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Implication de l’IGF-1R dans la différenciation épidermique et le vieillissement 
Le récepteur à l’IGF1 (IGF-1R) ainsi que ses voies de régulation sous-jacentes ont été 
largement étudié pour leur importance au cours du développement et leur rôle mitotique sur 
divers types cellulaires. A l’échelle de la peau, l’IGF-1R contribue à l’homéostasie 
épidermique et est souvent associé au compartiment basal pour son effet pro-prolifératif. Très 
peu d’études ont montré son implication au niveau de la différenciation épidermique et celles-
ci présentent des résultats contradictoires. Au cours du vieillissement, la peau s’amincit et la 
barrière épidermique présente des défauts de perméabilité. Parallèlement, l’activité de l’IGF-
1R, maximale à l’adolescence, diminue avec l’âge. Cette étude a contribué à éclaircir le rôle 
de l’IGF-1R sur la différenciation épidermique et à montrer un lien entre vieillissement, perte 
en qualité de la peau et diminution d’activité de l’IGF-1R. L’élaboration de modèles 2D et 3D 
mimant le vieillissement par diminution d’activité de l’IGF-1R, nous a permis de confirmer le 
rôle mitotique de l’IGF-1R sur les kératinocytes et les progéniteurs et de démontrer son effet 
régulateur sur la différenciation épidermique par augmentation ou diminution de ces 
marqueurs. L’IGF-1R renforce l’adhésion cellulaire sur différentes matrices, impliquant de 
possibles interactions avec les intégrines α6 et β1. Ces résultats ont été corrélés aux 
observations de biopsies de peaux jeunes et âgées. Nous avons aussi montré que l’IGF-1R 
conférait un état sénescent aux cellules soumises à de fortes doses d’H2O2. Ces travaux 
montrent ainsi que l’IGF-1R est nécessaire pour le processus de différenciation épidermique 
et pour en assurer sa protection face au stress oxydant. 
___________________________________________________________________________ 

Involvement of the IGF-1R in epidermal differentiation during aging  
Insulin-like growth factor 1 receptor (IGF-1R) and its signaling pathway have been widely 
studied for their growth promoting role on many cell types and their implication in 
development. On skin, the IGF-1R function has been associated to basal proliferation and 
contributes to epidermal morphogenesis, but very little is known about its involvement on 
keratinocytes differentiation and the few studies existing depict contradictory results. IGF-1R 
activity is maximal during teenage and tend to decrease during aging. Aged skin depicts major 
thinning and defects in permeability of skin barrier. Our work consisted in clarifying IGF-1R 
role on epidermal differentiation process and emphasized a correlation between aging, loss of 
skin quality and IGF-1R activity. By building 2D and 3D aging like models with low IGF-1R 
activity, we confirmed IGF-1R mitogenic role on both basal and progenitor-like keratinocytes. 
We demonstrated that IGF-1R activity regulated keratinocytes differentiation by either 
enhancing or slowing down differentiation markers deposition. More importantly, we 
highlighted the importance of IGF-1R activity for keratinocytes adhesion on both laminin-332 
and collagen I/IV coatings, implying possible interactions with α6 and β1 integrins. This 
relationship was further correlated on skin biopsies of young and aged donors. In a parallel 
study, we showed that IGF-1R could induce cell senescence under acute H2O2 stress. Taken 
together, IGF-1R is necessary for the epidermal differentiation process and protects epidermis 
from acute oxidative stress induced damages. 
 
DISCIPLINE : Biologie cellulaire 
 
MOTS-CLES/KEYWORDS : IGF-1R, peau/skin, épiderme/epidermis, 
kératinocytes/keratinocytes, modèles in vitro/in vitro models, vieillissement/aging 
 
Laboratoire de Biologie Tissulaire et Ingénierie Thérapeutique, UMR 5305 CNRS/Université 
Claude Bernard Lyon 1, Equipe Fonctionnalité et dynamique du tissu cutané, 7 Passage du 
Vercors, 69367 Lyon Cedex 07, France  
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Résumé substantiel des travaux de thèse 

La voie de l’IGF-1R induit des réponses multiples. Elle engendre la prolifération, la 

migration, la différenciation, l’adhésion, l’apoptose, la sénescence d’une variété de types 

cellulaires, et de ce fait a été montré comme acteur majeur au cours du développement. A 

l’échelle de la peau, la plupart des études démontrent son importance sur la prolifération des 

kératinocytes et des cellules progénitrices, ce qui a été corrélé avec une localisation du 

récepteur principalement dans le compartiment basal de l’épiderme. Très peu d’études se sont 

intéressées à son action éventuelle sur le processus de différenciation épidermique, et les 

quelques travaux existant présentent des résultats contradictoires. 

Au cours du vieillissement, la peau connait des changements intenses avec la dégradation des 

composants élastiques et collagéniques, la diminution d’activité cellulaire, l’amincissement 

épidermique et la perte en fonction de sa barrière… Ces évènements sont concomitants avec 

la diminution du taux circulants d’IGF1 et la baisse d’activité de l’IGF-1R. Cette étude a 

contribué à éclaircir l’implication de l’IGF-1R dans le processus de différenciation, mais 

également à démontrer si la perte d’activité d’IGF-1R au cours du vieillissement avait un lien 

direct avec la perte en qualité de la peau. Pour répondre à ces objectifs, nous avons élaboré 

des modèles 2D et 3D dont les cellules avaient une perte d’activité de l’IGF-1R, mimant ainsi 

partiellement le vieillissement. Pour cela, plusieurs stratégies ont été mises en place : la 

stimulation du récepteur par son ligand l’IGF1, son inhibition par deux inhibiteurs chimiques 

et l’extinction ciblée de son expression par lentivirus et shRNA. Nous avons étudié dans un 

premier temps l’effet prolifératif du récepteur sur modèles cellulaires en monocouches, et 

avons confirmé l’effet pro-prolifératif de l’IGF-1R sur les kératinocytes. Ce dernier permet de 

réduire le temps de cycle cellulaire et préserve les capacités progénitrices des kératinocytes. 

Nous nous sommes ensuite intéressés à son impact sur le développement épidermique et 

notamment le processus de différenciation. C’est par l’intermédiaire d’un modèle in vitro 

d’épiderme reconstruit modulant l’activité ou l’expression de l’IGF-1R, que nous avons pu 

constater que ce dernier pouvait soit promouvoir soit ralentir l’entrée en différenciation. Mais 

l’effet de l’IGF-1R ne se limite pas à moduler l’expression des marqueurs précoces et tardifs 

K10 et loricrine. Nous avons également montré que l’inhibition de l’IGF-1R pouvait moduler 

l’adhésion des kératinocytes sur différents substrats matriciels de laminine-332, collagène I et 

IV. Ces protéines de la matrice extracellulaire ont pour partenaires préférentiels les intégrines 

α6 et β1 retrouvés sur les kératinocytes du compartiment basal. En utilisant un anticorps anti- 
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intégrine α6 dans nos expériences d’adhésion, nous avons constaté un renforcement dans la 

perte d’adhésion, signifiant que cette intégrine était possiblement impliquée dans ce 

mécanisme d’adhésion. Nous avons également confirmé à l’échelle épidermique une 

perturbation dans le marquage de l’intégrine β1 corrélée avec l’inhibition ou l’extinction de 

l’IGF-1R. Ces résultats ont été confirmés dans des biopsies de peaux jeunes et âgées. Il était 

déjà connu que le vieillissement pouvait s’accompagner d’une diminution des marqueurs 

d’adhésion, notamment les intégrines α6 et β1 et que l’IGF-1R pouvait interagir avec 

certaines intégrines pour en augmenter l’activité des voies de signalisation associées. 

Cependant aucune corrélation n’a été faite jusqu’à présent entre l’IGF-1R et l’adhésion 

épidermique. Nos travaux montrent pour la première fois cette relation entre l’activité de 

l’IGF-1R, le vieillissement et l’adhésion des kératinocytes. 

Nous avons également étudié une autre facette de l’IGF-1R dans une situation de stress 

oxydant induite par des doses chroniques ou aigues d’H2O2 en modèles 2D et 3D. Nous avons 

constaté que les cellules dont l’activité de l’IGF-1R était perturbée montraient un taux de 

prolifération plus élevé que les cellules avec une activité normale de l’IGF-1R. Nous avons pu 

mettre en parallèle ces résultats avec les données de la littérature montrant que l’IGF-1R était 

capable d’induire la sénescence comme mécanisme de protection face à des dommages 

irréparables liés au stress oxydant, empêchant ces derniers de se répandre.  
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Introduction 

One major objective of the cosmetic industry is to improve skin quality, especially during 

aging. For that purpose, cosmetic companies investigate mechanisms and regulations involved 

during skin generation. This work was funded by the Brazilian company Natura, which was 

interested in identifying new mechanisms involved in keratinocytes differentiation. 

The primary function of the epidermis is to assure a functional protective barrier against 

external aggressions as well as internal water loss. It is through the differentiation process that 

keratinocytes are able to sustain this function. Growth factors provide continuous renewing of 

the skin by maintaining proliferation of basal keratinocytes, able to nourish suprabasal layers 

in a constant flux. This tightly orchestrated process is disturbed during aging, as keratinocytes 

grow slowly, present abnormal differentiation patterns and permeable barrier. Structurally, the 

epidermis is thinner with appearance of wrinkles and pigmentation disorders. Beside the loss 

of function of epidermal cells, aging is also associated with decrease in growth factors and 

circulating hormones and notably a decrease in circulating levels of IGF1. IGF1 signaling 

pathway through IGF1-R is involved in many cellular aspects (proliferation, differentiation, 

apoptosis…) and is important for growth and development as demonstrated by the severe 

phenotype of knock-out mice. However, despite its various roles, decreased activity of IGF1 

with aging has been rather showed to be of advantage for increased longevity.  

In this study, we wanted to demonstrate that sustaining IGF1 signaling activity during aging 

was beneficial and could improve epidermal differentiation. IGF1 is a circulating hormone, 

and the loss of steroid hormones at post-menopausal state has been shown to decrease 

elasticity and tensile strength of the skin. Likewise, we wanted to highlight a link between the 

loss of IGF1 signaling and the decreased skin quality. 

As aging is also associated with increased oxidative stress, we also analyzed the protective 

effect of IGF1 signaling regarding oxidative damages on skin homeostasis. 

For these purposes, we established in vitro 3-dimensional epidermis models with either 

disruption in the activity of the IGF-1 receptor (IGF-1R) or concomitant loss of IGF-1R 

activity and oxidative stress. These models could allow the investigation of mechanisms 

regulated by the IGF1 signaling, but could have also been considered by Natura as useful 

tools to screen active compounds with potential anti-aging properties.  
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Figure 1: Structure of human skin 

 (from http://healthfavo.com) 
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I. The skin and its appendices 

The skin is the largest organ of the body, covering approximately 2 m2 of the body with a 

weight over 5 kg. It is a complex organ composed of many cell types and structures. When 

looking at the skin from its surface and going deeper into it, we can discriminate three tissues: 

the epidermis composed at 80% of keratinocytes undergoing a differentiation process that 

leads to this pluristratified protective tissue; the dermis a conjunctive tissue composed mainly 

of fibroblasts trapped into an extracellular matrix assuring strength and elasticity; and the 

hypodermis or subcutaneous fat composed of lipid-filled cells, the adipocytes, surrounded by 

a conjunctive tissue and assuring energy storage and thermoregulation (Koster, 2009; 

Mariman and Wang, 2010). The skin is also composed of various appendices: hair follicles, 

sebaceous and sweat glands, which will further be detailed below (Figure 1). 

1) Skin structure and composition 

a) The epidermis 

The epidermis has a protective function against external attacks (microorganisms, physical 

and chemical aggressions), but also prevents loss of water. This function is achieved by a 

semi-permeable barrier established at the surface of the epidermis. 

The epidermis is composed predominantly by keratinocytes, which are responsible for the 

architecture of the tissue; and other minor cells with neural (Merkel cells), immune 

(Langerhans cells), pigmentary and UV protective functions (melanocytes). 

Keratinocytes constitute the 4 characteristic layers of the epidermis: stratum basale, stratum 

spinosum, stratum granulosum and stratum corneum. Each layer represents a different state of 

the keratinocytes that had undergone the differentiation process, and is easily recognizable by 

structural and molecular factors. The deepest layer, the stratum basale, is represented by one 

single layer of cubic proliferating keratinocytes. The other layers are suprabasal layers with 

exclusively differentiating keratinocytes. The first suprabasal compartment is the stratum 

spinosum, composed of five to ten layers of polyhedral keratinocytes joined by cohesive 

structures (desmosomes) that look like “spindles” under the microscope. Follows the stratum 

granulosum, which is composed of three to five layers of flat keratinocytes filled with 

keratohyalin granules. These granules are bearing proteins necessary for the establishment of 

the barrier function. Finally, the stratum corneum is the most superficial compartment and is 
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represented by dead, flat keratinocytes lacking nuclei and filled with lipids and densely 

crosslinked proteins: the corneocytes. Corneocytes gradually flake off and are replaced by 

underlying cells. The thickness of the stratum corneum varies throughout the body, but is 

found typically thick at the palms of the hands and the soles of the feet, where additional 

protection and resistance are needed (Brohem et al., 2011; Poumay and Coquette, 2007). 

In humans, the differentiation process leading to an epidermis lasts for 28 days, and epidermis 

thickness varies between 0.05 to 0.1 mm throughout the body. 

The establishment of human epidermis will be further detailed in section I.2). 

Merkel cells are found in the stratum basale and are thought to contribute to touch perception 

in the skin. They contain dense-core granules (merkel cell granules) that resemble 

neurosecretory vesicles and have membrane densities similar to those at synaptic active zones. 

Merkel cells express neuropetides (CCK8) and molecules necessary for synaptic glutamate 

release (Haeberle et al., 2004; Tachibana, 1995). Morphological and molecular studies have 

shown that merkel cells guide nerve fibers in the skin in vitro (Shimohira-Yamasaki et al., 

2006) and form complexes with Aβ-afferent terminals (Lumpkin and Caterina, 2007). 

However, there are doubts remaining on the capacity of merkel cells to contribute to touch 

sensitivity, as functional studies did not directly showed their activation by touch 

(Maksimovic et al., 2014; Lumpkin and Caterina, 2007).  

Langerhans cells (LC) are antigen-presenting dendritic cells that colonize the epidermis 

through the blood circulation and assure immune surveillance in the stratum spinosum 

(Poumay and Coquette, 2007). LC have lobulated nuclei and are characterized by racket 

shaped organelles called Birbeck granules (Brohem et al., 2011; Thépaut et al., 2009). 

LC also secrete langerin, a type II Ca2+ dependent leptin, which is thought to act as an 

endocytic receptor. Thus langerin is thought to be involved in the formation of Birbeck 

granules, which appear after the endocytosis of exogenous antigens (Valladeau et al., 2000). 

Human skin contains approximately 30 000 LC per cm2. They are activated by exogenous 

antigens; migrate through the dermis to the regional lymph nodes and present processed 

antigens to naïve T-cells, in order to mediate the immune response (Dezutter-Dambuyant, 

1995; Poumay and Coquette, 2007).  

Melanocytes are the cells responsible for skin pigmentation. Melanocytes are found in the 

stratum basale and send dendrites containing melanosomes between basal keratinocytes. 

Melanosomes are characteristic organelles synthesizing two types of melanin pigment: 
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eumelanin (dark brown to black) and phaeomelanin (yellow to reddish brown). Melanocytes 

distribution and melanins ratio conditioned skin color and UV sensitivity, as eumelanin 

provides a better shield against UV rays (Ancans et al., 2001; Vincensi et al., 1998). It has 

been shown that one melanocyte interacts specifically with a specified group of about 36 

keratinocytes. This association is called epidermal melanin unit. In each of these units, 

keratinocytes are able to influence melanocytes proliferation and melanin synthesis through 

secretion of various factors such as α-MSH (melanocyte-stimulating hormone), ACTH 

(adrenocorticotrophic hormone) or NGF (nerve growth factor) (Costin and Hearing, 2007; 

Fitzpatrick and Breathnach, 1963). 

b) Dermal-epidermal junction 

The dermal-epidermal junction (DEJ) is a complex network of interconnecting proteins that 

provides the anchoring of the epidermis to the dermis. It assures the structural integrity of the 

skin, as demonstrated by skin diseases where constituents of the DEJ are mutated 

(epidermolysis bullosa, bullous pemphigoid). These mutations lead to skin blistering, 

especially on targeting the epidermis, thus leaving the dermis unprotected and exposed to 

external threats ((Burgeson and Christiano, 1997). 

Structurally, the DEJ comprises the hemidesmosomes adhesion complexes, which are 

composed of BP230, plectin both proteins of the plakin family (i.e. internal plaque), which 

bind BP180 (or Collagen XVII) and α6β4 integrins heterodimers (i.e. external plaque). 

Hemidesmosomes connect to the anchoring filaments, which traverse an electron-lucent zone, 

the lamina lucida and insert into an electron-dense zone, the lamina densa. Anchoring 

filaments are represented mostly by laminin-332 and the ectodomain of BP180 protein and are 

stabilized by diverse matrix glycoproteins: nidogen, perlecan, fibulins… Finally the anchoring 

fibrils from the lamina densa, project into the upper regions of the papillary dermis and end in 

it or loop back into the lamina densa. They are mainly composed of collagen VII (Burgeson 

and Christiano, 1997; Ghohestani et al., 2001) (Figure 2). 

Besides assuring a structural role, the DEJ acts as a filter between the epidermis and the 

dermis, allowing the passage of some molecules and some types of cells. It also plays a role in 

the differentiation process and the establishment of the epidermis, as it influenced both cell 

polarity and cell detachment (Burgeson and Christiano, 1997) 
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Figure 2: Schematic representation of the dermo-epidermal junction 

 (from Villone D. et al. 2008) 
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c) The dermis 

The dermis is a conjunctive tissue composed of fibroblast embedded into the extracellular 

matrix (ECM) that they produce, and composed of elastic and collagen fibers and an 

amorphous gel-like substance.  

Elastic fibers are composed of varying proportions of microfibrillar elements and elastin. 

Oxytalan fibers contain only microfibrils, whereas elaunin and elastic fibers contain small and 

large quantities of elastin respectively. Together, elastic fibers provide both stretching 

function and a reservoir for growth factors (TGFβ) (Prost-Squarcioni et al., 2008; Schwartz 

and Fleischmajer, 1986). 

Collagen fibers found in the dermis are composed of different types of fibrillar collagen 

(collagen I, II I and V) that assemble together and form periodically banded fibrils Collagen 

VI is abundant in the dermis and is found interwoven among the collagen fibrils. Collagen I 

provides great tensile strength to enable the dermis to withstand deformation (Naylor et al., 

2011; Prost-Squarcioni et al., 2008). 

The amorphous gel-like substance is composed of glycoproteins (fibronectin, tenascin), 

proteoglycans and glycosaminoglycans (hyaluronic acid), which bind water and facilitate the 

passage of nutrients and other chemicals to the epidermis (Naylor et al., 2011; Prost-

Squarcioni et al., 2008). 

The dermis is subdivided into the papillary dermis, which is in direct contact with the 

epidermis and the reticular dermis found deeper in the skin. In the papillary dermis, a loose 

and low organized tissue that projects into the intervals between the epidermal ridges, 

collagen fibers (enriched in collagen V) and elastic fibers are thin and perpendicular to the 

epidermis and DEJ.  

In the reticular dermis, which is a dense structure, elastic fibers are scattered among collagen I 

and III enriched bundles running parallel to the skin surface. Both compartments are richly 

supplied in capillaries and sensory endings and bear the skin appendices: hair follicules, 

sebaceaous and sweat glands (Prost-Squarcioni et al., 2008; Ruggiero et al., 2005; Yasui et 

al., 2004).  

Fibroblasts are important modulators of dermal morphogenesis, as they are thought to be 

responsible for the synthesis of collagens, elastic fiber associated proteins and proteoglycans 

(Naylor et al., 2011). Indeed, fibroblasts release cytokines and growth factors (TGFβ) 

involved in collagen synthesis, basement membrane formation (collagen IV, laminin-332,  
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Figure 3: Structure of the hair follicle 

 (from Rippa AL. et al. 2013) 
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nidogen) and are able to stimulate keratinocytes to produce collagen IV and VII (Wong et al., 

2007). Fibroblasts also produce enzymes necessary to the assembly (lysyl oxidases, LOX) and 

the degradation (matrix metalloproteinases, MMP) of the ECM (Bellayr et al., 2009; Noblesse 

et al., 2004). These cells have been also shown to contribute to neovascularization and 

lymphangiogenesis in a paracrine way through the secretion of vascular endothelial growth 

factor (VEGF) (Wong et al., 2007). 

Beyond fibroblasts, other cell types are also found in the dermis: macrophages, mast cells, 

dermal dendrocytes. 

d) The hypodermis 

The hypodermis or subcutaneous fat is localized under the dermis and plays a role in 

regulating body temperature, energy supply by storing triglycerides and protects the body 

from impacts. Its thickness is variable throughout the body and is found thin on the forehead 

and thick on zones needed resistance to physical impacts. 

This adipose tissue is a loose connective tissue organized into large lobular structures and 

composed of lipid-filled cells, the adipocytes, surrounded by a matrix of collagen fibers, 

blood vessels, fibroblasts, immune and inflammatory cells (macrophages) (Ahima, 2006; 

Ibrahim, 2010). White adipose tissue (in contrast to brown adipose tissue) is the predominant 

type of adipose tissue in adult humans, and bears adipocytes with a single lipid inclusion and 

an off-centered nucleus. 

Cells within the adipose tissue secrete a number of factors responsible for energy homeostasis 

and regulation of neuroendocrine and immune functions: sex steroids, glucocorticoids, 

peptide hormone precursors (angiotensinogen), complement factors (adipsin), pro-

inflammatory cytokines (TNFα, IL-6), adiponectin, leptin…  

For example, TNFα has been shown to regulate fat metabolism as it can inhibit lipogenesis 

and increase lipolysis. It also induces adipocytes apoptosis. Subcutaneous fat is the major 

source of leptin, a hormone released by adipocytes, which is able to increase energy stores 

and reduce appetite by modulating neuronals targets in the brain (Ahima, 2006; Hauner, 

2005). 
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Figure 4: Structure of sweat glands 

In a. eccrine sweat glands and in b. apocrine sweat glands. 

(From Wilke K. et al. 2007) 
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e) Cutaneous appendices 

Cutaneous appendices rise from the dermis and cover hair follicles, sebaceous and sweat 

glands.  

Hair follicles regulate body temperature and are involved in UV protection (Figure 3). They 

are characterized by three regions: the lower segment (bulb and suprabulb) extending from the 

base of the follicle to the insertion of the erector pili muscle, which straighten up the hair 

follicles; the middle segment (isthmus) expanding from the insertion of the erector pili muscle 

to the entrance of the sebaceous gland duct; and the upper segment (infundibulum) found 

from the entrance of the sebaceous gland duct to the follicular orifice (Sperling, 1991). Hair 

follicles undergo periodic cycles of degeneration and regeneration throughout life. Theses 

cycle begin with the anagen phase, an active growing phase, followed by the catagen phase 

marked by follicular regression, and ending with the telogen phase where the hair follicle is 

resting (Bernard, 2005; Fuchs, 2007). 

The regeneration of the hair follicle is achieved through a reservoir of stem cells. By lineage-

tracing experiments, hair follicles have been identified as a niche of multipotent stem cells 

able to generate hair follicles, interfollicular epidermis or sebaceous glands. It is the in vivo 

microenvironment of the stem cell niche that directs cell fates, as bulge stem cells, besides 

forming a hair follicle, can also generate interfollicular epidermis under wound healing 

stimulation, or replace defective stem cells of the sebaceous glands (Fuchs and Nowak, 2008). 

The sebaceous glands are appendages of the hair follicle and are located above the bulge, just 

below the hair shaft orifice at the skin surface (Figure 3). Sebaceous glands are composed of 

sebocytes, which undergo a differentiation process ending by their destruction and release of 

lipids and sebum. Sebum is a complex mixture of neutral lipids and cell debris that assures 

skin lubrication, insulation, photo-protection and antimicrobial activity (Fuchs, 2008; Picardo 

et al., 2009; Zouboulis, 2010). Sebaceous glands are regulated by hormones, especially 

androgens, which increase both size and activity of sebaceous glands, whereas estrogens have 

the opposite effect (Zouboulis, 2010). To maintain sebaceous gland homeostasis, a continual 

flux of proliferating and differentiating sebocytes must be sustained. Lineage tracing 

experiments have identified a Blimp-1 positive population located near the bulge, which was 

able to generate sebaceous gland (Fuchs, 2008), thus preserving its equilibrium. 
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Figure 5: Structure of the epidermis 

Schematic representation of the epidermis (left) describing the four layers with their 
properties (From Fuchs E. et al. 2008) and photography taken with the microscop of an in 
vitro epidermis (right, personal data). 
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Sweat glands are divided in two types in humans: eccrine and apocrine sweat glands (Figure 

4). Eccrine sweat glands are the most abundant and distributed throughout the body, 

especially on palms and soles. They are independent of the hair follicles and secrete their 

fluids directly onto the skin’s surface through pores. Eccrine sweat is composed almost of 

water and a minority of ions (sodium, chloride, calcium…) as well as proteins and peptides. It 

regulates body core temperature and has an anti-microbial effect (Wilke et al., 2007).  

Apocrine sweat glands are restricted to hairy body areas and release their secretion into the 

hair canal. Apocrine sweat is an oily, odorless substance which contains proteins, lipids and 

steroids, and which is thought to exhibit a pheromone-like effect (Wilke et al., 2007). 

 

2) Focus on the epidermis or the 4 week journey of a cell reaching skin surface 

The epidermis acts as a protection coat for the body. Through a well organized structure, it 

prevents the entry of pathological bacteria and the loss of water.  

The epidermis is composed of four well defined layers: the basal layer (stratum basale, SB), 

which is the unique proliferation layer, and three suprabasal layers where cells differentiate: 

the spinous, the granular and the cornified layers (stratum spinosum, SS; stratum granulosum, 

SG; stratum corneum, SC, respectively) (Figure 5). 

The process of terminal differentiation, which characterizes the epidermis, can be compared 

to the journey of a cell that will cross several compartments to reach the top of the tissue and 

contribute to the protection function. This 4 weeks long trip will not be without consequences 

on the cell that will meet several metabolic changes.  

We will now begin the journey of this unique cell that will build up the epidermis together 

with several other cells in a continual flux to assure renewing and integrity of the tissue. 

a) The journey begins… – environment of the stratum basale 

The place where the cell is located before starting the journey is the stratum basale. In this 

single layer the cell is cubic with high proliferation and strong adhesive properties.  

  



BIBLIOGRAPHY  I The skin and its appendices 
 

38 
 

 

 

 

 

 

 

 

Figure 6: Localization of basal integrins on human epidermis 

The picture describes the localization of β1 and β4 integrins on basal keratinocytes. While β4 

integrin is found at the basal pole of the cells, β1 integrin is found at both the cell-cell 

junctions and at the basal pole of basal keratinocytes. (From Fuchs E. et al. 1997) 
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a. The adhesion phase (step 1) 

The stratum basale is the first layer of the epidermis, based on the basement membrane also 

called the dermo-epidermal junction (DEJ) for its physical delimitation between those two 

tissues (epidermis and dermis). The DEJ is at the limit between the stratum basale and the 

basement membrane where the cell attaches. Two types of adhesion structures are found at the 

basal pole of basal keratinocytes: hemidesmosomes and focal adhesion plaques. Both 

structures gather adhesion receptors (α2β1, α3β1, α6β4 integrins, Figure 6) and proteins of the 

ECM (laminin, collagens, fibronectin) (Fuchs and Raghavan, 2002; Ghohestani et al., 2001). 

Within the SB, the cell is also attached to cells in the vicinity through adherens junctions 

(Figure 7). 

Hemidesmosomes are characterized by three structural components: an internal and external 

plaque and anchoring filaments. BP230 and plectin, proteins of the plakin family are 

composing the internal plaque. With the C-terminal-end, hemidesmosomes are able to bind 

the cytoskeleton of basal cells (by binding the intermediate filaments), whereas the N-

terminal-end bind Collagen XVII (also named BP180) and/or α6β4 integrins heterodimers, 

proteins of the external plaque and located at the basal pole of basal keratinocytes only. The 

external plaque binds to anchoring filaments and anchoring fibrils (laminin-332 (LN-5) and 

collagen IV respectively) (Fuchs and Raghavan, 2002; Ghohestani et al., 2001). 

Focal adhesion (FA) plaques are large and dynamic multiprotein complexes. The formation of 

FA begins with the clustering of α2β1 or α3β1 integrins after their activation. Clusters of 

integrins serve then as docking sites for the recruitment of components of the focal adhesion 

plaque (vinculin, talin, α-actinin), components for signal transduction (Rho GTPase family, 

FAK, MAPK) and components of the cytoskeleton (paxillin, filamin, actin) (Petit and Thiery, 

2000). FA plaques adhere to collagen I and laminin-332 through their integrin. 

Both structures provide strong anchoring of keratinocytes to the basement membrane and 

resistance to mechanical strength. Beside adhesive properties, integrins play a role in the 

assembly of the ECM. It has been shown that integrins of the β1 family regulate the synthesis 

and secretion of laminin-332 and maintain the integrity of the basement membrane (Fuchs and 

Raghavan, 2002; Fuchs et al., 1997; Ghohestani et al., 2001). Finally these structures can 

activate signaling pathways by associating with receptor tyrosine kinases (RTK).  
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Figure 7: Structure of different cell junctions in keratinocytes 

The picture describes the different cell junctions found on keratinocytes. While 

hemidesmosomes and focal adhesion enable the anchoring to the extracellular matrix; 

adherens junction and desmosomes assure the attachement of a cell to its neighbor cell. (From 

Fuchs E. et al. 2008) 

 

Figure 8: Link between the integrin expression pattern and the proliferation capacities 

Schema depicting the importance of the integrin expression pattern in defining the fate of 

keratinocytes. Keratinocytes with proliferation capacities will have higher expression of α6/β1 

integrins, whereas cells entering differentiation will loose the expression of both integrins. 

(From Kaur P. et al. 2000) 

KSC: keratinocytes stem cells; TA: transit amplifying cells; PMD: post-mitotic daughter cell. 



BIBLIOGRAPHY  I The skin and its appendices 

41 
 

They can control cell survival through PI3K-Akt activation (β1 and α6β4 integrins), cell 

proliferation through MAPK activation (Ras-Erk by β1 and α6β4 integrins; PI3K-ILK by β1 

integrins; Rac-PAK-JNK by β1 integrins) and cell motility through Ras-Erk activation (β1 

integrins) or Rho activation (α6β4 integrins) (Gilcrease, 2007). 

Adherens junctions are intercellular junctions that link together the cytoskeleton of two cells. 

They are two types of cell adhesion receptor complexes: cadherin-catenin complexes, mostly 

composed of calcium (Ca2+)-dependent receptor, P-cadherin in the SB; or nectin-afadin 

complexes. The structure of each complex remains the same and comprises a transmembrane 

receptor (Ca2+ dependent cadherin or Nectin) and an intermediate part (p120ctn - β-catenin - 

α-catenin or afadin, respectively) linked directly or indirectly to the actin cytoskeleton (Fuchs 

and Raghavan, 2002; Niessen, 2007). The intermediate part is potentially involved in signal 

transduction, as p120ctn may regulate the activation of small Rho GTPases in the cytoplasm 

(Pieters et al., 2012); β-catenin is able to bind to several signaling proteins (EGFR, Tyrosine 

phosphatases…) and afadin, which contains binding sites for Ras and Raf, may function as a 

signal integrator (Niessen, 2007). 

Adherens junctions are dynamic entities that functions like signal platforms regulating 

cytoskeleton dynamics and cell polarity. They also affect cell shape, cell division, growth, 

apoptosis and barrier function.  

 

Adhesion properties of basal keratinocytes are correlated with their proliferation properties. 

Keratinocytes with strong adhesion properties, i.e. strong β1 and α6 integrin expression, 

exhibit high proliferation potential. (Kaur and Li, 2000; Schlüter et al., 2011) (Figure 8).  

b. The proliferation phase (step 2) 

Keratinocytes of the SB share all gene and protein expression of keratin 5 and 14 (K5 and 

K14 respectively). They are composing the 10 nm long intermediate filaments present in the 

cytoplasm and attached to hemidesmosomes. The filaments assure mechanical stability and 

cell integrity (Moll et al., 2008). K5 and K14 are expressed strongly in the SB, as well as 

keratin 15 (K15), and their expression is downregulated when cells leave the SB. 

The main feature of basal keratinocytes is their ability to proliferate. At the beginning the 

basal cell is in a progenitor status with self-renewing capacities and long term proliferation 
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Figure 9: Model of division of keratinocyte progenitors 

Schematic representation of symmetric (a,c) and asymmetric (b) cell division, which are 
influenced by the orientation of the mitotic spindle in red. (From Fuchs E. et al. 2009) 
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potential. It is rather in a dormant state, but can divides into two identical daughter progenitor 

cells (through symmetrical division) to replace old cells or into one daughter progenitor cell 

and one committed daughter cell (through asymmetrical division) (Blanpain and Fuchs, 2009) 

to initiate differentiation. The orientation of the mitotic spindle during the asymmetrical 

division defines the time during which the committed daughter cell stays in the SB before 

entering the suprabasal compartments. When the mitotic spindle is parallel to the basement 

membrane, the committed daughter cell stays longer in the SB where it proliferates, compared 

to perpendicular mitotic spindle orientation that sends the committed daughter cell directly in 

the upwards compartments (Blanpain and Fuchs, 2009; Fuchs, 2008) (Figure 9). The 

microenvironment controls the fate of daughter cells, through factors such as Numb, an 

inhibitor of Notch signaling, that will induce the cell to stay into the SB (Poulson and Lechler, 

2012). 

The committed daughter cell transientlystaying in the SB is also called a transient amplifying 

cell (TA). It has a high but restricted proliferation rate (Barthel and Aberdam, 2005). This TA 

cell has a high potential of cell division before entering differentiation. Studies by Barrandon 

and Green (1987) identified several proliferation speeds and different long term proliferation 

potentials, chronologically characterizing the different states of the basal cell (Barrandon and 

Green, 1987).  

Proliferation of the basal cell is induced by many growth factors. Basal cells carry 

transmembrane receptors with tyrosine kinase activity, Insulin-like growth factor 1 receptor 

(IGF-1R) and Epidermal growth factor receptor (EGFR), sending mitotic signals once 

activated by their ligand IGF-1 and EGF or Transforming growth factor alpha (TGF-α) 

respectively (Shirakata, 2010). Other signals of proliferation are induced by ligands of the 

Fibroblast growth factor (FGF) family, especially FGF-7 also named KGF; proto-oncogene c-

myc and transcription factor p63 (Shirakata, 2010). p63 is expressed as two proteins differing 

by the presence (TAp63) or not (∆Np63) of a transactivation domain (Koster and Roop, 

2004). p63 plays an important regulatory role in the basal compartment, mainly as ∆Np63. It 

helps maintaining proliferation by regulating the expression of growth factor receptors 

(KGFR) (Barton et al., 2010), c-myc (Wu et al., 2012a), adhesion (through α6, β1 and β4 

integrins) (Carroll et al., 2006), and inhibiting proteins involved in cell cycle arrest (p21 or 

14-3-3σ) (Koster and Roop, 2004) or entry in differentiation (Notch, Hes1) (Nguyen et al., 

2006a).  
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Figure 10: Schematic representation of the major effectors of the switch 
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Once the basal committed cell has achieved its proliferation potential, it receives signals 

initiating its switch from a proliferation to differentiation status. 

b) Time to move upwards – the switch 

The events occurring during the switch (Figure 10) can be compared with an orchestra and the 

simultaneous intervention of its musicians. Several informations arrive at the same time, 

inducing proliferation arrest, reducing cell adhesion and activating the progressive expression 

of differentiation markers.   

The very first event preparing the switch is the asymmetrical cell division (ACD). 

Components of the ACD, Numa1, Dctn1 and LGN, act to orient the mitotic spindle 

perpendicular to the basement membrane to favor entry in differentiation of the committed 

daughter cell (Lechler and Fuchs, 2005). ACD has also been shown to induce the Notch key 

signaling pathway (Williams et al., 2011).  

Notch signaling is characterized by two receptors (Notch 1 and Notch 2 receptors), expressed 

only in suprabasal cells, that can be activated by ligands expressed basally (Jagged 2, Delta-

like 1) or suprabasally (Jagged 1). Once activated, Notch-R is cleaved and the resulting 

protein, NCID, migrates to the nucleus where it associates to RBP-Jк and activates subsequent 

target genes (Irf6, Hes1, Hey1…) of the Notch signaling pathway (Restivo et al., 2011; Watt 

et al., 2008). Notch signaling regulates genes involved in differentiation and genes implicated 

in proliferation and adhesion decrease. Notch induces expression of p21 and the 

differentiation markers Keratin 10 (K10), Involucrin and Loricrin (Watt et al., 2008). The 

induction of K1/K10 expression is mediated by the transcription factors C/EBP α and β, 

which are themselves activated by the synergistic action of Notch and AP-2α/γ (Wang et al., 

2008). Besides, AP-2 and C/EBP inhibit proliferation by respectively repressing EGFR 

expression in suprabasal layers (Wang et al., 2006) and repressing E2F transcription factor 

(Lopez et al., 2009). Notch also inhibits adhesion receptors (α6, β1 and β4 integrin) and 

transcription factor p63 (Blanpain et al., 2006). 

After ACD, the microRNA miR203 becomes activated. While miR203 expression is silenced 

in basal progenitors, its expression is activated during the switch and in suprabasal cells. 

miR203 induces cell cycle arrest 6 hours after its activation and inhibits long-term 

proliferation by targeting simultaneously the cell cycle regulator Skp2, the RNA binding 
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protein Msi2 and p63. It also inhibits β4 integrin expression (Jackson et al., 2013; Yi et al., 

2008).  

Although p63 is involved in proliferation and maintenance of the basal compartment, there is 

also increasing evidence showing its involvement in the proliferation-differentiation switch. It 

has been shown that in absence of p63, ACD was impaired, favoring symmetric cell divisions 

(Lechler and Fuchs, 2005). p63 also synergizes with Notch to induce K1 expression  and 

activates effectors of the switch as IKKα and the miR17 family which inhibits proliferation 

(Truong and Khavari, 2007; Wu et al., 2012b). More generally, p63 knockout mice share a 

similar phenotype than mutant mice for effectors of the switch (Irf6, 14-3-3σ and IKKα), with 

hyperproliferative epidermis lacking granular and cornified layers (Cianfarani et al., 2011; 

Descargues et al., 2008; Richardson et al., 2006). The implication of p63 in both the switch 

and proliferation might involve different isoforms since some regulators of the switch (Irf6, 

Notch) are also able to inhibit p63. These observations need further investigation, but suggest 

a dual role for p63. 

Other effectors have been related to the switch for their ability to inhibit proliferation. 14-3-

3σ, activated by IKKα, inhibits cell cycle progression at the G2-M checkpoint by preventing 

nucleus translocation of the CDC2-cyclin B complex (Reichelt and Magin, 2002). Moreover, 

studies in mutant mice suggested a role for 14-3-3σ in forcing cells to exit cell cycle and to 

enter premature differentiation by inhibition of the IGF-1 signaling pathway (Cianfarani et al., 

2011). IKKα, one of the two catalytic subunits of IKB kinase, represses the transcription of 

growth factors (EGFR) and their activators (Ras, ERK…), and also induces the expression of 

c-myc inhibitors, Mad1 and Ovol1 (Liu et al., 2009). 

All these events occur when the committed cell migrates upward from the SB to the SS and 

they prepare the cell to express differentiation markers. 

c) Ready to get differentiated – the Stratum spinosum 

The committed cell has already migrated into the SS and becomes larger than its relatives in 

the SB. Its microenvironment is quite the same, as this newly born spinous cell is still linked 

to the other cells with adherens junctions and a stronger intercellular junction, desmosomes. 

Desmosomes are organized within dense junctions that assure the mechanical resistance and 

barrier function. While they are rarely found in the SB, there number rises in suprabasal 

layers. Desmosomes are divided in 3 structural parts (Figure 7):  
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- transmembrane Ca2+ dependent glycoproteins, the desmosomal cadherins 

(desmocollin 1-3 (dsc) and desmoglein 1-4 (dsg)), that preferentially associate in 

heterophilic dsc-dsg complexes whose extracellular domain mediate adhesion;  

- an outer desmosomal plaque (ODP) composed of linker proteins belonging to the 

armadillo family (plakoglobin (PG) and plakophillin (PKP)) which are important for 

desmosomes assembly and to the plakin family (desmoplakin (DP)), which is the most 

abundant component of desmosomes;  

- an inner desmosomal plaque (IDP) where desmoplakin associates with intermediate 

filaments (Delva et al., 2009). The ODP has been found to be 20 nm long, and the 

complex ODP-IDP 40 nm long.  

Composition of desmosomes will vary depending on the suprabasal layer considered. In the 

SS are essentially found dsg2-3, dsc 2-3 and PKP3 (Delva et al., 2009) (Figure 11). 

Desmosomes are dynamic structures that are constantly formed and destroyed upon epidermal 

differentiation (Nekrasova and Green, 2013). They also play a role in cell signaling: PG 

participates to the Wnt/β-catenin signaling and is a strong activator of c-myc promoter, while 

suprabasal expression of Dsg2 in mouse skin has been shown to upregulate proliferation-

related signaling molecules (PI3K, MAPK, NFкB, STAT3) (Garrod and Chidgey, 2008). 

 

Progressively, the expression of cytoplasmic keratins is changing and K14 is replaced by K1 

and K10, which are more reticulated. Besides offering mechanical stability, K1/K10 have 

been shown to regulate keratinocyte proliferation through mediating the translocation of 

PKCζ and AKT (Paramio et al., 2001). 

The spinous cell is now ready to undergo its last step for the establishment of the barrier 

function. It starts expressing proteins of the cornified envelope: involucrin and cornifin (or 

Small Proline Rich protein, SPR1) and begins synthesizing enzymes responsible for the 

formation of the cornified envelope: transglutaminase 1, 3 and 5 (TG-1/3/5) (Eckert et al., 

1993; Hitomi, 2005). Involucrin and cornifin are soluble envelope protein precursors that are 

found at the inner surface of the plasma membrane and in the cytoplasm respectively. Their 

rich composition in glutamine and lysine enables them to be crosslinked by TG, which 

catalyzes transamidation of these residues in a Ca2+ dependent manner (Fuchs, 1990). While 

TG-1 is located on the plasma membrane, TG-3 is cytoplamic and TG-5 is found in the   
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Figure 11: Distribution of desmosomal proteins throughout the epidermis 

The picture describes the localization of epidermal desmosomes and hemidesmosomes as well 

as the composition in desmosomal proteins, which is changing throught epidermal layers. 

(From Delva E. et al. 2009) 

Dsg: desmoglein ; Dsc : desmocollin ; PKP : plakophilin 

 

 
Figure 12: Structure of a tight junction 

The schema depicts the major structural component of a tight junction. (From Niessen C. et 
al. 2007) 
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nuclear matrix and the cytoskeleton (Eckert et al., 2005). This implies separated roles in the 

assembly of the cornified envelope. 

By continuing its migration upwards, the spinous cell synthesizes a new component of 

intermediate filament bundles, keratin 2, and finally enters a new compartment, the stratum 

granulosum. 

d) Going deeper into the differentiation process – the Stratum granulosum 

The environment of the granular cell becomes richer in desmosomes, appearing larger with 

variation in the composition of their desmosomal cadherins (dsg 1-4 and dsc1) and of the 

outer plaque (PKP1, PKP3). New intercellular junctions, tight junctions (TJ), emerge to 

implement this environment and contribute to the barrier function.  

 

Although TJ components are already synthesized in the SB and the SS, they assemble here to 

form occlusive but semi-permeable junctions. Localized at the lateral plasma membrane of 

granular cells, TJ can be divided into 3 structural components (Figure 12): 

- transmembrane receptors (the IgG-like family of junctional adhesion molecules, 

JAMs; the claudin and occludin families of four transmembrane spanning molecules) 

- scaffolding proteins (zonula occludens proteins, ZO-1/2/3)  

- a TJ plaque protein (Cingulin) linked to the actin cytoskeleton (Niessen, 2007).  

ZO-1 and 2 are important for clustering of claudins and occludin, enabling the formation of 

TJ strands, thus barrier function; while cingulin regulates TJ dynamics by interacting during 

actin/myosin contraction (Niessen, 2007). 

The expression of new transcription factors rises, Kruppel-like factor 4 (KLF4), GATA 

binding protein 3 (GATA3), Grainyhead like 3 (Grhl3), which assure the regulation of genes 

linked to terminal differentiation (Nagarajan et al., 2008). 

The expression of the crosslinking enzymes (TG) is enhanced and new components of the 

cornified envelop (filaggrin, loricrin, lipids) are synthesized and trapped into keratohyalin 

granules and lamellar bodies, characteristic of the SG. 

Keratohyalin granules contain precursor proteins of the cornified envelope (CE). The large 

granules (F-granules) bear intermediate filaments composed of keratin and profilaggrin, a  
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Figure 13: The formation of the cornified envelop 

(From Candi E. et al. 2005) 
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histidine-rich protein which mature form promotes aggregation and disulfide bonding of 

keratin filaments into macrofibrillar cables. The small granules (L-granules) contain loricrin, 

the major component of the CE, which is synthesized as an insoluble precursor that will be 

catalyzed by transglutaminases (Bikle et al., 2012). 

Lamellar bodies or Odland bodies contain glycoproteins, glyco- and phospho-lipids, free 

sterols, but also lipid processing enzymes. There are membrane-bound secretory organelles 

that originate in the Golgi apparatus and deliver precursors of the SC lipids into the 

intercellular space between the SG-SC (Bikle et al., 2012).  

The local increase in Ca2+ concentration stimulates the cross-linking enzymes expression, 

reinforcing intercellular junctions. This Ca2+ flux results from the release of intracellular Ca2+ 

stores, after activation of the calcium receptor (CaR) and potential Ca2+ channels (transient 

receptor potential vanilloid channel V6, TRPV6; TRPV3; transient receptor potential cation, 

TRPC1/3/4). The rising Ca2+ concentration activates the phosphoinositide metabolism (PLC β 

and γ) and second messengers of the terminal differentiation process: inositol triphosphate 

(IP3) and diacylglycerol (DAG) and intracellular Ca2+. DAG stimulates the protein kinase C 

(PKC) and thereafter the transcription factors of the Fos/Jun family, known to also stimulate 

the  keratinocyte differentiation (Tu and Bikle, 2013). 

When the granular cell reaches the upper granular layer, degradation enzymes begin to 

execute the SG auto-destruction program, with the secretion of lipids trapped in lamellar 

bodies in the intercellular space between SG-SC. 

e) The last stage – the Stratum corneum 

The cell has reached its final stage, the stratum corneum. In this layer, the cell or corneocyte 

can have a rest; it is not metabolically active anymore, its nucleus and organelles have been 

entirely replaced by dense keratin fibers and water. It is long and flat and together with the 

other cells, it assures protection against external aggressions and water loss (Cork et al., 

2009). 

For that purpose, the corneocyte has formed stronger intercellular junctions, 

corneodesmosomes, which are more resistant to shearing. The composition of 

corneodesmosomes is close to that of desmosomes, with the difference that the 

corneodesmosome bears a new protein, the corneodesmosine, and that the corneodesmosome  
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Figure 14: Mechanisms of cell death of corneocytes 

Schematic representation of the concomitant events that lead to the the formation of the 
cornified envelop; the destruction of both corneocytes nucleus and organelles; and the 
desquamation of corneocytes. (From Eckhart L. et al. 2013) 
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plaque is trapped into cornified and lipid envelops that surround the corneocyte (Garrod and 

Chidgey, 2008). 

The CE is made of highly cross-linked proteins. It is 10 nm thick and localized at the inner 

side of the plasma membrane. The construction of the CE comprises four steps and its 

initiation is mediated through high intracellular Ca2+ concentrations (Figure 13). First 

involucrin and the desmosomal proteins envoplakin and periplakin are cross-linked by TG-1 

and 5, creating a scaffold for the resting proteins. Second, ceramides are cross-linked to 

involucrin, allowing the fixation of scaffold proteins at the cell periphery. Third, 

reinforcement proteins are cross-linked to homo- or hetero-dimers before being attached to 

the scaffold: loricrin, which represents 75 % of total CE proteins; SPRR; S100 proteins; 

proteases inhibitors (cystatin α; proelafin); and filaggrin which aggregates keratin composed 

intermediate filaments into tight aligned bundles and macrofibrils. Lastly, the completed 

structure is stabilized by a covalent attachment of intermediate filaments to the CE (Elias, 

1983; Hitomi, 2005). 

The lipid envelop, which is 5 nm thick, is constituted of esterified lipids from the lamellar 

bodies: ω-hydroxylated ceramides, free fatty acids and cholesterol (Eckert et al., 2005; Menon 

et al., 1992). 

In the upper layers of the SC, numerous events of degradation occur. Filaggrin becomes 

deiminated and degraded into small peptides and free amino acids, which are catabolized into 

the constituents of the natural moisturizing factor (NMF). The NMF is important for 

corneocytes to retain water. It is composed of urocanic acid, urea and very hygroscopic 

molecules: lactic acid, sodium pyrrolidone, carboxylic acid (Cork et al., 2009). 

A gradient of pH is appearing, getting more and more acid, as the cell rises to the skin surface. 

This gradient is essential for lipid modification and performs an anti-microbial effect, but is 

especially important to activate the several degradation enzymes participating in the 

desquamation process (Cork et al., 2009). 

The desquamation or corneocyte shedding is the last process occurring in the upper layers. It 

enables corneocytes to detach from the skin surface by a network of proteases, which break 

down the corneodesmosome adhesion proteins (Cork et al., 2009). The main enzymes 

operating in the desquamation process are the serine proteases of the kallikrein family: 

kallikrein-related peptidase 7 (KLK-7; also known as SC chymotryptic enzyme, SCCE) and 

KLK-5 (or SC tryptic enzyme, SCTE) (Cork et al., 2009; Simon et al., 2001). Both enzymes, 
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which show maximal activity at alkaline pH and operate in the low SC, were demonstrated to 

cooperate to completely degrade corneodesmosin (Simon et al., 2001). Another KLK 

proteases, KLK-14, has been identified to cleave desmoglein proteins (Cork et al., 2009). 

In the outer SC where the pH becomes acidic, other degradation enzymes take over to 

continue the degradation of corneodesmosomes components: cystein proteases (cathepsin L2, 

SC catepsin L like enzyme) and aspartate proteases (cathepsin D) (Cork et al., 2009). 

To avoid uncontrolled and excessive desquamation, these proteases are regulated by specific 

inhibitors. The lymphoepithelial Kazal-type 5 serine protease inhibitor (LEKTI) is composed 

of fifteen potential serine proteinase inhibitor domains and was shown to inhibit KLK-5/7/14 

(Cork et al., 2009). Its activity is pH dependent, enabling the activation of the desquamation 

enzymes at a specific time and location in the SC. Other proteases inhibitors have been 

identified as serine leukoprotease inhibitor and elafin able to inhibit KLK-7, or cystatin 

protease inhibitors A and M/E specific for cysteine proteases (Cork et al., 2009). 

 

Taken together, these events assure the functional skin barrier under the constant renewing of 

differentiating cells coming up. 

f) Cornification, a particular mechanism of cell death 

The process of keratinocytes differentiation, and especially its last steps, is often associated to 

a form of cell death. The cornification occurring at the very end of epidermal formation 

presents indeed three hallmarks of cell death: degradation of the cell content (organelles, 

cytoskeleton), no metabolic activity (mitochondrial degradation) and destruction of both 

nucleus and DNA (Eckhart et al., 2013) (Figure 14).  

By analogy with the apoptosis-induced cell death, β1 integrins mediate the entry of 

keratinocyte in differentiation (Levy et al., 2000), as it is the case for apoptotic signals (Mitra 

et al., 1997). Both processes include the activity of proteases, such as caspase-14 and 

lysosomal cathepsins (cathepsin D) (Candi et al., 2005) for keratinocyte, while caspases 3, 6 

and 7 are key regulators of apoptosis (Lippens et al., 2005). Both cornification and apoptosis 

are dependent on two members of the p53 family: p63 has been shown as an important 

regulator of the initiation of differentiation (Nguyen et al., 2006a), while p53 is able to trigger 

apoptosis. During cornification, the nucleus is completely degraded. Nuclear DNA is 

destroyed by several DNAses as DNAse 1L2. This enzyme could efficiently remove nuclear 

DNA during cornification of human keratinocytes in vitro (Eckhart et al., 2013). 
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Conversely, apoptosis is accompanied with DNA fragmentation and incomplete nucleus 

degradation as nuclear fragments are visible in apoptotic bodies (Lippens et al., 2005).  

Finally, whereas corneocytes shed from the surface of the epidermis after corneodesmosome 

degradation, apoptotic cells are dismantled into apoptotic bodies, which became subsequently 

phagocyted.  

 

II. Skin aging 

Aging is an unavoidable decline in tissue properties that occurs progressively throughout life. 

Aging depicts many facets. Chronological-aging will be the main focus of this section 

throughout the changes occurring in skin structure and dynamic (Figure 15). However, the 

major features of the sun-induced aging (photo-aging) will be introduced.  

1) Aged skin: from deep down to the top 

a) Dermis organization declines and fibroblasts become altered 

During aging, the composition and thickness of the dermis is changed. One hallmark of aging 

is the decrease and deregulation of collagen synthesis, with an enhanced proportion of 

collagen III versus collagen I (Lovell et al., 1987), with a direct consequence on collagen 

bundles, appearing thinner and sparse. Moreover, elastic fibers synthesis is not much 

sustained after teen age. Besides, aging further increases the degradation of elastic and 

collagen network by increased matrix-metalloproteinase (MMP) activity, providing a chronic 

inflammation state with the release of cytokines such as interleukine-6 (IL-6) or tumor 

necrosis factor alpha (TNF-α) (Giacomoni and Rein, 2001; Larbi et al., 2008). 

Glycosaminoglycans (GAG) and proteoglycans (PG) are progressively lost, impairing the 

ability to retain water (Naylor et al., 2011). Overall, fibroblasts are embedded in a loose, 

disorganized extracellular matrix with progressive loss of both elasticity and tensile strength.  

Fibroblasts become sensitive to oxidative stress. The dermis has been shown to be poorly 

equipped in anti-oxidant enzymes, leading to higher protein damages under UV stress (Sander 

et al., 2002).  

These effects have been shown to be caused and enhanced by advanced glycation-end 

products (AGEs). AGEs are obtained under chronic hyperglycemia from a non-enzymatic  
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Figure 15: Schematic representation of the effect of skin aging 
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glycation reaction targetting sugars, proteins, lipids or nucleic acids. AGEs also target ECM 

molecules, such as collagen (glyoxal, GO; glucosepane; fructoselysine; N-carboxyethyl-

lysine, CEL) and elastin (N-carboxymethyl-lysine, CML) (Gkogkolou and Böhm, 2012; 

Pageon, 2010).  

The communication between the dermis and the epidermis becomes altered with aging. 

Fibroblasts appear less able to sustain growth factor and hormone production, weakening the 

paracrine loop established between fibroblasts and keratinocytes (Maas-Szabowski et al., 

1999). For instance, insulin-like growth factor 1 (IGF-1) synthesis decreases at both tissue and 

systemic levels. In young adults (25-34 y. old), circulating IGF-1 bioactivity was evaluated at 

476 pmol.l-1 compared to 344 pmol.l-1 in older people (> 64 y.old) (Brugts et al., 2008). In 

UVB exposed skin biopsies of older donors (> 65 y. old), IGF-1 expression and IGF-1R 

activation were both shown to be reduced (Lewis et al., 2010). IGF-1 can be only produced by 

dermal fibroblasts (Edmondson et al., 2003), although some studies suggest that the granular 

layer of the epidermis would be able to produce IGF-1 as well (Rudman et al., 1997; 

Tavakkol et al., 1999). Consequently, the paracrine activation of epidermal IGF-1 receptors 

(IGF-1R) is decreased with aging (Edmondson et al., 2003). Therefore, the deficiencies of 

both IGF-1 and growth hormone (GH), which are able to activate IGF-1 production, have 

been related to signs of early skin aging as dryness, thinning and wrinkles in humans (Carroll 

et al., 1998; Laron, 2005).  

Interestingly, hormones replacing therapies (HRT) have been shown to improve aged skin 

features (Brincat, 2000). The oral estrogen therapy in castrated women statistically increases 

epidermis thickness (Punnonen, 1971). Another study demonstrated the increased of skin 

collagen content after oestradiol topical treatment (Brincat et al., 1987).  

The concomitant decline of growth and steroid hormone expression can also affect the 

communication between the dermis and skin appendages as human sebocyte cell lines and 

human fibroblasts can cross-talk through the activation of the fibroblast IGF-1R by the 

sebocyte estrogen receptors, increasing the synthesis of sebocyte lipids and fibroblast 

proliferation (Makrantonaki et al., 2008) 

Besides, skin vascularization and skin appendages also undergo aging process. The decrease 

of cutaneous vessel size has been shown, accompanied by a marked loss of dermal vessel 

density (Yaar et al., 2002; Zouboulis and Makrantonaki, 2011). Disturbance of the vascular 

network as well as a progressive impairment in cutaneaous vascular function may contribute 
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to compromised thermoregulation, as vasoconstriction and vasodilatation were occurring 

under hypo- or hyperthermia (Charkoudian, 2003; Fromy el al., 2010).  

Sebaceous and sweat glands appeared to be less active. Decreased sebum production was 

shown to potentially induce xerosis and reduce sweat production leading to disturbed 

thermoregulation. Impaired function of both glands have been suggested to be linked to the 

reduction of circulating hormones with aging, especially androgens. Hair follicles become 

sparse, thin and grey, the latter because of reduced activity of endogenous melanocytes 

(Zouboulis and Makrantonaki, 2011). Interestingly, the reduction of the vascular network 

around skin appendages was also shown to participate to their progressive atrophy during 

aging (Yaar et al., 2002). 

b) The dermal-epidermal junction (DEJ) is flattening 

At the direct contact with the dermis and the epidermis, the dermal-epidermal junction (DEJ) 

delimits the frontier between both compartments. This dynamic structure, as well as rete ridge 

that extends downward between dermal papillae, are flattening with aging, thus reducing the 

surface area between the epidermis and the dermis and increasing skin fragility.  

ECM proteins involved in epidermis anchoring are also reduced, especially under chronic sun 

exposures. It has been shown that photo-aged keratinocytes express less collagen VII, thus 

impairing the anchoring fibrils. Loss of adhesion between epidermis and dermis contributes to 

the apparition of wrinkles (Makrantonaki and Zouboulis, 2007). 

c) Disorganized epidermis and reduced barrier function 

a. Keratinocytes adhesion is lost 

In basal epidermal cells, the expression of α6 and β1 integrin is decreased upon aging 

(Makrantonaki and Zouboulis, 2007). In sun-exposed skin biopsies, the protein expression of 

β1 integrin appears reduced, whereas involucrin protein expression appears enhanced (Bosset 

et al., 2003). Experimentally, human keratinocytes display an inverse age-related correlation 

with adhesion on collagen IV and laminin-1. Adhesion defects were further explained by 

decreased β4 integrin immune-detection (Le Varlet et al., 1998). Another study emphasized 

an age-related decrease in β1 integrin deposition on photo-protected abdominal skin biopsies 

of donors of different ages (20-33; 51-59 and over 60 year-old groups) (Giangreco et al., 
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2010). Interestingly, AGEs were also shown to induce α2β1 integrin decrease (Zhu et al., 

2011). 

Taken together, the decrease in integrin receptors combined to the loss of ECM proteins at the 

DEJ, highlight the deleterious consequences that has aging on tissue cohesion, basal 

keratinocyte organization and proliferation potential. 

b. Disturbed function of the basal layer 

Aging affects the basal keratinocytes by decreasing their ability to proliferate leading to slow 

down epidermal renewing and to reduce overall the epidermis thickness by 10-50% 

(Zouboulis and Makrantonaki, 2011). Basal keratinocytes appear less anchored to the 

underlying basement membrane, showing a heterogeneity in size and the loses of their 

palisade organization.   

After a number of cell divisions, cells lose their proliferation capacities and enter a senescent 

state (Naylor et al., 2011). The general growth arrest is due to altered gene expression. 

Senescent cells fail to express many genes involved in early (c-fos that encodes a compound 

of AP-1 transcription factor, Id-1H and Id-2H encoding helix-loop-helix proteins) and late G1 

(cyclin A, p34 kinase, E2F family of transcription factors) as well as genes whose proteins are 

required for DNA synthesis (dihydrofolate reductase, PCNA, histones) (Yaar et al., 2002). 

Additionally, the senescent cells fail to phosphorylate the Retinoblastoma protein (Rb), 

resulting in the inhibition of the G1 phase progression. Senescent markers appear or are more 

present, such as the senescence-associated β galactosidase (SA-β-Gal); the cyclin dependent 

kinase inhibitor (cdki), p21 at early senescence or cdki p16 at late senescence (Campisi and d’ 

Adda di Fagagna, 2007; Yaar et al., 2002).  

Senescence is tightly related to telomere shortening, as telomere loss is able to trigger 

senescence through a p53 dependent mechanism. Telomeres are repetitive DNA sequences 

(…TTAGGG…) found at chromosome ends and required for their stability. They are 

shortened by 50-200 bp at each cell division in an irreversible way because standard DNA 

polymerases are not able to replicate DNA ends completely (Campisi and d’ Adda di 

Fagagna, 2007; Yaar et al., 2002). Therefore, the length of telomeres is directly correlated to 

the physiological age.  

Although somatic cells, like keratinocytes, cannot bypass telomere shortening, germ line cells 

and malignant cells were shown to bear the activity of an enzyme preventing telomere loss: 

the telomerase. This enzyme, which contains a catalytic protein component (telomerase 
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reverse transcriptase, TERT) and a template RNA component, adds telomeric DNA repeats at 

chromosome ends. However, this enzyme cannot prevent senescence induced by non-

telomeric DNA damages or senescence inducers.  

In vitro culture procedures have been exploiting the extraordinary capacities of this enzyme 

by transfecting normal cells with the catalytic protein TERT. This strategy led to the creation 

of cell lines, such as NTERT keratinocytes, possessing high proliferation capacities and 

eluding entry in senescence (Campisi and d’ Adda di Fagagna, 2007). 

Basal keratinocytes are under stress factors, especially oxidative stress, one major threat of 

skin aging. Although oxidative stress is necessary for normal biological processes as 

mitochondrial respiration, phagocytosis, prostaglandin synthesis, inflammation… (Callaghan 

and Wilhelm, 2008), its sustained exposition was shown to cause cellular damages.  

The effectors of oxidative stress and contributors to free radical damages are reactive oxygen 

species (ROS): superoxide (.O2-), hydroxyl radicals (.OH), hydrogen peroxide (H2O2)… (Yaar 

et al., 2002). High amounts of these ROS involve DNA mutations, especially in the 

mitochondria and on its respiration chain (defective electron transfer activity); lipid 

peroxidation; protein carbonylation or loss of sulfhydryl groups. (Callaghan and Wilhelm, 

2008; Sander et al., 2002). Nevertheless, cells can fight ROS through the action of anti-

oxidant enzymes, such as superoxide dismutase, catalase, glutathione peroxidase and 

glutathione transferase and free radical scavengers, which can be absorbed in food, such as 

ascorbate, glutathione, β-carotene, α-tocopherol, uric acid… (Callaghan and Wilhelm, 2008).  

Anti-oxidant enzymes (glutathione peroxidase/transferase, glutathione) have been 

characterized in basal keratinocytes, however, at a low level compared to differentiated 

keratinocytes, leaving the basal layer more sensitive to oxidative stress (Vessey et al., 1995; 

Zuliani et al., 2005). Moreover, both the level of anti-oxidant molecules and the activity of 

anti-oxidant enzymes are decreasing with age. 

 

Additionally, the DNA repair machinery able to recognize either single (Ataxia telangiectasia 

and Rad3 related kinase, ATR) or double (Ataxia telangiectasia mutated kinase, ATM) 

stranded breaks, is less effective with aging, leaving accumulation of DNA damages (at 

nuclear and mitochondrial levels), DNA lesions, single gene mutations or chromosomal 

abnormalities (Salminen and Kaarniranta, 2010a). 
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The expression of skin genes is also regulated by epigenetic events. During skin aging, 

epigenetic alterations have been indeed identified (Calvanese et al., 2009). An overall 

hypomethylation of DNA is observed, which has been related to senescence as 

methyltransferases are shown to decrease with the number of cell passages in culture; 

promoter specific hypermethylations (on CpG islands of lox, p16ink4a, runx3, E-

cadherin…genes) and chromatin alterations with the decrease of histone acetylation are also 

observed (Calvanese et al., 2009; Salminen and Kaarniranta, 2010a).  

Although this aspect of aging seems far from explaining macroscopic alterations of the 

epidermis, it might contribute to the disturbance at the transcriptional level of molecular 

events involved in both proliferation and the switch process. 

c. Suprabasal layers 

The first suprabasal layers and the spinous layers appear atrophied, followed by reduction in 

both granular and cornified layers (Zouboulis and Makrantonaki, 2011).  

These alterations occurring in human skin of older donors might be attributed to the defects 

observed in the basal layer, which affects the differentiation process by producing only few 

cells able to migrate upwards and renewing the spinous layers. Atrophy of the suprabasal 

compartment involves also sensitiveness toward oxidative stress. Although differentiated 

epidermal layers display high levels of anti-oxidant enzymes (glutathione 

peroxidase/transferase, glutathione…) (Vessey et al., 1995; Zuliani et al., 2005), it has been 

shown that aged skin exhibited higher rates of apoptosis, Fas and FasL expression, especially 

below the granular layer (Gilhar et al., 2004). Additionally, skin of elderly donors manifested 

two times less replacement of corneal lipids compared to skin of young donors, leading to 

altered barrier function (Yaar et al., 2002; Zouboulis and Makrantonaki, 2011), whereas water 

loss is poorly affected (Boireau-Adamezyk et al., 2014; Luebberding et al., 2013). 

AGEs have been shown to target the epidermis, particularly the suprabasal layers, enhancing 

the effects of oxidative stress such as senescence and apoptosis (Gkogkolou and Böhm, 2012). 

For instance, CML is modifying K10 (Kawabata et al., 2011) and might interfere with its 

function on cell cycle arrest (Paramio et al., 2001). 

  



BIBLIOGRAPHY  II Skin aging 

62 
 

 

 

 

Figure 16: Schematic representation of the effect of photoaging on the skin 
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d. Minor cells of the epidermis age as well 

Although they are present in a minor quantity compared to keratinocytes, the function of 

melanocytes and langerhans cells is also altered with age. 

Melanocytes become less effective, partly because of their decreased stimulation from 

keratinocytes-derived factors (Gordon et al., 1989), but also because of the reduction of their 

number (Costin and Hearing, 2007). The skin of older donors was shown to contain 8-20 % 

less melanocytes than the skin from younger donors, in sun-protected location. Consequently, 

aging skin looks paler and clearer, but more importantly is less protected against UV rays. 

Langerhans cells are also altered. They form less dendrites, they are displaying less Birbeck 

granules and they present a reduced antigen-trapping capacity, leaving the elderly more 

susceptible to infections (Zouboulis and Makrantonaki, 2011). 

2) Photoaging 

Aging embraces a lot of mechanisms. Photo-aging is one of these particular responses, where 

UV stress strengthens the action of oxidative stress leading to typical phenotypes (Figure 16).  

In the dermis, UV exposures influence the balance between ECM synthesis and degradation 

in a time and dose dependent way. Remarkably, severely photo-aged skins lack fibrillar 

collagens I and III and depict an increase of hyaluronic acid and chondroitin sulphate 

containing GAGs that are redistributed upon the elastic fibers. However, the most striking 

hallmark of photo-aged dermis is the presence of an abnormal amorphous elastic deposition 

(made of tropoelastin, fibrillin-1, fibulin-2/-5, LTBP-1) in the reticular dermis (Naylor et al., 

2011; Yaar et al., 2002; Zouboulis and Makrantonaki, 2011). The intense degradation of ECM 

proteins relies in the fact that the degradatory MMP enzymes are acutely activated. Together, 

these changes in ECM composition lead to thin and deeply wrinkled skin with a loss of 

elasticity and tensile strength. 

In the epidermis, the repeated sun exposure induces a characteristic thickening with an altered 

differentiation process and the presence of numerous apoptotic cells. Corneocytes display 

increasing abnormalities with retention of nuclear remnants and roughen border edges. The 

sun exposure induces a wound-like environment, with keratinocytes proliferating more than 

normal as an attempt to repair the sun induced damages (Makrantonaki and Zouboulis, 2007).  
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Melanocytes also display a different aging-associated response under UV exposures. While 

the number of melanocytes decreases in sun exposed skin, their activity increases, leading to 

the appearance of senile lentigo or aging spots. Aging spots are characterized by increased 

melanin content associated with hyperkeratosis and elongation of rete ridges (Costin and 

Hearing, 2007; Porta, 2002). 

The mechanisms induced by aging are dependent on the stress factor. This might be 

dependent of each individual, through the action of the longevity factors. 

3) Longevity factors 

The longevity factors are involved in limiting oxidative stress, inflammation, apoptosis, and 

have been shown to increase lifespan in several in vivo models (from nematode to mouse 

models) (Haigis and Yankner, 2010; Salminen and Kaarniranta, 2010a). 

Among the most referred longevity factors can be detailed: 

- Caloric restriction (CR) 

CR induces a general slowing down of all events happening to sustain one organism’s life. 

The metabolic activity is reduced and less energy is produced and spent. CR involves energy 

sensing pathways regulated by Insulin/IGF-1, sirtuins, TOR (target of rapamycin), AMPK 

(AMP-activated protein kinase). CR helps reducing the activation of NF-кB signaling, thus 

reducing inflammation, oxidative stress, respiration… all beneficial effects for increased 

lifespan (Haigis and Yankner, 2010).  

- Sirtuins 

Sirtuins are histone deacetylases (HDAC), which activity is associated with gene silencing. 

There are 7 members of the mammalian sirtuin family (SIRT 1-7), which are involved in 

regulating stress responses, DNA repair, apoptosis, cell cycle, cell survival, genomic stability, 

insulin regulation… (Salminen and Kaarniranta, 2010a). One of the best characterized 

sirtuins, SIRT1, is expressed in most tissues but its expression is decreased in senescent cells. 

Its activity has been linked to extended lifespan. Mice overexpressing SIRT1 showed 

improved metabolic parameters similar to those in CR (Banks et al., 2008). Mice deficient for 

SIRT1 showed reduced mitochondrial respiration function and increased generation of ROS 

(Boily et al., 2008). Mice fed a high-fat diet had an extended lifespan under SIRT1 chemical 

activation (Baur et al., 2006). 
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- Klotho 

The klotho gene was identified as an "aging-suppressor" gene in mouse studies. When 

disrupted, it has been shown to accelerate aging; when over-expressed it extends the lifespan. 

Klotho encodes a single-pass transmembrane protein, which is expressed primarily in renal 

tubules. It is an important cofactor within FGF signaling (especially mediated by fibroblast 

growth factor 19/21/23; FGF19/21/23). Klotho protein negatively regulates insulin/IGF-1 

signaling, inducing activation of FOX (forkhead box) factors and protection against oxidative 

stress. It also inhibits TNFα induced activation of NF-кB, and enables decrease in the 

inflammatory response (Kuro-o, 2010; Salminen and Kaarniranta, 2010a). 

- p53 tumor suppressor protein 

Mice expressing a reduced level of p53 inhibitor Mdm2, were shown to be cancer resistant 

(Mendrysa et al., 2006). Mice with transgenic alleles of p53 and Arf, an activator of p53 

expression, were shown to be cancer resistant and exhibited delayed aging (Matheu et al., 

2007). Several studies have demonstrated p53 implication at several levels in the cell: genome 

stability, DNA repair, mitochondrial metabolism, cellular senescence and apoptosis and 

recently a role in balancing mitochondrial respiration and glycolysis (Salminen and 

Kaarniranta, 2010a). These features lead to associate p53 as a longevity factor. 

- mTOR 

mTOR proteins are conserved nutrient sensors which have been linked to extended lifespan. 

TOR signals are at the crossroad of metabolic, stress response and aging. They can control 

eukaryotic growth and cell division. Several examples show its involvement in decreasing 

aging features. Down-regulation of mTOR signal complex 1 (mTORC1) in skeletal muscle 

cells reduces glycolysis and facilitates a switch in fat metabolism by increasing fatty acid 

oxidation (Brown et al., 2007). Inhibition of mTOR signaling in a mouse model induces 

decreased transcription of genes involved in mitochondrial function (PGC-1α, NRF-1, ERRα). 

This enables decrease in O2 consumption and mitochondrial number, thus decrease in ROS 

production and oxidative stress (Cunningham et al., 2007; Haigis and Yankner, 2010).  

 

III. IGF-1 signaling 

As detailed previously, the epidermis is a tightly regulated tissue. Its architecture is subjected 

to aging, which disturbs the proliferation-differentiation balance and the epidermis renewal. 
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Figure 17: Regulation of circulating and tissue levels of IGF 

Schema depicting the regulation of IGF production by the growth hormone (GH). (From 

Pollak M. et al. 2004) 
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Among the numerous factors listed before, one key event regulating aging occurs at the level 

of IGF-1 signaling. This hormone is involved in many different processes and might affect the 

proliferation-differentiation switch, making IGF-1 signaling as a target of interest to maintain 

epidermis properties through aging. 

Before getting to the heart of the matter, namely evaluating the extraordinary capacities of the 

IGF-1 signaling on skin homeostasis, it is important to present the IGF “superfamily” and to 

understand its organization and its way of acting. 

1) Insulin-like growth factor (IGF) superfamily 

The insulin-like growth factor (IGF) family is composed of two ligands, IGF-1 and IGF-2; 

two receptors IGF-1R and IGF-2R and IGF-1/Insulin hybrid receptors; and seven IGF binding 

proteins (IGFBP). They are derived from the insulin family and share high sequence and 

structure homologies as well as similar functions.  

In the following description we will only focus on IGF-1, IGF-1R and IGF-1/Insulin hybrid 

receptors. 

a) Physiological origin and regulation of IGFs 

IGF-1 can be characterized as both a circulating hormone and a tissue growth factor. Most 

IGF-1 found in the blood circulation is produced by the liver under growth hormone (GH) 

regulation. GH is produced in the pituitary gland under somatostatin and GH releasing 

hormone (GHRH) stimulation. GH released enhances IGF-1 gene expression in the liver. 

IGF-1 is also produced in several tissues (Edmondson et al., 2003; Pollak et al., 2004) (Figure 

17).  

Bioavailability of circulating IGFs is regulated by specific IGFBPs. IGFBP can extend IGFs 

half-life in circulation: while IGFs alone have an half-life of 10 min, it is extended to 30 min 

when associated with IGFBP (10-20% IGFs) and to 12-14h when associated to IGFBP-ALS 

(Acid Labil Subunit) (80-90% IGFs – major complex is IGFBP3-IGF-1-ALS) (Le Bouc et al., 

2003). IGFBP also modulates the interaction between IGFs and their receptor, and thereafter, 

their function actions (Edmondson et al., 2003; Pollak et al., 2004). IGFBP alone presents 

IGF-independent activities on cell migration, proliferation and apoptosis. It has been shown 

that IGFBP1 directly interacts with α5β1 integrin to trigger trophoblast migration (Jones et al., 
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1993). IGFBP3 stimulates IGF-1R null fibroblasts apoptosis (Rajah et al., 1997) or inhibits 

cell proliferation (Kalluri and Dempsey, 2011; Kim et al., 2010a). 

b) IGFRs: structure and activation mode 

a. IGF-1R 

IGF-1R is a hetero-tetrameric receptor of the Tyrosine (Tyr) kinase family (RTK). It is 

composed of two extracellular α subunits, which contain the ligand binding site, and two 

transmembrane β subunits, which contain the intracellular Tyr kinase domain. α and β 

subunits are linked by disulfide bonds (Lopaczynski et al., 2000).  

Due to high sequence similarity (40-80 % depending on the domain) with the insulin receptor 

(INSR), IGF-1R can be activated by insulin and both IGFs with an affinity 2-15 fold higher 

for IGF-1 (De Meyts and Whittaker, 2002; Singh et al., 2014). Ligand binding triggers 

receptor auto-phosphorylation, especially on three Tyr residues (Y1131, Y1135, Y1136) in the 

activation loop. This binding enables to enhance the receptor’s tyrosine kinase activity, the 

phosphorylation of adaptor proteins (Insulin receptor substrate, IRS and Src homology 2 

domain containing, SHC) and the downstream signaling molecules (PI3K, AKT, MAPK…) 

(De Meyts and Whittaker, 2002). The ligand induced auto-phosphorylation that triggers the 

internalization of ligand-receptor complexes. Ligands are thus dissociated and degraded in the 

intracellular endosome and lysosome systems, and receptors are recycled to the surface 

membrane prior inactivation (Foti et al., 2004; Hodak et al., 1996). However, it has been 

shown that internalized IGF-1R could enter nucleus, possibly through sumoylation, and that 

nuclear IGF-1R could bind to chromatin and enhance transcription (Siddle, 2011). Nuclear 

IGF-1R was shown to bind LEF-1 binding site in cyclin D1 promoter region, a key player in 

cell cycle progression. In another study, nuclear IGF-1R was shown to stimulate IGF-1R gene 

expression in cultured breast cancer cells expressing or lacking the estrogen receptor (ER) 

(Sarfstein and Werner, 2013). 

b. IGF-1/Insulin hybrid receptors 

IGF-1R and IR share 84 % amino acid identity of their kinase domain and the conservation 

(100 %) of the ATP binding pocket. Therefore, it appears that IGF-1R and IR may hetero-

dimerize and form IGF-1/Insulin hybrid receptors. As the IR presents two isoforms, they are 

two types of hybrid receptors IGF-1R/IR-A or IGF-1R/IR-B (Singh et al., 2014). It has been 

demonstrated that IGF-1 could bind hybrid receptors with higher affinity than Insulin, and 
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that ligand affinity was dependent on the nature of the IR isoform (De Meyts and Whittaker, 

2002) (Figure 18).  

Although their physiological role remains unclear, it has been shown that auto-

phosphorylation of these hybrid receptors in response to Insulin or IGF-1 in human cancer 

results in an increased cell proliferation (Pierre-Eugene et al., 2012; Singh et al., 2014). 

 

a) IGF-1R signal transduction: substrate and effectors 

IGF-1R auto-phosphorylation leads to the activation of two major signaling pathways: PI3K 

(phosphoinositide 3 kinase)/Akt and MAPK (Mitogen-activated protein kinase) pathways 

(Figure 18). 

Upon activation, IGF-1R phosphorylates adaptor proteins IRS-1 and IRS-2 and Shc. Tyr 

phosphorylation of IRSs creates binding sites for proteins containing SH2 domains: catalytic 

(p110) and regulatory (p85) subunits of PI3K, adaptor Grb2, phosphatase SHP2, Src family 

kinase Fyn (Siddle, 2011). Depending on the downstream signals activated, IRS-1 has been 

associated to glucose homeostasis, whereas IRS-2 to lipid metabolism (Taniguchi et al., 

2006). Moreover, Serine/Threonine (Ser/thr) phosphorylation of IRSs has been shown to 

inhibit their function by promoting their degradation, inhibiting their interaction with IR/IGF-

1R (Siddle, 2011). 

PI3K activation leads to the production of the lipid second messenger phosphatidylinositol 

(3,4,5)-triphosphate (PIP3), which induces co-recruitment of phosphoinositide dependent 

kinase-1 (PDK-1) and its substrate kinases Akt/PKB (protein kinase B) and atypical protein 

kinase C (aPKC) to the membrane by phosphorylating Ser/Thr residues in their kinase 

regulatory loop (Siddle, 2011; Taniguchi et al., 2006). 

Activated Akt/PKB subsequently induces phosphorylation of multiple substrates involved in 

different cellular responses: Glycogen synthase kinase-3 (GSK-3), responsible for glycogen 

synthesis; Rab GTPase activating AS160/TBC1D4 proteins regulating glucose transport; 

Rheb GTPase leading to activation of TSC1/2 responsible for mTOR regulation and protein 

synthesis; FOXO transcription factors involved in the regulation of gluconeogenic expression; 

BAD regulating apoptosis (Siddle, 2011). 

IGF-1R activation can also trigger a Ras/MAPK driven response through the recruitment of 

guanylnucleotide exchange factor SOS associated with the small adapter protein Grb2  



BIBLIOGRAPHY  III IGF-1 signaling 
 

70 
 

 

 

 

 

 

Figure 18: Representation of IGFRs and underlying signaling 

(From Siddle K. et al. 2011) 
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 (Grb2/SOS complex) by phosphorylated IRSs and Shc. Relocation of Grb2 to the membrane 

activates SOS, which is normally found in the cytoplasm. In turn, SOS activates GTPase Ras, 

which activates the MAP kinase kinase kinase (MAPKKK) Raf, the MAPKK MEK, the 

MAPK ERK and further downstream kinases. It has been shown that active ERK dimerises 

and either translocates to the nucleus to phosphorylate transcription factors, or remains in the 

cytoplasm to phosphorylate substrates in multiple cell compartments (Siddle, 2011). 

IGF-1R signaling has also been shown to activate other MAPK pathways: the stress activated 

JNK (C-Jun N-terminal kinase) pathway and the p38 pathway. In the JNK pathway, several 

MAPKKK (MEKK1-4, MLK2/3 or DLK) phosphorylate the MAPKK MEK4 and MEK7 

leading to MAPK JNK phosphorylation, its translocation to the nucleus and subsequent 

activation of transcription factors C-Jun, ATF2, STAT3, HSF1. In the p38 pathway, the four 

members p38α/β/γ/δ are activated by the MAPKK MEK3 and MEK 6. p38 kinases have 

numerous substrates including MAPK interacting kinases 1 and 2 (Mnk-1 and 2) and 

eukaryotic initiation factor 4e (elF4e) involved in translation regulation (Brown and Sacks, 

2009). 

There are complex cross-talks that can be established between downstream effectors of the 

different signaling pathways described previously. Besides inducing cell responses through 

these pathways, an interplay between IGF-1R and EGFR has been identified, with notably 

trans-activation of EGFR by the IGF-1R (Adams et al., 2004; Ahmad et al., 2004; Chong et 

al., 2004; Krane et al., 1991). 

b) IGF-1R inhibition strategies 

Several IGF-1R inhibition strategies have been developed mainly in the field of cancer 

research (Figure 19). It is possible to block IGF-1R at different levels: gene expression, 

protein level (Ligand binding site, Tyr kinase domain…). Below are presented different 

strategies. 

IGF-1R expression can be modulated by antisense oligonucleotides or RNA interference. 

Antisense oligonucleotides inhibit translation of igf-1r mRNA by binding to complementary 

sequence, which will be cleaved or simply blocked by a RNase-H mediated mechanism. RNA 

interference occurs in two steps and mediates target mRNA degradation. Double stranded 

RNAs are first cleaved by the enzyme Dicer resulting in short interference RNA (siRNA): 21-

23 nucleotides fragments containing two nucleotide single-stranded 3’ overhangs. siRNA are 

incorporated in the RNA inducing silencing complex (RISC) in which one antisense strand of  
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Figure 19: Strategies of inhibition of the IGF-1R and its signaling pathway 

(From Bähr C. et al. 2004) 
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siRNA bind to the complementary mRNA sequence to target its cleavage by RISC 

(Riedemann and Macaulay, 2006). 

IGF-1R inhibitory proteins have also been developed to interfere with functional wild-type 

protein either by direct binding or by competition for binding partners. 486/STOP is a 

secreted IGF-1R dominant negative mutant encoding only α-subunits without the 

transmembrane domain. In that way it competes with wild-type IGF-1R for ligand binding. 

950/STOP is a truncated form of IGF-1R including α-subunits and part of the β-subunit up to 

the juxtamembrane region. It acts as a dominant negative by forming non functional 

heterodimers with endogenous IGF-1R (Bähr and Groner, 2004; Riedemann and Macaulay, 

2006). 

Ligand binding can be inhibited by IGF-1R neutralizing antibodies (the first antibody 

developed: αIR3 monoclonal antibody, AMG 479, CP-751871…) or IGF-1 mimetic peptides 

(D-amino acid analogues), which will bind IGF-1R without inducing its activation. 

Neutralizing antibodies have been shown to induce IGF-1R down-regulation in addition to 

competing with its ligand, and most of them are fully humanized monoclonal antibodies 

tested in a range of tumor models and during pre-clinical trials (Bähr and Groner, 2004; 

Riedemann and Macaulay, 2006; Singh et al., 2014). 

Small inhibitory molecules have also been developed to inhibit IGF-1R Tyr kinase activity. 

High homology between IGF-1R and INSR and lack of specificity of insulin/IGF-1 signaling 

pathways make the design of selective inhibitors difficult, so that almost all small inhibitors 

target both receptors although being more selective for the IGF-1R. There are ATP antagonist 

Tyr kinase inhibitors (NVP-AEW541, NVP-ADW742…), which bind in the ATP binding 

cleft but without showing absolute specificity; and non ATP antagonist Tyr kinase inhibitors 

(cyclolignan picropodophyllin (PPP), KW-2450…), which inhibit substrate phosphorylation 

thus showing greater potential for specific IGF-1R inhibition (Riedemann and Macaulay, 

2006; Singh et al., 2014). 

2) IGF-1 signaling supports epidermal architecture through cooperation with 

the dermis 

The IGF-1 signaling has been first identified as a key player in mammalian development 

(Baker et al., 1993; Fang et al., 2012a; Klammt et al., 2011). Beyond affecting growth and 

organ development (Fang et al., 2012a; Klammt et al., 2011; Kruis et al., 2010; Liu et al., 
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1993; Powell-Braxton et al., 1993), especially observed in humans as IGF-1R disruptions 

were not viable in mice, IGF-1R knockdown (KO) resulted in thin, translucent skin with 

hypomorphic epidermis lacking stratum spinosum and reduced hair follicles (Liu et al., 1993; 

Stachelscheid et al., 2008). This latter finding underlined the involvement of this signaling 

pathway in skin homeostasis. 

a) The dermis, major site of production of the IGF-1 

Dermal fibroblasts express all the components of the IGF system making them regulators of 

both their own functions and those of surrounding cells. IGF-1 has been shown to induce 

fibroblasts proliferation, survival and migration (Edmondson et al., 2003). This hormone 

demonstrated also the ability to influence the production of growth factors in fibroblasts and 

notably TGF-β (Ghahary et al., 1998). Concomitantly, IGF-1 has been shown to stimulate the 

production of ECM components by the same cells and restrain their degradation by inhibiting 

degradation enzymes (Gillery et al., 1992; Telasky et al., 1998). TGF-β has been also shown 

to stimulate collagen synthesis by fibroblasts, suggesting that previously observed collagen 

production upon IGF-1 stimulation might be related to the enhancement of TGF-β (Illsley et 

al., 2000; Jutley et al., 1993). 

Beyond influencing dermal homeostasis and fibroblasts behavior, IGF-1 acts as a messenger 

between fibroblasts and keratinocytes. Synthesized by fibroblasts, IGF-1 migrates upwards to 

the epidermis and activates epidermal IGF-1R in a paracrine way. 

b) Paracrine activation of epidermal IGF-1Rs induce proliferation, survival 

and differentiation signals  

The epidermis is a responsive target of the IGF-1 signaling. The IGF-1R has been identified 

on human skin sections in both the basal layer (Hodak et al., 1996) and the suprabasal layers 

of the epidermis (Rudman et al., 1997). Its expression appears constant, even upon 

keratinocyte differentiation, as demonstrated on human skin sections and on Ca2+-induced 

HaCaT differentiation (Edmondson et al., 2001; Rudman et al., 1997). Although in situ 

hybridization and immunohistochemistry staining on human skin sections have revealed 

presence of IGF-1 in the granular layer (Rudman et al., 1997; Tavakkol et al., 1999), it seems 

that epidermal IGF-1Rs are activated through a paracrine way by dermal IGF-1 (Edmondson 

et al., 2003) (Figure 20). 
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In the epidermis, the major actions of the IGF-1 axis are occurring in the basal layer. As in 

fibroblasts and many other cell types, IGF-1 has been shown to stimulate basal keratinocytes 

proliferation and migration, especially upon wound healing (Cianfarani et al., 2011; Haase et 

al., 2003). Its mitogenic actions are mediated in PI3K or MAPK dependent ways (Adams et 

al., 2000) and small GTPase Rac 1 was identified as a downstream target (Stachelscheid et al., 

2008). Interestingly, Rac 1 exhibited a role in the maintenance of epidermal stem cells 

(Benitah et al., 2005) and IGF-1 was shown to protect progenitors’ like proliferation potential 

(Cianfarani et al., 2011; Stachelscheid et al., 2008), suggesting a possible involvement of IGF 

signaling on the epidermal progenitor compartment. 

The presence of IGF-1R on suprabasal layers highlights a possible involvement on the 

differentiation process as well. However, until now the findings are contradictory. The first 

study showed that IGF-1 was able to induce stratification and expression of differentiation 

markers in a SV40 transformed human keratinocyte line (Kamalati et al., 1989).  

This result was questionned both in vivo and in vitro in IGF-1R KO mouse models. 

Wertheimer and colleagues demonstrated that IGF-1R expression, distribution and function 

was not disturbed during Ca2+-induced differentiation, but that its activation was not matching 

with the expression of early differentiation marker K10 (Wertheimer et al., 2000). In a skin 

equivalent model built with IGF-1R KO mouse keratinocytes, Sadagurski and colleagues 

demonstrated that IGF-1R was inhibiting keratinocyte differentiation through an IRS-2 / PI3K 

dependent mechanism (Sadagurski et al., 2006). Later they showed that IRS-1, a downstream 

effector of IGF-1 signaling, was involved in keratinocyte differentiation by analyzing the 

phenotype of IRS-1 KO mice (Sadagurski et al., 2007). 

Another study on human primary keratinocytes demonstrated that p21 mediated activation of 

IGF-1 caused activation of MAPK signaling and inhibition of keratinocyte differentiation, 

through a cell cycle independent mechanism (Devgan et al., 2006). 

Stachelscheid and colleagues emphasized the mitogenic role of IGF-1. Although IGF-1R KO 

mice depicted a characteristic thin and translucent skin, no differences were found on 

keratinocyte differentiation (normal expression and localization of α6 integrin, K14, K10 and 

loricrin markers) (Stachelscheid et al., 2008). 

Very recently, the same authors got deeper into the characterization of the IGF-1Repi -/- mouse 

phenotype and revealed a yet unknown regulation on p63 and ACD (Günschmann et al., 

2013). IGF-1Repi -/- mouse depicted elevated FoxO activation, which was shown to bind p63, 
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Figure 20: Schematic representation of the IGF-1R axis in the skin 
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thus inhibiting its function on both ACD (Lechler and Fuchs, 2005) and genes involved in 

stratification (Günschmann et al., 2013).  

These latter findings highlight a more complex function of the IGF-1 signaling as yet 

demonstrated, emphasizing an emerging function in the entry in differentiation, without 

restriction to a mitogenic role. 

Moreover, IGF-1 has been shown to exert anti-apoptotic effects on the epidermis. In UVB-

stressed skin, IGF-1R was shown to act as a switch button promoting cell senescence 

depending on the gravity of UVB-induced damages (Lewis et al., 2008). These kinds of 

mutations are more damaging for the basal compartment since basal keratinocytes are less 

prepared to oxidative stress than differentiated keratinocytes (Vessey et al., 1995). Moreover, 

the basal layer is the only proliferative layer of the epidermis and so it is able to replicate 

unrepaired DNA mutations, which could eventually lead to oncogenic transformations. Given 

this consideration, IGF-1-induced senescence appears as a protection mechanism against 

tumorigenesis.  

3) IGF-1 in aging 

There are conflicting results concerning the contribution of the IGF-1 signaling pathway in 

aging and longevity. 

Studies on different model systems from invertebrate to mammals (yeast, worms, flies, mice, 

rodents…) have shown that mutations in genes that share similarity with human genes 

involved in Insulin/IGF-1 signaling (IIS) pathway resulted in increased lifespan (Bartke et al., 

2003; Franceschi et al., 2005). Disruption of the IIS led to decreased activation of the NF-кB 

signaling, which is known to inhibit apoptosis and cause inflammation, two features 

associated with aging (Salminen and Kaarniranta, 2010b). Other in vivo models have shown 

that reduced IIS activity by fasting led to decreased metabolism in general (increased insulin 

sensitivity, lower body temperature and lower energy spent) and as a consequence less 

production of free radicals (Bartke et al., 2003; Katic and Kahn, 2005).  

Benefits of caloric restriction were also demonstrated in humans. It was shown that healthy 

centenarians depict features associated with caloric restriction: decreased circulating glucose, 

increased insulin sensitivity, lower IGF-1 plasma levels, reduced oxidative stress (Bartke et 

al., 2003; Katic and Kahn, 2005). Low circulating IGF-1 levels have been found in 

centenarians with mutations in the GH receptor, and were associated with lower risk in cancer 
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(Kamrava et al., 2011). Conversely, high circulating IGF-1 levels were also found in 

centenarians, as a compensatory mechanism due to heterozygous mutations in igf-1r genes 

(Franceschi et al., 2005; Kamrava et al., 2011; Katic and Kahn, 2005). Overall it seems that 

longevity is also linked to decreased IIS activity in humans. 

Nevertheless, there is strong evidence that IGF-1 signaling has neuroprotective effects in 

aging (Bartke et al., 2003). It enhances physical performance and helps to maintain muscle 

strength in aged people (Barbieri et al., 2003). Moreover, low serum levels of IGF-1 added to 

high serum levels of IL-6 have be shown to increase the risk for disability and mortality in old 

women compared to those with increased levels of IGF-1 and decreased levels of IL-6 

(Cappola et al., 2003). On skin, it has also been shown that age associated hormone decline, 

including IGF-1, decreases skin quality (thickness, barrier function, elastic properties…) 

(Makrantonaki and Zouboulis, 2007; Makrantonaki et al., 2008) and that restoring these 

hormones’ levels could improve epidermal thickness and surface lipids (Makrantonaki et al., 

2008). Another study on UVB induced carcinogenesis, made the link between aging, non-

melanoma skin cancer and IGF-1 levels. They demonstrated, in both senescence fibroblasts 

and aged skin biopsies, an age-associated decline in IGF-1 and that lower activity of IGF-1R 

signaling could not induce senescence in damaged cells, thus leading to uncontrolled 

proliferation of cells with UVB-damaged DNA and malignancies (Lewis et al., 2008, 2010). 

Based on these studies, it seems wise not to draw hasty conclusions regarding IGF-1’s effect 

on aging or longevity. Even if excessive activation of IGF-1R signaling may produce 

oxidative stress, it appears importance for maintenance of certain functions. 

 

 

Studies evaluating single actions of the IGF-1 signaling on cell behavior (proliferation, 

migration, survival…) have been conducted on 2 dimensional culture models, while 

developmental studies were performed in mouse models. To understand mechanisms such as 

keratinocyte differentiation, monolayer cultures appeared to be limited as late differentiation 

markers can be hardly produced in these conditions. Instead, in vivo models or 3D in vitro 

models proved to be more adapted. Due to its multi-faceted actions, IGF-1 signaling induced 

however premature death in KO mouse models, making in vitro reconstructed skin helpful 

alternatives and research tools to investigate the differentiation process of human cells.
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IV. Tissue engineering: models of reconstructed skin 

1) Different approaches to construct an in vitro skin equivalent 

a)  “Simple” reconstructed skin 

Under “simple” reconstructed skin models are meant skin equivalents comprising only cells 

essential to construct epidermis and dermis in vitro: keratinocytes and fibroblasts. Some of the 

following models described are summarized in table 1. 

Skin equivalents are constructed in two steps: first elaboration of a dermis equivalent or at 

least proliferation of fibroblast on a support; second seeding of keratinocytes and induction of 

their proliferation and differentiation. 

Various dermis equivalents have been creating presenting different supports for fibroblasts: 

collagen lattices (Bell et al., 1981); collagen-glycosaminoglycan (GAG) matrices (Boyce et 

al., 1988); chitosan cross-linked collagen-GAG matrices (Shahabeddin et al., 1990); de-

epidermized dermis (Pruniéras et al., 1983); biodegradable scaffolds (Wang et al., 2003); inert 

filters (Poumay and Coquette, 2007). They all have their advantages and drawbacks. Most 

inconvenience is commonly observed with collagen gels, which suffer from contraction by 

fibroblasts after a certain time of culture. 

Keratinocytes are seeded on these dermal substitutes and are generally cultured during two 

weeks at the air-liquid interface (Brohem et al., 2011). Raising keratinocytes at the air-liquid 

interface stimulates the synthesis of profilaggrin and the appearance of keratohyalin granules 

in keratinocytes (Poumay and Coquette, 2007). 

Normal or immortalized keratinocytes have been used for skin reconstruction, although 

incomplete stratification with lack of lipids necessary for proper barrier function has been 

reported when using HaCaT cells (Boelsma et al., 1999; Stark et al., 2004a).  

Several publications have highlighted the communication between keratinocytes and 

fibroblasts and their influence on both epidermal morphogenesis and basement membrane 

formation (Boehnke et al., 2007; El Ghalbzouri and Ponec, 2004; El Ghalbzouri et al., 2002; 

Marionnet et al., 2006). Maas-Szabowski and colleagues have shown that keratinocytes 

secretion of IL-1 is able to trigger the release of several growth factors (KGF, GM-CSF, IL-6) 

by fibroblasts, which in turn stimulate their proliferation (El Ghalbzouri and Ponec, 2004; 

Maas-Szabowski et al., 1999).    



BIBLIOGRAPHY                                    IV Tissue engineering: models of reconstructed skin 
 

80 
 

 

 

 

 

 

Table 1 (part 1): Different strategies to build in vitro skin models 

This table summarizes the different medium combinations and cells used to build in vitro skin 
models. (From Brohem CA. et al. 2010) 

  



BIBLIOGRAPHY                                    IV Tissue engineering: models of reconstructed skin 
 

81 
 

Keratinocytes are shown to influence maturation and organization of fibrillin-1 microfibrills 

synthesized by fibroblasts (Duplan-Perrat et al., 2000). Both cell types are also found to 

modulate expression of several basement membrane components (nidogen, collagen 

I/III/IV/VII, laminin…) (El Ghalbzouri and Ponec, 2004; Marionnet et al., 2006). These data 

emphasize the importance of mixing both cell types in a reconstructed skin model to obtain 

the best results. 

Finally, commercial reconstructed skin can be found. Among all are: EpiDermTM (MatTek, 

Ashland, MA, USA), which consists of keratinocytes grown on a culture insert; EpiskinTM 

(L’Oreal, SkinEthic, France), which consists of keratinocytes grown on a collagen matrix; 

Apligraf (Organogenesis Inc., Canton, MA, USA), which consists of keratinocytes grown on 

fibroblasts that were previously expanded on a collagen-coated culture insert. 

b) “Complex” reconstructed skin 

Skin equivalents tend to reproduce in vivo skin in the most reliable way. New types of skin 

equivalents appeared with the concomitant culture of fibroblasts and keratinocytes with 

melanocytes, endothelial cells, precursors of langerhans cells or adipocytes (Auxenfans et al., 

2009). The basis to construct such “complex” skins remains the same. The only difference 

comes from the introduction of new cell types. Here are listed 3 examples of these “complex” 

models. 

Melanocytes regain their physiological localization in the basal layer when mixed with 

keratinocytes (Auxenfans et al., 2009). In human skin the ratio between melanocytes and 

keratinocytes have been identified as 1 melanocyte for 36 keratinocytes (1:36) and named the 

epidermal-melanin unit (Fitzpatrick and Breathnach, 1963). Pigmented skin equivalents tend 

to reproduce this unit with ratios varying from 1:10 (Liu et al., 2011) to 1:20 (Cario-André et 

al., 2006; Nakazawa et al., 1997). Once introduced in the skin model, melanocytes are fully 

functional and produce melanin in response to UVB irradiations, and reproduce the phototype 

they belong to (Bessou et al., 1996; Cario-André et al., 2006).  

The creation of immune competent skin equivalents is more challenging, as Langerhans cells 

cannot be sub-cultured and expanded in vitro.  
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Table 1 (part 2): Different strategies to build in vitro skin models 

This table summarizes the different medium combinations and cells used to build in vitro skin 
models. (From Brohem CA. et al. 2010) 
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Instead of using differentiated dendritic cells, langerhans cells are then identified by targeting 

major histocompatibility complex molecules of class II (MHC-II), CD1a antigen and Birbeck 

granules (Régnier et al., 1997). 

Complete three layered skin equivalents are also found with creation of a hypodermis using 

human adipose-derived stem/stromal cells (ASC) (Bellas et al., 2012; Trottier et al., 2008; 

Vermette et al., 2007). ASC are first induced to differentiate towards adipogenic pathways by 

subculture in an adipogenic induction medium, which contains insulin, dexamethasone, and 

IBMX (3-Isobutyl-1-methylxanthine). Insulin is used for proliferation and differentiation of 

preadipocytes; dexamethasone stimulates adipogenic differentiation; while IBMX regulates 

PPARγ and thus adipogenic gene expression (Scott et al., 2011a; Yu et al., 2011). Adipocytes 

produced are then either grown to produce adipocyte-containing sheets or seeded onto 

scaffolds (Bellas et al., 2012; Trottier et al., 2008). As for the other skin models, keratinocytes 

are seeded on top of these scaffolds/cell-sheets. 

Even more complete skin models do exist, which mix endothelial cells and adipocytes (Bellas 

et al., 2012), langerhans cells and melanocytes (Régnier et al., 1997), melanocytes and 

endothelial cells (Ponec et al., 2004). 

2) Culture media 

The nature of culture media is of relevant importance as it determines the reconstructed skin 

morphogenesis. The key component of standard culture media is foetal bovine serum (FBS) 

(Boehnke et al., 2007; Brohem et al., 2011; Poumay and Coquette, 2007; Stark et al., 2004b). 

It provides growth factors and hormones, attachment and spreading factors, transport proteins, 

trace elements… at once; and FBS is needed for maintenance of pH and to inhibit proteases 

(i.e. α-antitrypsin) (Rauch et al., 2011). However, its variable composition affects the 

experimental reproducibility and interferes with the cell signalling studies. It might as well be 

a source of contamination (Barnes and Sato, 1980; Bjare, 1992; Rauch et al., 2011). This led 

to rethink the medium composition and to find an alternative to serum. 

Strategies for producing serum-free cultures have been considered for many years now, and 

several research groups have proposed defined media formulations adapted to specific cell 

types such as hematopoietic cells, neural cells, epithelial cells and fibroblasts (Bjare, 1992; 

Brunner et al., 2010; Falkner et al., 2006). For keratinocyte culture, commercial media have 

replaced FBS with bovine pituitary extract (BPE), another cocktail of growth factors of 
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animal origin but with a less variable composition (Chowdhury et al., 2012). Very few studies 

have focused on the question of replacing both FBS and BPE for developing in vitro 

epidermis/skin (Jean et al., 2011; Ng and Ikeda, 2011; Poumay, 2013) and no satisfactory  

conditions have yet been documented (Lamb and Ambler, 2013). Nevertheless, some major 

components are ubiquitously present in media: insulin, which has metabolic and mitogenic 

effects; EGF (epidermal growth factor), used for its growth promoting effect; cholera toxin, 

which enhances cyclic-AMP production, shown to modulate keratinocytes proliferation; 

adenine, which is necessary for the elaboration of c-AMP; ascorbic acid, which improves lipid 

composition in the stratum corneum and thus improves barrier function; hydrocortisone, 

which acts synergistically with insulin to promote extended proliferation (Poumay and 

Coquette, 2007; Takahashi et al., 2004). 

3) Applications 

Skin equivalents have been elaborated to answer scientific questions, which could not be 

resolved only in 2D monolayer cultures. 3D models enable namely to reproduce the complex 

and dynamic environment of in vivo tissues, and this allow to study the cell-cell or cell-matrix 

interactions, the regulations of keratinocyte proliferation or differentiation, the melanogenesis 

process, the re-epithelialization during wound healing, or skin diseases… (Brohem et al., 

2011; MacNeil, 2007; Sobral et al., 2007). 

Besides, reconstructed skin models appear as time and cost effective alternatives to animal 

models, which are not always adapted for studying human skin. Indeed mouse and human 

skins diverge in several points: hair follicle number, epidermis and dermis thickness, 

melanocytes localization… (Brohem et al., 2011). 

Skin equivalents present also a clinical function as they are used to treat severe burns. Burned 

skin has lost its protection barrier, being sensitive to exogenous pathogens. It appears thus of 

great importance to restore this barrier by applying a new epidermis on the wound. While 

cadaver allograft skins were often used, they are more and more replaced by reconstructed 

epidermis/skin grafts, which are easier and safer (no disease transmission) to handle (Braye et 

al., 2005; Brohem et al., 2011).  

Pharmaceutic as well as cosmetic companies have also found benefits in the construction of 

skin equivalents, as they can serve to screen toxicity and efficacy of active 

compound/products (Brohem et al., 2011; Frei et al., 1998). Importance of skin equivalents is 
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further enhanced in the cosmetic field, where the legislation about chemicals, REACH 

(Registration, Evaluation, Authorization and Restriction of Chemicals), prohibits both 

ingredients and final products testing on animals (Schoeters, 2010).  
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Objectives and organization of the work 

This present work aims to study the role of IGF-1 signaling on epidermal differentiation in an 
in vitro 3D model of human epidermis and the efforts to find plant actives that counteract the 
features resuming aging that are observed in our 3D model deficient for IGF-1 signaling.  

The experimental work is divided in 4 parts. 

1 – The development of in vitro epidermis models with neither fibroblasts nor FBS for 
conducting IGF-1 regulation studies.  

- Article n°1: Insulin-transferrin-selenium as an alternative to foetal serum for 
epidermal equivalents  

- Annex results are presented in a last part, after a global discussion, the presentation of 
the perspectives, and the list and references. They present tools set up for modulating 
IGF-1R activation: IGF-1 doses, IGF-1R inhibitors NVP-ADW742 and αIR3, ShRNA 
targeting IGF-1R expression 

2 – The development of in vitro models of impaired IGF-1R signaling that highlighted several 
dysregulations and some features mimicking the aging of human epidermis. 

- Article n°2: Alteration of IGF-1R activity in human keratinocytes induces some 
features of aged skin through the deregulation of adhesion 

- Complementary results present other investigations concerning keratinocytes 
proliferation and early differentiation time course in 2D models  

3 – The study of the combining effect of IGF-1R impairment and oxidative stress, as two 
hallmark of aging  

- Article n°3: Impairment in keratinocyte proliferation and adhesion under oxidative 
stress is exacerbated in absence of IGF-1R 

- Complementary results present other investigations with chronic oxidative stress 

4 – A development of a selective procedure to highlight potential anti-aging properties of 
some plant compounds (from Natura), taking in account the different observations 
previously developed  

- Article 4: The development of an in vitro assay based on the keratinocytes adhesion 
profile to identify botanical extract candidate for an anti-aging activity 
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I. Cell biology techniques 

1) Biological material 

a) Transformed cell line: N/TERT keratinocytes 

The N/TERT-1 cell line was provided by the laboratory of Jim Rheinwald (Harvard Medical 

School, Boston). Primary human foreskin keratinocytes were immortalized by ablation of p16 

protein and transfection to express TERT, the telomerase (Dickson et al., 2000). 

b) Primary human keratinocytes 

Human primary keratinocytes were obtained by Biopredic (Rennes, France). Three cells 

strains were obtained from adult women and are referenced in table 2. The cells were obtained 

at passage 1 (P1), amplified at passage 2, and used until passage 4 for the experiments. We 

validated that cells kept their proliferation capacities and did not enter senescence for these 

passages. 

LOT 
EXPIRATION 

DATE 
INFORMATION 

KER110011 04/11/2013 
Female, 32y., caucasian, P1, 0,9M/vial, viab.>80%, from 

abdominal skin 

KER110008 15/07/2013 
Female, 28y., caucasian, P1, 0,9M/vial, viab.>80%, from 

abdominal skin 

KER11006FR2 11/12/2012 
Female, 31y., origin ND, P1, 1M/vial, viab.>80%, from 

abdominal skin 

Table 2: Human primary keratinocytes used in the study 

 

c) Primary human keratinocytes with IGF-1R silencing 

To create NHK carrying IGF-1R silencing, it was first necessary to pack small hairpin RNA 

(shRNA) targeting igf-1r into lentiviral particles before infecting keratinocytes. 

a. Preparation of lentiviral particles 

Lentiviral particles were produced by transfecting HEK-293T (human embryonic kidney) 

cells with 3 plasmids expressing proteins necessary for virus assembly: the envelop plasmid 

carrying ENV, a protein fusing with the cell membrane to form the virus envelop, when it 
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moves out of the cell by budding; the packaging plasmid, encoding Gag, Pol and Rev and the 

pLKO.1 puro plasmid carrying the shRNA against igf-1r and sequences necessary for 

lentiviral particles production and their integration into the genome of the host cell. 

4-6 x 106 HEK-293T cells were seeded on 4 x 10 cm plates and transfected the next day with 

4.68 μg of pSAX2 (gag/pol) plasmid, 2.52 μg of pMD2.G (env) plasmid and 9 μg of pLKO.1 

puro plasmid in LipoD293TM in vitro DNA transfection reagent (Gentaur, France). For the 

transfection, plasmids were mixed in 0.5 ml of serum free DMEM medium (Gibco) prior 

addition of 550 μl of a LipoD293-DMEM mix (1:10). Mix of plamids and transfection 

reagent were incubated 20 min at room temperature prior addition to cells. The medium was 

changed 5-6 hours later to serum containing DMEM medium. 72h after transfection, the 

culture medium containing the lentiviral particles was collected, centrifuged 10 min at 200 g 

and filtered on a 0.45 μm porosity filter. The lentiviral particles were aliquoted and conserved 

at -80°C prior utilization. 

b. Determination of lentiviral concentration – titration 

It is necessary to determine the concentration of the lentiviral particles, as during 

keratinocytes transduction, we want that one cell is infected by one lentiviral particle 

(multiplicity of infection, MOI=1). 

For that purpose, 1.2 x 105 HEK-293T were seeded into 6-well plate and transduced with 

different dilutions of lentiviral particles: 0, 10-1, 10-2, 10-3 and 10-4. The second day, cells were 

selected with 1 μg.ml-1 puromycin. As the lentivirus carry a gene of resistance to the 

antibiotic puromycin, cells successfully transduced with the lentiviral particles become also 

resistant to puromycin, while the others die. After 10 days of culture, cells are fixed with 6% 

glutaraldehyde and stained with crystal violet (0.1 % in water). Colonies obtained for each 

particle dilution were counted, and the concentration of lentiviral particles was determined by 

applying following formula: 

Particle concentration (particles.ml-1) = Colony number / particle dilution 

This concentration was used to calculate the exact volume of lentiviral particles to transducer 

NHK based on a MOI of 1. 
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c. Keratinocytes transduction 

9 x 105 NHK were seeded in 75 cm2 flasks in complete KGM2 medium. Once all the cells 

have adhered, 8 ml of complete KGM2 medium containing 8 μg.ml-1 polybrene® (or 

hexadimethrine bromide, which considerably improves the transduction efficacy; Sigma 

Aldrich) and the lentiviral particles was added. The next day, medium was changed for fresh 

complete KGM2 medium, enabling the cells to recover the transduction. The third day, 

transduced cells were selected with 1 μg.ml-1 puromycin in complete KGM2 medium and 

cultured in this medium until all non transduced cells died. 

To control puromycin selection, a negative control, namely non transduced NHK, was seeded 

at the same time than transduced conditions. The indication for complete selection was once 

all cells have died in the negative control after having applied puromycin selection. 

Transduced cells were further amplified in complete KGM2 medium containing 0.5 μg.ml-1 

puromycin, to avoid expulsion of lentiviral particle. Note that slight selection was not applied 

during experiments. 

 

As primary keratinocytes can be used only at low passages, we could not establish a stable 

transduced cell line. Instead, we proceeded to the experiment directly after transduction, and 

controlled the extinction of IGF-1R by western blot at each new transduction/experiment. 

d) Human abdominal skin biopsies 

Three young (18-35 y.) and three old (>50 y.) human abdominal skin biopsies were obtained 

from Biopredic International and Advanced tissue services respectively. The important 

criterium for the study was to keep a normal body mass index (BMI), in order to interfere as 

less as possible with the IGF-Insulin pathway. Skin biopsies came from healthy female donors 

with a caucasian type and an average size of 2 cm2. Suppliers attested for the negative 

reactivity of the samples regarding Hepatitis B, C and HIV 1/2. Table 3 summarizes the 

characteristics of all skin biopsies. 
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SUPPLIER LOT 
Body mass 

index (BMI) 

Age 

(years) 
Type INFORMATION 

Tissue 

fixation 

Biopredic 

international 

(Rennes, 

France) 

PEA092119

-OC01 
24 34 Caucasian 

Female; Abdominal skin 

sample taken/dermis 

and epidermis 

formalin 

PEA092122

-OC01 
22 34 Caucasian 

Female; Abdominal skin 

sample taken/dermis 

and epidermis 

formalin 

PEA092123

-OC01 
24 35 Caucasian 

Female; Abdominal skin 

sample taken/dermis 

and epidermis 

formalin 

Advanced 

tissue 

services 

(Phoenix, 

US) 

13-0310 

18-25 (Height 

61 in; Weight 

:120 lbs) 

69 Caucasian 

Female; Abdominal skin 

sample taken/dermis 

and epidermis 

formalin 

13-0300 

18-25 (Height 

62 in; Weight 

:100 lbs) 

71 Caucasian 

Female; Abdominal skin 

sample taken/dermis and 

epidermis 

formalin 

13-0299 

18-25 (Height 

61 in; Weight 

:130 lbs) 

72 Caucasian 

Female; Abdominal skin 

sample taken/dermis and 

epidermis 

formalin 

 

Table 3: Characteristics of young and old human skin biopsies 
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2) General culture procedures 

a) Keratinocytes subculture 

Normal human keratinocytes (NHK) were cultured at 37°C 5% CO2 in low-calcium (0.06 

mM) serum free keratinocyte growth medium (Keratinocytes growth medium 2, KGM2, 

Promocell, Heidelberg, Germany) supplemented with 0.004 ml.ml-1 bovine pituitary extract 

(BPE), 0.125 ng.ml-1 epidermal growth factor (EGF), 5 μg.ml-1 insulin, 0.33 μg.ml-1 

hydrocortisone, 0.39 μg.ml-1 epinephrine, 10 μg.ml-1 transferrin, 100 U.ml-1 penicillin and 

100 μg.ml-1 streptomycin (PAA). 

N/TERT keratinocytes were cultured in the same medium, except that calcium concentration 

was adjusted to 0.4 mM. 

Culture medium was changed every two or three days. In order to keep the best proliferative 

capacities, cells were detached when they reached 70% (for NHK) or 30% (for N/TERT) of 

confluency. If this limit is bypassed, keratinocytes begin to differentiate. 

For cell detachment, cells were washed twice with sterile PBS (Phosphate Buffer Saline, 

Gibco) before addition of a trypsin-EDTA solution (0.05% trypsin – 0.02% EDTA, PAA). 

Trypsin-EDTA was neutralized with an equal volume of Soybean trypsin inhibitor (1 mg.ml-1, 

Sigma aldrich), and cells were centrifuged 5 min at 200 g. Cells were re-suspended in culture 

medium. A portion was diluted in a trypan blue solution (1/2 dilution) to exclude dead cells 

and counted with a Malassez chamber. Cells were seeded in 75 cm2 flasks at a minimum of 

4 000 cells.cm-2 for subculture. 

b) Modulating IGF-1R activity on keratinocytes 

a. Selection of IGF-1 dose 

Subconfluent and confluent keratinocytes were starved 16 h in non supplemented KGM2 

medium (NS KGM2 medium), which was determined as the suitable time for IGF-1R to be 

inactive. Cells were then incubated 5 min in NS or completeinsulin- KGM2 medium containing 

rising concentrations of recombinant human IGF-1 (R&D systems, Lille, France) (0, 25, 50 

and 100 ng.ml-1) prior western blot analysis of the IGF-1R and its activated form, phospho-

IGF-1R (p-IGF-1R). To determine the correct IGF-1 dose, we analyzed the ratio p-IGF-

1R/IGF-1R through Quantity one® software. 
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b. Selection of IGF-1R inhibitors 

The inhibitors selected were: 

- NVP-ADW742 (Selleckchem, Houston, Texas, US), which is an ATP competitor and 

targets IGF-1R auto-phosphorylation. It exhibits a 6-fold greater selectivity for IGF-

1R versus INSR with IC50 of 2.8 μM. (Mitsiades et al., 2004) 

 

- αIR3 (Calbiochem, EMD Millipore, Molsheim, France), which is an antibody against 

the ligand binding site of IGF-1R. It has the advantage to be 100% specific for the 

IGF-1R. 

c. Selection of the IC50 dose 

Keratinocytes were incubated 1h in NS KGM2 medium containing various doses of IGF-1R 

inhibitors: 0.01, 0.1, 0.5, 1μM for NVP-ADW742 and 0.05, 0.1, 0.3, 0.5, 1 μg.ml-1 for αIR3. 

IGF-1R was then stimulated by addition of 50 ng.ml-1 IGF-1. 

The inhibitory effect of NVP-ADW742 and αIR3 was quantified by a western blot against 

total IGF-1R and p-IGF-1R. The IC50 dose was identified by analyzing the ratio p-IGF-

1R/IGF-1R through the Quantity One® software. 

We also identified a dose of inhibitor able to inactive the IGF-1R entirely, but only for NVP-

ADW742, which required lower doses than the much expensive αIR3 antibody. 

d. Culture procedures 

NVP-ADW742 was dissolved in DMSO and αIR3 was dissolved in sterile PBS. As DMSO 

can be toxic for cells, the final concentration of DMSO used in culture medium was to 

1:1000. Negative control consisted of culture medium with 1:1000 DMSO. 

For proliferation experiments, keratinocytes were cultured in complete or completeinsulin- 

KGM2 medium with pre-incubation of IGF-1R inhibitors 1h. IGF-1 was added after 

incubation of IGF-1R inhibitors only to conditions grown in completeinsulin- KGM2 medium. 

For differentiation experiments, keratinocytes were cultured the same way, but in NS KGM2 

medium. 



MATERIALS AND METHODS  I Cell biology techniques 
 

97 
 

3) Study of keratinocytes adhesion  

Keratinocytes adhesion was tested on three different coatings: laminin-332 (kind gift from 

P.Rousselle), collagen I (Gibco) and collagen IV (Sigma aldrich). 

Prior the adhesion test, 96 well plates were coated with 100 μl of 0.5 μg (wild type NHKs) or 

1 μg (Sh NHKs) human laminin-332; 0.5 μg human collagen I and 0.5 μg human collagen IV 

during 2 h at 37°C. The plates were then washed three times with PBS, and blocked with BSA 

1% for 1h at 37°C. The plates were washed three times with PBS again before proceeding to 

the adhesion test. 

For the adhesion test, 3 x 104 NHK suspended in basal KGM2 supplemented with 50 ng.ml-1 

IGF-1 (R&D systems) were seeded on previously coated 96-well plates. Cells were allowed to 

attach 30 min maximum, washed with PBS three times to remove unattached cells, fixed 5 

min with 10% glutaraldehyde and stained with crystal violet (0.1 % in water). Crystal violet 

was dissolved with 2% SDS and absorbance was read at 540 nm. 

For wild type keratinocytes, cells were pre-incubated 30 min with IGF-1R inhibitors (0.1 μM 

NVP-ADW742 or 0.1 μg.ml-1 αIR3) prior seeding. 

 

For laminin-332 adhesion test, for some conditions, cells were pre-incubated 30 min with an 

α6 integrin blocking antibody (clone NKI-GoH3, Merck Millipore) prior seeding. 

4) Study of keratinocytes proliferation  

a) Uptiblue® test 

NHK were plated onto 12-well plates at the density of 7493 cells.cm-² in culture medium 

containing IGF-1R inhibitor or not. Cell proliferation was measured every two days during six 

days by using the fluorimetric metabolic growth indicator UptiBlueTM (Interchim, Montluçon, 

France). According to manufacturer’s instructions, UptiBlueTM was diluted 10 times in culture 

medium and incubated during 3 h at 37°C 5% CO2 in the dark. Medium was then transferred 

into a 96-well plate and fluorescence was read at 590nm.  

For H2O2 stress, cells were seeded at 1958 cells.cm-² in completeinsulin - KGM2 medium 

containing IGF-1 and IGF-1R inhibitor at IC50. For chronic stress, cells were stressed with 20 

μM H2O2 at every medium change, while for acute stress cells were treated once at day 1 with 

50 μM H2O2. Proliferation was followed during 9-10 days. 
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b) Cell trace violet® 

Cell labeling with CellTrace Violet® (CellTrace Violet Cell Proliferation Kit, Invitrogen, 

France) was performed according to manufacturer’s instructions. The compound was 

dissolved in DMSO to make a 5 mM stock solution. 1.1 x 106 NHK were suspended in 1 ml 

phosphate buffered saline (PBS) and 1 μl of CellTrace Violet® was added to a final 

concentration of 5 μM. Cells were incubated at 37°C 5% CO2 for 20 min in the dark. Cells 

were then washed twice with PBS and split into cells analyzed in FACS to calibrate the day 0 

measure (500 000 cells), and cells plated for four days (150 000 cells per 60 mm dish) in 

complete KGM2 medium supplemented with 50 ng.ml-1 IGF-1 alone (Sh NHK) or with 0.1 

μM NVP-ADW742 or 0.1 μg.ml-1 αIR3 (wild-type NHK) depending on the experiment, prior 

analysis in FACS. Complete KGM2 medium without IGF-1 was used as a negative control.  

Prior to analysis, 10 μg.ml-1 Propidium iodide (PI, Sigma Aldrich) was added to cell 

suspension to exclude dead cells. 10 000 events for each sample were recorded on a BD LSR-

Fortessa device (Becton Dickinson, Le Pont de Claix, France), at the emission wavelengths of 

450 nm for CellTrace Violet and 608 nm for PI. Data were analyzed with the software FlowJo 

(v9.5.3, Treestar). 

To determine cell cycle duration, we first determined the number of division occurred in four 

days by using the following formula: Number of cell division = [LN (Geometrical mean Day 

0/ Geometrical mean Day 4)] / [LN (2)].  

We then divided the number of days during which cells could proliferate, i.e. 4, by the 

number of divisions that occurred during this time and converted this result in hours by 

multiplying by 24 (i.e. the number of hours in one day). Cell cycle duration (in hour) = [Total 

time of proliferation (in day)] / [Number of division] X 24 hours. 

c) Cell cycle analysis 

1 x 106 NHK were suspended in 300 μl of cold PBS containing 2 mM EDTA, and 700 μl of 

pure ethanol was added gently. Cells were incubated 30 min at 4°C to allow permeabilization. 

Cells were then centrifuged 2 min at 400 g, washed with cold PBS containing 2 mM EDTA 

and centrifuged again. Cells were then re-suspended in 1ml of a PBS solution containing 40 

μg.ml-1 propidium iodide (PI), 200 μg of boild RNAse A and 0.1 % triton X 100, and 

incubated 30 min at room temperature in the dark. Cells were centrifuged again, washed and 



MATERIALS AND METHODS  I Cell biology techniques 
 

99 
 

re-suspended in cold PBS containing 2 mM EDTA prior analysis in FACS at the emission 

wavelength of 608 nm for PI. 

d) Colony forming assays 

500 NHK were seeded in triplicate in 6-well plates and cultured for 10 days in complete 

KGM2 medium supplemented with 50 ng.ml-1 IGF-1 alone (Sh NHK) or with 0.1 μM NVP-

ADW742 or 0.1 μg.ml-1 αIR3 (wild-type NHK) depending on the experiment. Cells were 

cultured in complete KGM2 without IGF-1 as a negative control for proliferation. 

For chronic H2O2 stress, cells seeded at clonal density were treated at every medium change 

with 20 μM H2O2; while for acute H2O2 stress cells grown to 50-70% confluency were treated 

24h with 75μM H2O2 prior seeding at clonal density in complete medium containing or not 

IGF-1R inhibitor at IC50. 

Cells were then fixed with 6% glutaraldehyde for 5 min and stained with crystal violet (0.1 % 

in water) for 30 min. Colony size and colony number were analyzed by using the software 

ImageJ®. 

5) Study of keratinocytes differentiation  

To induce keratinocytes differentiation, cells were grown to confluency and incubated in a 

non supplemented medium (NS KGM2 medium). 

We followed the first steps of keratinocytes differentiation by analyzing specific markers of 

differentiation on different time points: when confluency was reached (Day 0) and 1, 2, 4 days 

after confluency. As a negative control, we included a condition with subconfluent cells (70 

% of confluency). 

For that purpose, 3.95 x 104 cells (70% confluency condition) and 6 x 104 cells (confluent 

conditions) were seeded on 12-well plates and grown in complete KGM2 medium. Once 

confluency was reached, medium was switched to NS KGM2 medium (containing 0.06 mM 

Ca2+) with addition of IGF-1 or IGF-1R inhibitors depending on the experiment. 

Markers of differentiation were analyzed through real time polymerase chain reaction (PCR) 

and western blot. 
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Figure 21: Schema depicting the steps that lead to the construction of an in vitro 
epidermis  

 

 

 

Table 4: Composition of the media used for building the in vitro epidermis 
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Immersion

Keratinocytes proliferation
Emersion

Keratinocytes differentiation
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cell immersion step
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(Day 4-6)

Medium supplements for 
interface-raising step 
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[Insulin 5 μg.ml¯¹; 

Transferrin 5.5 μg.ml¯¹; 
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Bovine Albumin Fraction V 

sol. 7.5% (2.4 x 10⁻⁵M)

EGF (5 ng.ml¯¹)
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P/S (1X)
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Choleric toxin (8 ng.ml¯¹)
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6) Study of keratinocytes senescence through SA-β-galactosidase test 

Senescence associated  β galactosidase (SA-β-gal) is an enzyme accumulating in lysosomes 

during senescence, which activity is detectable at pH 6 (Lee et al., 2006). The principle of the 

reaction relies on the catalysis of the X-gal or 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside by the SA-β-gal, releasing galactose and 5-bromo-4-chloro-3-

hydroxyindole. The latter becomes oxidized into an insoluble blue product enabling the 

detection of SA-β-gal activity and cell senescence. 

We used the protocol described in (Debacq-Chainiaux et al., 2009). Briefly, cells were 

washed and fixed 5 min in formaldehyde 2% - glutaraldehyde 0.2% solution. Cells were then 

incubated 12-16 h at 37°C in the dark in a staining solution composed of the chromogenic X-

gal compound in a buffer at pH 6. Cells were washed, allowed to air dry and photos were 

taken using a phase contrast microscope. A minimum of 1000 cells was counted per sample 

and data were expressed as the percent of SA-β-gal positive cells on total cells.  

7) Model of reconstructed epidermis 

To produce an in vitro epidermis equivalent, keratinocytes are seeded on a support, cultured a 

few days in a growth factor rich medium and raised at the air-liquid interface to induce 

keratinocytes differentiation and stratification, as illustrated in figure 21. 

In our model, 2.5 x 105 NHK were seeded on the top of a polycarbonate membrane having a 

porosity of 0.4 μm and a surface of 0.5 cm2 (Nunc). NHK were cultured for 3 days in the 

immersion medium composed of of DMEM/F12 (1:1) supplemented with the cocktail Insulin-

Transferrin-Selenium (1:100 dilution) (Invitrogen, Saint-Aubin, France), 5 ng.ml-1 EGF 

(Gibco), 0.4 μg.ml-1 Hydrocortisone (Sigma Aldrich), 8 ng.ml-1 Cholera Toxin (Sigma 

Aldrich), 2 x 10-11 M Tri-iodothyronine (Sigma Aldrich), 24 μg.ml-1 Adenine (Sigma Aldrich) 

and penicillin/streptomycin (Sigma Aldrich). At day 4, NHK were raised at the air-liquid 

interface to induce stratification and differentiation. Cells were then culture for 12 days in the 

same culture medium except that ITS was maintained for the two first days and replaced by 

2.4 x 10-5 M Bovine Serum Albumin (BSA, Euromedex, Souffelweyersheim, France) and 5 

μg.ml-1 Insulin (Promocell), Adenine was removed, calcium concentration was raised to 2 

mM and 50 μg.ml-1 vitamin C (Sigma Aldrich) was added. Medium was changed every two 

days. Table 4 summarizes media used for each step. 
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Figure 22: Map of the pLKO.1 puro vector 

 

 

Name Description 

cppt Central polypurine tract (helps translocation into the 
nucleus) 

hPGK Human phosphoglycerate kinase eukaryotic promoter 
puroR Puromycin resistance gene for mammalian selection 
SIN/LTR 3' self inactivating long terminal repeat 
f1 ori f1 origin of replication 
ampR Ampicillin resistance gene for bacterial selection 
pUC ori pUC origin of replication 
5' LTR 5' long terminal repeat 
Psi RNA packaging signal 
RRE Rev response element 

Table 5: Description of the features of pLKO.1 puro vector 
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For epidermis equivalents having an extinction of IGF-1R, we used NHK infected with 

lentiviral particles expressing shRNA against IGF-1R (shIGF-1R (1) or (2)) or non target 

shRNA (ShControl). 

For epidermis equivalents having partial inhibition of IGF-1R activation, IGF-1R inhibitors 

NVP-ADW742 (0.1 μM) and αIR3 (0.1 μg.ml-1) were applied at emersion at a concentration 

equivalent to the IC50.  

For epidermis equivalents grown under acute oxidative stress, 0.35 mM H2O2 was added to 

“emersion” culture medium at day 16, and epidermis equivalents were grown 2 days prior 

analysis. 

8) Screening of Natura’s actives 

Five natural extracts were selected from Natura’s database based on their anti-oxydant 

properties and potential anti-aging effects in the low IGF-1 model.  

We first screened the toxicity of each active. Cells were incubated with various doses of 

actives in complete KGM2 medium and toxicity was evaluated using the Uptiblue® test as 

described in paragraph 4)a). Active compounds were renewed every day during 5 days. 

Actives were then screened on a confidential screening test developed for Natura and the 

active selected was then tested on the RHE model. 

RHE model: the active with most efficient results on NHK adhesion was screened on the RHE 

model. RHE were constructed as described in paragraph 6), with slight modifications during 

emersion: at day 10 after emersion, normal and low IGF-1 RHE were treated with the active 

compound dissolved in culture medium during 4 days, with renewal of the active compound 

at each medium change. RHE were stopped at day 14 after emersion for analysis. 

II. Molecular biology techniques 

1) Characterization of shRNA containing plasmids 
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Name Reference Sequence 

Sh Control SHC002V 

 
CCGGCAACAAGATGAAGAGCACCAACTCG

AGTTGGTGCTCTTCATCTTGTTGTTTTT 
 

Sh IGF-1R (1) TRCN0000039675 

 
CCGGGCCGAAGATTTCACAGTCAAACTCGA

GTTTGACTGTGAAATCTTCGGCTTTTTG 
 

Sh IGF-1R (2) TRCN0000121133 

 
CCGGGCGGTGTCCAATAACTACATTCTCGA

GAATGTAGTTATTGGACACCGCTTTTTG 
 

Sh IGF-1R (3) TRCN0000121301 

 
CCGGCGGCAACCTGAGTTACTACATCTCGA

GATGTAGTAACTCAGGTTGCCGTTTTTG 
 

Sh IGF-1R (4) TRCN0000039677 

 
CCGGGCCTTTCACATTGTACCGCATCTCGAG

ATGCGGTACAATGTGAAAGGCTTTTTG 
 

Sh IGF-1R (5) TRCN0000000426 

 
CCGGCCAAGCCTGAGCAAGATGATTCTCGA

GAATCATCTTGCTCAGGCTTGGTTTTT 
 

Table 6: Description of the sequence of the shRNA against IGF-1R 

  



MATERIALS AND METHODS  II Molecular biology techniques 
 

105 
 

a) Plamid description 

For the shRNA experiments, MISSION® shRNA Bacterial Glycerol Stock were bought by 

Sigma Aldrich. These bacteria carry the pLKO.1 puro vector already containing the shRNA 

against human IGF-1R. This vector is a lentiviral (HIV)-based plasmid, which is incapable of 

producing virus once infected into the host cell, because of deletion of a number of accessory 

genes implicated in the virulence of HIV. pLKO.1 puro vector is composed of sequences 

necessary for lentiviral particles production and their integration into the genome of the host 

cell (5’ LTR, Psi, RRE, SIN/LTR, cppt); sequences necessary for its replication and selection 

in prokaryotic systems (f1 ori, pUC ori, AmpR); sequences necessary for its replication and 

selection in eukaryotic systems (U6, hPGK, puroR) and the shRNA of interest, which is 

targeting igf-1r in our case. (Figure 22 and table 5) 

Five shRNA targeting igf-1r were selected and are summarized in table 6. They are composed 

21 bases pairs identical and complementary to igf-1r mRNA, a CTCGAG sequence forming 

the loop and a polyT sequence at their end.  

b) Amplification in JM109 competent bacteria 

As we get trouble to amplify the pLKO.1 vectors in the MISSION® shRNA Bacteria 

(Escherichia coli DH5 α), we transferred the plasmids into JM109 competent bacteria (E.coli 

JM109). Prior transformation into JM109 bacteria, we proceeded to a pre-culture of 

MISSION® shRNA Bacteria followed by purification of the pLKO.1 vectors. 

a. Amplification and purification of pLKO.1 vectors in DH5 α 

bacteria 

MISSION® shRNA Bacteria were grown in petri dishes on Luria Broth (LB) agar prior 

culture in liquid LB (10 g.l-1 bactotryptone, 5 g.l-1 yeast extract, 5 g.l-1 NaCl pH7) (Sigma 

Aldrich) containing 100 μg.ml-1 ampicillin overnight at 37°C under constant stirring. pLKO.1 

puro vectors were purified the next day using a NucleoSpin® Plasmid Quick Pure kit 

(Macherey-Nagel, Hoerdt, France) according manufacturer’s instructions. To control that the 

right plasmid was extracted, plasmids were digested 1h at 37°C with Age I and Xho I 

restriction enzymes (Promega, France). pLKO.1 puro vector already contains Xho I and Age I 

sites, and the shRNA anti-igf-1r brings one Xho I site and removes one Age I site so that once 

the vector digested four fragments appear (6558, 299, 190 et 45 bp). 
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b. Transformation of JM109 bacteria 

100 μl of JM109 bacteria were incubated with 3 μl of plasmid 10 minutes on ice, prior 

heating 45 sec at 42°C and heat shock 20 min at 4°C. 350 μl of SOC outgrowth medium (New 

England BioLabs, US) was added and incubated 1h at 37°C under constant stirring. After 

centrifugation (20 sec at 13 000 g), the bacterial pellet was resuspended in 150 μl of SOC 

medium and spread on an agar plate containing ampicillin. 

c. Amplification and purification of pLKO.1 vectors in JM109 

bacteria 

JM109 bacteria were cultured in small quantities in liquid LB + ampicillin overnight at 37°C 

and pLKO.1 puro vectors were purified and digested as described in paragraph 1)b)a. 

After verification that JM109 bacteria bear the right plasmids, JM109 bacteria were cultured 

in 250 ml of liquid LB overnight at 37°C under constant stirring for great amplification. The 

next day, plamids were purified using EndoFree Plasmid Maxi (Qiagen) and following 

manufacturer’s instructions. Plasmids digestions with Age I and Xho I restriction enzymes enabled 

to verify the purification of the right plasmids, prior sequencing by GATC Biotech for an 

ultimate verification. pLKO.1 puro vectors were stored at -20°C prior incorporation into the 

lentivirus particles.  

2) Gene expression analysis 

a) RNA extraction 

Total RNA was isolated using Tri-Reagent (Euromedex, Souffelweyersheim, France), a 

solution composed of phenol and guanidine isothiocyanate, which enables cell disruption, 

sequential precipitation of RNA, DNA, and proteins from a single sample. It also maintains 

the integrity of the RNA due to inhibition of RNase activity. 

Cells or epidermis equivalents, which were detached from the insert, were rinsed twice with 

PBS before being lyzed with Tri-reagent.  

As epidermis equivalents are more complex to dissolve, they were disrupted mechanically by 

passing through a syringe equipped with needles of several sizes (0.9, 0.6 and 0.45 mm) in 

Tri-reagent. 
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Chloroform is then added (50 μl for 250 μl of Tri-reagent) to the tri-reagent solution. It allows 

precipitation of proteins and DNA. The mix is then alternatively shaked and incubated at 

room temperature prior a centrifugation at 12 000 g and 4°C during 15 min. Two phases are 

visible in the tube, and the upper phase containing the RNAs is collected and transferred into 

a new tube. An equal volume of isopropanol is then added to precipitate RNA, and the mix is 

incubated 10 min at room temperature before a centrifugation of 10 min at 12 000 g at 4°C. 

The supernatant is discarded and the RNA pellet is washed twice with ethanol 75% (v/v) and 

allowed to dry. The pellet is then dissolved in pure water and RNA purity and concentration 

are determined using a spectrophotometer (Nanodrop 2000, Thermo). The ratio of absorbance 

A260/A280 indicates the purity of RNA extracted (Absorbance read at 260 nm) regarding 

potential protein contaminants (Abs. 280 nm). A ratio superior than 1.8, is considered as 

satisfying. 

b) Reverse transcription 

1 μg of total RNA was primed with oligodT and reverse-transcribed with Revert-Aid First 

Strand cDNA Synthesis kit (Fermentas, St Rémy Lès Chevreuse, France). RNA were first 

linearized 10 min at 70°C, before addition of a mix containing the reverse transcriptase, 

deoxynucleotides (dNTP), short sequences of deoxy-thymine nucleotides (oligodT) targeting 

mRNA (messenger RNA) poly-A tails and an RNase inhibitor. The reaction begins with the 

hybridization of the oligodT, 5 min at 37°C, followed by reverse transcription 1h at 42°C. The 

reaction is stopped by denaturation of the enzyme (10 min at 70°C) and newly synthesized 

complementary DNA (cDNA) are diluted in water to a concentration equivalent to 10 ng.μl-1 

of total RNA. 

c) Real time PCR 

a. Aim 

Real time polymerase chain reaction (PCR) is a technique enabling exponential DNA 

amplification and its detection at the same time. During each cycle of DNA amplification 

(Ct), the initial quantity of DNA (N0) is doubled, with appearance of 2 newly synthesized 

DNA strains. As a fluorescent DNA intercalating reagent, the SYBR green, is present in the 

amplification mix, newly synthesized DNA strains are fluorescent and easily detectable at any 

time during series of DNA amplification. This exponential reaction can be summarized by  
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Human gene Reference sequence Primer Primer sequence (5' → 3') 
Amplified 
product 

length (bp) 

36B4 
NM_001002.3 

(variant1)/ 
NM_053275.3 (variant2) 

F: ATTGAAATCCTGAGTGATGTG 
144 

R: GTAGATGCTGCCATTGTC 

RPL13A NM_012423.2 
F: GATGGTGGTTCCTGCTGCCC 

140 
R: GGCTTTCTCTTTCCTCTTCTCCTCC 

C-myc NM_002467.3 
F: GCCACAGCAAACCTCCTCACAG 

106 
R: GCAGGATAGTCCTTCCGAGTGGA 

Ki67 NM_002417.3 
F: GCACACTCCACCTGTCCTGA 

70 
R: ACCTGACTCTTGTTTTCCTGATGG 

p21 
NM_000389.3 (variant 

1), NM_078467.1 
(variant 2) 

F: ATCTTCTGCCTTAGTCTCA 
161 

R: ACTCTTAGGAACCTCTCATT 

p16 NM_058197.4 
F: CCAACGCACCGAATAGTTACG 

121 
R: GCTACCTGATTCCAATTCCCCT 

p27 NM_004064.3 
F: TGCAACCGACGATTCTTCTACTCAA 

184 
R: CAAGCAGTGATGTATCTGATAAACAAGG 

β1 integrin 

NM_033666.2 (variant 
1A); NM_033666.2 

(variant 1B); 
NM_033667.2 (variant 
1C-1); NM_033669.2 

(variant 1C-2); 
NM_033669.2 (variant 

1D); NM_133376.2 
(variant 1E) 

F: AGATGGGAAACTTGGTGGCATT 

115 

R: CTGGACAAGGTGAGCAATAGAAGG 

β4 integrin 
NM_000213.3, 

NM_001005619.1, 
NM_001005731.1 

F: CCAAGCACAACATCATCC  
89 

R: TGAGGAGACAGGGAAATAG  

α6 integrin NM_000210.2, 
NM_001079818.1 

F: TTGAATATACTGCTAACCCCG  
112 

R: TCGAAACTGAACTCTTGAGGATAG 

K14 NM_000526.4 
F: GGCCTGCTGAGATCAAAGACTAC 

80 
R: CACTGTGGCTGTGAGAATCTTGTT 

K10 NM_000421.3 
F: GTGGAGGCTGACATCAACGG 

168 
R: CATTCACATCACCAGTGGACACA 

Involucrin NM_005547.2 
F: AGCAGCAGAAGCAGGAGGTG 

125 
R: AGCGGACCCGAAATAAGTGGAG 

Transglutaminase-
1 

NM_000359.2 
F: GCTACCTACGCACGGGATATTC 

181 
R: CAGGGGCTTCATGTTCTCGT 

Loricrin NM_000427.2 
F: TCATGATGCTACCCGAGGTTTG 

86 
R: CAGAACTAGATGCAGCCGGAGA 

Filaggrin NM_002016 
F: GCTGGAGTATTTTAGGAGATTCTGG 

169 
R: CTAGCCCTGATGTTGATATAGCCA    

IGF-1R NM_000875.3 
F: TCTCTCTGGGAATGGGTCGTGG 

152 
R: AGCCTGCTGTTATTTCTCTTTCTATGGA 

Table 7: Primers used in the study 
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following formula: NCt=N0 x 2Ct, where N stays for the quantity of DNA amplified during a 

cycle Ct and N0 the initial quantity of DNA which is doubled during the cycle Ct. 

b. Primer design  

The importance to correctly design real time PCR primers is correlated to the efficacy of 

DNA amplification. A primer which self-associates, creating primer dimmers, will be less 

effective to amplify the DNA of interest. 

To design adequate primers, it is important to follow specific recommendations: a size 

between 18-24 nucleotides; a nucleotide composition including 40-60% of Guanine and 

Cytosine base pairs, to have an adequate dissociation time; a hybridization temperature near 

60°C; ideally they must target a region overlapping two exons on the mRNA (and resulting 

cDNA), in order to exclude potential DNA contaminants; an amplified DNA product between 

80 and 200 nucleotides.  

There are softwares able to design effective primers that fulfill all recommendations (Beacon 

designer®, NetPrimer®…). The specificity of the primers regarding the gene of interest is 

checked with the software BLAST. The size of the amplified product is verified by migration 

on an agarose gel, and sequencing by GATC Biotech (France) assures that the correct gene 

was amplified. Finally the melt curve, the last step of the real time PCR program 

corresponding to the dissociation of the amplified product by constant increase of 

temperature, permits to verify the specificity of the amplified product by its melting 

temperature (Tm) and the identification of any by-products (primer dimers or contaminants). 

Primers are designed to enable the most effective amplification of DNA, namely multiplying 

DNA quantity per two after amplification cycle. In this case, primer’s efficacy E is equal to 2. 

To determine the exact efficacy of each primer, a range of serial diluted DNA has to be 

amplified by real time PCR. From this reaction can be drawn a line which equation 

corresponds to Ct=f(concentration log) and which slope enables to calculate primer’s efficacy 

E=10(-1/slope). Determination of primer’s exact efficacy is important for absolute quantification. 

In our case, we will apply relative quantification and will consider primer’s efficacy equal to 

2. 

Table 7 represents the primers used.
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c. Protocol  

Real time PCR was performed using a Rotor-Gene Q (Qiagen, Hilden, Germany). 50 ng of 

cDNA were amplified using FastStart Universal SYBR Green Master (Rox) kit (Roche, 

France) and primers at a final concentration of 300 nM. The following two-step protocol was 

used: 10 min at 95°C to activate the enzyme followed by 40 cycles of 10 sec of denaturation 

at 95°C and 30 sec of hybridization/elongation at 60°C and signal acquisition at the end of 

each hybridization/elongation step. The last cycle is prolonged for 1min at 60°C. Before melt 

curve acquisition, samples are denaturated 1 min at 95°C and re-hybridated 1min at 55 °C. 

For the melt curve acquisition, samples are heated from 55°C to 95°C with increase of 1°C 

per cycle and holding for 10 sec.  

d. Relative quantification 

In relative quantification, changes in gene expression of the sample of interest are analyzed 

relative to a reference sample. This involves comparing the Ct values of the samples of 

interest with a control or calibrator (Non treated wild-type or ShControl NHK, Day 0 of 

confluency depending on the experiment). The Ct values of both the calibrator and the 

samples of interest are normalized to an appropriate endogenous housekeeping gene, RPL13A 

(Ribosomal Protein L13a) or 36B4 (Ribosomal phosphoprotein), which expression is 

considered to be constant whatever changes may occur in the cell. 

To express this ratio mathematically, the 2-∆∆Ct formula is applied (Livak and Schmittgen, 

2001), where 2 corresponds to primer efficacy:  

R=2∆Ct sample - ∆Ct calibrator = 2(Ct housekeeping gene - Ct target gene)
sample

 – (Ct housekeeping gene – Ct target gene)
calibrator. 

III. Techniques of biochemistry 

1) Protein extraction 

For protein extraction, cells were rinced twice with PBS before being scratched in lysis buffer 

(75 mM Tris pH 6.8, 15% glycerol, 3.75% SDS) containing 1:25 protease inhibitor cocktail 

(Roche Diagnostics, Meylan, France), 1 mM Na3VO4, 80 mM β-glycerophosphate (Sigma 

Aldrich), sonicated and quantified using bicinchronic acid protein assay kit (Thermo Fisher 

Scientific, Illkirch, France) before western blot analysis.  
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2) Western blot analysis 

Samples are first separated in SDS-PAGE gels. This method is based on the separation of the 

proteins in denaturizing conditions depending on their molecular weight.  

Proteins are mixed with dithiothreitol (DTT 1X), a disulfide bonds reducing agent, and the 

dye bromophenol blue. This mix is then heated 5 min at 95°C for complete protein 

denaturation. Proteins are then deposed on the polyacrylamide gel, where they first enter a 

concentration gel (0.125 M Tris-HCl pH 6.8; 4% Acrylamide/BisAcrylamide) prior separation 

on a separation gel (0.375 M Tris-HCl pH 8.8; 10 to 15 % Acrylamide/BisAcrylamide). The 

presence of Sodium dodecyl sulfate (SDS) in the gel composition enables to charge protein 

negatively, so there migration is only conditioned by their molecular weight. Protein 

migration was assured in a MiniProtean III system (Bio-Rad) in a TG-SDS 1X buffer (25 mM 

Tris-HCl, 192 mM Glycin, 0.1% SDS) (Euromedex), under constant voltage (100 V). 

For analysis of phosphorylated proteins, the migration was conditioned by constant amperage 

(25 mA / gel). 

Separated proteins were then transferred to PVDF membranes (Immobilon-P; Millipore, St 

Quentin en Yvelines, France) in a TG 1X buffer (25 mM Tris-HCl, 192 mM Glycin) 

(Euromedex) containing 20% methanol, during 1,5 - 3h (depending on gel thickness) under 

constant amperage (220 mA / tank) at 4°C. PVDF membranes were dyed with Ponceau red 

(Sigma Aldrich) to verify protein transfer, prior blocking 1h at room temperature with 5% 

skimmed milk or 5% BSA. Membranes were then incubated with primary antibodies 

overnight at 4°C in blocking buffer. The next day, membranes were rinsed three times in TBS 

buffer containing 0.1% Tween 20 (TBS-T), before incubation 1h at room temperature with 

goat anti-rabbit or anti-mouse secondary antibody conjugated to horseradish peroxidase 

[HRP] (Biorad and Thermo Scientific). Membranes were then rinsed before incubation 5 min 

with an electrochemiluminescence (ECL) reagent (SuperSignal West Femto or Pico 

Chemiluminescent Substrate, Thermo Scientific). The signal was detected using BioMax 

Light Films (Sigma Aldrich). 

Table 8 summarizes the primary antibodies used for Western blot. 
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Protein Supplier Reference Host species Blocking Dilution 
Size 

(kDa) 

IGF-1R  

β-chain 

Cell 

Signaling 
3027 Rabbit 

stimmed 

milk 
1:1000 95 

p-IGF-1R  

β-chain 

Cell 

Signaling 
3024 Rabbit 

stimmed 

milk 
1:1000 95 

p27 
Cell 

Signaling 
3698 Mouse 

stimmed 

milk 
1:1000 27 

K10 LabVision MS-611-R1 Mouse BSA 1:10 56 

β-actin 
Sigma 

Aldrich 
A5060 Rabbit 

stimmed 

milk 
1:15 000 42 

GAPDH Chemicon MAB374 Mouse 
stimmed 

milk 
1:10 000 37 

Table 8: List of the primary antibodies used for western blotting 
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IV. Histology techniques 

1) Sample preparation 

Reconstructed epidermis equivalents were fixed 24h in 3.8% formaldehyde (Zinc Formal-

FixxTM, Thermo Scientific), pre-embedded in 3 % agarose (Euromedex) prior dehydration. 

Human skin biopsies were fixed in formalin prior shipment and dehydration. 

The dehydration process was automated (HMP110, Microm) and samples were processed as 

follow: 1h bath in 100% ethanol, 1h bath in acetone repeated five times, 1h bath in xylene 

repeated three times, and 1h30 bath in paraffin heated at 60°C repeated twice. Samples were 

then included in paraffin, and 5 μm sections were deposited on previously silane coated glass 

slides and allow to dry at 37°C overnight. 

2) Hematoxylin/eosin staining 

Hematoxylin/eosin (H/E) staining enables visualization of tissue structure. Hematoxylin is a 

dark purplish dye that will stain the chromatin within the nucleus, leaving it deep purplish-

blue; while eosin is an orangish-pink dye that stains the cytoplasmic material including 

connective tissue and collagen and leaves an orange-pink counterstain. 

Prior H&E staining, tissue sections were deparaffinated and progressively rehydrated as 

follows: 3 min in methylcyclohexane repeated twice, 3 min in 100% ethanol, 3 min in 70% 

ethanol and 3 min in deionized water repeated three times. Sections were then colored 

beginning with 2 min in hematoxylin (Dako) followed by rinsing in tap water during 4 min, 

colored 5 min in eosin and rinsed again 4 min in tap water prior dehydration in 3 baths of 70% 

ethanol, 100% ethanol and methylcyclohexane during 3 min each.   

Sections were mounted with the mounting medium Mountex (Microm).  

3) Immunostainings 

Tissue sections were deparaffinated and rehydrated as follows: 10 min in methylcyclohexane, 

10 min in methylcyclohexane-ethanol (1:1), 5 min in gradually diluted ethanol baths (100%, 

96%, 70% and 50% ethanol) and 5 min in tap water repeated three times. Sections were then 

permeabilized 10 min in saponin (0.25% in PBS), rinsed in tap water three times during 5 

min, prior antigen retrieval in a Citrate buffer (10 mM citrate, 0.05% tween 20, pH6) 20 min 

at 98°C. Sections were allowed to cool down 20 min, rinsed twice in TBS during 5min and  
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Protein Supplier Reference Host species Antigen retrieval Dilution Incubation 

Ki67 Dako M7240 Mouse EDTA 40min 1:50 32 min 37°C 

PCNA LabVision RB-9055-R7 Rabbit Citrate 20min RTU overnight 4°C 

K14 Covance PRB155P Rabbit / 1:20 000 1h 37°C 

K10 Dako M7002 Mouse EDTA 40min 1:100 32 min 37°C 

Involucrin LabVision MS-126-R7 Mouse Citrate 20min RTU overnight 4°C 

Filaggrin Santa Cruz Sc-66192 Mouse Citrate 20min 1:75 overnight 4°C 

Loricrin Abcam ab24722 Rabbit EDTA 40min 1:100 32 min 37°C 

β1-integrin LSBio A9393 Rabbit EDTA 40min 1:300 1h 37°C 

IGF-1R β-

chain 

Novus 

Biologicals 

NB110-

87052 
Mouse EDTA 40min 1:400 overnight 4°C 

p-IGF-1R  

(Tyr 1161) 
Santa Cruz sc-101703 Rabbit Citrate 20min 1:100 overnight 4°C 

Cleaved 

caspase-3 
Cell Signaling 9664 Rabbit EDTA 40min 1:200 1h 37°C 

Table 9: List of the antibodies used for immunostainings 
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blocked 1h at room temperature in TBS 1% BSA. Primary antibody were prepared in 

blocking buffer and incubated overnight at 4°C. The next day, sections were rinsed twice, 

incubated 1h at room temperature in the dark with Alexa Fluor® 488 Goat anti-rabbit or anti-

mouse IgG (H+L) antibody (Molecular Probes, Invitrogen), rinsed three times again before 

nuclear counterstaining with a 4’,6-diamino-2-phenylindole solution (DAPI, 2μg.ml-1, Sigma 

Aldrich) in the dark. Sections were rinsed three times prior mounting in Permafluor™ 

medium (Labvision). 

Immunohistochemical staining was performed on an automated immunostainer (Ventana 

Benchmark XT, Roche, Meylan, France) using iVIEW DAB deterction kit (Ventana) 

according to manufacturer’s instructions. All sections were pre-treated 40 min with mCC1 

EDTA retrieval buffer prior incubation with primary antibodies, except for sections stained 

with K14 antibody. β1 integrin, cleaved caspase-3 and K14 antibodies were incubated 1h at 

37°C, while the other antibodies were incubated 32 min at 37°C. A biotinylated anti-

mouse/rabbit secondary antibody (Roche, Tucson, AS, US) was applied on sections followed 

by a streptavidin-HRP conjugated antibody (Roche). Staining was visualized with DAB 

solution with 3,3’-diaminobenzidine as a chromogenic substrate. Finally sections were 

counterstained with Gill’s hematoxylin. 

Table 9 shows primary antibodies used for immunostainings. 

4) Microscopic observation 

Image acquisition was performed using either a Leica DM750 microscope (Leica, Nanterre, 

France) connected to a Leica ICC50 HD camera and Las EZ software for light microscopy or 

an Axioplan Imaging microscope (Carl Zeiss, Le Pecq, France) connected to a Coolsnap fx 

camera (Photometrics, Tucson, AZ, USA) and the MetaVue™ Imaging software (Universal 

Imaging Corporation) for fluorescence. 
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ARTICLE 1: Insulin-transferrin-selenium as an alternative to foetal 

serum for epidermal equivalents. 

Introduction 

 

The major challenge for studying cell regulation in 3D model relied in establishing fully 

differentiated model with as less interferences as possible with the signalling. Here, we 

wanted to be able to control the activation of the IGF-1R. For that purpose, to analyze the 

effect of IGF-1 signalling on the epidermal differentiation process, we needed to develop a 

new model of 3 dimensional (3D) epidermis without fibroblasts and FBS. Therefore, we built 

up our in vitro model based on a co-culture model already available in order to remove 

fibroblasts, known to secrete IGF-1 and replace bovine foetal serum. 
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Synopsis:  

OBJECTIVE: Organotypic skin models are powerful tools for research in development, 

aging and diseases. They have become more and more complex with the use of multiple cell 

types.  This requires a culture medium adapted to optimize the development of such in vitro 

skin. Foetal bovine serum (FBS) is the most complete supplement in existence at the moment, 

providing at once growth factors, vitamins, hormones and other circulating compounds. 

However, this cocktail suffers from batch variability and its animal origin is ethically 

questionable. More importantly, its biological activities may interfere with the study of certain 

signalling pathways. Here, we present a strategy for constructing an epidermal equivalent 

using a defined culture medium without serum. 

METHODS: An epidermal equivalent was constructed with primary human keratinocytes 

cultured using an Insulin-Transferrin-Selenium (ITS) medium. Determination of steady state 

gene expression levels and the immunohistological characterization of keratinocyte markers 

were performed to compare the ITS medium condition with a reference model, where 

keratinocytes were co-cultured with fibroblasts in the presence of FBS.   

RESULTS: The data show that the ITS medium promoted the expression of keratinocyte 

proliferation and differentiation markers at the protein and transcript levels in a similar way to 

that of the reference model. Immunostainings (in green) for PCNA (c,d), K10 (e,f), Involucrin 
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(g,h), filaggrin (i,j) and loricrin (k,l) were performed as described in Materials and Methods. 

Nuclei were counterstaining with dapi (blue). Scale bar = 20 μm.  

 

CONCLUSION: We show that culture using the ITS medium appears as a viable 

replacement for FBS in the construction of epidermal equivalents, opening the way to signal 

transduction studies. 

 

Résumé 

OBJECTIF: Les modèles de peaux reconstruites sont des outils performants pour l’étude des 

mécanismes mis en jeu au cours du développement, du vieillissement et de pathologies. Ces 

modèles ont connu diverses adaptations et perfectionnements avec notamment 

l’implémentation de plusieurs types cellulaires. Pour répondre aux contraintes du 

développement d’une peau reconstruite in vitro, le milieu de culture nécessite d’être réfléchi 

avec soin. Le facteur le plus répandu est le sérum de veau fœtal (SVF) qui présente la 

composition la plus complète et permet d’apporter en une fois les facteurs de croissance, les 

vitamines,  les hormones et d’autres éléments circulant. Cependant sa composition varie d’un 

lot à l’autre au détriment de la reproductibilité expérimentale, et son origine animale peut 

poser des problèmes éthiques. De plus, ses activités biologiques peuvent le rendre 

incompatible avec l’étude de certaines voies de signalisation. Dans cette étude, nous 

présentons une stratégie d’épiderme reconstruit élaboré à partir d’un milieu défini sans sérum.  

METHODES: Nous avons élaboré un épiderme reconstruit à partir de kératinocytes humains 

primaires cultivés dans un milieu supplémenté avec le cocktail Insuline-Transferrine-

Sélénium (ITS). Nous avons ensuite comparé notre modèle de référence, une co-culture de 

kératinocytes et de fibroblastes en milieu supplémenté en SVF, avec ce nouveau modèle et 

attesté de sa légitimité en déterminant l’expression de marqueurs caractéristiques des 

kératinocytes par PCR en temps réel et par immunofluorescence. 

RESULTATS: Les résultats montrent que le cocktail ITS engendre des profils d’expression 

des marqueurs de prolifération et de différenciation, aux niveaux transcriptomique et 

protéique, similaires au milieu avec SVF. 
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CONCLUSION: Nous avons démontré que le milieu supplémenté en ITS est une alternative 

valable à l’utilisation de SVF dans l’élaboration de modèles d’épidermes reconstruits, ouvrant 

ainsi le chemin vers l’étude des voies de signalisation. 

 

Key words: epidermal equivalent, serum free, ITS, Skin physiology/structure, cell culture, 

safety testing. 

 

Abbreviations: FBS: foetal bovine serum; BSA: bovine serum albumin; EGF: epidermal 

growth factor; FGF: fibroblast growth factor; F-: fibroblasts; ITS: Insulin-Transferrin-

Selenium; NHK: normal human keratinocytes; SB: stratum basale; SC: stratum corneum; SG: 

stratum granulosum; SS: stratum spinosum 

 

 

Introduction: 

The skin is a complex living organ, undergoing several metabolic processes such as renewal, 

protection, cell communication, etc.(Poumay and Coquette, 2007). To elucidate these 

mechanisms, scientists have established various in vitro models. Epidermal substitutes are 

obtained by culturing keratinocytes at the air-liquid interface for approximately 2 weeks on 

different supports (Poumay and Coquette, 2007). The support is generally a dermal substitute 

composed of fibroblasts trapped in various scaffolds mimicking the extracellular matrix 

(Boelsma et al., 1999; Brohem et al., 2011; El Ghalbzouri et al., 2008; Poumay and Coquette, 

2007; Stark et al., 2006), but it can also be a simple filter insert. While fibroblasts improve 

considerably the quality of the reconstructed epidermis, the nature of the culture medium also 

plays a central role in mimicking the in vivo conditions (Boehnke et al., 2007). The key 

component of standard culture media is foetal bovine serum (FBS) (Boelsma et al., 1999; 

Brohem et al., 2011; El Ghalbzouri et al., 2008; Poumay and Coquette, 2007; Stark et al., 

2006). However, its variable composition may affect experimental reproducibility and 

interfere with cell signalling studies (Barnes and Sato, 1980; Bjare, 1992).  

Strategies for producing serum-free cultures have been considered for many years now, and 

several research groups have proposed defined media formulations adapted to specific cell 

types such as hematopoietic cells, neural cells, epithelial cells and fibroblasts (Bjare, 1992); 

(Brunner et al., 2010; Falkner et al., 2006). For keratinocyte culture, commercial media have 

replaced FBS with bovine pituitary extract (BPE), which is also a cocktail of growth factors 
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of animal origin but of less variable composition (Ng and Ikeda, 2011),(Chowdhury et al., 

2012). However, very few studies have focused on the question of replacing both FBS and 

BPE for developing in vitro epidermis (Jean et al., 2011; Ng and Ikeda, 2011; Poumay, 2013) 

and no satisfactory  conditions have yet been documented (Lamb and Ambler, 2013).  

Interestingly, an insulin-transferrin-selenium (ITS) defined cocktail is already in use to sustain 

the growth and differentiation of many cell types (Ding et al., 2012; Hu et al., 2011; Kisiday 

et al., 2005; Scott et al., 2011b; Yang and Barabino, 2011; Zhang et al., 2009), though not yet 

tested for keratinocytes or at least not in serum free conditions (Takagi et al., 2011). In the 

present study, we tested an ITS medium in our current in vitro epidermal model made up of a 

co-culture of fibroblasts and keratinocytes for which a medium containing FBS (F-FBS 

model) was used as control. Expression of the classical markers of keratinocyte proliferation 

and epidermal differentiation was assessed and compared between the different models, 

resulting in the demonstration that the ITS-containing medium can be considered as a suitable 

alternative for the reconstruction of epidermal models and performance of signal transduction 

studies. 

 

Materials & methods: 

Cell culture 

Normal human keratinocytes (NHK) were obtained from abdominal skin of 28- and 32-year- 

old women and purchased from Biopredic (Saint-Grégoire, France). NHK were cultured at 

37°C with 5% CO2 in low-calcium (0.06 mM) serum-free keratinocyte growth medium 

(KGM2, Promocell, Heidelberg, Germany) supplemented with 4 μl.ml-1 bovine pituitary 

extract, 0.125 ng.ml-1 epidermal growth factor (EGF), 5 μg.ml-1 insulin, 0.33 μg.ml-1 

hydrocortisone, 0.39 μg.ml-1 epinephrine and 10 μg.ml-1 transferrin. 

Normal human foreskin fibroblasts were obtained from the Laboratory of Skin Substitutes 

(Edouard Herriot Hospital, Lyon, France) and grown in DMEM/F12 (1:1), supplemented with 

10% FBS (Gibco, Saint-Aubin, France) and penicillin/streptomycin (Sigma Aldrich, Saint-

Quentin Fallavier, France). 

 

In vitro reconstructed epidermis: 

We constructed four different epidermal equivalents. 
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Medium 
supplements for cell 

immersion step 

Medium 
supplements for 
interface-raising 
step (first 2 days) 

Medium supplements 
for interface-raising 
step (resting days) 

FBS model 
FBS 5% FBS 5% FBS 1% 

EGF (0.2 ng.ml¯¹)     
Insulin (5 μg.ml¯¹) Insulin (5 μg.ml¯¹) Insulin (5 μg.ml¯¹) 

ITS model 

ITS (1X) [Insulin 5 
μg.ml¯¹; Transferrin 
5.5 μg.ml¯¹; Sodium 
selenite 6.7 x 10¯⁶ 

ng.ml¯¹] 

ITS (1X) 
Bovine Albumin 

Fraction V sol. 7.5% (2.4 
x 10⁻⁵M) 

EGF (5 ng.ml¯¹) EGF (5 ng.ml¯¹) EGF (5 ng.ml¯¹) 
    Insulin (5 μg.ml¯¹) 

Common 
supplements 

  CaCl₂ (2mM) 
Penicillin/Streptomycin (1X) 
Hydrocortisone (0.4 μg.ml¯¹) 

Choleric toxin (8 ng.ml¯¹) 
Tri-iodothyronine (2 x 10⁻¹¹M) 

Adenine (24 μg.ml¯¹) Vitamin C (50 μg.ml¯¹) 

Table 1: Medium composition during epidermal reconstruction 
The table is divided into 3 columns corresponding to the 3 culture steps during epidermal 
construction; and 3 lines corresponding to the 2 models of epidermal equivalent (FBS model, 
ITS model) and their specific supplements, and common supplements. The basal medium 
which is enriched with these supplements is DMEM/F12 (Gibco, Invitrogen, France). 
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The control co-culture epidermal model (F-FBS model) was cultured as described (Le Provost 

et al., 2010). Briefly, 2.5 x 104 fibroblasts were seeded on the bottom of a polycarbonate 

membrane and cultured for 2 days in DMEM/F12 medium supplemented with 10% FBS 

before seeding  2.5 x 105 NHK on day 3 on top of the membrane. Keratinocytes were cultured 

for 3 days in immersion medium composed of DMEM/F12 (1:1) supplemented with 5% FBS 

(Foetal Clone II; Hyclone, Thermo Scientific, Courtaboeuf, France), 0.2 ng.ml-1 EGF (Gibco), 

0.4 μg.ml-1 hydrocortisone (Sigma Aldrich), 5 μg.ml-1 Insulin (Promocell), 8 ng.ml-1 cholera 

toxin (Sigma Aldrich), 2 x 10-11 M tri-iodothyronine (Sigma Aldrich), 24 μg.ml-1 adenine 

(Sigma Aldrich) and penicillin/streptomycin (Sigma Aldrich). On day 6, NHK were raised to 

the air-liquid interface to induce stratification and differentiation. Cells were then cultured for 

14 days in the same culture medium except that the FBS concentration was maintained for the 

first two days at 5% before switching to 1%, EGF and adenine were removed, the calcium 

concentration was raised to 2 mM and 50 μg.ml-1 vitamin C (Sigma Aldrich) was added.  

To construct the co-culture epidermal model using ITS (F-ITS model), we used the same 

protocol as described above. We replaced FBS with the Insulin-Transferrin-Sodium selenite 

cocktail (Invitrogen, Saint-Aubin, France) and adapted the concentrations of several 

supplements (see Table I).   

The other two epidermal equivalents were constructed without fibroblasts, but we kept the 

same NHK immersion and interface raising steps, as described above. The two models were 

distinguishable only by their medium composition referred to Table I. Briefly, the FBS model 

was characterized by the presence of FBS and the ITS model only by the ITS cocktail. 

For all epidermal equivalents, the culture medium was changed every two days. 

 

Measurement of cell proliferation (using Cell Trace Violet®) and cell viability in FACS: 

Cell labelling with CellTrace Violet® (CellTrace Violet Cell Proliferation Kit, Invitrogen, 

France) was performed according to the manufacturer’s instructions. Briefly, the compound 

was dissolved in DMSO to make a 5 mM stock solution. 1.4 x 106 NHK were suspended in 1 

ml phosphate buffered saline (PBS) and 1 μl of CellTrace Violet® was added to a final 

concentration of 5 μM. Cells were incubated at 37°C  and 5% CO2 for 20 min in the dark. 

Cells were then washed twice with PBS and split into cells that were analysed by FACS to 

calibrate the day 0 measurement (500,000 cells), and cells plated in either FBS or ITS media 

(see Table I) for sample readings using FACS four days later (150,000 cells per 60 mm dish). 
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Prior to analysis, 10 μg.ml-1 propidium iodide (PI, Sigma Aldrich) was added to the cell 

suspension to exclude dead cells. 10,000 events for each sample were recorded on a BD LSR-

Fortessa device (Becton Dickinson, Le Pont de Claix, France), at the emission wavelengths of 

450 nm for CellTrace Violet and 608 nm for PI. Data were analysed using FlowJo software 

(v9.5.3, Treestar). 

Cell viability was evaluated as the percentage of cells that did not bind to PI over a tested cell 

population.  

To determine cell cycle duration, we first determined the number of divisions that occurred 

over four days by using the following formula: Number of cell divisions = [LN (Geometrical 

mean Day 0/ Geometrical mean Day 4)] / [LN (2)].  

We then divided the number of days during which cells could proliferate, i.e. 4, by the 

number of divisions that occurred during this time and converted this result in hours by 

multiplying by 24 (hours in one day). Cell cycle (in hours) = [Total time of proliferation (in 

days)] / [Number of divisions] X 24 hours. 

 

RNA extraction, reverse transcription and quantitative PCR: 

Total RNA was isolated using Tri-Reagent (Euromedex, Souffelweyersheim, France) 

according to the manufacturer’s instructions. One μg of total RNA was primed with oligodT 

and reverse-transcribed in triplicate samples using the Revert-Aid First Strand cDNA 

Synthesis kit (Fermentas, St Rémy Lès Chevreuse, France). Quantitative PCR was performed 

using a Rotor-Gene Q (Qiagen, Hilden, Germany). Fifty ng of cDNA were analysed using 

FastStart Universal SYBR Green Master (Rox) kit (Roche, France) with a two-step protocol: 

denaturation at 95°C and hybridization/elongation at 60°C. Primers were specific for Ki67 

(Forward GCACACTCCACCTGTCCTGA, Reverse 

ACCTGACTCTTGTTTTCCTGATGG), C-myc (Forward 

GCCACAGCAAACCTCCTCACAG, Reverse GCAGGATAGTCCTTCCGAGTGGA), p16 

(Forward CCAACGCACCGAATAGTTACG, Reverse GCTACCTGATTCCAATTCCCCT), 

p27 (Forward TGCAACCGACGATTCTTCTACTCAA, Reverse 

CAAGCAGTGATGTATCTGATAAACAAGG), K10 (Forward 

GTGGAGGCTGACATCAACGG, Reverse CATTCACATCACCAGTGGACACA), 

Involucrin (Forward AGCAGCAGAAGCAGGAGGTG, Reverse 

AGCGGACCCGAAATAAGTGGAG), Filaggin (Forward 

GCTGGAGTATTTTAGGAGATTCTGG, Reverse CTAGCCCTGATGTTGATATAGCCA) 
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and Loricrin (Forward TCATGATGCTACCCGAGGTTTG, Reverse 

CAGAACTAGATGCAGCCGGAGA). Genes were normalized using the RPL13A 

housekeeping gene (Forward GATGGTGGTTCCTGCTGCCC, Reverse 

GGCTTTCTCTTTCCTCTTCTCCTCC). Results are presented as the mean fold variation ± 

SEM of one experiment done in triplicate. 

 

Histology and Immunofluorescence: 

Epidermal equivalents were fixed in Zinc Formal-FixxTM (Thermo Scientifc, Illkirch, France) 

for 24 h and pre-embeded in 3 % agarose (Euromedex) prior to paraffin inclusion.  

For histological studies, 5 μm sections were stained with hematoxylin and eosin (Diapath, 

Microm, Francheville, France). 

Immunolabelling was performed using a previously described protocol (Le Provost et al., 

2010). Briefly, after permeabilization with saponin and antigen retrieval through heated citrate 

buffer, sections were blocked prior to overnight antibody staining. The following primary 

antibodies were used: PCNA (Ready to use, Thermo Scientific, LabVision, France), K10 

(clone DEK10, 1:100 dilution, Dako, France), involucrin (clone SY5, Ready to use, Thermo 

Scientifc, LabVision, France), filaggrin (clone AKH1, 1:75 dilution, Santa Cruz 

Biotechnology, Tebu-bio, France) and loricrin (1:800 dilution, Abcam, France). Secondary 

Alexa-488 anti-rabbit or anti-mouse antibodies (1:500 dilution, Molecular Probes, Invitrogen) 

were incubated 1 h at room temperature. Nuclear counterstaining was performed using DAPI 

(4’,6-diamino-2-phenylindole, 1:500 dilution, Sigma Aldrich) and sections were mounted in 

Permafluor medium (Labvision). Nonspecific staining was checked for by omitting the 

primary antibody.   

 

Quantification of epidermal thickness: 

Epidermis thickness was quantified throughout the epidermis using Image J software and the 

scale bar. As the number of SC layers varied from one condition to another, only the very first 

SC layers were taken into account in thickness measurement. 

Statistical analysis: 

Statistical significance was determined with a paired t test for all experiments (P<0.05 was 

considered to be statistically significant). 
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Figure 1: Characterization of two media containing either FBS or ITS on human 
primary keratinocytes 
(a-b) Cellular morphology and (c-d) size distribution measured in FACS. Cells in FBS 
medium show an elongated form and tend to migrate, cells have heterogeneous size, whereas 
in ITS medium cells are smaller. (e) The cell cycle is slightly extended in FBS medium (26.3 
h ± 1.4) than in ITS medium (15.1 h ± 0.03). (f) Cell viability is enhanced in ITS medium 
with 94.4 ± 1.3 percent of living cell compared to 65.6 ± 4.5 in BFS medium. Data are 
expressed as mean values ± SEM, n=3. The statistical significance was assessed running a 
paired t test . * P<0.05  
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Results: 

Characterization of FBS- and ITS- containing media on keratinocyte proliferation 

Keratinocytes were grown in epidermal media containing either FBS or ITS. As shown in Fig. 

1 a-b, cells presented different morphologies, with an elongated form in FBS medium and a 

more rounded form in ITS medium. Cell size was more heterogeneous and larger in FBS 

medium, while there were more homogeneous smaller cells in ITS medium (Fig. 1 c-d). Cells 

grown in ITS medium had a shorter cell cycle than cells grown in FBS medium (15.1 h ± 0.0 

and 26.3 h ±1.4 respectively – Fig. 1 e). Cell viability was enhanced in ITS medium compared 

to FBS medium (94.4 ± 1.3 % viable cells and 65.6 ± 4.5 % viable cells respectively – Fig. 1 

f).  

Effect of a serum-free medium on the structure of an epidermal co-culture model 

Primary human keratinocytes were co-cultured with human foreskin fibroblasts in FBS-

containing medium. The resulting epidermis model was designated as the control F-FBS 

model. 

We tested the hypothesis that it was possible to obtain a full epidermis in a serum-free 

medium using another epidermal co-culture model in a serum-free medium containing ITS (F-

ITS model) (Fig. 2). We noted that each epidermis had the four expected layers: stratum 

basale (SB), stratum spinosum (SS), stratum granulosum (SG) and stratum corneum (SC). 

Although the SS seemed more developed in the F-ITS than in the F-FBS model, the epidermis 

of both models showed a similar thickness (25.9 ± 2.4 μm and 33.9 ± 1.7 μm, respectively). 

We stained for proliferation and differentiation markers on both epidermal models. The 

PCNA staining labelled the proliferating cells, though not in an uniform manner, with  more 

frequent cell staining with the ITS medium (34.2 ± 4.2 % of PCNA positive cells in ITS 

medium compared to 23.6 ± 3.9 % of PCNA positive cells in FBS medium; Fig. 2 c-d). Both 

epidermal models showed the expression of early (K10, involucrin) and late (filaggrin, 

loricrin) differentiation markers in the expected layers (Fig. 2 e-l). Staining was equivalent in 

both models, even for involucrin, which staining targeted more layers in the F-ITS model.  

Effect of a serum-free medium on the structure of a fibroblast-free epidermal model 

We next studied the possibility of developing epidermis equivalents free of any fibroblast 

layer but still grown in FBS- or ITS- containing media. As observed in Fig. 3, both epidermal  
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Figure 2: Histological characterization of reconstructed epidermis build with a 
fibroblasts layer in FBS or ITS media 

Epidermis equivalents were grown in FBS (a,c,e,g,i,k) or ITS (b,d,f,h,j,l) containing media 
(F-FBS and F-ITS models respectively). Epidermis equivalents were cultured at the air-liquid 
interface for 16 days, and paraffin sections were stained for hematoxylin and eosin (a,b). 
They present similar thickness with 25.9 μm ± 2.4 for F-FBS model and 33.9 μm ± 1.7 for F-
ITS model (Paired t test, n=3. ns, p=0.056). 
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models displayed similar structures: equal numbers of suprabasal layers and a comparable 

thickness, 26.2 ± 1.3 μm for the FBS model and 28.8 ± 1.2 μm for the ITS model (Fig. 3 a-b). 

Regarding immunofluorescent staining (Fig. 3 c-l), the proliferation marker PCNA labelled 

similar numbers of proliferating cells in both FBS and ITS models (28.0 ± 3.2 % PCNA 

positive cells and 21.4 ± 6.1 % PCNA positive cells respectively). Early and late 

differentiation markers (K10 and filaggrin) were evident and similar in both models.  

Comparison of selected gene expression in the co-culture model and the insulin model 

To further compare the ITS and the control F-FBS models, we analysed the expression levels 

of genes involved in proliferation, cell cycle arrest, plus early and late differentiation  by real 

time RT-PCR  (Fig. 4). The ITS-model displayed similar gene expression levels of 

differentiation associated markers than the F-FBS model. Indeed, no statistical differences 

were observed regarding the expression levels for the proliferation marker (Ki67), the cell 

cycle regulators (p16 and p27), and early differentiation markers (K10 and involucrin). 

Although filaggrin and loricrin appeared to be increased in the ITS-model, their expression 

level was not found statistically different from the F-FBS model. In contrast, c-myc 

expression level was statistically decreased by 2.9 fold in the ITS model.  

 

 

Discussion: 

The original goal of the study was to set up a convenient 3-dimensional culture model in 

serum free conditions, which would eventually enable signalling pathway studies on 

keratinocytes. Different approaches had been tested to obtain the most differentiated 

keratinocyte layering, including the co-culture with fibroblasts (Boehnke et al., 2007; El 

Ghalbzouri and Ponec, 2004; El Ghalbzouri et al., 2002). Fibroblasts and keratinocytes are 

indeed able to communicate and influence their respective growth patterns by means of a 

double paracrine loop. Fibroblasts secrete KGF, granulocyte-macrophage colony-stimulating 

factor, interleukin (IL)-6 and fibroblast growth factor (FGF)-10. In response, keratinocytes 

release IL-1 and parathyroid hormone-related peptides that, in turn, stimulate fibroblasts to 

produce KGF and that then affects keratinocytes (Maas-Szabowski et al., 1999; Wong et al., 

2007). Therefore, it was important to use a culture medium rich in growth factors to 

compensate for the absence of fibroblasts. 
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Figure 3: Histological characterization of reconstructed epidermis build without any 
fibroblast layer in FBS or ITS media 

Epidermis equivalents were grown in FBS (a,c,e,g,i,k) or ITS (b,d,f,h,j,l) containing medium 
(FBS and ITS models respectively). Epidermis equivalents were cultured at the air-liquid 
interface for 16 days, and paraffin sections were stained for hematoxylin and eosin. They 
present similar thickness with 26.2 μm ± 1.3 for FBS model and 28.8 μm ± 1.2 for ITS model. 
(Paired t test statistical test, n=3. ns, p=0.19) 

Immunostainings (in green) for PCNA (c,d), K10 (e,f), Involucrin (g,h), filaggrin (i,j) and 
loricrin (k,l) were performed as described in Materials and Methods. Nuclei were 
counterstaining with dapi (blue). Scale bar = 20 μm.  
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We show here that the ITS cocktail fulfilled this requirement. This medium is widely used in 

chondrocyte engineering (Kisiday et al., 2005; Yang and Barabino, 2011; Zhang et al., 2009). 

The mitogenic and metabolic roles of insulin are well established (Shen et al., 2001; Tsao et 

al., 1982) and it is essential for glucose transport into cells (Gstraunthaler, 2003). Transferrin, 

an iron carrier, helps to reduce toxic levels of oxygen species, which can be generated by non 

protein bound iron (Keenan et al., 2006a). Moreover, transferrin has been shown essential to 

support growth of MDCK cells in serum free conditions (Keenan et al., 2006b). Selenium is a 

trace element, which acts as an anti-oxidant in culture media through its incorporation in 

selenoprotein (glutathione peroxidase, thioredoxin reductase, selenoprotein 15...) (Rafferty et 

al., 2003; Tapiero et al., 2003). At low doses, selenium has been demonstrated to sustain cell 

growth and induce the expression of cell cycle associated genes in serum free media 

(McKeehan et al., 1976; Zeng, 2002), More importantly, selenium and selenoproteins have 

been identified, in mice carrying a deletion for selenocysteine tRNA gene, as critical 

regulators of epidermal morphology in vivo, as well as keratinocytes growth, adhesion and 

spreading in vitro (Sengupta et al., 2010). Authors demonstrated that these functions were 

attributed to their anti-oxidant properties, as vitamin E supplementation was able to improve 

impaired growth of KO keratinocytes. Beyond its growth promoting effect, the ITS cocktail 

was also described as enhancing collagen production in scleroderma fibroblasts (Gore-Hyer et 

al., 2003).  

In the present context, ITS has shown to be non-toxic to keratinocytes and to shorten their cell 

cycle time compared to FBS, which increased the percent of cell death probably due to its 

high calcium content capable of inducing keratinocytes differentiation and thus cell death. 

This result differs from studies on chondrocytes, which suggested that ITS could not promote 

cell proliferation as much as FBS (Liu et al., 2013; Yang and Barabino, 2011; Zhang et al., 

2009). However, in these studies, the medium used was only composed of DMEM or 

DMEM/F12 medium with the addition of ITS or FBS. Conversely, Kisiday and colleagues 

showed the equal proliferation of chondrocytes grown in agarose hydrogels stimulated with 

ITS, ITS+FBS or FBS in a medium composed of DMEM supplemented with non-essential 

aminoacids, proline and ascorbate (Kisiday et al., 2005). Overall, the medium we used led to 

the complete terminal differentiation of keratinocytes in 3-dimensional cultures. We obtained 

the formation of the expected superposed layers, starting with a large suprabasal layer up to 

the final squamous layer. Typical differentiation markers were also observed, both at the 

steady state mRNA expression and protein levels. 
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Figure 4: Transcript expression of specific keratinocytes markers in F-FBS model 
compared to ITS model 

Proliferation associated marker Ki67, c-myc, p16 and p27 (a-d); early differentiation markers 
K10 and Involucrin (e,f); and late differentiation markers Filaggrin and loricrin (g,h) were 
assessed using real time RT-PCR. Expression was normalized over RPL13A expression. Data 
are expressed as mean values ± SEM, n=3. The statistical significance was assessed running a 
paired t test . ns=non significant; * P<0.05.  
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To go further in the characterization, we quantified the gene expression levels of selected 

epidermal markers. Quantification was only conducted on the F-FBS and ITS models. Gene 

expression level analysis confirmed immunofluorescent staining, especially on the 

differentiation markers and assessed the validity of the ITS model. Studies on other cell types 

confirmed the relevancy of ITS in culture media and its efficacy on growth (Hu et al., 2011; 

Yang and Barabino, 2011; Zhang et al., 2009). The pattern of expression for differentiation 

markers can be explained by the presence of fibroblasts in the F-FBS model and their 

secretion of growth factors that tend to favour cell proliferation (Boehnke et al., 2007; El 

Ghalbzouri and Ponec, 2004; El Ghalbzouri et al., 2002). It is also important to highlight the 

fact that in the model we developed, the medium became less and less favourable to 

keratinocyte differentiation with the replacement of ITS by BSA in the last steps of culture. In 

addition, in 2000, Wertheimer and colleagues demonstrated that insulin enhanced the 

expression of the early marker K10 in mouse keratinocytes induced to differentiate under high 

calcium conditions (Wertheimer et al., 2000).  This result is in accordance with our results on 

differentiation marker expression (notably loricrin and filaggrin). 

The most complete medium available is that containing foetal bovine serum, which is rich in 

growth factors, hormones and cytokines (Brunner et al., 2010), but this is unsuitable for 

signalling pathway studies. This led us to refine the medium by replacing FBS with an ITS 

cocktail, which appears as an essential substitute for serum in studies on other cell types (Ji et 

al., 2013; Moiseeva et al., 2000; Torres et al., 2008; Wu et al., 2007b). In a study conducted 

on MCF7 cells, serum-free medium composed of ITS, hydroxyethylated starch and BSA 

enabled the inhibitory effect of a cyclic peptide derived from α-fetoprotein on these cells’ 

proliferation to be shown (Torres et al., 2008). In another study, ITS was also the essential 

component of the serum-free medium, assuring both cell maintenance and the study of 

mechanisms involving a β-galactoside-binding lectin, galectin-1, on vascular smooth muscle 

cell proliferation in atheroma and DNA synthesis (Moiseeva et al., 2000). Thus, these studies 

confirm that ITS can be used in serum-free media and might not interfere with the study of 

cellular processes and signalling pathways. 

 

Conclusion: 

To conclude, we were able to generate a fully differentiated epidermal equivalent using a 

defined medium, without any fibroblast feeder layer. This model could be an essential tool to 

further investigate the broad mechanisms involved in epidermal homeostasis. 
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Discussion/Conclusion 

 

In this article, we present a model of epidermis equivalent grown in a defined serum free 

medium and which depicts all features of a fully differentiated epidermis.  

The medium composition could provide enough mitogenic signals to obtain a satisfactory 

thickness of our epidermis equivalent, albeit without a fibroblast feeder layer. It should be 

noted that better results regarding stratification were obtained with the keratinocytes cell line 

N/TERT (data not shown), which exhibit unlimited proliferation potential comparing to 

primary keratinocytes. 

More importantly, this study demonstrated the efficient stratification in serum free conditions 

and using the commercial cocktail Insulin-Transferrin-Selenium (ITS) on keratinocytes 

engineering. ITS is already in use in chondrocyte engineering (Kisiday et al., 2005; Yang and 

Barabino, 2011; Zhang et al., 2009), but has not been applied on keratinocytes without foetal 

serum (Takagi et al., 2011). The cocktail depicted essential growth promotion features. 

Beyond insulin, which is a well-known mitogen and transferrin, which has been shown to 

support proliferation (Keenan et al., 2006b), selenium was the molecule of interest. Present in 

its sodium selenite form at non toxic doses, selenium has been shown to act through 

selenoproteins, where it is incorporated as an amino-acid. Selenoproteins demonstrate 

powerful anti-oxidant actions, which were shown to influence keratinocytes proliferation, 

migration and differentiation positively (Sengupta et al., 2010). 

Interestingly, ITS has been used in signalling studies on other cell types (Moiseeva et al., 

2000; Torres et al., 2008), demonstrating that our model should be adapted to further 

signalling studies, even not focused on the IGF-1 signalling. 

Moreover, the serum free epidermis model presented here should be also considered as a 

“basic structure” for more complex skin equivalents. Although we removed the fibroblast 

layer, because of possible interference with the IGF-1 signalling pathway, fibroblasts and 

equivalent dermis could be added to this model. Other implementations could also target the 

epidermis by co-culturing keratinocytes with melanocytes or langerhans cells, depending on 

someone’s problematic, but keeping in mind that these models would benefit from the serum 

removal.  
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Taken together, we provide a fully stratified epidermis equivalent grown in serum free 

conditions, which could be considered as a tool for further studies on skin homeostasis, and as 

a basic for the construction of “serum free” complex skin equivalents. 
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ARTICLE 2: Alteration of IGF-1R activity in human keratinocytes 

induces some features of aged skin through the deregulation of 

adhesion.  

Introduction 

 

In this study, we asked whether hormones and especially IGF-1 drop as a function of aging 

can be analyzed in human samples using 3D in vitro epidermis model. And whether 

interfering with such IGF-1 signalling pathway can induce feature mimicking human skin 

aging. 

The IGF-1 signalling has been long studied on developmental models, where it has been 

associated with a variety of functions: growth, proliferation, differentiation, migration, 

survival.... On skin, studies have demonstrated its involvement on the keratinocyte 

proliferation, but very few have highlighted a role on keratinocyte differentiation. Probably 

because of the differences in experimental procedures, the results obtained on epidermal 

stratification were controversial, with a majority agreeing for an inhibitory function of the 

IGF-1 signalling toward the differentiation process. 

The switch process relies on tightly regulated and entangled mechanisms. However, major 

actors with a define function towards proliferation or maintenance of the basal compartment 

also contribute to the departure in differentiation, such as p63, bringing further complexity.  

The present work describes our progression to demonstrate the dual involvement of the IGF-

1R on both proliferation and adhesion of human keratinocyte, using 2 dimensional (2D) and 

3D models with either IGF-1R knockdown or pharmacological inhibition. 
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ABSTRACT 

IGF-1R has been widely studied for its role on skin development in animal models and major 

studies emphasize its role on proliferation, however little is known on human cells. Data 

regarding keratinocyte differentiation process are controversial and underline a dual 

involvement of IGF-1R function. In this study, we questioned whether IGF-1R could trigger 

keratinocytes differentiation commitment in human reconstructed epidermis displaying IGF-

1R knockdown or IC50 inhibition. Epidermis equivalents depicted features associated with 

aging such as typical thinning and light decreased of differentiation markers expression level. 

Human primary keratinocytes with IGF-1R disruption or inhibition showed decreased 

proliferation and adhesion. Interestingly, the localization of β1 integrin appeared modified, 

with a higher cytoplasmic location, though its expression level remained unaffected. These 

observations were confirmed on human skin samples, displaying high IGF-1R activation and 

plasma membrane-associated β1 integrin for samples from young donors, and low IGF-1R 

activation correlated with an internalization of β1 integrin for skin samples from older 

individuals. Taken together, our results demonstrate that IGF-1R plays a dual role in the 
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differentiation process by both regulating proliferation and differentiation through the 

regulation of adhesion. 

 

 

INTRODUCTION 

Keratinocytes differentiation is a fine tuned process, which equilibrium relies on the balance 

between proliferating and differentiating cells (Fuchs, 2009). Many studies have investigated 

this molecular switch and determined Notch signaling as one major factor inducing 

keratinocytes differentiation (Blanpain et al., 2006; Cianfarani et al., 2011; Kolly et al., 2005). 

However, all mechanisms are not fully understood yet, especially in human, and new 

regulators can play a role. 

Insulin-like growth factor 1 receptor (IGF-1R) and its signaling have been shown to regulate 

growth and development (Edmondson et al., 2003). IGF-1R knockout mice display thin and 

translucent skin (Liu et al., 1993), with decreased stratification (Stachelscheid et al., 2008). In 

these mice and other IGF-1R KO studies, proliferation was impaired and the receptor has 

even been found to inhibit keratinocytes differentiation (Sadagurski et al., 2006; Stachelscheid 

et al., 2008; Wertheimer et al., 2000). Conversely, IGF-1R was able to induce stratification of 

SV40 transformed human keratinocytes (Kamalati et al., 1989), and it has been recently 

shown in mice to sustain the activation of p63 (Günschmann et al., 2013). p63 appears to 

drive keratinocytes differentiation forward (Nguyen et al., 2006b; Poulson and Lechler, 2012; 

Williams et al., 2011). Although p63 is involved in the maintenance of basal cell proliferation 

and adhesion (Wu et al., 2012a), increasing evidences show that it could also trigger 

differentiation and might be necessary for asymmetrical cell division (ACD) (Lechler and 

Fuchs, 2005; Truong and Khavari, 2007). 

In this context, we wanted to explore IGF-1R involvement in the proliferation-differentiation 

switch of human keratinocytes. Unlike the studies of IGF-1R-null mice, which led to a 

premature death (Liu et al., 1993; Stachelscheid et al., 2008), we chose to work with primary 

human keratinocytes in 2-dimensional (2-D) and 3-D in vitro models with either disruption of 

igf-1r with lentiviral particles expressing small hairpin RNA (shRNA) against IGF-1R or 

chemical inhibition of IGF-1R. In vitro observations were further compared with skin biopsies 

from young and aged individuals, as the IGF-1R activity was shown to decrease with age 

(Brugts et al., 2008; Lewis et al., 2010).  
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Figure 1: Modulation of keratinocytes differentiation markers on epidermis with IGF-
1R knockdown 
A. H&E stainings (a-c) and immunostainings for Ki67 (d-f), K14 (g-i), K10 (j-l) and loricrin 
(m-o). Scale bar = 50 μm (H/E) and 20 μm (IHC). (n=9)  B. Epidermis thickness (a) was 
quantified through Image J. The percent of Ki67 (b) positive cells was calculated for 
minimum 1000 cells per condition. Data are presented as mean ± SEM, and statistical 
significance was evaluated through a one way ANOVA test followed by a Bonferroni post 
test. Statistical results are represented as follows: ns = non significant, ** P<0.01.  
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RESULTS 

IGF-1R knockdown slightly affects epidermal terminal differentiation 

Epidermis equivalents were built using transduced keratinocytes (Figure S1) to study the 

impact of IGF-1R on stratification and epidermal thickness (Figure 1). IGF-1R knockdown 

epidermis showed all four expected layers, from the basal layer to cornified layers, and 

presented quite similar thickness (34.55 ± 0.62μm and 41.21 ± 0.84μm for ShIGF-1R (1) and 

(2)) compared to control (41.78 ± 0.81μm) (Figure 1.A.a-c and B.a). To test whether 

epidermal differentiation markers were affected, we performed immunostaining against 

specific epidermal markers (Figure 1.d-o). There were no obvious differences in K14, K10 

and Loricrin staining either (Figure 1.A.g-o), suggesting that IGF-1R knockdown had no 

effect on their gene expression level (Figure S2). 

 

IGF-1R knockdown reduces keratinocytes proliferation and adhesion 

Though obvious differences did not appear in the Ki67 staining with 16.42% ± 2.05, 16.12% 

± 2.19 and 19.09% ± 2.39 of Ki67 positive cells for ShControl and both shIGF-1R, 

respectively (Figure 1.A.d-f and B.b), we further evaluated the proliferation potential through 

colony forming assays (Figure 2.a-b) and Cell Trace Violet® (CTV) (Figure 2.c). Colony size 

was defined as in (Stachelscheid et al., 2008) with small (< 1 mm2), medium (1-2 mm2) and 

large (>2 mm2) colonies. IGF-1R knockdown cells displayed 5.17% ± 1.68 and 5.83% ± 1.27 

of large colonies and 86.48% ± 5.81 and 82.99% ± 3.24 of medium colonies, while positive 

control displayed 21.36% ± 2.32 and 58.52% ± 4.74 of large and medium colonies 

respectively. Conversely negative control presented mostly small colonies (96.64% ± 11.32).  

We confirmed these results with CTV®. Transduced cells were loaded with CTV dye, which 

fluorescence intensity is decreased at each cell division, and were grown for 4 days before 

analysis in FACS. While the time of cell division of control cells was significantly influenced 

by IGF-1 supplementation (25.86h ± 0.30 in IGF-1 deprived medium; 18.72h ± 0.67 in IGF-1 

supplemented medium), IGF-1R knockdown extended the cell division time in ShIGF-1R 

cells (18.98h ± 0.28 and 22.09h ± 0.31 respectively; Figure 2.c). 

We next analyzed the keratinocyte adhesion profile to 3 extracellular matrix components 

known as important adhesive ligands for these cells, laminin-332, collagens I and IV (Figure 

2.d-f). Interestingly, IGF-1R knockdown cells displayed decreased adhesion as compared to 

control cells, regardless of the immobilized substrate. ShIGF-1R (1) and (2) cells displayed  
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Figure 2: Effect of IGF-1R knockdown on keratinocytes proliferation and adhesion 

(a) Colony-forming assay using primary keratinocytes with a targeting IGF-1R extinction. (b) 
Quantification of the colony forming assays shown in (a), (n=27). (c) Detection of cell 
division by CTV® (n=11). (d-f) Adhesion of IGF-1R knockdown keratinocytes was tested on 
laminin-332 (n=7); collagen I (n=6) and collagen IV (n=6) coatings. Sh Control was used as 
reference for 100 % of adhesion. (g) β1 integrin immunostaining on IGF-1R knockdown 
epidermis equivalent. (n=9) Scale bar = 20 μm. Data are expressed as mean ± SEM and 
statistical significance was analyzed through a one-way ANOVA (c-f) or a two-way ANOVA 
(b) followed by a Bonferroni post test. Significance is indicated as follows: ns: non 
significant, * P<0.05; ** P<0.01; *** P<0.001.  
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41.69% ± 3.44 and 71.29% ± 1.98 of adhesion on laminin-332; 66.34% ± 5.15 and 76.31% ± 

2.88 of adhesion on collagen I; 23.88% ± 3.88 and 56.63% ± 4.94 of adhesion on collagen IV 

respectively. As the β1 integrin subunit was involved in cell adhesion to each of the three 

tested proteins (Gilcrease, 2007), we examined whether its expression was impacted after 

IGF-1R knockdown (Figure 2.g, right insert). In control epidermis, the β1 integrin staining 

was localized at the cell-cell junctions of basal keratinocytes. In contrast, the β1 integrin 

staining was found predominantly in the keratinocytes cytoplasm within IGF-1R knockdown 

epidermis. The β1 integrin gene expression was not affected by IGF-1R knockdown (Figure 

S2). 

 

Reduced epidermal terminal differentiation under IGF-1R IC50 inhibition 

Since during aging IGF-1R might be less active because of reduced IGF-1 levels (Thum et al., 

2007), we decided to mimic this reduction of IGF-1R activity by using two specific inhibitors. 

NVP-ADW742 (NVP) targets receptor auto-phosphorylation, whereas αIR3 targets the ligand 

binding. As observed on H&E stainings (Figure 3.a-c), the treated epidermis displayed a 

disorganized basal layer, a reduced spinous layer and hardly visible granular layer, as 

compared to control. The epidermis thickness was also affected with a reduction of 75% with 

NVP and 78% with αIR3 compared to control. No difference with control was observed in 

Ki67 staining (Figure 3.A.d-f and B.c-d). Although K14 immunostaining was similar, the 

immunostaining for K10 and loricrin was strongly reduced with both inhibitors (Figure 3.A.g-

o). The effect of NVP was dose dependent and further enhanced at total IGF-1R inhibition 

(data not shown). It should be noted that the decline observed for protein expression was not 

correlated at the gene expression level (Figures S3-S4). 

 

Keratinocyte proliferation and adhesion are reduced upon inhibition of IGF-1R 

To investigate the causes of the reduced stratification process observed, we analyzed the 

proliferation and adhesion properties of keratinocytes subjected to IGF-1R inhibition. The 

ability of keratinocytes to form colonies was first analyzed (Figure 4.a-c). Colonies grown 

with NVP failed to form large colonies as only 3.39% ± 0.63 of colonies reached a 2 mm2 size 

as compared to the 27.70% ± 2.17 of colonies found in the control. With NVP, colonies 

remained mostly at the medium size (86.21% ± 3.76 of colonies vs. 53.88% ± 4.63 for the 

control). Although not as spectacular, colonies grown with αIR3 presented a similar profile 

than that obtained with NVP (23.31% ± 1.80 and 57.25% ± 4.96 of large and medium  
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Figure 3: Modulation of keratinocytes differentiation markers on epidermis with IGF-
1R inhibition 

A. H&E stainings (a-c) and immunostainings for Ki67 (d-f), K14 (g-i), K10 (j-l) and loricrin 
(m-o). Scale bar = 50 μm (H/E) and 20 μm (IHC). (n=9) B. Epidermis thickness (a, b) was 
quantified through Image J. The percent of Ki67 (c, d) positive cells was calculated for 
minimum 1000 cells per condition. Data are presented as mean ± SEM, and statistical 
significance was evaluated through a paired t test. Statistical results are represented as 
follows: ns = non significant, ** P<0.01, *** P<0.001.  
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colonies with αIR3 compared to 31.90% ± 1.36 and 50.57% ± 4.94 of large and medium 

colonies for control). Besides, at total IGF-1R inhibition, colonies were very small and almost 

invisible (data not shown).  

Cell cycle duration was then analyzed through CTV®, indicating that no statistical difference 

could be detected with both inhibitors at IC50 in IGF-1 supplemented complete medium, as 

compared to control (Figure 4.d-e). With NVP, cells divided in 18.12h ± 0.11 compared to 

16.67h ± 0.12 for control; while with αIR3, cells divided in 18.92h ± 0.15 compared to 18.17h 

± 0.15 for control. However, it must be noted that the total inhibition of IGF-1R using high 

doses of NVP extended the cell cycle duration, with cells cycling even slower than for 

negative control (data not shown). 

We investigated the keratinocytes adhesion profile to the previously tested coatings with IGF-

1R inhibitors. We found that inhibition of IGF-1R with either NVP or αIR3 induced a 

significant decrease in keratinocyte adhesion to all substrates (54.57% ± 4.06 and 71.28% ± 

5.50 adhesion on laminin-332 (Figure 4.f); 83.68% ± 4.23 and 87.30% ± 3.82 of adhesion on 

collagen I (Figure 4.g); 56.19% ± 2.77 and 83.60% ± 3.69 of adhesion on collagen IV (Figure 

4.h) respectively). This result suggesting a β1 integrin deficiency was further confirmed by 

staining the β1 integrin sub-unit in our epidermal equivalents. As observed on Figure 3.i, β1 

integrin staining appeared weaker and delocalized from the cell membrane to the cytoplasm in 

presence of inhibitors, whereas control depicted membrane restricted staining. Again, the 

gene expression level of integrins was unaffected by IGF-1R inhibitors (Figures S3-S4). 

Adhesion and cell surface staining of β1 integrin were decreased at total inhibition of IGF-1R 

(data not shown). 

 

IGF-1R activity is correlated with aging and modulates epidermal markers ex vivo 

We next analyzed whether there is a correlation between our in vitro observations and the 

human skin. For that purpose, skin biopsies of women at various ages were stained with H&E 

and specific epidermal markers (Figure 5). Skin biopsies from aged donors were characterized 

by drastic epidermal thinning (13.67 ± 0.54μm and 29.90 ± 1.06μm for biopsies from aged 

and young adult donors respectively) with a reduced spinous layer and an hardly visible 

granular layer. This was correlated with low Ki67 staining in skin biopsies from aged donors 

(0.52% ± 0.30 and 3.024% ± 0.66 of Ki67 positive cells for biopsies from aged and young 

adult donors respectively). Active IGF-1R staining appeared higher in skin from young adult 

donors and localized both at cell membrane, cytoplasm and in nucleus. Conversely, biopsies  
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Figure 4: Effect of decreased activity of IGF-1R on keratinocytes proliferation and 
adhesion 

(a) Colony-forming assay using primary keratinocytes with IGF-1R inhibition. (b-c) 
Quantification of the colony forming assays shown in (a), (n=27). (d-e) Detection of cell 
division by CTV® on cells inhibited with NVP (n=10) or aIR3 (n=10) respectively. (f-h) 
Keratinocytes adhesion under IGF-1R inhibition tested on laminin-332 (n=9), collagen I (n=8) 
and collagen IV (n=11) coatings. Control was used as reference for 100 % of adhesion. (i) β1 
integrin immunostaining on epidermis equivalent with IGF-1R inhibition. Scale bar = 20 μm. 
(n=9) Data are expressed as mean ± SEM. Statistical significance was analyzed through a 
one- (d-h) or two-way ANOVA (c-d) followed by a Bonferroni post test and is indicated as 
follows: ns: non significant, ** P<0.01, *** P<0.001. 
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from older donors displayed almost no pIGF-1R staining (Figure 5.A.e-f). Skin biopsies were 

also stained with classical differentiation markers. Although fewer layers were stained in 

samples from older donors, because of the thinning stated, the intensity was quite similar to 

young adult donor skins for K14, K10 and loricrin (Figure 5.A.g-l). We observed a difference 

on β1 integrin staining, which was irregular and sometimes absent from cell membrane on 

older donor skin biopsies compared to young adult skin biopsies (Figure 5.A.m-n). 

 

 

DISCUSSION 

To define the role of IGF-1R in controlling epidermal homeostasis and its involvement during 

aging of human skin, we generated epidermis equivalents using human adult primary 

keratinocytes deficient for IGF-1R with either shRNA knockdown or pharmacological 

inhibition. Our data demonstrate that IGF-1R is a key mediator of keratinocytes proliferation 

and adhesion, and that its activity is associated to a proper stratification in vitro. 

By modulating IGF-1R expression or activity, we could observe some features of epidermis 

aging, with decreased thickness and reduced stratification. The IGF-1R inhibition affected the 

epidermis differentiation stronger than the IGF-1R knockdown, suggesting that the spectrum 

of inhibition might interfere with other pathways, such as the insulin pathway (Singh et al., 

2014). Moreover, we noticed that the NVP-ADW742 chemical inhibitor depicted more 

pronounced effects than the αIR3 blocking antibody. It can be possible that ligand binding 

inhibition cannot prevent receptor phosphorylation through trans-activation by other receptors 

with tyrosine kinase activity (Zhao et al., 2011).  

Considering IGF-1R knockdown, our results confirmed the observations made in vivo in IGF-

1R KO mice by Stachelscheid and collaborators who picked up no obvious differences in late 

epidermal markers (Stachelscheid et al., 2008). However, these results are in contradiction 

with observations from in vitro epidermis equivalents using IGF-1R KO mice cells 

(Sadagurski et al., 2006). These discrepancies can be related to recent findings showing a very 

fine role for IGF-1R on p63 and asymmetrical cell division (ACD) and the entry in 

differentiation (Günschmann et al., 2013). Indeed IGF-1R KO mouse keratinocytes displayed 

less ACD and inhibition of p63 function through retention of FoxO transcription factors in the 

nucleus. Furthermore ACD was shown to be under the control of small GTPase Rac, a known 

target of Insulin/IGF-1R signaling (Halet and Carroll, 2007; Lu et al., 2012; Stachelscheid et 

al., 2008). These findings suggest the involvement of IGF-1R in the entry in differentiation. 
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Figure 5: Modulation of epidermal markers with aging 

A. Young (a, c, e, g, i, k, m) and old (b, d, f, h, j, l, n) women abdominal skin biopsies were 
stained. (a,b) H/E stainings. (c,d) Ki67, (e-h) pIGF-1R, (g, h) K14, (i, j) K10, (k, l) loricrin 
and (m, n) β1 integrin. Scale bar = 50 μm for H/E, 20 μm for IHC. B. Epidermis thickness (a) 
was quantified through Image J. The percent of Ki67 (b) positive cells was calculated for 
minimum 1000 cells per condition. Data are presented as mean ± SEM. Statistical 
significance was evaluated through an unpaired t test and is represented as follows: *P<0.05, 
*** P<0.001. (n=3) 
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Epidermal differentiation and stratification, governed by the activity of the basal layer (Fuchs, 

2009), also rely on proper proliferation of basal cells. IGF-1R is a well-known mitogen and 

was shown to promote cell proliferation by several ways, through inducing cyclin D1 

expression, trans-activating EGFR signaling, by activating MAPK signaling (Roudabush et 

al., 2000; Wu et al., 2007a). We demonstrated that IGF-1R disruption extended cell cycle time 

and decreased keratinocytes long term proliferation potential confirming recent findings 

(Cianfarani et al., 2011; Günschmann et al., 2013; Stachelscheid et al., 2008) and giving clues 

for decreased stratification.  

Epidermal entry in differentiation also depends on loss of cell-matrix adhesion (Hotchin et al., 

1995; Watt, 2002). In the present study, we demonstrated for the first time a correlation 

between IGF-1R and keratinocytes adhesion. Although less polarized basal cells were 

observed in IGF-1R KO mice (Günschmann et al., 2013), no difference in keratinocytes 

adhesion was previously observed upon IGF-1R disruption (Cianfarani et al., 2011; 

Stachelscheid et al., 2008). Most reports describe the synergy between IGF-1R signaling and 

integrin outside-in signals (Basu et al., 2013; Fujita et al., 2012; Kapur et al., 2005) and the 

link between IGF-1R and its contribution to adhesion was reported under pathological 

conditions only (Mauro et al., 2003). Upon IGF-1R knockdown or decreased activity, we have 

demonstrated a reduction of keratinocytes adhesion to laminin-332 and to collagen I and IV. 

These three substrates are known to promote basal keratinocytes adhesion through 

involvement of α6β4, α3β1 and α2β1 integrins (Watt, 2002). Moreover, the expression level of 

these integrins by keratinocytes has been linked to their proliferation potential (Jones and 

Watt, 1993; Kaur and Li, 2000). The present results obtained from our epidermis equivalent 

models and showing that the β1 integrin was expressed but not localized at the cell membrane 

suggest that IGF-R1 defects perturbed the integrin targeting and/or internalization process.  

Interestingly, a down regulation of β1 integrin expression was shown to occur during 

keratinocytes differentiation (Hotchin et al., 1995; Lotti et al., 2010). More recently, integrin 

recycling has been associated with cyclin D1 recycling in calcium induced keratinocytes 

differentiation (Fernández-Hernández et al., 2013). The authors have demonstrated that 

overexpression of cyclin D1 enhanced the number of cells that had lost β1 integrin at cell 

membrane. On the other hand, IGF-1R activity appears to trigger the localization of protein. 

For instance, in MCF7 cells, IGF-1 was shown to induce nuclear accumulation of cyclin D1 

(Hamelers et al., 2002). How the activity of IGF-1R might directly affect the localization of β1 

integrin, as it does for cyclin D1, is still unclear and requires further research. 
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Putting the different parts of our study together, we could highlight a possible correlation 

between the decline of IGF-1R activity, the loss of adhesion and features of human skin aging 

such as epidermis thinning and a modification of the proliferation to differentiation balance 

both in vitro and ex vivo. This study might be the missing link between previous observations 

reporting a lower detection of IGF-1R and β1 integrin, respectively, in samples from older 

individuals (Giangreco et al., 2010; Lewis et al., 2010; Le Varlet et al., 1998). Our current 

hypothesis would be that IGF-1R maintains the localization of β1 integrin on the cell 

membrane, while a decline of IGF-1R, as a function of aging, correlates with β1 integrin 

internalization. Further studies are now necessary to understand which are the mechanisms 

triggering the delocalization of β1 integrin (or other cell adhesion proteins) and their exact 

participation in the aging process. 

 

MATERIALS AND METHODS 

Cell culture 

Human keratinocytes (NHK) were obtained from the abdominal skin of three adult women 

(28, 31 and 32 years old respectively) and purchased by Biopredic (Saint-Grégoire, France). 

NHK were cultured at 37°C 5% CO2 in low-calcium (0.06 mM) serum free keratinocyte 

growth medium (KGM2, Promocell, Heidelberg, Germany) supplemented with 0.004 ml.ml-1 

bovine pituitary extract, 0.125 ng.ml-1 epidermal growth factor (EGF), 5 μg.ml-1 insulin, 0.33 

μg.ml-1 hydrocortisone, 0.39 μg.ml-1 epinephrine and 10 μg.ml-1 transferrin.  

Cells were used after a limited number of subcultures (passage 2-4). 

Infection with lentiviral particles 

Mission® lentiviral transduction particles were purchased from Sigma Aldrich (Saint-Quentin 

Fallavier, France). The pLKO.1 puro lentiviral vector expressed a small hairpin RNA 

(shRNA) sequence targeting IGF-1R mRNA (shIGF-1R (1) TRCN0000039675 and shIGF-1R 

(2) TRCN0000121133) or a scramble shRNA (shSCR SHC002V) as control sequence that 

activates the RNA interference pathway without targeting any known mRNA. Infection was 

performed on subconfluent NHKs at a multiplicity of infection of 1, in complete KGM2 

medium supplemented with 8 μg.ml-1 Polybrene (Sigma). Cells that stably integrated the 

lentiviral vectors were selected by 1 μg.ml-1 Puromycin (Sigma). When cells in the non-

transduced control all died after puromycin selection (4-5 days after beginning the selection), 

transduced cells were ready for experiments. 
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In vitro reconstructed epidermis 

Reconstructed epidermis model was cultured as described (Mainzer et al., 2014).  

For epidermis equivalents having an extinction of IGF-1R, we used NHK infected with 

lentiviral particles expressing shRNA against IGF-1R (shIGF-1R (1) or (2)) or non target 

shRNA (ShControl). Receptor extinction was controlled through western blotting (Figure S1). 

For epidermis equivalents having partial inhibition of IGF-1R activation, IGF-1R inhibitors 

NVP-ADW742 (0.1 μM; SelleckChem, Munich, Germany) and αIR3 (0.1 μg.ml-1; Merck 

Millipore, Nottingham, UK) were applied at emersion at a concentration equivalent to the IC50 

and renewed at each medium change (Figure S1).  

Colony forming assay 

500 NHK were seeded in triplicate in 6-well plates and cultured for 10 days in complete 

KGM2 medium supplemented with 50 ng.ml-1 IGF-1 alone (R&D systems, Abingdon, UK) 

(Sh NHK) or with 0.1 μM NVP-ADW742 or 0.1 μg.ml-1 αIR3 (wild-type NHK). Cells of 

negative control grew in complete KGM2 without IGF-1. 

For cells treated with the inhibitors, NVP or αIR3 was renewed at each medium change, by 

pre-incubating the inhibitor 1h before adding IGF-1. 

Cells were then fixed with 6% glutaraldehyde for 5 min and stained with crystal violet (0.1 % 

in water) for 30 min. Colony size was analyzed by using the software ImageJ®. 

Measurement of cell proliferation (using Cell Trace Violet®) 

Cell labeling with CellTrace Violet® (CellTrace Violet Cell Proliferation Kit, Invitrogen, 

France) was performed according to manufacturer’s instructions and as described in (Mainzer 

et al., 2014). Media used were complete KGM2 medium supplemented with 50 ng.ml-1 IGF-1 

alone (Sh NHK), 0.1 μM NVP-ADW742 or 0.1 μg.ml-1 αIR3 (wild-type NHK) depending on 

the experiment, prior to analysis. Negative control omitted IGF-1. 

For cells treated with the inhibitors, NVP or αIR3 was renewed at each medium change. 

Histology and Immunolabelings 

Epidermis equivalents were fixed in Zinc Formal-FixxTM (Thermo Scientifc, Illkirch, France), 

pre-embedded in 3 % agarose (Euromedex) prior paraffin inclusion, whereas skin biopsies 

were fixed in formalin prior paraffin inclusion. 
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For histology, 5 μm sections were stained with hematoxylin and eosin (Diapath, Microm, 

Francheville, France). 

Immunohistochemical staining was performed on an automated immunostainer (Ventana 

Benchmark XT, Roche, Meylan, France) using iVIEW DAB deterction kit (Ventana) 

according to manufacturer’s instructions.  

Following primary antibodies were used: Ki67 (clone MIB-1, 1:50 dilution, Dako, France), 

K14 (clone AF64, 1:20 000 dilution, Covance, France), K10 (clone DEK10, 1:100 dilution, 

Dako, France), Loricrin (ab24722, 1:800 dilution, Abcam, France), β1 integrin (LS-A9393, 

1:300 dilution, CliniSciences, Nanterre, France), IGF-1R (NB110-87052, 1:400 dilution, 

Novus Biologicals, Cambridge, UK). Nonspecific staining was controlled by omitting primary 

antibody.   

Image acquisition was performed using a Leica DM750 microscope (Leica, Nanterre, France) 

connected to a Leica ICC50 HD camera and Las EZ software. 

Quantification of epidermal thickness 

Epidermis thickness was quantified throughout the epidermis and measuring from the very 

first SC layers using Image J software and the scale bar.  

Quantification of Ki67 positive cells 

The percent of Ki67 positive cells was calculated on the entire length of each epidermis 

equivalents or skin biopsies with a minimum of 1000 cells per condition. The number of Ki67 

positive cells was reported on total cell number. 

Adhesion assay 

3 x 104 NHK suspended in basal KGM2 supplemented with 50 ng.ml-1 IGF-1 were seeded in 

duplicate on 96-well plates previously coated with 0.5 μg (wild type NHKs) or 1 μg (Sh 

NHKs) human laminin-332 (Rousselle and Beck, 2013); 0.5 μg human collagen I and 0.5 μg 

human collagen IV. Cells were allowed to attach 30 min maximum, washed with PBS to 

remove unattached cells, fixed 5 min with glutaraldehyde and stained with crystal violet. 

Crystal violet was dissolved with 2% SDS and absorbance was read at 540 nm. 

For wild type keratinocytes, cells were pre-incubated 30 min with IGF-1R inhibitors prior 

seeding. 

Skin biopsies 
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Abdominal skin biopsies of three young (34 and 35 years old) and aged (69, 71 and 72 years 

old) women donors were purchased from Biopredic (young donors) and Advanced Tissue 

Service (Phoenix, Arizona, USA) (aged donors).  

Statistical analysis 

All experiments were reproduced at least three times independently per keratinocytes strain. 

Data for each strain were pooled and are expressed as a mean ± SEM. Statistical significance 

was assessed performing a one-way or two-way ANOVA test followed by a Bonferroni post 

test, a paired t test or an unpaired t test as stated in figure legends. P < 0.05 was considered to 

be statistically significant. 
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SUPPLEMENTARY FIGURES 

 

 

 

 

Figure S1: Inactivation of IGF-1R expression or activation through shRNA or specific 
inhibitors 
Western blot of total IGF-1R in transduced keratinocytes with shRNA (A.) and active form of 
IGF-1R (p-IGF1R) in keratinocytes treated with NVP-ADW742 (B.a) or αIR3 (B.b) at IC50. 
30 μg of proteins was deposited.  
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Figure S2: Analysis of gene expression of epidermal marker on IGF-1R KO epidermis 

Proliferation associated markers Ki67, c-myc, p16, p21 and K14 (a-e); early and late 
differentiation markers K10 and loricrin (f,g); and adhesion markers α6 integrin and β1 
integrin (h,i) were assessed using real time RT-PCR. Expression was normalized over rpl13a 
expression. Data are expressed as mean values ± SEM, n=9. The statistical significance was 
assessed running a one way ANOVA test followed by a Bonferroni post test and is 
represented as follows: ns = non significant, *** P<0.001.  
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Figure S3: Analysis of gene expression of epidermal marker on epidermis with IGF-1R 
inhibition using aIR3 

Proliferation associated markers Ki67, c-myc, p21 and K14 (a-d); early and late 
differentiation markers K10 and loricrin (e,f); and adhesion markers α6 integrin and β1 
integrin (g,h) were assessed using real time RT-PCR. Expression was normalized over rpl13a 
expression. Data are expressed as mean values ± SEM, n=9. The statistical significance was 
assessed running a paired t test and is represented as follows: ns = non significant, *P<0.05.  
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Figure S4: Analysis of gene expression of epidermal marker on epidermis with IGF-1R 
inhibition using NVP-ADW742 

Proliferation associated markers Ki67, c-myc, p21 and K14 (a-d); early and late 
differentiation markers K10 and loricrin (e,f); and adhesion markers α6 integrin and β1 
integrin (g,h) were assessed using real time RT-PCR. Expression was normalized over rpl13a 
expression. Data are expressed as mean values ± SEM, n=9. The statistical significance was 
assessed running a paired t test and is represented as follows: ns = non significant, *P<0.05. 
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SUPPLEMENTARY MATERIAL 

Western blotting 

Proteins were extracted in lysis buffer (75 mM Tris pH 6.8, 15% glycerol, 3.75% SDS) 

containing 1:25 protease inhibitor cocktail (Roche Diagnostics, Meylan, France), 1 mM 

Na3VO4, 80 mM β-glycerophosphate (Sigma Aldrich), sonicated and quantified using 

bicinchronic acid protein assay kit (Thermo Fisher Scientific, Illkirch, France). Samples were 

prepared as described previously (Le Provost et al., 2010). Briefly, samples were separated in 

SDS-PAGE gels and transferred to PVDF membranes (Immobilon-P; Millipore, St Quentin 

en Yvelines, France). Membranes were blocked with 5% skimmed milk and primary 

antibodies were incubated overnight at 4°C. The following antibodies were used: IGF-1R 

(#3027, Cell Signaling, Ozyme, France), phospho-IGF-1R (#3024, Cell Signaling), GAPDH 

(MAB 374; Chemicon, Millipore) and β-actin (A5060; Sigma). 

GAPDH and β-actin were used as loading control. Detection was performed using the ECL 

Western blotting detection reagents (Pierce, Thermo Scientific). 

For determination of IGF-1R inhibitors efficacy, cells were pre-incubated 1h with NVP-

ADW742 or αIR3 before stimulation during 5 min with 50 ng.ml-1 IGF-1 and protein 

extraction.  

 

RNA extraction, reverse transcription and quantitative PCR: 

Total RNA was isolated using Tri-Reagent (Euromedex, Souffelweyersheim, France) 

according to manufacturer’s instructions. 1 μg of total RNA was primed with oligodT and 

reverse-transcribed in triplicate samples with Revert-Aid First Strand cDNA Synthesis kit 

(Fermentas, St Rémy Lès Chevreuse, France). Quantitative PCR were performed using a 

Rotor-Gene Q (Qiagen, Hilden, Germany). 50 ng of cDNA were analyzed using FastStart 

Universal SYBR Green Master (Rox) kit (Roche, France) with a two-step protocol: 

denaturation at 95°C and hybridization/elongation at 60°C. Primers were specific for Ki67 

(Forward GCACACTCCACCTGTCCTGA, Reverse 

ACCTGACTCTTGTTTTCCTGATGG), K14 (Forward 

GGCCTGCTGAGATCAAAGACTAC, Reverse CACTGTGGCTGTGAGAATCTTGTT), 

K10 (Forward GTGGAGGCTGACATCAACGG, Reverse 

CATTCACATCACCAGTGGACACA), Loricrin (Forward 

TCATGATGCTACCCGAGGTTTG, Reverse CAGAACTAGATGCAGCCGGAGA), α 6 
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integrin (Forward TTGAATATACTGCTAACCCCG, Reverse 

TCGAAACTGAACTCTTGAGGATAG), β 1 integrin (Forward 

AGATGGGAAACTTGGTGGCATT, Reverse CTGGACAAGGTGAGCAATAGAAGG),  

p16 (Forward CCAACGCACCGAATAGTTACG, Reverse 

GCTACCTGATTCCAATTCCCCT), p21 (Forward ATCTTCTGCCTTAGTCTCA, Reverse 

ACTCTTAGGAACCTCTCATT). Genes were normalized using RPL13A housekeeping gene 

(Forward GATGGTGGTTCCTGCTGCCC, Reverse 

GGCTTTCTCTTTCCTCTTCTCCTCC). Results are presented as mean fold variation ±SEM 

of three independent experiments. Control keratinocytes (wild-type or ShControl NHKs 

depending on the experiment) were used as reference. 
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Figure 23: Effect of IGF-1R modulation on NHK proliferation 

NHK were seeded at 15% confluency and grown for 5 days in media stimulating IGF-1R (a; 
b) or inhibiting IGF-1R (c). Data were normalized on control condition at day 1, and are 
presented as mean values ± SEM. Data were analyzed with a two way ANOVA statistical test 
followed by a Bonferroni post test.  Statistically different data are highlighted by stars as 
follows: ns = non significant, *P<0.05, ** P<0.01, *** P<0.001. n=1, triplicates  

  

a. Stimulation of IGF-1R in complete medium

c. Inhibition of IGF-1R

b. Stimulation of IGF-1R in NS medium

Proliferation study under IGF-1R modulation
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Complementary results  

 

Other experiments of 2D proliferation and 2D differentiation were done to implement our 

results. 

I. Investigation of the mitogenic role of the IGF-1R in 2D models 

Cell proliferation was followed in stimulatory or inhibitory media on both short and long term 

experiments through Uptiblue assays, and their cell cycle was analyzed through FACS.  

On short term experiments, cells were seeded at 15% of confluency and their proliferation 

was watched during 5 days (Figure 23), whereas on long term experiments, cells were seeded 

at a clonal-like density and their proliferation was followed during 10-14 days (Figure 24). As 

shown on figure 23, we followed keratinocytes proliferation in several media. We first looked 

at cell proliferation in media with or without insulin, known to activate the IGF-1R (Figure 23 

a). While there was no difference during the two first days, keratinocytes proliferation was 

statistically enhanced by 1.7-2 folds in the presence of insulin, i.e. active IGF-1R. It is 

interesting to note that other growth factors present in the complete medium were not able to 

sustain proliferation at the same level than when the IGF-1R was activated through insulin. 

We next wanted to control that enhancement in a medium without potentially interfering 

growth factors. When grown in basal medium with or without IGF1 (Figure 23 b), 

keratinocytes proliferation was still enhanced when IGF-1R was activated (in NS+IGF1 

medium), but at a lower extend (1.5 fold).  

We further investigated the effect of IGF-1R on proliferation, and inhibited its activation at 

both 50 % and 100 % using NVP-ADW742 (Figure 23 c). While keratinocytes proliferation 

was very slowed down with complete inhibition of IGF-1R (grey bars), their proliferation rate 

was decreased at half comparing to control with IC50 inhibition (white bars compared to black 

bars). This confirmed our previous results observed with IGF-1R stimulation. Interestingly, 

when IGF-1R was totally inhibited, cell proliferation was increased by 1.3 fold every day 

from day 3 to day 5. This increase was the same than for keratinocytes grown in completeinsulin 

– medium (Figure 23 a).  
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Figure 24: Effect of IGF-1R modulation on NHK proliferation 

NHK were seeded at a density lower than 10% confluency and grown for 10-15 days in media 
inhibiting IGF-1R using NVP-ADW742 (a) or αIR3 (b). Data were normalized on control 
condition at day 1, and are presented as mean values ± SEM. Data were analyzed with a two 
way ANOVA statistical test followed by a Bonferroni post test.  On graph (a), NHK treated 
with 0.1 μM NVP-ADW742 were stastitically growing slower than control from day 5-9, 
whereas NHK treated with 1μM NVP-ADW742 were statistically growing slower than 
control from day 3 to the end. On graph (b), NHK treated with αIR3 were statistically 
growing slower than control from day 5-8. n=1, triplicates  

  

a. Proliferation under IGF-1R inhibition with NVP-ADW742

b. Proliferation under IGF-1R inhibition withαIR3

Ctrl vs. 0.1μM: *** P<0.001

Ctrl vs. 1μM: *** P<0.001

Ctrl vs. αIR3: * P<0.05
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We next extended the time of proliferation by seeding cells at clonal like densities (figure 24). 

In this case, keratinocytes had to overcome a “stress” of low density, which required a few 

days, before they could proliferate exponentially. As observed on figure 24, keratinocytes 

grown at IC50 inhibition (white bars in a) and b)) displayed a slower proliferation rate than 

control; this statistical difference was visible from day 5. Cells grown in control medium 

reached a plateau at day 7 to 8 (black bars in a) and b)), IC50 inhibited cells reached it at day 

10 in a) and b). In contrast, cells with total inhibition of IGF-1R reached a saturation of 

proliferation at day 15. This experiment confirms the power of IGF-1R activation on 

keratinocytes proliferation, especially in clonal like growth conditions. It is interesting to note 

that cell proliferation is slightly modified depending on keratinocytes density at the beginning 

of the experiment. While proliferation gap between control and treated condition is more 

intense, even with half IGF-1R inhibition, when cells are seeded at 15% of confluency; this 

difference is reduced at clonal like densities, implying perhaps different mechanisms.  

 

Moreover, we analyzed the repartition of NHK whose IGF-1R was either stimulated or 

inhibited into each phase of the cell cycle trough FACS (Figure 25). Cells could not be 

synchronized prior the experiment, as cell starvation could induce keratinocytes 

differentiation. We tried several strategies of synchronization using chemicals, such as 

colchicine and nocodazole, but synchronized cells were not able to enter cell cycle again (data 

not shown). Nevertheless, we could identify an effect of IGF-1R activity on cell repartition 

through the cell cycle phases. As observed on figure 25A and B, the number of cells present 

in the G1-phase was similar in all conditions, whereas there was a difference of the percent of 

cells divided into the S- and G2-phases. There were more cells present in the S-phase when 

IGF-1R was activated, than when it was inhibited by either NVP-ADW742 or αIR3 (41 % to 

19.6 % and 30.6 % to 25.1 % respectively). And there were more cells in G2-phase with IGF-

1R inhibition (38.1 % for NVP-ADW742 compared to 15.5 % for control and 29.7 % for 

αIR3 compared to 26.9 % for control).  
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Figure 25: Cell cycle analysis of NHK treated with IGF-1R inhibitors 

NHK were seeded in complete-insulin medium (A (a), C (a)) supplemented or not with IGF1 
(A (b), C (b)), IGF1 + NVP-ADW742 (A (c)) or IGF1 + αIR3 (C (c)). Cells were passed 
through a LSR II FACS device 24h later and cell cycle was analyzed using the software 
FlowJo and a Dean/Jett/Fox algorithm. Tables (B, D) summarize the repartition of the cells in 
each phase of the cell cycle. (n=1) 

 

 

  

A. Cell cycle with NVP-ADW742

(a) - IGF1 (b) + IGF1 (c) 0.1 μM NVP-ADW742

(a) - IGF1 (b) + IGF1 (c) 0.1 μg.ml-1 αIR3

C. Cell cycle with αIR3

B. Cell repartition through cell cycle phases

D. Cell repartition through cell cycle phases

G1 S G2

- IGF1 40.3 25.3 32.6

+ IGF1 41.7 41.0 15.5

NVP 40.5 19.6 38.1

G1 S G2

- IGF1 36.8 32.9 28.0

+ IGF1 40.9 30.6 26.9

αIR3 43.7 25.1 29.7
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Figure 26: Analysis of keratinocytes differentiation under IGF-1R stimulation 

NHK were seeded in complete medium and grown to confluency, then switched to NS or NS 
+ IGF1 medium for 6 days. Different time points were made and gene (A) or protein (B) 
expression of differentiation markers were analyzed through real time PCR or western blot 
respectively. In (A),gene expression of Ki67 (a), K10 (b), Involucrin (c) and Loricrin (d) 
were normalized on housekeeping gene rpl13a prior normalization on T 0 confluency. Data 
are presented as mean values ± SEM. Data were analyzed with a two way ANOVA statistical 
test followed by a Bonferroni post test.  Statistically different data are highlighted by stars as 
follows: ns = non significant, *P<0.05, ** P<0.01, *** P<0.001. (n=3, triplicates ). In (B), 
protein expression was normalized to actin β and signal intensity was analyzed through 
Quantity one. (n=2)  

  

A. Relative gene expression of differentiation markers

IGF1R

p27

pIGF1R

-2 0 1 2 3 1 2 3

NS NS  + IGF1

β Actin

K10

95 kDa

27 kDa

95 kDa

43 kDa

55kDa

Confluency (days)

B. Protein expression of differentiation markers
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Figure 27: Analysis of keratinocytes differentiation markers on Colony forming assays 
grown with IGF-1R inhibitor NVP-ADW742 

NHK were grown for 10 days in complete KGM2 medium with or without 0.1 μM NVP-
ADW742. Gene expression of selective proliferation associated and differentiation markers 
were analyzed through real time PCR (A). Gene expression was normalized to housekeeping 
gene rpl13a prior normalization on control condition. Data are expressed as mean values ± 
SEM. Statistical analysis was performed using a Mann & Whitney test. Statistical results are 
represented as follows: ns = non significant, *P<0.05, ** P<0.01, *** P<0.001.  (n=4, 
triplicates.). In (B), K10 was immunostained in control (a, c, d) and treated (b, e, f) 
conditions. Arrows are pointing to K10 positive cells. Photos were taken at two different 
objectives, scale bars = 50 μm. 

  

a. b. c. d.

e. f. g.

A. Relative gene expression

a. Control
No staining at objective x5

b. 0.1 μM NVP-ADW742

c. Control

e. 0.1 μM NVP-ADW742

B. Immunofluorescent staining of differentiation marker K10
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II. Investigation of the involvement of the IGF-1R on keratinocytes 

differentiation in 2D models 

To further analyze the role of IGF-1R on keratinocytes differentiation, we established a 2D 

model of keratinocytes differentiation based on the concomitant effect of confluency and of 

the lack of growth factors stimulating differentiation. In this condition, IGF-1R cannot be 

activated; therefore, we can add IGF1 at confluency to analyze the effect of IGF-1R activation 

on differentiation.  

We first analyzed the steady state gene expression of differentiation markers through real time 

PCR in 2D models (Figure 26 A). As expected, expression of proliferation marker Ki67 was 

decreasing with entry in differentiation, whereas expression of differentiation markers was 

raised. Interestingly, IGF-1R stimulation (white bars) had an effect on both early (K10) and 

late (Loricrin) differentiation markers. At days 4 and 6 post-confluency, K10 expression was 

increased by a 2.5-3.8 fold as compared to control, while loricrin expression was decreased by 

a 2-2.5 fold as compared to control. There was no effect on involucrin expression. These data 

suggest a delay in the induction of selective differentiation markers under IGF-1R activation. 

In our control model, K10 expression is induced one day after confluency at a basal level, 

whereas loricrin expression is induced only at day 4. When IGF-1R activation is sustained 

during keratinocytes differentiation, K10 expression is induced later, with a peak of 

expression at day 4 post-confluency; therefore we might infer that loricrin expression cannot 

really follow. It is interesting to note that IGF1 is also able to increase K10 expression at more 

than 2 fold. 

We further investigated this effect on the protein expression of early differentiation associated 

markers. We first confirmed that IGF-1R was activated under IGF1 stimulation, while 

remaining unphosphorylated in basal medium (figure 26 B). As shown on figure 26 B, K10 

protein was expressed in both control (NS) and IGF1 containing (NS+IGF1) media, but its 

accumulation was greater in the control, confirming observations on gene expression. 

Moreover, we looked at cell cycle inhibitor p27Kip1, which is shown to increase with 

differentiation (Hauser et al., 1997). As expected its protein level was greater in basal medium 

than in IGF1 medium.  
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During our clonogenic assays, we observed that keratinocytes within colonies were able to 

undergo early differentiation, even at a minimal percent. Clonogenic assays are first done to 

study keratinocytes and especially progenitors proliferation potential, but the fact that some 

cells can differentiate in colonies that are large enough, enabled us to reproduce the first steps 

of the entry in differentiation. In this experiment, we thus analyzed genes involved in the 

proliferation arrest, as well as genes of the early differentiation. Keratinocytes were seeded at 

clonal density (~50 cells. cm-2) and grown for 10 days in complete medium with or without 

IGF-1R IC50 inhibition prior gene expression analysis. As described on figure 27 A, there was 

no difference in the gene expression of proliferation markers Ki67 and c-myc, nor cell cycle 

inhibitors p21, p16 and p27 and early differentiation marker K10. However, we could detect a 

statistical increase in Involucrin expression under IGF-1R inhibition. This observation was 

further confirmed by immunostaining on figure 27 B, where K10 reactive cells were detected 

especially on IC50 treated condition. 
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Discussion/Conclusion 

 

Our data demonstrate that IGF-1R is a key mediator of keratinocytes proliferation and 

adhesion, which activity is required for proper stratification in vitro. 

We began our study by analysis the ability of keratinocytes impaired for IGF-1R signaling to 

build up a stratified epidermis in vitro. In both IGF-1R knockdown or pharmacological 

inhibition, we observed a defect in stratification, although epidermal differentiation markers 

seemed quite unaffected. To confirm that IGF-1R had no direct effect on the deposition of 

differentiation markers, we performed additional 2D experiments of keratinocytes 

differentiation. We observed that the apparition of early and late differentiation markers was 

delayed when IGF-1R was activated, at both gene and protein levels, correlating with 

experiments of Wertheimer’s group (Sadagurski et al., 2006; Wertheimer et al., 2000). This 

also correlate with recent findings indicating a role for IGF-1R on asymmetrical cell division 

(ACD) and the activation of p63 (Günschmann et al., 2013), suggesting the involvement of 

IGF-1R in the entry of differentiation.  

However, epidermal differentiation and stratification not only depend on the ability of 

keratinocytes to produce differentiation markers, but also relies on proper proliferation 

followed by cell detachment. 

We demonstrated that IGF-1R activity was essential for keratinocytes growth in several 

proliferation experiments, confirming results from the literature (Cianfarani et al., 2011; 

Stachelscheid et al., 2008). Our complementary results highlighted the already demonstrated 

synergy of the IGF-1 and other growth factors, such as EGF on cell proliferation (Chong et 

al., 2004; Krane et al., 1991; Qureshi et al., 1997). To further investigate the underlying 

mechanisms of IGF-1R on keratinocyte proliferation, we studied their cell cycle distribution 

and obtained preliminary observations of an increased number of cells arrested in G2/M when 

IGF-1R was inhibited. This result correlates with recent findings of Günschmann and 

colleagues on IGF-1R-/- mouse keratinocytes, who concluded that IGF-1R drives 

keratinocytes progression through mitosis (Günschmann et al., 2013). 

The original finding of the study was emphasized by the adhesion defect of IGF-1R-impaired 

keratinocytes, highlighting a yet unknown link. Although studies on IGF-1R KO mice 

observed defects in cell polarization (Günschmann et al., 2013), no decrease in integrin 
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staining could have been observed yet (Stachelscheid et al., 2008). However, IGF-1R activity 

has been rather associated with cell migration and invasion of tumoral cells, involving 

adhesion disruption (Lynch et al., 2005; Reiss et al., 2001). In our study, we demonstrated that 

IGF-1R impaired keratinocytes displayed decreased adhesion towards three adhesive ligands 

and that this was partly due to the decreased of β1 integrin cell membrane localization.  

β1 integrin delocalization occurs during keratinocytes differentiation (Hotchin et al., 1995; 

Lotti et al., 2010), suggesting that IGF-1R impaired keratinocytes may be subjected to earlier 

entry in differentiation than control cells. Interestingly, cyclin D1 was associated with 

cytoplasmic β1 integrin during calcium induced keratinocytes differentiation (Fernández-

Hernández et al., 2013). Moreover, IGF-1R was shown to control cyclin D1 localization in 

MCF-7 cells (Hamelers et al., 2002). Thus it could be possible that IGF-1R may also target β1 

integrin localization, and in that way control the entry in differentiation. 

This hypothesis is further supported by recent findings demonstrating a role for IGF-1R in 

asymmetrical cell division (Günschmann et al., 2013) and a role for integrin in mitotic spindle 

orientation, which is determinant for ACD (Goulas et al., 2012; Lechler and Fuchs, 2005). 

In addition, our study appeared as a missing link between previous observations reporting 

lower IGF-1R and β1 integrin detection in samples from older indivuals (Giangreco et al., 

2010; Lewis et al., 2010; Le Varlet et al., 1998). 

 

Taken together, our study highlights that IGF-1R might maintain the localization of β1 

integrin on the cell membrane. In that way, IGF-1R could regulate keratinocytes proliferation 

potential and entry in differentiation. 
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ARTICLE 3: Impairment in keratinocyte proliferation and adhesion under 

oxidative stress is exacerbated in absence of IGF-1R 
 

To further investigate the function of the IGF-1 signaling on skin aging, we associated an 

oxidative stress to our low IGF1 model, as it is one of the most important factor causing 

damages during aging (Yaar et al., 2002). Our goal is therefore to mimic aging through two 

major factors, the decline of hormone regulation combined with an increase of the oxidase 

stress. 

Oxidative stress was induced through hydrogen peroxide (H2O2) in NHK, at high and low 

doses able to induce either an acute or a chronic stress. In the present article, we analyzed the 

effect of H2O2 on epidermal differentiation and adhesion, and we investigated whether the 

loss or the inhibition of a functional IGF-1R could amplify the modifications induced by 

oxidative stress. To link this study to our previous results, we also questioned whether the 

alteration of adhesion is also one hallmark of oxidative stress, and whether this alteration is 

worsened when the IGF-1R pathway is impaired.  
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Abstract 

Oxidative stress combined to other factors such as hormones drop alter the formation of 

epidermis, affecting keratinocyte proliferation and the differentiation process, thus resulting in 

the thinning observed in aging skin. Oxidative stress provokes damages to the basal 

compartment, thus affecting proliferation and adhesion. In a previous study, we demonstrated 

that IGF-1R maintained the basal compartment proliferation potential and optimizes cell 

adhesion, through influencing β1 integrin sub-cellular localization. In this study, we 

investigated the protective capacities of IGF-1R towards oxidative stress in vitro. We first 

showed that the H2O2 treatment equivalent has no obvious effect on the formation of the 4 

layers of epidermis in our in vitro model, with the presence of some of the terminal 

differentiation markers. However, we highlighted that the β1 integrin was less detected at cell 

membrane and more in the cytoplasm than in the non treated epidermis equivalents. Using 

epidermis models impaired for the expression or the functional activity of IGF-1R, we 

observed some thinning of the keratinocytes layers, and, though terminal differentiation 

occurred, the β1 integrin staining was almost cytoplasmic on IGF-1R impaired epidermis 

equivalents. These observations about an alteration of β1 integrin localization were further 

confirmed by a decline of cell adhesion and proliferation in vitro. Therefore, we inferred from 
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that study that the IGF-1R activity could prevent the cytoplasmic delocalization of β1 integrin 

under H2O2 stress, thus preserving adhesion loss.  

 

Key words: IGF-1R, H2O2, epidermis equivalents, adhesion 

 

 

Introduction 

 

Aging is characterized by alterations of the skin structure and physiology. Dermal 

extracellular matrix composition is changing, leaving dermal fibroblasts in a loose and  

disorganized and mechanically inefficient micro-environment (Giacomoni and Rein, 2001; 

Lovell et al., 1987; Naylor et al., 2011). The dynamic structure of the dermal-epidermal 

junction (DEJ) is altered, with flattening and loss of collagen VII and anchoring fibrils 

(Makrantonaki and Zouboulis, 2007). These modifications influence the organization of the 

above lying epidermis, which is progressively losing its “palisade” basal organization, its 

proliferative and adhesive capacities, resulting in a progressive thinning and perturbed late 

differentiation mechanism (Giangreco et al., 2010; Makrantonaki and Zouboulis, 2007; 

Naylor et al., 2011). Several factors have been enunciated to explain skin aging, such as 

hormone drop, telomere shortening or oxidative stress…(Yaar et al., 2002)  

Oxidative stress is commonly accepted as one major inducer of aging (Yaar et al., 2002), 

although it is also necessary for normal biological processes at low rates (Callaghan and 

Wilhelm, 2008). Excessive oxidative stress has been shown to cause protein carbonylation, 

loss of sulfhydryl groups, lipid peroxidation or DNA mutations through the action of radical 

oxygen species (ROS) such as hydrogen peroxide (H2O2) (Callaghan and Wilhelm, 2008; 

Sander et al., 2002; Yaar et al., 2002). For the skin, oxidative stress induces extensive cell 

death especially on the basal compartment, whose anti-oxidant enzyme levels is lower than 

that of differentiated keratinocytes (Vessey et al., 1995; Zuliani et al., 2005). Moreover, it has 

been shown to affect the adhesion capacities of several cells (Lamari et al., 2007; Wu et al., 

2013). In endothelial cells, ROS induction was able to decrease cell adhesion to vitronectin 

and fibronectin coatings, through downregulation of αvβ3 and αvβ5 integrin (Lamari et al., 

2007). Similarly, H2O2 was shown to reduce mouse induced pluripotent stem cells adhesion 

because of decreased gene expression of α7 integrin, cadherin-1 and 5 (Wu et al., 2013).  
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Hormone drop and especially IGF-1 reduction (Brugts et al., 2008; Makrantonaki and 

Zouboulis, 2007) have been also related to be the cause of early skin aging in human, 

resulting in dryness, thinning and wrinkles (Carroll et al., 1998; Laron, 2005). IGF-1 signaling 

plays an important role in regulating skin homeostasis as judged by the drastic phenotype 

observed on IGF-1R KO mice, who displayed thin, translucent skin with hypomorphic 

epidermis lacking stratum spinosum and reduced hair follicles (Liu et al., 1993; Stachelscheid 

et al., 2008). IGF-1R activation has been shown to sustain the proliferation potential of 

keratinocytes (Cianfarani et al., 2011; Stachelscheid et al., 2008). We recently confirmed the 

importance of IGF-1R activity on both epidermal thickness and proliferation using IGF-1R 

impaired primary human keratinocytes grown to an epidermis in vitro (Mainzer et al.). We 

highlighted the involvement of IGF-1R on keratinocytes adhesion (Mainzer et al.). 

Integrins have been shown to mediate the survival upon oxidative stress (Ismail et al., 2010) 

and to be a direct target of oxidative stress (Lamari et al., 2007; Wu et al., 2013). Knowing 

that IGF-1R activity mediates cell adhesion through influencing β1 integrin sub cellular 

localization (Mainzer et al.), we could wonder whether IGF-1R could protect keratinocytes 

adhesion and thus the differentiation process upon oxidative stress. To answer this question, 

we defined the modifications induced by a H2O2 stress on the formation of epidermis 

equivalents. Then, by impairing the IGF-1R function through shRNA or chemical inhibition 

(which gives the same impact on epidermal morphology, proliferation and adhesion features), 

we asked whether the modifications induced by the H2O2 stress could be affected. Our data 

identified the worsening of the situation, therefore allowing inferring that IGF-1R can protect 

keratinocytes against a peroxidative stress. 

 

 

Methods 

Cell culture 

Human keratinocytes (NHK) were obtained from the abdominal skin of three adult women 

(28, 31 and 32 years old respectively) and purchased by Biopredic (Saint-Grégoire, France). 

NHK were cultured at 37°C with 5% CO2 in low-calcium (0.06 mM) serum-free keratinocyte 

growth medium (KGM2, Promocell, Heidelberg, Germany) supplemented with 4 μl.ml-1 

bovine pituitary extract, 0.125 ng.ml-1 epidermal growth factor (EGF), 5 μg.ml-1 insulin, 0.33 

μg.ml-1 hydrocortisone, 0.39 μg.ml-1 epinephrine and 10 μg.ml-1 transferrin. 

Cells were used after a limited number of subcultures (passage 2-4). 
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Infection with lentiviral particles 

Mission® lentiviral transduction particles were purchased from Sigma Aldrich (Saint-Quentin 

Fallavier, France). The pLKO.1 puro lentiviral vector expressed a small hairpin RNA 

(shRNA) sequence targeting IGF-1R mRNA (shIGF-1R (1) TRCN0000039675 and shIGF-1R 

(2) TRCN0000121133) or a scramble shRNA (shSCR SHC002V) as control sequence that 

activates the RNA interference pathway without targeting any known mRNA. Infection was 

performed on subconfluent NHKs at a multiplicity of infection of 1, in complete KGM2 

medium supplemented with 8 μg.ml-1 Polybrene (Sigma). Cells that stably integrated the 

lentiviral vectors were selected by 1 μg.ml-1 Puromycin (Sigma). When cells in the non-

transduced control all died after puromycin selection (4-5 days after beginning the selection), 

transduced cells were ready for experiments. 

Measurement of cell proliferation using UptiBlueTM viable cell counting reagent: 

NHK were plated onto 12-well plates at a density of 1,958 cells.cm-² in complete KGM2 

medium supplemented with 50 ng.ml-1 IGF-1 alone or with 0.1 μM NVP-ADW742 able to 

inhibit half of the IGF-1R (Fig. S1). For chronic oxidative stress, 20 μM H2O2 was added at 

each medium change, whereas for acute oxidative stress cells were treated once at day 1 with 

50 μM H2O2. Cell proliferation was measured every two days for ten days using the 

fluorimetric metabolic growth indicator UptiBlueTM (Interchim, Montluçon, France). 

According to the manufacturer’s instructions, UptiBlueTM was diluted 10 times in culture 

medium and incubated for 3 h at 37°C and 5% CO2 in the dark. The medium was then 

transferred to a 96-well plate and fluorescence read at 590 nm. 

Measurement of cell viability: 

Cells were counted using trypan blue before and 72h after the H2O2 stress. Cell viability 

consisted in the ratio of the number of cells after/before stress. 

Colony forming assay 

For acute oxidative stress, cells were grown at 50-70 % confluency and treated with 75 μM 

H2O2 for 24h, prior seeding in triplicate at clonal density (500 NHK in 6-well plates) and 

cultured for 10 days in complete KGM2 medium supplemented with 50 ng.ml-1 IGF-1 alone 

(R&D systems, Abingdon, UK) or with 0.1 μM NVP-ADW742. Cells of negative control 



RESULTS  ARTICLE 3 
 

194 
 

grew in complete KGM2 without IGF-1. Inhibitor was renewed at each medium change, by 

pre-incubating NVP 1h before adding IGF-1. 

For chronic oxidative stress, cells were seeded at clonal density and grown for 10 days in the 

same medium containing 20 μM H2O2. In this case, oxidative stress was renewed at each 

medium change. 

Cells were then fixed with 6% glutaraldehyde for 5 min and stained with crystal violet (0.1 % 

in water) for 30 min. Colony size was analyzed by using the software ImageJ®. 

 

Adhesion assay 

3 x 104 NHK suspended in basal KGM2 supplemented with 50 ng.ml-1 IGF-1 were pre-

incubated 30 min with 0.1 μM NVP-ADW742 and then treated 15 min with 20 μM or 75 μM 

H2O2 before the seeding in duplicate on 96-well plates previously coated with 0.5 μg human 

collagen I (Sigma) and 0.5 μg human collagen IV (Sigma). Cells were allowed to attach 30 

min maximum, washed with PBS to remove unattached cells, fixed 5 min with glutaraldehyde 

and stained with crystal violet. Crystal violet was dissolved with 2% SDS and absorbance was 

read at 540 nm. 

 

Senescence associated β-galactosidase (SA-β-gal) staining 

NHK were plated onto 12-well plates at a density of 6,527 cells.cm-² in complete KGM2 

medium supplemented with 50 ng.ml-1 IGF-1 alone or with 0.1 μM NVP-ADW742. For 

chronic oxidative stress, cells were treated at each medium change with 20 μM H2O2 during 5 

days; whereas for acute oxidative stress, cells were treated once with 75 μM H2O2 and 

senescence was analyzed through SA-β-gal staining 72 h after the last oxidative stress. 

SA-β-gal staining was performed as described in (Debacq-Chainiaux et al., 2009). 

 

In vitro reconstructed epidermis 

Reconstructed epidermis model was cultured using NHK infected with lentiviral particles 

expressing shRNA against IGF-1R (shIGF1R (1) or (2)) or non target shRNA (ShControl) as 

described (Mainzer et al., 2014), except that epidermis equivalents were treated with 0.35 mM 

H2O2 (Sigma) at day 16 and grown for additional 2 days prior analysis.  

Receptor extinction was controlled through western blotting (Fig. S1). 
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Histology and Immunolabelings 

Epidermis equivalents were fixed in Zinc Formal-FixxTM (Thermo Scientifc, Illkirch, France), 

pre-embedded in 3 % agarose (Euromedex) prior paraffin inclusion, whereas skin biopsies 

were fixed in formalin prior paraffin inclusion. 

For histology, 5 μm sections were stained with hematoxylin and eosin (Diapath, Microm, 

Francheville, France). 

Immunohistochemical staining was performed on an automated immunostainer (Ventana 

Benchmark XT, Roche, Meylan, France) using iVIEW DAB deterction kit (Ventana) 

according to manufacturer’s instructions.  

Following primary antibodies were used: Ki67 (clone MIB-1, 1:50 dilution, Dako, France), 

K10 (clone DEK10, 1:100 dilution, Dako, France), β1 integrin (LS-A9393, 1:300 dilution, 

CliniSciences, Nanterre, France), p16 (ab108349, 1:250 dilution, Abcam, France). 

Nonspecific staining was controlled by omitting primary antibody.   

Image acquisition was performed using a Leica DM750 microscope (Leica, Nanterre, France) 

connected to a Leica ICC50 HD camera and Las EZ software. 

 

Quantification of epidermal thickness 

Epidermis thickness was quantified throughout the epidermis and measuring from the very 

first SC layers using Image J software and the scale bar.  

 

Quantification of Ki67 positive cells 

The percent of Ki67 positive cells was calculated on the entire length of each epidermis 

equivalents or skin biopsies with a minimum of 1000 cells per condition. The number of Ki67 

positive cells was reported on total cell number. 

 

ROS measurement using CM-H2DCFDA 

ROS measurement was done using the ROS indicator CM-H2DCFDA (Molecular probes, 

Life technologies, Saint Aubin, France) according to manufacturer’s conditions. Briefly, cells 

were pre-incubated with 1 μM of CM-H2DCFDA during 15 min, stressed with H2O2 during 

15 min and analyzed on FACS. 10,000 events for each sample were recorded on a BD LSR-

Fortessa device (Becton Dickinson, Le Pont de Claix, France) and data were analysed using 

FlowJo software (v9.5.3, Treestar).  
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RNA extraction, reverse transcription and quantitative PCR: 

Total RNA was isolated using Tri-Reagent (Euromedex, Souffelweyersheim, France) 

according to manufacturer’s instructions. 1 μg of total RNA was primed with oligodT and 

reverse-transcribed in triplicate samples with Revert-Aid First Strand cDNA Synthesis kit 

(Fermentas, St Rémy Lès Chevreuse, France). Quantitative PCR were performed using a 

Rotor-Gene Q (Qiagen, Hilden, Germany). 50 ng of cDNA were analyzed using FastStart 

Universal SYBR Green Master (Rox) kit (Roche, France) with a two-step protocol: 

denaturation at 95°C and hybridization/elongation at 60°C. Primers were specific for Ki67 

(Forward GCACACTCCACCTGTCCTGA, Reverse 

ACCTGACTCTTGTTTTCCTGATGG), C-myc (Forward 

GCCACAGCAAACCTCCTCACAG, Reverse GCAGGATAGTCCTTCCGAGTGGA), p16 

(Forward CCAACGCACCGAATAGTTACG, Reverse GCTACCTGATTCCAATTCCCCT), 

K10 (Forward GTGGAGGCTGACATCAACGG, Reverse 

CATTCACATCACCAGTGGACACA), Loricrin (Forward 

TCATGATGCTACCCGAGGTTTG, Reverse CAGAACTAGATGCAGCCGGAGA), α 6 

integrin (Forward TTGAATATACTGCTAACCCCG, Reverse 

TCGAAACTGAACTCTTGAGGATAG), β 1 integrin (Forward 

AGATGGGAAACTTGGTGGCATT, Reverse CTGGACAAGGTGAGCAATAGAAGG). 

Genes were normalized using RPL13A housekeeping gene (Forward 

GATGGTGGTTCCTGCTGCCC, Reverse GGCTTTCTCTTTCCTCTTCTCCTCC). Results 

are presented as mean fold variation ±SEM of nine independent experiments. Control 

keratinocytes were used as reference. 

 

Statistical analysis 

All experiments were reproduced at least three times independently. Data for each strain were 

pooled and are expressed as a mean ± SEM. Statistical significance was assessed performing a 

paired t test, a one-way or two-way ANOVA test followed by a Bonferroni post test as stated 

in figure legends. P < 0.05 was considered to be statistically significant. 

 

 

Results 
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IGF-1R activity impairment worsens the alterations induced by an H2O2 stressed on in 

vitro epidermis  

We analyzed the effect of H2O2 stress on IGF-1R impaired epidermis equivalents. 

Keratinocytes infected with lentiviral particles expressing non target shRNA (ShControl) and 

shRNA against IGF-1R (ShIGF1R) were used to develop the epidermis model. We used two 

shIGF-1R that both depicted the same results (Fig. 1and Fig. S3). 

IGF-1R knockdown epidermis showed all four expected layers, from the basal layer to 

cornified layers, and presented a quite similar thickness compared to control (Fig. 1.A.a. and 

1.A.c.). The H2O2 treatment induced the atrophy of the spinous layer, through the granular 

layer seemed unaffected. The control epidermis treated with H2O2 displayed a reduction of 

thickness of 11% (37.17 ± 0.88 μm with H2O2 compared to 41.78 ± 0.81 μm without H2O2) 

(Fig. 1 A.a and B.a.). The combined IGF-1R impairment and H2O2 treatment reinforced the 

epidermal thinning observed under peroxide stress with a reduction of about 15% (33.49 ± 

0.57 μm with H2O2 compared to 34.55 ± 0.62 μm without H2O2) (Fig. 1.B.a-b). The epidermal 

thinning was correlated with a reduced immunodetection of Ki67 positive cells, with 11.14% 

± 0.51 Ki67 positive cells for H2O2  treated ShControl and .9.19% ± 0.41 Ki67 positive cells 

for H2O2  treated for ShIGF-1R (1) (Fig. 1A.e-h. and B.c-d). 

H2O2 stress was correlated with some lower staining for the early differentiation marker K10 

(Fig. 1.A.j,l), an observation not modified when IGF-1R was knockdown (Fig. 1.A.k).  

No difference in the staining for the late differentiation marker loricrin was observed (data not 

shown).  

In the non stressed control, the β1 integrin staining appeared mainly located at the cell 

membrane. Under peroxide stress, the immune-detection located the β1 integrin at both the 

cell membrane and in the cytoplasm keratinocytes (Fig. 1.A.n. and Fig. S.4b.), while β1 

integrin was quite almost cytoplasmic on IGF-1R impaired epidermis equivalents (Fig. 1.A.p. 

and Fig. S4.d.). 

When stained for an apoptotis marker and no difference could be highlighted for caspase-3 

(data not shown). 
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Figure 1: Characterization of an aging like epidermis model with low IGF1 and 
oxidative stress 

Epidermis equivalents grown with transduced keratinocytes and treated with 0.35 mM H2O2 
were stained with hematoxylin/eosin (A.a-d), for proliferation marker Ki67 (A.e-h), early 
differentiation markers K10 (A.i-l) and β1 integrin (A.m-p) respectively; scale bar = 20 μm. 
(B.) Epidermal thickness (B.a-b) and the percentage of Ki67 positive cells/total cells were 
quantified (B.c-d). Data are expressed as mean values ± SEM. Statistical significance was 
evaluated through a paired t test (B.a-d) and is represented as follows: ns = non significant, 
*P<0.05, ** P<0.01, *** P<0.001. (n=9)  
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Figure 2: Analysis of oxidative stress on the proliferation and adhesion of normal and 
IGF-1R impaired keratinocytes 

Proliferation was evaluated through Uptiblue on NHK and IGF-1R impaired keratinocytes (a) 
treated with an acute dose of H2O2. The proliferation potential of IGF-1R impaired and 
H2O2 treated keratinocytes was evaluated in (b). Colony size is shown in (c,d). Adhesion 
towards collagen I and IV is shown in (e,f). Cell viability was analyzed in (g) and senescence 
was analyzed through SA-β-gal staining (h).  

Data are expressed as mean values ± SEM and were analyzed through a two way ANOVA 
statistical test followed by a Bonferroni post test. Statistical results are represented as follows: 
ns = non significant, *P<0.05, ** P<0.01, *** P<0.001.  (n=2, triplicates.)  

Control NVP

0 μM H2O2 75 μM H2O2 0 μM H2O2 75 μM H2O2

<1 141.8 ± 14.5 98.8 ± 14.5 161.4 ± 8.7 95.6 ± 8.7

1-2 8.8 ± 1.4 6.8 ± 3.4 1.0 ± 0.8 0.0 ± 0.0

>2 2.3 ± 0.3 1.4 ± 1.4 0.2 ± 0.2 0.0 ± 0.0

Co
nt

ro
l

0μM 
H2O2

75μM 
H2O2

0μM 
H2O2

75μM 
H2O2

N
V

P

b. c.

e.

a.

d.

g.f. h.



RESULTS  ARTICLE 3 
 

200 
 

It should be noted that the decline observed for protein expression was not correlated at the 

gene expression level (Fig. S2). 

 

IGF-1R activity prevents partial proliferation and adhesion loss upon oxidative stress 

As oxidative stress altered the number of Ki67 positive cells, we next evaluated the 

proliferation potential of keratinocytes on 2D cultures, treated or not with H2O2 or / and the 

pharmacological inhibitor NVP-ADW742 (NVP) of IGF-1R (Fig. 2.a-d).  

The keratinocytes proliferation was followed until cells reached a plateau after about 8 days 

with a mean fold increase of 27 for control keratinocytes (black circles) (Fig. 2.a).  

The keratinocytes proliferation was reduced under IGF-1R impairment and although 

keratinocytes reached a plateau after 8 days, their mean fold incrase was of 23 (black 

triangles) (P<0.05, Fig.2.a). H2O2 treatment further decreased keratinocytes proliferation with 

a reduction of the mean fold increase by 58 % for control cells (white circles) and 15 % for 

IGF-1R impaired cells (white triangles) (P<0.05, Fig. 2.a). 

The effect of oxidative stress was further evaluated on the ability of keratinocytes to form 

large colonies, a hallmark for keratinocytes with progenitor like capacities. Colony size was 

defined as in (Stachelscheid et al., 2008) with small (< 1 mm2), medium (1-2 mm2) and large 

(>2 mm2) colonies. H2O2 reduced the number of large and medium colonies by 39 % and 22 

% respectively in control condition, but induced a complete disappearance of IGF-1R 

impaired cells (Fig. 2.b-d). 

The keratinocyte adhesion profile was then analyzed towards collagens I and IV, two major 

ligands of proliferative keratinocytes (Fig. 2.e-f). As expected keratinocytes adhesion was 

decreased upon IGF-1R inhibition on both ligands. Peroxide treatment reinforced this 

phenotype with a decrease of 57% and 31% of cell adhesion toward collagen I and IV 

respectively in the control condition, while IGF-1R impaired cells depicted a reduction of 

50% and 67% of adhesion toward collagen I and IV respectively (Fig. 2e-f). 

Finally, the percent of senescent cells was evaluated through SA-β-gal staining (Fig. 2h). 

While IGF-1R inhibition had no incidence on the percent of senescent cells, peroxide stress 

caused a 7.7 fold increase in SA-β-gal positive cells in IGF-1R impaired cells. Moreover, 

peroxide stress caused a decrease of 25% in cells viability in IGF-1R impaired cells (Fig. 2g). 
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Discussion 

In this study we focused on the effect of oxidative stress on epidermis formation and showed 

that it had a major effect on the basal compartment by impairing both proliferation and 

adhesion towards collagen I and IV. We also demonstrated that the impairment of IGF-1R 

activity worsened the effects of H2O2. Moreover, we showed that oxidative stress reduced the 

functional localization of β1 integrin at cell membrane, which activity has been shown as 

essential for cell survival (Tiberio et al., 2002). 

Oxidative stress has been identified as one major inducer of aging; it is generated by several 

environmental and intrinsic factors; it affects the cell at several levels (Harman, 2001). ROS 

scavengers, natural defenses against oxidative stress, are getting less efficient with aging, 

reinforcing the harmful effect of high amounts of ROS (Callaghan and Wilhelm, 2008; Sander 

et al., 2002).  

In human dermal fibroblasts extracted from patients with down syndrome, a chromosomal 

mutation affecting among others mitochondrial energy production and ROS metabolism, 

proliferation impairment was correlated with increased levels of peroxide and decreased 

levels of antioxidant enzymes (thioredoxin 1 and glutaredoxin 1) (Gimeno et al., 2014). H2O2 

induced cell cycle arrest and decreased the adhesion of mouse induced pluripotent stem cells 

by down regulating the gene expression of α7 integrin, cadherin-1 and 5 (Wu et al., 2013). In 

endothelial cells, oxidative stress affected the adhesion toward vitronectin and fibronectin 

coatings, through impairing the expression of αvβ3 and αvβ5 integrin (Lamari et al., 2007).  

The basal compartment appears less protected than other layers of the epidermis, because of 

reduced expression of anti-oxidant enzymes (Vessey et al., 1995; Zuliani et al., 2005). From 

this study, we inferred that IGF-1R activity could partially protect basal keratinocytes from 

the effects of H2O2, by notably preventing β1 integrin delocalization.  

In contradiction with this hypothesis, IGF-1R activity has been shown to generate ROS (Katic 

and Kahn, 2005). Thus instead of being benefic for the cell, IGF-1R signaling would be 

accelerating the aging process. In line with this observation, it was suggested that reducing the 

activation of IGF-1 signaling through calory restriction would reduce the oxidative stress, by 

notably suppressing the inhibition of targets as FoxO transcription factors, actors of the 

longevity (Haigis and Yankner, 2010; Salminen and Kaarniranta, 2010b).  

However, IGF-1R has been also shown to upregulate the expression of several anti-oxidant 

enzymes in human umbilical vein or aortic endothelial cells (Higashi et al., 2013; Stone et al., 

2012). Moreover, IGF-1R downstream target p63 has been shown to target the glutaminase-2, 
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which has been involved as a potent antioxidant in tumor cells (Giacobbe et al., 2013). 

Vitamin C, a known anti-oxidant, has been shown to increase α6 and β1 integrin expression, 

but also p63 and PCNA stainings in an epidermis equivalent model (Choi et al., 2012). Thus, 

it could be possible that in our model IGF-1R mediated protection of β1 integrin localization 

and keratinocyte proliferation could be mediated through the activation of antioxidant 

enzymes. 

In the present study, we also showed that IGF-1R impaired keratinocytes became senescent 

upon oxidative stress. This result is in contradiction with results of Lewis et al. (2009), who 

demonstrated that IGF-1R activity triggered the senescence of UVB-stressed keratinocytes, as 

a protection mechanism against uncontrolled replication of mutated DNA (Lewis et al., 2008). 

Conversely, UVB induced oxidative stress induced the senescence of human dermal 

fibroblast, which associated with downregulation of the expression level of IGF-1 (Fang et al., 

2012b). These data demonstrate an ambiguous function of the IGF-1R which would induce 

senescence or other mechanisms depending on the intensity of oxidative stress. In line with 

this hypothesis, exogenous H2O2 has been shown to modulate the insulin signaling, which 

shares high homology with IGF-1 signaling (Singh et al., 2014). Indeed, whereas low levels 

of H2O2 induced the activation of insulin signaling, long exposures to H2O2 had the opposite 

effect (Papaconstantinou, 2009). 

Taken together, our results highlight the involvement of IGF-1 signaling within the reaction 

of cells against an oxidative stress. 
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Supplementary figures  

 

 

 

 

 

Figure S1: Inactivation of IGF-1R expression or activation and ROS measurement 
under oxidative stress 

Western blot of total IGF-1R in transduced keratinocytes with shRNA (a.) and active form of 
IGF-1R (p-IGF1R) in keratinocytes treated with NVP-ADW742 (b.) at IC50. 30 μg of 
proteins were deposited. In (c.), ROS induced by acute oxidative stress (0.35mM H2O2) were 
measured through FACS using the ROS indicator CM-H2DCFDA.  

  

95 kDa

43 kDa

IGF1R

Actinβ

a. b.

NVP-ADW742 (μM) 0

pIGF1R

IGF1R

95 kDa

95 kDa

IGF1 (50 ng.ml-1) +- +

0 0.1

0.35 mM H2O20 mM H2O2

ROS measurement
(CM-H2DCFDA)

c.



RESULTS  ARTICLE 3 
 

207 
 

 

 

Figure S2: Analysis of gene expression of epidermal marker on IGF-1R KO epidermis 
treated with H2O2 

Proliferation associated markers Ki67, c-myc (a-b), senescence marker p16 (c); early and late 
differentiation markers K10 and loricrin (d-e); and adhesion markers α6 integrin and β1 
integrin (f-g) were assessed using real time RT-PCR. Expression was normalized on 
housekeeping gene rpl13a. Data are expressed as mean values ± SEM, n=9. The statistical 
significance was assessed running a one way ANOVA test followed by a Bonferroni post test 
and is represented as follows: ns = non significant, * P<0.05, ** P<0.01.  
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Figure S3: Characterization of an aging like epidermis model with low IGF1 and 
oxidative stress 

Epidermis equivalents grown with transduced keratinocytes and treated with 0.35 mM H2O2 
were stained with hematoxylin/eosin (A.a-b), for proliferation marker Ki67 (A.c-d), early 
differentiation markers K10 (A.e-f) and β1 integrin (A.g-h) respectively; scale bar = 20 μm. 
(B.) Epidermal thickness (B.a) and the percentage of Ki67 positive cells/total cells were 
quantified (B.b). Data are expressed as mean values ± SEM. Statistical significance was 
evaluated through a paired t test (B.a-b) and is represented as follows: ns = non significant, 
*P<0.05, ** P<0.01, *** P<0.001. (n=9)  
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Figure S4: β1 integrin immunostaining an epidermis model with low IGF1 and oxidative 
stress 

Epidermis equivalents grown with transduced keratinocytes and treated with 0.35 mM H2O2 
were stained for β1 integrin; scale bar = 10 μm. (n=9)  
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Figure 28: Analysis of chronic H2O2 stress on the proliferation and adhesion of  normal 
and IGF-1R impaired keratinocytes 

Proliferation was evaluated through Uptiblue on NHK and IGF-1R impaired keratinocytes 
treated with chronic doses of H2O2 (a). The proliferation potential of IGF-1R impaired and 
H2O2 treated keratinocytes was evaluated in (b). Colony size is shown in (c-d). Adhesion 
towards collagen I and IV is shown in (e-f). Cell viability (g), senescence analyzed through 
SA-β-Galactosidase test (h).  

Data are expressed as mean values ± SEM and were analyzed through a two way ANOVA 
statistical test followed by a Bonferroni post test. Statistical results are represented as follows: 
ns = non significant, *P<0.05, ** P<0.01, *** P<0.001.  (n=1, triplicates.)  

Control NVP

0 μM H2O2 20 μM H2O2 0 μM H2O2 20 μM H2O2

<1 29.3 ± 3.8 29.3 ± 5.0 40.5 ± 7.8 44.0 ± 2.8

1-2 28.3 ± 2.3 10.5 ± 0.7 32.5 ± 4.9 13.5 ± 2.1

>2 59.0 ± 2.6 6.5 ± 2.1 58.3 ± 17.6 2.0 ± 0.0
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Complementary results 

I. Investigation of chronic low dose of H2O2 on keratinocytes proliferation 

and adhesion 

We also analyzed the effect of chronic low doses of H2O2 on keratinocytes proliferation and 

adhesion, as low doses of oxidative stress have been shown necessary for biological processes 

(Callaghan and Wilhelm, 2008). As observed on Figure 28, chronic oxidative stress had weak 

effects on proliferation and adhesion. Although H2O2 slowed down keratinocytes proliferation 

significantly from day 4 in control and IGF-1R impaired conditions (P<0.05), proliferation 

curves met at the end of the time course (Figure 28). The growth rates were also closer under 

chronic oxidative stress with a mean fold increase of 1.59 for control (black circles) and 1.52 

for IGF-1R impaired keratinocytes (black triangles), while H2O2 reduced the mean fold 

increases to 1.57 (white circles) (and 1.54 white triangles) for control and IGF-1R impaired 

conditions respectively. The percent of medium and large colonies was also affected by 

chronic oxidative stress with a decrease of 60 % and 89 % respectively for control condition 

and 58 % and 97 % respectively for IGF-1R impaired condition (Figure 28). Chronic peroxide 

stress also affected keratinocytes adhesion toward extracellular matrix components, with a 

decrease of adhesion of 30% and 20% on collagen I and IV respectively for the stressed 

control. IGF-1R knock down enhanced this observation with a decreased adhesion near 60% 

toward both collagens when treated with peroxide stress. 

Interestingly, these results were correlated with cell viability and cell senescence (Figure 28 

g-h). While the viability of control cells remained unaffected by peroxide stress, IGF-1R 

knock down cells depicted reduced viability under peroxide treatment. Peroxide stress had no 

impact on the senescence of control cells, whereas IGF-1R impairment already induced 

senescence by 1.8 fold compared to non treated control and under non stressed conditions. 

Peroxide stress enhanced this fold increase by 3.0 on IGF-1R imparired keratinocytes (Figure 

28.h). 
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Discussion/Conclusion 

 

We analyzed the effect of various doses of H2O2 on epidermal homeostasis. We showed that 

epidermal thinning observed under IGF-1R inhibition was further enhanced with oxidative 

stress. Moreover, we observed that keratinocytes proliferation and adhesion were affected 

differently in a H2O2 dose dependent way. High doses of oxidative stress induced a more 

striking phenotype characterized by slow proliferation associated to reduced proliferation 

potential and adhesion especially with IGF-1R impairment. Conversely, low but chronic 

oxidative stress reduced proliferation and adhesion slightly and IGF-1R impairment induced 

almost no difference in the cell response toward H2O2 stress. We emphasized an apparent 

contradictory result, which have been already noticed in several studies. Indeed, the 

insulin/IGF-1 signaling has been shown to cross-talk with the ROS signaling pathway. 

Interestingly, the level of exogenous or generated ROS have been described to operate as 

some kind of switch signal either activating or inhibiting the insulin/IGF-1 signaling 

(Papaconstantinou, 2009). 

Besides the fact that the different doses of H2O2 used might have modulated the activation of 

the IGF-1R, it remains to understand whether the IGF-1 signaling can protect the cell from 

oxidative damages through the hypothetical activation of anti-oxidant enzymes, which would 

be responsible for the reduced adhesion loss; or induce senescence to avoid tumorigenesis as 

described by Lewis et al. (2009). 
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ARTICLE 4: Investigation of a plant extract activity on the aging like 

impaired IGF1 signalling model 

 

Introduction 

 

We obtained five actives from Natura to be tested in our in vitro models. The objective was to 

screen these actives in the aging like model and attribute an anti-aging effect to one of those. 

The pre-selection of the actives was based on both experimental data from Natura and 

literature data and notably their anti-oxidant and anti-inflammatory properties. 

The toxicity of the actives was first evaluated (Figure 29). For confidential reasons, the 

actives are referred as extract n°1/2/3… The potential anti-aging efficacy of each active was 

then evaluated according to a screening method developed in the lab. For confidential reasons, 

this assay will not be described here. The active which was most potent was tested in the 3D 

model. The following article is presenting the results obtained on epidermal differentiation 

and adhesion. 

 

Figure 29: Toxicity of 3 actives of Natura on NHK 

NHK were treated with several concentrations of 3 actives of Natura and cell viability was 
evaluated 72h later through Uptiblue measurement. 

Data are expressed as mean values ± SEM and were analyzed with a one way ANOVA 
statistical test followed by a Bonferroni post test. Statistical results are represented as follows: 
ns = non significant, *P<0.05, ** P<0.01, *** P<0.001.  (n=1, triplicates.) 

  

a. Active n°1 b. Active n°2 c. Active n°3
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Synopsis:  

OBJECTIVE: Most of the active compounds found in cosmetic products target the 

epidermal barrier function, the water retention, the collagen/elastin production, the epidermal 

thickness or are overall anti-oxidant. However, very few focus on the anchoring of basal 

keratinocytes to the underlying basement membrane, one important attribute determinant for 

the organization of the basal compartment, the proliferative functions of basal keratinocytes 

and, which at least can affect the differentiation process and the whole process of epidermis 

integrity. Herein, we present a method to identify botanical extract able to maintain 

keratinocytes adhesion in conditions mimicking aging-like features. 

METHODS: We set up a method of screening of botanical extracts based on their ability to 

improve keratinocytes adhesion towards several extracellular matrix compounds. The 

potential anti-aging effect of the selected extract was evaluated on our previously established 

in vitro model of aging, having impaired IGF-1R activity. The immunohistological 

characterization of keratinocyte markers was performed to assess the effect of the extract on 

IGF-1R impaired epidermis equivalents compared to the control model.  



RESULTS  ARTICLE 4 
 

219 
 

RESULTS: The data show that the extract could reduce the delocalization of β1 integrin from 

cell membrane to the cytoplasm, which is a main phenomenon highlighted from our recent 

studies, associated with an increase of both epidermal thickness and late differentiation. 

CONCLUSION: Our results suggest that the extract tested in this study display anti-aging 

effects by targeting keratinocytes adhesion. 

 

Résumé 

OBJECTIF: La plupart des produits anti-âge ciblent la fonction barrière de l’épiderme, 

l’amincissement de l’épiderme, la rétention d’eau ou la production de collagène/d’élastine et 

sont pour la plupart antioxydant. Cependant, très peu de ces produits revendique une action au 

niveau de l’ancrage des kératinocytes à la membrane basale sous-jaccente, un des facteurs clé 

pour assurer une bonne organisation du compartiment basal, maintenir ses fonctions 

prolifératives et qui à terme affecte le processus de différenciation dans son ensemble. Dans 

cette étude, nous présentons un extrait botanique capable de préserver les capacités 

d’adhésion des kératinocytes basaux dans des conditions mimant le vieillissement. 

METHODES: Nous avons mis au point un système de criblage d’extraits botanique basé sur 

leur capacité à améliorer l’adhésion des kératinocytes envers différents composés de la 

matrice extracellulaire. Le potentiel anti-âge d’un des extraits sélectionné a été évalué dans le 

modèle de vieillissement in vitro basé sur une perte d’activité du récepteur à l’IGF1, mis au 

point lors d’une précédente étude. La caractérisation par immunomarquages de marqueurs 

spécifiques à l’épiderme nous a permis de valider l’effet anti-âge de l’extrait sélectionné dans 

notre modèle d’épiderme « vieilli ». 

RESULTATS: Les résultats obtenus montrent que l’extrait botanique améliore l’épaisseur de 

l’épiderme et sa différenciation terminale. De manière plus importante, cet extrait est capable 

de bloquer partiellement la délocalisation de l’intégrine β1 de la membrane cellulaire vers le 

cytoplasme. 

CONCLUSION: Cette étude démontre l’effet anti-âge d’un extrait botanique agissant sur les 

capacités d’adhésion des kératinocytes. 

 

Key words: epidermal equivalent, Skin physiology/structure, cell culture, anti-aging, 

adhesion, botanical extract. 
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Abbreviations: NHK: normal human keratinocytes; IGF-1R: insulin-like growth factor 

receptor 1; EGF: epidermal growth factor; K10: keratin 10;  

 

 

Introduction: 

Many studies have investigated the mechanisms that govern the switch from proliferation to 

differentiation of keratinocytes within the epidermis. However, all mechanisms are not fully 

understood yet, especially in human, and new regulators can play a role. This is on 

importance for cosmetic applications, as this switch can define the barrier function, the 

epidermal thickness or the anti-oxidative properties (Cronin and Draelos, 2010), all features 

associated to aging (Yaar et al., 2002).  

Recently, we demonstrated that the impaired activity of Insulin-like growth factor 1 receptor 

(IGF-1R) occurring during aging (Brugts et al., 2008; Lewis et al., 2010) had a causal effect 

on epidermal thinning and more importantly on the reduction in both proliferation and 

extracellular matrix adhesion of basal keratinocytes (Mainzer et al.). Such a link between 

IGF-1R and adhesion was highlighting using an in vitro 3D epidermis model allowing cell 

regulation studies, without bovine foetal serum and fibroblast feeder layer. In vitro 

observations were further compared with skin biopsies from young and aged individuals, as 

the IGF-1R activity was shown to decrease with age (Brugts et al., 2008; Lewis et al., 2010). 

A common delocalization of integrin B1 was observed in absence or decline of IGF-1R 

activity experimentally induced in vitro or inferred in vivo in tissues from aged individuals. 

In the present study, we tested a botanical extract with known anti-oxidant properties in our 

previously established in vitro model of aging based on impaired IGF-1R activity. We tested 

the ability of this extract to improve keratinocytes adhesion and epidermal differentiation in a 

3-dimensional (3D) model. We demonstrated that this botanical extract could prevent the loss 

of adhesion highlighted in our in vitro aging-like model, thus providing this extract with new 

potential anti-aging functions. 

 

Materials & methods: 

Cell culture 

Human keratinocytes (NHK) were obtained from the abdominal skin of three adult women 

(28, 31 and 32 years old respectively) and purchased by Biopredic (Saint-Grégoire, France). 
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NHK were cultured at 37°C with 5% CO2 in low-calcium (0.06 mM) serum-free keratinocyte 

growth medium (KGM2, Promocell, Heidelberg, Germany) supplemented with 4 μl.ml-1 

bovine pituitary extract, 0.125 ng.ml-1 epidermal growth factor (EGF), 5 μg.ml-1 insulin, 0.33 

μg.ml-1 hydrocortisone, 0.39 μg.ml-1 epinephrine and 10 μg.ml-1 transferrin. 

Measurement of cell viability using UptiBlueTM viable cell counting reagent: 

NHK were plated onto 12-well plates at a density of 7,493 cells.cm-² in complete KGM2 

medium. The next day, cells were treated with different concentrations of the pre-seleted 

botanical extracts: 0.01, 0.1 and 1.0 mg.ml-1 (Supplemental Fig. 1). Cell viability was 

examined 72h after treatment using the fluorimetric metabolic growth indicator UptiBlueTM 

(Interchim, Montluçon, France). According to the manufacturer’s instructions, UptiBlueTM 

was diluted 10 times in culture medium and incubated for 3 h at 37°C and 5% CO2 in the 

dark. The medium was then transferred to a 96-well plate and fluorescence read at 590 nm. 

In vitro reconstructed epidermis: 

Reconstructed epidermis model was cultured as described (Mainzer et al., 2014). Briefly, 2.5 

x 105 NHK were seeded on the top of a polycarbonate membrane and cultured for 3 days in 

the immersion medium composed of of DMEM/F12 (1:1) supplemented with the cocktail 

Insulin-Transferrin-Selenium (1:100 dilution) (Invitrogen, Saint-Aubin, France), 5 ng.ml-1 

EGF (Gibco), 0.4 μg.ml-1 Hydrocortisone (Sigma Aldrich), 8 ng.ml-1 Cholera Toxin (Sigma 

Aldrich), 2 x 10-11 M Tri-iodothyronine (Sigma Aldrich), 24 μg.ml-1 Adenine (Sigma Aldrich) 

and penicillin/streptomycin (Sigma Aldrich). At day 4, NHK were raised at the air-liquid 

interface to induce stratification and differentiation. Cells were then culture for 12 days in the 

same culture medium except that ITS was maintained for the two first days and replaced by 

2.4 x 10-5 M Bovine Serum Albumin (BSA, Euromedex, Souffelweyersheim, France) and 5 

μg.ml-1 Insulin (Promocell), Adenine was removed, calcium concentration was raised to 2 

mM and 50 μg.ml-1 vitamin C (Sigma Aldrich) was added. Medium was changed every two 

days. 

For epidermis equivalents having partial inhibition of IGF-1R activation, IGF-1R inhibitors 

NVP-ADW742 (0.1 μM) and αIR3 (0.1 μg.ml-1) were applied at emersion at a concentration 

equivalent to the IC50.  

For epidermis equivalents treated with the extract, 0.01 mg.ml-1 of the botanical extract was 

added to culture medium from day 10 and for 4 days prior analysis. 
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Histology and immunostainings: 

Epidermal equivalents were fixed in Zinc Formal-FixxTM (Thermo Scientifc, Illkirch, France) 

for 24 h and pre-embeded in 3 % agarose (Euromedex) prior to paraffin inclusion.  

For histological studies, 5 μm sections were stained with hematoxylin and eosin (Diapath, 

Microm, Francheville, France). 

Immunofluorescent staining was performed using a previously described protocol (Le Provost 

et al., 2010). Briefly, after permeabilization with saponin and antigen retrieval through heated 

citrate buffer, sections were blocked prior to overnight antibody staining. The following 

primary antibodies were used: K10 (clone DEK10, 1:100 dilution, Dako, France), involucrin 

(clone SY5, Ready to use, Thermo Scientifc, LabVision, France), filaggrin (clone AKH1, 

1:75 dilution, Santa Cruz Biotechnology, Tebu-bio, France) and loricrin (1:800 dilution, 

Abcam, France). Secondary Alexa-488 anti-rabbit or anti-mouse antibodies (1:500 dilution, 

Molecular Probes, Invitrogen) were incubated 1 h at room temperature. Nuclear 

counterstaining was performed using DAPI (4’,6-diamino-2-phenylindole, 1:500 dilution, 

Sigma Aldrich) and sections were mounted in Permafluor medium (Labvision).  

Immunohistochemical staining was performed on an automated immunostainer (Ventana 

Benchmark XT, Roche, Meylan, France) using iVIEW DAB deterction kit (Ventana) 

according to manufacturer’s instructions. All sections were pre-treated 40 min with mCC1 

EDTA retrieval buffer prior incubation 1h at 37°C with β1 integrin (LS-A9393, 1:300 

dilution, CliniSciences, Nanterre, France) antibody. A biotinylated anti-mouse/rabbit 

secondary antibody was applied on sections followed by a streptavidin-HRP conjugated 

antibody. Staining was visualized with DAB solution with 3,3’-diaminobenzidine as a 

chromogenic substrate. Finally sections were counterstained with Gill’s hematoxylin. 

Nonspecific staining was controlled by omitting primary antibody.   

Image acquisition was performed using either a Leica a Leica DM750 microscope (Leica, 

Nanterre, France) connected to a Leica ICC50 HD camera and Las EZ software for light 

microscopy or an Axioplan Imaging microscope (Carl Zeiss, Le Pecq, France) with a 

Coolsnap fx CCD camera (Photometrics, Tucson, AZ, USA) for fluorescence. 

Quantification of epidermal thickness 

Epidermis thickness was quantified throughout the epidermis and measuring from the very 

first SC layers using Image J software and the scale bar.  
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Statistical analysis 

All experiments were reproduced three times. Data are expressed as a mean ± SEM. 

Statistical significance was assessed performing a paired t test. P < 0.05 was considered to be 

statistically significant. 

 

Results: 

Effect of the botanical extract on the morphology of an in vitro epidermis model with 

aging-like features 

We tested the activity of one botanical extract on the 3-dimensional model of epidermis 

displaying aging-like features. Such features were reproduced in vitro through the modulation 

of IGF-1R activity with two specific inhibitors. Control and IGF-1R impaired epidermis 

equivalents were treated four days with the extract. As observed on Fig. 1, IGF-1R impaired 

epidermis equivalents were thinner than the control with atrophied spinous layer and hardly 

visible granular layer (Fig. 1.A.a/c/e). In the presence of our extract, IGF-1R impaired 

epidermis equivalents displayed less reduction in epidermal thickness as compared to control 

(13.56 ± 0.92 with NVP + extract compared to 11.81 ± 0.34 with NVP; 14.77 ± 0.71 with 

αIR3 + extract compared to 13.04 ± 0.40 with αIR3). The granular layer was less atrophied 

especially under NVP inhibition while cells appeared better organized (Fig. 1.A.b/d/f and 

1.B.b-c).  

Effect of the botanical extract on epidermal differentiation and adhesion 

Structural modifications observed previously were correlated with the staining of 

differentiation markers (Fig. 2). IGF-1R impaired epidermis equivalents displayed reduced 

immunostaining of early (K10) and late (filaggrin and loricrin) differentiation markers 

especially with NVP compared to control. The addition of the extract did not modify the 

epidermal differentiation of control epidermis equivalents (Fig. 2.a-d.ii), but displayed an 

effect on the differentiation of IGF-1R impaired epidermis models (Fig. 2.a-d.iv/vi). As noted 

before, its effect was principally visible on NVP treated epidermis equivalents. Although, no 

differences were observed on early differentiation markers, the botanical extract improved the 

staining of late differentiation markers (filaggrin and loricrin) (Fig. 2.c-d.iv) as compared to 

control NVP treated epidermis equivalents. 
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Figure 1: Effect of the botanical extract n°3 on aging like reconstructed 
epidermis equivalents 

NHK were seeded on a filter insert, grown for 3 days at immersion and raised at the air-liquid 
and grown for additional for 14 days, so that they formed a reconstructed human epidermis 
(RHE). RHE were grown at emersion in media with or without IGF-1R inhibitors NVP-
ADW742 or αIR3. At day 10, some RHE were treated with 0.01 mg.ml-1 extract n°3 for 4 
days (A.b/d/f). After 14 days, RHE were stopped and their morphology was visualized on 
hematoxylin/eosin (H/E) stainings (A.). Epidermis thickness was also quantified in (B.) and is 
expressed as mean values ± SEM. Statistical significance was evaluated through a paired t 
test. Statistical results are represented as follows: ns = non significant, *P<0.05, ** P<0.01, 
*** P<0.001. Scale bar = 20 μm. (n=3)  
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In the aging-like 3D model that we developed by impairing IGF-1R activity, we previously 

reported a delocalization of β1 integrin staining from the cell membrane to the cytoplasm 

(Mainzer et al.). We examined in the present study, whether the botanical extract could 

prevent or reduce β1 integrin delocalization. As observed on Fig. 2.e.i-vi and Supplemental 

Fig. 2, β1 integrin staining appeared more localized at cell membrane of control epidermis and 

epidermis treated with extract. While the untreated IGF-1R impaired epidermis displayed a 

cytoplasmic β1 integrin staining, the treatment with the extract could partially restore β1 

integrin staining at cell membrane, with a higher effect on NVP inhibited epidermis 

equivalents. 

 

Discussion: 

The present study brought further evidence for new anti-aging potential of a botanical extract 

already known for its anti-oxidant properties. We previously demonstrated that the adhesion 

loss might be correlated with aging through an impaired activity of the IGF-1R signalling 

(Mainzer et al.). IGF-1R impaired keratinocytes displayed reduced adhesion to different ECM 

compounds, known as major ligands of α2β1 and α3β1 integrin (Tuckwell and Humphries, 

1996) and  widely expressed by basal keratinocytes (Watt, 2002). Moreover, adhesion loss 

could be correlated with the redistribution of β1 integrin sub-unit from the cell membrane to 

the cytoplasm in IGF-1R impaired keratinocytes and in skin biopsies of aged donors (Mainzer 

et al.), showing direct evidence of adhesion loss upon aging. In the present study, our method 

enabled us highlighting an extract that was able to prevent the delocalization of β1 integrin 

sub-unit in IGF-1R impaired epidermis equivalents. 

Interestingly, anti-oxidant compounds have been shown to modulate cell adhesion and 

integrin functions (Ismail et al., 2010; Sengupta et al., 2009). Angiopoietin-1 was able to 

reduce H2O2 induced reactive oxygen species (ROS) in HaCat keratinocytes and authors 

showed that this effect was mediated through interaction with αv- and β1-based integrins 

(Ismail et al., 2010). Selenoproteins and especially selenoprotein T, which are known anti-

oxidant enzymes (Tapiero et al., 2003), were demonstrated as involved in cell adhesion of 

murine fibroblasts to a vitronectin coating (Sengupta et al., 2009). These data might bring 

further insights in the mechanism by which the botanical extract could prevent adhesion loss. 

Moreover, we noticed that the botanical extract could partially improve epidermal thickness 

and the staining of late differentiation markers loricrin and filaggrin, two components of the 

cornified envelop (Candi et al., 2005), suggesting an improvement of the barrier function.  
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Figure 2: Effect of a botanical extract on aging like reconstructed epidermis equivalents 
and their differentiation markers 

Early (a. K10; b. Involucrin) and late (c. Filaggrin; d. Loricrin) differentiation markers were 
immunostained in green, while nuclei appear in blue. β1 integrin was immunostained in e. 
Scale bar = 20 μm. (n=3)  
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Other botanical extracts have been shown to enhance keratinocytes differentiation such as the 

hydroglycolic extract of P. colubrine (Pereda et al., 2010) or rose absolute oil (Kim et al., 

2010b), which were both able to increase the expression of filaggrin and involucrin. 

Interestingly, rose absolute oil depicts anti-oxidant properties (Ulusoy et al., 2009) and several 

anti-oxidant compounds have been shown to affect keratinocytes differentiation 

(Balasubramanian et al., 2005; Eckert et al., 2004; Edlundh-Rose et al., 2005). N-acetyl L-

cysteine (NAC) has been demonstrated to induce an accelerated differentiation process on 

normal human epidermal keratinocytes with increased number of intracellular junctions, 

cytoskeletal reorganization, proliferation arrest and upregulation of differentiation-related 

genes as p27 or K10 (Edlundh-Rose et al., 2005; Parasassi et al., 2005). Epigallocatechin 

gallate, an anti-oxidant derived from green tea, has been shown to enhance transglutaminase-1 

and pro-caspase-14 expression, both actors of terminal differentiation, in human epidermal 

keratinocytes (Balasubramanian et al., 2005). Moreover, this action was mediated through the 

activity of MAPK signalling (Balasubramanian et al., 2002). Interestingly, in our study, the 

botanical extract was more effective on NVP-treated epidermis equivalents than on αIR3 

treated epidermis models. As NVP-ADW742 has been shown to inhibit receptor auto-

phosphorylation (Riedemann and Macaulay, 2006), although not with absolute specificity 

(Singh et al., 2014), and αIR3 compete with ligand binding (Riedemann and Macaulay, 2006), 

this suggests that the botanical extract might operate at the level of receptor (auto)-

phosphorylation or through mediating the activation of underlying signalling. Considering all 

data, and although no causal effect has been investigated in this study, the results obtained on 

epidermal differentiation and adhesion through the addition of the botanical extract might be 

depending on the anti-oxidant properties of the extract. 

 

Conclusion: 

In conclusion, we were able to demonstrate the effect of a botanical extract on keratinocytes 

adhesion under conditions mimicking the hormone decline occurring in aging. This extract 

appear thus as a potential anti-aging candidate for the cosmetic industry. 
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Supplemental Figure 1: Toxicity test of extract n°3 

NHK were treated with several concentration of extract n°3 and cell viability was evaluated 
72h later through Uptiblue measurement. 

Data are expressed as mean values ± SEM and were analyzed with a one way ANOVA 
statistical test followed by a Bonferroni post test. Statistical results are represented as follows: 
ns = non significant, *P<0.05, ** P<0.01, *** P<0.001.  (n=1, triplicates.) 
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Supplemental Figure 2: β1 integrin immunostaining on aging like epidermis equivalents 
treated or not with the botanical extract 

Epidermis equivalents were grown with NVP (c-d) or αIR3 (e-f) or in control medium (a-b) 
for 14 days. Some epidermis equivalents were treated with the botanical extract during 4 days 
(b/d/f). Scale bar = 10 μm. (n=3) 
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Discussion/Conclusion 

 

In summary, the active n°3 appears to protect some aspects of the keratinocytes differentiation 

under IGF-1R inhibition. While the active depicts a slightly negative effect on control 

epidermis with active IGF-1R, it could counteract the effect of IGF-1R inhibition regarding 

epidermal morphology, epidermal adhesion marker and epidermal differentiation with a 

highlight on the deposition of late differentiation markers. Even if these effects are light, the 

active might improve the anchoring of basal keratinocytes by targeting β1 integrin and the 

epidermal barrier by targeting proteins of the cornified envelop. It is interesting to see that this 

mechanism seems related to the activity of the IGF1 signaling. However, as the active seemed 

also to demonstrate negative effects regarding the morphology of epidermis with normal IGF-

1R activity, it might be important to evaluate its mechanism of action and understand if it 

interacts directly with targets of the IGF1 signaling.  

Moreover, as we do not know by which mechanism the IGF-1R disruption may impact the 

adhesion receptors, it is hard to speculate about the mechanism by which the active may 

improve cell adhesion. Nevertheless, it would be interesting to test whether these actives 

might induce the receptor or downstream effectors of the IGF1 signaling and in that way 

counterbalance the negative effects of IGF-1R inhibitors. 
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The serum free in vitro epidermis model: benefits and drawbacks 

We have built a reconstructed epidermis equivalent specifically adapted to study the IGF-1R 

signaling in vitro. This model is simply constituted by human primary keratinocytes grown in 

serum free conditions. The epidermis was completely stratified; depicting the four expected 

epidermal layers with normal expression of differentiation markers. 

Several aspects of this model can be discussed. First, the removal of fibroblast was necessary, 

because of the interference with the IGF-1 signaling. In skin, basal IGF-1R are mainly 

activated through a paracrine way by dermal fibroblasts synthesizing IGF-1 (Edmondson et 

al., 2003), although it appears that some epidermal layers are also able to produce IGF-1 

(Rudman et al., 1997). Taking fibroblasts off the model enabled to better control IGF-1R 

activation through supplementation in the culture medium. However, in this case we also 

suppressed all communication occurring between fibroblasts and keratinocytes (Maas-

Szabowski et al., 1999; Wong et al., 2007), which reflects important events of human skin. 

The major challenge however, was to substitute serum without affecting too much the 

epidermal quality. Fetal serum is widely used in tissue engineering because of its rich content 

in several growth, attachment, spreading factors (…) needed during cell growth (Barnes and 

Sato, 1980; Bjare, 1992). However, what appears as a benefit may become a drawback, as 

batch variability is out of control and the supply in several growth factors may activate many 

signaling pathways. We could replace serum with a medium combination sustaining 

keratinocytes growth and highlighted the use of the commercial cocktail Insulin-Transferrin-

Selenium for epidermis engineering. All three components of this cocktail sustain 

keratinocytes growth (Keenan et al., 2006b; McKeehan et al., 1976; Tsao et al., 1982), but 

selenium present in its sodium selenite form showed particular interesting effects. Selenium 

acts through its selenoproteins, where it is incorporated as selenocystein. It has been 

demonstrated that selenoproteins were important regulators of epidermal morphology in vivo, 

as well as keratinocytes growth, adhesion and spreading in vitro (Sengupta et al., 2010).  

Nevertheless, even if medium formulation was optimized for the study of IGF-1 signaling, we 

noticed that this epidermis equivalent was still thinner than the keratinocytes-fibroblasts co-

culture model. Epidermis thickness was also affected by the use of primary keratinocytes, 

which depict reduced proliferation potential compared to keratinocytes cell lines (Dickson et 

al., 2000; Smith and Pereira-Smith, 1996). Using keratinocytes cell lines presents technical 

advantages (“infinite passaging”), but prevents the realization of some experiments as colony 
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forming assays, which are based on the identification of progenitor-like cells differing from 

other cells by their proliferation potential. Moreover, epidermis equivalents built with HaCat 

cell line were shown to be incompletely differentiated, as these cells were not able to 

synthesize corneal lipids (Boelsma et al., 1999). 

Importantly, even if this model might be improved, it is important to underline that it was 

functional for the study of the IGF-1 signaling, and that using primary keratinocytes grown in 

serum free conditions.  

Is IGF-1R linked to stemness?  

IGF-1R is expressed in the basal layer of the epidermis and is activated in vivo through a 

paracrine way by IGF-1 expressed by dermal fibroblasts (Edmondson et al., 2003). We 

showed in the study, that IGF-1R activation was necessary to induce keratinocytes 

proliferation, which was further enhanced in medium containing both IGF-1 and EGF, 

suggesting a crosstalk between IGF-1R and EGFR as previously described (Adams et al., 

2004; Krane et al., 1991). We observed that the cell cycle duration was extended and that 

more cells were found in G2/M phase when IGF-1R was disrupted, confirming recent 

observations by Günschmann and colleagues that IGF-1R is required to pass through the 

G2/M phase (Günschmann et al., 2013). 

As described by (Cianfarani et al., 2011; Stachelscheid et al., 2008), we confirmed that colony 

forming efficiency was enhanced under IGF-1R activation and was impaired when the 

receptor was disrupted, highlighting a role on keratinocytes progenitors.  

Interestingly, proto-oncogene c-myc, which forced keratinocytes stem cells to enter 

differentiation (Gandarillas and Watt, 1997), was overexpressed in IGF-1R KO mouse 

keratinocytes (Stachelscheid et al., 2008). In contrast, Rac 1, a known target of IGF-1R 

signaling (Stachelscheid et al., 2008), maintains stem cell growth and maintenance within the 

basal layer. The constitutively active form of Rac1 in human epidermal stem cells increase 

growth rate and surface α6 and β1 integrin levels (Chai et al., 2010). While the deletion of Rac 

1 on mouse epidermis also forced keratinocytes stem cells to enter differentiation (Benitah et 

al., 2005). Although we did not study the activation of Rac1 in our model and we could not 

identify any variation in c-myc gene expression under IGF-1R disruption, it is interesting to 

notice the possible link between IGF-1R activation status and keratinocytes progenitors. 
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To bring further evidence to this hypothesis, we identified a correlated lack of adhesion on 

laminin-332, collagen I and IV in IGF-1R disrupted keratinocytes, which was also observed in 

the presence of a neutralizing antibody against α6 integrin. These observations were 

reinforced by the decrease of β1 integrin localization at the cell membrane level in the low 

IGF-1 model. Through three different approaches, we highlighted the involvement of both α6 

and β1 integrins in the loss of adhesion. Integrin expression has been related to keratinocytes 

proliferation potential. High α6 and β1 integrin expression corresponds to high proliferation 

potential within the basal layer (Kaur and Li, 2000; Schlüter et al., 2011). IGF-1R is also 

preferentially expressed in the basal compartment, the only proliferating layer of the 

epidermis where cells are anchored to the underlying extracellular matrix through 

hemidesmosomes (α6 integrin) and focal adhesions (β1 integrin). This network of observations 

led us to hypothesize that IGF-1R signaling could be involved in the maintenance of the stem 

cell compartment. 

With regards to our hypothesis, a recent study demonstrated that Rac1, positively activated by 

IGF-1, was able to increase both surface expression of α6 and β1 integrins and to promote 

colony forming efficiency of epidermal stem cells. Conversely a dominant negative form of 

Rac1 induced progressive reduction of cell proliferation and adhesion and expression of 

differentiation markers (Chai et al., 2010). 

 

How can the IGF-1R mediate keratinocytes adhesion? 

Our current hypothesis is that IGF-1R activity could participate to maintaining the cell 

membrane localization of some integrin (at least β1 integrin). In the low IGF-1 model, β1 

integrin expression remained the same, but we identified its delocalization from the cell 

membrane to the cytoplasm, with a subsequent defect of cell adhesion. 

Integrin internalization is generally followed by its recycling to cell membrane or its 

degradation in lysosomes (Onodera et al., 2013). We hypothesize that IGF-1R could interact, 

directly or indirectly, with α6β4/ α2β1/ α3β1 integrins and promote their membrane localization 

or prevent their internalization. 

Many studies have underlined the crosstalk existing between IGF-1R and its downstream 

signaling molecules with several types of integrin, although mainly in pathological situations 

(Eliceiri, 2001; Fujita et al., 2012; Goel et al., 2004; Tai et al., 2003). Lynch and colleagues 
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have demonstrated that IGF-1R was able to interact with α5β1 integrin without changing its 

expression pattern. IGF-1R activity was able to modulate the adhesion strength of MCF-7 

cells on fibronectin coatings and induce cell motility (Lynch et al., 2005). Moreover, IGF-1R 

was recently involved in the stabilization of β1 integrin subunit in prostate cancer cells. In 

their study, the authors have found that IGF-1R did not regulate the β1 subunit at the 

transcriptional level, but observed a concomitant downregulation of both α5 and β1 subunits 

upon IGF-1R knockdown, because of increased proteosomal degradation (Sayeed et al., 

2013).  

α5β1 integrin is usually found in pathological cases, but also during wound healing or in cell 

culture (Watt, 2002). We do not know yet in our model which subunit, α5, α2 or α3, is 

associated to β1 integrin. Nevertheless, it is interesting to see that the similar expression 

pattern of integrins in the normal or low IGF1 models correlate with results in the literature. 

We can therefore hypothesize that IGF-1R can act as a stabilizer for integrins in keratinocytes 

too. 

Further evidences suggest the involvement of IGF-1R in cell adhesion. A study conducted on 

CHO cells and the prostate cancer PC3 cell line has highlighted that IGF-1R interacts with the 

splice variant of the β1 subunit, β1c, to promote the cell adhesion on laminin-1. Specific 

enhancement in cell adhesion on LN-1 was inhibited in the presence of neutralizing antibody 

αIR3 or dominant negative form of IGF-1R (486/STOP), emphasizing the role of the receptor 

on PC3 and CHO adhesion (Goel et al., 2004). It is interesting to see that authors correlated 

the disruption of both IGF-1R activity and cell adhesion. 

On another point of view about cell adhesion, several authors have reported a possible 

interrelation of  E-cadherin mediated cell-cell adhesion and the IGF-1R signaling (Mauro et 

al., 2001; Zhu and Watt, 1996). E-cadherin mutant human epidermal keratinocytes showed a 

similar phenotype than our IGF-1R knockdown keratinocytes, with inhibited stratification, 

inhibited proliferation and decreased cell surface expression of both α2β1 and α3β1 integrin 

(Zhu and Watt, 1996). These observations were attributed to the concomitant increase in β-

catenin protein which was observed in these E-cadherin mutant keratinocytes. Interestingly, 

IGF-1 was also shown to influence β-catenin signaling (Desbois-Mouthon et al., 2001; Ye et 

al., 2010). Beyond the several evidences that demonstrate crosstalk between either E-

cadherin/integrin (Weber et al., 2011), or E-cadherin/IGF-1R (Mauro et al., 2003); IGF-1R/E-

cadherin/integrins have been already shown to interact together (Canonici et al., 2008). 
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Although, in this latter publication, this ternary complex induced cell migration, defects in 

cell adhesion upon IGF-1R knockdown could also involve cadherin receptors in our model. 

Moreover, calreticulin, an important endoplasmic reticulum resident, has been shown to 

interact with the cytoplasmic domain of integrin α subunits and thus regulate integrin-ECM 

adhesion (Hotchin et al., 1995). Recently, calreticulin was shown to affect IGF signaling by 

modulating IRS-1 expression level (Czarnowski et al., 2014). As calreticulin expression 

affects the clustering of α5β1 integrin (Czarnowski et al., 2014); another clue to understand 

how IGF-1R can regulate keratinocytes adhesion would be to examine calreticulin 

involvement in the basal layer. 

 

Is IGF-1R loss related to cell detachment and departure into differentiation?  

In our low IGF-1 model, we found both a decrease or loss of cell adhesion and the 

delocalization of β1 integrin to the cytoplasm upon IGF-1R disruption. We highlighted the 

involvement of both α6 and β1 integrins upon IGF-1R disruption, albeit through two different 

approaches.  

The loss of cell attachment is one feature of the entry of keratinocytes in differentiation; 

however, it seems that β1 integrins play a main role. β1 integrin is involved in both adhesion 

and proliferation via focal adhesion signaling, whereas α6 integrin only mediates anchoring 

(Watt, 2002). To induce keratinocytes differentiation, both loss of adhesion and proliferation 

and signals inducing differentiation are needed. 

Several studies have shown the correlation between the reduction of β1 integrin expression 

and the increase of keratinocytes differentiation. 24h after induction of keratinocytes 

differentiation by cell suspension, the cell surface amount of β1 integrin has been shown to 

decrease and while the protein migrates to the cytoplasm (Hotchin et al., 1995; Lotti et al., 

2010). Delocalization of β1 integrin was shown to be specific to keratinocytes differentiation, 

as authors have not made the same observation for fibroblasts. Interestingly, the internalized 

β1 integrin was colocalized with cathepsin D, a marker for lysosomes, suggesting a 

subsequent degradation of β1 integrin (Hotchin et al., 1995). 

A recent study has demonstrated cyclin D1 colocalizes both with Ral A and Sec 6, two 

components of the exocyst involved in integrin recycling, and with β1 integrin upon calcium 
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induced keratinocytes differentiation (Fernández-Hernández et al., 2013). The authors have 

further demonstrated that the overexpression of cyclin D1 is associated with an increase of the 

β1 integrin loss at cell membrane. Cyclin D1 has been shown to translocate to the nucleus 

where it enables cell cycle progression during the G1 phase, before exiting to the cytoplasm 

during the S phase, where it is degraded through a phosphorylation-triggered ubiquitin 

mediated proteolysis in NIH-3T3 fibroblasts (Diehl et al., 1998). Moreover, in the same cells, 

the scaffolding protein Src-Suppressed C Kinase Substrate (SSeCKs) has been found to act as 

a cytoplasmic anchor by binding cyclin D1 in a phosphorylation-dependent manner (Lin and 

Gelman, 2002; Lin et al., 2000). The authors demonstrated that the stimulation of these 

fibroblasts with mitogens resulted in nuclear accumulation of cyclin D1 through the 

downregulation and phosphorylation of SSeCKs. This mechanism was dependent on MAPK 

signaling pathway (Lin and Gelman, 2002; Lin et al., 2000). Interestingly, in MCF7 cells, 

IGF-1 was shown to induce nuclear accumulation of cyclin D1 (Hamelers et al., 2002). 

To corroborate the fact that receptor tyrosine kinase can modulate integrin internalization, it 

has been recently shown that signaling from receptor tyrosine kinase was involved in integrin 

recycling (Onodera et al., 2013). For instance, EGF stimulation could trigger α2β1 integrin 

endocytosis in a caveolae/lipid raft dependent manner (Ning et al., 2007). Interestingly, it is 

the conformational activation status of the integrin that defines its internalization, with a faster 

turnover for active β1 than inactive β1 integrin (Onodera et al., 2013). 

All these observations could suggest a possible explanation through which the loss of IGF-1R 

activation could be associated with the delocalization of proteins. 

 

Is IGF-1R necessary for keratinocytes stratification and differentiation? 

In our study we observed that IGF-1R disruption was associated with the reduced 

stratification and the reduced staining of epidermal differentiation markers, especially in the 

models with IC50 inhibition. These observations are in contradiction to previous results 

showing that IGF-1R seems associated to the progenitor maintenance and the inhibition of the 

differentiation process. However, linking IGF-1R function to its downstream targets enables 

to enlighten this apparent discrepancy. 

In an IGF-1R KO mouse model, IGF-1R has been shown to regulate p63 transcription 

functions through a FoxO-dependent mechanism (Günschmann et al., 2013). Through 
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activation of PI3K/Akt signaling pathway, IGF-1R was able to translocate FoxO transcription 

factors from the nucleus to the cytoplasm, releasing p63 from inhibition. Interestingly, p63 

shares dual roles. It can either favor the basal compartment by inducing the expression of 

proliferation and adhesion markers (Carroll et al., 2006; Wu et al., 2012a) and inhibiting 

Notch signaling (Nguyen et al., 2006a); or it can contribute to the entry in differentiation by 

inducing K10 expression (Nguyen et al., 2006a). In some way, p63 seems also necessary to 

ACD, although the mechanism is unknown (Lechler and Fuchs, 2005). 

The fact that p63, a downstream target of IGF-1R, can either promote or repress the 

differentiation process, makes our apparent contradictory results more understandable, 

although we do not known which environmental factor favors one specific response. 

In an even much more hypothetical but exciting way, we might infer a possible link between 

IGF-1R and calcium-permeable channel. Indeed, IGF-1 has been shown to promote the 

translocation of a calcium permeable cation channel identified as TRPV2 to the plasma 

membrane of CHO cells, enabling the increase of calcium entry (Kanzaki et al., 1999). IGF-1 

stimulation also promoted the membrane translocation of TRPV1 in transfected HEK cells 

(Van Buren et al., 2005). As several evidences underline the roles of calcium channel on 

epidermal differentiation, we might imagine some synergic effect with the pro-differentiation 

activity of IGF-R and the release of intracellular Ca2+ stores by the transient receptor potential 

vanilloid channel (TRPV) and transient receptor potential cation (TRPC) (Tu and Bikle, 

2013). It has been demonstrated that TRPV3 and TRPV4 contributed to the epidermal barrier 

function, by either activating transglutaminases or by enforcing the cell-cell junctions (Cheng 

et al., 2010; Sokabe and Tominaga, 2010). TRPV6 knockdown is associated with the reduced 

expression of several differentiation markers on HaCat and human primary keratinocytes after 

calcium mediated differentiation induction (Lehen’kyi et al., 2007, 2011). Moreover, TRPC6 

has been shown to induce calcium influx enabling the differentiation of both HaCat and 

primary keratinocytes (Müller et al., 2008).  

Although we did not study the behavior of calcium channels in our low IGF model, the 

evidence that IGF-1 is able to modulate calcium channels and thus calcium entry, could 

potentially link IGF-1 and keratinocytes differentiation. 
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The low IGF1 epidermis model as a model mimicking aging in vitro. A new 

tool to test potential anti-aging actives? 

The in vitro 3D model developed in our study had the original goal to investigate functions of 

the IGF-1R on epidermal homeostasis. However, this low IGF-1 3D model also demonstrated 

features classically associated to aging.  

The first aging-like feature and basis of our model was the decreased activation of IGF-1R. It 

is known that circulating levels of IGF-1 are decreasing with age and that in the dermis 

senescent fibroblasts cannot produce as much IGF-1 as “young” fibroblasts (Lewis et al., 

2010; Vestergaard et al., 2014). Consequently, IGF-1R appears less activated during aging 

(Lewis et al., 2010). We confirmed this finding in the study on aged skin biopsies. 

Besides, our low IGF-1 3D model depicted both thinning and reduced proliferation, two 

striking aspects of skin aging (Yaar et al., 2002), which could be also observed on aged skin 

biopsies. More importantly, our model demonstrated a reduced detection of β1 integrin, which 

appears impaired during aging (Bosset et al., 2003; Giangreco et al., 2010).  

The low IGF-1R 3D model appears then a useful tool to screen for potential anti-aging 

actives. Identifying new anti-aging molecules is challenging, since the use of animal is 

prohibited for the cosmetic industry testing, and the targets needs to be innovative. Unlike 

most actives, which depict anti-oxidant functions (Cronin and Draelos, 2010), we could 

screen actives based on a less exploited target, the β1 integrin, which embraces adhesion, 

proliferation and “stemness” characteristics. Using this aging like model and targeting the 

different markers highlighted throughout our study, we were emphasizing some potential anti-

aging function of one Brazilian botanical extract. Besides, this model could also serve as a 

first step to construct more complex aging-like in vitro models, implemented with other cell 

types as melanocytes or langerhans cells, helping to find more complex anti-aging molecules. 

 

IGF-1R & oxidative stress 

We studied the behavior of keratinocytes under acute or chronic H2O2-induced oxidative 

stress and we asked whether the activity of IGF-1R displays any protective role towards such 

stress. We noticed that IGF-1R partially rescued the cell proliferation under acute H2O2 stress, 

whereas no obvious phenotype could be observed under chronic H2O2 stress. Conversely,  
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Figure 30 : Hypothetical mechanism of action of the IGF-1 signaling on epidermal 
homeostasis 
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both chronic and acute oxidative stresses were able to impair keratinocytes capacities to form 

medium to large colonies in colony forming assays. Only the presence of IGF-1 could 

partially rescue the proliferation potential. 

Impaired proliferation can be related to senescence induction. IGF-1R was shown to trigger 

senescence in UVB-stressed keratinocytes (Lewis et al., 2008). The authors have 

demonstrated that induction of senescence was a protection mechanism towards replication of 

DNA damages, which would conduct to tumorigenesis. They have further confirmed their 

theory in vivo on young and old skin biopsies and correlated the activation status of IGF-1R 

with both cell proliferation and the accumulation of thymidine dimers after UVB-stress 

(Lewis et al., 2010). The loss of IGF-1R activity in mouse embryonic fibroblasts was also 

associated with a reduction of DNA-damage-induced apoptosis, because of the decreased 

expression of both p53 and Mdm2 (Xiong et al., 2007), confirming previous observations 

(Lewis et al., 2008). Another study has found that IGF-1R deficient C2C12 myoblasts could 

bypass H2O2-induced apoptosis (Thakur et al., 2013). Conversely, UVB induced senescence 

was associated with the downregulation of the expression of IGF-1 in dermal fibroblasts 

(Fang et al., 2012b). Our observations under various doses of H2O2 are correlated with a 

different response of IGF-1 signaling. As emphasized in a recent review, low or high doses of 

oxidative stress have been shown to either activate or inhibit IGF/Inuslin signaling 

(Papaconstantinou, 2009). 

We also studied the effect of acute oxidative stress on epidermis equivalents with or without 

IGF-1R disruption. We noticed that IGF-1R disrupted epidermis equivalents and displayed a 

disturbed overall organization with reduced thickness upon H2O2 stress as compared to 

control. No change in the differentiation marker expression was detected. Instead, the number 

of Ki67 stained cells was decreased and β1 integrin was delocalized from the cell membrane 

in H2O2-treated IGF-1R knockdown epidermis. 

To conclude, our data suggest that IGF-1R activity might counterbalance further decline in 

the capacities of basal keratinocytes under oxidative stress. It would be necessary to further 

elucidate the underlying mechanisms. 
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The results obtained for the study open new perspectives at both technical and scientific 

levels. 

Technically, we developed a 3D model without serum in the medium, which represents a 

major challenge. Although the model presented the characteristics of a human epidermis, the 

medium could be further improved to increase epidermal thickness even with primary 

keratinocytes. Moreover, our model could be implemented with other cell types and would 

allow studying the role of new actors or new cellular communications as for instance 

keratinocytes-melanocytes. 

On the scientific level, we made an exciting link between IGF-1R activity and keratinocytes 

adhesion. We emphasized the action of IGF-1R on β1 integrin subunit. We need now to 

confirm that IGF-1R activity is modulating the localization/function of β1 integrin, and which 

integrin complex is regulated (α2/3/5 ?- β1). Adhesion tests performed in the study could be 

implemented by pre-incubating the cells with a β1 integrin blocking antibody prior adhesion. 

Flow cytometry experiments could be appropriate to analyze the percent of the different 

integrin subunits present on the surface of IGF-1R impaired keratinocytes. This would 

probably unveil the integrin complex involved. 

Once the integrin couple would be identified, a time course could be developed to follow the 

internalization or the recycling of the integrin under the activity of the IGF-1R. This could be 

done through time laps experiments by creating a tagged-integrin for instance. 

As the literature emphasized the involvement of IGF-1R in protein translocation, we could 

also investigate the effect of IGF-1 signaling on effectors of the protein transport. Integrin 

turnover is mediated either through “short loops” with the Rab-4 dependent recycling 

pathway or “long loops” involving the perinuclear recycling compartment (PNRC), Rab11 

and Arf6. We could analyze if IGF-1R is able to modulate some of these targets. 

More generally, it might be interesting to expand the focus and see whether IGF-1R is able to 

regulate other adhesion markers involved in desmosomes or adherens junctions. 

 

The impact of IGF-1R on keratinocytes differentiation was also one part of the study. While 

we could observe some changes on keratinocytes markers, we did not analyze the 

mechanisms. Downstream signals of the IGF-1 pathway have been extensively studied. We 
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propose for future studies to investigate whether IGF-1R is cooperating with the calcium 

channels (TRPV or TRPC), as emerging findings tend to show. 

 

We also studied the effect of oxidative stress on epidermal homeostasis and the action of IGF-

1R in this context. We observed a protective effect of the IGF-1 signaling; however the 

mechanism remains to be elucidated. Literature highlights the participation of anti-oxidants. A 

perspective would be thus to examine if IGF-1R acts through activating antioxidant enzymes 

or free radical scavengers.  
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At the beginning of the study, we asked whether IGF-1R was able to modulate keratinocytes 

differentiation and then if it could regulate epidermal turnover. We identified a role for the 

IGF-1 signaling in epidermal renewing but not on the expected targets. While differentiation 

markers were not directly affected by IGF-1R impairment, we observed a decline in 

proliferation and more importantly an inappropriate localization of β1 integrin, which proved 

to be related to adhesion loss. 

The adhesion loss is one feature affected by oxidative stress. Through experiments using 

hydrogen peroxide, we could confirm its effect on β1 integrin and further highlight the link 

between IGF-1R and β1 integrin, as delocalization of β1 integrin could be prevented by IGF-1. 

In line with these results, aging has been characterized by the decline in hormone levels, the 

increase of oxidative stress and the deregulation of epidermal differentiation. We could 

correlate the loss of IGF-1R activity with epidermal thinning and decreased β1 integrin 

immune-detection on the skin of aged donors. Thus, reintroducing some basal activity in the 

IGF-1R on aged individuals would promote improvements on their skin quality. Testing some 

actives has proven a beneficial effect on aging features in this study in concordance with other 

studies. Then, it belongs to cosmetic companies to materialize these years of research in 

technological breakthrough products for the futur.  
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KSFM* CnT-07* EpiLife KGM2 

CaCl₂ (0.1 mM) CaCl₂ (0.07 
mM) CaCl₂ (0.06 mM) CaCl₂ (0.06 mM) 

BPE 0.025 mg.ml¯¹   BPE 0.2 % v/v BPE (0.4 % v/v) 
EGF (0.2 ng.ml¯¹) EGF EGF (0.2 ng.ml¯¹) EGF (0.125 ng.ml¯¹) 

(insulin) Insulin Insulin (5 μg.ml¯¹) Insulin (5 μg.ml¯¹) 
? Hydrocortisone Hydrocortisone (0.18 μg.ml¯¹) Hydrocortisone (0.33 μg.ml¯¹) 
  Transferrin Transferrin (5 μg.ml¯¹) Transferrin (10 μg.ml¯¹) 
  FGF   Epinephrine (0.39 μg.ml¯¹) 

Table 10: Composition of keratinocytes culture media 

Here is summarized the major components of each culture media. Note that the exact 
composition of the media with * was confidential and could have not been detailed. 

 

 

Figure 31: Characterization of the morphology of NHK grown in 4 different media 

a. KSFM (Life technology); b. CnT-07 (CellnTec); c. EpiLife (Life technology); d. KGM2 
(Promocell). Photos were taken at objective x10 , scale bar = 50 μm.  

 

  

a. KSFM b. CnT-07

c. EpiLife d. KGM2
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I. Development of adapted tools for the study of the IGF-1R pathway 

1) Selection of an appropriate culture medium 

 

The original culture medium used for keratinocytes culture in the lab was the keratinocytes 

serum free medium (K-SFM, Life technology). However, this medium does not give the 

possibility to modulate the supply of growth factors and hormones that could disturb the 

analysis of the IGF-1 pathway. Thus, we screened three concurrent media according to 

literature: CnT-07 – proliferation medium /Cnt-02 – differentiation medium, CellnTech; 

EpiLife, Life technology and KGM2, Promocell. Each media was provided as a basal medium 

accompanied with several aliquots of growth promoting factors and therefore enabling 

modulation of its formula. Table 10 summarizes principal components of each media 

compared to K-SFM. 

To select the appropriate medium, we looked at keratinocytes proliferation and differentiation 

profiles, as well as at keratinocytes morphology. We found no differences in keratinocytes 

shape. In every media, keratinocytes were oval with some structures of migration apparent 

(Figure 31). In Epilife medium however, cells displayed an apoptotic like phenotype, did not 

expand and died. For these reasons, this medium was excluded from the selection. 

The proliferation was analyzed with an Uptiblue test on normal human keratinocytes (NHK) 

grown for 5 days in these media (Figure 32). NHK exhibited the same rate of proliferation, 

with a slight delay in CnT-07 medium. 

For the differentiation assays, NHK were grown to confluency in the complete formula of 

each medium, and then turned to basal formula (i.e. no growth factors) of each medium for 3 

days post-confluency (Figure 33). The expression of Ki67 decreased gradually with 

increasing confluency in both KSFM and KGM2 media, whereas it remained at the same level 

in CnT-07/CnT-02 medium. The expression of K10, Involucrin and Transglutaminase-1 (TG-

1) increased gradually with confluency, but their levels were induced in a different manner by 

culture media. In CnT-07/CnT-02 medium, K10 expression bursted out 2 days post-

confluency (fold increase about 500) and the fold increase of Involucrin and TG-1 was 5-15 

and 2-4 times higher than in KSFM medium. In contrast, KGM2 enabled a level of expression 

similar to that observed in KSFM medium, although K10 expression was relatively low (fold 

increase of 20 at day 3 post-confluency, compared to more than 500 for KSFM medium). 
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Figure 32: Growth potential of several culture media on NHK 

NHK were grown 5 days in several media and proliferation was measured every day through 
Uptiblue. Graphic represents mean values of triplicates normalized on Day 0 ± SEM.  

 

Figure 33: Differentiation profile of selected early differentiation markers on NHK 
grown in 3 different culture media 

NHK were grown to confluency in either KSFM, CnT-07 or KGM2 medium, and then grown 
post-confluency in the basal medium of each brand. Relative gene expression of proliferation 
marker Ki67 (a) and differentiation markers K10 (b), Involucrin (c) and Transglutaminase-1 
(TG-1) (d) was analyzed through real time PCR and normalized on housekeeping gene 
rpl13a. Data were expressed as a ratio of normalized values on Day 0 confluency. No 
triplicates could have been made, explaining the absence of SEM.  
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We judged that Cnt-07/Cnt-02 medium pushed the differentiation process too far with regards 

to the high expression levels of differentiation markers, and diverged from results obtained in 

KSFM medium. Therefore, we selected the KGM2 medium to replace the KSFM medium for 

the study of IGF-1 signaling in keratinocytes. 

For some studies modulating IGF-1R, we used basal KGM2 medium supplemented with with 

BPE, EGF, hydrocortisone, epinephrine, transferrin, penicillin and streptomycin, as described 

in Matherials & Methods, and omitted insulin. This medium was designed as completeinsulin- 

KGM2 medium. 

2) Selection of tools to modulate the IGF-1 signaling 
The calibration of tools to study the IGF-1 signaling has been first investigated on NTERT 

keratinocytes, but was continued on NHK. NTERT keratinocytes were indeed used at the 

beginning as they show indefinite proliferation potential, making them useful tools for 

calibration and explaining why some figures present calibration on both NTERT and NHK. 

a) Evaluation of the appropriate IGF1 dose 

We targeted an IGF1 dose able to activate the IGF-1R without inducing saturation in its 

activation. We tested a range of three IGF1 concentrations on NTERT cells in both non 

supplemented (NS) and completeinsulin – media. Negative controls with no IGF-1 were made, 

as well as a positive control consisting in complete medium (containing 5 μg.ml-1 insulin) 

(Figure 34 a). As expected, IGF-1R was phosphorylated in an IGF1 dose dependent way. We 

selected the concentration of 50 ng.ml-1, which was able to activate the IGF-1R in an 

intermediate way comparing to 25 and 100 ng.ml-1 in both media (Figure 34 a). We confirmed 

that this dose could successfully activate the IGF-1R in NHK as judged by western blotting 

(Figure 34 b) and by immunofluorescent detection (Figure 34 c). It was interesting to confirm 

the literature (Foti et al., 2004; Hodak et al., 1996) concerning the internalization of IGF-1R 

after its activation. As shown on (Figure 34 c), IGF-1R is first located at cell membrane in 

basal conditions (Figure 34 c)i.), then internalized in the cytoplasm 5 min after its activation 

((Figure 34 c)ii.) and reaches the nucleus 10 min after its activation (Figure 34 c)iii.), 

confirming data from the literature (Siddle, 2011). 

We next used 50 ng.ml-1 IGF1 in our studies for IGF-1R stimulation.  
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Figure 34: Selection of the IGF1 concentration on NTERT and NHK 

NTERT (a) and NHK (b) were starved 16h in basal medium (KGM2 Non supplemented, NS) 
prior stimulation with several doses of IGF1 in NS or complete-insulin medium during 5 min. 
Complete KGM2 medium was used as positive control for p-IGF-1R. Activation of IGF-1R 
was analyzed on western blot.  In (a) signal intensity was quantified through Quantity one® 
software and is presented as the ratio of signal intensity of p-IGF-1R/IGF-1R. (a) n=1; (b) n=3  

(c) The activation of the IGF-1R was also visualized on immunofluorescence on NHK 
stimulated during 5 min and 10 min with 50 ng.ml-1 IGF1 in NS medium. As seen on photos, 
activated IGF-1R delocalize from the membrane to the cytoplasm and the nucleus. Scale bar = 
50μm. 
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b) Selection of IGF-1R inhibitors and appropriate inhibitory doses 

The major challenge by inhibiting IGF-1R activity is to select an inhibitor that is the most 

specific for this receptor, which shares more than 80% of sequence and structure homology 

with the insulin receptor (INSR) (Singh et al., 2014). 

We used two IGF-1R inhibitors: NVP-ADW742, a chemical inhibitor targeting ATP binding 

site; and αIR3 neutralizing antibody competing with IGF1. 

a. IC50 and total inhibitory doses 

In aging, IGF-1R activity is known to decrease, as they are less circulating IGF1 levels 

(Ferber et al., 1993; Rozing et al., 2009). We wanted to mimic aging by inhibiting IGF-1R at 

50%, therefore we looked for the IC50 dose for both inhibitors. To observe a dose dependent 

phenotype, we also selected a concentration able to completely inhibit IGF-1R activation 

(only for the less expensive NVP-ADW742 inhibitor). 

As observed on figure 35 A and B.a), we observed a dose dependent decrease in IGF-1R 

phosphorylation treated with NVP-ADW742 and a slight effect of DMSO on IGF-1R 

phosphorylation. 0.1 μM NVP-ADW742 was able to inhibit IGF-1R activation to ~40% in 

both NTERT and NHK, whereas 0.5 μM NVP-ADW742 inhibited IGF-1R activation to 

>60%. Therefore, we selected 0.1 μM NVP-ADW742 as the IC50 dose. Moreover, 1μM NVP-

ADW742 was able to inhibit almost all IGF-1R activation as observed by the light residual 

IGF-1R phosphorylation (≤ 20% activation). This dose was considered as the complete 

inhibitory dose.  

Concerning αIR3 neutralizing antibody, we found that concentrations between 0.1- 0.5 μg.ml-

1 were able to inhibit IGF-1R at 50 % to 60 %, and 1 μg.ml-1 could have been selected as the 

maximum inhibitory dose (Figure 35 B.b). We selected 0.1 μg.ml-1 as the IC50 dose for αIR3 

neutralizing antibody. 

Taken together, IC50 doses for NVP-ADW742 and αIR3 neutralizing antibody will be 0.1 

μM and 0.1 μg.ml-1 respectively, while the total receptor inhibition will be provided by 1μM 

NVP-ADW742. To further attest of the effect of these inhibitors in NHK, we tested their toxic 

effect on NHK and the lasting effect of receptor inhibition. 

 

  



ANNEX RESULTS   

292 
 

 

 

 

 

 

 
Figure 35: Selection of the IC50 and total inhibitory doses of NVP-ADW742 and αIR3 
on NTERT and NHK 

NTERT (a) and NHK (b) were incubated 1h with several doses of inhibitors in non 
supplemented medium and stimulated 5 min with 50 ng.ml-1 IGF1. NVP-ADW742 was 
dissolved in DMSO, but the final concentration of DMSO in medium was never exceeding 
1:1000. To control no interference from the solvent, we tested DMSO alone. aIR3 was 
dissolved in PBS, which show no toxicity. The intensity of the signal was quantified through 
Quantity one® software by normalizing p-IGF-1R intensity to IGF-1R intensity, and then 
normalizing conditions on control condition. Quantity one analysis is shown next to western 
blots. (A) n=4, (B) a n=2, b n=2  
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Figure 36: Assessment of the non toxicity of inhibitors on NTERT and NHK 

The toxicity of selected doses of NVP-ADW742 (A) and αIR3 (B) was tested on subconfluent 
NTERT and NHK after 72h using an Uptiblue test. Data are normalized to T 0 control 
condition and are presented as mean values ± SEM. (n=1, triplicates)  

 

 

Figure 37: Lasting effect of IGF-1R inhibition with NVP-ADW742 and aIR3 on NHK 

Subconfluent NHK were incubated for several hours with or without NVP-ADW742 (a) or 
aIR3 (b) in complete KGM2 medium, prior examination of the activation of IGF-1R. Signal 
intensity was analyzed through Quantity one and is presented next to western blots. The signal 
is presented as the ratio of band intensity of p-IGF-1R/IGF-1R, which was normalized to T 0 
control condition. (a) n=1; (b) n=2  
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Figure 38: Chracterization of shRNA against IGF-1R on HEK-293 EBNA cells 

HEK-293 EBNA cells were transfected with control and target shRNAs and extinction of 
gene (a) and protein (b) expression of the IGF-1R was evaluated 48h later through real time 
PCR and western blot respectively. In (a), IGF-1R gene expression was normalized on 
housekeeping gene rpl13a and then on sh Control condition. In (b), signal intensity was 
analyzed through Quantity One. IGF-1R expression was normalized on β actin, and  shRNA 
intensity was normalized to Sh Control intensity. In (c) was determined the concentration of 
lentivirus bearing sh  Control and Sh IGF1R (1)/(2) for further NHK transduction. Here can 
be seen colonies obtained after 10 days of selection with 1 μg.ml-1 puromycin. Graphic 
shows lentiviral concentration for each Sh RNA packed into lentivirus. Data are presented as 
mean values ± SEM. (a) n=1, (b) n=1, (c) n=2 
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b. Toxicity of NVP-ADW742 and αIR3 neutralizing antibody 

We evaluated the toxicity of IGF-1R inhibitors 72h after treatment on subconfluent NTERT 

and NHK. As observed on figure 36 A.a) and B.c), cell viability was not affected by inhibitors 

at IC50, as no cell death was observed and that cells further proliferated. Total NVP-ADW742 

inhibition dose exhibited no cell toxicity as well, but seemed linked to proliferation arrest, as 

depicted by the same proliferation status at T0 and T72 (Figure 36 A.b). 

c. Lasting effect of IGF-1R inhibition on NHK 

We measured the lasting inhibitory effect of both inhibitors on NHK. As exhibited on figure 

37 a), the activity of NVP-ADW742 at 0.1 μM is lasting 24h with an effect that is high in the 

two first hours following its addition, whereas at 1 μM the IGF-1R remains also inhibited 

24h, with a slight rise of the inhibition at 8h. In contrary, the effect of αIR3 seems to amplify 

with time, but remains active during at least 24h (Figure 37 b). 

c) Selection and evaluation of shRNA against IGF-1R 

To further inhibit the activity of IGF-1R, we targeted its gene expression using specific 

shRNA. We tested 5 shRNA summarized in table 6. The pre-selection of active shRNA was 

first made on HEK-293 EBNA cells, as these cell types are easily transfectable, before 

validation of selected shRNA into NHK, whose transfection need the use of lentiviral 

particles. 

As observed in figure 38 A.a) and b), we tested the extinction of IGF-1R gene and protein 

expressions using the 5 shRNA on HEK-293 EBNA cells. All shRNA were effective and 

could switch off the expression of IGF-1R at 60 % at both levels compared to non target 

control shRNA. For the study in NHK, we wanted to select two shRNAs. As the shIGF-1R 1-

3 were equally effective at gene and protein level, compared to shIGF-1R 4-5, which 

exhibited a slightly less efficacy on gene extinction (~40 %), we decided to further continue 

the calibration with shIGF-1R 1 and 2. Lentiviral particles packing shIGF-1R were produced 

in HEK-293 T cells and their titer was determined by serial dilutions on HEK-293 EBNA 

cells. As observed on figure 38 c) only dilutions at 10-5 and 10-6 particles permitted the 

quantification of colonies, and thus the determination of lentiviral particle concentrations with 

regard that the multiplicity of infection (MOI) was equal to 1. We found that the titer of 

particles packing shControl, shIGF-1R (1) and shIGF-1R (2) was equal to 17.4 x 106 ± 2.9 x 

106 particles.ml-1, 27.0 x 106 ± 6.0 x 106 particles.ml-1 and 29.5 x 106 ± 5.2 x 106 particles.ml-1 

respectively as shown on the graphic of figure 38 c).  
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Figure 39: Chracterization of shRNA against IGF-1R on NHK 

NHK were transduced with lentiviral particles carrying control and IGF-1R shRNAs. 10 days 
after puromycin (1 μg.ml-1) selection, gene (b) and protein (c) expression of IGF-1R was 
analyzed through real-time PCR and western blot respectively. In (a) is presented cell 
morphology 2 days after transduction; scale bar = 50 μm. In (b) gene expression was 
normalized to housekeeping gene rpl13a prior normalization to Sh Control. Data are 
presented as mean values ± SEM. In (c) signal intensity was analyzed through Quantity One 
by normalizing IGF-1R to β actin prior normalization on Sh Control intensity. (b) n=2, (c) 
n=2 
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We next transduced NHK using these lentiviral concentrations. Puromycin selection allowed 

selecting transiently transduced keratinocytes that expressed the shRNA against IGF-1R 

(Figure 39). As NHK exhibit a limit number of divisions, it was not possible to create a stably 

transduced cell line. Instead, NHK were transiently transduced prior each shRNA experiment. 

The efficacy of the transduction was evaluated after puromycin selection by targeting IGF-1R 

expression. As depicted on figure 39, transduced keratinocytes exhibited a similar 

morphology than wild type cells (Figure 39 a), and IGF-1R expression was successfully 

decreased to more than 80 % at both gene and protein levels 10 days after 

transduction/selection (Figure 39 b and c).  

As each shRNA experiment needed a new transduction with these particles, implying a 

different transduction efficacy, IGF-1R extinction was checked by western blot each time. 
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