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Replacement of the lost myelin sheath is a therapeutic goal for treating demyelinating diseases of

the central nervous system (CNS), such as multiple sclerosis (MS). The G protein (heterotrimeric

guanine nucleotide–binding protein)–coupled receptor (GPCR) GPR17, which is phylogenetically

closely related to receptors of the “purinergic cluster,” has emerged as a modulator of CNS

myelination. However, whether GPR17-mediated signaling positively or negatively regulates this

critical process is unresolved. We identified a small-molecule agonist, MDL29,951, that

selectively activated GPR17 even in a complex environment of endogenous purinergic receptors

in primary oligodendrocytes. MDL29,951-stimulated GPR17 engaged the entire set of

intracellular adaptor proteins for GPCRs: G proteins of the Gαi, Gαs, and Gαq subfamily, as well

as β-arrestins. This was visualized as alterations in the concentrations of cyclic adenosine

monophosphate and inositol phosphate, increased Ca2+ flux, phosphorylation of extracellular

signal–regulated kinases 1 and 2 (ERK1/2), as well as multifeatured cell activation recorded with

label-free dynamic mass redistribution and impedance biosensors. MDL29,951 inhibited the

maturation of primary oligodendrocytes from heterozygous but not GPR17 knockout mice in

culture, as well as in cerebellar slices from 4-day-old wild-type mice. Because GPCRs are

attractive targets for therapeutic intervention, inhibiting GPR17 emerges as therapeutic strategy to

relieve the oligodendrocyte maturation block and promote myelin repair in MS.

INTRODUCTION

Multiple sclerosis (MS) is a severe neurological disease characterized by autoimmune-

mediated demyelination, oligodendrocyte damage, and, ultimately, axonal loss (1-5).

Demyelination initially impairs rapid saltatory nerve conduction and can cause axonal

degeneration followed by progressive and irreversible functional deficits and neurological

disability if not repaired through remyelination, a complex process that forms new myelin

sheaths along axon tracts (1-5). Despite an increasing appreciation of the importance of

remyelination, most current medicines for MS are immunomodulatory drugs targeted against

the inflammatory component of the disease (4, 6-8). Furthermore, the complex regulatory

mechanisms underlying the remyelination process are poorly understood, and it is not clear

why remyelination is inadequate or absent in MS (2-4, 9). Oligodendrocyte precursor cells

(OPCs) are present in demyelinating lesions and normally foster the repair process. They do

so by opposing the action of intrinsic oligodendrocyte differentiation inhibitors (ID

proteins), such as ID2 or ID4, thereby allowing OPCs to progress toward mature myelin-

forming oligodendrocytes (2-4). Promoting myelin repair is emerging as a therapeutic

strategy but is not yet exploited therapeutically, which may be because of—at least in part—

the difficulties in targeting oligodendrocyte differentiation inhibitors with small-molecule

drugs (2, 3, 8). The only agent with the prospect of enhancing remyelination at present is a

monoclonal antibody against LINGO-1 [leucine-rich repeat and immunoglobulin (Ig)

domain-containing Nogo receptor interacting protein 1], a negative regulator of

oligodendrocyte differentiation and myelination (10, 11).

A class of membrane proteins with great success as targets for small-molecule ligand

discovery is the family A G protein (heterotrimeric guanine nucleotide–binding protein)–

coupled receptors (GPCRs) (12, 13). GPR17 is an orphan family A GPCR that is

phylogenetically related to purinergic and cysteinyl-leukotriene (CysLT) receptors (14). It
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was identified by a transcriptomic approach using central nervous system (CNS) samples

from myelination-deficient mice to be a cell-intrinsic timer that controls the transition of

oligodendrocytes from the immature to the mature myelinating stage (15). GPR17 is

abundant in differentiating OPCs in a temporally controlled manner (15-17). Mice

overexpressing GPR17 in oligodendrocytes display characteristic features of demyelinating

diseases, whereas mice genetically lacking GPR17 show premature myelination (15).

Contrary to these findings from genetic studies, small interfering RNA (siRNA)–based gene

silencing experiments and pharmacological studies applying the purported endogenous

agonists for this receptor, uracil nucleotides and CysLTs, support the notion that GPR17

activation promotes oligodendrocyte differentiation and progression toward mature myelin-

forming cells (16-18). Hence, there is therapeutic promise for GPR17 modulators to treat

pathologies associated with myelin repair in CNS demyelinating diseases, but it is

unresolved whether activation or inhibition is the desired therapeutic principle. Both

endogenous ligand classes are unsuited to differentiate between the functions of purinergic

receptors, CysLT receptors, and GPR17 ex vivo or in vivo where multiple receptors often

coincide (18, 19). Moreover, several independent reports do not support the notion that

GPR17 represents the elusive dualistic orphan receptor (20-24). Consequently, using

bioinformatics and biomolecular screening assays in cells and in vivo validation, we set out

to search for compounds that reliably and specifically activate GPR17 to solve the current

controversy on the role of this receptor in oligodendrocyte myelination.

RESULTS

A small-molecule agonist of the orphan GPR17 unveils pleiotropic signaling in
heterologous expression systems

GPR17 is phylogenetically related to both purinergic (P2Y) nucleotide and CysLT receptors

(14), but it also has critical, positively charged residues—the characteristic H-X-X-R/K
motif in the transmembrane domain VI—in common with receptors for small carboxylic

acids (fig. S1). We therefore considered the possibility that GPR17 might respond to an

endogenous modulator with at least one negatively charged moiety and established a

compound repository consisting of precursors and intermediates of metabolic pathways and

structurally related ligands with known and unknown biological activities, but with a

particular focus on neuroactive compounds (table S1). These compounds, including the

purported endogenous activators (14), were characterized for agonist activity in human

embryonic kidney (HEK) 293 cells stably transfected with a hemagglutinin (HA) epitope–

tagged version of the short isoform of human GPR17, hereafter referred to as GPR17. This

isoform was chosen because it is the only ortholog expressed in rodents, which serve as a

source for cells and tissues to explore the physiological function of GPR17. Before

functional analysis of the selected ligands, the abundance and trafficking to the cell surface

of GPR17 in the transfected HEK cells were confirmed by ELISA (enzyme-linked

immunosorbent assay) and immunocytochemical staining (fig. S2).

To increase the likelihood of identifying GPR17 activators, we took advantage of a

pathway-unbiased, yet pathway-sensitive, label-free assay technology, which detects

dynamic mass redistribution (DMR) that occurs as a consequence of cell stimulation
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irrespective of the particular GPCR signaling pathway involved (25-27). Using this

noninvasive methodology, we identified two compounds—MDL29,951 and GV150526A

(Fig. 1A)—that resulted in robust DMR traces in cells expressing GPR17 (Fig. 1, B to D).

Native HEK cells were unresponsive to MDL29,951 (Fig. 1, D and E) but were sensitive to

stimulation with carbachol and ATP (adenosine 5′-triphosphate), which served as viability

controls through activation of endogenous muscarinic and P2Y receptors, respectively (fig.

S3). Of particular interest was MDL29,951 because of its higher potency and the complete

lack of effect in native HEK cells as opposed to GV150526A, which bypasses the strict

requirement of GPR17 for cell activation (Fig. 1D). Furthermore, only MDL29,951, but not

GV150526A or any of the putative endogenous agonists, robustly stimulated the long

isoform of GPR17 (Fig. 1E and fig. S4). For this reason, MDL29,951 was prepared by

chemical synthesis to explore GPR17 behavior in more detail.

To corroborate the findings from our DMR studies, we used a second label-free technology

platform called CellKey that translates pharmacologically mediated alterations of cellular

activity into bioimpedance signals (28). CellKey recordings revealed concentration-

dependent and multifeatured whole-cell responses to MDL29,951, characterized by an initial

transient negative phase followed by a rapid ascending phase that reached a maximum, after

which impedance slowly declined. This complex, time-resolved pattern of impedance

recordings most likely reflected real-time integration of multiple signaling events that

strictly required the presence of GPR17 (Fig. 1, F to H).

Because label-free recordings are multidimensional, we wondered which of the individual

GPCR-associated signaling cascades are accessible to GPR17. To this end, we monitored

GPR17-mediated cell activation using assays that focus on single functional endpoints.

cAMP (adenosine 3′, 5′-monophosphate) accumulation assays illustrate a bell-shaped

concentration-effect curve in response to MDL29,951, suggesting dual modulation of

adenylyl cyclase that is either inhibited or stimulated by Gαi and Gαs proteins, respectively

(Fig. 1I). In agreement with this notion, pretreatment of cells with the Gαi inhibitor pertussis

toxin (PTX) abolished MDL29,951-mediated attenuation of cAMP formation and isolated

the cAMP-increasing capacity of GPR17 (Fig. 1J). Engagement of Gαi proteins by GPR17

was further corroborated in assays that quantify incorporation of [35S]GTPγS into the α

subunit of heterotrimeric G proteins (Fig. 1K). Increased cAMP concentrations at higher

agonist concentrations reflected true GPR17-Gαs interaction rather than activation of an

unknown Gαs-sensitive receptor by a secreted ligand, because (i) cAMP accumulation

occurred over a time course comparable to that of prostaglandin E1, a bona fide stimulus of a

Gαs-sensitive receptor (29) (Fig. 1L), and (ii) a bioluminescence resonance energy transfer

(BRET2) assay demonstrated that both direct ligand-induced interactions between GPR17

and Gαs as well as rapid molecular rearrangement within the Gαs-βγ heterotrimer occurred

after MDL29,951 treatment (Fig. 1M). Relevance of functional Gαq activity was evident

from inositol phosphate accumulation (Fig. 1N) and intracellular Ca2+ mobilization because

GPR17-mediated Ca2+ flux was blunted by the Gαq-selective inhibitor FR900359 (30, 31)

(Fig. 1O). Productive Gαq coupling of MDL29,951-stimulated GPR17 led us to examine

whether a Ca2+-promoted mechanism may cooperate with Gαs proteins to achieve maximal

stimulation of adenylyl cyclase. Indeed, accumulation of cAMP is attenuated when Gαq

proteins are inhibited, both in the presence (Gαi and Gαs signaling visible; fig. S5A) and
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absence (only Gαs signaling visible; fig. S5B) of forskolin. Together, our results indicate

that MDL29,951-stimulated GPR17 activates the entire repertoire of pathways linked to

second messenger production and initiates a rather pleiotropic biological response. No

alteration of second messengers was observed when native HEK cells were exposed to

MDL29,951, confirming that it required GPR17 to induce a functional effect (Fig. 1, I, J, N,

and O). In contrast to the ability of MDL29,951 to activate GPR17, a set of five small-

molecule GPR17 agonists (ASINEX ligands 1 to 5), identified in a virtual screening

approach (32), was inactive in both label-free DMR and classical Ca2+ mobilization assays

(fig. S6).

To ascertain the validity of our GPR17 agonist, we also recorded integrated live cell

responses and the activation of defined second messenger cascades in two additional cell

lines that were engineered to stably express GPR17: Chinese hamster ovary (CHO)–

hGPR17 and human astrocytoma 1321N1-hGPR17 cells. Both lines responded with robust

and multifaceted whole-cell responses in DMR assays (Fig. 2, A to D) or bioimpedance

(Fig. 2, E to H), respectively, after treatment with MDL29,951. Akin to the results obtained

in HEK-hGPR17 cells, the incorporation of [35S]GTPγS into Gα proteins reflected Gαi

coupling, and the bell-shaped concentration-effect curve demonstrated dual modulation of

cAMP accumulation, in which low agonist concentrations attenuated and high

concentrations increased formation of cAMP, in both CHO-hGPR17 cells (Fig. 2, I and J)

and 1321N1-hGPR17 cells (Fig. 2, K and L). Pretreatment of CHO-hGPR17 cells with the

Gαi inhibitor PTX abolished the Gαi component of the concentration-effect curve (Fig. 2M).

In these cells, production of cAMP was slightly attenuated by pharmacological inhibition of

Gαq proteins (fig. S7A), despite robust engagement of the Gαq signaling cascade (Fig. 2N).

In contrast, 1321N1-hGPR17 cells did not retain the capacity to produce cAMP in the

presence of PTX (Fig. 2O), indicating that cAMP synthesis requires prior stimulation of Gαi

proteins in this cellular background. Furthermore, production of cAMP was moderately

attenuated when Gαq proteins were pharmacologically inhibited (fig. S7B), despite also

showing robust induction of the Gαq signaling cascade (Fig. 2P). These data illustrate that

the increase in cAMP relies on a functional interaction between GPR17 and Gαs proteins

with minimal (CHO-hGPR17) or moderate (1321N1-hGPR17) contribution from a Ca2+-

dependent mechanism. A comprehensive compilation of MDL29,951 potencies across all

three GPR17 cell lines is given in table S2. Together, our results demonstrate that (i) GPR17

can be functionally and stably expressed in various cellular backgrounds, (ii) MDL29,951-

stimulated GPR17 signals through heterotrimeric G proteins from different families in a cell

context–dependent manner, and (iii) MDL29,951, but not ASINEX ligands 1 to 5, reliably

and reproducibly activates this orphan receptor.

GPR17 recruits β-arrestin2 in an agonist-dependent manner

GPCR signaling events of interest are those set into motion by heterotrimeric G proteins or

arrestins (33-41). Unlike heterotrimeric G proteins, which are involved in second messenger

production, arrestins may mediate G protein–independent signaling by acting as scaffolds

for signaling cascade components such as members of the mitogen-activated protein kinase

(MAPK) family (33-41). Functional characterization of GPR17 indicated that multiple G

protein pathways are engaged, but whether G protein activation is followed by β-arrestin
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recruitment or whether β-arrestin recruitment occurs in its own right has not yet been

reported. Detection of receptor-arrestin interaction was measured by BRET2 assays by

fusing the energy donor Renilla reniformis luciferase enzyme (Rluc) to GPR17 and the

energy acceptor green fluorescent protein 2 (GFP2) to β-arrestin2. The GPR17-Rluc fusion

protein properly trafficked to the plasma membrane (fig. S8, A and B) and retained

functional activity as evidenced in holistic DMR (fig. S8, C and D) and classical second

messenger assays (fig. S8, E and F). The kinetics of GPR17-arrestin recruitment after

treatment with agonist was quantified over time. Real-time monitoring of agonist-induced

BRET2 showed immediate arrestin recruitment upon agonist addition (Fig. 3A), with a

maximum recruitment occurring at about 1 min and then gradually declining but still

detectable even after 60 min in the presence of MDL29,951 (Fig. 3B). These data support

the notion that the receptor and arrestin interact in a sustained manner. Agonist-promoted

arrestin recruitment quantified 5 min after agonist treatment was concentration-dependent

with a potency similar to that determined in the G protein activation assays (Fig. 3C and fig.

S8, D to F). This may suggest that arrestin recruitment occurs as a consequence of G protein

signaling. Yet, under conditions that completely interdicted G protein activation of GPR17

(Fig. 3, D to F), MDL29,951-induced recruitment of arrestin to the receptor was still

detectable, albeit at decreased amounts (Fig. 3G). Therefore, MDL29,951-stimulated GPR17

generates typical G protein responses and recruits arrestin through dual mechanisms,

dependently or independently of G protein activity.

GPR17 activation is followed by the phosphorylation of ERK and its internalization

G protein–independent recruitment of arrestin may serve to initiate a new wave of

downstream signaling such as regulation of phosphorylation of members of the MAPK

family, in particular extracellular signal–regulated kinases 1 and 2 (ERK1/2) (33, 34, 36-38,

42, 43). It has been suggested that G protein–dependent activation of MAPK is maximal at

short time points (within 2 to 5 min), whereas β-arrestin–mediated activation is apparent at

later time points (33). To examine whether activation of GPR17 precedes the

phosphorylation of ERK1/2 and to investigate the underlying molecular mechanism, we

used the same cellular system as applied before to examine GPR17-arrestin interaction. We

detected robust ERK phosphorylation that was rapid, transient in nature (peaking within 2

min; Fig. 3H), and dependent on G protein signaling (Fig. 3I). Notably, ERK activation was

eliminated by pretreatment of cells with the Gαq-selective inhibitor FR900359, yet ERK

retained partial capacity to be phosphorylated in the presence of the Gαi inhibitor PTX.

These results reveal an interesting hierarchy used by GPR17 to control cellular ERK1/2

activation: Gαq-mediated ERK activation occurs upstream to that mediated by Gαi.

Together, our results provide evidence that MDL29,951-stimulated GPR17—despite its

ability to recruit arrestin in a G protein–independent manner—heavily relies on G proteins to

rapidly induce the phosphorylation of ERK1/2. Therefore, arrestin recruitment may mainly

serve to desensitize the receptor and regulate its functional responsiveness or to facilitate

receptor removal from the plasma membrane. Indeed, MDL29,951 appeared to limit the

plasma membrane abundance of GPR17 because cells exposed to the agonist displayed

pronounced loss of GPR17 surface expression (Fig. 3J).
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GPR17 signaling can be silenced with inhibitors of the cysteinyl-leukotriene 1 receptor

The leukotriene receptor antagonists pranlukast and montelukast can inhibit GPR17 in the

nanomolar concentration range (14, 44). Because we were unable to activate GPR17 with

any of the published agonists, including the small-molecule ASINEX ligands (fig. S6), we

were curious about the functional properties of the antagonists and subjected them to

multiple cellular assays. Pranlukast, but not montelukast, inhibited GPR17 in a

concentration-dependent manner, yet micromolar concentrations of pranlukast were required

to completely abrogate GPR17 signaling in label-free DMR assays (Fig. 4A). This pattern of

antagonist behavior was similar to that obtained in assays measuring inositol phosphate

accumulation (Fig. 4B), but it deviated when mobilization of intracellular Ca2+—a very

rapid nonequilibrium assay—was used as an activity reporter (Fig. 4C). Although

discrepancies of antagonist pharmacology determined under equilibrium versus

nonequilibrium conditions are well known (45), our data indicate that pranlukast is superior

over montelukast in achieving functional inhibition of GPR17. Both antagonists effectively

inhibited cysteinyl-leukotriene 1 (CysLT1) receptor signaling with potencies that agree with

published affinities for these ligands (46) (fig. S9). The molecular nature of the pranlukast-

hGPR17 interaction was further investigated by generating concentration-effect curves of

inositol phosphate accumulation induced by MDL29,951 in the absence or presence of

pranlukast (Fig. 4D). Increasing concentrations of pranlukast induced parallel rightward

shifts in the effect of MDL29,951 without depressing the maximal response. This mode of

surmountable antagonism is compatible with competitive interaction at a common binding

site, yet the slope of the Schild regression was significantly steeper than unity (Fig. 4E),

implying that additional molecular mechanisms are involved.

MDL29,951 activates mouse and rat GPR17

Because marked differences of ligand potency exist among species-specific orthologs of

GPCRs (47, 48), which precludes a simple translation of ligand pharmacology observed at

the human receptor to ex vivo or in vivo animal models, we next examined whether

MDL29,951 would be of value to elucidate the biological function of rodent GPR17

orthologs. Rat (r) and mouse (m) GPR17 were cloned and stably transfected into human

HEK293 cells, and their proper plasma membrane localization was verified by

immunocytochemical staining (fig. S10). Robust and concentration-dependent activation of

rGPR17 and mGPR17 was observed in label-free DMR and classical endpoint assays upon

application of MDL29,951 reminiscent of the signaling profile we obtained for human

GPR17 in this cellular background (fig. S11). In agreement with our data on the human

ortholog, no signs of activation were obtained when cells were challenged with ASINEX

ligands (fig. S12), and only pranlukast, but not montelukast, effectively attenuated the

function of MDL29,951-stimulated mouse and rat GPR17 (Fig. 4, F and G). Both

antagonists were ineffective when applied alone (fig. S13) and did not diminish Ca2+

mobilization triggered by the endogenously expressed muscarinic M3 receptor (fig. S14),

confirming the specific nature of GPR17 inhibition. Together, our data reveal that GPR17

agonist MDL29,951 and GPR17 antagonist pranlukast—despite its clear preference for the

CysLT1 receptor—may be applied in vitro, in cells, or in vivo to interrogate the

physiological function of GPR17 and its implication in human and rodent physiology.
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MDL29,951 does not activate receptors of the “purinergic cluster”

One of the goals of identifying ligands for orphan receptors is to elucidate the role of

receptor signaling in normal and disease physiologies. This often requires application of the

novel ligands to primary cells where the receptor is expressed in its natural environment. For

this reason, it is of utmost importance to define the selectivity profile of MDL29,951 before

investigating it in a primary cell context. We therefore tested the functional capability of

MDL29,951 to activate phylogenetically related P2Y and CysLT receptors (Fig. 5, A to I,

and table S3) and selected phylogenetically distant biogenic amine (histamine and

dopamine) receptors (fig. S15) using both label-free real-time DMR and classical endpoint

assays, respectively. MDL29,951 showed strong selectivity for GPR17 over the other 11

GPCRs tested. A favorable selectivity profile of this ligand is further supported by the

notion that no activity of MDL29,951 was detected in DMR-based “receptor panning”

across 16 different cell lines (fig. S16), many of which are coincidentally abundant for

multiple purinergic receptors.

Even when a cocktail of eight purinergic receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,

P2Y12, P2Y13, and P2Y14) was forcibly overexpressed in HEK293 cells [which are a host

for several endogenous P2Y receptors (49-51); fig. S17], MDL29,951 remained inactive

(Fig. 5J), unless GPR17 was also overexpressed (Fig. 5K). Successful transfection of

complementary DNAs (cDNAs) of the cocktail was verified by responses of cells to the

cognate receptor agonists (fig. S18). These results again confirm that MDL29,951 is

remarkably selective and suggest its suitability to target GPR17 even in cells that have

multiple purinergic receptors in endogenous or experimental conditions.

MDL29,951 activates GPR17 in primary oligodendrocytes

To assess the potential clinical relevance of this GPR17 agonist, we determined whether

MDL29,951 retained the capacity to activate GPR17 in an endogenous system. We chose to

study primary rat oligodendrocytes because GPR17 is abundant in these cells (15-17, 52).

Primary rat oligodendrocyte cultures were established and characterized by

immunocytochemistry using several specific oligodendrocyte markers [proteoglycan NG2

for OPCs, O antigen 4 (O4) for pre- and differentiated oligodendrocytes, and myelin basic

protein (MBP) for ramified, mature oligodendrocytes] in addition to GPR17 (fig. S19).

Consistent with previous data (17, 52), expression of GPR17 in spontaneously

differentiating oligodendrocytes was temporally controlled. Therefore, GPR17 functionality

was assessed at peak receptor expression, which occurred at day 4 in culture (fig. S19).

MDL29,951 rapidly mobilized intracellular Ca2+ in a concentration-dependent manner (Fig.

6, A and B), a response that is undetectable in primary astrocytes, which did not have a

detectable abundance of GPR17 (Fig. 6, B and C). MDL29,951-induced Ca2+ flux was

GPR17-specific because it was counteracted by treatment with pranlukast (Fig. 6D), which

did not affect carbachol-induced Ca2+ mobilization through endogenous M3 receptors (fig.

S20). Pretreatment of primary oligodendrocytes with FR900359, but not PTX, prevented

MDL29,951-induced Ca2+ flux, which suggests that an exclusively Gαq-dependent

mechanism accounted for the observed Ca2+ release (Fig. 6E). Neither PTX nor FR900359

affected the viability of primary oligodendrocytes because Ca2+ flux by a nonreceptor

stimulus was virtually unaltered when cells were pretreated with these inhibitors (fig. S21).
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MDL29,951 also decreased the amount of cAMP in GPR17-high oligodendrocytes, which

have a high abundance of GPR17, but not in OPCs or primary astrocytes, which have low or

no abundance of GPR17 (Fig. 6, C and F), and this effect in oligodendrocytes was abolished

by pretreatment with PTX (Fig. 6F) or with pranlukast (Fig. 6G). Accumulation of cAMP

was not apparent at higher concentrations of the GPR17 agonist (Fig. 6F; compare with fig.

S11, C and G). This variability may be explained by differential coupling of GPR17 in

engineered versus native expression systems or the higher receptor abundance in transfected

cells, because it is well known that the same agonist may have only inhibitory or both

inhibitory and stimulatory effects on cAMP production depending on receptor density (53).

The data suggest that MDL29,951 can activate endogenous GPR17 in primary

oligodendrocytes and that activated GPR17 engages both Gαi and Gαq, but not Gαs

signaling pathways.

Activation of GPR17 signaling negatively regulates oligodendrocyte maturation

Gene silencing experiments using GPR17-specific siRNAs suggest that receptor inhibition

impairs the oligodendroglia differentiation program (17). Genetic evidence from mice

overexpressing or deficient in GPR17, on the other hand, supports the notion that inhibition

of GPR17 is critical for oligodendrocyte terminal differentiation and myelination (15).

Hence, it is unresolved whether GPR17 is a “promotor” or a “brake” for initiation of the

remyelination program, an issue with great implication for development of remyelination

therapeutics. Discovery of the first synthetic and selective GPR17 agonist that retains the

capacity to activate the receptor in its natural environment provided an opportunity to

resolve the enigmatic role of GPR17 in oligoden-drogliogenesis. Therefore, we treated

oligodendrocytes from GPR17 heterozygous (GPR17+/−) and null (GPR17−/−) mice with

MDL29,951 to clarify this discrepancy. Notably, GPR17+/− mice have similar abundance of

GPR17 compared with wild-type littermates (15) but contain nuclear-localized GFP in the

GPR17 locus to facilitate cell tracking in differentiation studies. In agreement with a role for

GPR17 in inhibiting oligodendrocyte maturation (15), a significant increase in the number of

mature, MBP-expressing oligodendrocytes was encountered in cultures from GPR17−/−

mice (Fig. 7, A and B). In cultures from heterozygous (GPR17+/−), but not homozygous

(GPR17−/−), mice, MDL29,951 markedly attenuated the capacity of oligodendrocytes to

differentiate (Fig. 7, A, C, and D), evident from the reduced abundance of MBP, the

decreased percentage of MBP-positive cells, and the absence of elaborated ramifications in

most GPR17+/− cells (Fig. 7, A and C to E). Notably, because MDL29,951 did not alter the

phenotype, number, or differentiation capacity of GPR17−/− oligodendrocytes (Fig. 7, A and

D), the data support the notion that MDL29,951 does not induce off-target effects in this

primary cell system. In accordance with the above observations, attenuation of GPR17

function with pranlukast had the opposite effect and enhanced the number of differentiated,

mature oligodendrocytes in cultures from GPR17+/− but not knockout mice (Fig. 7, F to H).

Arrest of the oligodendrocyte maturation program through the activation of GPR17 was also

evident when cerebellar slice cultures from postnatal day 4 (P4) mice were exposed to

MDL29,951, which resulted in pronounced loss of MBP-positive cells compared with

control slices exposed to solvent (Fig. 7I). Together, these data provide evidence that both

the presence and activation of GPR17 inhibit the oligodendrocyte maturation program and
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that MDL29,951 arrests oligodendrocytes at the less differentiated stage by specifically

activating GPR17.

DISCUSSION

Demyelination, the loss of the multilayered membrane of insulation wrapped around axons

produced and maintained by specialized oligodendrocytes, is a pathological process (1-5). In

MS, demyelination of axons in the CNS is usually a consequence of autoimmune-mediated

inflammatory injury to oligodendrocytes (1-4, 7). Remyelination is the process by which

demyelinated axons are wrapped with new myelin sheaths produced by oligodendrocytes

that have matured from OPCs in the vicinity of the demyelinating lesions. Thus,

remyelination—the default “repair” response to a demyelinating lesion—can be viewed as a

highly regenerative process coordinated and executed by oligodendrocytes, which fails or is

inadequate in MS (1-5).

Oligodendrocyte differentiation and maturation are tightly regulated during development as

well as during repair of demyelinating lesions, with multiple positive and negative factors

ensuring spatiotemporal control of myelination at the appropriate locations (2-5, 9).

Unraveling the molecular details that underlie myelination and remyelination after injury

will certainly provide critical clues to understand how remyelination may be enhanced

therapeutically. A particularly attractive prospect—froma therapeutic perspective—would

be to block the function of endogenous inhibitors of myelin repair, yet no single therapeutic

agent is available to date that achieves this goal.

GPR17 is an orphan GPCR that is abundant in the brain (23, 44, 54), particularly in the

oligodendrocyte lineage cells of the CNS (15, 55). It has recently emerged as a key player

orchestrating oligodendrocyte differentiation and maturation (15-18). Despite the strong

evidence supporting a role for GPR17 in oligodendrocyte differentiation, it is unclear

whether GPR17 promotes or inhibits transition of oligodendrocytes from the immature to

the mature myelinating stage. The pharmacological tools available thus far, uracil

nucleotides and CysLTs, are not suited to clarify this discrepancy because neither ligand

class is competent to differentiate between the functions of purinergic receptors, CysLT

receptors, and GPR17 ex vivo or in vivo where multiple receptors are often coincident, as is

also the case in oligodendrocytes (17, 19). However, more importantly, there is no

consensus on the validity of these ligands as GPR17 agonists, because the dualistic

activation of GPR17 by the proposed endogenous ligands is difficult to recapitulate (20-22,

24, 56). The original deorphanizing report (14) and follow-up studies from the same group

(16, 44, 57, 58) introduced the possibility that GPR17 accounts for the biological effects

triggered by two classes of endogenous mediators: CysLTs and uracil nucleotides.

Additional independent studies have probed the pharmacology of GPR17 in more depth, but

despite this, GPR17 does not yet receive official recognition as being partnered with its true

endogenous ligand (24, 56). Benned-Jensen and Rosenkilde (23) report a different agonist

profile for nucleotide ligands but failed to recapitulate activation by CysLTs, a finding that

is in line with other studies that reported lack of agonist activity altogether (20-22, 24) as

well as our data in this study. Nevertheless, even a set of five small-molecule agonists

identified by virtual screening and proposed to activate GPR17 with high potency (ASINEX

Hennen et al. Page 10

Sci Signal. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ligands 1 to 5) (32) was inactive in our hands and has not been more widely used as research

tool for this receptor. Clearly, the pharmacology and function of GPR17 remain rather

contentious issues that need to be resolved with a ligand that reliably and reproducibly

activates GPR17.

Guided by sequence alignments of receptors with similarity in the seven-transmembrane

binding pocket, we compiled a repository of endogenous mediator compounds (precursors

and intermediates of metabolic pathways) and structurally related ligands with a particular

focus on those known to be involved in both neuroprotective and neurodegenerative

processes. We identified the small-molecule MDL29,951, which activated the orphan

GPR17 with notable selectivity and across species. Although it remains to be clarified

whether agonism by MDL29,951 is orthosteric or allosteric in nature, and whether it

stabilizes the same active states as does the elusive endogenous ligand, it does link GPR17

to all major effector pathways and therefore offers a new opportunity to probe signaling and

function of this orphan receptor.

Herein, we took advantage of MDL29,951 to decode (i) the signaling of GPR17 and its

rodent orthologs in recombinant and primary cells, and (ii) the enigmatic function of GPR17

in controlling oligodendrocyte maturation. The results of our study are entirely consistent

with previous observations using GPR17 overexpression or knockout animals (15): Specific

activation of GPR17 by MDL29,951 was sufficient to arrest oligodendrocytes in an

immature, nonmyelinating stage, and this effect was absent in oligodendrocyte cultures from

GPR17−/− animals. From these results, we infer that MDL29,951 constitutes a powerful tool

to interrogate the physiological function of orphan GPR17 despite the lack of mechanistic

insight into agonist modalities such as allosterism and functional selectivity. Of equal value

is pranlukast, which enhanced oligodendrocyte maturation in its own right in a strictly

GPR17-dependent manner. These data suggest that the true endogenous activator of GPR17

might be present in the primary cell culture system and that pranlukast acts by counteracting

this endogenous molecule. Hence, pharmacological evidence is now available to suggest that

GPR17 acts as a brake to negatively regulate oligodendrocyte maturation. A major reason

for remyelination failure is that OPCs do not succeed in opposing the action of intrinsic

oligodendrocyte differentiation inhibitors in the lesion (2-4, 9). A role for GPR17 as intrinsic

oligodendrocyte differentiation inhibitor is well in line with its associated signaling pattern

because both Gαi and Gαq engagement and their downstream effector pathways may be

linked to impaired oligodendrocyte maturation (59). This function of GPR17 in

oligodendrocyte biology, together with the notion that its abundance is increased in active

white matter plaques of MS patients and animal models of MS (15), strongly suggests that

pharmacological inhibition of GPR17 signaling may be a novel strategy with high potential

to promote myelin repair.

Pharmacological inhibition of GPR17 is observed already with drugs targeting the CysLT1

receptor (14, 44). However, despite the ability of CysLT1 antagonists to counteract GPR17

function in vitro, they are not suited to inclusion in a cocktail to promote remyelination in

MS in vivo. This is because of both poor brain bioavailability (peripherally acting CysLT1

antagonists have not been optimized for brain penetration) and insufficient potency for

GPR17. Nevertheless, our study showed that MDL29,951-triggered GPR17 activation can
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be completely abrogated with the CysLT1 antagonist pranlukast on both human and rodent

orthologs and therefore qualify this agonist-antagonist pair at least for mechanistic studies in

native or primary cells.

In conclusion, we report identification and characterization of the first synthetic small-

molecule activator for the orphan GPCR GPR17. MDL29,951 is highly selective for GPR17

over the entire repertoire of receptors from the purinergic cluster and competent to stimulate

GPR17 irrespective of the cellular background and expression system, in marked contrast to

the activators proposed so far (14, 32). Discovery of MDL29,951 enabled us to decode

GPR17 signaling along the major GPCR signaling pathways and to clarify the current

controversy pertaining to its specific role in orchestrating oligodendrocyte maturation.

Because GPCRs with cell type–specific expression pattern should constitute excellent

targets for therapeutic intervention, GPR17 represents the first GPCR candidate for

development of remyelination therapeutics to specifically relieve the remyelination block

encountered in demyelinating diseases of the CNS, such as MS. In particular, we propose

that future MS therapy will likely benefit from addition of GPR17 antagonists to anti-

inflammatory drug cocktails that are already used in the management of MS.

MATERIALS AND METHODS

Materials and reagents

Tissue culture media and reagents were purchased from Invitrogen. CysLT1 antagonists

(pranlukast and montelukast) and leukotriene D4 (LTD4) were obtained from Cayman

Chemical. GV150526A was from R&D Systems, PTX was from BIOTREND Chemikalien

GmbH, forskolin was from AppliChem, ASINEX compounds 1 to 5 were from ASINEX

Europe BV, and the radiochemical [35S]GTPγS was from PerkinElmer Life Sciences.

Restriction endonucleases and modifying enzymes were from New England Biolabs. All

other laboratory reagents were obtained from Sigma-Aldrich unless otherwise specified.

Generation and origin of cDNA expression vectors

The short isoform of human GPR17 (GenBank accession no. U33447) was amplified by

polymerase chain reaction (PCR) from human brain cDNA and cloned into

pcDNA3.1(+)Zeo via 5′–Hind III and 3′–Xho I. The cloning strategy for the long isoform of

human GPR17 (GenBank accession no. NM005291) was identical, except that it was

inserted into pcDNA3.1(+). The open reading frames of rat GPR17 (GenBank accession no.

DQ777767) and mouse GPR17 (GenBank accession no. AC131761) were amplified from

the respective genomic DNA and inserted into pcDNA3.1(+) via 5′–Eco RI and 3′–Xho I

(mGPR17) and 5′–Nhe I and 3′–Eco RV (rGPR17), respectively. For ELISA and

immunofluorescence experiments, a triple HA tag (3xHA; 3xYPYDVPDYA) was

introduced by PCR at the N terminus of hGPR17, and the resulting construct was inserted

via 5′–Nhe I and 3′–Xho I into the pcDNA3.1(+)Zeo expression vector. To generate an

hGPR17-Rluc fusion protein, the hGPR17 coding sequence without a STOP codon and Rluc

were amplified, fused in frame by PCR, and subcloned into the pcDNA3.1(+)Zeo expression

vector. N-terminal tagging of hGPR17 and hGPR17-Rluc with the 3xHA sequence was

without effect on receptor functionality (fig. S22). GPR17-GFP2 was generated by in-frame
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PCR fusion of the two proteins separated by a 19–amino acid linker

(GSTSPVWWNSADIQHSGGR) and inserted into pcDNA3.1(+). Fusion of GFP2 to

GPR17 did not affect receptor functionality (fig. S23). Human β-arrestin2, N-terminally

tagged with GFP2 (GFP2/β-arrestin2), and R. reniformis luciferase were purchased from

BioSignal Packard. pcDNA3.1(+)-based expression vectors encoding the purinergic

receptors P2Y1,2,4,6,11,12,13,14 and the CysLT1 receptor were from the Missouri S&T cDNA

Resource Center (http://www.cdna.org/index.html). To increase surface expression of the

CysLT1 receptor, its open reading frame was cloned by PCR downstream of a signal

sequence FLAG-tag (MKTIIALSYIFCLVFA-DYKDDDDK) into a pcDNA3.1(+)

expression vector. Gαs-188RLuc and GFP10-Gγ2 were a gift of M. Bouvier (University of

Montreal, Canada). Sequence identity of all PCR-derived constructs was verified by

restriction endonuclease digests and sequencing in both directions (GATC Biotech).

Commercially available and nonengineered cell lines

Human astrocytoma 1321N1 cells were purchased from the UK Health Protection Agency.

Immortalized human keratinocytes (HaCat) were a gift of E. Gaffal (University of Bonn).

Human blood neutrophils were isolated from human peripheral blood of healthy donors by

Ficoll-Hypaque centrifugation according to standard protocols (60). All blood donors had

signed an informed consent, and the study was approved by the ethics committee of the

University of Bonn. Primary human keratinocytes were obtained from skin samples of

healthy patients who had given an informed consent before excision. The study was

approved by the local ethics committee (concession no. 090/04). All other cell lines were

obtained from the American Type Culture Collection.

Cell culture and transfection of immortalized and recombinant cell lines

Native and recombinant HEK293 and 1321N1 cell lines were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS),

penicillin (100 U/ml), and streptomycin (100 μg/ml). For HEK-mGPR17, HEK-rGPR17,

and HEK-CysLT1, the medium was supplemented with G418 (500 μg/ml) (InvivoGen), for

HEK-hGPR17 and HEK-hGPR17-Rluc with zeocin (56 μg/ml) (InvivoGen), for HEK-

BRET-hGPR17 with zeocin (56 μg/ml) and G418 (500 μg/ml), and for 1321N1-hGPR17 and

1321N1-hP2Y13 with G418 (800 μg/ml).

CHO-K1 cells were cultivated in DMEM: Nutrient Mixture F-12 (DMEM/F12)

supplemented with 10% (v/v) FCS, penicillin (100 U/ml), and streptomycin (100 μg/ml). For

Flp-In T-REx CHO cells stably expressing hGPR17 (CHO-hGPR17), medium was

complemented with hygromycin B (500 μg/ml) and blasticidin (30 μg/ml) (both InvivoGen).

Expression of GPR17 was induced by treatment with doxycycline (1 μg/ml) for 14 to 20

hours. For transient transfections of HEK293 cells, the Ca2+ phosphate coprecipitation

method was used 24 hours after seeding. Stable cell lines were generated by Ca2+ phosphate

coprecipitation or retroviral transfection essentially as described previously (61, 62) in

conjunction with clonal selection using the appropriate selection antibiotics. All cells were

cultivated with 5% CO2 at 37°C in a humidified atmosphere.
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Cell culture of primary rat oligodendrocytes and astrocytes

Primary rat OPCs were generated from forebrains of Wistar rat pups at P1/P2 with a

differential detachment method (63). Cerebrum was mechanically dissociated with a syringe

and two different hollow needles (first 1.2 × 40 and then 0.60 × 30). Clump-free cell

suspension was filtered through a 70-μm cell strainer (BD Biosciences), plated on poly-D-

lysine–coated 75-cm2 culture flasks in DMEM supplemented with 10% (v/v) heat-

inactivated FCS, penicillin (100 U/ml), and streptomycin (0.1 mg/ml) with medium

exchanged every other day. After 9 to 11 days, mixed cultures were shaken overnight (230

rpm) to detach OPCs from astrocytes and microglia. The suspension was plated onto

uncoated petri dishes (Corning) for 30 to 60 min to further enrich for OPCs. OPCs were then

seeded into poly-L-ornithine–coated plates and maintained in serum-free proliferation

medium consisting of Neurobasal with B27 (2%), GlutaMAX (2 mM), penicillin (100 U/

ml), streptomycin (0.1 mg/ml), PDGF-AA (platelet-derived growth factor AA) (20 ng/ml),

and bFGF (basic fibroblast growth factor) (20 ng/ml) for 2 to 5 days (37°C, 5% CO2).

Thereafter, medium was switched to growth factor–free Neurobasal medium to allow for

spontaneous in vitro differentiation.

Primary rat astrocytes were obtained after the mechanical removal of OPCs and maintained

in DMEM supplemented with 10% (v/v) heat-inactivated FCS, penicillin (100 U/ml), and

streptomycin (0.1 mg/ml).

Cell culture of primary mouse oligodendrocytes from GPR17+/− and GPR17−/− mice

Primary mouse preoligodendrocytes (O4+) were purified by immunopanning frommouse

cerebral cortices as described previously (64). Briefly, dissociated cortex cells of P6

GPR17+/− or GPR17−/− mice were sequentially panned on Ran2 and GalC panning plates to

deplete the astrocytes, microglia, and mature oligodendrocytes. Finally, preoligodendrocytes

were enriched on the O4 panning plate. The purified preoligodendrocytes were seeded onto

poly-L-ornithine–coated glass coverslips and maintained in differentiation medium

[Satomedium with T3 (20 ng/ml)] for 3 days. GPR17 agonist or solvent control was added

to the medium and maintained throughout the experiment.

Label-free DMR assays

DMR was recorded on a β version of the Corning Epic biosensor or the EnSpire multimode

plate reader (PerkinElmer) as described in detail previously (25, 26).

Label-free bioimpedance (CellKey) assays

Cells were seeded at a density of 10,000 cells per well into 384-well biosensor plates and

grown to confluence for 18 to 24 hours (37°C, 5% CO2). Before the assay, cells were

washed twice with assay buffer [Hanks’ balanced salt solution (HBSS) + 20 mM Hepes] and

then allowed to equilibrate for 1 hour at 37°C. The cell plate was then transferred to the

CellKey (Molecular Devices), and a baseline read was recorded for 5 min before compound

solutions were added simultaneously from a separate compound source plate directly onto

the cell plate. Bioimpedance changes were then monitored for at least 3600 s.
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[35S]GTPγS-binding assay

[35S]GTPγS-binding experiments were conducted on membranes with previously published

procedures (65, 66). Different amounts of membrane proteins (HEK: 20 μg, 1321N1: 5 μg,

CHO: 5 to 30 μg) were incubated with distinct concentrations of [35S]GTPγS (HEK: 0.1 nM,

1321N1: 0.07 nM, CHO: 0.2 nM), and maximum agonist-induced [35S]GTPγS loading was

measured after 1 hour.

Ca2+ mobilization assays in recombinant and primary cells

Intracellular Ca2+ mobilization was quantified with the Calcium 5 Assay Kit (Molecular

Devices) and the FlexStation 3 Benchtop Multimode Plate Reader. In brief, cells were

seeded at a density of 50,000 cells per well (CHO and 1321N1), 60,000 cells per well

(HEK), 35,000 cells per well (oligodendrocytes), or 65,000 cells per well (astrocytes) into

black 96-well tissue culture plates with clear bottom (poly-D-lysine–coated for HEK cells,

poly-L-ornithine–coated for oligodendrocytes and astrocytes). Cells were loaded with the

Calcium 5 indicator dye for 25 to 60 min and processed according to the manufacturer’s

instructions. For analysis of inhibition effects, antagonists were injected using the integrated

liquid handling of the FlexStation and preincubated for 30 min.

Second messenger cAMP and IP1 accumulation assays in recombinant and primary cells

Changes of the intracellular second messengers cAMP and IP1 were quantified with the

HTRF-cAMP dynamic kit and the HTRF-IP1 kit, respectively (Cisbio International), on a

Mithras LB 940 reader (Berthold Technologies) according to the manufacturer’s instructions

and as described previously in detail (67).

For kinetic resolution of cAMP production in real time and in living cells (Fig. 1L), the

GloSensor cAMP Assay (Promega) was used following the manufacturer’s

recommendations.

BRET assay

Functional BRET2 assays were performed on HEK293 cells cotransfected to stably express

hGPR17-Rluc as energy donor and β-arrestin2–GFP2 as energy acceptor essentially as

described in (27), except that agonist was preincubated for 5 min before addition of the Rluc

substrate. Real-time analyses (0 to 140 s) of GPR17-Rluc and GFP2–β-arrestin2 interactions

were performed as described in (68). Direct interaction between GPR17 and the Gαs subunit

was conceived with a GPR17-GFP2 fusion protein in conjunction with Gαs-188RLuc using

HEK293 cells as expression host. G protein subunit rearrangement was quantified in

HEK293 cells transiently transfected to express GPR17, Gαs-188RLuc, Gγ2-GFP10 along

with unlabeled Gβ1. Receptor G protein BRET and G protein activation was detected 1 min

after agonist exposure.

ERK1/2 phosphorylation assay

Quantification of phosphorylated ERK1/2 levels was performed with the HTRF-Cellul’erk

kit (Cisbio) following the manufacturer’s instructions, exactly as described previously (27).
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ELISA quantification of tagged cell surface receptors in recombinant cells

HEK293-3xHA-GPR17 or HEK-GPR17-Rluc cells were seeded at a density of 50,000 cells

per well onto poly-D-lysine–coated black 96-well plates 24 hours before analyses. Cells were

fixed, permeabilized if needed, and then incubated with mouse anti-HA primary antibody

(Roche; 1:400) followed by horseradish peroxidase–conjugated goat anti-mouse IgG

secondary antibody (Sigma; 1:1000). Colorimetric readings were obtained using the

horseradish peroxidase substrate 3,3-,5,5-tetramethylbenzidine on the Sunrise microplate

absorbance reader at 450 nm. For internalization assays, cells were exposed to 10 μM

agonist or its solvent for different time periods, and the amounts of internalized receptors

were quantified.

Immunocytochemical detection of GPR17 in recombinant cells and primary rat
oligodendrocytes and astrocytes

Cells were cultured on coated 13-mm coverslips (poly-D-lysine for HEK293, HEK-3xHA-

hGPR17, and HEK-3xHA-hGPR17-Rluc, and poly-L-ornithine for OPCs and astrocytes) in

24-well dishes, fixed with 4% paraformaldehyde, permeabilized with Triton X-100 (0.1%),

and blocked with 10% goat serum and 1% bovine serum albumin in phosphate-buffered

saline before immunostaining with mouse anti-HA (Roche; 2 μg/ml) or rabbit anti-GPR17

(Cayman; 0.5 μg/ml) antibody, followed by Alexa Fluor 546 goat anti-mouse IgG (Sigma; 1

μg/ml) or Cy3-conjugated goat anti-rabbit (Millipore; 1 μg/ml). After mounting cells on

glass slides with Mowiol, GPR17 was visualized by fluorescence microscopy with a 40×

objective (Leica DM IL LED Fluo).

Immunophenotyping of primary rat oligodendrocyte cultures with specific differentiation
markers

After different days in culture, primary oligodendrocytes were fixed with 4%

paraformaldehyde and stained for expression of the following specific oligodendrocyte

differentiation markers: NG2 for oligodendrocyte precursors, O4 for immature and mature

oligodendrocytes, and MBP for mature oligodendrocytes using mouse anti-NG2 (Millipore;

1:500), mouse anti-O4 (Millipore; 1:2000), and mouse anti-MBP (Millipore; 1: 2000) as

primary antibodies. Cells were then incubated for 60 min with Cy2-conjugated goat anti-

mouse IgG (Millipore; 1:500). After mounting cells on glass slides with Mowiol,

immunofluorescence was analyzed with fluorescence microscopy using a 40× objective

(Leica DM IL LED Fluo).

Immunocytochemistry of primary mouse oligodendrocyte cultures

Differentiated oligodendrocytes from GPR17+/− and GPR17−/− mice, treated with GPR17

agonist or solvent control, were fixed for 10 min in 4% paraformaldehyde and

immunostained as described previously (15). Cells were labeled with anti-MBP antibody

(Santa Cruz Biotechnology) and imaged by a Zeiss LSM 510 confocal microscope. Image

analysis was performed with ImageJ 1.46r.
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Cerebellar slice cultures

Cerebellar slice cultures were prepared as described (69, 70). Briefly, parasagittal slices of

P4 wild-type mouse cerebellum were cut at 400 mm. The slices were placed on 30-mm

Millipore culture inserts with a 0.4-mm pore size in six-well plates and maintained in 50%

basal medium with Earle’s salts,25%HBSS,25%horse serum, glucose (5mg/ml), and 1mML-

glutamine in the absence or presence of 30 μM MDL29,951 for 3 days.

Isolation and purification of FR900359

The selective Gαq inhibitor FR900359 was isolated from leaves of the evergreen plant

Ardisia crenata with a previously published protocol (30). Structure of the Gαq inhibitor

was confirmed with spectroscopic methods [nuclear magnetic resonance (NMR) and mass

spectrometry; figs. S24 and S25]. Purity of the isolated compound was greater than 95% as

determined by NMR and high-performance liquid chromatography. For experiments in the

presence of FR900359, cells were pretreated with 1 μM final concentration for 1 hour.

Synthesis of GPR17 agonist MDL29,951

MDL29,951 (2-carboxy-4,6-dichloro-1H-indole-3-propionic acid; product 2 in the scheme

below) was synthesized by condensation of 3,5-dichloroaniline and ethyl 2-

oxocyclopentanecarboxylate under Japp-Klingemann reaction conditions, followed by

cyclization of the intermediate hydrazone and esterification of the carboxylate under acidic

conditions, yielding intermediate 1 as previously described (71). Final saponification was

performed with lithium hydroxide monohydrate in aqueous tetrahydrofuran (THF).

Recrystallization from ethyl acetate/hexane gave 2 in good yield. (i) Two steps, first:

NaNO2, concentrated HCl, H2O, 0°C, 15 min; second: ethyl 2-oxocyclopentanecarboxylate,

NaOAc, 0°C, room temperature, 1 hour; (ii) H2SO4, EtOH, Δ, 17 hours; (iii) LiOH, THF,

H2O, 17 hours.

Data analysis

Nonlinear regression and Schild analyses were performed with Prism 5.04 software

(GraphPad). All label-free DMR and bioimpedance recordings are buffer- or solvent-

corrected. Quantification of DMR signals was performed by calculation of the area under

the curve (AUC) between 0 and 3600 s (Figs. 1, D and E, 2D, and 4A, and figs. S6C, S8D,

S11, B and F, S12F, and S18) or by the maximum response within 1200 s (Fig. 2B, fig.

S23B, and table S3) as appropriate. Bioimpedance traces were converted into concentration-

effect curves with the peak response values within 1200 s (Fig. 2G), the AUC between 0 and

3600 s (Fig. 2E), or the AUC between 0 and 1200 s (Fig. 1G). Real-time Ca2+ recordings

were transformed into concentration-effect curves with the peak response within 60 s (Figs.

1O, 2, N and P, and 6, B and D).
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Statistical analyses

Comparison between two experimental groups was performed with a two-tailed Student’s t

test (Fig. 7, B, C, and G) or a two-way analysis of variance (ANOVA) with Bonferroni

multiple comparison test (fig. S18). P value significance thresholds were *P< 0.05, **P <

0.01, and ***P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structures and functional properties of GPR17 agonists MDL29,951 and GV150526Ain
HEK-hGPR17 cells
(A) Chemical structures of GPR17 agonists. (B and C) Representative traces of MDL29,951

(B) andGV150526A (C) determined by label-free DMR assays in HEK cells overexpressing

GPR17. (D) Concentration-effect curves derived from the traces in (B) and (C). (E)

Functional activity of MDL29,951 of the long isoform of hGPR17 in DMR assays in

transfected or untransfected HEK cells. (F and G) MDL29,951-mediated whole-cell

responses in native HEK293 (F) and HEK-hGPR17 cells (G) assessed by label-free

bioimpedance sensing. Data are representative traces depicted as changes of extracellular

current (dZiec). (H) Concentration-effect relationships from the traces in (F) and (G). (I to

O) MDL29,951-mediated GPR17 activation in assays recording (I) the inhibition of

forskolin-stimulated adenylyl cyclase, (J) cAMP elevation in the presence of PTX, (K)

[35S]GTPγS binding to the indicated membranes, (L) real-time monitoring of cAMP

accumulation, (M) direct interaction between the indicated BRET2 partners, (N) intracellular
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inositol phosphate (IP1) accumulation, and (O) Ca2+ flux in the presence and absence of the

Gαq inhibitor FR900359. (B, C, F, G, and L) Data are representative of at least n = 3

independent experiments. (D, E, H to K, N, and O) Data are means ± SEM, n = 3 to 6. (M)

Data are means + SEM, n = 5 to 6.
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Fig. 2. MDL29,951 robustly activates cellular signaling in CHO-hGPR17 and 1321N1-hGPR17
cells
(A to H) Label-free DMR (A to D) and label-free bioimpedance (quantified as alteration of

extracellular current dZiec) (E to H) in CHO-hGPR17 and 1321N1-hGPR17 cells treated

with the indicated concentrations of MDL29,951. Data are representative traces from at least

three independent experiments, or means ± SEM from (B and D) 3 to 10 independent

experiments or (F and H) 4 to 5 independent experiments, each performed in triplicate. (I to

L) Incorporation of [35S]GTPγS binding into Gα subunits and inhibition of forskolin

(FSK)–stimulated cAMP production in CHO-hGPR17 cells (I and J, respectively) or

1321N1-hGPR17 cells (K and L, respectively) treated with MDL29,951. (M to P) As a

measure of GPR17 functionality, accumulation of cAMP and mobilization of Ca2+ from

intracellular stores in CHO-hGPR17 cells (M and N, respectively) or 1321N1-hGPR17 cells

(O and P, respectively) treated withMDL29,951 were quantified. (I to P) Data are means ±

SEM from three to seven independent experiments, each performed in triplicate.
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Fig. 3. MDL29,951 stimulates hGPR17 in β-arrestin2 recruitment, phospho-ERK1/2, and
internalization assays
(A to C) BRET2 assays between hGPR17-Rluc and GFP2–β-arrestin2 in stably transfected

HEK293 cells measured (A) as real-time kinetics, (B) at time intervals, or (C) at 5 min after

the indicated MDL29,951 treatment. (D) Effect of PTX (50 ng/ml) on forskolin-stimulated

cAMP production in HEK-BRET-hGPR17 cells. (E) Effect of the Gαq-selective inhibitor

FR900359 on MDL29,951-induced inositol phosphate (IP1) production in HEK-BRET-

hGPR17 cells. (F) DMR of Gαq and Gαi signaling in HEK-BRET-hGPR17 cells after

pretreatment with FR900359 (1 μM) and PTX (50 ng/ml). (G) MDL29,951-stimulated

BRET2 between hGPR17-Rluc and GFP2–β-arrestin2 in the absence (w/o) or presence of

FR900359 (1 μM), PTX (50 ng/ml), or both. (H) Kinetics of the phosphorylation of ERK1/2

in HEK-BRET-hGPR17 cells after treatment with MDL29,951. (I) Phosphorylation of

ERK1/2 in HEK-BRET-hGPR17 cells after MDL29,951 after pretreatment with FR900359

(1 μM), PTX (50 ng/ml), or both. (J) ELISA-based assessment of GPR17 internalization

kinetics in HEK-hGPR17 cells treated with MDL29,951. (A and F) Representative BRET
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and DMR kinetics (means ± SE from three triplicates, representative of three independent

experiments); all other data are means ±/+ SEM from two to six independent experiments.
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Fig. 4. CysLT1 receptor antagonists differentially inhibit human and rodent GPR17 orthologs in
recombinant human HEK293 cells
(A) Inhibition of MDL29,951-mediated hGPR17 activation by pranlukast and montelukast

in label-free DMR assays. Data are means + SEM from 4 to 12 independent experiments,

each performed in triplicate. (B and C) Concentration-effect profile of MDL29,951-

stimulated hGPR17 cells of the indicated CysLT1 antagonists assessed by (B) IP1 or (C)

Ca2+ mobilization. (D) MDL29,951 concentration-effect curves in the absence or presence

of fixed concentrations of pranlukast assessed by IP1 accumulation. (E) Schild regression of

the curves depicted in (D). (F and G) Effect of CysLT1 antagonists pranlukast and

montelukast on MDL29,951-stimulated mGPR17 (F) and rGPR17 (G) Ca2+ mobilization. (B

to G) Data are means ± SEM from three to six independent experiments, each performed in

triplicate. (B, C, F, and G) MDL29,951 was used at concentrations that yielded about 80%

of its maximal response in the respective assay and cell line.
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Fig. 5. MDL29,951 does not productively interact with receptors of the purinergic cluster
(A to I) Ability of MDL29,951 to trigger activation of the indicated receptors using whole-

cell DMR assays as reporter for functional signaling capacity. Testing was performed along

with an appropriate control stimulus for each cell line. Data in (A) to (I) are representative

traces + SE of at least three independent experiments, each performed in triplicate. (J and K)

Time course of whole-cell DMR recorded in HEK293 cells transiently transfected with a

cocktail of P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14, and CysLT1 in the

absence (J) or presence (K) of hGPR17 and treated with the ligands indicated in the legend

to the side of (K). Data are traces + SE of technical triplicates representative of two to four

independent experiments.
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Fig. 6. MDL29,951 specifically activates GPR17 in primary rat oligodendrocytes
(A and B) Measure of the release of intracellular Ca2+ in oligodendrocytes and primary

astrocytes treated with MDL29,951 over time (A) and concentration-effect relations derived

from the traces in (A) for oligodendrocytes and for primary astrocytes (B). (C) Abundance

of GPR17 in primary rat astrocytes, OPCs, and oligodendrocytes. Scale bars, 50 μm. (D)

MDL29,951-mediated Ca2+ release in the presence of GPR17 antagonist pranlukast. (E)

MDL29,951-stimulated Ca2+ release in the presence of the Gαi inhibitor PTX or the Gαq

inhibitor FR900359. (F) Effect of MDL29,951 on forskolin-stimulated cAMP production in

OPCs, astrocytes, or oligodendrocytes in the absence or presence of the Gαi inhibitor PTX.

(G) MDL29,951-mediated cAMP inhibition in the absence and presence of the GPR17

antagonist pranlukast. (A and C) Data are representative of at least three independent
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experiments; (B and D to G) data are means ±/+ SEM of at least three independent

experiments.
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Fig. 7. Specific activation by MDL29,951 of GPR17 arrests oligodendrocytes at a precursor stage
and impairs differentiation and maturation
(A) OPCs isolated from GPR17+/− and GPR17−/− mice were cultured in the absence or

presence of MDL29,951 for 3 days and stained for GFP to identify nuclei (green) and MBP

to detect mature oligodendrocytes (red). (B to D) Quantification of the images shown in (A);

data are means + SEM of MBP-positive OPCs obtained from OPCs cultured from at least

three age-matched heterozygous and knockout littermates, each in two parallel cultures. (E)

Higher-resolution image illustrating the effect of MDL29,951 on oligodendrocyte

maturation in cultures from GPR17+/− and GPR17−/− mice. (F) Detection of GFP and MBP

(red) in OPCs isolated from representative GPR17+/− and GPR17−/− mice and cultured in

the absence and presence of 30 μM pranlukast for 4 days. (G and H) Quantifications of data
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in (F) are the means + SEM of MBP-positive OPCs obtained from at least three age-matched

heterozygous or knockout littermates, each in two parallel cultures. (I) Cerebellar slice

cultures from P4 wild-type mice were treated with/without MDL29,951 (30 μM) for 3 days,

stained for MBP (green), and counterstained with DAPI (4′,6-diamidino-2-phenylindole).

Scale bars, 100 μm (A, F, and I) or 50 μm (E). Statistical significance was analyzed by two-

tailed, unpaired Student’s t test: **P < 0.01 and ***P < 0.001.
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