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The cytoplasmic C-terminal region of the ATP11C variant
determines its localization at the polarized plasma membrane
Masahiro Takayama*, Hiroyuki Takatsu*, Asuka Hamamoto, Hiroki Inoue, Tomoki Naito‡, Kazuhisa Nakayama
and Hye-Won Shin§

ABSTRACT
ATP11C, a member of the P4-ATPase family, is a major
phosphatidylserine (PS)-flippase located at the plasma membrane.
ATP11C deficiency causes a defect in B-cell maturation, anemia and
hyperbilirubinemia. Although there are several alternatively spliced
variants derived from the ATP11C gene, the functional differences
between them have not been considered. Here, we compared and
characterized three C-terminal spliced forms (we designated as
ATP11C-a, ATP11C-b and ATP11C-c), with respect to their
expression patterns in cell types and tissues, and their subcellular
localizations. We had previously shown that the C-terminus of
ATP11C-a is critical for endocytosis upon PKC activation. Here, we
found that ATP11C-b and ATP11C-c did not undergo endocytosis
upon PKC activation. Importantly, we also found that ATP11C-b
localized to a limited region of the plasma membrane in polarized
cells, whereas ATP11C-a was distributed on the entire plasma
membrane in both polarized and non-polarized cells. Moreover,
we successfully identified LLXY residues within the ATP11C-b
C-terminus as a critical motif for the polarized localization. These
results suggest that the ATP11C-b regulates PS distribution in distinct
regions of the plasma membrane in polarized cells.
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INTRODUCTION
Lipid bilayers of cellular membranes exhibit asymmetric lipid
distributions. In mammalian cells, the aminophospholipids
phosphatidylserine (PS) and phosphatidylethanolamine (PE) are
abundant in the cytoplasmic leaflet, whereas phosphatidylcholine
(PC) and sphingomyelin are enriched in the exoplasmic leaflet of the
plasma membrane (Devaux, 1991; Murate et al., 2015; Zachowski,
1993). PS is abundant on the cytoplasmic side of both the plasma
membrane and recycling endosomes (Fairn et al., 2011; Tanaka et al.,
2016; Uchida et al., 2011), and plays important roles in recruiting
and/or activating regulatory proteins, such as protein kinase C (PKC),
K-Ras, Cdc42, Rac1 and EHD1, and thus affects signal transduction,
cell polarity, cell migration and membrane trafficking (Das et al.,
2012; Finkielstein et al., 2006; Lee et al., 2015; Tanaka et al.,
2016; Yeung et al., 2009). Since P4-ATPases translocate

aminophospholipids from the exoplasmic (or luminal) to the
cytoplasmic leaflets of cellular membranes (Andersen et al., 2016;
Takatsu et al., 2014), the presence of P4-ATPases in the plasma
membrane and cellular organelles (Takatsu et al., 2011) underlies the
asymmetric distribution of phospholipids in these membranes.

Among human P4-ATPases, ATP11A and ATP11C localize to
the plasma membrane and flip nitrobenzoxadiazole (NBD)-labeled
PS (NBD–PS) and NBD–PE, whereas ATP8B1, ATP8B2 and
ATP10A flip NBD–PC specifically at the plasma membrane (Naito
et al., 2015; Shin and Takatsu, 2019; Takada et al., 2015; Takatsu
et al., 2014). Moreover, we recently found that ATP10D flips
NBD–glucosylceramide specifically, but not phospholipids, at the
plasma membrane (Roland et al., 2019). These P4-ATPases interact
with CDC50A, which is required for their transport from the
endoplasmic reticulum to the plasma membrane in HeLa cells
(Naito et al., 2015; Shin and Takatsu, 2019; Takatsu et al., 2011).
Among P4-ATPase family members, ATP11C is relatively well
studied with respect to its cellular functions. ATP11C and ATP11A
are irreversibly downregulated during apoptosis via caspase-
mediated cleavage (Segawa et al., 2014). Moreover, ATP11C is
reversibly downregulated by Ca2+-dependent PKC activation in
living cells (Takatsu et al., 2017). ATP11C is a major PS-flippase in
certain cell types, such as CHO-K1 and KBM-7 cells, leukocytes,
bone marrowB cells and erythrocytes (Arashiki et al., 2016; Segawa
et al., 2014, 2018; Takada et al., 2015; Yabas et al., 2016). In
addition, ATP11C is highly expressed in rat liver, especially
basolateral membranes of hepatocytes (Chaubey et al., 2016).
Indeed, ATP11C deficiency causes a defect in B-cell maturation,
altered erythrocyte shape, anemia and hyperbilirubinemia (Siggs
et al., 2011b; Yabas et al., 2014, 2011).

There are two N-terminal and three C-terminal splice variants in
human ATP11C, while only three C-terminal splice variants are
found in mouse Atp11c. Although the function and expression of
ATP11C has been relatively well-studied in various cell types and
tissues, as described above, the differences between these variants
have not been explored. ATP11C-a possesses a di-leucine-like motif
(SVRPLL) in its C-terminal cytoplasmic region and can undergo
endocytosis soon after PKCα phosphorylates the Ser residue
(Takatsu et al., 2017).

In the present study, we focused on the three ATP11C C-terminal
splice variants, designated as ATP11C-a, ATP11C-b and ATP11C-c,
which are found in both humans and mice, and compared their
expression and subcellular localization. We showed that unlike
ATP11C-a, neither ATP11C-b nor ATP11C-c harbors an endocytic
motif, and hence they do not undergo PKC-mediated endocytosis.
Importantly, we found that ATP11C-b localizes to a confined area at
the plasma membrane in polarized cells. We further characterize the
LLXYKH residues found in ATP11C-b as the motif responsible for
its polarized localization. Thus, this motif may enable the specific
functions of ATP11C-b in polarized cells.Received 10 March 2019; Accepted 22 July 2019
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RESULTS
The expression level of C-terminal variants of ATP11C varies
depending on the cell type and tissue
There are three C-terminal splice variants of mouse Atp11c, whereas
five isoforms of human ATP11C generated via a combination of two
N-terminal and three C-terminal splice variations are listed in public
databases (Fig. S1). We first examined the expression levels of three
C-terminal splice variants in a variety of cell types and various
mouse tissues through RT-PCR. Because all of the three C-terminal
variants of mouse and human include exon 31 (Fig. 1A), although
they are generated via alternative splicing, the mRNA levels of the
three variants can be directly compared using the same primer set as
shown in Fig. 1A. Overall, although proportions of the expression
levels of ATP11C-a, ATP11C-b and ATP11C-c varied in different
cell types and tissues, ATP11C-a and ATP11C-b were expressed in
most cell types and tissues (Fig. 1B,C). ATP11C-c had a limited
expression pattern, with the highest levels found in the brain
(Fig. 1B). ATP11C-b was predominantly expressed in mouse bone
marrow, heart and spleen, while ATP11C-a was hardly expressed in
bone marrow and spleen, in which blood cells are enriched. Notably,

ATP11C-b was predominantly expressed in the highly invasive
breast cancer cell line MDA-MB-231, but was hardly expressed in
non-invasive breast cancer cell lines MCF-7 and MDA-MB-453
(Fig. 1C). ATP11C-b was predominantly expressed in motile
leukocytes (KBM7, Raw264.7, Ba/F3 and W3 cells) and RPE-1
cells. We sequenced some of the PCR products (from mouse brain,
liver, HeLa and 293T) and confirmed the isoform types. We also
analyzed expression of isoforms in mouse tissues and human cell
lines with real-time quantitative RT-PCR (qRT-PCR) (Fig. S2).
Both ATP11C-a and ATP11C-b showed the highest expression
levels in liver, and ATP11C-b, but not ATP11C-a, was highly
expressed in bone marrow. Consistent with the data shown in
Fig. 1C, the qRT-PCR analysis demonstrated that ATP11C-b is
expressed at a relatively high level in MDA-MB-231 cells, but at a
low level in MCF-7 cells (Fig. S2).

Comparative analyses of the subcellular localizations of
C-terminal splice variants of ATP11C upon PMA treatment
We have previously shown that the C-terminal cytoplasmic region
of ATP11C-a (Fig. 2A) is critical for Ca2+ signaling-dependent

Fig. 1. Expression level of C-terminal isoforms of ATP11C. (A) Part of the mouse Atp11c gene, which has the same structure as human ATP11C. Schematic
representation of the three C-terminal splicing variants in mouse and human ATP11C. The primer set for amplifying three variants simultaneously is indicated
(FW, forward and RV, reverse).♦ indicates a stop codon. (B,C) RT-PCRwas performed using total RNA isolated from each cell andmouse tissue. The product sizes
of mouse ATP11C-a, ATP11C-b and ATP11C-c are 393, 288 and 379 base pairs, respectively (B); those of human ATP11C-a*, ATP11C-b* and ATP11C-c*
(see Fig. S1) are 430, 325 and 416 base pairs, respectively (C). * indicates mixture of two N-terminal splice forms of human ATP11C. The PCR products were
subjected to 5% PAGE to discriminate a-form and c-form sizes. UV-B6, transformed skin fibroblasts; 3T3-L1, fibroblasts; Raw264.7, transformed macrophages;
Ba/F3, ProB cells;W3, transformed T-cell lymphomacells; HeLa, cervical carcinomacells; HCT-116, colorectal carcinoma cells; BON, neuroendocrine cancer cells;
293T, transformed embryonic kidney cells; Huh-7 and HepG2, hepatoma cells; HUVEC, umbilical vein endothelial cells; RPE-1, transformed retinal pigment
epithelial cells; KBM-7, myeloid leukemia cells; MDA-MB-231, invasive breast cancer cells; MCF-7 and MDA-MB-453, non-invasive breast cancer cells.
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endocytosis (Takatsu et al., 2017). We therefore hypothesized that
the C-terminal region of ATP11C is important for regulation of
its cellular function. To compare the cellular localization of the three
C-terminal variants, we established cells stably expressing
C-terminally HA-tagged ATP11C-a, ATP11C-b or ATP11C-c in
HeLa, MDA-MB-231 and Ba/F3 cells (Takatsu et al., 2014) (Fig. 2).
The SXXXLL motif in ATP11C-a acts as a di-leucine motif
(D/EXXXLL) when the serine residue (S1116) is phosphorylated
(pSXXXLL) via Ca2+-dependent PKCα activation (Takatsu et al.,
2017) (Fig. 2A). The di-leucine motif plays a key role as an endocytic
sorting signal by interacting with the clathrin adaptor protein complex
(Bonifacino and Traub, 2003; Kelly et al., 2008). The C-terminal
region of ATP11C-b is well conserved in mammals, but does not
harbor a di-leucine-like motif (Fig. 2A). Upon PMA treatment,
ATP11C-awas endocytosed in HeLa,MDA-MB-231 and Ba/F3 cells
as shown previously (Fig. 2B–D, panels labeled b and b′) (Takatsu
et al., 2017). By contrast, ATP11C-b was retained at the

plasma membrane upon PMA treatment (Fig. 2B–D, panels labeled
d and d′). ATP11C-c includes a conserved SAIFML sequence
resembling the SXXXLL motif (Fig. 2A), but it did not undergo
endocytosis upon PMA treatment (Fig. 2B–D, panels labeled f and f′),
suggesting the sequence does not serve as an endocytic signal upon
PKC activation.

In the course of the experiment, we unexpectedly found that
ATP11C-b localized to a confined area of the plasma membrane and
was excluded from the peripheral lamellipodia in polarized MDA-
MB-231 cells (Fig. 2C, panels labeled c and c′), although the
ATP11C variant was uniformly distributed on the plasma
membrane in non-polarized HeLa and Ba/F3 cells (Fig. 2B,D,
panels labeled c and c′). By contrast, ATP11C-a and ATP11C-c
were found on the entire plasma membrane in both polarized and
non-polarized cells (Fig. 2B–D, panels labeled a, a′, e, and e′).
Therefore, we hereafter focused on the ATP11C-b variant together
with ATP11C-a; both variants are ubiquitously expressed (Fig. 1).

Fig. 2. Subcellular localization of the
C-terminal splice variants of ATP11C.
(A) Alignment of amino acid sequences of the
C-terminal cytoplasmic region of mammalian
variants of ATP11C. The ATP11C-a sequence
shown in bold is involved in endocytosis of
ATP11C upon PKC activation. The underlined
LLSYKH residues are conserved among
human (h), mouse (m), rat (r), bovine (b) and
dog (d ). In particular, residues LLXY, in bold,
are critical residues for polarized localization of
ATP11C-b (see Figs 6 and 8). (B–D) HeLa,
MDA-MB-231 and Ba/F3 cells stably
expressing C-terminally HA-tagged ATP11C-
a, ATP11C-b and ATP11C-c (we here used a
construct including the same N-terminus as
ATP11C-a and -b) were treated for 15 min at
37°C with vehicle alone (Mock) or with 400 nM
of PMA (PMA). The cells were fixed and
immunostained with anti-HA (3F10) alone or
anti-HA and anti-ATP1A1 (marker for the
plasma membrane) antibodies, followed by
Cy3-conjugated anti-rat-IgG and Alexa Fluor
488-conjugated phalloidin or Alexa Fluor 488-
conjugated anti-rabbit-IgG secondary
antibodies. Scale bars: 20 µm (B,C) and
5 µm (D).
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Wedetermined relative cell-surface expression levels ofATP11C-a
and ATP11C-b upon PMA treatment by surface biotinylation and
following quantification of the band intensities of the biotinylated
proteins. Upon PMA treatment, the cell surface level of ATP11C-a
decreased, as previously described (Takatsu et al., 2017) (Fig. 3A,B).
By contrast, the level of ATP11C-b on the cell surface did not
decrease, but rather increased, upon PMA treatment (Fig. 3A,B).
Therefore, only the ATP11C-a variant is downregulated via signal-
dependent PKC activation.
We examined the flippase activity of cells expressing ATP11C-a

and ATP11C-b upon PMA treatment. ATP11C-a was previously
shown to translocate PS and PE at the plasma membrane (Takatsu
et al., 2011, 2014). When stably expressed in Ba/F3 cells, ATP11C-a
and ATP11C-b translocated NBD-labeled PS (NBD-PS) and NBD-
PE to a similar extent (Fig. 3C). The PS- and PE-flippase activities in
cells expressing ATP11C-b did not decrease upon PMA treatment,
whereas the activities decreased dramatically in cells expressing
ATP11C-a (Fig. 3C) (Takatsu et al., 2017). Therefore, the decrease in
the PS/PE-flippase activity at the plasma membrane can be attributed
to sequestration of ATP11C-a from the plasma membrane (Takatsu
et al., 2017). The basal PS-flippase activity in parental Ba/F3 cells (−)
also decreased upon PMA treatment, probably due to downregulation
of endogenous ATP11C-a (Fig. 3C).

ATP11C-b localizes to the uropod specifically whereas
ATP11C-a is uniformly distributed on the plasma membrane
in polarized Ba/F3 cells
In the course of our experiments, we recognized that Ba/F3 (proB)
cells are highly motile and polarized (cells have a distinct anterior and
posterior) in normal growth medium, but they readily rounded up and
lost polarity following subtle stress, such as pipetting,medium changes
or pelleting via centrifugation (Fig. 2D). To preserve the polarized
phenotype of Ba/F3 cells during immunofluorescence analysis, we
added paraformaldehyde (PFA) solution directly into the growth
medium to fix the Ba/F3 cells immediately. The immediate fixation
made it easy to observe the polarized Ba/F3 cells by
immunofluorescence analysis. Intriguingly, ATP11C-b was found to
localize to a limited area of the plasma membrane in the polarized
Ba/F3 cells (Fig. 4Ac,Bb,Cb,Da,Ea) even though it was uniformly
distributed at the plasmamembranes of non-polarizedBa/F3 (rounded)
and HeLa cells (Figs 2 and 4Ad; Fig. S3). By contrast, ATP11C-a
demonstrated uniform distribution on the plasma membrane in both
polarized and non-polarized cells (Fig. 4Aa,Ab,Ba,Ca; Fig. S3).

Motile leukocytes exhibit a polarizedmorphology characterized by
the formation of leading-edge pseudopods and a highly contractile
cell posterior known as the uropod (Fig. 4F) (Hind et al., 2016). The
nucleus is located at the cell anterior, while the microtubule-

Fig. 3. ATP11C-a and ATP11C-b were differentially
regulated by PKC activation. (A) Cell-surface expression
levels of ATP11C-a and ATP11C-b following treatment with
PMA in HeLa cells were analyzed after surface biotinylation.
Proteins precipitated with streptavidin–agarose beads were
subjected to immunoblot analysis (left panels, biotinylated).
10% of the input of the biotinylation reaction was loaded in
each lane (right panels, total lysate). Expression of
ATP11C-a and ATP11C-b proteins was analyzed by
immunoblotting with anti-HA and anti-ATP1A1 (as an
internal control) antibodies. (B) Relative surface expression
levels of proteins normalized against the level of ATP1A1
(used as an internal control). Graphs display means±s.d.
from four independent experiments. *P<0.05, **P<0.001 in
comparison to mock-treated cells (Student’s t-test). (C) Ba/
F3 cells stably expressing HA-tagged ATP11C-a and
ATP11C-b, and parental cells (−) were treated with vehicle
alone (white bars) or 400 nM PMA (black bars) for 15 min.
The cells were then washed with flippase assay buffer and
incubated with NBD-PS for 5 min or NBD-PE for 15 min at
15°C. After extraction with fatty acid-free BSA, the residual
fluorescence intensity associated with the cells was
determined via flow cytometry. Graph displays means from
three independent experiments as mean±s.d. **P<0.001,
***P<0.0001; ns, not significant (two-way ANOVAwas used
to assess variance and comparisons between data sets
were made using Dunnett’s analysis).
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organizing center and the Golgi complex are positioned posterior to
the nucleus in migrating leukocytes (Fig. 4Aa′″,c′″) (Hind et al.,
2016; Niggli, 2014; Valignat et al., 2014; Wojtal et al., 2006).
ATP11C-b was confined to the plasma membrane of the cell
posterior, the uropod, and excluded from the cell anterior, where the
nucleus is located (Fig. 4Ac–c′″), and pseudopods, where F-actin
rearrangement is active (Fig. 4Bb–b′″). As shown in Movie 1, in
motile Ba/F3 cells, GFP-tagged ATP11C-b specifically localized to
the uropod (cell posterior) plasma membrane, whereas GFP-tagged
ATP11C-a was distributed throughout the plasma membrane. CD44
(known as a component of the uropod) is concentrated in the cell rear,
where ATP11C-b is confined (Fig. 4D). ATP1A1, which is a plasma
membrane marker in non-polarized cells and a basolateral membrane
marker in polarized epithelial cells, appeared distributed on the entire
plasmamembranewith slight concentration in the cell anterior, where
ATP11C-b is excluded (Fig. 4Ca′,b′; Fig. S5A). We then established
Ba/F3 cells stably co-expressing EGFP–ATP11C-a and tRFP–
ATP11C-b to compare distribution of ATP11C-a and ATP11C-b in
living cells. As shown in Movie 2, ATP11C-b was confined to the
uropod on the posterior side of migrating Ba/F3 cells, whereas
ATP11C-a was found on the entire plasma membrane, including the
pseudopods and uropod.

ATP11C-b is confined to the bile canalicular plasma
membrane in HepG2 cells
ATP11C is expressed at the high level in the liver (Chaubey et al.,
2016), and appears to be involved in transport of bile acids across
the sinusoidal membrane (de Waart et al., 2016; Matsuzaka et al.,
2015). Hepatocytes are polarized cells with bile canalicular
and sinusoidal domains, which are equivalent to the apical and
basolateral surfaces, respectively, of polarized epithelial cells
(Zegers and Hoekstra, 1998). HepG2 cells are well-polarized
hepatoma cells that are used as a model system for hepatocytes
(Sormunen et al., 1993). Apical membranes of HepG2 cells form
a closed space between adjacent cells, representing the bile
canaliculus, which is identified by the presence of dense F-actin
(Fig. 5A′,B′) (Wojtal et al., 2006). Since both ATP11C-a and
ATP11c-b are expressed in the liver (Fig. 1C), we established
HepG2 cells stably expressing N-terminally EGFP-tagged
ATP11C-a or ATP11C-b and observed their localization.
Intriguingly, ATP11C-b was specifically concentrated in the
canalicular plasma membrane in polarized HepG2 cells, whereas
ATP11C-a was distributed to the entire plasma membrane (Fig. 5),
indicating that ATP11C-b was confined to the apical plasma
membrane in hepatocytes.

Fig. 4. ATP11C-b localized to the uropod in polarized Ba/F3 cells. (A–C) Ba/F3 cells stably expressing C-terminally HA-tagged ATP11C-a or ATP11C-b were
fixed by adding PFA directly into the medium and triply stained for HA (3F10), GM130 and DAPI (A); for HA, F-actin (phalloidin) and the nucleus (DAPI) (B); or for
HA, ATP1A1 andGM130 (C) followed by incubation with Cy3-conjugated anti-rat-IgG andAlexa Fluor 488-conjugated anti-rabbit-IgG or with Cy3-conjugated anti-
rat-IgG, Alexa Fluor 488-conjugated anti-mouse-IgG and DyLight 649-conjugated anti-rabbit-IgG secondary antibodies. DAPI or Alexa Fluor 488-conjugated
phalloidin were added with the secondary antibodies. In A, panels a–a″′ and c–c″′ show polarized BaF3 cells, and b–b″′ and d–d″′ show non-polarized Ba/F3 cells.
(D) Cells were doubly stained for HA (4B2) and CD44 followed by incubation with Alexa Fluor 488-conjugated anti-mouse-IgG and Cy3-conjugated anti-rat-IgG
secondary antibodies. (E) Cells were doubly stained for HA (3F10) and β-tubulin followed by incubation with Cy3-conjugated anti-rat-IgG and Alexa Fluor 488-
conjugated anti-mouse-IgG secondary antibodies; here a is an image focused on the plasmamembranewhile a′ and a″ are focused onmicrotubules. Arrows in all
panels highlight uropods. Scale bars: 10 µm. (F) Schematic localization of ATP11C-a in blue and ATP11C-b in pink. ATP11C-a was distributed throughout the
plasma membrane, whereas ATP11C-b was confined to the uropod in polarized Ba/F3 cells.
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ATP11C-b is localized to the cell body and excluded from the
lamellipodia in polarized MDA-MB-231 cells
ATP11C-b was predominantly expressed not only in Ba/F3 cells,
but also in the highly invasive MDA-MB-231 cells (Fig. 1B).
F-actin was extensively labeled by phalloidin at the lamellipodia,
where actin rearrangement actively occurs (Fig. 6A, enlargement 1),
and F-actin was also labeled at the cortex in the cell body, where
rather stable actin filaments are formed (Fig. 6A, enlargement 2). As
briefly described above, ATP11C-b was colocalized with F-actin in
the cell body (b–b″ and enlargement 2) and absolutely excluded
from the lamellipodia (b–b″ and enlargement 1). By contrast,
ATP11C-a was found on the entire plasma membrane with relative
concentration at the lamellipodia (Fig. 6Aa–a″, and enlargements).
As shown inMovie 3, GFP-tagged ATP11C-b specifically localized
to the cell body, but not to the lamellipodia, whereas GFP-tagged
ATP11C-a was distributed to the entire plasma membrane,
including the lamellipodia, in MDA-MB-231 cells. Taken
together, ATP11C-b was not localized to areas of the plasma
membrane where actin remodeling is active, such as the pseudopods
and lamellipodia in Ba/F3 and MDA-MB-231 cells, respectively.
By contrast, it was confined to the uropod and the cell body in Ba/F3
and MDA-MB-231 cells, respectively, in which F-actin may be
more stable (Figs 4 and 6A).

The LLSYKH sequence in the ATP11C-b C-terminal region
is critical for polarized localization
We hypothesized that the 20-amino-acid C-terminal region of
ATP11C-b (Fig. 2A) harbors the signal for its polarized localization.
To identify amino acid residues critical for polarized localization,
we first divided the region into blocks of five amino acids and
replaced each block individually with alanine residues, transiently
co-expressed each mutant with FLAG–CDC50A in MDA-MB-231
cells and examined their localization (Fig. S4); because it was
impossible to transfect plasmid DNA into Ba/F3 cells, we used
MDA-MB-231 cells for the screening of the alanine mutants.
Among them, the LPMLL/AAAAA and SYKHT/AAAAAmutants
were found to be mislocalized to the lamellipodia. By contrast,
NPLNE/AAAAA and DSGYS/AAAAA mutants were localized to
the cell body, but not to the lamellipodia, like wild-type ATP11C-b
(Fig. S4). These observations indicate that the amino acid residues
responsible for the polarized localization ATP11C-b are included in
the LPMLLSYKHT residues. We then divided this sequence into

blocks of two amino acids, replaced each block individually with
alanine residues, and examined localization of each mutant.
Although the first LP residues appeared to be dispensable for the
polarized localization, other mutations affected the polarized
localization of ATP11C-b to some degree (Fig. S4). Therefore, we
finally focused on eight amino acids (MLLSYKHT). To determine
the contribution of individual amino acids, we generated eight
different mutants, each having one of the eight amino acids replaced
with an alanine residue, and examined the cellular localization of
each mutant in MDA-MB-231 cells (Fig. 6B–D). The L1108A,
L1109A and Y1111A mutants were mislocalized to the
lamellipodia (Fig. 6Cb–b″, c–c″ and e–e″), whereas the other
mutants were mainly localized to the cell body and excluded from
the lamellipodia, similar towild-type ATP11C-b (Fig. 6Ca–a″, d–d″
and f–h″). We counted the numbers of cells in which the ATP11C
proteins were localized to the cell body and peripheral lamellipodia,
and those in which the proteins were localized to the cell body only
(Fig. 6D). ATP11C-a was distributed to the entire plasma
membrane, including cell body and lamellipodia, whereas
ATP11C-b localized exclusively to the cell body (Fig. 6D).
Replacement of L1108, L1109 or Y1111 with an alanine residue
abrogated the polarized localization of ATP11C-b, causing it to
mislocalize to the lamellipodia (Fig. 6D). On the other hand,
mutation of K1112 or H1113 to alanine only modestly affected the
polarized localization (Fig. 6D). Taken together, the L1108, L1109
and Y1111 residues appear to be critical for the polarized
localization of ATP11C-b, while the K1112 and H1113 residues
may play an auxiliary role. We also established Ba/F3 cells stably
expressing the single amino-acid-replacement mutants and
observed the localization of each mutant protein. However, unlike
localization of the point mutants in MDA-MB-231 cells, the point
mutations only marginally affected the localization of ATP11C-b to
the uropod in Ba/F3 cells (Fig. S5). Therefore, we next substituted
six alanine residues for the LLSYKH residues (Fig. 6B), expressed
the mutant ATP11C-b(6Ala) stably in Ba/F3 cells, and observed its
cellular localization (Fig. 7A,B; Fig. S5). This mutation completely
abolished the polarized localization of ATP11C-b in Ba/F3 cells
(Fig. 7A,B, panels labeled b and c; Fig. S5). The mutant was
distributed to the entire plasma membrane, including the cell
anterior (pseudopods) and the uropod in polarized Ba/F3 cells
(Fig. 7Ac,Bc). Therefore, LLSYKH residues are critical for
ATP11C-b localization to the uropod.

Mislocalization of ATP11C-b did not significantly affect cell
polarity
We next asked whether mislocalization of ATP11C-b affects cell
polarity generation and maintenance. Although the polarized
localization of ATP11C-b was abolished after mutating six amino
acids in the C-terminal region [ATP11C-b(6Ala)] (Fig. 7A,B, panels
labeled b and c), cell polarity was largely unaffected. Pseudopods
were formed at the leading edge as normal (Fig. 7Aa′–c′), and the
nucleus and the Golgi complex were located in the normal location
in the polarized Ba/F3 cells (Fig. 7Ba′–c′ and a″–c″). We also
confirmed that ATP11C-b(6Ala) appeared to be localized to the
lamellipodia in addition to the cell body in MDA-MB-231 cells
(Fig. 8B). Lamellipodia formation also was not significantly affected
by mislocalization of ATP11C-b in MDA-MB-231 cells (Fig. 8B).
These observations together indicate that mislocalization of ATP11C-
b may not, at least substantially, affect the cell polarity. We next
examined whether the 6Ala mutation affects the flippase activity of
ATP11C-b. The expression level of ATP11C-b(6Ala) in Ba/F3 cells
was comparable to that of ATP11C-b(WT) (Fig. 7C). As shown in

Fig. 5. Localization of ATP11C isoforms in polarized HepG2 cells. HepG2
cells stably expressing N-terminally EGFP-tagged ATP11C-a (A) or ATP11C-b
(B) were fixed and incubated with Alexa Fluor 555-conjugated phalloidin. The
bile canalicular plasma membrane was visualized by F-actin staining. Scale
bars: 20 µm.
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Fig. 7D, flippase activity of Ba/F3 cells expressing the ATP11C-
b(6Ala) mutant toward PS and PE was comparable to those
expressing ATP11C-b(WT). Thus, mislocalization of ATP11C-b
was not associated with a change in its enzymatic activity.
We then asked whether ATP11C is required for cell polarity. To

this end, we knocked out Atp11c using the CRISPR/Cas9 system in
Ba/F3 cells (Fig. S6). Three cloned knockout (KO) cell lines (#1-4,

#1-5 and #1-6) lost the ability to flip NBD–PS and had a decrease
activity for flipping NBD–PE by ∼40% (Fig. 7E), indicating that
ATP11C is a major PS-flippase in Ba/F3 cells and it partly
contributes to PE-flipping at the plasma membrane. On the other
hand, the PC flipping activity was not altered in the Atp11c-KO
cells. As shown in Fig. 7F, cell polarity was largely unaffected in the
Atp11c-KO cells; as compared with the parental polarized Ba/F3

Fig. 6. The LLSYKH residues in C-terminus of ATP11C-b are indispensable for polarized localization. (A) MDA-MB-231 cells, transiently expressing
C-terminally HA-tagged ATP11C-a or ATP11C-b andN-terminally FLAG-tagged CDC50A, were fixed and stained for HA and then incubated with Cy3-conjugated
anti-rat-IgG antibodies and Alexa Flour 488-conjugated phalloidin. Panels on the right are enlargements of the indicated regions (1, lamellipodia; 2, cell body).
Scale bars: 20 µm (main images), 2 µm (enlargements). Illustration shows the schematic localization of ATP11C-a in blue and ATP11C-b in pink. (B) Amino acid
sequences of the C-terminal cytoplasmic region of human ATP11C-b and ATP11C-b mutants. Replacement of single amino acid with alanine and that of
LLSYKH with six alanine residues are shown. Black underlined mutations eliminated, and gray underlined mutations marginally affected polarized localization of
the protein. (C) MDA-MB-231 cells transiently expressing each mutant of ATP11C-b and CDC50A were fixed and stained for HA and ATP1A1 followed by
incubation with Cy3-conjugated anti-rat-IgG antibodies and Alexa Fluor 488-conjugated anti-rabbit-IgG secondary antibodies. The illustration shows schematic
localization of each mutant of ATP11C-b. (D) Cells expressing ATP11C-a, ATP11C-b and each mutant of ATP11C-b were counted and grouped into two
categories: (1) the ATP11C protein localized to the entire plasma membrane, including the cell body and the peripheral lamellipodia (PM); and (2) the ATP11C
protein localized to the cell body only but was excluded from the lamellipodia (cell body). Counts were normalized against the total number of cells counted. In
each sample, 106–161 cells were counted. Graphs display means±s.d. from three independent experiments. **P<0.01, ***P<0.0001 (one-way ANOVA was
performed to assess variance, and comparisons to wild-type of ATP11C-b expressing cells were made using Tukey’s post hoc analysis). Scale bars: 20 μm.
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cells [Fig. 7F(-)], pseudopods and the uropod formed normally
(Fig. 7F; Movie 4), and the nucleus and the Golgi complex were
located in the normal position. Thus, the polarized localization of
ATP11C-b may not be necessary for at least the formation of the
anterior–posterior cell polarity.

TheLLXYKH residuesaresufficient for polarized localization
We next asked whether the LLSYKH residues in the ATP11C-b
C-terminal region are sufficient for polarized localization. To this
end, we appended the LLSYKH sequence to the C-terminus of
ATP11C-a (Fig. 8A) and co-expressed the chimeric protein with
FLAG–CDC50A inMDA-MB-231 cells (Fig. 8C). Unlike wild-type
ATP11C-a, the ATP11C-a chimera localized exclusively to the cell
body and was excluded from the lamellipodia (Fig. 8Ca,b). This

observation suggests that the LLXYKH sequence is a sufficient
signal for polarized localization. In addition, formation of the
lamellipodia was not significantly affected in MDA-MB-231 cells
expressing the ATP11C-a chimera (Fig. 8Cb′) as well as in those
expressing ATP11C-b(6Ala) (Fig. 8Bb′), suggesting that mislocated
ATP11C proteins do not affect lamellipodia formation.

DISCUSSION
In the present study, we investigated the expression levels of
C-terminal splice variants of ATP11C in various cell types and
tissues, and obtained a comprehensive understanding of their
expression profile. Notably, mouse ATP11C-c was predominantly
expressed in the brain, although it was marginally expressed in other
tissues and most cell types examined in this study. Therefore,

Fig. 7. Loss of the polarized
localization of ATP11C-b did not affect
cell polarity or flippase activity.
(A,B) Ba/F3 cells stably expressing
C-terminally HA-tagged ATP11C-a,
ATP11C-b or ATP11C-b(6Ala) were
stained for HA alone or HA and GM130
followed by Cy3-conjugated anti-rat-IgG
antibodies alone or with Alexa Fluor 488-
conjugated anti-mouse-IgG secondary
antibodies. Alexa Fluor 488-conjugated
phalloidin and DAPI were added with the
secondary antibodies. Scale bars:
10 µm. The illustration shows the
schematic localization of ATP11C-a in
blue and ATP11C-b in pink. (C) Ba/F3
cells stably expressing wild-type
ATP11C-a or ATP11C-b, or ATP11C-
b(6Ala), and parental cells (−) were lysed
and subjected to immunoblotting using
anti-HA or anti-actin (as an internal
control) antibodies. (D,E) Parental Ba/F3
cells (−), and cells stably expressing HA-
tagged ATP11C-a, ATP11C-b or
ATP11C-b(6Ala) (D), orAtp11c-knockout
cells (E) werewashed with flippase assay
buffer and incubated with NBD-PS for
5 min, NBD-PE for 15 min or NBD-PC for
15 min at 15°C. After extraction with fatty
acid-free BSA, the residual fluorescence
intensity associated with the cells was
determined via flow cytometry. The fold
increase of NBD lipids uptake is shown
relative to that in parental Ba/F3 cells (−).
Graph displays means±s.d. from five
independent experiments. ***P<0.0001
(one-way ANOVA was performed to
assess variance, and comparisons with
parental Ba/F3 cells were made using
Tukey’s post hoc analysis). (F) Parental
Ba/F3 cells and Atp11c-knockout cells
were stained for GM130 followed by
Alexa Fluor 488-conjugated anti-mouse-
IgG antibodies. Alexa Fluor 555-
conjugated phalloidin and DAPI were
added with the secondary antibodies.
Scale bars: 10 µm.
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elucidating the specific roles of ATP11C-a and ATP11C-b in
different cell types and those ofATP11C-c in the brain is an important
topic for future studies.
We had previously shown that internalization of ATP11C-a is

induced by Ca2+-dependent PKCα activation (Takatsu et al., 2017).
By contrast, ATP11C-b and ATP11C-c do not undergo endocytosis
upon PMA treatment. Therefore, downregulation of ATP11C-a is
expected to be critical for cells with predominant expression of this
ATP11C variant, and/or for certain membrane domains, such as the
lamellipodia and pseudopods, in which ATP11C-b is absent.
Chemotactic signals increase the local Ca2+ concentration in the
cytosol, and this increase is involved in cell migration (Merritt et al.,
1991; Negulescu et al., 1996; Wang et al., 2017b). The ATP11C-a
variant can be downregulated by a local increase in cytosolic Ca2+

concentration (Takatsu et al., 2017), probably resulting in transient PS
exposure. Because the transduction of extracellular chemotactic
signal and dynamic actin rearrangement take place at the pseudopods
and lamellipodia, transbilayer movement of PS through the regulation
of the PS-flippase ATP11C-a is possibly important for plasma
membrane dynamics. The dynamic transbilayer rearrangement

(oscillation) of PS distribution is also likely to contribute to cell
polarity. In budding yeast, PS accumulates at the budding and mating
sites, and cell polarity requires appropriate Cdc42 recycling
(association and dissociation) at the plasma membrane. In addition,
the C-terminal cationic region of Cdc42 can interact with anionic
phospholipids, such as PS. Indeed, proper activation and recruitment
of Cdc42 to the plasma membrane requires the oscillation of local PS
concentration, which can be regulated by PE-flippase activity; that is,
an increase in PE-flipping activity decreases the local PS
concentration on the plasma membrane (Das et al., 2012; Saito
et al., 2007). Similarly, ATP8B1 is required for the polarized
localization of Cdc42 in mammalian cells (Bruurs et al., 2015).
Because ATP8B1 is a PC flippase (Takatsu et al., 2014), the
oscillation of local PS concentration can be regulated by PC-flippase
activity of ATP8B1 to allow the proper activation and local clustering
of Cdc42 at the apical membranes (Bruurs et al., 2015).

Although the physiological roles of ATP11C isoforms are
unknown, at least ATP11C isoforms seem to be dispensable for
the formation of cell polarity (Fig. 7F; Movie 4). However, we
cannot exclude the possibility that they play a role in fine-tuning of
cell migration. Because the overexpression of ATP11A and
CDC50A increases tumor cell migration (Wang et al., 2017a), and
depletion of either ATP8A1 or CDC50A causes a defect in the
formation of membrane ruffles and inhibits cell migration,
phospholipid flipping activity may play an important role in cell
migration (Kato et al., 2013). Although the mechanism by which
P4-ATPases are implicated in cell migration is currently unknown,
the flipping activity itself is involved in membrane dynamics
(Takada et al., 2018; Takeda et al., 2014; Wehman et al., 2011).
Given that an increase in PC-flipping activity changes cell shape,
attenuates cell adhesion and cell spreading, and drives inward
membrane curvature (Miyano et al., 2016; Naito et al., 2015; Takada
et al., 2018), transbilayer oscillation of phospholipid distribution
would be expected to contribute to membrane dynamics during cell
migration. Since ATP11C-b was expressed in invasive breast cancer
cells (MDA-MB-231), but not in non-invasive ones (MCF7 and
MDA-MB-453) (Thompson et al., 1992; Zajchowski et al., 2001),
ATP11C-b is expected to be involved in cell migration. Because
ATP11C-b remains localized to the uropod in B cells and the cell
body in MDA-MB-231 cells, it is tempting to speculate that
transbilayer PS movement would be active at the cell anterior or
lamellipodia where ATP11C-a is localized, whereas PS enrichment
in the inner leaflet is tightly preserved at the cell posterior or cell
body where ATP11C-b is localized. In migrating leukocytes, actin
stability is also polarized, with dynamically rearranging F-actin
concentrated in leading-edge pseudopods and relatively stable
F-actin concentrated at the posterior, where high actomyosin
contractility is generated (Hind et al., 2016). ATP11C-b is
localized to the adjacent stable actin filaments (Fig. 6A) and, thus,
is predicted to play a role in contractile force generation at the cell
posterior or cell body during cell migration.

Notably, ATP11C-b appeared to be predominantly expressed in
leukocytes (KBM7, Raw264.7, Ba/F3 and W3 cells), spleen and
bone marrow, suggesting that ATP11C-b play a role in myeloid and
lymphoid cells. ATP11C is expressed and facilitates phospholipid
flipping in all leukocytes (Yabas et al., 2016), and CDC50A plays
critical roles in hematopoietic cell survival (Li et al., 2018).
Moreover, Atp11c-deficient mice exhibit a defect in B-cell
development and abnormal erythrocyte shape and suffer from
anemia (Siggs et al., 2011a; Yabas et al., 2014, 2011), suggesting
that these phenotypes may be attributed to a defective mouse
ATP11C-b isoform.

Fig. 8. The LLSYKH residues are sufficient for polarized localization.
(A) Amino acid sequences in the C-terminal cytoplasmic region of human
ATP11C-b and replacement of LLSYKH with six alanine residues, and
ATP11C-a and ATP11C-a chimeric mutants. (B) MDA-MB-231 cells stably
expressing ATP11C-b or ATP11C-b(6Ala) were stained for HA, followed by
Cy3-conjugated anti-rat-IgG antibody and Alexa Fluor 488-conjugated
phalloidin. (C) MDA-MB-231 cells were transiently transfected with the
expression vector for C-terminally HA-tagged ATP11C-a or chimeric mutants
(ATP11C-a+LLSYKH) and N-terminally FLAG-tagged CDC50A. Cells were
stained for HA, followed by Cy3-conjugated anti-rat-IgG antibodies. Alexa
Fluor 488-conjugated phalloidin was added with the secondary antibodies.
Scale bars: 20 µm.
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ATP11C is highly expressed in the liver (Chaubey et al., 2016), and
its deficiency causes hyperbilirubinemia and hypercholanemia in
mice (Siggs et al., 2011b).Moreover, ATP11C appears to be involved
in the transport of bile acids across the sinusoidal membrane (de
Waart et al., 2016; Matsuzaka et al., 2015). Importantly, we showed
that ATP11C-a and ATP11C-b are highly expressed in the liver
(Fig. S2). Considering that ATP11C-b was specifically localized to
the bile canalicular plasmamembrane (apical membrane) in polarized
HepG2 cells, we speculate that the two isoforms (ATP11C-a and
ATP11C-b) regulate phospholipid asymmetry at distinct areas such as
the apical and basolateral plasma membrane in hepatocytes, allowing
for the association and/or physiological function of membrane
proteins in the polarized plasma membrane (de Waart et al., 2016).
Importantly, the LLSYKH residues appeared to be sufficient for

polarized localization ofATP11C-b. Therefore, the LLSYKH residues
would be expected to interact with certain proteins or membrane
lipids; thus, ATP11C-b can be trapped at the polarized plasma
membrane. Searching for binding partners for LLSYKH residues is
critical for elucidating the function of ATP11C-b in polarized cells.
Considering that replacing single amino acids (L1108, L1109 or
Y1111) of ATP11C-b dramatically impairs its polarized localization
in MDA-MB-231 cells, but only marginally in Ba/F3 cells, the
mechanism for the polarized localization may be subtly different
between cell types. Our findings provide insight into physiological
roles of ATP11C isoforms, not only in distinct tissues, but also in
polarized plasma membrane domains, such as apical and basal,
anterior and posterior, or ruffled and unruffled plasma membrane, in
conjunction with phenotypes caused by ATP11C deficiency.

MATERIALS AND METHODS
Plasmids
Expression vectors for C-terminally HA-tagged human P4-ATPases were
constructed as previously described (Takatsu et al., 2011, 2014). The
C-termini of ATP11C-b and ATP11C-c were cloned via RT-PCR from the
total RNA of HeLa cells and 293T cells, respectively. Each C-terminus
fragment was replaced with C-terminus of ATP11C-a using the In-Fusion HD
cloning kit (Clontech) and/or the SLiCE cloning method (Zhang et al., 2012).
An expression vector for N-terminally EGFP- or tRFP-tagged ATP11C was
constructed by subcloning a cDNA fragment containing the entire coding
sequence of human ATP11C-a or ATP11C-b into pMXs-neo-EGFP or
pMXs-puro-tRFP. To construct pMXs-neo-EGFP or pMXs-puro-tRFP, DNA
fragments encoding EGFP or tRFP were amplified from pEGFP-C1 or
pTagRFP-T-C1 (a gift from Hideki Shibata, Nagoya University, Japan) and
inserted into the pMXs-neo or pMXs-puro vector, respectively. To construct
the amino acid replacement ATP11C-b mutants, each mutation was
introduced into the ATP11C-b cDNA via PCR-based, site-directed
mutagenesis using the QuikChange II XL site-directed mutagenesis kit
(Agilent Technologies) and/or the SLiCE cloning method (Zhang et al.,
2012). To construct ATP11C-b(6Ala), and ATP11C-a(+LLSYKH), DNA
fragments encoding the C-terminal region of ATP11C with the indicated
mutations (base pairs) were synthesized and inserted to replace the same
region of wild-type ATP11C cDNA using the SLiCE cloning method (Zhang
et al., 2012).

Antibodies and reagents
Sources of antibodies used in the present study were as follows: monoclonal
rabbit anti-ATP1A1 (EP1845Y), and monoclonal rat anti-CD44 (1M7.8.1),
Abcam; monoclonal mouse anti-HA (4B2), Wako; monoclonal mouse anti-
GM130, BD Biosciences; monoclonal mouse anti-β-tubulin (KMX-1),
Millipore; monoclonal mouse anti-β-actin (C4), Santa Cruz Biotechnology;
monoclonal rat anti-HA (3F10), Roche Applied Science; Alexa Fluor-
conjugated secondary antibodies, Invitrogen; Cy3-, DyLight649- and
horseradish peroxidase-conjugated secondary antibodies, Jackson
ImmunoResearch Laboratories. Dilutions at which primary antibodies
were used are provided in Table S1. Dilutions at which primary antibodies

were used are provided in Table S1. DAPI and Alexa Fluor 488-conjugated
phalloidin were purchased from Molecular Probes.

The NBD-labeled phospholipids (Avanti Polar Lipids) used were: NBD-PS,
1-oleyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-
3-phosphoserine; NBD-PE, 1-oleyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl]-sn-glycero-3-phosphoethanolamine; and NBD-PC, 1-
oleyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3-
phosphocholine. Phorbol-12-myristate-13-acetate (PMA) was purchased from
LC Laboratories.

Cell culture and establishment of stable cell lines
KBM-7 (a gift from Brent Cochran, Tufts University, MA), Raw264.7
(Toshiki Itoh, Kobe University, Japan), BON (gift from Thomas
Seufferlein, Ulm University, Germany), Ba/F3 and W3 (gifts from
Shigekazu Nagata, Osaka University, Japan), UV-B6, Huh-7, HepG2, and
MDA-MB-453 (RIKEN BRC), HUVEC (Lonza), HCT-116 (ATCC),
MDA-MB-231, MCF-7 and 3T3-L1 were cultured as described in
instruction manuals. The cells expressing recombinant mouse interleukin-
3 (IL-3) were kind gifts from Shigekazu Nagata (Osaka University, Japan).
Briefly, the IL-3-dependent pro-B-cell line Ba/F3 was maintained in RPMI-
1640 medium containing 10% fetal calf serum (Gibco) (Fukunaga et al.,
1990). MDA-MB-231 cells were cultured in Dulbecco’s modified Eagle’s
medium (Nacalai Tesque) supplemented with 10% fetal calf serum (Gibco).
HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(Nacalai Tesque) supplemented with 10% fetal calf serum, GlutaMAX-1
(Gibco) and non-essential amino acids (Nacalai Tesque). HeLa cells were
cultured as described previously (Takatsu et al., 2011). Ba/F3, MDA-MB-
231, HepG2 cells stably expressing each C-terminally HA-tagged
P4-ATPase, C-terminally HA-tagged amino acid mutant ATP11C or
N-terminally EGFP-tagged ATP11C were established as described
previously (Takatsu et al., 2014). To transiently express P4-ATPases,
MDA-MB-231 cells were transfected with a pCAG-HA-based vector
carrying P4-ATPase cDNA (C-terminally HA-tagged) and a pcDNA3-
FLAG-based vector containing CDC50A cDNA (Takatsu et al., 2011).
Transfections were performed via lipofection using Lipofectamine 2000
(Invitrogen). After 1–2 days, the transfected cells were fixed for
immunofluorescence analysis. To establish Ba/F3 cells co-expressing
EGFP-tagged ATP11C-a and tRFP-tagged ATP11C-b, recombinant
retrovirus for expression of tRFP-tagged ATP11C-b was produced and used
to infect EGFP-ATP11C-a-expressing Ba/F3 cells. The infected cells were
selected in medium containing puromycin (1 µg/ml). A mixed population of
drug-resistant cells was used for time-lapse imaging analysis.

Immunofluorescence analysis and time-lapse imaging analysis
Immunostaining was performed as previously described (Shin et al., 2005;
Wojtal et al., 2006) and visualized using an Axiovert 200MAT microscope
(Carl Zeiss) and an A1R-MP confocal laser-scanning microscope (Nikon).
To preserve the polarity of Ba/F3 cells, 3% PFA was added directly to the
cultured cells and incubated at room temperature for 30 min. HeLa and
MDA-MB-231 cells seeded onto coverslips were fixed with 3% PFA.
HepG2 cells seeded onto coverslips, cultured for more than 3 days and fixed
with 3% PFA. Cells were then permeabilized with 0.2% saponin for 20 min
or 0.1% Triton X-100 for 5 min at room temperature. For time-lapse
recording, EGFP–ATP11C-a or EGFP–ATP11C-b and/or tRFP–ATP11C-
b-expressing Ba/F3 cells or MDA-MB-231 cells were placed on a
microscope stage pre-warmed to 37°C and then observed on an A1R-MP
confocal microscope. Images were acquired every 20 s in the presence of
0.5 µg/ml of the nuclear stain Hoechst 33342 (Molecular Probes) and
movies play at a rate of 10 frames per second.

RT-PCR and quantitative RT-PCR
Total RNAwas extracted from cells and mouse (C57BL/6N) tissues using the
RNeasy kit (Qiagen) or Isogen (TOYOBO) and subjected to RT-PCR
analysis using the SuperScript III One-Step RT-PCR system (Invitrogen).
Fragments of the C-terminus variants of ATP11C were amplified the
following primer pairs: for human, forward, 5′-CTGTCTTCTGTATCCAC-
ATGGTTG-3′, reverse, 5′-GGCTACTTACAATAATGGTAAATGC-3′; for
mouse, forward, 5′-CTTTTCCCTGAGATTCTCCTAATAG-3′, reverse
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5′-CTCACTTGGGCCATAATGGCTAC-3′. Fragments of β-actin were
amplified the following primer pairs: for human, forward, 5′-GCAAGAG-
AGGCATCCTCACC-3′, reverse, 5′-CGTAGATGGGCACAGTGTGG-3′;
for mouse, forward, 5′-GCACCACACCTTCTACAATGAG-3′, reverse,
5′-CGTAGATGGGCACAGTGTGG-3′. For quantitative RT-PCR, total RNA
was subjected to reverse transcription using ReverTra Ace qPCR RT Master
Mix (TOYOBO). The resultant cDNA was used as a template for PCR using
THUNDERBIRD SYBR qPCR Mix (TOYOBO). Each fragment of isoforms
was amplified using the following primers: for human ATP11C-a, forward:
5′-GAAGAAGAAGTGCCAGGAGAAATC-3′, reverse: 5′-GGCTACTTA-
CAATAATGGTAAATGC-3′; for human ATP11C-b, forward: 5′-GTAAG-
AAGAAGAAGTGCCAGGAAT-3′, reverse: 5′-GGCTACTTACAATAAT-
GGTAAATGC-3′; for mouse ATP11C-a, forward: 5′-GAAGAAGAAGT-
GCCAGGAGAAATC-3′, reverse: 5′-CTCACTTGGGCCATAATGGCTAC-3′;
for mouse ATP11C-b, forward: 5′-GTTCGAAGAAGAAGTGCCAG-
GAAT, reverse: 5′-CTCACTTGGGCCATAATGG-CTAC-3′; for mouse
ATP11C-c, forward: 5′-CCTCAGGAACATCTGCTATCTTC-3′, reverse:
5′-CTCACTTGGGC-CATAATGGCTAC-3′. A specific primer set for human
ATP11C-c was not successfully designed even with a number of attempts.

Surface biotinylation
The cell-surface biotinylation assay was performed as previously described
(Shin et al., 2005; Takatsu et al., 2014). Cells were washed three times with
chilled PBS containing 0.1 mM CaCl2 and 0.1 mM MgCl2 (PBS++), and
then incubated at 4°C for 30 min with 2 mM sulfo-NHS-LC-biotin (Thermo
Fisher Scientific) in PBS++. To stop biotinylation, the cells were washed
three times with chilled PBS++ containing 100 mM glycine and 0.3% BSA,
and then washed twice more with chilled PBS. The cells were then lysed in
lysis buffer [20 mM HEPES-KOH pH 7.4 containing 1% NP-40, 150 mM
NaCl, and a protease inhibitor mixture (Complete, Roche Applied Science)]
for 30 min at 4°C. The lysates were centrifuged at 20,000 g at 4°C for 20 min
in a microcentrifuge to remove cellular debris and insoluble materials. To
precipitate the biotinylated proteins, the supernatant was incubated at 4°C
for 4 h with streptavidin–agarose beads (Thermo Fisher Scientific) pre-
equilibrated with lysis buffer. The protein-bound streptavidin beads were
washed three times with lysis buffer, twice with high-salt buffer (20 mM
HEPES-KOH pH 7.4, 500 mMNaCl, 1 mMEDTA, 0.5%NP-40), and once
with 20 mM HEPES-KOH (pH 7.4). Proteins were eluted from the beads
with SDS-PAGE sample buffer, denatured at 37°C for 2 h and subjected to
immunoblot analysis.

Flippase assay
NBD-phospholipid incorporation was analyzed using flow cytometry as
previously described (Takatsu et al., 2014). In brief, Ba/F3 cells were
harvested from suspension culture by centrifugation. Cells (2×105 cells per
sample) were washed and equilibrated at 15°C for 15 min in 100 µl of
Hank’s balanced salt solution (pH 7.4) containing 1 g/l glucose (HBSS-
glucose). An equal volume of 2 µM NBD-phospholipid in HBSS-glucose
was added to the cell suspension and incubated at 15°C. At each time point,
200 µl of the cell suspension was mixed with 200 µl of ice-cold HBSS-
glucose containing 5% fatty acid-free BSA (Wako) to extract NBD-lipids
incorporated into the exoplasmic leaflet of the plasma membrane, as well as
unincorporated lipids. Next, the cells were analyzed with a FACSCalibur
(BD Biosciences) to measure the fluorescence of NBD-lipids incorporated
and translocated into the cytoplasmic leaflet of the plasma membrane.
Graphs for NBD-lipid flippase activities are expressed as mean±s.d. from at
least three independent experiments. Statistical significance was determined
using a Student’s t-test.

Gene editing using the CRISPR/Cas9 system
We disrupted the Atp11c gene in Ba/F3 cells using the CRISPR/Cas9 system.
Target sequences for the Atp11c gene were designed using the CRISPR
Design Tool from the Zhang lab (http://crispr.mit.edu). Complementary
oligonucleotides (5′-CACCGCAATTACACTCATACGTCGG-3′ and 5′-A-
AACCCGACGTATGAGTGTAATTGC-3′) were synthesized and introduced
into BsmBI-digested vector lentiCRISPRv2 (Addgene #52961). For lentiviral
production, the guide RNA sequence including lentiCRISPRv2 vector were

co-transfected with psPAX2 (Addgene #12260) and pMD2.G into HEK293T
cells. The resultant lentiviruses were concentrated as described previously
(Takatsu et al., 2014) and then used to infect Ba/F3 cells. The infected cells
were selected in medium containing G418 (1 mg/ml), and cloneswere isolated
by single-cell sorting with a SH800S Cell Sorter (Sony Biotechnology). For
confirmation of editing of Atp11c, genomic DNA was extracted from
individual clones and subjected to PCR with primer set to amplify Atp11c
fragments (forward, 5′-GAGACATTTCGAAGAAAAGTGG-3′, reverse,
5′-TTCAGGACCCTTAGCTCTGG-3′). The knockout (KO) was confirmed
by direct sequencing of the amplified PCR product using the forward primer.
The flippase assay toward NBD-PS was also performed using the KO clones.
The Atp11c gene is located on the X chromosome and the male Sry transcript
was detected by RT-PCR in Ba/F3 cells. A single allelic indel at the Atp11c
locus was observed for seven of 11 KO clones. However, we unexpectedly
found that four of the 11KO clones carried biallelic indels. Althoughwe do not
know the exact reason for the biallelic indels, they might be derived from the
duplication of the Atp11c locus. In this study, we chose two clones with a
single allelic indel (#1-4 and #1-5) and a clonewith double allelic indels (#1-6)
(Fig. S6), all of which were confirmed to lose the PS-flipping activities
(Fig. 7E).
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