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Activation of TMEM16E scramblase
induces ligand independent growth factor
receptor signaling and macropinocytosis
for membrane repair
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The calcium-dependent phospholipid scramblase TMEM16E mediates ion transport and lipid
translocation across the plasma membrane. TMEM16E also contributes to protection of membrane
structure by facilitating cellular repair signaling. Our research reveals that TMEM16E activation
promotes macropinocytosis, essential for maintaining plasma membrane integrity. This scramblase
externalizes phosphatidylserine, typically linked to resting growth factor receptors. We demonstrate
that TMEM16E can interact with and signal through growth factor receptors, including epidermal
growth factor receptor, even without ligands. This interaction stimulates downstream
phosphoinositide 3-kinase and facilitates macropinocytosis and internalization of annexin V bound to
the membrane, a process sensitive to amiloride inhibition. Although TMEM16E is internalized during
this process, it returns to the plasmamembrane. TMEM16E- driven macropinocytosis is proposed to
restore membrane integrity after perturbation, potentially explaining pathologies in conditions like
muscular dystrophies, where TMEM16E functionality is compromised, highlighting its critical role in
muscle cell survival.

Mutations of TMEM16E (also known as ANO5), a transmembrane protein
within the TMEM16 family, are implicated in human diseases such as
muscular dystrophies, including Miyoshi muscular dystrophy 3 (MMD3)
and limb-girdle muscular dystrophy 2 L (LGMD2L), and a bone defor-
mation and fragility disorder, gnathodiaphyseal dysplasia (GDD)1,2. Func-
tioning as a non- selective ion channel and a phospholipid scramblase,
TMEM16Eoperates in aCa2+-dependentmanner, to facilitate simultaneous
transport of ions and phospholipid headgroups via a hydrophilic groove.
This concurrent transport is termed the “credit-card” mechanism3. In
another “out-of- groove” mechanism the phospholipid scramblase appar-
ently transfers phospholipid headgroups outside the hydrophilic groove
without channel activity4,5. TMEM16E scramblase activity significantly
impactsmembrane dynamics by catalyzing phospholipid transfer across the
bilayer, influencing cell-to-cell fusion in muscle progenitor cells (MPCs)2.

Plasma membrane integrity, characterized by the asymmetrical dis-
tribution of phospholipids, is vital for cell survival, morphology, and
interaction with the environment. Phosphatidylserine (PS), a key negatively

charged phospholipid located in the inner leaflet of the plasma membrane,
supports the lipid bilayer structure and facilitates essential cellular functions
such as signaling, survival, and proliferation6. Membrane damage and Ca²+

influx disrupt this asymmetry by translocating PS to the outer leaflet,
thereby initiatingprocesses like platelet activation andblood coagulation. PS
exposure is typically activated by apoptotic signals and plays a crucial role in
promoting the recognition and removal of apoptotic cells, where external PS
acts as an earlywarning signal for impending cell death7,8. To counteract this
disruption of membrane asymmetry, cells utilize protective membrane
repair mechanisms9, including macropinocytosis, a clathrin-independent
form of endocytosis that involves the non-specific uptake of plasma
membrane and extracellular nutrients10,11.

Phospholipid scramblases have traditionally been associated with the
induction of cell apoptosis; however, recent studies suggest a new per-
spective linking them to cellular protection mechanisms. The TMEM16
family member, TMEM16F, has been highlighted for its role in plasma
membrane repair via its dual function as a scramblase and ion channel. It is
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posited that externalization of PS by TMEM16F could signal cellular repair
mechanisms to restore membrane integrity (“repair me” or “don’t eat me”
signals)12. TMEM16E’s association with calcium homeostasis and mem-
brane recovery is also documented in myocytes2,13,14, but precise molecular
pathways by which PS exposure facilitates “repair me” signaling remain
elusive.

Our study explores how phosphatidylserine (PS) exposure, induced by
the TMEM16E scramblase, initiates protective mechanisms.We found that
membrane-targeted annexin V (AV), also known as annexin A5, was
internalized into the cytoplasm during TMEM16E scramblase activity. This
process was halted by amiloride, a macropinocytosis inhibitor15. Addi-
tionally, we discovered that growth factor receptor (GFR) activation was
triggered by active TMEM16E scramblase and sustained through interac-
tions with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], leading to the
activation of phosphoinositide 3-kinase (PI3K) and the induction of mac-
ropinocytosis. These findings highlight the interaction of TMEM16E with
GFRs as a pivotal step for ligand-independent GFR activation. Conse-
quently, our research proposes that intracellular Ca2+-induced PS exposure
could trigger TMEM16E-mediated macropinocytosis, reinstating mem-
brane asymmetry. This molecular mechanism underscores the crucial role
of TMEM16E in cell survival by preserving plasmamembrane integrity and
restoring asymmetry under physiological stress.

Results
Induction of endocytic pathways by 1 μM A23187 in TMEM16E-
expressing HEK293T cells
Multiple mechanisms move phospholipids between the leaflets of the
plasma membrane. For clarity, when referring to a specific molecular
mechanism, we refer to the phospholipid scramblase TMEM16E by name,
and when instead, inducing phospholipid scrambling activity experimen-
tally in cells for example by raising cytoplasmic Ca2+, we refer to the activity
by more generic terms such as “endogenous Ca2+-PLS.” The endogenous
Ca2+-PLS activity may depend on several families of phospholipid
scramblases16. To understand the nature of endogenous Ca2+-PLS, we
compared scrambling activity induced by 1 μM of the Ca2+ ionophore
A23187 in cells expressing green fluorescent protein (GFP) alone or
TMEM16E-GFP. Consistent with the previous studies1, our confocal
experiments revealed that a significant portion of TMEM16E was localized
at the plasma membrane (PM), despite its primary expression in the
endoplasmic reticulum (ER) (Supplementary Fig. 1). Phospholipid scram-
bling initiates exposure of PS on the outer leaflet of the plasma membrane,
revealed as the binding of extracellular AV to outward-facing PS17. Appli-
cation of AV-binding buffer with 1 μM A23187 revealed transfer of PS in
cells expressing TMEM16E-GFP but not in cells expressing GFP alone, and
it required the inclusion of A23187 (Fig. 1a, b; Supplementary Fig. 2a–c).
Using another PS-binding biosensor, GFP-LactC218,19, we found that the
time courses for AV binding to the PM and LactC2 translocation to the
cytosol from the PM were very similar (Supplementary Fig. 2d, e), sug-
gesting that the membrane-targeted AV accurately indicates PS exposure
under our experimental conditions. Thus, 1 μMA23187 evokedTMEM16E
scramblase activity but not endogenous Ca2+-PLS.

Morepowerful protocols evoked endogenousCa2+-PLS.Wequantified
the percentage of AV-positive cells after Ca2+ treatments using confocal
microscopy. For example, consider a strong protocol that we designate
“10#”. In this 10# protocol, cells not expressing TMEM16E were bathed in
zero Ca2+ extracellular solutions containing 10 μM A23187 for 5min to
exhaust intracellular calcium stores, followed by application of 2.5 mMCa2+

extracellular solutions containing AV for 15min to strongly increase cal-
cium entry into the cytoplasm. This led to robust increases in endogenous
Ca2+-PLS with up to 95 ± 2% of cells showing AV binding, significantly
more than the responses with 10 μM (73 ± 3%), 5 μM (54 ± 5%), or 1 μM
(7 ± 4%) A23187 without pretreatment. For comparison, 43 ± 4% of cells
expressingTMEM16E responded to1 μMA23187 treatment (Fig. 1c), sowe
considered this response to be TMEM16E specific. Following scramblase
induction by our standard protocol, we monitored changes in AV

localization after secondary removal of extracellular calcium. TMEM16E
transfected cells were treated as usual with 2.5 mMCa2+AV-binding buffer
containing 1 μMA23187 for up to 5min, and then the extracellular calcium
concentration was reduced to 0mM Ca2+ with AV-binding buffer con-
taining 10mM EGTA. Binding of AV to PS involves Ca2+-bridges17, and
upon removal of extracellular calcium, the amount of AV bound to cells
dropped abruptly (Fig. 1d; Supplementary Fig. 2f). Nevertheless, in the
confocal images, a significant amount of AV remained that had been
internalized in the cell (Fig. 1e, top), raising the possibility that a specific
endocytic pathway had been activated by TMEM16E-dependent scram-
blase. The TMEM16E-mediated endocytosis was not significantly affected
by temperature (Supplementary Fig. 3). Among many possible endocytic
pathways20, we hypothesized thatmacropinocytosismight be responsible. It
plays an important role in cell survival by facilitating non-selective inter-
nalization of damaged cellmembranes21. So,we compared internalization of
AV in control cells and in cells treated before imagingwith 3mMamiloride,
a macropinocytosis blocker15. Indeed, internalization of AV was almost
completely inhibited by amiloride (Fig. 1e, bottom). AV fluorescence
intensity in the cytoplasmic region was significantly reduced in cells treated
with amiloride (Fig. 1f), whereas AV fluorescence intensity at the plasma
membrane was significantly elevated. Apparently, AV that was prevented
from entering was building up at the plasma membrane. Additionally, we
conducted these experiments in HEK293T clones that stably express
TMEM16Evia lentivirus transduction. In the stable cell line expressingGFP,
the application of 1 μM A23187 did not trigger any scrambling activity
(Supplementary Fig. 4). However, in cells stably expressing TMEM16E-
GFP, a strong scrambling activity was induced at the plasma membrane
(PM), leading to the internalization of membrane- targeted AV into the
cytoplasmic region. This internalization was also inhibited by amiloride.
These results indicate that the scrambling activity of TMEM16E promotes
PS exposure on the cell surface and facilitates macropinocytosis of the
membrane, both in stable and transient expression systems.However, when
endogenous Ca2+-PLS was induced by a 10 μMA23187 pretreatment using
the 10# protocol in cells expressing only GFP rather than TMEM16E-GFP,
AV binding but no internalization was detected (Fig. 1g, h). Apparently,
TMEM16E-scramblase but not endogenous Ca2+-PLS could induce
macropinocytosis.

Activating TMEM16E-dependent scramblase initiated formation of
small blebs at the plasma membrane, which were dramatically increased
both in size and number within severalminutes of treatmentwith amiloride
(Fig. 1e; Supplementary Fig. 5a; Supplementary Movies 1, 2). Perhaps
normal blebbing was being dynamically opposed by an ongoing amiloride-
sensitive macropinocytosis. When endogenous Ca2+-PLS was induced by
the 10 μMA23187 pretreatment 10# protocol in cells expressing only GFP,
internalization of AV was not detected (Fig. 1h), and membrane blebbing
was enhanced with or without pre-treatment with amiloride (Fig. 1g, large
roundbulges at arrows; SupplementaryFig. 5b; SupplementaryMovies 3, 4).
Without TMEM16E, AV binding was not as strong as with TMEM16E
although high intracellular Ca2+ rise could activate endogenous scrambling
and blebbing. Similarly, in cells expressing TMEM16F, the application of
A23187 triggered AV binding to the PM, but did not induce AV inter-
nalization to the cytoplasm, suggesting that TMEM16F was ineffective in
evoking internalization (Supplementary Fig. 5c, d). To confirm that inter-
nalization of AV occurred through endocytic pathways, cells were treated
before imaging with dextran, an endocytic tracer. Dextran was translocated
to the cytoplasmic domain and co-localizedwith internalizedAVwhen cells
expressed TMEM16E. Application of amiloride completely suppressed
dextran internalization (Fig. 1i, j). These results indicate that AV inter-
nalization was mediated by macropinocytosis during TMEM16E-
dependent lipid scrambling.

Activation of TMEM16E-dependent scramblase can initiate
endocytosis independently of intracellular Ca2+

So far, to initiate scramblase activity, we elevated calcium using a Ca2+

ionophore. Our next experiments raised calcium via activation of the G
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protein-coupled M1 muscarinic receptor (M1R). We monitored intracel-
lular Ca2+ levels using the Ca2+ indicator Fluo-4 in cells with TMEM16E
alone or co-expressing M1R (+M1R). Application of 10 μM of the mus-
carinic agonist oxotremorine-M (Oxo-M) did not elevate Ca2+ or initiate
AV internalization in cells expressingTMEM16Ealone, but did elevateCa2+

and initiate AV internalization in cells co-transfected with M1R and
TMEM16E (Fig. 2a–c). This internalization could be blocked by amiloride
(Fig. 2c, d). When Oxo-M was added to cells transfected with M1R but no
TMEM16E (GFP only), there was only minor and non-significant binding
of AV to the membrane and no meaningful endocytosis (Supplementary
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Fig. 6a, b). Thus, M1R activation could trigger the TMEM16E-requiring,
scramblase-driven endocytic pathway.

Are calcium elevations essential forAV internalization by endocytosis?
We tried to activate TMEM16E without elevating calcium. In the related
Ca2+-dependent Cl− channel, TMEM16A, substitution of glutamic acid (E)
at position 623 in the third extracellular loop with glutamine (Q) removes a
requirement for extracellular protons22. We generated the homologous
mutation in TMEM16E(E584Q) (Fig. 2e) and found that this mutant form
seemed to have mild constitutive activity, not requiring Ca2+ elevation. The
lipid scrambling activity of E584Q was further examined with the Ca2+-
independent PS-binding LactC218,19. We found that GFP-LactC2 was pri-
marily localized at the plasmamembrane in cells co-expressing TMEM16E
WT,whereas the probewasmainly distributed throughout the cytoplasm in
cells co-expressing E584Q, even in the absence of external Ca2+ (Supple-
mentary Fig. 6c, d). These data further support that E584Q can display
constitutive scramblase activity in a Ca2+-independent manner. Although
cellular intracellular calcium was not raised by the mutation (Supplemen-
tary Fig. 6e–g), E584QcatalyzedAV internalizationwithAV-binding buffer
lacking 1 μM A23187 (Fig. 2f, g). Consistently, E584Q also triggered the
translocation of dextran to the cytoplasm even in the absence of external
Ca2+ (Supplementary Fig. 6h, i). Furthermore, the application of amiloride
completely suppressed dextran internalization and the Ca2+-independent
AV incorporation. These results suggested that some PS scrambling already
had occurred constitutively in the TMEM16E(E584Q) cells before addition
of AV and that macropinocytosis does not require a Ca2+ elevation when
TMEM16E is activated by this mutation. The intracellular Ca2+-indepen-
dence of macropinocytosis was further tested using two variants, TME-
M16E(C341Y) and TMEM16E(T498I), which are GDD-related mutants
exhibiting scrambling activity even in the absence ofCa2+ 1,23,Using confocal
microscopy, we confirmed that constitutive scrambling activity and inter-
nalization of membrane-targeted AV were observed in cells expressing
C341Y or T498I without treatment with ionophore, and these phenomena
were completely abolished by amiloride treatment (Supplementary Fig. 7).
These results support the notion that the two gain-of-function mutants
associated with TMEM16E-related muscular dystrophy also induce mac-
ropinocytosis in a Ca2+-independent manner.

We then compared WT and E584Q TMEM16E as non-selective ion
channels. We measured whole-cell ion currents in both forms with and
without Ca2+ in the pipette solutions. Without pipette Ca2+, neither
TMEM16E WT nor E584Q exhibited ion currents; however, with 115 nM
or 3 μM Ca2+ pipette solutions, both showed appreciable currents at high

voltages without significant differences in current density (Fig. 2h, i).
Scramblases are traditionally understood to operate via a credit-card-like
mechanism, concurrently passing phospholipid headgroups and ions
through a hydrophilic groove, but they also can transport phospholipids
without ion movements via an out-of-groove mechanism that thins the
membrane4. We infer that the constitutive activity of E584Q uses such an
out-of-groove mechanism, allowing lipid scrambling even when the ion
channel is closed.

PI3K participates in activation of macropinocytosis via
TMEM16E-dependent scramblase
In our experiments, an amiloride-sensitive endocytic pathwaywas activated
in TMEM16E- expressing cells. As a hypothesis to guide further experi-
ments, we considered the schematic of Fig. 3a, which proposes that
downstream of TMEM16E lie GFRs that signal by PI3K to initiate mem-
brane ruffling and by an extended pathway to initiate the fusion and con-
version of ruffles into macropinosomes. This schematic was partly inspired
by reports of functional complexes of TMEM16A and TMEM16J with
EGFR24,25, by reports of activated Rac1/Cdc42 inducing cytoskeletal
remodeling15,26, and by other work showing macropinocytosis induced by
direct agonist stimulation ofGFRs27,28. Our evidence beginswith using PI3K
inhibitors wortmannin and LY294002. Cells transfected with TMEM16E
were pre-treated with 300 nM wortmannin for 1 h or 50 μM LY294002 for
30min before treatmentwithA23187 and imaging. Both inhibitors reduced
A23187-stimulatedAV internalization significantly and favoredmembrane
blebbing (Fig. 3b, c; Supplementary Fig. 8a, b). AV fluorescence on the
plasma membrane was not significantly changed with wortmannin treat-
ment, butwas significantly increased by LY294002 (Supplementary Fig. 8a).
Wortmannin inhibits Rac1-mediated membrane ruffles by inhibiting
PLCγ29, but LY294002 inhibits only ruffle fusion30. We also found that the
application of the Pak1 inhibitor IPA-3 (20 μM)or the Rac1 inhibitor EHT-
1864 (10 μM) nearly completely inhibited the AV internalization, with the
Pak1 inhibitor showing a stronger effect (Fig. 3b, d). The findings with these
inhibitors support a downstream signaling pathway involving PI3K
and PLCγ.

We continued our focus on PI3K. This lipid kinase generates phos-
phatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3] in the plasma membrane
by phosphorylation of PI(4,5)P2. Accordingly, we looked for elevations of
PI(3,4,5)P3 in the plasma membrane using as a fluorescent PI(3,4,5)P3
probe, the pleckstrin homology domain of Bruton’s tyrosine kinase tagged
with GFP (PH-Btk-GFP). However, since resting HEK293T cells already

Fig. 1 | In cells expressing TMEM16E, annexin V (AV) targeted the plasma
membrane and some was internalized. a Representative confocal images of
TMEM16E and AV after application of 1 μMA23187 to induce scrambling activity
in HEK293T cells. Scrambling of membrane PS was revealed by recruitment of AV
from AV-binding buffer. The yellow dashed line shows the ROI. Scale bars, 10 μm.
b Total AV fluorescence intensity in whole-cell ROIs every 30 s for 15 min without
(None) or with 1 μM A23187 treatment (None, n = 5; + A23187 1 μM, n = 10).
***P < 0.001, compared with control, determined by Student’s t-test. c Percent of
AV-positive cells as a function of A23187 concentration in cells expressing GFP
(+A23187 10# μM, n = 5; 10 μM, n = 5; 5 μM, n = 7; 1 μM, n = 6) or TMEM16E
(+A23187 1 μM, n = 6; without A23187, n = 8). The individual data represent the
percentage of AV-positive cells over the total cells expressing GFP or TMEM16E of
one coverslip. Protocol 10# applied zero Ca2+ external solution containing 10 μM
A23187 for 5 min, and then 2.5 mMCa2+ external solutionwith diluted 1:200AV for
15 min. Analysis was performed by one-way ANOVA followed by Tukey’s post-hoc
test (GFP 10# μM vs TMEM16E 1 μM, ****P < 0.0001; GFP 10 μM vs TMEM16E,
***P = 0.0001; GFP 5 μMvs TMEM16E 1 μM, ns = 0.3466; GFP 1 μMvs TMEM16E
1 μM, ****P < 0.0001; TMEM16E 1 uM A23187 vs without A23187,
****P < 0.0001). d Time course of the fluorescence intensity of AV in the whole
region of cells expressing TMEM16E. Application of 2.5 mM Ca2+ AV binding
buffer for 5 min was followed by treatment with 0 mM Ca2+ AV binding buffer
containing 10 mMEGTA (n = 8).ΔF denotes the residual AV fluorescence intensity
in the cytoplasmic region. eConfocal images as application of 1 uMA23187 induced
TMEM16E-dependent scramblase (green) and membrane- targeted AV (red)

internalized into the cytoplasm. Inhibition of AV internalization by 3 mMamiloride
in DMEM for 15 min. The white arrows show the internalized AV. g Protocol 10#

induced endogenous-Ca2+-PLS in cells expressing GFP. Cell images of control or
after application of 3 mM amiloride. The yellow arrows point to membrane bleb-
bing. The white dashed square box is magnified in the images in the right panel and
the yellow dashed lines represent the plasma membrane region. Scale bars, 10 μm,
and magnified images scale bar, 2 μm. f, hAV fluorescence intensity in experiments
like those of (e, g). ROIs were selected from the plasma membrane (PM) or cyto-
plasmic region (Cyto) in cells expressing TMEM16E (f; Control, n = 11; Amiloride,
n = 6) andGFP-C1 (h; Control, n = 6; Amiloride, n = 5). Compared with the control,
determined by Student’s t-test (Control PMvsAmiloride PM, **P = 0.0071; Control
Cyto vs Amiloride Cyto, **P = 0.0039). i Representative images of cells expressing
GFP or TMEM16E-GFP. Cells were treated with 0.3 mg/mL dextran, an endocytic
tracer for 2 h in DMEM before imaging. The white arrows indicate colocalized AV
and dextran. The yellow dashed lines representing the plasmamembrane outline the
ROIs. The white dashed square box is magnified in the images in the right panel and
the yellow arrows indicate blebs of the plasma membrane. Scale bars, 10 μm, and
magnified images scale bar, 2 μm. j Analysis of dextran fluorescence intensity at
15 min after treatment of 1 μMA23187 in cells expressing GFP (Control, n = 28) or
TMEM16E (Control, n = 42; Amiloride, n = 29). Analysis was performed by one-
way ANOVA followed by Tukey’s post-hoc test (GFP Control vs TMEM16E
Control, ****P < 0.0001; GFP Control vs TMEM16EAmiloride, ns (not significant)
= 0.8143; TMEM16E Control vs TMEM16E Amiloride, ****P < 0.0001). Data are
mean ± SEM.
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had enough plasma membrane PI(3,4,5)P3 to evoke migration of this sen-
sitive probe to the plasma membrane31, it was difficult to check for further
increases in PI(3,4,5)P3 levels induced by TMEM16E-dependent scram-
blase. Therefore, we first lowered the constitutive activation of GFRs by pre-
starving transfected HEK293T cells in serum- free medium for 6 hours.

This reduced PI(3,4,5)P3 levels in the cell membrane as evidenced by sig-
nificant translocation of the PI(3,4,5)P3 probe back to the cytoplasm
(Supplementary Fig. 9a, b). Upon application of 1 μM A23187 to the pre-
starved cells (Control), we observed significant translocation of PH-Btk-
GFP from the cytoplasm to the plasma membrane compared to without
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A23187 (none) (Fig. 3c, e). Thus, scramblase activation increased PI(3,4,5)
P3 in the membrane. Inhibition of PI3K with 300 nM wortmannin abro-
gated probe translocation. Additionally, we observed that membrane blebs
actively formed on the plasma membrane and were internalized by mac-
ropinocytosis in control cells, whereas the blebs formed but continuously
increased in size in the wortmannin-treated cells (Fig. 3c; Supplementary
Fig. 9c; Supplementary Movies 5, 6). It is known that PI3K is important for
inducing membrane ruffles to form a macropinocytic cup and macro-
pinosomes via ruffle priming32. Correspondingly, we observed in control
cells that the size of membrane blebs was regulated through TMEM16E-
mediated macropinocytosis, but in wortmannin-treated cells PI3K activity
blocked, membrane bleb size continued to increase. Additionally, endo-
genous Ca2+-PLS in cells expressing mCherry vector did not increase PI3K
activity and induced membrane blebs regardless of wortmannin (Supple-
mentary Fig. 9d, e), demonstrating that membrane blebs depended on
scramblase activity. In summary, we showed that TMEM16E-dependent
scramblase triggered macropinocytosis by activating PI3K and PI(3,4,5)P3
levels.

Ligand-independent GFR activation by TMEM16E through
scrambling and PI(4,5)P2

How does TMEM16E-dependent scramblase raise PI3K activity? Typical
growth factor receptors (GFRs) like epidermal growth factor receptor
(EGFR), platelet-derived growth factor receptor (PDGFR), and colony-
stimulating factor-1 (CSF-1), key inducers of macropinocytosis27,28, are
modulated by plasmamembrane phospholipids. In the absence of receptor
ligand, PS of the cytoplasmic leaflet stabilizes EGFR in its inactive state by
binding to basic residues in the intracellular juxtamembrane domain—
autoinhibition33. Binding of EGFR ligand triggers structural shifts,
prompting juxtamembrane basic residues to link instead with PI(4,5)P2 on
the inner leaflet33. This informs our schematic for GFR activation via
TMEM16E. In cells with TMEM16E, the GFR would be interacting elec-
trostatically with inner-leaflet PS headgroups prior to 1 μM A23187 expo-
sure (Fig. 4a, left). When activated, TMEM16E scramblase flips PS to the
extracellular leaflet, removing it from receptors, which make new interac-
tions with inner-leaflet PI(4,5)P2 and switch to their active configuration
(Fig. 4a, right). Thiswould be a second role for PI(4,5)P2 in this pathway, the
other one being PI(4,5)P2 as a precursor of PI(3,4,5)P3. To test for invol-
vement of PI(4,5)P2 in scramblase-stimulated macropinocytosis, we used a
rapamycin- induced translocation system to deplete PI(4,5)P2. The deple-
tion system uses fusion proteins of mRFP-FKBP (RF) linked in tandem to
two lipid phosphatases: Sac1 4-phosphatase and INPP5E 5-phosphatase34.
RF-PJ (pseudojanin) contains active versions of Sac1 and INPP5E, whereas
the first control construct, RF-Dead, contains inactive mutants of Sac1 and
INPP5E, and the second control construct RF contains only the active
4-phosphatase Sac1 (Supplementary Fig. 10a). Applying rapamycin recruits
these FKBP-containing cytoplasmic fusion proteins to couple with Lyn11-

FRB (LDR) at the plasma membrane. In cells expressing RF constructs and
the PHdomain fromPLCδ1 (PH-PLCδ1), a PI(4,5)P2 sensor, we confirmed
that translocation of RF-PJ via rapamycin depleted PI(4,5)P2 at the mem-
brane, whereas RF-Dead and RF-Sac1 did not (Supplementary Fig. 10b, c).
When PI(4,5)P2 was depleted, we observed no AV internalization during
scrambling (Fig. 4b, c). Thus, PI(4,5)P2 is essential for initiating macro-
pinocytosis by TMEM16E scramblase.

Our schematic (Fig. 3a) suggests that GFRs participate in the
TMEM16E signaling pathway. As a first step, we used specific inhibitors for
EGFR and PDGFR. Afatinib, is an irreversible covalent EGFR inhibitor35,
and imatinib, an allosteric PDGFR inhibitor36 (see Fig. 5a). In TMEM16E-
expressing cells, treatment with 1 μM afatinib completely suppressed
A23187-induced AV uptake, whereas 20 μM imatinib reduced it only
modestly (Fig. 5b, c). Similarly, the two inhibitors were active in cells
expressing the E584Q TMEM16Emutant without 1 μMA23187 treatment
(Supplementary Fig. 11). These findings suggest that GFR activation is an
obligate step in TMEM16E scramblase-induced macropinocytosis, with
EGFR being more efficacious than PDGFR in HEK293T cells. A co-
immunoprecipitation assay showed that overexpressed EGFR and PDGFR
form molecular complexes with TMEM16E (Fig. 5d), and RT-PCR mon-
itoring of endogenous EGFR and PDGFR expression showed that EGFR
was about twice as abundant as PDGFR in HEK293T cells (Fig. 5e). Thus,
both EGFR and PDGFR can couple with TMEM16E equally, but EGFR is
the predominant coupling intermediate for macropinocytosis because it is
more abundant in HEK293T cell system. In co-immunoprecipitation
assays, we also found that TMEM16F did not couple with EGFR, while
TMEM16E and E584Q formed complexes with the receptors (Fig. 5f, g).
These results suggest that macropinocytosis was specifically mediated by
TMEM16E scramblase. Finally, we confirmed that the interactions of EGFR
andPDGFRwithTMEM16Ewas specific, as therewas no coupling between
M1R and TMEM16E (Fig. 5h).

TMEM16E internalization and membrane integrity preservation
via macropinocytosis during scrambling activity
We asked whether membrane TMEM16E was internalized by AV-targeted
macropinocytosis during scramblase activity. The answer was yes. Using
total internal reflection fluorescence (TIRF) microscopy to illuminate just
the plasma membrane footprint with an evanescent wave from totally
reflected laser light, we tracked TMEM16E-GFP and AV-Alexa-Fluor-568
simultaneously at the cell surface. In resting cells, TMEM16E-GFP
remained steady at the membrane (Fig. 6a, c, top). Upon addition of
1 μMA23187, labeled AV accumulated at the cell surface, but TMEM16E-
GFP fluorescence there declined transiently over 7min and then gradually
recovered, even overshooting (Fig. 6a, bottom, and b). Amiloride applica-
tion halted the initial TMEM16E-GFP decline and instead permitted
marked augmentation of TMEM16E-GFP at the membrane after a few
minutes (Fig. 6c, bottom, and d). TMEM16E reportedly clusters at plasma

Fig. 2 | Effects of physiological or constitutive activation of TMEM16E-
dependent scramblase for endocytosis. a Confocal images of Fluo-4 fluorescence
representing intracellular Ca2+ levels in cells expressing TMEM16E alone (−M1R)
and co-expressing TMEM16E andM1R (+ M1R) treated with 10 μMOxo-M. Scale
bars, 20 μm. b Normalized fluorescence time course representing intracellular Ca2+

levels every 5 s (TMEM16E alone, n = 49; TMEM16E + M1R, n = 23). c Confocal
images of TMEM16A (green) and AV (red) during 10 μM Oxo-M induced scram-
bling activity in cells expressing TMEM16E alone (− M1R) or co-expressing
TMEM16E and M1R (+ M1R). Amiloride (3 mM) was used to block internaliza-
tion. The yellow dashed line traces the plasma membrane and the outlined yellow
dashed line shows the cell area. The white dashed square box is magnified in the
images in the right panel and the yellow arrows indicate blebs on the plasma
membrane. Scale bars, 10 μm, and magnified images scale bar, 2 μm. d, g Time-
dependent growth of AV fluorescence intensity in cells co-expressing TMEM16E
and M1R (d; Control, n = 10; Amiloride, n = 11) or expressing E584Q (g; Control,
n = 13; Amiloride, n = 13). Analyzed ROIs selected the plasmamembrane (PM) and
a region of cytoplasm (Cyto). Compared with control, determined by Student’s t-test

(d, Control PM vs Amiloride PM, *P = 0.0199; d, Control Cyto vs Amiloride Cyto,
***P < 0.001; g Control Cyto vs Amiloride Cyto, ***P < 0.001). e Sequence align-
ment of TMEM16EWT and E584Q. The black line marks the 3rd extracellular loop
of TMEM16E. The negatively charged glutamate at E584 indicated in red was
selectively mutated to glutamine. f Representative images of scrambling activity in
cells expressing TMEM16E E584Q treated with AV-binding buffer without A23187.
Cells were untreated with control or treated with 3 mM amiloride before imaging.
The yellow dashed line shows the plasma membrane area and the white dashed
square box is magnified in the images in the bottom panel. Scale bars, 10 μm, and
magnified images scale bar, 2 μm. h Whole-cell currents elicited by voltage steps
from –100 to +140 mV in 20 mV intervals in cells expressing WT and E584Q
TMEM16Ewith the zero [Ca2+]i, 115 nM [Ca2+]i, or 3 μM[Ca2+]i pipette solution.
The holding potential was –60 mV and the black dashed line shows zero current.
i Analysis of current density versus voltage relationships for WT and E584Q
TMEM16E with zero [Ca2+]i (WT, n = 8; E584Q, n = 6), 115 nM [Ca2+]i (WT, n = 8;
E584Q, n = 7), or 3 μM [Ca2+]i (WT, n = 11; E584Q, n = 6) intracellular pipette
solution. Data are mean ± SEM.
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Fig. 3 | PI3K-mediated signaling pathway participates in activation of macro-
pinocytosis via TMEM16E-dependent scramblase. a Schematic hypothesis of
signaling downstream of TMEM16E to macropinocytosis. Activation of
TMEM16E-dependent scramblase initiates macropinocytosis via growth factor
receptors (GFR). GFRs activate PI3K and induce membrane ruffling through Pak1.
Themembrane ruffles are fused through cytoskeletal remodeling by PI(3,4,5)P3. The
fused membrane enters into the cells as macropinosome vesicles. The images and
every material element by the authors using Microsoft Office PowerPoint 365
(Microsoft). b Representative confocal images of 1 μMA23187-induced scrambling
activity in TMEM16E-expressing cells (green) without (Control) or with 300 nM
wortmannin (Wort) for 1 h (middle), 50 μMLY294002 for 30 min, 20 μM IPA-3 for
15 min, or 10 μM EHT-1864 for 15 min in medium before imaging. The yellow
arrows indicate internalized AV. Scale bars, 10 μm. c, Representative images of cells
co-expressing the PI(3,4,5)P3 marker PH-Btk-GFP (green) and TMEM16E-

mCherry (red) before and after AV 680 addition (magenta). Without A23187
(None), application of 1 μM-A23187 (Cont), and after pretreatment with 300 nM
wortmannin before imaging and application of 1 μM A23187 (Wort). Cells were
starved in DMEM for 6 h before imaging. The white dashed square box is magnified
in the images in the right panel. Scale bars, 10 μm, and magnified images scale bar,
2 μm. d The ratio of cytoplasmic region (Cyto) and plasma membrane (PM) AV
fluorescence intensity (FCyto/FPM ratio) 15 min after addition of A23187 (Control,
n = 26;Wort,n = 9; LY294002,n = 12; IPA-3, n = 10; EHT-1864,n = 8).Analysiswas
performed by one-way ANOVA followed by Dunnett’s post-hoc test (Compared to
control, Wort, ***P < 0.0002; LY294002, ****P < 0.0001; IPA-3, ****P < 0.0001;
EHT-1864, **P = 0.0046). e Normalized F15/F0 ratio before and after addition of
AV-binding buffer (None, n = 14; Cont, n = 19; Wort, n = 18). Analysis was per-
formed by one-way ANOVA followed by Dunnett’s post-hoc test (Compared to
None, Cont, ****P < 0.0001; Wort, **P = 0.0072). Data are mean ± SEM.
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membrane damage sites to preserve integrity when the ER fragments from
sustained intracellular Ca2+ rise due to calcium ionophore14. We infer that
the increase in late TMEM16E-GFP intensity represents net translocations
from the endoplasmic reticulum to the plasmamembrane in response to the
disruption of membrane asymmetry caused by scrambling activity induced
by 1 μMA23187.

Does TMEM16E-drivenmacropinocytosis serve as a secondary repair
mechanism to clear unwanted exposed PS that was transferred out by its
scramblase activity?We considered the formation of blebs as an indicator of
compromised membrane with excessive exposed PS. We looked for
alterations of cellular morphology by scoring blebbing with and without
A23187 in bright field microscopy, comparing cells expressing TMEM16E
WT, E584Q, or only GFP in AV- binding buffer (Fig. 6e, f; Supplementary
Figs. 12, 13). In the TMEM16E cells, the level of blebbing was low without
A23187 (12 ± 1% of cells had blebs for control; 13 ± 1% for amiloride)
(Fig. 6e, left, f). Small-sized membrane blebs formed after 1 μM A23187
(63 ± 4%), and larger andmore vigorous blebbing (96 ± 3%) and significant
morphological changes occurred in cells also treated with amiloride for
15min (Fig. 6e, middle, f). This implies that the TMEM16E- induced
macropinocytosis removed blebbing membranes, advancing membrane
repair. To assess whether scramblase action itself promotes membrane
blebbing even without concomitant intracellular Ca2+ increase, we exam-
ined blebbing in cells expressing the E584Qmutant or only GFP. In E584Q

cells without A23187, blebbing was low (12 ± 2%) but became remarkably
increasedwith amiloride toblockmacropinocytosis (79 ± 2%) (Fig. 6e, right,
f; SupplementaryFig. 12; SupplementaryMovies 7, 8). InGFPcells, blebbing
was low without A23187 (7 ± 1%) or with 1 μM A23187 (control, 6 ± 1%;
amiloride, 9 ± 1%) but developed dramatically with the 10# protocol (con-
trol, 97 ± 1%; amiloride, 97 ± 1%) regardless of amiloride (Supplementary
Fig. 13). These data implied that blebbingwas triggered by intracellular Ca2+

rise and that the size or number of blebs increased in proportion to the
relative strength of scrambling activity compared to macropinocytosis.

Granule cell TMEM16E: regulating membrane integrity through
macropinocytosis
TMEM16E encodes a 913 amino-acid protein that is highly expressed in
skeletal muscle, bone, and cardiac muscle1, andmutations are implicated in
severalmuscle and bonediseases. Brain expression is known forTMEM16A
and TMEM16B37, but is not known for TMEM16E. Through RT-PCR, we
found expression of TMEM16E in cultured cerebellar granule cells (Fig. 7a,
left). Among the TMEM16 family tested, only TMEM16E was endogen-
ously expressed in granule cells together with significant co-expression of
EGFRandPDGFR (Fig. 7a, right).However, TMEM16Fwas not detected in
the isolated granule cells, while it was found in the entire cerebellum, as well
as in the lungs, heart, and muscles in Sprague-Dawley rat (Supplementary
Fig. 14). This suggests that TMEM16E is endogenously expressed in the

Fig. 4 | TMEM16E-dependent scramblase induces macropinocytosis by activat-
ing GFRs and requires PI(4,5)P2. a Schematic of phospholipid rearrangement by
TMEM16E-dependent scramblase and conformational changes of GFRs (EGFR and
PDGFR). GFRs consist of an extracellular domain (gray), transmembrane domain
(blue), juxtamembrane domain (magenta), and tyrosine kinase domain (purple).
Positively charged amino acids of the juxtamembrane domain interact with nega-
tively charged phosphatidylserine (PS) in inactive GFRs. Treatment with A23187
induces TMEM16E-dependent scramblase. The interaction between the juxta-
membrane domain and PS is broken, and the juxtamembrane region dimerizes and
is converted to an active form by clustering with negatively charged PI(4,5)P2.
Activation of GFRs induces macropinocytosis. The images and every material ele-
ment by the authors using Microsoft Office PowerPoint 365 (Microsoft).

bRepresentative images of 1 μMA23187-induced scrambling in cells expressingRF-
Dead, RF-Sac1, or RF-PJ with TMEM16E. Cells were treated with 100 nM rapa-
mycin for 10 min in DMEM before imaging. The white dashed square box is mag-
nified in the images in the right panel. Scale bars, 10 μm, andmagnified images scale
bar, 2 μm. c Analysis of AV fluorescence intensity at 15 min (RF-Dead, n = 11; RF-
Sac1, n = 13; RF-PJ, n = 12). ROIs selected plasmamembrane (PM), and cytoplasmic
regions (Cyto). The ratio of the cytoplasmic region to the plasma membrane (FCyto/
FPM ratio) was calculated. Analysis was performed by one-way ANOVA followed by
Dunnett’s post-hoc test (Compared to Dead, PM Sac1, ns = 0.9218; PM PJ, ns =
0.3227; Cyto Sac1, ns = 0.844; Cyto PJ, *P = 0.0345; FCyto/FPM ratio Sac1, ns =
0.9936; FCyto/FPM ratio PJ, ****P < 0.0001). Data are mean ± SEM.
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granule cell layer, while TMEM16F is primarily localized to other cell layers
of the cerebellum.

We thenexamined scramblase activity in granule cells. First,we applied
5 μM A23187 and AV-binding buffer with confocal microscopy. The cells
exhibited scramblase-induced membrane ruffling and subsequent partial
AV internalization (Fig. 7b, top). Amiloride treatment blocked AV inter-
nalization and promotedmembrane blebbing (Fig. 7b, bottom). AV uptake
during scramblase activity was reduced by the receptor tyrosine kinase
inhibitors afatinib and imatinib, confirming macropinocytosis via receptor

tyrosine kinase activation, predominantly through EGFR (Fig. 7c, d; Sup-
plementary Fig. 15a). We further tested whether physiological perturbation
could evoke TMEM16E-dependentmacropinocytosis in granule cells. Both
depolarizing the neurons with 30mM KCl to activate voltage-dependent
Ca2+ channels and treating with 5 μM A23187 raised intracellular calcium
levels (Fig. 7e; Supplementary Fig. 15b). The KCl application triggered
scramblase activity and robust AV cytoplasmic internalization inhibited by
amiloride (Fig. 7f, g). We tried applying 100 μM ATP, but neither intra-
cellular Ca2+ rise nor scramblase activity was induced by ATP (Fig. 7e;
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Supplementary Fig. 15c, d). Finally,we investigated the effects ofTMEM16E
knockdown on the scrambling activity of granule cells using shRNA tar-
geting TMEM16E. We overexpressed pAAV-hSyn-EGFP or pAAV-U6-
TMEM16E-shRNA-hSyn-EGFP in primary-cultured granule cells on DIV
4 from Sprague-Dawley rats aged P5 to P6, and measured the scrambling
activity and internalization of the AV. As a result, granule cells expressing
EGFP only exhibited normal scrambling activity, whereas those expressing
rat TMEM16E-shRNA did not (Supplementary Fig. 16). Together, these
data suggest that neurons, similar to HEK293T cells, may protect their
membrane integrity through TMEM16E-mediated macropinocytosis.

Discussion
Many studies demonstrate that TMEM16E and TMEM16F are pivotal for
plasma membrane repair12,13; however, the molecular connection between
scramblase activity and membrane integrity remained elusive. We pre-
sented a TMEM16E-mediated mechanism (Fig. 3a) supported by evidence
for a need for PI(4,5)P2, PI(3,4,5)P3, and GFRs, direct binding of inactive
GFRdimers bind tonegatively chargedPS in the intracellular leaflet33. In our
work, upon activation of G protein-coupled receptors or application of
A23187, intracellular calcium elevation activated TMEM16E scramblase
with PS translocation to the extracellular membrane leaflet and stimulation
of a GFR pathway (Fig. 8, top and middle). This resulted in PI3K- and
PI(3,4,5)P3-driven macropinosome formation through membrane ruffling
and fusion, internalizing TMEM16E, GFRs, AV, and presumably the
membranes with flipped PS. We presume that macropinosomes eventually
merged with lysosomes, degrading GFRs and AV, but gradually cell surface
TMEM16E was restored. Since we observed TMEM16E actually over-
shooting its previous local concentration, likely a new pool of TMEM16E
molecules was being recruited to the surface as well as possible recycling of
the internalized molecules (Fig. 8, bottom).

Membrane that is damaged by pore-forming agents such as lister-
iolysin O (LLO)12, perforin38, or pore-forming proteins39 is rapidly repaired
through endocytosis40 or exocytosis12 using intracellular calcium40, annexin
proteins13, and actin cytoskeletal remodeling40. Plasma membrane repair
systems are critical for maintaining cell homeostasis and ensuring cell
survival; for example, they increase neuronal regeneration by restoring the
physical barrier that protects cells from deleterious external agents41,42.
Plasma membrane repair systems are divided into two stages: an initial
process reseals the damaged membrane after injury, and a restructuring
process restoresmembrane homeostasis. Themolecular mechanisms of the
initial repair process are well studied, but the restructuring process is less
understood. It is reported that restructuring mediated by LC3-associated
macropinocytosis removes damaged material and restores membrane
integrity21. During the initial plasmamembrane repair, TMEM16E seals the

damagedmembrane at the injury site by forminga “repair cap” that includes
intracellular annexin I, II, V, and VI proteins13. Expression of TMEM16E is
essential for initial repair of membrane punctures, and its scrambling
activity increases the accumulation of annexin II, but a scrambling-defective
mutant still can promote initial repair13. Our data showed that the
TMEM16E-dependent scramblase removed compromised membrane by
activating macropinocytosis. The initial stage of the plasma membrane
repair system normally operates in a Ca2+-dependent manner40,41, but we
found that macropinocytosis could be activated in a Ca2+-independent
manner with an appropriately mutated TMEM16E scramblase (Fig. 1d;
Supplementary Fig. 2d; Fig. 2f, g) and that, once TMEM16E is activated,
removal of damagedplasmamembrane canproceedwithoutCa2+ elevation.
It has been reported that phospholipid scramblase TMEM16F repairs
damaged membranes via exocytosis12. In contrast, we have emphasized the
internalization of AVs, TMEM16E, and dextran during scrambling activity
in cells expressing TMEM16E, suggesting that TMEM16E might repair
damaged membranes through endocytosis.

In cells expressing only GFP, activating endogenous Ca2+-PLS exposes
PS without triggering macropinocytosis—different from the effects with
TMEM16E. We inquired how expressing TMEM16E permits macro-
pinocytosis in a process that requires active GFRs. Our experiments
demonstrated that macropinocytosis can be activated by constitutive
scrambling activity without the need for added growth factors (Fig. 2;
Supplementary Fig. 7). Co- immunoprecipitation showed direct GFR-
TMEM16E interaction (Fig. 5d), as previously reported for TMEM16A and
TMEM16J where interactions with the juxtamembrane domain of EGFR
enhanceEGFRprotein levels and cancer cell proliferation24,25.We found that
TMEM16E- dependent scramblase raised PI(3,4,5)P3 levels at the plasma
membrane by activating GFRs. EGFR and phospholipid scramblase 1
(PLSCR1) are abundant in plasma membrane lipid rafts43; PLSCR1 reg-
ulates EGFR interactions and lipid raft composition/stability44. Disrupted
lipid rafts can activate ligand-independent EGFR clustering45. We speculate
that TMEM16E-dependent scramblase activity dislodges GFRs from lipid
rafts by destabilizing them and induces macropinocytosis by stabilizing
ligand-independent GFR activation.

Approximately 50% of receptor tyrosine kinases including EGFR and
PDGFR internalize via macropinocytosis upon growth factor binding44,46.
We observed co-internalization of TMEM16E, AVs, and GFRs during
scramblase activity via TIRFmicroscopy. Prior studies reported TMEM16E
accumulation at injury sites for membrane repair upon calcium influx due
to injury14. Our TIRF microscopy revealed TMEM16E internalization via
macropinocytosis with AVs and restoration of TMEM16E at the plasma
membrane, while intracellular AV accumulation persisted (Fig. 6a–d).
Likely after internalization within macropinosomes, GFRs underwent

Fig. 5 | Direct interaction between TMEM16E and GFR was critical for macro-
pinocytosis. a Schematic diagram of the action of inhibitors on EGFR and PDGFR.
Afatinib inhibits phosphorylation by covalent binding to C797 located in the tyrosine
kinase (TK)domainofEGFR. Imatinibbinds to theATPallosteric pocket andblocks the
binding of ATP. The images and everymaterial element by the authors usingMicrosoft
Office PowerPoint 365 (Microsoft). b Representative images of TMEM16E-dependent
scramblase calculated as AV fluorescence in the plasma membrane (PM) over that in
cytoplasm (Cyto) for control, after application of 1 μMafatinib for 1 h, and after 20 μM
imatinib for 1 h in DMEM. The yellow dashed line indicates the plasma membrane
region and the white dashed square box is magnified in the images in the right panel.
Scale bars, 10 μm, and magnified images scale bar, 2 μm. c AV fluorescence intensity
15min after induction of scramblase in cells treated with GFR inhibitors (Control,
n = 16; Afatinib (afat), n = 7; Imatinib (Imat), n = 17). The ratio of the cytoplasmic
region (Cyto) to the plasmamembrane (PM)was calculated.Analysis was performedby
one-wayANOVA followed byDunnett’s post-hoc test (Compared toControl, PMAfat,
ns = 0.9189; PM Imat, ns = 0.5111; Cyto Afat, ***P = 0.0002; Cyto Imat, **P = 0.0063;
FCyto/FPM ratioAfat, ****P < 0.0001; FCyto/FPM ratio Imat, *P = 0.0392).dProtein gels
of co-immunoprecipitates performed with anti-HA or IgG in cells expressing
TMEM16E-GFP,PDGFR-Hax3, andEGFR-Hax3.The input represents 5%of the lysate
used for immunoprecipitation (IP) (n = 3). The result of co-immunoprecipitation with

anti-HA, TMEM16E- GFP was detected with PDGFR-HAx3 and EGFR-HAx3. The
summary histogram indicates an interaction of PDGFRxHA3 and EGFR-HAx3 with
TMEM16E-GFP. Analysis was performed by one-way ANOVA followed by Dunnett’s
post-hoc test (Compared to only cells expressing TMEM16E, with PDGFR,
**P = 0.0026; with EGFR, **P = 0.0021). e RT-PCR determined the endogenous
expression levels of EGFR and PDGFR in HEK293T cells (n = 6). ***P < 0.001, com-
paredwith control, analyzed by Student’s t-test. fProtein gels of co-immunoprecipitates
performed with anti-HA or IgG in cells expressing EGFR-HAx3, TMEM16E-GFP,
E584Q-GFP, and TMEM16F-GFP. g Analysis of co-immunoprecipitation with anti-
HAandTMEM16E-GFP, E584Q-GFP, andTMEM16F-GFP.The summary shows that
EGFR-HAx3 interacts with TMEM16E and E584Q, but not TMEM16F (n = 4). Ana-
lysis was performed by one-way ANOVA followed by Dunnett’s post-hoc test (Com-
pared to cells expressing EGFR-HAx3 with TMEM16EWT, with E584Q, ns = 0.8639;
with TMEM16F, ****P < 0.0001). h Protein gels of co- immunoprecipitates performed
with anti-HA or IgG in cells expressing TMEM16E-GFP and HAx3-M1R. Co-
immunoprecipitation with anti-HA was detected only with HAx3-M1R, but not with
TMEM16E-GFP (n = 3). Analysis of the interaction between TMEM16E-GFP with
HAx3-M1R. ns = 0.2040, when compared with IgG, analyzed by Student’s t-test. Data
are mean ± SEM.
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lysosomal degradation whereas TMEM16E may have been preserved and
recycled to the plasma membrane. PLSCR1 is also recycled to the plasma
membrane after internalizing with EGFR through endocytosis44.

In humans, TMEM16E is ubiquitously expressed,withhigh expression
in brain, heart, thyroid, and especially skeletal muscles. TMEM16E

mutations are linked to skeletal muscular dystrophies, including MMD3
and LGMD2L, and the bone dysplasia GDD1,47. Their impact on other
tissues remains less explored. Our research highlighted TMEM16E’s
scramblase activity in cerebellar granule cells (Fig. 7; SupplementaryFig. 15).
These cells, which represent over 99% of cerebellar neurons, are integral to
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sensory processing, motor learning, and cognition48,49. Their survival and
functionality are essential for cerebellar operations, particularly for move-
ment precision and coordination50,51. We discovered that TMEM16E
scramblase activity was induced by 30mM KCl depolarization (Fig. 7f, g),
suggesting that scramblase activation under physiological conditions may
support cerebellar function.

In summary, our findings elucidate the protective role of TMEM16E
scramblase through macropinocytosis, as demonstrated in both mamma-
lian cell lines and primary neurons. Membrane lipid asymmetry is essential
for cellular processes such as trafficking and maintenance of integrity.
Scramblase activity can disrupt this asymmetry by redistributing lipids in a
calcium-dependent manner52. Our work documented that TMEM16E-
dependent macropinocytosis emerges as a mechanism for restoring mem-
brane integrity and promoting cell survival. The elucidated molecular
pathwayofTMEM16E scramblase highlights howPS translocation serves as
a cellular “repair signal,” suggesting potential therapeutic strategies for
muscular dystrophy.

Methods
Cell culture and transfection
HEK293T (large T-antigen transformed HEK293 cells) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone; Thermo Fisher
Scientific)with 10% fetal bovine serum(HyClone;ThermoFisher Scientific)
and 0.2% penicillin/streptomycin (HyClone; Thermo Fisher Scientific)
under standard growth conditions (37 °C and 5% CO2). HEK293T was
transiently transfected using the TransIT-X2 Dynamic Delivery System
(MIRUS) according to the manufacturer’s protocol. Cells were transfected
with 50 ng of GFP-C1, 1000 ng of human TMEM16E-GFP, 1000 ng of
human TMEM16E-GFP E584Q, 1000 ng of M1R, 50 ng of Ds-red, 100 ng
of PH-Btk-GFP, or 100 ng of Lyn-mCherry (Lyn-mCh) in a 35mm cell
culture dish at 50% to 60% confluency. For the rapamycin-inducible
dimerization system, cells were co-transfected with 300 ng of Lyn11-FRB
(LDR), translocatable enzymes (RF-Dead, RF-Sac1, and RF-PJ), and PH-
PLCδ1-GFP.Transfected cellswere plated on poly-L-lysine coated coverslip
chips and used for live-cell imaging and voltage-clamp experiments
48 hours after transfection.

Plasmids and chemicals
Human cDNA clones of TMEM16E (GenBank accession no.
NM_001410964.1) were generously given by Anna Boccaccio (Institute of
Biophysics, Rome, Italy). Human cDNA clones of TMEM16F (GenBank
accession no.NM_001025356.3) were generously provided by Joo Hyun
Nam (Dongguk University College of Medicine, Gyeongju, Republic of
Korea). The mouse M1R (GenBank accession no. NM_001112697) from
N.N. Nathanson (University ofWashington, Seattle,WA). The rapamycin-
inducible dimerization system, RF-Dead, RF-Sac1, RF-INPP5E, RF- PJ, and
LDR were provided by Takanari Inoue (Johns Hopkins University, Balti-
more,MD,USA) andGeraldR.Hammond(University ofPittsburghSchool
of Medicine, Pittsburgh, PA, USA). The PH(PLCδ1)-GFP was provided by
Bertil Hille (University of Washington School of Medicine, Seattle, WA,
USA). The PH-Btk-GFP originating from Tamas Balla (Institute of Child
Health and Human Development, Bethesda, MD, USA). The mCherry-N1

vectors from Clontech. The following chemicals were obtained: Amiloride
hydrochloride (Tocris); 10,000MW dextran, Alexa Fluor 680 (Invitrogen);
FITC-Dextran 70,000MW (Sigma-Aldrich); afatinib (BIBW 2992, Sell-
eckchem); imatinib (STI571, Selleckchem); wortmannin (Enzo); IPA-3 and
EHT-1864 (MCE); oxotremorine-M (Oxo-M; Research Biochemicals), and
other chemicals (Sigma-Aldrich).

Molecular cloning
Human cDNAs of EGFR (Plasmid #133749) and PDGFR (Plasmid
#136455) were purchased from Addgene, and coding regions were sub-
cloned into a pcDNA 3.1(+) vector. The cDNAs encoding EGFR and
PDGFR were amplified by PCR using nTenuto DNA polymerase (Enzy-
nomics), and EGFR and PDGFR were TA cloned into T-Easy vector
(Promega) and TOPO vector (Invitrogen), respectively. The mutant form
was constructed from wild-type hTMEM16E. Deletion, Triple-HA- tag
(HAx3) insertion, and single amino acid mutant was generated by the
inverse PCR method using pfu Turbo DNA polymerase (Agilent Tech-
nologies), plasmid DNA was digested by Dpn I (Enzynomics), the PCR
product was 5′-phosphorylated by T4 polynucleotide kinase (Enzynomics)
and ligated byT4DNA ligase (NEB).Themutant formwas verifiedbyDNA
sequencing (Macrogen).

Confocal microscopy
All images were taken with Carl Zeiss LSM 700 or LSM 800 confocal
microscopes (ZEISS) at room temperature (22–25 °C). Cell images were
scanned by using a 40X (water) objective lens at 1024 × 1024 pixels using
digital zoom.For the timecourses, scramblase assay imageswere taken every
30 s in imaging software (Zen black) at 512 x 512 pixels using digital zoom,
and images of the rapamycin-inducible dimerization system were taken
every 10 s53. Cells were bathed in an external solution that contained: 140
mM NaCl, 2.5 mM CaCl2, and 10mM HEPES, adjusted to pH 7.4 with
NaOH. To analyze scrambling activity, regions of interest (ROIs) were
selected in thewhole plasmamembrane, or cytoplasm regions of cells inZen
software (black edition, ZEISS). To analyze colocalization, we calculated the
Pearson’s correlation coefficient (R2) value using Fiji software and the
Colocalization Threshold plugin. A correlation coefficient (R2) value of “1”
indicates perfect colocalization, and “0” signifies random (no)
colocalization54. To monitor the changes in PI(3,4,5)P3 levels in the plasma
membrane, cells were starved for 6 h in DMEM without serum and then
transferred to culture medium containing 10% FBS. All images were con-
verted to JPEG format, and rawdata from the time course experiments were
processed with Microsoft Office Excel 365 and Igor Pro (WaveMetrics).

Scramblase Assay
Scramblasewas assessed by live-cell imaging of the binding ofAnnexin-V
conjugated to Alexa Fluor-568 or Alexa Fluor-647 diluted 1:200 (Invi-
trogen). TMEM16E scramblase activity was induced by elevating intra-
cellular Ca2+ levels using the A23187 (Sigma-Aldrich), a Ca2+ ionophore.
In most of these experiments, cells were incubated for 15 min in 1 μM
A23187, AV (diluted 1:200), and 2.5 mM Ca2+ concentration. In some
experiments with M1R-transfected cells, the scramblase was induced by
treatment with 10 μM Oxo-M. To evoke endogenous Ca2+-PLS, cells

Fig. 6 | Changes in TMEM16E localization and membrane integrity during
macropinocytosis. a, c Representative TIRF images of membrane-localized
TMEM16E in cells treated with only Ringer’s solution or AV-binding buffer con-
taining 1 μM A23187. Cells are untreated (a) or treated with 3 mM amiloride for
15 min (c) before imaging. The yellow dashed lines represent plasma membrane
area. The white dashed square boxes represent ROIs for the magnified view of the
images in the right panels. Scale bars, 10 μm and magnified images scale bar, 2 μm.
b, d Fluorescence intensity at the plasma membrane versus time for GFP and AV.
Cells were treated with AV-binding buffer without (None) (Control (b), n = 17; +
amiloride (d), n = 8) or with 1 μM A23187 (Control (b), n = 15; + amiloride (d),
n = 21). e Representative bright-field images of cells expressing TMEM16E WT or
E584Q treatedAV-binding bufferwithout or with 1 μMA23187. Images at 0’ and 15’

after application of AV-binding buffer without or with amiloride. The black dashed
square boxes are magnified in the 0’ and 15’ images in the bottom panel. Scale bars,
10 μm, and magnified images scale bar, 2 μm. f Percentage of bleb-positive cells
expressing TMEM16EWT or E584Q. Gray bars; None, n = 6;+1 μMA23187, n = 5
for TMEM16E WT; None, n = 5 for E584Q. Purple bars; None, n = 6; + 1 μM
A23187, n = 6 for TMEM16E WT; None, n = 8 for E584Q. Analyzed by two-way
ANOVA followed by Tukey’s post-hoc test (Compared to TMEM16E WT None
control, WT None amiloride, ns > 0.9999; WT 1 μM A23187 control,
****P < 0.0001;WT 1 μMA23187 amiloride, ****P < 0.0001; E584Q 1 μMA23187
control, ns > 0.9999; E584Q 1 μM A23187 amiloride, ****P < 0.0001). Data are
mean ± SEM.
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were preincubatedwith ZeroCa2+ and 10 μMA23187 for 5 min, and then
2.5 mM Ca2+ and Annexin-V diluted 1:200 for 15 min, the 10# protocol.
The scrambling activity was recorded by time-lapse imaging for 15 min
with a 30 s acquisition interval.

Cell Lysis and Co-immunoprecipitation
HEK293T cells were seeded on a 100-mm cell culture dish (Falcon) in a cell
culture medium at 50% to 60% confluency. The next day, cells were starved
for 4 hours in DMEM and then transfected with 10 μg of TMEM16E-GFP,
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4 μg of PDGFR-HAx3, 4 μg of EGFR HAx3, and 8 μg HAx3 M1R using
TransIT-X2 Dynamic Delivery System (MIRUS). After 6 hours, DMEM
was replaced with a cell culture medium. Next, cell lysates were prepared in
co-immunoprecipitation lysis buffer: 50mM Tris-HCl (pH 8.0) (Duchefa
Biochemie), 1mMEDTA(Calbiochem), 50mMNaCl (Sigma-Aldrich), 1%
TritonX-100 (Sigma-Aldrich), 10% glycerol (Duchefa Biochemie)) sup-
plemented with 1mM phenylmethylsulfonyl fluoride (PMSF, Sigma-
Aldrich), 1xHalt protease& phosphatase inhibitor cocktail (Thermo Fisher
Scientific). Cell lysates were vortexed and incubated three times for 10min
at 4 °C and centrifuged at 132,000 rpm for 15min. Protein quantification
was performed using a Pierce BCA protein assay kit (Thermo Fisher Sci-
entific). To prepare immune complexes, protein lysates 2mg were mixed
with 2 μg rabbit-antiHAor control rabbit IgG (R&D systems) antibody and
rotated overnight using a rotator at 4 °C. Immune complexes were collected
by incubation with Protein G–magnetic beads (Bio-Rad) or Protein A/G-
PLUSAgarose beads (Santacruz) at 4 °Cwith agitation for 6 h. The immune
complexes bound to magnetic beads were spun down and washed using
magnetic beads (Thermo Fisher Scientific) three times with wash buffer
(50mMTris-HCl (pH 8.0), 1 mMEDTA, 250mMNaCl, 1%TritonX- 100,
10% glycerol). The protein complexes were mixed with 40 μL co-
immunoprecipitation lysis buffer and 10 μL sample buffer (Mentos) con-
taining 250mM Tris-HCl (pH 6.8), 0.5M DTT, 10% SDS, 50% Glycerol,
and 0.2% Bromophenol blue and denatured at 37 °C for 30min using a
heating shaker incubator (Thermo Fisher Scientific).

Western blotting
For western blot analysis, co-immunoprecipitation samples and 5% input
samples were loaded on 8% SDS-PAGE and electrophoresed at 74 V
for 30min and at 130 V for 90min. After electrophoresis, proteins
were transferred to the PVDF membrane (Millipore) for 30min at 25 V,
and the PVDF membrane was incubated in a blocking buffer containing
5% skimmilk powder (Sigma-Aldrich) and 1x TBS-T at room temperature
for 1 hour. Next, the PVDFmembrane was washed three times with 10mL
1x TBS-T. The membrane was treated with primary antibody (mouse anti-
GFP 1:100, Santacruz sc-9996; mouse anti-HA 1:200, Santacruz sc-7392;
rabbit anti- GAPDH 1:25,000, and Cell signaling technology #2955)
supplemented with 3% BSA (MPBiomedicals) in 1x TBS-T for overnight at
4°C and washed three times with 10mL 1x TBS-T. After the primary anti-
body was removed, the membrane was incubated with secondary antibody
(anti-mouse IgG 1:10,000, Thermo Fisher Scientific; anti-rabbit IgG
1:10,000, Thermo Fisher Scientific) in 5% blocking buffer at room tem-
perature for 1 hour and washed three times. Western blots were developed
with electrochemiluminescence solutions (Thermo Fisher Scientific) and
signals were collected with X-ray film. Images were analyzed using Image J
software.

Reverse transcription-PCR
Total RNA was extracted from the HEK293T cells or granule cells cultured
from Sprague-Dawley rats aged P5-P6, using RNase desaturating solution
(Promega) or QIAzol Lysis Reagent (QIZHEN) and 2M sodium acetate.
Reverse transcription reactions were conducted with the TOPscript cDNA
Synthesis kit (Enzynomics) according to the manufacturer’s instructions.
Expression of the target gene was normalized to the housekeeping gene β-
actin. All images were analyzed by Image J software.

Dissection and dissociation of primary granule cells
Granule cells were cultured from Sprague-Dawley rats aged P5 to P6
regardless of gender. The cerebellum of rats euthanized quickly by decap-
itation was removed by dissection. The meninges were carefully removed
from the cerebellum and the cerebellum gently washed with 10mLHanks’s
balanced salt solution (HBSS, Gibco) without Ca2+ and Mg2+ in a 15mL
conical tube (Falcon). Next, the dissected cerebellumwas incubated in 5mL
HBSS and 0.025% trypsin (Gibco) for 15minwith inversion every 2–3min.
After incubation and digestion with the enzymes, the cerebellum was
washed twice in theplatingmedium:basalmediumeagle (BME;Gibco)with
10% FBS, 20% glucose (Merck), 200mMglutamine (Gibco), and penicillin/
streptomycin. To obtain granule cells, the cerebellum was partially dis-
sociated by gentle pipetting with 4mL plating medium and then filtered
using a wetted cell strainer (40 μmmesh, Falcon) into a 50mL conical tube
(Falcon). Granule cells were transferred to a new 15mL conical tube and
4mL of platingmedium added, then centrifuged at 200 g for 2min. Finally,
the supernatant was aspirated, and isolated granule cells were resuspended
in the granule cell growthmedium containing: neurobasal medium (Gibco)
supplemented with 2% B27 (Gibco), 20mMKCl (Gibco), 2mM glutamine
(Sigma-Aldrich), and 1% penicillin/streptomycin55. The granule cells were
seeded at a density of 1.5 x 105 cells/well on Poly-L-lysine coated glass
coverslips in 12-well plates (Falcon), and 4.0 x 105 cells/well in a 35mm
confocal chamber (SPL). The next day, 10 μM cytosine beta-D- arabino-
furanoside was added (Ara-C, Sigma-Aldrich) to inhibit the division of
microglia and astrocytes56. For sustaining neuronal growth, half of the
mediumwas replaced with fresh granule cell growth medium twice a week.
All the animal experiments were performed according to the ethical
guidelines of the Laboratory Animal Resource Center, DGIST (LARC
DGIST) approved. We have complied with all relevant ethical regulations
for animal use.

Electrophysiological recordings
TMEM16E current recording was performed in the whole-cell voltage-
clamp configuration at room temperature (22 to 25 °C) using aHEKAEPC-
10 amplifier with Pulse software (HEKA Elektronik). Electrode pipettes
pulled from glass micropipette capillaries (Sutter Instrument) had

Fig. 7 | ExpressionofTMEM16 family, lipid scrambling, andmacropinocytosis in
primary- cultured granule cells. a Expression of mRNA for different TMEM16E
family members (n = 4) and receptor tyrosine kinases (n = 6) in cerebellar granule
cells (7–9 days in vitro) from P5 to P6 Sprague-Dawley rats using RT-PCR. mRNA
expression levels were normalized relative to β-actin. Analysis was performed by
one-way ANOVA followed by Dunnett’s post-hoc test (****P < 0.0001) and
determined by Student’s t-test (**P = 0.0011). b, c Representative images of 5 μM
A23187- induced scrambling activity of endogenous scramblases in primary-
cultured granule cells representing control or application of 3 mM amiloride for
15 min (b), and pretreatedwith 1 μMafatinib or 20 μMimatinib for 1 h (c). Inhibitor
treatments preceded imaging in the neurobasal medium. The yellow dashed lines
represent the plasma membrane area and the white dashed square box is magnified
in the images in the bottompanel. The red arrow indicates cytoskeletal remodeling at
the plasma membrane, the white arrow internalized AVs, and the yellow arrows
membrane blebbing. Scale bars, 10 μmandmagnified images scale bar, 2 μm.dEffect
of inhibitors on AV fluorescence intensity at 15 min after induction of scramblase
(Control, n = 21; Amiloride, n = 19; Afatinib, n = 13; Imatinib, n = 15). ROIs selected
plasma membrane (PM) and cytoplasmic regions (Cyto). The intensity ratio of the
cytoplasmic region to the plasma membrane (FCyto/FPM ratio) is shown below.

****P < 0.0001. Analysis performed by one-way ANOVA followed by Dunnett’s
post-hoc test. e Time course of intracellular Ca2+ (fluo-4 fluorescence) measured
every 5 s (None, n = 39; 5 μM A23187, n = 34; 30 mM KCl, n = 41; 100 μM ATP,
n = 25) in granule cells. Cells were treated with Fluo-4-AM for 10 min in Ringer’s
solution containing 2.5 mM Ca2+ before imaging. The gray circle represents the
Fluo-4-AM fluorescence intensity in Ringer’s solution. Cytoplasmic fluorescence
intensities were normalized relative to F60. f Representative images of 30 mM KCl-
induced scrambling activity of endogenous scramblases in primary-cultured granule
cells represent control and application of 3 mM amiloride for 15 min in neurobasal
medium. The yellowdashed lines represent the plasmamembrane area and thewhite
dashed square box is magnified in the bottom panel images. The white arrow
represents internalized AVs. Scale bars, 10 μmandmagnified images scale bar, 2 μm.
g Analysis of AV fluorescence intensity during 30 mM KCl-induced scrambling
activity in granule cells (Control, n = 15; Amiloride, n = 17). Granule cells were
treatedwith 3 mMamiloride for 15 min in neurobasalmediumbefore imaging. ROIs
were selected plasma membrane (PM), and cytoplasmic region (Cyto). The ratio of
the cytoplasmic region to the plasma membrane is plotted. Compared with control,
determined by Student’s t-test (PM, ns = 0.9823; Cyto, *P = 0.0412; FCyto/FPM ratio,
***P < 0.001). Data are mean ± SEM.
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resistances of 2–4MΩ, and series-resistance errors were compensated by
60%. TMEM16E currents were recorded with a membrane holding
potential of−60mVand applying a 500ms test pulse. All current data were
analyzed using Igor Pro 6.0 (WaveMetrics). The external Ringer’s solution
consisted of 150 mMNaCl, 1 mMCaCl2, 1 mMMgCl2, 10 mMGlucose,
and 10 mMHEPES, pHwas adjusted to pH7.4withNaOH. The ZeroCa2+

internal pipette solution contained 130 mM CsCl, 1 mMMgCl2, 10 mM
EGTA, 3 mM Na2ATP, and 10 mMHEPES, pH was adjusted to pH 7.35
with CsOH. For 3 μM free Ca2+ pipette solution, addedCaCl2 was 4.7 mM
and the Ca2+ chelator was replaced by 10 mMHEDTA-Na3. (Free Ca2+

calculated with the Ca2+/Mg2+/ATP/EGTA/HEDTA calculator, version
2.2b, available at https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/
maxchelator/webmaxc/webmaxcS.htm).

Ca2+ imaging
For measuring intracellular Ca2+ levels, transfected cells on coverslips were
pre-incubated with 2.5 mM Ca2+ Ringer’s solutions containing 4 μM of
Fluo-4 AM (Invitrogen) for 10min at 37 °C and 5% CO2

57. Time-course
experiments of cytoplasmicfluorescence intensitywere imaged at 512 × 512
pixels every 5 s. For measuring the intracellular Ca2+ influx, regions of
interest (ROIs)were selected in the cytoplasm region of cells inZen software
(black edition, ZEISS).

Optical microscopy
Bright-field and total internal reflection fluorescence (TIRF) micro-
scopy were performed under the inverted microscope (Nikon,
ECLIPSE Ti2-E) equipped with a motorized stage (Ti2-S-SE-E), a
perfect focus system (PFS, Ti2-N-ND-P), a fluorescence filter cube
(Quad filter set 405/488/561/640 nm), and an electron-multiplying
charge-coupled device (EM CCD, Andor, iXon Ultra 897). A tem-
perature and CO2-concentration controlled stage-top-incubator
(Okolab, UNO- T-H-PREMIXED) was used for live cell imaging.
LED lamp (Nikon, Ti2-D-LHLED) and laser (Nikon, LU-N4 Laser
Unit, 488/561 nm for observing GFP/Alexa 568) were taken as a light
source for bright field and TIRF, respectively. The H-TIRF module
(Nikon, TI-LA-HTIRF) was used to automatically adjust the pene-
tration depth of the evanescent wave to 250 nm. All images were
acquired with a 100x objective lens (Nikon, 1.49 NA, oil immersion,
CFI SR HP Apochromat TIRF).

Lentivirus transduction
GFP were subcloned into a pLenti-III-mir-GFP-Blank-abmgood_m001
(Abmgood), and TMEM16E-GFP was subcloned into a pEz-Lv-CMV-N-
3xHA-Nurr1 (Genecopoeia). Hxadimethrine bromide (Polybrene) were
purchased from Sigma-Aldrich (#H9268). Plasmids were transiently
expressed in HEK293T cells using TransIT-X2 reagent (MIRUS). For len-
tiviral transduction,HEK293Tcellswere treatedwith viral supernatants and
8 μg/mL polybrene to cell culture medium in 12-well plates at 70% con-
fluency. To select for stable expression of the transgene, cells were treated
with 1 μg/mL puromycin.

TMEM16E knockdown by shRNA in primary-cultured rat cere-
bellar granule cells
shRNA constructs targeting TMEM16E were cloned into U6-(shRNA)-
hSyn-EGFP vectors, derived from pAAV-U6-sgRNA-CMV-GFP
(Addgene, #85451) and pAAV-hSyn-EGFP (Addgene, #50465). Four dis-
tinct shRNA sequences were utilized to induce RNA interference (RNAi).
The target sequenceswithin rat TMEM16Eand the sequences of the shRNA
oligonucleotides are listed in Supplementary Table 1. Knockdown in
primary-cultured rat cerebellar granule cells fromSprague-Dawley rats aged
P5 to P6 was achieved by transfecting the shRNA constructs using Lipo-
fectamine 2000 (Invitrogen) or TransIT-X2 reagent (Mirus).

Statistics and reproducibility
Data were analyzed using Microsoft Office Excel 365 (Microsoft), Igor Pro
6.0 (WaveMetrics), Zen software (black edition, ZEISS), Image J-Fiji soft-
ware (NIH), orGraphPadPrism7.02 (GraphPad Software). Statistics in text
or figures represent mean ± SEM. Statistical comparisons between two
groupswere analyzedusing Student’s t-test. The significance of observations
across multiple groups was assessed using one-way ANOVA or two-way
ANOVA followed by Sidak’s, Dunnett’s, and Tukey’s post-hoc test. Dif-
ferences were considered significant at the *P < 0.05, **P < 0.01, and
***P < 0.001 levels. Each experiment was repeated at least 3 times
independently.

Fig. 8 | Proposed mechanism of TMEM16E-dependent macropinocytosis.
TMEM16E-dependent scramblase is activated by 1 μMA23187 or 10 μMOxo-M in
cells expressing TMEM16E or co-expressingM1R and TMEM16E. Application of 1
μMA23187 allows extracellular Ca2+ to enter cells, and application of 10 μMOxo-M
activates M1R, and Ca2+ release from the ER. Increased intracellular Ca2+ binds to
TMEM16E, activating scramblase activity. The scramblase translocates PS from the
inner leaflet to the outer leaflet, where it binds to AVs. PI(4,5)P2 clustered at
TMEM16E interacts with and activates GFR, resulting in PI3K activation and
synthesis of PI(3,4,5)P3. Increased PI(3,4,5)P3 induces membrane ruffling and
priming to form macropinosomes. Macropinosomes fuse with lysosomes; AVs and
GFRs are degraded through the lysosomal degradation pathway, and TMEM16E is
recycled into the plasmamembrane. In addition, intracellular calcium is regulated by
TMEM16E and SERCA pumps located in the ER. The images and every material
element by the authors using Microsoft Office PowerPoint 365 (Microsoft).
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The source data behind the graphs in the paper can be found in Supple-
mentaryData 1.Uncroppedwesternblots and gel images are included in the
Supplementary information. All other data supporting the findings of this
study are available from the corresponding author upon request.
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