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DEVELOPMENTAL NEUROSCIENCE

Osteocalcin attenuates oligodendrocyte differentiation
and myelination via GPR37 signaling in the mouse brain

Zhengjiang Qian’, Hongchao Li', Haiyang Yang'?, Qin Yang', Zhonghua Lu’, Liping Wang',

Ying Chen?, Xiang Li'*

The bone-derived hormone osteocalcin (OCN) is crucial for brain development and neural cognitive functions, yet
the exact roles of OCN in central nervous system (CNS) remain elusive. Here, we find that genetic deletion of OCN
facilitates oligodendrocyte (OL) differentiation and hypermyelination in the CNS. Although dispensable for the
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proliferation of oligodendrocyte precursor cells (OPCs), OCN is critical for the myelination of OLs, which affects
myelin production and remyelination after demyelinating injury. Genome-wide RNA sequencing analyses reveal
that OCN regulates a number of G protein-coupled receptors and myelination-associated transcription factors, of
which Myrf might be a key downstream effector in OLs. GPR37 is identified as a previously unknown receptor for
OCN, thus regulating OL differentiation and CNS myelination. Overall, these findings suggest that OCN orchestrates
the transition between OPCs and myelinating OLs via GPR37 signaling, and hence, the OCN/GPR37 pathway

regulates myelin homeostasis in the CNS.

INTRODUCTION

Osteocalcin (OCN), encoded by both Bglapl and Bglap2 genes, is
solely synthesized in osteoblasts with the development of bone for-
mation (I, 2). Recently, OCN is recognized as a multifunctional bone-
derived hormone that modulates numerous physiological activities
and developmental processes (3, 4). In peripheral organs, several
studies have shown that OCN plays pivotal roles in regulating energy
expenditure (5-7), male fertility (8, 9), glucose homeostasis (10-12),
and exercise adaptation (13, 14). Besides, the ability of OCN cross-
ing the blood-brain barrier (BBB) allows its potent regulation of
neuronal functions and brain development in the central nervous
system (CNS) (15-18). A specific G protein—coupled receptor (GPR),
GPRC6A, has been extensively studied as the receptor for OCN in
peripheral organs (e.g., adipose, liver, skeletal muscle, pancreas, and
testis) and hence mediates its peripheral functions (8, 13, 19-21).
Recent exciting reports have associated the receptor GPR158 with
the transduction of OCN signal in neurons, thus mediating OCN’s
function in hippocampal cognition (3, 22). These findings raise the
possibility of OCN in exerting influences on glial cells; however, the
function of OCN and its corresponding receptor in glia has not
been explored yet.

Oligodendrocytes (OLs) are glial cells in the CNS that form
myelin, a compact multilamellar membranous structure that wraps
around axons, allows rapid saltatory conduction, and provides meta-
bolic support to maintain axonal integrity and survival (23-26).
Mature myelinating OLs are differentiated from the proliferative,
migratory oligodendrocyte precursor cells (OPCs), resulting in the
expression of myelinating proteins such as proteolipid protein 1
(PLP1), myelin basic protein (MBP), and 2’,3’-cyclic nucleotide
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phosphodiesterase (CNP) (23). A great number of studies have shown
that CNS myelination is regulated by both inhibitory and stimula-
tory mechanisms including various growth factors, transcription
factors, and epigenetic factors (27-31). Moreover, OL myelination
is a dynamic equilibrium throughout life (32), while disruption of
myelination leads to severe white matter diseases and the related
psychiatric disorders and neurodegenerative diseases (33, 34). De-
spite the biological significance, the underlying mechanisms of how
myelin homeostasis is maintained and whether peripheral hormone
is involved remain largely unknown. In the present study, we inves-
tigated the mutual cross-talk between bone-secreted OCN and glial
cell functions, providing the first evidence demonstrating an essen-
tial role for OCN in the regulation of OL myelination.

Not only that, the search for OCN receptor in CNS leads us to
focus on GPR37, a substrate of the E3 ubiquitin ligase parkin and
originally known as parkin-associated endothelin-like receptor (35-38).
GPR37 is expressed in many different brain regions and cells, par-
ticularly enriched in mature OLs (39, 40), and thus plays an important
role in the regulation of neuronal and glial physiology, such as do-
paminergic signaling (36, 38, 41), inflammatory pain (42), and OL
myelination (40). Several studies have shown that GPR37 can mediate
the cellular signaling and protective effects of prosaposin and its
active fragment TX14(A) on neuronal and glial cells (42-44). Here,
we identified a specific ligand-receptor relationship between OCN
and GPR37, proving OCN to be a bioactive molecular activating
GPR37 in OL.

RESULTS

OCN deletion causes hypermyelination in the CNS

OCN can regulate neuronal functions (3, 16); however, its role in
OL remains unknown. To investigate whether OCN influences OL
myelination, we generated OCN-deficient (OCN ’~) mice by CRISPR-
Cas9 deletion of Bglapl and Bglap2 exons (fig. S1A), leading to un-
detectable level of OCN in cerebrospinal fluid (CSF) and serum of
OCN™~ mice (fig. S1B). Immunostaining showed that the expres-
sion of MBP and PLP1, two major myelin proteins in CNS white
matter (25, 45), was markedly increased in corpus callosum (CC),
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spinal cord (SC), and cerebellum (CB) of OCN " /~ mice in compari-
son to their littermate wild type (WT) at postnatal day 30 (P30)
(Fig. 1, A to D, and fig. S1C). The up-regulation of myelin proteins
MBP, PLP1, and MAG was validated by real-time quantitative poly-
merase chain reaction (QPCR) and Western blot in CC, SC, and CB
of OCN™"" mice (Fig. 1, Eto G, and fig. S1D). Next, we examined the
ultrastructure of myelin sheaths in these white matter regions by
electron microscopy (EM). Compared with WT, a notable in-
crease of myelin thickness was observed in OCN ™/~ mice at P30
(Fig. 1, H and I), further confirming the hypermyelination pheno-
type. Moreover, the increased myelination persisted in adult OCN™~
mice at the age of 2 and 10 months (fig. S1E). On the basis of the
analysis of EM images, we found increased severity of less tight
compacted myelin sheath (fig. S1F) in OCN™~~ mice but with
unchanged myelinated axon diameter (fig. S1G) compared to
WT. Together, these data indicate that ablation of OCN results in
accelerated myelination in the CNS.

OCN regulates the transition of OPCs into mature OLs

The hypermyelinating phenotype of OCN ™~ mice suggests the
involvement of OCN in OPC maturation into myelinating OLs. To
verify this hypothesis, the number of OPCs and mature OLs was
quantified by immunostaining of their respective markers, PDG-
FRa (platelet-derived growth factor receptor o) and CCl1. The re-
sults showed no significant change in the numbers of PDGFRo," OPCs
between WT and OCN /" mice at P10, P20, and P30 (Fig. 2, A and B,
and fig. S2, A and B). However, the quantity of CC1* mature OLs
was largely increased in OCN™~ mice (Fig. 2, C and D, and fig. S2,
C and D), indicating the precocious differentiation of OLs. To fur-
ther determine the effect of OCN on OL differentiation, primary rat
OPCs were isolated from neonatal cortex and induced with T3
(tri-iodothyronine) to promote cell differentiation (31, 46). The
process of OPC differentiation was confirmed by the expression of
several key myelination genes (fig. S2E). We found that exogenous
OCN treatment had no effects on OPC proliferation (Fig. 2, E and F)
and OL cell viability (fig. S2F) but caused a dose-dependent reduc-
tion in the expression of myelin PLP1 and MBP (Fig. 2, G to J, and
fig. S2G). Together, these observations suggest an important role of
OCN in regulating the OPC differentiation into OLs.

OCN is critical for OL myelination and remyelination after
demyelinating injury

Next, we further determined the role of OCN in adult myelinogenesis
using OCN " and littermate W'T mice. By intracerebroventricular
(ICV) infusion (16), the synthesized mouse OCN was continuously
delivered into OCN™~ mice for 10 days (Fig. 3A), resulting in a sig-
nificant increase of the OCN level in the regions of CC and SC
(fig. S3A). The supplementation of OCN rarely affected the num-
bers of bromodeoxyuridine-positive (BrdU")/PDGFRo" proliferative
OPCs (Fig. 3B) and total PDGFRa" OPCs (fig. S3B) but decreased
BrdU*/CC1* differentiation OLs (fig. $3, C and D) and CC1" cells
(Fig. 3C), as well as the expression of myelin PLP1 and MBP in
white matter regions of OCN ™~ mice (Fig. 3D and fig. $3, E to G).
On the other hand, OCN activity was blocked by infusing OCN
antibody into WT mice (Fig. 3E), leading to a significant up-regulation
of PLP1 and MBP in CC region as compared with mouse immuno-
globulin G (IgG) infusion (Fig. 3, F and G, and fig. S3H). Therefore,
these data suggest that OCN is pivotal for the regulation of OL
myelination in adult.
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Given the crucial function in OL myelination, we hypothesized
that OCN might also play a role in the remyelination process fol-
lowing lysolecithin (LPC)-induced demyelination. LPC is commonly
used to induce acute myelin injury in the white matter regions (47, 48).
To validate this hypothesis, we stereotactically injected LPC into CC
(Fig. 3H) and examined the regeneration of OLs and myelin pro-
teins in the lesion during remyelination at 14 and 21 days post-
lesion (Fig. 31). Compared with WT, the OCN™'~ mice show
significantly enhanced myelin MBP expression (Fig. 3J) and in-
creased CC1* OLs in the injury regions (Fig. 3, K and L). Mean-
while, the recruitment of PDGFRa" OPCs to the lesion site was
comparable between OCN™~ and WT mice (Fig. 3, M and N).
Similar results showing increased remyelination and OL regenera-
tion were also observed in SC of OCN™~ mice with LPC-induced
lesions (fig. S3, I and J). Thus, these observations indicate that loss
of OCN leads to a faster remyelination rate in LPC-induced demy-
elination without affecting OPC recruitment.

OCN regulates a network of genes that influence

OL differentiation

To gain insight into the mechanism whereby OCN regulates OL dif-
ferentiation and myelination, we carried out RNA deep sequencing
and analyzed genome-wide gene expression patterns in CC from WT
and OCN™~ mice. A total of 233 up-regulated and 355 down-regulated
genes (P < 0.05) were identified in the OCN™ ’~ mice compared with
WT (Fig. 4A). The up-regulated mRNAs included a group of my-
elination-associated genes and transcription factors, e.g., Plp1, Mbp,
Cnp, Mag, Myrf, and Sox10 (Fig. 4B and fig. S4A), which are in co-
ordination with the enhanced myelin formation phenotype in OCN™"~
mice. Real-time qPCR validation affirmed that Myrf expression was
negatively related to the presence of OCN in mice and primary OLs
(Fig. 4C and fig. S4B). Moreover, the expression of Myrf was found
to be dose-dependently inhibited by OCN (Fig. 4D), suggesting the
involvement of Myrf in OCN’s regulation of OL differentiation.
Gene ontology (GO) analysis revealed that a group of differentially
expressed genes (DEGs) was significantly enriched in gene signatures
associated with lipid metabolism, transcription regulation, and myelin
sheath (fig. S4C). Hence, these data suggest that OCN regulates a
core network of genes that control OL differentiation.

Growing evidence suggests that the GPRs play a key role in
myelinating glia (49), and our RNA sequencing (RNA-seq) data
suggested that certain GPRs, namely, GPR17, GPR37, GPR37L1,
and GPR158, may respond to OCN deletion (Fig. 4B). Among these
candidates, GPR37 was verified as a significantly up-regulated re-
ceptor in OCN™~ mice (Fig. 4, C, E, and F, and fig. $4D). Because
GPR37 has been reported as a negative regulator of OL myelination
(40), the increase of GPR37 expression indicates a compensation
function for the ablation of OCN.

OCN via GPR37 elicits intracellular responses

in heterologous systems and OL

The above finding prompted us to assume that GPR37 might mediate
the signal of OCN. To investigate whether OCN can activate intra-
cellular downstream responses through binding with GPR37, we
first applied several testing systems based on human embryonic
kidney (HEK) 293 cells in which human GPR37 or GPR37L1, a
homolog of GPR37 (50), was exogenously overexpressed (Fig. 5A and
fig. S5, A and B). In the beginning, HEK293-GCaMP6s cells were
used to measure the change of intracellular calcium level (iCa®).
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Fig. 1. OCN-deficient mice exhibit hypermyelination in the CNS. (A) Immunostaining of MBP in the CC, SC, and CB of the littermate WT and OCN™"~ mice at P30. Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI). Scale bars, 500 um. (B) Relative quantification of MBP fluorescence intensity in CC, SC, and CB per area (0.25 mmz)
from (A). n =12 sections from four mice per each genotype; *P < 0.05 and **P < 0.01, as compared with WT. (C) Immunostaining of PLP1 in CC, SC, and CB of WT and OCN™"~
mice at P30. Nuclei were stained with DAPI. Scale bars, 500 um. (D) Relative quantification of PLP1 fluorescence intensity in CC, SC, and CB per area (0.25 mm?) from (C).
n =12 sections from four mice per each genotype; *P < 0.05, **P < 0.01, and ***P < 0.001, as compared with WT. (E to G) Representative immunoblot images (top panels)
and relative quantification (bottom panels) of myelin-related proteins in CC (E), SC (F), and CB (G) of WT and OCN™" mice at P30.n=4 mice; *P < 0.05 and **P < 0.01, as
compared with WT. (H and I) Representative electron micrographs (H) and g ratio as a function of axonal diameter analysis (1) of CC, SC, and CB in WT and OCN™™ mice at
P30. Red arrows indicate a less compactness of myelin sheath in OCN™~ mice. Scale bars, 2 um [left two panels in (H)] and 0.2 um [right two panels in (H)]. n= 12 sections
from four mice per each genotype.
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Fig. 2. OCN regulates the transition of OPCs into differentiated OLs. (A) Immu-
nostaining of PDGFRa in the CC of WT and OCN ™~ mice at P10, P20, and P30. Scale
bars, 500 um. n=12 sections from three mice per each genotype. (B) Quantifica-
tion of PDGFRa* OPCs per area (0.25 mm?) in CC from WT and OCN™~ mice from
(A). n=3 mice for each group; n.s., nonsignificant change. (C) Immunostaining of
CC1in CC of WT and OCN™~ mice at P30. Arrows indicate the labeled cells. Scale
bars, 500 um. n=12 sections from three mice per each genotype. (D) Quantifica-
tion of CC1* mature OLs per area (0.25 mm?) in CC from WT and OCN™~ mice at
P30. n =3 mice for each group; **P < 0.01, as compared with WT. (E) Effect of OCN
(20 nM) treatment on proliferation of primary rat OPCs by EdU labeling assay. Scale
bars, 50 um. n = 3 independent experiments. (F) Quantification of EdU incorpo-
ration rate in (E). (G and H) Effect of OCN concentration on the expression of
myelin-related proteins in primary rat OPCs cultured in differentiation medium.
Representative immunoblot images (G) and relative quantification (H) were shown.
n =3 independent experiments; *P < 0.05 and **P < 0.01, as compared with PBS.
(land J) Immunostaining of MBP (1) and relative quantification of MBP fluorescence
intensity (J) in primary rat OPCs in differentiation medium in the presence of OCN
(20 nM). Scale bars, 50 um. n = 3 independent experiments; **P < 0.01, as compared
with PBS.
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We found that OCN elicited a rapid and robust increase of iCa**
GPR37, but not GPR37L1, overexpressed cells (Fig. 5B). Yet, the
increase of iCa>* was abolished by the pretreatment of GPR37 anti-
body or pertussis toxin (PTX) (fig. S5C), an inhibitor of the Goij/,-
coupled pathway (43). As additional positive controls, the effectiveness
of OCN and HEK293-GCaMP6s testing system was confirmed by
expressing GPRC6A and GPR158 (fig. S5D), two reported receptors
of OCN (19, 22, 51), and the application of prosaptide TX14(A) (fig.
S5E), a known ligand for both GPR37 and GPR37L1 (43). Second, a
PRESTO-Tango GPCR assay system (52) was used to determine
whether OCN could activate B-arrestin recruitment through GPR37
in HTLA cells (Fig. 5C). We found that both OCN and TX14(A)
induced a dose-dependent increase of luciferase activity in GPR37-
transfected cells with an ECsg (median effective concentration) of
10.2 + 2.5 nM and 19.4 + 1.8 nM (Fig. 5C and fig. S5F). In contrast
to TX14(A), OCN failed to exert luciferase responses in cells ex-
pressing GPR37L1 (Fig. 5C and fig. S5F). Third, consistent with
previous studies that the activation of GPR37 was coupled to intra-
cellular adenosine 3’,5'-monophosphate (cAMP) and extracellular
signal-regulated kinase (ERK) signals (40, 43), we found that OCN
significantly inhibited cAMP production and stimulated ERK phos-
phorylation in GPR37-transfected, but not GPR37L1-transfected,
cells (Fig. 5, C, E, and F). These effects of OCN were markedly
blocked by pretreatment of GPR37 antibody or PTX (fig. S5G).
Last, binding affinity assay revealed that biotinylated OCN bound
to GPR37 rather than GPR37L1 with a dissociation constant (Kg) of
14.1 £ 1.8 nM (Fig. 5F). The direct interaction of OCN with GPR37
was further supported by coimmunoprecipitation assay (Fig. 5G).
Together, these results reveal that OCN specifically interacts with
GPR37 to trigger various intracellular downstream signaling in
heterologous expression systems.

Because GPR37 is highly expressed in mature OLs (37, 40), we
then went on to test whether OCN also takes action in primary rat
OLs. The GPR37 level is barely detected in OPCs but rapidly in-
creased after T3-induced differentiation into OLs (fig. S5, H and I).
Thus, we silenced GPR37 expression in mature OLs by using short
hairpin RNA (shRNA) (fig. S5, ] and K) and found that OCN-
induced inhibition of intracellular cAMP production was substan-
tially prevented (Fig. 5H). Similar to the HEK293 cell studies, PTX
pretreatment also blocked OCN-caused reduction of the intracellu-
lar cAMP level and boost of ERK phosphorylation in myelinating
OLs (Fig. 5, H and I). Therefore, these data indicated that OCN also
elicits intracellular signals through GPR37 in primary OLs. Consist-
ent with a previous study of GPR37'~ mice (40), we also found that
the cAMP and pERK levels were increased in the brain of OCN ™/~
mice (fig. S5, L and M).

GPR37 is required for OCN’s regulation of OL differentiation
and myelination

To determine the role of GPR37 in mediating OCN’s function in
primary OLs, the activity of GPR37 was blocked by either shRNA or
antibody. As a consequence, OCN-induced inhibition of PLP1 and
MBP expression was significantly suppressed in primary OLs
(Fig. 6, A to D, and fig. S6A). The specificity of this OCN/GPR37
effect was further supported by silencing of GPR37L1, which was
unable to inhibit OCN’s suppression of the MBP level (fig. S6, B and
C). Furthermore, we isolated primary OPC from GPR37 "~ mice
and then induced it with T3. It was shown that myelin MBP was
unresponsive to OCN treatment unless the GPR37 level was restored,
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Fig. 3. OCN is critical for OL myelination and remyelination after demyelination. (A) Diagram showing experiments of OCN delivery into OCN™~ mice via ICV. (B and
C) Immunostaining and quantification of BrdU*/ PDGFRa™ OPCs (B) and CC1* mature OLs (C) per area (0.25 mm?) in CC of OCN™'~ mice infused with PBS or OCN. Scale bars,
500 um. n = 12 sections each group. *P < 0.05 compared with PBS. (D) Representative immunoblot images and relative quantification showing the effects of OCN delivery
on the expression of myelin proteins in CC of OCN™~ mice infused with PBS or OCN. n =6 mice; *P < 0.05, compared with PBS. (E) Diagram showing experiments of OCN
antibody delivery into WT mice. (F and G) Representative immunoblot images (F) and relative quantification (G) showing the effects of OCN antibody delivery on the
expression of myelin proteins in CC of WT mice. n=5 mice. *P < 0.05, compared with IgG. (H and I) Diagram showing LPC injection site (H) and experimental schedule (1).
(J) Immunostaining of MBP in CC lesions of WT and OCN ™~ mice at 14 and 21 days post-lesion (dpl 14 and dpl 21). Scale bars, 500 um. n =3 mice. (K and L) Immunostain-
ing of CC1 (K) and quantification of CC1* mature OLs per area (0.25 mm?) (L) in LPC-induced lesions at dpl 14 and dpl 21. Scale bars, 200 um. n = 3 mice; *P < 0.05, com-
pared with WT. (M and N) Immunostaining of PDGFRa* (M) and quantification of PDGFRa* cells per area (0.25 mmz) (N) in LPC-induced lesions at dpl 14 and dpl 21. Scale

bars, 200 um. n =3 mice.
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quantification of fluorescence intensity (right panel) in the CC of WT and OCN™™ mice. Scale bars, 500 um. *P < 0.05, as compared with WT. (F) Representative immunoblot

images (top) and relative quantification (bottom) of GPR37 in CC of WT and OCN™"~

which then resulted in down-regulation of MBP expression (fig.
S6D). Similar to myelin protein, the down-regulation of Myrf by
OCN treatment was also abolished by knockdown of GPR37 in pri-
mary OLs (fig. S6E), suggesting an important role for Myrf in the
downstream of OCN/GPR37 signaling.

To further confirm the above finding, we carried out in vivo
studies using GPR37”~ and littermate WT mice. In situ hybridiza-
tion and Western blotting analysis exhibited that GPR37 was highly
enriched in SC and CC of WT mice but was undetectable in those
regions of GPR37" '~ mice (fig. S6F). By ICV infusion, we found that
exogenous OCN delivery induced a significant down-regulation of
myelin PLP1 and MBP in CC of WT mice (Fig. 6, E and F), while
these effects of OCN were absent in GPR37”~ mice (Fig. 6, Gand H).
Similar results were also observed in SC of WT and GPR37 ™ mice
in response to OCN delivery (fig. S6, G and H). Accordingly, the
injection of lentivirus overexpressing GPR37 led to a significant
reduction of PLP1 and MBP expression in CC of GPR37 /™ mice
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mice. n=4 mice; *P < 0.05, as compared with WT.

(Fig. 6, I and J). Collectively, these data suggested that GPR37 is re-
quired for OCN’s regulation of OL differentiation and myelination.

GPR37 negatively regulates CNS myelination
We next determined the role of GPR37 in CNS myelination. Com-
pared with the littermate WT, a significant elevated thickness of
myelin sheath was observed in SC and CC of GPR37~~ mice by EM
(fig. S7, A and B). To have a straightforward visualization, 1-cm
length of SC tissue was analyzed at a larger scale (micrometer level)
using an x-ray microscope (ZEISS Xradia 510 Versa, Carl Zeiss).
By scanning the SC from different dimensional sections and the
subsequent reconstruction to three-dimensional (3D) conformation,
a remarkable increase of white matter thickness was observed in
GPR377~ compared to WT mice (Fig. 7, A and B, and fig. $7, C to E).
To further verify the function of GPR37, we selectively ablated
GPR37 in OL lineage cells by breeding GPR37°**'°*F mice with an
OL lineage expressing Olig2-Cre line that commences during OPC
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Fig. 5. GPR37 mediates OCN-induced intracellular responses in HEK293 cells and primary OLs. (A) Overview of the experimental design in HEK293-based heterolo-
gous testing systems. Human GPR37 or GPR37L1 was exogenously overexpressed in HEK293-based cell lines for the study of intracellular calcium level (iCa"), B-arrestin
recruitment, cCAMP production, pERK level, binding affinity, and pulldown assay in response to OCN treatment. (B) Schematic diagram of iCa?* detection (left one) and
representative response curve of OCN-triggered iCa?* changes (right two) in GPR37- or GPR37L1-transfected HEK293-GCaMP6s (a HEK293 cell line stably expressing
GCaMPé6s) cells. (C) Schematic diagram of B-arrestin recruitment assay (left one) and representative concentration-response curve of OCN-triggered luciferase activity
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by a PRESTO-Tango system. (D) Schematic diagram of cAMP production (left one) and concentration-response curve of OCN-triggered inhibition of cAMP production
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HEK293 cells. (F) Schematic diagram of binding affinity assay (left one) and saturation curves of OCN binding (right two) in GPR37- or GPR37L1-transfected HEK293 cells.
(G) Pulldown assay showing that OCN directly interacts with GPR37 in HEK293 cells. (H) Concentration-response curve of OCN-triggered inhibition of CAMP production in
primary rat OL cells with GPR37 knockdown (left) or PTX pretreatment (right). (I) Representative immunoblot images (left) and relative quantification (right) showing that
PTX pretreatment blocked OCN-triggered increase of the pERK level in primary rat OLs.
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Fig. 6. GPR37 is required for OCN'’s regulation of OL myelination. (A and B) Representative immunoblot image (A) and relative quantification (B) showing the effect
of GPR37 knockdown on the expression of PLP1 and MBP protein in primary rat OLs in the presence of OCN (20 nM). n =3 independent experiments; *P < 0.05, as com-
pared with PBS. (C and D) Representative staining images (C) and relative quantification (D) showing the immunostaining of MBP in primary rat OLs in the presence of
OCN (20 nM). Scale bars, 50 um. n = 3 independent experiments; **P < 0.01, as compared with PBS. (E and F) Effects of OCN delivery on the expression of myelin PLP1 and
MBP in CC of WT mice at the mRNA level (E) and the protein level (F). n > 6 mice; *P < 0.05, as compared with PBS infusion. (G and H) Effects of OCN delivery on the expres-
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Qian etal., Sci. Adv. 2021; 7 : eabi5811 22 October 2021 80f18



SCIENCE ADVANCES | RESEARCH ARTICLE

Spinal cord Coronal Sagittal Horizontal

A
B
o wr
g = GPR37-
wT =250
E w_-
2
&
£
g
2
4
£
<
€
£
GPR37™ £
C  GPRr37floxed allele D Control GPR37 cKO = Control
Exon 1 Exon 2 " . @ GPR37 cKO
3 ns.
]
loxP loxp E 30
- 3
Olig2 Cre-mediated PDGFRa f 2
excision &
GPR37 knockout allele g1
Exon 2 Q
> L 0
3 Control
E F Control GPR37 ckO = GPR37 cko
20 .
2 —_—
aE
5215
©3 Control £ 5
Control W\ GPR37 ckO MBP gEo
50 B =3
B 40 % En.s
g 2
g 30 0.0l
2
820 207 .
+ 2
= se _
g H 2 15
=]
GPR37 cKO 0 T %o
PLP1 g3
9 E
£ 8059
S
0.0-
G Control GPR37 cKO GPR37 cKO H
o 3 FRIE] o = Control ® GPR37cKO
10
g 2
cc oo 2%
.o
o 500 4000 1500
Axon diameter (nm)
SC

W‘
L

500 1000 1500 2000
Axon diameter (nm)
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of CC1* mature OLs per area (0.25 mmz) (right) in CC of the GPR37 cKO mice. Scale bar, 500 um. n = 3 mice; *P < 0.05, as compared with control. (F) Immunostaining of MBP, PLP1,
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development (Fig. 7C). The conditional GPR37 knockout mice similar number of PDGFRa" OPCs were found between control
(GPR37ﬂ/ fl, Olig2-Cre, hereafter referred to as GPR37 cKO mice) and GPR37 cKO mice (Fig. 7D), while increased CC1" mature OLs
were compared with their littermate controls (GPR37"%; Olig2-Cre  (Fig. 7E), up-regulated myelin MBP and PLP1 expression (Fig. 7F),
or GPR37"" mice, phenotypically normal in OL development). A  and elevated thickness of myelin sheath were observed in GPR37
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cKO mice (Fig. 7, G and H). Together, these data suggest a specific
function of GPR37 in the regulation of CNS myelination.

Deletion of OCN and GPR37 results in delayed conduction
Because it has been well recognized that myelination is crucial for
saltatory conduction of impulses (53), we then asked whether the
dysregulation of CNS myelination in OCN ™~ and GPR37 ™~ mice
can cause abnormal conduction. First, we carried out hot plate test
(Fig. 8A), which is related to pain sense reflex that involved both
cerebral and spinal mediated circuits (54). As compared with the
controls, a significant increase of paw lick latency was observed in
OCN™~, GPR37”", and GPR37 cKO mice responding to heat stim-
ulation (Fig. 8B), indicating a delayed conduction in sense of pain.
To determine whether OCN is sufficient for the resolution of pain
sense, we performed an intraperitoneal injection of OCN (Fig. 8C).
Strikingly, the deficit of thermal sensitivity in the OCN™~ mice was
partially rescued by infusion of OCN (Fig. 8D). Moreover, the change
of conduction was also evaluated by pupillary light reflex (Fig. 8E),
a commonly used clinical method to observe the amount of pupil
contraction in response to light as it is alternated between the two
eyes (55). Consistent with hot plate test, both OCN™ ~and GPR377/~
mice showed delayed response to light stimulation by taking longer
afferent input time and pupillary convergence (Fig. 8F), while sup-
plementation of OCN partially recovered these retarded responses
in OCN™"~ mice (Fig. 8, G and H). By contrast, grip strength analysis
and open-field test revealed that the forelimb grip strength and lo-
comotor activity of OCN ™~ and GPR37”'~ mice are similar to their
respective controls (fig. S8).

DISCUSSION

Despite that promising progress has been achieved, deciphering the
diverse functions of OCN and the underlying molecular mecha-
nisms in CNS is still far to be illuminated (3, 16, 22, 51). In the present
study, we demonstrate that OCN, via interaction with the specific
receptor GPR37, plays a critical role in the regulation of OL differ-
entiation and myelination through the downstream transcription
factor Myrf in the CNS (Fig. 8I). Our work also suggested that the
regulatory axis of OCN and GPR37 could be a vital mechanism to
maintain myelin homeostasis during development, thereby providing
a unique perspective for the understanding of mutual communica-
tion between the skeleton biology and glial functions.

OCN plays a functional role in CNS glial cells

Accumulative work indicate that OCN can cross the BBB and bind
specifically with neurons in different brain regions such as dorsal
raphe nuclei (DRN) and medial raphe nuclei (MRN) of the brainstem,
the ventral tegmental area (VTA) of the midbrain, and the cornu
ammonis 3 (CA3) region of the hippocampus (3). Upon binding,
OCN can trigger signals in these neurons to promote the synthesis
of monoamine neurotransmitters (e.g., serotonin, dopamine, and
noradrenaline) and reduce the synthesis of y-aminobutyric acid
(GABA), and these cellular and molecular activities may contribute
to the improvement in spatial learning and memory and anxiety-
like behaviors (16, 22, 51). However, it remains unknown whether
OCN has a potential role in regulating glial functions in CNS. In
this work, we showed that ablation of OCN causes increased expres-
sion of myelin-related genes, accelerated CNS myelination, and
enhanced thickness of myelin sheath but has no influences on cell
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proliferation and viability. In addition, OCN deletion also facilitated
remyelination after LPC-induced demyelination. Consistent with
these scenarios, blocking OCN activity by antibody neutralization
resulted in up-regulation of myelin proteins in WT mice, while ex-
ogenous supplementation of OCN decreased the expression of
myelin genes in both in vitro (primary OLs) and in vivo (WT and
OCN™" mice) studies. Therefore, these findings demonstrate that
OCN is essential for the development of glial OLs, expanding the
field of OCN’s function in the CNS. A less compacted myelin sheath
was prone to be found in OCN™~ mice, which could be related to
the dysregulated expression of myelin gene and lipid metabolism in
OLs, yet further in-depth work needs to be performed.

GPR37 acts as a novel receptor for OCN

Another important discovery of this study is that we identified
GPR37 as a specific receptor for OCN in OLs. First, several signal-
ing testing methods were applied to provide a range of robust evi-
dences that OCN, by directly interacting with GPR37, elicits a series
of intracellular responses in both heterologous expressing systems
and primary OL cells. By contrast, GPR37L1, a homolog of GPR37,
was unable to mediate these effects of OCN. It should be noted that
the pERK level was triggered by OCN stimulation in GPR37-trans-
fected HEK293 and OLs, which seems to conflict with the increase
of pERK in OCN™ /~and GPR37”~ mice (40). The discrepancy could
be due to the difference in experimental conditions, i.e., the former
one was performed in cells with short-term treatment (no more
than 10 min), thus indicating a transient effect of OCN in GPR37
signaling, while the latter one was conducted in animals that showed
a long-term GPR37 function under the Gj/, protein-coupled path-
way. Moreover, we further showed that suppression of GPR37 ac-
tivity, by either shRNA interference or antibody blocking, abolished
the OCN-induced down-regulation of myelination proteins in OLs.
Accordingly, restoration of GPR37 reclaimed the effects of OCN on
primary OLs derived from GPR37 ™~ mice. Thus, these in vitro ex-
periments indicate that GPR37 is required for OCN’s signaling and
regulation of OL differentiation. On the other hand, our in vivo
study demonstrated that the GPR37~'~, but not W, mice resisted to
the inhibitive effects of OCN delivery on myelin protein expression,
whereas recovery of the GPR37 level rescued OCN’s regulation of
OL myelination and CNS hypermyelination in GPR37 "~ mice. In
addition, we further showed that specific depletion of GPR37 in OL
lineage led to accelerated myelination. Together, we conclude that
GPR37 acts as a receptor for OCN and mediates its function in OLs.
Moreover, because GPR37 is not present in myelinating Schwann
cell (40, 56), the action of the OCN/GPR37 regulatory axis on my-
elination could be specific in OL.

Myrf might be a key regulator mediating the signal

of the OCN/GPR37 axis

The growth and maturation of OL lineage is controlled by a com-
plex regulatory transcriptional network (40, 57, 58). In this study,
we identified Myrf, a key transcription factor for OL myelination
and myelin maintenance (58, 59), as a significantly up-regulated
gene in the absence of OCN. Although alteration in the number of
mature OLs could contribute to the expression of Myrfin OCN ™/~
mice, the in vitro study using T3-induced primary OLs revealed that
the Myrf level could be dose-dependently inhibited by OCN treat-
ment. OCN-caused down-regulation of Myrfwas abolished by shRNA
interference of GPR37, which is coordinated with the observation
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that the down-regulation of myelin PLP1 and MBP by OCN could
be prevented by blocking GPR37 activity both in vivo and in vitro.
Moreover, a previous study has shown that the expression of Myrf
is increased in GPR37~'~ mice (40). Because Myrfis known to main-
tain CNS myelination by modulating the expression of myelin
genes (58, 59), our results suggested that Myrf might be a key effec-
tor that at least partially mediated the downstream function of OCN
and GPR37 signaling in myelination OLs. Nevertheless, the exact
regulatory mechanism of how Myrf is regulated and the related mo-
lecular mechanisms should be further investigated.

The OCN/GPR37 axis may implicate in saltatory conduction
Previous works have shown that OCN can regulate anxiety and cog-
nitive functions (3, 16, 22), and the Parkinson’s disease-associated
GPR37 is involved in the regulation of locomotor behavior (38, 60).
The authors attributed these physiological roles of OCN and GPR37
to their influence on neuronal functions. From the view of glial cell,
there is growing evidence that proper OL myelination is critical in
facilitating and shaping behavior and brain functions, while distur-
bance of myelin homeostasis disrupts saltatory nerve conduction,
neuronal cognitive, or motor functions, thus contributing to neuro-
psychiatric diseases (26, 53, 61). In this work, we demonstrated that
both OCN ™~ and GPR37 '~ mice developed aberrant OL myelin-
ation, which would potentially affect the function of neuron and
partially contribute to their deficient behaviors. In support of this
notion, we found a remarkable delayed conduction of pain sense
reflex and pupillary light reflex in these two mouse lines, while infu-
sion of OCN partially recovered the defective responses in OCN =
mice. However, no significant changes in forelimb grip strength
and locomotor activity were observed. Hence, these finding implied
a distinguishing role of the OCN/GPR37 axis in mediating impulse
transmission. A variety of parameters affecting action potential
conduction have been proposed in the CNS, including axonal di-
ameter, myelin thickness, number of Ranvier nodes, the length of
the nodal gap, and the clustering of sodium channels in Ranvier
node (62, 63). Notably, our results showed a prolonged conduction
despite increased myelin thickness in OCN™~ and GPR37”~ mice.
Because there are no significant changes in axonal diameter of my-
elinated axon, the possible reason could be the inappropriate com-
pactness of myelin sheath, which might, in turn, cause abnormal change
of sodium channel nodal clustering or internodal length. Nevertheless,
the exact regulatory mechanism remains to be elucidated in depth.
In summary, we demonstrate that OCN and GPR37 form a vital
regulatory mechanism in modulation of OL differentiation and my-
elination, and their mutual interactions could contribute to the
maintenance of myelin homeostasis in CNS. Hence, our findings
may have potential therapeutic implications for demyelinating and
other neurological diseases involving white matter pathology.

MATERIALS AND METHODS

Mice and treatment

All mice were bred in specific pathogen-free facilities at Shenzhen
Institute of Advanced Technology (SIAT), Chinese Academy of Sci-
ences. All experimental procedures were performed according to
protocols approved by the Institutional Animal Care and Use Com-
mittee at SIAT. Mice were housed in a vivarium with 12-hour
light/12-hour dark cycle with free access to water and food. The
OCN™~ and GPR37'*"® mice were generated using CRISPR-Cas9

Qian etal., Sci. Adv. 2021; 7 : eabi5811 22 October 2021

technique by model organisms (Shanghai, China). The GPR37 "/~
mice (B6.129P2-Gpr37tm1Dgen/]), originally obtained from the
Jackson Laboratory (http://jaxmice.jax.org/strain/005806.html), were
provided by E. Peles from Weizmann Institute of Science, main-
tained on a C57BL/6] background, and genotyped as described pre-
viously (40). Olig2-cre mice were provided by B. Xiao from Southern
University of Science and Technology. GPR37'"1** mice were
crossed with Olig2-cre”’~ mice to generate GPR37 cKO (GPR37°P/1xF;
Olig2-cre”’") and heterozygous (GPR37'**'%; Olig2-cre”’") mice.
The OCN™" line was genotyped using primers 5'-CCAAATC-
CCCTTGGCTTCTGACTG-3' and 5'-ATCACCACCACGATGG-
ACAGACTCGA-3'. The GPR37*° Jine was genotyped using
primers 5 -AGTTTTGTTGTTATGTCTGGTG-3’ and 5'-TG-
GAGATGAAAAGAGTGTCA-3'. The Olig2-Cre line was identi-
fied with the primers 5-TGCCACGCACAAGTGACAGCAATG-3’
and 5'-ACCAGAGACGGAAATCCATCGCTC-3'.

Six- to 10-week-old mice, both male and female, were used inter-
changeably for experiments. For exogenous OCN treatment, the syn-
thesized mouse OCN (100 ng/day) or phosphate-buffered saline (PBS)
was delivered via ICV infusion for 10 days before experimental anal-
ysis. For rescues of function in GPR37 " mice, high-titer lentivirus-
containing mouse GPR37 gene was delivered via ICV infusions before
experimental analysis. To block OCN activity, OCN antibody (200 ng;
Santa Cruz Biotechnology, sc-365797) and mouse IgG were infused
via ICV before experimental analysis. Unless specified otherwise,
statistical analyses were performed using two-tailed Student’s ¢ test.

EM analysis

The procedure for EM was performed as described previously with
modifications (64). Briefly, mice were anesthetized and perfused with
15 ml of cacodylate (Sigma-Aldrich, St. Louis, USA) buffer (0.15 M,
pH 7.4) followed by 30 ml of fixative mixture containing 0.08 M
cacodylate (pH 7.4), 2.5% paraformaldehyde (PFA) (Sigma-Aldrich),
1.25% glutaraldehyde (Sigma-Aldrich), and 2 mM calcium chloride
(Sigma-Aldrich). The brain and SC were carefully removed to avoid
mechanical irritation and postfixed for 12 to 24 hours at 4°C in the
fixative mixture. Then, tissues were first immersed in 1% (w/v) OsO,
and 1.5% (w/v) potassium ferricyanide aqueous solution at 4°C for
2 hours. After washing, tissues were dehydrated through graded alcohol
(30, 50, 70, 80, 90, 100%, 10 min each) into pure acetone (2 x 10 min).
Samples were infiltrated in graded mixture (3:1, 1:1, and 1:3) of
acetone and SPI-PONS812 resin [19.6 ml of SPI-PONS812, 6.6 ml of
DDSA (Dodecenylsuccinic anhydride), and 13.8 ml of NMA (Methyl
Nadic anhydride)] and then changed pure resin. Last, tissues were
embedded in pure resin with 1.5% BDMA (Benzyldimethylamine)
and polymerized for 12 hours at 45°C and 48 hours at 60°C. The
ultrathin sections (70 nm thick) were sectioned with microtome
(Leica EM UC6), double-stained by uranyl acetate and lead citrate,
and examined by a transmission electron microscope (TEM) (FEI
Tecnai Spirit120kV). A total number of 20 fields per section were
randomly chosen to quantify the relative thickness of the myelin
sheath by g ratio, which is defined as the ratio between the axonal
diameter and the total fiber diameter. The severity of less tight myelin
compactness was defined by dividing the number of split myelin
sheath to the number of total myelin sheath in each EM image.

Immunofluorescence staining and confocal microscopy
For immunostaining, antibodies against MBP (BioLegend; 1:500),
PLP1 (Abcam; 1:500), Oligo2 (Merck Millipore; 1:1000), CCl1
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(Merck Millipore; 1:500), PDGFRo: (Cell Signaling Technology; 1:500),
Flag (Sigma-Aldrich; 1:500), and GPR37 (Abcam; 1:500) were used.
The following procedures were modified for a previous study (47),
and mice at defined ages were deeply anesthetized and perfused
with ice-cold PBS followed by 4% PFA. The brain and SC were dis-
sected, fixed in 4% PFA overnight, dehydrated in 30% sucrose at
4°C, embedded in OCT (optimal cutting temperature compound)
(Sakura Finetek), and processed for cryosections at 20 um. For im-
munohistochemistry, cryosections were permeabilized and blocked
in blocking buffer [0.4% Triton X-100 and 5% normal bovine serum
albumin (BSA) in PBS] for 1 hour at room temperature and over-
night with primary antibodies overnight at 4°C. After washing with
PBS, sections were incubated with secondary antibodies labeled
with Alexa Fluor 488 or 594 (Jackson ImmunoResearch Laborato-
ries; 1:1000) for 1 hour at room temperature, stained with 4’,6-di-
amidino-2-phenylindole (DAPI) for 10 min, washed three times in
PBS, and then mounted in Mounting Medium. For immunocyto-
chemistry, cells were seeded on poly-L-lysine-coated glass coverslips at
a density of 1 x 10* per well in the presence of ciliary neurotrophic
factor (CNTF) and T3, and cells were treated with OCN before as-
sessment. Briefly, cells were washed by PBS, fixed by 4% PFA, and
then permeabilized at room temperature in 5% BSA for 1.5 hours
followed by 0.3% Triton X-100 for 10 min. After that, cells were
treated with primary antibodies overnight at 4°C. Secondary anti-
bodies labeled with Alexa Fluor 488 or 594 were subsequently add-
ed to the cells. Last, coverslips were mounted on glass slides and
imaged using a confocal microscope (LSM 880, Zeiss). Experiments
were independently repeated at least three times.

BrdU assay

For proliferation assay in vivo, the OCN ™~ mice were intraperitone-
ally injected with BrdU (100 pg/g body weight) (Sigma Aldrich)
2 days before sacrifice, and the BrdU-labeled cells were stained
with anti-BrdU (Abcam; 1:500) antibody. For differentiation assay
in vivo, mice were pulsed with BrdU (200 ug/g) at the beginning of
treatment for four consecutive days, and the coimmunostaining of
BrdU and CC1 was performed at the end of experiment.

Extraction of CSF and serum and measurement of

OCN concentration

Collection of CSF from the cisterna magna was performed as previously
described (65). Briefly, the mice were anesthetized by 1% pentobarbital
sodium and then placed in a stereotaxic device. The skin of the neck
was shaved, and the surgical site was swabbed with 10% povidone
iodine, followed by 70% ethanol. A sagittal incision of the skin was
made inferior to the occiput, and the subcutaneous tissue and muscles
were separated under the dissection microscope. After the CSF space
was visible, a glass capillary tube was inserted into the cisterna magna,
and then the CSF was collected and stored at —80°C until use. For
serum extraction, the whole-blood samples were collected from the
mice and then centrifuged at 3000g for 10 min at 4°C, and the result-
ing serum was stored at —80°C until use. Contents of OCN in CSF and
serum were measured using a mouse OCN ELISA kit (Cloud-Clone
Corp., catalog no. SEA471Mu) according to the manufacturer’s protocol.

LPC-induced demyelinating injury

LPC-induced demyelination was carried out in the CC and SC of
8-week-old WT and OCN ™/~ mice as described previously (47, 48).
Briefly, for CC injury, 1.5 pl of 1% (w/v) LPC (Sigma-Aldrich) in
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0.9% NaCl was stereotactically injected into CC after exposing the
skull. The coordinates were as follows: 1 mm backward to bregma,
1 mm lateral to bregma, and 1.5 mm deep relative to the skull sur-
face. For SC injury, the spinal vertebrae at the level of T3 to T4 were
exposed, and then meningeal tissue in the intervertebral space was
cleared. After the dura was pierced, 0.5 pl of 1% (w/v) LPC was in-
jected via a Hamilton syringe attached to a glass micropipette into
the ventrolateral white matter via a stereotactic instrument. Brain
and SC tissues carrying the lesions were harvested at different time
points after LPC injection.

RNA-seq and data analysis

RNA was extracted from CC of WT and OCN ™'~ mice using TRIeasy
Total RNA Extraction Reagent (YEASEN Biotechnology Co., Shanghai,
China) and subjected to DNBSEQ sequencing platform by Beijing
Genomics Institute (BGI; Wuhan, China). At least 40 million clean
reads of sequencing depth were collected for each sample. RNA-seq
raw data were initially filtered to obtain clean data after quality control,
and the clean data were aligned to the mouse genome (mm10) by
HISAT and Bowtie2. A highly optimized read count program called
featureCounts was used to quantify reads generated from RNA-seq.
Raw counts of each library were used to the R package DEseq2 for
analysis of DEGs with false discovery rate < 0.05 (66). The raw data from
RNA-seq experiments have been uploaded to the National Center for
Biotechnology Information (NCBI) under the accession number GSE.

In situ hybridization

RNA in situ hybridization was carried out as previously described
with slight modifications (67). GPR37" /= and their littermate WT
mice were deeply anesthetized and perfused with PBS followed by
4% PFA. The SCs were dissected, postfixed in 4% PFA, cryoprotected
in 20% sucrose overnight at 4°C, and then immersed in OCT Com-
pound (Sakura Finetek) for subsequent sectioning. Tissue sections
(20 um) mounted on microscope slides were hybridized with
digoxigenin (DIG)-labeled probe overnight at 56°C in a humidified
and sealed container. The DIG-labeled complementary RNA (cRNA)
probes were generated by in vitro transcription from an 838-base
pair fragment of GPR37 with T7 RNA polymerase. The cRNA probes
were diluted with hybridization buffer (1:1000) and denatured at
75°C before use. To reduce nonspecific binding of cRNA probes,
sections were preincubated with hybridization buffer [5 x Denhardt’s
solution, baker’s yeast transfer RNA (3 mg/ml), sheared herring
sperm DNA (5 mg/ml), 5x SSC, and 50% formamide in ddH,0] for
at least 2 hours at room temperature. After overnight hybridization,
slides were rinsed in wash buffer (1x SSC, 50% formamide, and 0.1%
Tween-20) at 65°C for 2 x 20 min and then incubated in blocking
solution (10% heat-inactivated sheep serum) for 1 hour at room
temperature. After that, the tissue sections were incubated with
anti-DIG-POD (peroxidase) antibody for 1 hour at 37°C, and the
color reaction was performed using a TSA Plus Cy3 kit according to
the manufacturer’s instruction before the coverslips were subjected
for confocal microscopy imaging (Zeiss LSM 880).

Viral vector construction

Lentiviral vectors inserting shRNA scramble or shRNA against rat
GPR37 (gene ID: 117549) or GPR37L1 (gene ID: 252939) were con-
structed on the basis of the pLL3.7 plasmid (Addgene, #11795). The
shRNA sequences were prepared by two primer annealing sites:
1#shGPR37, 5'-TCCAACGTCCAGATGTACTACCACACCTA
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GTACATCTGGACGTTGGTTTTTTC-3’ (sense) and 5-TCGAGAAAA
AACCAACGTCCAGATGTACTAGGTGTGGTAGTACATCTG-
GACGTTGGA-3’ (antisense); 2#shGPR37, 5'-TGGTTCCCATTA-
CAGGCCTTCCACACCAAGGCCTGTAATGG-
GAACCTTTTTTC-3' (sense) and 5'-TCGAGAAAAAAGGT
TCCCATTACAGGCCTTGGTGTGGAAGGCCTGTAATGG-
GAACCA-3’ (antisense); 3#shGPR37, 5-TGCTTATCTGTGGT-
GATCTTCCACACCAAGATCACCACAGATA-
AGCTTTTTTC-3' (sense) and 5'-TCGAGAAAAAAGCTTATCTG
TGGTGATCTTGGTGTGGAAGATCACCACAGATAAGCA-3’
(antisense); 1#shGPR37L1, 5'-TGGCACAGCTACTACTTGAAC-
CACACCTTCAAGTAGTAGCTGTGCCTTTTTTC-3' (sense)
and 5'-TCGAGAAAAAAGGCACAGCTACTACTTGAAGGT-
GTGGTTCAAGTAGTAGCTGTGCCA-3' (antisense); 2#shGPR37L1,
5-TGGGCATAGACCGATTCCATCCACACCATGGAATCG-
GTCTATGCCCTTTTTTC-3’ (sense) and 5'-TCGAGAAAAAAG-
GGCATAGACCGATTCCATGGTGTGGATGGAATCGGTC-
TATGCCCA-3’ (antisense).

For GPR37-overexpressing vectors, full complementary DNA
(cDNA) sequence of mouse GPR37 (gene ID: 14763) was amplified
by reverse transcription PCR and cloned into lentiviral vector pUltra-
Smurf (Addgene, #48974) at Age I and Eco RI restriction enzyme
sites. The primers used for amplification were as follows: 5'-GTC-
CGATCCACCGGTATGCCAGCCCGGGGCGCGCC-3' (forward)
and 5-ACGAAGTTATGAATTTCAGCAATGAGTCCCCACAG-3’
(reverse). All the constructs were confirmed by DNA sequencing.

Transfection and lentivirus production

All transfections were performed with an optimized calcium phos-
phate method (68). Transfection efficiency was tested by real-time
PCR or Western blot. High-titer lentiviruses were generated by trans-
fecting HEK293T cells with the lentiviral vectors and two packaging
plasmids including pVSVg (Addgene #8454) and psPAX2 (Addgene
#12260), as described previously (69).

Intracellular calcium level measurement

The change of cytoplasmic free calcium ion concentration (iCa
was determined on the basis of HEK293-GCaMPés cells, i.e., a
HEK293 cell line stably expressing GCaMP6s. (70). After 48 hours
of transfection with GPR37 or GPR37L1 vectors in HEK293-
GCaMPés cells, the medium was exchanged by Hanks’ balanced salt
solution (HBSS; HBSS buffer, with Ca®" and Mg**, Thermo Fisher
Scientific, #14025092). Cells were incubated at 37°C for 30 min and
then treated with OCN (20 nM). The iCa?" level was reflected by the
change of GCaMP6s fluorescent signals recorded using a Nikon
digital imaging system (interval time of 1 s). All the data were quan-
tified and analyzed by MATLAB.

2+)

Standard p-arrestin recruitment assay

The B-arrestin recruitment assay was measured in HTLA cells (a
HEK293 cell line stably expressing a tTA-dependent luciferase re-
porter and a B-arrestin2-TEV fusion protein) using a PRESTO-Tango
(parallel receptorome expression and screening via transcriptional
output, with transcriptional activation following arrestin transloca-
tion) system (52). Four vectors of GPRs were purchased from
Addgene, including GPR37-Tango (#66355), GPR37L1-Tango (#66356),
GPRC6A-Tango (#66386), and GPR158-Tango (#66332). HTLA
cells expressing these vectors were seeded in poly-L-lysine-coated
and rinsed 96-well white, clear-bottomed cell-culture plates (Greiner
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Bio-One). The following day, stimulation solutions with various
concentrations of OCN were prepared in filter-sterilized assay buf-
fer, and 40 pl was added to each well. The medium was removed
24 hours later from the wells, and ONE-Glo EX Reagent (40 ul per
well; Promega) diluted 20-fold in assay buffer was added to each
well. After incubation for 15 to 20 min at 20° to 25°C, the plate was
counted in the Synergy H1 Hybrid Multi-Mode Reader (BioTek).
Relative luminescence units (RLUs) were exported into Excel spread-
sheets, and GraphPad Prism was used for analysis of data.

Binding assays

Binding assays were performed with modifications as previously
described (71). Briefly, a 100-mm dish of HEK293T cells was trans-
fected with 10 ug of the expression construct containing GPR37 or
GPR37L1. After 36 hours of transfection, cells were dissociated with
an enzyme-free cell-dissociation buffer (Life Technologies), washed
with PBS, and plated on white CoStar 96-well plates pretreated with
poly-L-lysine. For saturation binding assays and calculation of the
dissociation constant, K4, 24 hours later, cells were washed with binding
medium (0.5% BSA in Ca?*/Mg”* PBS) and incubated with serial
dilutions of biotinylated OCN in binding medium for 2 hours at
37°C. OCN biotinylation was performed using the Biotin Protein Label-
ing Kit (catalog no. 11418165001) from Roche. Following three times
washes with binding medium, cells were fixed with 4% PFA for 10 min,
washed with binding medium supplemented with 0.3% Triton X-100,
and further incubated for 30 min with extra-avidin peroxidase (Sigma-
Aldrich) in binding buffer. Cells were extensively washed, and bound
peroxidase was quantified using trimethylboron (TMB) substrate (Thermo
Fisher Scientific). The reaction was terminated by addition of TMB
stop solution (Immunochemistry Technologies), and absorbance
was read at 450 nm in an Infinite M200Pro (Tecan) microplate
reader. Nonspecific binding was determined in the presence of 100 pM
nonbiotinylated OCN, and specific binding was calculated by sub-
tracting absorbance values for nonspecific binding from total binding
values. Control experiments were performed using the maximum
amount of biotinylated protein and HEK293T cells transiently trans-
fected with the pcDNA3.1 vector alone, but no signal was detected.

Pulldown assay

Pulldown assay was performed in solubilized membranes from HEK293
cells overexpressing GPR37 or GPR37L1. After 48 hours of transfection
with FLAG-GPR37 and FLAG-GPR37L1 vectors, cells were homog-
enized on ice with cell lysis buffer [10 mM tris-HCl (pH 7.4), 320 mM
sucrose, 1x protease, and phosphatase inhibitor cocktail (78443; Thermo
Fisher Scientific)]. Homogenization was centrifuged at 12,000¢ for
15 min at 4°C. Then, supernatants were collected and incubated with
anti-FLAG (F1804, Sigma-Aldrich) overnight at 4°C. After that, 20 pl
of Protein A/G PLUS-Agarose (sc-2003; Santa Cruz Biotechnology)
was added for 2 hours at room temperature followed by three wash-
es with 1x PBS. Mouse OCN was biotinylated using the Biotin Pro-
tein Labeling Kit (catalog no. 11418165001, Roche) according to the
manufacturer’s instructions. For the pulldown, biotinylated OCN
(5 ng) was added and incubated for 1 hour at 4°C. Purified proteins
were eluted from the beads by adding Laemmli protein buffer and
heated at 65°C for 15 min and analyzed by Western blot.

Cell culture and treatment
Cell lines including HEK293T, HEK-GCaMP6s, and HTLA cells
were routinely cultured in Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 10% fetal bovine serum, penicillin
(100 U/ml), and streptomycin (100 pg/ml) [for HTLA cells, with
additional puromycin (2 pg/ml) and hygromycin B (100 pg/ml)] at
37°C in a humidified incubator with 5% CO,. The HEK293T cells
were originally obtained from the American Type Culture Collection,
and HEK-GCaMPés cells were generated by infecting HEK293T
cells with lentivirus containing GCaMP6s.

Primary rat OPCs were isolated and cultured as described previ-
ously (46). The forebrains were dissected from P1 or P2 Sprague-
Dawley rat pups, and meninges were removed and discarded. The
cerebral cortex was isolated and then transferred to a 1.5-ml Eppendorf
tube. The tissues were homogenized by pipetting up and down
with mixed culture growth medium, consisting of DMEM-F12
(Gibco, catalog no. 11330-032), 10% fetal bovine serum (Gibco,
catalog no. 10270-106), and penicillin (100 U/ml)/streptomycin
(100 g/ml). Cell suspension was passed through a 40-um cell strainer
(Falcon; catalog no. 352340) and seeded in poly-L-lysine-precoated
(Sigma-Aldrich, P0899; 0.1 mg/ml in PBS) T75 flasks. The cells
were cultured at 37°C in a humidified incubator with 5% CO,/95%
air for up to 12 days, with the medium changed every 3 days. After
that, microglia was aspirated off with the medium by shaking the
flasks at 37°C, 200 rpm for 1 hour, then replaced with fresh growth
medium, and shaken overnight with caps tightly closed for 19 hours.
Cell suspension was plated onto 10-cm dish for 4 to 6 hours at
37°C with 5% CO,, and the medium was replaced by Knockout
DMEM-F12 medium (Gibco, catalog no. 12660012) supplemented
with B27 Supplement (Gibco, catalog no. A3582801), Neural Sup-
plement (Life Technologies, catalog no. A1050801), N2 supplement
(Gibco, catalog no. A1370701), sodium pyruvate (Gibco, catalog no.
11360070), GlutaMax supplement (Gibco, catalog no. 35050061),
penicillin/streptomycin, PDGF-AA (PeproTech, catalog no. 100-13A),
human basic fibroblast growth factor (Sino Biological, catalog no.
10014HNAE), insulin (Sigma-Aldrich, catalog no. 91077), N-acetyl
cysteine (Sigma-Aldrich, catalog no. A8199), and epidermal growth
factor. The differentiation of OPC into mature OLs was induced
by adding CNTF (PeproTech, catalog no. 450-13) and T3 (Sigma-
Aldrich, catalog no. T6397) into the culture medium. Primary mouse
OPCs were isolated from P7 to P8 GPR37~'~ mice as described pre-
viously (72, 73). Mouse OPC induced differentiation into mature
OLs by T3 (Sigma-Aldrich, catalog no. T2877) and CNTF as de-
scribed above. The purity of OPC and induction to OLs were as-
sessed by specific markers. To examine function of OCN in OLs, rat
OPCs were transduced with the lentiviral vector carrying shRNA
targeting GPR37 or GPR37L1 and differentiated in the presence of
CNTF and T3 for 48 hours before subsequent analyses. OLs derived
from primary rat OPCs were treated with OCN or TX14(A) in dif-
ferentiation medium for 48 hours before subsequent experiments.
To restore the GPR37 level, differentiation OLs were infected with
lentivirus containing mouse GPR37 for 48 hours before subsequent
OCN treatment.

Peptide

Human and mouse OCN peptides were synthesized in the BGI
(Beijing, China). The complete amino acid sequence is as follows:
for human OCN, YLYQWLGAPVPYPDPLEPRREVCELNPDCD
ELADHIGFQEAYRRFYGPYV; for mouse OCN, YLGASVPSPD-
PLEPTREQCELNPACDELSDQYGLKTAYKRIYGITI. Prosaptide
TX14 (A) was purchased from Sigma-Aldrich (catalog no. SML1417).
All the peptides were dissolved in PBS and stored at —80°C until use.
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cAMP production assays

For cAMP measurement in HEK293, after the transfection of
GPR37 or GPR37L1 vectors for 48 hours, cells were seeded in poly-
L-lysine-coated and rinsed 96-well white, clear-bottomed cell-culture
plates (Greiner Bio-One). By the treatment with forskolin and/or
various amounts of OCN for 30 min, the cAMP level was analyzed
using the cAMP-Glo Max Assay Kit (Promega, catalog no. V1682)
following the manufacturer’s instructions.

For cAMP quantification in OL, primary rat OPCs were trans-
duced with the lentiviral vector carrying shRNA targeting GPR37 in
the presence of CNTF and T3 for 48 hours and then seeded in poly-
1-lysine-coated wells of 96-well plates at a density of 1 x 10* per
well. Cells were treated with forskolin and OCN at the indicated
concentration for 30 min, and the intracellular cAMP concentra-
tion was measured with the same kit as described above. All the
experiments were repeated at least four times in triplicate, and data
were analyzed using GraphPad Prism software.

Cell proliferation and cell viability
For cell proliferation assay, primary rat OPCs were seeded in poly-
1-lysine-coated 96-well plates at a density of 1 x 10*/well and treated
with OCN (20 nM) before assessment. Cell proliferation was measured
using EAU (5-ethynyl-2’-deoxyuridine) incorporation assay (RiboBio,
Guangzhou, China) according to the instructions of the manufacturer.
For cell viability measurement, primary rat OPCs were seeded in
poly-L-lysine-coated 96-well plates at a density of 1 x 10* per well
in the presence of CNTF and T3, and cells were treated with OCN in
different concentrations (from 0 to 50 nM) or times (up to 72 hours)
before assessment. Cell viability assay was measured using an MTT
[3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide] kit
(Beyotime, China) according to the instructions of the manufacturer.

Western blotting

Total proteins were extracted with radioimmunoprecipitation assay
buffer [20 mM tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.5% sodium deoxycholate, and 1 mM phenylmethyl-
sulfonyl fluoride] supplemented with protease inhibitor cocktail (Roche).
Protein concentration of samples was measured using a bicinchoninic
acid protein assay kit (Thermo Fisher Scientific). Equal protein
amounts (30 to 50 ug) were loaded for SDS-PAGE and transferred to
a polyvinylidene difluoride or nitrocellulose membrane. After blocking
the nonspecific site with 5% nonfat milk for 1 hour, the membrane
was incubated with a specific primary antibody overnight at 4°C and
then incubated with horseradish peroxidase-conjugated secondary
antibody for 1 hour at room temperature. The immune blotting sig-
nals were visualized with an enhanced chemiluminescence (ECL) kit
(Thermo Fisher Scientific, catalog no. 32209) using a chemilumi-
nescent imaging system (5200Multi, Tanon). Digital images were
quantified using densitometric measurement with ImageJ software.

RNA extraction and quantitative reverse transcription PCR

Total RNA from cells or tissue was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The concentration of RNA was quantified by the NanoDrop
2000c Spectrophotometer (Thermo Fisher Scientific, Rockford, IL).
The first-strand cDNA was synthesized from 1 pg of total RNA using
One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen
Biotech, Beijing, China). The quantitative PCR experiments were con-
ducted on a QuantStudio Real-Time PCR system (Applied Biosystems)

150f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

using TransStart Tip Green qPCR SuperMix (TransGen Biotech)
with gene-specific primers. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control for normalization.
Primer sequences used in this study were supplemented in table S1.
All reactions were performed in triplicate with three independent
experiments, and the relative expression of mRNA levels was calcu-
lated using the 2~**“" method.

X-ray microscope analysis

The 3D imaging of SC was performed using the ZEISS Xradia 520
Versa X-ray Microscope [Carl Zeiss (Shanghai) Co. Ltd., Shanghai,
China]. The specimens were stained with 1% osmium acid solution
and dried with the critical point drying method. Before imaging, the
specimens were mounted on the sample holder with an aluminum
tube as adapter and rotated horizontally by 360°, pausing at discrete
angles to collect 2D projection images, which were then combined
together to produce a 3D reconstruction of the specimen’s volume
dataset. Scanning energy is 40 to 60 kV, and scanning resolution is
from 0.5 to 2.0 um/voxel size. The low resolutions are for the large
filed of sample scanning, and fine resolutions are for the local high-
resolution scanning. Each 3D dataset includes about 1000 virtual slices.
The volume of 3D datasets is about 2 GB in CCD (Charge-coupled
Device) bin2 mode. Dragonfly software from Object Research Systems
(ORS) Inc. is hired for dataset processing. The 3D internal structure
of SC is presented after segmentation and 3D rendering.

Behavioral tests in mice

Thermal sensitivity test

Thermal sensitivity was measured with a hot plate test apparatus
(Bioseb in Vivo Research Instrument) in 8-week-old mice. The la-
tency to respond to a thermal stimulus applied to the paws is deter-
mined by the time it takes the mouse to lick or flick the hind paw or
jump from the hot plate surface. These reflexive behaviors involve
both cerebral and spinal mediated circuits. The temperature of the
hot plate is calibrated to produce a withdrawal response within 10
to 15 s in control mice. The surface temperature of the plate was
controlled at 53°C. For the OCN rescue experiment, the OCN ™/~
mice were performed with hot plate test after intraperitoneal injection
of the synthesized mouse OCN (50 ng/g, body weight) for 10 days.

Pupillary light reflex

Pupillary light reflex was recorded in 8-week-old mice with deep
anesthesia. The pupil and corneal reflection was monitored by in-
frared light (780 nm), and the response of pupil was measured using
a high-speed camera (30001/s, Basler, acA1300—200 pm) focused
on the anterior segment of the eye. Baseline pupil size was collected
during the fixation period before the onset of white light stimulus.
The pupil data were extracted by LabView software and analyzed
by MATLAB.

Forelimb grip strength test

The test was performed with mice at 6 to 8 weeks of age by using the
Grip Strength Meter (XR501, Shanghai Xinruan Information Tech-
nology Co. Ltd., Shanghai, China). Each mouse was lifted by the tail
to grasp the bar mounted on the force gauge. Once both fore-
limbs gripped the bar, the mouse was then slowly pulled away
from the meter by its tail at a constant speed until the forelimbs
were released. The maximal forelimb force (in newton) was re-
corded by the gauge, and the measurement was performed three
times for each mouse, which were finally averaged for the
data analysis.
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Open-field test

The open-field test was used to assess locomotor activity in mice at
6 to 8 weeks of age. Each mouse was placed in the center of a cham-
ber (50 cm by 50 cm by 25 cm) and allowed to freely explore in the
open field for 10 min. Spontaneous locomotor activity was recorded
by an automated video tracking system. For analyses, a smaller con-
centric square covering 25% of the area (25 cm by 25 cm) was de-
fined as the center area. The locomotion parameters including time
in the center and total distance in the entire zone were analyzed by
ANY-maze software (Stoelting Co.).

Statistical analysis

Statistical analyses were performed with the SPSS version 13.0 soft-
ware 261 package (SPSS, Chicago, IL, USA) for Windows. All data
are presented as means + SD unless otherwise stated. When only
two groups were compared, the statistical differences were assessed
with the double-sided Student’s ¢ test. The number of samples per
group (n > 5) is stated in the figure legends. Comparisons among
multiple groups were performed using one-way analysis of variance
(ANOVA) with Tukey’s post hoc test. Two-way ANOV A was used
for analysis of multiple groups with Tukey’s multiple comparison
post hoc test. For all experiments, *P < 0.05 was considered a signif-
icant difference.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5811

View/request a protocol for this paper from Bio-protocol.
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