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Highlights
e GPR176 is highly enriched in activated mouse HSCs
in different models of chronic liver injury.

e GPR176 shows early and sustained induction dur-
ing HSC activation, preceding the expression of
canonical myofibroblast markers.

e Targeted Gpr176 mRNA in vitro knockdown and
in vivo knockout results in downregulation of
fibrotic markers.

e GPR176 expression in human livers correlates with

fibrosis stage, indicating its relevance to human
liver disease.
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Impact and implications

The lack of effective antifibrotic drugs is partly
attributed to the insufficient knowledge about the
mechanisms involved in the development of liver
fibrosis. We demonstrate that the G-protein coupled
receptor GPR176 contributes to fibrosis development.
Since GPR176 is specifically expressed on the mem-
brane of activated hepatic stellate cells and is linked
with fibrosis progression in humans, it opens new
avenues for the development of targeted
interventions.
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Background & Aims: Chronic liver disease (CLD) remains a global health issue associated with a significant disease burden.
Liver fibrosis, a hallmark of CLD, is characterised by the activation of hepatic stellate cells (HSCs) that gain profibrotic char-
acteristics including increased production of extracellular matrix protein. Currently, no antifibrotic therapies are available
clinically, in part because of the lack of HSC-specific drug targets. Here, we aimed to identify HSC-specific membrane proteins
that can serve as targets for antifibrotic drug development.

Methods: Small interfering RNA-mediated knockdown of GPR176 was used to assess the in vitro function of GPR176 in HSCs
and in precision cut liver slices (PCLS). The in vivo role of GPR176 was assessed using the carbon tetrachloride (CCl,) and
common bile duct ligation (BDL) models in wild-type and GPR176 knockout mice. GPR176 in human CLD was assessed by
immunohistochemistry of diseased human livers and RNA expression analysis in human primary HSCs and transcriptomic
data sets.

Results: We identified Gpr176, an orphan G-protein coupled receptor, as an HSC-enriched activation associated gene. In vitro,
Gpr176 is strongly induced upon culture-induced and hepatocyte-damage-induced activation of primary HSCs. Knockdown of
GPR176 in primary mouse HSCs or PCLS cultures resulted in reduced fibrogenic characteristics. Absence of GPR176 did not
influence liver homeostasis, but Gpr176‘/‘ mice developed less severe fibrosis in CCl4 and BDL fibrosis models. In humans,
GPR176 expression was correlated with in vitro HSC activation and with fibrosis stage in patients with CLD.

Conclusions: GPR176 is a functional protein during liver fibrosis and reducing its activity attenuates fibrogenesis. These
results highlight the potential of GPR176 as an HSC-specific antifibrotic candidate to treat CLD.

Impact and implications: The lack of effective antifibrotic drugs is partly attributed to the insufficient knowledge about the
mechanisms involved in the development of liver fibrosis. We demonstrate that the G-protein coupled receptor GPR176
contributes to fibrosis development. Since GPR176 is specifically expressed on the membrane of activated hepatic stellate cells
and is linked with fibrosis progression in humans, it opens new avenues for the development of targeted interventions.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Chronic liver disease (CLD) can be defined as a spectrum of
disease states of the liver characterised by disturbed hepatocyte
regeneration, inflammation, and fibrosis.! The main causes of
CLD globally are HBV and HCV infections, alcohol abuse and
metabolic  dysfunction-associated steatotic liver disease
(MASLD). CLD is marked by a high global burden of disease as it
is estimated to account for 1.8% of global disability-adjusted life
years and mainly affects working aged people.” Its burden of
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disease can be explained by the occurrence of cirrhosis and he-
patocellular carcinoma (HCC) in CLD patients. Cirrhosis is
considered the end stage of CLD and is characterised by different
clinical entities including the incidence of oesophageal varices
and decompensation events such as ascites, encephalopathy, or
jaundice.® HCC is estimated to occur in 2-8% of cirrhotic patients
each year, and arises in a background of CLD in 90% of diagnosed
cases, and is the fourth most common cause of cancer-related
death and the second most lethal tumour in terms of 5-year
survival. Cirrhosis and HCC are estimated to account for 2
million deaths per year worldwide.>®

Currently, targeting the underlying aetiology is the only
therapeutic option for CLD which is not always feasible, certainly
when looking at CLD as a multifactorial process instead of a
single disease entity (e.g. the co-occurrence of MASLD and
excessive alcohol intake).> Since the progression of fibrosis to
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cirrhosis in CLD is associated with increased morbidity and
mortality, developing antifibrotic therapies is an important
strategy for tackling CLD and several drugs are already in clinical
trials.” Liver fibrosis is marked by a disbalance of extracellular
matrix (ECM) turnover resulting in the pathological accumula-
tion of ECM proteins which are produced by myofibroblasts.!
Multiple studies have shown that hepatic stellate cells (HSCs)
are the main source of myofibroblasts during liver fibrosis, irre-
spective of the underlying disease aetiology.®° During fibrosis,
retinol-storing quiescent HSCs (qHSCs) activate to an activated
myofibroblast-like phenotype (aHSC) with proliferative, con-
tractile, inflammatory and chemotactic characteristics as well as
enhanced ECM production.!” Given their pivotal role in pro-
gression of CLD, HSCs and the mechanisms involved in their
activation can be regarded as putative therapeutic targets for
treatment of fibrosis and CLD. An example of one such putative
HSC-based therapy is the inhibition of TGF-B signalling, which is
one of the most important mechanisms stimulating the activa-
tion of HSC. However, TGF- inhibitors must also address the fact
that TGF-B signalling is crucial for homeostasis and diseases
across multiple organs and cells. Thus, targeting the TGF-B
pathway can lead to undesired side effects such as neoplasms.'!
Because of this, not only should drugs target crucial mechanisms
of HSC activation, but they should also do this in an HSC-specific
manner.

In this study, we demonstrate that the orphan G-protein
coupled receptor (GPCR) GPR176 has enriched expression in
human and mouse HSCs and its transcription is increased upon
HSC activation. Furthermore, reduced expression of Gpri76 re-
sults in the reduction of fibrotic markers in primary HSC cultures
and Gpr1767 knockout mice exhibited less fibrosis in two mouse
models of liver fibrosis. Finally, GPR176 expression correlated
with the fibrosis stage in livers of patients suffering with MASLD
and chronic HBV and HCV infection.

Materials and methods
Detailed materials and methods can be found in the supporting
documents.

Animal models

All in vitro experiments were performed using healthy male
BALB/c mice. Gpr1767 and Gpr176"* mice'” were used with
C57BL/6N background for the induction of liver fibrosis by either
carbon tetrachloride (CCl,) or by common bile duct ligation. Cell
isolation and treatment protocols were approved by the Animal
Care and Use Committee of Vrije Universiteit Brussel in permits
15-212-5, 18-212-1, 19-212-1, 20-212-3, and 20-212-5.

Human liver samples

Patient liver tissue was obtained from surgically resected speci-
mens from the Department of Hepatobiliary Surgery of the
University Hospital of Brussels (UZ Brussel), Belgium. The study
protocol was approved by the local ethical committee of the UZ
Brussel and Vrije Universiteit Brussel (reference number 2015/
278; B.U.N. 143201525406) and the study was performed in
accordance with the Declaration of Helsinki.

In vitro models of liver fibrosis

Mouse precision cut liver slices (PCLS) were generated as pre-
viously described.’® In brief, the median lobe of healthy BALB/c
mice was processed into 250 pm-thick slices with a 3 mm
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diameter. The PCLS were cultured in Wiiliam’s E (WME) medium
(Gibco) for up to 5 days, with daily refreshments of medium.
Spheroids were generated using primary male BALB/c hepato-
cytes and HSCs.!* In brief, 2000 purified cells (667 hepatocytes
and 1333 HSCs) were seeded per well of a cell-repellent, U-
bottom, 96-well plate. On day 6 of culture, cells were exposed to
5 ng/ml TGF-B1 or 2 mM acetaminophen (APAP) for 48 h. For
each culture, six spheroids were pooled per condition for RNA
analysis.

Results

Screening for putative HSC targets revealed Gpr176 as a
surface marker of activated HSCs

In our search for potential HSC-specific therapeutic candidates,
we defined features indicative of interesting targets. First, the
candidate target should be involved in HSC activation and, sec-
ond, it should have enriched expression in HSCs when compared
with other liver cell types. Third, for pharmaceutical purposes,
expression of the protein at the cellular membrane is preferable
as this can facilitate easier targeting of activated HSCs. We have
recently defined a fibrogenic aHSC transcriptional program that
strongly correlates with ECM producing aHSCs in both human
and mouse models (Table S1).!° We screened this gene set for
genes encoding proteins expressed at the cellular membrane and
identified 42 genes (Fig. 1A). Next, to select HSC-specific genes
among these 42 genes, we screened transcriptome data sets,
including HSCs isolated from healthy livers and those from livers
subjected to common bile duct ligation (BDL) or carbon tetra-
chloride (CCly) as well as data sets of liver tissue (foetal) and
other cell types including erythroblasts, platelets, hepatocytes,
and cells with an immunological (liver), endothelial (liver), and
epithelial background (Fig. 1B; Table S2). From this screening, we
identified Ptchd4 and Gpri76 to cluster together as markers that
were highly enriched in HSCs. Because Gpr176 also had a more
pronounced upregulation in BDL and CCl; models when
compared with qHSC, and since the function of Gpr176 under
physiological and pathological states was elusive, we focused on
Gpri76. As confirmation, we analysed Gpr176 mRNA expression
in HSCs in three independent data sets consisting of HSCs iso-
lated from BDL, CCl,, and MASLD models.'®"'® Gpr176 was
significantly upregulated in all three murine models of CLD
(Fig. 1C). Additionally, we also found Gpri76 to be downregulated
in HSCs isolated from livers that had recovered for 4 weeks after
an 8-week fibrosis induction by CCly (Fig. 1C; Fig. S1). In
conclusion, we determined that Gpri76 could serve as a marker
of activated mouse HSCs as it is highly enriched in activated HSCs
in several mouse models of chronic liver injury.

Gpr176 is induced upon HSC activation and knockdown of
Gpr176 prevents full activation

Next, we investigated the time-dependent expression of Gpri76
during the process of HSC activation. To achieve this, we used
two-dimensional (2D) in vitro cultures of primary mouse HSCs to
allow for controlled monitoring of HSC activation (Fig. 2A). In this
model, HSCs phenotypically start differentiating into myofibro-
blasts by day 4 and reach a fully differentiated state by day 7 (Fig.
2B). At both the mRNA and protein level we noted an early and
sustained induction of GPR176 expression. Elevated levels of
GPR176 protein can be identified prior to the appearance of
phenotypic changes or the expression of a-smooth muscle actin
(a-SMA) protein (Fig. 2C). Additionally, we noted that in
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Fig. 1. Gpr176 is a selective marker of HSC activation. (A) Cellular location of a 173 fibrogenic gene signature described previously (GSE176042):'> Forty-two
genes encode for proteins expressed at the plasma membrane. (B) Gene expression of plasma membrane genes on microarray data of indicated cells and tissues
showing Ptchd4 and Gpr176 is aHSC-specific. The values are depicted as the normalised expression value for each gene, subtracted by the mean expression value
of that gene across all samples. Table S2 gives an overview of the 96 samples included. (C) Gpr176 mRNA levels in mouse models of CLD: BDL (GSE34640),'°
MASLD (GSE134512)" and CCl, (GSE153703)."® qPCR analysis of Gpri76 mrRNA levels in HSCs isolated from healthy, 8 weeks CCly-treated and 4 weeks re-

covery mice. Gapdh served as reference gene (n = 2-3), two sample t-test and one-

way ANOVA with post-hoc Tukey multiple comparisons test. BDL, common bile

duct ligation; CCly, carbon tetrachloride; CLD, chronic liver disease; HSC, hepatic stellate cell; MASLD, metabolic dysfunction-associated steatotic liver disease.

activating HSCs, GPR176 was expressed at +75 kDa, whereas
additional bands were detected at 55 kDa and 25 kDa in freshly
isolated qHSCs. As a positive control we used protein extracts
from mouse heart tissue which revealed a band at #55 kDa,
which was in line with the predicted 56 kDa (Fig. S2A). We
believe that the 75 kDa band is the N-glycosylated form of
GPR176, which was shown in previous studies to be a require-
ment for proper expression and functionality.'® At the mRNA
level, Gpr176 mRNA is increased at a similar timepoint as Ankrd1,
a known YAP-downstream gene and HSC initiation marker,'® and
preceded the expression of Lox, a canonical myofibroblast dif-
ferentiation marker (Fig. 2D). We validated the expression of
Gpri76 during in vivo and in vitro HSC activation by analysing
HSC RNASeq data. In these data sets, HSC activation was induced
either via acute liver injury by a single CCl, injection or via 2D
culture of HSCs. In vivo, we noted an early (24 h) and sustained (7
days) upregulation of Gpr176 after a single injection of CCly,
whereas in vitro, Gpr176 was induced after 12 h which is in line
with our qPCR findings (Fig. S2B and C). Finally, single cell RNA
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analysis of liver cells isolated from mice subjected to a single
injection of CCl; showed that Gpr176 was exclusively expressed
in activated HSCs/myofibroblasts, whereas Gpri176 exhibited
negligible expression in healthy liver tissue (Fig. S3). Given its
marked upregulation during HSC activation both in vivo and in
vitro, we investigated whether Gpr176 mRNA could be an anti-
fibrotic target. To achieve this, we used siRNAs targeting mouse
Gpr176 during in vitro activation of primary mouse HSCs.
Following mRNA interference, a clear downregulation of both
Gpr176 mRNA and 75 kDa GPR176 protein was accompanied by
the downregulation of Acta2, Col3al, and Lox mRNA levels, with
only a tendency for a decrease in Collal mRNA (Fig. 2E and F).
However, we were unable to show clear phenotypical alterations
or reduction in a-SMA protein expression in GPR176 reduced
cultures (data not shown). Lastly, because of the hard substrate
to which HSCs are exposed during 2D monoculture, the 2D in
vitro HSC activation does not properly mimic in vivo activa-
tion.'*?° This might confound the value of Gpri76 gene expres-
sion as a marker of HSC activation in vitro. To bypass this, we
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Fig. 2. Induction of GPR176 during HSC activation is partially responsible for induction of fibrogenic genes. (A) Mouse HSCs were isolated by Nycodenz from
healthy male BALB/c mice. (B) Light microscopy of 2D cultured mouse HSCs shows myofibroblast differentiation at day 4 of culture. (C) Western blot analysis for
GPR176 and a-SMA protein reveals early induction of GPR176 (n = 1). (D) qPCR analysis of 2D cultured mouse HSCs for initiation marker Ankrd1, activation marker
Lox, and Gpri176. Gtf2b and Ywhaz served as reference genes (n = 3), type IIl Analysis of Variance Table with Satterthwaite’s method. (E, F) Primary mouse HSCs
transfected with Gpr176 siRNAs or scramble sequences. qPCR (n = 7) and Western blotting (n = 1) confirmed suppression of GPR176 expression and HSC activation
markers at day 8. Gapdh served as reference gene, paired t-test. (G) Hepatocyte-HSC spheroids at day 6 of culture generated in cell repellent 96-well plates.
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2D, two-dimensional; APAP, acetaminophen; HSC, hepatic stellate cell.

used a 3D spheroid co-culture model of hepatocytes and HSCs
that maintains hepatocytes and HSCs in a non-injured state
(Fig. 2G).'* A fibrogenic response was induced by activating HSCs
either in a direct manner (TGF-B) or indirectly by inducing he-
patocyte damage via APAP. While APAP-treated cultures were
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marked by blebbing of cells, indicative of hepatocyte
damage, this was less the case in TGF-p treated cultures (Fig. 2H
and I). Both treatments were marked by an upregulation of
Col5a2 (indicating HSC activation) as well as Gpri76 mRNA
(Fig. 2H and I). In conclusion, Gpr176 expression was induced



during the initiation of HSC activation and maintained this
upregulation throughout the HSC activation process. Further-
more, this upregulation was not an artefact of the 2D monolayer
culture but rather represented both direct and indirect activation
of HSCs. Finally, GPR176 was, at least partially, responsible for the
fibrogenic reprogramming of HSCs.

Gpr176 upregulation is implicated in the fibrogenic response
of precision-cut liver slice cultures

We evaluated the potential of Gpr176 mRNA interference in a
second multicellular 3D in vitro model (i.e. mouse PCLS cultures),
a model of hepatocyte injury and of subsequent HSC activation.
PCLS are generated by slicing mouse liver tissue with a vibra-
tome and punching the slices into 3 mm discs. Although main-
taining liver tissue integrity, the slicing and punching induces
tissue damage with a subsequent regenerative and fibrogenic
response (Fig. 3A and B)."> As shown by qPCR, this induced tissue
led to the upregulation of fibrogenic markers Acta2, Collal, and
Lox after the second day of culture, which was also accompanied
by upregulation of Gpr176 mRNA (Fig. 3C). Next, we tested the
potential of Gpr176 mRNA interference in mPLCS cultures. Gpri76
RNA interference in PCLS cultures led to reduced expression of
Gpr176 mRNA as well as downregulation of Acta2 and Collal
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expression, whereas a downward trend was observed for Lox
expression (Fig. 3D and E). Taken together these data suggest
that Gpr176 mRNA levels can serve as a suitable fibrogenic
marker in multicellular liver cultures and Gpr176 mRNA targeting
has potential as an antifibrotic therapy.

Reduced Gpri176 expression alleviates murine liver fibrosis

Next, we investigated the potential profibrotic role of GPR176
in vivo using Gpr1767 knockout mice.'> Homozygous deletion of
Gpr176 did not cause any gross abnormalities, lethality, or infer-
tility,'* allowing us to study liver fibrosis induction in these
murine model. We could not observe any difference in liver
damage, HSC activation status, collagen crosslinking, or in the
amount of o-SMA-positive cells when comparing healthy
Gpr176'* to Gpr1767 knockout livers (Fig. 4 A-C, healthy condi-
tions). To investigate the role of GPR176 during CLD, we treated
Gpr176*"* and Gpr1767 mice with CCl, for a total duration of 4
weeks. This resulted in liver damage, marked by the increase in
alanine aminotransferase (ALT) levels, and fibrosis as evidenced
by an increased collagen deposition (Fig. 4A and C). No differences
in ALT levels were noted between Gpri76"* or Gpr1767- with a
similar level of liver injury in both groups (Fig. 4A). HSCs isolated
from fibrotic livers of Gpri76"* and Gpr1767  mice showed
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Fig. 3. Expression and profibrogenic role of Gpr176 in precision-cut liver slice cultures. (A) PCLS were generated by slicing and punching livers from healthy
mice. (B) Macroscopic image of a PCLS. (C) qPCR for HSC activation markers and Gpri76. Statistics were calculated comparing cultured PCLS at day 1 (n = 4), one-
way ANOVA with post-hoc Tukey multiple comparisons test. (D, E) PCLS transfected at day 0 with Gpr176 siRNAs or scrambled sequences. qPCR confirmed
suppression of Gpr176 mRNA and indicated HSC activation markers at day 2. Gtf2b and Ywhaz served as reference genes (n = 7), paired t-test. Data are mean *
SEM. Levels of significance: *p <0.05, ** p <0.01, ***p <0.001, ****p <0.0001. HSC, hepatic stellate cell; PCLS, precision-cut liver slice.
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significant induction of activation markers Acta2, Collal, and Lox
when compared with HSCs isolated from healthy livers, marking
their activation during CLD. Interestingly, we noticed a downward
trend for Collal and Lox in HSCs isolated from Gpri767 mice
when compared with HSCs isolated from Gpr176”* mice. The
opposite was noted for Acta2 expression. However, none of these
trends were statistically significant (Fig. 4B). Additionally, we
compared liver sections from Gpr176"* or Gpr1767- mice for
collagen crosslinking and the proportion of a-SMA positive cells.
A significant reduction in collagen deposition in Gpri767 vs
Gpr176** mice treated with CCl, was observed. The decrease in a-
SMA positive cells in Gpr1767- mice was not significant (Fig. 4C).
Lastly, we assessed the impact of reduced GPR176 expression on
cholestatic liver disease by performing BDL in both Gpr176”* and
Gpr1767" mice models. BDL led to increased levels of bilirubin,
ALT, and aspartate aminotransferase (AST) levels (Fig. 5A) as well
as an increase in the amount of intrahepatic bile ducts, collagen
deposition, and the amount of a-SMA-positive cells (Fig. 5B).
Although no differences were observed in circulating liver injury
markers in the blood between Gpri76** or Gpr1767 mice
(Fig. 5A), Gpr1767 mice showed a clear reduction of collagen
crosslinking, mainly at the perisinusoidal level (Fig. 5B). No
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differences were observed in 0-SMA-positive cells in the Gpr1767
BDL mouse model (Fig. 5B). These results indicate that GPR176 is
not implicated in homeostasis of healthy livers and that it stim-
ulates fibrogenesis via, at least partially, stimulation of HSC acti-
vation and their production of collagens.

Gpr176 expression in human livers correlates with CLD

Next, we investigated the relevance of our findings on GPR176
for human liver diseases. To determine whether GPR176 is spe-
cifically expressed in HSCs in human livers, liver cell types were
isolated from liver resection pieces by means of fluorescence-
activated cell sorting (FACS) and subjected to qPCR (Fig. 6A, Fig.
S4A-C and Table S3). We confirmed enriched expression of
GPR176 in HSCs when compared with hepatocytes, Kupffer cells
(KC) and liver sinusoidal endothelial cells (LSEC). Although HSCs
also have increased expression of GPR176 when compared with
cholangiocytes (CHOL), this was not statistically significant,
implying that CHOL might also express GPR176 at intermediate
levels (Fig. 6B). To determine whether human HSCs (hHSC)
upregulate GPR176 upon activation, we isolated hHSCs by using a
Nycodenz-based isolation protocol and cultured them to allow
culture-induced 2D in vitro activation (Fig. 6A). Human HSC lines
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at passage 3 (P3), were compared with their status immediately
after Nycodenz-based isolation (fresh cells). The myofibroblast
phenotype was evident at P3 as shown by qPCR for ACTA2,
COL5A2, and LOXL2 as well as by a-SMA staining (Fig. 6C and D).
In these activated hHSC, we clearly detected GPR176 protein at
75 kDa and observed an increase in GPR176 mRNA when
compared with freshly isolated hHSC (Fig. 6C and D). Lastly, we
investigated whether GPR176 expression was correlated with
human CLD. Currently, MASLD, alcoholic liver disease (ALD) and
chronic HBV and HCV infection are the main causes of cirrhosis
and CLD complications, which led us to analyse transcriptome
data of liver tissue derived from these diseases. Here, we clearly
correlated liver GPR176 mRNA expression with human liver
fibrosis caused by MASLD and chronic HBV and HCV infection
but not with ALD (Fig. 6E). Additionally, we showed that,
although GPR176 expression correlated with fibrosis stage, it did
not correlate with the NAFLD Activity Score in livers of patients
with MASLD (Fig. S5A and B). Finally, we stained human liver
tissue, obtained from liver resection pieces with either mild
fibrosis (FO-F1) or cirrhosis (F4), for VIM (hHSC marker) and
GPR176. Although GPR176-positive cells were scarce, GPR176
protein expression was only present in F4 liver tissue and all
GPR176 expressing cells also co-expressed VIM (Fig. 6F). Alto-
gether, activated human HSCs have enriched expression of
GPR176 and expression of GPR176 in human livers correlates

with fibrosis stage at least in MASLD and chronic HBV and HCV
infection.

Discussion

CLD remains a global health issue. Additionally, the incidence of
cirrhosis and HCC is estimated to increase in the following years
which, at least in part, may be explained by an increase in the
incidence of MASLD.? Because liver fibrosis is a hallmark of CLD
and it is strongly correlated with CLD prognosis, antifibrotics
represent an attractive strategy for treating CLD. In particular,
antifibrotic candidates that target HSC activation are of great
interest because of the pivotal contribution of HSCs to the
myofibroblast pool."™*' To identify new putative targets for
antifibrotic drugs, we have recently adopted a transcriptional
dysregulation standpoint'® and defined a fibrogenic aHSC tran-
scriptional profile that is strongly associated with fibrogenesis
and ECM deposition. We hypothesised that a putative antifibrotic
candidate should be present within this transcriptional profile,
have enriched expression in HSCs and, for pharmaceutical tar-
geting purposes, encode for a protein expressed at the cellular
membrane. In this study, we demonstrated that Gpr176 fulfils
these criteria as it (i) strongly correlated with fibrosis, (ii) had
enriched expression in HSCs, (iii) encoded for a protein
expressed at the cellular membrane, (iv) had no phenotype
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change when deleted in mice, but its absence resulted in a
reduction of liver fibrosis. Altogether, this demonstrated that
Gpr176 inhibition has potential as a treatment against CLD.

The identification of Gpri76 as HSC activation marker is not
completely novel, as two studies have previously indicated that
Gpr176 forms a part of large gene sets enriched in HSC activation:
one as part of an HSC-specific gene signature (122 genes) that
correlates with outcomes of HCC and hepatitis C and the other as
part of a transcriptional program (236 genes) of HSC activation
conserved between CCl, and the western diet.>>?> However,
these studies did not look further into Gpri76. In this study, we
identified Gpr176 as an HSC initiation marker as its upregulation
was detected in HSCs as early as 10 h after in vitro culture and
24 h after a single injection of CCl, in mice. We also showed that
culture-activated human HSCs expressed GPR176 protein and
that GPR176/VIM double positive cells were only present in livers
of patients with fibrosis. Thus, to the best of our knowledge, this
study is the first to thoroughly describe the correlation between
Gpri176 expression and its potential involvement in both liver
fibrosis and HSC activation.

By adopting a similar transcriptome screening approach as
that described by Zhang et al.,?> we identify the enriched
expression of Gpri76 in mouse HSCs compared with other liver
cell types and tissues. Using FACS-based isolation of human liver
cell types, we also demonstrated the enriched expression of
GPR176 in human HSCs when compared to LSECs, macrophages,
cholangiocytes, and hepatocytes. Nonetheless, human chol-
angiocytes had intermediate levels of GPR176 when compared
with non-HSC liver cell types. Of note, Doi et al. described a low
expression of Gpri76 in many non-diseased mouse organs,
including the liver."> We acknowledge these results as, compared
with aHSCs, qHSC and healthy liver tissue, exhibit very low
expression of Gpri176.

By performing in vitro RNA interference experiments, we
show that in vitro HSCs, at least partially, depend on Gpri76 for
proper induction of activation markers. This profibrotic role for
Gpri76 was confirmed in PCLS cultures and in Gpr176 knockout
mice. Surprisingly, the expression of Acta2 seems to be increased
in HSCs isolated from CCl,-treated knockout mice and the
amount of a-SMA positive cells was not altered in fibrotic Gpr176
knockout mice (Fig. 4C, Fig. 5B). Currently we do not have a good
explanation for this inconsistency. However, analysis of spatial
transcriptomic data from mouse livers subjected to a MASLD
diet** (Fig. S6A) indicated that, although Gpri76 expression was
rather low (probably because of the limited sequencing depth),
all Gpr176-positive (Gpr176%) cells expressed Dcn, an HSC specific
marker (Fig. S6A). To our surprise, we noted that Gpri76" cells
generally expressed higher levels of Collal and lower levels of
Acta2 (Fig. S6A). These results suggested that Gpr176™ activated
HSCs might characterise a subset of Collal-expressing activated
HSCs, and that the knockout of Gpr176 mainly influenced Collal-
expressing cells and not Acta2-expressing cells.

Although we propose a profibrogenic role for GPR176 in
murine models of fibrogenesis, further studies should focus
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on the mechanisms driving its function in HSCs. GPR176 is a
class A orphan GPCR with a constitutive inhibitory effect on
cAMP-responsive element (CRE) transcriptional activity for
which no known endogenous ligand exists.?> GPR176 has an
agonist-independent basal activity that represses cAMP pro-
duction by its interaction with the unique G-protein subclass Gz,
but not the canonical Gi.!? The antifibrotic properties of cAMP,
either via PKA or Epac, have been well established in the liter-
ature.?® Some known downstream effects of cAMP/PKA signal-
ling include phosphorylation of CREB and inhibition of RhoA
activity, whereas Epac-1 can alleviate the TGF-B response in
cardiac fibroblasts.?”?® All of these pathways have been impli-
cated in HSC activation. Furthermore, we show that although
gqHSCs expressed GPR176 at its predicted 56 kDa molecular mass,
we noted that during initiation (after the first 24 h), HSCs
induced GPR176 protein expression accompanied by a shift to a
higher molecular mass at approximately 75 kDa. A more recent
study showed that GPR176 undergoes N-glycosylation, which
increases its mass from 56 kDa to approximately 75 kDa. This N-
glycosylation was required for GPR176 protein stability and
proper cell surface expression, but not per se for its agonist-
independent basal activity of repressing cAMP levels.!® Our re-
sults thus suggest early induction of Gpr176 transcription, lead-
ing to translation of GPR176 protein with post translational N-
glycosylation that stabilises GPR176 and leads to an increase in
GPR176 protein and cell surface expression. The reduction of
cAMP levels can thus be hypothesised to be the driver of the
profibrogenic activity induced by GPR176 protein. Further
mechanistic studies should focus on how Gpr176 expression is
regulated, how early N-glycosylation is established, and whether
the increase in GPR176 protein effectively reduces cAMP levels in
aHSCs.

A clinical value for GPR176 can only be achieved by identi-
fying pharmaceutical agents that can target GPR176 and alter its
function. GPCRs constitute the most successful group of phar-
maceutical targets; however, the lack of known modulators for
orphan GPCRs remains an important challenge. Although the
rate of “deorphanisation” is slowing, structure-based methods
and virtual ligand screening can provide means to identify
endogenous or surrogate ligands. Herein, we describe a profi-
brotic role for GPR176 in CLD. Combined with previous studies by
researchers, a more fundamental view on the interaction of
GPR176 with its suitable heterotrimeric G protein, its signalling
pathways, and consequently, its role in health and disease is
emerging.'>'® This knowledge warrants further investigation on
GPR176 to find endogenous or surrogate ligands suitable for
pharmaceutical targeting strategies.?%->°

In conclusion, we identified enhanced expression of GPR176
in both mouse and human activated HSCs and demonstrated a
profibrotic role for this orphan GPCR. Our findings provide new
insight into an orphan GPCR for which, currently, only limited
information exists. Nonetheless, within the context of CLD, we
identify GPR176 as a potential novel target for treating liver
fibrosis.
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