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Motor neuron-derived microRNAs cause
astrocyte dysfunction in amyotrophic
lateral sclerosis
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See Ferraiuolo and Shaw (doi:10.1093/brain/awy213) for a scientific commentary on this article.

We recently demonstrated that microRNNA-218 (miR-218) is greatly enriched in motor neurons and is released extracellularly in
amyotrophic lateral sclerosis model rats. To determine if the released, motor neuron-derived miR-218 may have a functional role
in amyotrophic lateral sclerosis, we examined the effect of miR-218 on neighbouring astrocytes. Surprisingly, we found that
extracellular, motor neuron-derived miR-218 can be taken up by astrocytes and is sufficient to downregulate an important glu-
tamate transporter in astrocytes [excitatory amino acid transporter 2 (EAAT2)]. The effect of miR-218 on astrocytes extends
beyond EAAT?2 since miR-218 binding sites are enriched in mRNAs translationally downregulated in amyotrophic lateral sclerosis
astrocytes. Inhibiting miR-218 with antisense oligonucleotides in amyotrophic lateral sclerosis model mice mitigates the loss of
EAAT?2 and other miR-218-mediated changes, providing an important iz vivo demonstration of the relevance of microRNA-
mediated communication between neurons and astrocytes. These data define a novel mechanism in neurodegeneration whereby
microRNAs derived from dying neurons can directly modify the glial phenotype and cause astrocyte dysfunction.
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|ntr0ducti0n ago, ser.ninaliwork in the ﬁe%d demonstrated that neurodf:—

generative diseases are partially non-cell autonomous, in
Historically, neurodegeneration has been characterized by that while neurons preferentially accumulate aggregates
the pathological aggregates that accumulate in neurons and and degenerate, glial dysfunction most substantially contri-
presumably lead to neuronal loss. However, over 10 years butes to ongoing neuronal loss and disease progression
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(Boillee et al., 2006; Yamanaka et al., 2008a, b). Likewise,
emerging genetic data suggesting glial-enriched genes are
risk factors for neurodegenerative diseases have led to a
resurgence in studying the glial contributions to disease
progression (Guerreiro et al., 2013; Jonsson et al., 2013;
Zhang et al., 2013). The non-cell autonomous nature of
neurodegenerative diseases has been best described in
mouse models of amyotrophic lateral sclerosis (ALS),
which is a highly progressive disease characterized by the
loss of motor neurons in the brain and spinal cord. One
key observation from these studies is that disease onset is
autonomously driven by motor neuron injury, but the rate
of progression is strongly influenced by glia. While glia
normally function to support neurons, in ALS, these
homeostatic roles are often lost (Van Damme et al.,
2007; Cassina et al., 2008; Ferraiuolo et al., 2011; Madji
Hounoum e al., 2017) and replaced with aberrant reactiv-
ity that can accelerate, rather than limit, neuronal damage
(Butovsky et al., 2014; Gallardo et al., 2014; Endo et al.,
2015; Almad et al., 2016; Liddelow et al., 2017). Some of
this glial reactivity is due to intrinsic factors; however, glial
toxicity is most apparent after disease onset, which is
driven by motor neuron loss. This indicates that neighbour-
ing glia may respond to dying neurons and in turn, exacer-
bate their degeneration. However, the direct molecular
underpinnings of this glial response to neuronal injury
remain elusive.

In recent years, it has been shown that extracellular
microRNAs (miRNAs) can mediate intercellular communica-
tion. MiRNAs are short, non-coding RNAs that regulate
translation of target mRNAs. Most canonically, miRNAs
repress mRNA translation by binding to the 3’ untranslated
region (UTR) of target mRNAs (Ambros, 2004); however,
some miRNAs can also promote translation. Because they
bind to target mRNAs with only seven to nine nucleotides
of complementarity, a single miRNA can regulate hundreds of
targets and shape the translated expression profile of a cell
(Lim et al., 2005). More recently, it has been demonstrated
that miRNAs can be released extracellularly either in vesicles
or in complex with protein (Hunter et al., 2008; Wang et al.,
2010; Arroyo et al., 2011; Turchinovich e al., 2011). We
recently found that a motor neuron-specific miRNA, miR-
218, is released extracellularly, subsequent to motor neuron
loss, into the CSF of ALS model rats (Hoye et al., 2017). In
end-stage ALS rat CSF, the extracellular miR-218 levels are
nearly 10-fold higher than pre-symptomatic rats. Previous
work suggests that extracellular miRNAs can act as signalling
molecules and mediate expression changes in recipient cells
that have functional consequences (Valadi et al., 2007,
Mittelbrunn et al.,, 2011; Lehmann et al., 2012); however,
the majority of these studies are in cell culture or involve
the application of purified miRNA-containing vesicles to ani-
mals. We hypothesized that the increased CSF levels of motor
neuron-derived miR-218 in ALS rodents would be sufficient
to affect neighbouring glial cells iz vivo. To test this, we
identified putative glial targets of miR-218, including excita-
tory amino acid transporter 2 (EAAT2, encoded by SLC1A2),
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an astrocytic glutamate transporter. EAAT2 is an attractive
candidate with which to study the potential role of extracel-
lular, motor neuron-derived miR-218 on neighbouring astro-
cytes because it has already been demonstrated that EAAT?2 is
selectively and post-transcriptionally lost in both ALS patients
and animal models (Rothstein et al, 1995; Bristol and
Rothstein, 1996; Howland et al., 2002).

We tested the ability of astrocytes to take up extracellular,
motor neuron-derived miR-218 and regulate astrocyte pro-
tein expression. Specifically, we confirmed that miR-218 can
regulate EAAT2 by monitoring direct binding to the EAAT2
3" UTR in cell culture and also by miR-218 overexpression
in astrocytes. We extended our studies to animal models to
determine whether blocking motor neuron-derived miR-218
prevented it from functionally regulating astrocyte
expression. We thus demonstrate a link between motor
neuron-derived miRNAs and astrocyte dysfunction.
This establishes a novel cellular pathogenic mechanism
in neurodegeneration.

Materials and methods

Luciferase assays

Fragments of the EAAT2 3’ UTR containing miR-218 binding
were generated via PCR using mouse BAC RPCI-23-361H22
(BACPAC Resources, bacpac.chori.org) and cloned into the
PGL3-Control Vector (Promega, E1741). The eight regions and
the primers used to generate them are shown in Supplementary
Table 1. HEK293 cells were seeded 20000 per well in 96-well
plates the day prior to transfection. The next day, the cells were
transfected with 0.15 pg luciferase reporter construct, 18-66 nM
miR-218 (Dharmacon), and 0.015pug Renilla luciferase vector
pRL-TK (Promega, pRL-TK, E2241) for normalization. All trans-
fections were carried out with Lipofectamine® 2000 (Invitrogen)
according to the manufacturer’s instructions. Luciferase activity
was measured 48h after transfection using the Dual-Glo®
Luciferase kit (Promega E2920). Triplicates for each combination
of reagents were assayed on a plate and averaged. Each set of
conditions was repeated on two to nine plates. The results from
each plate were averaged to assess the relative binding strength of
each region.

Primary astrocyte culture

Mouse astrocyte cultures were made from the cortices of
CS57wt/BL6 postnatal Day 2 (P2) pups and maintained in
Dulbecco’s modified Eagle medium with 10% foetal bovine
serum and incubated at 5% CO, and 37°C. Astrocytes were
seeded at 100 000 cells per well in 6-well plates. The following
day, they were transfected with 1.6 pg of scrambled miRNA or
miR-218. In Fig. 4C, media from sporadic ALS induced plur-
ipotent stem cell (iPSC)-derived motor neurons (line JH046;
obtained at 55-65 days post-induction and cultured as
described previously in Hoye et al., 2017) or neuronal media
not cultured with iPSC-derived motor neurons was diluted
10 x in astrocyte media with or without 1 pM anti-miR-218
antisense oligonucleotides (ASOs). Of note, the sporadic ALS
iPSC-derived motor neurons did not have an observable
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degeneration phenotype. Seventy-two hours later, protein was
isolated from the astrocytes in RIPA buffer (Cell Signaling
Technologies, 9806).

Immunoblotting

Protein lysates were sonicated and spun at 10000g to pellet
cellular debris. Protein concentration was determined using a
BCA assay (Pierce) and then 10 pg of protein was diluted 1:1
in sample buffer (Bio-Rad, 1610737). Samples were denatured
at 95°C for 10 min prior to loading on a 4-20% polyacryla-
mide gel (Bio-Rad) with precision plus protein ladder (Bio-
Rad, 1610374). Non-specific sites were blocked in 5% milk
and incubated overnight at 4°C with rabbit anti-GAPDH (Cell
Signaling Technology, 14C10; 1:2500) and rabbit anti-EAAT2
(Abcam, ab41621; 1:1000), rabbit anti-Cx43 (Abcam,
ab11370; 1:5000), rabbit anti-GFAP (Dako, Z0334; 1:500),
or rabbit anti-EAAT1 (Abcam, ab416; 1:1000). Antibody
labelling was detected by incubating blots with horseradish
peroxidase-labelled anti-rabbit secondary antibody (GE
Healthcare, NA934; 1:5000) and visualized using enhanced
chemiluminescence (Pierce, 32106).

Animals

All animal protocols were approved by the Institutional
Animal Care and Use Committee of Washington University
at St. Louis and adhered to NIH and ARRIVE guidelines.
All mice were bred on a congenic C57BL/6] background,
including the ALS model mice: C57Bl/6] SOD1%”** mice
(ID: 004435). To generate cell-specific GFP-myc-Ago2 expres-
sing mice, a homozygous (ROSA)26Sortm1(CAG-GFP/
EiF2c2)Zjh  (LSL-tAgo2) mouse (RRID:IMSR_JAX:017626)
was bred to GFAP-Cre (Bajenaru et al., 2002) (a gift from
David H. Gutmann) and further crossed to CS57Bl/6]
SOD1%”** mice.

Experimental design

Both male and female mice were used for all experiments and
sexes were equally distributed among groups. Littermates were
used for all experiments and were randomly assigned to
groups. Blinding was performed by concealing the treatment
group during all downstream analyses.

Immunofluorescence

Free-floating 40 um sections from 4% paraformaldehyde (PFA)
fixed spinal cord tissue were used for immunofluorescence.
Rabbit anti-EAAT2 (Abcam, ab41621; 1:1000), rabbit anti-
Cx43 (Abcam, ab11370; 1:2000), or chicken anti-GFAP
(Millipore, AB5541; 1:1000) was applied to the tissues over-
night at 4°C. Secondary antibodies were applied to the tissue
for 1h. All sections were stained with DAPI. Slides were
mounted and coverslipped with Fluoromount™ (Southern
Biotech, 0100-01). Images were acquired with a Nikon
AlRsi Confocal at x20 magnification. For formatting,
Image] and Adobe Photoshop CS6 Extended were used.
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In situ hybridization

In situ hybridization was performed as described previously
(Hoye et al., 2017).

MiRNA tagging and affinity
purification

Spinal cords from Day 70 (pre-symptomatic) and Day 140
(end-stage), saline perfused, LSL-tAgo2, GFAP Cre,
SOD1%34 or LSL-tAgo2, GFAP Cre only mice were har-
vested, flash frozen in liquid nitrogen, and stored at —80°C.
MiRNA tagging and affinity purification (miRAP) was con-
ducted as described previously (Hoye et al., 2017).

RNA extraction and quantification

RNA was isolated using miRNeasy® kits per manufacturer’s
instructions (Qiagen). miRNA targets were assayed with indi-
vidual TagMan® miRNA qPCR assays (Life Technologies) in
technical duplicates on an Applied Biosystems 7500 fast Real-
Time PCR System.

MiR-218 uptake reporter assays

Four repeats of 100% complementary miR-218-5p sites were
generated from IDT and cloned into the RNAi-Inducible
Luciferase Expression System (RILES) vector. To make the
system Cre inducible, primers containing flanking loxP sites
were used to amplify inverted firefly luciferase (Fluc). This
inverted Fluc, flanked by loxP sites, was then cloned into the
RILES vector using Sall via In-Fusion cloning (as per manu-
facturer’s instructions).

Primary astrocytes were seeded at 15000 cells per well of a
96-well plate. The following day, 125 ng of the RILES vector,
containing either miR-218 sites or siRNA to GFP sites, and
75ng of CMV-Cre or empty vector control were transfected
into astrocytes using Lipofectamine™ 2000 (according to the
manufacturer’s instructions). Six hours later, the media was
changed. To model extracellular miR-218, media from lysed
NSC-34 cells (CELLutions) was obtained through three freeze-
thaw cycles, centrifuged at 1000g for 5min to pellet cellular
debris, and filtered through a 0.22 pm filter. This media was
then applied to astrocytes the day after transfection. Media
from lysed NSC-34 cells (Cashman et al., 1992) was added
to astrocytes such that extracellular miR-218 was ~10-fold
higher. In Fig. 4D, media from sporadic ALS iPSC-derived
motor neurons (line JH036) or neuronal media not cultured
with iPSC-derived motor neurons was diluted 1x in astrocyte
media with or without 1 uM anti-miR-218 ASO and applied to
primary astrocytes the day after transfection. Seventy-two
hours post-transfection, Fluc was measured using the Dual-
Glo® Luciferase kit (Promega, E2920) as described above.

Extracellular miR-218 assays

End-stage SOD1%%34 rat CSF was harvested as previously
described (Hoye et al., 2017). CSF was aliquoted into four
different fractions: no treatment; RNase A treatment; RNase
A and proteinase K treatment; or RNase A proteinase K and
Triton™ X-100 treatment. For RNase A treatment, 1 pg/ml of
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RNase A (Thermo; R1253) was added and the sample was
incubated for 15min at 37°C. For RNase A and proteinase
K treatment, the sample was preincubated with 5 ug/ul protei-
nase K (NEB; P8107S) for 30 min at 55°C before RNase A
treatment. For RNase A, proteinase K and Triton™ X-100
treatment, the samples were pre-incubated with 1.5%
Triton™ X-100 (final: 0.75%) before addition of proteinase
K and RNase A.

Precipitation of miR-218 using
biotinylated oligonucleotides

End-stage SOD1%%34 rat CSF was used to precipitate miR-218.
Biotinylated anti-miR-218 oligonucleotides were purchased
from IDT. Biotinylated oligonucleotides (10 uM) were conju-
gated to 30l of MyOne Streptavidin C1 beads (Invitrogen;
650-01) for 30 min at 4°C. The beads were washed thoroughly
with buffer (10 mM KCI, 1.5mM MgCl,, 1M NaCl, 10 mM
Tris-HCI pH 7.5, 5mM DTT, 0.5% Sigma-IGEPAL, 60 U/ml
SUPERase In™) (Ambion; AM2694) and 1 x complete mini
protease inhibitor (Roche; 11836170001) before applying
300 ul of CSF with end-over rotating for 30 min at 4°C. The
beads were thoroughly washed and QIAzol® was added
directly to the beads.

Intracerebroventricular injections

For a detailed visual protocol, see DeVos and Miller (2013b).
Prior to surgery, mice received 2-3% inhalant isoflurane for
anaesthetization. The hair on the scalp was shaved and the
mouse was placed in a stereotaxic head frame (Kopf). While
under continued 2.5% isoflurane flow, a scalp incision was
made and bregma was identified using hydrogen peroxide.
The stereotactic injector was positioned —1mm M/L,
—0.3mm A/P, —3mm D/V from bregma. At 110 days of
age, two cohorts of three to four C57Bl/6 ] SOD1%%34 mice/
group were injected with 10 ul of saline (Hospira; NDC 0409-
4888-02) or anti-miR-218 ASO (10 pg/ul; IDT; 2’ O-methyl
RNA bases, phosphorothioate bonds 5-ACUGGUUAGAUCA
AGCACAA-3) into the intraventricular space. The incision
was closed and mice were placed on a 37°C warming recovery
pad until ambulatory. Mice were monitored once per day for
2 days following surgery. Downstream analyses were con-
ducted by a blinded reviewer.

Polysome profiling

Sucrose gradients made with DEPC water (7%, 17%, 47%
sucrose in 10mM Tris pH 7.4, 60 mM KCI, 10 mM MgCl,,
1mM DTT) were poured in 12ml Beckman ultracentrifuge
tubes and equilibrated overnight at 4°C. The next day,
whole brainstem was homogenized in polysome lysis buffer
[10 mM Tris HCl pH 7.4, 130mM KCI, 10mM MgCl,,
0.5mM DTT, 0.5% NP-40, 100 pg/ml cycloheximide (Sigma,
C7698) and 100 U/ml RNase inhibitor (Promega, N2615)].
The lysate was incubated on ice for 20 min and then spun at
13 000g for 10 min at 4°C. 350 pl of cleared lysate was applied
to the top of the sucrose gradient and centrifuged at 200 000g
(SW41Ti rotor) for 3h at 4°C. Polysomes were fractionated
into twenty-three 500-pl fractions using an Isco fractionation
system. Polysome-containing fractions were determined based

M. L. Hoye et al.

on the UV absorbance. QIAzol® was added directly to the
fraction and miRNA was isolated using the miRNeasy® kit
(Qiagen, 217004).

Quantification of fluorescence

Images were acquired with a Nikon A1Rsi Confocal at x20
magnification with the same laser power and pinhole size, with
the detector set so that no saturation occurred. The anterior
horn of each spinal cord section was outlined and the mean
fluorescence intensity was quantified using Image]. Image ana-
lyses were conducted by a blinded reviewer. Subsequent to
quantification, images were equivalently brightened where
denoted in the figure legend.

Statistical analysis

Data are presented as mean = standard error of the mean
(SEM). All statistical tests were conducted using R’s
Bioconductor toolkit, MS Excel or Graphpad Prism 6
Software. Because the data in Figs 5, 6 and 7 were all gener-
ated from the same cohort of mice, these data were corrected
for multiple comparisons using the Benjamini-Hochberg cor-
rection (Klipper-Aurbach et al., 1995) and a false discovery
rate (FDR) of 0.1. To determine statistical significance of the
overlap between translated mRNAs in ALS astrocytes and
miRNA targets, we performed a Fisher’s exact test, using all
of the putative miR-218, miR-431, and miR-382 targets and
23 000 genes for the mouse genome and correcting for multi-
ple (three) comparisons (Bonferroni). The statistical details for
individual experiments can be found in the corresponding
figure legends.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

Prediction of putative glial targets of
miR-218

To determine whether extracellular, motor neuron-derived
miR-218 could be taken up by neighbouring glia in ALS
and exert functional consequences, we sought to identify
putative glial targets of miR-218. To this end, we used
RNA sequence data generated by Zhang and colleagues
(2014) from different purified CNS cell types. We identified
the top transcripts that were enriched in microglia, astro-
cytes or oligodendrocytes and determined whether any
were putative miR-218 targets (Supplementary Table 2).
Among the top glial targets of miR-218, we identified
EAAT2 (also known as GLT-1 in rodents, gene Slcla2)
as an attractive candidate. EAAT2 is a glutamate reuptake
transporter specifically enriched in healthy astrocytes; how-
ever, its loss has already been well-established in both ALS
patients and animal models (Rothstein et al., 1995;
Howland et al., 2002). Furthermore, this loss of EAAT2
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the mouse EAAT2 3’ UTR indicating six putative miR-218 binding sites (targetscan.org) and the sequence conservation in select mammals. (B)
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218, but not scrambled miRNA results in EAAT?2 loss. n = 4. The monomer EAAT2 band (~60 kDa) is shown. (D) Quantification of westerns
from four independent trials of C. Density is represented relative to GAPDH for the corresponding trial. Values represented as mean & SEM.

One-way ANOVA with multiple comparisons (B).

occurs post-transcriptionally, consistent with a miRNA-
mediated repression (Bristol and Rothstein, 1996). Thus,
we focused on EAAT2 to test the model that miR-218
released from dying motor neurons is taken up by neigh-
bouring glia, where it could functionally regulate glial
cellular expression, potentially contributing to glial reactiv-
ity and ongoing neuronal damage in ALS patients and
animal models.

MiR-218 regulates EAAT?2 protein
expression through binding to the
3’ UTR

The mouse EAAT2 3’ UTR contains six putative miR-218
binding sites, five of which are conserved in humans
(Targetscan.org, Release 7.1) (Fig. 1A). To confirm that
miR-218 can regulate the expression of EAAT2, we first
performed luciferase assays with six EAAT2 3’ UTR con-
structs containing each of the putative miR-218 binding
sites and one larger construct containing the four clustered
binding sites in the distal end of the EAAT2 3’ UTR. The
first site (UTR1) was predicted to have the best context
score; however, this site only reduced the luminescence by

23%. The site in UTR2 had no effect on the luminescence.
Intriguingly, when probed individually, the four distal sites
did not affect the luminescence significantly; however, when
probed as a cluster (UTR3abcd), these sites seem to act
cooperatively, as they reduced the luminescence by 65%
(Fig. 1B). It has been previously demonstrated that clus-
tered miRNA sites can act cooperatively to repress target
mRNA translation (Grimson et al., 2007; Saetrom et al.,
2007), and because there are no polyA sites in between this
cluster, these four binding sites will always be expressed
together on the same transcript. Next, to determine
whether miR-218 expression in astrocytes was sufficient
for EAAT2 repression, we transiently transfected primary
astrocytes with miR-218 or scrambled miRNA control and
found that EAAT2 was selectively lost in the miR-218-
transfected cells (Fig. 1C). These data suggest that miR-
218 directly binds to the EAAT2 3’ UTR and is sufficient
to repress its translation in astrocytes.

Healthy and ALS astrocytes in adult
mice do not express miR-218

We and others recently found that miR-218 was a motor
neuron-enriched miRNA in developing and adult motor
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Figure 2 Wild-type and ALS astrocytes from adult mice
do not express miR-218. (A) MiRAP data from Hoye et al. (2017)
were plotted to demonstrate that miR-218 is specifically enriched in
ChAT + motor neurons as compared to other CNS cell types in
adult spinal cord tissue (ChAT = choline acetyltransferase, choli-
nergic neurons; Syn = synapsin |, all neurons; Lyz2 = lysozyme M,
microglia; GFAP = glial fibrillary acidic protein, astrocytes), including
GFAP + astrocytes. n = 3/cell type. (B—E) MiR-218 in situ hybridi-
zations indicate miR-218 is enriched in ChAT + motor neurons as
compared to background (D; no probe) and EAAT2 +, GFAP + and
ALDHILI + astrocytes in mouse spinal cord tissue. Scale

bar =25 um. (F) MiRAP of tAgo2 derived from GFAP + astrocytes
indicates miR-218 is not upregulated in astrocytes from the spinal
cords of 70- and 140-day ALS SODIG93A mice as compared to
astrocytes from littermate LSL-tAgo2, GFAP Cre control mice.

n =3 (control), 3 (70-day SOD1G93A) and 6 (140-day
SODIG93A). Values represented as mean =+ SEM. One-way
ANOVA with multiple comparisons (A and F).

neurons (Amin et al., 2015; Thiebes et al., 2015; Hoye
et al., 2017). Furthermore, comparison to other CNS cell
types indicated that miR-218 was over 150-fold more
abundant in motor neurons than astrocytes in adult
spinal cord tissue (Fig. 2A). Similarly, we performed miR-
218 in situ hybridizations and confirmed the enrichment of
miR-218 in choline acetyltransferase (ChAT) positive
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motor neurons as compared to EAAT2 + (Fig. 2B), glial
fibrillary acidic protein (GFAP+; Fig. 2C) and aldehyde
dehydrogenase 1 (ALDHI1L1+; Fig. 2E) astrocytes, as
well as background (no probe; Fig. 2D). For ChAT and
ALDHI1L1 visualization, translating ribosome affinity pur-
ification reporter mice expressing GFP-tagged ribosomal
L10a under these promoters were used (Doyle et al.,
2008). We also isolated EAAT2 promoter active cells
from brain and spinal cord tissue by fluorescence-activated
cell sorting at different developmental time points and
found that miR-218 expression in astrocytes is detectable
early in development, but negligible at postnatal Day 28
(P28) (Supplementary Fig. 1). Therefore, miR-218 may be
expressed developmentally in astrocytes or astrocyte pre-
cursors, but adult astrocytes do not express significant
amounts of miR-218. This suggests that miR-218 does
not normally have the opportunity to target EAAT2 in
adult astrocytes.

While miR-218 is not abundantly expressed in non-dis-
eased adult astrocytes, it is possible that miR-218 is upre-
ALS astrocytes. To directly
endogenous astrocytic miR-218, we used miRNA tagging
and affinity purification (miRAP), in which mice expressing
lox-stop-lox GFP-myc-tagged argonaute 2 (tAgo2) are
crossed to mice expressing Cre recombinase under a cell
type specific promoter, such as GFAP (He et al., 2012;
Hoye et al., 2017). Immunoprecipitation of tAgo2 isolates
only miRNA associated with tAgo2 expressed in GFAP +
astrocytes. By crossing these mice to SOD1%7** ALS model
mice, we were able to isolate miRNAs associated with
tAgo2 derived from astrocytes during ALS disease. Using
this approach, we found that miR-218 was not significantly
changed in ALS astrocytes as compared to non-diseased
littermate controls (Fig. 2F). These data demonstrate that
miR-218 is expressed only at low levels in adult astrocytes,
both wild-type and ALS. Therefore, these data argue
against endogenous astrocyte-derived miR-218 as a regula-
tor of protein expression in adult astrocytes.

gulated in assess the

Astrocytes take up extracellular
miR-218 released from dying motor
neurons

Our previous work found that motor neuron-enriched miR-
218 is released extracellularly from dying and/or dysfunc-
tional motor neurons in ALS model rats (Hoye et al.,
2017). We hypothesized that neighbouring astrocytes take
up the miR-218 released from motor neurons in ALS,
where miR-218 can regulate EAAT2 and potentially other
astrocyte targets. However, there are many possible modes
of uptake, and these may not be mutually exclusive.
Therefore, to probe astrocytic uptake of extracellular,
motor neuron-derived miR-218 without bias, we developed
a miR-218 uptake sensor. Because miRNAs typically
repress mRNA translation, most reporters, such as those
in Fig. 1, function in an ‘OFF’ modality. A more desirable
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Figure 3 Astrocytes take up extracellular, motor neuron-derived miR-218. (A) An miR-218 uptake reporter based on the cumate
gene switch, where RNAI binding sites (black rectangles) for miR-218 or siRNA to GFP (negative control) are placed downstream of CymR
repressor protein. In the absence of miR-218/siRNA, CymR binds to the cumate operon (CuO) and represses downstream firefly luciferase
(Fluc). When miR-218/siRNA are present, they repress CymR, thus allowing Fluc transcription. The Fluc has been inverted and floxed, such that it
is Cre dependent. (B) HEK 293T cells transiently transfected with Cre and the siRNA to GFP-regulated sensor respond to increasing amounts of
siRNA. n = 3 technical replicates/condition. (C) To model extracellular miR-218, media from lysed NSC-34 cells was applied to primary astro-
cytes. EAAT?2, but not EAAT I, is selectively lost in a dose-dependent fashion. The monomer EAAT2 band (~60 kDa) is shown. (D and E) Primary
astrocytes expressing the miR-218-regulated sensor, but not siRNA-regulated sensor, respond to lysed NSC-34 media in a Cre-dependent
manner. n = 2—4 biological replicates with 3—4 technical replicates/assay. Values represented as mean £ SEM. One-way ANOVA with multiple

comparisons (B and D).

sensor would function positively as an ‘ON’ system. Such
an imaging modality, e.g. the RILES (RNAi-Inducible
Luciferase Expression System) was previously designed by
taking advantage of the cumate gene-switch (Mullick et al.,
2006). The cumate gene-switch functions like other repres-
sor systems: the CymR repressor protein binds to the
cumate operon, thus inhibiting expression of the down-
stream firefly luciferase (Fluc). In the presence of an indu-
cer, cumate, the conformation of CymR is changed such
that it can no longer bind to the cumate operon, thus allow-
ing expression of Fluc. The RILES method takes advantage
of the cumate gene switch by placing the CymR repressor
under the control of an endogenous RNAI, rather than
cumate (Ezzine et al, 2013). In this manner, the cumate

operon will be active when the RNAI of interest represses
CymR expression (Fig. 3A). To enhance the control of
expression, we have also floxed the downstream luciferase
with loxP sites and inverted the luciferase, such that it is
Cre dependent. As a negative control, we made a siRNA
tGFP-regulated sensor that will have only background lumi-
nescence in the absence of siRNA to GFP.

We validated that the sensor was responsive to siRNA in
a dose-dependent fashion in vitro (Fig. 3B). To model
motor neuron loss and subsequent release of miR-218,
we cultured primary astrocytes with media from NSC-34
cells, a fusion of a neuroblastoma cell line and mouse
spinal cord cells (Cashman et al., 1992). While NSC-34
cells are not the perfect model of motor neurons, they do
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Figure 4 Extracellular, motor neuron-derived miR-218 is protein-bound and its activity can be blocked using ASOs. (A) ALS
end-stage rat model CSF was treated with RNase A, proteinase K and Triton™™ X-100. Treatment with RNase A only degrades free miR-218
(~15% of total). Treatment with proteinase K followed by RNase A degrades free and protein-bound miR-218 (~80% of total). Treatment with
Triton"" X-100, to solubilize vesicles, followed by proteinase K and RNase A has no further effect on the miR-218 signal. Conversely, treatment of
rat serum with proteinase K followed by RNase A degrades only ~50% of let-7a, whereas pretreatment with Triton " X-100 results in 100% loss
of the let-7a signal. n = 3—4/condition. (B) Biotinylated anti-miR-218 oligonucleotides can precipitate miR-218, but not control miRNA [03a-3p,
from ALS rat model CSF. n = 2/condition. Each trial was normalized to the corresponding no oligonucleotide control. (C) Treatment of primary
astrocytes with media from sporadic ALS patient (sALS) iPSC-derived motor neurons (iMNs) results in loss of EAAT2 protein, but can be
mitigated by addition of anti-miR-218 ASOs. n = 3. (D) Primary astrocytes expressing the miR-218 uptake sensor also respond to iPSC-derived
motor neuron media, and this response is mitigated by anti-miR-218 ASOs. n = 3 Biological replicates with 2—4 technical replicates/assay. Values
represented as mean =+ SEM. One-way ANOVA with multiple comparisons (D).

express ChAT, a motor neuron marker, and importantly,
miR-218. To this end, we added media from lysed NSC-34
cells and found that EAAT2 protein levels were lost in a
dose-dependent fashion, whereas EAAT1 protein was not
affected (Fig. 3C). Using this model of motor neuron loss,
we tested whether astrocytes expressing our miR-218
sensor would respond to miR-218 containing media. To
establish the background luminescence activity associated
with the sensor, we found that Cre— astrocytes had vir-
tually no luminescence activity, whereas Cre+ astrocytes
had measurable luminescence. Thus, the miR-218 sensor
expressing astrocytes transfected with Cre represent the
background luminescence activity of the sensor. When
miR-218 sensor-expressing astrocytes are transfected with
Cre and subsequently exposed to miR-218 containing
media, the luminescence activity increases by nearly 3-fold
(Fig. 3D). This increase is dependent on Cre, as astrocytes
expressing the miR-218 regulated sensor, but not Cre, do
not respond to miR-218 containing media (Fig. 3D).
Similarly, astrocytes expressing a control sensor regulated

Downl oaded from https://academ c. oup. conf brai n/articl e-abstract/141/9/ 2561/ 5051677

by Washi ngton University School of Medicine Library user
on 30 August 2018

by a siRNA to GFP do not respond to miR-218 containing
media, suggesting the increase in luminescence of the miR-
218 sensor-expressing astrocytes is related to miR-218
uptake and activity (Fig. 3D). Notably, the luminescence
activity of the siRNA sensor exposed to miR-218 contain-
ing media is similar to the luminescence activity of the miR-
218 sensor not exposed to media, confirming this lumines-
cence is background activity.

Extracellular miR-218 is largely
protein-bound and capable of binding
oligonucleotides

If motor neuron-derived miR-218 is taken up by neigh-
bouring astrocytes and deleteriously regulating their expres-
sion, blocking miR-218 uptake could be beneficial in ALS.
However, because the mode of miR-218 uptake is
unknown, we reasoned that understanding the extracellular
state of miR-218 would provide insight into blocking its
activity. The field of extracellular miRNAs has grown
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Figure 5 Blocking miR-218 mitigates EAAT2 loss in ALS model mice. (A) SOD|G93A mice were treated with miR-218 ASOs or saline
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from the brainstems of treated mice at 140 days to check for miR-218 inhibition. Polysome-containing fractions from miR-218 ASO-treated mice
have less miR-218, indicating it is excluded from these fractions as compared to saline-treated mice, consistent with miR-218 inhibition. n = 4/
treatment. (D—G) Mice treated with miR-218 ASOs have preserved EAAT2 as compared to saline-treated mice in both the lumbar (D and E) and
cervical (F and G) spinal cords, as assessed by immunoblot (D and E) and immunofluorescence (F and G), respectively. n = 6—7/group (two
cohorts of 3—4 mice/group) (D and E) and n = 3-5/group with 68 sections/mouse (F and G). The monomer EAAT?2 band (~60 kDa) is shown in
(D). Images in (F) were taken such that no saturation occurred for quantitation and then equivalently brightened for demonstrative purposes.
Scale bar = 100 pm. Values represented as mean £ SEM. Student’s unpaired, two-tailed t-test (E and G) with Benjamini-Hochberg correction for
multiple comparisons (FDR < 0.1). Adjusted P-values: *P < 0.05, **P < 0.01, ***P < 0.001.

extensively since they were first measured in blood plasma
and serum (Chim et al., 2008; Lawrie et al., 2008). While
there is increasing evidence that extracellular miRNAs can
be encapsulated in vesicles, the majority are protein-asso-
ciated (Arroyo et al., 2011; Turchinovich et al., 2011). To
determine whether extracellular CSF miR-218 was free,
protein-bound or encapsulated in vesicles, we performed
RNase A digestion followed by proteinase K digestion.
MiRNAs encapsulated in vesicles will be protected from
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both RNase A and proteinase K, whereas miRNAs asso-
ciated with protein will be resistant to RNase A degrada-
tion, but can be sensitized by first treating with proteinase
K (Arroyo et al, 2011; Turchinovich et al., 2011). As
compared to the total, RNase A digestion resulted in
~15% loss of the miR-218 signal in rat CSF (Fig. 4A),
suggesting 15% of extracellular miR-218 is free. Treating
rat CSF with proteinase K followed by RNase A ablated
nearly all of the miR-218 signal (Fig. 4A). Pretreatment
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with Triton™ X-100 to permeabilize membranes did not
have any additional effect. These data suggest that the
majority of miR-218 is protein-bound and not encapsulated
in vesicles. In contrast, let-7a has been shown to be encap-
sulated in vesicles in serum and thus, protected from
RNases and proteinases (Arroyo et al., 2011). Indeed, we
found that ~50% of let-7a in rat serum was protected from
proteinase K followed by RNase A digestion, but this signal
was lost upon pretreatment with Triton™ X-100 (Fig. 4A),
consistent with let-7a in serum being encapsulated in
vesicles.

Because extracellular miR-218 is largely protein-bound,
these data suggest that its activity in astrocytes could be
blocked by ASOs. To determine whether extracellular miR-
218 is capable of binding oligonucleotides, we precipitated
it from rat CSF using anti-miR-218 oligonucleotides.
Extracellular miR-218 is ~5-fold depleted from rat CSF
using anti-miR-218 oligonucleotides as compared to preci-
pitation with no oligonucleotides (Fig. 4B). Conversely, a
control miRNA (miR-103a-3p) is not precipitated from rat
CSF using anti-miR-218 oligonucleotides (Fig. 4B). These
data demonstrate that extracellular miR-218 can bind oli-
gonucleotides, suggesting the activity of extracellular,
motor neuron-derived miR-218 can be blocked with ASOs.

To test whether the effect of motor neuron-derived miR-
218 on astrocytic EAAT2 could be mitigated using ASOs,
we applied media from sporadic ALS patient iPSC-derived
motor neurons to primary astrocytes. This miR-218 con-
taining media resulted in loss of EAAT2 protein, but
EAAT?2 repression was greatly mitigated by application of
anti-miR-218 ASO (Fig. 4C). Moreover, anti-miR-218
ASOs also mitigated the responsiveness of astrocytes
expressing the miR-218 wuptake sensor (Fig. 4D).
Together, these data support the conclusion that extracel-
lular, motor neuron-derived miR-218 can directly contri-
bute to EAAT2 loss in astrocytes and its activity can be
blocked using ASOs.

Inhibition of miR-218 mitigates
EAAT2 loss in ALS model mice

Because the effect of motor neuron-derived miR-218 on
astrocytic EAAT2 can be blocked using ASOs in vitro, we
reasoned that we could test this model in ALS rodents. We
and others have previously used ASOs to inhibit miRNAs
in vivo (Koval et al., 2013; Butovsky et al., 2015). Bolus
intracerebroventricular (ICV) delivery of 100-400 pg of these
ASOs results in widespread distribution throughout the
CNS, including spinal cord (DeVos and Miller, 2013a).

In our ALS model mice, which are on a congenic BL6
background, miR-218 is significantly depleted in whole
spinal cord by 126 days, with detectable loss starting
around 100 days (Hoye et al., 2017). Because miR-218 is
released from dying motor neurons beginning around the
time of disease onset, we wanted to deliver anti-miR-218
ASOs post-onset. Thus, we delivered either saline or 100 ug

M. L. Hoye et al.

anti-miR-218 ASOs to SOD1%%*4 mice at 110 days and
sacrificed them 30 days post-treatment to test for miR-
218 inhibition and EAAT2 preservation (Fig. 5A). First,
we performed polysome profiling to determine whether
miR-218 was inhibited as measured by its exclusion from
polysome fractions (Androsavich et al., 2016). We found
that anti-miR-218 ASO-treated mice had ~20-50% miR-
218 exclusion in polysome-containing fractions (Fig. 5B
and C), indicating the anti-miR-218 ASOs were success-
fully inhibiting miR-218. In mice treated with anti-miR-
218, we also found that EAAT2 protein levels were main-
tained relative to saline-treated littermate controls by both
immunoblot and immunofluorescence in the lumbar and
cervical spinal cord, respectively (Fig. SD-G). These data
establish that miR-218 derived from dying motor neurons
is taken up by neighbouring astrocytes in vivo and is
sufficient to directly mediate changes in astrocytic
expression that are characteristic of ALS, such as loss
of EAAT2.

Translated mRNAs downregulated in
ALS astrocytes contain miR-218
binding sites and are de-repressed
upon miR-218 inhibition

We initially focused on miR-218’s downregulation of
EAAT2 because of strong support for EAAT2 loss and
subsequent excitotoxicity in both human and rodent
models of ALS. However, numerous astrocytic proteins
are dysregulated in ALS. Thus, to determine whether
motor neuron-derived miR-218 may be responsible for
downregulating additional targets in ALS astrocytes, we
used previously reported translating ribosome affinity pur-
ification data from astrocytes in ALS model mice (Sun
et al., 2015). Indeed, using two miRNA target prediction
algorithms, miRDB and TargetScan, we found that 12%
and 17%, respectively, of the downregulated transcripts
in ALS astrocytes were putative miR-218 targets (Table 1).
However, sites for pan-neuronally-enriched miRNAs (Hoye
et al., 2017), miR-431 and miR-382, were not abundant in
downregulated transcripts in ALS astrocytes (Table 1). This
significant enrichment [P =0.009 (miRDB) and P =0.003
(TargetScan)] in miR-218 binding sites in transcripts trans-
lationally downregulated in ALS astrocytes is consistent
with our EAAT2 findings. To confirm these putative miR-
218 targets, we performed reverse transcription-quantita-
tive PCR on the polysome profiling RNA (from Fig. 5B)
and found that each of the five targets tested were de-
repressed upon miR-218 inhibition as compared to saline-
treated mice (Fig. 6). Moreover, non-miR-218 targets were
not affected by miR-218 inhibition (Fig. 6), confirming the
specificity of miR-218-mediated regulation. These data
indicate motor neuron-derived miR-218 is broadly affecting
astrocyte  protein and cellular state in
neurodegeneration.

expression
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Table | Numerous translated mRNAs downregulated in ALS astrocytes are putative miR-218 targets and

de-repressed upon miR-218 inhibition

MiRNA target prediction algorithm

Putative miRNA targets downregulated in ALS astrocytes

% Overlap P-value

miRDB: miR-218 Mbnll, Ankslb, Sertad2, Ppargcla, Olig2

TargetScan: miR-218 Tcfl2, Mbnll, Nfix, Ankslb, Sertad2, Cpeb2, Ppargcla
miRDB: miR-431 None

TargetScan: miR-43 1 Fbxo32

miRDB: miR-382 Mbnll, Trim59

TargetScan: miR-382 Mbnll, Fam84b

12.2 (5/41) 0.009
17.1 (7/41) 0.003
0 (0/41) 1.00
2.44 (1/41) 0.726
4.88 (2/41) 0.147
4.88 (2/41) 0.162

Using previously generated translating ribosome affinity purification data from ALS astrocytes (Sun et al., 2015) and two different miRNA target prediction algorithms, miRDB and
TargetScan, we determined that 12.2% and 17%, respectively, of translationally downregulated mRNAs in ALS astrocytes (41 transcripts total) were putative miR-218 targets.
However, sites for two pan-neuronally-enriched miRNAs (Hoye et al., 2017), miR-431 and miR-382, were not significantly represented in mRNAs translationally downregulated in
ALS astrocytes. Fisher’s exact test was used to determine statistical significance with Bonferroni correction for multiple (three) comparisons.
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Figure 6 Putative miR-218 targets that are translationally
downregulated in ALS astrocytes are de-repressed upon
miR-218 inhibition. RT-qPCR of RNA obtained from polysome
profiles of SODIG93A mouse brainstems treated with saline or
anti-218 ASOs indicates that putative miR-218 targets are de-
repressed following anti-218 ASO treatment. n = 4/group.
Conversely, non-miR-218 targets are not de-repressed upon anti-
218 ASO treatment. n = 4/group. Student’s unpaired, two-tailed t-
test with Benjamini-Hochberg correction for multiple comparisons
(FDR < 0.1). Adjusted P-values: *P < 0.1.

Inhibition of motor neuron-derived
miR-218 mitigates astrogliosis in ALS
model mice

Throughout neurodegenerative disease progression, glia can
lose their homeostatic function (Van Damme et al., 2007;
Cassina et al., 2008; Ferraiuolo et al, 2011; Madji
Hounoum et al., 2017) and adopt a reactive phenotype
(Butovsky et al., 2014; Endo et al., 2015; Almad et al.,
2016; Liddelow et al., 2017). Because miR-218 contributes
to the loss of EAAT2 and potentially other homeostatic
astrocytic proteins, we tested whether inhibition of miR-
218 derived from dying motor neurons would also mitigate
this conversion to reactive astrocytes. It was recently

demonstrated that connexin 43 (Cx43), a gap junction
and hemi-channel protein, is upregulated in ALS and that
antagonizing its hemichannel activity prevented astrocyte-
induced motor neuron loss (Almad et al, 2016).
Intriguingly, several reports have found that modulating
EAAT2 expression inversely affects Cx43 expression
(Unger et al., 2012; Hussein et al., 2016). Likewise, we
found that our anti-miR-218 ASO-treated mice had not
only restored EAAT2 expression, but the upregulation of
Cx43, and also GFAP, had been mitigated (Fig. 7A-H).
Overall, these data support the model that miR-218
released from dying motor neurons can lead to loss of
homeostatic protein expression, such as EAAT2, and
astrogliosis.

Discussion

We demonstrate here that extracellular miR-218 released
from dying motor neurons in ALS can be taken up by
neighbouring astrocytes and negatively affect astrocyte
function. We were able to establish this surprising link
between motor neurons and glia by focusing on EAAT2,
a glutamate transporter expressed by astrocytes, which has
numerous highly conserved miR-218 binding sites in the
3" UTR. We confirmed that astrocytes can take up extra-
cellular, motor neuron-derived miR-218 in vitro and that
inhibition of miR-218 mitigates EAAT2 loss and other
miR-218-mediated changes in ALS model mice. The post-
transcriptional loss of EAAT2 had already been established
in both ALS patients and rodent models (Rothstein ez al.,
1995; Bristol and Rothstein, 1996; Howland et al., 2002),
making it an attractive candidate to validate the function-
ality of motor neuron-derived miR-218 in astrocytes.
Uptake of neuronally-derived miRNAs by neighbouring
glia and their downstream, negative consequences estab-
lishes a novel mechanism of neurodegeneration.

Neuronal cell loss is a unifying theme in neurodegenera-
tion and it is recognized that neuronal injury leads to a
response from the surrounding glia. While the homeostatic
role of glia in the CNS involves clearance of cellular debris
and metabolites through phagocytosis, it is known that in
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Figure 7 Blocking miR-218 mitigates astrogliosis in ALS model mice. (A-H) Mice treated with miR-218 ASOs have reduced
expression of both Cx43 and GFAP, markers of astrogliosis, as compared to saline-treated mice in both the lumbar (A and B) and cervical (C-H)
spinal cords, as assessed by immunoblot (A and B) and immunofluorescence (C—H), respectively. n = 6—7/group (two cohorts of 3—4 mice/group)
(A and B) and n = 3-5/group with 8-10 sections/mouse (C—H). Images in (C, D, F and G) were taken such that no saturation occurred for
quantitation and then equivalently brightened for demonstrative purposes. Scale bar = 100 pim. Values represented as mean £ SEM. Student’s
unpaired, two-tailed t-test (B, E and H) with Benjamini-Hochberg correction for multiple comparisons (FDR < 0.1). Adjusted P-values: *P < 0.05,

P < 0.01, P < 0.001, *5P < 0.0001.

neurodegeneration, glia can become reactive (Butovsky
et al., 2014; Liddelow et al., 2017). This glial reactivity
may be beneficial at some point; however, chronic glial
reactivity often leads to loss of homeostatic function and
is deleterious to the survival of the remaining neurons. Our
work uncovers a novel mechanism for understanding how
the glial response to neuronal injury in the CNS can be
mediated directly by signalling molecules released by
dying neurons in a manner that maintains their functionality.
We speculate that this mechanism of release of functional
signalling molecules may be broadly applicable in neurode-
generation, and moreover, the causative neuronal signalling
components could be different for various diseases.

While possible that many components of a dying or
damaged neuron could have deleterious signalling conse-
quences in neighbouring glia, miRNAs may be particularly
enabled to signal to recipient cells. Extracellular miRNAs
are unusually stable in biological fluids, due to their encap-
sulation in vesicles and/or association with proteins
(Hunter et al., 2008; Arroyo et al., 2011; Turchinovich
et al., 2011), and it has been established that extracellular
miRNAs can be taken up and function in recipient cells in
both physiological (Valadi et al., 2007; Wang et al., 2010)
and pathological states (Mittelbrunn et al., 2011; Fabbri
et al., 2012; Lehmann et al., 2012). However, the majority

of these studies have been performed in cell culture models
using purified miRNA-containing vesicles. Our work
describes the function of an abundant, motor neuron-
derived miRNA that naturally exhibits nearly 10-fold ele-
vation in the CSF of end-stage ALS model rats (Hoye et al.,
2017). Our demonstration that blocking miR-218 activity
with ASOs mitigates miR-218-mediated changes in an ALS
model provides important evidence for cell-to-cell commu-
nication 2 vivo in the CNS. Moreover, this mechanism
could be widely applicable to disease states, as miRNAs
are released from cells subsequent to injury (Corsten
et al., 2010; Zhang et al., 2010), and it is likely that
these miRNAs also maintain their regulatory capacity and
could similarly function as signalling molecules in neighbour-
ing cells. It was recently demonstrated that miR-21 is released
in response to peripheral nerve injury (Simeoli et al., 2017);
however, we predict that the role of extracellular miRNAs
released subsequent to injury is largely underappreciated.
Moreover, this signalling could occur in multiple cell types
with unique downstream consequences.

One of the striking aspects of most ALS is rapid decline
after the first symptoms and contiguous neuronal loss
(Ravits et al., 2007). This precipitous decline may suggest
a failure of homeostatic mechanisms or may imply one or
more feed forward loops that worsen an already damaged
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system. The recognition that progression rates in ALS and
other neurodegenerative diseases are non-cell autonomous
(llieva et al., 2009) suggests non-neuronal cells may be one
potential feed forward loop. Our work supports a model in
which a focal neuronal injury could lead to a response from
surrounding glia that causes loss of homeostatic glial func-
tion and increased reactivity, which ultimately exacerbates
neuronal degeneration. Further neuronal injury would lead
to increased extracellular miR-218, which would continue to
worsen astrocyte dysfunction, thus accelerating the vicious
cycle. Moreover, as miR-218 is increased in the CSF of ALS
model rats, it is possible that the CSF serves as a conduit for
this feedforward process to spread along the spinal cord.
Indeed, it has been previously demonstrated that application
of ALS patient CSF to cultured astrocytes results in toxicity
and loss of EAAT2 protein (Shobha et al., 2007).

Intervening in miR-218-mediated astrocyte dysfunction
has exciting and broad therapeutic implications. However,
our current approach is not amenable to adequately testing
whether miR-218 inhibition in astrocytes extends survival
in ALS, as currently, we are limited by our inability to
selectively target miR-218 signalling in astrocytes. It was
recently demonstrated that genetic ablation of miR-218 in
mice resulted in motor neuron degeneration (Amin et al.,
2015); thus, our current approach as a treatment could
have potentially deleterious effects in motor neurons that
would confound our analysis. Nevertheless, we remain
enthusiastic that selectively targeting miR-218 in astrocytes
will be feasible in the near future: it has already been
demonstrated that ASOs can be specifically targeted to
liver cells by conjugating the ASOs with a ligand that is
recognized by liver-specific receptors (Prakash et al., 2014).
Therefore, targeting of astrocytes may be a feasible future
application of miR-218 inhibitors.

This work also raises the interesting question of the phy-
siological role of EAAT2 repression by miR-218. The con-
served miR-218 binding sites in the EAAT2 3’ UTR suggest
that this regulation may take place physiologically. One
intriguing possibility is that during synaptic pruning, miR-
218 is released from motor neuron synapses that are des-
tined to be ablated. The loss of EAAT2 in neighbouring
astrocytes would lead to excitoxicity in these motor neu-
rons and accelerate their ablation. Alternatively, develop-
mentally, postnatal Day 2.5 astrocytes express ~10-fold
more miR-218 than adult astrocytes (Supplementary Fig.
1). This is still considerably less than motor neurons, but
perhaps endogenous astrocytic miR-218 functions to
repress EAAT2 developmentally while synaptic connections
are being made. This may also contribute to the lower
levels of EAAT2 in primary astrocytes harvested from
pups. Thus, miR-218 may have a cryptic role in normal
astrocyte development that maintains the conservation of
miR-218 binding sites in astrocyte-derived sequences, yet
this conserved role is co-opted during disease with deleter-
ious consequences.

Our work defines a novel mechanism whereby miRNAs
released from dying motor neurons can contribute to

BRAIN 2018: 141; 2561-2575 | 2573

astrocyte dysfunction in neurodegeneration. This work
clarifies the role of neuronal damage in eliciting a response
from neighbouring glia, demonstrating that neuronally-
derived miRNAs can exert functional changes in glia that
contribute to disease. Finally, this mechanism is consistent
with the non-cell autonomous nature of neurodegenerative
diseases and may also provide insight into how this feed-
forward process is initiated.
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