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Abstract

Progressive myoclonus epilepsies (PMEs) are disorders characterized by myoclonic and 

generalized seizures with progressive neurological deterioration. While several genetic causes for 

PMEs have been identified, the underlying causes remain unknown for a substantial portion of 

cases. Here we describe several affected individuals from a large, consanguineous family 

presenting with a novel PME in which symptoms begin in adolescence and result in death by early 

adulthood. Whole exome analyses revealed that affected individuals have a homozygous variant in 

GPR37L1 (c.1047G>T [Lys349Asp]), an orphan G protein-coupled receptor (GPCR) expressed 

predominantly in the brain. In vitro studies demonstrated that the K349N substitution in GPR37L1 
did not grossly alter receptor expression, surface trafficking or constitutive signaling in transfected 

cells. However, in vivo studies revealed that a complete loss of Gpr37L1 function in mice results 

in increased seizure susceptibility. Mice lacking the related receptor Gpr37 also exhibited an 

increase in seizure susceptibility, while genetic deletion of both receptors resulted in an even more 

dramatic increase in vulnerability to seizures. These findings provide evidence linking GPR37L1 
and GPR37 to seizure etiology and demonstrate an association between a GPR37L1 variant and a 

novel progressive myoclonus epilepsy.
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Introduction

Several forms of epilepsy are highly heritable, but underlying mutations have been identified 

in only a small fraction of epilepsy patients1–7. The identification of new epilepsy-associated 

gene variants is important as it can potentially lead to novel targets and approaches for 

treating epilepsy. Progressive myoclonus epilepsies (PMEs) are rare epilepsy syndromes that 

result in myoclonic and generalized seizures with progressive neurological deterioration. 

PMEs typically present in late childhood and/or adolescence. They are among the most 

devastating forms of epilepsy as they are often associated with debilitating disease 

progression and poor outcomes. Most PMEs are inherited in an autosomal recessive (AR) 

manner8. For example, Unverricht-Lundborg disease (MIM 254800), the most common 

PME, is caused by AR mutations in CSTB (MIM 601145)8–10, the gene encoding cystatin 

B. In contrast, Lafora disease (MIM 254780), another form of PME, is caused by AR 

mutations in EPM2A (MIM 607566) and NHLRC1 (MIM 608072), the genes encoding 

laforin and malin, respectively5; 11; 12. Thus, although the genetic bases for several PMEs are 

known, additional genes remain to be identified for a substantial number of other cases5.

Exome and genome sequencing are powerful tools that have dramatically increased disease 

gene discovery13. Here we present a large family of Iraqi descent with five children affected 

with PME. Previous clinical testing was negative and the family was therefore enrolled in a 

research exome study. A novel homozygous variant, c.1047G>T [Lys349Asp], of unknown 

significance was identified in GPR37L1, an orphan G protein-coupled receptor (GPCR) 

expressed predominantly in the brain14–16. GPR37L1 and its closest relative, GPR37, are 

class A, rhodopsin-like family members. These receptors share their strongest sequence 

similarity to the endothelin and bombesin receptors and other peptide-activated GPCRs and 

are thought to be activated by a yet-to-be-identified peptide ligand. Little is known about the 

function of GPR37L1, indeed, to date there is only one published report assessing the role of 

GPR37L1 in vivo17. In that study, mice lacking Gpr37L1 were found to have a modest 

alteration in postnatal cerebellar development, characterized by reduced granule cell 

precursor proliferation and early maturation of Bergmann glia and Purkinje cells17. In 

contrast, GPR37 has been extensively studied for its association with Parkinson’s disease 

and role in dopaminergic signaling18–24. Expression of both GPR37L1 and GPR37 has been 

shown to be protective in models of cell stress in vitro25; 26, and thus it is possible that these 

receptors also play protective roles in vivo. To investigate the potential role of GPR37L1 in 

epilepsy, functional characterization of the seizure-associated GPR37L1 K349N variant was 

performed and complemented by in vivo studies on mice lacking Gpr37L1 and/or Gpr37 
function to assess the potential roles of these receptors in modulating seizure susceptibility.

Materials and methods

Study Subjects

The proband, VI:9 was the sixth child born to a consanguineous couple of Iraqi descent 

(Figure 1). She presented to clinic at approximately 11 years of age with complaints of 

recurrent headaches. Subsequently, she developed visual hallucinations, in the form of colors 

and lines and myoclonic seizures. Prior to the development of recurrent headaches, she had 

normal growth and development. All of her symptoms were progressive in nature, becoming 
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more frequent and severe. In addition to epileptic seizures, the proband developed 

psychogenic non-epileptic seizures. By 13 years of age, she began to demonstrate signs of 

dementia with cognitive decline and mood disturbances.

EEG analyses were performed at three different time points. The first was done at age 10 

and the third was done at age 18, late in the course of the illness. All three EEG studies 

showed a consistent absence of an occipital dominant rhythm with a background dominated 

by a mixture high voltage delta and theta activity. Over the course of the three EEG studies, 

this background activity progressively worsened and became more disorganized. Overlying 

this background were frequent generalized 4–6hz spike and polyspike and slow wave 

discharges. MRI and MRS of the brain at 18 years of age detected only a mild prominence 

of the subarachnoid spaces and were otherwise unremarkable. The patient’s symptoms 

continued to worsen with generalized and diffuse myoclonic jerks and fasciculations over 

much of her body, including her face and limbs. Her epilepsy and dementia also gradually 

worsened and she required multiple hospitalizations in the last year of her life. The patient’s 

seizures became intractable and she died at 20 years of age from aspiration pneumonia.

Four older sisters, VI:4, VI:5, VI:6, and VI:7, were described as having a similar clinical 

presentation. They first presented around the age of puberty with headaches, followed by 

visual hallucinations and eventually developed progressive myoclonic epilepsy. All four 

sisters died from complications of their disease. Two sisters, VI:8 and VI:10, have reported 

headaches but no documented seizure activity. They are currently 24 and 18 years old, 

respectively, and in good health. A younger brother, VI:11, developed headaches and visual 

hallucinations in the form of black spots at 11 years of age. An EEG showed generalized 

spike and wave complexes in addition to occipital sharp waves, but no seizure activity was 

recorded. He was initially treated with anticonvulsants, but medications were subsequently 

stopped, and he has remained seizure free for 10 months. The youngest child, VI:12, 

currently 11 years of age, also recently presented with headaches but has had no documented 

seizure activity. The extended family history was positive for a maternal first cousin, VI:1, 

who also died prematurely after being diagnosed with headaches and seizures. Additional 

clinical details are not available.

Human Exome Sequencing

The study was approved by the Institutional Review Board (IRB) at Children’s Mercy 

Hospital (CMH). Informed written assent/consent to participate in this study was obtained 

from all available family members. DNA was extracted from peripheral blood from the five 

living siblings and their parents. Exome sequencing was completed for V:14, VI:8, VI:9., 

and VI:11. DNA was not available from the four affected siblings who had died prior to 

moving to the United States. Library preparation was performed utilizing the KAPA 

Biosystems kit (KAPA Biosystems, Woburn, MA.) Enrichment using Illumina TruSeq 

Exome enrichment (Illumina, San Diego, CA) was performed according to manufacturers’ 

instructions. Samples were sequenced on an Illlumina HiSeq 2500 instrument with TruSeq 

v3 reagents, paired ~100 nucleotide reads. Alignment and variant calling was performed as 

previously reported27; 28 Exome-enriched DNA was sequenced to a depth of 10.6Gb 

resulting in median target coverage of 67x. Variants were filtered to 1% minor allele 
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frequency (MAF) in an internal database of 3974 samples, then prioritized by the American 

College of Medical Genetics (ACMG) categorization29.

Sanger Confirmation

Sanger sequencing was completed for all available family members. Sequencing confirmed 

that both parents are heterozygous for the GPR37L1 variant, and the unaffected sisters (VI:8 

and VI:10) are heterozygous and wild-type, respectively. Like the proband (VI:9), the two 

younger brothers (VI:11 and VI:12) were found to be homozygous for the K349N GPR37L1 
variant.

Cell culture

HEK-293T/17 and NIH-3T3 cells were acquired from ATCC (Manassas, VA) and 

maintained in DMEM (Life Technologies) supplemented with 10% fetal bovine serum and 

1% penicillin/streptomycin in a humid, 5% CO2, 37°C incubator. Cells were transfected 

using Mirus TransITLT1 (Madison, WI) per the manufacturer’s protocol.

Constructs

The Flag-GPR37L1 construct was purchased commercially (Multispan, Inc.) and contains 

an N-terminal Flag tag. The Flag-K349N construct was created with a single point mutation 

of the Flag-GPR37L1 construct using the QuikChange Lightning Multi Site-Directed 

Mutagenesis Kit (Agilent). The following primers were used to induce a mutation from a 

lysine to an asparagine at the 349th amino acid residue, forward: 

CACACTGCTCGTGATTGCTGGCCCTGCAC and reverse: 

GTGCAGGGCCAGCAATCACGAGCAGTGTG. The mutation was confirmed via DNA 

sequencing. GPR37L1-GFP and GPR37L1-K349N-GFP constructs (containing C-terminal 

GFP tags) and were created via gene synthesis performed by Genscript.

Western Blotting

Protein samples were reduced and denatured in Laemmli buffer, loaded into 4–20% Tris-

Glycine gels (Bio-Rad) for SDS-PAGE, and then transferred to nitrocellulose membranes 

(Bio-Rad). Blots were blocked with 5% milk (in 50mM NaCl, 10mM HEPES, pH 7.3 with 

0.1% Tween-20 (Sigma)) and incubated with primary antibodies overnight at 4°C. Flag-

tagged GPR37L1 and K349N constructs are were detected with mouse HRP-conjugated 

anti-Flag (Sigma). Protein quantification was done using densitometry, performed with 

ImageJ software.

Cell Surface Biotinylation

HEK-293T/17 cells were transfected with 2 μg of DNA (empty vector or receptor). At 24 h 

post-transfection, cells were placed on ice and washed with ice-cold PBS+Ca2+. Cells were 

then incubated with 10 mM Sulfo-NHS-Biotin (Thermo Scientific) in PBS+Ca2+ on ice for 1 

h and then washed three more times with PBS+Ca2+ + 100 mM glycine to quench. Cells 

were harvested in 500 μl of lysis buffer (1% Triton X-100, 10 mM Hepes, 50 mM NaCl, 5 

mM EDTA, and protease inhibitor cocktail (Roche Diagnostics) and lysed by end-over-end 

rotation for 30 min at 4°C. Cell debris was cleared by centrifugation, and soluble cell lysates 
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were incubated with 50 μl of streptavidin agarose beads (Thermo Scientific) for 1 h at 4°C. 

Beads were washed 3 times with lysis buffer and resuspended in 100 μl of Laemmli buffer. 

Biotinylated proteins were detected via Western blot, as described above.

Confocal Microscopy

NIH-3T3 cells transiently transfected with GFP-tagged constructs were grown on collagen I-

coated culture slides (BD Biosciences), and 48 h after transfection cells were fixed with 4% 

PFA at room temperature (RT) for 10 minutes. Following one wash with PBS+Ca2+, cells 

were blocked in blocking buffer (PBS+Ca2+ + 1% goat serum (Invitrogen) and 0.1% Triton-

X-100) for 30 minutes at RT. Cilia were labeled with rabbit anti-Arl13b antibody (1:500; 

ProteinTech) overnight in blocking buffer. Following primary antibody incubation, cells 

were washed three times in blocking buffer and incubated with Alexa 546 fluorophore (red) 

conjugated anti-rabbit secondary antibody (Invitrogen) in blocking buffer for 1 h at RT. 

After a single rinse, cell nuclei were stained with DAPI (USB Affymetrix) for 10 min. 

Following two additional rinses, cells were mounted onto slides using Vectashield mounting 

medium (Vector Laboratories) and sealed. Images were captured using an Olympus FV1000 

confocal microscope (Olympus).

ERK phosphorylation assays

HEK-293T/17 cells were plated in 6-well plates (Corning) 20–24 h prior to transfection. 

Each well was transfected with 0.33 μg of receptor plasmid or empty vector. After 36–48 h, 

cells were serum-starved for 2 h before drug treatment by replacing complete growth 

medium with DMEM. To initiate stimulation, half (1 ml) of the DMEM was removed and 

slowly replaced with 1 mL fresh DMEM, containing a 2X concentration of vehicle, 

prosaptide, or head activator (HA) peptide. Plates were carefully returned to a 37°C 

incubator for 10 min. Following stimulation, cells were rapidly harvested in Laemmli buffer. 

Samples were sonicated and loaded into 4–20% Tris-Glycine gels (Bio-Rad) for SDS-PAGE, 

and then transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked via 

shaking at RT for 30 min in Odyssey blocking buffer and incubated overnight with shaking 

at 4°C with mouse anti-phospho ERK (Santa Cruz) and rabbit anti-total ERK (Cell 

Signaling Technologies) in antibody buffer (equal parts blocking buffer and PBS + 0.1% 

Tween-20). Membranes were then washed three times in a wash buffer (PBS with 0.1% 

Tween-20) and incubated with Alexa-fluor anti-mouse 700-nm conjugated secondary 

antibody (1:20,000; Invitrogen) and anti-rabbit 800-nm conjugated secondary antibody 

(1:20,000; Li-Cor) for 30 min in antibody buffer. Blots were washed three times and rinsed 

in PBS until they were visualized on an Odyssey Imaging System (Li-Cor). Protein 

quantification was done using densitometry, performed with ImageJ software.

Luciferase reporter assays

HEK-293T/17 cells were seeded in 96-well plates 20–24 h prior to transfection. Each well 

was transfected with 50 ng of firefly reporter, 1 ng of Renilla luciferase, and 10 ng of either 

receptor plasmid or empty vector (EV). Reporter constructs (CRE: pGL4.29, Renilla 

pRLSV40) were acquired from Promega (Madison, WI). After 24–48 hrs, DualGlo 

luciferase assays (Promega) were performed according to the manufacturer’s protocol and 

plates were read on a BMG Omega plate reader. Results were calculated for each assay by 
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determining the luminescence ratio of firefly:Renilla luciferase counts, normalized to EV 

transfected wells. Error bars for all EV-transfected conditions were represented as the 

standard errors of the normalized raw value means.

Ubiquitination Assays

HEK-293T/17 cells were plated and transfected as described above with 2 μg of receptor and 

1 μg of HA-ubiquitin. At 24 h post-transfection, cells were treated overnight with 100nM 

MG-132 (Tocris) to inhibit the proteasome. The following day, cells were washed, harvested, 

and solubilized as described above. Cleared lysates were incubated with anti-HA agarose 

beads (Sigma) for 1h, washed, and eluted in Laemmli buffer. Tagged constructs were 

detected via Western blotting with mouse HRP-conjugated anti-Flag (Sigma) rabbit HRP-

conjugated anti-HA (Abcam).

Generation of Knockout Mice and Maintenance of Mouse Colony

Gpr37 knockout (Gpr37−/−) mice were obtained from Jackson Laboratory (strain 

Gpr37tm1Dgen, stock number 005806) and Gpr37L1 knockout mice (Gpr37L1−/−) were 

obtained from the NIH Mutant Mouse Regional Resource Centers (strain Gpr37l1tm1Lex, 

stock number 011709-UCD). These mouse lines were backcrossed with wild-type C57BL/6J 

mice (Jackson Laboratory) for 10 generations each to ensure uniformity of genetic 

background. Following this backcrossing, homozygous Gpr3T−/− and homozygous 

Gpr37L1−/− mice were crossed to generate the Double knockout (DKO) line of mice. 

Genetic deletion of Gpr37 and/or Gpr37L1 was confirmed by DNA sequencing, and loss of 

GPR37 and/or GPR37L1 protein expression was confirmed by Western blotting of brain 

tissue samples with specific anti-GPR37 and anti-GPR37L1 antibodies (MAb Technologies).

All mice were maintained on a C57BL/6J background and housed on a 12-h light/dark cycle, 

with food and water available ad libitum. All experiments were conducted during the light 

cycle prior to 4:00 p.m. and were performed in accordance with the guidelines of the 

Institutional Animal Care and Use Committee of Emory University. Wild-type (WT) 

littermates were used as controls for all single mutant experiments, and age-matched WT 

littermates from each single mutant line were combined and used as controls for experiments 

involving DKO mice. Male mice were used in all seizure induction paradigms. In all 

experiments, the experimenter was blinded to the genotypes of the animals.

6 Hz Seizure Induction

Seizures were induced using the 6 Hz paradigm, as previously described30–32. Briefly, 30 

minutes prior to seizure induction, a topical anesthetic (0.5% tetracaine hydrochloride) was 

applied to the cornea. Each mouse was manually restrained during corneal stimulation (6 

Hz, 0.2-ms pulse, 3 s) using a constant current device (ECT Unit 57800; Ugo Basile, 

Comerio, Italy). Behavioral seizures were scored based on a modified Racine Scale (RS): 

RS0 = no abnormal behavior; RS1 = immobile for ≥3 s, then resumption of normal behavior; 

RS2 = forelimb clonus, paw waving; RS3 = generalized tonic-clonic seizure with rearing 

and falling31. Male mice were tested at three current intensities: 18 mA (N = 11–16/group), 

22 mA (N = 16–22/group), and 27 mA (N = 16–22/group) with a one-week recovery 

between each test session.
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Flurothyl Seizure Induction

Seizures were induced in male mice using the chemiconvulsant flurothyl (2,2,2-

trifluroethylether; Sigma-Aldrich). Each mouse was placed in a clear, Plexiglas chamber 

contained within a chemical fume hood, and flurothyl was introduced into the chamber (20 

μl/min) such that it vaporized and filled the chamber. Latencies to the first myoclonic jerk 

and generalized tonic-clonic seizure (GTCS) were recorded33; 34 Mice were removed from 

the chamber immediately after the GTCS.

EEG Analyses

Male Gpr37L1−/−, Gpr3T−/−, and DKO mice (N = 5/group) were implanted with four 

cortical EEG recording electrodes at the following coordinates, relative to bregma: anterior-

posterior (AP) 0.5 mm, medial-lateral (ML) −2.2 mm; AP −3.5 mm, ML −2.2 mm; AP 2.0 

mm, ML 1.2 mm; AP −1.5 mm, ML 1.2 mm. Two wires were also implanted into the neck 

muscle to obtain EMG recordings. Mice were allowed to recover for one-week prior to EEG 

analyses.

Continuous video and EEG analyses (24 hours/day) were performed over a two-week 

period. Using Harmonie software for rodent studies (Stellate), EEG/EMG signals were 

analyzed utilizing a notch filter (60 Hz) and a low- and high-pass filter of 5 and 35 Hz, 

respectively. Seizures were manually identified and characterized as high-frequency 

electrographic signals with an amplitude at least twice the background. Synchronous video 

recordings were used to observe behavior during electrographic activity.

Results

A novel GPR37L1 variant is associated with a progressive myoclonus epilepsy

In a highly consanguineous family (Figure 1) with multiple siblings affected by intractable, 

progressive myoclonus epilepsy (PME), exome sequencing revealed a homozygous variant 

(c.1047G>T [Lys349Asn] [Genebank NM_004767.3]) in GPR37L1. Unaffected parents 

were carriers, and healthy siblings, of sufficient age to be symptomatic, were found to lack 

the variant or have a single copy. All affected individuals presented with recurrent headaches 

and visual hallucinations in the form of colors and lines in early adolescence (Table 1), 

followed by onset of myoclonic seizures. Symptoms progressively worsened and were 

accompanied by gradual and continuous cognitive decline culminating in death in late 

adolescence. The variant was not found in 3970 in-house (Center for Pediatric Genomic 
Medicine, Kansas City, MO) control exomes but was identified in a heterozygous state in 3 

European (Non-Finnish) individuals from a total of 121,328 alleles (minor allele frequency 

= 0.002%), per the ExAC Browser. The variant was predicted to be pathogenic by three web-

based prediction tools, SIFT35, Polyphen36, and MutationTaster37.

Functional analysis of the GPR37L1 K349N mutant

GPR37L1 is an orphan G protein-coupled receptor (GPCR) expressed predominantly in the 

brain, with highest expression in astrocytes and Bergmann glia, as well as expression in 

some populations of neurons and oligodendrocytes14–16, 38–40. While Gpr37L1 has been 

shown to play a role in postnatal cerebellar development in a mouse model17, the overall 
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function of this receptor is unknown. To assess the effect of the K349N mutation on the 

ability of GPR37L1 to express and traffic to the cell surface, we transiently expressed Flag-

tagged versions of GPR37L1 wild-type (WT) or the K349N mutant receptor in HEK293T 

cells. Total expression of K349N was equal to GPR37L1 WT (Figure 2A & B, upper 

panels). The predicted molecular weight for GPR37L1 WT and the K349N mutant is ~53 

kDa. Both versions of the receptor have several predicted glycosylation sites, and thus the 

full-length receptor likely runs at ~70–75 kDa (arrowhead) with higher order bands 

representing oligomeric forms of the receptor and the ~37 kDa band representing a cleaved 

form of the receptor. To determine whether the K349N mutation might alter trafficking to 

the plasma membrane, surface proteins were labeled with a membrane-impermeant 

biotinylation reagent and pulled down with streptavidin beads. The K349N mutant receptor 

trafficked to the cell surface to a similar extent as GPR37L1 WT (Figure 2A & B, lower 

panels). In these studies, the cleaved form of both GPR37L1 and the K349N mutant 

appeared to be enriched at the cell surface, but the physiological relevance of this 

observation is unknown. As Marazziti and colleagues17 reported GPR37L1 to be localized to 

cilia in cerebellar Bergmann glial cells, we assessed the localization of GFP-tagged versions 

of each receptor in NIH-3T3 cells (Figure 2C), a cell type commonly used for studying 

cilia41. Both versions of the receptor were found predominantly on the cell surface and 

exhibited generally similar patterns of subcellular localization in confocal microscopy 

analyses. However, in the NIH-3T3 cells, no co-localization of GPR37L1 WT or the K349N 

mutant with the cilia marker Arl13b was observed (Figure 2C). The lack of cilial targeting 

may be due to the differences in the cell type and/or culture method used in our studies 

versus the studies of Marazziti and colleagues17.

Previous reports have described prosaptide, a peptide fragment of prosaposin25; 42; 43, and 

the Hydra undecapeptide head activator (HA)44; 45 as potential ligands of GPR37 and 

GPR37L1. To assess the signaling activity of GPR37L1 WT vs. the K349N mutant, 

induction of ERK phosphorylation was measured, as signaling from both GPR37 and 

GPR37L1 has been shown to stimulate ERK phosphorylation25. Indeed, transfection of 

HEK-293T cells with either Flag-GPR37L1 WT or the Flag-K349N mutant raised phospho-

ERK levels to a similar extent (Fig. 3B). However, neither prosaptide nor HA stimulation 

significantly increased ERK phosphorylation further (Figure 3A & B). Similarly, 

transfection with either Flag-GPR37L1 WT or the Flag-K349N mutant resulted in 

comparable increases in constitutive signaling to CRE luciferase (Figure 3C), another 

readout that has been reported to be downstream of GPR37L146. Again, neither prosaptide 

nor HA increased GPR37L1 signaling to CRE luciferase. Finally, as GPR37 is known to be 

ubiquitinated18 and ubiquitination occurs on lysine residues, we investigated whether Flag-

GPR37L1 might also be ubiquitinated and whether mutation of lysine 349 might alter this 

ubiquitination. As shown in Figure 3D, Flag-GPR37L1 was indeed found to be robustly 

ubiquitinated, but Flag-GPR37L1 WT and the Flag-K349N mutant were ubiquitinated to a 

similar extent (Figure 3D).

Loss of Gpr37L1 in vivo increases seizure susceptibility

Although no striking differences were observed in the fundamental trafficking and 

constitutive signaling properties of GPR37L1 WT vs. the K349N variant in vitro, it is 
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possible that the K349N variant results in a significant change in ligand-induced signaling, 

resulting in a reduction or loss of receptor function. Without a functional ligand, it is not 

feasible to address this possibility in vitro. Thus, to shed light on whether loss of GPR37L1 

function can affect seizure susceptibility in vivo, male mice lacking a single copy 

(Gpr37L1+/−) or both copies of Gpr37L1 (Gpr37L1−/−) were evaluated in two seizure-

induction paradigms. As GPR37L1 shares 68% similarity with GPR37, it is likely that these 

two receptors share the same ligand and perhaps also share a number of redundant functions 

in vivo. Thus, in parallel experiments, mice lacking a single copy (Gpr37+/−) or both copies 

of Gpr37 (Gpr3T−/−), and double-knockout mice lacking both receptors (DKO), were also 

assessed in the same paradigms.

The effects of Gpr37 and/or Gpr37L1 deletions were first examined using the 6 Hz 

psychomotor seizure induction model. Interestingly, a greater number of Gpr37L1−/− mice 

exhibited more severe seizures compared to WT and Gpr37L1−/− littermates at 27 mA 

(Figure 4A). Of the Gpr37L1−/− mice tested at 27mA, 5 did not seize (RS0), and among the 

other mice, 2 RS1, 11 RS2 and 3 RS3 seizures were observed. In contrast, for the WT 

littermates, the Racine scores were 9 RS0, 7 RS1,5 RS2 and 1 RS3. Similarly, for the 

Gpr37L1−/− mice, the Racine scores were 10 RS0, 5 RS1,6 RS2, and 1 RS3. All 3 genotypes 

had similar seizure responses at 18 and 22 mA, although 3 Gpr37L1−/− exhibited RS3 

seizures at 22 mA.

Gpr3T−/− mice were significantly more susceptible to 6 Hz-induced seizures compared to 

WT and Gpr37+/− littermates at 22 and 27 mA (Figure 4B). At 22 mA, 13/18 Gpr3T−/− mice 

exhibited RS2 seizures while 5 did not seize (RS0). In contrast, 13/18 WT littermates did not 

have a seizure. While not statistically significant, a greater number of Gpr37−/− exhibited 

more severe RS2 seizures compared to WT littermates at 18 and 22 mA. Both Gpr37−/− and 

Gpr3T−/− mice exhibited increased seizure susceptibility (p< 0.05) compared to WT 

littermates at the highest test current (27 mA) although susceptibility was comparable 

between the two groups of mutants. At 27 mA, 16/18 Gpr37−/− and 14/18 Gpr3T−/− 

exhibited a seizure whereas only 8/16 WT littermates exhibited a seizure, 3 of which were 

mild (RS1). Strikingly, at all three test currents, mice lacking both Gpr37L1 and Gpr37 
(DKO) exhibited either RS2 or RS3 seizures and were therefore significantly more 

susceptible compared to age-matched WT mice (Figure 4C). Furthermore, compared to 

Gpr37L1−/− and Gpr3T−/− animals, DKO mice also demonstrated higher average Racine 

scores at each test current (Figure 4D).

Given that the most dramatic differences in the 6 Hz paradigm were observed with the 

homozygous knockout mice, we next compared susceptibility to flurothyl-induced seizures 

in homozygous knockout mice and WT littermates. Gpr37L1−/− and DKO mice exhibited 

significantly decreased latencies to both the first myoclonic jerk (MJ) (Figure 5A) and 

generalized tonic-clonic seizure (GTCS) (Figure 5B). In contrast, Gpr3T−/− mice exhibited 

latencies comparable to WT littermates at each seizure event.

Finally, to assess whether the knockout mice exhibit spontaneous seizures, we obtained two 

weeks of continuous video/EEG recordings for Gpr37L1−/−, Gpr3T−/−, and DKO mice. 

Spontaneous seizures were not observed in the five Gpr37L1−/− mice examined. However, 
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seizures were detected in 2/5 Gpr3T−/− and 4/5 DKO mice (Figure 6A). Furthermore, the 

average duration of the seizures was significantly longer in mice lacking both receptors 

(Figure 6B). Examination of video recordings revealed that spontaneous seizures were 

accompanied by abnormal behaviors, which began with rearing, paw waving, and head 

bobbing at seizure onset with subsequent progression to generalized tonic-clonic seizure and 

loss of posture. Motor activity during the seizure is indicated by increased EMG activity 

(Figure 6C).

Discussion

In this study, we describe the identification of a GPR37L1 variant in a family with a novel 

progressive myoclonus epilepsy (PME). GPR37L1 is an orphan G protein-coupled receptor 

that has not previously been associated with epilepsy. The homozygous autosomal recessive 

variant (c.1047G>T, [Genebank NM_004767.3]) identified in the proband (VI:9), results in a 

K349N substitution in the third intracellular loop of the receptor. Individuals VI:8 and VI:

10, found to be heterozygous and wild type, respectively, are well beyond the age of 

presentation of all their siblings and are considered clinically unaffected. The youngest 

members, and the only males in the sibship (VI:11 and VI:12), were also found to be 

homozygous for the GPR37L1 variant. To date, these youngest individuals have not had a 

clinical presentation of PME but have exhibited abnormal neurological symptoms: VI:11 has 

had daily recurrent headaches, two abnormal EEGs, and visual disturbances, while VI:12 

has reported daily recurrent headaches (no EEG performed). Interestingly, VI:11, who at the 

time of the present study is 16 years of age, is beyond the average age of seizure onset of his 

sisters and cousin. While there are well-known neurodevelopmental differences between 

males and females47, and previous studies have identified GPR37L1 as differentially 

expressed between the sexes48, further observation of the youngest siblings will be required 

to determine if any sex differences exist in this case.

GPR37L1 is expressed predominantly in the brain14–16 and is most closely related to 

GPR37, which is also known as the “parkin-associated endothelin receptor-like receptor” 

(Pael-R). Much of the research on these receptors over the past two decades has focused on 

the role of GPR37 in Parkinson’s disease18; 20; 21; 26; 49–51 and regulation of the dopamine 

system19; 21–23 In the absence of parkin, GPR37 has a propensity to misfold and aggregate, 

resulting in dopaminergic cell death18; 49 GPR37 aggregates have also been found in 

inclusion bodies in patients with Parkinson’s disease20. However, as GPR37L1 is not 

ubiquitinated by parkin18, it has not been associated with Parkinson’s pathology. GPR37L1 

is highly expressed in the Bergmann glia of the cerebellum14; 17 and mice lacking Gpr37L1 

show alterations in postnatal cerebellar development17. GPR37L1 is also highly expressed in 

astrocytes and certain populations of neurons, and both GPR37 and GPR37L1 are widely 

expressed throughout the brain14–16; 38–40 Thus, it is likely that GPR37L1 and GPR37 have 

additional functions outside the cerebellum and dopaminergic system, respectively. We and 

others have shown that expression of GPR37L1 and/or GPR37 can mediate cytoprotective 

effects in vitro25; 26 Therefore, it is possible that these receptors play important roles in 

mediating protective effects following insult or injury in vivo.
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No differences were observed in the present study between GPR37L1 WT and the K349N 

mutant in terms of receptor expression, localization or constitutive signaling in HEK293T or 

NIH-3T3 cell lines in vitro. The natural ligand for GPR37L1 remains uncertain, and in the 

studies described here, we assessed two peptides that have been proposed as ligands for 

GPR37L1 and/or GPR37: prosaptide25; 42; 43 and head activator (HA)44; 45 However, no 

significant increases in receptor signaling activity were observed with either peptide, and 

therefore the previously-reported agonistic actions of these two peptides could not be 

confirmed here. It is possible that the regulation of GPR37/GPR37L1 signaling activity by 

these peptides is dependent on cellular context and/or other variables, although another 

recent study also reported a lack of activation of GPR37L1 signaling by prosaptide46. Thus, 

while the in vitro data described here cannot confirm the pathogenicity of the K349N 

variant, it is plausible that functional differences between GPR37L1 WT and the K349N 

mutant may be observed only with agonist-induced signaling. More generally, it is possible 

that the K349N variant may perturb GPR37L1 function in ways that are not easily testable at 

present using in vitro models of receptor trafficking and signaling activity. Therefore, even 

though no striking effects of the K349N mutation on receptor function were observed in the 

in vitro studies, we assessed the importance of GPR37L1 for seizure susceptibility in vivo.

Until the present study, seizure susceptibility had not been evaluated in mice lacking 

Gpr37L1 and/or Gpr37. Indeed, mice lacking both receptors had not previously been 

described at all. In the 6 Hz seizure induction paradigm, Gpr37L1−/− mice displayed 

increased seizure susceptibility at the highest test current (27 mA). However, Gpr37L1+/− 

and WT littermates had comparable seizure responses at each test current, which indicates 

that having a single copy of GPR37L1 is sufficient to maintain normal susceptibility to 6 

Hz-induced seizures. In contrast, Gpr37+/− and Gpr3T−/− exhibited significantly increased 

seizure susceptibility at 27 mA; therefore, reduced GPR37 expression results in altered 

seizure susceptibility. Given this finding, it is interesting to note that GPR37 is one of six 

genes located within a heterozygous deletion that has been reported in an epilepsy patient52. 

Another point of interest in the present study is that mice lacking both receptors exhibited 

markedly increased seizure susceptibility compared to WT controls at each test current. 

These results suggest that loss of both Gpr37L1 and Gpr37 has an additive effect in the DKO 

mice. This is particularly clear at 18 mA, where DKO mice exhibit increased susceptibility 

to 6 Hz-induced seizures compared to WT controls, but both single homozygous mutants 

have normal seizure susceptibility.

In the flurothyl seizure induction paradigm, Gpr37L1−/− and DKO mice exhibited decreased 

latencies to both the MJ and GTCS, whereas Gpr3T−/− mice were not significantly different 

from WT littermates. This result suggests that loss of Gpr37L1 drives the decreased 

susceptibility to flurothyl-induced seizures in the mice lacking both receptors. Considered 

together with the 6 Hz data, these findings from the flurothyl studies suggest that Gpr37L1 

and Gpr37 alter seizure susceptibility via different mechanisms. The 6 Hz paradigm is a 

model of limbic seizures, whereas flurothyl-induced seizures are generalized. Finally, 

spontaneous seizures were observed in both Gpr3T−/− and DKO mice, which is consistent 

with the 6 Hz results in which GPR37 appeared to be a major contributor to the dramatic 

increase in seizure susceptibility in the mice deficient for both receptors.
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Conclusions

Taken together, the data presented here represent the first evidence linking GPR37L1 and 

GPR37 to seizure etiology. Future work will focus on elucidating the cellular mechanism(s) 

underlying the observed increases in seizure susceptibility and assessing cell-specific effects 

of the GPR37L1 K349N mutation in native cell types. The findings presented here set the 

stage for future studies that will shed light on the functional roles of these receptors in the 

brain and provide new insights into the pathogenesis and potential treatment of progressive 

myoclonus epilepsies.
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Highlights

▪ A GPR37L1 variant was linked with progressive myoclonic epilepsy in a 

large family

▪ No striking differences observed between GPR37L1 WT & variant in 

transfected cells

▪ Gpr37L1−/− mice were more susceptible to seizures than WT mice in 2 

seizure models

▪ Gpr37−/− mice were also more susceptible that WT mice to seizures

▪ Mice lacking both Gpr37 & Gpr37L1 were extremely susceptible to seizures
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Figure 1. Consanguineous family with multiple affected children presenting with a PME
The proband (VI:9) was the sixth child born to a consanguineous couple of Iraqi descent, 

four older sisters, VI:4, VI:5, VI:6, and VI:7, were described as having a very similar 

clinical presentation. Affected children presented around the age of puberty with recurrent 

headaches, followed by visual hallucinations and seizures. Individuals eventually presented 

with cognitive decline and developed a progressive myoclonic epilepsy. Exome sequencing 

was completed for V:14, VI:8, VI:9., and VI:11. The proband was found to have a 

homozygous missense variant of unknown significance, GPR37L1: c.1047G>T (p.K349N). 

Sanger sequencing was completed for all available family members and confirmed that both 

parents are heterozygous for the variant, and the unaffected sisters are either heterozygous or 

wild type. The two younger brothers were found to be homozygous for the K349N variant. 

Each copy of the K349N mutant is labeled with an “m” in the pedigree shown here, as 

opposed to a “+” for the wild-type variant, in all individuals available for genetic testing.
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Figure 2. Expression and localization of GPR37L1 wild-type and K349N mutant are equivalent
(A & B) Transient transfection of Flag-tagged versions of GPR37L1 wild-type or K349N 

mutant in HEK293T cells yielded comparable levels of receptor expression (upper panels) 

and trafficking to the cell surface (lower panels). Full-length GPR37L1 runs on SDS-PAGE 

gels at ~70–75 kDa (arrow head) with higher order bands representing oligomeric forms of 

the receptor and the ~37 kDa band representing a cleaved form of the receptor. Results are 

from three independent experiments (± SEM shown). (C) Confocal microscopy analysis of 

GFP-tagged versions of GPR37L1 wild-type (left panel) and K349N mutant (right panel) 

revealed a similar pattern of subcellular localization in NIH-3T3 cells, with both receptor 

variants being predominantly localized to the plasma membrane and neither version of the 

receptor exhibiting significant ciliary localization. Cilia were labeled using an anti-Arl13b 

antibody, indicated in red.
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Figure 3. No difference in constitutive signaling activity or ubiquitination between GPR37L1 
wild-type and K349N mutant
(A & B) HEK-293T cells transiently transfected with GPR37L1 or K349N mutant exhibited 

increased levels of ERK phosphorylation compared to cells transfected with empty vector 

(EV). At 48 h post transfection, cells were treated with 100 nM prosaptide, 100 nM head 

activator peptide (HA) or vehicle for 10 minutes at 37°C. Neither treatment significantly 

increased ERK phosphorylation. (C) GPR37L1 wild-type and the K349N mutant exhibited 

significant constitutive signaling activity to CRE luciferase but neither prosaptide or HA 

modulated this signaling. (D) Loss of the lysine residue in the K349N mutant did not affect 

ubiquitination of the receptor. All experiments were performed in HEK293T cells and the 

results shown are from 3–5 independent experiments (± SEM shown, ***p< .001).
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Figure 4. Loss of Gpr37L1 and/or Gpr37 in vivo increases susceptibility to 6 Hz-induced seizures
(A) Gpr37L1−/− mice exhibited increased susceptibility to 6-Hz-induced seizures compared 

to wild-type (WT) and Gpr37+/− littermates at 27 mA (N = 11–22/genotype/current). (B) 

Gpr3T−/− mice exhibited significantly increased seizure susceptibility compared to their WT 

and Gpr37+/− littermate controls at 22 mA, whereas both Gpr37+/− and Gpr3T−/− mice had 

significantly higher susceptibility to 6 Hz-induced seizures at 27 mA (N = 16–18/genotype/

current). (C) Mice lacking both receptors (DKO) exhibited increased seizure susceptibility 

compared to age-matched WT mice at all currents tested (N = 14–38/genotype/current) (D) 

DKO mice exhibited increased susceptibility to 6 Hz-induced seizures compared to WT 

controls and homozygous mutants at 18 mA. Gpr3T−/− and DKO mice displayed higher 

susceptibility compared to WT controls at 22 mA. All homozygous mutants and DKO mice 

exhibited increased seizure susceptibility compared to WT at 27 mA. One-way ANOVA 

followed by Dunn’s multiple comparisons post-hoc analyses. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < .0001.
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Figure 5. Loss of Gpr37L1 but not Gpr37 in vivo increases susceptibility to flurothyl-induced 
seizures
(A & B) Gpr37L1−/− mice exhibited decreased latency to first myoclonic jerk (MJ) and 

generalized tonic-clonic seizure (GTCS) compared to WT littermates. Latency to the MJ and 

GTCS were comparable between Gpr37L1−/− and DKO mice. Gpr3T−/− mice were not 

significantly different from WT littermates. One-way ANOVA, Dunnett’s post hoc, *p < 

0.001, 10–42 animals/genotype.
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Figure 6. Gpr3T−/− and DKO mice exhibit spontaneous seizures
(A) Spontaneous seizures were observed in Gpr3T−/− and DKO mice (N = 5/genotype). (B) 

Mice lacking both receptors exhibited significantly longer spontaneous seizure duration 

compared to Gpr3T−/− mice. (C) Representative EEG trace of a spontaneous seizure. One-

way ANOVA, Dunnett’s post hoc, *p < .05.
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