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Abstract

Background. Members of the adhesion family of G protein-coupled receptors (GPCRs) have received attention for
their roles in health and disease, including cancer. Over the past decade, several members of the family have been

implicated in the pathogenesis of glioblastoma.

Methods. Here, we discuss the basic biology of adhesion GPCRs and review in detail specific members of the re-
ceptor family with known functions in glioblastoma. Finally, we discuss the potential use of adhesion GPCRs as

novel treatment targets in neuro-oncology.

Glioblastoma

Glioma is the most common primary brain malignancy.’
Advances in genomics over the past decade have identified dis-
tinct driver mutations and transcriptional programs, which have
led to re-classification of the glioma family. The most notable
classifier in adult gliomas is neomorphic mutations in isocitrate
dehydrogenase (IDH) 1 and 2. These mutations identify one type
of glioma, predominantly seen in young adults, which gener-
ally has a more indolent course.? IDH wild-type tumors, which
include most glioblastomas (GBMs), are commonly associated
with mutations in the TERT (telomerase) promoter and cause
rapid neurologic decline and death.3 The Cancer Genome Atlas
has used bulk transcriptome profiles to obtain gene expression
signatures that further classify GBM into subtypes (classical,
proneural, and mesenchymal).* Similar subtypes can be derived
by analyzing the DNA methylome of tumors.® Nevertheless,
GBM tumors display immense intratumoral heterogeneity
and subtype-spanning plasticity.>® Regardless of their muta-
tional status and transcriptome profile, gliomas are not cur
able by surgical excision due to their propensity to invade brain
tissue.®9 At the same time, gliomas, and GBM in particular, evade
chemoradiotherapy through a variety of tumor cell-intrinsic and
microenvironment-mediated mechanisms. Therapy resistance
has been partly attributed to a cellular hierarchy dominated by
stem-like cells, which are not only particularly adept at repairing

DNA damage inflicted by chemoradiotherapy, but also capable
of initiating tumor growth and generating all tumor lineages.'®"”

The fact that gliomas are almost universally lethal and evade ra-
diotherapy, conventional chemotherapy, anti-angiogenic therapy,
targeted therapies, and, so far, immunotherapy, highlights the
need for identifying new treatment targets. In search of such new
targets, we started studying adhesion G protein-coupled recep-
tors (aGPCRs) in GBM several years ago. As Figure 1A illustrates,
analysis of our previously published RNA-sequencing data from
our patient-derived GBM cultures' using R indicates that several
aGPCRs are expressed by tumor cells. In contrast, several of the
aGPCRs expressed in GBM are absent from normal brain tissue,
as evidenced by single-cell RNA-sequencing data from normal
brain tissue (Allen Brain Atlas; https:/celltypes.brain-map.org/
rnaseg/human_m1_10x; Figure 1B). This suggests that several
aGPCRs are de novo expressed in GBM. As a result, here we pro-
pose that aGPCRs may offer appealing opportunities for novel
therapies in glioma.

Classification and General Characteristics
of adhesion G protein-coupled receptors
Adhesion GPCRs comprise 33 members in the human genome

and represent the second largest family within the GPCR su-
perfamily.’®2° According to recent classification systems, they
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are divided into 9 subfamilies, namely ADGRA, ADGRB,
ADGRC, ADGRD, ADGRE, ADGRF ADGRG, ADGRL,
and ADGRYV, although new taxonomies have recently
emerged.?' In this review, we will primarily refer to the
aGPCRs by their original names.

Like all GPCRs, members of the aGPCR family are struc-
turally defined by 7 conserved a-helical transmembrane
loops (7-TM domain), an intracellular C-terminus, and an
extracellular N-terminus. What distinguishes aGPCRs from
other GPCRs, however, is their long N-terminus, which
varies in length and functional subdomain composition
based on the receptor subtype (Figure 2). These functional
domains have been shown to convey cell-cell or extra-
cellular matrix (ECM) interactions, suggesting that these
receptors have a dual role as cell adhesion and signaling
proteins.?’ All aGPCRs, with the exception of GPR123, pos-
sess a conserved GPCR autoproteolysis-inducing (GAIN)
domain in the N-terminus that catalyzes cleavage at a GPCR
proteolysis site (GPS) to generate an N-terminal and a
C-terminal fragment (NTF and CTF, respectively).?2The pro-
cesses following proteolysis have not been fully elucidated,
but there is evidence that the NTF and CTF may remain non-
covalently bound to each other in the secretory pathway
and dissociate after being trafficked to the plasma mem-
brane. Immediately distal to the GPS lies an endogenous
agonist sequence, named the Stachel sequence, which is
responsible for activating canonical signaling. Soluble pep-
tides derived from this tethered agonist sequence have
been used to experimentally modulate aGPCR function.?3-31

To date, there are numerous publications that pro-
vide data on aGPCR canonical signaling via G proteins.
Coupling to G, G, G, Or G, proteins has been
shown for many of the receptors.?026293233 G protein-
independent non-canonical signaling has also been re-
ported for aGPCRs. The most prominent examples are the
BAI family of aGPCRs and GPR124 (ADGRAZ2), which are
involved in Rac-1-mediated signaling®*%¢ and Wnt path-
ways,®”38 respectively.

aGPCRs play pivotal roles in physiological cellular processes,
such as establishing cell shape and polarity, mediating cell ad-
hesion and migration, and transmitting mechanical stimuli.3%44
At the organismal level, aGPCRs have been implicated in the
immune response, endocrine and nervous system function,
and tumorigenesis.?%2'4546 Moreover, aGPCRs are involved in
brain development, establishment of the blood-brain barrier
(BBB) and regulation of brain angiogenesis, and may contribute
to the stemness of GBM stem cells (Zhou 2014, Kuhnert 2000,
Kuhnert 2010, Cullen 2011, Nishimori 1997, Bayin 2016).3%40:474849
Most importantly for the purposes of this review, several mem-
bers of the aGPCR family have been implicated in glioma
biology.Thus, we will focus our review on specific aGPCRs rel-
evant for GBM and analyze their function within the context of
tumor cell migration, brain invasion, cellular proliferation, stem
cell self-renewal, and angiogenesis (Figure 3).

Specific Adhesion G Protein-Coupled
Receptors in GBM

Several aGPCRs have been implicated in GBM tumorigen-
esis. Here, we will focus on some of the specific aGPCRs

that our analysis indicates are upregulated in our patient-
derived GBM cultures (Figure 1A) and that are most
prominent in GBM research. These include GPR124, BAI1,
GPR133, CD97, EMR2, GPR56, and ELTD1. Some aGPCRs,
which demonstrate similar expression patterns, for ex-
ample, members of the family of cadherin EGF LAG seven-
pass G-type receptors, are purposely left out of the review
due to a lack of relevant literature implicating them in
GBM. For the aGPCRs reviewed here, we will discuss the
structural and functional properties of each receptor and
provide up-to-date information regarding their implica-
tion in the oncogenic process, with a particular focus on
GBM. Since several of these aGPCRs are expressed in both
tumor and endothelial cells, we will review their function in
both cellular contexts where appropriate.

GPR124 (ADGRA2)

GPR124 is an orphan receptor, also known asTEM5 (tumor
endothelial marker 5). According to recent taxonomy ar-
rangements, it belongs to subfamily Il of aGPCRs.?°
GPR124’s serine/threonine-rich N-terminus is characterized
by leucine-rich repeats, a leucine-rich repeat C-terminal
domain, an immunoglobulin (lg) domain, and a hormone-
binding domain (HBD; Figure 2). Thrombin-induced shed-
ding cleaves the receptor at the HBD into an NTF and CTE®°
The association/dissociation of NTF and CTF is protein di-
sulfide isomerase (PDI)-dependent.®® Thrombin-induced
cleavage exposes an RGD motif that mediates cell adhe-
sion by binding integrins.’®5" A more recent study also
suggests that GPR124 is involved in cell adhesion via the
interaction with the Rho guanine exchange factors Elmo/
Dock and intersectin through its C-terminus.52

Numerous publications highlighted GPR124’s involve-
ment in Wnt signaling in the brain endothelium and the
receptor’s key role in angiogenesis and development of the
brain vasculature.3”384753 Both in vitro and in vivo studies
suggested that GPR124 serves as a co-activator for ca-
nonical Wnt signaling via Frizzled and Lrp receptors and
Wnt7a/7b.3738 Additionally, GPR124 interacts with Reck, a
GPl-anchored matrix metalloprotease (MMP) inhibitor, to
build a signaling complex at the level of the plasma mem-
brane, thereby contributing to Wnt signaling in brain angi-
ogenesis and BBB formation.5+-0

The impact of GPR124 on adult forebrain angiogenesis
and the establishment of the BBB were further investigated
by producing an inducible conditional knockout in mouse
endothelial cells. Endothelial GPR124 deficiency led to BBB
disruption, increased tumor hemorrhage, and decreased
survival in a GBM mouse model.?" Interestingly, the pro-
liferation capacity of cultured GBM cells was significantly
reduced by both tumor cell-specific overexpression and
knockdown of the receptor.®?Transcript levels of GPR124 are
not detected in RNA-Seq datasets from the Allen Brain Atlas
in normal brain cells (Figure 1B), while it is moderately ex-
pressed in patient-derived GBM cell lines (Figure 1A).

Collectively, most data suggest that GPR124 is mainly ex-
pressed in tumor vasculature, is upregulated in GBM, and
plays a major role in Wnt signaling, an important pathway
for brain angiogenesis and BBB formation. GPR124 may
merit further investigation as a target in GBM, because the
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Figure 1. Comparison of aGPCR transcript levels in GBM and normal brain. (A) Heatmap showing ranked log,(FPKM) aGPCR transcript levels from aver-
aged RNA-sequencing data of 2 patient-derived IDH wild-type GBM cultures.’® The 2 cultures were transcriptionally subtyped as proneural and mesen-
chymal and were in culture for 5 passages before sequencing. (B) Heatmap of averaged astrocyte, oligodendrocyte precursor cell (OPC), and neuron
transcript level values are from Allen Brain Atlas Human Multiple Cortex Areas SMART-seq data. The ranking of aGPCRs is identical to that in (A). Data
represent averaged log,(CPM) values from layer 1-6 cortical astrocytes (n = 966), layer 1-6 cortical OPCs (n=773), and excitatory and inhibitory neuronal

clusters (n=7382). The gene expression heatmaps were generated with R.

suppression of its pro-angiogenic function is predicted to
inhibit tumor growth and progression.

BAI1 (ADGRB1)

Subfamily VII of the aGPCR family comprises the 3 brain-
specific angiogenesis inhibitor (BAl) genes: BAI1, BAI2,
and BAI3.263 Like all BAls, BAI1 harbors thrombospondin
type 1 repeat domains and an HBD within its N-terminus,
as well as a C-terminal PDZ domain.®® Of all 3 BAls, only
BAI1 contains an N-terminal RDG motif, an MMP-14 site,
and a C-terminal proline-rich region (Figure 2). BAI1 is

involved in both canonical G protein signaling via Gth
and G,,,,® and non-canonical signaling leading to Rho
pathway activation, phosphorylation of ERK, and p-arrestin
binding.5* Recently, peptides derived from BAI1's endog-
enous Stachel sequence were designed and used to acti-
vate the receptor in neurons, where it binds Neuroligin-1,
a cell-adhesion molecule found at synapses.®®* The Stachel
peptide-induced activation resulted in Rac-1 activation
and synapse development, highlighting the role of BAI1 in
synaptogenesis.f®

The first evidence for BAI1’s involvement in GBM was
given in 1997, when Nishimori et al.*® found that the re-
ceptor is expressed in normal brain cells, but its transcript
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Figure 2.

Functional domains and G protein coupling of aGPCRs implicated in GBM. The schematic shows structures and functional domains at

the NTF of GPR124, BAI1, GPR133, CD97, GPR56, CELSR1, and ELTD1. G protein coupling is indicated by arrows. To date, G protein coupling of GPR124
and ELTD1 has not been documented. GAIN, GPCR autoproteolysis-inducing domain; GPS, GPCR proteolysis site; HBD, hormone-binding domain;
Ig, immunoglobulin domain; LRRCT, leucine-rich repeat C-terminal domain; LRR, leucine-rich repeat; RGD, Arg-Gly-Asp motif; TSR, thrombospondin
type 1repeat; PRR, proline-rich region; laminin_G/PTX, laminin_G/pentraxin; EGF, epidermal growth factor domain; PLL, pentraxin/laminin/neurexin/

sex-hormone-hinding-globulin-like domain.

is significantly decreased in established GBM cell lines.
Several other studies agreed with those findings, observing
repeated detection of BAI1 in normal glial cells at both the
transcript and protein levels, while failing to detect its pres-
ence in GBM cells.%® Consistent with these findings is the
observation that BAI1 expression decreases with rising
malignancy grades in glioma tumors.®” RNA-seq data from
our laboratory show only moderate BAIT expression in
patient-derived GBM cells in vitro (Figure 1A), while it is
one of the top 5 detected transcripts in normal brain cells
from the Allen Brain Atlas (Figure 1B). A recent study sug-
gests that BAI1 is epigenetically downregulated in GBM
by hypermethylation of its promoter region.®® In this
study, the following evidence suggested that methyl-CpG-
binding domain protein 2 (MBD2), an epigenetic regulator
of gene expression, is responsible for the downregulation
of BAI1 in GBM: (1) treatment of GBM cells with 5-Aza-2’-
deoxycytidine, a DNA demethylating agent, restores BAI1
expression; (2) chromatin immunoprecipitation shows
enrichment of MBD2 at the BAIT promoter region; and
(3) shRNA-mediated knockdown of MDB2 leads to the
re-activation of BAI1 expression in glioma cells.

BAI1 can be cleaved at its GPS, autoproteolytically, re-
sulting in a 120 kDa NTF (Vasculostatin-120), or at its MMP-
14 site, resulting in a 40 kDa NTF (Vasculostatin-40). Both
cleavage products have been shown to contribute to phys-
iological processes within the brain. Vasculostatin-120

decreases intracranial glioma growth in vivo, while both
Vasculostatin-120 and Vasculostatin-40 were suggested
to increase anti-angiogenic and anti-tumorigenic effects
in normal brain and GBM.®®7" In orthotopic xenografts
implanted in rats, Vasculostatin-120 reduces intracranial
growth of malignant gliomas and tumor vascular den-
sity, even upon a pro-angiogenic stimulus.”’ In endothe-
lial cells, the anti-angiogenic effect was suggested to be
dependent on the surface molecule CD36.7" Likewise, the
anti-angiogenic and anti-tumorigenic effects of full-length
BAI1 were shown in xenograft models in vivo,’? inde-
pendent of P53 expression within the tumor.6673 Taken to-
gether, these findings suggest a tumor-suppressive role
for BAI1 in GBM. The identification of agents that restore
expression of BAI1 could potentially serve as a therapeutic
tool for the treatment of GBM.

GPR133 (ADGRD1)

According to recent taxonomy arrangements, GPR133 be-
longs to subfamily V of aGPCRs.?° In addition to the GAIN
domain and the GPS, GPR133's N-terminal ectodomain
contains a laminin G/pentraxin (LMN/PTX) domain (Figure
2). As shown in other aGPCRs, the C-terminal sequence im-
mediately following the cleavage site within the GPS rep-
resents the endogenous tethered Stachel agonist, which
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Figure 3. Impact of aGPCRs on GBM biology. aGPCRs bind ligands
from the ECM or the plasma membrane of adjacent cells, thereby
conveying cell-cell or cell-matrix interactions. Binding of a ligand
results in receptor activation and either canonical signaling via G
proteins or non-canonical signaling. This leads to changes in cellular
processes, such as cell proliferation, migration, angiogenesis, and
invasion, directly impacting GBM biology.

is responsible for activating GPR133 as confirmed by mu-
tational studies.?® Deleting the NTF of GPR133 leads to
increased receptor activity.?® Initial insights into GPR133
canonical signaling and G protein binding were produced
by a few recent studies. Upon GPR133 heterologous ex-
pression in Cos-7 and HEK293T cells, cAMP levels increase
significantly, an effect that is eliminated with G_  subunit
knockdown.’76 This indicates that the GPR133 receptor
couples with the G, subunit upon activation. GPR133
signaling is increased by administering soluble peptides
derived from the endogenous Stachel sequence to Cos-7
cells expressing the receptor.?®

GPR133, whose ligands remain unknown, was recently
shown to be necessary for tumor growth in GBM.*%77
Knockdown of GPR133 by shRNA results in reduced
cell proliferation and tumorsphere formation in vitro.
Furthermore, GPR133 knockdown impairs orthotopic
tumor xenograft initiation in vivo.*® RNA-Seq data from
GBM cells show GPR133 transcript expression (Figure
1A), while it is not detected in neurons, astrocytes, and ol-
igodendrocyte precursor cells (OPCs; Figure 1B). Frenster
et al.’® used immunohistochemistry to show that GPR133 is
essentially de novo expressed in GBM, because it is absent

Stephan et al. Adhesion GPCRs in glioblastoma

from normal brain tissue (Figure 4). Importantly, GPR133
expression was detected in both IDH wild-type and IDH
mutant tumors.’® Furthermore, the same study suggested
a positive correlation between GPR133 expression and the
WHO grade of gliomas, raising the possibility that GPR133
is a marker of anaplasia in the glioma family.

GPR133 is enriched in the most hypoxic regions of GBM,
also known as areas of pseudopalisading necrosis. This
phenomenon is mediated by transcriptional upregulation
of GPR133 in hypoxia via direct binding of hypoxia-
inducible factor 1a (HIF-1a) to its promoter.*® The finding
suggests that GPR133 is not only a necessary component
of GBM growth, but it may also mediate the tumor’s cel-
lular response to hypoxia. Collectively, these data suggest
that GPR133 merits further consideration as a potential
target in GBM. It is therefore necessary to identify inhib-
itory ligands, neutralizing antibodies or small molecule
inhibitors of GPR133, or to engineer antibody-drug conju-
gates (ADCs) as therapeutics for GBM treatment.

CD97 (ADGRES5) and EMR2 (ADGRE2)

CD97 is an aGPCR from subfamily Il, consisting of 5 total
EGF-TM7 receptors, aptly named for a series of epidermal
growth factor (EGF) repeats found in the N-terminal
ectodomain’® (Figure 2). In humans, the longest CD97 re-
ceptor isoform contains 5 EGF domains (EGF [1-5]), while
2 shorter isoforms result from alternative splicing and con-
tain 3 and 4 EGF domains (EGF [1,2,5] and EGF [1,2,3,5],
respectively). Autoproteolytic cleavage is observed at the
GPS, which resides within the characteristic GAIN do-
main, and is essential for proper receptor trafficking and
function.”®

In addition to EGF domains, the NTF contains an RGD
motif and several N-glycosylation sites. It also mediates
interaction with ligands, which include CD55, chondroitin
sulfate, CD90, and multiple integrins, such as a531.8° CD55
and chondroitin sulfate are both membrane-associated
macromolecules expressed by immune cells and demon-
strate cell-to-cell interaction with CD978' Integrin a5p31,
also known as the fibronectin receptor, is a transmem-
brane protein that interacts with ECM components and is
involved in the angiogenic process.®?2 This ligand is an at-
tractive drug target as it is upregulated in a series of solid
tumors, including GBM.8 The CTF of CD97 consists of the
7-TM domain and a short intracellular domain that has
been shown to interact with the G_,,,,; subunit during re-
ceptor activation. This is corroborated by RhoA activation
upon ectopic CD97 expression.®* Nevertheless, CD97 has
also been shown to couple with other G protein signaling
pathways, such as Gﬁh{85 and G,, where it dampens cAMP
levels.88

CD97 has been widely studied within the context of the
immune system, where the receptor facilitates migration
and adhesion of leukocytes to sites of inflammation®” and
has been implicated in the regulation of acute myeloid
leukemia stem cells.®8 New research shows an aberrant
expression of the receptor in a multitude of solid tumors,
including GBM.8 CD97 is observed to impart both an in-
vasive and a migratory phenotype on GBM cells.”® CD97
expression is absent from normal brain tissue, but 2 splice
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variants (EGF [1,2,5] and EGF [1,2,3,5]) are highly expressed
in GBM, especially in the mesenchymal and classical sub-
types.® Since many of the ligands that interact with CD97
do so via the EGF domains, it has been established that the
different isoforms demonstrate unique ligand-binding cap-
acities. For example, only the largest isoform recognizes
chondroitin sulfate,®' while the smallest isoform is most
likely to recognize CD55.°" This introduces new questions
of ligand-receptor binding and how it impacts receptor
processing and signaling. For example, do different lig-
ands activate/inhibit different signaling pathways? Does
the availability of a particular ligand shift isoform expres-
sion? Can interruption of a ligand-receptor interaction shift
ligand preference?

EMR2 (ADGRE2) belongs to the same subfamily as CD97
and shares many similarities, including several EGF do-
mains along its extracellular domain.?° High EMR2 expres-
sion has been associated with low-grade gliomas and the
mesenchymal subtype of GBM.%? Ivan et al.®? found a cor-
relation between EMR2 and the PI3K pathway, observing
that both were upregulated in GBM following therapy with
bevacizumab, a monoclonal antibody against VEGF-A oc-
casionally used to treat GBM. A study has also observed
that EMR2 contributes to an invasive phenotype and cor-
relates with poor survival in GBM patients.?® Similar to
CD97, EMR2 demonstrates binding to chondroitin sulfate.®*

Overall, CD97 and EMR2 may represent exciting drug tar-
gets due to their high expression levels in multiple solid tu-
mors, including GBM. Existing evidence suggests that the 2
receptors promote cellular migration and invasion, a phe-
notype of GBM cells linked to their aggressive behavior and
poor patient prognosis. Nevertheless, growing evidence
suggests that CD97 also regulates other processes, such as
maintenance of the stem cell hierarchy and facilitation of
cellular adhesion. Further research is needed to elucidate
the function of CD97 and the impact that targeting the re-
ceptor may have on cancer progression, including in GBM.

GPR56 (ADGRG1)

GPR56 belongs to the aGPCR subfamily VIII?® and is argu-
ably the most broadly studied aGPCR within an oncolog-
ical context. The receptor contains a pentraxin/laminin/
neurexin/sex-hormone-binding-globulin-like (PLL) domain
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within its N-terminus (Figure 2), shown to be essential for
ligand binding.?® Alternative splicing of GPR56 generates
multiple isoforms, one of which is termed splice variant 4
(S4) and completely lacks the PLL domain.% The receptor
also contains a series of N- and O-linked glycosylation sites
along its extracellular domain.%

Ligands of GPR56 include the ECM components
collagen-lll and transglutaminase-2 (TG2).%” Both of these
proteins have been found to facilitate NTF dissociation
after receptor cleavage. The binding of TG2 to the NTF of
GPR56 causes the receptor-ECM complex to be internal-
ized and degraded by the cell.®® GPR56, therefore, may
play a role in ECM remodeling (reviewed in Ref. %), which
is an essential aspect of GBM cell migration and invasion.
The receptor also binds heparin, a glycosaminoglycan that
interacts with other ECM components.’®® GPR56 activa-
tion has been observed in both a Stachel-dependent and
Stachel-independent manner.'”’ The receptor is known to
couple with the G_,,,,, subunit to activate the Rho signaling
pathway.'%2 Non-canonical signaling by GPR56 includes
modulation of the PI3K/AKT'® and B-catenin®® pathways.
Though GPR56 has mainly been implicated in oncogenic
processes such as cellular adhesion, migration, and ECM
remodeling, the receptor also seems to promote an anti-
angiogenic response by reducing VEGF secretion.’04

RNA-seq data from our laboratory show that GPR56 is
the most abundantly expressed aGPCR in patient-derived
GBM cells (Figure 1A), whereas single-cell SMART-seq data
from the Allen Brain Atlas suggest that GPR56 expression is
low in neurons and moderate in astrocytes and OPCs from
normal brain tissue (Figure 1B). From the developmental
point of view, GPR56 plays a crucial role in brain devel-
opment, neural progenitor migration, and differentiation
in the oligodendrocyte lineage and has been linked with
polymicrogyria.4%19%5-10%  |mmunohistochemistry against
GPR56 reveals its increased abundance within GBM tissue
compared to normal brain tissue.®*The aGPCR seems to be
particularly concentrated at membrane extensions (such as
filopodia) and co-localizes with actin filaments at focal ad-
hesion points within GBM cells in vitro.°®¢ Moreno et al.""®
found that GPR56 is primarily expressed in proneural and
classical GBM subtypes and determined that the receptor
inhibits the transition of these subtypes into the mesen-
chymal phenotype. While Shashidhar et al.®® found that

Figure 4. GPR133is de novo expressed in GBM. Representative micrographs of GPR133 immunohistochemistry’® from the subependymal zone of
non-neoplastic cadaveric brain (A) and an IDH wild-type GBM (B). The subependymal zone around the brain ventricular system contains progenitor

cells that may represent the putative cell of origin for glioma.



GPR56 activates several oncogenic signaling cascades,
including the NF-xB pathway, Moreno et al.”® proposed
that the receptor actually inhibits the NF-xB pathway and
linked its high expression in GBM tissue with better sur-
vival outcome and less radioresistance. Additional studies
have found that GPR56 both suppresses and promotes
cancer progression, further highlighting the conflicting
role GPR56 plays in tumor biology.

Though the receptor’s exact role in GBM biology re-
mains controversial, GPR56 serves as an important bridge
facilitating connections between the extracellular and in-
tracellular environment. Its impact on cancer progression
is likely context-dependent and tissue-specific. Targeting
of GPR56 with both small molecule inhibitors and mono-
clonal antibodies has been shown to modulate receptor
signaling,®"%7 but its overall function in GBM remains
unclear.

ELTD1 (ADGRLA4)

ELTD1 (EGF, latrophilin, and 7 transmembrane domain-
containing protein 1) is an aGPCR within Group |, which ad-
ditionally contains 3 latrophilin receptors.?° Favara et al.™
comprehensively reviewed this receptor in 2014, detailing
its structure and functions. The extracellular domain con-
tains both an EGF domain and an EGF Ca?-binding do-
main™? (Figure 2). One variant of the receptor is truncated
at the C-terminal end."™ Currently, ELTD1 remains an or-
phan receptor and little is known about its posttranslational
processing and signaling. In our bulk RNA-seq data, we
find only modest ELTD1 expression in patient-derived
GBM cells; however, we have included it in this review due
to extensive available literature implicating the receptor in
GBM biology and associated angiogenesis (Figure 1A).

ELTD1 has emerged as an angiogenic biomarker,
co-regulated with other angiogenic factors, such as
VEGF, NOTCH1, and DLL4."3"M4 ELTD1 is transcriptionally
upregulated in blood vessels of high-grade glioma tu-
mors compared to vessels from low-grade gliomas and
from nonmalignant control tissue. Immunohistochemical
analysis confirmed the expression of ELTD1 in vascular-
associated cells.”® Li et al. demonstrated that ELTD1 acts
by stimulating the JAK/STAT signaling pathway'® and in-
creases the expression of HIF-1a,"® the transcription factor
that serves as a master regulator of the hypoxic response
and driver of vascularization.”” Since ELTD1 serves as an
angiogenic marker, studies have attempted to target the
receptor in the hopes of halting tumor vascularization
and ultimately progression. Immunohistochemical ap-
proaches showed that ELTD1 co-localizes with the VEGF
receptor (VEGFR) in mouse tumor tissue.""® When neutral-
izing antibodies were used against ELTD1, VEGFR protein
levels decreased. Similarly, ELTD1 protein levels decreased
upon treatment with a VEGFR neutralizing antibody.'8
Furthermore, in vivo administration of a monoclonal an-
tibody targeting ELTD1 reduced GBM tumor volume and
microvessel density compared to an untreated control.”
These studies highlight the potential use of anti-ELTD1
neutralizing antibodies for anti-angiogenic therapy of GBM
tum0r5_114,1’|8,119
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Studies have also demonstrated ELTD1 expression in
GBM tissue itself, especially in the mesenchymal subtype,
where receptor levels correlate with GBM progression and
poor prognosis.”® Functionally, ELTD1 overexpression in
established GBM cell lines promotes proliferation, migra-
tion, and invasion."® Conversely, ELTD1 knockdown re-
duces GBM cellular viability,'?° proliferation, and invasion
capacity in vitro and decreases tumorigenesis in vivo, ef-
fects that are overcome by HIF-1a overexpression.'®

Ultimately, neovascularization at the site of the tumor en-
ables rapid GBM progression. Initial experiments targeting
ELTD1 in mice showed promising results, effectively re-
ducing GBM growth and vascularization. Nevertheless,
clinical trials testing the effects of the anti-angiogenic
drug bevacizumab on GBM outcome showed little effect
on overall patient survival. It is possible that combined
targeting of several angiogenic markers, such as VEGFR
and ELTD1, could help reduce treatment resistance.

Adhesion G Protein-Coupled Receptors
as Potential Therapeutic Targets for
Glioblastoma Treatment

Currently, no therapies targeting aGPCRs are approved or
in clinical trials, although the unique features of aGPCRs
show promising opportunities.’' In general, aGPCRs may
be attractive therapeutic targets for various reasons: (1)
with the exception of BAI1, aGPCRs discussed in this re-
view are upregulated in GBM or tumor-associated vascu-
lature compared to normal brain tissue/vasculature; (2)
aGPCRs are plasma membrane proteins, which in prin-
ciple makes them more accessible to BBB-permeant thera-
peutics relative to intracellular targets; and (3) their long
extracellular N-termini with distinct domains could serve
as binding sites for specific biologics. The latter feature is
most relevant if the NTF and CTF of the aGPCR are associ-
ated at the plasma membrane, even after autoproteolytic
cleavage of the receptor.

Targeting aGPCRs in GBM with antibodies could be
achieved via different strategies (Figure 5). Therapeutic
neutralizing antibodies may either block ligand-binding
sites or otherwise prevent receptor activation and
signaling. Such action could therefore inhibit aGPCR-
related processes that primarily promote tumor growth
and progression, such as cellular proliferation, migra-
tion, invasion, or angiogenesis. Both in vivo and in vitro
experiments have demonstrated successful targeting
of aGPCRs with neutralizing antibodies. In the case of
ELTD1, receptor targeting with a monoclonal antibody
led to reduced GBM tumor volume and vascularization
in a glioma mouse model." A CD97 antibody demon-
strated target specificity, cellular internalization, and safe
pharmacokinetics in mice and even reduced the inflam-
matory response in an arthritic mouse model compared
to those treated with a control,’?2 while an antibody rec-
ognizing EMR2 facilitated leukocyte migration.®® These
examples show that antibodies targeting the extracel-
lular domains of aGPCRs can have a range of impacts
on receptor function. Another use of antibodies could be
the targeted transport of cytotoxic therapeutics to tumor
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Figure 5.  Approaches to modulating aGPCRs as targets toward novel therapeutics. (A) Antibodies that interfere with receptor—ligand interactions
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cells using ADCs. Since many of the aGPCRs appear to
have de novo expression in GBM, they could be ideal tar-
gets for ADC approaches. No studies to date have gener-
ated ADCs targeting aGPCRs.

As an alternative to antibodies, monobodies are a
novel biologic platform for targeting aGPCRs (Figure 5).
Monobodies are synthetic binding proteins based on
a fibronectin type Ill domain with an immunoglobulin
fold, but without any disulfide bonds.'”® While they can
be engineered to have antibody-like target specificity,
their smaller size may afford easier permeation through
the BBB when GBM therapies are considered. Different
monobodies against GPR56 were shown to both increase
and decrease GPR56-mediated signaling in HEK239T cells

and hence modulate the receptor in vitro.'" By targeting
the PLL domain of GPR56 with monobodies, Salzman
et al.’?* were able to disrupt receptor interaction with TG2.
The development of monobodies against other aGPCRs
implicated in GBM and their testing in vivo would serve as
an advanced tool in discovering new therapeutic options.
Targeting the ligands of aGPCRs may also be a viable ap-
proach (Figure 5). For example, a small molecule inhibitor
(TTGM 5826) againstTG2, a GPR56 ligand, has shown suc-
cess in vitro by reducing the growth of breast cancer and
GBM cells."? Other promising candidates are CD55 or in-
tegrin ab5p1, which serve as CD97 ligands. Knockdown of
CD55 attenuated growth of prostate cancer cells'?® and an
integrin a5p1 inhibitor was successfully used to attenuate



glioma growth.'?” In fact, multiple integrin a5p1-selective
biologics are currently in clinical trials (as reviewed in Refs
128129) These examples help demonstrate the utility of
targeting ligands toward modulating aGPCR function.

As discussed previously, peptides derived from the
Stachel sequence have been successfully used as aGPCR
agonists, modulating signaling and receptor function in
vitro?123-31 (Figure 5). In principle, such peptides could be
mutated to inhibit aGPCR activation. However, their hydro-
phobic character, low solubility, and low potency currently
limit possible clinical applications.

The conventional pharmacologic strategy to modulate
aGPCR signaling in GBM involves small molecules, typi-
cally identified via high-throughput screening (Figure 5).To
date, GPR56 and GPR114 have been successfully inhibited
by the small molecule antagonist dihydromunduletone
in vitro."”® A small molecule partial agonist of GPR56
was found to mediate G, activation.3' Moreover,
decylubiquinone, which modulates the ROS/P53/BAl1
signaling pathway and increases BAI1 expression, reduces
breast cancer growth and metastasis in a mouse model.
Together, these studies suggest that the use of small mole-
cule drugs to modulate aGPCR signaling and function is a
promising approach in the treatment of cancer.?'

In conclusion, we review compelling evidence that sev-
eral aGPCRs are de novo expressed in GBM and serve pri-
marily pro-tumorigenic roles, with the exception of BAI1,
whose functional profile suggests tumor-suppressive
properties. Specific aGPCRs have demonstrated direct in-
volvement in a series of oncogenic processes, including
cellular migration and invasion (CD97), stem cell self-re-
newal (GPR133), ECM remodeling (GPR124, GPR56, CD97),
and vascularization (GPR124, BAI1, ELTD1). Given their
expression profile, presence on the plasma membrane of
tumor cells, potential “druggability,” and essential roles in
tumorigenesis, we propose that aGPCRs represent puta-
tive novel targets in GBM. With this therapeutic potential
in mind, we review exisiting data on small molecules and
biologics that modulate aGPCR function and suggest op-
portunities for therapy development.
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