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Abstract

PEN is an abundant peptide in the brain that has been implicated in the regulation of feeding. We
identified a receptor for PEN in mouse hypothalamus and Neuro2A cells. PEN bound to and
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Fig. S1. Variable results with studies examining the effect of mMPEN on adenylyl cyclase activity in hypothalamic membranes.
Fig. S2. The binding of mPEN to hypothalamic membranes from individual male mice.

Fig. S3. Variable results with studies examining the effect of mMPEN on PLC activity in hippocampal membranes.
Fig. S4. Evoked EPSC amplitude after sequential application of increasing concentrations of mPEN and washout.
Fig. S5. mPEN-stimulated neurite outgrowth in Neuro2A cells.

Fig. S6. Expression of GPR83in heterologous cells confers PEN signaling and receptor endocytosis.

Fig. S7. Quantitative RT-PCR to confirm the presence of GPR83mMRNA in Neuro2A cells.

Fig. S8. Specificity of the GPR83 and GPR171 antibodies.

Fig. S9. Confirmation of antibody specificity and accuracy of colocalization by analysis of the lateral septum.
Table S1. Description of statistical analysis for different figures.
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activated GPR83, a G protein (heterotrimeric guanine nucleotide-binding protein)—coupled
receptor (GPCR). Reduction of GPR83expression in mouse brain and Neuro2A cells reduced
PEN binding and signaling, consistent with GPR83 functioning as the major receptor for PEN. In
some brain regions, GPR83 colocalized with GPR171, a GPCR that binds the neuropeptide
bigLEN, another neuropeptide that is involved in feeding and is generated from the same precursor
protein as is PEN. Coexpression of these two receptors in cell lines altered the signaling properties
of each receptor, suggesting a functional interaction. Our data established PEN as a neuropeptide
that binds GPR83 and suggested that these two ligand-receptor systems—PEN-GPR83 and
bigLEN-GPR171—may be functionally coupled in the regulation of feeding.

INTRODUCTION

Neuropeptides play important roles in cell-cell signaling, and many neuropeptide receptors
are potential therapeutic targets. The peptides SAAS, PEN, and LEN, which are so-named
because of the presence of these amino acid residues in their sequences, are among the most
abundant peptides present in mouse hypothalamus and are all produced from the same
precursor protein, proSAAS (1, 2). Peptides containing the SAAS and LEN sequences are
produced as big and little (longer and shorter) peptides, whereas only a single PEN peptide
has been identified (Fig. 1A). The enzymes responsible for the cleavage of proSAAS into
SAAS, PEN, LEN (bigLEN and littleLEN), and other peptides are the same enzymes that
produce most neuropeptides: prohormone convertases and carboxy-peptidase E (3-6).
Furthermore, differential cleavage by various peptidases leads to a range of big and little
forms of the proSAAS-derived peptides, many of which may be functional neuropeptides

().

Both PEN and LEN peptides are present in neuropeptide Y (NPY) neurons in the arcuate
nucleus of the mouse hypothalamus (8). These cells also contain agouti-related peptide
(AgRP) and function in the stimulation of feeding (9, 10). Consistent with a role in feeding
and body weight regulation, transgenic mice overexpressing PCSKIN (the gene encoding
proSAAS) are slightly overweight (11), and mice with a disruption in the PCSKIN gene,
which eliminates the production of proSAAS, are underweight (12). In addition,
intracerebroventricular injection of antibodies to either bigLEN or PEN blocks feeding (8),
suggesting that these peptides stimulate feeding.

GPR171, a G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptor
(GPCR), binds and is activated by bigLEN (13). GPR171 is present in the hypothalamus and
other areas involved in feeding and body weight regulation (13). GPR171 does not bind
PEN; therefore, we tested for the existence of a PEN receptor. Using various binding and
signaling assays, we found evidence for PEN receptors in mouse hypothalamus and in the
Neuro2A cell line. We tested candidate orphan GPCRs by individually expressing them in a
heterologous cell line and found that PEN activated GPR83. Furthermore, knockdown of
GPRE3in Neuro2A cells or knockout of GPR83in mouse brain substantially reduced PEN
binding and PEN-induced signaling. We also explored interactions between GPR83 and
GPR171; these two receptors are colocalized in some brain regions. We found that PEN
signaling is modulated by bigLEN and vice versa in cell lines expressing both receptors.

Sci Signal. Author manuscript; available in PMC 2016 December 09.
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Furthermore, these two receptors colocalized and were in close enough proximity for direct
interactions in the ventral hypothalamus. These results indicated that crosstalk between the
GPR83 and GPR171 signaling pathways may occur in a region of the brain that controls
feeding and other reward behaviors.

RESULTS

PEN binds and activates a GPCR in the brain

PEN is an abundant peptide derived from the neuropeptide precursor proSAAS. Mouse PEN
(mPEN) and rat PEN (rPEN) only differ by one residue at the N-terminal end, whereas
human PEN (hPEN) is more divergent and has the sequence PEG instead of PEN (Fig. 1A).
To determine whether a receptor for PEN is present in mouse brain, we performed ligand-
binding studies with N-terminally tyrosinated radioidodinated rPEN (Tyr-rPEN). We
detected saturable radioligand binding with a high affinity of ~8 nM in mouse hypothalamic
membrane preparations (Fig. 1B). mPEN dose-dependently displaced the radioligand (Fig.
1C), revealing a high-affinity site (18 pM) and a lower-affinity site (110 nM). The peptide
littleLEN from rat (rlittleLEN) did not compete for binding (Fig. 1C).

Because most neuropeptides activate GPCRs, which signal through heterotrimeric G
proteins containing an a subunit activated by guanine nucleotide exchange of GDP
(guanosine diphosphate) for GTP (guanosine 5’ -triphosphate) and are inactivated by
autocatalytic GTPase (guanosine triphosphatase) activity and reassociation with the By
heterodimer, we examined the ability of mPEN to activate G proteins, as assessed by GTPyS
binding to mouse hypothalamic membranes. Subnanomolar concentrations of mPEN
increased GTPvyS binding [ECsg (median effective concentration), ~0.2 nM], whereas
concentrations above 1 nM were less effective, implying desensitization of the response
(Fig. 1D). To assess the G protein activated by mPEN, we measured adenylyl cyclase
activity (to assess Gag- or Gaj-mediated signaling) and PLC activity (to assess Gaq-
mediated signaling) in the presence of a protease inhibitor cocktail to prevent peptide
degradation. The adenylyl cyclase activity assay primarily measures the activity of the Ga;
or Ga subunit, whereas the PLC assay measures the activity that could be mediated either
by the Gaq or GBy subunits. Studies assaying adenylyl cyclase activity in mouse
hypothalamic membranes gave inconsistent results, with some samples exhibiting bell-
shaped dose-response curves and some exhibiting a small decrease (~21 + 2%) in cCAMP
(adenosine 3,5 -monophosphate) levels (fig. S1), whereas those measuring PLC activity
were consistent and reproducible (Fig. 1E). Therefore, we focused on PLC activity. We
detected a robust and dose-dependent increase in PLC activity in response to mPEN (Fig.
1E), suggesting that the hypothalamic receptor for PEN is a Gaq-coupled GPCR that
activates the PLC-mediated signaling cascade.

During the studies with hypothalamic membranes, we observed substantial variation in the
total amount of mPEN binding between individual animals. To directly examine this, we
compared the relative amount of mPEN binding in 18 individual hypothalami from male
mice and found them to vary by two- to fivefold (fig. S2). A comparison of the relative
amounts of mPEN binding in several brain regions and peripheral organs revealed the
highest amount of mPEN binding in the striatum (Fig. 1F). The olfactory bulb, spinal cord,

Sci Signal. Author manuscript; available in PMC 2016 December 09.
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hypothalamus, hippocampus, midbrain, and cortex also had high amounts of mPEN binding
(Fig. 1F). We also detected mPEN binding in the kidney, heart, spleen, lung, and liver (Fig.
1F). Thus, these results indicated that mPEN binds to one or more receptors in the brain and
periphery.

As found for the hypothalamic mPEN receptor, the mPEN receptor in hippocampal
membranes showed both high- and low-affinity sites when radiolabeled Tyr-rPEN was
displaced with mPEN (Fig. 1G). In contrast to the hypothalamic response, the activation
profile of hippocampal membranes with GTPyS had a monophasic dose-response curve
(ECsq of 34 nM) with no detectable desensitization at high concentrations (Fig. 1H). Tyr-
rPEN and rlittlePENLEN, another proSAAS-derived peptide (14), exhibited lower efficacies
and higher affinities, compared with mPEN (Fig. 1H). An additional difference between the
hypothalamic and hippocampal response was that mPEN dose-dependently inhibited
adenylyl cyclase activity (Fig. 11), whereas there was no consistent and reproducible effect
on PLC activity (fig. S3). Together, these results indicated that PEN receptors are present in
the hippocampus and hypothalamus, and the receptors couple to different G proteins in the
different regions, Gaq in the hypothalamus and Ga; in the hippocampus.

Because neuropeptides alter synaptic activity (15) and because PEN has been implicated in
regulating feeding behaviors, we performed electrophysiological characterization of the
effect of mPEN in slice preparations of the paraventricular nucleus (PVN) of the rat
hypothalamus, a brain region involved in regulation of food intake and reward behaviors.
The addition of mPEN inhibited presynaptic glutamate release (Fig. 2). We measured
pharmacologically isolated a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR)—-mediated spontaneous excitatory postsynaptic currents (SEPSCs) by
voltage clamp recording of PVN neurons. The application of mPEN decreased the SEPSC
frequency without changing the amplitude, suggesting a presynaptic effect on glutamate
release (Fig. 2, A and B). Moreover, mPEN dose-dependently reduced the amplitude of
evoked EPSCs with an ECsqg of ~8 nM (Fig. 2C). Sequential application of 10- and 100-nM
mPEN produced increasing inhibition of evoked EPSC amplitude, and the inhibition was
reversible after washout (fig. S4). Additionally, in most samples, application of 100 nM
mPEN induced an increase in paired-pulse ratio (Fig. 1D), which is another indication of a
presynaptic effect.

A PEN receptor is present in Neuro2A cells

Multiple GPCR agonists induce neurite outgrowth in the mouse neuroblastoma cell line
Neuro2A, indicating that various GPCRs are present in this cell line (13, 16, 17). Because
receptor activation—-mediated neurite outgrowth represents a functional outcome of GPCR
activation in Neuro2A cells, this assay provides an easy and convenient test for the presence
of a receptor (13, 16, 17). Exposing Neuro2A cells to mPEN, mouse bigLEN (mbigLEN), or
rat SAAS (rSAAS) significantly increased the number of neurites, suggesting the presence
of receptors for PEN and these other neuropeptides in these cells (Fig. 3A and fig. S5).
Ligand-binding analysis revealed saturable binding of Tyr-rPEN (Fig. 3B). The affinity of
rPEN for binding to the Neuro2A cells was 22 nM, which is lower than that detected for
binding to mouse hypothalamic membranes, which had an affinity of ~8 nM (Fig. 1B).

Sci Signal. Author manuscript; available in PMC 2016 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gomes et al.

Page 5

However, as seen with the mouse hypothalamus samples, dose-dependent displacement with
mPEN revealed a high- and a lower-affinity binding site (Fig. 3C).

Analysis of G protein activation showed that GTPyS binding was biphasic in response to
mPEN, exhibiting both a high and a low potency (Fig. 3D). As with the hippocampal
samples, exposure of the Neuro2A cells to mPEN led to dose-dependent inhibition of
adenylyl cyclase activity and a concomitant decrease in intracellular cCAMP (Fig. 3E). As
with the hypothalamic samples, mPEN also caused a dose-dependent increase in PLC
activity in Neuro2A cells (Fig. 3F). Because PLC activity stimulates the production of 1P
(inositol 1,4,5-trisphosphate), which activates its receptor on the endoplasmic reticulum to
release Ca%*, we also examined the effect of PEN on intracellular Ca2* signals. In Neuro2A
cells loaded with a Ca2*-sensitive fluorescent dye, we observed a dose-dependent increase in
intracellular Ca* with a high potency of ~0.2 pM; mPEN concentrations greater than 1 nM
led to a decreased Ca2* response, suggesting desensitization (Fig. 3G). The different
potencies for mPEN-mediated induction of the various signals may result from activities
arising from the high- and low-affinity binding sites that we detected.

In Neuro2A cells, activation of the MAPK pathway occurs in response to GPCRs coupled to
Ga;j (13, 18). Consistent with this, mPEN activated the MAPK pathway, as evidenced by the
increased phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) within
5 min of treatment; this effect was desensitized by 30 min (Fig. 3H). Together, these studies
demonstrated that Neuro2A cells have one or more receptors for PEN with properties similar
to those detected for PEN receptor(s) in the brain.

GPR83 is a PEN receptor: Heterologous expression of GPR83 mediates PEN binding and

signaling

To identify a PEN receptor, we searched the literature for orphan GPCRs present in
Neuro2A cells (19) and in the hypothalamus (20, 21). We selected hGPR83 (human
GPR83), mGPR19, mGPR108, and mGPR165 as potential candidates. We also included
mMGPR171 because this receptor binds bigLEN, which is generated from the same precursor
as PEN (1, 13). For these experiments, we used heterologous expression of the human and
mouse GPCRs in Chinese hamster ovary (CHO) cells and human embryonic kidney (HEK)
293 cells because these cells are easy to transfect and contain many signaling effectors
needed to study the properties of a GPCR in a heterologous system (22). We expressed the
epitope-tagged versions of the receptors in CHO cells along with a chimeric promiscuous G
protein [human Gg16/i3 ("Gq16/i3)] and tested for hPEN-induced intracellular Ca2* signals
using the Ca2*-sensitive fluorescent dye. Cells expressing hGPR83 showed a robust
response to hPEN, whereas cells expressing the other GPCRs did not (Fig. 4A and fig. S6).
We also tested a scrambled peptide, rlittleLEN and mbigLEN, as negative controls, and ATP,
which activates endogenous purinergic receptors to stimulate a Ca%* signal, as a positive
control.

To determine whether the pharmacological properties of GPR83 were like those observed
for the PEN-binding site in mouse brain and Neuro2A cells, we examined the properties of
GPR83 in HEK cells transiently expressing hemagglutinin A (HA)-tagged mouse GPR83
(mGPR83), tagged on the N terminus, or in CHO cells stably expressing untagged hGPR83.

Sci Signal. Author manuscript; available in PMC 2016 December 09.
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Ligand-binding analysis of hGPR83 revealed high-affinity binding for Tyr-rPEN with a
dissociation constant (Ky) of 9.4 nM (Fig. 4B); this value is similar to that observed in
mouse hypothalamus (~8 nM) (Fig. 1B). Ligand displacement analysis of mGPR83 revealed
a dose-dependent displacement of [12°1] Tyr-rPEN with mPEN with high- and low-affinity
sites (Fig. 4C), as we observed for mouse hypothalamus and hippocampus (Fig. 1, C and G)
and the Neuro2A cells (Fig. 3C). Ligand displacement analysis of untagged hGPR83 with
hPEN or mPEN also revealed a dose-dependent displacement with high- and low-affinity
sites (Fig. 4D). HA-tagged mGPR83 and untagged hGPR83 had similar binding profiles for
mPEN (Fig. 4, C and D); thus, the HA tag did not appear to affect binding. A study
examining rGPR83 reported binding of NPY (23). However, we found that NPY at
concentrations below 1 pM did not displace [22°1]Tyr-rPEN and exhibited only a small
(~20%) and not significant (one-way ANOVA; P=0.37, 7 40 = 1.109) displacement with
10 uM NPY (Fig. 4D).

Analysis of G protein activation showed that mPEN increased GTP-yS binding in CHO cells
expressing hGPR83 but had no effect in control CHO cells (Fig. 4E). In contrast, NPY
induced a small increase in GTP-yS binding both in control cells and in hGPR83-expressing
cells (Fig. 4E). Pretreatment with pertussis toxin to block signaling through Ga,; abolished
the mPEN-mediated increases in GTP+yS binding in hGPR83-expressing cells (Fig. 4F). In
hGPR83-expressing cells, mPEN led to a dose-dependent reduction in cAMP (Fig. 4G) and
a dose-dependent increase in PLC activity (Fig. 4H) and intracellular IP3 (Fig. 41). As we
observed with Neuro2A cells, mPEN or hPEN added to hGPR83-expressing CHO cells
increased Ca2* signals at low concentrations, and high concentrations reduced the response
(Fig. 4J), suggesting desensitization of the receptor at high PEN concentrations. The results
from ligand-binding and G protein activity studies showed that mGPR83 and hGPR83
exhibited properties like those of the PEN receptor in mouse brain and Neuro2A cells.

Many GPCRs undergo agonist-dependent endocytosis, and detecting such a cellular
response would provide additional evidence that GPR83 is a receptor for PEN. Thus, we
performed a receptor internalization assay in which the amount of HA-tagged mGPR83 at
the cell surface was detected by enzyme-linked immunosorbent assay (ELISA) before and
after exposure of the cells to either mPEN or hPEN. Analysis of the amount of receptor at
the surface over time showed that the addition of either mPEN or hPEN resulted in rapid and
robust internalization of mMGPR83 (fig. S6B). These results support the hypothesis that
GPR83 functions as a receptor for PEN.

Reducing GPR83 abundance impairs PEN signaling

If GPR83 represents the PEN receptor that we detected in Neuro2A cells (Fig. 3), reduction
or loss of GPR83 should diminish the response to PEN. We found that Neuro2A cells
express GPR83 mRNA (fig. S7) and protein (Fig. 5A), and small interfering RNA (SiRNA)-
targeting GPR83 reduced the abundance of GPR83 protein (Fig. 5A). The GPR83
knockdown Neuro2A cells had significantly reduced PEN binding (Fig. 5B); the magnitude
of the decrease in binding was consistent with the magnitude of the reduction in GPR83
protein. We also found that GPR83 knockdown significantly decreased PEN-stimulated
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GTP-yS binding (Fig. 5C), ERK1/2 phosphorylation (Fig. 5D), and neurite outgrowth (Fig.
5E).

mGPR83is localized to chromosome 9, region A2-3, and hGPR83to chromosome 11,
region 11921 (24). To date, four different isoforms of mGPR83 have been described that
could arise from alternative splicing: isoform 1 encodes a 423-amino acid protein, isoform 2
represents a shorter form of 381 amino acids, isoform 3 has a 68—amino acid and isoform 4 a
20-amino acid insertion in the second cytoplasmic loop compared to isoform 1 (25).
Transcript analysis of hGPRE3in human brain detected mostly the homolog of mouse
isoform 1 and a minor amount of mouse isoform 2 (24). Mice with a global knockout of
GPR83 (NM_010287) have been generated by replacing a 2374-kb genomic region
containing exons 2 and 3 of GPR83with a neomycin resistance cassette (26, 27). We used
these mice and performed ligand-binding analysis of hypothalamic membranes from
individual mice (wild-type mouse # 574, 576, and 578 or knockout mouse # 572, 582, and
585), which revealed that mice lacking GPR83 had no detectable PEN binding (Fig. 5F).
Signaling analyses revealed that the PEN-mediated stimulation of G protein activity
(GTP+yS binding) (Fig. 5G) and PLC activity (Fig. 5H) was also absent with the exception of
one mouse that exhibited some GTPyS binding. These results indicated that GPR83
expression is necessary to elicit PEN responses, which is further evidence that GPR83
functions as the PEN receptor in the hypothalamus.

GPR83 interacts with GPR171

PEN is synthesized by posttranslational processing of proSAAS; this processing also
generates other peptides, such as PENLEN that is further processed to bigLEN (1). Because
PEN and bigLEN colocalize to NPY-positive neurons in the hypothalamus (28) and are both
released upon stimulation (1), and because in AtT-20 cells (pituitary corticotrope tumor
cells) both PEN and bigLEN are stored within the same vesicles (28), we examined whether
the receptor for PEN (GPR83) and receptor for bigLEN (GPR171) were part of a functional
complex. To assess potential functional interactions, we investigated the binding and
signaling properties of hGPR83 in CHO cells in the absence or presence of MGPR171. CHO
cells expressing both receptors bound more radiolabeled PEN than did cells expressing only
hGPR83 (Fig. 6A). This was not due to an increase in the total amount of hGPR83 at the cell
surface because the presence of MGPR171 decreased the amount of GPR83 at the cell
surface based on ELISA using antibodies to GPR83 (Fig. 6B). The presence of mGPR171
also affected hGPR83-mediated signaling. In the absence of mMGPR171, mPEN caused a
monophasic dose-dependent increase in GTPyS binding (Figs. 4E and 6C). The presence of
mGPR171 converted this monophasic curve into a biphasic curve; furthermore, in these
cells, PEN exhibited higher potency for the first phase of the response when compared to
that in cells expressing only hGPR83 (Fig. 6C).

To study this further, we analyzed Neuro2A cells, which are positive for GPR171 and
GPR83, and Neuro2A cells with a stable knockdown of GPR171 (13). GPR171 knockdown
decreased the amount of radiolabeled rPEN binding (Fig. 6D) and resulted in a monophasic
dose-dependent G protein activation (GTP-yS binding) (Fig. 6E). Thus, the presence of
GPR171 altered the pharmacological properties of GPR83, which could be due to direct
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receptor-receptor interactions or that the receptors are part of a multi-component signaling
complex.

Heteromerization of GPCRs can sometimes enable the ligand of one receptor to promote the
endocytosis of the other receptor. Therefore, we examined whether the presence of
MGPR171 altered the ligand-mediated endocytic properties in CHO cells expressing one or
both of the receptors. We measured receptor endocytosis by ELISA using antibodies that
recognized either GPR83 or the myc tag at the N terminus of mMGPR171. A time course of
receptor endocytosis revealed that both the initial rate and extent of PEN-induced hGPR83
endocytosis were enhanced by the presence of mMGPR171 (Fig. 6F). To examine whether the
reciprocal also occurred, we performed a time course of bigLEN-induced mGPR171
endocytosis in CHO cells expressing mGPR171 alone or with hGPR83. Both the rate and
extent of mMGPR171 endocytosis were enhanced by the presence of GPR83 (Fig. 6G).

To test whether these two receptors were colocalized in the PVN and were in close enough
proximity to interact, we performed colocalization analysis by immunohistochemistry in the
PVN and PLAs (proximity ligation assays) in CHO cells expressing the receptors and in
PVN using antibodies selective for the two receptors [for antibody selectivity data, see fig.
S8 for GPR83 and Gomes ef a/. (13) for GPR171]. With the PLA in the CHO cells, we
found a statistically significant increase in signal only in cells expressing both mGPR171
and mGPR83 (Fig. 7, A and B), consistent with the hypothesis that the two receptors interact
to influence each other’s signaling. To confirm that these interactions could also occur in the
brain, we first performed immunohistochemical analysis with the receptor-specific
antibodies. We detected GPR83 in the PVN (Fig. 7C) and, furthermore, found that ~48% of
the cells were positive for both GPR171 and GPR83 immunoreactivity, indicating these
receptors are both present in a subset of the neurons in the PVN (Fig. 7, D and E). In
contrast, in the lateral septum, a region with very low detectable GPR83 but high amounts of
GPR171 immunoreactivity, very few cells (<5%) were positive for both GPR83 and GPR171
(fig. S9). To examine whether the receptors are close enough for physical interaction in the
PVN, we performed PLA with the receptor-specific antibodies; many cells in the PVN had a
positive signal (Fig. 7, F to H), and quantification showed that ~56% of cells exhibited close
proximity between these two receptors (more than five red dots per cell; Fig. 71).

To further investigate the functional implications of receptor-receptor interactions, we
examined the effect of GPR83 on GPR171 signaling in hypothalamic membranes from wild-
type mice or mice lacking GPR&3. In the hypothalamus, GPR171 couples to Ga, in response
to bigLEN (13). We found that the profile of bigLEN-mediated signaling in membranes
from GPR&E3 knockout animals was different from the profile in membranes from wild-type
animals (Fig. 7J); the bigLEN dose-response curve was shifted from a biphasic dual-potency
curve in the membranes from the wild-type mice to a monophasic curve with greater
efficacy in the membranes from the GPR83 knockout mice (Fig. 7J). These data showed that
GPR83 modulates GPR171 signaling in the hypothalamus.
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DISCUSSION

One of the major findings of this study was that PEN binds and activates GPR83. PEN is
produced from proSAAS along with other biologically active peptides, such as bigLEN and
SAAS (1). SAAS has biological activity through an unidentified receptor (29), and bigLEN
activates GPR171 (13). PEN and other proSAAS-derived peptides are among the most
abundant peptides in the hypothalamus (7). These peptides are produced within the secretory
pathway, stored in secretory granules, and secreted from cells (1). On the basis of the
presence of PEN and other proSAAS peptides in AgRP neurons of the hypothalamus (8), as
well as the results of transgenic mice overexpressing proSAAS and knockout mice lacking
proSAAS (11, 12), proSAAS-derived peptides have been implicated in the regulation of
body weight through an assumed effect on appetite and food intake. However,
intracerebroventricular administration of proSAAS peptides, such as PEN or bigLEN or a
combination of both these peptides, did not elicit a significant effect on food intake (8). This
could be due to a high basal amount of proSAAS-derived peptides, because the peptides are
rapidly degraded, because these peptides regulate body weight through mechanisms distinct
from those affecting appetite, or a combination of these effects. Because we could only
detect changes in signaling and in electrophysiological recordings in the presence of a
protease inhibitor cocktail, we predict that their activity may be limited by degradation.
Consistent with a role in appetite and feeding behavior, antibody-mediated neutralization of
endogenous PEN reduces food intake for 1 to 14 hours (8), suggesting that PEN is an
orexigenic neuropeptide. However, an important criteria for neuropeptides are that they bind
to selective receptors and influence second messengers. The results of the present study
support the hypothesis that PEN is a bona fide neuropeptide.

GPR83 was a logical candidate to test for the PEN receptor for several reasons. This
receptor is present at a relatively high abundance in regions of the brain involved in
regulating energy metabolism (30-32). GPR83 is also known as JP05, GPR72, and the
glucocorticoid-induced receptor, the latter because the mRNA for this receptor is increased
in mouse thymocytes after treatment with either glucocorticoids or compounds that increase
CAMP (33, 34). Although four isoforms of GPR83 have been reported for mouse (24, 25),
the distribution of the isoforms in mouse brain has not been assessed. In humans, the most
abundant GPR83-encoding transcript corresponds to the homolog of mouse isoform 1 (24).
In mouse brain, GPRE3 expression is increased after chronic amphetamine treatment (35)
and reduced by short-term dexamethasone treatment (36). GPR83 knockout mice show a
reduction in stress-evoked anxiety and delayed spatial learning in the Morris water maze
(37). GPR83 knockout mice have normal body weight when fed a regular chow diet, yet they
are resistant to obesity when placed on a high-fat diet (27).

Although GPR83 is currently referred to as an “orphan” GPCR, indicating that its ligand has
not been definitively established, a report in 2007 claimed that NPY was a ligand for this
receptor (23). We found that radiolabeled PEN binding to GPR83 was not affected by NPY
concentrations below 1 uM, although 10 pM NPY caused a partial, nonsignificant,
displacement of PEN binding. Another study reported that GPR83 is significantly activated
by 0.1 mM zinc ions, although slightly lower or higher concentrations of zinc failed to
significantly activate the receptor (38). The N-terminal extracellular domain of GPR83 has

Sci Signal. Author manuscript; available in PMC 2016 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gomes et al.

Page 10

been reported to function as an intramolecular inverse agonist (39), raising the possibility
that the receptor can be activated by proteolytic cleavage of the inhibitory domain. A study
reported that GPR83 exhibits a high level of constitutive activity (40). These diverse results
suggest that GPR83 may be activated by multiple modes (without ligands or with different
ligands) in the brain as well as other tissues.

GPR83transcripts are detected in the kidney, liver, spleen, and other peripheral tissues, with
high levels in T cells (25, 26, 31, 32, 41-43). Although we did not test all of these tissues, in
addition to detecting PEN binding in the brain, we detected PEN binding to the kidney,
heart, spleen, lungs, and liver, tissues that have been reported as positive for GPR83. PEN is
present in pancreatic endocrine cells, pituitary, and adrenal medulla and could act as a
peptide hormone through peripheral GPR83 receptors. Alternatively, GPR83 may bind
another ligand in the periphery. Our data indicated that in the hypothalamus and
hippocampus, GPR83 is the PEN receptor. Whether GPR83 is the only receptor for PEN
could be assessed by comparing PEN binding and PEN-dependent signaling in other tissues
from wild-type and GPR83 knockout mice.

Another major finding was that GPR83 and GPR171 functionally interact, are close enough
to directly interact in a subset of neurons in the PVN and in cultured cells, and thereby
influence the signaling properties of each receptor. Although not all proSAAS-derived
peptides appear colocalized in mouse brain, both PEN and bigLEN show substantial
colocalization and are likely co-secreted (8). Thus, not only are both receptors likely to be
exposed to ligand in response to the same synaptic activity, but their close proximity may
enable the functional interaction of these receptors, which may have important physiological
consequences.

GPR83 also interacts with the ghrelin receptor (encoded by Ghsr1a) when the two receptors
are coexpressed in heterologous cells (COS7 and HEK-293) (27). GPR83 and GHSR1A are
both present in specific subsets of mouse arcuate nucleus neurons, and the orexigenic effect
of ghrelin is potentiated in GPR83 knockout mice (27). Similarly, we found that bigLEN-
mediated GPR171 inhibition of adenylyl cyclase was greater in hypothalamus from GPR83
knockout mice compared to the inhibition in tissue from wild-type mice. However, the
interaction between GPR83 and GPR171 that we identified was complex; cells expressing a
combination of the two receptors showed biphasic dose-response curves with high- and low-
affinity sites for PEN and bigLEN, whereas cells expressing only one of the receptors had a
single site with an intermediate affinity. Similarly, brain tissue from wild-type mice and
Neuro2A cells had biphasic dose-response curves consistent with receptor interactions. We
expect that for PEN and bigLEN, both the high- and low-affinity sites could have important
biological functions. In some brain regions, the amounts of these peptides are very high
(~0.5 to 2 nmol per gram of tissue) (44, 45), which is comparable to the amounts of other
abundant brain peptides, such as enkephalin (46). Thus, if 1 nmol of peptide is evenly
distributed in 1 g of tissue, its concentration would be 1 uM, which is sufficient to stimulate
the lower-affinity site. Neuropeptides are stored within secretory granules where the
concentration can reach 5 to 10 mM. Receptors close to the sites of peptide release could be
exposed to micromolar concentrations of peptides, whereas receptors on cells located farther
from the site of neuropeptide release would be exposed to substantially lower
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concentrations. Therefore, both high- and low-affinity sites on GPR83 are likely
physiologically important.

MATERIALS AND METHODS

Materials

Tyr-PEN, hPEN, mPEN, rlittlePENLEN, rSAAS, mbigLEN, and rlittleLEN were from
Phoenix Pharmaceuticals Inc, and mPEN was custom-synthesized by GenScript. Neuro2A, a
mouse neuroblastoma cell line, CHO cells, and HEK-293 cells were from ATCC.
Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-streptomycin were from
Corning cellgro. F12 was from Gibco. Lipofectamine and Fluo-4 NW calcium dye were
from Invitrogen. Fetal bovine serum (FBS) was from Biowest. Mouse GPR19, GPR108,
GPR165, and GPR171 cDNAs (complementary DNAS) were obtained from Open
Biosystems and subcloned into pCMV-myc-N-terminal epitope tagging mammalian
expression vector (Stratagene) according to the manufacturer’s protocol (13). The untagged
hGPR83 plasmid cDNA was obtained from cdna.org. The generation and characterization of
mGPR83 (HA-tagged) plasmid have been described previously (38). Control siRNA,
mMGPR83siRNA, and myc antibodies (cat. # sc-40) were from Santa Cruz Biotechnology.
The siRNA to GPR83 (cat. # sc-75191) comprises three sequences as follows: #1,
CAUCACCAAGGGUGUCAUALt (sense) and UAUGACACCCUUGGUGAUGtt
(antisense); #2, CCAUGAGCAGUACUUGUUALt (sense) and
UAACAAGUACUGCUCAUGGtt (antisense); and #3, GUUCAGCCCUCAAUUUGUALt
(sense) and UACAAAUUGAGGGCUGAACTt (antisense). mGPRSE3 short hairpin RNAs
(shRNAs) were purchased from Sigma-Aldrich (clone ID: TRCN0000026837, sequence
CCGGCCATCACCAAGGGTGTCATATCTCGAGATATGACACCCTTGGTGATGGTTTT
T; clone ID: TRCNO0000026857, sequence
CCGGCCATGAGCAGTACTTGTTATACTCGAGTATAACAAGTACTGCTCATGGTTTTT
). Antibodies recognizing tubulin (cat. # T5168), protease inhibitor cocktail (cat. # P2714),
and phosphatase inhibitor cocktail (cat. # P0044) were from Sigma-Aldrich. NPY was
obtained from Tocris. Pierce lodination Reagent was from Thermo Scientific. [12°1] (cat. #
NEZ033L001MC) and [3°S]GTPyS (cat. # NEG030H250UC) were from PerkinElmer.
Antibodies to phospho-ERK1/2 (cat. # 4370S) and total ERK1/2 (cat. # 4696S) were from
Cell Signaling Technology. Antibodies to GPR83 (cat. # ab72175) were from Abcam.
Antibodies to GPR171 were generated in rat against the amino acid sequence
MTNSSFFCPVY, and tested for specificity using a standard protocol [fig. S8 and (47)].
Rabbit (cat. # PI-1000) and mouse (cat. # PI1-2000) secondary antibodies coupled to
horseradish peroxidase were from Vector Laboratories. Rabbit IRDye 800 (cat. #
926-32211) and mouse IRDye 680 (cat. # 926-68070) secondary antibodies were from LI-
COR. GPR83knockout [genotyped by quantitative polymerase chain reaction (PCR)
analysis] and control wild-type mouse brains were generated as described (27).

Cell culture and transfections

HEK-293 and Neuro2A cells were grown in DMEM containing 4.5 g/liter glucose (cat. #
10-013-CV, Corning cellgro), 10% FBS, and 1x penicillin-streptomycin solution (cat. #
30-002-Cl, Corning) at 37°C and 10% CO,/O,. CHO cells were grown in F12 medium
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containing 1.802 g/liter glucose (cat. # 11765-054, Gibco Life Sciences), 10% FBS, and 1x
penicillin-streptomycin solution at 37°C and 10% CO4/O». Cells transiently expressing each
of the myc-tagged receptors (MGPR19, mGPR108, mGPR165, and mGPR171), untagged
hGPR83, or HA-tagged m GPR8E3 alone or with a chimeric hGg1¢/i3 protein were generated
using Lipofectamine 2000 (cat. # 11668-019, Invitrogen) according to the manufacturer’s
protocol. Stable cell lines expressing either mGPR171, untagged hGPRE3, or HA-tagged
mGPR83 were maintained in growth media containing G418 (500 pg/ml). Cells
coexpressing hGPRE3 (untagged) and mGPR171 (myc-tagged) were generated by
transiently transfecting CHO cells stably expressing hGPRE3 or mGPR171 with mGPR171
or hGPR83, respectively, using Lipofectamine 2000 as described in the manufacturer’s
protocol. Neuro2A cells stably expressing GPR171 or GPR83shRNA were generated as
described by the shRNA manufacturer (Sigma-Aldrich). Neuro2A cells were transfected
with mGPR83siRNA using Lipofectamine 2000 as described in the manufacturer’s
protocol.

Membrane preparation

Membranes were prepared as described previously (13) from wild-type male mouse
hypothalamus, olfactory bulb, midbrain, striatum, cortex, pituitary, prefrontal cortex,
cerebellum, hippocampus, kidney, heart, spleen, lungs, GPR&3 knockout mouse
hypothalamus or hippocampus (27), CHO cells alone or expressing untagged hGPR83, HEK
cells expressing HA-tagged mGPR83, and Neuro2A cells alone or expressing either GPRE3
SIRNA, GPR83shRNA, or GPR171shRNA. Briefly, tissues/cells were homogenized in 25
volumes (1 g wet weight/25 ml) of ice-cold 20 mM tris-ClI buffer containing 250 mM
sucrose, 2 mM EGTA, and 1 mM MgCl, (pH 7.4) followed by centrifugation at 27,000¢ for
15 min at 4°C. The pellet was resuspended in 25 ml of the same buffer, and the
centrifugation step was repeated. The resulting membrane pellet was resuspended in 40
volumes (of original wet weight) of 2 mM tris-Cl buffer containing 2 mM EGTA and 10%
glycerol (pH 7.4). The protein content of the homogenates was determined using the Pierce
BCA Protein Assay Reagent, after which homogenates were stored in aliquots at —80°C
until use.

Binding assays

Tyr-rPEN (200 pg) was radioiodinated using [12°1] and Pierce lodination Reagent as
described in the manufacturer’s protocol (Thermo Scientific). The specific activity of the
iodinated peptide was 54.1 Ci/mmol at the time of iodination (the radiolabeled peptide was
used within 60 days of iodination). Binding assays were carried out using membranes (30 to
50 pg protein) from hypothalamus, hippocampus, Neuro2A cells, CHO cells expressing
hGPR83, or HEK cells expressing HA-tagged m GPR83 as described previously (18, 48, 49).
Briefly, saturation binding assays were carried out for 1 hour at 37°C in 50 mM tris-Cl (pH
7.4) containing protease inhibitor cocktail (Sigma-Aldrich) and [1221]Tyr-rPEN (0 to 10
nM). Nonspecific binding was determined using 10 uM unlabeled Tyr-rPEN. Displacement
binding assays were carried out for 1 hour at 37°C using 50 mM tris-Cl (pH 7.4) containing
protease inhibitor cocktail, 3 nM of [1221]Tyr-rPEN, and different concentrations (0 to 10
uM) of mPEN, hPEN, rlittleLEN (LENPSPQAPA), and NPY. At the end of the incubation
period, samples were filtered using a Brandel filtration system and GF/B filters. Filters were
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washed three times with 3 ml of ice-cold 50 mM tris-Cl (pH 7.4) and bound radioactivity
was measured using a scintillation counter.

[3°S]GTP9S binding
[3°S]GTPyS binding assays were carried out as described previously (13, 49). Briefly,
membranes (20 pg) from hypothalamus, Neuro2A cells, or CHO cells expressing hGPRE3
were incubated for 1 hour at 30°C with Tyr-rPEN, mPEN, and rlittlePENLEN (0 to 1 uM
final concentration) in the presence of 2 mM GDP and 0.5 nM [3°S]GTPyS in 50 mM
Hepes containing 5 mM MgCl,, 100 mM NaCl, 1 mM EDTA (pH 7.4), and a protease
inhibitor cocktail. Nonspecific binding was determined in the presence of 10 uM cold
[3°S]GTPyS. Basal values represent values obtained in the presence of GDP and in the
absence of ligand. At the end of the incubation period, samples were filtered using a Brandel
filtration system and GF/B filters. Filters were washed three times with 3 ml of ice-cold 50
mM tris-Cl (pH 7.4), and bound radioactivity was measured using a scintillation counter. For
experiments involving pertussis toxin, membranes were pretreated with toxin (50 ng/ml) for
30 min on ice before carrying out the assay.

PLC activity assay

PLC activity was measured by incubating membranes (10 pg) from hypothalamus, Neuro2A
cells, or CHO cells expressing hGPR83 with mPEN (0 to 10 uM final concentration) for 1
hour at 37°C in 0.1 M tris-Cl buffer (pH 7.4) containing 10 mM CaCl,, 80 mM p-
nitrophenylphosphorylcholine, and protease inhibitor cocktail (50). The amount of p-
nitrophenol released was measured at 410 nm.

IP3 measurement

CHO cells expressing hGPRE3 (10,000 per well) in Hepes-buffered Hanks” balanced salt
solution (HBSS) lacking CaCl, and MgCl, and containing protease inhibitor cocktail were
treated with mPEN (0 to 10 pM final concentration) for 3 min at room temperature in the
presence of protease inhibitor cocktail, and the amount of IP3 formed was measured using
the 1Pz kit from DiscoveRx.

Adenylyl cyclase activity

Membranes (2 ug per well) from hippocampus or Neuro2A cells or CHO cells expressing
hGPR83 cells (10,000 per well) were pretreated with 40 uM forskolin in the absence or
presence of mPEN or mbigLEN (0 to 10 uM final concentration) in the presence of 1x
protease inhibitor cocktail and 100 uM IBMX (3-isobutyl-1-methylxanthine) for 30 min, and
cAMP levels were measured using the HitHunter cCAMP detection kit for membranes or cells
from DiscoveRx (13) or a-screen kit from PerkinElmer (39) as described previously. It
should be mentioned that this assay was found to be sensitive to cell type, time of
incubation, and presence of protease inhibitor cocktail. For example, GPR83 expressed in
some batches of HEK cells did not respond to PEN, whereas GPR83 expressed in CHO cells
(transiently or stably) consistently gave dose-dependent inhibition when the assays were
carried out for 20 to 30 min (and not longer) and only in the presence of protease inhibitor
cocktail.
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ERK1/2 phosphorylation

Animals

Neuro2A cells alone or transfected with control siRNA or GPRE3 siRNA (200 pmol) (Santa
Cruz Biotechnology, cat. # sc-75191) were treated without or with 1 UM mPEN in the
presence of protease inhibitor cocktail for 5 or 30 min, and ERK1/2 phosphorylation was
measured as described (13). Briefly, cells were lysed in 2% SDS in 50 mM tris-Cl (pH 6.8)
containing protease and phosphatase inhibitor cocktails (cat. # P0044, Sigma-Aldrich).
Samples (~30 pg protein) in 1x Laemmli’s sample buffer containing 10% freshly added p-
mercaptoethanol were heated for 30 min at 65°C and subjected to SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) followed by transfer to nitrocellulose membranes at 30 V
overnight. Membranes were blocked with 10% nonfat dried milk in TBS-T [50 mM tris-Cl
(pH 7.4) containing 150 mM NaCl, 1 mM CacCls, and 0.1% Tween 20]. After four washes
(15 min each) with TBS-T, membranes were probed overnight at 4°C with either phospho-
ERK1/2 (1:1000), total ERK1/2 (1:1000), or tubulin (1:50,000) antibodies diluted in 30%
Odyssey Blocking Buffer (cat. # 927-40000, LI-COR) in TBS-T. After four washes (15 min
each) with TBS-T, membranes were incubated with rabbit IRDye 800 and mouse IRDye 680
antibodies (1:10,000 in TBS-T containing 30% Odyssey Blocking Buffer) for 1 hour at
37°C. After four washes (15 min each) with TBS-T, blots were imaged and quantified using
the Odyssey Imaging System (LI-COR).

Animal care and all experimental procedures were in accordance with guidelines from the
National Institutes of Health and approved in advance by the University of California, San
Francisco, as well as the Icahn School of Medicine at Mount Sinai, New York, Institutional
Animal Care and Use Committees.

Slice preparation and electrophysiology

Recordings were made in control male Sprague-Dawley rats (>200 g). Rats were thoroughly
anesthetized with isoflurane and then decapitated. Coronal brain slices containing the PVN
(200 to 250 pm thick) were prepared using a vibratome (Leica Instruments) in ice-cold
Ringer’s solution (119 mM NaCl, 2.5 mM KCI, 1.3 mM MgSQy,, 1.0 MM NaH,POy, 2.5
mM CaCl,, 26.2 MM NaHCOg3, and 11 mM glucose) saturated with 95% O,/5% CO,. After
recovery at 33°C for at least 1 hour, slices were visualized under a Zeiss Axioskop FS 2 Plus
or Axioskop D1 with differential interference contrast optics and infrared illumination using
a Zeiss AxioCam MRm and AxioVision 4 (Zeiss) or Microlucida (MBF Biosciences)
software. Whole-cell recordings were made at 33°C using 2.5 to 5 megohm pipettes
containing 123 mM K-gluconate, 10 mM Hepes, 0.2 mM EGTA, 8 mM NaCl, 2 mM
MgATP, 0.3 mM NagGTP, and 0.1% biocytin (pH 7.2; osmolarity adjusted to 275). Liquid
junction potentials were not corrected during recordings. Series resistance and input
resistance were sampled throughout the experiment with 4-mV 200-ms hyperpolarizing
steps. For all experiments, neurons in which there was change in series resistance of either
more than 5 megohm or 15% of baseline were excluded from analysis. Recordings were
made using an Axopatch 1-D (Axon Instruments), filtered at 5 kHz, and collected at 20 kHz
using IGOR Pro (WaveMetrics). Cells were recorded in voltage clamp mode (V= -70 mV),
and glutamate-mediated EPSCs were pharmacologically isolated with either the CI™ channel
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blocker picrotoxin (100 uM) or the GABAAR antagonist gabazine (10 pM). In a subset of
experiments, 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX; 10 uM) was applied at the
end of the experiment to confirm the glutamatergic nature of the recorded synaptic events.
Spontaneous events were detected by searching the smoothed first derivative of the data
trace for values that exceeded a set threshold, and these events were confirmed visually. For
measuring evoked EPSCs, stimulating electrodes were placed 60 to 150 yum lateral to the
patched cell, and two pulses (50-ms interval) were delivered once every 10 s. Each evoked
EPSC amplitude was calculated by comparing a 2-ms period around the peak to a 2-ms
interval just before the stimulation. mPEN effects (in the presence of protease inhibitor
cocktail) were statistically evaluated by comparing the last 4 min of baseline data to the last
4 min during drug application using Student’s paired #test.

Neurite outgrowth assays

Neuro2A cells alone or cells expressing GPRE3 siRNA (200 pmol) were plated into poly-L-
lysine—coated 12-well plates (20,000 cells per well) in growth media containing 10% FBS.
On the following day, the media were substituted with growth media lacking FBS, and cells
were treated with either mPEN, mbigLEN, or rSAAS (1 uM final concentration) in the
presence of protease inhibitor cocktail for 16 to 20 hours at 37°C. Vehicle-treated cells were
used as controls. Cells were imaged using a Nikon microscope at 40x objective. To avoid
sampling bias sequential images were taken to cover ~300 to 500 cells. In addition,
experiments were repeated on different days. ImageJ software was used to determine the cell
diameter as well as the length of the neurites. Cells were scored (by an experimenter blinded
to treatment conditions) as positive for neurite outgrowth when the length of the neurite was
more than two times that of the cell diameter.

Measurement of intracellular Ca2* signals

These assays were carried out as described previously (13). Briefly, CHO cells expressing
either myc-tagged mGPR19, mGPR108, mGPR 165 mGPR 171, or untagged hGPR83 along
with a chimeric hG 14/i3 protein were plated into black poly-L-lysine—coated 96-well clear-
bottom plates (40,000 cells per well). On the next day, the growth medium was removed,
and cells were washed twice in HBSS containing 20 mM Hepes buffer. Cells were incubated
with Fluo-4 NW calcium dye (3 uM in 100-pl HBSS buffer containing protease inhibitor
cocktail) for 1 hour at 37°C and treated with buffer or with 1 uM of scrambled peptide,
hPEN, rlittleLEN, mbigLEN, or ATP. Increases in intracellular Ca2* levels were measured
for ~210 s at excitation 494 nm and emission 516 nm. In another set of studies, Neuro2A
cells or CHO cells expressing hGPR83 along with a chimeric hG 14/i3 protein were treated
with mPEN, hPEN (0 to 1 uM), or ATP (1 uM) in HBSS buffer containing protease inhibitor
cocktail, and increases in intracellular Ca2* levels were measured.

Western blot analysis

For experiments using GPR83sIRNA, lysates (~30 pug of protein) from Neuro2A cells
expressing either control sSiRNA or GPR83siRNA (50, 100, or 200 pmol) were subjected to
Western blot analysis essentially as described above for ERK1/2 phosphorylation except that
blots were blocked in Odyssey Blocking Buffer, and 0.1% Triton X-100 was added to the
TBS-T wash buffer. GPR83 antibody raised in rabbit (1:1000) was used as the primary
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antibody. Tubulin antibodies raised in mouse (1:50,000) were used as loading control.
Secondary antibodies used were rabbit IRDye 800 (1:10,000) and mouse IRDye 680
secondary antibodies (1:10,000). For experiments examining the specificity of GPR83
antibody raised in rabbit and GPR171 antibody raised in rat, membranes from CHO cells
alone or expressing HA-tagged mGPRE3 or myc-tagged mGPR 171, from Neuro2A cells
alone or expressing either myc-tagged mGPR 171, GPRE83shRNA, or GPR171shRNA, and
from the hypothalamus of individual wild-type and GPR83 knockout mouse (~20 to 35 g of
protein) were used. Membranes were solubilized in 2% SDS in 50 mM tris-Cl (pH 6.8)
containing protease and phosphatase inhibitor cocktails. Samples (~20 to 30 pg of protein)

in 1x Laemmli’s sample buffer containing 10% freshly added B-mercaptoethanol and 8 M
urea were heated for 30 min at 65°C and subjected to SDS-PAGE and Western blot analysis
as described above. The GPR83 antibody raised in rabbit (1:1000) and GPR171 antibody
raised in rat (1:5000) were used as the primary antibodies. Tubulin antibodies raised in
mouse (1:50,000) were used as loading control. Secondary antibodies used recognized rabbit
IRDye 800 (1:10,000), rat IRDye 800 (1:10,000), or mouse IRDye 680 (1:10,000).

Reverse transcription PCR

Total RNA was isolated from Neuro2A cells, and cDNA was prepared as described (13).
Briefly, 3 x 108 cells were homogenized with TRIzol (Invitrogen). Total RNA was isolated
using RNeasy Mini Kit (cat. # 74104, Qiagen) as per the manufacturer’s protocol. Real-time
PCRs were performed using ABI PRISM 7900HT sequence detection system, and
amplifications were done using the SYBR Green PCR Master Mix (Applied Biosystems).
Quantitative reverse transcription PCR (RT-PCR) was performed using sense (5'-
CTGGCGGTGTCTAATTTGTG-3") and antisense (5'-TTTCTTCCAGAGGCTTGCTC-3")
primers for mGPR83 and sense (5 -TGAAGGTCGGTGTGAACG-3") and antisense (5'-
CAATCTCCACTTTGCCACTG-3") primers for mouse glyceraldehyde-3-phosphate
dehydrogenase (Sigma-Aldrich). Quantitative analysis was performed using the AAG
method and REST software (www.gene-quantification.de) (51).

Immunohistochemistry

Mice were deeply anesthetized with ketamine (100 mg/kg, intraperitoneally) and
transcardially perfused through the ascending aorta with 4% paraformaldehyde (200 ml).
Brains were postfixed with 4% paraformaldehyde for 1 hour and stored in 1x phosphate-
buffered saline (PBS). Immunohistochemistry was performed on free-floating coronal brain
slices (40 um) containing hypothalamus. Sections were incubated in 1% sodium borohydride
in PBS for 30 min followed by blocking buffer (5% normal goat serum and 0.3% Triton
X-100 in PBS) for 1 hour. Tissue sections were incubated overnight at 4°C in primary
antibodies against GPR83 (rabbit, 1:250; Abcam) and GPR171 (rat, 1:100) in 1% bovine
serum albumin and 0.1% Triton X-100. Specificity of GPR83 and GPR171 antibodies was
tested with tissues of animals lacking the receptors, with CHO cells alone or expressing
either myc-tagged mGPRI171 or HA-tagged m GPRE3, and with Neuro2A cells alone or
expressing myc-tagged mGPR171 and shRNA to mGPR171 or to mGPR83 (fig. S8).
Antibodies were visualized with donkey anti-rat 594 and goat anti-rabbit 488 (Life
Technologies). After 5 min of incubation with DAPI (4,6-diamidino-2-phenylindole) (100
ng/ml), sections were mounted with ProLong Gold Antifade (Molecular Probes). Images
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were taken with a Leica DM6000 microscope at the Microscopy CORE at the Icahn School
of Medicine at Mount Sinai.

Receptor internalization assay

Receptor internalization assays were carried out using previously described protocols (52,
53). Briefly, HEK-293 cells expressing HA-tagged mGPR83 were seeded 24 hours after
transfection into 24-well plates (2 x 10° cells per well). Cells were labeled with GPR83
antibodies raised in rabbit (1:1000 in PBS containing 1% FBS) for 1 hour at 4°C, washed
three times with growth media, followed by treatment with 100 nM of either mPEN or hPEN
in media containing protease inhibitor cocktail for different time periods (0 to 120 min) at
37°C. Cells were briefly fixed (3 min) with 4% paraformaldehyde followed by three washes
(5 min each) with PBS followed by incubation with anti-rabbit antibody coupled to horse-
radish peroxidase (1:2000 in PBS containing 1% FBS) for 1 hour at 37°C. Cells were
washed three times with 1% FBS in PBS (5 min each wash), and color was developed by the
addition of the substrate o-phenylenediamine [5 mg/10 ml in 0.15-m citrate buffer (pH 5)
containing 15 pl of H,05]. Absorbance at 490 nm was measured with a Bio-Rad ELISA
reader. In a separate set of experiments, CHO cells expressing untagged hGPR83 (2 x 10°
cells) without or with myc-tagged mGPR171 were labeled with GPR83 antibodies raised in
rabbit and treated with 100 nM of mPEN in media containing protease inhibitor cocktail for
different time periods (0 to 30 min), and cell surface levels of hGPR83 were measured using
anti-rabbit antibody coupled to horseradish peroxidase as described above. In a parallel set
of studies, CHO cells expressing myc-tagged mGPR171 (2 x 10° cells) without or with
untagged hGPR83 were labeled with myc antibodies raised in rabbit (1:1000 in PBS
containing 1% FBS) and treated with 100 nM of bigLEN for different time periods (0 to 30
min) in media containing protease inhibitor cocktail, and cell surface levels of MGPR171
were measured as described above.

Proximity ligation assay

Mice were deeply anesthetized with ketamine (100 mg/kg, intraperitoneally) and
transcardially perfused through the ascending aorta with 4% paraformaldehyde (200 ml).
Brains were postfixed for 1 hour with 4% paraformaldehyde and stored in 1x PBS. PLA was
performed on coronal brain slices (40 pm) containing hypothalamus. The presence/absence
of receptor-receptor molecular proximity in these samples was detected using the Duolink 11
in situ PLA detection kit (Sigma-Aldrich). For cells, CHO cells expressing myc-tagged
mMGPR171, mGPR83, or both receptors were fixed in 4% paraformaldehyde for 15 min and
washed with PBS containing 20 mM glycine, and PLA was carried out as described below.
Briefly, the GPR171 antibodies raised in rabbit [cat. # GTX108131, GeneTex; for receptor
specificity of this antibody, see (13)] were linked to a plus PLA probe, and the GPR83
antibody raised in rabbit (Abcam; for receptor specificity of this antibody, see fig. S8) was
linked to a minus PLA probe following the manufacturer’s instructions. After incubation for
1 hour at 37°C with the blocking solution in a preheated humidity chamber, cells were
incubated overnight with the PLA probe-linked antibodies (final concentration of 132 pg/ml)
at 4°C. The cells were washed with buffer A (0.01 M tris-Cl pH 7.4 containing 0.15 M NaCl
and 0.05% Tween 20) at room temperature and then incubated with the ligation solution for
1 hour at 37°C in a humidity chamber. After washes with buffer A, samples were incubated
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with the amplification solution for 100 min at 37°C in a humidity chamber and then washed
with buffer B [0.2 M tris-Cl (pH 7.5) containing 0.1 M NaCl] followed by another wash with
100x diluted buffer B. Samples were mounted using an aqueous mounting medium with
DAPI (nuclear staining) and visualized using Leica DM6000 microscope at the Microscopy
CORE at the Icahn School of Medicine at Mount Sinai.

Data and statistical analyses

Results are expressed as means + SE. Data with one variable were analyzed using one-way
ANOVAS, whereas data with two variables were analyzed with two-way ANOVAs followed
by Tukey’s multiple comparisons or Dunnett’s post hoc comparisons. Data comparing two
groups were analyzed using two-tailed unpaired Student’s #tests. Significance was set at <
0.05. Statistical analyses of data were generated by using Prism software (version 6.0;
GraphPad Software). For details for each analysis, see table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PEN binds and activatesa GPCR in thebrain
(A) Schematic representation of peptides derived from proSAAS processing. PEN sequences

of mouse (MPEN), rat (rPEN), and human (hPEN) are in single-letter amino acid code. (B)
Saturation binding with [1251]Tyr-rPEN in mouse hypothalamic membranes (30 pg). (C) The
ability of mPEN and rlittleLEN to displace [12°1]Tyr-rPEN (3 nM) binding in mouse
hypothalamic membranes (30 pg). (D) The effect of mMPEN on [3°S]GTPyS binding in
mouse hypothalamic membranes (20 pg). (E) The effect of mMPEN on phospholipase C
(PLC) activity in mouse hypothalamic membranes (10 ug). (F) Specific binding of [2251]Tyr-
rPEN in different mouse brain regions and peripheral tissues. (G) Displacement by mPEN of
[2511Tyr-rPEN (3 nM) binding to mouse hippocampal membranes (30 ug). (H) The effect of
mPEN, Tyr-rPEN, or rlittlePENLEN on [3°S]GTP+S binding in mouse hippocampal
membranes (20 pg). (I) The effect of MPEN on adenylyl cyclase (AC) activity in mouse
hippocampal membranes (2 pg). Data represent means + SE (n7= 3 to 8 individual
experiments).
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Fig. 2. Effect of mMPEN on synaptic activity of PVN neuronsin rat hypothalamic dlices
(A) Spontaneous excitatory postsynaptic current SEPSC traces (top) in a PVN neuron after

bath application of 100 nM mPEN (scale bar, 5 pA and 200 ms). Cumulative plots for this
neuron demonstrate the effect of mMPEN on sEPSC amplitudes (left) and inter-sEPSC
intervals (right). (B) Graphical representation of frequency (left) and mean amplitudes
(right) of SEPSCs in PVN neurons after mPEN application. Each circle represents an
individual neuron. (C) Dose response for change in evoked EPSC amplitude. Frequency
(baseline, 5.8 + 1.7 Hz; mPEN, 3.9 £ 1.3 Hz; A= 0.03; 7= 8); amplitude (baseline, 11.8

+ 1.5 pA; mPEN, 12.5 + 1.6 pA; £=0.24; n= 8 individual neurons); and inset, example
traces of evoked responses from one cell. Black, baseline; red, 10 nM mPEN; blue, 100 nM
MPEN. Scale bars, 40 pA and 20 ms. 7= 3 to 5 cells per dose. (D) The paired-pulse ratio in
PVN neurons in response to 100 nM PEN. The data in blue are from the one neuron where
the highest dose tested was 10 nM PEN. The data represent means + SE (7=310 8
individual experiments). *~ < 0.05 [paired two-tailed #test for (B) and (D); for statistical
analysis, see table S1].
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Fig. 3. PEN binds and activatesa GPCR in Neur02A cells
(A) The effect of mMPEN, mbigLEN, or rSAAS (1 uM) on neurite outgrowth in Neuro2A

cells. (B) Saturation binding with [12°1]Tyr-rPEN in Neuro2A cell membranes (30 pg). (C)
The ability of mPEN to displace [122I] Tyr-rPEN (3 nM) binding from Neuro2A cell
membranes (50 ug). (D) The effect of mMPEN on [3°S] GTPyS binding in Neuro2A
membranes (20 ug). (E) The effect of MPEN on intracellular cAMP levels in Neuro2A cells
(10,000 per well). (F) The effect of mPEN on PLC activity in Neuro2A membranes (10 pg).
(G) The effect of mPEN on intracellular Ca2* release in Neuro2A cells. ATP (adenosine 5’-
triphosphate) (1 uM) was used as a positive control. RFU, relative fluorescence units. (H)
The effect of mMPEN (1 uM) on MAPK (mitogen-activated protein kinase) phosphorylation at
5 and 30 min in Neuro2A cells. Data represent means + SE (/7= 3 to 6 independent
experiments). ***P < 0.0001 [one-way analysis of variance (ANOVA) for (A) and two-way
ANOVA for (H)]; for details of statistical analysis, see table S1.
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Fig. 4. Expression of GPR83 in heterologous cells confers PEN binding and signaling
(A) The effect of PEN (1 uM) on intracellular Ca2* release in cells expressing hGPR83

along with a promiscuous chimeric hG, 1g/i3 protein. Scrambled peptide (1 pM), hPEN (1
uM), rlittleLEN (1 M), mbigLEN (1 pM), or ATP (1 uM). (B) Saturation binding with
[251]Tyr-rPEN in CHO hGPR83 cell membranes (30 pg). (C) mPEN displacement of
[2251]Tyr-rPEN (3 nM) binding to HEK-293 mGPR83 cells (50 pg). (D) The ability of
mPEN, hPEN, and NPY to displace [12°1]Tyr-rPEN (3 nM) binding to CHO hGPRE3cell
membranes (50 pg). (E) The effect of mPEN on GTP-yS binding to membranes (20 ug) from
CHO hGPRE3 cells (CHO83) or CHO alone. (F) The effect of pertussis toxin (PTX; 50
ng/ml) pretreatment on 1 M PEN-mediated [3°S]GTP+yS binding in membranes (20 pg)
from CHO hGPR83 cells versus absence of PTX. ***P < 0.0005 (¢test). (G) The effect of
mPEN on intracellular cAMP levels in CHO hGPR83 cells (10,000 cells per well). (H) The
effect of PEN on PLC activity in membranes (10 pg) from CHO hGPRS83cells. (1) The
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effect of mPEN on IP3 levels in CHO hGPR&E3 cells (10,000 cells per well). (J) The effect of
mPEN or hPEN on intracellular Ca?* release in CHO hGPRS3 cells expressing a
promiscuous chimeric hGg1g/i3 protein. ATP (1 uM) was used as a positive control. Data (A
to J) represent means + SE (/7= 3 to 8 independent experiments). ***/P < 0.001[one-way
ANOVA for (A); ttest for (F)]; details of the statistical analyses are in table S1.
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Fig. 5. Knockdown or knockout of GPR83 leads to reduced binding and signaling by PEN
(A) The effect of expressing GPRE3 siRNA (50 to 200 pmol) on the levels of GPR83 in

Neuro2A cells. (B) The effect of expressing GPRE3 siRNA (200 pmol) in Neuro2A cells on
specific binding of [1251] Tyr-rPEN (3 nM) to membranes (50 ug). Specific binding is
defined as the difference in [12°1]Tyr-rPEN bound in the absence and presence of 10 uM
mPEN. cpm, counts per minute. (C) The effect of mPEN (1 pM) on GTP+yS binding in
membranes (20 pg) from Neuro2A cells transfected with 200 pmol of GPR83siRNA. (D)
The effect of MPEN (1 uM; 5 min) on phosphorylation of MAPK in untransfected Neuro2A
cells (Cont) and in cells expressing 200 pmol of GPRE3siRNA. (E) The effect of mPEN (1
UM) on neuritogenesis in untransfected Neuro2A cells (Cont) and cells expressing GPRE3
siRNA (200 pmol). Data (A to E) represent means = SE (/7= 3 to 6 individual experiments).
*P<0.05; **P<0.001; and ***P< 0.0001 [two-way ANOVA for (A), ttest for (B), and
two-way ANOVA for (C), (D), and (E)]. (F) [*2°1]Tyr-rPEN binding to membranes (30 ug)
from individual GPR83 knockout and wild-type (WT) mice. The number on the x axis
denotes the individual mouse number. (G) The effect of mMPEN (1 uM) on GTPyS binding in
hypothalamic membranes (20 ug) from individual GPR&3knockout mice. (H) The effect of
mPEN (100 nM) on PLC activity in hypothalamic membranes (20 pg) from WT and GPR83
knockout (KO) mice. Data (H) represent means + SE (n#7= 3 individual animal tissues); *P <
0.05 compared to WT without PEN (two-way ANOVA). In (H), the difference in the
presence and absence of mPEN is not significant in the GPR83 knockout mouse tissue. For
details of statistical analysis, see table S1.
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Fig. 6. GPR83 functionally interacts with GPR171
(A) The effect of expressing mGPR171 on [1251]Tyr-rPEN binding to membranes (30 pg)

from CHO hGPRE3 cells. (B) The effect of expressing mGPR171 on surface abundance of
hGPR83 in CHO hGPRE3 cells. (C) The effect of expressing mGPR171 on PEN-mediated
GTP-yS binding in CHO hGPR83 cells. (D) The effect of sShRNA-mediated knockdown of
GPR171 on [*22[]Tyr-rPEN binding to Neuro2A cells. The GPR171 shRNA has been
described previously (13). (E) The effect of ShRNA-mediated knockdown of GPR171in
Neuro2A cells on PEN-mediated GTPvyS hinding. (F) The effect expressing mGPR171in
CHO hGPR83 cells (2 x 10° cells) on 100 nM mPEN-mediated hGPR83 internalization. (G)
The effect of expressing hGPRE3in CHO mGPR171cells (2 x 10° cells) on bigLEN (100
nM)-mediated mGPR171 internalization. Data (A to G) represent means + SE (7=31t0 6
independent experiments). **P< 0.01; ***P< 0.001 [#test for (B); for details of statistical

analysis, see table S1].
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Fig. 7. GPR83 and GPR171 are colocalized in the PVN and close enough to inter act
(A) PLA to determine the interaction of GPR83 and GPR171 in CHO cells coexpressing

mGPR83and mGPR171. (B) Quantification of the PLA signal, 7= 30 cells. (C) Coronal
section stained for GPR83 (green) in the PVN. (D) Immunohistochemical localization using
the antibody recognizing GPR83 (green) and the antibody recognizing GPR171 (red) to
determine colocalization of GPR83 and GPR171 in the PVN. Magnification, x10. (E)
Quantification of 63x images from the PVN shown as a pie chart. 7= 50 cells per field (two
fields per mice) from three independent animals. (F) PLA to determine the interaction of
GPR83 and GPR171 in the PVN; 40x image. (G) A x63 magnification of (F). (H) A
zoomed-in image of (F) showing PLA signal in a single cell. (1) Quantification of data in
(G). n=50 cells per field (two fields per mice) from three independent animals. (J) The
effect of knockdown of GPR83 (GPRE3 knockout) on bigLEN-mediated adenylate cyclase
activity. Data represent means + SE (n= 3 independent animals). **~ < 0.01; ***P< 0.001
[one-way ANOVA for (B); for details of statistical analysis, see table S1].
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