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BACKGROUND AND PURPOSE
Annexin A6 (AnxA6) is a calcium-dependent phospholipid-binding protein that can be recruited to the plasma membrane to
function as a scaffolding protein to regulate signal complex formation, endo- and exocytic pathways as well as distribution of
cellular cholesterol. Here, we have investigated how AnxA6 influences the membrane order.

EXPERIMENTAL APPROACH
We used Laurdan and di-4-ANEPPDHQ staining in (i) artificial membranes; (ii) live cells to investigate membrane packing and
ordered lipid phases; and (iii) a super-resolution imaging (photoactivated localization microscopy, PALM) and Ripley’s K
second-order point pattern analysis approach to assess how AnxA6 regulates plasma membrane order domains and protein
clustering.

KEY RESULTS
In artificial membranes, purified AnxA6 induced a global increase in membrane order. However, confocal microscopy using
di-4-ANEPPDHQ in live cells showed that cells expressing AnxA6, which reduces plasma membrane cholesterol levels and
modifies the actin cytoskeleton meshwork, displayed a decrease in membrane order (∼15 and 30% in A431 and MEF cells
respectively). PALM data from Lck10 and Src15 membrane raft/non-raft markers revealed that AnxA6 expression induced
clustering of both raft and non-raft markers. Altered clustering of Lck10 and Src15 in cells expressing AnxA6 was also
observed after cholesterol extraction with methyl-β-cyclodextrin or actin cytoskeleton disruption with latrunculin B.
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CONCLUSIONS AND IMPLICATIONS
AnxA6-induced plasma membrane remodelling indicated that elevated AnxA6 expression decreased membrane order through
the regulation of cellular cholesterol homeostasis and the actin cytoskeleton. This study provides the first evidence from live
cells that support current models of annexins as membrane organizers.

LINKED ARTICLES
This article is part of a themed section on Annexins VII Programme. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2015.172.issue-7

Abbreviations
A6ko, annexin A6 knockout; AnxA1, annexin A1; AnxA2, annexin A2; AnxA6, annexin A6; cPLA2, cytoplasmic
phospholipase A2; DRM, detergent-resistant membrane; EGFR, epidermal growth factor receptor; Lat34, transmembrane
domain of linker for activation of T-cells; LatB, latrunculin B; Laurdan, 6-dodecanoyl-2-dimethylaminonaphthalene;
Lck10, 10 first amino acids of Lck; Ld, liquid-disordered domain; Lo, liquid-ordered domain; LUV, large unilamellar
vesicle; mβCD, methyl-β-cyclodextrin; MEF, mouse embryonic fibroblast; PALM, photoactivated localization
microscopy; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PFA, paraformaldehyde; PIP2,
phosphatidylinositol-4,5-bisphosphate; PS, phosphatidylserine; r, radius; Src15, 15 first amino acids of Src; TIRF, total
internal reflection fluorescence; WT, wild type

Introduction
The cellular plasma membrane was initially described as a
two-dimensional homogeneous fluid cell compartment in
which lipids and embedded proteins are able to diffuse in the
lateral dimension (Singer and Nicolson, 1972; Nicolson,
2014). The plasma membrane sets a physical barrier and
selectively regulates the molecules that pass through, delim-
iting an intra- and an extracellular space. This selective per-
meability is critical for drug diffusion into the cell (Sugano
et al., 2010).

Following many observations showing that proteins are
not homogeneously distributed in the plasma membrane,
Simons and Ikonen (1997) proposed the lipid raft hypothesis.
In this model, lipids not only play a structural role but
mediate protein clustering and diffusion parameters within
the bilayer inducing lateral heterogeneity of proteins and
lipids. It postulates the existence of cholesterol- and
sphingolipid-enriched, ordered-phase liquid (Lo) domains
surrounded by the bulk liquid-disordered (Ld) membrane.
These domains create lateral heterogeneity and functionality
as highly efficient transient platforms for clustering of specific
proteins in cell membranes (Parton and Richards, 2003).
Many of these raft clustered proteins function in cell signal-
ling and endocytosis, as described for immune and other cell

types (Simons and Toomre, 2000; Jacobson et al., 2007).
Membrane cholesterol concentration has also been described
as a regulator of membrane permeability of both hydrophilic
and hydrophobic solutes by changing the phospholipid
packing conformation of the lipid bilayer affecting drug
delivery (Zocher et al., 2013).

New findings have prompted researchers to revisit and
update the lipid raft hypothesis in the last few years. Kusumi
and colleagues proposed that the cortical actin meshwork,
together with lipid rafts and membrane proteins, regulates
lateral diffusion of plasma membrane components (Ritchie
et al., 2003; Kusumi et al., 2004). A transient tethering of the
cortical actin filaments (fences) with transmembrane pro-
teins (pickets) would divide the plasma membrane in
corrals, which would orchestrate protein and lipid lateral
diffusion and, among others, contribute to several cellular
processes such as cell migration, mechanotransduction and
immune cell activation (Head et al., 2014). Other studies
identified actin-associated ‘protein islands’ in the plasma
membrane surrounded by protein-free membrane character-
ized by very low amounts of cholesterol. In contrast, the
‘protein islands’ can have high (raft) or low (non-raft)
cholesterol content (Lillemeier et al., 2006). Targeting fluo-
rescent proteins to different domains of the plasma mem-
brane, for instance, Lck10 (first 10 amino acids of Lck) and
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transmembrane domain of linker for activation of T-cells
(Lat34) to lipid rafts, and Src15 (first 15 residues of Src) to
non-lipid rafts, allowed the definition of the role of the actin
cytoskeleton in inducing co-clustering of raft-associated
proteins by FRET microscopy (Chichili and Rodgers,
2007). Strikingly, actin promotes protein clustering and
regulates the protein phosphorylation of raft-associated
signalling proteins. More recent findings suggest that the
actin meshwork can induce membrane partitioning with
Lo-enriched compartments surrounded by Ld-enriched
domains that correlate with the actin fibres (Honigmann
et al., 2014).

Adding further complexity, plasma membrane
cholesterol/membrane rafts can also regulate the cortical
actin cytoskeleton structure. For instance, cholesterol deple-
tion induced stress fibre formation through Rho activation in
both mesenchymal and epithelial cell lines (Qi et al., 2009).
However, other studies suggested less stable actin stress fibres
after cholesterol depletion through the disorganization of
phosphatidylinositol-4,5-bisphosphate (PIP2) microdomains
at the plasma membrane in both fibroblasts and lymph-
oblasts (Kwik et al., 2003).

It is generally believed that annexins contribute to the
architecture, functioning and structural organization of
membranes through their binding to negatively charged
phospholipids in a calcium-dependent manner, but also
through protein-protein interactions with a variety of
membrane-associated proteins. In addition, several annexins,
including AnxA1, AnxA2 and AnxA6, have shown some affin-
ity for cholesterol and cholesterol-enriched membranes
(Ayala-Sanmartin, 2001; Hulce et al., 2013). We and others
showed that AnxA2 and AnxA6 translocate to detergent-
resistant membranes (DRMs, membrane rafts) in a calcium-
dependent manner (Gokhale et al., 2005; Illien et al., 2012),
and were found enriched in caveolae (Schnitzer et al., 1995;
Calvo and Enrich, 2000). However, probably based on their
strong affinity to negatively charged phospholipids, these
annexins were also found in non-raft domains such as
clathrin-coated pits, which are required for receptor-mediated
endocytosis (Kamal et al., 1998; Zobiack et al., 2003).

In addition to its lipid-binding properties, we and others
identified that AnxA6 acts as a scaffolding protein for signal-
ling proteins such as PKCα and p120GAP (Grewal et al., 2005;
Rentero et al., 2006; Koese et al., 2013), but also interacts with
cytoskeleton proteins such as actin and spectrin (Kamal et al.,
1998; Monastyrskaya et al., 2009). This tethering ability of
AnxA6 may indicate an anchoring role of AnxA6 to link lipid
bilayers and cell cytoskeleton structure.

Although annexins have been proposed as membrane
organizers since their discovery as calcium-dependent
membrane-binding proteins more than three decades ago,
experimental evidence for this hypothesis in living cells is
still lacking. To address if AnxA6 alters membrane organiza-
tion, we compared membrane order and protein clustering
using the fluorescent dyes Laurdan and di-4-ANEPPDHQ, and
super-resolution photoactivated localization microscopy
(PALM), in live cells lacking or expressing AnxA6. Direct
visualization of membrane lipid structure of living cells indi-
cated that elevated AnxA6 expression significantly decreased
membrane order through the regulation of cholesterol cellu-
lar homeostasis and actin cytoskeleton meshwork. These

findings are in agreement with our previous data identifying
reduced cholesterol levels at the plasma membrane upon
AnxA6 up-regulation (Cubells et al., 2007). Studies presented
here provide the first evidence from live cells that a member
of the annexins family, AnxA6, is capable of inducing
changes in the membrane architecture.

Methods

Large unilamellar vesicle (LUV) preparation
and fluorescence spectroscopy
LUVs mimicking the inner leaflet of the plasma membrane
with and without cholesterol using a mix of PC, PS/PIP2, PE
and cholesterol (PC/PS or PIP2/PE: 25/15/60 and PC/PS or
PIP2/PE/cholesterol: 17/12/52/19, weight ratio) were prepared
by extrusion as previously described (Zibouche et al., 2008)
and Laurdan was added at a final concentration of 0.1%.
Briefly, lipids were mixed together in chloroform. The solvent
was removed under a stream of nitrogen and the residual
solvent was removed under vacuum. Lipids were then resus-
pended in buffer A (40 mM HEPES pH 7, 30 mM KCl, 1 mM
EGTA) at a final concentration of 1 mg·mL−1 by vortexing
vigorously. The liposomes were then extruded by passing the
suspension 21 times through a polycarbonate membrane
with 0.1 μm pores (Avestin, Mannheim, Germany).

Fluorescence measurements were performed as described
previously with a Cary fluorimeter (Varian, Agilent Technolo-
gies, Santa Clara, CA, USA) in cuvettes thermostated at 37°C
(Maniti et al., 2010). In five independent experiments, three
spectra were recorded before and 7 min after addition of 5 μg
purified AnxA6 to 5 μg LUVs in the presence of 500 μM Ca2+.
All fluorescence spectra were corrected for the baseline signal.
Laurdan emission spectra were recorded from 400 to 600 nm
using a 365 nm excitation wavelength, and its generalized po-
larization (GP) index was calculated according to the equation:

GP I I I I= −( ) +( )( ) ( ) ( ) ( )440 490 440 490

where intensities at 440 and 490 nm (I(440) and I(490), respec-
tively) represent the fluorescence intensities at the maximum
emission wavelength in the ordered (440 nm) and disordered
(490 nm) phases (Parasassi et al., 1990). The means of three
replicates from each independent experiment (n = 5) were
used for the statistical analysis.

Cell culture, transfection and treatments
A431 adenocarcinoma cells were supplied by ATCC (CRL-
1555; Middlesex, UK) and mouse embryonic fibroblast (MEF)
cells were isolated from wild-type (WT) and AnxA6 knockout
mice (Hawkins et al., 1999) and immortalized by stable trans-
fection of the SV40 large T antigen mammalian expression
vector pBsSVD2005. Both cell types were grown in DMEM,
10% fetal calf serum, L-glutamine (2 mM), penicillin
(100 U·mL−1) and streptomycin (100 μg·mL−1), and incubated
at 37°C, 5% CO2. The generation of stable AnxA6-expressing
A431 cells has been described in detail (Grewal et al., 2005).
For transient transfection, A431 or MEF cells were transfected
using Lipofectamine LTX (Life Technologies, Thermo Fisher
Scientific, Inc., Waltham, CA, USA) following the manufac-
turer’s instructions.
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For di-4-ANEPPDHQ or PALM imaging, cells were treated
with 1 μM (di-4-ANEPPDHQ) or 5 μM (PALM) LatB for
10 min, or with 10 mM mβCD for 30 min. For the addition of
cholesterol, cells were incubated with 50 μg·mL−1 cholesterol
for 2 h.

Fluorescence microscopy
For cholesterol imaging, cells were grown on glass coverslips,
fixed with 4% paraformaldehyde (PFA) at 37°C, stained with
200 μg·mL−1 Filipin, mounted in Mowiol (Calbiochem, Merck
Millipore, Darmstadt, Germany) and imaged with a Leica
DMI 6000B epifluorescence inverted microscope (Leica
Microsystems GmbH, Wetzlar, Germany) equipped with an
HCX PLAN APO 63× oil immersion objective lens. For actin
staining, cells were grown on glass coverslips, fixed and per-
meabilized with methanol for 2 min at −20°C, immunola-
belled against β-actin and mounted in Mowiol (Calbiochem,
Merck Millipore). Images were acquired with a Leica TCS-SL
inverted spectral confocal microscope with a 63× oil immer-
sion objective lens.

For di-4-ANEPPDHQ, live cells grown on glass coverslips
were stained for 30 min at 37°C with 1.5 μM di-4-ANEPPDHQ
in DMEM, and in vivo imaged as described previously (Owen
et al., 2012b) in a Leica TCS-SL inverted spectral confocal
microscope with a 63× oil immersion objective lens. Di-4-
ANEPPDHQ was excited at 488 nm and two simultaneous
images were acquired at 540–580 and 620–700 nm channels.
Di-4-ANEPPDHQ intensity images were converted into GP
images (Gaus et al., 2006; Owen et al., 2012b), with each pixel
calculated in ImageJ (Schneider et al., 2012) from the two
di-4-ANEPPDHQ intensity images according to the equation:

GP I I I I= −( ) +( )−( ) −( ) −( ) −( )540 580 620 700 540 580 620 700

GP distributions were obtained from the GP images histo-
gram values and non-linearly fitted to one Gauss distribu-
tions using a custom-built macro in ImageJ (Owen et al.,
2012b). GP images were pseudocoloured. The induced mem-
brane changes were estimated by the ΔGP (GPtreated − GPuntreated)
value.

Cholesterol measurements
Total cellular cholesterol was determined using the Amplex™
Red Cholesterol Assay Kit (Molecular Probes, Thermo Fisher
Scientific, Inc.) according to the manufacturer’s instructions.
Results were normalized to total cellular protein.

Photoactivated localization
microscopy (PALM)
A431 and MEF cell lines were plated onto ozone-cleaned total
internal reflection fluorescence (TIRF)-suitable 18 mm cover-
slips and transfected with Lck10-PS-CFP2 or Src15-PS-CFP2.
Twenty-four hours after transfection, cells were treated with
mβCD or LatB and fixed in 4% PFA at 37°C. Seven to ten
PALM images were acquired on a TIRF microscope (ELYRA
PS-1; Carl Zeiss MicroImaging, GmbH, Jena, Germany) with a
100× NA 1.46 oil immersion objective. Eight microwatts of
405 nm laser radiation was used for photo-conversion and
18 mW of 488 nm light was used for imaging of green-
converted PS-CFP2. Fifteen thousand images were acquired
per sample with a cooled, electron-multiplying charge-

coupled device camera (iXon DU-897D; Andor Tech., Ltd.,
Belfast, UK) with an exposure time of 30 ms. Images were
analysed with Zeiss ZEN 2010D software (Carl Zeiss MicroIm-
aging GmbH). Drifting of the sample during acquisition was
corrected relative to the position of surface-immobilized
100 nm colloidal gold beads (BB International, Cardiff, UK)
placed on each sample.

PALM image analysis
Events from raw fluorescence intensity images were Gaussian
and Laplace filtered, and were judged to be originated from
single molecules when I − M > 6S, where I is event intensity,
M is mean image intensity and S the SD of image intensity.
The centre of each point-spread function was then calculated
by fitting intensity profiles to a two-dimensional Gaussian
distribution. After correction for sample drift with immobile
colloidal gold bead markers, the x-y particle coordinates of
each molecule were stored in a table. Two-dimensional
molecular coordinates were cropped into non-overlapping
regions of 3 μm × 3 μm in size. Stringent parameters for single
molecule detection were applied as previously described,
excluding molecules with localization precisions smaller than
30 nm and re-excited fluorophores from further analysis
(Williamson et al., 2011; Rossy et al., 2013). Because indi-
vidual fluorophores can undergo several ‘blinking-cycles’, we
accounted for multiple blinks by selection of an appropriate
off-gap, as published previously (Annibale et al., 2011; Rossy
et al., 2013). Ripley’s K function analysis and quantitative
cluster maps were generated as described (Owen et al., 2010).
The Getis and Franklin’s L function for local point pattern
analysis was calculated with a cluster threshold of 60 (L(r) >
60) with the radial scale r = 30 nm, corresponding to approxi-
mately 30% of each region’s cluster-map maximum (Owen
et al., 2013). Confidence intervals were generated by simulat-
ing 100 spatially random distributions with the same average
molecular density as the data regions.

Isolation of DRMs
Isolation of DRMs was performed as described previously
(Reverter et al., 2011). Fractions were separated by SDS-PAGE
and transferred to Immobilon-P membrane (Merck Millipore)
followed by incubation with primary antibodies and the
appropriate peroxidase-conjugated secondary antibodies and
ECL detection (Amersham Biosciences, GE Healthcare Life
Sciences, Pittsburgh, PA, USA).

Data analysis
Data were analysed for normality using the D’Agostiono-
Pearson omnibus K2 normality test (D’Agostino et al., 1990)
from Prism 5.02 software (GraphPad Software, Inc., La Jolla,
CA, USA) to ensure Gaussian distribution and its suitability
for further analysis. Statistical significance was determined by
two-tailed unpaired Student’s t-test or Bonferroni post-tested
two-way ANOVA using Prism 5.02. Differences were considered
statistically significant at P < 0.05. Graphs are given as bar
plots ± SD or SEM as indicated in the figure legends.

Materials
DMEM was from Biological Industries (Kibbutz Beit-Haemek,
Israel). Methyl-β-cyclodextrin (mβCD), egg yolk L-α-phos-
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phatidylcholine (PC), egg yolk L-α-phosphatidylethanol-
amine (PE), brain L-α-glycerophosphatidyl-L-serine (PS) and
cholesterol were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Latrunculin B (LatB) was purchased from Calbio-
chem (Merck Millipore). Brain L-α-phosphatidylinositol-4,5-
bisphosphate (PIP2) was from Avanti Polar Lipids (Alabaster,
AL, USA). Laurdan, di-4-ANEPPDHPQ and Filipin were from
Molecular Probes (Thermo Fisher Scientific, Inc.). Annexin A6
from pig brain was a kind gift of L.A. Pradel (Paris, France).
Mouse monoclonal anti-β-actin and rabbit polyclonal anti-
body against GFP were from Abcam (Cambridge, UK). Rabbit
polyclonal antibody against RFP was from Genscript (Piscata-
way, NJ, USA). HRP-conjugated secondary antibodies were
from Bio-Rad Laboratories (Hercules, CA, USA). pBsSVD2005
(Addgene plasmid 21826) was a kind gift of D. Ron (Cam-
bridge, UK).

For the generation of eGFP, monomeric Cherry (mCherry)
and photoswitchable cyan fluorescent protein 2 (PS-CFP2)
fusion proteins containing either the Lck10 or the Src15, sense
and antisense oligonucleotides for the respective human
sequences plus a spacer of four glycines were annealed and
subcloned into the BamHI and EcoRI sites of pEGFP-N1
(Tanaka Bio Europe/Clontech, Saint-Germain-en-Laye,
France), pmCherry-N1 (kindly provided by R.Y. Tsien, La Jolla,
CA, USA) and pPS-CFP2-N1 (Evrogen, Moscow, Russia).

Results

AnxA6 changes membrane order in LUVs
The potential involvement of several annexin family
members in the compartmentalization of membrane lipids
and cortical actin cytoskeleton using in vitro vesicle and cel-
lular models has been described previously (Illien et al., 2012;
Drucker et al., 2013), supporting models of annexins as mem-
brane organizers (Gerke et al., 2005). This might involve the
ability of annexins to bind negatively charged phospholipids
as well as cholesterol. However, there is still a lack of an
integrated model to explain how annexins may regulate the
formation and/or maintenance of lipid microdomains.

Taking advantage of Laurdan, an environment-sensitive
membrane probe, to label LUVs, we investigated whether the
addition of AnxA6 could induce modification in membrane
order in the presence or absence of cholesterol. Like other
annexins, AnxA6 preferentially binds PS and other negatively
charged phospholipids (Gerke et al., 2005). AnxA6 may also
show some affinity for PIP2 in vitro (Enrich et al., 2011; Hoque
et al., 2014), which is often enriched in specialized,
cholesterol-rich domains (DRMs, lipid rafts) at the plasma
membrane (Hayes et al., 2004; Rescher and Gerke, 2004).
Therefore, membrane order of PC and PE vesicles with PS or
PIP2 ± AnxA6 together with calcium and with or without
cholesterol was compared.

As shown in Figure 1, the addition of cholesterol to
PC/PS/PE and PC/PIP2/PE LUVs strongly increased membrane
order; Laurdan fluorescence intensity increased at 440 nm
and decreased at 490 nm (compare the spectral shape of
Figure 1B vs. 1A and Figure 1D vs. 1C), and the GP value
[ratiometric function to quantify membrane order (Owen
et al., 2012b)] dramatically increased in those LUVs. In

cholesterol-free Ld membranes (Figure 1A and C), AnxA6
induced a statistically significant increase in membrane order
in both PS and PIP2 LUVs (Figure 1A and C). At the same time,
a statistically significant increase of membrane order (Lo)
could be observed with the addition of purified AnxA6 to
cholesterol-containing membranes (Figure 1B and D). Inter-
estingly, addition of AnxA6 increased membrane order
regardless whether LUVs contained PS or PIP2. Taken
together, these data indicate that AnxA6 is able to induce
membrane lipid redistribution in vitro.

Annexin A6 regulates membrane order in
living cells
To assess the possible role of AnxA6 in plasma membrane
remodelling in living cells, we next examined the membrane
order of two cellular models using: (i) the AnxA6-deficient
epithelial adenocarcinoma cell line A431-WT and a well-
characterized AnxA6-overexpressing A431 cell line (A431-A6)
(Grewal et al., 2005); and (ii) wild-type mesenchymal mouse
embryonic fibroblasts (MEF-WT) and AnxA6 knockout MEFs
(MEF-A6ko) derived from the AnxA6 knockout mice
(Hawkins et al., 1999).

Membrane order was assessed by labelling the plasma
membrane of these cells with the fluorescent probe
di-4-ANEPPDHQ (Figure 2A) (Owen et al., 2012b). Di-4-
ANEPPDHQ specifically labels the cell membranes (Figure 2A)
and is associated with a spectral shift when membrane order
decreases. The membrane order can be quantified by the
ratiometric GP function (Figure 2B and C) (Owen et al.,
2012b), and the induced membrane changes can be esti-
mated by the ΔGP (GPtreated − GPuntreated), where a positive ΔGP
indicates an increase in membrane order and a negative ΔGP
indicates a decrease in membrane order.

The comparison of ΔGP demonstrated that AnxA6 expres-
sion in A431 and MEF cells (A431-A6 and MEF-WT) induced
a diminution in the plasma membrane order (Figure 2D and
E). In line with published data, 30 min 10 mM mβCD treat-
ment decreased membrane order in A431 and MEFs, indepen-
dently of AnxA6 expression (Figure 2D and E). However, both
up-regulation and loss of AnxA6 in A431-A6 and MEF-A6ko
cells were associated with a significantly increased sensitivity
towards mβCD compared with their respective controls. In
contrast, the addition of exogenous cholesterol increased
membrane order in both A431-WT and A431-A6 cells, restor-
ing the membrane order perturbed by up-regulated AnxA6
expression (Supporting Information Fig. S1A). We have pre-
viously shown that elevated AnxA6 levels cause intracellular
cholesterol imbalance, characterized by a strong reduction of
the cholesterol levels at the plasma membrane (Cubells et al.,
2007). Filipin staining showed prominent cholesterol stain-
ing at the plasma membrane in AnxA6-deficient A431-WT
(Cubells et al., 2007) and MEF-A6ko cells (Supporting Infor-
mation Fig. S1B), suggesting a redistribution of cholesterol to
the plasma membrane in the absence of AnxA6. In line with
previous data, plasma membrane cholesterol levels in cells
with low/high AnxA6 levels did not correlate with total cho-
lesterol levels in the two cell lines studied (Supporting Infor-
mation Fig. S1C).

Next, we studied the contribution of the cortical actin
cytoskeleton for plasma membrane organization in the pres-
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ence or absence of AnxA6. Upon cortical actin network depo-
lymerization after 10 min of 1 μM LatB treatment, we
observed changes in membrane order of A431-A6 cells
(Figure 2D). However, LatB induced a dramatic increment of
membrane order in both MEF-WT and MEF-A6ko cell lines
(Figure 2E). These findings correlated with AnxA6-dependent
changes in actin cytoskeleton organization: (i) AnxA6 expres-
sion in A431 cells reduced cortical actin staining (arrowheads,
Supporting Information Fig. S2). (ii) In contrast, AnxA6
expression in MEF cells increased stress fibres and reduced cell
surface area.

Taken together, up-regulation of AnxA6 expression levels
is associated with plasma membrane lipid redistributions,
probably due to elevated AnxA6 levels causing intracellular
cholesterol imbalance, in particular reducing cholesterol
levels at the plasma membrane. This may contribute to create
a microdomain environment that renders the plasma mem-
brane in AnxA6-expressing cells more sensitive towards
mβCD-induced lipid disorder. Furthermore, increased sensi-
tivity towards actin-depolymerizing agents in our gain- and
loss-of-function AnxA6 models may be indicative of AnxA6

providing a bridging function for the actin cytoskeleton to
attach to the plasma membrane, with potentially drastic
consequences for establishing membrane microdomain
partitioning.

AnxA6-induced plasma membrane
organization regulates clustering of raft and
non-raft membrane proteins
Results presented above implied that AnxA6 contributed
to membrane remodelling. To determine the effect of AnxA6-
induced membrane order changes in protein domain parti-
tioning at the plasma membrane in more detail, we next
analysed the clustering of membrane-anchored fluorescent
proteins expressed in the presence (A431-A6 and MEF-WT) or
absence (A431-WT and MEF-A6ko) of AnxA6 by PALM super-
resolution microscopy. Lck10 and Src15 membrane-targeting
motifs were fused to the photoconvertible fluorescent protein
PS-CFP2. Lck10 corresponds to the first 10 N-terminal amino
acids of Lck, which contain a myristoylation and two palmi-
toylation groups and partitions into DRMs. In contrast, Src15
corresponds to the first 15 N-terminal residues of Src, which

Figure 1
AnxA6 modifies membrane order in LUVs. Normalized fluorescence spectra of Laurdan stained (A) PC/PS/PE, (B) PC/PS/PE/Chol, (C) PC/PIP2/PE
and (D) PC/PIP2/PE/Chol LUVs in the absence or presence of purified porcine AnxA6 (5 μg). Mean and SD graphical representation of its
corresponding GP values. See Methods for the preparation of LUV details. The presented spectra are representative of five independent
experiments (three replicates per condition for each experiment), where Lo (440 nm) and Ld (490 nm) emission wavelengths are represented. The
means of three replicates from five independent experiments were used for statistical analysis. Unpaired Student’s t-test showed statistically
significant differences. *P < 0.05, **P < 0.01, ***P < 0.001. Chol, cholesterol.
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contains a myristoylation group and several positively
charged amino acids and is not enriched in DRMs but in
Triton X-100 soluble fractions. In line with total cell lysate
fractionation data, these motifs are targeted to raft (DRM) or
to non-raft (TX-100 soluble) fractions of the plasma mem-
brane respectively (Chichili and Rodgers, 2007) (Supporting
Information Fig. S3).

The clustering level of Lck10 and Src15 membrane
domain markers imaged by PALM microscopy was calculated
using the Ripley’s K function (L(r)-r), which indicates the
degree of clustering (density of molecules) at a specific radius
r (Owen et al., 2010). Both these membrane domain markers
clustered in A431 and MEF cells, with a clustering radius of r
= 60 nm in all cases (Figures 3A,C and 4A,C). At this radius,
we also analysed the percentage of molecules per cluster, the
cluster density and the cluster radius (Figures 3B,D and 4B,D).
A431 cells with and without AnxA6 displayed no significant
changes in regard to raft marker clustering (Lck10, Figure 3A
and B). However, Lck10 clustering, proportion of molecules
in cluster and cluster density significantly increased in
MEF-WT cells (Figure 4A and B). On the other hand, the
expression of AnxA6 increased Src15 clustering, proportion

of molecules in cluster and cluster density in both A431-A6
and MEF-WT cells, with slight increase in cluster radius
(Figures 3C,D and 4C,D).

Hence, AnxA6 expression differentially affects the distri-
bution of raft and non-raft markers depending on the cell
type analysed. While AnxA6 increases membrane raft protein
clustering only in MEF-WT, AnxA6 expression in both
A431-A6 and MEF-WT increases non-lipid raft protein
clustering.

AnxA6 modulates the regulatory role of
cholesterol and cortical actin cytoskeleton in
plasma membrane protein partitioning
Since the lipid raft model was proposed in 1997 by Ikonen
and Simons (Simons and Ikonen, 1997), the cholesterol func-
tion on the protein partitioning at the plasma membrane has
been studied extensively (Owen et al., 2012a). As outlined
above, we and others identified a role for AnxA6 in the
regulation of cholesterol homeostasis (Enrich et al., 2011),
with elevated AnxA6 levels causing cholesterol accumulation
in late endosomes, thereby reducing cholesterol at the Golgi
complex and the plasma membrane (Cubells et al., 2007). As

Figure 2
Membrane order of AnxA6-overexpressing A431 and AnxA6 knockout MEF cells. A431-WT, A431-A6, MEF-WT and MEF-A6ko cells were stained
with 1.5 μg·mL−1 di-4-ANEPPDHQ for 30 min and imaged with a confocal microscope. (A) Representative GP pseudocoloured images of A431 and
MEF cells. Bar, 10 μm. GP value histogram graphical representations of di-4-ANEPPDHQ stained (B) A431 and (C) MEF images from (A). (D) Mean
and SD of A431-WT versus A431-A6 and (E) MEF-WT versus MEF-A6ko ΔGP representation under normal conditions, 30 min 10 mM mβCD and
10 min 5 μM LatB treatments of di-4-ANEPPDHQ stained images. The mean GP values of five images from five independent experiments were
used to generate the ΔGP values for the statistical analysis. Two-way ANOVA tests were conducted on (C) and (D), and statistically significant
interaction between AnxA6 levels and drug treatment (F(2, 84) = 8.907, P = 0.0003 in A431 cells; F(2, 66) = 11.20, P < 0.0001 in MEF cells) was
determined. Bonferroni post-test analysis showed significant differences for drug treatment (#P < 0.05, ##P < 0.01, ###P < 0.001) and AnxA6
expression (*P < 0.05, **P < 0.01, ***P < 0.001).
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shown above, AnxA6 modified membrane order of PS- and
PIP2-containing membrane bilayers in a calcium-dependent
manner in vitro (Figure 1), but most strikingly, also in living
cells (Figure 2). Furthermore, these AnxA6-induced changes
in membrane order in live cells correlated with altered
membrane-anchored raft and non-raft marker proteins parti-
tioning at the plasma membrane (Figures 3 and 4).

To further assess the role of AnxA6 in cholesterol-
dependent plasma membrane protein partitioning, Lck10-
and Src15-PS-CFP2 transfected cells were treated with 30 min
10 mM mβCD, fixed and PALM images were acquired. The
cluster analysis revealed that cholesterol depletion did not
significantly affect Lck10 clustering in MEF-A6ko cells, but
induced a broad Lck10 Ripley’s K function curve, indicating
higher heterogeneity of raft cluster size (Figure 5C, blue-
dotted vs. red-dotted line; Supporting Information Fig. S4). In
both AnxA6-expressing MEF-WT and A431-A6 cells, mβCD
treatment significantly reduced Lck10 clustering and
increased cluster size heterogeneity (Figure 5A and C, blue
line; Supporting Information Fig. S4). On the other hand,

mβCD treatment did not affect Src15 clustering of AnxA6-
deficient A431-WT cells (Figure 5B, blue-dotted vs. red-dotted
line; Supporting Information Fig. S4), but increased Src15
clustering, proportion of molecules in cluster, cluster density
and cluster size in AnxA6-deficient MEF-A6ko cells
(Figure 5D, blue-dotted line; Supporting Information Fig. S4).
When we treated AnxA6-expressing A431-A6 cells with
mβCD, Src15 clustering was comparable to non-treated
A431-A6 cells (Figure 5B, blue vs. red line; Supporting Infor-
mation Fig. S4). However, mβCD treatment of MEF-WT cells
dropped Src15 clustering to levels observed in non-treated
MEF-A6ko cells (Figure 5D, compare blue vs. red-dotted lines;
Supporting Information Fig. S4).

Taken together, our PALM microscopy data further
emphasize differential and cell-specific differences of AnxA6
on the cholesterol-sensitive microdomain distribution of raft
and non-raft markers.

The function of the cortical actin meshwork in membrane
protein partitioning and clustering has been examined
extensively (Owen et al., 2012a; Gomez-Llobregat et al.,

Figure 3
Cluster analysis of Lck10-PS-CFP2 and Src15-PS-CFP2 in A431-WT and A431-A6 cells. A431-WT and A431-A6 cells were transfected with (A and
B) Lck10-PS-CFP2 and (C and D) Src15-PS-CFP2 and fixed 20 min with 4% PFA. PALM images were acquired and cluster analysis of 35–50
non-overlapping 3 × 3 μm regions at the plasma membrane from 7 to 10 PALM images was performed as explained in Materials and Methods.
(A) Graphical representation of mean Ripley’s K functions of 35–50 non-overlapping regions of Lck10-PS-CFP2 in A431-WT and A431-A6 cells. It
reports the degree of clustering relative to a random distribution (indicated by the 95% CI, grey dotted line). (B) Graphical representation of mean
± SEM of maximum L(r)-r at radius = 60 nm, molecules in cluster, cluster density and cluster radius of Lck10-PS-CFP2 in A431-WT and A431-A6
cells. (C) Mean Ripley’s K functions of 35–50 non-overlapping regions of Src15-PS-CFP2 in both A431-WT and A431-A6 cells. Grey dotted line,
95% CI. (D) Graphical representation of mean ± SEM of maximum L(r)-r at radius = 60 nm, molecules in cluster, cluster density and cluster radius
of Src15-PS-CFP2 in A431-WT and A431-A6 cells. Unpaired Student’s t-test showed statistically significant differences in (D). **P < 0.01, ***P <
0.001.
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2013). To analyse if AnxA6 may contribute to cortical
actin cytoskeleton-dependent compartmentalization of
membrane-anchored proteins such as Lck10 and Src15, A431
and MEF ± AnxA6 cell lines transfected with fluorescent raft
(Lck10) and non-raft (Src15) markers were treated with 5 μM
LatB for 10 min, fixed and imaged by PALM microscopy.
Cluster analysis of these PALM images revealed that actin
cytoskeleton disruption did not significantly affect Lck10
clustering in AnxA6-deficient A431-WT cells, but increased
cluster heterogeneity in MEF-A6ko fibroblasts (Figure 5A and
C, green-dotted vs. red-dotted line; Supporting Information
Fig. S4). In contrast, AnxA6 expression in A431-A6 and
MEF-WT correlated with LatB treatment inducing Lck10 clus-
tering (proportion of molecules in cluster, cluster density and
cluster size) (Figure 5A and C, green line; Supporting Infor-
mation Fig. S4). On the other hand, LatB treatment induced
Src15 clustering in both A431-WT and MEF-A6ko cells
(Figure 5B and D, green-dotted vs. red-dotted line; Support-
ing Information Fig. S4). The expression of AnxA6 in LatB-
treated A431 cells reduced Src15 clustering to almost the
clustering levels of untreated A431-WT cells (Figure 5B, green
vs. red-dotted line; Supporting Information Fig. S4). In MEF-
WT, the presence of AnxA6 was associated with slightly more

Src15 clustering, proportion of molecules in cluster, cluster
density and cluster size than in LatB-treated MEF-A6ko fibro-
blasts (Figure 5D, green vs. red line; Supporting Information
Fig. S4).

Altogether, these results highlight that differential expres-
sion levels of AnxA6 not only alter the cholesterol-sensitive
distribution of raft and non-raft proteins, but can also modu-
late the actin-dependent microdomain environment in a cell-
specific manner.

Discussion and conclusions

Utilizing two gain- and loss-of-function cellular models for
AnxA6, this study provides the first evidence from live cells
that members of the annexin family have the ability to
remodel plasma membrane order. Results presented here
strongly suggest that AnxA6 modulates plasma membrane
order through two different mechanisms: (i) directly affecting
phospholipid bilayer organization and the actin cortical
cytoskeleton; and (ii) indirectly through alterations in choles-
terol homeostasis, thereby inducing plasma membrane cho-
lesterol depletion and plasma membrane order diminution.

Figure 4
Cluster analysis of Lck10-PS-CFP2 and Src15-PS-CFP2 in MEF-WT and MEF-A6ko cells. MEF-WT and MEF-A6ko cells were transfected with (A and
B) Lck10-PS-CFP2 and (C and D) Src15-PS-CFP2 and fixed 20 min with 4% PFA. PALM images were acquired and cluster analysis of 35–50
non-overlapping 3 × 3 μm regions at the plasma membrane from 7 to 10 PALM images was performed as explained in Materials and Methods.
(A) Graphical representation of mean Ripley’s K functions of 35–50 non-overlapping regions of Lck10-PS-CFP2 in both MEF-WT and MEF-A6ko
cells. Grey dotted line, 95% CI. (B) Graphical representation of mean ± SEM of maximum L(r)-r at radius = 60 nm, molecules in cluster, cluster
density and cluster radius of Lck10-PS-CFP2 in MEF-WT and MEF-A6ko cells. (C) Mean Ripley’s K functions of 35–50 non-overlapping regions of
Src15-PS-CFP2 in both MEF-WT and MEF-A6ko cells. Grey dotted line, 95% CI. (D) Graphical representation of mean ± SEM of maximum L(r)-r
at radius = 60 nm, molecules in cluster, cluster density and cluster radius of Src15-PS-CFP2 in MEF-WT and MEF-A6ko cells. Unpaired Student’s
t-test showed statistically significant differences in (B) and (D). *P < 0.05, ***P < 0.001.
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AnxA6 is well known to play a role in calcium homeosta-
sis, membrane traffic and membrane organization. Negatively
charged phospholipids [phosphatidylserine (PS), phosphati-
dylinositol, phosphatidic acid] are the preferred binding part-
ners of annexins. It has been suggested that, despite calcium-
dependent interaction with anionic phospholipids, AnxA6
displays calcium-independent cholesterol-binding properties
(de Diego et al., 2002). In addition, AnxA6 also shows affinity
for PE and arachidonic acid (Edwards and Crumpton, 1991),
which are enriched in membrane rafts and generated by
cytoplasmic phospholipase A2 (cPLA2) (Brown et al., 2003).
Apart from the role in phospholipid reorganization and
membrane aggregation, AnxA6 expression also regulates
intracellular cholesterol homeostasis (Grewal et al., 2010).
Cells with elevated AnxA6 levels are characterized by an
accumulation of cholesterol in late endosomes, with a con-
sequent cholesterol diminution at the plasma membrane and
Golgi apparatus, which inhibits caveolin-1 transport to the
plasma membrane (Cubells et al., 2007). Interestingly, choles-
terol depletion in the Golgi of AnxA6-expressing cells
interferes with the recruitment and activity of cPLA2 at the
trans-Golgi-network (TGN) (Cubells et al., 2008). Given that
cPLA2 is required to drive cholesterol-dependent formation
and transport of secretory vesicles from the TGN to the
plasma membrane, this might further contribute to changes
in membrane order at the cell surface.

A role for cholesterol to stimulate the binding of AnxA6 to
liposomes in vitro (Ayala-Sanmartin, 2001) and changes in
cholesterol and/or pH stimulating Ca2+-independent interac-
tions of AnxA6 with endosomal and cell surface membranes
had already been observed in earlier studies (de Diego et al.,
2002; Monastyrskaya et al., 2009). AnxA6 has been postulated
as a bona fide cholesterol-binding protein; in vitro binding
studies identified tryptophan-343 (W343) within the linker
region of AnxA6 as important for the proposed interaction
between recombinant AnxA6 and cholesterol (Domon et al.,
2010). More recently, a comprehensive proteome-wide
mapping of cholesterol-interacting proteins in mammalian
cells recognized AnxA6 as a potential cholesterol-binding
protein (Hulce et al., 2013). Interestingly, while AnxA6 has
been linked to cholesterol homeostasis, similar modes of
action have not been made for other annexins like AnxA2,
indicating different mechanisms of AnxA2 and AnxA6 to
affect plasma membrane order (Illien et al., 2012).

In Figure 6, we propose a model that summarizes and
links AnxA6 expression with cholesterol- and actin-mediated
structural and functional changes at the plasma membrane.
This model outlines two different plasma membrane domain
distributions depending on cellular cholesterol levels and
cortical actin cytoskeleton meshwork features. In MEF cells,
the cortical actin cytoskeleton forms corrals where the Lo raft
domains are confined. This hypothesis is in agreement with

Figure 5
Ripley’s K function of Lck10-PS-CFP2 and Src15-PS-CFP2 in mβCD and LatB-treated A431 and MEF cells. Mean Ripley’s K function graphical
representations of 35–50 non-overlapping 3 × 3 μm regions at the plasma membrane from 7 to 10 PALM images of (A and B) A431-WT and
A431-A6 and (C and D) MEF-WT and MEF-A6ko of (A and C) Lck10-PS-CFP2 and (B and D) Src15-PS-CFP2 transfected cells. Graphs show the mean
of Ripley’s K functions under normal conditions, 10 mM mβCD and 5 μM LatB treatments. Grey dotted line, 95% CIs.
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recent findings that describe, using fluorescent correlation
spectrometry and stimulated emission depletion super-
resolution microscopy, membrane partitioning into
Lo-enriched domains surrounded by Ld-enriched domains
that correlate with actin fibres (Honigmann et al., 2014). In
both models, the degree of the actin meshwork density will
determine the corral size, and the level of membrane choles-
terol and other raftophilic lipid moieties will determine the
different membrane phase proportions. In A431 cells,
however, cortical actin cytoskeleton delimits Ld non-raft
domains into corrals, with the Lo membrane phase associated
with the actin filaments. Experimental data supporting this
hypothesis, using a phasor approach to fluorescence lifetime
imaging microscopy data analysis and 7-ketocholesterol
treatment, allowed us to propose a model where, in reduced
plasma membrane order conditions, Ld phase is present in
the corral lumen while the Lo raft phase is associated with
actin filaments (Owen et al., 2012c). The proposed model
here suggests that the regulation of cholesterol levels, other
raftophilic lipid moieties and/or the actin cytoskeleton mesh-
work, by means of AnxA6 and other membrane regulators or
even specific drugs such as mβCD or LatB, might modulate
the plasma membrane structure and partitioning. In addi-
tion, fluctuations in intracellular calcium levels are well
known to strongly affect the membrane-binding ability of
AnxA6 in vitro, but also in cellular models. For instance, we
showed that calcium ionophores, but also activation of epi-

dermal growth factor receptor (EGFR), which triggers local
intracellular calcium concentration increase, induces AnxA6
translocation to the plasma membrane (Vila de Muga et al.,
2009; Grewal et al., 2010). Hence, a combination of choles-
terol, actin and calcium-driven events probably enables
AnxA6 to not only affect the membrane order locally, but also
to affect recruitment of signalling proteins to the plasma
membrane. In line with this hypothesis, AnxA6 promotes
calcium-dependent membrane recruitment of the GTPase
activating protein p120GAP (Grewal et al., 2005) as well as
PKCα (Koese et al., 2013). This is associated with AnxA6 inter-
acting with active H-Ras and EGFR, promoting EGF-inducible
Ras and EGFR inactivation in a calcium-dependent manner
(Vila de Muga et al., 2009; Koese et al., 2013). One can
envisage that the dual role of AnxA6 affecting membrane
order through cholesterol- and actin-dependent events
identified here, together with calcium-sensitive AnxA6 mem-
brane association, modulates the recruitment of signalling
proteins, and consequently strength and duration of cellular
signalling.

We and others have shown different AnxA6 functions
regulating important cellular/physiological events such as
endocytosis, exocytosis and cell migration, where membrane
partitioning is considered essential. Firstly, AnxA6 is located
at clathrin-coated pits and caveolae at the plasma membrane
(Calvo and Enrich, 2000), specific membrane structures char-
acterized by Ld and Lo phases respectively. Anderson and

Figure 6
Proposed model for AnxA6-induced membrane organization. The proposed model suggests that fibroblasts plasma membrane (A) has lipid raft
confined into actin fibre corrals due to its cholesterol content and its cortical actin cytoskeleton. (B) When AnxA6 is knocked out, higher plasma
membrane cholesterol content and a prominent cortical actin cytoskeleton can be observed, which could drive domain partitioning of both Lo
and Ld phases. On the other hand, epithelial cells (C and D) might have non-rafts confined into corrals where cortical actin cytoskeleton
determines corral size and cluster partitioning. (D) In this setting, AnxA6 expression may induce diminution of cortical actin cytoskeleton and
plasma membrane cholesterol, allowing larger non-raft Ld domains.
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co-workers, based on AnxA6 interacting with spectrin, pro-
posed a role for AnxA6 in receptor-mediated endocytosis
(Kamal et al., 1998). Upon AnxA6 binding to spectrin, calpain
I cleaves spectrin and ‘opens’ the actin cytoskeleton facilitat-
ing the endocytosis. These AnxA6-dependent dynamic
changes in membrane–cytoskeleton interaction are likely to
involve changes in membrane order.

Secondly, currently available data suggest that AnxA6
probably inhibits the secretory pathway (Creutz, 1992;
Donnelly and Moss, 1997; Podszywalow-Bartnicka et al.,
2010). Our recent findings are in line with this concept as we
identified a significant diminution of retrograde transport of
vesicular stomatitis virus G protein transport from the cell
surface to the TGN in cells with up-regulated AnxA6 levels
(Cubells et al., 2007). Furthermore, high levels of AnxA6
interfered with cholesterol-sensitive and t-SNARE (SNAP23
and syntaxin-4) dependent secretion of cargo (fibronectin,
TNF-α) (Reverter et al., 2011).

Finally, our most recent data provide novel molecular
insights into our understanding of constitutive protein traf-
ficking at the TGN/endosomal boundaries and identify the
delivery of late endosomal cholesterol to the Golgi as a new
pathway linking cholesterol with t-SNARE functioning and
integrin recycling (Reverter et al., 2014).

Future studies will have to determine whether AnxA6
expression levels and its influence in the remodelling of
membrane microdomains are a common determinant for
cholesterol regulation of t-SNARE localization, assembly and
functioning in various cellular processes and cell types.
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