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Brain-specific angiogenesis inhibitor 1 (BAI1; also called
ADGRB1 or B1) is an adhesion G protein–coupled receptor
known from studies on macrophages to bind to phosphati-
dylserine (PS) on apoptotic cells via its N-terminal thrombo-
spondin repeats. A separate body of work has shown that B1
regulates postsynaptic function and dendritic spine
morphology via signaling pathways involving Rac and Rho.
However, it is unknown if PS binding by B1 has any effect on
the receptor’s signaling activity. To shed light on this subject,
we studied G protein–dependent signaling by B1 in the absence
and presence of coexpression with the PS flippase ATP11A in
human embryonic kidney 293T cells. ATP11A expression
reduced the amount of PS exposed extracellularly and also
strikingly reduced the signaling activity of coexpressed full-
length B1 but not a truncated version of the receptor lacking
the thrombospondin repeats. Further experiments with an
inactive mutant of ATP11A showed that the PS flippase
function of ATP11A was required for modulation of B1
signaling. In coimmunoprecipitation experiments, we made the
surprising finding that ATP11A not only modulates B1
signaling but also forms complexes with B1. Parallel studies in
which PS in the outer leaflet was reduced by an independent
method, deletion of the gene encoding the endogenous lipid
scramblase anoctamin 6 (ANO6), revealed that this manipula-
tion also markedly reduced B1 signaling. These findings
demonstrate that B1 signaling is modulated by PS exposure
and suggest a model in which B1 serves as a PS sensor at
synapses and in other cellular contexts.

G protein–coupled receptors (GPCRs) are a diverse su-
perfamily of receptors characterized by a conserved seven-
transmembrane (TM)-domain architecture. Given that over
500 Food and Drug Administration–approved drugs and
almost 100 drug candidates in clinical trials target GPCRs,
there is great interest in the elucidation of the pharmacology
of orphan GPCRs that lack well-defined ligands (1). Adhesion
GPCRs (AGPCRs) are one of five major GPCR families, and
most receptors in this family are still considered to be or-
phans (2–4). Members of the AGPCR family play crucial roles
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in a myriad of physiological processes, and several clinical
disorders are associated with the dysfunction of this receptor
type (2–4). Thus, pharmacological modulation of these re-
ceptors has the potential to provide powerful new
therapeutics.

AGPCRs derive their name from the adhesive properties of
the receptor class, which are conferred by their large extra-
cellular N-terminal fragments (NTFs). Most members of this
receptor family undergo autoproteolytic cleavage via a
conserved GPCR autoproteolysis-inducing (GAIN) domain,
which cleaves the NTF from the C-terminal fragment (CTF)
that contains the seven-TM region (5). Following GAIN-
mediated cleavage, the resultant NTF and CTF remain non-
covalently associated for some period, with this interaction
inhibiting downstream signaling by the CTF. The engagement
of the NTF by extracellular ligands may either remove the NTF
from the CTF or cause conformational changes in the CTF
that activate downstream signaling (2–4).

The AGPCR known as brain-specific angiogenesis inhibitor
1 (BAI1; also known as ADGRB1 or B1) was originally
discovered as a thrombospondin repeat (TSR)–containing re-
ceptor enriched in the brain and capable of modulating
angiogenesis when overexpressed (6). While B1 remains an
orphan receptor, a seminal article by Ravichandran et al. (7)
revealed that the TSRs of B1 can bind to phosphatidylserine
(PS) to facilitate the engulfment of apoptotic cells by macro-
phages. Subsequently, other physiological roles for B1 in
macrophages have also been elucidated, such as the binding of
Gram-negative bacteria to facilitate their engulfment (8–11).

Parallel to this work in macrophages, there exists a
completely separate literature of studies by multiple groups on
B1 regulation of brain physiology. B1 is enriched in the post-
synaptic density (PSD) and regulates the morphology of den-
dritic spines in cultured neurons (12–15). Mice lacking B1
exhibit reduced PSD thickness, disrupted synaptic plasticity,
impaired spatial learning, and social deficits (16, 17). B1 has
been shown to stimulate RhoA signaling via coupling to both
Gα12/13 (13, 18) and Bcr (15) and to in addition promote Rac1
signaling via coupling to Tiam1 (12, 14) in transfected cells
and cultured neurons. However, it is unknown whether B1
activation of any of these signaling pathways is influenced by
B1 binding to PS.
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Modulation of BAI1 signaling by phosphatidylserine exposure
We sought to connect the work done on PS binding by B1
in macrophages with the literature on B1 signaling in the
nervous system. PS is normally found in the inner leaflet of
the plasma membrane, and the asymmetric distribution of PS
is maintained by a class of enzymes known as flippases, which
are P4 ATPases that actively translocate PS from the outer
leaflet of the plasma membrane to the inner leaflet (19).
Cellular stress can promote PS externalization to the outer
leaflet of the plasma membrane by inhibiting flippases and/or
activating transporters known as floppases and scramblases
that move lipids in the opposite direction to the flippases (19).
Externalization of PS is known to occur during apoptosis, but
it is also now well appreciated that PS externalization can
occur under normal physiological conditions and serve as an
important cellular signal in the nervous system (and other
systems) that leads to pleiotropic effects depending on how
the signal is decoded by various PS-binding receptors
(20–22).

We leveraged recent advances in the understanding of PS
biology to create cellular conditions in which B1 would
encounter differing levels of PS exposure in the outer leaflet.
We hypothesized that B1 interaction with externalized PS,
embedded in the plasma membrane, might induce confor-
mational changes in the B1 NTF and thereby modulate B1
signaling.
Figure 1. Evaluation of phosphatidylserine (PS) exposure in HEK293T c
annexin V binding (in relative units) versus cell counts are shown; 20,000 cells w
indicates wildtype flippase. HA tag location is shown. B, negative control: flow h
nonspecific signal. C, positive control: flow histogram of mock-transfected HE
scramblase activity, resulting in high levels of PS exposed. D, ATP11A-induced
(+annexin V) overlaid with ATP11A-transfected (green) HEK293T cells (+annexin
reduced via overexpression of ATP11A. E, Quantification of ATP11A-induced
ATP11A+ condition normalized to mock-transfected condition. ATP11A overexp
SEM shown, unpaired t test, p = 0.03, n = 3). HA, hemagglutinin; HEK293T, hu
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Results

Human embryonic kidney 293T cells exhibit a baseline level of
exposed PS that can be modulated by the PS flippase ATP11A

To assess whether exposure of PS can modulate B1
signaling, we developed a cell culture model in which levels of
exposed PS could be reproducibly manipulated. B1 signaling
has previously been studied in human embryonic kidney 293T
(HEK293T) cells (13, 18), which are known to express an
endogenous scramblase, anoctamin 6 (ANO6/TMEM16F)
(23). The native presence of this scramblase results in a
measurable population of HEK293T cells in culture being PS+
(meaning that a quantifiable amount of PS in the outer leaflet
of the plasma membrane can be measured via annexin V
binding) under most growth conditions (23). HEK293T cells
also express endogenous CDC50A (24, 25), a chaperone pro-
tein that is required for the function of ATP11 family of flip-
pases (26). Thus, given that HEK293T cells exhibit a basal level
of PS exposure and also express the machinery needed for PS
flippase function, they represented an attractive model for our
studies.

We investigated PS exposure in HEK293T cells using flow
cytometry to assess whether overexpression of ATP11A, a
phospholipid flippase, could modulate the levels of PS exposed
on the outer leaflet in these cells. Figure 1A is a schematic
diagram of ATP11A, which is a large 10-TM protein with both
ells at baseline and when overexpressing ATP11A. Flow histograms of
ere counted. A, ATP11A schematic: depiction of the PS flippase, ATP11A. Star
istogram of mock-transfected HEK293T cells (−annexin V) demonstrates low
K293T cells (+annexin V) treated with 10 μM A23187 for 20 min to induce
reduction in PS: flow histogram of mock-transfected (gray) HEK293T cells
V) demonstrates that these cells exhibit baseline exposure of PS that can be
reduction in PS exposure: mean fluorescence intensity (MFI) shown with
ression in HEK293T cells resulted in a 58% reduction in PS exposure (mean ±
man embryonic kidney 293T cell line.



Modulation of BAI1 signaling by phosphatidylserine exposure
its N- and C-terminal regions in the cytoplasm. To visualize
externalized PS, the cells were incubated with an annexin V
probe; in the absence of the probe, no measurable signal could
be detected (Fig. 1B). In contrast, when HEK293T cells were
treated with 10 μM of the calcium ionophore A23187 to
strongly activate endogenous scramblases such as ANO6, we
found that the annexin V probe detected very high levels of
exposed PS in the A23187-treated HEK293T cells (Fig. 1C).
We next measured baseline levels of PS exposure in HEK293T
cells. As expected based on previous reports (23), the
HEK293T cells at baseline exhibited a measurable level of PS
exposure. Moreover, we found that the levels of externalized
PS could be reduced via overexpression of ATP11A. Figure 1D
compares baseline PS exposure in wildtype cells versus
ATP11A-transfected cells. These studies revealed that
HEK293T cells exhibit a quantifiable amount of externalized
PS at baseline, and that overexpression of the PS flippase
ATP11A in this cell type dramatically reduces PS exposure
(total reduction = 58%; quantification is shown in Fig. 1E).

Coexpression of ATP11A with B1 reduces the constitutive
signaling activity of B1

We next investigated whether coexpression of ATP11A with
B1 might modulate the G protein–dependent signaling of the
Figure 2. ATP11A coexpression reduces B1 signaling activity. A, B1 schem
lacking NTF up to site of predicted GAIN domain cleavage. B, coexpression wit
luciferase (mean ± SEM shown, ordinary one-way ANOVA with Tukey’s multiple
two outliers). “IB" refers to “immunoblot” to indicate what antibody was used t
with B1ΔNT resulted in no significant change in receptor activation of SRF-lucife
comparisons test, n = 11, ROUT method used at 10% to remove one outlier). D
expression levels of receptor. Representative Western blot shown on left with q
13). E, ATP11A coexpression with B1ΔNT did not significantly alter total cell lys
with quantification on right (normalized mean ± SEM is shown, unpaired t test,
surface expression. Representative Western blot is shown on left with quantifica
full-length B1; GAIN, G protein–coupled receptor autoproteolysis–inducing d
fragment.
receptor. It has previously been shown that full-length B1
(B1FL) expressed in HEK293T cells exhibits high constitutive
signaling activity (13, 18). It is plausible that at least some
portion of this activity may be dependent on stimulation of B1
signaling by baseline levels of PS exposure. Thus, we per-
formed SRF-luciferase assays to assess B1FL coupling to Gα12/
13 in control cells and cells coexpressing ATP11A. To inves-
tigate whether B1 signaling activity might be sensitive to PS
exposure in a TSR-dependent manner, we also tested B1ΔNT,
which lacks the NTF of the receptor and therefore lacks the
TSRs that bind to PS (Fig. 2A).

Coexpression of B1FL with ATP11A reduced G protein–
dependent signaling activity by 54% (Fig. 2B, one-way
ANOVA with Tukey’s multiple comparisons test, p <
0.0001). In comparison, the G protein–dependent signaling of
B1ΔNT was not significantly altered by coexpression with
ATP11A (Fig. 2C), suggesting that the NTF of B1 is required
for the impact of ATP11A on the signaling activity of the re-
ceptor. To determine whether the effect of ATP11A on B1
stimulation of SRF-luciferase was due to an overall reduction
in the expression of the receptor, we measured B1 expression
in the absence and presence of ATP11A and found that
ATP11A does not alter the total protein levels of either B1FL
(Fig. 2D) or B1ΔNT (Fig. 2E). We also assessed B1 surface
atics: depiction of B1FL on left, shown with full NTF, and B1ΔNT on right,
h B1FL in HEK293T cells resulted in 54% reduction in B1FL activation of SRF-
comparisons test, p < 0.0001, n = 13, ROUT method used at 10% to remove
o detect the protein bands shown via Western blot. C, ATP11A coexpression
rase (mean ± SEM is shown, ordinary one-way ANOVA with Tukey’s multiple
, ATP11A coexpression with B1FL did not significantly alter total cell lysate
uantification on right (normalized mean ± SEM is shown, unpaired t test, n =
ate expression levels of receptor. Representative Western blot shown on left
n = 3). F, ATP11A coexpression with B1FL did not significantly alter receptor
tion on right (normalized mean ± SEM is shown, unpaired t test, n = 5). B1FL,
omain; HEK293T, human embryonic kidney 293T cell line; NTF, N-terminal
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expression and found that ATP11A had no significant effect
on trafficking of B1FL to the plasma membrane (Fig. 2F).
These findings demonstrated that the presence of ATP11A
reduces B1 signaling activity but not the total or surface
expression of the receptor.
The flippase activity of ATP11A is required for modulation of
B1 signaling

To dissect the mechanism of ATP11A-mediated regulation
of B1 signaling activity, we next investigated whether the
flippase function of ATP11A was required for the impact on
Figure 3. Flippase-null mutant ATP11A (E186Q) does not alter B1 signal
position 186 from E to Q that abolishes the flippase function. “X” shows lo
quantification of PS exposure in HEK293T cells overexpressing E186Q mutant: m
to mock-transfected condition. E186Q overexpression in HEK293T cells resulted
test, n = 5). C, ATP11A-E186Q coexpression with B1FL in HEK293T cells resulte
ordinary one-way ANOVA with Tukey’s multiple comparisons test, n = 10). D, AT
in receptor activation of SRF-luciferase (mean ± SEM is shown, ordinary one-w
coexpression with B1FL did not significantly alter total cell lysate expression l
cation on right (normalized mean ± SEM is shown, unpaired t test, n = 5). F, ATP
lysate expression levels of receptor. Representative Western blot shown on lef
test, n = 7). G, in comparison to baseline signaling of B1FL (pink bar on le
significantly alter B1FL activation of SRF-luciferase (pink and checkered bar on ri
to baseline signaling of B1FL (pink bar on left), addition of 50,000 additional AT
SRF-luciferase (pink and crisscrossed bar on right; mean ± SEM is shown, unpaire
cell line; HA, hemagglutinin; PS, phosphatidylserine.
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B1FL signaling. For these studies, we utilized a mutant version
of ATP11A that has a glutamate residue changed to glutamine
at position 186 (E186Q). This mutation abolishes ATP11A
flippase activity but does not affect the protein’s localization in
the plasma membrane (26–29). Figure 3A depicts the position
of the ATP11A-E186Q mutation with an “X.”

Using flow cytometry, we first confirmed that this flippase-
null mutant was indeed unable to significantly alter PS levels in
HEK293T cells (Fig. 3B). Next, we performed SRF-luciferase
signaling assays like those described previously, but in this
case observed no significant impact of ATP11A-E186Q coex-
pression on the signaling activity of either B1FL or B1ΔNT
ing activity. A, ATP11A-E186Q schematic: Depiction of mutant ATP11A at
cation of the mutation, and the position of the HA tag is also shown. B,
ean fluorescence intensity (MFI) shown with E186Q+ condition normalized
in no significant reduction in PS exposure (mean ± SEM is shown, unpaired t
d in no change in B1FL activation of SRF-luciferase (mean ± SEM is shown,
P11A-E186Q coexpression with B1ΔNT also resulted in no significant change
ay ANOVA with Tukey’s multiple comparisons test, n = 7). E, ATP11A-E186Q
evels of receptor. Representative Western blot shown on left with quantifi-
11A-E186Q coexpression with B1ΔNT also did not significantly alter total cell
t with quantification on right (normalized mean ± SEM is shown, unpaired t
ft), addition of 50,000 additional mock-transfected HEK293T cells did not
ght; mean ± SEM is shown, unpaired t test, n = 8). H, similarly, in comparison
P11A-transfected HEK293T cells did not significantly alter B1FL activation of
d t test, n = 5). B1FL, full-length B1; HEK293T, human embryonic kidney 293T
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(Fig. 3, C and D). The E186Q mutant also did not have any
impact on the total expression of B1 (Fig. 3, E and F). These
findings showed that the PS flippase function of ATP11A is
required for modulation of B1 signaling activity.

Increased cell density does not promote B1 signaling

The dependence on the flippase function of ATP11A for the
protein’s effect on B1FL suggested that B1 detection of PS was
stimulating receptor signaling. However, it was unclear
whether the B1/PS interactions promoting signaling occurred
on the same cell (cis) or between cells (trans). This question is
important in understanding how PS might modulate B1
signaling physiologically. If B1 was predominantly detecting PS
in trans on neighboring cells, then increasing cell density
should magnify the effect and promote B1 signaling. Thus, we
developed a coculture assay in which the number of B1/SRF-
luciferase–transfected cells was held constant, but additional
untransfected HEK293T cells were added to some of the wells
to determine whether cell density could modulate B1 signaling.
As shown in Figure 3G, we observed that B1FL signaling ac-
tivity was largely unaffected by coculturing the B1/SRF-lucif-
erase–transfected cells with additional untransfected cells. We
repeated the same coculture assay, but this time we added
ATP11A-transfected HEK293T cells. This modified coculture
condition also did not modulate B1 signaling, providing evi-
dence that B1 and ATP11A need to be expressed in the same
Figure 4. B1 forms PS-independent multimers and also interacts with ATP
included (1) HA-tagged B1ΔNT, (2) myc-tagged B1-NTF, (3) His/myc-tagged B1
3). C, IP of myc-tagged B1-NTF did not result in any co-IP of B1FL (n = 3). “Sol
transfection controls. D, IP of His/myc-B1ΔCT resulted in co-IP of B1FL in a man
ATP11A itself also coimmunoprecipitated with His/myc-B1ΔCT. E, quantificatio
coexpression with B1FL and His/myc-B1ΔCT did not disrupt the ability of B1 to
IP of myc-tagged B1-NTF resulted in co-IP of HA-ATP11A (n = 3). G, IP of HA-A
length B1; HA, hemagglutinin; PS, phosphatidylserine.
cells in order for ATP11A to modulate B1 signaling (Fig. 3H).
These observations together suggest that B1FL does not pre-
dominantly detect PS in trans in this system but rather likely
detects PS in the same cell, at least under the conditions of
these experiments.

B1 multimerizes via its TM domains in a PS-independent
manner

PS has been proposed to modulate receptor function in
some cases by promoting receptor clustering and multi-
merization (30, 31). Multimerization has been well docu-
mented for certain GPCRs (32, 33), but nothing is known
about the potential multimerization of B1. To determine
whether B1 forms multimers and whether this process might
be influenced by PS, we leveraged several modified versions of
B1 as shown in Figure 4A. When untagged B1FL and hem-
agglutinin (HA)-tagged B1ΔNT were coexpressed in
HEK293T cells, we observed robust coimmunoprecipitation
(co-IP) of these two receptor versions, suggesting that B1
multimerizes in a manner that does not require the NTF
(Fig. 4B). In parallel experiments, B1FL was cotransfected with
B1-NTF, but no co-IP was observed, consistent with the idea
that the NTF of B1 does not participate in B1 multimer
interaction (Fig. 4C). We also coexpressed B1FL with myc/His-
tagged B1ΔCT, which lacks the majority of the B1 C terminus,
and observed robust co-IP of these two receptors (Fig. 4D). It
11A. A, B1 schematics: B1 constructs used to evaluate multimer formation
ΔCT. B, Immunoprecipitation (IP) of HA-B1ΔNT resulted in co-IP of B1FL (n =
uble lysate” refers to the detergent-solubilized cell samples, which serve as
ner that was not affected by coexpression with ATP11A (n = 4). Intriguingly,
n of effect of ATP11A on B1FL-His/myc-B1ΔCT dimer formation: HA-ATP11A
form multimers (normalized mean ± SEM is shown, unpaired t test, n = 4). F,
TP11A did not result in any detectable co-IP with B1ΔNT (n = 4). B1FL, full-

J. Biol. Chem. (2022) 298(12) 102685 5



Modulation of BAI1 signaling by phosphatidylserine exposure
is important to note that the B1ΔCT construct lacks only the
cytoplasmic C-terminal region of the receptor but retains the
seven-TM region. Thus, taken together, these co-IP studies
suggest that B1 forms multimers via its TM regions.

We next investigated whether B1 multimerization might be
modulated by PS. Co-IP of B1FL and myc/His-tagged B1ΔCT
was assessed in the absence and presence of ATP11A, which
was shown earlier to reduce the levels of externalized PS.
However, the presence of ATP11A was found to have no effect
on B1 multimerization (Fig. 4D, with quantification in Fig. 4E).
These findings suggested that B1 multimerization is indepen-
dent of PS engagement by B1. Surprisingly, these experiments
also yielded the observation that ATP11A itself robustly as-
sociates with myc/His-B1ΔCT (Fig. 4D).

B1 interacts via its NTF region with ATP11A

To elucidate the structural determinants of the novel
interaction that was serendipitously observed between B1 and
ATP11A, we utilized the panel of truncated constructs
described earlier and performed a series of co-IP assays.
Given that both B1 and ATP11A contain numerous TM
domains, and that B1 multimerization is dependent on these
TM regions, we hypothesized that the B1–ATP11A interac-
tion was most likely mediated via TM domain interactions.
However, experiments assessing co-IP between B1-NTF and
ATP11A unexpectedly revealed complex formation between
ATP11A and B1-NTF, a truncated version of B1 that
completely lacks the TM domains of the receptor (Fig. 4F).
The B1-NTF is known to be secreted and remains associated
with the outside of cells despite its lack of a TM domain (34),
which helps to explain how this receptor fragment can
possess the capacity to form stable complexes with a TM
protein like ATP11A. Reciprocally, we coexpressed ATP11A
with B1ΔNT, which does contain the TM domains of the
receptor, and could not detect any co-IP of a B1ΔNT–
ATP11A complex (Fig. 4G). This series of co-IP experiments
indicated that the B1 association with ATP11A is mediated by
the B1 NTF region.

B1 signaling is reduced in cells lacking the scramblase ANO6

To further test the idea that B1 signaling activity is
enhanced by receptor binding to externalized PS, we sought to
assess B1 signaling under conditions where PS exposure was
manipulated in a manner independent of ATP11A. As
mentioned earlier, ANO6 is a lipid scramblase known to be
endogenously expressed in HEK293T cells (23). Thus, we
assessed B1 signaling in an ANO6 KO cell line derived from
HEK293T cells, which has been previously described (35–38).

We first confirmed via Western blot that these cells lack
ANO6 expression (Fig. 5A) and also confirmed via flow
cytometry that the ANO6KO cells exhibit significantly reduced
PS exposure in comparison to wildtype HEK293T cells
(Fig. 5B). Quantification of these flow data demonstrated that
the ANO6KO cells exhibited a 26% reduction in PS exposure
in comparison to wildtype HEK293T cells (Fig. 5C, unpaired t
test with Welch’s correction, p = 0.0004).
6 J. Biol. Chem. (2022) 298(12) 102685
With the ANO6KO cell line confirmed as having low basal
PS exposure, B1FL G protein–dependent signaling to SRF-
luciferase was measured (Fig. 5D). In comparison to B1FL
signaling in HEK293T cells in matched experiments, B1FL G
protein–dependent signaling in ANO6KO cells was lower by
67% (one-way ANOVA with Tukey’s multiple comparisons
test, p < 0.0001). These findings provide further evidence,
utilizing an independent method of altering PS exposure, that
externalized PS promotes B1 signaling activity.

Discussion

B1 has long been known to bind PS in the context of
macrophage-mediated engulfment of apoptotic cells (7), but
the relationship of PS binding to B1 signaling activity has not
been explored. The work described here demonstrates that B1
binding to externalized PS promotes the G protein–dependent
signaling activity of the receptor. While modulation of PS
externalization can exert pleiotropic effects on cells (19), our
observation that altered PS exposure specifically affected
signaling by B1FL, but not the truncated B1ΔNT that lacks the
ability to bind PS, suggests that PS engagement by the B1 NTF
was essential for the observed effects. B1 has previously been
reported to exhibit high constitutive activity in HEK293T cells
(13, 18), and the findings shown here reveal that at least a
portion of this high constitutive activity is due to stimulation
of B1 signaling by the basal level of exposed PS found in
HEK293T cells (Fig. 6).

Relevance of B1 engagement of PS to B1 function in the
central nervous system

While HEK293T cells represent a useful model for studies
on modulation of B1 signaling by PS, it is ultimately more
physiologically important to understand whether (and how) PS
might influence B1 signaling in vivo. PS exposure is increas-
ingly appreciated as not only just a marker of programmed cell
death but also an important cellular signal that can exert
distinct physiological effects depending on how it is decoded
by a diverse array of PS-binding receptors (20–22). For
example, in the central nervous system (CNS), where B1 is
most abundantly expressed, PS exposure is known to play a
critical role in marking dendritic spines for pruning by
phagocytic cells such as microglia and astrocytes (39–43).

If indeed B1 acts as a PS sensor in the CNS, then the
function of the receptor in vivo may be fairly complex, given
that B1 is known to be expressed in neurons (12, 13, 44–46),
astrocytes (44, 45), and microglia (44, 47). Conceivably, the
actions of B1 as a PS sensor in these distinct cell types may be
very different or even opposing. For example, studies by Tolias
et al. (14) have provided evidence (based on viral transduction
of B1 into neurons in vivo) that neuronal B1 expression pro-
motes the stability/maintenance of dendritic spines.
Conversely, B1 expression in microglia has been shown to
promote microglial engulfment of apoptotic cells (47) and may
also plausibly mediate engulfment of dendritic spines (or entire
synapses) that are marked for elimination because of exter-
nalization of PS (39–43). Similarly, astrocytes are also known



Figure 5. B1 signaling activity is reduced in cells lacking ANO6. A, confirmation of ANO6 KO in HEK293T cell line: on left, Western blot of wildtype
HEK293T lysates versus lysates from ANO6KO cell line immunoblotted for ANO6 and β-tubulin. B, flow histogram of mock-transfected (gray) wildtype
HEK293T cells (+annexin V) overlaid with mock-transfected ANO6KO cells (blue; +annexin V) demonstrates that ANO6KO cells exhibit lower baseline PS
exposure than do wildtype HEK293T cells. Lower probe-positive cells were observed in the ANO6KO cells. C, quantification of PS exposure in ANO6KO
mutant cell line compared with WT HEK293T cells: Mean fluorescence intensity (MFI) shown with ANO6KO condition normalized to mock-transfected
condition. PS exposure was reduced by 26% in the ANO6KO cells (mean ± SEM is shown, unpaired t test, p = 0.0004, n = 5). D, B1FL activation of SRF-
luciferase in ANO6KO cells was reduced by 67% relative to matched wildtype HEK293T cells (normalized to cell line, mean ± SEM is shown, ordinary
one-way ANOVA with Tukey’s multiple comparisons test, p < 0.0001, n = 6 for HEK293T condition, n = 5 for ANO6KO condition, ROUT method used at 10%
to remove one outlier from both conditions). ANO6, anoctamin 6; B1FL, full-length B1; HEK293T, human embryonic kidney 293T cell line; PS,
phosphatidylserine.
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to prune synaptic elements (48), and thus, astrocytic B1 may
play a role in detecting externalized PS on postsynaptic spines
and initiating pruning of those spines. Indeed, these opposing
actions of B1 in distinct cell types may help to explain the
mystery of why B1 knockdown in neurons decreases the
number of dendritic spines (12, 14), yet mice lacking B1
globally in all cell types exhibit no discernible changes in spine
density (16). Conceivably, B1 in neurons may detect PS as a
stress signal and act to protect dendritic spines, whereas B1
found in glia (microglia and astrocytes) may detect PS as an
engulfment signal and thereby facilitate spine pruning. These
ideas may be tested in future studies in which B1 is deleted
in vivo in a cell-specific manner.
PS binding by other AGPCRs
While B1 was the first AGPCR identified as a PS-binding

receptor, another AGPCR, GPR56 (ADGRG1), was also
recently shown by Piao et al. (42) to bind PS in a manner that
facilitates synaptic refinement by microglia. Interestingly, there
are several notable differences between B1 and GPR56 as PS
sensors. First, B1 binds PS via its TSRs (7), whereas GPR56
binds PS via its GAIN domain (42). Most AGPCRs possess
GAIN domains (2–4), but at this point, it is unknown whether
PS binding is a common property of GAIN domains or
whether this property is unique to the GAIN domain of
GPR56. Future structural studies to elucidate the structural
determinants of PS binding by B1 and GPR56 may facilitate
J. Biol. Chem. (2022) 298(12) 102685 7



Figure 6. Proposed mechanism for B1 interaction with PS and subsequent impact of ATP11A on B1 signaling. A, without PS engagement of the B1
NTF, B1 exhibits minimal G protein–dependent signaling. B, B1FL binds to externalized PS, which triggers a conformational change in the NTF and results in
enhanced G protein–dependent signaling. C, the flippase ATP11A binds to B1 and also reduces PS exposure, thereby lowering B1 signaling activity when
the flippase is active. NTF, N-terminal fragment; PS, phosphatidylserine.

Modulation of BAI1 signaling by phosphatidylserine exposure
predictions about potential PS binding by other AGPCRs.
Second, B1 and GPR56 exhibit distinct cellular distributions
within the CNS: as described previously, B1 is expressed in
neurons, astrocytes, and microglia, whereas GPR56 is not
expressed at all in mature neurons but rather is expressed in
oligodendrocytes, microglia, astrocytes, and neuronal precur-
sor cells (44, 49, 50).

Third, the aforementioned findings in our Results section
demonstrate that B1 engagement of externalized PS stimulates
the signaling activity of the receptor, whereas the effect of PS
on GPR56 signaling has not yet been explored. Thus, it will be
interesting in future studies to dissect the differential roles in
PS detection played by B1 versus GPR56 and also assess
whether other AGPCRs have the ability to act as PS sensors.

Physiological relevance of ATP11 flippases in the CNS

The studies described here utilized the PS flippase ATP11A
as a tool to manipulate PS exposure in HEK293T cells.
Intriguingly, far from just being a tool that has no relation to
brain physiology, ATP11A and related flippases are well
known to be localized to dendritic spines in vivo and to
regulate synaptic plasticity. For example, KO of the PS flippase
ATP11B, a close relative of ATP11A, results in striking per-
turbations to dendritic spine morphology and hippocampal
synaptic plasticity (51). Similarly, knockdown of CDC50A, a
chaperone protein required for proper trafficking of ATP11
family of phospholipid flippases (26), was shown to result in
increased PS exposure at synapses and aberrant pruning by
microglia (52). Moreover, the synaptic function of the ATP11
family of flippases is clinically relevant, given that a de novo
heterozygous ATP11A point mutation was recently found to
result in severe developmental delays and neurological dete-
rioration (53).

The well-established synaptic actions of the ATP11 family of
flippases, in conjunction with our data shown here that
ATP11A modulates B1 activity and that ATP11A and B1 can
robustly associate, suggest the possibility that B1 and ATP11
flippases form complexes at synapses that may act synergisti-
cally to sense and regulate PS levels in dendritic spines
(Fig. 6C).
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B1 binds multiple ligands

Although B1 may serve as a PS sensor at synapses and in
other cellular contexts, this by no means suggests that PS is the
sole ligand for B1. Most AGPCRs possess massive extracellular
NTF regions featuring numerous modular domains, and it
seems highly likely that these multiple domains engage with
multiple ligands (2–4). In the case of B1, for example, it has
been shown that the B1 NTF binds with high affinity to
reticulon-4 receptors to regulate dendritic arborization and
synapse formation (34, 54). B1 also has been reported to bind
to a number of other extracellular and/or TM proteins,
including integrins (55), CD36 (56), the complement-like
protein C1q (57), and neuroligin-1 (14). In future studies, it
will be interesting to examine the potential interplay between
B1 engagement of PS versus B1 engagement of reticulon-4
receptors and other B1 ligands, including ligands that may
yet be undiscovered.
The pharmacology of AGPCRs

AGPCR signaling is controlled by dynamic changes in
the association between the receptors’ NTF and CTF re-
gions, with mechanical forces on the NTF changing the
position of the stalk region (also known as the “tethered
agonist” or “stachel”) to modulate receptor signaling ac-
tivity (2–4). Some AGPCRs are also activated by small-
molecule ligands such as steroids (58, 59) or bioactive
lipids (60), leading to the emerging view in the field that
AGPCRs serve as massive signaling platforms that are
crucial for the integration of adhesive, mechanosensory,
and chemical stimuli (3).

When AGPCRs are found to bind multiple ligands, as in the
case of B1, it naturally raises questions about whether one of
the ligands might be the true orthosteric agonist, with other
ligands providing allosteric modulation of signaling. However,
in comparison to traditional ligand–receptor complexes,
wherein it is quite clear where and how ligand binding to a
GPCR can trigger signal transduction, AGPCR activation at
this point is more nebulous because of the ability of the large
NTF regions to bind so many different molecules. Given the
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complexity of AGPCR signaling and the emerging view that
these receptors are massive platforms that integrate a variety of
signals, it may be that traditional pharmacological terms like
“orthosteric agonist” or “allosteric modulator” are simply not
appropriate to describe the multiligand binding nature of this
receptor class. This classical terminology may not fully capture
the complexity of AGPCR signaling, in that one NTF region
can bind to multiple ligands to trigger different receptor re-
sponses in different cell types. Thus, the pharmacology of
AGPCR signaling remains murky at present, and determining
a single “orthosteric agonist” for the members of this receptor
class may not be possible. Perhaps instead, it would be pref-
erable to refer to modulators of AGPCR signaling simply as
“ligands” at this point and not try to become more specific
until the interplay of the various ligands can be evaluated and
high-resolution structures can shed more light on the active
conformations that can be achieved by the members of this
receptor class.

Future studies

The work presented here demonstrates that B1 binds PS,
and that this lipid engagement alters the receptor’s signaling.
In future studies, it would be of interest to understand
whether B1 itself regulates PS externalization, such that B1
might serve as a PS sensor that provides real-time feedback to
regulate exposure of PS. In addition, as described previously,
it would be of great interest to study the importance of B1
recognition of PS in different cellular contexts (i.e., neurons
versus astrocytes versus microglia in the CNS). It would also
be interesting in future work to measure whether PS
engagement by B1 alters the receptor’s ability to engage in key
protein–protein interactions with cytoplasmic binding part-
ners other than G proteins. In addition to its G protein
coupling, B1 is also known to bind intracellularly to beta-
arrestins (13, 18), IRSp53 (61), MDM2 (16, 62), MAGI-3
(13), Tiam-1 (12, 14, 15, 63), Bcr (15), and PSD-95 (13, 16).
What is the effect of B1 PS engagement on B1 interactions
with these various cytoplasmic binding partners? Does PS
binding by B1 lead only to enhanced G protein–dependent
signaling, such that PS serves as a “biased ligand” (64–66),
or does PS equally promote all signaling pathways down-
stream of B1? Future studies along these lines would help to
expand our knowledge of AGPCR signaling in general and in
particular enhance our understanding of the ability of B1 to
serve as a PS sensor.

Experimental procedures

Constructs

Human B1FL (1–1584), B1 ΔNT (927–1584) (and HA-B1
ΔNT), B1 myc-ΔCT (1–1200), and B1-NTF (1–927; also
known as “Vstat120”) constructs have been described previ-
ously (13, 18, 62). The latter two constructs were kindly pro-
vided by Erwin Van Meir (University of Alabama at
Birmingham). Human HA-ATP11A and HA-ATP11A
(E186Q) have also been described previously (26, 27, 29,
67–74).
Cell culture

HEK293T cells were acquired from American Type Culture
Collection and maintained in Dulbecco’s modified Eagle’s
medium (Thermo Fisher) supplemented with 10% fetal bovine
serum (Rockland) and 1% penicillin/streptomycin (VWR) in a
humid, 5% CO2, 37 �C incubator. Cells were transfected with
polyethyleneimine (PEI) or Mirus TransIT-LT1 (Mirus Bio)
according to the manufacturer’s protocol. The ANO6KO cell
line was kindly provided by Huanghe Yang (Duke University)
and developed as described (35–38).

Luciferase reporter assay

HEK293T cells were seeded into 96-well plates (Corning) at
50,000 cells per well 20 to 24 h prior to transfection. Each well
was transfected with 50 ng SRF-luciferase (a reporter of RhoA
signaling via G⍺12/13, pGL4.34; Promega), 1 ng Renilla
luciferase, and 50 ng receptor or empty vector (EV) DNA, as
previously described (17).

At 48 h after transfection, Dual-Glo luciferase assay was
performed according to the manufacturer’s protocol by adding
luciferase reagent (Promega) to cells for 10 min in the dark at
room temperature and read on FLUOstar Omega (BMG
Labtech). Next stop-and-glo reagent (Promega) was added to
stop the reaction for the Renilla luciferase read after another
10 min incubation in the dark and at room temperature (also
read on the same plate reader). Results were calculated for
each assay by determining the luminescence ratio of fire-
fly:Renilla luciferase counts, normalized to EV-transfected
wells.

Coculture experiments

HEK293T cells were seeded into 96-well plates at
50,000 cells per well 20 to 24 h prior to transfection using
Mirus or PEI. Concurrently, a 10 cm dish was also plated and
transfected with EV DNA. In the 96-well dish, each well was
then transfected with reporter (SRF-luciferase), Renilla, and
receptor or EV DNA. At 24 h after transfection, 50,000 cells
were collected and counted from the 10 cm dish and plated
onto half of the wells in the 96-well plate to observe whether
the additional cells altered the signaling of the B1FL-positive
cells. Signaling was then measured 48 h after transfection.

Western blot

Protein samples were reduced and denatured in Laemmli
buffer, loaded into 4 to 20%, Tris–glycine gels (Bio-Rad) for
SDS-PAGE, and then transferred to nitrocellulose membranes
(Bio-Rad). Blots were blocked with EveryBlot blocking buffer
(Bio-Rad) and incubated while shaking with primary anti-
bodies (specific antibodies listed later, all used at 1:1000
dilution) overnight at 4

�
C. Goat anti-rabbit immunoglobulin

G or goat antimouse immunoglobulin G secondary antibody
(IRDye 800CW, 1:5000 dilution; Licor) was then used to
amplify signal (1 h incubation, shaking at room temperature),
and blots were imaged on a Licor Fc machine. ImageStudio
(Licor) was used for quantification of bands on the resultant
J. Biol. Chem. (2022) 298(12) 102685 9



Modulation of BAI1 signaling by phosphatidylserine exposure
Western blots. The primary antibodies used were anti-BAI1
(Thermo Fisher; catalog no.: PA1-46465, host: rabbit), anti-
HA (Cell Signaling Technology; catalog no.: C29F4, host:
rabbit), anti-Myc (Cell Signaling Technology; catalog no.:
9B11, host: mouse), anti-β-tubulin (Cell Signaling Technology;
catalog no.: 2146S, host: rabbit), and anti-ANO6 (Invitrogen;
catalog no.: PA5-58610, host: rabbit).

Co-IP

At 48 h after transfection, 10 cm plates containing
HEK293T cells were washed with cold PBS + 0.9 mM Ca2+ and
solubilized in 1 ml harvest buffer (150 mM NaCl, 25 mM
Hepes, pH 7.2, 1 mM EDTA, 1% Triton X-100, and 1× HALT
protease/phosphatase inhibitors) overnight at 4 �C, end over
end. Next, unsolubilized material was cleared by centrifugation
(15 min at 13,500 rpm, 4 �C), and 90 μl supernatant was
collected for blotting (mixed 1:1 with 2× Laemmli buffer; Bio-
Rad), whereas the remainder (�910 μl) was mixed with washed
beads (either anti-HA or anti-Myc agarose beads from Pierce).
The lysate–bead mixture was rotated end over end overnight
at 4 �C. Next, beads were briefly centrifuged in a table-top
centrifuge, washed 3× in harvest buffer, and eluted in
Laemmli loading buffer before loading on 4 to 20% Tris–
glycine gels for SDS-PAGE and Western blotting. Western
blot bands were quantified using ImageStudio software.

Cell surface biotinylation

The Pierce Cell Surface Biotinylation and Isolation kit
(Thermo; catalog no.: A44390) was used according to the
manufacturer’s protocol to evaluate receptor presence in the
plasma membrane. Briefly, 48 h after transfection, 10 cm
plates of transfected HEK293T cells were placed on ice and
washed with ice-cold PBS before being incubated with
membrane-impermeant Sulfo-NHS-SS-Biotin in PBS for
10 min to biotinylate the surface. Cells were then washed in
TBS three times, lysed in kit-provided buffer, and cleared by
centrifugation. The lysates were incubated with NeutrAvidin
Agarose beads. Beads were then washed three times in the
manufacturer’s wash buffer and resuspended in Laemmli
buffer. Biotinylated proteins were detected via Western
blotting.

Flow cytometry

The Cell Meter Phosphatidylserine Apoptosis Assay Kit
(Green Fluorescence Optimized for Flow Cytometry; from
AAT Bioquest; catalog no.: 22824), which utilizes annexin V to
detect externalized PS, was used according to the manufac-
turer’s protocol. Briefly, HEK293T cells or ANO6KO cells were
plated in 10 cm dishes and transfected using PEI with 4 μg EV,
ATP11A, or ATP11A (E186Q). About 48 h later, cells were
collected into Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 1% penicillin/streptomycin, trit-
urated, and counted. Note: no trypsin was used when
collecting the transfected cells in this step to avoid protease-
mediated cleavage of B1. Instead, mechanical dissociation
was used in complete media to obtain single-cell suspension of
10 J. Biol. Chem. (2022) 298(12) 102685
cultured cells. Next, 5 × 105 cells were aliquoted per experi-
mental condition, spun down, and resuspended in kit-provided
proprietary assay buffer with annexin V probe and incubated
for a minimum of 30 min in the dark before analysis by flow
cytometry on a FACSymphony A3 5-Laser Cell Analyzer.
Single-cell populations of cells were identified using side
scatter width and side scatter height. To gate for saturation of
signal, A23187 was used to induce PS exposure and served as
positive control in parallel with same gates used in all exper-
iments run (MilliporeSigma). Negative control was gated for
lack of signal using cells without probe. Once positive and
negative control were used to establish voltage and gating,
these same settings were used for all experiments described. A
total of 20,000 events were recorded for each sample.

Quantification and data analysis

GraphPad Prism (GraphPad Software, Inc) was used to
analyze data. Ordinary one-way ANOVA with Tukey’s multi-
ple comparisons test or unpaired t tests were used to deter-
mine statistically significant differences among experimental
conditions. Where normalized data were used, Welch’s
correction was implemented in addition to the unpaired t test.
ROUT method was used at 10% to identify any outliers in
signaling assays (and indicated in legend where outliers were
appropriately removed). Sample sizes are reported in the Re-
sults section; n values refer to the number of biological repli-
cates for each set of experiments.

Data availability

The datasets generated during the current study are avail-
able from the corresponding author upon reasonable request.

Acknowledgments—We thank Huanghe Yang (Duke University) for
providing the ANO6KO cell line, and Nicholas Varvel, Kirsten Kost,
and Jacob Kohlmeier (Emory University) for advice on the flow
cytometry studies. All figures were generated using BioRender. This
study was supported in part by the Emory Flow Cytometry Core,
one of the Emory Integrated Core Facilities and subsidized by the
Emory University School of Medicine. Further support was pro-
vided by the National Center for Georgia Clinical & Translational
Science Alliance of the National Institutes of Health under award
number UL1TR002378.

Author contributions—T. L. and R. A. H. conceptualization; T. L.
and R. A. H. formal analysis; T. L. and J. K. D. investigation; H. T.,
H. C. H., and H.-W. S. resources; T. L. and R. A. H. writing–original
draft; J. K. D., H. T., H. C. H., and H.-W. S. writing–review &
editing; T. L. and R. A. H. visualization; H. C. H., H.-W. S., and
R. A. H. supervision; H. C. H. and R. A. H. funding acquisition.

Funding and additional information—T. L. was supported by a T32
training grant in Integrative Biology; Neuroscience (grant no.:
NS096050) and a T32 training grant in Translational Research in
Neurology (grant no.: NS007480). These studies were supported by
the National Institutes of Health grants R21-MH113166 (to R. A.
H.) and R01-GM132598 (to H. C. H.). The content is solely the
responsibility of the authors and does not necessarily reflect the
official views of the National Institutes of Health.



Modulation of BAI1 signaling by phosphatidylserine exposure
Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AGPCR, adhesion G
protein–coupled receptor; ANO6, anoctamin 6; B1FL, full-length
B1; co-IP, coimmunoprecipitation; CNS, central nervous system;
CTF, C-terminal fragment; EV, empty vector; GAIN, GPCR
autoproteolysis–inducing domain; GPCR, G protein–coupled re-
ceptor; HA, hemagglutinin; HEK293T, human embryonic kidney
293T cell line; NTF, N-terminal fragment; PEI, polyethyleneimine;
PS, phosphatidylserine; PSD, postsynaptic density; TM, trans-
membrane; TSR, thrombospondin repeat.

References

1. Yang, D., Zhou, Q., Labroska, V., Qin, S., Darbalaei, S., Wu, Y., et al.
(2021) G protein-coupled receptors: Structure- and function-based drug
discovery. Signal. Transduct. Target. Ther. 6, 7

2. Morgan, R. K., Anderson, G. R., Arac, D., Aust, G., Balenga, N., Boucard,
A., et al. (2019) The expanding functional roles and signaling mechanisms
of adhesion G protein-coupled receptors. Ann. N. Y Acad. Sci. 1456, 5–25

3. Hall, R. A., and Lala, T. (2022) Adhesion G protein-coupled receptors:
structure, signaling, physiology and pathophysiology. Physiol. Rev. 102,
1587–1624

4. Vizurraga, A., Adhikari, R., Yeung, J., Yu, M., and Tall, G. G. (2020)
Mechanisms of adhesion G protein-coupled receptor activation. J. Biol.
Chem. 295, 14065–14083

5. Arac, D., Boucard, A. A., Bolliger, M. F., Nguyen, J., Soltis, S. M., Sudhof,
T. C., et al. (2012) A novel evolutionarily conserved domain of cell-
adhesion GPCRs mediates autoproteolysis. EMBO J. 31, 1364–1378

6. Nishimori, H., Shiratsuchi, T., Urano, T., Kimura, Y., Kiyono, K., Tat-
sumi, K., et al. (1997) A novel brain-specific p53-target gene, Bai1, con-
taining thrombospondin type 1 repeats inhibits experimental
angiogenesis. Oncogene 15, 2145–2150

7. Park, D., Tosello-Trampont, A. C., Elliott, M. R., Lu, M., Haney, L. B.,
Ma, Z., et al. (2007) Bai1 is an engulfment receptor for apoptotic cells
upstream of the ELMO/Dock180/Rac module. Nature 450, 430–434

8. Das, S., Owen, K. A., Ly, K. T., Park, D., Black, S. G., Wilson, J. M., et al.
(2011) Brain angiogenesis inhibitor 1 (Bai1) is a pattern recognition re-
ceptor that mediates macrophage binding and engulfment of Gram-
negative bacteria. Proc. Natl. Acad. Sci. U. S. A. 108, 2136–2141

9. Das, S., Sarkar, A., Ryan, K. A., Fox, S., Berger, A. H., Juncadella, I. J., et al.
(2014) Brain angiogenesis inhibitor 1 is expressed by gastric phagocytes
during infection with Helicobacter pylori and mediates the recognition
and engulfment of human apoptotic gastric epithelial cells. FASEB J. 28,
2214–2224

10. Billings, E. A., Lee, C. S., Owen, K. A., D’Souza, R. S., Ravichandran, K. S.,
and Casanova, J. E. (2016) The adhesion GPCR Bai1 mediates macro-
phage ROS production and microbicidal activity against Gram-negative
bacteria. Sci. Signal. 9, ra14

11. Bolyard, C., Meisen, W. H., Banasavadi-Siddegowda, Y., Hardcastle, J.,
Yoo, J. Y., Wohleb, E. S., et al. (2017) Bai1 orchestrates macrophage in-
flammatory response to HSV infection-implications for oncolytic viral
therapy. Clin. Cancer Res. 23, 1809–1819

12. Duman, J. G., Tzeng, C. P., Tu, Y. K., Munjal, T., Schwechter, B., Ho, T.
S., et al. (2013) The adhesion-GPCR Bai1 regulates synaptogenesis by
controlling the recruitment of the Par3/Tiam1 polarity complex to syn-
aptic sites. J. Neurosci. 33, 6964–6978

13. Stephenson, J. R., Paavola, K. J., Schaefer, S. A., Kaur, B., Van Meir, E. G.,
and Hall, R. A. (2013) Brain-specific angiogenesis inhibitor-1 signaling,
regulation, and enrichment in the postsynaptic density. J. Biol. Chem. 288,
22248–22256

14. Tu, Y. K., Duman, J. G., and Tolias, K. F. (2018) The adhesion-GPCR Bai1
promotes excitatory synaptogenesis by coordinating bidirectional trans-
synaptic signaling. J. Neurosci. 38, 8388–8406
15. Duman, J. G., Mulherkar, S., Tu, Y. K., Erikson, K. C., Tzeng, C. P.,
Mavratsas, V. C., et al. (2019) The adhesion-GPCR Bai1 shapes dendritic
arbors via Bcr-mediated RhoA activation causing late growth arrest. Elife
8, e47566

16. Zhu, D., Li, C., Swanson, A. M., Villalba, R. M., Guo, J., Zhang, Z., et al.
(2015) Bai1 regulates spatial learning and synaptic plasticity in the hip-
pocampus. J. Clin. Invest. 125, 1497–1508

17. Shiu, F. H., Wong, J. C., Yamamoto, T., Lala, T., Purcell, R. H., Owino, S.,
et al. (2022) Mice lacking full length Adgrb1 (Bai1) exhibit social deficits,
increased seizure susceptibility, and altered brain development. Exp.
Neurol. 351, 113994

18. Kishore, A., Purcell, R. H., Nassiri-Toosi, Z., and Hall, R. A. (2016) Stalk-
dependent and stalk-independent signaling by the adhesion G protein-
coupled receptors GPR56 (ADGRG1) and Bai1 (ADGRB1). J. Biol.
Chem. 291, 3385–3394

19. Shin, H. W., and Takatsu, H. (2020) Phosphatidylserine exposure in living
cells. Crit. Rev. Biochem. Mol. Biol. 55, 166–178

20. Kay, J. G., and Grinstein, S. (2013) Phosphatidylserine-mediated cellular
signaling. Adv. Exp. Med. Biol. 991, 177–193

21. Bevers, E. M., and Williamson, P. L. (2016) Getting to the outer leaflet:
physiology of phosphatidylserine exposure at the plasma membrane.
Physiol. Rev. 96, 605–645

22. Naeini, M. B., Bianconi, V., Pirro, M., and Sahebkar, A. (2020) The role of
phosphatidylserine recognition receptors in multiple biological functions.
Cell Mol. Biol. Lett. 25, 23

23. Schenk, L. K., Schulze, U., Henke, S., Weide, T., and Pavenstadt, H. (2016)
TMEM16F regulates baseline phosphatidylserine exposure and cell
viability in human embryonic kidney cells. Cell Physiol, Biochem. 38,
2452–2463

24. Coleman, J. A., and Molday, R. S. (2011) Critical role of the beta-subunit
CDC50A in the stable expression, assembly, subcellular localization, and
lipid transport activity of the P4-ATPase ATP8A2. J. Biol. Chem. 286,
17205–17216

25. Munoz-Martinez, F., Torres, C., Castanys, S., and Gamarro, F. (2010)
CDC50A plays a key role in the uptake of the anticancer drug perifosine
in human carcinoma cells. Biochem. Pharmacol. 80, 793–800

26. Takatsu, H., Tanaka, G., Segawa, K., Suzuki, J., Nagata, S., Nakayama, K.,
et al. (2014) Phospholipid flippase activities and substrate specificities of
human type IV P-type ATPases localized to the plasma membrane. J. Biol.
Chem. 289, 33543–33556

27. Tone, T., Nakayama, K., Takatsu, H., and Shin, H. W. (2020) ATPase
reaction cycle of P4-ATPases affects their transport from the endoplasmic
reticulum. FEBS Lett. 594, 412–423

28. Roland, B. P., Naito, T., Best, J. T., Arnaiz-Yepez, C., Takatsu, H., Yu,
R. J., et al. (2019) Yeast and human P4-ATPases transport glyco-
sphingolipids using conserved structural motifs. J. Biol. Chem. 294,
1794–1806

29. Naito, T., Takatsu, H., Miyano, R., Takada, N., Nakayama, K., and Shin,
H. W. (2015) Phospholipid flippase ATP10A translocates phosphatidyl-
choline and is involved in plasma membrane dynamics. J. Biol. Chem. 290,
15004–15017

30. Birge, R. B., Boeltz, S., Kumar, S., Carlson, J., Wanderley, J., Calianese, D.,
et al. (2016) Phosphatidylserine is a global immunosuppressive signal in
efferocytosis, infectious disease, and cancer. Cell Death Differ. 23,
962–978

31. Lemke, G. (2017) Phosphatidylserine is the signal for TAM receptors and
their ligands. Trends Biochem. Sci. 42, 738–748

32. Prinster, S. C., Hague, C., and Hall, R. A. (2005) Heterodimerization of g
protein-coupled receptors: specificity and functional significance. Phar-
macol. Rev. 57, 289–298

33. Milligan, G., Ward, R. J., and Marsango, S. (2019) GPCR homo-oligo-
merization. Curr. Opin. Cell Biol. 57, 40–47

34. Wang, J., Miao, Y., Wicklein, R., Sun, Z., Wang, J., Jude, K. M., et al.
(2021) RTN4/NoGo-receptor binding to Bai adhesion-GPCRs regulates
neuronal development. Cell 184, 5869–5885.e5825

35. Liang, P., and Yang, H. (2021) Molecular underpinning of intracellular pH
regulation on TMEM16F. J. Gen. Physiol. 153, e202012704
J. Biol. Chem. (2022) 298(12) 102685 11

http://refhub.elsevier.com/S0021-9258(22)01128-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref1
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref2
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref3
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref3
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref3
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref4
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref5
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref6
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref7
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref8
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref9
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref10
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref11
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref12
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref13
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref14
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref15
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref16
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref17
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref18
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref19
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref20
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref21
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref22
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref23
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref24
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref25
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref26
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref27
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref28
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref29
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref30
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref31
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref32
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref33
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref33
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref34
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref35
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref35


Modulation of BAI1 signaling by phosphatidylserine exposure
36. Le, T., Jia, Z., Le, S. C., Zhang, Y., Chen, J., and Yang, H. (2019) An inner
activation gate controls TMEM16F phospholipid scrambling. Nat.
Commun. 10, 1846

37. Le, T., Le, S. C., and Yang, H. (2019) Drosophila Subdued is a moon-
lighting transmembrane protein 16 (TMEM16) that transports ions and
phospholipids. J. Biol. Chem. 294, 4529–4537

38. Zhang, Y., Le, T., Grabau, R., Mohseni, Z., Kim, H., Natale, D. R., et al.
(2020) TMEM16F phospholipid scramblase mediates trophoblast fusion
and placental development. Sci. Adv. 6, eaba0310

39. Brown, G. C., and Neher, J. J. (2014) Microglial phagocytosis of live
neurons. Nat. Rev. Neurosci. 15, 209–216

40. Vilalta, A., and Brown, G. C. (2018) Neurophagy, the phagocytosis of live
neurons and synapses by glia, contributes to brain development and
disease. FEBS J. 285, 3566–3575

41. Nonaka, S., and Nakanishi, H. (2019) Microglial clearance of focal
apoptotic synapses. Neurosci. Lett. 707, 134317

42. Li, T., Chiou, B., Gilman, C. K., Luo, R., Koshi, T., Yu, D., et al. (2020)
A splicing isoform of GPR56 mediates microglial synaptic refinement via
phosphatidylserine binding. EMBO J. 39, e104136

43. Scott-Hewitt, N., Perrucci, F., Morini, R., Erreni, M., Mahoney, M.,
Witkowska, A., et al. (2020) Local externalization of phosphatidylserine
mediates developmental synaptic pruning by microglia. EMBO J. 39,
e105380

44. Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Chris-
topherson, K. S., et al. (2008) A transcriptome database for astrocytes,
neurons, and oligodendrocytes: a new resource for understanding brain
development and function. J. Neurosci. 28, 264–278

45. Sokolowski, J. D., Nobles, S. L., Heffron, D. S., Park, D., Ravichandran,
K. S., and Mandell, J. W. (2011) Brain-specific angiogenesis inhibitor-1
expression in astrocytes and neurons: Implications for its dual function
as an apoptotic engulfment receptor. Brain Behav. Immun. 25,
915–921

46. Mori, K., Kanemura, Y., Fujikawa, H., Nakano, A., Ikemoto, H., Ozaki, I.,
et al. (2002) Brain-specific angiogenesis inhibitor 1 (Bai1) is expressed in
human cerebral neuronal cells. Neurosci. Res. 43, 69–74

47. Mazaheri, F., Breus, O., Durdu, S., Haas, P., Wittbrodt, J., Gilmour, D.,
et al. (2014) Distinct roles for Bai1 and TIM-4 in the engulfment of dying
neurons by microglia. Nat. Commun. 5, 4046

48. Bosworth, A. P., and Allen, N. J. (2017) The diverse actions of astrocytes
during synaptic development. Curr. Opin. Neurobiol. 47, 38–43

49. Giera, S., Deng, Y., Luo, R., Ackerman, S. D., Mogha, A., Monk, K. R.,
et al. (2015) The adhesion G protein-coupled receptor GPR56 is a cell-
autonomous regulator of oligodendrocyte development. Nat. Commun.
6, 6121

50. Bennett, M. L., Bennett, F. C., Liddelow, S. A., Ajami, B., Zamanian, J. L.,
Fernhoff, N. B., et al. (2016) New tools for studying microglia in the
mouse and human CNS. Proc. Natl. Acad. Sci. U. S. A. 113, E1738–E1746

51. Wang, J., Li, W., Zhou, F., Feng, R., Wang, F., Zhang, S., et al. (2019)
ATP11B deficiency leads to impairment of hippocampal synaptic plas-
ticity. J. Mol. Cell Biol. 11, 688–702

52. Li, T., Yu, D., Oak, H. C., Zhu, B., Wang, L., Jiang, X., et al. (2021)
Phospholipid-flippase chaperone CDC50A is required for synapse
maintenance by regulating phosphatidylserine exposure. EMBO J. 40,
e107915

53. Segawa, K., Kikuchi, A., Noji, T., Sugiura, Y., Hiraga, K., Suzuki, C., et al.
(2021) A sublethal ATP11A mutation associated with neurological
deterioration causes aberrant phosphatidylcholine flipping in plasma
membranes. J. Clin. Invest. 131, e148005

54. Chong, Z. S., Ohnishi, S., Yusa, K., and Wright, G. J. (2018) Pooled
extracellular receptor-ligand interaction screening using CRISPR activa-
tion. Genome Biol. 19, 205

55. Koh, J. T., Kook, H., Kee, H. J., Seo, Y. W., Jeong, B. C., Lee, J. H., et al.
(2004) Extracellular fragment of brain-specific angiogenesis inhibitor 1
suppresses endothelial cell proliferation by blocking alphavbeta5 integrin.
Exp. Cell Res. 294, 172–184
12 J. Biol. Chem. (2022) 298(12) 102685
56. Kaur, B., Cork, S. M., Sandberg, E. M., Devi, N. S., Zhang, Z., Klenotic, P.
A., et al. (2009) Vasculostatin inhibits intracranial glioma growth and
negatively regulates in vivo angiogenesis through a CD36-dependent
mechanism. Cancer Res. 69, 1212–1220

57. Benavente, F., Piltti, K. M., Hooshmand, M. J., Nava, A. A., Lakatos, A.,
Feld, B. G., et al. (2020) Novel C1q receptor-mediated signaling controls
neural stem cell behavior and neurorepair. Elife 9, e55732

58. Ping, Y. Q., Mao, C., Xiao, P., Zhao, R. J., Jiang, Y., Yang, Z., et al. (2021)
Structures of the glucocorticoid-bound adhesion receptor GPR97-Go
complex. Nature 589, 620–626

59. An, W., Lin, H., Ma, L., Zhang, C., Zheng, Y., Cheng, Q., et al. (2022)
Progesterone activates GPR126 to promote breast cancer development
via the Gi pathway. Proc. Natl. Acad. Sci. U. S. A. 119, e2117004119

60. Lee, J. W., Huang, B. X., Kwon, H., Rashid, M. A., Kharebava, G., Desai,
A., et al. (2016) Orphan GPR110 (ADGRF1) targeted by N-docosahex-
aenoylethanolamine in development of neurons and cognitive function.
Nat. Commun. 7, 13123

61. Oda, K., Shiratsuchi, T., Nishimori, H., Inazawa, J., Yoshikawa, H.,
Taketani, Y., et al. (1999) Identification of BAIAP2 (Bai-associated protein
2), a novel human homologue of hamster IRSp53, whose SH3 domain
interacts with the cytoplasmic domain of Bai1. Cytogenet. Cell Genet. 84,
75–82

62. Zhu, D., Osuka, S., Zhang, Z., Reichert, Z. R., Yang, L., Kanemura, Y.,
et al. (2018) Bai1 suppresses medulloblastoma formation by protecting
p53 from mdm2-mediated Degradation. Cancer Cell 33, 1004–1016.
e1005

63. Tolias, K. F., Duman, J. G., and Um, K. (2011) Control of synapse
development and plasticity by Rho GTPase regulatory proteins. Prog.
Neurobiol. 94, 133–148

64. Southern, C., Cook, J. M., Neetoo-Isseljee, Z., Taylor, D. L., Kettle-
borough, C. A., Merritt, A., et al. (2013) Screening beta-arrestin
recruitment for the identification of natural ligands for orphan G-pro-
tein-coupled receptors. J. Biomol. Screen 18, 599–609

65. Reiter, E., Ahn, S., Shukla, A. K., and Lefkowitz, R. J. (2012) Molecular
mechanism of beta-arrestin-biased agonism at seven-transmembrane
receptors. Annu. Rev. Pharmacol. Toxicol. 52, 179–197

66. Rankovic, Z., Brust, T. F., and Bohn, L. M. (2016) Biased agonism: an
emerging paradigm in GPCR drug discovery. Bioorg. Med. Chem. Lett. 26,
241–250

67. Okamoto, S., Naito, T., Shigetomi, R., Kosugi, Y., Nakayama, K., Takatsu,
H., et al. (2020) The N- or C-terminal cytoplasmic regions of P4-ATPases
determine their cellular localization. Mol. Biol. Cell 31, 2115–2124

68. Wang, J., Wang, Q., Lu, D., Zhou, F., Wang, D., Feng, R., et al. (2017)
A biosystems approach to identify the molecular signaling mechanisms of
TMEM30A during tumor migration. PLoS One 12, e0179900

69. Takatsu, H., Baba, K., Shima, T., Umino, H., Kato, U., Umeda, M., et al.
(2011) ATP9B, a P4-ATPase (a putative aminophospholipid translocase),
localizes to the trans-Golgi network in a CDC50 protein-independent
manner. J. Biol. Chem. 286, 38159–38167

70. Wang, J., Molday, L. L., Hii, T., Coleman, J. A., Wen, T., Andersen, J. P.,
et al. (2018) Proteomic analysis and functional characterization of P4-
ATPase phospholipid flippases from murine tissues. Sci. Rep. 8, 10795

71. Segawa, K., Kurata, S., and Nagata, S. (2016) Human type IV P-type
ATPases that work as plasma membrane phospholipid flippases and their
regulation by caspase and calcium. J. Biol. Chem. 291, 762–772

72. Takatsu, H., Takayama, M., Naito, T., Takada, N., Tsumagari, K., Ishi-
hama, Y., et al. (2017) Phospholipid flippase ATP11C is endocytosed and
downregulated following Ca(2+)-mediated protein kinase C activation.
Nat. Commun. 8, 1423

73. Takada, N., Takatsu, H., Miyano, R., Nakayama, K., and Shin, H. W.
(2015) ATP11C mutation is responsible for the defect in phosphati-
dylserine uptake in UPS-1 cells. J. Lipid Res. 56, 2151–2157

74. Takada, N., Naito, T., Inoue, T., Nakayama, K., Takatsu, H., and Shin, H.
W. (2018) Phospholipid-flipping activity of P4-ATPase drives membrane
curvature. EMBO J. 37, e97705

http://refhub.elsevier.com/S0021-9258(22)01128-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref36
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref37
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref38
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref39
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref39
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref40
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref41
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref41
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref42
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref43
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref44
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref45
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref46
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref46
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref46
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref47
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref47
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref47
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref48
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref48
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref49
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref49
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref49
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref49
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref50
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref50
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref50
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref51
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref51
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref51
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref52
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref52
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref52
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref52
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref53
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref53
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref53
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref53
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref54
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref54
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref54
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref55
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref55
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref55
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref55
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref56
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref56
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref56
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref56
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref57
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref57
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref57
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref58
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref58
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref58
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref59
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref59
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref59
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref60
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref60
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref60
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref60
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref61
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref61
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref61
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref61
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref61
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref62
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref62
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref62
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref62
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref63
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref63
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref63
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref64
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref64
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref64
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref64
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref65
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref65
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref65
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref66
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref66
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref66
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref67
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref67
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref67
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref68
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref68
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref68
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref69
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref69
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref69
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref69
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref70
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref70
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref70
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref71
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref71
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref71
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref72
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref72
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref72
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref72
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref73
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref73
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref73
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref74
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref74
http://refhub.elsevier.com/S0021-9258(22)01128-0/sref74

	Phosphatidylserine exposure modulates adhesion GPCR BAI1 (ADGRB1) signaling activity
	Results
	Human embryonic kidney 293T cells exhibit a baseline level of exposed PS that can be modulated by the PS flippase ATP11A
	Coexpression of ATP11A with B1 reduces the constitutive signaling activity of B1
	The flippase activity of ATP11A is required for modulation of B1 signaling
	Increased cell density does not promote B1 signaling
	B1 multimerizes via its TM domains in a PS-independent manner
	B1 interacts via its NTF region with ATP11A
	B1 signaling is reduced in cells lacking the scramblase ANO6

	Discussion
	Relevance of B1 engagement of PS to B1 function in the central nervous system
	PS binding by other AGPCRs
	Physiological relevance of ATP11 flippases in the CNS
	B1 binds multiple ligands
	The pharmacology of AGPCRs
	Future studies

	Experimental procedures
	Constructs

	Cell culture
	Luciferase reporter assay
	Coculture experiments
	Western blot
	Co-IP
	Cell surface biotinylation
	Flow cytometry
	Quantification and data analysis

	Data availability
	Author contributions
	Funding and additional information
	References


