagy et al., 1996). In
older APP/PS1 mice, a murine model of familial AD, an increase
of Cx43 and Cx30 immunoreactivity was found in 60-70%
AP plaques of reactive astrocytes. However, a decrease in the
expression of Cx43 and Cx30 was also found in a few newly
formed plaques (<10%) (Mei et al., 2010). This discrepancy
indicates that the alteration of Cx43 expression in AD depends
on the amyloid pathology and local inflammatory status of
the plaque sites (Koulakoff et al., 2012). The increase in Cx43
expression promotes astroglial activation and further alters
astroglial channel function and the pathologic process of AD.
Studies have been performed to investigate the role of
Cx43 in AD, either as gap junction channels or hemichannels.
Interestingly, the reactive astrogliosis does not affect astroglial
gap junctional communication in APP/PS1 mice (Yi et al,
2017b). Hemichannels in astrocytes, however, can be activated
during the pathologic process of AD and are critical for
the neuronal damage (Orellana et al., 2011). The activated
hemichannels increase the release of ATP and glutamate from
astrocytes around the amyloid plaques, leading to overload of
neuronal Ca’*, synaptic depression (Pascual, 2005), and final

neuronal damage (Yi et al, 2016). Neuronal damages in the
process could be alleviated by Cx43 hemichannel blocker boldine
or cannabinoids (Gajardo-Gomez et al., 2017; Yi et al., 2017a).
In addition, in APP/PS1 mice, a specific deletion of astroglial
Cx43 could significantly reduce astrogliosis and increase synapse
numbers, though it had no effects on amyloid plaque formation
or inflammatory response (Ren et al, 2018). These results
indicate that Cx43 could be a novel therapeutic target for AD.

As the second most common chronic neurodegenerative
disorder in the CNS, Parkinson’s disease (PD) possesses reactive
astrocytes in the substantia nigra (Fernandez, 2012; Cabezas
et al., 2014). Rotenone is a common neurotoxic substance used
for generating PD experimental models. In both rotenone-
treated rats and in vitro astrocytes, levels of both total Cx43
and phosphorylated Cx43 were elevated (Wang Y. et al., 2013).
Additionally, gastrodin from a Chinese herbal medicine can
ameliorate PD by downregulating Cx43 (Wang Y. et al,, 2013).
Cx43 expression was also found upregulated in patients with
amyotrophic lateral sclerosis (ALS) or related models (Almad
et al., 2016). This upregulated Cx43 expression led to elevated
hemichannel activity, enhanced gap junction coupling and
increased intracellular Ca** concentration, which contributed
to motor neuron toxicity. Furthermore, it was conferred that
Cx43 blocker or Cx43 hemichannel blocker provided protection
against this neuron toxicity (Almad et al., 2016).

Overall, the role of astrocytes as well as astrocytic connexins
has attracted more attention in the field of neurodegenerative
diseases in recent years, due to their critical role in gliosis,
inflammation, and neuronal damage (Freitas-Andrade and Naus,
2016). Here we pose several questions and perspectives for further
study. First, in-depth studies may be needed to apply and clarify
the targets of these interventions, for example, R76W mutant
which specifically block gap junction channels (Xu et al., 2015),
Gapl9 (a specific Cx43 hemichannel blocker) (Wang N. et al.,
2013) and non-selective peptides. Second, the discrepancy of
Cx43 immunoreactivity in neurodegenerative diseases was found
in a previous study (Mei et al., 2010), which may lead us to test
how Cx43 works in a time-dependent manner.

Cx43 IN GLIOMA

Glioblastoma (GBM), a representative type of malignant glioma,
is the most common and aggressive CNS malignant tumor
(Sontheimer, 2015). Both the expression changes of Cx43 and
its role in glioma progression are controversial, which may be
attribute to high heterogeneity of this tumor (Sin et al., 2012).
The expression of Cx43 varies with grades, stages, and locations of
tumors. For example, Cx43 generally exhibits a lower expression
in the tumor core within high-grade gliomas compared with
low-grade ones (Sin et al., 2016). As a conventional therapeutic
strategy, surgical resection supplemented with chemotherapy
and radiotherapy confers a poor prognosis in patients with
gliomas (Stupp et al, 2005). This poor prognosis is mainly
caused by the resistance to the chemotherapeutic alkylating
agents such as temozolomide (TMZ), and the invasive nature
of the tumor cells (Sin et al., 2012, 2016; Wang et al., 2018).
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TABLE 1 | Cx43 in the regulation of CNS disorders.

Diseases and models Cx43 Manipulations Target Mechanism Outcomes Reference
expression and drugs channel
changes
AD APP/PS1/Gfap- 4 Astrocyte Cx43 HC and APPswe/PS1dE9  tcognitive Ren et al., 2018
Cx43 KO KO GJC + Gfap-Cx43 function
mice KO
Jastrogliosis
APP/PS1/Gfap- 1 Astrocyte Cx43 HC and APPswe/PS1dE9 | gliotransmitter Yietal., 2016
Cx43 KO KO GJC + Gfap-Cx43 release
mice KO
Jneuronal
damages
APPswe/PS1dE9 1 boldine HC HC blockade Jhippocampal Yietal, 2017a
mice neuronal
suffering
Astrocytes and - cannabinoids HC HC blockade Jinflammatory Gajardo-
acute profile evoked Goémez et al.,
hippocampal by A 2017
slices treated
with the active
fragment of
AB(in vitro)
Cerebral ischemia Astrocyte from Cx43 carbenoxolone GJC GJC blockade tprotective Ma et al., 2018
Wistar rats expression effects of
varies ischemic
according to preconditioning
the time points
and p-Cx431
Neonatal SD 4 Cx43 mimetic HC Extracellular Jcerebral infarct Lietal, 2015
rats peptides loop peptides volume
Gap26 and
Gap27
Retinal ischemia- Wistar rats A Cx43 mimetic HC Extracellular Jdye leak (in vivo) Danesh-Meyer
reperfusion (in vivo) and peptided loop peptides etal., 2012
endothelial cell
(in vitro)
tretinal ganglion
cell survival
(in vitro)
Glioma (glioblastoma) Cx43 KO mice Jas the glioma Cx43 KO and HC and Gfap:Cre+Cx43fl/Al; | glioma invasion Sin et al., 2016
and Cx43 grade increases Cx43 truncated GJC C-terminal
truncated truncation at
mutant mice amino acid 258
(Cx43K258stop)
GBM cells 4in the Cx43 siRNA HC and RNA JTMZ resistance Munoz et al.,
(in vitro) TMZ-resistant GJC interference 2014
GBM cells
BALB/c nude A aCT1 HC Cx43 JTMZ resistance Murphy et al.,
mice injected C-terminus 2016
with LN229 mimetic
human GBM peptide
stem cells
Myocardial ischemia Intact heart of — Cx43 mimetic HC Extracellular fprotection Hawat et al.,
rats peptide Gap26 loop peptides against 2010
myocardial
ischemia—
reperfusion
injury
Amyotrophic Lateral SOD1 mice and 4 Cx43 mimetic HC Extracellular f+motor neurons Almad et al.,
Sclerosis SOD16G93A peptide Gap26 loop peptides survive 2016
mice

tdenotes upregulation; | denotes downregulation;, — denotes data unavailable.
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TABLE 2 | Expression changes of Cx43 in different pain models.

Pain models and Cx43 expression Manipulations Target channel Mechanism Effects on pain Reference
species changes and drugs
Spinal cord injury, 0 Cx43~/~Cx30~/—, HC and GJC Cx30-KO + Jheat hyperalgesia Chen et al., 2012
mouse double knockout Gfap:Cre Cx431/f and mechanical
allodynia
Spinal cord injury A Intrathecal injection HC and GJC astrocyte metabolic | SCl-induced Choi et al., 2016
(thoracic spinal cord of fluorocitrate and inhibitor;gap bilateral below-level
hemisection), mouse carbenoxolone and junction/hemichannel mechanical
Gap26 blocker; Cx43 allodynia
extracellular loop
peptides
Spinal cord contusion, 4 Intraperitoneal HC Cx43 extracellular | at-level mechanical Mao et al., 2017b
rat injection of loop peptides allodynia
Peptide5
Chronic constriction 1 Intrathecal injection HC and GJC GJC blockade; Jmechanical Chen et al., 2014
injury (CCl) of the of CBX, Gap26 or Cx43 extracellular allodynia
sciatic nerves, mouse Gap27, astroglial loop peptides; RNA
toxin pretreatment interference
of astrocytes, or
Cx43 siRNA
CCl, mouse 4 — — — — Neumann et al.,
2015
Spinal nerve ligation 1 Intrathecal Cx43 HC and GJC RNA interference Jmechanical Xu et al., 2014
(SNL), rat siRNA hypersensitivity
Spinal nerve ligation 1 Intrathecal HC Release CO as HC | hyperalgesia and Wang and Sun,
(SNL), rat CORM-2 inhibitor allodynia 2017
administration
Partial sciatic nerve J Intrathecal injection HC and GJC RNA interference JPSNL-induced Morioka et al., 2015
ligation (PSNL), mouse of an adenovirus mechanical
vector expressing hypersensitivity
Cx43
PSNL, mouse N Intrathecal injection ~ HC and GJC Reversed | mechanical Zhang et al., 2016
of lycopene TNF-induced hypersensitivity
downregulation of
Cx43 expression
Inferior alveolar nerve 4 Administration of HC Cx43 extracellular | mechanical Kaji et al., 2016
injury, rat Gap27 in the loop peptides hypersensitivity
trigeminal ganglion
Chemotherapy 4 Intraperitoneal GJC Glial activation — Robinson and
(bortezomib -induced injection of inhibitor and gap Dougherty, 2015
peripheral neuropathy), minocycline and junction decoupler
rat CBX
Opioid intrathecal (i.t.) 4 Intrathecal injection HC Cx43 extracellular | morphine Shen et al., 2014
administration of of Gap26 loop peptides antinociceptive
morphine, rat tolerance,
Inflammation (unilateral 4 Intrathecal injection HC and GJC Gap junction Jcontralateral paw Choi et al., 2017
carrageenan (CA) of CBX or Gap26 decoupler and withdrawal
injection), rat Cx43 extracellular frequency (PWF),
loop peptides while the ipsilateral
PWF was not
affected
Bone Cancer Walker p-Cx43% Intrathecal injection HC Cx43 extracellular | mechanical Hang et al., 2016
256 tumor cells of Gap26 loop peptides allodynia
inoculation into the
tibia, rat
Bone Cancer 4 Intrathecal injection ~ GJC Gap junction lpain hypersensitivity ~ Yang et al., 2018
(intra-femoral of CBX decoupler
inoculation of Lewis
lung carcinoma cells),
mouse
Breakthrough cancer Cx43 proteint Intrathecal injection ~ HC Cx43 extracellular | pain hypersensitivity — Lietal., 2017

pain (BTcP), mouse

p-Cx43

of Gap26

loop peptides

tdenotes upregulation; | denotes downregulation;, — denotes data unavailable.
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In the TMZ-resistant GBM cells, Cx43 expression showed a
significant upregulation. Studies suggested that an increase of
functional EGFR expression activated the JNK-ERK1/2-AP-1 axis
to upregulate Cx43 expression in the TMZ-resistant GBM cells
(Munoz et al., 2014). TMZ-resistance was significantly reduced
when Cx43 was suppressed by peptides targeting Cx43 channels
or Cx43 C-terminal (Gielen et al., 2013; Murphy et al., 2016; Grek
et al., 2018), which implies TMZ-resistance is highly dependent
on Cx43 in gliomas.

Temozolomide resistance may be mediated by Cx43 via
the mitochondrial apoptosis pathway (Gielen et al, 2013),
or interactions between Cx43 carboxyl terminus and actin
cytoskeleton (Crespin et al.,, 2010). GBM cells treated with za
restored TMZ sensitivity (Gielen et al., 2013; Murphy et al,,
2016). These results indicated that Cx43 carboxyl terminus
confers TMZ-resistance in gliomas. Cx43 carboxyl terminus
promotes tumor cell migration, and therefore may contribute
to glioma invasion (Bates et al., 2007). However, another study
showed that Cx43 can promote tumor invasion via a carboxyl
terminus-independent manner, since Cx43 without carboxyl
terminus can also increase migration (Crespin et al, 2010),
which may be derived from connexin-based Ca’* signaling
and ATP release (Sin et al, 2016). Notably, utilizing Cx43
peptidomimetics as an adjuvant for TMZ resistance has been
proposed (Grek et al., 2018).

Not only does the expression of Cx43 change, but its role may
also vary with grades, stages, and locations of the tumors. Since

many studies focused on Cx43 in gliomas, many new therapeutic
targets have been proposed (e.g., Cx43 extracellular loop, Cx43
loop/tail interactions, Cx43 C-terminal) (Delvaeye et al., 2018).
The diverse effects of these drugs are needed to testify to different
conditions. In addition, specific drugs targeting Cx43 for varying
glioma, may be a better solution based on the dynamic changes
of Cx43.

Cx43 IN BRAIN ISCHEMIA

Brain ischemia is a leading cause of long-term disability or
even mortality in adults. Insufficient blood flow, which fails to
meet the high metabolic demands of the brain, will trigger the
cascade reaction including tissue ischemia, reperfusion injury,
inflammatory activity, leading to irreversible brain damage (Kim
et al, 2018). Accumulating evidence suggests that astrocytic
Cx43 expression is increased after hypoxia/ischemia injury
and that Cx43 plays an important role in cell death and
neuronal damage induced by cerebral ischemia (Davidson et al.,
2012a,b, 2013, 2014; Ma et al., 2018). Ischemia/reperfusion
injury and the following inflammatory activation can activate
the astrocytic hemichannels via the increased extracellular Ca?™
and inflammatory factors released (Davidson et al., 2013). For
instance, inflammatory factors just like IL-1B could reverse the
inhibition of hemichannel activity caused by epidermal growth
factor (EGF) (Morita et al., 2007); Cx43 hemichannels can
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also be triggered via p38 kinase by pro-inflammatory cytokines
including IL-1p and TNF-a released by activated microglia
(Retamal et al., 2007; Giaume et al., 2013). These abnormally
opened hemichannels subsequently cause an uncontrolled release
of ATP, glutamate, and an overload of Ca?*, leading to tissue
excitotoxicity, amplification of the inflammation (Kim et al,
2018), and ultimately irreversible brain damage. The treatment
of Cx43 mimetic peptide Gap26 leads to a reduction in both
Cx43 expression and Cx43 hemichannels activity, which improve
neurological function and reduce infarct volume (Li et al,
2015). According to this evidence, targeting to Cx43 might be
a promising therapeutic strategy for brain ischemia, but more
efforts are needed to develop specific inhibitors which can
penetrate the blood-brain barrier.

ASTROCYTES AND Cx43 IN CHRONIC
PAIN

Astrocytes are reactive in multiple types of conditioning-induced
chronic pain, including peripheral and central nerve trauma,
inflammation, chronic opioid exposure, etc. (Song and Zhao,
2001; Okada-Ogawa et al., 2009; Ren and Dubner, 2010; Chiang
et al,, 2012; Ji et al., 2013). Consistently, inhibiting the activity
of astrocytes in the spinal cord can ameliorate chronic pain
(Tsuda et al., 2011). Different from rapid activation of microglia,
reactive astrocytes are usually found several days after injury and
persist for a longer time (Mika et al., 2009; Old et al., 2015).
This indicates that astrocytes might mainly contribute to the
development and maintenance of chronic pain. The following
mechanisms have been discussed in the astrocyte-mediated pain:
(1) astrocytes can release multiple inflammatory mediators and
neuromodulators, such as cytokines IL-1f, chemokines CCL2,
and CXCLI; (2) a variety of receptors and transports, for example,
ATP receptors P2XR and P2Y, glutamate transporter-1 (GLT-1),
and glutamate and aspartic acid transporter (GLAST) can be
activated in astrocytes; (3) the mitogen activated protein kinases
(MAPKSs) are also activated and further induce downstream
signaling critical for pain; (4) reactive astrocytes also regulate
the opening states of gap junctions or hemichannels, which
further control the release of ATP, glutamate, and NAD™. These
signaling pathways coordinate or interact with each other in
response to pain. The role of Cx43 in pain is acknowledged
by the study that Cx43/Cx30 deletion, instead of Cx30 single
knockout, can alleviate the neuropathic pain developed between
4 and 8 weeks following spinal cord injury (Chen et al., 2012).
Here, we will comprehensively discuss the role of Cx43 in
chronic pain.

Studies have shown that Cx43 can act as a non-ligated
hemichannel releasing small mediators or gliotransmitters, such
as ATP and glutamate, into the extracellular environment
(Bennett et al,, 2003; D’hondt et al., 2014), which modulate
synaptic transmission by directly interacting with nociceptive
neurons, further contributing to pain. In addition, extracellular
ATP also acts via its receptor P2X on non-neuronal cells,
which contribute to pain by inducing the release of cytokines
and chemokines.

Studies have shown that Cx43 can also regulate the expression
or secretion of cytokines and chemokines in multiple systems.
Although it is generally believed that hemichannels only allow
passage of small molecules and ions, it has been reported
that Cx43 can control the secretion of chemokine CXCL12
in bone marrow stromal cells (Schajnovitz et al., 2011). In
the rat arthritis model, LPS treatment significantly enhanced
Cx43 gene expression in rat fibroblast-like synoviocytes, whereas
transfection of siCx43 inhibited the LPS-induced overexpression
of pro-inflammatory cytokines and chemokines (Tsuchida et al.,
2013). Furthermore, CBX (carbenoxolone, a non-selective gap-
junction inhibitor) reduces the increase of IL-1p and IL6 in
cerebrospinal fluid caused by intrathecal injection of HIV1 gp120
(Spataro et al., 2004). The expression and secretion of cytokines
or chemokines are up-regulated in TNF-a-activated astrocytes,
which are important in the induction and maintenance of pain
hypersensitivity (Gao et al., 2009; Huh et al., 2017). Our previous
study has shown that TNF-a-induced CXCLI and CCL2 release
from astrocytes, were blocked by Cx43 small interfering RNA,
CBX and #*Gap26 or 3*3Gap27 (two Cx43 mimetic peptides
that blocks hemichannels), indicating that astrocytic Cx43
hemichannels are responsible for the release of the chemokines
(Chen et al, 2014). Another study showed that intrathecal
injection of **Gap26 markedly attenuated mechanical allodynia
in rat bone cancer model and reduced CXCL12 production from
spinal dorsal horn in astrocytes (Hang et al.,, 2016). Although
this evidence suggests that Cx43 hemichannels mediate the
synthesis and secretion of chemokines, the mechanism remains
unclear as chemokines are too large to directly efflux through the
Cx43 hemichannels. One possible explanation is that activated
calcium signaling contributes to CXCL12 secretion via the
GTPase RalA (Schajnovitz et al., 2011). Another possibility is
that an increase of purine induced by Cx43 may regulate the
release of chemokines, based on the role of purinergic signaling
in astrocytic release (Chen et al., 2014). Moreover, the Cx43
hemichannel may be hyperactive in pathological conditions,
thereby causing chemokines to “leak” out of astrocytes through
cytoskeletal changes (Cotrina et al., 2000).

The expression changes of Cx43 following pain is still
inconclusive (Table 2). Multiple studies have shown that
Cx43 is upregulated in astrocytes following nerve ligation
and spinal cord injury, and that inhibition of Cx43 can
attenuate pain hypersensitivity (Wu et al., 2011; Chen et al,
2012, 2014, 2018; Shen et al, 2014; Neumann et al, 2015;
Robinson and Dougherty, 2015; Choi et al, 2016; Hang
et al, 2016; Kaji et al, 2016; Mao et al, 2017a,b; Wang
and Sun, 2017; Yang et al, 2018). On the contrary, few
studies showed that a decrease of Cx43 following nerve injury
could contribute to pain hypersensitivity (Xu et al, 2014;
Morioka et al., 2015; Zhang et al., 2016). Interestingly, in
a mouse model of breakthrough cancer pain, Cx43 protein
level is upregulated while phosphorylation of Cx43 (p-Cx43)
is downregulated (Li et al., 2017). The conflict might come
from distinct pain conditions or models. Additionally, it might
not be the Cx43 expression level alone that determines the
enhanced or attenuated function of hemichannels or gap
junctions, because even in the pain model with decreased CX43
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expression, inhibition of CX43 function can still relieve pain (Xu
etal., 2014).

Studies have shown that Cx43 can be highly regulated
by astrocytic inflammatory mediators, growth factors, or
receptors. TNF-a and IL-1f, inflammatory mediators produced
by astrocytes in pain, can modulate the expression of Cx43
(Morioka et al., 2015; Choi et al, 2017). For example, TNF
decreases Cx43 expression in naive mice, which can be reversed
by the TNF inhibitor (Morioka et al., 2015). Reactive astrocytes
also lead to an increase in the basic fibroblast growth factor
(bFGF or FGF-2) in the late phase following nerve injury. bFGF
increases the expression of Cx43 and enhances intercellular
communication of Cx43 gap junction in cardiac fibroblasts
(Doble and Kardami, 1995), though the study of the role of bFGF
in astrocytic Cx43 is lacking. In addition, the sigma-1 receptor
activated by astrocytes in both peripheral and central neuropathy,
could also modulate the activation of Cx43. The increase in Cx43
expression can be reversed by a sigma-1 receptor blocker (Choi
etal., 2016).

Increasing evidence has shown that mitogen-activated protein
kinases (MAPKs) can also regulate the opening states of Cx43
channels in astrocytes. Activation of MAPKs family members
contribute to pain sensitization. For instance, extracellular signal-
regulated kinases (ERKs) is significantly upregulated in astrocytes
when animals were injected with complete Freund’s adjuvant
(CFA), a drug inducing inflammation and pain (Weyerbacher
et al., 2010). Phosphorylation of C-Jun N-terminal kinases
(JNKs), predominantly JNK-1, is observed in spinal astrocytes in
a persistent pain condition (Gao et al., 2010). MAPKs lead to a
closure of CX43 gap junction and hemichannels, while MAPK
phosphatase make Cx43 preferentially open (Kim et al., 1999;
Goodenough and Paul, 2003; Solan and Lampe, 2005). Notably,
phosphorylation and dephosphorylation events not only regulate
the gating of channels, but also the trafficking and assembly
of connexins (Ribeiro-Rodrigues et al., 2017), indicating the
complicated effects of MAPKs on Cx43.

Though the interaction between Cx43 and molecules involved
in pain offers a complicated feedback loop in pain development
and maintenance, based on the current studies, strategies to
suppress the function of Cx43 may be a robust approach for pain
relief (Wu et al,, 2011; Chen et al., 2012, 2014; Shen et al., 2014;
Xu et al., 2014; Neumann et al., 2015; Robinson and Dougherty,
2015; Choi et al., 2016; Hang et al., 2016; Kaji et al., 2016; Mao
etal.,, 2017a,b; Wang and Sun, 2017; Yang et al., 2018).

Cx43 might function as hemichannels or a gap junction, which
has not been clearly characterized in every single study (Tables 1,
2). A non-selective gap-junction inhibitor carbenoxolone (CBX)
can reduces neuropathic pain (Wang et al., 2014), supporting the
ideas that Cx43 can function as a gap junction. On the other
hand, studies proposed a model in which Cx43 can function as
a non-junctional hemichannel to release mediators such as ATP
and glutamate (Bennett et al., 2003; D’hondt et al., 2014). There
are a few ways to distinguish hemichannels and gap junctions.
For example, when used for short incubation time or at a low
concentration, peptide 5, a mimetic of Cx43, can only inhibit
hemichannels, but when applied for a long incubation time or at
a long concentration, can attenuate both hemichannels and gap

junctions (Choi et al., 2016; Mao et al., 2017a). Another approach
to distinguish Cx43 gap junction and hemichannels are using the
dyes uptaken. Lucifer yellow, only permeable to the gap junction,
while ethidium bromide is considered exclusively uptaken by
hemichannels. The diffusion rates of these dyes will differentiate
hemichannel and gap junction. Interestingly, a peptide derived
from the cytoplasmic loop of Cx43 termed Gap19 can specifically
function in Cx43 hemichannels while not affecting gap junctions
(Abudara et al., 2014). In addition, La3+ can specifically block
hemichannels rather than gap junctions. Typically, the use of
these drugs is accompanied by other blockers or dyes, however,
thus far no drugs that only target to Cx43 are available.

The enriched expression of Cx43 and wide distribution
of astrocytes in the brain and spinal cord might explain
the complicated phenotypes observed in animals with Cx43
manipulation. Though changes of either ATP, glutamate, or Ca>*
can be detected when Cx43 is manipulated, it is hard to tell how
each molecule contributes to the system since (1) few studies have
systematically tested all changes of these molecules; (2) not only
local signaling is affected by these small molecules.

CONCLUSION AND PERSPECTIVES

Astrocytes modulate extrasynaptic or synaptic milieu to further
enhance or dampen electrochemical signaling propagating in
neurons. As the major connexin altered following nerve injury,
Cx43 can be regulated by multiple signals under pathological
conditions, which in turn, modulate several downstream signals
critical for neuronal activity, and further contribute to a variety of
CNS disorders, including pain. So far, up to 21 phosphorylation
sites have been reported in Cx43 (Pogoda et al., 2016), indicating
a complex post-translational modification. Further studies might
be necessary to characterize how these phosphorylation sites
contribute to specific CNS disorders. Of note, besides connexin
hemichannels, pannexin is also detectable in astrocytes (Garre
et al., 2010). Pannexin-1, like Cx43, can also be inhibited by
the non-selective gap-junction blocker CBX (Garre et al., 2010).
Therefore, the role of Pannexin-1 in pain control could be
an interesting topic to explore. In addition, how connexins
interact with pannexins and the signaling pathways mediated
by connexins or pannexins need further investigation. Selective
manipulation of connexins might be a potential therapeutic
approach in some CNS disorders.
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We have recently described an A350V mutation in IQSEC2 associated with intellectual
disability, autism and epilepsy. We sought to understand the molecular pathophysiology
of this mutation with the goal of developing targets for drug intervention. We
demonstrate here that the A350V mutation results in interference with the binding
of apocalmodulin to the IQ domain of IQSEC2. We further demonstrate that this
mutation results in constitutive activation of the guanine nucleotide exchange factor
(GEF) activity of IQSEC2 resulting in increased production of the active form of Arf6. In a
CRISPR generated mouse model of the A350V IQSEC2 mutation, we demonstrate that
the surface expression of GIUA2 AMPA receptors in mouse hippocampal tissue was
significantly reduced in A350V IQSEC2 mutant mice compared to wild type IQSEC2
mice and that there is a significant reduction in basal synaptic transmission in the
hippocampus of A350V IQSEC2 mice compared to wild type IQSEC2 mice. Finally,
the A350V IQSEC2 mice demonstrated increased activity, abnormal social behavior and
learning as compared to wild type IQSEC2 mice. These findings suggest a model of
how the A350V mutation in IQSEC2 may mediate disease with implications for targets
for drug therapy. These studies provide a paradigm for a personalized approach to
precision therapy for a disease that heretofore has no therapy.

Keywords: IQSEC2, Arf6, GEF, AMPA, calmodulin, IQ domain, intellectual disability, autism

INTRODUCTION

IQSEC2 is an X-linked gene which has been previously associated with intellectual disability
(ID), autism and epilepsy (Shoubridge et al, 2010, 2019; Fieremans et al., 2015; Alexander-
Bloch et al.,, 2016; Kalscheuer et al., 2016; Zerem et al., 2016; Mignot and Depienne, 2018) with
mutations in IQSEC2 accounting for approximately 2% of patients with ID and epilepsy referred for
exome sequencing (Heyne et al.,, 2018). Understanding the molecular pathophysiology of IQSEC2
mutations may allow for a personalized treatment program to provide much-needed hope and help
to affected children and their families.
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The IQSEC2 protein is localized in excitatory synapses as
part of the NMDA receptor complex via interaction with
post-synaptic density proteins DLG1, DLG2, and DLG4 and
has been proposed to play a role in synaptic plasticity and
dendritic spine formation (Murphy et al, 2006; Sakagami
et al, 2008; Hinze et al, 2017). Biochemically IQSEC2 is a
member of the GEF (guanine nucleotide exchange factor) family
of proteins whose role is to promote exchange of GDP for
GTP on specific Arfs (ADP ribosylation factors) and thereby
activate the Arf. The target Arf for IQSEC2 is not known but
binding of IQSEC2 to Arf6 has been demonstrated in vitro
(Sakagami et al., 2008). Arf6, similar to other Arfs, regulates actin
dynamics in dendritic spines and membrane trafficking, and is
the only Arf which regulates trafficking between the cell surface
membrane and endocytotic membranes (Donaldson, 2003; Choi
et al, 2006; Jaworski, 2007). The GEF activity of IQSEC2,
mediated through ARF6, has recently been demonstrated to
be required for the activity dependent removal of a-amino-3-
hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA) receptors
(Brown et al., 2016; Petersen et al., 2018) from the surface
of hippocampal neurons. The regulation of surface synaptic
AMPA receptors has been shown to be critically involved
in learning and memory processes with alterations in AMPA
trafficking being associated with cognitive impairment and
social behavioral abnormalities (Awasthi et al., 2018; Medin
et al., 2018; Parkinson and Hanley, 2018). Demonstration that
IQSEC2 can regulate AMPA trafficking (Brown et al., 2016) may
therefore provide a mechanistic link for the severe intellectual
disability and abnormalities in social behavior associated with
mutations in IQSEC2.

The IQSEC2 gene contains 15 exons and codes for a protein of
1488 amino acids (long isoform) with 98.5% homology between
murine IQSEC2 and human IQSEC2. The coding sequence
contains several canonical domains notably a catalytic domain
(SEC7) [aa 746-939] characteristic of all GEFs promoting GTP
exchange and an IQ like domain [aa 347-376] which has been
suggested to bind calmodulin and thereby modulate the GEF
activity of IQSEC2 (Shoubridge et al., 2010).

At least 70 different mutations have been described in the
IQSEC2 gene all associated with moderate to severe intellectual
disability, with variable seizures and autistic traits (Shoubridge
et al, 2019). The genotype-phenotype relationship for these
mutations is not understood. Many of these mutations cluster in
recognized functional domains of IQSEC2 such as the Sec7 and
IQ domains thereby providing a possible mechanism by which
they produce disease (Mignot and Depienne, 2018; Shoubridge
et al., 2019). There have been no reports in animal models on
how altered IQSEC2 function for any of these mutations may
influence cognition or social behavior.

We have recently reported on the ID and associated disorders
in a child resulting from a de novo mutation identified by exome
sequencing in the IQSEC2 gene (A350V, i.e., valine for alanine
substitution in amino acid residue 350) (Zipper et al., 2017). In
this study we set out to characterize the molecular mechanisms
underlying the pathophysiology of the A350V IQSEC2 mutation
in vitro and in a CRISPR murine model with the goal of
developing precise therapies to alleviate at least in part the

severe clinical syndrome associated with the mutation. First, as
the A350V mutation is in the IQ calmodulin binding domain
of IQSEC2 we set out to define how this mutation may affect
the interaction of IQSEC2 with calmodulin. Second, as other
mutations in the IQ domain have been associated with changes
in the ability of IQSEC2 to promote GTP exchange on Arf6
in response to calcium (Shoubridge et al., 2010; Myers et al,,
2012) we investigated whether the A350V mutation may also
alter Arf6 activity and whether this regulation was sensitive to
calcium. Third, as IQSEC2 induced activation of Arf6 has been
shown to modulate AMPA receptor trafficking (Brown et al,
2016) we sought to determine how the A350V mutation may
affect this trafficking in our CRISPR model and specifically
surface AMPA receptors which have been linked to learning
and memory (Parkinson and Hanley, 2018). Fourth, we set out
to determine whether the A350V mutation may affect basal
hippocampal synaptic transmission. Finally, in an attempt to
recapitulate the clinical phenotype in the CRISPR model we
have assessed the effects of the A350V IQSEC2 mutation on
behavioral phenotypes focusing on tests assessing locomotion,
social interactions and learning.

MATERIALS AND METHODS

DNA Constructs Used in This Study

The IQSEC2 wild type gene was cloned 3’ to renilla luciferase
and three copies of the HA tag in pcDNA3.1 Zeo (Genscript)
or 3’ to a FLAG tag in pCAGGS. The pcDNA3.1 construct
expresses full length (1488aa) human IQSEC2 with an N-terminal
renilla luciferase and HAx3 tag under the control of a CMV
promoter, and also contains a zeocin (Zeo) gene allowing for
selection of stable transformants expressing the IQSEC2 gene.
Specific mutations were introduced into the renilla luciferase-
wild type (WT) IQSEC2 vector or the FLAG wild type
IQSEC2 vector for the studies described herein (GenScript)
(Figure 1A). For production of the A350V mutation we changed
the corresponding codon for IQSEC2 amino acid residue 350
from GCT (Alanine) to GTT (Valine). We also generated two
additional mutant constructs in the IQ domain of IQSEC2: (1)
a previously described IQSEC2 R359C mutation associated with
ID (Shoubridge et al., 2010) and (2) a previously described
engineered mutation containing three alanine substitutions in
the IQ region at amino acid residues 354, 355 and 359 (herein
called 3A) (Myers et al., 2012). All IQSEC2 constructs were
verifled by DNA sequencing. The genes for calmodulin (human
Calml (NM_006888), Calm2 (NM_001743) and Calm3 (NM_
005184) were obtained from a human ORFeome library (Yang
et al.,, 2011) and subcloned into pcDNA3 to have a C-terminal
triple FLAG tag.

Cell Culture and Stable Cell Lines

Expressing IQSEC2

HEK293T cells were propagated in DMEM with low glucose and
10% fetal calf serum (FCS). Stable cell lines (expressing either
wild type or mutant A350V IQSEC2) were produced in 293T
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FIGURE 1 | (A) Functional domain organization of the IQSEC2 gene and amino acid sequence of IQSEC2 IQ motif mutants used in this study. IQ-like, IQ homology
motif thought to be site for interaction of IQSEC2 with calmodulin (Shoubridge et al., 2010). SEC7, catalytic domain responsible for the GEF activity of IQSEC2
(Shoubridge et al., 2010). PDZ, domain reported to mediate interaction of IQSEC2 with the post-synaptic protein PSD-95 thereby localizing IQSEC2 to the
post-synaptic density (Brown et al., 2016). Inset demonstrates the amino acid sequence within the IQSEC2 IQ domain of wild type IQSEC2 and sequence variants in
this region, including A350V, used in this study. Underlined residues indicate site of sequence variance from the wild type. (B) The effect of calcium on the binding of
IQSEC2 to calmodulin depends on the triton concentration in the cell extracts. Luciferase activity of the CM sepharose beads was used as a readout of the
calmodulin IQSEC2-luciferase interaction. 293T cell extracts containing wild type IQSEC2 were prepared in low (0.1%) or high (0.5%) triton and used for binding
studies with calmodulin sepharose as described in methods. In the presence of low triton concentration in the extracts, calcium resulted in a significant increase in
the interaction between calmodulin and IQSEC2 (indicated by *, unpaired t-test, p < 0.001, n = 6), while in the presence of high tritron calcium resulted in a
significant decrease in the interaction between calmodulin and IQSEC? (indicated by **, unpaired t-test, p < 0.001, n = 6). (C) The binding of calmodulin to wild type
and A350V IQSEC2 is increased by calcium. Cell extracts containing wild type or A350V IQSEC?2 and binding studies between IQSEC2 and calmodulin sepharose
under defined calcium concentrations were performed as described in methods. As shown for a representative experiment for both wild type and A350V IQSEC2,
calcium resulted in an increase in binding of calmodulin to IQSEC2 with a similar calcium dose-response relationship [half-maximal binding (indicated by green line) of
calcium-calmodulin for IQSEC2 at a free calcium concentration of approximately 1 wM for both wild type and A350V IQSEC2]. The binding of calcium calmodulin
was significantly increased for A350V IQSEC2 as compared to wild type IQSEC2 at all calcium concentrations greater than 200 nM (A350V 594 + 59.6 vs. wild type
271 + 41 luciferase units, n = 11, unpaired t-test, p < 0.0005).
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cells using selection with Zeo (200 pg/ml) after transfection with
calcium phosphate.

Arf6 Activation Assay

For the assessment of Arf6-GTP by ELISA, cell extracts were
prepared from HEK293T cells stably expressing either wild type
or A350V IQSEC2. ELISA was performed exactly according
to manufacturer’s protocol (G-LISA Arf6 activation assay,
Cytoskeleton Inc). The amount of Arf6-GTP was assessed using
immobilized GGA peptide. Normalization was by total protein
and/or luciferase as described in results.

For the assessment of Arf6-GTP using a GGA-3 pulldown
assay and western blot, HEK293T cells were transfected with
FLAG-tagged WT, A350V, or R359C IQSEC2 in pCAGGS vector
by calcium phosphate. Twenty-four hours after transfection, the
cultures were treated with 5 WM ionomycin or ethanol vehicle
for 5 min, then lysed in 50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 2 mM MgCl,, 0.2% SDS, 0.5% sodium deoxycholate,
1% Triton X-100, 10% glycerol, and 1x Halt protease inhibitor
cocktail. An Arf6-GTP pull-down assay was carried out as
described (Shoubridge et al., 2010). Briefly, lysates were cleared
by centrifugation at 10,000 rpm for 10 min and incubated
with GGA3:GST on glutathione-sepharose beads for 5 h at
4°C. The beads were washed and bound proteins were eluted
and probed by immunoblot with rabbit anti-Arf6 (1:750, Cell
Signaling #5740). Lysates were also probed against total Arf6
and with rabbit anti-FLAG (1:1000; Covance # PRB-132P) to
detect expression of FLAG-IQSEC2. Bands were visualized with
the use of a LiCor Odyssey imaging system and quantified with
Image Studio Lite. Each band was normalized to the untreated
sham-transfected control. The data were statistically analyzed by
one-way ANOVA followed by Tukey’s Multiple Comparison Test
for post hoc analysis.

Assessment of Binding of IQSEC2 to

Calmodulin in vitro

The binding of wild type and mutant IQSEC2 to calmodulin
was assessed in vitro using calmodulin-sepharose (BioVision,
Milpitas, CA, United States). Extracts from stably transfected
cells were prepared in either buffer A [50 mM Tris pH 7.5;
150 mM NaCl, 10 mg/ml BSA; 5 mM EGTA and 0.1% Triton
X-100] or buffer B [10 mM Tris pH 7.5; 150 mM NaCl, 5 mM
EGTA, 5% glycerol, 0.5% Triton X-100]. Extracts were clarified
by centrifugation at 14000 rpm at 4°C to remove insoluble debris
and the amount of luciferase activity in the extract assessed
using the Promega luciferase assay system and a Turner TD
20/20 luminometer. Extracts (10,000-100,000 luciferase units)
were then incubated in buffer A or buffer B with or without
CaCl, in a total volume of 1 cc. The concentration of free
calcium in the incubation conditions was calculated using the
maxchelator algorithm' which is based on the ionic strength, pH,
temperature and dissociation constant of EGTA for calcium. The
concentration of free calcium used in these studies ranged from
0.73 nM to 2 mM. 10 pl of calmodulin-sepharose was added

Uhttps://somapp.ucdmec.ucdavis.edu/pharmacology/bers/maxchelator/CaEGTA-
TS.htm

to the incubation and mixed on a rotary apparatus for 3-4 h.
The calmodulin-sepharose was washed twice with binding buffer,
resuspended in 100 pl of luciferase reagent lysis buffer and 20 pl
was assessed for luciferase activity.

Assessment of Binding of IQSEC2 to
Calmodulin in Cells

Assessment of an interaction between wild type and mutant
renilla luciferase IQSEC2 constructs (wild type or mutants)
and 3xFLAG tagged candidate interactors (calmodulin proteins
Calml (NM_006888), Calm2 (NM_001743), and Calm3
(NM_005184) in HEK293T cells was performed using the Lumier
assay (Taipale et al., 2012), with an automated robotic system.
Briefly, constructs were cotransfected using polyethylenimine
(PEI), in 96 well plates. Cells were lysed at 48 h in lysis/wash
buffer [50 mM Hepes pH 7.9; 150 mM NaCl; 2 mM EDTA;
0.5% Triton X-100, 5% glycerol] and candidate interactors were
pulled down in anti-FLAG antibody (Sigma, F1804) coated
384 well plates for 3 h at 4°C. The amount of renilla luciferase
activity in anti-FLAG captured protein was used as a readout
of the strength of the interaction between renilla-IQSEC2 and
interactor-FLAG. Interaction scores designate renilla activity
after pulldown normalized to FLAG ELISA, to account for
potential variability in interactor levels. GFP-FLAG was used
as a negative control interactor and its interaction strength and
score were considered background levels. Each experiment was
performed with 2-4 replicate wells for each pair of IQSEC2 (wild
type or mutant) and each calmodulin. In addition, independent
replicate experiments were performed on different days, four
repeat experiments for the wild type IQSEC2 and the A350V
mutant and two repeat experiments for the R359C and 3A
mutants. Renilla activity was also measured in whole cell lysates
(negative control cells, cotransfected with GFP-FLAG) in order
to verify that the observed differences in interaction scores
between wild type and mutant IQSEC2 and the calmodulins were
not due to differences in cell viability or transfection efficiency.

Generation of A350V IQSEC2 Mice by

CRISPR

Mice were generated by CRISPR at Applied Stem Cells
(Milpitas, CA, United States). We targeted murine IQSEC2
(NM_001005475.2) with the goal of generating an A350V
mutation identical to that found in the human index
case in which the codon GCT (Ala) at amino acid 350 is
mutated to GTT (Val) with an additional AGG to CGT
silent mutation (R349) in order to prevent the guide RNA
20 GGCAGCCCTGCGGCTCAGGA from targeting the
same allele after repair. A single stranded oligonucleotide
donor (ssODN) was synthesized with two homology arms
flanking the GCT to GTT mutation site (5CTGAGCT
GCGCAGCCGCTCAAAGTTCTTATTCATACGGTACTGTCG
AAAGGCTGTCTGGATGGTCCTGGCAACACGGCGGCTCA
GGAAGGAGCCCCCATACTTCCTCTCCAGCATTTCCACCT
GTCAGAGGAACAAGTTCAGAAAGS?') serving as the repair
template during the process of homology directed repair (HDR).
Synthesized ssODN donor, g20 gRNA transcripts and Cas9
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mRNA were microinjected into the cytoplasm of C57BL/6]
embryos. Identification of FO successfully targeted mice were
identified by Sanger sequencing. Germline transmitted Fls
containing the mutation were used to generate the A350V colony
used for all additional studies and continued breeding of the
mice was done in a C57Bl/6] background. Approximately 1 kb of
DNA was sequenced on both sides of the mutation with no other
changes detected. Wild type (WT) and A350V IQSEC2 protein
were also assessed by western blot from mouse brains and they
were found to be of the same size as predicted. MRI structural
analysis of both wild type and A350V mice revealed no gross
differences in brain volume or gross structural differences in
A350V mice. Hemizygous males, heterozygous and homozygous
females were fertile and were housed in a germ-free animal
facility and used for breeding and the studies described.

All studies for which the mice were used were approved
by the Institutional Animal Care and Use Committees of the
institutions in which they were performed (Technion Faculty
of Medicine (IL0360212; IL1691117) and Medical College of
Wisconsin (AUA1650).

Flow Cytometry Analysis for Surface
AMPA Receptors of Hippocampal
Neurons From Wild Type and A350V
IQSEC2 Mutant Mice

A single cell suspension from the mouse hippocampus was
prepared by mechanical dissociation using the gentleMACS
dissociator (Miltenyi Biotec, Gladbach, Germany) coupled with
tissue enzymatic degradation using the Adult Brain Dissociation
Kit (Miltenyi Biotec). The cell suspension was mesh-filtered (70
micron) to remove clumps and debris and red blood cells were
removed by a Red Blood Cell Removal Solution (Miltenyi Biotec).
A highly enriched population of neurons were obtained from
this cell suspension by depleting non-neuronal cells using the
Neuron Isolation Kit (Miltenyi Biotec). Non-neuronal cells are
removed in this method using biotin-conjugated monoclonal
antibodies specific for non-neuronal cells followed by anti-biotin
monoclonal antibodies coupled to magnetic microbeads.

For flow cytometric analysis of membrane bound GluA1/2
we used the Alex Fluor 647 fluorochrome -conjugated to
Anti-GluA1/2 antibody (Santa Cruz, sc-517265). This antibody
recognizes an epitope present in both GluA1 and GluA2. Neurons
were incubated with the antibody for 30 min at 4°C and
were then washed with a phosphate-buffered staining solution
(Dulbecco’s phosphate buffered saline with calcium, magnesium,
glucose, pyruvate and 0.5% bovine serum albumin). Samples were
analyzed on a LSRFortessa cell analyzer using FlowJo software.

Surface Protein Cross-Linking Assay to
Detect Surface AMPA Receptors in
Hippocampal Tissue From Wild Type and
A350V IQSEC2 Mice

To determine the relative distribution of surface AMPA
receptors in the hippocampus of IQSEC2 A350V as compared
to wild type IQSEC2 a surface protein-crosslinking assay was

performed using membrane-impermeant crosslinking agent,
Bis(sulphosuccinimidyl)suberate (BS3, Sigma) as previously
described (Umanah et al, 2017) with some modifications.
Bis(sulphosuccinimidyl)suberate  (BS3) is a membrane-
impermeant crosslinking agent that selectively crosslinks
cell-surface proteins, forming high-molecular-mass aggregates.
Non-crosslinked intracellular proteins still retain their normal
molecular mass. Brains from wild type or IQSEC2 A350V mice
littermates were rapidly removed and the hippocampi were
dissected on ice and stored at —80°C until further processing.
The frozen tissue was cut into small pieces. Each sample
was divided into two and transferred to 1.5 ml Eppendorf
tubes containing ice-cold PBS buffer with or without 2 mM
BS; followed by 3 h incubation at 4°C with gentle agitation.
Tissues were quenched with 0.1 M glycine in PBS (10 min,
4°C) and lysed in ice-cold lysis buffer (PBS with 1% Triton-
X100, 0.5% SDS, 5 mM ETDA, pH 7.4, and protease inhibitor
cocktail). The lysates were homogenized and centrifuged at
15,000 x g for 5 min. The total protein concentrations in the
supernatants were determined. 20 ug of total protein from
each sample was resolved on 10% SDS-PAGE and western
immunoblotting was performed to analyze the surface and
intracellular pools of AMPA receptors using anti-GluAl
(rabbit monoclonal, Abcam, Ab109450) (1:1,000), anti-
GluA2 (rabbit monoclonal, Abcam Ab150387) (1:2,000),
anti-GluA3 (rabbit monoclonal, Abcam Ab40845) (1:1,000),
anti-GluA4 (goat polyclonal, Abcam Ab115322) (1:1,000), HRP
conjugated polyclonal goat anti-rabbit (Cell signaling 7074), HRP
conjugated polyclonal rabbit anti-goat (Invitrogen 611620) and
HRP conjugated monoclonal mouse anti-beta-actin (Millipore-
SIGMA, A3854) (1:5,000). The signal on blots were generated
with VisiGlo™ HRP Chemiluminescent Substrate Kits (1B1583,
AMRESCO) and imaged captured by Amersham Imager 600.
The band intensities of all blots were measured using NIH Image]
software (Rasband, W.S., NIH?). All experiments were performed
with five biological replicates and quantitative data are presented
as the mean =+ standard error of the mean (SEM) performed
by GraphPad prism6 software (Instat, GraphPad Software).
Statistical significance was assessed by t-test (two-tailed).
Assessments were considered significant with a p < 0.05.

Immunocytochemistry of Hippocampus
for Surface AMPA Receptor GIuA2 From
Wild Type and A350V Mice

Mice were anesthetized and transcardially perfused with 4%
paraformaldehyde (PFA) in PBS after a brief vascular system
washing with PBS as previously described (Umanah et al,
2017). After perfusion, brains were removed and postfixed
overnight with 4% PFA plus 4% sucrose in PBS. Brains
were paraffinized and sectioned. Brain sections were then
deparaffinized and blocked with 5% normal goat serum for 1 h
at room temperature (RT). To label surface GluA2, sections
were incubated at 4°C overnight in PBS containing mouse
monoclonal anti-N-terminal GluA2 Alexa 488- conjugated
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antibody (Millipore-SIGMA, MAB397A4). After four washes
with PBS, sections were incubated with permeabilization buffer
with 0.3% Triton X-100, 2.5% normal goat serum in PBS, and
rabbit monoclonal anti-C-terminal GluA2 antibody (Abcam,
Ab150387) to label total GluA2 for 4 h. The sections were
then incubated in PBS containing goat anti-rabbit IgG Alexa
Flour Plus 555 conjugated secondary antibody (Thermo Fisher
Scientific, A32732) for 1 h at RT after four washes with PBS.
Sections were then stained with DAPI for 5 min. After four
washes with PBS, sections were mounted on precleaned slides
with Immuno-Mount (Thermo Fisher Scientific). Images were
acquired using a Zeiss LSM laser-scanning confocal microscope.
Images for all conditions in individual experiments were analyzed
by using identical acquisition parameters and were thresholded
using identical values. The fluorescence intensities of labeled
surface and internalized receptors were measured using ZEN
software (Zeiss). Total and surface expression were normalized to
the DAPI signal. Data are presented as mean == SEM. The average
fluorescence intensity of group results was used to determine the
statistical significance by t-test (two-tailed) with a p < 0.05 being
considered statistically significant.

Electrophysiological Studies

Animals and Housing Conditions

Electrophysiological testing was performed at the Medical
College of Wisconsin on A350V IQSEC2 and wild type IQSEC2
males at 18-20 weeks of age. Animals were housed 1-5 per
cage in a 12 h light-dark cycle with food and water ad libitum.
Experiments were conducted during the light phase.

Slice Preparation

Animals were anesthetized by isoflurane inhalation and
decapitated. Coronal brain slices (360-400 pm thick) were cut
using a vibrating slicer (Leica VT1200, Nussloch, Germany).
Slices were prepared in a choline-based solution containing
110 mM choline chloride, 2.5 mM KCI, 1.25 mM NaH,;POy,
0.5 mM CaCl,, 7 mM MgSOy, 26 mM NaHCO3, 11 mM glucose,
11.6 mM sodium ascorbate, and 3.1 mM sodium pyruvate.
Slices were cut in the midline to produce two individual slices
from each section. The slices were incubated for 30 min in a
sucrose-based solution containing 78 mM NaCl, 68 mM sucrose,
26 mM NaHCOj3, 2.5 mM KCI, 1.25 mM NaH, POy, 2 mM CaCl,,
2 mM MgCl,, and 25 mM glucose. Slices were then allowed to
recover for at least 60 min in artificial cerebrospinal fluid (ACSF)
containing 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl,, 4 mM
MgCl,, 1 mM NaH,;POy, 26 mM NaHCO3, and 11 mM glucose,
at pH 7.4 and 290 mOsm. All solutions were saturated with
carbogen (95% O, and 5% CO;) at room temperature.

Input/Output Curve

Field potential evoked responses were recorded from the
dendritic region of CAl pyramidal neurons, with bipolar
stimulation at the Schaffer collateral fibers, using Multiclamp
700A amplifier (Axon instruments). All recordings were made in
circulating ACSF saturated with carbogen at 30°C. Fiber volleys
and fEPSP (field excitatory post-synaptic potentials) slopes were
calculated using Clampfit 10.7. Input/output (I/O) curves were

generated from A350V IQSEC2 (n = 4) and wild type IQSEC2
(n = 5) male mice. One-tailed Student’s t-test was used to
determine significance (p < 0.05).

Behavioral Tests

Animals and Housing Conditions

Behavioral testing was performed on A350V IQSEC2 and wild
type (WT) IQSEC2 male and female mice on the same genetic
background (C57BL/6J) at 5-7 weeks of age. Animals were
housed in groups of 2-5 per cage in a reversed 12 h light-dark
cycle (dim light at 9:30 am, lights off at 10:00 am) with food and
water available ad libitum. The housing room was maintained at
23 4 2°C. Experiments were conducted during the dark phase,
under red lighting conditions (< 5 lux), between 10 am and
7 pm. All behavioral testing experiments were performed by
the same two individuals who were blinded to the genotype of
the animals. Any single animal was only handled by a single
individual throughout these studies. Animals were handled for
two consecutive days prior to the testing day except for the three-
chamber sociability and social novelty tests (see below for details).
On the testing day, mice were transferred to the testing room and
were acclimated for an hour before the experiment commenced.
All animal experiments were conducted in accordance with the
United States Public Health Service’s Policy on Humane Care
and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Technion - Israel Institute
of Technology (IL1691117).

Behavioral Analysis

For all the experiments, the arena or apparatus was cleaned
after each trial with 70% ethanol and then with double-distilled
water. All experiments were video-recorded by a camera (GUPPY
PRO F-125B CCD) located above the arena and analyzed using
Ethovision XT software version 10.1 (Noldus, Wageningen, The
Netherlands), except for the Rotarod test which was recorded
and analyzed using MATLAB R2017a (The Mathworks, Natick,
MA, United States).

Open Field Test

5-6 week old mice were placed in the center of a squared box
arena (40 x 40 x 35 cm) made of white Derlin plastic and
explored the novel environment for 5 min (Prut and Belzung,
2003). Velocity and distance were measured to assess locomotor
activity. Anxiety-like behavior was measured by calculating the
time spent in the center as compared to the perimeter of the
arena. The arena was divided into 25 equal squared tiles with the
center of the arena defined as the nine central tiles (40% of the
arena) with each corner defined as a single tile.

Rotarod

Assessment of motor coordination was done using the Rotarod
test (Med Associates Inc., Georgia, VT, United States) (Karl et al.,
2003). 5-6 week old mice were placed on a 32 mm diameter
rod accelerating from 4 to 40 revolutions per minute (rpm)
and latency to fall and end speed were measured. The test was
performed on two consecutive days, each day consisting of four
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trials which lasted up to 6 min with an inter-stimulus interval of
10 min during which mice were placed in their home-cage.

Three-Chamber Sociability and Social Novelty Tests
Social interaction was measured in order to assess autistic-like
behavior using a three-chamber test (Moy et al., 2004). Subject
mice were assessed for the tendency to prefer an unfamiliar
conspecific mouse (social stimulus; Stranger 1) over a novel
object and over another unfamiliar mouse (novel social stimulus;
Stranger 2). The arena (70 x 29 x 35 cm) was comprised of three
chambers (side chambers 26 x 29 x 35 cm). 6-7 week old mice
(subject and stimulus) were habituated to the testing room for
1 h on three consecutive days prior to the test day. Stimulus mice
were further habituated to the wire cages (10.8 cm in height and
10.2 cm diameter; Galaxy Cup, Spectrum Diversified Designs,
Inc,, Streetsboro, OH, United States) for 20 min each day. On the
test day, subject mice were habituated to the apparatus for 10 min
and were allowed to explore all three empty chambers. Time spent
in each chamber was measured to assess chamber bias. Following
habituation, subject mice were assessed for social preference for
10 min by allowing interaction with Stranger 1 placed inside
a wire cage in one chamber and a novel object placed inside
an identical wire cage in the opposite chamber. Stimulus mice
location was counterbalanced across trials to prevent chamber
bias. Next, the novel object was replaced with Stranger 2 and
social novelty was assessed for 10 min during which the subject
mouse was able to choose between a novel mouse and an
already familiar mouse. Time spent in each camber and in close
interaction were measured for both the preference and novelty
experiments. Stimulus mice were conspecific C57BL/6] mice
from different litters, and were age, sex and weight-matched to
the subject mice and to each other.

Morris Water Maze

The Morris water maze test was used to assess spatial learning
and memory (Vorhees and Williams, 2006). 6-7 week old mice
were placed in a 120 cm circular diameter pool filled with water
and a 15 cm diameter transparent platform that was placed
at the Southwest (SW) quadrant, submerged 1 cm below the
water surface. Water was maintained at 22.0 = 1°C and made
opaque by adding a dried milk powder. Mice were trained for
four consecutive days, each day consisted of four trials with an
inter-stimulus interval of 15 min during which mice were placed
in their home-cage. During training, mice were released from a
different quadrant in each trial and were given 60 s to find the
platform. If the mice did not find the platform within 60 s, the
experimenter guided the animal to the platform. After reaching
the platform, mice were left on the platform for 10 s. On the
5th day a probe trial was performed in which the platform was
removed from the maze, mice were released at the Northeast
quadrant and given 60 s to explore the maze. Time spent in the
SW quadrant served as an index of long-term memory.

Statistical Analysis of Behavioral Tests

All data were analyzed using MATLAB R2017a (The Mathworks,
Natick, MA, United States). Summary statistics are presented as
means = SEM. Lilliefors test was used to determine normality.

Two-tailed Student’s t-tests were used on normally distributed
data. Mann-Whitney U-test was used to analyze data when
sample size was not sufficient to establish normality.

RESULTS

In a Cell-Free System in vitro Wild Type
IQSEC2 Binds Significantly Better to
Apocalmodulin as Compared to A350V
and Calcium Increases Binding of Both
Wild Type and Mutant IQSEC2 to

Calmodulin

As the A350V IQSEC2 mutation is in the IQ domain of
IQSEC2 (Figure 1A) and the IQ domains of many proteins have
been demonstrated to bind to calmodulin (Bahler and Rhoads,
2002) we first sought to determine how the A350V mutation
would affect calmodulin binding to IQSEC2. Investigation of
this interaction in a cell-free system in vitro using luciferase
tagged IQSEC2 and calmodulin coupled to sepharose allowed
for the precise control of calcium concentration which is
known to dramatically affect the conformation and interactions
of calmodulin with other proteins. In this system luciferase
activity associated with calmodulin sepharose was used a
quantitative readout of the calmodulin-IQSEC2 interaction. The
IQ motif is present in over 100 proteins and in some cases
preferentially binds to calcium-calmodulin while in other cases it
binds preferentially to calcium-free calmodulin (apocalmodulin)
(Bahler and Rhoads, 2002). Prior work on the IQSEC2-
calmodulin interaction using myc-tagged wild type IQSEC2
and calmodulin sepharose (Myers et al., 2012) reported that
apocalmodulin bound to IQSEC2 and that the addition of 2 mM
calcium (thereby generating calcium-calmodulin) dramatically
decreased the binding of calmodulin to IQSEC2. However, when
we assessed the effect of calcium on the IQSEC2 calmodulin
interaction we observed that calcium increased the binding of
calmodulin to IQSEC2. Upon reviewing the buffers used by our
group and that of Myers in assessing binding of IQSEC2 to
calmodulin, we discovered that we differed in the concentration
of Triton X-100 used in the binding and wash buffers. As
shown in Figure 1B, at 0.1% Triton X-100, 100 uM calcium was
associated with a several fold increase in binding of calmodulin
to wild type IQSEC2 while at 0.5% Triton X-100, 100 uM
calcium was associated with a several fold decrease in binding
of calmodulin to wild type IQSEC2. Triton X-100 binds to most
proteins via both hydrophobic and polar interactions (Singh
and Kishore, 2006) and may thereby disrupt protein-protein
interactions at high concentrations. An example of a calmodulin-
interacting protein that is important for the calmodulin-IQ
interaction is PEP-19 which binds to the C-terminal domain
of calmodulin and electrostatically steers it to interact with
the IQ domain (Wang and Putkey, 2016). We interpreted
these results as indicating that normally calcium stimulates
calmodulin binding to IQSEC2 and that the results of Myers
showing calcium reduces the binding of calmodulin to IQSEC2
were artifacts related to the high Triton concentration used.
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Therefore, for our in vitro studies comparing the interaction
between calmodulin and wild type IQSEC2 as compared to
mutant IQSEC2 we used low (0.1%) Triton X-100. In the
absence of added calcium (5 mM EGTA) we observed that
apocalmodulin bound significantly better to wild type IQSEC2
than A350V IQSEC2 (146 + 18 vs. 48 + 8 luciferase units
for wild type IQSEC2 as compared to A350V IQSEC2; n = 6
experiments, unpaired ¢-test, p < 0.001). We assessed the binding
of wild type or A350V luciferase-IQSEC2 to calmodulin over
a wide range of calcium concentrations. The Kd of calcium
for calmodulin is 1 WM and it has been demonstrated that at
free calcium concentrations of less than 200 nM all calmodulin
exists as apocalmodulin and there is no calcium-calmodulin
(Persechini and Cronk, 1999). As shown for a representative
experiment in Figure 1C for both wild type and A350V IQSEC2,

calcium resulted in an increase in the binding of calmodulin
to IQSEC2 with a similar calcium dose-response relationship
(half-maximal binding of calcium-calmodulin for IQSEC2 at a
free calcium concentration of approximately 1 pM for both wild
type and A350V IQSEC2). The binding of calcium calmodulin
was significantly increased for A350V IQSEC2 as compared
to wild type IQSEC2 at all calcium concentrations greater
than 200 nM (A350V 594 + 59.6 vs. wild type 2714/—41
luciferase units, n = 11, unpaired t-test, p < 0.0005). These data
demonstrate that while A350V binds less efficiently than wild
type IQSEC2 to apocalmodulin, the A350V mutant is capable
of binding calcium-calmodulin equivalent to or even superior to
wild type IQSEC2. As has been demonstrated for the binding
of apocalmodulin and calcium calmodulin to myosin (Trybus
et al, 2007) these data would suggest that the epitopes or
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FIGURE 2 | Binding of wild type and mutant IQSEC2 to calmodulins in cells using the Lumier assay. (A) Interaction strength of wild type and mutant IQSEC?2 proteins
and calmodulins, measured as renilla luciferase-IQSEC2 activity after pulldown of calmodulin-FLAG proteins. Shown are mean and SD of 4 biological replicate wells
for each pair of IQSEC2 calmodulin interactions. (B) Interaction score of wild type and mutant IQSEC2 proteins and calmodulins, measured as log2 of renilla
luciferase-IQSEC2 activity after FLAG pulldown divided by pulldown FLAG ELISA, to normalize for the interactor levels. Shown are the mean and SD of 4 biological
replicate wells for each pair of IQSEC2 calmodulin interactions. Data comparing A350V IQSEC2 and wild type IQSEC? are representative of four independent
experiments done on independent days and the data for the R359C and 3a mutants are representative of two independent experiments done on independent days.
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conformations within IQSEC2 recognized by apocalmodulin and
calcium-calmodulin are different.

In Cells Wild Type IQSEC2 Binds More
Effectively to Apocalmodulin Than A350V
IQSEC2

We next sought to determine if we could demonstrate differences
in the binding of apocalmodulin to wild type and A350V IQSEC2
in cells similar to what we found in a cell free system. In order to
achieve this goal we assessed the binding of wild type and three
mutant IQSEC2 renilla luciferase constructs (A350V, R359C, 3A)
to three isoforms of human calmodulin in HEK293T cells using
the Lumier assay as described in methods. In HEK cells, the
intracellular calcium concentration is 50-100 nM so that all

calmodulin is present as apocalmodulin (Persechini and Cronk,
1999). We observed significantly stronger binding of wild type
IQSEC2 to all three apocalmodulin proteins as compared to the
three mutant IQSEC2 constructs. We observed 34, 15, and 36-
fold differences between wild type and A350V IQSEC2 mutant
with Calml, Calm2 and Calm3, respectively (Figure 2A) with
similar fold changes seen for IQSEC2 mutants R359C and 3A.
Importantly, the interaction strength of the mutants with the
apocalmodulins was very close to background interaction levels,
as measured for interactions with GFP (Figure 2A) and GFP
interaction was no different with wild type vs. mutant IQSEC2
(fold change of 1.07). Normalized interaction scores that take
into account differences in the levels of the different interactors
demonstrated 31, 14, and 31-fold higher interaction of wild type
IQSEC2 with Calm1, Calm2 and Calm3, respectively, compared
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to A350V IQSEC2 (Figure 2B shown in log2 scale). We verified
that the observed differences were not due to differences in cell
viability or transfection efficiency as assessed by input luciferase
activity of whole cell lysates. These data in cells are consistent
with what was observed in a cell-free system, specifically that
wild type IQSEC2 binds to apocalmodulin more effectively
than A350V IQSEC2.

Arf6 Activation Is Increased in A350V
IQSEC2 Stable or Transiently Transfected

Cells as Compared to Wild Type IQSEC2
The binding of calmodulin to IQSEC2 has been proposed to
regulate IQSEC2 GEF activity for Arf6 promoting Arf6-GTP
formation and thereby activating Arf6 (Shoubridge et al., 2010;
Myers et al., 2012; Brown et al, 2016). Moreover, a R359C
IQSEC2 mutation in the IQ calmodulin binding region of
IQSEC2 has been associated with changes in IQSEC2 GEF activity
for Arf6 (Shoubridge et al., 2010). Having demonstrated that
the A350V affects the interaction of calmodulin for IQSEC2 we
therefore set out to determine how the A350V mutation may
affect the ability of IQSEC2 to promote Arf6-GTP. We assessed
Arf6-GTP levels by ELISA in multiple stable transformants of
HEK293T expressing different amounts of either wild type or
A350V IQSEC2 as assessed by luciferase activity. We found,
using equivalent amounts of protein extract, there was an
approximately 25% increase in total Arf6-GTP in HEK293T cells
expressing A350V IQSEC2 as compared to wild type IQSEC2
[0.075 £ 0.004 (n = 10) vs. 0.060 £ 0.015 (n = 6); p = 0.04].
The stable cell lines expressing wild type or A350V IQSEC2
differed markedly in the relative amount of IQSEC2 (assessed by
luciferase activity) which they produced with overall 5-200 fold
more wild type IQSEC2 being produced than mutant IQSEC2
in these cell lines. When normalized for both protein and
luciferase activity (i.e., comparing the GEF specific activity of
A350V IQSEC2 to wild type IQSEC2) the A350V IQSEC2 protein
promoted nearly 30-fold more Arf6-GTP than wild type IQSEC2
protein (1.6 x 108 £ 6.8 x 1072 vs. 5.7 x 10710 + 1.7 x 10717,
p = 0.058). There was a highly significant correlation between
the relative amount of A350V IQSEC2 and Arf6-GTP (r = 0.77,
p = 0.009). This correlation was weaker in stable cell lines
expressing different amounts of wild type IQSEC2 (r = 0.52,
p =0.28) (Figures 3A,B).

We also assessed activation of Arf6 (Arf6-GTP) by wild
type, A350V, or R359C IQSEC2 in a GGA3 pulldown assay.
HEK 293T cells were transiently transfected with constructs
to express either wild type, A350V or R359C IQSEC2, and
endogenous Arf6 activation was tested with or without treatment
with the calcium ionophore jonomycin. Ionomycin has been
previously demonstrated to increase IQSEC2 GEF activity and
Arf6-GTP formation by stimulating calcium influx and thereby
affecting the interaction of calmodulin with IQSEC2 (Myers
et al., 2012). Cell lysates were incubated with beads coated with
GGA3:GST to isolate the GTP-bound Arfs, and bound Arf6 was
assessed by immunoblot (Figure 4A). Expression of wild type
IQSEC2 resulted in 3.87 & 0.89 fold increase in Arf6 activation
compared to sham transfected cells. lonomycin treatment of cells
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FIGURE 4 | The A350V mutation activates ARF-GEF activity of IQSEC2.

(A) WT, R359C, or A350V IQSEC2 was expressed in HEK293 cells, and
treated with either ionomycin or carrier control. Activation of endogenous Arfé
under each condition was assayed in cell lysates by pull-down with GGAS.
Precipitates were probed with antibodies against ARF6 (top row). Lysates
were probed for total Arfé expression and with antibodies against the FLAG
tag on IQSEC2. (B) Arf6-GTP levels are calculated as fold increase over
sham-transfected controls and are shown as mean + SD from six
independent experiments. The GGA pulldown assay was assessed by
one-way ANOVA followed by Tukey’s Multiple Comparison Test for post hoc
analysis. *p < 0.01; ***p < 0.001; NS, Not significant.
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containing wild type IQSEC2 further doubled Arf6 activation to
an 8.03 & 1.89 fold increase. Transfection with R359C also caused
an induction of Arf6-GTP, but this mutant was unresponsive
to ionomycin treatment. Transfection of the A350V mutant
strongly increased Arf6 activation to a level that was statistically
indistinguishable from the cells both transfected with wild type
IQSEC2 and treated with ionomycin. In the absence of ionomycin
transfection with A350V significantly increased Arf6 activation as
compared to wild type (p < 0.01) and ionomycin did not further
increase Arf6 activation by A350V (Figure 4B). These data
demonstrate that the A350V mutation results in the constitutive
activation of IQSEC2 GEF activity for Arf6.

Surface AMPA Receptors Are Reduced

in A350V Hippocampus

The GEF activity of IQSEC2, mediated through Arf6, has
recently been demonstrated to be required for the activity
dependent removal of AMPA receptors from the surface of
hippocampal neurons (Brown et al., 2016). We therefore
proposed that a constitutive increase in Arf6-GTP by A350V,
as we have demonstrated in vitro, would result in a down
regulation of surface AMPA receptors in hippocampi from
A350V IQSEC2 mice as compared to wild type IQSEC2 mice.
We assessed expression of total gluAl and gluA2 receptors
in hippocampus and whole brain by western blot from wild
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type and A350V mice (age 6-8 weeks) and did not find any
difference between the total receptor expression in these mice.
We then sought to determine if the amount of surface expressed
gluA1/2 was different between the wild type and A350V mice.
First, by flow cytometry analysis (Figures 5A,B) we assessed
gluA1/2 expression on the surface of neurons prepared from
hippocampus as described in methods from 6 to 8 week old
male mice and found a highly significant 30% reduction in
the number of cells expressing surface gluA1/2 in A350V as
compared to wild type IQSEC2 male mice (mean 4.1% =+ 0.5%
vs. 3.1% £ 0.5%,; median 3.9% vs. 2.7%, n = 10 for wild
type and mutant mice, respectively, paired t-test, p < 0.00001.)
There was also a highly significant reduction in the total
amount of gluA1/2 surface expression in those cells identified
by flow cytometry as expressing surface gluAl/2 (median
difference 51, p < 0.008 by Wilcoxon signed rank test). Total
(intracellular and extracellular) gluA1/2 was not significantly
different between wild type and mutant mice assessed by flow
cytometry. Second, using a surface cross linking assay coupled
with western blot we assessed surface AMPA receptors (GluA1-
4 subunits) in wild type and mutant hippocampi from male 6
to 8 week old mice and found that surface expression of GluA2
was significantly reduced in A350V IQSEC2 hippocampus as

compared to wild type IQSEC2 hippocampus (Figure 6) resulting
in an overall significant change in the surface distribution
of the different AMPA receptor subunits in the A350V mice
(unpaired t-test; Two-tailed, t = 2.579 df = 8, p = 0.0327).
There was no significant difference between A350V and wild
type hippocampus in the amount of total GluA2 AMPA
receptor or in the distribution of the total AMPA receptor
subunits in these studies. Additionally, immunohistochemistry
of surface expression of GluA2 in hippocampus (Figure 7)
further confirmed that GluA2 AMPA receptor surface expression
is reduced in A350V male mice compare to control wild type
male mice. There was no significant difference in the amount
of total GluA2 between A350V and wild type hippocampi
as assessed by immunohistochemistry. Collectively, these data
demonstrate that hippocampal surface GluA2 is decreased in
A350V IQSEC2 mice.

Basal Synaptic Transmission Is
Decreased in the Hippocampus of A350V
IQSEC2 Mice

In order to determine if the decrease in hippocampal surface
AMPA expression was associated with a change in hippocampal
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FIGURE 5 | Flow cytometry analysis of hippocampal derived cells for GluA1/2. (A) Representative dot plot of one of 10 experiments. US panel-unstained
hippocampal cells. Mut and WT panels demonstrating staining with Alexa Flour 647 for extracellular GluA1/2 in single cell suspension of hippocampal cells from
A350V and wild type mice, respectively, and window selected for identifying GluA1/2+ cells. (B) Summary of all experiments demonstrating significantly higher
percentage of cells staining with GluA1/2 in wild type as compared to A350V mutant hippocampal neuronal preparations (4.1 + 0.5 vs. 3.1 £ 0.5, paired t-test,
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FIGURE 6 | Assessment of AMPA receptor subunits by surface cross-linking. (A) Representative images of immunoblots after BS3-crosslinking of samples to assess
surface (crosslinking “+”) and total protein expression of AMPA receptors (crosslinking “—"). Actin was used for normalization. (B) Quantification of relative total
protein levels of AMPA receptor subunits in samples not crosslinked. Signal intensities normalized to actin signal and wild type as 100%. (C) Quantification of total
sum of all AMPA receptor subunits in samples not crosslinked. (D) Quantification of AMPA receptor subunit percentage composition in samples not crosslinked.

(E) Quantification of relative surface protein levels of AMPA receptor subunits in samples treated with BSg (crosslinking “+”). Surface protein indicated by “s”on the
blots in (A) Signal intensities of the bands at 250 kDa and above were normalized to actin signal and wild type as 100%. (F) Quantification of total sum of all AMPA
receptor subunits at the membrane surface. (G) Quantification of surface AMPA receptor subunit percentage composition (significant differences in GluA2
composition). Optical densitometry quantification values represent the mean + SEM (n = 4-5, *p < 0.05, n.s. p > 0.05, t-test, two-tailed).
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FIGURE 7 | Assessment of surface expression of AMPA receptor GIUA2 in hippocampus by immunocytochemistry. (A) Representative images of
immunohistochemistry of total (tGIuA2) and surface (sGIuA2) AMPA receptor GIUA2 in wildtype and A350V IQSEC2 mutant hippocampi. Higher power representative
images of the CA1 and CA3 regions are shown (right panel). Labeled scale bar for high-resolution images = 20 um. (B) Quantification of the normalized total GluA2
levels. Data represent mean + SEM, n = 5 male mice in each group. No significant difference (n.s) P > 0.05, t-test, two-tailed. (C) Quantification of the normalized
levels of surface GIUA2 expression. Data represent mean + SEM, n = 5 male mice in each group, *p < 0.05, n.s. p > 0.05, t-test, two-tailed.

synaptic transmission we performed electrophysiological testing ~ An input/output curve representing synaptic responses (fEPSP
using coronal brain slices from A350V and WT IQSEC2 mice slope/fiber volley) resulting from different stimulus intensities
as described in methods. Evoked responses were recorded from  (Figure 8). Synaptic responses were significantly lower in A350V
the dendritic region of hippocampal CAl pyramidal neurons. IQSEC2 mice as compared to WT IQSEC2 mice. These data
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FIGURE 8 | Assessment of basal synaptic transmission in CA1 region of hippocampus. Input/output curves representing synaptic responses (fEPSP slope/fiber
volley) resulting from different stimulus intensities. Stimulus intensity numbers are arbitrary units; where 1 is intensity that gives minimum response and 8 is intensity
that produces maximum response. Synaptic responses were significantly lower in A350V IQSEC?2 mice (orange) compared to WT IQSEC2 mice (blue). Data
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represent mean + SEM, n = 5 wild type IQSEC2 mice and n = 4 A350V IQSEC2 mice, *p < 0.05, t-test, one-tailed.

demonstrate that basal hippocampal synaptic transmission is
decreased in A350V IQSEC2 mice.

Behavioral Phenotyping of A350V

IQSEC2 Mice

In order to characterize the behavioral phenotype of the A350V
IQSEC2 animal model, we examined anxiety-like behavior,
locomotion, motor coordination, social behavior and learning
abilities. Anxiety-like behavior was assessed in the open field
test and we found no significant difference between A350V male
mice (n = 13) and WT littermates (n = 13) in the time spent
in the center of the arena relative to the perimeter [A350V:
mean = 0.215+/—0.02; WT: mean = 0.174/—0.01, unpaired
t-test; 1(24) = 1.588, p = 0.130], suggesting that A350V show
normal levels of anxiety-like behavior (Figure 9Ai). Locomotion
(total distance traveled) was also assessed using the open field test
(Figure 9Aii). There was a significant difference between A350V
(n =13) and WT littermates (n = 13) male mice when measuring
the total distance traveled and velocity in the open field arena
[unpaired t-test; distance: #(24) = —3.2805, p < 0.01; velocity:
t(24) = —3.2851, p < 0.01]. This result was consistent with the
increased locomotion found in A350V mice in the habituation
phase of the three-chamber social preference test [unpaired ¢-test;
t(24) = 2.3125, p < 0.05]. Motor coordination was assessed in the
Rotarod test (Figure 9B). Both A350V and WT mice performed
at similar levels with no significant difference between the two

groups in the time spent on the accelerating rotating rod. Social
preference of A350V mice toward an unfamiliar conspecific
mouse over an inanimate novel object was assessed using a
three-chamber social arena (Figure 9C). Both A350V male mice
(n = 13) and WT (n = 13) littermates preferred to spend more
time in close interaction with a social stimulus (Stranger 1) over
a novel object [paired t-test; A350V: £(12) = 2.535, p < 0.05;
WT: £(12) = 4.671, p < 0.001]. However, A350V mice showed a
trend toward social impairment as measured by a decreased time
spent in close interaction with Stranger 1 compared to WT mice
[unpaired ¢-test; £(24) = 1.743, p = 0.094]. Preference for social
novelty (Figure 9D) was assessed by comparing the time spent
in close interaction with a novel mouse to an already familiar
mouse (Stranger 1). Both A350V (n = 9) and WT (n = 12)
mice preferred an unfamiliar mouse (Stranger 2) relative to a
previously encountered mouse (paired ¢-test; A350V: £(8) = 4.367,
p < 0.01; WT: £(11) = 3.134, p < 0.01). However, A350V mice
spent significantly more time in close interaction with a novel
social stimulus (Stranger 2) over the familiar mouse compared to
WT mice [unpaired ¢-test; (19) = 2.294, p < 0.05]. Hippocampal-
dependent memory was assessed using the Morris water maze
test. Significant differences between female A350V (n = 5) and
WT (n = 5) mice were found in the latency to reach the platform
on the 1st and 4th days of training (Mann-Whitney U-test;
Day 1: U = 16, p < 0.05; Day 4: U = 16, p < 0.05), as shown
in the learning curve of each group (Figure 9Ei). In addition,
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FIGURE 9 | Behavioral phenotype of A350V IQSEC2 mouse model. (A) A350V display normal levels of anxiety-like behavior (i) and increased locomotion activity in
an open field test (i) (n = 13 wild type and A350V IQSEC2 mice). (B) Intact motor coordination in A350V relative to WT tested by the Rotarod test expressed as an
equivalent learning curve and retention across two days in the two groups (n = 13 wild type and A350V IQSEC?2 mice). (C) Duration of time spent in close interaction
with Stranger 1 (S1) and an object (O) in the three-chamber social preference test demonstrating both A350V and WT preferred interacting with S1 although this
preference was less pronounced in A350V (n = 13 wild type and A350V IQSEC2 mice). (D) Preference for social novelty expressed as the duration of time spent in
close interaction with a previously encountered stranger animal (S1) relative to a novel stranger animal (S2) revealed a tendency to spend more time with S2 in WT
and A350V, with significant enhancement of this preference for social novelty in A350V mice (n = 12 wild type and 9 A350V IQSEC2 mice). (E) Learning and memory
deficits in A350V mice shown by the latency to reach the hidden platform during training (i), shown for individual animals (thin lines) and averaged across the group
(thick line) separately for WT and A350V mice and the percentage time spent in the target quadrant in a Morris water maze test (i) (n = 5 wild type and A350V
IQSEC2 mice). Data indicate means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

time in the target quadrant during a probe trial was compared
between female A350V (n = 5) and WT (n = 5) mice revealing
a significant difference between the groups (Mann-Whitney
U-test; U = 39.5, p < 0.05) (Figure 9Eii). Collectively, these data
demonstrate that the A350V IQSEC2 mice model manifests some
of the abnormalities found in the human index case with the
A350V IQSEC2 mutation, specifically hyperactivity, abnormal
social interactions and impaired cognitive function.

DISCUSSION

This study provides new findings for understanding the
regulation of IQSEC2 activity and the pathophysiology of a new
IQSEC2 mutant (A350V) with implications for drug therapy.
First, we have demonstrated that calcium increases the binding
of IQSEC2 to calmodulin and we reconcile our data with
previously reported conflicting results. Second, we report on the
first mutation identified in humans associated with a constitutive
activation of Arf6 due to a constitutive increase in IQSEC2 GEF
activity. Third, we have demonstrated that surface GluA2 AMPA
receptors are decreased in the brains of A350V IQSEC2 mice.

Finally, we demonstrate that A350V IQSEC2 mice have abnormal
behavioral phenotypes with increased locomotion, abnormal
social interactions and decreased learning.

We have demonstrated in two different systems, in vitro with
cell extracts and in cells, that apocalmodulin can bind to IQSEC2
and that this binding is impaired with the A350V mutant. In
a resting cell (i.e., HEK 293T cells, neurons) the cytoplasmic
concentration of free calcium is 50-100 nM (Persechini and
Cronk, 1999) with localized calcium concentrations of 1-
10 wM being achieved with an appropriate stimulus (i.e.,
NMDA receptor activation in neurons). The K4 of calcium
for calmodulin is approximately 1 pM with essentially no
calcium calmodulin being found in a cell with a free cytoplasmic
calcium of less than 200 nM (Persechini and Cronk, 1999).
Our demonstration that half-maximal interaction between
calmodulin and IQSEC2 occurs at around 1 puM calcium is
therefore physiologically relevant.

However, while A350V binds less efficiently to apocalmodulin
as compared to wild type IQSEC2, the A350V mutant is capable
of binding calcium-calmodulin equivalent to or even superior
to wild type IQSEC2. Similar to myosin (Trybus et al., 2007)
the epitope or conformation within the IQ region of IQSEC2
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recognized by apocalmodulin and calcium calmodulin may be
different. Our finding that A350V IQSEC2 can effectively bind to
calcium-calmodulin but not apocalmodulin may suggest that the
alpha helical distortion of the IQ domain in the A350V IQSEC2
mutant induced by the valine-for-alanine substitution introduces
a change in the conformation of the IQ motif of IQSEC2 that
is similar to the conformation of the IQ motif that is induced
in wild type IQSEC2 by the binding of calcium calmodulin. The
wild type IQSEC2 IQ motif may adopt a relaxed conformation in
which apocalmodulin may bind when calcium-calmodulin is not
present; however, in the A350V mutation the conformation of the
IQ region may be locked in a conformation which will not allow it
to assume a conformation permissive for apocalmodulin binding.

This is the first demonstration of a human disease resulting
from a constitutive activation of Arf6 due to a constitutive
increase in IQSEC2 GEF activity. We have shown that the
IQSEC2 GEF activity for Arf6 is increased in cells expressing
mutant A350V IQSEC2 as compared to wild type IQSEC2.
Ionomycin treatment of cells expressing WT IQSEC2 induced

a significant increase in Arf6 activation, indicating a calcium-
dependent regulation of Arf-GEF activity. The A350V mutant,
however, already had a high level of basal activity that was
comparable to WT IQSEC2 after treatment with ionomycin. All
previously reported mutants of IQSEC2, including R359C, which
is also located in the IQ region, have been noted to have decreased
Arf6 GEF activity (Shoubridge et al., 2010). We also show that the
GEF activity of the R359C mutant is not elevated by ionomycin
treatment, which suggests that deficits in calcium dependent
regulation of this mutant may contribute to ID. As discussed
above we propose that the constitutive activation of IQSEC2 GEF
activity by the A350V mutation may be due to the mutation
locking the IQ motif into the same conformation as wild type
IQSEC2 bound to calcium-calmodulin (wherein IQSEC2 GEF
activity is increased).

A key factor underlying the strength of individual excitatory
synapses is the number of AMPA receptors at synapses.
Trafficking of AMPA receptors to and from synapses plays a
key role in synaptic transmission and in experience-dependent
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FIGURE 10 | Schematic model of regulatory cascade mediated by wild type and A350V IQSEC2 mutant and consequences for AMPA trafficking. Wild type IQSEC2.
(1) Activation of NMDA receptor with calcium influx. (2) Calcium can bind to apocalmodulin which is already bound to IQSEC2. (3) Ca-calmodulin bound to IQSEC2
induces a conformational change in IQSEC2 that leads to activation of IQSEC2 GEF activity (4) resulting in formation of active Arf6-GTP. Arf6-GTP promotes
endocytosis of surface AMPA receptors (5) by pathways that are poorly understood, but which may include JNK (Myers et al., 2012). A350V mutant IQSEC2. (1)
A350V IQSEC2 has conformation similar to active form of wild type IQSEC2 and has constitutive GEF activity capable of promoting increased Arf6-GTP formation
(2). Increased Arf6-GTP results in more pronounced down regulation of surface AMPA receptors (3).
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synaptic plasticity and associative learning (Qin et al., 2005;
Rumpel et al., 2005; McCormack et al., 2006; Hu et al., 2007;
Matsu et al.,, 2008; Kielland et al., 2009; Zhu, 2009). NMDA
receptor-induced removal of GluA1/2 AMPA receptors from
synapses is a key step in the induction of long-term depression
(LTD), and Arf6 activation is a necessary component of this
type of plasticity (Scholz et al, 2010; Brown et al., 2016).
IQSEC2 regulates AMPA receptor currents (Myers et al., 2012;
Brown et al., 2016). The Arf-GEF activity of IQSEC2 is required
for LTD, as ID-linked mutations in IQSEC2 that decrease its
Arf-GEF activity impair its induction (Brown et al, 2016).
This indicates that properly regulated activation of Arf6 by
IQSEC2 is necessary for normal synaptic plasticity processes,
including the regulated removal of AMPA receptors in LTD.
Our findings here showing that increased Arf6 activity is
associated with decreased GluA2 AMPA surface expression in
A350V mutant brain tissue is consistent with the critical role
of Arf6 in regulating the removal of AMPA receptors from
the plasma membrane (Brown et al., 2016). Our demonstration
that basal hippocampal synaptic transmission is decreased in
A350V IQSEC2 mice is also consistent with a down-regulation of
AMPA receptors in this model. Future experiments with specific
AMPA receptor antagonists and positive allosteric modulators
will attempt to prove that the decreased synaptic transmission
in the A350V mice is due at least in part to a downregulation
of AMPA receptors.

Based on the data presented here and previous work
presented by others (Myers et al., 2012; Brown et al., 2016)
we propose in Figure 10 a model for the activation of wild
type IQSEC2 by calcium as well as the pathophysiological
consequences of the A350V IQSEC2 mutation. In the presence
of wild type IQSEC2, the binding of glutamate to the NMDA
receptor leads to calcium influx and a rise in free intracellular
calcium. This calcium binds to calmodulin and the binding of
calcium calmodulin to the IQ site on IQSEC2 induces the GEF
activity of IQSEC2 allowing it to promote the formation of
Arf6-GTP. Arf6-GTP, in turn, regulates endocytosis of surface
AMPA receptors by pathways that are poorly understood, but
which may include JNK (Myers et al., 2012). On the other
hand, in the A350V IQSEC2 mutant, IQSEC2 GEF activity
for Arf6 is constitutively activated resulting in persistently
increased Arf6 activity, which may markedly downregulate
surface AMPA receptors, specifically GluA2, (representing an
exaggerated form of long-term depression). Thus, the normal
processes for regulating AMPA receptor levels at synapses are
compromised by the A350V IQSEC2 mutation. This hypothesis
appears to provide a mechanistic basis for the defects in behavior
and learning associated with the A350V IQSEC2 mutation.
Furthermore, according to this hypothesis, treatment to restore
the balance in AMPA transmission by blocking exaggerated
AMPA downregulation may provide clinical benefit specifically
an increase in learning potential. The size of the change in surface
GluA2 AMPA induced by the A350V mutation is similar to what
has been reported in mutations in the Thorase gene (Umanah
et al,, 2017; Piard et al., 2018) where pharmacological attempts
to restore normal surface AMPA activity have shown therapeutic
benefit in man (Ahrens-Nicklaus et al., 2017).

Behavioral phenotyping of the A350V IQSEC2 mice
demonstrates increased locomotion, abnormal social interactions
and learning impairments in the absence of motor coordination
deficits. The increased preference for social novelty in the
A350V mice described here, while different from what has
been described in autism, has been described in other genetic
encephalopathies with intellectual disability and abnormal social
functioning such as Williamss syndrome (Martin et al., 2018;
Ng et al, 2018). Our behavioral findings in the A350V mice
appear to model some of the abnormal behaviors found in
the human index case with the A350V mutation, specifically
hyperactivity, abnormal social interactions with no inhibitions
with strangers and impaired cognitive function. However, more
complete behavioral phenotyping of the A350V IQSEC2 model
will be required in order to properly define the spectrum of
social interaction abnormalities, hyperactivity features, and the
type of learning and memory impairment present in these mice.
Decreases in surface AMPA receptors have been noted in other
models of learning impairment (neurodevelopmental as well
as Alzheimer’s disease) and in models of social dysfunction
(Guntupalli et al., 2016; Ahrens-Nicklaus et al., 2017; Umanah
et al.,, 2017; Kim et al., 2018; Piard et al., 2018; Tian et al., 2018)
and increasing AMPA transmission has shown benefit in these
models (Lauterborn et al.,, 2016; Kim et al., 2018). Accordingly,
strategies designed to restore surface AMPA in the A350V
IQSEC2 mouse model may have a beneficial effect on cognitive
and affective behavior and represents a potential actionable node
for treatment in humans for the A350V IQSEC2 mutation.
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Beijing Key Laboratory of Environmental Toxicology, School of Public Health, Capital Medical University, Beijjing, China

Purpose: Emerging evidence suggests that 27-Hydroxycholesterol (27-OHC) causes
neurodegenerative diseases through the induction of cytotoxicity and cholesterol
metabolism disorder. The objective of this study is to determine the impacts of 27-OHC
on lysosomal membrane permeabilization (LMP) and pyroptosis in neurons in the
development of neural degenerative diseases.

Methods: In this study, SH-SY5Y cells and C6 cells were co-cultured in vitro to
investigate the influence of 27-OHC on the function of lysosome, LMP and pyroptosis
related factors in neuron. Lyso Tracker Red (LTR) was used to detect the changes
of lysosome pH, volume and number. Acridine orange (AO) staining was also used
to detect the LMP in neurons. Then the morphological changes of cells were
observed by a scanning electron microscope (SEM). The content of lysosome function
associated proteins [including Cathepsin B (CTSB), Cathepsin D (CTSD), lysosomal-
associated membrane protein-1 (LAMP-1), LAMP-2] and the pyroptosis associated
proteins [including nod-like recepto P3 (NLRP3), gasdermin D (GSDMD), caspase-1 and
interleukin (IL)-1p] were detected through Western blot.

Results: Results showed higher levels of lysosome function associated proteins, such as
CTSB (p < 0.05), CTSD (p < 0.05), LAMP-1 (p < 0.01), LAMP-2; p < 0.01) in 27-OHC
treated group than that in the control group. AO staining and LTR staining showed that
27-OHC induced lysosome dysfunction with LMP. Content of pyroptosis related factor
proteins, such as GSDMD (p < 0.01), NLRP3 (p < 0.001), caspase-1 (o < 0.01) and
IL-18 (o < 0.01) were increased in 27-OHC treated neurons. Additionally, CTSB was
leaked through LMP into the cytosol and induced pyroptosis. Results from the present
study also suggested that the CTSB is involved in activation of pyroptosis.

Abbreviations: AB, B-amyloid; AO, acridine orange; AD, Alzheimer’s disease; LMp, lysosomal membrane permeabilization;
24S-OHC, 24-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; 7-KC, 7-ketocholesterol; 78-OHC, 78-hydroxycholesterol;
BBB, blood brain barrier; CTSB, cathepsin B; CTSD, cathepsin D; CNS, central nervous system; FBS, fetal bovine serum;
GSDMD, gasdermin D; LTR, Lyso-Tracker Red; NLR, nod-like receptor.

Frontiers in Molecular Neuroscience

www.frontiersin.org 85

March 2019 | Volume 12 | Article 14


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2019.00014
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2019.00014&domain=pdf&date_stamp=2019-03-01
https://creativecommons.org/licenses/by/4.0/
mailto:xiaor22@ccmu.edu.cn
https://doi.org/10.3389/fnmol.2019.00014
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00014/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00014/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00014/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00014/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00014/full
https://loop.frontiersin.org/people/674913/overview
https://loop.frontiersin.org/people/674904/overview
https://loop.frontiersin.org/people/512571/overview
https://loop.frontiersin.org/people/359748/overview
https://loop.frontiersin.org/people/365771/overview
https://loop.frontiersin.org/people/468044/overview
https://loop.frontiersin.org/people/686448/overview
https://loop.frontiersin.org/people/624117/overview
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Chen et al. 27-OHC Induce LMP-Mediated Pyroptosis
Conclusion: Our data indicate that 27-OHC contributes to the pathogenesis of cell
death by inducing LMP and pyroptosis in neurons.

Keywords: 27-hydroxycholesterol, lysosomal membrane permeabilization, pyroptosis, cell co-culture, SH-SY5Y
cells and C6 cells

INTRODUCTION neurodegenerative diseases such as AD (Olsen and Singhrao,

Cholesterol plays a key role in brain physiology and function.
Its alterations in homeostasis and levels have been linked to
neurodegeneration such as Alzheimer’s disease (AD; Arenas
etal., 2017). Evidences have suggested that increased occurrence
of AD is associated with raised cholesterol level (Martins et al.,
2009; Di Paolo and Kim, 2011). Cerebral cells synthesize all
cholesterol found in central nervous system (CNS), since the
blood brain barrier (BBB) makes cholesterol’s metabolism in the
brain independent to the rest of the organism (Costa et al., 2018).
The question of how increased plasma cholesterol leads to the
development of AD has yet to be answered.

In brain cholesterol pool, only the oxysterol metabolites of
27-hydroxycholesterol (27-OHC) and 24S-hydroxycholesterol
(24S-OHC) can be exchanged with the blood circulation (Czuba
et al., 2017). 27-OHC can cross the BBB from peripheral
circulation to the brain with the greatest abundance. It’s
concentration is comparable to or slightly higher than other
oxysterols in circulation (Nelson, 2018). In fact, several studies
have already described increased levels of 27-OHC in serum
(Popp et al.,, 2012) and cerebrospinal fluid (CSF; Besga et al,
2012) of AD patients not only as a reflection of the severity
of disease but also the loss of metabolically active neurons
and the degree of structural atrophy (Leoni et al, 2011;
Popp et al, 2013), suggesting the critical role of 27-OHC in
neuro-degeneration.

Hydrolytic enzymes capable of degrading macromolecules
and cell components were contained in lysosomes, which
are cytoplasmic membrane-enclosed organelles. Previous
studies have shown the role of lysosome dysfunction in
neurodegenerative diseases (Ferguson, 2018a,b). We also
found the possible involvement of plasma 27-OHC increase in
disorders of lysosome function and cholesterol metabolism in
brain tissues of rats (Zhang et al., 2018). These studies reveal the
possible role of 27-OHC in induction of lysosome dysfunction.
However, the mechanism of how 27-OHC influences lysosome
function still remains uncertain.

Partial and selective lysosomal membrane permeabilization
(LMP) can induce controlled cell death (Galluzzi et al,
2018). As a form of lytic programmed cell death, pyroptosis
is initiated by inflammasomes (Kovacs and Miao, 2017),
which is composed of a nod-like receptor (NLR) family
member, procaspase-1, and the adapter protein ASC usually.
The best representative of NLR family member is NLRP3,
which can be activated by different stimuli, such as lysosome
destabilization. Previous research has shown that pyroptosis can
be induced by cathepsin B (CTSB) that leaked through LMP
into the cytosole (Orlowski et al, 2017). The CTSB release
from LMP could lead to activation of NLRP3 inflammasome
and NLRP3-dependent neuronal pyroptosis can result in

2016; Li et al., 2018).

Cholesterol oxidation metabolites have been found to be
one of the important factors inducing LMP (Boya, 2012).
Cell experiments in vitro found that 7B-hydroxycholesterol
(7B-OHC)and 7-ketocholesterol (7-KC) can induce cell death
through LMP (Laskar et al., 2013; Yuan et al., 2016). However,
whether 27-OHC, as one of the important oxysterols, can lead to
LMP is still unclear.

We used the co-culture system to simulate a proper
environment for the growth of neurons in the body to investigate
the effect of 27-OHC. In the in vitro co-culture system neuron
and astrocyte can support each other through the secretion of
soluble factors among cells (Ma et al., 2015). In order to research
the influence of 27-OHC on the function of lysosome and LMP
which then induces pyroptosis in neuron, SH-SY5Y cells (human
neuroblastoma cell line) and C6 cells (rat glial cell line) were co-
cultured in this study.

MATERIALS AND METHODS

Reagents and Cell Culture

27-OHC was purchased from Santa Cruz Biotechnology
Company (Dallas, TX, USA). Ten milligram 27-OHC was
completely dissolved in 24.83 ml of absolute ethanol to 1,000 uM
as the stock solution. Then the stock solution was dispensed
into a centrifuge tubes by 1 ml per tube, and blew dry with
nitrogen gas. The tubes were finally preserved at —80°C. Before
each cell treatment, 27-OHC was first diluted in 0.08 ml ethanol
and then added to culture medium to a final concentration
of 5, 10 and 20 uM, containing 0.04%, 0.08% and 0.16%
ethanol (v/v).

SH-SY5Y cells (human neuroblastoma cell line) were
purchased from Peking Union Medical College Cell Resource
Center (CRC/PUMC) and C6 cells (rat glial cell line) were
purchased from Cell Bank, Shanghai Institutes for Biological
Sciences were grown in Dulbecco’s modified eagles medium
(DMEM) supplemented with 10 % fetal bovine serum (FBS) and
penicillin (100 U/ml)/streptomycin (100 U/ml) at 37°C in an
atmosphere of CO, (5%)/air (95%).

In order to simulate the environment in the brain, co-cultures
of neuronal SH-SY5Y and astrocytic C6 cells were grown in a
trans-well system with a 0.4 um pore size (4.0 x 10° pores/cm?).
Neuronal SH-SY5Y cells (1.0 x 10° cells) were cultured in the
lower compartment of a 6-well trans-well system, while astrocytic
C6 cells (5.0 x 10° cells) were seeded in the insert. The insert
and lower compartment are separated by polyester fiber film
(Yang et al.,, 2005). The upper and lower compartments were
cultured for 4 h separately, and then the insert was inoculated
into a 6-well trans-well system. After 24 h, cells with DMEM were
set as control and others were treated with 5, 10, and 20 puM
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27-OHC for 24 h. 1.0 x 107 cells were collected and analyzed
finally. The choice of 27-OHC concentration in the study was
referenced from previous study of our group (Wang et al., 2016;
Anetal., 2017).

Cathepsin Activity Fluorometric Assay

The enzymatic activities of CTSB and cathepsin D (CTSD) in
SH-SY5Y cells and C6 cells were tested using the CTSB and
CTSD activity fluorometric assay kit (NO. K140-100, NO. k143-
100, Biovision, Milpitas, CA, USA). Briefly, cells were collected
(1 x 10°) by centrifugation. Lysed cells in 50 1 of cell lysis buffer
and incubated cells on ice for 10 min. Centrifuge at 20,000 g for
5 min, and then transferred the supernatant to a new tube. Added
50 pl of cell lysate to the opaque black 96-well plate. Then 50 .l
of reaction buffer and 2 Ll of the 10 mM substrate Ac-RR-AFC
were added to each sample. For negative control, added 2 pl
of inhibitor. Enspire multifunctional microplate reader was
used with a 400-nm excitation and 505-nm emission filter to
analyze fluorescence intensity for CTSB enzymatic activities,
and with a 328-nm excitation and 460-nm emission filter for
CTSD enzymatic activities after incubating at 37°C for 2 h in
the dark.

Lyso-Tracker Red Staining

Lysosomal staining was performed using Lyso-Tracker Red
(LTR). After 24 h of treatment with 27-OHC in 20-mm glass-
bottom dish, cells (1.0 x 10° cells/ml) were incubated with
LysoTracker Red at 5 nmol/L for 30 min at 37°C and washed
three times with phosphate-buffered saline (PBS). The cells
were then inspected and photographed with the aid of a TCS
SP8 STED confocal microscope (Leica; Germany).

Acridine Orange Staining

After the designated treatments in 20-mm glass-bottom dish,
cells (1.0 x 10° cells/ml) were incubated with medium containing
5 pg/ml acridine orange (AO) for 15 min at 37°C and rinsed with
PBS. Then the cells were imaged under the confocal microscope
with the excitation wavelength set at 488 nm; two separate
emission bands (505-570 nm and 615-754 nm) were obtained.
Enspire multifunctional microplate reader was used to analyze
fluorescence intensity after AO staining.

Quantitative Analysis of the Integrity of

Lysosomes

One-hundred microliter per well AO (5 pg/ml in PBS) was added
to 96-well plate for labeling cells for 5 min. After rinsing with
PBS three times, the fluorescence intensity was analyzed using
an Enspire multifunctional microplate reader with a 475-nm
excitation and 520-nm emission filter for green fluorescence.

Scanning Electron Microscopy

Cells were fixed with 2.5% glutaraldehyde for 3 h, and then rinsed
with 0.1% PB three times. Then they were dehydrated through a
graded series of ethanol (30, 50, 70, 95 and 100%) and dried by
the tertiary butanol method. The samples were then mounted on
metal stubs and dried in a silica gel vacuum desiccator. They were
sputter coated with gold and examined under a Hitachi S-4800
scanning electron microscope (SEM) operating at 15 kV.

Subcellular Fractionation

After 27-OHC exposure, SH-SY5Y cells were washed twice
with PBS and collected using a cell scraper. The lysosome
fractions were separated using a Lysosome Enrichment Kit
(Bestbio, Shanghai, China) according to the manufacturer’s
instructions. In short, collected cells were resuspended with
Lysosome Isolation Reagent A, and oscillated on ice for 10 min.
Then the cells were homogenized 30-40 times in a Dounce
homogenizer followed by centrifugation at 4,000 g for 10 min.
Supernatant fractions were centrifuged at 20,000 g for 20 min
and the supernatant was collected and labeled as cytosolic
fraction. The resulting pellets were further spun at 20,000 g
for 20 min after being resuspended with Lysosome Isolation
Reagent B. The pellets were resuspended with Lysosome Isolation
Reagent C (2 pl of protease inhibitor cocktail per 200 pl of
reagent C) and added to the resulting pellets and oscillated
on 4 for 15-30 min. The lysis was further spun at 12,000 g
for 15 min and the supernatant was Lysosome total protein
enriched fraction.

Western Blot Analysis

Cells treated with DMEM in addition to 27-OHC with
concentrations of 5 pM, 10 pM and 20 pM respectively.
After the treatments, cold PBS were used to wash cells
and 0.1 ml cell lysis buffer was added to superstratum and
substratum of transwell plate. Cell extracts were collected by
centrifugation at 13,000 g for 15 min at 4°C. The BCA Protein
Assay Kit was used to measure the protein concentration.
Equal amount of proteins (20 pg) were loaded on 8% or
10% SDS-acrylamide gels for separation by electrophoresis
and then transferred onto PVDF membrane. After being
blocked with 5% non-fat milk, immunoblots were probed
with appropriate antibodies. The anti-CTSB (1:1,000, #31718)
from Cell Signaling Technology, Danvers, MA, USA; anti-
CTSD (1:1,000, #21327-1-AP) from proteintech, Rosemont,
IL, USA; anti-lysosomal-associated membrane protein-1 (anti-
LAMP-1; 1:1,000, #ab24170) from Abcam, USA; anti-LAMP-2
(1:1,000, #sc-71492) from Santa Cruz Biotechnologies, Dallas,
TX, USA; anti-NLRP3 (1:1,000, #ab214185) from Abcam, USA;
anti-gasdermin D (anti-GSDMD; 1:2,000, #0rb390052) from
biorbyt, UK; anti-interleukin (anti-IL)-1f; 1:1,000, #sc-52012)
from Santa Cruz Biotechnologies, Dallas, TX, USA; anti-
caspase-1 (1:1,000, #ab1872) from Abcam, USA were used as
primary antibodies. B-Actin was used as a control of total
protein. After overnight incubation with primary antibodies and
washing three times with TBST, the PVDF membranes were
incubated with anti-rabbit IgG or anti-mouse IgG for 1 h. The
membranes were then scanned using a Vilber Lourmat Fusion
SL6 (Vilber; France), and the gray values were analyzed through
Image] software at last. Each experiment was repeated at least
three times.

Statistical Analysis

The software SPSS 19.0 (Chicago, IL, USA) was used to analyze
the data. All results were represented as means £ SE of at least
three independent experiments. One-way analysis of variance
(ANOVA) and least significance difference (LSD) were used to
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evaluate statistical significance of the difference between groups.
P values < 0.05 were considered as significant.

RESULTS

27-OHC Caused Differential Regulation of
Cathepsin B and D Protein and Activity in
Co-cultures of SH-SY5Y Cells and C6 Cells

To observe the effect of 27-OHC on the function of lysosome,
we examined the changes in protein content and enzymatic
activity of CTSB and CTSD in SH-SY5Y cells and Cé6 cells.
The active form of CTSB (24 and 27 kDa) was detected
by western blot (Nagakannan and Eftekharpour, 2017). We
found that 27-OHC treatment significantly regulated the
protein content of CTSB and CTSD in both SH-SY5Y
cells and C6 cells. In SH-SY5Y cells, the protein levels
of CTSB and CTSD were up-regulated with treatments of
both 10 pM and 20 pM 27-OHC (Figures 1A,B). In

C6 cells, CTSB protein level was up-regulated by treatment of
10 M 27-OHC, and both CTSB and CTSD protein content
were significantly up-regulated by treatment with 20 pM
27-OHC (p < 0.05). To further confirm these changes in
CTSB and CTSD protein activities, the commercially available
enzymatic activity assay kits (Biovision, Milpitas, CA, USA)
were used. We observed robust increased enzymatic activity
of CTSB in both two cell lines with 27-OHC treatment.
The enzymatic activity of CTSD was reduced in SH-SY5Y
cells treated with 5 pM, 10 uM, and 20 pM 27-OHC,
while no significant change was observed in 27-OHC treated
C6 cells (Figure 1C).

These data suggested that 27-OHC causes differential changes
in protein content and activity of CTSB and CTSD in co-cultures
of SH-SY5Y cells and C6 cells. The increase in CTSB levels
in 27-OHC treated cells was coincided with the significant
upregulation of CTSB activity. However, the new protein
synthesis is independent of CTSD activity. Since previous
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FIGURE 1 | 27-Hydroxycholesterol (27-OHC) treatment causes differential regulation of cathepsin B (CTSB) and cathepsin D (CTSD) protein and activity in
co-cultures of SH-SY5Y cells and C6 cells. SH-SY5Y cells and C6 cells were treated with normal medium or 5 pM, 10 uM, 20 M 27-OHC. The protein levels of
CTSB and CTSD were analyzed with western blotting (A,B). (C) The activities of CTSB and CTSD were measured by fluorometric method using commercially
available kits. All data are presented as the means + SE. n = 3-4 for protein and n = 3 for activity. *p < 0.05 compared with the control group.
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research has shown that the change of CTSB and CTSD is a  Schultz et al., 2016), these results may indicate that 27-OHC
specific indicator of lysosomes dysfunction (Ashtari et al., 2016;  could affect the lysosomal function of C6 and SH-SY5Y cells.
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FIGURE 2 | 27-OHC causes lysosomal membrane permeabilization (LMP) in SH-SY5Y cells and C6 cells. (A,B) Representative western showed LAMP1 and
LAMP?2 levels in SH-SY5Y cells and C6 cells subjected to different concentrations 27-OHC (0, 5, 10, 20 wM) for 24 h. B-Actin was used as a normalized protein.
(C) SH-SY5Y cells and C6 cells were treated with normal culture medium or 27-OHC (5, 10, 20 nM) for 24 h, stained with 5 g/ml acridine orange (AO) for 15 min
and imaged under confocal microscope (scale bar: 25 um). (D) The spectrum of SH-SY5Y cells and C6 cells subjected to 27- OHC (0, 5, 10, 20 wM) for 24 h;

n > 100 cells. (E) Effect of 27-OHC on lysosomes. SH-SY5Y cells and C6 cells were with 27-OHC (0, 5, 10, 20 wM) for 24 h. The lysosomes were labeled by 5 nM
Lyso-Tracker Red (LTR) and examined by confocal (scale bar: 75 wm and 25 pwm). All the data were shown as mean + SE; n = 3-4 for protein. *p < 0.05,

**p < 0.01 compared with control group.
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FIGURE 3 | 27-OHC causes CTSB leakage into the cytoplasm around the lysosomes with LMP in SH-SY5Y cells. 27-OHC treatment caused the spillage of CTSB
into the cytosol. Cell fractionation was performed to separate lysosomal and cytosolic fractions in SH-SY5Y cells with 27-OHC treatment (0, 5, 10, 20 wM) in
serum-free medium for 24 h as indicated. Representative western blotting showing CTSB was detected in the different fractions. p-actin and LAMP1 were used as
cytosolic and lysosomal markers. n = 3 for experiment.
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FIGURE 4 | 27-OHC treatment causes pyroptosis in SH-SY5Y cells. (A) The scanning electron microscope (SEM) showed SH-SY5Y cells swelling and membrane
breakage after 27-OHC treatment, as indicated by the arrows. (B,C) The protein levels of nod-like recepto P3 (NLRP3), gasdermin D (GSDMD), Caspase-1,
interleukin-1p (IL)-1p was analyzed by western blotting. All the data were shown as mean + SE; n = 3-4. *p < 0.05, *p < 0.01, **p < 0.001 compared with
control group.

proteins LAMP-1 and LAMP-2 after 27-OHC treatment.

Lysosomal Deficiency Caused by 27-OHC
Treatment Was Shown as Lysosomal
Membrane Permeabilization in SH-SY5Y
Cells and C6 Cells

To determine whether lysosomal deficiency was associated
with 27-OHC, we first tested lysosomal-associated membrane

Administration of 27-OHC treatment remarkably increased
the content of LAMP-1 protein in SH-SY5Y cells and
C6 cells (p < 0.01; Figures 2A,B) and LAMP-2 protein in
SH-SY5Y cells (p < 0.01; Figures 2A,B). However, there
was no significant difference in the content of LAMP-2
protein between 27-OHC and control treatments in C6 cells.
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FIGURE 5 | LMP mediates the activation of pyroptosis after 27-OHC treatment in SH-SY5Y cells. (A) SH-SY5Y cells were treated with normal culture medium,
27-OHC (20 nM), 27-OHC (20 wM) + CA-074-me (15 wM) and CA-074-me (15 wM) for 24 h, and then the cell lysates were analyzed for pyroptosis markers by
western blotting. (B) Densitometric analysis and activity results of CTSB. (C) Densitometric analysis of pyroptosis-associated proteins normalized to p-Actin is
shown. (D) SH-SY5Y cells were treated with normal culture medium, 27-OHC (20 wM), 27-OHC (20 M) + Z-YVAD-FMK (10 wM) and Z-YVAD-FMK (10 uM) for 24 h
and the cell lysates analyzed for caspase-1 and GSDMD by western blotting. (E) SEM showed some pores on SH-SY5Y cells membranes after 27-OHC 20 pM
treatment (as indicated by the arrows) and absence/reduced pore formation after 27-OHC treatment with anti-CTSB or anti-GSDMD. All the data were shown as

These results indicated that in both cell lines 27-OHC
treatment leads to enlargement of lysosomes (Nagakannan
and Eftekharpour, 2017), which has been suggested to
increase the possibility of lysosomes losing their integrity,
leading to leakage of lysosomal content to the cytosol
(Appelgvist et al., 2013).

To investigate whether 27-OHC treatment leading to
lysosomal deficiency was associated with LMP induction, we
used AO staining to detect the acid lysosomes (Hsich et al.,
2017). AO emits a granular red fluorescence in a normal
lysosomal acidic environment, but a granular green fluorescence
in neutral and slightly basic environment such as cytosol.
Once the lysosomal integrity was destroyed, AO would relocate
from lysosomes to cytosol and can then be detected by an
enhanced green fluorescence, indicating the occurrence of
LMP. We positioned distinct orange-red particles represents
complete lysosome in control (Figure 2C). We noted decreased
acidophilic lysosomes and an enhanced green fluorescence in
the cytosol after treatment with 27-OHC in a dose-dependent
manner in SH-SY5Y cells and C6 cells (Figure 2C). We
used enspire multifunctional microplate reader to analyze

fluorescence intensity after AO staining. Green fluorescence was
enhanced in both SH-SY5Y and C6 cells, which indicated that
LMP was happening (Figure 2D).

To further examine the changes of lysosomal function caused
by 27-OHC treatment, LTR was used to label lysosomes in live
cells. As an acidotropic probe, the decreased LTR fluorescence
reflected both a rise in pH of lysosomal and a reduction in
number of lysosomes (Li et al., 2017). Treatment with 27-OHC
markedly reduced the fluorescence intensity, indicating that
27-OHC treatment reduced intracellular acidic components and
the number of lysosome (Figure 2E), and the possibility of LMP
occurrence in SH-SY5Y cells and C6 cells.

27-OHC Caused Cathepsin B Leakage Into
the Cytoplasm Around the Lysosomes
With LMP in SH-SY5Y Cells

It is known that induction of LMP, translocation of CTSB
from lysosomes into cytosol can cause lysosomal membrane

damage and initiate pyroptosis procedures (Gorojod et al., 2015;
Orlowski et al., 2017). In order to determine whether CTSB
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leaks into the cytosol from lysosome upon induction of LMP,
we carried out subcellular fractionation of SH-SY5Y cells to
directly measure the location of CTSB. Western blotting results
showed that 27-OHC treatment caused the spillage of CTSB
into the cytosol which in a dose-dependent manner in SH-SY5Y
cells (Figure 3). The results suggested that 27-OHC treatment
increased the protein levels of CTSB and lead to its leakage into
the cytosol around the lysosomes.

27-OHC Treatment Caused Pyroptosis in
SH-SY5Y Cells

To investigate if 27-OHC treatment can lead to pyroptosis, we
first analyzed morphological changes in SH-SY5Y cells after
treatment with 20 pM 27-OHC by means of SEM. Through
comparing the 27-OHC treatment group with the control groups,
we observed swelling and membrane breakage in SH-SY5Y cells
(Figure 4A), presumably due to 27-OHC treatment.

Recent findings suggested that GSDMD is the executant
of pyroptosis and is in charge of the secretion of matured
IL-18 (He et al, 2015). Caspase-1 can cleave GSDMD
to generate an N-terminal (N-GSDMD; 30-31-kDa) and a
C-terminal fragment (C-GSDMD; 22-kDa), and only the
N-terminal fragment of GSDMD can induce pyroptosis (Man
and Kanneganti, 2015; Shi et al., 2015). Research also proposed
that the NLRP3 inflammasome can control both caspase-1-
mediated pyroptosis and secretion of mature IL-18 (He et al,
2016). We thus analyzed whether 27-OHC can modulate the
content of NLRP3, GSDMD, caspase-1 and IL-1B. Western
blotting was conducted in SH-SY5Y cells and an increase
of IL-1p protein (17-kDa) triggered by 27-OHC after 24h
of stimulation was observed (Figures 4B,C). Pro-IL-18 have
been cleaved or activated after 27-OHC treatment. We also
found increased NLRP3, caspase-1 and the cleaved GSDMD
N-terminal fragment (N-GSDMD) at 30 kDa with 27-OHC
treatment compared to the control group (Figures 4B,C).
These results showed that 27-OHC may cause pyroptosis in
SH-SY5Y cells.

LMP Mediated the Activation of Pyroptosis
After 27-OHC Treatment in SH-SY5Y Cells

Recent researches have proposed that LMP can result in
releases of CTSB into the cytosol and then activate NLRP3
(Duewell et al., 2010; Serrano-Puebla and Boya, 2016). Therefore,
we analyzed the effect of LMP and/or CTSB on protein
content of pyroptosis-associated proteins. We used CTSB
inhibitor (CA-074-me, 15 wM) to pretreat SH-SY5Y cells
for 1 h at 37°C before 27-OHC treatment. The western
blotting and activity results suggested decreased levels of CTSB
whencompared to the control group (Figures 5A,B). The
protein content of GSDMD, caspase-1 and IL-1f were also
examined. We found down regulation of protein content of all
the three pyroptosis-associated proteins after co-treating with
27-OHC and CA-074-me. There were no statistically significant
differences of NLRP3 protein content between each group, but
the results revealed a clear decreased tendency (Figures 5A,C).
To report this point more thoroughly, we used caspase-1
inhibitor (Z-YVAD-FMK, 10 pm; Wang et al., 2015) to pretreat
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Pyroptosis

Cell membranes

FIGURE 6 | Proposed model for pyroptosis and LMP induced by 27-OHC.
27-OHC caused active CTSB to leak through LMP into the cytosol and then
NLRP3 inflammasome activating. In the case, caspase-1 got activated and
cleaved both GSDMD to generate a N-GSDMD and a C-GSDMD and
pro-IL-1p to initiate pyroptosis and maturation of IL-1p, respectively.

SH-SY5Y cells for 30 min at 37°C before 27-OHC treatment
to suppress expression of GSDMD, which was proved to be
effective through the results of western blot (Figure 5D). The
results of SEM shown pores with size of 24-50 nm were
formed on membranes after 27-OHC 20 pM treatment by
500.0 nm scale bars. Beyond that, there is no/little pore on cell
membranes with CA-074me and Z-YVAD-FMK treatment in
SEM (Figure 5E). The results suggested that CTSB is implicated
in activation of pyroptosis. The results are consistent with
previous studies indicating that CTSB released from ruptured
lysosomes can activate pyroptosis (Brojatsch et al., 2015; Yang
etal., 2016).

DISCUSSION

The amyloid hypothesis posits that p-amyloid (AP) is the
pathological factor that initiates the onset and progression
of AD (Tam et al,, 2016). Earlier studies have shown that
amyloid precursor protein (APP) is the source of AB. And many
studies indicated that nascent APP is cleaved after endocytosis
from the cell surface into endosomes and subsequently into
lysosomes. Recent research has demonstrated that APP degraded
by lysosomal system (Hein et al, 2017). CTSB is a most
abundant cysteine protease with potentially specific roles that
cleaves APP and also degrades the AP42 peptide (Llorente et al.,
2018) in the endo-lysosome system. Lysosomes are ubiquitous
organelles that constitute the primary degradative compartments
of the cell. They receive their substrates through endocytosis,
phagocytosis or autophagy (Saftig and Klumperman, 2009).
Thus, impairment of lysosomal function plays an important role
in neuronal degeneration and in the pathogenesis of numerous
neurodegenerative diseases (Cermak et al., 2016). Studies
demonstrated that abnormalities of the endosomal-lysosomal
system are also early pathological features in the AD brain
(Barbero-Camps et al., 2018).
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This study found that 27-OHC changed the levels of lysosome
protein, CTSB and CTSD, and induced lysosome dysfunction
in co-cultured SH-SY5Y cells and C6 cells. It revealed for
the first time the effects of 27-OHC treatment on CTSB and
CTSD in vitro. The effects of oxysteroids on structure and
function of lysosomes have been proposed in a previous study
(Boya, 2012). Excessive accumulation of oxysteroids in cells
can lead to leakage of lysosomal membrane (Laskar et al,
2013; Yuan et al., 2016). However, as one of the important
oxidation products of cholesterol, how 27-OHC influences the
structure and function of lysosomes remains unknown. In our
previous research, we found that increased level of plasma
27-OHC might affect the cholesterol metabolism and lysosome
function in vivo (Zhang et al., 2018) and our previous study
has demonstrated that excessive 27-OHC with concentrations
of 7, 21 and 70 pM in blood can impair spatial learning
and memory and contributes to the perturbation of cholesterol
metabolism in the rat brain (Zhang et al, 2015). Further
studies on co-culture neurons have shown that 27-OHC can
induce cytotoxicity and present a dose-effect and time-effect
correlation (Wang et al., 2016). Wang found 5 pM, 10 uM,
20 pM of 27-OHC treatment caused significant inhibition
of cell viability and the loss of mitochondrial membrane
potential (so the concentrations used 5 pM, 10 uM, 20 pM
of 27-OHC in our study). The present study found that
27-OHC treatment can up-regulate protein levels of CTSB
and CTSD and activity of CTSB in both of SH-SY5Y cells
and C6 cells in co-culture conditions. Up-regulation of CTSB
and CTSD is a specific indicator of lysosomes dysfunction
(Ashtari et al, 2016; Schultz et al., 2016). So the data
obtained here confirmed that 27-OHC treatment can cause
lysosomal dysfunction.

27-OHC treatment increased the protein content and
accumulation of LAMP-1 and LAMP-2, which indicated the
larger volume of lysosome (Nagakannan and Eftekharpour,
2017). The larger lysosomes are more prone to undergo
membrane damage as had been verified in a previous study
(Ono et al, 2003). In this research, we report that 27-OHC
treatment can destroy the lysosomal membrane of SH-SY5Y
cells and C6 cells accompany with the increased content
of CTSB and CTSD and increased enzymatic activity of
CTSB. For the result of reduced activity of CTSD, previous
research has shown that CTSD will lose activity due to
de-protonation of the residues in the active site at neutral
pH, but remain stable structurally (Repnik et al, 2014).The
results of AO and LTR have proved the induction of
LMP by 27-OHC treatment (Figures 2C-E). The immediate
consequence of LMP is leakage of lysosomal hydrolytic enzymes,
which implies the release of CTSB and other lysosomal
constituents from lysosome (Boya and Kroemer, 2008). And
the detection results of protein content revealed that CTSB
has leaked into the cytosol (Figure 3). Significantly, LTR
showed more diffusion with the increasing concentration of
27-OHC-treatment, and such a distribution proved the burst of
lysosome vesicles.

The previous study of our team found that 27-OHC treatment
can cause cell death in co-cultured SH-SY5Y cells and C6 cells

(Wang et al.,, 2016). In the present study, we confirmed that
27-OHC treatment can cause lysosome damage and release of
CTSB from lysosomes. Some research suggested that when LMP
approaches a certain level, the nerve cells will change from the
stable state to cell death state (Lipton, 2013; Ni et al., 2018).
Research has shown that CTSB can remain active in neutral
environment after LMP even if most hydrolytic enzymes are
inactive under pH-neutral conditions (Boya, 2012).

Pyroptosis has been explored by many researchers recently.
Some substances can induce cleavage and secretion of IL-1
family cytokines by stimulating the caspase-1-activating
NLRP3 inflammasome, which results in pyroptosis. As
the best-characterized inflammasome, studies found that
NLRP3 was activated in AD (Saresella et al., 2016), which
can be activated by cholesterol, cathepsin and also by the
amyloid peptide (Duewell et al., 2010; Masters and O’Neill,
2011; Jo et al.,, 2016). The idea that cathepsins play an important
role in the pathogenesis of neurodegenerative disorders has
been long known in the scientific literature. Their changes
in concentration, activity and localization are normally
found in aging neurons and are considered as a cause of
age-related neuropathologic changes (Cermak et al, 2016).
Orlowski found due to LMP that active CTSB released into
the cytoplasm can initiate pyroptosis procedures and lead
to primary murine macrophages death eventually (Orlowski
et al., 2017). However, whether LMP mediated the activation
of pyroptosis after 27-OHC treatment in neurons was seldom
reported. Therefore, we detected pyroptosis associated proteins
including NLRP3, GSDMD, caspase-1 and IL-1f in the present
study. The IL-18 is a well-known unconventionally secreted
leaderless proteins with important extracellular functions
(Rubartelli et al., 1990). We found that 27-OHC treatment
caused pyroptosis in SH-SY5Y cells in co-culture system
(Figure 4). In order to investigate the role of CTSB and/or
LMP in pyroptosis in SH-SY5Y cell line, CA-074-me, an
inhibitor of CTSB, was used to prohibit the activity of CTSB.
We demonstrated that pyroptosis was partially prevented by
Ca-074-me, indicating that CTSB is involved in activation
of pyroptosis (Figure 5). In general, our results showed that
LMP plays a crucial role in 27-OHC-induced pyroptosis and
consequently in CTSB mediated GSDMD cleavage and the
resulting activation of the caspase-1 pathway. Meanwhile our
results highlight the critical role of 27-OHC in pyroptosis of
SH-SY5Y cells.

CONCLUSION

We identified the role of 27-OHC in lysosome dysfunction in
this research. Our data demonstrated that 27-OHC can induce
LMP. We also found that CTSB leaked through LMP into
the cytosol and induced NLRP3-dependent neuronal pyroptosis
(Figure 6). Both references of the potential toxic effects of
27-OHC on lysosomes and their contribution to the pathogenesis
of neurodegenerative diseases were provided in this study.
Population-based studies and animal experiments are needed
in further research to clarify the relationship between 27-OHC,
lysosome dysfunction and neurodegenerative diseases. To our
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knowledge, this is the first study indicating the lysosome
dysfunction in 27-OHC treated neurons. We speculate that
27-OHC may cause pyroptosis through LMP of nerve cells.
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The essential roles of microglia in maintaining homeostasis in the healthy brain and
contributing to neuropathology are well documented. Emerging evidence suggests
that epigenetic modulation regulates microglial behavior in both physiological and
pathological conditions. MicroRNAs (miRNAs) are short, non-coding epigenetic
regulators that repress target gene expression mostly via binding to 3'-untranslated
region (3’-UTR) of mRNA in a Dicer-dependent manner. Dysregulation of certain
miRNAs can contribute to microglial hyper-activation, persistent neuroinflammation,
and abnormal macrophage polarization in the brain. These abnormal conditions can
support the pathogenesis of neurological disorders such as glioma, Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS), stroke, ischemia, and spinal cord injury (SCI).
However, the roles of miBNAs in microglia in health and neurological disease have
not been systematically summarized. This review will first report the role of Dicer,
a key endoribonulease that is responsible for most miRNA biogenesis in microglia.
Second, we will focus on recent research about the function of miRNAs in activation,
inflammation and polarization of microglia, respectively. In addition, potential crosstalk
between microglia and glioma cells via miRNAs will be discussed in this part. Finally, the
role of two essential mMiRNAs, miR-124, and miR-155, in microglia will be highlighted.

Keywords: microRNA, microglia, activation, inflammation, polarization, glioma

INTRODUCTION

Microglia are resident macrophages in the brain that contribute to immunological homeostasis in
the central nervous system (CNS; Paolicelli et al., 2011; Schafer et al., 2012) and become activated
during CNS pathology (Wake et al., 2009). To maintain homeostasis in the healthy CNS, microglia
participate in brain (Paolicelli et al., 2011) and synaptic development (Tremblay et al., 2011)
through active communication with neurons (Schafer et al.,, 2013). Emerging evidence suggests
that microRNAs (miRNAs) have various essential roles in the normal brain (Boudreau et al,
2014) and have been implicated in neuropathological conditions (Brettschneider et al., 2015).
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MiRNAs repress gene expression by binding to the
3’-untranslated region (3-UTR; Tu et al, 2015), coding
sequence (Fang and Rajewsky, 2011) or 5UTR (Lee et al., 2009)
of target genes. An individual miRNA can target hundreds
of genes simultaneously (Hong et al., 2018) which makes its
contribution to regulatory mechanism difficult to appreciate.

The specific roles of individual miRNAs in microglia have
been extensively investigated (Amici et al., 2017). Activated
microglia respond strongly to neurotransmitters (Town et al.,
2005). In most pathological conditions of the CNS, microglia
are highly activated (Ponomarev et al., 2005), suggesting
that the transition from a resting to an activated state
may play an important role in neuropathogenesis. Moreover,
communication between microglia and neurons in chronic
neuroinflammation has also been demonstrated in several
neurodegenerative diseases (Suzumura, 2013). Additionally,
the role of microglial polarization in M1 (pro-inflammation)
and M2 (anti-inflammation) macrophages/microglia has been
demonstrated in several CNS diseases (Jha et al., 2016;
Geloso et al.,, 2017; Labandeira-Garcia et al., 2017; Lan et al,,
2017). Finally, recent evidence has demonstrated that microglia
abundantly infiltrate the microenvironment of glioma, a
malignant brain tumor acting as tumor-associated macrophages
(Hambardzumyan et al., 2016).

An improved understanding of the interactions between
microglia and glioma could promote novel therapeutic strategies
for glioma therapy. In this review, we will discuss in detail the
dysregulation of miRNAs in microglia in both the healthy brain
and CNS pathologies. The roles of specific miRNAs in mediating
microglial activation, inflammation, and polarization signaling
cascades will be summarized. The potential role of miRNAs
in mediating a crosstalk between microglia and glioma and
specifically, the roles of two well-studied miRNAs in microglia,
miR-124 and miR-155 will be highlighted.

Dicer KO Microglia

Dicer is responsible for most miRNA biogenesis by acting
as endoribonuclease or helicase with an RNase motif and
cleaving miRNA precursors into mature miRNAs (Cheloufi
et al, 2010). Therefore, most miRNAs are downregulated
in Dicer knockout cells. The consequences of this genetic
ablation of Dicer are dramatic. A conditional Dicer knockout
in microglia (Cx3crl-Cre) showed hyper-activation upon
stimulation. During embryonic development deletion of
Dicer led to spontaneous microglial activation and impaired
genome integrity. Furthermore, Dicer-negative microglia
displayed a shift to an inflammatory state upon peripheral
endotoxin challenge, thereby compromising hippocampal
neuronal function. Additionally, Dicer-negative microglia
showed increased sensitivity to irradiation (Varol et al,
2017). In summary, Dicer knockout microglia exhibited
significant changes in normal functions in both prenatal and
adult stages (Figure 1), suggesting that individual miRNAs
play a role in microglia. It is critical to identify the specific
miRNAs that are responsible for microglial dysfunction. Apart
from Dicer, biogenesis of some miRNAs is dependent on
the protein Argonaute (Cheloufi et al., 2010). Therefore, an
investigation of the role of Argonaute in microglia will further
clarify the function of miRNAs in brain. In the next section,
we will summarize the versatile role of individual miRNAs
in microglia.

The Role of miRNAs in Microglial
Activation

Microglial function is essential for neurodegenerative disorders
including Parkinson’s disease (PD), multiple sclerosis (MS)
and Alzheimer’s disease (AD; Grimmig et al., 2016; Hesse
et al., 2016), all of which are closely associated with microglial
activation (Lull and Block, 2010; Kandinov et al, 2011;

-
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FIGURE 1 | The role of Dicer in embryonic and adult microglia. Ablation of Dicer in microglia during embryonic development leads to spontaneous microglial
activation and impaired genome integrity. A conditional Dicer knockout in microglia shows hyper-activation upon stimulation in adult mice. Additionally, Dicer-deletion
microglia show increased sensitivity to irradiation in both embryonic and adult stages.
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Tanaka et al, 2013; Reemst et al., 2016; Du et al, 2017;
Sarlus and Heneka, 2017). In their resting state, microglia
show beneficial effects via interactions with neurons, thus
helping to maintain brain homeostasis. Upon brain injury
or infection, microglia transform to an activated state and
secrete neurotoxic mediators, such as reactive oxygen species
(ROS), tumor necrosis factor alpha (TNF-a), and interleukin-1f
(IL-1B; Belarbi et al., 2011; Krishnaswamy and Cooper, 2012;
Mishra et al., 2012; Yang et al, 2013) which have harmful
effects including disruption of neuronal function/synaptic
transmission and neuronal oxidative stress/degeneration
resulting in neuronal damage. Therefore, emerging evidence
suggests that miRNAs can ameliorate degeneration by inhibiting
microglial activation in the brain. A suppression of microglial
activation could serve as a potential therapeutic approach to
protect neurons and thus, treat or prevent neurodegenerative
diseases (Lull and Block, 2010). The following section discusses
the effects of miRNAs on microglial activation in preventing
neuronal damage.

Intracerebroventricular injection of let-7c-5p mimics reduced
infarction volume and ameliorated neurological defects via
inhibition of microglia activation in a model of cerebral
ischemia injury. These effects were mediated by inhibition of
caspase-3 (Ni et al., 2015). Furthermore, it has been shown that
microglial activation can induce ischemia, a condition that could
be repressed by miR-203, which directly targeted MyD88 in
microglia. A miR-203 overexpression or a MyD88 knockdown
led to repression of NF-kf signaling and prevented subsequent
microglial activation (Yang et al., 2015) ameliorating neuronal
injury. Another microRNA, miR-145-5p, was shown to directly
bind to the 3’-UTR of the mRNA of Nurrl, a member of the
orphan nuclear receptor family that induces neuronal death and
consequently, inhibited Nurrl-mediated microglial activation
alleviating neuronal injury in acute cerebral ischemic/reperfusion
in rats (Xie et al., 2017).

The miR-199b was shown to inhibit the IKKB-NF-«kB
signaling pathway and to repress pro-inflammatory cytokines
via modulation of microglial activation in a rat model of
spinal cord injury (SCL; Zhou H. J. et al., 2016). These results
imply that miR-199b is a potential therapeutic target for SCI.
Additionally, miR-424 was found to be repressed in the plasma
of patients with acute ischemic stroke, and in mouse plasma and
brain tissues after ischemia. Treatment with miR-424 alleviated
brain edema and cerebral infarction size after middle cerebral
artery occlusion via repression of microglial activation and
neuronal apoptosis. It was also demonstrated that miR-424
inhibited ionized calcium-binding adaptor molecule (iba) 1 and
reduced pro-inflammatory TNF-a secretion. In addition, in vitro
experiments further validated that miR-424 inhibited the activity
of BV2, a microglial cell line (Zhao et al., 2013). Likewise, miR-7
inhibited microglial NLRP3 inflammasome activation in vitro.
In contrast, anti-miR-7 induced inflammasome activation.
Moreover, stereotactic injection of miR-7 mimics into the mouse
striatum ameliorated microglial activation, concomitant with
attenuation of dopaminergic neuron degeneration in a mouse
model of PD (Zhou Y. et al, 2016) making miR-7 a potential
target in PD therapy.

The miR-27a was found to be repressed in lipopolysaccharide
(LPS)-activated microglia. It inhibited microglia-produced
inflammatory cytokines, including IL-6, IL-18 and TNF-q,
and interfered with the expression of TLR4 and interleukin-1
receptor-associated kinase 4 (IRAK4) by directly binding
their 3’-UTRs. Downregulation of TLR4 or IRAK4 of the
TLR4/MyD88 signaling pathway in microglia inhibited the
downstream secretion of inflammatory mediators (Lv et al.,
2017). Therefore, miR-27a could regulate LPS-activated
production of inflammatory cytokines in microglia by
modulating TLR4/TRAK4 activity. Hypoxic conditions were
also shown to induce TLR4, to activate microglia, and to reduce
miR-181c in the brain. Like miRNA27-a, miR-181c repressed
microglial activation by directly targeting TLR4. Moreover,
it repressed the production of inflammatory mediators of the
NF-kB pathway (Zhang et al, 2015). Thus, miR-181c may
play an important role in hypoxic microglial activation and
neuroinflammation. The miR-181c-TLR4-NF-kB pathway
may be a potential target for cerebral hypoxic diseases.
Japanese encephalitis virus (JEV) infection was shown to
activate the microglial cell line BV-2 and to upregulate
the expression of inducible nitric oxide synthase (iNOS)
and cyclooxygenase (COX) 2. miR-29b further increased
JEV-induced microglial activation by targeting TNF-a-induced
protein (TNFAIP) 3 and increasing the nuclear translocation
of NF-kB (Thounaojam et al., 2014).

In amyotrophic lateral sclerosis (ALS), the NF-«kB
pathway is positively associated with microglial activation
and motor neuron injury. The ubiquitin-editing enzyme
A20 plays an important role in inhibiting the NF-kB
pathway. miR-125b was shown to directly repress A20 and
to consequently amplify NF-kB function in microglia in
a P2X7 receptor-dependent manner (Parisi et al, 2016).
These results highlight an important role for miR-125b in
ALS via modulation of microglial activation and motor
neuron injury. Methamphetamine-induced neurotoxicity
is closely linked to microglial activation. Anti-miRNA143-
mediated BBC3 induction restored methamphetamine-repressed
microglial survival through the modulation of autophagy and
apoptosis. BBC3 was also shown to be a direct target of miR-143
in microglia. As such, microinjection of anti-miR-143 into
the hippocampus ameliorated methamphetamine-induced
microglial activation. A similar result was demonstrated
in heterozygous miR-143 mice (Zhang al, 2016).
Future work exploring the specific effects of miR-143-
BBC3 on microglial activation is necessary to provide a
better understanding of the mechanism of drug addiction.
MiR-146a restored learning and memory impairment in
an experimental mouse model of Postoperative cognitive
dysfunction (POCD) by targeting interleukin-1 receptor-
associated kinase 1 (IRAK1) and TNF-receptor-associated
factor 6 (TRAF6). A reduced effect of miR-146a on the
abnormal activation of microglia in the hippocampus indicates
that miR-146a is a potential therapeutic target of POCD
(Chen et al., 2019).

Interestingly, most of these microRNAs are related to the
NF-kB pathway in microglia (Figure 2), indicating the central
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role of NF-kB pathway in microglia activation. Therefore, these
findings suggest that miRNAs represent a novel group of NF-kB
pathway-related targets regulating microglial activation and
brain injury, thus offering a new therapeutic strategy for treating
associated neuronal diseases. The modulation of microglial
activation by adjusting the interaction between these miRNAs
and the NF-kB pathway open new possibilities in the area of
therapy for neurodegenerative disorders. By using the tools of
gene therapy, miRNA-based “fine-tuning” therapy is a potential
method to restore the abnormal activation of microglia.

The Role of miRNAs in Microglia-Mediated

Inflammation

Persistent CNS inflammation could be an underlying
cause of cell death in many neurodegenerative diseases,
such as HIV-induced dementia, PD, AD, and MS. Thus,
microglia-mediated inflammation plays an essential role in
neuropathogenesis. Nevertheless, the specific role of microglia
in neuron inflammation is a still not entirely characterized.
CNS inflammation involving microglia is a normal response
to infection. However, when allowed to continue uncontrolled,
inflammation may lead to pathological states. Therefore,
during the inflammatory process, microglia switch from having
a beneficial role to having a detrimental role by secreting
cytotoxic molecules, including proinflammatory cytokines
and reactive oxygen mediators. Thus, modulating microglia

in neuron inflammation is a potential therapeutic strategy for
neurodegenerative disease. Indeed, there already exist a number
of anti-inflammatory drugs that exert neuronal protective
effects by modulating the status of microglia (Ajmone-Cat
et al, 2010; Kwon et al, 2013). In recent years, several
research groups have investigated the effect of miRNAs on
microglia-mediated inflammation. Microglia activation also
leads to inflammatory activities, but not all microglia-mediated
inflammation is induced by microglia activation. Because we
already discuss miRNA in microglia activation in previous
section, we only discuss miRNAs in microglia inflammation
while not activation.

Both TLR2 and TLR4 activation were shown to increase
miR-146a in microglia. In response to TLR2 stimulation,
miR-146a disrupted normal inflammatory responses, including
NF-kB and JAK-STAT signaling pathways. Two phagocytic
mediators of the oxidative burst, CYBA and NOS3, were
predicted as direct targets of miR-146a (Saba et al.,, 2012). In
addition, it was reported that in a transgenic reporter mouse,
murine microglia specifically lost miR-9. Furthermore, injection
of miR-9 vectors into rat brains induced transgene expression
in microglia, which permitted direct visualization and isolation
of inflammatory microglia without affecting circulation-derived
monocytes/macrophages in rats with excitotoxic lesions. As
such, miR-9 vectors have been useful in mechanism studies of
microglial inflammation (Akerblom et al., 2013). HIV-1 Tat C
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exposure repressed miR-17 and induced NOX2/NOX4 and ROS
production in human microglial cells. NOX2/NOX4 were shown
to be direct targets of miR-17 in microglia (Jadhav et al., 2014).
Thus, miR-17 may regulate intracellular ROS generation and
subsequent neuroinflammatory responses.

miR-206 was shown to enhance LPS-induced inflammation
and cause the release of amyloid-p (an essential protein in AD)
in microglia by directly binding to the 3’-UTR of Insulin-like
growth factor (IGF) 1. A rescue assay demonstrated that
IGF1 exposure could attenuate miR-206-induced inflammation
in microglia, indicating that the miR-206/IGF1 signaling
pathway may be associated with AD associated microglial
inflammation (Xing et al., 2016). miR-26a was rapidly reduced
after TLR4 stimulation in microglia and repressed the production
of inflammatory cytokines. Furthermore, the ATF2 transcription
factor linked to promote inflammation may be a direct
target of miR-26a (Kumar et al., 2015), suggesting a role
for miR-26a/ATF2-mediated regulation of proinflammatory
cytokine production in microglia. miR-93 was significantly
inhibited in cerebral ischemia reperfusion (CIR) mice brains.
miR-93 overexpression reduced cerebral infarction volume
and alleviated neurological deficits in CIR mice. Furthermore,
miR-93 inhibited inflammatory responses and decreased the rate
of cell apoptosis in CIR mice. Likewise, miR-93 was shown to
inhibit IRAK4 and other pro-inflammatory genes in microglia
(Tian et al., 2017).

Let-7a is involved in maintaining microglial function in
inflammation-mediated injury. During inflammation, Let-7a
was shown to inhibit the production of proinflammatory
mediators, including iNOS, IL-6, and nitrite, while at the
same time inducing anti-inflammatory genes such as brain
derived neurotrophic factor (BDNF) and IL-4 in microglia (Cho
et al., 2015). Another study showed that the anti-inflammatory
factor Apoptosis signal-regulating kinase 1 (ASK1) induced
Let-7a activity and consequently activated anti-inflammatory
cytokines IL-10 and Mycs in microglia (Song and Lee,
2015). Therefore, Let-7a plays an important role in microglia-
related inflammation. miR-32-5p was strongly upregulated
in microglia from rats with spinal nerve ligation (SNL).
Knockdown of miR-32-5p significantly reduced mechanical
allodynia and heat hyperalgesia and decreased the production
of inflammatory cytokines in SNL rats. Similarly, miR-32-
5p inhibition ameliorated inflammatory cytokine production
in LPS-treated microglia. Further investigations demonstrated
that Dual-specificity phosphatase 5 (Dusp5) was directly
repressed by miR-32. Dusp5 is involved in neuropathic pain
and neuroinflammation (Yan et al., 2018). As such, miR-
32-5p may induce neuroinflammation and neuropathic pain
by modulating Dusp5 activity, suggesting novel therapeutic
approaches targeting miR-32-5p-Dusp5 for the treatment of
neuropathic pain.

Intracerebral hemorrhage (ICH) decreased miR-367 and
increased IRAK4 in primary microglia. IRAK4 is a direct target
of miR-367, which may inhibit the NF-kB pathway and block
the secretion of related proinflammatory cytokines. Moreover,
miR-367 inhibited the production of proinflammatory cytokines
and reduced brain edema in ICH mice (Yuan et al., 2015).

Therefore, miR-367/IRAK4 represents a potential therapeutic
target of neuroinflammation in ICH. Inhibition of miR-204
or SIRT overexpression inhibited LPS-mediated inflammation,
proliferation of mouse microglial cells, and promoted apoptosis
(Li et al,, 2015). Therefore, miR-204 may inhibit microglia-
related neuroinflammation in mice by modulating SIRTI.
Hyperglycemia- (HG-) Amadori-glycated albumin- (AGA-)
treated microglia leads to retinal inflammation, which can
cause diabetic retinopathy (DR). In diabetic patients, miR-
146b-3p was negatively correlated with adenosine deaminase
(ADA) 2, which is a known inducer of retinal inflammation.
Overexpression of miR-146b-3p repressed ADA2 and inhibited
the production of inflammatory cytokines in microglia
(Fulzele et al., 2015).

In summary, the above-mentioned studies stress the role
of miRNAs as modulators of neuroinflammation and illustrate
their potential as biomarkers and novel therapeutic targets in
CNS diseases (Table 1) Thus, miRNAs may provide potential
therapeutic strategies for treating cerebral inflammation.

The Role of miRNAs in Microglial

Polarization

Classically, M1 and M2 microglia/macrophages show opposite
phenotypes: M1 microglia/macrophages release destructive
pro-inflammatory mediators while M2 microglia/macrophages
produce protective factors (David and Kroner, 2011). However,
the M1 and M2 concept are clearer for in vitro studies, while the
polarization of microglia/macrophages is more intricate in vivo
(Moore et al., 2013). M1/M2 classification are therefore a useful
concept to identify the specific role of microglia/macrophages
in neuropathogenesis (Boche et al., 2013), including SCI,
stroke, and TBI (Kigerl et al, 2009; Hu et al, 2012;
Wang et al.,, 2013).

In SCI mice, miR-128 was found to be downregulated
in microglial BV2 cells. miR-128 markedly promoted the
viability of microglia through downregulation of the microglial
M1 phenotypic markers, CD86 and CD32, and up-regulation
of the M2 phenotypic markers, Arginase (Arg) 1 and CD206.
In addition, miR-128 repressed the secretion of inflammatory
cytokines. It was also demonstrated that the anti-inflammatory
function of miR-128 is mediated by the P38 pathway (Yang
et al., 2017). miR-124 promoted neuronal survival and M2-like
polarization of microglia. The neuroprotective function of
miR-124 was exerted during the first week. Argl™ microglia
were positively associated with functional improvement during
the same course as miR-124 treatment (Hamzei Taj et al,
2016b). Therefore, miR-124 and miR-128 are two potential
targets for functional recovery via regulation of microglial
polarization (Figure 3).

Overall, the approach to regulate the polarization of microglia
by targeting pro-inflammatory or anti-inflammatory miRNAs
plays an essential role in plans for a therapy of CNS diseases.
However, the main obstacle is how to directly deliver miRNAs
to the CNS through the blood brain barrier (BBB) and
how to prevent the degradation of exogenous miRNAs by
lysosomal activities. With the development of new investigative
methods and a better understanding of mechanisms of microglia
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TABLE 1 | The effect of microRNAs (miRNAs) on microglia activation and inflammation.

Funtion miRNA Target Reference
Microglia activation Promotion miR-145 Nurr1 Xie et al. (2017)

miR-29b TNFAIP1 Thounaojam et al. (2014)
miR-125b A20 Parisi et al. (2016)
miR-143 BBC3 Zhang et al. (2016)

Repression Let7c-5p Casepase-3 Ni et al. (2015)
miR-203 MyD88 Yang et al. (2015)
miR-199b IKK Zhou H. J. et al. (2016)
miR-424 CCND1/CDC25A/CDK6 Zhao et al. (2013)
miR-7 NIrp3 Zhou Y. et al. (2016)
miR-27a TLR4/TRAK4 Lvetal (2017)
miR-181¢c TLR4 Zhang et al. (2015)
miR-146a IRAK1/TRAF6 Chen et al. (2019)

Microglia inflammation Promotion miR-206 IGF1 Xing et al. (2016)

miR-36 Dusp5 Yan et al. (2018)

Repression miR-146 CYBA/NOS3 Saba et al. (2012)
miR-17 NOX2/NOX4 Jadhav et al. (2014)
miR-26a ATF2 Kumar et al. (2015)
miR-93 IRAK4 Tian et al. (2017)
Let-7a SIRTA1 Cho et al. (2015) and Song and Lee (2015)
miR-367 IRAK4 Yuan et al. (2015)
miR-204 SIRT1 Lietal. (2015)
miR-146b ADA2 Fulzele et al. (2015)
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FIGURE 3 | The effects of miRNA on microglial polarization. miR-128 and miR-124 could promote and repress M1 and M2 polarization of microglia, respectively.

polarization, microglia polarization based molecular therapy will
be potential future research field of neural diseases treatment.

miRNA-Mediated Interaction Between

Microglia and Glioma
In malignant glioma tissues, glioma cells foster a tumor-favorable
microenvironment through interactions with other brain cells,
including macrophages and microglia. Emerging evidence
suggests that intracellular crosstalk between different cellular
components within or near the glioma microenvironment occurs
via transfer of oncogenic factors, including miRNA (Figure 4).
After resection, glioma often recurs due to the chemo-
radioresistance of glioma cells. Therefore, identification of the

tumor border composition is essential for prognosis in glioma.
“miRNAome” expression was compared in tissues from the
tumor, tumor border, and periphery by miRNA sequencing.
miR-219-5p, miR-219-2-3p, and miR-338-3p were identified
as the top three miRNAs in the tumor border, and all were
closely associated with macrophages/microglia. Interestingly, the
tumor suppressive role of miR-219 has been proven in glioma
cells by targeting Sal-like protein (Sall4; Jiang et al., 2017) and
epidermal growth factor receptor (EGFR; Rao et al, 2013).
Similarly, miR-338 also showed inhibitory effects on glioma cells
by repressing C-terminal binding protein 2 (CTBP2; Liu et al,,
2017) and Forkhead box d1 (FOXD1; Ma et al., 2018). However,
these studies only proved the roles of miR-219 and miR-338
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in glioma cells. The crosstalk between glioma cells and microglia
via these two miRNAs should be systematically investigated in
the future.

Macrophages and microglia strongly infiltrate the
microenvironment of glioma tumor border, which is a potential
target for recurrence (Hide et al., 2018). Using deep sequencing,
another group found that the “miRNAome” in peritumoral areas
is quite different from that of white matter but shares similarities
with tumor tissue. The data revealed that miR-376¢-3p was
reduced in tumor samples compared to peritumoral tissues
and in short-term tumors compared to long-term tumors (Fazi
et al., 2015). miR-376¢ could repress the malignant behavior of
glioma cells by repressing FOXP2 (Li et al., 2019) and circulating
miR-376¢ was significantly down-regulated in serum from
glioma patients when compared with healthy control (Huang
et al., 2017), suggesting that miR-376c¢ is a potential diagnostic
marker and treatment target for glioma. Therefore, the specific

role of miR-376¢ the microenvironment of glioma also should
be studied.

Due to complicated packaging and uptake by recipient
cells, extracellular vesicle (EV)-mediated miRNA transfer is
more complex than that of normal cytokines. To Elucidate the
mechanism of EV-mediated miRNA silencing in recipient cells
is crucial for combating gliomas. Intercellular communication
within the glioma microenvironment is, at least partially,
mediated by EVs containing miRNA. EV-secreted miRNAs are
thought to be endocytosed, after which they may exert oncogenic
effects in glioma (Rooj et al., 2016). Thus, EV-secreted miRNAs
may provide novel diagnostic and prognostic biomarkers, and
may even serve as therapy targets of glioma.

In one study, primary human glioma cell-released EVs were
isolated and used to treat primary mouse microglia. Mouse
glioma cells were implanted into mice brains, after which EV
release and uptake by microglia/macrophages were investigated.
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Proliferation of microglia/macrophages and production of
immune suppressing cytokines were observed following uptake
of glioma-EVs. Specifically, miR-451 and miR-21 in glioma-EV's
were found to be efficiently transferred to microglia, while
c-Myc mRNA was repressed in microglia at the same time.
c-Myc has been shown to be a target of miR-451/miR-
21, suggesting that EV-mediated miRNA silencing may be a
functional link between glioma and microglia. Interestingly,
in the brain, the release of EVs from glioma cells and the
subsequent uptake by microglia/macrophages were directly
visualized by researchers, as microglia/macrophages showed
increased miR-21 and reduced c-Myc mRNA in the tumor-
bearing brain (van der Vos et al., 2016). The interesting
point is that the specific role of miR-21 (Moore and Zhang,
2010) and miR-451 in glioma is totally opposite. Circulating
miR-21 dramatically increased in serum from glioma patients
(Ivo D’'Urso et al, 2015) and positively co-localized with
angiogenesis marker VEGF in glioma tissue (Hermansen et al.,
2016). In glioma cells, miR-21 exerted its oncogenic effects
by promoting invasion (Gabriely et al., 2008) and repressing
apoptosis (Quintavalle et al., 2013). Therefore, several groups
already designed some tactics to fight against glioma by
inhibiting miR-21 (Belter et al., 2016; Seo et al., 2019). However,
miR-451 also functions as a tumor suppressor of glioma by
repressing some key malignant cellular functions of glioma,
such as proliferation, migration and apoptosis (Godlewski
et al, 2010; Nan et al, 2010; Guo H. et al, 2016). Thus,
EVs could be “oncogenic factor” or “tumor suppressor” by
secreting different microRNAs (miR-21 or miR-451). It is critical
to identify the specific inducer of secretion of oncogenic or
anti-tumor miRNAs from EVs, which is a potential key step to
elucidate the crosstalk between microglia and glioma cells in the
tumor microenvironment.

miRNA could also directly mediate communication between
glioma and microglia in the brain without contributions from
EVs. Another study (Karthikeyan et al., 2018) demonstrated that
the TGF-p signaling pathway in glioma-associated microglia
participated in glioma pathogenesis. TGF-f activated in
malignant glioma was shown to regulate glioma progression
by modulating the Mothers against decapentaplegic homolog
(SMAD) signaling pathway. SMAD4 has been shown to be a
direct target of miR-146a, which was repressed in microglia
treated with glioma-conditioned medium. Ectopic expression
of miR-146a inhibited SMAD4 and another tumor-suppressor,
MMP9, in microglia, and inhibited microglia migration
towards glioma-conditioned medium. Moreover, glioma cell
proliferation was reduced when treated with conditioned
medium from SMAD4 downregulated or miR-146a up-regulated
microglia. In addition, the tumor suppressive role of miR-146a
also has been extensively studied in glioma cells (Mei et al., 2011;
Lu et al, 2016; Li et al., 2018). A functional polymorphism in
the pre-miR-146a gene [AG(C polymorphism (rs2910164)] is
associated with risk and prognosis in glioma (Permuth-Wey
et al, 2011). The therapeutical role of secreted miR-146a
from marrow stromal cell (MSC) was also validated in
glioma (Katakowski et al, 2013). Taken together, miR-
146a-mediated crosstalk between microglia and glioma

promotes microglial migration and glioma cell viability,
which is a promising target with dual effects (microglia and
glioma cells).

Two Well-Studied miRNAs in Microglia
miR-124

miR-124 overexpression repressed motility and phagocytosis of
apoptotic cells of microglia and caused residual apoptotic cell
bodies to accumulate in the optic tectum. This in vivo study
showed that miR-124 is essential for microglia development
(Svahn et al., 2016). miR-124 is also required for maintaining the
“resting” state of mouse monocytes. The ex vivo transfection of
chitosan/miR-124 polyplex particles into rat microglia resulted
in decreased inflammatory cytokine secretion, including ROS,
TNF-a, and MHC-II. miR-124 particles were internalized by
OX42- (rat macrophage marker) positive macrophages/microglia
and reduced the number of ED-1- (rat macrophage marker)
positive macrophages in the SCI (Louw et al., 2016).

Cocaine was found to inhibit miR-124 levels in microglia
in vitro. miR-124 was also downregulated in isolated microglia
from cocaine-administered mice (Guo M. L. et al., 2016).
Cocaine-induced DNA methylation in the promoter region
of miR-124 precursors, suggesting that cocaine exposure
repressed miR-124 expression by inducing DNA methylation
in the miR-124 promoter, which ultimately activates microglia
in brain. Thus, epigenetic modification (e.g., DNA methylation
in the promoter region) of miR-124 is a promising therapeutic
approach in microglia-mediated cocaine addiction. D-4F
(an apolipoprotein-Al mimetic peptide) induced miR-124a
and reduced matrix metalloproteinase-9, TNF-a, and TLR-4
in primary cortical neurons and microglia isolated from
ischemic mice (Ning et al, 2017). The anti-inflammatory
effects of D-4F were repressed in miR-124 knockdown primary
neurons/microglia. D-4F treatment of type one diabetes
mellitus (T1DM)-stroke increased miR-124 and promoted
M2 macrophage polarization-mediated anti-inflammatory
effects. miR-124 is highly expressed in neuronal cells but
only shows a basal level in microglia. miR-124 could promote
neuronal differentiation, modulate microglial activation, and
keep microglia in a quiescent state. miR-124 also shifted
pro-inflammatory M1 microglia/macrophages toward the
anti-inflammatory M2 phenotype in the sub-acute phase of
stroke (Hamzei Taj et al., 2016a), which suggests the ability to
restore neurological deficits. Thus, miR-124 administration
is a potential treatment for increasing rehabilitation
change of stroke.

Morphine administration or inhibition of acetylcholine
induced miR-124 expression in microglia and bone
marrow-derived macrophages (Qiu et al., 2015). On the contrary,
miR-124 promoted the inhibitory effects of morphine on innate
immunity by suppressing TRAF6 and a subunit of NF-kB p65.
Moreover, two additional transcriptional factors, Active protein
(AP)-1 and cAMP response element-binding protein (CREB),
were shown to repress miR-124, whereas p65 induced miR-124
transcription by targeting the miR-124 promoter. Therefore,
a feedback loop seemingly formed between miR-124 and p65.
Modulating miR-124 is a promising target for preventing
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opioid-induced damage to microglia. The expression of miR-124
increased in M2 microglia. Furthermore, overexpression
of miR-124 repressed the production of proinflammatory
cytokines. A co-culture system of microglia and neurons (Yu
et al., 2017) showed that M2 microglia protected neurons from
injury. miR-124 was also shown to bind to the 3’-UTR of
CCAAT enhancer binding protein alpha (C/EBP-a). In vivo,
miR-124 repressed expression of C/EBP-a and restored brain
injury in ICH mice. Therefore, miR-124 prevents inflammatory
damage in ICH by promoting M2 microglia polarization. In
summary, miR-124 may represent a new therapeutic target for
treatment of ICH.

Laquinimod is an oral treatment for MS. Laquinimod
reduced brain atrophy and prevented the decline of
activated microglia induced by miR-124a (Mishra et al,
2014). Laquinimod also blocked several proinflammatory
pathways in microglia, including JNK and AKT pathways.
It was further demonstrated that miR-124 inhibited PU.1,
an essential downstream target of C/EBP-a, leading these
microglia to a quiescent CD45 (low), MHCII (low) phenotype.
miR-124 decreased in microglia in experimental autoimmune
encephalomyelitis (EAE). Peripheral infusion of miR-124
in EAE led to systemic deactivation of macrophages and T
cells, which eventually ameliorated EAE. In addition, miR-124
inhibition in microglia led to the activated state (Ponomarev
et al, 2011). miR-124 is required for microglia status in
CNS (Figure 5).

The expression level of miR-124 in microglia seemed to
reflect the physiological state of brain and the progression of
CNS diseases. It would be worthwhile to further explore these
observations and elucidate its potential as biomarker for CNS
diseases. Based on previous findings that have been summarized

in the miR-124 related literatures, the specific function of
miR-124 seems quite versatile in microglia depending upon
different physiological and pathological conditions. This suggests
that the role of miR-124 is contextual and mainly depends on
the microenvironment of the brain in different brain tissues.
Therefore, to further illuminate the regulatory role of miR-124 in
brain, it will be necessary to pay more attention to the interaction
between microglia and other cellular components in brain. In
addition, miR-124 targets multiple targets simultaneously in
brain (Figure 5). It is known that CNS diseases are often induced
by multifactorial causes and the related treatment needs to act
on a group of targets. Therefore, miR-124 is a potential therapy
for the complexity of pathophysiological events that have been
induced by multifactorial CNS diseases. Taken together, miR-
124-based treatment is a potential therapy that may replace
single-target therapy for the multifactorial CNS disease, which is
definitely worth further investigation.

miR-155

LPS, a proinflammatory TLR4 ligand, greatly induced the
expression of miR-155 in primary murine microglia (Woodbury
et al,, 2015). LPS-induced neurogenic defects and microglial
activation were restored in miR-155 knockout mice. In
contrast, microglial proliferation was induced in miR-155
knockin mice. miR-155 overexpression in microglia was
also shown to cause neurogenic effects on neural stem cell
(NSC) amoeboid morphology in the dentate gyrus (DG).
Therefore, miR-155 mediated LPS-induced neuroinflammation
by modulating microglia. Another study showed that ectopic
expression of miR-155 caused endothelial hyperplasia and
up-regulated microglial proliferation/activation, while miR-155
knockout mice displayed vascular defects. Furthermore,
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miR-155 was induced and microglia were activated in an
oxygen-induced retinopathy (OIR) mouse model, which is
characterized by abnormal angiogenesis. In addition, miR-155
knockout mice showed repressed microglial activation and
abnormal vessel growth following ischemic insult. The
CYR61 cysteine rich angiogenic inducer 61 (CCN1) gene is
a direct target of miR-155. CCNI1 encodes an extracellular
matrix-associated integrin-binding protein that is essential
for normal angiogenesis. Importantly, CCNI1 knockout
or double CCN1/miR-155 knockout mice showed retinal
vascular dysfunction (Yan et al, 2015), highlighting an
important role for miR-155-CCN1 in microglial activation
and vascular abnormality.

Brains from 3xTg AD mice (a typical AD model) showed high
levels of miR-155 expression (Guedes et al., 2014). Enhanced
microglial activation was also observed in brains from AD
mice. miR-155 and c-Jun were found to be increased in AD
mice and Ab-activated microglia, which eventually resulted in
the secretion of inflammatory cytokines. In addition, a c-Jun
inhibitor was shown to repress miR-155 expression in activated
microglia. Thus, miR-155 is a promising target to control
neuroinflammation in AD.

LPS-repressed suppressor of cytokine signaling 1 (SOCS-1)
is involved in the suppression of inflammation and is a direct
target of miR-155 (Cardoso et al., 2012). Knockdown of miR-155
induced SOCS-1 expression and led to downregulation of iNOS
and nitric oxide production. Conditioned medium from a
miR-155 knockdown microglia culture was shown to reverse
neuronal cell death. Thus, miR-155 has a pro-inflammatory
effect in microglia via repression of SOCS-1. LPS treatment
also leads to miR-155 up-regulation in BV2 cells. LPS repressed

promoted apoptosis of BV2 cells and induced the production of
pro-inflammatory cytokines. Meanwhile, miR-155 knockdown
in BV2 cells rescued LPS-induced damage. Receptor of activated
protein C kinase (RACK) 1 has been shown to be a target of
miR-155 (Yin et al., 2017).

Taken together, these studies showed that miR-155 is a
central regulator in CNS-related inflammation through its ability
to affect microglia. Therefore, miR-155 should be strongly
considered as a therapeutic target of neuroinflammatory disease
in the future (Figure 6) because it regulates multiple functions
of microglia, including activation, proliferation, inflammation
and interacts with other cells in brain, such as NSC, astrocyte
and endothelial cells. Collectively, these articles demonstrate
that miR-155 is a pro-inflammatory factor in microglia and
is necessary for the progression of neural diseases through
repression of multiple targets, suggesting that miR-155 blockage
is a potential neuroprotective target. An inhibition of miR-155
ameliorates the activity of dysfunctional microglia, implying
that miR-155 has therapeutic effect on related neural diseases.
As miR-155 associated pathogenesis is a novel concept in
CNS diseases, many additional and essential mechanisms by
which miR-155 regulates CNS pathogenesis will be discovered
in the near future. With the systematical understanding of
the specific role of miR-155 in microglia, we believe that
miR-155 based therapy of neural diseases will become a
promising direction.

CONCLUSION

The roles of microglia in neuropathogenesis remain to be fully
understood. However, there are several advantages of microglia
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in the potential treatment of neurodegenerative diseases,
such as EAE, CNS viral infection, and neuroinflammation.
Available from clinical patients and in vitro cultures, microglia
are an excellent tool for future gene therapy approaches
for neuropathogenesis. In addition, distinguishing between
resident microglia and monocyte-derived macrophages
in pathological brain tissue is essential for the treatment
of CNS diseases. Essential roles of miRNAs in microglial
activation, inflammation, and differentiation/polarization
have been widely demonstrated. Given the well-established
roles of microRNAs in modulating gene expression,
miRNA-based therapies could be considered as an attractive
strategy to improve/recover microglial function and regulate
genes/pathways in neuropathogenesis. Nevertheless, above-
mentioned literatures mostly investigated the role of individual
miRNAs, a dominant miRNA that plays the central role in
microglia activation is yet to be identified. It is possible that
key miRNA player in microglia activation differs in various
pathological environment. Therefore, the central miRNA
player in microglia activation may be emerged by simultaneous
functional evaluation of all miRNAs that involved in the
context of a specific neurological disease. In addition, since
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Background: Monoamine oxidases (MAOs) were discovered nearly a century ago. This
article aims to analyze the research literature landscape associated with MAOs as
privileged class of neuronal enzymes (neuroenzymes) with key functions in the processes
of neurodegeneration, serving as important biological targets in neuroscience. With the
accumulating publications on this topic, we aimed to evaluate the publication and citation
performance of the contributors, reveal the popular research themes, and identify its
historical roots.

Methods: The electronic database of Web of Science (WoS) Core Collection was
searched to identify publications related to MAQOs, which were analyzed according
to their publication year, authorship, institutions, countries/regions, journal title, WoS
category, total citation count, and publication type. VOSviewer was utilized to
visualize the citation patterns of the words appearing in the titles and abstracts, and
author keywords. CRExplorer was utilized to identify seminal references cited by the
MAO publications.

Results: The literature analysis was based on 19,854 publications. Most of them
were original articles (n = 15,148, 76.3%) and reviews (n = 2,039, 10.3%). The top
five WoS categories of the analyzed MAO publications were Pharmacology/Pharmacy
(n = 4,664, 23.5%), Neurosciences (n = 4,416, 22.2%), Psychiatry (n = 2,906, 14.6%),
Biochemistry/Molecular Biology (n = 2,691, 13.6%), and Clinical Neurology (n = 1,754,
8.8%). The top 10 institutions are scattered in the United States, UK, France, Sweden,
Canada, Israel, and Russia, while the top 10 countries/regions with the most intensive
research on the field of MAOs are the United States, followed by European and
Asian countries. More highly cited publications generally involved neurotransmitters,
such as dopamine (DA), serotonin, and norepinephrine (NE), as well as the MAO-A
inhibitors moclobemide and clorgyline, and the irreversible MAO-B inhibitors selegiline
and rasagiline.
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Conclusion: Through decades of research, the literature has accumulated many
publications investigating the therapeutic effects of MAO inhibitors (MAQOIs) on various
neurological conditions, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and depression. We envision that MAO literature will continue to grow steadily, with
more new therapeutic candidates being tested for better management of neurological
conditions, in particular, with the development of multi-target acting drugs against

neurodegenerative diseases.

Keywords: molecular neuroscience, monoamine oxidase, tyramine, bibliometrics, history, Alzheimer’s disease,

Parkinson’s disease, depression

INTRODUCTION

Monoamine oxidases (MAOs, EC 1.4.3.4) were discovered by
Mary L.C. Hare (later known as Mary Bernheim) nearly a
century ago, back in 1928 (Hare, 1928). The discovery of
the first MAO, originally called tyramine oxidase, has paved
the way for researchers to study the potential of MAOs as
biological targets and development of therapeutics, mainly
related to neurological diseases (Zeller and Barsky, 1952; Slotkin,
1999; Youdim and Bakhle, 2006; Jo et al., 2012). MAOs are
flavin adenine dinucleotide (FAD) co-factor-dependent enzymes
localized on the mitochondrial outer membrane that catalyze
the oxidation of endogenous and xenobiotic monoamines
(Figure 1A). Therefore, MAOs play an important role in
the central and peripheral nervous system (CNS and PNS)
by modulating the levels of monoamine neurotransmitters
(Setini et al, 2005). Two isoforms are present in most
mammalian tissues, MAO-A and MAO-B. Although there is
~73% identity of the protein sequences, both MAOs are
important for the inactivation of various neurotransmitters
but display regional differences in enzyme activity, substrate
specificity, and distribution in the human brain and periphery
(Shih et al, 1999; Binda et al, 2002; Castagnoli et al,
2003). For example, serotonin (5-hydroxytryptamine, 5-HT) is
preferably degraded by MAO-A (Tong et al, 2013), whereas
MAO-B exhibits higher affinity toward benzylamine (BA) and
phenylethylamine (PEA; Youdim and Bakhle, 2006; Jo et al,
2012; Tong et al.,, 2013). Catecholamines such as dopamine
(DA), adrenaline (epinephrine), noradrenaline (norepinephrine,
NE), tryptamine, and tyramine are substrates for both MAO
isoforms (Figure 1B). However, DA is mainly metabolized
by MAO-B in substantia nigra, where MAO-B is the main
distributed isoform in glial cells and the increased MAO-B
activity is associated with loss of DA in the human brain
(Tzvetkov et al., 2017).

As MAOs play a key role in regulating neurotransmitter
levels, altered MAO levels may associate with several neurological
diseases. The abnormal MAO-A genotype is associated with
Brunner syndrome (Brunner et al., 1993) and autism (Cohen
et al,, 2011). Furthermore, the elevated MAO-A levels may link
to major depression (Meyer et al, 2006; Tong et al., 2013).
Similarly, there seems to be an association between the increased
MAO-B levels (~4-fold with aging) and neurodegenerative
diseases, such as Alzheimer’s disease (AD) and Parkinson’s

disease (PD; Saura et al, 1994; Mallajosyula et al., 2009).
The preferences in substrate (neurotransmitter) affinity are
essential for the different clinical significance of both MAOs,
e.g., via inhibiting the activity either of MAO-A or MAO-B
by monoamine oxidase MAO inhibitors (MAOIs). Therefore,
selective inhibition of MAO-A in the human brain is an
established approach for the treatment of mental disorders,
while selective MAO-B inhibitors are those used for treating
of PD (Riederer et al., 2004a; Yamada and Yasuhara, 2004;
Tzvetkov et al.,, 2017). Subsequently, a number of MAOIs have
been developed and approved worldwide for the treatment
of neurological or psychiatric diseases. For example, the
irreversible non-selective MAOIs tranylcypromine, the selective
MAO-A inhibitors such as the irreversible inhibitor clorgyline
and the reversible inhibitor moclobemide are used to treat
depression and anxiety (for structures, see Figure 2; Riederer
et al.,, 2004b; Tzvetkov et al., 2017). A meta-analysis reported
that selective MAO-A inhibitors have a better efficacy than
tricyclic antidepressants for managing atypical depression
(Henkel et al., 2006). Furthermore, the irreversible MAO-B
inhibitors selegiline and rasagiline (first generation MAO-B
inhibitors) are approved as monotherapy for early PD or in
combination with levodopa in late-stage PD (Lakhan, 2007;
Fowler et al., 2015). However, it is known that irreversible
MAO inhibition may cause adverse pharmacological effects
and safety complications (Kumar et al., 2016). In 2015, the
reversible MAO-B inhibitor safinamide has been approved
as an add-on drug to levodopa or to DA agonists for the
treatment of motor complications in patients with mid-to
late-stage or early PD, respectively (Deeks, 2015). In contrast,
the reversible MAO-B inhibitor sembragiline, a compound
that was patented and investigated as a smoking-cessation
agent, was discontinued in clinical phase III as a medication
for the treatment of moderate AD (Borroni et al., 2017;
Tzvetkov et al., 2019).

The resolution of the X-ray co-crystal structures of both
human MAO-A and MAO-B with a number of irreversible
and reversible inhibitors has not only gained new insight into
the structure of these enzyme-ligand complexes, but also has
newly inspired the research in the field of MAO inhibition
as potential therapeutic approach in neurological diseases
(Binda et al.,, 2002, 2004, 2007; De Colibus et al., 2005).
Although electron paramagnetic resonance (EPR) experiments
showed that human MAO-A and MAO-B isoenzymes are
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FIGURE 1 | Oxidative deamination of monoamines catalyzed by monoamine oxidases (MAOs) A and B. (A) General reaction scheme showing the binding of a
monoamine (neurotransmitter) to the flavoenzyme (E-FAD) to vield the respective aldehyde and ammonia via reduction of the flavin adenine dinucleotide (FAD)
co-factor toward FADH> (step 1), followed by conversion of the aldehyde (step 2) either to carboxylic acid via aldehyde dehydrogenase (ALDH) or into alcohol (glycol)
by aldehyde reductase (ALR). (B) Localization of MAOs on the mitochondrial outer membrane and their specificities in the oxidative deamination of monoamine

neurotransmitters (Maggiorani et al., 2017).

dimeric in their physiological forms (Kumar et al, 2016),
the crystallographic studies revealed that the human MAO-A
isoenzyme crystallizes as monomer (De Colibus et al., 2005;
Son et al, 2008), whereas human MAO-B crystallizes as
dimer (Binda et al, 2007). Furthermore, the active site of
the human MAO-A consists of a single hydrophobic cavity
with a volume of ~550 A3, while the bipartite cavity of
human MAO-B has a volume of ~700 A3, divided into
substrate binding site with the FAD co-factor (~400 A3
and entrance hydrophobic cavity (~300 A3 De Colibus
et al, 2005). The X-ray structures of human MAO-A and
human MAO-B complexes with the covalent (irreversible)
bonded MAO-A inhibitor clorgyline and the non-covalent
(reversible) MAO-B inhibitor safinamide, respectively, are
showed in Figure 3.

In the current study, we aimed to analyze the research
literature landscape concerning MAOs as privileged biological
targets, in particular, in neuroscience from two bibliometric
perspectives. First, we evaluated the publication and citation
data of the literature, to identify the major contributors in
terms of authors, institutions, countries/regions, and journals.
By analyzing the words from titles, abstracts and keywords,
we identified the hotspots of the field and revealed which
themes were more investigated and cited in the period of time
between 1928 and March 2019. Second, after performing the
traditional citation analysis, we evaluated the cited references
of the literature associated with the MAOs research. Cited
reference analysis enables researchers to identify seminal
publications that are important to a pre-defined body of
literature, which may not be identified by traditional citation
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analysis due to several reasons. For example, that may be
not all-time highly cited publications (only highly cited by
a pre-defined body of literature, such as literature related to
MAO:s), but also not mentioning the exact words used by the
literature search or not directly dealing with the topic of the
literature search. Using this technique, we aimed to identify
the historical roots and seminal references that may not be
all-time highly cited but are still very important to the research
field of MAOs.

MATERIALS AND METHODS

Data Source

In March 2019, we assessed the Web of Science (WoS)
Core Collection electronic database, a multidisciplinary online
database hosted by Clarivate Analytics, to search with the
following string: TOPIC = (“monoamine oxidase™” OR “MAO-
A*” OR “MAO-B*” OR MAOA* OR MAOB*).

This search strategy identified publications that contain any
one of these words and their derivatives in their title, abstract or
keywords. No additional filters like publication year, document
type (e.g., research article, review, editorial, and others), or
publication language, were used.

Data Extraction
The identified publications were evaluated for the following
data: (1) publication year; (2) journal title; (3) total citation

count; (4) authorship; (5) WoS category; and (6) manuscript
type. The publication and citation data of authors, institutions,
countries/regions, and journals were evaluated with the
“Analyze” function of WoS. Then, we extracted the “full
records and cited references” of these publications using the
VOSviewer software (v.1.6.10, 2019). VOSviewer is a computer
program that analyses the words within the titles and abstracts
of the publications and produces a bubble map that illustrates
their word frequency together with citation data (Van Eck
and Waltman, 2010). Each bubble represents a keyword or
a phrase. The bubble size indicates the keyword’s frequency
(“n” represents multiple appearances in a publication count as
one). The bubble color indicates the citation per publication
(CPP) count for articles containing that keyword. Inter-bubble
distance indicates frequency of co-occurrence or respective terms
in publications. The term map visualizes terms that appeared in
at least 199 (1.0%) of the included manuscripts. Another bubble
map was similarly generated for author keywords that appeared
in at least 20 (0.1%) of the publications.

Visualization of Crystal Structures of MAOs
Visualization of the 3D crystal structures of the human
MAO-A and human MAO-B enzyme was performed with
the SeeSAR software (v.9.0, 2019 form BioSolvelT). SeeSAR
enables quick and interactive assessments of the free energy
of binding and torsions (Bietz et al, 2014). The crystal
structure of the human MAO-A enzyme in complex with
clorgyline (PDB code: 2BXS; De Colibus et al,, 2005) and
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FIGURE 3 | Visualization of the crystal structures of AIMAO-A and hMAO-B. The binding mode of irreversible and reversible MAO inhibition on the example of the
most prominent MAO-A inhibitor clorgyline (irreversible) and MAO-B inhibitor safinamide (reversible) is represented. (A) Ribbon representation of the co-crystallized
structure of clorgyline with the monomer AMAO-A (PDB: 2BXS, resolution: 3.15 A). The C-terminal membrane region and the N-terminus are depicted. The surface
for binding site is colored in gray transparent. (B) Representation of the covalent bonding (1.38 A) between the irreversible MAO-A inhibitor clorgyline and the FAD
co-factor. (C) Ribbon representation of the co-crystallized structure of safinamide with AMAO-B (PDB: 2V5Z, resolution: 1.6 A). The respective chain A and B of
hMAO-B dimer with FAD are depicted. (D) HYDE (HYdrogen bonding and DEsolvation) analysis of desolvation effects and interactions for safinamide (off-white).
HYDE visual affinity assessment as embedded in SeeSAR: green = favorable, red = unfavorable and non-colored = no relevant for affinity. The interacting amino acid
residues, important water molecules and FAD are shown. Visualization and HYDE analysis were performed using the SeeSAR tool from BioSolvelT (v.8.2, 2019).

of the human MAO-B enzyme in complex with safinamide
(PDB code: 2V5Z; Bindaetal, 2007) were obtained from
the Protein Databank (PDB) and used for visualization of
the binding modes for the respective ligands (inhibitors). The
HYDE scoring function as embedded in SeeSAR considers
the free energy by computing the difference between the
unbound and bond states. H-bonds (approximate enthalpy) and
dehydration (“desolvation”, approximate entropy) effects of all
non-hydrogen/heavy atoms (HA), contributing to the overall
Gibbs free energy (AG) are computed with respect to their
accessibility to water before and after binding (Betz et al., 2016).
After HYDE computations that run for very few seconds, SeeSAR
visualizes the (HYDE-) estimated free energy of binding (AG);
spherical “coronas” ranging from dark red (unfavorable) to
dark green (favorable for affinity) visualize the contribution
of an atom and its environment to the overall free energy of
binding; corona sizes correlate with the amount of contribution
(Schneider et al., 2012).

The extracted data was also imported into CRExplorer
(v.1.9, 2018), a computer program that performs cited reference
analysis (Thor et al, 2016), and outputs the results as a
“reference publication year spectroscopy” (RPYS) that shows
a waveform with high peaks in years when the seminal
references were published (Slotkin, 1999; Marx et al., 2014;
Yeung and Wong, 2019; Yeung et al, 2019c). For instance,
the articles published in years 1926, 1927, 1928, 1929, and
1930 were cited by the publications within the dataset
45, 52, 146, 56, and 55 times, respectively. The 5-year
median value was 55. Therefore, on the waveform there
was a positive peak in 1928 with a magnitude of 91
(because the citation count for 1928 was 146, which positively
deviated from its 5-year median by 91). We only considered
references with >10% contributions to positive peaks with
magnitude >50. We recorded their citations received from
publications within the dataset and total citations as recorded
by WosS.
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RESULTS AND DISCUSSION

In general, the literature search resulted in 19,854 publications,
which were released in the period of time between 1928 and
March 2019. Figure 4 illustrates the continuous linear growth
in MAO publications since the 1990’s. The limited number
of publications before the 1990’s could be partly because of
a lack of recording by WoS. The majority of the publications
were original articles (n 15,148, 76.3%) and reviews
(n = 2,039, 10.3%). The remaining number of publications
includes mainly meeting abstracts (n 1,424), but also
proceedings (n 865), and brief articles (n 378). The
publications were mainly written in English (n 19,099,
96.2%). The top five WoS categories of the analyzed MAO
publications were Pharmacology/Pharmacy (n = 4,664, 23.5%),
Neurosciences (n = 4,416, 22.2%), Psychiatry (n = 2,906,
14.6%), Biochemistry/Molecular Biology (n = 2,691, 13.6%),

and Clinical Neurology (n = 1,754, 8.8%). This distribution
was different for other topics such as anti-vascular endothelial
growth factor (Yeung et al, 2019a) or antioxidant literature
(Yeung et al., 2019b), in both of which Pharmacology/Pharmacy
ranked third (7.3% and 11.8%, respectively); though these
analyses also showed that original articles were the major
publication type followed by review articles. The publications
were contributed by over 46,000 authors from more than
7,200 institutions in 125 countries/regions and published
in over 3,200 journals. All these data suggested the broad
scientific community and importance of MAO research filed for
neuroscience worldwide.

The top 10 most prolific authors have published at least
88 articles each, with CPP counts between 30.5 and 65.3
(Table 1). The top 10 institutions are scattered in the United
States, UK, France, Sweden, Canada, Israel, and Russia, with
CPP counts ranking from 9.2 to 54.3 (Table 2). The top 10

Frontiers in Molecular Neuroscience | www.frontiersin.org

115 May 2019 | Volume 12 | Article 143


http://webtools.mf.uni-lj.si/public/medsum.html
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Yeung et al.

MAQ Literature Analysis

TABLE 1 | The top 10 contributing authors.

TABLE 4 | The top 10 contributing journals.

Author Number of Citations per Journal Number of Citations per
publications publication publications publication
(% of total) (% of total)
Moussa B.H. Youdim 247 (1.2%) 55.6 Journal of Neurochemistry 340 (1.7%) 50.8
Lars Oreland 232 (1.2%) 34.8 Biochemical Pharmacology 272 (1.4%) 29.8
Jean C. Shih 143 (0.7%) 53.4 Journal of Neural Transmission 227 (1.1%) 22.6
Keith F. Tipton 117 (0.6%) 47.4 Brain Research 215 (1.1%) 29.4
Dennis L. Murphy 107 (0.5%) 65.3 Biological Psychiatry 185 (0.9%) 38.3
Neal Castagnoli Jr. 102 (0.5%) 36.5 European Journal of 183 (0.9%) 27.9
Kevin Chen 102 (0.5%) 57.2 Pharmacology
Merton Sandler 95 (0.5%) 33.2 Life Sciences 176 (0.9%) 29.1
Vivette Glover 91 (0.5%) 30.5 Neuroscience Letters 168 (0.8%) 19.7
Peter Riederer 88 (0.4%) 46.1 British Journal of Pharmacology 167 (0.8%) 33.9
Psychopharmacology 158 (0.8%) 37.0

TABLE 2 | The top 10 contributing institutions.

Institution Number of Citations per
publications publication
(% of total)

National Institutes of Health 528 (2.7%) 48.5

(NIH USA)

University of California 463 (2.3%) 48.6

University of London 349 (1.8%) 50.5

French National Institute of 321 (1.6%) 38.2

Health and Medical

Research (INSERM)

Harvard University 307 (1.5%, 54.3

(1.5%)

Uppsala University 278 (1.4%) 27.5
( )
(1.4%)

University of Toronto 273 (1.4%, 34.3
French National Center for 270 (1.4%, 32.0
Scientific Research (CNRS)

Technion-Israel Institute of 266 (1.3%) 51.2
Technology

Russian Academy of 248 (1.2%) 9.2
Sciences

TABLE 3 | The top 10 contributing countries.

County Number of Citations per
publications publication
(% of total)
USA 6,050 (30.5%) 37.4
UK 1,519 (7.7%) 35.3
China 1,374 (6.9%) 14.6
Japan 1,359 (6.8%) 20.9
Germany 1,219 (6.1%) 29.0
Italy 1,091 (5.5%) 31.5
Canada 1,058 (5.3%) 31.3
France 969 (4.9%) 28.3
Spain 794 (4.0%) 26.3
India 732 (3.7%) 14.9

countries/regions with the most intensive research on the field
of MAOs are the United States, followed by European and Asian
countries (Table 3). In terms of CPP, China and India were
lagging behind the other eight countries. The huge publication
shares of these countries are similar to the pattern observed in
the scientific literature of neuroscience in general (Yeung et al.,
2017; Yeung, 2018).

Most of the top 10 journals were specialized in pharmacology
and neuroscience. Among them, Journal of Neurochemistry had
the highest publication and CPP counts (Table 4).

Figure 5 shows the words appearing in the title and
abstracts of all analyzed 19,854 publications. Among the largest
bubbles, several keywords were represented such as treatment
(n = 4,189; CPP = 30.9), disease (n = 2,957; CPP = 31.9),
inhibitor (n = 3,370; CPP = 28.6), and monoamine oxidase
inhibitor (n = 1,915; CPP = 30.3). Meanwhile, examples of
words with highest CPPs included reactive oxygen species
(ROS; n = 239; CPP = 50.4), major depression (n = 233;
CPP = 48.9), SSRI (selective serotonin reuptake inhibitor,
n =232; CPP = 46.8), aggression (n = 282; CPP = 45.6), substantia
nigra (n = 268; CPP = 44.9), apoptosis (n = 252; CPP = 41.4),
neuroprotection (n = 233; CPP = 40.2), and neurotoxicity
(n = 406; CPP = 40.0).

The author keywords of the publications are visualized in
Figure 6. The most frequently mentioned medical conditions
and associated with such conditions chemicals/pharmaceuticals
are listed in Tables 5, 6, respectively. PD, depression and
AD were most frequently mentioned, which are consistent
to previous analyses showing that PD and AD are among
the most intensively investigated medical conditions in
neuropharmacology (Yeung et al, 2018). The frequently
mentioned chemicals/pharmaceuticals involved common
neurotransmitters, such as DA, serotonin (5-hydroxytryptamine,
5-HT), and (NE, also known as noradrenaline, NA), MAOIs
like selegiline, rasagiline, moclobemide, and clorgyline, as
well as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which is a prodrug of 1-methy4-phenylpyridinium (MPPY),
a mitochondrial neurotoxin leading to destruction of glial
cells in substantia nigra and, therefore, associated with PD
(Table 6, Figures 3, 7; Kopin, 1987; Edmondson et al., 2009;
Tripathi et al., 2018). Furthermore, it is also suggested that
substantia nigra is rich in DA, which may undergo enzymatic
oxidation via the MAO-B enzyme to form ROS, which plays
a key role in the development of PD (Fahn and Cohen,
1992; Jenner and Olanow, 1996). It is believed that the
high activity of MAO-B will increase the peroxidative stress
that similarly contributes to the formation of AD (Benzi
and Moretti, 1995). Therefore, MAOIs and in particular
reversible MAO-B inhibitors, have been extensively evaluated
for their neuroprotective effects as single therapeutics or in
combination with other medications for the treatment of
AD and PD, while selective reversible MAO-A inhibitors
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FIGURE 5 | Bubble map of words from titles and abstracts of the 19,854 monoamine oxidase publications. Words from titles and abstracts were analyzed and
visualized using the VOSviewer software (v.1.6.10, 2019). The map shows around 335 terms that appeared in at least 1.0% (199) of publications. Each bubble
represents a term or phrase. Larger bubbles represent words (or terms) that appeared more frequently. More yellowish bubbles represent words that appeared in
publications with more citations. Bubbles in closer proximity represent words (or terms) that co-appeared more frequently.

were successfully developed as antidepressants (Sano et al.,
1997; Riederer et al., 2004a; Youdim and Bakhle, 2006). Many
investigations have been conducted along these research
directions, and thus accumulating publication counts. In
recent years, dual inhibition of MAO-A/B is considered as
privileged strategy in addition to other biological effects for
the development of so called multi-target-directed ligands
(MTDLs) for the treatment of neurodegenerative diseases, in
particular, AD (Kumar et al., 2016; Tzvetkov and Atanasov,
2018). In addition, some research articles deal with the
investigation of the key role of MAOs as potential drivers
in non-neurological disorders, for example, mitochondrial
dysfunctions associated with cardiac aging (Sheydina et al., 2011;
Maggiorani et al., 2017).

Furthermore, we performed an analysis of the citation
count of references per year for the whole investigated period
of time 1928-2019. For this purpose, we applied the RPYS
method as embedded in CRExplorer (Thor et al, 2016).
Figure 8 shows the RPYS plot for the cited reference analysis
for each year and for each publication. Following the RPYS
method, 16 positive peaks with magnitude >50 for 17 separate
years were found, as follows: 1928, 1934, 1937, 1949, 1951,

1957, 1965, 1968, 1972, 1976, 1980, 1985, 1995-1996, 2000,
2004, and 2006. From the figure, it seemed that the gray
bars formed a bell that centered on the 2000-2010 years,
meaning that many cited references were published during these
years. Potential explanations could be that in those years the
recombinant forms of MAO enzymes were available and the
crystal structure solved, thus these important references were
more cited. Meanwhile, there was a strong positive peak in 2000.
Some references were cited >100 times by the analyzed MAO
publications, though they did have >10% contributions to the
peak. Two such exemplars were reporting inhibition of MAO
by coumarin derivatives (Gnerre et al., 2000), and a potential
association between MAOA gene polymorphism and variability
in aggressiveness and impulsivity (Manuck et al., 2000). Nine
seminal references fulfilled our predefined criteria of having
>10% contributions to a positive peak with magnitude >50.
All of them were published in 1972 or before (Table 7). The
seminal paper by Mary Bernheim (Hare, 1928) was identified
in the first positive peak. Another notable seminal reference
was by Lowry et al. (1951), which described the technique
of a biochemical assay to measure the total level of protein
in a test solution. It should be noted that by analyzing
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TABLE 5 | Medical and mental conditions mentioned in the author keywords of
0.5% (n = 100) of the monoamine oxidase publications.

TABLE 6 | Chemicals and pharmaceuticals mentioned in the author keywords of
0.5% (n = 100) of the monoamine oxidase publications.

Medical condition Number of Citations per Chemical/pharmaceutical Number of Citations per
publications publication publications publication
(% of total) (% of total)
Parkinson’s disease 789 (4.0%) 29.9 Dopamine 665 31.7
Depression 483 (2.4%) 30.2 Serotonin 649 32.1
Alzheimer’s disease 316 (1.6%) 26.6 Selegiline 257 24.4
Anxiety 134 (0.7%) 29.0 MPTP (1-methyl-4-phenyl- 180 32.8
Schizophrenia 125 (0.6%) 30.1 1,2,3,6-tetrahydropyridine)
Aggression 120 (0.6%) 43.0 Rasagiline 178 32.1
Moclobemide 173 21.2
Norepinephrine 113 26.7
Clorgyline 110 22.9

the cited references, we were able to identify not only the
historical root of MAO but also articles reporting methods
that became standard techniques in protein research field and
thus highly cited by the MAO field. If only seminal papers
regarding the MAO proteins were focused on, then these
references were identified in four representative years: 1928,
1957, 1968, and 1972.

The current analysis has some limitations. First, the search
strategy might limit the body of literature to be analyzed.
Second, some MAO articles might not be indexed by the
WoS database, especially the older ones. Alternative databases
could be considered, such as Scopus, to identify additional
publications, but data from multiple databases cannot be merged
due to their differences in indexing and counting, and thus
cannot be integrated in our analysis. Readers should also be
aware of the general increase of scientific production along

the 20th century (Figure 4B), which was growing in a higher
level compared to MAO publications in recent years (until
70s the trend was the opposite and the number of MAO
articles was increasing more rapidly than the total number
of academic articles). Nevertheless, the graph shows that the
interest in these proteins is still very high. In general, the
number of scientific articles, citations, journals, and institutions
has been also progressively increasing. It would be interesting
to normalize the results (publication and citation data of the
MAQO research field) with respect to these changing parameters.
However, such normalization would be very complicated and
hence not applicable for the current study. To the best of the
authors’ knowledge, a similar bibliometric analysis approach
has not been done before so that in the future it can be
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TABLE 7 | Seminal references of monoamine oxidase publications identified by the RPYS method.

Year References % Contribution to the peak Citations by MAO publications All-time total citations
1928 Hare (1928) 65.1 95 318*

1934 Lineweaver and Burk (1934) 50.3 77 12,422*

1937a Blaschko et al. (1937a) 20.1 45 473*

1937b Blaschko et al. (1937b) 10.7 24 197*

1949 Gornall et al. (1949) 16.2 62 16,989

1951 Lowry et al. (1951) 80.0 1,437 3,37,283

1957 Glenner et al. (1957) 12.0 140 685

1968 Johnston (1968) 22.5 1,218 1,596

1972 Knoll (1972) 10.3 688 1,014*

*Citation count recorded from Google Scholar, as the publication is not indexed by Web of Science.

applied to other targets (e.g., specific proteins) to allow a

g 30000 £ better comparison.
g § 25000 E In conclusion, the current MAO literature analysis highlights
£§ 20000 3 the popular research themes in the scientific literature related
gg 15000 A 2 to MAOs and historical roots of MAO research as a quick
& £ 10000 £ guide for fellow researchers. Through decades of research,
£% 5000 g the literature has accumulated many publications investigating
° 0 £ the therapeutic effects of at least two generations of MAOIs
P O S O SN PO : . s
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Reference publication year depression. The analyzed data showed that the United States
is the major contributor, together with some European and
FIGURE 8 | Rgference publication year speotrog:opy (RP‘l(S)lmethod. Asian countries. Many of the articles were published in

The reference lists of the 19,854 monoamine oxidase publications were harmacology and neuroscience iournals. Publications involvin
analyzed using the CRExplorer software (v.1.9, 2018). References were p gy K ) R &
sorted by publication year (horizontal axis), and the citation counts received the neurotransmitters DA, serotonin, and NE, as well as
by all references published in the same year were added up and visualized the MAO-A inhibitors moclobemide and clorgyline, and the
in bars (gray vertical axis). The waveform showed the fluctuations in the irreversible MAO-B inhibitors selegiline and rasagiline had
devilation gf the annual citation count from its 5-year median (red over 20 citations per publication. We envision that the
vertical &xis) number of publications related to MAOs research will continue
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to grow steadily, with more new drugs being tested for
better management of neurological conditions, in particular,
with the development of multi-target acting drugs against
neurodegenerative diseases. Moreover, the analysis of the
scientific literature suggested that in addition to the pivotal role
of MAOs as biological targets in neuroscience, the research field
will also be directed toward investigations of MAOIs as potential
therapeutics for other pathophysiological processes associated
with aging, such as increased sensitivity to apoptosis, increased
production of mitochondrial ROS, and others.
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Recently, extracellular vesicles (EVs), such as exosomes, have been proposed to play
an influential role in the cell-to-cell spread of neurodegenerative diseases, including
the intercellular transmission of a-synuclein (a-syn). However, the regulation of EV
biogenesis and its relation to Parkinson’s disease (PD) is only partially understood. The
generation of EVs through the ESCRT-independent pathway depends on the hydrolysis
of sphingomyelin by neutral sphingomyelinase 2 (hSMase?2) to produce ceramide, which
causes the membrane of endosomal multivesicular bodies to bud inward. nSMase?2 is
sensitive to oxidative stress, a common process in PD brains; however, little is known
about the role of sphingomyelin metabolism in the pathogenesis of PD. This is the first
study to show that inhibiting nSMase?2 decreases the transfer of oligomeric aggregates
of a-syn between neuron-like cells. Furthermore, it reduced the accumulation and
aggregation of high-molecular-weight a-syn. Hypoxia, as a model of oxidative stress,
reduced the levels of nSMase2, but not its enzymatic activity, and significantly altered
the lipid composition of cells without affecting EV abundance or the transfer of a-syn.
These data show that altering sphingolipids can mitigate the spread of a-syn, even under
hypoxic conditions, potentially suppressing PD progression.

Keywords: Parkinson’s disease, extracellular vesicles, neutral sphingomyelinase 2, ¢-syn, hypoxia, cell-to-cell
transmission, sphingomyelin, ceramide

INTRODUCTION

Parkinson’s disease (PD) is a progressive age-related movement disorder that results in the
selective loss of midbrain dopaminergic neurons and widespread pathology at later stages of
the disease (Braak et al., 2003). PD is also characterized by intracellular deposits of aggregated
a-synuclein (a-syn), known as Lewy bodies and Lewy neurites, and research indicates that soluble
oligomeric a-syn (oa-syn) is the most toxic species [reviewed in Bengoa-Vergniory et al. (2017)].
Anatomical connections and cell-to-cell contact promote the accumulation of these aggregates.

Abbreviations: o-syn, alpha-synuclein; AChE, acetylcholinesterase; Cer, ceramide; DHCer, dihydroceramide; dhSM,
dihydrosphingomyelin; ESCRT, endosomal sorting complexes required for transport; EV, extracellular vesicle;
GlcCer, glucosylceramide; HNE, 4-hydroxy-2-non-enal; KO, knockout; LacCer, lactosylceramide; nSMase2, neutral
sphingomyelinase 2; oa-syn, oligomeric alpha-synuclein; PD, Parkinson’s disease; siRNA, small interfering RNA; SM,
sphingomyelin.
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The mechanisms of this spreading, including the important role
of cell-surface proteins (Reyes et al., 2019) and extracellular
vesicles (EVs) (Russo et al., 2012), are beginning to be elucidated.
Small EVs, specifically exosomes, are small membranous vesicles
(30-150 nm) that are formed by the invagination and budding of
endosomal multivesicular bodies from the membrane (Van Niel
et al,, 2006). These vesicles can serve as vehicles for transferring
proteins, lipids, mRNA, and miRNA between cells. Intercellular
communication involves the transfer of EVs and their functional
biomolecular contents between cells and might be a prominent
method by which oa-syn is transferred in PD.

The biogenesis of EVs depends on pathways that are either
dependent or independent on endosomal sorting complexes
required for transport (ESCRT) machinery [reviewed in Kowal
et al. (2014)]. There are four neutral sphingomyelinase (nSMase)
isoforms, nSMasel, nSMase2, nSMase3, and mitochondria-
associated SMase, each encoded by the genes SMPD 2-5,
respectively (Hofmann et al, 2000). However, nSMase2 is
the most abundant sphingomyelinase isoform in the brain
(Shamseddine et al., 2015). nSMase hydrolyzes sphingomyelin
(SM), a type of sphingolipid, to produce ceramide (Cer), which
forms EVs through the ESCRT-independent machinery pathway
(Marsh and van Meer, 2008; Trajkovic et al.,, 2008). Although
it was reported nearly half a century ago that SM accumulates
in Lewy bodies (den Jager, 1969), little is known about how SM
metabolism relates to the pathogenesis of PD. The importance
of SM metabolism is supported by reports showing increased
levels of Cer in the plasma of PD patients (Mielke et al., 2013;
Xing et al., 2016; Savica et al., 2016). The regulation of Cer in the
brains of PD patients seems more complex as both increased Cer
levels in the visual cortex (Cheng et al., 2011) and decreased Cer
levels in the anterior cingulate region (Abbott et al., 2014; Murphy
et al., 2014) have been reported. The inhibition of nSMase2 has
been shown to reduce the secretion of EVs [reviewed in Bienias
et al. (2016)], but how nSMase2 influences PD pathogenesis in
terms of protein accumulation and cell-to-cell transfer has not
been studied so far.

Aging, which is associated with numerous changes in
the brain, including alterations in enzymatic activities, lipid
metabolism, and oxidative stress, is a major risk factor for
neurodegenerative diseases such as PD (Anderton, 1997;
Valli et al., 2015), and these alterations are known to induce
a-syn aggregation (Hashimoto et al., 1999; Scudamore et al,
2018). Oxidative stress can also cause the post-translational
modification (PTM) of a-syn, including modification by
4-hydroxy-2-non-enal (HNE), an end product of lipid
peroxidation that promotes a-syn oligomerization, aggregation,
and cytotoxicity (Klucken et al., 2013). Furthermore, HNE
PTMs have recently been reported to increase the secretion of
EVs containing cytotoxic oa-syn (Zhang et al., 2018), and lipid
vesicles affect the aggregation of HNE-modified a-syn (Sardar
Sinha et al., 2018). In addition, nSMase2 is sensitive to oxidative
stress (Levy et al., 2006; Castillo et al., 2007) and has been shown
to increase with age (Rutkute et al., 2007; Vozella et al., 2017).

This study investigated nSMase2 as a possible driving force for
the progressive accumulation of a-syn and its transfer between
neuron-like cells. Since a-syn PTMs can be induced by oxidative

stress (Duce et al, 2017), we investigated the influence of
hypoxia on the SM-Cer pathway with regard to promoting a-syn
aggregation and transfer. For the first time, we showed that the
inhibition of nSMase2 leads to a significant reduction in HNE-
modified oa-syn aggregation and transfer between neuron-like
cells. Hypoxia decreased nSMase2 protein levels but did not
affect total EV abundance or alter the oa-syn transfer rate. These
data provide evidence that SM metabolism may play a larger
role in PD pathogenesis and support the need for additional
investigations of sphingolipids in PD patients.

MATERIALS AND METHODS

Preparation of HNE-o«-syn

For oligomerization, recombinant human a-syn (AlexoTech) was
prepared as previously described (Nasstrom et al., 2011; Domert
et al., 2016; Sardar Sinha et al, 2018). a-Syn was dissolved
in 20 mM Tris-buffered saline (TBS) (pH 7.4), and 140 pM
a-syn monomers were incubated with 2.8 mM HNE for 7 days
at 37°C without agitation. After 7 days, the protein mixture
was desalted by a Zeba desalt spin column (Thermo Scientific),
equilibrated with Na,CO3 (0.1 M, pH 8.5) and incubated with
the fluorophore Alexa Fluor 700 (AF700) succinimidyl ester (final
concentration of 1.58 mM, Life Technologies) for 1 h at room
temperature with shaking.

Labeled HNE-oa-syn was separated from free dye by size
exclusion chromatography, which was also used to separate the
labeled oligomers from the mixture. A Superose 6 PC 3.2/30 GL
column (GE Healthcare) coupled to a liquid chromatography
system (AKTA pure, GE Healthcare) was equilibrated with
NH4HCOj3 (50 mM, pH 8.5), and 500 pl of sample was injected
into the column. To estimate the molecular weight of the a-syn
species, LMW gel filtration calibration kits (GE Healthcare) were
used. Oligomeric and monomeric a-syn species were eluted
at a flow rate of 0.5 ml/min, collected, and lyophilized. The
final pellet was resuspended in TBS buffer, and the protein
concentration was determined using a Nanodrop (ND-1000
Spectrophotometer). The oa-syn used during the in vitro studies
had a final concentration of 1 pM and an incubation period of 3 h
in serum-free culture media.

Transmission Electron Microscopy

For transmission electron microscopy (TEM) analysis, 5 pl of
HNE-modified oa-syn was placed onto carbon-coated copper
grids and incubated for 5-10 min. After removing the excess
liquid, the grids were washed two times with deionized water
prior to negative staining with 2% uranyl acetate for 30 s.
The samples were analyzed with a JEM-1230-EX electron
microscope (Jeol).

Differentiation and 3D Coculture of
SH-SY5Y Cells

Differentiation and coculture were performed as described
previously, with minor modifications (Agholme et al., 2010;
Nath et al., 2012; Domert et al., 2016; Sackmann et al., 2017).
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All SH-SY5Y cells were cultured in complete culture media
containing MEM-GlutaMAX (Gibco) supplemented with 10%
fetal bovine serum (PAA Laboratories), 50 U/ml penicillin,
50 pg/ml streptomycin, and 2 mM L-glutamine (all from Gibco)
at 37°C with 5% CO;. Donor cells were differentiated with
10 wM retinoic acid (RA; Sigma Aldrich) for 7 days and seeded
at a density of 1400 cells/cm?. nSMase2 was inhibited in donor
cells, as described below, and the cells were then treated with
oa-syn, where applicable. For the coculture experiments, SH-
SY5Y cells that stably expressed p-actin-GFP (Addgene plasmid
#21948, provided by Ryohei Yasuda) were used to distinguish
the recipient cells from the donor cells. Recipient cells were
prepared by seeding RA-differentiated GFP cells at a density
of 1700 cells/cm? and allowing them to further differentiate
for 10 days in a 20% Extracellular Matrix (ECM) Gel coating
(Corning) with a growth factor cocktail in serum-free culture
media [50 ng/ml brain-derived neurotropic factor (PeproTech),
10 ng/ml neuregulin 1 (R&D Systems), 10 ng/ml nerve growth
factor (R&D Systems), and 24 nM vitamin D3 (Sigma-Aldrich)].
Finally, coculture was carried out by trypsinizing the donor cells,
placing them on top of the recipient cells, and incubating the
coculture for 24 h at 37°C to allow the formation of synaptic-like
connections. A graphical schematic of the experimental setup is
presented in Figure 1.

siRNA Transfection

Donor cells were seeded 24 h before transfection. Small
interfering RNA (siRNA) transfection was performed by
targeting nSMase2 (SMPD3 gene) with siRNA or negative
control (All Stars Negative Control siRNA) using HiPerFect
Transfection Reagent (all from Qiagen), according to the

manufacturer’s instructions. A siRNA concentration of 20 nmol/L
in Opti-MEM + GlutaMAX (Gibco) media was used for
transfection, and the transfection period was 6 h, after which
the transfection media was removed and the cells were
incubated in serum-free culture media for an additional 42 h
before the addition of owa-syn, where applicable. The selected
predesigned FlexiTube siRNA target sequence was SMPD3, 5'-
CACGAACGGCCTGTACGATGA-3". Knockdown was verified
by immunoblotting and RT-PCR, and a downregulation of 70%
was considered sufficient.

CRISPR/Cas9 Cells

CRISPR/Cas9 targets were designed against the SMPD3 gene
(Ensembl ENSG00000103056) using the software available on
Benchling (Benchling Inc.). A guide RNA (gRNA) targeting
exon 3, the first coding exon, was constructed using the gRNA
sequence 5'-CATGGTCGAAGGCCTCGTCG-3/, resulting in a
truncated nSMase2 protein. The locus targeted by the gRNA
occurs upstream of the nSMase2 catalytic domain, specifically
residues D430 and K435, which are responsible for SM hydrolysis
(Airola et al., 2017). CRISPR/Cas9 plasmid design and assembly
were performed according to the instructions of Ran et al. (Ran
et al., 2013) using the plasmid pSpCas9(BB)-2A-GFP (PX458)
(Addgene plasmid #48138, provided by Feng Zhang). Wild-type
(WT) SH-SY5Y cells were transfected and single-cell sorted, and
clonal cell lines were screened for anticipated changes to nSMase2
protein expression by Western blot and immunocytochemistry.
As predicted, the selected clone was undetectable by nSMase2
antibodies (Supplementary Figure S1). The selected nSMase2
knockout (KO) clone was used in subsequent studies for
differentiating cells into donor cells, as described above.

“Recipient” cells

“Donor” cells
nSMase2 inhibition

Hypoxia -/+ 48 hr

Analysis
-Flow cytometry
(Uptake)

FIGURE 1 | nSMase2 was inhibited in donor cells and then treated with oa-syn (labeled with AF700) for 3 h. The donor cells were then immediately analyzed for the
uptake of oa-syn or were cultured in the presence or absence of hypoxic conditions for 48 h for further analysis. Coculture experiments were carried out by placing
the donor cells with oa-syn on top of fully differentiated recipient cells stably expressing B-actin-GFP. Cocultured cells were incubated in the presence or absence of

hypoxic conditions for 24 h before analysis.

Hypoxia -/+ 24 hr Analysis
-Flow cytometry
(Transfer)
-Western blot
-LDH assay

Analysis
-Western blot
-RT-PCR
-Enzyme assay
-LDH assay
-EV abundance
~Lipidomics
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Cambinol Treatment

Cambinol  [5-(2-hydroxynaphthalen-1-ylmethyl)-6-phenyl-2-
thioxo-2,3-dihydro-1H-pyrimidin-4-one; ~ Sigma-Aldrich], a
pharmaceutical inhibitor of nSMase2 (Figuera-Losada et al.,
2015), was prepared at a stock concentration of 20 mM in DMSO
and added to donor cells at a final concentration of 10 wM for
48 h in serum-free culture media.

Hypoxic Exposure

To produce oxidative stress, the cells were incubated in a
hypoxic incubator set to 1% O,. For experiments analyzing donor
cells alone, the cells were incubated for 48 h following siRNA
transfection and/or oa-syn treatment. For coculture experiments,
the cells were exposed to hypoxic conditions for 24 h after the
establishment of the coculture.

Western Blot

Cells were lysed with Tris-HCI (0.5 M, pH 6.8), 10% glycerol,
and 2% SDS. For each sample, 20 pg of protein and 0.1
M DTT was loaded on a 4-20% SDS ClearPAGE gel. EVs
(isolated as described below) were lysed in RIPA buffer
[50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 40 pl/ml PhosSTOP (Roche)
phosphatase inhibitor, and 10 pl/ml Halt protease inhibitor
(Thermo Fisher)] followed by vigorous vortexing. EV lysates
were mixed with 4 x Laemmli loading buffer and DTT and
loaded onto a 4-20% SDS ClearPAGE gel. The proteins were
transferred onto nitrocellulose membranes (Invitrogen). The
blots were incubated with the following antibodies, as indicated:
mouse anti-B-actin (1:10,000, A5441, Sigma-Aldrich), rabbit anti-
nSMase2 (1:1,000, PA5-49140, Thermo Fisher), rabbit anti-o-syn
(1:1,000, 701085, Invitrogen), mouse anti-pS129 (1:1000, 015-
25191, Wako), and mouse anti-flotillin-1 (1:1,000, 610820, BD
Transduction Laboratories). Goat anti-mouse HRP or goat anti-
rabbit HRP (Dako) were used at a 1:2,000 dilution as a secondary
antibody. The blots were visualized using Clarity ECL (BioRad)
on a ChemiDoc MP imaging system (BioRad) and analyzed by
Image] software.

Semiquantitative RT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen)
and converted to cDNA using a High Capacity RNA to cDNA
kit (ThermoFisher) following the manufacturer’s instructions.
Semiquantitative real-time PCR (RT-PCR) was performed
using the TagMan Gene Expression Kit and with FAM/MGB
probes [SMPD3: Hs00920354_ml; SMPD2: Hs00906924_g1;
SMPDI: Hs04183448_ml; TSGI101: Hs01121709_ml; HGS:
Hs00610371_m1; STAM: Hs00989740_m1; VPS4A: Hs00203085_
ml; CHMP4A: Hs00204331_ml; ALIX (PDCD6IP): Hs0099
4346_ml; FLOT2: Hs01080468_gl; PLD2: Hs01093216_ml;
CD81: Hs01002167_ml; SNCA: Hs01103383_ml; P-actin
(ACTB): Hs01060665_gl; all from Applied Biosystems].
Reactions were carried out in triplicate using a 7500 Fast Real-
Time PCR system (Applied BioSystems). The data were analyzed
according to the comparative Ct method to determine the fold

change in the expression levels relative to the control samples,
and statistics were performed on the A AC; values.

Flow Cytometry

oa-syn uptake and transfer were quantified by flow cytometry.
Cocultured cells were recovered from the ECM gel using Corning
Recovery Solution (Corning) according to the manufacturer’s
instructions, while donor cells used to determine the uptake
of oa-syn were trypsinized for 1 min. The cells were then
resuspended in PBS and filtered through CellTrics 30-pum
filters (Sysmex), subsequently analyzed using a Beckman Coulter
Gallios and analyzed with Kaluza 1.3 software. For transfer,
forward and side scatter were gated to identify the cell population.
WT and GFP-only controls were used to identify gating for
AF700- and GFP-negative cells, and recipient cells with no
transfer. Positive transfer was identified with double fluorescence.
The ratio of transfer was normalized to the percentage of double
fluorescent cells in the control coculture. The ratio of uptake
was normalized to the percentage of AF700 cells, as this was
performed in WT cells.

Immunocytochemistry

Cells used for imaging were seeded on top of glass coverslips,
fixed with 4% PFA in PBS, and permeabilized with incubation
buffer (0.1% saponin and 5% FBS) for 20 min at room
temperature. The cells were incubated with primary antibodies
against C-terminal nSMase2 (PA5-49140, ThermoFisher) or
N-terminal nSMase2 (SP4061, ECM BioSciences) at 1:500 in
incubation buffer overnight at 4°C. This was followed by washing
and incubation with Alexa Fluor 488 goat anti-rabbit (1:400; Life
Technology) for 75 min at room temperature. After washing in
PBS, the slides were mounted with ProLong containing DAPI
(ThermoFisher). Images were acquired with a Zeiss LSM 700
inverted confocal microscope using a 20 x objective lens.

LDH Toxicity Assay

Cytotoxicity was determined by the presence of lactate
dehydrogenase (LDH) according to the manufacturer’s
instructions (Pierce) and analyzed at 490 nm and 650 nm
using a VersaMax ELISA plate reader.

nSMase Enzyme Activity Assay

nSMase enzymatic activity was determined using the nSMase
assay kit from Echelon Biosciences following the manufacturer’s
instructions. Donor cells were harvested and washed with PBS;
resuspended and lysed in 25 mM Tris-HCI, 150 mM NaCl, and
1% Triton X-100 (pH 7.4) and centrifuged at 10,000 x g for
10 min to remove cell debris. A sample volume of 50 |11 was mixed
with reaction buffer, incubated for 4 h at 37°C, and analyzed by a
Spark 10 M multimode microplate reader (Tecan Trading AG).

Sphingolipid Analysis

For sphingolipid analysis, donor cells were extracted
using butanol/methanol (BUME) as previously described
(Lofgren et al., 2012). Internal standards [SM 12:0, Cer 17:0,
glucosylceramide (GlcCer) 17:0 and lactosylceramide (LacCer)
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17:0] were added during the extraction. Prior to analysis, the
total extract was exposed to alkaline hydrolysis (0.1 M KOH in
methanol) to remove phospholipids that could potentially cause
ion suppression effects. The analysis of SM was performed using
direct infusion on a QTRAP 5500 mass spectrometer (Sciex)
equipped with a robotic nanoflow ion source, the TriVersa
NanoMate (Advion BioSciences). Detection was achieved
with precursor ion scanning in positive mode using m/z 184
(phosphocholine) as a fragment ion (Brugger et al., 1997). The
analysis of sphingolipids was performed using UPLC-MS/MS in
positive mode, as previously described (Amrutkar et al., 2015).
The BioRad BCA kit was used to determine the total cell protein
concentration prior to hydrolysis.

EV Isolation

Conditioned medium from 20 million donor cells was collected
48 h after oa-syn treatment under normoxic or hypoxic
conditions. EVs were isolated by differential ultracentrifugation.
The conditioned media was spun at 2,000 x g for 10 min to
remove cells and cell debris, and the supernatant was spun at
10,000 x g for 30 min and 100,000 x g for 70 min. The EV
pellet was washed with PBS and spun again at 100,000 x g
for 70 min. The final EV pellet was resuspended in 75 pl
of PBS for quantification by FluoroCet, 100 pl of PBS for
nanoparticle tracking analysis (NTA), or 20 w1 of RIPA buffer for
immunoblotting and stored at —80°C. The EV size distribution
was measured by NTA using the NanoSight NS300 system
(Malvern Instruments).

EV Abundance by FluoroCet

The FluoroCet quantitation kit (SBI) is designed to directly
measure acetylcholinesterase (AChE) activity inside of EV's. After
EVs were isolated as described above, the assay was performed
following the manufacturer’s instructions. The fluorometric assay
was read at an excitation/emission of 530/590 nm using a Spark
10M multimode microplate reader.

Statistical Analysis

The results are presented as the mean =+ standard error of
the mean (SEM). The statistical significance was analyzed
with GraphPad Prism 6 software using Students t test for
all experiments with the exception of lipidomic and RT-PCR
analysis, which were completed using one-way ANOVA with
Dunnett’s multiple comparison test. Statistical significance was
established at p < 0.05.

RESULTS
Inhibition of nSMase2 and Hypoxia

Parkinson’s disease is a common neurodegenerative disease
that is characterized by chronic oxidative stress in the brain
(Blesa et al., 2015); however, to our knowledge, there are no
previous studies investigating nSMase2 activation during hypoxia
in human neurons. As the main model for this study, nSMase2
was knocked down in donor cells by either siRNA transfection
in SH-SY5Y cells or by the generation of nSMase2 KO SH-SY5Y

cells using CRISPR/Cas9. The loss of nSMase2 protein expression
in nSMase2 KO cells was confirmed by immunoblotting
and immunocytochemistry with N- and C-terminal specific
antibodies (Figures 2A-C and Supplementary Figure S1),
while siRNA treatment induced both a significant reduction
in protein expression and gene downregulation (Figures 2A-
C, 3). nSMase enzymatic activity was significantly decreased
in KO cells (0.63 & 0.16 mU/ml) compared to control cells
(1.48 £ 0.23 mU/ml) (Figure 2D). However, siRNA-treated cells
(1.13 = 0.25 mU/ml) were not significantly modified, although
it is possible that other nSMases are compensating from the
acute transfection and are being detected in the assay. Based on
these results, we established two different models of nSMase2
inhibition, specifically siRNA-treated cells with a reduction in
total nSMase2 protein expression and KO cells with a reduction
in total functional enzymatic protein levels.

As a model of oxidative stress, we exposed donor cells to
hypoxic conditions of 1% O, for 48 h. Hypoxia significantly
reduced nSMase2 protein expression (Figures 2B,C), but nSMase
enzymatic activity was not affected (Figure 2D). Compared to
normoxia, hypoxia induced cell toxicity, which was completely
mitigated by nSMase2 inhibition (Figure 2E), suggesting that a
protective mechanism is in play when nSMase2 is reduced.

nSMase2 Inhibition Prevents ou-syn
Aggregation

Next, we investigated the effect of nSMase2 inhibition on
the aggregation of oa-syn, which was modified by the lipid
peroxidation product HNE. The elevation of HNE has been
observed in the brain during normal aging and is more
pronounced in brain areas affected by PD pathology (Yoritaka
et al., 1996; Castellani et al, 2002). PTMs caused by HNE
contribute to the increased conversion of soluble a-syn
monomers into cytotoxic oligomers, as well as increased a-syn
secretion from cells (Nisstrom et al., 2011; Bae et al., 2013).
Monomers of a-syn were aggregated in the presence of HNE to
produce oa-syn. Size exclusion chromatography was performed
to characterize and purify oa-syn, which corresponded to
an elution peak with a molecular weight of ~2000 kDa
(Supplementary Figure S2), as described previously (Sardar
Sinha et al,, 2018). The ultrastructural analysis of the oligomers
showed a heterogeneous population of spherical, curvilinear,
and ring-like structures (Supplementary Figure S2), as expected
(Nésstrom et al.,, 2011; Sardar Sinha et al., 2018). Based on
previous results from our lab (Domert et al., 2016; Reyes et al.,
2019), donor cells were incubated with 1 @M oa-syn for 3 h and
analyzed after 48 h. The addition of oa-syn did not contribute
to any changes in nSMase2 protein or gene expression under
hypoxia or normoxia (Figures 2C, 3). The combination of
hypoxia and oa-syn slightly increased nSMase enzymatic activity
(1.85 = 0.52 mU/ml vs. control 1.48 & 0.23 mU/ml), although
this was not statistically significant (Figure 2D; p = 0.53). In
addition, oa-syn did not increase hypoxia-induced cytotoxicity
(Figure 2E). However, the addition of oa-syn resulted in the
significant aggregation of high molecular weight (MW) a-syn
(25-250 kDa) under both normoxic and hypoxic conditions,
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FIGURE 2 | nSMase? inhibition was achieved by nSMase2 siRNA and KO in donor cells. (A-C) Western blot analysis of nSMase2 under (A) normoxia and (B)
hypoxia with (C) bar graphs showing its expression relative to g-actin expression (n = 3). (D) nSMase enzymatic activity was determined by a colorimetric assay kit
using cell lysates (n = 5). (E) Cytotoxicity of nSMase2 KO and siRNA in cells treated with a-syn under normoxia or hypoxia, as determined by LDH activity (n = 6).
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an effect that was significantly decreased in KO cells, even
under hypoxic conditions (Figures 4A-C). A similar, but non-
significant, decrease was also observed in cells subjected to
siRNA. Monomeric (~15 kDa) a-syn levels were not affected by
any treatment, despite an increase in SNCA mRNA expression
under hypoxia (Figures 3, 4D). Together, these data indicate
that nSMase2 may impede the breakdown of aggregated high-
molecular-weight a-syn, both under normoxia and hypoxia.

Hypoxia Promotes Longer Acyl Chain
Lengths

As there have been conflicting results regarding sphingolipids
in PD brains (Cheng et al., 2011; Fabelo and Martin, 2011;

Abbott et al, 2014; Murphy et al, 2014; Gegg et al., 2015;
Bienias et al., 2016), we wanted to investigate whether inhibiting
nSMase2 affects the lipid composition of sphingolipids after the
addition of oa-syn in the absence or presence of hypoxia using
UPLC-MS/MS. Hypoxia alone caused a significant decrease in
SM (2.7 & 0.1 pmol/mg vs. control 4.1 &+ 0.6 pmol/mg) and a
decrease in Cer, although not significant (198.0 £ 6.8 pmol/mg
vs. control 300.1 £ 35.7 pmol/mg; p = 0.063) (Figures 5A,B).
The inhibition of nSMase2 alone, either by siRNA or KO, did not
cause significant differences in total SM or Cer. In siRNA-treated
cells, the combined treatment of oa-syn and hypoxia caused a
significant reduction in total Cer when compared to the normoxic
control (185.0 &+ 3.3 pmol/mg vs. control 300 &+ 35.7 pmol/mg)
(Figure 5B). Cer can also be synthesized by several other lipids,
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Down Up
regulation o " or 102 regulation
FIGURE 3 | nSMase2 siRNA downregulates the SMPD3 gene, and ESCRT-dependent genes are upregulated under hypoxia. RT-PCR analysis of common ESCRT
genes and SNCA (a-syn) in donor cells. Changes in the expression levels are displayed from blue (downregulated) to red (upregulated), with the values representing
the mean fold change relative to control samples (n = 3). The complete RT-PCR data are available in Supplementary Table S1.

such as dihydroceramide (DHCer), which is converted to Cer
through de novo synthesis and is associated with slow cell
proliferation and cell death [reviewed in Siddique et al. (2015)].
Interestingly, DHCer was significantly increased by hypoxia
(38.88 £ 1.77 pmol/mg vs. control 4.50 £ 0.54 pmol/mg), and
the effect was mitigated by siRNA or oa-syn treatment but not
by KO (Figure 5C). GlcCer, which can also be broken down into
Cer, was not significantly dysregulated in any of the treatment
groups (Figure 5D).

Cer acyl chain composition has been shown to shift toward
shorter acyl chain lengths (C16-C20) in the anterior cingulate
cortex in PD patients (Cheng et al., 2011; Abbott et al., 2014),
while there is an increase in long-chain SM and Cer (C21-C24) in
the visual cortex (Cheng et al., 2011). siRNA treatment resulted
in an increased relative percentage of SM 16:0 (49.5 £ 0.6%) and
a decreased percentage of SM 24:0 (1.3 % 0.2%), while nSMase2
KO decreased the percentage of SM 24:1 (14.5 £ 0.1%) relative to
that in the control [SM 16:0 (46.4 £ 0.6%), SM 24:0 (2.3 £ 0.1%),
and SM 24:1 (15.0 = 0.5%)] (Figure 5E). oa-syn alone did not
significantly change the sphingolipid composition, but nSMase2
KO combined with oa-syn treatment, for example, caused an
increase in the percentage of dhSM 16:0 (2.6 & 0.1%) and Cer
24:1 (23.4 &+ 1.8%) compared to those in the control [dhSM 16:0
(0.5+0.1%) and Cer 24:1 (28.1 & 2.3%)] (Figures 5E,F). Hypoxia
alone caused a significant reduction in short acyl chain lengths
[SM 16:0 (34.6 £ 0.7%), Cer 16:0 (37.3 £ 1.0%), DHCer 16:0
(26.7 £ 1.0%), and GlcCer 16:0 (25.9 & 1.7%)] relative to those
in the control [SM 16:0 (46.4 & 0.6%), Cer 16:0 (48.1 + 2.5%),
DHCer 16:0 (45.5 £ 1.3%), and GlcCer 16:0 (34.0 + 2.8%)]
(Figures 5E-H). Consequently, hypoxic conditions alone also
promoted longer acyl chain lengths [SM 24:0 (8.7 & 0.5%), Cer
24:1 (33.1 £ 0.9%), DHCer 24:1 (38.6 £+ 1.4%), and GlcCer
22:0 (20.6 & 1.1%)] relative to those in the control [SM 24:0
(2.3 £ 0.1%), Cer 24:1 (28.1 = 2.3%), DHCer 24:1 (20.0 £ 0.7%),
and GlcCer 22:0 (15.2 £ 0.6%)] (Figures 5E-H). KO and siRNA
treatment, as well as oa-syn treatment, contributed to a shift of
acyl chain length to shorter chains under hypoxia. Collectively,
these data show that nSMase2 inhibition in combination with
oa-syn alleviates the lipid shifts that are associated with hypoxic

conditions. The complete lipidomic analysis can be found in
Supplementary Table S2.

Transfer of ox-syn Is Reduced by
Inhibiting nSMase2

Due to the importance of nSMase2 in generating EVs through
the ESCRT-independent pathway, we next investigated whether
the inhibition of nSMase2 affects EV production and its effect
on the transmissibility of oa-syn between neuron-like cells. First,
we investigated whether oa-syn is found in the EVs. Conditioned
media was collected from donor cells 48 h after oa-syn treatment,
and EVs were isolated by step-gradient ultracentrifugation.
The homogeneity of the EV pellets was confirmed by NTA,
which showed a population of enriched vesicles with a mode
diameter of 71.61 £ 4.93 nm (Supplementary Figure 3A).
Immunoblotting was used to confirm that the EV pellets were
enriched with flotillin-1, a common EV marker, and contained
oa-syn (Supplementary Figure 3B). For coculture experiments,
cambinol, a commercially available nSMase2 inhibitor (Figuera-
Losada et al, 2015), was also used to confirm our findings
pharmacologically. EV abundance was quantified by directly
measuring AChE activity, which is proportional to EV quantity
(Savina et al., 2002; Gupta and Knowlton, 2007). After oa-syn
treatment, nSMase2 KO, as well as cambinol treatment, resulted
in significantly decreased AChE activity, while siRNA treatment
reduced AChE activity, although not significantly (p = 0.11)
(Figure 6A). Hypoxia did not alter the level of AChE activity
regardless of whether nSMase2 was knocked out, likely due
to the compensation of related ESCRT-related genes (TSG101,
CHMP4A, and CD81), which were shown to be upregulated in
response to hypoxia (Figure 3).

Since we were able to determine that oa-syn is present in EVs
and that nSMase2 reduction also reduced the number of EVs,
we aimed to determine if the reduction in EVs also reduces the
transfer of oa-syn between neuron-like cells. First, we evaluated
whether inhibiting nSMase2 in donor cells impairs oa-syn uptake
by analyzing the percentage of cells that take up fluorescently
labeled oa-syn using flow cytometry. A reduction in nSMase2
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FIGURE 4 | nSMase? inhibition reduces the aggregation of high molecular weight (MW) a-syn. (A,B) Expression of a-syn in donor cells, as determined by Western
blot, under (A) normoxia and (B) hypoxia. (C,D) Quantification of (C) high MW a-syn (~25-250 kDa) and (D) 15 kDa monomeric a-syn expression relative to B-actin
expression. The data are presented as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001 versus (vs) oa-syn treatment.

by KO, siRNA, or cambinol did not alter the number of donor
cells that readily took up the free oa-syn during the 3 h treatment
(Figure 6B). Next, using our well-established donor/recipient
coculture model (Agholme et al., 2010; Nath et al., 2012; Domert
et al., 2016; Sackmann et al., 2017), oa-syn-loaded donor cells,
in which nSMase2 was inhibited, were cocultured onto highly
differentiated recipient cells for 24 h and analyzed by flow
cytometry. All treatments that inhibited nSMase2 reduced the
transfer of oa-syn between donor and recipient cells; KO cells
exhibited a reduction of 31 & 5%, siRNA-treated cells exhibited

a reduction of 57 & 6%, and cambinol-treated cells exhibited a
reduction of 50 £ 9% (Figure 6C). Hypoxia did not alter the
amount of oa-syn transfer between cells, nor did it influence
oa-syn transfer in the nSMase2 KO lineage; the rates of transfer
among KO cells and KO cells exposed to hypoxia were not
significantly different.

Cocultured cells were vulnerable to hypoxia-induced toxicity
(Figure 6D), which caused technical limitations for analyzing
donor and recipient cells separately. Hypoxia-exposed cells
exhibited an increase in monomeric a-syn compared to that in
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FIGURE 5 | Continued
(G) DHCer, and (H) GlcCer relative to all acyl chains. Short chains are considered C16-C20, and long chains are considered C21-C24. “4” denotes an increase and

“]” denotes a decrease, with tp < 0.05, 41p < 0.01, +11p < 0.001, and +111p < 0.0001 relative to the normoxic control with respective direction. Detailed lipid
information is provided in Supplementary Table S2.
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FIGURE 6 | nSMase2 expression is a critical component in the transmission of oa-syn between neuron-like cells. (A) EV abundance, as measured by the
acetylcholinesterase (AChE) activity, of EVs isolated from donor cells treated with oa-syn (n = 4). (B,C) Flow cytometry analysis of the oa-syn (B) ratio of uptake in
donor cells and (C) ratio of transfer to recipient cells after 24 h of coculture (Co) (n = 6). The provided ratios are relative to WT SH-SY5Y uptake and transfer, where
the control = 1.0. (D) LDH assay demonstrating cytotoxicity after 24 h of coculture (n = 6). (E-G) Western blot analysis of (E) a-syn after 24 h of coculture and
quantifications demonstrating the expression of (F) 15-kDa monomeric a-syn and (G) high MW a-syn (~25-250 kDa) relative to that of g-actin. The data are
presented as the mean + SEM relative to the control (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001.

negative cocultures, but this increase was not significant when presence and absence of hypoxia compared to that in control
compared to control cocultures (Figures 6E,F). A similar effect cocultures, although these differences were not significant
was observed for high MW a-syn (Figures 6E,G). nSMase2 (Figures 6E-G). Studies have shown that the phosphorylation
KO did not provide any protection against hypoxia-induced of a-syn at serine 129 (pS129) is a disease-specific modification
cytotoxicity in cocultures; in fact, nSMase2 KO cocultures found in Lewy bodies (Fujiwara et al., 2002) and that oxidative
resulted in an increase in cell death compared to hypoxia-exposed  stress induces a-syn pS129 (Takahashi et al, 2007). Our
cocultures (Figure 6D). nSMase2 KO cocultures displayed a model showed a trend toward increased pS129 under hypoxic
minor reduction in monomeric and high MW a-syn in the conditions; however, this increase did not achieve statistical
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significance (Supplementary Figure S4). Taken together, these
data indicate that oa-syn can be readily detected in EVs and
that the depletion of the ESCRT-independent related protein
nSMase2 causes a substantial reduction in protein propagation
between cells. By reducing the production of EVs, we showed
that oo-syn transmission was halved even when some EV
production persisted. This alludes to the notion that, although
other mechanisms of transfer are likely also at play, the cell-to-
cell transfer of oa-syn relies heavily upon EVs produced through
the ESCRT-independent pathway.

DISCUSSION

This study is the first to investigate whether the inhibition
of nSMase2 reduces the transfer of oa-syn between neuron-
like cells. Furthermore, we also examined whether hypoxia
contributes to oa-syn propagation in this system. Small EVs,
such as exosomes, appear to play an important role in several
pathological and physiological processes. EVs mediate the
intercellular transfer of cell signaling products, and these particles
can carry large aggregated proteins, including oa-syn (Alvarez-
Erviti et al., 2011; Danzer et al., 2012; Delenclos et al., 2017).
Additionally, exosomal oa-syn has been shown to be taken up
more readily than free oa-syn (Danzer et al., 2012), with recent
studies showing that exosomal a-syn is found in the CSF (Stuendl
et al,, 2016) and plasma (Shi et al., 2014) of PD patients, further
emphasizing the importance of these vesicles in the pathogenic
propagation of a-syn. EVs can be formed through different
pathways; however, it is still unclear if these pathways produce
distinct populations of EVs and if they depend on context-
specific regulation [reviewed in Juan and Firthauer (2018)]. One
of the major pathways by which EVs are created involves the
phosphodiesterase enzyme nSMase2, which hydrolyses SM to
produce Cer and forms EVs through the ESCRT-independent
pathway (Marsh and van Meer, 2008). Several studies have
investigated SM metabolism in Alzheimer’s disease [reviewed
in Bienias et al. (2016)], and one of these studies found that
inhibiting nSMase2 in APP/PS1 mice leads to a reduction in the
number of EVs in the brain and serum, a reduction in amyloid-
B-42 concentration in plaques, and decreased levels of most Cer
species in the serum (Dinkins et al., 2014). Furthermore, it has
been shown that inhibiting nSMase2 prevents prion packaging by
blocking EV formation (Guo et al., 2015), which is of particular
interest given the evidence that misfolded a-syn propagates in
a prion-like manner (Luk et al., 2012). Until now, there has
been a lack of knowledge in this area regarding PD. Our results
showed that inhibiting nSMase2 reduces the amount of high
MW a-syn, indicating that nSMase?2 is involved in promoting the
fibrilization of a-syn or preventing its clearance. Furthermore,
inhibiting nSMase2 significantly reduced the amount of oa-syn
that was transferred to recipient cells by 31-57%. This effect
depends on the transfer mechanisms of the donor cell, not a
failure to internalize exogenous oa-syn, as nSMase2 inhibition
did not affect the uptake of oa-syn.

Oxidative stress is thought to be an underlying mechanism
that leads to cellular dysfunction in PD patients [reviewed in

Hwang (2013)], and it has been shown that oxidative stress can
activate nSMase2 production and induce apoptosis (Levy et al.,
2006; Castillo et al., 2007). However, it is unclear if oxidative
stress activates nSMase2 and Cer production in neuronal cells
and if this is altered by the presence of oa-syn. Gu et al.
determined that, in astrocytes, but not in neurons, nSMase
activity increases following brain ischemia in rodents, which in
turn leads to neuronal damage (Gu et al., 2013); however, here
we show that nSMase2 is mildly sensitive to hypoxia in neuron-
like cells. Contrary to this study, we observed that hypoxia
reduces nSMase2 at the protein level in neuron-like cells, but
this reduction does not correlate with a reduction in enzymatic
activity. Oxidative stress may cause modifications that result
in increased enzyme activation, even with lower levels of total
protein, as it has been suggested that, under normal conditions,
nSMase2 primarily exists as an inactive enzyme, while oxidative
stress initiates its movement to the plasma membrane where
it can generate Cer (Castillo et al., 2007). A similar effect was
also observed in the siRNA-treated cells despite them having
unaltered enzymatic activity even with reduced protein levels.
Since the half-life of nSMase2 in HAE cells has been reported to
be 20 h (Filosto et al., 2012), the remaining protein detected after
48 h may also be sufficient for the required enzymatic demands
of cells. Levy et al. showed that oxidative stress increases Cer
production, inducing cell death (Levy et al., 2006), while another
study showed no changes in Cer in response to oxidative stress
(Devlin et al., 2011). Others have reported that decreased Cer
may be protective under hypoxia by promoting anti-apoptotic
conditions (Epstein et al., 2009). In this study, under hypoxia,
we observed a decrease in total Cer levels that correlated with
an increase in cell death. DHCer is converted to Cer through
de novo synthesis, correlated with the induction of autophagy
[reviewed in Grosch et al. (2012)], and induced by hypoxia
(Devlin et al., 2011; Testai et al., 2014). Accordingly, we observed
an increase in DHCer after the induction of hypoxia, but this
DHCer profile was mitigated after a reduction in nSMase2
and oa-syn treatment, presumably as a protective function to
limit apoptosis, as previously described (Dinkins et al., 2014;
Shi et al., 2014; Delenclos et al.,, 2017; Juan and Farthauer,
2018). Currently, DHCer levels have only been evaluated in
the plasma of PD patients (Guedes et al., 2017), but given our
findings that reducing nSMase2 alleviates the hypoxia-induced
DHCer increase, a further evaluation of this lipid in PD brains
would be valuable. As oxidative stress is prevalent in PD, the
pharmaceutical inhibition of nSMase2 might prove beneficial.
Changes in acyl chain lengths may be important because
EV lipid rafts are influenced by the raft composition of the
originating cell (Skotland et al., 2017) and may affect how a-syn
binds to them (Kubo et al., 2015). EVs incorporate the lipid rafts
of the originating cell during their generation and are enriched
in cholesterol, SM, glycosphingolipids, and phosphatidylserine
(Bienias et al., 2016). Lipid rafts in PD patients have reduced
total SM levels (Fabelo and Martin, 2011), which is similar to
what we observed in whole cells under hypoxia, and therefore
likely affect affecting lipid raft composition. Similarly, it has been
shown that Cer acyl chain composition shifts toward shorter
acyl chain lengths at the expense of longer chain lengths in the
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anterior cingulate in PD brains (Abbott et al., 2014). However, we
observed a significant reduction in the short chain SM 16:0, Cer
16:0, and GlcCer 16:0 and an increase in the long chains SM 24:0,
Cer 24:1, DHCer 24:1, and GlcCer 22:0 under hypoxic conditions,
while nSMase2 inhibition reduced this shift. In aged WT mice,
an increase in Cer and SM long chains and a decrease in DHCer
short chains have been observed (Vozella et al., 2017), and Cer
long chains are associated with mitochondrial damage and cell
death (Law et al., 2018); thus, this is a useful model for studying
these changes in vitro. However, additional research in PD brains
needs to be conducted to further elucidate which sphingolipids
are dysregulated, as it has been speculated that lipid dysregulation
may depend on the brain region investigated (Cheng et al., 2011;
Fabelo and Martin, 2011; Abbott et al., 2014; Murphy et al., 2014;
Gegg et al., 2015).

The a-syn peptide has a high affinity for lipid rafts, and the
lipid composition of these rafts changes the binding behavior of
a-syn, affecting its localization to synapses (Fortin et al., 2004;
Kubo et al.,, 2005, 2015). Additionally, synthetic lipid vesicles
prepared from neuroblastoma cells accelerate a-syn aggregation
(Marie et al.,, 2015), suggesting that the lipids in EVs themselves
are instrumental to the self-aggregation properties of a-syn. Our
findings that oa-syn treatment induced an increase in high MW
a-syn (~25-250 kDa) in donor cells while nSMase2 KO cells
displayed a significantly reduced amount of high MW a-syn
support and extend the importance of nSMase2, and therefore
lipid generation and constitution, for a-syn aggregation. Fussi
et al. (2018) showed that inhibiting autophagosomes increases
exosomal a-syn secretion, presumably to reduce the intracellular
a-syn burden. We speculate that blocking EV formation may
eliminate one pathway by which cells reduce their intracellular
oa-syn burden and thus may upregulate lysosomal-autophagy
pathways in an attempt to degrade the a-syn within the cell.
Another speculation is that oa-syn may be packed into larger
microvesicles that are not as easily taken up by surrounding
cells, as it has been reported that inhibiting nSMase2 increases
the secretion of larger vesicles originating from the plasma
membrane (Menck et al., 2017). Although oxidative stress has
been shown to induce a-syn aggregation (Hashimoto et al,
1999; Scudamore et al., 2018), we observed a minor reduction
in a-syn aggregation in response to hypoxia, but only in donor
cells alone. We also observed an upregulation in a-syn gene
expression (SNCA) in donor cells under hypoxia but observed
no changes in monomeric a-syn protein expression, possibly
due to a reduction in the overall rate of mRNA translation in
cells under hypoxic conditions (Koritzinsky and Wouters, 2007).
Interestingly, oa-syn treatment in donor cells also contributed
to a shift back toward shorter acyl chain lengths, but only
under hypoxia. Long acyl chains are more hydrophobic than
shorter chains, which causes slower desorption from the plasma
membrane (Fielding, 2007) and a disruption in lipid raft
formation (Grosch et al., 2012). a-Syn may cause a reduction
in lipid complexity in favor of increased desorption in response
to hypoxic stress as a cellular defense mechanism. Guitart
et al. (2016) showed that the release of EVs carrying prion
proteins results in improved survival of neurons under hypoxic
conditions. Although we observed a decrease in oa-syn transfer

in KO cells under hypoxia, this decrease did not improve cell
survival in this system.

It has been shown that hypoxia induces EV secretion (Michael
et al., 2012; Kilic et al.,, 2018), but the degree of EV secretion
varies depending on the cell model and method of hypoxia used
(Tomazin, 2014; Ramteke et al., 2015). In the model used for
this study, hypoxia upregulated many ESCRT-related genes, such
as TSG101, CHMP4A, and CD81, which are some of the main
components involved in the formation of EVs through ESCRT-
dependent pathways (Van Niel et al., 2006; Baietti et al., 2012).
However, the protein expression of CD81 and TSG101I has been
shown to increase in response to hypoxia without affecting the
number of total EVs generated (Ramteke et al., 2015), while
CHMP4A upregulates hypoxia response elements (Shi et al,
2010) and may lead to a decrease in total EVs (Colombo et al.,
2013). Our model displayed no change in EV abundance in
response to hypoxia in control cells. This indicates that there
is a shift toward different EV generation pathways, such as
a greater reliance upon the ESCRT-dependent pathway, under
hypoxia. This is particularly evident when nSMase2 is reduced;
KO, siRNA, and cambinol all significantly reduced the transfer
of oa-syn between cells, whereas under hypoxia, cells did not
show a reduction in transfer or any reduction in EV abundance.
Importantly, the high degree of oa-syn transfer was abolished
even under hypoxia when nSMase2 was knocked out. Another
study has also indicated that other nSMase isoforms play a role
in EV biogenesis, but that the packing of aggregated proteins into
EVs was specifically nSMase2 dependent (Guo et al., 2015). This
provides strong evidence for the importance of the formation
of EVs by nSMase2 as a critical pathway by which oa-syn is
propagated between cells.

Our findings show that oa-syn transfer is significantly
decreased when nSMase2 is reduced, providing a new avenue
for exploring disease-modifying therapeutics for PD. Since these
exosomal pathways have been implicated in the propagation of
other neurodegenerative diseases, including Alzheimer’s disease,
tauopathies, and prion diseases, this could be a useful approach
for generalized neuroprotective therapy. However, the direct
mechanism by which this is accomplished requires further
investigation. This study supports the need for a deeper
investigation of sphingolipid metabolism in PD patients to
further elucidate the lipid dysregulation and lipid—protein
interactions observed in PD.

CONCLUSION

In conclusion, we demonstrated that reducing nSMase2
significantly decreases the transfer of oa-syn between neuron-
like cells and reduces a-syn aggregation, even under hypoxic
conditions. Inhibiting nSMase2 could be a beneficial strategy for
reducing the pathogenesis of PD.
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FIGURE S1 | Confirmation of the nSMase2 KO cell line. (A,B) KO was confirmed
in the nSMase2 KO D3, D9, D12, and C12 clone lines by (A) Western blot analysis
with an N-terminal antibody and (B) in the nSMase2 KO D3 clone line by
immunofluorescence using C- and N-terminal antibodies. From these data,
nSMase2 KO D3 was selected for use in further studies. Representative confocal
images using DAPI (blue) and anti-nSMase2 conjugated to Alexa Fluor 488 (green)
(n = 3). The scale bar indicates 100 pum.

FIGURE S2 | Confirmation of oligomeric a-syn preparations. (A) SEC analysis of
a-syn to confirm oligomer specificity. (B) TEM image of a-syn depicting spherical,
ring-like oligomers. a-Syn peptides were heterogeneous in shape and size and
could be categorized into three groups, namely, spherical, curvilinear, and ring-like
oligomers, based on their shape. The scale bar indicates 500 nm.

FIGURE S3 | Characterization of EVs isolated by step gradient ultracentrifugation.
(A) Size distribution of EVs isolated from donor cells by NTA presented in a
representative graph [mode particle size 71.61 &+ 4.93 nm (n = 8)]. (B) Western
blot showing the expression of the common EV marker, flotillin-1, and a-syn in EVs
isolated from control cells (control EVs), EVs isolated from cells treated with oa-syn
(oa-syn EVs), and cell lysates from control cells.

FIGURE S4 | Phosphorylation of a-syn at Ser129 is increased under hypoxia but
does not achieve statistical significance. (A) Expression of pS129 after 24 h of
coculture (Co), as determined by Western blot. (B) Quantification of the Western
blot results relative to B-actin expression. The data are presented as the

mean + SEM (n = 3).

TABLE S1 | Complete RT-PCR data presented as the AC; values + SEM (n = 3).

TABLE S2 | Sphingolipid analysis of SM, Cer, DHCer, GlcCer, and LacCer, as
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Chronic stress is a key risk factor for depression, and microglia have been implicated
in the pathogenesis of the disease. Recent studies show that the Nod-like receptor
protein 3 (NLRP3) inflammasome is expressed in microglia and may play a crucial
role in depression. However, the mechanism of NLRP3 inflammasome activation
in hippocampal microglia and its role in depressive-like behaviors remain poorly
understood. In this study, rats were subjected to 6 h of restraint stress per day
for 21 days to produce a model of stress-induced depression. Behavioral tests and
serum corticosterone were used to assess the success of the model. Furthermore,
HAPI cells were pretreated with dexamethasone (5 x 10~/ M) to assess stress-
induced changes in microglial cells in culture. The microglial marker Iba-1, reactive
oxygen species (ROS), nuclear factor kappa B (NF-kB) and key components of the
NLRP3 inflammasome and its downstream inflammatory effectors (IL-1f and IL-18)
were measured. Chronic stress induced depressive-like behavior, increased serum
corticosterone levels and produced hippocampal structural changes. Chronic stress and
dexamethasone both increased Iba-1 expression and ROS formation and also elevated
levels of NF-kB, NLRP3, cleaved caspase-1, IL-1p and IL-18. After use of the NF-kB
inhibitor BAY 117082 and knocked out NLRP3 in vitro decreased ROS formation and
the expression of Iba-1, NF-kB and NLRP3 as well as levels of cleaved caspase-1,
IL-18 and IL-18. These findings suggest that activation of the glucocorticoid receptor-
NF-kB-NLRP3 pathway in hippocampal microglia mediates chronic stress-induced
hippocampal neuroinflammation and depression-like behavior.

Keywords: stress, glucocorticoid, NLRP3 inflammasome, hippocampal microglia, neuroinflammation,
depressive-like behaviors

INTRODUCTION

Depression is a common mental disease with high morbidity, recurrence and mortality and is a
serious global health problem (Yang et al., 2019). Stress, especially chronic stress, is considered an
important risk factor for depression, and it severely impairs cognition and learning and memory
functions (Hayden et al., 2010). Chronic stress activates hypothalamic-pituitary-adrenal (HPA)
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axis, which results in persistent release of glucocorticoids
throughout the brain (Rivier and Vale, 1983), especially the
hippocampus (Zhao et al., 2015). The glucocorticoid receptor
(GR), which is the main receptor for glucocorticoids, is highly
expressed in the hippocampus (Joels, 2011). Furthermore, several
studies have shown that the hippocampus, amygdala and the
prefrontal cortex play major roles in depression (Price and
Drevets, 2010). In particular, the hippocampus, a stress-sensitive
limbic structure, is important for cognition and spatial memory,
and these functions are impaired in depressive disorder (Austin
etal., 2001). Thus, the hippocampus is intimately involved in the
pathophysiology of depression.

Microglia are the resident immune cells in the CNS, and
depression is increasing considered a microglial disease (Yirmiya
etal,, 2015). Furthermore, preclinical studies show that microglia
activation is involved in the pathogenesis of depression (Bollinger
et al., 2016). Accumulating evidence indicates that microglial
cells are widely distributed in the hippocampus and prefrontal
cortex, which are brain regions that have a critical role in the
regulation of mood and behavior (Lawson et al., 1990; Drevets
et al., 2008). Furthermore, hippocampal microglial activation
promotes the release of inflammatory factors, which results
in the disruption of neuroplasticity and cognitive impairment,
thereby contributing to the development of depression (Walker
et al, 2013; Singhal and Baune, 2017). Microglial activation
is a key mediator of neuroinflammatory processes (Tronel
et al., 2017), and neuroinflammation plays a crucial role in the
pathogenesis of depression (Zhang C. et al., 2019). In particular,
HPA axis hyperactivity induces the overproduction of brain
pro-inflammatory cytokines through microglial activation (Brites
and Fernandes, 2015), and this phenomenon is consistently
observed in subjects with depressive disorders (Zou et al., 2018).
However, the mechanisms underlying chronic stress-induced
hippocampal microglia activation and neuroinflammation in
depression remain unclear.

Recent studies show that the Nod-like receptor protein 3
(NLRP3) inflammasome and related pathways are associated
with the pathogenesis of depression (Xu et al., 2016; Gao et al.,
2018). NLRP3 inflammasome activation is observed in animal
models of depression (Zhang Y. et al, 2015) as well as in
depressive patients (Alcocer-Gomez et al, 2014). One study
shows that the antidepressant mechanism of silymarin may be
associated with inhibition of neuroinflammation and NLRP3
inflammasome activation in CUMS-induced depression, at least
in part proves that NLRP3 inflammasome activation is reduced
by antidepressant treatment, and accordingly, it is a potential
new target for the development of antidepressant strategies
(Ashraf et al., 2019). Studies have shown that activation of P2X7
receptor and the NLRP3 inflammasome in hippocampal glial
cells mediates depressive-like behavior induced by chronic stress
(Yue et al., 2017). However, whether the NLRP3 inflammasome
is activated in hippocampal microglia during chronic restraint
stress and depression remains unclear.

Reactive oxygen species (ROS) are important activators of
inflammation mediated by the NLRP3 inflammasome (Zhou
et al, 2011). Furthermore, nuclear factor kappa B (NF-kB)-
induced oligomerization of NLRP3 with apoptosis-associated

speck-like protein containing a CARD (ASC) and pro-caspase 1
forms the NLPR3 inflammasome (Gross et al., 2011). In response
to stress, the activated NLRP3 inflammasome cleaves pro-caspase
1 to the mature caspase-1 pl0 and p20. Subsequently, inactive
pro-IL-1f and pro-IL-18 are converted into their active forms,
IL-1p and IL-18 (Walsh et al., 2014). In addition, IL-1f, whose
secretion is tightly controlled by the NLRP3 inflammasome,
plays a critical role in the pathogenesis of depression (Park
et al., 2015). Recent studies suggest that chronic glucocorticoid
administration increases ROS levels in the brain (Uchihara et al.,
2016) and promotes NF-kB transcription (Pace and Miller, 2009).
Moreover, glucocorticoids upregulate both mRNA and protein
levels of NLRP3 in macrophages and microglia (Frank et al.,
2014). However, it remains unclear whether glucocorticoid-
induced neuroinflammation and depressive behavior in the
chronic restraint stress model of depression involves microglial
NLPR3 inflammasome activation.

We  hypothesized  that  chronic  stress-induced
neuroinflammation and depressive behaviors are associated
with activation of the GR-NF-«kB-NLRP3 signaling pathway
in hippocampal microglia. In this study, we used the chronic
restraint stress-induced model of depression as well as cultured
HAPI cells treated with dexamethasone (DEX, a glucocorticoids
hormone) to investigate whether chronic stress-induced
hippocampal neuroinflammation is mediated by the GR-NF-«B-
NLRP3 pathway, and which might be a new target and offer new
perspectives on depression research. The results also provide a
theoretical basis for the development of new antidepressants.

MATERIALS AND METHODS

Animals

This study was approved by the ethical committee of Northeast
Agricultural University (SRM-11), and experiments were carried
out in accordance with the National Institutes of Health Guide
for Care and Use of Laboratory Animals. For experiments,
sixty adult (8 weeks old) male Wistar rats weighing 200-210 g
(purchased from the Harbin Medical University Laboratory
Animals Institutes, China) were housed at 22-24°C with
appropriate humidity and a 12 h alternating light-dark cycle.
Rats were housed in groups of 3 rats in standard polypropylene
cages and ad libitum access to food and water. Animals were
acclimated to the environment for 7 days before the beginning
of the experiment.

Experimental Design

Rats were randomly divided into two weight-matched groups:
control group (C, n = 30) and chronic stress group (CS, n = 30).
12 rats in each group were used for behavioral experiments,
and the remaining 18 were used for subsequent experiments.
The chronic restraint stress procedure was performed between
9:00 and 15:00, as previously described (Zhao et al., 2013; Seo
et al., 2017). Briefly, except rats in C group, all rats were daily
restrained into a transparent plexiglass tube (26 cm long and 8 cm
in diameter) for 6 h over 21 consecutive days (Figures 1A,B).
During CS group rats were restrained, the rats in the C group
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FIGURE 1 | The Wistar rats were challenged with chronic restraint stress with 6 h each day during 21 consecutive days. (A) Images of restrained rats (n = 12) for
behavioral testing, (B) Image of restrained rats (n = 18) for subsequent experiments, (C) Schematic diagram showing the schedule of Body weight, Fecal pellet
output (FPO), Sucrose preference test (SPT), Open field test (OFT), Forced swimming test (FST).
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Behavioral tests

stay in their home cages without water and food. After stress, rats
in the C and CS groups were given conventional feed and free
drinking water. The body weights in the C and CS group were
measured on the 0, 7, 14, and 21 days. The behavioral experiments
started on day 22 to 24 after 21 consecutive days restrained. At
least 24 h between each behavior (Figure 1C).

Fecal Pellet Output

After 6 h of restraint stress, the number of pellets released
during restraint in the CS rats was collected. Considering that rat
isolation may cause a stress response, 3 rats in the C group were
kept in a cage, and the fecal output of the C group represents the
mean value for a group.

Behavioral Tests

Open Field Test

The open field test (OFT) was performed as previously described
(Lee et al., 2014). The open-field box (100 cm x 100 cm X 40 cm)
is made of wood and painted black inside. The bottom of the box
is evenly divided into 25 squares. A camera was placed above the
box to track and record rat performance. On day 22, rats were
placed in the center of the open field box, and the rats’ behavior
was monitored for 3 min, including total distance, average speed,
number of crossings and number of rearing. The device was
cleaned with 70% ethanol thoroughly after each trial. Open field
test was analyzed and recorded by Super Maze software (Shanghai
Softmaze Information Technology Co., Ltd., Shanghai, China).

Sucrose Preference Test

The sucrose preference test (SPT) was improved on the basis
of predecessors (Overstreet, 2012). In a word, after deprivation
of food and water for 12 h, rats were domesticated for 12 h,
as two 1% sucrose bottles for 6 h, and then one of the 1%
sucrose bottles was replaced with tap water for the next 6 h. On

the day of the experiment, rats were given a bottle of 200 ml
tap water and a bottle of 200 ml 1% sucrose solution for 12 h
(6 h light/6 h dark). After 6 h of testing, change the position
of the two bottles to avoid position preference. Percentage
(sucrose intake/sucrose intake plus water intake) is expressed as
sucrose preference.

Forced Swimming Test

The forced swimming test (FST) is performed as previously
described and used to assess depressive-like behavior in animal
models (Bogdanova et al., 2013; Lee et al., 2014). In this study,
rats were placed individually into a vertical plexiglass cylinder
measuring 45 cm height and 20 cm diameter containing water at
25 £ 1°C, and the cylinder water depth of 30 cm. The swimming
sessions consisted 20 min and the lasted 5 min was recorded as
test session. The FST sessions in 5 min were recorded by a video
camera for later analysis. After completion of the FST, the rats
were removed from the water, well dried with paper towels, and
returned to their warm cages.

Blood and Tissue Samples Collection

On day 21, at the end of the last chronic restraint stress, except
for the rats that performed the behavioral experiments, the
remaining rats were immediately anesthetized with isoflurane
(Yipin Pharmaceutical Co., Ltd., Hebei, China). Then blood
samples were collected quickly by heart puncture, and the
supernatant was collected by centrifugation at 3000 rpm for
10 min at 4°C and stored at —80°C use for corticosterone
assay. Simultaneously, brains were removed, brains (n = 6) per
group were placed in 10% paraformaldehyde for hematoxylin
and eosin staining (H&E) and immunohistochemistry (IHC).
Hippocampal areas were isolated, hippocampus (n = 6)
per group were placed in 3% glutaraldehyde to observe
the changes of the ultrastructure of the hippocampus.
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Hippocampus (n = 6) per group were removed and
immediately measured the concentration of ROS in the
hippocampus, the rest of hippocampus were stored at —80°C for
subsequent experiments.

Histological and Ultrastructural

Observations

Once the hippocampus was fixed, hippocampus sections (3 jtm)
were fixed in formalin for at least 24 h and embedded in
paraffin prior to examination. The hippocampus sections were
then stained using H&E (WUHAN XINXINJIALI Bio-tech Co.,
Ltd., Wuhan, China). After these procedures, sections were
observed with light microscopy (TE2000, Nikon, Japan) and the
camera (Canon, Tokyo, Japan) with the software was used for
image capturing.

The hippocampus was cut into 1 mm?> blocks, fixed in 3%
glutaraldehyde for 48 h. The blocks were post fixed with 1%
osmium tetroxide for 2 h. Afterward, the blocks were dehydrated
in a graded series of acetone (50, 70, 90, and 100%) for
10 min each times. Then embedded in fresh pure Epon812
resin and allowed to polymerize at 60°C for 2 h. Samples were
sectioned (60 nm) stained with lead citrate during 5 min. Samples
were viewed and photographed with a transmission electron
microscope (TEM, Tecnai-G212, FEI Company, Netherlands).

Serum Corticosterone Assay

According to the kit instructions, the serum corticosterone
levels were measured using Corticosterone ELISA Kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Immunohistochemistry Staining

After hippocampus tissue embedded in paraffin, 3 pm thick
sections were prepared for IHC. Dewaxing with xylene, hydration
with different degrees of ethanol and incubation with 3%
H,0; blocked the production of endogenous peroxidase. After
incubation with goat serum, primary antibody anti-GR (1:400,
Bioss antibodies, Beijing, China) was applied in blocking
solution overnight at 4°C. After incubated with HRP- conjugated
goat anti-rabbit IgG (1:100, Beyotime Biotechnology, Shanghai,
China) for 30 min, and then reacted with DAB substrate for
5 min. The sections were counterstained with hematoxylin for
3 min. Images were captured using an Olympus microscope.

Cell Culture and Drug Treatments

HAPI cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in
DMEM medium (HyClone) supplemented with 10% FBS (BI),
penicillin/streptomycin (100 U/mL; 100 pg/mL) at 37°C in 5%
CO; atmosphere. The HAPI cells were seeded in 6-well plates or
96-well plates with 8 x 10* cells/well and the culture medium was
changed daily. The cell experiments were grouped as follows:

Control group (CON): The cells were incubated in
complete medium without any treatment.

Dexamethasone group (DEX): The cells were incubated in
complete medium for 24 h with 5 x 1077 M dexamethasone

(Sigma-Aldrich, San Francisco, CA, United States, D4902,
>97%, dissolve in ethanol).

NF-kB P65 inhibitor group (BAY): The cells were
pretreated with 10 uM BAY117082 (Selleck.cn, Shanghai,
China) for 30 min before incubated in complete medium
for 24 h with 5 x 10~7 M dexamethasone.

NLRP3 knock out group (sgNLRP3): The NLRP3 knock-
out cells were incubated in complete medium for 24 h with
5 x 107 M dexamethasone.

Vehicle group (E): The cells were incubated in complete
medium for 24 h with ethanol. The final ethanol
concentration did not exceed 0.2%.

CRISPR/Cas9 Mediated Genome Editing
NLRP3 knock-out cells were generated using CRISPR/Cas9
technology. HAPI cells were seeded (5 x 10> cells/well) in
6-well plates and grown in DMEM supplemented with 10%
FBS for 24 h at 37°C with 5% CO,. The Cas9 and gRNA
expressing plasmid PX459 V2.0 (gift from Linlin Li, Lanzhou
Veterinary Research Institute, China) was used for gene editing.
The CRISPR target sites were: ACGCTAATGATCGACTTCAA
(NLRP3). HAPI were transfected with 500 ng plasmid and 1.5 pL
of Lipofectamine 2000 in Opti-MEM (Thermo Fisher Scientific)
according to manufacturer’s instructions. The transfection was
stopped after 6 h by replacing the medium with fresh complete
serum containing medium. The cells were selected 5 days after
transfection with puromycin (1 mg/mL, LEAGENE, Beijing,
China) and doxycycline (10 pg, LEAGENE, Beijing, China).
Monoclonal build stable cell lines. The phenotype was confirmed
by Western blot.

Cell Counting Kit-8 (CCK-8) Assay

Cell viability was measured by using the CCK8 assay (Beyotime
Institute of Biotechnology, Suzhou, China). To assess the effects
of dexamethasone on cell proliferation, the cells were incubated
in DMEM medium for 24 h at the concentration gradient from
5x 107 Mto 1 x 1078 M. 10 pL of CCK-8 solution reagent
was added to 100 L of culture medium in each well. The
absorbance of each well was read at a wavelength of 450 nm on
a BioTek microplate reader (BioTek Instruments, Thermo Fisher
Scientific, Winooski, VT, United States).

LDH Release Assay

Released LDH in culture supernatants from damaged cells
was measured with LDH assay kit (Beyotime Biotechnology,
Nantong, China) by following manufacturer’s instruction.
Determination of absorption of samples at 490 nm using a BioTek
microplate reader.

The calculation of % cytotoxicity followed the below equation,
these values were subsequently normalized and expressed as a
percentage of control.

%  Cytotoxicity:  [Experimental (0OD490) — Blank
(OD490)] x 100/[Maximum LDH release (OD490) — Blank
(0OD490)]
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Measurement of Intracellular ROS

Accumulation

Intracellular ROS accumulation was determined by an
ROS assay kit (Beyotime Biotechnology, Shanghai, China)
that utilizes DCFH-DA as a fluorescent probe. After
dexamethasone treatment, cells were incubated with
10 mM of DCFH-DA at 37°C for 30 min. Intracellular
ROS were determined by a fluorescence microscope at
an excitation wavelength of 488nm and an emission
wavelength of 525 nm.

Immunofluorescence Staining

HAPI cells samples were prepared for immunofluorescence
(IF) assays. The primary antibodies were anti-p-NF-kB P65
(1:100, Cell Signaling Technology, Danvers, MA) and anti-Iba-
1 (1:100, Abcam, Cambridge, United Kingdom). Then the slides
were mounted by using DAPI (Goodbio Technology, Co., Ltd.,

Wuhan, China). Images were acquired with a Nikon Eclipse Ni
inverted microscope (TE2000, Nikon, Japan).

Western Blot Analysis

Equal amounts of protein samples (28 j1g) were subjected to a
SDS-PAGE and transferred to PVDF membranes. Membranes
were blocked in 5% milk in TBST for 2 h followed by incubation
with the following primary antibodies as follows: anti-p-NF-
kB P65 (1:1000, Cell Signaling Technology), anti-NF-kB P65
(1:1000, Cell Signaling Technology), anti-Iba-1 (1:1000, Abcam),
anti--actin (1:7500, Bioss antibodies), anti-GR (1:1000, Bioss
antibodies), anti-NLRP3 (1:1500), anti-ASC (1:500), anti-pro-
caspase 1 (1:500), anti-caspase-1 p20 (1:750), anti-pro-IL-1f
(1:10000), anti-IL-1p (1:750), anti-IL-18 (1:1000) and anti-Lamin
B (1:750) both from Wanlei Biotechnology (Shenyang, China).
After three times washing with TBST, the membranes were
incubated with appropriate secondary antibody. The protein
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FIGURE 2 | Chronic stress induced depression-like behavior in rats. (A) Body weight gain, (B) Fecal Pellet Output, (C) OFT track diagram, (D) OFT data analysis,
(E) Sucrose Preference Test (SPT), (F) Forced swimming test (FST). Values are presented as mean + SEM (n = 12). *P < 0.05, **P < 0.01 versus C group. Student’s
two-tailed t-test (A,B,D-F).
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bands were visualized by the ECL detection system (Thermo
Scientific, Waltham, MA, United States) and quantified using
Image | software. Nuclear and Cytoplasmic Protein Extraction
Kit (Applygen Technologies, Co., Ltd., Beijing, China) was
used to extract the cytoplasmic/nuclear proteins of NF-kB P65
according to the manufacturer’s protocol.

Statistical Analysis

Data were expressed as mean £ SEM (standard error means).
Unpaired two-tailed Students t-test was used to two groups’
comparison. One-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test was used to multi-group comparison.
Statistical analysis and Graphs were made using PASW Statistics
18 software (SPASS, IL, United States) and GraphPad Prism 8
software (GraphPad Software Inc., San Diego, CA, United States),
respectively. IHC intensity was quantified with Image-Pro Plus
software (Media Cybernetics, Rockville, MD, United States).
P < 0.05 was considered to be statistically significant.

RESULTS

Chronic Stress Affects Body Weight and
Fecal Output and Causes Behavioral

Deficits in Rats

The body weight of rats was measured every 7 days (Figure 2A).
Compared with the C group, weight gain was significantly
reduced in the CS group. In addition, we assessed the
physiological response to restraint stress by measuring daily
fecal output. As shown in Figure 2B, the number of feces
pellets was increased in the CS group. To verify the success
of the model, we conducted behavioral experiments. In the
OFT (Figures 2C,D), the total distance traveled, the number of
crossings and rearing times in the CS group were significantly
reduced, with no difference in average speed. In the SPT
(Figure 2E), sucrose consumption in the CS group was
reduced. In the FST (Figure 2F), immobility time in the
CS group was increased significantly, indicating behavioral

CAl

m
L@

FIGURE 3 | Chronic stress caused hippocampus microstructure and ultrastructure injury. (A) CA1 and CA3 regions of hippocampal (x 40), (B,D) C group showed
the normal cells morphology in CA1 and CAS region, (C,E) CS group showed the structures of neuronal cells were mussy and the cells morphology changed in CA1
and CA3 region. The red arrows (—) represent neurons displayed an irregular arrangement, enlarged pericellular spaces, the black arrows (—») represent
vacuolization of nerve cells and disappearance of nuclei, the yellow arrows (- ) represents neuronal pyknosis and the coloring became deeper (x400, n = 6).

(F) Ultrastructure of the hippocampus in C group, (G) Pathologic presentation of the ultrastructure of the hippocampus in CS group. (Scale bar = 2 wm, n = 6). The
red arrows (—») represent nucleus contraction, local rupture, the green arrows (—) represent mitochondrial swelling and the blue arrows (—) represent mild dilatation
of endoplasmic reticulum.
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despair. These results suggest successful production of the rat
model of depression.

Chronic Stress Results in
Histopathological and Ultrastructural

Changes in the Hippocampus
In the CAl and CA3 regions of the hippocampus (Figure 3A),
the neurons were arranged in an orderly manner, with clear

profiles and distinct nuclei and nucleoli in the C group
(Figures 3B,D). Hippocampal neurons displayed an irregular
arrangement, enlarged pericellular spaces (red arrows), an
unclear nuclear structure, the absence of clearly visible nucleoli
(black arrows), and neuronal pyknosis (yellow arrows) in the CS
group (Figures 3C,E).

Transmission electron microscopy showed that, in the C
group (Figure 3F), the nuclear membrane was complete, without
evidence of abnormalities in the mitochondria, endoplasmic
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hippocampal CA1 cells, the black arrows (=) represents positive cells, (E) The percentages of GR positive in hippocampal CA1 cells, (F) The content of ROS in
hippocampal. Data are expressed as mean + SEM (n = 6). *P < 0.05, **P < 0.01 versus C group. Scale bar = 20 um. Student’s two-tailed t-test (A,C,E,F).

Integral optical densit

41

N w
1 1

ROS (uM/ug protein)

(=]

Frontiers in Molecular Neuroscience | www.frontiersin.org

143

August 2019 | Volume 12 | Article 210


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Feng et al. GCs Triggers NLRP3 Inflammasome Activation
A B
. <-07 Nucleus hadod
=
o = 1.5
= :g_ 1.0
- g : j
= Q ¥ 0.5
=
LaminB 0.0 :
Cc cs
. 1.54 Cytoplasm
NF-«B P65 =
£ 8
Cytoplasm & &
yiop =8 wew
2 o — —
B -actin Q¥ ( T
=
cs
(o3 D
NLRP3 118KDa -
21oc "
— c * %
ASC 2KDa © & Em CS *
2 @ 1.54
2 e * % %%
Pro-Caspasel 35KDa o o
- X
£ o 1.0 =*
[7)] %
Caspasel P20 20KDa 2 2
E=r)
8 5 0.51
Q
Pro-IL-1B 35KDa o &
TL-15 | s | |71 D2 00 JE
&L F LS NS
03 I\ AN\
IL-18 | o — |8KDa Y &£ & I
P R
8
B-actin | se— — 43K D2 A <
FIGURE 5 | Chronic stress induces NF-kB p65 and NLRP3 inflammasome pathway in the hippocampus. (A) Cytoplasmic and nuclear NF-«kB p65 expression in
hippocampus, (B) Quantitative analysis of cytoplasmic and nuclear NF-kB p65 in hippocampus, (C) NLRP3 inflammasome components expression in the
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reticulum or other organelles. In the CS group (Figure 3G), the
hippocampus showed signs of pathological changes, including
nuclear shrinkage, rupture of the nuclear membrane (red
arrows), swelling/degeneration of mitochondria (green arrows)
and disappearance of the crests and mild dilation of the
endoplasmic reticulum lumen (blue arrows).

Chronic Stress Induces Glucocorticoid

Release and ROS Production

We speculated that chronic restraint stress would induce
corticosterone release, which can be used as an index of HPA
activation. Compared with the C group, serum corticosterone
levels were increased in the CS group (Figure 4A). Activation
of the HPA axis indicates that the rats did not adapt to daily
exposure to the homotypic stressor. The expression of Iba-1 in the

hippocampus was significantly higher in the CS group compared
with the C group, while the expression of GR in the hippocampus
was significantly reduced in the CS group compared with the
C group (Figures 4B,C). Immunohistochemical analysis showed
that the percentage of GR-positive cells (black arrows) was
reduced in the hippocampal CAl region in the CS group
compared with the C group (Figures 4D,E). Furthermore, ROS
content was significantly increased in the hippocampus in the CS
group compared with the C group (Figure 4F).

Chronic Stress Induces NF-«kB and
NLRPS3 Inflammasome Activation in the

Hippocampus
To investigate whether NF-kB and the NLRP3 inflammasome
are activated in the hippocampus of rats exposed to chronic
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FIGURE 6 | Dexamethasone increased LDH and ROS levels and activation HAPI cells. (A) HAPI cells morphology (x 200), the red arrows (=) represents cells
become ramified and some are star shaped with short thick processes, (B) CCK8 was used to detect cell viability after treatment with dexamethasone at different
concentrations in HAPI cells, (C) LDH release in HAPI cells of different groups [F(4,15) = 40.81 P < 0.01], (D) Microglia marker lba-1 was measured by
Immunofluorescence (x 400), the blue arrows (=) represents activated microglia, (E) The protein expression and quantitative analysis of Iba-1 [F(4,15) = 37.52
P < 0.01], (F) ROS levels in HAPI cells of different groups (x 200). Data are expressed as mean + SEM. **P < 0.01 versus CON group; #*#P < 0.01 versus DEX
group. One-way ANOVA followed by Tukey’s post hoc test (C,E).

restraint stress, we measured the protein expression levels of
NF-kB and NLRP3 inflammasome components. Nuclear NF-
kB p65 was significantly increased and cytoplasmic NF-kB
p65 was significantly decreased in the CS group compared
with the C group (Figures 5A,B). The expression levels of
NLRP3 inflammasome components (NLRP3, ASC and pro-
caspase 1) as well as caspase-1 p20, IL-1f and IL-18 were
significantly increased in the CS group compared to the C group,
(Figures 5C,D). These results suggest that chronic stress induces
NF-kB p65 expression and nuclear translocation, activates the

NLRP3 inflammasome and stimulates the production of IL-
1B and IL-18.

HAPI Cell Morphology and Optimum
Concentration of Dexamethasone

HAPI cell morphology is shown in Figure 6A. HAPI cells in the
CON group were mostly round, with high refraction and small
dark nuclei. In contrast, cells in the DEX group were ramified,
some with a star shaped and short thick processes (red arrows).

Frontiers in Molecular Neuroscience | www.frontiersin.org 145

August 2019 | Volume 12 | Article 210


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

GCs Triggers NLRP3 Inflammasome Activation

Feng et al.
N NLRP
A CON__DEX_BAY sgNLRP3 _E C  PNF-«B p65 DAPI Merge
Nucleus
Lamin | W0 WD WD GO @S9 | | CON
NF-kB P65
Cytoplasm
B-actin | WG a— S — DEX
B
1.5 Nucleus
g |
§ g 1.0 1 ;]#§ #3
28 w
s 0 0.5 BAY
i
<
0.0- T T
S & & \ggn’ s
D
S
157 Ciffopiesen sgNLRP3
5 #t

Density Ratio
(NF-KB p65/B-action)

ANOVA followed by Tukey’s post hoc test (B).

FIGURE 7 | Dexamethasone exposure increased the expression of NF-kB p65 and promoted it translocate into nucleus in HAPI cells. (A) Cytoplasmic and nuclear
NF-kB p65 expression in HAPI cells, (B) Quantitative analysis of cytoplasmic and nuclear NF-kB p65 in HAPI cells [nucleus, F(4,15) = 13.79 P < 0.01; cytosolic,
F(4,15) = 15.01 P < 0.01], (C) Immunofluorescence detected nuclear localization of NF-kB p65 in HAPI cells. Green indicates NF-kB p65 and blue indicates nuclear.
Data are expressed as mean + SEM (x200). **P < 0.01 versus CON group; *P < 0.05, #P < 0.01 versus DEX group; &P < 0.05 versus BAY group. One-way

To evaluate the optimum concentration of dexamethasone for
HAPI cells, the CCK8 assay was performed. HAPI cells were
exposed to dexamethasone at different concentrations (5 x 10~°
M, 1x107°M,5x 1077 M, 1 x 1007 M, 5 x 1078 M,
1 x 108 M) for 24 h. As shown in Figure 6B, the 5 x 1077 M
concentration resulted in ~50% viability.

Dexamethasone Increases LDH and ROS
Levels in HAPI Cells

To further explore changes in cell viability, we examined LDH
released into the cell culture medium. As shown in Figure 6C,
LDH release was significantly increased in the DEX group, while
it was significantly decreased in the BAY and sgNLRP3 groups.

The expression of the microglia marker Iba-1 was investigated by
immunofluorescence (Figure 6D) and western blot (Figure 6E).
After dexamethasone exposure, Iba-1 expression was increased
in HAPI cells (blue arrows), while it was significantly decreased
in the BAY and sgNLRP3 groups. We also evaluated the levels
of ROS in HAPI cells by immunofluorescence (Figure 6F). ROS
levels were significantly increased in the DEX group, while they
were significantly reduced in the BAY and sgNLRP3 groups.

Dexamethasone Activates NF-kB/NLRP3

Inflammasome Pathway in HAPI Cells
NF-kB may function as the upstream transcriptional activator
of NLRP3. To further clarify the role of the NF-kB-NLRP3
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inflammasome pathway in microglial, we used the NF-kB p65
inhibitor BAY117082 and knocked out the NLRP3 gene using
the CRISPR/Cas9 technique. Compared with the CON group,
nuclear NF-kB p65 levels were increased, while cytoplasmic NF-
kB p65 expression decreased in the DEX group. Compared
with the DEX group, nuclear NF-kB p65 was decreased, while
cytoplasmic NF-kB p65 was increased in the BAY, sgNLRP3 and
E groups. Compared with the BAY group, nuclear NF-kB p65
was increased, while cytoplasmic NF-kB p65 was unaffected in
the sgNLRP3 and E groups (Figures 7A,B). Immunofluorescence
analysis showed that after dexamethasone treatment, NF-«kB
p65 translocated to the nuclei in HAPI cells (Figure 7C).
In the BAY group, nuclear entry of NF-kB p65 was reduced
compared with the CON group. In the sgNLRP3 group, NF-«kB
p65 translocation into the nucleus was significantly decreased
compared with the DEX group, while there was no significant
difference from the CON group.

We measured protein levels of GR, NLRP3 inflammasome
components, caspase-1 p20, IL-1f and IL-18 in HAPI cells
(Figures 8A,B). Compared with the CON group, the expression
of GR was significantly decreased in the DEX, BAY and sgNLRP3
groups. NLRP3 inflammasome components, caspase-1 p20, pro-
IL-1B, IL-1B and IL-18 were significantly upregulated in the DEX
group compared with the CON group. NLRP3 inflammasome
components, caspase-1 p20, pro-IL-18, IL-18 and IL-18 were
significantly downregulated in the BAY group compared with the

DEX group, while there was no significant difference from the
CON group, except for NLRP3. ASC, pro-caspase 1, caspase-1
p20, pro-IL-1B, IL-1f and IL-18 were significant downregulated
in the sgNLRP3 group compared with the DEX group, while there
was no significant difference from the CON group, except for
ASC and pro-IL-1p. Taken together, these results demonstrate
that dexamethasone induces NF-kB p65 expression and nuclear
translocation, which in turn activates the NLRP3 inflammasome
and triggers an inflammatory cascade.

DISCUSSION

Numerous studies show that rats exposed to chronic restraint
stress, consisting of a daily 6-h restraint period for 21 consecutive
days, exhibit long-lasting depressive-like behavior (Donohue
et al,, 2006; Qiao et al., 2016). In the current study, we
used this chronic restraint stress model of depression.
Dexamethasone treatment of HAPI cells (a rat microglial
cell line) was used to mimic depression and validate the
in vivo findings. Firstly, we confirmed that chronic stress
caused depression-like behavior in rats. Secondly, chronic
stress induced excessive activation of the HPA (i.e., increased
serum corticosterone concentration). Thirdly, increased
glucocorticoid concentration may be the initial trigger of
hippocampal microglia activation and neuroinflammation.

Frontiers in Molecular Neuroscience | www.frontiersin.org

August 2019 | Volume 12 | Article 210


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Feng et al.

GCs Triggers NLRP3 Inflammasome Activation

Chronic
Stress

Pro-Caspasel
ASC [

s [ W)

E rY v ippocampal
GR\ ‘ ‘ ‘ ‘\ Neuro-
d NLRP3 Pro-IL-1B oannais
= inflammasome

Caspasel

_5_;

a CARD; IL-1B, Interleukin-18; IL-18, Interleukin-18.

Microglia

FIGURE 9 | lllustration for mechanism of chronic stress induces hippocampal neuroinflammation and depression-like behavior. Chronic stress activation the
GR-NF-kB-NLRP3 signal pathway in hippocampal microglia and eventually mediates cascade reaction of inflammatory factors (IL-1p and IL-18). Glucocorticoids
was an initial activator of NF-kB-NLRP3 signal pathway. The main effective inhibitors of this signal pathway are marked in red. GC, glucocorticoid; GR, glucocorticoid
receptors; ROS, Reactive oxygen species; NF-kB, nuclear factor-kB; NLRP3, NOD-like receptor protein 3; ASC, Apoptosis-associated speck-like protein containing

Ajquidsse

1

¢ _RP3
: ockout
¢

Fourthly, chronic stress elevated ROS levels, upregulated
NF-kB, and activated the NLPR3 inflaimmasome in the
hippocampus. Finally, NF-kB inhibitors and NLRP3 knockout
showed that NF-kB is a major activator of the NLRP3
inflammasome in microglia and the inflammatory cascade,
which induce microglia neuroinflammation. Thus, the GR-
NF-kB-NLRP3 signaling pathway in microglia triggers a
cascade of downstream inflammatory factors that mediates
chronic stress-induced hippocampal neuroinflammation and
depressive behavior.

Chronic stress induces depression-like behaviors in animals,
including anhedonia (reduced sucrose preference) (Chiba et al.,
2012), which is a core symptom of human depression (Hill
et al., 2012). Here, we found that exposure to chronic stress
induced depressive-like behavior in the SPT, OFT and FST, which
mainly showed reduced sucrose consumption (SPT), reduced
total distance traveled, number of crossings and rearing (OFT),
and increased immobility time (FST). These results are consistent
with previous reports on the behavioral effects of chronic stress
(Crider et al., 2018). Notably, we observed pathomorphological
changes in the hippocampal regions. Therefore, chronic stress
causes hippocampal damage that may underlie the depressive-
like behavior.

Stress-induced glucocorticoid release is a neuroendocrine
response to danger (Frank et al, 2013). The GR plays
a major role in the adaptive stress response. However,
stress-induced glucocorticoid hyper-secretion is associated with
altered GR signaling (Finsterwald and Alberini, 2014). In
the present study, we found that chronic stress exposure
causes elevate corticosterone levels and a reduction in GR
expression in the hippocampus. Studies have shown that SH-
SY5Y cells exposed to dexamethasone mimic the hypersecretion
of glucocorticoids in depression in vitro (Lim et al, 2018).
Therefore, HAPI cells exposed to dexamethasone were used in
this study to mimic glucocorticoid-induced neuroinflammation
and depression. Dexamethasone treatment downregulated the
GR. Both the in vitro and in vivo results suggest a link between
chronic stress, glucocorticoids, GR signaling, and depression.

Overexposure to glucocorticoids may induce oxidative
and inflammatory imbalance in the brain, thereby impairing
neurogenesis and neuronal plasticity (Leonard and Maes, 2012).
Corticosterone increases ROS levels in the brain, downregulates
antioxidant enzymes, and induces depressive-like behavior (Sato
et al., 2010). Our results that chronic stress increases levels of
ROS in the hippocampus are in agreement with previous studies.
Studies have also shown that chronic stress enhances NF-kB
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signaling induced by cholinergic depletion in the hippocampus,
thereby increasing the expression of pro-inflammatory factors
(Lee et al., 2018). This is in line with our current finding that
chronic stress induces NF-kB expression and promotes NF-kB
translocation to the nucleus in the hippocampus. Furthermore,
dexamethasone increased levels of ROS and promoted NF-«kB
translocation to the nucleus in HAPI cells in vitro. Collectively,
these results suggest that glucocorticoids signal through the
GR to increase ROS levels and NF-kB nuclear translocation,
promote transcription of downstream genes, and initiate the
inflammatory response.

Microglia, the resident immune cells of the CNS, are
markedly activated after stress exposed in brain regions
associated with depression (Franklin et al, 2018). It has
been reported that excessive activation of microglia increases
the expression of inflammatory markers in the hippocampus
of depressive individuals (Zhang Y. et al., 2016). Microglial
activation is observed in the hippocampus after exposure
to restraint stress in rodents (Tynan et al, 2010). In the
present study, we discovered that microglia in the hippocampus
were activated by chronic restraint stress, as shown by
increased Iba-1 expression. Dexamethasone also similarly
activated HAPI cells in vitro. Our findings are consistent
with previous studies showing that chronic stress-induced
depression is associated with increased numbers of Iba-1-
positive cells in the hippocampus (Koo et al., 2018) and that
activated microglia play an important role in neuroinflammation
(Wang et al., 2018).

Accumulating  evidence indicates that the NLRP3
inflammasome  is  involved in  neuroinflammation,
neurodegenerative disorders (Jang et al, 2016; Zhang P.
et al., 2016) and neuropsychiatric disorders such as depression
(Jeon et al., 2017). Studies show that both NF-kB and ROS can
activate the NLRP3 inflammasome. NF-kB translocates to the
nucleus binding with DNA and triggers the transcription of
pro-IL-1B, pro-IL-18 and NLRP3 (Choi and Ryter, 2014). ROS
triggers the assembly of the NLRP3 inflammasome complex
by recruiting ASC and pro-caspase 1 (Hu and Chai, 2016),
driving a pro-inflammatory response that ultimately leads
to cell damage (Gurung et al., 2015). In vivo results indicate
that chronic stress activates NLRP3 inflammasome, which
are expressed as NLRP3 expression, caspase-1 cleavage, and
subsequent IL-18 and IL-18 generation. In vitro studies also
show that dexamethasone activates NLRP3 inflammasome
in HAPI cells. Interestingly, a recent study showed NF-kB
was reported to be an ROS-sensitive transcription factor that
mediated NLRP3 inflammasome activation (Li et al., 2014).
Another study showed that NLRP3 deficiency significantly
abolishes depressive behavior in mice under immobilization
stress (Alcocer-Gomez and Cordero, 2014).

To further clarify the roles of NF-kB and the NLRP3
inflammasome in depression, we inhibited NF-kB and knocked
out the NLRP3 gene in vitro. Western blot results confirmed
successful knockdown of NLRP3 gene (Supplementary
Figure S1). Downregulation of NF-kB and NLRP3 reduced
ROS levels, inhibited microglial activation, decreased Iba-
1 expression, inhibited NF-kB nuclear translocation, and
reduced NLPR3 inflammasome activation. These findings

indicate that ROS and NF-kB-induced activation of the NLRP3
inflammasome in microglia contributes to hippocampal injury
and the development of depression. Consistent with previous
study, activated NLRP3 inflammasomes in microglia are involved
in CMS-induced depression-like behavior in rats (Wang et al,,
2018). Therefore, microglia and the NLRP3 inflammasome
may have potential as drug targets for the treatment of
depression. A better understanding of the anti-inflammatory
properties of antidepressants may help advance therapy for
neurodegenerative and psychiatric diseases associated with
microglial hyperactivation.

In summary, HAPI cells were pretreated with dexamethasone
to assess stress-induced changes in microglia cells in culture.
Compared with in vivo results, it was first demonstrated that
increased glucocorticoid concentration is the initial trigger for
microglial activation and neuroinflammation. Secondly, it was
proved that NF-kB is function as the upstream transcriptional
activator of NLRP3. Finally, it was further confirmed that NLRP3
inflammasome activation in microglia mediates chronic stress-
induced hippocampal neuroinflammation.

There are a number of limitations to this study. First,
only limited animal models can properly express psychiatric
symptoms (Suzuki et al., 2019), although chronic restraint stress
has been widely used to induce depression and anxiety-like
behavior in animal models (Huang et al, 2015), it may not
adequately mimic depression in humans. Second, the production
and release of IL-18 and IL-18 are regulated by active caspase-
1. However, the activation of caspase-1 is promoted by various
NLR family members, including NLRP1, NLRP3, NLRC4 (Eder,
2009). Further study is therefore needed to evaluate the impact of
other inflammasome subtypes on the activation and release of IL-
1 and IL-18. In our study, we only focus on the role of NLRP3 in
the process of depression.

CONCLUSION

We demonstrate that, chronic stress causes hippocampal
neuroinflammation and depression-like behavior by activating
the GR-NF-kB-NLRP3 signaling pathway in microglia
(summarized in Figure 9). Our study provides fresh insight into
the pathogenesis of depression and provides new therapeutic
targets for the treatment of the disease. Inhibiting glucocorticoid
release, NF-kB nuclear transcription, NLRP3 inflammasome
activation and restoring microglial homeostasis in the
hippocampus are novel strategies for the development of effective
treatments for the management of depression in humans.
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Transactive response DNA binding protein (TDP-43) is a key player in neurodegenerative
diseases. In this review, we have gathered and presented structural information on
the different regions of TDP-43 with high resolution structures available. A thorough
understanding of TDP-43 structure, effect of modifications, aggregation and sites
of localization is necessary as we develop therapeutic strategies targeting TDP-43
for neurodegenerative diseases. We discuss how different domains as well as post-
translational modification may influence TDP-43 overall structure, aggregation and
droplet formation. The primary aim of the review is to utilize structural insights as we
develop an understanding of the deleterious behavior of TDP-43 and highlight locations
of established and proposed post-translation modifications. TDP-43 structure and effect
on localization is paralleled by many RNA-binding proteins and this review serves as an
example of how structure may be modulated by numerous compounding elements.

Keywords: TDP-43 = TAR DNA-binding protein 43, structure, post-translational modification, subdomains, RRM
domain

INTRODUCTION

Transactive response DNA binding protein (TDP-43), initially discovered in 1995 as a modulator
of HIV-1 gene expression (Ou et al., 1995), is a highly conserved member of the heteronuclear
ribonucleotide binding protein (hnRNP) family (Purice and Taylor, 2018). The TARDBP gene is
located at chromosomal locus 1p36.22 and is comprised of six exons and while several TDP-43
isoforms have been identified, these have not been well-studied (Wang et al., 2004; Strong et al.,
2007; D’Alton et al., 2015).

Since its discovery, TDP-43 has been shown to be involved in nearly all aspects of RNA
metabolism (reviewed in Lagier-Tourenne et al., 2010; Ratti and Buratti, 2016) and is thought
to be associated with more than 6000 RNA species. Of particular interest, TDP-43 has been
shown to regulate its own mRNA (Ayala et al., 2011), the alternative splicing of hnRNPA1 mRNA
(Deshaies et al., 2018), key cryptic exon splicing of C9orf72 (Buratti et al., 2001) -the well-known
hexanucleotide GGGGCC repeat expansion and the most frequent genetic cause of Amyotrophic
Lateral Sclerosis (ALS) and Frontotemporal Lobar Degeneration (FTLD) (Balendra and Isaacs,
2018), Tau splicing resulting in accumulation of disease-associated isoform (Gu et al., 2017, 2018).

Although predominantly in the nucleus, TDP-43 is also present at low levels throughout the cell,
including cytoplasm (Ayala et al., 2008) and mitochondria (Wang et al., 2016; Davis et al., 2018).
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Accumulation of insoluble, TDP-43-positive inclusions in
the cytoplasm has emerged as a hallmark of ALS-FTLD.
In these inclusions, TDP-43 is usually hyperphosphorylated,
polyubiquitinated, and found as a mix of full-length and
fragmented protein (Neumann et al., 2006, 2009; Nonaka et al.,
2009b). Although it is generally accepted that TDP-43 localization
to the cytoplasm is a mechanism of pathology, Moss et al. were
not able to reproduce cellular pathologies by simply delocalizing
TDP-43 to the cytoplasm (Wobst et al., 2017).

Although TDP-43 mutations are only associated with a small
fraction of cases (Buratti, 2015), TDP-43-positive inclusions are
found in the vast majority of postmortem neuronal tissue from
confirmed ALS-FTLD patients (Arai et al., 2006; Neumann et al.,
2009; Ling et al, 2013). Inclusions of similar histopathology
are also found in other neurodegenerative disorders as well
(Amador-Ortiz et al,, 2007; Hasegawa et al., 2007; Leverenz
et al, 2007; Nakashima-Yasuda et al, 2007; Geser et al,
2008). Additionally, both loss and excess of TDP-43 are toxic,
confirming that this is an essential protein and suggesting
tight regulation of expression and localization (Kraemer et al.,
2010; Wu et al,, 2010; Ayala et al., 2011; Budini and Buratti,
2011; Polymenidou et al., 2011; Wegorzewska and Baloh, 2011).
However, despite intense research, there is no clear consensus
about what causes TDP-43 mislocalization and aggregation, nor
how it contributes to neuronal toxicity. For potential pathways
involved in the aberrant behavior of TDP-43 we refer the reader
to several recent reviews (Janssens and Van Broeckhoven, 2013;
Prasad et al., 2019).

Like other RNA binding proteins (RBPs), TDP-43 has a beads-
on-a string architecture consisting of multiple, independent
functional domains and many sites of post-translational
modification. Despite its relatively small size (43 kDa), structural
determination of the full-length protein has been a challenge,
likely due to the large portion of the protein that is intrinsically
disordered. Estimates of intrinsically disordered regions (IDR)
range from 15-30% of the total protein and 36-66% of the
C-terminal domain (Mészéros et al., 2018). Nevertheless,
3-dimensional structures of the N-terminal domain, the RNA-
binding domains, and segments of the C-terminal domain
have become available in recent years. The primary aim of
this review is to consolidate the insights that these structures
bring to our developing understanding of the functions and
deleterious behavior of TDP-43 and to highlight the location of
both established and proposed post-translational modifications.

Structure Overview

TDP-43 is composed of a well folded N-terminal domain (NTD),
two highly conserved RNA recognition motifs (RRM1 and
RRM2), and a glycine-rich C-terminal domain (Figure 1).

The N-Terminal Domain and Nuclear Localization
Signal

Organization/oligomerization of the N-terminal domain
(NTD, amino acids 1-77)

The TDP-43 N-terminal domain has been shown to form
dimers and higher-order oligomers both in vitro and in the
cell (Shiina et al.,, 2010; Chang et al., 2012; Wang et al.,, 2013;

Zhang et al, 2013; Afroz et al, 2017; Jiang et al, 2017;
Mompedn et al.,, 2017; Sun et al.,, 2018; Wang A. et al.,, 2018)
with a single dissociation constant of approximately 70 wM,
indicating absence of cooperativity in binding of subunits
(Wang A. et al.,, 2018). Unlike pathological aggregates, which
are hyperphosphorylated and ubiquitinated (Arai et al., 2006;
Hasegawa et al., 2008), reversible formation of TDP-43 polymers
through the NTD has been shown to be required for splicing
activity (Afroz et al,, 2017; Jiang et al., 2017; Mompean et al,,
2017; Wang A. et al., 2018) and to contribute to phase separation
via liquid-droplet formation (Afroz et al., 2017; Wang A. et al,,
2018), thought to contribute to formation of cytoplasmic stress
granules (SGs) (Molliex et al., 2015). The NTD is also the site
of one of three predicted mitochondrial targeting sequences
(Wang et al., 2016), conserved phosphosite Ser 48 (Rigbolt et al.,
2011; Wang A. et al, 2018), as well as potential, albeit weak,
nucleotide binding (Chang et al., 2012; Qin et al., 2014; Mompedn
et al., 2016¢; Wang L. et al., 2018). Thus far, five 3-dimensional
structures of the NTD have been published, including three
monomeric (Mompean et al., 2016¢, 2017; Jiang et al.,, 2017)
and two dimeric structures (Afroz et al., 2017; Wang A. et al,,
2018). Structural alignment shows that the overall folds are highly
similar, with backbone root-mean-square deviations (RMSD) of
0.5-2.5 A for individual subunits (Table 1).

The NTD monomer consists of six B-strands and a single
a-helix arranged in a ubiquitin-like B-grasp fold, similar to the
DIX domain of Axin 1 (Mompedn et al., 2016¢; Figure 2A).
The DIX domain is known to facilitate both homo- and hetero-
oligomerization (Kishida et al., 2015). Consistent with this, the
dimeric NTD structures revealed a head-to-tail configuration of
subunits (Afroz et al.,, 2017; Wang A. et al., 2018; Figure 2B).
As noted by Wang A. et al. (2018) these two structures are very
similar overall, differing by a moderate rotation and shift between
subunits, likely due to differences in experimental conditions. In
both cases, the interface is formed mainly by charged and polar
residues (Afroz et al., 2017; Wang A. et al., 2018). Comparison
with the monomeric structures shows that upon dimerization,
a surface-accessible and mobile loop becomes more structured
as it participates in the interface (Figures 2A,B). Phosphosite
Ser 48 is also shifted toward the interface where it is involved
in hydrogen bonding interactions (Figures 2C,D). It has been
shown that mimicking phosphorylation at this site disrupts self-
association of the NTD and affects splicing function (Wang A.
et al., 2018). Additionally, one of three mitochondrial targeting
sequences (F35 — L41) occurs in the loop following the a-helix
(Figures 2A,B), discussed in more detail below (see section
“Mitochondrial Targeting”). Finally, crystal-packing symmetry
in the X-ray structure suggests that the NTD alone can form
a superhelical structure (Afroz et al.,, 2017), but the relevance
of this supra-assembly for higher-order oligomerization of the
full-length protein is unclear.

The TDP-43 linker and nuclear localization signal (NLS,
amino acids 78-100)

The canonical, positively charged, bi-dentate nuclear localization
signal (NLS, Figure 1) occurs in the linker between the NTD
and the RNA-binding domains. The NLS is recognized by
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FIGURE 1 | TDP-43 Structure and Sequence Features. (A) Domain map showing relative sizes of the N-terminal domain (NTD, orange), linker containing nuclear
localization signal (NLS, blue), RNA-recognition motif 1 (RRM1, yellow), RNA-recognition motif 2 (RRM2, green), and the C-terminal subdomains identified by
Mompean et al. (2016a): Gly-aromatic-Ser-rich regions (GaroS, light gray), hydrophobic region (®, dark gray), glutamine-arginine-rich region (Q/N, orange gray).

(B) Representative structures with variant sites shown as spheres and colored as in panels A and C. NTD (5mrg), RRM1-RRM2 with RNA as gray sticks (4bs2), CTD
fragments / [Bn3c (Cao et al., 2019)], if [2n3x (Jiang et al., 2016)], i [Bn3a (Guenther et al., 2018a)], iv [Swia (Guenther et al., 2018a)], v [bwiqg (Guenther et al.,
2018a)]. Asterisk marks LARKS/Omega Loop. Arrows indicate residues that correspond among three shown polymorphs. Ellipses indicate tendency to form fibrils (i,
iif) or steric zipper structures (iv, v). (C) Annotated primary sequence. Post-translational modifications shown in circles above sequence (P, phosphorylation site
PhosphoSitePlus (Hornbeck et al., 2015)]; S, SUMOylation sites identified by high-throughput studies (Hendriks et al., 2015, 2017); CH3, monomethylation site (Guo
et al., 2014). Alternative start site at M85 [alt (Nishimoto et al., 2010)]. Caspase digestion sites [lightning bolts (Zhang et al., 2007; Rohn, 2008; Li et al., 2015; Chiang
et al., 2016)]. Proposed mitochondrial targeting sequences (M1, M3, and M5) (Wang et al., 2016). Bipartite nuclear localization signal (NLS) (Winton et al., 2008)
overlapping with the Poly-ADP-ribose (PAR) binding motif (PARBM) (McGurk et al., 2018). Conserved ribonucleotide interacting motifs (RNP1, RNP2) (Buratti et al.,

shown. Dots above sequence mark every 10 residues.

2001). Amyloidogenic regions (amylo) (Shodai et al., 2012, 2013). Non-functional (former) nuclear export signal [f-nes (Archbold et al., 2018; Ederle et al., 2018;
Pinarbasi et al., 2018)]. Sequence variants compiled using the ClinVar database (April 2019) (Landrum et al., 2016) and a review by Buratti et al. (Buratti, 2015),
shown in red boxes if linked to disease, orange if clinical significance is not clear. Site of insertion/deletion [triangle (Solski et al., 2012)] and premature stop (X) also

Importin-o for active transport of TDP-43 into the nucleus
(Winton et al., 2008; Nishimura et al., 2010; Archbold et al.,
2018; Pinarbasi et al., 2018). However, the NLS can be disrupted
by caspase cleavage at Asp 89 (Suzuki et al, 2011) or by
initiation at the alternative start site, Met 85 (Nishimoto
et al, 2010; Xiao et al, 2015) resulting in accumulation
of TDP-43 in the cytoplasm, an event generally agreed to
result in formation of insoluble aggregates (Winton et al,
2008; Shenouda et al, 2018). In one study, the SNP A90V
was shown to result in mild disruption of the NLS and
low-level mislocalization (Winton et al., 2008). However, this
SNP was also identified in one healthy control in the same
study and two additional healthy persons in another study
(Sreedharan et al., 2008), leaving the clinical significance of this
substitution in doubt.

Only one structure to date contains the entire linker
and this structure shows that the NLS is quite mobile
(Figure 2E). The flexibility of this linker leads us to speculate
that the connection between the NTD and RNA-binding
domains is dynamic, allowing the arrangement of these
domains to change with NTD-self association, RNA binding,
post-translational modifications, and/or interactions with
other proteins.

Nucleic acid binding by the NTD and linker

Several studies have hinted at the ability of TDP-43 NTD to
interact with nucleic acids (Chang et al, 2012; Qin et al,
2014; Mompean et al., 2016c). While Chang et al. (2012)
did not find a significant binding for TDP-43-NTD;_ 05 to
single stranded DNA (TG)g, the presence of TDP-43-NTD; _ 95
did increase by three-fold the affinity of TDP-43 for this
nucleic acid sequence compared to RRMs only. An independent
study proposed, using HSQC-NMR, the ability of the folded
form to bind ssDNA (TG)s, RNA (UG)e¢ but not ss(TT)e,
suggesting a specificity component in the binding (Qin et al,
2014). While Qin et al. (2014) did not observe a binding
event implicating the NLS (81-102), a third study showed
a binding of this positively charged region to both ss(TG)e
and ss(TT)s and report a Kd < 150 pM (Mompean et al,
2016¢). Even though the nucleotide binding interface of the
NTD remains to be determined, it seems clear that the TDP-
43 NTD and NLS serve as a structural support for nucleic

acid binding and might contribute to specificity toward certain
nucleic acid sequences.

The RNA-Recognition Motifs (RRM1-RRM2)
RRM-nucleic acid binding

The RNA-recognition motifs of TDP-43 span amino acids
106-177 (RRM1) and 192-259 (RRM2), each of which contain
two highly conserved short sequence motifs known as RNP-
1 (octameric sequence: KGFGFVRF in RRM1 and RAFAFVTF
in RRM2) and RNP-2 (hexameric sequence: LIVLGL in RRM1
and VFVGRC in RRM2) (Figure 1) required for nucleic acid
binding. To date, there are four structures of RRMI, two
structures of RRM2 and one of the tandem RRM1-RRM2. These
structures are highly similar, with RMSD ranging from 0.84 to
1.37 A (Table 1).

Both RRMs fold into a 5-stranded beta sheet stacked
against two alpha helices with the conserved RNA-binding
aromatic and hydrophobic residues located in the p-sheets,
shown to form stacking interactions with the bases and the
sugar rings of single-stranded RNA or DNA. These tandem
RRM domains bind nucleic acid in the 5 to 3’ direction,
opposite to typical tandem RRMs (Lukavsky et al., 2013; Kuo
et al, 2014; Figure 3A). Interestingly, compared to typical
4-stranded RRMs, the TDP-43 RRM1 and RRM2 both contain
a supplementary p-strand thought to be necessary for structure
stability (Shodai et al., 2013).

Studies have consistently shown preferential binding of TDP-
43 to (TG)/(UG) sequences (Buratti et al., 2001; Kuo et al,
2009; Sephton et al., 2011; Colombrita et al., 2012; Bhardwaj
et al., 2013; Lukavsky et al., 2013; Furukawa et al., 2016). RRM1
is known to be sufficient and essential for proper nucleic acid
binding as its affinity is in the low nanomolar range for the
canonical UG-rich sequence, while RRM2 is not (Kuo et al,
2009; Furukawa et al., 2016). RRM1 was shown to be able to
bind other motifs, consistent with (Kuo et al., 2014), A3(GG)4A3,
via a distinct binding site implicating Argl51 (Sephton et al.,
2011). R151A did not impact sequence recognition of the RRM1-
RRM2 tandem construct while substitution of E246 or D247
(Lukavsky et al., 2013) were able to decrease the specificity
for RNA sequences. The authors concluded that E246 and
especially D247 were crucial in the structure of RRM2 and the
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TABLE 1 | TDP-43 domain structures.

PDB Technique (resolution) Observed amino Notes Observed Backbone References
code acids oligomeric state RMSD
N-terminal domain
2n4p NMR 1-77 6-His tag Monomer 0.46 Mompean et al., 2016¢
5mdi X-ray (2.1 A) 2-79 6-His tag, Dimer 1.50 (A) Afroz et al., 2017
(C39/C50-dimethylarsinoy! 1.63 (B)
5mrg NMR 1-102 6-His tag Monomer - Mompean et al., 2017
5 x 4f NMR 1-77 C39/C50S, GB1 tag Monomer 2.43 Jiang et al., 2017
6b1g NMR 1-80 Y4R (A), S48E (B) Dimer 1.78 (A Wang A. et al., 2018
1.45 (B)
RRM domains
4bs2 NMR 102-269 With UG-rich RNA 5’- Monomer Lukavsky et al., 2013
(RRM1-RRM2) R(*GP*UP*GP*UP*GP*AP* AP*
UP*GP*AP*AP*UP)-3'
2cqg NMR 96-185 (RRM1) Monomer 1.37a -
4juf X-ray (2.75 A) 103-179 (RRM1) With &/'- Monomer 1.02a Kuo et al., 2014
D(*GP*TP*TP*GP* (XUA)P*GP*
CP*GP*T)-3
4y00 X-ray (3.00 A) 103-168(RRM1) D169G, with (5'- Monomer 0.97a Chiang et al., 2016
D(P*TP*TP*GP*AP*GP*CP*
GP*T)-3')
4y0f X-ray (2.65 A) 103-180 (RRM1) With (5'- Monomer 1.00a Chiang et al., 2016
D(*GP*TP*TP*GP*AP*GP*CP*
GP*TP*T)-3)
1wfo NMR 193-267 (RRM2) E200G Monomer 1.13b -
3d2w X-ray (1.65 A) 192-261 (RRM2 With (5'- Homo 2-mer 0.84b Kuo et al., 2009
mouse) D(*DGP*DTP*DTP*DGP*DAP*
DGP*DCP*DGP*DTP*DT)-3’)
C-terminal domain
2n2c NMR 307-348 Monomer -
2n3x NMR 311-360 Monomer Jiang et al., 2016
2n4g NMR 311-360 G335D Monomer Jiang et al., 2016
2n4h NMR 311-360 QB43R Monomer Jiang et al., 2016
5whn X-ray (1.1 A) 312-317 Homo 15-mer Guenther et al., 2018a
5whp X-ray (1.0 A) 312-317 A315T Homo 10-mer Guenther et al., 2018a
Swia X-ray (1.0 A) 370-375 Homo 10-mer Guenther et al., 2018a
5wiq X-ray (1.25 A) 396-402 Homo 10-mer Guenther et al., 2018a
5wkb ElectDrOn crystallography 312-317 A315E Homo 10-mer Guenther et al., 2018a
(1.0A)
Swkd X-ray (1.8 A) 300-306 Homo 10-mer Guenther et al., 2018a
6¢cb9 X-ray (1.1 A) 328-333 Homo 10-mer Guenther et al., 2018a
B6cew X-ray (1.2 A) 321-326 Homo 12-mer Guenther et al., 2018a
6cf4 Electr(zn crystallography 312-317 Phosphorylated A315T Homo 10-mer Guenther et al., 2018a
(0.75 A)
6¢fh Eleoturon crystallography 333-343 Homo 20-mer Guenther et al., 2018a
(1.5A)
6n3a Electron microscopy (3.3 °) 311-360 Homo 10-mer Cao et al., 2019
6n3b Electron microscopy (3.8 °) 312-352 Homo 10-mer Cao et al., 2019
6n3c Electron microscopy (3.3 °) 288-314 A315E Homo 20-mer Cao et al., 2019
6n37 Electron microscopy (3.8 °) 312-347 Homo 10-mer Cao et al., 2019
RRM2 amyloidogenic core
5w50 X-ray (1.4 A) 248-253 Homo 12-mer Guenther et al., 2018b
5wb2 Eleotfon crystallography 247-257 Homo 10-mer Guenther et al., 2018b
(1.4 A)
Sw7v Electron microscopy (3.8 A) 247-257 Triple- helical fibril Guenther et al., 2018b

*Structural alignment of all backbone atoms reported as the root-mean-square deviation (RMSD) in A NTD alignment to 5mrg core residues 1-77. RRM alignment to
4bs2 RRM1 (102-179)2 or 4bs2 RRM2 (190-262)°. In the case of multiple copies in the asymmetric unit, the average RMSD is reported.
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FIGURE 2 | NTD Structures. (A) Monomeric structure shown in ribbon representation with location of mitochondrial targeting sequence 1 in black, residues involved
in loop-sheet transition during dimer formation in yellow, Ser 48 in sticks representation, residues 97-102 in blue with A90 as a small orange sphere. (B) Dimeric
X-ray structure with features as in A. (C) Overlay of monomer (gray) and subunit A of dimeric structure (orange) showing shift of S48 Ca and loop to B-strand
transition (yellow). (D) Inter-subunit interactions of Ser 48 in dimeric X-ray (left) and NMR (right) structures. Dashes show contacts within hydrogen bonding distance.
(E) NMR ensemble of NTD monomer showing varied position of the NLS. Coloring as in panel (A). Monomeric NMR structure PDB ID 5mrg (Mompean et al., 2017),
dimeric X-ray structure PDB ID 5mdi (Afroz et al., 2017) and dimeric NMR structure PDB ID 6b1g (Wang A. et al., 2018).

C
950" 40°

FIGURE 3 | Structure of TDP-43 RRM domains. (A) Overview showing RRM1 in yellow with RNP-1 and RNP-2 in orange, flexible linker in dark gray, RRM2 in green
with RNP-1 and RNP-2 in cyan and UG-rich RNA in light gray. (B) Rotated view of amyloidogenic core residues 166-173. (C) Overlap between amyloidogenic core
residues 246-255 (red in view A) with offset showing former NES in purple. (D) Rotated view of cleavage site D219 [PDB ID 4bs2 (Lukavsky et al., 2013)].

nucleic acid binding. Indeed, D247 is stabilizing the RRM1- The recognition of nucleic acid sequences is achieved by an
RRM2 orientation when RNA is bound to the protein by interaction between the two RRMs, which is typical of proteins
making a salt bridge with Argl51 of RRM1 (Lukavsky et al., that contain several RRMs, and RRM2 is being considered as
2013; Figure 3C). a switch to regulate the sequence-specificity in the substrate
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binding of TDP-43 by hiding Argl51 (Sephton et al., 2011).
Cooperation between RRM1 and RRM2 also explains why TDP-
43 affinity for nucleic acids increases with the length. Kuo et al.
reported a large affinity increase between 4 and 6 nucleotides
long, which approximately corresponds to the distance between
both nucleic acid binding sites (~22 A) (Shodai et al., 2013;
Figure 3A). Additionally, the RRMs are connected by a highly
flexible loop (178-191), thought to confer adaptability to different
nucleic acid partners by allowing different orientations of the
RRM domains (Auweter et al., 2006; Furukawa et al., 2016).

Although it is believed that TDP-43 binds thousands of
different transcripts, there are only co-structures with UG or
TG repeat RNA and DNA. Given that RRM1 was suggested
to bind non-UG/TG rich sequences via a site distinct from
RNP sequences, structural characterization of TDP-43 with non-
canonical motifs might yield interesting novel data on TDP-43
binding to nucleic acid.

Amyloidogenic cores

Although RRM1-2 are structurally well-folded and mostly known
for interaction with nucleic acids, several studies have now
suggested the presence of amyloidogenic cores and the ability
of these domains to misfold and participate in either nucleation
or propagation of TDP-43 aggregation in ALS (Shodai et al.,
2012, 2013). Two regions of interest have been identified in
ALS patients but not in well-folded non-pathological TDP-43:
residues 166-173 in RRM1 (Shodai et al., 2013) and 246-255 in
RRM2 (Shodai et al., 2012).

Residues 166-173 in RRM1 occur in a reasonably accessible
loop (50% accessibility) (Figure 3B). Intriguingly, one of the
two disease linked mutation in the RRM domain is D169G.
While this mutation had no effect on TDP-43 RNA binding, the
mutation stabilized TDP-43 and induced a loss of hydrogen bond
with T115 resulting in a local conformational change (Chiang
et al., 2016). D169G seemed to have no impact on aggregate
formation but rather increased caspase cleavage (Shodai et al.,
2013; Chiang et al., 2016).

Residues 246-255 in RRM2 lie between RRM1 and RRM2
and are not exposed in the folded state (27% accessibility)
(Figure 3C). In vitro experiments have shown the ability of
peptides encompassing residues 246-255 to participate in the
formation fibrillar structures (Saini and Chauhan, 2011). The
minimal sequence EDLIIKGISV is necessary and deletion of the
first as well as the second residues resulted in reduced aggregation
(Saini and Chauhan, 2011). Moreover, substitution of E246 or
D247 to glycine residues in the RRM2 protein induced the
formation of fibrils (Shodai et al., 2012). A recent structural
study showed the ability of 247-DLIIKGISVHI-257 peptide
to present amyloid polymorphism characterized by different
backbone conformations as well as seven distinct steric zipper
arrangements, a common structural feature of amyloid proteins
(Guenther et al., 2018b; Table 1).

Interestingly, those two regions, 166-173 and 246-255, are
the target of several pathological modifications- caspase cleavage,
oxidation, ubiquitination. Those post-translational modifications
will be discussed later in the manuscript (see section “Post-
translational Modifications”).

Former NES

Until 2018, TDP-43 was thought to have a Nuclear Export
Signal in RRM2: 239-IAQSLCGEDLI-249, that was predicted
to be a substrate of the nuclear export factor exportin-1
(XPO1/CRM1) (Ayala et al., 2008; Winton et al., 2008). The
lack of experimental validation, the poor fit of this sequence
to the XPO1/CRM1 consensus sequence (91-X2,3-02-X2,3-D3-
X-®4, where ®n represents Leu, Val, Ile, Phe, or Met and X
can be any amino acid), the fact that most validated NES are
found in unstructured regions, contrary to the location within
the well-folded RRM2, and the limited surface accessibility of
some residues in TDP-43 NES sequence, led three independent
groups to further investigate TDP-43 export to cytoplasm.
They all found that (i) inhibition of XPOL1 either by siRNA
or inhibitors (leptomycin B - LMB-, as well as selective
inhibitors of nuclear export -SINE) or overexpression of XPO1
had no effect on TDP-43 localization to cytoplasm, (i) TDP-
43 NES fused to GFP or YFP did not induce a specific
localization to cytoplasm of the constructs (Archbold et al,
2018; Ederle et al., 2018; Pinarbasi et al., 2018). Moreover,
Pinarbasi et al. (2018) showed weak affinity of TDP-43 “NES”
for XPOI, in the micromolar range. While Archbold et al.
(2018) suggested, with limited effect, a redundant mechanism
of active nuclear export, implicating XPO7 (Exportin 7) and
NXF1 (Nuclear RNA export factor 1), both Ederle et al.
(2018) and Pinarbasi et al. (2018) showed a passive diffusion
mechanism, slowed down by size and inhibited by newly
synthesized RNA binding.

Interestingly, mutations in TDP-43 NTD, L27A and L28A,
both leading to monomeric TDP-43, decreased and abolished
TDP-43 splicing function, respectively, and induced a partial or
complete cytoplasm localization (Mompedn et al., 2017). Foglieni
et al. (2017) also showed, using split-GFP technology which
allows detection of weak and/or transient species, that dimeric
TDP-43 was only nuclear. Since passive retention in the nucleus
was recently suggested as the preferred way to retain proteins in
the nucleus (Wiihr et al., 2015), it is likely that dimeric species of
TDP-43 bound to RNA and other RNA related machineries will
be nuclear and the free monomeric protein will be able to diffuse
out to the cytoplasm. This may explain how TDP-43 shuttles
between nucleus and cytoplasm in a transcription-dependent
manner (Ayala et al., 2008).

In light of this, results showing that the TDP-43-"ANES”
(1239A/1243A,L248A/1249A/1250A) did not induce TDP-43-
related toxicity in Drosophila and cell lines (Winton et al,
2008; Ritson et al, 2010) remain puzzling. Pinarbasi et al.
(2018) suggested that contrary to early hypothesis stipulating
that TDP-43- ANES inhibited TDP-43 cytoplasmic distribution,
the neuroprotective effect of TDP-43-ANES arises from the
disruption of TDP-43 splicing function. The authors compared
TDP-43- ANES to the F147/149 L mutation, also able to disrupt
splicing function and to alleviate overexpressed TDP-43 toxicity
in D. melanogaster. This might seem surprising at first, since,
contrary to F147 and F149, 1239, 1243, 1248, 1249, and 1250
are not localized at the RNA interface (Figure 3C). But, those
residues are localized at the interface between RRM1 and RRM2
and any modification of those contacts seems to lead to loss
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of RNA binding, similar to D247 mutations. However, E246
and D247 mutations resulted in a misfolded TDP-43 protein,
reduced TDP-43 solubility and induced protein aggregation
(Shodai et al., 2012).

Since part of the “NES” overlaps with the amyloidogenic core 2
(residues 246-255, Figure 3C), we hypothesized those mutations
would modify the amyloidogenicity of this sequence. We used
Aggrescan, an online software that predicts amyloidogenic cores
and was previously used on TDP-43 (Garnier et al., 2017). The
comparison of TDP-43-WT versus TDP-43-”ANES” shows a
suppression of the known amyloidogenic core at residues 244-
255 (Figure 4), exposed in ALS patients (Saini and Chauhan,
2011; Shodai et al, 2012). Nevertheless, without thorough
structural analysis of the effects of those mutations on TDP-43,
no clear conclusions can be drawn.

The Aggregation-Prone C-Terminal Domain (CTD,
Amino Acids 260-414)

TDP-43 CTD is the site of about 50 disease-linked mutations
(Mackenzie and Rademakers, 2008) as well as most of the
phosphorylation sites (Figure 1), and has thus been examined
extensively, but due to its disordered nature, all structural studies
of the CTD have been of fragments. The TDP-43 CTD has been
shown to be required for TDP-43 splicing activity (Ayala et al.,
2005; Freibaum et al.,, 2010; Conicella et al., 2016), including
autoregulation (Ayala et al,, 2011), and is the site of interaction
with several protein partners such as UBQLN?2 (Cassel and Reitz,
2013), FMRP (Majumder et al., 2016) and hnRNP (Buratti et al,,
2005; D’Ambrogio et al., 2009).

Organization of the CTD

The CTD is able to form secondary structural elements that
have been observed by crystallography and electron microscopy
(Table 1) and distinct subdomains have been established: two
Gly-aromatic-Ser-rich (GaroS) regions, and an amyloidogenic

core divided into a hydrophobic region, and Q/N-rich region
(Mompean et al., 2016a; Figure 1).

The GaroS regions (residues 273-317 and 368-414) are similar
to regions in FUS (Murray et al., 2017) proposed to interact
within RNA granules (Mompean et al., 2016a) and contributing
to the formation of hydrogels (Kato et al., 2012).

The hydrophobic region (residues 318-340) can adopt a
helical structure or Thioflavin T-positive filaments consistent
with cross-p architecture (Jiang et al., 2013, 2016; Mompean
et al., 2014; Lim et al., 2016). The first structure determined in
a lipid-like environment showed an omega-loop-helix structure
(Q-loop-helix, residues 320-343) (Lim et al, 2016). This
was confirmed with a slightly longer construct determined
under non-lipid conditions that showed a helix-turn-helix
(Figure 5) that was disrupted by G335D and Q343R mutations
(Jiang et al., 2016).

Likewise, Q/N rich regions (residues 341-369) were observed
to form amyloid and amyloid-like aggregates (Mompedn
et al, 2014). More recent structural studies identified six
segments that form classic steric zippers and contribute to
pathogenic aggregation (Guenther et al., 2018a; Figure 5),
confirming the helix-to-sheet transition of the hydrophobic
region and identifying additional aggregation-prone segments.
This study also showed that the Omega-loop region, required
for neurotoxicity (Zhu et al, 2014) can form Low complexity
Aromatic-Rick Kinked Structures (LARKS) which can be affected
by mutation and phosphorylation (Guenther et al., 2018a,b).
These segments stack into kinked beta sheets, forming reversible
(Velcro-like) associations thought to play a role in protein
interactions and were hypothesized to play a role in reversible
association of the CTD as well as pathogenic aggregation by
bringing adjacent amyloid-forming segments together (Guenther
et al., 2018a). Finally, multiple lines of evidence strongly suggest
that the Q/N region also forms extended B-hairpin structures
(Mompedn et al., 2014, 2015, 2016a; Cao et al., 2019). This was
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FIGURE 4 | Prediction of amyloidogenicity of TDP-43 and TDP-43-" ANES.” Those mutations reduce the aggregation prone characteristic of the 244-255 region.
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FIGURE 5 | Structures of the C-terminal domain. Structures shown with mutation sites as sticks and phosphorylation sites with dots at the SG atom. Simplified
primary sequence annotations as in Figure 1. Structure 2n2c (Lim et al., 2016) is highly similar to that of 2n3x (Jiang et al., 2016), thus only a portion is shown here,
highlighting the non-overlapping residues M307-G310. Representatives of the short segments that form steric zippers or LARKS (5wkd, 5whn, 6cew, 6¢b9, 6¢fh,
Swia, bwiq) (Guenther et al., 2018a) are shown in darker gray with neighboring strands as determined by symmetry in lighter gray. The R-shaped polymorph (6n3c)
(Cao et al., 2019) with chain A in darker gray and only three filaments and immediate adjacent layers shown for clarity. A representative dagger-shaped fibril-forming
polymorph (6n3a) (Cao et al., 2019) is shown with chain B in darker gray with two filaments and immediate adjacent layers. Note different shapes of LARKS
segments within 6n3c and 6n3b (thin boxes). For clarity, mutation or phosphorylation sites shown only on the primary strand in all images.

 KSSGWGM|414

confirmed by very recent work describing the structures of
two significantly longer regions using cryo-EM, both of which
form irreversible fibrils (Cao et al, 2019). The first segment
(residues 286-331), contains an ALS linked mutation (A315E)
and folds into an R-shaped motif (Figure 5). The second segment
(residues 311-360) exhibited three polymorphs with different
inter-fibril contacts, but all sharing a common dagger-shaped
motif at the core (Figure 5). Interestingly, structural alignment
of the overlapping regions resulted in severe steric clashes,
suggesting that the two folds cannot occur simultaneously
in a single TDP-43 molecule. The authors further suggested

a disease specific foldome of TDP-43 fibrils, as observed
with Tauopathies.

Taken together, these studies suggest that the C-terminal
domain of TDP-43 transiently adopts a range of well-ordered
shapes, many of which are capable of self-association. Mutations
and post-translational modifications may change the kinetics of
these states, influencing the balance between fibril formation
and dissolution, as implied by Cao et al. (2019) who showed
that mutations within the fibril interface delayed aggregation,
supporting the argument that mutations will affect which shape
is adopted by the CTD.
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Liquid-liquid phase separation and aggregation

Conflicting data exists for the contribution of the CTD to
TDP-43 aggregation. Multiple studies point to the C-terminus
essential to aggregation and pathology (Dewey et al, 2010;
Guo et al.,, 2011; Budini et al., 2012; Jiang et al., 2013, 2016;
Mompean et al., 2014; Prasad et al., 2018). Others have shown
that the CTD is not sufficient, but rather that the CTD combined
with the RRM2 is required for significant accumulation of
aggregates in cellular models (Johnson et al., 2008; Yang et al,,
2010; Fallini et al., 2012; Wang et al, 2013). And indeed,
as discussed above, the RRM domains contain amylogenic
sequence elements that contribute to aggregation (Shodai et al,,
2012, 2013; Chiang et al,, 2016; Guenther et al., 2018b) and
constructs lacking the CTD have been shown to aggregate as well
(Zacco et al., 2019).

Further complicating the picture is the recent identification
of the role of reversible self-association, generally termed
LLPS (liquid-liquid phase separation) which is thought to
initiate formation of SGs and to which both the NTD and
CTD seem to contribute (Conicella et al., 2016; Schmidt
and Rohatgi, 2016; Afroz et al., 2017; Li et al., 2018; Wang
A. et al, 2018, Wang L. et al, 2018; Babinchak et al,
2019). The conditions under which TDP-43 undergoes LLPS
are highly sensitive to the conditions of the experiment
(Conicella et al., 2016; Li et al., 2018; Wang L. et al., 2018).
Moreover, interaction between the CTD and charged nucleic
acids, specifically ssDNA, can increase the CTD’s ability to
undergo LLPS, thought to occur via the many aromatic and
pi interactions (Wang L. et al., 2018). Despite a lack of direct
modulation of LLPS formation by charged residues, it was
found that arginine residues played an integral role in changing
the material properties and dynamics of the droplets formed
by TDP-43. Interestingly, Mompedn et al. (2016b) suggested
that electrostatic repulsion modulates the formation of TDP-
43 aggregation.

The link between LLPS and aggregation is unclear, but several
studies provide compelling evidence that time is a key factor.
LLPS is important for formation of membraneless organelles,
including stress granules [SGs, recently reviewed in Gomes and
Shorter (2019)]. As SGs age, they tend to lose their dynamic
nature, as a result of formation of protein fibrils thought to
contribute to development of irreversible structures (Holehouse
and Pappu, 2018; Vogler et al., 2018; Wang A. et al., 2018;
Babinchak et al., 2019; Zhang et al., 2019).

In contrast, a recent study showed the ability of TDP-43
to undergo long-lasting liquid-demixing in a stress granule-
independent fashion by either increasing cytoplasmic TDP-43,
exposure to amyloid-like TDP-43, or arsenite stress (Gasset-
Rosa et al.,, 2019). The authors further show the conversion,
upon additional arsenite stress, of those TDP-43 droplets into
solid-like structures, that further recruit components of the
nucleocytoplasmic transport machinery, leading to impaired
nuclear transport. This is thought to accelerate TDP-43 nuclear
depletion and result in cell death.

In addition, some mutations within the CTD were shown
to alter propensity for LLPS (Jiang et al., 2016), in addition to
altering splicing function (Fratta et al., 2018).

Post-translational Modifications of
TDP-43

TDP-43 undergoes a significant number of post-translational
modifications (Figure 1). Most of them are associated with
pathological TDP-43 and are a hallmark feature of TDP-
43 proteinopathy. Another recent review that focuses on a
mechanistic perspective has described several post-translational
modification of TDP-43 in a context of health and disease
(Buratti, 2018). Our goal is to bring a structural point of view on
those modifications.

Oxidation

Oxidative stress is a hallmark feature of neurodegenerative
diseases and ALS was suggested as a cysteninopathia, an
aberration of cysteine residues modifications (Valle and Carri,
2017). It has been hypothesized that the generation of ROS could
trigger some TDP-43 pathology (Cohen et al., 2012). The authors
treated cells with various stressors that generate ROS using
different pathways, i.e., H,O,, arsenite, heat shock and cadmium,
and found a dramatic shift in TDP-43 solubility, attributed
to a direct modification of TDP-43 via cysteine oxidation. All
TDP-43 cysteine residues were suggested as targets: Cysl173,
Cysl75, Cys198, and Cys244 as the major redox—regulated
cysteine residues and Cys39 and Cys50 to a much lesser extent.
The authors further reported intramolecular and intermolecular
disulfide bonding implicating Cys173, Cys175, Cys198, and
Cys244. Since Cys39 and Cys50 are about 22-24 A apart
(Figure 6A), intramolecular disulfide bonding between those
two residues is very challenging and a study on NTD oxidation
did not describe any aggregation (Chang et al., 2013). Cys39
and Cys50 are known to be in the dimeric interface of
TDP-43 NTD and mutations of those residues into Serine
induced a weaker oligomerization compared to wild-type,
suggesting those cysteines to have contribution into assembly
(Wang A. etal., 2018).

The distance between Cys173 and Cysl75 is 5.1 A and
between Cys198 and Cys244 is 15.5 A, intramolecular disulfide
bond formation seems unlikely on a native TDP-43 structure
(Figures 6B,C). An independent study demonstrated the
sequential oxidation of RRM1, with Cys173 being preferentially
oxidized and leading to a conformational change allowing
Cysl75 to be modified and a subsequent formation of cross-
linked dimers (Chang et al, 2013). It is worth noting that
Cysl73 is the least accessible of the six cysteine residues
and the least likely to be oxidized in the full-length protein,
based on predictions by RSC oxidation prediction, an
online web server able to predict the occurrence of redox-
sensitive cysteine within the protein sequence (Sun et al,
2016; Figure 6D).

Analysis of the tandem RRMI-RRM2 structure (Lukavsky
et al.,, 2013) shows that Cys173 and Cys175 make contacts with
residues in the RRM1. Loss of those contacts by oxidation could
explain the exposure of amyloidogenic residues 166-173, since
Cys173 and 175 were shown to control both correct and aberrant
folding of TDP-43 in ALS depending on the freedom of their thiol
group (Shodai et al., 2013).
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(Otwinowski and Minor, 1997).

FIGURE 6 | Oxidation of Cysteine residues in TDP-43. (A) Distance and localization of C39 and C50 in TDP-43 NTD (PDB code: 5mrg). (B) Distance between
Cys173 and Cys175 and between Cys198 and Cys244 (C) in RRM1-2 (PDB code: 4bs2). (D) Table showing accessibility of cysteine residues (Cys39 and Cys50
were calculated using 5mrg, Cys173, 175, 198, and 244 were calculated using 4bs2). The prediction, using the online tool RSCP, validated a residue as likely to be
oxidized when the decision value was above the threshold (0.7). (E) Accessibility of the cysteine residues calculated with Areaimol as implemented in the CCP4 suite

Given the proximity between oxidation sites and the
disease-exposed regions of TDP-43 retrieved in ALS patients
(166-173 and 246-255) as well as cleavage sites, the early
misfolding of TDP-43 by oxidation, upstream of ubiquitination,
phosphorylation, and fragmentation, as suggested in Cohen et al.
(2012), is an attractive hypothesis. Moreover, disease-linked
mutations G348C and S379C, which introduce new cysteine
residue in TDP-43, were shown to undergo oxidation, generating
cross-linked TDP-43 species, further supporting the role of early
oxidation in TDP-43 misfunction (Cohen et al., 2012).

Acetylation
Lysine acetylation is a post-translational modification associated
with various pathways including RNA processing, cytoskeleton

association, and cellular signaling among others [see Narita
et al. (2019) for an exhaustive list]. Recently, acetylation has
been associated with aggregating proteins such as Tau (Irwin
et al, 2012), Huntingtin (Arbez et al, 2017), and SODI1
(Abdolvahabi et al., 2015).

A recent study identified two main sites of acetylation in
TDP-43, Lys145, and Lys192 (Figures 7A,B; Cohen et al., 2015).
Generating acetylation mimics (K145Q and/or K192Q) led to the
formation of nuclear speckles, and cytoplasmic aggregates when
the TDP-43-nuclear localization signal was impaired (TDP-43
ANLS). The acetylation-null mutant (TDP43-2KR) was diffuse,
even when TDP-43 NLS was impaired, supporting acetylation
of TDP-43 as a pathological modification of the protein. TDP-
43 K145Q mutant exhibited decreased nucleic acid binding that
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FIGURE 7 | Acetylation of TDP-43 Lysines. Lys 145 in RRM1 (orange) (A) and Lys 192 in RRM2 (green) (B) shown in Cohen et al. (2015) to be acetylated are located
at the interface with nucleic acid (RNA, gray) PDB ID 4bs2 (Lukavsky et al., 2013). (C) Accessibility of the lysine residues shown to be acetylated calculated using
Areaimol as implemented in the CCP4 suite (Otwinowski and Minor, 1997). (D) Prediction of acetylated lysines by different acetylation systems, using ASEB
(http://bicinfo.bjmu.edu.cn/huac/; Li et al., 2012, 2013; Zhai et al., 2017) shown as a heat map of p-values. For each query, a p-value is assigned based on its
similarity to known sites. The smaller the p-value of the residue, the closer it is to known acetylated sites.
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translated into decreased splicing function (Cohen et al., 2015).
This is not surprising, K145 is part of RRM1 RNP-1 motif and
K192 of RRM2 RNP-2, they are both moderately accessible in
the free protein (Figure 7C), and acetylation is a PTM known to
modulate protein-nucleic acid binding (Arbely et al., 2011; Ren
etal,, 2016) by neutralizing the electrostatic interface.
Nevertheless, residues K145 and K192 were not found
acetylated in a recent study using mass spectrometry on TDP-43
inclusions in ALS brains of two different patients (Kametani et al.,
2016). The authors describe instead Lys82 as being modified,
hence suggesting heterogeneity between patients. Acetylation at
Lys82, found in TDP-43 NLS, could impair proper shuttling
to the nucleus and act as a pathological event. Prediction
of acetylation sites using ASEB (A Web Server for KAT-
specific Acetylation Site Prediction') (Li et al, 2012, 2013;

Thttp://bioinfo.bjmu.edu.cn/huac/

Zhai et al., 2017) shows a high potential of Lys82 as well as Lys192
(Figure 7D), while K145 were less likely to be modified. The
implication of those two Lysines in disease remains to be further
examined. We also probed for mutations that could enhance
acetylation, Q331K and N345K, and found that they both are
predicted as possible sites of acetylation. It would be intriguing to
look for these acetylation sites in the brain of patients with these
acetylation enhancing mutations.

Zinc Binding

A recent study described the ability of zinc ions to bind
TDP-43 with an affinity in the micromolar range. Binding
of Zinc was shown to decrease TDP-43 thermostability
and formed Thioflavin-T-positive aggregates, reminiscent
of amyloid nuclei (Garnier et al, 2017). Zinc treated SY5Y
neuronal-like cells recapitulated several hallmarks of TDP-43
proteinopathy including reduced expression, formation of
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small nuclear inclusions, and diffuse cytosolic localization. The
treatment, however, did not cause formation of CTD fragments,
ubiquitination or phosphorylation of TDP-43 (Caragounis et al.,
2010). Although an indirect route was not ruled out, especially
via the generation of ROS through NMDA- or mitochondrial-
mediated pathways by Zn™, zinc ions are also known to bind and
promote in vitro aggregation of Tau (Huang et al., 2014), alpha-
synuclein (aSyn) (Valiente-Gabioud et al., 2012) and Amyloid-f
Peptide(AP) (Alies et al., 2016). Altered zinc homeostasis is also
suggested as a risk factor for several neurodegenerative disorders
such as ALS or Alzheimer’s disease [see review (Szewczyk, 2013)].
Even though this is still a matter of debate given the relatively
poor affinity of zinc for those proteins (in the micromolar range),
direct contribution of zinc to TDP-43 aggregation could lead
to complexes actively producing ROS similar to Af and aSyn
(Atrian-Blasco et al., 2018), and further amplifying toxicity.

The predicted binding sites of Zn?>* in TDP-43 RRM domains
(Garnier et al, 2017) contain Cys residues, modified upon
oxidative stress (Cohen et al., 2012), and especially Cys173 and
Cys175 in RRM1 (Chang et al., 2013; Figure 6B) that govern
aberrant self-assembly at amyloidogenic cores (Shodai et al.,
2013). Even though Zn?* binding is well-known to protect
cysteine residues from oxidation, it has been suggested that
some metal-binding cysteines could undergo redox modifications
(Pace and Weerapana, 2014). Complexing those Cys residues by
zinc jons might have an effect similar to oxidation and might lead
to misfolding of the protein.

SUMOylation

SUMOylation is a post-translational modification where a small
ubiquitin-like modifier (SUMO) sequence is added to a Lysine
residue within a SUMO-interaction motif, CKXE/D, C being
a large hydrophobic amino acid. SUMOylation was suggested
to be a pathological event in ALS, since superoxide dismustase
1 (SOD1), Fused in Sarcoma (FUS) and TDP-43 were found
SUMOylated (Dangoumau et al., 2013; Foran et al, 2013)
which resulted in an increase aggregation of those proteins. In
addition, TDP-43 aggregated in inclusions was found SUMO
positive following overexpression in mouse primary neurons
(Seyfried et al., 2010).

To date, there is still no confirmation on where the
modification occurs on TDP-43, all the SUMOylated sites
described in Figure 8A were found in two high-throughput
studies (Hendriks et al., 2014; Lumpkin et al., 2017). Prediction
site SUMOPIlot confirmed K136 as being the most likely to
be SUMOylated (Figure 8B) which is consistent with the
suggestion in Dangoumau et al. (2013). But given the poor surface
accessibility of K136 SUMO motif (30% in the free protein and
27% when TDP-43 is in complex with RNA), SUMOylation at
this site is unlikely on a native structure and SUMOylation at
residues K84 or K140 seem more likely to occur on a folded
TDP-43. While experimental data is necessary to validate the
SUMOylation sites, we can speculate that SUMOylation of K84
would disrupt TDP-43 NLS and active transport from cytoplasm
to nucleus and SUMOylation at K136 would be the most
detrimental by affecting interactions between RRM1 and RRM2
domains as well as RNA binding (Figures 8C,D).

Phosphorylation

Abnormal phosphorylation of TDP-43 in ALS has been described
as a hallmark feature of cytoplasmic aggregates in ALS/FTLD
(Araietal., 2006; Hasegawa et al., 2008). Indeed, phosphorylation
on serine residues 403/404 and/or 409/410 is considered a
consistent reference marker of disease (Neumann et al., 2009).
Most pathological phosphorylations that occur in the CTD of the
protein (Hasegawa et al., 2008; Figure 1), are thought to happen
as a later event, and to accumulate on the protein as it is trapped
in the cytoplasm over time, depicting attempt from the cellular
machinery to trigger degradation (Fang et al.,, 2014; Kametani
etal., 2016; Zhang et al., 2019).

The effect of phosphorylation on TDP-43 remains unclear
and largely debated. Several studies point out the propensity of
phospho-null mutant to increase aggregation while phospho-
mimic mutant had the opposite effect (Brady et al., 2011; Li et al,,
2011). On the contrary, another group has reported increased
accumulation of TDP-43 following phosphorylation by truncated
Casein Kinase 18 (Nonaka et al., 2016). Phosphorylation at T153
and Y155 by MAPK/ERK Kinase was not associated with protein
accumulation and TDP-43 remained soluble but its capacity to
bind nucleic acid was reduced, which could be consistent with a
second RNA binding site on RRM1 (Li et al., 2017) (see section
“RRM-Nucleic Acid Binding”).

Another example is the recently reevaluated ALS mutation,
S375G, linked to early onset disease (Newell et al., 2019). This
mutation was shown to remove a phosphorylation site resuting
in increased nuclear localization compared to wild-type TDP-
43. Interestingly, the phosphomimic mutant, S375E, exhibited
cytotoxicity and increased cytoplasmic accumulation. The
authors suggested the necessity of a reversible phosphorylation
in the regulation TDP-43 cellular redistribution.

Finally, about half of the known disease-linked mutations
in TDP-43 will either create potential phosphorylated
sites (new Ser or Thr residues), remove phoshorylation
sites (elimination of Ser or Thr residues) or introduce a
phosphomimic residue (Asp and Glu) (Figure 1), arguing that
pathogenesis based on phosphorylation alone is possible but is
probably correlated with the site of phosphorylation and/or the
phosphorylation machinery.

Ubiquitination

Ubiquitination was one of the first pathological modifications of
TDP-43 that was discovered (Arai et al., 2006; Neumann et al.,
2006; Nonaka et al., 2009a). This post-translational modification
results in the covalent attachment of a small regulatory protein
(8.6 kDa) -ubiquitin- catalyzed by a sequential cascade of
enzymes, similarly to SUMOylation, and is well-known for its role
into protein degradation.

A recent mutagenesis study coupled with mass spectrometry
was able to find several ubiquitinated sites and suggested a
proteasome and autophagosome targeting function of TDP-
43 ubiquitination (von Zweydorf et al, 2018). The authors
validated K84 and K95 as being modified and showed only
K84 to affect nuclear import while K95 seemed to impact
CTD phosphorylation. To note, those two modifications
seemed to have no effect on TDP-43 solubility. Residues
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A
Position Sequence Score
K84  PKDNK RKMD ETDAS 0.44
K136 VLMVQ VKKD LKTGH 0.93
K140 QVKKD LKTG HSKGF 0.73
i EPLRS RKVF VGRCT 0.09
MDVFI PKPF RAFAF (.26

C

surface of TDP-43 NTD (C) or RRM1-2 with and without RNA (D).

FIGURE 8 | SUMOylation of lysine residues in TDP-43. (A) TDP-43 sites that conform to SUMOylation consensus motifs (ranked by Abgent SUMOplot™ Analysis
Program). Higher scores indicate greater similarity to positively identified SUMOylation motifs and higher predicted likelihood of endogenous SUMOylation.

(B) Accessibility of the SUMO motifs at the TDP-43 surface were calculated using Areaimol as implemented in the CCP4 suite (Otwinowski and Minor, 1997) on the
NTD structure [PDB ID 5mrg (Mompean et al., 2017), K84 motif] or the free form of the tethered RRM domains structure [PDB ID 4bs2 (Lukavsky et al., 2013), K136,
K140, K192, and K224 motifs]. To note, there is no significant difference in accessibility values when RNA is present. Mapping of the SUMOylation motifs on the

K160, K181, and K263 in the RRM domains, were also
validated, but the authors did not pursue further those sites.
Mapping of those residues as well as surface accessibility
calculations (Figure 9) indicate that (i) K263 is the most
accessible to modification (which is consistent with predictions
using UbPred?) (Radivojac et al., 2010), and modification of
this residue could result in direct RNA binding reduction,
(ii) K181 modification would be detrimental to TDP-43
structure possibly by modifying interactions between RRM1
and RRM2 especially via loss of contact with the critical
residue D247 (see RRM domains section for discussion of
this residue) or by affecting RRM-NTD interactions since it
is close to the linker and (iii) K160 modification would be
the less detrimental, even though it has potential contacts
with F127 and T157. The authors further noticed a lack of
ubiquitination localized in the CTD when considering the
full-length TDP-43, which was surprising at first since they
previously observed major ubiquitination in a CTF fragment
of TDP-43 (residues 193-414) (Hans et al., 2014). Thus, this
observation suggests CTD ubiquitination might only occur
post TDP-43 cleavage. While ALS-linked mutations Q331K
and N345K did not induce further ubiquitination, K263E,
very surprisingly led to enhanced ubiquitination that was
attributed to ubiquitination to redundant sites (Hans et al,
2014). Interestingly, K263E exhibits higher propensity to form
aggregates (Bhandare and Ramaswamy, 2018).

Zhttp://www.ubpred.org

Cleavage

An additional consistently observed aberration is the
accumulation of fragmented TDP-43 in cytoplasmic aggregates
(Neumann et al., 2006; Zhang et al., 2007, 2009; Che et al,
2015; Berning and Walker, 2019). These fragments appear to
be the result of caspase cleavage at several sites (Figure 1).
Cleavage at D89-A90 results in a 35 kDa fragment (TDP-35)
that lacks the NTD and disrupts the NLS but is correctly folded
(Che et al., 2015). Sites at D169-G170 and D174-C175 are both
associated with the 25 kDa fragment (TDP-25) which lacks the
NTD, NLS and most of RRM1 (Li et al., 2015; Chiang et al., 2016;
Figure 3B). Additional sites occur at M218-D219 and E246-D247
(Igaz et al., 2009; Nonaka et al., 2009b; Figure 3C). All of these
cleavage events lead to disruption or elimination of TDP-43 NLS,
trapping the protein in the cytoplasm (Cicardi et al., 2018) and
enhancing protein aggregation (Kitamura et al., 2016). Notably,
D169-G170, D174-C175, and E246-D247 are located at or in
the amyloidogenic cores and as such, cleavage might help in
exposing those sequences. Alternatively, early unfolding initiated
by other PTMs, for example oxidation of Cys 173 or Cys 244,
might result in exposure of those regions, increasing cleavage
activity. Further, disease-linked mutations, A90V and D169G
(Chiang et al., 2016), link those cleavage sites to pathological
forms of TDP-43.

PARylation
Poly-ADP-ribose is a post translational modification that
conjugates several ADP-ribosyl units by members of the
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FIGURE 9 | Ubiquitination of lysines in TDP-43. (A) Accessibility of the known
ubiquitinated Lysine residues were calculated using Areaimol as implemented
in the CCP4 suite (Otwinowski and Minor, 1997) on the NTD structure [PDB
ID Bmrg (Mompean et al., 2017), K84 and K95] or the tethered RRM domains
structure [PDB ID 4bs2 (Lukavsky et al., 2013), K160, K181, and K263].
Mapping of the SUMOylation motifs on the surface of TDP-43 NTD (B) or
RRM1-2 with and without RNA (C,D).

poly(ADP-ribose) polymerase (PARP) family, to generate long
and highly negatively charged linear or branched polymers
(Teloni and Altmeyer, 2016), in PAR-binding modules.
One of the PAR-binding modules is the PAR-binding motif
(PBM, typically [HKR]1-X2-X3-[AIQVY]4-[KR]5-[KR]6-[AILV]7-
[FILPV]8) where Lys, Asp and Glu can be modified [see (Teloni
and Altmeyer, 2016) for full review, and (Gibson and Kraus,
2012) for structural insight]. Multiple PBMs can be found in the
same protein and can increase interaction of target protein with
PAR conjugation system (Krietsch et al., 2013). PARylation has
been linked to DNA damage repair, unfolded protein response
and cellular stress response among other [see (Gupte et al., 2017)
for a full list and description]. Interestingly, mammalian stress
granules have been shown to contain PAR (Catara et al., 2017).
In a search for genetic modifier of TDP-43 toxicity, McGurk
et al. (2018) found that downregulation of tankyrase (a PAR
catalase) reduced degeneration of the Drosophila eye linked to
expression of human TDP-43. Sequence alignment led McGurk
et al. (2018) to find two regions of interest with 80 and 63%
of fitting to the canonical PBM, which turned out to overlap
with the bipartite NLS of TDP-43 (Figure 1) and which they
experimentally validated. Not only did expression of TDP-43-
APBM induce a cytoplasmic localization of the protein, it also
excluded the protein from stress granule assembly. Such a
PARylation, close to TDP-43 NLS, may serve as steric hindrance
to mask TDP-43 NLS and is coherent with the need to avoid active
shuttling to nucleus when the protein is needed in stress granules.
Moreover, TDP-43 was able to form LLPS in the presence
of PAR while TDP-43-APBM produced an aberrant phase
transition. ALS associated TDP-43 fragments (TDP-35 and
TDP-25), lacking partially or totally the PAR binding, were

not able to co-localize to stress granules nor undergo correct
liquid phase demixing.

Mitochondrial Targeting

Several studies have found TDP-43 localization to mitochondria
(Mori et al., 2008; Wang et al., 2016, 2017; Davis et al., 2018)
but others have failed to find such an association (Onesto
et al., 2016; Kawamata et al., 2017). Nevertheless, one study
was able to predict several mitochondrial targeting sequences
in TDP-43, named MI1-M6 (Wang et al., 2016; Table 2,
Figures 1, 10) and experimentally validated three of them as
main mitochondrial signals (M1, M3, and M5). Deletion of each
of those three signals greatly reduced TDP-43 mitochondrial
localization, but did not abolish it, suggesting the need for
multiple sequences in the import process. It was further
proposed that mitochondrial import of TDP-43 occurred through
TOM70/TIM22 complexes, known to mediate translocation of
proteins that do not carry a classical matrix-targeting signal and
has been shown to bind multiple internal mitochondrial motifs
(Backes et al., 2018).

With the likely exception of M5, located in the unstructured
CTD of TDP-43, none of the mitochondrial signal are surface
accessible in the well-folded protein (Table 2). While this is
consistent with a very limited -if any- mitochondrial localization
of TDP-43 in normal conditions (Wang et al, 2016), the
question remains as to how TDP-43 gets translocated in
mitochondria in a pathological context. We suggest that several
events, among others, could contribute to this state. (1) TDP-
43 abnormally interacts with the mitochondrial chaperone
Hsp60 in ALS (Freibaum et al, 2010). Fused in sarcoma
(FUS) protein, another ALS-linked protein, was also shown to
have pathological interaction with Hsp60 which increases its
mitochondrial localization (Deng et al., 2015). Increased Hsp60
binding could explain exacerbated mitochondrial localization.
(2) The heat shock protein Hsp70 is known to be implicated
in mitochondrial import (Young et al., 2003) and to bind TDP-
43 as well as dissolve TDP-43 aggregates and rescue toxicity
(Udan-Johns et al., 2014; Kitamura et al., 2018). It has been
shown that Hsp70 is reduced and mislocalized to aggregates in
SODI mutants mice (ALS model) (Liu et al., 2005; Chen et al.,
2016). Moreover, defects in cytosolic Hsp70 led to enhanced
entry of misfolded proteins into mitochondria and elevated
mitochondrial stress in yeast, which is believed to translate into
humans (Ruan et al., 2017). An abnormal Hsp70 could lead
to exacerbated mislocalization of TDP-43 in mitochondria. (3)
Interestingly, the M3 mitochondrial sequences is localized at the
nucleic acid binding site (RNP-2 of RRM1) and accessibility of
the mitochondrial signals are greatly affected by RNA binding

TABLE 2 | Accessibility of mitochondrial signals.

Validated Free protein In complex with RNA

M1 35-FPGACGL-41 Yes 26% N/A
M3 146-GFGFV-150 Yes 13% 1.4%
M5 293-RGGGAGLG-300  Yes N/A N/A

Underlined is mutation linked to increased mitochondrial localization.
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NTD (B)

FIGURE 10 | Mitochondrial targeting sequences in TDP-43. (A) M1 in the NTD monomeric structure [PDB ID 5mrg (Mompean et al., 2017)]. (B) M1 in the dimeric
structure [PDB ID 5mdi (Afroz et al., 2017)] (C) M3 in RRM1, overlapping with RNP-1 (orange) [PDB ID 4bs2 (Lukavsky et al., 2013)]. Location of mitochondrial

targeting signals shown in black. RNA is in light gray.

(Table 2). Since RNA was shown recently to be neuroprotective
(Coyne et al.,, 2014; Mann et al,, 2019), loss of RNA binding
could hence promote TDP-43 to localize in mitochondria. (4)
Mutations in TDP-43 could contribute to mislocalization to the
mitochondria. G298S, occurring in M5, was shown to increase
mitochondrial import in patient fibroblasts and cell lines (Wang
et al., 2016). This mutation might thus make the mitochondrial
signal more accessible. Alternatively, misfolding or unfolding,
either local or total, of TDP-43 could help in exposing the
mitochondrial targeting sequences and subsequent interaction
with mitochondrial import machinery. For example, C39 occurs
in M1 and has been shown to be oxidized, which might help in
TDP-43 unfolding. Although the crystal structure of the dimeric
TDP-43 NTD, which contain dimethylarsino-modified C39 and
C50, does show a small increase in the distance between the
monomers compared to the dimeric NMR structure, M1 is not
significantly more surface exposed (Afroz et al., 2017; Wang A.
et al., 2018; Figure 10). Another example would be acetylation
at K145, localized just at the N-terminus of the M3 signal and is
the first residues of RNP-1 in RRM1. Finally, phosphorylation of
TDP-43 was shown to increase mitochondrial localization (Wang
et al., 2016) since the phospho-mimic G298D induced increased
mitochondrial TDP-43 and phospho-null G298A reduced it.

CONCLUDING REMARKS

TDP-43 is an essential protein, found in all higher eukaryotes
(Wang et al., 2004). It is ubiquitously expressed throughout CNS
development and into adulthood (Huang et al., 2010), mainly
in the nucleus (Wang et al., 2002; Casafont et al., 2009) and
in the cytoplasm and mitochondria to a lesser extent. TDP-
43 is mislocalized in the cytoplasm of cells in the presence of
mutations in the context of neurodegenerative diseases. Possible
mechanisms of pathophysiology include mislocalization due
to excessive PTMs, aggregation, segregation of RNA in stress
granules. All these mechanisms are driven or modulated by
effects on the three-dimensional structure of TDP-43.

Solving the three-dimensional structure of the entire protein
has been challenging due to large disordered domain and
flexible linkers between domains. Differentially dissected

constructs of TDP-43 have been used to try to classify TDP-43
interdomain interactions, if any, in order to understand the
full protein structure-function relationship. Characterization
of these constructs using NMR concluded that TDP-43 has
dynamic interdomain interactions and implied an interaction
between N-terminus and C-terminus that contributes to its
pathology (Wang et al,, 2012; Wei et al., 2016). But overall,
inter-domain characterization is still underdeveloped. Further
structural advances may be possible with Cryo-EM, but the
flexible domains will still be problematic. It is more likely that
defining direct binding partners of TDP-43 will be more fruitful
in defining structural elements not defined in the apo protein.
It is also clear from this review, many PTMs will undoubtedly
change the protein structure as well as influence binding
to other partners.

An additional unanswered question is how full-length protein
as higher order oligomers is implicated in RNA splicing. It is
typical of RNA-binding proteins with multiple RRM motifs for
increased specificity and affinity to form higher order oligomers;
hnRNP proteins, for example, bind in tandem to RNA. For TDP-
43, polymerization through the NTD has been shown to be
implicated in splicing (Afroz et al., 2017). Moreover, while it was
shown that TDP-43 CTD is implicated in its splicing function
via flexible prion-like folding (Wang et al., 2012), a recent study
suggested that the ability of TDP-43 to phase separate does
not impact its splicing function (Schmidt et al., 2019). A better
understanding of the oligomerization foldome of TDP-43 and
how it relates to splicing will be necessary to define how the
core TDP-43 function (RNA binding) may be modulated by other
structural regions.

Another level of complexity arises from the contribution of
the CTD to the diseased state that includes a wide variety of
mutations clustered in this domain. Indeed, each mutation could
contribute to proteinopathy through different mechanisms; no
common mechanism has been elucidated thus far. Potentially,
mutations in this region could modify the intrinsic properties of
the CTD resulting in a shift between LLPS, SG, and aggregate
formation of the protein. Alternatively, other mutations could
modify the post-translational modification pattern.

From the intense literature on PTM,, it is clear that defining
the hierarchy between PTMs and various structural motifs from
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within and from exogenous proteins and how this will
influence TDP-43 will be of therapeutic interest. With the
advent of better proteomics of patient-derived cells, asking
if TDP-43's extensive PTMs (or which ones) detected in
patients correlate with disease onset or if they result from
the accumulation of insults will be critical. Coupled with
better definition of the structure of TDP-43 and determining
if PTM modifications are the cause or a result of the disease
will define how we tackle our targeting strategies toward
successful therapeutics.
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Neurodegenerative diseases (NDDs) are a group of diseases caused by chronic and
progressive degeneration of neural tissue. The main pathological manifestations are
neuronal degeneration and loss in the brain and/or spinal cord. Common NDDs
include Alzheimer disease (AD), Parkinson disease (PD), Huntington disease (HD),
and amyotrophic lateral sclerosis (ALS). The complicated pathological characteristics
and different clinical manifestations of NDDs result in a lack of sensitive and efficient
diagnostic methods. In addition, no sensitive biomarkers are available to monitor the
course of NDDs, predict their prognosis, and monitor the therapeutic response. Despite
extensive research in recent years, analysis of amyloid B (AB) and a-synuclein has failed
to effectively improve NDD diagnosis. Although recent studies have indicated circulating
miRNAs as promising diagnostic biomarkers of NDDs, the miRNA in the peripheral
circulation is susceptible to interference by other components, making circulating miRNA
results less consistent. Exosomes are small membrane vesicles with a diameter of
approximately 30-100 nm that transport proteins, lipids, mRNA, and miRNA. Because
recent studies have shown that exosomes have a double-membrane structure that can
resist ribonuclease in the blood, giving exosomal miRNA high stability and making them
resistant to degradation, they may become an ideal biomarker of circulating fluids. In
this review, we discuss the applicability of circulating exosomal miRNAs as biomarkers,
highlight the technical aspects of exosomal miRNA analysis, and review studies that have
used circulating exosomal miRNAs as candidate diagnostic biomarkers of NDDs.

Keywords: biomarker, exosomal miRNA, neurodegenerative disease, CSF, blood

INTRODUCTION

Neurodegenerative diseases (NDDs) are a group of diseases caused by chronic and progressive
degeneration of neural tissue. The main pathological manifestations are neuronal degeneration and
loss in the brain and/or spinal cord (Amin Lari et al., 2019). Common NDDs include Alzheimer
disease (AD), Parkinson disease (PD), Huntington disease (HD), and amyotrophic lateral
sclerosis (ALS).

Exosomes are extracellular vesicles with a diameter of 30-100 nm. They are produced by a
variety of cells in eukaryotes and contain proteins, lipids, nRNA, and miRNAs. Exosomes carry the
components of their original cells and interact with adjacent or distant cells to perform information
exchange between different cells under both physiological and pathological conditions (Zhang et al.,
2015; Yang et al., 2017).
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In recent years, studies have shown that misfolded proteins
associated with the pathogenesis of NDDs, such as a-synuclein
(a-syn), tau, and amyloid B (AB), can be transported through
exosomes and thereby promote the transmission of these
proteins between cells and to nonpathological areas, hastening
disease progression (Asai et al, 2015; D’Anca et al, 2019;
Hosaka et al., 2019; Jiang et al, 2019). In addition to the
ability of misfolded proteins to accelerate the development of
NDDs, exosomal miRNAs (ex-miRNAs) are also involved in the
pathogenesis of NDDs. AD onset is related to inflammation,
which may increase cell damage and cause neuronal death.
For example, the levels of ex-let-7 are increased in the
brains of AD patients, where it can activate Toll-like receptor
and further promote the release of inflammatory factors by
activating its downstream signal molecules, eventually leading
to neuronal death (Winkler et al, 2014). BACE1l (B-site
amyloid precursor protein-cleaving enzyme 1) protein is an
endopeptidase that cleaves the f-amyloid precursor protein to
generate neurotoxic B-amyloid peptide AB;_4, (Haniu et al,
2000). Wang et al. (2008) indicated the ex-miR-107 contributes
to BACE1 posttranscriptional regulation, which was predicted
to exacerbate pathology in AD patients (Wang et al., 2008;
Van Giau and An, 2016). Ex-miR-125, ex-miR-210, ex-miR-
450b, and ex-miR-669b promote mitochondrial dysfunction,
immune system disturbance, and inflammatory activation
through multiple signaling pathways to trigger manganese-
dependent a-syn overexpression and deposition and thereby
play an important role in the pathogenesis of PD (Danzer
et al., 2012; Harischandra et al., 2018). Ex-miRNA-7 reduces
the expression of a-syn protein, the major component of Lewy
bodies in sporadic PD (Junn et al, 2009). Langfelder et al.
(2018) suggested that miR-128, miR-132, and miR-218 may
be significantly correlated with the CAG repeat expansion of
HD. The exosomes of mutant superoxide dismutase 1 (SODI)
motor neurons are rich in ex-miR-124, which can activate
microglia and the nuclear factor kB signaling pathway to
stimulate the release of numerous cytokines, such as interleukin
1B, tumor necrosis factor a, major histocompatibility class II,
and inducible nitric oxide synthase (Pinto et al., 2017). The
expression levels of ex-miR-155, ex-miR-146a, and ex-miR-
124 are increased in the later stage of ALS, further aggravating
the inflammation reaction, leading to a disordered intracellular
environment and motor neuron degeneration and necrosis
(Pinto et al., 2017). Ex-miR-27a-3p was down-regulated in ALS
patients. Xu et al. (2018) suggested the down-regulated ex-
miR-27a-3p could mineralize osteoblasts by dysregulating Wnt
signaling pathway.

The complicated pathological characteristics and different
clinical manifestations of NDDs have led to insufficiently
sensitive and efficient diagnostic biomarkers. In addition,
no sensitive biomarkers designed to monitor the course of
NDDs can predict the prognosis and observe the therapeutic
response. Patients with high levels of AB42 in the peripheral
blood have an increased risk of dementia after 5 years; in
addition, peripheral blood levels of tau protein are higher in
AD patients and significantly associated with future cognitive
impairment (Fiandaca et al, 2015; McDade and Bateman,

2017). However, the relatively low levels of Af and tau
proteins in peripheral blood necessitate more sensitive detection
techniques and increase the detection cost, which limits their
application as diagnostic biomarkers of AD. Tabrizi et al.
(2013) showed that the plasma levels of neurofilament light
chain (NfL) were significantly increased in HD patients and
closely associated with age and CAG repeat length. However,
the NfL concentration failed to reflect the treatment effects
of patients.

Recent studies have suggested that miRNAs in the peripheral
circulation are important biomarkers for the evaluation of
diseases, including NDDs. In patients with NDDs, specific
miRNAs are differentially expressed in body fluids such as
blood and interstitial fluids. The plasma levels of miR-206
were determined to be increased in AD and to display a
close relationship with cognitive decline and memory deficits
(Kenny et al, 2019). Bai et al. (2017) found that decreased
levels of serum miR-29, especially miR-29a and miR-29c,
were potential biomarkers of PD. Increased levels of miR-
100-5p and decreased levels of miR-330-3p and miR-641
were correlated with the total functional capacity of HD
patients (Diez-Planelles et al,, 2016). The authors therefore
suggested that the levels of these circulating miRNAs might be
promising biomarkers for monitoring disease progression. De
Felice et al. (2014) suggested that miR-338-3p was increased
in peripheral leukocytes, serum, and cerebrospinal fluid (CSF)
from sporadic ALS patients and considered the miRNA to
be a potential biomarker for early diagnosis of sporadic
ALS (Diez-Planelles et al., 2016).

MiRNAs are small RNA molecules that are widely studied
because of their important posttranscriptional regulatory roles in
gene expression in cells and can also be found in exosomes. These
ex-miRNAs can be protected by exosomes from degradation
by nucleases that are widespread in body fluids. This feature
also enables disease diagnosis through the detection of the
content of specific miRNAs in exosomes. Because of connecting
to the central nervous system (CNS) directly, analysis of
CSF can accurately reflect the biochemical changes of the
CNS and is an accurate and effective body fluid specimen.
However, obtaining CSF is invasive and increases the risk of
intracranial infection and is not easily accepted by patients.
Ex-miRNAs are also stable in blood and can be reliably
detected at low concentrations using today’s sensitive analytical
methods; the study of ex-miRNAs in blood is a good sample
for noninvasive early diagnosis and prognostic evaluation for
NDD patients. In this review, we discuss the applicability of
circulating ex-miRNAs as biomarkers, highlight the technical
aspects of ex-miR analysis, and review published studies that have
used circulating ex-miRNAs as candidate diagnostic biomarkers
of NDDs.

BIOLOGICAL CHARACTERISTICS OF
EXOSOMES

Exosomes are phospholipid bilayer membrane vesicles with
a diameter of approximately 30-100 nm. They are rich
in protein, lipid, mRNA, and miRNA and are released
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by membrane fusion into various extracellular and body
fluids, such as urine, plasma, breast milk, and CSF. They
act locally via autocrine and paracrine signaling or enter the
blood system and travel to distant cells, directly acting on
target cells through receptor ligand binding, endocytosis,
and cytoplasmic membrane fusion and participating in
complex intercellular material and information exchange
(Saman et al., 2012; Kalani et al., 2014; Sarko and McKinney,
2017). Exosomes come from the endosome system. At
present, exosome biogenesis is considered to begin with the
formation of intraluminal vesicles in the multivesicular body
(MVB; Trajkovic et al., 2008).

Exosome formation is roughly divided into three steps: (1) the
cell membrane is sunken inward to form intracellular vesicles,
namely, early endosomes; (2) early endosomes in turn form
multivesicles with multiple vesicles in the cavity by means of
endophytic buds to form MVBs; and (3) the MVBs combine
with lysosomes: some vesicles within MVBs are degraded by
lysosomes, whereas the remaining vesicles fuse with the cell
membrane and are released to the outside of the cell in the form
of exosomes (Grant and Donaldson, 2009; Shao et al., 2018).

EXOSOME COMPOSITION AND miRNA
SYNTHESIS AND PACKAGING

Exosomes are rich in proteins and lipids. According to the
Exocarta database!, there are more than 8,000 exosome-related
proteins and 184 lipids, of which more than 100 proteins
are listed as exosomal biomarkers (Keerthikumar et al., 2015).
Exosomes are mainly composed of two types of molecules:
structural molecules and cargo molecules. Exosomes are released
through the endosome pathway, and all contain tetraspanin
proteins, Rab GTPases, TSG101, and heat shock proteins
(Hsp70 and Hsp90; Stenmark, 2009; Hsu et al., 2010). Cargo
molecules are lipids, proteins, and genetic material. Exosomes
from different cells carry different proteins. Cells can also
release prion-like proteins, such as AB, tau, a-syn, and misfolded
SOD1, under different pathological and physiological conditions
(Arellano-Anaya et al., 2015). The main role of lipid components
in exosomes is to regulate exosomal sorting of miRNAs and
proteins (Lamichhane et al, 2015). In addition to proteins
and lipids, exosomes are also responsible for the transport of
genetic material such as DNA, mRNA, miRNA, ribosomal RNA,
circular RNA, and long noncoding RNA (Crescitelli et al., 2013).
However, miRNA accounts for more than 50% of all exosomal
RNA (Huang et al., 2013).

miRNAs are a type of endogenous noncoding RNA with
regulatory function found in eukaryotes. In the nucleus, the
miRNA gene transcribes into the initial miRNA (pri-miRNA)
and then the pri-miRNA produces approximately 70 nucleotides
with stem-ring structure under the shearing action of Drosha
(pre-miRNA). In the cytoplasm, pre-miRNAs are cleaved by
the RNase III enzyme Dicer to form a mature double-
stranded miRNA containing approximately 21 nucleotides. In
the cytoplasm, pre-miRNAs are cleaved by RNA polymerase
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FIGURE 1 | The sorting mechanism for ex-miRNAs. miRNA genes are
transcribed into primary miRNAs (pri-miRNAs), and then the precursor
miRNAs (pre-miRNAs) are processed by the Drosha complex, which are
subsequently delivered into cytoplasm by the Exportin 5 complex. The
pre-miRNAs become mature miRNAs digested by the Dicer complex. Mature
miRNAs are sorted into exosomes usually by three potential ways:

(1) nSMase2 dependent pathway; (2) sumoylated hnRNPs-dependent
pathway; (3) miRISC-related pathway. miRISCs colocalize with the sites of
exosome biogenesis, and the components, such as Ago2 protein and
miRNA-targeted mRNA, are related to sort of mIRNAs into exosomes.

I to form a mature miRNA containing approximately
21 nucleotides. With the help of helicase, mature miRNAs
can form RNA-induced silencing complex (RISC). Under the
action of RISC and Argonaute proteins, miRNAs bind to
target mRNA. One mature single-stranded miRNA remains
in the complex, and the complementary mRNA sites regulate
gene expression through base pairing (Higa et al, 2014).
miRNAs in the nervous system constitute a complex network
for regulating gene expression that plays an important role
in the normal physiological regulation of the nervous system
and the progression of NDDs (Properzi et al., 2015; Saraiva
et al., 2017). The distribution of miRNAs into exosomes in the
cytoplasm can be regulated by a variety of mechanisms. Possible
pathways include: (1) the neutral sphingomyelinase 2 (nSMase
2)-dependent pathway; (2) the SUMOylated heterogeneous
ribonucleoprotein nuclear (hnRNP)-dependent pathways; and
(3) the 3'-terminal sequence-dependent pathways of miRNAs
(Chevillet et al., 2014; Zhang et al., 2015; Figure 1).

Possible outcomes after exosomes are extracellularly released
include: (1) their capture by nearby cells and reabsorption by
their secretory cells; (2) their remote relocation, recognition by
a cell, and fusion with its cell membrane; and (3) their entrance
into the body fluid circulation and movement to other organs;
the latter provides a solid foundation for their extraction and
analysis. Common fluids for obtaining exosomes of the nervous
system are the CSF and peripheral blood (Pant et al., 2012).
Studies have found that the analysis of specific ex-miRNAs
derived from the nervous system can reflect the physiological
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condition of the nervous system and provide a reference point
for the diagnosis of NDDs.

EXOSOME ISOLATION AND STORAGE

Since the discovery of exosomes, numerous studies have shown
that exosomes can play an important role in the diagnosis and
treatment of diseases. To facilitate the clinical application of
exosomes, efficient separation and storage methods are essential.
The current methods for isolating exosomes primarily comprise
ultracentrifugation (Baranyai et al., 2015), the microfluidic chip
method (Zhang et al., 2019), the antibody affinity capture method
(Mathivanan et al., 2010), the polymer precipitation method
(Cao F. etal., 2019), and gel exclusion chromatography (Hayashi
et al,, 2019). Of these, the most commonly used method is
ultracentrifugation. The separation principle is based on particle
size and density and involves low- and high-speed centrifugation.
The method is simple and suitable for large-volume samples, but
the equipment cost is high, and the recovery rate unstable. At the
same time, the disadvantages of repeated centrifugation, which
may damage the vesicle membrane, limit its application (Helwa
etal., 2017). The microfluidic chip method can construct a three-
dimensional microenvironment based on exosome specificity
and separate exosomes from the complex cell matrix. This
method can obtain highly pure exosomes with high separation
efficiency and automatic control. It is also an ideal method to
separate exosomes (Cao H. et al,, 2019). The antibody affinity
capture method uses the antigens present in the exosomes and
the highly specific affinity between the antibodies for separation.
This method can also obtain high-purity exosomes and isolate
different subtypes of exosomes (Popovic et al., 2018). The
polymer precipitation method produces more heteroproteins
and may yield particles of uneven size (Niu et al., 2017), whereas
gel exclusion chromatography requires special equipment and
has a long running time (Monguié-Tortajada et al., 2019), which
is why these two methods are not widely used.

In addition, in terms of storage, it is extremely important
to maintain the in vitro integrity of the exosomes. Exosomes
prevent RNase degradation and are considered to be a stable
source of miRNA (Koga et al., 2011). Indeed, ex-miRNAs have
been shown to be stable for 5 years at —20°C, unaffected for
2 weeks at 4°C, and resistant to freeze-thaw cycles (Weber
et al,, 2010). Therefore, exosomes, as a source of miRNAs,
are efficient means for the storage and recovery of miRNAs
under conditions that normally degrade free miRNAs (Thind
and Wilson, 2016). Because of their availability and stability,
ex-miRNAs are considered to be a new, noninvasive diagnostic
biomarker of disease with potential for predicting prognosis. Two
miRNA measurement techniques commonly used in research
today are microarrays and reverse transcription-polymerase
chain reaction (RT-PCR). Microarrays can provide the entire
genome expression profiles of miRNAs, which can help to
detect a large number of abnormal miRNAs. Compared
with RT-PCR, microarrays have higher specificity but lower
sensitivity (Mestdagh et al., 2014). Reverse transcription-PCR is
more sensitive and suitable for monitoring low-level miRNAs.
However, miRNAs have “isomiRs” (sequence heterogeneity at

the 3’ and 5 ends), which may complicate the measurement,
especially for RT-PCR (Lee et al., 2010).

Next-generation sequencing, a recently adopted and powerful
method for measuring miRNA expression profiles, may prove
clinically useful. This technique can accurately quantify miRNAs
across the genome and distinguish between miRNAs that differ
by only one nucleotide. Because no primers or probes are needed,
it can detect new miRNAs (Liguori et al., 2018; Zhou et al., 2018).

In addition, the development of diagnostic biomarkers
of NDDs based on circulating ex-miRNAs requires the
consideration of multiple factors, such as source fluids,
separation techniques, and quantitative methods. These factors
should also be considered when published studies in this area are
being compared (Figure 2).

CIRCULATING EX-miRNAS AS
BIOMARKERS IN NDDs

The levels of miRNAs in peripheral blood are affected by
multiple factors. In addition to sex, ethnicity, inflammatory
factors, and lifestyle (Fan et al., 2015; Wagner et al., 2016;
Pheiffer et al, 2018; Ludwig et al, 2019), they may also
vary among sample types (whole blood, serum, and plasma;
Blondal et al., 2013). Ex-miRNAs effectively avoid the above
problems due to their stable expression, and the development
and application of high-throughput sequencing technology to
miRNA expression profiles have greatly improved diagnostic
sensitivity (Cheng et al., 2013; Chen et al., 2017). The pathological
changes in the nervous system microenvironment will affect
the type and content of exosomes released by nerve cells, and
miRNAs, as important components of neuroepigenetics, are
often significantly altered as well, which suggests that ex-miRNAs
are of considerable value as early diagnostic markers of NDDs
(Table 1, Figure 3).

EX-miRNAs AS BIOMARKERS IN AD

Lugli et al. (2015) successfully isolated exosomes from the
plasma of AD patients and used high-throughput sequencing
technology to compare their miRNA expression levels with those
of a control group. They found that ex-miR-342-3p levels were
significantly lower in AD patients and were highly correlated
with several other low-expressing miRNAs. Decreased plasma
levels of ex-miR-342-3p were also observed in AD patients by
Rani et al. (2017); in addition, ex-miR-125a-5p, ex-miR-125b-
5p, and ex-miR-451a levels were also lower in AD patients, and
the levels of these ex-miRNA reductions correlated with the
extent of cognitive impairment, which was assessed by Montreal
Cognitive Assessment scores. Another plasma-based ex-miRNA
study by Gamez-Valero et al. (2019) included 10 AD patients
and 15 healthy controls. They used next-generation sequencing
technology to identify significantly decreased levels of ex-miR-
23a-3p, ex-let-7i-5p, ex-miR-126-3p, and ex-miR-151a-3p in AD
patients, suggesting that the changes in the plasma levels of
ex-miRNAs exhibited diagnostic value for AD.

Barbagallo et al. (2019), who compared the levels of
ex-miRNAs in the serum of healthy controls and patients with
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FIGURE 2 | Applications of circulating exosomal miRNA as diagnostic biomarkers of neurodegenerative diseases (NDDs).
TABLE 1 | Circulating ex-miRNAs as biomarkers in neurodegenerative diseases (NDDs).
NDDs Sample Sample size Validated changes ROC curve References
Up-regulated Down-regulated analysis
AD Plasma 46 P, 41C ex-miR-342-3p N Lugli et al. (2015)
Plasma 97 P, 97 C ex-miR-342-3p, ex-miR-125a-5p, N Rani et al. (2017)
ex-miR-125b-5p and ex-miR-451a
Plasma 10R15C ex-miR-23a-3p, ex-let-7i-5p, Y Géamez-Valero et al. (2019)
ex-miR-126-3p
and ex-miR-151a-3p
Serum 30PR,30C ex-miR-29a Y Barbagallo et al. (2019)
Serum 208 P, 228 C ex-miR-135a, ex-miR-384 ex-miR-193b Y Yang et al. (2018)
Serum 16 P, 22C ex-miR-223 Y Wei et al. (2018)
Serum 23R 23C ex-miR-15a-5p, ex-miR-18b-5p, ex-miR-15b-3p, ex-miR-342-3p, N Cheng et al. (2015)
ex-miR-20a-5p, ex-miR-30e-5p, ex-miR-1306-5p
ex-miR-93-5p, ex-miR-101-3p,
ex-miR-106a-5p, ex-miR-106b-5p,
ex-miR-143-3p, ex-miR-335-5p,
ex-miR-361-5p, ex-miR-425-5p,
ex-miR-582-5p, ex-miR-3065-5p
CSF 51P 84C ex-miR-193b N Liu et al. (2014)
CSF 10PR 10C ex-miR-9-5p, ex-miR-598 Y Riancho et al. (2017)
CSF 17 P 12C ex-miR-125b-5p was increased, Y McKeever et al. (2018)
ex-miR-16-5p, ex-miR-451a,
ex-miR-605-5p
CSF 27 P, 28C ex-miR-132-5p, ex-miR-485-5p ex-miR-29c¢, ex-miR-136-3p, Y Gui et al. (2015)
ex-miR-16-2, ex-miR-331-5p
PD Plasma 52 P, 48C ex-miR-331-5p ex-miR-505 Y Yao et al. (2018)
Serum 30PR,30C ex-let-7d, ex-miR-22*, ex-miR-23a, Y Barbagallo et al. (2019)
ex-miR-24, ex-miR-142-3p, and
ex-miR-222
Serum 109 P, 43C ex-miR-24, ex-miR-195 ex-miR-19b Y Cao et al. (2017)
CSF 47 P 27C ex-let-7-c-3p, ex-miR-10a-5p, ex-miR-1, ex-miR-19b-3p N Gui et al. (2015)
ex-miR-153, and ex-miR-409-3p
ALS Serum 10R,20C ex-miR-27a-3p N Xu et al. (2018)
CSF 22 P, 24C ex-miR-143-5p, ex-miR-574-5p ex-miR-132-5p, ex-miR-132-3p, N Freischmidt et al. (2013)
ex-miR-143-3p

CSF, Cerebrospinal fluid; P, patients; C, Controls; ROC, receiver operating characteristic; Y, yes; N, no.

different types of NDDs, found that ex-miR-29a levels were
significantly increased in AD patients [area under the curve
(AUC), 0.71; 95% confidence interval (CI), 0.577-0.843], with

43.0% sensitivity and 97.0% specificity and a stronger fold
change and higher p value than free miR-29a in serum. Yang
et al. (2018) used quantitative RT (qRT)-PCR to measure the
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serum levels of three ex-miRNAs—ex-miR-135a, ex-miR-193b,
and ex-miR-384 in 101 mild cognitive impairment (MCI) and
107 dementia of Alzheimer type (DAT) patients. They found
with high sensitivity and specificity that the levels of ex-miR-135a
(AUC, 0.981;95% CI, 0.951-0.995) and ex-miR-384 (AUC, 0.870;
95% CI, 0.816-0.914) were increased in DAT patients and that
ex-miR-193b (AUC, 0.798; 95% CI, 0.736-0.914) was decreased.
Moreover, they further determined that the combination of
the three miRNAs would be better for the early diagnosis
of AD than any single one. The serum levels of ex-miR-
223 were also found to be dysregulated in AD patients, with
Wei et al. (2018) suggesting that the level of ex-miR-223 (AUC,
0.875; 95% CI, 0.7779-0.9721) was significantly decreased in
AD patients and might act as a biomarker to distinguish AD
patients from individuals without dementia. Cheng et al. (2015)
explored serum-derived differentially expressed ex-miRNAs in a
study of AD patients and identified 14 significantly upregulated
ex-miRNAs (ex-miR-15a-5p, ex-miR-18b-5p, ex-miR-20a-5p,
ex-miR-30e-5p, ex-miR-93-5p, ex-miR-101-3p, ex-miR-106a-
5p, ex-miR-106b-5p, ex-miR-143-3p, ex-miR-335-5p, ex-miR-
361-5p, ex-miR-425-5p, ex-miR-582-5p, and ex-miR-3065-5p)
and 3 significantly downregulated ex-miRNAs (ex-miR-15b-3p,
ex-miR-342-3p, and ex-miR-1306-5p). Although all ex-miRNAs
were validated by qRT-PCR analysis, their study lacked receiver
operating characteristic (ROC) curve analysis and enrolled fewer
patients with MCIL. Nonetheless, their results contribute to the
study of serum-derived ex-miRNAs as markers for AD diagnosis.

By comparing ex-miR-193b levels between the normal
population and patients with MCI and DAT, Liu et al. (2014)
found that ex-miR-193b levels were significantly lower in
patients with MCI and DAT than in the people in the control
group. However, the difference in the levels of miR-193b in
whole blood was not statistically significant. In addition, ex-miR-
193b levels were lower in DAT patients than in MCI patients.
This study suggested that specific ex-miRNAs can be used as
diagnostic biomarkers to reflect AD disease progression. Another
study that examined the levels of free miRNAs and ex-miRNAs
in the CSF of AD patients found that ex-miR-9-5p and ex-
miR-598 levels were significantly downregulated. However, free
miR-9-5p and miR-598 were detected in up to 50% and 75%
of healthy control CSF samples, respectively, but they were not
present in any AD CSF sample. This difference suggested that
ex-miRNAs may be more reliable as potential biomarkers of AD
(Riancho et al., 2017).

Researchers have also strived to distinguish between young-
and late-onset AD (YOAD/LOAD). McKeever et al. (2018)
collected CSF samples from 17 YOAD patients, 13 LOAD
patients, and 12 healthy controls; they found that CSF-derived
ex-miR-125b-5p was increased in YOAD patients, whereas ex-
miR-16-5p, ex-miR-451a, and ex-miR-605-5p were decreased.
In addition, the altered levels of ex-miR-125b-5p, ex-miR-451a,
and ex-miR-605-5p were similar in both LOAD and YOAD
patients when compared with the healthy controls. Another
study reported decreased levels of ex-miR-29¢, ex-miR-136-3p,

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2020 | Volume 13 | Article 53


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Wang and Zhang

MiRNA as Biomarkers for NDDs

ex-miR-16-2, and ex-miR-331-5p but increased levels of ex-
miR-132-5p and ex-miR-485-5p in the CSF of AD patients
(Gui et al., 2015).

EX-miRNAs AS BIOMARKERS IN PD

PD is the second most common NDDs in the elderly. The
incidence of PD increases with age. Compared with the direct
detection of biomarkers such as DJ-1, oxDJ-1, a-syn, and miRNA
in the CSF or blood, exosome detection is more stable and more
reliable and can better reflect PD severity (Hartfield et al., 2012;
Saito, 2017). Cerebrospinal fluid and plasma exosomes are rich in
miRNA and provide a stable protective environment for genetic
material. The expression levels of miRNA are significantly altered
in PD, indicating that these nucleic acids play a major role in the
pathogenesis of PD and may become biological markers of PD.

Yao et al. (2018) compared the diagnostic value of plasma-
derived ex-miRNAs in patients with PD. Their study included
52 PD patients and 48 healthy controls. The analysis was
verified by qRT-PCR and showed that the ex-miR-331-5p
expression level was significantly increased and the ex-miR-
505 expression level significantly decreased in PD patients, with
AUC:s of 0.849 and 0.898, respectively, suggesting that these two
ex-miRNAs are potentially useful for the early diagnosis of PD.

Barbagallo et al. (2019) isolated ex-miRNA from the serum of
30 PD patients and compared it with that of 30 healthy controls
to try to explore the differential expression of ex-miRNAs in PD
patients. The results were verified by TagMan RT-PCR analysis.
The expression levels of ex-let-7d, ex-miR-22* (asterisk indicates
anti-sense miR), ex-miR-23a, ex-miR-24, ex-miR-142-3p, and
ex-miR-222 were significantly increased in the serum of PD
patients. In addition, ROC curve analysis revealed that these six
ex-miRNAs are ideal biomarkers for the diagnosis of PD, but the
researchers also mentioned that, because of the small number
of patients enrolled, subsequent larger multicenter studies
were needed to verify their conclusions. Another differential
expression study of serum-derived ex-miRNA was performed by
Cao etal. (2017). Comparison of the levels of 24 ex-miRNAs from
the serum of 109 PD patients and healthy controls showed that
the levels of ex-miR-24 (AUC, 0.908; 95% CI, 0.850-0.949) and
ex-miR-195 (AUC, 0.697; 95% CI, 0.617-0.770) were increased,
and ex-miR-19b (AUC, 0.753; 95% CI, 0.675-0.820) decreased in
PD patients, indicating the possible use of ex-miRNA as a novel
strategy for the diagnosis of PD.

Gui et al. (2015) performed the only differential expression
analysis of ex-miRNA derived from the CSF of PD patients. The
study included 47 PD patients, 28 AD patients, and 27 healthy
controls. The researchers verified 16 differentially expressed
ex-miRNAs from 746 miRNAs. Among the 11 downregulated
ex-miRNAs, the levels of ex-miR-1 and ex-miR-19b-3p were
significantly decreased in the CSF of PD patients, whereas the
levels of ex-let-7-c-3p, ex-miR-10a-5p, ex-miR-153, and ex-miR-
409-3p were significantly increased. The researchers further
compared the expression levels of ex-miRNAs in the CSF of AD
patients, with the results showing that the expression levels of
ex-let-7-c-3p, ex-miR-10a-5p, ex-miR-153, and ex-miR-409-3p
were significantly higher, and the levels of ex-miR-1 and ex-miR-

19b-3p significantly lower, in the CSF of PD patients than those
of AD patients. The final results of the study suggested that the
expression of CSF-derived ex-miRNAs in PD patients not only
had potential diagnostic value for PD, but also could help to
identify different types of NDDs.

EX-miRNAs AS BIOMARKERS IN HD

HD is a hereditary and slowly progressing NDD. Diagnosis
mainly relies on family genetic history and genetic testing.
Although HD is an untreatable disease, biomarkers that might
provide early diagnostic clues or reflect disease progression
are still important for patients. Progress has been made in
circulating biomarkers of diagnosis of HD, with plasma NfL
reported to be significantly increased in HD patients (Tabrizi
et al., 2013). Leukocyte telomere length values were significantly
decreased in HD and might be a reliable biomarker to track HD
progression (Scarabino et al., 2019). In the PREDICT-HD study,
the researchers suggested that six miRNAs—miR-135b-3p, miR-
140-5p, miR-520f-3p, miR-3928-5p, miR-4317, and miR-8082-
were significantly increased in presymptomatic HD patients and
could be potential biomarkers for the early diagnosis of HD (Reed
etal., 2018). Gaughwin et al. (2011) found that the level of plasma
miR-34b was significantly decreased in presymptomatic HD
patients compared with healthy controls, suggesting miR-34b as
a new potential biomarker of HD that can be stably expressed in
plasma and detected before clinical symptoms occur. No study
has explored ex-miRNAs as biomarkers for the diagnosis of HD.
However, previous studies have found that miR-124 expression
decreases in HD patients and can lead to upregulation of REST
expression, thereby inhibiting the expression of brain-derived
neurotrophic factor and indicating that abnormal expression of
miR-124 plays a key role in the pathogenesis of HD (Cheng et al.,
2009; Das et al., 2013; Hwang and Zukin, 2018).

Leeetal. (2017) developed an exosome-based delivery method
(Ex0-124) to treat HD in an animal model (R6/2 transgenic HD
mice). Although they did not achieve the desired improvement
in motor symptoms, their research into a new exosome-based
system for miRNA delivery in NDDs is nonetheless valuable.

EX-miRNAs AS BIOMARKERS IN ALS

ALS is one of the NDDs entailing selective upper and lower
motor neuron damage. The main clinical manifestations of
ALS are rapidly progressing muscle weakness and atrophy and
ultimately death due to respiratory failure caused by respiratory
muscle weakness. The early symptoms of ALS are not specific,
and it can be easily confused with various diseases such as cervical
spondylosis and myasthenia gravis. It lacks specific biomarkers,
which makes clinical diagnosis difficult, and has a high rate of
misdiagnosis (Worms, 2001). Because the molecules contained
in exosomes are specific and related to their source cells and
pathological conditions, exosomes can reflect the physiological
and pathological changes of the original cells, including proteins,
mRNA, and miRNA, and have potential biomarker functions
(Bang and Thum, 2012). The serum levels of miR-1234-3p and
miR-1825 have been reported to be significantly decreased in
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ALS patients, with the miR-1825 decrease observed in both
sporadic ALS and familial ALS patients and the miR-1234-3p
decrease restricted to patients with sporadic ALS (Freischmidt
et al., 2015). The plasma levels of miR-130a-3p, miR-151b, and
miR-221-3p were also reported to be decreased in sporadic ALS
patients and positively correlated with sporadic ALS progression,
suggesting that these miRNAs could be useful not only as
biomarkers for diagnosis, but also for monitoring disease
progression (Liguori et al., 2018).

A study of serum-derived ex-miRNA as a biomarker for ALS
diagnosis performed by Xu et al. (2018) enrolled 10 ALS patients
and 20 healthy controls. By comparing the two groups, they
found that ex-miR-27a-3p levels were significantly decreased
in ALS patients. The researchers concluded that ex-miR-27a-
3p might be a potential diagnostic biomarker of ALS. However,
because the study did not further analyze the data using ROC
statistics, specific analysis is needed before this test can be applied
in the clinic. Freischmidt et al. (2013) determined the expression
levels of ex-miRNAs in the CSF and serum of 22 patients with
sporadic ALS and compared them with those of 24 healthy
controls. Ex-miR-132-5p, ex-miR-132-3p, and ex-miR-143-3p
were significantly decreased, and ex-miR-143-5p and ex-miR-
574-5p significantly increased in ALS patients, suggesting that
these ex-miRNAs are potential biomarkers for ALS diagnosis. In
addition, all of these ex-miRNAs can be combined with TDP-43
in vitro, proving that miRNA dysfunction may participate in ALS
pathogenesis by affecting TDP-43.

ADVANTAGES AND DISADVANTAGES OF
EX-miRNA AS DIAGNOSTIC BIOMARKERS
FOR NDDs

The stable expression of ex-miRNAs and their resistance
to the influence of external factors that might affect their
expression, coupled with the development and application of
high-throughput sequencing technology for determining the
expression profiles of miRNAs, greatly improve the sensitivity
of ex-miRNA diagnosis (Cheng et al., 2013). Some studies
have compared ex-miRNAs with currently recognized methods
for diagnosing NDDs to further illustrate their accuracy as
NDD biomarkers. Cheng et al. (2015) analyzed the plasma
ex-miRNAs of AD patients and identified a group of abnormally
expressed ex-miRNAs. Compared with other diagnostic methods
such as neuropsychology and neuroimaging, the sensitivity
and specificity of ex-miRNAs were 87% and 77%, respectively,
which showed that the specific ex-miRNAs had potential value
as biomarkers for AD diagnosis. Liu et al. (2014) examined
miR-193b levels in the peripheral blood of healthy controls,
patients with MCI, and patients with DAT. By comparing
ex-miR-193b, AP, tau, p-tau, HCY, homocysteine; APOE,
apolipoprotein E levels, the authors found that ex-miR-193b
levels were significantly lower in MCI and DAT patients than
in healthy controls; there were no significant differences in
peripheral blood. In addition, ex-miR-193b expression was
lower in DAT patients than in MCI patients, and ex-miR-
193b was negatively correlated with AB42. This study indicated

that specific ex-miRNAs may have similar diagnostic efficacy to
traditional biomarkers and could be used as potential diagnostic
biomarkers to reflect AD disease progression. Thus, it can be seen
that ex-miRNA have considerable potential as biomarkers for the
diagnosis and prognosis prediction of NDDs.

In the field of NDD diagnosis, analysis of circulating
ex-miRNAs is undoubtedly a novel and particularly exciting
method. However, given the relatively late clinical start for
exosomal research, it still faces significant practical problems.
First, existing exosomal enrichment schemes differ in the
yield of exosomal isolation and may also result in slightly
different amounts of exosomes (Taylor et al., 2011; Rekker
et al., 2014). These methods include ultracentrifugation, density
gradient separation, immunoaffinity capture, size-exclusion
chromatography, and commercial kits (Zhang et al., 2015).
Depending on the sample tested, they may all isolate only small
amounts of exosomes. In these cases, a large number of test
samples may be required. However, a study has shown that as
little as 250 pl of human plasma might be sufficient for the
isolation of an adequate quantity of ex-miRNAs (Huang et al.,
2013). Some commercial reagents can simplify the process of
exosomal extraction, but they are often too expensive to be widely
used in clinical diagnosis. Second, there is no effective and rapid
technical method to detect exosomes. Moreover, the method for
long-term in vitro storage of exosomes requires optimization.
Third, there is huge variation in the ex-miRNA expression results
among different epidemiological studies of NDD patients in
the progressive stage, indicating the need for a large sample of
standardized and controllable epidemiological research data to
determine the diagnostic efficacy.

However, for ex-miRNAs to become the diagnostic biomarker
for NDDs, breakthroughs need to be made in the following
aspects: (1) clarification of the relationship between ex-miRNAs
and the occurrence and development of NDDs and further
elucidation of disease pathogenesis; (2) development of more
mature and reliable techniques for extracting ex-miRNAs from
various body fluids for their application in clinical practice; and
(3) using ex-miRNAs as a breakthrough point, identification of
more specific miRNAs in various NDDs as biomarkers for early
diagnosis, thereby boosting clinical diagnosis.

CONCLUSIONS

Although still facing significant practical problems, the stable
expression of ex-miRNAs has been a potential biomarker of
NDDs. As a possible diagnostic biomarker of NDDs, ex-miRNAs
cannot currently surpass the traditional clinical detection
methods, but with technological and research development, their
advantages as diagnostic biomarkers of NDDs will undoubtedly
be gradually validated, providing a theoretical basis for the early
detection and prevention of NDDs.
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