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Neurobiology of Disease

Long Noncoding RNA FosDT Promotes Ischemic Brain
Injury by Interacting with REST-Associated Chromatin-
Modifying Proteins

Suresh L. Mehta,' TaeHee Kim,'> and Raghu Vemuganti' 2>
Department of Neurological Surgery, 2Neuroscience Training Program, and >Cellular and Molecular Pathology Training Program, University of Wisconsin,
Madison, Wisconsin 53792

Ischemia induces extensive temporal changes in cerebral transcriptome that influences the neurologic outcome after stroke. In addition
to protein-coding RNAs, many classes of noncoding RNAs, including long noncoding RNAs (LncRNAs), also undergo changes in the
poststroke brain. We currently evaluated the functional significance of an LncRNA called Fos downstream transcript (FosDT) that is
cogenic with Fos gene. Following transient middle cerebral artery occlusion (MCAO) in adult rats, expression of FosDT and Fos was
induced. FosDT knockdown significantly ameliorated the postischemic motor deficits and reduced the infarct volume. Focal ischemia
also increased FosDT binding to chromatin-modifying proteins (CMPs) Sin3a and coREST (corepressors of the transcription factor
REST). Furthermore, FosDT knockdown derepressed REST-downstream genes GRIA2, NFkB2, and GRINT in the postischemic brain.
Thus, FosDT induction and its interactions with REST-associated CMPs, and the resulting regulation of REST-downstream genes might

modulate ischemic brain damage. LncRNAs, such as FosDT, can be therapeutically targeted to minimize poststroke brain damage.
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ignificance Statement

stroke outcome.

Mammalian brain is abundantly enriched with long noncoding RNAs (LncRNAs). Functional roles of LncRNAs in normal and
pathological states are not yet understood. This study identified that LncRNA FosDT induced after transient focal ischemia
modulates poststroke behavioral deficits and brain damage. These effects of FosDT in part are due to its interactions with
chromatin-modifying proteins Sin3a and coREST (corepressors of the transcription factor REST) and subsequent derepression of
REST-downstream genes GRIA2, NFkB2, and GRINI. Therefore, LncRNA-mediated epigenetic remodeling could determine

~
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Introduction

Mammalian genomes are replete with thousands of genes that
transcribe long noncoding RNAs (LncRNAs; >200 nt in length)
from intergenic or intragenic locations (Xie et al., 2014). Ln-
cRNAs are thought to be crucial regulators of genomic imprint-
ing, chromatin remodeling, transcription, and cell cycle, and
their expression is spatially and temporally restricted to cell types
and stages of development (Wapinski and Chang, 2011; Clark
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and Blackshaw, 2014; Maass et al., 2014). Although their function
and mechanism of action are not clear, perturbations in LncRNA
expression have been implicated in many diseases, including Alz-
heimer’s disease, heart pathology, and multiple forms of cancer
(Wahlestedt, 2013; Han et al., 2014; Yarmishyn and Kurochkin,
2015).

We recently showed that focal ischemia significantly alters the
expression of many LncRNAs in adult rat brain (Dharap et al.,
2012a). However, the significance of these changes to postisch-
emic outcome is not known. To fill this void, we currently ana-
lyzed the role of an LncRNA called Fos downstream transcript
(FosDT) after transient middle cerebral artery occlusion
(MCAO) in adult rats. The rationale for selecting FosDT is that:
(1) it was observed to be highly upregulated during the acute
period after focal ischemia (Dharap et al., 2012a); (2) it is cogenic
to Fos gene and rapid induction of Fos after brain injury is a
marker of cellular stress (Shimazu et al., 1994); and (3) it binds
to chromatin-modifying proteins (CMPs) Sin3 transcription
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5’-GCAACCGCGATT 1279nt
GTGAGCAGTCAGAGAAGGCAGGGCAGCCGGCACTGACTGAGCTGGTGCATTACAG
AGAGAAGAAACAAGTCTTCCCTCGAGGGGTTCCCGTAGACCTAGGGAGGACCTTA
TCTGTGCGTGAAACACACCAGGCTGTGGACCTCAAGGACTTGAAAGCATCCACATC
TGGACTCCAGTCCTCACCTCTTCCGGAGATGTAGCAAAAAAACAAAAAAACAAAAC
AAAAAAAAAACAAAACAAAAAATCAAAAGCAACCGCATGGAGTGTATTGTTTGTA
GTGACACCTGAGAGCTGGTAG-3’

Overlap

FosDT 604 nt
5’-GATGTAGCaaaaaaacaaaaaaacaaaacaaaaAACCGCATGGAGTGTATTGTTTGTAGT
GACACCTGAGAGCTGGTAGTTAGTAGCATGTGAGCCAGGCCTGGTCTGTGTCTCTT
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ATTAACCTGGTGCTGGATTGTATCTAGTGCAGCTGATTTTAACAATACCTACTGTGT
TCCTGGCAATAGTGTGTTCCAATTAGAAATGACCAATATTAAACTAAGAAAAGATAG
AACTTTATTTTCCGGTAGATAGAAATAAATCGCTATATCCACGTACTGTAGCTCTTCA
GCGTCCATGTTCATTGTCATGTAACTGATCATGCATTGTTGAGGTGGTCTGAATGTT
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TGGATTCTCAGatatttatatttttattttattttttt CTATCCTGAGGTCTTTCGACATGTGGAAAGTG
AATTTGAATGAAAAATTTTAAGCATTGTTTGCTTATTGTTCCAAGACATTGTCAATAA
AAGCATTTAAGTTG-3’

Figure 1.
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FosDT is downstream to Fos with an overlapping sequence of 105 nt (red box in A). In rat genome, FosDT and Fos are located in a gene desert of ~260 kb in chromosome 6. BLAT

alignment showed that FosDT is highly conserved among mammals (4). FosDT is 604 nt long and Fos is 1589 nt long (B). Primers used for amplification of FosDT and Fos were chosen from the

non-overlapping regions (B). Three regions of the FosDT that are targeted by independent siRNAs used as a mixture are highlighted (B).

regulatory family member a (Sin3a) and co-RE-1-silencing
transcription factor (coREST) that are corepressors of the tran-
scription factor REST, which is known to be induced after stroke
(Nohetal.,2012; Dharap etal., 2013). REST plays a crucial role in
apoptosis and cell differentiation during embryogenesis, and reg-
ulates neuronal function in the adult brain (Calderone et al.,
2003; Noh et al., 2012; Baldelli and Meldolesi, 2015). REST com-
plex (REST-coREST-Sin3a) has been shown to increase ischemic
brain damage by modulating its downstream genes AMPA recep-
tor subunit GluR2 (GRIA2), NFk L chain enhancer of activated B
cells 2 (NFkB2), and glutamate receptor, ionotropic, N-methyl
D-aspartate 1 (GRIN1) (Calderone et al., 2003; Noh et al., 2012).
We presently evaluated whether FosDT induction is a promoter
of ischemic brain damage and if, yes, its mechanism of action is by
modulating the REST-downstream gene expression.

Materials and Methods

Focal ischemia. All the surgical procedures were approved by the Research
Animal Resources and Care Committee of the University of Wisconsin-
Madison, and the animals were cared for in accordance with the Guide for
the Care and Use of Laboratory Animals (U.S. Department of Health and
Human Services Publication 86-23, revised). All surgeries were per-
formed under isoflurane anesthesia, and all efforts were made to mini-
mize suffering. Transient MCAO of 1 h was induced in adult, male,
spontaneously hypertensive rats (SHR; 280-300 g; Charles River) by an
intraluminal suture method as described previously (Dharap et al., 2011,
2012a). Sham-operated rats served as control. Regional cerebral blood
flow and physiological parameters (pH, P,0,, P,co,, hemoglobin, and
blood glucose) were monitored, and rectal temperature was maintained
at 37.0 * 0.5°C during surgery.

FosDT knockdown. Three in vivo grade Silencer Select siRNAs targeting
nonoverlapping regions of FosDT and nontargeting negative control
siRNAs (Invitrogen) were injected intracerebrally as described previ-
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Transient MCAQ induced FosDT expression in the ipsilateral cortex at 3, 6, and 12 h of reperfusion compared with sham analyzed with LncRNA microarrays (4). Increased FosDT and Fos

expression was observed at 12 h of reperfusion after transient MCAQ with real-time PCR (B). Levels of a control LncRNA were not altered at this time point (B). Expression of REST and its corepressor
(MPs coREST and MeCP2 measured by real-time PCR was observed to be increased at 12 h reperfusion following transient MCAO (C). Protein levels of REST and coREST were also observed to be
increased at 12 h reperfusion following transient MCAO (D, E). RIP showed increased binding of coREST and Sin3a to FosDT at 6 h of reperfusion following transient MCAO (F). Values are mean =

SD (n = 3 or 4/group).*p < 0.05, compared with sham by Student’s t test.

ously (Satriotomo et al., 2006; Pandi et al., 2013). In brief, siRNA mix (8
nmol in 6 ul buffer + 2 ul invivofectamine) was incubated at room
temperature for 15 min and injected with a Hamilton syringe (1 ul/5
min) into cerebral cortex (bregma; —0.2 mm posterior, 3 mm dorsoven-
tral, 4.5 mm lateral) (Paxinos and Watson, 1998).

Motor function and infarct volume estimation. Neurobehavioral defi-
cits were determined by rotarod test, beam walk test, and adhesive
removal test at 1, 3, 5, and 7 d of reperfusion (Schaar et al., 2010;
Nakka et al., 2011). Rats were killed on day 7, and infarct volume was
measured by National Institutes of Health Image] software using cre-
syl violet-stained serial coronal sections (6 sections/rat; 40 um thick
ataninterval of 320 um) as described previously (Tureyen et al., 2008;
Dharap et al., 2009; Nakka et al., 2011). Injury volumes were cor-
rected for edema and differential shrinkage using the Swanson for-
mula (Swanson et al., 1990). Animals were randomly assigned to
groups, and behavioral and histological analyses were performed by
an investigator blinded to the study groups.

Real-time PCR. Expression of FosDT (MRAK159688), Fos
(NM_022197), REST (NM_031788.1), coREST (NM_001013994.1), Sin3a
(NM_001108761.1), MeCP2 (NM_022673.2), GRIA2 (NM_017261.2),
NFkB2 (NM_001008349.1), and GRIN1 (NM_017010.2) was evaluated
with real-time PCR using the SYBR Green method as described previously
(Dharap et al., 2009); 18s rRNA was used as an internal control.

Western blotting and RNA immunoprecipitation (RIP). In brief, tissue
from peri-infarct area was homogenized in buffer containing protease
and phosphatase inhibitors, centrifuged at 14,000 X g, and the supernatant
(40 pg) was electrophoresed, blotted onto nitrocellulose membranes, and
probed with antibodies against REST (1:500; ARP32478P050, Aviva System
Biology), coREST (1:5000; ab183711, Abcam), Sin3a (1:1000; ab129087, Ab-
cam), and B-actin (1:000; 3700, Cell Signaling Technology) followed by
HRP-conjugated anti-rabbit or anti-mouse IgG (Cell Signaling Technol-
ogy). Protein bands were developed using enhanced chemiluminescence,
visualized and quantitated with Image Studio software (LI-COR Biotechnol-
ogy). RIP was performed using chromatin immunoprecipitation grade an-
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tibodies against Sin3a (ab3479; Abcam) and A

coREST (07-455; Millipore) and corresponding

Mehta et al.  LncRNA and Stroke
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cantly induced compared with sham (p < E None [ Control siRNA B8 FosDT siRNA
0.05 in all cases) (Fig. 2C), whereas Sin3a
expression was not altered in the ischemic Figure 3.  FosDT knockdown prevented postischemic induction of FosDT and Fos, without altering REST, measured at 12 h of

brain (Fig. 2C). At 12 h of reperfusion fol-
lowing transient MCAO, protein levels of
REST and coREST, but not of Sin3a, were
also observed to be significantly increased
compared with sham (p < 0.05 in all cases) (Fig. 2D,E).
LncRNAs are known to bind to CMPs to guide them to the spe-
cific genomic loci (Wahlestedt, 2013). The CMPs coREST and
Sin3aare essential components of the REST complex-mediated gene
repression, and REST induction is known to promote postischemic
brain damage (Calderone et al., 2003; Noh et al., 2012). RIP analysis
showed that binding of FosDT to coREST and Sin3a increased sig-
nificantly (by twofold to threefold; p < 0.05) at 6 h of reperfusion
following transient MCAO compared with sham (Fig. 2F).

test.

FosDT regulates the expression of REST-responsive genes

FosDT siRNA treatment significantly prevented the postischemic
induction of FosDT and Fos, but not REST, compared with the
control siRNA group (by 45%-50%, p < 0.05; Fig. 3A). This
shows that FosDT alters REST complex by modulating the REST-
associated CMPs, but not by a direct effect on REST expression.
FosDT knockdown also derepressed REST-target genes GRIA2,
NFkB2, and GRINT in the postischemic brain compared with the
control siRNA group (Fig. 3B; p < 0.05 in all cases). This further

reperfusion following transient MCAO (A). FosDT knockdown increased the expression of REST target genes GRIA2, NFkB2, and
GRINT, possibly by derepression (B). Values are mean == SD (n = 4/group). *p << 0.05 versus control siRNA group by Student’s ¢

shows the essential nature of FosDT in REST-mediated gene
repression.

FosDT silencing improved postischemic motor function and
reduced infarction

Transient MCAO in adult rats resulted in significant motor dys-
function between day 1 and day 7 of reperfusion as measured by
rotarod test, beam walk test, and adhesive removal test (Fig. 4A).
FosDT knockdown significantly improved the motor recovery in
all three functional tests compared with the control siRNA group
(Fig. 4A). Furthermore, FosDT knockdown significantly de-
creased the infarct volume compared with the control siRNA
group (by 37%; p < 0.05), measured at day 7 of reperfusion
following transient MCAO (Fig. 4B, C).

Discussion

In brief, the present study shows that focal ischemia upregulates
the expression of LncRNA FosDT and its cogenic gene Fos. We
further show that focal ischemia increases binding of FosDT to
coREST and Sin3a, which are the essential corepressors of REST.
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LncRNAs are transcribed from the in-
tergenic or intragenic locations of the
genome and are known to modulate tran-
scription, translation, and epigenetics as
they link DNA, histones, and CMPs, ei-
ther acting as structural scaffolding or di-
rectly recruiting factors to chromatin
(Wapinski and Chang, 2011; Wahlestedt,
2013; Clark and Blackshaw, 2014; Maass
et al., 2014). LncRNA levels and function
are known to be significantly altered and
might play critical roles in many disea-
ses, including neurodegenerative diseases,
cardiac hypertrophy, and cancer (Han et
al.,, 2014; Yarmishyn and Kurochkin,
2015).

Although LncRNA expression profiles
are known to be altered after stroke
(Dharap et al., 2012a), their functional
significance to poststroke outcome is not
known yet. As a proof of principle to show
whether LncRNAs have a role in stroke,
we tested the postischemic histological
and functional outcome following knock-
down of FosDT, an LncRNA that was sig-
nificantly upregulated during the acute
phase after transient MCAO in adult rats.
The FosDT siRNA-treated rats developed
significantly smaller infarcts and showed
better neurological function recovery as
measured by sensorimotor deficits (adhe-

FosDT
siRNA

Adhesive removal (sec)

0- T T T T
01 3 5 7

Reperfusion time
(Days)

Figure 4.

Knockdown of FosDT derepressed REST-downstream genes and
decreased postischemic infarction and motor dysfunction. Thus,
FosDT induction might be a promoter of poststroke brain dam-
age via modulation of REST.

In mammals, ~98% of the transcriptional output is various
classes of noncoding RNAs (ncRNAs), and perturbations in
ncRNA levels and function are known to promote various pa-
thologies (Esteller, 2011; Vemuganti, 2013). We and others re-
cently showed that ischemia extensively alters the expression
of many classes of ncRNAs, such as microRNAs (miRNAs),
piRNAs, and LncRNAs (Dharap et al., 2009, 2011, 2012a; Dharap
and Vemuganti, 2010). Although recent studies demonstrated
the role of miRNAs in modulating ischemic brain damage (Siegel
etal.,2011; Dharap etal., 2012b; Selvamani et al., 2012; Irmady et
al., 2014; Lusardi et al., 2014; Stary et al., 2015; Yin et al., 2015),
the functional significance of LncRNAs in this process is still
unknown.

Control
siRNA

FosDT siRNA treatment significantly improved the postischemic motor function recovery compared with control
siRNA-treated group measured by rotarod test (4, top), beam walk test (4, middle), and adhesive removal test (4, bottom) on days
1-7 of reperfusion following transient MCAO. Rats were tested by an investigator blinded to the study groups. The ability to stay on
abeam (vestibulomotor activity) was tested in the beam balance test with a score range of 1— 6. The motor coordination and motor
learning were tested with the rotarod test, which measured the latency time to fall from a cylinder rotating at 8 RPM. Adhesive-
removal test measured the time taken by rats to remove small adhesive tapes from forepaws. *p << 0.05, compared with respective
reperfusion time point (one-way ANOVA followed by Neuman-Keul's multiple comparisons post test). Representative cresyl violet-
stained serial sections shows a smaller infarctin the FosDT siRNA group compared with the control siRNA group at 7 d of reperfusion
(B). The infarct volume measured from the serial sections is significantly lower in the FosDT siRNA group compared with the control
siRNA group (€). Values are mean == SEM (n = 6 or 7/group). *p << 0.05, compared with the control siRNA group (Student's ¢ test).

sive removal test), vestibulomotor function
(beam balance test), and motor coordina-
tion/motor learning (rotarod test) com-
pared with control siRNA-treated rats.

The mechanism of action of FosDT is
not known; however, we observed that
FosDT binds to CMPs coREST and Sin3a;
and more importantly, this binding in-
creased following ischemia. REST is a
transcription factor that represses gene
expression in CNS, and REST induction is
a known promoter of ischemic neuronal
death (Calderone et al., 2003; Noh et al.,
2012; Pandi et al., 2013). Both coREST
and Sin3a are essential partners of REST
in orchestrating epigenetic reprogramming of neuronal genes in
developing and adult brain (Calderone et al., 2003; Noh et al.,
2012; Pandi et al., 2013). Following stroke, Sin3a levels were un-
altered, but its binding to FosDT increased, indicating that nor-
mal levels of Sin3a might be sufficient to bind to FosDT to induce
REST-mediated gene suppression. Our studies indicate that
FosDT scaffolds coREST and Sin3a to enable the formation of
REST complex. Recent studies also suggest that LncRNAs recruit
REST-containing polycomb repressive complex 2 to target genes
to alter their expression and function (Tsai et al., 2010); and using
ChIP-on-Chip analysis, Noh et al. (2012) showed that REST
binds to a discrete subset of target genes that contain RE-1 bind-
ing sites in their promoters. Of those, GRIA2, NFkB2, and GRINI
are known to modulate ischemic neuronal death (Calderone et
al., 2003; Wu and Xie, 2006; Noh et al., 2012). GRIA2 gene en-
codes GIuR2 subunit that prevents Ca*>* entry through AMPA
receptors, and GluR2-lacking AMPA receptors are highly perme-

FosDT
siRNA
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able to Ca?™", which elevates to toxic levels in ischemic neurons
(Calderone et al., 2003), and GRIA2 expression determines the
sensitivity of neurons to ischemic insults (Noh et al., 2012). REST
activated after stroke is known to suppress GluR2 expression,
leading to Ca?*t entry and neuronal death (Calderone et al., 2003;
Nohetal., 2012). NFkB2 gene encodes NF«B2 p100/p52 protein,
which exhibits IkB properties due to a cluster of ankyrin repeats
in the C-terminal domains. NFkB2 p100 mediates cytoplasmic
retention of NFkB RelA/p65 to prevent its nuclear translocation,
and thus minimizes inflammation and cell death after ischemia
(Schneider et al., 1999; Zhang et al., 2005). Hence, REST-
mediated repression of NFkB2 might be a promoter of neuronal
death after ischemia. GRINI codes for GluN1 subunit of NMDA
receptor and, together with GluN2 subunit, forms channels that
are responsible for synaptic plasticity (Hasan et al., 2013). The
present study shows that FosDT knockdown derepressed the
REST target genes (GRIA2, NFkB2, and GRIN1), indicating that
FosDT might play a role in REST-mediated repression by scaf-
folding coREST and Sin3a. Following global cerebral ischemia,
expression of GRIA2 was shown to be repressed in the hippocam-
pus (Calderone et al., 2003; Noh et al., 2012). However, we pres-
ently did not observe altered GRIA2 expression in cerebral cortex
after focal ischemia. These previous studies used a global isch-
emia model that kills hippocampal neurons, whereas we used a
focal ischemia model that mainly damages cerebral cortex and
striatum. Furthermore, the neuronal death after global ischemia
is apoptosis while a mixture of necrosis and apoptosis occurs after
focal ischemia. Hence, the mechanisms controlled by FosDT
and/or REST might not be exactly same after focal and global
ischemia. It was also suggested that the majority of REST-
responsive gene promoters do not appear to interact with REST
expressed at the physiological levels, yet retain the ability to bind
REST when its expression levels are increased and thus poised for
REST-mediated repression (Bruce et al., 2004). It was further
suggested that these effects are not attributable to an endoge-
nous REST deficiency; however, the presence of multiple RE1
sites might allow repression to occur at different threshold
concentrations or over a greater range of REST concentrations
(Bruce et al., 2004). Furthermore, REST can target various
other genes, including Na™/Ca’" exchanger 1 and mu opioid
receptor 1 (Formisano et al., 2007, 2013; Noh et al., 2012).

We presently show that FosDT interacts with coREST and
Sin3a, which are important corepressors of REST. FosDT might
function by guiding these chromatin modifiers to specific
genomic loci (Dharap et al., 2013; Wahlestedt, 2013). However,
future studies are needed to show whether FosDT modulates any
other REST target genes. Interestingly, FosDT knockdown re-
duced the levels of FosDT and Fos without altering REST,
indicating that FosDT modulates formation of REST protein
complex but does not directly influence REST expression. Both
FosDT knockdown that disrupts REST complex and direct REST
knockdown are neuroprotective after stroke; hence, both manip-
ulations can be used to develop future therapies. A surprising
finding is that FosDT knockdown prevented postischemic Fos
induction. This is not due to Fos knockdown as siRNAs used are
exclusive for FosDT and does not span the overlapping area of the
FosDT and Fos sequences. This indicates that intragenic
LncRNAs, such as FosDT, can modulate the expression of their
host genes.

Overall, this is the first study that shows that an LncRNA has a
functional role in mediating ischemic brain damage. However,
this is only a proof-of-principle mechanistic study that encour-
ages further studies to evaluate the potential of LncRNA-based
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therapies for poststroke neuroprotection. As LncRNAs do not
translate any proteins, developing small molecules to modul-
ate their function is difficult. However, siRNAs and synthetic
LncRNA mimics can be used to prevent or increase LncRNA
levels and function, respectively. They can be therapeutically
translated if formulated to deliver peripherally together with
transfection agents that are not toxic. The pharmacodynamics/
pharmacokinetics also need to be tested. To use them for stroke
therapy, preclinical studies are also needed to test the window of
therapeutic opportunity, effect of age, sex, and comorbid condi-
tions to satisfy Stroke Treatment Academic Industry Roundtable
criteria (Albers et al., 2011). Overall, the present study shows that
LncRNAs are candidates for developing novel stroke therapies.
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