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Abstract

Background Information: During tumor invasion and metastasis processes,
cancer cells are exposed to major compressive and shearing forces, due to their
migration through extracellular matrix, dense cell areas, and complex fluids,
which may lead to numerous plasma membrane damages. Cancer cells may
survive to these mechanical stresses thanks to an efficient membrane repair
machinery. Consequently, this machinery may constitute a relevant target to
inhibit cancer cell dissemination.

Results: We show here that annexin-A5 (ANXA5) and ANXA6 participate in
membrane repair of MDA-MB-231 cells, a highly invasive triple-negative breast
cancer cell line. These crucial components of the membrane repair machin-
ery are substantially expressed in breast cancer cells in correlation with their
invasive properties. In addition, high expression of ANXA5 and ANXA6 predict
poor prognosis in high-grade lung, gastric, and breast cancers. In zebrafish, the
genetic inhibition of ANXA5 and ANXAG leads to drastic reduction of tumor cell
dissemination.

Conclusion: We conclude that the inhibition of ANXA5 and ANXA6 prevents
membrane repair in cancer cells, which are thus unable to survive to membrane
damage during metastasis.

Significance: This result opens a new therapeutic strategy based on targeting
membrane repair machinery to inhibit tumor invasion and metastasis.
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et al., 2003). These physiological events occur in mus-
cle, epithelial, and endothelial cells, which respectively

Cells continuously exposed to mechanical stress fre-
quently exhibit membrane disruptions (P. L. McNeil

Abbreviations: ANX, annexin; ANXA5, annexin-A5; ANXAB, annexin-AG;
BSA, bovine serum albumin; DAPI, 4,6-diamidino-2-phénylindole; DMEM,
Dulbecco’s modified Eagle medium; DMSO, dimethyl sulfoxide; D-PBS,
Dulbecco’s phosphate-buffered saline; DPF, day post-fertilization; FBS, fetal
bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP,
green fluorescent protein; HPI, hour post-injection; HR, hazard ratio; KM,
Kaplan-Meier; MOI, multiplicity of infection; PVDF, polyinylidene fluoride;
SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis.

undergo physical constraints due to muscle contrac-
tion/stretching, and fluid or hemodynamic shear stress.
These cells are biologically adapted to cope with such
events thanks to an effective membrane repair machin-
ery, which restores membrane integrity at the minute
scale (P. L. McNeil et al., 2003). Defect of membrane
resealing leads to cell death and may be responsible
for tissue necrosis and the development of degenera-
tive diseases (Bansal et al., 2003). As membrane repair
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strongly relies on proteins binding to membrane in a
Ca?*-dependent manner, such as dysferlin, AHNAK, or
annexins (Bouter et al., 2011; Boye et al., 2017; Lennon
et al., 2003), one of the main triggers of the process is
the influx of Ca2* from extracellular (mM) to intracellular
(M) milieu.

The mammalian annexin family consists of 12 cytoso-
lic proteins, numbered from ANXA1 to A13 (the number
12 has not been assigned) (Gerke & Moss, 2002).
These proteins share the ability of binding to membrane-
exposed negatively-charged phospholipids in a Ca?*-
dependent manner. They participate in various stages
of membrane repair. ANXA1 and ANXA2, which have
been shown to induce the Ca®*-dependent aggregation
of liposomes (Lambert et al., 1997), may be responsible
for intracellular vesicle aggregation and the formation of
the lipid patch that leads to membrane resealing (Dav-
enport et al., 2016; Lennon et al., 2003; A. K. McNeil
et al., 2006). ANXAS5 self-assembles around the rupture
site to strengthen the membrane and prevent the tear
from spreading, hence promoting membrane resealing
(Bouter et al., 2011; Carmeille et al., 2016, 2015). Even
though the accurate function of ANXA4 and ANXA6
remains unclear, they are crucial in cell membrane
remodeling during the resealing process (Boye et al.,
2017; Croissant et al., 2020).

Invasive cancer cells may spread from the primary
tumor to other organs through the blood or lymphatic
system in a multi-step process known as metastasis.
Invasion of distant organs by cancer cells requires
the remodeling of actin cytoskeleton, which enhances
membrane dynamics but reduces plasma membrane
stiffness (Wirtz et al., 2011). Furthermore, significant
shear stress would be experienced by invasive cancer
cells while they migrate through the extracellular matrix
and invade distant organs, especially during intra- and
extravasation processes for bloodstream entrance and
exit, respectively (Azevedo et al., 2015; Gensbittel et al.,
2021; Wirtz et al., 2011).

We hypothesize that invasive cancer cells must cope
with severe mechanical forces leading to plasma mem-
brane ruptures during metastasis. These cells would
possess an exacerbated membrane repair machinery
suited for multiple membrane injuries, whose inhibition
may lead to cell death. The validation of such a hypoth-
esis would pave the way for the development of new
therapeutic strategies to limit tumor invasion and prevent
cancer metastasis. Data from the literature serve as the
first basis of this working hypothesis. Although few stud-
ies have linked membrane repair to cancer, several of
them have indeed found fortuitously a positive correla-
tion between key actors of membrane repair and tumor
invasion (Jaiswal et al., 2014; Lauritzen et al., 2015;
Leung et al., 2013; Prieto-Fernandez et al., 2022). In
addition, the hypothesis is supported by our experimen-
tal data, which provided an in cellulo proof of principle.

We have shown that MDA-MB-231 cell migration on
fibrillar collagen causes plasma membrane damages,
leading to cell death in the absence of ANXA5 and
ANXAG6 due to a defective membrane repair machinery
(Bouvet et al., 2020).

Here, we investigated the effect of the silencing of
ANXA5 and ANXA6 on the dissemination of cancer
cells in vivo. Experiments were performed on modified
MDA-MB-231 cells constitutively expressing the fluores-
cent tdTomato protein for live imaging in zebrafish. We
show that cells, when rendered deficient for ANXA5 and
ANXAB, exhibit deficiency of membrane repair. Whether
we observed that simultaneous silencing of ANXA5 and
ANXAG6 has no effect on proliferation in vitro, we reveal
a reduced ability to metastasize for these ANX-deficient
cells in vivo. In addition, KM plotter database analysis
shows that high expression of ANXA5 or ANXAG6 pre-
dicts poor prognosis for patients suffering from gastric,
lung, and breast cancer. Altogether, these results sug-
gest that annexins may constitute relevant targets to
prevent tumor invasion and metastasis.

MATERIALS AND METHODS
Survival analysis

The Kaplan—Meier plotter database (https://kmplot.com/
analysis/) was used to correlate overall survival rate
to the level of ANXA5, ANXAB, myoferlin, S100A11,
or AHNAK mRNA expression. To determine the prog-
nostic value, patients were split by auto-selecting the
best cutoff, the period of follow-up was fixed at 120
months, the “only JetSet best probe set” option was
selected, and biased arrays was excluded. Hazard ratios
with a 95% confidence interval and log-rank p-value
were calculated. The log-rank test calculates the mean
chi-square for each event time from each group. Two
groups are considered to be significantly different when
p < 0.05.

Cell culture

Cell culture media and reagents were from Ther-
moFisher Scientific (Waltham, MA, USA) except when
otherwise stated. MDA-MB-231 human breast tumor
cells expressing tdTomato protein were established by
lentiviral transduction as previously described (lggo,
2022) using the pDRM18 LTN plasmid (Addgene num-
ber 174721). Cells were cultured in Dulbecco modified
Eagle’s minimal essential medium (DMEM) contain-
ing 4 mM Glutamax and supplemented with 10% fetal
bovine serum and penicillin/streptomycin (100 U/mL and
100 ug/mL). Cells were maintained at 37°C in a 5% CO,
humidified incubator.
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Generation of ANXA5 and ANXAG6 deficient
MDA-MB-231 cells

For each gene, three sgRNAs were designed with
CRISPOR algorithm (crispor.tefor.net [Haeussler et al.,
2016]): ANXA5-sgRNA#1 (AGGGTACTACCAGCGGAT-
GT), ANXA5-sgRNA#2 (GCCTGGAAGATGACGTGG-
TG), ANXA5-sgRNA#3 (CACACTTCGTGTTCCAAA-
GA), ANXA6-sgRNA#1 (GCTCTGTACACTGCCATG-
AA), ANXAB-sgRNA#2 (TAATCACCTCACGGAGCA-
AC) and ANXA6-sgRNA#3 (CGTAGAGGGACTTGTA-
GCTC). The following scrambled sgRNA was used
as control: ATATTTCGGCAGTTGCAGCA. Oligonu-
cleotides (Eurogentec) containing the gene-targeting
gRNA with 5’overhang BsmBl digestion sites were
annealed and cloned into the lentiCRISPRv2 plasmid
(a gift from Feng Zang; Addgene plasmid #52961) (San-
jana et al., 2014). ANXA5-sgRNA#1, ANXA5-sgRNA#2,
ANXAGB-sgRNA#1, and ANXAG6-sgRNA#2 sequences
were used in this study. Lentiviral production was
done for each individual sgRNA and they were used
separately or in combination to infect cells thereafter
selected with puromycin treatment. Lentiviral-based par-
ticles were produced by Bordeaux University Lentiviral
Vectorology Platform (US005, Bordeaux, France) by
transient transfection of 293T cells. 2.10° MDA-MB-231
cells were cultured in a 30 mm Petri Dish for 24 h and
co-transduction was carried out by adding single sgRNA
or a mixture of ANXA5- and ANXAB-targeting sgRNAs
lentiviral particles to the cells at multiplicity of infection
(MOI) of 20 in 2 mL Opti-MEM for 24 h. Transduced
cells were cultured for 24 h in growth medium and then
selected in selection medium composed by 2 ug/mL
puromycin in DMEM for 48 h. Cells were passaged and
subsequently cultured in 25 cm? cell culture flask in
selection medium. At each passage, a fraction of cells
was used for preparing protein extracts for western-blot
analysis of the expression of ANXA5 and ANXAG.

Western-blot

2.10° cells were trypsinized, pelleted, and re-suspended
in 300 uL of D-PBS supplemented with 1 mM EGTA. Pro-
tein extracts were obtained by sonicating ice-cold cell
suspension with a Branson digital sonifier (amplitude
20%, duration 2 min, interval 5 s, and pulse 5 s). Two
successive centrifugations at 13,000 g for 1 min allowed
to remove cell debris. 10 ug protein extracts were sep-
arated on a 10% SDS-PAGE. Semi-dry electrophoretic
transfer (Bio-Rad, Hercules, CA, USA) onto PVDF mem-
brane was performed for 1 h at 100 V. The cellular
content in ANXA4 (35 kDa), ANXA5 (35 kDa), ANXA6
(68 kDa), and actin (42 kDa) or GAPDH (37 kDa) was
detected with mouse anti-ANXA4 monoclonal antibody
(SAB4200121, Sigma, Saint-Louis, MO, USA), mouse

anti-ANXA5 monoclonal antibody (AN5, Sigma), mouse
anti-ANXA6 monoclonal antibody (sc-271859, Santa
cruz Biotechnology), rabbit anti-actin polyclonal anti-
body (A2066, Sigma), and rabbit anti-GAPDH polyclonal
antibody (G9545, Sigma), respectively. All primary anti-
bodies were diluted 1:1,000 in saturation solution com-
posed by Tris buffer saline (10 mM Tris, 150 mM NaCl,
pH 8.0) supplemented with 0.1% Tween20 and 5% non-
fat dry milk. Revelation was performed using secondary
antibodies conjugated to horse-radish peroxidase (GE-
Healthcare) diluted 1:2,000 in saturation solution and
Opti-4CN colorimetric kit (Bio-Rad). ImageJ software
was used to measure the relative intensity of protein
bands.

Proliferation analysis

In 6-well clear plates (Corning, NY, USA), 1.6 x 10°
cells/well were seeded in duplicate in growth medium
without red phenol to avoid disturbance of the phase
measurement. Quantitative phase images were
acquired with a lens-free microscope (Cytonote,
Iprasense, Montpellier, France) in an incubator at
37°C, 5% CO,. The acquisition period was 25 min.
Phase images were analyzed using Trackmates2 on
Fiji and MATLAB. Three independent experiments were
performed for each cell line.

Membrane repair assay

Membrane repair assay was performed as previously
described (Bouvet et al.,, 2020). MDA-MB-231 cells
were irradiated at 820 nm with a tunable pulsed deple-
tion laser Mai Tai HP (Spectra-Physics, Irvine, USA) of
an upright two-photon confocal scanning microscope
(TCS SP5, Leica) equipped with an HCX PL APO CS
63.0 x 1.40 oil-objective lens. Irradiation consisted of 1
scan (1.6 s) of a 1 um x 1 um area with a power of 110
(£5) mW. 512 x 512 images were acquired at 1.6 s inter-
vals with pinhole set to 1 Airy unit. FM1-43 was excited
by the 488-nm laser line (intensity set at 30% of max-
imal power) and fluorescence emission was measured
between 520 nm and 650 nm. For quantitative analysis,
the fluorescence intensity was integrated over the whole
cell surface and corrected for the fluorescence value
recorded before irradiation, using ImagedJ software.

Traffic of ANXAS5 and ANXAG6 in
laser-injured cells

For the subcellular trafficking analysis of ANXA5-GFP
or ANXAG6-GFP, MDA-MB-231 cells cultured in 35-mm
glass bottom dishes (MatTek, Ashland, USA) were
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transfected by the pA5-GFP or pA6-GFP plasmid (Crois-
sant et al., 2022). Membrane damage was performed
by laser ablation as described above, without FM1-43.
At least three independent experiments were performed
and each experiment included the analysis of at least
five damaged cells.

MDA-MB-231 dissemination in zebrafish

Experiments were performed using the Casper
zebrafish stain (ZIRC, Oregon, USA). Adult zebrafish
were produced in accordance with the French Directive
(Ministere de IAgriculture et de lalimentation) under
permit number A33-063-935. All the procedures were
conducted in compliance with the European Communi-
ties Council Directive (2010/63/EU). Adult fish aged 6
months to 2 years were crossed to produce embryos.
Embryos were cultured in E3 medium (5 mM NaCl,
0.177 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,)
at 28°C. Dechorionated 2-day post fertilization (dpf)
zebrafish embryos were anaesthetized with 0.003%
tricaine (Sigma, St. Louis, MO, USA) and positioned in
3% methylcellulose on a dich coated with 1% agarose.
Cells were treated with versene solution and resus-
pended in PBS containing 1% phenol red at the density
of 4 x 107 cells per milliliter. The cell suspension was
loaded into borosilicate glass capillary needles (Fem-
totip I, Eppendorf) and injections were performed using
a pump (Femtojet 4i; Eppendorf) and micromanipulator
(Phymep). Around 500 cells/fembryos were injected
above the duct of cuvier in perivitelline space of the
embryo. After checking the implantation with mam-
malian cells, zebrafish embryos were maintained at
35.5°C. Tumor imaging was done at 3-, 28-, and 52-h
post injection (hpi).

Fluorescence microscopy

Cell imaging was performed using the conventional
fluorescence microscope 1X81 (Olympus) equipped
with the UPLFLN20X/0.50/WD2.1 mm and the
UPLFLN60XO/0.65/0.65-1.25/D0.12 objectives. DAPI
was observed using the U-MWU2 cube containing a
band-pass excitation filter (330-385 nm), a dichroic mir-
ror (50 % transmission from 400 nm), and a long-pass
emission filter (threshold 420 nm). GFP was observed
using the U-MINIBA2 cube containing a band-pass exci-
tation filter (470—490 nm), a dichroic mirror (threshold
505 nm), and a band-pass emission filter (510-550 nm).
tdTomato was observed using the cube U-MWG2 con-
taining a band-pass excitation filter (510-550 nm), a
dichroic mirror (threshold 570 nm), and a long-pass
emission filter (threshold 590 nm).

RESULTS

High expression of ANXA5 or ANXAG in
tumor cells predicts poor patient
prognosis

ANXA5 and ANXAG6 have been associated with either
tumor-promoting or tumor-suppressing activity (Gre-
wal et al., 2017, 2021; Korolkova et al., 2020; Peng
et al., 2014; Qi et al., 2015). This apparent discrep-
ancy may be result from the different stage and grade
in which the cancer cells have been analyzed. We
hypothesize indeed that cancer cells within a grow-
ing primary tumor do not require a large amount of
proteins involved in motility, invasiveness, or mem-
brane repair processes. In contrast, a metastatic
nodule is likely composed of cells that are mobile
and invasive, potentially enriched in membrane repair
proteins.

To investigate the involvement of ANXA5 and ANXA6
in promoting cancer invasion and metastasis, we first
examined whether their expression was correlated with
the prognostic value in various advanced cancers.
Advanced cancer is characterized by high grade and/or
stage, which correlates with the velocity of the dis-
ease development and the extent of affected tissues,
respectively. High-grade and -stage cancers are often
very aggressive, with strong tumor invasion and the
presence of metastatic cells. The impact of ANXA5
and ANXA6 mRNA expression on overall survival of
four human cancer types, ie breast, gastric, lung, and
ovarian cancer, was analyzed according to the Kaplan—
Meier Plotter database (Lanczky & Gydrffy, 2021). We
observed that high expression of ANXA5 (Figure 1a)
and ANXABG (Figure 1b) positively correlated with a lower
survival in breast, gastric, and lung advanced cancer
patients.

Given the multifunctionality of both annexins, at this
stage, no correlation between low survival rate and
membrane repair could be made. To support the hypoth-
esis that a correlation may exist between a reinforced
membrane-repair machinery and poor patient progno-
sis, we analyzed the impact of the expression of other
membrane-repair genes on survival curves. To date,
myoferlin, S100A11, and AHNAK have been reported
to belong to the membrane repair machinery of can-
cer cells (Davis et al., 2014; Jaiswal et al., 2014; Leung
et al., 2013; Li et al., 2012), together with ANXA5 and
ANXAB (Bouvet et al., 2020). We analyzed therefore
the impact of the expression of these genes on survival
curve and showed that they exhibited a similar trend than
ANXA5 and ANXAG6 (Figure S1), suggesting that high
expression of membrane-repair genes affects survival
of advanced cancer patients and is a predictor of poor
prognosis.
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FIGURE 1 High ANXA5 or ANXA6 expression in advanced cancer patients is a poor prognosis factor. (a,b) Survival curves from

Kaplan—Meier plot profiles for breast (n = 201), gastric (n = 305), lung (n = 70), or ovarian (n = 1220) high-grade and -stage cancer patients,
stratified by high (red line) and low expression (black line) of ANXAS5 (a) or ANXA6 (b) mRNA (Affymetrix identifier, 200782_at and 200982_s_at,
respectively). In each analysis, hazard ratio (HR) and log-rank probability were calculated. A HR significantly different from 1 means that survival
was better in one of both groups. For example, if a HR is 1.5, the survival probability in group 1 is 1.5 higher than in group 2. To note, cancer
grade (typically numbered from 1 to 3) correlates with the velocity of the disease development while stage (from 1 to 4) characterizes the extent
of affected tissues. Advanced cancers were triple-negative subtype, stage 3, stage 3 + grade 4, and stage 3, for breast, lung, ovarian, and

gastric cancer, respectively. HR, hazard ratio.

ANXAS or ANXAG6 expression correlates
with invasiveness properties of breast
cancer cells

Our study focused on MDA-MB-231 cells, which are
highly invasive cells established from triple-negative
breast cancer. We have previously reported that ANXA1,
ANXA2, ANXA5, and ANXAB6, which are four annexins
reported to belong to the sarcolemma repair machin-
ery (Croissant et al, 2021), are similarly expressed in
MDA-MB-231 cells and placental BeWo cells. The pla-
centa should be the richest organ in annexins, from
which most of them have been initially isolated and iden-
tified (Buhl et al., 1991; Funakoshi et al., 1987; Rémisch
& Heimburger, 1990). To complete this study, we com-
pared the expression of ANXA4, ANXA5, and ANXA6
between MDA-MB-231 and MCF7 cells. Like MDA-MB-
231, MCF7 cells were established from breast cancer
but exhibit lower invasiveness properties (Thompson
et al.,, 1992, 1988). We observed that ANXA5 and
ANXA6 were expressed at higher levels in MDA-MB-
231 cells compared to MCF7 (Figure 2). Our results
corroborate previous findings that showed the presence
of higher ANXAG levels in MDA-MB-231 or BT549 com-

pared to MCF7 or MCF10 cell lines (Sakwe et al., 2011).
Nevertheless, they contradict a previous study of Vila de
Muga et al., in which it was reported that ANXAG expres-
sion is lower in ER-negative compared ER-positive
breast cancer cell lines (Vila de Muga et al., 2009). Inter-
estingly, we recently reported that ANXA1 and ANXA2
were also expressed at higher level in MDA-MB-231
compared to MCF7 cells (Gounou et al., 2022), suggest-
ing that stronger invasive properties were associated
with higher expression of membrane repair proteins.
Nevertheless, we could not rule out the possibility that
another cell process, such as cell growth, proliferation,
motility, or lipid/glucose homeostasis, may be dysregu-
lated and explain modified invasiveness (Grewal et al.,
2021).

Membrane repair in MDA-MB-231 cells
requires ANXA5 and ANXAG6

MDA-MB-231 cells were modified to constitutively
express the tdTomato fluorescent protein, enabling in
vivo follow-up of cell dissemination in zebrafish by
fluorescence microscopy. These cells were rendered
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extracts from MDA-MB-231 and MCF7 cells were analyzed by western-blotting. (a) Representative image of western-blot analysis showing the
revelation of ANXA5 and ANXAG in MDA-MB-231 and MCF?7 cells, compared to GAPDH (loading control). The whole membranes are presented
in Figure S2. (b) The histogram presents mean values (+ SEM) of the ratio ANX/GAPDH from five independent experiments, analyzed by the
gel analysis plugging of ImageJ. Student t-test for independent samples. **p < 0.01.

deficient for ANXA5 and/or ANXA6 using the CRISPR/
Cas9 strategy, leading to cell lines hereafter named
SgANXADS, or sg ANXAB, or sgANXA5/A6 MDA-MB-231,
in which ANXA5 and ANXAG6 expression was substan-
tially reduced (Figures 3a and S3). The study of the
double knock-out cell line was particularly interesting
because we have shown previously that the migration on
fibrillar collagen triggered numerous unrepaired plasma
membrane damages when cells were deficient in both
ANXA5 and ANXAG, while the single silencing led to a
more moderate phenotype (Bouvet et al., 2020).

Fluorescence microscopy imaging of the tdTomato
protein revealed no significative difference in the mor-
phology of control or sgANXA5/A6 MDA-MB-231 cells
(Figures 3b and S4). In addition, we observed that
silencing of ANXA5 and ANXA6 has no effect on cell
growth in vitro (Figure 3c). This result was surprising,
since both annexins have been associated with growth-
promoting and -inhibiting features (Grewal et al., 2021;
Prieto-Fernandez et al., 2022). Actually, we showed that
SgANXA6 MDA-MB-231 cells proliferate more rapidly
than control cells, while sgANXA5 MDA-MB-231 cells
exhibited a slower growth than both other cell types
(Figure S5). This result suggests that the absence
of both ANXA5 and ANXAG6 cancels their respective
inhibiting and promoting effect on proliferation.

We have previously shown that ANXA5 and ANXA6
were required for membrane resealing in MDA-MB-
231 cells (Bouvet et al., 2020). In order to confirm
the participation of ANXA5 and ANXA6 in membrane
repair of this modified tdTomato-positive MDA-MB-231
cell line, a standard membrane repair assay was per-
formed using laser ablation in the presence of Ca®*
and FM1-43 (Bouvet et al., 2020; Carmeille et al.,
2017). After laser injury, the entry of FM1-43 molecules
into the cytosol, and the subsequent increase of the

intracellular fluorescence intensity, is stopped in case
of membrane resealing, whereas a continuous entry
of FM1-43 into the cytosol, and therefore a strong
increase in the fluorescence intensity, is observed in the
absence of membrane resealing. We observed that most
control MDA-MB-231 cells are able to reseal a laser-
induced membrane damage in about 60 s (Figure 4a,c).
In contrast, laser-damaged sgANXA5, sgANXA6, or
SgANXA5/A6 MDA-MB-231 cells exhibited systemati-
cally a strong and large increase of the intracellular
fluorescence intensity (Figures 4b,c and S6), which indi-
cated that they were unable to reseal cell membrane
damage. To complete this set of experiments, we then
analyzed the traffic of ANXA5 and ANXAG in membrane-
damaged MDA-MB-231 cells, since most key membrane
repair proteins have been reported of being rapidly
recruited to the disruption site (Croissant et al., 2021;
Croissant et al., 2022). In MDA-MB-231 cells trans-
fected with either ANXA5-GFP or ANXA6-GFP vector,
cell membrane was damaged by laser ablation and the
subcellular trafficking of each annexin was analyzed. We
observed that ANXA5-GFP and ANXA6-GFP were sys-
tematically recruited to the disruption in a few seconds
after membrane damage (Figure 4d,e). We conclude
that ANXA5 and ANXAG participate in membrane repair
in MDA-MB-231 cells.

Inhibition of ANXA5 and ANXAG6 prevents
metastasis in zebrafish

To investigate the role of ANXA5 and ANXA6 on
tumoral progression, we compared the ability of MDA-
MB-231 cells, either wild-type or deficient for ANXAS5
and ANXA6, to disseminate and proliferate when
injected into the yolk sac of zebrafish larvae and we
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FIGURE 3 sgANXA5/A6 MDA-MB-231 cells exhibit morphology and growth properties similar to control cells. (a) ANXA5/A6 deficient
MDA-MB-231 cells were established by the CRIPSR-Cas9 strategy. The cellular content of ANXA5 and ANXA6 in sgANXA5/A6 MDA-MB-231
cells was quantified by western-blotting. The expression of ANXA5 and ANXAG is decreased of more than 95% and 85% in sgANXA5/A6
MDA-MB-231 cells, respectively. (b) Control and sgANXA5/A6 MDA-MB-231 cells, which expressed constitutively the tdTomato fluorescent
protein (red), were imaged by fluorescence microscopy. Scale bars = 40 um. (c) Proliferation of control or sgANXA5/A6 MDA-MB-231 cells was
monitored with a lensfree microscope enabling long-term observation of a large cell population (Allier et al., 2017). The averaged number of cells
(+/— SEM) normalized to the number of seeded cells from three independent experiments is presented.

quantified metastases formed in tail and/or head of
fish. We focused on the double knock-out sgANXA5/A6
MDA-MB-231 cell line, which exhibited proliferation
properties similar to control cells and a higher sen-
sitivity to membrane damages than single knock-out
when cells are submitted to migration on fibrillar col-
lagen (Bouvet et al., 2020), which may correspond to
constraints encountered by cancer cells in vivo. At 24
h post-injection (hpi), we observed that 30% of fishes
injected with control cells showed caudal and/or cranial
metastases with 4 metastases on average (Figure 5a,c),
compared to 4% for sgANXA5/A6-cells-injected fishes
containing a single metastasis (Figure 5b,c). Finally, we
observed that the mortality rate reached 80% for fishes
injected with control cells and only 25% for those injected

with sgJANXA5/A6 cells at 48 hpi (Figure 5¢). Together,
these results indicate that ANXA5 and ANXA6 defi-
ciency renders MDA-MB-231 cells less likely to undergo
metastasis in zebrafish. We, therefore, conclude that
ANXA5 and ANXA6 are required for engraftment and
metastasis in zebrafish.

DISCUSSION

We hypothesized that invasive cancer cells are sub-
mitted to membrane damages during tumor invasion
and metastasis, and require an efficient membrane
repair machinery to cope with mechanical constraint.
As a result, the membrane repair machinery could be
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FIGURE 4 ANXA5 and ANXAG6 are involved in membrane repair of MDA-MB-231 cells. (a,b) Sequences of representative images showing
the response of a control (a) or sJANXA5/A6 (b) MDA-MB-231 cell to a membrane damage performed by 110-mW infrared laser irradiation, in
the presence of FM1-43 (green). In all figures, the area of membrane irradiation is marked with a red arrow before irradiation and a white arrow
after irradiation. Scale bars: 10 um. (c) Kinetic data represent the FM1—-43 fluorescence intensity integrated over whole cell sections, averaged
for about 30 cells (+/— SEM). For a majority of control MDA-MB-231 cells, the fluorescence intensity reached a plateau after about 60 s (black
filled circles). For sgANXA5/A6 MDA-MB-231 cells, a continuous and large increase of the fluorescence intensity was observed (empty circles),
indicating the absence of membrane resealing. (d,e) Recruitment of ANXA5-GFP (d) and ANXA6-GFP (e) to the site of membrane injury. Red
arrow, area before irradiation; white arrow, area after irradiation. After laser injury, MDA-MB-231 cells exhibited an accumulation of ANXA5 and

ANXAG at the disruption site. Scale bars: 20 um.

considered as a relevant target to annihilate tumor pro-
gression. We confirm this hypothesis in zebrafish, in
which the genetic inhibition of ANXA5 and ANXAG dras-
tically reduced the metastasis process of breast cancer
cells.

We have previously reported that ANXA5 and ANXAGB,
which belong to a protein family crucial for membrane
repair at least in skeletal muscle cells (Croissant et al.,
2021), are significantly expressed in cancer cells (Bou-
vet et al.,, 2020). We show here in addition that the
expression level of both annexins is positively corre-
lated with invasiveness properties of breast cancer cells.
Since ANXAS5 and ANXAG6 may participate in many phys-
iological processes, including cell proliferation (Ding
etal., 2017; Grewal et al., 2017; Qi et al., 2015; Sun et al.,
2018), difficulty of breast cancer cells to disseminate in
vivo could have resulted from a process different from

membrane repair. Nevertheless, we show that MDA-
MB-231 cells deficient for ANXA5 and ANXA6 exhibit
proliferation properties similar to control cells. In con-
trast, we observe that ANXA5 and ANXA6 are required
for membrane repair in these breast cancer cells. In
skeletal muscle cells, ANXA5 and ANXAG participate in
strengthening (Bouter et al., 2011; Carmeille et al., 2017)
and remodeling (Croissant et al., 2020) the damaged
cell membrane, respectively. To date, the mechanism
of membrane repair remains poorly documented beside
muscle cells and there is little evidence that ANXA5 and
ANXAG work similarly in cancer cells.

We have shown that ANXA5 and ANXAG6 are highly
expressed in poor prognosis tumors. We speculate
that higher expression of key membrane repair pro-
teins corresponds to an adaptation of cancer cells to
cope with mechanical injuries during invasion and
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FIGURE 5 Silencing of ANXA5 and ANXAG prevents metastasis process of MDA-MB-231 cells in zebrafish. (a,b) Control (a, n = 24) or
sgANXA5/A6 MDA-MB-231 (b, n = 24) cells were injected in the perivitelline space of Casper zebrafish embryos. Tumor imaging was done by
fluorescence microscopy at 24- and 48-hpi through the tdTomato fluorescent protein constitutively expressed in MDA-MB-231 cells and merged
with bright-field images. Insets display magnified images of a portion of the tail and head with metastases (white arrows). (c) The percentage of
embryos, either injected by control or sJANXA5/A6 MDA-MB-231 cells, which presented caudal or head metastases was quantified at 24 hpi.

Mortality rate was calculated at 48 hpi.

metastasis. We propose that inhibition of mem-
brane repair will disproportionately affect invasive
and metastatic cancer cells, since normal cells are not
exposed to these stresses.

To date, no potential therapy targeting ANXA5 or
ANXA6 has been reported (Prieto-Fernandez et al.,
2022). Inhibiting membrane repair of cancer cells with
therapeutic antibodies would be a good option since it
has been shown that a monoclonal anti-ANXA6 antibody
significantly decreases the invasiveness of pancreatic,
lung, and breast cancer cells in vitro (O’Sullivan et al.,
2017). In addition, we and other have shown that
anti-ANXA2 antibodies may affect membrane repair in

cancer cells and prevent tumor growth and metastasis
(Gounou et al., 2022; Lokman et al., 2013). Mechanis-
tically, we hypothesize that antibodies enter the cell at
sites of membrane damage and interfere with the mem-
brane repair machinery. Intriguingly, antibodies should
only affect cells with membrane damage, potentially
further increasing their therapeutic index. Effect of anti-
ANXAS5 and/or anti-ANXA6 antibodies should be tested
in order to investigate whether they may inhibit tumor
progression in vivo. Should antibodies fail to inhibit mem-
brane repair, pharmacological drugs able to weaken this
process, such as phenotiazines (Heitmann et al., 2021),
could be tested.
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