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GPR56/ADGRG1 induces biased Rho-ROCK-
MLC and JAK-STAT3 signaling to promote
amoeboid-like morphology and IL-6
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Abstract

Background GPR56/ADGRGT is an adhesion G protein-coupled receptor involved in cell-matrix interactions and
metastasis of human melanoma cells. Previously, we demonstrated that GPR56 activation in melanoma cells triggers
Ga,/13-RhoA signaling, leading to increased IL-6 production and enhanced cell migration. Yet little is known of the
downstream signaling effectors and their specific roles in regulating melanoma cellular phenotypes.

Results In this study, we show that GPR56 activation induces Rho-ROCK-MLC and JAK-STAT3 signaling, which
temporally and differentially drive amoeboid-like morphology and IL-6 upregulation. Interestingly, GPR56-induced
JAK-STAT3 activation is partially regulated by Rho-ROCK-MLC signaling but not vice versa. Moreover, receptor auto-
proteolysis modulates the magnitude of GPR56-mediated signaling, and its unique intracellular regions contribute to
the selective regulation of unique signaling pathways and associated cellular phenotypes.

Conclusion Our findings reveal complex GPR56-mediated biased signaling through the Rho-ROCK-MLC and JAK-
STAT3 pathways, highlighting these networks as potential therapeutic targets for modulating distinct tumorigenic
phenotypes in human melanoma cells.
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Introduction

G protein-coupled receptors (GPCRs) play an important
role in cellular communication during tumor develop-
ment, acting variably as either tumor promoters or sup-
pressors [1, 2]. The adhesion-class GPCRs (aGPCRs)
represent the 2nd largest GPCR family in humans and
have been increasingly implicated either pro-tumorigenic
or anti-tumorigenic roles. Indeed, several aGPCRs have
been identified as mutated or aberrantly expressed across
diverse cancer types [3—6]. GPR56/ADGRGTL is a cancer-
associated aGPCR first identified in human melanoma
cell lines, where its expression was found to inversely
correlated with the metastatic potential of tumor cells [7,
8]. Tissue transglutaminase (TG2) was later revealed as
the extracellular matrix ligand for GPR56 in melanoma
tissues and the interaction between TG2 and GPR56 was
found to suppress melanoma cell growth, angiogenesis,
and metastasis [9-12]. Recently, a low GPR56 expres-
sion-associated transcriptomic signature was specifically
linked to the mesenchymal phenotypes of various cancer
types [13]. These findings suggest that GPR56 may func-
tion as a potential tumor suppressor by partially inhibit-
ing epithelial-mesenchymal transition.

Conversely, GPR56 was shown to enhance cell growth
and/or drug resistance of colorectal, non-small-cell lung
carcinoma, and epithelial ovarian tumors hence sug-
gesting a plausible oncogenic function [14—20]. More-
over, Pabst et al. identified GPR56 as a novel surface
marker of leukemia stem cell (LSC) for the majority of
acute myeloid leukemia (AML) [21]. GPR56 expression
evidently contributes to AML development and higher
GPR56 expression levels not only correlate with the
LSC gene signature but are also associated with high-
risk AML subgroups, poor clinical outcome, and drug
resistance [22-25]. In the immune system, GPR56 was
revealed by us as an inhibitory receptor of human natu-
ral killer cells, thus a potential immune checkpoint mol-
ecule [26]. Bilemjian et al. recently detected prominent
GPR56 expression in various tumor-infiltrating lympho-
cyte (TIL) subsets, with effector memory and central
memory CD8" T cells exhibiting the highest levels of
GPR56 expression [27]. Importantly, GPR56 expression
in TILs was further upregulated following T-cell receptor
activation. Additionally, overexpression of GPR56 greatly
impaired T cell migration, suggesting that GPR56 may
function as an immune checkpoint in specific T cell pop-
ulations [27]. Finally, animal studies investigating the role
of GPR56 in endogenous cancer progression across vari-
ous tumor models have yielded mixed results, highlight-
ing the complex and context-dependent role of GPR56 in
tumorigenesis [28]. In short, the functional role of GPR56
in tumor development appears to be dependent on cell
type and/or tumor stage-specific contexts.
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The divergent roles of GPR56 in tumorigenesis are
likely due to its complex protein structure, multiple
binding partners, diverse receptor isoforms, and var-
ied activation/signaling mechanisms [29]. As an arche-
typal aGPCR, the extracellular region of GPR56 extends
markedly from the heptahelical transmembrane (7TM)
moiety, and consists of a pentraxin/laminin/neurexin/
sex-hormone-binding-globulin-like (PLL) domain and
a GPCR autoproteolysis-inducing (GAIN) domain [30].
Furthermore, GPR56 is fully processed by the charac-
teristic auto-proteolytic cleavage at the GPCR proteoly-
sis site (GPS) and expressed as a bipartite complex on
the membrane [31]. Hence, GPR56 signaling is thought
to be mediated primarily by the well-accepted tethered
agonism mechanism in which receptor activation is trig-
gered by the newly-exposed agonistic Stachel peptide of
the C-terminal fragment (CTF) following the dissocia-
tion of the N-terminal fragment (NTF) [32-34]. Never-
theless, alternative activation mechanisms including the
Stachel-independent and NTF-CTF non-dissociation
modes have also been proposed for GPR56 [35-37].
Besides TG2, a diverse range of binding partners and
ligands for GPR56 has been identified, including collagen
II1, laminin, progastrin, CD9/CD81, heparin, and phos-
phatidylserine [29]. Furthermore, extensive alternative
RNA splicing results in the production of at least five dis-
tinct GPR56 receptor isoforms, each exhibiting different
signaling activities and/or intensities [38]. Most critically,
interactions between unique GPR56 isoforms and their
ligands have been shown to mediate tissue- and cell type-
specific functions [39-41].

Given its disparate tumorigenic roles, there is an
increasing need to better understand the cancer type-
specific regulation of GPR56-mediated signaling. To
date, most studies on GPR56 signaling have focused on
the activation of the Ga,,/;3-RhoA axis; however, other
signaling pathways, including Ga;, Gag, GPy, B-arrestin,
and mTOR have also been implicated [29, 42]. We have
shown previously that GPR56 activation in human mela-
noma cells by an immobilized agonistic CG4 monoclo-
nal antibody (mAb) triggered Ga;,,3-RhoA signaling,
promoting IL-6 upregulation and cell migration [42,
43]. Herein, we demonstrate that GPR56 activation elic-
its Rho-ROCK-MLC and JAK-STAT?3 signaling cascades
downstream of Gay,,3 in melanoma cells to promote
amoeboid-like morphological change and increased IL-6
production. Interestingly, GPS auto-proteolysis plays
a role in regulating the magnitude of GPR56-mediated
signaling. Furthermore, we uncover a GPR56 isoform-
dependent modulation of signaling activities and cellu-
lar phenotypes, which are partially regulated by distinct
regions of the intracellular loop (ICL) and cytoplasmic
tail. In conclusion, our findings offer new insights into
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GPR56-mediated biased signaling and its associated
tumorigenic phenotypes in human melanoma cells.

Materials and methods

Reagents and antibodies

All chemicals and reagents were purchased from Sigma
(MO, USA) and Invitrogen (MA, USA) unless other-
wise specified. Signalling inhibitors used include Rho-
GTPase inhibitor, Rhosin hydrochloride (Catalogue No.
5003)(Tocris Bioscience, Bristol, UK); ROCK inhibitors,
Y27632 (#sc-281642) and H1152 (#sc-203592) (Santa
Cruz, TX, USA); myosin II inhibitor, (+)-Blebbistatin
(#sc-203532) (Santa Cruz, TX, USA); STAT3 inhibitors,
STAT3 inhibitor V (STAT3i, #sc-202818)(Santa Cruz,
TX, USA) and LLL12 (#1792-5)(BioVision, CA, USA);
JAK1/2 inhibitors, JAK inhibitor I (JAKI], #sc-204021) and
AZD1480 (#sc-364735)(Santa Cruz, TX, USA). Antibod-
ies (Abs) used for signalling western blot analysis, includ-
ing anti-MLCII (#3672), anti-pMLCII (#3671), anti-JAK2
(#3230), anti-pJAK2 (#3771), anti-STAT3 (#9145), and
anti-pSTAT3 (#9145) were all obtained from Cell Signal-
ling Technology, Inc. (MA, USA). GPR56-specific CG2,
CG3, and CG4 monoclonal antibodies (mAbs) were
developed in-house as described previously [43]. Mouse
isotype control IgG; (Clone 11711) was from R&D Sys-
tem (MN, USA).

Cell culture

All culture media were supplemented with 10% heat
inactivated fetal calf serum (FCS), 2 mM L-glutamine,
50 IU/mL penicillin and 50 pg/mL streptomycin. All cell
lines were incubated at 37 °C in a 5% CO,, 95% humid-
ity incubator. Human melanoma cell lines including
A375 (CRL-1619), A2058 (CRL-11147), C32 (CRL-1585),
MeWo (HTB-65), SK-MEL-5 (HTB-70), and RPMI-7951
(HTB-60) were obtained from ATCC (VA, USA). A375
and A2058 cells were cultured in the Dulbecco’s Modi-
fied Eagle Medium (DMEM), whereas C32, SK-MELS5,
RPMI-7951, and MeWo cells were cultured in Minimum
Essential Media (MEM). For cell treatment with signal-
ling inhibitors, Rhosin (60 uM), Y27632 (60 uM), H1152
(20 uM), (+)-Blebbistatin (25 uM), STAT3i (5 uM), LLL12
(10 uM), JAKI (10 uM), and AZD1480 (20 uM) were used
unless otherwise specified.

Establishment of GPR56-knock out melanoma cell lines

A2058 and MeWo cell lines were subjected to CRISPR/
Cas9-mediated human GPR56-specific gene silencing
according to the standard procedures. Briefly, cells were
co-transfected with the GPR56-specific guide RNA-
producing pRGEN-Human-GPR56-U6-SG-1 construct
along with the pRGEN-Cas9-CMV and pHRS-Human-
GPR56-1 plasmids (ToolGen, Seoul, South Korea).
Transfected cells were selected in medium containing
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hygromycin (100 pg/mL, Invitrogen) for several days.
The established stable cells were subjected to fluores-
cence-activated cell sorting (FACS) and western blotting
analyses to confirm GPR56 gene silencing effects using
GPR56-specific mAbs.

Establishment of cell lines stably expressing the wild-type,

alternatively-spliced, and truncated GPR56 receptor isoforms
Stable A375 melanoma cells over-expressing distinct
GPR56 isoforms or truncated GPR56 variants were gen-
erated using the pFB-Neo retroviral transduction system
(Agilent Technologies Inc., CA, USA) as described pre-
viously [43, 44]. In brief, the cDNAs of desired GPR56
variants were generated by the TOOLSite-Directed
Mutagenesis Kit (BIOTOOLS Co., Ltd., Taipei, Taiwan)
for the T383A mutant or amplified by PCR using appro-
priate primers (summarized in Table S1) and cloned into
the pFB-Neo vector, which was then co-transfected with
the pVPack and pVPackGP vectors into HEK-293T cells.
Virion-containing supernatant was collected 48 h post-
transfection and used to infect A375 cells in the presence
of polybrene (8 pg/mL). Infected cells were cultured in
DMEM containing G418 (1 mg/mL) for ~10-14 days.
The specific expression of distinct GPR56 isoforms in sta-
ble A375 cells was verified by FACS and western blotting.

GPR56 activation and phenotypic analyses of melanoma
cells

Unless otherwise specified, GPR56 activation was
induced by receptor ligation using immobilized GPR56-
specific CG4 mAb as described previously [43]. CG3
mAb and mouse IgG1 isotype were routinely included as
negative controls. Briefly, melanoma cells (1x 10° cells/
well) were cultured in 6-well plates pre-coated without or
with CG3, CG4, or control Ab (10 pg/mL). Cell morphol-
ogy was examined and recorded under inverted micros-
copy. The degree of cell shape changes was determined
by counting the ratio of cells with fully-spread mesenchy-
mal-like versus round-shaped amoeboid-like morphol-
ogy in 3 different fields. The cell length was calculated
using the Image] software (NIH, USA). For the analysis
of IL-6 production, conditioned medium (CM) was col-
lected at indicated time points, spun by centrifugation at
6,000 g for 20 min at 4 °C and stored at -80 °C until use.
IL-6 concentration was determined using a Human IL-6
Matched ELISA Pair Set (Sino Biological, China) accord-
ing to the manufacturer’s protocols.

Confocal and high-resolution image analyses

CG3 and CG4 mAbs were added on poly-lysine coated
coverslips overnight at room temperature (RT). Cells
(1x10° cells/well) were incubated on the Ab-coated
coverslips for 6 h at 37 °C, followed by fixation in 4%
paraformaldehyde/PBS for 20 min at 4 °C. Cells were
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blocked and permeabilized in blocking buffer contain-
ing 0.1% saponin for 30 min at 4 °C. Permeabilized cells
were incubated with phalloidin (1:200) for 1 h at 4 °C.
Finally, cells were stained by Hoechst in PBS (1:1000) and
then mounted with mounting gel (20% glycerol in PBS)
on the slides. The expression pattern of actin filaments
was observed using ZEISS LSM780 (Germany). For the
high-resolution cell image analysis, cells (5x10° cells/
dish) were seeded onto the p-Dish®™m™ high jmaging dish
(ibidi, Germany) pre-coated with CG3 or CG4 mAb. Cell
morphologies were observed and recorded using Holo-
Tomography 3D Cell Explorer (NanoLive, Switzerland).

FACS and Western blotting analyses

FACS analysis of surface GPR56 expression in melanoma
cells was carried out as described previously [45]. Briefly,
cells were harvested and fixed in 4% paraformaldehyde/
PBS for 10 min at 4 °C. Fixed cells were incubated for 1 h
in cold blocking buffer (1% BSA/5% serum of 2nd Ab/
PBS) and subsequently incubated with anti-GPR56 CG2
mAb (2 pg/mL) in blocking buffer for 1 h before wash-
ing. Cells were incubated for 1 h with fluorochrome-con-
jugated goat anti-mouse IgG in blocking buffer (1:200),
washed, and followed by analysis using FACScan flow
cytometer (BD Biosciences). For western blotting analy-
sis, cells were lysed and protein lysates were separated
in 10% SDS-PAGE gels, blotted, and probed with the
primary Ab (pre-determined concentration) and HRP-
conjugated 2nd Ab (1: 500) as described [43]. The blot-
ting results were photographed using BioSpectrum 610
Imaging System (UVDP, Upland, CA, USA). For the signal-
ling analysis, GPR56 activation was alternatively induced
by first incubating cells (2x 10° cells/mL) in suspension
with CG4 mAb (10 pg/mL) for 30 min at 4 °C, washed,
and followed by Ab ligation with the goat anti-mouse IgG
(5 pg/mL) at 37 °C in serum-free medium. Reaction was
stopped at different time points of incubation as indi-
cated and cell lysates were isolated immediately. Total cell
lysates were separated in SDS-PAGE gels and analysed
using the following primary Abs: anti-MLC II (1:1000),
and anti-pMLC II (1:1000), anti-JAK2 and anti-pJAK2
(1:1000), anti-STAT3 (1:200), and anti-pSTAT3 (1:2000).
The reaction was detected with HRP-conjugated 2nd Abs
(1:2500) and ECL reagents. As a protein loading control,
GAPDH and B-actin were probed by mouse anti-GAPDH
(#60004, Proteintech, IL, USA) and anti-actin Ab (clone
C4/MAB-1501, Merck).

RhoA activation assay

The G-LISA® RhoA Activation Assay Biochem kit (#
BK124, Cytoskeleton, Inc., Denver, CO, USA) was used to
detect active, GTP-bound RhoA in cell lysates according
to the protocols suggested by the manufacturer. Briefly,
cell lysates (0.5 mg/mL, 50 pL/well) were added into
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wells of the RhoA-GTP binding 96-well plate for 30 min
at 4 °C on a cold orbital microplate shaker (200 rpm).
After extensive washes with wash buffer at RT, wells
were filled with the antigen presenting buffer (200 uL/
well) for exactly 2 min at RT. Wells were washed exten-
sively before incubating with pre-diluted anti-RhoA Ab
(50 pL/well) for 45 min at RT on an orbital microplate
shaker (200-400 rpm). Following thorough washes, HRP-
labelled 2nd Ab (1:62.5, 50 uL/well) was added into wells
for 45 min incubation at RT. Wells were washed again
before incubating with HRP detection reagent (50 pL/
well) for 10 min at 37 °C. The reaction was terminated by
adding HRP stop buffer (50 pL/well) and the reaction sig-
nal was determined by measuring absorbance at 490 nm.

Cell migration and invasion assays

Cell migration and invasion analyses were performed
using 96-well Cell Migration/Chemotaxis Assay
(#ab235673) and Cell Invasion Assay (#ab235697) Kits
(Abcam Limited.), respectively. Briefly, cells were serum-
starved for 24 h and re-suspended at a density of 1x 10°
cells/mL in serum-free medium containing 5% BSA.
Plates were prepared before the cell migration and inva-
sion assays according to the manufactures’ protocol. For
cell invasion assay, the matrigel invasion chamber was
pre-incubated without or with CG4/IgG1l mAb (5 pg/
mL) for 1 h. Cells (100 uL/well) were treated without or
with indicated mAbs (5 pg/mL) and placed in the upper
chamber equipped with an 8-pm pore filter membrane.
The bottom chambers were filled with medium without
or with 10% FCS. As a positive control, the migration
inducer solution supplied by the kit was added in the
lower chambers. The plates were kept in a 37 °C incubator
for 16 h. Migrated cells were dissociated from the bottom
of filter membrane using 100 pL/well of the mix solution
(100 pL of Cell Invasion Dye in 1 mL of Cell Dissocia-
tion Solution) at 37 °C for 60 min. Fluorescence intensity
was measured in a fluorescence plate reader (Molecular
Devices) with a Em/Ex=530/590 nm filter set.

Time-lapse analysis of cell migration

To monitor the movement of live cells, 2.5x10* A375/
GPR56-S1 cells were stained with a microtracker
(#M7512, Invitrogen) and seeded in a Corning BioCoat™
Matrigel Invasion Chamber (Corning) pre-incubated
without or with CG4 mAb (5 pg/mL) for 1 h. Cells were
placed in the Tokai Hit stage top incubation system
(TOKAI HIT Co. Ltd.), which precisely controls tem-
perature, humidity, and CO, levels. For the time-lapse
analysis of cell movement, cells were imaged every hour
for 24 h using a Nikon Eclipse Ji confocal microscope.
Images were captured under a focused laser beam with
3% power and a 1.0 AU pinhole using an S Plan Fluor
ELWD 20x ELWD N.A. 0.45 objective. All images of live
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cells were deconvoluted and denoised with NIS-elements
v6.1 (Nikon) and analyzed using a 3D object tracker to
determine the movement of migrating cells in XYZ coor-
dinates. The Kolmogorov—Smirnov test was used for the
statistical analysis of cell movement.

Statistical analysis

Unless indicated otherwise, the data set of at least three
independent experiments done in triplicate was included
for statistical analysis, which was performed using the
student ¢ test or one-way ANOVA analysis by Prism 5
software (GraphPad Software Inc., La Jolla, California,
USA). The results were shown as means + standard error

Page 5 of 18

of the mean (SEM). The statistical significance of p value
was set at p<0.05, "p<0.01, "p<0.001, " 'p<0.0001.

Results

GPR56 activation induces increased IL-6 production and
amoeboid-like morphology in melanoma cells

In line with our previous findings, stable A375 human
melanoma cells over-expressing GPR56 splicing variant
1 (A375/GPR56-S1) produced significantly more IL-6
when stimulated with immobilized activating CG4 versus
none-activating control CG3 mAb (Fig. 1a) [43]. In fact,
in direct comparison to A375/Neo cells that expressed
a low level of endogenous GPR56, A375/GPR56-S1 cells
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consistently secreted more IL-6 even when incubated
with CG3 (Fig. 1a). These results suggest that forced
expression of GPR56-S1 in A375 cells alone leads to con-
stitutive receptor activation and elevated IL-6 produc-
tion, which is further exacerbated by the agonistic CG4
mAb. In parallel, distinct cell morphologies were clearly
noted in the two cell groups. Specifically, a large percent-
age (88.291 £ 4.731%) of A375/GPR56-S1 cells displayed
a round-shaped amoeboid-like morphology when seeded
in CG4-coated plates. By contrast, only~16% (16.174 +
1.273%) of CG4-stimulated A375/Neo cells exhibited
the same morphology. On the other hand, the major-
ity of A375/Neo (95.785 + 0.557%) and A375/GPR56-S1
(90.515 + 2.510%) cells showed a fully-spread mesenchy-
mal-like morphology when cultured in the uncoated con-
trol or CG3-coated plates (Fig. 1b). Notably, no apparent
difference in cell adhesion was observed in A375/GPR56-
S1 cells cultured on plates coated with CG3 and CG4.
Additionally, CG4-induced amoeboid-like cells remained
adherent to the culture plates without any notice-
able cell loss or death during long-term culture (data
not shown). Furthermore, the morphological changes
induced by CG4 were sustained even when A375/GPR56-
S1 cells were cultured in the presence of various extra-
cellular matrix proteins, such as fibronectin, collagen-I,
and collagen-III. This observation underscores the role
of CG4-induced GPR56 activation in regulating cellu-
lar morphology (Fig. Sla). In conclusion, CG4-elicited
GPR56 activation in A375 cells drives both IL-6 upregu-
lation and distinct morphological changes.

These two distinct phenotypes captured our interest,
prompting us to investigate whether they are commonly
triggered by GPR56 activation in human melanoma
cells. To this end, we analyzed five additional mela-
noma cell lines—A2058, MeWo, C32, SK-MEL-5, and
RPMI-7951—that express different levels of endogenous
GPR56. Consistently, varying degrees of CG4-induced
morphological change were observed across all five cell
lines, with the extent of these changes correlating roughly
to their respective GPR56 expression levels (Fig. S1b, c).
Once again, no obvious shape change was noted when
cells were cultured on non-activating CG3-coated plates.
Finally, IL-6 production was upregulated significantly by
A2058 and MeWo cells upon CG4 but not CG3 stimula-
tion. Of note, C32 cells did not produce any IL-6, while
SK-MEL-5 and RPMI-7951 cells secreted high levels of
IL-6 constitutively whether untreated or treated with
CG3 and CG4 (Fig. 1c and Fig. S1c).

Next, CRISPR/Cas9-mediated GPR56 gene disrup-
tion was performed in A2058 and MeWo cells to verify
the specific role of endogenous GPR56 in regulating
cell morphology and IL-6 production. As expected, the
two distinct CG4-induced phenotypes were signifi-
cantly attenuated in A2058/GPR56-CRISPR and MeWo/
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GPR56-CRISPR cells compared to their parental coun-
terparts (Fig. 1d-k). In truth, the two GPR56-CRISPR cell
lines produced significantly less IL-6 than their parental
cells, even when incubated with CG3 (Fig. 1g, k). Col-
lectively, these results indicate that GPR56 activation in
melanoma cells generally leads to upregulated IL-6 pro-
duction and morphological changes in a manner depen-
dent on GPR56 expression levels.

Amoeboid-like morphology and IL-6 upregulation are

two unique phenotypes temporally induced by GPR56-
mediated signaling in melanoma cells

IL-6 is a pro-inflammatory cytokine with both pro- and
anti-tumor functions, including modulation of cellu-
lar morphology [46, 47]. This prompted us to wonder
whether CGé4-induced amoeboid-like morphology is
a direct, primary outcome of GPR56-mediated signal-
ing, or if it is a secondary effect driven by IL-6 (or other
soluble factors). To verify this, we first conducted a time-
course phenotypic analysis of CG4-stimulated A375/
GPR56-S1 cells. This revealed significant morphological
changes at 2 h of incubation and increased IL-6 produc-
tion at 4 h. Both phenotypes peaked around 8 h of cul-
ture and persisted for at least 24 h (Fig. 2a and Fig. S2a,
b). Importantly, similar results were also observed in
MeWo cells (Fig. S2c, d), indicating that GPR56-induced
morphological change generally takes place prior to IL-6
upregulation, probably due to the suppression of cell
spreading, i.e. anti-spreading.

Since cell anti-spreading occurs shortly after cellular
contact with immobilized CG4, when IL-6 levels are still
low, secreted IL-6 is unlikely to be responsible for this
phenotype. In fact, the addition of exogenous IL-6, even
at high concentrations, failed to induce cell rounding in
A375 and MeWo cells (Fig. 2b, c). Incubation of A375/
GPR56-S1 cells with a functional blocking anti-IL-6 mAb
did not impede CG4-induced anti-spreading (Fig. 2d).
Finally, no obvious shape changes were noted when
cells were cultured in conditioned medium collected
from A375/GPR56-S1 cells stimulated with immobilized
CG4 or CG3 mAD (Fig. 2e). Thus, we conclude that anti-
spreading and IL-6 upregulation are two distinct pheno-
types temporally induced by GPR56-mediated signaling
in melanoma cells.

The RHO-ROCK-MLC and JAK-STAT3 signaling pathways
differentially regulate GPR56-elicited amoeboid-like
morphology and IL-6 upregulation in melanoma cells

The Ga,,,,3-RhoA axis has been identified as the predom-
inant signaling pathway triggered by GPR56 activation
[31, 41, 48, 49]. Rho-associated protein kinase (ROCK) is
the principal downstream effector of small Rho GTPases
and Rho-ROCK signaling is known to regulate cell mor-
phology, polarity, and migration via dynamic cytoskeletal
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remodeling [50, 51]. Of special interest, ROCK activa-
tion enhances the phosphorylation of myosin light chain
(MLC), which facilitates and reinforces actin-myosin II
interactions, ultimately driving increased cellular con-
tractility and an amoeboid-like morphology [52-54].
Moreover, Rho-ROCK signaling has been implicated in
the regulation of IL-6 expression in several cell types [55,
56].

We therefore investigated the role of Rho-ROCK sig-
naling in GPR56-mediated phenotypic manifestations.
In line with earlier reports, A375/GPR56-S1 cells pro-
duced significantly higher levels of active RhoA-GTP
than did A375/Neo cells soon after receptor ligation
by CG4, starting at 1 min and lasted for at least 15 min
(Fig. 3a). Likewise, more active RhoA-GTP was produced
in parental MeWo cells than MeWo/GPR56-CRISPR cells
upon CG4 stimulation (Fig. 3b). Consistently, incuba-
tion of A375/GPR56-S1 and MeWo cells with two differ-
ent ROCK inhibitors, Y-27,632 and H-1152, dramatically
attenuated GPR56-elicited morphological changes and
IL-6 upregulation (Fig. 3c-f and Fig. S3a, b). A closer
examination of the anti-spreading phenotype revealed
pronounced membrane blebbing in CG4-treated A375/
GPR56-S1 cells, which were effectively “rescued” upon
treatment with ROCK inhibitors (Fig. 3g). In truth, cell
blebbing was also noted in some CG4-treated A375/
Neo and CG3-treated A375/GPR56-S1 cells even though
these cells mostly displayed a mesenchymal-like mor-
phology (Fig. 3g). In summary, these results establish a

clear connection between GPR56-mediated Rho-ROCK
signaling, cytoskeletal remodeling, and IL-6 upregulation.

Given that Rho/ROCK-regulated actomyosin contrac-
tility promotes cell blebbing, amoeboid morphology, and
increased cell motility, we next investigated the effects
of CG4 treatment on melanoma cell migration and inva-
sion. Indeed, A375/GPR56-S1 cells exhibited significantly
enhanced cell migration and invasion in response to 10%
FBS chemoattractant after CG4 incubation, compared to
A375/Neo cells (Fig. 3h). In contrast, no similar effects
were observed in cells treated with the IgG1l control.
Notably, the time-lapse cell migration assay revealed a
significantly increased migration speed in A375/GPR56-
S1 cells following CG4 stimulation compared to the con-
trol (Fig. 3i). These findings align remarkably well with
the amoeboid-like phenotype observed in CG4-activated
A375/GPR56-S1 cells.

Consistently, confocal imaging of CG4-treated A375/
GPR56-S1 cells revealed shortened, peripherally enriched
F-actin patterns characteristic of amoeboid-like cells.
Conversely, extensive actin-rich membrane protru-
sions were observed in CG3-treated A375/GPR56-S1
and control A375/Neo mesenchymal-like cells (Fig. 4a).
As expected, CG4 stimulation induced significantly-
increased and more rapid MLC phosphorylation in A375/
GPR56-S1 cells compared to A375/Neo cells (Fig. 4b
and Fig. S4a). Likewise, MeWo/parental cells exhib-
ited elevated MLC phosphorylation relative to MeWo/
GPR56-CRSIPR cells under CG4 treatment (Fig. S4b).
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Conceivably, incubation of A375/GPR56-S1 cells with
ROCK inhibitors significantly reduced CG4-induced
MLC phosphorylation, which aligns with their inhibi-
tory effects on amoeboid-like morphologies and IL-6
upregulation (Fig. S4c, Fig. 4d-e). We next treated cells
with blebbistatin, a myosin ATPase-specific inhibitor
that destabilizes actomyosin filaments [57]. As expected,
CG4-induced cell blebbing and amoeboid-like morpholo-
gies were abolished in cells treated with blebbistatin, as
well as in those treated with ROCK inhibitors (Figs. 3g
and 4c-d and Fig. S3a). Interestingly, CG4-induced IL-6
upregulation was also dramatically reduced in the pres-
ence of blebbistatin (Fig. 4e). Together, these results con-
firm that GPR56-induced anti-spreading and increased

IL-6 production in melanoma cells are largely regulated
by the Rho-ROCK-MLC signaling pathway.

STAT3 is the primary cytoplasmic effector of the IL-6/
IL-6 receptor (IL-6R) signaling axis and the active STAT3
transcription factor is known to enhance the transcrip-
tion and biosynthesis of IL-6, hence resulting in a posi-
tive feedback regulation [46, 47]. Importantly, a direct
link of the Rho-ROCK signaling pathway to STAT3 acti-
vation and a close interrelationship between actomyo-
sin contractility and the JAK-STAT3 pathway have been
established previously [58, 59]. We hence investigated
the potential role of JAKs and STAT3 in GPR56-induced
IL-6 upregulation and anti-spreading. As shown, JAK2
and STAT3 phosphorylation was indeed much increased
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in A375/GPR56-S1 cells than in A375/Neo cells when
stimulated by CG4 (Fig. 4f, g and Fig. S4d). Similar results
were also noted in MeWo/parental cells versus MeWo/
GPR56-CRSIPR cells (Fig. S4b, e). Intriguingly, while
incubation of cells with inhibitors of JAK and STAT3
markedly inhibited GPR56-induced IL-6 upregulation,
their effects on cell morphology were marginal at best
(Fig. 4c-e). Specifically, only the reversible, cell-perme-
able JAK inhibitor I (JAKi), but not another small-mole-
cule JAK inhibitor (AZD1480) nor the STAT3 inhibitors

(STAT3i and LLL12) showed a significant inhibitory
effect on CG4-induced amoeboid-like morphology in
A375/GPR56-S1 cells (Fig. 4d). The significant inhibi-
tory effect of JAKi, but not AZD1480, on CG4-induced
morphological changes may be attributed to the distinct
activities of these two inhibitors on different JAKs and
intracellular kinases. Nevertheless, these results sug-
gest that the JAK-STAT3 signaling pathway is crucial
for IL-6 upregulation, but plays a minimal role in the
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morphological changes of melanoma cells elicited by
GPR56 activation.

Temporal regulation and cross-talk of the GPR56-

induced ROCK-MLC and JAK-STAT3 signaling pathways in
melanoma cells

The distinct roles of Rho-ROCK-MLC and JAK-STAT3
signaling pathways in regulating GPR56-induced anti-
spreading and IL-6 upregulation suggest a potential
temporal relationship and cross-talk between the two
pathways. Of note, enhanced phosphorylation of MLC,
JAK2, and STAT3 was detected in a temporal manner
and peaked at different time points (pMLC at 0.5-5 min,
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pJAK2 at 15-60 min, and pSTAT3 at 60-120 min) in
CG4-reated A375/GPR56-S1 and MeWo cells (Fig. 4b, f, g
and Fig. S4f). Importantly, we found that GPR56-induced
IL-6 upregulation was inhibited by all signaling inhibitors
tested as early as 4 h after culture and persisted for up
to 16 h (Fig. 5a, b). In contrast, GPR56-induced amoe-
boid-like morphology observed at 2 h of incubation was
attenuated by ROCK-MLC inhibitors, but not by most
JAK/STAT3 signaling inhibitors (Fig. 4d). These results
strongly suggest that GPR56-elicited JAK-STAT3 signal-
ing is partly modulated by the Rho-ROCK-MLC pathway,
but it seems unlikely that the reverse is true.

.
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To decipher the temporal relationship and possible
cross-talk of the Rho-ROCK-MLC and JAK-STAT3
signaling axes induced by GPR56, we analyzed CG4-
induced MLC and STAT3 activation in the presence
of various signaling inhibitors at different time points.
Indeed, while inhibitors of JAKs and STAT3 abolished
STAT?3 phosphorylation detected at 120 min, their effects
on MLC phosphorylation at 5 min was relatively weak.
Of note, higher concentrations of JAK and STAT3 inhibi-
tors did show some inhibitory effects on MLC phosphor-
ylation (Fig. 5c, d and Fig. S4g). By contrast, inhibitors
of the Rho-ROCK-MLC pathway all lead to a dramatic
retardation of MLC phosphorylation at 5 min and a
partial reduction of STAT3 phosphorylation at 120 min
(Fig. 5¢, e and Fig. S4c). We hypothesize that the dimin-
ished but persistent STAT3 phosphorylation observed
in the presence of ROCK/MLC inhibitors likely results
from the independent positive feedback signaling of the
IL-6 receptor, activated by basal IL-6 constitutively pro-
duced by melanoma cells. These results indicate that the
GPR56-triggered Rho-ROCK-MLC pathway not only
regulates cytoskeletal organization and cell morphology,
but also positively modulates the JAK/STAT3/IL-6 path-
way, which plays a minor role in regulating ROCK-MLC
signaling.

GPS auto-proteolysis modulates the magnitude of GPR56-
elicited signaling
We have shown previously that GPR56-induced IL-6
upregulation is dependent on its GPS auto-proteolysis
and 7TM region [43]. To determine whether the same
is true for the anti-spreading phenotype, we compared
the morphology of A375/GPR56-S1, A375/GPR56-S1-
T383A, and A375/GPR56-TM1 cells in response to
CG4 stimulation. The T383A mutant is a GPS cleavage-
deficient receptor, while GPR56-TM1 represents GPR56
receptor containing only the first TM (Fig. 6a and Fig.
S5a). Comparable GPR56 expression was detected in
these stable cells by flow cytometry and western blot
analyses using CG4 mAb and rabbit polyclonal anti-
serum against the cytoplasmic C-terminal peptide of
GPR56. Importantly, these analyses not only verified that
the respective GPR56 receptor variants were properly
processed as expected, but also identified monomeric
and dimeric forms of GPR56-CTF in lysates from A375/
GPR56-S1 cells, as reported previously (Fig. S5a, b) [31].
Surprisingly, we found that ~35% (33.300 = 10.763%)
of A375/GPR56-S1-T383A cells displayed amoeboid-like
morphology when incubated with CG4, but remained
predominantly mesenchymal appearance (90.434 +
4.801%) upon CG3 treatment. Conversely, the majority
of A375/GPR56-TM1 cells manifested the mesenchymal-
like morphology whether stimulated by CG3 (90.825 +
2.383%) or CG4 (89.791 + 2.802%)(Fig. 6b, c). Likewise,
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IL-6 levels produced by A375/GPR56-S1-T383A cells
were significantly higher than those of A375/GPR56-
TM1 cells, but lower than those from A375/GPR56-S1
cells upon CG4 stimulation (Fig. 6d). Consistent with
these phenotypic effects, the levels of pMLC and pSTAT3
were lower in CG4-treated A375/GPR56-S1-T383A cells
in comparison to those of A375/GPR56-S1 cells. Mean-
while, no noticeable signaling events were observed in
A375/GPR56-TM1 cells under the same treatment condi-
tions (Fig. 6e).

Altogether, these results affirm that an intact 7TM
region is absolutely required for GPR56-mediated signal-
ing. However, unexpectedly, the GPS-unprocessed vari-
ant appears capable of inducing partial signaling, leading
to minor phenotypic changes upon activation. This sup-
ports the concept of allosteric regulation in the activation
and signaling of GPS cleavage-deficient aGPCRs [60].
Therefore, we conclude that GPS proteolysis is involved
in modulating the magnitude of GPR56-mediated signal-
ing (full verse partial), probably by regulating the extent
to which the agonistic Stachel peptide is exposed.

GPR56-elicited signaling is regulated differentially by
unique regions/residues of its 7TM moiety

The 7TM moiety plays an essential role in regulating the
signaling output of GPCRs by determining the selec-
tive coupling of receptor to specific G proteins and sig-
nal transducers, as well as influencing other protein
modifications, including phosphorylation, ubiquitina-
tion, and dimerization [61-63]. Intriguingly, increased
signals of the dimeric GPR56-CTF form were detected
soon after CG4-induced GPR56 activation (Fig. 6f). This
result strongly suggests that GPR56-CTF adapts a pre-
dominantly homo-dimeric conformation following CG4
stimulation, likely due to structural and/or molecular
modifications of the 7TM domain.

To dissect the role of the 7TM region in regulat-
ing GPR56-mediated signaling, we looked closer at
the GPR56 isoforms with different lengths of the 7TM
domain. Previous studies have shown that the long-form
GPR56 variant (GPR56-L) contains 6 additional amino
acid residues in the first ICL and induces a weaker sig-
naling activity in comparison to the GPR56-S1 variant,
suggesting a regulatory role for the first ICL in GPR56-
mediated signaling [38]. In addition, the C-terminal tail
region of GPR56-7TM domain contains numerous Ser/
Thr residues, which serve as potential phosphorylation
sites and may act as regulatory determinants for distinct
signaling pathways.

We therefore established stable A375 cells express-
ing the GPR56-L isoform (A375/GPR56-L) and GPR56-
S1 variants with different truncated C-terminal ends.
In total, 4 C-terminally truncated GPR56-S1 variants,
including S1/682, S1/677, S1/666, and S1/656, which
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) Analysis of morphological changes of A375/GPR56-S1, A375/GPR56-S1-T383A and A375/GPR56-TM1 cells incubated with immobilized CG3 and CG4
mADbs at 24 h of culture. Scale bar, 20 um. The data in (c) represented the percentage of elongated mesenchymal-like cells and round-shaped amoeboid-
like cells from 3 different fields (100 total cells per field) of images shown in (b). (d) Analysis of IL-6 levels in the supernatants of A375/Neo, A375/GPR56-51,
A375/GPR56-51-T383A, and A375/GPR56-TM1 cells incubated with immobilized CG3 and CG4 mAbs for 24 h (n=3). Data are presented as means +SEM
from independent experiments performed in triplicate. ns, non-significant. (e) Western blotting analysis of p-MLC and total MLC, p-STAT3 and total STAT3
levels of indicated stable A375 cell lines incubated with CG4 or IgG1 at 5 and 120 min, respectively. A375/Neo cells were included as a negative control.
(f) Western blotting analysis of the GPR56-CTF subunit in lysates of A375/GPR56-S1 cells following the binding of CG4 mAb at different time points. Blots
were probed by a rabbit polyclonal Ab against a GPR56 cytoplasmic peptide sequence. * and ** denote the monomeric and dimeric forms of GPR56-CTF,

respectively

obliterated specific Ser/Thr-rich sequences were gener-
ated (Fig. 7a, S6a). As demonstrated, these stable A375
cell lines all displayed similar mesenchymal-like mor-
phology when cultured on uncoated and CG3-coated cul-
ture plates (Fig. 7b, S6b). Interestingly, divergent effects
on cell morphology and IL-6 production were noted in
distinct stable cell lines upon CG4 stimulation. As shown,
the majority (~83%) of A375/GPR56-L cells exhibited an
amoeboid-like morphology, similar to A375/GPR56-S1
cells. However, IL-6 production by A375/GPR56-L cells
was significantly lower compared to A375/GPR56-S1
cells (Fig. 7b, c). By contrast, amoeboid-like morphology
was identified in approximately 30—40% of stable A375
cells expressing the GPR56-S1/682, S1/677, S1/666, and

$1/656 variants, all of which produced significantly lower
or basal levels of IL-6 following CG4 incubation (Fig. 7b,
c).

In keeping with these cellular phenotypes, western
blotting analyses revealed that A375/GPR56-L cells
exhibit significant MLC phosphorylation, but only weak
STAT3 activation upon CG4 activation, compared to
cells expressing the GPR56-S1 isoform (Fig. 7d). Con-
versely, aside from a strong MLC phosphorylation signal
detected in CGé4-activated A375/GPR56-S1/677 cells,
none of the other GPR56-truncated variants induced sig-
nificant MLC or STAT3 activation under the same incu-
bation conditions (Fig. 7d). In conclusion, the divergent
signaling and phenotypical manifestations induced by
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Fig. 7 Differential regulation of GPR56-¢elicited signalling by unique regions/residues of the 7TM moiety. (a) Schematic diagrams depict the various
GPR56 receptor variants analyzed in the study, including the wild-type short form 1 (S1), long form (L), and C-terminally truncated GPR56-51/682, S1/677,
S1/666, and S1/656 receptors. (b, ¢) Analysis of morphological changes (b) and secreted IL-6 levels (c) of stable A375 cells expressing indicated GPR56
receptor variants incubated with immobilized CG3 and CG4 mAbs at 24 h (n=5). Data are presented as means+ SEM from independent experiments
performed in triplicate. ns, non-significant. (d) Western blotting analysis of p-MLC and total MLC, p-STAT3 and total STAT3 levels of indicated stable A375

cell lines incubated with CG4 or IgG1 at 5 and 120 min, respectively

GPR56-L and C-terminally truncated GPR56-S1 variants
suggest isoform-specific biased signaling of GPR56, reg-
ulated differentially, in part, by its ICL and cytoplasmic
sequences. Specifically, the length and/or sequence of the
1st ICL region, along with the distinct C-terminal Ser/
Thr-rich sub-regions, appear to play unique regulatory
roles in modulating GPR56-mediated ROCK-MLC and
JAK-STAT?3 signaling pathways.

Discussion

Mutated and dysregulated GPCRs are well-known drivers
for cancer progression. Thus, cancer-associated GPCRs
represent one of favorable biomarkers and pharmaco-
logical targets of anti-cancer therapy [64—67]. In recent
years, the role of aGPCRs in tumorigenesis has gained
increasing attention, with several of these receptors being
considered promising targets of targeted cancer therapy
[6, 68, 69]. In this study, we dissected the GPR56-induced

signaling pathways and their associated tumorigenic phe-
notypes in human melanoma cells. Our findings demon-
strate that GPR56 activation triggers Rho-ROCK-MLC
signaling downstream of Ga,,;3, leading to the promo-
tion of amoeboid-like morphology and upregulation of
IL-6 (Figs. 1, 2, 3 and 4). Interestingly, GPR56-induced
IL-6 production relies heavily on the JAK2-STAT3 path-
way, which is partially regulated by, and likely functions
downstream of, the Rho-ROCK-MLC pathway. Con-
versely, the JAK2-STAT3 pathway plays only a minor
role in influencing the ROCK-MLC pathway and the
associated morphological change (Figs. 5 and 8). Amoe-
boid-like morphology and IL-6 are well-established pro-
tumorigenic factors involved in cell migration, invasion,
and immune modulation of tumor microenvironment
(TME). These findings suggest that GPR56 likely plays
a role in the mesenchymal-to-amoeboid transition and
TME modification in melanoma. Moreover, the Rho/
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sequences

ROCK and JAK/STAT signaling pathways, both critical
in cancer pathogenesis, have been explored as potential
therapeutic targets [70, 71]. Our results provide valuable
insights into potential signaling-intervention points for
addressing GPR56-modulated tumorigenic phenotypes
in melanoma (Fig. 8).

The role of GPS cleavage in aGPCR activation has been
a topic of considerable debate. While this highly con-
served proteolytic modification implies a shared func-
tional importance across most aGPCRs, some aGPCRs
remain as uncleaved full-length proteins, suggesting

alternative GPS cleavage-independent activation mecha-
nisms. Although the tethered agonism model posits that
GPS proteolysis and subsequent NTF-CTF separation
are prerequisites for aGPCR activation via the newly
exposed Stachel peptide, recent findings have indicated
that aGPCRs can also be activated without NTF-CTF
dissociation or GPS cleavage, as proposed by the alloste-
ric activation/inhibition models [32, 33, 60]. Our previ-
ous results demonstrate that immobilized CG4 mAb
activates GPR56 by promoting NTF-CTF dissociation
in a CD9/CD81-dependent manner, aligning with the
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tethered agonism model of aGPCRs [43]. However, a
more detailed functional analysis of the GPS-uncleaved
GPR56 variant revealed partial signaling activities that
led to minor phenotypic changes (Fig. 6). This new obser-
vation supports the allosteric regulation model of aGPCR
activation, suggesting that the availability of the agonis-
tic Stachel peptide, regulated by GPS proteolysis and/
or NTF-CTF interaction, influences the magnitude of
receptor activation (full versus partial).

The revelation of differential Rho-ROCK-MLC and
JAK2-STAT3 signaling induced by distinct GPR56 iso-
forms is particularly intriguing, as it strongly suggests
the presence of novel biased signaling. Biased agonism
in GPCRs was initially proposed to explain how the
same receptor can activate different signaling pathways
when bound to distinct ligands. This occurs through
the selective interaction of ligand-induced receptor con-
formations with specific signaling transducers, such as
G proteins or B-arrestins [72-74]. In addition to biased
ligands, later research has broadened the understanding
of GPCR biased signaling to include other contribut-
ing factors, such as biased receptors, system bias, loca-
tion bias, and even specific subdomains of bias [72, 75].
Our results indicate that GPR56-induced biased signal-
ing occurs downstream of Ga,);3 and is partially regu-
lated by its ICL and cytoplasmic sub-regions. Variations
in the sequence or length of these regions likely contrib-
ute to the adaptation of distinct receptor conformations
or modifications, driving differential signaling outcomes
(Figs. 7 and 8). In this regard, it is noteworthy that CG4-
induced activation leads to the increased formation of
homo-dimeric GPR56-CTF (Fig. 6f), as oligomeric GPCR
structures are known to produce signaling outputs dis-
tinct from those of monomeric GPCRs [74, 75]. There-
fore, distinct GPR56 isoforms, differentially expressed
within a given cell population or tissue, may elicit biased
signaling upon ligand binding and activation. Coinciden-
tally, this aligns with recent findings on cell type-specific
alternatively spliced latrophilin 3/Adgrl3 variants, which
control the biased coupling of Ga, or Ga,/;5 to regulate
synapse formation in the mouse brain [76]. Critically, the
distinct roles of specific cytoplasmic Ser/Thr-rich sub-
regions in regulating GPR56-mediated signaling sug-
gest the involvement of post-translational modifications,
such as phosphorylation, which are known to modulate
the selective interaction of GPCRs with unique signaling
effectors. Future studies will be crucial to explore the role
of these potential molecular modifications in biased sig-
naling across different GPR56 isoforms.

In addition to the numerous cellular ligands and bind-
ing partners identified to date, various GPR56-specific
reagents, including Abs, monobodies, and small mole-
cules, have been developed for its functional analysis [11,
18, 37, 41, 77-79]. Moreover, the preclinical anti-tumor
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efficacy of a GPR56-specific Ab-drug conjugate has
recently been evaluated in colorectal cancer models [80].
Intriguingly, these GPR56-targeting molecules induce a
variety of effects, including cell activation, adhesion, and
migration, partly through shear force-induced NTF shed-
ding, cytoskeletal remodeling, or receptor internalization.
Notably, these cellular responses appear to be mediated
by distinct G protein-dependent or -independent signal-
ing pathways, depending on the binding regions and/or
affinities of the GPR56-targeting molecules. Altogether,
these findings emphasize the need for comprehensive
signaling studies prior to the therapeutic use of GPR56-
targeting agonists, antagonists, and inhibitors. Indeed,
a recent study by Luo et al. demonstrated that targeting
unique GPR56-mediated signaling in hepatocellular car-
cinoma with specific inhibitors led to promising results
in inhibiting the in vivo metastasis of hepatocellular car-
cinoma cells [81]. Future strategies aimed at targeting
the GPR56-induced signaling networks identified in this
study may yield similar therapeutic benefits in the treat-
ment of human melanomas.

Conclusions

In summary, we reveal the intricate biased Rho-ROCK-
MLC and JAK-STATS3 signaling networks induced by
CG4-mediated GPR56 activation in human melanoma
cells that lead to amoeboid-like morphology and up-
regulated IL-6 production. Our findings provide novel
insights into the role of specific signaling effectors as
potential targets to regulate GPR56-modulated tumori-
genic phenotypes of melanoma cells.
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