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GPR43 (also known as FFAR2 or FFA2) is a G-protein-coupled
receptor primarily expressed in immune cells, enteroendocrine
cells and adipocytes that recognizes short-chain fatty acids,
such as acetate, propionate, and butyrate, likely to be
implicated in innate immunity and host energy homeostasis.
Activated GPR43 suppresses the cAMP level and induces
Ca2+ flux via coupling to Gαi and Gαq families, respectively.
Additionally, GPR43 is reported to facilitate phosphorylation
of ERK through G-protein-dependent pathways and interacts
with β-arrestin 2 to inhibit NF-κB signaling. However, other
G-protein-dependent and independent signaling pathways
involving GPR43 remain to be established. Here, we have
demonstrated that GPR43 augments Rho GTPase signaling.
Acetate and a synthetic agonist effectively activated RhoA
and stabilized YAP/TAZ transcriptional coactivators through
interactions of GPR43 with Gαq/11 and Gα12/13. Acetateinduced nuclear accumulation of YAP was blocked by a
GPR43-specific inverse agonist. The target genes induced
by YAP/TAZ were further regulated by GPR43. Moreover, in
THP-1–derived M1-like macrophage cells, the Rho-YAP/TAZ
pathway was activated by acetate and a synthetic agonist.
Our collective findings suggest that GPR43 acts as a mediator
of the Rho-YAP/TAZ pathway.
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INTRODUCTION
The G-protein coupled-receptor (GPCR) GPR43 (also known
as FFAR2) is primarily expressed on innate immune cells, such
as neutrophils and macrophages (Le Poul et al., 2003; Nilsson
et al., 2003). From an immunological perspective, GPR43 is
implicated in neutrophil chemotaxis towards its ligands and
secretion of inflammatory cytokines (Tedelind et al., 2007;
Vinolo et al., 2011). In addition, GPR43 regulates gut hormone secretion in the intestine (Karaki et al., 2006), insulin
secretion in pancreatic β cells (Priyadarshini et al., 2015), and
lipid metabolism in white adipocytes (Kimura et al., 2013).
A recent report showed that GPR43 and GPR109A mediate
epithelial protective effects of dietary fiber through inflammasome activation (Macia et al., 2015). Short-chain fatty
acids (SCFA), aliphatic compounds with fewer than six carbon atoms derived from gut microbiota fermentation of indigestible carbohydrates, are reported to activate GPR41 and
GPR43 receptors (Brown et al., 2003). GPR43 activation by
SCFAs triggers inhibition of adenylyl cyclase to reduce cAMP
and elevation of Ca2+ levels through Gαi and Gαq families of
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heterotrimeric G proteins, respectively (Brown et al., 2003; Le
Poul et al., 2003). Furthermore, activated GPR43 transmits
signals to ERK in a G-protein-dependent manner (Ang et
al., 2016) and interacts with β-arrestin 2 to suppress nuclear
translocation of NF-κB through a G-protein independent
pathway (Lee et al., 2013).
Yes-associated protein (YAP) and its paralog, TAZ, are
transcriptional co-activators pivotal in the Hippo signaling
pathway (Dong et al., 2007; Lei et al., 2008; Moon and Kim,
2018). Modulation of YAP/TAZ is affected in response to various factors, such as cell-to-cell contact, mechanical tension,
metabolism, hypoxia, and ER stress (Dupont et al., 2011; Kim
et al., 2011; Ma et al., 2015; Wu et al., 2015). Among the
core components of the Hippo pathway, LATS1/2 kinases
directly inhibit stabilization of YAP/TAZ via phosphorylation,
resulting in cytoplasmic retention by 14-3-3 binding or proteasomal degradation (Hao et al., 2008). Dephosphorylated
and stabilized YAP/TAZ translocate to the nucleus and mainly
interact with the transcriptional-enhanced associated domain
(TEAD) family of transcription factors. The YAP/TAZ-TEAD
complex stimulates expression of target genes, such as CTGF
and CYR61, in turn, promoting cell proliferation and survival.
Thus, YAP/TAZ are known oncogenes implicated in tumor
formation (Zhao et al., 2008). Consistently, YAP expression is
increased under conditions of tissue damage and shown to
be critical in repairing mucosal injury (Taniguchi et al., 2015).
In 2012, Fa-Xing and colleagues reported that both YAP
and TAZ are regulated by GPCR signaling (Yu et al., 2012).
Their study showed that interactions of lysophosphatidic acid
(LPA) and S1P receptors with serum-borne ligands activated
RhoA to inhibit LATS1/2, resulting in stimulation of YAP/TAZ
activity. Stimulation of protease-activated receptor 1 (PAR1)
by thrombin and TRAP6 additionally promoted nuclear translocation of YAP/TAZ via dephosphorylation dependent on the
Gα12/13-RhoA pathway (Mo et al., 2012). Furthermore, GPCR
coupling to not only Gα12/13, but also Gαq and, to lesser extent, Gαi, regulated YAP/TAZ activity. Another study demonstrated that the β2-adrenergic receptor promotes β-arrestin
2 translocation to the plasma membrane, leading to stimulation of RhoA (Ma et al., 2012). In contrast, GPCR coupling to
Gαs activated LATS1/2 kinases to phosphorylate and inhibit
YAP/TAZ (Yu et al., 2012). The data collectively suggest that
GPCRs capable of modulating RhoA are likely to influence
YAP/TAZ activity.
In the current study, we showed induction of Rho GTPase
signaling by acetate and a GPR43 specific synthetic agonist,
and then YAP/TAZ accumulated in the nucleus in GPR43-expressing HEK293 cells in a manner dependent on Gα12/13 and
Gαq/11. Additionally, the genes known to be regulated by
YAP/TAZ were specifically altered by GPR43 in stable HEK293
and M1-polarized THP-1 cells. Our findings indicate that
GPR43 augments the RhoA signaling pathway to activate
YAP/TAZ.

MATERIALS AND METHODS
Reagents and plasmids
The GPR43-selective agonist compound 187 (4-[(2R,6S)-2,
6-dimethylmorpholin-4-yl]-7-(2-fluorobenzenesulfonyl)-2-

methyl-5H-pyrrolo[3,2-d]pyrimidin-6-amine), which was invented by Takeda Cambridge Ltd. (https://patentscope.wipo.
int/search/en/detail.jsf?docId=WO2015198045), was kindly
provided by Dr. Y.S. Kwak (Korea University). The selective
inverse agonist (S)-3-(2-(3-chlorophenyl)acetamido)-4-(4-(trifluoromethyl)phenyl)butanoic acid (CATPB), sodium acetate,
phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), and pertussis toxin (PTX) were purchased from
Sigma-Aldrich (USA). Cumate solution (10,000×; PBQM100A-1) was acquired from System Biosciences (USA), YM254890 from Adipogen (USA) and C3 toxin (C3 transferase
from Clostridium botulinum , #CT04) from Cytoskeleton
(USA).
The GPR43-myc construct was cloned into PiggyBac
cumate switch-inducible vector (PB-CuO, PBQM-812-A1) using the restriction sites NheI and NotI (New England BioLabs,
USA).

Cell culture and THP-1 polarization
HEK293 cells expressing GPR43 induced by cumate (GPR43HEK293) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; WelGene, Korea) supplemented with
10% fetal bovine serum (FBS, #16000-044; Thermo Fisher
Scientific, USA), 1× GlutaMAX, 1% Pen-Strep, and 2 μg/ml
puromycin. To induce GPR43 expression, GPR43-HEK293
cells were incubated with 1× cumate-containing (30 μg/ml
cumate) medium at least for 48 h. The human acute monocytic leukemia cell line, THP-1 (ATCC TIB-202; ATCC, USA),
was cultured in ATCC-modified RPMI 1640 (Life Technologies, USA) supplemented with 10% FBS, 1% Pen-Strep, and
50 μM β-mercaptoethanol (Sigma-Aldrich). Both cell lines
were maintained in a humidified atmosphere of 5% CO2 at
37°C.
To induce polarization of THP-1, 1.0 × 106 cells/ml suspended cells were stimulated with 20 ng/ml PMA for 24
h to establish Mφ macrophage-like cells. Adherent Mφ-like
cells were washed once with fresh RPMI 1640 (WelGene) to
eliminate residual traces of PMA. To generate M1-like macrophages, adherent cells were exposed to 100 ng/ml LPS
and 20 ng/ml interferon-γ (IFN- γ; PeproTech, USA) for 48 h.
To generate M2-like macrophages, cells were exposed to
20 ng/ml interleukin-4 (IL-4; PeproTech) and 20 ng/ml interleukin-13 (IL-13; PeproTech) for a further 48 h, followed by
incubation in fresh medium for 12 h that was replaced with
RPMI 1640 including 2 mM glucose and 0.5% FBS for an
additional 12 h.

Luciferase assay
The serum response factor-response element (SRF-RE) luciferase reporter plasmid was purchased from Promega (USA).
The reporter plasmid was transiently co-transfected with
CMV promoter-renilla luciferase (pRL-CMV) into HEK293 cells
using FuGene 6 (Promega), followed by incubation in 5%
CO2 at 37°C for 24 h. On day 1, cells were treated with 1×
cumate for an additional 24 h. On day 2, cells were replaced
with serum-starved medium including 0.1% FBS and cumate
overnight. Prior to stimulation, cells were deprived of serum
and glucose for 1 h. Reporter activities were measured utilizing the Dual-Luciferase Reporter Assay System (Promega).
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RNA interference
Specific siRNAs against GNAQ (L-008562-00), GNA11 (L010860-00), GNA12 (L-008435-00), and GNA13 (L-00994800) were obtained from Dharmacon (USA) and siRNA
against β-arrestin 2 (No. 409) from Bioneer (Korea). Cells
were transfected with the indicated siRNAs using RNAiMAX
transfection reagent (Invitrogen, USA) according to the manufacturer’s protocol and incubated for 72 h.

Antibodies and immunoblotting
Antibodies against YAP, phospho-YAP Ser127, TAZ, LATS1,
phospho-LATS1 Thr1079, ERK1/2, and phospho-ERK1/2
were purchased from Cell Signaling Technology (USA).
Anti-β-actin was obtained from Abfrontier (Korea). To detect the active form of RhoA, the Active Rho Detection Kit
(#8820S) was utilized (Cell Signaling Technology).
Immunoblotting was performed as follows: cells were harvested with lysis buffer (0.1% SDS, 50 mM Tris-HCl pH7.5,
150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate)
containing 1× protease inhibitor cocktail (P3100-001; GenDEPOT, USA) and 1× phosphatase inhibitor cocktail (P3200001; GenDEPOT). Lysates were centrifuged at 18,000g for
20 min prior to boiling with Laemmli SDS sample buffer for
10 min, subjected to SDS-PAGE and transferred to PVDF
membranes, which were subsequently blocked for 30 min in
2% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20 and probed with the relevant primary
antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibody for detection of protein bands.

olds (Ct) were normalized to that of β-actin as the reference
gene and expressed as fold change using the 2-ΔΔCt method
(Schmittgen and Livak, 2008).

RNA sequencing
The RNA sequencing library was prepared using TruSeq RNA
Sample Prep Kit (Illumina, USA) and the sequencing was performed using Illumina HiSeq2000 platform to generate 100
bp paired-end reads. The reference genome of human was
obtained from the NCBI genome (https://www.ncbi.nlm.nih.
gov/genome), and genome indexing was performed using
STAR (v.2.5.1) (Dobin et al., 2013). The sequenced reads
were mapped to the human genome (hg19) STAR, and the
gene expression levels were quantified with count module in
the STAR. The edgeR (v.3.12.1) (McCarthy et al., 2012) package was used to select differentially expressed genes from
the RNA-seq count data between conditions (fold change >
1.5, false discovery rate [FDR] < 0.05). Meanwhile, the TMM
(the trimmed mean of M-values normalization) normalized
CPM (counts pre million) value of each gene was added to 1,
and log2-transformed for further analysis. The heapmap was
generated using Microsoft Excel 2016 program (Microsoft,
USA).

Data access
NGS (next-generation sequencing) data was deposited in
the NCBI Gene Expression Omnibus under accession number GSE171873. The raw sequence tags were deposited in
the NCBI Short Read Archive (SRA) under accession number
SRP314432.

Immunocytochemistry
Cells were cultured in 8-well μ-slides (#80826; Ibidi, Germany) prior to treatment with 1× cumate. After stimulation,
samples were washed with cold phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde for 20 min. Cells
were permeabilized with 0.5% Triton X-100 in PBS for 5 min
after quenching of residual paraformaldehyde with three
drops of 1 M glycine, pH 6.8. Samples were incubated with
blocking solution (2% BSA, 1% normal goat serum in 0.1%
Triton X-100 in PBS) for 20 min and probed with primary
antibodies at 37°C for 1 h, followed by secondary Alexa
Fluor-488 conjugated IgG (Life Technologies) for 45 min at
room temperature away from light. Cells were mounted using Fluoroshield Mounting Medium with DAPI (Abcam, UK)
and subjected to laser-scanning LSM 880 confocal microscopy (Zeiss, Germany).

Real-time polymerase chain reaction
Total RNA was isolated using the RNeasy Plus mini kit (Qiagen, Germany) according to manufacturer’s instructions and
cDNA synthesized using the RevertAid H Minus first-strand
cDNA synthesis kit (Thermo Fisher Scientific). Real-time polymerase chain reaction (PCR) was performed using SolgTM 2×
Real-Time PCR Smart mix (SolGent, Korea) and the indicated
primers: β-actin, forward 5’-CATGTACGTTGCTATCCAGGC-3’,
reverse 5’-CTCCTTAATGTCACGCACGAT-3’, as well as primer
pairs corresponding to FFAR2, CTGF, CYR61, YAP, TAZ, IL-1β,
IL-6, TNF, CD163, IL-10, CCL22, and TP53 obtained from
Bioneer. To analyze relative gene expression, cycle thresh-
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Statistical analysis
Results were obtained from at least two or three independent experiments and presented as means ± SEM. Statistical
significance was determined using Student’s t -test and data
were considered significant at P values < 0.05.

RESULTS
RhoA activation is induced by GPR43
Binding of ligands to GPR43 stimulates activation of Gαi and
Gαq to initiate downstream signaling pathways, followed
by interactions with β-arrestin 2, resulting in desensitization
on the membrane and inhibition of NF-κB signaling (Lee et
al., 2013). To ascertain whether activated GPR43 stimulates
RhoA activity, we performed the SRF-RE dual luciferase assay
capable of verifying correlations of GPCRs with RhoA (Cheng
et al., 2010). Augmentation of luminescence with acetate
treatment was significantly suppressed by YM-254890 and
botulinum C3 toxin, which are Gαq family and Rho GTPase
inhibitors, respectively, but not PTX, a Gαi family inhibitor
(Fig. 1A). SCFAs serve as ligands for both GPR43 and GPR41
and inhibit histone deacetylase activity (Waldecker et al.,
2008). To exclude the possibility that acetate exerts off-target
effects in the SRF-RE assay, we employed compound 187, a
specific synthetic agonist for GPR43. Both acetate and compound 187 induced an increase in active RhoA (Fig. 1B), with
compound 187 displaying more efficacious activity than acetate. Conversely, CATPB, an inverse agonist for GPR43, re-

GPR43 Modulates YAP/TAZ via RhoA
Bi-Oh Park et al.

Fig. 1. RhoA activation is induced by GPR43. (A) Human
GPR43/HEK293 cells were treated with acetate and the indicated
reagents for 6 h to evaluate SRF-RE activity. Data from at least
two independent experiments are presented as mean ± SEM.
The P values were calculated by Student’s t -test. ##P < 0.01, ###P <
0.005, ***P < 0.005. Neg., negative; Pos., positive. (B) GPR43/
HEK293 cells were stimulated with 10 mM acetate, 10 μ M
agonist and 10 μM CATPB for 5 min. (C) HEK293 cells were pretreated with 0.5 μg/ml C3 toxin and 0.2 μg/ml PTX for 16 h. The
next day, cells were pretreated with YM-254980 for 15 min and
stimulated with agonist for 5 min, followed by immunoblotting
with anti-RhoA.

Fig. 2. YAP and TAZ are stabilized and activated by GPR43. (A)
GPR43/HEK293 cells were stimulated with 10 mM acetate for the
indicated time-points. (B) Cells were incubated with or without 1
× cumate for 48 h. And then, the cells were subjected to serumdeprivation for 16 h prior to being stimulated with the indicated
reagents for 1 h. (C) GPR43/HEK293 cells were stimulated with
Cmpd 187 and CATPB for 1 h.
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duced the ligand-induced activation of RhoA (Fig. 1B). In addition, active RhoA induced by compound 187 was reduced
by C3 toxin and YM-254890, but not PTX (Fig. 1C), further
supporting the theory that GPR43 is a potential activator of
RhoA signaling.

YAP/TAZ is dephosphorylated and activated by GPR43 via
RhoA
In view of the above finding that GPR43 significantly influences RhoA activity (Fig. 1), we examined the effect of
GPR43 on YAP/TAZ, one of the downstream effectors of
RhoA. Activated GPR43 by SCFAs such as acetate, propionate, and butyrate, significantly reduced phosphorylation of
YAP at Ser127 in a time-dependent manner and increased
the amount of TAZ protein with faster migration on SDSPAGE (Fig. 2A, Supplementary Fig. S1). We identified that
the stability of YAP/TAZ is specifically dependent on the
GPR43 expression and activity (Figs. 2B and 2C).
Phosphorylation of YAP and TAZ serves as an important
step for nuclear export and dephosphorylation, along with
other modifications, may be required for nuclear import,
although the precise mechanisms remain elusive (Shreberk-Shaked and Oren, 2019). Since translocation to the

nucleus is a prerequisite for the transcriptional activities of
YAP and TAZ, we examined the cellular localization of these
proteins following treatment with GPR43 modulators. YAP
and TAZ are usually distributed throughout the cytoplasm
and nucleus at high cell density (Figs. 3A [upper panels] and
3B). Empty spaces between the cells had been occupied by
the cells and they were washed away during the course of
immunocytochemistry. Even at nearly 100% confluence,
nuclear localization of YAP and TAZ was markedly increased
upon acetate treatment in GPR43-expressing HEK293 cells
(Figs. 3A [middle panels] and 3B), which was completely abrogated by the GPR43 antagonist CATPB (Figs. 3A [bottom
panels] and 3B).
Next, changes in transcription induced by activation of
GPR43 were examined. To analyze the transcriptome of
GPR43-expressing HEK293 cells, RNA-seq experiments were
conducted, as described in Materials and Methods. Among
the differentially expressed genes, target genes of YAP/TAZ
transcription factors were induced by acetate and downregulated by CATPB (Fig. 4A, Table 1). Expression of two of the
genes, CTGF and CYR61 , was re-confirmed via qRT-PCR by
treating with compound 187 instead of acetate (Fig. 4B).
Compound 187-induced expression of these genes was re-

Fig. 3. Active GPR43 induces
translocation to the nucleus. Cells
were treated with agonist for 1
h. Cells were treated with DMSO,
acetate and CATPB before fixation.
(A) YAP and TAZ localization
in cells were determined via
immunocytochemical staining for
endogenous YAP/TAZ (green) or
DAPI (blue) for nuclei. Scale bars
= 20 μm. (B) Quantification of the
number of YAP/TAZ in nucleus.
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duced following treating with CATPB and C3 toxin (Fig. 4B).

YAP/TAZ is stabilized and activated through GPR43Gαq/12/13-RhoA axis
Next, we tested whether C3 toxin could affect the stability
of YAP and TAZ. Compound 187 strongly suppressed phosphorylation of YAP and elevated TAZ to a greater extent than
1% FBS, a known RhoA activator (Fig. 5A, left lanes). C3 toxin counteracted the effects of compound 187, indicating that
RhoA mediates GPR43 signaling to YAP/TAZ (Fig. 5A, right
lanes). While GPR43 is widely known to be coupled to Gαi
and Gαq, this receptor has also been shown to interact with
Gα12 and Gα13 in the yeast pheromone system (Brown et al.,
2003). To establish GPR43-mediated signaling pathway underlying YAP/TAZ regulation, GPR43-expressing HEK293 cells
were transfected with siRNAs for G-proteins and β-arrestin
2. Knockdown of Gαq/11 and Gα12/13 significantly augmented
phosphorylation of YAP and the slow migrating bands of

TAZ while knockdown of β-arrestin 2 exerted no such effects
and compound 187 still induced dephosphorylation of YAP
and TAZ (Fig. 5B), suggesting that multiple G proteins may
be involved in the regulation of YAP/TAZ. Upon simultaneous
treatment with YM-254890 and siRNA of Gα12/13, the activity of compound 187 was completely abrogated (Fig. 5C),
supporting the requirement for both Gαq/11 and Gα12/13 for
YAP/TAZ activation through GPR43. Moreover, acetate and
compound 187 reduced the phosphorylation of Thr 1079 in
LATS1, an upstream inhibitory kinase of YAP/TAZ and latruculin B, a F-actin assembly blocker, restored the phosphorylation (Fig. 5D), suggesting that RhoA-mediated F-actin assembly modulated LATS1-YAP/TAZ axis. Taken together, our
results suggest that GPR43 induces the activation of YAP/
TAZ via Gαq/11- and Gα12/13-RhoA pathways.

Table 1. List of genes influenced by YAP/TAZ
Name
FOSL1
CYR61

RND3
LATS2

DKK1

Description

Reference

FOS-like 1, AP-1 transcription
factor subunit
Cysteine-rich angiogenic
inducer 61,
CCN family member 1 (CCN1)
Rho family GTPase 3
Large tumor suppressor
kinase 2

(Zanconato et al.,
2015)
(Zhao et al., 2008),
GSEAa

F3

Dickkopf WNT signaling
pathway inhibitor 1
Prostaglandin-endoperoxide
synthase 2
Dual specificity phosphatase 1
Inhibin subunit β A
MAF BZIP transcription factor F
ABL proto-oncogene 2,
Non-receptor tyrosine kinase
Connective tissue growth factor
CCN family member 2 (CCN2)
Coagulation Factor III

AMOTL2

Angiomotin like 2

PTGS2
DUSP1
INHBA
MAFF
ABL2
CTGF

PPP1R15A Protein phosphatase 1
regulatory subunit 15A
CDC25A Cell division cycle 25A

Fig. 4. YAP/TAZ target genes are directed by GPR43. (A)
Established target genes of YAP/TAZ from RNAseq data. (B)
GPR43-expressing cells were stimulated with agonist and CATPB
for 90 min and pre-treatment with C3 toxin was conducted for
16 h. Data from three independent experiments are presented
as mean ± SEM (Student’s t -test). ***P < 0.005, #P < 0.05, ##P <
0.01, ###P < 0.005. Neg., negative; Pos., positive.

GADD45A Growth arrest and DNA
damage inducible α
ANKRD1 Ankyrin repeat domain 1
NUAK2

NUAK family kinase 2,
Omphalocele kinase 2

(Ito et al., 2016)
(Moroishi et al.,
2015; Wang et
al., 2018)
(Park et al., 2015)
(Corley et al.,
2018)
GSEAa
(Mo et al., 2012)
(Ito et al., 2016)
(Hoj et al., 2019)
(Zhao et al., 2008),
GSEAa
(Wang et al.,
2018)
(Wang et al., 2018;
Zanconato et al.,
2015), GSEAa
(Ito et al., 2016)
(Zanconato et al.,
2015)
(Wang et al.,
2018)
(Yu et al., 2012),
GSEAa
(Wang et al.,
2018)

GSEA, gene set enrichment analysis.
GSEA – CORDENONSI_YAP_CONSERVED_SIGNATURE.

a
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Fig. 5. YAP and TAZ are stabilized
and activated through GPR43G α q/12/13 -RhoA axis. (A) Cells
were serum-deprivation and were
simultaneously treated with 0.5
μg/ml C3 toxin for overnight prior
to being treated with the indicated
reagents for 1 h. (B) GPR43/
HEK293 cells were transfected
with the indicated siRNAs for 72 h.
(C) The cells were transfected with
non-targeted and Gα12/13 targeted
siRNAs for 72 h prior to treating
with the indicated reagents after
pre-incubating with YM-254890
for 15 min. (D) GPR43/HEK293
cells were pretreated with 1 μg/ml
latrunculin B for 30 min and then
treated with acetate and Cmpd
187 for 1 h.

Activation of GPR43 in M1-like THP-1 promotes YAP/TAZ
stabilization
According to the human protein atlas (http://www.proteinatlas.org/), GPR43 is highly expressed in myeloid lineages. THP1 is a human monocyte-like cancer cell line capable of differentiating into polarized macrophages, such as M1-like or M2like types (Chanput et al., 2013). Therefore, we further examined whether expression of GPR43 differs depending on the
macrophage type. Our experiment disclosed higher expression of GPR43 in M1-like polarized THP-1 compared to other
cells (Fig. 6A). We also identified that YAP and TAZ were
highly expressed in M1-like cells, as already reported (Zhou
et al., 2019) (Supplementary Fig. S2). GPR43-overexpressing
THP-1 cells were examined with some markers for M1 and
M2 polarization, but no statistically significant change was
observed (Supplementary Fig. S3). It was interesting that mRNAs of IL-1β and IL-6, markers of M1 polarized macrophages,
were augmented by acetate in Mφ-differentiated THP-1 cells
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(Supplementary Fig. S4B), while mRNA of GPR43 itself was
not altered (Supplementary Fig. S4A). Although compound
187 elicited a very small change in these markers and M2
markers were not significantly changed (Supplementary Fig.
S4C), these data suggested that GPR43 may facilitate or mediate M1 polarization. After differentiation of THP-1 cells into
M1 macrophage-like cells, stimulation with acetate (Fig. 6B)
and compound 187 (Fig. 6C) promoted YAP and TAZ stabilization over time, although phosphorylation of YAP was not
detected (data not shown). Compound 187-induced CYR61
gene expression was reduced by CATPB and C3 toxin (Fig.
6D). In addition, p53, which was identified as a target gene
for YAP in macrophages (Zhou et al., 2019), was positively
regulated by GPR43-RhoA (Fig. 6E). Collectively, these results support GPR43-mediated activation of YAP and TAZ via
Gαq/11- and Gα12/13-RhoA pathways in macrophages.
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Fig. 6. Activation of GPR43
induces YAP/TAZ stabilization
in M1-like THP-1. (A) RTPCR analysis of mRNA levels of
human GPR43 in monocytic THP1 and polarized cell lines, such
as M φ , M1, and M2-like. THP1 cells were stimulated with (B)
10 mM acetate and (C) 10 μ M
Cmpd187 for the indicated times.
RT-PCR analysis of (D) CYR61
and (E) TP53 in M1-like THP-1
cells. Cells were pre-treated with
CATPB for 15 min and C3 toxin
overnight, followed by agonist
stimulation for 4 h. Data from
three independent experiments
are presented as mean ± SEM
(Student’s t -test). **P < 0.01,
***P < 0.005, #P < 0.05.

DISCUSSION
The main objective of this investigation was to determine
whether GPR43 acts as a bona fide modulator of the RhoAYAP/TAZ axis. Our results suggest that GPR43 exerts regulatory activity through Gαq/11 and Gα12/13 signaling. Earlier, Vaque et al. (2013) reported that Gαq/11-mediated activation of
RhoA is achieved through TRIO-RhoGEF. The group showed
that RhoA is stimulated through Gαq-TRIO signaling by the
synthetic Gαq-coupled receptor, Sy-Rq, and a cognate agonist
(Vaque et al., 2013). Therefore, both Gα12/13 and Gαq/11 signaling could be critically implicated in YAP/TAZ stabilization
upon activation of RhoA by GPR43. However, not all GPCRs
use both Gα12/13 and Gαq/11 to promote RhoA activity. For example, with regard to the RhoA-YAP/TAZ axis, PAR1 couples
with both Gαq/11 and Gα12/13 but is reported to depend solely
on the Gα12/13 pathway to activate RhoA (Gadepalli et al.,
2013; Mo et al., 2012). On the other hand, CXCR4 induces
a slight increase rather than decrease in phosphorylation

of YAP/TAZ, albeit being capable of coupling with Gαq/11,
Gα12/13 as well as Gαi/o (Yu et al., 2012). Thus, it is likely that
activation of RhoA-YAP/TAZ axis is dependent on which
GPCR is involved and cellular context. Upon treatment with
the GPR43 agonist for 1 h, YAP/TAZ activity reached peak
levels in HEK293 cells while peak activity was detected after
2 h in M1-like THP-1 macrophages (Figs. 6B and 6C). The
GPR43-YAP/TAZ signaling pathway requires further investigation in distinct cellular contexts.
It has been known that YAP/TAZ helps to recover and regenerate colonic tissue by promoting the intestinal stem cell
(ISC) in dextran sodium sulfate (DSS)-induced colitis model
(Mahoney et al., 2014; Taniguchi et al., 2015). Activated
GPR43 by SCFAs has also been revealed to promote gut
epithelial integrity (Macia et al., 2015). From these previous
reports, it is possible to deduce that activated YAP/TAZ by
GPR43 is implicated in damaged tissue repair.
A recent report demonstrated that YAP proteins increased
in M1-type and decreased in M2-type macrophages (Zhou
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et al., 2019). In line with this article, our data showed the
increased YAP/TAZ expression levels in M1-polarized THP-1
(Supplementary Fig. S2) and the elevated gene expression of
TP53 as well as CYR61 through GPR43-RhoA axis (Figs. 6D
and 6E). Since increased p53 by YAP blocks the M2 polarization and M1 macrophages have a pro-inflammatory function
(He et al., 2015; Zhou et al., 2019), SCFA-GPR43-RhoA-YAP
axis in M1 macrophages may aggravate inflammatory bowel
disease in a certain circumstance. This hypothesis is contrary
to the fact that SCFAs are well known anti-inflammatory
agents and GPR43 knockout mice exhibited deteriorated
colitis phenotype (Agus et al., 2016; Macia et al., 2015;
Maslowski et al., 2009; Masui et al., 2013). However, this
discrepancy may explain the contradictory report that colitis
was mitigated in GPR43-deficient mice (Kim et al., 2013; Sina
et al., 2009). In other words, GPR43 may exert an anti-inflammatory effect through neutrophils and a pro-inflammatory effect through M1 macrophages. Further investigation
should address this complex mechanism of GPR43 in terms
of the regulation of innate immune system.
The data from this study demonstrate that GPR43 and
YAP/TAZ are closely associated through RhoA and provide
further insights into the physiological roles and mechanisms
of action of GPR43.

susceptibility to Adherent-Invasive E. coli infection and intestinal
inflammation. Sci. Rep. 6 , 19032.

Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
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