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Biased G protein—coupled receptor (GPCR) ligands, which preferentially activate G
protein or P-arrestin signaling pathways, are leading to the development of drugs with
superior efficacy and reduced side effects in heart disease, pain management, and neuro-
psychiatric disorders. Although GPCRs are implicated in the pathophysiology of
Alzheimer’s disease (AD), biased GPCR signaling is a largely unexplored area of investi-
gation in AD. Our previous work demonstrated that GPR3-mediated p-arrestin signal-
ing modulates amyloid-f§ (AP) generation iz vitro and that Gpr3 deficiency ameliorates
AP pathology in vive. However, Gpr3-deficient mice display several adverse pheno-
types, including elevated anxiety-like behavior, reduced fertility, and memory impair-
ment, which are potentially associated with impaired G protein signaling. Here, we
generated a G protein—biased GPR3 mouse model to investigate the physiological and
pathophysiological consequences of selective elimination of GPR3-mediated f-arrestin
signaling iz vive. In contrast to Gpr3-deficient mice, G protein—biased GPR3 mice do
not display elevated anxiety levels, reduced fertility, or cognitive impairment. We fur-
ther determined that G protein—biased signaling reduces soluble Af levels and leads to
a decrease in the area and compaction of amyloid plaques in the preclinical App™" "
AD mouse model. The changes in amyloid pathology are accompanied by robust
microglial and astrocytic hypertrophy, which suggest a protective glial response that
may limit amyloid plaque development in G protein-biased GPR3 AD mice. Collec-
tively, these studies indicate that GPR3-mediated G protein and f-arrestin signaling
produce discrete and separable effects and provide proof of concept for the develop-
ment of safer GPCR-targeting therapeutics with more directed pharmacological
action for AD.
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G protein-coupled receptors (GPCRs) are the most successful class of drug targets (1).
However, more than 90% of agents that enter phase 1 trials fail to achieve U.S. Food
and Drug Administration approval, primarily because of safety concerns or lack of effi-
cacy (2). GPCRs classically activate G proteins (e.g., Gy, Gijor Gg, Gi2) and B-arrestins
(e.g., Parrl, Parr2) to mediate distinct cellular and physiological effects (3). Biased
GPCR ligands preferentially activate G protein- or p-arrestin-mediated signaling path-
ways and present opportunities to fine-tune physiology and develop more selective and
safer therapeutics in the absence of on-target side effects (4). Accordingly, biased GPCR
ligands are currently being tested in various therapeutic areas, including cardiovascular
disease, pain management, chronic inflammaton, and neuropsychiatric disorders (5).
Surprisingly, although several GPCRs have been implicated in the pathophysiology of
Alzheimer’s disease (AD) (6-8), biased GPCR signaling is an unexplored area of therapeu-
tic intervention for AD.

AD is a progressive neurodegenerative disease characterized by extracellular deposition
of amyloid-f (Af) in amyloid plaques and intracellular aggregation and accumulation of
tau in neurofibrillary tangles (9). The pathological accumulation of Ap and tau is accom-
panied by neurotoxicity, cell death, and neuroinflammation; the latter includes alterations
in the morphology and transcription expression profile of microglia, astrocytes, and oligo-
dendrocytes (10). Recent studies indicate that AP is sufficient to drive a neuroinflamma-
tory response (11). Glial activation, in turn, may be neuroprotective, leading to increased
AP clearance (12). Nevertheless, the mechanisms involved in the crosstalk between Af
pathology and neuroinflammation are still poorly understood. In AD, GPCRs are associ-
ated with multiple stages of amyloid precursor protein (APP) proteolysis by the a-, f-,
and y-secretases, regulation of AB-mediated toxicity and AP degradation, tau pathobiol-
ogy, neuroinflammation, and memory deficits (6-8, 13, 14). Accordingly, there is an
intimate association between GPCRs and AD pathogenesis, highlighting the potential
of GPCRs as drug targets of the multifactorial nature of AD.
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neuroprotective and a safer
avenue for therapeutic
intervention in AD.
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We previously identified the orphan GPCR GPR3 as a key
modulator of y-secretase activity and determined that GPR3
levels are elevated in a subset of patients with AD (15, 16).
Genetic deletion of Gpr3 leads to a significant reduction in AP
pathology and alleviation of the cognitive deficits in AD trans-
genic mice (15, 17). However, in contrast to the beneficial
effects on AP pathogenesis, Gpr3 "~ mice also display several
adverse phenotypes, including elevated anxiety-like and depression-
like behavior (18), increased sensitivity to neuropathic pain
(19), reduced neuronal survival following brain ischemia (20),
higher responsiveness to cocaine reward (21), and reduced fer-
tility (22). These observations are clinically significant as they
indicate that total inhibition of GPR3 signaling may attenuate
AP pathology to the detriment of other AD-related clinical
symptoms (e.g., anxiety). Importantly, the in vivo contribution
of G protein—biased signaling to the physiological and patho-
physiological regulation of GPR3 has not been previously tested
but is necessary to provide insight into the therapeutic potential
and putative safety of biased GPR3, and GPCR, signaling to
treat patients with AD.

Here, we hypothesized that the generation of a G protein—
biased GPR3 mouse model, which maintains G protein signal-
ing while eliminating Parr2 signaling, would lower AP levels
while preserving the beneficial physiological effects of G protein
signaling. Accordingly, we find that, in contrast to Gpr3 knock-
out (KO) mice, G protein—biased GPR3 (HA-Ala) mice are not
anxious, display intact fertility, and maintain cognitive function
with age, demonstrating that G protein, but not p-arrestin, sig-
naling is involved in the maintenance of these physiological
functions. To investigate the effect of G protein-biased GPR3
signaling on AD pathogenesis, we determined that G protein—
biased signaling leads to a reduction in Af generation in pri-
mary neuronal cultures and AP levels in mouse brain samples
from the App™ " AD mouse model. Concomitant with
reduced A levels, G protein—biased signaling in AD mice alters
the neuroinflammatory state of microglia and astrocytes, which
is in accordance with the observed reduction in amyloid plaque
area and the increase in amyloid plaque compaction. Taken
together, these results demonstrate that biased GPR3 signaling
is a safer and more selective therapeutic intervention for AD
that maintains the vital physiological functions of GPR3 while
targeting AP pathology and neuroinflammation.

Results

Two Phosphorylation Clusters in the C Terminus of GPR3
Differentially Affect parr2 Recruitment. To initially determine
whether GPR3 is phosphorylated, we expressed GPR3 in
human embryonic kidney 293 cells (HEK293) and treated cell
lysate samples with A-phosphatase to remove the phosphate
groups from serine, threonine, and tyrosine residues (23). We
then analyzed the samples by two-dimensional electrophoresis
and observed a shift in GPR3™ " to the right (a more basic pro-
tein) after A-phosphatase treatment, indicating that GPR3 is
indeed phosphorylated (Fig. 14).

To identify the specific GPR3 phosphorylation sites, we
immunopurified GPR3 from HEK293 cell lysates and analyzed
the samples by liquid chromatography—tandem mass spectrom-
etry. We consistently identified phosphorylated serine residues
in the C terminus of GPR3 (Fig. 1 B—£). The distribution of
the phosphorylation sites is arranged in two distinct clusters, a
putative phosphorylated cluster 1 and a confirmed phosphory-
lated cluster 2 (Fig. 1B), consistent with previous findings
for other GPCRs (24, 25). To determine whether the two
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phosphorylation clusters dictate different signaling outcomes,
we performed alanine mutagenesis of the serine residues in each
phosphorylation cluster and determined the effect on Parr2 sig-
naling and AP generation. Surprisingly, mutagenesis of each
cluster differentially affects Parr2 recruitment to GPR3 while
similarly lowering AP levels (Fig. 1 F~H). In contrast, mutagen-
esis of both clusters (GPR3*™) drastically diminishes Parr2
recruitment (~70%) (Fig. 1) and APy and A4, generation
(~70%) (Fig. 1 G and H). Taken together, these results dem-
onstrate that GPR3 is phosphorylated at the C terminus and
identify two serine clusters that differentially contribute to
Parr2 recruitment but exhibit similar effects on AP generation.

The GPR3""? Mutant Is a G Protein-Biased Receptor. GPCR-
mediated mitogen-activated protein kinase (MAPK) activation
can be regulated by G proteins (26) and p-arrestins (3). Given
the drastic reduction in Parr2 recruitment to the GPR3"?®
mutant (Fig. 1F), we sought to determine whether alanine
mutagenesis of GPR3 generates a G protein—biased receptor
(i.e., a receptor that maintains G protein signaling in the
absence of coupling to Parr2). Expression of both GPR3YT
and GPR3*" shows a similar increase in phosphorylation of
ERK and JNK relative to vector control-transfected cells (57
Appendix, Fig. S1 A-C). In contrast, phosphorylation of P38 is
not regulated by GPR3 (87 Appendix, Fig. S1D). These results
indicate that expression of GPR3 induces MAPK activation
and, importantly, that alanine mutagenesis of GPR3 does not
affect GPR3-dependent MAPK signaling.

To further investigate whether the GPR3™® mutant affects
G protein signaling, we expressed GPR3Y " or GPR3"™ in a
CHO-K1 cell line, which stably expresses Parr2, and treated
the cells with a Gs (NF449) (27), Gi (pertussis toxin, PTX)
(28), or Gq (FR900359) protein inhibitor (29). Pharmacologi-
cal inhibition of Gs and Gi, but not Ggq, significantly reduces
ERK phosphorylation levels in GPR3%"- and GPR3*"-trans-
fected cells relative to vector control-transfected cells (S7
Appendix, Fig. S1 E and F). These results indicate that GPR3
couples to Gs and Gi to mediate ERK phosphorylation and are
in accordance with previous findings showing that GPR3 can
couple to Gs and Gi (30) and, most recently, that constitutively
active GPR3 couples primarily to Gs (31). Significantly, inhibi-
tion of G protein signaling does not affect the recruitment of
Barr2 to GPR3 (SI Appendix, Fig. S1G). These results demon-
strate that the GPR3™ mutant specifically disrupts Parr2
recruitment while maintaining GPR3-mediated G protein sig-
naling. Furthermore, expression of GPR3** leads to an increase
in cyclic adenosine monophosphate (cAMP) levels relative to
GPR3YT (87 Appendix, Fig. S1H), providing further validation
of the G protein bias of the GPR3** mutant. Finally, we do
not observe a change in the membrane localization of GPR3YT
or GPR3"1, indicating that alanine mutagenesis does not affect
the cell surface expression of GPR3 (87 Appendix, Fig. S1 I and
J). Taken together, these results indicate that the GPR3A®
mutant is a G protein—biased receptor and provide significant
support for investigation of the physiological relevance of bias-
ing GPR3 signaling in vivo.

CRISPR/Cas9 Genome Editing Generates a G Protein-Biased
GPR3 Mouse Model. To date, no study has investigated the
putative benefit of G protein-biased GPR3 signaling iz vive in
modulating disease-associated phenotypes such as AP genera-
tion. Therefore, we used a CRISPR/Cas9 genome editing strat-
egy to mutate the six serine/threonine residues in the GPR3 C
terminus to phosphorylation-deficient alanine residues (S316A,
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Fig. 1. The phosphorylation status of the GPR3 C terminus dictates parr2 recruitment and Ap generation. (A) Cell lysates from HEK293 cells, overexpressing
empty vector or HA-tagged human GPR3, were immunoprecipitated with an HA antibody and subjected to mock or A phosphatase (APPase) treatment. Two-
dimensional electrophoresis analysis with an isoelectric focusing (IEF) strip and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (indicates that
GPR3 is phosphorylated on C-terminal serine residues. (B) Schematic representation of the protein sequence of human GPR3 indicates the potential
C-terminal phosphorylation sites. The peptide sequence identified by mass spectrometry analysis is highlighted in bold and underlined. The consistently
identified phosphorylated residues Ser324, Ser326, and Ser328 are highlighted in red. The putative phosphorylated residues Ser316, Ser317, and Ser318 are
highlighted in orange. n = 3 independent experiments. (C-E) Representative mass spectra and fragmentation tables show the three phosphorylated resi-
dues; detected b and y ions are indicated in blue and red, respectively. (F-H) Alanine mutagenesis of both cluster 1 and 2 serine residues shows a robust
reduction in parr2 recruitment to GPR3 (F) and Ap levels (G and H). Vector condition refers to cells transfected with an empty control plasmid without GPR3.
(F-H) P < 0.0001 by one-way ANOVA. Data are presented as mean + SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-
way ANOVA with Tukey's post hoc test.

T317A, S318A, S324A, S326A, and S328A) in naive mice.
The Thr’" residue in murine GPR3 is similar to the human
Ser’'” residue. We also introduced an HA tag in the N termi-
nus of GPR3 to determine the expression and localization of
the GPR3 protein in vivo (Fig. 24). The 15 highest-ranking
potential off targets in the founder lines were excluded by
Sanger sequencing analysis. Importantly, insertion of the HA

PNAS 2022 Vol. 119 No.40 2204828119

tag and alanine mutagenesis of the endogenous Gpr3 gene were
successful and do not affect Gpr3 messenger RNA (mRNA)
levels in Gpr3*™* (WT), Gpr3™H4 (HA), or Gpr3™A-Ak/HA-Ale
(HA-Ala) mice (Fig. 2 B-D). Accordingly, GPR3 protein levels
are similar in HA and HA-Ala mice (Fig. 2E). Moreover, we
established that the receptor is expressed in the CAl, CA2, and
CA3 regions of the hippocampus, layers V and VI of the
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Fig. 2. An in vivo CRISPR/Cas9 gene-editing strategy was used to generate the G protein-biased GPR3 mouse model. (A) The schematic diagram shows the
workflow to generate the two mouse models. The single KI HA contains 2xHA insertions in the N terminus of Gpr3. The double Kl HA-Ala mouse contains
2xHA insertions at the N terminus of Gpr3 and serine-alanine mutations (S316A, T317A, S318A, S324A, S326A, S328A) in the C terminus of Gpr3. The double
KI mouse model was generated from the embryos from F2 C terminus single KI mice. The success rates to obtain single KI mice are indicated in the graph.
(B-D) The mRNA levels of Gpr3 in WT, HA, and HA-Ala male mice (n = 6 mice/genotype) at 4 mo of age were analyzed by quantitative PCR with three different
sets of primers. (B) Gray arrows indicate endogenous Gpr3-specific primers, (C) black arrows indicate HA-GPR3-specific primers, and (D) red arrows indicate
HA-GPR3 with the alanine mutation-specific primers. The results indicate that HA and HA-Ala mice express physiological levels of Gpr3. As a control, WT Gpr3
expression is undetectable with the HA- and HA-Ala-specific primers (C and D). HA-GPR3 is undetectable with HA-Ala-specific primers (D). Data were analyzed
via one-way ANOVA (P = 0.42 [B], P < 0.0001 [C and D]) and are presented as mean + SEM. ns, not significant. (F) Representative immunoblot analysis using
an antibody to HA indicates that HA-GPR3 is expressed in the mouse cortex of HA and HA-Ala. (F) Representative images from the somatosensory parietal
(SSp) cortex (CTX), hippocampal regions (CA1, CA2, and CA3), and habenula of KO (Top Panels), HA (Middle Panels), and HA-Ala (Bottom Panels) mice brains
stained with anti-HA (GPR3, green) and DAPI (nuclei, blue). Dashed lines indicate layers V/VI of the cortex and medial (MH) and lateral (LH) habenula. Arrows
indicate regions of the CA rich in GPR3 expression. Detection of GPR3 through HA-specific antibodies confirms localization of GPR3 in the cortex and hippo-
campus, with no region-specific differences between GPR3 WT and Ala mutant. Scale bars = 50 pm. Schematic (A) created with BioRender.com.

cortex, and the habenula in both mouse strains (Fig. 2F), which
is consistent with previous reports on Gpr3 mRNA localization
(18, 32, 33). These results demonstrate the successful generation

of a G protein—biased GPR3 mouse model in the absence of
effects on GPR3 mRNA and protein levels and reveal GPR3 pro-

tein localization in the brain.
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Fig. 3. G protein-biased GPR3 mice display reduced Ap levels and intact cognitive function. (A) cAMP levels were assessed by ELISA in male WT, KO, HA, and
HA-Ala mice at 4 mo of age. cCAMP levels are reduced in KO mice and unaffected in HA-Ala mice (n = 7-9 mice/genotype; P = 0.0041). (B) Average litter size is
reduced in KO (mice relative to WT, HA, and HA-Ala mice at 3-6 mo of age; n = 7-15 mice/genotype; P = 0.0137). (C) Anxiety levels were assessed by the ele-
vated plus maze behavioral paradigm in WT, KO, HA, and HA-Ala at 4 mo of age. The results indicate that KO mice display elevated anxiety (n = 14-21 male
and female mice/genotype; P = 0.0445). (D) Schematic of the MWM behavioral paradigm illustrates the study design. P7, P2, and P3 indicate the probe trials.
(E-H) Spatial learning and reference memory (), spatial memory and retrieval (F), reversal learning (G), and reversal memory (H) were determined in WT, KO,
HA, and HA-Ala mice (n = 10 male and female mice/genotype). T in (F) represents the target quadrant; O and T in (H) represent the opposite quadrant and
new target quadrant, respectively. The establishment of spatial memory, reversal memory, and memory retrieval were detected in WT, HA, HA-Ala, but not in KO
mice. (/ and /) Endogenous Ao (/) and AB4> (/) are reduced in male KO and HA-Ala mice relative to control WT and HA mice at 4 mo of age (n = 8-10 mice/genotype;
ABao, P = 0.0004; AB4,, P =0.0006). For all datasets, data are presented as mean + SEM. ns, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001 are determined
by one-way ANOVA with a Tukey’s post hoc test. (K) The schematic diagram summarizes the physiological function of G protein-biased GPR3-mediated signaling
in the HA and HA-Ala mouse models. Schematic created with BioRender.com.

G Protein-Biased GPR3 Mice Maintain cAMP Levels and Do of cAMP are reduced in KO mice but are similar in HA-Ala,
Not Display Cognitive or Behavioral Deficits. Expression of  HA, and W7 mice (Fig. 34). These results indicate that G pro-
GPR3 activates G protein signaling, which leads to an elevation tein signaling is not affected in G protein-biased GPR3 mice.

in cAMP levels (34, 35). Therefore, we measured cAMP levels Genetic deletion of Gpr3 (KO) results in several adverse pheno-
in the hippocampus of W7, KO, HA, and HA-Ala mice. Levels  types, including an increase in anxiety-like and depression-like
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behaviors (18) and reduced fertility (22). The increased anxiety-
like and depression-like behaviors, which are elevated in patients
with AD (36), and reduced fertility are reported to be due to
reduced G protein signaling (22). We observed a reduction in the
average litter size, an indication of reduced fertility, in KO, but
not in HA or HA-Ala, relative to W7 mice (Fig. 3B). Using the
elevated plus maze behavioral paradigm, we observe an elevation
in anxiety-like behavior in KO mice (Fig. 3C). However, impor-
tantly, HA-Ala mice do not display an anxiogenic phenotype (Fig.
30). These results demonstrate that G protein—biased GPR3 mice
do not display characteristic deficits associated with the absence of
G protein signaling, which are observed in the KO animals.

To further establish whether G protein—biased GPR3 signal-
ing affects hippocampal-dependent learning and memory, we
used a battery of behavioral tests to assess cognitive function.
We determined that W7, KO, HA, and HA-Ala mice have
intact short-term and working memory by using the novel arm
recognition and Y-maze behavioral paradigms (87 Appendix, Fig.
S2). To assess the involvement of G protein—biased signaling in
spatial learning and reference memory, we used the Morris water
maze (MWM) behavioral paradigm (37) (Fig. 3D). Although all
four genotypes display similar spatial learning (Fig. 3£), the KO
mice fail to locate the target quadrant during the second probe
trial (P2) (Fig. 3F), indicating that G protein signaling is essential
for spatial memory and memory retrieval. To investigate cognitive
flexibility, which is a correlate of executive function in humans
(38), we tested spatial reversal learning and reference memory
(39) by moving the platform to the opposite quadrant (Fig. 3D).
All four genotypes display an intact reversal learning (Fig. 3G).
However, similar to spatial memory and memory retrieval, only
KO mice exhibit a deficit in spatial reversal memory and memory
retrieval (Fig. 3H). All four genotypes display intact locomotor
function (SI Appendix, Fig. S3). These studies demonstrate that
GPR3-mediated G protein signaling is necessary for cognitive
fexibility, specifically in the integration of spatial reversal memory
and memory retrieval, which is compromised in KO mice but
preserved in G protein—biased GPR3 mice.

Endogenous Ap Levels Are Reduced in the G Protein-Biased
GPR3 Mouse. To investigate whether endogenous murine A
generation is affected in G protein—biased GPR3 mice, we ana-
lyzed AP4so and APy, levels by enzyme-linked immunosorbent
assay (ELISA). HA-Ala mice display reduced AP4o and A4
levels, similar to KO mice (Fig. 3 /and ). These findings show
that selective perturbation of p-arrestin signaling reduces
endogenous murine AP generation. Immunoblot analysis of
full-length APP, Parr1/2, and the y-secretase subunits indicates
that protein levels are not altered in HA-Ala mice in compari-
son to W7, KO, and HA mice (8] Appendix, Fig. S4). Taken
together, these studies provide 7 vivo proof of concept for a
putative pathophysiological role of biased GPR3 signaling in
AD (Fig. 3K).

G Protein-Biased GPR3 Mice Display Reduced Pathology in a
Preclinical AD Mouse Model. Given the physiological benefits
of G protein-biased GPR3 signaling in naive mice, we sought
to establish the putative impact of G protein—biased GPR3 sig-
naling on AD pathogenesis. We used the App knock-in AD
mouse model AppNL‘G‘F (AD Kl), which has the humanized Ap
sequence containing the Swedish “NL” (KM670NL), Iberian
“F” (I716F), and Arctic “G” (E693G) mutations (40). We
crossed the AD KI mice with the HA (AppNL'G‘FWL‘G'F;Gpr_?M HA
hereafter referred to as AD KI;HA) and HA-Ala (AppNL‘G'HNL'G{'
Gprj’HA'AMHA'Al“, hereafter referred to as AD KI:HA-Ala) mice
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(Fig. 4A). The AD KI;HA and AD KI;HA-Ala mouse models
display similar patterns of GPR3 expression and region-specific
distribution (S7 Appendix, Fig. S5). Significantly, Tris-buffered
saline (TBS)-soluble A4 and APy, levels are reduced in both
the cortex (Fig. 4B) and hippocampus (Fig. 4C) of AD KI;HA-
Ala mice relative to AD KI;HA mice at 6 mo of age. AP4g and
APy, generation is also significantly reduced in neuronal cultures
from AD KI;HA-Ala mice relative to AD KI;HA mice (Fig. 4D).
These studies show that neuronal GPR3-mediated p-arrestin sig-
naling is necessary for the modulation of AP generation endoge-
nously and in an AD mouse model.

Neuroinflammation is a complex response to brain insult
that involves the activation of glial cells, which accompanies
the accumulation of AD pathology (41). In addition to the
decrease in AP generation, we observe a decrease in the amyloid
plaque area and an increase in the circularity of amyloid
plaques in AD KI;HA-Ala relative to AD KI;HA mice (Fig. 4
E-G), which is indicative of amyloid plaque compaction. In
accordance with these findings, we observe an increase in the
total area occupied by microglia (Fig. 4 H and /) and in the
amyloid plaque area occupied by microglia in the brains of AD
KI;HA-Ala relative to AD KI;HA mice (Fig. 4 /and K), which
is indicative of elevated microglia activation and recruitment to
amyloid plaques in G protein—biased GPR3 AD mice. In addi-
tion, we observed an increase in the total area occupied by
astrocytes (SI Appendix, Fig. S6 A and B) in the absence of
a change in the amyloid plaque area occupied by astrocytes
(ST Appendix, Fig. S6 C and D). Importantly, we do not
observe a difference in glial reactivity in nontransgenic mouse
brains (i.e., W7, HA, and, HA-Ala mice) (SI Appendix, Figs. S7
and S8). Taken together, these results demonstrate that G
protein—biased GPR3 signaling in an AD mouse model specifi-
cally attenuates AP accumulation and leads to the activation
and hypertrophy of astrocytes and microglia, with the latter
actively restricting the development of amyloid plaques.

Discussion

Biased GPCR signaling (i.e., the preferential activation of G
protein- or P-arrestin-mediated signaling pathways) is a com-
paratively new area of GPCR investigation that is transforming
the conceptualization of GPCR signaling and its application
for disease therapeutics. Here, we show that mutagenesis of
C-terminal GPR3 phosphorylation disrupts the interaction
with Parr2 while maintaining G protein signaling (i.e., cAMP
levels), effectively generating an in vivo G protein—biased GPR3
model. We show that G protein—biased GPR3 mice do not dis-
play the memory deficits and elevated anxiety-like behavior
observed in Gpr3~"~ mice. Moreover, we demonstrate that G
protein—biased GPR3 signaling decreases endogenous murine A
generation, providing exciting premise for the investigation of
biased GPR3 signaling as a therapeutic avenue for AD. In this
regard, we determined that biased GPR3 signaling in an AD
mouse model lowers soluble AP levels and leads to a decrease in
the area and an increase in the compaction of amyloid plaques.
The changes in amyloid pathology correspond with the hyper-
trophy of microglia and astrocytes, suggesting a protective glial
response that probably restricts the growth of amyloid plaques in
G protein-biased GPR3 AD mice. Collectively, this study pro-
vides pioneering insight into how biased GPCR signaling can
modify AD pathogenesis in vivo in a safer and more effective
manner.

GPR3-mediated G protein signaling is responsible for the
production of cAMP (42). cAMP signaling is critically involved
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Fig. 4. G protein-biased GPR3 AD mice display reduced AB pathology and increased microglial and astrocytic activation. (A) AD KI mice were crossed with
the HA (AD KI;HA) and HA-Ala (AD KI;HA-Ala) mice. (B and C) TBS-soluble ABso and AB4, are reduced in cortex and hippocampus of AD Ki;HA-Ala mice relative
to AD KI;HA mice at 6 mo of age (n = 12-16 male and female mice/genotype; ABso, P = 0.004; AB4y, P = 0.013) (B) and hippocampus (ABso, P = 0.0004; A4z,
P = 0.018) (C). (D) ABso and APy, levels are reduced in AD KI;HA-Ala relative to AD KI;HA neuronal cultures (n = 6 PO mice/genotype; ABso, P = 0.0014; ABaz,
P = 0.0028). (E) Representative confocal immunofluorescence images show the cortex of AD KI;HA (Left Panel) and AD KI; HA-Ala (Right Panel) mice immunola-
beled for A plaques with an anti-APP antibody (6E10; white). (F) Ap plaque area (in pm 2y is reduced in AD KI:HA-Ala relative to AD KI:HA mice (P = 0.0027).
(G) Amyloid plaque circularity index (scale of 0-1, with 1 being the most circular), as a measure of amyloid plaque compaction, indicates increased circularity
of amyloid plaques in AD KI;HA-Ala relative to AD KI;HA mice (n = 6 male and female mice/genotype; P = 0.0027). (H) Representative confocal immunofluores-
cence images from the cortex indicate an increase in the percentage area occupied by IBA1+ cells in AD KI; HA-Ala (I) relative to AD KI;HA mice (n = 6 male
and female mice/genotype). (/) Representative confocal immunofluorescence images show the cortex of AD KI;HA (Left Panel) and AD KI;HA-Ala (Right Panel)
mice immunolabeled for microglia (IBA1; red) and Ap plaques (6E10; green). (K) The amyloid plaque area covered by IBA1+ cells is increased in AD KI;HA-Ala
relative to AD KI;HA mice. Data are presented as mean + SEM, ns, not significant; *P < 0.05, **P < 0.01, and **P < 0.001 by unpaired Student’s t test.
Scale bars = 10 pm. (L) Schematic diagram depicts the physiological and pathophysiological phenotypes of wild-type GPR3 and G protein-biased GPR3
mice in AD. Schematics (A and L) created with BioRender.com.
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in fertility, affective disorders (e.g., anxiety and depression),
synapse growth, long-term memory formation, and memory
consolidation (18, 22, 43, 44), which highlights the importance
of maintaining this signaling pathway. Accordingly, we show
that Gpr37/7 mice have reduced cAMP levels, decreased litter
size (which is indicative of compromised fertility), memory def-
icits, and exacerbated anxiety-like behavior. All of these pheno-
types are absent in G protein—biased GPR3 mice. Importantly,
high anxiety levels are implicated in preclinical AD (45-47)
through exacerbation of the Af-driven deterioration of global
cognition, verbal memory, and executive function (48). There-
fore, it is imperative for AD therapeutic interventions to avoid
side effects that may worsen psychocognitive behavior. Notably,
our findings strongly indicate that biased GPR3 signaling may
potentially combat the highly complex and multifactorial nature
of AD without contributing to the deterioration of behavioral
physiology.

Several decades of AD therapeutic research have focused on
AB-reducing agents (e.g., secretase inhibitors, aggregation block-
ers, and immunotherapies) (49). However, many safety concerns
have halted the approval of broad secretase inhibitors to counter-
act AP pathology in AD (50-52). We showed that G protein—
biased GPR3 signaling consistently reduces AP levels and pathol-
ogy in neuronal models, nontransgenic murine brains, and an
AD mouse model. Additionally, we previously demonstrated
that GPR3 modulates AP generation via farr2- and y-secretase-
dependent pathways iz vitro (15, 16). Collectively, our studies
show a neuron-specific decrease in 7y-secretase-mediated AP
generation upon disruption of GPR3—farr2 signaling in vive.
These findings present a more specific strategy to modulate
y-secretase activity in the putative absence of side effects and
toxicity associated with broad y-secretase inhibitors (50-52).

Aberrant accumulation of Ap is sufficient to drive a neuroin-
flammatory response in AD brains (11). Given that microglia
and astrocytes are involved in AP clearance through active
phagocytosis and degradation of toxic AP species (53), glial
activation may be neuroprotective in AD (12). Here, we
observed a reduction in the area and an increase in the compac-
tion of amyloid plaques that is paralleled by an increase in the
area covered by microglia and astrocytes in G protein—biased
GPR3 AD mice. These findings suggest that glial cells may
undergo a protective and accelerated response to slow or limit
the AP burden in G protein—biased GPR3 AD mice. Impor-
tantly, disruption of microglial function can directly prevent
amyloid plaque compaction (54-56) and drive neurotoxicity
(54, 57-60). These studies support the putative beneficial
nature of increased microglial hypertrophy and amyloid plaque
coverage observed in our model. Future studies will help deter-
mine the causal relationship between biased GPR3 signaling,
reactive gliosis, and AP pathogenesis. Nonetheless, the fact that
the G protein—biased GPR3 mice display changes in both
neuronal-driven AP generation and glial activation opens inter-
esting avenues to explore the putative cell-type-specific func-
tions of GPR3.

Here, we demonstrated that biased GPR3 signaling is protec-
tive against the generation and accumulation of AP pathology
and that this effect is dependent on the phosphorylation status
of the receptor. We showed that GPR3 is phosphorylated at
the C terminus in two distinct serine clusters (clusters 1 and 2)
that differentially regulate farr2 recruitment, but both lead to a
decrease in AP4o and A4, generation. Specific GPCR phos-
phorylation barcodes have been shown to lead to distinct
[-arrestin conformations that affect both GPCRs and activation
of distinct downstream signaling pathways (24, 25, 61-73).
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For example, key phosphorylation sites in the rhodopsin C ter-
minus act as “inhibitory sites,” interrupting B-arrestin binding,
or as “modulator sites,” changing the global conformation and
activation state of fB-arrestin (73). Therefore, differential phos-
phorylation of serine clusters in the C terminus of GPR3 may
induce specific conformations of Parr2, changing its availability
to interact with secondary binding partners such G proteins,
APP, and the y-secretase complex subunits upstream of AP gen-
eration. Nevertheless, further investigation will be necessary to
determine whether iz vivo disruption of GPR3 phosphorylation
may affect farr2-independent signaling outcomes.

There is a growing body of evidence supporting the clinical
use of biased GPCR signaling as a safer approach for thera-
peutic intervention. This strategy has been recently explored for
the neurotensin receptor 1 in the treatment of addictive behav-
iors, the p-opioid receptor in pain management, the muscarinic
1 receptor in prion disease, and the dopamine receptor D2 in
Parkinson’s disease (61, 74—78). GPR3 is the first GPCR inves-
tigated to show the effects of biased GPCR signaling on AD
pathogenesis. Although GPR3 is an orphan GPCR, the use of
intracellular pepducins (i.e., small membrane-
permeable peptides that mimic the C terminus of GPCRs) has
been reported to be a readily translational strategy to bias GPCR
signaling from the inside of cell without the need for an exoge-
nous ligand (79). This observation combined with the proven
efficacy of biased signaling of other GPCRs in ameliorating path-
ogenic phenotypes provides an exciting premise for the future
application of GPR3-biased signaling in AD.

Materials and Methods

Mice. B6.129P2-Gpr3tm1Dgen/Mmnc mice (Gpr3~~; stock no. 011623-UNC)
were obtained from the Mutant Mouse Resource and Research Center at the Uni-
versity of North Carolina at Chapel Hill, an NIH-funded strain repository, and
were donated to the Mutant Mouse Resource and Research Center by Deltagen.
The App™®* mice (40) were a gift from Dr. Takaomi C. Saido (RIKEN Brain Sci-
ence Institute, Saitama, Japan). Mice were maintained in a specific-pathogen-
free animal facility and group housed in individually ventilated microisolater
cages under a 12-h light/dark cycle and had ad libitum access to food and water.
All mice used in the study were on a C57BL/6.J genetic background. Gpr3~/~
and App"°F mice were backcrossed with IWT mice for six generations before
experimentation. All mice were bred to homozygosity unless otherwise specified.

In-House Generation of Mouse Models. The Gpr3 mouse models HA and
HA-Ala were generated in house through CRISPR/Cas9-mediated genome edit-
ing on an inbred C57BL/6J genetic background by introducing 2xHA tags in the
N terminus of GPR3 or mutating serine and threonine residues in the C terminus
of GPR3 to alanine residues. Potential off targets of individual single-guided
RNA were excluded by Sanger sequencing. Detailed methods of the generation
of mouse models are included in S/ Appendix.

Mass Spectrometry. Immunoprecipitated HA-GPR3 from 4 mg of total cell
extracts was separated on a 4-12% Bis-Tris gel (Thermo Fisher Scientific). The gel
was washed with double-distilled water (ddH,0) for 10 min and fixed with fixa-
tion buffer (50% methanol and 10% acetic acid) for 20 min. After fixation, the
gel was washed three times with ddH,0 for 10 min and stained with Bio-Safe
Coomassie blue reagent (Bio-Rad) for 1 h. The gel was destained with ddH,0 for
30 min. The target gel band was excised and analyzed by the Taplin Biological
Mass Spectrometry Facility at Harvard Medical School to investigate phosphoryla-
tion of GPR3.

PathHunter Assay. The CHO-K1 Barr2 cells (DiscoverX) were seeded on
96-well plates at a cell density of 20,000 cells per well. One day after seeding,
cells were cotransfected with the GPR3 mutants and human APP-C99 with
X-tremeGENE HP DNA transfection reagent (MilliporeSigma). Two days after
seeding, the culture medium was replaced with serum-free Dulbecco's modified
Eagle medium overnight. The interaction between GPR3 and Par2 was
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measured in cells with a PathHunter p-arrestin assay from DiscoverX according
to the manufacturer's protocol. The culture media were collected for AB ELISA
analysis as previously described (16).

In Vitro and In Vivo cAMP Measurements.

For In Vitro cAMP. The CHO-K1 Barr2 cells were seeded in six-well plates at a
cell density of 500,000 cells per well. One day after seeding, cells were cotrans-
fected with the GPR3 mutants and human APP-C99 with X-tremeGENE HP DNA
Transfection Reagent (MilliporeSigma). Two days after seeding, the culture
medium was replaced with serum-free Dulbecco's modified Eagle medium over-
night. Intracellular cAMP levels were then measured in cells with a cAMP Param-
eter Assay Kit (R&D Systems) according to the manufacturer's protocol.

For In Vivo cAMP. Mice were transcardially perfused with ice-cold phosphate-
buffered saline. Mouse hippocampi were dissected and snap-frozen in liquid
nitrogen. The tissue was homogenized with 0.1 M HCI, and endogenous cAMP
levels were measured with a Direct cAMP ELISA kit (Enzo Life Sciences) according
to the manufacturer's protocol.

Ap ELISA. Ao and Ay, levels were determined by standard sandwich ELISA
with end-specific antibodies provided by Janssen Pharmaceuticals as previously
described (17). Briefly, 96-well plates were coated and incubated overnight with
monoclonal antibodies JRFcAbg/28 and JRFcAby,/26, which recognize the C
terminus of AB species terminating at amino acid 40 or 42, respectively.
Horseradish peroxidase-conjugated JRFAbN/25 and JRF/fAB/2 were used as the
detection antibodies for human A or murine AB, respectively. The culture super-
natants from GPR3-transfected CHO-K1 Barr2 cells and primary neuronal cultures
were subjected to ABs and APgy ELISA. Alternately, mouse cortices were
extracted in a 0.4% diethylamine/50 mM NaCl solution containing complete pro-
tease inhibitors (MilliporeSigma). The homogenates were ultracentrifuged at
4°C for 1 h at 100,000 x g. A 10% neutralization buffer (0.5 M Tris-HCI, pH
6.8) was added to the supernatant. The supernatant was subjected to the analy-
sis of the endogenous murine AB4o and AB4, ELISA. Extraction of human ABso
and AB,, with TBS from the cortices and hippocampi of App™** mice was per-
formed as previously described (40). Immunoblot analysis of mouse brain homo-
genates was performed with 4-20% Mini-PROTEAN TGX Precast Gels (Bio-Rad).
Immunodetection was performed with horseradish peroxidase-coupled second-
ary antibodies (Bio-Rad) and the chemiluminescent detection reagent Renais-
sance (PerkinElmer Life Sciences).
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Statistical Analysis. Data are presented as mean + SEM unless otherwise
noted. Statistical significance was determined in GraphPad Prism 7 software.
Statistical analyses used for each study are noted in the figure legends. A
two-tailed Student's t test was used for the comparison of two means with one
independent variable. A one-way ANOVA followed by a Tukey's post hoc test was
used for the comparison of multiple means with one independent variable.
A two-way repeated-measures ANOVA followed by a Tukey's post hoc test was
used for the comparison of multiple means in MWM studies to determine
whether there is significant time or genotype effect during training. Statistical
significance is noted when P < 0.05, and the degree of significance is reported
with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, respectively.
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methods and other study data are included in the S/ Appendix. All other data are
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