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epithelialization

@ CrossMark

Abdallah Mound®, Vesela Lozanova®, Céline Warnon”, Maryse Hermant”, Julie Robic®,
Christelle Guere®, Katell Vie®, Catherine Lambert de Rouvroit”, Donatienne Tyteca‘,

Florence Debacg-Chainiaux™', Yves Poumay™*"

& URPHYM, Namur Research Institute for Life Sciences (NARILIS), University of Namur, Namur, Belgium
b URBC, Namur Research Institute for Life Sciences (NARILIS), University of Namur, Namur, Belgium

€ Laboratoires Clarins, Pontoise, France

9 CELL Unit, de Duve Institute and Université Catholique de Louvain, Brussels, Belgium

ARTICLE INFO ABSTRACT

Keywords: Membrane lipid raft model has long been debated, but recently the concept of lipid submicrometric domains has
Lipid submicrometric domains emerged to characterize larger (micrometric) and more stable lipid membrane domains. Such domains organize
Keratinocytes signaling platforms involved in normal or pathological conditions. In this study, adhering human keratinocytes
Senescence were investigated for their ability to organize such specialized lipid domains. Successful fluorescent probing of
E:I;l};llggfe:)}iehn lipid domains, by either inserting exogenous sphingomyelin (BODIPY-SM) or using detoxified fragments of ly-

senin and theta toxins fused to mCherry, allowed specific, sensitive and quantitative detection of sphingomyelin
and cholesterol and demonstrated for the first time submicrometric organization of lipid domains in living
keratinocytes. Potential functionality of such domains was additionally assessed during replicative senescence,
notably through gradual disappearance of SM-rich domains in senescent keratinocytes. Indeed, SM-rich domains
were found critical to preserve keratinocyte migration before senescence, because sphingomyelin or cholesterol

Keratinocyte migration

depletion in keratinocytes significantly alters lipid domains and reduce migration ability.

1. Introduction

The heterogeneity of plasma membrane and organization, as well as
their local specializations into signaling platforms have been proposed,
based on various analytical techniques and observations, intending to
attribute specific functions to specialized membrane areas [1]. Among
lipid membrane components, cholesterol and sphingolipids are con-
centrated in special lipid domains characterized for instance by local
reduced fluidity of the membrane [2], or by association with specia-
lized proteins like caveolins [3], and possibly involved in highly specific
functions like those of striated muscle T-tubules [4]. Often named ‘lipid
rafts’, and defined as “small, heterogeneous, highly dynamic, sterol-
and sphingolipid-enriched domains that compartmentalize cellular
processes” [5], lipid-rich domains can either be evidenced in cellular

membranes by their particular resistance to detergents [6], by their
association with caveolins and flotillin, or by their low density when
analyzed through isopycnic separation of membrane fragments [7].
Microscopic demonstrations of such specialized domains have for long
required rather sophisticated techniques and have been often per-
formed by analysis of artificial membranes [8]. Recently developed
fluorescent probes however have nowadays proven that specialized
submicrometric lipid membrane domains, enriched in sphingomyelin
and/or cholesterol, can be visualized using confocal microscopy at the
membrane of erythrocytes [9-13].

Trying to understand whether these cholesterol- and sphingo-
myelin-enriched plasma membrane domains can influence human
keratinocytes in perception of their environment, we used the fluor-
escent probes to analyze for the first time adherent epidermal cells. The

Abbreviations: SM, sphingomyelin; SMase, sphingomyelinase; BODIPY-SM, N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl) sphingosyl phosphocholine; NBD-
SM, N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sphingosine-1-phosphocholine; SA-fgal, senescence-associated B-galactosidase; CPD, cumulative population doublings;
aSMase, acid sphingomyelinase; nSMasel, neutral sphingomyelinase 1; SMS2, sphingomyelin synthase 2; EGFR, epidermal growth factor receptor; MBCD, methyl-B-cyclodextrin
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first step was to detect whether lipids like cholesterol or sphingomyelin
(SM) do cluster or not into lipid microdomains in keratinocyte mem-
branes. Thus, procedures initially developed for erythrocytes were
adapted for studies of adherent keratinocytes. To avoid potential mis-
takes due to eventual curvatures of the plasma membrane (e.g. in mi-
crovilli), observations were exclusively performed while focusing on
the membrane anchored to the perfectly flat culture substratum. The
basal membrane in cultured keratinocytes is indeed likely the only one
being planar enough for trustable identification of submicrometric lipid
domains using the above-mentioned approach in a confocal micro-
scope.

In human skin, the barrier requires epidermal homeostasis involving
keratinocytes proliferation, migration, and differentiation. The epi-
dermal cell turnover becomes affected by aging as it slows down for
instance in the elderly [14,15]. Perception of environmental informa-
tion and consecutive adaptive cell responses happen through the ker-
atinocyte plasma membrane, for instance by means of activation of
signaling receptors or by engagement of adhesive transmembrane
proteins. Interestingly, receptors and adhesive proteins are believed to
localize in specialized membrane areas, where several actors gather in
platforms devoted to control proliferation, differentiation, but also
migration, potentially creating abnormal phenotypes in human kerati-
nocytes and altering thereby the epidermal barrier [16,17]. Thus, the
second step in this study was to investigate whether lipid domains are
involved during senescence of epidermal keratinocytes, in correlation
with eventual altered functioning.

Data hereby illustrate that cholesterol- and sphingomyelin-enriched
submicrometric lipid domains can actually be visualized in keratino-
cytes, at least in basal membranes. They further indicate that lipid
domains are perturbed during cell senescence and conversely preserved
as long as keratinocyte senescence is prevented. Data also suggest that
the functionality of lipid domains in keratinocytes depends not only on
cholesterol, but also on SM.

2. Materials and methods
2.1. Cell culture and induction of replicative senescence

Human primary keratinocytes were isolated by the trypsin float
technique from adult abdominal (NAK) and young foreskin (NFK) skin
samples as previously described [18]. Samples were obtained after
plastic surgery (donors over 52 years old, Dr. B. Bienfait, Clinique St.
Luc, Namur-Bouge, Belgium) or circumcision (donors under 7 years old,
Dr. L. de Visscher, Clinique St. Luc, Namur-Bouge, Belgium) following
approval by the ethics committee of the Clinique St-Luc (Namur-Bouge)
and informed consent of donors or representatives. Epidermal kerati-
nocytes were isolated and cultured at 37 °C under a 5% CO, atmosphere
in Epilife medium, containing human keratinocyte growth supplement
(HKGs, Cascade Biologics, Mansfield, UK). Immortalized hTERT-kera-
tinocytes were a kind gift from Pr. J. Rheinwald (Boston, USA) [19].
Senescence was induced in keratinocytes by keeping proliferative cells
in culture for multiple passages, as previously described [20]. Sub-
confluent proliferative cells at 80% of cell density were trypsinized as
described [18] and the cumulative cell population doublings calculated
for each passage by determination of the number of divisions. The
cultures were considered senescent when cells exhibit slower pro-
liferation for two weeks and express senescence-associated [(3-galacto-
sidase (> 80% of SA-fBgal positive cells).

2.2. Cell treatments

For cholesterol depletion, confluent keratinocyte cultures were
washed with PBS and then treated for 1 h at 37 °C with 7.5 mM methyl-
B-cyclodextrin (MPBCD) (Sigma-Aldrich, Diegem, Belgium) in culture
medium, followed by incubation in basic culture medium for different
periods (recovery times), as previously described [21]. For SM
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depletion, keratinocytes were treated at 20 °C with 5 mU/ml of Bacillus
cereus sphingomyelinase (SMase; Sigma-Aldrich, Diegem, Belgium) for
10 min. For observation of lipid submicrometric domains, MBCD- and
SMase-treated keratinocytes were labelled while keeping MBCD or
SMase (as appropriate) in their medium. For treatment with Rho kinase
inhibitor, keratinocytes were continuously maintained in normal
medium supplemented with 10 uM of Y27632 compound.

2.3. Keratinocyte labelling with fluorescent probes

Human keratinocytes were seeded at 20,000 cells/cm? in Lab-Tek
chambers (Thermo Fisher Scientific, NY, USA) and cultured in Epilife
medium for 48 h. Before each experiment, BODIPY-SM (0.5 uM (N-(4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)
sphingosyl phosphocholine); Thermo Fisher Scientific, NY, USA), NBD-
SM (5 uM (C6-NBD sphingomyelin: N-[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl]-sphingosine-1-phosphocholine); Biotium, CA,
USA), lysenin* (1.25 pM), theta* (1.25 uM) or Vybrant DiIC18 (5 pM;
Thermo Fisher Scientific, NY, USA) probes were mixed with medium
supplemented with equimolar defatted bovine serum albumin (DF-BSA;
Sigma-Aldrich, Diegem, Belgium) and then cleared from aggregates by
centrifugation at 14,000 X g for 5 min. For surface labelling, cells were
washed twice with medium at 4 °C, then incubated for 15 min with the
probe solution at 4 °C, except otherwise stated. Following cell surface
labelling, keratinocytes were washed 4 times with medium at 4 °C, then
placed in medium at 20 °C and analyzed under confocal microscopy
(Leica) at the level of planar basal membranes. For surface back-ex-
change procedure, keratinocytes were treated with 5% bovine serum
albumin (BSA) at 4 °C prior to analysis. For each probe, images were
recorded using 16% laser power in a Leica confocal microscope and
100 x magnification. For double labelling, data were sequentially ac-
quired in green (488 nm), then red (568 nm) channels. To quantify the
probe's co-localization, Pearson's coefficients between different label-
lings were calculated by Leica LAS-AF-Lite software over a minimum of
10 images from three independent experiments.

2.4. Image analysis

Lipid submicrometric domains were quantified using Visilog soft-
ware (Thermo Fisher Scientific, Waltham, MA, USA). A special program
has been created with an algorithm following three steps: i) denoising,
ii) segmentation and iii) measurements. The process can be seen in
Supp. Fig. 3. To remove the noise, a bilateral filter was applied to
smooth the image while preserving the edges. Cell membranes were
removed using morphological openings by linear structural elements
oriented with several orientations. Then, a toggle filter enabled removal
of the remaining impulsive noise and enhancement of the contrast.
Images were finally binarized using a global threshold and the small
components are removed. Three measures were computed:

1) The average number of lipid submicrometric domains per cell was
computed by dividing the number of objects in the image by the
number of cells. The number of cells was counted manually by an
expert.

2) The average area of lipid submicrometric domains was calculated by
dividing the total areas of lipid submicrometric domains in the
image by the number of objects in the image.

3) The average intensity of lipid submicrometric domains was com-
puted by dividing the intensity of the image by the area of the
image.

2.5. Lipid extraction and quantification
Confluent cells in 60 mm standard cell culture dishes were scraped

into 1 ml of demineralized water before being sonicated for 1 min.
Lipids were then separated from proteins by extraction in chloroform/
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methanol (2:1), followed by centrifugation for 15 min at 3000 rpm at
room temperature (RT). NaCl (0.05 M) was added to the collected or-
ganic phase, which was then washed twice with 0.36 M CaCl,/me-
thanol (1:1). After stirring and centrifugation (15 min, 3000 rpm, RT)
Triton X-100 (1% in acetone) was added to the organic phase and then
evaporated under air flow using SpeedVac SC100 (Thermo Electron
Corporation, Zellik, Belgium). The extracts were then resuspended in
water. Cholesterol was quantified using the Amplex Red Cholesterol
Assay Kit (Invitrogen, Merelbeke, Belgium) and SM by the Fluorometric
Sphingomyelin Assay Kit (Abcam, Cambridge, UK) in accordance with
instructions from manufacturers. Results were normalized to protein
concentration measured in each sample.

2.6. Immunofluorescence

Keratinocytes were cultured in Lab-Tek chambers, labelled by ly-
senin*, examined under confocal microscopy as described above, then
immediately fixed and immune-labelled using p16™<**.(1:100) or
EGFR-(1:100) specific antibodies. Briefly, after three washes in PBS,
cells were fixed in 4% formaldehyde for 10 min at RT. Cells were then
washed twice in PBS, permeabilized with PBS-Triton X-100 (1%,
5 min), saturated in PBS containing 1% BSA for 60 min and incubated
with primary antibody for 2 h at RT, then rinsed before incubation with
an Alexa Fluor secondary antibody for 1h in the dark at RT before
washes and observation under confocal microscopy.

2.7. Cell migration in scratch wound assays

Keratinocytes were cultured until confluent, then the monolayer
was scraped with a p200 micropipette tip in a straight line to create a
cell-free “scratch”. Cultures were then washed twice with PBS to re-
move cell debris, then cultured for recovery in fresh medium. The mi-
gration path of cells at the leading edge of the scratch was tracked using
time-lapse imaging with Iprasense Cytonote device (Iprasense,
Montpellier, France). Images from time-lapse sequences were analyzed
with Horus software. Keratinocytes in the scratch assay were first
treated with mitomycin C (10 pg/ml) to inhibit cell proliferation.

2.8. RNA extraction and RT-qPCR

Total RNA was extracted using a High Pure RNA isolation kit
(Roche, Basel, Switzerland) following the manufacturer's instructions.
SuperScript II kit (Life Technologies, California, USA) was used to re-
verse-transcribe 1 pg of total RNA. Complementary DNA was diluted
25-fold and amplification reaction was performed using SYBR Green
Mastermix (Roche Diagnosis, Mannheim, Germany). Relative abun-
dance of mRNA was quantified based on Ct difference [22] on a 7300
real-time PCR machine (Life Technologies) and normalized using
RPLPO gene. Sequences of primers used are (For. 5'-GCC CAA CGC GAA
TAG T-3’ and Rev. 5-CGC TGC CCA TCA TCA TGAC-3’) for p16™K4a,
(For. 5’-GCC CAA TCT GCA AAG GTC TATT-3’ and Rev. 5-CCC ACG
CGA GCC ACA T-3) for acid sphingomyelinase (aSMase), (For. 5’-CAG
GAC TTC CAG TAC CTG AGA CAG A-3’ and Rev. 5-GGC CAC TGC CAA
TGA TTC C-3’) for neutral sphingomyelinase 1 (nSMasel), (For. 5’-CCT
GTG CCT GGA ATG CAT TT-3’ and Rev. 5-ATC AAT CGT AGA ATC CGT
TGA ACT T-3’) for sphingomyelin synthase 2 (SMS2) and (For. 5-ATC
AAC GGG TAC AAA CGA GTC-3’ and Rev. 5’-CAG ATG GAT CAG CCA
AGA AGG-3’) for RPLPO.

2.9. Statistical analyses

+

Results were expressed as mean * SD. Experiments were repeated
at least 3 times. The one way analysis of variance (ANOVA) with
Bonferroni post-hoc analysis were used to group comparison. Statistical
significance is indicated in the figures as follows: NS, not significant;
*=P < 0.05; ** = P <0.01; *** = P < 0.001.
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2.10. Reagents

Rabbit monoclonal antibody against EGF receptor was purchased
from Cell Signaling (Leiden, The Netherlands; Cat#: 4267), rabbit
polyclonal antibody against ribosomal protein L13a (RPL13a) was
purchased from Cell Signaling (Leiden, The Netherlands; Cat#: 2765),
and rabbit monoclonal antibody against p16™*** (RPL13a) was pur-
chased from LifeSpan BioScience (Seattle, WA, USA; Cat#: LS-B8693).
All other reagents were from Sigma unless otherwise stated. Final
concentrations were obtained by appropriate dilution of stock solutions
so that the solvent never exceeded 0.1%.

3. Results

3.1. Keratinocytes organize SM- and cholesterol-rich submicrometric
domains in their basal membrane

In recent studies, approaches using fluorescent probes were suc-
cessfully used to visualize lipid submicrometric domains in red blood
cell membranes (RBC). Experimental procedures were based either on
plasma membrane insertion of an exogenous BODIPY-Sphingomyelin
analog (BODIPY-SM) [11,23], or conversely on probing respectively
endogenous SM or endogenous cholesterol by means of non-toxic
fragments of lysenin [10] or theta toxin [9] which were rendered
fluorescent by fusions with mCherry and hereafter named lysenin* and
theta*. Visualization of lipid submicrometric domains in RBC plasma
membrane took benefit of featureless smooth cell surfaces in this cell
type, i.e. surfaces free of membrane protrusions like microvilli, thereby
avoiding signal-enriched local areas which would have been impossibly
distinguished from lipid-enriched domains in plasma membranes [12].
In the present work, those fluorescent probes were utilized in adapted
protocols for the visualization of lipid submicrometric domains in
plasma membranes of living human keratinocytes, focusing on their
basal surface in order to avoid any membrane protrusions [1]. Thus,
using low concentration of BODIPY-SM (0.5 uM) or non-saturating
concentration of lysenin* (1.25 uM), SM-rich submicrometric domains
were first identified at the basal surface of living keratinocytes. A si-
milar approach using theta* was used to probe endogenous cholesterol
and also reveal domains enriched in this molecule. Insertion of BODIPY-
SM in the plasma membrane of living keratinocytes reveals SM-attrac-
tive domains observed by confocal microscopy in their basal membrane
(Fig. 1A-C; Video 1). The presence of domains able to incorporate
BODIPY-SM in plasma membrane was first confirmed by the dis-
appearance of labelling in such domains upon surface back-exchange
using 5% BSA (Fig. 1D). This procedure removes BODIPY-SM from the
surface membrane only, while preserving probes internalized in endo-
somes when carried out at 20 °C (Fig. 1E). In addition, domains able to
attract BODIPY-SM in plasma membrane were found to be sensitive to
cholesterol depletion by methyl-beta-cyclodextrin (MBCD; resulting in
~50% of total cholesterol depletion), indicating that cholesterol is
essential for the organization of SM-rich submicrometric domains
(Fig. 1F). In the view to demonstrate that BODIPY-SM submicrometric
domains do not reflect some surface structures in the basal membrane
of keratinocytes we also analyzed the organization of DiIC18, a non-
specific membrane marker (Fig. 2). Our results show that the dis-
tribution of this probe in the basal membrane of keratinocytes does not
correspond to the patches labelled by insertion of BODIPY-SM into
submicrometric domains.

Endogenous SM was then labelled by lysenin* and produced a
pattern similar to the one observed after BODIPY-SM insertion, further
suggesting elevated concentration of SM inside particular lipid sub-
micrometric domains in keratinocyte basal membrane (Fig. 3A, C;
Video 2). Interestingly lysenin* labelling is heterogeneous between
different cells, suggesting some variation in SM concentration in plasma
membrane between keratinocytes, revealing heterogeneity in the cell
population. Lysenin*-labelling was abrogated by incubation of
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Fig. 1. BODIPY-SM concentrates into lipid submicrometric domains in keratinocytes: A. Living keratinocytes were cultured up to confluence in Lab-Tek chambers, then labelled by
insertion of exogenous 0.5 tM BODIPY-SM at 4 °C (at 20 °C in panel E), and finally observed at 20 °C using confocal microscopy to focus on basal cell surface. B. Magnified microscopic
area boxed in (A). C. Z-projection from 3D confocal image construction. The arrows indicate domains containing BODIPY-SM in basal keratinocyte membrane. D. BODIPY-SM labelled
cells were submitted at 4 °C to a surface back-exchange procedure using 5% BSA (inset) and compared to results observed in control conditions (0% BSA). E. Same treatment and
conditions as in (D) but at 20 °C. F. Methyl-B-cyclodextrin (MBCD; ~ 50% total cholesterol depletion) pretreated keratinocytes were surface-labelled with BODIPY-SM. Videos illustrating
3D structures of cells were constructed from Z-stack images of cells labelled by BODIPY-SM (see Video 1).

keratinocytes with SMase (Fig. 3A; insert), further demonstrating the
specificity of the lysenin* probe. The fluorescent signal observed after
incubation with lysenin* was also sensitive to cholesterol depletion
(Fig. 3B), confirming the suggested role for cholesterol in organizing
SM-rich domains in keratinocytes. Confocal imaging of keratinocytes
treated by MBCD indicates that, as previously reported [24,25], cho-
lesterol-depletion slightly alters the cell morphology and spreading
(Figs. 1F and 3B).

Finally, keratinocytes probed by theta* reveal lipid submicrometric
domains enriched in cholesterol. Confocal microscopy and an approach
similar to the one used above to probe SM clearly indicated their lo-
calization also in the basal membrane of keratinocytes (Fig. 3D, F;
Video 3). Cholesterol labelling disappears after cholesterol depletion by
MBCD (Fig. 3D; inset), demonstrating specificity of the theta* probe
used in this study. Interestingly, labelling by theta* was also slightly
decreased as a result of SM depletion (Fig. 3E), suggesting that SM in
turn can influence the organization of cholesterol in specialized do-
mains of plasma membranes, in good accordance with recent data ob-
tained while analyzing RBC [9].

3.2. Cholesterol partially co-localizes with SM in lipid submicrometric
domains

A comparison of lipid submicrometric domains labelled by insertion
of exogenous BODIPY-SM and by direct recognition using lysenin* or
theta* was carried out in basal membrane of keratinocytes (Fig. 4).
Because lysenin* can bind to both endogenous SM, as well as to exo-
genous BODIPY-SM [10], keratinocytes were initially labelled with ly-
senin*, then afterwards incubated with BODIPY-SM. SM-rich sub-
micrometric domains labelled by lysenin* exhibit a partial co-

localization with those gaining fluorescence by insertion of exogenous
BODIPY-SM (Pearson's correlation coefficient r = 0.8012 *= 0.02)
(Fig. 4A), indicating propensity of keratinocytes to organize SM-rich
submicrometric domains that can eventually be able to accumulate
some more SM when available. Because SM-containing and cholesterol-
containing domains seemed related to each other, as deduced from data
described above, double labelling using theta* and BODIPY-SM was
also performed. Such a procedure illustrates that part of the cholesterol-
rich domains only can be labelled with BODIPY-SM (Fig. 4B, Pearson's
correlation coefficient r = 0.4597 = 0.04), indicating that some het-
erogeneity, maybe in composition, does preclude lipid submicrometric
domains from uniform behavior in keratinocytes.

Similar results were found using another exogenous NBD-
Sphingomyelin (NBD-SM) fluorescent analog (Supp. Fig. 1). Indeed, as
is observed when using BODIPY-SM, NBD-SM concentrates into sub-
micrometric domains previously labelled by lysenin* (Supp. Fig. 1B) or
by theta* (Supp. Fig. 1C). These NBD-SM attractive domains are again
sensitive to cholesterol or SM depletion respectively by incubation with
MpBCD or with SMase (Supp. Fig. 1A).

Taken together, these data reveal lipid submicrometric domains
with heterogeneous composition in living keratinocytes. In order to
explore whether lipid domains identified by the above-mentioned la-
belling procedures can eventually be involved in some kind of cell
signaling, immuno-localization of the epidermal growth factor receptor
(EGFR) was performed in basal membrane of keratinocytes after pre-
vious SM-labelling with lysenin*. A proportion of EGFR was indeed
found concentrated inside SM-rich domains (Supp. Fig. 2, Pearson's
correlation coefficient r = 0.3385 + 0.02).



A. Mound et al.
BODIPY-SM

Intensity

DilC18

BBA - Molecular and Cell Biology of Lipids 1862 (2017) 958-971

BODIPY-SM/ DilC18

\ . "

Lol

BODIPY-SM
DilC18

Distance (um)

Fig. 2. Submicrometric BODIPY-SM domains do not reflect anatomical surface structures in living keratinocytes: living keratinocytes were examined after labelling with vibrant DiIC18
and BODIPY-SM for confocal imaging. Line intensity profiles of vibrant DiIC18 (red) and BODIPY-SM (green) signals were measured along the white traced line on the keratinocytes

boxed at the bottom panel.

3.3. Replicative senescence in human keratinocytes suppresses the number
of SM-rich submicrometric domains

In order to attribute some functionality to lipid domains, their
presence during the proliferative lifespan of cultured keratinocytes and
eventual defects in their maintenance during prolonged cell culture
were analyzed over cumulative population doublings. Replicative se-
nescence was induced in primary human keratinocytes using strains
either isolated from adult abdominoplasties (NAK) or from infant
foreskins (NFK). In both cases, keratinocytes were maintained as
growing cultures, trypsinized while sub-confluent in order to prevent
irreversible growth-arrest and differentiation that occur at keratinocyte
culture confluence [18]. Proliferative lifespan was monitored by es-
tablishing cumulative population doublings (CPD) at each subdivision
(Supp. Fig. 3A). Growth-arrest was observed in sub-confluent condi-
tions after around 15 and 20 CPDs, respectively for NAK and NFK,
corresponding to 12 passages, when the cell population reaches a se-
nescence plateau [26]. Percentage of senescent cells was analyzed using
an assay to detect senescence-associated beta-galactosidase (SA-fgal)
activity during the lifespan of cultured keratinocytes [27,28]. When
growth-arrested as a result of senescence, cell populations exhibit
around 80% of SA-Bgal-positive keratinocytes (Supp. Fig. 3B). Mor-
phological analysis of SA-Bgal-positive cells (stained blue) by phase-
contrast microscopy (Supp. Fig. 3C) reveal increased numbers of en-
larged keratinocytes among senescent cells [29,30]. Growth-arrest was
further confirmed by elevated expression levels of p16™<“*A-encoding
mRNA with senescence (Supp. Fig. 3E) and the enhanced detection of
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16™%4A protein by Western blotting analysis (Supp. Fig. 3D). The
pl cyclin-dependent kinase inhibitor (CDKI) is responsible in
keratinocytes for the major cell-cycle arrest that is concomitant with
cell senescence in vitro [31], as well as in vivo [32].

Procedures described in this study for observation of lipid domains
in cultured keratinocytes were then used to label SM- and cholesterol-
rich membrane areas at early (P4) and late (P10) passages of NAKs.
Both early passage (P4) and senescent (P10) NAKs display a certain
number of submicrometric domains which are able to insert exogenous
BODIPY-SM (Fig. 5A). However, lysenin*-labelling of identical cultures
conversely exhibits less numerous domains that bind the fluorescent
probe when the number of passages increases (i.e. labelling by lysenin*
is observed in almost all P4 NAKs, but observed in a few cells only in
P10 keratinocytes). Nevertheless, these SM-attractive submicrometric
domains revealed by the insertion of BODIPY-SM in the senescent
keratinocytes are sensitive to cholesterol depletion by MBCD (Supp.
Fig. 4), suggesting that elevated cholesterol concentration is required to
attract SM into keratinocyte plasma membranes.

These observations indicate that, despite the maintained potential
for insertion of BODIPY-SM in plasma membrane, the number of ker-
atinocytes labelled by lysenin* significantly decreases in late passages,
particularly in characteristic enlarged senescent cells, suggesting sup-
pressed synthesis of endogenous SM in such keratinocytes. Moreover,
co-labelling of keratinocytes by lysenin* first in order to localize SM,
then by immune detection of p16™**2, reveals that their expression of
this particular senescence marker is inversely related to the detection of
endogenous SM. Enlarged senescent keratinocytes especially display

INK-4A
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z-stacks

z-stacks

Fig. 3. Visualization of lipid submicrometric domains in keratinocytes: A. Living keratinocytes were cultured up to confluence in Lab-Tek chambers, then directly labelled at 4 °C for
endogenous SM-rich micrometric domains with lysenin*, eventually after pretreatment with SMase (inset). B. Keratinocytes were identically labelled by lysenin* after incubation with
MPBCD. C. Z-projection from 3D confocal image construction produced after analysis of lysenin*-labelled keratinocyte. The arrows indicate SM-containing domains in basal membrane. D.
Living keratinocytes were cultured up to confluence in Lab-Tek chambers, then directly labelled at 4 °C for endogenous cholesterol-rich micrometric domains with theta*, eventually after
pretreatment with MBCD (inset). E. Identical labelling conditions as in J, but after SMase treatment. F. Z-projection from 3D confocal image construction produced after analysis of theta*-
labelled keratinocyte. The arrows indicate cholesterol-containing domains in basal membrane. Videos illustrating 3D structures of cells were constructed from Z-stack images of cells

labelled by lysenin* (see Video 2) or theta* (see Video 3). All scale bars, 20 pm.

lowered SM content while exhibiting elevated expression of p16™<*
(Fig. 5B).

Because data suggest less numerous SM-rich submicrometric do-
mains in senescent keratinocytes, their average number, labelling-in-
tensity and surface area were quantitatively analyzed by computer-as-
sisted morphometry. The results illustrate decreased number and less
intense labelling of SM-rich submicrometric domains along the lifespan
of NAKs (Fig. 6) and NFKs (Supp. Fig. 5). Conversely, the average
surface area of domains remains unchanged. Simultaneously, the fre-
quency of NAKs labelled by theta* is almost unchanged between early
and late passages of cultured keratinocytes, indicating that cholesterol
remains in rather stable amounts in keratinocyte membranes, along
their entire lifespan (Fig. 7).

Finally, total lipid extraction was performed in order to measure SM
and cholesterol keratinocyte content during senescence of this cell type.
Data interestingly confirm lowered SM (Fig. 8A) and stable cholesterol
(Fig. 8B) contents in keratinocytes when analyzed at elevated passages.
Some decrease in SM content during keratinocyte senescence could
either be explained by decreased synthesis, increased degradation, or
both. To address this question, expression levels of mRNAs encoding
acid sphingomyelinase (aSMase), neutral sphingomyelinase (nSMasel)
or sphingomyelin synthase 2 (SMS2) were determined by RT-qPCR
(Fig. 8C). Whereas the mRNA expression level for nSMasel appears
stable, the expression of aSMase is conversely enhanced in senescent
keratinocytes. Simultaneously though, the expression level for SMS2 is
reduced in senescent keratinocytes.
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3.4. The number of SM-rich submicrometric domains is maintained in
normal keratinocytes cultured in the presence of Y27632, as well as in
immortalized NhTERT-keratinocytes

Potential inverse relationship between senescence and the presence
of SM-rich domains in keratinocytes was further assessed in particular
culture conditions which impede keratinocyte senescence.

Firstly, the Y27632 Rho kinase inhibitor was used for its reported
potency to prevent loss of proliferation and senescence in keratinocytes
[33]. NAKs were cultured for multiple passages in medium supple-
mented with 10 uM Y27632, then monitored for signs of senescence.
Y27632 indeed extends the lifespan of normal keratinocytes in our
hands too, as demonstrated by prolonged growth-phase (Supp. Fig. 6A)
and reduced percentage of SA-Bgal-positive cells (Supp. Fig. 6B, C).

Secondly, NhTERT-keratinocytes expressing telomerase and lacking
functional p16™%** [19] were identically analyzed. NhTERT-keratino-
cytes escape senescence, exhibiting constant proliferation, no appear-
ance of SA-fgal activity, and unaltered morphology during cell culture
for an elevated number of passages, either treated or not with Y27632
(Supp. Fig. 6D-F).

Thus, the organization of SM-rich lipid submicrometric domains
were investigated in Y27632-treated NAKs and in NhTERT-keratino-
cytes, at increasing numbers of passages, using both insertion of
BODIPY-SM and probing of endogenous SM using lysenin* (Fig. 9), as
described above. Keratinocytes with extended lifespan due to Y27632
exhibit preserved SM-rich domains revealed by labelling with lysenin*,
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labelled by theta* exhibit partial co-localization between endogenous cholesterol-rich and submicrometric domains prone to incorporate BODIPY-SM. Line intensity profiles are shown in
the bottom panel. Numbers indicate the chosen co-localized domains and arrows indicate domains labelled by BODIPY-SM or theta* only. All scale bars, 20 um.

at least until P16 (Fig. 9A). Although several morphological changes further revealed unaltered levels for SM, even in cells analyzed in late
appear after prolonged cultures of Y27632-treated keratinocytes, their passages (Fig. 9C). Simultaneously, cholesterol distribution and content
labelling by lysenin* exhibits preserved numbers of SM-rich domains. were unaltered in Y27632-treated and hTERT-keratinocytes, but still

Likewise, NhTERT keratinocytes exhibit constant SM-labelling and depleted by MBCD (Supp. Fig. 7).
numbers of SM-rich submicrometric domains during long-term culture
(Fig. 9B). Quantitation of total SM contents in both culture conditions
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Fig. 5. SM-rich lipid domains become less frequent in keratinocyte membranes during replicative senescence: A. Normal human adult keratinocytes (NAK) were cultured for long-term in
order to induce replicative senescence, than were double-labelled by lysenin* and BODIPY-SM at different passages. Passage 4 (P4) is illustrated as one example of pre-senescent
keratinocytes and passage 10 (P10) was chosen to illustrate cells undergoing replicative senescence. B. NAK keratinocytes at passage 8 were labelled by lysenin* then immediately fixed

and labelled by indirect immunofluorescence using an antibody against p16™<**

3.5. Migration ability of keratinocytes relies on SM and cholesterol
membrane contents and decreases during replicative senescence

Migration potential of untreated normal keratinocytes was mon-
itored at different stages of replicative senescence using a wound
healing scratch assay. Keratinocytes in a scratch assay were treated
with mitomycin C (10 pug/ml) to inhibit cell proliferation, while pre-
serving viability and ability to migrate. Data illustrate that senescent
cells in passage 10 (P10) exhibit reduced migration ability when com-
pared to cells of the same strain analyzed in passage 4 (P4) (Fig. 10A).
Indeed, senescent keratinocytes slowly colonize the surface devoid of
cells between the edges created by the scratch, in contrast with cells
analyzed during early passages. Interestingly, trying to reproduce some

and a secondary Alexa (green) antibody before observation under fluorescent microscopy.

alterations mentioned above in the lipid content and organization in-
side membranes of senescent keratinocytes, SM or cholesterol were
depleted in early passage keratinocytes which were then analyzed for
eventual consequences on their migration ability (Fig. 10B). While
cholesterol depletion by MBCD (7.5 mM) evidently abolishes keratino-
cyte migration, degradation of SM in keratinocyte plasma membrane by
incubation of cells with SMase (5 mU/ml) clearly slows down the
process. Conversely, Y27632 which preserves the organization of SM-
rich submicrometric domains during senescence is well known to si-
multaneously enhance cell migration, suggesting again possible links
between SM organization in keratinocyte membranes and their pro-
pensity to migrate.
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Fig. 6. Number and intensity of SM-rich submicrometric domains decrease during RS of
human keratinocytes: NAKs keratinocytes cells were subcultured until reaching senes-
cence, then images of cells labelled by lysenin* were analyzed (for further explanations,
please see Materials and methods). The average number, the average intensity, and the
average area of SM-rich submicrometric domains were measured at different passages.

4. Discussion
4.1. Overview

Cells interact with their environment through signals induced, for
instance, by adhesion to the extracellular matrix, by growth factors or
cytokines, thanks in both cases to integral receptor proteins inserted in
plasma membrane, likely inside specialized domains. The classical
membrane model has been constantly revised during the last two dec-
ades and has evolved into a model which definitely integrates hetero-
geneous domains enriched in special lipid and protein compositions
dispersed in the more classical phospholipid bilayer, creating thereby
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signaling platforms on the cell surface [34]. Clear demonstration of
such domains has been and is still a difficult technical matter, keeping
their actual existence a sometimes controversial matter [35]. This study
reports in a first part original visualization of lipid submicrometric
domains in living cultured keratinocytes by mean of a procedure
adapted from studies initially performed on RBC membranes [9-12]. In
a second part, this study identifies functionality for such domains, but
also their eventual disorganization and associated loss-of-function in
senescent keratinocytes.

4.2. Lipid submicrometric domains can be visualized in basal membrane of
living cultured keratinocytes

SM and/or cholesterol-rich lipid submicrometric domains in kera-
tinocytes can be demonstrated by means of two approaches. The first
one is based on insertion of a fluorescent BODIPY-coupled exogenous
SM analog (BODIPY-SM) [12,23]. The second approach utilizes non-
toxic fragments of lysenin and theta toxin, rendered fluorescent by
protein fusion with mCherry, that specifically and respectively bind SM
and cholesterol in plasma membranes of living cells [9,10]. Observa-
tions of lipids in adherent keratinocytes have been strictly limited to
planar basal membranes in order to avoid potential bias eventually
created by microvilli or other structural protrusions in plasma mem-
branes and which could locally enhance fluorescence associated to
membranes at the surface of cultured cells [1].

BODIPY-SM clusters into micrometric domains in living normal
keratinocytes cultured under usual conditions [18]. Specificity of ob-
servations was assessed by several control experiments, confirming that
SM-attractive domains depend on the presence of endogenous choles-
terol and reside inside the plasma membrane of keratinocytes.

Affinity of specific submicrometric lipid domains for SM, as well as
for cholesterol, was confirmed by specifically labelling endogenous SM
[36] or cholesterol in membranes of living keratinocytes. In living
keratinocytes, fluorescent lysenin* labels SM-rich submicrometric do-
mains which are sensitive to SM depletion by sphingomyelinase ac-
tivity, confirming the usefulness of lysenin* as a probe for SM in ker-
atinocyte basal membrane. SM-rich domains were also found sensitive
to cholesterol depletion by MBCD, indicating that cholesterol is essen-
tial to organize SM-rich lipid submicrometric domains in keratinocytes.
Several studies previously demonstrated crucial involvement of cho-
lesterol in other cell types to organize specialized membrane domains
[10,23]. Interestingly, similar results were reported in a recent study
which uses a totally different biophysical approach to identify lipids in
plasma membranes [37]. However, those data rather suggest that
cholesterol affects the organization of sphingolipids via an indirect
mechanism which may involve the cytoskeleton [38].

Present data further reveal that SM-rich domains, identified by ly-
senin*-labelling, are able to host additional exogenous BODIPY-SM,
showing that such domains do attract SM in membranes of anchored
keratinocyte. These results were confirmed by using a different exo-
genous fluorescent SM analog (NBD-SM).

Conversely, because even a minor modification of cholesterol mo-
lecular structure appears sufficient to disturb distribution of this lipid in
membranes [39], we discarded any utilization of the fluorescent cho-
lesterol analog for this study, and rather preferred using fluorescent
theta* toxin to probe endogenous cholesterol molecules accessible from
the cellular environment. Using this approach, cholesterol is also found
gathered into submicrometric domains inside membranes at the basal
surface of living keratinocytes. As expected, cholesterol-rich domains
are abrogated by incubation with MBCD, further proving specificity for
theta* as a probe [9,40]. Cholesterol-rich domains are also sensitive to
SM-depletion by SMase, suggesting that SM is somewhat required to
stabilize cholesterol-rich submicrometric areas

In relation with potential functionality of lipid domains in kerati-
nocyte signaling, EGF receptor is here reported as frequently localized
inside SM-rich domains, in strong accordance with several reports that
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Fig. 7. Cholesterol-containing lipid domains seem unaltered in keratinocyte membranes during replicative senescence: normal human adult keratinocytes (NAK) were cultured for long-
term in order to induce replicative senescence, than were double-labelled by theta* and BODIPY-SM at different passages. Passage 4 (P4) is illustrated as one example of pre-senescent
keratinocytes and passage 10 (P10) was chosen to illustrate cells undergoing replicative senescence.

identified EGF receptor as part of specialized signaling platforms in
plasma membrane [41,42]. This approach should now be extended to
other receptors, as well as to specialized membrane areas, like apical
structures or cell junctions.

Regarding intercellular junctions, it is interesting to note that pio-
neer research about desmosomal membrane components had already
reported particularly elevated amounts of SM in purified desmosomes,
in regard of other membrane areas [43]. Moreover, lipid microdomains
were recently demonstrated being involved in dynamics of desmosomes
[44], arguing to extend investigations into still unknown relationships
between lipid domains and cell junctions.

4.3. SM is suppressed in membranes of senescent keratinocytes

The abundance of SM-rich domains decreases when replicative se-
nescence occurs in keratinocytes, in concomitance with decreased SM
detection, whereas cholesterol remains unaffected. However, our re-
sults demonstrate that exogenous BODIPY-SM is still able to con-
centrate into micrometric patches in senescent keratinocytes, sug-
gesting preservation of SM-attractive submicrometric domains in these
cells. Interestingly, the demonstration of SM-attractive submicrometric
domains by the use of exogenous SM analogs requires cholesterol to
organize such specialized lipid microdomains.

Involvement of lipids during aging, as well as in age-related dis-
eases, has often been proposed. For instance, analyses of lipid con-
centrations (sphingomyelins, ceramides, and cholesterol) in brain tis-
sues from mice reported increased content of free cholesterol and long-
chain ceramides during aging [45,46]. In skin, while the lipid content
could decrease with age [47], other studies conversely reported little or
no relationship between aging and lipids [48,49]. Extending the life-
span of keratinocytes with Y27632 inhibitor was also found to preserve

SM amounts and maintain SM-rich submicrometric domains. All these
characteristics were also found in immortalized keratinocytes, sug-
gesting potential roles for SM-rich domains in keratinocytes that escape
senescence.

Although published data about senescent fibroblasts report that
ceramide levels [50] and sphingomyelinase activity [51] might be in-
volved in the aging process, available experimental data are not suffi-
cient enough to provide a proper explanation for such SM alterations in
keratinocytes.

Accumulation of senescent keratinocytes and fibroblasts with age
[14,27] may explain altered responses to growth factors, hormones and
cytokines [15,52-55] and decrease in both proliferation and differ-
entiation potentials of keratinocytes, resulting into the well-known
compromised healing processes in elderly people [54,56].

4.4. Keratinocyte abilities to migrate decrease during senescence, as well as
after SM or cholesterol depletion

SM or cholesterol depletion from keratinocytes' plasma membrane
reduces the ability of cells to migrate. This observation strongly sug-
gests that lipid and lipid microdomains in cell membrane are playing
crucial roles required for normal skin re-epithelialization and purposely
regulated keratinocyte migration. Indeed, previous investigations de-
monstrated how physical membrane properties, which are highly in-
fluenced by lipid composition, can regulate cell migration [57,58].
Thereby, it has been shown for instance that angiogenic growth factors
and some lipophilic molecules regulate cell motility through alterations
in membrane properties and the redistribution of signaling molecules to
membranes in endothelial cells [58]. Cholesterol depletion also re-
vealed that this membrane component is crucial to the generation of
some microviscosity gradient which increases in plasma membrane, at
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Fig. 8. Total amount of SM (but not of cholesterol) decreases during replicative senescence of human keratinocytes: total SM (A) and cholesterol (B) amounts were measured along
passages of NAK, treated or not with 7.5 mM MBCD for 1 h. Measured values have been normalized to protein concentration in each sample and data are presented as means = SD of
three independent experiments. Their statistical significance is evaluated by ANOVA 1 after testing the homogeneity of variance (Bartlett) (*: P < 0.05, **: P < 0.01, ***: P < 0.001).
Post-hoc comparisons were performed by pairwise Scheffe's test. C. Steady-state mRNA levels of acid sphingomyelinase (aSMase), neutral sphingomyelinase (nSMasel) and sphingo-
myelin synthase 2 (SMS2) were determined by RT-PCR. The RPLPO stably expressed mRNA level was used as reference.

the cell front during endothelial cell migration [59]. Moreover it has
been shown that membrane lipids re-localize during cell polarization
processes observed during cell migration and characterized by cytos-
keletal reorientation and new redistribution of proteins in membranes.
A well-documented example of lipid reorientation and polarization
during cell migration is the lateral asymmetric distribution of phos-
phatidylinositol (3,4,5)-trisphosphate (PIP3) [60]. Cholesterol has also
been reported to be involved in the re-localization of lipid micro-
domains during signaling in chemotactic cells [61]. Indeed, an asym-
metric redistribution of lipid domain-associated molecules, including
ganglioside GM1, to the leading edge has been reported after che-
moattractant stimulations [62,63]. Those reports demonstrate accu-
mulation of membrane cell signaling proteins in the leading edge of
migrating cells [62,63] and suggest involvement of lipid microdomains
as signal amplification platforms during cell polarization and migra-
tion. For instance in epithelial cells, a- and [B-integrin subunits are
concentrated in lipid microdomains and adhere to and communicate
with extracellular matrix components (including collagen, laminins,
and fibronectin) in collaboration with the actin cytoskeleton via talin,
paxillin, and focal adhesion kinase (FAK) [64,65]. Similar interactions
were demonstrated for example to regulate pseudopod protrusion and
phagocyte migration [66]. While in several cell types lipid micro-
domains act through these interactions to induce morphological
changes required for detachment and migration, in other cell types lipid
microdomains are involved in the contraction at the trailing edge [67].

In keratinocytes, we demonstrate here that lipid microdomains'
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disruption decreases cell migration. However, underlying mechanisms
involved in this regulation remain to be established. Interestingly, data
also indicate that migration abilities decrease with senescence of ker-
atinocytes, as is the case when SM is depleted. Further investigations
are now required to elucidate how impaired lipid microdomains could
be involved in reduced keratinocyte migration and thus in alterations of
the re-epithelialization process observed in aged skin.

Keratinocytes organize lipid submicrometric domains while being
proliferative. When becoming senescent, keratinocytes suffer from al-
tered sphingolipid content and disappearance of SM-rich domains. One
of the future challenges will be identifying if preserved SM-rich do-
mains could prevent senescence in this cell type.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2017.06.001.
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Fig. 9. SM-rich submicrometric lipid domains are preserved in Y27632-treated and in NnTERT immortalized keratinocytes: A. Human NAKs were continuously cultured in the presence or
absence of 10 M Y27632 Rho kinase inhibitor in order to prevent replicative senescence and were double-labelled by lysenin* and BODIPY-SM as previously described at increasing
passages. B. NnTERT immortalized keratinocytes at low (P4) and high (P40) passages were identically double-labelled. All scale bars, 20 pum. C. and D. Sphingomyelin amount was
measured in Y27632-treated NAKs and in NhTERT immortalized keratinocytes during increasing passages. Data are presented as means * SD of three independent experiments and
values have been normalized to protein concentration in each sample.
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Fig. 10. The ability of keratinocytes to migrate decreases in senescent cells as well as in cells treated to deplete cholesterol or SM in membranes. A. Early passage and senescent
keratinocytes were cultured to confluence, then growth-arrested by mitomycin-C before analyzing their ability to migrate by scratch wound assays. The wound closure was monitored
during 18 h after cell scratch (see also Video 4). (B) Pre-senescent keratinocytes were maintained in the presence of 10 uM Y27632 Rho kinase inhibitor, or were treated with 5 mU/ml
SMase or 7.5 mM MPBCD to respectively deplete SM or cholesterol from their membranes, then the ability of keratinocytes to migrate in each condition was evaluated as described above

(see also Video 5).
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