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Parkinson’s disease-associated receptor GPR37 is an
ER chaperone for LRP6
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Abstract

Wnt/b-catenin signaling plays a key role in embryonic develop-
ment, stem cell biology, and neurogenesis. However, the mecha-
nisms of Wnt signal transmission, notably how the receptors are
regulated, remain incompletely understood. Here we describe that
the Parkinson’s disease-associated receptor GPR37 functions in the
maturation of the N-terminal bulky b-propellers of the Wnt co-
receptor LRP6. GPR37 is required for Wnt/b-catenin signaling and
protects LRP6 from ER-associated degradation via CHIP (carboxyl
terminus of Hsc70-interacting protein) and the ATPase VCP. GPR37
is highly expressed in neural progenitor cells (NPCs) where it is
required for Wnt-dependent neurogenesis. We conclude that
GPR37 is crucial for cellular protein quality control during Wnt
signaling.

Keywords ER-associated degradation; GPR37; LRP6; PAEL-R; Wnt signaling

Subject Categories Neuroscience; Protein Biosynthesis & Quality Control;

Signal Transduction

DOI 10.15252/embr.201643585 | Received 28 October 2016 | Revised 14

February 2017 | Accepted 22 February 2017 | Published online 24 March 2017

EMBO Reports (2017) 18: 712–725

Introduction

Low-density lipoprotein receptor (LDLR)-related protein 6 (LRP6) is

a single transmembrane protein, which acts as a co-receptor for Wnt

ligands in cooperation with core receptors of the Frizzled (FZD)

family [1,2]. LRP6 and its close ortholog LRP5 are essential for

directing Wnt signaling toward the canonical or Wnt/b-catenin
pathway, which plays paramount roles in development and disease

[3–7]. Wnt proteins induce the formation of a ternary FZD-LRP6

complex, followed by receptor clustering and phosphorylation in

signalosomes. LRP6 activation triggers a series of events culminat-

ing in GSK3 inhibition, one consequence of which is the stabiliza-

tion of b-catenin, which translocates to the nucleus to regulate

expression of Wnt target genes [1,8].

The folding of cell surface receptors, such as LRP5/6, is moni-

tored in the endoplasmic reticulum (ER) before they enter the

secretory pathway. In mammalian cells, quality control

mechanisms, including a variety of chaperones [9], monitor and

promote correct protein folding, such that only the properly folded

receptors leave the ER, while misfolded proteins either accumulate

in the ER or are removed by ER-associated degradation (ERAD)

[10,11]. This quality control prevents defective receptors from

reaching the cell surface, where they could disturb normal

signaling.

LRP5/6 are particularly prone to ER misfolding due to their

large extracellular domains containing more than 40 cysteine resi-

dues, which have to form correct disulfite bridges [12,13]. They

belong to the LDLR protein family which all contain three types of

repeated sequences: the complement-type repeats (also known as

type A repeats), epidermal growth factor (EGF) repeats, and

YWTD repeats that fold into six-bladed b-propellers [14,15]. LRP6

has four b-propeller/EGF repeats (E1-4), which form two rigid

blocks separated by a short hinge between domains E2 and E3

(see model in Synopsis) [16,17]. Wnt1, 2, 6, 7a/b, 9a/b, and 10a/b

bind preferentially to domains E1-E2, whereas Wnt3a binds to

domain E3 [17–20]. The LRP6 antagonist Dkk1 has several binding

sites, one of them overlapping with the Wnt3a binding site on

domain E3 and therefore competing with Wnt3a for binding

[17,18,21]. Mutations in the extracellular domains of LRP5/6,

which result in impaired ligand binding or alterations in receptor

cell surface expression, are linked to multiple human diseases such

as bone density disorders [22–25], cardiovascular diseases [26],

aberrant eye development [22], and neurodegenerative diseases

such as Alzheimer’s disease [27], highlighting the importance of

the Wnt co-receptors [2].

Despite the pivotal roles of LRP5/6, how their folding and matu-

ration are regulated remains incompletely understood. One impor-

tant regulator of LRP5/6 folding is the ER-resident chaperone

mesoderm development (Mesd) [12,13,28]. Mesd binds to the

b-propellers of newly synthesized LRP6, as well as other LDLRs,

until they reach a more stable configuration upon translation of the

succeeding EGF-like repeats [12]. In the absence of Mesd, LRP6 is

retained in the ER, and Wnt/b-catenin is inhibited [13].

Here we identify G-protein-coupled receptor 37 (GPR37) as a

novel maturation factor of LRP6. GPR37 is a seven-pass transmem-

brane protein, which is highly expressed in mouse brain and testis
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[29–31]. GPR37 is a substrate of the E3 ligase Parkin, and hence is

also known as Parkin-associated endothelin-like receptor (PAEL-R)

[32]. Missense mutations of Parkin that are associated with a juve-

nile form of Parkinson’s disease result in the accumulation of

GPR37 in the brain of Parkinson’s disease patients [32]. Further-

more, overexpression of GPR37 leads to its accumulation in aggre-

gates, ER stress, and neuronal cell death [32,33]. On the other hand,

it has been suggested that native GPR37 has a neuroprotective role

by binding of prosaposin and prosaptide [34]. In addition, it has

recently been proposed that GPR37 promotes oligodendrocyte dif-

ferentiation and myelination via ERK signaling [35].

We show that GPR37 assists the maturation of LRP6 domains E1

and E2 in the ER. GPR37 protects LRP6 from ERAD via CHIP (car-

boxyl terminus of Hsc70-interacting protein; also known as STUB1)

and the ATPase VCP, thereby promoting Wnt/b-catenin signaling.

In neural progenitor cells (NPCs), both LRP6 and GPR37 are

required to promote neuronal fate.

Results and Discussion

GPR37 is a novel positive regulator of Wnt/b-catenin signaling

To uncover novel regulators of the Wnt/b-catenin signaling

pathway, we performed a genome-wide siRNA screen [36], and

identified GPR37 as a putative Wnt activator. Knockdown of

GPR37 in HEK293T cells by two independent siRNAs inhibited

Wnt3a-induced signaling in Topflash reporter assays (Figs 1A

and EV1A), without affecting BMP, TGFb, or FGF signaling

reporter activities (Fig EV1C–F). Depletion of GPR37 did not

inhibit Topflash activity induced by the ligand–receptor complex

(Wnt1/LRP6/FZD8), the constitutively active Wnt co-receptor

LRP6DE1-4, or cytoplasmic effectors such as Dvl1 or b-catenin
(Fig 1B). Treatment with the proposed GPR37 ligand prosaptide

[34] did not affect Wnt3a-induced Topflash activity (Fig EV1G).

A requirement for GPR37 in Wnt3a signaling was also observed

in the lung cancer cell line H1703, where siGPR37 decreased

Topflash reporter activity and prevented accumulation of

b-catenin to a similar extent as the depletion of the Wnt co-

receptors LRP5/6 (Figs 1C and D, and EV1B). These findings

suggest that GPR37 is a positive regulator of Wnt/b-catenin
signaling, acting at the Wnt receptor level, and independent of

its proposed peptide ligand.

In lack of adequate antibodies for endogenous human GPR37

protein, and to identify the GPR37 domains that function in Wnt

signaling, we generated various GPR37 deletion constructs (Fig 1E).

Overexpression of the N-terminal region of GPR37 containing the

first transmembrane region (GPR37-1TM), but not the other

constructs, enhanced Wnt3a-induced reporter activity (Fig 1F).

Furthermore, full-length GPR37 and GPR37-1TM, but not GPR37

lacking the N-terminus (GPR37DN) or the intracellular C-terminus

(GPR37DC), promoted LRP6-induced reporter activity similarly as

Mesd, suggesting that GPR37 functions through LRP6. In contrast,

none of the GPR37 constructs cooperated with Fzd8 in reporter

assays. In addition, overexpression of GPR37-1TM rescued the

siGPR37-mediated inhibition of Wnt signaling, attesting to the speci-

ficity of the siRNA and corroborating that expression of this deletion

construct mediates a GPR37 gain of function (Figs 1F and EV2A).

Notably, GPR37-1TM was expressed at higher levels than GPR37

(Fig EV2B), possibly accounting for its stronger effect on Wnt3a-

induced reporter activity. Taken together, these data indicate that

the most N-terminal region of GPR37 is required for its function in

Wnt signaling.

GPR37 regulates Wnt signaling through LRP6

To further study the specificity of GPR37 to function through LRP6,

we made use of HEK293T cells mutant for this Wnt co-receptor. In

LRP6�/� cells, overexpression of GPR37-1TM and GPR37 did not

activate Wnt signaling, unless LRP6 was reintroduced (Figs 2A and

EV3A and B). Additionally, dose-dependent knockdown of LRP6

decreased the effect of overexpressed GPR37-1TM in Topflash

reporter assays (Fig EV3C), supporting that GPR37 requires LRP6 to

function in Wnt signaling.

To examine whether GPR37 interacts with LRP6, we performed

co-immunoprecipitation (co-IP) experiments. Overexpressed LRP6

co-precipitated full-length GPR37 and GPR37-1TM, whereas only

background binding for GPR37DN was observed (Fig 2B). More-

over, GPR37-1TM also co-precipitated with overexpressed LRP5

(Fig EV3D), but not with overexpressed LRP3 (Fig EV3E), suggest-

ing that GPR37-1TM preferentially binds to the Wnt co-receptors.

Furthermore, endogenous LRP6, but not the downstream compo-

nent GSK3, co-precipitated with GPR37-1TM (Fig 2C). These data

indicate that GPR37 interacts with LRP5/6 via its N-terminal

domain.

In line with the siGPR37 effect observed in Topflash, GPR37

depletion strongly reduced total LRP6 protein levels in H1703 and

HEK293T cells (Fig 2D and E). Moreover, siGPR37 decreased cell

surface LRP6 protein levels in both cell lines (Fig 2F and G),

while LRP6 mRNA levels remained unaffected (Fig 2H).

▸Figure 1. GPR37 is a novel positive regulator of Wnt signaling.

A, B Topflash reporter assay in HEK293T cells upon knockdown of GPR37 using siRNA pool or single siRNAs, or siLRP5/6. Cells were stimulated with Wnt3a-conditioned
media or by transfection with the indicated constructs (mean values � SD, n = 3; ***P < 0.001, one-way ANOVA followed by Holm–Sidak test).

C Topflash reporter assay in H1703 cells upon knockdown of GPR37 or LRP5/6. Cells were treated as indicated (mean values � SD, n = 3; ***P < 0.001, one-way
ANOVA followed by Holm–Sidak test).

D Immunofluorescence microscopy showing b-catenin accumulation (green) in H1703 cells. Cells were transfected with the indicated siRNAs and stimulated with
Wnt3a-conditioned media for 3 h. Scale bar: 10 lm.

E GPR37 deletion constructs used in this study. All deletion constructs contain the Kremen signal peptide (SP) followed by an N-terminal tag. The transmembrane
region (TM) is shown in red.

F Topflash reporter assay in HEK293T cells upon overexpression of GPR37 deletion constructs shown in (E) in combination with the indicated constructs, and
stimulated as indicated (mean values � SD, n = 3; ***P < 0.001, one-way ANOVA followed by Holm–Sidak test). Note that the lack of activity in GPR37DC may be
possibly due to misfolding of the seven transmembrane domains.
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Conversely, overexpression of both full-length GPR37 and GPR37-

1TM increased LRP6 cell surface levels, similarly as observed

for Mesd (Fig EV3F). The results suggest that GPR37 functions

in Wnt signaling by upregulating LRP6 protein levels post-

translationally.

GPR37 is required for LRP6 maturation

To delineate in which cellular compartment GPR37 and LRP6 func-

tionally interact, we co-transfected HEK293T cells with GPR37 and

LRP6 in combination with plasmids encoding specific organelle

A

B

C F

G

H

D

E

Figure 2. GPR37 regulates LRP6 protein levels.

A Topflash reporter assay in LRP6+/+ and LRP6�/� HEK293T cells. Cells were transfected with GPR37-1TM (1TM) or control vector and treated as indicated (mean
values � SD, n = 3; ***P < 0.001, one-way ANOVA followed by Holm–Sidak test).

B Co-immunoprecipitation of overexpressed LRP6 and the indicated GPR37 constructs. Immunoblots of immunoprecipitates from HEK293T cells transfected with the
indicated FLAG- and V5-tagged constructs. IgG bands are indicated with an asterisk. Note that LRP6 binds preferentially the lower molecular weight band of
GPR37-1TM, which represents the ER form of GPR37-1TM. Shown is a representative experiment carried out three times.

C Co-immunoprecipitation of endogenous LRP6. Immunoblots of immunoprecipitates from HEK293T cells transfected with the indicated V5-tagged constructs. GSK3
serves as a negative control. Shown is a representative experiment carried out five times.

D, E Immunoblots of H1703 (D) or HEK293T (E) cell lysates upon knockdown of GPR37. Transferrin receptor serves as a loading control. Shown are representative
experiments carried out eight and seven times, respectively.

F, G FACS analyses of cell surface LRP6 protein levels upon knockdown of GPR37 or LRP6 in H1703 (F) or HEK293T (G) cells. Blue dotted line shows background signal
upon staining with control IgGs. Shown are representative experiments carried out three times.

H qPCR analysis of LRP6 expression levels in HEK293T or H1703 cells upon knockdown of GPR37 (mean values � SD, n = 3).
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markers. We observed co-localization of LRP6 and GPR37 with the

ER marker calreticulin, the Golgi marker TGNP and the trans-Golgi

marker SiT, and to lesser extent with the lysosomal marker

cathepsin (Fig 3A). Similar results were obtained with GPR37-1TM

(Fig EV4A). This pattern of co-localization suggests that GPR37 may

mediate LRP6 maturation or transport from the ER. Consistently,

A C

B D

Figure 3.
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GPR37-1TM co-precipitated preferentially the ER-retained, immature

form of LRP6 (Fig EV4B).

LRP6 is a highly glycosylated protein, whose maturation

and folding is facilitated by the ER-resident chaperone Mesd

[12,13,28,37,38]. To examine whether GPR37 may also promote

LRP6 maturation, we performed an endoglycosidase H (EndoH)

assay. EndoH deglycosylates high-mannose glycoproteins, which

have not yet passed the Golgi apparatus, where they are further

modified and become EndoH resistant. Overexpression of either

GPR37-1TM or Mesd strongly increased the level of mature, EndoH-

resistant LRP6 (Fig 3B). LRP6 contains four extracellular b-propel-
lers (E1–E4), and using deletion mutants, we found that GPR37-

1TM increased the levels of mature LRP6DE3-4 and LRP6DC, but

not of LRP6DE1-2 (Fig 3B). Of note, E1-2 folding/maturation may

be particularly challenging since their deletion increased the ratio of

mature to immature protein (Fig 3B). In addition, GPR37-1TM,

and to a lesser extent GPR37, cooperated with limiting amounts

of LRP6DE3-4, but not with LRP6DE1-2, in Wnt reporter assays

(Fig 3C). Furthermore, GPR37-1TM co-precipitated with LRP6,

LRP6DE3-4, and LRP6DC, but not with LRP6DE1-4 or LRP6DE1-2
(Fig 3D). Taken together, these data suggest that GPR37 promotes

maturation of the E1-E2 domains of LRP6.

GPR37 protects LRP6 from ERAD

When protein misfolding occurs in the ER and cannot be

resolved, proteins are exported from the ER to undergo ERAD

[10,11,39]. To address whether GPR37 protects LRP6 from ERAD,

we used brefeldin A, which inhibits the transport of proteins from

the ER to the Golgi, leading to fusion of both organelles and ER

stress [40]. Upon brefeldin A treatment, overexpressed LRP6

decreased in control cells, but strongly accumulated in the ER

upon co-transfection with GPR37-1TM (Fig 4A), suggesting that

GPR37-1TM stabilized LRP6. In endogenous LRP6, the immature,

lower molecular weight band accumulated under brefeldin A

treatment (Fig 4B), which was impaired by siGPR37. Furthermore,

expression of the ER stress marker CHOP [41] was increased upon

siGPR37 under basal conditions and upon brefeldin A treatment

(Fig 4C), consistent with GPR37 counteracting protein misfolding.

These results support that GPR37 is required to stabilize LRP6

in the ER and to protect it from ERAD, notably under stress

conditions.

Misfolded proteins are recognized by chaperones that either

protect them from stress, such as Mesd, or target them for degra-

dation. CHIP (also known as STUB1) binds chaperones of the

Hsc70 family and converts them from protein-folding machines

into factors that target misfolded proteins for degradation [42]. For

instance, CHIP interacts with Parkin and promotes degradation of

misfolded GPR37 [32,43]. Interestingly, CHIP depletion rescued

LRP6 protein levels upon knockdown of GPR37 (Fig 4D). This

suggests that CHIP also recognizes misfolded LRP6 and targets it

for degradation. CHIP harbors two distinct motifs: A U-Box domain

with E3 ligase activity, and a tetratricopeptide repeat (TPR)

domain. The latter is required for the interaction with chaperones

that assist misfolded proteins to undergo proteasomal degradation

[44]. Co-IP experiments showed binding of LRP6 to full-length

CHIP, which was increased upon ER stress (Fig 4E). LRP6 also

bound to CHIP lacking the U-Box (CHIPDUBox), but not to

Figure 3. GPR37 promotes the maturation of LRP6 domains E1 and E2.

A Immunofluorescence microscopy of HEK293T cells transfected with V5-GPR37 and HA-LRP6 together with the organelle markers mCherry-calreticulin (ER), mCherry-
TGNP (Golgi), mCherry-SiT (trans-Golgi), or mCherry-cathepsin (lysosome), which are shown in blue. White signal in merge shows co-localization of all three labels
(arrows). Scale bar: 10 lm.

B Representative immunoblots of HEK293T cells transfected with the indicated LRP6 deletion constructs and co-transfected with control vector, Mesd, GPR37-1TM, or
GPR37. Cell lysates were subjected to EndoH treatment as indicated. Ma, mature LRP6; im, immature; dg, deglycosylated. Numbers under lanes indicate the ratio of
mature (ma) to immature (im) LRP6 band from densitometric analysis. Shown are representative experiments that were carried out three times.

C Topflash reporter assay in HEK293T cells transfected with the indicated LRP6 constructs and co-transfected with control vector, Mesd, GPR37-1TM, or GPR37. Cells
were treated as indicated (mean values � SD, n = 3; ***P < 0.001, one-way ANOVA followed by Holm–Sidak test).

D Co-immunoprecipitation of GPR37-1TM with LRP6 deletion constructs. Immunoblots of immunoprecipitates from HEK293T cells transfected with the indicated
constructs. The asterisk indicates an unspecific band. Shown are representative experiments that were performed six times.

▸Figure 4. GPR37 protects LRP6 from ER-associated degradation (ERAD) via CHIP and VCP.

A Immunofluorescence microscopy of HEK293T cells transfected with HA-LRP6 (green) upon co-transfection with V5-GPR37-1TM or V5-FLRT3 (Control), and treated
with brefeldin A (Bref.) or vehicle (�) for 4 h as indicated. Scale bar: 10 lm.

B Representative immunoblots of endogenous LRP6 from H1703 cells upon knockdown of GPR37 and treatment with brefeldin A as indicated. Values under the
immunoblots show the quantitation of immature, low molecular weight LRP6, normalized to the loading control ERK1/2. Asterisk indicates an unspecific band.
Shown are representative experiments that were carried out three times.

C qPCR analysis of the ER stress marker CHOP upon knockdown of GPR37 and treatment with the ER stress-inducing agent brefeldin A for 6 h (mean values � SD,
n = 3; **P < 0.01, ***P < 0.001, one-way ANOVA followed by Holm–Sidak test).

D Immunoblots of H1703 cells transfected with the indicated siRNAs. ERK1/2 serves as a loading control. Shown are representative experiments that were performed
three times.

E, F Immunoblots of immunoprecipitates from HEK293T cells transfected with the indicated constructs. Cells were treated with brefeldin A (E and F) or vehicle for 4 h
(E). Shown are representative experiments that were performed five times.

G Immunoblots of H1703 cells upon knockdown of GPR37 and treatment with the VCP inhibitor NMS-873, or the vehicle DMSO, for 5 h. ERK1/2 serves as a loading
control. Shown are representative experiments that were performed three times.

H LRP6 ubiquitination analysis. Representative immunoblots of immunoprecipitated FLAG-LRP6 in HEK293T cells transfected as indicated and treated with the
proteasomal inhibitor MG-132 and the lysosomal inhibitor chloroquine for 6 h to induce accumulation of ubiquitinated LRP6 (LRP6-Ubn). Ub-HA, ubiquitin-HA.
Shown are representative experiments that were performed five times.

◀
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CHIPDTPR (Fig 4F). These findings support that CHIP interacts

with LRP6 and targets it for degradation via the TPR domain.

Misfolded proteins in the ER are retro-translocated to the cyto-

plasm to be poly-ubiquitinated and thereby targeted for proteasomal

degradation. Different routes for retro-translocation exist, but all of

them involve the ER exporter valosin-containing protein (VCP/p97)

[39]. Treatment with the selective VCP inhibitor NMS-873 fully

rescued decreased LRP6 levels upon GPR37 depletion (Fig 4G), indi-

cating that in the absence of GPR37, LRP6 is exported in a VCP-

dependent manner from the ER to the cytoplasm for degradation.

Consistent with this model, overexpressed LRP6 showed substantial

poly-ubiquitination, which was strongly reduced by co-expression

of GPR37-1TM and GPR37, and to a lower extent by Mesd (Fig 4H).

We conclude that GPR37 protects LRP6 from CHIP- and VCP-depen-

dent ERAD.

GPR37 regulates neural fate in NPCs

In adult mice, Gpr37 is highly expressed in the brain and testis ([31]

and Fig 5A). Consistently, mice mutant for Gpr37 exhibit dopamin-

ergic neuron and Sertoli cell defects [29,45]. We analyzed mouse

E14 embryos and found that Gpr37 is also highly expressed in the

developing brain, as well as in isolated NPCs (Fig 5B). NPCs are

self-renewing, multipotent cells that can differentiate into neurons,

astrocytes, and oligodendrocytes [46]. Wnt signaling promotes NPC

proliferation, leads to neuronal differentiation, and prevents oligo-

dendrocyte differentiation [47–50].

To further examine the role of endogenous GPR37, we studied its

function in NPCs from E14 mouse embryos, where the protein co-

localized with endogenous LRP6, as well as with calreticulin (ER)

and TGN38 (Golgi) (Fig 5C), whereas only limited co-localization

was observed with EEA1 (early endosomes). This confirms that

GPR37 co-localizes with LRP6 in the ER and Golgi apparatus. More-

over, depletion of GPR37 reduced LRP6 protein levels in NPCs as

well (Figs 5D and E, and EV5A–C), but not Lrp6 mRNA levels

(Fig EV5D). Expression of the Wnt target gene Sp5 was decreased

upon both siGpr37 and siLrp5/6 treatment (Fig 5F), consistent with

GPR37 functioning as a positive regulator of Wnt/b-catenin signal-

ing in NPCs.

To analyze the role of GPR37 in neurogenesis of NPCs, we exam-

ined neural marker gene expression upon siGPR37. Depletion of

GPR37 decreased the expression of the neuronal fate marker Dcx

and increased expression of the glial fate marker Cspg4, similar to

siLrp5/6 (Fig 5G). To corroborate that GPR37 is required to promote

Wnt-driven neurogenesis of NPCs, we induced NPC differentiation

by retinoic acid and monitored the terminal differentiation protein

MAP2 (Fig 5H). Knockdown of either GPR37 or LRP5/6 reduced the

number of MAP2-positive cells. It has been proposed recently that

GPR37 promotes oligodendrocyte differentiation and myelination

via ERK signaling [35]. However, phospho-ERK1/2 levels were unaf-

fected by depletion of GPR37 in NPCs (Fig EV5E). Taken together,

these results indicate that GPR37 is required in Wnt signaling to

promote neuronal fate in NPCs.

Wnt signaling plays critical roles in neurogenesis during brain

development [47–49]. Furthermore, Wnt signaling in NPCs of old

mice induces neurogenesis in the hippocampus and counteracts

cognitive decline [51]. Our results indicate that GPR37 is required in

NPCs to maintain normal LRP6 protein levels and Wnt signaling

(Fig 5D and E), thereby promoting commitment to neuronal specifi-

cation, while inhibiting glial fate (Fig 5F–H). Consistently, GPR37 is

a negative regulator of oligodendrocyte differentiation and Gpr37-

deficient mice display brain defects, including a decrease in striatal

dopamine levels, defects in motor behavior, anxiety, and learning

deficiencies [35,52–55], which are even more severe in aged

animals [53].

Gpr37-deficient mice are viable, unlike Lrp5/6 mutants [56],

suggesting that GPR37 acts as a cell-specific LRP5/6 maturation

factor. In other tissues, different chaperones, including Mesd or

the GPR37-homolog GPR37L1, may aid LRP5/6 folding. Like

GPR37, GPR37L1 is highly expressed in the brain [45] and is able

to protect primary astrocytes from cell death [34], suggesting that

GPR37L1 and Mesd may partially compensate for GPR37 loss of

function.

GPR37 in LRP6 folding and ER stress

In this study, we found that the Parkinson’s disease-associated recep-

tor GPR37 functions in Wnt/b-catenin signaling to promote matura-

tion of LRP6. Mechanistically, the N-terminal domain of GPR37,

which is only found in placental mammals, binds and promotes the

maturation of domains E1 and E2 of LRP6 in the ER. Depletion of

GPR37 leads to LRP6 misfolding and ERAD via the ER exporter VCP,

assisted by CHIP. Consequently, levels of mature LRP6 are reduced

and Wnt/b-catenin signaling is inhibited (see model in Synopsis).

Interestingly, the N-terminal domain of GPR37 undergoes metallopro-

tease-dependent cleavage [57], which mediates its localization [34].

▸Figure 5. GPR37 modulates neural fate in neural progenitor cells.

A, B qPCR expression analysis of Gpr37 in the indicated mouse tissues or isolated NPCs. Gpr37 expression was normalized against Gapdh (mean values � SD, n = 3;
one-way ANOVA followed by Holm–Sidak test).

C Immunofluorescence microscopy of endogenous GPR37 (red) with LRP6, calreticulin (ER), TGN38 (Golgi), EEA1 (early endosome), clathrin (endocytic vesicles), or pan-
cadherin (cell junctions), shown in green, in NPCs from disassociated neurospheres. Yellow signal shows co-localization (arrows). Scale bar: 10 lm.

D Immunofluorescence microscopy of endogenous LRP6 (green) and GPR37 (red) in neurospheres upon siGpr37 treatment. DNA (Hoechst) is shown in blue. Scale bar:
100 lm.

E Immunoblot analysis of LRP6 protein levels in NPC cells upon siRNA knockdown of GPR37 or LRP5/6. Note that siGpr37 reduces LRP6 protein levels, without
affecting its mRNA expression (see Fig EV5D). Shown are representative experiments that were carried out three times.

F, G qPCR expression analysis of the Wnt target gene Sp5 (F) and the indicated neural fate markers (G) in NPCs upon siRNA knockdown of GPR37 or LRP5/6.
Neurospheres were treated for 5 h with control or Wnt3a-conditioned media. Expression was normalized against Hprt (mean values � SE, n = 5; *P < 0.05,
***P < 0.001, one-way ANOVA followed by Holm–Sidak test).

H Immunofluorescence microscopy of MAP2 (green) and NG2 (red) in differentiating NPCs. Neurospheres were treated with the indicated siRNA and cultured in
neuronal differentiation medium (see Materials and Methods). Bottom right, percentage of MAP2-positive cells per colony (mean values � SE, n = 5; **P < 0.01,
one-way ANOVA followed by Holm–Sidak test). Scale bar: 100 lm.
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However, this occurs during GPR37 transit through the Golgi, after it

functions in the ER to promote LRP6 maturation.

GPR37 may function by directly stabilizing the E1-2 domains of

LRP6 during their folding. Alternatively, GPR37 may recruit addi-

tional maturation factors to LRP6, similarly to the ER chaperones

calnexin/calreticulin, which recruit thiol-oxidoreductases to their

substrates [58]. An intriguing question is why the domains E1-2 of

LRP6 would require a dedicated maturation factor. For instance,

Mesd assists the folding of the domains E1-4 of LRP6, as well as the

b-propellers of other LDLRs [12]. The difference between GPR37

and Mesd activity may not be so much due to differences in struc-

ture of domains E1-2 vs. E3-4, as these are highly homologous [17].

Instead, domains E1-2 may be more susceptible to misfolding

because they are the first to be translated and fold together as a

single unit [59], which may be stabilized by inter-domain interac-

tions during folding of nascent LRP6 [59,60]. Thus, GPR37 may act

co-translationally to channel the folding pathway of the nascent

LRP5/6 polypeptides.

Mutations in the N-terminal domains of LRP5/6 genes are impli-

cated in multiple age-related diseases, such as Alzheimer’s disease,

macular degeneration, or low/high bone mass [24,25,27,61,62].

Thus, the requirement of GPR37 in Wnt signaling in vivo may be

more relevant in old individuals or in folding-associated diseases

(proteopathies), which also increase with age due to defects in the

protein quality control machinery [63], consistent with the severed

phenotype of aged Gpr37-deficient mice [53].

Parkinson’s disease is a proteopathy in which GPR37 is impli-

cated [32,33]. In light of our results, GPR37 may have a physiologi-

cal neuroprotective role as chaperone, consistent with previous

studies showing that GPR37 can protect primary astrocytes from cell

death [34]. Given the critical roles of Wnt signaling in promoting

neural plasticity, neurogenesis, and cognition [51,64,65], it appears

fruitful to investigate whether loss of GPR37 contributes to Parkin-

son’s, as well as to other neuronal diseases, by reducing Wnt-LRP5/6

signaling.

Materials and Methods

Cell culture

HEK293T cells (ATCC) were cultured in DMEM containing 10%

fetal bovine serum (FBS), and supplemented with glutamine and

penicillin/streptomycin. H1703 cells (ATCC) were maintained in

RPMI containing 10% FBS and supplemented with glutamine, peni-

cillin/streptomycin, and sodium pyruvate. Control and Wnt3a-

conditioned media were prepared as described [66].

Neural progenitor cells were obtained from E14 C57BL/6N

embryos. Pregnant females were sacrificed by cervical dislocation

and embryos were dissected. NPCs were isolated from disassociated

telencephalons in Hank’s buffer supplemented with 10 mM Hepes,

1% glutamine, 1% penicillin/streptomycin, 0.1% glucose, and 1%

sodium pyruvate. Tissue lysates were treated with papain, trypsin,

and DNase I to obtain single-cell suspension. Neurosphere cultures

were obtained by maintaining NPCs in ultra-low attachment plates

(Corning), and using NPC media (Neurobasal A, 2% B27 supple-

ment without vitamin A (Gibco), 1% glutamine, 1% penicillin/

streptomycin, 1% non-essential amino acids, and 20 ng/ml EGF).

For subsequent cell passages, cells were treated with trypsin to

obtain single-cell suspensions. All mouse experiments were

performed according to federal and institutional guidelines.

For NPC differentiation, neurospheres were grown first in NPC

media for 40 h, and then transferred to poly-D-lysine-coated glass

coverslips in 12-well plates and cultured for 24 h in NPC differentia-

tion media (Neurobasal A, 2% B27 supplement with vitamin A (reti-

noid acid; Gibco), 10% FBS, 1% glutamine, 1% penicillin/

streptomycin).

Where indicated, cells were treated with 5 lg/ml brefeldin A

(AppliChem) for 0–9 h, 10 lM chloroquine (Sigma-Aldrich) for 6 h,

10 lM MG-132 (Sigma-Aldrich) for 6 h, 10 lM NMS-873 (CalBio-

chem) for 5 h.

Small interfering RNA (siRNA)

Scrambled (siControl) and on-target plus siRNA SmartPools against

mouse and human GPR37, CHIP/STUB1, LRP5, and LRP6 were

obtained from Thermo Scientific. Where indicated, individual

targeted siRNAs against GPR37 were used. For knockdown experi-

ments in HEK293T and H1703 cells, 50 nM of siRNA was delivered

into cells using Dharmafect 1 transfection reagent and following the

supplier’s protocol. For transfection of NPCs with siRNA, 65 nM of

on-target plus siRNA was transfected using Lipofectamine 2000 and

following the supplier’s manual.

Expression constructs

Mesd, LRP6, and LRP6 deletion constructs (LRP6D1-2, LRP6D13-4,
LRP6D1-4, and LRP6DC) were as described previously [21]. Human

GPR37 was obtained from the DKFZ clone collection (Clone ID

131834988). Tagged constructs were generated by inserting GPR37

27-613 (GPR37), GPR37D27-264 (GPR37DN), GPR37D555-613
(GPR37DC), or GPR37D290-613 (GPR37-1TM) into a pCS-based

vector containing an N-terminal V5 or FLAG tag, followed by the

Kremen signal peptide. The organelle markers mCherry-TGNP-N-10,

mCherry-SiT-N-15, mCherry-cathepsin-B-6, and mCherry-calreti-

culin-N-16 were a gift from M. Davidson (Addgene plasmids

#55145; #55133, #55007, #55006). WT-CHIP-Myc, DUBox-CHIP-
Myc, and DTPR-CHIP-Myc plasmids were a generous gift from J.C.

Schisler [67]. Other constructs including reporter constructs used

for Topflash assays or TGFb, FGF, or BMP signaling were as

described previously [36].

Antibodies

Rabbit polyclonal anti-LRP6 antibody was as described previously

[66]. Other antibodies used were as follows: anti-ERK1/2, anti-trans-

ferrin receptor, anti-FLAG M2, anti-Map2 (M4403) (Sigma); anti-b-
catenin, anti-calnexin, anti-TGN38, anti-EEA1, anti-clathrin (BD

Transduction Laboratories); anti-GFP (Antibodies online); anti-LRP6

(MAB1505 and FAB1505A) used for FACS, anti-pan-cadherin (R&D

Systems); anti-HA (Roche); anti-V5 (Invitrogen); anti-Myc (9E10,

DSHB); anti-GPR37 (Proteintech); NG2 (H-300) (Santa Cruz); anti-

phospho-ERK1/2 (9101S, Cell Signaling); and anti-GSK3a/b
(Abcam). For Western blot analyses, antibodies were diluted in

TBST containing 5% bovine serum albumin, 5 mM EDTA, and

1 mM EGTA.
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Western blots

For isolation of total lysates, cells were harvested in PBS and lysed

in lysis buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 5 mM NaF,

1× proteinase inhibitor tablet (Roche), 1% Nonidet P-40, 0.1% SDS,

and 1 mM b-mercaptoethanol). Cleared lysates were mixed with

Laemmli buffer and analyzed by SDS–PAGE and Western blotting.

In Fig 2D, cell membrane fractions were prepared by lysing cells

in TBS buffer supplemented with 0.025% saponin, 1× protease inhi-

bitor mixture tablet (Roche), 2 mM EDTA, 10 mM b-mercap-

toethanol, and 10 mM NaF. Lysates were centrifuged at 14,000 g,

and the membrane pellets were resuspended in lysis buffer. Cleared

lysates were analyzed by SDS–PAGE and Western blotting. Western

blots were imaged in a LAS-3000 system (Fujifilm), processed with

the manufacturer’s software (Multi Gauge v3.2), and assembled

using Photoshop (CS5, CS6).

For co-immunoprecipitation experiments, transfected HEK293T

cells were lysed in IP buffer (TBS, 1% Triton X-100, 2 mM b-
mercaptoethanol, 1 mM MgCl2, 10 mM sodium pyrophosphate, 1×

protease inhibitor mixture tablet (Roche), supplemented with 5 mM

EDTA and 1 mM EGTA after clearing the lysates). Proteins were

immunoprecipitated in IP buffer using conjugated anti-FLAG beads

(Sigma), anti-HA beads (Roche), or anti-V5-beads (Sigma), or by the

corresponding antibodies and protein A or G agarose (Santa Cruz).

Immunopurified proteins were analyzed by SDS–PAGE and Western

blot. In Fig 2B, HEK293T cells grown in 6-well plates were trans-

fected with cyclin Y (50 ng) or LRP6 (400 ng) and co-transfected

with V5-GPR37 (200 ng), V5-1TM (200 ng), V5-FLRT3 (50 ng), or

V5-GPR37DN (200 ng). In Fig 2D, HEK293T cells grown in 15-cm

dishes were transfected with 5 lg V5-FLRT3 or 0.8 lg V5-1TM. In

Fig EV3D, HEK293T cells grown in 6-well plates were transfected

with 300 ng EGFP-LRP6 and GFP-LRP5 or 50 ng GFP and co-trans-

fected with 200 ng V5-FLRT3 or V5-1TM. In Fig EV3E, HEK293T

cells grown in 6-well plates were transfected with 300 ng HA-LRP6,

LRP3-HA, or LILRB2-HA and co-transfected with 200 ng V5-1TM or

V5-FLRT3. For co-IP experiments in Fig 4D, HEK293T cells in 6-well

plates were transfected with 200 ng V5-1TM and co-transfected with

Flag-tagged LRP6 (400 ng), LRP6D1-2 (150 ng), LRP6D3-4 (150 ng),

LRP6D1-4 (150 ng), or LRP6DC (400 ng), and the detergent used in

the IP buffer was 1% CHAPS. For co-IP experiments in Fig 4E and

F, HEK293T cells were transfected in 6-well plates with 250 ng LRP6

and 150 ng of either WT-CHIP-Myc, DUBox-CHIP-Myc, or DTPR-
CHIP-Myc. For co-IP experiments in Fig EV4B, HEK293T cells in

6-well plates were transfected with 100 ng of V5-1TM or pCS2

together with 300 ng LRP6.

To examine ubiquitination status of LRP6 (Fig 4H), HEK293T

cells grown in 6-well plates were transfected with 100 ng V5-FLRT3,

Mesd, V5-1TM, or V5-GPR37 and 350 ng FLAG-LRP6. The next day,

cells were co-transfected with 300 ng ubiquitin-HA. After 24 h, cells

were treated with MG-132 (10 lM) and chloroquine (10 lM) for 6 h

to prevent degradation of proteins and harvested in ice-cold PBS.

Pellets were lysed in IP buffer supplemented with 5 mM N-ethylma-

leimide, and LRP6 was immunoprecipitated.

For LRP6 deglycosylation assays (Fig 3B), HEK293T cells were

grown in 6-well plates and transfected with 150 ng pCS2, 150 ng

Mesd, 150 ng V5-1TM, or 150 ng V5-GPR37 together with 350 ng

LRP6, 350 ng FLAG-LRP6D1-2, 350 ng FLAG-LRP6D3-4, or 350 ng

FLAG-LRP6D1-4. After 24 h, cells were harvested in PBS and lysed

in lysis buffer without NaF and supplemented with 1 mM EDTA.

Cleared lysates were subjected to EndoH (Roche) treatment

(0.25 U/ml) in 100 mM sodium acetate pH 5.5 for 30 min at 37°C.

Samples were analyzed by SDS–PAGE and Western blotting.

Reporter assays

For Topflash assay, HEK293T or H1703 cells were grown in 96-well

plates and transfected with 5 ng Topflash and 1 ng Renilla and filled

up to 50 ng DNA with empty vector (pCS2+) using X-tremeGene 9

transfection reagent (Roche) following the supplier’s protocol.

Where indicated, siRNA-mediated knockdown of the indicated

genes was performed 24 h prior to Topflash/Renilla transfection.

For epistasis experiments in Fig 1B, HEK293T cells were co-trans-

fected with Wnt1/LRP6/FZD8 (5 ng/3 ng/1 ng), Xenopus b-catenin
(1 ng), Dishevelled 1 (20 ng), or LRP6D1-4 (10 ng). Where indi-

cated, cells were stimulated with control or Wnt3a conditioned for

24 h. In Fig EV1G, HEK293T cells were co-transfected with GPR37,

and stimulated with 0, 0.5, 1, or 3 lM prosaptide (AnaSpec) in the

presence of absence of Wnt3a media for 24 h. In Figs 2A and EV3A,

LRP6�/� and WT HEK293T cells were co-transfected with 5 ng of

GRP37-1TM. For cooperation studies in Figs 1F and EV3B, 24 ng

LRP6 and 2 ng Frizzled 8 (Fig 1F) were co-transfected with 2 ng

Mesd or 5 ng GPR37 constructs, and cells were analyzed 48 h after

transfection. Topflash assays in Fig 3C were performed with co-

expression of 24 ng LRP6, 1 ng or 10 ng LRP6D1-2, and 24 ng

LRP6D3-4 together with 2 ng Mesd, 5 ng V5-GPR37-1TM, or 5 ng

V5-GPR37.

For TGFb reporter assays (ARE-Luc reporter assays) in Fig EV1D,

HEK293T cells were transfected with ARE-Luc (10 ng), Fast 1

(1 ng), and Renilla (8 ng). For BMP4 reporter assays in Fig EV1E,

HEK293T cells were transfected with BRE-luc (10 ng) and Renilla

(10 ng). For FGF reporter assays (Gal-Luc assays) in Fig EV1F,

HEK293T cells were transfected with Ga-luc reporter (10 ng), Gal-

ELK (2 ng), and Renilla (5 ng). Transfected cells were stimulated

with recombinant TGFb (2 ng/ml), BMP4 (10 ng/ml), or FGF8b

(10 ng/ml) for 24 h, and luciferase activity was analyzed.

Immunofluorescence

For immunofluorescence (IF) experiments performed, cells were

grown on poly-D-lysine-coated glass coverslips in 12-well plates.

For endogenous IF in Fig 5C, NPCs were first dissociated using

trypsin and plated for 4 h on poly-D-lysine-coated glass cover-

slips in NPC media. Cells were fixed in 2–4% paraformaldehyde

(PFA) in PBS, and permeabilized with 1% Triton in PBS. After

blocking for 2 h in blocking buffer (PBS with 0.1% Triton

(PBST) supplemented with 2% horse or goat serum), cells were

incubated with the indicated antibodies in blocking buffer for 3 h

in a humidity chamber at room temperature (RT). The coverslips

were washed three times in PBST, and incubated with Alexa

488- or Alexa 546-tagged secondary antibodies for 1 h at RT.

Cells were washed in PBST and PBS, rinsed in water, and

mounted prior to analysis.

For co-localization studies in Figs 3A and EV4A, HEK293T cells

were grown in 12-well plates and transfected with 100 ng mCherry-

tagged calreticulin, SiT, TGNP, or cathepsin together with 150 ng

HA-LRP6 and 70 ng V5-GPR37 or V5-GPR37-1TM, respectively.
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Twenty-four hours after transfection, cells were fixed and stained as

described above. To examine the effect of GPR37 on LRP6 in Fig 4A,

HEK293T cells were cultured in 12-well plates and transfected with

100 ng of V5-1TM or control (V5-FLRT3) and co-transfected with

100 ng of LRP6.

Cells were imaged in a Nikon EZ-C1, or Leica TCS SP5 II (Figs 3A

and EV4A). The images were processed and assembled using Image

J (1.43r) and Photoshop (CS5, CS6).

FACS analysis

To determine cell surface LRP6 levels, FACS analysis was performed

as described previously [68]. Briefly, cells were collected in Hank’s

buffer supplemented with 1 mM EDTA and pellets were resus-

pended in blocking solution (PBS containing 1% bovine serum albu-

min and 0.1% sodium azide). After blocking for 30 min at 4°C, cells

were incubated with LRP6 antibody (R&D Systems) for 4 h at 4°C

on a rotation wheel. Samples were washed in block solution and

incubated with secondary antibody (goat anti-mouse Alexa 488)

supplemented with 0.1 mg/ml propidium iodide (PI), for 1 h at 4°C

under rotation. Samples were washed in blocking solution and

analyzed using FACSCalibur cytometer. In Fig EV3F, cells were co-

transfected with GFP and the indicated constructs, and stained with

LRP6-APC antibody (R&D Systems). GFP-positive cells (transfected)

were gated for analysis.

Quantitative real-time PCR

HEK293T, H1703, or isolated NPCs (neurospheres) and the indi-

cated tissues were directly collected in RNA lysis buffer supple-

mented with b-mercaptoethanol. Cells were harvested for RNA

isolation following the Nucleo Spin RNA (Macherey Nagel) manual.

Reverse transcription was performed using Superscript II (Invitro-

gen), and the obtained cDNA was analyzed using a LightCycler 480

(Roche) and the indicated primers (Appendix Table S1).

Generation of LRP6�/� HEK293T cells

LRP6�/� HEK293T cells were generated by CRISPR/Cas9-mediated

gene editing [69] with the following gRNA: ATTATTGTCCCCC

GATGGGC. Clonal colonies were obtained by limiting dilution, and

deletions were confirmed by sequence analysis using CRISPR-ID

[70].

Statistics

Data are represented as mean values � standard deviation (SD) or

standard error (SE) of biological replicates (n = 3, or n = 5 for

Fig 5). Sigma Plot software was used to determine statistical signifi-

cance applying one-way analysis of variance (ANOVA). Data were

considered to be significant for following P-values: *P < 0.05,

**P < 0.01, ***P < 0.001, or no significant difference (n.s.).

Expanded View for this article is available online.
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