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Abstract
The	epsilon	 toxin	 (Etx)	 from	Clostridium perfringens has been identified as a poten-
tial	trigger	of	multiple	sclerosis,	functioning	as	a	pore-	forming	toxin	that	selectively	
targets	cells	expressing	the	plasma	membrane	(PM)	myelin	and	lymphocyte	protein	
(MAL).	Previously,	we	observed	that	Etx	 induces	 the	 release	of	 intracellular	ATP	 in	
sensitive	 cell	 lines.	Here,	we	 aimed	 to	 re-	examine	 the	mechanism	of	 action	of	 the	
toxin	 and	 investigate	 the	 connection	 between	 pore	 formation	 and	 ATP	 release.	
We examined the impact of Etx on Xenopus laevis	oocytes	expressing	human	MAL.	
Extracellular	ATP	was	assessed	using	the	 luciferin-	luciferase	reaction.	Activation	of	
calcium-	activated	chloride	channels	(CaCCs)	and	a	decrease	in	the	PM	surface	were	
recorded	using	the	two-	electrode	voltage-	clamp	technique.	To	evaluate	intracellular	
Ca2+ levels and scramblase activity, fluorescent dyes were employed. Extracellular 
vesicles were imaged using light and electron microscopy, while toxin oligomers were 
identified through western blots. Etx triggered intracellular Ca2+ mobilization in the 
Xenopus	oocytes	expressing	hMAL,	leading	to	the	activation	of	CaCCs,	ATP	release,	
and a reduction in PM capacitance. The toxin induced the activation of scramblase 
and, thus, translocated phospholipids from the inner to the outer leaflet of the PM, 
exposing phosphatidylserine outside in Xenopus	oocytes	and	in	an	Etx-	sensitive	cell	
line. Moreover, Etx caused the formation of extracellular vesicles, not derived from 
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1  |  INTRODUC TION

Pore-	forming	 bacterial	 toxins	 (PFTs)	 are	 remarkable	 proteins	 that	
are	 secreted	 as	 soluble	 hydrophilic	 monomers.	 Upon	 activation,	
they assemble into oligomers that are then inserted within the 
plasma	membrane	(PM).1,2	The	epsilon	toxin	(Etx),	a	PFT	produced	
by Clostridium perfringens types B and D, is thought to exert its cyto-
toxic	effect	by	creating	ion-	conducting	pores	in	planar	lipid	bilayers.	
The crystal structure of the soluble monomer of Etx has been re-
vealed	through	x-	ray	crystallography,3	while	cryo-	electron	micros-
copy has shown that its heptameric structure consists of a double 
β-	barrel	pore,	which	has	a	large	internal	lumen	measuring	2.4 nm	in	
diameter.4

The effect of Etx on cellular processes has been gaining increas-
ing attention, particularly regarding its potential involvement in the 
development and progression of multiple sclerosis, a severe demye-
linating disease associated with immune system dysfunction.5–7 Etx 
has a selective cellular action due to its specific interaction with its 
putative	receptor,	the	myelin	and	lymphocyte	protein	(MAL).	The	piv-
otal	 study	demonstrating	 the	 requirement	of	MAL	 for	 the	cytotoxic	
and lethal activity of Etx8	has	been	supported	by	subsequent	 inves-
tigations,9–12	making	MAL	the	most	widely	accepted	receptor	candi-
date.	MAL	is	a		17-	kDa	protein	with	four	transmembrane	domains	and	
is highly expressed in T lymphocytes, myelin, and polarized epithelial 
cells.	Notably,	 it	has	been	shown	that	only	cells	expressing	MAL	are	
sensitive to Etx.9,13–15

Etx stimulates the release of ATP in cells that express 
MAL,9,13,16–18	suggesting	an	Etx-	mediated	direct	communication	be-
tween	the	cytosol	and	the	extracellular	media.	This	ATP	release	 is	
believed to occur through channels formed by the Etx oligomers. In 
contrast to cell culture, the experimental model of Xenopus oocytes 
offers	a	unique	opportunity	to	record	the	release	of	ATP	from	a	sin-
gle cell19 and is electrically accessible to detect the presence of toxin 
pores at their PM.

Cellular swelling and the formation of membrane blebs are char-
acteristic features observed in cells impacted by PFTs.20–22 Similar 
results have been documented in cells exposed to Etx.23–26 However, 
the specific molecular mechanisms underlying these changes in 
membrane reorganization remain unknown. In this study, we aimed 
to	 investigate	 the	mechanisms	 underlying	 Etx-	dependent	 ATP	 re-
lease	and	the	formation	of	extracellular	vesicles	 (EVs)	 through	the	

involvement of scramblases, a group of enzymes that facilitate the 
exchange of phospholipids between the two leaflets of the mem-
brane.27 Scramblases are also known to contribute to membrane 
curvature and the formation of EVs.27 Interestingly, scramblases 
belong to the same family as calcium-	activated	 chloride	 channels	
(CaCCs),	which	are	naturally	expressed	in	the	PM	of	Xenopus  laevis 
oocytes. Therefore, we examined the impact of Etx on Xenopus  lae-
vis	oocytes	expressing	human	MAL	(hMAL),	in	combination	with	the	
MOLT-	4	cell	line,	to	elucidate	the	role	of	CaCCs	and	scramblases	in	
Etx-	mediated	actions.

2  |  MATERIAL S AND METHODS

The materials and methods used are thoroughly explained in the S1 
section. In summary, the synthesis and activation of pEtx were per-
formed as previously described.9,17 Xenopus laevis specimens were 
handled in accordance with the guidelines approved by the local 
Catalan	Government	(reference	192/16,	Animal	Welfare	Committee	
of	the	University	of	Barcelona).	Xenopus laevis oocytes were defollic-
ulated	using	Liberase™	and	subsequently	injected	with	cRNA	encod-
ing	the	membrane	proteins	of	interest.	The	hMAL	gene	was	cloned	
from	cDNA.9 The silencing of the endogenous membrane proteins 
xMAL	and	xTMEM16A was achieved through the injection of anti-
sense oligonucleotides.

Extracellular	 ATP	 levels	 were	 continuously	 measured	 using	
the	 D-	luciferin	 and	 luciferase	 reaction.	 Two-	electrode	 voltage-	
clamp was utilized to record membrane currents and capacitance. 
Intracellular calcium levels and scramblase activity were observed 
using	 Calbryte™	 520	 and	 pSIVA™-	IANBD	 on	 a	 confocal	 micro-
scope. The generation of EVs, retrieved via centrifugation from the 
	oocyte	 treatment	 medium,	 was	 observed	 through	 phase-	contrast	
microscopy and analyzed with electron microscopy or conventional 
immunoblotting.

Scramblase activity was also assessed in the MOLT4 cell line9 
using	confocal	microscopy	and	flow	cytometry.	For	 recording	ATP	
release	and	the	voltage-	clamp	experiments,	we	used	two	recording	
solutions:	 Frog	 Ringer	 (FR),	 which	 contained	 115 mM	NaCl,	 2 mM	
KCl,	1.8 mM	CaCl2,	1 mM	MgCl2,	and	10 mM	HEPES	(pH 7.6,	osmo-
larity	220 mOsm),	and	Mg-	FR	with	1 mM	EGTA	(MgFR-	1 mM	EGTA	
or low Ca2+),	which	contained	115 mM	NaCl,	2 mM	KCl,	1 mM	MgCl2, 

AEI/10.13039/501100011033,	PID2021-	
126677NB-	I00	and	SAF2017-	85818-	R;	
European Regional Development Fund

apoptotic bodies, through PM fission. These vesicles carried toxin heptamers and 
doughnut-	like	structures	in	the	nanometer	size	range.	In	conclusion,	ATP	release	was	
not directly attributed to the formation of pores in the PM, but to scramblase activity 
and the formation of extracellular vesicles.

K E Y W O R D S
calcium-	activated	chloride	channels,	epsilon	toxin,	extracellular	vesicles,	pore-	forming	toxins,	
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0.1 mM	CaCl2,	 1 mM	EGTA,	 and	10 mM	HEPES	 (pH 7.6,	 osmolarity	
220 mOsm,	and	an	estimated	[Ca2+]	of	3 nM).

The data and statistical analysis adhered to the recommenda-
tions of the British Journal of Pharmacology regarding the experimen-
tal design and analysis in pharmacology.28

2.1  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http:// www. guide topha rmaco logy. 
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,29 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20.(30,31)

3  |  RESULTS

3.1  |  Oocyte PM permeability

ATP	 release	 was	 recorded	 in	 single	 Xenopus oocytes using the 
	D-	luciferin-	luciferase	 luminescence	 reaction.	 Oocytes	 injected	
with	hMAL	cRNA	 (hMAL	oocytes)	 released	ATP	 in	 the	presence	
of	Etx,	whereas	 the	control	non-	injected	oocytes	 (WT)	were	 in-
sensitive	to	Etx	and	did	not	release	ATP.	We	did	not	observe	any	
release	 of	 ATP	 from	 hMAL	 oocytes	when	 the	 prototoxin	 (pEtx)	
(the	toxin	precursor	with	much	less	activity)	was	used	instead	of	
the	active	Etx	(Figure 1A).	We	explored	two	pathways	of	ATP	re-
lease: through Etx pores in the PM or by the exocytosis of secre-
tory granules.

F I G U R E  1 Etx	induced	ATP	release	from	individual	Xenopus laevis	oocytes.	(A)	ATP	release	from	single	oocytes.	Etx	was	added	at	time	
0.	The	green	trace	is	the	mean	of	the	relative	increase	in	light	due	to	the	release	of	ATP	from	oocytes	expressing	hMAL.	Solution,	(FR)	with	
CaCl2	and	Etx	300 nM	(N = 10).	Black	trace,	wild-	type	(WT)	oocytes	in	the	same	condition	(N = 10).	Blue	trace,	oocytes	expressing	hMAL	
treated	with	300 nM	of	the	prototoxin,	pEtx	(N = 5).	Vertical	bars	represent	±	SEM	at	the	indicated	times.	Note	that	in	WT	treated	with	Etx	
and	in	hMAL	oocytes	treated	with	prototoxin,	the	negative	relative	luminescence	values	were	due	to	the	spontaneous	decline	in	the	initial	
light	emitted	by	the	luciferin-	luciferase	reaction,	indicating	that	no	ATP	was	released.	(B)	Etx	(300 nM)	induced	currents.	Red	trace,	hMAL	
expressing oocytes, N = 12.	t	Black	trace,	WT	oocytes,	N = 10).	The	membrane	potential	fixed	at	−40 mV.	Traces	are	the	mean	of	the	traces	
obtained from individual oocytes. Vertical bars represent ± SEM at the indicated times; for clarity, only half of the bars are shown. Violet 
trace,	a	known	pore-	forming	compound	(nystatin,	40 μM).	A	single	record	showing	an	increment	in	the	inward	current.	The	solid	black	box	
represents	the	presence	of	nystatin	or	Etx	in	the	medium.	(C)	The	light	chain	of	tetanus	neurotoxin	(TeNT-	LC)	was	used	to	test	whether	
ATP	release	was	due	to	the	exocytosis	of	cortical	granules	of	the	oocytes.	In	the	presence	of	Etx	(300 nM).	Brown	trace,	ATP	release	in	
oocytes	expressing	hMAL	and	injected	with	TeNT-	LC	(brown	trace,	T-	LC	inj,	(N = 10	oocytes).	Green	trace,	oocytes	expressing	hMAL	not	
injected	with	TeNT-	LC,	N = 24.	As	in	(A),	Etx	was	added	at	time	0.	(D)	Plot	of	simultaneous	recording	of	the	relative	membrane	capacitance	
(red	dots)	and	ATP	release/	luminescence	(blue	trace)	of	an	individual	hMAL-	expressing	oocyte.	Note	that	while	luminescence	increases	
PM	capacitance	decreases.	Etx,	300 nM.	Luminescence	is	expressed	in	arbitrary	units	(A.U).	As	in	(A)	and	(C),	Etx	was	added	at	time	0.	(E)	
Changes	in	the	relative	membrane	capacitance.	Red	line,	hMAL	oocytes,	N = 8.	Black	line,	WT	oocytes,	N = 11.	Membrane	potential	was	
clamped	at	−60 mV.	Vertical	bars	represent	±	SEM	at	the	indicated	times.	The	solid	black	bar	indicates	the	presence	of	Etx	(300 nM)	in	the	
medium.	Statistical	significance	(*)	p < .05.
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In contrast to the effect of other PFTs,32 Etx induced only a neg-
ligible	 increase	 in	 the	PM	conductance	of	hMAL	oocytes	clamped	
at	−40 mV	(Figure 1B),	suggesting	the	absence	of	pore	formation	by	
Etx.	However,	nystatin,	a	well-	known	pore-	forming	agent	used	as	a	
positive	control,	induced	a	current	of	up	to	0.7 μA	(Figure 1B).

Secretory granules may undergo exocytosis by constitutive or 
regulated pathways. We explored the possibility that the regulated 
exocytosis	of	endogenous	secretory	granules	of	oocytes	releases	ATP	
by	pre-	injecting	the	light	chain	of	the	tetanus	neurotoxin	(TeNT-	LC),	
which blocks exocytosis by cleaving synaptobrevin in Xenopus oo-
cytes.33	However,	 this	strategy	did	not	 impair	Etx-	induced	ATP	re-
lease	(Figure 1C, S1A).	It	should	be	noted	that	the	proteolytic	activity	
of	the	injected	TeNT-	LC	had	been	previously	checked	in	rat	brain	syn-
aptosomes	(Figure S1B).	To	test	a	hypothetical	SNARE-	independent	
pathway of exocytosis, we also measured PM capacitance on the 
basis that the exocytosis of endogenous secretory granules should 
cause an increase in the cell PM capacitance; however, contrary to 
the	expected	result,	we	observed	a	slight	decrease	(Figure 1D,E)	that	
was absent from the WT oocytes treated with Etx.

3.2  |  Intracellular Ca2+ concentration

Although	 ATP	was	 not	 released	 via	 secretory	 granule	 exocytosis,	
which	 requires	 an	 increase	 in	 intracellular	 [Ca2+], we wanted to 
check	the	dependence	of	Etx-	induced	ATP	release	on	this	cation.	To	
test this, we first evaluated the effect of the intracellular injection of 
the Ca2+	 chelating	agent	EGTA,	which	prevented	Etx-	induced	ATP	
release	 (Figure 2A, Figure S2A).	Conversely,	 an	 extracellular	 solu-
tion	containing	EGTA	with	an	estimated	final	concentration	of	3 nM	
Ca2+	sustained	the	Etx-	induced	ATP	release	(Figure 2A, Figure S2A),	
suggesting	that	the	ATP	release	depends	on	intracellular	Ca2+ mobi-
lization.	The	increase	in	intracellular	[Ca2+] induced by Etx was effec-
tively monitored using the Ca2+	indicator	Calbryte™	520	(Figure 2B),	
with the Ca2+	ionophore	A23187	as	the	control	(Figure S2B).

3.3  |  CaCC activation

To	further	explore	the	effect	of	the	Etx-	induced	increase	in	intracellu-
lar	[Ca2+], we measured CaCC activity in Xenopus oocytes. CaCCs are 
exquisite	sensors	of	intracellular	[Ca2+] that are activated by changes 
in	 intracellular	 [Ca2+] and voltage.34–36 Etx, but not pEtx, activated 
endogenous	CaCCs	 (Figure 2C),	 increasing	 the	currents	obtained	at	
+90 mV	in	both	the	hMAL	and	WT	oocytes	(Figure 2D, Figure S2C).	In	
the	hMAL	oocytes,	the	increase	was	almost	two-	fold	compared	to	that	
in	the	WT	oocytes,	with	the	maximal	response	observed	at	20 min.

CaCC	currents	were	larger	in	the	hMAL	oocytes	than	in	the	WT	
ones. This difference might be related to variations in the molecu-
lar	structures	of	hMAL	and	the	endogenous	Xenopus	MAL	(xMAL),	
which	both	contain	four	transmembrane	domains.	A	comparison	of	
the	sequences	and	the	 tertiary	structure	of	both	proteins	showed	
their similarity, as presented in Figure S3A,B.

Injecting	 antisense	 oligonucleotide	 (α-	xMAL)	 to	 prevent	 the	
translation	of	the	xMAL	mRNA	strongly	inhibited	the	Etx-	dependent	
activation	of	CaCCs	in	the	WT	oocytes	(Figure 3A).

As	stated	above,	hMAL	oocytes,	but	not	WT	oocytes,	released	ATP	
under	the	influence	of	Etx	(Figure 1A).	To	confirm	the	role	of	CaCCs	
in	ATP	release	 in	 the	hMAL	oocytes	and	 the	activation	of	 the	 ionic	
current by Etx, we used N-	((4-	methoxy)-	2-	naphthyl)-	5-	nitroanthranilic	
acid	(MONNA),	a	potent	and	selective	inhibitor	of	slow	and	fast	com-
ponents of the CaCC.37	MONNA	 inhibited	 the	 Etx-	activated	CaCC	
currents	in	the	hMAL	oocytes	(Figure 3B),	but	also	strongly	decreased	
Etx-	induced	ATP	release	(Figure 3C, Figure S4A).	We	ruled	out	a	direct	
effect	 (at	 the	concentration	used)	of	MONNA	on	 the	 luminescence	
reaction	used	to	detect	ATP.	Moreover,	the	injection	of	the	antisense	
nucleotide	 against	 endogenous	 CaCCs	 (α-	xTMEM16A)	 decreased	
ATP	release	(Figure 3C, Figure S4A)	and	Etx-	activated	CaCC	currents	
(Figure 3D).	The	reversal	potentials	of	currents	activated	by	Etx	were	
in	 the	 expected	 range	 of	 the	 equilibrium	potential	 of	Cl−.	Although	
there	was	no	significant	difference	between	the	hMAL	and	WT	oo-
cytes treated with the toxin, the reversal potential at time zero was 
significantly	different	to	that	at	20 min	in	both	conditions	(Figure S4B).

3.4  |  Morphological changes at the oocyte surface

Morphological comparison of the oocyte surface by light inter-
ference	 microscopy	 before	 (Figure 4A)	 and	 after	 Etx	 incubation	
(Figure 4B)	 revealed	 the	 presence	 of	 small	 spherical	 structures	
moving	and	flickering	in	close	contact	with	the	PM	(Movie S1).	The	
observations	 of	 the	 oocyte	 surface	 (Movies S1 and S2)	 indicated	
vesicle budding and shedding from the PM as a result of the action 
of	Etx	(Figure 4C and Movies S1 and S2).	By	contrast,	pEtx	did	not	
induce	the	massive	release	of	EVs	(Figure 4D–G).

Under	the	electron	microscope,	the	outer	surface	of	the		oocytes	
was not smooth due to the presence of numerous microvilli on the cell 
PM. Figure S5 shows the cell surface structure of Xenopus  oocytes. 
On the cytoplasmic side of the PM in the defolliculated  oocytes, 
we	found	numerous	expansions	of	 the	endoplasmic	reticulum	(ER)	
(Figure 5A–D)	forming	the	so-	called	endoplasmic	reticulum–plasma	
membrane	 (ER–PM)	 junctions.38 Etx did not severely disorganise 
the distribution of the oocyte granules in the cortical zone, but did 
change the PM, causing a decrease in the number of microvilli and 
the	appearance	of	complex	spherical	structures	(Figure 5E–H).

3.5  |  Scramblase activity

Phospholipid scrambling has been associated with the release of EVs.27 
Scramblases typically break the asymmetric distribution of phospholip-
ids in cell membranes, moving PS from its usual location on the inner 
leaflet of PMs to the outer leaflet. This redistribution of PS to the exter-
nal	cell	surface	can	be	monitored	with	the	fluorescent	probe	polarity-	
Sensitive	 Indicator	 of	 Viability	 and	 Apoptosis	 (pSIVA).	 In	 the	 hMAL	
oocytes,	Etx	induced	a	diffuse	increase	in	the	fluorescence	of	pSIVA,	
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with	some	bright	spots	(Figure S6A,B,E;	in	red),	in	contrast	to	that	ob-
served	with	pEtx	(Figure S6C–E;	in	blue).	This	suggested	the	presence	
of	 Etx-	induced	 scramblase	 activity.	 In	 the	 Etx-	sensitive	MOLT-	4	 cell	
line, Etx induced the extracellular exposure of PS, while pEtx did not 
(Figure S6F,G, and Movies S3 and S4).	 This	 effect	was	 corroborated	
by	flow	cytometry	(Figure S7).	The	exposure	of	PS	on	the	extracellular	
leaflet of the PM is a characteristic of cell apoptosis, a cell death process 

that releases EVs as apoptotic bodies.39 To determine whether Etx in-
duces	cell	apoptosis,	we	analyzed	cleaved	caspase-	3	in	MOLT-	4	cells.	
Etx	did	not	activate	caspase-	3	during	the	20 min	of	its	action	(Figure 6).	
As	a	positive	control,	MOLT-	4	cells	were	incubated	with	staurosporine	
(ST)	overnight,40	which	resulted	in	the	cleavage	of	caspase-	3.	Even	after	
the	prolonged	overnight	incubation	with	Etx,	the	activation	of	caspase-
	3,	which	would	be	indicative	of	apoptosis,	was	not	observed	(Figure 6).

F I G U R E  2 Intracellular	Ca2+	is	a	key	element	for	calcium-	activated	chloride	channels.	(A)	ATP	release	from	oocytes	injected	with	hMAL	
RNA:	Green	trace,	oocytes	in	FR	(1 mM	CaCl2	and	1 mM	MgCl2; N = 10);	red	trace,	oocytes	bathed	in	the	MgFR	1 mM	EGTA	solution	(N = 32)	
with	an	estimated	[Ca2+]	of	3 nM.	Dark	blue	trace,	EGTA	(3 μM)	injected	hMAL	oocytes	in	the	FR	bathing	solution,	N = 13.	The	negative	
relative	luminescence	values	reflect	the	spontaneous	decline	in	initial	luminescence.	Etx	(300 nM)	was	added	at	time	zero.	(B)	Calbryte™	
520	fluorescence	emitted	by	oocytes.	Red	trace,	hMAL	oocytes,	N = 5.	Black	trace,	WT	oocytes,	N = 3.	The	horizontal	solid	black	bar	
indicates	the	presence	of	Etx	(300 nM)	in	the	low	Ca2+	recording	solution	(MgFR	1 mM	EGTA).	Because	this	fluorescent	methodology	does	
not	measure	the	actual	intracellular	[Ca2+],	we	used	a	limited	number	of	oocytes	to	reduce	the	number	of	animals	utilized	(only	three).	
Significance:	(*)	p < .05;	(**)	p < .01.	(C)	Endogenous	currents	of	voltage-	dependent	calcium-	activated	chloride	channels	(CaCC)	activated	by	
Etx	in	hMAL	oocytes:	(a)	black	traces,	before	and	(b)	green	traces,	5 min	after	adding	the	toxin	(300 nM).	Notice	that	slow-	onset	currents	at	
positive	potentials;	(c)	black	traces,	recording	before	and	(d)	dark	blue	traces,	5 min	after	adding	pEtx	(300 nM);	(e)	stimulus	protocol	(oocyte	
clamped	at	−40 mV	and	square	stimuli	from	−80 mV	to	+100 mV	for	250 ms).	(D)	Time	course	of	Etx-	induced	currents.	Upper panel: Red 
filled	circles,	hMAL	oocytes,	N = 11;	black	filled	circles,	WT	oocytes,	N = 14.	Each	point	corresponds	to	the	current	increase,	at	the	indicated	
time, at the end of a pulse of +90 mV	for	250 ms.	Red	empty	circles	and	black	empty	circles,	effect	of	pEtx	on	hMAL	oocytes	(N = 4)	and	WT	
oocytes	(N = 11)	respectively.	Lower panel:	Currents	were	stable	at	−40 mV	in	all	conditions	tested,	as	in	the	upper panel. Symbols mean same 
as	the	upper	panel.	The	horizontal	bar	represents	the	addition	of	Etx	or	pEtx	at	300 nM	at	the	indicated	time.	In	the	upper	panel,	asterisks	in	
gray	correspond	to	differences	between	hMAL	and	WT	oocytes	treated	with	Etx,	while	the	black	asterisks	and	double	asterisks	correspond	
to	the	comparison	between	hMAL	oocytes	treated	with	Etx	or	pEtx.	Significance:	(*)	p < .05;	(**)	p < .01.
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6 of 14  |     CASES et al.

The molecular structure of CaCC was resolved and identified as 
TMEM16A,	one	of	10	TMEM16	membrane	proteins	classified	 from	
A	to	K.27	The	TMEM16A	protein	and	its	mRNA	have	been	identified	

in Xenopus laevis oocytes41	and	the	TMEM16F	mRNA	has	also	been	
detected in Xenopus oocytes.42,43 While CaCCs are anionic channels, 
TMEM16F	has	been	identified	as	a	cation	channel	(44)	with	scramblase	

F I G U R E  3 Etx	targets	TMEM16A.	(A)	MAL-		and	Etx-	dependent	activation	currents.	Upper panel, currents at the end of a pulse of +90 mV	
for	250 ms.	Black	circles,	WT	oocytes,	data	from	Figure 2D	(N = 14).	Sky	blue	circles	represent	WT	α-	xM	oocytes,	corresponding	to	WT	
oocytes	previously	injected	with	the	antisense	oligonucleotide	against	endogenous	Xenopus	MAL	(α-	xMAL)	(N = 8	oocytes).	Lower panel, 
currents	measured	at	−40 mV.	The	horizontal	bar	represents	the	addition	of	Etx	or	pEtx	at	300 nM	at	the	indicated	time.	Significance:	(*)	
p < .05.	(B)	Effect	of	MONNA	(10 μM),	a	potent	blocker	of	CaCC,	on	currents.	Upper panel: Currents at +90 mV.	Red	filled	circles,	hMAL-		
oocytes	(data	from	Figure 2D, N = 11).	Green	filled	circles,	MONNA	in	hMAL	oocytes	(gray	trace;	N = 10,	(*)	p < .05).	Black	empty	circles,	
effect	of	MONNA	on	WT	oocytes	(N = 10).	For	clarity,	Etx-	activated	currents	in	WT	oocytes	(Figure 3A)	are	not	included.	Lower panel: 
MONNA	did	not	alter	currents	at	−40 mV.	Symbols	are	the	same	as	the	upper	panel.	The	horizontal	bar	represents	the	addition	of	Etx	or	
pEtx	at	300 nM	at	the	indicated	time.	Significance:	(*)	p < .05.	(C)	Etx-	induced	ATP	release	was	dependent	on	MAL	and	TMEM16	protein	
expression.	The	release	of	ATP	is	represented	by	bars	corresponding	to	the	accumulated	light	of	individual	oocytes	during	the	action	of	Etx.	
The	ochre	bar,	labeled	‘hMAL	oocytes	α-	T16A-	Etx,’	indicates	recordings	made	in	hMAL	oocytes	preinjected	with	antisense	oligonucleotides	
against endogenous Xenopus	oocyte	CaCCs	(α-	xTMEM16A).	The	sample	sizes	were:	HMAL	oocytes	with	Etx,	N = 19;	hMAL	oocytes	with	
MONNA	and	Etx,	N = 6;	and	hMAL	oocytes	with	α-	xT16	and	Etx,	N = 14.	Significance:	(*)	p < .05.	(D)	Analysis	of	Etx-	dependent	activation	
currents	in	hMAL	oocytes	injected	with	α-	xTMEM16A	oligonucleotides.	Upper panel: +90 mV	evoked	currents.	hMAL	oocytes	(data	from	
Figure 2D, N = 11).	Ochre	filled	circles,	hMAL	oocytes	injected	with	oligonucleotide	antisense	α-	xTMEM16A,	labeled	as	hMAL	α-	T16A,	
N = 14.	Black	empty	circles,	WT	oocytes	injected	with	α-	xTMEM16A,	labeled	as	WT	α-	T16A	(N = 10).	As	in	panel	3B,	Etx-	activated	currents	
in WT oocytes are not shown. Lower panel:	The	antisense	oligonucleotide	did	not	modify	currents	at	the	holding	potential	of	−40 mV.	The	
horizontal	bar	represents	the	addition	of	Etx	or	pEtx	at	300 nM	at	the	indicated	time.	Significance:	(*)	p < .05.
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    |  7 of 14CASES et al.

activity that permits lipid exchange between the membrane leaflets 
without the expenditure of metabolic energy. To explore the possible 
role	of	TMEM16F	(with	its	inherent	scramblase	activity)	in	Etx-	induced	
ATP	release,	human	TMEM16F	was	co-	overexpressed	with	hMAL	in	
Xenopus	oocytes.	This	co-	overexpression,	which	is	required	because	
endogenous	 xTEM16F	 is	 poorly	 expressed	 in	 the	PM,43 resulted in 
a	decrease	 in	Etx-	induced	ATP	release	(Figure S8A).	 In	this	context,	
the apparent affinity of Ca2+	for	TMEM16F	was	lower	than	that	for	
TMEM16A.45 To overcome this, we increased Ca2+ entry by using the 
Ca2+	 ionophore	A23187	in	a	medium	containing	1 mM	CaCl2, which 
activated	CaCC	currents	in	the	WT	oocytes	(Figure S8B,C).	Using	this	
approach,	ATP	release	was	not	observed	in	the	WT	oocytes,	but	it	was	
detected	in	the	oocytes	expressing	hTMEM16F	(human	TMEM16F)	in	
the	presence	of	A23187	and	a	very	high	(10 mM)	extracellular	concen-
tration of CaCl2	(Figure S8D,E),	with	ATP	release	also	lower	than	that	
in	the	hMAL	oocytes	treated	with	Etx.

3.6  |  EVs and Etx oligomers

The	 EVs	 derived	 from	 the	 Etx-	treated	 hMAL	 oocytes	 were	 con-
centrated by centrifugation and subjected to western blot analysis. 
The supernatant was free of any label. The membranous fraction 
displayed two bands. The stronger band with the lower molecular 

weight corresponded to Etx monomers, while the other band of 
roughly	213 kDa	corresponded	to	Etx	heptamers	(Figure 7A).	Under	
electron	microscopy	with	negative	staining	(a	different	technique	to	
that used in Figure 5A–H),	we	 observed	 the	 ultrastructure	 of	 the	
EVs.	At	a	higher	resolution,	doughnut-	like	structures	were	observed	
that	measured	22.8 nm	in	diameter,	with	an	inner	barrel	measuring	
8.5 nm	(Figure 7B–G).

4  |  DISCUSSION

We report several new key findings regarding the effects of Etx 
on Xenopus oocytes. Etx mobilizes intracellular calcium, activates 
CaCCs, exposes PS on the PM, promotes EV formation, does not 
form	membrane	pores	directly	in	the	PM,	and	triggers	ATP	release.	
Additionally,	EVs	contain	Etx	oligomers	and	show	structures	resem-
bling membrane pores. We aim to address and unify these observa-
tions in our Discussion.

Our	 initial	 hypothesis	was	 that	Etx	pores	 can	account	 for	ATP	
release based on a previous report showing that Etx forms pores 
in lipid bilayers46	as	well	as	on	a	study	revealing	the	cryo-	electron	
microscopic structure of Etx pores assembled on membranes.4 The 
pores	have	 a	 large	 conductance	 (500	pS)46 and an inner diameter 
of	2.4 nm4	and	should	permit	the	passage	of	ATP	molecules,	given	

F I G U R E  4 Generation	of	EVs	in	Etx-	treated	hMAL	oocytes.	(A)	Interference	light	microscopy	image	of	the	oocyte	surface	before	adding	
the	toxin.	The	dark	zone	corresponds	to	the	oocyte	as	a	non-	transparent	body.	The	interface	between	the	oocyte	surface	and	the	medium	was	
diaphanous.	(B)	Image	of	this	interface	after	30 min	exposure	to	Etx.	In	the	area	delimited	with	a	white	discontinuous	line,	the	focal	plane	was	
adjusted	to	reveal	vesicles	after	the	addition	of	toxin.	Vesicle-	like	structures	accumulated	around	the	oocyte	with	the	appearance	of	bright	or	
dark	spheres	of	different	diameters	(scale	bar	for	I	and	J:	100 μm, Movie S1).	These	observations	were	made	in	oocytes	from	six	independent	
experiments.	(C)	Image	sequence	(Ca–Ce)	of	the	formation	and	excision	of	an	EV	taken	from	Movie S2. The black surface corresponds to a 
delimited	area	of	an	oocyte.	The	black	arrows	point	to	the	vesicle	being	excised	from	the	oocyte.	Images	were	taken	every	30 s.	In	(Ca),	the	
vesicle	appears	fuzzy	and	out	of	focus,	but	in	contact	with	the	PM;	in	(Cb),	(Cc)	and	(Cd),	it	is	moving	towards	the	plane	of	focus;	in	(Cd)	and	(Ce)	
appears	clearly	separated	from	the	PM;	in	(Ce),	it	is	nearly	in	the	plane	of	focus.	Arrowheads	in	(Ca)	point	to	an	attached	EV	and	the	shadow	
of	another	vesicle	(scale	bar:	100 μm).	(D–G)	Effect	of	pEtx.	The	interface	between	the	oocyte's	surface	and	the	surrounding	medium	is	
transparent.	Notably,	remnants	of	the	follicular	layer	are	visible	on	the	oocyte's	surface,	indicated	by	the	arrow.	The	focal	plane	was	periodically	
adjusted to capture these remnants. Our observations from four distinct experiments reveal that the presence of EVs remained minimal within 
a	30-	min	period	when	pEtx	was	administered	at	a	concentration	of	300 nM.	Magnification	is	the	same	as	that	of	(B).
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8 of 14  |     CASES et al.

their	diameter	of	0.7 nm.47 However, our electrophysiological exper-
iments	with	Etx-	treated	hMAL	oocytes	showed	that	Etx	did	not	sig-
nificantly increase the PM conductance, which is in contrast to the 
action	of	another	pore-	forming	toxin	(PFT)	(Cry	toxin)	in	Xenopus oo-
cytes.32	Consequently,	at	least	in	the	case	of	Xenopus	oocytes,	ATP	is	
released through alternative pathways. Further details are provided 
in Supplementary Comment I.

We investigated whether the exocytosis of endogenous gran-
ules in Xenopus oocytes could be an alternative mechanism for 
ATP	release.	Our	 findings	 indicate	 that	Etx-	induced	ATP	release	 is	
dependent	 on	 intracellular	 [Ca2+], which supports the exocytosis 
of	 secretory	 granules.	 However,	 LC-	TeNT,	 an	 inhibitor	 of	 granule	

exocytosis in Xenopus oocytes,33	did	not	inhibit	Etx-	induced	ATP	re-
lease. Typically, secretory granule exocytosis increases membrane 
capacitance due to the addition of the membranes of the secretory 
granules. By contrast, we observed a reduction in membrane capaci-
tance. Experiments with simultaneous luminescence and current re-
cordings	revealed	a	delayed	ATP	release	compared	to	the	membrane	
capacitance	decrease,	supporting	the	conclusion	that	ATP	release	is	
independent of exocytosis.

The decrease in membrane capacitance coincided with the pres-
ence of EVs surrounding the oocyte surface, suggesting that the for-
mation of these vesicles accounts for the reduction in the PM surface 
area. EVs are recognized for their roles in cell physiology48–50 and 

F I G U R E  5 Ultrastructural	changes	of	the	PM	induced	by	Etx.	(A)	Electron	micrograph	of	a	WT	oocyte	segment	containing	cytoplasmic	
cortical	granules	(GC)	and	PM.	Note	the	highly	undulated	PM	with	numerous	microvilli	(mv)	covered	with	a	glycocalyx	(gc).	Endoplasmic	
reticulum	cisternae	(ER)	were	abundant	near	the	PM	(scale	bar:	1 μm).	(B–D)	correspond	to	higher	magnifications	of	the	square's	insights	
from	(A).	The	arrow	shows	the	ER	in	close	contact	with	the	PM	(i.e.,	ER–PM	junctions).	Scale	bar	for	A = 0.2 μm;	for	(B–D),	scale	bar = 0.1 μm).	
(E)	The	surface	and	the	PM	of	a	defolliculated	WT	oocyte.	Note	the	microvilli	(mv)	of	the	PM,	the	CG	close	to	the	PM,	the	smaller	dark	
granules	containing	melanin	(MG)	and	the	yolk	granules	(YG)	in	the	deepest	part	of	the	micrograph.	The	black	shadow	corresponds	to	the	
copper	grid.	(F–H)	Etx-	induced	EVs	generation	in	hMAL	oocytes.	(F)	Effect	of	30 min'	exposure	of	hMAL	oocyte	to	Etx	(300 nM).	While	
granules	showed	no	apparent	change,	the	PM	showed	sophisticated	changes,	especially	the	presence	of	spherical	structures	(arrows)	(scale	
bar	for	E	and	F:	10 μm).	(G)	shows	the	content	of	the	inset	from	(F),	where	a	spherical	structure	is	delimited	by	a	double	PM	separated	by	a	
very	thin	portion	of	cytoplasm	containing	internal	membranes	(arrowheads).	(H)	Another	example	of	a	spherical	structure	(arrow)	from	a	
different	hMAL	oocyte	with	slightly	different	organization,	also	showing	internal	membranous	structures	(arrowheads)	(scale	bar	for	G	and	
H:	1 μm).	Images	were	obtained	from	two	independent	experiments.
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    |  9 of 14CASES et al.

intercellular signaling.27 Three main groups of EVs have been iden-
tified: exosomes, ectosomes, and apoptotic bodies.39 Due to their 
size,	 exosomes,	 which	 are	 generated	 through	 an	 endo-	exocytosis	
membrane cycle, were ruled out as the predominant population. Our 
experiments	with	caspase-	3	also	indicated	that	these	vesicles	were	
not predominantly apoptotic bodies. Finally, ectosomes, which are 
formed by the pinching off of the PM, are likely to be the vesicles ob-
served. In this context, movie 2 supports this conclusion. However, 
more	experimental	work	is	required	to	establish	the	molecular	and	
cellular nature of this EV population in accordance with the guide-
lines of the International Society for Extracellular Vesicles.39

The	MAL	protein	 is	 the	proposed	receptor	for	Etx	from	C. per-
fringens.8	Our	findings	show	that	hMAL-	expressing	Xenopus oocytes 
	release	ATP	similarly	to	several	cell	types	that	are	sensitive	to	Etx9,16 
and as observed with other PFTs.51 The high specificity of the effect of 

Etx in Xenopus	oocytes	expressing	hMAL	was	revealed	by	the	fact	that	
the	expression	of	other	unrelated	proteins	(such	as	Kir4.1	channels	
or	aquaporin)	did	not	make	them	responsive	to	Etx	(Figures S9–S11).	 
Although	Etx	is	reported	to	subtly	inhibit	Kir	channels	in	oligoden-
drocytes,52 our experiments showed no such activity.

It	 should	 be	 noted	 that	 human	MAL,	 but	 not	 the	 endogenous	
MAL	of	Xenopus	oocytes,	supports	the	Etx-	induced	release	of	ATP.	
Based on the hydrophobic interaction and hydrogen bonds,53 key 
amino	acids	 in	 the	 largest	 isoform	of	MAL	 (P21145-	1,	UniProt)	 in-
teract with Etx. It is not known whether Etx interacts with the other 
3	 isoforms	of	hMAL.	 It	 is	of	 interest	 to	understand	how	the	 inter-
action	 between	MAL	 and	 Etx	 results	 in	 intracellular	 Ca2+ mobili-
zation. Previous studies have suggested that Ca2+ is concentrated 
intracellularly	inside	the	smooth	ER	of	the	ER-	PM	junctions.54	MAL	
is found in lipid rafts,53 where G	protein-	coupled	receptors	(GPCRs)	

F I G U R E  6 Testing	the	apoptotic	effect	of	Etx.	MOLT-	4	cells	were	treated	with	pEtx,	(P)	or	Etx	(T)	for	5,	10,	and	20 min,	as	well	as	
overnight	(O/N).	The	shorter	times	(5,	10,	and	20 min)	correspond	to	periods	preceding	the	formation	of	membrane	blebs.	To	determine	
whether	EVs	induced	by	Etx	are	apoptotic	bodies	due	to	early	apoptosis	activation,	the	cleavage	of	caspase-	3	was	assayed.	In	the	upper	
panel, Etx is detected both as a monomer and as oligomers, with oligomer mobility indicated by a black arrow. Oligomers, which become 
more	evident	after	20 min	of	incubation,	serve	as	a	fingerprint	of	Etx	action.	In	the	middle	panel,	no	cleaved	caspase-	3	bands	were	observed	
except	in	cells	treated	overnight	(O/N)	with	staurosporine	(ST)	at	two	concentrations	used.	The	gray	arrow	indicates	the	cleaved	caspase-	3	
band.	In	contrast,	no	active	caspase-	3	was	detected	in	cells	incubated	overnight	with	Etx.	Note	that	the	vehicle	in	which	staurosporine	was	
diluted	(dimethyl	sulfoxide,	DMSO)	did	not	activate	caspase-	3	either.	In	the	lower	panel,	tubulin	was	detected	as	a	loading	control	in	the	
electrophoretic	analysis.	The	concentration	of	Etx	and	pEtx	was	100 nM.	This	figure	is	representative	of	the	three	independent	experiments	
performed.
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also occur. In sensory neurons, the activation of GPCRs by brady-
kinin mobilizes intracellular calcium by activating IP3R in the ER.55 
This type of local Ca2+ mobilization may funnel Ca2+ through the ER 
lumen to activate a spatially separate Ca2+ effector, which has been 
previously observed in Xenopus oocytes.56 In a set of preliminary ex-
periments,	we	explored	whether	the	MAL-	Etx	complex	can	activate	
GPCRs. Oocytes were injected with GDP-	β-	S,	 a	 non-	hydrolysable	
GDP	analog,	at	an	estimated	final	concentration	of	1 mM.	The	objec-
tive was to permanently inhibit the α-	Gq subunit, which is directly 
associated	with	 IP3	generation.	Among	the	four	oocytes	we	used,	
we	did	not	observe	Etx-	induced	ATP	release.	However,	we	could	not	
determine whether this lack of observation was due to an inhibitory 
effect or simply the death of the oocytes.

Lipid	 rafts	 also	 contain	 CaCCs/TMEM16,	 whose	 C-	terminus	
 interacts directly with the first intracellular loop of the IP3R. This 
interaction allows for direct Ca2+ mobilization.38,55,57,58 We exam-
ined the impact of 2-	aminoethoxydiphenyl	 borate	 (2-	APB),	 an	 an-
tagonist of the IP3R, at a concentration of 100 micromolar for a 
duration	of	30 min.	Despite	this	treatment,	Etx	continued	to	induce	
ATP	release	and	the	extended	incubation	resulted	in	oocyte	death,	

as	indicated	by	their	morphology	(data	not	shown).	Further	investi-
gation is needed to understand how Etx, through its interaction with 
MAL,	 generates	 IP3,	 activates	 the	 IP3R,	 and	 induces	Ca2+ release 
from the ER.

The	 increase	 in	 intracellular	 [Ca2+] induces the activation of 
CaCCs,	 which	 have	 been	 cloned	 in	 various	 cell	 types	 (41,59,60),	 in-
cluding Xenopus oocytes.36,41	CaCCs	are	also	known	as	TMEM16A,	
ANO1,	and	DOG1.	Etx-	induced	CaCC	activation	has	been	confirmed	
using	MONNA,	a	potent	TMEM16A	blocker,37	and	TMEM16A	anti-
sense	oligonucleotides	 (α-	xTMEM16A).	This	activation	depends	on	
the	presence	of	the	MAL	protein,	as	CaCC	currents	are	inhibited	by	
α-	xMAL	oligonucleotides.	Our	findings	suggest	that	activated	CaCCs	
may contribute to the reduction in the cellular and tissue resistance 
induced by Etx.61,62	CaCC	currents	in	Etx-	treated	oocytes	are	driven	
by	intracellular	[Ca2+],	although	they	can	also	respond	to	both	[Ca2+] 
and	voltage	(41,63).

CaCCs	belong	to	the	family	of	TMEM16	proteins	that	are	phy-
logenetically derived from an ancestor with scramblase activity. 
The scramblase activity rapidly translocates phospholipids be-
tween the two leaflets of the membrane. It is Ca2+-	dependent	and	

F I G U R E  7 Etx	oligomers	in	EVs.	(A)	Immunoblotting	of	EVs.	Anti-	Etx	antibody	was	used	to	detect	toxin	molecules	present	in	EV,	which	
were	collected	after	centrifuging	the	solution	that	contained	hMAL	oocytes	exposed	to	Etx.	Exposure	to	pEtx	did	not	yield	detectable	
amounts of EV. The first and second wash lanes correspond to the supernatant collected from the first and second centrifuges, before 
resuspension	of	the	EV.	Etx	monomers	were	detected	in	the	first	supernatant	but	not	in	the	second.	After	the	second	centrifugation	Etx	was	
detected	in	the	sediment	(EV	lane).	The	arrow	shows	monomeric	Etx	and	the	arrowhead	shows	Etx	oligomers.	This	experiment	was	repeated	
in	four	frogs	and	the	most	representative	image	is	shown	here.	(B–G)	In	five	experiments,	we	isolated	EV	from	the	bath	medium	after	30 min	
of	exposure	of	hMAL	oocytes	to	Etx	(300 nM),	and	negative	staining	was	performed.	(B)	An	example	of	negative	staining	of	an	EV.	Only	part	
of	the	vesicle	with	a	diameter	larger	than	600 nm	is	displayed.	Black	arrowheads	indicate	the	limit	of	the	membrane.	Inside	of	this	delimited	
region,	diverse	circular	light	structures,	with	a	doughnut-	like	shape,	are	seen	and	some	of	them	are	labeled	with	white	arrowheads	(scale	
bar:	200 nm).	(C)	Upper panel	shows	the	profile	of	the	gray	value	(in	arbitrary	units	(AU)	of	one	of	the	doughnut-	like	selected	structures.	We	
differentiate	between	the	pore	diameter	(sky	blue)	and	the	inner	barrel	diameter	(brown),	which	is	represented	in	the	lower panel.	(D)	Mean	
distance	of	the	pore	and	inner	barrel	diameter	(N = 12	selected	structures).	(E–G)	Close-	up	of	the	distinctive	structures	(scale	bar:	10 nm).

 20521707, 2024, 5, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1002/prp2.70005 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [09/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=643
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=643
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=123&objId=743
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5416
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2808
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2433


    |  11 of 14CASES et al.

does	not	require	metabolic	energy.64 This activity is measured by 
the presence of PS, which is physiologically more concentrated at 
the inner leaflet, on the extracellular surface. The application of 
pSIVA	demonstrated	 that	Etx	 induced	scramblase	activity	 in	 the	
hMAL	oocytes,	leading	us	to	speculate	whether	the	hotspots	of	PS	
exposure	colocalised	with	the	ER-	PM	junctions.	The	PS	extracel-
lular	exposure	was	further	confirmed	in	an	Etx-	sensitive	cell	 line	
(MOLT-	4),	 which	we	 also	 used	 to	 reveal	 that	 no	 apoptotic	 bod-
ies were generated by Etx. Instead, the Etx action is intimately 
associated	with	the	activation	of	a	scramblase.	TMEM16F	is	rec-
ognized as the protein that is critically involved in Ca2+-	induced	
phospholipid	scrambling	in	the	PM.	However,	TMEM16F	exhibits	
low expression in the PM of Xenopus oocytes43 and does not adopt 
a	 unique	 conformation.	 Instead,	 its	 heterogeneous	 structure	 di-
rectly contributes to a variety of physiological functions.65 In 
Xenopus	oocytes,	understanding	the	role	of	TMEM16F	is	challeng-
ing,	as	heterodimer	formation	between	TMEM16F	and	TMEM16A	
is	not	feasible.	However,	TMEM16A	may	potentially	engage	in	het-
erodimerisation	with	 other	 TMEM16	proteins.66 Due to the low 
levels	 of	 TMEM16F	on	 the	PM	of	Xenopus oocytes,43 the origin 
of	the	Etx-	induced	scramblase	activity	is	unknown.	To	explain	our	
findings,	we	speculate	that	TMEM16A,	which	is	highly	expressed	
in the PM of Xenopus oocytes, may be involved in this activity. This 
speculation	 is	 based	on	 the	 fact	 that	 TMEM16	proteins	 evolved	
from	a	common	ancestor	with	scramblase	activity,	with	TMEM16A	
and	TMEM16B	more	recently	acquiring	anion	channel	functional-
ity.67	TMEM16A	acts	as	an	anion	channel	under	physiological	con-
ditions. However, the introduction of a single amino acid mutation, 
such	as	L543K	in	murine	TMEM16A	(68)	or	V543T	or	V543S,69 is 
sufficient	to	confer	scramblase	activity	to	TMEM16A.	Notably,	el-
egant experiments employing protein chimeras constructed from 
TMEM16A	 and	 TMEM16F	 have	 demonstrated	 the	 interchange-
ability of channel and scramblase activities between these pro-
teins.70	 A	 plausible	 argument	 for	 the	 Etx-	induced	 activity	 could	
be	that	TMEM16A,	typically	classified	as	a	pure	CaCC	within	the	
TMEM16	family,	gains	scramblase	activity	in	the	PM	under	the	in-
fluence	of	hMAL	and	Etx.	The	results	from	the	antisense	oligonu-
cleotide	experiments	in	conjunction	with	those	from	the	MONNA	
inhibition studies are in line with this hypothesis. In this context, 
other	 TMEM16	 proteins	 exhibit	 a	 dual	 function	 involving	 both	
channel	 and	 scramblase	 activities,	 as	 observed	 with	 TMEM16F	
(44).	Beyond	these	speculations,	more	research	 is	needed	to	pre-
cisely identify the molecular nature of the scramblase activated 
by Etx.

Recent	 findings	 indicate	 that	 TMEM16F	 is	 activated	 by	 PFTs	
such as the Listeria toxin and the streptolysin O exotoxin.71 Similarly, 
we found that Etx induced the formation of EVs, with this process in-
dependent with respect to cell death by apoptosis. Vesicle formation 
relies on Ca2+-	dependent	 TMEM16F	 activation	 in	 cell	 PMs.72 The 
formation	of	vesicles	from	the	PM	requires	the	bending	and	budding	
of the membrane, which occurs due to the redistribution of phos-
pholipids between the two leaflets of the PM. This redistribution is 
facilitated by scramblases.

TMEM16F	 exhibits	 low	 expression	 in	 the	 PM	 of	 Xenopus 
 oocytes.43	 The	 overexpression	 of	 TMEM16F	 in	wild-	type	 oocytes	
elicits	only	a	limited	ATP	release,	a	hallmark	of	Etx	activity,	in	the	pres-
ence	of	the	calcium	ionophore	A23187,	which	is	approximately	25%	
of	the	ATP	released	from	Etx-	treated	hMAL	oocytes	(Figure S8D,E).	
Despite	these	experiments	linking	vesicle	formation	to	ATP	release,	
the	mechanism	remains	hypothetical,	suggesting	that	ATP	might	es-
cape	during	vesicle	pinching-	off	via	a	fission	pore	akin	to	the	endo-
cytosis pore.73	Notably,	overexpressing	TMEM16F	alongside	hMAL	
led	to	a	decrease	in	the	amount	of	ATP	released	instead	of	the	ex-
pected	increase	in	Etx-	induced	ATP	release	(Figure S8A,E).	Western	
blots of EVs revealed Etx oligomers directly related to pore forma-
tion.	Electron	microscopy	showed	doughnut-	like	structures	that	are	
similar to the pores in cells exposed to PFTs.21,74 By contrast, the 
electrophysiological recordings did not indicate the formation of 
Etx pores in the PM. We therefore propose that Etx pores form in 
EVs,	facilitating	ATP	release.	Hence,	our	results	suggest	a	dual	ATP	
release mechanism: via membrane scission during vesicle formation 
and, more importantly, through Etx oligomer pores, explaining the 
delayed	 ATP	 release	 compared	 to	 the	membrane	 capacitance	 de-
crease	in	the	single-	oocyte	recordings.	Further	studies	are	required	
to determine whether EVs play a role in toxin elimination21,74 or 
contribute	to	the	pathophysiology	of	PFTs.	Additionally,	our	exper-
imental	findings	indicate	that	Etx	kills	cells	through	a	non-	apoptotic	
pathway. Further research is needed to test whether Etx induces cell 
death through necrosis rather than apoptosis, as suggested by other 
studies.75

In summary, we present a novel perspective on the mode of ac-
tion of Etx, proposing a more intricate mechanism beyond the direct 
formation of PM pores in Xenopus oocytes. Our approach raises new 
questions,	particularly	regarding	the	potential	role	of	EVs	in	the	toxic	
effects of Etx.
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