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Olig2-Targeted G-Protein-Coupled Receptor Gpr17
Regulates Oligodendrocyte Survival in Response to
Lysolecithin-Induced Demyelination
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Demyelinating diseases, such as multiple sclerosis, are known to result from acute or chronic injury to the myelin sheath and
inadequate remyelination; however, the underlying molecular mechanisms remain unclear. Here, we performed genome occu-
pancy analysis by chromatin immunoprecipitation sequencing in oligodendrocytes in response to lysolecithin-induced injury and
found that Olig2 and its downstream target Gprl7 are critical factors in regulating oligodendrocyte survival. After injury to
oligodendrocytes, Olig2 was significantly upregulated and transcriptionally targeted the Gpr17locus. Gprl7 activation inhibited
oligodendrocyte survival by reducing the intracellular cAMP level and inducing expression of the pro-apoptotic gene XafI. The
protein kinase A signaling pathway and the transcription factor c-Fos mediated the regulatory effects of Gprl7 in oligodendro-
cytes. We showed that Gpr17 inhibition elevated Epacl expression and promoted oligodendrocyte differentiation. The loss of
Gprl7, either globally or specifically in oligodendrocytes, led to an earlier onset of remyelination after myelin injury in mice.
Similarly, pharmacological inhibition of Gpr17 with pranlukast promoted remyelination. Our findings indicate that Gpr17, an
Olig2 transcriptional target, is activated after injury to oligodendrocytes and that targeted inhibition of Gpr17 promotes oligoden-
drocyte remyelination.
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Genome occupancy analysis of oligodendrocytes in response to lysolecithin-mediated demyelination injury revealed that
Olig2 and its downstream target Gpr17 are part of regulatory circuitry critical for oligodendrocyte survival. Gprl7 inhibits
oligodendrocyte survival through activation of XafI and cell differentiation by reducing EpacI expression. The loss of Gpr17
in mice led to precocious myelination and an earlier onset of remyelination after demyelination. Pharmacological inhibition
of Gpr17 promoted remyelination, highlighting the potential for Gpr17-targeted therapeutic approaches in demyelination

diseases. j

ignificance Statement

Introduction impulse propagation along nerve fibers (Baumann and Pham-

The myelin sheath formed by oligodendrocytes is necessary for ~ Dinh, 2001), whereas demyelination impairs the integrity of my-
normal function of the CNS. Myelination increases the speed of ~ elin sheaths and therefore compromises saltatory conduction
(Aktas et al., 2010; Fancy et al., 2011; Franklin and Gallo, 2014).

Remyelination is necessary for recovery of proper nerve conduc-

tion after myelin injury and relies on the recruitment and prolif-
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of oligodendrocytes is highly regulated by intracellular and extra-
cellular factors. In demyelinating diseases such as multiple scle-
rosis, remyelination is interrupted because OPCs fail to mature,
which contributes to axonal degeneration and irreversible neu-
rological disabilities (Trapp et al., 1998; Berger et al., 2001). Tar-
geting the immune system through immunomodulation results
in limited induction of myelin repair in multiple sclerosis pa-
tients and has little effect on myelin repair and disease progres-
sion (Franklin and ffrench-Constant, 2008; Hartung and Aktas,
2011), indicating that alternative therapeutic interventions are
needed to enhance remyelination. Several pathways for develop-
mental regulation of myelination have been reported (Franklin
and Gallo, 2014); however, strategies that enhance remyelination
remain to be developed.

Gprl7isan orphan G-protein-coupled receptor that responds
to both uracil nucleotides and cysteinyl leukotrienes (cysLTs;
Ciana et al., 2006). This receptor has a typical seven-tran-
smembrane domain topology and shares 21-48% homology
with P2Y and cysLT receptors. The conserved H-X-X-R/K motif
within the TM6 domain is crucial for Gpr17 ligand recognition
(Lecca et al., 2008). Endogenous ligands of Gprl7, such as UDP-
glucose and cysLTs, have been identified, and synthetic ligands,
such as MDL29951 and pranlukast, have been developed to acti-
vate or antagonize Gprl7 activity, respectively (Ciana et al., 2006;
Lecca et al., 2008; Hennen et al., 2013).

Activation of Gprl7 signaling upregulates the expression of a
differentiation inhibitor, ID2, and promotes the nuclear translo-
cation of ID2 and ID4 (Chen et al., 2009). Overexpression of
Gprl7 in the oligodendrocyte lineage causes defects in myelino-
genesis in transgenic mice, and Gprl7 knock-out mice exhibit
precocious myelination in the spinal cord at the neonatal stage
(Chen et al., 2009). The hypothesis that activation of Gprl7
delays oligodendrocyte maturation is supported by recent fin-
dings that Gprl7 desensitization by G-protein receptor kinase
phosphorylation and subsequent internalization are necessary
for terminal differentiation of OPCs (Daniele et al., 2014). Fur-
thermore, Gpr17 has been shown to negatively regulate oligoden-
drocyte differentiation via the inactivation of intracellular
protein kinase A (PKA) and cAMP-activated GTP exchange fac-
tor Epacl (Simon et al., 2016).

In addition to the regulation of normal oligodendrocyte
development, Gprl7 also functions as a sensor for extracellu-
lar damage signals under pathological conditions such as isch-
emia and brain trauma (Lecca et al., 2008; Ceruti et al., 2009;
Boda et al., 2011; Zhao et al., 2012). A recent report indicates
that Gprl7 antagonism results in structural and functional
rejuvenation of aged brains, suggesting a promising clinical
application for a Gpr17-based intervention (Marschallinger et
al., 2015). In this study, using in vitro biochemical and in vivo
mutagenesis approaches, we elucidated the role of Gprl7 in
the survival and differentiation of oligodendrocytes in re-
sponse to demyelinating injury induced by treatment with
lysolecithin (LPC).

Materials and Methods

Animals. C57BL/6 mice were purchased from and maintained in the
Xiamen University Laboratory Animal Center. Gpr17 '~ mice were gen-
erated as described previously (Chen et al., 2009). The Gpr17"" mice
were generated by Beijing Biocytogen Company. All mice were main-
tained in the Xiamen University Laboratory Animal Center. Animals of
both sexes were used in the study, and littermates were used as controls.
All of the animal experiments were approved by and performed accord-
ing to the experimental guidelines of the Animal Care and Use Commit-
tee of Xiamen University.
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LPC-induced demyelination. Mice were given stereotactic injections
of 2 ul of 1% (w/v) LPC (Sigma) in 0.9% NaCl into the corpus
callosum (CC) as described previously (Chan et al., 2014) using the
following coordinates: 0.3 mm anterior to bregma, 1 mm lateral to
bregma, and 2.5 mm deep relative to the skull surface. For pharma-
cological Gpr17 antagonism, pranlukast (0.1 mg/kg) was intraperito-
neally injected every 12 h.

Cell culture. Primary rat OPCs were isolated from the cortices of pups
at PO—P2 using a differential detachment procedure as described previ-
ously (Chen et al,, 2007). The isolated rat OPCs were grown in OPC
growth medium (Sato medium supplemented with 20 ng/ml PDGF-AA
and 20 ng/ml bFGF) and differentiated in oligodendrocyte differe-
ntiation medium (Sato medium supplemented with 15 nm of the thyroid
hormone T3 and 10 ng/ml ciliary neurotrophic factor) for 4 d to
maturation.

To examine expression of genes of interest in oligodendrocytes, OPCs
were transfected with expression vectors carrying the gene of interest or
transduced with the lentiviral vector pLL3.7 (catalog #11795, Addgene)
carrying shRNA targeting the gene of interest and differentiated in the
presence of CNTF and T3 for 48 h before subsequent analyses. Oligoden-
drocytes derived from primary rat OPCs were treated with the com-
pound of interest, including pranlukast (catalog #HY-B0290, MedChem
Express), MDL29951 (catalog #HY-16312, MedChem Express), dibu-
tyryl cAMP (catalog #D0627, Sigma-Aldrich), H89 (catalog #HY-15979,
MedChem Express), KT5720 (catalog #BML-EI199-0100, Enzo Life Sci-
ences), and 3-[5-(tert-butyl)isoxazol-3-yl]-2-[2-(3-chlorophenyl)hyd-
razono] 3-oxopropanenitrile (ESI-09; catalog #HY-16704, MedChem
Express), and were cultured in differentiation medium for 48 h before
subsequent experiments.

Antibodies. The antibodies used in immunofluorescent staining and
Western blot procedures included Gprl7 (catalog #10136, Cayman
Chemical), MBP (catalog #SMI-94R, Covance), Olig2 (catalog #AB9610,
Millipore), CC1 (catalog #OP80, Calbiochem), PDGFRa (catalog #SC-
338, Santa Cruz Biotechnology), GFAP (catalog #3670, Cell Signaling
Technology), Iba-1 (catalog #019-19744, Wako), cleaved caspase 3 (cat-
alog #9661, Cell Signaling Technology), Xafl (catalog #Ab17204, Ab-
cam), NeuN (catalog #Ab177487, Abcam), NG2 (catalog #AB5320,
Millipore), Epacl (catalog #4155, Cell Signaling Technology), c-Fos (cat-
alog #Ab7693, Abcam), phosphorylated PKA (catalog #SC-32968, Santa
Cruz Biotechnology), PKA (catalog #SC-98951, Santa Cruz Biotechnol-
ogy), and Gapdh (catalog #60004-1-1g, Proteintech).

ChIP-Seq analysis. Chromatin immunoprecipitation (ChIP) assays
were performed as described previously (Weng et al., 2012). The ChIP-
Seq peak calling and data analyses were performed as described previ-
ously (Yu et al., 2013). Briefly, five individual dishes of oligodendrocytes
(~20 million cells) treated with or without LPC were pooled, and cells
were fixed for 10 min at room temperature with 1% formaldehyde-
containing medium. Nuclei were pelleted and sonicated in sonication
buffer (10 mm Tris-HCI, pH 8.0, 1 mm EDTA, 0.5 mm EGTA, and pro-
tease inhibitor mixture). Sonicated chromatin (300 mg) was incubated
with the appropriate antibody (4 mg) overnight at 4°C. Of each ChIP
reaction, 10% was kept as input DNA. Prerinsed protein A/G plus aga-
rose beads (50 ml) were added to each ChIP reaction and incubated for
1 h at room temperature. The beads were then incubated in 200 ml of
elution buffer at 65°C for 20 min to elute immunoprecipitated DNA. The
ChIP-Seq libraries were prepared using a 5500 SOLiD Fragment Library
Core kit (PN 4464412) and run on a 5500xl SOLiD Sequencer (Life
Technologies). The number of reads per replicate were ~6 million (Veh-
H3K27Ac), 11 million (LPC-H3K27Ac), 15 million (Veh-Olig2), and 13
million (LPC-Olig2). All sequencing data were mapped to the November
2004 rat genome assembly (Baylor 3.4/rn4), and peak calling was per-
formed using Model-based Analysis of ChIP-Seq (MACS) version 1.4.2
(http://liulab.dfci.harvard.edu/MACS) with the default parameters to
obtain the primary binding regions. For ChIP-Seq analysis, the back-
ground was subtracted, and the primary binding regions were filtered for
(1) an enrichment of 3.5-fold and (2) a tag number >25. Data analyses
were performed using the DBChIP algorithm as described previously
(Liang and Keles, 2012). The ChIP-Seq data have been deposited into the
GEO repository (accession number GSE84011).
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0lig2 is an important transcription factor in LPC-injured oligodendrocytes. 4, Schematic overview of oligodendrocyte (OL) sample preparation for Chip-Seq analysis. Mature oligoden-

drocytes were cultured and treated with LPC for 12 h before chromatin immunoprecipitation. B, Heat maps of the H3K27Acsignals in the vehicle-treated and LPC-treated oligodendrocytes. Each line
on the y-axis represents a genomic region of 2.5 kb flanking the H3K27Ac peaks. C, Genomic distribution of the H3K27Ac peaks in vehicle-treated and LPC-treated oligodendrocytes. TSS,
Transcription start site; TTS, transcription termination site. D, GO analysis of the differentially H3K27Ac-bound genes. E, The transcription factors with the most significant differential in intensity of
H3K27Ac-bound peaks as determined by the tag numbers with and without LPC treatment. F, Genome browser view of the distribution of H3K27Ac on 0lig2, Gmeb2, Psip1, and Gapdh. G,
Quantitative real-time PCR analysis of the 0lig2 mRNA levels in vehicle oligodendrocytes and oligodendrocytes treated with 12.5 mum LPC for 12 h. Data represent the means == SEM from three

independent experiments. **p << 0.01, Student’s t test. Veh, Vehicle.

Cell viability and intracellular cAMP concentration assessment. To assess cell
viability, primary rat OPCs were cultured in poly-D-lysine (Sigma)-coated wells
of 96-well plates at a density of 1 X 10*/well and treated with ligands of interest
for 48 h before assessment. Cell viability was assessed using the Cell Counting
Kit-8 (Donjino) according to the manufacturer’s instructions.

To assess intracellular cAAMP concentration, primary rat OPCs were cul-
tured in poly-p-lysine (Sigma)-coated wells of 96-well plates at a density of
1 X 10*/well and treated with pranlukast at the indicated concentration and
1 mm forskolin (Sigma) for 5 min. cAMP was quantified using the cAMP-
Glo Assay kit (Promega) following the manufacturer’s instructions.
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Figure2. Gpri7isa transcriptional target of Olig2 in LPC-treated oligodendrocytes. A, Heat maps of the Olig2-binding signals in oligodendrocytes treated with vehicle (Veh) or LPC. Each line on

the y-axis represents a genomic region of 0.5 kb flanking the Olig2 peaks. B, Genomic distributions of the Olig2 peaks in oligodendrocytes treated with vehicle or LPC. TSS, Transcription start site;
TTS, transcription termination site. ¢, GO analysis of the differentially Olig2-bound genes. D, Binding profiles of H3K27Ac around Olig2 summits in oligodendrocytes treated with vehicle or LPC. E,
Top-ranking genes with differentially Olig2-bound peaks as determined by the Tags. F, Genome browser view of the distributions of 0lig2 and H3K27Ac on Gpr17 and Olig2. G, Quantitative real-time
PCR analysis of the Gpr17 and 0lig2 mRNA levels in oligodendrocytes treated with vehicle or 12.5 mm LPCfor 12 h. Data are means = SEM from three independent experiments. **p << 0.01, ***p

< 0.001, Student’s t test. Veh, Vehicle.

Electron microscopy. The corpus callosum regions from 8-week-old
wild-type or Gpr17 ~'~ mice were dissected and fixed in a solution of 2%
paraformaldehyde, 2% glutaraldehyde (v/v), and 0.1 M cacodylic acid,
pH 7.2, and processed for electron microscopy as described previously
(Chen et al., 2009).

Statistical analysis. The data for two-group comparisons were analyzed
for statistical significance using two-tailed Student’s ¢ tests. Error bars
represent SEM. Values of p < 0.05 were considered significant. For mul-
tiple comparisons, which were performed using one-way ANOVAs, the
Tukey’s multiple-comparison test was used for post-tests.

Results

Genome-wide mapping of activating histone marks in
LPC-treated oligodendrocytes

LPC treatment elicits demyelination and mimics the effects of
demyelinating disease in the CNS (Franklin, 2002). Recent re-
ports, however, indicate that LPC is also toxic to oligodendro-
cytes (Fressinaud, 2005; Fressinaud and Eyer, 2014), suggesting
that demyelination caused by LPC in vivo is, in part, attributable
to oligodendrocyte cell death, although the molecular basis re-
mains unclear.

To investigate the transcriptional alterations in oligodendro-
cytes treated with LPC, ChIP-Seq mapping of histone 3 acetylated
at lysine 27 (H3K27Ac) was performed in cultured oligodendro-
cytes treated with LPC (Fig. 1A). H3K27Ac marks actively tran-
scribed regions (Heintzman et al., 2009; Creyghton et al., 20105
Rada-Iglesias et al., 2011). Primary rat OPCs were cultured in
differentiation medium for 4 d. After 4 d, the cells were fully
mature oligodendrocytes, and Mbp expression had increased
>150-fold over that in OPCs. The cells were subjected to LPC
treatment and analyzed by H3K27Ac ChIP-Seq analysis. Since
prolonged LPC treatment can result in significant oligodendro-
cyte death, we treated cells for 12 h. After 12 h in the presence of
LPC, the cells were viable (data not shown). We analyzed the
difference in recruitment of H3K27Ac in oligodendrocytes with
and without LPC treatment. In cells treated with LPC, the overall
recruitment of H3K27Ac to 5 UTR and exon regions was
moderately higher than in vehicle-treated cells: from 1.7% to
2.2% and from 2.5% to 3.1% in 5" UTRs and exons, respectively
(Fig. 1 B,C).
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Gpr17 regulates oligodendrocyte survival by controlling XafT expression. A, Relative numbers of viable oligodendrocytes after treatment with vehicle or 12.5 mum LPC for 24 h. The

oligodendrocytes were treated with 10 mu pranlukast or 10 nm MDL29951 for 24 h before LPC treatment. Data are means = SEM from three independent experiments. *p << 0.05, **p < 0.01,
two-way ANOVA. B, Relative numbers of viable OPCs treated with indicated shRNAs and 10 mm pranlukast for 48 h. The effect on Gpr17 levels was confirmed by Western blot analysis. Data are
means = SEM from three independent experiments. *p << 0.05, two-way ANOVA. C, Relative numbers of viable OPCs overexpressing Gpr17 or transfected with control vector (Gfp) for 48 h.
Overexpression of Gpr17 was confirmed by Western blot analysis. Data are means = SEM from three independent experiments. *p << 0.05, Student’s ¢ test. D, Primary rat OPCs were transfected with
control Gfp and Gpr17-expressing vectors and cultured in the differentiation medium for 48 h. Cleaved caspase 3 was assessed by Western blot analysis. E, Relative numbers of viable OPCs treated
withindicated shRNAs (shScrindicates scrambled control) and 10 nm MDL29951 for 48 h. Data are means == SEM from three independent experiments. *p << 0.05, two-way ANOVA. F, Western blot
analysis of cleaved caspase 3 in oligodendrocytes treated with 10 nm MDL29951 in the differentiation medium for 48 h. Veh, Vehicle; Pran, pranlukast; MDL, MDL29951; shScr, scrambled control.

Based on Gene Ontology (GO) analysis, the genes that exhib-
ited differential H3K27Ac recruitment were categorized into bi-
ological processes that included cell—-cell signaling, transmission
of nerve impulse, neuron differentiation, and transcription (Fig.
1D). We were particularly interested in the transcription factors
that might regulate these processes in oligodendrocytes after LPC
treatment. Among the differentially H3K27Ac-bound genes
were those encoding >20 transcription factors, including
Olig2, Gmeb2, Psipl, Smad7, KIf6, and Nabl (Fig. 1E,F). Of
these, Olig2, which encodes a bHLH transcription factor
known to be critical for oligodendrocyte specification and dif-
ferentiation (Lu et al., 2002; Zhou and Anderson, 2002; Yue et
al., 2006), was among the genes with the most significantly
different H3K27Ac recruitment in LPC-treated and vehicle-
treated cells (Fig. 1E,F). Consistent with the H3K27Ac en-
richment, expression of Olig2 was upregulated after LPC
treatment as shown by qRT-PCR analysis (Fig. 1G).

Gprl7 is targeted by Olig2 and is a potential regulator of
oligodendrocyte survival

To identify the downstream targets of Olig2 in LPC-treated oli-
godendrocytes, we performed Olig2 ChIP-Seq analysis of oligo-
dendrocytes with and without LPC treatment. The distribution
of Olig2 genome occupancy and the intensity of Olig2-bound
peaks were altered in oligodendrocytes in response to LPC treat-
ment (Fig. 2A,B). GO analysis revealed that the Olig2-targeted
genes in LPC-treated oligodendrocytes were involved in biologi-

cal processes related to cellular component morphogenesis,
regulation of growth, wound healing, gliogenesis, and neuron
differentiation (Fig. 2C). Furthermore, overlapping analysis of
co-occupancy showed that intensities of H3K27Ac peaks on
Olig2-binding sites in oligodendrocytes were higher after LPC
treatment than in vehicle-treated cells (Fig. 2D).

Gprl7 was among the genes with the largest increase in Olig2
binding when LPC and vehicle treatments were compared (Fig.
2E). Gprl7 was previously identified as a cell-intrinsic factor that
regulates oligodendrocyte differentiation and myelination (Chen
etal., 2009). Our data indicate that Olig2 targets the Gpr17locus
and that Olig2 occupancy increases in oligodendrocytes after
LPC treatment.

Co-occupancy of Olig2 and the activating histone mark
H3K27Ac is likely indicative of transcriptional activation in oli-
godendrocytes in response to LPC. Intriguingly, Olig2 and
H3K27Ac co-occupancy was enhanced on the exons of Olig2 and
Gprl7 in oligodendrocytes after LPC treatment (Fig. 2F), al-
though Olig2 recruitment to Gpr17 and Olig2 promoter regions
was not substantially altered (Fig. 2F). Recent studies indicate
that protein-coding exons frequently contain enhancers that
function at the transcriptional level (Birnbaum et al., 2012; Ritter
etal., 2012). The Olig2 and H3K27Ac patterns on the Gprl7 and
Olig2 loci in the absence of LPC treatment were essentially iden-
tical to those previously published (Yu Y et al., 2013). In LPC-
treated oligodendrocytes, the increased Olig2 and H3K27Ac
binding was associated with upregulation of Gpri7 and Olig2
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or 12.5 mm LPC for 24 h. Data are means = SEM from three independent experiments. *p << 0.05, Student’s ¢ test. E, Expression of XafT in the total RNA from oligodendrocytes treated with
vehicles or 10 mu pranlukast in the differentiation medium for 48 h. Data are means = SEM from three independent experiments. ***p << 0.001, Student’s t test. F, Relative numbers
of viable OPCs overexpressing Xaf1 or transfected with control vector (Gfp) for 48 h. The level of Xaf1 was confirmed by Western blot analysis. Data are means = SEM from three
independent experiments. *p << 0.05, Student's t test. G, Relative numbers of viable OPCs overexpressing Xaf1 or transfected with control vector (Gfp) and treated with 10 wm pranlukast
for 48 h. Data are means = SEM from three independent experiments. *p << 0.05, **p << 0.01, one-way ANOVA with Tukey’s multiple-comparison test. H, Relative numbers of viable
OPCs treated with control vector and vehicle (Gfp +Veh), overexpressing Gpr17 and treated with vehicle (Gpr17 +Veh), or treated with control vector and 10 nm MDL29951 and with the
indicated shRNA for 48 h. The inhibition of Xaf1 expression was confirmed by Western blot analysis. Data are means == SEM from three independent experiments. *p << 0.05, two-way
ANOVA. I, Relative numbers of viable OPCs treated with 12.5 mm LPC and indicated shRNA for 48 h. Data are means == SEM from three independent experiments. *p << 0.05, two-way
ANOVA. Veh, Vehicle; Pran, pranlukast; MDL, MDL29951; shScr, scrambled control.

expression (Fig. 2G), suggesting that Olig2 recruitment to exons
of Olig2 and Gpr17 enhances their expression.

The role of Gpr17 in oligodendrocyte survival

The upregulation of Gpr17 expression during LPC treatment in-
dicated its potential role in oligodendrocyte survival. Gprl7 in-
hibitor pranlukast ameliorated the deleterious effect of LPC on
cell viability, whereas the Gpr17 agonist MDL29951 (Hennen et
al., 2013) augmented the effect of LPC (Fig. 3A). Gprl7 silencing
by treatment of cells with a lentiviral siRNA diminished the pro-
tective effect of pranlukast on cell viability (Fig. 3B). In contrast,

overexpression (Fig. 3C,D) or activation (Fig. 3E,F) of Gprl7
with MDL29951 reduced the viable oligodendrocyte population
by inducing cell apoptosis, as indicated by the increased protein
level of cleaved caspase 3. As reported previously in experiments
with Gpr17 ™'~ primary oligodendrocytes (Hennen et al., 2013),
treatment of cells with an shRNA targeting Gpr17 likewise abol-
ished the effects of pranlukast and MDL29951 on oligodendro-
cyte viability (Fig. 3B, E), confirming the specificities of these
compounds for Gprl7.

To investigate the effect of Gpr17 on oligodendrocyte apopto-
sis, we examined expression of cell death-related genes in control
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and Gprl7-null oligodendrocytes. We found that Xafl (XIAP-
associated factor 1), a well characterized tumor suppressor that
leads to apoptosis in different types of cells (Byun et al., 2003;
Zhang et al., 2010; Sun et al., 2011; Zou et al., 2012; Zhu et al.,
2014), was downregulated in Gprl7 ~/~ mice relative to levels in
control mice (Fig. 4 A, B). In contrast, overexpression of Gprl7 in
oligodendrocytes in vitro increased the expression of XafI (Fig.
4C). These observations suggest that activation of Gprl7 en-
hances XafI-mediated cell death signaling.

LPC treatment of cultured oligodendrocytes induced XafT ex-
pression (Fig. 4D). Conversely, inhibition of Gprl7 activity with
pranlukast in oligodendrocytes reduced the expression of Xafl
(Fig. 4E). Furthermore, overexpression of Xafl reduced cell via-
bility (Fig. 4F) and antagonized the protective effect of pranlu-
kast in oligodendrocytes (Fig. 4G). In contrast, the treatment of
cells with an shRNA that resulted in reduction of endogenous
Xafl expression reversed the apoptotic effects of both Gprl7
overexpression and of MDL29951 treatment (Fig. 4H). More-
over, silencing of XafI blunted the deleterious effect of LPC on
oligodendrocytes (Fig. 4I). These data suggest that Xafl is a
downstream mediator of Gprl7 in LPC-induced oligodendro-
cyte apoptosis.

Gprl7 regulates oligodendrocyte survival through the PKA
signaling pathway

To elucidate the molecular basis of the regulation of Xafl by
Gprl7, we investigated the downstream molecules associated

with Gprl7. Previous studies indicated that activated Gprl?7
coupled with the Gai subunit decreased the intracellular cAMP
concentration (Ciana et al., 2006). In oligodendrocytes, the acti-
vation of Gpr17 with MDL29951 resulted in a decreased intracel-
lular cAMP concentration relative to vehicle-treated control cells
(Fig. 5A). Like pranlukast treatment, cCAMP supplementation
(dibutyryl cAMP) effectively reduced Xafl mRNA levels (Fig.
5B). Moreover, cAMP antagonized the induction of Xafl expres-
sion caused by Gprl7 overexpression in oligodendrocytes (Fig.
5B), suggesting that cAMP mediates the biological effects of
Gprl7 on oligodendrocyte survival.

In oligodendrocytes, the PKA signaling pathway is involved in
cell differentiation through the regulation of its downstream ef-
fectors CREB and Epacl (Simon et al., 2016). The administration
of cAMP to oligodendrocytes promoted the phosphorylation of
PKA, and the inhibition of Gprl7 with pranlukast resulted in
comparable PKA activation (Fig. 5C). The inhibition of PKA
signaling with PKA inhibitor H89 reduced cell viability observed
after pranlukast treatment (Fig. 5D) and increased XafI expres-
sion (Fig. 5E). Similarly, treatment of oligodendrocytes with an-
other PKA pathway inhibitor, KT5720, resulted in elevation of
Xafl expression (Fig. 5E).

c-Fos, a downstream proto-oncogene in the PKA signaling
pathway (Boutillier et al., 1992; Tyson et al., 1999), is a regulator
of cell survival (Suda et al., 2014). The overexpression of Gprl7
reduced the expression of c-Fos in oligodendrocytes (Fig. 6A). In
contrast, activation of PKA signaling by treatment of cells with
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dibutyryl cCAMP increased the expression of c-Fos (Fig. 6B). Over-
expression of c-Fos, but not regulatory factors Rnf2 or Ppp1r10,
significantly suppressed XafI expression (Fig. 6C). Furthermore,
the elevation of c-Fos levels increased oligodendrocyte viability
(Fig. 6D) and rescued the reduction in viability caused by Gprl7
overexpression (Fig. 6F). In Gpr17 '~ mice, the level of c-Fos was
greater than that in their wild-type littermates (Fig. 6F), support-
ing observations obtained from the in vitro experiments.
Together, our data suggest that Gprl7 activation results in a de-
crease in intracellular cAMP levels, suppresses the activation of
the PKA signaling pathway, and results in reduced expression of
c-Fos and upregulation of Xafl, leading to oligodendrocyte
apoptosis.

Gprl7 activation blocks oligodendrocyte maturation via
inhibition of Epacl

We found that overexpression of Gprl7 in primary rat OPCs
inhibited differentiation (Fig. 7A), whereas inhibition of Gprl7
activity with pranlukast or cAMP supplementation promoted
differentiation (Fig. 7B). Consistent with a recent report (Simon
et al., 2016), we found that the loss of Gprl7 promoted OPC
differentiation by elevation of Epacl. Accordingly, the inhibition
of Epacl activity by ESI-09 reduced oligodendrocyte maturation
(Fig. 7C,D). Overexpression of Gpr17 in cultured OPCs reduced

the level of intracellular Epacl (Fig. 7E), whereas the loss of Gpr17
in mice resulted in elevated Epacl expression (Fig. 7F). Inhibition
of Gprl7 activity with pranlukast or cAMP supplementation in-
duced Epacl expression in oligodendrocytes (Fig. 7G). Moreover,
overexpression of Epacl in OPCs blocked the inhibitory effect of
Gprl7 overexpression on cell differentiation (Fig. 7H). Gprl7
did not have a significant effect on OPC proliferation because the
overexpression or inhibition of Gprl7 did not affect the Ki67- or
BrdU-positive cell populations of OPCs (data not shown).

Loss of Gprl7 promotes remyelination after drug-induced
demyelination in the CNS

Our in vitro finding that the inhibition of Gpr17 activity reduced
oligodendrocyte apoptosis led us to hypothesize that loss of the
Gprl7 gene in vivo would be beneficial to myelination. Previ-
ously, analysis of Gpr17-null mice showed that Gpr17 functioned
as a cell-intrinsic factor that blocked oligodendrocyte terminal
differentiation (Chen etal., 2009). Given the potential expression
of Gprl7 in other cell types (Ceruti et al., 2009; Franke et al.,
2013), Gpr17 deletion in mice may have affected other cell lineage
development. We then generated a conditional mutant carrying
Gpri7 floxed (fl) alleles by homologous recombination in embry-
onic stem cells to investigate the cell-autonomous function of
Gprl7 in oligodendrocyte myelination. The Gpr17/"" mouse line
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was bred with oligodendrocyte-expressing Oligl-Cre line to eval-
uate the Gprl7 function in the development of oligodendrocyte
lineage cells (Fig. 8A). Consistent with our previous report, the
Oligl-Cre™’~;Gpr17™" (Gpr17 cKO) mice exhibited precocious
myelination at the neonatal stage PO (Fig. 8B). In adulthood,
myelinogenesis was comparable between control and Gpr17 ¢KO

mice as indicated by the integrity of the myelin sheath ultra-
structure in the corpus callosum (Fig. 8C). Moreover, the
populations of mature oligodendrocytes (MBP ™, CC1™),
OPCs (PDGFRa ™), neurons (NeuN "), reactive astrocytes
(GFAP ™), and microglia (Ibal ©) were not affected in Gprl7-
null or Gpr17 ¢cKO mice (Fig. 8D).
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In contrast to normal myelination, the role of Gpr17 in oligo-
dendrocyte remyelination is unknown. To determine whether
the loss of Gprl7 facilitates remyelination after injury and
accelerates the recovery of injured myelin sheaths, LPC was ste-
reotactically injected into the CC of 8-week-old wild-type,
Gpr17~'~, and Gprl7 cKO mice to trigger demyelination. All
mice given injections of LPC exhibited focal lesions in the CC at
day 3 (Fig. 9A,B). The deletion of Gpr17, either globally or spe-
cifically in the oligodendrocyte lineage, resulted in an earlier on-
set of remyelination in mice. Both Gpr17~'~ and Gprl7 cKO
mice exhibited substantial remyelination at day 7 after injec-
tion, whereas little remyelination was observed in wild-type
controls as shown by analysis of the expression of Mbp and the
number of CC1 " differentiated oligodendrocytes (Fig. 9B, C).
Despite the discrepancy in the onset of remyelination, all of
the mice exhibited complete remyelination at day 21 after
injection (Fig. 9B, C).

To explore the therapeutic potential of targeting Gprl7, mice
were treated with the Gprl7 inhibitor pranlukast after LPC-
induced injury (Fig. 9A). At day 7, the wild-type mice that re-
ceived pranlukast treatment exhibited a similar extent of
remyelination to Gpr17 '~ and Gpr17 ¢cKO mice (Fig. 9B,C).
Therefore, our observations suggest that the loss of Gpr17 accel-
erates the remyelination process after LPC-induced demyelinat-
ing injury.

NG2-positive immature oligodendrocytes were present in the
demyelinated areas after LPC treatment of wild-type mice. In the

mice subjected to either genetic or pharmacologic Gprl7 inhibi-
tion, a greater increase in the number of NG2-positive cells was
detected than in wild-type mice at day 7 (Fig. 10A). In Gprl7
mutant mice, we observed a reduction of apoptosis, as indicated
by the decrease in the level of cleaved caspase 3 (Fig. 10B). These
observations suggest that the reduction of oligodendrocyte apo-
ptosis in mice lacking Gpr17 contributes to the increase in NG2 *
immature oligodendrocytes.

Discussion

Genome-wide mapping of the regulators in response to
LPC-induced oligodendrocyte injury

Although enhancer landscape analyses have been performed in
normal oligodendrocytes and CNS tissues (Cotney et al., 2012;
Nord et al., 2013; Yu et al., 2013), these studies have not been
conducted in conditions that reflect the demyelination process.
Here, we performed genome-wide mapping of the H3K27Ac-
associated enhancers in oligodendrocytes treated with LPC and
identified a cohort of regulatory genes that are activated in re-
sponse to LPC-induced cell stress and demyelination. These
included Olig2, Gmeb2, Psip1, Smad7, KIf6, and NabI, genes en-
coding transcription factors that are known to be important reg-
ulators of oligodendrocyte lineage development (Lu et al., 2002;
Le et al., 2005; Weng et al., 2012; Laitman et al., 2016). Olig2 is
among the top-ranking transcription factors associated with the
regulation of normal oligodendrocyte function by CISGENOME
(Ji et al., 2008). Mapping the genes that are responsive to demy-
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elinating injury may identify potential therapeutic targets for my-
elin repair.

We identify Gprl7 as a downstream target of Olig2 in oligo-
dendrocytes after LPC treatment. Gpr17 is a negative regulator of
oligodendrocyte differentiation and myelination, and its tran-
scription has been reported to be controlled by external signals
(Fratangeli et al., 2013). Gpr17 was at the top of the differentially
Olig2-bound genes when oligodendrocytes treated with vehicle
and with LPC were compared. Recruitment of Olig2 and
H3K27Ac to Gprl7 exons was enhanced after LPC treatment,
which indicated that Gprl7 was an Olig2 transcriptional target
during demyelination.

Gprl7 is mainly expressed in oligodendrocytes in the CNS.
Recent studies indicate that Gprl7 regulates oligodendrocyte de-
velopment and maturation in a stage-specific manner (Chen et
al., 2009). Our analysis indicates that Gpr17 is also important in
pathogenic situations. Overexpression of Gprl7 in oligode-
ndrocytes blocks myelinogenesis in transgenic mice, whereas
Gpr17 '~ mice exhibit an abnormally early onset of myelination
during the embryonic stage (Chen et al., 2009). In the present
study, we showed that loss of Gpr17 specifically in the oligoden-
drocyte lineage elicited precocious myelination similar to that
observed in Gpr17 '~ mice.

Gprl7 also has been indicated as a “damage sensor” in brain
injury models, including ischemia and pathological brain trauma
(Leccaetal., 2008; Ceruti et al., 2009; Boda et al., 2011; Zhao et al.,
2012). Interestingly, we found that Gprl7 activation impaired
oligodendrocyte survival. The overexpression or activation of
Gprl7 resulted in oligodendrocyte apoptosis via the upregulation
of the apoptotic gene Xafl. Our data suggest that Xafl mediates
the apoptosis-inducing effect of Gprl7, as the silencing of XafI
expression rescued oligodendrocyte viability that was impaired
by Gprl7 activation.

cAMP mediates the biological effects of Gpr17

in oligodendrocytes

Activated Gprl7 couples with Gai and reduces intracellular cAMP
levels, which subsequently influences downstream signaling. In oli-
godendrocytes, the activation of PKA signaling caused by elevated
intracellular cAMP levels leads to increased cell viability. We found
that the regulatory effect of PKA signaling on oligodendrocyte apo-
ptosis was mediated by the downstream target c-Fos. During activa-
tion of PKA signaling, CREB is known to be transactivated, which
increases the expression of downstream genes, including c-Fos
(Boutillier et al., 1992; Tyson et al., 1999). The overexpression of
Gprl7 invitro resulted in decreased c-Fos expression, whereas Gprl7
ablation increased c-Fos expression in vivo. The overexpression of
c-Fos dramatically inhibited the expression of Xaf1 and increased the
viability of oligodendrocytes. This suggests that Gprl7 activity neg-
atively regulates the expression of c-Fos and activates expression of
Xafl in oligodendrocytes through a Gprl7-cAMP-PKA-CREB-c-
Fos-Xaf1 regulatory loop.

Loss of Gprl7 accelerates remyelination
It has recently been reported that cAMP accelerates oligodendro-
cyte differentiation through PKA activation and Epacl (Simon et
al., 2016). We found that the expression of Epacl is negatively
regulated by Gpr17. It was previously demonstrated that Gpr17-
positive OPCs differentiate more slowly than Gprl7-negative
OPCs (Vigano et al., 2016).

In this study, we found that deletion of Gpr17, either globally
or in the oligodendrocyte lineage, resulted in an earlier onset of
remyelination than observed in wild-type animals. Loss of Gpr17
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elevated the number of NG2-positive immature oligodendro-
cytes at LPC-induced lesions, which was likely attributable to an
increase of oligodendrocyte survival in Gprl7 mutants. More-
over, Gpr17 inhibition also promoted immature oligodendrocyte
differentiation by upregulation of Epacl. The inhibition of Gprl17
activity acts via cAMP and Epacl pathways to enhance oligoden-
drocyte survival and promote oligodendrocyte differentiation
and myelination. Thus, both enhancement of immature oligo-
dendrocyte survival and increased maturation contribute to the
accelerated remyelination in Gprl7 mutants.

To investigate the therapeutic utility of Gpr17 inhibition, we
used animal models in which Gprl7 activity was pharmacologi-
cally inhibited by pranlukast. Pranlukast is widely used for its
antiasthmatic and anti-inflammatory properties (Yamauchi et
al., 2001) and has been reported to have neuroprotective proper-
ties in conditions of ischemia and cold injury to the brain (Zhang
et al., 2002; Shi et al., 2012). Pranlukast treatment of mice given
LPC effectively elevated intracellular cAMP levels in oligoden-
drocytes and enhanced oligodendrocyte survival and remyelina-
tion. Thus, our data suggest that Gprl7 inhibition has potential
for treatment of demyelinating disease.
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