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Abstract

Inflammation is a common component of acute injuries of the central nervous system (CNS) and
degenerative disorders such as Alzheimer’s disease. Glial cells play important roles in local CNS
inflammation, and an understanding of the roles for microRNAs in glial reactivity in injury and
disease settings may therefore enable novel therapeutic interventions. Here we show that the
miR-181 family is developmentally regulated and present in high amounts in astrocytes compared
to neurons. Over-expression of miR-181c in cultured astrocytes results in increased cell death
when exposed to lipopolysaccharide (LPS). We show that miR-181 expression is altered in brain
cells in vivo in response to LPS, a model of inflammation, in both wild-type mice and transgenic
mice lacking both receptors for the inflammatory cytokine TNF-a. Knockdown of miR-181
enhanced LPS-induced production of pro-inflammatory cytokines (TNF-a, IL-6, IL-13, IL-8) and
HMGB1, while over-expression of miR-181 resulted in a significant increase in the expression of
the anti-inflammatory cytokine IL-10. To assess the effects of miR-181 on the astrocyte
transcriptome, we performed gene array and pathway analysis on astrocytes with reduced levels of
miR-181b/c. To examine the pool of potential miR-181 targets, we employed a biotin pull-down
of miR-181c and microarray analysis. We validated both MeCP2 and XIAP mRNAs as targets of
miR-181. These findings suggest that miR-181 plays important roles in the response of astrocytes
to inflammatory settings. Further understanding of the role of miR-181 in inflammatory events
and CNS injury could lead to novel therapies for CNS disorders with an inflammatory component.
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Introduction

Both acute injury to the central nervous system (CNS) and chronic neurodegenerative
disorders are characterized by an inflammatory response, a component of which is mediated
by astrocytes (see Hamby et al., 2010; Sofroniew 2009 for review). Astrocytes are a
heterogeneous population of glia with diverse functions in the uninjured CNS including
maintenance and control of the blood-brain barrier, re-uptake of neurotransmitters and
signaling through gap-junctions, among others (Sofroniew and Vinters 2010; Zhang et al.,
2010). When acute or chronic injury occurs, astrocytes become “reactive” and migrate to the
site of insult, change morphology, and up-regulate glial fibrillary acidic protein (GFAP) and
cytokines (Sofroniew and Vinters, 2010).

Reactive gliosis is broadly characterized by an increase in expression of the cytoskeletal
protein GFAP, activation of the transcription factor NF-«xB, and the production of nitric
oxide and inflammatory cytokines such as TNFa (Pekny et al., 2005; Kang et al., 2011). In
stroke and traumatic injury to the CNS, reactive astrocytes form a protective barrier (glial
scar) that compartmentalizes the damaged tissue, effectively separating it from the uninjured
CNS (Sofroniew, 2009). Although a glial scar can be detrimental to the regeneration of
damaged axons, it also prevents inflammatory cytokines, excess glutamate and other
potentially harmful molecules from the damaged tissue from entering the healthy CNS.
Despite these beneficial effects, the lasting nature of the glial scar makes it detrimental to
long-term regeneration and recovery. Chronic inflammation observed in neurodegenerative
disorders such as Alzheimer’s disease (AD) also involves reactive gliosis (Pike et al., 1994;
Serrano-Pozo et al., 2011).

Pro-inflammatory stimuli such as lipopolysaccharide (LPS), an endotoxin component of
gram-negative bacterial cell membranes, engage an innate immune response through TLR4
receptors, resulting in activation of astrocytes (Sofroniew et al., 2009b; Tang et al., 2007;
Okun et al., 2012). TNFa is produced by astrocytes exposed to LPS (Chung et al., 1990);
activation of NF-xB plays a pivotal role in the activation of astrocytes and their production
of TNFa and other pro-inflammatory cytokines (O’Neill et al., 1997; Mattson et al., 2001).
NF-xB signaling has important functions in all CNS cells including neurons, astrocytes and
microglia (O’Neill et al., 1997; Bethea et al., 1998; John et al., 2003; Mattson et al., 2006)

Recent studies have demonstrated prominent roles for miRNAs in the activation of immune
cells and the pathogenesis of a range of inflammatory disorders (Contreras and Rao, 2012).
Depending upon the mRNAs they target, miRNAs may either promote or suppress
inflammation (Boldin and Baltimore, 2012). The miR-181 family of miRNAs is expressed
in astrocytes and is a candidate for post-transcriptional regulation of phenotypes found in
neuroinflammation and reactive gliosis. miR-181 directly targets the mRNA encoding Bcl-2,
a mitochondrial membrane-associated protein that inhibits apoptosis, and other mRNAs
encoding proteins involved in responses to stress including heat-shock protein 70 (Chen et
al., 2010; Ouyang et al., 2011a, b). miR-181 expression decreases with distance from the
core of an ischemic insult in a rodent model of focal ischemic stroke (Ouyang et al., 2011b).
This miRNA family also regulates differentiation in hematopoietic stem cells towards a
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CDA44+ fate, and maintains ‘stemness’ through a feedback loop with let-7 (Chen et al., 2004;
Lietal., 2012). miR-181 is also involved in glioblastoma, with expression inversely
correlating with tumor grade; over-expression of miR-181a and b inhibits tumor cell
proliferation and sensitizes tumor cells to radiation (Conti et al., 2009; Shi et al., 2008; Chen
et al., 2010). Activation of Stat3, an important component of the NF-xB signaling pathway,
has also been shown to increase miR-181 expression (Iliopoulos et al., 2010). Lastly,
miR-181 targets Nemo-like kinase (NLK), a MAPK-like protein and repressor of Notch
signaling which has been implicated in cellular stress responses in prostate tumors (Cichocki
etal., 2011; Emami et al., 2009). In the present study we tested the hypothesis that the
miR-181 family plays a role in the reactive phenotype of astrocytes in experimental models
of neuroinflammation.

Materials and Methods

Cell Culture, Transfection and LPS Treatment

For mouse primary astrocyte cultures, the cerebral cortex was removed from the brains of
newborn mice and placed in cold Hank’s balanced saline solution (HBSS). After removal of
the meninges, cells of the cortical tissue were dissociated mechanically before being pelleted
by centrifugation at 500 g for 5 minutes, washed with HBSS and re-pelleted. Cells were then
re-suspended in Dulbecco’s minimum essential medium (DMEM) containing Anti-Anti
(Invitrogen) and supplemented with 10% fetal calf serum (FCS) (Invitrogen). Cells were
then passed through a 40-pm cell strainer mesh (BD Falcon) to obtain a single-cell
suspension and plated at a density of 108 cells per ml on uncoated cell culture plates.
Astrocyte cultures were passaged once at 108 cells per ml prior to experimentation to ensure
greater culture purity.

For experiments involving transfection, Lipofectamine LTX (Invitrogen) was used to
transfect cells to over-express (OE) either miR-181c or a control miRNA (the C. Elegans
miR-67; CTRL), or to knock down (KD) miR-181 using miR-181c and miR-181b
microRNA hairpin inhibitors (Dharmacon). All oligonucleotides were transfected at a final
concentration of 20 nM. For KD microarray and validation experiments, samples were
harvested 48 h after transfection to allow for degradation of miRNA targets. For pull-down
(PD) microarray and validation experiments, samples were harvested 24 h after transfection.

Lactate dehydrogenase (LDH) assays (Promega) were used to quantify cell death. Medium
from astrocyte cultures was collected 48 h after transfection and 6 hours after LPS treatment,
and centrifuged at 600xg to remove any floating cell bodies and debris prior to analysis of
LDH levels which was performed according to the manufacturer’s protocol. Reactions were
quantified using a BioRad (Hercules, CA) microplate reader with a 492 nm excitation
wavelength filter and normalized as a percent value to control wells in which cells were
lysed with 0.01% Triton-X (maximum LDH release).

To assess cell proliferation, a colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega Cell Titer
96AQueous One) was performed on cells 6 hours after treatment with LPS or vehicle

Glia. Author manuscript; available in PMC 2015 October 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutchison et al. Page 4

control (54 hours after transfection). A stock solution of MTS reagent was added to each
well and measured between 2—4 hours at 490 nm, according to the manufacturer’s protocol.

In-vivo LPS Treatment of TNF-a Receptor KO and Wild-Type Mice

All animal treatments were described previously (Kawamoto et al., 2012). Briefly, either
adult 12 to 14 week-old male wild type (WT) C57BL/6J mice or TNFR1/TNFR2 double
knockout (DKO) mice were maintained in a 12 h light/dark cycle with free access to food
and water (DKO mice and methods for their breeding and genotyping are described in Bruce
etal., 1996 and Kawamoto et al., 2012). LPS injections were administered between 08:00
and 11:00, with animals given a single intraperitoneal (IP) injection of LPS (0111:B4,
Sigma-Aldrich) at a dose of 250 pg/kg. Mice were euthanized 4 h after LPS injection and
dissection of brain regions was performed on ice. Guidelines established in the NIH Guide
for Care and Use of Laboratory Animals were followed, and all procedures were approved
by the Animal Care and Use Committee of the National Institute on Aging Intramural
Research Program.

Preparation of Samples for gPCR, Gene Array and Gene Array Analysis

Total RNA was obtained from both astrocyte cultures and mouse cortex using Trizol reagent
(Invitrogen), according to the manufacturer’s instructions. For validation of gene array
results we used reverse transcription (RT) using random hexamers and SSlII reverse
transcriptase (Invitrogen) to convert mRNA into cDNA, followed by RT-qPCR using SYBR
Green master mix (Invitrogen). RT-qPCR reactions were performed using a MJ Research
PTC-200 instrument and analyzed using the relative method with appropriate primers (see
Supplemental Table 1 for primer sequences). The mRNAs expressing ‘housekeeping’
proteins HPRT, GAPDH and BACT were measured for normalization of samples before
comparison to the control condition.

For assessment of miRNA expression, samples were prepared using Invitrogen’s NCODE
miRNA gPCR assay and samples run using the manufacturer’s protocol. Samples were first
polyadenylated prior to RT using Invitrogen’s Universal Primer followed by RT-gPCR
using SYBR Green master mix (Invitrogen). The relative method of gPCR was used with
samples first normalized to U6 before comparison to a control condition. For all miRNA
experiments a C. elegans miR-67 mimic (Dharmacon), a miRNA with no known
mammalian targets, was used.

Gene Array Methods and Data Analysis

RNA quality was assessed with an Agilent BioAnalyzer using RNA 6000 Nano Chips
(Agilent Technologies, Santa Clara, CA). Transcriptional profiling was determined using
Illumina Sentrix BeadChips. Total RNA was used to generate biotin-labeled cRNA with the
[llumina TotalPrep RNA Amplification Kit. In short, 0.5 g of RNA was first converted into
single-stranded cDNA with reverse transcriptase using an oligo-dT primer containing the T7
RNA polymerase promoter site and then copied to produce double-stranded cDNA
molecules. The double-stranded cDNA was cleaned, concentrated, and in vitro transcribed
to generate single-stranded RNA (cCRNA) containing biotin-16-UTP. A total of 0.75 ug of
biotin-labeled cRNA was hybridized at 58 C for 16 hours to Illumina's Sentrix Human Ref-8
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Expression BeadChips (Illumina, San Diego, CA). Each BeadChip has ~24,000 well-
annotated RefSeq transcripts with approximately 30-fold redundancy. The arrays were
washed and blocked, and the labeled cRNA was detected by staining with streptavidin-Cy3.
Hybridized arrays were scanned using an Illumina BeadStation 500X Genetic Analysis
Systems scanner and the image data extracted using Illumina’s GenomeStudio software,
version 1.1.1.1. For statistical analysis, the expression data were filtered to include only
probes with a consistent Illumina detection signal (p < 0.02).

Correlation analysis, sample clustering analysis and principal component analysis that
included all of the probes was performed to identify/exclude any possible outliers. The
resulting dataset was next analyzed with DIANE 6.0, a spreadsheet-based microarray
analysis program using value statistics for Z-Score reliability below 0.05, and mean
background-corrected signal intensity greater than zero. Ingenuity’s Pathway analysis
(Ingenuity) was used to analyze both the KD and PD gene arrays using methods described
previously (Lal et al., 2011). Input data included gene symbols, z-score, false discovery rate
(FDR), and fold change.

Biotinylated Pull-Down of miR-181c Targets

Primary astrocytes were cultured in 6-well plates and transfected with either bi-miR-181c or
bi-Cel-miR-67 (Dharmacon) as described above. Cells were detached using 0.025%
Trypsin/1 mM EDTA solution 24 h after transfection, pelleted at 600xg and washed twice
with PBS prior to re-suspension in 500 pl lysis buffer (100 mM KCI, 5 mM MgCl,, 20 mM
Tris; pH 7.5). Lysis buffer was then added including 0.3% NP-40 (final concentration) and
50 U of RNAse OUT (Invitrogen) and cells were incubated on ice for 10 minutes. Cellular
lysate was isolated by centrifugation at 10,000xg for 20 minutes at 4 C. Streptavidin-coated
dynabeads (Invitrogen) were prepared according to protocol and then blocked for2hat4 C
in lysis buffer containing 1 mg/ml yeast tRNA. Following blocking, beads were washed 3
times in lysis buffer, and sample lysate was added and incubated overnight at 4 °C with
agitation. Samples were then washed five times with 1 ml lysis buffer to remove unbound
mRNAs. Both input RNA (10% of the lysate before hybridizing with the beads) and RNA
bound to the beads (pull-down) were isolated with Trizol reagent (Invitrogen). Pull-down
samples were then subjected to either gene array or RT-qPCR analysis.

Measurement of Protein from Cellular Lysate and Supernatant

To assess cytokine levels after altering miR-181 expression and treatment with LPS,
astrocyte supernatant was collected 48 h after transfection and analyzed using Bio-Plex
Cytokine assays according to the provided protocol (BioRad). Cytokines assessed were IL6,
IL1B, FGF2, LIF, IL-10, IL-8, HMGBL1 and TNFa. Multiplex assays were also performed
for IL-5, IL-4, IL-13, IFN-y, IL-12p70, IL-7, IL-2 and SAA, but all were below the
detection threshold.

Heterologous Reporter Assay for Validation of miRNA Targets

To assess the direct interaction of the miR-181 family with XIAP, MeCP2 and SIRT1
mRNAs, heterologous luciferase reporters were prepared (Supplemental Table 2). A ~500-
bp region spanning the predicted miRNA target site was cloned into the 3’ end of the Renilla
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luciferase (RL) reporter in the psiCHECK-2 plasmid (see Supplementary Table 2 for primer
sequences and Figure 7 for miRNA binding sites). A second reporter protein, firefly
luciferase (FL), is also expressed from the psiCHECK-2 plasmid under a separate promoter
for use as an internal transfection control. Control reporters in which 2 or 3 nucleotides
within the seed region of the miRNA binding sites were mutated using SDM were also
constructed. Ratios of RL/FL luminescence in transfected 293 cells were measured to
quantify miR-181 mediated repression of the target transcript.

We first investigated the developmental specificity of miR-181 expression by comparing the
levels of miR-181b, ¢ and d in cerebral cortical tissue from mice at different developmental
stages from embryonic day 13 (E13) to adult (Figure 1A). All three of these miR-181 family
members were expressed at significantly higher levels in adult cortex relative to embryonic
telencephalon. We next examined miR-181 expression in cultured astrocytes compared to
E13 neural stem cells (NSCs) differentiated into neurons during a two-week culture period
in the absence of fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF), and
in the presence of brain-derived neurotrophic factor (BDNF) (Figure 1B). miR-181 family
members were strongly enriched in cultured astrocytes relative to BDNF-differentiated
neurons. In anticipation of subsequent experiments, we determined the efficacy of miR-181c
overexpression (OE), or knockdown of miR-181b and miR-181c, on levels of these miRNAS
in cultured cortical astrocytes. miR-181c was significantly elevated in astrocytes transfected
with miR-181c (Figure 1C). Levels of miR-181b and miR-181c were significantly reduced
in astrocytes transfected with miRNA hairpin inhibitors against these miRNAs (Figure 1D).

To explore the relationship between miR-181 expression and inflammatory responses,
cortex samples from wild-type animals injected with either LPS or saline were examined for
miR-181 expression. We found that expression of miR-181b, miR-181c and miR-181d were
significantly decreased 4 hours after LPS injection (Figure 2A), a time point when TNFa
production was increased in cortex (Kawamoto et al., 2012). To determine if TNFa
signaling played a role in the observed decrease in miR-181 expression, we injected TNFR1/
TNFR2 double knockout (DKO) mice with LPS and examined miR-181 expression in
cortex. In contrast to WT mice, LPS did not cause a significant reduction of miR-181b and
miR-181c in DKO mice (Figure 2B). However, there was a significant decrease of
miR-181d levels in response to LPS in DKO mice (p<0.04; Figure 2B). OE of miR-181c
resulted in increased cell death as measured by LDH release, regardless of LPS
concentration or control treatment (Figure 2C). Interestingly, a small but significant increase
in cellular proliferation as measured by MTS was observed in astrocytes over-expressing
miR-181c relative to control, regardless of LPS concentration (Figure 2D).

To ascertain the effects of reducing or over-expressing miR-181 on cytokine and growth
factor production, we performed multiplex immunoassays for factors relevant to a reactive
astrocyte phenotype, including LIF, FGF2, IL-6, TNF-qa, IL-14, IL-10, IL-8 and HMGB1
(Figure 3). Overexpression of miR-181c had no significant effect on LIF protein levels in
control or LPS-treated astrocytes, whereas knockdown of miR-181b and miR-18c resulted in
significant elevation of LIF levels in both control and LPS-treated astrocytes. Knockdown of

Glia. Author manuscript; available in PMC 2015 October 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutchison et al.

Page 7

miR-181s resulted in a trend towards elevated FGF2 levels in control astrocytes, and a
significant elevation of FGF2 levels in LPS-treated astrocytes. A prominent result of this
experiment was that miR-181 knockdown significantly enhanced the LPS-induced
production of three different pro-inflammatory cytokines, TNF-a, IL-6 and IL-1f (Figure 3).
In the case of the anti-inflammatory cytokine IL-10, overexpression of miR-181c enhanced
the LPS-induced increase in 1L-10 levels, whereas knockdown of miR-181s inhibited the
LPS-induced production of I1L-10. Finally, knockdown of miR-181s significantly enhanced
the LPS-induced production of HMGB1 (Figure 3). These results suggest that miR-181s
negatively regulate the production of multiple cytokines and FGF2 in astrocytes, effectively
suppressing their production in an inflammatory environment.

The effects of miR-181 on the transcriptome were assessed by microarray analysis of
primary astrocytes in which miR-181b and ¢ were knocked down (Figure 4, Supplemental
Table 3). Pathway and signaling pathway analysis identified alterations of several major
pathways related to cell death, cancer and the inflammatory responses (Figure 4B, 4C and
Supplemental Table 4). These results were validated by gPCR analysis of a set of MRNAs of
interest identified in the knockdown array (Figure 5).

To more directly assess potential targets of miR-181c in primary mouse astrocytes, we
performed microarray analysis of transcripts preferentially enriched in a biotinylated
miR-181c probe pulldown assay relative to a control C. Elegans-67 probe (Figure 6 and
Supplemental Table 5). Function and signaling pathway analysis demonstrated an
enrichment of transcripts involved in diverse functions including cell death, mMTOR
signaling and mitochondrial dysfunction (Figure 6B and 6C, and Supplemental Table 6). We
examined several transcripts that overlapped between the pull-down and knock-down arrays
by gPCR and found that HMGAL1 mRNA positively associates with the miR-181c probe
(Figure 7A). While not predicted by Targetscan, RNAhybrid analysis (Rehmsmeier et al.,
2004) demonstrates extensive pairing between the mature miR-181b and a segment on the 5’
end of the HMGAL mRNA. Bcl-2, a previously validated miR-181 target (Ouyang et al.,
2012a) and the predicted target NAMPT mRNA were also enriched in the pull-down (Figure
7A). Reporter constructs for MeCP2, SIRT1 and XIAP were generated to assess if these
were direct targets of miR-181 (Figure 7B). The SIRT1 reporter demonstrated no repression
by miR-181c (not shown). The predicted MeCP2 binding site was validated as a miR-181
target, as the Psi-CHECK2 MeCP2 reporter showed a 72% reduction in light units (Figure
7C). The XIAP predicted binding site was also validated as a miR-181 target, with a roughly
63% decrease in relative light units for the Psi-CHECK2 XIAP reporter (Figure 7D).

Discussion

We found that miR-181 expression is developmentally regulated and that miR-181s are
enriched in astrocytes compared to neurons. It was previously reported that miR-181s play
roles in cell fate specification in the hematopoietic system and developmental patterning of
muscle cell fate (Chen et al., 2004; Naguibneva et al., 2006). Expression of miR-181 is also
implicated in the differentiation of stem cells by repressing Lin28 (Li et al., 2011). Taken
together with our observation that miR-181b, ¢ and d are present at high levels in the mature
CNS, but not early in development prior to astrogenesis, these data support a possible role
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for miR-181 in developmental specification of cell fate in the CNS and warrant further
investigation.

Our data suggest that in the adult brain miR-181 expression is dynamically regulated by
inflammatory stimuli and modifies the proliferation of astrocytes and their sensitivity to
death in an experimental model of neuroinflammation. Previous studies have suggested roles
for miR-181s in modifying the sensitivity of cells to death in ischemic brain injury and
glioblastoma, with particular emphasis on its regulation of the Bcl-2 transcript (Chen et al.,
2010; Ouyang et al., 2011a). It should be noted that miR-181 regulates other transcripts
involved in cell survival and responses to stress including hsp-70, MCL-1 and Bim (Ouyang
et al., 2011a, 2011b). We found that an inflammatory stimulus, the TLR4 receptor ligand
LPS, decreased the levels of the miR-181s in vivo, suggesting that the previously observed
alteration in miR-181 expression in ischemic stroke models could be due to a TNF-a—
independent component of the injury. Our results therefore suggest that miR-181s are
involved in a general cell stress response and cell survival-related changes in transcriptional
profiles.

The most striking phenotype that we observed as a consequence of miR-181 reduction was a
dramatic increase in the production of pro-inflammatory cytokines including LIF, IL-6,
TNF-a, IL-1p, IL-8 and HMGBL1. On the other hand, we found that levels of the anti-
inflammatory cytokine I1L-10 (Murray, 2005; de Vries, 1995) were increased in astrocytes
when miR-181 was over-expressed. This result suggests that miR-181 might play an anti-
inflammatory role when expressed while reduction of miR-181, as observed in-vivo in
animals exposed to LPS, might contribute to the production of inflammatory cytokines. We
also found that levels of FGF2, a potent mitogen for astrocytes (Joy et al. 1997), were also
increased as a result of knocking down miR-181 and exposing astrocytes to LPS. FGF2 is
also known to protect neurons against conditions associated with inflammation including
oxidative stress and excitotoxicity (Mattson et al., 1989; Mark et al., 1997), suggesting that
suppression of FGF2 production by miR-181s could render neurons vulnerable to such
adverse conditions.

We have identified two novel targets of miR-181, MeCP2 and XIAP mRNAs, as well as a
non-canonical potential target, HMGAL. HMGAL is typically restricted to embryonic tissues
and is frequently observed in both benign and malignant tumors (see Cleynen et al., 2008 for
a review). HMGAL is a transcription factor that binds to AT-rich regions of the genome, and
increased HMGAL expression is typically observed in glioblastoma, with expression levels
increasing with tumor grade (Donato et al., 2004; Fan et al., 2011; Fang et al., 2012). It was
previously demonstrated that HMGAL and HMGAZ2 are subject to repressive regulation
through elements in the 3’'UTR by an as-yet unknown mechanism (Borrmann et al., 2001).
HMGAL1 has been observed to enhance NF-xB binding, as in the case of the IFN1-y
promoter (Thanos et al., 1992). Particularly relevant to the role of miR-181 repression of
HMGAU1 in the inflammatory response, HMGA1 has been shown to promote an
inflammatory transcriptional profile, at least in part by increasing Cox-2 and STAT-3 levels
(Resar, 2010 for a review; Schuldenfrei et al., 2011). HMGAL1 activation of STAT3, which
results in an increase of miR-181 expression, could represent an important feedback loop to
regulate expression of HMGAL in adult tissues (Hillion et al., 2008).
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MeCP2, the methyl CpG-binding protein 2, is frequently observed in neurons and plays an
important role in the neurodegenerative disorder Rett Syndrome (Jung et al., 2003).
Although MeCP2 is normally only observed in adult neurons, recent evidence has suggested
that astrocytes from MeCP2-deficient mice have abnormalities that alter neuronal
morphology, and that rescuing MeCP2 expression in astrocytes leads to a partial recovery in
Rett Syndrome mouse models (Ballas et al., 2009; Lioy et al., 2011). In the present study we
validated MeCP2 mRNA as a direct target of miR-181 by reporter assay. miR-181
repression of MeCP2 in astrocytes could therefore play a physiological role in reactive
gliosis, the developmental differentiation of astrocytes, and possibly Rett Syndrome.

The mRNA encoding X-linked inhibitor of apoptosis (XIAP) is another miR-181 target that
we validated by reporter assay. XIAP is a member of the Inhibitors of apoptosis (IAP)
family of proteins and acts by binding to and inactivating caspases 3, 7 and 9 (Eckelman et
al., 2006). XIAP inhibits TNF-a-induced cell death and its expression is regulated by NF-
kB (Chu et al., 1997; Rothe et al., 1995; Stehlik et al., 1998). Other studies have
demonstrated that miR-181 represses important antiapoptotic targets such as Bcl-2 and
stress-induced proteins such as hsp70, the addition of XIAP as a miR-181 target could help
explain the pro-apoptotic effects of this miRNA family. Additionally, we have demonstrated
that miR-181 is regulated by inflammatory signaling through the innate immune system
receptor TLR4, and the reduction of miR-181 levels as a response to inflammatory signaling
could be a pro-survival mechanism. Taken together with the other confirmed targets of the
miR-181 family, our findings argue that miR-181s are fundamentally involved in major
programs of posttranscriptional regulation of cell differentiation and stress responses in
astrocytes, with increasing miR-181 expression resulting in increased differentiation and
vulnerability to environmental stress.

Several other potential miR-181 targets were identified in the knockdown/microarray and/or
biotinylated miR-181 pulldown experiments that are known to play prominent roles in the
responses of brain cells to injury and stress. These include glial cell line-derived
neurotrophic factor (GDNF) and vascular endothelial cell growth factor (VEGF), two
proteins secreted from astrocytes in response to metabolic and oxidative stress. GDNF can
protect dopaminergic neurons against oxidative and metabolic stress in experimental models
of Parkinson’s disease (Ramaswamy et al., 2009). VEGF stimulates cerebral angiogenesis
and neurogenesis (MacKenzie and Ruhrberg, 2012). By enabling the production of GDNF
and VEGF, a reduction in miR-181s might therefore be expected to reduce neuronal
vulnerability and enhance neurogenesis. Four other mMRNASs identified as potential miR-181
targets in the pulldown array analysis encode antioxidant enzymes: glutathione peroxidases
1 and 4 (Gpx1, Gpx4); peroxiredoxin 2 (Prdx2); and a presumptive glutaredoxin
(SH3BGRL3; Mazzocco et al., 2001). When taken together with the regulation of proteins
involved in inflammation, the latter findings suggest that miR-181s regulate cellular redox
status in astrocytes. This possibility is intriguing because of the well-established
concomitant production of pro-inflammatory cytokines and reactive oxygen species in
reactive microglia and macrophages (Teismann and Schulz, 2004). Our findings therefore
suggest that miR-181s may normally suppress the production of a similar collection of
oxidative/pro-inflammatory proteins in astrocytes.
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FGF2 fibroblast growth factor 2
HMGB1 high-mobility group protein 1
IL interleukin
LIF leukemia inhibitory factor
TNF tumor necrosis factor
GDNF glial cell-line derived neurotrophic factor
MeCP2 methyl CpG binding protein 2
NAMPT Nicotinamide phosphoribosyltransferase
Bcl-2 B-cell lymphoma 2
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Figure 1. miR-181sareenriched in astrocytes, modify cell proliferation and vulnerability to
degeneration in a model of neuroinflammation

A. Expression levels of miR-181b-d in E13 telencephalon versus adult cortex (181b p<0.04,
181c p<0.02, 181d p<0.03, n=4). B. Expression of miR-181b-d in cultured astrocytes
compared to BDNF-differentiated neurons (181b p<0.03, 181c p<0.01, 181d p<0.03, n=4).
C. Levels of miR-181 b and c in cultured astrocytes 24 hours after transfection with a
mirR-181c mimic (181c p<0.04, n=3). D. Levels of miR-181b and miR-181c in cultured
astrocytes 48 hours after transfection with miR-181c and miR-181b microRNA hairpin
inhibitors (181b p<0.04, 181c p<0.00002, n=4).

Glia. Author manuscript; available in PMC 2015 October 28.

181d

Ocel
B181b

d181c



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutchison et al. Page 15

1.4 B
o 1.2 2
c 1)
© Qo
5 1 51
7 8 1,
) o
S 0.8 * " OCRRL % o
5 CTRL
% 0R CTE = 4 i
£ 04 E @Lprs
& ® 05
0.2 g
0 0
181b 181c 181d 181b 181c 181d
C *
35
] L D * .
30 03 I
1%]
9 = o] =2 0.2
® A > g - Dot
o WCel 5
g - e : 0.15 |cel
(=) D O
10 KD 3 o1 .
5 < 0.05
0 0
0 0.25 1 0 0.25 1

ng/ml LPS

Figure 2. Declinein R-181 levelsfollowing exposureto L PSin the cerebral cortex of micein vivo
and in cultured astrocytes
A. miR-181b-d expression in cerebral cortex from LPS-treated wild-type mice versus

vehicle-treated control mice, 4 h after LPS administration (181b p<0.02, 181c p<0.007,
181d p<0.02, n=4). B. miR-181b-d expression in cortex from LPS treated TNFa receptor
knockout mice, 4 h after IP injection of LPS (181d p<0.04, n=3). C. Effects of miR-181
overexpression (OE) or knockdown (KD) on the vulnerability of cultured astrocytes to cell
death caused by exposure to LPS, as measured by LDH levels in the culture medium 48 h
after transfection and 6 h after LPS treatment (1 pg/ml LPS: OE p<0.03, OEVKD p<0.05; 1
ug vs. Basal: OE p<0.04, n=6; 250 ng/ml LPS: OEVKD p<0.02, n=4). D. In cultured
astrocytes 48 h after miR-181 OE or miR-181 KD, followed by a 6 h LPS treatment, the
relative levels of cellular metabolic activity were measured using an MTS reduction assay (1
ug/ml: n=8, OEVCTRL p<0.02; OEVKD p<0.01, OEVNOLPSOE p<0.04; 250 ng/ml:
OEVCTRL p<0.03, KDvsCTRL p<0.01, OEVKD p<0.007, OEVNoLPSOE p<0.01,
CTRLVSNOLPSCTRL p<0.04, n=4; 0 mg LPS: OEVCTRL p<0.003, OEVKD p<0.05, n=4).
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Figure 3. Reduction of miR-181 levels altersboth basal and L PS-induced cytokine and FGF2
production

A. Multiplex immunoassay was used to detect levels of LIF (basal: KD p<0.055, OEVKD
p<0.055; LPS: KD p<0.02, LPS KDVOE p<0.002; LPS vs. Basal: KD p<0.01), FGF2
(Basal: KD p<0.066, KDVOE p<0.07; LPS: KD p<0.02, KDVOE p<0.004), IL-6 (LPS: KD
p<0.02, KDVOE p<0.004), TNF-a (LPS: KD p<0.02, KDVOE p<0.02; LPS vs Basal: OE
p<0.04, CTRL p<0.01, KD p<0.01), IL-1B (LPS: OE p<0.03, KD p<0.006, KDVOE p<0.01;
LPS vs Basal: CTRL p<0.057, KD p<0.02), IL-10 (LPS: OE p<0.02, KD p<0.007, OEVKD
p<0.007; LPS vs. Basal: OE p<0.002, CTRL p<0.01, KD p<0.03), IL-8 (LPS: OE p<0.02,
KD p<0.05, KDVOE p<0.02; Basal OE p<0.005; LPS vs Basal: OE p<0.003, CTRL
p<0.004, KD p<0.01) and HMGB1 (LPS: KDVOE p<0.05, KDVCTRL p<0.06) in media
from cultured astrocytes that had been treated with either 1 pg/ml LPS or vehicle (n = 3).
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Figure 4. Reduction of miR-181 expression alterslevelsof transcriptsinvolved in cell death and
inflammation responses

A. A list of the twenty transcripts that increased by the greatest magnitude, and the twenty
transcripts that decreased by the greatest magnitude in response to simultaneous knockdown
of miR-181b and miR-181c. B. Pathway analysis of transcriptional changes demonstrated
that alterations related to cell death, cell cycle regulation, cell differentiation, cancer and
inflammatory responses, and related signaling pathways were affected. C. Signaling
pathways of interest altered by miR-181b and ¢ knock-down included iNOS signaling.
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Figure 5. Evidence that miR-181 regulates diver se signaling pathways in astrocytes
A. The mRNAs encoding SerpinB2 (p<0.007, n=4), RSad2 (p<0.02, n=4), Prl2c3 (p<0.007,

n=4), Prl2c4 (p<0.03, n=4) and CCL3 (p<0.04, n=4) increased significantly after reducing
miR-181b and ¢ expression in cultured astrocytes. B. Increased levels of mRNAs encoding
HMGAL1 (p<0.007, n=4), GDNF (p<0.004, n=3) and NFKBia (p<0.008, n=4) after silencing
miR-181b/c. C. Lower levels of BMP4 (p<0.05, n=4) and SMOC1 (p<0.04, n=4) mRNASs in
astrocytes in which miR-181b/c levels were reduced.
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Figure 6. Direct interaction of miR-181 with transcriptome
A. Top 40 most highly enriched transcripts after pull-down of biotinylated miR-181c. B.

Pathway analysis indicating that transcripts that interact with miR-181c encode proteins
implicated controlling cell death. C. Putative miR-181c targets include proteins implicated
in EIF2 signaling, mTOR signaling and mitochondrial dysfunction.
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Figure7. MeCP2 and XIAP mRNAsaredirect targets of miR-181
A. NAMPT, Bcl-2 and HMGAL1 mRNAs are all enriched in biotin pull-down of miR-181c

(HMGAL1 p<0.08, n=3, Bcl-2 p<0.02, n=4, NAMPT p<0.07, n=4). B. Schematic
representation of Psi-CHECK2 reporter constructs generated to test putative miR-181 targets
MeCP2 and XIAP mRNAs. C. Analysis of Psi-CHECK2 MeCP2 reporter activity 48 h after
miR-181 OE (p<0.0004, n=6). D. Analysis of Psi-CHECK2 XIAP reporter activity 48 h

after miR-181 OE (p<0.001, n=6).
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