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Phospholipid scrambling induced by an ion
channel/metabolite transporter complex

Han Niu1,2, Masahiro Maruoka 1,3, Yuki Noguchi 1, Hidetaka Kosako 4 &
Jun Suzuki 1,2,3,5

Cells establish the asymmetrical distribution of phospholipids and alter their
distribution by phospholipid scrambling (PLS) to adapt to environmental
changes. Here, we demonstrate that a protein complex, consisting of the ion
channel Tmem63b and the thiamine transporter Slc19a2, induces PLS upon
calcium (Ca2+) stimulation. Through revival screening using a CRISPR sgRNA
library on high PLS cells, we identify Tmem63b as a PLS-inducing factor. Ca2+

stimulation-mediated PLS is suppressed by deletion of Tmem63b, while
human disease-related Tmem63b mutants induce constitutive PLS. To search
for a molecular link between Ca2+ stimulation and PLS, we perform revival
screening on Tmem63b-overexpressing cells, and identify Slc19a2 and the
Ca2+-activated K+ channel Kcnn4 as PLS-regulating factors. Deletion of either of
these genes decreases PLS activity. Biochemical screening indicates that
Tmem63b and Slc19a2 form a heterodimer. These results demonstrate that a
Tmem63b/Slc19a2 heterodimer induces PLS upon Ca2+ stimulation, along with
Kcnn4 activation.

The asymmetrical distribution of molecules across membranes is a
fundamental property of cells. For instance, phospholipids are asym-
metrically distributed at the lipid bilayer on the plasma membranes.
Phosphatidylserine (PS) and phosphatidylethanolamine (PE) are
restricted to the inner side of the plasma membranes, while phos-
phatidylcholine (PC) and sphingomyelin (SM) aremainly located at the
outer layer of the membrane1–4. However, in some physiological
situations, this asymmetry is quickly altered by phospholipid scram-
bling (PLS) as cells respond to changes in surroundings or to intrinsic
cues; in both cases, the consequence of such scrambling exposes PS to
the cell surface. Exposed PS functions as a scaffold for coagulation
factors on activated platelets when bleeding occurs5. Cell surface PS
also functions as an “eat-me signal” for dead cells to be engulfed by
phagocytes6–9. However, the molecular identity of scramblases was
unknown for decades.

Previously, using cDNA library screening, we discovered the
ubiquitous scramblases Tmem16F and Xkr8, which induce PLS in the

coagulation reaction and the clearance of dead cells, respectively10–14.
Nevertheless, in the absence of these two proteins in Ba/F3 cells (pro-
B cell line), PLS is still induced under high Ca2+ ionophore stimula-
tion, suggesting that other PLS systems exist on plasma membranes.
To search for such factors, we performed revival screening using a
CRISPR sgRNA library, which led to the identification of PLS-inducing
factors through the enrichment of sgRNAs by reconstitution of
the sgRNA library15. As a result, we identified the mechano-sensitive
channel Tmem63b16–19, the thiamine transporter Slc19a220, and the
Ca2+-activated K+ channel Kcnn421–25 as factors regulating PLS.
Importantly, Tmem63b and Slc19a2 form a heterodimer, which is
activated upon Ca2+ stimulation, together with Kcnn4 activation.
Additionally, epilepsy and anemia-related Tmem63b mutations led
to continuous PLS activity. These results demonstrate that the ion
channel/metabolite transporter complex promotes PLS upon Ca2+

stimulation, along with Kcnn4 activation, alterations in which could
be responsible for human diseases.
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Results
Establishment of high phospholipid-scrambling cells
Tmem16F and Xkr8 have been identified as Ca2+-dependent and cas-
pase cleavage-dependent scramblases, respectively10,12. These two
scramblases-elicited phospholipid scrambling (PLS) activity can be
detected by an uptake of the fluorescent lipid NBD-PC in the pro-B cell
line Ba/F3.When cells were stimulatedwith low concentration (0.5 µM)
or high concentration (3.0 µM) of the Ca2+ ionophore A23187 in Lipid
buffer (HBSSwith 1mMCaCl2 and 1mMMgCl2) at 4 °C for 10min, they
showed similar PLS activity (Fig.1a top). After deleting both Tmem16F
and Xkr8 in Ba/F3 cells (BDKO cells), the PLS activity was greatly
inhibited at 0.5 µM A23187 stimulation, indicating that these scram-
blases, especially Tmem16F, contributed to this process (Fig.1a bottom
left). However, when stimulated with 3.0 µM A23187, BDKO cells pro-
moted high PLS activity (Fig.1a bottom right), suggesting the existence
of unknown Ca2+-dependent scramblase(s) in BDKO cells. To identify
the unknown scramblase(s), we planned to isolate a cell population
with high PLS activity by a repeated sorting approach10,15. BDKO cells
were stimulatedwith0.5 µMA23187, applied to a PCuptake assay, used
to collect high PC uptake cells with flow cytometry, and expanded for
the next round of sorting (Fig.1b). After repeating this process for a
total of 19 times, we obtained high PLS cells, hPC19, that exhibited PLS
activity even in response to 0.5 µM of A23187 (Fig.1c). PLS activity can
be examined not only by PC uptake, but also by phosphatidylserine
(PS) exposure10. When stimulated with 3.0 µM A23187 in Annexin buf-
fer (10mM HEPES (pH7.4), 140mM NaCl, 2.5mM CaCl2) at room

temperature, PS exposure in parental BDKO cells reached maximum
within 10min, while that in hPC19 cells reachedmaximumwithin 4min
(Fig.1d), confirming successful generation of high PLS cells.

Identification of Tmem63b as a PLS-inducing protein
Next, we sought to perform a CRISPR/Cas9 sgRNA library screening
using hPC19 cells to find factors involved in Ca2+-dependent PLS. In
particular, we decided to apply a revival screening approach where
critical sgRNAs canbe identified through reconstitution of an enriched
sgRNA library to prevent targets loss due to growth defects possibly
caused by the target sgRNAs15. As shown in Fig. 2a, hPC19 cells were
infected with lentiviral sgRNA library, applied to the PC uptake assay,
and subjected to flow cytometry for sorting of PC uptake-negative
cells. After genomic (g)DNApurification from the sorted cells, PCRwas
performed using the purified gDNA to amplify the sgRNA-encoding
region. Subsequently, the enriched sgRNA libraries were generated by
inserting the amplified PCR products into the lentiviral vector, fol-
lowed by the next round of screening. After three rounds of sgRNA
screening (sgPC3) using enriched sgRNA library, approximately 23% of
PC uptake-defective cells were collected and analyzed by next-
generation sequencing (NGS) and mapping (Fig.2b). In this sgRNA
library, six sgRNAs in average were designed for each gene, and
identified sgRNAs containing more than three target sgRNAs among
six ones were presented as the total count of mapped targets: the sum
of sgRNAs formapped targets was displayed as a total read and ranked
based on the obtained read counts (Fig.2c, Supplemental Data 1). As a
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Fig. 1 | Establishment of high PLS cells by repetitive sorting. a Analysis of PLS
activity. PLSactivitywas examinedusing theNBD-PCuptake assay in Ba/F3cells and
those deficient in Tmem16F and Xkr8 (BDKOcells). Cells were resuspended in Lipid
buffer (HBSS with 1mM CaCl2 and 1mM MgCl2), stimulated with low A23187
(0.5 µM) and high A23187 (3.0 µM) at 4 ˚C, and analyzed at 0min (Grey) and 10min
(Green). Bar, PC uptake-positive region; number, cell population in the bar.
Experimentswereperformed independently three times, and representative data is
shown. b Strategy for establishing high PLS cells. BDKO cells with high NBD-PC
uptake activity, when stimulated with A23187 (0.5 µM) in Lipid buffer, were

collected by flow cytometry and then expanded. High PLS cells (hPC19) were
obtained by sorting repeated 19 times. c PCuptake assay in hPC19 cells. hPC19 cells
were stimulated with low A23187 (0.5 µM) and high A23187 (3.0 µM) in Lipid buffer
at 4˚C and analyzed at 0min (Grey) and 10min (Green). Bar, PC uptake-positive
region; number, cell population in the bar. d PS exposure activity. Parental BDKO
cells and hPC19 cells were stimulated with 3.0 µM A23187 at room temperature for
10min in Annexin buffer (10mMHepes, 140mMNaCl, 2.5mMCaCl2) with Annexin
V-Cy5/PI. PI-negative region is shown. Experiments were performed independently
three times, and representative data is shown.
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result, Stim1 ranked top with the highest reads and 6-mapped targets.
Stim1 is known as a single transmembrane region-containing protein
located at the endoplasmic reticulum (ER), interacting with the Ca2+

channel Orai1 on the plasmamembranes (PM) tomediate Ca2+ influx26.
To investigate whether Stim1 is associatedwith the PLS activity, sgRNA
against Stim1 was introduced in parental BDKO cells and a knockout

clone was generated (Supplemental Fig. 1a). Consequently, deletion of
Stim1 resulted in delayed PS exposure, compared to parental BDKO
cells when stimulatedwith A23187 (Fig. 2d top second left). Exogenous
expression of Stim1 into Stim1−/− BDKO cells restored PS exposure
(Fig. 2d top middle), demonstrating that Stim1 contributes to Ca2+-
dependent PLS. Conversely, Stim1 itself is obviously not a scramblase
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Fig. 2 | Identification of Tmem63b as a PLS-inducing protein. a Schematic
representation of revival screening with sgRNA library. sgRNA library was intro-
duced into hPC19 cells expressing CRISPR-Cas9. When performed NBD-PC assay,
cells were stimulated by 3.0 µM A23187 in Lipid buffer at 4˚C for 10min, and PC
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DNA was purified and applied to PCR for amplifying the integrated sgRNA region,
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analysis. b Revival screening. PC uptake-negative cells (1%) were sorted by flow
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regionwas analyzed. Experiments were performed independently three times, and
representative data is shown. e A model for two independent Ca2+-mediated PLS
systems. 1. Tmem63b-dependent PLS at PM. 2. Stim1/Orai1-dependent PLS at ER-
PM contact site. epSCR: unknown ER-PM scramblase.
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on the plasma membranes because it exclusively localizes to the ER.
We then questioned which molecule is a potential candidate for the
scramblase. From our NGS results, we focused on one multi-
transmembrane region-containing protein, localized at the plasma
membranes, called Tmem63b (CSC1-like protein), that has been sug-
gested to function as a mechano-sensitive cation channel16. Although
amino acid sequences are different between Tmem63b and Tmem16
family members, Tmem63b bears highly structural similarity to the
Tmem16 family27, which consists of both ion channels and
scramblases28,29, implying that Tmem63b promotes PLS among its
multiple functions. To validate this hypothesis, sgRNA against
Tmem63b was introduced into BDKO cells and a knockout clone was
obtained (Supplemental Fig. 1b). As a result, PS exposure was greatly
reduced in Tmem63b−/− BDKO cells (Fig.2d top second right) but was
rescued with exogenous expression of Tmem63b (Fig.2d top right). It
is noted that deletion of Stim1 or Tmem63b did not cause a significant
change in calcium influx mediated by A23187 (Supplemental Fig. 1c).
Among the Tmem63 family consisting of 3 members, Tmem63b
exhibited the strongest PLS activity in Stim1−/− cells, compared to
Tmem63a and Tmem63c (Supplemental Fig.1d). This result also
implied that Tmem63b does not require Stim1 for its activation.

In order to examine whether Stim1 is dispensable in Tmem63b-
mediated PLS, Stim1−/− and Tmem63b−/− BDKO cells were established.
Although Stim1−/− and Tmem63b−/− BDKO cells rarely exhibited PS
exposure and PC incorporation (Fig.2d bottom left, Supplemental
Fig. 1e), expression of exogenous Tmem63b induced high PS exposure
and PC incorporation activities (Fig.2d bottom middle, Supplemental
Fig. 1e), demonstrating that Tmem63b promotes Ca2+-dependent PLS
without Stim1. Similarly, the introduction of exogenous Stim1 into
Stim1−/− and Tmem63b−/− BDKO cells promoted PLS activity, indicating
that Stim1-induced PLS does not require Tmem63b (Fig.1d bottom
right, Supplemental Fig. 1e).

When Orai1 was deleted in Stim1−/− and Tmem63b−/− BDKO cells
restored with Stim1, PS exposure was inhibited while exogenous
expression of wild-type (WT), but not the severe combined
immunodeficiency-derived mutant R91W30, rescued the phenotype
(Supplemental Fig. 2a), suggesting that Orai1-mediated Ca2+ influx at
the ER-PMcontact site is critical for Stim1-dependent PLS. Indeed, real-
time imagining by super-resolution microscopy showed that PS
exposure initiated at the ER-PM contact site where Stim1-tagRFP was
enriched and spread to whole cells afterward (Supplemental Fig. 2b).
This result indicates that A23187 induces Ca2+-release from ER as pre-
viously reported, followed by promotion of store-operated Ca2+

entry31,32.
On the other hand, another ER-PM contact site protein, E-syt133 or

SNARE proteins such as Snap23 and Stx4a34 (identified by revival
screening), were not significantly involved in Stim1-dependent PLS
unlike Orai1 (Supplemental Fig. 3a), suggesting that Stim1-dependent
PLS requires an unknown PLS-inducing factor (here, we defined it as an
endoplasmic reticulum-plasma membrane scramblase, epSCR) at
plasma membranes. When these proteins (Orai1, E-syt1, Snap23, and
Stx4a) were deleted in Tmem63b-expressing Stim1−/− and Tmem63b−/−

BDKOcells, they did not cause significant change in PLS (Supplemental
Fig. 3b). Taken together, these results indicate that there are two
additional pathways for PLS, expanding beyond the known pathways
of Tmem16 and Xkr: Tmem63b-dependent PLS and Stim1/Orai1-
mediated epSCR-dependent PLS (Fig. 2e). For further analyses in this
study, we focused on Tmem63b-mediated PLS more than Stim1/Orai1-
dependent one.

High PLS activity by disease mutants of Tmem63b
According to a recent report35, TMEM63B is mutated in patients with
severe developmental and epileptic encephalopathy (DEE), intellectual
disability, severe motor and cortical visual impairment, and pro-
gressive neurodegeneration in the brain (Supplemental Fig. 4a).

Additionally, most patients’ symptoms are accompanied by hemato-
logical abnormalities such as macrocytosis and hemolytic anemia35.
Currently, ten distinct variants of TMEM63B mutations have been
identified in 16 patients. The original amino acids of mutant V44M,
R433H, D459E, I475del, and R660T, are well conserved among several
species (Fig.3a). It is noteworthy that most mutations are in the
transmembrane regions of the protein (Fig.3b). To investigate whether
these mutations affect the PLS activity, we expressed the mutants
in Tmem63b−/− BDKO cells and examined their activity. According
to previous results, Tmem63b-expressing BDKO cells exhibited
PS exposure in less than 1min at room temperature after
A23187 stimulation (Fig.2d), given this time constraint, it is difficult to
compare the PLS activity between WT and mutants. To overcome this
issue, temperature was decreased to 4°C to delay the reaction speed
(Supplemental Fig. 4b). Although Tmem63b WT failed to expose PS
without Ca2+ ionophore stimulation, most of the Tmem63b variants
exhibited continuous PS exposure even without stimulation (Fig.3c
top, Fig.3d)whichwas further enhancedby the stimulationwith 3.0 µM
A23187 (Fig.3c bottom). Intriguingly, the degree of PLS activity is
highly correlated with the severity of hematological disorders. For
instance, mutants causing high PLS activity, I475del, and V44M, show
severe hemolytic anemia, while moderate PLS activity-inducing
mutants, D459E and R660T, lead to mild macrocytic anemia35, sug-
gesting that these mutants are gain-of-functionmutants with different
degrees in their activity. On the other hand, one mutant, R433H, that
displays abnormalities in red blood cells but fails to cause anemia in
patients (Supplemental Fig. 4a), resulted in no PLS activity with or
without Ca2+ ionophore stimulation (Fig.3c). When localization of the
R433H was examined, it localized at the plasma membranes, sug-
gesting that the R433H mutant lost PLS activity because of a loss of
function, but not of a change in localization. Although TMEM63B is
reported to work as a cation channel to permeate Ca2+16,19,36, chelating
Ca2+ by BAPTA-AM had only minor effects on PS exposure activity in
Tmem63b mutants-expressing cells (Supplemental Fig. 5), suggesting
that Tmem63b-mediated ion flux is not a major factor to induce PLS.
Considering that the same concentration (1 µM) of BAPTA-AM com-
pletely inhibits Tmem16Fmutants-induced PLS10, we canconclude that
BAPTA-AM is sufficient to chelate Ca2+ at resting condition.

In order to examine the cell lineage that expresses TMEM63B,
single cell RNAseq analysis was performed using a public database
(E-MTAB-9389) of human fetal bone marrow37. As a result, TMEM63B,
but not TMEM63A and TMEM63C, were found to be expressed highly in
the erythroid lineage, especially inmid and late erythroid. Considering
thosepatientswith anemia harborTMEM63Bmutations, dysregulation
of TMEM63B in red blood cells may be associatedwith anemia (Fig. 3e,
Supplemental Fig. 6).

Identification of Tmem63b co-factors to induce PLS
Although Tmem63b is activated under Ca2+ stimulation, a molecular
link between Ca2+ influx and Tmem63b activation is missing. To iden-
tify factors involved in Tmem63b activation, revival screening using a
sgRNA librarywas performed in Tmem63b-overexpressingBDKOcells.
After 3 rounds of sorting for a PS exposure-negative population after
A23187 stimulation at 4 °C, PLS-negative cells were enriched up to
16.3% (Fig. 4a). Then gDNA was prepared from collected cells and
applied to the NGS analysis, followed by mapping. The candidates
were ranked by the number of total reads in mapped targets, and the
top three candidates, Csnk2b, Kcnn4, and Slc19a2 were selected for
further analysis (Fig.4b, Supplemental Data 2). Csnk2b is a serine/
threonine kinase known for phosphorylating many substrates within
the cytoplasm. Kcnn4 is a Ca2+-activated K+ channel on plasma mem-
branes, mutations in which are involved in hereditary xerocytosis38.
Slc19a2 is a thiamine transporter located on the plasma membranes,
defects in which cause thiamine-responsive megaloblastic anemia
(TRMA)39. In contrast to Fig. 2C, Stim1 was detected at a much lower
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level in total reads (Fig.4b), further demonstrating that Tmem63b-
mediated PLS is distinct from Stim1-mediated PLS.

sgRNAs against these three candidates were introduced into
Tmem63b-expressing BDKO cells. Especially, decrease in Kcnn4
expression was confirmed at a protein level by BN-PAGE and at an
mRNA level by RT-PCR (Supplemental Fig. 7a). Similarly, down-
regulation of Slc19a2 expression level was confirmed at anmRNA level
by RT-PCR. As a result, PLS activity evoked by Tmem63b was

significantly inhibited under deletion ofKcnn4 and Slc19a2but not that
of Csnk2b (Fig. 4c–e), suggesting that Kcnn4 and Slc19a2 contribute to
the Tmem63b-mediated PLS. Expression of Kcnn4 WT, but not the
histidine phosphorylation mutant H358N in the calmodulin-binding
domain40,41, into sgKcnn4-introduced Tmem63b-expressing BDKO cells
rescued thephenotype, suggesting that functionalKcnn4 is involved in
inductionof Tmem63b-mediatedPLS (Fig. 4c, e, Supplemental Fig. 7b).
To examine the involvement of Kcnn4 further, Na+ was replaced with

（
）
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K+ in the extracellular buffer to delay the speed of K+ efflux. As a result,
PS exposure in Tmem63b-expressing cells was decreased in a K+

concentration-dependent manner (Supplemental Fig. 8a–c). At 4 °C,
the effect of extracellular K+ on PS exposure initiation was obvious
than room temperature because the ATP1a1-mediatedK+ influx is likely
inhibited, rendering PS exposure more responsive to K+ efflux. Addi-
tionally, ATP-dependent flippases activity is negligible at low tem-
perature, enhancing the sensitivity of PS exposure initiation by the
scramblase. Compared to these, at room temperature, we observed
that the initiation (0–100 s) and termination (620–720 s) of PS expo-
sure were decreased by increasing extracellular K+, particularly above
at 50mMK+, but not affected at 5mMK+ (unlike at 4 °C), suggesting
that Kcnn4-mediated K+ efflux is important in the physiological con-
dition to promote Tmem63b-induced PLS. This interpretation is also
supported by the drug experiment: treating cells with the Kcnn4
inhibitors SenicapocandTRAM-3442,43 significantly blockedTmem63b-
mediated PLS both at 4 °C and at room temperature (Supplemental
Fig. 9a, b).

When Slc19a2 was restored in sgSlc19a2-introduced Tmem63b-
expressing BDKO cells, the phenotype was rescued, or rather
enhanced (Fig. 4d, e), confirming that Slc19a2 is involved in Tmem63b-
mediated PLS. As for the TRMA-related Slc19a2 mutant S143F, it
showed weaker PLS activity than Slc19a2 WT in Tmem63b-expressing
cells (Fig. 4d, e), suggesting that functional Slc19a2 is critical to induce
PLS. When Slc19a2WT, but not Slc19a2 S143F, was overexpressed into
Tmem63b mutants-expressing cells, PLS activity was strongly
enhanced (Fig. 4f bottom, Fig. 4g, and Supplemental Fig. 10a), while
knockout of Slc19a2 in Tmem63b mutants-expressing cells greatly
reduced the PLS activity (Fig. 4f second bottom and Fig. 4g). Con-
versely, Kcnn4 overexpression or deletion did not change the activity
significantly (Fig. 4f, h), suggesting that Tmem63b mutants do not
require Kcnn4 for its activation. This result is consistent with the high
PLS activity observed in Tmem63bmutants-expressing cells even after
addition of extracellular high K+ (Supplemental Fig. 10b). Taken toge-
ther, these results demonstrated that Slc19a2 and Kcnn4 play impor-
tant roles for Tmem63b WT-mediated PLS, but Kcnn4 is dispensable
for constitutive PLS induced by Tmem63b mutants.

Tmem63b forms a heterodimer with Slc19a2
Based on the known activation mechanisms of identified scramblases,
Tmem16, and Xkr family members, dimer formation is critical to
induce PLS. Tmem16F generates homodimers in resting and activated
states44–46, while the Xkr family members Xkr4 and Xkr8 form a
homodimer after caspase-mediated cleavage14,15. In the case of
Tmem63b, it has been known that it mainly exists as a monomer16–19.
Indeed, Blue Native-PAGE (BN-PAGE) analysis showed a predominant
monomer-like band, with a less prominent dimer-like band (Fig. 5a). To
search for components in the dimer-like band, we performed immu-
noprecipitation and mass spectrometry analysis, and found that
Slc19a2, which we identified by revival screening (Fig. 4b), was

precipitated with Tmem63b (Fig. 5b, Supplemental Data 3). Indeed,
when Tmem63b-GFP was co-expressed with Slc19a2, but not with
Kcnn4 or Csnk2b, the dimer-like band becamemuch stronger (Fig. 5c).
To confirm that Tmem63b and Slc19a2 form a heterodimer, a gel shift
assay was performed. Tmem63b-FLAG-GFP and Slc19a2-HA were
expressed in BDKO cells, from which cell lysates were prepared and
incubated with anti-FLAG or anti-HA antibodies, followed by BN-PAGE
analysis.When cell lysateswere incubatedwith the anti-FLAGantibody,
both monomer and dimer bands were shifted, confirming that these
two bands contain Tmem63b (Fig. 5d left). On the other hand, when
cell lysates were incubated with the anti-HA antibody, only the dimer
band was shifted, indicating that this band contains both Tmem63b
andSlc19a2 (Fig. 5d right).WhenTmem63b-GFPwasco-expressedwith
both Kcnn4-HA and Slc19a2-FLAG, a dimer band appeared. This band
was shifted with anti-FLAG antibody, but not by anti-HA antibody,
suggesting that Kcnn4 is not involved in this complex and Tmem63b
and Slc19a2 form a heterodimer (Supplemental Fig. 11a). Supporting
this idea, amounts of the Tmem63b/Slc19a2 heterodimer were not
decreased by deleting Kcnn4 (Supplemental Fig. 11b). To examine
whether the Tmem63b/Slc19a2 complex formation is essential for PLS
activity, we tried to identify amino acids at the interface using Alpha-
Fold2. Through mutating the 5 hydrophobic amino acids at the inter-
face (F213 and L217 on TM2, and M711, F712, and I719 on TM10)
to Alanine (Supplemental Fig. 12a, b), significant decrease in PLS
activity was observed in Tmem63b Ala-expressing BDKO cells (Sup-
plemental Fig. 12c, e). It is noteworthy that Tmem63b Ala localized at
the plasmamembranes (Supplemental Fig. 12d). In consistent with PLS
activity, complex formationwas disrupted in Tmem63bAla-expressing
cells (Supplemental Fig. 12f), demonstrating that the heterodimer
formation between Tmem63b and Slc19a2 is indispensable to
induce PLS.

Next, we asked whether disease-derived mutants of Tmem63b
affect the complex formation. When Tmem63b mutants were expres-
sed in cells, thedimer bandwas slightly, but not significantly, increased
compared to Tmem63b WT (Fig. 5e) and this was greatly increased
after expression of Slc19a2WT (Fig. 5f). It is noteworthy that the dimer
and monomer ratio is well correlated with the PLS activity induced by
Tmem63b mutants (Fig. 3c). Although overexpression of Slc19a2 WT
increased heterodimer formation in Tmem63b mutants-expressing
cells (Fig. 5f), compared to that with endogenous Slc19a2 (Fig. 5e),
overexpression of the anemia-related mutant Slc19a2 S143F did not
increase thedimer significantly (Fig. 5g), compared to thatwith Slc19a2
WT (Fig. 5f). It is noted that, among Tmem63B mutants, an I475del
mutant showed the strongest activity and could form more hetero-
dimer evenwith Slc19a2 S143F. These results suggested that functional
Slc19a2 is important for a heterodimer formation with Tmem63b. This
tendency is observed even using Tmem63b WT, and the presence of
Ca2+ or EGTAdid not affect the heterodimer formation and PLS activity
(Fig.5h), suggesting that the heterodimer is formed without Ca2+

stimulation.

Fig. 3 | Tmem63b mutants-mediated PLS. a Multiple sequence alignment of
Tmem63b and its orthologues in five different vertebrate species (Homo sapiens
NP_001305721.1, Mus musculus NP_937810.2, Gallus gallus NP_001366170.1, Xeno-
pus tropicalis XP_031757905.1, Danio rerio NP_001313336.1), with the mutated
residues in bold. The asterisk below the sequences shows positions where amino
acids were conserved across different species. The colon indicates similar amino
acids were conserved across different species. b Location of the identified disease
mutants (V44M, R433H, D459E, I475del, R660T) on a schematic representation and
structure of human TMEM63B protein (pdb: 8ehx). Bold Red, mutations; asterisk,
positions of mutations. c PS exposure assay. Tmem63b mutants-expressing cells
were stimulated with (bottom) or without (top) 3.0 µM A23187 in Annexin buffer
with Annexin V-Cy5/PI, incubated at 4 ˚C for 10min. Grey, Tmem63b WT-
expressing cells. Green, indicated mutants-expressing cells. Bar, PS exposure

positive region; number, cell population in the bar. Tmem63b mutant data are
displayed according to their strength in activity. d Quantification of PS exposure.
Mean fluorescence intensity (MFI) of Tmem63b variants without
A23187 stimulation in (c) is shown as an average of triplicates (n = 3, independent
experiments). The lines in themiddle, bottom, and top indicate median, minimum,
and maximum values, respectively. Tmem63b mutant data were displayed
according to their strength in activity. Source data are provided as a Source Data
file. e Uniform manifold approximation and projection (UMAP) of Human fetal
bone marrow single cell RNA-seq data (n = 9, different BM samples, k = 103,228,
12–19post conceptionweeks (PCW))was acquired from thedatabase E-MTAB-9389
and analyzed by broad categories. Baso basophil; eo eosinophil; MK mega-
karyocyte. TMEM63Bwas expressed in erythroid lineages, especially at high level in
mid and late erythroid.
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From these observations, we describe a model for Tmem63b/
Slc19a2-induced PLS. 1. Tmem63b and Slc19a2 form a heterodimer. 2.
Ca2+ stimulation activates Kcnn4. 3. Upon Kcnn4-mediated K+ efflux,
the Tmem63b/Slc19a2 heterodimer executes PLS. 4. Disease-related
mutants of Tmem63b induce PLS activity independently of Kcnn4-
mediated K+ efflux (Fig. 5i).

Discussion
Here, we show that there are two Ca2+-induced PLS pathways in Ba/F3
cells other than the known PLS pathways requiring Tmem16 and Xkr.
Stim1 binds to Orai family members at the PM-ER contact site, indi-
cating thatOrai-mediated Ca2+ influx at themicroenvironment induces
PLS. Although the PLS-inducing protein epSCR was not identified in
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this report, future study will reveal how the Stim1/Orai1 pathway pro-
motes PLS at the membrane contact site. In contrast, Tmem63b-
mediated PLS was shown to be independent of the Stim1/Orai1 path-
way. The Tmem63b protein was found to form a heterodimer with
Slc19a2 to promote PLS. Previously, Tmem16 family proteins were
shown to form homodimers44–46. Xkr proteins also form a homodimer
when cleaved at their C-terminus by caspases14,15,47. Although the plant
orthologue of Tmem63, OSCA forms a homodimer, Tmem63b is likely
to form a heterodimer with Slc19a2, which is then activated by Ca2+-
mediated simulation of Kcnn4 to execute PLS. Significantly, the epi-
lepsy and anemia-related mutant Tmem63b proteins35 form more
heterodimers, displaying constitutive PLS without Kcnn4 activation. It
is interesting to speculate that the ion channel Tmem63b changes its
properties as a channel or PLS-inducing protein depending on its cel-
lular context.

Currently, PLS activity of Tmem63bmutants (Figs. 3c, 4f) exhibits
a strong correlation with dimer formation between Tmem63b and
Slc19a2 WT (Fig. 5f). When Tmem63b mutants were expressed with
Slc19a2 S143F, PLS activity was reduced (Supplemental Fig. 10a) with
less dimer formation (Fig. 5g), compared to Slc19a2 WT-expressing
cells. PLS activity of Tmem63b WT (Fig. 4d) is also associated with
dimer formation (Fig. 5h). Based on these observations, we conclude
that Tmem63b/Slc19a2 heterodimer formation is significant to induce
PLS. Indeed, the heterodimer model, predicted by Alphafold2 (Sup-
plemental Fig. 12a, b), and the subsequent Tmem63b Ala mutants’
analysis showed that the heterodimer formation is critical to induce
PLS (Supplemental Fig. 12c–e). Future study will be expected to reveal
the dimer interface through structural analysis.

Tmem63 family proteins (Tmem63a, Tmem63b, and Tmem63c)
are known to mainly exist as monomers and exhibit mechano-
sensitive channel activity17–19. Tmem63b is activated through Ca2+-
mediated activation of Kcnn4 and therefore is most likely to be
indirectly Ca2+-dependent. At present, it is unknown how Tmem63b
forms a heterodimer with Slc19a2. Considering that functional
Slc19a2 is required for heterodimer formation with Tmem63b,
Slc19a2-mediated transport of substrates such as thiamine may pro-
mote heterodimer formation. Kcnn4 has been known to contribute to
PS exposure in red blood cells as a Gardos channel21–23. It ismost likely
that Kcnn4 activates the Tmem63b and Slc19a2 complex to execute
PLS in red blood cells. We hypothesize that Ca2+-dependent K+ efflux,
facilitated byKcnn4, led towater efflux alongwith cell shrinkage48 and
contributes to Tmem63b/Slc19a2-mediated PS exposure. Previous
studies have shown that in red blood cells, Ca2+ stimulation induces K+

efflux, leading to cell shrinkage and PS exposure49,50. However, the
mechanism of Tmem63b activation in this context remains unclear.
One possible interpretation of our data is that Ca2+-dependent K+

efflux triggers water efflux and cell shrinkage, which subsequently
activates Tmem63b by altering membrane tension. Recent findings
suggest that hyperosmolality-mediated water efflux activates
Tmem63b in specific neurons36. Based on this, we propose that
Tmem63b is activated through sensing changes in membrane ten-
sion, particularly membrane compaction.

Conversely, a few studies have reported that hypo-osmolarity-
mediated cell swelling or membrane stretch can activate Tmem63b-
mediated ion channel activity16,35. If membrane stretch primarily acti-
vates stretch-dependent channels suchas Piezo1, leading toCa2+ influx,
Ca2+-dependent Kcnn4 could be activated to induce K+ efflux. These
sequential events might activate Tmem63b through membrane com-
paction, which would subsequently turn off Piezo1-mediated Ca2+

influx as a negative feedback mechanism. In human genetic diseases,
gain-of-function mutations in both PIEZO1 and KCNN4 are linked to
xerocytosis of red blood cells38,51–53, supporting the hypothesis that
Piezo1 and Kcnn4 function within the same pathway. This needs to be
investigated in future studies.

Lastly, through this research, we introduce the notion that het-
erodimers composed of proteins with independent functions exhibit
the emergent ability to induce PLS, contrasting with the previously
identified PLS proteins, Tmem16 and Xkr, which form homodimers to
induce PLS activity.

Methods
Cell culture
HEK293T cells were cultured in the DMEM (WAKO) containing 10%
Fetal Bovine Serum (FBS) (Gibco) and 1% Penicillin-Streptomycin
solution (Nacalai). Mouse pro-B cell line Ba/F3 cells deficient for Xkr8
andTmem16F (BDKOcells) and its derivativesweremaintained inRPMI
1640 (WAKO) containing 10% FBS (Gibco), 1% Penicillin-Streptomycin
solution, 45 units/ml IL-3 (as prepared before10,54), and 55 µM
2-mercaptoethanol (Gibco). Cells were maintained in a culture incu-
bator set at 37 °C, supplied with 5% CO2 at 90–95% humidity.

Plasmid preparation
cDNAs for Tmem63a (NCBI_accession no. NM_001417552.1), Tmem63b
(NCBI_accession no. NM_001413622.1), Tmem63c (NCBI_accession no.
NM_001361704.1), Slc19a2 (NCBI accession no. NM_054087.3), Kcnn4
(NCBI_accession no. NM_001163510.2), Stim1 (NCBI_ accession no.
NM_001374058.1), Orai1 (NCBI_accession no. NM_175423.3), and
Csnk2b (NCBI_accession no. NM_ 001303445.1) were amplified by PCR
using cDNA from BDKO cells. The amplified cDNAs were C-terminally
tagged with GFP, tagRFP (Evrogen), FLAG, HA, FLAG-GFP, or HA-
tagRFP, then inserted into the lentivirus vector (plenti)15 using the In-
Fusion system (Takara) and sequenced. Mutants of Tmem63b were

Fig. 4 | Identification of activators for Tmem63b-mediated PLS. a Revival
screening. Tmem63b-GFP-expressing BDKO cells were stimulated with 3.0 µM
A23187 in Annexin buffer withAnnexin V-Cy5/PI at 4 ˚C for 1 h and subjected toflow
cytometry to collect PS exposure-negative cells among theGFP-positive population
and used for reconstitution of the enriched sgRNA library. sgPC0, original sgRNA-
library introduced cells; sgPC3, cells sorted three times. Bar, PS exposure-negative
region; number, cell population in the bar.bNGS analysis after fourth sorting. Total
reads (sum of reads from different sgRNAs against the same gene) were ranked.
Mapped numbers indicate the numbers of identified sgRNA targets among 6 dif-
ferent sgRNAs. Mapped numbers 0 to 2 were eliminated from the list. Genes ana-
lyzed further are shown inboldwith red color. c PS exposure assay. Tmem63b-GFP-
expressing BDKO cells and those expressing sgKcnn4 and both sgKcnn4 and Kcnn4
WT-tagRFP were stimulated with 3 µM A23187 in Annexin buffer containing
AnnexinV-Cy5/PI at 4 ˚C. Flow cytometry analysis was conducted every 10min. PI-
negative cells were analyzed. The average in triplicates (n = 3, independent
experiments) is shown with an error bar. Data are presented asmean values ± SEM.
Source data are provided as a SourceDatafile.d PSexposure assay. Tmem63b-GFP-
expressing BDKO cells and those expressing sgSlc19a2 and both sgSlc19a2 and

Slc19a2WT-tagRFPor S143F-tagRFPwere stimulatedwith 3.0 µMA23187 inAnnexin
buffer containing AnnexinV-Cy5/PI at 4 ˚C. Flow cytometry analysis was conducted
every 10min. PI-negative cells are shown. The average in triplicates (n = 3, inde-
pendent experiments) is shown with an error bar. Data are presented as mean
values± SEM. Sourcedata are provided as a SourceDatafile. eComparisonof (c and
d). The average of PS exposure at 40min is shown. Data are presented as mean
values ± SEM. Statistical analysis was performed using a two-tailed Student’s t-test.
p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01. Source data
are provided as a Source Data file. f PS exposure assay. Indicated Tmem63b
mutants-GFP-expressing cells with Slc19a2-tagRFP or sgSlc19a2, and Kcnn4-tagRFP
or sgKcnn4 were incubated in Annexin Buffer with AnnexinV-Cy5/PI at 4 ˚C for
10min without A23187 stimulation. g, h Quantification of (f). Experiments were
performed independently 3 times and averages of PS exposure are shown with an
error bar. Data are presented as mean values ± SEM. Statistical analysis was per-
formed using a two-tailed Student’s t-test. p < 0.05 was considered statistically
significant. *p < 0.05, ***p < 0.001, ****p < 0.0001. The columns for cells expressing
both Tmem63b mutants and sgRNAs were shaded. Source data are provided as a
Source Data file.
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generated by amino acid substitution as following: Valine at 44 was
substituted with Methionine (V44M), Arginine at 433 was substituted
with Histidine (R433H), Aspartic acid at 459 was substituted with
Glutamic acid (D459E), Isoleucine at 475 was deleted (I475del) and
Arginine at 660 was substituted with Threonine (R600T). The
Tmem63b/Slc19a2 interface mutant of Tmem63b (F213A, L217A,
M711A, F712A, and I719A) were generated by replacing each amino acid

with Alanine. An Slc19a2 mutant was generated by amino acid sub-
stitution: Serine at 143 was substituted with Phenylalanine (S143F). A
Kcnn4 mutant: Histidine at 358 was substituted with asparagine
(H358N). An Orai1 mutant: Arginine at 91 was substituted with tryp-
tophan (R91W). Thesemutantsweregeneratedby the In-Fusion system
using cDNA for each gene and inserted into the plenti vectors, fol-
lowed by Sanger sequencing.
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Establishment of KO cell line
sgRNAwasdesignedusing cDNAsequenceof target gene as an input in
CRISPRdirect (https://crispr.dbcls.jp/) and specific sgRNAs with fewer
off-target were selected. Following the protocol described by the
Zhang Lab, restriction enzyme sites for BsmBI were attached to sgRNA
oligos to insert the annealed oligos into lentiGuide-Puro vector55

(Addgene#52963). sgRNAs against mouse Tmem63b (5′-CGGAGGT
GAGACGCTCATAC-3′), mouse Stim1 (5′-CATCGTCATCCATCAGCTTA-
3′), mouse Slc19a2 (5′-AGGGCAGATCCTCGTCTCCG-3′), mouse Kcnn4
(5′-TGCGGTAGGACGCGTTGAGC-3′), mouse Csnk2b (5′-CCAGAGCGA
CTTGATCGAAC-3′), mouse E-syt1 (5′-CTTTAGCCATTACGAATCAT-3′),
mouse Orai1 (5′-CCTCAACGAGCACTCGATGC-3′), mouse Snap23 (5′-
GATTACAAATGGTCAGCCTC-3′), and mouse Stx4a (5′-GCTGTTTGA
TCTCCTCTCGC-3′) were designed and inserted into the lentiviral
vectors by ligation. To check knockout efficiency, gDNAwas extracted
using the gDNAextraction kit (Viogene), fromwhich sgRNA target site-
containing region was amplified by PCR. The amplified PCR products,
corresponding to around 400bp, were excised from agarose gel,
purified, and checked by the Sanger sequencing. For rescue experi-
ments in sgRNA-introduced cells, silence mutations were introduced
into the target site of each gene so that the inserted lentiviral sgRNA
cannot target the exogenous cDNA.

Lentiviral production
To generate lentiviruses, lentiGuide-Puro vectors or plenti vectors
encoding each gene, pCAGHIV-Gag-Pol (RIKEN), andpCMVVSVG-RSV-
REV (RIKEN) were transfected into HEK293T cells using the Poly-
ethylenimine (PEI) system (Polysciences). Two days after transfection,
supernatant was collected, passed through 0.22 µm filter and cen-
trifuged (6000 × g, 4 °C, for 16 h). The viral pellet from 10ml culture
mediumwas then resuspended in 500 µl RPMImedium containing IL-3
with 10 µg/ml polybrene (Nacalai) to generate 20× concentrated viru-
ses and incubated with cells in the well of 24 well plate. After 6 h
incubation, the mediumwas changed, and cells were expanded. When
sgRNA was introduced, 1 µg/ml puromycin (InvivoGen) was added to
culture medium one day after viral infection. The drug-containing
medium was subsequently replaced with fresh medium after 2 days
treatment.

NBD-PC uptake assay
Briefly, 1 × 106 BDKO cells were collected andwashed with chilled Lipid
buffer (HBSS buffer containing 1mM MgCl2 and 1mM CaCl2), incu-
bated in Lipid buffer on ice for 7min, treated with 1 µM NBD-PC
(Avanti, 810132 C) on ice for 3min, then stimulatedwith 3.0 µMA23187
(Sigma, C7522). After A23187 stimulation for indicated periods, cells
were incubated with Lipid buffer containing 5mg/ml fatty acid (FA)-

free BSA (Sigma, A6003) and 1 µM DAPI (Dojindo) on ice for 5min to
removeNBD-PC locating at the outer layer ofmembranes. TheNBD-PC
uptake was examined by flow cytometry such as FACS Lyric and FACS
AriaII (Beckton Dickinson).

For revival screening based on NBD-PC uptake, 4 × 107 cells were
wash by 20ml chilled Lipid buffer, incubated in 10ml Lipid buffer on
ice for 7min, mixed and incubated with 10ml Lipid buffer containing
1 µM NBD-PC on ice for 3min. After 3.0 µM A23187 stimulation for
10min, the reaction was stopped by adding 20ml Lipid buffer con-
taining 5mg/ml FA-free BSA and 1 µM DAPI, and incubated on ice for
5min, followed by centrifugation (400 × g, 2min, 4 °C) and resuspen-
sion in 5ml Lipid buffer for flow cytometry analysis.

PS exposure assay
Briefly, 1 × 106 BDKO cells were washed with PBS and resuspended in
1ml Annexin buffer (10mM HEPES-NaOH (pH7.4), 140mM NaCl,
2.5mM CaCl2) containing 1000-fold diluted AnnexinV-Cy5 (Biovision)
and 1 µg/ml Propidium iodide (PI, Dojindo). Cells were then stimulated
with 3.0 µM A23187 and PS exposure was examined at room tem-
perature by flow cytometry for time course analysis. In some cases, PS
exposure analysis was performed on ice to delay the speed of PS
exposure. For this analysis, cells were washed with chilled PBS
and resuspended in chilled Annexin buffer containing AnnexinV-Cy5
and PI, followed by stimulation with 3.0 µM A23187. The stimulated
cells were incubated on ice and PS exposure was measured
every 10min.

For revival screening based on PS exposure, 4 × 107 cells were
washed by 10ml chilled PBS, resuspended in 20ml chilled Annexin
buffer containing AnnexinV-Cy5 and PI, incubated at 4 °C for 1 h,
centrifuged (400× g, 4 °C, for 5min), resuspended in 5ml Annexin
buffer (used for the reaction) and applied to cell sorting by flow
cytometry.

To observe the effect of extracellular K+ on PS exposure, NaCl in
Annexin buffer was changed to varied concentration of KCl (0mM,
0.5mM, 5mM, 50mM, or 140mM). For drug treatment, cells were
suspended in Annexin buffer, incubated with the Kcnn4 inhibitors
TRAM-34 (10 µM, Selleck) and Senicapoc (0.5 µM, Selleck) at room
temperature or 4 °C for 4min, followed by Ca2+ ionophore stimulation
and PS exposure analysis.

Establishment of high PLS cells
To establish high PLS cells from BDKO cells, Cas9-expressing BDKO
cellswereapplied to repeated sorting. Briefly, 4 × 107 cellswerewashed
and resuspended in Lipid buffer (HBSS with 1mM CaCl2 and 1mM
MgCl2), followed by addition of Lipid buffer containing 1 µM NBD-PC
and incubation with 0.5 µM A23187 in 10 °C water bath for 8min.

Fig. 5 | Tmem63B and Slc19a2 form a heterodimer. a BN-PAGE analysis of lysate
fromTmem63bGFP-expressing BDKOcells. Tmem63bmainly exists as amonomer
(black arrowhead) and slightly as a dimer-like state (red arrowhead). Anti-GFP was
used to detect Tmem63b. Experimentswere performed independently three times,
and representative data is shown. b Tmem63b interactors. Tmem63b GFP-
expressing cells were solubilized by LMNG/CHS and applied to immunoprecipita-
tion using anti-GFP nanobody-conjugated beads, followed bymass spectrometry. x
axis, abundance ratios shown in fold change (log2) betweenTmem63bandparental
cells without Ca2+; y axis, abundance ratios shown in fold change (log2) between
Tmem63b and parental cells with Ca2+. Red dot, Tmem63b, and Slc19a2. c BN-PAGE
analysis of Tmem63b-expressing cells with Slc19a2-tagRFP, Kcnn4-tagRFP and
Csnk2b-tagRFP overexpression, or sgSlc19a2, sgKcnn4 and sgCsnk2b introduction.
Anti-GFP was used to detect Tmem63b. Experiments were performed indepen-
dently three times and representative data is shown. d BN-PAGE analysis of
Tmem63b-FLAG-GFP-expressing cells with Slc19a2-HA-tagRFP overexpression.
After solubilization by detergent, cell lysate was mixed with anti-FLAG or anti-HA
antibodies and applied to BN-PAGE to observe the gel shift. Black, monomer; Red,

heterodimer; Green, monomer with antibody; Blue, heterodimer with antibody.
Anti-GFP was used to detect Tmem63b. Experiments were performed twice, and
representative data is shown. e BN-PAGE analysis of Tmem63b mutant-expressing
cells. Anti-GFP was used to detect Tmem63b. Experiments were performed inde-
pendently three times and representative data is shown. f BN-PAGE analysis of
Tmem63b mutant-expressing cells with Slc19a2 WT-tagRFP overexpression. Anti-
GFP was used to detect Tmem63b. Experiments were performed independently
three times and representative data is shown. g BN-PAGE analysis of Tmem63b
mutant-expressing cells with Slc19a2 S143F-tagRFP overexpression. Anti-GFP was
used to detect Tmem63b. h BN-PAGE analysis of Tmem63b-expressing cells with
Slc19a2 WT-tagRFP or S143F-tagRFP overexpression in the presence of 1mM CaCl2
or 0.5mM EGTA. Anti-GFP was used to detect Tmem63b. Experiments were per-
formed independently twice, and representative data is shown. i Schematic model
of Tmem63b/Slc19a2-mediated PLS. In activated state, Ca2+ stimulation induced
Tmem63b/Slc19a2 heterodimer-mediated PLS, along with Kcnn4 activation (left).
In Tmem63b mutant-expressing cells, continuous PLS occurs without Ca2+ stimu-
lation or K+ efflux (right).
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After the reaction, cells were mixed with 20ml Lipid buffer containing
5mg/ml FA-free BSA and 1 µM DAPI on ice for 5min, then applied to
sorting with flow cytometry. Sorted cells were collected into RPMI
medium containing IL-3 and 0.5mM EGTA. The next day, the medium
was changed to normal RPMI medium containing IL-3, and cells were
expanded for the next sorting. After repeating these processes for 19
times, high PLS cells (hPC19) were established.

Revival screening
hPC19 cells expressing Cas9were infectedwith lentiviral sgRNA library
(GeCKO v2 Mouse CRISPR Knockout Pooled Library55). In 4 days after
infection, cells were applied to the NBD-PC uptake assay. Each time,
around 1% NBD-PC uptake-negative cells were sorted by flow cyto-
metry and applied to gDNA purification. Then purified gDNAwas used
to amplify the integrated sgRNA region by PCR using a primer set
described below.

sgRNA FW: GTTTTAAAATGGACTATCATATGC
sgRNA RV: TATCCATCTTTGCACCCGGGC
The PCR band was excised from agarose gel, and mixed with

lentiviral vectors digested with SmaI and NdeI (NEB), followed by
NEBuilder®HiFi DNAAssembly (NEB) at 52 °C for 1 h. Subsequently, the
mixture was introduced into MegaX DH10B T1R Electrocomp™ Cells
(Invitrogen) through electroporation, followed by 2 h incubation in
SOC medium at 32 °C, and then spread onto LB agar plates. The clone
number of the resulting library was verified by counting the colonies,
where the number is expected to be more than 1 × 106. The enriched
sgRNA library was then used for the next round of screening. After
repeating these processes 3 times, PC uptake-negative cells were
enriched and used to amplify the inserted sgRNA from purified gDNA,
followed by the next generation sequencing (NGS) analysis and map-
ping. Tmem63b-overexpressing BDKO cells with Cas9 were similarly
applied to revival screening.

Next generation sequencing
sgRNA regions inserted into gDNA were amplified by PCR using pri-
mers described below.

FW PCR primer: GTTTTAAAATGGACTATCATATGC
RV PCR primer: TATCCATCTTTGCACCCGGGC
Obtained PCR products were then applied to the 2nd PCR to add

adapter sequences using primers described below.
Adapter FW:
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA

CGCTCTTCCGATCTATCGACTCTTGTGGAAAGGACGAAACACCG
Adapter RV: CAAGCAGAAGACGGCATACGAGATTCTACTATTCT

TTCCCCTGCACTGT
The amplified PCR products were then purified and sent to Mac-

rogen for the Illumina HiSeq2500 analysis.

sgRNA data processing
The sgRNA sequences were analyzed by guide-caller v1.0.0 (https://
github.com/SuzukiLab-icems/guide-caller/tree/main/v1.0.0)56. This
tool utilizes a standardanalysis framework comprising FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), Cutadapt57,
and MAGeCK58. Specifically, the 20bp sgRNA sequences were isolated
from the 51 bp sequenced reads by employingCutadapt fordual-round
trimming, with the parameters “-u 30” for the initial trim and “-u -1” for
the subsequent trim. The resulting trimmed reads were then aligned
with MAGeCK to a modified annotation list56.

Fluo4-AM Assay
1 × 106 cells were incubated with 1 µM Fluo4-AM (Dojindo) in culture
medium at 37 °C for 30min. Then, cells were centrifuged (400× g, RT,
for 2min), followed by washing and resuspending in Annexin buffer.
The cells were then loaded onto flow cytometry (FACS Lyric) and
recorded. Approximately 100 seconds later, 3.0 µMA23187 was added

into the sample, and cells were recorded for another 50 s to detect
changes in Ca2+ influx.

BAPTA-AM Assay
1 × 106 cells were incubated with 1 µM BAPTA-AM (Dojindo) in culture
medium at 37 °C for 30min. Then, cells were centrifuged (400× g,
4 °C, for 2min), washed, and resuspended in Annexin buffer. The cells
were either treated with or without 3.0 µMA23187 in Annexin buffer at
4 °C before being loaded onto flow cytometry (FACS Lyric) and
recorded.

High resolution live-cell imaging of PS exposure
High resolution imaging of Stim1-mediated PLS activity was observed
by an Airyscan super-resolution confocal microscopy (Zeiss, LSM980).
Briefly, 5 × 105 cells were washed and resuspended at room tempera-
ture in 500μl Annexin buffer containing 1000-fold diluted DAPI and
AnnexinV-Cy5, then stimulated with 3.0μM A23187. The cells were
immediately seeded in glass bottom chambers coated with 50 µg/mL
Poly-L-lysin (Sigma, P2636). Image acquisition was started 90 s after
cell seeding and images were acquired every 30 s for 10min using a
63×/1.46 NA oil immersion Plan-Apochromat objective with Zeiss Air-
yscan 2 detector module. During imaging, cells were maintained at
25 °C. After imaging, cell survival was judged by checking the DAPI
signal.

Identification of TMEM63B-positive fetal bone marrow cells
Cell types expressing TMEM63B in human fetal bone marrow were
identified through a reanalysis of the 10x single-cell RNA sequen-
cing (scRNA-seq) dataset “fig1b_fbm_scaled_gex_updated_dr_
20210104.h5ad.” This data underwent normalization and scaling
processes. Subsequently, more detailed cell type annotations were
conducted, and the re-annotated cells were depicted as UMAP with
expressions of these genes following the methodology described
by Jardine et al37.

(https://github.com/haniffalab/FCA_bone_marrow/blob/master/
fig1_fbm_disomic_and_trisomy21/fig1a_suppfig1b_fbm_overall_dr_plots_
SW.ipynb).

Cell lysate preparation
A total of 1 × 106 BDKOcells wereharvested andwashed twicewith cold
PBS. Subsequently, they were centrifuged (400 × g, 4 °C, for 2min),
resuspended in solubilization buffer (25mM Tris-HCl (pH 8.0),
100mM 6-aminocaprotic acid, 140mM NaCl, 1% Lauryl Maltose Neo-
pentyl Glycol (LMNG, Anatrace, NG310) /Cholesteryl hemisuccinate
(CHS, Sigma, C6512) at a ratio of 10:1, 10% (vol/vol) Glycerol, 1mM
p-APMSF (Nacalai), EDTA-free protease inhibitor cocktail (Nacalai),
1mMNaF, 2mMDTT), and rotated at 4 °C for 1 h. The solubilized lysate
was then applied to centrifugation (20,000× g, 4 °C, 20min) to
remove insoluble materials.

Membrane fraction preparation
For preparation of membrane fraction, 2 × 107 cells were washed twice
with cold PBS then homogenized using a Dounce homogenizer in a
hypotonic buffer (25mMTris-HCl (pH 8.0), 10mMMgCl2, 20mM KCl,
250mM Sucrose, 1mM p-APMSF, protease inhibitor cocktail (Nacalai),
1mM NaF, and 2mM DTT). Then adding equal amount of Isotonic
buffer (25mM Tris-HCl (pH 8.0), 200mMNaCl, 10mMMgCl2, 20mM
KCl, 250mM Sucrose, 1mM p-APMSF, protease inhibitor cocktail
(Nacalai), 1mM NaF, and 2mM DTT). After removing nuclei (800 × g,
4 °C, for 10min) and mitochondria (8000 × g, 4 °C, for 10min), the
supernatant was applied to ultracentrifugation (100,000× g, 4 °C, 1 h).
The pellet was collected and solubilized with solubilization buffer
(25mM Tris-HCl (pH 8.0), 100mM 6-aminocaprotic acid, 140mM
NaCl, 1% LMNG/0.1% CHS, 10% (vol/vol) Glycerol, 1mM p-APMSF
(Nacalai), EDTA-free protease inhibitor cocktail (Nacalai), 1mM NaF,
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2mM DTT for 2 h, followed by centrifugation (20,000× g, 4 °C,
20min) to remove the insoluble materials and protein quantification.

BN-PAGE analysis
Before loading the obtained lysate to the Blue Native (BN)-PAGENovex
Bis-Tris gel (Life Technologies), lysate concentration wasmeasured by
Bradford assay kit (Thermo Fisher Scientific, 23246) and adjusted to
0.5mg/ml using the solubilization buffer. In some cases, cell lysates
were incubatedwith anti-DDDDKantibody (MBL, PM020) or anti-HA.11
Epitope Tag antibody (Biolegend, 16B12) on ice for 1 h to perform the
gel shift assay before loading to theBN-PAGEBis-Tris gels. Then loaded
proteins were separated by electrophoresis at 150V for 35min at 4 °C
in cathode buffer concludes 0.02% CBB G-250. After running for
35min, the cathodebuffer was changed to one containing0.002%CBB
G-250 and run at 150V for 120min. After electrophoresis, the gel was
incubated with SDS running buffer (25mM Tris-HCl, 190mM Glycine,
0.1% SDS) at room temperature for 20min, then transferred to the
Immobilon-P PVDF membrane (Millipore) at 100mA for 1 hr, and
applied to western blotting.

Western blotting
After BN-PAGE analysis, proteins were transferred to the Immobilon-P
PVDFmembrane by running at 100mA for 1 h, applied to blockingwith
5% skim milk in TBS-T (50mM Tris-HCl, 300mM NaCl, 0.05%
Tween20), and incubated with the indicated antibody. The anti-GFP-
HRP antibody (MBL, 598-7) was used at 6000-fold dilution or anti-
Kcnn4 antibody (Proteintech, 23271-1-AP) was used at 2000-fold dilu-
tion and incubated overnight at 4 °C while shaking. After washing with
TBST for 5min4 times, goat anti-rabbit IgGHRP (DAKO)was applied at
10000-fold dilution and incubated at room temperature for 1 h to
detect Kcnn4. Subsequently, the membrane was washed 4 times with
TBST, followed by detection of chemiluminescent signal using
Immobilon Western chemiluminescent HRP substrate (Millipore)
through the FUSION chemiluminescence imaging system (Vilber).
PVDFmembrane was stained by CBB staining buffer (0.25% CBB R250,
50% methanol, 10% acetic acid), then washed with destaining buffer
(30% methanol and 10% acetic acid). An obtained band was used for
normalizing the loading amount.

Real-time PCR
RNA was extracted from 1 × 106 cells using the RNeasy kit (Qiagen,
74104), followed by conversion into cDNA using the High-Capacity
RNA-to-cDNA Kit (Thermo Fisher Scientific, 4387406). Primers for the
target genes were designed by the Primer-BLAST.

Mouse Kcnn4 FW: 5′-GCAAGATTGTCTGCCTGTGC-3′
Mouse Kcnn4 RV: 5′-TCTCCGCCTTGTTGAACTCC-3′
Mouse Slc19a2 FW: 5′-ATGAGCCTCCGGTGGAAGAA-3′
Mouse Slc19a2 RV: 5′-GGGCGGGAGGAATAACACAT-3′
Mouse Actin FW: 5′-GGCTGTATTCCCCTCCATCG-3′
Mouse Actin RV: 5′-CCAGTTGGTAATGCCATGT-3′
RNA expression levels were assessed utilizing the Comparative Ct

Method (ΔΔCt method). Based on averaged Ct values, the fold change
in expression of Kcnn4 or Slc19a2 in sgKcnn4- or sgSlc19a2-expressing
BDKO cells compared to parental BDKO cells was analyzed, then nor-
malized to the internal control (Actin gene) in quantitative real-time
PCR reaction (RT-PCR) performed by Takara Thermal Cycler Dice Real
Time System Lite using TB Green Premix Ex Taq™ II (Tli RNaseH Plus)
(TAKARA).

Immunoprecipitation and mass spectrometry
4 × 106 cells (BDKO and Tmem63b-GFP-expressing BDKO, n = 1)
were collected, washed twice by PBS, and incubated with 0.1%
formaldehyde at room temperature for 10min, followed by 1 M
glycine-NaOH incubation for 4min. After centrifugation and PBS
wash, cells were resuspended in 500 µl solubilization buffer (25 mM

Tris-HCl (pH 8.0), 140mM NaCl, 1% LMNG/0.1% CHS, 10% (vol/vol)
Glycerol, 1 mM p-APMSF, EDTA-free protease inhibitor cocktail
(Nacalai), 100mM 6-aminocaprotic acid, 1 mM NaF, 2 mM DTT)
with or without 1 mM CaCl2 and in the presence of 1/500 Bene-
sonase, and rotated at 4 °C for 1 h. Then, supernatant was collected
after centrifugation (20,000 × g, 4 °C, 20 min) and applied to
incubation with GFP-Trap magnetic agarose beads (Proteintech).
Beads were equilibrated with solubilization buffer twice before
incubation with cell lysate and were rotated at 4 °C for 3 h with cell
lysate. Then, beads were precipitated with magnetic rack, washed
with 500 µl washing buffer (25mM Tris-HCl (pH 8.0), 100mM
6-aminocaprotic acid, 140mM NaCl, 0.01% LMNG/0.001% CHS) for
3 times, and washed with 50 µl 50mM Ammonium Bicarbonate for
another 2 times. Samples were flash frozen with liquid nitrogen and
kept at −80 °C until use. Subsequently, proteins bound to the beads
were digested by adding trypsin/Lys-C mix (Promega) at 37 °C for
16 h, after which the resulting digested products were used for a
series of steps including reduction, alkylation, acidification, and
desalting using GL-Tip SDB (GL Sciences). The eluates were con-
centrated in a SpeedVac concentrator, followed by dissolution in a
solution consisting of 0.1% trifluoroacetic acid and 3% acetonitrile
(ACN). LC-MS/MS analysis of the generated peptides was executed
on an EASY-nLC 1200 UHPLC connected to an Orbitrap Fusionmass
spectrometer via a nanoelectrospray ion source (Thermo Fisher
Scientific). The separation of peptides occurred on a 75 μm inner
diameter × 150mm C18 reversed-phase column (Nikkyo Technos),
using a linear 4–32% ACN gradient over 0–100min, followed by a
10min increase to 80% ACN. The mass spectrometer was operated
in a data-dependent acquisition mode, with a maximum duty cycle
of 3 s. MS1 spectra were measured with a resolution of 120,000, an
automatic gain control (AGC) target of 4 × 105, and a mass range
from 375 to 1500m/z. HCD MS/MS spectra were acquired in the
linear ion trap with an AGC target of 1 × 104, an isolation window of
1.6m/z, a maximum injection time of 100ms, and a normalized
collision energy of 30. Dynamic exclusion was set to 20 s. The raw
data were directly analyzed against the SwissProt database
restricted to Mus musculus using Proteome Discoverer version 2.5
(Thermo Fisher Scientific) with the Sequest HT search engine. The
search parameters included trypsin as the enzyme with up to two
missed cleavages, a minimum peptide length of 6 amino acids, a
precursor mass tolerance of 10 ppm, a fragment mass tolerance of
0.6 Da, carbamidomethylation of cysteine as a fixed modification,
and acetylation of the protein N-terminus and oxidation of
methionine as variable modifications. Peptides were filtered at a
false-discovery rate of 1% using the percolator node. Label-free
precursor ion quantification was conducted using the precursor
ions quantifier node, and normalization was performed to ensure
that the total sum of abundance values for each sample over all
peptides remained consistent.

Prediction of Tmem63b/Slc19a2 heterodimer
Structure of Tmem63b mutant (V44M) and Slc19a2 heterodimer were
predicted usingAlphaFold259 (v 2.3.2) through the AlphaFoldColabFold
v1.5.5 implementation with default settings and Amber relaxation
(msa_method =mmseqs2_uniref_env, pair_mode =unpaired_paired,
model_type = auto, num_recycles = 3, recycle_early_stop_tolerance =
auto, relax_max_iterations = 200, pairing_strategy = greedy, max_msa =
auto, num_seeds = 1, dpi = 200, rank_num= 1, color = IDDT). AlphaFold2
generated 5 trainedmodels after a single run and calculated the pLDDT,
pTM and ipTM scores which indicate the accuracy of the prediction.
Themodel with a high score (pLDDT=69.9, pTM=0.575, ipTM=0.331)
was selected for analyzing the interface of Tmem63b mutant and
Slc19a2. All views of structures were analyzed using the ChimeraX
software. Computation time was provided by the Supercomputer Sys-
tem at Institute for Chemical Research, Kyoto University.
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Statistics and reproducibility. Student’s t-test (unpaired t-test) was
used for statistical analysis. Experiments for quantitative analysis of
PLS activity were performed independently three times and qualitative
confirmation was performed twice. BN-PAGE analysis was mostly per-
formed independently three times, or twice in some cases (e.g., gel
shift assay). For PLS assay, we used 1 × 106 cells for the assay to ensure
stable handling and consistent results across experiments. We did not
apply blinding because value for flow cytometry is objective and
quantitative, and interpretation of data shows no bias. For microscopy
analysis, experiments were done independently three times. At each
experiment, 3 images comprising of more than 10 cells/image were
taken, and the representative data were shown in Figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
CRISPR screening data generated in this study are provided in the
Supplementary Information 1 and 2. Mass spectrometry data gener-
ated in this study are provided in the Supplementary Information 3
and have beendeposited to the ProteomeXchange consortium via the
jPOST partner repository with the dataset identifier PXD054885. The
Genbank accession codes for genes are as follows: mouse Tmem63a
NM_001417552.1 [https://www-ncbi-nlm-nih-gov/nuccore/NM_
001417552.1], mouse Tmem63b NM_001413622.1 [https://www-ncbi-
nlm-nih-gov/nuccore/NM_001413622.1], mouse Tmem63c
NM_001361704.1 [https://www.ncbi.nlm.nih.gov/nuccore/NM_
001361704.1], mouse Slc19a2 NM_054087.3 [https://www-ncbi-nlm-
nih-gov/nuccore/NM_054087.3], mouse Kcnn4 NM_001163510.2
[https://www-ncbi-nlm-nih-gov/nuccore/NM_001163510.2], mouse
Stim1 NM_001374058.1 [https://www-ncbi-nlm-nih-gov/nuccore/NM_
001374058.1], mouse Orai1 NM_175423.3 [https://www-ncbi-nlm-nih-
gov/nuccore/NM_175423.3], and mouse Csnk2b NM_ 001303445.1
[https://www-ncbi-nlm-nih-gov/nuccore/NM_001303445.1]. The Gen-
bank accession codes for proteins Tmem63b in different species are
as follows: human NP_001305721.1 [https://www-ncbi-nlm-nih-gov/
protein/NP_001305721.1], mouse NP_937810.2 [https://www-ncbi-
nlm-nih-gov/protein/NP_937810.2], chicken NP_001366170.1
[https://www-ncbi-nlm-nih-gov/protein/NP_001366170.1], frog XP_
031757905.1 [https://www-ncbi-nlm-nih-gov/protein/XP_031757905.
1], fish NP_001313336.1 [https://www-ncbi-nlm-nih-gov/protein/NP_
001313336.1]. Accession code for single cell analysis in human fetal
bone marrow on BioStudies is E-MTAB-9389. An accession code for
human TMEM63B cryo-EM structure is PDB Data Bank with ID num-
ber: 8EHX. Source data are provided with this paper.

Code availability
Codes for sgRNA analysis (guide-caller and martrix_shaper for CRISPR
screening) and scRNAseq analysis are provided in the Source Data file.
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