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Abstract
Cancer cells are exposed to major compressive and shearing forces during invasion and metastasis, leading to extensive 
plasma membrane damage. To survive this mechanical stress, they need to repair membrane injury efficiently. Targeting the 
membrane repair machinery is thus potentially a new way to prevent invasion and metastasis. We show here that annexin-
A2 (ANXA2) is required for membrane repair in invasive breast and pancreatic cancer cells. Mechanistically, we show by 
fluorescence and electron microscopy that cells fail to reseal shear-stress damaged membrane when ANXA2 is silenced or 
the protein is inhibited with neutralizing antibody. Silencing of ANXA2 has no effect on proliferation in vitro, and may even 
accelerate migration in wound healing assays, but reduces tumor cell dissemination in both mice and zebrafish. We expect 
that inhibiting membrane repair will be particularly effective in aggressive, poor prognosis tumors because they rely on the 
membrane repair machinery to survive membrane damage during tumor invasion and metastasis. This could be achieved 
either with anti-ANXA2 antibodies, which have been shown to inhibit metastasis of breast and pancreatic cancer cells, or 
with small molecule drugs.

Keywords  Annexins · Invasion · Metastasis · Tumor progression · S100 proteins · MDA-MB-231 · AsPC-1

Abbreviations
ANXA1	� Annexin-A1
ANXA2	� Annexin-A2
ANXA5	� Annexin-A5
ANXA6	� Annexin-A6

Ca2+	� Calcium
DPBS	� Dulbecco’s phosphate buffer saline
MOI	� Multiplicity of infection

Introduction

In cells exposed to mechanical stress, plasma membrane 
disruption is a physiological event that occurs frequently, 
especially in muscle, epithelial or endothelial cells, sub-
mitted respectively to muscle contraction/stretching, and 
fluid or hemodynamic shear stress [1]. These cells possess 
a membrane repair machinery enabling to reseal injuries 
on a minute scale [1]. The absence of membrane repair 
leads to cell death and may contribute to the development 
of degenerative diseases such as muscular dystrophies [2]. 
Influx of Ca2+ from the extracellular (mM) to the intracel-
lular (µM) milieu is the main trigger of membrane repair, 
which mainly relies on proteins that bind to membranes 
in a Ca2+-dependent manner, such as dysferlin, AHNAK, 
members of the S100 family, ESCRT machinery or annex-
ins [3–7]. Twelve members, named ANXA1 to ANXA13 
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(the number 12 is not assigned), compose the annexin 
family in mammals [8]. They are cytosolic proteins that 
share the property of binding to membranes exposing 
negatively-charged phospholipids, when Ca2+ concen-
tration rises. Annexins are involved in membrane repair 
at different stages. ANXA1 and ANXA2 may trigger the 
fusion of intracellular vesicles and the recruitment to the 
disruption site of the new-formed lipid patch, which is 
responsible for membrane resealing [3]. Triggered by the 
increase in Ca2+ concentration, members of the S100 fam-
ily, notably S100A10 and S100A11, form complexes with 
ANXA1 and ANXA2 that participate to membrane repair 
[9–12]. ANXA5 self-assembles around the disruption site 
to strengthen the membrane, preventing the expansion of 
the tear, and thus facilitating the repair process [4, 13, 
14]. ANXA4 and ANXA6 are also essential for membrane 
repair by remodeling the damaged plasma membrane, 
though their specific role remains to be clarified [5, 15].

Cancer metastasis results from a cascade of events that 
cause the disease to spread through blood or lymph, from 
the primary tumor to other organs. All along these pro-
cesses, cancer cells are exposed to permanent mechanical 
stresses, which change in geometry, scale, and strength, 
depending on the transformation they are involved in 
[16]. From volume compression in the primary tumor, 
mechanical constraints evolve towards hemodynamic and 
mechanical shear stress when metastatic cells travel the 
bloodstream, and finally towards adhesive stretch and tight 
constriction, when they reach very narrow vessels and 
process to extravasation throughout endothelium, respec-
tively [17, 18]. These mechanical stresses are susceptible 
to create plasma membrane disruption in cancer cells, 
which account for an efficient membrane repair machin-
ery to cope with such damages [16, 19]. Although very 
powerful, the membrane repair machinery may be fragile 
and could be disturbed, constituting the Achilles' heel of 
cancer cells. Verifying such a hypothesis would open the 
way to the development of new therapeutic strategies to 
hamper tumor invasion and annihilate metastasis. While 
few studies have associated membrane repair and cancer, 
many publications have fortuitously reported a positive 
correlation between key players of membrane repair, 
such as annexins or S100 proteins, and tumor invasion 
[9, 11, 20–23]. In addition, our experimental data pro-
vided a proof of principle in cellulo [24], by showing that 
the migration of cancer cells on fibrillar collagen induces 
membrane damages, whose resealing involve annexins that 
are highly expressed in invasive cancer cells [24]. When 
annexins are silenced, cancer cell migration on fibrillar 
collagen leads to cell death due to a defect in membrane 
repair [24].

The main objective of the current study was to assess if 
the inhibition of a key membrane repair protein in cancer 

cells may affect in vivo tumoral progression. ANXA2 was 
expected to provide a relevant target, since it promotes can-
cer progression in various cancer types [25], including breast 
cancer [26], pancreatic cancer [27], or glioblastoma [28]. In 
addition, ANXA2 plays a crucial role in membrane repair 
of many cell types, including cancer cells [9, 29–32]. The 
aggressive, highly invasive triple-negative breast cancer cell 
line, MDA-MB-231, and the invasive pancreatic cancer cell 
line, AsPC-1, were used in this study. We show that the 
genetic inhibition of ANXA2 prevents tumor invasion and 
metastasis processes when these cells are injected in mice 
or zebrafish. We demonstrate that the deficiency in ANXA2 
inhibits response of cancer cells to shear stress, which leads 
to cell death due to the absence of membrane repair. Finally, 
we show that a monoclonal anti-ANXA2 antibody interferes 
with the function of ANXA2 in membrane repair of can-
cer cells, suggesting that it may constitute a relevant tool to 
inhibit tumor invasion and metastasis.

Materials and methods

Ethical issues

Accommodations and experiments were performed in the 
animal facility (“Service des animaleries”) of the Univer-
sity of Bordeaux. Female RAGγ2C − / − (RAG within the 
manuscript) or NOD SCID mice were housed and treated 
in the animal facility. RAG mice were obtained from the 
animal facility of the University of Bordeaux and NOD 
SCID mice were purchased from Charles River Laborato-
ries (Wilmington, MA, USA). All animal procedures have 
been done according to the institutional guidelines and 
approved by the local ethics committee (agreement number: 
APAFIS#28418-2020110415441210 v7). Adult zebrafishes 
were produced in our facilities in accordance with the French 
Directive (Ministère de l’Agriculture et de l’Alimentation) 
under permit number A33-063-935. All the procedures were 
conducted in compliance with the European Communities 
Council Directive (2010/63/EU).

Cell culture

Cell culture media and reagents were from ThermoFisher 
Scientific (Waltham, MA, USA) except when otherwise 
stated. MDA-MB-231 human breast tumor cells expressing 
tdTomato and luciferase proteins were established by len-
tiviral transduction as previously described [33] using the 
pDRM18 LTN plasmid (Addgene number 174721). MDA-
MB-231 and MCF-7 cells were cultured in Dulbecco modi-
fied Eagle's minimal essential medium (DMEM) containing 
4 mM Glutamax© and supplemented with 10% fetal bovine 
serum and penicillin / streptomycin (100 U/mL and 100 μg/



Inhibition of the membrane repair protein annexin‑A2 prevents tumor invasion and metastasis﻿	

1 3

Page 3 of 16      7 

mL). AsPC-1 human pancreatic tumor cells were modified to 
express tdTomato protein. Lentiviral vector containing tdTo-
mato gene (pRRLsin-MND-hPGK-tdTomato-WPRE) under 
the control of the myeloproliferative sarcoma virus enhancer 
was constructed and produced by the Vect’UB facility of 
the University of Bordeaux. AsPC-1 were transduced with 
lentiviral particles at multiplicity of infection (MOI) of 5 
for 72 h and selected by cell sorting as previously described 
[34]. Cells were cultured in RPMI-1640 medium containing 
4 mM Glutamax© and supplemented with 10% fetal bovine 
serum and penicillin / streptomycin (100 U/mL and 100 μg/
mL) at 37 °C in a 5% CO2 humidified incubator.

Generation of ANXA2 knock‑down or knock‑out 
cells

Complementary strategies were used to generated ANXA2-
deficient cells. Either MDA-MB-231 and AsPC-1 were 
transduced with ANXA2-targetting shRNAs, or an ANXA2-
knock-out MDA-MB-231 cell line was established using a 
CRISPR-Cas9 approach. For the knockout cell line, two 
gRNA targeting ANXA2 DNA sequences (gRNA1 5ʹ GGT​
CCT​TCT​CTG​GTA​GGC​GA-3ʹ or gRNA2 5ʹ-TCT​CTG​TGC​
ATT​GCT​GCG​GT-3ʹ) located in exon 3 were designed using 
CRISPOR algorithm (crispor.tefor.net [35]). Alt-R®-crRNA 
corresponding to target sequence was purchased from Inte-
grated DNA Technologies (IDT) as well as human crRNA 
negative control. They were both resuspended to 100 µM 
in TE buffer and then equally mixed with 100 µM Alt-R®-
tracrRNA (IDT), annealed by heating for 5 min at 95 °C 
and cooled to room temperature (RT). This dual gRNA was 
mixed with 5 µg of Alt-R® S.p-Cas9HIFIv3 (IDT) with a 
1.2 ratio of gRNA/Cas9. After 10 min at RT, 2 × 105 MDA-
MB-231 cells resuspended in Lonza SE solution were added 
to the CRISPR mix. Program CH-125 of the 4D-Nucleofec-
tor® (Lonza) was applied. Two or three days after transfec-
tion, cells were trypsinized and half of them were cultured 
while the other half was pelleted, lysed and used as PCR 
template using Phire Tissue Direct PCR Master Mix (Ther-
moFisher Scientific). PCR amplification of the targeted 
area was done following supplier instructions with primers 
5ʹ-TGG​GTA​GAG​GAT​GCT​GAC​GA-3ʹ and 5ʹ-CAG​AAG​
CTC​TCC​CTC​CAG​GT-3ʹ. Sequencing of PCR products was 
done by Eurofins Genomics and Sanger data were analyzed 
to quantify Indels reflecting gene KO with DECODR algo-
rithm (decodr.com [36]) or ICE algorithm (ice.synthego.com 
[37]). To avoid clonal bias, experiments were performed 
with the pool of transfected cells rather than cellular clone 
selected after cell dilution. Regarding the shRNA strategy, 
the following sequences, which were cloned into the pLKO.1 
puro-vector (MISSION® shRNA plasmids, Sigma-Aldrich, 
Saint-Louis, MO, USA), were used: ANXA2-targetting 
shRNA: 5ʹ-CCG​GCG​GGA​TGC​TTT​GAA​CAT​TGA​ACT​

CGA​GTT​CAA​TGT​TCA​AAG​CAT​CCC​GTT​TTTG-3ʹ; con-
trol shRNA: 5′-CCT​AAG​GTT​AAG​TCG​CCC​T-CGC​TCG​
AGC​GAG​GGC​GAC​TTA​ACC​TTAGG-3′. Lentiviral-based 
particles containing shRNA were produced by the VectʹUB 
platform, (INSERM US 005—CNRS UMS 3427-TBM-
Core, Université de Bordeaux, France) by transient trans-
fection of 293T cells. 2 × 105 cells were cultured in a 30 
mm Petri Dish for 24 h and transduction was carried out by 
adding concentrated lentiviral particles to the cells at MOI of 
10 in 2 mL Opti-MEM® for 24 h. Transduced cells were cul-
tured for 24 h in growth medium and then selected in selec-
tion medium composed by 2 µg/mL puromycin in DMEM 
or RPMI-1640 for 48 h. Cells were passed and subsequently 
cultured in 25 cm2 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 endogenous ANXA2.

Western blot

2 × 106 cells were trypsinized, pelleted and re-suspended in 
300 µL of D-PBS supplemented with 1 mM EGTA. Protein 
extracts were obtained by sonicating ice-cold cell suspen-
sion with a Branson digital sonifier (amplitude 20%, dura-
tion 2 min, interval 5 s and pulse 5 s). Two successive cen-
trifugations at 13,000g for 1 min allowed to remove cell 
debris. 10 µg protein extracts, together with the Precision 
Plus Protein Dual Color Standards (Bio-Rad, Hercules, 
CA, USA) were separated on a 10% SDS-PAGE. Semi-dry 
electrophoretic transfer (Bio-Rad) onto PVDF membrane 
was performed for 1 h at 100 V. The cellular content in 
ANXA1 (37 kDa), ANXA2 (36 kDa), ANXA4 (35 kDa), 
ANXA5 (35 kDa), ANXA6 (68 kDa), and actin (42 kDa) 
or GAPDH (37 kDa) was detected with rabbit anti-ANXA1 
polyclonal antibody (PA1006, BosterBio, Pleasanton, CA, 
USA), mouse anti-ANXA2 monoclonal antibody (3E8-B6, 
Sigma-Aldrich), mouse anti-ANXA4 monoclonal anti-
body (SAB4200121, Sigma-Aldrich), mouse anti-ANXA5 
monoclonal antibody (AN5, Sigma-Aldrich), mouse anti-
ANXA6 monoclonal antibody (sc-271859, Santa cruz 
Biotechnology, Dallas, USA), rabbit anti-actin polyclonal 
antibody (A2066, Sigma-Aldrich), and rabbit anti-GAPDH 
polyclonal antibody (G9545, Sigma-Aldrich), respectively. 
Except for anti-actin and anti-GAPDH antibodies (1:5000), 
all primary antibodies were used at 1:1000 dilution in satura-
tion solution composed by Tris buffer saline (10 mM Tris, 
150 mM NaCl, pH 8.0) supplemented with 0.1% Tween20 
and 5% nonfat dry milk. Revelation was performed using 
secondary antibodies conjugated to horse-radish peroxidase 
(GE-Healthcare, Chicago, USA) diluted 1:2000 in satura-
tion solution and Opti-4CN™ colorimetric kit (Bio-Rad). 
ImageJ software was used to measure the relative intensity 
of protein bands.
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Membrane rupture and repair assay

Membrane repair assay was performed as previously 
described [24]. Cells were irradiated at 820 nm with a tun-
able pulsed depletion laser Mai Tai HP (Spectra-Physics, 
Irvine, USA) of an upright two-photon confocal scanning 
microscope (TCS SP5, Leica, Wetzlar, Germany) equipped 
with an HCX PL APO CS 63.0 × 1.40 oil-objective lens. 
Irradiation consisted of 1 scan (1.6 s) of a 1 µm × 1 µm 
area with a power of 110 (± 5) mW. 512 × 512 images were 
acquired at 1.6 s intervals with pinhole set to 1 Airy unit. 
FM1-43 was excited by the 488-nm laser line (intensity 
set at 20% of maximal power) and fluorescence emission 
was measured between 520 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 ImageJ software.

Traffic of ANXA2 in laser‑injured cells

For subcellular localization of endogenous ANXA2 in dam-
aged cells, cells were cultured in 35-mm glass bottom dishes 
equipped with a square patterned coverslip (MatTek, Ash-
land, USA) and membrane rupture was performed according 
to the protocol described above, but in the absence of FM1-
43 to avoid fluorescence cross-talk. After laser irradiation, 
cells were fixed in 1% glutaraldehyde and permeabilized in 
0.1% TritonX100 diluted in DPBS + Ca2+. All subsequent 
steps (saturation, antibody incubation and washes) were per-
formed using 2% BSA in DPBS + Ca2+ solution. Primary 
mouse anti-ANXA2 monoclonal antibody (1:100, 3E8-
B6, Sigma-Aldrich) and secondary Alexa Fluor 488-cou-
pled antimouse IgG goat antibody (1:1000, ThermoFisher 
Scientific) were successively incubated with cells for 1 h 
at 37 °C. Finally, cells were washed in DPBS + Ca2+ and 
nuclear counterstaining was performed with DAPI (Sigma-
Aldrich). For each condition, about 30 cells from three 
independent experiments were analyzed. For the subcel-
lular trafficking analysis of ANXA2-GFP, cells cultured in 
35-mm glass bottom dishes (MatTek, Ashland, USA) were 
transfected with the pA2-GFP plasmid [38], as previously 
described [15]. Membrane damage was performed by laser 
ablation as described above, without FM1-43. At least three 
independent experiments were performed and each experi-
ment included the analysis of at least five damaged cells.

2‑D migration assay

6-Well clear plates (Corning, NY, USA) were coated with 
gelatin 0.5 mg/mL (Sigma-Aldrich) and incubated for 20 min 
at 37 °C. Gelatin was crosslinked by incubation with glu-
taraldehyde 0.5% (Sigma-Aldrich) for 40 min at 37 °C. A 
2-chamber culture-insert (Ibidi, Gräfelfing, Germany) was 

placed in the center of each well. 3 × 104 cells in 1 mL of 
complete growth medium was added in the well and each 
culture-insert chamber was filled with 2 × 103 cells in 70 µL 
growth medium and incubated at 37 °C, 5% CO2. The cul-
ture-insert was then carefully removed and 2 ml of complete 
growth medium were added into the well. Quantitative phase 
images were acquired with a lens-free microscope (Cytonote, 
Iprasense, Montpellier, France) in an incubator at 37 °C, 5% 
CO2. The acquisition period was 20 min. Analysis was per-
formed on ImageJ using the MRI Wound Healing Tool.

Proliferation analysis

6-Well clear plates (Corning) were coated with gelatin as 
described for migration assay. 1.6 × 105 cells/well were seeded 
in triplicate in growth medium without red phenol to avoid dis-
turbance of the phase measurement. Quantitative phase images 
were acquired with a lens-free microscope (Cytonote, Ipra-
sense, Montpellier, France) in an incubator at 37 °C, 5% CO2. 
The acquisition period was 25 min. At least three independent 
experiments were performed for each cell line. Phase images 
were analyzed using Trackmates2 on Fiji and MATLAB.

Fluid shear‑stress assay

Cells were collected at 80% confluence after incuba-
tion with 0.25% trypsin (Gibco) in 5% CO2 at 37 °C and 
5 × 105 cells were suspended in 1 mL of growth medium 
in a Falcon™ polystyrene tubes (Corning). At this stage 
either Ca2+ (Final concentration 2 mM), or 2 mM EGTA, or 
mouse anti-ANXA2 monoclonal antibody (1:100, 3E8-B6, 
Sigma-Aldrich) supplemented with Ca2+ (Final concentra-
tion 2 mM) was added to the medium. The suspension was 
slowly loaded into a 1 ml syringe (Becton Dickinson, NJ, 
USA), which was subsequently equipped with a 30G needle 
(Terumo, Tokyo, Japan). Then, the suspension was gently 
expelled against the wall of the polystyrene tube at room 
temperature at a constant flow rate either via an automated 
NeMESYS syringe pump (200 µL/s, Cetoni GmbH, Kor-
bussen, Germany) or manually. The load/expel cycle was 
repeated 10 times. 10 min after the treatment, 50 µL of the 
cell suspension were put into a 96-well plate and 4 µg/mL 
DAPI was added in order to stain damaged cells. As a con-
trol condition, cells in growth medium with Ca2+ (Final con-
centration 2 mM) were incubated with 4 µg/mL DAPI with-
out to be submitted to shear stress (no-stress condition). Cell 
imaging of tdTomato (all cells) and DAPI (unrepaired cells) 
was performed as described in the Fluorescence microscopy 
section. Images were analyzed with ImageJ software.
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3‑D invasion assay

Transwell chambers (8.0 µm pore size, Falcon 353097) were 
coated with 150 µl of Matrigel (80 µg/ml) or fibrillar collagen 
(0.5 mg/ml) in a 24-well plate. For each condition, 4 × 104 
cells (control or ANXA2-deficient) per transwell were seeded 
in complete medium with 5% of FBS. As a chemoattractant, 
20% FBS complete medium was used in the lower part of the 
transwell in the 24-well plate. After 24 h, the media was care-
fully removed, cells were fixed with 4% PFA for 10 min and 
stained with crystal violet (Sigma-Aldrich) for 20 min at room 
temperature. Cells in the upper part of the transwell mem-
brane were removed by wiping with a cotton swab. A phase-
contrast microscope (Zeiss) was used to image migrated cells 
in the lower chambers, 10 images per condition and per rep-
licate were acquired. Three independent experiments were 
performed. Images were analyzed using ImageJ software.

Fluorescence microscopy

Cell imaging was performed using a conventional fluores-
cence microscope IX81 (Olympus, Tokyo, Japan) equipped 
with a UPLFLN20X/0.50/WD2.1mm and a UPLFL-
N60XO/0.65/0.65–1.25/D0.12 objectives. DAPI and Hoe-
chst were observed using the U-MWU2 cube containing a 
bandpass excitation filter (330–385 nm), a dichroic mirror 
(threshold 400 nm) and a long-pass emission filter (thresh-
old 420 nm). GFP and Alexa488 were observed using the 
U-MINIBA2 cube containing a bandpass excitation filter 
(470–490 nm), a dichroic mirror (threshold 505 nm), and 
a bandpass emission filter (510–550 nm). tdTomato was 
observed using the cube U-MWG2 containing a bandpass 
excitation filter (510–550 nm), a dichroic mirror (threshold 
570 nm) and a long-pass emission filter (threshold 590 nm).

Transmission electron microscopy

5 × 105 cells submitted or not to shear stress assay were 
centrifuged at 200g for 5 min in a 1.5 mL polypropylene 
tube. The pellet was incubated with a solution of Karnovsky 
fixative at 4 °C overnight. The pellet was washed with 0.1 
M sodium cacodylate buffer (Agar Scientific, Stansted, 
UK), then post-fixed for 1 h in 1% osmium tetroxide (Agar 
Scientific) in sodium cacodylate buffer and then washed 
three times and finally re-suspended in 20 µL of cacodylate 
buffer. A 5 µL drop was introduced into the core of a warm 
(40–50 °C) 8% agarose fluid gel in a 1.5 mL polypropyl-
ene tube. Once solidified, a 3 mm3 block was cut around 
the drop. Dehydration process was performed by 3 succes-
sive baths of 10 min in 100% ethanol followed by incuba-
tion in propylene oxide. The sample was then embedded 
in Epon-Araldite and ultra-thin sections (65 nm with Leica 
EM-UC6 ultra-microtome) were stained for 10 min in 5% 

uranyl acetate and 5 min in lead citrate. The sections were 
imaged with a FEI CM120 transmission electron microscope 
at 120 kV, using a Gatan USC1000-SSCCD camera.

Cancer cell dissemination in mice

Cancer cells expressing the luciferase protein, either wild-
type or ANXA2 deficient, were trypsinized and washed with 
PBS twice. Female RAG or NOD SCID mice (8–12 weeks 
old) were anaesthetized with 2% isoflurane. 1 × 106 cells in 
0.1 ml DMEM medium were injected into the lateral tail 
vein using a 27 1/2 gauge needle. For bioluminescence imag-
ing, intraperitoneal injection of d-Luciferin (150 mg/kg) was 
performed. The mice were immediately placed onto a black 
pad in the Photon Imager™ (BIOSPACE, Paris, France) box 
and imaged ventrally. Animals were imaged 30 min after cell 
injection and then once a week for at least 5 weeks. For image 
acquisition, unit was set to ph/cm−2/s−1/sr−1. To quantify the 
signal, a region of interest was chosen as a circle of 13 cm2 
centered either on lungs or the hindquarters of the mouse.

Cancer cell dissemination in zebrafish

Experiments were performed using the Casper zebrafish 
stain (ZIRC, Oregon, USA). Adult fish aged 6 months to 2 
years were crossed to produce embryos. Embryos were cul-
tured in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, 0.33 mM MgSO4) at 28 °C. Dechorionated 2-day 
post fertilization (dpf) zebrafish embryos were anaesthetized 
with 0.003% tricaine (Sigma-Aldrich) and positioned in 3% 
methylcellulose on a dish coated with 1% agarose. Cancer 
cells expressing the tdTomato protein, either wild type or 
ANXA2 deficient, were treated with versene solution and 
resuspended in PBS containing 1% phenol red at the density 
of 4 × 107 cells per mL. The cell suspension was loaded into 
borosilicate glass capillary needles (Femtotip II, Eppendorf, 
Hamburg, Germany) and injections were performed using 
a pump (Femtojet 4i; Eppendorf) and micromanipulator 
(Phymep, Paris, France). Around 500 cells/embryos were 
injected above the duct of cuvier in perivitelline space of the 
embryo. After checking the implantation with mammalian 
cells, zebrafish embryos were maintained at 35.5 °C. Tumor 
imaging is done at 3-, 28- and 52-h post injection (hpi).

Immunohistochemistry

Murine lungs were fixed in PFA 4% for 48 h at 4 °C progres-
sively dehydrated in ethanol, incubated in toluene and embedded 
in paraffin. Five micrometer sections were stained with hema-
toxylin/eosin or used for immunostaining. For immunostaining, 
sections were deparaffinized in toluene, rehydrated gradually 
in ethanol and rinsed in dH2O. Slides were permeabilized 15 
min in 0.1% TritonX100 and saturated 1 h in 5% BSA in PBS. 
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Anti-tdTomato primary antibody (1:50, DsRed (E-8), Santa cruz 
Biotechnology) was dissolved in 1% BSA in PBS and incubated 
overnight at 4 °C. After washes, slices were incubated with sec-
ondary Alexa Fluor 488-coupled antimouse IgG goat antibody 
(1:500, ThermoFisher Scientific) for 1 h at RT. Hoechst at 2 µg/
mL in PBS and incubated 5 min at RT. Slices were mounted in 
ProLong medium and dry at RT before imaging.

Results

ANXA2 is highly expressed in MDA‑MB‑231 breast 
and AsPC‑1 pancreatic cancer cells

To explore the impact of annexins in breast cancer, we 
compared the expression of ANXA1, ANXA2 and ANXA4 
in MDA-MB-231 and MCF7 cells at the protein (Figs. 1A, 
B and  S1) and mRNA level (Fig. S2). MDA-MB-231 is a 
highly invasive, hormone receptor negative breast cancer 

cell line, whereas MCF7 is an estrogen receptor posi-
tive cell line with lower invasiveness properties [39, 40]. 
We showed that ANXA1 and ANXA2 were expressed at 
higher levels in MDA-MB-231 cells than in MCF7 cells, 
as previously observed for ANXA5 and ANXA6 [41]. 
These results suggest that higher expression of membrane 
repair genes may contribute to the more invasive phe-
notype of hormone receptor negative breast tumors. We 
chose to focus on ANXA2 in the remainder of the study 
because it showed the highest expression of the annexins 
tested, as recently reported [42]. Nevertheless, to ensure 
that results were not specific to the MDA-MB-231 cell 
line and may concern other invasive cancer cells, AsPC-1 
pancreatic cancer cells were studied, showing also a high 
expression of ANXA2 (Fig. S3A, B).

Membrane repair in breast and pancreatic cancer 
cells requires ANXA2

We examined the ability of MDA-MB-231 and AsPC-1 
cells to repair membrane damage in vitro after silenc-
ing ANXA2 expression either by stable RNA interfer-
ence, leading to cell lines hereafter named shANXA2 
MDA-MB-231 (Fig. 1C–F) and shANXA2 AsPC-1 (Fig. 
S3C–F), or by CRISPR-mediated deletion of ANXA2 (Fig. 
S4). We confirmed by Western blotting that ANXA2 pro-
tein expression was strongly reduced in shANXA2 cells 
(Figs. 1C and S3C). Fluorescence microscopy after label-
ling MDA-MB-231 and AsPC-1 cells with a tdTomato-
reporter revealed no significant difference in morphology 
after silencing ANXA2 expression (Figs. 1D and S3D). To 
confirm that ANXA2 is required for membrane repair in 
MDA-MB-231 and AsPC-1 cells, we performed a standard 
membrane repair assay using laser ablation in the presence 
of Ca2+ and FM1-43 [24, 43]. After laser injury, FM1-
43 enters the cytosol where it fluoresces upon incorpo-
ration into intracellular membranes. This fluorescence 
increases until the plasma membrane is resealed. In control 
MDA-MB-231 or AsPC-1 cells, we observed that FM1-
43 entered the cell at the site of membrane irradiation 
within seconds of laser injury, confirming the presence 
of membrane rupture (Figs. 1E and S3E, + 1.6 s, arrow). 
After 120 s, most damaged cells exhibited an increase of 
intracellular fluorescence limited to the area close to the 
disruption site (Figs. 1E and S3E, + 120 s, arrow). The 
kinetics of the change in the fluorescence intensity showed 
that intracellular fluorescence intensity increased for about 
60 s and then reached a plateau (Figs. 1F and S3F, filled 
circles), indicating rapid resealing of the plasma mem-
brane. In contrast, when shANXA2 (or koANXA2) MDA-
MB-231 or shANXA2 AsPC-1 cells were irradiated, they 
showed a much larger increase in fluorescence intensity 

Fig. 1   Highly expressed in MDA-MB-231 cells, ANXA2 promotes 
membrane repair. A Representative image of western-blot analysis 
showing the revelation of ANXA2 in MDA-MB-231 and MCF7 cells, 
as compared to GAPDH (loading control). B The histogram presents 
mean values (± SEM) of the ratio ANX/GAPDH from five independ-
ent experiments, analyzed by the gel analysis plugging of ImageJ. A 
representative membrane of the detection of ANXA1 is presented 
in supplementary Fig.  S1. Student t test for independent samples. 
**p < 0.01. C ANXA2-deficient MDA-MB-231 cells were generated 
by shRNA transduction strategy. The cellular content of ANXA2 in 
MDA-MB-231 cells transduced with lentiviral particles containing 
shRNA targeting ANXA2 (shA2) or a scrambled shRNA (ctl) was 
quantified by Western blotting. D Control and shANXA2 MDA-
MB-231 cells, which expressed constitutively the tdTomato fluores-
cent protein were imaged by fluorescence microscopy. Right-hand 
histograms display mean cell area (in pixels2) and nuclei circumfer-
ence (in pixels) measured by the imageJ software using Tomato and 
DAPI images. The mean values (+ / − SEM) were calculated from at 
least 30 cells from three independent experiments. No statistical dif-
ference (student t test) was observed for the two parameters. Scale 
bar: 20 µm. E, G Sequences of representative images showing the 
response of a control (E) or shANXA2 (G) 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 mem-
brane irradiation is marked with a red arrow before irradiation and a 
white arrow after irradiation. Scale bars: 10 μm. F Kinetic data rep-
resent the FM1 − 43 fluorescence intensity for control (black filled 
circles) or shANXA2 (empty circles) MDA-MB-231 cells, integrated 
over whole cell sections, averaged for about 30 cells (+ / − SEM). 
H Recruitment of ANXA2 to the site of membrane injury. MDA-
MB-231 cells transfected with the plasmid pA2-GFP were dam-
aged by laser ablation. Red arrow, area before irradiation; white 
arrow, area after irradiation. I Subcellular localization of endogenous 
ANXA2 in damaged MDA-MB-231. MDA-MB-231 cells were irra-
diated with a 110-mW infrared laser (white arrow) in DPBS + Ca2+, 
then fixed and immunostained for ANXA2 and counterstained with 
DAPI (blue). After laser injury, MDA-MB-231 cells exhibited an 
accumulation of ANXA2 at the disruption site. The inset displays a 
magnified image of the disruption site where concentrates ANXA2. 
Scale bars: 10 µm on the images and 1 µm within the inset

◂
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(Figs. 1G–F, S3G-F and S4B-C, empty circles), indicating 
the absence of membrane resealing. Most key membrane 
repair proteins are rapidly recruited to the site of mem-
brane damage either to participate in the formation of the 
lipid patch by fusion of intracellular vesicles or for remod-
eling the damaged plasma membrane [31]. To test whether 
ANXA2 is recruited to the site of damage, we transfected 
shANXA2 MDA-MB-231 cells with an ANXA2-GFP vec-
tor and analyzed the intracellular trafficking of ANXA2 
after membrane injury by laser ablation. We observed that 
ANXA2-GFP was consistently recruited to the membrane 
disruption site in a few seconds (Fig. 1H). To rule out 
a role for GFP in this process, we localized endogenous 
ANXA2 by immunofluorescence in laser-damaged con-
trol cells, as previously described [14, 44]. This confirmed 
that ANXA2 is recruited to the membrane disruption site 
(Fig. 1I). We conclude that ANXA2 is required for mem-
brane repair in MDA-MB-231 and AsPC-1 cells.

To investigate whether silencing of ANXA2 expres-
sion affects cell growth in vitro, we performed time-lapse 
imaging with a lens-free microscope. There was no sig-
nificant difference in the growth rate of ANXA2-deficient 
MDA-MB-231 or AsPC-1 cells as compared to control 
cells in vitro, regarding either the number of cells per time 
unit or the total biomass, which includes in addition the 
individual cell masses (Figs. 2A, B and S5A, B). To test 
whether ANXA2 deficiency affects 2D cell migration, a 
wound healing assay was performed. Using a two-cham-
ber cell-culture insert, a 500 µm-wide cell free gap was 
created and the ability of control or shANXA2 MDA-
MB-231 cells to close the gap was assessed (Fig. 2C). The 
time required for 80% wound closure was 9.8 ± 1.6 h and 
6.7 ± 0.6 h for control and shANXA2 MDA-MB-231 cells, 
respectively (Fig. 2D). The control and shANXA2 MDA-
MB-231 cells migrated at 40.9 ± 4.1 µm/h and 67.4 ± 1.3 
µm/h, respectively (Fig. 2D). This slight increase in the 
speed of wound closure was not observed in koANXA2 
MDA-MB-231 (Fig. S5C). In AsPC-1 cells, we observed 
instead that ANXA2 deficiency decreases the speed of 
wound closure (Fig. S5D). We conclude that ANXA2 
deficiency has no effect on proliferation but may slightly 
disturbs 2D migration in vitro.

ANXA2 deficiency impairs membrane repair 
after shear stress in vitro

To detect differences in membrane repair after shear 
stress, we stained cells with DAPI after damaging the 
plasma membrane by repeatedly forcing the cells through 
a 30 Gauge needle (Fig. 3A). To quantify differences in 
repair, we measured the ratio of DAPI to tdTomato fluo-
rescence because DAPI only enters cells with damaged 
plasma membrane, whereas tdTomato labels all the cells. 

Cells are unable to repair their membrane in the absence 
of extracellular Ca2+, so cells damaged in this condition 
were used as a positive control. We observed 13.6 ± 2.3% 
of unrepaired cells after shear stress in the absence of 
Ca2+, a value much higher than in the absence of shear 
stress (0.7 ± 0.5%) (Fig. 3B, E, F). In the presence of Ca2+, 
the value dropped to 3.8 ± 1.9%, suggesting that about 
70% control cells were able to repair membrane damage 
(Fig. 3B, E, F). Electron microscopy was used to study 
the morphology of MDA-MB-231 cells after treatment by 
shear stress. Unlike untreated cells (Fig. S6A), many cells 
subjected to shear stress in the presence of Ca2+ appeared 
to have lysed (Fig. S6B). This phenomenon was increased 
in the absence of Ca2+, suggesting it resulted from mem-
brane damage that was not repaired (Fig. S6C). In line 
with this observation, focal membrane damage was fre-
quently observed in cells treated in the presence of Ca2+ 
(Fig. S6D, red square). The absence of spilt cytoplasmic 
contents indicated that the cells successfully repaired the 
damage. A large bleb consistently protruded from the 
site of damage (Fig. S6D, red arrowheads), as previous 
observed in skeletal muscle cells [15]. These results sug-
gest that shear stress creates membrane damage, whose 
repair requires Ca2+, as previously reported for most, if not 
all, mechanical damage to the plasma membrane [46]. We 
then examined the response to shear stress after silencing 
ANXA2 expression. In the presence of Ca2+, 11.3 ± 5.9% 
of shANXA2 MDA-MB-231 cells failed to repair their 
membranes following shear stress, similar to the value for 
control cells in the absence of Ca2+ (Fig. 3C, E, F). This 
defect in membrane repair was also observed in ANXA2-
silenced AsPC-1 cells (Fig. S7, control vs shANXA2). 
Through electron microscopy, we observed that most 
shANXA2 MDA-MB-231 cells appeared to have lysed 
(Fig. S6E), as in the absence of Ca2+ (Fig. S6C). Taken 
together, these results strongly suggest that shear stress 
causes membrane damage whose repair requires ANXA2. 
Finally, we examined the ability of an anti-ANXA2 anti-
body to inhibit membrane repair. We hypothesized that 
the antibody would enter the cells through the disrupted 
membrane and inhibit membrane repair by neutralizing 
ANXA2. Control MDA-MB-231 cells were subjected to 
shear stress in the presence of both Ca2+ and monoclonal 
anti-ANXA2 antibody. We observed 8.7 ± 3.0% of unre-
paired cells, significantly more than the value for control 
cells damaged in the presence of Ca2+, and inferred that 
the presence of anti-ANXA2 antibody leads to a defect 
in membrane repair after shear stress (Fig. 3D–F). The 
inhibitory effect of anti-ANXA2 antibody in membrane 
repair was confirmed in AsPC-1 cells (Fig. S7, control vs 
anti-ANXA2). We conclude that ANXA2 is a crucial com-
ponent in response to shear stress and that anti-ANXA2 
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antibodies can inhibit membrane repair despite being 
administered outside the cell.

ANXA2 deficiency impairs MDA‑MB‑231 and AsPC‑1 
cell invasion

We next addressed the effect of ANXA2 silencing on 
MDA-MB-231 and AsPC-1 cell migration using a transwell 

invasion assay. We allowed cells to migrate through Matrigel 
or a dense collagen gel from medium containing 5% FBS 
in the upper chamber to medium containing 20% FBS in 
the lower chamber (Figs. 4A and S8). After 24 h of incuba-
tion, cells in the lower chamber were stained with crystal 
violet and counted. In the absence of ANXA2, the number 
of MDA-MB-231 cells in the lower chamber decreased by 
72% and 62% for inserts covered with Matrigel and collagen, 

Fig. 2   Proliferation and 
2D-migration of MDA-MB-231 
cells are independent of 
ANXA2. A, B Proliferation of 
control or shANXA2 MDA-
MB-231 cells was monitored 
with a lensfree microscope 
enabling long-term observa-
tion of a large cell population 
[45]. A Averaged number of 
cells (± SEM) normalized to 
the number of seeded cells from 
three independent experiments. 
B Normalized total cell biomass 
(± SEM), which considers 
individual number and cell 
size, from three independent 
experiments. C, D In vitro 
2D-migration assay was per-
formed on control or shANXA2 
MDA-MB-231 cells. Cells were 
plated into culture-Insert 2-well 
in 35 mm µ-Dish (Ibidi) coated 
with 0.5 mg/mL gelatin. Cell 
progression was monitored with 
a lensfree microscope, after 
removing the culture insert. C 
Typical images of control or 
shANXA2 MDA-MB-231 cells 
immediately or 7h after insert 
release are presented. Migra-
tion front is drawn in yellow. D 
Mean gap closure kinetics and 
cell velocity measure (± SEM) 
from three independent experi-
ments are presented for each 
cell type. Nonparametric Mann–
Whitney test. ***p < 0.001
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respectively (Fig. 4B). A similar result was observed with 
AsPC-1 cells with a decrease of 50% and 40% between con-
trol and shANXA2 cells for inserts covered with Matrigel 
and collagen, respectively (Fig. S9). We conclude that 
ANXA2 deficiency reduces the invasiveness of MDA-
MB-231 and AsPC-1 cells.

ANXA2 is required for metastasis in vivo in mice

To investigate the role of ANXA2 in tumor progression, 
we labelled control and shANXA2 MDA-MB-231 cells 
with a luciferase reporter and injected the cells into the tail 
vein of NOD SCID mice (Figs. 5A, B and S10) and RAG 
mice (Fig. S11). The control cells engrafted in the lungs and 
bones, particularly in the hind legs (Figs. 5A,  and S12). The 
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ANXA2-deficient cells were much less effective at coloniz-
ing the lungs and failed to engraft in the bones (Figs. 5A, 
B and S11). To confirm this result, some of NOD SCID 
mice initially injected with shANXA2 MDA-MB-231 cells, 
which did not show tumor development after the first injec-
tion (Fig. 5B, black arrow), were injected a second time with 
control or ANXA2-deficient MDA-MB-231 cells (Fig. 5C, 
D). Again, we observed that shANXA2 MDA-MB-231 cells 
formed fewer metastases in the lungs and bone as compared 
to control cells (Fig. 5C, D). We conclude that ANXA2 is 
required for metastasis in mice.

ANXA2 is required for metastasis in vivo in zebrafish

To confirm the lower propensity of ANXA2-deficient cells 
to metastasize, we injected control or shANXA2 MDA-
MB-231 cells (Figs. 6A and S13) and control or shANXA2 
AsPC-1 cells (Fig. S14) into the yolk sac of zebrafish lar-
vae and quantified metastases formed in the tail and/or head 
of the fish. At 28 h post-injection (hpi), we observed that 
the relative growth of the tumor within the yolk sac was 
much lower after injection of shANXA2 MDA-MB-231 
cells as compared to control cells, suggesting reduced sur-
vival of ANXA2-deficient cells (Fig. 6B). We also observed 
that all fish injected with the control MDA-MB-231 cells 
showed caudal and/or cranial metastases at 28 hpi, as com-
pared to 13% for shANXA2 MDA-MB-231 cells injected 
fish (Fig. 6C). This reduced ability of shANXA2 cells to 
metastasize was confirmed with AsPC-1 cells (Fig. S14). 
Finally, we observed that the mortality rate was 86% for fish 
injected with control MDA-MB-231 cells but only 25% for 
those injected with ANXA2-deficient MDA-MB-231 cells 
at 52 hpi (Fig. 6D). We conclude that ANXA2 is required 
for engraftment and metastasis in zebrafish.

Discussion

Involvement of annexins in cancer progression has already 
been reported [41, 42, 47, 48]. Nevertheless, given the multi-
functionality of this protein family, which has been shown to 
participate in cell growth, proliferation, motility, and lipid/
glucose homeostasis [47, 49], it is often difficult to decipher 
which is the main mechanism that may promote tumor inva-
sion and metastasis. Here, we focused on the role played by 
annexins on membrane repair as a promoter of the cancer 
progression. The main conclusion from this study is that 
efficient repair of membrane damage is required for tumor 

Fig. 3   Response of control or shANXA2 MDA-MB-231 cells to 
membrane injury by shear-stress treatment. A Scheme of the proto-
col with a photography of the device used for the automatized shear-
stress treatment. Cells were loaded in a 1 mL syringe with a 30G 
needle mounted on a fully automated syringe pump system. After 
10 passages through the needle, cells were incubated with DAPI, 
which stained damaged/unrepaired cells, while all cells expressed the 
fluorescent protein tdTomato. Created using Biorender.com. B Rep-
resentative images of control unstressed MDA-MB-231 (left-hand 
panels), and stressed cells in the absence (middle panels) or presence 
(right-hand panels) of 2 mM Ca2+. Scale bars: 50 µm. C Representa-
tive images of shANXA2 MDA-MB-231 submitted to the shear stress 
assay in the presence of 2 mM Ca2+. Scale bar: 50 µm. D Repre-
sentative images of control MDA-MB-231 submitted to shear stress 
assay in the presence of 2 mM Ca2+ and monoclonal anti-ANXA2 
antibody (1:50, Sigma-Aldrich). Scale bar: 50 µm. E DAPI-positive 
unrepaired cells over the whole cell population (tdTomato-positive), 
were quantified for at least 6 independent experiments. Experimen-
tal data together with mean (± SEM) are presented. Nonparamet-
ric Mann − Whitney test. **P value (< 0.01), ***P value (< 0.001), 
****P value (< 0.0001). F Mean percentage of unrepaired cells rep-
resented in E are indicated in the second column. Mean percentage of 
“repaired cells over the whole cell population” (column 3) is calcu-
lated by subtracting the “unrepaired / whole cell population” rate to 
13.6%, which corresponds to the rate of damaged and unrepaired cells 
in the absence of Ca2+ that prevents membrane resealing. “Repaired / 
damaged population” rate (column 4) is calculated as the percentage 
of repaired cells considering that the number of damaged cells is 13.6

◂

Fig. 4   ANXA2 deficiency impairs MDA-MB-231 cell invasion. A 
Matrigel or dense collagen gel was produced into a transwell and 
cells were seeded in media with 5% FBS on top of the gel. As che-
moattractant, 20% FBS-containing medium was added in the bot-

tom of the well to allow cell invasion through the gel. Created using 
Biorender.com. B Number of control or shANXA2 MDA-MB-231 
cells able to cross the gel was quantified. Unpaired Student’s t test. 
****p < 0.0001
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invasion and metastasis. We hypothesized that cancer cells 
would require efficient membrane repair to cope with the 
physical stresses they are exposed to during invasion and 
metastasis. To test this assumption, we used two different 
animal models in which inhibition of ANXA2 gene expres-
sion and protein function drastically reduced the invasion 
and metastasis of breast and pancreatic cancer cells. Besides, 
we showed that membrane repair of these cancer cells is 
strictly dependent on the presence of ANXA2, whether 
the type of membrane damage either by laser ablation or 
shear stress. Among the most described membrane repair 
proteins are ANXA5 [4, 13, 14] and ANXA6 [5, 15, 50, 

51]. We showed recently that ANXA5 and ANXA6 silenc-
ing prevents metastasis of breast cancer cells in vivo [41]. 
Even though ANXA2, ANXA5 and ANXA6 belong to the 
same family, they exhibit distinct roles in membrane repair 
and cannot compensate the absence of one or the other. 
ANXA2 acts within the cytoplasm to form the lipid patch, 
while ANXA5 and ANXA6 act at the plasma membrane, for 
strengthening the injured membrane and inducing membrane 
curvature, respectively [31, 52]. ANXA2 forms complexes 
with S100A10 and S100A11 [53] that participate in mem-
brane repair [9, 12]. In addition, S100 proteins are associ-
ated with tumour metastasis as well as poor prognosis in 

Fig. 5   Genetic inhibition of 
ANXA2 prevents tissue coloni-
zation of MDA-MB-231 cells in 
NOD SCID mice. A Control or 
shANXA2 MDA-MB-231 cells 
were injected in NOD SCID 
mice as described in the legend 
of the Supplementary Fig. S10. 
Representative bioluminescence 
images of NOD SCID mice 30 
min (D0) or 70 days (D70) after 
injection of MDA-MB-231 cells 
are presented. B Biolumines-
cence quantification in lungs 
and bone for control (n = 5) 
or shANXA2 (n = 5) MDA-
MB-231 cells. The black arrow 
points the time when some mice 
(n = 4), initially injected with 
shANXA2 MDA-MB-231 cells 
and exhibiting low signal in 
bioluminescence imaging, were 
injected with control (n = 2) or 
ANXA2 shRNA (n = 2) MDA-
MB-231 cells.  C Representa-
tive bioluminescence images 
of NOD SCID mice, initially 
injected with shANXA2 MDA-
MB-231 cells and, injected a 
second time with either control 
or shANXA2 MDA-MB-231 
cells, at 30 min (D0) or 76 days 
(D76) after the second injection. 
D Bioluminescence quantifica-
tion in lungs and bone for con-
trol (n = 2) or shANXA2 (n = 2) 
MDA-MB-231 cells after the 
second injection
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various cancers [11, 23, 54]. Altogether, these data strongly 
reinforce the link between membrane repair and metastasis.

In skeletal muscle cells, ANXA2 participates in lipid 
patch formation where it is recruited to the damaged plasma 
membrane by interacting with dysferlin [3, 31]. The mecha-
nism of membrane repair is best understood in muscle cells. 
Shearing forces are one of the major mechanical constraints 
applied to cancer cells during their dissemination [16] 
but little is known about membrane repair in cancer cells. 
Since ANXA2 interacts with actin, it could be also involved 
directly in cell migration or proliferation [55], but we show 
that these processes are largely unaffected in ANXA2-defi-
cient MDA-MB-231 or AsPC-1 cells. Hence, we propose 
that tumor invasion and metastasis are affected by a defect 
in membrane repair.

ANXA2 is highly expressed in invasive tumor cells. 
We propose that this is an adaptation to survive the 
membrane damage these cells suffer during invasion and 
metastasis. Since normal cells are not exposed to these 
stresses, we speculate that inhibition of membrane repair 
will disproportionately affect invasive cancer cells. This 
means inhibitors of membrane repair should have a high 
therapeutic index. We show that an inhibitory antibody 
against ANXA2 is able to inhibit repair when administered 

in the culture medium. To affect repair the antibody must 
enter the cell, and we propose that it does so at sites of 
membrane damage. Intriguingly, this means therapeutic 
antibodies should only affect cells with membrane dam-
age, potentially further increasing the therapeutic index. 
This result confirms a previous report on ovarian cancer 
cells showing that an anti-ANXA2 antibody significantly 
decreases invasion of the chick embryo chorioallantoic 
membrane and inhibits tumor growth and metastasis in 
nude mice [56]. It opens new routes using immunotherapy 
to tackle cancer cell dissemination. An alternative to anti-
body therapy would be to use small molecule inhibitors 
or peptides. Drugs used to treat psychiatric and allergic 
conditions, such as trifluoperazine, have been reported to 
inhibit annexin-mediated membrane repair [57], and a syn-
thetic cell-penetrating peptide that interacts with ANXA2 
has been shown to reduce metastasis to murine lungs [58]. 
Major compressive and shearing forces are encountered 
during invasion and metastasis. We conclude that repair of 
membrane damage is a new target for cancer therapy that 
could be used to prevent invasion and metastasis of poor 
prognosis tumors.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​023-​05049-3.

Fig. 6   Genetic inhibition of ANXA2 prevents invasion and metastasis 
processes of MDA-MB-231 cells in zebrafish. A Control (n = 21) or 
shANXA2 MDA-MB-231 (n = 24) cells were injected in the perivitel-
line space of Casper zebrafish embryos. Tumor imaging was done by 
fluorescence microscopy at 3-, 28- and 52 hpi through the tdTomato 
fluorescent protein constitutively expressed in MDA-MB-231 cells. 

Inset displays magnified image of a portion of the tail with metas-
tases (white arrows). B The relative tumor size within the perivitel-
line space has been measured in embryos either injected by control 
or shANXA2 cells. C The percentage of embryos, which presented 
caudal or head metastases was quantified at 28 hpi. D Mortality rate 
was calculated at 52 hpi



	 C. Gounou et al.

1 3

    7   Page 14 of 16

Acknowledgements  This work was funded by la Ligue Contre Le 
Cancer de Gironde (Grant 238171 to A.B.), Ligue Contre Le Cancer 
des Pyrénées-Atlantique (Grant 269944 to A.B.) and Ligue Contre Le 
Cancer du Lot-et-Garonne (Grant 238294 to A.B.). Christel Poujol and 
Sébastien Marais are acknowledged for the help in membrane repair 
assays that were done in the Bordeaux Imaging Center a service unit of 
the CNRS-INSERM and Bordeaux University, member of the national 
infrastructure France BioImaging supported by the French National 
Research Agency (ANR-10-INBS-04). The authors thank the staff of 
Vect'UB and CRISPR-edit technology platforms (INSERM US 005 
– CNRS UAR 3427-TBM-Core, University of Bordeaux, France) for 
technical assistance. The authors would like to thank Marie Paul Algeo 
and Marcia Campistron for her assistance in the animal facility.

Author contributions  C.G., F.B. and A.B. performed the majority 
of experiments with assistance from L.A. (western-blot analysis and 
shear-stress assays), D.C. and M. L. (shear-stress assays), L.R. and 
F.S. (3D invasion assay), V.P.M. (establishment of koANXA2 MDA-
MB-231) S.T. (electron microscopy), L.B., G.S. and A.M.K. (zebrafish 
experiments), M.M, E.H. and F.A. (proliferation and 2D migration 
assays), W.S., M.-A. D. and J. M. (mouse experiments), R.I. (estab-
lishment of luc + /tdTomato + MDA-MB-231 cells). A.B. and E.D. 
performed statistical analysis. A.B. coordinated the entire project 
and designed the experiments, with the help of A.R.B and R.I.. A.B., 
A.R.B. and R.I. wrote the manuscript. L.A., F.A., E.H., G.S., A.M.K. 
contributed to the writing of the manuscript.

Funding  The authors have not disclosed any funding.

Availability of data and materials  Note applicable.

Declarations 

Conflict of interest  The authors declare no competing financial inter-
ests.

Ethics approval and consent to participate  All procedures on 
mice have been done according to the institutional guidelines 
and approved by the local ethics committee (agreement number: 
APAFIS#28418–2020110415441210 v7). Adult zebrafishes were pro-
duced and experimented in our facility in accordance with the French 
Directive (Ministère de l’Agriculture et de l’Alimentation) under permit 
number A33-063-935. All procedures were conducted in compliance 
with the European Communities Council Directive (2010/63/EU).

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 McNeil PL, Steinhardt RA (2003) Plasma membrane disruption: 
repair, prevention, adaptation. Annu Rev Cell Dev Biol 19:697–
731. https://​doi.​org/​10.​1146/​annur​ev.​cellb​io.​19.​111301.​140101

	 2.	 Bansal D, Miyake K, Vogel SS et al (2003) Defective membrane 
repair in dysferlin-deficient muscular dystrophy. Nature 423:168–
172. https://​doi.​org/​10.​1038/​natur​e01573

	 3.	 Lennon NJ, Kho A, Bacskai BJ et al (2003) Dysferlin interacts 
with annexins A1 and A2 and mediates sarcolemmal wound-heal-
ing. J Biol Chem 278:50466–50473. https://​doi.​org/​10.​1074/​jbc.​
M3072​47200

	 4.	 Bouter A, Gounou C, Bérat R et al (2011) Annexin-A5 assembled 
into two-dimensional arrays promotes cell membrane repair. Nat 
Commun 2:270. https://​doi.​org/​10.​1038/​ncomm​s1270

	 5.	 Boye TL, Maeda K, Pezeshkian W et al (2017) Annexin A4 and 
A6 induce membrane curvature and constriction during cell 
membrane repair. Nat Commun 8:1623. https://​doi.​org/​10.​1038/​
s41467-​017-​01743-6

	 6.	 Horn A, Jaiswal JK (2018) Cellular mechanisms and signals 
that coordinate plasma membrane repair. Cell Mol Life Sci 
75:3751–3770

	 7.	 Li ZW, Shaw GS (2023) Role of calcium-sensor proteins in cell 
membrane repair. Biosci Rep 43:BSR20220765. https://​doi.​org/​
10.​1042/​BSR20​220765

	 8.	 Gerke V, Moss SE (2002) Annexins: from structure to function. 
Physiol Rev 82:331–371. https://​doi.​org/​10.​1152/​PHYSR​EV.​
00030.​2001

	 9.	 Jaiswal JK, Lauritzen SP, Scheffer L et al (2014) S100A11 is 
required for efficient plasma membrane repair and survival of 
invasive cancer cells. Nat Commun 5:3795. https://​doi.​org/​10.​
1038/​ncomm​s4795

	10.	 Bharadwaj A, Kempster E, Waisman DM (2021) The annexin 
A2/S100A10 complex: the mutualistic symbiosis of two distinct 
proteins. Biomolecules 11:1849. https://​doi.​org/​10.​3390/​BIOM1​
11218​49

	11.	 Zhang L, Zhu T, Miao H, Liang B (2021) The calcium binding 
protein S100A11 and its roles in diseases. Front Cell Dev Biol 
9:693262

	12.	 Miwa N, Uebi T, Kawamura S (2008) S100-annexin com-
plexes—biology of conditional association. FEBS J 275:4945–
4955. https://​doi.​org/​10.​1111/J.​1742-​4658.​2008.​06653.X

	13.	 Carmeille R, Degrelle SA, Plawinski L et al (2015) Annexin-
A5 promotes membrane resealing in human trophoblasts. Bio-
chim Biophys Acta 1853:2033–2044. https://​doi.​org/​10.​1016/j.​
bbamcr.​2014.​12.​038

	14.	 Carmeille R, Bouvet F, Tan S et al (2016) Membrane repair 
of human skeletal muscle cells requires Annexin-A5. Biochim 
Biophys Acta Mol Cell Res 1863:2267–2279. https://​doi.​org/​
10.​1016/j.​bbamcr.​2016.​06.​003

	15.	 Croissant C, Gounou C, Bouvet F et al (2020) Annexin-A6 in 
membrane repair of human skeletal muscle cell: a role in the cap 
subdomain. Cells 9:1742. https://​doi.​org/​10.​3390/​cells​90717​42

	16.	 Wirtz D, Konstantopoulos K, Searson PC (2011) The physics of 
cancer: the role of physical interactions and mechanical forces 
in metastasis. Nat Rev Cancer 11:512–522. https://​doi.​org/​10.​
1038/​nrc30​80

	17.	 Azevedo AS, Follain G, Patthabhiraman S et al (2015) Metas-
tasis of circulating tumor cells: favorable soil or suitable bio-
mechanics, or both? Cell Adh Migr 9:345–356. https://​doi.​org/​
10.​1080/​19336​918.​2015.​10595​63

	18.	 Gensbittel V, Kräter M, Harlepp S et al (2021) Mechanical 
adaptability of tumor cells in metastasis. Dev Cell 56:164–179. 
https://​doi.​org/​10.​1016/J.​DEVCEL.​2020.​10.​011



Inhibition of the membrane repair protein annexin‑A2 prevents tumor invasion and metastasis﻿	

1 3

Page 15 of 16      7 

	19.	 Lauritzen SP, Boye TL, Nylandsted J (2015) Annexins are 
instrumental for efficient plasma membrane repair in cancer 
cells. Semin Cell Dev Biol 45:32–38. https://​doi.​org/​10.​1016/j.​
semcdb.​2015.​10.​028

	20.	 Sakwe AM, Koumangoye R, Guillory B, Ochieng J (2011) 
Annexin A6 contributes to the invasiveness of breast carcinoma 
cells by influencing the organization and localization of functional 
focal adhesions. Exp Cell Res 317:823–837. https://​doi.​org/​10.​
1016/j.​yexcr.​2010.​12.​008

	21.	 Leung C, Yu C, Lin MI et al (2013) Expression of myoferlin in 
human and murine carcinoma tumors: role in membrane repair, 
cell proliferation, and tumorigenesis. Am J Pathol 182:1900–
1909. https://​doi.​org/​10.​1016/j.​ajpath.​2013.​01.​041

	22.	 Uhlen M, Zhang C, Lee S et al (2017) A pathology atlas of the 
human cancer transcriptome. Science 357:eaan2507. https://​doi.​
org/​10.​1126/​scien​ce.​aan25​07

	23.	 Saiki Y, Horii A (2019) Multiple functions of S100A10, an impor-
tant cancer promoter. Pathol Int 69:629–636. https://​doi.​org/​10.​
1111/​PIN.​12861

	24.	 Bouvet F, Ros M, Bonedeau E et al (2020) Defective membrane 
repair machinery impairs survival of invasive cancer cells. Sci Rep 
10:21821. https://​doi.​org/​10.​1038/​s41598-​020-​77902-5

	25.	 Wang T, Wang Z, Niu R, Wang L (2019) Crucial role of Anxa2 in 
cancer progression: highlights on its novel regulatory mechanism. 
Cancer Biol Med 16:671–687. https://​doi.​org/​10.​20892/J.​ISSN.​
2095-​3941.​2019.​0228

	26.	 Mahdi AF, Malacrida B, Nolan J et  al (2020) Expression of 
annexin A2 promotes cancer progression in estrogen receptor 
negative breast cancers. Cells 9:1582. https://​doi.​org/​10.​3390/​
CELLS​90715​82

	27.	 Karabulut M, Afsar CU, Serilmez M, Karabulut S (2020) Circulat-
ing annexin A2 as a biomarker in patients with pancreatic cancer. 
J Cancer Res Ther 16:S110–S115. https://​doi.​org/​10.​4103/​JCRT.​
JCRT_​755_​18

	28.	 Daubon T, Léon C, Clarke K et al (2019) Deciphering the complex 
role of thrombospondin-1 in glioblastoma development. Nat Com-
mun 10:1146. https://​doi.​org/​10.​1038/​s41467-​019-​08480-y

	29.	 Hogarth MW, Defour A, Lazarski C et al (2019) Fibroadipogenic 
progenitors are responsible for muscle loss in limb girdle muscu-
lar dystrophy 2B. Nat Commun 10:2430. https://​doi.​org/​10.​1038/​
s41467-​019-​10438-z

	30.	 Bittel DC, Chandra G, Tirunagri LMS et al (2020) Annexin A2 
mediates dysferlin accumulation and muscle cell membrane 
repair. Cells 9:1919. https://​doi.​org/​10.​3390/​cells​90919​19

	31.	 Croissant C, Carmeille R, Brévart C, Bouter A (2021) Annexins 
and membrane repair dysfunctions in muscular dystrophies. Int J 
Mol Sci 22:5276. https://​doi.​org/​10.​3390/​ijms2​21052​76

	32.	 Koerdt SN, Gerke V (2017) Annexin A2 is involved in Ca 
2+-dependent plasma membrane repair in primary human 
endothelial cells. Biochim Biophys Acta Mol Cell Res 1864:1046–
1053. https://​doi.​org/​10.​1016/j.​bbamcr.​2016.​12.​007

	33.	 Iggo R (2022) Lentiviral transduction of mammary epithelial 
cells. Methods Mol Biol 2471:159–183. https://​doi.​org/​10.​1007/​
978-1-​0716-​2193-6_8

	34.	 Soulet F, Bodineau C, Hooks KB et al (2020) ELA/APELA pre-
cursor cleaved by furin displays tumor suppressor function in 
renal cell carcinoma through mTORC1 activation. JCI Insight 
5:e129070. https://​doi.​org/​10.​1172/​JCI.​INSIG​HT.​129070

	35.	 Haeussler M, Schönig K, Eckert H et al (2016) Evaluation of 
off-target and on-target scoring algorithms and integration into 
the guide RNA selection tool CRISPOR. Genome Biol 17:148. 
https://​doi.​org/​10.​1186/​S13059-​016-​1012-2

	36.	 Bloh K, Kanchana R, Bialk P et al (2021) Deconvolution of com-
plex DNA repair (DECODR): establishing a novel deconvolution 
algorithm for comprehensive analysis of CRISPR-edited sanger 

sequencing data. Cris J 4:120–131. https://​doi.​org/​10.​1089/​
CRISPR.​2020.​0022

	37.	 Conant D, Hsiau T, Rossi N et al (2022) Inference of CRISPR 
edits from sanger trace data. Cris J 5:123–130. https://​doi.​org/​10.​
1089/​CRISPR.​2021.​0113

	38.	 Croissant C, Gounou C, Bouvet F et al (2022) Trafficking of 
annexins during membrane repair in human skeletal muscle cells. 
Membranes (Basel) 12:153. https://​doi.​org/​10.​3390/​MEMBR​
ANES1​20201​53

	39.	 Thompson EW, Reich R, Shima TB et al (1988) Differential regu-
lation of growth and invasiveness of MCF-7 breast cancer cells by 
antiestrogens. Cancer Res 48:6764–6768

	40.	 Thompson EW, Paik S, Brünner N et al (1992) Association of 
increased basement membrane invasiveness with absence of estro-
gen receptor and expression of vimentin in human breast cancer 
cell lines. J Cell Physiol 150:534–544. https://​doi.​org/​10.​1002/​
jcp.​10415​00314

	41.	 Gounou C, Bouvet F, Liet B et  al (2023) Annexin-A5 and 
annexin-A6 silencing prevents metastasis of breast cancer cells 
in zebrafish. Biol cell 115:e202200110. https://​doi.​org/​10.​1111/​
BOC.​20220​0110

	42.	 Hein T, Krammer PH, Weyd H (2022) Molecular analysis of 
annexin expression in cancer. BMC Cancer 22:994. https://​doi.​
org/​10.​1186/​S12885-​022-​10075-8

	43.	 Carmeille R, Croissant C, Bouvet F, Bouter A (2017) Membrane 
repair assay for human skeletal muscle cells. Methods Mol Biol 
1668:195–207. https://​doi.​org/​10.​1007/​978-1-​4939-​7283-8_​14

	44.	 Croissant C, Bouvet F, Tan S, Bouter A (2018) Imaging membrane 
repair in single cells using correlative light and electron micros-
copy. Curr Protoc Cell Biol 81:e55. https://​doi.​org/​10.​1002/​cpcb.​
55

	45.	 Allier C, Morel S, Vincent R et al (2017) Imaging of dense cell 
cultures by multiwavelength lens-free video microscopy. Cytom 
Part A 91:433–442. https://​doi.​org/​10.​1002/​CYTO.A.​23079

	46.	 Corrotte M, Castro-Gomes T, Koushik AB, Andrews NW (2015) 
Approaches for plasma membrane wounding and assessment of 
lysosome-mediated repair responses. Methods Cell Biol 126:139–
158. https://​doi.​org/​10.​1016/​BS.​MCB.​2014.​11.​009

	47.	 Prieto-Fernández L, Menéndez ST, Otero-Rosales M et al (2022) 
Pathobiological functions and clinical implications of annexin 
dysregulation in human cancers. Front Cell Dev Biol. https://​doi.​
org/​10.​3389/​FCELL.​2022.​10099​08

	48.	 de Souza Ferreira LP, da Silva RA, Gil CD, Geisow MJ (2023) 
Annexin A1, A2, A5, and A6 involvement in human pathologies. 
Proteins 91:1191–1204. https://​doi.​org/​10.​1002/​PROT.​26512

	49.	 Grewal T, Rentero C, Enrich C et al (2021) Annexin animal mod-
els-from fundamental principles to translational research. Int J 
Mol Sci 22:3439. https://​doi.​org/​10.​3390/​IJMS2​20734​39

	50.	 Swaggart KA, Demonbreun AR, Vo AH et al (2014) Annexin A6 
modifies muscular dystrophy by mediating sarcolemmal repair. 
Proc Natl Acad Sci U S A 111:6004–6009. https://​doi.​org/​10.​
1073/​pnas.​13242​42111

	51.	 Demonbreun AR, Quattrocelli M, Barefield DY et al (2016) An 
actin-dependent annexin complex mediates plasma membrane 
repair in muscle. J Cell Biol 213:705–718. https://​doi.​org/​10.​
1083/​jcb.​20151​2022

	52.	 Boye TL, Nylandsted J (2016) Annexins in plasma membrane 
repair. Biol Chem 397:961–969

	53.	 Rintala-Dempsey AC, Rezvanpour A, Shaw GS (2008) S100-
annexin complexes—structural insights. FEBS J 275:4956–4966. 
https://​doi.​org/​10.​1111/j.​1742-​4658.​2008.​06654.x

	54.	 Cross SS, Hamdy FC, Deloulme JC, Rehman I (2005) Expres-
sion of S100 proteins in normal human tissues and common 
cancers using tissue microarrays: S100A6, S100A8, S100A9 
and S100A11 are all overexpressed in common cancers. 



	 C. Gounou et al.

1 3

    7   Page 16 of 16

Histopathology 46:256–269. https://​doi.​org/​10.​1111/J.​1365-​2559.​
2005.​02097.X

	55.	 Hayes MJ, Shao D, Bailly M, Moss SE (2006) Regulation of actin 
dynamics by annexin 2. EMBO J 25:1816–1826. https://​doi.​org/​
10.​1038/​sj.​emboj.​76010​78

	56.	 Lokman NA, Elder ASF, Ween MP et al (2013) Annexin A2 is 
regulated by ovarian cancer-peritoneal cell interactions and pro-
motes metastasis. Oncotarget 4:1199–1211. https://​doi.​org/​10.​
18632/​ONCOT​ARGET.​1122

	57.	 Heitmann ASB, Zanjani AAH, Klenow MB et al (2021) Pheno-
thiazines alter plasma membrane properties and sensitize cancer 
cells to injury by inhibiting annexin-mediated repair. J Biol Chem 
297:101012. https://​doi.​org/​10.​1016/J.​JBC.​2021.​101012

	58.	 Staquicini DI, Rangel R, Guzman-Rojas L et al (2017) Intracel-
lular targeting of annexin A2 inhibits tumor cell adhesion, migra-
tion, and in vivo grafting. Sci Rep 7:4243. https://​doi.​org/​10.​1038/​
S41598-​017-​03470-W

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


