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Ferroptosis induces membrane blebbing in placental trophoblasts
Kazuhiro Kajiwara 1,2,*, Ofer Beharier 1,*, Choon-Peng Chng 3,*, Julie P. Goff 1, Yingshi Ouyang 1,
Claudette M. St Croix 4, Changjin Huang 3,5, Valerian E. Kagan 6, K. Jimmy Hsia 3,5 and Yoel Sadovsky 1,7,‡

ABSTRACT

Ferroptosis is a regulated, non-apoptotic form of cell death,
characterized by hydroxy-peroxidation of discrete phospholipid
hydroperoxides, particularly hydroperoxyl (Hp) forms of arachidonoyl-
and adrenoyl-phosphatidylethanolamine, with a downstream cascade
of oxidative damage to membrane lipids, proteins and DNA, culminating
in cell death. We recently showed that human trophoblasts are
particularly sensitive to ferroptosis caused by depletion or inhibition of
glutathione peroxidase 4 (GPX4) or the lipase PLA2G6. Here, we show
that trophoblastic ferroptosis is accompanied by a dramatic change in
the trophoblast plasma membrane, with macro-blebbing and
vesiculation. Immunofluorescence revealed that ferroptotic cell-
derived blebs stained positive for F-actin, but negative for cytoplasmic
organelle markers. Transfer of conditioned medium that contained
detached macrovesicles or co-culture of wild-type target cells with
blebbing cells did not stimulate ferroptosis in target cells. Molecular
modeling showed that the presence of Hp-phosphatidylethanolamine in
the cell membrane promoted its cell ability to be stretched. Together, our
data establish that membrane macro-blebbing is characteristic of
trophoblast ferroptosis and can serve as a useful marker of this process.
Whether or not these blebs are physiologically functional remains to be
established.

KEY WORDS: Ferroptosis, Blebs, Trophoblast, Phospholipids,
Simulation

INTRODUCTION
Programmed death plays an essential homeostatic role in vital cellular
processes, such as proliferation, differentiation, embryonic
development and immunity, by eliminating injured or potentially
harmful cells (Fuchs and Steller, 2011; Jacobson et al., 1997).
Ferroptosis is a non-apoptotic, iron-dependent form of programmed
cell death characterized by excessive accumulation of
hydroperoxidized phosphatidylethanolamines (Hp-PEs) particularly

those harboring the fattyacyls arachidonoyl (HpETE-PE) and adrenoyl
(HpDTE-PE) (Kagan et al., 2017). Ferroptosis is promoted by excess
iron and lipoxygenation, glutathione depletion, and deletion or
inactivation of the phospholipid peroxidase glutathione peroxidase 4
(GPX4) (Yang et al., 2014; Dixon et al., 2012). Other proteins were
recently found to attenuate ferroptotic injury, including the
glutathione-independent ferroptosis suppressor protein-1 (FSP1; also
known as AIFM2), cytochrome P450 oxidoreductase, transferrin
receptor, ferritin, NRF2 (also known as NFE2L2), HMOX1 and
prominin 2 (Doll et al., 2019; Gao et al., 2015; Hou et al., 2016; Sun
et al., 2016; Kwon et al., 2015; Brown et al., 2019; Zou et al., 2020).
Ferroptosis has been implicated inpathological cell death, such as
ischemia-reperfusion injury (Eleftheriadis et al., 2018; Linkermann
et al., 2014a), neurodegenerative disease (Tuo et al., 2017; Li et al.,
2017) and cancer-related cell death (Dixon et al., 2012; Ma et al., 2017;
Kinowaki et al., 2018).

Morphological changes that typify diverse forms of programmed
cell death are not uniform. Commonly recognized changes include
cell rounding, shrinking and, later, plasma membrane rupture as an
end-stage event (Dixon et al., 2012; Linkermann et al., 2014b;
Galluzzi et al., 2018). Traditionally viewed as a sign of apoptosis
(Nelson, 1996), cell death processes include bleb formation, usually
mediated by cytoskeletal restructuring. Bleb formation can be
initiated by a local detachment of the actin cortical cytoskeleton
from the membrane, with a spherical protrusion, followed by plasma
membrane rupture (Cunningham, 1995; Charras and Paluch, 2008;
Coleman et al., 2001). Blebbing is a dynamic process that depends
on cellular reorganization associated with cytokinesis (Charras and
Paluch, 2008), cell spreading (Norman et al., 2010), virus uptake
(Mercer and Helenius, 2008; Gruenberg and van der Goot, 2006),
apoptosis (Coleman et al., 2001), and locomotion of tumor and
embryonic cells (Fedier and Keller, 1997; Shi et al., 2005).
However, there are scant data on the biology of blebbing during
ferroptosis (Belavgeni et al., 2019). This is particularly germane in
light of the potential role of blebbing in cell signaling or tumor cell
invasion (Voura et al., 1998) or physiological migration during
development.

A few recent studies implicate placental ferroptosis in pregnancy
complications (Beharier et al., 2020; Zhang et al., 2020; Ng et al.,
2019), adding a broader dimension to our understanding of the
placental lipotoxic injury that underlies common diseases during
human pregnancy. In addition to the sensitivity of human placental
trophoblasts to ferroptosis induced by pharmacologic or genomic
inhibition of GPX4, we recently identified a novel role for the lipase
PLA2G6 in placental ferroptosis (Beharier et al., 2020). During our
investigation, we noticed the formation of large blebs (‘macro-
blebbing’) in trophoblasts undergoing ferroptosis. Here, we examine
bleb formation by ferroptotic trophoblasts, analyze the bleb content
and the potential effect of blebbing on neighboring cells, carry out
molecular simulation on effects of hydroperoxidation on membrane
biophysical properties, and investigate components that might
contribute to enhanced blebbing in human placental trophoblasts.
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RESULTS
Trophoblast ferroptosis is accompanied by macro-blebbing
The characteristic morphology of ferroptotic cells includes a
normally sized nucleus that lacks chromatin condensation, but
with shrunken, dense mitochondria (Wang et al., 2020; Dixon et al.,
2012; Xie et al., 2016; Doll and Conrad, 2017). In our analysis of
ferroptosis in either primary human trophoblasts (PHT cells) or the
BeWo human trophoblast cell line exposed to the GPX4 inhibitor
RSL3, we detected the frequent appearance of large blebs (‘macro-
blebs’ , Fig. 1A; Movie 1), measuring 10–53 µm in diameter. We
observed similar macro-blebbing in two additional BeWo models

that predispose cells to ferroptosis, CRISPR-Cas9-mediated
knockout (KO) of PLA2G6 or shRNA-mediated silencing of
GPX4 (shGPX4) (Fig. 1A,B). Notably, the blebs appeared
independently of cell shrinkage (Movie 1). We validated the time-
course and concentration dependence of the ferroptotic process in
BeWo cells by measuring lactate dehydrogenase (LDH) release, a
commonly used assay for cell death, and which can be inhibited by
the ferroptosis inhibitor ferrostatin-1 (Fer-1, Fig. 1B,C) (Dixon
et al., 2012). As expected, we found an increase in cell death and
macro-blebbing in BeWo cells deficient in PLA2G6 (Fig. 1C–E).
We also used inverted microscopy alongside live-cell imaging using

Fig. 1. Ferroptosis causes macro-blebbing in trophoblasts. (A) Phase-contrast microscopy images of macro-blebs in WT BeWo (upper panels),PLA2G6 KO
(middle panels) and shGPX4 (lower panels). The cells were exposed to vehicle control (left panels) or RSL3 (100 nM, middle, low magnification and right, high
magnification) for 8 h for WT cells or for 4–5 h for PLA2G6 KO or shGPX4 cells. Scale bars: 50 � m. (B) Western immunoblotting of PLA2G6 an GPX4 inPLA2G6
KO and shGPX cells. (C) Ferroptotic BeWo cell death, induced by increased RSL3 concentrations and assessed after 24 h by the LDH release assay as described
in the Materials and Methods. Cell death was inhibited by ferrostatin-1 (Fer-1, 0.5� M). Values are mean±s.d. *P<0.05, **P<0.01 compared to control (one-way-
ANOVA with Tukey’s method for multiple comparisons). (D) A time-course of the effect of RSL3 (100 nM) on ferroptosis, assessed by the LDH release assay in
WT versus PLA2G6 KO BeWo cells. Values are mean±s.d. *P<0.05 (unpaired two-tailedt-test). (E) Bleb formation in WT vsPLA2G6 KO BeWo cells, exposed to
RSL3 (100 nM). Values are the number of counted blebs per total cells in the field (%), as detailed in Materials and Methods, shown as means±s.d. *P<0.05,
**P<0.01 (unpaired two-tailed t-test). (F) The same concentration-dependence experiment as in C, performed using PHT cells. (G) Macro-blebbing in PHT cells
exposed to RSL3 (100 nM) versus vehicle control, assessed using phase-contrast microscopy images (upper panels) or CellMask stains (lower panel). White
arrows indicate representative blebs. Scale bars: 50� m. All panels represent three independent experiments.

2

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs255737. doi:10.1242/jcs.255737

Jo
ur

na
lo

fC
el

lS
ci

en
ce

http://movie.biologists.com/video/10.1242/jcs.255737/video-1
http://movie.biologists.com/video/10.1242/jcs.255737/video-1


CellMask, an amphipathic, lipophilic membrane dye, to confirm
RSL3-induced blebbing in PHT cells (Fig. 1F,G). The enhanced
CellMask signal in RSL3-exposed cells, also seen in Figs 3 and 5G,
likely represents cell shrinkage and membrane collapse (as observed
in Movie 1). We noted that >4 h of RSL3-induced ferroptosis was
no longer reversible with Fer-1 (Fig. S1A).

We compared the sensitivity to ferroptosis-induced bleb formation
in trophoblasts to diverse cell types exposed to RSL3. Because it has
been shown that susceptibility to ferroptosis depends on cell density
(Yang et al., 2019; Wu et al., 2019), we assessed cell viability and
bleb formation at low (<50%) and high (>80%) cell density. Notably,
density affected mainly BeWo trophoblast cells (Fig. S1B), with
minimal effect on other cell types. We found the greatest LDH release
and blebbing in the trophoblastic BeWo and PHT cells, as well as in
the MDA-MB-231 breast cancer line and human umbilical vein
endothelial cells (HUVECs), with resistance to ferroptosis and
blebbing in HeLa, Caco-2, U2OS lines and primary placental
fibroblasts (PPF cells) (Fig. 2A,B; Fig. S1B–I). Induction of
apoptosis (by staurosporine; Aoki et al., 2020; Sebbagh et al.,
2001) in BeWo or PHT cells exhibited minimal blebbing (Fig. 2C,D).

Cellular cargo in ferroptotic macro-blebs
To determine whether ferroptotic blebs harbor cellular organelles,
we used live imaging of BeWo cells, stained for mitochondria
(MitoTracker), lysosomes (LysoTracker), DNA (DAPI) lipid
droplets (BODIPY 493/503), and mNeonGreen tagged with the
endoplasmic reticulum retention signal KDEL (Semenza et al.,
1990). The cells were co-stained with the plasma membrane stain
CellMask, as control. As shown in Fig. 3, ferroptosis-stimulated
blebs were positive for CellMask (Figs 1G and 3), but negative for
the other cell structures. We confirmed the presence of F-actin in
blebs using live cell imaging of mRNA LifeAct-TagGFP2 (Fig. 3,

bottom right). We next sought to assess whether macro-blebs can be
detached from cells as free macro-vesicles yet noted that, upon
paraformaldehyde-based cell fixation for antibody staining, the
macro-blebs were not stable and might have also been washed away.
Using iPGell fixative (see Materials and Methods), we were able to
detect blebs that were detached as macrovesicles positive for
CellMask but negative for tubulin (Fig. S2A,B). To assess whether
myosin II was functionally involved in bleb formation, we tested the
effect of blebbistatin, a myosin II inhibitor, on blebbing (Taneja
et al., 2020). Exposure to blebbistatin had no effect on LDH release
or bleb formation (Fig. S2C–E), indicating that myosin II was not
involved in the formation of ferroptotic macro-blebs.

The effect of ferroptotic BeWo blebs on neighboring cells
It has been reported that the ferroptotic signal might be transmitted
within tissues in a wave-like manner (Linkermann et al., 2014a). To
investigate whether released blebs led to transmission of the ferroptotic
signal, we silencedGPX4expression in BeWo cells (Fig. 4A) and tested
for the effect of conditioned medium (CM) from the ferroptotic cells on
target wild-type (WT) BeWo cells exposed to a low level of RSL3. We
found no evidence for enhancement of ferroptosis by incubation of WT
BeWo cells with CM fromshGPX4 ferroptotic cells (Fig. 4A).
Similarly, isolated small extracellular vesicles (sEVs), microvesicles
(MVs) or apoptotic blebs (ABs) from the CM of ferroptotic cells had no
effect on ferroptosis in target cells (Fig. 4B). We also showed that the
degree of ferroptosis in a mixture of ferroptotic cells (generated by
silencingGPX4) was directly proportional to the fraction ofshGPX4
cells, suggesting that the ferroptotic signal did not propagate to WT cells
(Fig. 4C). To obtain additional support for these observations, we co-
cultured green fluorescent protein (GFP)-labeledshGPX4BeWo cells
with red fluorescent protein (RFP)-labeled WT BeWo cells (Fig. 4D,
upper panel). Upon addition of RSL3 to induce ferroptosis (Fig. 4D,

Fig. 2. Ferroptosis and bleb formation in various cell types. (A) The effect of RSL3 (800 nM, 24 h) on ferroptosis in several cell types, as detailed in the text.
Ferroptosis was measured by the LDH release assay, as described in Materials and Methods. Values are mean±s.d. *P<0.05, **P<0.01 compared to PPF cells
(one-way-ANOVA with Tukey’s method for multiple comparisons). (B) Bleb formation in several cell types (as in A), exposed to RSL3 (800 nM, 24 h). Values are
the number of counted blebs per total cells in the field (%), as detailed in Materials and Methods, shown as means±s.d. *P<0.05 compared to PPF cells (one-way-
ANOVA with Tukey’s method for multiple comparisons). (C) Phase contrast microscopy of bleb formation in BeWo (upper panels) or PHT cells (lower panels),
exposed to vehicle control versus staurosporine (1� M for 6 h). White arrows indicate representative blebs. Scale bars: 50� m. (D) Bleb formation in BeWo cells,
assessed as described in B, comparing the effect of RSL3 and 1� M of staurosporine (6 h), in the absence or presence of the ferroptosis inhibitor Fer-1 (0.5� M).
Values are mean±s.d. **P<0.01 compared to RSL3 (one-way-ANOVA with Tukey’s method for multiple comparisons). All panels are representative of three
independent experiments.
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middle and lower panels), we found that blebbing was restricted to the
shGPX4- plus GFP-expressing (shGPX4-GFP) cells, with no evidence
for the spread of blebbing to the RFP-expressing target cells. Notably, a
low level of blebbing was seen in WT target cells after 24 h (Fig. 4D,
lower panels), likely reflecting the effect of RSL in the medium, as it
was also observed using a co-culture of GPX4-GFP-expressing cells
and RFP-expressing cells (Fig. 4D,middle). We confirmed these results
using a similar strategy in which BeWo cell ferroptosis was induced by
PLA2G6-KO RFP-expressing cellsand GFP-expressing WT BeWo
cells. Again, blebbing was restricted to the ferroptotic cells, with no
evidence for ferroptotic signal propagation to WT target cells (Fig. 4E).
Together, these data suggest that ferroptosis-related blebs, extracellular
vesicles (EVs) or CM are unlikely to transmit a ferroptotic signal to
neighboring cells.

The role of syncytin in ferroptotic bleb formation
The process of cytotrophoblast fusion into syncytiotrophoblasts is
mediated by the fusogenic proteins syncytin-1 and 2 (also known as
ERVW1 and ERVFRD1, respectively), which are expressed primarily

in placental trophoblasts (Mi et al., 2000; Hernández and Podbilewicz,
2017; Lavialle et al., 2013; Gerbaud and Pidoux, 2015). As part of the
fusion process, these proteins bend and destabilize the lipid bilayer of the
cell membrane (Gerbaud and Pidoux, 2015). On the basis of these data,
we asked whether syncytins might promote macro-blebbing during
trophoblast ferroptosis. As expected, the expression of syncytin-1 and -2
was highest in PHT cells and in the BeWo trophoblast line compared to
other cell types (Fig. 5A,B). In addition, exposure of BeWo cells to
forskolin heightened their ferroptosis sensitivity (Fig. 5C). However, we
found that RSL3 stimulation did not induce syncytin expression
(Fig. S3B). Moreover, knockdown (KD) of syncytin-1, -2 or both
(Fig. S3D–F) had no effect on RSL3-induced ferroptosis (Fig. 5D–F)
and bleb (Fig. 5G,H). Taken together, syncytin-1 or -2 is not a key factor
that determines macro-blebbing in ferroptotic trophoblasts.

Simulation of PE hydroperoxidation effect on membrane
properties
We sought to perform systematic coarse-grained molecular
dynamics-based simulation of membrane phospholipids in order to

Fig. 3. Analysis of subcellular components in BeWo macro-bleb cargo. Panels show live-cell images of BeWo cells processed for imaging with CellMask (cell
membrane, red), MitoTracker (mitochondria, red), LysoTracker (lysosomes, red), Bodipy 493/503 (lipids, green), mNeonGreen tagged with the endoplasmic
reticulum retention signal KDEL (green) or F-actin (actin, green). The cells were exposed to vehicle control or RSL3 (200 nM, 8 h) after the cells were stained
with each probe as detailed in Materials and Methods. Nuclei were stained with DAPI. White arrows in some of the panels point to macro-blebs. The imagesshown
are representative of three independent experiments. Scale bars: 50� m.
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assess the effect of hydroperoxidation on membrane biophysical
properties. For this purpose, we compared the effect of peroxidation
on 1-stearoyl-2-arachidonoyl-glycero-3-phosphorylcholine (SAPC)
or 1-stearoyl-2-arachidonoyl-glycero-3-phosphorylethanoamine
(SAPE). This was undertaken by attaching a coarse-grained polar
particle representing the hydroperoxide functional group (-OOH) to
either the C12 or C15 site of the unsaturated fatty acid tail (Fig. 6A).
The simulations show that peroxidation at the C12 and C15 sites
made the lipid bilayer more flexible (Fig. 6B). Close inspections of
the orientation of SAPE and SAPC lipids in the bilayer revealed that
the hydroperoxidated unsaturated fatty acid tail tended to tilt in such a
way that the OOH particles became closer to the phospholipid head-
group region (Fig. 6C). The tilting of the unsaturated tails led to
reduction of the order parameter (see Materials and Methods),
averaged over all the C–C bonds along the two fatty acid tails
(Fig. 6D), suggesting that peroxidation was associated with more
disorganized membrane lipid packing, which would exhibit greater
flexibility over the course of the simulation (Fig. 6B). Notably,

peroxidation at C15 resulted in a lower averaged order parameter than
peroxidation at C12 for both SAPE and SAPC bilayers.

We further assessed the membrane biophysical properties as a
function of lipid hydroperoxidation. As shown in Fig. 7A,
simulation results show that the area occupied by each lipid
molecule (i.e. area/lipid) increases linearly with increasing
peroxidation, consistent with the change in average order
parameter (Fig. 6D). Furthermore, peroxidation at C15 leads to a
greater effect than that at C12, indicating that the deeper C15
position inside the bilayer hydrophobic interior renders a greater tilt
of the fatty acid tail than that at C12. The greater tilt of C15 fatty acid
tails in phosphorylcholine (PC) or PE bilayers also results in a
thinner bilayer than that with C12 peroxidation (Fig. 7B). The area/
lipid of PE bilayers was smaller than that of PC bilayers (Fig. 7A) as
the PE head groups are more attracted to each other due to their
capability to form hydrogen bonds.

On the basis of these data, we simulated membrane stretching and
evaluated the fractional increase in membrane area with the

Fig. 4. Ferroptotic cells do not transfer a ferroptotic signal to neighboring WT cells. (A) The effect of conditioned medium (CM), derived from WT or shGPX4
BeWo cells, on ferroptosis in recipient WT BeWo cells. The CM was harvested followed by centrifugation of CM at 500g for 10 min to remove cell debris.
The recipient cells were exposed to CM for 8 h and then washed and cultured in serum-free medium with a range of concentrations of RSL3 for 24 h. Ferroptosis
was measured by the LDH release assay as described in Materials and Methods. Values are shown as means±s.d. Data were analyzed by unpaired two-tailed
t-test (no significant differences were found between control shRNA andshGPX4). (B) The effect of isolated extracellular vesicles (EVs) fromshGPX4 BeWo
cells versus WT BeWo cells, both exposed to RSL3 (25 nM, 24 h). Ferroptosis was determined after 24 h of incubation with EVs, using the LDH release assay,as
described in the Materials and Methods. AB, apoptotic bodies; MV, microvesicles; sEV, small extracellular vesicles. The EVs were isolated as detailed in Materials
and Methods. Values are shown as means±s.d. Data were analyzed using unpaired two-tailedt-test (no significant differences were found between control
shRNA and shGPX4). (C) Co-cultures of WT andshGPX4 BeWo cells, exposed to RSL3, 25 nM for 24 h. The percentage of WT andshGPX4 types was 100/0,
75/25, 50/50, 25/75, and 0/100, respectively. Ferroptosis was determined by the LDH release assay, as described in Materials and Methods. (D,E) The effect of
co-culturing ferroptotic shGPX4 BeWo with WT BeWo cells (D) or ferroptoticPLA2G6 KO with WT BeWo cells (E) on bleb formation in WT BeWo cells.
The cells were cultured on glass bottom dishes. In D, ferroptotic cells were transfected with GFP and WT cells with RFP. In panel E, ferroptotic cells were
transfected with RFP and WT cells with GFP, as described in the Materials and Methods. All cells were co-stained with DAPI. The upper panels show cultures
without added RSL3 and the lower panels show cultures with added 25 nM RSL3 for 4 h or 24 h. Note that, at 24 h with RSL3, even some of the control
cells started exhibiting blebbing, as shown in both D and E. White arrows indicate representative blebs. Scale bars: 50� m. All panels and images are
representative of three independent experiments.
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membrane tension. This enabled us to estimate the membrane elastic
modulusKA (a measure of the resistance to stretching, Fig. S4).
Fig. 7C shows thatKA monotonically decreases with increasing
fraction of oxidized lipids for both SAPE and SAPC. For the native
membranes, SAPE shows a largerKA value than SAPC, consistent
with the more tightly packed, thicker PE membrane, as we have

previously observed (Peng et al., 2021). As the fraction of oxidized
lipids increases beyond 25%, simulation results show that the
resistance to stretching of the SAPE bilayer becomes lower than that
of SAPC bilayer, allowing for greater membrane stretching.
Decreases in the membrane elastic modulus allow the membrane
to stretch more easily, thus enabling bleb formation under a given

Fig. 5. Syncytin-1 and -2 do not play a role in ferroptosis in BeWo cells. (A,B) The expression of syncytin-1 (Syn-1) and syncytin-2 (Syn-2) in various cell types
used in our study. Expression was determined using RT-qPCR as detailed in Materials and Methods, and all relative expression values were compared to RNA
expression in BeWo cells, defined as 1. Values are shown as mean±s.d. **P<0.01 (one-way-ANOVA with Tukey’s method for multiple comparisons).
(C) The effect of forskolin (60 µM for 48 h, and RSL at various concentrations), which stimulates BeWo cell fusion, on ferroptosis, measured by LDH release assay
as described in Materials and Methods. Values are shown as mean±s.d. **P<0.01 (unpaired two-tailed t-test). (D–F) The effect of knockdown of Syn-1 (D),
Syn-2 (E) or both Syn-1 and Syn-2 (F) on cell susceptibility to RSL3-induced (8 h) ferroptosis. Silencing ofSyn-1 and -2 and assessment of ferroptosis, measured
using the LDH release assay, were performed as detailed in Materials and Methods. Fer-1 was used to block ferroptosis, as a control. Values are shown asmean
±s.d. Data were analyzed using unpaired two-tailedt-test (no significant differences were found between control shRNAshSyn-1, shSyn-2 or both shSyn1+2).
(G) The effect of KD of Syn-1, Syn-2 or both on BeWo blebbing, in the absence or presence of RSL3 (200 nM for 8 h). CellMask was added in the lower
panels to enhanced visualization of blebs, also highlighted using white arrows. Scale bars: 50� m. (H) Bleb formation in BeWo cells, based on the paradigms
shown in G. Values are the number of counted blebs per total cells in the field (%), as detailed in Materials and Methods, shown as means±s.d., compared to
control. Data were analyzed by one-way-ANOVAwith Tukey’s method for multiple comparisons test (no significant differences were found between control shRNA
and shSyn-1, shSyn-2 or both shSyn1+2). The data represent three independent experiments for A-C,G,H and six independent experiments for D-F.
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intracellular pressure. This mechanism might play an important role
in the observed macro-blebbing during ferroptosis.

DISCUSSION
We showed that trophoblasts are sensitive to ferroptosis and that this
form of cell death promotes blebbing in either primary trophoblasts or
the BeWo trophoblast line. Our live-cell images reveal that blebs
commonly reached the size of the entire cell. Hence, we termed the
process macro-blebbing to distinguish these blebs from the smaller
blebs that may accompany other forms of cell death (Aoki et al., 2020;
Tinevez et al., 2009; Belavgeni et al., 2019; Nganga et al., 2019).

Interestingly, bleb formation has been described as a protective
mechanism, designed to reduce the intracellular hydrostatic pressure
during osmotic malfunction (Ruan et al., 2015). Our video-imaging
shows that ferroptotic macro-blebbing might appear either before or
after cell contraction or disintegration, suggesting that this process is a
passive one, driven by osmotic pressure, which characterizes
inactivation of membrane osmotic pumps during cell death.

We were able to examine the content of attached blebs, and even
detached vesicles, using a combination of live-cell dyes and also
iPGell technology, which enabled gentle, rapid fixation that
preserved bleb morphology. Using these techniques, we found

Fig. 6. Coarse-grained molecular dynamics simulations of SAPE and SAPC lipid membranes. (A) Left panel, the chemical structure of SAPE lipid molecule
with locations of the four C–C double-bonds indicated. SAPC is similar but with the NH3 group substituted by the NC3 group. Middle and right panels,
coarse-grained (CG) models (4 atoms to 1 particle mapping) of unoxidized (native) SAPE lipid, oxidized SAPE with hydroperoxide functional group (-OOH) linked
to a D3A particle that includes C12 (C12-OOH) and to a D4A particle that includes C15 (C15-OOH). Head-group NH3 particle in blue; PO4 particle in dark green;
glycerol particles (GL1 and GL2) in pink, carbon particles in cyan (‘D’ particles contain double-bonds whereas ‘C’ particles contains only single-bonds); and
OOH particle in red. (B) Equilibrated configurations of native SAPE, C12-OOH and C15-OOH bilayers after 2� s simulation (solvent omitted for clarity).
(C) Orientation of representative native and oxidized SAPE lipids in the bilayer at the end of each 2-� s simulation. (D) Mean values of order parameter computed
on the basis of the angle between each tail bond and the bilayer normal, with averaging done over all the C–C bonds. The error bars were omitted as the standard
errors are of the order of 0.001, or <1% of the averaged values.

Fig. 7. The effect of increasing the fraction of oxidized lipids in SAPE and SAPC bilayer membranes on the physical and mechanical membrane
properties. The effect of increasing the fraction of oxidized lipids in SAPE and SAPC bilayer membranes was revealed by coarse-grained molecular dynamics
simulations. (A) Area per lipid, computed by dividing the simulation box area by the number of lipids in the system. (B) Bilayer thickness computed on the basis of
location of head-group particles between the two monolayers. (C) The elastic moduli estimated by simulated membrane stretching.
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that attached and detached trophoblastic macro-blebs contain
F-actin but not other organelles. Actin, alongside ezrin, actin-
bundling and contractile proteins, has been previously reported as
being recruited to non-ferroptotic blebs (Charras et al., 2006), and
might assist in bleb enlargement. In addition, the serine/threonine
kinase ROCK1 also plays a role in bleb formation (Maeda et al.,
2016; Claassen et al., 2009), with blebbing dependent on the supply
of Ca2+ (Jansen et al., 2019), suggesting that discrete signaling
events regulate bleb formation. Whether or not these signals are
relevant to ferroptotic macro-blebbing remains to be established.

In experiments with transfer of conditioned medium or the co-
culture of fluorescently labeled ferroptotic and non-ferroptotic cells,
we could not detect any evidence for the transfer of the ferroptotic
signal from one cell population to another. Others have shown that
sEVs can transfer a pro-apoptotic signal to other cell types (Shen
et al., 2020; Ke et al., 2020). In the context of ferroptosis, ferritin-
containing sEVs were shown to transport iron out of the cell, thus
attenuating ferroptosis (Brown et al., 2019). Dai et al. recently
reported that autophagy-dependent ferroptosis is associated with the
release sEVs that contain KRASG12D, resulting in fatty acid oxidation
in target macrophages (Dai et al., 2020). When isolating several types
of EV from ferroptotic BeWo cells and applying them to WT target
cells, we found no evidence for stimulation of ferroptosis in non-
ferroptotic cells, suggesting that any effect of ferroptosis-related EVs
on neighboring cells might be cell type or context specific. Notably,
while we were able to visualize released macro-blebs in the cell
culture medium using iPGell, we could not isolate intact blebs due to
their fragility. Future biochemical analysis of macro-bleb content may
point to signals that serve in cell–cell communication.

Searching for membrane proteins that might predispose to
ferroptosis, we found that the trophoblast-enriched, fusogenic
proteins syncytin-1 or -2 did not contribute to trophoblast blebbing.
Importantly, our simulation studies indicate that the conformational
change of SAPE and SAPC lipids due to hydroperoxidation has a
significant impact on the biophysical properties of the lipid bilayers,
with reduced thickness and increased area/lipid upon lipid
peroxidation. Similar changes have been reported in studies on
other types of phospholipid bilayers (Guo et al., 2016; Weber et al.,
2014; Agmon et al., 2018; Rosa et al., 2018). Notably, SAPE
peroxidation at the C15 site, which commonly occurs during the
process of ferroptosis (Anthonymuthu et al., 2018), may have the
greatest effect on the membrane elastic modulus. In the extreme case
of full oxidation, the elastic modulus decreases by more than 40%.
When the native and fully peroxidized SAPE membranes were
subjected to osmotic pressure, lipid membrane tension developed
according to Laplace’s law. Compared to the native SAPE lipid
membrane, the fractional areal strain of the fully oxidized membrane
is expected to be 67% higher than that of non-oxidized membrane.
Thus, the enhanced ability to be stretched of peroxidized membranes
may contribute to ferroptosis-induced membrane macro-blebbing. It
should be noted that the fraction of hydroperoxidized PE among
membrane phospholipids in ferroptotic cells is likely much lower
than the fraction assumed in our modeling, yet hydroperoxidized PE
may be decomposed to secondary oxidatively truncated species,
resulting in higher amount of hydroperoxidized species.

The membrane macro-blebbing process results in a sudden
increase of bleb size (Movie 1), indicative of an instability. The
underlying mechanisms of such instability may be mechanical in
nature, where membrane peroxidation is not uniform throughout the
cell surface. When a patch of membrane undergoes peroxidation, it
becomes less stiff, that is, its elastic modulus decreases, inducing a
sudden increase in stretching, similar to the sudden inflation of a

tubular balloon under increasing internal pressure (Mao et al.,
2014). Alternatively, the mechanism may reflect the dynamic
process of lipid peroxidation. Localized lipid peroxidation may
facilitate peroxidation of surrounding lipids, thus inducing a
positive feedback which leads to instability. Assessing these
possibilities will require future experiments and models.

We showed that primary trophoblasts and trophoblast cell lines are
more susceptible to RSL3-induced ferroptosis than several other
commonly used cell lines. Consistent with this observation, it is
known that iron, which is needed for ferroptosis-related lipid
peroxidation is abundant in trophoblasts (Ng et al., 2019; Fisher and
Nemeth, 2017). In addition, reduced or mutated GPX4 has been
associated with human placental dysfunction and preeclampsia, and
ferroptosis inhibitors attenuate preeclampsia-like symptoms in rats (Peng
et al., 2016; Mistry et al., 2010; Zhang et al., 2020). Physiologically, the
placenta is exposed to hypoxia and re-oxygenation during normal
development, when blood supply to the intervillous space is established
and the placenta transitions from histotrophic to hemotrophic support at
the end of the first trimester of human pregnancy (Soares et al., 2017;
Burton et al., 2002). The placenta is also normally exposed to cycles of
reduced and restored blood flow during uterine contractions before and
during labor (Alotaibi et al., 2015; Brar et al., 1988), similar to the
hypoxia-reperfusion associated with ferroptosis in the brain, kidneys and
other organs (Friedmann Angeli et al., 2014; Schoots et al., 2018;
Wenzel et al., 2017). This type of injury has been implicated in the
placental dysfunction underlying fetal growth restriction, preeclampsia
and related conditions (Burton and Jauniaux, 2018; Hung et al., 2002;
Soleymanlou et al., 2005; Ferreira et al., 2020; Myatt, 2010). Together,
these data highlight the relevance of trophoblast ferroptosis and macro-
blebbing to placental ferroptotic damage and common obstetrical
disease.

MATERIALS AND METHODS
Cell culture
The collection of placentas used for isolation and culture of PHT and PPF cells
was reviewed and approved by the Institutional Review Board at the University
of Pittsburgh. PHT cells were isolated from placentas of uncomplicated
pregnancies, according to our previously published, exempt protocol (Mouillet
et al., 2010). They were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, St Louis, MI) containing 10% bovine growth serum
(HyClone, Logan, UT) and 1% antibiotics at 37°C in a 5% CO2 air atmosphere.
Cell quality was monitored by microscopy and by examining production of
human chorionic gonadotropin, quantified by enzyme immunoassay (EIA,
DRG, Marburg, Germany). BeWo cells (ATCC, Rockville, MD) were
maintained in F12K Kaighn’s modified medium supplemented with 10%
SuperCalf serum (GemCell, Sacramento, CA). PPF cells were isolated during
the preparation of PHT cells as we previously detailed (Li et al., 2020) and were
cultured in DMEM (Sigma) supplemented with 10% SuperCalf serum. Human
MDA-MB-231, U2OS, Hela and Caco2 cells (all from ATCC) were cultured in
DMEM supplemented with 10% SuperCalf serum. HUVECs (ATCC) were
maintained in endothelial cell basal medium-2 (Lonza, San Diego, CA)
supplemented with 5% fetal bovine serum. All cell lines are routine tested in
our lab for mycoplasma, and monitored for infections. Some of the cultures
were performed in the presence of RSL3 (Selleck Chemicals, Houston, TX),
which was used at variable concentrations and times, adjusted to experimental
goals. Other ligands included staurosporine (Cell Signaling, Danvers, MA),
forskolin (Sigma) and blebbistatin (Sigma). Ferrostatin-1 (Selleck) was used to
block ferroptosis or to inhibit spontaneous ferroptosis inGPX4KD BeWo
cells.

Analysis of blebbing, conditioned medium transfer, and cell
co-culture
Cultured cells were routinely examined using a Zeiss Axiovert 40
microscope (Zeiss, Jena, Germany) with a 20× objective, equipped with a
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DS-Qi1 digital camera (Nikon, Melville, NY). To capture and count blebs,
we seeded 1.5×105 cells in 12-well plates. Cells were exposed to RSL3 after
reaching 70–80% confluency. All membrane protrusion and detached blebs,
normalized to cell number, were counted, excluding small blebs that were
less than 10% of the cell diameter.

For CM transfer experiments,shGPX4and shControl BeWo cells were
washed with phosphate-buffered saline (PBS) and cultured in serum-free
medium for 24 h. CM was harvested after confirming ferroptosis inshGPX4
cells but not in shControl cells. After centrifugation at 500g for 10 min, the
CM was applied to recipient BeWo cells for 8 h. The CM was then replaced
with serum-free medium that contained RSL3 (25 nM) to trigger ferroptosis.
The exposure to CM was performed before cell density in the recipient cells
reached 80%. After 24 h of RSL3, the medium from recipient cells was
collected for the LDH assay.

For co-culture experiments, control BeWo cells expressing RFP or BeWo
cells expressingshGPX4-GFP (see below for transfection method) were
seeded in glass-bottom 35-mm Petri dishes (MatTek, Ashland, MA) at a
density of 3×105 cells and grown in full cell medium for 24 h. For a control
dish, RFP BeWo cells were co-cultured with WT BeWo cells expressing GFP.
After washing with PBS, the cells were stained with DAPI (Invitrogen,
Carlsbad, CA) at room temperature (RT) for 5 min. To induce ferroptosis, the
cells were exposed to RSL3 (100 nM). The images were taken after
confirming blebbing inshGPX4cells in the separate culture and were
captured by a Nikon A1 confocal microscope. Similarly,PLA2G6-KO BeWo
cells expressing RFP were co-cultured with WT BeWo cells expressing GFP.
For the control, BeWo cells expressing GFP were co-cultured with cells
expressing RFP. Blebbing was analyzed using microscopy, as above.

Live-cell staining
For cell labeling, cultured BeWo or PHT cells were seeded in glass-bottom
35-mm Petri dishes (MatTek) at a density of 3×105 cells and grown in
DMEM plus bovine growth medium for 24 h. After washing, the cells were
stained with DAPI (Invitrogen) at RT for 5 min. The cells were then
incubated with each dye, including CellMask, MitoTracker, LysoTracker
and Bodipy 493/503, and diluted to a final concentration as listed in
Table S2. After incubation, the staining solution was replaced with fresh
serum-free medium. For F-actin, we used F-actin mRNA LifeAct-TagGFP2
(ibidi, Fitchburg, WI) according to the manufacturer’s instructions. Cells
were seeded at 3×105 in a glass-bottom 35-mm Petri dish (MatTek). The
mRNA was incubated with 2� l neutralization buffer (Fuse-It-mRNA easy,
ibidi) for 10 min at RT, and the fusogenic solution was added to the cells for
20 min at 37°C and then replaced with fresh culture medium. The images
were taken 24 h after transfection. For induction of ferroptosis, cells were
exposed to 400-600 nM of RSL3 until all the cells showed signs of
ferroptosis before imaging. Each probe-stained cell type was imaged by our
Nikon A1 confocal microscope.

Isolation of extracellular vesicles
EVs were isolated as previously described (Ouyang et al., 2016). Briefly, the
CM was collected as mentioned above and centrifuged at 500g for 10 min.
The supernatant was further centrifuged at 2500g for 20 min to isolate ABs,
which were washed and resuspended in PBS. For MV isolation, the
supernatant was centrifuged at 12,000g for 30 min, washed and resuspended
in PBS. For isolation of sEVs, the supernatant was centrifuged at 100,000g
for 1 h, washed, and centrifuged at 100,000g for 4 h, then resuspended in
PBS. EV protein concentration was determined using Micro BCA according
to the manufacturer’s (Thermo Fisher Scientific, Waltham, MA) directions,
and the quality was verified as described (Ouyang et al., 2016), using western
immunoblotting and nanoparticle tracking analysis (NanoSight, Malvern
Panalytical, Westborough, MA). After washing, the cells were cultured in
serum-free medium and exposed to EVs (120 µg/well) for 24 h, followed by
LDH release assay.

LDH analysis for cell viability
Measurement of LDH release was performed by using CytoTox-ONE
(Promega, Madison, WI), following the manufacturer’s instructions. After
the cells were exposed to RSL3, the supernatant (100� l) was transferred
into a 96-well multiwell plate (Thermo Fisher). To extract total LDH, the

cells were processed with 0.2% Triton-X (Sigma) for 10 min; 100� l of the
assay buffer were added to each well, and the plates were incubated for
10 min. Fluorescence was measured at 560 nm excitation and 590 nm
emission, using a microplate reader (Molecular Devices, San Jose, CA). Cell
viability (%) was calculated by dividing released LDH in the medium (after
subtracting medium background) by total cellular LDH and presented as
percent released LDH.

Cell transfection, silencing and KO cells
BeWo cells knocked out forPLA2G6 have been previously described
(Beharier et al., 2020). The shRNA silencing sequences (Table S1) for
syncytin-1 (TRCN0000412806) and -2 (TRCN0000062256) were
synthesized by Sigma-Aldrich. The sequence forshGPX4 was as we
previously detailed (Beharier et al., 2020). Briefly, the HEK293T packaging
cell line (ATCC) was transfected with shRNA with PMD2.G (Addgene
#12259, Watertown, MA) and psPAX2 (Addgene #12260) plasmids, using
TransIT-Lenti transfection reagent (Mirus, Madison, WI). Lentiviral particles
were harvested after 48 h. BeWo cells, cultured in 6-well plates to 50–60%
confluence, were infected with lentiviral particles with Polybrene (5� g/ml,
Santa Cruz Biotechnology, Santa Cruz, CA). After 24 h, the virus-containing
medium was replaced with fresh medium. After an additional 24 h, the cells
were transferred to a new dish, followed by antibiotic-based selection using
puromycin (2� g/ml, InvivoGen, San Diego, CA). For co-culture
experiments, BeWo cells were transfected with either pcDNA3-EGFP
(Addgene #13031) or pcDNA3-RFP (Addgene #13032), using
Lipofectamine 3000 (Thermo Fisher), following the manufacturer’s
protocol. After 48 h of transfection, stable clones were selected with
0.5 mg/ml G418 (Thermo Fisher). For analysis of endoplasmic reticulum,
BeWo cells were transfected with the pcDNA3pENTR1A plasmid, which
expresses the mNeonGreen tagged at the C-terminus to the endoplasmic
reticulum retention signal KDEL (a gift from Mads Breun Larsen, Universisty
of Pittsburgh, USA), with stable transfectants selected 0.5 mg/ml G418
(Gibco).

Reverse transcriptase and quantitative PCR
RNA was extracted from cells with TRI Reagent (Sigma). cDNA was
synthesized from 1� g of total RNA by using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA) according
to the manufacturer’s protocol. Template cDNA was PCR-amplified with
the gene-specific primer sets (Table S1). RT-qPCR was performed using
SYBR Select (Applied Biosystems) in a ViiA 7 system (Applied
Biosystems). Analysis of qPCR data was performed using the�� Ct
method (Livak and Schmittgen, 2001), normalized to glyceraldehyde-3-
phosphate dehydrogenase expression.

Western blotting
The cells were lysed in a lysis buffer containing 150 mM NaCl, 20 mM
HEPES (Thermo Fisher) pH 7.4, and 0.5% Triton X-100 (Sigma),
supplemented with protease inhibitors and phosphatase inhibitor cocktail
tablets (Thermo Fisher). Proteins were separated on SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA)
as we previously described (Li et al., 2020). Membranes were blocked in 5%
nonfat milk with 50 mM Tris-buffered saline (TBS) and 0.1% Tween 20
(Bio-Rad) and incubated overnight at 4°C with various primary antibodies
(Table S2). After washing in TBS with Tween 20, each membrane was
incubated with the appropriate horseradish peroxidase secondary antibody
for 1 h at RT. Signals were detected using a ChemiDoc MP imaging system
(Bio-Rad).

iPGell
BeWo cells were cultured in 10-cm culture dishes with 80–90% confluency.
After exposure to RSL3, the medium was removed carefully to avoid
damaging to the blebs. The cells and blebs were collected gently with a cell
scraper. and 50 µl were mixed with 10 µl of A-solution of iPGell
(GenoStaff, Tokyo, Japan), followed by B-solution. The structures were
fixed in 4% paraformaldehyde (PFA, Electron Microscopy Science,
Hatfield, PA) after the mixture had solidified (1–2 min) and processed for
paraffin embedding.
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Immunofluorescence
For immunofluorescence analysis of blebs and macro-vesicles, cells were
collected and gelled with iPGell as described above. Sections (5 µm) of
PFA-fixed, paraffin-embedded slides were used for antigen retrieval in
citrate buffer (Santa Cruz Biotechnology, Dallas, TX) for 10 min at 95°C.
After PBS washes, the cells were pre-incubated with 5% normal goat serum
or 2% bovine serum albumin (Thermo Fisher) in PBS for 30 min at RT,
followed by incubation with anti-� -tubulin primary antibody, as listed in
Table S2, overnight at 4°C. After washing, the cells were incubated with
fluorescently coupled anti-mouse-IgG antibody in blocking buffer for
60 min at RT. The nuclei were stained with DAPI (Thermo Fisher). All
images were captured using a Nikon A1 confocal microscope.

Molecular simulations of unhydroperoxidized SAPE and SAPC
lipid bilayers
Molecular dynamics simulations were carried out for SAPE and SAPC lipid
bilayers, using the coarse-grained MARTINI force-field, version 2.2,
implemented in the GROMACS version 2018.2 software (Abraham et al.,
2015; Páll et al., 2015; Pronk et al., 2013). In the MARTINI model, about four
heavy atoms and associated hydrogens are grouped into one particle, with the
16 (20) carbon atoms along the saturated (or unsaturated) fatty acid tail mapping
to five particles. PC lipids had NC3 in their head-group, whereas PE lipids had
NH3, with the latter being able to form hydrogen bonds with neighboring PE
head-groups. This is reflected by the lower van der Waals potential energy
minimum at the equilibrium distance between two NH3 particles compared to
that between two NC3 particles in the MARTINI force-field.

The initial configurations and simulation set-up files for the lipid bilayers
were generated using the Martini Bilayer Maker (Qi et al., 2015) within the
CHARMM-GUI Web-based platform (Jo et al., 2008). Planar bilayers were
generated with 1024 lipids per monolayer, and 4-nm-thick water layers above
and below the bilayer. After energy minimization steps, molecular dynamics
simulations were carried out with progressively reduced restraints on lipid
head-group positions as the simulation time-step increased from 2 to 20 fs.
Unrestrained simulations were then carried out for 2 µs to obtain the
equilibrated configuration. Electrostatic interactions were computed using the
reaction field method with a dielectric constant of 15 and cut-off distance of
1.1 nm. Van der Waals interactions were computed using the cut-off method,
with the same distance of 1.1 nm. System temperature was maintained at
310 K with a velocity-rescaling thermostat; pressure was maintained at 1 bar
(100 kPa) with a Parrinello-Rahman barostat with semi-isotropic coupling
(X-Yplane coupled separately from theZ or bilayer normal direction) and a
time-constant of 12 ps and compressibility of 3×10� 4 bar� 1.

Molecular simulations of hydroperoxidized SAPE and SAPC lipid
bilayers
From the equilibrated configurations of SAPE or SAPC bilayers, we
constructed lipid bilayers with varying fractions of hydroperoxidized lipids
by attaching OOH particles to either the particle representing carbon-12
(C12) or that representing carbon-15 (C15) on the unsaturated fatty acid
tails. This procedure was performed using an in-house Python script
(available upon request), which added a P2-type particle at 0.33 nm from the
C12 or C15 particle along a vector that was the summation of bond vectors
on two sides of the C12 or C15 particle on the fatty acid tail, following
Thalmann’s protocol (Guo et al., 2016). For example, the vectors along the
D3A-to-D4A bond and C5A-to-D4A bond were added to produce the
direction of the D4A-OOH bond (see Fig. 1A for the SAPE CG model). A
similar procedure was done for the C12 attachment, where a D3A particle
was used. No bending potential was added between the D3A-OOH or D4A-
OOH bond and the rest of the lipid chain. Molecular dynamics simulations
were then carried out for the bilayers, following the same procedure as for
unhydroperoxidized bilayers detailed above.

Characterization of the physical and mechanical properties
of bilayers
Physical and mechanical properties of the SAPE and SAPC bilayers were
extracted from the 1- to 2-� s simulation trajectories. The area/lipid was taken
as the lateral simulation box area divided by the number of lipids in each

monolayer. The bilayer thickness was obtained from the separation of the
means of the respective frequency distributions of PO4 particle locations
(marking the bilayer–water interface) in each monolayer, averaged over
simulation trajectories. The level of disorder of the lipids in the bilayers was
quantified by calculating the order parameterP2=(1/2)(3cos2� � � � 1), where
� � � is an average of the angle between a selected lipid bond and the bilayer
normal over all the lipids in the system and over the last 1� s of simulation.
By definition,P2 has a maximum value of 1 and minimum value of� 0.5.
The order parameter was calculated using an in-house TCL script running
on the Visual Molecular Dynamics software (Humphrey et al., 1996). The
elastic modulusKA of the lipid bilayers was calculated via a procedure
whereby constant forces were applied by specifying a negative value for
pressure,PLat, in theX-Yplane of the bilayer following (Leontiadou et al.,
2004) to stretch it to a constant tension level. The membrane tension was
then calculated from the external pressure applied to the system as
� =Lz(Pz� PLat) (Leontiadou et al., 2004), whereLz is the size of the
simulation box in the Z-direction, andPz is the pressure along the Z-
direction (maintained at 1 bar).PLat values ranging from� 5 bar to� 30 bar
were used. The membrane tension values were then plotted against the
fractional change in membrane area, andKA was taken as the slope of the
linear regression fit to the curve within low tension regions. Selected
membrane tension versus fractional change in strain area curves are shown
in Fig. S4A,B for SAPE and SAPC bilayers, respectively.

Statistical analysis
Each experiment was performed at least three times, as detailed in the figure
legends and based on past experience. Unpairedt-tests were used to compare
means of samples from two independent groups. One-way analysis of
variance (ANOVA) was used to compare the means of each sample with more
than two independent groups, followed by Tukey’s post hoc test. The data are
presented as the mean±s.d. of the mean.P<0.05 was considered significant.
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