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Abstract

The parathyroid glands sense serum calcium levels and release parathyroid hormone
(PTH) in response to hypocalcemia. PTH acts at bone, intestine, and kidney to increase
serum calcium. Primary hyperparathyroidism (PHPT) is an endocrine disorder
characterized by neoplasia of one or more glands, dysregulated PTH release, and
hypercalcemia. The mechanisms of dysregulated calcium-sensing in parathyroid
adenomas are not well understood. The literature suggests that the expression of the
calcium-sensing receptor (CaSR) is diminished in parathyroid adenomas. We have found
that a subset of PHPT patients do not show a significant change in CaSR expression.
Therefore, we hypothesized that other molecules that modify the action of CaSR might
inhibit its ability to sense calcium properly. We identified ADGRG2, an adhesion G
protein-coupled receptor (aGPCR), in a transcriptome screen of parathyroid tissue and
hypothesized that it might serve as a modifier of CaSR function. A transgenic mouse with
parathyroid-restricted ADGRG2 overexpression develops parathyroid neoplasia,
hypercalcemia, and hyperparathyroidism. To understand crosstalk mechanisms between
ADGRG2 and CaSR, we developed a double-expressing ADGRG2-CaSR stable cell line
(FL-CaSR). Activation of ADGRG?2 in this novel cell line completely ablated the Ga.i
and Goyq signaling pathways downstream of CaSR. We also developed a SNAP and CLIP
tag system to ascertain changes in receptor trafficking. Live cell imaging studies showed
that in cells expressing both ADGRG2 and CaSR, co-stimulation caused the receptors to
remain on the cell surface and not traffic into the early endosome. Given the important

role that the ADGRG2 plays in inhibiting CaSR activity we sought to identify targetable



motifs for future therapeutic development. We identified a conserved CWI motif in the
second extracellular loop (ECL2) of ADGRG2. Mutations of the conserved tryptophan or
isoleucine residues completely ablated ADGRG2 signaling. Kinetic signaling assays,
homogenous time resolve FRET (HTRF), and whole-cell impedance assays all confirmed
an ablation of ADGRG2-mediated Gas activity. ECL2 mutations also caused rapid
proteasomal degradation of the receptor. These studies confirm a role for ADGRG2 in
modulating CaSR signaling and provide the foundation for future ADGRG2-targeted

therapeutic development.
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Chapter 1 - The Current Understanding of Parathyroid
Physiology and Pathology.

Physiology

Anatomy

Parathyroid glands are four endocrine glands situated in the anterior neck,
posterior to the thyroid gland (Fig. 1.1). The two superior glands arise from the fourth
pharyngeal pouch, while the inferior glands are derived from the third pharyngeal pouch.
Both superior and inferior glands share a common blood supply; the inferior thyroid
arteries and parathyroid veins drain into the thyroid vein plexus. The nerve supply to the
parathyroid gland derives from the cervical ganglia of the thyroid gland. The location and
number of glands may differ across a population. Autopsies have found ectopic and
supernumerary expression of parathyroid glands in approximately 13% to 16% of

peoplel,
Function

The primary function of the parathyroid glands is to maintain serum calcium
(Ca?") homeostasis by regulating the secretion of parathyroid hormone (PTH). PTH
functions at the kidney, intestine, and bone to increase serum Ca?* levels (Fig. 1.1). Early
studies by Talmage and Kranitz showed that resecting the parathyroid glands rapidly
increases Ca®" excretion in rats?. We now know that PTH promotes the reabsorption of
Ca?* at the ascending loop of Henle, the distal tubule, and the collecting tubule of kidney.
PTH-mediated activation of the protein kinase A (PKA) cascade in the distal nephron

1



causes rapid phosphorylation of the TRPV5 channel to stimulate Ca?* reabsorption® 4,
PTH also causes the up-regulation of 25-hydroxyvitamin D3 1-alpha-hydroxylase in the
kidneys*. This enzyme converts 25-hydroxyvitamin D3 to its active form, 1,25-

dihydroxyvitamin D, which increases calcium absorption in the intestines.
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Figure 1-1 Diagram of the anatomy and function of the parathyroid glands. The four parathyroid
glands are on expressed on the posterior of the thyroid gland. The chief cells of the parathyroid glands
release PTH into the serum which acts at the kidneys, bone, and intestines in order to increase serum
Ca?* levels. The increase of serum Ca®* is a negative feedback mechanism which will inhibit further
PTH release.

PTH promotes release of Ca?* from bone, the largest reservoir of Ca?* in the
human body. Bones constantly maintain a homeostatic balance between bone resorption
and absorption. The resorption of bone by osteoclasts leads to the release of Ca?*and
phosphorous into the bloodstream. The mechanisms by which PTH causes bone
resorption are indirect as osteoclast cells do not express PTH receptors. Osteoblasts,
bone-forming cells, express a PTH receptor which, when stimulated, signals via the PKA
to increase the expression of receptor activator of nuclear factor kappa B ligand
(RANKL) and various bone-degrading proteases and cytokines®. RANKL mediates the
differentiation of osteoclast precursors to mature osteoclasts. The PTH-mediated release
of these cytokines causes prolonged activation of osteoclasts, which will, in turn, break

down bone and release Ca?* into the bloodstream to maintain serum Ca?* levels®. The



parathyroid glands sense the increase in serum Ca?* and inhibit further PTH release into

the bloodstream, generating a negative feedback loop.

There are two distinct cell types in the parathyroid gland: chief cells and oxyphil
cells. The chief cells are the primary functional cell of the parathyroid glands, responsible
for PTH secretion. Chief cells contain a prominent Golgi and endoplasmic reticulum
(ER) to help with the synthesis, packaging, and secretion of PTH’. The chief cells also
express the calcium-sensing receptor (CaSR), responsible for sensing serum calcium
levels (discussed in Chapter 2). Chief cells are expressed in parathyroid glands across all

species, while the oxyphil cells are expressed only in humans and some animals®.

The role of oxyphil cells in parathyroid pathobiology is not well defined. Oxyphil
cells exist in small groups interspersed between chief cells and are much larger and less
abundant than chief cells. Studies have found that oxyphil cells are not present in humans
at birth but develop over time and increase with age®. The presence of CaSR on oxyphil
cells is evidence that these cells are transdifferentiated from chief cells. Furthermore,
oxyphil cells do not contain any secretory granules and can be defined histologically by
an increased number of misshapen mitochondrial®. While experimental evidence for the
function of oxyphil cells is lacking, case reports of patients who did not respond to Ca2*
supplementation found that their glands consisted of 40% oxyphil cells't. These data
suggest that oxyphil cells may play a role in resistance to calcimimetic drugs or the use of

calcimimetic drugs causes a proliferation of oxyphil cells. Further research elucidating



the biology of oxyphil cells may prove critical to the treatment, diagnosis, and general

understanding of parathyroid pathobiology.

Pathology

Parathyroid neoplasias range from benign hyperplasia to adenoma to rare
carcinomas 2. Parathyroid tumors generally cause hyperparathyroidism, a dysregulated
increase in PTH secretion, leading to hypercalcemia. Patients afflicted with
hyperparathyroidism typically describe nonspecific symptoms such as depression,
lethargy, and vague aches and pains. These symptoms are likely due to the role of Ca?* in
synaptic transmission and neurotransmitter vesicle secretion. Patients also present with
urolithiasis due to the calcium-conserving renal activity of PTH. Bone pain, decreased
bone mineral density (BMD), and pathologic fractures result from PTH-mediated

osteoclast activity.

Hyperparathyroidism is divided into primary, secondary, and tertiary
hyperparathyroidism based upon the cause and clinical features of the disease (Table 1.1).
Diseases of the parathyroid glands are defined as primary and generally present with
elevated PTH and Ca?* levels. Non-parathyroid mechanisms generally cause secondary
and tertiary disease. The most common causes of secondary hyperparathyroidism (SHPT)
are vitamin D deficiency, decreased dietary Ca®* intake, or chronic renal failure®2,
Tertiary hyperparathyroidism (THPT) is the result of long-standing severe SHPT. THPT
is the autonomous continuation of hyperparathyroidism after eliminating the underlying
causes of SHPT. For a detailed review of SHPT and THPT, see Muppidi et al.** and

Palumbo et al.*, respectively.



Primary Hyperparathyroidism (PHPT)
Non-familial (Sporadic) PHPT

Primary Hyperparathyroidism (PHPT) is the most common parathyroid disorder,
in the United States, with approximately 30 cases per 100,000 people®®. PHPT is most
commonly caused by sporadic adenomatosis of one parathyroid gland, although
hyperplasia, multiple adenomas, and carcinomas have been observed'® '’. Adenomatous
glands are insensitive to serum Ca?* levels, which causes hypercalcemia and
inappropriately high levels of PTH, given the hypercalcemic state. Practically all other
hypercalcemic etiologies present with severely suppressed PTH levels. Somatic
abnormalities involving the cyclin D1 (CCND1), retinoblastoma (RB), and the multiple
endocrine neoplasia type 1 (MEN1) genes are well documented in sporadic adenomas®,
CCND1 was first identified in a study of parathyroid tumors and is now an established
oncogene involved in numerous human cancers'®. Approximately 40% of parathyroid
adenomas have overexpression of CCND1, some due to a pericentromeric inversion of
chromosome 11 affecting the PTH promoter and CCND1'°. Whole-exome sequencing of
sporadic parathyroid tumors also found inactivating mutations of MEN1 in 30% of
parathyroid tumor samples®. Unfortunately, MEN1 and CCND1 mutations are only
observed in a subset of sporadic PHPT patients, making them ill-suited as therapeutic

targets, suggesting other molecules may be involved in the disease pathogenesis.

Familial (Syndromic) PHPT



Five to ten percent of PHPT cases are familial, resulting from complex endocrine
syndromes or hereditary germline mutations'®. Familial PHPT is most often characterized
by multiglandular disease, unlike a single-gland sporadic disease®. The most common
PHPT-causing syndromes are MEN1, MEN2, MEN3, MEN4, and hyperparathyroidism-
jaw tumor (HPT-JT). MENL1 encodes the tumor suppressor menin, and 80% of germline
MEN21 mutations are inactivating. 95% of patients with MEN1 mutations develop a
parathyroid tumor and PHPT?L. Mutations of the c-ret proto-oncogene located on
chromosome 10q11.2 cause MEN2 syndromes. MEN2A and MENZ2B are less common
causes of PHPT, with approximately 20% of patients developing parathyroid tumors?. 5-
10% of patients have MEN4 and present with a very similar disease as MEN1 syndrome,
although these patients do not have mutations in MEN18, The most common MEN4
mutation is a loss of function mutation in CDNK1B, which encodes the P27 tumor
suppressor protein 23, MEN4 is an autosomal dominant disorder and causes several
different malignancies, including pituitary, parathyroid, and adrenal tumors, among
others?3. HPT-JT causes the development of several different neoplasms, including
parathyroid adenomas and parathyroid, uterine, renal, and pancreatic carcinomas due to
mutations in the cell division cycle 73 (CDC73) gene'® 22 Interestingly, over 65% of
sporadic parathyroid carcinomas express mutations in CDC73, which indicates these
mutations give rise to an aggressive proliferative cellular phenotype in parathyroid

cells®®,



Normocalcemic PHPT

Data has emerged describing patients with parathyroid adenomas and marked
elevated PTH levels with no evidence of hypercalcemia®. To diagnose normocalcemic
PHPT, all potential SHPT mechanisms must be assessed and eliminated, particularly
vitamin D deficiency and low glomerular filtration rates. This iteration of PHPT was
identified in a population-based analysis of over 5000 postmenopausal women?’. This
study included an 8-year follow-up where some of the patients ultimately developed
hypercalcemia. Unfortunately, vitamin D levels were not collected; therefore,
distinguishing between SHPT and normocalcemic PHPT cannot be done retrospectively.
In subsequent observational studies, the correction of vitamin D deficiency in patients did
not ameliorate the hyperparathyroid phenotypes?. The literature is not yet clear on the
exact etiology of normocalcemia PHPT. Some researchers argue that it may be a mild or
early presentation of PHPT?®, while others consider it a separate disease state®®. Further
work is needed to diagnose and explore the mutational landscape of this particular

phenotype more accurately.

Diagnosis PTH Levels 'Serum Ca2+ | Genetic Abnormalities  Primary Causes
CCND1/PRAD1 Sporadic Parathyroid
Sporadic PHPT High Elevated MENL1 LOH adenomatosis
MEN1, MEN2, MEN3 Syndromic Parathyroid

Familial PHPT High Elevated (MEN2B), MEN 4, HPT-JT |adenomatosis

Parathyroid
Normocalcemic PHPT High Normal Unknown adenomatosis

Vitamin D defficency
SHPT/THPT High Low ASXL3, CIT, HGF Kidney Disease

Table 1-1-Various parathyroid diseases and their associated biochemical and known genetic
abnormalities.

Molecular Underpinnings of PHPT

Normal serum ionized Ca?* levels are between 4.4-5.2 mg/dL (1.1-1.3mM) which

maintains serum PTH levels at approximately 11-51pg/mL (11-51 ng/L). The Ca?" Set-



point is the level of serum Ca?* needed to achieve 50% suppression of maximal PTH
secretion (Fig. 1.2). Parathyroid tumor insensitivity to serum Ca?* causes a shift in set
point; therefore, tumors require much more serum Ca?* to achieve PTH secretion

inhibition, compared to a normal gland.
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Figure 1-2 PHPT patients have an increased Ca?* setpoint.The setpoint, defined as the
concentration of serum Ca?* required to decrease PTH secretion by 50%. PHPT patients have a

much higher set point and require much more serum Ca?* to inhibit PTH secretion to a
physiologically acceptable level.

Genetic alterations in both familial and sporadic PHPT have helped guide the
treatment of PHPT, but a fundamental question that links all forms of PHPT remains:
What is the cause of Ca?* insensitivity in hyperparathyroid tumors? The classic view
postulates that parathyroid tumors have decreased CaSR expression, which causes Ca?*
insensitivity®® 3L, In recent years this view has been challenged by us and several other
groups who found a significant subset of PHPT patients do not show alterations in CaSR
expression®> 23, The fluctuations in CaSR expression among PHPT patients lead to
our work's central hypothesis that the dysregulation of Ca?* sensing in parathyroid
tumors is not a function of CaSR expression in some patients but rather mediated

by CaSR-modulating molecules.



Current Treatments

The recommendation for all symptomatic PHPT patients is parathyroidectomy,
which is curative. For patients ineligible for surgery or who refuse surgical intervention,
there are medical therapies aimed at increasing CaSR sensitivity to Ca?*. Unfortunately,
no single agent can normalize Ca?*, PTH, bone mineral density, and renal absorption of
Ca2*. Therefore, patients who opt out of surgery, do not meet surgical criteria due to
comorbidities or have recurrent disease require consistent monitoring of serum PTH and

Ca?* and lifelong medical management.

The most common drug given for PHPT is Cinacalcet (Sensipar), a calcimimetic
agent. Calcimimetic drugs bind allosterically to CaSR to increase the receptor’s
sensitivity to extracellular Ca?*. In the USA, cinacalcet is approved for use in SHPT and
severe PHPT patients who are not candidates for parathyroidectomy. Four randomized
controlled clinical trials studied the efficacy of cinacalcet in over 700 PHPT patients, and
meta-regression analysis found serum Ca?* levels normalized in 90% of patients while
PTH levels normalized in only 10% of cases®. One long-term clinical trial found that
cinacalcet can achieve long-term Ca?* and PTH normalization over 52-weeks®®.
Cinacalcet has been successfully utilized to correct hypercalcemia in various PHPT
disease states, including sporadic, familial, intractable, and carcinomas but it has shown
no effect on bone symptoms35-*°, Due to the ubiquitous expression of CaSR across
different tissue types, several side effects are associated with cinacalcet treatment.
Patients primarily report gastrointestinal events, such as nausea, vomiting, and loss of
appetite. Patients on cinacalcet must be monitored closely for symptoms of

hypocalcemia, and over suppression of PTH may lead to adynamic bone disease.



Unfortunately, cinacalcet shows no effect on BMD; therefore, combination therapy with

bisphosphonates is necessary.

Bisphosphonates decrease bone resorption to prevent BMD loss by inhibiting the
activity of osteoclasts. A randomized controlled trial concluded that daily treatment with
a bisphosphonate (alendronate) showed a modest increase in BMD at the spine and hip®.
Bisphosphonates alone have little to no effect on serum Ca?* or PTH levels, but studies
looking at combination therapy of cinacalcet and bisphosphonates have shown significant

improvements in both biochemical abnormalities and BMD*.

Concluding Remarks

The landscape of PHPT diagnosis and treatment is continually changing with
advances in cell biology, imaging modalities, genomics, and medical treatments. The
accumulation of evidence thus far has successfully stratified PHPT into several different
subtypes, which is essential for understanding disease pathogenesis and progression.
Several studies have identified sporadic mutations in many genes among a subset of
PHPT patients, most commonly the rearrangement of PRAD1(CCND1) and PTH.
Others have described heritable syndromes which cause parathyroid adenomatosis.
Although parathyroidectomy is curative, and several medical treatments have shown
efficacy, they ultimately seek to correct a symptom rather than the underlying cause. The
classical theory of parathyroid adenoma pathogenesis suggests a decrease in CaSR
expression leads to Ca?* insensitivity. Several groups have found contradictory evidence

to this theory, citing several patients with PHPT that do not show any difference in CaSR
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expression. The central hypothesis of this thesis is that CaSR dysfunction, in some
patients, is a result of modulatory molecules rather than direct changes in CaSR. We have
previously shown that RGS5 can recapitulate PHPT phenotypes in transgenic mice,
which express normal CaSR. Herein we explore the function, trafficking, signaling, and

crosstalk of ADGRG2 and CaSR to identify novel mechanisms of CaSR dysregulation.
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Chapter 2 G-Protein Coupled Receptors: Structure, Function,

and Roles in Neoplastic Diseases.
What are G Protein-Coupled Receptors (GPCRs)?

The Discovery of GPCRs: A Succinct History

Prior to the 1970s, cell surface receptors had yet to be experimentally observed
and were a controversial theory in the literature. Claude Bernard conducted the earliest
experiments that hinted at the existence of receptors in 18442, Bernard observed that a
curare-laced arrow caused complete paralysis in a rabbit, but there was no evidence that
the wound could induce such a response upon autopsy. After a series of experiments on
the curare poison, he concluded that the poison is acting on an ‘intermediate zone’
between muscles and nerves. Bernard and his student, Kuhne, would use the histological
approaches of their day to try and uncover where exactly the poison was exerting its
function. Bernard never successfully identified the intermediate zone, but his work laid

the foundation for discovering cell receptors decades later.

In 1901, at Cambridge University, John N. Langley and his student Thomas Elliot

hypothesized that cells must have a ‘receptive substance.” In 1905 Langley wrote,

“Thus there is evidence that the majority of substances which are ordinarily supposed to
act upon nerve-endings act upon the receptive substances of the cells...So we may suppose
that in all cells two constituents at least are to be distinguished. The chief substance which
is concerned with the chief function of the cell as contraction and secretion and receptive

substances which are acted upon by chemical bodies and in certain cases by nervous
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stimuli. The receptive substance affects or is capable of affecting the metabolism of the

chief substance*

By 1914 Langley and Ehrlich had coined the term receptor and laid the groundwork for

identifying membrane receptors over 50 years later.

By the 1960s, cell receptors were an accepted theory of classical pharmacology,
although none had been cloned or purified. Scientists such as Feldberg, Ahlquist, Dale, and
Sakmann studied adrenaline and the acetylcholine receptors and hypothesized that distinct
versions coined a and 3 receptors must exist. It was not until the 1960s at Duke University

that Robert Lefkowitz and Brian Kobilka purified the first receptors.

Lefkowitz developed a radioligand binding technique with Rusty Williams and
Marc Caron to study the B-adrenergic receptors. Their early experiments concluded that
competition curves for the 3-adrenergic receptors were monophasic for antagonists and
biphasic for agonists, a high affinity and low-affinity state**. Furthermore, they discovered
that the addition of guanyl nucleotides mediated the transition from high affinity to low-
affinity states®®. Over the next decade, using their lab’s ligand-binding experience, they
developed chromatography purification techniques which allowed them to purify four
distinct adrenergic receptors: o102 Ri, and B,* The final hurdle was proving the
functionality of the purified receptors. Rick Cerione, a post-doctoral fellow at the
Lefkowitz lab, expressed the purified B receptor in cells from the African clawed toad,
which did not contain any R-adrenergic receptors and therefore did not respond to
adrenergic agonists. By exogenously expressing the [3-adrenergic receptor, a guanine

nucleotide regulator protein (Gs), and the catalytic subunit of adenylyl cyclase in African
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clawed toad cells, they were able to reconstitute catecholamine signaling®®. These
experiments were the first to clone a GPCR and delineate the molecules required for

signaling.

The amino-acid sequence analysis of the newly verified receptor showed a 7-
transmembrane (7TM) spanning domain and homology with a light-sensing molecule,
rhodopsin®’. By 1987, Lefkowitz cloned several receptors and validated the 7TM G
protein-coupled receptors (GPCRs) superfamily of functionally distinct receptors.
Identifying these receptors and their functions led to innumerable discoveries, including
hundreds of GPCR-targeting therapeutics. In recognition of their work on GPCRs Robert

Lefkowitz and Brian Kobilka were awarded the 2012 Nobel Prize in Chemistry.
Structure and Classification

GPCRs are cell surface receptors defined by a conserved 7TM domain, alternating
intracellular and extracellular loop regions, and their ability to signal through cognate G
proteins (Fig. 2.1). Over 800s genes make up the GPCR superfamily, making it the
largest family of genes in the human genome. There have been several attempts to
classify GPCRs over the years. Herein we describe the GRAFS classification system,
which divides the vertebrate GPCRs into five distinct families: Glutamate, Rhodopsin,
Adhesion, Frizzled, and Secretin. The GRAF system was described in 2005 by Schi6th

and Fredriksson, based on large-scale phylogenic analyses of human GPCRs*,
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The glutamate receptor family of receptors is vital for neuronal function and
development. The Calcium-Sensing Receptor (CaSR) is a member of the glutamate
family and is discussed in further detail below. The rhodopsin family of GPCRs is the
largest, consisting of over 600 members, divided into 13 subfamilies. Rhodopsin
receptors are characterized structurally by very small N termini relative to other GPCR
families. Unlike the traditional A-F system of GPCR classification, the GRAFS
classification differentiates between the secretin and adhesion families. Adhesion GPCRs
(aGPCRs) are discussed in greater detail below. Frizzled receptors play an essential role
in cell fate, developmental polarity, and proliferation. The N-termini of frizzled receptors
contains over 200 amino acids with many cysteines which participate in Wnt signaling.
The secretin and adhesion families contain large N-terminal fragments, but further
analysis found that these two groups evolved separately and have significant differences
in their N-termini. The secretin family binds large peptide ligands and most often

functions in paracrine signaling.

N-Terminus

ECL2 ECL3

ICL2

C-Terminus

Figure 2-1 The general structure of a GPCR. GPCRs are defined by 7 conserved transmembrane regions (TM),
three extracellular and intracellular loops. The N-terminus of GPCRSs changes in size and peptide makeup
depending on receptor classification.

Classical Signaling- The Heterotrimeric G Proteins

15



Heterotrimeric G proteins are the primary transducers of GPCR signaling. G
proteins function as molecular switches which activate in response to ligand-induced
conformational changes in GPCRs. G proteins are composed of three subunits a, B, and vy.
Unlike the diversity seen in the receptors, G proteins are a relatively small family of
proteins, with 12 a, 6 B, and 12 y subunits*®. Heterotrimers are divided into 4 classes
based on sequence homology of the o subunit; these are Gs, Gg, Gi, G12/13. Crystal
structures of these proteins reveal a conserved GTPase domain that hydrolyzes GTP to
GDP and three loops known as switches I, I, and I1l. All Ga subunits are post-
translationally modified via palmitoylation or myristylation to allow proper trafficking
and localization to the cell membranes®. The B and y subunits are a single functional unit
and cannot be naturally dissociated. The By subunits are bound to the hydrophobic pocket
on the a subunit only when attached to a GDP and dissociate upon GTP binding. While
the By subunits are responsible for various downstream functions, they are not discussed
in detail herein, for a comprehensive review of By structure, function and signaling see

Khan et al. 2013%°,

The exact coupling mechanisms of G proteins to GPCRs are not well defined.
There are two opposing models of coupling; the first is the collision coupling model,
which postulates interaction occurs due to lateral diffusion within the plasma membrane,
allowing G proteins to interact with only activated receptors. The pre-coupling model
hypothesizes that G proteins interact with receptors before agonist binding. There is data
supporting and refuting both models, and it is not yet clear by which mechanism GPCRs

and G proteins couple® 2,
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The binding of a ligand to the extracellular regions of a receptor initiates
downstream signaling by causing a conformational change in the intracellular domains.
The change in receptor conformation leads to the exchange of GDP to GTP on the a
subunit by guanine-nucleotide exchange factors (GEFs), which catalyze the exchange
reaction®. The o subunit dissociates from the heterotrimeric complex and interacts with
various effectors to cause downstream signaling followed by various signal termination

mechanisms (Fig. 2.2).

1. Ligand Binding leads 2. GEFs catalyze the gl %‘;'I"{’n”-"’t‘:;am 4. GAPs induce 5. Receptor 6. Internalization into
ta conformational exchange of GDP 1o d g hydrolysis of GTP to Desensitizationby ~ Endosomes
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Figure 2-2 Schematic of Classical GPCR Signaling.The binding of a ligand causes a conformational
change in the intracellular regions of a GPCR. GEFs will exchange a GDP for a GTP on the a subunit of
the cognate G protein. The o subunit will dissociate and interact with various effectors to activate
downstream signaling based on the G protein family. The GAPs will catalyze the GTPase activity of the a
subunit to hydrolyze GTP back to GDP. Finally, GRKs will phosphorylate the C terminus of the activated

receptor and arrestins will initiate endocytosis of the receptor. The signaling pathways of the G
protein families are well defined in the literature (Fig. 2.3). Gag activates phospholipase-
C B (PLC-R), which cleaves membrane-bound phosphatidylinositol 4,5-bisphosphate
(PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3)**. DAG remains
bound to the inner leaflet of the membrane and is an important lipid second messenger

that mediates various signaling pathways, including protein kinase C (PKC). IP3 diffuses
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into the cytosol and can interact with IP3 receptors (IP3R) to cause Ca?* mobilization

from the endoplasmic reticulum (ER).

The Gos and Goisignaling pathways are contrary to one another. Whereas Gais

activates adenylyl cyclase to increase CAMP production, Gai directly inhibits adenylyl

cyclase. cCAMP binds the regulatory subunit of PKA, causing the release of the catalytic

subunit and allowing PKA to phosphorylate downstream targets®. PKA phosphorylates

phosphodiesterases (PDESs) to hydrolyze cAMP to 5> AMP. This negative feedback

mechanism tightly regulates PKA signaling temporally and spatially.
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Figure 2-3 Diagram of the G protein families downstream signaling pathways.

G213 s the smallest family of G proteins consisting of only Gi2and Gi3. These

proteins were first cloned in 1991 and are challenging to study due to a series of complex

overlaps between other G protein effector proteins and various other signaling

networks>®°. Studies have found that most GPCRs that couple to G12 can also couple to

Gaisand vice versa, with few exceptions noted in the literature®®. Unlike other G proteins,

the effector molecules of the Gaiz/13 are Rho-GEFs that stimulate the exchange of GDP
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for GTP on RhoA%®, RhoA are small GTPases that regulate cellular functions, including
cell adhesion, motility, and cytoskeletal rearrangements®. After GDP to GTP exchange
on RhoA, the RhoGEFs stimulate the GTPase activity of Goas to terminate signaling®.
The Rho-GEFs are unique in that they function both as an effector molecule and signal

terminator.

Although G proteins are GTPases and can hydrolyze GTP back to GDP, this
reaction is extremely slow. The GTPase activating proteins (GAPs) (also known as
GTPase accelerating proteins) accelerate the hydrolysis reaction by several orders of
magnitude. GAPs show selectivity and specificity for their target G proteins, although the
literature sites two opposing theories of regulation. Some studies have shown that GAPs
are targeted for activation by associated G proteins, thus creating a negative feedback
loop. The photoreceptor GAP, regulator of G protein signaling 9 (RGS9), is a prime
example of this mechanism. RGS9 binds to cGMP PDEs, an effector in the
phototransduction pathway, to enhance its activity and terminate signaling®?. Other
groups have described an inhibitory mechanism of G protein activity on its specific GAP.
For example, RGS4 is a GAP with specificity to members of the G4 family of G
proteins®®. PIP3, downstream of Goyg, binds RGS4 and inhibits its activity. Competitive
binding of Ca?* and calmodulin lifts the inhibition to allow GAP activation®. This study
indicates that the inhibition of GAPs is an effect of Gag early effector molecules, and the

late effectors remove the inhibition to terminate signaling.

GPCR receptor kinases (GRKSs) initiate the final steps of the GPCR signaling
cascade by phosphorylating the C-terminus of the active receptor. While most kinases

recognize their targets based on a conserved sequence, the GRKSs uniquely phosphorylate
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receptors based on their activation state. Studies of photoreceptors found that GRKSs in
the vicinity of an active receptor could phosphorylate anything accessible, including
exogenous peptides®. These data indicate that the receptor's activation causes the
activation of the proximal GRK allowing it to phosphorylate C-terminal serine/threonine
residues on the active receptor®®’. Experiments aiming to purify GRK from protein
lysates found a 40kDa protein prominently present in all extracts of phosphorylated

GPCRs; this protein was later identified as B-arrestin®®,

Four proteins make up the arrestin family, two specific to the visual system
(arrestinl and arrestin4) and two ubiquitously expressed members ([3-arrestinl and B-
arrestin2). R-arrestins bind to the phosphorylated form of their cognate receptors and
prevent the coupling of GPCRs with their G proteins to desensitize the receptor®. -
arrestins also engage clathrin to activate receptor endocytosis, which will either
dephosphorylate the receptor and recycle it back to the cell surface or target the receptor

for lysosomal degradation’®.

Emergent Concepts: Biased Agonism, B-Arrestin, Intracellular Signaling, & G protein-

independent functions

Over the past decade, there has been much progress in understanding GPCR
dynamics, activation, and regulation, which has illuminated new concepts in GPCR
pharmacology and uncovered several questions left to be answered. While the previous
sections described a linear model of agonist efficacy (one ligand binds to one receptor
leading to activity through a single transducer), the following section discusses the
multidimensionality of GPCR-transducer complexes (i.e., receptor-G protein, receptor--

arrestin, transducer-independent) (Fig. 2.4).

20



The functionality of R-arrestins was long-thought to be constrained to receptor
desensitization by uncoupling G proteins and active GPCRs. However, new data shows
R-arrestins do not just physically obstruct the coupling of G proteins to their cognate
receptors but function as membrane scaffolding proteins to inhibit the second messengers
of various G protein signaling pathways. Specifically, B-arrestins recruit PDEs and
diacylglycerol kinases (DGKSs) to the cell membrane to degrade cCAMP (second
messenger of Gas) and DAG (second messenger of Goy), respectively’ 72, Data also
support roles for B-arrestins in sustained G protein signaling from the endocytic pathway

and G protein independent signaling®.

After GRK-mediated phosphorylation of GPCRs, 3-arrestins interact with AP2,
an adaptor protein that associates with clathrin and mediates the internalization of
receptors’®. Receptor internalization was thought to lead to signal termination followed
by receptor degradation or recycling back to the cell surface. More recent data have
shown sustained signaling within the early endosome prior to receptor degradation or
recycling’ 7577, Support for the role of the endosomes in sustained signaling came from
a study of PTH-related peptide receptors (PTHR)’®. PTHR-expressing HEK293 cells
were stimulated with a PTH polypeptide, and sustained internalization corresponded with
cAMP production’®. Furthermore, immunofluorescence data showed that the PTHR, PTH
peptide, and Gos protein remained in a ternary complex within the endosome for the
duration of the cAMP production’®. We have uncovered a similar mechanism for
ADGRG2, an adhesion GPCR, that plays an essential role in parathyroid pathology’®.
When inhibiting the endocytic pathway, we found that the total surface expression of

ADGRG?2 increased, but upon stimulation, the total amount of CAMP decreased. These
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data indicate that a portion of the ADGRG2-mediated cCAMP production is dependent on
endocytic signaling’®. Sustaining signal in the endosome has broad implications for the

field, including our understanding of GPCRs and receptor biology as a whole.

R-arrestins also scaffold proteins within the endosome to mediate G protein-
independent signaling’®. R-arrestins trigger mitogen-activated protein kinase
(MAPK/ERK) by recruiting Src family tyrosine kinases’. The G protein-dependent
activation of ERK is transient, localized within nuclei, to promote gene transcription,
whereas the R-arrestin-dependent activation is sustained, localized within clathrin-coated
structures (CCSs), and stabilized in endosomes’ 2, R-arrestins can also scaffold the JINK
cascade proteins, which regulate growth arrest and apoptosis. Finally, B-arrestins exhibit
receptor-dependent interactions with the phosphatidylinositol-3 kinase (P13K) pathway.
The protease-activated receptor 2 (PAR2) causes [3-arrestins-mediated inhibition of PI3K
while the chemokine receptor (CCR5) actives PI3K via 3-arrestin scaffolding of various
kinases®® 8L, The interplay of R-arrestins with GPCRs and other effector molecules is
complex and still being uncovered in the literature. Several groups have identified the
importance of B-arrestins in the physiological functions of GPCRs, apart from their roles

in signal termination and receptor degradation.

An essential advancement in the field has been the concept of biased agonism,
which describes the ability of a single ligand to cause different signaling patterns from
the same GPCR. Although structural evidence of biased agonism is lacking, the accepted
hypothesis postulates that a ligand can stabilize different receptor conformations, which
will, in turn, cause the formation of different receptor-transducer complexes®? 83,

Recently, two critical studies obtained high-resolution structures of GPCRs complexed
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with two different transducers but the same agonist ligand. Structures of the formoterol-
bound R;-adrenergic receptor complexed with a Gai protein and 3-arrestinl were resolved
using cryo-electron microscopy (Cryo-EM)®. The iperoxo-bound M, muscarinic receptor
structure was resolved in complex with R-arrestinl and Gai using cryo-EM®. These
newly resolved structures show an evident change in the extracellular ligand-binding

pocket based on the bound intracellular transducer.

mOES 7

ERK
Biased Agonism: A signal GPCRs can sustain R-arrestins can signal
ligand can bias a receptor signaling from the early independently of G
toward different pathways endosome Proteins

Figure 2-4 Emergent Concepts in the field of GPCRs. The discovery of biased agonism and the various
role of 3-arrestins in GPCR function has altered the classical (linear) views of one ligand-one receptor-one
outcome.

The exact mechanisms for how these ligands can selectively change the receptor-
transducer complex are unknown, but identifying this phenomenon has important
implications for future therapeutic development. Namely, the development of ‘biased
ligands’ to selectively activate a particular signaling pathway. Further work is needed to

uncover more detailed mechanisms of biased agonism, particularly the question of which
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ligands produce specific responses and which responses are mediated by the various G-

proteins versus arrestins.

The field of GPCR biology is rapidly expanding as technologies and techniques
are developed to uncover their complex signaling networks and structures. These
emerging topics in the field are slowly uncovering novel mechanisms and therapeutic
targets that may lead to deeper understandings of physiology and the development of

novel therapeutics.

GPCR Control of Parathyroid Function: The Calcium-Sensing Receptor.

As mentioned previously, the parathyroid glands are the primary calcium-sensing
organs of the body and function to maintain serum calcium homeostasis. The calcium-
sensing receptor (CaSR) is a dimeric GPCR expressed on the surface of chief cells. The
CaSR expresses a large extracellular domain (ECD) which contains a venus flytrap
(VFT) domain, to facilitate ligand-receptor interactions. X-ray crystallography results
showed that the ECD of CaSR is heavily glycosylated and has three distinct Ca?* binding
sites within the VFT domain (Fig. 2.5)% . Ligand binding causes a conformation
change in the VFT, leading to downstream signaling through various cognate
heterotrimeric G proteins. The intracellular and transmembrane domains of CaSR are

very similar to the classic GPCR structure discussed above.

In classic stimulus-regulated secretory systems, activation leads to an increase in
hormone release. The CaSR-PTH secretory pathway is unique in that the activity of
CaSR causes the decrease of PTH secretion. The CaSR can couple to Gog, Gai, and

Gouzi13 G-proteins to initiate downstream signaling®. Goyq activates PKC, which plays a
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crucial role in the proper secretion of PTH in hypocalcemic states. PKC inhibits PTH
release from bovine parathyroid cells in states of hypocalcemia®. Furthermore,
stimulating PKC using phorbol esters led to the stabilization of PTH mRNA, suggesting

that PKC is essential for the synthesis and secretion of PTH.

— ECD

CR

7™
ICD

Protomer 1 Protomer 2

Figure 2-5- Structural representation of the CaSR homodimer.Yellow circles represent Ca?*ions. The
VFT Domain is made up of lobe 1 (LB1) and lobe 2 (LB2). The VFT is connected to the transmembrane
region via a cysteine-rich (CR) domain. Adapted from Geng et. Al, 2016.

Goy also increases intracellular Ca?* via 1Pz activity on the endoplasmic reticulum
(ER), which causes the release of stored intracellular Ca* and opening membrane-bound
voltage insensitive Ca?* channels. The increase of intracellular Ca?* catalyzes the activity
of PKC to decrease PTH secretion®. Cytosolic Ca?* also plays a role in PTH
transcription via a Ca2* response element (CaRE), 3.6kb upstream of the PTH gene®.
Finally, CaSR signaling through G; pathways causes a decrease in CAMP, a second

messenger necessary for proper PTH vesicle release.

While the exact molecular mechanisms of CaSR-mediated PTH secretion are
unknown, several studies have confirmed a variety of roles for CaSR in parathyroid
pathobiology. Researchers have found that slight increases in serum Ca?* cause a drastic
decrease in PTH release, but it is unclear whether this effect is mediated by other CaSR

agonists such as polyvalent cations and various l-amino acids®. Patients undergoing total
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parenteral nutrition (TPN) infusions containing I-amino acids have shown abnormal
parathyroid activity, demonstrating that non-extracellular Ca?* agonists may regulate
CaSR®2. The dimerization state of CaSR may also play a crucial role in parathyroid
disease. The CaSR homodimer is the primary form of the receptor, but there is
compelling evidence that CaSR also forms heterodimers with other GPCRs, although the
significance of these dimers is not yet understood®®, These studies suggest a
heterogeneous function of CaSR in parathyroid cells which may explain the variability in

hyperparathyroidism patients to intravenous infusion of Ca?* or calcimimetic drugs®.

IHC analysis of PHPT and other hyperplastic parathyroid tissues show a decrease
in CaSR expression ranging from 30-70%, while a subset of patients show no change in
CaSR expression® %, In patients with varying levels of CaSR expression, the use of a
calcimimetic agent, such as cinacalcet, causes a similar decrease in PTH secretion®.
These data suggest that CaSR expression levels alone are not responsible for dysregulated
PTH levels in hyperparathyroidism patients; otherwise, the pharmacological effect of

calcimimetics would vary based on CaSR levels.

There is mounting evidence supporting G-protein-independent mechanisms of
CaSR activity. Activation of CaSR with increased extracellular Ca?* causes the assembly
of actin stress fibers and changes in cell morphology®’. Inhibition of Gaj and Gog in HEK-
CaSR models showed no effect on CaSR’s ability to alter actin polymerization and cell
morphology®’. Treatment with Rho-kinase inhibitors did attenuate the CaSR-induced
actin assembly and morphological changes. These studies are of import due to the role of
F-actin in the secretion of PTH from parathyroid chief cells. When treated with F-actin

severing compounds, such as cytochalasin, PTH secretion increased significantly while
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the stabilizing agent, jasplakinolide, decreased PTH secretion®. These data point to the

role of CaSR-mediated actin remodeling in the inhibition of PTH-secretion.

Introduction to Adhesion G-Protein Coupled Receptors (aGPCRs).

aGPCRS are the second largest family of GPCRs consisting of 33 members with
various expression patterns and functions. All aGPCRs maintain the seven-transmembrane
structure common to all GPCRs and are differentiated by a large N-terminal fragment
(NTF). Insome aGPCRs, the NTF contains several domains, including EGF-like, cadherin,
pentraxin, and leucine-rich repeats, which enable cells to interact with adhesion molecules
(e.g., ADGRES5 with integrins®) or extracellular matrices (ECM) (e.g., ADGRG1 with
collagen 111°°; ADGRG®6 with collagen V%), aGPCRs, except ADGRAL, contain a GPCR
Autoproteolysis-Inducing domain (GAIN), which is located N-terminally to the first
transmembrane domain®®t, Within the GAIN domain is a highly conserved GPCR
proteolytic site (GPS) and a stretch of residues that connects GPS to the first
transmembrane domain®®?. Proteolytic cleavage at the GPS during protein translation
divides aGPCRs into NTF and C-terminal fragments (CTF), which remain associated via

noncovalent interactions (Fig. 2.6).

Several modes of activation of aGPCRs have been proposed, some of which are
unique to specific aGPCRs and cellular contexts (reviewed in detail in 1°%194), Dissociation
of NTF from CTF by an extracellular molecular partner unmasks a 15-25 amino acid
tethered agonist, known as the Stachel peptide, that remains extracellularly on the N-
terminus of CTF. Several studies have reported that NTF-truncated mutants of ADGRB2
105 ADGRG1 1%, ADGRG2 % 107.108 ADGRF1 1%, and ADGRES5 %% show constitutive

activation of downstream signaling pathways. Further studies proved that this activity is
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due to the interaction of the tethered agonist with the cognate receptors. For instance, the
deletion of tethered agonists in NTF-truncated ADGRD1 ', ADGRG2 ¥, and ADGRG6
111 abolished specific signaling pathways and exogenous addition of synthetic peptides,
which are identical to tethered agonists, stimulated receptor signaling 19719112 Alternative
mechanisms of activation of aGPCRs exist. Unlike the receptors mentioned above, the
interaction of NTF and CTF is required for proper signaling and function of ADGRC2 in
the brain 2. Moreover, circulating NTF of several aGPCRs have been reported 105 114115
and the secreted NTF of ADGRBL1 (Vasculostatin, a.k.a. Vstat120) showed antiangiogenic
and antitumorigenic functions in glioma xenograft models !'®, pointing to CTF-
independent roles that NTF may play in distant or neighboring cells. To add to the
complexity of aGPCR activation and signaling, recent studies have shown that while NTF
and tethered agonist are required for certain signaling pathways of ADGRG1 '/, ADGRB1
117 "and ADGRG2 7, they can be dispensable for interaction of these receptors with R-

arrestins. Together, these studies suggest that GPS, NTF, CTF, tethered agonist, and other

domains of aGPCRs play various functional roles.
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Figure 2-6 The general structure of an aGPCR. All aGPCRs, except ADGRAL, contain a GPCR
Autoproteolysis-Inducing domain (GAIN) 23 that includes the GPCR proteolysis site (GPS) and a tethered
agonist sequence 31. The cleavage at GPS results in a two-subunit molecule, including an N-terminal fragment
(NTF) and a C-terminal fragment (CTF) that remain associated via noncovalent interactions. In some aGPCRs,
NTF includes additional domains such as EGF-like, cadherin, pentraxin, and leucine-rich repeats. These
domains interact with other cell adhesion molecules and extracellular matrices, by which they orchestrate the
intracellular signaling.

The Emerging Role of aGPCRs in Cancer.

Multidomain NTF of aGPCRs enables cell-cell communication and cell-
extracellular matrix interaction, processes that are dysregulated in cancer. Current evidence
suggests that some aGPCRs regulate the cell cycle, proliferation, survival, and
dissemination of cancer cells (Table 2.1). For example, knockdown of ADGRL4 reduced
the proliferation of glioblastoma cells in vitro'® 1%, ADGRGL1 is upregulated in colorectal
cancer tissues and cell lines and promotes tumor growth and metastasis via induction of
epithelial to mesenchymal transition (EMT)'?°. However, in melanoma cell lines,
ADGRG1 suppressed the production of vascular endothelial growth factor, a known
stimulator of tumor angiogenesis, and inversely correlated with melanoma progression in
mouse tissues and human melanoma xenografts 1?1, Anti-growth 122 and pro-metastasis 2

roles have also been reported for ADGRG1 in melanoma studies. ADGRB1 functions as
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124 125

an inhibitor of angiogenesis in pulmonary adenocarcinoma ~*, glioblastoma “, colorectal

126 and astrocytoma 27, Carcinoma-associated mutations in ADGRL1 revealed

cancer
altered surface expression and exaggerated basal activity of the receptor 128, In the era of -
omics, there is now evidence of aberrant expression and mutational profile of aGPCRs in
different malignancies that warrant future translational studies. Here, we review the current

body of knowledge regarding the expression and function of aGPCRs in the five most

common types of cancer*?°.
Lung Cancer

Lung cancer is the leading cause of death and the most common cancer globally,
totaling approximately 12% of new cancer cases in 2018 *°. ADGRB3 was shown to be
one of the most significantly mutated genes in 13% of lung squamous and 5% of lung
adenocarcinoma tumors 3!, These mutations span the NTF, 7TM, and C-terminus of
ADGRB3, and authors suggested that this protein might act as a putative tumor
suppressor. This is in line with the reported anti-angiogenic and anti-neurogenic activity
of other members of this subfamily, ADGRB1 and ADGRB2 132133 _Currently, small cell
lung cancer (SCLC) and large cell neuroendocrine lung carcinomas (LCNEC) are
differentiated based on morphological analysis, which tends to be a poor determinant of
the cancer subtype. Immunohistochemical (IHC) analysis of human lung tumors showed
that ADGRB3 is expressed in the nucleus of a majority of SCLC samples but is either
absent or expressed at low levels in the cytoplasm of LCNEC tissues **. The ability to
use ADGRBS3 staining to differentiate between SCLC and LCNEC could be of significant
clinical importance. Nuclear localization and signaling of some GPCRs *** 1% and R-

arrestins 13713 have been reported in HEK293 cells and tumor cells. Interestingly, the
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NTF-truncated ADGRB3 was shown to interact with B-arrestin2 13°. Whether the nuclear
ADGRB3 in SCLC cells is the activated form of the receptor that is transported to the

nucleus by R-arrestin2 requires further studies.

MicroRNAs (miRNAs) are a family of non-coding small RNAs that regulate gene
expression, are dysregulated in various cancers, and are either tumor suppressors or
oncogenes 4%, Down-regulation of miR-138-5p increased the expression of ADGRAZ2 in
non-small-cell lung carcinoma (NSCLC) cell lines and patient-derived cells 141, NSCLC
patients who are treated with gefitinib, a common tyrosine kinase inhibitor, often become
resistant to this drug **>—interestingly, introducing miR-138-5p to resistant NSCLC cells
down-regulated ADGRA2 and resensitized cells to gefitinib 4. Although the
endogenous ligand of ADGRAZ is unknown, this receptor has been implicated in tumor
angiogenesis, a known mechanism of gefitinib resistance in lung cancer patients 14-144,
Whether inhibition of ADGRAZ2 by a small molecule or biologic can resensitize patients

to gefitinib is yet to be explored.

Expression profiling revealed that 97 miRNAs were differentially expressed in
NSCLC patients’ lungs compared with normal lung tissues, of which miR-099a was one
of the most downregulated miRNAs in NSCLC tissues. Expression of miR-099a in NCI-
H1650, NCI-H1975, and NCI-H1299 lung adenocarcinoma cell lines reduced expression
of ADGREZ2 and increased cell cycle arrest and apoptosis 1°. Rescue experiments
suggested that ADGREZ2, a target of miR-099a, mediates NSCLC cell migration and its
knockdown increases adhesion and decreases proliferation. ADGREZ2 expression also
correlated with R-catenin expression 4, a known marker for EMT and metastasis in lung

adenocarcinoma %6, IHC analysis of 119 lung cancer patient biopsies revealed that
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ADGRE?2 is upregulated in approximately 12% of cases 1*°. ADGRE2 binds to

147 a proteoglycan that is involved in lung growth 8 and is present at

chondroitin sulfate
elevated levels in lung tumors %°. This evidence, combined with the fact that ADGRE?2
couples to Gal5 **°, a promiscuous Ga protein that activates phospholipase CR, provide

strong grounds for the screening of small molecules that interfere with ADGRE2-

mediated signaling and migration of NSCLC cells.

Insertional mutagenesis experiments, either by retroviruses or lentiviruses, have
been exploited as a tool to identify genes that potentially regulate cell growth and
culminate in tumorigenesis 1. Genomic localization of proviral sequences after a
retroviral screen in mice suggested that ADGRF1 is a proto-oncogene in mouse leukemia
152 which was corroborated by additional reported insertions sites °3 1. Lum et al.
followed this proto-oncogenic indication by mRNA and protein expression analysis and
found that whereas ADGRF1 expression was low in lung cancer cell lines, lung
adenocarcinoma tumor samples showed upregulated ADGRF1 compared to either normal

lug, squamous or small lung tumor samples 2,
Breast Cancer

Breast cancer was the second most commonly diagnosed cancer in 2018 with over
2,000,000 newly diagnosed cases . Several aGPCRs show altered expression or
mutation in breast malignancies!®>-*%, ADGRC2 was initially shown to be down-
regulated in human epidermal growth factor receptor 2 (HER2)-positive breast
carcinomas *°°. Further immunohistochemical studies by the same group did not identify
a significant correlation between ADGRC2 expression and either HER2 or estrogen

receptor (ER) status of lung tumor tissues or cell lines 156, However, they identified a
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small group of cell lines and tumors that show striking downregulation of ADGRC2,
pointing to a potential impact of this receptor in a subset of breast cancers. ADGRC2 is a
member of the non-classical cadherin family of proteins due to the presence of several
cadherin domains in its NTF. Interestingly, cadherins are involved in cell-cell
communication and cell adhesion and E-cadherin promotes metastasis in diverse models
of invasive ductal carcinomas 1%°-162, Therefore, it would be interesting to know whether
the deletion of cadherin domains in ADGRC2 changes the metastatic potential of breast

cancer cells.

Similar to ADGRC2, localization, and expression of ADGRE2 are also correlated
with breast cancer patient prognosis %3, While ADGREZ2 is not expressed in normal
breast epithelial cells, invasive breast carcinomas and ductal carcinoma in situ (DCIS)
showed upregulation of ADGRE2 3, Nuclear expression of ADGRE2 was correlated
with lower tumor grades and a longer disease-free survival 1%, Since active GPCRs do
not reside in the nucleus, it is possible that ADGRE?2 is either activated on the cell
surface and endocytosed to the nucleus or it is not shuttled to the plasma membrane after
translation. Further research is necessary to define the mechanism by which ADRGE2
regulates breast cancer cell function and to confirm nuclear localization as a prognostic

biomarker.

Data from the Cancer Genome Atlas (TCGA) show that 52% of patients with
invasive ductal carcinoma have reduced levels of ADGRBL1, which correlates inversely
with patient survival %4, This is consistent with the down-regulation of ADGRBL1 in
several other tumors including glioblastoma 1%°, colorectal 125, and lung cancer 24, The

secreted N-terminal fragment of ADGRB1 (Vasculostatin, a.k.a. Vstat120) was shown to
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suppress growth in xenograft models of glial tumors . Vstat120 contains an arginine-
glycine-aspartate domain and five thrombospondin type-1 repeats, motifs that are known
modulators of angiogenesis 6% %€, Overexpression and consequent secretion of Vstat120
reduced the viability of various subtypes of breast cancer cell lines 4. Injection of
Vstat120-expressing virus into the brain of breast cancer-derived brain metastases
(BCBM) mouse models significantly decreased the tumor size and disease burden and
increased survival %4, This experiment is of significant clinical importance because
BCBM is a feature of treatment-resistant HER2-positive and triple-negative breast
cancer, for which the standard of care is systemic chemotherapy and radiation with poor
prognosis and low survival rates 7. Given the antiangiogenic effects of Vstat120 and its
motifs, it would be important to investigate their stability and bioavailability in mouse
models of cancer. Also, the therapeutic efficacy of these molecules in combination with

other current therapies warrants future research.

ADGRES is upregulated in MDA-MB231, MDA-468, MCF-7, and T47D breast
cancer cell lines and its knockdown decreased cell growth, proliferation, and migration
158 However, the mechanisms by which ADGRES regulates these cellular functions in
breast cancer cell lines are mainly unknown. Independent studies have provided
contradictory results whether the expression of the endogenous ligand of ADGRES5,
CD55, correlates with breast cancer prognosis positively or negatively %1% This might
be due to the different methods used by authors to define “high and low expression™. It is
noteworthy that ADGRES5 %8 and CD55 *° are co-expressed on the surface of MCF-7
cells. Further studies may reveal whether these receptor-ligand pairs are co-localized in

breast tumor tissues as well and if deletion of either or both proteins alters the in vivo
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manifestation of breast tumor. As elaborated in more detail later in this minireview, the
expression of ADGRES in various epithelial carcinomas correlates with the stage and

progression of the tumor.

As great strides are made in cancer treatments, there are still many patients who
develop resistance to targeted therapies. Bhat et al. recently showed that several aGPCRs
are expressed in cancer stem cells and anti-HER2 therapy-resistant cells. Using
Aldefluor, a non-immunological fluorescent marker for stemness, Baht et al. found that
ADGRB3, ADGRE2, ADGRA2, ADGRF5, and ADGRF1 are all overexpressed in
cancer stem cells *°. The only aGPCR found to be expressed in both cancer stem cells
and anti-HER?2 therapy-resistant cell lines was ADGRF1 *°. Knockdown of ADGRF1 in
BT747 cells decreased anchorage-independent growth, a common feature of metastatic
cell lines, and reduced the mammosphere formation, suggesting a role for ADGRF1 in
cancer stemness *°. These data warrant further investigation into the downstream effects

and potential targeting of ADGRF5 in HER2+ breast cancer.

Knockdown of ADGRF5 in highly metastatic breast cancer cell line, MDA-MB-
231 reduced the cell migration in vitro and metastasis in mammary tumor mouse models
in vivo 10, The potential role of ADGRF5 in cell invasion was further confirmed by the
ectopic expression of the receptor in less-metastatic breast cancer lines (MCF-7 and
Hs578T) 170, Activation of a well-known cytoskeletal remodeling signaling cascade, Gag,
p63RhoGEF, and small GTPases, RhoA and Racl was confirmed as the potential
mechanism of cell motility by ADGRF5 in breast cancer cells 17°. The increased

expression of ADGRF5 in human breast cancer tissues correlated with cancer metastasis
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and poor prognosis 179, further suggesting this receptor as a potential candidate for breast

cancer therapy.

The expression of ADGRG?2 in breast cancer cell lines has been debated. Richter
et al. showed low to no expression of ADGRG2 transcripts in MDA-MB-231 and
Hs578T breast cancer cell lines "X, We have also not been able to show the expression of
ADGRG2 in MDA-MB231 cells at either mRNA or protein level (data not shown).
However, Peeters et al. revealed the effect of ADGRG2 knockdown on migration and
adhesion of these cell lines, presumably via its effect on RelB, a member of the NF-xB
family 172, Surprisingly, Peeters et al. did not provide expression data for ADGRG2 at
either mRNA or protein level in either cell line. An impedance-based assay
(xCELLIigence) showed that ADGRG2 knockdown delays breast cancer cell adhesion but
does not modulate cell proliferation 2. Constitutive activation of the serum response
element (SRE) transcription factor was dependent on the autoproteolysis of ADGRG2 at
its GPS site when the receptor was overexpressed in HEK293 cells 172, Unlike reports on
the inhibitory function of NTF in ADGRG?2 signaling ®*1°7- 1% Peeters et al. showed that
NTF plays a crucial role in the activation of both NF-xB and SRE pathways by ADGRG2
172 Further studies to profile the expression and localization of ADGRG2 in breast cancer
cell lines and patient breast tumor-derived cells are necessary to provide a thorough

understanding of its function in this disease.
Colorectal Cancer

The current standard of care for colorectal cancer (CRC), the third most
commonly diagnosed cancer 1%, is surgical resection, radiotherapy, and chemotherapy

173 In recent years targeted therapies such as inhibitors of angiogenesis, immune
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checkpoint, and epidermal growth factor receptor (EGFR) have turned CRC into a highly
treatable disease. However, resistance due to tumor mutation and recurrence following

surgery warrants further studies 174,

The expression of several aGPCRs is changed in CRC. While ADGRBL1 is down-
regulated in the colon mucosa of CRC patients 1>, ADGRB2 is upregulated in advanced
CRC ! and ADGRES is upregulated in CRC biopsies of relapsed patients compared
with patients who are disease-free 1"®18, In addition, expression of ADGREL is
decreased in colon tissue biopsies of mouse models of colorectal carcinoma compared
with control mice 8. Unfortunately, these aGPCRs have no prognostic indications and

no further work has been done to elucidate their mechanistic roles in CRC.

Other aGPCRs have shown more promise in laboratory and clinical settings.
Analysis of three Gene Expression Omnibus (GEO) datasets and one dataset from TCGA
(151 cases of CRC) revealed that ADGRAS3 is down-regulated in 78% of CRC specimens
and its elevated expression in 22% of the samples is associated with prolonged
recurrence-free survival 1’°. CRC patients with upregulated ADGRA3 showed reduced
KRAS mutation, smaller tumors, and less metastasis 1’°. Interestingly, gain-of-function
mutations in KRAS contribute to the transition from adenoma to CRC *° and are good
predictors of resistance to EGFR therapy 4. Overexpression of ADGRA3 in a CRC cell
line (HCT116) suppressed the Wnt/-catenin signaling pathway, a known driver of CRC
179,181 and down-regulated c-Myc and cyclin-D1. There is compelling evidence that
KRAS mutations can cause aberrant Wnt/B-catenin signaling, which will cause an
oncogenic transformation in intestinal epithelial cells 182 Yet, it is unclear whether there

is a crosstalk between ADGRAS3 and KRAS at the levels of Wnt/[3-catenin signaling.
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High ADGRES5-expressing CRC cells show greater localization of 3-catenin in the
nucleus, indicating activation of the Wnt/R-catenin signaling pathway 8 184 Wobus et al.
found that CRC cells with increased expression of ADGRES showed an elevated invasion
and a poor clinical outcome &% Gjven that ADGRES5 has an observable effect on
tumor cell invasion, migration, and secondary metastasis in various cancers 10 186-188 jts
interactions with junctional proteins were studied. Proximity ligation and co-
immunoprecipitation assays in various human CRC cell lines showed a strong interaction
among ADGRES, B-catenin, and E-cadherin when compared to normal tissues and cell
lines &, Malignant samples had reduced membrane-bound and increased cytoplasmic
ADGRES5 ¥, These results suggest that ADGRES plays an important role in the
regulation of cell junctions in normal colon tissue. Whether the cytoplasmic ADGRES5 is
an indication of its prior activation and endocytosis in CRC cells awaits further
investigation. IHC staining of various rectal adenocarcinoma tissue samples showed a
strong co-expression of ADGRES5 and CD55 in the invasive front of the tumor %
However, cells in the center of the tumor showed little to no expression of either
ADGRES5 or CD55. Patients with high ADGRES expression showed a less favorable
prognosis, more metastatic burden, and a higher rate of clinical recurrence '*°. These data
indicate that ADGRES and its ligand, CD55, may have a prognostic role as a biomarker

in CRC.

Protein and mRNA analysis of 48 colorectal carcinoma cases showed a significant
increase in ADGRFS5 levels when compared with normal tissues %%, These results were
confirmed in three microarrays from the Oncomine database and IHC staining of over 90

CRC samples %, Patients expressing high levels of ADGRF5 showed an increase in
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distant metastasis and histological differentiation *°1. Univariate analysis of these results,
along with several other in-silico studies, show that high levels of ADGRF5 could act as
an unfavorable prognostic indicator in CRC patients. miR-511-5p is known to be down-
regulated in a variety of CRC cell lines and patients who expressed elevated levels of
miR-511-5p show higher survival rates *°2. In vitro overexpression of miR-511-5p
mimetics in CRC cells reduced proliferation and colony formation and increased cell
apoptosis 1°2, Interestingly, miR-511-5p binds the 3°UTR of the ADGRF5 gene to repress
its transcription, and overexpression of ADGRF5 reverses the anti-tumor features of miR-

511-5p 92, Together, these data support tumorigenic roles for ADGRF5.

MRNA, IHC, and in-situ hybridization analyses showed that ADGRGL1 is highly
expressed in CRC specimens % and colonic crypt cells 13 compared with normal
gastrointestinal tissues and cells. This overexpression is intensified in mice that express
progastrin, a peptide that is upregulated in CRC and other cancer cell lines %1%, Jin et
al. found that ADGRG1 directly interacts with progastrin to increase the proliferation rate
of colonic cells and the genomic deletion of ADGRGL1 increases apoptosis in the colonic
mucosa and decreases proliferation in mice ***. The increased expression of ADGRG1
predicted a worse prognosis for patients suffering from CRC 2 and knockdown of
ADGRG1 down-regulated mesenchymal markers, N-cadherin, and vimentin via the
PI3K/AKT pathway '2°. The current screening method for CRC is an optical colonoscopy
that does not detect the early stages of cancer development. It remains to be investigated

whether ADGRGL1 can potentially be a less invasive diagnostic biomarker for CRC.

Prostate Cancer
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There were 1,276,106 newly diagnosed cases of prostate cancer in 2018,
globally. Due to the indolent nature and slow progression of prostate cancer many cases
go undiagnosed until later stages of the disease. Examination of prostate cancer
screenings such as prostate-specific antigen and digital rectal exam lack internal validity

and have shown inconsistent results and false positives 1%,

Histological analysis of a prostate tissue array derived from 36 adenocarcinoma
cases revealed that ADGRES is upregulated in these tumors compared with normal
adjacent tissues 110, This was corroborated by the high expression of ADGRES5 in some
prostate cancer cell lines (PC3 and DU145) and low expression in non-transformed
prostate cells. The depletion of ADGRES5 in DU145 cells reduced the serum-induced
activation of RhoA small GTPase in vitro and cell migration and invasion in Matrigel 1°,
The described mechanism of ADGRE5-mediated migration of prostate cells is consistent
with a previous study, where ADGRES regulated the migration of neural progenitor cells
through Ga12/13 G proteins and RhoA small GTPase . Mice injected with ADGRE5-
depleted PC3 cells showed a significant reduction in bone metastasis but no change in
tumor growth when compared with mice that were injected with parental PC3 cells *°. In
addition to ADGRES, the increased expression of lysophosphatidic acid receptor 1
(LPAR1) has been reported in prostate cancer cells 1. Interestingly, the ectopic co-
expression of ADGRES5 and LPAR1 in LNCaP cells (an androgen-sensitive prostate
adenocarcinoma) revealed that these GPCRs heteromerize and ADGRES potentiates the
LPA-induced RhoA activation ¥, Heteromerization and crosstalk of various GPCRs and
the consequent regulation of tumorigenesis and metastasis of prostate 1°%2% preast 1%

200 “and glioblastoma 2°* cells have been previously reported. Histological examination
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indicated an association between the expression of LPAR1 and ADGRES5 in prostate
cancer biopsies 11°. Together, these data suggest crosstalk between LPAR1 and ADGRE5
in prostate tumor cells. Considering that LPAR1 antagonists have not yet been approved
to mitigate tumor burdens and metastasis, it would be interesting to examine whether
inhibition of ADGRES5 by small molecules or specific antibodies suppresses the LPAR1-

mediated metastasis.

Prostate biopsies from old subjects, which are prone to benign hyperplasia or have
undiagnosed cancer, showed higher expression of ADGRF1 %2, There is a spectrum of
ADGRF1 expression among main prostate cancer cell lines; high in PC3, low in LNCaP,
and negative in DU145. Histological analysis with antibodies raised against two distinct
peptides from the NTF of ADGRF1 showed differential staining in prostate
adenocarcinoma tissues, suggesting potential expression of different splice variants 2,
Such differential staining precluded a comparative analysis of ADGRF1 expression
between benign prostate hyperplasia and prostate adenocarcinomas and emphasized the

importance of relative quantification of splice variants of aGPCRs in tumors.
Gastric Cancer

Gastric cancers are the 5" most commonly diagnosed cancer in the world *%.
Aust et al. found that ADGRES was expressed in 44 of 50 gastric cancer biopsies 2%,
Alternative splicing generates 3 isoforms of ADGREDS5 that contain three, four, or five
repeats of EGF domains on their NTF. Overexpression of the smaller isoform,
ADGRES/EGFL1,2,5 in BGC-823 stomach adenocarcinoma cells increased their invasive
behavior in vitro 2. In line with these findings, orthotopic mouse models of gastric

carcinoma that lacked the ADGRES/EGF1,2,5 showed reduced metastatic spread and
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tumor volume 8, However, the full-length isoform, ADGRE5/EGF1,2,3,4,5 suppressed
the invasion and increased proliferation. These studies indicate that the characteristics of

gastric tumor cells may be regulated by the balance of ADGREDS splice variants 2%,

Recently, Chao et al. found that the exosomes isolated from the stomach
adenocarcinoma cell lines that express wild-type ADGRES stimulated migration of other
cells in a transwell assay 2%, This was accompanied by phosphorylation of the major
signaling molecules of the MAPK pathway. Consistent with these findings, exosomes
released from ADGRES-expressing tumors increased metastasis of gastric
adenocarcinomas 2%, In a footpad mouse model of aggressive gastric adenocarcinoma,
Liu et al. found that tumors lacking ADGRES5 show a diminished metastasis and
metastatic niche formation 2%, Exosomes isolated from SGC-L, an SGC-7901 cell-
derived highly metastatic gastric cancer cell line expressing ADGRES5, were also able to
increase the metastatic phenotype of tumor cells 2%, Taken together, these studies suggest
that ADGRES increases cell proliferation and metastasis in gastric cancer via vesicle-

mediated tumor cell communication and activation of the MAPK pathway.

A recent study showed that ADGRF1 mRNA and protein are significantly
upregulated in tumor biopsies compared with paired adjacent normal tissues resected
from 117 gastric cancer patients 2%. Patients with high ADGRF1 protein levels had
shorter survival and increased recurrence after surgery compared with gastric cancer
patients with low ADGRF1 expression. These data suggest that ADGRF1 may be a
candidate biomarker for diagnostic purposes in gastric cancer patients. N-
docosahexaenoylethanolamine (synaptamide, a.k.a. DHEA), a stimulant of neurite

growth, was recently shown to induce cyclic AMP production via ADGRF1 2%, It would
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be interesting to know (a) whether the level of synaptamide, an endogenous metabolite
ligand of ADGRF1, is altered in the gastric tumor microenvironment, (b) what the
pathologic impact of synaptamide-ADGRF1 interaction is, and (c) what molecular

mechanism(s) are used by ADGRFL1 in gastric cancer cells.
Potential Therapeutic Approaches

Although the field of aGPCR research has seen constant growth in terms of
engaged signaling pathways in the past decade, the physiological functions of these
receptors are yet to be explored further. In particular, their role in all aspects of cancer,
from tumor initiation to metastasis, is incompletely understood. aGPCRs are implicated
in diverse diseases from diabetes to various neoplasms. However, there are currently no

approved drugs targeting any aGPCRs.

The difficulty in obtaining structural information from aGPCRs has hampered the
process of developing small molecules or biologics to target them. On the other hand, the
large NTF and its multiple domains provide potential sites to target therapeutically. The
recent discovery of an ADGRG1 antagonist 2% gives hope for the development of future
small molecules with proper pharmacology to regulate the function of these understudied
receptors in cancer. In addition to small molecules, antibodies against domains of the
NTF can be potentially interesting modulators. Salzman et al. showed that monobodies
designed for certain domains on the NTF of ADGRG.1 could act as activators or
inhibitors of G protein signaling 2. It remains to be explored whether antibodies against

either tethered agonist or its binding site(s) will act as antagonists.
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Another theoretical approach that may modulate aGPCR function is the design of
cell-permeable inhibitors of autoproteolysis, as this cleavage is required for activation of

certain signaling pathways by ADGRG2 and ADGRG1 172210,

aGPCRs interact strongly with R-arrestins, particularly in the absence of NTF 197
117 The signaling bias of classical GPCRs towards either G protein or B-arrestin pathways
and their physiological effects have challenged the drug development 211213, This

phenomenon should be considered in the development of aGPCR modulators too.

Fibrosis in the tumor microenvironment, a side effect of protease actions and
metastasis, alters the composition of ECM dramatically 2. Given the ECM-binding
domains on the NTF of some aGPCRs, it would be interesting to examine whether these
changes modulate aGPCR activity and thereby proliferation and migration of tumor cells.
Also, targeting the large ECM ligands of aGPCRs to interfere with the protein-protein

interaction can be a potential approach to regulate aGPCR functions in cancer.

On average, aGPCRs have 19 transcript variants with tissue-dependent expression
patterns, leading to functional differences 2°. As mentioned above for ADGRF1 in
prostate cancer and ADGRES in gastric tumors, splice variants of aGPCRs show a
differential impact on tumorigenesis. Therefore, it is crucial to use the
genomics/bioinformatics tools such as RNA-Seq to quantify various transcripts of

aGPCRs of interest in tumor specimens at the first stages of cancer studies.

The body of evidence provided here points to fundamental roles that aGPCRs
may play in the promotion or prevention of cancer and we hope this would trigger future

translational studies to explore their potential as therapeutic targets.
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Table 2-1 A comprehensive list of aGPCRs, their endogenous ligands, signaling pathways, altered
expression, and mutation in various types of cancer.

A-Various malignant cell lines show expression of the latrophilin subfamily and its receptor FLRT3,
including the brain, colorectal, kidney, blood/mast cell, liver, breast, prostate, lung, and skin tumors but the
study indicated has only been done in breast cancer cell lines.

B- There is contradictory evidence regarding the expression of ADGRG?2 in breast cancer. Some
experiments have shown very little expression”* while others claim a functional outcome due to ADGRG2

knockdown 172,
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Table 2.1 continued
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Table 2.1 continued
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Table 2.1 continued
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Table 2.1 continued
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Table 2.1 continued
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Table 2.1 continued
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Table 2.1 continued
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Discussion

The field of aGPCRs and our understanding of their functions in cancer biology is
rapidly growing. To date, some of the most robust evidence for aGPCRs in neoplastic
conditions include the role of ADGRES in paclitaxel resistance and its role as a
prognostic biomarker for various tumors#2. In-vitro results show that ADGREDS is
downregulated by administering troglitazone in human thyroid cell lines, which indicates

clinical trials studying ADGRES as a therapeutic target may be necessary?%.

Due to their membrane localization and diversity of function, GPCRs are good
pharmacologic targets, but as of 2019, only ~15% of known GPCRs are approved
therapeutic targets?®”. More than 30% of non-olfactory GPCRSs are orphans, meaning
their endogenous ligands are unknown, and that is the primary reason for the under-
representation of these receptors are drug targets. Approximately 35% of all FDA-
approved drugs target GPCRs, but there are currently no approved drugs for aGPCRs,
although they have long been recognized as suitable therapeutic targets. Some significant
challenges facing aGPCR therapeutics are the lack of data regarding endogenous ligands,
downstream signaling, cellular localization, tissue expression, and structure. With the
advent of several new techniques to dissect the various aspects of aGPCRs much progress

has been made to uncover the varied roles of these receptors in disease. Several studies
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described above show promising results for studying and targeting aGPCRs in various

cancer modalities.

The following experiments investigate ADGRG2 and aim to study its role in

parathyroid neoplasms using transgenic mice and novel cell lines.
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Chapter 3 — Evidence of CaSR-Modulating Molecules
Recapitulating PHPT Phenotypes in Transgenic Mice

Introduction- RGS5

Using a transcriptomic approach our lab sought to identify modifiers of CaSR
function. We identified the regulator of G protein Signaling 5 (RGS5) as differentially
expressed in the parathyroid glands. RGS5 is a GTPase activating protein, which has
previously been shown to terminate Gag signaling?®. CaSR signals via Gog, therefore we
hypothesized that the overexpression of RGS5 may play an essential role in modulating

CaSR sensitivity to extracellular Ca* levels.

Our experiments found that RGS5 is selectively upregulated in parathyroid
tumors where it inhibits CaSR function®. RGS5-null mice displayed decreased levels of
PTH, which was indicative of CaSR activation®®®. To further test the ability of RGS5 to
modulate the activity of CaSR, we generated a transgenic mouse that overexpressed
RGSS5 selectively in the parathyroid glands. This transgenic mouse model recapitulated
both biochemical and bone PHPT phenotypes. Both male and female transgenic mice
showed elevated PTH levels at 6 and 12 months, but only the male mice showed a
significant increase in serum Ca?* levels after 12 months (Fig. 3.1 A-D)*. We analyzed
the levels of CaSR expression and parathyroid size via immunohistochemistry and found
that the size of the parathyroid glands increased in the transgenic mice while there were
no changes in total CaSR expression between control and transgenic mice (Fig. 3.1 E-
F)3. The recapitulation of PHPT phenotypes in transgenic RGS5-overexpressing mice
supports our hypothesis that PHPT phenotypes may be caused by modifiers of CaSR

signaling rather than decreased CaSR expression.

54



Male Female Male Female

A o Control ¢ PTG-RGSS B o Control * PTG-RGS5
a o Control ® PTG-RGS5 o Control * PTG-RGS5
1000 wawn r 1.4-
* —_
- oo ‘e —_ - T e .
2 - £ 3 50 3 e w T
TELE LI e EES R
T o .
z 100 % @ x £ E,, . A
= oo ° = h N N 20
o 0 o & ST %
Q o
0.

10 N
10 ®
6 months 12 months 6months 12 months 6months  12months. 6months 12 months

n= 18 19 27 =10 M ® 19 n= 19 18 2 18 n= 10 14 1720

E F
- 7. =
% = 2x10 g1,5 n.s.
- o<
o E£1.5x107- £0

= £9 10
T = T8
O o 1x1074 ]
25 % 8

=105

— — 6 q®
E g 5x10 UE
T o
o £l

0.
Control PTG-RGSS Control PTG-RGS5

Figure 3-1- Parathyroid overexpression of RGS5 in a transgenic mouse model recapitulates PHPT
phenotypes. A-B) PTH levels are increased in RGS5 overexpressing mice at 6 and twelve months. C-D)
Serum Ca?* levels are significantly increased in male mice after 12 months, but no difference is seen in
female mice. Data are mean = SEM. A nonparametric Mann-Whitney t-test was used for the analysis of
A-D. *P <0.05, **P < 0-01, ****P < 0.0001. E) Overexpression of RGS5 causes increased parathyroid
gland volume. D) IHC quantification of CaSR expression shows no difference in CaSR expression in
RGS5 transgenic mice.

ADGRG?2

In 2015 our lab identified ADGRG2 in an RNA transcriptome screen which showed a
ten-fold enrichment of ADGRG2 expression in parathyroid glands compared with a
normal reference (Fig. 3.2)%. Furthermore, all the other genes in the RNA transcriptome
screen were well characterized in various aspects of parathyroid development and
function, which led us to hypothesize a significant role of ADGRG?2 in parathyroid
glands. To determine whether ADGRG2 played a role in parathyroid neoplasia, we
conducted quantitative polymerase chain reactions (QPCR) and immunohistochemistry
staining (IHC) to measure ADGRG2 expression in parathyroid tumors and normal glands

(Fig. 3.2B and 3.3A). We found that ADGRG2 is significantly upregulated in parathyroid
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adenomas compared to normal parathyroid glands. Due to its membrane localization,
parathyroid enrichment, and lack of known function, we concluded that ADGRG2 may
play an essential role in the biology of parathyroid adenomas and may serve as a potential

therapeutic target.

ADGRG2 was first identified in a screening of human epididymal cDNA library in
1997 and was initially named human epididymis-specific protein (HE6)3®. Initial studies

a b
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Figure 3-2 Transcriptome screening identified ADGRG?2 as highly enriched in parathyroid tissue.A)
We performed an RNA transcriptome screen to identify molecules that may modulate CaSR function in
parathyroid cells. We compared RNA transcripts derived from normal parathyroid tissues to a human
reference and found ADGRG?2 differentially enriched 10-fold in the parathyroid glands. B) We also
compared the expression of ADGRG2 transcripts in normal parathyroid glands and parathyroid tumor cells
and found a 2-fold increase of ADGRG?2 in tumors.

concluded that the expression of HE6 was restricted to the efferent ductules and the initial
segment of the epididymis. Further studies found the HEG6 transcript encoded a GPCR,
and the HUGO Gene Nomenclature Committee then renamed this receptor GPR64. In
2015 the International Union of Basic and Clinical Pharmacology (IUPHAR) created a
uniform nomenclature for all 33 members of the aGPCR subfamily!®*. Currently, this
receptor is known as ADGRG2. Seven years after the initial discovery, the first
hypothesized function of this protein was advanced by Davies et al. (2004)%%, They
found that targeted deletion of murine HEG resulted in male infertility via dysregulation

of fluid reabsorption within the epididymal ducts*°. Unfortunately, due to the
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technological limitations of the time, not much else was discovered about this receptor

until the 2010s.

Based on sequence homology, researchers identified ADGRG2 as a GPCR that
maintained the classic 7TM structure and a large NTF, common to all members of the
aGPCR subfamily. Furthermore, this receptor's activation mechanism is via the
autoproteolytic cleavage of the NTF and interactions of the Stachel peptide described

above.

ADGRG2, like most aGPCRs, is an orphan receptor meaning its endogenous ligand is
unknown. The lack of ligands was a significant hurdle to studying this family of GPCRs
as there was no way to activate this receptor exogenously. Demberg et al., in 2015,
synthesized the 15-amino acid Stachel peptide of ADGRG2 and used it to stimulate
ADGRG?2 signaling'®®. Activation using the synthetic Stachel lead to downstream Gas
signaling and cAMP accumulation. This seminal work allowed researchers to
exogenously manipulate this receptor for the first time, overcoming one of the most

significant challenges to understanding its biology.

To study the activity of ADGRG2 in parathyroid biology, our lab synthesized the
Stachel peptide of ADGRGZ2, called P15. Using primary human parathyroid tissue, we
dissociated cells and incubated with various doses of P15 and found that ADGRG2
activation in human adenoma cells leads to an increase in PTH release from these cells
seeded in low and normocalcemic conditions but not hypercalcemic conditions
(Fig.3.3B)%. These data provided compelling evidence that ADGRG?2 is involved in
PHPT disease and may serve as a mechanism for increased PTH secretion in these

tumors.
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Figure 3-3 Activation of ADGRG2 in human parathyroid cells causes an increase in PTH release. A)
ICH and H&E staining of normal parathyroid glands show low total ADGRG2 expression. Tumor cells
show diffuse overexpression of ADGRG2 and a normal gland from the same patient show very little
ADGRG?2 staining indicating that overexpression is restricted to tumor cells. B) Primary parathyroid tumor
cells were dispersed and seeded in 3 Ca?* conditions followed by stimulation with P15. PTH secretion was
measured using ELISA. Activation of ADGGR2 caused a significant dose-dependent increase in PTH
secretion in the .5mM and 1.25mM Ca?* conditions. The 3mMM Ca?* overcame the Ca®* insensitivity, as
expected in PHPT patients.

ADGRG2 overexpressing transgenic mice develop PHPT phenotypes

We have developed a transgenic mouse strain with a parathyroid-restricted
expression of adgrg2 (Fig. 3.4a). Successful integration of the targeting construct into the
murine H11 locus was confirmed by PCR to demonstrate the presence of the transgene.
The adgrg2 transgene and cloning junctions were sequenced in their entirety in genomic
DNA from transgenic founder animals. Amplification with the adgrg2"™ primer pair
produces a 623 bp amplicon (Fig. 3.4b). This result confirms that adgrg2 is inserted into

this conditional model for parathyroid tissue-specific expression following crossbreeding
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to PTH-Cre mice. To demonstrate Cre-dependent excision of the STOP sequence and

expression of ADGRG2, we transduced lung fibroblasts derived from adgrg2™ and WT
littermates with a CRE-expressing lentiviral construct. We detected ADGRG2 protein in
adgrg2™ lung fibroblasts transduced with Cre, but not lung fibroblasts derived from WT

or PTH-Cre mice (Fig. 3.4c).

We then aged transgenic adgrg2-overexpressing mice for seven months and tested
their serum Ca?* and PTH levels. Mice with parathyroid targeted overexpression of
ADGRG2 were compared to adgrg2™™ mice that were not crossed with PTH-CRE.
ADGRG2 overexpression caused a significant increase in serum Ca?* levels compared to
adgrg2™ mice (Fig. 3.4d) (P-value= .0265, N=10). The slight elevation in serum Ca?*
caused a significant increase in PTH-release (Fig. 3.4e) (P-value=.0382, N=11). The
drastic change in PTH resulting from slight changes in serum Ca?* is common to
parathyroid physiology and accurately recapitulates PHPT. Bone pu-CT analysis showed

no significant bone phenotypes at 7 months (Supplemental Fig 3.1).
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Figure 3-4 Parathyroid targeted overexpression of ADGRG2 recapitulates biochemical phenotypes of
PHPT in a transgenic mouse model. A) To overexpress adgrg2 in a transgenic mouse we employed a cre-
lox system. adgrg2 was cloned downstream of a floxed STOP codon and tagged with HA on the N-
terminus and V5 on the C terminus. B) PCR confirmation showed the insertion of the transgene within the
H11 locus. C) MLF cells collected from adgrg2™™ mice were collected and transduced with a lentivirus
expressing cre recombinase. The cre recombinase successfully cleaved the STOP codon in the adgrg2™
mouse which caused the expression of ADGRG2. D) Serum Ca?* and E) PTH were significantly elevated
in heterozygote adgrg2 overexpressing mice.

Discussion

Data generated using a transgenic mouse that overexpresses ADGRG?2 in the
parathyroid glands showed a recapitulation of PHPT phenotypes. After seven months,
transgenic mice developed parathyroid gland neoplasia and marked hypercalcemia and
hyperparathyroidism. These data implicate ADGRG2 as a modifier of the CaSR function.
Analysis of bone phenotypes using u-CT yielded no significant results (Supplemental
Fig. 3.1). Based on our previous studies of RGS5 overexpressing mice, we believe that
the lack of bone phenotypes is due to the mice's age. We have previously observed the
onset of bone phenotypes after one year of aging. In future studies, we will age the
ADGRG2-overexpressing mice for at least one year to determine if changes in bone
morphology occur at the latter stages of PHPT development. Furthermore, homozygous

expression of adgrg2 was embryonically lethal. Therefore, we conducted these
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experiments using heterozygote adgrg™* mice. This variable may have also contributed

to the lack of bone-phenotype in adgrg2 mice compared to the homozygous RGS5 mice.

We have successfully recapitulated PHPT phenotypes in two transgenic mouse
strains by overexpressing ADGRG2 or RGS5. Together, these experiments lend credence
to our hypothesis that aberrant Ca?*-sensing in PHPT is a product of CaSR-modulating
molecules. Understanding the mechanisms of how these molecules interact with and
modulate CaSR signaling will be essential to building a complete understanding of the
underlying biology of PHPT. The explicit role of ADGRG2 in modulating PTH secretion
in primary human cells and the development of PHPT in mice is the precedent for

studying CaSR-ADGRG2 crosstalk.
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Supplemental Fig 3-1- uCT analysis of adgrg2 mice showed no significant changes at 7

months.

BV/TV: Bone volume/Trabecular volume
CS.TH: Cross-sectional thickness

Th.Sp: Trabecular Separation
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Chapter 4 - ADGRG2 Modulates Calcium-Sensing Receptor
Signaling and Intracellular Trafficking in a Stable HEK293
Cell Model

Abstract

ADGRG?2 is an adhesion G protein-coupled receptor (aGPCR) differentially
expressed in epididymal and parathyroid tissue. ADGRG2 is overexpressed in
parathyroid adenomas, and activation in primary parathyroid cells causes an increase in
PTH secretion. Parathyroid adenoma cells express a CaSR that is insensitive to
extracellular calcium, leading to an abnormal increase in PTH and serum calcium levels.
The mechanisms of CaSR insensitivity are poorly understood. Previous experiments
using a transgenic mouse that overexpressed ADGRG?2 in the parathyroid glands showed
a recapitulation of PHPT. Therefore, we hypothesized that ADGRG2 plays a role in
inhibiting CaSR signaling in parathyroid adenomas. We generated a HEK293 cell model
which stably expresses ADGRG2 and CaSR to dissect the crosstalk of these two
receptors. We found that simultaneous activation of ADGRG2 and CaSR decreased
CaSR Gogq and Gai signaling. SNAP and CLIP tagged ADGRG2 and CaSR constructs
were used to monitor the trafficking of these receptors in live cells. We found that the
activity of ADGRG?2 led to an inhibition of CaSR internalization. These results
collectively indicate that ADGRG2 plays an important role in inhibiting CaSR signaling

and trafficking and is an essential modulator of CaSR function in parathyroid adenomas.
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Introduction

The parathyroid glands are primarily responsible for sensing changes in serum
Ca?* concentration and secreting parathyroid hormone (PTH). PTH acts at various organ
systems to increase serum Ca?*, acting as a negative feedback mechanism to inhibit
further PTH secretion. The CaSR is expressed on parathyroid cells and is primarily
responsible for sensing serum calcium levels. In normal or elevated serum Ca?
conditions, CaSR signals through Gagand Ga;j pathways to inhibit PTH release®. PHPT
patients present with an adenomatous tumor on one or more of their parathyroid glands
causing dysregulation of the calcium-PTH feedback loop. Parathyroid tumor cells show a
decrease in calcium sensitivity which causes excess PTH secretion and elevated serum

calcium levels.

Initially, calcium-insensitivity of parathyroid tumors was thought to be due to
decreased overall CaSR expression®® %2, We have previously shown, along with other
groups, that a subset of PHPT tumors do not show any significant alterations in overall
CaSR expression®> %, Our previous data provide strong evidence that CaSR insensitivity
is due to other modulatory proteins expressed in parathyroid tumors. In support of this
notion, transgenic mice that overexpress the regulator of G protein signaling 5 (RGS5)
exclusively in the parathyroid glands develop PHPT phenotypes, including calcium-

insensitive tumor formation and decreases in bone density®3,

We identified ADGRG2 using a transcriptome screening approach in parathyroid
tissue and confirmed its overexpression in tumors®. We also found no significant
alterations in CaSR expression compared to normal parathyroid tissue®*. Stimulating

dispersed parathyroid cells with P15, a synthetic peptide agonist for ADGRG2 caused
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significant increases in PTH secretion®. We also found that the expression of a mutated
constitutively active ADGRG2 physically interacts with CaSR in an in-vitro model®*.
Finally, we have successfully recapitulated PHPT phenotypes in transgenic mice that
overexpress ADGRG?2 in the parathyroid glands (unpublished data). These data point to a

significant role of ADGRG2 in PHPT development and diseases progression.

We employ kinetic signaling assays to generate a complete view of ADGRG2 and
CaSR signaling and crosstalk (Fig. 4.1A). Our previous studies into the activity of
ADGRG?2 used a mutated ADGRG2 receptor which showed constitutive activity® ’.
When transiently transfecting the wild-type ADGRG?2 receptor, we found low activity in
response to P15 stimulation. A stable cell line expressing the unaltered ADGRG2 showed
a significant response to P15 stimulation. Therefore, we generated a novel stable cell line

expressing ADGRG2 and CaSR to dissect their crosstalk in a more representative model.
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Figure 4-1 Diagram of the kinetic signaling assays used to dissect GPCR signaling. Using a baculovirus,
we transduce cells with a cAMP biosensor. This biosensor can increase or decrease fluorescence in response to
stimulation, allowing for live monitoring of receptor activity.
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Additionally, our previously published results are endpoint assays limited in temporal

resolution®.

The intracellular activity of various GPCRs is an emerging topic in the field, with
several receptors showing endosomal signaling activities are necessary for physiological
signaling. Several groups have reported sustained CaSR endosomal Gag signaling as a
hallmark for proper activity®®* 3%, Patients who suffer from familial hypocalciuric
hypercalcemia (FHH3) present with increased serum Ca?* and PTH, similar to PHPT.
FHH3 patients express a mutation in AP2c, a necessary protein for proper endocytosis of
CaSR, leading to decreased CaSR intracellular signaling®®®. The AP2c mutations are not
generally present in PHPT patients, but we hypothesized that ADGRG2 might function to

dysregulated proper CaSR trafficking leading to a similar phenotype.

Methods

Cell culture and transfection

Adherent HEK293 cells were purchased from Agilent Technologies (Santa Clara,
CA, USA #240085) and cultured in DMEM media (Sigma, St. Louis, MO, USA #D6429)
supplemented with 10% FBS, 100 U/mL penicillin, and 100pg/mL streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA #15140-122). Cells were transfected with plasmids
using lipofectamine 2000 reagent (Thermo Fisher Scientific #11668019) following the
manufacturer's instructions. Stable cell lines were cultured in DMEM supplemented with

100 U/mL penicillin, 100 pg/mL streptomycin, and .5 mg/ml hygromycin B or zeocin.
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Antibodies

Antibodies were purchased from the following sources: Cell Signaling
Technologies (Beverly, MA, USA): rabbit anti-HA (#3724), mouse anti-FLAG (#8146);

Sigma: rabbit anti-R-actin (#A2066)
On-Cell ELISA

Cells were seeded in 96 well plates and allowed to grow to confluency; cells were
starved overnight using DMEM (Thermo Fisher Scientific #21068028) supplemented with
glutamine and 1.25mM Ca?*. Cells were then fixed with 4% paraformaldehyde for 15
minutes at room temperature. After 3 washes with TBS, cells were blocked for 30 minutes
in TBSM (TBS + 3% milk) for surface staining. We then incubated the cells with either
rabbit anti-HA (1:2000) or mouse anti-FLAG (1:2000) antibodies in TBS supplemented
with 3% bovine serum albumin (BSA) for 2 hours at room temperature. Cells were washed
3 times with TBS then incubated for 1 hour with 1:2000 dilution of either horseradish
peroxidase (HRP)-linked horse anti-mouse IgG (Cell Signaling Technologies #7076) or
HRP-linked goat anti-rabbit 1gG (Cell Signaling Technologies #7074) antibodies in
TBSM. After 5 washes with TBS, cells were incubated with 3,3',5,5'-Tetramethylbenzidine
(TMB) (Sigma #t0440) for 5 min at room temperature. An equal volume of 1N HCI
terminated the reaction. Absorbance at 450nm was measured using a FlexStation 111 plate

reader.
Western blotting

Protein lysates were boiled with reducing sample buffer (Thermo Fisher Scientific

#NPO0007 and #NP0009) for 10 minutes and loaded on 4-12% Bis-Tris gels (Thermo Fisher
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Scientific #NP0336BOX), then transferred to polyvinylidene fluoride (PVDF) membranes.
Blots were blocked in TBSTM (TBS + 0.1% Tween-20 + 10% nonfat dry milk) followed
by incubation with primary antibodies in TBSTM (1:2000 for HA and FLAG; 1:500 for [3-
actin), overnight at 4°C. We incubated PVDF membranes with HRP-linked horse anti-
mouse 1gG and HRP-linked goat anti-rabbit IgG antibodies (1:5,000) in TBSTM for 2
hours at room temperature. Blots were washed and then developed with ECL
SuperSignal™ West Femto substrate (Thermo Fisher Scientific #34095). Blots were

imaged separately via an auto-exposure option to avoid image saturation.

Immunofluorescence staining and imaging

Experiments were conducted on a Nikon Ti2E microscope with Nikon analysis
software (NIS-Elements AR 5.21.03 64-bit) at room temperature. Fluorescent time-series
imaging was initiated for 151 frames in 5 minutes, and images were collected every 2
seconds using a 60X objective. Images were exposed for 500 milliseconds with 2304 x
2304 pixels at a spatial scale of 1.63um/pixel. Fluorescence intensity analysis was

performed in NIS Elements and plotted using GraphPad Prism.

cAMP production assays

Cells were resuspended in DMEM + 10% FBS and were mixed with either Upward
or downward Green cADDis cAMP Assay Kit BacMam sensor (Montana Molecular,
Bozeman, MT, USA #U0200G), supplemented with 2mM sodium butyrate. Cells were
then seeded at 25,000 cells/well in black, clear-bottom, 384-well plates (25ul/well),
incubated for 30 min at room temperature in the dark, and then at 37°C for 24 hours. Cells

were washed with assay buffer (HBSS; Thermo Fisher Scientific #14065056 supplemented
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with 20mM HEPES) and kept in the dark to acclimate to room temperature for 1 hour in
100 pl/well of assay buffer. For upward sensor experiments, CAMP production was
recorded for 300 seconds, including 20 seconds of basal measurement of fluorescence
(Ex:488nm, Em: 525nm) using the FlexStation Il plate reader. For downward sensor
experiments, cells were treated with forskolin to increase cytosolic CAMP levels, and after
10 minutes, cells were treated with P15 and Ca?* alone or in combination. 20 seconds of
baseline recording were collected (Ex:488nm, Em: 525nm) followed by 10 minutes of FSK
treatment and 5 minutes of agonist stimulation. All data were corrected to baseline

fluorescence to account for differences in transduction efficiencies across cell lines.
Intracellular calcium mobilization assay

Intracellular Ca?* release was measured using a Flou-4 direct calcium assay kit
(Thermo Fisher Scientific, #F10471). Cells were seeded in a black clear-bottom 384-well
plate and starved in 12.5ul of DMEM supplemented with L-glutamine and .5mM Ca?* for
6 hours. Cells were then loaded with Flou-4 Direct fluorescent calcium indicator prepared
in assay buffer (Hank’s balanced salt solution [HBSS] [without Ca?* and Mg?*] + 0.1mM
Ca?" + 20 mM HEPES + 2.5 mM probenecid at pH 7.4) for 1 hour at 37°C. P-15, Ca?*,
and vehicle controls were prepared at various concentrations in assay buffer. After a 20-
seconds baseline reading, P15 was dispensed on a cell plate, and changes in fluorescence
intensity were measured for 3 minutes, followed by the addition of Ca?* and 100 seconds

of fluorescence measurements in a FlexStation 11 plate reader (Molecular Devices).
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Confocal Live Imaging

All confocal imaging was conducted on an Olympus FV-1000 confocal at a 40x
magnification. Images were acquired every 1.6 seconds for a total of 6 minutes. 37 baseline
images were collected, followed by the addition of 50ul of either agonists or DMSO

control. All images were analyzed in ImageJ.

Results

Generation of a double expressing HEK293-ADGRG2-CaSR Cell Line

To generate a double expressing ADGRG2-CaSR cell line (FL-CaSR), we
transfected stable ADGRG2 cell lines with a FLAG-tagged CaSR construct and serially
diluted the cells in the appropriate selection markers. Western blot analysis of candidate
cell lines confirmed the total expression of both receptors (Fig. 4.3a). We performed on-
cell ELISA and immunofluorescence staining to confirm both receptors' surface
expression. The surface expression of both receptors was comparable to single-
expressing stable cell lines (Fig. 4.3 b,c). To validate the signaling activity of ADGRG2,
we conducted a kinetic signaling assay using a genetically encoded cAMP biosensor. We
stimulated ADGRG2-FL and FL-CaSR cell lines with 50uM P15, after a 20-second
baseline reading, and found the ADGRG2 receptor in the FL-CaSR cell line signals just
as robustly as the single-expressing cell line (Fig. 4.3d). To confirm the activity of the
CaSR, we conducted an intracellular calcium mobilization assay and found no difference
in CaSR activity between single and double-expressing cell lines (Fig. 4.3e). These data

confirmed the expression, surface localization, and activity of the FL-CaSR cell line.
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Figure 4-2 Double-expressing HEK-ADGRG2-CaSR cell line recapitulates both surface expression
and downstream signaling patterns. A) Representative blots show N-terminal tagged HA and FLAG on
ADGRG2 and CaSR, respectively, in total cell lysates. B) Cell surface expression of both receptors was
determined using ELISA in nonpermeabilized conditions. Data are mean +S.E.M from a representative
experiment of 4 independent experiments performed in triplicate. Data were compared to FL-CaSR#30
using a 2-way ANOVA with Dunnett's test. Ns: not significant. C) Immunofluorescence imaging using
antibodies against N-terminal tagged FLAG and HA tag in both permeabilized and nonpermeabilized
conditions show both total and surface expression of ADGRG2 and CaSR (Counterstaining with DAPI).
Representative of images from 3 independent experiments. (Scale bars: 20um). D) To measure the activity
of ADGRG2 in a double cell line, cells were transduced with a CAMP biosensor overnight. After 20
seconds of basal fluorescence recoding (Ex: 488nm; Em: 525 nm), cells were activated with 150uM P15
(arrow), and florescence was recorded for 280s. Data is mean of three technical replicates represented as
AF/F0, Relative fluorescence units (RFUs) divided by the initial fluorescence. E) To assess the function of
CaSR in a double cell line, cells were seeded in a 384-well plate and loaded with calcium dye. We then
stimulated with various concentrations of Ca?* and measured intracellular calcium mobilization in a
FlexStation I11 device. Data is represented as the difference in maximal and basal signal for each
concentration of Ca?*.

ADGRG? activation causes inhibition of CaSR Goi signaling

To determine the effect of ADGRG2 activity on CaSR Gai signaling, we
transduced various cell lines with a baculovirus expressing a downward Gai biosensor,
which decreases fluorescence in response to increase CAMP production. We confirmed

the ability of this biosensor to detect the activity of both ADGRG2 and CaSR signaling
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by transducing various cell lines and stimulating them with DMSO, P15, and Ca?*
(Supplemental Fig 4.1a-d). We recorded a baseline measurement for 20 seconds followed
by forskolin addition, an agonist of adenylyl cyclase to increase cytosolic CAMP, and
stimulated varying cell lines with 50uM of P15 and 1.25mM Ca?* simultaneously. We
found no response in the HEK293 cells, and the ADGRG2-FL cell line showed a
decrease in total CAMP. The CaSR cell line showed a significant fluorescent signal,
indicating a decrease in cAMP due to increased Gai activity. The FL-CaSR cell line
showed similar activity to the ADGRG2-FL cell line, representing an ablation of CaSR
signaling in response to ADGRG2 activation (Fig. 4.4a). Using the same experimental
paradigm, we stimulated FL-CaSR cells with increasing concentrations of P15
conditions; these data show a dose-dependent inhibition of CaSR Gai signaling in
response to ADGRG2 activity (1.25mM: LoglCso: -4.362, Hill Slope: -3.216. 2mM:
LoglCso: -4.283, Hill Slope: -4.838) (Fig. 4.4b). To further confirm these results, we
performed a live-imaging analysis of FL-CaSR cells transduced with the Gai sensor. We
collected ten baseline Images followed by the addition of either DMSO or 50uM P15,
and images were collected every second for 5 minutes total. Fluorescence intensity plots
and images confirm the ablation of CaSR Goi signaling after ADGRG2 activation with

P15 (Fig. 4.4c,d).
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Figure 4-3 ADGRG?2 activation modulates CaSR Gi signaling in a dose-dependent manner. A)
Various cell lines were transduced with baculovirus containing a downward Gao.i biosensor overnight in
DMEM supplemented with 10% FBS. After 24 hours cells were treated starved in DMEM supplemented
with L-glutamine and .5mM of Ca?* for 6 hours. Media was changed to Hanks Balanced Salt Solution
(HBSS) supplemented with .5mM Ca?*and HEPES buffer at Ph:7. Cells were treated with 1uM FSK to
induce cAMP production. After 10 minutes cells were treated with a mix of 50pM P15 and 2mM Ca?*,
CaSR cell lines show an increase in Ga; response, while the double expressing FL-CaSR cell line and the
ADGRG2-FL cell line both show a decrease in Gi activity. B) FL-CaSR cells were transduced and
starved as in A. Cells were treated with varying concentrations of P15 and either .5mM, 1.25mM, and
2mM Ca?*. The activation of both ADGRG2 and CaSR in a single cell line shows dose-dependent
inhibition of Gai; activity. Data are mean + SE from three independent experiments conducted in triplicate.
C) FL-CaSR cells were transduced as in A and seeded on chambered cover slides. Baseline images were
taken followed by the addition of either Ca?* alone or P15 and Ca?*. D) Fluorescence intensity was plotted
as the change in total fluorescence in NIS elements software and plotted in GraphPad Prism.

ADGRG?2 activation causes inhibition of CaSR Gaq Signaling

To determine the effect of ADGRG2 activity on CaSR Gaygsignaling, we
employed a dye-based Ca?* assay. This assay successfully measured intracellular Ca?*
mobilization in all cell lines (Supplemental Fig 4.2). We conducted a time course of P15
pre-treatment to determine the optimal time of agonist addition (Supplemental Fig 4.3).
We stimulated FL-CaSR cells with varying concentrations of P15 for 3 minutes, followed

by the addition of 1.25mM Ca?*. These results show a dose-dependent decrease of
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intracellular Ca®* release, a hallmark of Gag signaling (Log ICso: -4.976, Hill Slope: -
5.408) (Fig. 4.5a,b). Live imaging experiments using a calcium dye further confirmed the
inhibitory activity of ADGRG2 activation on CaSR Goqsignaling. FL-CaSR cells were
loaded with calcium dye, and ten baseline images were collected every second, followed
by the addition of either vehicle DMSO or 50uM P15. After 3 minutes, we stimulated the
cells with 1.25mM of Ca?* and measured changes in fluorescence for 3 minutes (Fig. 4.5

c,d).
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Figure 4-4 ADGRG2 activation modulates CaSR Gi signaling in a dose-dependent manner. A) FL-CaSR
cells were seeded in a 384-well plate and allowed to grow to confluency in DMEM supplemented with 10%
FBS and 100 U/mL penicillin and 100 pg/mL streptomycin. Cells were starved with DMEM supplemented
with glutamine and .5mM Ca?*. Cells were then loaded with Flou-4 Direct Ca?* dye and stimulated with
varying concentrations of P15 for 3 minutes followed by 1.25mM Ca?* in a FlexStation 111 device. B) Area
under the curve for each concentration of P15 was measured and does response curve plotted. Data are mean
+ SE from three independent experiments conducted in triplicate, nonlinear dose-response curve fitting
performed in GraphPad Prism. C) FL-CaSR cells were loaded with Ca?* indicator and seeded on chambered
cover slides. Baseline images were taken followed by addition of either Ca?*alone or P15 and Ca?*. D)
Fluorescence intensity was plotted as change in total fluorescence in NIS elements software and plotted in
GraphPad Prism.

Costimulation of ADGRG2 and CaSR inhibits proper trafficking

Several groups have shown an essential role for endosomal trafficking in the
downstream signaling of CaSR3% 3%, \We have previously shown that ADGRG2 both
traffics and sustains signaling from the early endosome’®. Herein we seek to uncover the
modulatory effects of ADGRG2 on CaSR intracellular trafficking. We utilized self-
labeling SNAP and CLIP protein tags to visualize and track the movement of ADGRG2
and CaSR in a transient cell model. We generated constructs to express an N-terminal
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SNAP-tagged ADGRG2 (SNAP-G2) and an N-terminal CLIP-tagged CaSR (CLIP-
CaSR) (Fig. 4.6 and 4.7a). An advantage of these protein tags is the ability to bind any
substrate, including biotin, fluorescent molecules, FRET/BRET molecules, or affinity
tags, using a benzyl linker. Initially, we confirmed protein expression and stability using
western blots, HEK293 cells were transfected with the tagged receptors, and whole-cell
lysates were collected for analysis. We found that the tagged receptors were expressed at
similar quantities and the correct size compared to their non-tagged counterparts (Fig.

4.7b).

Nonpermeable
CLIP-647

Nonpermeable
SNAP-549

Benzyl Linker

SNAP

ADGRG2 CaSR

Y

Figure 4-5- Diagram of SNAP and CLIP tag system to monitor receptor trafficking in real-time.
ADGRG2 and CaSR were fused to SNAP and CLIP tags respectively via a benzyl linker. The tags were
then covalently fused to a fluorescent substrate which is nonpermeable to the cell membrane. Any
fluorescence seen within the cytosol is an indication of active endocytosis and not passive diffusion.

We next tested the ability of the SNAP and CLIP tags to bind their fluorescent
substrates. We incubated cells expressing both tagged receptors with 50uM of a
nonpermeable fluorophore. The SNAP-tag was conjugated to a fluorophore (ex:560,

em:575) via a guanine leaving group and a benzyl linker. The CLIP-tag was conjugated
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to a fluorophore (ex:660, em:673) using a cytosine leaving group and a benzyl linker. We
confirmed the ability of these protein tags to selectively bind their respective substrate on

the cell surface (Fig. 4.6c).

To study the effect of ADGRG2 activation on the trafficking of CaSR, we
expressed SNAP-G2 and CLIP-CaSR together in a HEK293 cell model. We performed
live confocal imaging after one hour of incubation with the nonpermeable SNAP and
CLIP fluorescent substrates. Baseline images were collected for 1 minute, followed by
the addition of 50puM P15 or 2mM Ca?* alone or in combination. We found that
activation of each receptor separately showed expected rapid internalization. When both
receptors were simultaneously activated, we saw a complete ablation of receptor
trafficking from the cell surface (Fig. 4.7d). This experiment was repeated using cells
expressing the SNAP-G2 or CLIP-CaSR alone, and we confirmed the endosomal

trafficking of these receptors independent of one another (Supplemental Fig 4.5).
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Figure 4-6 Generating SNAP-ADGRG?2 and CLIP-CaSR plasmids. A) We generated plasmids that
express ADGRG2 and CaSR fused to a SNAP and CLIP tag respectively. These self-labeling tags were
then covalently linked with fluorescent tags in order to visualize receptor activity. B) HEK293 cells were
transfected with PCDNA, HA-tagged ADGRG2-FL, flag-tagged CaSR, and the SNAP-tagged ADGRG2
(SNAP-G2-FL), CLIP-tagged CaSR (CLIP-CaSR), and SNAP-G2-FL plus CLIP-CaSR using
lipofectamine 2000 according to manufacturer instructions. After 5 hours cells were incubated in DMEM
supplemented with 10% FBS for 24 hours. Protein lysates were collected, and representative blots were
probed with HA tag, Flag, and actin antibodies. We found the SNAP and CLIP tags were well expressed at
the proper size. C) Cells were transfected as in B and seeded on glass coverslips. After 24 hours cells were
incubated with 5uM of SNAP-Surface 549 or CLIP-Surface 647 for one hour. All cells were fixed with 4%
paraformaldehyde and mounted with ProLong Diamond Antifade Mountant with DAPI for nuclear
counterstaining. We confirmed the surface expression of both the SNAP and CLIP tagged receptors and the
functionality of the SNAP and CLIP tags. D) HEK293 cells were transfected with both SNAP-G2-FL and
CLIP-CaSR as in A and seeded on Ibidi p-Slide 8-well chambered coverslips in DMEM supplemented with
10% FBS. After 24 hours cells were incubated with SNAP-Surface 549 and CLIP-Surface 674 substrates
for one hour. Media was aspirated and cells were imaged in 200ul of Hanks Balanced Salt Solution (HBSS)
supplemented with .5mM Ca?*and HEPES buffer. Baseline video was taken for one minute followed by the
addition of 50uM P15, 1.25mM Ca?* alone or in combination. The addition of either agonist alone elicits a
movement of receptors into the cell while the addition of both P15 and Ca?* shows no movement of either
receptor. Image analysis performed on ImagelJ, images, and videos are representative of 3 independent
experiments.

Discussion

Our understanding of the pathophysiology of PHPT and parathyroid tumors has
dramatically expanded over the past decade. Innovations in surgical resections, molecular
biology, pharmacology, and signaling biology, along with novel models and experiments

in primary cells, have elucidated much about these cells' dysregulated signaling

78



pathways. Unfortunately, the primary cause of CaSR insensitivity is a point of contention
in the literature. While some studies have shown significant decreases in CaSR
expression in tumor samples collected from PHPT patients®® 92 307309 'we and others have
found that CaSR expression is not altered in a subset of PHPT patient samples®> %, In a
recent study, Koh et al. performed ex-vivo analysis on parathyroid tissue samples and
found that patients could be grouped based on their cells' ability to sense and respond to
changes in extracellular Ca* levels®> %, While these patients showed varying calcium-
sensing capacities, their total expression of Ca?* showed no significant change. These
data led to the conclusion that CaSR downregulation is not the obligate underlying

mechanism for PHPT pathogenesis.

Our group has previously shown compelling data that dysregulated Ca®*sensing is
a function of molecules that modify the activity of CaSR rather than downregulation of
CaSR expression®. Transgenic mice that overexpress either RGS5 or ADGRG2
exclusively in the parathyroid glands showed biochemical and physical PHPT
phenotypes. Parathyroid glands isolated from these transgenic mice showed tumor

development and increases in serum PTH levels but no changes in total CaSR expression.

ADGRG?2 signals via Gas to increase cytosolic cAMP, which actively opposes
CaSR Gai-mediated inhibition of adenylyl cyclase. Herein we found ADGRG2 activation
caused a significant inhibition of CaSR mediated Gai signaling. Although the direct
mechanism of CAMP-induced PTH secretion is not well defined, studies have shown that
Gos-linked GPCRs can induce PTH secretion in the primary culture of bovine parathyroid
cells®® 310, Several other studies have described detailed mechanisms for cytosolic cCAMP

in the process of exocytosis and the secretion of various vesicles®'13!3, Given these data,
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we can surmise that CAMP is necessary for the proper exocytosis of PTH secretory
vesicles, and under physiological conditions, CaSR Gai; activity decreases cytosolic
CAMP to inhibit excessive PTH secretion. Based on our results, we conclude that the
overexpression of ADGRG2 in PHPT adenomas increases the cytosolic cAMP leading to

direct inhibition of CaSR signaling and pathological secretion of PTH.

The stimulation of ADGRG2 before CaSR activation showed inhibition of CaSR
Gagsignaling. We found that simultaneous activation of these two receptors showed no
change in the activity of CaSR. Pre-treatment with P15 for 3 minutes elicited an
inhibitory effect on CaSR-mediated Gagq signaling (Supplemental Fig 4.3). These results
are a function of the kinetic properties of the two receptors. Whereas CaSR reaches
maximal signal within 10 seconds of agonist addition, ADGRG2 requires approximately
90 seconds to reach maximal response. By pretreating cells with P15 for 3 minutes, we

ensured that both receptors reached maximal activity simultaneously.

The mechanism by which ADGRG2 modulates intracellular Ca* is not fully
elucidated. Gag activity leads to intracellular Ca®* release via activation of inositol 1,4,5-
trisphosphate receptors (IP3R) on the endoplasmic reticulum. Parathyroid cells show high
expression of the IP3R2 receptor, which contains a PKA phosphorylation site at S937314
315 While the role of the IP3Rs in parathyroid cells has not been directly studied, several
studies have found an inhibitory effect of CAMP on IP3R-mediated intracellular Ca?*
release in smooth muscle cells and platelets membranes®!® 317, Further studies are needed
to dissect the mechanisms of ADGRG2-mediated inhibition of intracellular Ca* release

and potential downstream IP3R crosstalk.
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The importance of intracellular trafficking and the signaling of various GPCRs
has emerged as a significant area of research over the last decade. We have previously
shown that the mutants of ADGRG2, which lack the NTF, bind R-arrestinl and -
arrestin2, leading to their constitutive internalization in a steady state’®. To ascertain any
crosstalk-mediated modulation of receptor trafficking, we employed SNAP and CLIP
tags to monitor ADGRG2 and CaSR, respectively. Our results showed that in a HEK293
model expressing both receptors' internalization was inhibited when stimulated with both
P15 and Ca®*. We have previously reported that only the constitutively active ADGRG2
mutant, ANTF-G2, shows any physical interaction with CaSR in a co-
immunoprecipitation assay®*. Our live-imaging results recapitulate the necessity of
AGDGR?2 activation for receptor interaction and provide evidence that the physical
interaction leads to an inhibition of CaSR endosomal trafficking, which disrupts its

physiological signaling patterns.

The decrease of ADGRG2 trafficking in the double-receptor model does not
decrease total Gassignaling in our kinetic signaling experiments. These results contrast
with our previously published data which showed that internalization of ADGRG2 is
necessary for maximal cAMP production’. We believe these contradictions are due to
the transient nature of the SNAP and CLIP tagged receptors. Our unpublished data found
that transient transfection of ADGRG2 in HEK293 cells leads to less downstream
response when compared to a stably transfected cell line. Furthermore, we found that
transiently transfected ADGRG2 did not associate with lipid raft molecules as readily as

its stably expressed counterpart. In future experiments, we hope to generate stable cell
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lines for SNAP and CLIP tagged ADGRG2 and CaSR more accurately model the

trafficking and localization of these receptors in-vitro.

ADGRG?2 is a surface receptor that makes it a potential therapeutic target for
PHPT patients with inoperable adenomas. The effect of ADGRG2 modulation of CaSR
signaling and trafficking is quite evident (Fig. 4.8). We hope to test ADGRG?2 inhibition
in primary PHPT tissues to identify any potential therapeutic benefit of targeting this

receptor in future experiments.

1. Activation of ADGRG2
increases cytosolic CAMP

Acytosis of CaSRand

»  ADGRG2is inhibited when
receptors are co-stimulated.

l

2. cAMP inhibits CaSR G%
activity \

3. PKA downstream of cAMP ;\’q IP3R

phosphorylates IP3R and prevent
intracellular Ca2+ mobilization.

Figure 4-7 Graphical summary of ADGRG2 crosstalk with CaSR. Activation of ADGRG2 with P15
causes the rapid formation of cAMP which actively counteracts CaSR Ga,; activity. the cCAMP also activates
PKA which has been shown to phosphorylate IP3Rs to block intracellular Ca?* release. Finally, the
expression of ADGRG2 and CaSR on a single cell led to a halt in intracellular trafficking.
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Supplemental Figures
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Supplemental Fig 4-1 Biosensors for Gai were confirmed in all cell lines. A-D) Various cell lines were
transduced with downward Ga; sensor, as in Fig 4.2a, and treated with DMSO, and P15 or Ca?* alone or in
combination. Treatment with FSK increased cytosolic CAMP and seen by the decrease in fluorescence across
all cell lines, the increase in fluorescence seen in the CaSR and FL-CaSR line are indicative of CaSR Gai;

activation.
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Supplemental Fig 4-2 Intracellular Ca?* mobilization is similar in single and double expressing cell
lines. Various cell lines were loaded with a fluorescent Ca?* indicator, as in Fig 4a, and treated with
DMSO, and P15 or Ca?*alone or in combination. The Ca?* mobilization assay successfully detected the
activity of CaSR in both single and double-expressing cell lines.
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Supplemental Fig 4-3 Pre-incubation with P15 for 3 minutes shows a significant decrease in Gaq
activity A-C) In order to determine the optimal time of agonist we employed a Ca?* indicator (Fig.ure. 4a).
FL-CaSR cells were pre-treated with P15 for 3, 10, and 20 minutes. We found 3 minutes of pre-incubation
showed a sufficient decrease in CaSR-mediated intracellular Ca?* mobilization. D) changes in total Ca?*
mobilization were calculated as the area under the curve, 2-way ANOVA with multiple comparisons shows
a significant (P=.0082) difference between DMSO+Ca?* and P15 +Ca?* only with 3 minutes of pre-
incubation. E) Area under the curve were calculated for all curves and comparisons were calculated with 2-
way ANOVA with multiple comparisons. Data represented as Mean +SEM.
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Supplemental Fig 4-4 Trafficking of ADGRG2 and CaSR was confirmed using SNAP and CLIP tags.
HEK293 cells expressing SNAP-G2 or CLIP-CaSR alone were treated with P15 or Ca®* alone or in
combination. Activation of both receptors caused independent trafficking into the cytosol.
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Chapter 5 - Conserved Residues in the Extracellular Loop 2
Regulate Stachel-mediated Activation of ADGRG2.

Abstract

Cleavage and dissociation of a large N-terminal fragment and the consequent
unmasking of a short sequence (Stachel) remaining on the N-terminus have been
proposed as mechanisms of activation of some members of the adhesion G protein-
coupled receptor (aGPCR) family. However, the identity of residues that play a role
in the activation of aGPCRs by the cognate Stachel remains largely unknown. Protein
sequence alignments revealed a conserved stretch of residues in the extracellular loop
2 (ECL2) of all 33 members of the aGPCR family. ADGRG2, an orphan aGPCR,
plays a major role in male fertility, Ewing sarcoma cell proliferation, and parathyroid
cell function. We used ADGRG2 as a model aGPCR and generated mutants of the
conserved residues in the ECL2 via site-directed mutagenesis. We show that
tryptophan and isoleucine in the ECL2 are essential for receptor stability and surface
expression in the HEK293 cells. By adjusting the receptor surface expression levels,
we show that mutation of these residues of ECL2 ablates the Stachel-mediated
activation of multiple signaling pathways of ADGRG2. This study provides a novel
understanding of the role of the ECL2 in Stachel-mediated signaling and degradation
of ADGRG2, which may lay the foundation for the rational design of therapeutics to

target aGPCRs.
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Introduction

G protein-coupled receptors (GPCRs) play fundamental roles in various cellular
processes such as proliferation, metabolism, hormone secretion, contraction, and
neurotransmission!8, The signaling pathways of GPCRs via G proteins and R-arrestins
and their trafficking trajectories have been studied for several decades®'® 32°, This, in
combination with recent advances in our understanding of GPCR structures, has formed a
strong foundation for rational drug design to target this largest superfamily of surface

receptors®?t 322,

Recent genomic and model organism studies have revealed the versatile roles that
the adhesion GPCRs (aGPCRs), the second-largest family of GPCRs, play in endocrine,
nervous and immune systems®?3, aGPCRs have structural differences with other classes
of GPCRs, namely autoproteolysis at a GPCR proteolysis site (GPS) and formation of a
two-segmented receptor with a large N-terminal fragment (NTF) and a C-terminal
fragment (CTF). The CTF includes the C-terminus, seven-transmembrane helical
domains (TM1-7), extracellular loops (ECL1-3), intracellular loops (ICL1-3), and a short
extracellular sequence on the N-terminus just before the TM1. Many studies!!?: 209 324,325,
including our recent reports’® %, have shown that this short remaining peptide, known as
Stachel sequence, can activate aGPCRs and might be one of the mechanisms of activation
in physiological and pathological states. NTF-dissociating molecular partners can
potentially unmask the Stachel sequence for its binding to the cognate aGPCR. These
studies exploited two main tools to reveal this mechanism: (a) NTF-truncated aGPCRs
that show constitutive activation of G proteins; (b) synthetic peptides resembling the

Stachel sequence that activate aGPCRs!": 117, Other mechanisms or modes of aGPCR
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activation have been reported as well. For instance, a mutant of ADGRGL1 that lacks both
NTF and Stachel was shown to retain constitutive activation of nuclear factor of activated

T cells (NFAT) and recruitment of b-arrestins'’

, pointing to dual roles of NTF, shielding
the Stachel peptide and inhibiting the intrinsic activity of the CTF. Also, a non-cleavable
mutant of ADGRD12%! or non-cleavable wild-type forms of ADGRB1%? and
ADGRG5* retain their signaling capabilities. These studies show that aGPCRs use

various structural segments, motifs, and the Stachel peptide to engage distinct signaling

modes®?’.

We recently showed that human ADGRG2 (GPR64), an orphan aGPCR, is
expressed in human parathyroid glands and regulates the signaling and function of
calcium-sensing receptor®. We discovered that similar to other aGPCRs (ADGRG11%°,
ADGRD1*, ADGRG6'1), ADGRG2 is activated by either the endogenous 15-amino
acid long Stachel (P-15) on the N-terminus of its NTF-truncated mutant (ADGRG2-
ANTF) or the synthetic P-15%. We showed that the deletion of P-15, in addition to the
NTF, ablates constitutive activation of G[Js and CAMP production in a mutant that starts
with the proline 622 (ADGRG2-P622)"8 and elevates receptor response to synthetic P-15.

Nevertheless, the binding site of Stachel remains unknown among aGPCRs.

Previous studies in other families of GPCRs revealed that some residues in the
ECL2 play major roles in ligand access, receptor subtype selectivity, and activity328-3%0,
Despite high degrees of diversity in the structure of ECL2 among GPCRs®!, there is a
conserved disulfide bond between the cysteines of ECL2 and TM3, which ensures
receptor structural integrity. In the Secretin family (class B1), this conserved ECL2

cysteine is followed by a tryptophan residue, forming the CW motif, which is further
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followed by an acidic residue (aspartic or glutamic acid). The aGPCR family has the
highest homology to the Secretin family. By aligning the ECL2 residues of all 33 human
aGPCRs (predicted by either GPCRdb or Uniprot), we show that most of the aGPCRs
have an aliphatic residue (leucine or isoleucine) after the CW motif (Fig. 5.1a and
Supplemental Fig 5.1). Whether the ECL2 plays a role in the activation of aGPCRs by

Stachel remains poorly studied.

a b
Consensus ~~" """t o- CWL  mm-mmmm
ADGRA1 ~~ """ TTTooo GTEDEDTAYCWMA--------
ADGRA2 ~—~ """ ooo RDHSPYCWLV--------
ADGRA3 ~~~ """ o GSRPNAPYCWMA--------
ADGRB1 ~~" """t ooooo YSTMNYCWLSL-=------
ADGRB2 ~~ """ TotoooC YGTSSYCWLSL-------
ADGRB3 ~~""""""Ttttoo- YGTDHYCWLS--------
ADGRC1 ~"" "ttt GNPDFCWLSL-=-----
ADGRC2 ~"" "ttt GNPDFCWLSI-------
ADGRC3 """ttt GNPDFCWIS--------
ADGRDY1 ~~""""cctmttot- GTSNNCWLSL-------
ADGRD2 ~~""""cctttot- VAPGHCWLN-=-=------
ADGRE1 ~~--"""""=-"-=--- GMHNRCWLN ===~~~
ADGRE2 -~~~ """"""-"------ GTPSRCWLQ--------
ADGRE3 ~~"""""""7-ooooo- GTADRCWLH--------
ADGRE4P -~~~ -------------- GTFTCWLKL-------
ADGRES -~~~ oo o- GRPRYCWLD--------
ADGRF1 -~~~ TYKRKDVCWLNWS - - - - - -
ADGRF2 ~----""------- GYLRPEICWLNWD------
ADGRF3 - ----QYLREGECWLDG-------
ADGRF4 - ----GYMRPEACWLNWD------
ADGRF5 --------------- VYTRKNVCWLNWE---- - -

ADGRG3 ------- YTI-RORENRTSLELCWFR--------
ADGRG4 ~----------- G-T-LSPTTPFCWIKD-------
ADGRG5 GPCTIPVFDSWENGTGFQNMSICWVRS-------
ADGRGE  ----- V-YGKES-YGKEKGDEFCWIQD-------
ADGRG? ------ GNNP-QWELDYRQEKICWLAIPEPNGVI
ADGRL1  ----------------- GTEKACWLR--------
ADGRL2 ----------------- GTEKACWLHV-------
ADGRL3 ----------------- GTDKVCWLRL-=-----
ADGRL4 ----------------- GTTKVCWLST===----
ADGRVY -------HQSMSQIYGLIHGDLCFIPN-------

Figure 5-1 Conserved residues in extracellular loop 2 (ECL2) of aGPCRs. A) Multiple alignments
of the ECL2 of all 33 members of the aGPCR family. Predicted amino acid sequences of the ECL2 for
each aGPCR were derived from GPCRdb. The alignment was conducted in SnapGene software (from
Insightful Science; available at www.snapgene.com) using the Clustal Omega algorithm. B) Snakeplot
of human ADGRG2, exported from www.GPCRdb.org, showing the colored CWI motif in the ECL2.
The sequences of the N-terminal fragment and C-terminus are not shown. The dashed line shows the
disulfide bond between the cysteines of TM3 and ECL2.

Here, we use ADGRG2 (P622 and ANTF) as a model aGPCR to investigate the

role of tryptophan and isoleucine of ECL2 (Fig. 5.1b) in receptor activation by the
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Stachel. Our study shows that these residues not only regulate receptor activation by P-15

but also control receptor surface expression and degradation.

Methods

Cell culture and transfection

AD-293 (HEK) cells were purchased from Agilent Technologies (Santa Clara, CA, USA
#240085) and cultured in DMEM media (Sigma, St. Louis, MO, USA #D6429)
supplemented with 10% FBS, 100 U/mL penicillin, and 100ug/mL streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA #15140-122). Cells were transfected with plasmids
using lipofectamine 2000 reagent (Thermo Fisher Scientific #11668019) following the

manufacturer’s instructions.
Antibodies

Antibodies were purchased from the following sources: Cell Signaling Technologies
(Beverly, MA, USA): rabbit anti-HA (#3724); Thermo Fisher Scientific: mouse anti-V5
(#R960-25); Sigma: rabbit anti-R-actin (#A2066); Biolegend (San Diego, CA, USA):

mouse anti-HA (#901513).
Receptor mutagenesis

We used the Q5 site-directed mutagenesis kit (NEB, Ipswich, MA #E0552S) to generate
mutations in the ECL2 of human ADGRG2. Our template for mutations was pcDNA3.1-
3xHA-P622-V5 (P622-CWI)’®, a plasmid that expresses an NTF/Stachel-truncated
ADGRG2 with an N-terminal 3xHA tag and a C-terminal V5 tag. The following primer

pairs were used to construct mutants: P622-CWAT80 (for:
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CTTCTGCTGGGCCAACAACAATGC; rev: TCATCCGGTGAACCATTG), P622-
CA™?| (for: TGACTTCTGCGCCATCAACAACAATGCAGTATTC; rev:
TCCGGTGAACCATTGGGG), P622-CA°AT80 (for:
TGACTTCTGCGCCGCCAACAACAATGCAGTATTCTACG; rev:
TCCGGTGAACCATTGGGG), P622-C772AST3A (mytation of G’72 and S”7% in the ECL2;
for: ATTCCCCAATGCTGCTCCGGATGACTTC; rev: TTCCCATAGGATCCAAGC).
We used the aforementioned primers and pcDNA3.1-3XxHA-ANTF-V5 (ANTF-CWI) as the
template to generate mutants of ECL2 of the NTF-truncated ADGRG2. The resulting

constructs were verified by sequencing both strands.
On-Cell ELISA

Cells were seeded in 96 well plates and transfected with 50 ng of one of the following
plasmids: pcDNA3.1 (empty vector), P622-CWI, P622-CWA, P622-CAl, and P622-CAA.
Twenty-four hours after transfections, cells were starved using DMEM (Thermo Fisher
Scientific #21068028) supplemented with glutamine and 1.25mM Ca?" overnight. Cells
were then fixed with 4% paraformaldehyde for 15 minutes at room temperature. After
several washes with TBS, cells were blocked for 30 minutes in TBSM (TBS + 3% milk)
for surface staining or TBSM supplemented with 0.2% Triton X-100 for total staining.
Cells were then incubated with either rabbit anti-HA (1:2000) or mouse anti-V5 (1:2000)
antibodies in TBSB (TBS + 3% BSA) for 2 hours at room temperature. After several
washes, cells were incubated for 1 hour with 1:2000 dilution of either horseradish
peroxidase (HRP)-linked horse anti-mouse IgG (Cell Signaling Technologies #7076) or
HRP-linked goat anti-rabbit 1gG (Cell Signaling Technologies #7074) antibodies in

TBSM. After 5 washes with TBS, cells were incubated with 3,3',5,5'-Tetramethylbenzidine
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(TMB) (Sigma #t0440) for 5 min at room temperature. The reaction was stopped by an
equal volume of 1 N HCI. Absorbance at 450nm was measured using a FlexStation Il plate
reader. In a separate set of experiments, cells were transfected with several amounts of
plasmids to determine the doses of mutant plasmids that result in similar surface expression

compared to non-mutated P622-CWI or ANTF-CWI receptors.

Degradation assay

Cells were transiently transfected with 1 mg of plasmids in 6-well plates, and 24 hours
post-starvation were incubated with 100 pg/ml of cycloheximide (Sigma #4859) for
indicated time points. In some experiments, transfected cells were pre-incubated with 25
mM chloroquine (Tocris, Minneapolis, MN, USA #4109), 1 mM MG132 (Cell Signaling
Technologies #2194), or 10 nM bafilomycin Al (Tocris #1334) for 16 hours before the 8-
hr cycloheximide treatment. Cells were lysed using radioimmunoprecipitation assay
(RIPA) lysis buffer (EMD Millipore, Billerica, MA, USA #20-188) supplemented with
cocktails of protease (Thermo Fisher Scientific #78429) and phosphatase inhibitors (EMD
Millipore #524625). Lysates were then centrifuged at 13,000 rpm for 5 min at 4°C, and

supernatants were collected.

Western blotting

Protein lysates were boiled with reducing sample buffer (Thermo Fisher Scientific
#NP0OO007 and #NP0009) for 10 minutes and loaded on 4-12% Bis-Tris gels (Thermo Fisher
Scientific #NP0336BOX), then transferred to polyvinylidene fluoride (PVDF) membranes.
Blocking was performed in TBSTM (TBS + 0.1% Tween-20 + 10% nonfat dry milk)

followed by incubation with primary antibodies in TBSTM (1:2000 for HA and V5; 1:500
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for R-actin), overnight at 4°C. To detect primary antibodies, cells were incubated with
HRP-linked horse anti-mouse IgG and HRP-linked goat anti-rabbit IgG antibodies
(1:5,000) in TBSTM for 2 hours at room temperature. Blots were washed and then
developed with ECL SuperSignal™ West Femto substrate (Thermo Fisher Scientific
#34095). Blots were imaged separately via an auto-exposure option that avoided any bands'
saturation and then analyzed in iBright™ FL1500 Imaging System (Thermo Fisher

Scientific).
Immunofluorescence staining and imaging

HEK cells were transfected with plasmids (either 50 ng or adjusted doses as stated in each
figure), seeded on glass coverslips, and serum-starved overnight. Cells were fixed in 4%
paraformaldehyde for 10 min and were washed with PBS several times. Cells were blocked
with 5% goat serum in PBS for 1 hour and incubated with mouse anti-HA antibody
(1:1000) in 1% BSA in PBS for 2 hours at room temperature. After several washing steps
with PBS, HA antibody-bound receptors were labeled with Alexa Fluor 594—conjugated
goat anti-mouse antibody (1:500) in 1% BSA in PBS for 1 hour. Cells were mounted in
ProLong Diamond Antifade Mountant with DAPI (ThermoFisher Scientific #P36971) for
nuclear counterstaining. Fluorescence microscopy was conducted by 40x oil objective (1.4
NA) on a Nikon Ti-E microscope equipped with a 16.2 MegaPixels DS-Ri2 camera, and

images were analyzed with Nikon NIS-Elements Basic Research software.
Luciferase reporter assays
Luciferase reporter assay was performed as described previously®®, with some

modifications. HEK cells were seeded in white clear-bottom 96-well plates (20,000
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cells/well) and were transfected with adjusted amounts of receptor plasmids along with 100
ng of either pCRE-Luc or pSRE-Luc reporter plasmids. Cells were then stimulated with
increasing concentrations of P-15 or vehicle for 5 hours at 37°C. Using Steadylite reagents
(PerkinElmer, Hopkinton, MA, USA, #6066756), the luminescence was measured in a

FLEXStation 111 device.
CAMP production assays

Cells were resuspended in DMEM + 10% FBS and were mixed with Upward Green
cADDis cAMP Assay Kit BacMam sensor (Montana Molecular, Bozeman, MT, USA
#U0200G), supplemented with 2mM sodium butyrate. Cells were then seeded at 50,000
cells/well in black, clear-bottom, 96-well plates (150pl/well), incubated for 30 min at room
temperature in the dark, and then at 37°C for 24 hours. Cells were washed with assay buffer
(HBSS; Thermo Fisher Scientific #14065056 supplemented with 20mM HEPES) and kept
in the dark to acclimate to room temperature for 1 hour in 100 pl/well of assay buffer.
Initial assay development was conducted by transducing with various amounts of the
BacMam Gas sensor followed by stimulation with 10 uM forskolin for 800 seconds
(Supplemental Fig 5.4). Considering the speed and amplitude of the signal, we chose 15 pl
per well of the sensor as the appropriate volume to monitor CAMP production in HEK cells.
After transfection with adjusted doses of plasmids, cells were transduced with 15 pl of the
sensor (as described above) and were stimulated with increasing concentrations of P-15 the
next day. CAMP production was recorded for 280 seconds after an initial 20 seconds of
basal measurement of fluorescence at Excitation 488nm and Emission 525nm using the
FLEXStation 111 plate reader. In a different set of experiments, a previously described

homogenous time-resolved FRET (HTRF) assay® was used to measure cAMP production
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either at basal condition (overnight incubation with 0.5 mM IBMX; Sigma #15879) or after

2 hours of activation with P-15 in 384-well plates.
Whole-cell label-free impedance assay

Cells were transfected with adjusted amounts of plasmids and were seeded at a density of
50,000 cells per well in 100 pul of DMEM (Thermo Fisher Scientific #21068028)
supplemented with glutamine and 1.25mM Ca?* in CytoView-Z 96-well plates (Axion
BioSystems, Atlanta, GA, USA #Z96-1IMP-96B) overnight. After 45 minutes of baseline
recording of impedance in the Maestro Z device (Axion BioSystems) cells were activated
with 100 mM P-15 or vehicle (DMSO). Impedance against 1kHz voltage frequency was
recorded for several hours at 37°C, 5% CO2 in a humidified environment in the Maestro Z

machine. Data normalization to vehicle and analyses were performed in AxIS Z software.
Statistical analysis

Statistical analyses were conducted using t-test, one-Way or two-Way ANOVA with
Dunnett’s or Holm-Sidak multiple comparison tests in GraphPad Prism 9.0 software; P <

0.05 was considered significant.

Results

Mutations in ECL2 alter the expression of ADGRG2

We transiently expressed the ADGRG2-P622 (P622-CWI) and its ECL2 mutants,
P622-CWA, P622-CAl, and P622-CAA, in HEK cells and used a cell-based ELISA assay
to determine their surface expression via their N-terminal HA-tag. We noticed that all

ECL2-mutants show significantly reduced expression on the surface in comparison to the
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P622-CWI receptor (Fig. 5.2a). This lower surface expression was confirmed by
immunofluorescence imaging of receptors on the cell surface (Fig. 5.2b). Measuring the
total expression via the VV5-tag at the C-terminus by ELISA revealed that all three
mutants are expressed at reduced levels compared to the P622-CW!1 receptor (Fig. 5.2¢).
Western blot analyses of the whole-cell lysates confirmed the reduced expression of

mutants (Fig. 5.2d).

We have previously shown that the P622 receptor lacks the constitutive activity of
the NTF-truncated (ANTF) ADGRG2. We observed a similar reduction of expression in
mutants of the CWI motif in ANTF receptor (ANTF-CWA, ANTF-CAIL ANTF-CAA)
compared with the ANTF-CWI receptor (Supplemental Fig 5.2). Interestingly, mutation
of P622 on residues other than the CWI motif, glycine’’? and serine’’3, to alanine (P622-
GTT2AISTT3A) did not alter the total or surface expression level of the receptor

(Supplemental Fig 5.3 a&b).
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Together, these data suggest that ADGRG2 expression is controlled by tryptophan
and isoleucine in the CWI motif of the ECL2, irrespective of the activation state of the

receptor.
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Figure 5-2- Expression of ADGRG2-P622 is regulated by the residues in the CWI motif in the
ECL2.HEK cells were transfected with the same dose (50 ng for a, b, and ¢; 1 mg for d) of plasmids
expressing P622-CWI or mutants. Cell surface expression of receptors was determined by A) ELISA and B)
immunofluorescence imaging using an antibody against the N-terminal HA-tag in non-permeabilized
conditions. Nuclear counterstaining with DAPI (scale bars: 20 mm). C) ELISA was used to measure the
total expression by using an antibody against the C-terminal V5 tag in permeabilized conditions. D)
Representative blots show C-terminal VV5-tagged P622-CW!I and mutant receptors in total cell lysates.
Densitometry data were used to normalize V5 expression to b-actin for each plasmid and are shown as a
percentage of P622-CWI. Data are mean + S.E.M from a representative experiment out of 4 (for a and c,
performed in quadruplicate) independent experiments. Images (b and d) are representative of 3 independent
experiments. One-Way ANOVA with Dunnett’s multiple comparison test was used for statistical analyses.
(*:P<0.05; **:P<0.01; ***:P<0.001; ****:P<0.0001.)
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ECL2-mutations accelerate ADGRG2 degradation

To determine if the reduced expression is due to possible degradation of ECL2
mutants of P622, we isolated cell lysates at several time points post-incubation with a
protein translation inhibitor, cycloheximide. The expression of the receptor with intact
CWI motif remained substantially unchanged up to 8 hours post-inhibition of translation.
However, the protein level of all P622-CWA, P622-CAl, and P622-CAA was
significantly reduced starting at 2 hours post-inhibition and continued to diminish

continuously up to 8 hours (Fig. 5.3).
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Figure 5-3 Degradation of ADGRG2-P622 is regulated by the residues in the CWI motif in the
ECL2.A) HEK cells were transfected with the same dose of plasmids (1pg) expressing P622-CWI or
mutants. Cells were then incubated with cycloheximide (100 ug/ml) for up to 8 hours and total cell lysates
were run on SDS-PAGE, transferred to PVDF membranes, and probed with V5 and B-actin antibodies.
Differential exposure time in the iBright Imaging system was used to make the mutants visible to facilitate
the band density quantification. Representative blots show a reduction of mutant receptor levels over time. B)
Density values of V5 were normalized to that of 3-actin for each plasmid at NT (0 hours). Densitometry
analyses are shown on the right. Data are mean + S.E.M from 4 independent experiments. Two-Way
ANOVA with Dunnett’s multiple test was used to compare protein levels at each time point to that of basal
expression (NT) of respective receptors. *:P<0.05; **:P<0.01; ***:P<0.001; ****:P<0.0001.
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GPCR degradation can occur at various stages, including lysosomes and
proteasomes®*, We used inhibitors of several proteolytic processes, chloroquine
(lysosomal acidification inhibitor), MG-132 (proteasomal inhibitor), and bafilomycin Al
(inhibitor of v-ATPase, endosomal acidification, and late-stage vesicle maturation) to
determine the underlying mechanism of degradation of ECL2 mutants of P622. Western
blotting analyses show that the expression of ECL2 mutants remained unchanged in the
presence of either chloroquine or bafilomycin, and cycloheximide further decreased the
receptor levels (Fig. 5.4). However, inhibition of proteasomal degradation by MG-132
substantially increased the receptor levels, though the 8-hour translation inhibition by
cycloheximide in the presence of MG-132 reduced the expression to basal levels (Fig.

5.4).

This set of data reveals that mutation of conserved residues in the ECL2 of
ADGRG?2 induces receptor degradation via an unidentified mechanism, in addition to a

proteasomal pathway.
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Figure 5-4 Proteasomal but not endosomal or lysosomal pathways control degradation of ECL2
mutants.(a) HEK cells were transfected with the same dose of plasmids (1 pg) expressing P622-CWA,
P622-CAl, and P622-CAA. Cells were then pre-incubated with chloroquine (CQ; lysosomal acidification
inhibitor, 25 uM), MG-132 (MG; proteasomal inhibitor, 1 uM), and bafilomycin A1l (Baf; inhibitor of v-
ATPase, endosomal acidification, and late-stage vesicle maturation, 10 nM) overnight, followed by 8-h
incubation with cycloheximide (100 pg/ml). Total cell lysates were run on SDS-PAGE, transferred to
PVDF membranes, and probed with V5 and B-actin antibodies. Representative blots from 3 independent
experiments are shown.
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Mutation of tryptophan and isoleucine in ECL2 ablates ADGRG2-mediated induction of

transcription factors

We have previously shown that the synthetic P-15 induces cAMP-response
element-binding protein (CRE) transcription factor in a luciferase reporter assay. To test
whether ECL2 mutations affect receptor activation by the Stachel peptide despite their
reduced surface expression, we adjusted the dose of the transfected plasmids so that the
mutants and P622-CW!I receptor reach similar surface expression levels (Fig. 5.5a). This
was further confirmed by immunofluorescence imaging (Fig. 5.5b). Thereafter, for all
signaling assays, we adjusted the doses of mutant and P622-CWI plasmids and

supplemented the total plasmid dose with empty backbone pcDNA3.1 plasmid.

Using the CRE and SRE reporter assays, we stimulated cells expressing
comparable surface levels of P622-CWI and mutant receptors with increasing
concentrations of P-15 or vehicle for 5 hours. The basal CRE and SRE activity was
similar among P622-CW!I and mutant receptors. Concentration-response curves revealed
that while the P622-CWI receptor responds in a concentration-dependent manner to P-15,
none of the mutants are activated by this synthetic peptide (Fig. 5.5¢ and d). Although the
mutation of G’"2S7" to alanine in the ECL2 did not affect the expression level, the CRE
and SRE response to P-15 was reduced by 30% and 40%, respectively (Supplemental

Fig. 5 c&d).
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Figure 5-5 ECL2 plays a major role in ADGRG2 activation by synthetic Stachel peptide. A) HEK
cells were transfected with one dose of P622-CW!I (50 ng) and different doses of mutant P622 plasmids.
Cell surface expression of receptors was determined by ELISA using an antibody against the N-terminal
HA-tag in non-permeabilized conditions. X denotes the amount of mutant plasmids that resulted in
comparable surface expression as 50 ng P622-CWI plasmid. Data are mean =+ S.E.M from a representative
experiment out of 3 independent experiments performed in quadruplicate. B) Cell surface expression of
receptors, after transfection with the adjusted doses of plasmids, was determined by immunofluorescence
imaging using an antibody against the N-terminal HA-tag in non-permeabilized conditions. Nuclear
counterstaining with DAPI. Representative images from 3 independent experiments are shown (scale bars:
20 pm). C-D) Cells were transfected with adjusted doses of either P622-CWI or mutant plasmids along
with either CRE-Luc C) or SRE-Luc D) plasmids. After an overnight of serum starvation, cells were
activated with increasing concentrations of P-15 for 5 h. Luciferase induction was measured in a
luminescence-based assay. Relative light units (RLU) recorded in a luminometer are representative from 3
independent experiments performed in triplicate and are presented as mean + S.E.M.

We also used adjusted doses of ANTF-CWA, ANTF-CAI, ANTF-CAA plasmids,
which resulted in similar surface expression compared with ANTF-CWI (Fig. 5.6a-b).
Using a homogenous time-resolved FRET (HTRF) assay in the presence of IBMX, an
inhibitor of phosphodiesterases, we measured the basal cAMP production and found that

while ANTF-CWI-expressing cells show high CAMP levels, this basal activity is absent
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in ECL2-mutated ANTF receptors (Fig. 5.6¢). Also, stimulation with synthetic P-15

increased the CRE luciferase activity only in the ANTF-CWI expressing cells (Fig. 5.6d).

These data suggest that an intact CWI motif is essential for activation of
ADGRG?2 via either the self-activating Stachel (in ANTF) or the synthetic peptide. Also,
residues other than CW1 in the ECL2 may play a role in the activation of ADGRG2 by P-

15.
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Figure 5-6 ECL2 is essential for the constitutive activity of NTF-truncated ADGRG2. A) HEK
cells were transfected with one dose of ANTF-CWI (50 ng) and different doses of mutant ANTF
plasmids. Cell surface expression of receptors was determined by ELISA using an antibody against
the N-terminal HA-tag in non-permeabilized conditions. X denotes the amount of mutant plasmids
that resulted in comparable surface expression as 50 ng ANTF-CWI plasmid. Data are mean = S.E.M
from a representative experiment out of 3 independent experiments performed in triplicate. B) Cell
surface expression of receptors, after transfection with the adjusted doses of plasmids, was
determined by immunofluorescence imaging using an antibody against the N-terminal HA-tag in
non-permeabilized conditions. Nuclear counterstaining with DAPI. Representative images from 3
independent experiments are shown (scale bars: 20 um). C) Cells were transfected with adjusted
doses of either ANTF-CWI or mutant plasmids and pcDNA3.1 as control. Basal cAMP production
was measured after overnight incubation with 0.5 mM IBMX in starvation media in an HTRF assay.
CAMP production in nM is presented as mean + S.E.M from a representative experiment out of 3
independent experiments performed in duplicate. Data were compared with ANTF-CWI with one-
Way ANOVA with Dunnett’s test. ****P <0.0001. D) Cells were transfected with adjusted doses of
either ANTF-CWI or mutant plasmids along with CRE-Luc plasmid. After an overnight of serum
starvation, cells were activated with either vehicle (DMSQO) or 100 uM of P-15 for 5 h. Luciferase
induction was measured in a luminescence-based assay. Relative light units (RLU) recorded in a
luminometer are mean + S.E.M from a representative experiment from 3 independent experiments
performed in triplicate. Data were compared between vehicle and P-15 for each plasmid with two-
Way ANOVA with Sidak’s multiple comparison test. ****P <0.0001; ns: not significant.

103



Gas pathway activation by the Stachel is controlled by the ECL2

We have previously used an endpoint HTRF assay to measure cCAMP production
downstream of ADGRG2-P622-Gas pathway’®. To monitor the production of cAMP in
kinetic mode, we developed a new cAMP production assay by using a genetically-
encoded biosensor®*3, We induced cAMP production by forskolin, an activator of
adenylyl cyclase, and optimized the amount of sensor needed to reach a robust adenylyl
cyclase response (Supplemental Fig 5a&b). A 20-second baseline measurement was
followed by stimulation with increasing concentrations of P-15 in cells that were
transfected with adjusted doses of P622-CWI and ECL2-mutated receptors (Fig. 5.7a-d).
While the P622-CWI receptor responded to P-15 in a concentration-dependent manner,
the mutants showed no response, except for the P622-CWA mutant that responded
marginally to the highest P-15 concentration. To ensure that increased doses of
transfected plasmids did not alter the responsiveness of the adenylyl cyclase-cAMP axis,
we compared the forskolin-induced cAMP production. Our data show that despite
increased doses of transfected mutant plasmids, cells respond similarly to the forskolin

(Fig. 5.7e).

We accumulated cAMP production overnight in the presence of IBMX, and using
an HTRF assay, we found that the basal levels of CAMP are comparable among receptors
(Fig. 5.7f). A 2-hour stimulation with P-15 resulted in a concentration-dependent
production of CAMP by the P622-CWI receptor (Fig. 5.7g) and a modest response by the

P622-CWA mutant.
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Together, these data show that induction of the Gas-adenylyl cyclase-cCAMP

pathway by Stachel is dependent on the presence of an intact ECL2.
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Figure 5-7 ECL2-mutated ADGRG2-P622 receptors are not activated by P-15. (A-D) Cells were
transfected with adjusted doses of P622-CWI and mutant plasmids and were transduced with a cCAMP
biosensor overnight. After a 20-s basal recording of fluorescence (Ex: 488 nm; Em: 525 nm), cells were
activated with increasing concentrations of P-15 (arrowheads), and fluorescence was recorded for another

280 s. Relative fluorescence unit (RFU) data were analyzed in GraphPad Prism and are presented as change in
RFU divided by the initial RFU (AF/F0). E) Cells transfected with adjusted doses of plasmids and biosensor
were stimulated with 1 uM forskolin (FSK). Data are mean + S.E.M and are representative of 3 independent
experiments performed in triplicate. F) Basal CAMP production was measured after overnight incubation with
0.5 mM IBMX in starvation media in an HTRF assay. cAMP production in nM is presented as mean = S.E.M
from a representative experiment out of 3 independent experiments performed in triplicate. Data were
compared with P622-CWI with one-Way ANOVA with Dunnett’s test. ns: not significant. G) Cells were
stimulated with increasing concentrations of P-15 for 2 h and cAMP production in nM was measured in an
HTREF assay. Data are mean + S.E.M from a representative experiment from three independent experiments

performed in duplicate.
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ECL2 mutations derail the whole-cell response to P-15

We and others have shown that ADGRG2 couples to multiple signaling pathways
including Gag, Gos, and Gags’® 198287324 Considering that measuring the production of
either a single second messenger (e.g. CAMP) or induction of a couple of transcription
factors (e.g., CRE and SRE) cannot detect the ‘overall’ response of cells to GPCR
ligands, whole-cell label-free assays have been developed (Fig. 5.8A)**3% To
investigate if the overall response of cells to synthetic P-15 is regulated by the ECL2
conserved residues, we developed a new non-invasive whole-cell label-free impedance
assay. Activation of P622-CWI-transfected cells with P-15 resulted in a rapid decrease in
cell monolayer impedance to 1kHZ frequency of electrical field voltage (Fig. 5.8B).
However, neither empty plasmid nor ECL2-mutated receptors responded to the P-15

stimulation.

This data confirms the lack of receptor activation by Stachel peptide in the

absence of ECL2 conserved tryptophan and isoleucine residues.
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Figure 5-8 Whole-cell impedance assay shows a lack of activation of the ECL2-mutated ADGRG2
receptor by the Stachel peptide.Cells were transfected with adjusted doses of WT and mutant plasmids
and were then seeded in plates that have electrodes at the bottom of each well to apply various frequencies
of electric voltages. Serum-starved cells, at monolayer confluency, were kept in the Maestro Z device until
the recorded impedance (Q2) reached a steady state. Cells were stimulated with either vehicle (DMSO) or
100 uM P-15 and impedance was recorded for up to 2 h. Data are corrected to that of the vehicle for each
plasmid and are mean + S.E.M from a representative experiment out of 3 independent experiments
conducted in quadruplicate.

Discussion

Our understanding of the mechanisms of activation of aGPCRs has substantially
increased over the last decade. This progress was made possible due to basic pharmacology
and cell biology studies in various cellular backgrounds and model organisms?0% 111,210, 2%,
325 Now we know that binding of an extracellular molecular partner to the NTF of
ADGRGL1 dissociates it from the CTF and unmasks a Stachel sequence, which
subsequently activates ADGRG11% 117338 Simjlar mechanisms of activation exist for a
few other aGPCRs*2 324 A comprehensive mutational analysis of ADGRL1 revealed that

several residues in the transmembrane domains regulate the constitutive activity of this
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aGPCR?%, The same study also predicted a non-conserved tyrosine at the end of ECL2,
which regulates Stachel-mediated signaling of ADGRL1. However, the binding site of the
Stachel on a majority of aGPCRs remains largely unknown. Structural similarities of class
B1 GPCRs to aGPCRs (formerly class B2) and the fact that class B1 receptors bind to
peptide hormones provides hints on the possible binding site of the Stachel. Specifically,
the ECL2 forms an orthosteric binding pocket for peptide hormones in PTH 1 receptor
(PTH1R)** and corticotropin-releasing factor 1 receptor (CRFR1)%%, In the current study,
we tested the role of conserved residues in and around the CW motif of the ECL2 in the
activation of an NTF/Stachel- or NTF-truncated ADGRG2 (P622 and ANTF) by its
Stachel, P-15 (Fig. 4.9). Our results provide evidence that the lack of isoleucine and/or
tryptophan in the ECL2 not only completely abolishes the signaling pathways of ADGRG2

but also dysregulates receptor stability in HEK293 cells (Fig. 5.3).

We focused on the ADGRG2-P622 receptor in this study because we had
previously shown that ADGRG2-P622 responds significantly more to the synthetic P-15
in comparison to the full-length receptor (ADGRG2-FL) in a battery of assays’®. This
maximal response by ADGRG2-P622 is presumably due to the availability of the binding
site for P-15, which might be masked by the NTF in ADGRG2-FL. The lack of constitutive
activity in cells that express ADGRG2-P622 in the current study confirms the role of

endogenous Stachel in the activation of ADGRG2.

Here, we used several readouts to assess receptor response to the synthetic peptide.
The use of kinetic and endpoint cAMP production assays allowed us to measure the Gas
signaling of ADGRG2. Genetically encoded biosensor and HTRF assays showed a lack of

activation of ECL2 mutants either in the short-term (minutes) or long-term (2 hours). We
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supplemented these assays with CRE and SRE reporter assays, in which cells are activated
for 5 hours. Both assays showed that ECL2 mutants are not activated by P-15, suggesting
that the coupling of both Gas and Gaus proteins to ADGRG?2 is ablated in the absence of
either tryptophan or isoleucine or both. To assess other possible but unknown signaling
pathways that may originate from ADGRG2, we developed a whole-cell label-free
impedance assay. We have previously used similar label-free assays to study GPR55 and
cannabinoid 2 receptor®*! 342, This method allowed us to measure the overall response,
rather than a singular signaling pathway, from a monolayer of cells upon activation with
P-15 in kinetic mode. Using this readout, we observed a strong, fast Stachel-specific
reduction of impedance from WT receptor-expressing cells, indicating possible movement
of cells and consequent disruption of cell-cell contact in the monolayer. This response was
transient, and impedance was mostly restored in 15 min. Nevertheless, we did not detect a
response from cells expressing any of the ECL2 mutated receptors, further confirming the

lack of activation by P-15.

It is noteworthy that mutant receptors were degraded in the absence of either
endogenous or synthetic Stachel peptides. Do the ECL2 mutations induce constitutive
activity followed by sustained internalization and degradation? This does not seem to be
plausible because we did not detect any altered basal activity of P622, either in CRE
reporter assay or CAMP production assays. We observed a similar pattern of degradation
in ECL2-mutated ANTF receptors; however, those mutants lacked the constitutive activity
of ANTF, further suggesting that: 1) ECL2 plays a role in the activation of ADGRG2 and
2) degradation of ECL2 mutants is not due to constitutive activity or presence of the

Stachel. The P622-6772ASTI3A mutant, in which the CWI motif is intact but glycine’? and
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serine’’®

of the ECL2 are mutated, however, was not degraded. This mutant showed only
a 30-40% reduction in signaling to CRE and SRE, which is a much smaller effect than the
mutations in the CWI motif (~100% reduction). This suggests that while residues of the
CWI motif regulate both receptor stability and signaling, other non-conserved residues of

the ECL2 contribute to ADGRG2 response to synthetic P-15, and this effect is independent

of receptor stability.

Do the ECL2 mutations hinder receptor transport and incorporation into the plasma
membrane? Our western blotting, ELISA, and immunofluorescence imaging data suggest
that the diminished surface expression of mutants is likely to be due to the fast degradation
of receptors upon translation. We have previously shown that ADGRG2-ANTF gets
ubiquitinated but is expressed on the plasma membrane at levels comparable to that of the
full-length ADGRG2® %, Our current data show that the degradation of P622 mutants is
mediated in part by proteasomal pathways but not via endosomal or lysosomal pathways.
Further detailed studies are needed to unravel how the isoleucine and tryptophan of ECL2
impact these degradation mechanisms and whether the transport of ECL2 mutants via
Golgi apparatus is impaired. Interestingly, a previous study showed that many of the
mutants of ADGRL1 with blunted activity have significantly reduced surface

expression'?, although the underlying cause(s) for such reduction was not explored.

Irrespective of the underlying reason for diminished receptor levels and
degradation, we adjusted the surface expression levels by increasing the dose of the
transfected plasmids and conducted our signaling assays in this condition. Nevertheless,
comparable surface expression of ECL2-mutated and P622 or ANTF receptors did not

rescue their response to P-15, supporting the role of ECL2 in Stachel-mediated activation
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of ADGRG2. Whether the ECL2 of other aGPCRs play similar roles in receptor stability

and activation by Stachel peptides warrants further studies.

While finalizing this manuscript, we noticed that a separate group reported that
several residues, including the tryptophan and isoleucine of the ECL2, participate in the
binding of Stachel peptide to ADGRG23*3, Although this study corroborates some of our
findings, differences exist between the two studies. We used ‘human’ ADGRG2-P622 that
lacks the NTF and the Stachel sequence to prevent interaction of the endogenous P-15 on
the N-terminus of the receptor with the receptor in addition to ADGRG2-ANTF. Sun et al.,
however, determined the binding of a ‘mouse’ P-15 that was modified at several residues
to the ‘mouse’ ADGRG?2 ortholog. This modified P-15 showed higher potency compared
to natural P-15 and is potentially a new pharmacological tool for future ADGRG2 studies.
However, its application remains to be validated by testing whether it shows affinity or
activity towards other aGPCRs that share similar Stachel sequence and ECL2 motifs as
ADGRG2. Another major difference between these two studies is that while we observed
a significant alteration of ECL2-mutated receptor stability and cell surface expression, Sun

et al. did not report such changes.

Lack of activation of P622 or ANTF by the Stachel could be due to either impaired
binding of the peptide to the ECL2 or impaired signaling of receptor irrespective of peptide
binding. Although we did not directly examine the binding affinity of the P-15 to the ECL2
mutants, authors of the recent paper*® showed that mutations in TM6 and ECL2 abolish

the binding of a modified Stachel to the ADGRG2.

ADGRG2 plays various physiological and pathological roles. For instance,

mutations or truncations in ADGRG2 are associated with different forms of male
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infertility®>** 3% and male adgrg2-null mice are infertile*®*. ADGRG2 also promotes
proliferation and metastasis of Ewing sarcoma cells both in vitro and in vivo!™. We have
previously shown that ADGRG2 is enriched in parathyroid glands, is upregulated in
parathyroid adenomas from patients with primary hyperparathyroidism, and its activation
by P-15 elevates PTH secretion®. Although ADGRG?2 is still an orphan aGPCR, our
findings on the role of ECL2 in receptor stability and Stachel-mediated activation provide
a foundation for future targeting of this receptor via small molecules or biologics (Fig..

5.9).
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Figure 5-9 Graphical summary of the effect of ECL2 mutations on ADGRG2 expression, stability
and signaling. We found a conserved CWI/L motif among most aGPCRs. Alanine mutations in the
conserved W and | of ADGRG?2 led to decreased receptor expression, due to rapid proteasomal
degradation. Furthermore, stimulation with P15 showed no effect on the ECL2 mutated receptors which
indicates a necessary role for this motif in ADGRG?2 signaling.
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Supplemental Figures

CONSENSUS --==-============="==-==--- Y CWLXXXXXXX === ==
ADGRA1 ---------- RNYBTE-------mmooon DEDTAYCWMAWEPS-------
ADGRA2 -----=-=---- HIN S S RDHSPYCWLVWRPS-------
ADGRA3  ---------- KNYBS--=---comoaanan RPNAPYCWMAWEPSLGA----
ADGRB1 ~----------------=-------- AKGYSTMNYCWLSLEGGLLY----
ADGRBZ [EEESEI Al Il il Ll RTKGYGTSSYCWLSLEGGLLY----
ADGRB3 ~-----""--"----s--------- RTKGYGTDHYCWLSLEGGLLY----
ADGRC1  --=--=----=-----=---------o- PQGYGNPDFCWLSLQDTL-=-----
ADGRC2 ~----""--"=----m-smmmemmmme PEGYGNPDFCWLSIYDTL------
ADGRC3 -----=---c--=ccscmec-cono- PEGYGNPDFCWISVHEP-------
ADGRD1 -- ---DSYGTSNNCWLSLASG-------
ADGRD2 - --PHDYVAPGHCWLNVHTN- ---
ADGRE1 - -QPQGYGMHNRCWLNTE---------
ADGRE2 -- -RPHLYGTPSRCWLQPEKG- -

ADGRE3 CODCDOCDCODCOOCDODOODCO00 WPHLYGTADRCWLHLDQGFMWSF - -
ADGRE4P -------------------------- PQNYGTF-TCWLKLDKG-------
ADGRED [REEEE e e e e I Ll SKGYGRPRYCWLDFEQG-------
ADGRF1  ----------=---===----=-=--- TQPSNTYKRKDVCWLNWSNGSKPL---
ADGRF2 --=--========cacma-- VAATEPGKGYLRPEICWLNWDMTKALLA--
ADGRF3  -----=----=-=-==-=--=-=--= GLYLPQGQYLREGECWLDGKGGALYT---
ADGRF4 --=--===========c=ooou- TEPEKGYMRPEACWLNWDNTKALLA--
ADGRF5 ------------=--=-------- TQPREVYTRKNVCWLNWEDTKALL---
ADGRG1 ---------- DNYGPII---LAVHRTPEGVIYPSMCWIRDSLVSYITNLG
ADGRG2 ---------- DNYGLGS=- ==~~~ YGKFPNGSPDDFCWINNNAVFYIT---
ADGRG3 ----- GTGSANSYGLY------ TIRDRENRTSLELCWFREGTTMYALYIT
ADGRG4  ------ SVKKDLYGTL=-==-==emommun SPTTPFCWIKDDS--------
ADGRGS  ------ SVKSSVYGPCTIPVFDSWENGTGFQNMSICWVRSPVVHS - - - -~
ADGRG6  ----- SRNNNEVYGKES------ YGK---EKGDEFCWIQDPVIFYVT---
ADGRGY ------------- GVIYSQNGNNPQWELDYRQEKICWLAIPEPNGVIKSP
ADGRL1 AR I i L L L YRSYGTEKACWLRVDNY-------
ADGRL2 i ---KSYGTEKACWLHVDNYF------
ADGRL3 scoo DYRSYGTDKVCWLRLDTYF------
ADGRL4 === --RYYGTTKVCWLSTENNFIWS---

ADGRV1 LKGIYHQSMSQIYGL HGDLCFIPNVYA-------

Supplemental Fig 5-1 Multiple alignments of the ECL2 of all 33 members of the aGPCR family. Predicted
amino acid sequences of the ECL2 for each aGPCR were derived from Uniprot. The alignment was
conducted in SnapGene software (from Insightful Science; available at www.snapgene.com) using the

Clustal Omega algorithm.
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Supplemental Fig 5-2 HEK cells were transfected with the same dose of plasmids (1 pg) expressing
ANTF-CWI or mutants. Total cell lysates were run on SDS-PAGE, transferred to PVDF membranes, and
probed with V5 and B-actin antibodies. Representative blots (from 3 independent experiments) show
differential levels of mutant receptors compared with ANTF-CWI.
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Supplemental Figure 5-3 A) HEK cells were transfected with the same dose of plasmids (1 pg) expressing
P622-CWI (G772S773) or mutant (P622- G772A/S773A). Total cell lysates were run on SDSPAGE,
transferred to PVDF membranes, and probed with V5 and B-actin antibodies. Representative blots (from 3
independent experiments) show similar levels of receptors. B) HEK cells were transfected with the same
dose (50 ng) of plasmids expressing P622-CWI (G772S773) or mutant (P622- G772A/S773A). Cell surface
expression of receptors was determined by ELISA using an antibody against the N-terminal HA-tag in non-
permeabilized conditions. Data are mean £ S.E.M from a representative experiment out of 3 independent
experiments performed in triplicate. t-test was used for statistical analyses; ns: not significant. C-D) Cells
were transfected with 50 ng of either P622-CWI (G772S773) or mutant (P622- G772A/S773A) plasmids
along with either CRE-Luc or SRE-Luc plasmids. After an overnight of serum starvation, cells were
activated with either DMSO or 100 uM of P-15 for 5 hours. Luciferase induction was measured in a
luminescence-based assay. Relative light units 40 (RLU) recorded in a luminometer are mean + S.E.M
from a representative experiment from 3 independent experiments performed in duplicate. Data were
compared with P622-CWI with two Way ANOVA with Sidak’s multiple comparison test. **:P<0.001.
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Supplemental Figure 5-4 Characterization of a fluorescent genetically encoded cAMP sensor. HEK
cells were transduced with various amounts of Upward Green cADDis cAMP sensor in 96-well plates
overnight. Cells were washed with assay buffer and then the fluorescence (Excitation at 488 nm/Emission
at 525 nm) was recorded for 1 min before and 12 min after addition of 10 uM FSK. A) Raw data showing
the relative fluorescence units (RFU) for each amount of sensor. B) Data were analyzed in GraphPad Prism
and are presented as change in RFU divided by the initial RFU (AF/F0).
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Chapter 6 - Future Directions

Summary

PHPT is a common and important disease with a hallmark feature of abnormal Ca?*
sensing by parathyroid CaSR. The medical and surgical advancements in PHPT
treatment have significantly increased the quality of life for PHPT patients, but they
fall short in addressing the root cause of the disease. Cinacalcet is a calcimimetic drug
that allosterically binds to the CaSR to increase its sensitivity to serum Ca?* and reduce
PTH secretion. Unfortunately, cinacalcet does not affect the bone symptoms of PHPT;
therefore, some patients require combination therapy with bisphosphonates to preserve
bone density. Nevertheless, its efficacy suggests that understanding CaSR signaling

will be important to both understanding and treatment of this disease.

Several genetic abnormalities have been identified in parathyroid adenomas,
including heritable syndromes and sporadic mutations. While these abnormalities have
been essential in our understanding of parathyroid tumor pathogenesis, they are not
ubiquitous in PHPT patients. To develop more broadly applicable therapeutics, they
must correct abnormalities seen across all parathyroid tumor diseases. The common
factor among all PHPT patients is an inability of the parathyroid glands to inhibit PTH
secretion in response to serum Ca?* levels. The mechanisms of Ca?* insensitivity are a
topic of dispute in the literature. While some groups have found that CaSR is
downregulated in parathyroid tumors, we have seen no alterations in CaSR expression.
Therefore, we hypothesized that the dysregulation of CaSR is not inherent to the

receptor but a result of interacting molecules which dampen the CaSR response to Ca?*.
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We performed an RNA transcriptome screen to identify modifiers of CaSR
function. RGS5, a GAP protein was differentially expressed in parathyroid adenomas
compared to normal parathyroid glands. Therefore, we hypothesized that RGS5 might
function to inhibit the signaling of CaSR. Transgenic mice that overexpress RGS5 in
the parathyroid glands develop PHPT symptoms. RGS5 overexpression caused
decreased bone density, hyperparathyroidism, and hypercalcemia in transgenic RGS5
mice. These results supported our central hypothesis that CaSR-modifying proteins are
responsible for the dysregulation of PTH secretion and CaSR dysfunction in PHPT.
Recapitulating PHPT phenotypes by overexpressing RGS5 was the precedent for

studying other potential modifiers of CaSR function.

ADGRG?2 is an aGPCR, the second largest family of GPCRs, and while these
receptors have diverse functions in many diseases and physiological functions, they are
understudied relative to other GPCR families. We identified ADGRG2 in a
transcriptome microarray in 2015; at the time, this protein had no known function and
was previously thought to be expressed only in epididymal tissue. We found that
ADGRG2 was differentially expressed in parathyroid tissues and overexpressed in
parathyroid tumors. We hypothesized that, like RGS5, ADGRG2 might play an

essential role in parathyroid tumor biology and CaSR dysregulation.

We developed a transgenic mouse model with parathyroid-restricted
overexpression of ADGRG2. These mice were aged for seven months, followed by an
interrogation of their biochemical profiles, bone histomorphometry, and histological
assessment of their parathyroid glands. Parathyroid overexpression of ADGRG2

caused the development of stereotypical PHPT phenotypes, including adenomatosis,
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hypercalcemia, and hyperparathyroidism. Bone histomorphometry showed no
significant alterations at the seven months time point. The recapitulation of PHPT
phenotypes in this mouse led us to design a battery of in-vitro studies to identify any

crosstalk between CaSR and ADGRG2.

Our early in-vitro reports, using transient models, found that ADGRG2 showed no
downstream signaling activity in response to P15. Previously published data was
collected using constitutively active mutated receptors. To gain a more biologically
accurate view of ADGRG2 activity, we developed stable HEK293 models which stably
express ADGRG2 and CaSR, alone or in combination. The stable cell lines responded
to P15 stimulation and provided the tools necessary for studying the mechanisms of

ADGRG2-CaSR crosstalk.

CaSR signals via two well-defined signaling pathways, the Gai and Gaog, which
inhibit cAMP and increase intracellular Ca?* release, respectively. CaSR responds to
extracellular Ca®" and its activity inhibits PTH secretion. When extracellular Ca?*
levels decrease, CaSR is inactive, and PTH is released to increase serum Ca?" which
functions as a negative feedback mechanism to activate CaSR. We tested the ability of
ADGRG2 to modulate both the Gai and Goq pathways using kinetic signaling assays.
Using a biosensor for Gai activity, we found that the activation of ADGRG2 completely
inhibited CaSR Gai activation. We also utilized a dye-based intracellular Ca?*
mobilization assay to assess CaSR Gayg activity. Co-stimulation of ADGRG2 and CaSR
with both P15 and Ca?* caused a decrease in intracellular Ca?* mobilization. These

results indicate that ADGRG2 counteracts both canonical CaSR signaling pathways.
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There is increasing evidence of the importance of intracellular trafficking for proper
GPCR function. CaSR is known to maintain signaling within the early endosome, and
the inability of CaSR to traffic into the endosome is a hallmark of FHH3, a disease with
a similar presentation to PHPT3%, We have also shown that ADGRG2 maintains Gos
signaling from the early endosome’®. To test whether the co-stimulation of ADGRG2
and CaSR affected proper intracellular trafficking, we conducted live confocal imaging
using SNAP and CLIP tags. These tags were covalently linked to nonpermeable
fluorescent substrates, which allowed us to monitor the movement of these receptors in
real time. We found that co-stimulation with Ca?* and P15 caused the receptors to
maintain surface expression and inhibited trafficking into the cytosol. These results
confirm our previous report that ADGRG2 and CaSR physically interact only in an

active state, and we now know that this interaction disrupts proper trafficking.

Our results show that ADGRG2 is actively opposing the functionality of CaSR, and
it is a surface receptor with a limited expression profile. These results indicate that
ADGRG2 may serve as a target for future therapeutic development. To identify
targetable regions of ADGRG2, we aligned all 33 members of the aGPCR family and
found a highly conserved CWI/L motif in the ECL2. The ECL2 of other receptors is
known to play an important role in receptor activity; therefore, we hypothesized that
the conserved CWI of ADGRG2 may be an essential motif for its function. We created
mutations in the W and | of ADGRG2 and expressed these mutants in HEK293 cells.
Stimulating ADGRG2 ECL2 mutants with P15 showed complete ablation of signal
both in endpoint (luciferase and HTRF) and kinetic (Upward Gaos biosensor) assays.

Using an impedance assay, we measured the whole-cell response of ADGRG2 mutants
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to P15 stimulation, and we confirmed the ablation of response to P15 in ECL2 mutants.
We also found that mutations in either conserved residues disrupt receptor stability and

cause rapid proteasomal degradation.

Our studies on ECL2 may have broad implications beyond PHPT. Interestingly,
other groups have confirmed an essential role of this conserved CWI/L motif in other
aGPCRs*¥%348_ Given the variety of aGPCR functions and expression across human
physiology and pathology, these studies could represent the first step in aGPCR

therapeutics for several other disease states.

Limitations

HEK?293 cells are a robust system for studying receptors and signaling pathways,
but they are extremely limited in their capacity to produce functional data. Our HEK293
cell lines all recapitulate the signaling pathways of CaSR and ADGRG2, but without the
ability to secrete PTH, we can only make inferences about the cross-talk of these
receptors in parathyroid cells. Although several attempts have been made, there are
currently no human parathyroid cell lines, making mechanistic studies extremely
difficult. Therefore, we were limited to using HEK293 cells, which we modified to

express receptors of interest and primary cells.

Culture and manipulation of primary parathyroid cells present complications.
After dispersion, primary cells rapidly lose viability, limiting the number of experiments
performed. We made several attempts to knock-down ADGRG?2 using lentiviral ShRNA,
but the cells did not remain viable long enough for the protein to turnover. Furthermore,

the tissue size collected is minimal and often would not provide enough cells to do
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relevant experiments. More research into the development of parathyroid cell lines and

primary cell culture methods is needed to overcome these hurdles.

To have a more biologically relevant model system, we generated a transgenic
mouse that overexpresses ADGRG2 in the parathyroid glands. We performed these
experiments with heterozygous mice due to embryonic lethality of homozygous
expressing animals. Due to time constraints, we could only conduct a small pilot
experiment using ten transgenic mice. Each animal requires a minimum of seven months
for the onset of symptoms and potentially one year for bone phenotypes to appear. To
fully characterize these transgenic mice, these experiments will be repeated with older

mice, at least one year to allow for complete symptom development.

The unique signaling mechanism of aGPCRs limited our abilities to stimulate
ADGRG?2 in a biologically relevant manner. aGPCRs express a large NTF which shields
a bound agonist known as the Stachel peptide. The endogenous ligand of an aGPCR
binds to the NTF and causes its dissociation, allowing the Stachel peptide to interact with
the receptor and activate downstream signaling. Most aGPCRs are orphan receptors, and
to exogenously activate these receptors, a synthetic Stachel peptide must be employed.
Unfortunately, without the endogenous ligand, we do not see the dissociation of the NTF,

which may be dampening the overall receptor signal.

The lack of an endogenous ligand also limits our ability to understand the role of
ADGRG?2 in parathyroid biology. While we identified its role in parathyroid adenomas
and its crosstalk with CaSR, ADGRG2 has no known function in normal glands.
Deorphanization of the aGPCRs is a significant focus for many groups, and several

receptors have been deorphanized in the past few years. Uncovering the endogenous
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ligand for ADGRG2 would provide a more relevant agonist for in-vitro and ex-vivo
experiments. It would also elucidate the physiologic role of ADGRG2 in normal

parathyroid glands.

Trafficking of GPCRs is a growing area of research, and our results provide a
preliminary glimpse into the complex trafficking patterns of ADGRG2 and CaSR. SNAP
and CLIP tags are incredibly versatile tags, but we can only definitively state that the
receptors are trafficking in response to stimulation, but the specific localization is not yet
clear. Furthermore, the SNAP and CLIP substrates are nonpermeable to the cell
membrane and do not allow us to visualize the trafficking from the ER to the cell surface.
Based on our knowledge of GPCR trafficking in the literature and our data, we can
surmise that the receptors localize to the endosome, but further experimentation will be

needed to confirm these results.

Conclusion & Future Directions

Ca?* sensing and PTH dysregulation is a hallmark of all parathyroid tumors, but
the exact mechanisms of these pathologies have not been identified. Based on our results,
we identified ADGRG2 as a potential modifier of the CaSR function. To fully elucidate
the functional action of ADGRG2, these experiments must be confirmed in primary
human parathyroid cells. Our previous attempts at knocking down ADGRG2 in
parathyroid cells failed due to the reduced viability of primary cells. As the field of
primary cell culture evolves, we may identify new methods for parathyroid cell culture or
immortalization; this would provide us with the tools to better test the role of ADGRG2

in human cells. To test the therapeutic potential of ADGRG2 inhibition, we are currently
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developing an ADGRG2 knock-out mouse that would provide us with the most

biologically relevant yet feasible model system.

The discovery of ECL2 as an essential motif for P15-mediated ADGRG2 activity
provides a novel mechanism for receptor inhibition. We are currently exploring
therapeutic development methods, particularly biologics that block the conserved CWI
motif in the ECL2. By blocking the CWI motif with an antibody, we could successfully
blunt the action of ADGRG2 while avoiding the viability issues seen with lentiviral
transduction of primary cells. This biologic would also serve as the first step in potential
therapeutic development. By dosing ADGRG2 overexpressing mice with an ECL2-CWI
blocking antibody, we should see a decrease in hyperparathyroidism, hypercalcemia, and

adenoma development.

The trafficking alterations identified in our SNAP and CLIP experiments require
further experimentation. One of the significant limitations of using these tags is their
transient nature. Our data have shown that transient expression of ADGRG2 leads to
much weaker overall signaling output when compared to stable cell lines. Therefore, to
better employ the SNAP and CLIP tag system, we will generate stable cell lines of
SNAP-G2 and CLIP-CaSR to be more biologically accurate. We also plan to combine
these tags with markers for various organelles, particularly the endosome and membrane,
to understand better where these receptors traffick upon stimulation. Finally, to better
quantitate the effect of trafficking on cell signaling, we plan to recapitulate these
experiments in a plate assay. By treating our double expressing cell line with Dyngo, a

dynamin inhibitor, we can inhibit endocytosis and measure the downstream signaling
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partners of ADGRG2 and CaSR. These experiments will help uncover the role of

trafficking in the downstream signaling of both receptors.

We do not have live-cell data of ADGRG2 and CaSR interacting; those data were
collected using transiently expressed receptors in a Co-IP assay. We will employ a Nano-
Glo luciferase assay system to confirm protein-protein interaction in live cells. This assay
uses a nanoluciferase molecule split into two units independently fused to proteins of
interest. By expressing two nanoluciferase-bound molecules in a single cell, the cleaved
nanoluciferase should reassemble and produce a luminescent signal if the molecules are
proximal to one another. We have fused ADGRG2 and CaSR with the cleaved
nanoluciferase molecules and are currently optimizing this system to determine protein-

protein interaction in live cells.

We have defined a novel role for ADGRG2 in PHPT, but we believe this work
expands far beyond parathyroid biology. ADGRG2 is typically restricted to epididymal
or parathyroid tissue, but several groups have recently reported its overexpression in
various cancer modalities. Specifically, ADGRG?2 is overexpressed in Ewing's sarcoma
and breast cancer cells. In the future, we hope to use what we have learned about
ADGRG2 and aGPCRs as a whole and interrogate their function and therapeutic potential
in other diseases. If we successfully develop antibodies against the CWI motif of
ADGRG2, we hope to use it as a tool to understand better the role of ADGRG2 in these

more aggressive diseases.

The current literature surrounding ADGRG2 does not focus on parathyroid
biology but its role in epididymal biology. ADGRG2 is expressed in the efferent ducts

and the proximal epididymis. Studies have identified that mutations of ADGRG2 can
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cause male infertility. ADGRG2-null mice have decreased sperm motility and altered

sperm morphology>*°

. The rate of male infertility has dramatically increased continuously
in the past years; therefore, developing novel fertility therapeutics is of the utmost
importance. Developing an ADGRG2 ECL2 blocking antibody could be the foundation

of ADGRG2-targeted male contraception and fertility treatment.

The field of aGPCR research is rapidly growing, and advances in cell biology
techniques have significantly increased our ability to interrogate this novel class of
receptors. The opportunities for aGPCRs to serve as diagnostic, prognostic, and

therapeutic targets is an essential avenue for future investigation.
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