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Abstract

The super-conserved receptors expressed in the brain (SREB) constitute a family of orphan G protein-
coupled receptors that include GPR27 (SREB1), GPR85 (SREB2) and GPR173 (SREB3). Their sequences
are highly conserved in vertebrates, and they are almost exclusively expressed in the central nervous
system. This family of receptors has attracted much attention due to their putative physiological
functions and their potential as novel drug targets. The SREB family has been postulated to play
important roles in a wide range of different diseases, including pancreatic B-cell insulin secretion and
regulation, schizophrenia, autism and atherosclerosis. This review intends to provide a comprehensive
overview of the SREB family and its recent advances in biology and medicinal chemistry.

Plain language summary : In recent years, the super-conserved receptors expressed in the brain called
GPR27, GPR85 and GPR173 have attracted much interest in the field of medicinal science. They have
one important feature in common: they are all almost entirely found in the brain. Researchers have
investigated their functions in the body in various animal models, as well as their utility in future drug
development. GPR27 has been found to be involved in insulin and blood sugar processes in the body
and therefore may be important for diabetes treatment. GPR85 is thought to be linked to brain
diseases such as schizophrenia and autism. GPR173 is linked to many different ilinesses, including
atherosclerosis (the buildup of fats, cholesterol and other substances in arteries) and Type 2 diabetes.

G protein-coupled receptors (GPCRs) are a large family of cell-surface proteins that bind to a range of
ligands, including neurotransmitters, peptides and lipids, to activate a wide range of essential
physiological signaling processes. Due to their varied structure, ligands and expression, they often
serve a vital function in coordinating biochemical processes. They are expressed in a range of different
tissues, with approximately 90% of their nonsensory family members being expressed in the brain [1-
3]. Their signaling is generally coupled with the activation of G proteins and subsequent induction of
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intracellular responses [4,5]. These characteristics, as well as their importance in physiology, made
them one of the most heavily studied drug targets [4,6]. Of the drug therapies currently approved by
the US FDA, 34% target 103 different GPCRs [6,7]. With 826 members, including 350 druggable non-
olfactory receptors, they form the largest group of cell-membrane receptors [8,9]. However, only 165
of them are validated drug targets, leaving many still classified as “orphan receptors,” meaning that
they don’t have known endogenous ligands and have a poorly understood function [4,8-11].
Therefore, they might be the solution to certain well-known medication side effects or drug responses
with unknown mechanisms of action. Thus, the need for further research is a matter of importance.

A similarity search using the dopamine D4 receptor sequence recently revealed a unique orphan GPCR
subfamily called super-conserved receptors expressed in the brain (SREB). This family consists of three
members: SREB1(GPR27), SREB2 (GPR85) and SREB3 (GPR173) [4]. Studies from Breton et al. have also
identified a novel fish-specific SREB family member, SREB3b [4]. Therefore, SREB sequences can be
clustered into four groups using phylogenetic analysis [4]: SREB1, SREB2, SREB3A and SREB3B (Figure
1).

Figure 1. Phylogenetic tree of SREB gene sequences from verified fish species using Ensembl genome browser 99. Major SREB

genes are grouped into four colored clusters (blue, yellow, green, red) and “SREB-like” sequences, which could not be grouped
(A—F). Figure adapted from [4] with permission.
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The SREB family’s extraordinary sequence conservation throughout vertebrate evolution and its broad
expression in brain areas with high levels of plasticity, such as the hippocampal dentate gyrus, are
noteworthy features [4,12]. The high evolutionary conservation of SREBs in the vertebrate CNS shows
their importance [8,13,14], even though their functions are unclear. Interestingly, gonadal SREB genes,
specifically SREB1 and SREB2, have been found in non-mammalian vertebrates [4,12,15]. A large
similarity in gonad-specific patterns across teleosts for all SREBrelated genes could suggest an
important role for SREB genes in testicular development in mammals [4]. Despite their high
conservation, SREB orthologs are not encoded in the genomes of Caenorhabditis elegans and
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Drosophila melanogaster [12]. This shows that the SREB family developed after vertebrates diverged
from the invertebrate lineage [12].

This review discusses the SREB family, its pharmacological importance and medicinal chemistry
approaches.

GPR27 (SREB1)

Among the SREB family, GPR27 (SREB1) has shown special importance, as it exhibits the broadest tissue
distribution in mammals and, as recent studies suggest, in different important physiological processes
[4,7,8,12,16— 19]. These include modulation of pancreatic B-cell insulin gene transcription and insulin
secretion identified by investigating the depletion of GPR27 in the murine cell line MIN-6 and in GPR27
whole-body knockout (KO) mice [7,8,17]. The observed decrease in insulin mRNA level in GPR27 KO
mice suggests that GPR27 may play a role in glucose homeostasis. However, the KO mice showed just
minor differences in glucose tolerance in comparison with their wild-type littermates [7,8,17]. The
function of GPR27 has also been studied in nonmammalian vertebrates, such as in the zebrafish (Danio
rerio), which confirmed the involvement of GPR27 in glucose homeostasis [4,20]. Insulin signaling and
lipid metabolism seem to be influenced by GPR27 as well [8,20]. However, the endogenous ligand of
GPR27 is still unknown. In addition, GPR27 agonists are still scarce and therefore the (patho-
)physiological function of GPR27 remains to be explored [4,7,8,21-23].

Research on the fish species D. rerio and D. nigroviridis enabled a deeper insight into the protein
structure of the SREB family [4]. It was found that SREB proteins share the typical characteristics of the
GPCRs: an N-terminal extracellular region, a C-terminal intracellular region with an a-helix and seven
more a-helical transmembrane (TM) domains. Also, three highly conserved motifs could be identified
[4].

GPR27 & GLUCOSE HOMEOSTASIS

The analysis of whole-body GPR27 KO zebrafish in 2020 by Nath et al. showed that the loss of GPR27
potentiated the effects of pharmacological and nutritional perturbations that increase glucose levels
[20]. Basal glucose levels in GPR27 KO zebrafish remained unchanged [20]. On the contrary, the loss of
GPR27 resulted in an increase in medium-chain acylcarnitines, which are known to be linked to insulin
resistance in humans [20]. Expression of the CPT1 gene was also found to be elevated, suggesting a
connection between GPR27 and the carnitine— shuttle complex, which controls the rate of beta-
oxidation of long-chain fatty acids [20]. The GPR27 KO zebrafish also showed resistance to the glucose-
lowering effect of exogenous insulin, while metformin, an anti-diabetic drug, showed effects on the
KO larvae [20]. Akt-dependent insulin signaling was likewise affected by the loss of GPR27 [20]. The
insulin-dependent Akt phosphorylation was abrogated in the KO zebrafish, leading to the suggestion
that insulin insensitivity is linked to the loss of GPR27 [20]. Subsequently, Chopra et al. investigated
the role of GPR27 in glucose homeostasis. They investigated the connection between GPR27 and
diabetes in vivo by studying wholebody GPR27 KO mice [7]. While the islets of GPR27 KO mice had a
lower insulin mMRNA expression, the insulin at the protein level remained unchanged [7]. The GPR27
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KO resulted in a reduction of insulin mRNA by ~30% in the islets. These data confirmed previous in
vivo findings, by the same team, that identified reduced insulin mRNA levels as a consequence of
GPR27 depletion in MIN-6 [17]. Those authors hypothesized that this phenotype in GPR27 KO mice is
caused by unidentified endogenous ligands, which would remain inactive in the KO mice due to the
loss of GPR27. GPR27’s basal activity was postulated but then disproven by Lu et al.; therefore, it may
be ruled out [24]. Also, while the levels of GIIS3, PAX6 and HNF4A remained unchanged, the levels of
PDX1 were reduced by ~30%, similar to insulin mRNA [7]. PDX1 (insulin promoter factor 1) is a
transcription factor responsible for islet B-cell development, the formation of all pancreatic cell types
and adult islet B-cell function [25]. Therefore, it is presumed that the reduction of insulin transcript
could be linked to the reduction of mRNA levels of PDX1.

Additionally, the expression of other protein family members of the SREB family, GPR85 and GPR173,
was measured. GPR173 was not detectable above background and GPR85 expression remained
unaffected in islets of GPR27 KO mice [7].

Notably, the KO of GPR27 also resulted in the mice having reduced body mass, modest worsening of
glucose intolerance and decreased plasma insulin levels [7]. In comparison with their wild-type
littermates, GPR27 KO mice showed a reduced body mass of 10% at 12 weeks of age [7]. On the other
hand, isolated islets from GPR27 KO mice did not display a reduction of total insulin protein
concentration, despite insulin mRNA being reduced [7].

Analysis of blood glucose levels confirmed a decline of glucose tolerance in the GPR27 KO mice [7].
This was also proven by measurements of plasma insulin levels after glucose challenge [7]. The
reduction of insulin secretion in GPR27 KO mice implies that GPR27 might signal to enhance insulin
secretion. This would suggest either Gas or Gaq coupling [7,26]. Interestingly, the distribution of islet
sizes, islet morphology and B-cell mass remained largely unchanged [7].

To observe and verify glucose intolerance, GPR27 KO mice and wild-type littermate controls from 3 to
12 weeks of age were put on a high-fat diet to challenge the mice with increased insulin resistance.
The body weights of KO mice and controls were normal, but the glucose tolerance was significantly
reduced in GPR27 KO mice [7].

The expression of neighboring genes such as EIF4E3 likewise showed a reduction of mRNA levels in
GPR27 KO islets but not in GPR27 KO cerebral cortex [7]. This could be linked to observed splicing
events between the antisense strand of the GRP27 exon and EIF4E3 gene, which led to the suggestion
that the deletion of the GPR27 exon unintentionally simultaneously caused the removal of the first
exon of a subset of EIF4E3 transcripts [7].

To explain the modest worsening of glucose tolerance in GPR27 KO mice, data on EIF4E3 KO mice from
the International Mouse Phenotyping Consortium were examined. EIF4E3 KO mice did not show a
change in glucose tolerance but, rather, showed a reduction of body mass, which could explain this
effect on GPR27 KO mice [7,27]. Inislets, but not in the cerebral cortex, EIFAE3 mRNA transcripts were
reduced [7]. One explanation could be the existence of EIF4E3 transcriptional start sites on the
antisense strand of the GPR27 coding exon [7]. It was found that in the human Refseq annotation there
are similar GPR27/EIF4E3 overlapping transcripts, which may be more specific to the islets in mice [7].
As a result, future studies on the GPR27 exon should be approached with caution, as it may have an
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impact on EIF4E3 [7]. Still, GPR27 silencing by RNA interference showed that the mentioned insulin
reduction was not dependent on EIF4E3 transcription, since it was not affected and KO mice still
showed reduced insulin levels and reduced PDX1 mRNA. Also, EIF4E3 KO mice showed no alteration of
their glucose tolerance [7,28].

The signaling of GPR27 remains elusive. Different studies based on GPR27 constitutive activity
suggested it could be coupled to Gus, Gog Or Gai [7,21]. Using a pharmacological approach based on
surrogate ligands for GPR27 (see below), the authors of the present study were not able to confirm
the ability of GPR27 to couple to G proteins [8]. Other investigations aiming at measuring the
spontaneous formation of the GPR27—G protein complex failed to identify any basal activity of the
receptor [24]. GPR27 could also signal with plasmalogens, but this hypothesis has not been confirmed
yet [7,29].

GPR27 ADVANCES IN MEDICINAL CHEMISTRY

In the search for small molecule agonists for GPR27, Hanson’s group conducted a screening campaign
using an in-house assay based on the recruitment of B-arrestin-2 by a chimeric version of GPR27 called
GPR27V2 [23]. The vasopressin V2 receptor C-terminal tail is included in this design to improve the
sensitivity of the test, which is a common method for detecting GPCR ligands. This resulted in a series
of molecules with GPR27 agonistic activity (see Figure 2) [23].

Molecules I (5128535) and Il (5217941) with sulfonamide core structure were identified as the most
potent GPR27 agonists among all.

When compared with similar constructions for the other SREBs, GPR85V2 and GPR173V2, the agonists
showed selectivity for GPR27V2 [7,23]. Having these two lead GPR27 agonists, the authors recently
reported an extensive structure—activity relationship [8]. Additionally, a recent report revealed that
the activation of GPR27 by compound I in 3T3 wild-type embryonic cells resulted in an elevation of
cytosolic levels of L-lactate, thus linking GPR27 with L-lactate homeostasis [30]. Moreover, agonists
with a wide variety of efficacies, including partial and complete agonists, were discovered with
efficacies that were greater than those of lead compound | (see Figure 3) [8]. 2-Fluoro-N-(4-[N-
phenylsulfamoyl]phenyl)-4-(trifluoromethyl)benzamide (7x; pEC50: 6.44; Emax: 50%), and 4-chloro-
2,5-difluoro-N-(4-[N-phenylsulfamoyl]phenyl)benzamide (7y; pEC50: 6.85; Emax: 37%) were the most
potent agonists, followed by 4-chloro-2-methyl-N-(4-[N-phenylsulfamoyl]phenyl)benzamide (7p;
pPEC50: 6.04; Emax: 123%) and 2-bromo-4-chloro-N-(4-[N-phenylsulfamoyl]phenyl)benzamide (7r;
pPEC50: 5.99; Emax: 123%). The solubility and cellular toxicity of these compounds were assessed in
parallel and proved to have limited influence at pharmacologically relevant concentrations [8].

Furthermore, the binding mode of the best compound, 7p, was predicted with GPR27 against the
homology model structures of the three most relevant GPCR structures from the same family
(https://gpcrdb.org). As shown in Figure 4, ring A of compound 7p was fully occupied in the high-energy
hydration sites of GPR27 [8]. This property may play a role in the compound’s selectivity for the GPR27
over the GPR85 and GPR173 receptors. This hypothesis needs to be confirmed experimentally by
comparing the activity of various compounds on the three SREBs.
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Figure 2. Structure—activity relationships and selectivity of the GPR27 agonists versus GPR85 and GPR173. (A) A common N-
phenyl-2,4-dichlorobenzamide scaffold and the effect of various substituents (R) on compound activity in a firefly luciferase
complementation assay based on B-arrestin-2. Emax is expressed as the percentage of 5128535 maximal activities. (B)
Selectivity of GPR27 agonists | and Il in the firefly luciferase complementation assay versus GPR85 and GPR173.
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Yanai et al. found numerous inverse agonists for SREBs by looking at their constitutive activity [22].
They used a GPR27-Gsa/GPR85—Gsa/GPR173—Gsa fusion protein and a [35S]GTPyS-binding assay to
screen chemical compounds. This led to the discovery of new non-selective inverse agonists for the
SREB family with individual maximal ECsgs of over 30 um incorporating pyrazole and coumarin scaffolds
(see Table 1). The chemical with the highest potency has an ICso of around 8 um. In the present study’s
test setup, however, the authors were not able to detect GPR27-specific signals with these compounds
[23]. The reasons for these discrepancies are not clear but may reflect different assay technologies and
cell systems.

Based on the previous lead compounds, NPD6061 and NPD6145, the same group recently published a
preprint about the development of new ligands for the SREB family with improved inverse agonistic
activity compared with the previous study [29]. All final compounds were characterized using a GPR85—
Gsa fusion protein and a [3**S]GTPyS-binding assay [29]. It was discovered that compounds 2g, 3h and
3i were effective inverse agonists of the SREB family (Table 2) [31]. On the other hand, it should be
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noted that the compounds were not evaluated for their specificity against an unrelated control
receptor. Thus, future investigations should investigate these aspects and confirm the mechanism of
action of this family of molecules.

Figure 3. Structures and activities of GPR27 full and partial agonists.
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Figure 4. Docking studies of 7p in the binding pocket of the homology model of GPR27.
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They also studied the neurochemical nature of compound 3i and the physiological relevance of GPR85
using cerebellar Purkinje cells expressing GPR85 and an electrophysiological technique. The GPR85
inverse agonist chemical regulated potassium channel opening, according to the findings [31].

GPRS85 (SREB2)

GPR85 is the most evolutionarily conserved SREB of the three, with the primary amino acid sequence
of GPR85 being 100% identical in humans, rats and mice [12,32,33]. In addition, when compared with
other GPCRs, human GPR85 and its zebrafish counterpart have 94% amino acid similarity [12].

GPR85 is highly expressed in the dentate gyrus of the hippocampus, which has been associated with
psychiatric illnesses and cognition [12]. It is also found in Purkinje cells [22].
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Table 1. Proposed inverse agonists for super-conserved receptors expressed in the brain— Gsa fusion proteins measured by
[35S] GTPyS-binding assay.
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Compound GPR27-Gsx GPR85Gse GPR173-Gsa

1Csp (M) ICso (1LM) IC5p (M)

1 23+13 32+30 81106
1a 10+41 14+43 12+141
1b 26 + 81 29456 27 +55
1c 58+1.2 52+15 60+14
2 20418 53+27 23+13

Data taken from [22]

The hippocampal dentate gyrus is a portion of the brain structure that may grow new neurons as it
matures, making the hippocampus morphologically and functionally adaptable [34—36]. An increasing
body of data shows that shrinking of the hippocampus formation is linked to mental diseases, resulting
in functional deficits including learning and memory loss, as well as mood dysregulation [37,38].

Matsumoto et al. showed that the expression profile of GPR85 mRNA in adult human, monkey and rat
forebrains was largely conserved [18]. SREB2 mRNA was identified in neurons across the brain in all of
the species investigated, with the hippocampal dentate gyrus showing the greatest levels of
expression.

The creation of the hippocampus, the olfactory system and the supraoptic and paraventricular nuclei,
all of which are highly malleable, is associated with high levels of SREB2 mRNA expression [18]. SREB1
and SREB3 anatomical expressions overlapped with that of SREB2 in the adult monkey brain [18]. These
findings suggest a link between the SREB family and brain plasticity [18].

GPR85 transcripts was found in a variety of human brain locations, as well as at lower levels in the
spleen and placenta, according to Hellebrand et al., but GPR85 is solely found in the brains of mice
[32]. Following that, the same group investigated the distribution of the GPR85-containing outermost
layer of the cerebral cortex during mouse development and in the adult brain in great detail. GPR85
was identified in both the embryonic and adult brains of mice [14]. The majority of the GPR85
transcripts were discovered in neuroectodermal tissues. During the early stages of neuron formation,
GPR85 is located in the CNS. The greatest amounts of transcripts were identified in the developing
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cerebral cortex, suggesting that this gene plays a role in cerebral differentiation. GPR85 was also
detected in neural crest derivatives and developing teeth.

Table 2. Proposed inverse agonists for the super-conserved receptors expressed in the brain family.
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Compound GPR27-Gso GPRAS-Gsn GPR 173-Gse
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2g 23+05 1.7+0.2 26+09

3h 1.5+086 1304 1107

3i 062 +03 052+03 26+09

Data taken from [31)

GPR85 & AUTISM SPECTRUM DISORDER

Recently, GPR85 has also been linked to autism [39,40], attention deficit hyperactivity disorder [41],
Tourette’s syndrome and intellectual disability [42]. Based on this, it has been postulated that GPR85
(SREB2: rs56080411 and rs56039557) genetic variants, like other genetic risk factors connected to
schizophrenia risk, may play a role in several neurodevelopmental psychiatric diseases.

The genetic etiology of autism spectrum disorder (ASD) is complicated. Schizophrenia and ASD share
certain symptoms and mutant genes, such as NLGN, NRXN and SHANK3. During research on the shared
molecular foundation of mental illnesses such as schizophrenia and ASD, Jelen’ et al. discovered that
the C-terminal sequence of GPR85 was related to NLGN and PDZ proteins in the brain, including PSD-
95 [43].

One possible molecular cause is an imbalance of excitatory and inhibitory receptors linked to the
NLGN-PSD95-SHANK complex by the binding of PDZ. Fujita et al. focused on GPR85 as a possible gene
for ASD, since its C-terminal amino acid sequence (Thr-Cys-Val-lle [YCVI]) is classified as a type Il PDZ-
binding motif and GPR85 is linked to schizophrenia [44]. They discovered that GPR85 is connected to
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PSD-95, which is linked to NLGN in the brain, while looking for molecules that bind with GPR85. In the
study, they employed a pull-down experiment and immunoblot analysis to seek proteins that connect
to GPR85’s C-terminal region, as well as a GPR85 gene mutation in ASD patients. The intracellular
location of mutant GPR85 and its impact on cell and neuron morphology was investigated using
immunofluorescence. As a result, the C-terminal sequences of GPR85 and NLGN interacted with PSD-
95 at PDZ1 and PDZ3, respectively. Both T1033C (M152T) and G1239T mutations in GPR85 were found
in two male ASD patients from separate Japanese families (V221L). These mutations were found in a
region involved in G protein interaction and signaling. Unlike wild-type GPR85, mutant GPR85 was
more selectively accumulated and seen in ASD patients’ disrupted dendritic development, suggesting
that the related NLGN—PSD-95 receptor complex may be a possibility for the molecular etiology of ASD.

Radulescu et al. employed functional MRI (fMRI) paradigms to test the notion that these changes have
an impact on brain function in healthy adults (hippocampal formation and amygdaloid complex) [45].
Due to the well-known effects of different sexes on the amygdala [46] and hippocampus activation
[47] during face assessment and emotional recall [48], they investigated the impact of biological sexes
through SREB2 genotype interactions. Furthermore, sex (in terms of biological gender) influences the
onset and occurrence of mental illnesses, including depression and schizophrenia [49].

The study found that risk-associated polymorphisms in SREB2 are connected to phenotypes in the
dorsolateral prefrontal cortex and amygdala of men that are similar to those reported in schizophrenia
patients, but the tendency is reversed in women. As a result, the SREB2 effect on cortical circuitry
linked to schizophrenia risk might be more sophisticated or gender-specific.

GPR85 & SCHIZOPHRENIA

A statistical relationship between SREB2 gene variants and an increased prevalence of psychosis
[45,50] has been found, linking SREB2/GPR85 to a variety of neurodevelopmental psychiatric diseases,
including schizophrenia.

GPR85’s role in regulating brain size is one of the most important results from GPR85 investigations in
genetically engineered mice. Matsumoto et al. created an SREB2-overexpressing transgenic (Tg)
mouse, which revealed that SREB2 plays a role in regulating brain size, influencing a variety of
behaviors and perhaps predicting schizophrenia vulnerability [51]. In one experiment, GPR85-
overexpressing transgenic mice had reduced brain mass and features comparable to prior
experimental models of schizophrenia, such as decreased social interaction, abnormal sensorimotor
gating and poor memory. GPR85 KO mice showed greater brain mass and performed better in recalling
training stimuli compared with wild-type littermates.

Researchers revealed that the Akt/PKB pathway is involved in pathogenic alterations caused by SREB
protein expression variations. This signaling system is required for neuronal development and is linked
to schizophrenia [51]. They discovered that the activity of the Akt/PKB pathway was lower in SREB2 Tg
mice’s brains and greater in SREB2 KO mice’s brains. Chen et al. discovered that SREB2 regulates adult
neurogenesis in the hippocampal nucleus, which affects cognitive function [50]. In SREB2 Tg
(overexpression) and KO (null-mutant) mice, bromodeoxyuridine incorporation and
immunohistochemistry were utilized to measure adult neurogenesis and neonatal neuron dendritic
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morphology. The cognitive responses of SREB2 mutant mice were evaluated in relation to changes in
adult neurogenesis. They discovered that SREB2 Tg mice had lower progenitor cell proliferation and
newborn neuron numbers, but SREB2 KO mice had better newborn neuron survival with no difference
in proliferation [50].

Doublecortin labeling revealed dendritic morphological defects in freshly generated neurons in SREB2
Tg mice. In a spatial pattern separation test, SREB2 Tg mice exhibited a decreased ability to distinguish
spatial connections, whereas SREB2 KO mice had a greater ability. SREB2 Tg and KO mice displayed
reciprocal abnormalities in a Ymaze working memory task. According to these findings, SREB2 could
be a negative regulator of adult neurogenesis and, as a result, cognition. Inhibition of SREB2 activity
may be a novel method of promoting adult neurogenesis and cognitive abilities in psychiatric patients’
core symptoms.

GPR173 (SREB3)

Like other subfamily members of SREB, GPR173 is most prominently expressed in the brain, especially
in astrocytes [52,53]. However, its expression has been reported in a variety of tissues [12,54]. These
include tissue with rich nerve networks, such as the dental pulp, as well as tissue in the human ovaries
and small intestine [52,55,56]. GPR173 has been proven to be linked to mediating hypothalamus
activity and to be the putative receptor for the pleiotropic peptide phoenixin (PNX) [52,57].

PNX AS A PUTATIVE LIGAND FOR GPR173

PNX is part of the C4orf52 C-terminus family and it appears in two different active forms: a 20-amino-
acid-long form called PNX-20 and the shorter, 14-amino-acid-long PNX-14 [58—60]. Studies have shown
that it hides a preeminent potential for the treatment of a wide range of diseases, and it has already
been proven to be linked to beneficial effects such as reduced anxiety and improved memory
[52,61,62]. Regarding its function in the brain, the depletion of GPR173 RNA (with a siRNA-based
approach) has been shown to abolish PNX-20 effects on gonadotropin-releasing hormone (GnRH)
expression, suggesting that GPR173 might be a PNX putative cellsurface receptor [54,63]. PNX was
found to be a regulator of pituitary gonadotropin secretion by modulation of the expression of the
GnRH receptor [59]. GnRH is an essential peptide for various processes — in particular, for sexual
development. Studies on zebrafish have shown that GPR173 and PNX might be candidates for the
functioning of these physiological processes [64]. PNX is produced by cleavage of SMIM20. SMIM20
regulates energy homeostasis and reproduction, which suggests a role for PNX (and GPR173) in
diseases associated with dysfunction of reproduction, such as polycystic ovary syndrome (PCOS) [65].
It was found that levels of PNX-14 and GPR173 in the ovary of PCOS rats were increased, but in
periovarian adipose tissue, GPR173 protein levels decreased [65]. The involvement of GPR173 in the
reproductive system was also studied with human non-luteinized granulosa cell lines. PNX treatment
stimulated the proliferation of granulosa cells, increased estradiol production and induced the
expression of genes related to follicle development [56]. Recently, PNX, follicle-stimulating hormone
(FSH), luteinizing hormone (LH) and 17B-estradiol concentrations were measured in women with
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endometriosis by Kulinska et al. PNX levels were reduced and LH/FSH ratios were increased, as were
17B-estradiol concentrations [66]. Interestingly, SMIM20 expression remained unchanged [66].
Measurement of PNX and LH/FSH ratio could provide new possibilities in the diagnosis of
endometriosis in women [66].

Since GPR173 and PNX are expressed in the hypothalamus, their involvement in vasopressin and
oxytocin secretion has been studied as well. Intracerebroventricular PNX treatment of rats led to a
vasopressin increase but no change in oxytocin levels [67]. Notably, the neural and hormonal effects
of PNX and GPR173 were found to be important for the influence of thirst behavior. Treatment of PNX-
20 significantly increased water drinking in rats. Therefore, it was suggested that PNX caused these
effects by interacting with neural centers controlling thirst. Previously described stimulation of AVP
release has also been linked to these effects [68]. GPR173’s role in the gut—brain axis also remains to
be explored further [52,61,62]. It has been suggested that besides its neuronal functions, GPR173
signaling is connected to osteoblastic differentiation in C3T3-E1 cells [69].

The suggested GnRH signaling was shown by Treen etal. in 2016. PNX-20 proved to modulate GnRH
expression via the PKA/cAMP pathway mediated by CREB [54,62]. Since CREB activates PGC-1a, Yang
et al. studied its role in GPR173/PNX-20 function [54]. It was shown that PNX-20, in fact, induces PGC-
la. Associated with this, the induction of NRF-1 and TFAM could be demonstrated. According to these
results, Yang et al. found that PNX-20 promoted neuronal mitochondrial biogenesis and an increased
number of cellular mitochondrial copies [54]. Therefore, PNX-20 and its putative receptor GPR173
could be a target of research into viable drugs for the treatment of neurodegenerative diseases [54].

Recently, the validity of GPR173 pairing with PNX was questioned [70] and is therefore still a subject
of discussion. According to established criteria for new receptor deorphanization, a new pairing should
be confirmed independently by at least two different labs and on different assay systems (PubMed ID:
23686350 and 29454621). Thus, additional evidence from other labs is needed to validate the direct
interaction between PNX and GPR173.

DISEASES ASSOCIATED WITH PNX

In keeping with the hypothesis that PNX-20 is a GPR173 ligand, Wei et al. have studied PNX-20’s
potential as an anti-atherosclerotic treatment [52]. Research has revealed that the oxidation of native
LDL to ox-LDL induces atherosclerosis, the leading cause of vascular disease worldwide [71]. ox-LDL is
assumed to activate the inflammatory pathway through NF-«kB and lead to cell transformation [52,72].
In an in vitro model, Wei et al. used ox-LDL to trigger atherogenesis in human aortic endothelial cells
(HAECs) [52]. The influence of PNX-20 treatment on the attachment of monocytes to HAECs and the
ox-LDL-induced endothelial dysfunction was studied thoroughly [52]. It was found that the
introduction of three doses of ox-LDL to HAECs significantly reduced the expression of GPR173 mRNA
to 32% and GPR173 protein concentration to 36% [52].

Equally important for the treatment of atherosclerosis is the reduction of ox-LDL-induced monocyte
attachment to endothelial cells by PNX-20. Treatment of cells with PNX-20 and ox-LDL reduced the
attachment of THP-1 monocytes significantly in comparison with cells without PNX-20 treatment.
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Measurements of real-time PCR analysis led to the assumption that the two major cellular adhesion
molecules, ICAM-1 and VCAM-1, are involved in these effects [52].

Notably, PNX-20 effects on reactive oxygen species (ROS) have been studied as well. PNX-20 has been
proven to reduce ROS in ox-LDL-treated HAECs, showing the importance of GPR173 function as a
possible treatment for atherosclerosis [52]. This reduction of ROS is suggested to be linked to the
reduction of NOX-4 expression, which is known to modulate the production of mitochondrial ROS [52].
PNX’s role in ROS was also researched in the treatment of neuroinflammatory diseases. In 2020, Sun
et al. showed that inflammation in dental pulp cells caused by lipopolysaccharides could be reduced
with treatment with PNX-20 [55]. They found that PNX-20 reduced the expression of pro-inflammatory
cytokines, cell adhesion molecules, MMP-2 and MMP-9 [52,55]. Additionally, the release of pro-
inflammatory cytokines and inflammatory mediators was found to be reduced after the treatment
[55]. Wang et al. further studied these processes. They treated primary astrocytes from mice with
lipopolysaccharides to induce an endoplasmic reticulum stress response. This response and the NLRP3
inflammasome activation were attenuated by treatment with PNX-14. Therefore, it was suggested that
these effects could be linked to the suppression of ROS by PNX [53]. A final siRNA knockdown
experiment targeted at GPR173 suggested that the receptor was involved in PNX effects [53].

In search of a possible explanation for these effects, Wei et al. suggested the involvement of GPR173
in NF-kB activity. NF-kB is responsible for different detrimental effects by, among other things, inducing
the -overproduction of pro-inflammatory cytokines [52]. In fact, a reduction in NF-kB activity after PNX-
20 addition to ox-LDL-treated HAECs was proven. Its nuclear levels were reduced by up to twofold and
its luciferase activity from 87-fold to 37-fold in comparison with HAECs treated only with ox-LDL [52].
In conclusion, pleiotropic PNX-20 is therefore an important actor in protecting endothelial cells from
cellular stress and, hence, in the future treatment of atherosclerosis [52]. Its role in neurodegenerative
diseases and neuronal and hormonal functions is equally significant and should be researched further.
Levels of PNX were found to be elevated in the blood and aqueous humor of patients with Type 2
diabetes and cataracts with and without diabetic retinopathy [73]. Celik and Aydin suggest that
according to their findings, PNX may also be a part of the pathophysiology of Type 2 diabetes with
cataracts [73].

Conclusion & future perspective

GPR27 (SREB1), GPR85 (SREB2) and GPR173 (SREB3) are a group of orphan G protein-coupled
receptors that constitute the SREB subfamily. Recently, they have gained significant attraction due to
their expression in the CNS and the high degree of sequence conservation among vertebrates. GPR27
has been linked to lipid metabolism and pancreatic cell insulin secretion and regulation; GPR85 has
been linked to schizophrenia, autism and neuronal plasticity; and GPR173 has been linked to
atherosclerosis, neurodegenerative diseases and important hormonal and neuronal functions (see
Table 3). The physiological activities of SREBs are currently unclear due to the absence of specific
ligands for each of them or validated endogenous agonists. Specific ligands are beneficial in functional
assessments. Hanson’s group recently described a novel class of sulfonamides as selective and specific
GPR27 agonists, including 2,4-dichloro-N-(4-[N-phenylsulfamoyl]lphenyl)benzamide (I; pECso: 6.44;
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Emax:  100%) and  4-chloro-2,5-difluoro-N-(4-[N-phenylsulfamoyllphenyl)benzamide(7y;pECso:
6.85;Emax:37%)as full and partial agonists, respectively. The solubility and cellular toxicity of this
compound’s class have been assessed in parallel and proved to have limited influence at
pharmacologically relevant concentrations. Thus, compounds | and 7y could be potent tool compounds
to further characterize the (patho)physiological roles of GPR27. Additionally, homology models of
these receptors might be used to conduct screening campaigns and discover new ligands.

Table 3. Receptors of the super-conserved receptors expressed in the brain family, the tissues where they are most
prominently expressed and possible therapeutic targets.

Receptor Expression Possible therapeutic targets Ref.
GPR27 Parathyroid gland, thyroid gland, brain, granulocytes, Lipid metabolism, [20]
fallopian tube pancreatic g-cell insulin secretion and regulation, [7,20]

lactate homeostasis [30]

GPR3S Skeletal muscle, brain, placenta Autism, [39,40]
schizophrenia, [45,50,51]

neuronal plasticity [18]

GPR173 Brain (cerebral cortex, cerebellum), pituitary gland, Atherosclerosis, [52]
ovary neurodegenerative diseases, [54]

type 2 diabetes with cataracts, [73]

polycystic ovary syndrome, [65]

endometriosis [66]

Gene expression data accessed from https:/ /www.proteinatlas.orgy, November 2021.

A couple of results regarding the non-selective ligands for GPR27, GPR85 and GPR173 have been
published. However, these ligands have yet to be confirmed, and future research should be cautiously
verified.

The validity of the GPR173—PNX combination has recently been questioned; therefore, it is still a topic
of debate [70]. To prove PNX’s function in GPR173 activity, more evidence is needed. Still, given the
SREB family’s links to a variety of common disorders, we believe the SREB family will establish its
importance in the near future, particularly in terms of pharmacological activities and medicinal
chemistry approaches.

Executive summary

- The G protein-coupled receptor subfamily called super-conserved receptors expressed in the
brain consists of three members: GPR27 (SREB1), GPR85 (SREB2) and GPR173 (SREB3).

- They are almost exclusively expressed in the CNS.

- GPR27 has been found to influence glucose homeostasis and lipid metabolism; agonists have
been discovered by medicinal chemists.

« It has been suggested that GPR85 plays vital roles in neuronal plasticity, schizophrenia and
autism.

- Recently, inverse agonists for GPR85 have been proposed.

- GPR173 is a potential receptor for the pleiotropic peptide phoenixin and has been connected
to modulating hypothalamic function.

« Phoenixin studies suggested GPR173’s participation in atherosclerosis and neurodegenerative
diseases.
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