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Accelerating the orphan GPCR pipeline:
GPR149 as a case study in dual-domain
target validation

Michael A.S. Guth

High failure rates in drug development for central nervous system (CNS) and metabolic diseases
frequently stem from a lack of knowledge about their selected drug targets. With unknown ligand
chemistry, orphan G-protein-coupled receptors (GPCRs) represent high-risk, but high-potential, high-
reward opportunities for pharmaceutical development. Here, I describe a framework for de-risking
such targets using GPR149 as a prototype. The Four-Pillar Framework, combining high-throughput
screening, cryo-electron microscopy (EM), artificial intelligence (AI)-driven chemistry, and parallel
circuit validation, unexpectedly revealed the dual metabolic (weight loss) and CNS applications of
GPR149. In the process, a seemingly intractable orphan receptor has become a development asset with
blockbuster potential. This methodology offers a reproducible template for exploring the ‘dark
GPCRome’, particularly for disorders in which metabolic dysfunction and CNS comorbidities co-
present in real-world patient populations.

Keywords: orphan GPCR; GPR149; deorphanization; target validation; dual-domain therapeutics; drug discovery
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Introduction: prioritizing and de-risking

the dark GPCRome

The ‘dark GPCRome’ represents one of
the most significant untapped frontiers
in modern drug discovery. Although
GPCRs remain the most successful class
of drug targets, accounting for ~35% of
all US Food and Drug Administration
(FDA)-approved therapeutics and nearly
60% of current prescriptions, most of this
success is concentrated within a well-
trodden subset of this superfamily. " %)
Most approved agents target the Class A

(rhodopsin-like) subfamily, characterized
by the seven-transmembrane helix archi-
tecture and highly conserved signaling
motifs, such as DRY, CWxP, and
NPxxY."? However, a modern drug dis-
covery lens necessitates moving beyond
these established targets to de-risk 'dark’
receptors that deviate from these canoni-
cal sequences, where structural and func-
tional gaps have historically stalled
development.

GPR149 epitomizes this non-canonical
challenge. Although phylogenetically clas-

sified within the rhodopsin-like subfamily,
GPR149 lacks the crucial charged residues
of the hallmark Asp-Arg-Tyr (DRY) motif,
featuring instead a divergent ERY
triplet.*® This specific substitution at the
3.50 position (Ballesteros—Weinstein num-
bering) is not merely a sequence variation;
it likely dictates high constitutive activity
and unconventional G-protein coupling
of the receptor.

Despite being cloned nearly a quarter-
century ago (initially as PGR10), GPR149
remains a classic orphan, trapped in the
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‘valley of death’ between academic pheno-
typic discovery and commercial R&D
advancement.?

The productivity paradox: Eroom’'s Law
This stagnation is not merely a function of
difficult biology. It reflects a well-
documented phenomenon known as
‘Eroom's Law’ ('Moore's Law’ spelled back-
ward). First articulated during the early
2010s, Eroom's Law describes the observa-
tion that the number of new drugs
approved per billion dollars spent on phar-
maceutical R&D has halved approximately
every 9 years since 1950. This trend per-
sists despite, or perhaps because of, tech-
nological  advances in  screening,
computing, and molecular biology. The
drivers include what has been termed the
'better than the Beatles' problem (new
drugs must compete against an ever-
improving catalog of effective generics),
increasing regulatory caution, diminishing
returns from  brute-force screening
approaches, and the tendency to simply
allocate more resources to failing strategies
rather than rethinking the underlying
logic of discovery. " P23

Orphan GPCRs sit at the epicenter of
this challenge. They offer high-reward
opportunities not simply because they are
unexplored, but because their anatomical
expression patterns, strategically enriched
in  hypothalamic feeding  circuits,
mesolimbic reward pathways, and glial
populations governing myelination, posi-
tion them as master regulators of physiol-
ogy with direct therapeutic relevance.
GPR149 exemplifies this logic: its localiza-
tion to the arcuate hypothalamus and
nucleus accumbens, coupled with wvali-
dated roles in energy homeostasis and
oligodendrocyte progenitor cell (OPC) dif-
ferentiation, transforms an orphan recep-
tor from a biological mystery into a
strategic asset. Yet, this promise carries cor-
respondingly high risk because of non-
canonical signaling motifs, unknown
ligand chemistry, and uncertain clinical
translatability. Therefore, a paradigm shift
is required: one that treats deorphaniza-
tion not as a sequential hunt for a ligand
but as an integrated, parallelized de-
risking campaign.

A paradigm shift in target validation
Historically, deorphanization has been a
step-by-step process hampered by long

timelines and high failure rates. Final deor-
phanization occurred, in part, due to luck.
Today, a paradigm shift is possible through
the combination of disruptive technolo-
gies: multiplexed functional assays, Al-
driven de novo design, and cryo-electron
microscopy (cryo-EM). By enabling near-
atomic-resolution imaging of fragile GPCR
complexes in their native states without
the need for crystallization, cryo-EM, cou-
pled with generative Al, allows researchers
to visualize dynamic biological mecha-
nisms in action. Together, these tools offer
the potential to methodically de-risk the
entire biology of a target simultaneously,
rather than simply hunting for a ligand.

GPR149: a prototype for dual-domain
success
GPR149 is an ideal model because of its
precise anatomical localization in circuits
governing reward and energy homeostasis,
specifically the nucleus accumbens in
rodents (and potentially in humans) and
the arcuate hypothalamus in humans.?>*
P9 Phenotypic findings in Gpr149-null
animals, which exhibit improved insulin
sensitivity and altered energy homeostasis,
provide the initial metabolic impetus."®
However, the clinical relevance of
GPR149 is anchored by high-resolution
human transcriptomic data, which con-
firm its expression in hypothalamic
energy-management nodes, providing the
species-specific justification required for
an industrial de-risking campaign.®>
Beyond metabolism, GPR149 is a vali-
dated regulator of OPC function, suggest-
ing a parallel role in CNS
remyelination.”” In pathological states,
GPR149 signaling contributes to the inhi-
bitory environment that prevents OPCs
from maturing into functional, myelin-
producing oligodendrocytes, a hallmark
of chronic demyelinating diseases such as
multiple sclerosis (MS). This positions
GPR149 not merely as a metabolic regula-
tor but as a true ‘meuro-metabolic-glial
platform’, a single target addressing both
the synaptic ‘firing’ of reward circuitry
and the structural ‘wiring’ of white matter
integrity.

The integrated Four-Pillar Framework

I contend that GPR149 should be viewed
as a test case for a novel, parallelized devel-
opment logic rather than a standalone bio-
logical conundrum. To direct

pharmaceutical strategy, I propose a testa-
ble mechanistic paradigm based on consti-
tutive activity and G, coupling. More
significantly, I introduce an Integrated
Four-Pillar Framework designed to con-
dense years of sequential study into a tar-
geted, milestone-driven campaign. This
method systematically transforms basic
biological questions into de-risked devel-
opment assets, positioning GPR149 as a
first-in-class, dual-domain target and pro-
viding a reproducible blueprint for the
dark GPCRome.

Creating the target product profile: a
mechanistic framework for GPR149
Constructing the functional blueprint

A target product profile (TPP) reduces risk
in drug development by serving as a strate-
gic blueprint that aligns clinical, regula-
tory, and commercial goals from the
outset. By specifying desired safety, effi-
cacy, and product features, and distin-
guishing  minimal from  preferred
characteristics, a TPP enables early, data-
driven ‘go/no-go’ decisions that prevent
costly late-stage failures. As a ‘living docu-
ment’, the TPP evolves with emerging sci-
entific insights. For an orphan receptor
such as GPR149, constructing this profile
begins not with a ligand but with a testable
mechanistic hypothesis derived from
bioinformatics and comparative pharma-
cology. This framework transforms a
molecular mystery into specific, address-
able questions that guide assay selection,
generative chemistry strategy, and early
in vivo validation.

For GPR149, converging lines of evi-
dence suggest a compelling, actionable
model: a constitutively active G;,-coupled
receptor. I hypothesize that GPR149 exerts
inhibitory tone in key neuronal and glial
circuits through canonical signaling,
inhibiting adenylyl cyclase, lowering
cAMP, and modulating transmitter release.
Although this model remains a working
hypothesis, it provides the necessary
framework for a focused discovery effort.
The phenotypic signposts for this
‘always-on’ inhibitory tone are found in
recent metabolic and behavioral studies.
Whereas data published by Wyler et al.
provide the metabolic coordinates,®
recent work by Agirman et al. provides
the functional roadmap.*” By identifying
a specific cluster of GPR149-expressing
neurons in the hypothalamus that ‘gate’
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stress-induced emotional eating, their
findings suggest that GPR149 signals the
conversion of gut-derived metabolic stress
into maladaptive feeding behaviors.

The pharmacological ‘North Star”: biased
inverse agonism

This biological ‘gate’ directly dictates the
medicinal chemistry approach. Whereas
knockout models show a prevention of
maladaptive eating, it is inferred that the
wild-type receptor provides the persistent,
baseline inhibitory tone that drives the
pathology. Consequently, the search for
tool compounds must prioritize G-protein
biased inverse agonists designed to sup-
press this basal signaling while decoupling
it from pathways that promote receptor
internalization: (1) G-protein-biased
inverse agonism: unlike classical antago-
nists that merely block ligand-mediated
activation, inverse agonists are required
to suppress the constitutive Gj, tone of
GPR149 below baseline, effectively ‘quiet-
ing’ the receptor to recapitulate the benefi-
cial knockout phenotype; (ii) mitigating -
arrestin-mediated  internalization: by
designing biased compounds that circum-
vent B-arrestin recruitment, GPR149 recep-
tors remain membrane localized. This
preserves surface expression and prevents
the receptor sequestration typically trig-
gered by sustained GPCR modulation;
and (iii) ensuring therapeutic durability:
maintaining receptor availability is vital
for long-term efficacy. This biased
approach preserves GPR149 sensitivity
and prevents the diminishing returns that
frequently necessitate dose escalation in
chronic metabolic treatments.

This selection logic defines the pharma-
cological ‘North Star’ for the GPR149 pro-
gram. Rather than seeking a generic
binder, the campaign targets a precision
tool that actively retunes receptor tone
while preserving long-term responsive-
ness. As elaborated in Pillar III (Generative
Chemistry), this bias-engineered profile
transforms GPR149 modulation from
acute symptom management into durable
disease modification. By ensuring the cell
does not ‘hide’ the receptor, it is possible
to create a more predictable and valuable
clinical asset, a distinction with direct pos-
itive implications for health economics
valuation and payer reimbursement.

Structural divergence: why GPR149 defies
canonical classification

To move beyond speculative modeling, I
anchored this structural analysis in two
distinct, expert-curated repositories.
High-fidelity sequence records from Uni-
Prot (Accession Q86SP6), the global gold
standard for protein annotation, and
GPCRdb, the academically led resource
at the University of Copenhagen special-
izing in structural alignments, confirm a
striking architectural departure. Human
GPR149 does not conserve the canonical
Class A ‘motifs’ typically found at the
TM3-ICL2 and TM7-helix 8 boundaries.
These recurring structural themes, such
as DRY (Asp-Arg-Tyr) and NPxxY (Asn-
Pro-x-x-Tyr), are functional signatures;
when altered, they signal
canonical architecture that mandates
empirical characterization over
sequence-based inference. Although
GPR149 is taxonomically a Class A
receptor, it lacks the standard ‘molecular
switches’ that define the activation logic
for the rest of the family.

In most Class A GPCRs, the DRY motif
at the base of the third transmembrane
(TM3) helix serves as the primary ‘on/
off’ switch. The Arginine (R) residue usu-
ally forms an ‘ionic lock’ that stabilizes
the inactive state until ligand binding
causes a conformational change.
GPR149 replaces this with an ERY triplet
(residues 130-132). Whereas Glutamic
acid (E) and Aspartic acid (D) are chemi-
cally similar (both are negatively
charged), this specific substitution often
correlates with constitutive activity.
Practically, the GPR149 receptor can be
‘leaky’ or ‘always on’, maintaining a
baseline tonic signal even in the absence
of a ligand.

The departure at the seventh trans-
membrane helix (TM7) is even more sub-
stantial. The canonical NPxxY motif
usually serves as an activation pivot that
allows the receptor to change shape and
signal to the interior of the cell. GPR149
utilizes a DPxxF variant (residues 301-
305) instead. Replacing Asparagine (N)
with Aspartate (D) and Tyrosine (Y) with
Phenylalanine (F) removes a crucial hydro-
xyl group (-OH), fundamentally altering
the internal hydration layer of the receptor
and its G-protein coupling interface.

a non-

Structural and functional implications:
not broken, but specialized

These non-canonical features establish
GPR149 as a member of a unique Class A
subset. I treat these motifs not as deficits,
but as functional specializations. Similar
acidic-Arg-Tyr variants are established acti-
vation microswitches in other functional
GPCRs, including several orphan recep-
tors. GPR149 is not ‘broken’ but is special-
ized. These variants represent a functional
specialization rather than a loss of func-
tion or structural defect.

By grounding my structural hypothesis
in curated records from UniProt and
GPCRdb (databases maintained through
expert annotation rather than unverified
pipelines), I move beyond speculative
modeling. This structural ambiguity neces-
sitates the integrated Four-Pillar Frame-
work, a methodology designed to
override inferred coupling with path-
agnostic assays and high-resolution struc-
tural characterization. This intelligence-
driven discovery logic replaces single-
pathway assumptions with the parallelized
validation required to transition GPR149
from a 'dark' orphan to a viable clinical
asset.

From hypothesis to execution: the inverse
agonist paradigm

The search for tool compounds requires a
molecular engineering strategy that priori-
tizes G-protein-biased inverse agonists.
These must be specifically designed to sup-
press basal signaling while decoupling it
from the B-arrestin pathways that promote
receptor internalization. This paradigm is
validated through a two-stage protocol:
(i) in vitro: quantifying constitutive activity
and inverse agonist efficacy in recombi-
nant systems; and (ii) in vivo: testing
whether inverse agonists, or chemogenetic
tools (Gi-DREADDs) used as pharmacolog-
ical surrogates, recapitulate the ‘lean’ and
‘anti-binge’ phenotypes in relevant meta-
bolic models.

This parallel-track validation (i.e., biol-
ogy running concurrently with chemistry)
is the cornerstone of the de-risking strat-
egy. Together, these predictions create
the testable TPP summarized in Figure 1,
which aligns the strategic expression of
GPR149 with the key knowledge gaps that
guide the de-risking process.
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FIGURE 1

GPR149 structural architecture. Topological representation and conserved microswitch motifs of the orphan G-protein-coupled receptor (GPCR) GPR149.
The diagram follows a strict alternating zigzag path. (@) ERY Motif (TM3): replaces the canonical DRY sequence; a crucial determinant of signaling bias. (b)
DPxxF motif (TM7): replaces the NPxxY sequence. These structural signatures suggest that GPR149 prioritizes non-canonical pathways (e.g., B-arrestin) over
traditional CAMP-mediated messengers. Experimental validation of these predicted signaling preferences remains a priority for future studies.

Ligand class agnosticism: a strategic
imperative for screening

Conflicting structural clues (a large N-
terminal region suggestive of peptide bind-
ing, yet phylogenetic links to lipid-sensing
receptors) preclude any a priori assump-
tion about the ligand class of GPR149.
Therefore, the initial functional screen
must be agnostic, interrogating diverse
libraries that include peptides, lipids,
metabolites, and synthetic small mole-
cules. Even a low-potency surrogate ligand
from any class would provide a crucial
tool: a starting point or scaffold for medic-
inal chemistry optimization toward a
high-affinity probe suitable for structural
studies, and a first test of whether
GPR149 signals through the hypothesized
pathways. This agnostic strategy, outlined
in Figure 2, directly tests the proposed
hypotheses, including whether GPR149
exhibits baseline signaling tone. Constitu-
tive activity is measured as differences in
cAMP or B-arrestin recruitment between
receptor-expressing and control cells
under basal conditions, with no ligand
added. If GPR149-expressing cells show
different signaling compared with controls
in the absence of any stimulus, that differ-
ence represents constitutive activity. The
gold standard to test for constitutive activ-
ity is the inverse agonist test; (i) detect
baseline difference: show that GPR149-

expressing cells have lower cAMP com-
pared with controls (for Gj,) or higher
baseline B-arrestin recruitment; (ii) reverse
with inverse agonist: show that a known
inverse agonist (once discovered) reduces
this baseline signal back toward control
levels. This two-step pattern confirms that

the baseline difference is receptor-
mediated rather than an artifact of
overexpression.

The Integrated Four-Pillar Framework:
From deorphanization to value
Converging technologies now support a
parallel, Integrated Four-Pillar Framework
that can move an orphan, such as
GPR149, from mechanism unknown to
mechanism mapped within a compressed
timeline. The goal is not only to identify
a ligand, but also to map signaling archi-
tecture, structural blueprint, and circuit-
level function in an ordered way. This
framework compresses years of sequential
work into a milestone-driven campaign
with explicit go/no-go gates.

Pillar I: high-throughput functional
screening: functional bias and agnostic
discovery

Agnostic functional screening aims to
identify compounds that modulate
GPR149 without any assumptions about
its signaling preferences. To gain a com-
prehensive understanding of the pharma-

cological profile of GPR149, I recommend
a dual-track assay approach. In modern
GPCR drug discovery, an ‘unbiased’ screen
usually refers to a primary, agnostic search
for any activity. However, the high-value
differentiation for a target such as
GPR149 lies in functional bias, specifically
selecting for Gj, over B-arrestin to maxi-
mize therapeutic effect while minimizing
side effects: (i) cCAMP inhibition: based on
predicted G, coupling (notwithstanding
the absence of a canonical DRY motif)
functional cAMP inhibition assays serve
as the primary method to detect both
ligand-mediated and basal (constitutive)
activity. This functional focus allows for
the identification of inverse agonists cap-
able of modulating high constitutive tone
of a receptor; and (ii) PRESTO-Tango: this
pathway-agnostic B-arrestin recruitment
assay"'? is utilized as a crucial filter. By
identifying ligands with biased signaling
profiles, researchers can more easily select
candidates that favor G;,-mediated circuit
recalibration while minimizing B-arrestin-
mediated internalization, a key strategy
for avoiding the tachyphylaxis and ‘re-
bound’ weight gain seen in systemic incre-
tin therapies.

The lack of reported G-protein coupling
for GPR149 in the current literature does
not necessarily indicate a lack of function,
but rather the limitations of standard
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FIGURE 2

Integrated therapeutic expansion framework. Strategic framework for GPR149 deorphanization and evidence-led value expansion. Structural microswitch:
defines signaling bias to inform assay selection, preventing false negative conclusions from canonical readouts. Signaling assays: application of path-agnostic
readouts (e.g., BRET or PRESTO-Tango). Central nervous system (CNS) circuit validation: mapping of GPR149 neurons within metabolic and motivational
circuits [hypothalamus to ventral tegmental area (VTA)]. Therapeutic value expansion: represents the accrual of real-world evidence to support indication
expansion beyond obesity into addictive disorders and neuroplasticity.

screening modalities. The inherent diffi-
culties in characterizing orphan GPCRs
(unknown ligands, constitutive activity,
and the need for specialized approaches)
underscore the ‘dark’ nature of this
orphan.®'" This ‘negative evidence’ sug-
gests that GPR149 utilizes non-canonical
signaling or has high constitutive activity
that masks traditional readouts, necessitat-
ing the path-agnostic Integrated Four-
Pillar Framework proposed here.

This experimental uncertainty is
addressed in Figure 3, which uses a manda-
tory troubleshooting loop to switch from
canonical cAMP to non-canonical (-
arrestin/ERK1/2) readouts.

Library diversity is essential. Screens
must examine peptides, lipids, and
metabolites alongside synthetic small
molecules. Even a low-potency ‘hit’ offers
a vital chemical scaffold for stabilizing
the receptor in structural studies.

Pillar II: structural biology: structural
intelligence for rational design

Cryo-EM has revolutionized GPCR struc-
tural analysis, frequently surpassing X-ray
crystallography by resolving active-state

complexes in near-physiological condi-
tions without the requirement for stable
crystals.”'? For GPR149, resolving the
apo-state or a nanobody-stabilized struc-
ture is the definitive requirement for
structure-based drug design: (i) Apo-state
resolution: Capturing the ‘unbound’ con-
figuration is crucial to confirming whether
the non-canonical ERY motif of GPR149
induces a naturally ‘open’ (constitutively
active) state.”'® This structural evidence
would validate the requirement for an
inverse agonist to ‘close’ the receptor and
release the inhibitory brake on satiety neu-
rons, data that cannot be reliably inferred
from sequence alone; (ii) nanobody-
stabilized mapping: because GPCRs sample
multiple conformational states on sub-
millisecond timescales, they remain chal-
lenging targets for high-resolution map-
ping.®'®  Utilizing nanobodies  as
molecular staples locks GPR149 into speci-
fic active or inactive orientations,”'* pro-
viding the 3D map required for precise
lead optimization.?!®"1®

The structural deorphanization of
GPR149 is no longer a purely theoretical
exercise; recent cryo-EM successes with

related ‘dark’ orphans demonstrate the
technical feasibility of this approach. !¢
P17 By anchoring rational design in empir-
ical structural data, Pillar II identifies
allosteric pockets often invisible to homol-
ogy modeling and mitigates the ‘hallucina-
tion” risks inherent in predicting the
behavior of non-canonical motifs, such as
ERY and DPxxF.

Whereas cryo-EM captures static snap-
shots, molecular dynamics (MD) simula-
tions are required to reveal the
conformational landscapes and activation
mechanisms that unfold over time.?'®
For GPR149, MD simulations explore how
divergent motifs influence the transition
between inactive and active states, identi-
fying transient binding pockets and guid-
ing mutagenesis for structural
validation.”'” These simulations further
inform bias engineering by modeling inter-
actions that stabilize conformations favor-
ing Gjs,-coupling over B-arrestin
recruitment.”??*®2D Consequently, a
physical 3D structure represents the ulti-
mate de-risking milestone, transitioning
the program from informed guessing to
true structure-based drug design.

www.drugdiscoverytoday.com 5

w
o
=)
=
<
w
5



move_f0015

J4NLv3ad

FEATURE

Drug Discovery Today ® Volume 31, Number 3 e May 2026

Pillar I:
Structural
motif audit

]

Structural compass

“

COnditional logic branch

B-arrestin
recruitment

Sequential GPCR Deorphanization roadmap

Pillar Il:

Path-agnostic
signaling pivot

Pillar Ill:

mapping

QQ.
: ° I 1
ERY Motif > Canonical ; Cre—dependent % %
(TM3) 3 CAMP DREADD
signature . g (Gi/o) expression Wild-Type  GPR149-
£ (WT)  knockout (KO)
N Optogenetics 5 TR
DPxxF Motif ) (optional) 5 3o
(TM7) Mandatory pivot to i e
signature B-arrestin & ERK1/2 assays : “’:

Jet?

=

ERK1/2

phos axis mapping

CNS circuit

DREADD/Cre-Lox isolation

F 3

Hypothalamus-VTA-NAcc

Pillar IV:

Y Phenotyping

and validation

WT vs. GPR149-KO
behavioral comparison

Direct WT vs. GPR149-KO
behavioral comparison to
establish functional
endpoints.

Drug Discovery Today

FIGURE 3

The integrated deorphanization roadmap and troubleshooting framework. Operational flowchart for GPR149 deorphanization and functional validation.
This iterative protocol addresses technical bottlenecks in dark G-protein-coupled receptor (GPCR) research by prioritizing structural-informed assay selection
over canonical assumptions. Structural motif audit: the discovery process initiates with the identification of non-canonical motifs (ERY/DPxxF), which serve as
a biological ‘compass’ for downstream signaling experiments. The signaling pivot and troubleshooting loop: to mitigate the high risk of false negatives in
traditional cCAMP-centric screens, the framework incorporates a mandatory feedback loop. If canonical assays fail to detect a signal or exhibit low dynamic
range because of high constitutive activity, the protocol triggers a shift to path-agnostic (B-arrestin) readouts, ensuring no tractable target is prematurely
abandoned. In vivo circuit mapping: validated signaling data are translated into neural circuit models using Cre-Lox and DREADD systems to isolate GPR149-
expressing neurons within the hypothalamus-ventral tegmental area (VTA)-nucleus accumbens (NAcc) axis. Phenotyping conclusion: the roadmap
concludes with comparative behavioral phenotyping of wild-type (WT) versus GPR149-knockout (KO) mouse models. This direct comparison provides
definitive proof-of-concept for the ‘dual-domain’ role of the receptor in both metabolic homeostasis and motivational salience.

Pillar Ill: Al-enabled generative chemistry:
property-optimized design

With a high-resolution structural model,
Al-powered generative chemistry shifts
the focus from screening extant libraries
to the de novo design of property-
optimized scaffolds. This approach lever-
ages machine learning to explore chemical
space at an unmatched scale, utilizing
improved molecular string representations
to ensure the reliability and structural
integrity of generated leads.””” By navi-
gating this expanded chemical universe,
generative modeling identifies novel
chemotypes that might be overlooked by
traditional medicinal chemistry
intuition.?**

This ‘search for beautiful molecules’
balances structural novelty with synthetic
accessibility and favorable absorption, dis-
tribution, metabolism, excretion, and tox-
icity (ADMET) profiles.”*” The goal of

Pillar III is not merely the identification
of active ligands, but a property-
optimized generative design that empha-
sizes Gy, bias. By integrating modules that
predict metabolic stability and toxicity
alongside expert medicinal chemistry feed-
back, the campaign iterates toward candi-
dates with clinical relevance from the
outset. These property-optimized leads
are then prioritized for circuit-level valida-
tion and chemogenetic phenotyping, as
detailed in Pillar IV.

Pillar IV: circuit-level validation:
concurrent engineering and parallel-track
de-risking

The ultimate test of any GPR149 mecha-
nism occurs in vivo. A circuit-level valida-
tion program should run in parallel with
molecular discovery, embodying a princi-
ple of concurrent engineering: biological
proof-of-concept  advances  alongside

chemistry, rather than waiting for a lead
molecule to emerge.

This parallel-track approach addresses a
fundamental inefficiency in traditional
drug discovery. In conventional linear
development, ‘starting the biology’ refers
to the point where a lead compound exists
and can be tested in animal models. This
creates a sequential dependency: no mole-
cule means no biological proof-of-concept,
and biological failure late in the program
means sunk chemistry costs.

With the dual-path framework, drug
developers can validate the therapeutic
impact of modulating GPR149 before a
high-affinity ligand exists. Chemogenetic
tools (Gi-DREADDs) can mimic receptor
inhibition in GPR149-expressing neurons
in the hypothalamus and nucleus accum-
bens (NAcc), providing crucial proof-of-
concept for metabolic and behavioral effi-
cacy in parallel with early chemistry
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efforts.’ Specifically, this approach
allows determination of whether silencing
GPR149-expressing hypothalamic circuits
via Gi-DREADDs can effectively block the
stress-induced emotional eating behaviors
recently mapped by Agirman et al.*”

This parallel-track methodology ensures
that functional consequences and safety
are understood at the systems level early,
reducing late-stage attrition risk. The four
pillars operate as an iterative loop: when
cAMP-centric readouts are negative or
ambiguous, the design explicitly pivots to
B-arrestin  and complementary assays
rather than abandoning the target. This
operational troubleshooting loop is sum-
marized in Figure 3. By design, the frame-
work  delivers decisive  biological
intelligence and portfolio value whether a
clinical candidate emerges, a concept
known in business strategy as ‘option
value’: even if the primary metabolic indi-
cation falters, the structural and circuit-
level insights retain value for neurorepair
or other indications.

GPR149 as a dual-domain target: the
metabolic-CNS axis and the
neuroplasticity framework

The ventral tegmental area (VTA)-NAcc
circuit is the primary engine in the human
brain for reward, motivation, and addic-
tion. In this mesolimbic pathway, dopa-
mine neurons in the VTA project to the
NAcc to reinforce behaviors, process plea-
sure, and drive reward-seeking. However,
in chronic obesity and drug and alcohol
addiction, this circuit becomes hijacked.
Dysregulation in VTA-NAcc signaling
drives the maladaptive ‘food/drug/alcohol
addiction” phenotypes that make weight
loss and sobriety notoriously difficult to
maintain.

GPR149 serves as a molecular governor
within this hijacked circuitry. Transcrip-
tomic data place GPR149 precisely within
these VTA, NAcc, and hypothalamic nodes
that regulate energy balance.”> *® This
anatomical positioning suggests that the
receptor is strategically located at the func-
tional bridge between metabolic state and
motivated behavior, an intersection I
define as the metabolic-CNS axis.

Within this framework, negative neuro-
plasticity is the therapeutic goal: correct-
ing the maladaptive neural
consolidations that perpetuate chronic
obesity and addiction. By inducing nega-

tive neuroplasticity, a GPR149-targeted
treatment aims to ‘unlearn’ these path-
ways, restore healthy homeostatic set-
points, and recalibrate satiety and sobriety
signaling. Simultaneously, the role of
GPR149 in the glial compartment, specifi-
cally, its support of OPC differentiation
and remyelination, stabilizes the structural
plasticity required for long-term recovery.

This integration of neuronal and glial
function can be captured in a simple, pow-
erful metaphor: ‘firing’ and ‘wiring’
(Table 1). This dual-domain approach
aligns with broader industry trends, where
multi-target strategies now represent the
fastest-growing segment of the drug devel-
opment pipeline. >

Most metabolic drugs address only the
‘firing’, that is, the acute signaling of sati-
ety and reward. By including the ‘wiring’
(glial-mediated repair of neural infrastruc-
ture) GPR149 modulation offers a mecha-
nism for true disease modification.
Expanding the therapeutic area from
metabolic disease to a broader addiction/
recovery and neuro-repair framework
effectively triples the valuation of the
assets and transforms GPR149 from a
prospective ‘weight loss drug’ into a
neuro-restorative platform.

In Health Economics & Outcomes
Research (HEOR) terms, this distinction
justifies a premium price point. A drug that
does more than alleviate symptoms, that
is, that repairs the underlying neural
infrastructure damaged by chronic meta-
bolic or substance-use stress, commands a
different valuation compared with symp-
tomatic treatments. Treating GPR149 a pri-
ori as a metabolic-CNS-glial target focuses
the discovery program on true disease
modification, embedding clinical differen-
tiation and risk mitigation from the outset.

The glial mechanism: a validated
differentiator and secondary therapeutic
axis
The therapeutic potential of GPR149
extends beyond neuronal circuits. In mur-
ine models, its knockout accelerates OPC
differentiation and remyelination through
the MAPK/ERK pathway, a well-defined
glial mechanism that positions the recep-
tor as a brake on myelin repair. "
Remyelination, the process by which
OPCs generate new oligodendrocytes to
reform myelin sheaths around damaged
axons, is a natural repair mechanism that

often fails in demyelinating diseases, such
as MS. By releasing the inhibitory brake
of GPR149, a therapeutic candidate could
enhance this endogenous repair process,
addressing the structural pathology under-
lying white matter damage.*”

White matter abnormalities are well
documented not only in MS, but also
across psychiatric disorders including
schizophrenia, bipolar disorder, and major
depression, where impaired connectivity
contributes to symptom severity. There-
fore, a mechanism that promotes remyeli-
nation holds relevance far beyond classic
demyelinating diseases.

This dual-domain logic is no longer
speculative. The proposed TPP is anchored
in a dual therapeutic axis, supported by
recent evidence characterizing GPR149 as
a regulator of both energy homeostasis
(demonstrated in a murine model)®® and
CNS myelination, *” establishing a novel
research frontier for multi-morbid meta-
bolic and neurodegenerative conditions.

Although GPR149 shows promise in
accelerating OPC differentiation, we must
remain cognizant of the clinical setbacks
faced by other glial-targeted orphans.
Specifically, the GPR17 axis, previously
considered a premier target for remyelina-
tion, was recently associated with a lack
of sufficient therapeutic potential for stan-
dalone clinical development.®*® This
underscores the importance of the paral-
lelized validation in the Four-Pillar Frame-
work. GPR149 differentiates itself from the
GPR17 precedent by occupying a ‘Dual-
Domain’ niche. Unlike GPR17, which is
primarily a glial-focused target, GPR149
modulates both the structural ‘wiring’
(myelination) and the acute ‘firing’
(reward-seeking behavior) of the CNS. This
multifaceted profile suggests that GPR149
might succeed where single-domain tar-
gets have failed, provided that the discov-
ery program utilizes the integrated
validation proposed herein.

The convergence is striking: the same
receptor that gates stress-induced eating
in hypothalamic circuits®” also regulates
the structural integrity of white matter.””
If a single compound can engage both
pathways, the therapeutic reach could
extend from obesity and addiction to MS
and psychiatric diseases with white matter
pathology, a profile that differentiates
GPR149 from current incretin-based thera-

www.drugdiscoverytoday.com 7

w
[~
2
=
<
w
5



move_t0005

J4N1vad

FEATURE

Drug Discovery Today ® Volume 31, Number 3 e May 2026

TABLE 1

GPR149 ‘firing’ and ‘wiring’: a dual-domain functional framework.

Domain Metaphor  Function Role of GPR149
Neuronal  ‘Firing’ Synaptic signaling, reward processing, satiety Gjo-mediated inhibitory tone in VTA-NAcc and hypothalamic circuits
Glial ‘Wiring’ Structural integrity, myelination, long-term repair ~ Brake on OPC differentiation and remyelination

pies (tirzepatide and semaglutide) and
positions it for blockbuster potential.

Differentiation from GLP-1 agonists: the
‘wiring” advantage

This distinction warrants explicit empha-
sis. Glucagon-like peptide-1 receptor ago-
nists (GLP-1RAs), the current standard of
care for obesity, modulate synaptic ‘firing’:
the acute signaling of satiety and reward.
They recalibrate appetite signals but do
not address the structural ‘wiring’ damage
inflicted by chronic metabolic stress. The
glial mechanism GPR149 offers a true
disease-modifying advantage: repairing
the neural infrastructure while recalibrat-
ing the signals. This positions GPR149
not as a ‘me-too’ incretin competitor but
as a ‘Blue Ocean’ therapeutic platform
addressing both the functional and struc-
tural dimensions of metabolic disease.

A significant documented limitation of
current GLP-1 and GIP receptor agonists
is the high rate of weight regain immedi-
ately following the discontinuation of
therapy.”?”) This phenomenon suggests
that although incretins provide profound
acute chemical modulation, they do not
induce the durable structural repair of
hypothalamic circuits necessary for long-
term maintenance. GPR149 offers a differ-
entiated approach; by targeting the glial
infrastructure (‘wiring’) in addition to
acute reward signaling (‘firing’), GPR149
modulators could offer more durable
efficacy.

Thus, the framework of GPR149 as a
receptor with inherent signaling tone, Gj,-
coupling, and a validated glial component
creates a highly strategic TPP. This clarity dic-
tates a CAMP-centric screening strategy, pri-
oritizes  inverse agonists, necessitates
agnostic library screening, and establishes a
two-domain efficacy profile, the essential
foundation for de-risking GPR149 and exe-
cuting an integrated campaign.

The incretin paradigm: a blueprint for
GPR149 value expansion

The development of GLP-1RAs provides a
concrete reference for the ‘metabolic-CN

S’ logic. Originally developed for type 2
diabetes mellitus, these agents have rede-
fined the TPP for metabolic disease by
moving beyond simple glycemic control
to include the modulation of weight loss,
reward  processing, and affective
state.”>®("?) This evolution illustrates a
crucial principle: receptors that bridge
somatic and motivational physiology can
deliver benefits far beyond their initial
indications.

Lasting efficacy in the GLP-1 class is
increasingly attributed to drug-induced
negative neuroplasticity, that is, the struc-
tural weakening of maladaptive reward cir-
cuits, rather than acute metabolic
fluctuations alone.”*” This functional
roadmap is directly applicable to GPR149.
Despite the mechanistic divergence
between Class B (GLP-1R) and non-
canonical Class A receptors, GPR149
engagement offers a unique 'wiring' advan-
tage: it could promote restorative neuro-
plasticity while counteracting the positive
neuroplasticity (i.e., the 'locked-in' rein-
forcement) associated with comfort foods
and addictive stimuli that drive chronic

obesity. "
For GPR149, this suggests a dual-
domain therapeutic opportunity: a

‘metabolic-neuro’ profile where suppres-
sion of baseline Gj, tone not only recali-
brates the homeostatic set-point, but also
stabilizes the affective fluctuations, such
as metabolic anxiety and compulsive ‘food
and drug noise’, which frequently trigger
relapse in chronic obesity or intoxication.

Mechanistic validation: the imidazole

propionate axis and glial divergence

The framework of GPR149 as a metabolic-
CNS bridge is supported by evidence that
the microbial-hypothalamic axis drives
maladaptive eating. The gut-derived
metabolite imidazole propionate (ImP)
acts on hypothalamic circuits to spur
stress-induced eating,””’ a hallmark of
positive neuroplasticity. The unique spa-
tial enrichment of GPR149 in the arcuate
and ventromedial hypothalamus (VMH),
coupled with its predicted Gj,,-mediated

inhibitory signaling, positions it as the
leading candidate for the ImP receptor.
Identifying this molecular node via the
Integrated Four-Pillar Framework trans-
forms a biological mystery into a de-
risked pharmaceutical asset.

Although the ImP-GPR149 axis
addresses circuit-level behavior, GPR149
offers a distinct glial divergence not found
in the incretin class. Beyond neuronal sig-
naling, GPR149 is confirmed in OPCs,
where it natively inhibits differentiation
and remyelination.””  Therefore, a
GPR149-targeted inverse agonist would
provide a dual-action therapeutic effect:
(i) neuronal (‘firing’): recalibrating the
VTA-NAcc reward circuitry and restoring
homeostatic set-points; and (ii) structural
(‘wiring’): promoting remyelination to sta-
bilize long-term recovery and provide
neuroprotection.

This mechanistic duality expands the
TPP into a Blue Ocean strategy (uncon-
tested market space), differentiating the
asset from the crowded GLP-1RA market
and strengthening reimbursement pro-
spects for multi-morbid populations.

Strategic implications: pipeline design,
HEOR, and reimbursement logic

As a dual-domain target, GPR149 offers
advantages over monotherapy targets and
an improved path for payer reimburse-
ment. The economic burden of illness in
obesity, metabolic syndrome, and their
CNS comorbidities, including addiction,
depression, and white-matter pathology,
is well documented. Direct medical costs,
productivity loss, and caregiver burden
for overweight and obesity alone exceeded
US$2.5 trillion in the USA in 2019, with
global costs projected to rise significantly
by 2030.73%

Within this HEOR framework, GPR149
offers a unique value proposition. By
addressing both the ‘firing’ (neuronal
reward) and the ‘wiring’ (glial-mediated
repair), a GPR149-targeted inverse agonist
moves beyond the popular ‘satiety-only’
model of current incretin therapies. This
dual-action approach targets the high-cost
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‘comorbidity tail’ of addiction and neu-
rodecline, providing a mechanism for true
disease modification.

The premium price logic: infrastructure
repair justifies higher QALY valuation
From a health economics perspective, ‘in-
frastructure repair’ (remyelination) com-
mands a premium valuation over
symptomatic relief. By demonstrating dur-
able disease modification, measured as
reduced relapse rates, sustained weight
loss, and delayed disability progression, a
GPR149-targeted therapy would justify
higher quality-adjusted life year (QALY)
thresholds. This aligns with payer
demands for demonstrable reductions in
total cost of care across obese, addicted,
and demyelinating populations. The ther-
apeutic goal is not merely symptom man-
agement, but a reduction in the aggregate
economic burden of illness across comor-
bid populations.?**

A therapeutic drug that addresses both a
metabolic anchor (e.g., obesity or meta-
bolic syndrome) and its CNS sequelae (re-
ward dysregulation, addiction liability, or
neuroprotection in demyelination) sup-
ports a reimbursement logic that single-
indication agents cannot. The dual meta-
bolic-CNS  treatment could support
reduced downstream hospitalization, dis-
ability, and relapse across comorbid popu-
lations. However, value capture and
resource utilization would depend on
long-term durability of the effect of the
drug.

Therefore, payer value demonstration
hinges on evidence that GPR149 modula-
tion drives negative neuroplasticity toward
unhealthy choices and positive neuroplas-
ticity toward healthy choices, restored set-
points, and glial repair, rather than symp-
tomatic relief alone. For a drug that treats
both a metabolic anchor and its CNS
comorbidities, reimbursement logic rests
on demonstrating that the agent reverses
the maladaptive neural consolidations
underlying chronic obesity and addiction,
thereby reducing the aggregate economic
burden of leading illnesses across large seg-
ments of the population.

Rational pipeline design and option value
Rational pipeline design follows from this
HEOR logic. Early behavioral and meta-
bolic assays must capture cross-domain
efficacy and plasticity-relevant readouts

that single-focus screens would miss, iden-
tifying compounds with a broader thera-
peutic profile from the outset. Bias
engineering offers an additional differen-
tiator: ligands can be deliberately designed
with specific signaling profiles (e.g., Gy
versus B-arrestin) to independently modu-
late metabolic, motivational, and glial
pathways, potentially yielding multiple
development candidates from a single tar-
get."*® This approach increases the
chances of finding compounds useful for
obesity, addictive disorders, MS, and
depression with comorbid metabolic syn-
drome, spreading regulatory and market
risk across high-cost populations and
diversifying the net present value of the
asset.

The concept of option value is central
here. In financial terms, an option is the
right, but not the obligation, to pursue a
future opportunity. In drug discovery, the
integrated parallel-track strategy builds in
option value: if ligand discovery for one
indication stalls, structural and circuit-
level insights continue to deliver funda-
mental biological value, preserving the
potential of the asset for other applica-
tions. The glial mechanism provides a sep-
arate, validated therapeutic axis to pursue
even if the metabolic indication encoun-
ters hurdles. This strategy ensures the dis-
covery program remains a viable
investment regardless of single-indication
challenges.

These factors establish GPR149 as a pro-
totype for next-generation GPCR targets
the value of which is measured by inte-
grated roles across physiological domains
and by a reimbursement logic that rewards
treatment of both metabolic anchor and
CNS comorbidities. The progression from
metabolic to addiction-related to neuro-
protective indications is captured in
Figure 4.

Integrated path to the clinic: circuit

validation and disease modification

Translating GPR149 modulation into pre-
dictable clinical outcomes requires knowl-
edge of which neural circuit is modulated
followed by testing for disease modifica-
tion. Neuroimaging studies have demon-
strated that craving engages a distributed
network of brain regions, including the
brainstem, NAcc, VTA, dorsal striatum,
amygdala, and prefrontal cortex
(PFC). P339 Dyrable disease modifica-

tion grounds the mechanism of action in
the circuit network that perpetuates or
reverses disease and bridges cellular assays
with whole-organism physiology. Three
core principles guide this integration.

Circuit architecture determines functional
impact: the path to negative
neuroplasticity
The overall clinical effect of a ligand
depends not only on its signaling bias
(e.g., Gj, versus [-arrestin) but also on
how that signaling propagates through
specific hypothalamic and mesolimbic cir-
cuits that develop maladaptive patterns in
obesity. Central to this energy-balance
‘tug-of-war’ are two specialized cell popula-
tions in the hypothalamic arcuate nucleus:
anorexigenic proopiomelanocortin
(POMC) neurons and orexigenic agouti-
related peptide (AgRP) neurons.**® POMC
neurons are the primary satiety-promoting
cells of the brain; when activated by sig-
nals such as leptin or insulin, they release
alpha-melanocyte-stimulating hormone
to suppress food intake. By contrast, AgRP
neurons are specialized hunger-promoting
cells. Activated by energy deficit and ghre-
lin, these GABAergic/NPY neurons induce
voracious eating by directly inhibiting
POMC signaling and the paraventricular
hypothalamus.”*”’ In chronic obesity, this
balance is often locked into the maladap-
tive positive neuroplasticity defined above,
a state where AgRP overactivity and POMC
suppression become the pathological base-
line, reinforcing the cycle of weight gain.
The functional outcome of a Gj/,-biased
GPR149 modulator, especially an inverse
agonist aimed at reducing baseline inhibi-
tory tone, will vary depending on the cel-
lular context. Disinhibiting POMC
neurons, which means removing the
molecular brake on satiety, would promote
homeostatic balance, whereas the same
action in AgRP neurons could uninten-
tionally increase hunger. Similarly, the
effects on D1 versus D2 medium spiny
neurons (MSNs) in the nucleus accumbens
will determine whether the treatment
shifts reward-seeking behavior or uninten-
tionally amplifies it.?*® D1- and D2-type
MSNs in the NAcc are distinct, often com-
plementary groups that regulate reward,
motor functions, and learning behaviors.
D1 MSNs, typically linked to promoting
reward and motivation, and D2 MSNs,
associated with aversion, work together
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FIGURE 4

Strategic prioritization and value expansion for GPR149. This roadmap illustrates the progression of GPR149 from a single-indication metabolic target
into a multi-asset neurorestorative platform. (@) The metabolic anchor: initial discovery efforts focus on reversing the predicted baseline G;,, inhibitory tone of
GPR149, addressing acute satiety and reward signaling (firing’). (b) Dual-domain value escalator: utilizing the Integrated Four-Pillar Framework, the campaign
causally validates the glial-selective role of GPR149 in oligodendrocyte progenitor cell (OPC) differentiation and remyelination (‘wiring’). This ‘directed
neuroplasticity’ mechanism supports long-term recovery and differentiates GPR149 from Class B GLP-1R agonists. (c) Health Economics & Outcomes Research
(HEOR) value demonstration: This final phase represents the value expansion strategy, expanding the target product profile (TPP) into demyelinating
diseases. This ‘two-for-one’ capability maximizes market potential, creates a robust Blue Ocean strategy (uncontested market space), and supports premium
value-based pricing by demonstrating multimorbid utility across high-economic-burden populations (e.g., obesity, multiple sclerosis, and substance-use
disorder). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rather than strictly against each other to
control behavior and adapt to environ-
mental stimuli.

Targeting the NAcc-resident GPR149
population must be contextualized within
the broader, distributed neurocircuitry of
addiction. Addiction is not a disease
restricted to a single node; it involves com-
plex, reciprocal crosstalk between the PFC,
the VTA, and the extended amygdala.”**
Recent evidence emphasizes that effective
intervention in substance use disorders
requires modulating these interconnected
nodes to restore homeostatic balance.”**
GPR149 is uniquely positioned for this
task, because its expression across these
reward-relevant nuclei suggests a role in
‘tuning’ the overall circuit tone rather
than acting as a binary switch.

To predict whether GPR149 engage-
ment will promote the desired negative
neuroplasticity, and to interpret behav-
ioral data within a true disease-
modification framework, we must move
beyond bulk assays. Mapping the cell

type-specific actions of GPR149 using
single-nucleus RNA sequencing (snRNA-
seq) and projection-specific manipulations
is necessary to ensure that the drug ‘un-
locks” the obesity-consolidated circuit.
This circuit-level resolution is the ultimate
de-risking step, providing the mechanistic
‘ground truth’ needed to justify the long-
term value demonstration required by pay-
ers and HTA bodies in a crowded, post-
GLP-1RA market.

Biased agonism as a path to functional
specificity and improved safety

Ligands with distinct bias profiles offer a
direct chemical strategy to tune clinical
outcomes and to steer plasticity toward
negative rather than positive endpoints.
For GPR149, this can be utilized to sepa-
rate desired from adverse effects: a Gyo-
biased compound might preferentially
drive acute metabolic benefits and restora-
tion of homeostatic set-points via cAMP
inhibition, whereas an arrestin-biased
ligand, potentially promoting greater

receptor internalization, might favor
long-term remodeling of reward circuits
(negative neuroplasticity in VTA-NAcc
and related nodes) or distinct glial
effects.”®® Quantifying signaling bias
early in lead optimization, using platforms
such as PRESTO-Tango”'” alongside
canonical pathway assays, allows medici-
nal chemistry to steer toward a tailored
product profile, potentially enhancing effi-
cacy and minimizing side-effect liabilities
linked to specific pathways.

Beyond traditional orthosteric and
allosteric ligands, emerging pharmacologi-
cal strategies, such as molecular glues,
which  stabilize  specific  receptor-
transducer complexes to fine-tune signal-
ing, represent a promising frontier for
achieving unprecedented selectivity for
GPCRs such as GPR149.7*

Furthermore, a modern drug discovery
lens necessitates moving beyond canoni-
cal functional assays. As highlighted else-
where,"*?  successful GPCR targeting
requires integrated assessment of pharma-
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cological parameters, such as internaliza-
tion/recycling rates, desensitization pro-
files, and the potential for
compartmentalized (e.g., endosomal) sig-
naling. For GPR149, explicitly screening
tool compounds for these properties, par-
ticularly the relationship between resi-
dence time and sustained intracellular
signaling, could identify ligands with opti-
mized profiles for chronic administration,
where maintaining receptor responsive-
ness is paramount.

Multimodal validation to de-risk clinical
translation

A tiered experimental approach bridges
receptor biophysics and whole-animal
behavior, thereby reducing translational
uncertainty: (i) chemogenetic surrogates
(e.g., DREADDs): allow for the probing of
circuit-specific roles before a high-affinity
ligand exists, validating the therapeutic
hypothesis and identifying sensitive
behavioral readouts*?; (ii) optogenetics:
provides causal, temporally precise valida-
tion of circuit manipulations, distinguish-
ing acute modulation from
developmental or compensatory
effects®?; (iii) computational modeling:
can integrate pharmacokinetic/pharmaco
dynamic (PK/PD) data with circuit maps
to predict dosing regimens and effects on
complex behaviors like decision-making
or reward valuation. Furthermore, the inte-
gration of Al with quantitative systems
pharmacology (AI-QSP) can generate pre-
dictive digital twins and virtual patient
populations, enhancing the mechanistic
interpretability and clinical translatability
of circuit-aware pharmacodynamic
models.P*?

Together, these approaches form a
robust, iterative loop between molecule
design and systems pharmacology, ensur-
ing that clinical candidates are selected
for not only potency and selectivity, but
also their predicted impact on the inte-
grated brain circuits that underlie disease.

Proactively addressing peripheral on-
target safety

A complete translational strategy for an
orphan receptor must extend beyond the
CNS to assess potential peripheral expres-
sion and on-target safety liabilities.
Although CNS expression of GPR149 is
well documented, a thorough de-risking
plan requires definitive profiling of its

expression in crucial human peripheral tis-
sues (e.g., cardiovascular system, gastroin-
testinal tract, pancreas, and immune
cells) using sensitive techniques, such as
single-cell RNA-seq.”" The hypothesized
Gj/o-mediated ‘brake’ function, if active in
cardiac myocytes or the sinoatrial node,
could theoretically pose a pro-arrhythmic
risk, a recognized class effect of Gj/o-
coupled receptors.

Therefore, the integrated strategy
explicitly mandates early in vitro safety
pharmacology profiling. This includes
screening tool compounds against human
stem cell-derived cardiomyocytes to assess
effects on beat rate and field potential
duration using comprehensive in vitro
proarrhythmia assay (CiPA)-compliant
assays as an integral part of the lead opti-
mization cycle (Pillar II/III). Early in vitro
pharmacology profiling demonstrates reg-
ulatory awareness and aligns with FDA's
International Council for Harmonisation
of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH) S7B guidelines.

Furthermore, creating a tissue-specific
Gpr149 conditional knockout model
would enable direct interrogation of
potential hyperplasia or metabolic seque-
lae in peripheral organs, de-risking this
concern long before candidate selection.

Peripheral expression and safety
pharmacology

GPR149 (also known as Igsi1) was initially
identified as an oocyte-enriched transcript
rather than a CNS or metabolic regulator.
Research in murine models revealed that
GPR149 is highly concentrated in the ger-
minal vesicle and meiosis-II stage oocytes,
but notably absent from surrounding gran-
ulosa cells.”** Although genetic ablation
of Gpr149 does not impair reproductive
function, it paradoxically results in a ‘su-
perfertile’ phenotype. This is characterized
by a 10-20% increase in ovulation rates
and larger litter sizes, suggesting that
GPR149 acts as a negative regulator of fol-
licular maturation.®**

From a drug development perspective,
this peripheral expression profile presents
a strategic double-edged sword. A GPR149
antagonist could serve as a novel agent in
assisted reproductive technology (ART),
representing a significant option value for
the scaffold. Conversely, this same mecha-
nism poses a potential off-target safety
concern for patients not seeking fertility

enhancement. Consequently, the Pillar
III safety strategy must prioritize assessing
reproductive impact, utilizing the high
degree of CNS-to-peripheral selectivity or
tissue-specific signaling bias inherent in
candidate leads to mitigate these risks.

The predicted impact on female fertility
The primary impact of a GPR149 inverse
agonist on the female reproductive system
would likely include: (i) increased ovula-
tion rates: in Gpr149-knockout mice, the
absence of the receptor leads to a signifi-
cantly higher number of oocytes being
released during each estrus cycle. An
inverse agonist would theoretically mimic
this by ‘unlocking’ the follicle earlier or
more frequently®"; (ii) enhanced fecun-
dity (litter size): the ‘superfertile’ pheno-
type in mice is characterized by larger-
than-average litters. In a clinical context,
this could translate to a higher probability
of multifollicular development and possi-
ble multiple gestation; and (iii) potential
as an art adjunct: instead of a traditional
‘drug,” a GPR149 inverse agonist might be
positioned as a therapeutic for ART to
improve egg yield in patients with low
ovarian reserve.

Strategic risks and the ‘selectivity’
challenge
Although ‘increased fertility’ sounds like a
positive outcome, it represents a signifi-
cant on-target safety risk for the primary
CNS/metabolic indications (obesity or
addiction). If a patient is taking a GPR149
modulator for weight loss or sobriety,
unintended ‘superfertility’ could lead to
unplanned pregnancies or complications,
such as ovarian hyperstimulation syn-
drome (OHSS). To mitigate this off-target
consequence, I propose two specific
medicinal chemistry strategies: (i) blood-
brain barrier (BBB) restriction: designing
the molecule to be highly CNS penetrant
but peripherally restricted. Keeping the
drug in the VTA-NAcc and hypothalamic
circuits would avoid engaging the recep-
tors in the oocytes; and (ii) tissue-specific
bias: engineering a ligand that only targets
the signaling pathways active in neurons
(e.g., Gjp suppression) while remaining
neutral toward the pathways that govern
oocyte maturation.

Consequently, the discovery program
must prioritize BBB-restricted scaffolds to
decouple neurometabolic benefits from
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peripheral reproductive effects, unless the
asset is being specifically developed for
fertility-related indications.

Impact on the male HPG axis

Based on recent mapping of Gpri49 in
male tissues, an inverse agonist or antago-
nist would likely have a complex, poten-
tially  stimulatory effect on  the
hypothalamic-pituitary-gonadal  (HPG)
axis in men. Recent evidence confirms that
the highest Gpr149 expression in non-
neuronal tissue is found in the pituitary
gland of the male mouse."”

Predicted impact on FSH and LH in men
If one extrapolates from the ‘superfertile’
knockout models, a GPR149 inverse ago-
nist or antagonist would likely lead to: (i)
increased pituitary sensitivity to
gonadotropin-releasing hormone (GnRH):
in female models, loss of GPR149 leads to
increased levels of follicle-stimulating hor-
mone (FSH) receptor and cyclin D2
mRNA.?*? Given that GPR149 is enriched
in male pituitary endocrine cells, *® block-
ing this signaling could lower the thresh-
old for GnRH-induced secretion,
potentially increasing FSH and luteinizing
hormone (LH) pulse amplitude; (ii)
reduced negative feedback inhibition:
GPR149 is expressed in hypothalamic
nodes, specifically the VMH, known to
integrate metabolic and reproductive sig-
nals.”® Blocking this ‘brake’ might disrupt
the normal negative feedback loop, caus-
ing the hypothalamus to perceive a ‘low
testosterone’ state and subsequently
increase GnRH pulsatility, which would
drive up both LH (stimulating testos-
terone) and FSH (stimulating sperm pro-
duction); (iii) spermatogenesis
enhancement: given that FSH is the pri-
mary driver of Sertoli cell function and
spermatogenesis in men, a GPR149 inverse
agonist that increases FSH sensitivity or
levels could be investigated as a therapeu-
tic for male factor infertility (oligosper-
mia); and (iv) increased testosterone
production: LH primarily stimulates spe-
cialized steroid-producing cells in the
gonads to regulate reproduction. In men,
LH stimulates Leydig cells in the testes to
produce testosterone. In principle, a
GPR149 inverse agonist that increases LH
production in men could be investigated
as a therapeutic for male hypogo-
nadotropic hypogonadism, a condition

often associated with metabolic syndrome
in the aging male. Although low serum
testosterone levels can now be treated
safely and conveniently with sublingual
testosterone troches,”**¥ GPR149 repre-
sents a potential upstream modulator of
the entire HPG axis. This positioning dif-
ferentiates GPR149 from traditional GnRH
modulators, offering a potential path for
treating male hypogonadism while simul-
taneously addressing the associated meta-
bolic comorbidities.

Strategic prioritization and risk
mitigation: justifying the investment
With over 100 orphan GPCRs competing
for research and development resources,
justifying a focused campaign on GPR149
requires a clear, multifaceted business and
scientific case. This case rests on the
unique combination of biological valida-
tion, therapeutic scope, and technical
tractability.

A compelling case for prioritization: the
four strategic attributes
GPR149 distinguishes itself from the typi-
cal orphan through four strategic attri-
butes: (i) anatomically strategic
expression: its localization to hypothala-
mic, striatal, and limbic hubs positions it
as a master regulator at the intersection
of metabolic, motivational, and affective
processing, a nexus of high unmet medical
need; (ii) validated, non-redundant physi-
ological role: the clear metabolic pheno-
type of Gprl49-null mice®™ and the
direct inhibition of OPC differentiation ™"
provide two independent, strong lines of
functional validation, reducing the risk of
targeting a biologically inert protein; (iii)
dual neuronal-glial function: this is its
most powerful differentiator. It offers two
potential therapeutic axes (circuit modula-
tion and remyelination) from a single tar-
get, dramatically expanding the market
potential and providing a built-in risk-
mitigation strategy should one axis prove
intractable; (iv) evolutionary conservation
and technical tractability: high sequence
conservation suggests an essential func-
tion; the ERY and DPxxF microswitch pair
(functional specialization) and the feasibil-
ity of modern cryo-EM*'? support a struc-
tural blueprint for rational design within
the Integrated Four-Pillar Framework.
Together, these pillars frame GPR149
not as a curiosity but as a high-value regu-

lator with plausible, multisystem impact.
Table 2 consolidates this assessment into
a target druggability scorecard, providing
the structured feasibility evaluation that
project teams and portfolio managers need
to justify resource allocation. For a high-
stakes industrial perspective, Table 2 evalu-
ates GPR149 across four strategic dimen-
sions: technical tractability, biological
validation, clinical differentiators, and
commercial HEOR value. The total score
of 38/40 positions GPR149 as a Tier 1
orphan GPCR. Unlike typical orphans
lacking phenotypic data, the dual-domain
status of GPR149 acts as an inherent risk-
mitigation tool: if the metabolic axis faces
competition, the neurorepair (demyelina-
tion) axis remains a high-value, orphan
drug-designated fallback.

A practical risk-mitigation framework for
orphan GPCR campaigns

Orphan-receptor campaigns are inherently
uncertain, but strategic design can system-
atically manage and mitigate risk in several
ways: (i) parallel-track discovery: concur-
rent cryo-EM, screening, and in vivo circuit
assays prevent single-point failures.
Insights from one pillar continuously
inform and de-risk the others; (ii) early sur-
rogate tools: chemogenetics (DREADDs)
and CRISPR-based in vivo manipulations
yield crucial circuit-level efficacy and
safety pharmacology data before a drug-
like ligand is in hand, enabling early go/
no-go decisions; (iii) agnostic screening
and Al-enabled design: interrogating
diverse chemical libraries avoids the trap
of presupposing ligand class. Al-driven de
novo design, even starting from modest-
potency hits, can rapidly iterate toward
optimized leads; (iv) tiered outcome frame-
work: defining success to include ‘produc-
tive failure’ (e.g., definitive negative data,
a new structural method, or refined priori-
tization criteria) ensures that the campaign
delivers value to the portfolio regardless of
the ligand outcome, protecting the overall
R&D investment; and (v) glial safety profil-
ing: the prodifferentiation and promyeli-
nation effects of GPR149 inhibition
require specific safety studies to rule out
uncontrolled proliferation or tumorigenic
risk. The wvalidated in vivo phenotype
shows accelerated but self-limiting
remyelination following demyelinating
injury,”” not neoplastic transformation.
The de-risking plan includes early in vitro
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TABLE 2

GPR149 target druggability scorecard.

Strategic pillar Target attribute Score Industrial R&D evidence

I. Technical tractability Structural 4 ERY/DPxxF microswitch identified; high suitability for cryo-EM and Al-driven de novo ligand
blueprint design
Assay 5 PRESTO-Tango and cAMP-centric readouts provide high-throughput, path-agnostic screening
development capability

Il. Biological validation Phenotypic proof 5 Gpr149-null mice show improved insulin sensitivity; validated inhibition of OPC differentiation
Circuit logic 4 Anatomical localization in ARC, VMH, and NAcc aligns with ‘missing link’ ImP-behavioral axis

Ill. Clinical differentiator  Dual-domain 5 Simultaneous ‘firing’ (neuronal) and ‘wiring’ (glial) addresses both habit and infrastructure
efficacy
Bias potential 4 Ability to engineer Gy, vs. B-arrestin bias to decouple metabolic from neurorepair effects

IV. Commercial/HEOR Reimbursement 5 Multimorbid value (obesity + addiction + MS) supports premium price-to-value HEOR

value logic demonstration

Market saturation 5 ‘Blue Ocean’ strategy distinct from GLP-1R agonists via glial/CNS-reparative mechanism

Total score: 38/40

assays to assess the proliferation kinetics of ducible, capital-efficient blueprint for succeeds for GPR149 becomes the tem-

human OPCs under sustained GPR149
inhibition or knockout. Furthermore, piv-
otal in vivo toxicology studies in relevant
species will incorporate long-term dosing
regimens and detailed histological exami-
nation of white matter tracts and neural
stem cell niches to monitor for any aber-
rant glial cell dynamics or ectopic differen-
tiation, ensuring the therapeutic effect
remains within a physiologically appropri-
ate window.

Successful execution of such a parallel-
track campaign requires not only technical
innovation, but also an organizational
commitment to implementing robust data
science (DS) and Al strategies across R&D,
addressing known challenges in integra-
tion, talent, and governance.**>

This layered strategy transforms
GPR149 from a speculative venture into a
manageable, milestone-driven discovery
program with multiple paths to a positive
return on investment, both financial and
intellectual.

Concluding remarks: reversing Eroom's
Law

The Integrated Four-Pillar Framework pre-
sented here (high-throughput screening,
cryo-EM, bias-capable chemistry, and
circuit-level validation) offers a repro-
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