
ORIGINAL PAPER

The activation of cultured keratinocytes by cholesterol depletion
during reconstruction of a human epidermis is reminiscent
of monolayer cultures
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Abstract Transient cholesterol depletion from plasma

membranes of human keratinocytes has been shown to

reversibly activate signalling pathways in monolayer

cultures. Consecutive changes in gene expression have

been characterized in such conditions and were interest-

ingly found to be similar to transcriptional changes

observed in keratinocytes of atopic dermatitis (AD)

patients. As an inflammatory skin disease, AD notably

results in altered histology of the epidermis associated

with a defective epidermal barrier. To further investigate

whether the activation of keratinocytes obtained by cho-

lesterol depletion could be responsible for some epider-

mal alterations reported in AD, this study was undertaken

to analyse cholesterol depletion in stratified cultures of

keratinocytes, i.e. a reconstructed human epidermis

(RHE). RHE contains heterogeneous populations of

keratinocytes, either proliferating or progressively dif-

ferentiating and stratifying towards the creation of a

cornified barrier. Cholesterol depletion induced in this

model was found reversible and resulted in activation of

signalling pathways similar to those previously identified

in monolayers. In addition, selected changes in the

expression of several genes suggested that keratinocytes

in RHE respond to cholesterol depletion as monolayers.

However, preserved histology and barrier function indi-

cate that some additional activation, likely from the

immune system, is required to obtain epidermal altera-

tions such as the ones found in AD.
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Introduction

A major function of human skin, at the epidermal level,

is the production and maintenance of an effective barrier

between the organism and its environment that protects

against pathological invaders and external substances,

but also impedes water loss from the body. This barrier

function resides within the most superficial epidermal

layers of the skin [1]. Therefore, keratinocytes, the main

cell type in the epidermis, organize into stratified layers.

They proliferate in the deepest basal layer of the tissue,

then undergo a complex differentiation program through

the suprabasal layers, finally creating squamous termi-

nally keratinized dead cells inside the cornified layer [2].

A physiological balance between keratinocyte prolifera-

tion, terminal differentiation and superficial desquama-

tion is observed under normal conditions as a

consequence of tightly regulated and coordinated sig-

nalling pathways in keratinocytes that control their epi-

dermal phenotypes.

Several previous studies have shown the critical

involvement of membrane cholesterol in regulating kerat-

inocytes through important signalling pathways [3–9]. In

plasma membranes, cholesterol accumulates in detergent-

resistant micro-domains named lipid rafts. Such domains
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exhibit elevated affinities for actors like the epidermal

growth factor receptor (EGFR) involved in precise sig-

nalling pathways, suggesting that cholesterol is required in

plasma membranes to organize specialized micro-domains

able to regulate signalling [7, 8, 10, 11]. Keratinocytes in

culture contain cholesterol in plasma membranes and its

depletion can be induced by incubation of cells with

methyl-b-cyclodextrin (MbCD), a molecule containing a

hydrophobic cavity able to extract cholesterol from mem-

branes [12]. This depletion is followed by repletion and

cell recovery within a few hours [3–5, 13]. After plasma

membrane cholesterol deprivation, keratinocytes exhibit

dimerization and tyrosine phosphorylation of EGFR, as

well as phosphorylation of extracellular signal-regulated

kinase (ERK) [6]. Interestingly, mitogen-activated protein

kinase p38 (MAPKp38) is also activated and induces the

expression of the differentiation marker involucrin (IVL)

[4], as well as the expression of the heparin-binding EGF-

like growth factor (HB-EGF) [3, 13], but p38 activation

does not depend on the tyrosine kinase activity of EGFR,

indicating a role for an additional activation pathway to

modulate the keratinocyte phenotype after cholesterol

depletion [4].

While trying to analyse in a more comprehensive fash-

ion the alterations induced by cholesterol depletion in

keratinocytes, a transcriptomic analysis confirmed and

revealed multiple regulations in the expression of various

genes, either implicated in epidermal proliferation (HB-

EGF), differentiation [IVL, transglutaminase-1 (TGM-1)],

barrier formation [filaggrin (FLG), loricrin (LOR)] or

inflammation [interleukin-8 (IL-8)] for instance [14].

Interestingly, signalling pathway analysis of those data

suggested that cholesterol-depleted keratinocytes mimic

the transcriptional profile observed in keratinocytes from

lesions of atopic dermatitis (AD) patients [14]. AD is

characterized by a defective epidermal barrier and skin

inflammation [15] and is an increasingly common skin

condition that affects 15–30 % of children in industrialized

countries.

Those previous results were obtained through analysis

of keratinocytes cultured as monolayers wherein cells

exhibit an incomplete keratinization process and cannot

establish any epidermal barrier. Therefore, the present

study has been performed to transpose cholesterol deple-

tion conditions into keratinocytes involved in the recon-

struction of a keratinized tissue, a context much closer to

the in vivo environment of this cell type [16, 17]. Recon-

structed human epidermis (RHE) was thus analysed for

alterations already identified in monolayer cultures of

keratinocytes during tissue reconstruction. Signalling

pathways and specific gene expression were characterized

in RHE after cholesterol depletion, as well as morphology

and functionality of the epidermal barrier.

Materials and methods

Cell culture and the production and analysis

of reconstructed human epidermis

Normal adult human skin samples were obtained from

abdominoplasties after informed consent and superficially

sliced using a dermatome. Epidermal keratinocytes were

isolated and cultured as described earlier to first expand the

cell population, and then produce RHE over polycarbonate

filters (pore diameters: 0.4 lm) at the air–liquid interface

[16–18]. Morphology, RNA and protein extraction of RHE

was realized according to De Vuyst and collaborators [18].

Chemicals and antibodies

MbCD suitable for use in cell culture was obtained from

Sigma-Aldrich (Diegem, Belgium). MbCD was used at a

concentration of 1 % (wt/vol), corresponding to approxi-

mately 7.5 mM. This concentration has been chosen in

accordance with previous studies performed on monolayer

cultures of keratinocytes [3, 5, 13, 14] and showing that 1 h

of treatment was sufficient to significantly decrease the

concentration of cholesterol without affecting cell viability

[3, 4]). Rabbit anti-EGFR, rabbit anti-p38, rabbit anti-

phospho-p38, rabbit anti-ERK1/2, mouse anti-phospho-ERK

antibodies were purchased from Cell Signaling (Leiden,

Netherlands). Rabbit anti-phospho-EGFR (Tyr1173) anti-

body was obtained from Invitrogen (Ghent, Belgium). Anti-

rabbit and anti-mouse HRP-antibodies were purchased from

Cell Signaling (Leiden, The Netherlands).

Cholesterol extraction and quantification

RHE was lysed in chloroform. Proteins and lipids were

then solubilized and separated in chloroform:methanol

(2:1). The organic phase was washed twice in 0.05 M

NaCl, then twice in 0.36 M CaCl2:methanol (1:1). Triton

X-100/acetone was then added and samples were evapo-

rated under air flow with SpeedVac SC100 before being

solubilized in demineralized water.

Cholesterol was quantified using the Amplex Red

Cholesterol Assay kit from Molecular probes (Ghent,

Belgium) according to the manufacturer’s protocol.

Filipin staining

Frozen sections of the epidermis were fixed for 30 min

with 4 % paraformaldehyde then washed with PBS and

incubated with 50 lg/ml of filipin III from Sigma-Aldrich

(Diegem, Belgium) for 30 min. After a washing step,

sections were mounted in Mowiol (Molecular Probes,

Ghent, Belgium) and analysed by epifluorescence using
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Olympus AX70 microscope with a UV filter and processed

by Canon EOS1100D software. Pictures were taken using

uniform conditions (quick exposure time to avoid the rapid

bleaching of filipin).

Western blotting

RHE was lysed according to De Vuyst et al. 2013 [18].

Protein concentrations of the cell lysates were measured

using the Pierce kit (Thermo scientific, Rockford, USA).

The extracted proteins were separated by SDS-polyacryl-

amide gel electrophoresis and blotted onto polyvinylidene

difluoride (PVDF) membranes (GE Healthcare Bio-Sci-

ences, Diegem, Belgium). Membranes were blocked in

PBS containing 0.1 % Tween 20 and containing 5 %

powdered milk (blocking buffer) before being incubated

with specific primary antibodies diluted in blocking buffer

and horseradish peroxidase-conjugated secondary anti-

bodies. Finally, detection was performed using the BM

Chemiluminescence Blotting Substrate (Roche Diagnostic,

Mannheim, Germany). Densitometric values of Western

blot data were measured using ImageJ software.

Reverse transcription and quantitative RT-PCR

RNA was reverse transcribed into cDNA using the Super

Script II RNase H-reverse transcriptase kit (Invitrogen,

Merelbeke, Belgium) and qRT-PCR was performed with the

Power SYBR Green Master Mix (Applied Biosystems,

Lennik, Belgium). Genes were normalized to the house-

keeping gene RPLP0 shown to be stable in conditions of

keratinocyte differentiation [19]. Sequences of the primers

that were used are available as supplementary data (Table 1).

Trans-epithelial electrical resistance (TEER)

measurements and permeability to lucifer yellow

TEER measurements were performed using Millicel elec-

trical resistance system from Millipore (Billerica, MA,

USA) as described by Frankart and collaborators [16].

Lucifer yellow obtained from Sigma-Aldrich (Diegem,

Belgium) was applied topically at 1 mM concentration on the

epidermis for 6 h at 37 �C. At the end of the incubation, the

medium beneath the epidermis was collected for measurement

of the fluorescence corresponding to dye (kex: 485 nm; kem:

535 nm) and the RHE was fixed and embedded in paraffin.

Sections were visualized under fluorescence microscopy.

Results

During in vitro reconstruction of the epidermal tissue, pro-

liferation and differentiation of keratinocytes lead to

progressive morphogenesis of the characteristic stratified

layers of the epidermal tissue so that, after 11 days of culture

at the air–liquid interface, the morphology of the tissue is

representative of the in vivo normal human epidermis [16],

although it is exclusively composed of keratinocytes.

Because cholesterol depletion in keratinocytes had been

solely studied in monolayer cultures, despite data indicating

altered gene expression of several actors of epidermal ker-

atinization and barrier formation [4, 14], the effects of

cholesterol depletion were here monitored in RHE treated on

the fifth day of reconstruction. This timepoint was chosen

because, at this stage, an efficient epidermal barrier begins to

form [16]. Indeed, granular and cornified layers appear at

this stage simultaneously with the increase in TEER [16].

We assumed that an already established barrier such as the

one present after 11 days of reconstruction of the RHE

should be less sensitive to the alterations produced by cho-

lesterol depletion than the barrier developing from the fifth

day of reconstruction. In the present study, RHE was

therefore incubated on the fifth day of reconstruction for 1 h

in the presence of MbCD, then left to recover for different

periods in normal culture medium.

Cholesterol can be depleted from the deepest layers

of RHE by MbCD

Cholesterol content was assessed using an enzymatic assay

on lipid extracts from RHE. Data from three independent

experiments reveal that the amount of cholesterol is

decreased at the end of the treatment with MbCD, although

the reduction is found statistically significant only 1 h later,

i.e. after 1 h of recovery (Fig. 1a). Later on, RHE recovered

cholesterol contents similar to initial control conditions. This

illustrates that MbCD is able to extract cholesterol from

RHE, but also that cholesterol is synthesized by keratino-

cytes. Of course, these results represent total cellular cho-

lesterol content measured in each RHE and likely

underestimate the actual variations of plasma membrane

cholesterol of keratinocytes from the lowest layers.

Since this procedure removes cholesterol from the

bottom of RHE, cholesterol was localized in RHE sec-

tions using a filipin-based staining. Filipin is a naturally

fluorescent dye that binds to non-esterified cholesterol

also in cell membranes, allowing its localization in cells

and tissues [20]. Presented data are representative of three

independent experiments. In the control epidermis, a blue

staining is observed in the whole tissue with the highest

concentration in plasma membranes and in the upper

granular and cornified layers. After incubation with

MbCD, cholesterol is depleted from the lower living

layers of keratinocytes, while it remains inside the

superficial outermost layers. After 4 h of recovery in

normal culture medium, the reappearance of filipin
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staining around keratinocytes of the lowest layers sug-

gests slow cholesterol re-synthesis in RHE. After 24 h of

recovery, the cholesterol content and localization were

close to the control conditions (Fig. 1b). Interestingly, the

MbCD present in culture medium does not reach the

cornified layer of RHE since the cholesterol content was

never modified there (Fig. 1b), an observation that is in

agreement with the absence of cholesterol extraction

during topical application of MbCD on the apical surface

of RHE (data not shown).

Cholesterol depletion in RHE results in activated cell

signalling

As a possible consequence of cholesterol depletion, acti-

vation of the cell signalling was then investigated in a time-

course experiment. This was also realized in RHE pro-

duced and analysed in three independent experiments.

Indeed, tyrosine phosphorylation of the EGF receptor

(EGFR) as well as serine/threonine phosphorylation of the

p38 mitogen-activated protein kinase (p38 MAPK) and of

the extracellular signal-regulated kinase (ERK) was

detected at different timepoints following the incubation of

RHE with MbCD (Fig. 2). This is reminiscent of the

activated cell signalling reported after cholesterol depletion

in keratinocyte monolayers [3, 5]. Phosphorylation of these

proteins was significantly increased after 1 h of recovery

and lasted for at least 24 h during the recovery period after

cholesterol depletion; however, it was no more detectable

after 6 days (144 h) of recovery, on the 11th day of tissue

reconstruction, when morphogenesis of the RHE is usually

considered as complete.

Fig. 1 Effect of incubation

with MbCD on the

concentration and localization

of cholesterol in RHE analysed

at day 5 of tissue reconstruction.

a Cholesterol amount was

quantified in RHE left untreated

(before treatment and ctrl 24 h)

or in RHE incubated with

7.5 mM MbCD for 1 h before

different recovery periods (0, 1,

4 and 24 h). Data are presented

as means ± SEM of three

independent experiments;

Anova1RM; Fischer-LSD test;

*p B 0.05. b Frozen sections of

RHE were stained with filipin

and observed under a

fluorescent microscope using

UV wavelength as excitation

light (DAPI filters). RHE was

left untreated (MbCD-) or

treated with 7.5 mM MbCD for

1 h (MbCD?) followed by

different recovery periods (0, 1,

4 and 24 h). White dotted lines

delineate the polycarbonate

filter (scale bar 50 lm; n = 3

independent experiments)
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Activation of gene expression by cholesterol depletion

in RHE

Characterization of consequences induced by cholesterol

depletion on gene expression in RHE was then undertaken

for genes already found regulated by this treatment in

keratinocyte monolayers [14]. Quantitative RT-PCR was

used to determine relative mRNA expression levels of

target genes in RHE produced and analysed in three

independent experiments. The mRNA levels were mea-

sured before the treatment of RHE with MbCD, after the

treatment, as well as during different recovery periods

(Fig. 3). The heparin-binding EGF-like growth factor (HB-

EGF) and the plasminogen activator urokinase receptor

(PLAUR) are mainly expressed after 1 and 4 h of recovery

period. Differentiation markers involucrin (IVL) and

transglutaminase-1 (TGM-1) are maximally induced after 4

and 8 h of recovery period. Maximal expression of the

Fig. 2 EGFR, p38 and ERK signalling are induced by cholesterol

depletion in RHE. RHE was either left untreated (before treatment or

MbCD-) or incubated for 1 h with 7.5 mM MbCD on the fifth day of

tissue reconstruction (MbCD?), before being cultured in normal

medium for different recovery periods (0, 1, 4, 24 or 144 h) to analyse

them until the 11th day of tissue reconstruction. a Cell lysates were

prepared from the different RHE for protein analysis through Western

blotting, using antibodies to recognize the total forms of EGFR, p38

or ERK, as well as particular phosphorylated forms (phospho-EGFR

(Tyr 1173), phospho-p38 and phospho-ERK). Results are from three

different independent experiments of which a representative one is

shown. b Quantification of Western blot signals specific to phos-

phorylated forms of EGFR, p38 and ERK and analysed over time

upon incubation or not with MbCD. Results were normalized to total

EGFR, p38 or ERK protein signals used as loading controls. N = 3

independent experiments and error bars represent the standard

deviation (anova2RM; **p B 0.01, ***p B 0.001)
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Fig. 3 Analysis of gene expression after cholesterol depletion

(7.5 mM MbCD for 1 h on day 5 of tissue reconstruction). Total

RNA was extracted before treatment with MbCD or after the

treatment, at different timepoints during the recovery period. RNA

was reverse transcribed into cDNA and analysed by real-time PCR.

Relative mRNA expression levels were obtained after normalization

with regard to the RPLP0 reference gene and compared to the level

measured for each gene in RHE analysed before treatment. This level

was arbitrarily fixed at 1 for comparison. Error bars represent the

95 % confidence interval. N = 3 independent experiments (ano-

va2RM; *p B 0.05, **p B 0.01, ***p B 0.001)
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interleukin 8 (IL-8) was observed between 1 and 8 h of

recovery period followed by a decrease during the next

hours. These results illustrate responses similar to the one

observed in monolayer cultures [14]. However, certain

significant downregulations reported for the expression of

keratin 10 (KRT10), loricrin (LOR), and filaggrin (FLG) in

keratinocyte monolayers were not confirmed in RHE after

cholesterol depletion.

Thus, results show several similarities between mono-

layer cultures on one hand [4, 14] and in RHE on the other

hand regarding the cell signalling observations and gene

expression studies. In other words, keratinocytes, analysed

while anchored to plastic culture dishes or embedded

together inside a more complex stratified tissue displaying

heterogeneous epidermal cell phenotypes, behave in com-

parable ways after cholesterol depletion.

Cholesterol depletion does alter neither the histology

of RHE nor their barrier

Because transcriptional profiling of cholesterol-depleted

keratinocytes has identified AD as the disease that exhibits

the keratinocyte’s phenotype most closely associated with

cholesterol depletion [14], the histology of RHE and their

barrier properties were analysed after cholesterol depletion.

The histology of RHE (Fig. 4) was compared from the

fifth day of tissue reconstruction, when cholesterol was

depleted by treatment with MbCD, until the 11th day of

RHE culture, when the epidermal morphogenesis is

achieved [16]. Results shown are representative of RHE

produced and analysed in three independent experiments.

Comparison under classical HE staining reveals identical

histology between RHE cultured after cholesterol depletion

for 1 h and control RHE (Fig. 4). The epidermal morpho-

genesis is identical in both conditions, especially charac-

terized by simultaneous appearance of granular and

cornified layers at the surface of RHE. These observations

were confirmed by immunolocalization of markers of epi-

dermal differentiation (data not shown).

The three-dimensional RHE cultured at the air–liquid

interface resembles the in vivo epidermis and is therefore

also suitable to study alterations of the barrier’s function.

Two different procedures were used to analyse the barrier:

measurement of trans-epithelial electrical resistance

(TEER) and permeability of RHE to the fluorescent dye

lucifer yellow. The TEER measured through the epidermal

tissue increases during the reconstruction, especially after

the fifth day of culture, indicating the development of a

functional barrier [16]. When comparisons of TEER were

made between RHE from three independent experiments

treated with MbCD versus control RHE without this

treatment, no significant differences could be observed

during the recovery period pursued until the 11th day of

reconstruction (Fig. 5a). Similarly, the permeability of

RHE towards the fluorescent dye lucifer yellow applied

topically was also unchanged after cholesterol depletion.

Indeed, when tested by fluorescent microscopy of histo-

logical sections of RHE (Fig. 5b), or by measurement of

lucifer yellow-associated fluorescence in culture medium

under RHE (Fig. 5c), the permeability remained unchanged

in both conditions.

Discussion

Previous works on cultures of keratinocytes have shown

that treatment of monolayers with MbCD depletes cho-

lesterol from plasma membranes [4]. Moreover, choles-

terol depletion in keratinocytes was shown to result in a

kind of cell activation associated with EGFR phosphory-

lation and internalization [4–6], associated with release of

extracellular ATP, activation of P2 purinergic receptors,

as well as expression and release of HB-EGF [3]. Further,

it was associated with a larger number of genes whose

expression was altered, including genes involved in

inflammatory response and reminiscent of genes altered in

AD lesions [14]. Here, data collected with keratinocytes

embedded in RHE treated or not with MbCD at day 5 of

reconstruction to deplete cholesterol from their plasma

membranes reveal that a similar profile of cellular acti-

vation is obtained. Indeed, phosphorylation of EGFR, but

also of MAP kinases p38 and ERK is observed simulta-

neously with transiently enhanced gene expression of HB-

EGF, IVL, IL-8, TGM-1 and PLAUR. However, despite

good similarities between keratinocyte responses after

cholesterol depletion in monolayers and RHE, other genes

do not seem to be identically regulated in both contexts.

For instance, the expression levels of FLG and LOR were

affected in cholesterol-depleted keratinocyte monolayers

[14], whereas they did not vary in RHE. It is important to

note that in monolayer cultures of keratinocytes all cells

are immersed and thus affected by the treatment, whereas

in a three-dimensional reconstructed epidermis the basal

layer is the only one to be in direct contact with the

culture medium containing molecules responsible for the

treatment. However, MbCD is able to penetrate, between

cells of the basal layer, into the suprabasal layers (Fig. 1b)

which probably creates a diffusion gradient of the mole-

cule across the RHE and could explain the difference of

sensitivity between the two culture models. Interestingly,

the differently regulated genes, FLG and LOR, that are

expressed in the granular and cornified layers and partic-

ipate in the formation of the epidermal barrier, do not

seem affected by the cholesterol depletion in the present

study while they were significantly altered in the mono-

layer cultures [14]. The presence of cholesterol in the
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upper layers of RHE, as evidenced by filipin staining

(Fig. 1b), could explain why the expression of these genes

is not affected by the treatment. In addition to the diffu-

sion gradient across the RHE, the water-soluble properties

of MbCD can also impede this molecule to reach the

hydrophobic cornified layer. This could also explain why

the morphology (Fig. 4) and the epidermal barrier (Fig. 5)

are not affected by cholesterol depletion in RHE. In

monolayer cultures, keratinocytes show morphological

alterations such as slender and stretcher cells with larger

intercellular spaces (data not shown). However, in a

stratified tissue, an effective barrier forms during recon-

struction, thanks to functional junctions between cells.

These junctions are probably stronger in a tissue and thus

less affected by treatments than in monolayer cultures.

This could explain the absence of enlargement of the

intercellular spaces between keratinocytes in RHE.

Keratinocytes activated by incubation with MbCD and

thereby deprived from cholesterol exhibit phenotypic

characteristics of AD in monolayers. Our approach of

cholesterol depletion in RHE was thus undertaken to mimic

some pathological situation such as AD in an in vitro

model of the human epidermis, which is closer to the

in vivo situation. After collecting encouraging observations

of keratinocyte activation in terms of cell signalling and

specific gene expression in RHE, the subsequent deceptive

conclusions drawn with regard to histology and barrier

function of the activated tissues led us to hypothesize a

Fig. 4 Histological analysis of

cholesterol-depleted

reconstructed epidermis

(MbCD?) versus their

respective untreated controls

(MbCD-). RHE was treated at

day 5 of reconstruction with

7.5 mM of MbCD for 1 h

before different recovery

periods, until 11th day of tissue

reconstruction, (0, 1, 4, 8, 24, 96

and 144 h in normal culture

medium. After fixation, RHE

was embedded in paraffin

before staining with

haematoxylin and eosin. Scale

bar 50 lm. Data are

representative of three

independent experiments
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more complex situation to understand epidermal alterations

in AD. Indeed, activation of the immune system is part of

AD disease and has been shown able to induce a weak-

ening of the epidermal barrier, notably by the release of

specific interleukins that result in decreased expression of

FLG [21, 22]. In consequence, since the hereby presented

model is made of keratinocytes only, it should therefore be

envisaged to add immune components such as AD-linked

interleukins in the culture medium [22–24] or to set up a

co-culture model including activated lymphocytes for

instance [25, 26].

Taken together, our data demonstrate that cholesterol

depletion elicits keratinocyte responses in a complex

stratified tissue made of heterogeneous cell phenotypes.

These responses include activation of signalling pathways

and altered gene expression, two observations that suggest

to combine cholesterol depletion with alterations induced

by the immune system to mimic more closely the charac-

teristics of AD in pathological RHE.
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