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Plasma membrane lipid scrambling causing phosphatidylserine
exposure negatively regulates NK cell activation
Ning Wu1,2, Hua Song2 and André Veillette 1,3,4

One of the hallmarks of live cells is the asymmetric distribution of lipids across their plasma membrane. Changes in this asymmetry
due to lipid “scrambling” result in phosphatidylserine exposure at the cell surface that is detected by annexin V staining. This
alteration is observed during cell death processes such as apoptosis, and during physiological responses such as platelet
degranulation and membrane repair. Previous studies have shown that activation of NK cells is accompanied by exposure of
phosphatidylserine at the cell surface. While this response was thought to be indicative of ongoing NK cell death, it may also
reflect the regulation of NK cell activation in the absence of cell death. Herein, we found that NK cell activation was accompanied by
rapid phosphatidylserine exposure to an extent proportional to the degree of NK cell activation. Through enforced expression of a
lipid scramblase, we provided evidence that activation-induced lipid scrambling in NK cells is reversible and does not lead to cell
death. In contrast, lipid scrambling attenuates NK cell activation. This response was accompanied by reduced cell surface expression
of activating receptors such as 2B4, and by loss of binding of Src family protein tyrosine kinases Fyn and Lck to the inner leaflet of
the plasma membrane. Hence, lipid scrambling during NK cell activation is, at least in part, a physiological response that reduces
the NK cell activation level. This effect is due to the ability of lipid scrambling to alter the distribution of membrane-associated
receptors and kinases required for NK cell activation.
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INTRODUCTION
Eukaryotic cells are enveloped by a lipid bilayer, the plasma
membrane, that serves as a physical barrier between the
extracellular environment and the intracellular milieu.1–3 The
plasma membrane also acts as a sensor of cues in the extracellular
environment, enabling the initiation of signals that are propa-
gated to the intracellular space.1,2 One of the most notable
features of the plasma membrane is the asymmetrical distribution
of its lipids.3–5 The phospholipids phosphatidylserine (PS) and
phosphatidylethanolamine (PE) are concentrated in the inner layer
of the plasma membrane, while phosphatidylcholine and sphin-
golipids are mostly positioned in the outer layer.2,3

Lipid asymmetry in the plasma membrane is a hallmark of living
cells.6–12 The loss of lipid asymmetry leads to exposure of PS at the
cell surface, which occurs early during death processes such as
apoptosis, necroptosis and pyroptosis.6,13–15 In this context,
exposed PS acts as a ligand for prophagocytic receptors expressed
on macrophages that trigger phagocytosis.13,14,16 The loss of
plasma membrane lipid asymmetry is also seen in death-
independent physiological processes such as platelet activation
and pore-induced membrane repair.17,18 In these settings, it
appears that the loss of asymmetry increases the plasticity of the
plasma membrane, thereby promoting degranulation and repair.

As PS and PE are acidic phospholipids, their asymmetric
distribution renders the inner leaflet of the plasma membrane
negatively charged (i.e., acidic). This negative charge is important
for several intracellular signaling molecules bearing stretches of
positively charged (i.e., basic) sequences localizing to and
functioning at the plasma membrane.19 These molecules include
a variety of cell surface receptors, Src family protein tyrosine
kinases (PTKs) and GTP-binding (G) proteins.20–22 Recent data
suggested that reducing the negative charge of the inner leaflet of
the plasma membrane through the loss of lipid asymmetry can
compromise the targeting of at least some of these proteins to the
membrane, thereby altering cellular signaling and functions.19,23

The maintenance of lipid asymmetry of the plasma membrane is
achieved by three categories of enzymes: flippases, which transport
phospholipids from the outer layer to the inner layer; floppases,
which move phospholipids from the inner layer to the outer layer;
and scramblases, which randomly redistribute phospholipids in the
lipid bilayer in a process named lipid scrambling.4 Compared to the
relatively slow energy-dependent lipid turnover mediated by
flippases and floppases, lipid scrambling mediated by scramblases
is a faster energy-independent mechanism that disrupts lipid
asymmetry. The caspase-activated lipid scramblase Xkr8 is critical
for lipid randomization during apoptosis,24,25 whereas the calcium-
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activated lipid scramblase TMEM16F (also known as ANO6)
mediates lipid randomization during platelet activation and pore-
induced membrane repair.17,18,26

NK cells are immune cells that play critical roles in innate
immunity against cancer cells and virus-infected cells. Their
activity is significantly mediated in part through direct cytotoxicity
due to the release of cytotoxic granules toward target cells. The
activation of NK cells is controlled by the balance between the
signals delivered by a broad range of activating receptors and
inhibitory receptors, which are engaged by their ligands being
expressed or not expressed on target cells. Activating receptors
include NKG2D, DNAM-1, and 2B4.27 Previous studies have shown
that NK cell activation is also accompanied by increased PS
exposure on the cell surface. It was suggested that this alteration
is indicative of imminent NK cell death and is part of a mechanism
aimed at terminating NK cell activation. However, considering that
PS exposure can occur under physiological conditions indepen-
dent of cell death, it is also plausible that lipid scrambling during
NK cell activation repairs the plasma membrane after granule
release. Alternatively, it may be involved in controlling the activity
of the NK cell signaling apparatus to either enhance or suppress
NK cell activation.
Herein, we found that PS exposure during NK cell activation

occurs in a manner proportional to the level of NK cell activation.
By augmenting lipid scrambling in NK cells with the lipid
scramblase TMEM16F as a tool, we observed that lipid scrambling
was reversible and not indicative of NK cell death. In contrast, lipid
scrambling resulted in decreased signaling by the activating
receptor 2B4 and diminished NK cell-mediated cytotoxicity toward
target cells. These effects correlated with a decrease in the cell
surface expression of 2B4 and a loss of the association of Src-
related PTKs Fyn and Lck with the inner leaflet of the plasma
membrane. These data argue that activation-induced lipid
scrambling in NK cells is, at least in part, aimed at limiting NK
cell activation because it influences the spatial distribution of the
signaling apparatus that initiate NK cell activation without causing
NK cell death.

RESULTS
Lipid scrambling in NK cells correlates with the level of NK cell
activation
To determine which conditions influence lipid scrambling in the
plasma membrane during NK cell activation, interleukin (IL)-2-
activated mouse NK cells were stimulated with various tumor
target cells, either hematopoietic (YAC-1 thymoma and RMA-S
lymphoma cells) or nonhematopoietic (B16 melanoma and CMT-
93 rectal carcinoma cells), in vitro. PS exposure in response to the
targets was then measured by staining cells with annexin V, which
binds PS. In parallel, cells were stained with propidium iodide (PI),
a DNA-binding dye that enters cells when the integrity of the
plasma membrane is compromised. Furthermore, cytotoxicity
toward target cells was assessed in a 51Cr release assay. Compared
to NK cells stimulated with medium alone, a small fraction
(~1–3%) of NK cells activated by tumor target cells displayed PS
exposure (Fig. 1a). However, they remained negative for PI. These
effects were seen with all target cells. The extent of PS exposure
on NK cells correlated with the extent of cytotoxicity toward the
targets (Fig. 1b).
The latter observation suggested that the extent of PS exposure

during NK cell activation might correlate positively with the level
of NK cell activation. To address this possibility more rigorously,
we examined PS exposure in the human NK cell line YT-S, which
was activated by target cells expressing ligands for specific
activating NK cell receptors. These various YT-S derivatives, as well
as the targets selected, were previously reported.28–30 In the
presence of target cells expressing CD48, the ligand for the
activating receptor 2B4 expressed on parental YT-S cells, YT-S cells

displayed greater PS exposure, when compared to YT-S cells
incubated with target cells expressing the green fluorescent
protein (GFP) selection marker alone (Fig. 1c, d). This outcome was
observed with both K562 erythroleukemia target cells and HeLa
cervical carcinoma target cells. As expected in this system, the
cytotoxicity induced by the K562 and HeLa cells bearing CD48 was
greater than that induced by target cells expressing an empty GFP
vector (Fig. 1e).
We also ascertained PS exposure on YT-S cells expressing or not

expressing the activating receptor CD226 (also known as DNAM-1).
The YT-S derivatives expressed the murine (m) version of CD226, as
described elsewhere.29 In the presence of RMA-S target cells
expressing mouse CD155, the ligand of CD226, mCD226-
expressing YT-S cells exhibited a marked increase in PS exposure,
compared to YT-S cells incubated with RMA-S target cells that
lacked mCD155 (Fig. 1f). This effect was not apparent in YT-S cells
lacking mCD226. It was also not evident in derivatives of YT-S cells
expressing a mutant form of mCD226 (tyrosine-to-phenylalanine at
position 319; Y319F) that is unable to trigger intracellular signals
that enhance NK cell activation.29 A similar abrogation of the
impact of CD226 was observed when mCD226 YT-S cells were
pretreated with wortmannin, a pharmacological inhibitor of
phosphatidylinositol 3′ kinase (PI3′K), a key intracellular effector
of CD226 (Fig. 1g). The impact of the calcium chelator BAPTA-AM
on PS exposure during NK cell activation was also analyzed. The
addition of BAPTA-AM, but not medium alone, resulted in a
decrease in PS exposure on YT-S cells in response to target cells
expressing CD48 during a cytotoxicity assay (Fig. 1h).
Finally, we tested the impact of the engagement of the

homotypic receptor SLAMF7. As YT-S cells do not express the
adapter EAT-2, SLAMF7 acts as an inhibitory receptor in these cells
upon engagement by its ligand, SLAMF7, which is expressed on
target cells.30 When incubated with K562 target cells expressing
SLAMF7, YT-S cells expressing SLAMF7 displayed reduced PS
exposure compared to YT-S cells incubated with the target cells
expressing GFP alone (Fig. 1i).
Hence, during NK cell activation, loss of lipid asymmetry in the

plasma membrane, as reflected by PS exposure, positively
correlated with the level of NK cell activation. It was not associated
with increased permeability to PI, implying that it was not
involved in NK cell death triggered by NK cell activation.

Lipid scramblase TMEM16F enhances PS exposure in a reversible
manner during NK cell activation
To determine how lipid scrambling influences NK cell activation, the
effects of enforced expression of the calcium-activated lipid
scramblase TMEM16F were studied in YT-S NK cells. We postulated
that an enhancement of the activity of TMEM16F might augment
lipid scrambling during NK cell activation, thereby showing the
impact of this modification on NK cell functions. Two versions of
TMEM16F were used: wild-type TMEM16F and the calcium-
hypersensitive aspartic acid 408-to-glycine 408 (D408G) TMEM16F
mutant.26 Human proteins were used. Overexpression of human
TMEM16F in these cells, compared to in control cells expressing GFP
alone, was confirmed at the RNA level by real-time PCR (Fig. 2a).
Compared to control cells expressing GFP alone, YT-S cells

overexpressing wild-type TMEM16F exhibited only a small
increase in PS exposure in response to the calcium ionophores
ionomycin or A23187 (Fig. 2b, c). In contrast, cells expressing
D408G TMEM16F displayed markedly increased PS exposure upon
treatment with calcium ionophores. No effect was seen in the
absence of the ionophores. There was little or no concomitant
increase in PI staining, implying that membrane integrity was
preserved. The augmentation of PS exposure in D408G TMEM16F-
expressing cells was blocked by the calcium chelator BAPTA-AM,
supporting the idea that these increases in PS exposure
were calcium-dependent (Fig. 2d). Moreover, it was rapidly (within
5 min) reversible after washing away ionomycin (Fig. 2e).
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Fig. 1 Plasma membrane lipid scrambling during NK cell activation by tumor target cells. a Annexin V and PI staining was performed on IL-2-
activated mouse NK cells incubated with tumor target cells. NK cells without target cells (medium alone) were used as controls. Representative
dot plots are shown on the left, and the statistics of annexin V+PI− populations for 4 independent experiments are shown on the right. PI
propidium iodide. b NK cell cytotoxicity induced in YAC-1, RMA-S, B16 and CMT-93 cells was assessed by 51Cr release assay. The data are
representative of three independent experiments. Annexin V and PI staining was performed on YT-S cells activated or not with K562 (c) or
HeLa (d) target cells, which express green fluorescent protein (GFP) alone or in combination with human CD48 (hCD48). Representative dot
plots are shown on the left, and the statistics for three independent experiments are shown on the right. e YT-S cell cytotoxicity induced in
K562 and HeLa cells expressing GFP or human CD48. The data are representative of two independent experiments. f Annexin V and PI staining
was performed on YT-S cells expressing an empty vector alone (puromycin resistance marker; puro) or with wild-type mouse CD226 (mCD226)
or the mCD226 tyrosine 319-to-phenylalanine 319 (Y319F) mutant, incubated or not with RMA-S expressing GFP alone or with mCD155.
Representative dot plots are shown on the left, and the statistics for three independent experiments are shown on the right. g Annexin V and
PI staining was performed on YT-S cells expressing mCD226 incubated with RMA-S cells expressing mCD155 with or without wortmannin
[wort, 1 μM; dissolved in dimethyl sulfoxide (DMSO)]. DMSO alone was used as the control. Representative dot plots are shown on the left, and
the statistics for four independent experiments are depicted on the right. h Annexin V and PI staining was performed on YT-S cells stimulated
or not with K562 cells expressing hCD48, with or without 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl
ester) (BAPTA-AM; 100 μM in DMSO). Phorbol myristate acetate (PMA; 100 ng/ml) plus ionomycin (1 μM) (P+ I) was used as a control.
Representative dot plots are shown on the left, and the statistics for three independent experiments are shown on the right. i Annexin V and
PI staining was performed on YT-S cells expressing empty vector (puro) or mSLAMF7 and incubated or not with K562 cells expressing GFP
alone or with mSLAMF7. Representative dot plots are shown at the top, and statistics for three independent experiments are shown at the
bottom. NS not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed Student’s t tests). The data are presented as the means ± s.e.m
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To ensure that these effects were not indirect consequences of
sustained overexpression of TMEM16F, we used YT-S cells stably
expressing the mouse variant (D409G) of the activated TMEM16F
mutant that were then transduced with small interfering (si) RNAs
targeting mouse TMEM16F. The choice of mouse TMEM16F was
made for this experiment because the only antibodies available
against TMEM16F recognized the mouse protein, not the human
protein, which had instead been used for the studies described in
Figs. 1 and 2. An anti-TMEM16F immunoblot demonstrated that
the expression of the mouse TMEM16F protein was downregulated
by the specific siRNA but not by a nontargeting siRNA (Fig. 3a).
Notably, TMEM16F migrated as multiple ill-defined bands in the

gel, in keeping with previous reports.18,26 This is presumably
because multiple glycoforms of TMEM16F exist. Concurrent with
the reduction of TMEM16F expression by the siRNA, PS exposure
induced by ionomycin was reduced (Fig. 3b, c).
Next, we tested whether TMEM16F also influenced PS exposure

when NK cells were activated by tumor target cells. Compared to
the expression of GFP alone, overexpression of wild-type
TMEM16F caused a small increase in the exposure of PS on YT-S
cells in response to CD48-expressing K562 target cells, in contrast
to the effect of medium alone (Fig. 3d, e). A much more robust
increase was observed when YT-S cells expressed D408G
TMEM16F than when they expressed wild-type TMEM16F. Similar
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effects were observed when cells were stimulated with a
combination of phorbol myristate acetate (PMA) and ionomycin,
two pharmacological agonists of NK cell activation.
Therefore, the expression of an activated version of the calcium-

activated lipid scramblase TMEM16F enhanced lipid scrambling,
causing PS exposure in response to calcium ionophores, as well as
during NK cell activation by target cells. This effect was rapidly
reversible and not associated with appreciable NK cell death.

Lipid scrambling reduces NK cell cytotoxicity and 2B4 signaling
Next, we examined whether the increased lipid scrambling
induced by TMEM16F was associated with altered NK cell
activation. To this end, the YT-S derivatives were incubated with
K562 or HeLa cells expressing or not expressing CD48, in the
presence or absence of ionomycin to activate scrambling by
TMEM16F. Target cell killing was measured using a chromium
release assay. All YT-S derivatives expressed equivalent amounts
of various markers, including 2B4 and SAP, the intracellular
adapter that couples 2B4 to Fyn kinase (Fig. 4a). In general, the
cytotoxicity displayed by these YT-S derivatives toward targets
expressing CD48 was greater than that toward targets lacking
CD48, in keeping with the activating function of 2B4 in this system
(Fig. 4b, c).
Compared to YT-S cells expressing GFP alone, YT-S cells

overexpressing wild-type TMEM16F did not display altered
cytotoxicity toward the targets (Fig. 4b, c). This was true whether
or not cells were incubated with ionomycin, which enhances
TMEM16F-dependent scrambling (Figs. 4b, c and 2a). In striking
contrast, however, YT-S cells expressing D408G TMEM16F
exhibited markedly reduced cytotoxicity toward the two targets
in the presence of ionomycin compared to vehicle alone (Fig. 4b,
c). This was seen whether the targets expressed CD48 or not.

While the activating receptor(s) that mediate the killing of K562
or HeLa cells lacking CD48 by YT-S cells is (are) not known, the
increase in cytotoxicity observed in targets expressing CD48 is
mediated by 2B4. To ascertain the molecular mechanism by which
augmented lipid scrambling leads to decreased NK cell-mediated
cytotoxicity, the impact of TMEM16F on 2B4-triggered intracellular
signals was studied. The most proximal outcome of the signal
triggered by 2B4 is protein tyrosine phosphorylation, which is
initiated via SAP by the Src-related PTK Fyn. Thus, YT-S derivatives
were stimulated with agonistic anti-2B4 antibodies in the
presence or in the absence of ionomycin to induce scrambling,
and overall protein tyrosine phosphorylation was monitored.
Consistent with the results of PS exposure (Fig. 2), YT-S cells
overexpressing wild-type TMEM16F showed slightly reduced
protein tyrosine phosphorylation in response to anti-2B4 anti-
bodies plus ionomycin compared to control YT-S cells (Fig. 4d). A
much more pronounced decrease was observed in YT-S cells
bearing D408G TMEM16F. All 2B4-regulated substrates were
affected by this diminution.
We also examined other downstream 2B4-induced signals,

particularly calcium flux and Erk activation. Using a flow
cytometry-based assay, we observed that YT-S cells overexpres-
sing wild-type TMEM16F or D408G TMEM16F exhibited reduced
anti-2B4-induced calcium flux in comparison to the flux in the
control YT-S cells (Fig. 4e). No difference was seen when calcium
flux was triggered by a high concentration of ionomycin, which
induces calcium influx independent of 2B4 or protein tyrosine
phosphorylation. Similar effects were observed with Erk activation,
which was assayed by immunoblotting with a specific antibody
recognizing the activated phosphorylated form of Erk (Fig. 4d).
Thus, augmented lipid scrambling leading to increased PS

exposure was associated with reduced NK cell-mediated

a

175

130

95

70

kDa
siC

T
siT

MEM16
F

42

IB: 
TMEM16F

IB: β-actin

Annexin V

PI

0.253 0.563

2277.2

1.35 0.456

3.1295.1

0.65 0.583

1.6397.1

0.207 0.407

8.8890.5

EtOH Ionomycin

si
C

T
si

TM
EM

16
FYT
-S

m
TM

EM
16

F 
D

40
9G

0

10

20

30

%
 o

f S
cr

am
bl

ed
 c

el
ls

iono:       -    +       -    +

***

***

**

siCT
siTMEM16F

0.939 2.61 4

1.04 4.51 6.44

1.46 12.1 34.6

Medium K562
hCD48 P+I

G
FP

TM
EM

16
F

D
40

8G

Annexin V

PI

0
5

10
15
20

30

40

%
 S

cr
am

bl
ed

 C
el

ls Medium
K562-hCD48
P+I

GFP

TMEM16
F

D40
8G

*

**
*

***

b c

d e

Fig. 3 Enhanced PS exposure during NK cell activation is TMEM16F-dependent. a Anti-TMEM16F immunoblot (IB) of total cell lysates from YT-
S cells expressing mouse D409G TMEM16F transfected either with control nontargeting siRNAs (siCT) or with siRNAs against mouse TMEM16F
(siTMEM16F). β-actin was used as the loading control. b, c Annexin V and PI staining was performed on the cells described in (a) treated or not
with ionomycin. Representative dot plots are shown in (b), while the statistics for four independent experiments are shown in (c). d, e Annexin
V and PI staining was conducted with YT-S cells expressing GFP alone or in combination with wild-type TMEM16F or the aspartate 408-to-
glycine 408 (D408G) TMEM16F mutant that were incubated or not with K562 cells expressing hCD48 or the combination of PMA (100 ng/ml)
plus ionomycin (1 μM) (P+ I). Representative dot plots are shown in (d), while statistics for three independent experiments are shown in (e).
*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed Student’s t tests). The data are presented as the means ± s.e.m

Plasma membrane lipid scrambling causing phosphatidylserine exposure. . .
N Wu et al.

690

Cellular & Molecular Immunology (2021) 18:686 – 697



IB: α-p-Tyr

Lysates

180

116

90

58
48.5

c

GFP TMEM16F D408G

α-2B4:
GFP, -

GFP, α-2B4

TMEM16F, -

TMEM16F, α-2B4

D408G, -

D408G, α-2B4

0 100 200 300
Time (s)

0 100 200 300
Time (s)

d

b

* * * * * * *

K562
GFP hCD48

HeLa
GFP hCD48

YT-S

G
FP

TM
EM

16
F

D
40

8G
Sp

ec
ifi

c 
ly

si
s 

(%
)

Sp
ec

ifi
c 

ly
si

s 
(%

)
Sp

ec
ifi

c 
ly

si
s 

(%
)

a

0

50

100

Sp
ec

ifi
c 

ly
si

s 
(%

)

0

50

100

Sp
ec

ifi
c 

ly
si

s 
(%

)

10 5 1
0

50

100

E:T

Sp
ec

ifi
c 

ly
si

s 
(%

)

E:T

0

40

80

0

40

80

10 5 1
0

40

80

E:T

K562
GFP hCD48

HeLa
GFP hCD48

YT-S

G
FP

TM
EM

16
F

D
40

8G

250

300

350

400

260

310

360

410

460
GFP, -

GFP, iono

TMEM16F, -

TMEM16F, iono

D408G, -

D408G, iono

EtOH Ionomycin10 5 1
E:T

EtOH Ionomycin

e

10 5 1

isotype control

100 101 102 103 104

2B4 SLAMF6 DNAM-1 SAP

YT-S cells:

GFP

TMEM16F

D408G

specific antibody

0
20
40
60
80

100

0
20
40
60
80

100

0
20
40
60
80

100

pErk1/2

Erk1/2

p44
p42

p44
p42

1 1.9 4.2 5.7 1.3 1.8 4.3 6.0 1.5 2.4 2.9 2.8

Iono:
- + - +
- +- +

- + - +
- +- +

- + - +
- +- +

In
do

-1
 

40
5n

m
/5

10
nm

 ra
tio

In
do

-1
 

40
5n

m
/5

10
nm

 ra
tio

Fig. 4 TMEM16F-triggered lipid scrambling reduces NK cell cytotoxicity and 2B4 signaling. a Expression of membrane receptors 2B4, SLAMF6,
and DNAM-1, as well as adapter SAP, was determined by flow cytometry of YT-S cells expressing empty vector (GFP), wild-type TMEM16F, or
the D408G TMEM16F mutant. For detection of SAP, the cells were permeabilized. Open histogram, isotype control antibody; filled histogram,
specific antibody. Representative histograms of two independent experiments. b, c YT-S cells expressing GFP alone or in combination with
wild-type TMEM16F or D408G TMEM16F were incubated for 6 h with K562 or HeLa cells expressing hCD48 in the presence or in the absence of
ionomycin (1 μM) to activate TMEM16F. Cytotoxicity was measured by 51Cr release at the indicated effector:target (E:T) ratios. The extent of the
cell lysis was indicated as the percentage of maximum 51Cr release. The data are presented as mean ± s.d. of duplicate samples. Representative
cytotoxicity assays are shown in (b), while statistics for four independent experiments are depicted in (c). d The indicated YT-S derivatives
were preincubated for 5min at room temperature in the presence or in the absence of ionomycin (10 μM). They were then stimulated or not
for 5 min at 37 °C with anti-2B4 antibodies C1.7 and the relevant secondary anti-mouse antibody. Total cell lysates were probed by
immunoblotting with anti-phosphotyrosine (p-Tyr; top), anti-phospho-Erk1/2 (pErk1/2; middle) or anti-Erk1/2 (bottom) antibodies. The levels
of phospho-Erk1/2 were measured and normalized according to the total Erk1/2 level. Representative blots of three independent experiments.
e Calcium influx in the indicated YT-S cells stimulated or not with anti-2B4 antibodies. Calcium influx was determined by the indicated
fluorescence ratio for Indo-1. Ionomycin served as the positive control. Representative histograms of three independent experiments.
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cytotoxicity and with compromised 2B4-triggered protein tyrosine
phosphorylation, calcium flux and Erk activation.

Loss of surface 2B4 and membrane dissociation of Src kinases
during lipid scrambling
To assess how lipid scrambling attenuated 2B4-mediated signals
and cytotoxicity at the molecular level, the effects of lipid scrambling
on 2B4 expression at the cell surface and on the membrane
association of Fyn were examined. Using flow cytometry to detect
cell surface 2B4, we found that the subset of YT-S cells displaying
increased annexin V staining in response to ionomycin also showed
reduced levels of 2B4, by ~50–70% compared to cells not showing
augmented annexin V staining (Fig. 5a). The proportion of annexin

V+2B4lo cells was higher in YT-S derivatives expressing wild-type
TMEM16F or D408G TMEM16F than in control cells. No difference in
2B4 expression between the various YT-S derivatives was observed
in the absence of ionomycin (Fig. 4a).
Next, we studied the intracellular localization of Fyn using

confocal microscopy. Lck, another Src family kinase expressed in
NK cells, was analyzed in parallel. Staining with anti-Fyn antibodies
showed that in control cells expressing GFP alone, Fyn was
primarily located at the plasma membrane (Fig. 5b; Fig. S1). This
was true whether cells were treated or not with ionomycin. Some
staining was also seen in intracellular organelles that presumably
represent endosomes, as described for the localization of Fyn in
other cell types.31 Similar findings were obtained with cells
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overexpressing wild-type TMEM16F. In contrast, cells expressing
D408G TMEM16F displayed localization of Fyn that was primarily
(~60%) cytosolic in the presence of ionomycin, differing from that
of cells treated with vehicle alone. Analogous effects were seen for
Lck, although, in contrast to Fyn, Lck did not show any endosomal
distribution (Fig. 5c).
Therefore, augmented lipid scrambling was accompanied by

reduced staining of 2B4 on the cell surface and by loss of the
association of Src kinases Fyn and Lck with the inner leaflet of the
plasma membrane.

Specific plasma membrane remodeling induced by lipid
scrambling
As mentioned above, the acidic phospholipids PS and PE are
normally concentrated at the inner leaflet of the plasma membrane,
where they are believed to provide electrostatic anchors for
molecules such as Src family kinases and G-proteins, which possess
complementary stretches rich in basic residues.19–23 To ascertain the
extent and specificity of the changes in the plasma membrane
caused by lipid scrambling, the distribution of previously described
genetically encoded membrane-bound fluorescent probes was
assessed.19,23

YT-S cells were stably transfected with cDNAs encoding a
reporter protein [enhanced (e) GFP or monomeric red fluorescent
protein (mRFP)], fused to the following sequences (Fig. 6a): (1) the
C2 domain of lactadherin that directly binds inner membrane PS
in a manner analogous to annexin V (mRFP-LactC2); (2) the
carboxy (C)-terminal region of K-Ras, containing nine basic
residues that bind to inner membrane acidic phospholipids via
electrostatic charges and containing a site of farnesylation (mRFP-
K-Ras); (3) the amino (N)-terminal region of Src, bearing six basic
residues that also interact with internal membrane acidic
phospholipids, in addition to a myristoylation signal (Nt-Src-eGFP);
(4) palmitoylation and acylation sequences from H-Ras that bind
the inner plasma membrane via hydrophobic interactions (eGFP-
Palm); (5) a glycosylphosphatidylinositol (GPI) anchor that
associates with the outer plasma membrane through hydrophobic
interactions (eGFP-GPI); and (6) the pleckstrin homology (PH)
domain of phospholipase C (PLC) δ that binds the inner plasma
membrane via phosphatidylinositol-4,5-biphosphate (PIP2) (PH-
PLCδ-eGFP).
The resulting YT-S derivatives were treated or not with

ionomycin to trigger lipid scrambling, and the association of the
probes with the plasma membrane was assessed. Similar to the
effect on Fyn and Lck (Fig. 5b–e), ionomycin disrupted the
association of mRFP-LactC2 and mRFP-K-Ras with the plasma
membrane (Fig. 6b, c). These effects were observed in YT-S cells
expressing D408G TMEM16F but not in cells overexpressing wild-
type TMEM16F or GFP alone. Ionomycin also triggered the loss of
membrane binding of Nt-Src-eGFP, and this effect was seen in
cells expressing D408G or overexpressing wild-type TMEM16F but
not in cells containing GFP alone (Fig. 6d).
In contrast, ionomycin had no impact on the membrane

association of eGFP-Palm and eGFP-GPI, which bind the inner and
outer leaflets of the plasma membrane via hydrophobic interac-
tions, respectively (Fig. 7a, b). Nonetheless, ionomycin provoked
marked dissociation of PH-PLCδ-eGFP from the plasma membrane
(Fig. 7c). This effect was seen in all cells, including cells expressing
GFP alone, implying that it was not related to lipid scrambling.
Ionomycin is known to activate calcium-dependent PLCs, which
deplete PIP2, the ligand for this probe, from the plasma membrane.
Thus, lipid scrambling was associated with the loss of PS at the

inner leaflet of the plasma membrane, as revealed by the mRFP-
LactC2 probe. It was also accompanied by overall loss of acidic
charges in the inner leaflet of the plasma membrane, as shown by
the dissociation of the mRFP-K-Ras and Nt-Src-eGFP probes.
However, there was no effect on the hydrophobicity of the plasma
membrane, as indicated by the eGFP-GPI and eGFP-Palm probes.

DISCUSSION
The loss of plasma membrane asymmetry, leading to PS exposure
at the cell surface, has been observed in two types of situations.
First, it is typical of cell death processes such as apoptosis,
pyroptosis, and necroptosis.6,15,16 In this context, it is a prelude to
cell death, and it triggers phagocytosis by macrophages.13,14

Second, the loss of plasma membrane asymmetry is seen in
physiological situations, independent of cell death. These settings
include platelet activation,4,17 during which loss of plasma
membrane asymmetry is needed for platelet degranulation and
hemostasis, and in pore-induced membrane repair,18 which
maintains plasma membrane integrity after damage is caused
by pore-forming agents such as bacterial toxins.
Previous studies showed that NK cells displayed an enhance-

ment of PS exposure on their surface during activation. For
instance, activated NK cells from mice infected with mouse
cytomegalovirus exhibited increased annexin V staining and
higher levels of activation markers CD69 and CD25.32 Augmented
staining was also observed for activated caspases. In another
report, the extent of NKG2D-mediated activation of mouse NK
cells was shown to correlate positively with PS exposure at the NK
cell surface.33 This correlation was accompanied by increased PI
staining, which is indicative of increased membrane permeability.
In light of these and related findings, it has been assumed that
activation-induced PS exposure on NK cells is a reflection of
ongoing NK cell death, which terminates NK cell activation.
However, as PS exposure, in addition to caspase activation and PI
staining, can be detected in immune cells that are not dying4,17,18,
it is unclear whether the loss of plasma membrane asymmetry in
NK cells is always a marker of ongoing cell death;34,35 our data
indicate that this loss of asymmetry is not necessarily a harbinger
of cell death.
Herein, we confirmed previous findings showing that activation of

NK cells is accompanied by increased PS exposure at the cell surface.
This was shown with normal mouse NK cells or with the human NK
cell line YT-S. Using a series of YT-S derivatives and genetically
modified target cells, we established that the extent of PS exposure
during NK cell activation was proportional to the level of NK cell
activation. Furthermore, PS exposure was not accompanied by any
appreciable increase in PI staining, one of the early markers of cell
death. Thus, in our studies, lipid scrambling during NK cell activation
did not lead to appreciable NK cell death.
To probe more directly the impact of lipid scrambling on NK cell

activation, we took advantage of the lipid scramblase TMEM16F,
which can be activated in response to an increase in intracellular
calcium.17,18,26 The D408G mutation renders TMEM16F hypersensi-
tive to calcium. By overexpressing wild-type TMEM16F or, to a
greater extent, expressing D408G TMEM16F, we found that an
increase in lipid scramblase activity in YT-S cells resulted in
augmented PS exposure. This effect was seen in response to the
calcium ionophores A23187 and ionomycin, tumor target cells and
PMA plus ionomycin. Importantly, as was the case in normal NK cells,
the response was independent of augmented PI staining. Moreover,
it was rapidly reversed when ionomycin was removed. Thus,
TMEM16F augmented the loss of plasma membrane asymmetry
during NK cell activation with a dearth of detectable cell death.
Further analyses showed that the increase in lipid scrambling

evoked by TMEM16F was accompanied by reduced NK cell-
mediated cytotoxicity toward tumor cells. This reduction was
observed whether or not target cells expressed CD48, suggesting
that it involved one or more activating NK cell receptors, including
2B4. Using 2B4 as a model activating receptor, we discovered that
enhanced lipid scrambling resulted in severely compromised 2B4-
mediated signaling. This was true for overall protein tyrosine
phosphorylation, calcium flux and Erk activation, which are known
to be initiated by Fyn in this setting and to be essential for 2B4-
dependent cytotoxicity. Confocal microscopy studies showed that
lipid scrambling was associated with the loss of Fyn binding to the
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inner leaflet of the plasma membrane. A similar effect was seen for
Lck. There was also a loss of 2B4 expression at the cell surface.
Thus, altogether, these data implied that augmented lipid
scrambling compromised NK cell activation by altering the
signaling machinery involved in the initiation of NK cell activation.
Studies using a series of fluorescent probes indicated that the

impact of augmented lipid scrambling on the interactions of
cellular proteins with the plasma membrane was specific. Probes
containing polybasic stretches, such mRFP-K-Ras and Nt-Src-eGFP,
displayed the loss of membrane binding in response to augmented
scrambling, supporting the idea that they interact with inner
membrane acidic phospholipids such as PS and PE. However, other
probes, such as eGFP-Palm and eGFP-GPI, which bind the plasma
membrane through hydrostatic interactions, were not affected.
Consequently, lipid scrambling caused a loss of membrane binding
specific for molecules with polybasic stretches but not for proteins
binding the membrane through alternative mechanisms.
Intriguingly, the effects of the overexpression of wild-type

TMEM16F and the expression of the activated version of TMEM16F
(D408G) were not identical. In general, the impact of wild-type
TMEM16F was much milder than that of D408G TMEM16F. This
outcome was evident with ionomycin-induced PS exposure, target
cell-induced PS exposure, 2B4-triggered protein tyrosine phosphor-
ylation, membrane dissociation of Fyn and Lck, loss of membrane
binding of the LactC2 or K-Ras probes, and reduced target cell
cytotoxicity. However, other effects of wild-type TMEM16F and

D408G TMEM16F were nearly identical, as was the case for 2B4-
induced calcium flux and the loss of membrane binding of the Nt-
Src probe. Given that the Nt-Src probe possesses only six basic
residues, compared to nine for the K-Ras probe, it is possible that
these differential effects are related to the extent of lipid
scrambling triggered by wild-type versus D408G TMEM16F. Perhaps
the interactions of the Nt-Src probe or of the machinery involved in
2B4-evoked calcium flux with the plasma membrane were less
stable or located in different membrane domains such that they
might be more easily reversed by enhanced lipid scrambling.
The identity of the lipid scramblase(s) responsible for activation-

induced lipid scrambling in NK cells remains to be clarified. We did
not detect reduced PS exposure in activated TMEM16F-deficient
NK cells, implying that TMEM16F is not implicated or essential for
this response (Fig. S2a, b). Notably, however, compared to
thymocytes, NK cells express lower levels of TMEM16F (www.
immgen.org). Another candidate scramblase is TMEM16K (ANO10),
which is also expressed in NK cells (www.immgen.org). However,
recent reports have suggested that this scramblase is primarily
localized to the endoplasmic reticulum, not the plasma mem-
brane.36 Thus, one or more currently unidentified scramblases are
presumably implicated. Given that PS exposure during NK cell
activation in the absence of TMEM16F enforced expression was
reduced by the calcium chelator BAPTA-AM, it is plausible that
these scramblase(s) are also activated by calcium. Future studies
will be needed to resolve this issue.
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In addition to NK cells, PS exposure has been reported during
the activation of other immune cell types. For example, it was
reported that a subset of activated CD4+ T cells express high
levels of PS at their surface.9 It was proposed that PS exposure in
this setting influenced T-cell migration. In another study, it was
suggested that TMEM16F is a negative regulator of T-cell
activation and prevents T-cell exhaustion.37 Although there was
no documentation of TMEM16F-dependent PS exposure in this
setting, an effect on multivesicular body formation in endosomes
was shown. In addition, engagement of the antigen receptor on B
cells was reported to lead to PS exposure.8 Once again, the impact
of this modification on B-cell functions was not determined.
Considering our findings, it is plausible that activation-induced
lipid scrambling occurs in all immune cells and that it is broadly
aimed at terminating immune cell activation.
Interestingly, a recent report suggested that in activated CD8+

T cells, localized PS exposure at the immunological synapse
prevents self-killing of activated T cells.34 It was proposed that this
protective effect was related in part to the quenching of perforin
by localized PS. Considering our data with NK cells, it is possible
that this impact was also due to a negative feedback effect of lipid
scrambling to prevent excessive T-cell activation. Furthermore, it
may relate to the ability of lipid scrambling to facilitate T-cell
membrane repair following self-damage by perforin, as we
reported for other pore-forming agents.18 Hence, the protective
influence of lipid scrambling in activated T cells may be
multifactorial. The same may be true for NK cells.
In summary, our results show that NK cell activation is

accompanied by a loss of lipid asymmetry in the plasma
membrane, seemingly attenuating NK cell activation responses.
These data also imply that the entire machinery maintaining lipid
asymmetry, that is, scramblases, flippases, and floppases, is collec-
tively critical for securing normal cell signaling and functions in NK
cells. Considering this homeostatic role, it is attractive to speculate
that alterations in the activity of these scramblases, flippases or
floppases, leading to loss of lipid asymmetry, can affect the
genesis of conditions where NK cell responses are modified or
compromised, including NK cell education, anergy, tolerance and
exhaustion. Similar activities may be evident in other immune cell
types, including T cells and B cells.

MATERIALS AND METHODS
Mice and cells
C57BL/6J mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). IL-2-activated NK cells (lymphokine-activated killer
cells; LAK cells) were produced as described elsewhere.38

TMEM16F-KO mice were previously described.18 Briefly, splenic
NK cells were first enriched with a negative selection kit (StemCell
Technologies) and then cultured for 5 days in complete RPMI 1640
medium supplemented with mouse IL-2 (1000 U/ml) (PeproTech).
YT-S, YAC-1, B16, RMA-S, CMT-93, HeLa, and K562 cells were
described previously.38 YT-S derivatives expressing mouse CD226
(wild-type or Y319F) or mouse SLAMF7 or neither and HeLa and
K562 cells expressing human CD48 or mouse SLAMF7 or neither,
and RMA-S cells expressing mouse CD155 or not, were described
elsewhere.28–30 All cell lines were cultured under the conditions
recommended by the providers. Animal experimentation was
conducted according to the guidelines of the Canadian Council for
Animal Care and approved by the Animal Care Committee of the
Institut de recherches cliniques de Montréal. It was also approved
by the Animal Ethics Committee of Huazhong University of
Science and Technology.

Plasmids and siRNAs
cDNAs encoding mouse or human TMEM16F and their mutants
were cloned into the pFB-GFP retroviral vector. Plasmids encoding
mRFP-LactC2, mRFP-K-Ras, Nt-Src-eGFP, eGFP-GPI, eGFP-Palm, and

PH-PLCδ-eGFP were kindly provided by Dr. Sergio Grinstein
(Toronto, Ontario, Canada).19,23 Cells were transduced with the
indicated cDNAs using retrovirus-mediated gene transfer. siRNAs
targeting mouse TMEM16F-encoding RNAs (GS105722) and Allstars
negative control siRNAs (SI03650318) were purchased from Qiagen.
siRNAs were electroporated into cells using an Amaxa Nucleofector
kit V (Lonza). The human Ano6 and 18S real-time PCR primers
used were as follows: Ano6: forward, TGTCCCCGATTTGGGATCACT;
reverse, CGTATGCTTGTCTTTTCCTCCT. 18S: forward, CAGCCACCCG
AGATTGAGCA; reverse, TAGTAGCGACGGGCGGTGTG.

Annexin V, antibodies, and other reagents
PS externalization at the cell surface was detected by staining with
annexin V (BioLegend) in the presence of PI to identify cells with
altered membrane permeability (Sigma). Antibodies against
human 2B4 (C1.7) were obtained from BioLegend. Western blot
antibodies against β-actin (C4) were obtained from Santa Cruz.
Antibodies against Fyn, Lck, SAP, SLAMF6, DNAM-1, and mouse
TMEM16F were generated in our laboratory and described
elsewhere.18,39,40 Anti-phosphotyrosine antibody (4G10) was from
Millipore. Antibodies against phosphorylated Erk (E10) and p44/42
MAPK (9102) were purchased from Cell Signaling Technology.
Ionomycin, A23197, DMSO, wortmannin, BAPTA-AM, and PMA
were obtained from Sigma. Under the conditions used, ionomycin
had no appreciable toxic effects on NK cells or target cells (data
not shown).

Flow cytometry, calcium flux, and immunoblotting
Flow cytometry, a calcium flux assay and immunoblotting were
performed as described elsewhere.18,38 Immunoblots were quan-
tified by ImageJ and normalized for total Erk1/2.

PS exposure
To study PS exposure during NK cell activation, NK cells were
incubated for 4 h at 37 °C in complete medium containing target
cells at an effector:target ratio of 1:1 or containing no target cells.
PS exposure triggered by calcium ionophores was studied as
described elsewhere.26 Briefly, after washing cells at room
temperature (RT) in phosphate-buffered saline, cells were treated
or not for 5 min with ionomycin (10 μM) or A23187 (10 μM) in
calcium-free HBSS buffer. After the indicated treatments, the cells
were pelleted and stained with annexin V and PI and then
subjected to flow cytometry (CyAn, Dako).

NK cell cytotoxicity and degranulation
The 51Cr release and CD107a exposure assays were performed as
described previously.38 Briefly, for 51Cr release, NK cells were
incubated for 6 h at 37 °C with target cells preloaded with 51Cr at
the indicated effector:target ratios. Supernatants were then
assayed for 51Cr release. For CD107a exposure, mice were injected
with poly(I:C) (200 μg per mouse) intraperitoneally, and spleno-
cytes were isolated 48 h later. Then, the splenocytes were
cocultured for 6 h with target cells in the presence of an anti-
CD107a antibody. NK cells were gated as TCRβ−NK1.1+.

Antibody-mediated stimulation of 2B4
Protein tyrosine phosphorylation, Erk activation, and calcium
influx induced by antibody-mediated stimulation of 2B4 were
measured as outlined in a previous report.38

Confocal microscopy
To assess the localization of the fluorescent probes, cells were
treated or not with ionomycin as described above for flow
cytometry. After treatment, the cells were fixed in a solution
containing freshly prepared 2% (vol:vol) paraformaldehyde and
directly mounted onto cover slides for staining with rabbit anti-
Fyn or anti-Lck antibody. Goat anti-rabbit IgG-Alexa Fluor 594 was
used as the secondary antibody (Invitrogen). Data were acquired
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using an LSM-710 laser-scanning microscope (Carl Zeiss). The
results were further analyzed by ImageJ (NIH). In the absence of
ionomycin, fluorescent probes, as well as Fyn and Lck, were
primarily attached to the plasma membrane, forming a tight and
thin layer at the periphery of the cell. In contrast, upon
dissociation from the plasma membrane, diffuse cytoplasmic
fluorescence was observed. The “dissociation ratio” was calculated
as the number of cells with diffuse cytoplasmic fluorescence
compared to the total number of cells in each picture. Typically,
pictures contained 20–50 cells, and 7–10 pictures of each sample
were counted, for a total of 140–500 cells per condition. The
fluorescence profile was quantified by ZEN software (Carl Zeiss).

Statistical analyses
Prism software V7 was used for the statistical analysis.
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