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STRESZCZENIE 

Transporter wiążący ATP typu A1 (ABCA1) odgrywa kluczową rolę w homeostazie 
cholesterolu u ssaków. Z perspektywy funkcji tego białka w szlaku odwrotnego transportu 
cholesterolu, nieprawidłowości w jego funkcjonowaniu wiążą się z występowaniem stanów 
chorobowych, takich jak choroba tangierska oraz arterioskleroza. Co więcej, transporter ten 
bierze udział w modulacji organizacji błon plazmatycznych komórek ssaczych, a także w 
regulacji stężenia cholesterolu i jego błonowej dystrybucji. Aktywność ABCA1 może więc 
wpływać na procesy sygnalizacyjne komórki oraz modulować aktywność i lokalizację szeregu 
białek komórkowych. Jednakże wysoka dynamika procesów związanych z aktywnością 
ABCA1 mocno utrudnia uzyskanie jednoznacznego ich opisu na poziomie molekularnym. 
Wiele nadziei na zmianę tego stanu rzeczy wiąże się z nowymi, intensywnie rozwijanymi 
technikami biofizycznymi oferującymi wysoką rozdzielczość czasoprzestrzenną. 

Dzięki zastosowaniu podejścia eksperymentalnego bazującego na biologii komórkowej w 
połączeniu z wykorzystaniem najnowocześniejszych technik biofizycznych, w niniejszej pracy 
po raz pierwszy wykazano, że wypływ cholesterolu za sprawą aktywności ABCA1 może 
promować odporność komórek na amfoterycynę B, antybiotyk polienowy szeroko 
wykorzystywany w leczeniu układowych grzybic. Lek ten wiąże się z cząsteczkami 
cholesterolu, a powstające agregaty są eksportowane przez ABCA1, co przeciwdziała 
nadmiernej akumulacji antybiotyku w błonach komórkowych redukując tym samym jego 
toksyczność. 

W drugiej kolejności skoncentrowano się na zjawisku akumulacji cholesterolu w komórkach 
nowotworowych badając zdolność ABCA1 do modulacji ilości i dystrybucji cholesterolu w 
błonach plazmatycznych ludzkich komórek czerniaka. Wysiłki te zaowocowały znalezieniem 
korelacji pomiędzy aktywnością ABCA1 w komórkach linii Hs294T, które charakteryzują się 
wysokim poziomem tego białka, a zmianami w stopniu uporządkowania, płynności i lateralnej 
organizacji błony plazmatycznej. Zmiany te wynikały z redystrybucji cholesterolu w błonach 
komórkowych, a skutkowały także zwiększoną zdolnością komórek do degradacji macierzy 
zewnątrzkomórkowej, formowaniem skupisk receptorów integrynowych i ognisk przylegania 
(ang. focal adhesions), co może wiązać się ze zwiększoną migracją i inwazją komórek 
metastatycznych. 

Podsumowując, zebrane dane wskazują, że aktywność ABCA1 związana z modulacją 
organizacji lateralnej i stopnia uporządkowania lipidów błon komórek ssaczych wpływa na 
kluczowe procesy komórkowe związane z opornością komórek na terapeutki celujące w 
gospodarkę cholesterolową, a także na rozwój i zachowanie się komórek czerniaka.     

 

 

 

 



 
 

ABSTRACT 

The ATP-Binding Cassette A1 (ABCA1) transporter is a key protein in cholesterol homeostasis 

in mammals. Due to its role in the reverse cholesterol transport pathway, several diseases such 

as Tangier Disease and atherosclerosis have been associated with a defect of ABCA activity. 

Moreover, the transporter is also able to modulate the plasma membrane organization in 

mammalian cells, as well as the cholesterol content and distribution within the membrane. This 

activity may influence the signalization and function of plasma membrane proteins or proteins 

interacting with components of the plasma membrane. Due to its high dynamic, the specific 

ABCA1-mediated modulation of plasma membrane-associated proteins in mammalian cells 

remains elusive. However, the development of new biophysical techniques with a high spatial 

and temporal resolution made it possible for more advanced investigations in this field.  

In this study, using a combination of cellular biology and state-of-the-art biophysical technics, 

we first report that ABCA1-mediated cholesterol efflux was able to promote the resistance 

toward amphotericin B, a polyene antibiotic used for the treatment of systemic mycoses. The 

drug, which targets cholesterol within the mammalian cells plasma membrane, was forming 

bulk structures made of amphotericin B and cholesterol exported by ABCA1, which prevents 

the wide insertion of the antibiotic within the membrane and reduces subsequent toxicity. 

Moreover, as cholesterol is accumulated in cancer cells, we wanted to investigate this ABCA1-

mediated modulation mechanism of cholesterol content within the plasma membrane of human 

melanoma. We demonstrated for the first time the impact of ABCA1 activity in human 

melanoma. We showed that the derived metastatic cell line Hs294T overexpressed ABCA1, 

which led to the modification of the plasma membrane lateral organization, lipid order and 

fluidity based on the redistribution of cellular cholesterol content within the membrane. This 

plasma membrane modulation enhanced extracellular matrix degradation as well as formation 

of active integrin clusters and mature focal adhesions, promoting metastatic processes such as 

migration and invasion. 

Collectively, the data suggest that ABCA1 activity, by modifying the plasma membrane lateral 

organization and lipid order in mammalian cells, influences crucial biological processes that 

could promote cells resistance towards cholesterol targeting drug as well as human melanoma 

development. 

 



 
 

INDEX 

 

LIST OF ABBREVIATIONS...................................................................................................1  

I INTRODUCTION………………………………..………………………………..………..3 

I.1 THE PLASMA MEMBRANE OF MAMMALIAN CELLS………………………...…3 

 I.1.1 Composition of the plasma membrane…………………………….…………..3 

  I.1.1.1 Glycerophospholipids and sphingolipids……………………………………4 

  I.1.1.2 Cholesterol…………………………………………………………………….5 

  I.1.1.3 Membrane-associated proteins………………………………………………5 

 I.1.2. PM dynamics………………………………………………………………………….6 

  I.1.2.1 Lateral heterogeneity of the PM……………………………………………..6 

  I.1.2.2 Asymmetry of the PM…………………………………………………………8 

I.2 THE ATP-BINDING CASSETTE (ABC) TRANSPORTERS…………………………...10 

 I.2.1 Structure of ABC transporters……………………………………………………..10 

 I.2.2 ATP transport dynamic……………………………………………………………..11 

 I.2.3 The ABC transporter subfamilies…………………………………………………12 

 I.2.4 ABC transporters influence the PM organization………………………………14 

  I.2.4.1 Membrane lipid organization is regulated by cholesterol effluxes……….15 

  I.2.4.2 ABC transporters modulate the membrane organization by lipid  
  flop……………………………………………………………………...……………16 

  I.2.4.3 PM lipid organization can be influenced by intracellular ABC   
  transporters……………………………………...………………………………….16 

I.3 THE ABCA1 TRANSPORTER………………………………………………………………17 

 I.3.1 Structure and function of ABCA1…………………………………….…………..17 

  I.3.1.1 Molecular structure of ABCA1……………………………………………..18 

  I.3.1.2 Cholesterol and phospholipids efflux and RCT mediated by ABCA1…….18 

 I.3.1.3 ABCA1-ApoA-I interaction…………………………………………………20 

 I.3.1.4 Flop transport of lipids………………………………………………………21 

I.3.2 Regulation of ABCA1………………………………………………………………..21 



 
 

 I.3.2.1 Transcriptional regulation………………………………………..…………22 

 I.3.2.2 Post-transcriptional regulation………………………………………...…...24 

 I.3.2.3 Post-translational regulation………………………………………………..24 

I.3.3 ABCA1 activity influences the PM organization and interactors……………28 

I.4 ABCA1 AND PATHOLOGIES…………………………………………………………….…29 

 I.4.1 Tangier disease and atherosclerosis……………………………………………….29 

 I.4.2 Inflammation………………………………………………….………………………30 

 I.4.3 Cancer……………………………………………………...…………………………..30 

II AIMS OF THE STUDY…………………………………………………………………………33 

III RESULTS………………………………………...………………………………………………34 

III.1 ABCA1-MEDIATED MECHANISM OF RESISTANCE TO AMPHOTERICIN B 
TOXICITY IN MAMMALIAN CELLS..……………………………………………….………34 

 III.1.1 General context…………………………………………………………..….……..34 

 III.1.2 Induction of ABCA1 expression in RAW murine macrophages cells…..…35 

 III.1.3 Generation of active and mutant ABCA1 in CHO-K1 cells…………………36 

III.1.4 Cells expressing active ABCA1 are more resistant to AmB treatment……38 

 III.1.5 Metabolic treatments on A1G and MMG cell lines impact the AmB 
 resistance……………………………………………………………………..……………...39 

III.2 IMPACT OF ABCA1 ACTIVITY ON PLASMA MEMBRANE LATERAL 
ORGANIZATION AND METASTATIC PROCESSES IN MELANOMA CELLS….…44 

 III.2.1 General context…………………………………………………………………….44 

 III.2.2 The role of ABCA1 in cholesterol homeostasis in melanoma cells…...……45 

 III.2.3 Generation of ABCA1 knockout Hs294T melanoma cells and specific 
 inhibition of ABCA1 activity with Probucol………………….……………………….45 

 III.2.4 ABCA1 depletion and inactivation alters physiological processes in Hs294T 
 melanoma cells……………………………………………………………………………..48 

 III.2.5 ABCA1 activity is important for extracellular matrix degradation………51 

 III.2.6 ABCA1 activity impacts focal adhesion formation and distribution of active 
 integrin β3 within the PM………………………………………………………………...54 



 
 

 III.2.7 ABCA1 activity modifies the PM lateral organization, order and fluidity of 
 Hs294T melanoma cells……………………………………………………………..……..59 

III.2.8 Loading of the PM with cholesterol alters localization of active integrin 
β3………………………………………………………………………………………...……63 

IV DISCUSSION……………………………………………………………………………………68 

IV.1 ABCA1-MEDIATED MECHANISM OF RESISTANCE TO AMPHOTERICIN B 
TOXICITY IN MAMMALIAN CELLS………………………………………………………...68 

 IV.1.1 ABCA1 promotes cholesterol efflux towards AmB…………………………..68 

 IV.1.2 AmB forms structures with cholesterol at the PM of ABCA1 active cells..69 

 IV.1.3 ABCA1 expression promotes resistance against AmB in mammalian cells.71 

 IV.1.4 AmB forms structures with cholesterol at the PM of ABCA1 active cells..72 

 IV.1.5 ABCA1-mediated cholesterol efflux towards AmB…………………………..73 

IV.1.6 AmB effect in ABCA1-expressing yeast cell is opposite to mammalian 
cells……………………………………………………………..…………………………….73 

IV.2 IMPACT OF ABCA1 ACTIVITY ON PLASMA MEMBRANE LATERAL 
ORGANIZATION AND METASTATIC PROCESSES IN MELANOMA CELLS……74 

 IV.2.1 ABCA1 depletion and inactivation alter physiological processes in Hs294T 
 melanoma cells…………………………………………….………………………………..74 

 IV.2.2 ABCA1 activity is important for ECM degradation……………….…………75 

 IV.2.3 ABCA1 activity impacts focal adhesion formation and distribution of active 
 integrin β3 within the PM……………………………………………….………………...76 

 IV.2.4 ABCA1 activity modifies the PM lateral organization, order and fluidity of 
 Hs294T melanoma cells……………………………………………………………………78 

IV.3 GENERAL DISCUSSION, CONCLUSION AND PERSPECTIVES………………...80 

V MATERIAL AND METHODS………………………………………………….……………..82 

V.1 ANTIBODIES AND REAGENTS…………………………………………………………...82 

V.2 MOLECULAR BIOLOGY…………………………………………....……………………...83 

 V.2.1 Generation of A1G and MMG plasmids………………………………....………83 

 V.2.2 CRISPR/Cas9 inactivation of ABCA1 gene…………………………………..…83 

V.3 CELLULAR BIOLOGY…………………………………………………………...…………84 

 V.3.1 Cell culture……………………………………………………………...……………84 



 
 

 V.3.2 Cell transfection……………………………………………………………….….…85 

 V.3.3 Cell treatments and cholesterol loading…………………………….……..…….85 

  V.3.3.1 Probucol treatment…………………………………………………..……..85 

  V.3.3.2 Zaragozic acid treatment……………………………………….……….…87 

  V.3.3.3 Cholesterol loading…………………………………………….…….……..87 

 V.3.4 Cytotoxicity assay…………………………………………………….…………….88 

 V.3.5 Proliferation…………………………………………………………………………89 

 V.3.6 Cell migration Assay……………………………………………………………….89 

 V.3.7 Transwell invasion assay……………………………….………………………….89 

 V.3.8 ECM degradation assay…………………………………….……………………..89 

 V.3.9 Flow cytometry…………………………………………………………………...…90 

  V.3.9.1 14.22 and ApoA-I fluorescent conjugaison……………………………….90 

  V.3.9.2  ABCA1-labelled measurement……………………………………………90 

  V.3.9.3 ApoA-I binding………………………………………………….………….91 

V.4 BIOCHEMISTRY……………………………………….…………………………………….91 

 V.4.1 Western Blot analysis………………………………………………………………91 

 V.4.2 Protein kinase phosphorylation assay………………………….………………..91 

 V.4.3 Cholesterol content measurement………………………………………………..92 

 V.4.4 Gelatin zymography assay…………………………………...……………………92 

V.5 MICROSCOPY………………………………………………………………………………..93 

 V.5.1 Immunostaining and confocal microscopy……………………………………..93 

 V.5.2 svFCS measurements………………………………………………………………94 

 V.5.3 FLIM analysis……………………………………………………………………….94 

V.6 STATISTICAL ANALYSIS…………………………………………………………………..94 

BIBLIOGRAPHY……………………………………….…………………………………………96 

ACKNOWLEDGEMENTS…………………………………………………………….………..127 

PUBLICATIONS………………………………………………………………………………….128 



1 
 

LIST OF ABBREVIATIONS 

3D – Three Dimension 
A˚ - Angstrom 
A1G – ABCA1-GFP CHO-K1 cell line 
ABC - ATP-Binding Cassette 
ADP - Adenosine Diphosphate 
ALD – Adrenoleukodystrophy 
AmB - Amphotericin B 
APC – Allophycocyanin 
ApoA-I - Apolipoprotein A-I 
ApoE - Apolipoprotein E 
ATP – Adenosine Triphosphate 
Bodipy-SM – Fluorescent lipid analog for 
Sphyngomyelin 
BrdU – Bromodeoxyuridine 
C - C-terminal 
Ca2+ - Calcium2+ 
cAMP - cyclic Adenosine Monophosphate 
CD – Cluster of differentiation 
Cdc42 - Cell division control protein 42 
homolog 
CETP - Cholesteryl Ester Transfer Protein 
Chol - Methyl-β-Cyclodextrin-complexed-
cholesterol 
CK2 - Casein Kinase 2 
COP9 - Constitutive Photomorphogenesis 9 
COPII - Coat Protein II 
CRE - cyclic Adenosine Monophosphate 
Response Element 
CREB - cyclic Adenosine Monophosphate 
Response Element-Binding 
CRISPR/Cas9 - Clustered Regularly 
Interspaced Short Palindromic Repeats / 
CRISPR-associated protein 9 
Cryo-EM - Cryo-Electron Microscopy 
CSN3 - Constitutive Photomorphogenesis 9 
Signalosome Subunit 3 
CVD - Cardiovascular Diseases 
Di-4 - Di-4-ANEPPDHQ 
DMEM - Dulbecco’s Modified Eagle’s 
Medium 
DMSO - Dimethyl Sulfoxide 
DRM - Detergent Resistant Membrane 
ECD – Extracellular Domain 
ECM – Extracellular Matrix 
eGFP – enhanced Green Fluorescent Protein 
EGFR - Epidermal Growth Factor Receptor 

ER – Endoplasmic Reticulum 
F-12 - Ham's F-12 Nutrient Mix 
FA – Focal Adhesion 
FAK – Focal Adhesion Kinase 
FBS – Foetal Bovine Serum 
FITC - Fluorescein Isothiocyanate 
FLIM - Fluorescence Lifetime Imaging 
Microscopy 
FRAP - Fluorescence Recovery After 
Photobleaching 
GDF-15 - Growth Differentiation Factor-15 
GFP – Green Fluorescent Protein 
GM1 – Monosialotetrahexosylgangliosides 
GPCR - G Protein-Coupled Receptors 
GPI – Glycosylphosphatidylinositol 
GTP – Guanosine Triphosphate 
GW – GW3965 
HBSS - Hank's Balanced Salt Solution 
HCBS - called High Capacity Binding Site 
HDL – High-Density Lipoprotein 
HEK293 - Human Embryonic Kidney 293 
HEPES - 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
HSP27 - Heat Shock Protein 27 
HUVEC - Human Umbilical Vein Endothelial 
Cell 
IGF-1 - Insulin-like Growth Factor-1 
IgG - ImmunoglobulinG 
IL-3Rb - The Interleukin-3 Receptor b 
ILK - Integrin-Linked Kinase 
JAK2 – Janus Kinase 2 
KO – Knockout 
LCAT - Lecithin-Cholesterol Acyltransferase 
Ld – Lipid disordered 
LDL – Low-Density Lipoprotein 
LDLR – Low-Density Lipoprotein Receptor 
Lo – Lipid ordered 
Low IgG FBS - Low ImmunoglobulinG Foetal 
Bovine Serum 
LPS – Lipopolysaccharides 
LXR/RXR - Liver X Receptor/Retinoid X 
Receptor 
LXRE - Liver X Response Element 
MDR - Multidrug Resistance 
Mg2+ - Magnesium2+ 
miRNA - Micro Ribonucleic Acid 



2 
 

MMG – ABCA1MM-GFP CHO-K1 cell line 
MPP - Matrix Metalloproteinase 
mRNA – messenger Ribonucleic Acid 
MRP - MDR-associated protein 
MyD88 - Differentiation primary response 88 
MβCD - Methyl-β-Cyclodextrin 
N - N-terminal 
NBD - Nucleotide-Biding Domain 
NF-κB - Nuclear Factor kappa-light-chain-
enhancer of activated B cells 
NMR - Nuclear Magnetic Resonance 
Opti-MEM - Opti-Minimum Essential Media 
oxLDL - oxidized Low-Density Lipoprotein 
PBS 1X - Phosphate Buffer Saline 1X 
PC – Phosphatidylcholine 
PDZ - PSD95-Discs large-ZO1 
PDZ-RhoGEF - PSD95-Discs large-ZO1 Rho 
Guanine nucleotide Exchange Factor 11 
PE – Phosphatidylethanolamine 
PEST - Proline (P), Glutamic acid (E), Serine 
(S) and Threonine (T) 
Pi - inorganic phosphate 
PI – Phosphatidylinositol 
PI3K - Phosphoinositide 3-Kinase 
PIP2 - Phosphatidylinositol 4,5-bisphosphate 
PKA - Protein Kinase A 
PKC – Protein Kinase C 
PLC – Phospholipase C 
P-loop - Phosphate Binding-Loop 
PLTP - Phospholipid Transfer Protein 
PM – Plasma membrane 
PPAR - Peroxisome Proliferator-Activated 
Receptors 
PRAS40 - Proline-Rich AKT Substrate of 40 
kDa 
PS – Phosphatidylserine 

RAW - RAW 264.7 macrophages 
RCT - Reverse Cholesterol Transport 
RSK1/2 - Ribosomal S6 Kinase A1 and A2 
S – Serine 
SCAP - Sterol Regulatory Element Binding 
Protein Cleavage Activating Protein 
SDS-PAGE - Sodium Dodecyl Sulfate–
Polyacrylamide Gel Electrophoresis 
SM - Sphingomyelin 
Sp1 - Specificity protein 1 
SR-BI - Scavenger Receptor class B member 1 
SRC - Proto-oncogene tyrosine-protein kinase 
SRE- Sterol Regulatory Element 
SREBP-2 - Sterol Regulatory Element Binding 
Protein 2 
STAT3 - Signal Transducer and Activator of 
Transcription 3 
STED - Stimulated Emission Depletion 
svFCS - spot variation Fluorescence Correlation 
Spectroscopy 
T – Threonine 
TD - Tangier Disease 
TGF-β - Transforming Growth Factor β 
TLR4 – Toll-Like Receptor 4 
TMD - Transmembrane Domain 
TNF- α - Tumor Necrosis Factor-α 
TRAF6 – Tumor Necrosis Factor Receptor 
Associated Factor 
UTR - 3’ Untranslated Region 
VEGFR2 - Vascular Endothelial Growth Factor 
Receptor-2 
VLDL - Very Low-Density Lipoprotein 
ZA - Zaragozic Acid 
Zn2+ - Zinc2+ 
 
 

 
 
 
 

 

 

 

 

 

 



3 
 

I INTRODUCTION 

 

I.1 THE PLASMA MEMBRANE OF MAMMALIAN CELLS  

Mammalian cells are constituted of different membrane embedded compartments where 

specific physiological processes happen. However, plasma membrane (PM) is unique as it 

separates the interior of the cell from the external environment. This structure allows the 

retention of required metabolites as well as other molecules and organelles crucial for cells but 

also acts as a protective barrier and participate in the exchange between cells and their 

environment. Moreover, due to its composition and complexity, the PM is deeply involved also 

in other key cellular functions. 

 

I.1.1 Composition of the plasma membrane 

The plasma membrane is primarily composed of three different classes of lipids: phospholipids, 

glycolipids and sterols. All these lipids are amphipathic thus leading to the formation of a lipid 

bilayer with hydrophobic tails at the center of the layer and the lipid hydrophilic heads facing 

toward the cytoplasm or outside of the cell. The proportion of these lipids varies depending on 

the cell type. For the majority of the mammalian cells, phospholipids are the most abundant 

representing more than 60% of the total lipids, then cholesterol with over 30 % and lastly 

glycolipids composing about 2% of the plasma membrane lipids [1] (Fig. 1). As another very 

important components, membrane proteins complete the plasma membrane structure by 

accounting for around 50% of its mass and the proportion varies also depending on the cell  

types [2].  

          Fig. 1: Simplified schematic representation of the PM of mammalian cells.  
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 I.1.1.1 Glycerophospholipids and sphingolipids 

Phospholipids, which include glycerophospholipids and sphingolipids, are the major 

component of cellular membranes. Glycerophospholipids are composed of a glycerol base 

linked to two long fatty chains, usually, one saturated and the other unsaturated, that are 

hydrophobic. Their polar head possesses a phosphate group usually in addition with an alcohol 

group or an amino acid such as a serine (Fig. 2). Depending on the latter, the 

glycerophospholipids can be zwitterionic such as phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), negatively charged as phosphatidylinositol (PI) and 

phosphatidic acid (PA) or an acid phospholipid like phosphatidylserine (PS). On the other hand, 

sphingolipids possess a sphingosine base and a fatty-acid chain usually saturated in contrast 

with glycerophospholipids. Sphingophospholipids have a phosphate group such as the 

sphingomyelin (SM) whereas sphingoglycolipids have a glycosylated polar group and 

gangliosides an oligosaccharide chains linked to the polar group [1].  

Fig. 2: Structure of the main lipids of the mammalian cells PM. Representation of some glycerophospholipids 
that contains a glycerol base (blue) and a phosphate group (red). Sphingomyelin is also represented with the 
sphingosine base (brown) of the sphingolipids. 

  

 



5 
 

I.1.1.2 Cholesterol 

The most representative sterol of mammals is cholesterol. It is composed of four rings fused 

with a hydrocarbon tail and a hydroxyl group (Fig. 3). The ring structure is rigid whereas the 

tail is flexible. The polar hydroxyl group aligns with the ester carbonyl groups of the 

phospholipids, leading to the incorporation of the remainder apolar part of the cholesterol into 

the PM in a perpendicular way [3,4]. Cholesterol is important for the PM organization as it 

influences the fluidity, stiffness, permeability as well as curvature of the PM by interacting 

preferentially with the saturated lipids and creating more ordered lipid domains [5], which 

process will be described later. It is also the precursor metabolite for the synthesis of steroid 

hormones and bile [6,7]. 

Fig. 3: Structure of the cholesterol molecule. 

 I.1.1.3 Membrane-associated proteins 

Two categories of protein are interacting with the PM: the integral membrane proteins and the 

peripheral ones. The integral proteins are composed of hydrophobic and hydrophilic regions 

that allow their localization within the PM and a part of the protein is exposed to the 

extracellular environment and another to the cytoplasm. The hydrophobic amino acids of the 

proteins are directly associated with the lipids from the PM with different tertiary structures. 

Among them, these can be a single α-helix, a helical bundled composed of several α-helixes or 

a β-barrel with several β-sheets (Fig. 4). Most of these types of proteins function as transporters 

proteins, ion channels, G protein-coupled receptors (GPCRs) or enzyme-linked receptors [8].  

In contrast, the peripheral proteins are usually transiently associated with the PM via 

interactions by a α-helix bound to the membrane plane in a parallel manner, ionic or electrostatic 

interactions with PM lipids, hydrophobic loop or covalently bound lipid anchors such as 

palmitoyl or myristoyl groups [2]. The membrane localization confers on proteins pivotal 

functions in the transport of ions and molecules between the cytoplasm and the extracellular 

environment (Calcium2+ (Ca2+) channel), adhesion to the cytoskeleton (Spectrins), the 

extracellular matrix (ECM) (Integrins) or other cells (tight junctions), enzymatic activity 

(Phospholipase C, PLC), recognition of peptides (B-cell receptors) and signal transduction 
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(Toll-like receptors). As they are strongly interacting with the PM, the dynamics of the PM 

influence their activity. 

Fig. 4: PM-associated proteins. Schematic representation of integral and peripheral proteins of the mammalian 
cells PM. The proteins are able to insert within the PM via a single α-helix (1), a helical bundled composed of 
several α-helixes (2), a β-barrel with several β-sheets (3), α-helix inserted parallel to the membrane plane (4), 
ionic or electrostatic interactions (5),  a hydrophobic loop (6)  or a covalently bound lipid anchor (7). 
 
I.1.2. PM dynamics 
 
 I.1.2.1 Lateral heterogeneity of the PM 

Fifty years ago, Singer and Nicholson proposed a model of PM dynamics called the fluid mosaic 

membrane [9]. In this model, the pseudo two-dimensional lipid bilayer was composed of 

amphiphilic phospholipids with integral proteins immersed in it. It brought forwards two key 

concepts: the fluidity and dynamics of the PM molecules and their mosaic nature, where the 

molecules diffuse laterally within the PM. Later, the authors refined this model by 

implementing the influence of the ECM and the cytoskeleton on the diffusion of the membrane 

components [10]. Thus, this lead to the notions of the formation of specialized PM domains in 

which reversible association of lipids or proteins happened, leading to the exclusion or 

sequestration of membrane elements and translocation regulated by the cytoskeleton [11]. 

Further studies started to decipher the lipid composition of these domains. Based on differential 

lipid trafficking in polarized cells, the existence of moving platforms composed mainly of 

sphingolipids and cholesterol was reported, where proteins may be specifically included or 

excluded. The concept of lipid raft was thus introduced [12,13]. In model membranes, it was 

shown that the cholesterol was preferentially interacting with saturated acyl chains of lipids 

such as sphingolipids and some glycerophospholipids, excluding the phospholipids with 

unsaturated chains, hence locally enhancing the membrane rigidity (Fig. 5) [14]. This revealed 

the existence of two lipid phases in lipid monolayers and bilayers: a thinner lipid disordered 

phase (Ld) and a thicker lipid ordered phase (Lo).  It is important to note that the 
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physicochemical properties of such domains in model systems do not fully correspond to raft 

and non-raft regions in the cell membrane. Indeed, the PM is highly dynamically organized in 

a complex manner including several actors such as PM proteins and the cytoskeleton that are 

not present in most of the lipid mono and bilayers studies. 

 The pieces of evidence of the existence of PM lipid rafts were initially based mainly on 

controversial biochemical experiments. For example, these domains were extracted with non-

ionic detergents such as Triton X-100 at 4°C based on the insolubility of glycolipid-enriched 

complexes and their separation in density gradients [15–17]. Temperature influence on lipid 

dynamics as well as proteins solvability arose questions about the veracity of these detergent 

resistant membrane (DRM) ’s extraction [18]. Moreover, few studies also suggested that theses 

DRM insolubility could also be due to the interactions of the PM proteins with the cytoskeleton 

rather than the lipid/protein composition [19,20]. Different approaches such as the use of less 

stringent detergents [21–24] or cholera toxin which binds monosialotetrahexosylgangliosides 

(GM1), gangliosides that specifically localized within the lipid rafts [25,26], brought more 

information on the presence of lipid rafts. Nonetheless, the techniques used introduce once 

again some doubts regarding the important time shift between the physiological existence and 

their extraction and biochemical characterization as well as the possible artificial aggregation 

of PM elements by the membrane probes. Furthermore, the small size of the lipid rafts and their 

highly dynamic nature made their observation extremely difficult in living cells [27]. The 

progress in microcopy development as well as the introduction of spatial and temporal highly 

resolved biophysical techniques such as spot variation Fluorescence Correlation Spectroscopy 

(svFCS), Fluorescence Recovery After Photobleaching (FRAP), Fluorescence Lifetime 

Iimaging Microscopy (FLIM) and Single-Particle Tracking (SPT), opened new ways for lipid 

rafts studies [17,28–34]. Indeed, the combination of previously used techniques with the newly 

developed equipment made finally possible to visualize specialized nanodomains enriched in 

cholesterol and SM in living cells [35–37]. For example, the trajectories analysis using Single 

Particle Tracking, allowed, as the name of the technique suggests, to determine the diffusion of 

individual fluorescent SM analogs. The results suggested that SM was able to associate and 

dissociate with Cluster of Differentiation 59 (CD59), a glycosylphosphatidylinositol (GPI)-

anchored protein, in a cholesterol-dependent manner [38]. Another study described the use of 

combined Stimulated Emission Depletion (STED), a super resolution microscopy technique 

that allows the observation of nanometer-size molecular structures, with FCS, a biophysical 

technique with which it is possible to analyze highly dynamic systems in living cells, revealed 
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nanoscale diffusion behavior of molecules in live cells [39]. Therefore, the controversy on the 

existence of lipid rafts in living cells has been solved [40] and two models of lipid rafts enriched 

in cholesterol and SM have been defined. The first one is the Caveolae raft which contains 

caveolin proteins and presents an invaginated structure within the PM. This lipid raft can be 

endocytosed and act as signaling platform [41]. The second model is the flat, or planar, lipid 

raft which formation is promoted by flotillin-1 and -2 [42]. Due to the important role of 

membrane proteins in the formation and stabilization of lipid rafts, several recent studies are 

focusing on protein-lipids and protein-protein interactions in the nanodomains [43]. 

Fig. 5: The lateral organization of the PM. Simplified schematic representation of the formation of lipid raft 
enriched in cholesterol and sphingomyelin where raft proteins may form clusters leading to signalization. In the 
non-raft domain composed of phospholipids with unsaturated fatty chains, non-raft proteins are spatially 
excluded from the raft domains. 

 I.1.2.2 Asymmetry of the PM 

In addition to its lateral heterogeneity, the PM possesses also a transversal asymmetry. Indeed, 

PC and SM are enriched in the outer leaflet whereas PE, PS and PI in the inner leaflet of the 

PM even though PE and PC have a weaker asymmetrical distribution (Fig. 6) [44–46]. 

However, for cholesterol, the asymmetric repartition is not clear. Some studies suggested a 

preferentially localization of cholesterol within the inner leaflet [47–49], while others proposed 

an enrichment of cholesterol in the outer leaflet [50,51] due to its high affinity towards SM [52]. 

Even if a consensus is still not reached regarding this matter, it has been reported that the 

cholesterol and other lipids asymmetry within the PM is involved in cellular processes. Indeed, 

PI and derivate such as phosphatidylinositol 4,5-bisphosphate (PIP2) can serve as signaling 

platforms [53]. When interacting with the Protein Kinase C (PKC), PS also acts as a signaling 

lipid when interacting with PKC. However, during cell apoptosis, when exposed to the PM 

outer leaflet, PS is recognized by macrophages for phagocytosis [54] and the interactions 

between SM and cholesterol may lead to the formation of lipid rafts as described previously. 
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Furthermore, the concentration of anionic lipids within the inner leaflet promotes a difference 

of electrostatic potentials [55].   

 

Fig. 6: The lipids PM asymmetry. Simplified schematic representation of the distribution of the lipid within the 
PM. The outer membrane (outer) is enriched in phosphatidylcholine (PC, light blue), sphingomyelin (SM, brown) 
and glycosphingolipids (GSL, green). Phosphatidylethanolamine (PE, dark blue), Phosphatidylserine (PS, yellow), 
and phosphatidylinositol (PI, purple) are preferentially localized in the inner leaflet (inner) of the PM. In the case 
of cholesterol, its specific distribution is still not clear.  

 Three types of proteins regulate and maintain this asymmetrical distribution that 

modulates several cell functions (Fig. 7). The first one, scramblases, are calcium-dependent PM 

proteins that are able to distribute the negatively charged phospholipids from the inner to the 

outer leaflet as well as from the outer to the inner leaflet [56]. Flippases, the second type, mostly 

belong to the type 4 subfamily of P-type ATPase and require energy to translocate 

phospholipids only from the outer to the inner leaflet of the PM [57]. The last category, which 

elicits the transport of lipids from the inner to the outer leaflet of the PM, is composed of the 

ATP-binding cassette (ABC) transporters that I will describe in the following section. 

Fig. 7: PM asymmetry is modulated by membrane proteins-mediated lipids translocation. Schematic 
representation of lipid translocation within the PM . Scramblases are able to translocate lipids from the inner 
leaflet to the outer leaflet as well as the opposite. Meanwhile, flippase moves the lipids from the outer to the 
inner leaflet and floppase performs the transport in the other way. Both flippase and floppase need energy 
obtained by Adenosine Triphosphate (ATP) hydrolysis into Adenosine Diphosphate (ADP) and inorganic 
phosphate (Pi) and  to perform their function. 
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I.2 THE ATP-BINDING CASSETTE (ABC) TRANSPORTERS 
 

The super-family of the ABC transporters is widely distributed in all life kingdoms and 

composed of conserved membrane proteins that bind ATP and provide energy for cross 

membrane transport by ATP hydrolysis. In mammals, ABC transporters are specialized 

exporters of specific substrates which, combined with the localization of the transporter, defined 

their function. 

I.2.1 Structure of ABC transporters 

All ABC transporters protein structure consist of four domains: two nucleotide-biding domains 

(NBDs) that are highly conserved between the transporters and two transmembrane domains 

(TMDs) which structure is variable [58]. In most of the transporters, the TMDs’ N-terminals 

are connected to the NBDs’ C-terminals within a TMD-NBD-TMD-NDB single polypeptide 

chain and is called a full transporter. Some transporters are half-transporters constituted of only 

one TMD and one NBD and need to homo or heterodimerize in order to be functional. The half 

transporter can be forward with the TMD’s N-terminal connected to the NBD’s C-terminal, or 

reverse, with the NBD’s N-terminal connected to the TMD’s C-terminal [59]. The NBD is the 

site for ATP binding and hydrolysis and is composed of a Walker A motif (G-X-X-G-X-G-K-

S/T-S/T where X is an amino acid) also called phosphate binding-loop (P-loop) and a Walker 

B motif (h-h-h-h-D, where h is a hydrophobic residue) separated by the ABC signature motif 

also known as LSGGQ motif [60]. The study of the crystal structure of isolated NBDs showed 

that two molecules of ATP were bound between the NBDs dimer, more specifically between 

the P-loop residues from the first NBD and the signature sequence from the second NBD [61]. 

On the other hand, the TMDs structure is different depending on the ABC transporter and it 

explains the diversity of substrate transport by the ABC family. The transporters usually contain 

TMDs with 12 transmembrane α-helices (6 α-helices per monomer) but due to the structure 

variability, the number of helices varies between six and eleven [60]. It has been reported that 

some ABC transporters such as ABCC1 contain an additional TMD (TMD0) with five α-helices 

[62]. Loss of this extra TMD leads to instability and loss of function of the transporter [63]. 

Dimerization of TMDs induces the formation of a pore channel that allows the transit of the 

substrates from inside toward the outside of the cells [60]. In contrast to the other ABC 
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transporters, ABCA1 presents two large extracellular loop domains (ECD) that will be 

described later in the section I.3.1.1 [64]. 

Fig. 8: ABC transporter structure. Schematic representation of a forward ABC full transporter as described in 
I.2.1. N: N-terminal, C: C-terminal, TMD: transmembrane domain, NBD : nucleotide binding domain. 

I.2.2 ATP transport dynamic 

In order to actively transport their substrate, ABC transporters require energy that is obtained 

with ATP hydrolysis. There are different models of the transport cycle that can be put in a few 

categories: the Tweezers-like model [65], the processive clamp model [66] and the ATP switch 

model [67]. They are based on a switch of dimerized NBDs to separated NBDs whereas the 

alternating sites model [68] , the nucleotide occlusion mode [69], and the constant contact 

model [70] are assuming that NBDs are constantly in contact throughout the transport process. 

Nonetheless, the general established consensus is that the substrate transport depends on the 

TMDs inward and outward conformations, and difference in substrate affinities triggered by 

NBDs dimerization upon ATP binding. Derived from genetics, structural and biochemical 

studies on diverse ABC transporters, the ATP-switch model is the most widely accepted and 

states that the transport cycle begins with the substrate binding to the TMDs open inward 

conformation with high affinity. This triggers TMDs conformational changes that provoke a 

facilitated ATP binding to NBDs. The β- and γ-phosphates of the ATP interact with the residues 

of the Walker A motif of one NBD and the signature motif of the partner NBD, and this 

interaction is coordinated by Magnesium2+ (Mg2+) ions interacting with the Walker B motif. 

The ATP is consequently sandwiched between two NBDs, which explains the necessities of 

two of these domains. The closed dimerization of NBDs via ATP binding leads to a switch of 
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the inward open TMDs configuration toward a transient occluded state where both inward and 

outward sites are closed. This transition phase is necessary to prevent any leak of the substrate 

thus showing the difference of mechanism of action between ATP transporters and ion 

channels. The TMDs next rearrangements into the outward open state defined by a decreased 

affinity for the substrate, promoting its release outside of the cell. After ATP hydrolysis, the 

release of Adenosine Diphosphate (ADPP and inorganic phosphate (Pi) from the NBDs triggers 

their separation and switches back the TMDs conformation to the transporter basal state, with 

an open inward free substrate binding site ready for the next transport cycle (Fig. 9) [67]. 

Fig. 9: The ATP switch model of ABC transporters. Schematic representation the ATP switch mechanism of 
substrate transport. In this model, the substrate bind to the high affinity inward open formation of TMDs (1). 
This interaction facilitate ATP binding to the two NBDs, which leads to their dimerization, triggering TMDs to 
change to their conformation for the outward formation. This specific configuration lower the substrate affinity, 
which promotes its export (2). Hydrolysis of ATP to ADP and Pi allows the separation of the two NBDs which leads 
to the TMDs default rearrangement, allowing  a novel cycle of export (3). TMD: transmembrane domain, NBD : 
nucleotide binding domain. 

I.2.3 The ABC transporter subfamilies 

In humans, there are 48 known ABC transporters, which are divided into 7 subfamilies, from 

A to G, based on their gene structure, sequence homology and domain arrangement. Below is 

a brief description of the ABC members. Their function associated with lipids will be further 

discussed in the section I.2.4.  

 

ABCA 

The ABCA subfamily contains 12 full transporters that can be further divided into two 

subgroups based on phylogenetic analysis and intron structures. The first subgroup includes 

seven genes located in six different chromosomes coding for the following proteins: ABCA1 

(gene located on chromosome 9q31.1), ABCA2 (9q34.3), ABCA3 (16p13.3), ABCA4 
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(1p21.3), ABCA7 (19p13.3), ABCA12 (2q34) and ABCA13 (7p12.3). The other subgroup 

contains five genes organized in a cluster on chromosome 17q24 coding for ABCA5, ABCA6, 

ABCA8, ABCA9 and ABCA10 [71,72]. The ABCA subfamily is composed of the largest ABC 

protein known ABCA13 with 5058 amino acid residues. Mutations of specific ABCA 

transporter genes lead to genetic diseases such as Tangier disease (TD) for ABCA1, (described 

later) [73] or Stargardt disease for ABCA4 [74]. 

 

ABCB 

The ABCB subfamily is composed of 11 genes and is the only mammalian subfamily containing 

both full-transporters and half-transporters, with four and seven members, respectively. Several 

ABCB transporters confer multidrug resistance (MDR) in cancer cells. Hence, they are also 

referred to as ‘MDR family’ [75]. It contains ABCB1, also known as P-glycoprotein and 

MDR1, ABCB2, or TAP1, ABCB3, or TAP2, ABCB4, ABCB5, ABCB6, ABCB7, ABCB8, 

ABCB9, ABCB10 and ABCB11. ABCB1 is the first human ABC transporter cloned and 

characterized as a MDR transporter [76]. Mutations in ABCB genes are involved in diseases 

such as type 2 diabetes, lethal neonatal syndrome and coeliac disease [77]. 

 

ABCC 

The ABCC subfamily contains 12 full-transporter members and are involved in ion transport 

and toxin secretion [78]. Due to their functions, ABCC transporters are also taking part in the 

MDR mechanism and 9 members are also called MDR-associated proteins (MRPs) [79,80]. 

The members are ABCC1 (MRP1), ABCC2 (MRP2), ABCC3  (MRP3), ABCC4 (MRP4), 

ABCC5 (MRP5), ABCC6  (MRP6), ABCC7 also known as the Cystic Fibrosis Transmembrane 

conductance Regulator (CFTR), ABCC8, ABCC9, ABCC10 (MRP7), ABCC11 (MRP8) and 

ABCC12  (MRP9). The MRPs can further be divided into short MRPs (ABCC4, ABCC5, 

ABCC11 and ABCC12) with the typical ABC structures and long MRPs (ABCC1, ABCC2, 

ABCC3, ABCC6 and ABCC10). Mutations in ABCC genes are implicated in diabetes type 2, 

Dubin-Johnson syndrome, paroxysmal kinesigenic choreoatheotis and cystic fibrosis [77,81]. 

 

ABCD 

The ABCD subfamily consists of four genes that encode only half-transporters which are 

forming either homodimers or heterodimers to make a functional transporter. This subfamily is 

also known as the peroxisomal or the Adrenoleukodystrophy (ALD) transporters [82]. It 
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contains ABCD1 or ADL, ABCD2 or ALDR, ABCD3 and ABCD4. As their other name 

suggests, mutations of ABCD1 are responsible for the X-linked form of ALD [83]. 

 

ABCE 

The ABCE subfamily is constituted of only one member: ABCE1. Moreover, the gene encodes 

a protein with no TMDs, making ABCE1 localized in the cytosol and not a membrane 

transporter [77]. However, the protein contains the two NBDs with the ABC signature motif 

and therefore is included in the ABC family [84]. ABCE1 is involved in interferon activity [85]. 

 

ABCF 

Similar to ABCE subfamily, the ABCF members do not have TMDs and therefore are located 

in the cytosol. The function of the three members, ABCF1, ABCF2 and ABCF3 is unknown 

but due to their lack of TMDs, it is highly unlikely that they function as transporters [86]. As 

ABCF genes could be upregulated by tumor necrosis factor-α (TNF- α), they may be involved 

in inflammatory processes [87]. 

 

ABCG 

The ABCG subfamily contains six half-transporters with an inverse structure compared to the 

other ABC transporters, more precisely with the NBD on the N-terminus and the TMD at the 

C-terminus. The members are ABCG1, ABCG2, ABCG4, ABCG5, ABCG8 and mutations in 

their genes are involved in sterol accumulation disorders and atherosclerosis [88]. Moreover, 

studies shown that ABCG2 confers MDR when overexpressed in cells [89]. 

 

I.2.4 ABC transporters influence the PM organization 

Since ABC transporters function as lipid exporters or lipid floppases, they are playing a crucial 

role in influencing directly or indirectly the PM organization. The impact of some transporters 

will be described below, and the specific influence of ABCA1 on the PM will be discussed in 

more details later. A summary of ABC lipid transporters is presented in Table 1. 
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 Table 1: ABC lipid transporters and their substrates. 

 

 I.2.4.1 Membrane lipid organization is regulated by cholesterol effluxes 

As a key component of the PM, the cellular cholesterol content is tightly controlled via 

intracellular trafficking, distribution within the PM and export towards plasmatic acceptors. 

ABCG1, which structure has been recently resolved with Cryo-electron Microscopy (Cryo-

EM) [101], is an important transporter involved in intracellular sterol homeostasis via the 

export of  sterols. Interestingly, it has been reported that ABCG1 promotes the efflux of 

cholesterol outside of the cells [99,102,103], and the efflux of intermediate metabolites of the 

cholesterol synthesis pathway such as desmosterol [104] or oxysterols such as 7-

ketocholesterol, which is a major component of oxidized Low-Density Lipoprotein (oxLDL) 

[105]. Overexpression of ABCG1 lead to an increase in cholesterol pools within the PM which 

are available for efflux towards several acceptors with different degrees of specificity such as 

Apolipoprotein E (ApoE) or LDL [106–108]. Another member of the ABCG subfamily, 

ABCG4, can heterodimerize with ABCG1 in neurons and astrocytes to remove cellular 

cholesterol by promoting its efflux towards High Density Lipoprotein [98,109]. Thus, the 

Transporter Major cell membrane 
localization Substrate Reference 

ABCA1 Plasma membrane Cholesterol, phosphatidylcholine, 
phosphatidylserine, sphingomyelin [90,91] 

ABCA2 Endosomes, 
lysosomes Sphingolipids, cholesterol [90] 

ABCA3 Lamelar bodies Surfactant [92] 

ABCA7 Plasma membrane Cholesterol [91,93] 

ABCA8 Plasma membrane Sphingomyelin [94] 

ABCB1 / MDR1 Plasma membrane Glucosylceramides [95] 

ABCB4 / MDR3 Plasma membrane Phosphatidylcholine [96] 

ABCB11 Plasma membrane Bile salt [96] 

ABCC2 / MRP2 Liver, Kidney, intestine Bile salt [96] 

ABCD1 / ALD Peroxisomes Very-long-chain fatty acids, 
polyunsaturated fatty acids [97] 

ABCG1 Plasma membrane Cholesterol, sphingomyelin, 
phosphatidylcholine [91,98,99] 

ABCG5 Plasma membrane Cholesterol [100] 

ABCG8 Plasma membrane Cholesterol [100] 
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activity of ABCG1 and ABCG4 combined could influence the PM and the lipid rafts 

organization [110].  

 I.2.4.2 ABC transporters modulate the membrane organization by lipid flop 

Several ABC transporters are also able to translocate phospholipids from the inner to the outer 

leaflet of the PM. This activity has been suggested to be derived from the MDR function of the 

transporters such as ABCB1. Indeed, inhibition of the drug pump activity also inhibited the 

flop of phospholipids [111]. The first case of lipid translocation was reported in mice where 

deletion of ABCB4 prevented the secretion of PC in the bile via flop in the hepatocytes PM 

[112]. More recently, this ABCB4 type of lipid export was associated with SM content within 

the membranes [113]. ABCG1 also regulates the translocation of phospholipids such as PC but 

with a preference for SM [114]. This aspect may explain why cholesterol efflux mediated by 

ABCG1 is regulated by cellular SM content [115]. Hence, ABCG1 activity could alter the 

membrane organization and influence lipid rafts since SM forms complexes with cholesterol 

in the outer leaflet of the cellular’ PM leading to the nanodomain formation [114,116,117]. 

However, concrete pieces of evidence are still missing.  

 I.2.4.3 PM lipid organization can be influenced by intracellular ABC transporters 

Intracellular ABC transporters may also regulate the PM organization by modulating lipids 

homeostasis and trafficking within the cells. Indeed, it has been demonstrated that ABCA2, 

which is highly expressed in the brain and localized within the membranes of endosomal and 

lysosomal vesicles [118], is involved in sphingolipid metabolism [119,120]. High expression 

of ABCA2 in neuronal Schwann cell lines increased sphingosine levels whereas the ceramide 

metabolite levels were decreased [121]. This imbalance of sphingosine/ceramide ratio could 

then disrupt furthermore lipid metabolism as well as esterification of cholesterol derived from 

the PM [122,123]. In fact, CHO cells overexpressing ABCA2 were presenting a sequestration 

of free cholesterol into endo-lysosomal compartment which was preventing cholesterol 

trafficking back to the PM and thus, potentially modulating the PM organization [120]. 

As stated, the ABC transporter family has a broad impact on mammalian cells depending on 

the activity and the specific substrate of the subfamily member. More information can be found 

in our recent review “Do ABC transporters regulate plasma membrane organization?” in which 

I am the first author [124]. Due to its specific activity, ABCA1 is also impacting the PM 

organization of mammalian cells and I will describe it in a detailed manner below. 
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I.3 THE ABCA1 TRANSPORTER 

 

ABCA1 transporter is the prototype of the ABCA subfamily and was first cloned in 1994 [125]. 

It is ubiquitously expressed in the organism in higher level in the liver, gastrointestinal tract, 

adipose tissue and macrophages. As an integral membrane transporter, ABCA1 is mainly 

localized within the PM. However, several studies using ABCA1-eGFP chimeras also showed 

the localization of the transporter in endo-lysosomal compartment [126,127]. 

I.3.1 Structure and function of ABCA1 

The structure and function of ABCA1 are similar to the other ABC transporters as it contains 

TMDs, NBDs which bind ATP as well as the specific ABC signature motif. However, the 

distinct feature of its substrates and interactors puts ABCA1 as a key protein in the PM 

organization. 

 I.3.1.1 Molecular structure of ABCA1 

The protein structure is specific of the ABC family with two TMDs and two NBDs with their 

Walker A and B motif and the ABC signature motif and is a single 2,261-residue polypeptide 

chain full-transporter. However, ABCA1 transporter possesses two extracellular domains 

(ECDs) located between the first and the second α-helices of each TMDs. These ECDs are 

glycosylated, hold disulfide bonds and are involved in protein-protein interactions as well as 

regulatory processes described later. The human ABCA1 structure has been recently elucidated 

with cryoelectron microscopy (Fig. 10, adapted from Qian et al., 2017 [128]) and it shows that 

the TMDs do not exhibit an open inward conformation even in the absence of ATP bound to 

the NBDs which is different from the other ABC members and is inconsistent with the 

alternating model. It is possible that the lipid substrate transport by ABCA1 could be directed 

from the inner membrane leaflet side of one TMD toward the outer membrane leaflet of the 

other partner TMD rather than from inward to outward switch of conformation. Indeed, the 3D 

structure shows a polar cluster in one TMD next to the intracellular boundary that could bind a 

substrate from the inner membrane leaflet. Energy obtained with ATP hydrolysis in the NBDs 

could lead to a shift of the TMDs that delivers the bound substrate to another TMD binding site 

next to the outer membrane leaflet leading to further export of the substrate [128]. However, a 

recent study argues that based on simulations performed, the existence of such substrate binding 

site was not probable [129]. Another model of mechanism of transport also arose from the 

described 3D structure. ABCA1 protein exhibits an hydrophobic tunnel formed by the two 
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ECDs that is not directly accessible from the membrane side and that could serve  either as 

temporary storage or as a delivery passage for substrates. The substrate could transit from the 

TMDs toward the ECDs tunnel where it will be stored and ATP hydrolysis could induce 

conformational changes of the ECDs that lead to delivery of the substrate toward specific 

acceptors (described below) [128,130,131]. In order to be fully functional, ABCA1 forms 

dimers, tetramers and even higher oligomeric structures [132].   

 I.3.1.2 Cholesterol and phospholipids efflux and RCT mediated by ABCA1 

Cholesterol and phospholipids have been identified as the specific substrates exported by 

ABCA1 in the study of TD. Indeed, ABCA1 mutations observed in the patients affected by this 

disease lead to a critical decrease of plasma HDL levels [133–135]. Further research on murine 

models with tissue-specific knockout revealed that loss of ABCA1 expression induced 

cholesterol accumulation in macrophages triggering their transformation into foam cells 

[136,137]. Thus, ABCA1 has been reported to be involved in the reverse cholesterol transport 

(RCT) pathway by promoting cholesterol and phospholipids efflux. The RCT allows 

cholesterol to be exported from peripheral tissues to the liver via HDL for degradation. When 

cholesterol accumulates in macrophages, it is transformed into oxysterols that are specific 

activators of the Liver X Receptor/Retinoid X Receptor (LXR/RXR) pathway, thus triggering 

ABCA1 expression and activation. The transporter is then able to export the excess of cellular 

cholesterol and phospholipids to pre-β HDLs, also called immature or nascent HDLs, which 

contain two to four Apolipoproteins A-I (ApoA-I). After loading, via interactions between 

ABCA1 and ApoA-I as described later, the free cholesterol is esterified in the HDL by the 

Lecithin-Cholesterol Acyltransferase (LCAT) enzyme and can be transferred to the Very Low-

Density Lipoprotein / Low-Density Lipoprotein (VLDL/LDL) by the Cholesteryl Ester 

Transfer Protein (CETP). On the other hand, phospholipids are transferred from VLDL/LDL to 

enrich HDL by the Phospholipid Transfer Protein (PLTP), respectively. Once in the liver, HDL 

is binding to the Scavenger Receptor class B member 1 (SR-BI) where the cholesteryl ester is 

selectively uptaken by the receptor and transformed back into free cholesterol before being 

secreted into bile or converted into bile acids [138–140]. In contrast, VLDL/LDL is 

endocytosed after interacting with the LDL Receptor (LDLR) (Fig. 11).  
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Fig. 10: The ABCA1 structure (adapted from [128]). Structure of human ABCA1 obtained by Cryo-EM at 4.1 
Angstrom (A˚) resolution. Each domain is presented with a different color. An extracellular tunnel (grey) between 
the two ECDs has been predicted to serve as a lipid reservoir. ECD: extracellular domain, NBD: nucleotide-binding 
domain, TMD : transmembrane domain. 

Fig. 11: The reverse cholesterol transport pathway. Simplified schematic representation of the RCT pathway 
promoted by ABCA1 cholesterol efflux in macrophages. Briefly, the binding and interaction of ApoA-I 
(Apolipoprotein A-I,orange band) with ABCA1 triggers cholesterol and phospholipids export to the HDL (High-
Density Lipoprotein,yellow) (1). Cholesterol is then esterified in HDL via LCAT (Lecithin-Cholesterol 
Acyltransferase) (2). Cholesteryl ester can be exchanged from HDL to LDL (Low-Density Lipoprotein, orange) via 
CETP (Cholesteryl Ester Transfer Protein) while phospholipids may be translocated from LDL to HDL by PLTP 
(Phospholipid Transfer Protein) (3). Lipid-loaded HDL travels to the liver where it is recognized by SR-B1 
(Scavenger Receptor class B member 1) and esterified cholesterol is specifically transferred to the liver cells (4). 
LDL is recognized by LDLR (LDL Receptor) and endocytosed by the liver cells (5). A more detailed description can 
be found in the section I.3.1.2. 
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I.3.1.3 ABCA1-ApoA-I interaction 

ABCA1-mediated cholesterol and lipid efflux towards ApoA-I is crucial for RCT. However, it 

is still not clear how ApoA-I interacts with ABCA1. Up to date, two models have been 

described: one in which ApoA-I binds directly to ABCA1 and the other where ApoA-I binds to 

the PM in the closed vicinity of ABCA1. In the direct model, ApoA-I could interact with the 

cholesterol and phospholipids temporarily sequestrated to the tunnel formed by the two ECDs 

[131], thus ApoA-I interacts directly with ABCA1 to extract the lipids and form HDL [141–

143]. This model is supported by chemical cross-linking studies which reported that ABCA1 

and ApoA-I were very close (<7 Å) [144,145]. However, it was reported that a natural mutant 

of ABCA1 was unable to perform cholesterol efflux although it was able to bind ApoA-I, which 

suggests that the direct interaction between the transporter and the apolipoprotein is probably 

not sufficient to promote ABCA1 mediated cholesterol efflux [141]. On the other hand, the 

indirect model is based on the ability of ABCA1 to create specific domains within the PM called 

High Capacity Binding Sites (HCBSs) with which ApoA-I is able to interact to extract lipids 

[146–148]. Immuno-gold electron micrographs showed that ApoA-I clusters were binding to 

PM protrusions, reported as exovesiculated membrane domains, of cells with highly expressed 

ABCA1 [149]. However, it is still not clear if these structures are HCBSs or different ApoA-I 

binding sites. The direct apoA-I binding site and the HCBS are closely associated. Several 

studies demonstrated that both models could co-exist as it appears that the increase in direct 

binding of ApoA-I to ABCA1 stimulates the binding of ApoA-I to the HCBS and the inhibition 

of the direct binding is also inhibiting the binding to the HCBS [147,150]. It is possible that 

ApoA-I first binds directly to ABCA1 ECDs tunnel that contains sequestered cholesterol and 

phospholipids, then interact with the proximal HCBS to extract lipids from the PM. However 

only part of the molecular events has been solved [143] but the full mechanism remains to be 

elucidated. Nonetheless, interaction of ApoA-I with ABCA1 activates several signaling 

pathways such as Janus Kinase 2 (JAK2) which in turn stabilizes the binding of the ApoA-I to 

ABCA1 and HCBS [150–152]. This interaction also prevents ABCA1 degradation by pathways 

described later in the section I.3.3.2. 

 ABCA1 is mainly localized within the PM but it has also been found in intracellular 

vesicles such as endosomes [127], which contain the largest cellular cholesterol content after 

the PM [153]. Therefore, it has been considered that ABCA1 may efflux cholesterol from the 

endosomes. Indeed, some studies reported that ApoA-I, upon binding to ABCA1, could be 

either endocytosed together with the transporter or during the fast recycling of ABCA1 between 
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the PM and late endolysosomal compartments, the transporter could shuttle toward ApoA-I-

containing vesicles [127,154,155]. ABCA1 could thus export lipids from the membranes of the 

vesicles before ApoA-I is transferred back to the PM and exocytosed with its lipid cargo 

[156,157]. However, it was reported that this retroendocytosis mechanism of apolipoprotein-

mediated cholesterol efflux is of minor significance as lipidated ApoA-I excreted from 

intracellular vesicles was representing less than 5% of the total cellular cholesterol efflux. Thus, 

most of the ABCA1-mediated lipids efflux was originating from the interaction with ApoA-I at 

the cellular PM [158,159]. 

 I.3.1.4 Flop transport of lipids 

Efflux toward ApoA-I is not the only function of ABCA1 activity. Several studies reported that 

the transporter was also able to transfer lipids from the inner to the outer leaflet of the PM, a 

mechanism called lipid flop. PS has been the first reported phospholipid to be flopped by 

ABCA1 in HeLa cells and mice models [126,160]. However, the flop of only PS did not seem 

enough to promote ABCA1 and ApoA-I interaction as Annexin-V, a protein specifically 

binding to PS at the outer leaflet of the PM, did not compete for ApoA-I-mediated lipid efflux 

and docking in at the PM [161]. ABCA1 is also able to flop PC and sphingomyelin SM, thus 

participating in the PM asymmetry [91,162]. Recently, it has also been reported that ABCA1 is 

able to flop cholesterol from the inner to the outer leaflet of Human Embryonic Kidney 293 

(HEK293) cells PM [50,163]. Moreover, it was demonstrated that ABCA1 C-terminus controls 

this cholesterol flop separately from the cholesterol efflux activity of the transporter [164]. 

Nonetheless, up to date, it is still unclear whether the cholesterol from the inner leaflet is 

transported simultaneously with the other lipids or if it is the phospholipids flop that increases 

the transfer of cholesterol toward the outer leaflet. The elucidation of the ABCA1 3D structure 

could have brought more pieces of evidence, however, as described above in I.3.1.1, doubts 

about the proper mechanism still subsist. 

 

I.3.2 Regulation of ABCA1 

Cholesterol and lipid homeostasis is tightly controlled in mammalian cells. Regulation of 

ABCA1 expression as well as its activity and degradation are crucial to maintain an optimal 

cellular level of these metabolites. 
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 I.3.2.1 Transcriptional regulation 

LXR/RXR pathway 

Accumulation of cholesterol within the cell triggers its conversion to oxysterols such as 22-(R)-

hydroxycholesterol, 24-(S)-hydroxycholesterol, 27-hydroxycholesterol or 24-(S),25-

epoxycholesterol as well as their increased production downstream the mevalonate pathway 

[165]. Their specific ligand is the nuclear receptors LXRα and LXRβ that form a heterodimer 

with the RXR. LXRα expression is highly regulated and specific to macrophages, liver, 

intestine, adipose tissue and kidney whereas LXRβ is ubiquitously and stably expressed even 

in absence of cholesterol excess. The LXR/RXR heterodimer is bound to Liver X Response 

Elements (LXREs) in the promoter of ABCA1 gene even at the basal state and upon activation 

by the binding of oxysterols or retinoids, the specific agonists of RXR, ABCA1 expression is 

stimulated which lead to cholesterol efflux mediated by ABCA1 activity [166,167]. Several 

synthetic LXR agonists such as T0901317 and GW3965 (GW) have been developed and their 

usage validated for ABCA1-stimulated expression [168,169]. 

 

PPAR/RXR pathway 

Peroxisome Proliferator-Activated Receptors (PPARs) are also nuclear receptors that regulate 

lipid metabolism and ABCA1 expression. The three proteins PPARα, PPAR β/δ and PPARγ, 

similar to LXRs, also form heterodimers with RXR [170]. Upon activation of PPARγ with 

oxidized fatty acids, the PPAR/RXR complex stimulates transcription of LXRα gene which in 

turn induces directly ABCA1 transcription [171]. Synthetic agonist specific to PPARs are also 

able to induce upregulation of ABCA1 mRNA. For example, the PPARα activator GW7845 

and the PPARγ agonist WY14643 were stimulating ABCA1 transcription in THP-1 cells as well 

as in primary murine and human macrophages [172,173]. Interestingly, GW501516, a PPAR 

β/δ specific agonist, increased ABCA1 expression in THP-1 cells, intestinal cells and skin 

fibroblast without inducing LXRα transcription, thus suggesting an LXR independent 

mechanism of ABCA1 upregulation [174] 

 

SREBP-2 pathway 

The Sterol Regulatory Element Binding Protein 2 (SREBP-2) is another pathway that regulates 

cellular cholesterol homeostasis. When intracellular cholesterol levels are low, the SREBP 

Cleavage Activating Protein (SCAP), which acts as a cellular cholesterol levels sensor, induce 

the shuttling of SREPB-2 toward the Golgi apparatus for activation. After this event, SREBP-
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2 is translocated to the Sterol Regulatory Element (SRE) in the nucleus [175]. Different studies 

demonstrated that SREBP-2 could have a dual regulatory role on ABCA1 expression, by either 

directly inhibiting its transcription or indirectly stimulating it. In Human Umbilical Vein 

Endothelial Cells (HUVECs), after translocation to the nucleus, SREBP-2 is able to directly 

bind to the E-box motif, a silencing regulatory element of the ABCA1 promoter thus inhibiting 

the transporter transcription. Mutation in the E-box prevented this effect even after binding of 

SREBP-2 on the silencing motif [176]. However, in another study in Chinese Hamster Ovary 

(CHO) cells and THP-1 cells, SREBP-2 could stimulate ABCA1 expression by inducing the 

production of 24(S),25-epoxycholesterol which is a specific ligand of LXRs [177]. Thus, higher 

levels of LXRs ligand trigger the receptor activation which in turn enhances ABCA1 

transcription. 

 

cAMP pathway 

The cyclic Adenosine Monophosphate (cAMP) pathway is involved in transcriptional 

regulation of ABCA1 but not in all species. Indeed, stimulation of macrophages with a 8-

bromo-cAMP analog increases ABCA1 expression in mice [178,179]. However, activation of 

the cAMP pathway in human macrophages did not lead to a change in ABCA1 expression level. 

This is explained by the fact that the cAMP Response Element (CRE) where the cAMP 

Response Element-Binding (CREB), a downstream transcription factor of the cAMP pathway, 

is present only in the 5’-promoter of the murine ABCA1 gene but not in the human one [179]. 

 

Regulation of ABCA1 expression by the transcription factor Sp1 

The Specificity protein 1 (Sp1) transcription factor regulates ABCA1 expression with two 

different mechanisms. In fact, Sp1 is able to physically interact with the LXR/RXR complex in 

the ABCA1 promoter and to induce ABCA1 transcription [180]. Sp1 is also able to act in a more 

direct way by binding to the GC box (GGGCGG) of the ABCA1 promoter and enhance ABCA1 

expression [181]. Different studies showed that activation of the Phosphoinositide 3-Kinase 

(PI3K) with LDL, with the Growth differentiation factor-15 (GDF-15), a distant member of the 

Transforming Growth Factor (TGF)-β family, or overexpression of the Heat Shock Protein 27 

(HSP27) in THP-1 macrophages, triggered PKC-ζ phosphorylation and activation that in turn 

was increasing Sp1 phosphorylation and its translocation toward the ABCA1 promotor in order 

to stimulate its expression [182–184]. 
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I.3.2.2 Post-transcriptional regulation 

Micro-RNAs 

MicroRNAs (miRNAs) are small non-coding RNAs that are now recognized as gene expression 

regulators. They bind to the 3’ Untranslated Region (UTR) of protein-coding mRNA thus 

possibly blocking their translation and even initiate their degradation. More and more studies 

demonstrate that miRNAs are involved in lipid homeostasis. Due to an unusually long 3’ UTR, 

ABCA1 mRNA has a high predisposition for miRNAs targeting and thus post-transcriptional 

regulation. Indeed, several miRNAs involved in the regulation of cholesterol homeostasis 

displayed interaction with ABCA1 mRNA. The first studied ones were the miR-33 family 

members, miR-33a and miR-33b, and their regulation of ABCA1 was demonstrated in primary 

mouse peritoneal macrophages, murine liver, THP-1 cells and hepatic cells [185–188]. 

Interestingly, miR-33a and miR-33b are located in the intronic regions within the genes for 

SREBP-2 and SREBP-1 respectively indicating a role of both transcriptional and post-

transcriptional regulation of ABCA1 for SREBP [189]. Further miRNAs such as miR-10b, 

miR-22a/b, miR-26, miR-27, miR 144, miR-145, miR-148a, miR-183 and miR-758 were 

reported to target ABCA1 mRNA in murine and human macrophages, hepatic and pancreatic β 

cells, neuroglyomal cells, mouse primary hippocampal neurons and mouse neuroblastoma cells 

[190–199]. Additionally, recent studies shed a light between ABCA1 regulation by miRNAs 

and cancer development. For example, miR-106 in carcinoma, miR-128 in breast tumor, miR-

183 in colon cancer and miR-200 lung in adenocarcinoma were directly targeting the 3’ UTR, 

of ABCA1 mRNA, leading to a lower ABCA1 expression and inducing tumor progression 

[198,200–202]. 

I.3.2.3 Post-translational regulation 

Trafficking toward the PM 

As an integral PM transporter, ABCA1 needs to be addressed to the PM and different regulatory 

events are involved in this process. Following translation of ABCA1 mRNAs, the ABCA1 

newly synthesized protein need first to transit via the Endoplasmic Reticulum (ER) and its 

proper insertion requires an uncleaved 60 amino acid NH2-terminal signal sequence that allows 

the ABCA1 ECDs of the TMDs to be exposed to the ER lumen whereas the NH2-terminus 

faces the cytosol [203]. This triggers the glycosylation of ABCA1 specific asparagine residues 

with oligosaccharide residues [204], a process crucial for the proper folding of the protein and 

later signalization toward the PM. It has also been reported that formation of two intramolecular 
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disulfide bonds in the two ECDs of ABCA1 and the integrity of the bonds is required for 

ABCA1 cholesterol efflux toward ApoA-I [205].  

Moreover, the transporter as a monomer is unable to transport cholesterol hence 

oligomerization of ABCA1 is essential for its activity and its dimerization is initiated in the ER. 

Impaired oligomerization in ABCA1 mutant protein leads to a trafficking defect towards the 

PM and a loss of ABCA1 activity [206]. After Coat Protein II (COPII) coated vesicles-

dependent trafficking of ABCA1 from the ER to the Golgi [207], further post-transcriptional 

modifications happen. Indeed, ABCA1 is palmitoylated at four cysteine residues, increasing 

the hydrophobicity of the protein hence promoting ABCA1 interactions with the lipid bilayer 

and facilitating its trafficking to the PM. It has been shown that this process is mediated by the 

palmitoyl transferase DHHC8 and increase of the level of this protein results in an increase of 

lipid efflux by ABCA1 [208]. Afterwards, the ABCA1 uncleaved NH2-terminal signal 

sequence which contains a conserved motif, common for the ABCA subfamily, acts as a Golgi 

exit signal directing ABCA1 to a post-Golgi vesicular sorting station [209]. At this stage, the 

transport of ABCA1 to the PM is regulated by the cytoplasmic small Ras-lik GTPase Rab8a, a 

member of the Rab family that is involved in vesicle docking and fusion with the PM. Indeed, 

it has been reported in primary human macrophages that targeting Rab8a with siRNA inhibited 

ABCA1 localization at the PM and thus reducing cholesterol efflux to ApoA-I [210].  

 

Regulation of ABCA1 activity through its sequestration by LXR/RXR complex 

As described above, the LXR/RXR complex acts as a transcriptional regulator. However, it is 

also involved in the post-transcriptional regulation of ABCA1. When the intracellular 

concentration of cholesterol and thus oxysterols is low, LXRβ/RXR complex binds to ABCA1 

within the PM, preventing cholesterol efflux from the transporter activity. When cholesterol 

accumulates in the cell, it is transformed into oxysterols that bind to LXRβ triggering the 

dissociation of the LXRβ/RXR complex with ABCA1. The transporter is then actively forming 

HDL and exporting cholesterol to reduce its cellular concentration [211]. 

 

Regulation of ABCA1 activity through its phosphorylation and dephosphorylation  

ABCA1 activity at the PM is also regulated by the phosphorylation of its residues. Depending 

on the site of phosphorylation, the effect is different. Indeed, upon ApoA-I binding and lipid 

export, several kinases are activated: Protein Kinase A (PKA) phosphorylates the NBD1 at the 

S1042 and the NBD2 at S2054 which enhance cholesterol and phospholipid efflux [212] 

whereas phosphorylation of the sites T1242, T1243 and S1255 by the Casein Kinase 2 (CK2) 
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decreased phospholipid flop, ApoA-I binding and lipid and cholesterol efflux [213]. Moreover,  

regulation of ABCA1 activity is not the only effect of the protein phosphorylation. The 

transporter has a PEST sequence, rich in Proline (P), Glutamic acid (E), Serine (S) and 

Threonine (T), that regulates protein degradation and the T1286 and T1305 of this sequence are 

constitutively phosphorylated. Binding of ApoA-I with ABCA1 leads to the dephosphorylation 

of these sites and enhances the stability of the transporter [214]. The interaction of ApoA-I with 

ABCA1 also activates PKCα which prevents ABCA1 degradation by phosphorylating a yet 

unidentified residue [215]. On the other end, PKCδ possibly phosphorylates serine sites that 

triggers ABCA1 degradation [216] (Fig. 12) 

Fig. 12: ABCA1 post-translational regulation. Simplified schematic representation of regulation of ABCA1 activity 
and degradation. Phosphorylation of the serine 1042 and 2054 (S1042 and S2054) via the Protein Kinase A (PKA, 
green dots) enhances ABCA1 efflux activity whereas phosphorylation of the threonine 1242, 1243 and 1255 
(T1242, T1243 and T1255) by the Caseine Kinase 2 (CK2, red dot) decreases lipid efflux. The PEST sequence (white 
rectangle) is constitutively phosphorylated at the threonine 1286 and 1305 (T1286 and T1305, red dots) which 
promotes ABCA1 degradation by the calpain protease (not shown). Interaction of Apolipoprotein A-I (green) with 
the transporter leads to the desphosphorylation of theses residues which inhibits ABCA1 degradation. 
Calmodulin promotes the same mechanism by binding to a specific regions near or overlapping the PEST 
sequence (green rectangle). PSD95-Discs large-ZO1 (PDZ) proteins such as syntrophins possess a binding site at 
the C-terminal (green rectangle on C) which also decreases ABCA1 degradation. Finally, phosphorylation by the 
Protein Kinase C-α (PKCα, green arrow) of an unknown residue prevents the transporter degradation whereas 
phosphorylation by Protein Kinase C-δ (PKCδ, red arrow) of an unknown serine elicits ABCA1 degradation. The 
LXR/RXR-ABCA1 complexes inhibition mechanism is not represented. ECD: extracellular domain, NBD, 
nucleotide-binding domain, TMD: transmembrane domain, N: N-terminal. 
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ABCA1 degradation pathways 

Excessive elimination of cholesterol can lead to the death of the cell. The rapid turnover of 

ABCA1 protein, with a half-life of 1-2 hours, plays a role in the inhibition of the cholesterol 

efflux and the degradation of ABCA1 is regulated by different pathways. The PEST sequence 

of ABCA1 is recognized by the calpain protease that is able to degrade ABCA1 at the PM. 

Mutation of the PEST sequence or inhibition of calpain activity increase ABCA1 level at the 

lipid bilayer and several proteins interacting with the transporter such as ApoA-I binding can 

increase ABCA1 stability at the PM and prevent its degradation, as described previously 

[214,217]. Calmodulin, an intermediate messenger protein activated by Ca2+-binding, interacts 

with ABCA1 at close or overlapping phosphorylation site for CK2 to prevent ABCA1 

degradation by calpain [218]. A recent study reported that the cellular zinc (Zn2+) concentration 

in mouse macrophage and human HepG2 cell line is involved in ABCA1 calpain-mediated 

degradation by regulating calmodulin activity [219]. Moreover, two PDZ (PSD95-Discs large-

ZO1) proteins, α1-syntrophin, β1-syntrophin were reported to bind to the C-terminus of 

ABCA1, enhancing its stability at the PM and reducing its degradation [220,221]. The specific 

mechanism remains unclear but a study in HEK293 cells demonstrates that the PDZ-Rho 

Guanine nucleotide Exchange Factor 11 (PDZ-RhoGEF) also binds ABCA1 C-terminus and 

enhance the transporter interaction with ApoA-I, thus inhibiting calpain-mediated degradation 

and suggesting that PDZ proteins biding to ABCA1 could inhibit the protease activity [222]. 

 ABCA1 at the PM can be endocytosed and delivered to the lysosomes for endo-

lysosomal degradation. In fact, ABCA1-containing small vesicles have been reported to traffic 

between the PM and cytoplasmic large endosomes [127] and ABCA1-GFP was observed in 

endolysosomal vesicles [126]. This process is promoted by clathrin, a protein involved in coated 

vesicles formation, and inhibition of clathrin activity in HEK, HeLa and THP-1 cells decreased 

ABCA1 endocytosis [223] and subsequent degradation. 

 ABCA1 is also targeted to the ubiquitin-proteasome pathway via the Constitutive 

Photomorphogenesis 9 (COP9) signalosome complex that regulates ubiquitination and 

deubiquitination of ABCA1 [224]. The COP9 signalosome subunit 3 (CSN3) is interacting with 

ABCA1 in mice and disruption of this interaction triggers ubiquitination of the transporter 

leading to its degradation, hence CSN3 seems to have a protective role preventing trafficking 

of ABCA1 toward the ubiquitin-proteasome [225]. Another ubiquitinase, the E3 ubiquitin 

ligase HECTD1, has recently been reported to regulate ABCA1 activity. Silencing of HECTD1 

in CHO and THP-1 cells increases ABCA1 protein levels as well as cholesterol efflux to ApoA-

I mediated by the transporter [226]. Thus, HCTD1 negatively regulates ABCA1 however the 
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exact mechanism is still not elucidated and there is up to date no evidence that ABCA1 

ubiquitination by HECTD1 triggers its degradation via the ubiquitin-proteasome pathway. 

I.3.3 ABCA1 activity influences the PM organization and interactors 

As described previously, ABCA1 is able to export and flop cholesterol and phospholipids, thus 

modulating the lateral organization of the mammalian cells’ PM as well as its asymmetry. 

Indeed, FLIM revealed that in HeLa cells, ABCA1 redistributed the cholesterol from lipid rafts 

to non-raft regions, enhancing the lipid packing of said regions [148]. More recently, our team 

demonstrated by using the highly spatio-temporally resolved scFCS that ABCA1 was strongly 

confined in lipid rafts in CHO cells. Moreover, the dynamics of the transporter was influenced 

by its activity and the PM composition [227]. The results from both studies suggest that ABCA1 

could target the cholesterol-enriched nanodomains to redistribute its substrate to the regions 

favorable for ApoA-I interactions and thus ABCA1-mediated cholesterol efflux towards the 

lipid acceptor, as described previously. By disrupting the lipid rafts, ABCA1 could then impact 

the signalization of PM proteins that require a specific localization within the nanodomains for 

their proper functioning. For example, LXR activation in HUVEC promoted ABCA1 

expression, thus triggering cholesterol efflux and depletion from the PM. ABCA1-mediated 

loss of PM cholesterol disrupted the formation of lipid rafts and subsequent 

compartmentalization of the Vascular Endothelial Growth Factor Receptor-2 (VEGFR2) within 

the nanodomains, leading to a decreased signalization from this receptor [228]. Another study 

showed a similar effect in glioblastoma cells where increased cholesterol export by ABCA1 

activity upon LXR agonist treatment decreased activation of the Epidermal Growth Factor 

Receptor (EGFR) [229]. Finally, it has been reported that ABCA1 was also regulating the 

signalization of Cell division control protein 42 homolog (Cdc42) in HEK293 cells and of Rac 

in J774 macrophages by modulating their PM lateral organization, therefore leading to actin 

cytoskeletons rearrangement via their signaling pathways [230,231]. Technical limits to study 

the lipid raft dynamics within living cells makes it difficult to assess the direct influence of 

ABCA1 activity on the nanodomains. However, the development of microscopy technologies 

that possess higher spatial and temporal resolution allows us to investigate more precisely the 

impact of ABCA1 ability to regulate the PM organization, activation of the PM receptors’ 

signaling as well as other cellular functions originating from the PM. 
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I.4 ABCA1 AND PATHOLOGIES 

Cholesterol homeostasis is a key process for the cells. Hence deregulation of cholesterol content 

via ABCA1 mutations can lead to several pathologies. For example, accumulation of esterified 

cholesterol within macrophages, due to a defect of ABCA1-mediated cholesterol efflux, 

promotes local inflammation and aggregation of LDL in arteries. This combination of events 

may lead to cardiovascular diseases (CVD) in patients. Moreover, based on its potential to 

reorganize PM, ABCA1 may also be involved in the loss of PM receptors activation and 

signalization, which could lead to pathologies. Some diseases which emergence and 

progression are associated to ABCA1 expression and activity will be presented below.  

I.4.1 Tangier disease and atherosclerosis 

Loss of function mutations in both alleles of ABCA1 gene leads to an autosomal recessive 

disease called TD [232]. Up to 2020, 146 cases were reported including 35 in Japan, indicating 

that TD is a rare disease [233,234]. The ABCA1 mutations associated with the disease have 

been identified in the 2000s near or within the NBDs that bind ATP and the N-Terminus [235–

237]. More recent medical reports identified gene mutations not described before [238,239] as 

well as a splicing mutation of ABCA1 leading to the disease [240]. TD patients present a severe 

deficiency or absence of circulating plasma HDL and ApoA-I, increased triglycerides levels as 

well as accumulation of cholesterol in cells in the form of cholesteryl-esters [241–243]. These 

observations can be directly linked to the loss of function of ABCA1. Indeed, as a key protein 

of the RCT, the inactivity of the transporter prevents the lipidation of ApoA-I and thus 

generation of HDL particles that should deliver cholesterol to the liver [235,244]. Studies on 

mice bearing deletion of ABCA1 reported a lower level of cholesterol-charged HDL, leading 

to a phenotype similar to TD [136,245] whereas overexpression enhances the formation of HDL 

[246,247]. Due to the default in cellular cholesterol export, cells of TD patients are overloaded 

with cholesterol, especially macrophages that are transformed into foam cells [232,248]. 

Therefore, mutations of ABCA1 have been reported to be involved in atherosclerosis [249–

251], one of the major causes of CVD [252,253]. Atherosclerosis is caused by lesions and the 

formation within the arteries of plaques composed of lipids, cholesterol, cells and ECM. It 

causes their complete blockage and can lead to the death of the patients [254]. A lowered level 

of cholesterol-loaded-HDL due to decreased ABCA1 activity seems to be associated with a 

higher risk of development of atherosclerosis [255]. However, studies on human genetics are 

not supporting a protective role for HDL loaded with cholesterol against atherosclerosis [256]. 

It appeared that even if the RCT pathway is involved in the mechanism of protection against 
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atherosclerosis via HDL, the ABCA1 atheroprotective effect is not fully dependent on RCT 

[257,258]. Nevertheless, in recent years, several studies using compounds that enhance ABCA1 

expression and mediate cholesterol efflux suggested that ABCA1 could be a target for 

atherosclerosis treatment [259–264].   

I.4.2 Inflammation 

Accumulation of intracellular cholesterol is associated with the formation of an environment 

favorable for chronic inflammation. As the main function of ABCA1 is cholesterol efflux, this 

transporter is directly involved in anti-inflammatory responses. Indeed, several studies using 

ABCA1-deficient mice have shown that the loss of ABCA1 expression leads to an increase in 

inflammatory responses. For example, isolated macrophages from ABCA1-deficient mice 

exhibited a high level of cellular cholesteryl ester content and were producing more 

chemokines, cytokines, and growth factors than the wild-type macrophages. This leads to an 

increased inflammatory response, even more pronounced after injection of lipopolysaccharides 

(LPS) [265]. Another study demonstrated that an accumulation of cholesterol in ABCA1-

deficient myeloid cells from mice leaded to the activation of the NLRP3 inflammasome 

promoting an inflammatory environment [266]. Moreover, the potential anti-inflammatory 

activity of ABCA1 has been studied using overexpression of ABCA1 in macrophages leading 

to a disruption of the lipid rafts within the PM, preventing the Toll-Like Receptor 4 (TLR4) 

signalization by inhibition of Myeloid Differentiation primary response 88 (MyD88) and TNF 

Receptor Associated Factor 6 (TRAF6) recruitment at the PM. Thus, blocking the activation of 

Mitogen-Activated Protein Kinase (MAPK) and Nuclear Factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) as well as inflammatory response [169,267]. Finally, the interaction 

between ApoA-I and ABCA1 leads to the transcription factor Signal Transducer and Activator 

of Transcription 3 (STAT3) activation which possesses an anti-inflammatory function in 

macrophages due to the suppression of LPS-induced production of inflammatory cytokines 

[268]. This inflammatory environment may promote pathogenesis such as atherosclerosis in 

ABCA1 deficient mice [136] and patients with Tangier disease [255]. 

I.4.3 Cancer 

Mutations and deregulation of gene expression and protein function leading to non-

physiological and abnormal behavior of cells within the organism trigger tumorigenesis. The 

characteristics remarkable for all tumors have been identified and categorized as the six 

hallmarks of cancer: limitless replicative potential, insensitivity to anti-growth signals, evading 
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apoptosis, sustained angiogenesis, self-sufficiency in growth signal-mediating molecules 

production, tissue invasion and metastasis [269]. These characteristics are required to promote 

the malignant tumor and they are controlled by complex signalization pathways, which are 

usually tightly regulated in healthy cells but have been hijacked by tumor cells to their 

advantage [270]. As ABC transporters are capable to extrude toxic compounds within the PM 

as well as remove them from the cell cytoplasm, their MDR potential was associated to 

resistance to treatments against cancer [80,271–274]. Indeed, ABCB1 was the first transporter 

identified as a drug permeability inhibitor in CHO cells [275]. It is able to efflux a wide range 

of unrelated chemotherapeutic agents and remove drugs from cells [276–280]. Therefore, 

overexpression of ABCB1 in lung, breast and kidney cancers highly reduces the potency of the 

chemotherapy, leading to low survival rates [281,282]. ABCG2 is also involved in multidrug 

resistance of cancer cell lines including fibrosarcoma, glioblastoma, myeloma, non-small lung 

cancer, hepatic metastases, gastric carcinoma and lymphoblastic leukemia [283–287]. 

 However, the impact of ABC transporters on cancer progression is not only due to their 

drug export activity. The tumor cells grow in an unregulated way, their need for metabolites is 

tremendous, especially for cholesterol. High levels of cholesterol were reported in these 

proliferating cells, possibly indicating an increase in cholesterol metabolism [288–291]. Since 

ABCA1 facilitates cholesterol efflux, the transporter could deplete tumor cellular cholesterol 

and inhibit cancer growth. It has been reported that ABCA1 expression was downregulated in 

many types of cancer such as prostate, colon and oral cancers [198,292–297]. It was also shown 

that in tumor cells with a deficient ABCA1 activity, intracellular and mitochondrial cholesterol 

levels were increased and its accumulation within mitochondrial membranes decreased their 

fluidity and lowered the mitochondrial permeability transition. This event in turn prevented the 

release of cell death-promoting elements such as the cytochrome c from the mitochondrial 

membrane and inhibited apoptosis of the tumor cells [298–300]. Another effect of ABCA1 

downregulation may be the suppression of the PM lateral reorganization via its activity. Indeed, 

as described previously, ABCA1 is able to disrupt the formation of lipid rafts and possibly alter 

the cell signalization pathways. A recent study demonstrated that in chronic myelomonocytic 

leukemia, mutations of the ABCA1 gene promoted cellular cholesterol accumulation as well as 

lipid rafts formations within the PM. The Interleukin-3 Receptor b (IL-3Rb) present in the lipid 

platforms was then activated, which stimulated signalization via MAPK and JAK2 pathways 

triggering the tumor cells metabolic reprogramming [301]. Nonetheless, several studies 

reported an opposite effect of ABCA1 upregulation in colorectal and epithelial ovarian cancer 
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that promoted tumor cells growth and worsen the patients’ prognosis [302,303]. Up to date, no 

direct connection between ABCA1 and melanoma development has been reported in humans 

but a recent study on mouse melanoma showed that inhibition of ABCA1 activity inhibited 

calpain externalization which reduced melanoma angiogenesis and development [304]. In 

conclusion, ABCA1 involvement in cancer development has been thoroughly demonstrated, 

however, its negative or positive impact in the tumor cells progression remains unclear. 

Studying the consequences of ABCA1 expression modifications at different stages and types 

of cancer would help to understand in more depth the versatility of the transporter in cancer. 

 Table 2: ABCA1 expression and cancer development 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cancer type ABCA1 expression Associated effect Reference 

Prostate Depletion Tumor growth [296,297] 

Colorectal Overexpression Tumor growth [302] 

Epithelial ovarian Overexpression Tumor growth [303] 

Triple negative breast Overexpression Tumor growth [305] 

Colon Overexpression Inhibition of tumor growth [198] 

Oral Overexpression Inhibition of tumor growth [306] 
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II AIMS OF THE STUDY 

 

ABCA1 is a key transporter in cholesterol homeostasis. Mutations of the gene may lead to the 

Tangier disease in which cells accumulate cholesterol that could not be efficiently exported. In 

macrophages, this event triggers their transformation into foam cells which promotes 

inflammation states, potentially leading to cardiovascular diseases such as atherosclerosis. 

Despite the growing amount of studies revealing influence of ABCA1 on the PM lateral 

organization, most of the research in pathologies focuses on its role as lipid exporter. 

Interestingly, this aspect has never been associated with a potential mechanism of resistance to 

treatments with drugs that could target the cell PM lipids. Indeed, the multi-drug resistance 

model of ABC transporters is still considered the predominant form in this field.  

 In this context, the first aim of this study was to assess the possible mechanism of 

resistance of mammalian cells expressing active ABCA1 against Amphotericin B (AmB), a 

polyene antibiotic used to treat systemic mycoses. AmB bind to sterol present within the fungi 

membranes and form pore-like structures which elicit cytotoxicity.  Due to the affinity of the 

drug toward the cholesterol within the cellular PM, ABCA1-mediated cholesterol efflux and 

distribution within the membrane could prevent a cytotoxic effect of AmB via export of 

cholesterol rather than the drug. 

 Furthermore, In cancer research, most of the studies were mainly focused on ABCA1 

expression and its efflux of cholesterol. Only a few studies investigated the impact of ABCA1 

activity on the PM lateral organization in relation to cancer progression. Therefore, based on its 

role in cholesterol modulation within the PM demonstrated in the first part,  the second aim was 

to study the impact of ABCA1 in cancer cells which are dependent of the cellular cholesterol 

content within their PM for carcinogenesis events to occur. We investigated ABCA1 activity 

influence on human melanoma, which has never been demonstrated to date.  Using ABCA1 

knock out (KO) melanoma cells as well as a specific ABCA1 activity inhibitor, we wanted to 

investigate the potential influence of the transporter on diverse aspects of the cancer 

development such as tumor cells proliferation, migration and invasion potential, while focusing 

more on the ABCA1-mediated PM reorganization effect by taking advantage of Fluorescence 

Lifetime Imagining and spot variation Fluorescence Correlation Spectroscopy technique. 

 The investigation of the effect of ABCA1 activity on PM of the mammalian cells in 

context of various biological processes could allow to fill the gaps in the picture of ABCA1 

role in diseases as well as the potential development of new therapeutic approaches that were 

not considered yet. 
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III.1 ABCA1-MEDIATED MECHANISM OF RESISTANCE TO AMPHOTERICIN B 

TOXICITY IN MAMMALIAN CELLS  

This work was done in collaboration with the Department of Biophysics of the Institute of 

Physics of the Maria Curie-Sklodowska University, in Lublin, Poland and the Department of 

Cell Biology of the Maria Curie-Sklodowska University, in Lublin, Poland. It should be 

emphasized that experiments that were performed in collaboration are incorporated in the 

discussion part for a better understanding of the full picture of the obtained results. All are part 

of our published article entitled “ABCA1 transporter reduces amphotericin B cytotoxicity in 

mammalian cells” in which I am a first author (Wu et al., 2019, [307]). 

 III.1.1 General context 

Amphotericin B (AmB) is a polyene antibiotic that is interacting with the fungal PM sterols and 

forming an oligomeric pore structure within the membrane. This triggers cations efflux, 

membrane depolarization and the death of the cell. Due to this mechanism, AmB is widely used 

for systemic mycoses treatments [308–310]. However, AmB is also able to bind to cholesterol 

thus leading to the cytotoxicity towards mammalian cells [311,312]. Therefore, AmB is highly 

toxic to patients. Two models of action of AmB on the membranes have been described. The 

first one, called the intramembranous model, is based on the sterol’s presence in the lipid phase 

which promotes the drug to be incorporated into the membrane leading to the formation of 

transmembrane pore-like structures [313,314]. The second one is the sterol sponge model in 

which AmB is extracting sterols from the membrane and forms extramembranous sterol-AmB 

structures [315]. It was reported that within membranes, fungi’ ergosterol was influencing the 

molecular organization of AmB as well as incorporation of the drug into the membranes. Indeed 

Nuclear Magnetic Resonance (NMR) studies demonstrated that ergosterol impacted the AmB 

mobility in lipid bilayers [316]. Nanodomains enriched in sterol, i.e. lipid rafts, seem to enhance 

AmB binding and toxicity whereas more disordered membranes that are sterol-depleted reduce 

it orientational and positional stability, lowering cytotoxicity [314,317]. Therefore, it suggests 

that more order phase of lipid bilayer and thus, potentially lipid rafts, elicits stable channel 

formation [318]. However, the mechanism of AmB selectivity and interaction with mammalian 

cell membranes in vivo is still poorly understood. Investigating further these aspects could bring 

more information that could help in the research of less cytotoxic AmB-based treatments. 

 ABCA1 activity influences cholesterol distribution within the PM and could disrupt 

lipid rafts formation thus the PM lateral organization, as described in the introduction. 
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Consequently,  ABCA1 may impact AmB insertion within the PM of mammalian cell and 

reduce AmB cytotoxicity. For that reason, the aim of this part was to investigate whether 

ABCA1-mediated cholesterol efflux in mammalian cells could be involved in resistance toward 

AmB. 

 III.1.2 Induction of ABCA1 expression in RAW 264.7 murine macrophages cells 

The first step was to stimulate the endogenous expression of ABCA1 in mammalian cells. Since 

macrophages are expressing ABCA1 physiologically as part of the RCT pathway (Wang et al. 

2007), we stimulated murine RAW 264.7 macrophages (RAW) with the LXR agonist GW 

which activates LXR and in turn promotes ABCA1 expression. After 24 h of treatment with 1 

µM GW or with DMSO (vehicle control), we assessed the ABCA1 protein level by Western 

Blot techniques. As LXR activation could also enhance ABCG1 transcription and translation 

(Sabol et al., 2005), we also monitored this transporter protein level. The quantification of the 

immunoblots indicated that GW-stimulated RAW cells were showing 20 times more ABCA1 

than DMSO-treated cells whereas ABCG1 levels were similar (Fig. 13A and B).  

 We then confirmed the GW induction efficiency in RAW by flow cytometry after 

stimulation and using an antibody anti-ABCA1 directly coupled to Alexa Fluor-647 (Fig 13C). 

The results showed a shift to the right in fluorescence for GW-treated cells compared to DMSO-

treated cells, indicating that ABCA1 protein level was indeed enhanced with the LXR agonist. 

 

 

 

Fig. 13: ABCA1 expression in Raw 264.7 macrophages (adapted from Wu et al., 2019 [307]). A Representative 
immunoblots of ABCA1 and ABCG1 levels in DMSO- and GW-treated cells. Red Ponceau staining of total proteins 
was used as a loading control. B Quantification of ABCA1 and ABCG1 relative levels in DMSO- and GW- treated 
cells from (A) (n=3 independent analysis of ABCA1 expression in DMSO- (red) and GW-treated (blue) cells. Cells 
were labeled with anti-ABCA1 antibody (clone 5A1-1422) directly coupled to Alexa Fluor-647 (APC-H channel). 
Unpaired Student t-tests were experiments). C Flow cytometry used for statistical analyses. Data are mean ± SD. 
ns: non-significant and ***p ≤ 0.001. 
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 III.1.3 Generation of active and mutant ABCA1 in CHO-K1 cells 

To confirm that the expression and activity of ABCA1 are responsible for a potential resistance 

mechanism to AmB, we generated CHO-K1 cell lines stably expressing an active ABCA1-GFP 

(A1G) and non-active ABCA1MM-GFP (MMG). The plasmids possessed a resistance to 

Zeocin that allowed us to perform clonal selection of the stable cell lines. The non-active form 

of ABCA1 possesses two methionine residues, one per each NBD that substitute lysine 

residues, preventing ATP binding to the transporter and therefore its efflux activity [126]. After 

selection, we verified that the ABCA1 protein was present in A1G and MMG cell lines by 

Western blot technique. A1G and MMG cells both had ABCA1, however, the mutant protein 

level was twice higher than the active form (Fig. 14A and B). As ABCA1 is disturbing the PM 

lateral organization and potentially PM proteins signalization, the stable expression could 

increase the toxicity. Therefore, cells may activate some mechanisms in order to lower the 

expression of ABCA1 to survive. Interestingly, CHO-K1 presented a low but detectable level 

of endogenous ABCA1. Moreover, the ABCG1 protein level was not altered after the 

transfection of the cells (Fig. 14A and B). We also took advantage of the GFP tag to double-

check the ABCA1 expression in A1G and MMG by flow cytometry (Fig. 14C). I routinely 

controlled the stability of the clones with this method. 

Fig. 14: CHO-K1 cell lines stably expressing active (A1G) or mutant (MMG) ABCA1 (adapted from Wu et al., 
2019 [307]). A Representative immunoblots of ABCA1 and ABCG1 levels in CHO-K1, A1G and MMG cell lines. Red 
Ponceau staining of total proteins was used as a loading control. B Quantification of ABCA1 and ABCG1 relative 
levels CHO-K1, A1G and MMG cell lines (A) (n=3 independent experiments). C Flow cytometry analysis of ABCA1 
expression in CHO-K1 (red), A1G (green) and MMG (blue) cell lines detected via the tagged GFP (FITC-H channel). 
One-way ANOVA with Sidak’s multiple comparisons test were used for statistical analyses. Data are mean ± SD. 
ns: non-significant, *p ≤ 0.05 and **p ≤ 0.01. 
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We observed the living A1G and MMG cell lines with confocal microscopy to ensure that the 

transporter was localized within the PM. The images confirmed that ABCA1 was indeed present 

at the PM in A1G and MMG cells. However, they also showed an accumulation of mutant 

ABCA1-GFP in internal organelles of the cells, possibly due to its overexpression (Fig. 15). 

Fig. 15: ABCA1 is localized at the PM in both A1G and MMG cells (adapted from Wu et al., 2019 [307]). Confocal 

images of ABCA1-GFP (GFP) in living A1G and MMG cells. The cells were also observed with transmitted light. 

Scale bars represent 25 µm. 

We then assessed whether A1G and MMG cells were able to interact with ApoA-I. To do so, 

we performed the ApoA-I binding assay by incubating A1G or MMG cell lines with a labeled-

ApoA-I-Alexa Fluor-647. The analysis with flow cytometry showed a shift of the fluorescence 

intensity peak of A1G but not MMG cells, indicating that only A1G cells had fully functional 

ABCA1 (Fig. 16). Moreover, it suggested that the GFP tag was not disrupting the transporter 

function. 

Fig. 16: A1G cells are able to bind ApoA-I but not MMG cells (adapted from Wu et al., 2019 [307]). Flow 
cytometry analysis of ApoAI coupled with Alexa Fluor 647 (APC-H channel) binding with A1G (green) or MMG 
(blue) cells. 
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 III.1.4 Cells expressing active ABCA1 are more resistant to AmB treatment  

Our next step was to assess the influence of ABCA1 activity on the cytotoxicity potential of 

AmB in mammalian cells. We incubated GW-stimulated and DMSO-treated RAW cells as well 

as CHO-K1, A1G and MMG cell lines for 3 h prior to the assay with increased concentrations 

from 0 to 40 µg/ml of AmB. We observed that RAW cells stimulated with GW were less 

sensitive to AmB whereas half of the DMSO-treated cells were already dying at low 

concentrations of AmB (Fig. 17A). The calculated IC50 values were around 6.18 µg/ml for the 

control cells compared to 14.55 µg/ml for the stimulated macrophages. Moreover, similar 

results were seen in CHO cell lines as the IC50 values were 13.1 µg/ml for MMG against 39.2 

µg/ml for A1G, indicating a higher sensitivity towards AmB for the ABCA1 inactivated mutant 

(Fig. 17B). Additionally, CHO-K1 cells exhibited a similar AmB sensitivity as the MMG cell 

line, with an IC50 value of 16.75 µg/ml. The results suggested that the active form of ABCA1 

was promoting resistance of the cells against AmB. 

  
Fig. 17: Cytotoxicity of AmB in ABCA1 expressing RAW and CHO-K1 cells (adapted from Wu et al., 2019 [307]). 
A Graphical representation of a nonlinear  fit (dashed line) of cell viability depending on AmB concentrations 
assessed by MTT assay in DMSO- (square) or GW-treated (triangle) cells (n=9 from three independent 
experiments). B Graphical representation of a nonlinear  fit (dashed line) of cell viability depending on AmB 
concentrations assessed by MTT assay in CHO-K1 (square), A1G (upward triangle) or MMG (downward triangle) 
cells (n=9 from three independent experiments). For both graphs, the cell viability is expressed as % on y-axis 
and the AmB concentrations are expressed in µg/ml on x-axis. Two-way ANOVA with Sidak’s multiple 
comparisons test were used for statistical analyses. Data are mean ± SD. ns: non-significant, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001 and ****p ≤ 0.0001. 
 
 
 Finally, we used Probucol, a specific inhibitor of ABCA1, which does not impact the 

transporter protein level  [319,320], to investigate if chemical inactivation of ABCA1 influences 

the sensitivity of the cells towards AmB. After pre-treating A1G and MMG cells with Probucol, 

we incubated the cells with increasing concentration of AmB, still in presence of Probucol. We 

observed that the sensitivity of Probucol-treated A1G cells towards AmB was increased 



39 
 

significantly starting from 15 µg/ml in comparison with non-treated A1G cells (Fig. 18). 

However, MMG cells treated with Probucol were sensitive to the same extent as non-treated 

MMG. The IC50 values were 14.36 µg/ml for Probucol-treated A1G and 9.47 µg/ml for 

Probucol-treated MMG cells. (Table 3). The results indicated that ABCA1 activity was 

required for resistance towards AmB and that Probucol treatment was able to lower this 

resistance. 

 

Fig. 18: Inhibition of ABCA1 activity with Probucol reduces the resistance of AmB in A1G cells (adapted from 
Wu et al., 2019 [307]). A Graphical representation of a nonlinear  fit (dashed line) of cell viability depending on 
AmB concentrations assessed by MTT assay in A1G (black triangle), Probucol-treated A1G (white triangle) or 
Probucol-treated MMG (square) cells (n=9 from three independent experiments). The cell viability is expressed 
as % on y-axis and the AmB concentrations are expressed in µg/ml on x-axis. Two-way ANOVA with Sidak’s 
multiple comparisons test was used for statistical analyses. Statistical difference between A1G and Probucol-
treated A1G cells are represented. Data are mean ± SD. ns: non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
and ****p ≤ 0.0001. 

 III.1.5 Metabolic treatments on A1G and MMG cell lines impact the AmB 
resistance 

Next, we wanted to know if the cellular cholesterol content was involved in the ABCA1-

induced resistance to AmB. For this purpose, we depleted the cholesterol of A1G and MMG 

cell lines with zaragozic acid (ZA), a specific inhibitor of squalene synthase, an enzyme 

involved in a key step of the cholesterol biosynthesis pathway [321]. Therefore, ZA decreases 

the intracellular cholesterol content of the cells as well as the PM cholesterol level [322]. To 

prevent the import of cholesterol and other lipids from the serum we treated the cells in a 

medium with delipidated serum (Δ FBS medium) with ZA. After the treatment, we measured 

the total cholesterol content of the cells showing that ZA-treated cells contained half of the total 

cholesterol found in non-treated cells. Δ FBS medium-incubated cells had also their cholesterol 

level decreased but not to the same extent as ZA-treated cells (Fig. 19). To confirm whether the 



40 
 

loss of cholesterol could indeed be involved in the cells resistance to AmB, we planned to reload 

ZA-treated A1G and MMG cells with cholesterol using a methyl-β-cyclodextrin-complexed-

cholesterol (Chol) in Δ FBS medium [323]. Cellular total cholesterol measurement confirmed 

that Chol was able to restore the cholesterol concentration (Fig. 19). 

 

Fig. 19: Impact of metabolic treatments on ABCA1-expressing cell lines (adapted from Wu et al., 2019 [307]). 
Total cholesterol quantitative measurement of A1G and MMG cell lines in complete Ham’s F12 medium, in with 
delipidated serum (ΔFBS medium), ΔFBS medium with zaragozic acid (ΔFBS medium + ZA) and ΔFBS medium with 
ZA and reloaded with cholesterol (ΔFBS medium + ZA + Chol) (n=9 from three independent experiments). Two-
way ANOVA with Sidak’s multiple comparisons test was used for statistical analyses. Data are mean ± SD. 
*p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. 
 

 After validating the metabolic treatments, we assessed their influence on cells viability 

with MTT assay upon incubation with increased concentrations of AmB, from 0 to 40 µg/ml 

for 3 h. Even if it reduced cholesterol content, the Δ FBS medium increased only moderately 

the sensitivity of A1G cells towards AmB (Fig. 20A). However, ZA treatment totally abolished 

the resistance phenomenon of this cell line as they were as sensible as MMG cells (Fig. 20B). 

Moreover, reloading the cholesterol in ZA-treated cells restored this resistance to levels similar 

to cells in Δ FBS medium (Fig. 20C). On the other hand, MMG sensitivity to AmB was 

comparable in Δ FBS medium and after ZA treatment but was higher upon cholesterol 

reloading. As Chol is reloading cholesterol via the PM, it is possible that MMG cells are not 

able to perform cholesterol efflux or redistribution due to their lack of ABCA1 activity, which 

leads to cholesterol accumulation locally within the PM, possibly enhancing AmB binding to 

MMG cells and subsequent cytotoxicity (Fig. C and D). The IC50 values for A1G decreased to 

21.18 µg/ml in Δ FBS medium (compared to 39.2 µg/ml in complete medium), dropped to 9.75 

µg/ml after depletion of cholesterol with ZA treatment and rose back to 18.88 µg/ml upon 

cholesterol reloading with Chol after ZA treatment. Meanwhile, for MMG cells’ IC50 values in 

Δ FBS medium and after ZA treatment were similar, 10.15 µg/ml and 10.04 µg/ml, respectively 

(compared to 13.1 µg/ml in complete media) but significantly lower after cholesterol reloading, 

6.42 µg/ml (Fig. 20D, Table 3).  Based on these results, we concluded that active resistance of 
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AG1 cells to AmB correlated with the cellular cholesterol content but it was not the case for 

MMG cells. Indeed, A1G cells had a Pearson’s correlation coefficient r of 0.9 based on these 

data, whereas for MMG cells it was -0.22. 

 Taken together, the results demonstrated that the resistance mechanism against AmB of 

A1G cell lines relied on ABCA1 activity and cellular cholesterol content. 

 
 
Fig. 20: Cellular cholesterol content influence ABCA1-mediated resistance to AmB in A1G and MMG cells 
(adapted from Wu et al., 2019 [307]). A Graphical representation of a nonlinear  fit (dashed line) of cell viability 
depending on AmB concentrations assessed by MTT assay in A1G (triangle) or MMG (square) cells cultured in 
medium with delipidated serum (ΔFBS medium) (n=9 from three independent experiments). B Graphical 
representation of a nonlinear  fit (dashed line) of cell viability depending on AmB concentrations assessed by 
MTT assay in A1G (triangle) or MMG (square) cells treated with zaragozic acid in medium with delipidated serum 
(ΔFBS medium + ZA) (n=9 from three independent experiments). C Graphical representation of a nonlinear  fit 
(dashed line) of cell viability depending on AmB concentrations assessed by MTT assay in A1G (triangle) or MMG 
(square) cells treated with zaragozic acid in medium with delipidated serum and reloaded with cholesterol  (ΔFBS 
medium + ZA + Chol) (n=9 from three independent experiments). D Comparison of IC50 values for AmB between 
A1G and MMG cells extracted from (A), (B), (C) and (Fig B) cytotoxicity experiments performed in complete Ham’s 
F12 medium, ΔFBS medium, ΔFBS medium + ZA, ΔFBS medium + ZA + Chol. For all graphs, the cell viability is 
expressed as % on y-axis and the AmB concentrations are expressed in µg/ml on x-axis. Two-way ANOVA with 
Sidak’s multiple comparisons test (A,B and C) or unpaired Student t-tests were used for statistical analyses (D). 
Data are mean ± SD. ns: non-significant, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 
 
 
Table 3: Summary of IC50 values for AmB in A1G and MMG cells. The  IC50 values for AmB were calculated from 
the nonlinear fits of cells viability as a function of  AmB concentrations obtained in the MTT assays on A1G and 
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MMG cells in complete medium (complete medium), in complete medium with 10 μM probucol (+ 10 μM 
probucol), in delipidated medium (ΔFBS medium), in ΔFBS medium with zaragozic acid (ΔFBS medium + ZA) and 
in ΔFBS medium reloaded with cholesterol after ZA treatment (ΔFBS medium + ZA + Chol ). The IC50 values are 
expressed in μg/mL ± SE. 

  

 

 

 

 

 

 

Our collaborative work also demonstrated that only A1G was able to efflux cholesterol to AmB 

as described later in the discussion section IV.1.1. Furthermore, FLIM and fluorescence spectra 

analysis indicated that AmB was forming AmB-cholesterol bulk structures parallel to the PM 

of A1G cells, preventing cytotoxicity of the drug. MMG cells were not able to perform this 

mechanism as insertion of AmB within their PM was suggesting. These data will be further 

describe in the discussion section IV.1.2. 

 

To summarize, we demonstrated in this part that mammalian cells expressing active ABCA1 

were more resistant against AmB cytotoxicity than cells without the transporter or with an 

inactive ABCA1. This resistance mechanism was dependent on cellular cholesterol content. 

Active ABCA1 at the plasma membrane enhances the efflux of PM cholesterol to AmB, 

forming bulk cholesterol-AmB structures that prevent AmB cytotoxicity (Fig. 24A). When 

ABCA1 is inactive or not expressed, cholesterol is kept in the core of the PM where AmB can 

easily bind to the sterol within the membrane and form active oligomeric structures increasing 

cellular cytotoxicity (Fig. 24B). Finally, a low cellular cholesterol level limits the efflux 

potential of ABCA1, which lead to a lack of protective bulk cholesterol-AmB structures 

formation at the cell surface. AmB can then penetrate the PM and elicit cytotoxicity (Fig. 24C). 

IC50 (μg/mL) A1G MMG 
Complete medium 39.2 ± 4.49 13.1 ± 1.0 
+ 10 μM probucol 14.36 ± 0.36 9.47 ± 0.31 

ΔFBS medium 21.18 ± 1.09 10.15 ± 0.42 

ΔFBS medium + ZA 9.75 ± 0.53 10.04 ± 0.67 

ΔFBS medium + ZA + Chol 18.88 ± 0.77 6.42 ± 0.38 
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Fig. 21: Model of cell resitance to AmB mediated by ABCA1 (adapted from Wu et al., 2019 [307]). A Active 
ABCA1 (green dots) mediates the efflux of cholesterol from the PM to AmB, triggerering the drug dimerization 
at the cell surface. This promote the formation of bulk cholesterol–AmB structures , preventing the penetration 
of AmB in the PM and subsequent cellular toxicity. B In the absence of ABCA1 (red cross) or cell expressing 
inactive ABCA1 (red dots), the PM cholesterol content and organization is not. Thus, AmB can incorporate into 
the PM, forming active dimers and tetramers and increasing cellular toxicity.  C ABCA1 efflux ability is affected 
by low cellular cholesterol level,  which prevents the formation of protective bulk cholesterol– AmB structures 
and increases AmB cytotoxicity by sterol “sponge” mechanism mainly. 
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III.2 IMPACT OF ABCA1 ACTIVITY ON PLASMA MEMBRANE LATERAL 

ORGANIZATION AND METASTATIC PROCESSES IN MELANOMA CELLS 

 III.2.1 General context 

Melanoma is the rarest form of skin tumor but is highly deadly due to its potential of forming 

metastasis [324]. The deregulated proliferation and accelerated metabolism lead to a 

tremendous demand for metabolites in tumor cells. Among them, cholesterol is a critical one 

and its accumulation in transformed cells is very often required for tumor survival and 

development [290,325]. For the past years numerous attempts to target cholesterol content at 

different levels of cellular processes to prevent tumor progression. For example, it has been 

shown that Simvastatin, a competitive inhibitor of the enzyme producing the precursor 

compound of cholesterol was reducing murine melanoma growth by 75% over 10 days period 

[326] and various Statins could be effective in cancer therapies [327]. Inhibition of intracellular 

cholesterol transport by Leelamine resulted in the accumulation of cholesterol in lysosomes of 

melanoma cells, leading to apoptosis [328]. Moreover, several studies demonstrated the 

importance of cholesterol distribution within the PM and the formation of specific PM 

nanodomains enriched in cholesterol and sphingolipids, called lipid rafts [329]. Their rapid 

assembly is required for the activation of important pathways in tumor growth and metastasis. 

Disruption of these nanodomains inhibits EGFR signalization and Matrix Metalloproteinases 

(MPPs) activity, which may prevent cancer cells proliferation and invasion [330–333]. 

 Considering that ABCA1 is modulating cellular cholesterol content and influences the 

PM lateral organization, the transporter could be involved in cancer development. Indeed, as 

stated in the introduction that ABCA1 expression is altered in many types of tumors. However, 

the outcomes of this modification vary depending on the type of cancer 

[198,296,297,302,303,306]. Additionally, a recent study on mouse melanoma showed that 

inhibition of ABCA1 activity prevents calpain externalization which reduces melanoma 

angiogenesis and development [304]. Nonetheless, the mechanism of action of ABCA1 in the 

murine model is still unclear and no direct link between ABCA1 and human melanoma 

development has been reported up to date. Therefore, the aim of this part is to investigate the 

impact of ABCA1 activity on human melanoma progression. Furthermore, in case of 

confirmation of the transporter’s influence on the tumor cells’ development, deciphering the 

mechanism underlying this process will bring forward new information.  
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III.2.2 The role of ABCA1 in cholesterol homeostasis in melanoma cells 

As the role of ABCA1 activity in human melanoma cells is still not shown, the protein level of 

ABCA1 was first in five different melanoma cell lines using Western blot technique. Three cell 

lines, WM1341D, SK-Mel-28 and A375 were derived from primary tumor sites whereas two 

cell types, WM9 and Hs294T, were isolated from metastatic sites. High level of ABCA1 was 

observed for WM1341D, WM9 and Hs294T whereas SK-Mel-28 and A375 exhibited low level 

(Fig. 22A and B).Since ABCA1 is involved in cellular cholesterol homeostasis, we measured 

the cellular cholesterol content of the melanoma cells lines. Said content was inversely 

proportional to the protein level of ABCA1 (Fig. 22C). This result suggests that the transporter 

was active and exporting cholesterol. 

Fig. 22: ABCA1 level is inversely proportional to cholesterol amount in melanoma cell lines. A Representative 
immunoblots of ABCA1 of WM1341D, SK-Mel-28, A375, WM9 and Hs294T cells. Vinculin was used as a loading 
control. B Quantification of ABCA1 level from (a) (n=3). C Total cholesterol quantitative measurement assay of 
WM1341D, SK-Mel-28, A375, WM9 and Hs294T cells. 5 μg of protein were used for each cell type (n=9 from 
three independent experiments). One-way ANOVA with Sidak’s multiple comparisons test was used for statistical 
analyses and only the statistical comparisons between Hs294T and the other cells lines are presented. Data are 
mean ± SD. ns: non-significant, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 

 

 III.2.3 Generation of ABCA1 knockout Hs294T melanoma cells and specific 

inhibition  of ABCA1 activity with Probucol 

Recent studies reported the involvement of ABCA1 activity in metastatic processes [302,334]. 

Therefore, we decided to select the Hs294T cell line to study the impact of ABCA1 activity on 

melanoma cells’ metastatic abilities for the following reasons: a high level of ABCA1 combined 

with the lowest amount of cholesterol and, as described in a previous study, the highest 

metastatic potential in comparison to the other four cell lines [335]. 
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 ABCA1 knockout Hs294T cells (ABCA1 KO) and the scrambled cells as control were 

generated using the CRISPR/Cas9 technique. Immunoblot analysis confirmed the absence of 

ABCA1 in the ABCA1 KO cells (Fig. 23A). Afterward, assessment of the total cholesterol 

content after the loss of ABCA1 expression and we observed that in ABCA1 KO cells the total 

cholesterol content was higher than in wild-type and scrambled cells, 17.7, 14.1 and 13.7 ng/μg 

of protein, respectively (Fig. 23B). These results clearly show that cholesterol was accumulated 

in the cells deprived of ABCA1. High accumulation of cholesterol leads to the deregulation of 

cellular metabolism and functions as well as toxicity [336,337].  

Fig. 23: Generation of ABCA1 KO cells with CRISPR/Cas9 technique. A Representative immunoblots of ABCA1 
level of WT and CRISPR/Cas9 generated scrambled and ABCA1 KO cells. Vinculin was analyzed as a loading control 
(n=3). B Total cholesterol quantitative measurement of WT, scrambled and ABCA1 KO cells. 5 μg of protein were 
used for each cell type (n=9 from three independent experiments). One-way ANOVA with Sidak’s multiple 
comparisons test was used for statistical analyses. C Esterified cholesterol quantitative measurement of WT, 
scrambled and ABCA1 KO cells (n=9 from three independent experiments). One-way ANOVA with Sidak’s multiple 
comparisons test was used for statistical analyses. Data are mean ± SD. ns: non-significant, **p ≤ 0.01, and 
***p ≤ 0.001. 

To mitigate the deleterious effect, cells can metabolize the accumulated cholesterol into 

esterified cholesterol that can be harmlessly stored within the cells [338,339]. To verify if such 

process was happening after ABCA1 depletion,  the amount of esterified cholesterol was 

quantified (Fig. 23C). Around six times higher content of esterified cholesterol in ABCA1 KO 

cells compared to wild-type and scrambled cells indicated that in the absence of cholesterol 

export via ABCA1 activity, the cells esterify the accumulated cholesterol in order to maintain 

proper cell functions. 

 To ascertain that further changes in cellular functions were indeed made strictly by the 

loss of ABCA1 expression, we conducted in parallel a similar set of experiments using WT 

cells treated with Probucol, a specific inhibitor of ABCA1 activity which we already evaluated 

the effectiveness in the previous part. We first confirmed that the level of ABCA1 protein was 

not altered between Hs294T cells treated either with DMSO or with Probucol for 2 h (Fig. 

24A). Then, the cholesterol content was measured. However, after only 2 h of treatment with 
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Probucol, no differences in cholesterol content were seen between DMSO- and Probucol-

treated cells (Fig. 24B). The synthesis of cholesterol is a complex process with thirty steps that 

requires time [340], which could explain why we did not see the accumulation of cholesterol 

within two hours of Probucol treatment.  

 Therefore, the cells were incubated for 16 h with Probucol and we noted that they 

accumulated cholesterol to a higher extent than for DMSO-treated ones, but similarly to ABCA1 

KO cells. It meant that ABCA1 activity was indeed inhibited by the chemical compound (Fig. 

24C). Moreover, the esterified cholesterol amount in the Probucol-treated cells was also higher 

than for DMSO-treated cells suggesting that the cells with inhibition of ABCA1 activity were 

employing the same homeostasis mechanism upon cholesterol accumulation as the ABCA1 KO 

cells one (Fig. 24D). For all the following experiments, WT Hs294T cells were treated with 

DMSO or 12.5 µM Probucol 2 h prior to the experiments and if longer incubation times were 

needed, the cells were kept in medium containing either DMSO or 12.5 µM Probucol. 

Fig. 24: Specific inhibition of ABCA1 activity with Probucol. A Representative immunoblots of ABCA1 expression 
of Hs294T WT cells treated either with DMSO (vehicle) or 12.5 μM Probucol for 2 hours. Vinculin was analyzed 
as a loading control (n=3). B Total cholesterol quantitative measurement assay of DMSO- or 12.5 μM Probucol-
treated cells for 2 hours. 5 μg of protein were used for each cell type (n=9 from three independent experiments). 
C Total cholesterol quantitative measurement of DMSO- or 12.5 μM Probucol-treated cells for 16 hours. 5 μg of 
protein were used for each cell condition (n=9 from three independent experiments). D Esterified cholesterol 
quantitative measurement of DMSO- or 12.5 μM Probucol-treated cells for 16 hours (n=9 from three 
independent experiments). Unpaired Student t-test was used for statistical analyses. Data are mean ± SD. ns: 
non-significant, **p ≤ 0.01, and ***p ≤ 0.001. 
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 Hence, we managed to generate ABCA1 KO cells and to inhibit ABCA1 activity with a 

specific inhibitor which allowed us to study the impact of ABCA1 activity on selected processes 

in Hs294T cells. We also showed that the ABCA1 depleted or inactive cells were presenting a 

higher level of total and esterified cholesterol. 

 III.2.4 ABCA1 depletion and inactivation alters physiological processes in Hs294T 

 melanoma cells 

The next step was to see whether the ABCA1 loss of expression or inactivation impacts diverse 

melanoma cells processes. We first assessed the level of phosphorylation of different kinases 

using an array kit and we observed that few kinases such as  CREB, phosphorylated on S133,  

STAT3, phosphorylated on S727, the Ribosomal S6 Kinase A1 and A2 (RSK1/2) and the 

Proline-Rich AKT Substrate of 40 kDa (PRAS40) presented different level of phosphorylation 

(Fig. 25A and B).  

Fig. 25: ABCA1 activity influences phosphorylation levels of some kinases in Hs294T cells. A-B Analyzes of the 
phosphorylation profile of kinases in scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B) 
using a human phospho-kinase array. Representative images of the array were shown.  

 

 Afterward, we wanted to confirm with Western blot analysis the difference in 

phosphorylation of CREB and STAT3 that are overexpressed in melanoma [341–343]. We 

observed that ABCA1 KO cells lost phosphorylation of pCREB133 and pSTAT3727 by 

approximately half when compared to scrambled cells (Fig 26A-C) and that Probucol-treated 

cells show around two-thirds of phosphorylation level for these kinases compared to control 
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cells (Fig. 26D-F). These results might suggest that ABCA1 activity is at least partially 

involved in melanoma signalization.  

Fig. 26: ABCA1 activity influences phosphorylation levels of CREB and STAT3 in Hs294T cells. A Representative 
immunoblots of pCREB133 and pSTAT3727 of scrambled and ABCA1 KO cells. Vinculin was used as a loading control. 
B-C Quantification of pCREB133 (B) and pSTAT3727 (C) from (A) (n=3 independent experiments). Unpaired Student 
t-test was used for statistical analyses. D Representative immunoblots of pCREB133 and pSTAT3727 of DMSO- and 
Probucol-treated cells for 2 hours. Vinculin was used as a loading control. E-F Quantification of pCREB133 (E) and 
pSTAT3727 (F) from (D) (n=3 independent experiments). Unpaired Student t-test was used for statistical analyses. 
Data are mean ± SD. *p ≤ 0.05. 

 As activation of CREB and STAT3 is related to melanoma proliferation, migration and 

invasion [344–346], we investigated these different cellular processes in the context of ABCA1 

activity. We first assessed the proliferation potential of the four cell systems mentioned above 

with the Bromodeoxyuridine (BrdU) incorporation assay. However, we did not observe 

difference in proliferation for all conditions  (Fig. 27).  

Fig. 27:  Loss of ABCA1 activity does not alter cells’ proliferation. A-B Quantification of relative proliferation 
potential after BrdU incorporation assay of scrambled and ABCA1 KO cells (A) or of DMSO- and Probucol-treated 
cells (B) (n=9 from three independent experiments). Unpaired Student t-test was used for statistical analyses. 
Data are mean ± SD. ns: non-significant. 
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 We then monitored the ability of ABCA1 KO and Probucol-treated cells to migrate 

spontaneously, by incubating the cells for 72h in an Incucyte live cell imaging system with 

pictures taken every 2 h. Both ABCA1 KO cells and Probucol-treated cells covered significantly 

shorter distances over 72h, with an average of 53.4 and 52.6 µm, respectively compared to 

scrambled and DMSO-treated cells, with an average of 70.4 and 71.8 µm, respectively (Fig. 

28A and B). Finally, we analyzed the invasion potential of studied cells using Transwell™ 

filters coated with Matrigel™ gel that mimics the ECM [347]. After starving the cells for 24 h, 

they were seeded into the Transwell™ and we used a medium supplemented with FBS in the 

bottom well to act as chemoattractant. Both ABCA1 KO and Probucol-treated cells exhibited 

reduced capacity of invading the ECM and migrating to the other side of the filter, which was 

reflected by a loss of more than 40% of invading cells when compared to scrambled and DMSO-

treated cells (Fig. 28C and D). 

Fig. 28: The influence of ABCA1 activity on migration and invasion abilities of Hs294T cells. A-B Calculated 
covered distances of scrambled and ABCA1 KO (A) or DMSO- and Probucol-treated cells (B) after 72h of 
incubation in IncuCyte® Live Cell Analysis Imaging System (Essen BioScience) with photos taken every two hours 
(n=90 from three independent experiments). C-D Relative invasiveness of scrambled and ABCA1 KO cells 
expressed as fold change of scrambled (C) or DMSO- and Probucol-treated cells expressed as fold change of 
DMSO-treated cells (D). After 24h of starving, cells were seeded in Transwell™ coated with Matrigel™. As 
chemoattractant, 20% FBS enriched media was loaded in the lower compartment. After 24 hours of incubation, 
fixation and nuclei staining with Hoechst 33342, cells that migrated to the bottom layer of the filter were 
quantified (n=9 from three independent experiments). Unpaired Student t-test was used for statistical analyses. 
Data are mean ± SD. *p ≤ 0.05, ***p ≤ 0.001 and ****p ≤ 0.0001. 



51 
 

All these outcomes suggest that ABCA1 activity is involved in motility of Hs294T cells, 

impacting signalization, migration and invasion abilities of the melanoma cells but not 

proliferation.  

 III.2.5 ABCA1 activity is important for ECM degradation 

Since we observed that both migration and invasion processes were affected by the loss ABCA1 

activity, we wanted to know whether the lowering of invasion potential was only due to the loss 

of motility or if the ECM degradation ability of the cells was also altered.  

 To do so, the cells were seeded on gelatin conjugated with fluorescein and analyzed the 

gelatin-fluorescein digested area and the F-actin structures with a confocal microscope [347]. 

After overnight incubation, we observed some areas with a loss of fluorescein fluorescence 

under scrambled and DMSO-treated cells in which distinct F-actin spots were colocalizing, 

indicating gelatin degradation by invadopodia. On the other hand,  ABCA1 KO and Probucol-

treated cells were less effective in digestion even though F-actin spots were still visible (Fig. 

29A and B). Quantification confirmed that 35.5% and 36.6% of scrambled and DMSO-treated 

cells with functional ABCA1 transporter were able to degrade gelatin, respectively. The 

corresponding proportion of ABCA1 KO and Probucol-treated cells decreased to 8.8% and 

20.8%, respectively, indicating an influence of ABCA1 activity in the gelatin degradation (Fig. 

29C and D). Consistently, 75.5% of scrambled cells and 76.6% of DMSO-treated cells formed 

invadopodia compared to 58.8 % of ABCA1 KO cells and 63.3% of Probucol-treated cells (Fig. 

29E and F), which suggests an involvement of ABCA1 in invadopodia formation in Hs294T 

cells.  

 Degradation of the ECM by tumor cells depends on several secreted proteinases, such 

as MMPs that are proficient in digesting different ECM substrates [348]. Thus, we investigated 

whether ABCA1 could impact the activity of MMP-2 and MMP-9, two MMPs known to 

degrade gelatin matrix [349], by performing gelatin zymography test with conditioned medium 

[350] on the four tested cellular systems. To do so, the cells were incubated in complete medium 

until they reached 70-80% of confluence. After treatment or not, we removed the complete 

medium and incubated the cells for 3 days with a medium without serum as it may contain 

MMPs. DMSO- and Probucol-treated cells were incubated with their respective treatment in 

the same time. Then, the conditioned media were collected and filtrated them before loading 

them in a gelatin SDS-PAGE gel. However, we did not observe significant differences in 
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activity of the two MMPs either between ABCA1 KO and scrambled cells or between Probucol- 

and DMSO-treated cells (Fig. 30).  

 

 

 

Fig. 29: Loss of the ABCA1 activity reduces the ability of cells to form active invadopodia. A-B Representative 
confocal microscopy of scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B) seeded on 
gelatin-fluorescein (green) coverslips and F-actin stained with phalloidin-Alexa Fluor 568 (red) after fixation. 
White arrowheads point at gelatin degrading invadopodia and yellow arrowheads non-active invadopodia. Scale 
bars represent 20 µm. C-D Quantification of cell number degrading gelatin of scrambled and ABCA1 KO cells (C) 
or DMSO- and Probucol-treated cells (D) expressed as % of cells degrading gelatin from total number of cells 
analyzed (n=30 from three independent experiments). E-F Quantification of cells number forming invadopodia 
of scrambled and ABCA1 KO cells (E) or DMSO-and Probucol-treated cells (F) expressed as % of invadopodia 
forming cells from total number of cells analyzed (n=30 from three independent experiments). Unpaired Student 
t-test was used for statistical analyses. Data are mean ± SD. *p ≤ 0.05 and **p ≤ 0.01. 
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Fig. 30: ABCA1 activity does not influence MMP-2 and MMP-9 degradation abilities. A-B Representative gelatin 
gels of zymography assay for MMP-2 and MMP-9 activity assessment of conditioned medium from scrambled 
and ABCA1 KO cells (A) or from DMSO- and Probucol-treated cells (B). The same amount of samples was loaded 
in SDS-PAGE in parallel and gels were stained with Coomassie for total protein visualization and used as loading 
control for gelatin gels. Bands on the left of Coomassie-stained gels represent the size protein ladder. C-D 
Quantification of the MMP-2 and MMP-9 activity expressed as % of active MMPs per Pro-MMPs of conditioned 
medium from scrambled and ABCA1 KO cells (C) from (A) or of conditioned medium from DMSO- and Probucol-
treated cells (D) from (B) (n=2). Unpaired Student t-test was used for statistical analyses. Data are mean ± SD. ns: 
non-significant. 

 

 These results suggest that ABCA1 activity is important for the formation of active 

invadopodia involved in the ECM degradation, although most probably it does not depend on 

the MMP-2 and MMP-9 activity. 
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III.2.6 ABCA1 activity impacts focal adhesion formation and distribution of active 

 integrin β3 within the PM 

As we observed that ABCA1 activity was altering Hs294T spontaneous migration, we 

investigated more precisely how ABCA1 influenced the melanoma cells motility. In order to 

migrate, cells need to interact with the ECM and form structures such as focal adhesion (FA) 

sites. During the maturation of FAs, the focal adhesion kinase (FAK) is recruited and 

autophosphorylated which leads to the recruitment of other proteins [351].  

 We assessed whether the localization of the phosphorylated active form of FAK 

(pFAK397) within FAs was impacted by ABCA1 activity. After fixing the cells with ice-cold 

methanol, they were labeled with an antibody anti-pFAK397 followed by a secondary antibody 

conjugated with Alexa Fluor-488 (green). We also stained F-actin using a total actin antibody 

followed by a secondary one conjugated with Alexa Fluor-647 (red). Using confocal 

microscopy we observed that pFAK397 was localized throughout the cells but preferentially in 

visible foci in contact with F-actin at the periphery of the scrambled and DMSO-treated cells, 

which corresponds to FAs structures. However, the distribution of pFAK397 in ABCA1 KO and 

Probucol-treated cells appeared more dispersed with a partial loss of defined foci seen in the 

control cells (Fig. 31A-D). Quantification showed that the number of cells containing pFAK397-

rich foci was by around 50% and 40% diminished in ABCA1 KO and Probucol-treated cells, 

respectively, in comparison to scrambled and DMSO-treated cells (Fig. 31E and F).  

 Interestingly, immunoblot analysis indicated a similar quantity of phosphorylated 

pFAK397 in all conditions (Fig. 32A-D). Together these results suggest that ABCA1 activity is 

not required for the phosphorylation of FAK but impacts the localization and stabilization of 

pFAK397 in FAs. 
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Fig 31: Stable recruitment of active form of FAK in FAs is dependent on ABCA1 activity. A and C Representative 
confocal images of scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (C) stained with an 
antibody recognizing pFAK397 followed by secondary antibody conjugated with Alexa Fluor-488  (green) and 
antibody against total actin followed by secondary antibody conjugated with Alexa Fluor-647 (red) after fixation. 
Scale bars represent 20 µm. B and D Magnified view of scrambled (ROI1) and ABCA1 KO (ROI2) cells (B) from (A) 
or of (ROI3) DMSO- (ROI3) and Probucol-treated (ROI4) cells (D) from (C). White arrowheads point at enriched in 
pFAK397 FAs. Scale bars represent 20 µm. E-F Quantification of cell number exhibiting enriched in pFAK397 FAs in 
scrambled and ABCA1 KO cells (E) or DMSO- and Probucol-treated cells (F) expressed as % of cells with enriched 
pFAK397 FAs from total number of cells analyzed (n=30 from three independent experiments. Unpaired Student 
t-test was used for statistical analyses. ROI: region of interest. Data are mean ± SD. ****p ≤ 0.0001. 

Fig. 32: ABCA1 activity does not influence the phosphorylation of FAK. A and C Representative immunoblots of 
pFAK397 and total FAK levels in scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (C). 
Vinculin was used as a loading control. B and D Quantification of pFAK397 relative levels of scrambled and ABCA1 
KO cells (B) from (A) or of DMSO- and Probucol-treated cells (D) from (C) (n=3 independent experiments). 
Unpaired Student t-test was used for statistical analyses. Data are mean ± SD. ns: non-significant. 
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 It has been reported that integrin β3, upon binding of ECM ligands, recruits FAK at the 

forming FAs [352]. We thus investigated whether the ABCA1 depletion or inhibition which 

abrogated pFAK397 stable recruitment to FAs was due to a defect of integrin β3 localization and 

function. After fixation, cells were labeled for pFAK397 with a primary antibody followed by as 

secondary conjugated with Alexa Fluor-488 (green) and active integrin β3 with a primary 

antibody followed by as secondary conjugated with Alexa Fluor-647 (red). Confocal images of 

cells labeled for pFAK397 and active integrin β3 showed that in scrambled and DMSO-treated 

cells, active integrin β3 was distributed across the whole cell body and was forming clusters at 

the perimeter of the cells that were colocalizing with pFAK397-rich foci. Cellular distribution of 

the latter was similar to previously described. Strikingly, in ABCA1 KO and Probucol-treated 

cells we observed a partial loss of active integrin β3 clusters within FAs which was 

accompanied by the loss of colocalization with pFAK397 foci (Fig. 33A-F). Quantification 

confirmed that in ABCA1 KO and Probucol-treated cells, the active integrin β3 clusters were 

approximately 2 fold less numerous and 1.5 fold smaller compared to scrambled and DMSO-

treated cells ones (Fig. 34A-D). 

 As the depletion or inhibition of ABCA1 activity did not completely abolish 

spontaneous migration, we investigated if the cells were still able to form mature FAs 

independently of integrin β3 signalization. In order to do so, we used immunofluorescence to 

analyze the four types of cells labeled for active integrin β3 (red) and for α-Parvin (green), a 

protein involved in cell spreading and migration via regulation of actin cytoskeletal dynamics 

and association with FA complexes [353]. The confocal images showed that even though the 

diminished number and size of active integrin β3 clusters, ABCA1 KO and Probucol-treated 

cells were able to form mature FAs, as α-Parvin distribution was specific to the formation of 

these structures (Fig. 35A-D).   
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Fig. 33: Active integrin β3 distribution and colocalization with pFAK397 within focal adhesions are influenced by 
ABCA1 activity. A and C Representative confocal images of scrambled and ABCA1 KO cells (A) or DMSO- and 
Probucol-treated cells (C) stained with an antibody recognizing pFAK397 followed by secondary antibody 
conjugated with Alexa Fluor 488  (green) and antibody against active integrin β3 followed by secondary antibody 
conjugated with Alexa Fluor 647 (red). Scale bars represent 20 µm. B and D Magnified view of scrambled (ROI1) 
and ABCA1 KO (ROI2) cells (B) from (A) or of DMSO- (ROI3) and Probucol-treated (ROI4) cells (D) from (C). White 
arrowheads point at pFAK397-rich active integrin β3 clusters. Scale bars represent 20 µm. E-F Quantification of 
the percentage of the cells with active integrin β3 clusters enriched in pFAK397 of scrambled and ABCA1 KO cells 
(A) or DMSO- and Probucol-treated cells (B) (n=30 from three independent experiments).  Data are mean ± SD. 
****p ≤ 0.0001. 
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Fig. 34: ABCA1 activity disrupts the formation of active integrin β3 clusters. A-B Quantification of clusters 
number of active integrin β3 of scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B) (n=30 
from three independent experiments). C-D Quantification of the clusters size of active integrin β3 of scrambled 
and ABCA1 KO cells (C) or DMSO- and Probucol-treated cells (D) (n=30 from three independent experiments). 
Unpaired Student t-test was used for statistical analyses. ROI: region of interest. Data are mean ± SD. **p ≤ 0.01 
and ****p ≤ 0.0001. 

 

 

Fig. 35: ABCA1 activity does not influence αParvin localization. A-B Representative confocal images of 
scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B) stained with an antibody recognizing 
αParvin followed by secondary antibody conjugated with Alexa Fluor 488  (green) and antibody recognizing active 
integrin β3 followed by secondary antibody conjugated with Alexa Fluor 647 (red). Scale bars represent 20 µm. 
C-D Magnified view of scrambled (ROI1) and ABCA1 KO (ROI2) cells (B) from (A) or of (ROI3) DMSO- (ROI3) and 
Probucol-treated (ROI4) cells (D) from (C). White arrowheads represent active integrin β3 and αParvin-rich FAs 
and magenta arrowheads point at active integrin β3-poor and αParvin-rich FAs. Scale bars represent 20 µm.  
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 Moreover, the α-Parvin expression level was not affected by loss of ABCA1 activity 

(Fig. 36A-B and D-E). As α-Parvin activity is involved in cell spreading on surfaces, we 

measured this parameter in all conditions and we did not see any differences, suggesting that 

ABCA1 activity is not influencing the behavior α-Parvin (Fig. 36C and F).  

Fig. 36: ABCA1 activity does not influence αParvin expression level neither cell spreading. A and D 
Representative immunoblots of αParvin levels in scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-
treated cells (D). β-actin was used as loading a control. B and E Quantification of αParvin relative level in 
scrambled and ABCA1 KO cells (B) from (A) or of DMSO- and Probucol-treated cells (E) from (D) (n=3). C and F 
Quantification of the spreading area of scrambled and ABCA1 KO cells (C) or DMSO- and Probucol-treated cells 
(F) (n=45 from three independent experiments). Unpaired Student t-test was used for statistical analyses. Data 
are mean ± SD. ns: non-significant.  

 

In conclusion, ABCA1 activity seems to promote the activation of integrin β3 upon ECM 

binding that will stably recruit FAK to form fully active FAs; however, FAs were still formed 

via other mechanisms not influenced by ABCA1 activity. 

 III.2.7 ABCA1 activity modifies the PM lateral organization, order and fluidity of 

 Hs294T melanoma cells 

Integrin activation and FAK recruitment depend on the PM organization, especially for their 

localization in nanodomains enriched in cholesterol and phospholipids called lipid rafts [354]. 

A study showed that disruption of lipid rafts formation impacted melanoma motility by altering 

the focal adhesion formation, bringing more evidence that cell migration was in part regulated 

by PM organization [355]. As ABCA1 activity is known to influence the cellular PM 

organization [124,148,227], we looked into the potential of ABCA1 activity in Hs294T cells in 

this respect.  
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 We used the svFCS, a highly spatio-temporal resolved microscopy technique that allows  

to precisely measure the diffusion parameters of specific components at the PM in living cells. 

By plotting the mean diffusion time (τd) against the observation surface area (or waist size, ω2), 

we obtained the so-called svFCS diffusion law which enables calculation of two important 

parameters, t0 and Deff. t0  is obtained with the y-axis intercept of the diffusion law and defines 

the type of molecular confinement which is considered as a free diffusion when the interception 

of the time axis is at the origin (t0 = 0) or in membrane raft nanodomains when positive (t0 > 0). 

On the other hand, Deff  represents the dynamics of the diffusing molecules [30,31,356]. To 

assess the impact of ABCA1 on the PM, we monitored the lateral diffusion of fluorescently 

labeled sphingomyelin (Bodipy-SM), a lipid probe that preferentially localizes within lipid rafts 

of the PM [29,227], in control, ABCA1-depleted or –inhibited cells. The diffusion laws (Fig. 

37) allowed me to observe that under all studied conditions, Bodipy-SM diffusion was confined 

in lipid rafts as the t0 value was positive. However, we observed a difference between scrambled 

and DMSO-treated cells with t0 of 11.48 and 11.70 ms, respectively compared to ABCA1 KO 

and Probucol-treated cells, t0 of 14.30 and 14.15 ms, respectively. This suggests that in the cells 

with active ABCA1, there was less constraints for Bodipy-SM diffusion within their PM.  

Fig. 37: ABCA1 activity impacts cells’ PM lateral organization. A-B svFCS diffusion laws of fluorescently labelled 
sphingomyelin (Bodipy-SM) for scrambled (black) and ABCA1 KO (blue) cells (A) or for DMSO- (black) and 
Probucol-treated (blue) cells (B). 

 Moreover, the Deff  was also higher for ABCA1-depleted and -inhibited cells, Deff = 

1.39  and 1.40 µm²/s, respectively, when compared to ABCA1-expressing and -active cells, 

Deff = 1.24  and 1.28 µm²/s, respectively. This implies that the probe was diffusing slower 

when ABCA1 was not active. The results suggest that ABCA1 is indeed able to modify the 

lateral organization of the PM of Hs294T cells. 
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Table 4: Summary of t0 and Deff values extracted from the svFCS diffusion laws recorded in scrambled, ABCA1 

KO, DMSO- and Probucol-treated cells labeled with Bodipy-SM. Data are mean ± SD. 

Hs294T t0 (ms) Deff (µm2/s) 
Scrambled  11.48 ± 1.68 1.39 ± 0.21 
ABCA1 KO 14.32 ± 1.31 1.24 ± 0.12 

DMSO 11.70 ± 1.42 1.40 ± 0.12 
Probucol 14.15 ± 1.73 1.28 ± 0.13 

 

 To further study the effect of ABCA1 activity on the Hs294T PM organization, we 

performed FLIM on the living cells using an order sensitive probe, Di-4-ANEPPDHQ (Di-4). 

This dye exhibit a fluorescent lifetime-shift depending on lipid order in a bilayer [357] that was 

already implemented by us to distinguish lipid packing within cellular PM order [43,358]. The 

FLIM image analysis (Fig. 38A and B) revealed a significant increase in the average lifetime 

of the Di-4 in ABCA1 KO and Probucol-treated cells, 4.43 and 4.42 ns respectively, compared 

to scrambled and DMSO-treated cells, 4.05 and 4.09 ns, respectively, suggesting that ABCA1 

action increased the PM fluidity and loss of ABCA1 activity was altering the PM order (Fig. 

38C and D).  

 Further analyses of the Di-4 lifetime intensity distribution between a short lifetime 

(between 3 and 4 ns, [3,4[) and a long lifetime (between 4 and 5 ns, [4,5[) representing a lower 

lipid packing and a higher lipid packing, respectively, confirmed the implication of ABCA1 

activity on the PM lipid packing and fluidity. Indeed, control cells exhibited a heterogeneous 

distribution with around 45% of short lifetime and 55% of long lifetime whereas ABCA1-

depleted and -inactive cells presented a rather homogenous distribution with more than 80% of 

long lifetime (Fig. 38E and F). It suggests that ABCA1 redistributes cholesterol within the PM 

thus leading to the formation of PM regions with different order and fluidity. Moreover, Di-4 

has been shown to be influenced by cholesterol within the PM [359] thus providing more 

evidence about the PM accumulation of cholesterol when ABCA1 activity is lost.  
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 Altogether, these results indicate that ABCA1 activity impacts the lateral organization 

of the PM of Hs294T cells by fluidifying it and that loss of ABCA1 activity leads to cholesterol 

accumulation and globally-increased order of the PM. 

Fig. 38: The Hs294T cells’ PM lateral organization, fluidity and order are regulated by ABCA1. A-B 
Representative FLIM images of cellular PM, which were obtained after staining with the Di-4 probe scrambled 
and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B). The code color scale represents the average 
lifetime of Di-4 with 2.9 ns as minimum (blue) and 4.5 ns as maximum (red). Scale bars reprensent 20 µm. C-D 
Quantitative analysis of Di-4 mean lifetime extracted from (B) for scrambled and ABCA1 KO cells (C) and from (B) 
for DMSO- and Probucol-treated cells (D) (n=30 from three independent experiments). E-F Distribution 
represented as % of Di-4 intensity lifetime separated into two segments: Di-4 intensity with lifetime between 3 
and 4 ns [3, 4[ and between 4 and 5 ns [4, 5[ extracted from (B) for scrambled and ABCA1 KO cells (E) and from 
(B) for DMSO- and Probucol-treated cells (F) (n=30 from three independent experiments). Unpaired Student t-
tests were used for statistical analyses. Data are mean ± SD. ns: non-significant and ****p ≤ 0.0001.  
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III.2.8 Loading of the PM with cholesterol alters localization of active integrin β3 

In the previous results part (III.1), we showed that Chol can efficiently increase cholesterol 

content in PM and mimic a physiological cholesterol accumulation. Therefore, we loaded the 

control cells with cholesterol using Chol to corroborate the hypothesis that the loss of ABCA1 

activity indeed decreases the PM fluidity because of cholesterol accumulation, leading to a 

defect on cell motility via pFAK397 and active integrin β3 cluster altered colocalization. FLIM 

analysis of living scrambled and DMSO-treated cells loaded with cholesterol indicated that the 

lifetime of Di-4 and its distribution was similar to non-loaded ABCA1 KO and Probucol-treated 

cells (Fig. 39A-D) suggesting that indeed the PM of the cells was enriched in cholesterol. 

Fig. 39: Cholesterol loading disrupts cells’ PM order.  A-B Quantitative analysis of Di-4 mean lifetime of 
scrambled, scrambled loaded with cholesterol (scrambled + Chol) and ABCA1 KO cells (A) or of DMSO-, DMSO 
loaded with cholesterol- (DMSO + Chol) and  Probucol-treated cells (B) (n=15 from three independent 
experiments). One-way ANOVA with Sidak’s multiple comparisons test were used for statistical analyses. C-D 
Distribution represented as % of Di-4 intensity lifetime separated in two segments: Di-4 intensity with lifetime 
between 3 and 4 ns [3, 4[ and between 4 and 5 ns [4, 5[ for scrambled, scrambled loaded with cholesterol  
(scrambled + Chol) and ABCA1 KO cells (C) or for DMSO-, DMSO-treated and loaded with cholesterol (DMSO + 
Chol) and Probucol-treated cells (D) (n=15 from three independent experiments). Unpaired Student t-tests were 
used for statistical analyses. Data are mean ± SD. ns: non-significant, *p ≤ 0.05, ***p ≤ 0.001 and ****p ≤ 0.0001. 
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 We then assessed once again with confocal microscopy the subcellular localization of 

pFAK397 and active integrin β3 within the cells after cholesterol reloading. We observed that 

cholesterol loaded cells were partially lacking active integrin β3 clusters, similarly to ABCA1 

KO and Probucol-treated cells (Fig. 40A and B). Moreover, pFAK397 was less colocalized with 

the active integrin β3 clusters (Fig. 41A and B). 

Fig. 40: Accumulation of cholesterol within the PM prevents formation of fully active FAs. A-B Representative 
confocal images of scrambled and ABCA1 KO cells (a) or DMSO- and Probucol-treated (b) cells loaded or not with 
cholesterol using a methyl-β-cyclodextrin-cholesterol complex (Chol) for 30 minutes. Upon fixation the cells were 
stained with an antibody recognizing pFAK397 followed by secondary antibody conjugated with Alexa Fluor-488  
(green) and antibody against active integrin β3 followed by secondary antibody conjugated with Alexa Fluor-647 
(red). Region of interest (blue squares) of the cells were magnified (ROI). White arrowheads point at pFAK397-rich 
active integrin β3 clusters. Scale bars represent 20 µm. 

 Furthermore, quantification of active integrin β3 staining showed no significative 

differences of mean number of clusters neither of their size while comparing cholesterol loaded 

scrambled and DMSO-treated cells with ABCA1 KO and Probucol-treated cells (Fig. 42A-D). 

This suggests that indeed overaccumulation of cholesterol in the PM was altering active integrin 

β3 cluster formation and thus retaining of pFAK397 at the FAs.  
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Fig. 41: Cholesterol loading disrupts pFAK397 stable docking to active integrin β3 clusters. A-B Quantification 
from confocal images (Fig. A and B) of percentage of cells with active integrin β3 clusters enriched with pFAK397 
of scrambled, scrambled loaded with cholesterol (scrambled + Chol) and ABCA1 KO cells (A) or DMSO-, DMSO 
loaded with cholesterol- (DMSO + Chol) and Probucol-treated cells (B) (n=30 from three independent 
experiments)  One-way ANOVA with Sidak’s multiple comparisons test were used for statistical analyses. Data 
are mean ± SD. ns: non-significant, *p ≤ 0.05, ***p ≤ 0.001  and ****p ≤ 0.0001. 

  

Fig. 42: Cholesterol loading disrupts the formation of active integrin β3 clusters. A-B Quantification of clusters 
number of active integrin β3 of scrambled and ABCA1 KO cells (A) or DMSO- and Probucol-treated cells (B) (n=30 
from three independent experiments). One-way ANOVA with Sidak’s multiple comparisons was used for 
statistical analyses. C-D Quantification of the size of clusters with active integrin β3 of scrambled and ABCA1 KO 
cells (C) or DMSO- and Probucol-treated cells (D) (n=30 from three independent experiments). One-way ANOVA 
with Sidak’s multiple comparisons test was used for statistical analyses. Data are mean ± SD. ns: non-significant, 
**p ≤ 0.01, ***p ≤ 0.001  and ****p ≤ 0.0001. 
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 Altogether, the results put forward that ABCA1 may promote proper focal adhesion 

formation and functioning by modulating PM’s cholesterol content and thus lateral 

organization, fluidity and order in human melanoma cells. This mechanism could then influence 

metastatic processes. 

 

To summarize, we show for the first time the impact of ABCA1 activity on human melanoma 

cells, and more precisely on their metastatic abilities. Our results indicated that the loss of 

ABCA1 activity in the melanoma cell line Hs294T lead to an accumulation of cholesterol within 

the cell which lowered the tumor cells invasion and migration potential. We demonstrate that 

this diminution of invasion potential is related to a loss of ECM degradation by the ABCA1-

depleted or -inhibited cells partially and explained by an altered invadopodia formation. 

Moreover, in the cells that lost ABCA1 activity, migration processes are altered by an improper 

activation and localization of integrin β3 leading to an abrogated stable docking of 

phosphorylated FAK into the FAs. Finally, we bring the evidence that these events occur 

because of disruption the PM’s cholesterol content which leads to the alteration of the PM 

lateral organization, order and fluidity of the cells. Therefore, we propose a mechanism for 

Hs294T cells in which ABCA1 controls the distribution of PM’s cholesterol content and 

organization, allowing digestion of the ECM by the cells and proper stable recruitment of FAK 

towards active integrin β3-enriched FAs leading to enhanced invasion and migration processes 

(Fig. 43). 
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Fig. 43: Model of the ABCA1 activity influence on Hs294T cells metastatic processes. A (1) ABCA1 activity 
influences the cholesterol distribution within Hs294T cells’ PM, creating a heterogeneous lipid packing where 
lipids and membrane proteins can diffuse actively. ABCA1 activity could also directly promote phosphorylation 
of CREB and STAT3 which could in return stabilize ABCA1 activity within the PM. (2) This specific PM lateral 
organization leads to the formation of integrin αVβ3 clusters that elicit activation of integrin β3 and trigger stable 
docking of phosphorylated FAK at the FAs and migration of the cells. This mechanism could either promote 
phosphorylation of CREB and STAT3 or be enhanced by high phosphorylation of CREB and STAT3 triggered by 
ABCA1 activity. (3) The specific PM lateral organization also influences the formation of active invadopodia which 
in turn increases the ECM degradation. (4) The rise in migration and ECM digestion finally enhances the 
melanoma cells’ invasion potential.B (1) Loss of ABCA1 expression or activity triggers the accumulation of 
cholesterol within the PM and excess is transformed into esterified cholesterol in lipid droplets. The PM fluidity 
decrease as the lipid packing rises and more homogeneous through the PM. The loss of ABCA1 activity or the 
altered PM lateral organization may inhibit the phosphorylation of CREB and STAT3. (2) The decrease of PM 
fluidity destabilizes the integrin αVβ3 (with active integrin β3) clusters formation and the retaining of 
phosphorylated FAK at FAs, thus inhibiting the motility of the cells. This process could also be involved in the 
phosphorylation levels of CREB and STAT3 decrease. (3) Accumulation of cholesterol and alteration of the PM 
lateral organization also inhibit the active invadopodia formation, partially preventing the ECM digestion. (4) 
Combined decrease in cells migration and ECM degradation lowers melanoma cells’ metastatic potential. 
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IV DISCUSSION 

IV.1 ABCA1-MEDIATED MECHANISM OF RESISTANCE TO AMPHOTERICIN B 

TOXICITY IN MAMMALIAN CELLS 

Despite the advances in the investigation of AmB interaction with lipid mono and bilayers, the 

interplay between AmB and living cells PM remains poorly understood. As AmB is still the 

main drug used against mycoses in the treatment of transplanted and immunosuppressed 

patients, it is really important to understand the molecular mechanism leading to mammalian 

cells toxicity.  

In the section IV.1.1 and IV.1.2, results performed in collaboration are presented to have a 

better understanding of the conclusion and discussion. 

 IV.1.1 ABCA1 promotes cholesterol efflux towards AmB 

Since ABCA1 activity and cellular cholesterol content are involved in the resistance against 

AmB, it is highly possible that the transporter could efflux the cholesterol to the drug. Therefore 

[3H]-cholesterol efflux studies using AmB as an artificial acceptor were performed by dr 

Tomasz Trombik, published in Wu et al. 2019 [307], and included here for sake of data 

consistency. A1G and MMG cell lines were loaded with radiolabeled cholesterol and incubated 

with AmB. The percentage of efflux performed by the cells showed that ABCA1 active cells 

displayed significantly higher cholesterol efflux to AmB (5.1%) compared to MMG cells 

(0.3%) (Fig. 44).  This result indicated that A1G cells were able to export cholesterol to AmB. 

Fig. 44: A1G cells effluxes cholesterol to AmB (adapted from Wu et al., 2019 [307]). Quantification of [3H]-
cholesterol efflux to AmB as an acceptor in A1G and MMG cells expressed in percent of efflux (n=2 from two 
independent experiments). Unpaired Student t-tests was used for statistical analyses. Data are mean ± SD. 
*p ≤ 0.05. 
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IV.1.2 AmB forms structures with cholesterol at the PM of ABCA1 active cells  

As it appeared that ABCA1-mediated cholesterol efflux to AmB is involved in the cellular 

mechanism of resistance against the drug, the AmB penetration into the cellular PM potential 

as well as its molecular organization was investigated with FLIM and microscopy anisotropy 

measurements which were performed by dr Grela, dr hab. Luchowski, dr hab. Grundziński and 

prof dr hab. Gruszecki as described in Wu et al., 2019 [307] Based on the fluorescence spectral 

shift, FLIM is able to detect changes in the molecular environment of fluorescent molecule, 

proving information about the function and the behavior of said compounds [360]. On the other 

hand, anisotropy measurement defines the molecular orientation and mobility of a fluorophore 

[361]. While incubating A1G and MMG with AmB, FLIM, analysis showed GFP and 

autofluorescence of the cells were emitting a large fraction of the signal associated with a short 

fluorescence lifetime of around 3 ns, represented in green in the pseudo-colored images (Fig. 

45 upper panels). The addition of AmB to A1G cells showed in the images an intense 

fluorescence signal at the surface of the cells characterized by a long fluorescence lifetime, 

higher than 6 ns, represented in red (Fig. 45B, upper panel)  as well as low fluorescence 

anisotropy values (Fig. 45B, bottom panel). These results suggested that AmB was forming 

antiparallel dimeric structures with a high degree of movement freedom at the regions of the 

cell PM [362,363]. In contrast, AmB-treated MMG cells were not presenting such AmB 

arrangement. Indeed, short fluorescence lifetimes were detected at the cell surface instead of 

long ones (Fig. 45D, upper panel). Moreover, an increase in fluorescence anisotropy was 

measured, suggesting a loss of mobility of AmB (Fig. 45D, bottom panel). This observation 

indicated that MMG cells were unable to prevent the insertion of AmB within their PM, leading 

to the immobilization of the drug and the formation of pore-like structures which promote 

cytotoxicity.  
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Fig. 22: FLIM imaging of AmB molecular organization in ABCA1 expressing cell lines (adapted from Wu et al., 
2019 [307]). A-D Fluorescence lifetime and fluorescence anisotropy images (upper and bottom panels, 
respectively)  of non-treated A1G (A) and MMG (B) cell lines and 20 μg /mL AmB-treated A1G (B) and MMG (D) 
cell lines for 30 min with 20 μg/mL. Fluorescence lifetime and anisotropy pseudo-colors scales are represented 
at the right of each image panel. Scale bars represent 10 μm. 
 

 Combined with the [3H]-cholesterol efflux assay, the results demonstrated that the 

resistance mechanism of A1G was induced by the ABCA1-mediated export of cholesterol to 

AmB, blocking the insertion of the drug within the PM via the formation of cholesterol-AmB 

structures.  To consolidate this model, fluorescence emission spectra analysis of A1G and 

MMG cells treated or not with AmB were performed by Dr.  (Fig. 46A and B, upper panels). 

After removing the GFP emission spectra from the emission spectra of combined GFP and 

AmB, the spectral forms of AmB only in A1G and MMG cells were obtained (Fig. 46A and 

B, bottom panels). In both cell lines, AmB fluorescence possessed a broad band between 430 

and 500nm which indicated the formation of dimers, both parallel and antiparallel dimers 

compared to the membrane plan [362]. However, AmB spectrum in MMG cells presented an 

additional long-wavelength band between 500 and 600 nm, which is associated with the 

formation of AmB higher order of molecular structures such as tetramers. These structures are 

able to penetrate sterol-rich membranes [363], potentially leading to the disruption of the ionic 

equilibrium of cells membranes and cellular toxicity. 



71 
 

 

Fig. 23: ABCA1-mediated cholesterol efflux influence AmB molecular organization at the cells’ surface (adapted 
from Wu et al., 2019 [307]). A-B Fluorescence emission spectra recorded at the surface of A1G (A) and MMG (B) 
cell lines. Fluorescence emission spectra of non-treated cells (black line) or AmB-treated cells (red dashed line) 
are presented in the upper panel after normalization at 425 nm. Fluorescence emission  spectra obtained from 
subtraction of fluorescence spectra without  AmB from fluorescence spectra after AmB treatment are presented 
in the lower panel. 

 

 Together with the FLIM analyses and anisotropy measurements, the results strongly 

suggested that in A1G cells, ABCA1 was exporting the cholesterol towards AmB, leading to 

the formation of AmB-cholesterol bulk structures at the surface of the cells, thus decreasing the 

insertion of the drug within the cells’PM. In contrast, MMG cells that were unable to perform 

cholesterol efflux did not prevented the formation of pore-like structures within the PM, 

increasing the cellular toxicity. 

 IV.1.3 ABCA1 expression promotes resistance against AmB in mammalian cells 

The initial observation was that the resistance of RAW macrophages and CHO-K1 cells to AmB 

treatment is strongly correlated with the expression of ABCA1. This phenomenon is specific to 

ABCA1 expression for several reasons. First, cells without ABCA1 expression or expressing 

the catalytic mutant ABCA1MM were much more sensitive to treatment with AmB. Second 

although ABCG1 is the closest functional homolog of ABCA1 [364]. its expression did not 

result in AmB resistance in all tested cell lines as ABCA1 did. 

 The drug efflux pumps could be involved in AmB removal, reducing its cytotoxicity 

[365]. Nonetheless, the majority of substrates exported by the drug pumps in mammals are 

molecules removed from the cell cytoplasm [366]. As AmB remains within the PM, it is 
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unlikely the case for this drug. Moreover, the cells were treated with AmB for 2 h,  which is 

probably not long enough for the cells to develop MDR [367]. Finally, if the cells were pumping 

out AmB, both A1G and MMG cells would present a similar resistance.  

 IV.1.4 AmB forms structures with cholesterol at the PM of ABCA1 active cells 

Based on the current knowledge, there are two main modes of interaction of AmB with 

biomembranes. The first one is the “intramembranous” mode and the second one is 

“extramembranous”. In both cases, sterol may play a key role. The intramembranous mode is 

associated with transmembrane channel formation that affects physiological ion transport. Even 

though the drug is able to form ion channels within the membranes lacking sterols  [368], 

cholesterol and more particularly ergosterol trigger the penetration of AmB into lipid bilayers 

[363]. On the other hand, the extramembranous mode may operate in an independent way than 

the intramembranous one and is based on the direct extraction of sterol molecules from 

membranes and the formation of AmB-sterol supramolecular structures outside of the 

membrane, also called “sponges” [315,369]. The combination of FLIM and fluorescence micro-

spectroscopy allowed the analysis of the localization of AmB upon addition to the cells, as well 

as its type of molecular organization forms. The results showed that only cells expressing the 

active form of ABCA1 induced the formation of AmB extramembranous structures. It 

suggested that this mode was not associated with a passive cholesterol extraction by the AmB 

but rather the formation of bulk AmB-cholesterol structures in which sterol molecules were 

actively effluxed to the antibiotic by ABCA1. These structures were characterized by a long 

lifetime and a low anisotropy, suggesting that they were not able to be incorporated within the 

PM [363,370]. Therefore, active ABCA1 transporter elicits the resistant against AmB.  

Interestingly, a recent study reported a different defense mechanism, in which human colon cell 

lines reduced AmB toxicity by forming AmB-rich exosomes that extrude the antibiotic from 

the membrane [371]. However, the involvement of potential proteins participating in this 

mechanism has not been investigated yet. 

 FLIM and fluorescence spectra analyses also demonstrated that AmB dimers structures 

were dominant among its molecular organization forms. Nevertheless, the results did not help 

to analyze the cholesterol and the antibiotic stoichiometry in the extramembranous structures. 

Additionally, in MMG cells, AmB structures composed of a greater number of molecules were 

observed. These structures were associated with shorter fluorescence lifetimes, suggesting the 

formation of ion-channels by the drug in cells without ABCA1 expression [368].  
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 IV.1.5 ABCA1-mediated cholesterol efflux towards AmB 

The resistance mechanism was associated with cholesterol efflux to AmB in A1G cells. Thus it 

appears that AmB could act as an artificial lipid acceptor for ABCA1 transport activity. 

However, it is not clear if the drug elicits cholesterol efflux by binding first to the cholesterol 

stored in the ECDs tunnel of ABCA1 or directly to the specific PM domains HCBSs formed by 

ABCA1 in its vicinity (as described in the Introduction). Based on fluorescence spectra 

analyses, we observed that both parallel and antiparallel AmB dimers structures at the cells 

surface. Therefore, it is difficult to make any conclusion regarding the proper mechanism of 

AmB binding to ABCA1 It has been described that the amphipathic α-helices of ApoA-I, the 

natural lipid acceptor of ABCA1, were crucial for the apolipoprotein interaction with the 

transporter [372]. Mutations of these helices prevented ABCA1-mediated cholesterol efflux, 

especially in the C-terminal [144,373–376]. Therefore, other alipoproteins such as α-synuclein 

and nonhomologous peptides that contain amphipathic α-helices are able to promote ABCA1-

mediated cholesterol efflux from cells [377–380]. However, AmB does not possess these 

amphipathic α-helices. Thus, it is highly possible AmB extract directly the cholesterol in the 

sponge model from the specific PM domains formed by ABCA1 activity. Further investigation 

could give more information on this mechanism. 

 IV.1.6 AmB effect in ABCA1-expressing yeast cell is opposite to mammalian cells 

In contrast to these results, the expression of ABCA1 in yeast S. cerevisiae has been reported 

to slightly increase the sensitivity toward AmB [381]. However, the molecular mechanism was 

not investigated in detail. The transport of ergosterol by ABCA1 activity in this context was 

also not confirmed in the yeast. Furthermore, the yeasts were treated with AmB for a time longer 

than 20 h and active ABCA1-expressing yeast began to be sensitive to the drug after 6 h of 

treatment. As several genes that impact yeast detoxification, including ABC transporters, are 

upregulated during long exposure to AmB [382], some of them may hinder ABCA1 activity. 

Furthermore, the yeast cells contain ergorsterol which has a different spatial organization within 

their PM compared to cholesterol in mammalian cells [383]. AmB bind more rapidly and 

efficiently to membranes with ergosterol, forming more stable and larger oligomeric structures 

within the membrane [314,370,384]. Therefore, it is highly possible that ABCA1-expression in 

yeast cells could influence their PM organization without performing ergosterol efflux, leading 

to a higher sensitivity to AmB and the opposite outcome compared to ABCA1 activity in 

mammalian cells. 
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 In conclusion, we reported that ABCA1 was eliciting resistance against AmB by 

modulating cholesterol cellular content and efflux.  Based on these results, enhancing the 

expression of ABCA1 in a pharmacological way with LXR agonists or statins [385,386] could 

decrease the cytotoxicity effects of AmB treatment in patients.  

 

IV.2 IMPACT OF ABCA1 ACTIVITY ON PLASMA MEMBRANE LATERAL 
ORGANIZATION AND METASTATIC PROCESSES IN MELANOMA CELLS 

Investigation of ABCA1 impact on cancer development has been analyzed in several studies. 

However, to date, ABCA1 implication in human melanoma progression has not been explored 

yet. Our results show that ABCA1-mediated cholesterol efflux contributes to the resistance 

against AmB promoted, which allow us to hypothesize the impact of active ABCA1 on the 

tumors cells progression via two potential mechanisms. The first one is based directly on 

ABCA1 activity of cholesterol efflux, which decreases the cellular accumulation of these 

metabolites needed for tumor cells, and potentially influences metabolism and proliferation 

processes. The second one is indirectly associated to the PM lipids reorganization potential of 

ABCA1 activity. This process could affect cellular functions of the PM in cell-cell and cell-

ECM interactions as well as cell signalization.  

 IV.2.1 ABCA1 depletion and inactivation alter physiological processes in Hs294T 

 melanoma cells 

After generation of scrambled and ABCA1 KO cells and validation of Probucol treatment, we 

first showed that the loss of ABCA1 activity lead to inhibition of phosphorylation of CREB and 

STAT3. It is possible that ABCA1 activity impacts directly the phosphorylation of the kinases. 

For example, higher expression of WT ABCA1 in murine macrophages could trigger CREB 

phosphorylation whereas in macrophage expressing a nonfunctional ABCA1 mutant, A937V, 

pCREB level was not increased [387]. As stated in the introduction, the interaction of ApoA-I 

with ABCA1 activates  JAK2 which phosphorylates STAT3. Therefore, it is possible that even 

in the presence of a low concentration of apolipoproteins present in the serum of the medium, 

the melanoma cells with a high level of ABCA1 could also present a higher level of 

phosphorylation of STAT3.  On the other hand, the modulation of the PM lateral organization 

and PM proteins localization could also influence CREB and STAT3 phosphorylation. Indeed, 

Leung et al. demonstrated that in ovarian cancer, FAK activation by the integrin αVβ3 activated 

PLC-γ1 and PKCθ. In turn, the kinase hydrolyzed intracellular PIP2 which triggers calcium 

efflux and leads to CREB phosphorylation via Extracellular signal-Regulated Kinases 1/2 (ERK 
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1/2) [388]. Thus, it is possible that the disrupted localization of pFAK397 toward FAs that I 

observed could partially abolish the phosphorylation of CREB in ABCA1-inactive cells. 

Moreover, Li et al. showed in murine and human melanoma cells that activation of integrin β3 

leads to recruitment and activation of SRC kinase that in turn phosphorylates STAT3. Inhibition 

of integrin β3 clustering and activation with Cilengitide lowered Proto-oncogene tyrosine-

protein kinase SRC (SRC) recruitment and activation, and subsequently STAT3 

phosphorylation [389]. As we observed a disruption of active integrin β3 clusters in cells that 

lost ABCA1 activity, the diminution of STAT3 phosphorylation may be due to the same 

mechanism.  

 Moreover, PM receptors involved in CREB and STAT3 phosphorylation could also be 

affected by ABCA1 activity. For example, CREB can be activated through the Insulin-like 

Growth Factor-1 (IGF-1) signalization [390,391] and it has been shown that IGF-1 receptor 

localization and downstream signaling molecules recruitment toward lipid rafts was required 

for IGF-1 signalization [392,393]. Hence modification of the PM lateral organization by 

ABCA1 activity could alter IGF-1 receptor activation. Additionally, phosphorylation of STAT3 

also depends on TLR4 signalization [394] which activation has been shown to be disturbed by 

ABCA1 activity in murine macrophages and mice model [387,395].  

 Both signalization through CREB and STAT3 are involved in cancer migration and 

metastasis processes [344–346]. Our results confirmed these reports. However, though both 

proteins are also involved in proliferation [345,396], we did not observe differences, which 

suggests involvement of other signaling pathways, independently of ABCA1 activity, in 

Hs294T cells proliferation. 

 IV.2.2 ABCA1 activity is important for ECM degradation 

We showed that the loss of ABCA1 activity decreased the extend of digestion of the ECM. 

However, MMP-2 and MMP-9 activities were not altered in the zymography assay. It has been 

shown that MMPs localization within the PM was also important for ECM degradation [332] 

as well as recruitment of MMPs toward ECM degrading invadopodia [397]. Thus, it may 

suggest that it is not about the difference of the activity but rather improper localization of 

MMPs that stays behind the ECM degradation inhibition. Indeed, the observed reduced number 

of active invadopodia combined with the disruption of the PM lateral organization in ABCA1 

KO and Probucol-treated cells could alter proper localization of MMPs rather than their activity 

leading to a partial abolition of ECM degradation dependent on invadopodia. Additionally, 
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melanoma cells secrete microvesicles that contain ECM degrading proteins such as MMP-2 and 

MMP-9 but also other proteins able to digest the ECM [398,399], and loss of ABCA1 activity 

could alter externalization of such elements [400,401]. Therefore, further analysis of the 

microvesicles secretion by the melanoma cells, as well as their specific content, could provide 

more pieces of evidence for ECM degradation in an ABCA1 activity context. 

 IV.2.3 ABCA1 activity impacts focal adhesion formation and distribution of active 

 integrin β3 within the PM 

We demonstrated that partial inhibition of cellular motility was due to a defect of pFAK397 

proper localization towards FAs in cells without ABCA1 activity. Recruitment of FAK within 

the FAs and its autophosphorylation is crucial for cells migration processes via specific proteins 

scaffolding leading to maturation of FAs. Furthermore, pFAK397 long-term residency in FAs 

triggers their disassembly at the cell tail enhancing their motility [402,403]. Interestingly, we 

did not observe changes in phosphorylation level of FAK. In the study on the role of nestin, a 

cytoskeletal intermediate filament, on prostate cancer cells invasion, Hyder et al. also showed 

that pFAK397 localization was altered but not its signalization in nestin-downregulated cells 

[404]. The authors suggested that this event could be explained by a spatial regulation of 

pFAK397 rather than a global change in signaling since FAK function seems to be modulated 

spatially rather than globally [405,406]. Our observations are similar and suggest that ABCA1 

activity, by impacting the PM lateral organization of Hs294T cells, regulates pFAK397 stable 

spatial recruitment to FAs but not its autophosphorylation. Combined with the observed 

pFAK397 dispersed distribution throughout the cells lacking ABCA1 activity, it suggests that 

FAK could still be recruited to active integrin β3 clusters localized in other regions of the PM 

than FAs, for its autophosphorylation but could not remain in mature FAs possibly because of 

the lack of stabilization in active integrin β3 clusters. Additionally, there are also other types of 

integrins present in melanoma cells such as integrin β1 [407]. Thus, it also possibly explains 

the fact that the level of pFAK397 is unchanged under our tested conditions as FAK could be 

activated by binding to other adhesive structures rich in integrin β1. Finally, activated FAK 

promotes cells proliferation [408] and the lack of difference in proliferation observed between 

ABCA1 active and non-active cells brings some evidences for this hypothesis.  

 This abrogated stable recruitment of active FAK within FA was due to a lack of active 

integrin β3 clusters formation in cells that lost ABCA1 activity. Increased level of integrin β3 

is closely associated with elevated invasion and metastasis potential of melanoma cells [409]. 

Additionally, increased amount of integrin β3 correlates with increased rates of melanoma 
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metastases [410]. Activation of integrin β3 upon the integrin-ECM interaction leads to the 

formation of active integrin clusters that are required for downstream signalization. Inhibition 

of integrin β3 activity in melanoma A375M cells lead to a diminution of invasion abilities [411], 

which is coherent with my observation that the cells lacking formation of active integrin β3 

clusters within FAs had lower invasion potential. Though we observed diminished number of 

active integrin β3-rich FAs in the ABCA1-inactive cells, these cells formed α-Parvin-rich FAs 

at the same extent as the control cells. One explanation can be extrapolated from observation 

done on integrin β1-rich FAs of breast carcinoma cells [412]. It was shown that within one FA 

there is a mixture of active and inactive clusters of integrin β1. Apparently, for my results, the 

ratio of active to inactive integrin β3 is much higher in control cells compared to the cells devoid 

of active ABCA1. Moreover, α-Parvin could also dock to FAs in these cells via integrin-linked 

kinases (ILKs) as ILK directly binds to the cytoplasmic domain of integrin β3 but also integrin 

β1 [413]. Nevertheless, alteration in FAs functioning correlates with affected migration and 

invasion in the cells what corresponds to some previous studies on melanoma cells and changes 

in FAs’ morphology [335,414,415]. Finally, it has been reported that integrin β3 expression in 

lung carcinoma cells is required for ECM degradation by invadopodia [416], and that active 

MMP-2 colocalizes with integrin αvβ3 at the melanoma cell surface [417]. These studies help 

to explain the observed diminution of invadopodia formation and gelatin degradation by the 

cells that lost ABCA1 activity and active integrin β3 clusters formation. 

   Integrin β3 proper localization within the PM and subsequent signalization is 

influenced by PM cholesterol [418,419]. Thus, we hypothesize that ABCA1 activity impacts 

active integrin β3 clusters formation by modulating cellular PM organization. Together, svFCS 

and FLIM analyses brought evidence that indeed ABCA1 activity modified the PM lateral 

organization and order. Loss of cholesterol export and redistribution within the PM lead to its 

decreased fluidity. This specific membrane state could then slowdown diffusion of protein 

within the PM and alter their clustering within nanodomains, preventing further activation and 

signalization. We tried to mimic this condition by overloading the PM of Hs294T cells using a 

Chol and we did observe a similar repartition and size of active integrin β3 clusters between 

ABCA1 KO, Probucol-treated and cholesterol loaded cells implying that cholesterol 

accumulation within the PM does modify PM proteins localization.  

 Intriguingly, it has been reported that integrin αvβ3 is preferentially sequestered into a 

Liquid-ordered (Lo) asymmetric lipid bilayers within reconstituted systems [420]. Hence, the 

active integrin β3 clusters could be specifically localized within asymmetric lipid rafts in the 
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cells. Besides its cholesterol efflux activity, ABCA1 is also able to flop phospholipids and 

cholesterol from the inner leaflet toward the outer leaflet of the PM [164], thus potentially 

creating a favorable PM domain for active integrin β3 clusters formation and subsequent 

migration of the cells. Loss of ABCA1 activity could then prevent further asymmetry in this 

context and abrogated formation of active cluster β 3 by altering the preferential sequestration 

in lipid rafts. 

 IV.2.4 ABCA1 activity modifies the PM lateral organization, order and fluidity of 

 Hs294T melanoma cells 

In several studies, ABCA1 activity has been reported to possibly disrupt formation of lipid rafts 

[148,267,421]. Hence, we could expect a negative regulatory function of ABCA1 activity in 

Hs294T cells as several crucial pathways for tumor progression require lipid rafts assembly and 

localization of receptors within the nanodomains [330,332,333]. We observed the opposite as 

our results showed that ABCA1 activity increases invasion and migration potential of the 

melanoma cell line. It could be explained by ABCA1 ability to modify its surrounding PM lipid 

environment rather than just lipid raft disruption. Indeed, the Bodipy-SM diffusion pattern in 

control cells observed in svFCS experiments reveals that even in ABCA1-active cells, lipid 

rafts are formed and could act as signaling platforms. Upon the loss of ABCA1 activity, the 

Bodipy-SM diffusion is even more constrained, but this diffusion also appeared slower than in 

control cells. This could be linked with a higher and more homogeneous lipid packing within 

the PM observed in the ABCA1-inactive cells with FLIM that suggest a global accumulation 

of cholesterol within the PM. ABCA1 ability to modify domains within the cellular PM 

[146,148] could lead to a redistribution of cholesterol, thus forming more fluid regions of the 

PM where proteins and other lipids could be trafficking faster. The more heterogeneous 

distribution of the Di-4 lifetime within the PM of control cells indicates regions with less lipid 

packing, thus supporting this idea that in Hs294T cells, ABCA1 activity fluidifies some regions 

of their PM allowing fast localization of proteins involved in metastatic processes where they 

are required, e.g. integrin β3 towards FAs. 

 Alternative studies reported that disruption of lipid rafts formation by depletion of 

cholesterol altered signalization from PM receptors, thus, involving the PM cholesterol and 

fluidity in tumor progression [422–424]. Our results suggested an altered fluidity of the cellular 

PM provoked by cholesterol accumulation rather than depletion in case of loss of ABCA1 

activity. Similarly, Zhao et al. reported that in mice injected with breast tumor cells and in 
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human breast cancer cells, inhibition of ABCA1 activity was suppressing metastatic properties 

by an accumulation of cellular cholesterol content and a decreased fluidity of the cells PM 

[425]. We corroborate this observation in human melanoma cells. Nonetheless, we also provide 

more precise details of the PM lateral organization as svFCS is spatially and temporally more 

resolved than FRAP, the technique used by the authors to determine the PM fluidity, and the 

FLIM analysis displays precise data on lipid packing. Even though FLIM image acquisition is 

rather long (between 30 seconds and 1 minute), by combining this technique with svFCS, we 

managed to obtain information on the dynamic PM organization including global and local lipid 

order parameters. Furthermore, we also show the implication of ABCA1 activity in ECM 

degradation, and we propose a deeper mechanism of motility alteration in melanoma. 

Additionally, other studies suggest that PM cholesterol impacts other PM lipids leading to a 

modification of PM fluidity and order [426–428] supporting this hypothesis on PM fluidity 

decreased by cholesterol accumulation within the membrane. 

 Finally, it is important to note that distribution of other lipids than cholesterol is 

modulates by ABCA1 activity. Indeed, the transporter is flopping PC, PS and sphingomyelin 

SM from the inner PM leaflet toward the outer leaflet [91,162] Interestingly, these lipids are 

involved in melanoma progression [429]. For example, PIP2 is also transported via the same 

mechanism toward the PM outler leaflet by ABCA1 [430] and this phospholipid has been 

shown to be involved in the activation and formation of integrin β3 cluster in mouse melanoma 

B16F1 cells and hamster melanoma CS-1 cells.  Additionally, ABCA7 and ABCG1 are also 

involved in PM cholesterol and other lipids modulation in mammalian cell [124] and seem to 

impact melanoma development [431,432].  Hence, studying the mechanism of lipids transporter 

action on the cancer cellular PM where signalization leading to tumor progression originates 

could help us to develop new therapeutic approaches.   

 In conclusion, we reported for the first time the impact of ABCA1 activity in human 

melanoma. Additionally, we put another brick in understanding the ABCA1 influence on 

melanoma cells PM organization leading to their metastatic transition and aggressiveness in the 

human body. 
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IV.3 GENERAL DISCUSSION, CONCLUSION AND PERSPECTIVES 

 

The development of powerful microscopic and biophysical techniques in the recent years 

improved in a significant way investigations on the PM and its content organization. ABCA1 

has been reported as a key player in the active reorganization of the PM. Therefore, studies on 

the modulation of living cell membranes by the transporter increased in the recent years. The 

formation of lipids domains favorable for ApoA-I binding and ABCA1-mediated cholesterol 

export, as well as for drugs targeting specifically cholesterol as we demonstrated in this study, 

may imply a versatile role of ABCA1 on lipid rafts. Indeed, several investigations reported that 

ABCA1 was able to redistribute the PM cholesterol from the nanodomains to non-raft regions 

[148,227]. However, it is possible that via this mechanism, ABCA1 could also enriched raft 

regions in membranes already rich in cholesterol. Our study on the transporter impact on the 

melanoma suggest that it could be the case for the metastatic cell line Hs294T. We showed that 

ABCA1 activity promoted the formation of active integrin β3 clusters and stable docking of 

active FAK to the FAs, which enhance the motility of the cells. This process was due to 

ABCA1-mediated PM lateral reorganization in a potentially ‘favorable’ way for the tumor cell 

to migrate and degrade the ECM. One study on breast cancer supports this hypothesis as loss 

of ABCA1 activity led to cholesterol accumulation within the cells PM and a decrease of its 

fluidity, which inhibited cells migration [425].  

 Nevertheless, it is not clear whether ABCA1 promotes lipid rafts formations “high 

jacked” by the tumor cells for metastatic processes or the transporter ability to form non-raft 

domains allow a faster membrane-bound proteins movement within the PM.  The assembly and 

disassembly of FAs is a highly dynamic processes for cells migration. Therefore, the trafficking 

of the membrane proteins involved in this mechanism is crucial [433]. In this context, they may 

need to be rapidly transited from mature FAs to nascent FAs to promote cell motility. Moreover, 

it was described that FAs enriched in active integrin were localized within lipid rafts [434]. 

Thus, they need to also be specifically localized within the nanodomains to perform their 

function. Our FLIM analysis on Hs294T melanoma cells may suggest that ABCA1 is able to 

create both regions within the domains. Indeed, the lifetime distribution of the Di-4 dye 

indicated that the transporter could heterogenized the PM. In contrast, loss of ABCA1 activity 

leads to a more homogenous PM lipid order, decreasing SM diffusion observed with svFCS, 

thus possibly proteins trafficking too. Diminution of proteins movement could inhibit their 

recruitment and clusterisation at the regions of the PM where they are needed. Additionally, the 
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plausible loss of unique lipids domains in case of cholesterol accumulation could also prevent 

highly specific localized protein functions. Nonetheless, based on our results we are not able to 

confirm this mechanism. Further investigation on the global and local organization of the PM 

in the ABCA1 activity context would provide more information on this phenomenon.  

 Nevertheless, this study demonstrated novel insights on ABCA1 activity influence on 

the mammalian cells PM. We showed that cholesterol export by the transporter in presence of 

AmB was inducing changes in the cholesterol content distribution as well as the ability of 

ABCA1 to efflux its substrate to a drug which is not an apolipoprotein. Moreover, we 

demonstrated for the first time that the ABCA1-mediated reorganization of the PM promoted 

melanoma metastatic potential. Altogether, our data bring new information on the crucial 

influence of ABCA1 on PM associated biological processes in mammalian cells. 

 Finally, our observation on ABCA1 protein expression depending of the melanoma type 

could also give us some suggestions on metastasis development. Indeed, metastatic cell lines 

were expressing higher level of the transporter. Once the primary tumor site overgrows, cancer 

cells localized within the center of the tumor lack access to nutrients and oxygen. This 

phenomenon induces a hypoxia state that influences cells signalization pathways such as the 

hypoxia inducible factor (HIF) pathway via expression and stabilization of HIF1 subunits [435]. 

Interestingly, HIF1-β binds to the ABCA1 promoter, stimulating its expression [436,437]. Our 

results, would suggest that ABCA1 activity could impact the cancer cells potential to escape 

the primary tumor site by undergoing a switch to metastasis phenotype allowing them to invade 

the ECM and migrate through the body to find a suitable secondary niche. Thus studying 

ABCA1 expression at difference stage of the cancer progression could bring more answers 

about metastatic transition and impact of ABCA1 activity in cancer progression and 

aggressiveness.  
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V MATERIAL AND METHODS 

V.1 ANTIBODIES AND REAGENTS 

Table 5: Media and Buffers  

Target Reference Origin Use Dilution 
Primary antibody 

human ABCA1 Clone ABH.10 
MAB 10005 Millipore WB 1:1000 

ABCG1 NB400-132SS Novus 
biological WB 1:1000 

mouse ABCA1 3A1-893.1 Rat hybridoma WB 1:500 
mouse ABCA1 5A1-14.22 Rat hybridoma IF 1:1000 

active integrin β3  GPIIIa, CD61, 
EBW106 Kerafast IF 1:100 

pCREB133 #9191 Cell Signaling WB 1:1000 
pFAK397 44-625G Invitrogen IF 1:200 
pFAK397 D20B1 Santa Cruz WB 1:1000 

pSTAT3727 #9134 Cell Signaling WB 1:1000 
total F-actin AC-40, A3853 Sigma-Aldrich IF 1:100 

total FAK  C-903 Santa Cruz WB 1:1000 
α-Parvin  D7F9 Cell signaling IF, WB 1: 200, 1:1000 

Secondary antibody 
anti-mouse IgG HRP #62-652 Invitrogen WB 1:5000 
anti-rabbit IgG HRP #31466 Invitrogen WB 1:5000 

anti-rat IgG HRP #A18739 Invitrogen WB 1:5000 
anti-mouse IgG -Alexa Fluor-647  #A-3157 Invitrogen IF 1:500 
anti-rabbit IGgG -Alexa Fluor-488 #A-21206 Invitrogen IF 1:500 

  

The antibodies anti-mouse ABCA1 (clone 3A1-891.3 and 5A1-1422) were obtained  by Rat 
hybridoma culture as describe later. Using affinity chromatography on Protein G agarose 
(Merck-Millipore), the antibodies were purified using the ÄKTA pure chromatography system 
(GE) 

 Proteinase and phosphatase inhibitors were purchased from Thermo Fischer Scientific, 
bovine serum albumin (BSA) and dimethyl sulfoxide (DMSO) from Bioshop cholesterol from 
Northern Lipids Inc. and methyl-β-cyclodextrin (MβCD) from Alfa Aesar. Dithiothreitol (DTT) 
was purchased from Sigma-Aldrich. All commonly used biochemical reagents stated below 
were purchased either from Sigma-Aldrich or Bioshop.  
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V.2 MOLECULAR BIOLOGY 

 V.2.1 Generation of A1G and MMG plasmids 

The orginial pBudCE4.1 plasmids (Invitrogen) containend a gene encoding the ABCA1 
transporter wild-type or MM mutant (Fig. 47) and fused with GFP under the control of the 
Ef1α promoter. Because overexpression of active ABCA1 can be toxic for the cells, the 
plasmids were digested by XbaI restrictive enzyme to removed Ef1α promoter upstream of the 
Abca1 gene. The mouse Pgk promoter was amplified by PCR using the following primers: 
pPGK_F (5′ACCCTCGTCGAGCTAGCTTCCTACCGGGTAGGGGAGGCGC3′) and 
pPGK_R 
(5′GGGGGATCCACTAGTTCTAGAGCGGCCGCGACCACGTGTCGAAAGGCCCGGA
GATGAGG3′) on the matrix of MXS_PGK vector. PCR fragments containing the mouse Pgk 
promoter were ligated with the XbaI linearized vector containing  Abca1 or abca1mm gene 
with the Gibson assembly kit (New England Biolabs). After subcloning in E. coli DH5α, the 
new plasmids were checked by sequencing and used for CHO-K1 cells transfection as 
described later. 

Fig. 47: WT ABCA1 (A1G) and mutant MM (MMG) with GFP. Schematic representation of the WT ABCA1 protein 
with a GFP (green) tag on the C-terminal (A1G, on the left) and ABCA1 mutated form with Lysine 939 and 1952 
exchanged for Methionine (K939M, K1952M, red stars) with a GFP tag on the C-terminal (MMG, on the right). 
The mutations prevent ATP  to bind to the NBDs. Therefore the protein is correctly fold but inactive. ECD : 
extracellular domain, NBD: nucleotide-binding domain, TMD: transmembrane domain, GFP: green fluorescence 
protein. 

 V.2.2 CRISPR/Cas9 inactivation of ABCA1 gene 

For the knockout (KO) of ABCA,1 Alt-R CRISPR-Cas9 System-RNP transfection was used. 
HiFi Cas9 Nuclease V3, Alt-R CRISPR-Cas9 crRNA, which contains a target-specific 20 
nucleotides protospacer domain and a 16 nucleotide sequence that is complementary to the 
tracrRNA and Alt-R CRISPR-Cas9 tracrRNA, a 67 nucleotides RNA sequence which need to 
be fused to the crRNA to form the guide RNA recognized by S. pyogenes Cas9, were purchased 
at Integrated DNA Technologies. Oligos were resuspended in Nuclease-Free duplex buffer to 
make 100 μM stock. Then,  the  Alt-R CRISPR-Cas9tracrRNA fused with the Alt-R CRISPR-
Cas9 crRNA containing the target sequence to ABCA1 
(AAGCUGGAGUGACAUGCGACGUUUUAGAGCUAUGCU) to create a guide RNA 
duplex of 1 μM final concentration.  1.5 μM of guide RNA and 1.5 μM of the diluted Cas9 
enzyme were mixed with Cas9 PLUS™ Reagent and Opti-MEM to form ribonucleoprotein 
(RNP) that were used to transfect cells as described later. 
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V.3 CELLULAR BIOLOGY 

 V.3.1 Cell culture 

Chinese Hamster Ovary – K1 (CHO-K1) cell line was purchased  from Riken Cell Bank 
(RCB0285)  and RAW 264.7 macrophages from American Type culture collection 
(ATCC,91062702). Melanoma cell lines were a kind gift from Dr. Mazur. A375 (CRL-1619) 
and Hs294T (HTB-140)  cell lines were from ATCC, WM1341D (WM1341D-01-0001) and 
WM9 (WM9-01-0001) from Rockland Immunochemicals, Inc and SK-MEL-28 (300337) from 
Cell Lines Service GmbH. 

Table : Media and Buffers  

Medium/buffer  Abbreviation Origine 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid HEPES Gibco 

Delipidated serum Δ FBS  Biowest 

Dulbecco’s modified Eagle’s medium DMEM Gibco 

Foetal Bovine Serum FBS Gibco 

Ham's F-12 Nutrient Mix F-12 Gibco 

Hank's Balanced Salt Solution HBSS Gibco 

L-glutamine 200mM L-glu Gibco 

Low ImmunoglobulinG Foetal Bovine Serum Low IgG FBS  VWR  

New Born Calf Serum NBCS Gibco 

Opti-Minimum Essential Media™  
Reduced Serum Medium, GlutaMAX™ 

Opti-MEM Gibco 

Phosphate Buffer Saline 1X  PBS 1X  Gibco 

Penicillin-Streptomycin (10,000 U/mL) Pen-strep Gibco 

Trypsin/Ethylenediaminetetraacetic acid (EDTA) TE Gibco 

 

CHO-K1 cells were cultured in Ham’s F-12 supplemented with 10% NBCS,100 U/ml 
penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (complete Ham’s F-12). RAW cells 
and melanoma cell lines were cultured in DMEM supplemented with 10% FBS, 100 U/ml 
penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (complete DMEM). All cells were 
cultured at 37°C in a humidified atmosphere containing 5% CO2. All cells were subcultured 
twice a week by first washing the cells with PBS 1X and trypsinizing them with TE for 5 min 
at 37 °C. Cells were then resuspended in complete media, counted using a counting chamber 
Malassez (Carl Roth), centrifugated for 5 min at 300g to remove dead cells and cellular debris 
and seeded in complete media at cell concentration needed. Aliquot of cells at early passage 
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were stored in liquid nitrogen at -196°C in FBS supplemented with 10% DMSO. Frozen cells 
were rapidly thawed and cultured for at least 2 days before seeding them for experiments.  

 To produce 3A1-891.3 and 5A1-14.22 antibodies, rat hybridoma cells (clone 3A1-891.3 
and 5A1-1422) were cultured in DMEM supplemented with 7.5% Ultra Low IgG FBS at 37 
°C, 5% CO2 until the total culture volume reached approximately 150 ml. Then, the culture was 
continued while progressively increasing the total volume and decreasing the FBS 
concentration until it was less than 1%. Cells were incubated in these culture conditions for 7 
days. Then cells were harvested and the cell culture medium containing antibodies was filtered 
through a 0.22 µm filter and kept for antibody purification described above.  

 Cells were routinely controlled for mycoplasma using the LookOut® Mycoplasma PCR 
Detection Kit (Merck) according to the manufacturer’s recommendations. PCR products were 
loaded on a 1% agarose gel and compared to positive control while exposing the gel to UV with 
the necessary safety precautions. 

 V.3.2 Cell transfection 

To generated CHO A1G and MMG cell lines, CHO-K1 cells were incubated at 5 x 105 cells in 
six well plates in complete F-12 overnight at 37 °C 5% CO2 to let the cells adhere.  The next 
day, the medium was changed for Opti-MEM and cells were transfected with  2.5 µg of plasmid 
either  ABCA1-GFP (A1G) or ABCA1MM-GFP (MMG) using  Lipofectamine 3000 (Life-
Technologies) according to the manufacturer’s recommendation. After 8 h of incubation at 37 
°C, 5% CO2, medium was changed back for complete F-12 and cells incubated for 48 h at 37 
°C, 5% CO2. Cells were then transferred in complete F-12 to a 60mm Petri dish after 3 washes 
in PBS 1X and trypsinization with TE. Cells were incubated until they attached to the bottom 
of the Petri dish and medium was supplemented with Zeocin (Gibco) at 150 µg/ml for clonal 
selection and cells were incubated at 37 °C, 5% CO2 until clones emerged while being washed 
every day to remove the dying cells. Clones were then handpicked using a small tip and 
separated in 48 wells plate. Expression of GFP was analyzed with flow cytometry (described 
later) to assess if the cells were expressing either A1G or MMG. After confirmation, cells were 
cultivated in complete F-12 with Zeocin 100 µg/ml to keep the selection pressure of cells 
resistant for the antibiotic. Clones were routinely checked with flow cytometry. 

 To generate Hs294T scrambled and ABCA1 KO cells, they were seeded at 5 x 105  in a 
6 wells plate in complete DMEM and incubated overnight at 37 °C 5% CO2 to let the cells 
adhere. Medium was then changed to Opti-MEM and cells were transfected using the Alt-R 
CRISPR-Cas9 System (Integrated DNA Technologies) according to the manufacturer’s 
recommendations. RNP with 1.5 µM of scrambled or ABCA1 KO crRNA:tracrRNA with 1.5 
µM of Cas9 enzyme were transfected with CRISPRMAX solution (Thermo Fischer). After 8 h 
of incubation at 37 °C, 5% CO2, medium was changed to complete DMEM and cells were 
incubated for 48 h at 37 °C, 5% CO2. Part of the cells were then lysed as described later to assess 
ABCA1 level expression by Western blot technique (WB). Scrambled and ABCA1 KO cells 
were routinely checked with this technique. 
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V.3.3 Cell treatments and cholesterol loading 

  V.3.3.1 Probucol treatment 

For Probucol (Sigma-Aldrich) treatment, A1G, MMG, Hs294T WT were seeded at cell 
concentration needed for the experiments and incubated overnight to let cells adhere at 37 °C, 
5% CO2. A1G and MMG were then treated with 10 µM whereas Hs294T with 12.5 µM for 2 h 
at 37 °C, 5% CO2 in complete media. Cells were treated in parallel for the same duration with 
0.1% DMSO as vehicle control.  

    Fig. 48: Probucol molecular structure. 

To determine Probucol concentration for Hs294T, we used FLIM analysis with the Di-4 probe 
as described below in the FLIM section after treating cells with Probucol at 10 µM and 12.5 
µM for 2 h. We determine that the 12.5 µM concentration was affecting Hs294T ABCA1 
activity more efficiently as Di-4 lifetime was of 12.5 µM Probucol-treated cells were similar to 
ABCA1 KO cells. 

Fig. 49: Determination of optimal Probucol concentration in Hs294T WT cells. A FLIM analysis on Di-4 labelled- 
WT cells treated with DMSO, 10 µM Probucol or 12.5 µM Probucol for 2 h (n=30 from three independent 
experiments). One-way ANOVA with Sidak’s multiple comparisons test was used for statistical analyses. B FLIM 
analysis on Di-4 labelled- scrambled and ABCA1 KO cells (n=30 from three independent experiments). Unpaired 
Student t-tests were used for statistical analyses. Data are mean ± SD. *p ≤ 0.05 and ****p ≤ 0.0001 

For experiments needing a longer time of incubation of the cells (for example migration and 
invasion assays), cells were kept in complete media with 12.5 µM Probucol or DMSO for the 
full duration of the experiments. 
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  V.3.3.2 Zaragozic acid treatment 

ZA (Fig. 50) metabolically inhibits the synthesis of cholesterol by preventing the squalene 
synthase activity, the first key enzyme in cholesterol synthesis in mammalian cells  [438]. 
Therefore, treatment with this inhibitor reduces cellular cholesterol level. A1G and MMG cell 
lines were seeded at either 1x104 cells per well in a 96-well plate (cytotoxicity) or 4x105 cells 
per well (cholesterol content) in a 6-well plate in complete  F-12  overnight at 37 °C, 5% CO2 

to let the cells attach to the plates. The cells were then washed 3 times with F-12 medium 
supplemented with Δ FBS medium to prevent lipids from NBCS to be imported within the cells, 
and incubated with 10 µM ZA in Δ FBS medium for 16 hours at 37°C, 5% CO2. Cells were 
then either used for cytotoxicity assay or lysed for cholesterol content measurement as 
described later. 

    Fig. 50: Zaragozic acid molecular structure. 

  V.3.3.3 Cholesterol loading 

To form Methyl-β-cyclodextrin(MβCD):cholesterol (Chol) complexes, 7.6 mg of cholesterol 
(Northern Lipids Inc) was resuspended in 153 µL of chloroform:methanol at a ratio 2:1 in a 
glass tube. After mixing the solution and drying it under a dried nitrogen airstream, the 
cholesterol solution was ressupended with 2 mL of 256 mg of MβCD (Alfa Aesar) in water. 
The obtained MβCD:cholesterol (100 mM:10 mM) complexes were sonicated for 20 min at 
room temperature in a water bath and shaken overnight at 37 ◦C at 500 rpm. Then, 
MβCD:cholesterol was filtered with a  0.22 µm filter and stored at −80 ◦C.  

 To reload cholesterol after ZA treatment, A1G and MMG cells treated with ZA were 
washed 3 times with Δ FBS medium to remove the inhibitor. Then the cells were incubated 
with 100 µM cholesterol-1 mM methyl-β-cyclodextrin complex in Δ FBS medium for 30 
minutes at 37°C, 5% CO2 in Δ FBS medium. After treatment, cells were either used for 
cytotoxicity assay or lysed for cholesterol content measurement. 

 To study the impact of cholesterol accumulation within Hs294T PM, scrambled and 
ABCA1 KO cells were incubated with Chol (final concentration of 1 mM MβCD and 0.1 mM 
cholesterol) in complete medium for 30 min at 37ºC, 5% CO2 prior to immunostaining. For 
DMSO- and Probucol-treated cells, cells were first treated with 0.1% DMSO or 12.5 µM 
Probucol for 90 min at 37ºC, 5% CO2 then with 0.1% DMSO or 12.5 µM Probucol and with 
Chol (final concentration of 1 mM MβCD and 0.1 mM cholesterol) in complete medium for 30 
min at 37ºC, 5% CO2 prior to immunostaining. 
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 V.3.4 Cytotoxicity assay 

To assess cell viability after treatment with AmB (Fig. 51), MTT assays  ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were used. A1G and MMG cell lines 
and DMSO- and GW-treated RAW were seeded at 1x104 cells/well for CHO cells and 2x104 
cells for Raw in triplicate in 96-well plates and incubated in complete F-12 or complete DMEM, 
respectively, at 37ºC, 5% CO2 overnight to allow the cells to attach to the plate. After 
incubation, media were removed and AmB was added in complete F-12 or DMSO, in ΔFBS 
medium, at increasing concentrations (from 0 to 40 µg/ml) and cells were incubated for 3 h at 
37°C. For probucol treatment, the cells were preincubated with 10 µM probucol in complete 
DMEM at 37ºC, 5% CO2 for 2h. Then the medium was removed and AmB was added in 
increasing concentrations (from 0 to 40 µg/ml) in complete DMEM containing 10 µM probucol 
and incubated for 3 h at 37°C, 5% CO2. After incubation, the medium was removed and MTT, 
at 0.5 mg/ml (Sigma-Aldrich) in complete F-12 or DMEM ΔFBS medium was added. Cells 
were incubated for 4 h at 37°C, then MTT solution was removed  and the formazan crystals 
obtained by reduction of MTT in the mitochondria of living cells were dissolved in DMSO 
(Fig. 52). The plates were shaken for 10 minutes and absorbance was readen on a UVM 340 
microplate reader (Biogenet) at 550 nm with a reference wavelength of 630 nm. The cell 
viability was estimated as the percentage of the control presented as, which was the cells not 
treated. IC50 values were determined with the nonlinear fit of cell viability per AmB 
concentration  

      Fig. 51: Amphotericin B molecular structure 

Fig. 51:  Molecular structures of MTT (yellow solution) reduced in Formazan crystal (purple solution when 
dissolved) 
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 V.3.5 Proliferation 

Proliferation assays were performed using a 5 Bromodeoxyuridine (BrdU) cell proliferation 
assay kit (BioVision) according to the manufacturer. Hs294T WT, scrambled, and ABCA1 KO 
were seeded at 3x103 in 96 wells plate and incubated at 37°C, 5% CO2 for 72h. Then non-
treated and treated cells were incubated with BrdU solution at 37°C for 4 h. After removal of 
BrdU solution, cells were incubated with a Fixing/Denaturing Solution at room temperature for 
30 min. BrdU Detection Antibody solution was added into each well and the plate was 
incubated at room temperature for 1h with gentle shaking. After two washes with the Wash 
buffer,  Anti-mouse HRP-linked Antibody Solution was added for 1h at room temperature. 
After 3 washes, the substrate was added to the wells for 30 min and then the enzymatic reaction 
was stopped with the Stop solution. The absorbance of wells was finally measured at 450 nm 
with a μQuant plate reader (Bio Tek Instruments, Inc.). The BrdU incorporation is presented as 
a relative invasion factor (fold), with 1 taken as the number of cells invading under control 
conditions. 

 V.3.6 Cell migration Assay 

2D spontaneous migration was monitored using IncuCyte ZOOM System (Essen BioScience). 
Hs29T scrambled, ABCA1 KO, DMSO- and Probucol-treated cells were seeded at 1 x 103 cells 
per well into 96-well in complete DMEM or complete DMEM with DMSO or 12.5 µM 
Probucol in IncuCyte ImageLock plates (Essen BioScience). Phase-contrast time-lapse photos 
were collected using IncuCyte® Live-Cell Analysis System with 10x objective every 2 h for 
72 h. The single cell distance have been analyzed using Manual Tracking plug-in for ImageJ 
(F. Cordelieres, Institute Curie, Paris, France). 30 cells in total for each cell conditions from 
three independent experiments were analyzed. 

 V.3.7 Transwell invasion assay 

The cell invasion assay was  performed using Transwell filters (BD Bioscience) coated with 
Matrigel (BD Bioscience) at a final concentration of 1 mg/mL diluted in a serum-free medium. 
After 24 h of cell starvation, Hs294T scrambled, ABCA1 KO, DMSO- and Probucol-treated 
cells were seeded at  5 x 104 onto a Transwell filter with a Matrigel layer in 500 µL of serum-
free medium. As a chemoattractant, placed in a lower compartment, medium containing only 
20% FBS was used. Upon 24 h incubation at 37°C, cells remaining on the upper side of the 
filter were removed together with Matrigel. The cells on the lower side of the filter were fixed 
with 4% FA solution for 20 min at room temperature, stained with Hoechst 33342 (1:2000) and 
counted under a fluorescent microscope (Olympus). The cells with invasion ability are 
presented as a relative invasion factor (fold), with 1 taken as the number of cells invading under 
control conditions. 

 V.3.8 ECM degradation assay 

Fluorescein-gelatin degradation assays were adapted from [439]. Hs29T scrambled, ABCA1 
KO, DMSO- and Probucol-treated cells were seeded at 2 x 104 cells on fluorescein-labeled 
gelatin-coated glass coverslips and incubated for 24 h at 37°C, 5% CO2 in complete medium. 
Cells were then washed three times with PBS 1X, fixed 4% FA solution for 20 min at room 
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temperature, washed once again three times with PBS 1X and labeled with Hoechst 33342 
(1:1000) and Alexa Fluor 568-labeled phalloidin (1:100) for nuclei and F-actin, respectively. 
After three final washes with PBS 1X, and one time with deionized H2O, coverslips were 
mounted on slides using Dako Mounting Medium and cells were imaged using a 63X oil 
immersion objective on a LEICA SP8 confocal microscope (LEICA) with LAS X software. 
The numbers of cell digesting the fluorescein-gelatin and of the invadopodia formed were 
estimated manually by using the ImageJ software and expressed as percentages. 

 V.3.9 Flow cytometry 

  V.3.9.1 14.22 and ApoA-I fluorescent conjugaison  

The antibody against ABCA1 purified from the hybridoma 5A3 14.22 and ApoA-I (Sigma-
Aldrich) were coupled with Alexa Fluor-647 (Thermo Fischer) according to the manufacturer’s 
protocol. The dye was resuspended in DMSO at final concentration 10 mg/ml. The antibody 
and ApoA-I were mix at a ratio mol antibody/ApoA-I 1:20 mol dye in a 0.1M sodium 
bicarbonate buffer pH 8.5 for 2 h on rotation cover from the dark at room temperature. 
Meanwhile, a Zeba column (Thermo Fischer) was equilibrated with PBS 1X by centrifuging 
the column 3 times at 1000 g 2 min at room temperature and loading the column with PBS after 
the centri. After the incubation time with the dye was finished, le mix protein/dye was loaded 
in the Zeba column and the excess free Alexa dye was removed by size-exchange 
chromatography. The ratio of protein/dye and the the concentration of the labeled protein were 
measured with a NanoDrop 2000 spectrophotometer (Thermo Fischer). The ratio was 
calculated based on the equation : 

Moles dye per mole protein = (Amax of labeled protein ÷ (ε' x protein concentration) x dilution 
factor 

Where Amax is Absorbance of dye measure at wavelength max and ε' the dye molar extinction 
coefficient. 

5A3 14.22 – Alexa Fluor-647 ratio was around 9 mol of dye per mol of antibody and ApoA-I 
– Alexa Fluor-647 around 5 mol of dye per mol of alipoprotein. 

  V.3.9.2  ABCA1-labelled measurement 

CHO-K1, A1G and MMG cell lines were harvested and transfer to a 96 V-bottom wells plate 
at 5 x 105 cells per well. Cells were then centri at 300g for 5 min at 4°C and washed with PBS 
1X. Cells were once again washed with the same process and after a last centri, they were 
resuspended in 150 µl of PBS 1X in round bottom FACS tubes. The GFP intensity from the 
living cells was measured in the FITC channel on a NovoCyte Flow Cytometer (ACEA 
Biosciences) using the NovoCyte software. The population of living cells were gated to 
removed dead cells and debris from the analasis.  

 After stimulation of RAW with 10 µM GW or DMSO for 24 h at 37 °C, 5% CO2, cells 
were harvested and washed using the same process. Cells were blocked in PBS 1X / BSA 1% 
for 30 min at room temperature then labelled with 5A3 14.22 – Alexa Fluor-647 for 1 h at 4 °C 
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cover from the dark. Cells were then once again washed twice and analyzed with Flow 
cytometry in the APC channel as described above. 

  V.3.9.3 ApoA-I binding 

A1G and MMG cells were harvested and 3 × 105 cells were transferred to a 96 V-bottom wells. 
Cells were then washed twice in a binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 1.8 
mM CaCl2, 5 mM KCl and 1 mM MgCl2). Then cells were ressuspended in the binding buffer 
complemented with 0.05% BSA and 15 µg/mL of ApoA-I-Alexa Fluor-647 for 1h at 4 °C cover 
from the dark. 1 were then resuspended in binding buffer sup- plemented with 0.05% BSA and 
containing 15 µg/mL of ApoA1 directly coupled with Alexa Fluor 647 and incubated for 1 h at 
4 °C. Cells were then once again washed twice and analyzed with Flow cytometry in the APC 
channel as described above. 

 

V.4 BIOCHEMISTRY 

 V.4.1 Western Blot analysis 

Cells were harvested, washed three times with PBS 1X lysed with RIPA buffer (25 mM HEPES, 
pH 7.4, 150 mM NaCl, 1% NP40, 10 mM MgCl2, 1 mM EDTA) supplemented with 2% glycerol 
and proteinase or proteinase and phosphatase inhibitor cocktails for phosphoproteins for 30 min 
on ice. After centrifugation for 10 min at 10,000g, samples were denatured with a two times 
concentrated loading buffer (8 M urea, 250 mM Tris/ HCl pH 6.8, 10% SDS, 20% glycerol, 
0.008% bromophenol blue, 100 mM DTT) for ABCA1 expression analysis and regular 2X 
Laemlli buffer for other proteins, and incubated at 95°C for 10 min. Protein concentration was 
measured with ROTI assay and 30 μg of proteins were loaded either on a 5,5% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for the one bigger than 100 kDa and 
12% for the one smaller than 100 kDa, Then proteins were electro-transferred to polyvinylidene 
fluoride (PVDF) membranes using the Trans-Blot Turbo transfer system (Bio-Rad) in transfer 
buffer (48 mM Tris, 39 mM glycine, 0.1% SDS, 10% methanol, pH 9.2). Membranes were then 
blocked either in 5% skimmed milk in TBS-T (50 mM Tris/HCl pH 7.6, 150 mM NaCl 
supplemented with 0.05% Tween-20) for proteins or in 5% bovine serum albumin (BSA) in 
TBS-T for phosphorylated proteins for 1 h at room temperature then incubated with primary 
antibodies (in 1% skimmed milk or 1% BSA in TBS-T) overnight at 4°C. Excess of primary 
antibodies were removed by washing the membrane three times in 1% skimmed milk or 1% 
BSA in TBS-T before incubation with horseradish peroxidase-labeled secondary antibody  for 
1 h at room temperature. After several washes with TBS-T, the presence of protein was revealed 
using Western Lightning Plus-ECL (PerkinElmer) on a ChemiDoc System with ImageLab 
software (Bio-Rad). The densitometric analyses were performed using ImageJ. The bands were 
standardized to the loading control and then normalized against the mean of protein expression 
in the control group. 

 V.4.2 Protein kinase phosphorylation assay 

Protein kinase phosphorylation was assayed using a human phosphokinase array kit (R&D 
system, cat. # ARY003B) following the manufacturer's instructions. Hs294T scrambled, 
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ABCA1 KO, DMSO- and Probucol-treated cells were harvested, washed three times in PBS 1X 
and lysed with the Lysis buffer supplemented with proteinase and phosphatase inhibitor 
cocktails for 30 min at 4°C. Then lysates were centrifuged for 5 min at 14000g. Membranes A 
and B were blocked in Array Buffer 1 for 1 h at room temperature, then 600 µg of protein in 
Array buffer 1 were added for one set of membranes A and B for each cell condition and 
incubated overnight at 4°C with gentle shaking. Afterwards membranes were washed three 
times with the 1X Wash Buffer for 10 min at room temperature and incubated with either the 
Detection Antibody Cocktail A (membrane A) or the Detection Antibody Cocktail A 
(membrane B) for 2 h at room temperature with gentle shaking. Membrane were once again 
washed three times and labeled with the Streptavidin-HRP in 1X Array Buffer 2/3 for 30 min 
at room temperature with gentle shaking. Membranes were washed three times, Chemi Reagent 
Mix was added for 1 min prior to the protein presence reveal using a ChemiDoc System (Bio-
Rad). 

 V.4.3 Cholesterol content measurement 

The cells were harvested and lysed as described in Western Blot analysis. Protein concentration 
was measured with ROTI assay. Total and free cellular cholesterol level was determined 
enzymatically by cholesterol oxidase using the Amplex Red Cholesterol Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer’s recommendations. For cholesterol content 
estimation, an equivalent of 5 µg of proteins was used. Samples were mixed with Amplex Red 
reagent/HRP/cholesterol oxidase/cholesterol esterase working solution for total cholesterol 
Amplex Red reagent/HRP/cholesterol oxidase working solution for free cholesterol and 
incubated for 30 min at 37°C under light exclusion conditions. Fluorescence was measured 
using excitation at 560 nm and emission detection at 590 nm with a Cary Eclipse fluorescence 
microplate reader (Agilent Technologies) for A1G, MMG and melanoma cell lines or with a 
GloMax DiscoverMicroplate Reader (Promega) for Hs294T scrambled, ABCA1 KO, DMSO- 
and Probucol-treated cells. The background was subtracted from the final value. The cholesterol 
concentration was established using a standard curve. The final cholesterol content was 
calculated in ng of cholesterol per µg of protein. Esterified cholesterol content was determined 
by subtracting the free cholesterol content from the total cholesterol content. 

 V.4.4 Gelatin zymography assay 

Hs294T WT, scrambled and ABCA1 KO cells were cultured in 75 cm2 flasks in complete 
medium at 37°C, 5% CO2, until reaching 70% of confluence. Cells were then washed 
thoroughly and incubated with serum-free medium and treated or not for 72 h at 37°C, 5% CO2. 
Media were then collected, centrifuged for 20 min at 7,000g at 4 °C and concentrated with an 
Amicon Ultra centrifugal filter with a 10 kDa cutoff (Merck). Then, 5 µg of the concentrated 
media were mixed to a final ratio of 1:1 with a 2x nonreducing loading buffer (10 mM Tris pH 
6.8, 1% SDS, 10% glycerol, 0.03% bromophenol blue), incubated for 20 min at 37°C and 
loaded into a 10% SDS-PAGE with 2.65 mg/ml of gelatin in H2O. After the electrophoresis, 
gels were washed with a Washing buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10 mM CaCl2, 
2.5% Triton X-100) twice for 30 min and activated in the incubation buffer (50 mM Tris pH 
7.5, 150 mM NaCl, 10 mM CaCl2) for 16 h at 37°C. Gels were then stained with the Staining 
solution (0.5% Coomassie Brilliant Blue R-250 (Merck), 30% of ethanol, and 10% of acetic 
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acid) for 30 min at room temperature with gentle agitation. Gels were finally incubated in the 
Destaining buffer  (30% of ethanol and 10% of  acetic solution in H2O) until clear bands 
representing the gelatinase activity were visible and pictures were taken with a ChemiDoc 
System (BioRad). In parallel, 5 µg of the concentrated media were loaded in a 10% SDS-PAGE 
and gels were stained with the staining solution to assess the total protein content and used as 
loading control. The densitometric analyses were performed as described previously. The ratio 
of active compared to pro-MMP was determined and expressed as percentages. The active 
integrin β3 cluster numbers and sizes were determined with the ImageJ software by uniformly 
adjusting the threshold (min=40 and max=255) to remove the background signal and using the 
‘analyze particles’ function while limiting the size between 0.50 and 5 µm2 to remove non 
clustered structured and clustered that were not resolutely separated enough. The area of cell 
spreading was also measured using the ImageJ software.  

 

V.5 MICROSCOPY 

 V.5.1 Immunostaining and confocal microscopy 

A1G and MMG cells were seeded at 1x104 cells per chamber in Lab-Tek chambers (Nunc) in 
complete F-12 and incubated for 48 hours at 37°C. Cells were then washed 3 times with HBSS 
supplemented with 10 mM HEPES, pH 7. Living cells were then imaged using a 63x oil 
immersion objective on a LEICA SP8 confocal microscope (LEICA) with LAS X software. 
Cells were illuminated with argon laser and GFP excited  at 488 nm. 

 Two days prior to the experiments, Hs294T WT, scrambled and ABCA1 KO cells were 
seeded at 1 x 104 on glass coverslips and incubated at 37°C, 5% CO2 in complete medium. 
Then, non-treated and treated cells were washed three times and fixed either with ice-cold 
methanol for 10 min (for pFAK397 combined with either total F-actin or active integrin β3 
staining) or with formaldehyde solution for 20 min at room temperature, washed three times in 
PBS 1X and permeabilized with PBS 1X / 0.1% Triton X-100 (for α-Parvin and active integrin 
β3 staining). After three other washes, cells were blocked with PBS 1X / BSA 1% for 1 h at 
room temperature. Cells were then labeled with antibodies against pFAK397, total F-actin, active 
integrin β3 or α-Parvin for 1 h at room temperature in PBS 1X / BSA 0.1%. Cells were washed 
once again three times and labeled with secondary antibodies conjugated with Alexa Fluor-488 
(pFAK397 and α-Parvin) or Alexa Fluor-647 (total F-actin and active integrin β3 staining) for 1 
h at room temperature covered from the light. Cells were finally washed three times with PBS 
1X and one time with deionized H2O and coverslips were mounted on as previously described 
and cells were imaged using a 63x oil immersion objective on a STELLARIS confocal 
microscope with LAS X software. The number of cells enriched in pFAK397 FAs and with active 
integrin β3 clusters enriched in pFAK397 were determined manually with the ImageJ software 
and expressed as percentages. FAs’ number per cell. FAs’ and cell area 

 V.5.2 svFCS measurments 

Two days prior to the experiments, Hs294T WT, scrambled and ABCA1 KO cells were seeded 
at 1 x 104 in cells 8-wells Lab-Tek Chamber Slides (Nunc) and incubated at 37°C, 5% CO2 in 
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complete medium. Immediately before measurements, non-treated and treated cells were 
washed three times in HBSS = supplemented with 10 mM HEPES, pH 7.4. Then cells were 
labeled with the fluorescent sphingomyelin lipid analog  (Bodipy-SM, Thermo Fisher 
Scientific) at 0.075 µM lipid/BSA complex in HBSS-HEPES for 10 min at room temperature 
in the dark. After incubation, cells were washed again with HBSS-HEPES. The svFCS 
measurements were performed on living cells using a custom-made svFCS apparatus based on 
Axiovert 200M microscope (Zeiss) and C-Apochromat 40×, 1,4 NA (numerical aperture) with 
an excitation 488-nm argon ion laser beam focused according to the protocol described by 
Mailfert et al. [31]. Briefly, the waist size (ω2) was calibrated using 2 nM Rhodamine 6G 
solution and 488 nm laser beam illumination at the intensity of 330 μW. For living cells 
analysis, the 488 nm laser beam was adjusted to 2–4 μW and the signal was collected via series 
of 20 runs lasting for 5 s each. The measurements were carried out on 10 to 20 individual cells 
and the obtained data were analyzed by the IGOR Pro software (WaveMetrics). The collected 
autocorrelation functions were fitted with a 2D lateral diffusion model and the mean diffusion 
time td was calculated. Four waists were analyzed in order to construct a single diffusion law. 
By plotting the mean diffusion time vs. observation surface area we obtain the svFCS diffusion 
law which indicates the character of molecular diffusion within the plasma membrane: whether 
that diffusion is free (Brownian, t0 = 0), linked to specific membrane nanodomains (of lipid or 

protein origin, t0 > 0) or depending on cytoskeleton (meshwork t0 < 0)(Fig. 52: From He and 
Marguet, 2011 [30]). 

Fig. 52: Simulated fluorescence correlation spectroscopy (FCS) diffusion laws established by spot-variation FCS 
for different membrane organizations (from He and Marguet, 2011 [30]). 
(Upper panels) Schematic representation of the membrane organization with free diffusion, meshwork barriers, 
and trap/domain confinements with the trajectory drawn for a single molecule (red). Blue circles denote the 
membrane intersection of the laser beam of waists ω. (Lower panels) FCS diffusion laws as represented by 
plotting the diffusion time τd as a function of the squared radius ω2. Diffusion law projection (green dashed line) 
intercepts time axis at the origin (t0 = 0) when free diffusion; in negative (t0 < 0) when meshwork barriers or in 
positive (t0 > 0) when traps and domains (lipid rafts). D is the lateral diffusion coefficient for Brownian motion; 
Deff, the effective diffusion coefficient; Dmicro, the microscopic diffusion coefficient inside the meshwork traps; Din, 
the diffusion coefficient inside domains; Dout, the diffusion coefficient outside domains; L, the size of the side of 
a square domain; and rD, the radius of a circular domain. 
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 V.5.3 FLIM analysis 

Two days prior to the experiments, Hs294T WT, scrambled and ABCA1 KO cells were seeded 
at 1 x 104 in cells 8-wells Lab-Tek Chamber Slides and incubated at 37 °C, 5% CO2 in complete 
medium. Immediately before measurements, non-treated and treated cells were washed three 
times in HBSS-HEPES. Cells were then incubated with 4μM di-4 ANEPPDHQ (Di-4, Life 
Technologies) for 15min at 37°C. FLIM measurements were performed on living cells at 37°C 
using an LSM 510 META microscope (Zeiss) equipped with FLIM/FCS module from 
PicoQuant. Samples will be excited at 470nm pulsed laser and imaged with a 40×C-
Apochromat WI objective (NA 1.2). Fluorescence was collected through a 500nm long pass 
filter. Acquisition time was adjusted to collect at least 1000 photons per pixel. Laser power was 
adjusted to achieve a photon collection not exceeding 900 photons/s. Data acquisition and 
processing were conducted using the SymPhoTime software (PicoQuant). Each pixel in the 
image was pseudo-colored according to the average fluorescence lifetime. Images were be 
analyzed using SymphoTime softaware (PicoQuant). To analyze only fluorescence of the cell 
plasma membranes, background and signal from inside the cells were removed. Cells’ Di-4 
fluorescence lifetimes were obtained from the average of the lifetime with maximum 
fluorescence intensity of each cell condition. Cell’s Di-4 lifetime intensity distributions were 
obtained by segmenting lifetimes in two lifetime segments: from 3 ns to 4 ns ([3,4)) and from 
4 ns to 5 ns ([4, 5]). The sum of fluorescence intensity of each segment was divided by the total 
sum of fluorescence intensity of both segments and is reported as percentage. 

 

V.6 STATISTICAL ANALYSIS 

All statistical analyses were performed using Origin 2018 (Origin lab) or GraphPad Prism 7 
software package (GraphPad). The statistical significance of differences was assessed either by 
one-way ANOVA or two-way ANOVA with Sidak’s multiple comparisons,  or by Unpaired 
Student t-tests. For all tests, the significance level (alpha, α) was set to 0.05. Data were shown 
as mean ± SD or mean ± SEM. Significant differences are indicated in individual graphs with p 
values as follows:, *p  ≤ 0.05, **p  ≤ 0.01, ***p  ≤ 0.001, ****p  ≤ 0.0001. If no differences 
were observed, ns (non-significant) is noted in the graphs.  
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