Differential phosphorylation signals control
endocytosis of GPR15
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ABSTRACT GPR15 is an orphan G protein—coupled receptor (GPCR) that serves for an HIV
coreceptor and was also recently found as a novel homing receptor for T-cells implicated in
colitis. We show that GPR15 undergoes a constitutive endocytosis in the absence of ligand.
The endocytosis was clathrin dependent and partially dependent on B-arrestin in HEK293
cells, and nearly half of the internalized GPR15 receptors were recycled to the plasma mem-
brane. An Ala mutation of the distal C-terminal Arg-354 or Ser-357, which forms a consensus
phosphorylation site for basophilic kinases, markedly reduced the endocytosis, whereas
phosphomimetic mutation of Ser-357 to Asp did not. Ser-357 was phosphorylated in vitro by
multiple kinases, including PKA and PKC, and pharmacological activation of these kinases
enhanced both phosphorylation of Ser-357 and endocytosis of GPR15. These results sug-
gested that Ser-357 phosphorylation critically controls the ligand-independent endocytosis
of GPR15. The functional role of Ser-357 in endocytosis was distinct from that of a conserved
Ser/Thr cluster in the more proximal C-terminus, which was responsible for the B-arrestin—
and GPCR kinase-dependent endocytosis of GPR15. Thus phosphorylation signals may
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differentially control cell surface density of GPR15 through endocytosis.

INTRODUCTION

GPR15 is an orphan G protein-coupled receptor (GPCR) that serves
as a coreceptor for HIV and simian immunodeficiency virus (SIV;
Deng et al., 1997; Vodros et al., 2003; Blaak et al., 2005; Riddick
etal., 2015) and also appears to be involved in HIV/SIV enteropathy
(Maresca et al., 2003; Li et al., 2008). This receptor has recently re-
ceived much attention for its emerging role in the T-cell homing to
colon. GPR15 was found to be important for recruitment of Ty17
and Ty1 effector cells, as well as regulatory T (Treg) cells, to the co-
lon in mouse colitis models, and its predominant expression in the
human effector T2 cells implied a pathogenic role of GPR15 in
ulcerative colitis in human (Kim et al., 2013; Bilsborough and Viney,
2015; Nguyen et al., 2015; Habtezion et al., 2016). GPR15 was also
found to mediate homing of dendritic epidermal T-cells to skin in
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fetal mice, possibly contributing to the establishment of skin barrier
function (Lahl et al., 2014). In addition, a more recent study revealed
an anti-inflammatory function of GPR15 in vascular endothelial
cells (Pan et al., 2017). Collectively these findings highlight GPR15
as a novel therapeutic target of immune disorders and infectious
diseases.

Because cell surface density of GPCRs dictates the magnitude
of G protein signaling, elucidation of mechanisms that control cell
surface expression of GPR15 will provide an important basis for
developing GPR15-targeting therapeutics. We previously reported
that the cell surface expression of GPR15 is promoted by a phos-
phorylation-dependent binding of 14-3-3 proteins to the receptor
C-terminus (Chung et al., 2009; Okamoto and Shikano, 2011). The
14-3-3 protein binding to the phosphorylated penultimate Ser-359
residue likely results in masking of the adjacent Arg-X-Arg-type
endoplasmic reticulum retrieval signal and promotes forward traf-
ficking of the receptor to the plasma membrane. In addition to the
forward trafficking of de novo-synthesized receptors, the internal-
ization of receptors from plasma membrane is another key mecha-
nism that controls the receptor density on cell surface. It is well
established that the conformational change of GPCRs induced by
ligand binding facilitates the receptor phosphorylation by GPCR
kinases (GRKs) and subsequent recruitment of arrestins (Lohse and
Hoffmann, 2014). This leads to the displacement of G proteins
from the receptor and also induces receptor internalization by
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promoting the interaction with the endocytic coat protein clathrin
(Tobin, 2008). In most cases, the internalized receptors undergo
dephosphorylation and will be recycled to the plasma membrane,
reestablishing the normal receptor responsiveness. In addition,
recent studies revealed G protein signaling from the internalized
receptors on endosomes (Vilardaga et al., 2014). Thus ligand-
induced endocytosis modulates the magnitude and duration of
intracellular signaling by GPCRs. On the other hand, GPCRs can
also undergo endocytosis constitutively in the absence of ligand
(von Zastrow and Kobilka, 1994; Segredo et al., 1997; Paing et al.,
2002; Marion et al., 2004; Scarselli and Donaldson, 2009). Although
its exact physiological role is generally unclear, a constitutive re-
ceptor endocytosis has important implications for intervention in
human diseases. For instance, endocytosis-mediated drug deliv-
ery, combined with specific antibodies (Abs) against receptors,
offers a promising strategy for selective targeting of the cells of
interest (Qian et al., 2002; Muro et al., 2006). However, mecha-
nisms underlying the ligand-independent constitutive endocytosis
of GPCRs have received little attention, as opposed to the exten-
sively studied ligand-induced endocytic pathway.

One particularly interesting question is whether constitutive
endocytosis uses the same molecular machineries and receptor
elements as those used for the ligand-induced endocytosis. Con-
stitutive endocytosis could be a consequence of the ligand-inde-
pendent basal activation of the receptor. For instance, serotonin
receptor SHT2C isoforms undergo differential endocytosis in the
absence of ligand, and the rate of endocytosis correlates with
their basal receptor activities (Marion et al., 2004). This constitu-
tive endocytosis depends on GRK and B-arrestin, a pathway used
by most of the ligand-activated GPCRs. On the other hand, an
increasing number of GPCRs undergo constitutive endocytosis
that does not require receptor activation. The B2 adrenergic and
M3 muscarinic receptors are constitutively endocytosed in Hela
cells in a clathrin-independent manner even in the presence of
antagonists (Scarselli and Donaldson, 2009). Of note, in the pres-
ence of specific agonist, these receptors are now endocytosed
more rapidly in a clathrin-dependent pathway (Scarselli and Don-
aldson, 2009).

The ligand-induced endocytosis of GPCRs commonly requires
GRK phosphorylation of a conserved Ser/Thr (S/T cluster) within the
C-terminal tail (Marchese et al., 2008). However, other structural de-
terminants in the C-terminal tail can also facilitate endocytosis by
being directly recognized by the endocytic machinery (Wolfe and
Trejo, 2007). For instance, constitutive internalization of protease-
activated receptor-1 (PAR1) and lysophosphatidic acid receptor
(LPA1) is dependent on a Tyr-based and di-Leu-based motif, respec-
tively, that interacts directly with the clathrin adaptor AP-2 (Paing
et al., 2006; Urs et al., 2008), suggesting that such signal motif can
actindependently of an S/T cluster and B-arrestin to mediate consti-
tutive endocytosis of GPCRs.

In the present work, we show that GPR15 undergoes a constitu-
tive endocytosis and plasma membrane recycling in the absence of
ligand. We demonstrate a critical role of kinase phosphorylation on
a distal C-terminal Ser-357 in the constitutive endocytosis of GPR15,
which is distinct from the conserved S/T cluster required for the use
of GRK and B-arrestin.

RESULTS
GPR15 undergoes a constitutive endocytosis in the absence
of ligand
We first examined whether GPR15 is constitutively internalized in
the absence of ligand. GPR15 shows a robust surface expression
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when expressed in HEK293 cells (Figure 1A, left, green histogram).
To measure the endocytosis rate, we used an Ab feeding assay com-
bined with a surface fluorescence quenching technique (Ingle and
Scales, 2014). The transfected cells were labeled for surface GPR15
with anti-GPR15 Ab and Alexa Fluor 488 (AF488)-secondary Fab
and then incubated at 37°C for the indicated time periods to allow
for internalization. Remaining surface fluorescence was eliminated
with anti-AF488 quenching antibody. This Ab normally quenched
AF488 signal of surface GPR15 in transfected HEK293 cells by up to
95% (Supplemental Table S1). In this way, only the internalized
GPR15 receptors that have no access to the quenching Ab can be
detected by flow cytometry (FCM). Figure 1A (left) shows the over-
laid histograms from representative samples at 60 min. The signals
from the quenched cells were corrected for the background signals
and normalized to the total GPR15 signal (surface plus internalized)
obtained from the unquenched cells for each time point to deter-
mine the internalization rate (Figure 1A, right, red line). This assay
revealed a steady increase of internalization at least up to 60 min,
when ~35% of the Ab-bound receptors were internalized. On the
other hand, B-2 adrenergic receptor (B2AR), which is not efficiently
internalized in the absence of ligand (Cao et al., 1998), showed a
much lower endocytosis rate of ~8% at 60 min (blue line).

For the GPCRs that have identified ligands, the signaling activi-
ties that occur in the absence of ectopically added ligands are con-
ventionally regarded as ligand-independent and/or constitutive. In
contrast, it is difficult to definitely prove the ligand independence of
the activities of orphan GPCRs because the fetal bovine serum
(FBS)—derived factors, as well as the serum-independent factors,
such as those autocrined, could account for the receptor activities.
We tested the serum starving of cells for 30 min before and during
the assay and did not see a significant change of GPR15 endocyto-
sis rate (Figure 1B). This suggested that the GPR15 endocytosis is
not mediated by the putative FBS-derived ligands. In addition,
GPR15 expression in HEK293 cells did not inhibit cyclic AMP pro-
duction compared with the untransfected cells (Supplemental
Figure S1), which implies the absence of GPR15 ligands in our cell
culture, at least at the levels that would cause significant G protein
signaling, assuming that GPR15 signals through Gal, as has been
suggested (Kim et al., 2013). Thus we assume that the observed
GPR15 internalization is the constitutive endocytosis that occurs in
the absence of ectopically added ligands under standard culture
conditions.

We attempted to verify constitutive endocytosis of GPR15 by
confocal microscopy using HEK293 and Hela cells. Here we show
the results with Hela cells because we generally observed a larger
number of GPR15-positive vesicles on a single focal plane due to
the cell flatness on the slide chambers, although we confirmed that
the results were essentially same for both cells (data not shown for
HEK293). Surface GPR15 labeled with anti-GPR15 Ab was allowed
for endocytosis at 37°C and then visualized by AF488-conjugated
secondary Ab after fixation and permeabilization. The early endo-
some marker EEA1 was also stained for colocalization with GPR15.
The control vector—transfected cells stained with GPR15 Ab gave
undetectable signal (Supplemental Figure S2), and in addition, the
GPR15-transfected cells stained with GPR15 Ab but not followed by
37°C incubation showed no detectable colocalization with EEA1
(Supplemental Figure S3). After 7.5 min of incubation at 37°C, the
majority of GPR15 signal in vesicles (~65%) were colocalized with
EEA1 (Figure 1C and Table 1). Thus GPR15 is internalized in a ligand-
independent manner when expressed in heterologous cells.

To see whether this endocytosis is specific to certain cell types
and/or overexpression system, we also tested human lymphoblast
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FIGURE 1: GPR15 undergoes a ligand-independent endocytosis. (A) Ab feeding assay of GPR15
in HEK293 cells. Left, representative histograms from FCM analysis. The quenched value after
60 min of endocytosis at 37°C (red line) was corrected for the incomplete quenching of surface
fluorescence (gray filled) and normalized to the total signal (unquenched values, green line)
subtracted with a background fluorescence from untransfected cells processed in parallel

(light gray line) to obtain the percentage internalization. Right, internalization kinetics of WT
GPR15 and B2-adrenergic receptor (B2AR). Internalization rate of HA-tagged B2AR was
determined as described for GPR15 by using AF488-anti-HA Ab. (B) Effect of FBS on GPR15
endocytosis. Cells were FBS starved or not for 30 min before and during the Ab feeding assay
(30 min). (C) Localization of internalized GPR15 on endosomes. Colocalization of GPR15 (green)
and EEAT1 (red) was examined in Hela cells after 7.5 min of endocytosis by confocal microscopy.
The rightmost image is an enlargement of the squared region. White arrowheads indicate
vesicles showing representative colocalization. Scale bar, 5 pm. (D) Ab feeding assay of GPR15 in
lymphoblast cells. Top, cell surface expression level of endogenous GPR15 as determined by
anti-GPR15 Ab (gray filled) and isotype mouse IgG2}, (open). Bottom left, representative
histograms from Ab feeding assay with PM1 cells. Percentage internalization was determined as
described in A except that background signal was measured by staining with isotype 1gG2,,
(gray line), and the 37°C incubation was performed in the presence of fluorescence-prelabeled
anti-GPR15 Ab. Bottom right, internalization rates of GPR15 in lymphoblasts at 30 min. Data are
presented as mean + SD of three independent experiments.

GPR15 is also internalized constitutively in
lymphoblasts at different rates, ranging
from ~10 to 30% (Figure 1D, bottom right).

Endocytosed GPR15 is recycled to the
plasma membrane

Many GPCRs enter recycling compartments
after internalization and return to the plasma
membrane, whereas some are targeted to
lysosomes for degradation. To test whether
the internalized GPR15 recycles to plasma
membrane, we again used an Ab-based
surface fluorescence quenching technique.
Transfected cells were incubated with GPR15
Ab preconjugated with AF488-secondary
Fab at 37°C for 30 min to allow for labeling
and endocytosis of GPR15. After the signal
remaining on the cell surface was quenched
at 4°C, the cells were shifted to 37°C for re-
cycling in the continuous presence of
quenching Ab in the medium. In this way,
the recycling of the internalized GPR15 re-
ceptor will result in a decrease of fluores-
cence signal. To see whether the decrease of
signal is truly caused by the quenching of the
recycled receptor, we also did 37°C incuba-
tion after surface quenching in the absence
of quenching Ab. We also performed this
assay with transferrin receptor (TfR) as a posi-
tive control using AF488-conjugated trans-
ferrin. Figure 2A shows the time-course
change of the remaining fluorescence signal
during recycling. TfR showed nearly 90%
loss of fluorescence signal within 30 min
(blue), indicating efficient recycling, as re-
ported (Padron et al., 2006). About 60% of
wild-type (WT) GPR15 signal was lost in
90 min (red), whereas the no-quenching Ab
control showed an ~15% decrease (green),
which might represent signal loss due to
receptor degradation. Thus at least ~45% of
the endocytosed GPR15 is recycled to the
plasma membrane within 90 min after being
internalized.

To further investigate the recycling, we
examined colocalization of the internalized
GPR15 with Rab4 and Rab11, markers for
the fast and slow recycling endosomes,
respectively (Grant and Donaldson, 2009).
At 7.5 min after shifting to 37°C, ~80% of
the internalized GPR15 signals were colocal-
ized with Rab4-positive endosomes (Figure
2B, top, and Table 1). GPR15 was also colo-
calized with Rab11 at 30 min (Figure 2B,
middle, and Table 1). Although Rab4-posi-
tive vesicles may not always represent recy-
cling endosomes because Rab4 is recruited

cell lines that endogenously express GPR15 (Kiene et al., 2012) for  to the early endosomes as well (van der Sluijs et al., 1992), these data
constitutive endocytosis. Figure 1D, top, shows surface expression  support the notion that GPR15 enters recycling pathways after
of GPR15 in T-cell lines (PM1 and Hut 78) and a B-cell line (NC-37). ligand-independent endocytosis. We also observed partial colocal-
These cells were subjected to the Ab feeding assay for 30 min ization of GPR15 with a trans-Golgi network (TGN) marker protein,
(Figure 1D, bottom left). The results demonstrated that endogenous ~ TGN46, at 30 min (Figure 2B, bottom, and Table 1). This might also
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Marker Percentage colocalized GPR15
EEA1 65.5+£2.0

Rab4 80.0£6.0

Rab11 46.2+12.4

TGN46 35.2+17.2

Rab7 43.4+£5.6

LAMP1 24+1.2

LAMP1 (+ inhibitor)? 44+26

Confocal microscopy images obtained by immunocytochemistry described
in Figures 2 and 3 were subjected to spot-counting analysis to determine the
percentage of total GPR15-positive vesicles colocalized with the indicated
marker proteins. Values are mean + SD from 7-10 cells, which had 400-900
GPR15-positive vesicles in total.

2Endocytosis was performed in the presence of protease inhibitors E64d and
pepstatin A.

Colocalization of GPR15 with membrane markers after
endocytosis.
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Endocytosed GPR15 is recycled to the plasma membrane. (A) Plasma membrane
recycling assay. After the GPR15-transfected cells were incubated at 37°C for 30 min with
anti-GPR15 Ab preconjugated with AF488-Fab, the remaining surface signal was quenched by
anti-AF488 Ab at 4°C and the cells were further incubated at 37°C in the presence (red) or
absence (green) of quenching Ab in the medium. Recycling of a transferrin receptor (TfR) was
also measured in the same assay using HEK293 cells loaded with AF488-conjugated transferrin
(blue). The remaining fluorescence from cells at each time point was measured by FCM and
plotted as the percentage of prerecycling samples. (B) Intracellular localization of internalized
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GPR15 (no quench Ab)

support recycling of GPR15 because recent studies revealed that
GPCRs can retrogradely traffic from endosomes to the TGN before
recycling to the plasma membrane (Csaba et al., 2007; Escola et al.,
2010; Cheng and Filardo, 2012).

We also found that some GPR15 signals are colocalized with
Rab7, a late endosome marker, at 15 min (Figure 3A and Table 1). To
check whether only the Abs that might have dissociated from GPR15
receptors during the endosomal trafficking but not the receptor itself
reached the Rab7 late endosome, we also used C-terminal enhanced
green fluorescent protein-tagged GPR15 (GPR15-EGFP) and did ob-
serve receptor colocalization with mCherry-tagged Rab7 (Figure 3B).
Because Rab7 is classically known to regulate cargo trafficking
between late endosomes and lysosomes (Vitelli et al., 1997, Bucci
et al., 2000), we examined whether the internalized GPR15 is further
targeted to the lysosome by testing colocalization with a lysosomal
marker, LAMP1. We found a modest colocalization of GPR15 with
LAMP1 at 60 min even in the presence of protease inhibitors E64d
and pepstatin A (Figure 3, C and D, and Table 1). The GPR15-EGFP
also showed limited colocalization with LAMP1 regardless of 120-min
treatment with protease inhibitors (Figure 3, E and F). Together
these results suggest that GPR15 are not
efficiently sorted to lysosomes from Rab7-
positive late endosomes. One possibility
might be that GPR15 is sorted to the TGN
from late endosomes, because Rab7 has
been also shown to control transport from
late endosomes to the TGN (Rojas et al.,
2008; Bastin and Heximer, 2013). Further
study is necessary to elucidate the post-late
endosome trafficking of GPR15.

Constitutive endocytosis of GPR15 is
dependent on clathrin

Most GPCRs are internalized in a clathrin-
dependent manner. We tested the clathrin
dependence of GPR15 endocytosis by
coexpressing dynamin-1 K44A, a GTPase-
domain mutant of dynamin that blocks
the formation of clathrin-coated vesicles
(Damke et al., 2001). Dynamin-1 K44A ef-
fectively inhibited the endocytosis of GPR15
(Figure 4A). We also used C-AP180, a C-
terminal fragment of clathrin coat assembly
protein 180, which blocks specifically the
clathrin-mediated endocytosis in a domi-
nant-negative manner due to lack of bind-
ing to inositol polyphosphate in the plasma

Enlarged

GPR15. GPR15-transfected Hela cells were
labeled with anti-GPR15 Ab at 4°C and

then incubated at 37°C for the indicated
times. The internalized GPR15 was visualized
by secondary Ab and examined for
colocalization with membrane markers by
confocal microscopy. For Rab4 and Rab11,
the EGFP-fused Rab4 and Rab11 were used
for cotransfection with GPR15. The rightmost
images are enlargements of the squared
regions. White arrowheads indicate vesicles
showing colocalization of GPR15 and
markers. Scale bar, 5 ym.
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B GPR15-EGFP mCherry-Rab7
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Endocytosed GPR15 are not efficiently sorted to lysosomes. (A) Colocalization of
Ab-labeled GPR15 and Rab7 was examined at 15 min after 37°C incubation as described in
Figure 2B. (B) C-terminally GFP-fused GPR15 was cotransfected with mCherry-fused Rab7 and
examined for colocalization at 24 h after transfection. (C, D) Colocalization of Ab-labeled GPR15
and LAMP1 was examined at 60 min after 37°C incubation in the presence of DMSO alone or
10 pM each E64d and pepstatin A (pep A). (E, F) GPR15-GFP was examined for colocalization
with LAMP1 after incubation for 2 h with DMSO alone or 10 uM each E64d and pepstatin A. The
rightmost images are enlargements of the squared regions. White arrowheads indicate vesicles

showing colocalization of GPR15 and markers. Scale bar, 5 um.

membrane (Ford et al., 2001). C-AP180 does not inhibit clathrin-in-
dependent endocytosis of membrane proteins (Dutta and Donald-
son, 2015). The endocytosis of GPR15 was also effectively inhibited
by C-AP180 (Figure 4B). These results suggest that the constitutive
endocytosis of GPR15 is largely dependent on clathrin.

Constitutive endocytosis of GPR15 requires phosphorylation
of Ser-357 in the distal C-terminus

Ligand-induced endocytosis of GPCRs typically requires GRK
phosphorylation of the conserved S/T cluster in the C-terminal tail

Volume 28 August 15, 2017

(Marchese et al., 2008). GPR15 has nine Ser
and Thr residues within amino acids (aa)
328-343, which correspond to this (Figure
5A). We first tested whether the S/T cluster
plays a role in the constitutive endocytosis
of GPR15. The Ala mutant of the S/T cluster
(ST/A), which has all nine Ser and Thr resi-
dues mutated to Ala, showed a comparable
endocytosis rate to that of WT GPR15
(Figure 5B), suggesting that the S/T cluster
is not essential. Then we investigated other
potential phosphorylation sites in the distal
C-terminus (Figure 5A). Ala scanning of
the C-terminal 10 residues found that the
mutation in Ser-357 substantially reduced
endocytosis (Figure 5C) similar to the level
of dynamin-1 K44A- or C-AP180-cotrans-
fected cells (~8%; Figure 4). The R354A
mutant also showed a similar reduction of
endocytosis (Figure 5C), whereas the other
mutants showed no or much smaller reduc-
tion (unpublished data). We tested whether
an apparently lower endocytosis rate of
S357A arises from enhanced plasma mem-
brane recycling and found that the recycling
efficiency of S357A was not greater than
that of WT GPR15 (Figure 5D) at any tested
time points, confirming that the S357A mu-
tation impaired the internalization step. Of
importance, the Arg-354 and Ser-357 resi-
dues form a consensus phosphorylation site
(R-X-X-S) for basophilic Ser/Thr kinases such
as AGC-group protein kinases (Pearce et al.,
2010). In addition, substitution of Ser-357
with a negatively charged residue, Asp
(S357D) or Glu (S357E), resulted in the inter-
nalization rates significantly higher than that
of S357A mutant and similar to that of WT
(Figure 5E). These data strongly suggest that
phosphorylation of Ser-357, possibly medi-
ated by AGC-group kinases, is necessary for
the constitutive endocytosis of GPR15.

Next we addressed whether Ser-357 is
actually phosphorylated in vivo. For this pur-
pose, we sought an Ab that would specifi-
cally recognize the phosphorylated Ser-357
residue. We tested two commercial Abs
from Cell Signaling Technologies, anti-phos-
pho—protein kinase A substrate (p-PKA sub)
Ab and anti-phospho-protein kinase C sub-
strate (p-PKC sub) Ab. Note that these Abs,
although referred to as PKA or PKC sub-
strate, could potentially recognize broad sequences with phosphory-
lated Ser/Thr preceded by Arg or Lys residues, which are shared by
AGC-group protein kinases (Pearce et al., 2010). We first tested
whether these Abs can detect the phosphorylation of Ser-357 by an
in vitro binding assay using the synthetic peptides encoding GPR15
C-terminal 15 amino acids. These Abs were incubated with the aga-
rose bead-coupled GPR15 peptides without (No-phos) or with phos-
phorylation on Ser-357 (p357), Ser-359 (p359), or both (p357/p359),
and the bound Abs were eluted from the peptides and detected by
Western blot (Figure 5F, top and middle). The p-PKA sub Ab bound

Enlarged
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FIGURE 4: Constitutive endocytosis of GPR15 is dependent on
clathrin. The effects of dominant-negative dynamin 1-K44A (A) and
C-AP180 (B) on the constitutive endocytosis of GPR15. HEK293 cells
cotransfected with GPR15 and dynamin 1-K44A, C-AP180, or control
vector were examined for endocytosis by the Ab feeding assay as
described for Figure 1. Data are presented as mean * SD of three

independent experiments.

to the p357 and p357/p359 peptides but not to the p359 peptide,
whereas p-PKC sub Ab showed detectable binding to p359 as well
as to p357 and p357/p359 peptides. Lack of binding of p-PKA sub
Ab to p359 peptide is not due to the inefficient conjugation of this
peptide to the beads, because incubation of these phosphorylated
peptides with HEK293 cell lysate resulted in a robust binding of
14-3-3 proteins to p359 peptide, whereas binding to p357 peptide
was minimal (Figure 5F, bottom), which is consistent with our previ-
ous finding that Ser-359 phosphorylation but not Ser-357 is neces-
sary for 14-3-3 binding to GPR15 C-terminus (Okamoto and Shikano,
2011). Thus this commercial p-PKA sub Ab primarily recognizes
phosphorylated Ser-357 rather than Ser-359. Having this, we exam-
ined whether Ser-357 residue is constitutively phosphorylated in
HEK293 cells by blotting the immunoprecipitated myc-tagged
GPR15 proteins with this Ab (Figure 5G). WT GPR15 protein showed
strong phosphorylation signal, whereas either R354A or S357A mu-
tation abolished the signal, indicating that this immunoblot signal for
the WT GPR15 protein represents the phosphorylation of Ser-357
residue and also that Ser-357 is the only phosphorylation site within
GPR15 that can be detected by this Ab. Together these data suggest
that Ser-357 is constitutively phosphorylated in HEK293 cells and is
necessary for ligand-independent endocytosis of GPR15.

Kinase activation promotes Ser-357 phosphorylation and

endocytosis of GPR15

As mentioned earlier, detection of Ser-357 phosphorylation by a p-PKA

sub Ab (Figure 5F) does not necessarily indicate that Ser-357 is actually
phosphorylated by PKA because R-X-X-S is a

A 328 343 354 357 consensus target sequence of AGC-group
... DSYIRRAIVHCLCPCLKNYDFGSSTETSDSHLTKALSTF IHAEDFARRRKRSVSL. protein kinases (Pearce et al, 2010). We
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< 5 == ST/A X (5) efficiency of plasma membrane recycling
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GPR15 peptide statistically significant differences from S357A
§ g a (*p < 0.01). (F) Recognition of phosphorylated
= s 8 Q Ser-357 by p-PKA sub Ab and p-PKC sub Ab.
c BEn 9 The immobilized GPR15 C-terminal peptides
g : z\;TMA o LS8 aaaq Binding: without (No-phos) or with phosphorylation on
§ . R357A 50 ® ™ s Ser-357 (p357), Ser-359 (p359), or both (p357/
p359) were incubated with p-PKA sub Ab or
0 75 15 30 min 50 - .“ p-PKC sub Ab p-PKC sub Ab. Top and middle, bound Abs
were eluted and detected by Western blot
D ”s & — Blot: 14-3-3 using HRP-conjugated anti-rabbit IgG Ab.
120 - Monomeric IgG heavy chains of ~50 kDa.
g 100 - G Botto.m,.peptides were furt.her ex.amined.for
oY g IP: Myc (GPR15) the binding of 14-3-3 proteins by incubation
= T < < with HEK293 cell lysate. The eluants were
g -g 60 - -t — § E blotted with 14-3-3 Ab, which recognizes
u_3_ o 40 A = S357A . x » Blot: all seven isoforms comprising 14-3-3¢ (top)
- 20 - 37- o p-PKA sub and the others (bottom). (G) Ser-357
0 phosphorylation of GPR15 in HEK293 cells.
0 75 15 30 60 90 min 37- wmm s s Myc (GPR15) The immunoprecipitated Myc-GPR15 was

FIGURE 5: Constitutive endocytosis of GPR15 requires phosphorylation of Ser-357 in the distal
C-terminus. (A) Sequence of GPR15 cytoplasmic tail. A conserved S/T cluster (aa 328-343) and
distal Arg-354 and Ser-357 are highlighted in blue and red, respectively. (B) Internalization rates for
GPR15 WT (blue) and ST/A mutant (red) were determined by the Ab feeding assay in HEK293 cells.
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probed by p-PKA sub Ab and then reprobed
by Myc Ab. The slower-migrating bands
represent the O-glycosylated form. Data are
presented as values + SD of three
independent experiments.
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FIGURE 6: PKA and PKC activation promotes Ser-357 phosphorylation and endocytosis of
GPR15. (A) In vitro phosphorylation of Ser-357 by basophilic kinases. Nonphosphorylated GPR15
C-terminal peptides were immobilized and incubated with the indicated recombinant kinases
and then examined for Ser-357 phosphorylation by the binding of p-PKA sub Ab (top) and also
for 14-3-3 binding (bottom) as described for Figure 5F. (B) In vitro effects of PKA and PKC
activators on Ser-357 phosphorylation. Immunoprecipitated Myc-GPR15 from HEK293 cells
treated with forskolin (FSK, 30 pM) or PMA (10 or 100 ng/ml) for 30 min was probed with p-PKA
sub Ab (top) and then re-probed with Myc Ab (bottom). (C) Effects of PKA and PKC activators
on endocytosis of WT GPR15. The Ab feeding assay was performed in the presence of forskolin
(FSK, 30 pM) or PMA (10 ng/ml) for 30 min. (D, E) Effects of PKA and PKC activators on
endocytosis of GPR15 Ser-357 mutants. The Ab feeding assay was performed with S357A and
$357D mutants in the presence of (D) forskolin (30 pM) or (E) PMA (10 ng/ml) for 30 min.

(F) Effect of PKA knockdown on Ser-357 phosphorylation. HEK293 cells expressing

Myc-GPR15 were treated with 10 nM control siRNA or siRNA against PKA catalytic subunit o
for 72 h. Total cell lysates were blotted for PKA catalytic subunit o and B-tubulin (left). The
immunoprecipitated Myc-GPR15 was probed with p-PKA sub Ab and then reprobed with Myc
Ab (right). The band signals from p-PKA sub blot were normalized to the corresponding signals
from Myc reblot. These normalized phosphorylation values are presented as the relative ratio to
those from control siRNA (mean + SD from three experiments; right). (G) Effects of kinase
inhibitors on Ser-357 phosphorylation. Cells expressing Myc-GPR15 were treated for 30 min with
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tested three members of this kinase family—
PKA, PKC, and AKT—for their potential to
phosphorylate Ser-357 in vitro. Nonphos-
phorylated GPR15 C-terminal peptides were
immobilized on the beads and then incu-
bated with the purified recombinant kinases
to allow for the phosphorylation. The beads
were further incubated with p-PKA sub Ab,
and the bound Ab was eluted and detected
by Western blot. All three kinases phosphor-
ylated the GPR15 peptide (Figure 6A, top).
When these phosphorylated peptides were
further incubated with HEK293 cell lysate
and the eluants were immunoblotted for 14-
3-3 proteins, only AKT-phosphorylated pep-
tide showed binding of 14-3-3 (Figure 6A,
bottom), although chemiluminescence with
extended exposure showed very weak signal
of 14-3-3 for PKA-phosphorylated peptide.
Based on the requirement of Ser-359 phos-
phorylation for 14-3-3 binding (Okamoto
and Shikano, 2011), these data suggest that
PKA and PKC primarily phosphorylate Ser-
357 rather than Ser-359 in vitro. On the other
hand, AKT can phosphorylate Ser-357 but
also Ser-359 more effectively than do PKA
and PKC, which is consistent with our
previous finding that PI3K/AKT activation
enhances 14-3-3 binding to GPR15
(Chung et al., 2009).

Having examined the potential of PKA
and PKC in specifically phosphorylating
Ser-357 residue, we next addressed their in
vivo role by modulating their cellular activi-
ties. Treatment with PKA activator forskolin
or PKC activator phorbol 12-myristate
13-acetate (PMA) resulted in an increased
phosphorylation of Ser-357, which was
more apparent in the O-glycosylated form
of GPR15 (slower-migrating band) that is
enriched in the plasma membrane (Oka-
moto and Shikano, 2011; Figure 6B). These
results suggest that activated PKA and PKC
can phosphorylate Ser-357 in HEK293 cells.
Then we tested whether these treatments
also promote endocytosis of WT GPR15 by
an Ab feeding assay (Figure 6C). Forskolin
stimulation led to a relatively small but sig-
nificant increase of the internalization rate

PKI (100 pM), H89 (10 pM), Go6976 (1 pM),
kb NB 142-70 (kb NB; 30 pM), LY294002

(5 pM), or DMSO as a vehicle control. The
immunoprecipitated Myc-GPR15 was probed
with p-PKA sub Ab and then reprobed with
Myc Ab (left). Relative phosphorylation values
were determined as described for the p-PKA
sub blot in Figure 6F and presented as the
relative ratio to DMSO control (mean + SD
from three experiments; right). Asterisks
indicate statistically significant differences
from DMSO control (*p < 0.05, **p < 0.01).
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(~26% for dimethyl sulfoxide [DMSQ] and 30% for forskolin). In con-
trast, PMA treatment (10 ng/ml) markedly increased the rate to
~55%. We examined whether the effects of these activators on
GPR15 endocytosis are solely attributable to the phosphorylation of
Ser-357. The effect of forskolin was completely abolished when Ser-
357 was mutated to Ala or Asp (Figure 6D), suggesting that forskolin
indeed exerted its effect on endocytosis through phosphorylation of
Ser-357. In contrast, PMA was still able to significantly enhance en-
docytosis of both S357A (~4%) and S357D mutants (~17%;
Figure 6E). This suggested that PMA-induced endocytosis had ef-
fects on elements besides Ser-357, presumably the endocytic ma-
chinery proteins, which cannot be activated by PKA. However, it is
important to note that phosphorylation of Ser-357 is still a prerequi-
site for PMA-induced endocytosis, because the S357A mutant
showed a much smaller increase of endocytosis by PMA stimulation
(Figure 6E) compared with that in WT (Figure 6C).

We also examined whether endogenous PKA activity is responsi-
ble for the constitutive phosphorylation of Ser-357 by disrupting PKA
activity. Treatment with a small interfering RNA (siRNA) that reduced
PKA protein expression to ~20% (Figure 6F, left) did not significantly
change the basal Ser-357 phosphorylation of GPR15 (Figure 6F,
right). Pharmacological inhibition of PKA by PKI and H89 also did not
significantly decrease Ser-357 phosphorylation (Figure 6G). This
might suggest that basal PKA activity in HEK293 cells does not con-
tribute to the constitutive phosphorylation of Ser-357. However,
disrupting one kinase activity could lead to compensatory phosphor-
ylation by other kinases that target the same site. Indeed, treatment
with PKC/PKD (PKCyp) inhibitor Go6976, PKD inhibitor kb NB 142-70,
or PI3K/AKT inhibitor LY294002 led to a significant increase of Ser-
357 rather than a decrease (Figure 6G), implying redundant and
compensatory activities by PKA, PKC, and AKT toward the Ser-357
residue. Thus further investigation is necessary to determine which
kinases are responsible for the basal phosphorylation of Ser-357.

Constitutive endocytosis of GPR15 is partially dependent on
B-arrestin

Because B-arrestin is commonly required for ligand-induced endo-
cytosis of GPCRs, we tested whether constitutive endocytosis of
GPR15 requires B-arrestin. GPR15 was stably expressed and exam-
ined for endocytosis in mouse embryonic fibroblast (MEF) cells from
WT and B-arrestin-1/2 double-knockout mice (-Arr1/2 KO; Figure
7A, left). The cell surface level of GPR15 was similar between these
MEF cells (unpublished data). B-Arr1/2 KO cells appeared to show a
comparable level of internalized GPR15 signal to that of WT MEF
cells when examined by confocal microscopy (Figure 7A, right), indi-
cating that GPR15 can be constitutively internalized in the absence
of B-arrestin. Because it was technically difficult to perform our FCM-
based Ab feeding assay with these MEF cells, we sought to quanti-
tatively determine B-arrestin dependence by the Ab feeding assay
in HEK293 cells using a dominant-negative B-arrestin-1 (319-418).
B-Arr1 (319-418), a C-terminal fragment of B-arrestin-1, serves as a
dominant-negative inhibitor for all of the B-arrestin isoforms by
binding to clathrin and AP-2 but not to the receptors (Krupnick
et al., 1997). Figure 7B, left, shows the expression of transfected -
Arr1 (319-418), as well as of endogenous B-arrestin-1/2, in HEK293
cells. We first tested the specificity of the effect of B-Arr1 (319-418)
on arrestin-dependent endocytosis by coexpressing with CXCR7
and transferrin receptor, which are known to undergo constitutive
arrestin- and clathrin-dependent endocytosis (Luker et al., 2010) and
arrestin-independent clathrin-dependent endocytosis (Dutta and
Donaldson, 2015), respectively. Coexpression of B-Arrl (319-418)
significantly reduced the endocytosis rate of CXCR7 from ~50 to
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23% but not that of transferrin receptor (Figure 7B, right), confirming
its lack of nonspecific effect on clathrin-dependent endocytosis. Un-
der this condition, coexpression of B-Arrl (319-418) with GPR15
slightly but significantly reduced the endocytosis rate at all time
points (Figure 7C), suggesting that a constitutive endocytosis of
GPR15 is at least partially dependent on B-arrestin in HEK293 cells.

The S/T cluster but not Ser-357 is required for the

GRK/B-arrestin-dependent endocytosis of GPR15

We were interested in the mechanistic role of Ser-357. Having found
a partial B-arrestin dependence, we sought to determine whether
Ser-357 is involved in B-arrestin usage by comparing it with an S/T
cluster, which is one of the canonical B-arrestin-binding sites. Given
that Figure 5B showed that the ST/A mutation did not reduce the
internalization rate (also shown in Figure 8A, darker columns), we
expected that the S/T cluster might not be involved in B-arrestin us-
age in the constitutive endocytosis. However, in contrast to the WT
GPR15 in which B-Arr1 (319-418) reduced the endocytosis rate from
~30 to 23%, the ST/A mutation abolished the inhibitory effect of p-
Arr1 (319-418) (Figure 8A, lighter columns). Our interpretation is
that the S/T cluster is indeed used in arrestin-dependent endocyto-
sis of WT GPR15 but the removal of the S/T cluster led to a receptor
conformation that promoted the arrestin-independent endocytosis
to confer a comparable internalization rate to that of WT GPR15.
This was shown in a previous finding that the endocytosis of
serotonin receptor 5HT4B is shifted from an arrestin-dependent
pathway to an arrestin-independent one by the removal of the C-
terminal S/T cluster without affecting the endocytosis rate itself
(Barthet et al., 2005). The S357A mutation was also found to abolish
the sensitivity to B-Arr1 (319-418) (Figure 8A). This might suggest a
possible involvement of Ser-357 in arrestin-dependent endocytosis.
However, the already lowered endocytosis rate of S357A mutant
made it difficult to evaluate precisely the effect of B-Arr1 (319-418).
Therefore, to better address the relative roles of Ser-357 and ST
cluster in B-arrestin usage, we decided to use a GPR15 mutant that
would undergo ligand-independent endocytosis in a more -
arrestin—dependent manner. The Asp-Arg-Tyr (DRY) motif is a highly
conserved sequence in a class A GPCRs, located at the junction of
third transmembrane region and the second intracellular loop. A
number of mutation studies have demonstrated that an Arg residue
within this motif plays important roles in G protein coupling, recep-
tor phosphorylation, and B-arrestin recruitment (Kim and Caron,
2008). In the vasopressin receptor V2R, the Arg mutation within the
DRY motif (R137H) causes constitutive receptor phosphorylation
and arrestin recruitment, which results in receptor desensitization
and intracellular sequestration (Barak et al., 2001). A previous study
found that Arg mutation to Ala of a DRY motif in GPR15 inhibited
the migration of GPR15-expressing Treg cells to the inflammatory
site in colon (Kim et al., 2013), which is consistent with a loss of G
protein signaling. On this basis, we reasoned that the DAY mutant
(R131A) might use a conformation with higher affinity to GRK/B-
arrestin and therefore may serve as a model to better define the role
of an S/T cluster and Ser-357 in B-arrestin—dependent endocytosis.
As expected, our Ab feeding assay revealed significantly enhanced
endocytosis by R131A mutation (Figure 8B; ~28% for WT and 50%
for R131A at 30 min), similar to some of the Arg DRY mutants in
other GPCRs (Barak et al., 2001; Lagane et al., 2005). Coexpression
of the dominant-negative C-AP180 revealed a strong dependence
of R131A endocytosis on clathrin, similar to that of WT GPR15
(Figure 8C). When coexpressed, the R131A mutant showed much
higher sensitivity to B-Arr1 (319-418) than did WT GPR15 (Figure 8D;
internalization rate decreased from ~30 to 23% in WT and from
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Constitutive endocytosis of GPR15 is partially dependent on B-arrestin in HEK293
cells. (A) Left, expression of endogenous B-arrestin-1/2 in WT and knockout MEF cells. Total
lysates from WT and B-arrestin-1/2—knockout MEF cells were blotted with anti-B-arrestin-1/2 Ab.
Right, endocytosis of GPR15 in B-arrestin-1/2-knockout MEF. MEF cells transfected with GPR15
were incubated with anti-GPR15 Ab and allowed for endocytosis for 30 min at 37°C. The
internalized GPR15 was labeled with a secondary Ab (red) and analyzed by confocal microscopy.
Cell nuclei were counterstained with Hoechst stain (blue). (B) Left, expression of endogenous
B-arrestin-1/2 and transfected B-Arr1 (319-418) in HEK293 cells. Total lysates from HEK293 cells
transfected with vector or -Arr1 (319-418) were blotted with anti-B-arrestin-1/2 Ab. Upper and
lower arrows indicate endogenous B-arrestin-1/2 and transfected B-Arr1 (319-418), respectively.
Right, effects of B-Arr1 (319-418) coexpression on the endocytosis of CXCR7 and TfR. HEK293
cells transfected with HA-CXCR7 or untransfected cells (for TfR) were examined for the
internalization rates at 30 min as described for GPR15 by using AF488-anti-HA Ab or AF488-
transferrin. (C) Effect of B-Arr1 (319-418) coexpression on GPR15 endocytosis. The cells
cotransfected with WT GPR15 and vector or B-Arr1 (319-418) were examined for internalization
rates by the Ab feeding assay. Data are presented as mean + SD of three independent
experiments. Asterisks indicate statistically significant differences between vector-transfected
and B-Arr1 (319-418)-transfected cells (*p < 0.01).

54 to 31% in R131A by B-Arr1 (319-418)), indicating that this mutant DISCUSSION

(internalization rate decreased from ~41 to
36% in R131/ST/A by B-Arr1 (319-418)). In
contrast, the S357A mutation in the R131A
context (R131/S357A) better preserved the
sensitivity to B-Arr1 (319-418) (Figure 8D;
internalization rate decreased from ~35 to
18% by B-Arr1 (319-418)) than did the R131/
ST/A mutant, suggesting that the B-arrestin
dependence of endocytosis by the R131A
mutant is largely attributable to the ST clus-
ter rather than Ser-357. The higher affinity
to B-arrestin conceivably leads to the consti-
tutive desensitization of the R131A mutant
receptor, which may account for the lack of
colon homing capacity of R131A-express-
ing T-cells in a mouse model (Kim et al.,
2013).

We also addressed the roles of Ser-357
and the S/T cluster in GRK usage by coex-
pressing GRKs. GRKs are Ser/Thr kinases
comprising seven isoforms (GRK1-GRK7;
Watari et al., 2014). GRK2, GRK3, GRKS5,
and GRKé are ubiquitously expressed,
whereas other GRKs are expressed in lim-
ited tissues. Although GRKs had been be-
lieved to phosphorylate ligand-activated
GPCRs, it is now known that they are also
involved in constitutive receptor phosphor-
ylation (Miller et al., 2003; Rankin et al.,
2006). When coexpressed with GPR15
(Figure 8E, left), GRK2, GRK5, and GRK® all
significantly promoted the endocytosis of
WT GPR15, with GRKé being most effective
(~63% internalization rate). The highest
effect of GRK6 could be due to the appar-
ently higher level of expression upon trans-
fection (Figure 8E, right), although this
awaits quantification using the same epit-
ope-tagged GRK constructs. The promot-
ing effects of these GRKs were not affected
by S357A mutation. In contrast, ST/A muta-
tion abolished the effects of GRK2 and
GRK5 and reduced the effect of GRKé.
Taken together, these results support the
notion that an S/T cluster, but not Ser-357,
is the primary phosphorylation site by GRKs
that mediates B-arrestin—~dependent endo-
cytosis of GPR15. It is noteworthy that GRK6
coexpression still promoted endocytosis of
the ST/A mutant, which implies additional
target site(s) besides the S/T cluster in
GPR15, possibly in the cytoplasmic loops
(Jewell-Motz et al., 2000). This is consistent
with the differential phosphorylation of Ser/
Thr sites by GRK isoforms (Gurevich et al.,
2012).

uses B-arrestin more for endocytosis than does WT. Of importance,  Our quantitative Ab feeding assay revealed constitutive endocyto-
an additional mutation in the S/T cluster of R131A significantly re-  sis of GPR15 in heterologous cells as well as in lymphoblast cells
duced the internalization rate (Figure 8D; ~54% for R131A and 41%  expressing the receptor endogenously. We report here that Ser-
for R131/ST/A at 30 min), as well as the sensitivity to B-Arr1 (319-418) 357 is constitutively phosphorylated and that this phosphorylation
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receptor (CaR) by PKC, but not GRK2, is

FIGURE 8: An S/T cluster but not Ser-357 is responsible for the GRK/B-arrestin-dependent
endocytosis of GPR15. (A) Effect of ST/A or S357A mutation on the sensitivity to B-Arr1
(319-418). HEK293 cells cotransfected with GPR15 constructs and vector or 3-Arr1 (319-418)
were examined for the internalization rates at 30 min. (B) Endocytosis of GPR15 R131A mutant.
The Ab feeding assay was performed with R131A mutant. (C) Clathrin dependence of R131A
endocytosis. The Ab feeding assay was performed with WT and R131A mutant cotransfected
with vector or C-AP180. (D) Effects of ST/A and S357A mutation in the R131A context on the
sensitivity to B-Arr1 (319-418). HEK293 cells cotransfected with R131A mutants and vector or
B-Arr1 (319-418) were examined for the internalization rates at 30 min. (E) Left, effects of GRK
overexpression on GPR15 endocytosis. GPR15 constructs were cotransfected with vector, GRK2,
GRKS5, or GRK6 and measured for the internalization rates at 30 min by the Ab feeding assay.
Right, expression of endogenous and transfected GRKs in HEK293 cells. GRK2, 5, and 6 in the
total lysates were detected by Western blot using corresponding Abs. Data are presented as
values * SD of three independent experiments. Asterisks indicate statistically significant

differences (*p < 0.05, **p < 0.01).

is necessary for maximal GPR15 endocytosis. Both PKA and PKC
were capable of phosphorylating Ser-357 in vitro, and their activa-
tion by forskolin and PMA enhanced Ser-357 phosphorylation
in vivo (Figure 6, A and B), implicating these kinases in Ser-357
phosphorylation in HEK293 cells. An obvious question concerns
how the phosphorylated Ser-357 residue would contribute to the
endocytosis. We found that the GPR15 endocytosis was at least
partially sensitive to a dominant-negative form of [-arrestin
(Figure 7C). Of interest, the phosphorylation of calcium-sensing
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that the S/T cluster is the primary substrate
of GRKs. Taking the results together, we
propose that Ser-357 phosphorylation is
critically required in ligand-independent
endocytosis but might play relatively less
of a role when the receptor takes a confor-
mation in which an S/T cluster is maximally
used by GRKs and B-arrestin, presumably
on binding of natural ligands to the recep-
tor (Figure 9).

Then, would Ser-357 phosphorylation
promote interaction with the endocytic ma-
chinery distinct from B-arrestin? Our attempt
by a peptide pull-down assay to determine
whether Ser-357 phosphorylation increases
affinity to the clathrin adaptor AP2 failed to
find such evidence (unpublished data). A GABA, receptor B-subunit
interacts with the clathrin adaptor AP-2 through its C-terminal se-
quence that contains HLRRRSS, which can be phosphorylated at
both Ser residues by PKA or PKC (Kittler et al., 2005). Of note, this
sequence is very similar to that around Ser-357 (RRRKRS) in the
GPR15 C-terminus. However, in the case of GABA,, phosphorylation
of these Ser residues resulted in the inhibition, as opposed to pro-
motion, of AP-2 binding (Kittler et al., 2005). On the other hand, Ser
phosphorylation enhances the binding affinity of a neighboring
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FIGURE 9: Working model for the relative roles of Ser-357 and S/T
cluster in GPR15 endocytosis in HEK293 cells. Ser-357 is constitutively
phosphorylated probably by multiple kinases, including PKA, PKC,
and AKT, in a redundant manner. In the absence of ligands (top
diagram), phosphorylated Ser-357 plays a primary role in promoting
the clathrin-dependent endocytosis via a yet-unidentified mechanism.
B-Arrestin partially contributes to ligand-independent endocytosis
primarily via an S/T cluster phosphorylated by GRK2, 5, and 6.
Activation of PKA or PKC promotes phosphorylation of Ser-357 and
endocytosis of GPR15, but PKC may also act on endocytic
machineries to promote endocytosis independently of Ser-357
phosphorylation. Because most GPCRs undergo B-arrestin—-dependent
endocytosis upon ligand binding, we speculate that the ligand binding
to GPR15 (bottom diagram) may induce conformational change that
promotes clathrin-dependent endocytosis via more efficient use of
S/T cluster and B-arrestin, as observed with the R131A mutant.

di-Leu motif, a well-established AP-2-binding sequence, to AP-2
(Pitcher et al., 1999) and promotes receptor endocytosis of CD3yand
CD4 (Dietrich et al., 1994; Pitcher et al., 1999). Thus, although there
is no canonical di-Leu motif within the GPR15 C-terminus, it is pos-
sible that Ser-357 phosphorylation primes the binding of other, un-
identified sequence elements to the clathrin-dependent endocytic
machinery. An attempt to identify such sequence determinants is un-
derway. It is also of interest to see whether 14-3-3 proteins that bind
GPR15 (Okamoto and Shikano, 2011) play any role in endocytosis.
The 14-3-3 proteins are critically involved in a wide range of cellular
processes, including intracellular protein trafficking (Mackintosh,
2004; Smith et al., 2011). Recent studies suggest roles for 14-3-3 in
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regulating endocytosis of membrane proteins (Gabriel et al., 2012;
Smyth et al., 2014). In the case of GPR15, however, the R356A or
S359A mutation, which abolished 14-3-3 binding (Okamoto and
Shikano, 2011), did not affect the endocytosis rate by our Ab feeding
assay (unpublished data). Conversely, the S357A mutant, which
shows poor endocytosis, retains the binding to 14-3-3 (Okamoto and
Shikano, 2011). Therefore 14-3-3 binding to GPR15 is not likely in-
volved in the constitutive endocytosis of GPR15.

Whereas stimulation with both forskolin and PMA enhanced Ser-
357 phosphorylation, the promoted endocytosis of S357D by PMA
(Figure 6E) indicated that the PMA effect involves kinase action to-
ward nonreceptor elements, presumably the endocytic machinery,
although Ser-357 phosphorylation is still a prerequisite, as shown by
the much smaller effect of PMA in the S357A mutant (Figure 6E). On
this basis, a modest effect of forskolin on endocytosis suggests that
PKA cannot activate the putative endocytic machinery that is acti-
vated by PMA treatment. PMA has been shown to promote endocy-
tosis of a number of GPCRs, as well as other surface membrane
proteins (Alvi et al., 2007). However, mechanistic understanding of
PMA-induced endocytosis is surprisingly poor. It is conceivable that
effects of PMA and the underlying mechanisms vary considerably,
depending on whether the PMA-activated kinases phosphorylate
the receptor itself and, if so on which sites, or act on trafficking ma-
chineries. A recent study found that PMA promotes endocytosis of
B-arrestin-interacting GPCRs via phosphorylation of B-arrestin by
PMA-activated ERK1/2 (Paradis et al., 2015). In our case, the pre-
served responsiveness of the ST/A mutant to PMA treatment (un-
published data) suggests that the PMA effect on GPR15 is largely
independent of B-arrestin and GRKs. It is tempting to speculate that
PMA treatment promotes clathrin-dependent endocytosis by acti-
vating kinases such as AAK1, which associates with and phosphory-
lates AP-2 and enhance its affinity to the endocytosis motif on a
cargo receptor (Ricotta et al., 2002).

Despite many reports on the constitutive endocytosis of GPCRs
(Locati et al., 2005; Leterrier et al., 2006; Grampp et al., 2007; Scar-
selli and Donaldson, 2009; Lowther et al., 2013), its physiological
role is generally not clear. However, for some GPCRs, their constitu-
tive endocytosis and recycling appear to be important for maintain-
ing homeostasis. The “silent” chemokine receptor Dé suppresses
inflammation by scavenging CC chemokines by constitutively shut-
tling between plasma membrane and endosomes (Locati et al.,
2005). In addition, constitutive endocytosis of type | cannabinoid
receptor (CB1R) from the somatodendritic surface of neuronal cells
is required for its proper axonal targeting, which contributes to the
polarization of neurons (Leterrier et al., 2006). Deorphanization of
GPR15 will be necessary to elucidate the physiological role of its
constitutive endocytosis. Nonetheless, phosphorylation-regulated
endocytosis in the absence of ligand suggests that the responsive-
ness of GPR15-expressing cells to native ligands can be differentially
controlled by other external signals by altering the steady-state sur-
face density of the receptor.

Constitutively endocytosed receptors have been successfully
used for developing a strategy to deliver therapeutic agents to tar-
get cells (Qian et al., 2002; Muro et al., 2006). The use of specific
Abs against receptors confers specificity and efficiency to this
approach by selectively targeting cells that express the receptor of
interest. For instance, a broad range of therapeutic agents, including
small-molecule drugs, have been conjugated with specific Ab
against transferrin receptor, and their efficacy has been extensively
studied (Qian et al., 2002). Thus a ligand-independent endocytosis
of the specific GPR15 Ab-bound receptor may provide a basis for
therapeutic intervention targeting the GPR15-expressing cells such
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as pathogenic T-helper cells in human ulcerative colitis (Nguyen
etal., 2015).

MATERIALS AND METHODS

Plasmids

The human GPR15 gene was cloned in pCDNA3.1(+) vector (Life
Technologies), pPCMVmyc vector (Okamoto and Shikano, 2011), and
PEGFPN2 vector (Clontech) to generate no-tagged GPR15, N-termi-
nal Myc-tagged GPR15, and C-terminal GFP-tagged GPR15 plas-
mids, respectively. CXCR4, CXCR7, and P2-adrenergic receptor
genes were obtained from cDNA Resource Center (Bloomsburg, PA)
and cloned in pCDNA3.1(+) vector with N-terminal myc tag. K44A
hemagglutinin (HA)-dynamin-1 was a gift from Sandra Schmidt (Ad-
dgene plasmid 34683). GRK2, B-arrestin 2 WT, and B-arrestin 1 (319-
418) were provided by Jonathan Benovic (Thomas Jefferson Univer-
sity); EGFP-Rab4 and EGFP-Rab11 by Marino Zerial (Max Planck
Institute), and C-AP180 by Julie Donaldson (National Institutes of
Health). GRK5 and GRKé6 genes were obtained from the DNASU
Plasmid Repository (Tempe, AZ) and cloned in pCDNA3.1(+) vector.
Site-directed mutagenesis was performed by overlap extension PCR.

Reagents

The following reagents were used: LY294002, recombinant PKA
C-a, and recombinant AKT1 from Cell Signaling Technology;
DMSO, forskolin, PMA, chloroquine, poly-L-lysine, Eé4d, pepstatin
A, and Gob6976 from Sigma-Aldrich; Hoechst 33342 from Life Tech-
nologies; kb NB 142-70 from R&D Systems; recombinant PKCa.
from Calbiochem; and myristoylated PKI from Fisher Scientific.

Antibodies

The following Abs were used: mouse anti-GPR15 (MAB3654) and
anti-GRK5 (MAB4539) from R&D Systems; rabbit anti-GPR15 (NBP1-
02651) from Novus Biologicals; mouse anti-Myc (05-724) from EMD
Millipore; rabbit anti-Myc (sc-789), rabbit anti-GRK6 (sc-566), rabbit
anti—B-tubulin (sc-9104), rabbit anti-GRK2 (sc-562), rabbit anti-GRKé
(sc-566), and rabbit anti—14-3-3f (sc-629) from Santa Cruz Biotech-
nology; rabbit anti-phospho-PKA substrate (p-PKA sub, 9624), rab-
bit anti-phospho-PKC substrate (p-PKC sub, 2261), rabbit anti-Rab7
(9367), rabbit anti-LAMP1 (2091), rabbit anti-EEA1 (3288), rabbit
anti-PKA C-a (5842), and rabbit anti-B-arrestin1/2 (D24H9) from Cell
Signaling Technology; sheep anti-TGN46 (AHP500GT) from AbD
Serotec; AF488-mouse anti-HA (A-21287), rabbit anti-AF488
(A-11094), Cy3-goat anti-mouse immunoglobulin G (IgG; A10521),
Cy3-goat anti-rabbit IgG (A10520), AF488-donkey anti-sheep 1gG
(A11015), AF647—goat anti-rabbit IgG (A21245), and RPE-goat anti-
mouse IgG (M30004-1) from Life Technologies; horseradish peroxi-
dase (HRP)-goat anti-rabbit IgG (PI-1000) and HRP-goat anti-mouse
IgG (PI-2000) from Vector Laboratory; AF488-Fab fragment of goat
anti-mouse IgG (115-547-003) and normal goat-anti mouse IgG
(115-005-146) from Jackson ImmunoResearch Laboratories; AF488-
streptavidin (405235) from BiolLegend; normal goat serum from
Thermo Fisher; and human AB serum from Sigma-Aldrich.

Cell culture and transfection

HEK293 cells were maintained in 50% DMEM/50% Ham’s F-12 me-
dium containing 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin (complete medium). Hela cells were cultured
in DMEM with the same supplements. MEF cells from WT and
B-arrestin-1/2 double-knockout mice were obtained from Robert
Lefkowitz (Duke University) and maintained in DMEM with the same
supplements. PM1, HuT 78, and NC-37 cells were obtained from the
NIH AIDS Reagent Program and maintained in RPMI 1640 with the
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same supplements except that FBS was added at 20% for HuT 78. In
some experiments, the tissue culture plates were coated with poly-L-
lysine before plating cells. Transient transfection of plasmids was per-
formed using Mirus TransIT-LT1 (Mirus Bio) according to the manufac-
turer’s instructions. For MEF cells, expression of GPR15 was achieved
by retroviral transfer of pBabe-puro vectors encoding GPR15.

Flow cytometry

The fluorescence signal was measured with Cell Lab Quanta SC
(Beckman Coulter) and analyzed using FlowJo software (Tree Star,
Ashland, OR). To assure the quantitativeness of our assay, we veri-
fied that the fluorescence intensity values obtained by FCM analysis
are all within the range in which the fluorescence intensities are lin-
early proportional to the actual numbers of fluorochromes by using
Quantum MESF microspheres (Bangs Laboratories, Fishers, IN) as
an external standard.

Ab feeding assay

The internalization rate of GPR15 was determined by a fluores-
cence-based Ab feeding assay (Ingle and Scales, 2014) with some
modifications. Briefly, HEK293 cells transiently transfected with
GPR15 in six-well plates were collected by gentle pipetting at
24 h after transfection. Cells were incubated at 4°C for 20 min
with mouse anti-GPR15 Ab, followed by 15 min of incubation
with AF488-Fab fragment of goat anti-mouse 1gG in a complete
medium containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) to label cell surface GPR15. The stained cells were re-
plated in 96-well plates in a complete medium containing HEPES
and incubated at 37°C for the indicated times to allow for the recep-
tor internalization. Then the plates were chilled on ice to stop endo-
cytosis, and the cells were incubated with anti-AF488 quenching Ab
for 30 min at 4°C to eliminate the remaining cell surface fluores-
cence. This Ab normally quenches up to 95% of the surface GPR15
signal expressed in HEK293 cells (Supplemental Table S1). The cells
were finally fixed with 1% paraformaldehyde and analyzed for the
AF488 signal by FCM. All of the fluorescence values from GPR15-
transfected cells were first subtracted with the values from untrans-
fected cells. The signal from quenching Ab-treated cells that had
been incubated at 4°C (no endocytosis control) served as a back-
ground value, which represents the incomplete quenching of sur-
face fluorescence. This background value was subtracted from the
values for quenched cells that had been incubated at 37°C for each
time period, which gave the net amount of internalized GPR15.
These values were normalized to the total GPR15 signal (surface
plus internalized) obtained from the cells processed in parallel with-
out quenching Ab treatment at each time point to determine the
internalization rate (percent). For lymphoblast cells expressing
endogenous GPR15, the Ab feeding assay was performed, and per-
centage internalization was determined as described for GPR15-
transfected HEK293 cells, except that background signal was
measured by staining cells with AF488-conjugated isotype 1gG2y,
and the 37°C incubation was performed in the presence of anti-
GPR15 Ab preconjugated with AF488-Fab. For endocytosis assay
with HA-B2AR and HA-CXCR7, the AF488-labeled HA Ab was used
for labeling the receptors. For transferrin receptor, GPR15-trans-
fected HEK293 cells were incubated with AF488-conjugated trans-
ferrin for 30 min at 37°C and then processed as described for GPR15
to measure the intracellular fluorescence signal.

Plasma membrane recycling assay

GPR15-transfected cells were incubated at 37°C for 30 min with
anti-GPR15 Ab preconjugated with AF488-secondary Fab Ab to
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allow for receptor labeling and endocytosis. The fluorescence sig-
nal remaining on the cell surface was quenched by anti-AF488 Ab
in the culture medium for 30 min at 4°C and then shifted to 37°C
for recycling in the continuous presence of quenching Ab. In this
way, the fluorescence signal of the receptors that recycled to
plasma membrane are quenched. For the no-quenching Ab con-
trol, the cells were washed after surface quenching and then incu-
bated at 4°C with 15 pg/ml AF488-conjugated streptavidin in
order to mask any unoccupied epitopes of the surface-bound
quenching Ab. These cells were then shifted to 37°C for recycling
in medium not containing quenching Ab. We assume that loss of
fluorescence signal in the no-quenching Ab control represents the
recycling-independent events, for example, receptor degradation.
The fluorescence signal of cells at the indicated recycling time
points was measured by FCM and is shown as the percentage of
prerecycling values.

Immunocytochemistry

Hela cells were plated for GPR15 transfection in four-well chamber
slides (Nunc) precoated with poly-L-lysine. About 24 h after transfec-
tion, cells were incubated with mouse anti-GPR15 Ab for 20 min at
4°C, washed, and then incubated at 37°C for the indicated times to
allow for endocytosis in the presence or absence of drugs. The cells
were fixed with Cytofix/Cytoperm buffer (BD Biosciences) for 15 min
at 4°C and then permeabilized with —20°C—chilled 90% methanol
for 5 min at room temperature. After blocking with 10% human AB
serum, cells were stained with corresponding primary Abs to the
intracellular markers overnight at 4°C. Then cells were stained with
Cy3- and AF488-labeled secondary Abs at the same time for 1 h at
4°C to visualize GPR15 and marker proteins, except that TGN46 was
first visualized by AF488-donkey anti-sheep Ab, blocked with 20%
normal goat serum (NGS), and then stained with Cy3-goat anti-
mouse Ab in 10% NGS to visualize GPR15. When EGFP-Rab4 or
EGFP-Rab11 was cotransfected with GPR15, Cy3-labeled secondary
Ab was used for GPR15. For the endocytosis assay with MEF cells,
the cells were first labeled with anti-GPR15 Ab for 20 min at 4°C and
then incubated at 37°C for 15 min to allow for endocytosis. To visu-
alize only the internalized GPR15, the epitope of the GPR15 Ab on
the surface was blocked by incubating the cells with unconjugated
goat anti-mouse IgG at 4°C. After fixation and permeabilization as
described, internalized GPR15 was labeled with Cy3-labeled goat
anti-mouse IgG. Cells were counterstained with Hoechst 33342 (not
shown) for 10 min before being mounted with Prolong Diamond
mounting medium (Life Technologies). Images were collected with a
Zeiss LSM 700 confocal laser scanning microscope using LSM Image
Browser (Zeiss) software.

cAMP assay

Untransfected HEK293 cells and stably GPR15-expressing HEK293
cells plated in a poly-L-lysine—coated 96-well plates were incubated
with DMSO alone or with 0.5 or 1 pM forskolin in DMSO. The cells
were washed with phosphate-buffered saline (PBS) and lysed, and
then the lysate samples were subjected to quantitation of cAMP by
the competition enzyme-linked immunoassay using the Cyclic AMP
XP Chemiluminescent Assay Kit (Cell Signaling) according to the
manufacturer’s instruction. Relative light units (RLUs) from forskolin-
treated cells are shown as percentage of those from DMSO control
cells (average % SD) in triplicate wells.

Immunoprecipitation

HEK293 cells transfected with Myc-tagged constructs in six-well
plates were washed with PBS and lysed with lysis buffer (0.5%
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Igepal, 25 mM Tris, 150 mM NaCl, pH 7.5) containing protease in-
hibitor cocktails for 20 min at 4°C. After centrifugation for 15 min at
11,000 x g, the supernatant was mixed with 4 ug of mouse anti-Myc
Ab and protein G—conjugated agarose beads (Life Technologies).
After overnight incubation at 4°C, the beads were washed three
times with lysis buffer, and then the immunoprecipitated proteins
were eluted by incubating the beads with 2x Laemmli sample buffer
at room temperature for 30 min.

Phospho-PKA/PKC substrate Ab binding assay

The peptides encoding the last 15 C-terminal residues of GPR15
with or without phosphorylation on Ser-357, Ser-359, or both were
synthesized by GenScript (Piscataway, NJ). The peptides were cova-
lently coupled to Sulfo Link Coupling Resin (Thermo Scientific)
through N-terminal Cys according to the manufacturer's instruc-
tions. Bead-immobilized peptides of ~10 nmol were incubated with
1 pl of p-PKA sub or p-PKC sub Ab for 1 h at 4°C. After wash, the
beads were boiled with sample buffer. The peptide-bound Abs
were detected by resolving eluates on SDS-PAGE followed by
Western blotting using HRP—goat anti-rabbit IgG.

In vitro phosphorylation assay

The synthetic GPR15 peptide without phosphorylation was immobi-
lized as described and incubated for 30 min at 30°C with 100 ng of
recombinant PKA, PKC, or AKT in kinase buffer (Cell Signaling Tech-
nology) supplemented with 200 pM ATP. After wash, the beads were
further incubated with p-PKA sub Ab at 4°C and examined for the
Ab binding by Western blot as described.

siRNA knockdown of PKA

Cells were first transfected with 10 nM control siRNA (D-001206-
13-05; GE Dharmacon) or siRNA against PKA catalytic subunit o
(6406S; Cell Signaling Technology) using Lipofectamine RNAIMAX
(ThermoFisher). After 24 h, the cells were replated and then on the
next day transfected with GPR15. The cells were lysed at 24 h after
GPR15 transfection for analyses of PKA expression and GPR15
phosphorylation.

SDS-PAGE and Western blots

The protein samples resolved on Tris-HCl polyacrylamide gels were
transferred to nitrocellulose membranes and blocked with skim milk.
Membranes were incubated with primary Abs for 1 h at room tem-
perature or overnight at 4°C and then with HRP—goat anti-rabbit or
anti-mouse IgG Ab. Blot signals were obtained using enhanced che-
miluminescence substrate (Thermo Scientific). For reprobing of
transfer membranes, the membranes were incubated in a stripping
buffer (1.5% glycine, 2% SDS, pH 2.50) for 30 min at 50°C before the
reblot.

Statistical analysis

Data are presented as mean + SD from three independent experi-
ments. Statistical significance was assessed with a Student's t test
between a pair of data sets. p < 0.05 was considered significant.
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