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Bullet point summary 
What is already known: 
· Gpr17 is an orphan receptor involved in the process of myelination. 
· Biological ligands have been putatively identified, but data have failed to replicate in independent labs. 
 
What this study adds: 
· We present evidence that select oxysterols and specific brain fractions containing oxysterols activate Gpr17. 
· The potency of 24S-HC for Gpr17 is consistent with its physiological concentration. 
·  The induction of 24S-HC production mimics the Gpr17 expression in post neonatal mouse brains. 
 
Clinical significance: 
· Identifying the endogenous ligand for Gpr17 helps understanding the involvement of Gpr17 in OPC differentiation and myelination.   
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Abstract 
Background and Purpose: 
Gpr17 is an orphan receptor involved in the process of myelination due to its ability to inhibit the maturation of oligodendrocyte progenitor cells into myelinating oligodendrocytes.  Despite multiple claims that the biological ligand has been identified, it remains an orphan receptor. 
 
Experimental Approach: 
Seventy-seven oxysterols were screened in a cell-free [35S]- GTPgS binding assay using membranes from cells expressing Gpr17.  The positive hits were characterised using cAMP, IP1, and calcium mobilisation assays, with results confirmed in rat primary oligodendrocytes.  Rat and pig brain extracts were separated by HPLC chromatography and endogenous activator(s) were identified in receptor activation assays.  Gene expression studies of Gpr17 and Cyp46a1, the enzymes responsible for the conversion of cholesterol into specific oxysterols, were performed using quantitative real time PCR. 
Key Results: 
Eight oxysterols were able to stimulate Gpr17 activity, including the brain cholesterol, 24(S)-hydroxycholesterol.  A specific brain fraction from rat and pig extracts containing 24S-HC activates Gpr17 in vitro assays.  Expression of Gpr17 during mouse brain development correlates with the expression of Cyp46a1 and the levels of 24S-HC itself.  Other active oxysterols have low brain concentrations below effective ranges.  
Conclusions and Implications: 
Oxysterols, including but not limited to 24S-HC, could be physiological activators for Gpr17 and thus potentially regulate OPC differentiation and myelination through activation of the receptor.  
 
Keywords: Gpr17, OPC, Cyp46a1, oxysterols, 24S-HC, myelination 
 
Abbreviations: 
	bFGF 
	basic fibroblast growth factor 

	COS7 
	Africa green monkey fibroblast cell CV-1 in Origin with SV40  

	cpm 
	counts per million 

	CRE 
	cre recombinase 

	Cyp46a1 
	cytochrome P450 family 46 subfamily A member 1 

	EMEM 
	Eagle’s minimum essential medium 

	EBI2 
	Epstein-Barr virus-induced G-protein-coupled receptor 2 

	Gpr17-S 
	G protein-coupled receptor 17 (short form) 

	Gpr17-L 
	G protein-coupled receptor 17 (long form) 

	GPR88 
	G protein-coupled receptor 88 

	GTPγS 
	guanosine 5’-O-[gamma-thio]triphosphate 

	IP1 
	inositol monophosphate 

	LPC 
	lysophosphatidylcholine 

	OPC 
	oligodendrocyte progenitor cell 

	PDL 
	poly-D-lysine 

	PEI 
	Polyethylenimine 

	PDGF-AA 
	platelet-derived growth factor-AA 

	SK-N-MC 
	a human neuroblastoma cell line 

	22R-HC 
	22(R)-hydroxycholesterol 

	22S-HC 
	22(S)-hydroxycholesterol 

	24R-HC 
	24(R)-hydroxycholesterol 

	24S-HC 
	24(S)-hydroxycholesterol 

	24R/S,25-EC 
	24(R/S),25-Epoxycholesterol 

	24S,25-EC 
	24(S),25-Epoxycholesterol 

	24S,27-DHC 
	24(S),27-Dihydroxycholesterol 

	26-HC 
	27-hydroxycholesterol 

	6-OC 
	6-Ketocholestanol 

	ChO 
	Cholestenone 

	15ß-CT 
	15ß-hydroxycholestane 

	3β-HCA 
	3ß-hydroxy-5-cholestenoic acid 

	26-HCO 
	27-hydroxy cholestenone 

	Des 
	Desmosterol 

	C 
	Cholesterol 

	Lan 
	Lanosterol 

	25-HC 
	25-Hydroxycholesterol 

	CysLTC4 
	Leukotriene C4 

	CysLTD4 
	Leukotriene D4 

	I-116 
	6-chloro-N-(4-cyano-2-fluoro-phenyl)-1H-indole-3-sulfonamide 

	UDP-glu 
	UDP-glucose 

	TPM 
	Transcripts per million 

	TR-FRET 
	time-resolved fluorescence resonance energy transfer  
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Introduction 
Myelination in the central nervous system is a tightly coordinated process critical for proper brain development. The wrapping of axons by plasma membranes of specialized glial cells called oligodendrocytes protects and increases neuronal conduction velocities (Nave, 2010). Indeed, the degree of axon myelination modulates velocities of action potentials and thus can fine tune circuits in the brain (Seidl, 2014). When demyelination occurs, either by physical injury, autoimmune disease or aging, new oligodendrocytes are generated through differentiation of oligodendrocyte progenitor cells (OPCs) and these new myelination-competent oligodendrocytes can initiate remyelination and repair (Simons, Nave et al., 2015; Franklin & Ffrench-Constant, 2017). There is evidence that the capacity for remyelination is decreased by aging and during chronic disease conditions (Goldschmidt, Antel et al., 2009; Neumann, Segel et al., 2019). This is at least partly due to the decreased ability of OPCs to differentiate into mature oligodendrocytes capable of myelination (Neumann, Segel et al., 2019). Therefore, a pharmacological agent that promotes the maturation of OPCs to increase the pool of mature oligodendrocytes could be beneficial for various health conditions and diseases in which loss of myelination is a contributor to the pathology. Modulation of the orphan receptor G-protein coupled receptor 17 (Gpr17) may be one mechanism by which differentiation of OPCs can be accelerated (Wang, He et al., 2020). Expression of Gpr17 in a subset of OPCs is thought to delay or prevent maturation of those cells into mature myelinating oligodendrocytes (Lu, Dong et al., 2018; Rivera, Pieropan et al., 2021). Mice lacking the Gpr17 gene display premature onset of developmental myelination, and in a transgenic mouse overexpressing Gpr17, myelination fails to initiate entirely (Chen, Wu et al., 2009). Gpr17 expression is upregulated in several animal models of demyelinating disease, including LPC-induced acute demyelination and animal models of Multiple Sclerosis (MS) (Nyamoya, Leopold et al., 2019), suggesting inhibition of the receptor during these states may promote OPC differentiation to mature, myelination-capable oligodendrocytes.  
Given the involvement of Gpr17 in the process of myelination, identifying the endogenous ligand(s) for this receptor is of great interest for the identification of potential new therapies for demyelinating disorders and conditions. Despite several published descriptions of activators of Gpr17, there is controversy as to the relevant, endogenous ligand(s). The purine P2Y subfamily of receptors and the cysteinyl leukotriene receptors are both phylogenetically related to Gpr17; for this reason, both uracil nucleotides (UDP) and cysteinyl leukotrienes (CysLTs) have been tested and reported to activate Gpr17 (Ciana, Fumagalli et al., 2006), although others have been unable to replicate these findings (Qi, Harden et al., 2013; Simon, Merten et al., 2017). In an unbiased screen, Hennen et al., identified the compound MDL29,951 (MDL) as a selective, artificial agonist of Gpr17 (Hennen, Wang et al., 2013). Most CysLTR and P2Y purine receptor antagonists do not block Gpr17 signaling initiated by MDL29,951 with only HAMI3379, pranlukast and montelukast very weakly inhibiting Gpr17 (Hennen, Wang et al., 2013; Merten, Fischer et al., 2018). Antagonists to the P2Y platelet receptor, cangrelor and ticagrelor, have also been proposed as Gpr17 antagonists (Ciana, Fumagalli et al., 2006; Gelosa, Lecca et al., 2014), but these results are also contentious (Benned-Jensen & Rosenkilde, 2010; Simon, Hennen et al., 2016). In addition to the conflicting findings in these reported agonists, the signaling pathways important for Gpr17 biological function are not well understood either.  MDL29,951 can recruit both Gq and Gi to Gpr17 to activate calcium release and inhibit cAMP production, respectively (Hennen, Wang et al., 2013; Simon, Hennen et al., 2016). Which of these pathways is critical for mediating the anti-differentiation effects of Gpr17 on OPCs is currently unknown.  Identification of the endogenous ligand for Gpr17 would allow us to explore these questions in a more biologically relevant manner.  
There is evidence to suggest oxysterols, oxidative metabolites of cholesterol, are potential ligands for Gpr17.  Gpr17 is closely related to EBI2 (aka Gpr183), which is potently activated by the oxysterol 7α,25-dihydroxycholesterol (7a,25-DHC) (Liu, Yang et al., 2011). In addition, in silico modeling studies have shown favorable docking scores that suggest the binding of certain oxysterols to Gpr17 (Sensi, Daniele et al., 2014). There is increasing evidence that oxysterols are involved in much more than just cholesterol metabolism.  Oxysterols are well characterised as ligands for the Liver X receptors (LXRα and LXRβ), nuclear receptors which regulate cholesterol homeostasis (Duc, Vigne et al., 2019)(Duc, Vigne et al., 2019); Lehmann, Kliewer et al., 1997), they also have been shown to be involved in critical aspects of immunity and potentially in autoimmunity (Duc, Vigne et al., 2019; Spann & Glass, 2013; Soroosh, Wu et al., 2014; Wang, Kumar et al., 2010; Hu, Wang et al., 2015; Santori, Huang et al., 2015). For example, levels of 7a,25-DHC and EBI2, which acts as a chemotactic receptor guiding EBI2-expressing CD4+ T and B cells up to the 7a,25-DHC gradient (Liu, Yang et al., 2011), have been shown to be altered in autoimmune demyelinating diseases such as Multiple Sclerosis (Fellows Maxwell, Bhattacharya et al., 2019). 
Guided by this line of evidence, we tested an extensive panel of oxysterols for their ability to activate Gpr17.  Several oxysterols were able to stimulate Gpr17 activity, including the brain cholesterol, 24(S)-hydroxycholesterol (24S-HC). These oxysterols were characterised pharmacologically for their potency against Gpr17, the specific signaling pathways they activate, and their interaction with the artificial agonist MDL29,951. To determine which oxysterol represents the true biological ligand we test rat and pig brain fractions for Gpr17 activation and assess which oxysterols are present in the active fractions. In addition, we characterised the gene expressions of Gpr17 and enzymes responsible for the conversion of cholesterol into specific oxysterols. Lastly, we quantified the levels of those oxysterols capable of activating Gpr17 in the mouse brain.  While several oxysterols have the potential to activate Gpr17, the results presented here suggest 24S-HC could be a physiological activator of Gpr17.   
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Materials and Methods 
[35S]-GTPγS binding assay 
 
Transient transfection in COS7 cells and Membrane Preparation 
COS7 (ATCC, Cat #CRL-1651, RRID: CVCL_0224eeee) cells were cultured in DMEM (10% FBS, 20 mM HEPES, penicillin-streptomycin, sodium pyruvate).  Human Gpr17 (NCBI #U33447), Human Gpr17 long form (Gpr17-L) (NCBI #NM_001161415), Gpr88 (NCBI #NM_022049) and GO2 G-protein (NCBI #AF493895) were cloned in pcDNA3.1 vector.  Cells were transiently co-transfected with Gpr17 or Gpr17-L together with GO2 G-protein (2:1 ratio) using Lipofectamine (Thermo Cat# 18324012).  Similarly, Gpr88 was also co-transfected with GO2 G-protein (2:1 ratio) using Lipofectamine in COS7 cells. Two days post transfection, cells were harvested using cold Dulbecco’s phosphate buffered saline (PBS) with 10 mM EDTA, centrifuged to collect cell pellet.  Supernatant was discarded and pellets were stored at -80°C.    
Membranes were prepared by homogenizing frozen cell pellets with a Tris-EDTA buffer (50mM Tris, pH 7.4, and 5mM EDTA).  The homogenate was centrifuged at 15,000 rpm for 30 minutes.  Supernatant was discarded and membrane pellet was resuspended in GTPγS binding buffer (50mM Tris-HCl, pH 7.4, 100mM NaCl, 10mM MgCl2, 1mM EDTA, 20 µM GDP) by homogenization. 
Screening of oxysterols  
Oxysterols purchased from Avanti Polar Lipids (Birmingham, AL) and Millipore-Sigma (St. Louis, MO) were initially dissolved in DMSO at 10 mM and then diluted to 96-well assay plates and tested in GTPγS binding buffer at a 10 µM final concentration (200 ml in volume) in duplicate using membranes prepared from COS7 cells transiently expressing Gpr17 and GO2 protein. Membranes with only GO2 expression were used as the controls.  Oxysterols and membranes were incubated for 20 min at room temperature before the addition of 500 pM [35S]-GTPγS (Perkin-Elmer, Waltham, MA) and allowed to incubate for an additional 60 min at room temperature.  The reaction was terminated by rapid filtration through 96-well GF/C filter plates (Perkin-Elmer, Waltham, MA) on a cell harvester (Perkin-Elmer, Waltham, MA).  Filter plates were washed three times with ice-cold wash buffer (50 mM Tris, 5 mM MgCl2) and Microscint-40 (Perkin-Elmer, Waltham, MA) was added to each well.  Bound radioactivity from [35S]-GTPγS was measured on a Topcount scintillation counter (Perkin-Elmer, Waltham, MA).  Data was plotted as counts per minute (cpm) using Prism 9.0 (Graphpad, San Diego, CA).  An unpaired t test analysis was performed on oxysterols with increased cpm over DMSO controls to generate a P-value. 
Concentration response of oxysterols  
For the [35S]-GTPγS assay, test compounds (single or range of concentrations) were added directly to GTPγS binding buffer using a Tecan D300e Digital Dispenser (Tecan, Switzerland).  Membranes prepared from COS7 cells transiently expressing Gpr17, EBI2 and/or Go2 protein were incubated with test compounds for 20 min at room temperature.   GTPgS assays were then performed as described above.  Data was plotted as percent of maximal response elicited by MDL29,951 (Gpr17) or 7α,25-HC (EBI2) using Graphpad Prism 9.0.  EC50 values were calculated using a four-parameter non-linear regression model.  Emax was defined as the maximal response observed with 10 µM MDL29,951 or 0.03 µM 7α,25-HC for Gpr17 and EBI2, respectively. 
 
Calcium mobilisation assays 
SK-N-MC/CRE T-Rex cells, a stable cell line with inducible expression of Gpr17, were grown in EMEM containing 10% tetracycline-free FBS, 1X L-glutamine, 100 units/ml penicillin-streptomycin, 1X non-essential amino acids, 1X sodium pyruvate, 10 µg/ml blasticidin, 200 µg/ml zeocin.  Cell density was adjusted to 3 x 105/ml and cells were treated with 1 µg/ml doxycycline (for the induction of Gpr17 expression) before being plated at 50ul/well on 384-well BioCoat Poly-D-Lysine (PDL) black/clear 384-well plates (Corning #356663) using a Multidrop.  Cells were incubated 18 hours at 37˚C/5% CO2.  Media was then removed, and cells were loaded with a Calcium 6 Assay Kit (Ca6 Dye, Molecular Devices).  Antagonists/PAMs were added directly to the cell plate via the Tecan D300e Digital Dispenser.  The agonist dilution plate was prepared at 6X the final concentration in HBSS on a Tecan D300e Digital Dispenser and contents of the agonist plate were added to the cell assay plate on the FLIPRTETRA (Molecular Devices) for calcium mobilisation measurement. For testing antagonists/PAMs activities, compounds were first added directly to the cell plate via the Tecan D300e Digital Dispenser, and then agonist was added to the cell assay plate on the FLIPR. 
cAMP Assays 
SK-N-MC/CRE T-Rex cells stably expressing Gpr17 were grown in EMEM containing 10% tetracycline-free FBS, 1X L-glutamine, 100 units/ml penicillin-streptomycin, 1X non-essential amino acids, 1X sodium pyruvate, 10 µg/ml blasticidin, 200 µg/ml zeocin.  Cells were treated overnight with 1 µg/ml doxycycline and plated the following day into 384-well white Optiplates (supplier) at a seeding density of 750 cells/well.  Test compounds were added directly to cells using the Tecan D300 Dispenser and allowed to incubate for 45 min at room temperature.  Following stimulation, cAMP was measured with the LANCE Ultra cAMP kit (Perkin-Elmer) according to kit instructions and read after 1 hr on a Clariostar plate reader (BMG, Cary, NC).  The TR-FRET signal obtained at 665 nm was plotted on Graphpad Prism 9.0.  Agonist EC50s were calculated by non-linear regression using a four-parameter model.  Emax was defined as the maximal response observed with MDL29,951. 
IP1 Assays 
IP1 accumulation was measured in SK-N-MC/CRE T-Rex cells stably expressing Grp17 using a IP-One-Gq Kit from Cisbio (Bedford, MA) according to kit instructions.  Cells were treated with 1 µg/ml doxycycline for 18 hours to induce Gpr17 expression before the cellular assay.  The 665nm/620nm emission ratio was measured on a Clariostar plate reader.  IP1 concentrations were interpolated from HTRF ratios using MARs software (V3.32,BMG Labtech, Cary NC) running a 4-parameter analysis. 
 
Rat brain fractionation 
Ethanol Extraction 
10 frozen rat brains were powdered while frozen and blended in a Waring Blender at 10,000 rpm for 5 min with 8 mL of cold (-20oC) ethanol per gram of tissue.  Sterols are hydrophobic, so glass vessels were used throughout wherever possible to minimize adsorption losses.  The solution was then centrifuged for 20 min at 14000 rcf at 4oC. The resulting supernatants were collected, and vacuum dried at 30oC using a Rotorvap (Ecodyst, Apex, NC).  40 mL of 100% ethanol was added to the flask to dissolve the extracts. This reconstituted solution was spun at 15,000 rpm in a high-speed centrifuge at 4oC for 30 min. The supernatant was collected and dried using an EZ-2 Evaporating System (Genevac) and the fractions were stored at –20°C. and stored for fractionation. 
Fractionation & testing for activity 
The dried supernatant from the rat brain ethanol extract was reconstituted with 1 mL of neat ethanol, sonicated for 15 min at 37oC, and centrifuged at 20,800 xG for 10 minutes at 4oC to remove undissolved particulates.  The supernatant was then diluted 1:5 with 0.1% TFA and again centrifuged at 20,800 xG for 5 minutes.  The final supernatant was HPLC fractionated using a Kinetex 5 mm XB-C18 100 angstrom 50 x 2.1 mm analytical column (Phenomenex, Torrance, CA).  The mobile phase was 0.1% TFA with a 2%/min acetonitrile gradient between 10% and 95% Acetonitrile.  Glass tubes were used for fraction collection. Collected fractions were frozen at –80oC and lyophilized.  Each fraction was reconstituted with 400 ml DMSO and allowed to sit at room temperature for 20 minutes followed by thorough vortex mixing to dissolve all materials.  Reconstituted fractions were tested by [35S]-GTPγS assay for agonist activity against Gpr17 and using Gpr88 and GO2 as negative controls in  GTPgS binding assays as described above. 
Ethanol Extraction of pig brains and HPLC fractionation of pig brain extracts  
Two hundred grams of fresh frozen whole pig brain (Pel-Freez Biologicals, Rogers, AR) were homogenized in 1.6 liter of cold ethanol (-30°C) using a Waring Blender on the high setting. The homogenates were transferred into a 4-liter beaker and mixed at 4°C on a magnetic stirring platform overnight. The extracts were then centrifuged at 4°C and14,000 rpm for 30 min. and the supernatants were collected and dried using a Rotavapor until completely dry, and then redissolved in 40 mL of pure ethanol. The sides of the flask were scraped before the solution was centrifuged at 4°C and 14,000 rpm for 30 min. and subsequently distributed to 40 aliquots of 10 mL each. The samples were dried using an EZ-2 Evaporating System (Genevac) and the fractions were stored at –20°C. 
Fractionation & testing for activity 
Five aliquots of porcine brain extract were separated by HPLC using the same column and conditions used above for the rat extracts.  Each run was eluted into the same set of glass 12 x 75 mm test tubes, which were frozen at –80C and lyophilized after each run. 
 
Primary rat oligodendrocyte isolation 
Animals 
 
All animal care and experimental procedures performed in this study were done in accordance with the guide for the Care and Use of Laboratory animals adopted by the US National Institutes of Health and the guidelines of the Institutional Animal Care and Use Committee. 
Male & female wild type & homozygous knockout Gpr17 C57BL/6 mice were obtained from the Deltagen (San Mateo, CA). The mice were fully backcrossed to a C57BL/6 background. 
Timed pregnant Sprague Dawley rats (RRID: RGD_734476) were obtained from Charles River Laboratories (Wilmington, MA) . Primary oligodendrocytes were isolated from the Sprague Dawley rat brains and used for Gpr17 function tests in an ex vivo system. Cortical tissues from Sprague Dawley P1 rats were removed, dissociated with papain and plated on PDL (0.1mg/ml) coated flasks in 20% FBS DMEM for 10 days.  Oligodendrocyte precursor cells were removed by a shake-off method and contaminating cell types were removed by sequential plating on non-tissue culture treated petri dishes (Chen, Balasubramaniyan et al., 2007). Cells were then plated in neurobasal media (Gibco, Thermo Fisher Scientific, Waltham MA) with B27, 10 ng/mL platelet-derived growth factor-AA (PDGF-AA) and 10 ng/mL basic fibroblast growth factor (bFGF) for 3 days.  PDGF-AA and bFGF were removed 24 hrs before cellular assays, when Gpr17 expression is at its highest (see below). 
 
RNA sequencing mRNA expression analysis 
Expression of Gpr17 and Cyp46a1 in human and mouse brain cells by single cell RNA-sequencing.  SMART-Seq platform (Ramskold, Luo et al., 2012) based single cell RNA sequencing data of human and mouse brain tissues were generated and analyzed by Allen Brain Map (https://portal.brain-map.org/) and downloaded directly from its web site [https://portal.brain-map.org/atlases-and-data/rnaseq).  The human dataset has 47,432 cells from 8 cortical areas of three adult donors, and the remaining mouse dataset has 74,705 cells from more than 20 cortical areas and hippocampus. Gene expression in cells were grouped at the subclass levels for plotting. 
Expression of Gpr17 and Cyp46a1 in human brain across development stages. Bulk RNA sequencing data were generated and analyzed by the BrainSpan Atlas and downloaded directly from its website (https://www.brainspan.org/static/download.html). The dataset has more than 500 samples of 16 cortical and subcortical areas across the full course of human brain development.  Expression level was quantified as transcript per million (TPM). 
Expression of the Gpr17 long and short isoforms in human brain.  Bulk RNA sequencing data from the Genotype-Tissue Expression (GTEx) project (Consortium, 2013) were retrieved from the original source.  All RNA sequence reads were processed using the QIAGEN Omcisoft tools [https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-omicsoft-suite/] in which the human GRCh38 genome assembly [https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.26/] and GENECODE R33 gene model [https://www.gencodegenes.org/human/release_33.html] were adopted.  The Gpr17 long isoform has an extra protein-coding sequence in exon 3  
[http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000144230].  Sequence reads mapped to the junction of exons 2 and 4 (skipped exon 3) belong to the short isoform and those mapped to the junction of exons 3 and 4 belong to the long isoform.  Therefore, sequence reads uniquely mapped to each exon junction were counted to measure relative expression levels of the isoforms.  The exon junctions were counted for twenty randomly selected samples from each of the 13 brain areas. 
Raw human RNA sequencing data from adult non-tumor tissue samples were obtained from The Genotype-Tissue Expression (GTEx) project (Consortium, 2013) version 4 release.  Additional human tissue samples from individual donors and mouse pooled tissue samples (≥ 4 Sprague-Dawley rats, 10-week-old, Harlan Laboratories) were sequenced by BGI Americas (Cambridge, MA) with the Illumina HiSeq (San Diego, CA) platform using the GTEx protocols.  All RNA sequencing data were processed using ArrayServer (Omicsoft, Cary, NC). Human sequences were mapped onto genome assembly GRCh37 and rat sequences were mapped onto Rnor_5.0.  Ensembl release 75 gene models were applied to represent genes in human and rat genomes. Fragments per kilobase per million mapped fragments (FPKM) were calculated to determine gene expression in each sample and to normalize across samples (Mortazavi, Williams et al., 2008). Samples failing raw data and mapping quality control or having low consistency with other samples of the same tissue type, were removed from the final data calculations. Tissue and cell type expression were expressed as transcripts per million (TPM) or counts per million reads mapped (CPM), respectively.  
Quantitative real-time PCR 
 
Male or female C57/Bl6 Gpr17 wild-type or knock-out mouse brains were collected at various post neonatal time points (P0, P5, P10, P15, P20, P25, P42, P60, P90). Mouse brains were sliced in half sagitally and immediately frozen on dry ice. Half of the frozen brains were processed using a rotor-stator homogenizer and then passed through a QIAShredder column. The other half of the frozen brains were used for hydroxycholesterol quantification, as mentioned below. Total RNA was extracted with a RNeasy Plus Mini Kit according to manufacturer’s instructions (QIAGEN). Total RNA concentrations were quantified by optical density using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher, Waltham MA).  RNA was reverse transcribed into cDNA using GoScript Reverse Transcriptase (Promega, Madison WI) with oligo(dT) primers. Transcript abundance was determined by quantitative polymerase chain reaction (qPCR) using SYBR™ Green PCR Master Mix (Applied Biosystems, Waltham, MA). The following primer pairs were used (all sequences are listed from 5’ to 3’):  
Gapdh	F: AGGTCGGTGTGAACGGATTTG 		 
R: TGTAGACCATGTAGTTGAGGTCA 
Gpr17 	F: AGACCAACCACACAGTTGTCT		 
R: CCACGGTAGTGAAGCACATAG 
Cyp46a1 	F: CACGTTTATTGGGCATCGACTCTGTTC	 
R: CACCCTAACTCTTGCTCACTCCCTAAA 
Cyp7b1	F: TCTTCCTTGTGGGGAAGTATA  		 
R: CCTTGTAGAAGTAGATAGGCTCTG   
n = 4 per time point were collected. A sample size of 4 per strain per time point is sufficient to give a representative look at gene expression over time, while keeping the total number of mice used to a reasonable amount.  No statistical analysis was performed on the data. The relative expression of the target genes in each sample was normalized to its internal control, Gapdh, and then normalized again to its expression in P0 samples. Expression levels at P0 is set to 1. 
 
Isolation, SPE cleanup, and enzymatic and chemical derivatization of oxysterols from mouse brain  
Mouse brain tissues were weighted and homogenized in PBS (0.6 mL) and methanol-chloroform (2:1, v/v, 3 mL) in OMNI 7mL tubes (Soft Tissue Homogenizing Mix 19-677). After homogenization, the mixture was centrifuged (1360g) for 10 min at 4°C and the supernatant was decanted to a fresh tube and CHCl3 (1 mL) and PBS (1 mL) were added. The mixture was centrifuged (1360g) again to initiate phase separation for 10 min at 4°C and the organic phase was collected, and solvents evaporated under vacuum. Lipid extracts each corresponding to 200 mg of brain wet weight were dissolved in 1.05 mL of ethanol containing 10 ng of 24(R/S),25-epoxycholesterol-d6 and 24(R/S)-hydroxycholesterol-d7 and ultrasonicated for 15 min at room temperature. To the mixture, 0.45 mL of water was added, and the extract was sonicated for another 15 min. The mixture was centrifuged (14,000g, 4°C, 60 min) and the supernatant was collected. The residue was extracted a second time and the supernatants combined. Waters tC18 SPE cartridge was pre-washed with 3 mL EtOH and equilibrated with 6 mL (70% EtOH, 30% H2O). The lipid extracts dissolved in ethanol were loaded on the SPE column and the flow-through was collected into a glass test tube after sample loading. The cartridge was washed twice with 3 mL (70% EtOH, 30% H2O) each time and the eluates were collected as well. The combined flow-through and washes were dried under vacuum and resolubilized using 100 μL isopropanol. Cholesterol oxidase from Streptomyces sp. solution was diluted to 1 Unit/ml with 1X PBS pH 7.4 before use. One Unit (1 ml) of cholesterol oxidase was then added to isopropanol solution followed by incubation at 37°C for 1 hr. 2 mL of a freshly prepared GP solution (75 mg/mL Girard P reagent in methanol with 1% acetic acid) was added. The sample was covered with aluminum foil and put on a lab shaker at 500 rpm at RT overnight. The sample was dried to a total volume of less than 1 ml at 60°C under vacuum then water was added to make total volume 2 ml, the sample was extracted with 2x 3 ml EtOAc and the combined EtOAc phase was completely dried in Genevac (Low-BP mode, RT, 40 min).	 
 
LC-MS and MSn analysis  
For GP derivatized oxysterols with a 3-oxo-4-ene structure were separated on a Thermo-Scientific Hypersil GOLD column (50 × 2.1 mm, 1.9 μm) at a flow rate of 0.2 mL/min. The mobile phase consisted of 0.1% formic acid in 33.3% methanol, 16.7% acetonitrile (A) and 0.1% formic acid in 63.3% methanol, 31.7% acetonitrile (B). A total 34 min LC gradient was used at 20% B maintain for 1 min, then concave curve gradient (curve 8 according to Chromeleon software) from 20 %B raised to 55% B over 19 min. From 20 min to 30 min, the proportion of B was increased to 80% (curve 5 according to Chromeleon software), then returning to 20% B in 0.1 min and maintain for 3.9 min. 
The Fourier Transform Mass Spectrometer (FTMS) of the LTQ-Orbitrap Fusion was operated in the positive mode set to perform three scan events. The first scan event was a full scan from 334 – 580 m/z acquired at a resolution of 120,000. Subsequent data dependent MS/MS scan events using a manually generated target mass list (based on m/z of possible metabolites) were acquired at a resolution of 30000 using Higher energy collisional dissociation (HCD).  HCD was performed at a normalized collision energy of 45.0%. And the third MS3 ([M]+ → [M-79.0432]+ → ) events were obtained using Collision-induced dissociation (CID).  CID was performed at a normalized collision energy of 40.0% to aid structural elucidation. Oxysterol 24S-HC were quantified against 24(R/S)-HC-d7 and 24S,25-EC was quantified against 24(R/S),25-EC-d6. For all studies, the Easy-IC was used as internal mass calibration to maintain the instrument mass accuracy during the study run. 
Data and Statistical Analysis 
The data and statistical analysis comply with the recommendations on experimental design and analysis by the British Journal of Pharmacology (Curtis, Alexander et al., 2018). p < 0.05. 
Materials 
Compounds 
All oxysterols and cholesterol derivatives were purchased from Avanti Polar Lipids (Birmingham, AL) and Millipore-Sigma (St. Louis, MO).  Cysteinyl leukotriene C4 & D4, MDL 29,951 were purchased from Cayman Chemicals (Ann Arbor, Michigan).  UDP, UDP-glucose, were purchased from Millipore-Sigma (St. Louis, MO).  Asinex-1 (ASN 02563583) was purchased from Ambinter (Orléans, France).   Cangrelor was purchased from Millipore Sigma (St. Louis, MO).  I-116 (6-chloro-N-(4-cyano-2-fluoro-phenyl)-1H-indole-3-sulfonamide, Patent# WO 2018/122232 A1) was synthesized and purchased from VillaPharma (Spain). 
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Results 
Re-evaluation of UDP, UDP-glucose and cysteinyl leukotrienes as agonists of Gpr17 in oligodendrocytes 
There are several reported biological ligands for Gpr17.  Gpr17 was first reported to be activated by uracil nucleotides, UDP and UDP-glucose, and cysteinyl leukotrienes (CysLTs), and coupled to both intracellular calcium mobilisation and inhibition of cAMP production (Ciana, Fumagalli et al., 2006; Pugliese, Trincavelli et al., 2009). However, follow up studies have reported a different agonist profile or no activation of Gpr17 by these ligands at all (Heise, O’Dowd et al., 2000; Maekawa, Balestrieri et al., 2009; Qi, Harden et al., 2013).  There is less controversy concerning the agonist activity of MDL29,951, which was identified using an unbiased pathway screen (Hennen, Wang et al., 2013).  Here we re-evaluated these compounds using a calcium mobilisation assay in SK-N-MC/CRE cells expressing human Gpr17 (short form) (Figure 1A) and in primary rat oligodendrocytes to address this important question in a relevant native cell assay (Figure 1B).   Two forms of Gpr17 mRNA transcripts have been reported (Benned-Jensen & Rosenkilde, 2010) having differences at the 5’ end of the mRNAs which results in different N-termini of the receptor. We analyzed the long and short forms of mRNA expression in the human brain and found that the short form is the predominant expression variant (Sup. Figure 1A, B, C). Because the long and short forms of receptors share similar pharmacology (Sup. Figure 1D, E), we used the short form of recombinant Gpr17 in all experiments. 
Oligodendrocyte progenitors isolated from perinatal rat cortices were used to test the activity of reported agonists and antagonists of Gpr17.  The vast majority of OPCs in these cultures expressed Gpr17 at the stage assayed.  MDL29,951 caused calcium mobilisation in both SK-NMC cells expressing recombinant human Gpr17 (Figure 1A, EC50 = 0.027 ± 0.003 mM) and in native rat oligodendrocytes (Figure 1B, EC50 = 1 ± 0.05 mM).  UDP, UDP-Glucose, and leukotrienes did not elicit a response in recombinant cells or in OPCs.  Furthermore, Asinex-1 (Figure 1), which had also been reported as an agonist for Gpr17 (Capelli, Parravicini et al., 2020), failed to show agonist activity in the recombinant cell line or in rat OPC cultures. 
Additionally, the reported agonists were evaluated in a [35S]-GTPgS binding assay using membranes from COS7 cells co-expressing human Gpr17 and a G-protein, Go2 (Figure 1C).  MDL29, 951 dose-dependently activated Gpr17 with an EC50 of 0.70 ± 0.07 mM (Figure 1C, 3A, Table 1).  In contrast, UDP, UDP-Glucose, leukotrienes and Asinex-1 failed to stimulate [35S]-GTPgS incorporation at concentrations up to 30 µM. The agonist specificity of MDL29,951 for Gpr17 is supported by the lack of response in the control SK-N-MC cells, OPCs cultured from Gpr17 knockout mice, and control COS7 cells (Sup. Figure 2).   
A few compounds, including I-116 (PCT Pat. Publ. No. WO 2018/122232 A1) and cangrelor (Luo, Liu et al., 2021) have been reported as antagonists for Gpr17. In our assays, I-116 (10 mM) effectively inhibited the MDL 29,951-induced activation of Gpr17 in calcium mobilisation assays using recombinant Gpr17 expressing cell line (Figure 1D), primary OPCs (Figure 1E), or in [35S]-GTPgS assays using COS7 cells recombinantly expressing Gpr17 (Figure 1F). Additional studies showed that I-116 inhibits Gpr17 activation by MDL29,951 with high potencies in GTPgS binding (IC50 = 2.5 nM), cAMP inhibition (IC50 = 33 ± 3.82 nM), and calcium mobilisation (IC50 = 6.6 ± 0.25 nM) assays (data not shown). In contrast, in all assays, cangrelor showed no antagonist activity at 10 mM (Figure 1D, E, F).   
Screening of a panel of oxysterols for their ability to activate Gpr17 
As none of these proposed naturally occurring Gpr17 ligands from the literature showed any activity in the assays above, we expanded our ligand search.  Derivatives of cholesterol, the oxysterols, could potentially serve as endogenous Gpr17 ligands.  Specific oxysterols have been shown to activate the EBI2 receptor (Liu, Yang et al., 2011), which is a close phylogenetic relative to Gpr17. Additionally, a previous study has reported favorable molecular docking scores for oxysterols and Gpr17 in a homology modelling approach (Sensi, Daniele et al., 2014).  To test if any oxysterols can activate downstream signaling of Gpr17, we screened 77 oxysterols (Sup. Table 1) at 10 mM concentration in a cell-free [35S]-GTPgS binding assay using membranes from COS7 cells co-expressing Gpr17 and Go2.  Results for a subset of 16 oxysterols are presented in Figure 2A and the result for all 77 oxysterols are shown in Sup. Figure 3A.  Eight oxysterols, including 22(S)-hydroxycholesterol (22S-HC), 24S-HC, 24S,25-epoxycholesterol (24S,25-EC), and 27-HC (also referred to as 26-HC) stimulated [35S]-GTPgS binding in membranes from cells expressing human Gpr17 (Figure 2A, Table 1) but not in membranes that only express Go2 (Sup. Figure 3B).  Interestingly, closely related oxysterols such as 22R-HC and 24R-HC demonstrated no activity (Figure 2A, Table 1). Additionally, none of the dihydroxycholesterols (DHCs) were shown to stimulate G protein binding in the [35S]-GTPgS binding assay (Figure 2A, Table 1). 
24S-HC is a plausible candidate as an endogenous ligand of Gpr17 in rat and pig brain 
In parallel, extracts from rat and pig brain were fractionated by HPLC chromatography and these fractions were tested for receptor activity. We identified a single fraction (F34) that demonstrated agonist activity for Gpr17 in the [35S]-GTPgS binding assay (Figure 2B and Sup. Figure 4A).   24S-HC, also called cerebrosterol, is a prominent endogenous brain oxysterol produced by the conversion of cholesterol in neurons (Bretillon, Diczfalusy et al., 2007).  Evidence suggests that 24S-HC is involved in many aspects of brain function, including neuronal development and synaptogenesis (Sun, Taylor et al., 2017).  Because of this, we wanted to see if 24S-HC was present in the active rat brain fraction.  LC-MS analysis was able to detect the presence of 24S-HC in the active fraction but not in other fractions (Figure. 2C), suggesting endogenous oxysterols present in brain, particularly 24S-HC, can activate Gpr17.  To confirm these findings in a higher order species, we repeated the extraction and fractionation using porcine brain as the starting material.  Fraction 34 from the porcine brain fractionation also showed significant activity in a Gpr17 [35S]-GTPgS binding assay compared to controls, and this fraction also contained 24S-HC (Sup. Figure 4B). 
 
Characterization of the oxysterols in Gpr17-dependent GTPgS, cAMP, calcium mobilisation and IP1 accumulation assays 
Next, we investigated the potencies and efficacies of the active oxysterols for Gpr17 in [35S]-GTPgS binding, cAMP accumulation, calcium mobilisation, and IP1 accumulation assays.  In the [35S]-GTPgS binding assay, active oxysterols, including 22S-HC, 24S-HC, 24S,25-EC, and 27-HC, stimulated [35S]-GTPgS incorporation in a concentration responsive manner, with EC50 values ranging from 1 to 10 mM (Figure 3A, Table 1). However, the Emax values stimulated by oxysterols were lower than that of MDL29,951. The specific activities of these active oxysterols for Gpr17 were confirmed by their lack of stimulation of EBI2, with the exception of 26-HC (Figure 3B). Similarly, in cAMP accumulation assays, the active oxysterols demonstrated inhibitory effects on forskolin-stimulated cAMP accumulation with EC50 values in the low mM ranges in Gpr17 expressing cells (Figure 3C, Table 1), but not in control cells without Gpr17 expression (Sup. Figure 5A).  Surprisingly, we did not observe any stimulation of calcium mobilisation (Figure 3D) or IP1 accumulation (Sup. Figure 5B) by these oxysterols, suggesting they participate in biased signaling of the receptor. 
Gpr17 has been reported to couple to multiple signaling pathways including Go/i, Gq, and Gs (Hennen, Wang et al., 2013). In this report, we evaluated its coupling to these G-proteins using several assays, including a [35S]-GTPγS binding assay, a cAMP inhibition assay, a calcium mobilisation assay, and IP1 accumulation assays.  In [35S]-GTPγS binding assays, we co-expressed Gpr17 with Go2, Go2q, and Go2s to study its interactions with G-proteins Go2, Gq, and Gs respectively.  Go or Gi coupled receptors have been shown to have the best performance in the [35S]-GTPγS binding assay, while receptors that directly couple to Gq and Gs produce poor results (Liu, Bonaventure et al., 2015).  However, chimeric G-proteins Go2q and Go2s, which have the C-terminus of Go2 replaced by Gq and Gs counterparts, respectively, show more efficient coupling to Gq or Gs in [35S]-GTPgS binding assays (Liu, Bonaventure et al., 2015).  When Gpr17 was expressed alone, without additional G-protein, no activation was detected even in the presence of MDL29,951 at up to 10 mM (Figure 4A).  In contrast, 10 mM MDL29,951 increased activation to 3-fold over baseline in membranes from cells co-expressing Gpr17 with Go2 (Figure 4B).  Activation of Gpr17 was also observed when co-expressed with Go2q protein, however with reduced potency and efficacy (Figure 4C), but not with Go2s (Figure. 4D).  Oxysterol 24S-HC stimulated Gpr17 as shown by [35S]-GTPγS incorporation with an EC50 value around 4 mM (Figure 4B) when co-expressed with Go2 but did not stimulate detectable [35S]-GTPγS incorporation when Gpr17 was co-expressed with Go2q, or Go2s proteins (Figure 4C, D), suggesting that 24S-HC primarily stimulates the Go/i pathway. No appreciable [35S]-GTPγS incorporation was observed in control cells lacking Gpr17 expression (Sup. Figure 6). 
 
Interaction between MDL29,951 and oxysterols in Gpr17 activation  
Differences in the downstream pathways activated by MDL29,951 and the oxysterols suggest different modes of binding to Gpr17 between these two classes of agonists.  To investigate this further, we ran 24S-HC and MDL29,951 in competitive assays.  In [35S]-GTPgS binding assays, we tested the effects of increasing concentrations of 24S-HC on the concentration response of MDL29,951.  The results showed that while the presence of 24S-HC did not affect the Emax value (Figure 5), it potentiated the effect for MDL29,951 as demonstrated by the leftward shift of the MDL29,951 concentration response curves.  The EC50 of MDL29,951 (1.84 ± 0.15 μM) increased 4- and 26-fold in the presence of 10 µM and 100 µM 24S-HC (0.426 ± 0.12 μM and 0.071 ± 0.21 μM, respectively; Figure 5).  In addition, the efficacy of 100 nM MDL29,951 increased 3- and 7-fold in the presence of 10 and 100 µM of 24S-HC (29% and 66% [35S]- GTPgS incorporation, respectively).  Interestingly, in calcium mobilisation assays, where the oxysterols alone lacked activity (Figure 3D), the potentiation effect with MDL29,951 was also observed (Figure 6). Specifically, pre-incubating Gpr17 expressing cells with a concentration range of oxysterols before addition of 20 nM MDL29,951 (EC30) increased the efficacy of the oxysterols to stimulate calcium release (Figure 6A). This is not an artifact of the recombinant cell line as the augmenting effects of oxysterols on MDL29,951 calcium mobilisation potency was observed in primary rat OPCs as shown in Figure 6B.   
 
Expression analysis of Gpr17 and Cyp46a1 in human and rodent tissues and measurements of relevant oxysterols in brain tissue. 
We next studied the spatial and temporal expression profiles of Gpr17 and Cyp46a1, the enzyme that converts cholesterol into 24S-HC (Meljon, Wang et al., 2014), which are both predominantly expressed in the brain (Ou, Sun et al., 2016; Lund, Xie et al., 2003). Gpr17 is primarily expressed by OPCs (Figure 7A, B) while Cyp46a1 is predominantly expressed by neurons (Figure 7A, B).   We analyzed the mRNA expression of Gpr17 and Cyp46a1 over a developmental time course in humans and mice.  In humans, RNA-seq analysis of human brain tissue showed that expression of Gpr17 is low in fetal stages, becomes highest at the infant stage and gradually decreases in adulthood (Figure 7C).  Cyp46a1 mRNA expression is also low at the fetal stage, increases at the infant stage, but then remains high throughout adulthood (Figure 7C).   In parallel, we analyzed the gene expression patterns of Gpr17 and Cyp46a1 in mouse brains by quantitative RT-PCR (qRT-PCR) using post neonatal (P0 to P90) mice. Our results showed that Gpr17 mRNA expression is relatively low at the P0 stage, peaks at P10, gradually decreases and levels off after P25.  A similar pattern was observed for Cyp46a1 mRNA expression with a slight lag in peak time (P20) compared to Gpr17 (Figure 7D). In contrast, Cyp7b1, which converts cholesterol to 7a-HC, shows no such peak in its expression pattern.   
We also measured levels of 24(S)-HC, 24(S),25-EHC and 22(S)-HC present in brain tissue from these same developmental time points (Figure 7E).  Levels of 24S-HC gradually increase until levelling off around P20 at 37 μM. In contrast, levels of both 24S,25-EC and 22S-HC were dramatically lower across all developmental ages (Figure 7E).   
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Discussion 
Phenotyping of the Gpr17 knockout mouse shows the receptor plays a role in the timing of developmental myelination.  It may also play a role in disease conditions such as MS, physical injury involving demyelination or other inflammatory or infectious diseases.  While there is significant evidence implicating Gpr17 in the control of OPC differentiation and thus the timing of myelination, how this is regulated is unknown.  Part of this is due to the lack of knowledge of the endogenous activator of the receptor, as no consensus currently exists.  Here, we investigated reported activators of Gpr17 including natural compounds such as UDP, UDP-glucose, and the leukotrienes, and artificial activators such as MDL29,951 and the purported antagonist, cangrelor.  We also tested commercially available oxysterols as potential activators of Gpr17 and found that a fraction from extracted brain tissue containing oxysterols activated Gpr17.  In addition, we characterised the signaling pathways of Gpr17 initiated by oxysterols and investigated the expression relationship between 24S-HC and Gpr17 in the developing human and mouse brains. 
Gpr17 was initially identified as a dual receptor for nucleotides (UDP and UDP-glucose) and cysteinyl-leukotrienes (LTC4 and LTD4) (Ciana, Fumagalli et al., 2006). More recently, an artificial Gpr17 agonist, Asinex-1, was also reported.  However, these findings could not be confirmed herein or previously by others (Qi, Harden et al., 2013; Maekawa, Balestrieri et al., 2009).  In contrast, a non-naturally occurring activator, MDL29,951, which has been used by many independent groups (Simon, Hennen et al., 2016; Simon, Merten et al., 2017; Hennen, Wang et al., 2013; Merten, Fischer et al., 2018) is confirmed.  In our studies, the reported Gpr17 antagonist cangrelor (Ciana, Fumagalli et al., 2006) failed to show detectable inhibition of Gpr17 activation induced by MDL29,951.  However, a different compound I-116 demonstrated efficacious inhibition of Gpr17 in several assays.  These different results could be due to the use of different cell lines, some of which may have produced false positive results. This could arise from the isolation of a clone during stable cell line production that has altered receptor expression, or expression of additional receptors absent from the parental line.  In this case, the identified ligands are not functioning through Gpr17. Instead, they may be activating the differentially expressed endogenous receptor(s).     
Gpr17 shares 30% amino acid sequence identity with the 7a,25-DHC receptor EBI2 and a BLAST search using EBI2 as the query shows that Gpr17 is its closest homologue. Through in silico modeling, combining comparative modeling and molecular docking, several oxysterols, including 27-HC, 7a-HC, and 22R-HC, have been suggested to be activators of Gpr17 (Sensi, Daniele et al., 2014) and at high binding affinities (5 nM, 0.7 nM, and 0.2 nM, respectively). However, the physiological concentrations of 27-HC (100-500 nM, Popp, Meichsner et al., 2013; Pataj, Liebisch et al., 2016), 7a-HC (50-150 nM, Hahn, Reichel et al., 1995), and 22R-HC (0.1 ng/mg protein, Honda, Yamashita et al., 2009) are 100-fold above the estimated potencies reported by Sensi, and therefore these oxysterols are unlikely true endogenous ligands.  This could be due to limitations of the Gpr17 expression system used in these studies, as mentioned above.  In the present study, we demonstrated that eight oxysterols, including 22S-HC, 24S-HC, 27-HC, and 24S,25-EC activate Gpr17.  Of note, there is no published evidence indicating that 24(R),25-epoxycholesterol occurs naturally.  In contrast to the reported data from (Sensi, Daniele et al., 2014), 7a-HC, and 22R-HC were inactive in our study.  While we were able to detect activity for 27-HC as reported by Sensi, the potency was right-shifted 1000-fold (EC50 = 3.66 mM vs 5 nM; Sensi, Daniele et al., 2014).  Our results show that the chiral structure of the hydroxyl group is important for activity, as illustrated by the lack of activity of 22R-HC and 24R-HC in contrast to 22S-HC and 24S-HC.   Among all active oxysterols tested, 24S-HC (EC50 = 4 mM) has been shown to be specifically produced in the brain (Meljon, Theofilopoulos et al., 2012; Russell, Halford et al., 2009) and its brain concentration, as determined in the present study (Figure 7E) and by values reported in the literature, is in a range consistent with the EC50 values obtained in our in vitro assays.  Brain concentrations of other active oxysterols were at least 100 times below EC50 assay values and therefore not present at relevant levels to activate Gpr17. Furthermore, we demonstrated that a specific rat and pig brain fraction containing 24S-HC activates Gpr17 in an in vitro assay, further supporting the hypothesis that this oxysterol is a physiological ligand.  In addition, the biased signaling nature of these oxysterols through Gpr17, i.e., their ability to activate the Gi pathway but not the Gq pathway, suggests modulation of cAMP levels may be the physiologically relevant signaling pathway.   
We studied gene expression levels for Gpr17 and Cyp46a1, the enzyme for 24S-HC synthesis.  While Gpr17 is highly expressed by OPCs, Cyp46a1 is predominantly expressed by neurons (Figure 7).  In addition, Gpr17 and Cyp46a1 showed a similar expression profile during embryonic development stage, with levels of 24S-HC rising dramatically between P0 and P20 and remain stable around 40 µM.  It is interesting that 24S-HC levels reach their maximal level after the most rapid period of myelination, when Gpr17 expressing OPCs would be less encouraged to differentiate into oligodendrocytes.   Because levels of oxysterols can be altered during various conditions and diseases (Griffiths, Abdel-Kahlik et al., 2016; Samadi, Sabuncuoglu et al., 2021), we can’t rule out oxysterols other than 24S-HC that could potentially act as ligands for Gpr17.  For example, 7a,25-DHC, a dihydroxylated cholesterol (DHC), was found to be several hundred-fold more potent for the EBI2 receptor than the single hydroxylated cholesterol (25-HC), and a similar scenario cannot be ruled out for Gpr17. However, we have tested all commercially available DHCs as well as DHCs generated in-house and found none of these activated Gpr17 (Table 1, Sup. Table 1).  Given the results presented here, while several oxysterols can activate Gpr17, the only one that is present at levels high enough to act as a physiological ligand is 24S-HC. 
 Oxysterols play a key role in cholesterol homeostasis through modulation of GPCRs, nuclear receptors and ion channels (Wang, Yutuc et al., 2021).  While cholesterol makes up a significant percentage of the composition of myelin and is of vital importance in the brain, it cannot cross the blood brain barrier.  Conversion of cholesterol into 24S-HC is the principal mechanism by which it is exported out of the brain.  Our results here suggest that in addition to these known functions, certain oxysterols also contribute to activation of Gpr17, which is present on a population of OPCs.  Activation of Gpr17 on these OPCs likely serves to inhibit their maturation, which allows the brain to maintain a population of undifferentiated oligodendrocytes, allowing a rapid response to demyelinating injuries. How levels of oxysterols, especially of 24S-HC, change under various conditions, and how these changes influence Gpr17 activity to affect myelination capacity and potential in the brain will be an important area of research moving forward.   
 
 
Figure Legends 
 
Figure 1: Effects of reported Gpr17 agonists and antagonists in calcium mobilisation and [35S]- GTPgS binding assays.  MDL29,951, but not Asinex1, UDP, UDP-Glucose, CystLC4, and CystLD4 activate Gpr17 in a concentration-dependent manner in calcium mobilisation assays using Gpr17 expressing SK-N-MC cells (A), in primary rat OPCs (B), and in [35S]- GTPgS binding assays using membranes from COS7 cells recombinantly expressing Gpr17 (C). I-116 (10 µM), but not cangrelor (10 µM), inhibits the concentration response of MDL29,951 on Gpr17 activation in calcium mobilisation assays using Gpr17-expressing SK-N-MC cells (D), primary rat OPCs (E), and in  GTPgS binding assays (F).  Results are presented as mean ± SEM (n =5). 
 
Figure 2. Identification of a select subset of 8 oxysterols as activators for Gpr17. (A). Screening of a panel of approximately 77 oxysterols (16 oxysterols are shown here, the full panel is presented in Sup. Figure 2 and Table 1) tested at 10 µM for activation of Gpr17 using an [35S]- GTPgS binding assay. Membranes from COS7 cells expressing only Go2 were used as a negative control. Results were normalized to DMSO response and expressed as ratio of Gpr17 over Go2 control response. MDL29,951 (10 µM) and DMSO were used as positive and negative controls, respectively, for Gpr17 activation. Screening assays were performed in duplicates. (B) Screening of HPLC fractions using rat brain extracts in [35S]- GTPgS binding assays. Fractions were tested in duplicates for Gpr17 activation using Gpr88 as a negative control. MDL29,951 (10 µM) and an artificial Gpr88 agonist (2-PCCA, 10 µM) (Jin, Decker et al., 2014) were used as the positive controls for Gpr17 and Gpr88, respectively. DMSO was used as the negative control. Results were normalized to Gpr88. Fraction F34 showed Gpr17 activation. (C).  LC-MS analysis shows the presence of 24S-HC in fraction F34.  
 
Figure 3. Characterisation of the subset of 8 active oxysterols in Gpr17-dependent  GTPgS binding, cAMP inhibition, and calcium mobilisation assays.  Concentration response of oxysterols in (A) [35S]- GTPgS binding using membranes from COS7 expressing Gpr17 or (B) EBI2, C) cAMP inhibition and (D) calcium mobilisation in SK-N-MC cells stably expressing Gpr17.  MDL29,951 and 7a,25-DHC were used as positive controls for Gpr17 and EBI2, respectively.  (E) Structure of active oxysterols.  Data were normalized to the responses elicited by 10 µM MDL29,951 or 0.03 µM 7α,25-DHC in the Gpr17 and EBI2 [35S]- GTPgS binding assay, respectively and 1 µM MDL29,951 in Gpr17 cAMP inhibition assay. Potency and efficacy values are listed in Table 1.  Results are presented as mean ± SEM (n =5). Results from untransfected cells are shown in Sup. Figure 5A.  
 
Figure 4. Investigation of the G-protein coupling of Gpr17 using [35S]- GTPgS binding assays. (A) Membranes from COS7 cells expressing Gpr17 alone, (B), Gpr17/Go2, (C), Gpr17/Go2q, and (D), Gpr17/Go2s were used to characterise Gpr17 activation using concentration responses of MDL29,951, 24S-HC, and 24S,27-DHC. Ligand stimulated [35S]-GTPgS incorporations were expressed as percentage over basal [35S]- GTPgS incorporations (set as 100%) with buffer as the activator. Results are presented as mean ± SEM (n =5). Membranes from untransfected cells, or cells only expressing Go2, Go2q, or Go2 did not respond to all agonist stimulations (Sup. Figure 6). 
 
Figure 5. Interactions between MDL29,951 and 24S-HC in [35S]- GTPgS binding assays. Concentration response of MDL29,951 activation on Gpr17 expressed in COS7 cells in the presence of a range of concentrations of 24S-HC (from 10 nM to 100 µM).  Dotted lines represent the response of 10 µM 24S-HC, 100 µM 24S-HC and 10 µM MDL.  Results are presented as mean ± SEM (n =5). 
 
Figure 6. Preincubation of Gpr17 expressing cells with select oxysterols potentiates MDL29,951 stimulated calcium mobilisation.  Concentration response of 22S-HC, 24S-HC, 24S, 25-EC, 26 HC, 6-OC and 26HCD in the presence of MDL29,951 at EC30 concentration (20 nM) in (A) Gpr17 expressing SK-N-MC/Gpr17 cells, or (B) rat OPCs (500 nM).  Results are presented as mean ± SEM (n =5) 
 
Figure 7. Expression profile of Gpr17 and Cyp46a1 mRNAs in different brain cell types, and at several developmental stages. Single cell expression analysis of Gpr17 and Cyp46a1 gene expression in human and mouse brain.  The x-axis reflects gene expression in each human (A), or mouse (B) brain cell types as measured in CPM. The y-axis groups cells according to cell type classification.  (C) Gpr17 and Cyp46a1 gene expression in human brain areas across development stages. Gene expression is measured in transcripts per million (TPM). The y-axis shows different human developmental stages.  Both genes expression in fetal stages is significantly lower than at later stages. (D) RT-qPCR analysis of Gpr17 and Cyp46a1 mRNA expressions in postnatal mouse brains during various developmental stages starting from P0. The analysis of the Cyp7b1 mRNA expression is used as a control. GAPDH is used as the internal control for RT-qPCR for all samples. The results shown are normalized using the mRNA expression of GAPDH and values at P0 were arbitrarily set at 1.  (E) Measurements of oxysterols through mouse development. LC-MS was used for oxysterol quantification. 
 
Tables 
Table 1: Agonist profiles of a subset of oxysterols at the human Gpr17 receptor.  Potency and efficacy values in [35S]- GTPgS binding assays were determined using membranes from COS7 cells expressing Gpr17, in cAMP inhibition assay and FLIPR assay using SK-N-MC cells stably expressing Gpr17 respectively.  Data represents the mean ± SEM of at least three experiments performed in either duplicates or triplicates.  The number of independent experiments, n, are indicated in parenthesis. EC50 values were obtained using a 4-parameter curve fit.  Emax values were expressed as the percentage of the response elicited by the Emax value of MDL. 
ND refers to not determined because the concentration response curve did not reach saturation.    
 
	  
	[35S]-GTPγS 
	cAMP 
	Calcium mobilisation 

	Oxysterol 
	EC50 ± SEM (µM) 
	Emax ± SEM 
	EC50 ± SEM(µM) 
	Emax ± SEM 
	EC50 (µM) 
	Emax 

	22(S)-Hydroxycholesterol 
	5.78 ± 0.89 (n=5) 
	47 ± 4.91 
	2.64 ± 0.67 (n=5) 
	63 ± 3.43 
	>10 
	  

	24(S)-Hydroxycholesterol 
	5.63 ± 1.46 (n=4)  
	29 ± 3.02 
	4.3 ± 0.96 (n=5) 
	38 ± 5.83 
	>10 
	  

	24(R/S),25-Epoxycholesterol* 
	15 ± 0.41 (n=4) 
	84 ± 1.92 
	9.23 ± 1.85 (n=4) 
	56 ± 6.26 
	>10 
	  

	24(S),25-Epoxycholesterol 
	6.78 ± 1.15 (n=7) 
	78 ± 3.46 
	1.54 ± 0.11 (n=5) 
	50 ± 5.07 
	>10 
	  

	27-Hydroxycholesterol 
	5.26 ± 1.07 (n=7) 
	35 ± 0.95 
	5.88 ± 0.86 (n=5) 
	52 ± 5.3 
	>10 
	  

	6-Ketocholestanol 
	6.26 ± 1.31 (n=5) 
	84 ± 6.35 
	6.18 ± 1.07 (n=4) 
	31 ± 3.78 
	>10 
	  

	Cholestenone 
	>30 (n=5) 
	  
	ND (n=5) 
	48 ± 4.37  
	>10 
	  

	15β-Hydroxycholestane 
	>30 (n=5) 
	  
	>30(n=5) 
	15 ± 2.29 
	>10 
	  

	3β-Hydroxy-5-cholestenoic acid 
	2.12 ± 0.43 (n=5) 
	53 ± 5.6 
	>30 (n=5) 
	29 ± 5.05  
	>10 
	  

	27-Hydroxy cholestenone 
	2.00 ± 0.18 (n=5) 
	50 ± 1.81 
	2.76 ± 0.35 (n=5) 
	78 ± 4.61 
	>10 
	  

	MDL29,951 
	0.70 ± 0.07 (n=7) 
	100 
	0.020 ± .004 (n=5) 
	100 
	  
	  


 
*No evidence/report indicates that 24(R),25-Epoxycholesterol occurs naturally. 
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