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ABSTRACT: Free fatty acid receptors 2 and 3 (FFAR2/FFA2/GPR43 and FFAR3/FFA3/GPR41) are mammalian receptors for
gut microbiota—derived short-chain fatty acids (SCFAs). These receptors are promising drug targets for obesity, colitis,
colon cancer, asthma, and arthritis. Here, we demonstrate that FFAR2 and FFAR3 interact to form a heteromer in primary
human monocytes and macrophages via proximity ligation assay, and during heterologous expression in HEK293 cells
via bimolecular fluorescence complementation and fluorescence resonance energy transfer. The FFAR2-FFAR3 het-
eromer displayed enhanced cytosolic Ca®* signaling (1.5-fold increase relative to homomeric FFAR2) and f-arrestin-2
recruitment (30-fold increase relative to homomeric FFAR3). The enhanced heteromer signaling was attenuated by
FFAR2 antagonism (CATPB), G4 inhibition (YM254890), or G,; inhibition (pertussis toxin). Unlike homomeric FFAR2/
3, the heteromer lacked the ability to inhibit cAAMP production but gained the ability to induce p38 phosphorylation in
HEK293 and inflammatory monocytes via a CATPB- and YM254890-sensitive mechanism. Our data, taken together,
reveal that FFAR2 and FFAR3 may interact to form a receptor heteromer with signaling that is distinct from the parent
homomers—a novel pathway for drug targeting.—Ang, Z., Xiong, D., Wu, M., Ding, J. L. FFAR2-FFAR3 receptor

heteromerization modulates short-chain fatty acid sensing. FASEB ]. 32, 289-303 (2018). www.fasebj.org
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Free fatty acid receptors 2 and 3 [FFAR2 (also known as
FFA2 or GPR43) and FFAR3 (also known as FFA3 or
GPR41)] are GPCRs that are expressed on mammalian
cells. The expression of FFAR2 and FFAR3 allows mam-
malian cells to sense the presence of microbiota-derived
short-chain fatty acids (SCFAs) such as acetate, butyrate,
and propionate (ECsy of ~0.5 mM) (1, 2). The genetic de-
letion of either FFAR2 or FFAR3 expression in mice
was found to either exacerbate or reduce a number of
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inflammatory diseases. Studies have implicated FFAR2 in
diabetes (3), obesity (4-9), colitis (10-16), colon cancer (17),
and arthritis (10); FFAR3 has been implicated in diabetes
(3), colitis (14), hypertension (18), and asthma (19).

The pharmacologic modulation of FFAR2/3 to treat the
many FFAR2/3-associated diseases is currently being ex-
plored but is focused exclusively on targeting FFAR2 or
FFAR3 individually (20). As exemplified by the heteromer
of the D;-D, dopamine (21, 22), GPCRs may interact to
form heteromers that display signaling that is distinct from
the parent homomers (23-25). Such GPCR heteromers
are potential drug targets. For example, a peptide drug
designed to specifically disrupt D;-D, dopamine hetero-
mer has been shown to act as an antidepressant (26). A
putative FFAR2-FFAR3 heteromer may mediate the dis-
ease phenotypes observed in FFAR2/3 single-knockout
studies (3-20) because the knockout of either FEAR2 or
FFAR3 would lead to the loss of the heteromer and any
heteromer-dependent functions.

A prerequisite to FEAR2-FFAR3 heteromer formation is
the coexpression of FFAR2 and FFAR3 within the same
cell. In human and mouse pancreatic B-cell lines, the
coexpression of FFAR2 and FFAR3 can be inferred from
the recovery in insulin secretion upon the small interfering
RNA (siRNA)-mediated knockdown of either receptor (3).
Coexpression was also detected via immunohistochemis-
try (IHC) in colon epithelial cells (human and mouse),
human monocytes, and human macrophages (27-29). In

289

Downloaded from www.fasebj.org by (137.132.3.10) on January 23, 2018. The FASEB Journal Vol. 32, No. 1, pp. 289-303.



mouse colon epithelial cell, both receptors were implicated
in the inhibition of p38 and ERK1/2 phosphorylation,
leading to reduced colitis (14). In fact, the genetic deletion
of either receptor was associated with the colitis pheno-
type in multiple mouse studies (10-16). In human
monocytes, we found that stimulation of either receptor led
to elevated p38 phosphorylation (29). The similar pheno-
types observed between the aforementioned FFAR2
and FFAR3 studies is consistent with a FFAR2-FFAR3
heteromer-mediated mechanism that was lost upon
knockout or knockdown of either receptor subunit.

Here, we show that FFAR2 and FFAR3 do indeed in-
teract to form a GPCR heteromer in monocytes and upon
heterologous expression in HEK293 cells. Compared to
homomeric FFAR2/3, heteromeric FFAR2-FFAR3 dis-
played enhanced cytosolic Ca** signaling and B-arrestin-2
recruitment. Unlike homomeric FFAR2 /3, the heteromer
lacked the ability to inhibit cAMP production but gained
the ability to induce p38 phosphorylation.

MATERIALS AND METHODS
Monocyte isolation and macrophage generation

Monocytes and macrophages were isolated as previously de-
scribed (29). Human peripheral blood monocytes were isolated
from buffy coat of healthy adult donors containing citrate—
phosphate—dextrose anticoagulant (National University Hospital,
Blood Donation Centre, Singapore). This study was approved
by the institutional review board of the National University of
Singapore (NUS-IRB B-14-063E). Briefly, the buffy coat was
diluted 4 times with PBS containing 2% fetal bovine serum
(FBS) and 1 mM EDTA, and the mononuclear fraction was
obtained via density gradient centrifugation with Ficoll-Paque
Premium 1.073 (GE Healthcare, Waukesha, WI, USA). From
the mononuclear fraction, the monocyte population was
enriched with the Human Monocyte Enrichment Kit (Stemcell
Technologies, Vancouver, BC, Canada). Enriched human pe-
ripheral blood monocytes were differentiated into macro-
phages by culture for 7 d in RPMI 1640 medium (with 10% FBS
and 1% v/v penicillin and streptomycin) supplemented with
50 ng/ml M-CSF, 37°C, at a cell density of 2 X 10°/ml.

Cell culture conditions

Human macrophages and peripheral blood monocytes were
cultured in RPMI 1640 medium (with 10% FBS and 1% v/v
penicillin and streptomycin) at 37°C for 2 h before being used in
assays. HEK293 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and routinely cultured in
DMEM (with 10% FBS and 1% v /v penicillin and streptomycin) at
37°C. Control-HEK293, FFAR2-HEK293, FFAR3-HEK293, and
FFAR2-FFAR3-HEK293 cells were cultured in DMEM (with
10% FBS, 1% v /v penicillin and streptomycin, and 2 wg/ml pu-
romycin) at 37°C. HTLA cells were cultured in DMEM (with 10%
FBS, 1% v /v penicillin and streptomycin, 2 pg/ml puromycin, and
100 pg/ml hygromycin) at 37°C. All cell lines were routinely tested
for mycoplasma contamination.

Generation of HEK293 cells that stably express
FFAR2-FFAR3 heteromer

The stop codon was removed from the coding regions (CDS)
of human FFAR3 (NM_005304) and FFAR2 (NM_005306).
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These sequences were fused to form a 5'-FFAR3-E2A-FFAR2-3'
construct, held together by the E2A ribosomal skip sequence (5'-
GGAAGCGGACAATGTACTAACTACGCTTTGTTGAAACT-
CGCTGGCGATGTTGAAAGTAACCCCGGTCCT-3"). FFAR2,
FFAR3, and FFAR3-E2A-FFAR2 were cloned in frame into the
pCDH-EFI-MCS-T2A-Puro vector (System Biosciences, Palo
Alto, CA, USA) to form the pCDH-FFAR2-Puro, pCDH-FFAR3-
Puro, and pCDH-FFAR3-FFAR2-Puro expression vectors.
These plasmids were transfected into HEK293 cells with the
X-tremeGene HP DNA transfection reagent (Roche, Basel,
Switzerland) at a final concentration of 1 pwg/ml, then se-
lected with 2 pg/ml puromycin (InvivoGen, San Diego, CA,
USA) for at least 2 wk to generate the control-HEK293,
FFAR2-HEK293, FFAR3-HEK293, and FFAR2-FFAR3-HEK293
cell lines.

Cell treatments

Unless otherwise stated, cells were pretreated for 15 min with
either 10 pM YM254890 (G,q inhibitor) or 10 pM (S)-3-[2-
(3-chlorophenyl)acetamido]-4-[4-(trifluoromethyl) phenyl]buta-
noic acid (CATPB; a FFAR2 antagonist) (30, 31) or for 2 h with
500 ng/ml pertussis toxin (Thermo Fisher Scientific, Waltham,
MA, USA); and before activation with FFAR2/3 agonists: 10 mM
acetate, 10 mM propionate, 10 mM butyrate, and 10 uM (25)-2-(4-
chlorophenyl)-3,3-dimethyl-N-(5-phenylthiazol-2-yl)butanamide
(CFMB; Calbiochem, San Diego, CA, USA) (ChemSpider ID
24656891) (ECs of ~0.7 uM) (32), or 10 wM N-(2,5-dichlorophenyl)-
4-(furan-2-yl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydro-quinoline-
3-carboxamide (AR420626; Glixx Laboratories, Southborough,
MA, USA) (ECsg of ~0.7 pM) (33).

In situ proximity ligation assays and IHC

Tissue sections were processed and costained for FFAR2 and
FFARS3 as previously described (29). Normal human colon sec-
tions were obtained from US Biomax (Rockville, MD, USA).
HEK293 cells (control-HEK293, FFAR2-HEK293, FFAR3-
HEK?293, and FFAR2-FFAR3-HEK293), human monocytes, and
macrophages were embedded in 1% agarose and fixed overnight
with 10% neutral buffered formalin solution followed by em-
bedding with paraffin with tissue processor. After antigen re-
trieval with 0.01 M citrate buffer pH 6, 20 min at 99°C, tissue
sections were stained at 4°C overnight with primary antibodies
against FFAR3 (clone 16F4.1; EMD Millipore, Billerica, MA, USA)
or FFAR2 (sc-32906; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). For the proximity ligation assay (PLA), incubation with
the PLA probes (Anti-Rabit Plus, DUO92002, and anti-mouse
MINUS, DUO92004; both Sigma-Aldrich, St. Louis, MO, USA)
followed by chromogenic substrate development and nuclear
staining (Duolink In Situ Brightfield Kit, DUO92012; Sigma-
Aldrich) was then performed. For immunohistochemical staining,
incubation with horseradish peroxidase—polymer anti-mouse IgG
(GBI Labs, Mukilteo, WA, USA) was followed by color develop-
ment with liquid DAB+ substrate (GBI Labs).

Real-time quantitative PCR analysis

Real-time quantitative PCR (qPCR) was performed as pre-
viously described (34). RNA was extracted with Trizol re-
agent (Ambion, Austin, TX, USA). The purified RNA was
reverse transcribed with the SuperScript III First-Strand
Synthesis system (Thermo Fisher Scientific) and analyzed by
real-time qPCR using the GoTaq qPCR Master Mix (Prom-
ega, Madison, WI, USA) and a LightCycler 480 (Roche). With
RPL27 (forward: ATCGCCAAGAGATCAAAGATAA; reverse
primer: TCTGAAGACATCCTTATTGACG) and GAPDH
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(forward: GAAGGTGAAGGTCGGAGTC; reverse: GGAA-
GATGGTGATGGGATTTC) as the reference genes, the mean
fold change of FFAR3 (forward: CACCATCTATCT-
CACCGCCC; reverse: TATGACGTAGACCACGCTGC) and
FFAR?2 (forward: GTAGCTAACACAAGTCCAGTCCT; reverse:
CTAGGTGTTGCTTTGAAGCTTGT) expression relative to
the control-HEK293 cells was calculated using the Relative
Expression Software Tool (Rest MCS, v.2) (35, 36).

Bimolecular fluorescence complementation assay

Human FFAR3 (NM_005304), FFAR2 (NM_005306), and P2RY1
(NM_002563), with the start and stop codons deleted, were fused
at the 3’ end with a 5'-CGAACCTCCACCTCCACTTCCGC-
CACCTCCGCTACCACCTCCACC-3' sequence coding for a
GGGGS linker peptide sequence. These constructs were then
cloned into either pBiFC-VN155 (I152L) or pBiFC-VC155 plas-
mids with the N-terminus epitope tags [myc or hemagglutinin
(HA), respectively] and C-terminal bimolecular fluorescence
complementation (BiFC) fusion partners in frame (37). Twenty
nanograms per milliliter of the resulting expression plasmids was
transfected into HEK293 cells with the X-tremeGene HP DNA
transfection reagent (Roche) with the final concentration
topped up to 1 pg/ml with mock plasmid. In coexpression
studies, an equimolar ratio of each plasmid was transfected.
The Venus fluorescence signals within live cells were imaged
via inverted fluorescence microscopy (Axio Observer Z1; ex-
citation filter 450-490 nm, emission filter 500-550 nm; Carl
Zeiss, Jena, Germany) and quantified via flow cytometry (BD
LSR Fortessa, 488-nm solid laser, 530/30-nm emission filter;
BD Biosciences, San Jose, CA, USA). For the flow cytometry
measurement of myc and HA epitope tag expression levels,
transfected HEK293 cells were detached with PBS con-
taining 2% FBS and 1 mM EDTA, and fixed for 10 min with
2% paraformaldehyde at room temperature. The cells were
then blocked for 20 min at 4°C in blocking buffer (PBS
containing 2% FBS, 1 mM EDTA, and 0.5% Tween 20) be-
fore staining for myc with 5 ng/ml mouse anti-human
c-myc p67 (clone 9E10; eBioscience, San Diego, CA, USA)
or for HA using 10 pg/ml HA tag mAb (clone 2-2.2.14;
Thermo Fisher Scientific), at 4°C for 20 min. This was fol-
lowed by secondary antibody staining using donkey anti-
mouse IgG, Alexa Fluor 488 (Thermo Fisher Scientific), at
4°C for 20 min. The stained cells were analyzed via flow
cytometry (BD LSR Fortessa, 488-nm solid laser, 530/30-nm
emission filter). Flow cytometry data were expressed as
the median fluorescence intensity of 20,000 cells (mean =
sD, nn = 3).

Live-cell fluorescence resonance energy transfer
and calcium imaging

Live-cell imaging for GCAMP3 and yellow fluorescent protein
(YFP) was recorded using a Nikon Ti inverted microscope
(Nikon, Tokyo, Japan) with 491-nm laser under the total internal
reflection fluorescence (TIRF) imaging mode (iLAS2 of Roper
Scientific, Tucson, AZ, USA) to reduce phototoxicity. The 561-nm
laser was used for mCherry. All images were acquired through
Nikon objectives (Apo TIRF X60, N.A. 1.49 oil) and a quad-
bandpass filter (Di01-R405/488/561/635; Semrock, Rochester,
NY, USA) and by a Prime 95B CMOS camera (Photometrics,
Tucson, AZ, USA). GCAMP3, YFP, and mCherry fluorescence
was acquired through 525/45-, 525/45-, and 609/54-nm emis-
sion filters, respectively. The microscope was controlled by
MetaMorph 7.8 software (Universal Imaging, Bedford Hills, NY,
USA). Postacquisition image analysis was performed using Fiji
(https:/ffiji.sc/) and MatLab (MathWorks, Natick, MA, USA).
During imaging, the cells were maintained in 2 ml medium
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[FluoroBrite DMEM (Thermo Fisher Scientific), 10% FBS, and 1%
v/v penicillin and streptomycin] and placed in a live imaging
incubator stage set at 37°C and perfused with 5% CO..

For the acceptor photobleaching fluorescence resonance
energy transfer (FRET) experiments, FFAR2 and FFAR3 with
C-terminal YFP tags were expressed from pcDNA5/FRT/TO
expression plasmids. These plasmids were the kind gift of
G. Milligan (University of Glasgow, Glasgow, United Kingdom)
(38). GLUT4mCherry was generated by inserting the GLUT4
CDS (without stop codon) into the pmCherry-N1 vector at the
EcoRI and BamHI restriction sites. HEK293 cells were plated in
35-mm glass-bottom culture dishes (MatTek, Ashland, MA,
USA). One day before imaging, these cells were transfected
with an equimolar ratio of the YFP- and mCherry-tagged re-
ceptor plasmids with the X-tremeGene HP DNA transfection
reagent (Roche) at a final combined concentration of 1 g /ml.
Live cell imaging was performed with a 2-s interval between
image captures. In between two images captured, mCherry
photobleaching was achieved by exposing a 60- X 60-pixel
area to the 561-nm laser for 60 passes. Upon background
subtraction, the images captured immediately before and af-
ter photobleaching were used to calculate the percentage
change in YFP fluorescence, which is defined as the difference
in the fluorescence intensity (measured in a 30- X 30-pixel
region of interest) between the after and before images, di-
vided by the intensity of the before image. Representatives of
these images were used to generate the pseudocolor (Fiji) and
monochromatic images.

For the live-cell calcium imaging assays, control-HEK293,
FFAR2-HEK?293, FFAR3-HEK293, and FFAR2-FFAR3-HEK293
cells were plated in 35-mm glass-bottom culture dishes (MatTek).
One day before imaging, the cells were transfected with 1 ug/ml
GCaMP3 plasmid (39) using X-tremeGene HP DNA transfection
reagent (Roche). During live imaging, stimulations were
performed by adding 2 ml 20 mM acetate in the medium to
achieve a final concentration of 10 mM acetate. Pseudocolor
images were generated using the Thermal lookup table in Fiji.
The mean fluorescence intensity of an arbitrarily chosen re-
gion of interest on the cells (15 X 15 pixels) (F) was divided
with the mean intensity in the same region before stimula-
tion (Fp) to obtain the peak amplitude of the GCaMP3 signal
(F/Fp). The fluorescence half-time is defined as the time in-
terval starting when the fluorescence signal is at half maximal
intensity before the fluorescence peak, and ending when the
fluorescence signal is again at half maximal intensity after the
same fluorescence peak.

cAMP GloMax and nuclear factor of activated T cells
reporter assays

The cAMP GloMax assay (Promega) was used to measure cAMP
inhibition in control-HEK293, FFAR2-HEK293, FFAR3-HEK293,
and FFAR2-FFAR3-HEK293 cells. The protocol used here was
adapted from Promega (40). Briefly, cells were suspended in in-
duction buffer (PBS with 1 mM 3-isobutyl-1-methylxanthine,
0.2 mM Ro20, and 12.5 mM MgCl,) at 250 cells/ul and seeded
into 96-well plates at 20 pl/well. Ten microliters of induction
buffer with 4 times the required concentration of ligand (40 mM
acetate or propionate) was added, followed by a 10-min in-
cubation. This was followed by the addition of 10 pl induction
buffer containing 20 uM forskolin with a 15-min incubation (at
this stage, the cells were in 10 mM acetate/propionate and 5 .M
forskolin in a final volume of 40 pl). Next, 10 wl cAMP detection
solution was added before incubation for 20 min with shaking.
Finally, 50 I Kinase Glo reagent was added, and the sample was
incubated for 10 min before the luminescence signal was
measured with a GloMax 20/20 luminometer (Promega). A
nuclear factor of activated T cells (NFAT) luciferase reporter
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assay was used to measure Ca”* signaling in control-HEK293,
FFAR2-HEK293, FFAR3-HEK293, and FFAR2-FFAR3-HEK293
cells. Briefly, the cells were transfected with 1 ug/mlI NFAT
luciferase reporter plasmid using X-tremeGene HP DNA
transfection reagent (Roche) and incubated overnight. The
cells were split into 96-well plates, induced overnight
with SCFAs, and the luciferase signals measured with the
Promega Luciferase Assay system using GloMax 20/20
luminometer.

Tango B-arrestin-2 recruitment assays

Recruitment rates for B-arrestin-2 were measured using the
Tango assay (41), whereby FFAR2 or FFAR3 constructs with
C-terminal tTa transcription factor fusions (FFAR2/3tTa)
were expressed from FFA2-Tango, FFA3-Tango, and P2RY1-
Tango plasmids (plasmids 66281, 66282, and 66468; Addgene,
Cambridge, MA, USA) in HTLA cells. HTLA are HEK293 cells
containing a tTa-dependent firefly luciferase reporter gene and
expressing B-arrestin-2 fused with tobacco etch virus (TEV) pro-
tease (41, 42). Binding of B-arrestin-2-TEV to FFAR2/3tTa would
lead to cleavage of the tTa transcription factor that would then
drive luciferase reporter expression. The CDS of human FFAR3
(NM_005304) and human FFAR2 (NM_005306) were cloned
into the pcDNA3.1/V5-His A (Thermo Fisher Scientific) ex-
pression vector as described in our previous study (29). The
HTLA cells were transfected with 1 pg/ml expression plas-
mids using X-tremeGene HP DNA transfection reagent
(Roche) and incubated overnight. An equimolar ratio of 2 plas-
mid types was transfected: a FFA2/FFA3/P2RY1-Tango plas-
mid with a pcDNA3.1/V5-His A expression vector with no
insert for single-expression studies, or a FFA2/FFA3/P2RY1-
Tango plasmid with a pcDNA3.1/V5-His A expression vector
with the FFAR2 or FFAR3 CDS inserted for coexpression studies.
Then the cells were split into 96-well plates. After overnight in-
duction with agonists, the luciferase signals were measured with
the Promega Luciferase Assay system and the GloMax 20/20
luminometer.

Western blot analysis of p38 and ERK1/2

HEK?293 cells were cultured in 24-well plates till near con-
fluence. Subsequently, the cell culture medium was replaced
with serum-free DMEM for overnight culture before agonist
stimulations. Total cell lysates were resolved on a de-
naturing SDS-PAGE gel (10%) and transferred onto PVDF
membranes via the Trans-Blot Turbo Transfer system (Bio-
Rad, Hercules, CA, USA). These were then probed with
antibodies against phospho-p38 (Thr180/Tyr182) (4511;
Cell Signaling Technology, Danvers, MA, USA), p38 (8690;
Cell Signaling Technology), phospho-ERK1/2 (Thr202/
Tyr204) (4370; Cell Signaling Technology), or ERK1/2
(9107; Cell Signaling Technology). These primary anti-
bodies were then probed with the respective horseradish
peroxidase—conjugated secondary antibodies. Western blot
chemiluminescent signals were captured with an Image-
Quant LAS 4000 mini imager (GE Healthcare). Densito-
metric analysis was performed on biologic triplicates using
ImageQuant TL software (GE Healthcare). These PVDF
blots were then stripped with Restore Western blot stripping
buffer (Thermo Fisher Scientific) before reprobing.

Statistical analysis

Differences between averages were analyzed by the 2-tailed
Welch’s unequal variance ¢ test. Significance was set at P < 0.05,
P < 0.01, and P < 0.001.
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RESULTS

FFAR2-FFAR3 heteromerize in primary
monocytes and macrophages

The formation of FFAR2-FFAR3 heteromers in primary
tissues would suggest a role for the heteromer in physio-
logic processes. Human colon epithelial cells, monocytes,
and macrophages were previously found to coexpress
FFAR2 and FFAR3 (27-29), making these cells potential
targets for the detection of FFAR2-FFAR3 heteromeriza-
tion. Heteromerization was probed via in situ PLA (Fig. 1),
which produced red and brown spots upon positive in-
teraction. PLA detected FFAR2-FFAR3 heteromerization
in human monocytes and macrophages, but not in colon
epithelial cells. Because all 3 cell types stained positive for
FFAR2 and FFAR3 in our previous study via IHC (29), this
suggests that the coexpression of FFAR2 and FFAR3 alone,
as was observed in colon epithelial cells, does not neces-
sarily lead to FFAR2-FFAR3 heteromer formation. Cell-
specific heteromerization has been observed for other
GPCRs such as the D;-D, dopamine heteromer (43). The
cell-specific PLA staining is also consistent with a specific
PLA signal that was only generated upon heteromer for-
mation. These PLA assays putatively confirm that en-
dogenous FFAR2-FFAR3 heteromers exist in primary
tissues such as monocytes and macrophages, prompting
further investigation.

FFAR2-FFAR3 homomers and FFAR2-FFAR3
heteromers are formed in HEK293

To further explore the interaction between FFAR2 and
FFARS3, we performed acceptor photobleaching FRET as-
says (44). FFAR2, FFAR3, and GLUT4 were tagged at the
C terminus with either YFP or mCherry. YFP-tagged re-
ceptors were then transiently coexpressed with mCherry-
tagged receptors in HEK293, where presumably the
interaction between the coexpressed receptors would lead
to FRET. Since a portion of the YFP (donor) emission
is transferred to mCherry (acceptor) during FRET, the
photobleaching of mCherry would lead to a recovery or in-
crease in direct YFP fluorescence. This was observed for
both the FFAR2YFP-FFAR2mCherry and FFAR3YFP-
FFAR2mCherry pairings (8.5 * 4.6 and 10.2 * 3.6%, re-
spectively) (Fig. 24, B). The FFAR2YFP-FFAR2mCherry
pairing acted as a positive control as the homomerization
of FFAR2 has been observed in HEK293T cells via time
resolved FRET and coimmunoprecipitation assays (45).
On the other hand, no such recovery in direct YFP fluo-
rescence upon mCherry photobleaching was observed for
the non-interacting negative control pair of FFAR3YFP-
GLUT4mCherry. Thus, our FRET assays suggest that
FFAR2-FFAR3 heteromerization occurs in HEK293 cells.

The FFAR2-FFARS3 interaction was also detected by
BiFC assays. Here, FFAR2, FFAR3, and P2Y purinoceptor
1 (P2RY1) were tagged at the C terminus with the VN or
VC pBiFC fragments, respectively. These receptor fusion
constructs were transiently expressed in HEK293 cells,
with comparable levels of expression between constructs
(Fig. 2C). Unlike the FRET assays, which required
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Figure 1. FFAR2-FFAR3 heteromer is expressed in human monocytes and macrophages. In situ PLA of human paraffin-
embedded tissue sections of peripheral blood monocytes, macrophages, and colon epithelial cells. Red and brown spots indicate
positive PLA signals when anti-FFAR2 and anti-FFAR3 PLA probe pairs are in proximity. Samples probed without one of the
primary antibodies act as negative controls. All samples were probed in parallel. Data shown are representative of 3 independent

experiments.

overexpression of the fluorescent protein-tagged recep-
tors to generate a detectable FRET signal, the BiFC exper-
iments were performed at reduced receptor expression
levels by lowering the concentration of expression plas-
mids used during transfection (20 ng/ml of each VN and
VC expression plasmid) (Supplemental Fig. 1). This re-
duced the likelihood of artifacts from overexpression. The
formation of receptor oligomers was then investigated
through the coexpression of receptor constructs, where
presumably oligomerization would allow for the com-
plementary VN and VC fragments to reform the functional
Venus fluorescent protein and generate a fluorescence
signal. FFAR3 homomerization and FFAR2-FFAR3 het-
eromerization was detected, as the FFAR3VN-FFAR3VC,
FFAR2VN-FFAR3VC, and FFAR2VC-FFAR3VN pairings
were significantly more fluorescent than the negative
control pairings of FFAR2 /3+P2RY1 (30% or less) (Fig. 2D,
E). P2RY1 was selected as a negative control for FFAR2
and FFAR3 because phylogenetic analyses have classified
all 3 receptors as part of the same subfamily All of
rhodopsin-like GPCRs (46). Via FRET analysis, P2RY1 had
been reported to display partial levels of homomerization
(44%) and is only fully homomeric (85-100%) upon
agonist exposure (47). This lack of agonist induction
may account for the lack of significant fluorescence
intensity difference between the P2YR1VN-P2YR1VC
pairing and the brightest negative control pair of

FFAR2-FFAR3 RECEPTOR HETEROMERIZATION

P2RY1VN + FFAR3VC. Significantly, the fluorescence
signal intensities of the FFAR3VN-FFAR3VC, FFAR2VN-
FFAR3VC, and FFAR2VC-FFAR3VN pairings were com-
parable to homomeric FFAR2VN-FFAR2VC positive control
(Fig. 2D, E), which suggests that the FFAR3 homomer and
FFAR2-FFAR3 heteromer are formed at nearly the same
frequency as the known FFAR2 homomer (44).

As GPCRs, FFAR2/3 are expected to localize on the
cell surface, which we observed (Fig. 2C). Interestingly, a
fraction of the FFAR2/3 oligomers appeared to localize
intracellularly, and persisted even at reduced FFAR?2 ex-
pression levels (which was achieved by reducing plasmid
concentration during transfection) (Supplemental Fig. 1).
We note that this partial intracellular localization was also
displayed during transient expression of cyan fluorescent
protein— and YFP-tagged FFAR2/3 in HEK293T [see figs.
5.9,5.12,and 6.3 of Stoddart et al. (44)]. The intracellular
FFAR?2/3 fraction may be due to constitutive internal-
ization of agonist-free GPCR, which has been observed
for a subset of GPCRs, such as the putative nutrient
sensing receptor GPRC6A (48) and the atypical che-
mokine receptor 3 (49). Confirming this will require
further studies. Conversely, the control P2RY1 receptor,
which was previously found to internalize only upon
agonist induction (47), displayed mostly cell surface
localization (Fig. 2C) despite being expressed at levels
comparable to FFAR2/3 (Fig. 2A). Cumulatively, our BiFC

293

Downloaded from www.fasebj.org by (137.132.3.10) on January 23, 2018. The FASEB Journal Vol. 32, No. 1, pp. 289-303.



GLUT4-mCherry FFAR2-mCherry FFAR2-mCherry — e
2 . 0% ..
£
g o 15%- °e
g L "
° e <
5 £ ©10%-
L © O
9] S0
a 20
g 0o 5% L]
2 e *
S X 0% °
©
Q
g -5%'_|_|_|_
P
£ &L
© 0\9 Al o
x x x
C D Fkk
f kK 1
f Fedkk 1
I 1
*kk *kk 1.20 Fkk
1 1 f 1
*kk *ekk 1-00
1 1 i
1.5 *kk 15 *kk BIF?! 0.80 n.s
/i i Relative 0.60 bl
Anti-Myc 1 Anti-HA 1 MFI  0.40 T
MFI MFI 0.20 |‘E| |
MF) o5 MF) o5 000 = T[]
: O U O O O O O O O 3
0 0 I 58 5 3 = 2 3 ¢ g £
s =2 z 5
FFAR2VN: - + - - FFAR2VC: - + - - £ X% %z 2 %z % 8
FFAR3VN: - - + - FFAR3VC: - - + - oo kK & & &k & @
TR .- - - + + + + + + + + +
P2RY1VN: + P2RY1VC: + A
> > > > > > > > >
N o« N (] - N - o -
¥ ¥ € o > € > € >
< < < < X < ® < @
w w w w N w N w N
[T [T w [T o [T o w o
.
E
2
f* '
FFAR2VN + FFAR2VC FFAR3VN + FFAR3VC FFAR2VN + FFAR3VC FFAR3VN + FFAR2VC P2RY1VN + P2RY1VC
FFAR2VN + P2RY1VC P2RY1VN + FFAR2VC FFAR3VN + P2RY1VC P2RY1VN + FFAR3VC Control

Figure 2. BiFC and FRET assays detect heteromer and homomer formation during coexpression of FFAR2 and FFAR3 in HEK293
cells. A, B) YFP-tagged FFAR2/FFAR3 were coexpressed with mCherry-tagged FFAR2/GLUT4 in HEK293 cells. A) Representative
TIRF microscopy images are shown, with fluorescence intensity detected by YFP and mCherry channels displayed in pseudocolor
and monochrome, respectively. Images were captured before and after photobleaching of mCherry in a 60- X 60-pixel region of
interest, as denoted by red dashed squares, with before and after images captured 2 s apart. Scale bars, 5 um. B) These before and
after photobleaching images (YFP channel) were used to calculate percentage change in YFP fluorescence. For FFAR3YFP-
GLUT4mCherry, n = 8 cells were from 2 experiments; for FFAR2YFP-FFAR2mCherry, n = 15 cells were from 3 experiments; for
FFAR3YFP-FFAR2mCherry, n = 22 cells were from 3 experiments. Error bar indicates sp. *###P < 0.0001, Student’s ¢ test. C-F)
FFAR2, FFAR3, and P2RY1 were tagged at N terminus with myc or HA epitopes, and at C terminus with VN or VC pBiFC fragments,
respectively. These constructs were transiently expressed in HEK293, and their expression levels were determined via
immunostaining of myc/HA tags followed by flow cytometry analysis (C). Upon coexpression of these constructs, interaction of
receptors would allow for VN and VC fragments to reconstitute full Venus fluorescent protein. Resulting gain in fluorescence signal
was measured in live cells via flow cytometry (D) and fluorescence microscopy (£). Flow cytometry readings are expressed as
median fluorescence intensity (MFI) of 20,000 cells. Values shown are means * sp of triplicate transfections. FFAR2VN-FFAR2VC
sample has been arbitrarily assigned value of 1. Two-tailed Welch’s ¢ test was used to determine statistical significance. P < 0.05,
P < 0.01, ¥EP < 0.001.
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and FRET assays further corroborate FFAR2-FFAR3 het-
eromerization, in addition to detecting homomeric FFAR3.

Stable expression of FFAR2-FFAR3 in HEK293
cells as a model to investigate
heteromer signaling

The discovery of the FFAR2-FFAR3 heteromer opens up
the possibility of investigating the role of heteromerization
in physiologic processes. FFAR2 /3-knockout animals are
ill suited for such a purpose because they are likely to lose
both homomer- and heteromer-dependent functions.
Fortunately, the formation of the FFAR2-FFAR3 hetero-
mer upon the coexpression of FFAR2 and FFAR3 in
HEK293 cells (Fig. 2) allowed us to generate HEK293 cells
that stably expressed the FFAR2-FFAR3 heteromer via
coexpression of both receptor subunits (FFAR2-FFAR3-
HEK293), as well as control cells with stable single-
expression of homomeric FFAR2 (FFAR2-HEK293) and
FFAR3 (FFAR3-HEK293). To closely replicate endogenous
receptor function, only wild-type untagged FFAR2 and
FFAR3 were expressed. Real-time qPCR and IHC detected
comparable FFAR2 expression between FFAR2-HEK293
and FFAR2-FFAR3-HEK293, whereas FFAR3 expression
was comparable between FFAR3-HEK293 and FFAR2-
FFAR3-HEK293 (Supplemental Fig. 2). We then examined
whether signaling from heteromeric FFAR2-FFAR3-
HEK293 is distinct from homomeric FFAR2-HEK293 and
FFAR3-HEK293. This is a novel approach because pre-
vious studies on the signaling of FFAR2 (G,; and Guq
coupled) and FFAR3 (G,,; coupled) were performed with
single receptor expression systems, where presumably
only signaling from the homomers was evaluated (1, 2).

FFAR2-FFAR3 heteromerization elevates
Ca”* signaling

First we examined the effect of FFAR2-FFAR3 heteromer
formation on the Ca®* signaling pathway, which is ele-
vated by FFAR2 via G,q coupling (1, 2). FFAR2-induced
Ca*" signaling has been associated with obesity (8). Hence,
the modulation of this pathway by the FFAR2-FFAR3
heteromer may have important physiologic implications.
To capture the high Ca*" binding affinities and fast
kinetics in live cells, intracellular Ca®* changes were
monitored with the Ca®* indicator GCaMP3 (39). Upon
stimulation with 10 mM acetate, we observed an im-
mediate increase in cytosolic Ca®** concentration in
FFAR2-HEK?293 and FFAR2-FFAR3-HEK293, while no
significant changes were detected in FFAR3-HEK293
and control-HEK?293 (Fig. 34, B). Notably, the ampli-
tude of the acetate-induced Ca*" signal was higher in
FFAR2-FFAR3-HEK293 (F/Fy=4.0 = 0.3, n = 31 cells)
relative to that of FFAR2-HEK293 (F/Fy=2.5*+ 0.4,1n =33
cells) (Fig. 3A-C). This elevated Ca®" signal also lasted
significantly longer in FFAR2-FFAR3-HEK293 cells (half-
time, 186.0 = 21.7 s, n = 28 cells) than in FEFAR2-HEK293
(half-time, 108.5 * 16.5 s, n = 32 cells) (Fig. 3D). The en-
hancement in Ca®* signaling was corroborated by another
reporter system, the NFAT reporter (Fig. 3E). Consistent

FFAR2-FFAR3 RECEPTOR HETEROMERIZATION

with imaging assays, acetate/propionate-induced NFAT
reporter activity was enhanced in FFAR2-FFAR3-HEK293
(1.5-fold increase over FFAR2-HEK293). In both FFAR2-
HEK293 and FFAR2-FFAR3-HEK293, the induction of
the NFAT reporter by acetate/propionate was abolished
upon treatment with either FFAR2 antagonists or the Goq
pathway inhibitor (YM254890), consistent with a FFAR2-
and G,q-dependent mechanism. Overall, both the GCaMP3
and NFAT reporters reveal a role for FFAR2-FFAR3
heteromerization in elevating Ca®* signaling.

Ability to inhibit cAMP production is lost
upon FFAR2-FFAR3 heteromerization

We then examined whether heteromerization alters the
ability of FFAR2 and FFAR3 to inhibit cAMP pro-
duction via G, coupling (1, 2), which are important
pathways implicated in diabetes (3). Cellular cAMP
levels were assayed via the cAMP GloMax reporter,
which produced a luminescence signal that was in-
versely proportional to the concentration of cAMP (Fig.
3F). Upon acetate or propionate treatment, the pro-
duction of forskolin-induced cAMP was inhibited in
both FFAR2-HEK293 and FFAR3-HEK293, but not
FFAR2-FFAR3-HEK293 and control-HEK?293 cells. This
suggests that the ability of the FFAR2/3 subunits to
inhibit cAMP production may be lost upon hetero-
merization. The inhibition of cCAMP observed during
acetate and propionate treatment was blocked in
FFAR2-HEK293 but not FFAR3-HEK293 during FFAR2
antagonism, consistent with a receptor-specific effect.
The inhibitory activity was also blocked in both FFAR2-
HEK293 and FFAR3-HEK293 by pertussis toxin (Ggi
inhibitor) treatment, consistent with the expected G-
protein-coupled mechanism of these receptors (1, 2).

FFAR2-FFAR3 heteromerization markedly
enhanced the recruitment of p-arrestin-2

Besides G-protein-coupling, B-arrestin-2 recruitment has
also been observed for FFAR2 (50, 51). Here, we in-
vestigated the effect of FFAR2-FFAR3 heteromerization
on B-arrestin-2 recruitment. Using the Tango assay (42),
a reporter luciferase signal is generated proportional
to B-arrestin-2 binding to FFAR2/3Ta [FFAR2/3 with
C-terminal tTa fusions (41)]. Ligand (acetate, propionate,
butyrate, or FFAR2 agonist) treatment induced B-arrestin-2
recruitment to homomeric FFAR2tTa and heteromeric
FFAR2tTa-FFAR3 at comparable levels (Fig. 44, B). In-
terestingly, B-arrestin-2 recruitment was also detected
for homomeric FFAR3tTa upon ligand (propionate, bu-
tyrate, and FFAR3 agonist) treatment, and the recruitment
rate was 10- to 30-fold higher for heteromeric FFAR2-
FFAR3tTa. The enhancement in B-arrestin-2 recruitment
to heteromeric FFAR2-FFAR3tTa was particularly pro-
nounced during acetate treatment (Fig. 4A), where
B-arrestin-2 recruitment was only observed for FFAR2-
FFAR3tTa heteromer, while FFAR3tTa homomer
remained unresponsive. This enhancement was observed
even during treatment with the FFAR3-specific agonist
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signaling via pertussis toxin-sensitive mechanism while attenuating
cAMP inhibition. Assays were performed on HEK293 cells that stably express FFAR3, FFAR2, or both (control-, FFARS— FFAR2-
and FFAR2-FFARS-HEK293). A-D) Cytosolic Ca®* levels upon 10 mM acetate stimulation as measured via GCaMP3 Ca®* reporter.
concentration and was quantified via TIRF microscopy. A) GCaMP3 fluorescence
represented with pseudocolor lookup table before and during peak response after acetate stimulation. B) Representative time
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AR420626 (Fig. 4B) (33). AR420626 is unlikely to have
significantly activated the FFAR2 subunit because the
same treatment failed to induce B-arrestin-2 recruitment to
homomeric FFAR2tTa (Fig. 4D). During coexpression of the
negative control noninteracting pairs of P2RY1tTa + FFAR2
(Fig. 2), the rate of B-arrestin-2 recruitment upon P2RY1
ligand (ATP) induction was instead partially reduced rel-
ative to single expression of P2RY1tTa alone, perhaps due
to competition for B-arrestin-2 during coexpression (Fig.
4C). This suggests that the B-arrestin-2 recruitment en-
hancement is dependent on the formation of the FFAR2-
FFARS3 heteromer. The marked increase in B-arrestin-2
recruitment upon FFAR2-FFAR3 heteromerization de-
scribed here suggests that B-arrestin-2 signaling may
play a larger role than what was previously anticipated
in FFAR2/3 function. This is a possibility that warrants
further study.

FFAR2-FFAR3 heteromerization enables
p38 phosphorylation in HEK293 cells and
possibly monocytes

FFAR?2 and FFAR3 have been implicated in the induction of
p38 phosphorylation by SCFAs in mouse neutrophils (11,
52) and colon epithelial cells (14) during colitis as well as in
our own study in human monocytes during inflammatory
responses (29). Here, we found that FFAR2-FFAR3 heter-
omerization may mediate the phosphorylation of p38
observed. This is based on the finding that only the FFAR2-
FFAR3 heteromer (in FFAR2-FFAR3-HEK293) displayed
the ability to induce p38 phosphorylation during acetate or
propionate treatment—an ability that was otherwise not
observed in homomeric FFAR2 and FFAR3 cells (FFAR2-
HEK?293 and FFAR3-HEK293) (Fig. 5A). FFAR2 and FFAR3
have also been implicated in ERK1/2 phosphorylation,
which was observed upon acetate stimulation of HEK293
cells expressing YFP-tagged FFAR2 or FFAR3 (38).
Here, we observed the same effect in FFAR2-HEK?293
and FFAR3-HEK?293 cells, as well as in FFAR2-FFAR3-
HEK?293 (Fig. 5A).

FFAR2-FFAR3 heteromer-mediated signaling
in HEK293 cells and monocytes is sensitive
to FFAR2 antagonism, G4 inhibition, and
G,; inhibition

In HEK293 cells that expressed the FFAR2-FFAR3
heteromer (FFAR-FFAR3-HEK293 or FFAR3tTa-FFAR2-
HEK293), the antagonism of FFAR2 (via CATPB (30, 31))

attenuated agonist-induced Ca** signaling (Fig. 3E),
B-arrestin-2 binding (Fig. 4D), and the phosphorylation of
p38 and ERK1/2 (Fig. 5A). The inhibitory activity of
CATPB was specific for FFAR2 because the same treatment
did not inhibit the induction of these pathways in cells
expressing homomeric FFAR3 alone (FFAR3-HEK293 or
FFAR2-tTa-HEK293). Further downstream, G4 inhibition
via YM254890 (53) almost completely abolished (3-arrestin-
2 recruitment (Fig. 4D) and p38 phosphorylation of the
FFAR2-FFARS3 heteromer (Fig. 5B). This is consistent with
the observation that the FFAR2-FFAR3 heteromer elevates
intracellular Ca®* via YM254890-sensitive G,q coupling
(Fig. 3E). As a negative control, YM254890 had no effect on
B-arrestin-2 recruitment to homomeric FFAR3-tTa (Fig.
4D), which was not observed to induce Ca** (Fig. 3E). In-
terestingly, pertussis toxin (G,; inhibitor) treatment abol-
ished the enhancement in Ca®* signaling to heteromeric
FFAR2-FFAR3-HEK293 (Fig. 2E) and p-arrestin-2 re-
cruitment to heteromeric FFAR3tTa-FFAR2 (Fig. 4D). The
resulting reporter activities were comparable to that of
homomeric FFAR2-HEK293 and FFAR3tTa, respectively.
This suggests that G,; activity is required for the en-
hancement. The pertussis toxin treatment used was ef-
fective at inhibiting G,; activity, as the same treatment
abolished the inhibition of cAMP production observed
in FFAR2-HEK293 and FFAR3-HEK?293 (Fig. 3F).
Acetate-induced p38 phosphorylation in monocytes
was abolished by G4 inhibition (29) and by FFAR2 an-
tagonism (Fig. 5C) but not pertussis toxin treatment (29).
The same inhibitor sensitivity pattern was observed for
the induction of p38 in FFAR2-FFAR3-HEK293 cells (Fig.
5A, B). This suggests that like FFAR2-FFAR3-HEK293 cells,
P38 phosphorylation in monocytes is mediated by the
FFAR2-FFARS3 heteromer. Hence, our results suggest that
signaling from the FFAR2-FFAR3 heteromer is susceptible
to FFAR2 antagonism, G, inhibition, and G,; inhibition.

DISCUSSION

FFAR2-FFAR3 heteromer may be involved in
a number of FFAR2/3-associated diseases

Here, we reveal that FFAR2 and FFAR3 interact to form a
heteromer with downstream signaling that is distinct from
the parent homomers (Fig. 6). Future studies will need to
account for the possibility that the disease phenotypes (e.g.,
obesity, colitis, colon cancer, asthma, and arthritis) ob-
served in mice upon the single knockout of either FFAR2
or FFAR3 (3-20) may be due to the concomitant loss of the

series of GCaMP3 fluorescence intensity upon acetate stimulation. C, D) Quantification of GCaMP3 fluorescence peak amplitude
(F/F) (C) and fluorescence half-times (D). F, fluorescence intensity after stimulation. I, intensity before stimulation. For
control-HEK293, n = 21 cells from 2 experiments; for FFAR3-HEK293, n = 30 cells from 2 experiments; for FFAR2-HEK293, n = 33
cells from 3 experiments, and for FFAR2-FFAR3-HEK293, n = 31 cells from 3 experiments. A.u., arbitrary units; n.s.,
nonsignificant. Scale bars for fluorescence images, 10 wm; for time-series profiles, 2 min (horizontal). E) NFAT luciferase
reporter assay activity upon overnight induction with 10 mM acetate or 10 mM propionate. Reporter activity is proportional to
Ca” concentration. Values shown are averages % sp of triplicate treatment groups (z = 3). All values have been standardized to
untreated control, which was arbitrarily set to 1. F) Effect of acetate/propionate treatments on induction of cAMP by 5 uM
forskolin. Luminescence signal from cAMP GloMax kit (Promega) is inversely proportional to cAMP concentration. Values
shown are averages * sp of replicate treatment groups (n = 5). All values are relative to untreated control, which was set to 1. Two-
tailed Welch’s ¢ test was used to determine statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4. FFAR2-FFAR3
heteromerization enhances
B-arrestin-2 recruitment to
FFAR3 subunit via mecha-
nism sensitive to FFAR2
antagonism, G,; inhibi-
tion, and pertussis toxin.
B-Arrestin-2 recruitment
rates to FFAR2/3tTa
(FFAR2/3 receptors with
C-terminal tTa fusions)
upon overnight induction
with acetate, propionate,
butyrate, and FFAR2/3 ag-
onist. Reporter activity is
proportional to B-arrestin-2
recruitment rates. Cells
expressed either homomeric
FFAR2tTa, homomeric
FFAR3tTa, heteromeric
FFAR2tTa-FFAR3, or het
eromeric FFAR3tTa-FFAR2.
A) B-Arrestin-2 reporter ac-
tivity during SCFA agonist
(acetate, propionate, and
butyrate) stimulation. B)
[-arrestin-2 reporter activ-
ity during receptor specific
agonist  stimulation. C)
B-Arrestin-2 reporter activ-
ity during coexpression of
FFAR2 with noninteracting
receptor P2YRItTa upon
overnight induction with
ATP at indicated concen-
tration. D) B-Arrestin-2 re-
cruitment during FFAR2
antagonism (CATPB), Ggq
inhibition (YM254890), and
G inhibition (pertussis
toxin). Data shown are
means of triplicate treat-
ment groups (n=3) * sp
and are representative of
3 independent experiments.
Highest reading has been
arbitrarily assigned value
of 1. Two-tailed Welch’s
{ test was used to determine
statistical significance. *P <
0.05, #*¥P < 0.01, ***P <
0.001.

heteromer and its unique signaling output. In fact, the
association of both FFAR2- and FFAR3-knockout mice
with the same colitis phenotype (10-16) is consistent with a
FFAR2-FFAR3 heteromer-mediated mechanism that was
lost upon the knockout of either receptor subunit. This is
further corroborated by our detection of FFAR2-FFAR3
heteromers in monocytes and macrophages (Fig. 1), which
belong to the bone marrow—derived immune cell subset
that has been associated with the FFAR2- and FFAR3-
mediated colitis phenotype (10, 14). In monocytes,
the heteromerization of FFAR2-FFAR3 enabled p38
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phosphorylation during acetate stimulation (Fig. 5), a key
intracellular signaling protein for inflammatory function
including that of monocytes (54). The observation of
heteromer-specific pathways in physiologic processes
would be indicative of heteromer-mediated function, as
was proposed by the International Union of Basic and
Clinical Pharmacology (55). It is perhaps no coincidence
that the same acetate treatment is associated with the in-
hibition of p38 phosphorylation in colon epithelial cells
(14), which are negative for FFAR2-FFAR3 heteromers
(Fig. 1) despite being positive for both FFAR2 and FFAR3
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Figure 5. FFAR2-FFAR3 heteromerization enables p38 phosphorylation in HEK293 and monocytes. This effect was abolished by
FFAR2 antagonism and Gq inhibition. A, B) HEK293 cell lines that stably express FFAR3, FFAR2, or both (i.e., control-, FFAR3-,
FFAR2- and FFAR2-FFAR3-HEK293) were stimulated with 10 mM acetate or 10 mM propionate for 6 min (A) or indicated times
(B). Western blots are representative of 3 independent experiments. Optical density (OD) measurements of 3 independent
experiments are shown (means * sp). C) Monocytes were stimulated with 10 mM acetate for 3 min. Western blot displays
samples from 3 different donors. Corresponding OD is shown as means = sp; n = 3. Vehicle control has been arbitrarily assigned
value of 1. Two-tailed Welch’s ¢ test was used to determine statistical significance. ¥*P < 0.05, ¥**P < 0.01, ***P < 0.001.

expression (27-29). These findings suggest that SCFA
stimulation of FFAR2/3 may have markedly different
downstream signaling depending on whether FFAR2-
FFAR3 heteromerization has occurred, such as the
FFAR2-FFAR3 heteromer-mediated p38 activation in
monocytes vs. the possible FFAR2 /3 homomer-mediated
inhibition of p38 in colon epithelial cells.

FFAR2-FFAR3 heteromer-mediated
signaling may predominate over
homomer-mediated pathways

Signaling from the FFAR2-FFAR3 heteromer may pre-
dominate over homomer-mediated pathways during the
coexpression of both receptors. This is inferred from the

FFAR2-FFAR3 RECEPTOR HETEROMERIZATION

observation that none of the characteristics associated
with homomeric FFAR2/3 signaling is observed dur-
ing coexpression. For example, FFAR2-FFAR2-
HEK293 cells failed to inhibit cAMP, a pathway that
is activated in cells that express only homomeric
FFAR2 and FFAR3 (FFAR2-HEK293 and FFARS3-
HEK?293) (Fig. 3F). Insensitivity to FFAR2 antagonist
and G.q inhibitor treatment during acetate induction
of B-arrestin-2 recruitment (Fig. 4D) and ERK1/2 sig-
naling (Fig. 5A, B) were also observed in homomeric
FFAR3tTa-HEK293 and FFAR3-HEK293, but not in
heteromeric FFAR3tTa-FFAR2-HEK293 and FFAR2-
FFAR3-HEK293. One would expect to observe at least
some homomer-specific signaling phenotypes if sig-
nificant populations of homomeric FFAR2 or FFAR3
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exist during coexpression, which was not the case. The
heteromeric form being predominant over the homo-
meric form of a GPCR receptor pairing has been pre-
viously described for the A;R-A;AR heteromer, which
was found in preponderance over homomeric A;R and
AyAR during the coexpression of both receptors (56).
Thus, future studies may wish to explore whether SCFA
signaling is indeed predominantly FFAR2-FFAR3 het-
eromer mediated, which would have significant im-
plications for drug design.

FFAR2-FFAR3 heteromer may mediate
induction of p38 phosphorylation
in monocytes

Our results suggest that the FFAR2-FFAR3 heteromer is
responsible for the induction of p38 phosphorylation
observed during acetate treatment of inflammatory
monocytes (29). First, only heteromeric FFAR2-FFAR3-
HEK293 and not homomeric FFAR2/3-HEK293 dis-
played the ability to phosphorylate p38 during acetate
or propionate stimulation (Fig. 54). Second, when both
receptors are expressed in HEK293 cells, the SCFA-
induced signaling was predominantly FFAR2-FFAR3
heteromer mediated over homomer mediated, sug-
gesting that the response in human monocytes may also
be predominantly mediated by the FFAR2-FFAR3 het-
eromer observed (Fig. 1A). Third, acetate-induced p38
phosphorylation in monocytes was abolished by G.q in-
hibition (29) and by FFAR2 antagonism (Fig. 5C), which
matches heteromeric FFAR2-FFAR3-HEK293 cells (Fig.
5A, B). Last, because both FFAR2- and FFAR3-specific ag-
onists were found to induce p38 phosphorylation in
monocytes (29), only the FFAR2-FFAR3 heteromer would
be activated by both agonists.
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Future directions

While our study offers a first glimpse into the formation
of a FFAR2-FFAR3 heteromer, much of its functions and
roles remain to be discovered. First, further studies are
required to explore the involvement of heteromer in
physiologic functions and whether receptor hetero-
merization is necessary for the unique signaling or
function. Confirming the role of the heteromer in vivo
remains challenging, as FFAR2/3-knockout mice are
likely to lose both homomer- and heteromer-dependent
functions. New tools will need to be developed. A po-
tential strategy is to develop a short peptide that would
disrupt the interaction between FFAR2 and FFARS.
This strategy was successfully used for the D;-D, do-
pamine heteromer (26). Another strategy is to identify
and mutate the residues involved in the FFAR2-FFAR3
interaction to generate mutants that do not hetero-
merize. Noninteracting mutants may also serve as the
ideal negative control for in vitro assays, such as the
BiFC assay. Second, the PLA (Fig. 1) and BiFC (Fig. 2)
studies we used did not reveal the stoichiometry of the
FFAR2-FFAR3 heteromer, the FFAR2 homomer, and
the FFAR3 homomer. Using single-particle imaging
and tracking of fluorescent protein-tagged receptors, a
previous study had concluded that the predominant
stoichiometry of heterologously expressed A;R-A;4R
heteromers is 2:2—that is, a dimer of dimers (tetramer)
(56). A similar strategy may be used to elucidate the
stoichiometry of FFAR2-FFAR3. Third, additional ex-
periments using G.q- and G;-deficient mutants may
further elucidate the G-protein coupling of the FFAR2-
FFAR3 heteromer. We cannot rule out the possibility
that the inhibitors used in this study may have off-target
effects. For example, a close analog of YM254890,
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UBO-QIC (FR900359), was found to inhibit the Ca**
mobilization induced by the By subunits released from
G, (57). Last, not much is known about the mechanism
by which heteromerization alters FFAR2 and FFAR3
signaling. Heteromerization may increase affinity or
affect ligand binding sites, which can be probed with
fluorescent tracers. A fluorescent tracer based on a
known azetidine FFAR2 antagonist has been described
(58). Fluorescent tracers based on FFAR2 and FFAR3
agonists will need to be developed. Isotopic labeling
approaches can be used because it may be challenging to
fluorescently tag the relatively small-size endogenous
SCFA agonists (acetate, propionate, and butyrate).

FFAR2-FFAR3 heteromer as a novel
drug target

The discovery of the heteromer allows for the devel-
opment of a new generation of more potent drugs
that target heteromer-specific pathways. For example,
heteromer-specific drugs should theoretically only ac-
tivate Ca®" signaling without inhibiting cAMP, while
drugs that activate homomeric FFAR2/3 would indis-
criminately activate both pathways. Multiple FFAR2/3
functions, such as inflammatory p38 signaling and en-
hanced B-arrestin-2 recruitment, are mediated by the
heteromer, and hence only drugs targeting the hetero-
mer will activate these pathways. Such FFAR2-FFAR3
heteromer-specific drugs cannot be identified with the
assays currently being used, which express FFAR2/3 in
homomeric form (30, 32, 53). Instead, assays that use the
FFAR2-FFAR3 heteromer are required. Many of the
FFAR2-FFAR3 heteromer assays established in this study,
such as the cAMP-Glo assay, the NFAT luciferase reporter
assay, and the Tango assay, with the latter using plasmids
sourced from the PRESTO-Tango system (41), are readily
scalable for high-throughput screening or rational drug
design and testing.

CONCLUSIONS

We have demonstrated that FFAR2 and FFAR3 interact to
form a heteromer with distinct signaling. Further studies
are required to investigate the possibility that the disease
phenotypes (e.g., obesity, colitis, colon cancer, asthma, and
arthritis) observed in mice upon the single knockout of
either FFAR?2 or FFAR3 (3-20) may be due to the accom-
panying loss of the heteromer and its unique signaling
output. The heteromer would thus be a novel drug target
for the treatment of these diseases.
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