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ABSTRACT

Free-fatty acid receptor-4 (FFA4), previously termed GPR120, is
a G protein—coupled receptor (GPCR) for medium and long-
chained fatty acids, agonism of which can regulate a myriad of
metabolic, sensory, inflammatory, and proliferatory signals. Two
alternative splice isoforms of FFA4 exist that differ by the presence
of an additional 16 amino acids in the longer (FFA4-L) transcript,
which has been suggested to be an intrinsically B-arrestin—-biased
GPCR. Although the shorter isoform (FFA4-S) has been studied
more extensively, very little is known about mechanisms of
regulation or signaling of the longer isoform. Because B-arrestin
recruitment is dependent on receptor phosphorylation, in the
current study, we used the endogenous agonist docosahexaenoic
acid (DHA) to examine the mechanisms of FFA4-L phosphoryla-
tion, as well as DHA-dependent B-arrestin recruitment and DHA-
dependent extracellular-signal regulated kinase-1/2 (ERK1/2)
signaling in human embryonic kidney 293 cells. Our results reveal
differences in basal phosphorylation of the two FFA4 isoforms,
and we show that DHA-mediated phosphorylation of FFA4-L
is primarily regulated by G protein-coupled receptor kinase 6,
whereas protein kinase-C can also contribute to agonist-induced

and heterologous phosphorylation. Moreover, our data demon-
strate that FFA4-L phosphorylation occurs on the distal C
terminus and is directly responsible for recruitment and interac-
tions with B-arrestin-2. Finally, using CRISPR/Cas9 genome-
edited cells, our data reveal that unlike FFA4-S, the longer isoform
is unable to facilitate phosphorylation of ERK1/2 in cells that are
devoid of B-arrestin-1/2. Together, these results are the first to
demonstrate phosphoregulation of FFA4-L as well as the effects
of loss of phosphorylation sites on B-arrestin recruitment and
ERK1/2 activation.

SIGNIFICANCE STATEMENT

Free-fatty acid receptor-4 (FFA4) is a cell-surface G protein—coupled
receptor for medium and long-chained fatty acids that can be
expressed as distinct short (FFA4-S) or long (FFA4-L) isoforms.
Although much is known about FFA4-S, the longer isoform
remains virtually unstudied. Here, we reveal the mechanisms of
docosahexaenoic acid-induced phosphorylation of FFA4-L and
subsequent B-arrestin-2 recruitment and extracellular-signal
regulated kinase-1/2 activity.

Introduction

Long-chain free-fatty acids (FFAs) are critical dietary
nutrients that modulate a variety of cellular processes
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including mitochondrial B-oxidation and maintenance and
structural integrity of the cell membrane. These FFAs have
also been shown to play important roles in cell signaling and
gene transcription, effects that were historically thought to
be mediated by FFA action on nuclear receptors such as
peroxisome proliferator-activated receptor-vy or the retinoid-X
receptor. However, in the mid-2000s, a family of cell-surface
FFA receptors belonging to the rhodopsin-like G protein—coupled
receptor (GPCR) superfamily was discovered and noted to
modulate many of the effects of FFAs (Alvarez-Curto and
Milligan, 2016; Moniri, 2016). Of these, free-fatty acid
receptor-1 (FFA1, previously termed GPR40) and free-fatty
acid receptor-4 (FFA4, previously termed GPR120) have now

ABBREVIATIONS: AH7614, 4-methyl-N-(9H-xanthen-9-yl)benzenesulfonamide; B2AR, B2-adrenergic receptor; BIMII, bisindolylmaleimide II;
BRET, bioluminescence resonance energy transfer; DHA, docosahexaenoic acid; ERK1/2, extracellular-signal regulated kinase-1/2; FFA, free-fatty
acid receptor; FFA4-L, FFA4-long; FFA4-S, FFA4-short; GPCR, G protein-coupled receptor; GRK, G protein—coupled receptor kinase; HEK293,
human embryonic kidney 293; H1R, H1 receptor; H-89, N-[2-[[3-(4-Bromophenyl)-2-propenyl]lamino]ethyl]-5-isoquinolinesulfonamide dihydro-
chloride; MAPK, mitogen activated protein kinase; PCR, polymerase chain reaction; PKA, protein kinase A; PKC, protein kinase C; PMA,
phorbol 12-myristate 13-acetate; RIPA filter, radioimmunoprecipitation assay buffer; Rluc, Renilla luciferase; siRNA, small interfering RNA; TUG-
891, 3-(4-{[5-fluoro-2-(4-methylphenyl)phenyllmethoxy}phenyl)propanoic acid; WT, wild type.
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been well-described as receptors for long-chain fatty acids,
including the omega-3 fatty acids a-linolenic acid and docosa-
hexaenoic acid (DHA), which are enriched in dietary flax seed
oil and fish oil, respectively.

FFA4 is expressed ubiquitously in humans, with dense
localization in the lung, gastrointestinal tract, adipose, liver,
and immune cells, where it modulates a variety of physiologic
functions, including hormone secretion, glucose uptake, and
modulation of inflammation, among others (Ulven and
Christiansen, 2015; Moniri, 2016; Milligan et al., 2017). The
human FFA4 gene can be alternatively spliced yielding a 361
amino acid protein (FFA4-S) or a longer isoform (FFA4-L) that
retains exon 3 to encode for an additional 16 amino acids
within the third intracellular loop, a receptor domain that
influences intracellular signaling and desensitization (Fig. 1)
(Moore et al.,, 2009; Burns and Moniri, 2010). To date,
expression of FFA4-L. has been detected only within the
human colon or colon epithelial cell lines (Galindo et al.,
2012; Kim et al., 2015), and the colon expresses the highest
FFA4 transcript within the gastrointestinal tract (Hirasawa
et al.,, 2005). Interestingly, FFA4-L is not detectable in
rodents, felines, canines, bovines, or nonhuman primates
(Moore et al., 2009; Habara et al., 2015; Miyabe et al., 2015;
Song et al., 2015; Moniri, 2016), and current evidence suggests
that this isoform is a distinct human gene product.

Previous studies have determined that FFA agonist re-
sponse does not differ greatly at the two receptor isoforms
(Moore et al., 2009; Burns and Moniri, 2010; Galindo et al.,
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2012). Similar to other Gag/11-coupled GPCRs, agonism of
FFA4-S with FFA elicits robust Ca*?-mobilization and down-
stream activation of PKC or ERK1/2, as well as G-protein
independent effects through recruitment of B-arrestin-2 part-
ner proteins, which are capable of scaffolding other signaling
molecules (Oh et al., 2010; Watson et al., 2012; Hudson et al.,
2013; Burns et al., 2014). On the contrary, agonism of native
FFA4-L does not facilitate Ca*2-mobilization but does retain
B-arrestin-2—scaffolded outcomes, suggesting that the addi-
tional 16 amino acids within the third intracellular loop of
FFA4-L counters inherent G-protein coupling and provides
intrinsic B-arrestin-bias to this isoform (Watson et al., 2012).
Importantly, we have previously shown that agonism with
a-linolenic acid and DHA leads to rapid phosphorylation of
both isoforms (Burns and Moniri, 2010), demonstrating that
differences in signal bias are dependent on more than the
additional 16 amino acid region of intracellular loop 3. Indeed,
our own studies (Burns et al., 2014), as well as those of others
(Butcher et al., 2014), demonstrate that FFA4-S phosphory-
lation occurs at Ser/Thr residues localized to the C terminus,
which work in concert with three nearby acidic residues to
create an area of negative charge that serves as the func-
tional B-arrestin phosphosensor (Butcher et al., 2014). Despite
these studies, there are no reports related to phosphoregula-
tion of FFA4-L in the literature, and hence, the goal of the
current study was to begin to explore such mechanisms,
as well as the functional consequences of C-terminal phos-
phorylation on FFA4-I.—mediated B-arrestin recruitment and
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Fig. 1. Amino acid diagram of human FFA4-S with numbers relative to the initiating Met. The known sites of phosphorylation of FFA4-S are shown in

orange while three acidic residues that contribute to the negative charge responsible for
additional 16 residues of FFA4-L, which changes the numbering scheme after Ile

g-arrestin recruitment are shown in blue. The inset depicts
233 (short)/249 (long)
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FFA4-L-mediated ERK1/2 activation. Herein, we have used
a transiently expressing human embryonic kidney 293
(HEK293) cell system to investigate phosphorylation of
FFA4-L and the impact on B-arrestin recruitment. Our results
show that agonist-stimulated homologous phosphorylation of
FFA4-L is predominantly mediated by GRK6 as well as
protein kinase-C (PKC), whereas the latter also modulates
heterologous phosphorylation. We also show that tonic phos-
phorylation of FFA4-L is significantly lower than that of the
shorter isoform and that homologous and heterologous phos-
phorylation occurs entirely within the receptor C terminus.
Our results further reveal that although truncation of the C
terminus of FFA4-S fully inhibits B-arrestin recruitment,
truncation of the FFA4-L. C terminus only significantly
reduces this ability. Finally, using CRISPR/Cas9 edited cells,
our results show that FFA4-L is incapable of inducing
phosphorylation of ERK1/2 in B-arrestin-1/2 deleted cells,
whereas this effect is surprisingly significantly enhanced in
the absence of Gaqg/11.

Materials and Methods

Reagents and Chemicals. Wild-type (WT) FLAG-tagged FFA4-S
and FFA4-L constructs were generated as previously described (Burns
et al., 2014). Mutant receptors lacking the B-arrestin phosphosensor
were truncated after amino acid residue 340 in FFA4-S (FFA4-S-A340)
and after residue 356 in FFA4-L (FFA4-L-A356) and created via
overlapping PCR and cloned into pcDNA3.1, as we described pre-
viously (Burns et al., 2014; Cheshmehkani et al., 2017). We have
previously demonstrated equivalent whole-cell expression of these
constructs upon transient and stable transfection (Burns and Moniri,
2010; Burns et al., 2014; Cheshmehkani et al., 2017). The pcDNA3-382-
adrenergic receptor and pGFP(N1)-topaz-B-arrestin-2-YFP plasmids
were kind gifts from Dr. Robert J. Lefkowitz (Duke University Medical
Center) and Dr. Michel Bouvier (University of Montreal), respectively.
The pcDNAS3.1-histamine H1 receptor plasmid was purchased from
the Missouri S&T ¢cDNA Resource Center (www.cdna.org). The FFA4-
S and -L Renilla luciferase (Rluc) constructs were created by PCR with
5'-HindIII and 3'-EcoRI restriction sites and subcloned into pSF-
CMV-Rluc plasmid (Oxford Genetics, Oxfordshire, UK). The corre-
sponding C-terminal truncated Rluc constructs were generated by
sequential PCR leading to creation of the FFA4-S-A340 and FFA4-L-
A356 constructs. All plasmid constructs were validated by DNA
sequencing. Purified docosahexaenoic acid oil was purchased from
Nu-Chek Prep (Elysian, MN). AH7614 (4-Methyl-N-9H-xanthen-9-yl-
benzenesulfonamide), phorbol 12-myristate 13-acetate (PMA), H-89,
forskolin (FSK), histamine, bisindolylmaleimide IT (BIMII), and
isoproterenol hydrochloride were obtained from Sigma-Aldrich
(St. Louis, MO). TUG-891 was purchased from Tocris-Bio-Techne
(Minneapolis, MN). All other chemicals used were obtained at the
highest available purity from Thermo Fisher Scientific (Waltham,
MA) or Sigma-Aldrich.

Cell Culture and Transfection. HEK293 cells were obtained
from American Type Culture Collection (Manassas, VA) and cultured
in 100 mm plates containing Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (Life Technologies, Grand Island, NY). Cells were used
for 20-25 passages, at which point a new stock was used. Trans-
fections were performed using LipoD293 reagent (Signagen Labora-
tories, Gaithersburg, MD) and 5 ug of the respective plasmid DNA
according to the manufacturer’s directions. After 24 hours, cells were
split into appropriate assay plates and all experiments were per-
formed 48 hours after transfection. For experiments with siRNA,
HEK293 cells were cotransfected with plasmids encoding for FFA4
along with siRNA specific to each GRK, or scrambled control, exactly
as described previously (Burns et al., 2014). CRISPR/Cas9-mediated

genome-edited HEK293 cell clones that were null for Gaq and Ga11,
or null for B-arrestin-1 and B-arrestin-2, and the scrambled control
clone were very kind gifts from Dr. Graeme Milligan (University of
Glasgow). Membrane fractions were purified by sequential centrifu-
gation at 45,000g, as described previously (Moniri and Daaka, 2007).

Immunoblotting. Immunoblotting was performed as described
previously (Burns et al., 2014; Cheshmehkani et al., 2017). Briefly,
cells were lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM
EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM
NaF, 10 mM Na,HPO,, pH 7.4) plus protease inhibitor cocktail for
20 minutes and cleared for insoluble debris by centrifugation at
15,000g for 15 minutes at 4°C. Protein concentrations were standard-
ized using DC Protein Assay (Bio-Rad, Hercules, CA) and an aliquot of
the lysate was denatured in 2x SDS-sample buffer and boiled for
5 minutes. Where blotting was performed for FFA4, samples were
incubated at 37°C for 30 minutes. Equivalent concentrations of lysates
were resolved by SDS-PAGE, followed by transfer to polyvinylidene
fluoride membranes, and immunoblotted with the appropriate anti-
body. Blots were visualized with horseradish peroxide—conjugated
secondary antibody followed by enhanced chemiluminescence. Blots
were stripped by incubation in glycine IgG stripping buffer for
30—45 minutes with agitation (25 mM Glycine, 1% SDS, 50°C, pH
2.0) for reprobing. Rabbit anti-phosphoThr202/Tyr204-p44/p42 MAPK
(ERK1/2) (cat. no. 9101) and p44/42 MAPK (ERK1/2) (9102) anti-
bodies were purchased from Cell Signaling Technologies (Beverly,
MA), mouse anti-actin-horseradish peroxide (sc-47778) and mouse
anti-B-arrestin-1/2 antibody (21B1) were purchased from Santa
Cruz Biotechnology (Dallas, TX), and rabbit anti-Gag/11 antibody
(06-709) was purchased from EMD Millipore (Burlington, MA).

Whole Cell Phosphorylation Assay. Assays were performed as
we have previously described (Burns and Moniri, 2010; Burns et al.,
2014). Briefly, 48 hours after transfection, to reduce constitutive
signaling and deprive cells of FFA endogenous to serum, cells were
starved in phosphate-free Dulbecco’s modified Eagle’s medium for
75 minutes and incubated with 0.2 mCi H3?PO, (Perkin Elmer,
Waltham, MA) for 45 minutes, and then stimulated as described.
Unstimulated control conditions replicated the vehicle for each given
agent. Following treatment, cells were lysed at 4°C in RIPA/protease
inhibitor cocktail for 60 minutes and then diluted with detergent-free
RIPA buffer prior to centrifugation at 14,000g for 15 minutes at 4°C.
Lysate protein content was assessed using the DC Protein Assay (Bio-
Rad) and equivalent protein concentrations (1.0-1.5 mg/ml) were
immunoprecipitated overnight at 4°C with anti-FLAG M2 (F3165)
antibody (Sigma Aldrich) and protein G-agarose beads (Santa Cruz
Biotechnology). Beads were washed three times with RIPA buffer and
proteins eluted by addition of 1x SDS-sample buffer with 2.5% B-
mercaptoethanol followed by resolution by SDS-PAGE. Gels were then
dried and subjected to autoradiography at —80°C to detect 32P
incorporation.

Bioluminescence Resonance Energy Transfer. Biolumines-
cence resonance energy transfer (BRET) experiments were performed
as we have performed previously (Singh and Moniri, 2012). Briefly,
HEK293 cells were transfected with appropriate empty-vector or
FFA4-Rluc construct described above and pGFP(N1)-topaz-B-arrestin2-
YFP in a 1:5 ratio, following determination of the optimal plasmid
concentrations via a full donor-saturation curve. All experiments also
included an empty vector control condition and an unfused-YFP control
condition to account for the effects of plasmid and YFP saturation,
respectively. Cells were serum-starved for 12 hours prior to experiments
to remove FFAs from the culture media and allow for serum-
FFA-mediated signals to normalize. Immediately prior to BRET, cells
were washed three times with BRET buffer (140 mm NaCl, 2.7 mM KCI,
1 mM MgCl,, 1 mM CaCly, 0.37 mM NaH,PO,4, 24 mM NaHCOs3, 25 mM
HEPES, 0.1% Glucose, pH 7.4 [Issad and Jockers, 2006]), collected via
centrifugation, and resuspended in BRET buffer at a concentration of
1 x 10° cells/ml. Cells were loaded into a white 96-well plate at 50,000
cells/well, incubated with 5 uM coelenterazine-h substrate (Promega,
Madison, WI), in the presence of DHA, TUG-891, or AH7614, as noted in
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the figure legends. Acceptor emission (535 nm) and donor emission (485
nm) was detected using a Berthold Mithras LB 940 plate reader and the
net BRET signal was calculated from the drug-treated Rluc-YFP
condition to account for any nonspecific effects of DHA (e.g., cell
membrane or metabolism).

Visualization of B-Arrestin Recruitment. HEK293 cells were
transiently cotransfected with the appropriate FFA4 plasmid as in the
phosphorylation assays, in the presence of pGFP(N1)-topaz-B-arrestin-
2-YFP (2 pg). Cells were seeded onto glass coverslips 24 hours
posttransfection, serum-starved overnight to deprive the cells of
endogenous serum-containing FFAs, and treated with 100 M DHA
for the noted times. Following agonism, cells were washed in ice-cold
PBS and fixed in 4% paraformaldehyde for 15 minutes at 4°C. Once
dried, coverslips were mounted onto glass slides and images were
obtained using a Leica TCS SP8 confocal laser scanning microscope.

Data Analysis. Autoradiographic data were quantified by densi-
tometric analysis within the linear range using NIH Image J
(Bethesda, MD). The results were imported and graphed using
GraphPad Prism (San Diego, CA). Data are expressed as mean *
S.D. Where shown, pEC50 = S.D. was calculated using the sigmoidal
concentration-response algorithm in Prism using pooled data from all
experiments (n denoted in figure legends). Where not visible, error
bars fall within the symbol size. Statistical analysis was performed in
GraphPad Prism or Instat using one-way analysis of variance and post
hoc Bonferroni analysis or unpaired, two-tailed Student’s ¢ test, as
described in the figure legends. Statistical significance is represented
as a descriptive (nonhypothesis testing) P value using a single symbol
for P < 0.05, a double symbol for P < 0.01, and a triple symbol for P <
0.001, as noted in the figure legends. Reported P values are
accompanied by Cohen’s d value as a measure of the effect size to
convey practical significance.

Results

Homologous Phosphorylation of FFA4-L is Mediated
by GRK6. Agonist-induced (i.e., homologous) phosphorylation
of GPCRs is mediated via recruitment of G protein—coupled
receptor kinases (GRKs) that are activated via liberated GBy
subunits, Ca*? signals, or other proteins and protein kinases
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(Pitcher et al., 1992; Penela et al., 2003; Willets et al., 2003;
Pack et al.,, 2018). Seven distinct GRK isoforms have been
identified, with GRKs 2, 3, 5, and 6 being ubiquitously
expressed, whereas the others are expressed in a tissue-
specific manner (Freedman and Lefkowitz, 1996; Pitcher
et al., 1998). The HEK293 cell model was used here to study
phosphoregulation of FFA4-L. These cells have previously been
shown to express the four ubiquitously expressed GRK isoforms
(Ren et al., 2005), and we have also demonstrated that agonism
of ectopically expressed FFA4-S or FFA4-L in these cells leads
to rapid and transient receptor phosphorylation (Burns and
Moniri, 2010). Using isoform-selective siRNA, we achieved
greater than 75% knockdown of each specific GRK (Fig. 2A).
To ensure that knockdown of a GRK does not alter basal
phosphorylation of FFA4-L, we assessed basal phosphorylation
in the absence of DHA (i.e., HBSS vehicle only), and results
showed no differences in basal FFA4-L phosphorylation in cells
expressing each individual siRNA (data not shown). We then
assessed agonist-induced phosphorylation of FFA4-L by stim-
ulating cells that coexpressed FFA4-L. and GRK isoform-
specific siRNA with the endogenous FFA4 agonist DHA. Our
results demonstrate that DHA induces robust phosphorylation
of FFA4-L in cells that express scrambled-control siRNA as well
as siRNA targeting GRKs 2, 3, and 5, but the DHA-induced
effect was nearly abolished in cells expressing GRK6-targeted
siRNA (P < 0.01; d = 6.6 vs. DHA-stimulated scramble control
condition). These results demonstrate that GRK6 is the pre-
dominant isoform that mediates agonist-dependent phosphor-
ylation of FFA4-L.

Heterologous Phosphorylation of FFA4-L is Medi-
ated by PKC and Phosphorylation of FFA4-L Occurs on
Its C Terminus. Because GPCRs can also be phosphorylated
by second-messenger—linked kinases (e.g., PKC or PKA) that
result from heterologous agonism of other GPCRs, we wished
to assess heterologous mechanisms of FFA4-L phosphoryla-
tion. Given that HEK293 cells express seven distinct isoforms
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of PKC, which would make siRNA-targeting approaches
difficult, we used a pharmacological approach that used
well-characterized activators and inhibitors of both PKA and
PKC to assess FFA4-L phosphorylation. Stimulation of FFA4-
L expressing cells with the PKC activator PMA (1 uM,
20 minutes) facilitated a significant increase in FFA4-L
phosphorylation (228% * 0.8% of control) (P < 0.001; d =
167 vs. unstimulated control), whereas the adenylyl cyclase
(and hence downstream-PKA) activator forskolin (FSK)
(1 uM, 20 minutes) had no significant effect above basal
(Fig. 3A). These results suggest that PKC, but not PKA,
modulates phosphorylation of FFA4-L. Indeed, the PKC
inhibitor bisindolylmaleimide II (BIMII) fully blocked the
PMA-induced phosphorylation of FFA4-L (97.6% = 2.4% of
control) (P < 0.001; d = 52 vs. PMA-stimulated condition),
whereas the PKA inhibitor H-89 failed to alter the effects of
PMA (267% + 8% of control) (Fig. 3A). A slight but statistically
insignificant increase in phosphorylation (109% * 12% of

control) was seen in the forskolin (FSK) + H-89 condition. To
confirm the effects of PKC on FFA4-L phosphorylation, we
coexpressed FFA4-L with the histamine H1 receptor (H1R) or
the B2-adrenergic receptor (32AR), which signal via Gaq/11-
PKC and Gas/PKA, respectively, upon agonism. Following
agonism of cells expressing FFA4-I/H1R with 10 uM hista-
mine for 10 minute, a robust FFA4-L phosphorylation signal
was seen (188% =+ 8% of control) (P < 0.001; d = 8.2 vs.
unstimulated control) (Fig. 3B), and importantly, this effect
was significantly decreased to below control levels by pre-
treatment with BIMII (51% =+ 7% of control) (P < 0.001; d =
9.4 vs. histamine-stimulated condition) (Fig. 3B). Meanwhile,
no increase in phosphorylation was seen after agonism of cells
expressing FFA4-L/B2AR with 10 uM isoproterenol for
10 minutes (Fig. 3B). Together, these results confirm that
PKC, and not PKA, can regulate phosphorylation of FFA4-L.
Interestingly, experiments with DHA in the presence of BIMII
reveal a BIMII-sensitive effect of DHA-stimulated FFA4-L
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Fig. 3. Heterologous phosphorylation of FFA4-L. (A) Whole cell phosphorylation assays in cells stimulated with the downstream PKA activator forskolin
(FSK) (1 uM, 20 minutes) or PKA inhibitor H89 (10 uM, 20 minutes) did not demonstrate differences in phosphorylation of FFA4-L vs. control. Significant
increases in FFA4-L phosphorylation was seen in cells stimulated with the PKC activator PMA (1 uM, 20 minute) (228% = 0.8% of control), an effect that
was inhibited by the PKC inhibitor BIMII (10 uM, 20 minute) (91% * 2.4%). A representative autoradiograph (upper) is shown while the graph depicts
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and lower). Stimulation of cells expressing FLAG-FFA4/82AR with isoproterenol hydrochloride (1 uM, 10 minutes) had no effect on FFA4-L
phosphorylation in the absence or presence of H89 (upper right). Representative autoradiographs are shown while the graph depicts pooled data from two
(for B2AR) or four (for H1R) independent experiments. ***P < 0.001 vs. unstimulated control; 7"P < 0.001 vs. histamine-stimulated condition. (C) DHA-
stimulated FFA4-L phosphorylation (150% =+ 3.3% of control) is blocked by BIMII pretreatment (87% =+ 3%). A representative autoradiograph is shown
while the graph depicts pooled data from four independent experiments. **P < 0.01 vs. unstimulated control; "P < 0.05 vs. the DHA-stimulated condition.
(D) Pooled results from three independent experiments show that basal phosphorylation of FFA4-S is significantly higher than that of FFA4-L as are the
effects of PMA and BIMII alone and in combination. ***P < 0.001 vs. complimentary group in FFA4-L. (E and F) Homologous and heterologous
phosphorylation of FFA4-L are inhibited upon truncation of the C-terminal tail following Pro356. Phosphorylation is induced in WT FFA4-L upon
agonism with DHA or treatment with PMA (E) and upon treatment of cells coexpressing HIR/WT-FFA4-L with histamine (F), but these effects are
completely absent in cells expressing FFA4-1.-A356. UNTR represents parallel experiments in untransfected cells.



phosphorylation, suggesting that PKC is also involved in
agonist-induced responses (P < 0.01; d = 10.3 vs. control
condition; P < 0.05; d = 9.8 vs. BIMII-treated condition)
(Fig. 3C). Because we had previously observed and reported
that basal phosphorylation of FFA4-S is consistently higher
per milligram protein compared with that of FFA4-L, and
their expression is similar upon transfection in these cells
(Burns and Moniri, 2010), we directly compared the BIMII-
sensitivity of this effect. Indeed, our results demonstrate that
in the absence of stimulus, basal FFA4-S phosphorylation is
twofold higher (212% = 12%) than basal FFA4-L phosphory-
lation (P < 0.001; d = 7.5). Although BIMII treatment did not
significantly alter basal FFA4-L phosphorylation between
experiments, it did do so for basal FFA4-S phosphorylation,
decreasing the effect by 23% (Fig. 3D). Interestingly, although
PMA-induced effects on FFA4-S were significantly blocked by
BIMII, the degree of this blockage was the same as that seen
with BIMII treatment in the basal state (ca. 150% of FFA4-L;
Fig. 3D), suggesting that inhibition of PKC alters basal FFA4-
S phosphorylation more so than FFA4-L.

To determine if homologous and heterologous phosphoryla-
tion loci of FFA4-L was limited to the C-terminal tail, we
created an FFA4-L mutant that was truncated after Pro-356
(FFA4-L-A356) (Fig. 1), which lacks all five phosphorylation
sites as well as the three negatively charged acidic residues
that are known to comprise the FFA4-S phosphosensor. We
have previously reported that the expression of FFA4-S and
FFA4-L protein is approximately equivalent in our trans-
fected HEK293 cells, and that expression of FFA4-L and
FFA4-1.-A356 transcript is also equivalent upon transfection
(Cheshmehkani et al., 2017). Neither DHA or PMA elicited
significant phosphorylation of FFA4-1.-A356 compared with
wild-type FFA4-L (Fig. 3E), and similarly, histamine failed to
promote phosphorylation of FFA4-1.-A356 in cells coexpress-
ing H1R and FFA4-1.-A356 (Fig. 3F). Taken together, these

DHA 5 min

0 min

FFA4-S

FFA4-L

FFA4-L-A356
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results demonstrate the GRK6 and PKC phosphorylate FFA4-
L at sites that are fully localized to the C terminus.

The C Terminus of FFA4-L. Modulates B-Arrestin-2
Interactability. Next, we sought to determine if the C
terminus of FFA4-L is responsible for its recruitment of
B-arrestin proteins, which are a significant partner protein
of FFA4 in general, and for FFA4-L in particular, which has
been shown to be fully B-arrestin biased (Watson et al., 2012).
To do so, we first visualized DHA-induced B-arrestin-2-YFP
recruitment via confocal microscopy. Using FFA4-S as a pos-
itive control, DHA-induced rapid cell-surface recruitment of
B-arrestin-2-YFP within 5 minutes of addition (Fig. 4, A and
B), and this led to significant internalization of FFA4-S as
noted by densely localized intracellular fluorescent puncta
seen upon 15 minutes of agonism (Fig. 4C). Similar results
were seen with FFA4-L (Fig. 4, D-F), yet the cell-surface
recruitment of B-arrestin-2-YFP fluorescence as well as in-
ternalized fluorescent puncta were visibly decreased using
this method in cells expressing FFA4-1.-A356 (Fig. 4, G-1-I).

To confirm these results in a more quantitative manner, we
assessed DHA-induced BRET between FFA4-Rluc and
B-arrestin-2-YFP as a measure of B-arrestin-2 recruitment.
BRET acceptor titration experiments showed a saturable
DHA-specific response that was completely absent in control
experiments where B-arrestin-YFP was replaced by empty-
YFP vector (Fig. 5A). Wild-type Rluc-tagged FFA4-S and
FFAA4-L, and their respective Rluc-tagged truncated mutants
exhibited similar amounts of light emission upon expression
(Fig. 5B), demonstrating equivalent whole cell expression of
each Rluc-tagged protein in this transfected system. Our results
demonstrate that DHA produces robust concentration-
dependent B-arrestin-2 recruitment signal to both FFA4-S
(pEC50 4.6 = 0.4) and FFA4-L (pEC50 4.4 + 0.2) (Fig. 5, C and
D). The effect of both receptor isoforms was blocked in a non-
competitive manner by the allosteric FFA4 antagonist

15 min

Fig. 4. DHA-mediated FFA4-L-B-arrestin-2 recruit-
ment. Recruitment of B-arrestin-2-YFP in response
to agonism with DHA (100 uM; 5 and 15 minutes)
was assessed in cells expressing FFA4-S (positive
control) (A-C), FFA4-L-WT (D-F), or FFA4-1-A356
(G-D). Cell surface and intracellular puncta fluores-
cence and were visualized with both WT receptors,
but not with FFA4-1.-A356.
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Fig. 5. DHA-mediated FFA4-L-B-arrestin-2 BRET. (A) DHA-induced BRET acceptor-saturation assay was performed to determine the optimal
B-arrestin-2-YFP concentration and to ensure responses were specific to B-arrestin-2-YFP because they were absent in cells expressing empty-YFP
vector. (B) Expression and light emission of all FFA4 constructs was compared with ensure equivalent donor emission, and receptor expression. (C and D)
DHA produces robust and concentration-dependent B-arrestin-2 recruitment signal to both FFA4-S (C) (pEC50 4.6 * 0.4) and FFA4-L (D) (pEC50 4.4 +
0.2), both of which are inhibited noncompetitively by the allosteric FFA4 antagonist AH7614 (10 uM). Similar results were also seen with the synthetic
agonist TUG-891 (E). (F—H) Truncation of the FFA4-L C terminus after Pro356 significantly decreases B-arrestin-2 BRET. The DHA (100 xM) induced
BRET signal was abolished upon C-terminal truncation of FFA4-S but was markedly reduced upon truncation of FFA4-L (P < 0.01;d = 8.32 vs. FFA4-S-
A340) (F and G). The FFA4-L-A356 signal seen at 10-300 uM DHA is significantly (P = 0.02; d = 3.2) higher than the basal signal in the absence of DHA
(F). A similar significantly decreased effect was also seen with TUG-891 at FFA4-1.-A356 (P < 0.01; d = 6.1 vs. FFA4-L) (H). Each graph represents
experiments performed three independent times in triplicate. ***P < 0.001 (FFA4-S vs. FFA4-S-A340 and FFA4-S-A340 vs. FFA4-L-A356).

AH7614 (10 uM) (Watterson et al., 2017) (Fig. 5, C and D). The
effect at FFA4-L. was also confirmed with the synthetic
selective-FFA4 agonist TUG-891 (Fig. 5E) and was similar
to that shown previously for FFA4-S (Watterson et al., 2017).

Next, we assessed the effects of C-terminal truncation on
FFA4-L ability to interact with B-arrestin-2 upon agonism.
Although our results with human FFA4-S here recapitulate
loss of B-arrestin-2 interactability upon C-terminal truncation
after Pro340 for the mouse ortholog, shown previously by
others (Prihandoko et al., 2016), our results for FFA4-L reveal
that C-terminal truncation after the synonymous Pro356
significantly decreases but does not fully abolish B-arrestin-2
recruitment, as was seen for FFA4-S (P < 0.01; d = 8.32 vs.

FFA4-S-A340) (Fig. 5, F and G). These results were also seen
upon agonism with TUG-891, with which a small BRET signal
could be detected for FFA4-S-A356 only at the highest
micromolar concentrations of agonist (P < 0.01; d = 6.1 vs.
FFA4-L) (Fig. 5H). Given that FFA4-S and FFA4-L induce
similar BRET signals, the noted difference between the
truncated variants suggests a significant role for the addi-
tional 16 amino acids, even in the absence of the C terminus.
Of note, the slopes of the agonist curves for both DHA and
TUG-891 at wild-type FFA4-L are near unity (0.7-0.9) as
expected; however, as they appear in the presence of AH7614,
the slopes appear much steeper at the truncated receptor. This
may signify differences in receptor occupancy at FFA4-S-A356



that do not emerge with WT FFA4-L and that are required to
elicit B-arrestin-2 recruitment, similar to that seen in the
presence of the allosteric antagonist.

FFA4-L-ERK1/2 Signaling is Devoid in the Absence of
B-Arrestin and is Enhanced in the Absence of Gadq/
11. An elegant previous analysis of mouse FFA4-S signaling
in HEK293 cells has demonstrated that the ability of this
isoform to signal to ERK1/2 is dependent on canonical Gag/11
pathways and does not involve B-arrestin scaffolding (Alvarez-
Curto et al., 2016). Interestingly, the ERK1/2 signal seen here
was amplified by receptor lacking phosphorylation sites,
suggesting that recruitment of B-arrestin to phosphorylated
FFA4-S modulates ERK1/2 signals based on the more tradi-
tional role of arrestins as canonical signal arrestors. Given
that agonism of FFA4-L does not stimulate canonical Gag/11-
Ca™? signaling but is rather solely biased toward B-arrestin-
dependent scaffolding (Watson et al., 2012), and because the
effects of FFA4-L on ERK1/2 are currently undescribed in the
literature, we assessed FFA4-L-ERK1/2 signaling in HEK293
cells as well as in genome-edited HEK293 cells with CRISPR/
Cas9-mediated elimination of Gag/11 or B-arrestin-1/2 (Alvarez-
Curto et al., 2016).

Validation of CRISPR-mediated protein ablation was per-
formed by immunoblotting (Fig. 6A). In the parenteral
scramble-edited HEK293 cells, treatment with DHA (100 uM)
for the indicated times reveals a rapid but transient phosphor-
ylation of ERK1/2 (pERK1/2) in cells expressing FFA4-S
(Fig. 6B), whereas the effect was comparatively more sustained
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over the time course in cells expressing FFA4-L (Fig. 6B).
Notably, the effect of FFA4-S remained similar, whereas the
effect of FFA4-L was abolished in B-arrestin-1/2 genome-edited
cells (Fig. 6B). Consistent with previous reports of Gaqg/11-
dependency of FFA4-S to signal to ERK1/2 upon agonism by
TUG-891 (Alvarez-Curto et al., 2016; Prihandoko et al., 2016),
Gaq/11 ablation caused a decreased pERK signal, particularly
at early time points (Fig. 6B), for this isoform. Importantly, the
DHA-induced effect was significantly more pronounced at all
time points and remained sustained through the 60-minute
time course for FFA4-L in Gaq/11 genome-edited cells (Fig. 6B).
Taken together, these results may suggest that agonism of
FFA4-L with DHA leads to B-arrestin—dependent scaffolds to
ERK1/2 that are sustained rather than transient as for the
short isoform, which requires Gaqg/11 for the ERK1/2 effect.
Direct comparison of only the FFA4-L effect in each of the three
cell lines (Fig. 6C) demonstrates a clear role for B-arrestin in
FFA4-L-mediated ERK1/2 phosphorylation but also reveals
that this effect is tonically regulated by presence of Gag/11
signals because it is significantly amplified in the absence of
Gag/11.

Discussion

Herein for the first time, we report on the mechanisms of
phosphorylation of FFA4-L as well as the role of the FFA4-L.C
terminus in B-arrestin recruitment and FFA4-L—-dependent
signaling to ERK1/2. Our results reveal that as we have
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Fig. 6. B-arrestin and Gaqg/11 dependence of DHA-mediated FFA4-L-ERK signaling. (A) CRISPR/Cas9 genome editing of -arrestin-1/2 and Gag/11 was
validated via immunoblotting (IB) with anti-B-arrestin-1/2 and Gaq/11 antibodies. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is used as
aloading control while SCR denotes scrambled target sequence. (B, upper) DHA-induced (100 uM) phosphorylation of ERK1/2 was detected in parenteral
control HEK293 cells (scrambled), or those transiently expressing FFA4-S or FFA4-L, as noted. For FFA4-S, an increased phosphorylation of ERK1/2 was
detected in B-arrestin-1/2 genome-edited cells, whereas Gag/11 ablation caused a decreased pERK signal, particularly at the 1-10 minute times. For
FFA4-L, significant ERK1/2 phosphorylation was seen at 5 minutes following agonism and was sustained for the 60-minute duration. This effect was
absent in B-arrestin-1/2 genome-edited cells, and significantly heightened in Gaq/11 genome-edited cells. (B, lower) Densitometric quantification of DHA-
induced ERK1/2 phosphorylation in scrambled control, B-arrestin-1/2-null, and Gag/11-null cells expressing either empty-vector (CON), FFA4-S, or
FFA4-L. (C) Comparison of the FFA4-L data in scrambled control, B-arrestin-1/2-null and Gaq/11-null cells reveals significant loss of the effect in
B-arrestin-1/2-null cells and significant amplification in Gaq/11-null cells. Each graph represents mean + S.D. of three independent experiments.
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reported for the shorter isoform (Burns et al., 2014), DHA-
induced FFA4-L phosphorylation is primarily mediated by
GRK6 with an additional BIMII-sensitive component, sug-
gesting PKC involvement. Our results also show that PKC is
solely responsible for heterologous phosphorylation of FFA4-
L. Comparatively, nonagonist mediated basal phosphoryla-
tion of FFA4-L is significantly lower than that of the shorter
isoform, and in this regard, PKC inhibition did not signifi-
cantly alter basal FFA4-L phosphorylation, in contrast to that
seen with FFA4-S (Burns and Moniri, 2010; Burns et al.,
2014). Despite containing four phospholabile Ser/Thr residues
in the additional gap of FFA4-L, we have previously shown
that these residues are not phosphorylated (Burns and Moniri,
2010), and taken together, these results demonstrate that the
16 additional amino acids in FFA4-L may be responsible for
upholding receptor conformations that inhibit basal PKC-
mediated phosphorylation seen with the shorter isoform.

Results of our whole-cell phosphorylation assay demon-
strate that homologous (i.e., DHA-induced) and heterologous
(i.e., PMA or H1R-induced) phosphorylation of FFA4-L is
localized to the C-terminal tail as removal of the analogous
FFA4-S phosphorylation sites via truncation following Pro3>®
(FFA4-L-A356) abolished our ability to detect 3P incorpora-
tion into immunoprecipitated FFA4-L. This translated to an
apparent loss of B-arrestin-2-YFP recruitment as visualized
by confocal microscopy, where cell-surface and puncta fluo-
rescence were not easily detectable in the FFA4-1.-A356
mutant. Interestingly, using a more sensitive and quantifiable
BRET-based approach, our data show that the absence of the
C-terminal phosphorylation sites only significantly decreases,
but did not fully abolish FFA4-L-B-arrestin-2 BRET signals
seen with DHA as well as TUG-891, unlike that seen with
FFA4-S here and as shown by others (Butcher et al., 2014).
Based on these data, it is tempting to speculate that this
residual B-arrestin responsiveness could be due to the ability
of FFA4-1.-A356 to continue to interact with B-arrestin-2 due
to its additional 16 amino acid segment even in the absence of
the C-terminal tail, whereas FFA4-S loses all ability to do so
upon C-terminal truncation. Another possibility that may
explain the difference seen in the B-arrestin recruitment
between isoforms is that the sensitivity of the whole-cell
phosphorylation assay used in Fig. 3 may fail to capture lower
levels of phosphorylation events, for example, a single addi-
tional site outside of the C terminus; however, it is unlikely
that a single site could provide such negative charge required
to create the B-arrestin phosphosensor. Indeed, for FFA4-S,
a total of five phosphorylation sites coupled to three acidic
residues were required to create two distinct clusters of
negative charge required for B-arrestin recruitment (Butcher
et al., 2014; Prihandoko et al., 2016).

Another significant difference our data reveal regarding the
two FFA4 isoforms relates to their Gag/11 and B-arrestin
dependence. Agonism of FFA4-S with TUG-891 has been
shown to stimulate phosphorylation of ERK1/2 in a manner
that was fully blocked by YM-254890, suggesting Gaq/11-
PLC-Ca*2-PKC dependence of this effect (Hudson et al., 2013;
Alvarez-Curto et al., 2016; Prihandoko et al., 2016). Our
results with DHA as the agonist in CRISPR/Cas9-genome
edited cells confirm this for the shorter isoform, although we
did detect a very small DHA-induced effect seen at 10-30
minute in cells lacking Gaq/11, suggesting that this effect of
DHA may be mediated by other G proteins or B-arrestin

scaffolding. On the contrary, in B-arrestin-1/2 deleted cells,
agonism of FFA4-S with DHA facilitated a significantly higher
phosphorylation of ERK1/2. These results would be consistent
with the canonical role of arrestins as G-protein signal
arrestors, the absence of which removes the ability to halt G
protein signals in these cells, leading to the enhanced ERK1/2
phosphorylation seen here. With regard to FFA4-L, agonism
with DHA induces a much more sustained phospho-ERK1/2
signal compared with the more transiently natured response
seen with FFA4-S. This signal peaked at 5 minutes following
agonism and was approximately equal in degree for
60 minutes. Although it may be tempting to correlate this
prolonged signal and B-arrestin dependence with FFA4-L
internalization, Watson et al. (2012) have previously shown
that the rate and degree of internalization of FFA4-S and
FFA4-L are very similar, as are their postinternalization
fates, suggesting that the results seen here are not likely
due to internalized receptor/B-arrestin scaffolds. The noted
transient versus sustained ERK1/2 signaling seen between
FFA4 isoforms may have important implications given the
differing physiologic effects, for example proliferation versus
differentiation, induced by the frequency-dependent activa-
tion of ERK1/2, which has been demonstrated to affect the fate
of a variety of cell types (Busca and Ballotti, 2000; Ryu et al.,
2015; Arkun and Yasemi, 2018). Also, unlike that seen with
FFA4-S, our results demonstrate a clear dependence on
B-arrestin-1/2 for FFA4-L mediated ERK1/2 phosphorylation
because there was no specific DHA-mediated increase in
ERK1/2 phosphorylation seen in gB-arrestin—edited cells. Un-
expectedly, in Gag/11-edited cells, there was a dramatically
increased DHA-mediated effect, suggesting that the Gaq/11/
PLC system may tonically regulate the FFA4-1/ERK cascade,
whereas removal of this regulation increases the signaling
output. However, in the absence of Gaqg/11 to sequester them,
this effect may also arise due to an increase in free-GBy
subunits, which may contribute to downstream g-arrestin
recruitment and B-arrestin scaffolding. Although our study
points to a significant role for B-arrestins in FFA4-L function,
there is also a regulatory role of Gag/11 in the ERK1/2 effect,
which may not be altogether unsurprising given the role of G
protein heterotrimers in recruitment of GRKs as well as the
variety of inputs that are responsible for regulation of MAPKs
(Grundmann et al., 2018; Gurevich and Gurevich, 2018).
Given this knowledge, our study does not shed light on
whether B-arrestin directly mediates ERK1/2 activity because
the results seen herein with B-arrestin—edited cells may
also be due to loss of B-arrestin scaffolds that modulate
other G protein (non-Gaq/11) processes, independent of any
B-arrestin—specific scaffolds. Hence, our data do not point to
a specific B-arrestin signal that links FFA4-L. to ERK1/2
activity, and, as a consequence, we cannot rule out the
possibility of B-arrestin—scaffolded non-Gaq/11-G protein or
altogether non-G protein process that may be responsible.
Further research will need to be performed to determine the
precise signaling and scaffolding cascades that facilitate
FFAA4-L signals. In summary, herein, we report for the first
time that the longer FFA4 isoform is phosphoregulated on the
C-terminal tail by PKC and GRK6 and that the C terminus is
responsible for B-arrestin interactions. Our data also high-
lights unexpected differences in regard to basal phosphoryla-
tion and B-arrestin-2 interactions between the FFA4 isoforms,
as well as potentially significant differences in ERK1/2



outcomes. Further work will be required in cells that endog-
enously express FFA4-L to determine the physiologic signif-
icance of these effects.
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