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(Background: Xkr8 is essential to scramble phospholipids during apoptosis. The function of other Xkr family members is

Results: Xkr4, Xkr8, and Xkr9 rescued apoptotic lipid scrambling in Xkr8 '~ cells.
Conclusion: In the Xkr family, three members support caspase-activated lipid scrambling, and two of them are tissue-specifi-

Significance: Learning the biochemical function of Xkr family members is essential to understand their physiological role.

J

Apoptotic cells expose phosphatidylserine (PtdSer) on their
surface as an “eat me” signal. Mammalian Xk-related (Xkr) pro-
tein 8, which is predicted to contain six transmembrane regions,
and its Caenorhabditis elegans homolog CED-8 promote apo-
ptotic PtdSer exposure. The mouse and human Xkr families
consist of eight and nine members, respectively. Here, we found
that mouse Xkr family members, with the exception of Xkr2, are
localized to the plasma membrane. When Xkr8-deficient cells,
which do not expose PtdSer during apoptosis, were transformed
by Xkr family members, the transformants expressing Xkr4,
Xkr8, or Xkr9 responded to apoptotic stimuli by exposing cell
surface PtdSer and were efficiently engulfed by macrophages.
Like Xkr8, Xkr4 and Xkr9 were found to possess a caspase rec-
ognition site in the C-terminal region and to require its direct
cleavage by caspases for their function. Site-directed mutagen-
esis of the amino acid residues conserved among CED-8, Xkr4,
Xkr8, and Xkr9 identified several essential residues in the sec-
ond transmembrane and second cytoplasmic regions. Real time
PCR analysis indicated that unlike Xkr8, which is ubiquitously
expressed, Xkr4 and Xkr9 expression is tissue-specific.

Phospholipids, which are synthesized at the cytoplasmic side
of the endoplasmic reticulum, serve as structural components
in cellular membranes. Phospholipids are asymmetrically dis-
tributed in the bilayers of membranes other than those of the
endoplasmic reticulum (in the endosomal, Golgi, and plasma
membranes) (1). In these membranes, amino phospholipids
such as phosphatidylserine (PtdSer)* and phosphatidylethano-
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lamine are specifically transported from the outer to inner leaf-
let in an energy-dependent manner to maintain the asym-
metrical phospholipid distribution (2). Thus, PtdSer and
phosphatidylethanolamine are preferentially located in the
cytoplasmic leaflet of these membranes, whereas phosphatidyl-
choline, sphingomyelin, and glycolipids are located in the extra-
cellular or lumen leaflet (3).

The asymmetry of plasma membranes is disrupted in biolog-
ical processes such as apoptotic cell death prior to engulfment
by macrophages, platelet activation for blood clotting, cell
fusion during muscle or bone development, and membrane
budding to release enveloped viruses, pyrenocytes, or exosomes
(1, 3-6). The process that disrupts asymmetrical phospholipid
distribution is thought to be mediated by a “phospholipid
scramblase” that nonspecifically scrambles phospholipids
between the inner and outer leaflets (3). The identity of this
“scramblase” has been elusive (7), but we recently showed that
two proteins from different families, transmembrane protein
(TMEM) 16F and Xk-related (Xkr) protein 8, support phospho-
lipid scrambling (8, 9).

TMEMI16F, which carries eight transmembrane regions, is
localized to the plasma membrane and supports phospholipid
scrambling in a Ca®>*-dependent manner (9). Humans with
Scott syndrome, a mild bleeding disorder caused by impaired
PtdSer exposure in activated platelets (10), carry a loss-of-func-
tion mutation in the TMEMI6F gene (9, 11), indicating that
TMEMIG6F is important for the phospholipid scrambling in
activated platelets. Of the 10 TMEM16 family members, four
additional members have been found to support Ca>"-depen-
dent phospholipid scrambling in specific tissues (12).

Xkr8, which is also localized to the plasma membrane, has
tentatively been assigned six transmembrane regions (8). Xkr8
has a caspase 3/7 recognition sequence in the C-terminal tail
region, and its cleavage by caspases during apoptosis activates
the ability of Xkr8 to support phospholipid scrambling. Xkr8 is
expressed ubiquitously in various tissues with extremely high
levels in the testis. A null mutation of mouse Xkr8 or the epige-
netic repression of the XKR8 gene expression in human cancer
cells blocks PtdSer exposure during apoptosis. Caenorhabditis
elegans carries one Xkr homolog (CED-8) with a caspase recog-
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nition sequence in the N-terminal tail, and its cleavage by
CED-3 (caspase in C. elegans) causes PtdSer to be exposed on
the surface of the dying cell during programmed cell death (8,
13).

The human and mouse Xkr families consist of nine and eight
members, respectively, and mutations or variations in the gene
of Xkr members are associated to human diseases (14—16).
However, the biochemical function and tissue distribution of
Xkr family members are not well understood. In this study, we
investigated the PtdSer exposure by Xkr members and found
that Xkr4 and Xkr9 could tissue-specifically support the apo-
ptotic PtdSer exposure.

EXPERIMENTAL PROCEDURES

Cell Lines, Recombinant Proteins, Antibodies, and Materials—
Human PLB-985 cells (17) were grown in RPMI 1640 medium
containing 10% FCS and 50 uMm B-mercaptoethanol. Mouse
Xkr8'~ immortalized fetal thymocytes (IFETs) expressing
mouse Fas (IFET-Fas) as described previously (8) were grown in
DMEM supplemented with 10% FCS, 1X non-essential amino
acids (Invitrogen), GlutaMAX™ (Invitrogen), 10 mm Hepes-
NaOH buffer (pH 7.4), and 50 uM B-mercaptoethanol. Mouse
WRI19L cells transformed with mouse Fas (WR-Fas) as
described previously (18) were grown in RPMI 1640 medium
containing 10% FCS and 50 um B-mercaptoethanol. Human
HEK293T cells and Plat-E cells (19) were grown in DMEM con-
taining 10% FCS. The leucine zipper-tagged human recombi-
nant Fas ligand (FasL) was prepared as described (20). Allophy-
cocyanin-labeled rat anti-mouse CD11b mAb (Macl, clone
M1/70), rabbit anti-activated caspase-3 mAb, and Alexa Fluor
488-labeled goat anti-rabbit IgG antibody were obtained from
BD Pharmingen, Cell Signaling Technology (Danvers, MA),
and Invitrogen, respectively. Staurosporine was provided by
Kyowa Hakko Kirin (Tokyo, Japan).

Xkr ¢DNAs—The coding sequences for mouse Xkrl
(GenBank™ accession number NM_201368), Xkr2 (GenBank
accession number NM_ 183319), Xkr4 (GenBank accession
number NM_001011874), Xkr5 (GenBank accession number
NM_001113350), Xkr6 (GenBank accession number NM_
173393), Xkr7 (GenBank accession number NM_001011732),
and Xkr9 (GenBank accession number NM_001011873) and
human XKR9 (GenBank accession number NM_001011720)
were prepared by RT-PCR using cDNA from Ba/F3 cells (Xkr1I),
bone marrow (Xkr2), brain (Xkr4, Xkr6, and Xkr7), thymus
(XkrS and Xkr9), or Jurkat cells (XKR9). Primers used for RT-
PCR were shown in supplemental Methods. We purchased
XKR4 (GenBank accession number NM_052898) cDNA from
DNAFORM (Yokohama, Japan); Xkr8 and XKR8 cDNAs were
as described previously (8).

To express proteins tagged with GFP or FLAG at the C ter-
minus, cDNAs were inserted between the BamHI and EcoRI
sites or at the EcoRI site of pMXs-puro c-GFP (8) or pMXs-
puro c-FLAG (9) after being verified by sequencing. XKR
c¢DNAs were inserted into the pNEF vector, pEF-BOS vector
(21), which contains the SV40 early promoter-driven neomycin
resistance gene.

Xkr Transformation and Cellular Localization—Mouse Xkr8™ '~
IFET cells were transformed by infection with ecotropic retro-
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virus, whereas mouse WR-Fas and human PLB-985 cells were
transformed by infection with pantropic retrovirus. In brief,
MLV retroviruses carrying Xkr cDONAs were produced by trans-
fecting Plat-E cells with the pMX-puro vector, concentrated by
centrifugation at 6000 X g for 16 h at 4 °C, and used to infect
Xkr8~'~ IFET-Fas cells. The transformants were selected in
medium containing 2.0 ug/ml puromycin. To produce the pantropic
retrovirus, HEK293T cells were transfected with the pMXs vector,
pGP vector for the gag-pol fusion protein (Takara Bio, Shiga, Japan),
and pCMV-VSV-G-RSV-Rev vector for the envelope (provided by
Dr. H. Miyoshi, Riken, Tsukuba, Japan); virus particles in the culture
supernatant were concentrated by centrifugation. In some cases,
PLB-985 cells were transfected with linearized pNEF-XKR-FLAG by
electroporation using NEPA21 (Nepagene, Chiba, Japan), and trans-
formants were selected in medium containing 2.0 mg/ml geneticin
(Invitrogen).

To examine the cellular localization of Xkr, HEK293T cells
were transfected with pMXs-puro Xkr-GFP using FUuGENE 6
(Promega, Madison, WI), and stable transformants were
selected in medium containing 1.0 ug/ml puromycin. For
observation by fluorescence microscopy (BioRevo BZ-9000,
Keyence, Osaka, Japan), cells grown on glass bottom dishes
(AGC Technoglass, Shizuoka, Japan) were observed in PBS
containing 2% FCS.

Apoptosis and Engulfiment of Apoptotic Cells by Macrophages—
To induce apoptosis, 5 X 10° IFET-Fas or WR-Fas cells in 0.5
ml of culture medium were treated with 25 units/ml FasL for
120 min or with 10 units/ml FasL for 50 min, respectively. To
induce apoptosis in PLB-985 cells, 5 X 10° cells in 0.5 ml of
culture medium were treated with 10 um staurosporine for 2—4
h, or 1 X 10° cells in 2 ml of PBS were exposed to 2000 J/m?* UV
irradiation (254 nm) in a StrataLinker (Agilent Technologies,
Santa Clara, CA) followed by incubation at 37 °C for 3 h in 4 ml
of RPMI 1640 medium containing 10% FCS.

The engulfment of apoptotic cells by macrophages was
assayed as described previously (22). In brief, PLB-985 cells
were exposed to UV irradiation to induce apoptosis and labeled
with 0.1 ug/ml pHrodo™ succinimidyl ester (pHrodo, Invitro-
gen) to monitor the engulfment. Thioglycollate-elicited perito-
neal macrophages prepared as described (23) were incubated at
37 °C for 2 h with the pHrodo-labeled apoptotic cells. The cells
were suspended in 20 mm CHES-NaOH buffer (pH 9.0) con-
taining 150 mm NaCl, 2% FCS, and 0.67 ug/ml allophycocya-
nin-labeled rat anti-mouse Mac1 and analyzed by flow cytom-
etry using a FACSAria. In some cases, 5 X 10* macrophages
cultured in an 8-well Lab-Tek II chambered cover glass (Nalge
Nunc International, Penfield, NY) coated with fibronectin were
incubated at 37 °C for 120 min with 3.0 X 10° pHrodo-labeled
apoptotic cells in 0.3 ml of DMEM containing 10% FCS. The
cells were then washed with PBS, suspended in Hanks’ balanced
salt solution containing 2% FCS, and observed by confocal
microscopy (Olympus FV1000).

Western Blotting—Cells were lysed at 4 °C for 1 h in Com-
plexioLyte48 (Logopharm, Freiburg, Germany) with a protease
inhibitor mixture (cOmplete Mini, Roche Applied Science).
Insoluble materials were removed by centrifugation at 20,000 X
gfor 15 min after which the lysates were mixed with a 4 volume
of 5X SDS sample buffer (200 mm Tris-HCI (pH 6.8), 10% SDS,
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25% glycerol, 5% B-mercaptoethanol, and 0.05% bromophenol
blue), incubated overnight at room temperature, separated by
SDS-PAGE on a 10-20% gradient gel (Bio Craft, Tokyo, Japan),
and transferred to a PVDF membrane (Millipore, Billerica,
MA). The membranes were probed with 10,000-fold-diluted
mouse anti-FLAG mAb conjugated with HRP (clone M2,
Sigma-Aldrich) or with 10,000-fold-diluted mouse anti-GFP
mAb (clone JL8, Takara Bio) followed by incubation with
10,000-fold-diluted HRP-conjugated goat anti-mouse Igs
(Dako, Carpinteria, CA) using the Can Get Signal system
(Toyobo, Osaka, Japan). Peroxidase activity was detected by the
Western Lightning® ECL system (PerkinElmer Life Sciences).

Preparation of Membrane Fractions and Treatment with
Recombinant Caspases—Membrane fractions were prepared
from WR-Fas transformants expressing Xkr-GFP as described
previously (24). Briefly, 4 X 10°® cells were washed with PBS,
pelleted, and stored at —80 °C. The frozen cells were suspended
in 6 ml of 10 mm Tris-HCI buffer (pH 7.5) containing 1 mm
4-amidinophenylmethanesulfonyl fluoride (p-APMSF), homo-
genized with a Dounce homogenizer, and mixed with 6 ml of 10
mwm Tris-HCI buffer (pH 7.5) containing 0.5 M sucrose, 0.1 M
KCl, 10 mm MgCl,, 2 mm CaCl,, and 1 mm p-APMSEF. Nuclei
and mitochondria were removed by sequential centrifugations
at 4°C at 600 X g for 10 min and at 8000 X g for 10 min.
Membrane fractions obtained by centrifugation at 150,000 X g
for 1 h at 4 °C were solubilized in 350 ul of ComplexioLyte48 at
4 °Cfor 3 h. Insoluble materials were removed by centrifugation
at 20,000 X g for 15 min after which the lysates (about 15 ug of
protein) were incubated at 37 °C for 1 h with 1.6 units (for
Xkr4-GFP) or 0.16 unit (for Xkr9-GFP) of various recombinant
human caspases (BioVision, San Francisco, CA) in 50 ul of 50
mM Hepes-NaOH buffer (pH 7.4) containing 50 mm NaCl, 5%
glycerol, 5mMm DTT, 10 mm EDTA, 0.1 um p-APMSF, and 0.1%
CHAPS. After adding a ¥4 volume of 5X SDS sample buffer, the
reaction mixture was boiled for 5 min, separated by electropho-
resis on a 10—-20% gradient gel, and analyzed by blotting with
anti-GFP mAb.

Purification of Human XKR8 and Assignment of Its N
Terminus—PLB-985 transformants (4.8 X 10° cells) expressing
XKR8-FLAG collected from 4.8 liters of culture were washed
with PBS, pelleted by centrifugation, and stored at —80 °C. The
frozen cells were suspended in 144 ml of 20 mm Tris-HCl buffer
(pH 7.5) containing 5 mm EDTA, 5 mMm EGTA, and a mixture of
protease inhibitors (1 mm pepstatin, 1 mMm leupeptin, and 1 mm
p-APMSF); homogenized with a Dounce homogenizer; and
mixed with 62 ml of 20 mm Tris-HCI (pH 7.5) buffer containing
833.3 mM sucrose, 5 mM EGTA, 5 mm EDTA, and a mixture of
protease inhibitors. Nuclei and mitochondria were removed at
4 °C by sequential centrifugations at 800 X g for 10 min and at
8000 X g for 10 min. After the supernatant was centrifuged
at 100,000 X g for 1 h, the membrane fraction in the precipitate
was resuspended in 10 ml of 50 mm Tris-HCl buffer (pH 7.5)
containing 150 mm NaCl, 5 mm EGTA, 5 mMm EDTA, 1% Triton
X-100, and a mixture of protease inhibitors; homogenized by
passing it through a 20-gauge needle five times; and dissolved
by slow rotation at 4 °C for 2.5 h. After insoluble materials were
removed by centrifugation at 100,000 X g for 1 h, the superna-
tant (24 ug of protein) was mixed with 100 ul (bed volume) of

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

FLAG M2-agarose at 4 °C overnight. After washing with 50 mm
Tris-HCl buffer (pH 7.5) containing 150 mm NaCl, 5 mM EGTA,
5mMm EDTA, and 1% Triton X-100, proteins bound to the aga-
rose beads were eluted with 200 ul of 50 mm Tris-HCI buffer
(pH 7.5) containing 150 mm NaCl, 5 mm EGTA, 5 mm EDTA,
0.1% Triton X-100, 160 ng/ul FLAG peptide (Sigma-Aldrich),
and 1 mMm p-APMSEF; this was repeated three times. The eluates
were pooled, concentrated to 40 ul using a Microcon YM100
(Amicon, Millipore), and separated by 10-20% SDS-PAGE in
which the cathode buffer was supplemented by 1 mm sodium
thioglycollate. The proteins were transferred to a PVDF mem-
brane (pore size, 0.2 wm; Millipore) and stained with Coomas-
sie Brilliant Blue. The N-terminal amino acid sequence of the
36-kDa XKR8-FLAG was determined by Edman degradation as
a custom service at APRO Life Science Institute (Naruto,
Tokushima, Japan).

RESULTS

Cellular Localization of Xkr Family Members—The Xkr fam-
ily consists of eight members in mice and nine members in
humans; XKR3 does not have a counterpart in mice (25). To
examine cellular localization, each of the eight Xkr members
was fused at the C terminus to GFP, placed under control of the
mouse retrovirus promoter long terminal repeat, and stably
expressed in human HEK293T cells. Because mouse retrovirus
long terminal repeat has weak promoter activity in human cells
(21), we thought that this exogenously introduced protein
might not form artificial inclusion bodies. In fact, with the
exception of Xkr2, all of the Xkr family members localized to
the plasma membrane in stable transformants of HEK293T
cells (Fig. 14).

PtdSer Exposure by Xkr Family Members—We showed pre-
viously that mouse Xkr8 '~ IFETs, Xkr8 '~ embryonic fibro-
blasts, and human PLB-985 and Raji cells in which XKRS8
expression is epigenetically down-regulated do not expose
PtdSer in response to apoptotic stimuli (8). To examine the
ability of Xkr family members to expose PtdSer, we trans-
formed Xkr8 '~ IFETSs expressing mouse Fas (IFET-Fas) with
GFP-fused Xkr family members. Flow cytometry analysis for
GFP showed similar expression levels of each fusion protein
(Fig. 1B). When the transformants were treated with human
FasL, Xkr4, Xkr8, and Xkr9, but not other family members,
were able to rescue the FasL-induced PtdSer exposure in
Xkr8~'~ IFET-Fas cells (Fig. 1B). Similar results were obtained
when human PLB-985 transformants expressing Xkr family
members were treated with staurosporine, indicating the gen-
eral ability of Xkr4, Xkr8, and Xkr9 to support apoptotic PtdSer
exposure (supplemental Fig. S1).

Members of the human XKR family have 65-96% amino acid
sequence identity with their mouse counterparts. When human
XKR family members were introduced into PLB-985 cells,
transformants expressing XKR4, XKR8, or XKR9 exposed
PtdSer in response to UV irradiation. The PtdSer exposure was
strongest in transformants expressing XKR8 (Fig. 24). Express-
ing XKR4, XKR8, or XKR9 in PLB-985 cells had little effect on
the UV-induced activation of caspase 3 (Fig. 2A4), indicating
that Xkr4 and Xkr9, like Xkr8, function downstream of the
caspases to expose PtdSer. PtdSer exposed on the surface of
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FIGURE 1. Apoptotic PtdSer exposure by Xkr family members. A, cellular localization of Xkr family members. HEK293T cells were transfected with a pMXs
vector encoding the indicated GFP-fused mouse Xkr members, and stable transformants were generated. Cells were observed by fluorescence microscopy for
GFP. Phase-contrast images are shown. Scale bar, 20 um. B, apoptotic PtdSer exposure by Xkr family members in mouse IFETs. Xkr8 /™ IFET-Fas cells trans-
formed with the indicated GFP-fused Xkr members were treated with FasL and stained with Cy5-labeled Annexin V. Left panels, FACS profiles for GFP (green) for
each transformant and for the parental cells (black). Right panels, Annexin V staining profiles for parental Xkr8 /~ IFET-Fas and for each transformant with (red)

or without (green) FasL treatment.

apoptotic cells serves as an “eat me” signal for macrophages (26,
27). Accordingly, apoptotic UV-treated parental PLB-985 cells,
which did not expose PtdSer, were not engulfed by mouse thio-
glycollate-elicited peritoneal macrophages. However, the PLB-
985 cells transformed with XKR4, XKRS8, or XKR9 were effi-
ciently engulfed (Fig. 2B), confirming that the PtdSer exposed
by Xkr family members served as an effective eat me signal.
Caspase Cleavage Sites in Xkr Members—Xkr8 carries a
C-terminal caspase 3 recognition site (DQVDG in XKR8 and
DLVDG in Xkr8) (Fig. 3) that must be cleaved by caspase 3 or 7
to allow Xkr8 to promote PtdSer exposure (8). To determine
whether Xkr4d and Xkr9 could also be cleaved by caspases,
mouse WRI9L cells expressing mouse Fas (WR-Fas) were
transformed with Xkr4-GFP or Xkr9-GFP. The cell membrane
fractions were prepared from them, solubilized with the lysis
buffer ComplexioLytes-48, and treated with a set of human
recombinant caspases (caspases 1-10). As shown in Fig. 4, B
and C, caspases 3, 6, and 7, but not other caspases, cleaved the
95-kDa Xkr4-GFP into a 38-kDa fragment and the 55-kDa
Xkr9-GEFP into a 27-kDa fragment. These results suggested that
Xkr4 was cleaved at a site about 80 amino acids away from its C
terminus, whereas the cleavage site of Xkr9 was closer to the C
terminus. Both human and mouse Xkr4 and Xkr9 were found to
contain phylogenetically well conserved caspase recognition
sequences in the C-terminal tail region (AERDG for Xkr4 and
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DETDG for Xkr9) (Fig. 3 and supplemental Fig. S2). To confirm
that Xkr4 and Xkr9 could be cleaved by caspases at AERDG at
positions 561-564 of Xkr4-GFP and at DETDG at positions
354-357 of Xkr9-GFP, these sites were mutated to AERAG
(Xkr4 1DA) and AETAG (Xkr9 2DA) (Fig. 44). The mutants
were expressed in WR-Fas cells, and the membrane fraction
was treated with caspase 3, 6, or 7. As shown in Fig. 4, Band C,
these mutants were completely resistant to cleavage by these
caspases.

Requirement of Caspase Cleavage for Xkr4- or Xkr9-promoted
PtdSer Exposure—To examine whether the cleavage of Xkr4
and Xkr9 was required for their function in exposing PtdSer,
WR-Fas transformants expressing Xkr4-GFP, Xkr4 1DA-GFP,
Xkr9-GFP, or Xkr9 2DA-GFP were treated with FasL. Western
blots of cell lysates indicated that FasL treatment activated
caspase 3 in all the transformants, causing wild-type Xkr4-GFP
to be cleaved from the 95- to 38-kDa band and Xkr9-GFP to be
cleaved from the 55- to 27-kDa band (Fig. 4D). However, there
was no specific cleavage of Xkr4 or Xkr9 in FasL-treated WR-
Fas cells expressing the Xkr4 1DA or Xkr9 2DA mutant,
although there was a faint 26-kDa band in some Xkr9 2DA
samples.

We next expressed wild-type and caspase-resistant Xkr4-and
Xkr9, which were FLAG-tagged at the C terminus, in human
PLB-985 cells. The FLAG-tagged, but not GFP-fused, Xkrs
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FIGURE 2. Macrophage engulfment of cells expressing XKRs. A, apoptotic
UV-exposed or unexposed (control) PLB-985 cells and transformants expressing

PtdSer exposure by human XKR family members in human PLB-985 cells.
the indicated human XKR family members were stained with Cy5-Annexin V

and propidium iodide (P), and the percentage of Annexin V" propidium iodide™ cells was determined. The average values =S.D. from three independent
experiments are shown in the lower right quadrant. The lower panels show staining profiles for active caspase 3. B, engulfment of apoptotic XKR-expressing
PLB-985 cells by macrophages. PLB-985 cell transformants expressing the indicated XKR members were exposed to UV irradiation, labeled with pHrodo, and
incubated with thioglycollate-elicited mouse peritoneal macrophages; the pHrodo profiles of the CD11b™ population are shown. The average percentage of
pHrodo-positive cells +=S.D. is shown for three separate experiments. Lower panels, the engulfment of pHrodo-labeled apoptotic cells was observed in a

Lab-Tek chamber using confocal microscopy. Scale bar, 20 um.

were used here to confirm that different tags on Xkrs have no
adverse effect on the apoptotic PtdSer exposure. As shown in
Fig. 4E, wild-type and 1DA mutant Xkr4 were expressed at the
same level. Staurosporine treatment (10 wm) caused PLB-985
cells expressing wild-type Xkr4 to expose PtdSer, but there was
no clear exposure of PtdSer on cells transformed with the Xkr4
1DA mutant (Fig. 4F). Wild-type Xkr9 and its 2DA mutant were
also expressed at similar levels in PLB-985 cells, although SDS-
PAGE indicated a significantly smaller molecular mass (36 kDa)
for Xkr9 than the expected molecular weight (43,270) (Fig. 4E).
Transformants expressing wild-type Xkr9 strongly exposed
PtdSer when treated with staurosporine, but PtdSer exposure
was severely but not completely blocked by the mutation of the
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caspase recognition site (Fig. 4G). These results indicated that
the cleavage by caspases is a system to activate Xkr4 and Xkr9,
although the existence of another complementary system can
not be ruled out.

Truncation of Xkrs at Caspase Recognition Site—We then
truncated Xkr4, Xkr8, and Xkr9 at Asp-564, Asp-354, and Asp-
357, respectively (Fig. 4H), and introduced them into PLB-985
cells with fused GFP to examine whether they acted as a con-
stitutively active form. The truncated Xkr8 and Xkr9 did not
support PtdSer exposure in either growing or apoptotic cells
(Fig. 41). Fluorescence microscopy of human 293T cells express-
ing the truncated Xkr8-GFP and Xkr9-GFP fusion proteins
showed that they were present in the cytoplasm, probably in the
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mXkr7 106
hxkr7 106

CEDS8 129
mXkr8 84
hxkr8 s4
mXkr9 77
hxkr9 77
mXkr4 252
hxkr4 255
mXkr7 181
hxkr7 181

CEDS8 220
mXkr8 160
hXkr8 160
mXkr9 161
hXkr9 161
mXkréd 329
hxXkr4 332
mXkr7 259
hxkr7 259

CED8 313
mXkr8 252
hXkr8 252
mXkr9 254
hXkr9 254
mXkré 421
hxkr4 424
mXkr7 351
hxkr7 351

CEDS8 403
mXkr8 346
hxkr8 345
mXkr9 347
hxkr9 347
mXkré4 s14
hxkr4 s17
mXkr7 443
hxkr7 443

mxXkrd 605
hxkr4 608
mXkr7 537
hXkr7 536

FIGURE 3. Amino acid sequence alignment of Xkr proteins. The amino acid sequences of human and mouse Xkr8, Xkr9, Xkr4, and Xkr7 and C. elegans CED-8
are shown. Putative transmembrane regions are underlined. Identical amino acids conserved in more than seven members are in red, and similar amino acids
conserved in more than seven members are shaded in pink. Similar amino acids are defined as residues belonging to one of the following groups: Ser, Thr, Pro,
Ala, and Gly; Asn, Asp, Glu, and GIn; His, Arg, and Lys; Met, lle, Leu, and Val; or Phe, Tyr, and Trp. Caspase recognition sites are shaded in yellow. CED-8 mutations
identified by Stanfield and Horvitz (30) are indicated in green with the mutated amino acid residue. Xkr7 amino acid residues that differ from the other Xkr

mXkr4 1 MAAKSDGRLKMKKSSDVAFTPLQONSDNSGSVQGLAPGLPSGSGAEDTEAAGGGCCPDGGGCSRCCC

hxXkr4 1 MAAKSDGRLKMKKSSDVAFTPLQNSDHSGSVQGLAPGLPSGSGAEDEEAAGGGCCPDGGGCSRCCC

mXkr7 1 MAAKSDGAAAVAG

hXkr7 1 MAAKSDGAAASAS
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endoplasmic reticullum (Fig. 4/). These results suggested that
motifs of dibasic or diaromatic amino acids present downstream of
the caspase recognition site of Xkr8 and Xkr9 work as an endoplas-
mic reticulum export signal(s) (28, 29). Conversely, the truncated
Xkr4 efficiently supported the PtdSer exposure in staurosporine-
induced apoptotic cells, although it did not support the constitu-

tive PtdSer exposure in living cells (Fig. 41). Different from Xkr8 involved in the apoptotic scrambling of PtdSer.
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and Xkr9, Xkr4-GFP was found at the plasma membrane (Fig. 4/),
suggesting that the 83-amino acid sequence downstream of the
caspase recognition site of Xkr4 is essential neither for its localiza-
tion at the plasma membrane nor for its function to support the
apoptotic PtdSer exposure. The result also suggests that in addi-
tion to cleavage of Xkr4 another caspase-regulated molecule(s) is
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FIGURE 4. Caspase-mediated Xkr cleavage. A, representations of wild-type (Xkr4 and Xkr9) and caspase-resistant mutant forms (Xkr4 1DA and Xkr9 2DA)
fused to GFP. TM, transmembrane. B and C, caspase cleavage of Xkr4 and Xkr9. The solubilized membrane fraction of WR-Fas transformants expressing
Xkr4-GFP or Xkr4 1DA-GFP (B) or Xkr9-GFP or Xkr9 2DA-GFP (C) were incubated for 1 h with recombinant human caspases 1-10 (C7-C70) and analyzed by
Western blotting with anti-GFP. Arrowhead, full-length and cleaved forms of GFP-fused Xkrs. D, cleavage of Xkr4 and Xkr9 during apoptosis. WR-Fas transfor-
mants expressing GFP, Xkr4-GFP, Xkr4 1DA-GFP, Xkr9-GFP, or Xkr9 2DA-GFP, untreated (—) or treated (+) with FasL for 50 min, were analyzed by Western
blotting with anti-GFP, anti-active caspase 3, or anti-a-tubulin. Red and blue asterisks indicate full-length and cleaved proteins, respectively. E, F,and G, Xkr4 and
Xkr9 require cleavage for apoptotic PtdSer exposure. PLB-985 cells were transformed with Xkr4-FLAG, Xkr4 1DA-FLAG, Xkr9-FLAG, or Xkr9 2DA-FLAG and
analyzed by Western blotting with an anti-FLAG mAb (E). Parental cells and transformants expressing Xkr4-FLAG or Xkr4 1DA-FLAG (F) or Xkr9-FLAG or Xkr9
2DA-FLAG (G) were treated with staurosporine (STS) for 120 (F) or 100 min (G) and analyzed by flow cytometry with Cy5-labeled Annexin V (red), and the
percentage of Annexin V-positive cells was determined. The average values and =S.D. are shown from three separate experiments. The Annexin V staining
profiles of untreated cells are shown in green. H, the structure of the truncation (A) mutants of Xkr4, Xkr8, and Xkr9 fused to GFP. TM, transmembrane. /, PLB-985
transformants expressing Xkr4-AC-GFP, Xkr8-AC-GFP, or Xkr9-AC-GFP were stained with Cy5-labeled Annexin V before (green) or after (red) treatment with
staurosporine for 120 (Xkr4) and for 240 min (Xkr8 and Xkr9). J, HEK293T cell transformants expressing Xkr4-AC-GFP, Xkr8-AC-GFP, or Xkr9-AC-GFP were
observed by fluorescence microscope. Scale bar, 20 um.

Identification of Indispensable Amino Acid Residues for Xkr8
Function—As mentioned above, the apparent molecular mass
of Xkr9 on SDS-PAGE was significantly smaller than the
molecular mass calculated from its amino acid composition.
We observed this same peculiarity with Xkr8 previously;
FLAG-tagged Xkr8 with an expected molecular weight of
46,557 appeared as a 36-kDa protein on SDS-PAGE (8).
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Because Xkr family members carry a stretch of hydrophobic
amino acids near the N terminus (Figs. 3 and 5A4), this region
might function as a signal sequence for transport into the
plasma membrane. To examine this possibility, we expressed
C-terminally FLAG-tagged XKR8 in PLB-985 cells. The mem-
brane fraction prepared from PLB-985 transformants express-
ing XKR8 was solubilized with 1% Triton X-100. The FLAG-
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FIGURE 5. Biochemical analysis of Xkr8. A, amino acid sequence alignment of Xkr8, C. elegans CED-8, and Xkr7. The amino acid sequences of Xkr8, C. elegans
CED-8, and Xkr7 were aligned by introducing several gaps (—) to obtain maximum homology. Red, identical amino acids; pink, similar amino acids. Transmem-
brane regions are shown by a double underline. Caspase recognition sites are in yellow. Amino acid residues of Xkr8 mutated according to CED-8 mutations are
in green; residues mutated according to Xkr7 are in blue. B, purification of XKR8. XKR8-FLAG was purified from the membrane fraction of XKR8-FLAG-expressing
PLB-985 cells by affinity chromatography. The purified protein was separated by 10-20% SDS-PAGE, transferred to a PVDF membrane, and stained by
Coomassie Brilliant Blue (CBB). Arrowhead, XKR8-FLAG. C-H, mutational analysis of Xkr8. PLB-985 cells were transformed with FLAG-tagged wild-type Xkr8 (WT);
A46E, S64L, G94R, L150E, G248T, and D295K mutants (C-E); or V35A, E141R, Q163T, S184V, 1216T, V305S, and T309F mutants (F-H) and analyzed by Western
blotting with an anti-FLAG mAb (C and F). Transformants were then stained with Cy5-labeled Annexin V before (control) or after treatment with staurosporine
(STS) for 4 h (D and G). The Xkr8 mutants A46E, S64L, G94R, and L150E (D) and E141R and S184V (G) that could not support the apoptotic PtdSer exposure were
fused to GFP, expressed in HEK293T cells as stable transformants, and observed by fluorescence microscopy (E and H). Scale bar, 20 pm.

tagged XKR8 was affinity-purified and separated by SDS-PAGE
(Fig. 5B). Edman degradation revealed an N-terminal sequence
of PWSSR for the 36-kDa XKR8 (Fig. 3), confirming that there
was no processing of XKR8 to a mature protein. Thus, we con-
cluded that the Xkr family proteins probably have six trans-
membrane regions with N- and C-terminal cytoplasmic
termini.

Stanfield and Horvitz (30) previously identified point muta-
tions in CED-8 (G76E, S94L, G139R, G200E, A309T, and
E356K) that caused defective CED-8 function iz vivo. To exam-
ine the functional conservation between CED-8 and Xkr8, we
mutated the corresponding residues in Xkr8 (A46E, S64L,
G94R, L150E, G248T, and D295K) (Fig. 54). These mutants
were fused to a FLAG tag at the C terminus and expressed in
PLB-985 cells. As shown in Fig. 5C, all of the Xkr8 mutants were
expressed at a level similar to or slightly reduced from that of
wild-type Xkr8. All mutations other than G248T inactivated
the ability of Xkr8 to support staurosporine-induced PtdSer
exposure in PLB-985 cells (Fig. 5D). When the non-functional
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mutants (A46E, S64L, G94R, L150E, and D295K) were fused to
GFP and expressed in HEK293T cells, all the mutants were
found in the cytoplasm (Fig. 5E), suggesting that these muta-
tions prevented the localization of Xkr8 at the plasma
membrane.

In addition to the amino acid sequences in CED-8, Xkr8,
XKR8, Xkr9, XKR9, Xkr4, and XKR4 (see Fig. 3), we aligned the
sequences in Xkr7 and XKR7; the Xkr7 proteins are highly
homologous to Xkr4 with 44.7% identity and have a putative
caspase cleavage sequence but were not able to support scram-
blase activity. We expected to find that important amino acid
residues for scrambling were conserved among CED-8, Xkr8,
Xkr9, and Xkr4 but not Xkr7. We found seven such amino acid
residues: Val-35, Glu-141, GIn-163, Ser-184, Ile-216, Val-305,
and Thr-309 (numbering is based on Xkr8) (Fig. 54). We
mutated these residues in Xkr8 to the corresponding amino
acid sequences in Xkr7 (V35A, E141R, Q163T, S184V, 1216T,
V305S, and T309F), fused the mutants to FLAG, and expressed
them in PLB-985 cells. All of the mutants were expressed at
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FIGURE 6. Xkr4 and Xkr9 distribution in mouse tissues and cell lines. A, expression of Xkr4 and Xkr9 mRNA in mouse tissues. Xkr4 and Xkr9 mRNA levels in
the indicated mouse tissues were determined by real time RT-PCR and expressed relative to GAPDH mRNA (Xkr4, upper panel; Xkr9, lower panel). B, Xkr4 and
Xkr9 expression in mouse IFETs and human cell lines. The levels of Xkr4, Xkr8, and Xkr9 mRNA in the indicated mouse and human cell lines were determined
by real time PCR and expressed relative to GAPDH (mouse cell lines) (upper panel) or B-actin (human cell lines) (lower panel) mRNA. Primers used for real time

PCR were described in supplemental Methods.

similar levels (Fig. 5F). All mutants except E141R and S184V
were able to support PtdSer exposure in response to staurospo-
rine (Fig. 5G). The E141R and S184V mutants were localized at
plasma membranes (Fig. 5H), indicating that the Glu-141 and
Ser-184 residues are required for the function of Xkrs and
CED-8 to support the apoptotic PtdSer exposure.

Tissue-specific Distribution of Xkr4 and Xkr9 —W e next ana-
lyzed Xkr4 and Xkr9 expression in mouse adult tissues using
real time RT-PCR. As shown in Fig. 64, Xkr4 was expressed
strongly in the brain and weakly in the spleen, thymus, uterus,
blood vessels, and fetus, whereas Xkr9 was expressed strongly in
the small intestines and weakly in the pancreas, liver, stomach,
and large intestines. This tissue-specific expression of Xkr4 and
Xkr9 contrasts sharply with that of Xkr8, which is expressed
ubiquitously and at exceptionally high levels in the testis (8).

We reported previously that Xkr8 /" IFETs and Xkr8 '/~
mouse embryonic fibroblasts do not expose PtdSer in response
to apoptotic stimuli (8). Here, real time RT-PCR analysis
showed that IFET's and mouse embryonic fibroblasts expressed
Xkr8 but expressed Xkr4 and Xkr9 at very low levels (Fig. 6B)
that appeared to be insufficient to support apoptotic PtdSer
exposure. We also observed that human Jurkat and Namalwa
cells efficiently expose PtdSer in response to apoptotic stimuli,
whereas PLB-985 and Raji cells do not (8). Accordingly, we
found that Jurkat and Namalwa cells expressed XKR8 and
XKR9 but not XKR4, whereas PLB-985 and Raji cells expressed
none of these Xkr family members (Fig. 6B).
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DISCUSSION

We and others showed previously that Xkr8/CED-8, pre-
dicted to carry six transmembrane regions, is essential to
expose PtdSer during apoptosis (8, 13). In the present study, we
found that Xkr4 and Xkr9 along with Xkr8 of the mammalian
Xkr family support the PtdSer exposure in response to apopto-
tic stimuli. Xkr4, Xkr8, and Xkr9 possess a caspase recognition
site in the C-terminal cytoplasmic tail. Although the caspase
recognition sequence is phylogenetically well conserved in each
Xkr family member, it differs significantly among Xkr4, Xkr8,
and Xkr9, which were targeted differently by caspases; that is,
all of these Xkr proteins were efficiently cleaved by caspases 3
and 7, which are furthest downstream in the apoptotic caspase
cascade (31), but Xkr4 in particular and Xkr9 were also cleaved
by caspase 6.

Unlike Xkr8, which is ubiquitously expressed, we found that
Xkr4 and Xkr9 were specifically expressed at high levels in the
brain and intestine, respectively. In the brain, a local activation
of caspases, in particular caspase 6, has been suggested to con-
tribute to the pruning process of axons, dendrites, and synapses
(32—34). It is possible that Xkr4 when activated by caspase 6
induces the exposure of PtdSer on axons, dendrites, and syn-
apses to trigger microglial responses that remodel the neural
network. In the small intestine, epithelial cells migrate from the
cryptic basement to the villi where they shed off into the lumen
via an unknown mechanism (35). An estimated 10*° cells are
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shed each day from the villi in the human intestine (36).
Because caspases are activated in the shedding cells (35), it is
tempting to speculate that caspase-activated Xkr9 is responsi-
ble for the shedding of aged epithelial cells into the lumen.

The C-terminal portion of Xkr4, Xkr8, or Xkr9 (Ref. 8 and
this report) or the N-terminal portion of CED-8 (13) must be
cleaved off to activate the phospholipid-scrambling activity.
During apoptosis, caspases inactivate many cellular compo-
nents that are essential for the life of the cell while at the same
time activating enzymes (including the caspases themselves)
and other factors that execute the cell death program (37). For
example, cleavage of the inhibitor of caspase-activated DNase
by caspase 3 activates a DNase, caspase-activated DNase,
that causes apoptotic DNA fragmentation (38), and the
caspase 3-mediated cleavage of Pannexin 1 causes ATP (39)
and AMP (40) to be released as “find me” or “calm down”
signals to macrophages. The Xkr-mediated cell surface
exposure of PtdSer offers another example of activation by
caspase cleavage. The mechanism of activation by caspase
cleavage differs among proteins; the cleavage of inhibitor of
caspase-activated DNase reduces its ability to bind caspase-
activated DNase (41, 42), whereas the cleavage of Pannexin 1
removes a C-terminal domain that inhibits its channel activ-
ity (43). For Xkr family proteins, the C-terminal tail cleaved
off by caspase is very short (only 16 amino acids in Xkr9), and
itis unlikely that this region has an inhibitory function in the
uncleaved form. When Xkr4 was truncated at the caspase
cleavagesite, itlocalized at the plasma membrane but did not
function as a constitutively active form, suggesting that it
needs another caspase-regulated partner to scramble phos-
pholipids. We recently found that Xkr8 forms multiple olig-
omers,? supporting this notion. Furthermore, although
analysis by site-directed mutagenesis indicated that phos-
pholipid scrambling proceeds by similar mechanisms when
mediated by Xkr in mammalian cells or by CED-8 in C.
elegans, CED-8 did not promote apoptotic phospholipid
scrambling in mouse cells,®> which may suggest that Xkr/
CED-8 requires a species-specific partner(s) to be func-
tional. Whether Xkr4, Xkr8, or Xkr9 by itself functions as a
scramblase or another molecule(s) is necessary could be
examined by in vitro reconstitution assays applied in the
various systems (44 —46).

Of the eight members of the mouse Xkr family, all but Xkr2
were found to be localized to plasma membranes, and only
three (Xkr4, Xkr8, and Xkr9) facilitated apoptotic PtdSer expo-
sure. Rivera et al. (47) recently reported that XK (Xkrl) regu-
lates cell volume by transporting divalent cations. Of the
10-member TMEM16 family, five members function as Ca**-
dependent phospholipid scramblases, whereas two members
carry Cl™ channel activity (12, 48, 49). Thus, as in the TMEM16
family, other Xkr family members that are localized to the
plasma membrane may act as ion channels. In this regard, it
might be interesting to determine whether Xkr7, which carries
a caspase recognition site at the C-terminal tail, plays a role as
an ion channel for the cell shrinkage during apoptosis.

3 ). Suzuki and S. Nagata, unpublished observations.
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