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Abstract

G protein-coupled receptors
(GPCRs) transmit the signals
of a variety of hormones and
neurotransmitters and are
targets of more than 30% of
all FDA-approved drugs. We
developed an approach for
identifying the endogenous
ligands for a family of
orphan GPCRs that enables
the development of novel
therapeutics for the potential
treatment of a wide variety
of disorders including pain,
diabetes, appetitive behaviors,
infertility and obesity. With this
approach, we have deorphanized
five previously orphaned

GPCRs.

G Protein Coupled
Receptors as Potential
Therapeutic Targets

It is estimated that 30-50%
of all FDA-approved medications
target G protein-coupled
receptors (GPCRs)."? There are
three major classes of GPCRs in
humans: Class A (rthodopsin-like),
Class B (secretin-like), and Class
C (metabotropic/glutamate-like).
These are large proteins that
reside in the cell membrane with
a characteristic 7-transmembrane
spanning domain and an
extracellular terminus that may be
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glycosylated.? GPCRs also contain
intracellular domains that interact
with downstream signaling
cascades that communicate the
message imparted by a ligand
(e.g. hormone) binding primarily
to extracellular epitopes on
the receptor. The selectivity of
ligand-receptor binding makes
them attractive candidates for
drug development. Examples
of existing therapeutics based
upon knowledge of ligand
structure/function relationships
and receptor recognition motifs
are numerous and include,
for example, Class A receptor
therapeutics targeting the
angiotensin receptors, Class B
receptor therapeutics targeting
the GLP-1 receptor, and Class C
receptor therapeutics targeting
neurotransmitter receptors.
There may be as many as one
thousand genes encoding GPCRs,
but by far the largest number
of these encode receptors in the
Class A category. Remarkably,
even with the development of
the most modern molecular
approaches, it is estimated that
130 or more of those identified
genes encode GPCRs for which
an endogenous ligand has
yet to be identified. Think of
these receptors as door locks,
which protect entry into new
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Figure 1. The Deductive Reasoning Strategy for the G protfein-coupled
receptor (GPCR) De-Orphanization. Demonstrated here is the
identification of a top receptor candidate for neuronostatin (NST) a
recently discovered, endogenous hormone,5 that is encoded in the
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handicapped by the need for large
amounts of tissue, extensive protein
purification steps and laborious
ligand-receptor binding assays. The
development of modern, robotic-
based screening assays provided
hope for increased success in the
search for these endogenous ligands,
but in fact this approach has been
disappointing. All the same, those
robotic screening assays have become
critically important only once a
candidate, endogenous ligand has
been identified.* These may be
proteins recently discovered or
hormones that have been known to
exist and have significant biologic
activity for years, for which a
cognate receptor has not been
identified.

Our laboratory group recently
discovered two previously
unrecognized endogenous peptide
hormones, neuronostatin, and
phoenixin.>¢ After validating
the gene sequences and proteins
encoded, we identified tissue
sites where they are produced,
physiologically relevant changes
in their production, and finally
tissues where they exert actions
both in vitro and in vivo. Those

same gene product as somatostatin (SRIF).

foundational studies identified

multiple sites of action, suggesting

knowledge of cell function and potential avenues
for the treatment of human diseases. This is exactly
the reason why pharmaceutical companies and
independent laboratories have expended such
effort and capital in the search for the keys to those
locks, the ligands that interact with those so-called
“orphan receptors.”

How do researchers identify endogenous ligands
for these orphan receptors? The classic approach
is to search tissue extracts for substances that
interact with the receptor protein. This approach is

important contributions of the two

hormones in such diverse functions
as glucose homeostasis, growth, autonomic
function, appetite/thirst, fluid and electrolyte
homeostasis, and reproduction. The challenge
then was to determine which of the myriad
pharmacologic actions of these two hormones were
physiologically relevant. To accomplish this task,
we either had to create an animal model in which
the gene expressing the hormone was ablated or
find a population of animals or humans in which
the gene product was missing or improperly
produced. The first approach was impossible for
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several reasons. For neuronostatin, creation of

a knockout animal by embryonic gene deletion
would not be instructive because encoded in the
same gene as neuronostatin (NST) is the potent
growth restricting hormone somatostatin (SRIF).
Gene compromise would negate production of
both hormones. We had to develop a unique,
alternative approach.

We knew that neuronostatin exerted
pharmacologic effects unique from those of
somatostatin and that it did not bind to the
known somatostatin receptors.’ Thus, if we could
identify the cognate receptor for neuronostatin,
we might be able to compromise the production
of that receptor and determine the importance
of the peptide’s pharmacologic actions. We
established in cell culture-based experiments
that neuronostatin activates cell-signaling
cascades typical of other GPCRs and thus
made what proved to be a “correct guess.” We
hypothesized that neuronostatin signals via one
of the 130 orphan GPCRs and then developed a
novel strategy to address that hypothesis, “The
Deductive Reasoning Strategy.”” (Figure 1)

The Strategy, which was patented by Dr.
Yosten, basically assumes that all cell types
responding to neuronostatin will share at least one
(and hopefully not too many) GPCR. Multiple
cell types, in this case cardiac myocytes, pancreatic
alpha cells, hypothalamic neurons and KATO III
cells (a gastric tumor cell line), were analyzed by
reverse transcriptase-polymerase chain reaction
(RT-PCR) for the presence of messenger RNA
encoding all the orphan GPCRs.” Commonly
expressed receptors were then compromised
in vitro by the use of small interfering RNA
molecules that blocked expression each of those
candidate GPCRs, one at a time, and then those
compromised cells tested for their response to
neuronostatin. Initially, we had four candidate
shared receptors, and we used the KATO III
cells for the siRNA (small interfering RNA
molecules that block translation selectively of the
mRNA encoding the targeted receptor protein)
compromise study because those cells are readily
transfected with the siRNA constructs and their
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response to neuronostatin (increased early gene,
c-fos, expression) was readily detectable. Using
this approach, we identified GPR107 as the
cognate receptor for neuronostatin, at least in cells
in culture.” Then, our task was to demonstrate
the consequence of compromising GPR107
expression in vivo on the pharmacologic actions of
the peptide and on basic physiologic mechanisms
thought to require neuronostatin, such as
autonomic function and glucose metabolism.

When approaching the in vivo experiments,
it was important to choose a tissue site of action
of neuronostatin that was well validated and
approachable in vivo. We previously identified
several central nervous system actions of the
peptide and felt that intracerebroventricular
delivery of the compromising siRNA would have
the advantage over peripheral administration of
sequestrating the siRNA construct within the
targeted tissue,with less dilution by the general
circulation. Indeed, we showed that neuronostatin
acts pharmacologically in brain to raise blood
pressure by actions on vasopressin release and
increases sympathetic nerve trafficking. Could
this action be blocked by prior compromise of
GPR107 expression? Indeed it was, not only
the pharmacologic effects of the peptide, but
also normal baroreflex function in response to
lowering and raising peripheral mean arterial
pressure with a vasodilator (sodium nitroprusside)
and a vasoconstrictor (phenylephrine),
respectively. Non-GPR107-mediated central
control of autonomic function, in this case the
role of angiotensin II, was not compromised,
demonstrating specificity.

Thus, we demonstrated that neuronostatin
is the key that unlocks the door guarded by
GPR107. But where does this lead us in terms
of developing therapeutics? That promise lies
in another action of neuronostatin, one related
to glucose homeostasis. Neuronostatin is
produced, along with somatostatin, in delta cells
of the pancreas. We demonstrated the ability
of neuronostatin to inhibit glucose-stimulated
insulin secretion, at least in part by an initial
action on the neighboring alpha cells. Importantly,
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Table 1. Ligand-receptor pairs that have been de-orphanized to date using this approach.

LIGAND/HORMONE COGNATE RECEPTOR POSSIBLE APPLICATIONS
Pro-insulin Connecting Peptide (C-Peptide)8 GPR146 Diabetes, vascular diseases
Phoenixins?.10 GPR173 Reproductive assist, fluid and

electrolyte homeostasis
Adropin!! GRP19 Metabolic disorders, obesity
Neuronostatin® GPR107 Metabolic disorders, diabetes
Cocaine- and amphetamine regulated GPR160 Pain management, appetite
transcript peptide (CARTp) 1617 regulation, obesity

neuronostatin is able to stimulate glucagon
expression and secretion from an alpha cell
line and isolated whole islets. We are currently
extending those initial cell culture experiments
into whole animal studies, both rodent and
human protocols, with the hypothesis that
neuronostatin or a stable analog might be

of value as a prophylactic agent to prevent
insulin overdose-induced hypoglycemia or as
an adjunctive therapeutic in diabetics suffering
from hypoglycemia unawareness. In fact, those
studies are now underway, both here in St. Louis
and in collaborations with clinical investigators
in Copenhagen.

Expanding Discovery with New
Molecular Tools

How applicable is the Deductive Reasoning
Strategy for the identification of other ligand-
receptor pairs? The answer is quite simple:
very. Table 1 demonstrates the ligand-receptor
pairs we have de-orphanized to date using this
approach.

A second problem encountered when
using traditional gene compromise strategies
for testing the importance of either a ligand
or receptor is one of embryonic lethality. If
either the ligand or the receptor is essential
for placentation or embryonic development,
disruption of that protein by traditional means
(global embryonic deletion) will not work.
This has led to the development of conditional
gene compromise strategies, knockouts
that can be induced during the postnatal
period or adulthood. The approach has two

additional advantages: tissue/site-specific gene
compromise can be affected, and the compromise
is permanent. For instance, in the case of
neuronostatin, if the goal is to compromise
peptide signaling just on alpha cells of the
pancreas, in order to determine the physiological
relevance of the glucagon-releasing action of the
peptide, a transgenic rodent line could be created
in which the gene encoding GPR107 is targeted
for deletion only in that cell type. This would
then allow for the interaction of neuronostatin
and GPR107 in other tissues, or even in other
cell types in the pancreatic islet, without any
interruption. Genetic “tricks” also have been
developed for “on/off” switching of select gene
deletion and re-expression in specific tissue.

Taking Discovery to Therapeutic
Development

The goal in developing these state-of-
the-art genetic manipulations is to not only
determine whether a ligand is essential for
normal physiologic function, but also the
culprit in pathologic conditions resulting from
loss of function of the ligand/receptor pair.
However, these approaches require the initial
identification of the receptor that transmits
the ligand/hormone signal. This brings us back
to the discovery process itself. Even after our
Deductive Reasoning Strategy has identified
a ligand for one of the orphan GPCRS, much
characterization work is required. Physical
association of the ligand with the receptor
needs to be proven and, if possible, the epitopes
(amino acid signatures) important for binding
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of ligand to receptor need to be identified.

This would facilitate the development of stable,
efficacious analogs as agonists or antagonists.
Stability of the endogenous ligand, and any
analogs developed, would have to be established
and the pharmacokinetic properties of these
molecules established. Development of effective
analogs can be approached in two ways. First,
knowledge of the amino acid sequence of
protein ligands and the epitope essential for
receptor binding would allow modifications to
the amino acid backbone to be made to enhance
binding affinity and avidity, and to prolong
biologic half-life. An example of this would

be the exendins, analogs of the mammalian
hormone GLP-1, which are prescribed widely
now for appetite and glucose metabolism
regulation (e.g. liraglutide and dulaglutide).

A second approach, once a ligand/
receptor pair has been identified and proven
to be important in the regulation of distinct
tissue functions, is the development of small
molecules, usually organic in composition, with
optimal binding characteristics (e.g. losartan).
Numerous extensive libraries of small molecules
have been assembled over the years in attempts
to develop better therapeutics. Many of these
molecules failed to meet the essential criteria in
the projects for which they were developed, only
later to be found to target a completely different
class of receptors. These molecules have the
advantage of ready synthesis and easily modified
carbon backbones. Thus, a wide variety of
modifications can be made following principles
of intelligent design that result in enhanced
efficacy with less off-target effects (e.g. the V2
antagonists, including tolvaptan). Often these
small molecules display the added advantage of
being orally active.

What’s next? As our discovery work has
demonstrated, there are probably numerous,
endogenously expressed peptides/proteins
yet to be discovered that have important,
physiologically relevant actions. Once
identified, their cognate receptors will have
to be identified. Similarly, peptides that are
produced in a variety of human tissues and
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whose pharmacologic profiles have long been
known still hold promise for the development
of novel, efficacious therapeutics. Perhaps the
best, recent of example of this is the peptide
encoded by the cocaine- and amphetamine-
regulated transcript, CARTp. First identified
by classical peptide chemistry approaches in
the 1980s and later re-discovered by more
modern gene cloning approaches, this peptide
is a potent inhibitor of food intake and
reward-based behaviors, and more recently
was found to act pharmacologically to induce
pain.'2!>1%151¢ Progress in developing agonists
for treating eating disorders/obesity and
antagonists for treating peripheral neuropathies
had been blocked by fact that, even after
extensive efforts using conventional receptor
identification approaches, no CARTp receptor
had been identified. Because of the peptide’s
interesting pharmacology, we teamed with
Dr. Daniela Salvemini to identify the CARTp
receptor using our Deductive Receptor
Matching Strategy, identifying GPR160 as
the CARTp receptor.'® Using a variety of
biochemical and cellular approaches, we
defined the signaling cascade activated by
CARTp-GPR160 interactions, demonstrated
the requirement of GPR160 for CARTp-
induced signaling in vitro and in vivo. Even
more importantly, we demonstrated that
compromise of GPR160 expression in laminae
1-3 of the dorsal horn of the lumbar spinal
cord blocks the development of spinal injury-
induced neuropathy and reverses already-
established neuropathy.'® More recently we
demonstrated that compromise of GPR160
signaling in brainstem structures important for
gut-brain feedback and termination of meals
results in exaggerated eating and drinking
under physiologically relevant conditions and
that the anorexigenic action of CARTp in that
tissue is prevented by GPR160 compromise.'”
This work has opened new avenues for
the development of novel therapeutics to
treat peripheral neuropathies, if antagonistic
analogs or small molecules can be developed
that can be applied regionally over the lumbar



spinal column. Those goals are currently being
pursued in collaboration with Dr. Salvemini

in the Department of Pharmacology and
Physiology at SLU. In terms of the anorexigenic
action of CARTp, we envision structure-
function relationships to reveal avenues for the
development of CARTp-like, GPR160 agonists
devoid of peripheral actions that can be used

to control eating disorders and compulsive
behaviors.

It doesn’t stop there. Our Deductive Receptor
Matching Strategy is being applied to identify the
cognate receptors for several other known peptide
hormones. An excellent example of our current
studies is a search for the cognate receptor for
nesfatin, the most potent anorexigenic peptide
yet described, for which, like CARTp, even
after extensive efforts a unique receptor has
yet to be identified.'®'*** And there are more
hormone targets to be identified, promising
not only novel insight into the mechanisms of
health and disease, but also providing a great
training environment for the next generation of
researchers who will carry our vision forward.
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