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Abstract
Transmission of extracellular signals by G protein-coupled receptors typically relies on a cascade of intracellular events initi-
ated by the activation of heterotrimeric G proteins or β-arrestins followed by effector activation/inhibition. Here, we report 
an alternative signal transduction mode used by the orphan GPR50 that relies on the nuclear translocation of its carboxyl-
terminal domain (CTD). Activation of the calcium-dependent calpain protease cleaves off the CTD from the transmembrane-
bound GPR50 core domain between Phe-408 and Ser-409 as determined by MALDI-TOF-mass spectrometry. The cytosolic 
CTD then translocates into the nucleus assisted by its ‘DPD’ motif, where it interacts with the general transcription factor 
TFII-I to regulate c-fos gene transcription. RNA-Seq analysis indicates a broad role of the CTD in modulating gene tran-
scription with ~ 8000 differentially expressed genes. Our study describes a non-canonical, direct signaling mode of GPCRs 
to the nucleus with similarities to other receptor families such as the NOTCH receptor
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Introduction

G protein-coupled receptors (GPCRs) constitute the larg-
est membrane receptor family in humans. They respond 
to a wide variety of extracellular molecules and play a 
crucial role in cell-to-cell communication by transmitting 
extracellular signals into cells. The current paradigm of 
intracellular signal transduction by GPCRs relies on a 

multistep pathway initiated by the engagement of hetero-
trimeric G proteins or β-arrestins, followed by the genera-
tion of soluble second messengers and activation/inhibi-
tion of various effectors [1]. Among the approximately 
400 non-odorant GPCRs in humans, more than 100 are 
orphans for which no endogenous ligand has been identi-
fied yet. GPR50 is one of these orphans. In the absence 
of any known ligand for GPR50, we proposed in 2006 
the existence of ligand-independent functions for GPR50 
such as the allosteric regulation of other proteins/recep-
tors through their interaction with GPR50 in common 
protein complexes [2, 3]. The discovery of the molecular 
complex of GPR50 with the melatonin  MT1 receptor, in 
which GPR50 negatively regulates the function of  MT1 
[4], and the complex of GPR50 with the transforming 
growth factor-β (TGFβ) type I receptor (TβRI), in which 
GPR50 renders TβRI constitutively active [5], provided 
experimental support for this hypothesis. GPR50 is com-
posed of the canonical seven-transmembrane domain 
(7TM) and a long intracellular carboxyl-terminal domain 
(CTD) of approximately 300 amino acids. The long CTD 
has been added to the GPR50 gene during evolution 
by replacing the stop codon present in species such as 
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zebrafish, chicken and platypus by the sequence of the 
long CTD in therian mammals such as mice and humans 
[6, 7]. Little is known about the function of the CTD 
apart from its sequence homology with the DNA-directed 
RNA polymerase II [6]. Furthermore, circumstantial evi-
dence suggests that the CTD of GPR50 participates in 
the effect of GPR50 on TβRI activation [5], glucocorti-
coid receptor signaling [8] and neuronal differentiation 
possibly through notch and wnt/β-catenin signaling [9]. 
Detection of two bands at apparent molecular weights 
of ~ 70 and ~ 35 kDa by Western blots of HEK293 cells 
expressing the C-terminal myc-tagged mouse GPR50 with 
anti-Myc antibodies suggested the generation of a 35 kDa 
proteolytic cleavage fragment corresponding to the CTD 
of GPR50 in addition to the ~ 70 kDa full-length mouse 
receptor [8].

Here, we show that the proteolytic cleavage of the 
CTD of GPR50 occurs in vivo in the mouse brain and 
involves the calcium-dependent cysteine protease cal-
pain. The generated truncated CTD (tCTD) composed of 
amino acids 409–617 then translocates into the nucleus 
where it interacts with the ubiquitously expressed tran-
scription factor TFII-I to promote TFII-I-dependent c-fos 
gene transcription. Transcriptomic (RNA-Seq) analysis 
revealed the broad impact of the ectopic expression of 
tCTD on gene transcription in HEK293 cells with enrich-
ment in canonical pathways/upstream regulators related 
to the transcriptional/cell cycle machinery.

Results

Detection of the truncated carboxyl‑terminal 
domain of GPR50

The migration pattern of the GPR50 protein on SDS-PAGE 
is complex due to its high hydrophobicity, being a seven 
transmembane protein, and its tendency to form oligom-
ers. When mouse brain lysates from wild-type or GPR50 
knockout mice were analyzed for GPR50 expression with 
an antibody recognizing the last 13 amino acids of GPR50 
intracellular CTD [10], a predominant band at ~ 70 kDa 
was observed corresponding to the predicted size of the 
GPR50 monomer (Fig. 1, left panel). Additional bands 
were observed at ~ 140 kDa and higher corresponding to 
GPR50 dimers and oligomers, respectively, and at ~ 35 kDa, 
most likely corresponding to the tCTD of GPR50. These 
bands were specific to GPR50, since they were absent in 
brain lysates from GPR50 knockout (GPR50KO) mice 
(Fig. 1 left panel). A similar migration pattern composed 
of monomers, dimers and the 35 kDa tCTD was observed 
in the human lung carcinoma cell line (NCI-H520) express-
ing GPR50 endogenously [5] and in transfected HEK293 
cells expressing the human GPR50 (Fig. 1, middle and right 
panel). The extent of cleavage is estimated to range from 2 to 
10%. The N-terminal fragment corresponding to the GPR50 
core deleted of its tCTD was detected at ~ 45 kDa with an 
N-terminally HA-tagged GPR50 construct (Suppl Fig. 1b). 
Taken together, our results show the presence of a tCTD 
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Fig. 1  Expression of full-length and truncated forms of GPR50. 
Western blots showing different forms of GPR50 in mouse brain 
lysates of WT and GPR50 knockout (KO) mice (left), and human 
lung carcinoma cells (NCI-H520) (middle) and HEK293 cells (right) 
transfected with empty (mock) or GPR50 expression plasmids. An 
anti-GPR50 antibody recognizing the last 13 amino acids of GPR50 

was used as primary antibody. M monomer, D dimer, O higher 
molecular weight oligomers, tCTD truncated C-terminal domain. 
Asterisk indicates the location of the epitope recognized by the anti-
GPR50 antibody. Representative results are shown. Similar results 
were obtained in at least two additional experiments. See also Sup-
plementary Fig. 1
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of GPR50 in addition to the full-length membrane-bound 
GPR50 in mouse and human in various cellular contexts.

Calpain cleaves the tCTD of GPR50 
in a calcium‑dependent manner

Considering the systematic detection of the tCTD of GPR50 
in cell and tissue lysates, we hypothesized that the tCTD is 
generated through controlled proteolytic cleavage. Tandem 
affinity purification of GPR50 complexes [11] identified cal-
pain protease as an interacting partner of GPR50 (data not 
shown), suggesting the involvement of calpain for proteo-
lytic cleavage of GPR50. To identify the protease involved, 
HEK293 cells expressing the human GPR50 were treated 
with various protease inhibitors including calpain inhibitors, 
to prevent the generation of the tCTD. Whereas pepstatin, 
E64d and lactacystin were ineffective, several serine/cysteine 
protease inhibitors known to inhibit calpain protease activity 
(leupeptin, AEBSF, the mixed proteasome/calpain inhibi-
tor MG132), as well as specific calpain inhibitors [ALLN 
(calpain 1) and ALLM (calpain 2)] prevented the genera-
tion of the tCTD fragment (Fig. 2a). The inhibitory effect 
of MG132 most likely relies on the inhibition of calpains 
and not of the proteasome in agreement with the absence of 
the effect of the proteasome-specific lactacystin. Further-
more, the inhibition of lysosomal enzyme activity by treating 
cells with chloroquine did not impair the generation of the 
tCTD and did not prevent the inhibitory action of AEBSF, 
ALLN, ALLM and MG132, indicating that lysosomes are 
not involved in the generation or degradation of the tCTD 
(Fig. 2b). The effectiveness of the ALLN calpain inhibitor 
in preventing the formation of the tCTD was recapitulated in 
the NCI-H520 cell model (Fig. 2c). The protease activity of 
calpain being calcium dependent, its involvement in form-
ing the tCTD was further studied by increasing intracellular 
 Ca2+ levels of NCI-H520 cells with ionomycin leading to a 
2.96 ± 0.38-fold increase in tCTD generation (*p = 0.016: 
two-tailed unpaired t test) (Fig. 2d) or incubating NCI-H520 
cell lysates in vitro with recombinant calpain 1 and calcium 
(Fig. 2e). Both conditions rapidly (within 5 min) increased 
tCTD formation in an ALLN-dependent manner. In the 
absence of exogenous calcium, recombinant calpain was 
inactive in NCI-H520 cell lysates (Fig. 2e).

Similar results were obtained with an engineered GPR50 
construct encompassing the entire CTD of GPR50 (full-
length CTD or flCTD; apparent MW ~ 45kD; Suppl Fig. 2a) 
in the in vitro calpain 1 assay (Fig. 2f, Suppl Fig. 2b) and 
in intact cells (Suppl Fig. 2c). The kinetics of tCTD gen-
eration were slower for the flCTD than for the full-length 
GPR50, most likely indicating that the soluble flCTD is 
a poorer calpain substrate than GPR50. Altogether, this 
indicates that the cleavage can occur independently of the 
membrane-associated GPR50 core domain and involves the 

same family of protease(s). To exclude any contribution 
of GPR50 activation in the generation of the tCTD, either 
by an unknown ligand present in the serum or constitutive 
activity of GPR50, HEK293 cells expressing GPR50 were 
treated with pertussis toxin (Gαi inhibitor) or YM254890 
(Gαq inhibitor), two typical transmitters of GPCR activation, 
or were serum starved for up to 24 h. These treatments had 
no effect on the generation of the tCTD arguing against the 
involvement of any GPR50 activity mediated by Gαi or Gαq 
or the serum in the proteolytic cleavage (Suppl Fig. 2d). To 
determine the impact of calcium signaling on the genera-
tion of the tCTD triggered by other GPCRs, we coexpressed 
GPR50 with the Gq-coupled muscarinic M1 or serotonin 
5-HT2C receptors. Stimulation of both receptors (15 min) 
decreased the amount of generated tCTD (Suppl Fig. 2e). 
We also asked the question whether receptors known to 
interact with GPR50 such as the melatonin  MT1 receptor 
and TβRI modulate the ability of calpain to cleave GPR50. 
Whereas co-expression and activation of  MT1 had no effect, 
TβRI increased the generation of the tCTD with a further 
increase upon TGFβ stimulation (Suppl Fig. 2e).

Collectively, our results indicate that GPR50 is subject 
to proteolytic cleavage by calpain proteases in a calcium-
dependent manner. The soluble flCTD alone is a calpain 
substrate and cleavage can be modulated by TβRI possibly 
through trans-conformational changes within a GPR50/TβRI 
complex.

Identification of calpain cleavage site in GPR50 
by MALDI‑TOF‑MS analysis

Bioinformatic analysis of the human GPR50 sequence 
(NCBI sequence NP_004215.2) with two calpain cleav-
age site prediction softwares revealed the presence of 
four potential cleavage sites in the CTD with a high con-
fidence score (Suppl Fig. 3). The expression of GPR50 
deletion mutants spanning the four predicted cleavage 
sites (GPR50∆C1 (∆396–405), GPR50∆C2 (∆406–412), 
GPR50∆C3 (∆396–412), GPR50∆C4 (∆469–477) (Fig. 3a) 
showed that the tCTD was still generated in GPR50∆C1 and 
GPR50∆C4 mutants (Fig. 3b). Conversely, tCTD was absent 
in GPR50∆C2 and GPR50∆C3 mutants, both having the 
putative SVF/SHSK cleavage site in common, suggesting 
the involvement of the latter in the proteolysis releasing the 
tCTD (Fig. 3b).

To further validate our results, we used the synthetic 
peptide YK17 (YRKSASTHHKSVFSHSK) corresponding 
to the region deleted in the GPR50∆C3 mutant (Fig. 3a) 
to compete with the cleavage of the tCTD from full-length 
GPR50 by recombinant calpain 1 in NCI-H520 cell lysates. 
Peptide YK17 inhibited in a time- and concentration-
dependent manner the generation of the tCTD, whereas 
the control peptide AA17 (ARAHARDQAREQDRAHA) 
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derived from another GPR50 region (Suppl Fig. 3c) was 
without effect (Fig. 3c). The precise cleavage site in pep-
tide YK17 was determined by MALDI-TOF-mass spec-
trometry (MALDI-TOF-MS) upon treatment with recom-
binant calpain 1 for 1, 2, 5 and 10 min and different peptide 
concentrations (pmol to µmol) (Fig. 3d). The generation of 
the YF13 (YRKSASTHHKSVF; 1547.7 Da) peptide was 
consistently observed in the presence of calpain, but not 

with the vehicle alone (DMSO) indicating the location of 
the calpain cleavage site of the human GPR50 between 
amino acid Phe-408 and Ser-409. A GPR50 construct 
deleted of its CTD at position 409 migrated at the same 
apparent molecular weight of 45 kDa as the N-terminal 
fragment generated upon cleavage of the CTD from the 
full-length GPR50 (Suppl Fig. 1c), further confirming the 
location of the calpain cleavage site at this position.
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Fig. 2  The truncated CTD of GPR50 is generated by proteolytic 
cleavage by calpain. Western blots showing abrogation of the gen-
eration of the truncated form of GPR50 (tGPR50) in HEK293 cells 
expressing the full-length GPR50 (a, b) or in human lung carcinoma 
cells (NCI-H520) expressing GPR50 endogenously (c) and treated 
overnight with the indicated serine/cysteine protease inhibitors in the 
absence (a, c) or presence of the lysosomal inhibitor chloroquine (CL, 
25 µM; O/N) (b) (w/o, without inhibitor; Leu, Leupeptin 50 µM; Pep, 
Pepstatin 50 µM; ALLN, calpain 1 inhibitor 10 µM; ALLM, calpain 
2 inhibitor 10 µM; E64d, thiol and cathepsin inhibitor 25 µM; Lacta, 
lactacystin 10  µM; MG132 10  µM proteasome inhibitor). Arrows 

indicate abrogation of tCTD generation. Western blots showing time-
dependent generation of the tCTD in intact NCI-H520 cells following 
incubation with ionomycin (5 µM) (d) or cell lysates prepared from 
NCI-H520 cells (e) or HEK293 cells expressing the entire CTD of 
GPR50 flCTD (f). Cell lysates were supplemented with recombinant 
calpain 1 (1 U/mg protein) and 100 µM  CaCl2 unless in -Ca2+ con-
trol conditions. Cells were pretreated or not with calpain 1 inhibitor 
(ALLN;10 µM; 1 h). Arrows indicate generation of tCTD. Represent-
ative results are shown for all panels. Similar results were obtained 
in at least two additional experiments. See also Supplementary Fig. 2
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Nuclear localization of the tCTD of GPR50

The release of the tCTD from the core domain of GPR50 
raises questions about the subcellular localization of the 
tCTD in the cell. We studied the latter by confocal immu-
nofluorescence (IF) microscopy expressing either the full-
length GPR50, the GPR50∆C2 construct or the tCTD alone 
(position 409–617) in HEK293 cells (Fig. 4a). Whereas the 
staining in full-length GPR50- and GPR50∆C2-expressing 
cells was predominantly observed at the plasma membrane, 
the staining in Tctd-expressing cells was detected in the 
cytoplasm and highly enriched in the nucleus. Nuclear 
staining, although to a lesser extent, was also observed in 
full-length GPR50 but not in GPR50∆C2-expressing cells. 
This observation is compatible with the partial cleavage of 
the full-length GPR50 in HEK293 cells. To confirm the 
nuclear localization of the tCTD, we performed subcellular 

fractionation studies. The tCTD was present in the nuclear 
fraction of cells expressing the isolated HA-tCTD or GPR50 
full length and migrated at the expected size of 35 kDa 
(Fig. 4b). The presence of the tCTD in the nucleus was 
diminished in cells expressing the GPR50∆C2 construct 
(Suppl Fig. 4a). Similar results were obtained in NCI-H520 
cells expressing GPR50 endogenously (Fig. 4c). In these 
cells, the tCTD was even enriched in the nuclear fraction 
compared to the cytosolic fraction and a pretreatment with 
the calpain inhibitor ALLN, by decreasing tCTD cleavage, 
reduced the amount of nuclear tCTD as expected. Confo-
cal microscopy of primary cultures of radial glial-like cells 
(tanycytes), known to express GPR50 abundantly [12], also 
showed significant nuclear immunoreactivity (Fig. 4d; Suppl 
Fig. 4b).

Nuclear translocation of proteins occurs by passive dif-
fusion through nuclear pores with a size cutoff of ∼ 40 kDa 
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TOF-MS. a Amino acid sequence surrounding four predicted cal-
pain cleavage sites (asterisk) of GPR50. Deleted residues of the fol-
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GPR50∆C2: ∆406–412; GPR50∆C3: ∆396–412; GPR50∆C4: 
∆469–477). b Western blot showing tCTD in the indicated GPR50 
wt and deletion mutants expressed in HEK293 cells. c Kinetics (2, 
5, 10 min) of calpain 1 in vitro cleavage of GPR50 in the presence of 
100 µM, 500 µM and 1 mM of peptide YK17 and 500 µM and 1 mM 
of peptide AA17 (control) in NCI-H520 cell lysates. Note: arrows 
showing reduction in cleavage at particular peptide concentration. d 

Display of MS spectrum obtained after MALDI-TOF-MS analysis of 
peptide YK-17 (YRKSASTHHKSVFSHSK; 1987.2 Da) with solvent 
(DMSO) alone (upper panel; at 1 µM of peptide) or with recombinant 
calpain 1 (lower panel; 1 U/mg) at 1  pmol of peptide. Peaks repre-
senting the detected peptide fragments with their respective molecu-
lar weight which was confirmed by sequencing and analysis. Red box 
in lower part shows the peak of cleaved fragment that correspond to 
YF13 (YRKSASTHHKSVF; 1547.7  Da) peptide. Representative 
results are shown for panels, b, c. Similar results were obtained in at 
least two additional experiments. See also Supplementary Fig. 3



5194 R. Ahmad et al.

1 3

and/or by specific signals such as the canonical nuclear 
localization signal (NLS). The tCTD of GPR50 does not 
contain any canonical NLS, but harbors a ‘DPD’ motif 
composed of two aspartate residues surrounding a proline 
residue that was shown to promote nuclear translocation of 
the extracellular signal-regulated kinase (ERK) [13]. Muta-
tion of the two aspartate into alanine residues (‘APA’ motif) 
reduced the amount of the flCTD located in the nuclear frac-
tion by approximately 40% (Fig. 4e). This suggests that the 

nuclear import of the tCTD occurs most likely through a 
combination of passive diffusion and the ‘DPD’ motif.

Collectively, these results indicate that a significant frac-
tion of GPR50, most likely corresponding to the tCTD, is 
located in the nucleus in various cell types endogenously 
expressing GPR50. Nuclear import occurs through passive 
diffusion and is assisted by the ‘DPD’ motif present in the 
tCTD, although further mechanisms such as assisted trans-
port, cannot be ruled out at the moment.
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Fig. 4  Nuclear localization of the tCTD of GPR50. a Confocal 
images of HEK293 cells expressing either the full-length GPR50 
(upper panel) showing staining at the cell membrane and nucleus 
(white arrows), the tCTD (middle panel) showing predominant 
nuclear staining and the GPR50∆C2 construct showing staining at 
the cell membrane, but not the nucleus. GPR50 was stained with anti-
GPR50 antibody, nuclei with DAPI (scale bar 10 µm). b Subcellular 
fractionation of HEK293 lysates of cells expressing either full-length 
GPR50 or tCTD showing nuclear localization of 35 kDa band (check 
arrow). c Subcellular fractionation of NCI-H520 cell lysates showing 
the nuclear localization of the 35 kDa band (tCTD) and its depletion 
(see arrow) in the presence of the calpain 1 inhibitor ALLN (10 µM, 
O/N). M, monomer of GPR50. d Confocal images of rat tanycytes 

stained with anti-GPR50 antibodies showing endogenous localiza-
tion of GPR50. Zoom on nuclear localization. Staining of nuclei with 
DAPI (scale bar 10  µm). e Upper part: schematic representation of 
the flCTD of GPR50 and position of the ‘DPD’ motif mutated to 
APA; Lower part: Western blot showing reduced nuclear localiza-
tion of APA flCTD. Quantification expressed as mean ± SEM, n = 4 
independent experiments, *p < 0.05 two-tailed unpaired Student’s t 
test. Tubulin and lamin were used to detect the presence of cytosolic 
and nuclear proteins in different subcellular fractions. TCL total cell 
lysate, CF cytoplasmic fraction, NF nuclear fraction (panels b, c, e). 
Representative results are shown for panels a–d. Similar results were 
obtained in at least two additional experiments. See also Supplemen-
tary Fig. 4
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The tCTD of GPR50 interacts with the transcription 
factor TFII‑I in the nucleus to promote c‑fos 
promoter activation

To explore the function of the tCTD of GPR50 in the 
nucleus, we searched for GPR50-interacting partners by 
tandem affinity purification coupled to mass spectrometry 
and identified nine unique peptides in three independent 
experiments corresponding to the general transcription 
factor TFII-I in HEK293 cells stably expressing GPR50, 
but not in naïve HEK293 cells (Fig.  5a). The interac-
tion was confirmed by coimmunoprecipitation (co-IP) 
experiments in GPR50-transfected HEK293 cells as well 
as in mouse brain lysates of wild-type mice, but not of 
GPR50KO mice (Fig. 5b). Immunoprecipitation of TFII-I 
revealed the presence of the GPR50 full length and tCTD 
in both HEK293 cell and mouse brain lysates, suggest-
ing that TFII-I most likely interacts with the tCTD. The 
absence of co-IP in HEK293 cells expressing a GPR50 
truncated of its CTD (GPR50TM-YFP) confirmed this 
hypothesis (Suppl Fig. 5a). Inversely, expression of the 
isolated tCTD was sufficient to detect the interaction with 
TFII-I by co-IP in the nuclear fraction of HEK293 cells 
(Fig. 5c). Colocalization of the tCTD with endogenous 
TFII-I in the nucleus of HEK293 cells is also consist-
ent with an interaction occurring predominantly in the 
nucleus (Fig. 5d). GPR50 is highly expressed in tanycytes 
lining the third ventricle at the level of the hypothalamus 
[12, 14]. Colocalization between GPR50 and TFII-I was 
observed in mouse brain slices of tanycytes of wild-type 
mice (Fig. 5e), but not of GPR50KO mice (Suppl Fig. 5b). 
In primary cultures of tanycytes, the colocalization of 
GPR50 and TFII-I was strongest in the nucleus (Fig. 5f).

We took advantage of the well-characterized function 
of TFII-I in c-fos promoter transcriptional activity to study 
the role of GPR50 on gene transcription in NIH3T3 cells, 
known to show robust c-fos promoter activation [15]. Co-
expression of a c-fos promoter construct either with the 
tCTD or the full-length GPR50 (WT or the frequent ∆4 
human variant lacking four amino acids, 502TTGH505 
(GPR50ΔTTGH) [16]) showed a marked c-fos activation 
that was similar to the effect of EGF treatment (Fig. 5g). 
Knock-down of TFII-I by siRNA completely abolished 
gene activation, demonstrating TFII-I dependence of the 
effect (Fig. 5g). No reporter gene activation was observed 
in cells expressing GPR50TM-YFP (lacking the CTD) or 
the GPR50∆C2 mutant lacking the calpain cleavage site 
(Fig. 5g) or cells expressing the full-length GPR50 in the 
presence of the calpain inhibitor ALLN (Fig. 5h). Taken 
together, our results show that the tCTD in association 
with TFII-I regulates c-fos promoter activity.

RNA‑Seq analysis reveals high DEG enrichment 
of transcriptional regulators.

To explore the impact of the tCTD on global gene tran-
scription, transcriptomic profiling (RNA-sequencing) was 
performed in HEK293 cells stably expressing the tCTD vs. 
mock-transfected HEK293 cells (Mock). To obtain a repre-
sentative and highly diverse mRNAs sample, mRNAs from 
four clones expressing the tCTD were mixed and compared 
to a pool of mock-transfected HEK293 cells. RNA-Seq data 
revealed a high number (~ 8000) of differentially expressed 
genes (DEG) (p < 0.05) spanning an expression range of 
more than four log 10 at modest tCTD expression levels 
(five times increase compared to background levels observed 
in mock cells) (Fig. 6a). Analysis of DEG with the Ingenu-
ity pathway analysis (IPA) software revealed a significant 
(p < 0.05) enrichment of 78 canonical pathways in the data-
set of the top 891 DEG analyzed (Suppl Table 1). Among 
the top five enriched canonical pathways, three were related 
to nuclear DNA damage/cell cycle/transcriptional regula-
tion (GADD45 (growth arrest and DNA damage-inducible 
45) signaling; aryl hydrocarbon signaling; p53 signaling) 
(Fig. 6b; Suppl Tables 2, 3, 4). This was further comple-
mented by enrichment of two key transcriptional/cell cycle 
regulators (TP53 and ATF4) as top upstream regulators by 
the IPA software (Fig. 6c). Analysis of the molecular func-
tions with the Gene Ontology software revealed ‘transcrip-
tion factor binding’ as the top molecular function enriched 
in DEG (p < 5.89E-05) (Suppl Table 5). Analysis of DEG for 
the presence of predicted transcription factor binding sites in 
their promoter region with the Genomatix software revealed 
that 12 of the TOP-15 most significantly up-regulated and all 
of the TOP-15 most significantly down-regulated genes by 
the expression of the GPR50 tCTD contained the predicted 
TFII-I binding sites supporting the prominent role of this 
transcription factor in regulating target genes of the GPR50 
tCTD (Suppl Table 6). GPR50 is reported to interact with 
and to activate the transcriptional coactivator TIP60 in the 
nucleus [8]. Consistently, we observed a significant upregu-
lation of TIP60 and up/downregulation of its target genes 
(ATM, TBXT, ZEB1, etc.) in our tCTD sample (p < 0.05) 
(Fig. 6d). Taken together, our RNA-Seq data reveal that the 
tCTD modulates gene transcription at a large scale with 
enrichment of transcriptionally regulated pathways.

Discussion

We report here a novel signal transduction mode for 
GPCRs that relies on the proteolytic cleavage of its CTD. 
This signaling mode is fundamentally different from the 
canonical multistep GPCR signaling cascades involving G 
proteins/β-arrestins/second messengers and protein kinases 
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(Fig. 7). We show that the CTD of the orphan GPR50 is 
cleaved off from the GPR50 core by the calpain 1 protease 
in a  Ca2+-dependent manner between position 408 and 409, 
generating a truncated CTD (tCTD) of ~ 35 kDa that then 

translocates into the nucleus, most likely by passive diffu-
sion and assisted by a nuclear translocation signal formed 
by a ‘DPD’ motif. In the nucleus, the tCTD modulates the 
expression of ~ 8000 genes of which many are involved in 
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transcriptional regulatory networks. This is exemplified by 
the interaction and regulation of gene transcription asso-
ciated with the general transcription factor TFII-I that is 
dependent on the proteolytic cleavage of GPR50 by calpains 
at position 408.

GPCRs are known to be primarily regulated by their 
respective natural ligand(s). Other prominent regulatory 
mechanisms include allosteric ligands and allosteric inter-
actions with heterotrimeric G proteins, β-arrestins and vari-
ous other interacting proteins and components of the phos-
pholipid bilayer. Post-translational modifications are also a 
general regulatory trait of GPCRs ranging from reversible 
modifications such as phosphorylation, palmitoylation and 
glycosylation to irreversible modifications such as proteoly-
sis. Autoproteolytic cleavage is observed for many adhesion 
GPCRs in the highly conserved GPCR proteolysis site (GPS) 
motif in the N-terminal extracellular domain [17]. Consti-
tutive proteolytic cleavage occurs also in the extracellular 

ectodomain of the thyrotropin (TSH) receptor [18] and is 
integral part of the unique activation mechanism of the 
protease-activated receptor (PAR) family to generate the 
“tethered ligand” that activates the cleaved receptor [19]. 
Ligand-dependent proteolytic cleavage has been reported 
for the endothelin B [20] and vasopressin V2 receptors 
[21]. Proteolytic removal of the N-terminal domain of the 
alpha1D-adrenergic receptor and GPR37 has been shown to 
facilitate receptor surface expression [22, 23]. Cleavage of 
the intracellular CTD has been reported for the angiotensin 
II type 1 receptor AT1 [24] and the Dfrizzled2 GPCR [25], 
but remains poorly documented. Whether cleavage occurs at 
endogenously expressed AT1 receptors remains unknown. In 
the case of Dfrizzled2, the receptor was proposed to be first 
internalized into perinuclear compartments before the cleav-
age of the CTD and release into the nucleus. The proteases 
involved and the precise nuclear function remain unknown 
for both receptors.

Emerging evidence indicates that GPCR signaling cannot 
only occur at the plasma membrane, but also in intracellu-
lar compartments [26–28]. These signaling events typically 
rely on the classical cascades of G protein- or β-arrestin-
dependent signal transduction. The proteolytic cleavage of 
the CTD of GPR50 described here is fundamentally differ-
ent, as it relies on the cleavage of a receptor subdomain that 
then becomes the direct signal transducer from the plasma 
membrane to the nucleus. Whereas G protein-/β-arrestin-
dependent signal transduction is based on a repeated activa-
tion/inactivation cycle with subsequent signal amplification, 
proteolytic cleavage of the CTD is irreversible and does not 
rely on amplification cascades. The concept of proteolytic 
liberation of intracellular receptor domains might be a gen-
eral strategy of signal transduction from the cell surface 
to the nucleus as it has been reported for other membrane 
receptors such as Notch receptors, the amyloid precursor 
protein (APP), the receptor tyrosine kinase ErbB4, the mul-
tifunctional low-density lipoprotein receptor-related pro-
tein (LRP), and the cell-adhesion molecules CD44 [29–31]. 
Whereas the membrane-bound gamma-secretase seems to 
play a prominent role in the cleavage of the above-mentioned 
receptors, cytosolic calpains appear to be responsible for 
the cleavage of the CTD of GPR50. These  Ca2+-activated 
cysteine proteases regulate a wide range of cellular functions 
through the cleavage of their protein substrates including 
signal transduction-related molecules such as p35, IL1α, 
Myc oncoprotein and spectrin [32–34]. Calpain cleavage is 
a critical step in transforming the function and localization 
of its substrates in/out of the cytoplasm [34, 35]. Several 
lines of evidence indicate that GPR50 is cleaved at position 
408 by calpain: (i) the cleavage of GPR50 is inhibited by 
calpain protease inhibitors, (ii) is dependent on intracellu-
lar  Ca2+, (iii) can be recapitulated by recombinant calpain 
1, (iv) is inhibited by an excess of the inhibitory peptide 

Fig. 5  The tCTD of GPR50 interacts with TFII-I in nucleus and 
promotes gene transcription. a Identification of the general tran-
scription factor TFII-I by mass spectrometry after tandem affin-
ity purification (TAP) of full-length GPR50 stably expressed in 
HEK293 cells. b Coimmunoprecipitation (co-IP) experiments in 
total cell lysates (TCL) of transfected HEK293 cells (left panel) and 
of mouse brain (right panel), respectively. TFII-I was immunopre-
cipitated and GPR50 revealed in precipitates by Western blot with 
anti-GPR50 antibody. Non-relevant IgG were used as a negative 
control in transfected cells and lysates of GPR50KO mice as nega-
tive control of brain samples. M GPR50 monomer, tCTD truncated 
C-terminal domain. c Co-IP experiment with the nuclear fraction 
(NF) of HEK293 cells expressing the HA-tagged tCTD. HA-tCTD 
was immunoprecipitated and TFII-I revealed in precipitates by West-
ern blot. Mock-transfected cells were used as a negative control. The 
purity of the NF was verified by detecting laminin (nuclear) and 
tubulin (cytosolic). d Confocal images of nuclear colocalization of 
HA-tagged tCTD and endogenous TFII-I in HEK293 cells. Stain-
ing of nuclei with DAPI (scale bar 10 µm). e, f Confocal images of 
colocalization of GPR50 and TFII-I in mouse brain slices around 
the third ventricle region (3  V) (overview in the right panels and 
focus on the middle and left panels) and in primary rat tanycyte cul-
tures (f scale bar 10 µm). Arrowheads show colocalization in panel 
e. Staining of nuclei with DAPI. VMH ventromedian hypothala-
mus, ARC  arcuate nucleus. Reporter gene assay showing relative 
c-fos luciferase promoter activity ± silencing of TFII-I by siRNA 
(g) and ± ALLN (10 µM, O/N) (h) in NIH3T3 cells expressing full-
length GPR50 (GPR50, GPR50ΔTTGH variant), GPR50TM-YFP 
(mutant lacking the CTD and fused to the yellow fluorescent protein 
(YFP)), GPR50∆C2 (mutant lacking the calpain cleavage site) or 
the tCTD or in cells transfected with the empty vector (Mock). Val-
ues are expressed as mean ± SEM; n = 3 independent experiments; 
****p < 0.001 and ***p < 0.001 vs. Mock Ctrl siRNA; •p < 0.001 
significance of difference between Ctrl-siRNA vs. respective adja-
cent TFII-siRNA group; ns, non-significant difference (panel g); 
***p < 0.001, significance of difference when compared to Mock Ctrl 
and •p < 0.0001, Ctrl vs ALLN of respective groups, (panel h), two-
way ANOVA followed by Tukey’s post hoc multiple comparison test. 
Representative results are shown for panels b–f. Similar results were 
obtained in at least two additional experiments. See also Supplemen-
tary Fig. 5

◂
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encompassing the 408/409 cleavage site and (vi) is inhib-
ited in GPR50 mutants devoid of the 408/409 cleavage site. 
Furthermore, the ~ 35 kDa cleavage fragment observed in 
mouse brain lysates and human lung carcinoma cells (NCI-
H520) expressing endogenous GPR50 and in HEK293 cell 
expressing recombinant GPR50 (here and previous report 
[8]) migrate at an identical apparent molecular weight as 
the recombinant tCTD comprising amino acids 409–617.

Identification of the function of orphan receptors remains 
challenging in the absence of any ligand. The proteolytic 
cleavage of the CTD of GPR50 is of interest in this respect, 
as it proposes an alternative mechanism that, instead of 
relying on the activation state of the receptor (‘receptor 
signaling’ concept), relies on the availability of the recep-
tor (GPR50) as a calpain substrate that would be regulated 
by the calpain activation status (‘heterologous calpain 

signaling’ concept). The latter hypothesis is supported by 
the observation that the soluble full-length CTD (flCTD) 
alone is a calpain substrate, suggesting that the GPR50 
core domain is not mandatory for the generation of the 
tCTD. However, this does not exclude the possibility that 
the GPR50 core and its conformational modifications have 
an impact on the cleavage. The fact that spontaneous G 
protein (Gi and Gq) signaling of GPR50 appears not to be 
involved in GPR50 cleavage by calpain argues also against 
the ‘receptor signaling’ hypothesis, without however ruling 
out a potential role of a ligand-dependent GPR50 activa-
tion. Obviously, the ‘receptor signaling’ hypothesis will be 
difficult to prove in the absence of the ligand for GPR50. 
Supportive evidence for the ‘receptor signaling’ hypothesis 
comes from the observation that GPR50 cleavage is modu-
lated in the presence of TβRI, a receptor known to interact 

Fig. 6  Genome-wide modula-
tion of gene transcription by the 
tCTD of GPR50. a MA—plot 
showing differentially expressed 
genes (DEG) in HEK293 cells 
expressing stably the tCTD 
vs. mock-transfected HEK293 
cells, where X-axis repre-
sents the mean of normalized 
counts and the Y-axis displays 
log2 fold changes in DSeq2 
RNA-Seq experiment. b The 
upper panel shows bar diagram 
of top canonical pathways 
predicted by Ingenuity pathway 
analysis (IPA) of DEG based 
on significant –log p values 
(p < 0.05). Z score represents 
overall predicted activation state 
of pathway in comparison to 
available literature (if positive: 
activated, orange shades; if 
negative: inhibited, blue shades; 
if no activity pattern or neutral, 
gray). The lower panel displays 
the top five pathways with 
percent and number of DEG 
overlapping with canonical 
pathway in IPA analysis. c List 
of top upstream regulators after 
IPA analysis based on signifi-
cant p values (< 0.05) and their 
predicted mode of activation. 
d List of TIP60 and related 
genes enriched in the RNA-Seq 
dataset with significant p value 
(< 0.05). See also Supplemen-
tary Tables 1–6

A

C

Rank Name p-value Overlap
1 GP6 Signaling Pathway 1.44E-04 13.0 % ; 17/131
2 GADD45 Signaling 1.73E-04 31.6 % ;  6/19

3 Aryl Hydrocarbon 
Receptor Signaling 1.90E-04 12.7 % ; 17/134

4 Germ Cell-Sertoli Cell 
Junction Signaling 4.64E-04 11.1 % ; 19/171

5 p53 Signaling 4.98E-04 13.1 % ; 14/107

IPA: Top enriched canonical pathways

IPA: Top enriched upstream regulators
Upstream 
Regulator  

p-value
 of overlap 

Predicted
 Activation

TP53  2.43E-08
hydrogen peroxide 6.93E-07
NFKBIA  9.32E-08
EGF  1.47E-06  Inhibited
ATF4 1.79E-06  Inhibited

D

GPR50 tCTD vs. Mock

Symbol log2 
fold change p-value

TIP60 0.13 0.0078
ATM 0.26 8.15E-14
CREB1 0.19 6.32E-05
E2F8 0.25 3.09E-06
E2F3 0.15 1.39E-05
E2F4 -0.19 1.38E-05
STAT3 0.27 3.83E-08
TBXT -1.01 3.48E-17
TBX19 0.47 7.37E-05
TBX18 0.12 0.0072
TBX2 -0.15 0.012
ZEB1 0.63 4.52E-49
TP53 0.21 5.75E-07
PARP3 0.34 3.23E-06

TIP60 and related genes

B

n=4456

n=3682
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with GPR50 [5]. Indeed, co-expression of TβRI increases 
the generation of the tCTD with a further increase observed 
upon TGFβ stimulation. This result suggests that TβRI 
modulates the ability of calpain to cleave GPR50 through 
transconformational changes in the complex with GPR50. 
Future studies will address this interesting point. Whether 
the ‘heterologous calpain signaling’ exists for other orphan 
GPCRs remains elusive, but constitutes an interesting alter-
native signaling mode for this class of receptors that remains 
resistant to deorphanization [36].

Intriguingly, cleavage of the CTD of the human GPR50 
not only generates a cytosolic fragment, but also generates 
a GPR50 core domain without the tCTD, which terminates 
after helix 8, located between N298 and F309 (see Suppl 
Fig. 3) generating a protein similar to the GPR50 homolog 
found in lower vertebrates [6]. Based on previous studies, 
the GPR50 core domain generated by cleavage of the CTD 
is likely to alleviate the allosteric inhibitory effect of GPR50 
on  MT1 and TGFβ-RI receptor function in accordance with 
previous reports [4, 5].

Inspection of the sequence of the CTD of GPR50 uncov-
ered a high homology with RNA polymerase II (RNAPolII), 
more precisely with its CTD. This domain is located outside 

of the catalytic core of the largest subunit of the RNAPolII 
and serves as a binding scaffold for numerous transcription 
factors. Accordingly, a similar function could be anticipated 
for the CTD of GPR50 [6]. To provide direct, experimen-
tal evidence for the functional role of the tCTD, we per-
formed transcriptomic profiling of HEK293 cells expressing 
the tCTD and searched for interacting partners of GPR50 
with the tandem-affinity approach. In agreement with the 
nuclear localization of the tCTD, a high number of differ-
entially expressed genes (~ 8000) were observed which were 
enriched in transcription/cell cycle/DNA damage repair-
related canonical pathways and as upstream regulators in 
ingenuity pathway analysis. Upregulation of TIP60 (KAT5) 
and its target genes in our data set was of particular interest, 
as GPR50 has been previously shown to interact with this 
histone acetylase and to enhance the co-activator property of 
glucocorticoid receptor signaling [8]. The effect of GPR50 
on TIP60 function and expression is of particular interest 
since TIP60 fulfills several important functions in DNA 
damage repair and transcriptional and cell cycle regulation 
[37, 38].

Identification of the general transcription factor TFII-I 
as interacting partner of GPR50 is also fully consistent with 
the broad effect of the tCTD of GPR50 on gene transcrip-
tion as observed in RNA-Seq. TFII-I is indeed ubiquitously 
expressed and is involved in the transcriptional activation of 
c-fos in response to extracellular mitogenic stimuli such as 
the epidermal growth factor (EGF) [15, 39] and regulates a 
number of diverse cellular processes [40]. TFII-I colocal-
ized with the exogenously expressed tCTD in the nucleus of 
HEK293 cells and showed extensive colocalization in pri-
mary tanycyte cultures and in a discrete subset of tanycytes 
lining the third ventricle in mouse brain. The functional rel-
evance of this physical interaction was shown in luciferase 
reporter gene assays under the control of the c-fos promoter. 
Full-length GPR50 and the tCTD alone, but not the GPR50 
deletion mutant of the 408/409 cleavage site, enhanced c-fos 
promoter activation in a TFII-I- and calpain-dependent man-
ner, demonstrating that the proteolytic cleavage of GPR50 at 
position 408/409 is necessary for transcriptional activation 
in the nucleus. The tCTD of GPR50 is likely to modulate 
c-fos gene expression in two ways: first, in a constitutive 
manner, proportional to GPR50 expression levels; second, 
in a dynamic manner either triggered by the activation of 
receptors modulating intracellular calcium levels or indi-
rectly through the activation of receptors that by interacting 
with GPR50 could modify the ability of calpain to cleave 
GPR50. Our data indicate that these two modes of regu-
lated signaling might indeed exist since ionomycin-mediated 
calcium influx and activation of the  Gq/Ca2+ pathway by 
GPCRs as well as the activation of TβRI modulate GPR50 
cleavage. Whether the regulated  Ca2+-dependent c-fos 
gene activation is strictly TFII-I dependent and whether it 
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involves previously identified intermediates such as CREB 
or ERK remains to be established [41–44].

The role of the tCTD is likely to go beyond the regulation 
of c-fos gene expression as indicated by the ~ 8000 differen-
tially expressed genes in our RNA-Seq experiment includ-
ing the previously described GPR50-interacting protein and 
transcriptional coactivator TIP60 [8]. It will be interesting 
to determine the impact of acute calcium regulation on a 
large scale, including the nature of the proteins modulating 
intracellular calcium concentrations such as calcium chan-
nels, NMDA receptor or GPCRs. If confirmed on a large 
scale, this mechanism could be a new non-canonical signal-
ing mode of calcium-dependent gene regulation.

In conclusion, we report here an unconventional signal-
ing mode of GPCRs that relies on the cleavage of the cyto-
plasmic receptor domain, which translocates to the nucleus 
and directly regulates gene transcription. This mechanism is 
reminiscent of that reported for other important membrane 
receptor families such as Notch, APP and ErbB4. Such an 
unconventional signaling mode offers the possibility of het-
erologous (ligand-independent) regulation by other cellular 
processes, a mechanism that is particularly interesting in 
the case of orphan receptors for which no ligands have been 
identified. The identification of a new and direct signal trans-
duction mode of GPCRs, one of the largest receptor families, 
expands our understanding of signal transmission into the 
nucleus. The interaction of GPR50 with transcription factor 
points to a new and unexpected direct access of GPCRs to 
transcription regulation.

Materials and methods

Plasmids antibodies and reagents

Antibodies

GPR50 antibody7 was produced by Kernov Antibody Ser-
vices [45]. Anti-lamin B (sc-6216; Santa-Cruz Biotech; 
1/1000), anti-TFII-I (#4562; Cell signaling tech; 1/1000), 
anti-tubulin (MAB1864; Millipore; 1/2000), anti-HA mon-
oclonal (16B12#MMS-101P; BioLegend; 1/1000), anti-
HA (#3724, Cell signaling tech; 1/500), anti-flag (F7425; 
Sigma-Aldrich; 1/1000), anti-GFP (11,814,460,001; Roche; 
1/2000), and anti-β-actin (MA5-15,739; Thermo Fisher; 
1/2000) were used. All antibodies were used according to 
recommended dilutions for immunostaining, immunopre-
cipitation and Western blotting. c-fos-luciferase plasmid 
containing murine c-fos promoter (Kim et al. 1998) was a 
kind gift from Dr. Ananda L Roy (NIH, MD, USA). Cal-
pain inhibitor-I (A6185, Sigma-Aldrich), calpain inhibi-
tor II (A6060, Sigma-Aldrich), chloroquine (C6628, 
Sigma-Aldrich), recombinant human mu-calpain (C6108, 

Sigma-Aldrich), human EGF (E9644, Sigma-Aldrich) 
ALLN (208,719, Millipore), ALLM (208,721, Millipore), 
and rest of the protease inhibitors were bought from Sigma-
Aldrich unless stated otherwise. Peptides YK17 and AA17 
were synthesized and procured from Covalab (France) hav-
ing 98% purity.

Cell culture and transfection and generation 
of stable cell lines

All media and chemicals were procured from Life Tech-
nologies, unless stated otherwise. HEK293/NIH3T3 cells 
were cultured in DMEM with 10% fetal bovine serum (FBS). 
Transient transfection was carried out by using Jet-Prime 
reagent (Polyplus-transfection) and Lipofectamine 2000 
(Thermo Fisher). NCI-H520 (ATCC-HTB-182; human lung 
squamous cell carcinoma) cells were cultured in RPMI-1640 
medium (GIBCO) with 10% FBS. Frozen rat tanycytes iso-
lated from rat median eminences were cultured as previously 
described [46]. Cell lines were checked regularly for any 
mycoplasma contamination.

Stably GPR50 tCTD and empty vector (mock) overex-
pressing HEK293 cells were generated by jetPRIME Trans-
fection of G418 resistant GPR50 plasmid. Selective pressure 
was established by using conditioned DMEM medium with 
600 µg/mL G418 (Sigma-Aldrich). Further, monoclonal 
cell lines were obtained through a dilution limit process and 
positive clones expressing empty plasmid,  GPR50 tCTD, 
were identified with Western blot.

Plasmid mutagenesis

Primers for point mutations were designed with the help of 
the Agilent QuikChange Primer Design program. Mutagen-
esis was performed by PCR with the Phusion High-Fidelity 
Polymerase (Finnzymes, Thermo-Fisher Scientific).

Western blotting

Cell lysates were mixed with Laemmli sample buffer (4×) 
and 100 mM DTT. 10–20 μg lysate for cells and 50 μg for 
tissue samples were separated on 10% or 12% SDS-PAGE 
and transferred onto nitrocellulose membrane overnight. 
After blocking for 1 h at room temperature in TBS with 
0.1% Tween-20 (TBS-T) plus 5% skimmed milk powder, 
the membranes were incubated overnight at 4 °C with pri-
mary antibodies in TBS-T with 5% milk. Membranes were 
incubated with fluorescently tagged secondary antibodies 
(Life tech) in TBS-T for 30 min at room temperature and 
were washed for 3 × 5 min in TBS-T. Incubation with fluo-
rescence-coupled secondary antibodies (Life technologies) 
enables readout on an Odyssey reader. For proteolytic cleav-
age experiments, HEK293 cells were treated with various 
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protease inhibitors such as serine/cysteine protease inhibi-
tors (AEBSF 25 µM, E64 25 µM, leupeptin 50 µM, PMSF 
50 µM), aspartic protease inhibitor (pepstatin 50 µM), cal-
pain inhibitor I 10 µM, calpain inhibitor II 10 µM, protea-
some inhibitor (MG132 10 µM, lactacystin 10 µM) and lys-
osomotropic agent, chloroquine (25 µM), following GPR50 
transfection.

Co‑immunoprecipitation

For preparation of cell lysates, cells were harvested after 
transfection in TNMG lysis buffer (20  mM Tris pH 8, 
150 mM NaCl, 5 mM  MgCl2, 10% glycerol) with 1% NP-40 
and solubilized on a wheel at 4 °C for 1 h, centrifuged at 
14,000 rpm for 45 min and the supernatants were collected. 
Samples containing 1 mg protein were subjected to immu-
noprecipitation by incubating overnight with 2 µg of primary 
antibody. Protein G-sepharose beads (Sigma-Aldrich) were 
added to the lysate and incubated for 1 h at 4 °C. Beads 
were collected by centrifugation for 3 min at 3000 rpm and 
washed three times with lysis buffer (all at 4 °C). The pre-
cipitates were resuspended in 30 μl 2× Laemmli sample 
buffer with 100 mM DTT and boiled for 5 min. The superna-
tants were loaded on 12% SDS-PAGE gels and analyzed by 
Western blotting. For endogenous Co-IP, brain tissues were 
taken out from both, C57BL/6J wild-type and GPR50KO 
mice, homogenized and solubilized in 0.5% CHAPS deter-
gent (Sigma-Aldrich) in TEM buffer (25 mM Tris pH 7.4, 
2 mM EDTA, 10 mM  MgCl2) for 4 h at 4 °C on a wheel. The 
lysates were collected after centrifugation and subsequently 
used for immunoprecipitation. The protein estimation was 
performed with BCA kit (Thermo Fisher).

Immunofluorescence confocal microscopy

The transfected HEK293 cells were fixed in 4% paraformal-
dehyde for 15 min, permeabilized with 0.3% Triton X-100 
for 10 min and blocked with a 5% horse serum/PBS solution. 
Cells were incubated overnight with primary antibody, fluo-
rescent secondary antibodies were added, and slides were 
visualized by the use of a confocal microscope (Leica).

Immunostaining on perfused PAF 4% mouse brain sec-
tions was performed as reported previously [12]. Using a 
cryostat, 18-µm serial frozen sections were cut and collected 
on chrome–alum–gelatin-coated slides. Slide-mounted sec-
tions were processed for immunohistochemistry. Sections 
were rinsed four times in phosphate buffer saline (PBS) (pH 
7.4) and blocked for 1 h using blocking solution (PBS con-
taining 4% normal donkey serum and 0.3% Triton X-100) 
at 4 °C. Sections were incubated overnight at 4 °C with pri-
mary antibodies diluted in blocking solution (GPR50: Ac7, 
1/750; TFII-I, Santa Cruz sc-9943, 1/100). The sections 
were then subjected to four washes in PBS and incubated 

for 1 h at room temperature with a mix of secondary Alexa 
Fluor-conjugated antibodies (1:500; Molecular Probes, Inv-
itrogen) in the blocking solution. At the end of immunohis-
tochemistry, the sections were coverslipped with 1,4-diaz-
abicyclo[2.2.2]octane (Sigma-Aldrich).

Isolation of hypothalamaic tanycytes 
and endothelial cells using fluorescence‑activated 
cell sorting

Median eminences from tat-cre-injected tdTomatoloxP/loxP 
mice fed ad libitum (n = 14), were microdissected and enzy-
matically dissociated using Papain Dissociation System 
(Worthington, Lakewood, NJ) to obtain single-cell suspen-
sions. This suspension was then incubated with Alexa Fluor 
647 Rat Anti-Mouse CD31 clone 390 (BD Biosciences, ref: 
563,608) for 45 min at 37 °C. FACS was performed using 
an EPICS ALTRA Cell Sorter Cytometer device (Beck-
man Coulter, Inc.). The sort was based on measurements 
of tdTomato fluorescence (excitation: 488 nm; detection: 
bandpass 675 ± 20 nm) by comparing cell suspensions from 
tdTomato-positive and wild-type animals and far red fluores-
cence (excitation: 633 nm; detection: bandpass 670 ± 30 nm) 
by comparing cell suspensions incubated with Alexa Fluor 
647 Rat Anti-Mouse CD31 clone 390 and cell suspensions 
incubated with Alexa Fluor 647 Rat IgG2a, k isotype control 
(BD Biosciences, ref: 557,690). For each animal, 1000–4000 
tdTomato positive cells and 1000 to 4000 far red positive 
cells were sorted directly into 10 μl extraction buffer: 0.1% 
Triton® X-100 (Sigma-Aldrich) and 0.4 U/μl RNaseOUT™ 
(Life Technologies).

Quantitative RT‑PCR analyses

For gene expression analyses, mRNAs obtained from FACS-
sorted cells were reverse transcribed using SuperScript® 
III Reverse transcriptase (Life technologies) and a linear 
preamplification step was performed using the TaqMan® 
PreAmp Master Mix Kit protocol (P/N 4,366,128, Applied 
Biosystems). Real-time PCR was carried out on Applied 
Biosystems 7900HT Fast Real-Time PCR System using 
exon boundary-specific TaqMan® Gene Expression Assays 
(Applied Biosystems): GPR50 (Gpr50-Mm00439147_m1); 
TFII-I (Gtf2i-Mm00494826_m1). Control housekeeping 
genes were r18S (rn18S-Mm03928990_g1); ACTB (Actb-
Mm00607939_s1). Gene expression data were analyzed 
using SDS 2.4.1 and Data Assist 3.0.1 software (Applied 
Biosystem).

Tandem affinity purification

Tandem affinity purification (TAP) was performed as pre-
viously described [11]. Briefly, proteins were washed and 
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digested on calmodulin beads by trypsin for 3 h at 37 °C 
in 50  mM ammonium bicarbonate after reduction in 
20 mM DTT at 60 °C for 30 min and alkylation in 50 mM 
iodoacetamide in the dark at RT for 30 min. The superna-
tant was collected for nLC MS/MS analysis and treated as 
described [47], but with the following settings for protein 
identification: extracted MS/MS peak lists were submitted 
to an in-house Mascot (Matrix Science), version 2.2, search 
engine. The Swiss-Prot database (April 28, 2008, 366,226 
sequences; 132,054,191 residues) was used restricted to the 
Homo sapiens subset of sequences (19,372 sequences). Par-
ent and fragment mass tolerances were, respectively, set to 
100 ppm and 0.3 Da, and partial modification (oxidization) 
of methionine was allowed. Missed trypsin cleavage sites 
were limited to 1. A filter was applied to the search to reduce 
false positives and matching redundancies of the same pep-
tide in several hits. All peptide matches above 1% risks of 
random matching were eliminated (p value < 0.01 filtering 
was applied). The individual minimum peptide score was 
set to 30. False-positive rates evaluated using Mascot. Iden-
tification were considered successful if at least two distinct 
peptides were identified. Under these stringent parameters, 
the minimum protein score was 29.

MALDI‑TOF‑mass spectrometric analysis

Peptide YK17 (YRKSASTHHKSVFSHSK; mol. wt. 
1986 Da; 98% purified; water soluble; Covalab, France) 
having potential calpain cleavage site was incubated with 
calpain/DMSO in different concentration (pmol to µmol) 
and incubated at 30 °C at different concentrations (rang-
ing from 1 pmol to 1 µmol). Aliquots of the samples were 
removed at various time intervals (1, 2, 5, 10, 15 min) and 
mixed 1:1 on a MALDI target plate with 5 mg of α-cyano-4-
hydroxycinnamic acid matrix (Laser Biolabs) dissolved in 1 
ml of 70% ACN 0.1% TFA 30% milliQ  H2O and allowed to 
dry on a 96-well OptiTOF MALDI plate target. Mass spectra 
were acquired at the 3P5 proteomics facility of the Univer-
sité Paris Descartes with a 4800 MALDI-TOF/TOF analyser 
(ABSciex) with a 200 Hz Nd:YAG pulsed LASER (355 nm) 
shot frequency in positive reflectron mode at fixed fluency 
with low mass gate and delayed extraction. 500 spectra were 
summed by steps of 50 spectra in the range of 300–4000 Da. 
Monoisotopic values are labeled from isotope clusters with 
a minimal s/n ratio of 1000.

In vitro calpain cleavage assay

Total cell lysates (1 mg/mL) were incubated with recom-
binant human mu-calpain (1U/mg protein) in diges-
tion buffer containing 50 mM Tris–HCl, pH 7.5, 5 mM 
β-mercaptoethanol, 100 mM NaCl and 100 µM  CaCl2 just 
before the reaction at 30 °C. Aliquots of the samples were 

removed at various time intervals (1, 2, 5, 10, 20, 30 and 
45 min) and mixed immediately with equal volume of 6× 
Laemmli buffer (12% SDS, 60% glycerol, 0.6 mM DTT, 
0.06% bromophenol blue) to terminate the digestion. The 
samples were boiled 5 min and used for gel electrophoresis 
and immunoblotting [48].

Calpain peptide competition assay

NCI-H520 cell lysates were incubated with different con-
centration of purified peptides (YK-17 and AA-17) before 
adding recombinant human calpain 1 (1 U/mg protein) 
in digestion buffer (50  mM Tris–HCl, pH 7.5, 5  mM 
β-mercaptoethanol, 100  mM NaCl, 100  µM  CaCl2) at 
30 °C. The reaction was stopped at different time points (2, 
5, 10 min.) by adding equal volumes of 6× Laemmli buffer 
(12% SDS, 60% glycerol, 0.6 mM DTT, 0.06% bromophenol 
blue). The samples were boiled for 5 min before loading 
onto SDS-PAGE.

Subcellular fractionation

Subcellular fractionation was done following the method 
published elsewhere [5, 49]. HEK 293 cells were seeded 
in 100 mm culture plates and transfected with the desired 
plasmids. The cells were harvested after 40 h of transfec-
tion. The culture plates were rinsed twice with ice-cold 
phosphate-buffered saline (PBS). Hypotonic buffer (500 µL) 
containing 1% NP-40 was added to each culture plate and 
allowed to swell on ice for 15 min. The cells were scraped 
and taken into fresh Eppendorf tube. The lysate was vortexed 
for 10 s, and the nuclei were pelleted (14,000 rpm for 1 min). 
The supernatant was collected as the cytoplasmic fraction. 
The nuclear pellets were resuspended in 100–200 µL of 
hypertonic buffer and rotated on a wheel for 45 min at 4 °C. 
This extract was then centrifuged (14,000 rpm for 30 min), 
and the nuclear fraction was collected. The amount of pro-
tein was estimated following BCA estimation kit (Thermo 
Fisher Scientific). The buffer compositions were as follows. 
(i) the hypotonic buffer contained 10 mM HEPES (pH 
7.9), 10 mM KCl, 1.5 mM  MgCl2, 1 mM EDTA, 25 mM 
β-glycerophosphate, 1 mM  Na3VO4 and 1 mM dithiothreitol 
(DTT); (ii) the hypertonic buffer contained 20 mM HEPES 
(pH 7.9), 420 mM NaCl, 1.5 mM  MgCl2, 25% glycerol, 
1 mM EDTA, 25 mM β-glycerophosphate, 1 mM  Na3VO4 
and 1 mM DTT. To both buffers protease and phosphatase 
inhibitors were added just before use.

Reporter gene assay

NIH3T3 cells were maintained for 30 h in a medium con-
taining 0.5% FBS following transfection and stimulated with 
hEGF (SRP3027, Sigma-Aldrich, 25 ng/mL) or 10% FBS 
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for 4 h before harvest. One hundred and fifty nanograms 
of c-fos-luc construct and 5 ng of pRL-TK for normaliza-
tion and 250 ng of various GPR50 constructs were trans-
fected per single well of a 12-well plate. The total amount of 
DNA per well was kept constant by adding empty plasmid 
pcDNA3 where necessary. For knocking down experiment 
of TFII-I, cells were transfected with siRNA against TFII-I 
and control siRNA by using Lipofectamine 2000 (Thermo 
Fisher). For calpain inhibitor (ALLN; 10 µM) experiment, 
cells were incubated O/N before harvest. All transfection 
experiments were performed in duplicate, and results were 
normalized to the expression of the Renilla luciferase trans-
fection control. Lysis and measurement were performed with 
the Dual Luciferase Kit (Promega) according to the manu-
facturer’s advices.

Generation of GPR50KO mice

The strategy used for GPR50KO mice generation has been 
explained and published elsewhere [5].

RNA isolation, library construction 
and transcriptome sequencing and analysis

The total RNA was extracted from mock and GPR50 tCTD 
(n = 3 biological replicates) stably expressing HEK293 cells 
by using the TRIzol method (Life Technologies) and the 
concentrations were obtained using a fluorometric Qubit 
RNA HS assay (Life Technologies, Grand Island, New York, 
USA). The quality of the RNA (RNA integrity number 8.2) 
was determined on the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA) as per the manufac-
turer’s instructions. To construct libraries, 1 µg of high-
quality total RNA sample (RIN > 8) was processed using 
Truseq stranded mRNA kit (Illumina) as per manufacturer’s 
instructions. Briefly, after purification of poly-A containing 
mRNA molecules, the mRNA molecules were fragmented 
and reverse- transcribed using random primers. Replacement 
of dTTP by dUTP during the second strand synthesis will 
permit achieving the strand specificity. Addition of a single 
A base to the cDNA was followed by ligation of adapters. 
Libraries were quantified by qPCR using the KAPA Library 
Quantification Kit for Illumina Libraries (KapaBiosystems, 
Wilmington, MA) and library profiles were assessed using 
the DNA High Sensitivity LabChip kit on an Agilent Bio-
analyzer. Libraries were sequenced on an Illumina Nextseq 
500 instrument using 75 base-lengths read V2 chemistry 
in a paired-end mode. After sequencing, a primary analy-
sis based on AOZAN software (ENS, Paris) was applied to 
demultiplexer to control the quality of the raw data (based 
on FastQC modules/version 0.11.5). The obtained fastq files 
were then aligned using Star algorithm (version 2.5.2b) and 
quality control of the alignment was realized with Picard 

tools (version 2.8.1). Reads were then counted using feature 
count (version Rsubread 1.24.1) and statistical analyses on 
the read counts were performed with the DESeq2 package 
version 1.14.1 to determine the proportion of differentially 
expressed genes between two samples.

Data were analyzed through the use of Ingenuity pathway 
analysis, IPA (QIAGEN Inc., https ://www.qiage nbioi nform 
atics .com/produ cts/ingen uity-pathw ay-analy sis). Gene ontol-
ogy, GO enrichment analysis, molecular functions (https ://
geneo ntolo gy.org/) and Genomatix (https ://www.genom atix.
de/onlin e_help/help_geps/gene-tf_analy sis.html) softwares 
were also used for RNA-Seq data analysis.

Statistical analysis

Data were analyzed using GraphPad Prism 6 software 
(GraphPad software) and are presented as mean with SEM. 
The comparisons between two groups were performed using 
two-tailed unpaired Student’s t test, while multiple groups 
were tested using analysis of variance (ANOVA) followed 
by Tukey’s post hoc multiple comparison test. For RNA-Seq 
data, statistical analysis was performed with the DESeq2 
package version 1.14.1 to determine the proportion of differ-
entially expressed genes between two samples, and for com-
plementary analysis with GO molecular functions, Fisher’s 
exact test with FDR multiple test correction was used.
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