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« Le rôle du métabolisme oxydatif et énergétique dans le vieillissement 

cutané et la carcinogenèse UV-B induits » 

 

Un nombre croissant de preuves suggère que l'équilibre de l'énergie cellulaire joue un rôle 

déterminant dans le processus de vieillissement et la carcinogenèse. Les mitochondries 

génèrent une grande quantité d'énergie par oxydation des glucides alimentaires (cycle de 

TCA) et des graisses (β-oxydation). Un dysfonctionnement dans ce processus peut entrainer 

l’apparition de de maladies en particulier les troubles liés à l'âge et les cancers. 

Une grande variété de facteurs; facteurs de stress intrinsèques et extrinsèques tels que les 

espèces réactive de l’oxygène (ROS), les oncogènes, des suppresseurs de tumeurs 

(intrinsèques), l'irradiation UV et le stress chimio-physique (extrinsèques) peuvent influencer 

le métabolisme mitochondrial. 

De nombreux mécanismes de protection ont été mis au point pour éliminer les dommages 

supplémentaires et intracellulaires. Les enzymes antioxydants, les systèmes réparation de 

l'ADN, des points de contrôle du cycle cellulaire, l'apoptose, l'autophagie et le système 

immunitaire sont parmi les mécanismes qui tentent tous de minimiser les effets de ces 

dommages. 

Toutes perturbations de ces systèmes de défense cellulaire peuvent être à l’origine de divers 

troubles tels que le vieillissement prématuré et le cancer. Dans ce projet de recherche, nous 

avons cherché à évaluer le rôle du métabolisme oxydatif et de l'énergie dans le vieillissement 

de la peau et le cancer induit par les UVB sur la peau. 

Instabilité génomique, l’altération métabolique et le vieillissement précoce 

Dans une première partie, nous avons cherché à établir un lien entre l'instabilité génétique, la 

production de ROS et l’altération métabolique dans le processus de vieillissement.  

Afin de mieux comprendre la relation entre ces facteurs au cours de vieillissement, nous 

avons utilisé un modèle de souris transgéniques (le modèle de XPC knock-out). Le 

Xeroderma Pigmentosum de type C (XP-C) se caractérise principalement par une 

prédisposition aux cancers de la peau et le photovieillissement accéléré, mais il y a peu de 

données sur le vieillissement prématuré dans cette maladie. 



Le rôle de XPC n’a jamais été montré au cours de vieillissement auparavant, c’est la raison 

pour laquelle nous avons essayé d’évaluer les marqueurs de vieillissement, la production des 

espèces réactives de l’oxygène (ROS) et le métabolisme énergétique en analysant deux 

groupes de souris, les souris jeunes et les souris vieilles en absence et en présence de XPC.  

Après analyse de nos résultats, En conséquence, nous avons constaté que le niveau des 

marqueurs de vieillissement tels que la progérine, le p16INK4a, l'activité de la 

β−galactosidase et les espèces réactives de l'oxygène (ROS), qui augmentent normalement 

avec l'âge, et sont plus élevés chez les jeunes XPC - / - que les souris jeunes XPC + / +.  

Nous avons également démontré une diminution significative de l'expression protéique et de 

l’activité des complexes mitochondriaux dans la peau des souris jeune XPC - / -  et les souris 

âgées XPC+/+  par rapport aux souris jeunes XPC + / +. En outre, le profil métabolique chez les 

jeunes XPC - / -  ressemblait au profil trouvé chez les souris XPC+ / +  âgées. 

Les résultats obtenus sur le modèle de souris XPC KO ont démontré qu’un excès de stress 

oxydatif dû à une suractivation du NOX1, couplé à des altérations métaboliques, jouaient un 

rôle prépondérant dans le vieillissement prématuré. Notre équipe a déjà montré que la 

surexpression de NOX1 abouti à une surproduction de ROS dans les cellules déficientes XPC.  

Afin de réduire la production de ROS induits par NOX1 et leurs dégâts respectifs dans des 

cellules déficientes XPC, notre équipe a décidé de développer un inhibiteur spécifique contre 

NOX1. Après avoir testé plusieurs séquences peptidiques différentes, nous avons identifié un 

peptide spécifique qui empêche l'assemblage de sous-unité NOX1A (Activator) à NOX1O 

(Organisateur). L’application topique de notre nouvel inhibiteur de NOX, induisant 

l’inhibition de la production de ROS et ainsi l’apparition d’altération métabolique, a permis 

d’empêcher le vieillissement cutané prématuré chez les souris XPC KO. Nos résultats 

suggèrent que l’InhNOX peut être considéré comme une cible prometteuse dans la prévention 

du vieillissement prématuré et les maladies liées à NOX. 

UV, l’altération métabolique et la carcinogenèse cutanée 

Les carcinomes cutanés sont les plus fréquents des cancers humains chez l’adulte. Leur 

incidence augmente régulièrement du fait de l’allongement de la durée de vie et des habitudes 

comportementales, en particulier l’exposition solaire répétée. En effet c’est sous la 



dépendance des rayonnements UV que ceux-ci se développent et en particulier sous 

l’influence des UVB (60 à 70 % d’entre eux). 

Le rôle des UV dans la genèse des carcinomes est soutenu par des arguments cliniques et 

épidémiologiques : l’incidence des carcinomes cutanés croît avec le niveau d’exposition 

solaire, ceux-ci surviennent préférentiellement sur les régions corporelles photo-exposées en 

association avec des lésions photo-induites bénignes (kératoses actiniques, lentigos 

solaires…) chez des sujets exposés au soleil. Une meilleure compréhension des mécanismes 

moléculaires de la réponse UVB-induite pourrait permettre l’identification de nouvelles cibles 

thérapeutiques et lutter contre la déviation du métabolisme énergétique des cellules 

cancéreuses ou précancéreuses. 

Comprendre les mécanismes de la carcinogenèse épithéliale apparaît donc essentiel. En 

deuxième partie de ma thèse, notre intérêt s’est porté sur l’étude de la transformation 

métabolique dans le cancer cutané. En effet il existe une propriété particulière aux cellules 

cancéreuses, celle de modifier leurs caractéristiques énergétiques : on parle de remodelage 

bioénergétique. Une des propriétés des cellules cancéreuses consiste à métaboliser le glucose 

en acide lactique en grande quantité, même en présence d’oxygène : c’est l’effet Warburg. 

Pourtant la transformation  métabolique des cellules cancéreuses reste peu connue, 

notamment la contribution de la reprogrammation du métabolisme dans l’initiation de la 

carcinogenèse. 

Nous sommes donc intéressés particulièrement aux carcinomes épidermoïdes cutanés, 

également appelés carcinomes spinocellulaires. Ces carcinomes induits par l’exposition 

chronique aux UVB ont été étudiés en utilisant un modèle de souris de l’espèce SKH modifié 

génétiquement. Il a été démontré que les dommages induits par les UV dans la peau des souris 

SKH-1 reproduisaient de façon fidèle ceux observés dans la peau humaine.  

Chez les souris SKH-1, l’exposition chronique aux rayonnements UV induit la survenue de 

carcinomes épidermoïdes cutanés, principalement bien différenciés et matures. Les tumeurs 

UVB-induites chez ces souris sont comparables à celles observées chez l’humain, et les 

données recueillies sont reconnues valides pour des analyses mécanistiques.  

Nous avons donc cherché à étudier si la déficience du métabolisme mitochondrial prédisposait 

les kératinocytes soumis aux UVB à l’initiation de la transformation tumorale ou bien, au 

contraire, si en forçant les kératinocytes à utiliser la voie de la glycolyse pour leur production 



d’ATP, nous arrivions à inhiber la formation de ces tumeurs UVB induites. Pour cela, nous 

avons créé un modèle murin original en croisant des souris Tfamflox/flox avec des souris K14-

Cre- ERT2 exprimant une CRE recombinase sous le contrôle du promoteur K14 spécifique des 

kératinocytes, avec des souris SKH-1 hairless. 

L’objectif de cette partie a donc été d’étudier l’impact des altérations bioénergétiques dans 

l’initiation des cancers cutanés UVB induits :  

 -sur un modèle murin hairless dont le métabolisme mitochondrial est altéré grâce à la 

délétion du facteur de transcription mitochondrial Tfam. 

 -sur un modèle murin hairless non délété afin d’évaluer la voie principale énergétique 

mise en jeu. 

Très peu d'informations sont disponibles sur la contribution de la reprogrammation du 

métabolisme énergétique dans l'initiation et la progression du cancer. Nous avons ensuite 

démontré que l'irradiation chronique aux UVB entraînait une diminution de l’activité de la 

glycolyse, du cycle TCA et de la β-oxydation des acides gras, tandis que la synthèse d'ATP 

mitochondrial et une partie de la chaîne de transport d'électrons (CTE) étaient up-régulés. 

Nous avons montré que l’augmentation accrue de CTE était liée à la suractivation des 

dihyroorotate déshydrogénase (DHODH), alors que la diminution de l'activité DHODH ou 

ETC (chimiquement ou génétiquement) avait conduit à une hypersensibilité à l'irradiation 

UVB. Nos résultats indiquent que la voie DHODH, par l’induction de la synthèse d'ATP et de 

CTE, joue un rôle majeur dans l'efficacité de réparation d'ADN et la reprogrammation 

métabolique au cours de la carcinogenèse UVB-induits. 

Nous espérons à terme mettre au point à partir des nouvelles cibles définies, une thérapie 

ciblant la déviation du métabolisme énergétique des cellules cancéreuses et/ou 

précancéreuses, à côté de celles déjà définies par notre équipe sur la production d’espèces 

réactives de l’oxygène (ROS) qui promeuvent l’effet Warburg. 
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ABSTRACT 

 

 
Objective of the present research study was investigating the role of oxidative and energy 

metabolism in skin aging and UVB-induced skin cancer. In the first part, we aimed to find the 

link between genetic instability, ROS generation and metabolism alteration in the process of 

aging. The obtained results on XPC KO mice model demonstrated that excess of oxidative 

stress in addition to alterations in energy metabolism due to over activation of NOX1 play a 

causative role in premature skin aging. Topical application of novel NOX inhibitor prevented 

the premature aging in XPC KO mice through inhibition of ROS generation and alteration of 

energy metabolism. Our results suggest that the InhNOX can be considered as a promising 

target in prevention of premature aging and NOX-associated diseases. 

Little information is available on the contribution of energy metabolism reprogramming in 

cancer initiation and promotion. To assess the role of metabolic reprogramming in different 

phases of carcinogenesis, in the second part of my thesis we employed a multistage model of 

ultraviolet B (UVB) radiation-induced skin cancer. We showed that chronic UVB irradiation 

results in decreased glycolysis, TCA cycle and fatty acid β-oxidation while at the same time 

mitochondrial ATP synthesis and a part of the electron transport chain (ETC) are up-

regulated. Increased ETC was further found to be related to the over-activation of 

dihyroorotate dehydrogenase (DHODH). Decreased activity of DHODH or ETC (chemically 

or genetically) led to hypersensitivity to UVB irradiation. Our results indicated that DHODH 

pathway through induction of ETC and ATP synthesis represents the relation between DNA 

repair efficiency and metabolism reprogramming during UVB-induced carcinogenesis. 

 

Key words: energy metabolism, ROS, NOX, aging, DHODH, cancer. 
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1. Skin structure and function 

Skin is the first physical barrier of the human body which accounts for 7% of its total weight 

with a surface area of 1.8 m
2
. 

Skin brings off several functional roles such as thermal, chemical and mechanical protection 

against the outer environment. Secretion of sweat and sebum and perception of external 

information are among these functional roles.  

 

 

 

 

 

 

 

 

Fig.1. Cross-Section of the Skin (from http://www.collagenetix.com). 

Table 1. Layers of the Skin. 

Skin layers Description 

Epidermis 

The upper or outer layer of the skin made up of 

keratinocytes, melanocytes, Langerhans and 

Merkel cells 

Basement membrane 
The connective tissue composed of a layer of 

basal lamina 

Dermis 

The inner layer of the skin containing blood and 

lymph vessels, hair follicles, glands, and a 

significant number of fibroblasts 

Hypodermis 
The deeper layer of the dermis mainly containing 

fat and connective tissue 
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1.1. Skin Anatomy 

Skin is made up of three structural layers including epidermis, dermis and hypodermis 

(subcutis) which differ in function, thickness and strength. Epidermis is the outer layer which 

serves as the first and the most important barrier against the exterior environment. The second 

layer called dermis contains nerve endings, sweat glands, oil glands, and hair follicles giving a 

structural form to the skin. The layer found below the dermis called subcutis or hypodermis 

which is primarily used for fat storage. 

1.2.  Structure of Epidermis 

Epidermis is mainly made up of keratinocytes (90-95%) and its thickness varies from 50µm 

on the eyelids to 0.8-1.5 mm on the feet soles and palms of the hand. Epidermis is rich in 

nerve endings and not irrigated by any blood vessels.  

Epidermis is composed of five layers: 

 

 Stratum Corneum (Horny Layer) 

 Stratum Lucidum (Clear Layer) 

 Stratum Granulosum (Granular Cell Layer) 

 Stratum Spinosum (Spinous or Prickle Cell Layer) 

 Stratum Basale (Basal or Germinativum Cell Layer) 

Keratinocytes become regularly renewed from the cells originated from stratum basale the 

deepest layer of the skin. Then they migrate to the uppest layer of epidermis known as stratum 

corneum. Consequently, epidermis becomes totally renewed by itself in every 25 to 50 days. 

Other cell types present in the epidermis in addition to keratinocytes include melanocytes, 

Langerhans and Merkel cells. 

1.2.1. Keratinocytes 

Keratinocytes are the main cells of the epidermis originating from the stratum basal layer.  

They synthesize a number of structural proteins (filaggrin, keratin), enzymes (proteases), 

lipids and antimicrobial peptides (defensins) which contribute to the maintenance of the 

barrier function of the skin. They serve a waterproof function in the skin as a barrier as well.  

 

http://en.wikipedia.org/wiki/Adipose_tissue
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1.2.2. Melanocytes 

Melanocytes are specialized melanin-producing cells, mainly present in the basal layer of the 

skin. They account for 5 to 10% of epidermal cells. Their product, melanin, a dark pigment 

serves as skin protector against solar radiation. The color of hair and skin is dependent on the 

synthesis of melanin where local accumulation of melanin and melanocytes give rise to 

freckles and nevi respectively. Melanocytes along with neighboring keratinocytes of basal and 

spinous layers constitute the epidermal melanization unit. Transfer of melanosomes 

(organelles containing melanin) from melanocytes to keratinocytes occurs within this unit. 

1.2.3. Langerhans Cells 

Located in the middle part of the epidermis (Stratum Spinosum), Langerhans cells (2-8% of 

epidermal cells) are pillars of innate immune defense of the skin. These dendritic cells are 

produced in the bone marrow. They migrate into the epidermis and contribute to the activation 

of the adaptive immune system cells. Indeed, they are able to ingest foreign particles and 

microorganisms and present their epitopes to T cells by the molecules of class II 

histocompatibility complex. Thus, they can migrate from the skin to the draining lymph 

nodes. 

1.2.4. Merkel Cells 

Present in small quantities in the basal layer (1% of cells), Merkel cells are cells of the 

neuroendocrine system which are closely related to sensory nerve endings. They form a 

Merkel disk and probably have a role in skin neurosensory/ neuroendocrine system which is 

still poorly understood. 

1.3.  Dermis Structure 

Dermis is a flexible envelope which provides most of the biomechanical properties of the 

skin. Located beneath the epidermis, its thickness varies depending on the body part which is 

very thick in the palms and soles and very thin on the eyelids. Dermis is highly vascularized 

and is involved in the management of body temperature by the expansion or constriction of 

the vessels. It is also rich in collagen connective fibers and provides support and resistance for 

the skin. Elastin is another type of fiber present in dermis which is responsible for the 
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elasticity and flexibility of healthy skin. These two types of fibers are produced by fibroblasts, 

the main resident cells of the dermis and are gradually decreasing during aging.  

Morphologically, dermis is made up of two parts of dense connective tissue: 

-  Papillary/ adventitial part: This layer is located under the basal layer of the epidermis and 

hosts epidermal appendages, receptors for pain (free nerve endings) and touch (lamellar 

Meissner corpuscles) as well. Some regions such as the ends of the fingers, palms and soles of 

the feet are dotted with small papillary projections. 

- Reticular zone: This deep layer of the dermis contains blood vessels, sweat and sebaceous 

glands, pressure receptors (Pacinian corpuscles) and numerous phagocytic cells which prevent 

bacterial penetration.  

1.4.  Hypodermis 

Hypodermis or subcutaneous tissue substantially consists of fat tissue and is divided in fat 

lobules by thin connective-tissue septa. The fat cells protect lower layers from cold and store 

energy. At this level, there are blood vessels of larger caliber, nerve fibers and hair roots as 

well as sebaceous and sweat glands. Hypodermis becomes thinner with aging. 

 

2. Solar Radiation 

Solar spectrum consists of continuous emission spectrums which among them are ultraviolet 

radiation with wavelengths less than 400 nm, visible light formed by the radiation wavelength 

between 400 and 700 nm and infrared radiation of high wavelengths above 700 nm (Table 1). 

UVs are arbitrarily divided into 3 wavelength ranges: UVA, UVB and UVC. Indeed, it is only 

UVA and a small fraction of UVB rays which reach the surface of the earth since UVC and 

the most of UVB are absorbed by the ozone layer and molecular oxygen in the stratosphere 

(Table 2 and Figure 2).   

The amount of UVB radiation reaching the surface of the earth varies in different conditions 

such as time, season and altitude whereas the flow of UVA is more stable. Over 60% of the 

total UV irradiation is received between 11 am and 15 pm (solar time).  

Sunlight before attenuation by the atmosphere contains 13 times more UVA than UVB with 

6.3%, and 0.5% respectively. while after attenuation by the atmosphere, the solar light is 

composed of about  10
2
 to 10

3
 times more UVA than UVB. 
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The thinning of the ozone layer allows more UVB radiation to reach the earth's surface and 

consequently the skin. According to experts, every 1% reduction of the ozone layer is 

associated with an increase of 2% of UVB radiation flux at the surface of the earth. These UV 

radiations cause a range of acute and chronic skin lesions. 

 

Table 2. The solar spectrum wavelength ranges. 

Main Solar 

Waves 
Spectrum Type Wavelength (nm) Wavelength Description 

Short- Wave 

UV-C 100-280 nm 

Emitted from the sun, totally 

absorbed by earth’s atmosphere 

before reaching the earth 

UV-B 280-320 nm 

Emitted from the sun, 90% absorbed 

by earth’s atmosphere but 

biologically very active 

UV-A 320-400 nm 
Emitted from the sun, most reaches 

the ground  

Visible 400-780 nm 
Visible light from violet to red  

(color of rainbow) 

Long-Wave 

NIR* 780-3 µm Heat radiation from the sun 

FIR** 3-50 µm 
Heat radiation from the atmosphere, 

clouds, earth and surrounding 

 

* Near infrared (NIR)  

**Far infrared (FIR) 
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Fig.2. Solar Radiation and its Effects on Skin (D’Orazio et al. 2013). 

 

Human skin is also exposed to other types of radiation called ionizing radiation (IR). These 

more energetic radiations transfer enough energy to electrons to tear them from their atom. 

Ionizing radiations include: 

 

 Radiations of cosmic origin  

 X- rays and γ rays 

 α, β particles 

 Neutrons  

 

X-rays are the most energetic waves of the electromagnetic spectrum which are generated 

when electrons strike a metal target. γ rays are produced in the disintegration of radioactive 

atomic nuclei and in the decay of certain subatomic particles while α, β particles are emitted 

by radioactive atoms as they decay.  
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2.1.  Effects of UV on Skin 

Various factors such as the dose and wavelength of UV and skin characteristics play a role in 

the skin response to UV radiation. In the acute phase, response may be moderate leading to 

inflammation and sunburn while accelerated aging and skin cancer are chronic responses of 

the skin to UV radiation  (Kullavanijaya and Lim 2005). 

2.1.1. Acute Skin Lesions 

     A. Sunburn. Sunburn (Solar Dermatitis) is an acute inflammatory reaction triggered by 

keratinocytes which are damaged due to exposure to UVB. The release of inflammatory 

mediators results in local and systemic reactions such as fever. Sensitivity to UVB is 

individual-specific depending on the skin type. There are six types of skin categorized 

depending on the individual ability to react to the sun (Figure 3).  Phototypes I and II tend to 

generate violent inflammatory reactions even after low exposure. These skin phototypes have 

a greater risk of developing skin cancer. 

 

 

 

 

 

 

 

Fig.3. Human Skin Phototypes (D’Orazio et al. 2013). 

 

      B. Polymorphic Photoreaction ("Sun Allergy").  Polymorphous light eruption (PMLE) 

is the most common polymorphic photoreaction mainly affecting young women in the spring 

after severe exposure to UV especially UVA.  It is manifested by pruritic papules in exposed 

areas, 2-48 hours after exposure. It is monomorphic and reappears in the same form after 

further exposure of unprotected skin to UV. Diagnosis is based on history and typical photo 

provocation. Photo tests allow confirmation of the diagnosis and possibly individual 

prevention by sun protection or preventive therapy. 
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     C. Urticaria and Other Idiopathic Photodermatoses. Solar urticaria is a rare 

photodermatosis. Papules appear a few minutes after sun exposure (UVA, UVB or visible 

spectrum) in both covered and uncovered areas of the skin and persist from a few minutes to 

several hours. 

Actinic prurigo is a chronic skin disease difficult to diagnose due to high similarity to other 

skin disorders. First described among Native Americans, it is related to immunogenetic 

predisposition (HLA, Human Leukocyte Antigen) (Hojyo-Tomoka et al. 2003). There are rare 

photodermatoses in children presenting with varioliform lesions called hydroa vaccini formis. 

     D. Phototoxic and Photoallergic Reactions. Numerous chemicals modify their structure 

under the effect of UV rays and can trigger allergic or toxic reactions. A typical example of 

phototoxic dermatitis reaction is caused by plants (photophytodermatosis). 

     E. Dermatoses caused by UV. There is a whole list of diseases which are caused or 

aggravated by UV ranging from inflammatory autoimmune disorders such as systemic lupus 

erythematosus to metabolic diseases like porphyria (Murphy 2001). 

2.1.2. Chronic Skin Lesion under UV Effect 

- Aging in the Skin - UV lesions of the dermis and epidermis. Repetitive doses of UVA 

diminish the elasticity of the dermis and dry the skin by altering the stratum corneum and 

cause hyper and hypopigmentation. Dermal UVA effects are  pathophysiologically due to the 

induction of lysozymes and secretion of metalloproteinases (Ohnishi et al. 2000; Fisher et al. 

2001; Philips et al. 2011) at the level of collagen and elastic fibers, which are also considered 

as the initial phase of actinic elastosis. Senile keratosis, actinic keratoses and sebaceous gland 

hyperplasia are other effects of chronic sun exposure for the unprotected skin. 

- Immunosuppression. UV irradiation can decrease the immune functionality of skin. More 

details on immunosuppressive effects of UV rays are discussed in section 3.2. 

- Skin Cancer. Photocarcinogenesis is defined as the set of events leading to skin cancer after 

exposure to the sun. Ultraviolet irradiation is involved in the initiation and promotion of 

tumor leading to malignant transformation of keratinocytes or melanocytes. Based on their 

cellular origin, skin cancers are classified into two groups: melanomas and carcinomas. 

Melanomas come from melanocytes and carcinomas from keratinocytes. Cutaneous 

carcinomas are divided into basal cell carcinomas (BCC) and squamous cell carcinomas or 
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spinocellular carcinomas (SCC) (for more detail see my second review article on metabolism 

and skin cancer) (Matsumura and Ananthaswamy 2004; Young 2009). 

 

3. Key Players in the Response to UV  

The increased risk of skin cancer due to UV exposure and decrease in ozone layer has 

highlighted the urgent need to improve photoprotective measures. To this end, a vast 

knowledge on various cellular signaling pathways which modulate the skin responses to UV 

is essential. The four principal actors in induction of signal transduction against UV are 

activation of membrane receptors, immune system, direct DNA damages and oxidative stress. 

3.1.  Growth Factors and their Receptors in the Cellular Response to UV 

Keratinocytes can respond to UV by releasing growth factors and induction of the activity of 

their receptors. It has been shown that UV-irradiated keratinocytes  release a number of 

cytokines and growth factors such as EGF (Epidermal Growth Factor), TNF-α (Tumor 

Necrosis Factor-α) and TGF-β (Transforming Growth Factor-β) (Heck et al. 2004; Kawaguchi 

and Hearing 2011). Binding of these factors to the specific receptors leads to their activation 

through the phosphorylation of their tyrosine residues.  

For example, activation of the membrane receptors triggers the initiation of kinase cascades 

among them a particular kinase family called MAPKs (Mitogen-Activated Protein Kinases). 

MAPKs is a family of kinases composed of three subgroups called ERK (Extracellular signal 

Regulated Kinase), p38 MAPK and JNK / SAPK (Jun N-terminal Kinase/ Stress-Activated 

Protein Kinase). Activation of these kinases leads to the phosphorylation of  several substrates 

(Bender et al. 1997; Bode and Dong 2003).  

Direct activation of growth factor receptors is the other mechanism by which UV can trigger 

signaling pathways. Indeed, several receptors like TNFR1, Fas and EGFR can be activated 

directly by irradiation without a need for their ligands (Rosette and Karin 1996; Aragane et al. 

1998). In addition, it has been found that UV irradiation leads to down-regulation of EGF and 

TGF-β receptors as well as decreased receptor/ ligand binding (Heck et al., 2004). 

3.2.  Immune System and Response to UV 

Many experimental studies have shown that UV radiation especially UVB has a suppressive 

effect on the immune system (Schwarz 2005; Rana et al. 2008). This effect was first 
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highlighted by a decrease in contact hypersensitivity (CH), a strong inflammatory reaction 

triggered by haptens applied to the skin, which is abolished in animals exposed to varying 

doses of UVB. This effect is also sometimes noted for subcutaneously injected antigens.  

Photoimmunosuppression occurs in different ways: 

- Direct effect of UV on Langerhans cells. This effect leads to a decrease of co-stimulatory 

functions of these cells on lymphocytes (Simon et al. 1992; Ullrich 1995; Seité et al. 2003). 

- Production and release of cytokines (TNF-α, IL-1, IL-6, IL-8, IL-10, IL-12, IL-15) and 

prostaglandins by keratinocytes subsequently acting on the morphology and the capacity of 

migration or presentation of Langerhans cells (Kurimoto and Streilein 1992; Moodycliffe et 

al. 1994; Shreedhar et al. 1998; El-abaseri et al. 2013) 

- The appearance of CD36
+
/ DR

+
/ CDI

a-
 cells in the epidermis after UV exposure (Cooper et 

al. 1986; D’Atri et al. 2011). 

-The direct or indirect effects of UV on DNA have been shown to result in 

immunosuppression. Possible mechanisms involved in this event are: i) Induction of 

immunosuppressive cytokines production by damaged DNA, ii) the modulation of the activity 

of genes encoding for certain molecules involved in antigen presentation, and iii) activation of 

the intervening DNA repair enzymes in yet unknown steps (Simon et al. 1994; Nishigori et al. 

1996; Vink et al. 1996; Halliday et al. 2012). 

- Production of cis-urocanic acid by the isomerization of trans-urocanic acid (UCA), a 

photoreceptor located in the stratum corneum which has a role of water-sensing (Streilein et 

al. 1994; Norval et al. 1995; Gibbs et al. 2008). Indeed, a subcutaneous injection of cis-UCA 

has the same effect on inhibition of contact hypersensitivity as UVB (Kondo et al. 1995). 

A role of the immune system in the tolerance of UV-induced skin cancers has been 

demonstrated by some studies (Domingo and Baron 2008; Yu et al. 2014). UV-induced 

tumors are highly antigenic and subject to rejection when transplanted into healthy and non-

irradiated mouse skin. Instead, these tumors are not rejected when transplanted into the UVB 

irradiated syngeneic animals (Donawho and Kripke 1991). In addition,  the elevated  growth 

of tumor cells grafted into the UV-exposed mice compared to non-irradiated mice showed the 

importance of the immune system during photocarcinogenesis (Donawho et al. 1996).  



13 

 

In humans, 90% of subjects who have had at least one skin carcinoma failed to develop CH 

after irradiation while only 40% of healthy individuals correspond to this phenotype 

(Yoshikawa et al. 1990). This shows indirectly the importance of a predisposition to UV-

induced immunosuppression in the occurrence of carcinomas. The evolution of certain viral 

and bacterial or parasitic infections after exposure to UVB shows a higher susceptibility to the 

infectious diseases in individuals frequently exposed to the sun (McLelland and Chu 1990; 

Langhoff et al. 1993; Vermeer and Hurks 1994; Fletcher 2004; Wang and Deubel 2011). 

3.3. DNA Damage and Response to UV 

UV-induced DNA damages have a great diversity due to the multiple interactions of 

radiations with the genome. Such damages may be the result of a direct absorption of photons 

by DNA bases or of an indirect effect related to the production of free radicals induced by UV 

irradiation. The main DNA damages are shown in figure 4. 

 

 

 

 

 

 

 

 

 

 

Fig.4. Major UV-induced DNA Damages. 

 

   A. Alterations of Nucleotide Bases. Damage to bases primarily are the result of  the attack 

of free radicals to the DNA but they can be the direct effect of radiation as well (Ichihashi et 

al. 2003; Cadet et al. 2005; Rastogi et al. 2010). The most common direct damages include 

the formation of CPDs (Cyclobutane Pyrimidine Dimers) and 6-4 PPs (Pyrimidine-Pyrimidone 

(6-4) Photoproducts) (Figure 4). It has been shown that the 6-4 PP is 5 to 10 times less 
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prevalent than CPD although it is repaired more effectively (Tornaletti and Pfeifer 1996). One 

of the most abundant oxidative modifications of DNA bases is the C-8 hydroxylation of 

guanine which produce 7,8-hydro-8-oxodeoxyguanosine (8-oxo-dG). This modification is 

frequently considered as the marker of oxidative DNA damage. In addition, loss of bases can 

also occur by irradiation (Ravanat et al. 2001; Rastogi et al. 2010). 

   B. DNA Strand Breaks. The strand breaks are classified in two types: 

- Single strand breaks (SSBs): SSB is the fracturing of only one strand of DNA due to a 

break in phosphodiester bonds. 

- Double-Strand Breaks (DSBs): DSBs consist of two breaks,  

located on different strands of DNA. These fractures are separated from each other by 

maximum 10 base pairs. DSBs can result from ionizing events affecting both strands 

simultaneously or by two independent single-strand breaks. DSBs are the most 

deleterious lesions and a large proportion of them can not be repaired by the cell after 

irradiation, thus excerting lethal effects. The number of SSBs and DSBs may be 

associated with the radiation dose and cell sensitivity  as well (Rapp and Greulich 

2004; Barnard et al. 2013). 

   C. DNA/Protein Bulky Adduct Formation. Radiations are capable of forming DNA bulky 

adducts by cross-linking the two strand breaks. This process has been shown that could be a 

start point of carcinogenesis. These DNA bridges result also in chromosomal aberrations. 

Radiations could also induce associations of proteins and DNA (Jenner et al. 1998; Hang 

2010). Furthermore, certain chemical compounds such as malondialdehyde which originates 

from peroxidation of the cell membrane following irradiation (Morliere et al. 1995) can 

induce DNA/protein bulky adduct formation (Cheeseman 1993).  

   D. Locally Multiple Damages Sites (LMDS). LMDSs consist of a large number of simple 

damages including damages to bases, SSBs, DSBs and associations of DNA/protein or DNA/ 

DNA in a short sequence of DNA (Sutherland et al. 2001).These associations or "clusters" of 

damage are the result of an accumulation of several individual sublethal injuries.  

   E. Chromosomal Aberrations. Different types of chromosomal aberrations including 

translocations, deletions and inversions are induced by UV (dicentric, centric and acentric 

rings). They come from the connection of either two ends of chromosomes resulting mostly 
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from a DSB or from the association of a free end chromosome with other molecules which 

finally will inhibit DNA repair ( Kemp and Jeggo, 1986).  

3.4. Reactive Oxygen Species (ROS) 

Molecular oxygen can easily acquire an extra electron and generate radical species. Among 

these species, there are restricted set called primary radicals which play specific role in 

physiology. Primary radicals derive either from oxygen or nitrogen through reductions. 

Superoxide anion O2
-•
, free radical hydroxyl OH

• 
 and nitrogen monoxide NO

•
 are the most 

known primarily radicals (Valko et al. 2007). Other free radicals namely secondary radicals 

are formed by the reaction of these primary radicals with the primary biochemical 

compounds. Other derivatives of oxygen such as singlet oxygen 
1
O2, hydrogen peroxide 

(H2O2) or of nitrogen like nitroperoxyde (ONOO
-
) though not free radicals, are reactive 

species which may act as radical precursors (Valko et al. 2007). 

A large proportion of ROS production occurs in mitochondria as a by-product of energy 

metabolism (for more details see my review article on metabolism and skin cancer). Another 

site of ROS production is the endoplasmic reticulum (ER) where cytochrome p450 reductase 

generates ROS in the form of superoxide anion O2
-•
. Hypoxanthine/Xanthine oxidase, 

lipoxygenase, cyclooxygenase and nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase are other participants in ROS generation. In the present thesis, I focused on inhibition 

of NADPH oxidase activity using a specific peptide to prevent accelerated aging. 

Large groups of stimuli including physical or chemical factors, radiations, pH, temperature, 

and endogenous or exogenous factors can trigger the production of ROS. Cells utilize anti-

oxidants in order to maintain the homeostasis of the redox system (described later). Increased 

level of ROS and imbalance of redox status can lead to many outcomes including cancer and 

aging. 

3.4.1. NADPH Oxidase Enzyme Family  

NADPH Oxidase (NOX) as a multi-isoform enzyme transfers an electron from NADPH to 

molecular oxygen (O2) to generate superoxide anion (O2
-•
). NOX was first identified in 

phagocytes with the potential of producing ROS as a protective mechanism against infections. 

Seven isoforms of NOX have been identified in human cells including NOX1 to NOX5, dual 

oxidase 1 (DOUX1) and DOUX2 (Drummond et al. 2011; Block and Gorin 2012a). These 

isoforms have six amino-terminal transmembrane segments with conserved histidine residues 
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which bind to the hemes and carboxy-terminal binding sites of FAD and NADPH (Figure 5) 

(Drummond et al. 2011; Block and Gorin 2012a). Despite of structural similarity, each of the 

seven isoforms has its own specific characteristics, distinct tissue expression and specific 

mechanism of activation (Table 3). For example, we could recently identify the expression of 

three isoforms including NOX1, NOX2 and NOX4 in the skin samples of human and mice 

(Hosseini et al. 2014b).  

 

 

Fig.5. Subunit Composition of Mammalian NADPH oxidase isoforms (Altenhöfer et al. 

2014). NOX1 is activated by binding of its organizer NOXO1 which along with a small 

GTPase, Rac, enable the binding of NOXA1 to activate the complex completely. NOX2 is 

activated in a similar manner by its organizer proteins, p47phox and Rac which enable the 

binding of the activator protein, p67phox. Activation of NOX2 can be promoted by the 

binding of p40phox to the complex. NOXA1 seems to be capable of activating NOX3 but its 

role still needs to be confirmed in vivo. NOX4 is the only NOX isoform which seems to be 

constitutively active in the absence of any cytosolic binding factors. NOX5, NOX6/ DUOX1, 

and NOX7/DUOX2 are mainly activated by calcium via their calcium binding sites. NOX 

isoforms (green), NOX stabilizing factor (red) and Complex organizing binding partners 

(blue)(Drummond et al. 2011; Altenhöfer et al. 2014).  
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Isoforms of NADPH oxidase catalyze the transfer of an electron from NADPH to molecular 

oxygen through biological membranes and convert oxygen into superoxide anion. Except for 

NOX4, DUOX1 and DUOX2, the other isoforms produce superoxide as a primary ROS 

molecule. 

Generally, for the activation of each isoform, different subunits should be assembled together. 

For instance, NOX1 activation requires the assembly of five subunits 

(NOX1+RAC1+NOX1A+p22phox+NOX1O) which could generate O2
-•
 from O2 using 

NADPH as an electron donor (Hosseini et al. 2014b).  

NOX catalytic and regulatory subunits have been implicated in a wide range of disorders 

including premature aging and cancer (Table 3). Over expression of NOX isomers with an 

increased level of ROS has also been detected in various cancer cell lines and human tumors 

(Block and Gorin 2012a). All these data therefore, point to an important role of NOX complex 

in premature aging and tumor initiation and progression as well.  

 

Table 3. NADPH oxidase families. 

 NOX1 NOX2 NOX3 NOX4 NOX5 DOUX1/2 

PARTNERS 

P22, NOXO1, 

NOXA1, Rac1 

 

P22
phox

, 

P47
phox

, 

P67
phox

, 

P40
phox

, 

Rac2 

P22
phox

, 

P47
phox

,P67
p

hox
, NOXO1, 

NOXA1 

P22
phox

, 

Rac ±, 

Poldip2, 

NOXR1 

 

- 

Ca
2+

 

 

DUOXA1/ 

DUOXA2 

Ca
2+

 

 

TISSUES 
Colon, stomach, 

uterus, Skin 

Neutrophils, 

macrophages

, monocytes, 

Skin 

Inner ear, 

fetal Tissues 

Kidney, 

CML, Skin, 

Heart, 

Pancreas 

Lymphoid 

tissue, 

testes, 

ovaries 

Thyroid, 

Lung, 

Intestine 

FUNCTIONS 

Host defense, 

regulation of 

blood pressure 

Host 

defense, pH 

regulation 

senescence 

senescence, 

apoptosis, 

signaling of 

insulin 

lymphocyt

e 

differentiat

ion 

Host 

defense, 

Thyroid 

hormone 

biosynthesis 

DISEASES 

Atherosclerosis, 

Cardiovascular 

Diseases, 

Prostatic 

adenocarcinoma 

chronic 

granulomato

us disease, 

Cardiovascul

ar Diseases 

Otoconia in 

the internal 

ear 

atheroscleros

is 

,colonic 

cancer, 

angiogenesis 

male 

Infertility, 

prostatic 

adenocarci

noma 

hypothyroid

ism 
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3.4.1.1. NADPH Oxidase 1 (NOX1)  

NOX1 has a molecular mass of 55-60 kDa and an approximately 60% sequence identity to 

NOX2. It is composed of six transmembrane domains harboring two termini similar to NOX2. 

NOX1 has five subunits including NOX1, p22phox, RAC1, NOXO1 (NOX-organizer 1) and 

NOXA1 (NOX-activator1) whose assembly leads to its activation and results in production of 

reactive oxygen species (ROS) afterwards. While NOX1 alone can only produce a low level 

of ROS, the assembled complex is able to produce a large amount.  

NOXO1 is involved in the phosphorylation-induced activation and further binding to the 

NOX1/p22 (called sometimes flavocytochrome b558). Then NOX1/p22/NOXO1 and NOXA1 

join each other by activity of NOXO1. Finally binding of NOXA1 to RAC1 promotes electron 

flow through the flavocytochrome in a GTP-dependent manner and produces superoxide by 

transferring an electron from NADPH (Bedard and Krause 2007; Rezvani et al. 2011a; 

Altenhöfer et al. 2014). 

Our study on the role of NOX1 in skin physiology has revealed the key role of this oxidase in 

skin aging and skin carcinogenesis (Hosseini et al. 2014b and unpublished data). 

3.4.1.2. NADPH oxidase 2 (NOX2) 

Current knowledge on the topography and structure of NOX isoforms has been obtained 

through diverse studies on the isoform NOX2. This complex is composed of six 

transmembrane domains with two termini (COOH and NH2) which are facing the cytoplasm. 

Once transmembrane domains are assembled, the complex becomes activated and produces 

superoxide radicals. NOX2 has been identified in several organs such as colon, spleen, 

pancreas, prostate, testis, thymus, small intestine, ovary and placenta (Bedard and Krause 

2007; Altenhöfer et al. 2014).  

3.4.1.3. NADPH Oxidase 3 (NOX3)  

The structure of NOX3 is highly similar to that of NOX1 and NOX2 in general. NOX3 has 

been detected in the inner ear, fetal spleen, fetal kidney, skull bone, and brain (Bedard and 

Krause 2007). 
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3.4.1.4. NADPH Oxidase 4 (NOX4) 

 

NOX4 has a less similarity to NOX2 comparing NOX1 and NOX3 (∼39%). Expression of 

this complex has been reported in kidney, keratinocytes, fibroblasts,  melanoma cells, 

osteoclasts, endothelial cells, smooth muscle cells, hematopoietic stem cells and neurons 

(Bedard and Krause 2007). 

3.4.1.5. NADPH Oxidase5 (NOX5) 

This complex is different from other members of NOX family as it has a long intracellular 

NH2 terminus containing a Ca
2+ 

binding
 
site. Expression of NOX5 has been demonstrated in 

testis, spleen, lymph nodes, vascular smooth muscle, bone marrow, pancreas, placenta, ovary, 

uterus, stomach, and various fetal tissues (Bedard and Krause 2007). 

3.4.1.6. DOUX1/DOUX2 

The so-called NOX6 and NOX7 isoforms or DOUX1 and DOUX2 have 50% similarity to 

NOX2 but they produce H2O2 instead of superoxide anion which is the main product of 

NOX2. DOUX1/2 are expressed in thyroid, airway epithelia and prostate (Bedard and Krause 

2007). 

3.4.2. Role of ROS in Cellular Response to UV 

Reactive oxygen species play a dual role in cellular response to UV. On the one hand, they act 

as toxic products by oxidizing biological macromolecules (proteins, lipids and nucleic acids) 

and on the other hand, they modulate the activity of certain transcription factors as second 

messengers. 

3.4.3. Oxidative Effects of ROS 

As free radicals are highly reactive, they quickly attack the first molecules they encounter 

especially lipids, nucleic acids and amino acids. 

The first targets of these attacks are polyunsaturated fatty acids which are the main 

components of cell membranes (nuclear/ mitochondrial/ lysosomal). Briefly, HO
•
 can trigger 

lipid peroxidation by extracting H from a methylene group for example according to the 

following reactions: 

RH + HO
•
  R

•
+ H2O 

R
•
+ O2  ROO

• 
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ROO
•
ROO

•
+ RHROOH + R

• 

Peroxidized fatty acids corrupt membrane permeability and could lead to disintegration of the 

membrane. In the same way, the amino acids of a protein may undergo carbonylation (> C = 

O), which modifies proteins and make them sensitive to proteases. Finally the DNA bases can 

also be oxidized. This type of modification is a cause of mutations or replication arrest of 

DNA.  

3.4.4. ROS as a Second Messenger  

Numerous studies have shown that ROS can modulate the activity of certain transcription 

factors. Schreck and colleagues (Schreck et al. 1992) first showed that some transcription 

factors of the NFκB family can be activated by oxidizing agents and also by ionizing 

radiation. 

Later, it was shown that several transcription factors and protein kinases possess redox 

sensitive elements, thus become activated by irradiation (Morel and Barouki 1998; Valko et 

al. 2007; Trachootham et al. 2008). Some of these factors are detailed in Table 4. 

 

Table 4. Transcription Factors Sensitive to the Redox State 

Factor Function Regulation Ref 

NF B 

This factor plays an important role 

in the rapid response to cellular 

stress. 

This factor is controlled at two 

antagonistic levels (nuclear 

translocation and DNA binding) by 

the redox system. 

(Anderson et 

al. 1994, 

Piette et al. 

1997) 

AP-1 

(activator 

protein-1) 

This factor composed of the Fos  

(cfos) and Jun (c-Jun, JunB) family 

members, is involved in cell 

growth, differentiation and cellular 

stress. 

Activation and DNA binding are two 

different stages sensitive to redox 

state of the cell. Activation is made 

by a kinase activated by ROS while 

the connection is controlled by 

oxidation of cysteine. 

(Abate et al. 

1990) 

AP-2 

This factor activates the gene 

transcription of intracellular 

adhesion protein ICAM-1, heme 

oxygenase and some 

metalloproteases. 

This factor is activated by UVA via 

the production of singlet oxygen. 

(Grether- 

Beck et al. 

1996) 
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Hox B5 Its role in humans is not yet known. 

Oxidizing conditions cause its 

dimerization by the formation of a 

disulfide bridge at the cysteine. 

(Galang et 

Hauser 1993) 

Sp1 

This factor recognizes a specific 

sequence present in the promoters 

of many genes. 

Its transcriptional activity and DNA 

binding are very disturbed by 

oxidative stress 

(Wu et al. 

1996) 

NF-1 

(nuclear 

factor -1) 

This factor binds to the consensus 

sequence. One of the most 

interesting target gene is 

cytochrome p450 1A1 human 

(CYP1A1) 

It has three criticals cysteine in its 

binding domain to the DNA. 

(Bandyopadh

yay 

et 

Gronostajski 

1994) 

p53 

This tumor suppressor is involved 

in regulating the cell cycle, DNA 

repair and apoptosis induction. 

It has twelve cysteines in its protein 

sequence. Nine of them are in the 

DNA binding domain of which four 

are essential for binding. The 

presence of many cysteines allows 

considering several hypotheses 

explaining the role of oxidative stress. 

(Parks et al. 

1997) 

 

USF 

(upstream 

stimulatory 

factor) 

It regulates the expression of many 

genes involved in the immune 

response, stress, cell cycle and 

proliferation. 

An intramolecular disulfide bridge 

prevents dimerization and inhibits its 

binding to DNA. 

(Pognonec et 

al. 1992) 

 

Majority of transcription factors (TFS) contain a series of functional cysteine residues in their 

protein sequences which make them sensitive to the redox changes via the thiol groups. These 

cysteine residues can be located in the DNA-binding domain of TF to ensure the recognition 

of a particular site by electrostatic interactions with the DNA. They may also form inter or 

intramolecular disulfide bridges essential for the three-dimensional conformation of the 

protein and finally, they involve in coordination of metal cations mainly Zn
2+

. Accordingly, 

oxidation of these cysteines changes the behavior of the transcription factor. 

Besides the direct effects, there are various indirect effects of ROS in inflammation and cell 

injury. These include activation of phospholipases and subsequent generation of 

prostaglandins and leukotrienes, production of inflammatory cytokines (IL-1, TNF) and 

initiation of apoptotic machinery as well (Heck et al. 2004; Valko et al. 2006). 
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4. Photoprotection 

Skin cells are the first body barriers against the physical, chemical and biological aggressions 

of the environment. A common type of these dangers is UV radiation. Natural photoprotection 

of skin against UV and photocarcinogenesis is ensured by pigmentation, DNA repair, 

antioxidants, senescence, apoptosis and autophagy. 

4.1.  Pigmentation 

Melanin is produced in melanocytes by oxidation of tyrosine. It determines skin and hair 

pigmentation (color) and enables the tissue to resist against aggressions of UV.  The two main 

types of melanin pigments with different photochemical characteristics are eumelanin and 

pheomelanin. The brown-black pigment, eumelanin, is a photoprotective factor while 

pheomelanin  is yellow, cytotoxic with no photoprotective effects (Figure 6) (Ou-Yang et al. 

2004). After synthesis, melanin is transferred to the neighboring keratinocytes giving 

pigmentation to the skin (Figure 6). 

 

 

Fig.6. Melanin synthesis (A) and distribution of melanosomes in different skin types (B). 

 

It is not the number of melanocytes that makes the difference between various phototypes. 

The difference is in fact related to a factor called melanin synthesis capacity which is the ratio 

of eumelanin to pheomelanin and also dependant on the rate and modalities of transferred 

melanosomes to the neighboring keratinocytes (Fitzpatrick 1986; Hunt et al. 1995; D’Orazio 

et al. 2010). Constitutive and UV-induced pigmentation are controlled by a complex signaling 

network containing four major pathways: 

A. B. 
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- POMC/ MC1R: POMC gene (Pro-Opio-Melano-Cortin) codes for a precursor 

polypeptide which produce alpha melanocyte stimulating hormone (α-MSH) after 

cleavage  (Schauer et al. 1994; Wintzen and Gilchrest 1996). Binding of this ligand to 

its receptor, MC1R which is located on the melanocyte membranes, induces 

intracellular cascades leading to activation of several regulatory pathways involved in  

pigmentation and immune response (Corre et al. 2004; Millington 2006; Rouzaud et 

al. 2006). 

 

- END/ ENDRB: Endothelin 1 (END-1) is synthesized by keratinocytes and binds to its 

receptor ENDRB on the melanocyte membrane. After activation, ENDRB receptor 

belonging to the G-protein coupled receptor family triggers various intracellular 

pathways and lead to pigmentation. The activated receptor is involved in pigmentation 

by stimulation of tyrosinase activity or by induction of the expression of POMC. The 

increased expression of endothelin after UVB irradiation is in fact a major stimulus in  

UV-induced pigmentation (Imokawa et al. 1997). 

 

- SCF/ KIT: Secreted by keratinocytes, SCF (Stem Cell Factor) binds to its receptor 

KIT leading to activation of the MAPK pathway. The MAPK pathway is involved in 

constitutive pigmentation by activation of the transcription factor MITF (Imokawa 

2004). Increased expression of KIT gene after exposure to UVB by an unknown 

mechanism also allows SCF/ KIT to intervene in the photo-induced pigmentation 

(Hachiya et al. 2001). 

 

- FGF2/ FGFR: basic Fibroblast Growth Factor (βFGF or FGF2) which is synthesized 

by keratinocytes activates MAPK after binding to its receptor. Induction of  MC1R 

gene expression by the increased expression of FGF2 following irradiation shows that 

this pathway may also contribute to photo-induced pigmentation (Scott et al. 2002). 

 

4.2. DNA repair 

During evolution, living organisms were forced to develop efficient repair systems for 

identifying and repairing DNA damage to ensure the survival of the species.  

Different strategies have been evolved for the repair or tolerance of radiation-induced DNA 

injuries (Bernstein et al. 2002) : 
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- In situ reversion of the damage 

- DNA mismatch repair 

- Base excision repair- nucleotide excision repair  

- Repair by homologous recombination  

- Repair by non-homologous religation  

4.2.1. In situ Reversion of the Damage (Direct Reversal) 

This is the easiest, most effective and most correct repair system which deals with only three 

types of injuries including methylated bases, thymidine dimers and single strand breaks. The 

last two damages are UV-induced lesions. Although the  enzyme photolyase is present in 

human cells to repair the  light-induced reactivity dimers in vivo, it has other functions (van 

der Spek et al. 1996; Todo et al. 1997; Thoma 1999). Therefore, only one specific class of 

UV-induced lesions, fractures with single stranded 3'-OH, are repaired by the system in one 

step by the activity of polynucleotide ligase (DNA ligase I) (Tomkinson and Mackey 1998). 

4.2.2. Mismatches Repair 

Normal DNA replication provides an extremely high fidelity of genetic material with an error 

rate of 10
-9

 to 10
-10 

by an enzymatic correction system along with DNA polymerase.  

The elimination of mismatches take place in four steps (Modrich 1997; Kolodner and 

Marsischky 1999; Stojic et al. 2004) : 

- Recognition of mismatched base and assembly of repair complex 

- Identification of the parental strand that carries the genetic information for eliminating the 

mismatched base and a small part of the sequence that encompasses it 

- Repair synthesis by DNA polymerase activity 

- DNA ligation by a DNA ligase to restore the normal integrity of DNA structure  

Recognition of the mismatch is primarily performed by a heterodimer protein called hMutSα.  

Conformational changes in hMutSa will trigger an intervention of a repairosome complex 

containing hMLH1, polypeptides of postmeiotic segregation (PMS), DNA polymerase δ, a 

replication factor which is either PCNA (proliferative Cell Nuclear Antigen), RPA 

(Replication Protein A) or RFC (Replication Factor C), as well as 5'3' exo-endonucleases, 

3'5' exonucleases, a DNA helicase and ligase. Base mismatch repair is often associated with 

other repair mechanisms which induce the integration of mismatch bases (e.g. base excision, 

recombination and translational repair) (Jiricny 2000). In addition, human cell lines deficient 
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in hMLH1 are also deficient in the transcription-coupled repair of oxidative damage induced 

by ultraviolet (Leadon and Avrutskaya 1997). 

4.2.3. Base Excision Repair System (BER)  

Base excision is a multi-enzymatic repair process that recognizes the base modifications such 

as methylation, oxidation, reduction or fragmentation of bases induced by ionizing radiation 

or normal oxidative  metabolism (Fan and Wilson 2005). 

Depending on the initial damage and glycosylation, two enzymatic pathways are involved in 

base excision repair mechanism including short patch and long patch (Thompson and West 

2000; Bernstein et al. 2002). 

Generally, initial recognition and subsequent excision of the modified bases by specialized 

DNA glycosylases such as hNth or hOGG1 leaves apurinic or apyrimidinic sites (AP).These 

sites are substrates of AP endonucleases. DNA polymerases β or δ associated with replication 

factor PCNA fill the gap with one to two or five to six nucleotides respectively using the 

undamaged complementary strand as a template. Finally, DNA ligase I or complex DNA 

ligase III/ XRCC1 perform the joining of DNA strands. Eight DNA glycosylases have been 

characterized in humans having various activities and specificities (Lindahl and Wood 1999). 

8-oxoguanine DNA glycosylase (hOGG1) excises,  among others, 7,8-dihydro-8-oxoguanine 

(8-oxoG) DNA, very mutagenic lesion causing G to T transversions (Van der kemp et al. 

1996). 

4.2.4. Nucleotide Excision Repair (NER)  

DNA repair by nucleotides excision is probably the most important repair process as it is the 

most effective in removing bulky lesions which cause structural DNA distortions. These 

lesions are induced by ultraviolet light, ionizing radiation, mutagens, chemical carcinogens 

and certain therapeutic substances (Sarasin 1997; Ichihashi et al. 2003; Feuerhahn and Egly 

2008; D’Orazio et al. 2013). 

 

 

 

 

 

 



26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Nucleotide excision repair (NER) reactions (Hosseini et al. 2014a). 

 

This process applies to various adducts such as cyclobutane pyrimidine dimers, 6-4 

photoproducts, thymine glycols and other certain base modifications, adducts psoralen-

thymine, cisplatin-guanine, mitomycin-guanine and interstrand cross-links. There are twenty 

different proteins involved in the process (Eisen and Hanawalt 1999). The main genes were 

discovered following the identification of genes related to hereditary diseases such as 

xeroderma pigmentosum (XP), trichothiodystrophy (TTD) and Cockayne syndrome in 

humans (Hoeijmakers 1993; Frit et al. 2002). 

There are two different sub-pathways for NER: global genome repair (GGR) which is 

independent of transcription and transcription-coupled repair (TCR) (Figure 7) (de Boer and 

Hoeijmakers 2000; Feuerhahn and Egly 2008).  

However, the repair process is done in the five following steps: recognition of the lesion, 

separation of double helix at the lesion site, incision at both sides of the lesion, excision of the 

lesion, reparative DNA synthesis (resynthesis) for filling the gap and ligation. In GGR, poly-
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ubiquitination of XPC by XPE (UV-DDB) seems to stimulate the binding of XPC-RAD23B 

complexes to the damaged DNA and initiate GG-NER (Singh et al. 2015).  

In TCR, damage is recognized by a stalled RNA polymerase II at a DNA lesion in 

transcriptionally active regions upon its interaction with CSB (ERCC6) and CSA (ERCC8) 

proteins (Singh et al. 2015). The UV-stimulated scaffold protein A (UVSSA) forms a 

complex with ubiquitin-specific protease 7 (USP7) which removes ubiquitin and stabilizes the 

ERCC6–RNA Pol II complex. RNA Pol II which is stalled on the DNA template is then 

displaced to provide access to NER factors in order to remove the transcription-stalling 

damage.  

Damage recognition for both GGR and TCR pathways is followed by recruitment of TFIIH 

(including XPB, XPD, p8/TTDA and several other subunits) via interaction with either XPC 

or the arrested transcription apparatus. Unwinding the DNA helix is then triggered by TFIIH 

complex, XPG, XPA and replication protein A (RPA). The DNA around the damage is then 

incised by XPF-ERCC1 and XPG leading to the release of the oligonucleotide segment 

containing the damaged base(s). The resulted gap is then filled by a DNA polymerase (ε or δ) 

in presence of PCNA (Proliferating Cell Nuclear Antigen) and Replication Factor C (RFC). 

The 3’ nick is finally closed by DNA ligase (Hosseini et al. 2014a). 

Hereditary diseases related to NER deficiency, their clinical symptoms and the potential role 

of oxidative and energy metabolism in the clinical heterogeneity spectrum observed among 

different patients with NER defects are discussed in my fist review article (Vermeulen et al. 

1994; de Boer and Hoeijmakers 2000; Hosseini et al. 2014a). 

4.2.5. Repair by homologous recombination 

Severe damages involving both DNA strands such as radiation-induced double-strand breaks 

or inter-strand cross-links induced by therapeutic agents (cisplatin, mitomycin C, and psoralen 

plus UVA) can be repaired by a genetic recombination between two homologous DNA 

molecules (Game 1993; Shinohara and Ogawa 1995).  

Repair of double-strand breaks by homologous recombination contains several steps (Dasika 

et al. 1999; Van Dyck et al. 1999; Karran 2000). First, double-strand breaks are recognized by 

a protein complex called hRad50/ Mre11/Xrs2 (Nbs1) which attaches to the both ends of 

broken strands to excise a few nucleotides (Resection). Then hRad52 binds to the two 

opposite strands to protect them from digestion by cellular endonucleases (Dasika et al. 1999; 
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Van Dyck et al. 1999). Subsequently, in presence of hRad51 and other proteins, both strands 

bearing hRad52 start searching for DNA sequences similar to the 3’ overhang. After finding 

such a sequence, the single-stranded nucleoprotein moves into the similar or identical 

recipient DNA duplex in a process called strand invasion. Then intact template strand will be 

used for a restorative DNA synthesis by a DNA polymerase resulting in formation of a cross-

shaped structure known as Holliday junction.  

Finally, separation of the product (resolution of Holliday junctions) and ligation of the gaps 

are carried out by nicking endonucleases and DNA ligase I, respectively, resulting in a 

damage repair without loss of any genetic information (Featherstone and Jackson 1999).  

Another way for the repair of double-strand breaks is a pathway involving tandem or repeated 

sequences (synthesis-dependent strand annealing) (Figure 8). Not always faithful, this process 

is also a part of the repair by homologous recombination (Karran 2000). 

4.2.6. Repair by non-Homologous Religation (Non-Homologous End-Joining, 

NHEJ)  

This mechanism is preferentially used by mammalian cells to repair double-strand breaks and 

probably multiple localized damages. It also plays a key role in V (D) J recombination which 

ensures the diversity of immunoglobulins (Jeggo et al. 1995; Jeggo 1998; Featherstone and 

Jackson 1999). In contrast to homologous recombination, in non-homologous repair by 

religation of double strand breaks, there is no need for homology to another duplex DNA or 

even homologous base pairs at the ends of the broken DNA. 

The non-homologous repair process is done in the following steps. First, radiation-induced 

double strand breaks are recognized by the complex Rad50/ Mre11/ Xrs2 (Nbs1) as in 

homologous recombination. Nbs1 protein indicates the presence of damage in the DNA to cell 

cycle control system (checkpoint) and regulates the activity of Mre11-Rad50 complex. Then, 

the heterodimeric protein Ku (Ku70 and Ku80) binds to the ends of broken DNA strands and 

assemble the catalytic subunits of the DNA-dependent protein kinase (DNA-PKcs) (465 kDa) 

(Featherstone and Jackson 1999). Finally, the gaps are probably filled by a DNA polymerase 

(not yet specified) and after alignment of the strands, DNA ligase IV links them together at 

the presence of XRCC4 protein.  

4.2.7. DNA Damage Tolerance and Translational Synthesis  
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Most of radiations block the progression of DNA replication enzymes. In each cell, there are 

several mechanisms in order to control of the cell cycle (checkpoints) allowing cells to repair 

their DNA before replication or division (Favaudon 2000). 

However, single-stranded DNA containing some damages can be replicated without repair by 

translational synthesis (Wood 1999). The confirmation of the existence of such a synthesis in 

humans comes from results obtained on the cells derived from patients with xeroderma 

pigmentosum variant (XPV) (Masutani et al. 1999a, 1999b). 

XPV cells are relatively insensitive to UV radiation but patients have a high risk for cancer 

after sun exposure. They are deficient in post-replication repair resulting in a high frequency 

of mutations after UV irradiation (Lehmann et al. 1975). It was shown that XPV cell extracts 

have a very low capacity in replicating the DNA with a thymine dimer in vitro (Masutani et 

al. 1999b) while normal cell extracts were capable of replicating (cross-link) the lesion. 

Masutani and colleagues found a DNA polymerase called DNA polymerase η which is 

capable of translesional DNA synthesis by passing the cyclobutane pyrimidine dimers and 6-4 

photoproducts quite faithfully. Another polymerase (ζ) present in normal cells allows 

translesional synthesis in the presence of thymine dimers but with introducing mutations.  
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Fig.8. All types of DNA damages and repair mechanisms (Rastogi et al. 2010). Genomic 

damages induced by DNA damaging agents trigger several specific repair machineries to 

conserve the genomic integrity. Escape from severe damage and/or failure of repair 

mechanisms lead to apoptosis or induce a complex series of phenotypic changes such as SOS 

response (Rastogi et al. 2010). 

4.3.  Antioxidants Systems 

ROS are responsible for many damages to cellular components due to their reactivity. In order 

to confront the oxidative action of free radicals, the body is guarded with protective 

mechanisms called “antioxidant defense systems”. Production of ROS is balanced by their 

consumption at equal speed through this system. An imbalance in the oxidant/ antioxidant 

system leads to oxidative stress. Currently, it is accepted that oxidative stress is involved in 

the pathophysiology of ischemia-reperfusion syndromes, aging and  photocarcinogenesis and 

also in the etiology of many neurodegenerative disorders such as Alzheimer's, Parkinson's and 

Huntington’s (Valko et al. 2006). 

Control of oxidative stress is accomplished by three main complexes: 
 

- Specific antioxidant enzyme systems  

- Enzymes implicated in sequestration of free transition metals 

- Diet antioxidants 

4.3.1. Antioxidant Enzyme Systems 

The antioxidant enzyme system comprises three different enzymes including superoxide 

dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-peroxidase) plus other 

associated enzymes (Figure 9) (Matés 2000; Valko et al. 2006; Fernández-mejía 2013). 
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Fig.9. Overview of antioxidants systems (Fernández-mejía 2013). 

 

Superoxide dismutase or SOD catalyzes the dismutation of two O2
-•
 ions to hydrogen 

peroxide at neutral pH: 

SOD 

2O2
-•
+ 2H

+                                                   
H2O2 + O2 

The conversion of superoxide radical to H2O2 can be accomplished spontaneously but in fact, 

it would be accelerated about 10,000 times in presence of SOD. Three different forms of SOD 

have been identified in human cells. The copper-zinc superoxide dismutase (CuZnSOD) is 

found in the cytosol while manganese SOD (MnSOD) is located in the mitochondria and the 

extracellular superoxide dismutase (EC-SOD) in extracellular matrix of tissue. It has been 

shown that MnSOD is a life essential while CuZnSOD is important for the response to 

various types of stress including oxidative stress as well as response to xenobiotics, 

herbicides, dioxin and cytokines (Matés 2000).  

Extracellular superoxide dismutase (EC-SOD) is the only enzyme known for deactivating 

extracellular superoxide anion. Cytokines such as interferon γ and IL-1 regulate the activity of  

EC-SOD  which on the contrary it is not induced by oxidants (Matés 2000; Ha et al. 2006). 
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Catalase which is located in cytosol and peroxisomes accelerates the spontaneous reaction of 

converting hydrogen peroxide into water and oxygen, thus prevents the formation of OH
•
:                                        

CAT 

   2H2O2                                    2H2O + O2 

Catalase is very sensitive to its oxidation. However, oxidation of many sites is essential to 

induce a decrease in its enzymatic activity (Escobar et al. 1996). While catalase acts on H2O2 

at concentrations ≤100 mmol/L, GSH-peroxidase detoxifies H2O2 at concentrations more than 

100 mmol/L (Masaki et al. 1998). 

GSH peroxidase and GSH reductase which are present in both cytosol and mitochondria 

forms an efficient antioxidant system for the cells. GSH peroxidase is responsible for 

conversion of hydrogen peroxide as well as lipid peroxides. In fact, hydrogen peroxide and 

lipoperoxide are reduced in the presence of glutathione. 

GSH-peroxidase 

H2O2 + 2GSH                                         2H2O + GSSG 

Maintenance the activity of GSH-peroxidase requires regeneration of reduced glutathione 

GSH which is provided by GSH reductase. As part of this reaction, NADPH is used as a 

cofactor for GSH. 

 

GSH-reductase 

GSSG + NADPH + H
+ 

                                      2 GSH + NADP
+ 

This reaction produces NADP
+
 which is converted to NADPH by G6PD (Glucose-6-

phosphate dehydrogenase), an enzyme from the pentose pathway:  

G6PD 

NADP
+
                                NADPH 

Consumption of reduced glutathione by GSH peroxidase causes a deficiency in levels of 

cellular glutathione and R-SH group (Matés 2000; Valko et al. 2006).  

In addition to the three main enzymes, other enzymes including thioredoxin (Trx) peroxidase/ 

reductase and heme oxygenase are also involved in this system. Trx peroxidase may reduce 

hydrogen peroxide and alkylperoxides by oxidizing Trx. The latter is regenerated by selenium 

thioredoxin reductase (Cha et al. 1995). 
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4.3.2. non-Enzymatic Antioxidant Systems 

Antioxidant enzymes are not the only systems protecting the body against free radicals. 

Extension of free radical reactions in the presence of metals (by Fenton reaction as an 

example) is limited by trapping metals. Metals are seldom free in the body and usually are 

bound to various organic molecules such as transferrin, ferritin and metallothioneins. 

Following attachment to organic molecules, metals lose their stimulating activity of free-

radical relatively or completely. For example, transcription of metallothioneins which are 

nuclear proteins constitutively expressed in the cells are activated following exposure to UVB 

and also in the presence of Fe (Parat et al. 1999). They can protect DNA from hydroxyl 

radical attacks probably by their thiol groups (Min et al. 1999). They can sequester metals and 

accordingly limit the formation of hydroxyl radicals through Fenton reaction (Hanada et al. 

1993; Meneghini 1997). 

The third line of defense in reducing free radicals is dietary antioxidants such as vitamin E 

(tocopherol), vitamin C (ascorbate), carotenes and flavonoids. These exogenous antioxidants 

have been shown to restrict damages induced by free radicals as well (Matés 2000; Valko et 

al. 2006). 
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Fig.10. Mechanism of enzymatic and non-enzymatic antioxidant activity. ROS production 

in physiological condition or after a stress balance by antioxidants systems. The rupture of 

balance between oxidant and antioxidant systems leads to oxidative stress which causes the 

outbreak of apoptosis, cancer or the many other oxidative diseases. 

4.4.  Apoptosis 

Cells have adopted several systems to reduce UV-induced damages. Programmed cell death 

or apoptosis is an active form of self-destruction in eukaryotic cells involving the reaction of 

organisms to physiological or pathological stimuli. It comes from the execution of a highly 

regulated program which induces the destruction of a cell while preserving the integrity of 

surrounding tissues with a sequence of well-defined events. The programmed cell death is 

quite different from the non-programmed death known as necrotic death. Necrosis is a 

destruction caused by various exogenous factors.  Necrotic cell death is defined by an increase 

in the cell volume, swelling of the organelle, complete rupture and disappearance of the cell 

membrane and leakage of intracellular components into the cell environment. While necrosis 

is generally considered as an accidental form of cell death, new emerged evidence reveals that 

necrosis can also be a programmed process with a distinctive biochemical cascade  (Kitanaka 

and Kuchino 1999; Bizik et al. 2004; Hitomi et al. 2009). 

After receiving an apoptotic signal, cell will first undergo a loss of contact with surrounding 

cells. This is immediately followed by a significant reduction in cell volume and after that 

lipid organization of the plasma membrane will be impaired. For example, phosphatidylserine 

which is normally located in the inner leaflet of the plasma membrane is translocated to the 

outer layer by a phenomenon called "flip-flap". In addition, mitochondria undergo critical 

physiological changes. Among these changes, there is a decrease in mitochondrial 

transmembrane potential (Δψm) resulting in the formation of a high conductance channel 

called permeability transition pore (Marchetti et al. 1996; Zamzami et al. 1996). Once open, 

these pores allow the penetration of water and solutes and in particular cytochrome c into the 

cytoplasm (Kluck et al. 1997). Besides, nuclear compartment goes through significant 

changes. Chromatin undergoes a strong condensation and fragmentation to oligonucleosomes 

following activation of endonucleases (Montague and Cidlowski 1996). The 

oligonucleosomal fragments of 180 bp are the ladder pattern observed in electrophoresis. 

Finally, cell will undergo a general compaction which results in its fragmentation into 

apoptotic bodies containing nuclear material as well as intact organelles without loss of 
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membrane integrity. These apoptotic bodies will be ingested by phagocytic cells 

(macrophages in particular) leading to the elimination of the cell.  Apoptosis does not induce 

inflammation while it occurs during necrosis. 

4.4.1. General mechanisms of apoptosis 

Apoptosis comes in two major signaling pathways called intrinsic and extrinsic pathways. 

While intrinsic pathways involve mitochondria as a central component in apoptosis, extrinsic 

pathways are initiated by death receptors on the cell surface. The mitochondrial pathway is 

divided into two sub-pathways. One of the pathways leads to the activation of caspase family 

of proteases while the other is caspase-independent involving a mitochondrial protein called 

AIF (Apoptosis Inducing Factor). The cysteine proteases or caspases (cysteinyl aspartate-

specific proteinases and cysteine proteases aspartate) cleave their protein substrate at an 

aspartic residue of the carboxy-terminal part of their substrate. The catalytic site of the 

caspase comprises a cysteine residue (C) located in the center of the QACXG motif (where X 

= R, Q or G). There are 14 caspases numbered 1 to 14 which are different in molecular weight 

(32-55 kDa).  Except for caspases -11, -12 and -13, they all exist in human cells (Koenig et 

al. 2001; Lamkanfi et al. 2002). 

4.4.2. UVB-induced Apoptosis 

UV irradiation leads to the increased expression of Fas receptor and its ligand, FasL (Hill et 

al. 1999). It can also induce the aggregation and activation of Fas receptor independent of 

binding to FasL (Schwarz et al. 1995; Rosette and Karin 1996; Rehemtulla et al. 1997; 

Aragane et al. 1998). These data illustrate the important role of death receptors in UV-induced 

apoptosis. In addition, release of cytochrome c into the cytoplasm and participation of Bcl-2 

family proteins in apoptotic process after irradiation demonstrated the activation of 

mitochondrial pathway (Goldstein et al. 2000; Nijhawan et al. 2003). Therefore, both 

signaling pathways of apoptosis are activated in response to UV irradiation. 

Numerous studies have shown that DNA damage is not the only effect of UV-induced 

apoptosis. Indeed, ROS production and direct activation of death receptors also appear to 

contribute to this response (Murphy 2001; Kulms et al. 2002; Haupt et al. 2003; Rezvani et al. 

2006, 2007). 
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4.5. Senescence or Aging 

Aging is a common biological phenomenon in the animal and plant kingdom. It is considered 

as an irreversible process which starts or accelerates at maturity and results in increasing rate 

of deviations from ideal state. Aging is characterized by a progressive failure in maintaining 

homeostasis under physiological stress conditions. These conditions increase the individual 

vulnerability and limit the viability (Mangoni and Jackson 2004). Aging comes into two 

categories as intrinsic and extrinsic. Genetic factors give rise to intrinsic aging while extrinsic 

aging occurs as a result of environmental factors. The anatomical and physiological changes 

associated with aging start many years before the appearance of external signs. These changes 

in addition to functional alterations in different organs modify the physical appearance of the 

body.  

Senescence refers to a reduction in potential of cell division in normal human cells in culture. 

There are two theories at present which explain cellular senescence. The first theory argues 

that senescence results from an accumulation of random lesions caused by mutations, errors 

or free radicals. The other explains that senescence is an active process which involves 

changes in gene expression.  

 

4.5.1. Key players in Aging process 

 

4.5.1.1. Intrinsic Factors 

Like all other organs, skin is also subjected to intrinsic aging. Biological mechanisms are 

linked to an imbalance between cellular degradation phenomena (eg. ROS and the end 

products of glycation) and repair systems (eg. antioxidants, DNA enzymes repair, proteases, 

proteinases, phospholipases and acyltransferase) (Sanches Silveira and Pedroso 2014).  

DNA repair mechanisms play a major role in struggling against skin aging and skin cancer. 

Premature skin aging due to DNA repair deficiency in xeroderma pigmentasum, Hutchinson-

Gilford, Cockayne, trichothiodystrophy and Werner, Bloom or Rothmund-Thomson 

syndromes supports this notion (de Boer et al. 2002; Hosseini et al. 2014b). Among other 

cellular repair systems, proteasomes are non-lysosomal proteolytic systems involved in 

several cellular functions particularly proteolysis of oxidized proteins. Aging brings a decline 

in proteasomal functioning in response to the action of reactive oxygen species and genetic 

alterations which is probably implicated in the phenomena of aging. 
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Progressive loss of telomeres is another major factor involved in aging mechanisms. 

Telomerase, an enzyme expressed in tumor, fetal and regenerative tissues (haematopoietic 

tissue and epidermis) is able to repair these chromosomal losses. However, the baseline 

activity of telomerase in epidermal and hematopoietic tissues is much lower than in tumor 

tissues.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. A Model for the Role of Unresolved DNA Lesions in Aging (Lombard et al. 2005). 

Unrepaired DNA lesions can trigger the cell cycle checkpoint machinery leading to 

senescence or apoptosis and subsequent cellular attrition and tissue dysfunction. Several types 

of unrepaired DNA damage—like DNA DSBs—can trigger genomic instability, which can in 

turn lead to further DNA damage. Unrepaired DNA damage can also directly compromise 

cellular processes like transcription, an effect that could also impair tissue function (Lombard 

et al. 2005). 

4.5.1.2. Extrinsic Factors 

UV radiation is accounted as the main factor driving extrinsic aging. The mechanism of action 

is either through direct interaction with cellular DNA (main mode of action of UVB) or 

indirect through the action of reactive oxygen species (main mode of action of UVA) 

(Sanches Silveira and Pedroso 2014). By direct interaction with DNA, UV induces the 

formation of photo-products which can lead to mutations, cell death or even initiation of 

carcinogenesis. At high doses of UV, activation of p53 protein triggers keratinocyte death 

through apoptosis. If a mutation occurs in a tumor suppressor or oncogene, keratinocytes lose 

their ability to die which can be a starting point for senescence or tumorigenesis.  
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In keratinocytes, UVA induces the expression of particular genes responsible for photoaging 

and photocarcinogenesis (Grether-Beck et al. 2000). UVA acts to induce the formation of 

ceramides through reactive oxygen species. UVA-induced ceramide formation leads in turn to 

the expression of ICAM-1 adhesion proteins which activate the transcription factor AP-2. AP-

2 plays a central role in the process of photoaging (Grether-Beck et al. 2000). 

Mechanisms of action of other extrinsic factors are still poorly understood. For instance, 

tobacco aggravates the effects of UV radiation by induction of MMP-1, leading to a reduction 

in collagen content of dermal extracellular matrix (Qin et al. 2014; Quan and Fisher 2015). 

4.5.2. Aging Biomarkers 

There are a wide range of senescence biomarkers. These include cell cycle alterations, 

morphological transformations, over production of ROS, DNA damage accumulation, energy 

metabolism alterations, telomerase modifications, activation of tumor suppressor networks 

and also induction of SA-β-Galactosidase activity.  

Animal cells in culture (in vitro) usually have a limited proliferative potential. After a number 

of multiplications, they acquire a senescent phenotype and eventually are dragged to death. 

Senescent cells can survive several weeks in a near state of quiescence (G0) while of course 

unable to answer proliferative signals. Number of possible cell doublings in a culture before 

entering senescence depends on the donor age and the maximum lifespan of the studied 

species. For example, cells from patients with premature aging syndrome can only perform a 

few limited doublings. These data led to the hypothesis that aging of organisms can be due to 

the aging of individual cells. 

The most known genes involved in senescence are p53, p63, p73, pRB, p16INK4a, 

p21CIP1/WAF1, p15INK4b, p57KIP2, RAF-1, oncogenic ras and hTERT(Fridman and 

Tainsky 2008). Separate studies have also revealed a set of genes with great potential in aging 

apart from the mentioned ones. These include p14ARF, E2F-1, IGFBP3, IGFBPrP1, PAI-1, 

MKK3, MKK6, Smurf2 and HIC-5 (Fridman and Tainsky 2008). Chromosomes 1q25, 1q41–

42 and 6q13–6q21 are also the susceptible genomic regions involved in human senescence 

(Fridman and Tainsky 2008). 

Measurement of high levels of p16Ink4a, proerin, p21, macroH2A, IL-6, phosphorylated p38 

mitogen-activated protein kinase (p38 MAPK), DSBs and β-galactosidase activity is 

considered as the main in situ methods available for monitoring senescence (Van Deursen 
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2014). The four major aging markers which are classically measured to confirm senescence 

state include senescence-associated β-galactosidase (SA-β-gal) activity, progerin and 

p16Ink4a levels and telomere size.  

 Senescence-associated β-galactosidase (SA-β-gal) activity  

Senescence-associated β-galactosidase or SA-β-gal performs an enzymatic reaction which is 

specific to senescent cells. SA-β-gal is indeed a hypothetical hydrolase enzyme which 

catalyzes the hydrolysis of β-galactosidase into monosaccharides. Measurement of SA-β-gal 

activity in general, is done in a semi-quantitative manner by X-Gal staining procedure (Yang 

and Hu 2005).  

 Progerin Level 

Progerin is a truncated version of lamin A protein involved in Hutchinson–Gilford progeria 

syndrome (HGPS) in which patients suffer from premature aging in many organs. Lamin A 

(an intermediate filament) is a major structural component of the lamina, a scaffold of 

proteins in the nuclear membrane. More than 400 mutations associated to numerous disorders 

called laminopathies have been identified in this protein (Yang et al. 2013). The most 

prevalent HGPS mutation makes a splicing defect leading to the formation of a truncated 

version of lamin A named progerin (Gabriel et al. 2015). Accumulation of progerin in nuclear 

membrane results in a variety of  defects in the nuclear structure and function including 

altered histone modification patterns, abnormal chromatin remodeling, impaired transport 

through nuclear pores, reduced DNA repair capacity and also increased telomere shortening 

(Dechat et al. 2008; Motegi et al. 2014). In fact, progerin has been demonstrated to be 

expressed in cells from aged individuals via sporadic use of the same cryptic splice site in 

lamin A whose constitutive activation causes HGPS (Dechat et al. 2008). Consistently, it has 

been demonstrated that progerin is more abundant in late-passage cells as in the dermis of 

aged individuals (Cao et al. 2011) in which exogenous expression of progerin leads to reduced 

cellular proliferation and premature senescence. It has been demonstrated that progerin 

expression was responsible for the modifications observed in nuclear functions of cells taken 

from old individuals (Cao et al. 2011), altogether suggesting progerin as a biomarker of 

physiological aging at least in skin. 
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 P16Ink4a and Aging 

P16Ink4a known as a tumor suppressor is involved also in the cell cycle regulation. This 

protein specifically binds and inhibits the cyclin-dependent kinases 4 and 6. Excessive 

expression of p16ink4a promotes the cell cycle arrest in G phase and consequently leads to 

cellular senescent (figure 12) (Medema et al. 1995).  

 

 

 

 

 

 

Fig.12. Multiple Pathways to Senescence (Lombard et al. 2005). These pathways are 

employed in a cell- and organism-specific fashion. In MEFs, activation of p19ARF leads to 

stabilization of p53. In certain human cell types (e.g., fibroblasts and keratinocytes), telomere 

attrition can activate p53 via the ATM and (potentially) ATR kinases. Senescence can also be 

triggered in human cells via p16 expression (Lombard et al. 2005). Senescence-inducing 

signals, including those that trigger a DNA-damage response (DDR), usually engage either 

the p53 or the p16–retinoblastoma protein (pRB) tumor suppressor pathways. Activation of 

these factors following stress can lead to premature senescence process (Campisi and d’Adda 

di Fagagna 2007). 

 Cell Cycle Alteration in Aging 

Senescence as a highly dynamic and multi-step process is closely associated with inactivation 

of cyclin-dependent kinases (CDKs), the key regulators of the cell cycle. 

P53–p21 and p16Ink4a–RB pathways can trigger the growth arrest depending on the type of 

cellular stress. Moreover, these mediators regulate the activation or inactivation of CDKs 

which orchestrate the smooth running of DNA replication and mitosis. In presence of DNA 

damage or in response to oncogenic hyper-activation, cells activate the response to genotoxic 
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stress which leads to inactivation of CDKs and finally results in the blockade of cell cycle  

(Van Deursen 2014).  

 Role of Telomeres in Senescence 

Telomeres are the capping structures located at the end of double-stranded DNA of the 

chromosomes which protect the genome from loss of information. The size of a telomere is 

shortened with each cell division. Accordingly, when telomeres reach a critical size, cell 

would enter into senescence. They act as a biological clock regulating the life span of cells. 

Telomerase is an enzyme which adds bases to telomere ends. Telomeres are also involved in 

proliferation, protection against apoptosis, differentiation and DNA repair. 

Reversing premature aging in mice by reactivation of telomerase reveals the importance of 

telomeres in the aging process in mice (Jaskelioff et al. 2011). Jaskliff and colleagues 

engineered a knock-in allele encoding a 4-hydroxytamoxifen (4-OHT)-inducible telomerase 

reverse transcriptase-oestrogen receptor (TERT-ER) under transcriptional control of the 

endogenous TERT promoter (Jaskelioff et al. 2011). As a result of telomerase deficiency, 

telomeres become progressively shorter in a few generations. These animals age much faster 

than normal mice. Activation of telomerase has been shown that could inhibit premature 

senescence only after 1 month treatment with 4-hydroxytamoxifen (4-OHT) (Jaskelioff et al. 

2011). Interestingly, in cancer cases, telomerase expression is significantly increased. 

 Mitochondrial alterations and ROS level in Aging  

The role of mitochondria in cellular senescence has long been accepted. As described before, 

mitochondria are involved in production of cellular energy by oxidative phosphorylation. 

Moreover, this organelle generate ROS as byproduct of OXPHOS which are able to induce 

damage to macromolecules  such as mtDNA resulting  ultimately  in senescence (Barzilai et 

al. 2012). Mitochondrial membrane dynamics is also involved in this process by modulation 

of mitophagy. It has been shown that inhibition of mitochondrial fission or/and fusion is 

associated with morphological changes in the cell and accumulation of giant mitochondria in 

the cells which can lead to cellular senescence. Furthermore, inhibition of 

mitochondriogenesis appears as part of the senescence program. Indeed, dysfunctional 

telomeres were shown to activate p53-dependent DNA damage responses finally resulting in 

reduced expression of mitochondrion components and DNA replication. This will reduce 

mitochondrial mass and respiratory activity afterwards (Moslehi et al. 2012). 
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Frequency of mutations in mtDNA is higher than nuclear DNA (Trifunovic et al. 2014). 

Trifunovic and colleagues demonstrated a link between increased mtDNA mutations and 

accelerated aging (Trifunovic et al. 2014). Moreover, a large number of studies have clearly 

shown a strong association between high rates of mtDNA mutations and skin photoaging in 

regular users of tanning beds (Reimann et al. 2008; Kaneko et al. 2012). 

There is a mitochondrial aging theory which introduces mitochondrial dysfunction as the 

fundamental cause of cellular aging and senescence. Using a mouse model expressing a 

proofreading-deficient version of the mitochondrial DNA polymerase δ, Hiona and colleagues 

revealed that an increase in spontaneous mtDNA mutation rates results in accelerated aging in 

skeletal muscles (Hiona et al., 2010). Additionally, the skin aging part of my studies on XPC 

deficient mice well indicates the importance of  mitochondrial function and activity in skin 

aging (Hosseini et al., 2014a).  

4.5.3. Aging in Organs 

Aging is associated with a reduction in functional capacity of the body. In general, this 

alteration is more evident in situations involving functional reserves. Decrease in functional 

reserves would induce a reduction in body's ability to adapt to aggression situations. This 

functional reduction is highly variable from one organ or individual to another. 

4.5.4. Effects of Aging on the Skin 

Skin like other organs will experience aging with most visible signs of aging. Aging processes 

in skin are characterized by alteration of elastic tissue, flattening of the dermal-epidermal 

junction, decline in the number of melanocytes and a fibrous thickening of the dermis leading 

ultimately to an appearance of the wrinkle and sagging skin (Figure 13). In addition to 

intrinsic factors, skin is subjected to extrinsic aggressions or external environmental factors 

which amplify the effect of intrinsic aging. Subject to this issue, ultraviolet (UV) radiation has 

a major role and as before described, UVA rays are certainly as harmful as UVB and 

responsible for photoaging. Skin is considered as the first revealer of aging process. Hence, 

detailed knowledge of the pathophysiological mechanisms of skin aging would enable us to 

prevent premature aging and reduce the effects of aging on skin. 
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Fig.13. Skin Aging (from rg-cell.com).  

 

4.5.5. Structural Changes in the Skin 

Different types of skins are differently modified during skin aging. Intrinsic and extrinsic 

factors add deleterious effects on all skin structures during time. With aging, dead cells of the 

stratum corneum are first slowly removed and then in a slow process will be renewed as well. 

This process would explain the slow healing mechanisms of aging. By production of less 

pigment, skin becomes a little pale leading to a decrease in its protective role against UV 

radiation. Furthermore, dermis would produce less collagen and elastin causing a decrease in 

elasticity and a reduced resistance. Finally, alterations made by intrinsic and extrinsic factors 

cover a wide variety of changes in the skin including loss of moisture and dryness, 

disappearance of flexibility and elasticity, decrease in collagen production, loss of strong 

dermal-epidermal junction, reduction  in resistance and development of wrinkles and brown 

spots (aging spots, solar-actinic lentigos). 

The major cause of extrinsic aging is UV radiation which induces metalloproteinases activity 

and cause nuclear and mitochondrial DNA lesions. 

4.5.5.1. Epidermal Changes 

Epidermis as the surface layer of the skin is constantly renewed by the regulated proliferation 

of basal layer cells. With aging, the potential of differentiation in epidermal cells appears to 

be changed leading to a reduction in epidermal thickness (Kwon et al. 2008). Moreover, aging 

AGING Process 



44 

 

is accompanied by a decrease in the water barrier function of the skin which in particular is 

linked to a decreased ability of cholesterol synthesis in this layer. Furthermore, it appears that 

recovery ability of the lipid barrier is also reduced during aging as there is a decrease in 

lamellar granule formation in the stratum granulosum. It has been demonstrated a reduction in 

the amount of Langerhans cells which are responsible for innate immune response in the skin. 

Mechanical protection is also modified by thinning of the subcutaneous fat and alteration of 

the dermal-epidermal junction. 

4.5.5.2.  Dermal Changes 

Number of fibroblasts as the main cellular population of dermis is dramatically reduced in 

aging. Moreover, the amount of collagen and elastic fibers are depleted leading to the loss of 

thickness, flexibility and elasticity of the skin. Vascularisation is also depleted which results 

in skin to get pale and go through a drop in temperature of the surface and a disturbance in 

thermoregulation.  

4.6. Autophagy 

Autophagy is a catabolic process targeting and capturing cellular proteins and organelles to 

proteolytic degradation in lysosomes. This mechanism was first identified in 1963 by 

Christian de Duve who received a Nobel Prize for his work on lysosomes in 1974. 

Autophagy is classified to three types including macroautophagy, microautophagy and 

chaperone-mediated autophagy (Figure 14). Being ATP-dependent, this process can be 

affected by all of the factors regulating intracellular ATP level particularly metabolic and 

nutrient statements (Maiuri et al. 2007; Wong et al. 2011; Boya et al. 2013).  
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Fig.14. Different Types of Autophagy (Boya et al. 2013). 

 

4.6.1. Macroautophagy  

Macroautophagy which is commonly known as autophagy, fall into three stages. In the 

initiation step, an isolated known phagophore membrane is formed in the cell cytoplasm. 

Thereafter, during elongation, each end of the phagophore extends until the fusion of the two 

ends forms a double membrane vesicle called autophagosome. Portions of the cytoplasm are 

sequestered within the autophagosomes,. The last step is the fusion of autophagosomes and 

lysosomes. The formed structure which is called autolysosome allows degradation of the 

content with lysosomal enzymes (Ding and Yin 2012).  

It was long believed that autophagy is a non-selective degradation process but indeed, two 

types including non-selective and selective autophagy are now accepted for macroautophagy 

(Ding and Yin 2012). Non-selective autophagy is induced in response to starvation or nutrient 

deprivation which enables amino acid recycling for survival. Selective macroautophagy in 

general occurs to specifically eliminate damaged organelles or aggregated proteins even in 

nutrient-rich statements. Selective autophagy comprises different processes including 

mitophagy, ribophagy, pexophagy, reticulophagy, lipophagy, agrephag and xenophagy 

(Mizumura et al. 2014). Among these selective forms, mitophagy plays a significant role in 

carcinogenesis and aging processes. 

Mechanism of Macroautophagy   

Macroautophagy is known as the major mechanism for degradation of damaged organelles 

and unused proteins. The mechanism starts by the assembly of ULK protein complex at the 

isolation membranes. ULK protein complex consists of four subunits including ULK1, Atg13, 

FIP200 and Atg101. Assembly of the complex could be dependent or independent of the 

regulator mTOR complex 1 (mTORC1).  mTOR is involved in regulation of protein synthesis 

and is present in  two different complexes including mTORC1 and mTORC2. Apparently, 

only mTORC1 complex is involved in the regulation of autophagy. To facilitate the formation 

of autophagosomes, initiation stage of macroautophagy also requires a Ras-like small GTPase 

B (RalB).  

Other autophagy-related genes (atg) required  for the first stage include Atg5 and Atg12 

which are located on isolation membranes or autophagosomes (Maiuri et al. 2007; Wong et al. 
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2011). Following the first stage, nucleation and elongation are involved in the formation of a 

complete autophagosome. Beclin 1/ phosphatidylinositol-3- kinase (PI3K) complex along 

with UV radiation resistance-associated gene protein (UVRAG), Atg14, B-cell 

leukemia/lymphoma-2 (Bcl-2), p150, ambra1, endophilin B1, PI3K and Vacuolar protein 

sorting 34 (Vps34) proceed the membrane curvature of nucleation.  Following this stage, 

other atg proteins participate in completing the elongation and expansion mechanism. These 

include Atg4, Atg7 and the Atg5–Atg12–Atg16L1 proteins. When the formation of 

autophagosome structure is completed, it fuses to the lysosomes and releases its contents into 

lysosomes. In general, all proteins involved in macroautophay are liberated and return into the 

cytoplasm (Maiuri et al. 2007; Wong et al. 2011).  

4.6.2. Mitophagy 

Selective degradation of mitochondria by autophagy is known as mitophagy. Elimination of 

damaged mitochondria is an essential process for proper functioning of the cell (Ding and Yin 

2012). In particular, mitophagy can reduce the production of ROS by mitochondria. 

Therefore, removal or disruption of mitophagy would result in accumulation of ROS and 

accordingly increase in indirect damages to the DNA (Ikeda et al. 2014). Mitophagy plays a 

key role in various cellular mechanisms such as energy homeostasis, cell growth, cell 

development and cell death. Thus, deregulation of its function can lead to the development of 

pathologies such as cancer, aging or neurodegenerative disorders (Ding and Yin 2012). 

In mammalian cells, NIX protein (also called BNIP3L) and PINK1 protein (PTEN induced 

putative kinase-protein 1) are involved in targeting of the mitochondria for macroautophagy. 

4.6.3. Microautophagy 

Microautophagy is the direct sequestration of cytoplasmic cargo in a boundary membrane by 

autophagic tubes which mediate both invagination and vesicle scission into the lumen (Li et 

al. 2012). Microautophagy is a degradation process proposed to be non-selective particularly 

in eukaryotic organisms. However, like macroautophagy, there are several forms of selective 

microautophagies commonly observed in yeast cells which specifically degrade certain 

organelles. These included micropexophagy, piecemeal microautophagy and micromitophagy. 

4.6.4. Chaperone-mediated Autophagy 

Chaperone-mediated Autophagy (CMA) is a highly selective mode of autophagy (Maiuri et 

al. 2007; Wong et al. 2011; Boya et al. 2013). Proteins degraded by CMA are specifically 

http://en.wikipedia.org/wiki/Yeast
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recognized by cytosolic chaperone proteins and will be transported to the lysosome surface. 

CMA occurs in three steps: i) Recognition of the proteins supposed to be degraded by 

chaperone proteins, ii) Protein transport to the lysosomal membrane and its unfolding and iii) 

Translocation of the protein in the lysosomal lumen. 

CMA is involved in the maintenance of protein homeostasis and provides a critical role in 

protein quality control through degradation of damaged or altered proteins. In fact, 

Chaperone-mediated Autophagy (CMA) is increased in response to the stress-induced 

damages to proteins and also by the formation of misfolded proteins in order to prevent their 

aggregation. 

 

Fig.15. Autophagy and its Inhibitors (Maiuri et al. 2007). 

 

Autophagy and Aging 

The ability of cells to maintain homeostasis declines with age. Indeed, a number of cellular 

functions and activities including autophagy decline with aging. The link between aging and 

alteration or dysfunction of autophagy has been illustrated in many studies (Cuervo 2009; 
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Rubinsztein et al. 2011). One of the most known theories about this relationship is oxidative 

stress theory or mitochondrial theory of aging (Miquel et al. 1980; Donati 2006). This theory 

explains how ROS-induced damages are increased by dysfunction in mitochondrial 

respiratory chain. This event will ultimately reduce the autophagy rate leading to the 

biological manifestations of aging. The major targets of oxidative damages are mtDNA, ETC 

components and proteins. The increase in ETC components, proteins and mtDNA may cause 

the malfunction of all biological processes and eventually lead to aging (Donati 2006). 

Numerous studies on this issue consider the increase in autophagy as an important factor in 

retardation of aging process which improves the health span. 

 

Autophagy and Cancer 

Autophagy is primarily a pro-survival and adaptive response enabling cells to tolerate 

unfavorable conditions including those which surround cancer cells. Depending on the stage 

and context of cancer, autophagy plays a dual role by either suppressing or supporting 

tumorigenesis. In fact, autophagy is up regulated in tumor cells in response to various 

stressful conditions (e.g. chemotherapy agents) to ensure growth and survival of the tumor. 

On the other hand, autophagy may act as a tumor suppressor resulting in impaired 

inflammatory response and increased genomic instability. This happens in part due to the 

accumulation of damaged organelles and macromolecules and leads the initiation and 

progression of cancer. 

Though growing evidence indicates that autophagy has an important role in tumorigenesis, its 

contribution to initiation and progression of skin cancer needs to be clarified using a model 

which shows different phases of carcinogenesis. In a study by Qiang et al., it was shown that 

UVB radiation induces autophagy through the activation of AMP kinase (Qiang et al. 2013). 

They showed that autophagy promotes cell survival by suppressing the activation of p62-

mediated p38 which suggests that autophagy possibly facilitate UVB-induced tumor 

development. Wu et al. reported also that AMPK pathway among the main regulators of 

autophagy which is down regulated in human and mouse squamous cell carcinomas (Qiang et 

al. 2013). 
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5. Cellular Energy Metabolism 

Energy enters the body by food consumption but production of energy from nutrients entails a 

series of specific chemical reactions to make them accessible to the cells. Metabolism is a set 

of life-sustaining chemical reactions which convert food into energy. Biological molecules 

(nutrients) first become degraded and then re-synthesized during these processes.  

Metabolism is divided into two categories: catabolism and anabolism. Catabolism consists of 

all enzymatic reactions which break down macromolecules and harvest energy by cell 

respiration. Anabolism is composed of processes in which cells consume energy in order to 

produce macromolecules including carbohydrates, proteins, lipids and nucleic acids. 

Macromolecules are the main sources of energy for the body which of course do not produce 

the same amount of energy in the form of ATP. Catabolism of 1 gram of carbohydrates, 

proteins and lipids releases 4.1, 5.3 and 9.3 Kcal, respectively.  

Alteration in catabolism and anabolism pathways is reported in different types of cancer 

(Locasale and Cantley 2010; Cantor and Sabatini 2012; Galluzzi et al. 2013). 

 

Compartmentalization of Metabolic Pathways 

A metabolic pathway is composed of a series of chemical reactions catalyzed by different 

enzymes. These reactions require energy for synthesis of the molecules. Different metabolic 

pathways in the cells have common features and undergo general principles of regulation. In 

eukaryotic cells, metabolic pathways are compartmentalized, thus synthetic pathways are 

separated from degradative ones. Compartmentalization plays an important role in sustenance 

of eukaryotic cell. Metabolic roles of different cell organelles are described in Table 5.  

In order to produce energy, eukaryotic cells use two major metabolic pathways including 

glycolysis (in cytosol) and Krebs cycle/ TCA (in mitochondria). The balance between these 

two pathways is crucial for eukaryotic cell life. The imbalance between these pathways have 

been reported in a wide range of cancers (Galluzzi et al. 2013).  

Thereafter, many factors including nutrients, environmental and oxidative stress, calorie 

restriction and toxic agents could influence compartmentalization and energy metabolism. 

 

Table 5. Compartmentalization of Metabolic Pathways. 

https://www.boundless.com/definition/energy/
https://www.boundless.com/definition/molecule/
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Compartment Metabolic pathway 

Cell membrane Transport 

Nucleus 
DNA replication,  

Transcription 

Ribosome Protein synthesis 

Rough Endoplasmic Reticulum 

Protein synthesis,  

Protein Processing,  

Glycosylation,  

Phospholipid Synthesis 

Smooth Endoplasmic Reticulum 

Synthesis of Fatty Acids,  

Lipids,  

Phospholipids,  

Steroids 

Golgi 

Protein Synthesis,  

Protein Processing,  

Polysaccharide Synthesis 

Cytosol 

Glycolysis,  

Gluconeogenesis,  

Pentose Phosphate Pathway,  

Fatty Acid Synthesis,  

Amino Acid Metabolism,  

Tetrapyrrole and Steroid Synthesis,  

Glycogen Synthesis 

Peroxysomes oxidative reactions, β-oxidation,  

Mitochondria 

TCA Cycle,  

Oxidative Phosphorylation,  

β-oxidation,  

Initiation of Gluconeogenesis,  

Amino Acid Metabolism,  
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Tetrapyrrole and Steroid Synthesis,  

Urea cycle 

Lysosome 
Degradation of Macromolecules,  

Storage of Nutrients 

 

5.1. Glycolysis 

Glycolysis is the most important cytosolic pathway in term of energy production beside the 

many others involved in this issue. According to Warburg effect, alteration in glycolysis 

would increase the risk of carcinogenesis. German biochemist, Otto Warburg describes that 

cancer cells exhibit glucose fermentation with an increase in acidity even in normoxia 

conditions. He was awarded the Nobel Prize for his hypothesis in 1931 (Warburg et al. 1927; 

Warburg 1956). 

Glycolysis relies on two steps known as energy-investment and energy-pay off respectively. 

Meanwhile, glucose is considered as the main substrate for producing energy in this process. 

Subsequent to the entry of glucose into the cell via specific glucose transporters (GLUT), 

glucose converts into glucose-6-phospahet (G6P) by hexokinase with a phosphorylation 

activity. Depending on cell demands, two different metabolic fates could occur to the cell 

either by passing on glycolysis or entering pentose phosphate pathway which produces 

essential monosaccharides for the synthesis of nucleotides. 

In glycolysis, glucose-6-phosphate (G6P) converts to fructose-6-phosphate (F6P) by an 

isomerase (GPI) activity. Then, fructose-1, 6 bisphosphate is produced via phosphorylation of 

F6P by phosphofructokinase (PFK). Thereafter, fructose 1, 6-bis phosphate would convert 

into two three-carbon units called glyceraldehyde 3-phosphate (G3P) by lyase activity of 

fructose biphosphate aldolase. Subsequently, G3P is oxidized to 1,3bisphosphoglycerate 

(1,3PG) by activity of an oxidoreductase enzyme. This reaction reduces two molecules 

of NAD
+
 using hydrogen in order to produce one NADH + H

+
 for each trios. In the next step, 

through a transferase enzyme, phosphate group of 1,3PG is transferred to ADP to form ATP 

and phosphoglycerate (3-PG). Then a mutase enzyme converts 3-PG to 2-PG and a lyase 

enzyme forms a phosphoenolpyruvate from 2-PG afterwards. In the final step, PEP becomes 

dephosphorylated by the activity of pyruvate kinase in order to produce a molecule of 
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pyruvate. This happens at the presence of one ADP which gives rise to the formation of an 

ATP molecule (Figure16). 

All of these reactions occur in cell cytoplasm and finally produces two molecules of ATP as 

well as 2 NADH from NAD
+
 cofactor. In presence of oxygen, NAD

+
 is renewed during the 

transfer of electrons to the respiratory chain while in hypoxia, NAD
+
 can be quickly 

regenerated by reduction of pyruvate to lactate. This way of ATP production which occurs in 

the absence of oxygen is called anaerobic glycolysis. Pyruvate is considered as a key 

intersection in cell metabolic pathways due to the great potential in producing necessary cell 

macromolecules including carbohydrates (glyconeogenese), fatty acids, amino acids and 

ethanol. In normoxia conditions, pyruvate is transported into mitochondria through 

mitochondrial pyruvat carrier and monocarboxylate transporters (MCTs). Thereafter, pyruvate 

undergoes oxidative decarboxylation by an enzymatic complex called pyruvate 

dehydrogenase (PDH) in order to form acetyl CoA. Acetyl-CoA then enters into citric acid 

cycle and generates NADH and FADH2 which will be ultimately give up their hydrogen to the 

respiratory chain and renewed oxidized equivalents (NAD
+
 and FAD).  

Another way of producing acetyl-coA is β-oxidation of fatty acids. Acyl-CoA is synthesized 

from fatty acids by acyl-CoA synthetase at the outer mitochondrial membrane. A shuttle 

system allows the entry of acyl-CoA to the mitochondria and the formation of acetyl-CoA. 

Decarboxylation of acetyl-CoA in Krebs cycle is done through eight successive reactions 

which produce 3 NADH, 1 FADH2, 1 GTP (which converts into ATP) and two molecules of 

CO2. Final oxidation of NADH and FADH2 in oxidative phosphorylation chain (OXPHOS) 

results in the formation of 3 and 2 molecules of ATP, respectively.  
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Fig.16. Glycolysis Pathway. 

 

5.2. Krebs Cycle, Electron Transport and Oxidative Phosphorylation  

Beside glycolysis and its role in production of a part of energy from glucose or glucagon, 

tremendous amount of energy is produced by mitochondria. Due to the critical role of this 

dynamic organelle in energy production, it is the so-called powerhouse of the cell. 

Mitochondria is involved in several cellular processes including signaling, cell differentiation, 

cell death, cell cycle and cell growth as well as synthesis of amino acids, lipids, iron sulfur 

clusters and also ion homeostasis and thermogenesis. Homeostasis and thermogenesis are the 

central players in regulation of apoptosis (Frank et al. 2012). 

Oxygen consumption by mitochondria accounts for 90% of cellular oxygen consumption, of 

which 80% is involved in ATP synthesis (Barrett et al. 2010). The produced ATP is then used 

in different processes including protein synthesis (27%), Na
+
-K

+
-ATPase function (24%), 

gluconeogenesis (9%), Ca
+
-ATPase(PMSA) activity (6%), myosin ATPase function (5%) and 

ureagenesis (3%)(Barrett et al. 2010). 
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A growing body of evidence shows that mitochondrial morphology plays an important role in 

its function. In fact, under normal conditions, mitochondria appear as a single large 

interconnected membrane-bound tubular network within a cell. Alterations or defects in 

mitochondrial ultrastructure could affect its morphology and performance afterwards. 

Frequencies of fusion and fission events could control the length, size, shape and number of 

mitochondria. Fusion divides the organelle while fission links two separate mitochondria. 

Following an unbalanced fusion/ fission event, the length, size, shape and number of 

mitochondria would change.  

Altered rate of fusion/ fission events has been demonstrated in disease-related processes such 

as apoptosis and mitophagy (Boland et al. 2013; Bernhardt et al. 2015). Moreover, it has been 

shown that UV irradiation results in a mitochondrial fusion (Bess et al. 2013).  

Mitochondrial dysfunction or disorders are primarily caused by mutations in nuclear or 

mitochondrial DNA. Disorders such as Autism, Parkinson’s, Alzheimer, Lou Gehring’s, 

muscular dystrophy and chronic fatigue are cited as the result of a mitochondrial 

dysfunction(Chin-Chan et al. 2015; Milane et al. 2015; Ryan et al. 2015). 

5.2.1. Overview of Krebs Cycle 

Hans Krebs, pioneer German biochemist recognized two major biochemical pathways of the 

cell, urea cycle and the tricarboxylic acid cycle (TCA). TCA is also called Krebs cycle in 

honor of the scientist.  

Pyruvate is the origin of most produced acetyl-CoA within Krebs cycle. Oxidative 

decarboxylation of pyruvate converts it into acetyl-CoA by the activity of pyruvate 

dehydrogenase (PDH). This enzyme can be inhibited following its phosphorylation by 

pyruvate dehydrogenase kinase (PDK). Dichloroacetate (DCA) is used as the inhibitor of 

pyruvate dehydrogenase kinase activity. This inhibition induces more PDH activity leading to 

an increase in mitochondrial metabolism. 

The first specific reaction of the cycle is catalyzed by citrate synthase (CS) combining acetyl-

CoA with oxaloacetate to produce citrate. This reaction is accompanied by reduction of NAD
+
 

and production of a molecule of CO2. This enzyme is highly regulated by NADH. Citrate is 

also exported out of the mitochondria via its specific transporter (SLC25A1) for the synthesis 

of fatty acids and amino acids.  

http://en.wikipedia.org/wiki/Urea_cycle
http://en.wikipedia.org/wiki/Citric_acid_cycle
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In the following step, aconitase catalyzes the synthesis of isocitrate from citrate. Isocitrate 

then undergoes oxidative decarboxylation by isocitrate dehydrogenase allowing the formation 

of α-ketoglutarate. At the same time, NADH is synthesized by reduction of NAD
+
 and is 

transferred to the electron transport chain. Thus isocytrate dehydrogenase (IDH) is the first 

enzyme which connects the cycle to the oxidative respiratory chain (OXPHOS). 

There are three isoforms of isocytrate dehydrogenase (IDH). IDH1 is the cytosolic isoform 

and the two others, IDH2 and IDH3 are mitochondrial isoforms of the enzyme. While IDH2 

uses NADPH for functioning, IDH3 operates with NADH. This enzyme makes the connection 

between Krebs and metabolism of amino acids.  

α-ketoglutarate plays an important role in reactions catalyzed by amino-transferases. Indeed, α 

-ketoglutarate may also be synthesized from glutamine which then converts to glutamate. 

Deamination of this glutamate will form α-ketoglutarate. α-ketoglutarate dehydrogenase 

converts α-ketoglutarate to succinyl-CoA with reduction of NAD
+
 to NADH. Then, succinyl-

CoA synthetase by transforming succinyl-CoA to succinate allows the production of a 

molecule of GTP. Succinate dehydrogenase would oxidize succinate to fumarate thereafter by 

synthesizing a molecule of FADH2. This enzyme provides the necessary FADH2 for the 

respiratory chain at complex II. Succinate dehydrogenase is bound to the inner membrane of 

the mitochondria and is the only enzyme of TCA cycle involved in respiratory chain. 

Thereafter, fumarate hydratase (FH) enables the synthesis of malate from fumarate and the 

last step is conversion of malate to oxaloacetate which is catalyzed by malate dehydrogenase. 

This reaction is accompanied by reduction of NAD
+
 (Figure17). 

Mutations in SDH gene have been found in paraganglomes of the head and neck (Baysal et al. 

2000; Boedeker et al. 2007). Moreover, mutations of FH have also been identified in the 

uterus, breast and kidney cancers (Tomlinson et al. 2002; Lehtonen et al. 2006).  

Evidently, these mutations lead to stabilization and subsequent up-regulation of a 

transcription factor called HIF1α. In fact, accumulation of succinate or fumarate inhibits the 

activity of prolyl hydroxylases which in turn exert effects on transcription of HIF1α (Dhup 

2012).   
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Fig.17. Mitochondria and oxidative phosphorylation chain. 

 

5.2.2. Mitochondrial Composition 

Our basic knowledge on mitochondrial organization is acquired by transmission electron 

microscopy as pioneered by Palade (Palade 1952, 1953). Initial observations showed that 

mitochondrial structure is enclosed by two membranes. The outer membrane separates the 

organelle from cytosol and the inner membrane is infolded to form plates or tubes known as 

cristae. Main macromolecules making up mitochondria are nucleic acids, lipids, and proteins 

which their relative proportions vary from one tissue to another depending on the energy 

demand and the physiological functions of the tissue. Lipids can be imported into the 

mitochondria or generated within the organelle and end up in the composition of the inner and 

outer membranes. 

Mitochondrial outer membrane is a lipid bilayer composed of about 50% proteins and 50% 

fat. It is permeable to small molecules of less than 10 kDa (pyruvate, fatty acids, and 

nucleotides) which cross the membrane with help of a specific carrier protein called VDAC 

(Voltage Dependent Anion Carrier). Mitochondrial proteins encoded by the nuclear DNA 

have an addressing sequence allowing them to enter mitochondria via an import system called 



58 

 

TOM (Translocase of Outer Membrane) and TIM (Translocase of Inner Membrane). The 

inner membrane consists of 80% proteins and only 20% phospholipids which is quite different 

from the other biological membranes. Due to its particular lipid composition, this membrane 

is impermeable to ions, therefore transport of molecules requires the presence of TOM and 

TIM carriers. 

Mitochondria have their own DNA which is transmitted to the daughter cells separately from 

nuclear DNA. As this DNA is not protected by histone proteins, rate of mutations is 

approximately 10 to 20 times more than nDNA (Neckelmann et al. 1987; Wang et al. 2003). 

Unlike nuclear DNA which is inherited from both parents, mtDNA inheritance is just 

maternal. 

Mitochondrial DNA is typically organized as a double strand circular structure with an 

approximate length of 16,806 bp containing 37 genes. These genes code for two rRNAs, 22 

tRNAs and 13 polypeptides. In addition, there are approximately 1500 nuclear-encoded 

mitochondrial proteins which are all essential for mitochondrial normal function. In each 

human cell, there are approximately 10-1000 mitochondria each containing 10
3
-10

4
 copies of 

mtDNA.  

Based on the nucleotide content, the two strands of mtDNA are named differently. The strand 

rich in purines (G) is called heavy chain and carries 28 genes while the light strand which is 

rich in pyrimidines (C) carries only 9 genes (Strachan and Read 2004). Mitochondrial DNA 

has its own replication, transcription and translation system and is independent of the nuclear 

DNA for all of these processes.  The two strands of mtDNA have different origins of 

replication with heavy chain being synthetized at first and the light strand replicated 

afterwards. mtDNA replicates in a D-loop fashion. 

5.2.3. Electron Transport Chain (ETC) 

Operation of the electron transport system and OXPHOS was first proposed as the 

chemiosmotic theory by Peter Mitchell (Mitchell 1961). Electrons released during oxidative 

reactions are transferred to the electron transport chains (ETC) which include a series of 

electron donors and acceptors. NADH and FADH2 are the electron donors and molecular 

oxygen is the final electron acceptor. Electrons enter into ETC through complex I and II and 

are transferred to ubiquinone during the oxidation of NADH or FADH2. Glycerol 3-phosphate 

http://en.wikipedia.org/wiki/Nuclear_DNA
http://en.wikipedia.org/wiki/Enzymatic
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dehydrogenase and electron transfer flavoprotein can also transfer electrons to ubiquinone and 

participate in ETC. 

This electron transfer is coupled with the extrusion of protons to the inter-membrane space 

using active pumps to produce a proton gradient (chemical gradient) and a transmembrane 

charge (electrical gradient) as well. Then protons go back to the mitochondrial matrix via 

ATP synthase complex where it results in generating ATP from ADP (Figure 18). The proton 

gradient is however essential not only for production of ATP but also indispensable to import 

proteins into the inner membrane and mitochondrial matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.18.Organisation of Electron Transport Chain. 

 

5.2.3.1. Complex I/ NADH Ubiquinone Oxidoreductase 

Complex I or NADH-coenzyme Q reductase is a protein complex responsible for transferring 

electrons from NADH to ubiquinone. Complex I is the largest complex of the electron 

transport system with 45 subunits and a total size of ≃1000 kDa (Remacle et al. 2008). In 

mammals, 14 of the subunits are considered essential for the catalytic activity of the complex 

(Hirst et al. 2003; Remacle et al. 2008) while others may play a role in its regulation and 

assembly (Friedrich et al. 1994). 

5.2.3.2. Complex II/ Succinate-Coenzyme Q Reductase 
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Succinate-coenzyme Q reductase transfers electrons from FADH2 to ubiquinone. This enzyme 

complex is part of the Krebs cycle and is linked to the mitochondrial inner membrane. It 

consists of four subunits which are encoded by the nuclear DNA. Complex II is only involved 

in the transfer of electrons into the inter-membrane space and is not accompanied with proton 

translocation.  

Complex I and II are the main entry points of electrons to ETC. However, there are other 

ways for electrons to enter. These include the transfer flavoprotein oxidoreductase 

ubiquinone-electrons and glycerol-3-phosphate dehydrogenase (Watmough and Frerman 

2010). Therefore, these enzymes reduce ubiquinone (CoQ) which acts as an electron-carrier 

between complexes II and III. It picks up reducing equivalents from Complexes I and II and 

transfers them to complex III. 

Defect in human complex II has been correlated with neurodegenerative disorders such as 

Friadrich ataxia (Rötig et al. 1997) and Huntington's disease (Butterworth et al. 1985). 

Dysfunction in this complex due to a few mutations can be the cause of many cancers such as 

paraganliomes (Hoekstra and Bayley 2013). Decrease in activity of complex II has been 

shown to be associated with an increase in cell proliferation which lead to tumorigenesis 

through activation of HIF1α and subsequent increase in glycolysis and angiogenesis 

(Gimenez-Roqueplo et al. 2001). 

5.2.3.3.  Complex III/ Coenzyme Q-Cytochrome c Reductase 

Complex III also known as cytochrome bc1 complex participates in both electron transfer 

from CoQ to cytochrome c and also development of proton gradient. Indeed, two protons are 

transferred into the intermembrane space for each oxidized ubiquinol. This complex is a 

dimer made up of two monomers, each consisting of 11 subunits of which only one subunit 

(cyt b) is encoded by mtDNA.  

5.2.3.4.  Complex IV/ Cytochrome c oxidase 

Cytochrom c oxidase is the last enzyme in ETC which transfers electrons to the oxygen as the 

final electron acceptor. In mammals, cytochrome c oxidase (COX) consists of 13 subunits of 

which three are encoded by mtDNA. The reduction of O2 to H2O in Complex IV requires four 

electrons. Complex IV is also interesting for its possible capacity to work in a second 

respiratory control mechanism with the proton-motive force. This mechanism is based on the 

allosteric inhibition (independent of mitochondrial membrane potential) of COX by 
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attachment of ATP. Indeed, when ATP/ ADP ratio is high, ATP can bind to the subunit IV 

leading to inhibition of complex IV and adjustment of the energy production to its 

physiological demand.  

5.2.3.5.  Complex V/ ATP synthase 

Complex V uses the proton-motive force in order to generate ATP from ADP. This step is 

known as the final step in oxidative phosphorylation (OXPHOS). Complex V can be divided 

into two main parts; F1 and F0. F1 carries the catabolic center of ATPase complex and 

involved in charge of transporting hydrogen ions. The catalytic mechanism involves 

conformational changes in F1 which carries the nucleotide binding sites, producing ATP from 

ADP and inorganic orthophosphate (Pi). Protons previously transferred by complexes I, III 

and IV are present in greater amounts in the intermembrane space and therefore tend to go 

back into the mitochondrial matrix. As the inner membrane is impermeable to protons, they 

can cross the lipid bilayer at level of F0 rotors of ATP synthase. (Stock et al. 2000; Nakamoto 

et al. 2009). 

 

Table 6. Overview of mitochondrial structure, inhibitors and disorders. 

 

Complex I II III IV V 

Nuclear DNA 

subunits 
39 4 10 10 14 

Mitochondrial 

DNA subunits 

ND1 

ND2 

ND3 

ND4 

ND5 

ND6 

ND4L 

- Cytochrome b 

Cytochrome 

oxidase I, 

Cytochrome 

oxidase II, 

Cytochrome 

oxidase III 

ATPase6, 

ATPase8 
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Enzyme 
NADH-CoQ 

reductase 

succinate-

CoQ 

reductase 

CoQ-

cytochrome C 

reductase 

cytochrome 

C 

oxidase 

ATP synthase 

Inhibitor 

Rotenon, 

Amytal 

TTFA 

malonate 
Antimycin A 

Cyanide, 

carbon 

monoxide, 

Azide 

Oligomycin 

Disorders 

Alpers 

Alzheimer's/ 

Parkinsonism 

Cardiomyopathy 

Deficiency  

 Barth 

 Lethal Infantile 

Encephalopathy 

Infantile CNS 

Leber's 

Leigh 

Longevity 

MELAS 

MERRF 

Myopathy ± CNS 

PEO 

Spinal cord 

 

Kearns-

Sayre 

Leigh's 

Myopathy 

  Infantile 

  ± CNS 

Paraganglio

ma 

Pheochromo

cytoma 

 

Cardiomyopathy 

Fatal infantile 

GRACILE 

Leber's 

Myopathy 

  ± CNS 

PEO 

 

Alper's 

Ataxia 

Deafness 

Leber's 

Leigh's 

Myopathy 

Infantile 

Fatal 

Benign 

Adult 

Rhabdomyoly

sis 

PEO, KSS, M

NGIE 

MERRF, MEL

AS 

Cardiomyopathy 

Encephalopathy 

Leber's 

Leigh 

Multisystem 

NARP 

 

5.2.4. Mitochondrial Turnover 

 

About 54 years ago, Fletcher and Sanadi (Fletcher and Sanadi 1961) obtained the basic 

information about proteins involved in mitochondrial turnover using radiolabeled 

mitochondrial proteins. More recent studies on mitochondrial biogenesis, autophagy, 

mitophagy and fusion/ fission confirmed the importance of mitochondrial turnover in the 

maintenance of mitochondrial quality control. In fact, the balance between biogenesis and 

autophagic destruction maintains the mitochondrial quality control.  
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http://neuromuscular.wustl.edu/mitosyn.html#othermitoad
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http://neuromuscular.wustl.edu/mitosyn.html#mngie
http://neuromuscular.wustl.edu/mitosyn.html#merrf
http://neuromuscular.wustl.edu/mitosyn.html#melas
http://neuromuscular.wustl.edu/mitosyn.html#melas
http://neuromuscular.wustl.edu/mitosyn.html#mitocardnuc
http://neuromuscular.wustl.edu/mitosyn.html#atp5a1
http://neuromuscular.wustl.edu/mitosyn.html#lhon
http://neuromuscular.wustl.edu/mitosyn.html
http://neuromuscular.wustl.edu/mitosyn.html#atp12
http://neuromuscular.wustl.edu/mitosyn.html#narp
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Environmental and oxidative stress, cell differentiation, cell division, low temperature and 

caloric restrictions are the main factors possibly stimulating mitochondrial biogenesis, a 

process which is accompanied by variations in mitochondrial size, number and mass. 

Comparison of muscles involved in ordinary and sustained physical activity has demonstrated 

that energy demand regulates mitochondrial biogenesis and activity (Jornayvaz and Shulman 

2010). PGC-1α (peroxisome proliferator-activated receptor (PPAR)-γ coactivator)-1 family is 

a master regulator, a transcriptional co-activator and a central inducer of mitochondrial 

biogenesis. It has been shown that it also involves in a variety of other biological responses 

such as adaptive thermogenesis, gluconeogenesis and glucose-fatty acid metabolism. PGC-1α 

regulates mitochondrial biogenesis by modulation of a few transcription factors.  NRF1 

(nuclear respiratory factor 1), NRF2 and mitochondrial transcription factor A (mtTFA) also 

known as TFAM are the main PGC-1α downstream transcription factors. NRF1 and NRF2 

can also increase the expression of TFAM by binding to the upstream region of TFAM gene.   

TFAM is a key activator of mitochondrial transcription which binds to the promoter of 

mtDNA. It also involves in mtDNA replication. Therefore, TFAM modulates energy 

metabolism by affecting mtDNA transcription, and copy number and consequently 

mitochondrial activity and biogenesis. During my thesis, I examined the effect of knocking 

out of TFAM (TFAM KO) on UVB-induced tumorigenesis.  

 

5.3. Fatty Acid Metabolism 

 

5.3.1. Fatty Acid Synthesis 

Fatty acid synthesis generally occurs in the cytosol of liver cells and adipose tissues. Acetyl 

CoA which is known as the major substrate of fatty acid biosynthesis is produced from 

pyruvate, acetate, amino acid catabolism and citrate degradation. Excess of citrate level 

triggers fatty acid synthesis whereas palmitoyl CoA represse this process.  

The first reaction begins with a biotin-dependent enzyme which catalyzes the irreversible 

carboxylation of acetyl-CoA to malonyl-CoA. This enzyme called acetyl-CoA carboxylase 

requires one molecule of ATP for its activity. Reactions of fatty acid synthesis apart from 

acetyl-CoA carboxylase are carried out by a multienzyme complex called Fatty acid 

synthetase (FASN), a multifunctional protein with 7 catalytic activities. Synthesis of palmitate 

http://en.wikipedia.org/wiki/Palmitic_acid
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from acetyl-CoA, malonyl-CoA and NADPH is considered as the main task of FASN 

(Figure19).  

Production of each molecule of palmitate requires 14 NADPHs and 7ATPs. Eukaryotic cells 

stock the excessive amount of carbohydrates in the cell in the form of palmitic acid. The 

process of fatty acid elongation adds acetyl groups to the growing chain of palmitate. 

Elongation of fatty acids occurs in three cellular compartments: cytosol, mitochondria, and 

endoplasmic reticulum. Over expression of FASN in malignant cells has been also reported in 

many types of cancers such as cancers of breast, lung and prostate. 

 

Fig.19. De novo fatty acid biosynthesis (Ohlrogge and Browse 1995).  

 

5.3.2. Fatty Acid β-Oxidation 

In addition to glucose, β-oxidation of fatty acids is also a source of energy production. 

Adipose tissue is considered as the richest source of energy in the body. Free fatty acids are 

the main sources of energy in heart and muscles in the resting phase. 

Fatty acid β-Oxidation is a multistep process which breaks down fatty acids for energy 

production. This process occurs in mitochondria with a close link to ETC. β-Oxidation of 

fatty acids can also occur in peroxisomes. However, fatty acids with a very long chain are 

handled by the mitochondria (Figure 20).  

http://en.wikipedia.org/wiki/Acetyl-CoA
http://en.wikipedia.org/wiki/Malonyl-CoA
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Lipoprotein lipase is the enzyme which catalyzes the hydrolytic cleavage of fatty acids from 

triglycerides and is circulating in the blood. Fatty acids enter the cells by leaving glycerol 

behind and this is the only way they can do the process. Fatty acid β-Oxidation occurs in three 

steps: 1. Transport of acyl-CoA into mitochondria, 2. Degradation of acyl-CoA to acetyl-

CoA, and 3. Oxidation of acetyl-CoA through TCA cycle. The overall reaction is: 

Fatty acid CoA + NAD
+
 + FAD  acetyl CoA + NADH + H

+
 + FADH2 

In each cycle of acyl-CoA oxidation, one molecule of acetyl-CoA, one of FADH2 and one 

NADH are produced. The last step in this process is oxidation of acetyl-CoA to CO2 via 

Krebs cycle.  

Oxidation of fatty acids is a highly energetic process. As an example, oxidation of one 

molecule of palmitate (a fatty acid with 16 carbons) leads to the production of 7 FADH2, 7 

NADH, and 8 molecules of acetyl-CoA, thus ultimately leading to 131 molecules of ATP. 

Since activation of palmitate by acyl-CoA synthetase requires two molecules of ATP, the net 

formation of ATP from a palmitate molecule is equal to 129 ATP (Carracedo et al. 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.20. Overview of fatty acids β-oxidation.  
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5.4. Nucleotide Synthesis 

Synthesis of nucleotides is conducted in several steps requiring a large amount of energy. A 

nucleotide is composed of a nitrogenous base, a ribose sugar (as the central metabolite of the 

pentose phosphate pathway) and a phosphate group. Formation of 5-phospho-a-D-ribosyl 1-

pyrophosphate (PRPP) is an essential step in purine and pyrimidine synthesis. ATP by giving 

two molecules of phosphate to ribose 5-phosphate transforms it to PRPP which is an 

intermediate in biosynthesis of purines, pyrimidines, NAD, histidine and tryptophan. 

 

5.4.1. Purine Synthesis 

Purine synthesis begins with adding glutamine-derived ammonia to PRPP. The first reaction 

is catalyzed by pyrophosphate amidotransferase which is activated by PRPP. This enzyme 

catalysis the reaction of PRPP with glutamine and water to produce 5'-phosphoribosylamine, 

glutamate and pyrophosphate. Finally, phosphoribosylamine converts into Inosine-5'-

monophosphate or IMP (Figure 21). IMP is the precursor of guanine and adenine. Other 

notable purines include hypoxanthine, xanthine, theobromine, caffeine, uric acid and 

isoguanine. The entire process of purine synthesis requires 5 molecules of ATP. 

 

Fig.21. Purine de novo biosynthesis (Pospisilova 2013). 

http://en.wikipedia.org/wiki/Glutamine
http://en.wikipedia.org/wiki/5%27-phosphoribosylamine
http://en.wikipedia.org/wiki/Glutamate
http://en.wikipedia.org/wiki/Pyrophosphate
http://en.wikipedia.org/wiki/Hypoxanthine
http://en.wikipedia.org/wiki/Xanthine
http://en.wikipedia.org/wiki/Theobromine
http://en.wikipedia.org/wiki/Caffeine
http://en.wikipedia.org/wiki/Uric_acid
http://en.wikipedia.org/wiki/Isoguanine
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5.4.2. Pyrimidine Synthesis 

The first step of this process is the formation of carbamoyl phosphate by carbamoyl phosphate 

synthetase II activity. Then carbamoyl phosphate is converted to carbamoyl aspartic acid by 

the activity of aspartic transcarbamolyase. In the next step, carbamoyl aspartic is dehydrated 

to dihydroorotate by dihydroorotase. Carbamoyl phosphate synthetase II, aspartic 

transcarbamolyase and dihydroorotase are coded by the same enzyme called CAD. 

Then dihydroorotate converts to orotate within the mitochondria by dihydroorotate 

dehydrogenase (DHODH). At this step, ribose-5-phosphate is joined to N-1 of orotate giving 

orotidine-5’-monophosphate (OMP). In this reaction, the donor of ribose phosphate is PRPP 

and enzyme is orotate phosphoribosyl transferase. Decarboxylation of OMP by OMP 

decarboxylase gives UMP. Phosphorylation of UMP consequently generates UDP which is 

the precursor of tymidine and cytosine (Figure 22). 

 

Fig.22. Pyrimidine de novo biosynthesis. 1) carbamylphosphate synthetase; 2) aspartate 

transcarbamylase; 3) dihydroorotase; 1+2+3) CAD; 4) dihydroorotate dehydrogenase; 5) 

orotate phosphoribosyltransferase; 6) orotidine 5′-monophosphate decarboxylase; 5+6) UMP 

synthase; 7) orotidine 5′-monophosphate phosphohydrolase; 8) pyrimidine 5′-nucleotidase; 9) 

uridine kinase; 10) uridine phosphorylase(Van Kuilenburg et al. 2004). 
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6. Energy Metabolism during Carcinogenesis

6.1.  Cancer 

Cancer is a disease characterized by an abnormal cellular proliferation in normal tissues of the 

body. Benign tumors are well demarcated by regular cells that often grow slowly. In contrast, 

malignant cells are defined as the cells that grow rapidly with a possible invasion to 

surrounding tissues. Tumors are found in solid, liquid or metastatic form. Solid tumors are 

formed by cancer cells surrounded by a tissue or stroma (consisting of support cells, modified 

fibroblast) which are infiltrated with blood vessels bringing necessary sugars, amino acids and 

oxygen for tumor growth. 

Solid tumors which represent 90% of human cancers can develop from any tissue within the 

body such as skin, mucosa, bones and organs. There are two tumor types:  

1) Carcinomas which are derived from epithelial cells including skin, breast, lung, prostate,

intestine, liver etc. 

2) Sarcomas which arise from connective tissue such as bone cancer and cartilage.

Liquid cancers are dividing into two known types: i) leukemias which are blood and bone 

marrow cancers,   ii) Lymphomas as the cancers of the lymphatic system including nodes and 

also spleen and liver. 

While just 10% of cancer cases are hereditary, the majority occurs as a sporadic event.  

Carcinogenesis is triggered by acquiring certain characteristics which enable a cell to divide 

indefinitely. A cell should acquire ten biological capabilities (summarized in figure 22) to be 

considered as a cancer cell (Hanahan and Weinberg 2011). One of these hallmarks is cells 

exhibiting differential aspects of cellular metabolism relative to normal cells. 
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Fig.23. Therapeutic Targeting of the Hallmarks of Cancer (Hanahan and Weinberg 2011) 

 

 

6.2. Metabolic Flexibility 

 

Metabolic flexibility is the ability of cells to modify their metabolic circuits by activating 

compensatory or alternative pathways (non-canonical) to maintain their energy homeostasis 

and other needs. Any disruption in this process leads to a variety of disorders such as cancer 

or metabolic diseases. For the first time, metabolism alteration in malignant cells was shown 

by Otto Warburg in the 1920s. He reported that malignant cells have an increased utilization 

of glucose via glycolysis to produce ATP despite the presence of oxygen. Warburg described 

an increased rate of lactate production as well assuming that cancer occurs when the 

mitochondrial oxidative metabolism is altered. His theory was abandoned after the discovery 

of genes until 1996 when Horton and colleges identified a mitochondrial mutation in renal 

carcinoma (Horton et al. 1996). Consequent investigations have revealed the significant role 

of metabolism alteration in carcinogenesis.  
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6.2.1. Determinant Factors of Metabolic Flexibility 

Dysregulation of mitochondrial metabolism may lead not only to a decline in energy 

production but also to increased production of ROS and accumulation of DNA damage. In 

addition to mitochondrial diseases in result of defects in OXPHOS (caused by mutations in 

nuclear or mitochondrial genes) (Table 6), many other disorders such as cancer and premature 

aging are associated with alteration in the mitochondrial energy homeostasis (Schapira et al. 

1998; Wallace 2001; Hosseini et al. 2014b). 

For years, it was believed that increased glycolysis in cancer cells is due to a mitochondrial 

dysfunction. However, in recent years, we have gained a better understanding of the 

mechanisms leading to the metabolic shift observed in highly proliferative malignant cells. 

Indeed, these changes are observed not only in cancer cells but also in most of the cells with 

significant proliferation rates (DeBerardinis et al. 2008). Some of the governing mechanisms 

for metabolism reprogramming are as follows: 

 

 Post-translational modifications and rapid degradation or stabilization of nodal enzymes 

could trigger the rapid metabolism alteration. For example, in hypoxia conditions, 

stabilization of HIF1a and phosphorylation of PDH leads to down-regulation of 

OXPHOS and up-regulation of glycolysis. 

 In each cell there is a system of sensors that control many cellular parameters such as 

energy metabolism. These sentinels activate signaling pathways leading to a 

reorganization of metabolic circuits. For example, decreased ATP/ ADP ratio leads to 

AMPK activation which stimulates catabolism and blocks anabolism. 

 Mutations in a few genes such as SDH, FH and IDH in some cancers allow the 

stabilization of HIF1a, thus switching metabolism toward glycolytic pathway. 

 According to thermodynamics and kinetics rules and particularly the mass-action law, 

over-activation of an enzyme could block the activation of another enzyme or another 

pathway. For example, high rates of NADH blocks IDH and reduces the activity of 

Krebs cycle.  

 Second messengers like calcium or ROS also provide rapid means of metabolism 

remodeling. For example, cleavage of aconitase by ROS leads to extrusion of citrate into 

cytosol, thereby inducing synthesis of lipids. In this case, glucose converts to fat as in 

diabetic hyperglycemia. 
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 Expression of certain isoforms can also change the biochemical pathways of energy

transduction. For example, hypoxia-inducible factor 1 (HIF-1) reciprocally regulates the

expression of COX4 subunit by activating transcription of the genes encoding COX4-2

and LON, a mitochondrial protease which is required for COX4-1 degradation. Thus,

mammalian cells respond to hypoxia by altering COX subunit composition. Another

example is PKM which is a rate-limiting enzyme converting PEP to pyruvate in the

glycolytic pathway. PKM2 acts more slowly than PKM1 allowing the accumulation of

glycolytic intermediates which will be used by anabolic pathways. PKM2 is shown to be

upregulated in cancer. PKM2 can translocate to the nucleus where it will interact with

HIF-1a and regulate the expression of numerous glycolytic enzymes. These events

ultimately lead to an increased rate of cell proliferation (Ward and Thompson 2012).

 Another mechanism implicated in metabolism reprogramming is mitochondrial

dysfunction in cancer owing to: i) Reduction of pyruvate entry into the mitochondria, ii)

Reduction in mitochondrial biogenesis due to the interaction of p53 or iii) inhibition of

the respiratory chain activity triggered by mutated p53 via SCO2 or HIF1a through an

isoform switch in COX4A-1/2.

 Activation of PI3K/ Akt pathway promotes glycolysis by induction of glucose entry into

the cell. Akt promotes glycolysis by stimulating certain enzymes such as hexokinase

(HK) and phosphofructokinases 1(PFK1). Moreover, AKT can boost lipid synthesis from

glucose(Porstmann et al. 2005).

 The presence of hexokinase II also seems to be very essential in establishing Warburg

effect. This enzyme catalyzes the phosphorylation of glucose and hexoses to produce

glucose-6-phosphate as the first step of glycolysis. Apparently, hexokinase can bind to

the to the mitochondrial outer membrane via the porin-like protein voltage-dependent

anion channel (VDAC) and provide access to the ATP produced by ATP synthase

(Bustamante and Pedersen 1977; Mathupala et al. 2009) . This phenomenon would

increase its activity and induce a much higher glycolytic flux thereafter(Bustamante and

Pedersen 1980). This association is observed in several cell types but it appears to be

much higher in cancer cells.

 It appears that there is a truncated Krebs cycle in some cancer cells. For example, ATP

citrate lyase (ACLY) enzymes and fatty acid synthases which convert acetyl-CoA to fat

are over expressed in proliferating cells and tumors (Currie et al. 2013; Corominas-faja

et al. 2014). To upregulate the lipid synthesis, pyruvate which enters the mitochondria is
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converted into acetyl-CoA. Following interaction with oxaloacetate, citrate is produced. 

This citrate is then exported into the cytosol, where it is converted back to acetyl CoA 

and oxaloacetate. The latter is used as an important precursor in lipid synthesis in these 

cells (Kuhajda et al. 1994; Bauer et al. 2004). This citrate and oxaloacetate efflux into 

the cytosol, however, could cause a loss of these intermediates in the mitochondria which 

possibly could lead to a reduction of lipid synthesis. Glutaminolyse can counteract this 

loss of intermediaries in the Krebs cycle. Glutamine is converted to glutamate in the 

mitochondria which then enters the TCA cycle in the form of α-ketoglutarate, ultimately 

leading to the formation of oxaloacetate (Reitzer et al. 1979). Glutamine consumption 

rate in cancer cells is higher than "normal" cells (Wise and Thompson 2010).  

 

In brief, the role of mitochondria seems to be changed in cancer cells. While they are 

primarily responsible for energy production in normal cells, they become important 

components of anabolic reactions in cancer cells to support the high demands of biosynthesis 

in proliferating cells (DeBerardinis et al. 2008).  

Mitochondria actually produce several essential precursors for biosynthesis of lipids, proteins 

and nucleic acids via the intermediates in Krebs cycle. A large portion of cancer cells produce 

most of their energy through aerobic glycolysis. Several studies have shown that some types 

of cancer cells could use OXPHOS more than glycolysis to produce ATP (Herst and Berridge 

2007; Zheng 2012). In addition, several types of cancer cells can survive and proliferate in 

culture media deprived of glucose. For example, when glucose is replaced by galactose, cells 

derive their energy from glutaminolysis. Given that galactose can be oxidized by glycolysis, 

cells use glutamine as a substrate of the Krebs cycle, thereby providing electrons for ETC and 

producing ATP afterwards (Rossignol et al. 2004). All these data show that mitochondria in 

cancer cells are not necessarily dysfunctional. 

 

6.2.2. Principal Factors involving e in Regulation of metabolic flexibility 

 

Several proteins and pathways such as HIF1a, AMPK, mTOR, PI3K/AKT, P53, FOXO, 

HNF, RAS and SIRT are involved in the regulation of energy metabolism flexibility. Here I 

focus on some key factors having an important role in carcinogenesis and premature aging. 
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 HIF1a 

Oxygen concentration as well as PH distribution and nutrient supply play a crucial role in 

maintenance of the normal metabolism. In most of the cancer cases, a dramatic decrease in 

oxygen levels has been reported. In general, limitation in oxygen diffusion in the tissue is 

approximately 150-200 µm but a distance over 70µm from a blood vessel can cause a lack of 

oxygen in the cells and create a hypoxia condition (Vaupel 2004). Hypoxia leads to activation 

of hypoxia inducible factor (HIF), a heterodimeric transcription factor and trans-activator 

which consists of an α and a β subunit. mRNAs encoding the two subunits of HIF1 are 

constitutively and stably expressed in most of the cells (Gradin et al. 1996). 

HIF1a mediates cellular responses to oxygen availability. It has a short stability in normoxia 

conditions and is targeted to degradation by Von hippel-Lindau (pVHL) in proteasomes. In 

the first step of destruction, HIF1a is hydroxylated by prolyl hydrylases PHD1, PHD2 or 

PHD3 (Myllyharju 2013). pVHL complex, which has an E3-ubiquitin ligase activity, then 

mediates ubiquitination of HIF1a. This reaction leads to the degradation of HIF1a by 

proteasomes. In hypoxia conditions, HIF1a is stabilized owing to the inactivation of PHD in 

absence of oxygen. Stabilized HIF-1a will then translocate into the nucleus and activate the 

hypoxia inducible target genes (Kang et al. 2010).  

The stabilization of HIF1a stimulates the expression of glucose transporters (Glut1 and 

GLUT3) and several glycolytic enzymes such as hexokinase II, phosphofructokinase, 

pyruvate kinase, lactate dehydrogenase and pyruvate dehydrogenase kinase (Kim et al. 2006). 

These changes induce a huge glucose uptake into the cell as well as an increased production 

of lactate and production of ATP by glycolysis. Moreover, phosphorylation of pyruvate 

dehydrogenase by pyruvate dehydrogenase kinase inhibits the entry of pyruvate in Krebs 

cycle, thereby decreasing the mitochondrial ATP production (Papandreou et al. 2006). HIF1α 

may be regulated by some mitochondrial intermediates such as succinate and fumarate which 

inhibit PHD enzymes. In 2008, Hervouet and colleges showed that HIF1α is able to induce a 

decrease in mitochondrial biogenesis (Hervouet et al. 2008). 

Skin -our experimental model- contains a mild hypoxic microenvironment (Bedogni et al. 

2005) suggesting a high expression of HIF-1a. Indeed, it has been demonstrated that HIF-1a 

has important roles in skin physiology and pathophysiology including wound healing, 

premature aging and epidermal carcinogenesis (Rezvani et al. 2011b). 
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 AMPK  

In mammals, cells must maintain a stable energy balance characterized by a ratio of 10:1 for 

ATP/ ADP. Indeed, this ratio may be decreased in hypoxia conditions or in deprivation of 

glucose. 

AMPK is composed of two regulatory subunits (β and γ) and one catalytic (α) subunit. Each 

of the three subunits is encoded by several genes in mammals. This enzyme is activated by 

phosphorylation of threonine 172 which is located in the activation loop of α subunit. In 

activated form, AMPK is considered as a metabolic or energy sensor (Hardie et al. 2012). On 

one hand, it activates metabolic pathways which produce ATP including glycolysis, β-

oxidation of fatty acids, mitochondrial metabolism and synthesis of ketone bodies 

(catabolism). On the other hand, it inhibits ATP-consuming metabolic pathways such as 

synthesis of cholesterol and triglycerides in adipocytes (anabolism). AMPK could also 

modulate the secretion of insulin by pancreas. 

AMP-activated protein kinase (AMPK) is a sensor of energy status and is considered as 

gatekeeper for activity of the master regulator of mitochondria, PGC-1α. Indeed, AMPK 

activation would exert “anti-Warburg” or “anti-aerobic glycolysis” effects. Once activated by 

falling energy status, it promotes ATP production by increasing the activity or expression of 

proteins involved in OXPHOS metabolism. Faubert et al. showed that inhibition of AMPK in 

lymphoma cells drives a switch to glycolysis by an increase in glucose uptake and lactate 

production (Hardie et al. 2012; Faubert et al. 2013). 

 

 PI3K / AKT / mTOR 

PI3K / AKT / mTOR pathway is an intracellular signaling pathway which plays an important 

role in regulation of apoptosis, autophagy, proliferation, angiogenesis and cell cycle. Most 

components of this pathway are oncogenes or tumor suppressors which explain the frequent 

deregulation of this pathway in different cancers. Activation of this pathway usually begins by 

the membrane receptor tyrosine kinases (RTKs) and the GTPase switch protein (RAS). The 

signal for activation of the pathway is propagated through class 1A PI3Ks and is strongly 

controlled by a multistep process. Activation of PI3K converts the domain of 

phosphatidylinositol (3,4)-bisphosphate (PIP2) lipids to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). Then AKT and PDK1 link to PIP3 at the cytosolic membrane where  

PDK1 phosphorylates AKT at T308 (Hemmings and Restuccia 2012). Phosphorylation and 
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subsequent activation of AKT results in the phosphorylation and activation of numerous 

substrates which control the key cellular processes like apoptosis, cell cycle progression, 

transcription and translation.  

mTOR is the best-studied downstream substrate of AKT. mTOR exists in two distinct 

complexes:  

-TORC1 complex which is associated with a protein called RAPTOR (Regulatory Associated 

Protein of TOR) and two other proteins. This complex is sensitive to rapamycin. 

- TORC2 complex which is linked to a protein called RICTOR (Rapamycin Insensetive 

Companion of TOR) and other proteins. This type of mTOR is insensitive to rapamycin and 

AKT is its only known substrate. 

Activation of mTOR ultimately leads to inhibition of autophagy and apoptosis and will induce 

protein synthesis. 
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Skin Aging 

The first part deals with a review article summarizing the works done on the role of oxidative 

and energy metabolism in nucleotide excision repair disorders. Based on growing in vitro and 

in vivo evidence, we proposed that the effects of NER factors in oxidative and energy 

metabolism may be the mechanism underlying clinical heterogeneity. 

The original article entitled “Premature Skin Aging Features Rescued by Inhibition of 

NADPH Oxidase Activity in XPC-Deficient Mice” is then presented.  In this work we showed 

that continuous oxidative stress due to overactivation of NOX1 has a causative role in the 

underlying pathophysiology of XPC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Oxidative and Energy Metabolism as Potential Clues for
Clinical Heterogeneity in Nucleotide Excision Repair
Disorders
Mohsen Hosseini1,2, Khaled Ezzedine1,2,3,4, Alain Taieb1,2,3,4 and Hamid R. Rezvani1,2,3

Nucleotide excision repair (NER) is an important DNA
repair pathway involved in the removal of a wide array
of DNA lesions. The absence or dysfunction of NER
results in the following distinct disorders: xeroderma
pigmentosum (XP), Cockayne syndrome (CS), cerebro-
oculo-facio-skeletal (COFS) syndrome, UV-sensitive
syndrome (UVSS), trichothiodystrophy (TTD), or com-
bined syndromes including XP/CS, XP/TTD, CS/TTD,
and COFS/TTD. In addition to their well-characterized
role in the NER signaling pathway, NER factors also
seem to be important in biological processes that are
not directly associated with DNA damage responses,
including mitochondrial function and redox home-
ostasis. The potential causative role of these factors
in the large clinical spectrum seen in NER diseases is
discussed in this review.

Journal of Investigative Dermatology advance online publication, 9 October
2014; doi:10.1038/jid.2014.365

INTRODUCTION
Nucleotide excision repair (NER) is one of the most important
pathways for repairing numerous types of DNA damage
produced by UV radiation, ionizing irradiation, carcinogenic
chemicals, and chemically active endogenous metabolites,
including reactive oxygen and nitrogen species (Gillet
and Scharer, 2006). The coordinated action of B30 proteins
in NER results finally in the release of a 24- to 32-mer
oligonucleotide comprising the damaged base(s) and its
replacement by a newly synthesized reparative DNA. NER

consists of two distinct subpathways: global genome NER (GG-
NER), which removes lesions in the whole genome DNA, and
transcription-coupled NER (TC-NER), which repairs DNA lesions
in the transcribed strand of active genes. The main difference
between these two subpathways is in the DNA damage
recognition step. In fact, although DNA damage recognition
on the untranscribed part of the genome by xeroderma
pigmentosum group C complementing protein (XPC) triggers
GG-NER, the stopped RNA polymerase II (RNAPolII) at a lesion
on the transcribed strand activates TC-NER. Following DNA
damage recognition by a specific subpathway, the subsequent
repair procedure is conducted by a common mechanism. A
schematic NER process is presented in Figure 1a. Impaired NER
activity results in one of the following distinct diseases: xer-
oderma pigmentosum (XP), Cockayne’s syndrome (CS), tri-
chothiodystrophy (TTD), UV-sensitive syndrome (UVSS),
cerebro-oculo-facio-skeletal (COFS) syndrome, or combined
syndromes including XP/CS, XP/TTD, CS/TTD, and COFS/TTD
(Moriwaki and Kraemer, 2001; Cleaver, 2005, 2012) (Table 1
and Figure 1b). The various clinical features observed in diseases
belonging to the same spectrum, the NER diseases, are most
striking and may indicate that various genes implicated in these
diseases affect the skin differently through their partially identi-
fied and/or unindentified additional functions. In this review, we
discuss the effects of different NER factors in oxidative and
energy metabolism as a new paradigm for explaining clinical
heterogeneity in NER genetic disorders.

CLINICAL AND MOLECULAR HETEROGENEITY IN NER
DISORDERS
Xeroderma pigmentosum

XP, a rare autosomal recessive disorder of DNA repair, was first
described in 1874 by von Hebra and Kaposi (1874). The term
XP refers to the phenotype that includes xerosis and hyper-
pigmentation. Other main clinical symptoms of XP patients
include photosensitivity, actinic damage to the skin, and cancer
on UV-exposed areas of the skin and mucous membranes of the
eyes and mouth. A recent study on 97 XP patients revealed that
non-melanoma and melanoma skin cancer is increased,
respectively, 10,000- and 2,000-fold in XP patients under the
age of 20 years compared with the expected number from the
Kaiser Permanente skin cancer database. Interestingly, although
the median age at diagnosis of the first non-melanoma skin
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cancer in XP patients is 9 years, the median age at diagnosis of
first melanoma is 22 years (Bradford et al., 2011). In addition to
skin cancers, XP patients have a 10- to 20-fold increased risk of
developing internal malignancies. Indeed, internal cancers such
as glioma, leukemia, lung, uterus, breast cancer, and other solid
tumors have been reported in XP patients (Kraemer et al., 1987,
1994; DiGiovanna et al., 1998; Giglia et al., 1998; Bradford
et al., 2011). Besides skin cancers and internal tumors, 20–30%
of XP patients suffer from progressive neurological degeneration
(XP with neurological complications or De Sanctis–Cacchione

syndrome), resulting in sensorineural deafness, ataxia, areflexia,
diminished deep-tendon reflexes, microcephaly, walking dif-
ficulties, intellectual deficiency, and progressive cognitive
impairment. The time of onset of neurological abnormalities
can vary from the age of 2 years to middle age. The most
common causes of death are sequentially skin cancer, neuro-
logic degeneration, and internal cancer (Kraemer et al., 1987;
Bradford et al., 2011). Overall, the clinical spectrum of XP is
heterogeneous and is dependent on the patterns of exposure to
sunlight and on the mutated XP gene and very probably other
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Figure 1. Molecular and clinical heterogeneity of nucleotide excision repair (NER). (a) NER consists of a series of reactions by which a wide variety of helix-

distorting lesions from genomic DNA are recognized and repaired. Depending on whether the damage presents in a transcriptionally inactive or active region,

global genome NER (GG-NER) or transcription-coupled NER (TC-NER) is activated, respectively. In GG-NER, poly-ubiquitylation of xeroderma pigmentosum

(XP)C by XPE (UV-DDB) seems to stimulate the binding of xeroderma pigmentosum group C complementing protein (XPC)–HR23B complexes to damaged DNA

and initiation of GG-NER. In TC-NER, damage is recognized by a stalled RNA polymerase II at a DNA lesion in a transcriptionally active region upon its interaction

with the Cockayne syndrome (CS)B (ERCC6) and CSA (ERCC8) proteins. The UV-stimulated scaffold protein A (UVSSA) protein forms a complex with ubiquitin-

specific protease 7 (USP7), which removes ubiquitin and stabilizes the ERCC6–RNA Pol II complex. RNA Pol II, which is stalled on the DNA template, is then

displaced to provide access to NER factors to remove the transcription-stalling damage. Damage recognition is followed by recruitment of transcription factor II H

(TFIIH) (including XPB, XPD, p8/TTDA, and several other subunits) via interaction with either XPC or the arrested transcription apparatus. Unwinding the DNA

helix is then triggered by the TFIIH complex, XPG, XPA, and replication protein A (RPA). The DNA around the DNA damage is then incised by XPF-ERCC1 and

XPG, leading to the release of the oligonucleotide containing the damaged base(s). The resulting gap DNA region is then filled by a DNA polymerase (d or e) in the

presence of proliferating cell nuclear antigen (PCNA) and replication factor C (RFC). The 30 nick is finally closed by DNA ligase. (b) Clinical phenotype of XP-C,

trichothiodystrophy (TTD), Cockayne, UVs syndromes. XP-C is characterized by a marked photosensitivity, typical skin freckling of photoaging associated with

poikiloderma, and early development of skin cancer (A, B). Photosensitive TTD is characterized by collodion baby syndrome in newborns (C), an ichthyosiform

aspect of the skin (D), and hair brittleness (E) with trichoschisis (scanning electron microscopy) appearing early in childhood (F). XP/CS is characterized by a typical

facial appearance including microcephaly, large ears, a thin nose (G), sensorineural hearing loss and dental anomalies (H), pigmentary abnormalities (I), and

abnormally large hands (J). UVsS is characterized by slight erythema and dryness (K), slight telangiectasia only seen on the cheek and nose (L), and a number of

freckles on sun-exposed areas (M). Written informed consent was obtained from the patients or parents of minor children for publication of their pictures.
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modifying genes defining the phototype such as melanocortin-
1 receptor. Indeed, seven XP genes (named XP-A to XP-G),
which are involved in the repair of UV-induced photoproducts
by the process of NER, have so far been incriminated in XP. In
addition, defects in DNA polymerase Z results in a milder
form of the XP disease, called XP variant, with a delayed onset
of skin cancer around 40 years of age. Unlike other XP
complementary groups, XP variant cells have proficient NER
but are defective in their replication of UV-damaged DNA.
DNA polymerase Z, which belongs to the low-fidelity
Y-family of DNA polymerase, is required for bypass replica-
tion of cyclobutane pyrimidine dimers and other lesions by
inserting the appropriate nucleotides in the newly synthesized
DNA (Moriwaki and Kraemer, 2001; Cleaver, 2005).

Cockayne syndrome

CS, a rare autosomal recessive genetic disorder characterized
by progressive developmental defects, was first reported by

Edward Alfred Cockayne in 1936 (Cockayne, 1936). The
disease is characterized by profound postnatal decline of
somatic and brain growth resulting in dwarfing and limited
cognition, although sociability is not affected. CS patients have
a characteristic facies with deep-set eyes, prominent ears, and
a wizened facial appearance. Clinical symptoms include
premature aging, profound cachexia, photosensitivity, retinal
pigmentary changes, immature sexual development, basal
ganglia calcifications, progressive sensorineural deafness
beginning with high-frequency hearing loss, short stature,
and progressive neurological degeneration. However, CS is a
progressive disorder, and most symptoms emerge and aggra-
vate with time. On the basis of the severity of symptoms, CS
patients are classified as CS type I (classical or moderate
subtype), type II (early-onset or severe subtype), and type III
(late-onset or mild subtype). Although most symptoms are
present in all CS subtypes, the time of onset and the
progression rate are different among the subtypes. Indeed,

Table 1. Genes affected in NER diseases and their functions

Defective
pathway Gene

Gene MIM
number

Cytogenetic
location

No. of
exons

Protein
size

(kDa/AA)
Interacting
partners1 Main function in NER Disease

GG-NER XPC 613208 3p25.1 16 105.9/940 HR23B-Centrin2 Recognition of

DNA damage

XP

XPE (DDB2)2 600811 11p11.2 10 48/427 DDB1 Recognition of DNA

damage/E3 ligase

XP XP/CS TTD

TC-NER CSA (ERCC8) 609412 5q12.1 14 44/396 RNA Pol II, CSB Ubiquitination of RNA

polymerase II

CS UVSS

CSB (ERCC6) 609413 10q11.23 24 168.4/

1493

RNA Pol II, CSA DNA-dependent

ATPase

CS UVSS XP/CS COFS

UVSS-A 614632 4p16.3 14 80.5/709 RNA Pol II, USP7 Ubiquitination and

dephosphorylation of

RNA polymerase II

UVSS

GG-and

TC-NER

XPA 611153 9q22.33 6 31.3/273 Structural function,

binding to a

damaged strand

XP-Neur

XPB (ERCC3) 133510 2q14.3 15 89.3/782 TFIIH Helicase 30-50, ATPase XP-Neur XP/CS TTD

XPD (ERCC2) 126340 19q13.32 23 86.9/760 TFIIH Helicase 50-30 XP, XP-Neur XP/CS,TTD
XP/TTD, CS/TTD

COFS, COFS/TTD

XPF (ERCC4) 133520 16p13.12 11 103.3/916 ERCC1 50 Nuclease XP XP-Neur

XPG (ERCC5) 133530 13q33.1 15 133.3/

1186

30 Nuclease XP-Neur XP/CS COFS

TTD-A (GTF2H5) 608780 6p25.3 3 8/71 TFIIH Stabilize the

TFIIH complex

TTD

COFS4 (ERCC1) 126380 19q13.32 10 32.5/297 ERCC4 50 Nuclease COFS

Postreplication

repair

XPV (POLH) 603968 6p21.1 11 78.4/713 Polymerase eta

(bypass polymerase)

XP

Unknown C7ORF11

(TTDN1)

609188 7p14.1 2 19.1/179 Unknown Nonphotosensitive TTD

Abbreviations: COFS, cerebro-oculo-facio-skeletal syndrome; CS, Cockayne syndrome; DDB, DNA damage-binding; ERCC, excision repair cross-
complementing rodent repair deficiency; GG-NER, global genome nucleotide excision repair; NER, nucleotide excision repair; RNA Pol II, RNA polymerase
II; TC-NER, transcription-coupled nucleotide excision repair; TFIIH, transcription factor II H; TTD, trichothiodystrophy; XP, xeroderma pigmentosum; XPC,
xeroderma pigmentosum group C complementing protein; XP-Neur, xeroderma pigmentosum with neurological abnormalities.
1Only major partners are shown.
2XPE protein is a heterodimer composed of two subunits, DDB1 and DDB2.
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although early-onset CSs present congenital signs of the disease,
late-onset patients may only be affected in late childhood or
adulthood. CS patients, contrarily of XP, do not have
pigmentary changes and are not found to have an increase
risk of skin cancer. Furthermore, unlike XP patients, who have
cerebral atrophy and primary neuronal degeneration in the
gray matter, CS patients have dysmyelination in the white
matter, retinal and Purkinje cell loss, and growth retardation,
but no loss of personality. The genetic basis of CS is dependent
on mutations within two genes, i.e., CSA (ERCC8) and CSB
(ERCC6). The proteins resulting from these two CS genes are
not only involved in TC-NER but also function in base-
excision repair (BER), transcription, and in mtDNA repair
(Nance and Berry, 1992; Moriwaki and Kraemer, 2001;
Cleaver, 2005; Laugel, 2013).

UV-sensitive syndrome

UVSS is a human DNA repair–deficiency disorder with mild
clinical manifestations. By comparing 4100 photosensitive
individuals in 1993, Cleaver and Thomas concluded that a
subset (i.e., UVSS) was distinct from XP and CS (Cleaver and
Thomas, 1993). In fact, UVSS individuals manifest only UV
hypersensitivity without any neurological or developmental
abnormalities and no known predisposition to cancer. UVSS
comprises three groups, UVSS/CS-A, UVSS/CS-B, and UVSS-A,
caused by mutations in ERCC8, ERCC6, and UV-stimulated
scaffold protein A, respectively. Moreover, there is an addi-
tional group of UVSS patients who have mutations in an as yet
unidentified gene(s) (Cleaver, 2012). Although the cellular and
biochemical responses of UVSS and CS cells to UV light are
indistinguishable (Spivak, 2005), UVSS patients do not clini-
cally express neurological or developmental symptoms, and
thus the question arises as to how molecular defects within the
same TC-NER pathway and even different mutations within
the same genes lead to such diverse disorders.

Trichothiodystrophy

TTD is a rare autosomal recessive complex neuroectodermal
disease first described by Pollitt et al. (1968) and named by
Price et al. (1980). The patients usually present with dry sparse
hair. Hair shafts break easily with trauma. The term ‘TTD’ was
proposed to group several phenotypes on the basis of a
common deficiency in sulfur proteins of the hair shaft. The
early phenotype is dominated by abnormal terminal differen-
tiation of the epidermis and hair, which causes ichthyosis
(collodion baby is common) and hair brittleness (hair with
tiger-tail banding when observed in polarized light).
Moreover, several manifestations occur in this phenotype,
including mental retardation, ichthyotic skin, reduced stature,
osseous anomalies, and hypogonadism, but none is a constant
trait (Itin et al., 2001; Hoeijmakers, 2009). TTD patients are
divided into two categories: a group with DNA repair
deficiency, so-called ‘photosensentive’ TTD, and a group
without DNA repair deficiency.

Although the causative mutations have yet not been
identified in all photosensentive TTDs, three complementation
groups have been described. The main one is due to mutations
within the XPD (ERCC2) gene. Two other groups correspond

to mutations in the XPB (ERCC3) or p8/TFB5, also termed
TTDA (Hashimoto and Egly, 2009; Morice-Picard et al., 2009).
Mutation in these NER factors and subsequent NER deficiency
results rather in premature aging features without cancer
occurrence (Itin et al., 2001; Moriwaki and Kraemer, 2001;
Cleaver, 2005). In the group of patients without DNA repair
anomalies, mutations in C7Orf11 encoding TTDN1 of
unknown function have been found. However, mutations in
this gene have been ruled out in some nonphotosensitive
patients including those described by Howell et al. (1981)
(Sabinas syndrome) and Pollitt et al. (1968), suggesting further
genetic heterogeneity in the group without DNA repair
anomalies.

Cerebro-oculo-facio-skeletal syndrome

COFS syndrome (MIM 214150) is a recessively inherited
neurodegenerative disorder defined by craniofacial and ske-
letal abnormalities, severely reduced muscle tone, and impair-
ment of reflexes. Symptoms may include large, low-set ears,
small eyes, microcephaly (abnormal smallness of the head),
micrognathia (abnormal smallness of the jaws), clenched fists,
wide-set nipples, vision impairments, involuntary eye move-
ments, and mental retardation, which can range from moder-
ate to severe. Reported cases of COFS have a considerable
clinical heterogeneity with possible confusing overlaps
between COFS syndrome and other diseases such as MICRO
syndrome (MIM 600118), Martsolf syndrome (MIM 212720),
and CS. In this regard, Laugel et al. (2008) have proposed the
following diagnosis criteria for COFS syndrome: congenital
microcephaly, congenital cataracts and/or microphthalmia,
arthrogryposis, severe developmental delay, severe postnatal
growth failure, and facial dysmorphism with prominent nasal
root and/or overhanging upper lip and a DNA repair defect in
the TC-NER pathway. In addition to ERCC6 mutations
(COFS1), which also cause CSB, several other mutations
have been implicated in the COFS phenotype, namely XPD
(COFS2), XPG (COFS3), or ERCC1 (COFS4). Finally, in a few
COFS patients, the causative mutations have not yet been
identified (Laugel et al., 2008).

Overlap syndromes (XP/CS complex, XP/TTD, CS/TTD, and
COFS/TTD)

Careful and precise assessment of clinical features of each
NER disorder has led to the identification of rare subsets of
NER patients in whom combined features of XP/CS, XP/TTD,
COFS/TTD, or CS/TTD coexist in the same patient (Table 1). In
fact, depending on the mutation and possibly other compo-
nents of the genetic background of patients, mutations in some
NER factors lead to overlap disorders incorporating features of
two distinct NER diseases. For instance, mutations in the XPD
gene have been implicated in XP, TTD, or COFS syndrome, as
well as in overlap syndromes including XP/CS, XP/TTD, CS/
TTD, or COFS/TTD. Similarly, mutations in XPB, XPG, and
CSB genes may result in combined features of XP and CS (XP/
CS) (Ahmad and Hanaoka, 2008; DiGiovanna and Kraemer,
2012).

Overall, whereas XP patients are known to be at an
increased risk for skin cancer, patients with TTD, CS, or COFS
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syndrome present accelerated aging without the increased risk
of skin cancer. UVSS patients present neither neurological
abnormalities nor predisposition to cancer. Considering this
clinical heterogeneity, a major issue is how specific these
varied signs and symptoms are to the defect in the NER
pathway. We indeed propose below that the effects of NER
factors in oxidative and energy metabolism may be the
mechanism underlying clinical heterogeneity.

NER FACTORS AND OXIDATIVE METABOLISM
The major pathway for the repair of oxidative DNA lesions is
the BER pathway (Seeberg et al., 1995; Cadet et al., 2000).
However, recent studies have shown that XPC, XPA, XPD,
XPG, CSA, and CSB are also involved in the response to
oxidative DNA damage.

XPC and oxidative DNA damage

Numerous studies are in favor of a protective role of XPC
against oxidative DNA damage. Indeed, it has been shown
that XP-C cells are highly susceptible to the detrimental effects
of DNA-oxidizing agents, X-ray, and agent-induced distur-
bance in redox signaling (D’Errico et al., 2006; Kassam and
Rainbow, 2007; Liu et al., 2010) owing to the accumulation of
oxidative DNA damage. Underlining the role of XPC on redox
homeostasis, we have also reported that XPC silencing in
normal human keratinocytes triggers metabolic alterations that
drive mutation accumulation and tumorigenesis among others
owing to a disturbed redox homeostasis (Rezvani et al.,
2011b,c). Finally, a very recent study demonstrated that
Xpc� /� mice harbor a slow accumulation of mutations
upon pro-oxidant exposure (Melis et al., 2013).

The protective function of XPC has been ascribed to its
ability to affect the key BER enzymes (Miao et al., 2000;
Shimizu et al., 2003; D’Errico et al., 2006) and/or catalase
activity (Vuillaume et al., 1992; Quilliet et al., 1997).
Moreover, a recent study has proposed the direct recognition
of some oxidative damage by XPC as a third protective
mechanism. In the latter study, Menoni et al. (2012) have
shown a rapid XPC recruitment to sites of oxidative DNA
lesions in living cells without triggering the recruitment of
other GG-NER factors.

The role of XPC in both the redox homeostasis and the
repair of oxidative DNA damage may, at least partially, shed
light on how XPC expression may predispose to internal
cancer. Indeed, aged XPC-deficient mice accumulate an
elevated level of mutations in their lung tissue and conse-
quently exhibit an increased incidence of lung tumor com-
pared with wild-type counterparts (Hollander et al., 2005;
Melis et al., 2008). Human XPC is located at 3p25, and its
allelic loss was interestingly found in the majority of lung
cancers (Hollander et al., 2005). In addition to lung tumors,
the frequency of other internal cancers is also increased in
Xpc� /� mice (Hollander et al., 2005; Miccoli et al., 2007;
Melis et al., 2008). Similarly, primary internal tumors (e.g.,
glioma, adenocarcinoma neuroendocrine cancer of the
thyroid, lung, and uterus cancers) have been reported in XP-
C patients (Giglia et al., 1998; Bradford et al., 2011). Analysis
of the p53 gene in internal tumors revealed that the mutations

do not correspond to UV signatures and could rather result
from oxidative DNA lesions (Giglia et al., 1998). Furthermore,
some polymorphisms in the human Xpc gene, as well as the
expression level of XPC, have been associated with a higher
risk of lung, leukemia, prostate, bladder, colorectal, and breast
cancers (Hu et al., 2005; Lee et al., 2005; Chen et al., 2007;
Francisco et al., 2008; Qiu et al., 2008; Vineis et al., 2009; de
Verdier et al., 2010; Xu et al., 2012; He et al., 2013). XPC
polymorphisms are linked not only to the risk of cancer but
also to neurodegenerative diseases. Indeed, a very recent work
associated the expression of XPC variants with the younger
age at onset of Huntington disease (Berger et al., 2013), a
neurodegenerative disease that has been linked with oxidative
DNA damage and stress responses (Stack et al., 2008).
However, neurological degeneration is very rare in XP-C
patients, and only two patients with neurological abnorma-
lities have been yet diagnosed (Bernardes de Jesus et al., 2008;
Khan et al., 2009).

Contribution of XPA, XPD, and XPG in response to oxidative
DNA damage
With regard to the role of XPA in cellular responses to
oxidative stress, real-time quantification of superoxide and
nitric oxide derivatives released by a living cell indicated that
XP-A fibroblasts provide larger oxidative bursts than control
cells (Arbault et al., 2004). It has also been shown that
fibroblasts lacking functional XPA present increased genotoxi-
city and reduced capacity for repairing oxidative damage
when subjected to oxidative stress (Low et al., 2008). Accord-
ingly, analysis of the autopsied brains of XP-A patients
revealed increased oxidative damage to DNA and RNA,
enhanced lipid peroxidation, and a disturbed expression of
Cu/ZnSOD and MnSOD, suggesting the existence of oxidative
stress in XP-A cells (Hayashi et al., 2005). Comparing
proteome and transcriptome signatures of XPA-deficient and
XPA-proficient Caenorhabditis elegans in a very recent study
indicated that several proteins implicated in oxidative stress
responses were activated in xpa mutants. In accordance,
increased steady-state level of reactive oxygen species (ROS)
was found in XPA-deficient nematodes (Arczewska et al.,
2013).

Although the critical role that XPD and XPG, as subunits of
the transcription factor II H transcription/repair complex, have
in basal transcription may be behind the heterogeneity of the
phenotypes observed in patients bearing a mutation in one of
these factors (Compe and Egly, 2012), their roles in oxidative
and energy metabolism could also be considered. Indeed, XP-
D fibroblasts with low catalase activity are known to exhibit
significantly larger oxidative bursts than control cells (Arbault
et al., 2004). In fact, large amounts of hydrogen peroxide were
released following an oxidative burst by XP-D fibroblasts
owing to the sustained production of superoxide as
compared with controls, suggesting the increased activity of
superoxide-generating NADPH oxidases in XP-D cells
(Arbault et al., 2004). In addition to XPD, XPG also has
additional activities in the repair of oxidative damage. XPG
promotes the activity of the DNA glycosylase NTH1, an
enzyme involved in the BER, independently of its nuclease
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activity (Bessho, 1999; Klungland et al., 1999). Studies on XP-
G patients with and without CS symptoms suggest that the
C-terminal region of XPG has an essential role in mediating
functions of XPG within and outside NER. Genotypic/
phenotypic analysis indicated that a localized defect in
nuclease activity, which only affects the NER-specific func-
tions, gives rise to an XP phenotype with sensitivity to UV
light, abnormal pigmentation, increased risk of skin cancer,
and no neurological abnormalities. The analysis revealed that
the mutations preventing the expression of the full-length
protein result in the XP/CS phenotype displaying severe
developmental retardation, dwarfism, and neurological abnor-
malities in addition to the XP symptoms, suggesting that
nuclease-independent stimulation of the repair of oxidative
lesions might contribute to the XP/CS phenotype (Nouspikel
and Clarkson, 1994; Moriwaki et al., 1996; Nouspikel et al.,
1997; Lindenbaum et al., 2001; Emmert et al., 2002; Scharer,
2008). The consequences of XPG deficiency in mouse models
are in agreement with the genotypic/phenotypic analysis of
XP-G patients. In fact, consistent with observations in patients,
while a mouse expressing XPG containing a mutation
that abolishes nuclease activity displayed the classical XP
phenotype (Tian et al., 2004), mice in which the last 360
amino acids in the C terminus of XPG were deleted displayed
the symptoms associated with the XP/CS complex (Shiomi
et al., 2004, 2005). Similarly, mice in which exon 3 had been
deleted lacked any functional XPG protein and displayed a
XP-G/CS phenotype (Harada et al., 1999).

CSA and CSB in repair of oxidative DNA damage

Severe progeroid syndromes in patients with deficiency in
transcription-coupled repair subpathway of NER suggest that
transcriptional impediments might be particularly relevant to
the aging process (Schumacher et al., 2008; Capell et al.,
2009; Cleaver et al., 2009). However, comparing premature
aging features in NER diseases including XP, TTD, and CS
suggest that inactivation of NER alone is not sufficient to cause
progeroid features. Complete inactivation of NER owing to
deficiency in XPA in Xpa� /� mice, for e.g., does not cause
CS- and TTD-like progeroid features but instead leads to a very
mild aging phenotype (Andressoo et al., 2006, 2009; Cleaver
et al., 2009). Therefore, it has been proposed that accelerated
aging in CS and TTD could be related to the impaired repair of
oxidative DNA damages (Andressoo et al., 2006; Schumacher
et al., 2008; Andressoo et al., 2009; Cleaver et al., 2009). In
support of this notion that CS phenotype is related to increased
oxidative stress, CS-A and CS-B fibroblasts have been reported
to have an altered redox balance with increased steady-state
levels of intracellular ROS and basal and induced DNA
oxidative damage. These cells also show defective repair of
oxidative damage (D’Errico et al., 2007; Pascucci et al., 2012).
Studies of these two proteins in mouse models indicated that,
although mouse CSB-deficient cells are hypersensitive to
ionizing radiation and other oxidative stressors (de Waard
et al., 2003, 2004; Gorgels et al., 2007) mouse CSA-deficient
cells fail to show this sensitivity (de Waard et al., 2004),
suggesting a functional difference between human and mouse
CSA, at least in responses to oxidative DNA damage. The

dependence of the CS phenotype on the repair deficiency of
oxidative damage has received further support by comparing
the sensitivity of UVSS and CS cells to ROS. Results indicated
that CS-A and CS-B cells are more sensitive to treatment with
hydrogen peroxide than normal or UVSS cells (Spivak and
Hanawalt, 2006).

The defect in the repair of oxidative DNA damage in CS-B
cells is attributed to a decrease in OGG1 (8-oxoguanine DNA
glycosylase) gene expression and protein level (Dianov et al.,
1999; Tuo et al., 2002), reduced catalytic activity of
endonuclease VIII–like 1 (NEIL1) (Muftuoglu et al., 2009),
and/or diminished APE1 incision activity (Wong et al., 2007),
which are the key enzymes in modulating BER processes.
Another mechanism by which the CSB protein influences
cellular responses to oxidative stress is via interaction with
poly-ADP ribose-polymerase 1, a nuclear enzyme that is
involved in the repair of DNA single-strand breaks (Thorslund
et al., 2005). In addition to affecting nuclear DNA lesions, CSA
and CSB have been recently reported to contribute to BER of
oxidative mtDNA damage via direct interaction with mtOGG1
(Kamenisch et al., 2010) and/or mitochondrial transcription
factor A (TFAM) (Berquist et al., 2012), which has been reported
to have a strong affinity to oxidative mtDNA lesions in addition
to its role in mtDNA replication and transcription (Canugovi
et al., 2010). Accordingly, higher levels of oxidative DNA
damage have been found in mtDNA of CSB-deficient mice
associated with changes in the respiratory chain complexes
(Osenbroch et al., 2009).

Overall, it now seems clear that NER factors have an
important role in the repair mechanisms of oxidative DNA
damage in both nuclear and mtDNA.

NER PROTEINS AND ENERGY METABOLISM
There is now overwhelming evidence that cellular redox status
affects mitochondrial energy metabolism (Rezvani et al.,
2011b,c; Furda et al., 2012; Lu et al., 2012). Indeed,
increased oxidative stress may lead to the oxidation of
lipids, proteins, and nucleic acids, which may finally affect
mitochondrial functions. The activities of several key enzymes
involved in mitochondrial oxidative phosphorylation
(OXPHOS) have been found to be reduced under various
oxidative conditions (Tretter and Adam-Vizi, 2000; Rezvani
et al., 2011b,c; Furda et al., 2012; Lu et al., 2012). As the key
factors of energy metabolism, mitochondria are involved in
both tumorigenesis and the aging process. Indeed, functional
studies of mitochondria in aged humans and animals suggest
that the bioenergetic function of mitochondria declines with
age (Muller-Hocker, 1989; Yen et al., 1989; Cooper et al.,
1992; Muller-Hocker et al., 1993; Sugiyama et al., 1993;
Hsieh et al., 1994; Lesnefsky and Hoppel, 2006). The precise
analysis of the metabolism of tumor cells has finally led to
identify the reprogramming of energy metabolism as an
emerging hallmark of cancer cells (Hanahan and Weinberg,
2011). Metabolism alterations may, therefore, represent an
attractive explanation to elucidate the clinical heterogeneity of
NER patients.

With regard to the effect of XPC on energy metabolism,
knockdown of XPC in cultured human keratinocytes has been
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found to result in increased ROS-mediated reduced OXPHOS
and increased glycolysis. The crucial event related to the
alteration of the metabolism following knockdown of XPC is
the resulting activation of protein kinase B (PKB) and NADPH
oxidase-1 with an associated overproduction of ROS that
leads to specific deletions in mtDNA. XPC-deficient cells
containing mtDNA deletions were found to be capable of
forming squamous cell carcinoma when xenografted into
immunodeficient mice. On the contrary, the impairment of
protein kinase B (PKB) or NOX activation in these XPC-
deficient cells leads to the blockade of increased ROS pro-
duction, mtDNA deletions, and subsequent neoplastic trans-
formation (Rezvani et al., 2011b,c), strongly suggesting that
the defect in GG-NER is not the only driver of tumorigenesis in
XPC-deficient cells. In fact, the increased intracellular ROS
level and altered metabolism associated with GG-NER
deficiency in XPC-deficient cells may function synergistically
to promote tumorigenesis. In agreement, a very recent study,
in which the interactome of XPC using a yeast two-hybrid
screening has been characterized, uncovered 15 XPC-
interacting proteins with function in metabolism (Lubin
et al., 2014).

Mitochondrial dysfunction has been very recently reported
in XPA-deficient cells. The mitochondrial abnormalities in
these cells have been found to be caused by SIRT1 attenua-
tion. Indeed, hyperactivation of the DNA damage sensor poly-
ADP ribose-polymerase 1 in XPA-deficient cells leads to
decreased activation of the SIRT1, which in turn triggers
depression of PGC-1a (Fang et al., 2014), a central transcrip-
tional coactivator involved in the regulation of the steady-state
level of mitochondrial ROS and mitochondrial biogenesis
(Austin and St-Pierre, 2012). Interestingly, impairment of
poly-ADP ribose-polymerase activation using pharmacolo-
gical inhibitors of poly-ADP ribose-polymerase has been
found to rescue XPA deficiency–induced mitochondrial altera-
tions (Fang et al., 2014).

In addition to XPC and XPA, XPD, CSA, and CSB can also
alter metabolism. Indeed, XPDTTD mice have been found to
have a marked shift in lipid metabolism and cholesterol
homeostasis as compared with wild-type controls. In addition,
a downregulation in the tricarboxylic acid cycle and the
OXPHOS genes has also been observed in these mice (Park
et al., 2008). Similarly, it has been reported that glycolysis is
increased in CS cells. In particular, Pascucci et al. (2012)
reported that primary fibroblasts derived from CS-A and CS-B
patients present a loss of the mitochondrial membrane potential
and a significant decrease in the rate of basal OXPHOS.
Accordingly, Scheibye-Knudsen et al. (2012) reported that all
CS-B cells compared with control cells showed increased
extracellular acidification rates, which could be due to an
increased glycolysis-mediated production of lactate. This
hypothesis was supported by elevated lactate levels found
by 1H nuclear magnetic resonance spectroscopic analysis in
the brain of CS patients (Koob et al., 2010). CSB has been also
reported to act as an mtDNA quality control, inducing
mitochondrial autophagy in response to stress. Impairment
of autophagy in CSB-deficient cells, indeed, results in an
abnormal bioenergetic profile (Scheibye-Knudsen et al.,

2012). A modified metabolism has also been demonstrated
in Csbm/m/Xpa� /� mice, which harbor the complete inac-
tivation of NER and present a phenotype mimicking the
human progeroid CS syndrome. Indeed, mouse liver trans-
criptome analysis revealed a significant downregulation of key
genes involved in glycolysis, tricarboxylic acid, and OXPHOS
pathways and a significant upregulation of genes associated
with glycogen synthesis (van der Pluijm et al., 2007).

On the basis of this set of data, the alteration of oxidative
and energy metabolisms are likely to offer clues for explaining
the diversity of the clinical presentation of NER patients and
could help to set up adequate tools for the diagnosis and
treatment of NER diseases (Figure 2).

FROM CLINICAL OBSERVATIONS TO ANTIOXIDANT
PHOTOPROTECTIVE THERAPY IN NER DISEASES
The defect in repair of UV-induced damage has been shown
to be overcome in cell culture by the intracellular delivery of
the bacterial DNA incision repair enzyme T4 endonuclease V
(T4N5) (Tanaka et al., 1975). Topical application of this
enzyme encapsulated in a liposome (commercially called
Dimericine) has been shown to be of interest for XP patients.
Indeed, Dimericine reduces the incidence of premalignant
actinic keratosis and basal cell carcinomas in XP patients
(Yarosh et al., 2001). Correction of NER deficiency through
gene transfer has been successfully tested in vitro and ex vivo
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(Zeng et al., 1997; Zhou et al., 2003; Bernerd et al., 2005;
Marchetto et al., 2006; Warrick et al., 2012). Further impro-
vement of gene therapy approaches may pave the way for the
generation of ‘‘safe’’ transgenic epidermis, which can be
useful especially in NER patients who need reconstructive
surgery. In these cases, a possible immune reaction should
also be feared, in particular, when patients present with a total
absence of NER proteins. With regard to all these limitations,
alternative therapies helping to halt or reduce NER disease
symptoms should be considered. There is now growing
evidence, some of which presented in this review, that the
increased intracellular ROS level and altered metabolism in
NER-deficient cells may function synergistically with altered
DNA damage response signaling to promote tumorigenesis
and/or premature aging features. Photoprotective therapy
using antioxidant enzymes and/or NADPH oxidase inhibitors
may, therefore, be of help in limiting photosensitivity and
tumorigenesis, as well as in slowing accelerated aging in some
XP patients (Figure 2).

We have recently demonstrated that the tumorigenic trans-
formation of XPC knockdown keratinocytes is associated with
bioenergetics remodeling. This metabolic alteration is in turn
dependent on the overactivation of NADPH oxidase–
mediated ROS generation. Silencing of NADPH oxidase-1
expression has been found to abrogate the tumoral transfor-
mation of XPC-deficient keratinocytes (Rezvani et al., 2011b,c),
suggesting that metabolism and oxidative stress could account
for the skin photosensitivity and carcinogenesis in NER
diseases. In support of this notion, growing evidence show
that UV-induced ROS generation contributes to photo-
sensitivity and carcinogenesis by affecting genomic stability,
apoptosis, the immune system, and pigmentation (Kulms et al.,
2002; Katiyar, 2003; Bickers and Athar, 2006; Rezvani et al.,
2006; Maresca et al., 2008; Grivennikov et al., 2010; Afaq,
2011). The reduction of the deleterious effects of UV-induced
ROS through an increase in antioxidant defense systems
supports this concept (Maalouf et al., 2002; Katiyar, 2003;
Morley et al., 2003; Pelle et al., 2003; Afaq, 2011; Panich
et al., 2011). We have tested the therapeutic concept of the
possible reinforcement of natural antioxidant photoprotective
defenses against UV-induced apoptosis and possibly skin
cancer. We have found that both normal and XPC-deficient
human keratinocytes sustainably overexpressing catalase are
more protected against UVB-induced damage mediated by an
increased ROS level (Rezvani et al., 2006, 2007a, b, 2008,
2011a). Antioxidant therapy has also been tested in Xpa� /�

mice. Increased UVB-induced photosensitivity in Xpa� /�

mice was rescued with a systemic antioxidant treatment
(Yao et al., 2012).

Increased oxidative stress may also have a key role in
neurodegenerative diseases and premature aging. Fang et al.
(2014) very recently reported that XPA deficiency triggers
autophagy upregulation through increased ROS level–
mediated 5’ AMP-activated protein kinase activation. They
found that treatment of cells with an ROS scavenger blocks, at
least partially, XPA deficiency–induced increased autophagy.
The alterations in intracellular ROS content, oxidative DNA
damage, and metabolic profile found in the primary fibroblasts

of CS-A and CS-B patients were partially rescued by the cell
culture medium supplementation with an antioxidant (Pascucci
et al., 2012). Furthermore, UVSS cells are less sensitive to
oxidative stress than CS cells (Spivak and Hanawalt, 2006).
These results suggest that continuous oxidative stress in CS cells
has a causative role in the underlying pathophysiology and
support the concept of the potential beneficial effects of
photoprotective therapy using antioxidant enzymes and/or
NADPH oxidase inhibitors to limit the accelerated aging of
CS patients.

CONCLUSION AND PERSPECTIVES
There is no concrete evidence that oxidative and energy
metabolism is the exact mechanism underlying clinical het-
erogeneity of NER disease. However, the aim of this review is
to highlight for dermatologists, other clinicians, and scientists,
as indicated in the title, a ‘‘potential’’ role of metabolism in
this process. On the basis of growing evidence provided by
in vitro and in vivo experiments, we propose the theory that
the effects of NER factors in oxidative and energy metabolism
may be the mechanism underlying clinical heterogeneity
(Figure 2). By devising this theory, we hope to provide a
theoretical framework for new clinical experiments that will
lead to a more comprehensive understanding of the molecular
mechanism(s) underlying the puzzling complexity of the
phenotypes. We hope that dermatologists will add to classical
clinical tests a metabolic workup that is easily achievable in
order to provide conclusive evidence for or against this theory.
This may ultimately lead to the implementation of new
strategies for the therapy of NER diseases.
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Premature Skin Aging Features Rescued by Inhibition
of NADPH Oxidase Activity in XPC-Deficient Mice
Mohsen Hosseini1,2, Walid Mahfouf1,2, Martin Serrano-Sanchez1,2, Houssam Raad1,2, Ghida Harfouche1,2,
Marc Bonneu3, Stephane Claverol3, Frederic Mazurier1,2,4, Rodrigue Rossignol1,5, Alain Taieb1,2,4,6 and
Hamid Reza Rezvani1,2,4

Xeroderma pigmentosum type C (XP-C) is characterized mostly by a predisposition to skin cancers and
accelerated photoaging, but little is known about premature skin aging in this disease. By comparing young
and old mice, we found that the level of progerin and p16INK4a expression, b-galactosidase activity, and reactive
oxygen species, which increase with age, were higher in young Xpc� /� mice than in young Xpcþ /þ ones. The
expression level of mitochondrial complexes and mitochondrial functions in the skin of young Xpc� /� was as
low as in control aged Xpcþ /þanimals. Furthermore, the metabolic profile in young Xpc� /� mice resembled that
found in aged Xpcþ /þ mice. Furthermore, premature skin aging features in young Xpc� /� mice were mostly
rescued by inhibition of nicotinamide adenine dinucleotide phosphate oxidase 1 (NOX1) activity by using a
NOX1 peptide inhibitor, suggesting that the continuous oxidative stress due to overactivation of NOX1 has a
causative role in the underlying pathophysiology.

Journal of Investigative Dermatology advance online publication, 15 January 2015; doi:10.1038/jid.2014.511

INTRODUCTION
Progeroid syndromes are a group of diseases characterized by
signs of premature aging. They comprise diseases such as the
Hutchinson–Gilford progeria syndrome, xeroderma pigmento-
sum (XP), trichothiodystrophy (TTD), and the Cockayne
syndrome (CS). Most of them usually show only a limited
number of features of premature aging and include defects in
various DNA repair systems such as nucleotide excision repair
(NER), leading to the accumulation of DNA damage, which is
thought to be an important mediator of aging (Schumacher
et al., 2008; Capell et al., 2009; Kamenisch and Berneburg,
2009). NER is one of the most versatile DNA repair systems
and is responsible for removing a wide variety of helix-
distorting DNA lesions, including UV-induced photoproducts
and several forms of oxidative lesions. The absence or
dysfunction of NER proteins results in one of the following

distinct diseases: XP, TTD, and CS (Kraemer et al., 2007;
Cleaver et al., 2009).

The defects in XP patients fall into seven NER complementa-
tion groups: XP-A to XP-G and a separate group XP variant
(XP-V). XP patients may be homozygous or compound
heterozygous for the genetic changes in the genes involved
in NER. About 60% of XP patients have an early and severe
sun sensitivity that damages the skin and eyes (Lehmann et al.,
2011). XP-C, one of the more common forms in Europe,
United States of America, and Japan, is due to inactivation of
the xeroderma pigmentosum, complementation group C (XPC)
protein, which is involved in global genome repair
but not in transcription-coupled repair. Probably as a conseq-
uence of this, XP-C patients do not usually present extreme
sunburn reactions (Lehmann et al., 2011). In addition to
its role in NER of UV-induced damage, XPC has been
shown in several recent studies to have a protective role
against oxidative DNA damage (D’Errico et al., 2006; Melis
et al., 2013; Hosseini et al., 2014). We have reported
that XPC silencing in normal human keratinocytes leads
to the activation of NADPH oxidase (NOX), which, in turn,
triggers a disturbed redox homeostasis and mitochondrial
dysfunction in the context of cancer induction (Rezvani
et al., 2011a, b). In addition to tumoral transformation, both
oxidative stress and energy metabolism are also considered as
crucial in the aging process. Although still controversial,
studies have shown good correlations between aging and
increased mitochondrial production of reactive oxygen
species (ROS) in humans and animals (Cui et al., 2012).
Functional studies of mitochondria in aged humans
and animals suggest that the bioenergetic function of
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mitochondria declines with age (Muller-Hocker, 1989; Muller-
Hocker et al., 1993; Lesnefsky and Hoppel, 2006).

In this study, we sought whether XPC deficiency results in
clear premature skin aging features in mouse skin and what
the role of NOX might be in this process.

RESULTS
Xpc knockout results in increased expression of aging
biomarkers, elevation of steady-state ROS levels, and altered
metabolism

To test whether knockout of Xpc is associated with accelerated
aging, we first evaluated the expression of progerin in the skin
of young and old proficient and deficient XPC mice (Xpcþ /þ

and Xpc� /� , respectively; Figure 1a and b). Progerin is a
truncated version of lamin A protein, which is involved in
Hutchinson–Gilford progeria syndrome, a syndrome in
which patients suffer from premature aging of many organs
(De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). It
has been reported that the same molecular mechanism
responsible for Hutchinson–Gilford progeria syndrome is
activated in healthy cells during aging (Scaffidi and Misteli,
2006) and that progerin is more abundant in late-passage cells
and in the dermis of aged individuals (McClintock et al.,
2007), suggesting that progerin is a biomarker of physiological
aging, at least in the skin. Results showed that the progerin
level increased with age and that its expression was higher in
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Figure 1. Both aging and xeroderma pigmentosum, complementation group C deficiency lead to an increase in progerin and p16INK4a expression, senescence-

associated beta-galactosidase (SA-b-gal) activity, the reactive oxygen species (ROS) level, and NADPH oxidase NOX) activity in the skin. Skin biopsies were

taken from 4-month-old (young) and 1.5-year-old (old) XPC–proficient (Xpcþ /þ ) and -deficient (Xpc� /� ) mice (N¼ 12 mice in each group). (a) Total protein

extracts of skin biopsies were assessed by western blot for the expression of progerin and p16INK4a. b-Actin was used as a loading control. (b) The protein bands

corresponding to progerin and p16INK4a were quantified and normalized with b-actin. The average density±SD is presented as the relative value to the density

in young Xpc� /� mice. *Po0.05 for mice in each group versus young wild-type mice, 1Po0.05 for old versus young Xpc� /� mice. (c) Representative photo-

micrographs of dorsal skin sections of mice stained for SA-b-gal activity (blue) and counterstained with nuclear fast red (red). Arrows indicate SA-b-gal-positive

cells. (d) Percentage of skin sections with SA-b-gal-positive (þ ) or -negative (� ) activity. (e, f) Intracellular ROS levels were measured in keratinocytes isolated

from skin biopsies of young and old Xpcþ /þ and Xpc� /� mice using the cytoplasmic probe, CM-H2DCF-DA (e), or the mitochondrial probe, MitoSOX (f).

The average ROS level in young wild-type mice was set at 100%. The results were then compared with it and are expressed as the average percentage of young

wild-type mice±SD. (g) NOX activity was measured (relative light unit per mg protein) in skin biopsies of young and old Xpcþ /þ and Xpc� /� mice. Results were

normalized to young wild-type mice. *Po0.05 for each group versus young Xpcþ /þ and 1Po0.05 for old versus young Xpc� /� mice. Bar¼ 100mm.
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Xpc� /� mice than in wild-type mice (Figure 1a and b). We
next evaluated two classical biomarkers of aging, i.e., p16INK4a

expression (Krishnamurthy et al., 2004) and senescence-
associated beta-galactosidase (SA-b-gal) activity (Dimri et al.,
1995; Velarde et al., 2012). The p16INK4a level was increased
with age and was higher in young Xpc� /� than in young
wild-type mice (Figure 1a and b). SA-b-gal activity increased
significantly focally in several areas of the stratum corneum,
hair follicles, sebaceous glands, and very rarely in the basal
layers as a function of age and/or XP-C deficiency (Figure 1c
and d).

As oxidative stress has been shown to be important in aging,
we then verified whether ROS levels correlate with increased
expression of aging biomarkers. To this end, we measured
both cytoplasmic and mitochondrial steady-state levels of ROS
in keratinocytes isolated from young and old XP-C–proficient
and -deficient mice (Figure 1e and f). A significant increase in
both cytoplasmic and mitochondrial steady-state ROS levels
occurred in the old mice compared with the young ones.
Furthermore, the level of ROS was higher in Xpc� /� cells
than in Xpcþ /þ keratinocytes (Figure 1e and f). As we have
already demonstrated that NOX overactivation is the mechan-
ism underlying XPC downregulation–induced enhancement of
ROS generation in human keratinocytes (Rezvani et al.,
2011a, b), we investigated whether NOX activity was
modified during aging. NOX activity increased significantly
with age and was higher in the skin of Xpc� /� mice than in
wild-type counterparts (Figure 1g).

As both cellular redox status and aging have been described
to affect mitochondrial energy metabolism (Rezvani et al.,
2011a; Furda et al., 2012), mitochondrial function was then
compared between young and old Xpc� /� and Xpcþ /þ mice
(Figure 2). Results indicated a marked decrease in the relative
expression level of the complexes I subunit NDUFB8, II
subunit SDHB, and III subunit UQCRC2 in the skin of old
wild-type mice compared with the young counterparts. Inter-
estingly, the relative expression level of these complexes in the
skin of young Xpc� /� was as low as that measured in the old
wild-type mice (Figure 2a–d). Complex IV (Figure 2e–g) and II
(Figure 2f and g) activities were also lower in the skin of aged
wild-type mice than in that of young wild-type mice. Activities
of these complexes in young Xpc� /� were significantly lower
than in the young wild-type mice (Figure 2e–g). Our results
further indicated that aging was associated with less oxygen
consumption and lower ATP content (Figure 2h and i). The
oxygen consumption rate and the ATP level in young Xpc� /�

mice were significantly lower than those in young wild-type
mice (Figure 2h and i).

To screen the effects of aging and the Xpc knockout on
metabolism profile, a quantitative proteomic approach was
used. Results showed a significant reduction in the expression
of several proteins involved in the pentose phosphate pathway,
the tricarboxylic acid cycle, mitochondrial oxidative phosphor-
ylation, and fatty acid b-oxidation during aging, as well as in
the skin of young Xpc� /� compared with young Xpcþ /þ mice
(Supplementary Table S1 and Supplementary Figure S1 online).

Taken together, our results suggest a premature onset of the
skin aging process in the youth of Xpc� /� mice.

Inhibition of NOX1/4 activity blocks premature skin aging
features in Xpc knockout mice

As there is now overwhelming evidence that cellular redox
status has an important role in aging (Kamenisch and
Berneburg, 2009; Cui et al., 2012), we speculated that NOX
overactivation–mediated increased ROS levels in XPC–defi-
cient mice could be the mechanism underlying the premature
skin aging profile. To elucidate this hypothesis, NOX inhibi-
tion in XPC–deficient mice could be helpful. To find an
inhibitor, we first investigated which NOXs among seven
members (NOX1 to NOX5, Duox1, and Duox2) of the NOX
family are expressed in mouse skin. Western blotting revealed
that NOX1, NOX2, and NOX4 (Figure 3a) but not the others
(data not shown) are expressed in it. Therefore, we first used
the pharmacological NOX inhibitor GKT137831, a specific
NOX inhibitor developed recently by GenKyoTex, which
has been shown to inhibit NOX1 and NOX4 with high affinity
and NOX2 with lower potency and almost without any
affinity for xanthine oxidase and other ROS-producing and
redox-sensitive enzymes (Gaggini et al., 2011; Aoyama et al.,
2012). Although not affecting protein expression levels of
NOX1 and NOX4 (Supplementary Figure S2a online),
GKT137831 blocked their activity efficiently in both
Xpcþ /þ and Xpc� /� keratinocytes (Supplementary Figure
S2b online). We then examined whether oral administration of
the NOX inhibitor GKT137831 could block NOX activity in
mouse skin. To this end, we examined the effect of
GKT137831 on UVB-induced NOX activation and conse-
quent ROS generation, because we have already shown that
UVB irradiation results in an immediately increased ROS level
mediated by NOX activation (Rezvani et al., 2006, 2007).
Wild-type mice were treated with GKT137831 at 20 mg kg� 1

per day by oral administration and then irradiated with
UVB. Measurement of NOX activity in mouse skin
immediately after irradiation showed that this dose can
efficiently block UVB-induced NOX activation (Figure 3b),
as well as NOX-dependent ROS production following UVB
irradiation (Figure 3c).

To investigate the role of NOX activity on premature skin
aging in XP-C–deficient mice, 1-month-old Xpcþ /þ and
Xpc� /� mice were treated daily by oral administration of
placebo or GKT137831 for 3 months. As shown in Figure 3d,
treatment of Xpc� /� mice with GKT137831 restored NOX
activity to the level observed in treated Xpcþ /þ mice. In fact,
following treatment with GKT137831, a reduction in NOX
activity was seen even in wild-type mice, which could be
attributed to the residual activity of NOX family members.
However, the level of NOX activity was approximately the
same in GKT137831-treated XPC–deficient and proficient
mice. That treatment also blocked Xpc knockout–induced
increased cytoplasmic and mitochondrial ROS levels
(Figure 3e and f). Evaluation of aging biomarkers in mice
treated with placebo or GKT137831 revealed that NOX
inhibition completely blocked XPC downregulation–induced
increased progerin and p16INK4a expression, as well as
enhanced SA-b-gal activity (Figure 3g–j).

Treatment of Xpc� /� mice with GKT137831 abrogated the
decreased expression of oxidative phosphorylation complexes

M Hosseini et al.
NOX1 Inhibition Limits Premature Skin Aging

www.jidonline.org 3

http://www.jidonline.org


I, II, and III in Xpc� /� mice (Figure 4a–d) and restored the
activity of complex IV (Figure 4e–g) and II (Figure 4f and g) to
the level found in Xpcþ /þ mice. Similarly, the oxygen

consumption rate and the ATP level in the skin of Xpc� /�

mice treated with GKT137831 resembled that of the placebo-
treated Xpcþ /þ (Figure 4h and i).
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A peptide targeting NOXO1 and NOXA1 interaction blocks
NOX1 activity specifically

Although NOX1 and NOX4 are very similar, their functions
appear to be non-redundant (Bedard and Krause, 2007).

Therefore, we sought to identify which NOX could block
premature skin aging features in XPC–deficient mice. The
greatest challenge, however, was developing a specific NOX1
or NOX4 inhibitor, which does not yet exist. Despite their
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similar structure, NOX1 and NOX4 differ in their mechanism
of activation. Although NOX4 requires p22phox and perhaps
Rac as its subunits, NOX1 consists of five heterosubunits
(NOX1, p22phox, NOXA1, NOXO1, and the small GTPase

Rac), which, when activated, associate to form an active
enzyme complex generating O2

– from oxygen using NADPH
as an electron donor (Bedard and Krause, 2007). We specu-
lated that a selective NOX1 inhibition could be achieved by
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blocking the assembly of the NOX1 complex. To examine this
hypothesis, we tested various peptide inhibitors targeting the
proline-rich region of human NOXO1 or the SH3 domain of
human NOXA1 (data not shown). We found one peptide,
hereafter called InhNOX, that blocks NOX1 activity in human
and mice (Supplementary Figures S3, S4 and S5 online). The
InhNOX peptide comprises a tat sequence (R-K-K-R-R-Q-R-R-
R), which is N-terminal to the sequence P-P-T-V-P-T-R-P-S. A
scramble peptide (tat-V-T-P-P-T-S-R-P-P) was used as control.
Initially, the trypan blue exclusion assay and the MTT assay
were used to evaluate the cytotoxic effects of each peptide.
No significant cytotoxicity was observed after treatment with
less than 50mM of peptides (Supplementary Figure S3a and b
online). To examine the efficiency and the specificity of this
peptide, NOX activity and ROS levels were first assessed in
HT29 cells in which NOX1 is the only active member of the
NOX family (Gianni et al., 2008). Results showed that
treatment with InhNOX resulted in a significant reduction in
NOX activity and ROS levels (Supplementary Figure S4a and b
online). To examine further the specificity of InhNOX peptide,
keratinocytes in which the expression of endogenous NOX1,
NOX2, and NOX4 protein was inhibited by using shRNA
technology were treated with InhNOX. Equally decreased
NOX activity and ROS levels were found in shNOX1-
transduced cells, InhNOX-treated cells, and shNOX1-trans-
duced cells treated with InhNOX, demonstrating that InhNOX
blocked NOX1-dependent ROS generation with very high
(near 100%) efficiency and specificity (Supplementary Figure
S5a and b online).

To evaluate whether this peptide had an inhibitory effect on
NOX1 activity in mouse skin, we first compared the effect of
InhNOX on NOX activity in human and mouse keratinocytes.
Results revealed 40% and 37% reduction in NOX activity,
respectively, in human and mouse keratinocytes treated
with InhNOX (Supplementary Figure S5c online), suggesting
a similar preventive effect of InhNOX on NOX activity in
human and mouse cells. To determine the efficient dose of
InhNOX in vivo, mice were then treated topically with
different doses of InhNOX and skin biopsies were harvested
at different times post treatment. Results showed that InhNOX
inhibited NOX activity efficiently for up to 48 hours when
administered at 3 and 12 mg kg�1 (Supplementary Figure S5d
online). The effect of InhNOX on UVB-irradiated mice was
then tested to find the optimal topical dose of the peptide
inhibitor upon stimulation. Results showed that topical appli-
cation of InhNOX at 3 and 12 mg kg� 1 efficiently blocked
UVB-induced NOX activation in mouse skin (Supplementary
Figure S5e and f online).

Taken together, our results demonstrate that InhNOX,
as a novel NOX1 inhibitor, is able to inhibit NOX1 activa-
tion efficiently in human and mouse cells in vitro and
in vivo.

Inhibition of NOX1 activity blocks premature skin aging features
in Xpc knockout mice

To investigate whether NOX1 activity affects premature skin
aging in XPC–deficient mice, 1-month-old mice were treated
with scrambled peptide or InhNOX for 3 months. Results

showed that InhNOX treatment blocked XPC knockout–
induced NOX activation (Figure 5a), elevation of ROS levels
(Figure 5b and c), increased progerin and p16INK4a expression
(Figure 5d and e), and enhanced SA-b-gal activity (Figure 5f
and g). This treatment also restored the expression of oxidative
phosphorylation complexes I, II, and III (Figure 5h–k), the
activities of complexes IV and II (Figure 5l–n), the oxygen
consumption rate (Figure 5o), and ATP levels (Figure 5p) to
those found in the skin of Xpcþ /þ mice.

A quantitative proteomic approach was finally used to
assess the effects of NOX1 inhibition on modifications to the
XP-C deficiency–induced metabolic profile. Results showed
that treatment of mice with InhNOX restored the majority of
the observed modifications in young Xpc� /� mice to the level
found in the skin of young wild-type mice (Supplementary
Table S1 and Supplementary Figure S1 online).

Altogether, these results indicate that inhibition of NOX1
activity blocks XPC deficiency–induced premature skin aging.

DISCUSSION
Our results clearly demonstrate the premature onset of the skin
aging process in the youth of Xpc� /� mice. The increased risk
of developing internal cancers in XP-C patients (Kraemer et al.,
1987), the age-dependent accumulation of oxidative stress–
mediated spontaneous lesions in the Hprt gene (Wijnhoven
et al., 2000), the increased incidence of spontaneous lung and
liver tumors in old Xpc� /� mice (Hollander et al., 2005;
Wijnhoven et al., 2007; Melis et al., 2008), and the significant
shorter life span of Xpc� /� mice compared with wild-type
counterparts (Wijnhoven et al., 2007; Melis et al., 2008) all
suggest that XPC deficiency induces a mild premature aging
phenotype, which is in agreement with our results.

ROS in NER deficiency–induced premature aging
Sever progeroid syndromes in patients with a deficiency in the
transcription-coupled repair sub-pathway of NER suggest that
transcriptional impediments might be particularly relevant to
the aging process (Capell et al., 2009; Cleaver et al., 2009).
However, comparing premature aging features in NER diseases,
including XP, TTD, and CS, suggests that inactivation of NER
alone is not sufficient to cause progeroid features. Complete
inactivation of NER due to deficiency in XP-A in Xpa� /�

mice, e.g., does not cause CS- and TTD-like progeroid features
but instead leads to a very mild aging phenotype. Therefore, it
has been proposed that accelerated aging in CS and TTD
could be related to the impaired repair of oxidative DNA
damage (Andressoo et al., 2006, 2009; Cleaver et al., 2009).
Premature skin aging features in Xpc� /� mice could be also
related to XPC deficiency–induced oxidative DNA damage
because several studies have already highlighted the protec-
tive role of XP-C against oxidative DNA damage. This
protective function of XPC has been ascribed to its ability to
affect the key base-excision repair enzymes (Shimizu et al.,
2003; D’Errico et al., 2006), catalase activity (Vuillaume et al.,
1992), and/or NOX activity (Rezvani et al., 2011a; Hosseini
et al., 2014). In agreement with our data suggesting the exi-
stence of oxidative stress in Xpc� /� mice, it has been
reported that spontaneous mutation frequencies in the Hprt
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gene are 30-fold higher in the spleen of Xpc� /� mice as
compared with normal mice and that the majority of these
mutations result from oxidative damage (Wijnhoven et al.,
2000). Moreover, Xpc� /� mice harbor a slow accumulation
of mutations upon pro-oxidant exposure (Melis et al., 2013).

The effects of NOX1 activation in XP-C deficiency–induced
premature skin aging features

To identify the molecular events associated with aging, the
age-related modifications of the gene expression profile have
been studied in various mouse tissues (Cao et al., 2001; Lee
et al., 2002). Results revealed that aging is particularly asso-
ciated with modifications in the expression of genes involved
in stress responses, as well as a clear decline in the expression
of metabolic and biosynthetic genes. Consistently, our results
indicate an aging-associated decrease in mitochondrial
respiratory proteins and function, as well as a marked decline
in several proteins involved in the tricarboxylic acid cycle, the
pentose phosphate pathway, and fatty acid b-oxidation,
leading ultimately to lower ATP production. Decreased ATP
levels could, in turn, reduce the efficiency of the turnover of
damaged molecules, leading to the features of aging. In fact,
one of the mechanisms explaining aging could be oxidative
stress–mediated alterations in mitochondrial functions (Cui
et al., 2012). The effect of oxidative stress on mitochondrial
function has been related to a deficiency in mitochondrial
respiration during cell growth due to somatic mutations in
mtDNA (Cui et al., 2012). It is becoming increasingly clear
that mtDNA mutations can induce mild aging phenotypes in
mice with a wild-type nuclear genome (Ross et al., 2013). Our
present results indicate that the activation of NOX1 in Xpc� /�

mice results in a decline in mitochondrial metabolism because
of increased ROS levels. It is likely that NOX1 activation–
induced increased ROS leads to enhanced oxidation of
nuclear and mtDNA followed by the induction of mtDNA
deletions and alterations in mitochondrial bioenergetics.
Importantly, all these modifications (i.e., increased aging
biomarkers and ROS levels, as well as metabolic profile
alteration) can be mitigated by a treatment with the small-
molecule NOX inhibitor GKT137831 or NOX1 peptide
inhibitor, indicating that NOX1 activation–induced ROS
generation is the major cause of the premature skin aging
phenotype in Xpc� /� mice.

Conclusion and perspectives
Regarding the mechanism linking NOX1 activation and XPC
expression, we have already shown that accumulation of
unrepaired damaged DNA bases in XPC–deficient cells could
result in activation of the non-homologous end joining repair
pathway and subsequently the AKT pathway, which in turn
mediates induction of NADPH oxidase (Rezvani et al., 2011a).
The activation of NOX1 in XPC–deficient cells triggers
neoplastic transformation of keratinocytes (Rezvani et al.,
2011a), as well as premature skin aging. Further studies are
needed to identify the effect of the NOX1 inhibitor on the
life span of XPC� /� mice, as well as on UVB-induced skin
cancer.

MATERIALS AND METHODS
Transgenic mice

Xpc knockout mice originated from Cheo et al. (1997) and were a

generous gift from E.C. Friedberg (University of Texas Southwestern

Medical Center, Dallas, TX). Mice were bred and maintained in a

pathogen-free mouse facility at the Bordeaux University. All mouse

experiments were carried out with the approval of Bordeaux

University Animal Care and Use Committee.

Isolation of skin samples and keratinocytes

One part of the dorsal skin was excised and snap-frozen in

liquid nitrogen for western blotting and measurement of enzymatic

activities. The other part was used for isolation of keratinocytes.

To this end, the epidermis and dermis were separated by

trypsinization at 37 1C for 1 hour. Keratinocyte suspensions were

isolated from the epidermal sheet in Hank’s balanced salt solution

on ice.

Western blotting procedure

Western blotting was performed as previously described (Rezvani

et al., 2011a, b). Briefly, equal amounts of total protein were resolved

by SDS-PAGE and electrophoretically transferred to polyvinylidene

difluoride membranes. The membranes were then incubated over-

night at 4 1C with a 1:1,000 dilution of the anti-progerin (Santa Cruz

Biotechnology, TEBU, Le Perray en Yvelines, France), anti-NOX1,

anti-b-actin (Sigma, Saint Quentin Fallavier, France), anti-NOX4

(Abcam, Paris, France), and anti-NOX2 (a generous gift of Dr Mark

T. Quinn, Montana State University) antibodies or a total oxidative

phosphorylation antibody cocktail (Abcam). After additional incuba-

Figure 5. Topical application of InhNOX restores xeroderma pigmentosum, complementation group C (XPC) deficiency–induced increased NADPH oxidase

(NOX) activation, the reactive oxygen species (ROS) level, and aging biomarkers and metabolism profile modifications. One-month-old Xpcþ /þ and Xpc� /�

mice were treated topically with 3 mg kg�1 of scramble peptide or InhNOX three times per week for 3 months. NOX activity (a), cytoplasmic (b), and

mitochondrial (c) ROS were measured in mouse skin biopsies. The results were then compared with the wild-type (WT) mice treated with scramble peptide and are

expressed as the average percentage of these mice±SD. (d) The expression level of progerin and p16INK4a were assessed by western blot in skin biopsies. (e) The

protein bands corresponding to progerin and p16INK4a were quantified and normalized with b-actin. (f) Representative photomicrographs of dorsal skin sections

stained for senescence-associated beta-galactosidase (SA-b-gal) activity (blue) and counterstained with nuclear fast red (red). (g) Percentage of skin sections with

SA-b-gal-positive or -negative activity. (h) Total protein extracts of skin biopsies were assessed for expression of oxidative phosphorylation (OXPHOS) complexes

by western blot analysis. (i–k) The bands corresponding to different OXPHOS complexes were quantified and normalized with b-actin. (l) Complex IV activity was

measured in different groups of mice. (m) Representative photomicrographs of dorsal skin sections stained for cytochrome c oxidase (COX) activity (brown color)

and succinate dehydrogenase (SDH) activity (blue color). (n) Percentage of skin sections with high and low COX and SDH activity. Oxygen consumption (o) and

total endogenous ATP levels (p) were measured in different groups of mice. The average level of each factor in WT mice treated with scramble peptide was set at

100% and the results were then normalized to these mice. N¼ 12 mice in each group and *Po0.05 for each group versus scramble peptide-treated Xpcþ /þ .

Bar¼100mm.
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tion with a 1:10,000 dilution of an anti-Ig horseradish peroxidase–

linked antibody (Vector Laboratories, Biovalley S.A, Marne la Vallée,

France) for 1 hour, blots were developed using the chemilumines-

cence ECL reagent (Perkin Elmer, Courtaboeuf, France).

Mitochondrial enzyme histochemistry

Skin samples were embedded in frozen optimum cutting temperature

medium, cut into 20mm sections, and subjected to histochemical

staining for the activities of COX and SDH. Briefly, sections were

reacted for 45 minutes at 37 1C with COX staining solution (4 mM

diaminobenzidine tetrahydrochloride, 100mM cytochrome c and

20mg ml� 1 catalase in 0.2 M phosphate buffer, pH 7.0) or 40 minutes

at 37 1C with SDH media (1.5 mM nitroblue tetrazolium, 1 mM

sodium azide, 200mM phenazine methosulphate, 130 mM sodium

succinate, in 0.2 M phosphate buffer, pH 7.0).

SA-b-gal activity staining

Frozen optimum cutting temperature-embedded samples were cut

into 10mm sections, processed for SA-b-gal staining using the

Senescence Detection Kit (BioVision, Mountain View, CA), and

counterstained with nuclear fast red. Four fields were taken at � 40

magnification for each skin section and three sections per animal

were analyzed. Skin sections with several SA-b-gal staining

(blue staining in at least two out of four fields) were considered as

a SA-b-gal-positive section.

Proteomic analysis

Sample preparation, nano-scale liquid chromatographic tandem mass

spectrometry analysis, database search, processing of results, and

label-free quantitative data analysis are detailed in the Supplementary

Data section.

NOX inhibitor GKT137831

This inhibitor is a member of the pyrazolopyridine dione family, is a

specific inhibitor of NADPH isoforms NOX1 and NOX4 (NOX1

Ki¼ 110 nmol l� 1 and Nox4 Ki¼ 140 nmol l� 1), and has been shown

to inhibit NOX1- and NOX4-derived ROS in vitro and in vivo

(Gaggini et al., 2011; Aoyama et al., 2012). For the purpose of oral

administration, GKT137831 was solubilized in de-ionized water

comprising 1.2% methyl cellulose (Sigma) and 0.1% polysorbate 80

(Sigma). This solution without GKT137831 was used as placebo

treatment.

Statistics

Student’s t-test was applied for statistical evaluation and a *P-value

of o0.05 was considered significant. Results are presented as

means±SD.
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Supplementary materials 

Supplementary figure legends 

Figure S1: Metabolic profile in young Xpc knockout mice resembles that of old wild-type 

mice and NOX1 inhibition restores XPC deficiency-induced modifications in metabolic 

profile. Proteomic analysis was used to investigate the effects of aging and XPC deficiency 

on profile expression of several proteins in skin biopsies of 4-month-old (young) and 1.5-

year-old (old) XPC-proficient (Xpc
+/+

) and -deficient (Xpc
-/-

) mice. To test the effect of

inhibition of NOX1 activity on the metabolic profile of mice, one-month-old Xpc
+/+

 and Xpc
-/-

mice were treated topically with scramble peptide or InhNOX for three months. Skin biopsies 

were then subjected to proteomic analysis. The quantity of each protein was compared among 

the different groups and the results are expressed as mean fold change of expression of each 

protein as indicated at the top of each column of the heat map. As shown in the first column, 

comparison of old and young skin mice reveals a decreased expression of several proteins 

involved in metabolism during skin aging. The same comparison in XPC
-/-

 mice in the second

column shows that the expression levels of these proteins were approximately the same. 

Comparison of protein expression levels between young XPC
+/+

 and XPC
-/-

 in the third

column indicates that there was a marked reduction in the expression level of several proteins 

involved in the metabolism of XPC-deficient mice. Comparison of protein expression levels 

between old XPC
+/+

 and XPC
-/-

 in the fourth column shows that the expression level of these

proteins are similar in aged mice. Finally, the protein expression level in young mice treated 

with scrambled peptide (column five) was resembled to non-treated young mice (column 3), 

indicating a decreased expression level of those proteins in XPC-deficient mice compared 

with wild-type mice. Interestingly, as shown in the sixth column, InhNOX treatment restored 

the expression level of the majority of these proteins to that found in wild-type mice. 



ATP5B: ATP synthase subunit beta, ATP5h: ATP synthase subunit d, ATP5I: ATP synthase 

subunit e, ECHS1: Enoyl-CoA hydratase, G6PD: Glucose-6-phosphate 1-dehydrogenase, 

HCDH: Hydroxyacyl-coenzyme A dehydrogenase, IDH3B : Isocitrate dehydrogenase 3 

(NAD+) beta, LCAD: Long-chain specific acyl-CoA dehydrogenase, NDUFS3: NADH 

dehydrogenase [ubiquinone] iron-sulfur protein 3, OGDC-E1: 2-oxoglutarate dehydrogenase, 

PDHE1B: Pyruvate dehydrogenase E1 component subunit beta, PGD: 6-phosphogluconate 

dehydrogenase, SDHA: Succinate dehydrogenase [ubiquinone] flavoprotein subunit, SDHB: 

Succinate dehydrogenase complex subunit B, TK: Transketolase. 

 

 

Figure S2. GKT137831 blocks NOX1/4 activity efficiently in mouse keratinocytes 

(a, b) Xpc
+/+

 and Xpc
-/- 

keratinocytes were transduced with lentiviral vectors expressing shCtrl, 

shNOX1, shNOX2 or shNOX4. Four days after transduction, cells were treated with 10 µM of 

GKT137831 for 24h. (a) Total protein extracts of keratinocytes were then assessed for 

expression of different NOX family members by Western blot. β-actin was used as a loading 

control. (b) NOX activity was measured in different cells. *P < 0.05 versus placebo-treated shCtrl 

Xpc
+/+

 cells, † P < 0.05 versus  placebo-treated shCtrl Xpc
-/-

 cells, and ° P < 0.05 versus GKT137831-

treated shCtrl-transduced keratinocytes. 

 

 

Figure S3. Cytotoxic effect of InhNOX treatment on human keratinocytes 

Human keratinocytes were treated with indicated concentrations of scrambled peptide or 

InhNOX. The cytotoxic effect of each treatment was measured 24, 48 and 72 hours post-

treatment using trypan blue exclusion assay (a) and MTT assay (b). The percentage of 

viability in treated keratinocytes was normalized to the non-treated cells (NTC). 

 



Figure S4. InhNOX efficiently inhibits NOX1 activity in HT29 

HT29 cells (human colon adenocarcinoma cell line) were treated with 10 or 50 µM of 

InhNOX or scrambled peptide. NOX activity (a) and the relative ROS level (b) and the ROS 

level were measured 24 h post-treatment. Both NOX activity and ROS level were normalized 

to the non-treated cells (NTC). (*P<0.05) 

 

Figure S5. InhNOX blocks NOX1 activity specifically and efficiently in human and 

mouse cells. (a, b) Human keratinocytes were transduced with lentiviral vectors expressing 

shCtrl, shNOX1, shNOX2 or shNOX4. Four days after transduction, cells were treated with 10 µM of 

scrambled peptide, InhNOX or GKT137831 for 24h.  NOX activity (a) and relative ROS level (b) 

were then measured in different cells. ROS level was normalized to counterpart scramble-treated 

cells. *P < 0.05 versus scramble-treated shCtrl cells and ° P < 0.05 versus InhNOX-treated shNOX1-

transduced keratinocytes. (c) NOX activity was measured in human and mouse keratinocytes 24h post-

treatment with 10 µM of scramble peptide or InhNOX. (d) Mice were treated topically with indicated 

doses of scramble peptide or InhNOX. Skin biopsies were harvested 2 h, 24 h, 48 h and 72 h post-

treatment (five mice per dose and time). NOX activity was measured and normalized to the vehicle-

treated mice. (e) Mice were treated topically with 3 and 12 mg/kg of scramble peptide or InhNOX. 

Twenty min after treatment, mice were exposed to UVB (150 mJ/cm
2
). Skin biopsies were harvested 

0.5 h and 24 h post-treatment. At 47.5 h after first treatment, mice were treated again with the same 

concentration of scramble peptide and InhNOX and exposed to UVB 20 min later. Skin biopsies were 

then harvested at 48 and 72 h after first treatment. NOX activity was measured and then normalized to 

the vehicle-treated and non-irradiated mice. N= 5 mice per group and *P < 0.05. nIr, non-irradiated 

mice.  

 

  



Supplementary Materials and Methods 

Mouse genomic DNA isolation and genotyping 

Mouse genomic DNA was obtained from tail clip samples following their overnight digestion at 

45°C with 100 µl of 100 mM Tris, pH 8.0, 5 mM EDTA, 0.2% SDS,200 mM NaCl,100 µg/ml 

proteinase K. Samples were then diluted with 300 µl of water and boiled for 5 min before use for 

PCR. Xpc genotyping was carried out using the following primers: Xpc-wt: forward primer, 

ATTGCGTGCATACCTTGCAC; reverse primer, TATCTCCTCCTCAAACCCTGCTC; 

Xpc-del: forward primer, CGCATAGCCTTCTATCGCCT; reverse primer, 

TATCTCCTCCTCAAACCCTGCTC. Amplification products were detected on 2% agarose 

gel stained with ethidium bromide. 

Detection of NADPH Oxidase activity in cell-free system 

NADPH oxidase activity was measured in plasma membranes obtained from skin specimens as 

already explained (Rezvani et al., 2011a; Rezvani et al., 2011b). Briefly, skin specimens were 

incubated for 10 min at 4°C with 300µl of hypotonic solution supplemented with protease 

inhibitor cocktail (Sigma, Saint Quentin Fallavier, France). Following sonication for five 20 s 

bursts, the homogenate was centrifuged at 1,000 x g for 15 min at 4°C. The supernatant was 

withdrawn and centrifuged at 12,000 x g for one hour at 4°C. The supernatant was referred to as 

the cytosol, and the pellet consisting of crude membranes was resuspended in the Hank’s buffer 

supplemented with 0.9 mM CaCl2 and 0.5 mM MgCl2. 50 µg of plasma membrane were added 

to 200 µl of reaction mixture containing 2 mM luminol, 500 U/ml horseradish peroxidase and 0.8 

M glucose (all from Sigma). After incubation for 1 min at 37°C, the NADPH oxidase activation 



was initiated in the presence of 2µg/ml phorbol myristate acetate (PMA) and 200 µM NADPH. 

The relative light units (RLU) of chemiluminescence were recorded every 30 sec for a total of 90 

min at 37 °C using a luminometer.  

 

Measurement of endogenous and mitochondrial ATP production  

The amount of intracellular ATP was measured by a luciferin/luciferase-based assay using an an 

ATP bioluminescence assay kit HSII (Roche Applied Science, Meylan Cedex, France) in 

accordance with the manufacturer's instructions, as already explained  (Rezvani et al., 2011a). In 

brief, skin samples were lysed with 0.2 ml of cell lysis reagent. ATP concentrations in the lysates 

were quantified. A standard curve for ATP concentration was plotted using standard ATP 

solution. ATP levels were calculated and normalized to protein lysate concentrations.  

 

Measurement of mitochondrial oxygen consumption rates 

Skin respiration was measured with 10 mg section/ml using a Clark oxygen electrode (oxygraph 

Hansatech) in a 2 ml glass cell thermostatically controlled at 37°C.  

 

Complex IV (cytochrome c-oxidase) activity  

Cytochrome c-oxidase activity was determined spectrophotometrically with cytochrome c (II) as 

the substrate. The oxidation of cytochrome c was monitored at 550 nm at 30°C using a double-

wavelength Xenius spectrophotometer from SAFAS (Monaco) and standardized reproducible 

methods as already described (Rezvani et al., 2011a; Rezvani et al., 2011b). 

 

Measurement of intracellular ROS  



The intracellular production of ROS was assessed using a CM-H2DCF-DA cytoplasmic probe or 

the MitoSOXTM red mitochondrial superoxide indicator (both from Molecular Probes, 

Invitrogen) as already described (Rezvani et al., 2007; Rezvani et al., 2006). Briefly, CM-

H2DCF-DA (5 µM) or MitoSOX (5 µM) were added onto keratinocytes immediately after their 

isolation from mouse skin. Keratinocytes were then incubated for 15 min at 37°C in the dark. 

After two washes with PBS, the cells were immediately analyzed by flow cytometry. Ten 

thousand individual data points were collected for each sample.  

 



Details of Proteomic analysis: 

Sample preparation for proteomic analysis 

Skin samples were lysed in RIPA buffer containing protease inhibitor cocktail (Sigma). 

Ten µg of each protein sample were solubilized in Laemlli buffer and were deposited onto 

SDS-PAGE gel for concentration and cleaning purposes. Separation was stopped after 

proteins had entered the resolving gel. After colloidal blue staining, bands were cut out of 

the SDS-PAGE gel and subsequently cut into 1 mm x 1 mm gel pieces.  Gel pieces were 

destained in 25 mM ammonium bicarbonate 50% ACN, rinsed twice in ultrapure water and 

shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room 

temperature, covered with trypsin solution (10 ng/µl in 40 mM NH4HCO3 and 10% ACN), 

rehydrated at 4 °C for 10 min, and finally incubated overnight at 37 °C. Spots were then 

incubated for 15 min in 40 mM NH4HCO3 and 10% ACN at room temperature with rotary 

shaking. The supernatant was collected and an H2O/ACN/HCOOH (47.5:47.5:5) extraction 

solution was added onto gel slices for 15 min. The extraction step was repeated twice. 

Supernatants were pooled and concentrated in a vacuum centrifuge to a final volume of 40 

µL. Digests were finally acidified by addition of 2.4 µL of formic acid (5%, v/v) and stored 

at -20 °C. 

 

nLC-MS/MS analysis 

Peptide mixture was analyzed on an Ultimate 3000 nanoLC system (Dionex, Amsterdam, 

The Netherlands) coupled to a Q-Exactive quadrupole Orbitrap benchtop mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA). Ten microliters of peptide digests 

were loaded onto a 300-µm-inner diameter x 5-mm C18 PepMap
TM

 trap column (LC 

Packings) at a flow rate of 30 µL/min. The peptides were eluted from the trap column onto 

an analytical 75-mm id x 15-cm C18 Pep-Map column (LC Packings) with a 4–40% linear 



gradient of solvent B in 108 min (solvent A was 0.1% formic acid in 5% ACN, and solvent 

B was 0.1% formic acid in 80% ACN). The separation flow rate was set at 300 nL/min. 

The mass spectrometer operated in positive ion mode at a 1.8-kV needle voltage. Data 

were acquired in a data-dependent mode. MS scans (m/z 300-2000) were recorded at a 

resolution of R = 70 000 (@ m/z 200) and an AGC target of 1 x 10
6
 ions was collected

within 100 ms. Dynamic exclusion was set to 30 s and the top 15 ions were selected from 

fragmentation in HCD mode. MS/MS scans with a target value of 1 x 10
5
 ions were

collected with a maximum fill time of 120 ms and a resolution of R = 35 000. Additionally, 

only +2 and +3 charged ions were selected for fragmentation. Other settings were as 

follows: spray voltage, 1.8 kV, no sheath or auxiliary gas flow, heated capillary 

temperature, 200 °C; normalized HCD collision energy of 25% and an isolation width of 3 

m/z. 

Database search and processing of  results 

Data were searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher 

Scientific Inc.) against a subset of the 2013.08 version of UniProt database restricted to 

Mus  musculus Reference Proteome Set (42,882 entries). Spectra from peptides higher than 

5000 Da or lower than 350 Da were rejected. The search parameters were as follows: mass 

accuracy of the monoisotopic peptide precursor and peptide fragments was set to 10 ppm 

and 0.02 Da respectively. Only b- and y-ions were considered for mass calculation. 

Oxidation of methionines (+16 Da) was considered as variable modification and 

carabamidomethylation of cysteines (+57 Da) as fixed modification. Two missed trypsin 

cleavages were allowed. Peptide validation was performed using the Percolator algorithm 

(Kall et al., 2007) and only “high confidence” peptides were retained, corresponding to a 

1% False Positive Rate at peptide level. 



Label-Free Quantitative Data Analysis 

Raw LC-MS/MS data were imported into Progenesis LC-MS 4.1 (Nonlinear Dynamics 

Ltd, Newcastle, U.K). Data processing included the following steps: (i) detection of 

features, (ii) alignment of features across the 12 samples, (iii) Volume integration for 2-6 

charge-state ions, (iv) Normalization on total protein abundance, (v) Importation of 

sequence information, (vi) ANOVA test at peptide level and filtering for features p <0.05, 

(vii) Calculation of protein abundance (sum of the volume of corresponding peptides), 

(viii) ANOVA test at protein level and filtering for features p <0.05. Noticeably, only non-

conflicting features and unique peptides were considered for calculation at protein level. 

Quantitative data were considered for proteins quantified by a minimum of 2 peptides. 

Supplementary Reference 

Kall, L., Canterbury, J.D., Weston, J., Noble, W.S., and MacCoss, M.J. (2007). Semi-

supervised learning for peptide identification from shotgun proteomics datasets. Nat. 

Methods 4, 923-925. 













Table S1. The effects of aging, XPC deficiency and topical application of NOX1 inhibitor on metabolic profile of skin. 

Pr
oc

es
s 

Accession Protein name 

old vs young Xpc-/- vs Xpc+/+ Xpc-/- vs Xpc+/+ 
Xpc+/+ Xpc-/- young/young old/old Scrambled InhNOX 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Peptides 
used for 

quantitation 

Confidence 
score 

Fold 
Change 

Anova 
(p) 

Pe
nt

os
e 

ph
os

ph
at

e 
pa

tw
ay

s 

Q00612 Glucose-6-phosphate 1-
dehydrogenase X  3 7.26 -2.21 1.45E-05 6 19.24 -2.75 2.43E-04 5 16.61 -2.68 5.12E-04 3 6.97 -2.66 8.06E-03 8 27.13 -2.59 8.06E-03 6 17.35 -1.11 1.93E-01 

Q93092 Transaldolase  2 8.93 -3.25 3.69E-05 3 75.14 -2.86 2.46E-04 2 7.87 -3.18 2.23E-02 3 9.57 -1.79 8.83E-02 4 12.02 -2.94 1.99E-02 3 7.68 -1.33 1.15E-01 
Q9CPQ9 Fructose-bisphosphate aldolase  15 56.10 -6.29 5.26E-05 7 27.80 -1.71 3.45E-03 3 8.59 -2.61 5.74E-04 4 7.92 1.31 4.06E-02 3 10.23 -2.18 4.38E-02 13 53.53 -1.43 5.42E-02 
P40142 Transketolase  6 14.83 -2.95 1.13E-04 6 14.97 -1.40 7.54E-02 4 12.00 -2.52 2.34E-02 3 6.07 -1.62 7.74E-03 5 21.88 -2.18 1.64E-02 3 12.82 -1.13 8.73E-01 

Q9DCD0 6-phosphogluconate 
dehydrogenase, decarboxylating  8 32.25 -2.80 1.44E-04 2 6.61 -1.68 4.66E-02 6 24.00 -2.68 6.96E-04 11 26.18 -1.52 4.61E-03 10 38.29 -3.00 1.41E-02 7 23.27 -1.18 2.89E-01 

T
C

A
 c

yc
le

 

Q8BMF4 

Dihydrolipoyllysine-residue 
acetyltransferase component of 
pyruvate dehydrogenase 
complex, mitochondrial  

2 4.02 -2.94 6.82E-03 5 21.02 -1.64 2.03E-03 4 11.49 -2.34 2.13E-03 3 9.00 -1.95 1.54E-02 2 6.92 -2.03 2.89E-02 3 12.49 -1.43 3.60E-02 

Q9D051 
Pyruvate dehydrogenase E1 
component subunit beta, 
mitochondrial  

4 17.58 -4.13 1.87E-03 2 6.41 -2.29 1.44E-03 2 5.55 -5.96 2.13E-02 5 19.39 -3.48 3.93E-03 5 16.11 -3.29 1.68E-02 3 6.82 -1.09 5.27E-01 

Q9D6R2 
Isocitrate dehydrogenase 
[NAD] subunit alpha, 
mitochondrial  

6 20.36 -2.56 1.90E-03 2 4.36 -2.06 3.45E-03 3 9.41 -1.70 4.16E-02 2 6.95 -1.45 2.83E-02 4 14.53 -1.91 4.33E-03 4 13.2 -1.21 1.87E-02 

O08749 Dihydrolipoyl dehydrogenase, 
mitochondrial  2 6.35 -2.17 1.97E-03 6 20.20 -2.36 3.18E-03 3 10.13 -1.95 1.61E-03 3 12.34 -2.96 1.91E-02 3 13.43 -1.58 1.67E-02 2 8.52 -1.32 1.02E-02 

P35486 
Pyruvate dehydrogenase E1 
component subunit alpha, 
somatic form, mitochondrial  

4 14.08 -5.78 1.99E-03 3 8.79 -1.45 7.66E-02 2 5.55 -4.96 2.13E-02 2 3.35 -3.44 3.42E-03 3 15.33 -3.30 1.32E-02 3 3.26 -1.25 9.75E-02 

Q91VA7 Isocitrate dehydrogenase 3 
(NAD+) beta  2 5.08 -2.67 4.40E-03 2 3.83 -1.48 3.35E-02 3 7.24 -4.39 2.11E-02 4 15.65 -2.81 3.54E-03 3 14.63 -4.67 2.29E-02 4 9.02 -1.30 3.33E-01 

Q8K2B3 
Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial  

5 18.09 -2.36 4.49E-03 4 13.26 -2.82 4.54E-03 3 6.39 -2.11 4.62E-03 4 12.27 -2.25 1.65E-03 5 19.94 -2.57 3.26E-03 4 9.02 -1.11 4.51E-01 

Q99KI0 Aconitate hydratase, 
mitochondrial  6 15.96 -1.70 4.81E-03 4 14.54 -1.57 8.45E-02 6 22.43 -2.21 1.92E-02 7 24.94 -2.26 1.34E-02 15 57.96 -1.35 2.20E-02 7 26.04 -1.55 3.35E-03 

P08249 Malate dehydrogenase, 
mitochondrial  2 9.52 -10.39 2.40E-02 2 6.81 -1.57 2.04E-03 2 4.06 -4.10 5.72E-03 4 25.02 1.54 4.18E-02 5 19.71 -3.39 1.30E-03 4 15.91 -1.21 1.09E-02 

Q60597 2-oxoglutarate dehydrogenase, 
mitochondrial  2 5.30 -6.18 5.26E-03 3 6.24 -1.66 3.02E-03 2 3.80 -5.23 5.73E-03 9 25.42 -3.32 6.18E-03 4 15.10 -4.87 2.60E-02 3 8.08 -1.82 3.28E-05 

Q9CQA3 
Succinate dehydrogenase 
[ubiquinone] iron-sulfur 
subunit, mitochondrial  

3 7.23 -2.25 5.41E-03 2 7.55 -1.14 9.37E-02 2 4.68 -1.72 2.46E-02 2 4.02 1.24 6.82E-02 2 5.85 -1.91 2.97E-02 3 8.12 -1.08 6.91E-01 

Q9Z2I9 
Succinyl-CoA ligase [ADP-
forming] subunit beta, 
mitochondrial  

3 7.34 -2.58 6.73E-03 2 3.99 -3.62 7.17E-03 2 4.02 -1.49 6.82E-03 2 8.93 -1.89 6.98E-03 2 13.83 -1.26 2.52E-02 2 5.26 -1.36 3.51E-03 
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Q91VR2 ATP synthase subunit gamma, 
mitochondrial  8 33.99 -2.95 7.17E-03 3 13.04 -1.90 8.21E-03 3 11.69 -1.78 8.88E-03 5 7.72 -4.20 1.04E-02 6 21.89 -1.54 2.67E-02 3 13.41 -1.43 1.46E-02 

P56480 ATP synthase subunit beta, 
mitochondrial  4 18.12 -2.80 3.37E-03 3 12.31 -1.16 8.48E-02 7 32.55 -1.83 1.07E-02 6 22.09 -1.41 6.35E-03 8 36.26 -1.92 2.04E-02 9 43.76 -1.25 1.11E-01 

Q9CQQ7 ATP synthase subunit b, 
mitochondrial  2 4.61 -2.94 4.02E-03 4 14.10 -1.69 1.14E-02 2 3.40 -1.94 1.37E-03 4 19.50 -1.27 5.13E-02 5 15.85 -1.75 5.13E-03 5 7.72 1.09 1.29E-01 

Q91YT0 
NADH dehydrogenase 
[ubiquinone] flavoprotein 1, 
mitochondrial  

2 3.98 -2.26 7.41E-03 2 8.89 -2.32 1.05E-02 2 4.39 -1.63 1.17E-02 2 8.07 -1.26 1.22E-02 3 7.04 -1.50 4.78E-03 3 6.90 -1.41 2.64E-03 

Q03265 ATP synthase subunit alpha, 
mitochondrial  6 19.21 -1.72 5.24E-03 13 48.10 -1.39 3.08E-02 9 28.09 -1.37 8.47E-03 8 38.07 1.32 6.48E-02 21 81.78 -1.23 4.05E-02 7 29.57 -1.27 1.04E-02 

Q9CPQ8 ATP synthase subunit g, 
mitochondrial  2 3.42 -8.83 7.67E-04 2 3.56 -1.83 1.32E-02 2 5.10 -6.62 1.22E-02 3 6.90 -1.72 1.31E-02 2 5.59 -7.41 1.63E-03 3 8.66 -1.26 6.76E-02 

Q9DCT2 
NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 
3, mitochondrial  

4 12.25 -5.93 7.77E-03 2 4.51 -2.05 1.34E-02 2 4.46 -4.76 6.72E-03 3 7.49 -1.17 1.43E-01 2 7.40 -3.26 2.93E-02 2 5.83 -1.11 3.72E-01 

Q9D819 Inorganic pyrophosphatase  6 19.21 -2.75 8.00E-03 3 7.49 -1.62 1.43E-02 3 7.44 -1.78 1.41E-02 5 24.80 1.19 7.50E-02 2 10.64 -1.81 2.54E-02 3 7.49 1.00 9.83E-01 

Q8K2B3 
Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial  

5 18.09 -2.36 4.49E-03 4 13.26 -2.82 4.54E-03 3 6.39 -2.11 4.62E-03 4 12.27 -2.25 1.65E-03 5 19.94 -2.57 3.26E-03 4 9.02 -1.11 4.51E-01 

Q9DB20 ATP synthase subunit O, 3 10.63 -1.75 1.53E-02 3 4.91 1.30 5.83E-02 3 7.60 -2.53 1.75E-02 2 7.55 -1.36 1.94E-02 3 10.25 -2.37 4.71E-03 3 10.15 -1.43 1.19E-02 

1 



mitochondrial 

Q9CZ13 Cytochrome b-c1 complex 
subunit 1, mitochondrial  8 24.12 -4.19 5.35E-03 6 15.13 -1.89 1.97E-02 3 7.00 -1.70 2.45E-02 2 5.42 -1.57 2.43E-02 5 17.62 -1.75 2.11E-03 3 9.65 -1.46 1.23E-02 

Q9D0M3 Cytochrome c1, heme protein, 
mitochondrial  6 24.88 -2.61 3.61E-03 2 4.35 -1.71 2.00E-02 2 6.10 -3.18 1.71E-02 2 4.94 -1.21 9.54E-02 4 14.36 -2.42 2.26E-02 3 9.25 -1.49 1.13E-02 

Q9DB77 Cytochrome b-c1 complex 
subunit 2, mitochondrial  2 5.98 -1.99 1.55E-02 3 7.96 -1.19 7.20E-02 3 9.77 -1.84 1.42E-02 2 8.71 1.06 6.25E-02 7 33.83 -2.08 5.12E-03 4 15.97 -1.80 2.33E-02 

Q9CQA3 
Succinate dehydrogenase 
[ubiquinone] iron-sulfur 
subunit, mitochondrial  

2 7.39 -2.65 8.95E-03 2 6.10 -1.38 5.20E-02 3 6.68 -1.72 2.46E-02 3 13.53 1.15 7.57E-02 2 5.85 -1.91 2.97E-02 3 7.96 -1.08 6.91E-01 

Q91VD9 
NADH-ubiquinone 
oxidoreductase 75 kDa subunit, 
mitochondrial  

3 9.21 -4.25 6.51E-03 4 10.20 -1.80 7.17E-03 2 10.16 -2.79 1.82E-02 2 4.05 1.27 9.72E-02 2 8.02 -1.87 1.38E-02 3 13.53 -2.33 2.19E-02 

Q9DCX2 ATP synthase subunit d, 
mitochondrial  2 8.89 -3.02 1.70E-02 3 6.65 -1.49 2.72E-02 5 16.93 -2.60 2.90E-02 6 23.19 -1.04 8.85E-02 5 19.90 -2.17 2.69E-02 4 15.45 -1.10 1.29E-01 
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P51660 Peroxisomal multifunctional 
enzyme type 2  8 23.36 -3.00 3.25E-02 2 6.37 -1.42 3.66E-02 7 29.57 -2.37 6.65E-04 5 15.67 -1.23 2.43E-02 6 19.82 -2.18 1.72E-02 8 31.11 -1.05 2.66E-01 

Q8C178 Acyl-coenzyme A oxidase  6 20.20 -2.42 2.34E-02 3 11.17 -1.84 1.40E-04 2 5.83 -4.32 4.18E-03 5 18.33 -1.80 4.76E-03 2 8.70 -5.11 9.11E-03 3 8.08 -1.25 3.81E-02 

Q61425 Hydroxyacyl-coenzyme A 
dehydrogenase, mitochondrial  7 22.76 -3.24 4.13E-02 8 35.79 -1.46 1.49E-03 9 43.76 -2.37 3.56E-03 4 13.40 -1.34 3.49E-02 5 16.37 -2.05 6.93E-03 2 6.64 1.03 7.14E-01 

Q8BH95 Enoyl-CoA hydratase, 
mitochondrial  2 5.38 -4.22 1.36E-03 5 18.66 -1.46 2.86E-03 2 5.18 -2.38 2.93E-03 3 10.15 1.41 7.81E-02 4 12.07 -2.64 1.45E-02 3 22.88 -1.07 5.68E-01 

P51174 Long-chain specific acyl-CoA 
dehydrogenase, mitochondrial  2 9.91 -4.97 1.83E-03 3 8.30 -2.47 3.10E-03 7 26.04 -4.51 3.35E-03 2 7.01 -2.14 3.56E-02 3 11.37 -4.16 8.13E-03 7 34.75 -1.28 6.94E-01 

P50544 
Very long-chain specific acyl-
CoA dehydrogenase, 
mitochondrial  

2 5.05 -3.90 2.16E-03 7 28.24 -1.37 3.48E-02 3 8.19 -3.25 3.35E-03 2 10.66 -1.30 5.40E-02 5 16.01 -2.30 4.41E-03 3 13.41 -1.43 4.87E-02 

P45952 
Medium-chain specific acyl-
CoA dehydrogenase, 
mitochondrial  

2 4.64 -1.91 4.61E-02 2 5.52 -1.43 6.52E-03 2 8.00 -1.68 1.20E-02 5 18.98 -1.11 6.40E-02 2 9.01 -1.59 4.37E-03 4 11.47 -1.23 1.89E-01 
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Skin Cancer 
 

The second part the thesis project starts with a review article in which the link between 

identified mutations in skin cancers and energy metabolism is discussed. In the light of data 

presented in this review, it appears that metabolism reprogramming should be studies in more 

detail in skin cancers.   

The original article entitles “UVB irradiation rewires cellular metabolism through over-

activation of dihyroorotate dehydrogenase to coordinate DNA repair and ATP synthesis” is 

presented afterwards. In this work, we will see that UVB irradiation affects energy 

metabolism which in turn regulates the cell fate.   
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Abstract 

Skin responds to UV radiation through various adaptive mechanisms such as cell death, 

modifications in proliferation and differentiation. However, photoadaptation is not optimal 

and the accumulations of mutations in nuclear and mitochondrial DNA as well as increased 

ROS level contribute to photo-aging and carcinogenesis. Mitochondrial alterations with 

subsequent metabolic reprogramming influences other cell signaling pathways. A 

comprehensive study of UV-induced metabolic reprogramming and its consequences is 

needed to clarify the role of mitochondria in multistage skin tumorigenesis. These 

investigations could also lead to the development of new targets for skin cancer therapy.  

 

Introduction 

Malignant transformation of normal cells requires a number of characteristic alterations 

known as cancer hallmarks. These modifications enable cancer cells to survive under extreme 

conditions such as oxygen insufficiency and unlimited proliferation. In 2011, Hanahan and 

Weinberg suggested metabolism reprogramming as one of the hallmarks of tumorigenesis 

(Hanahan and Weinberg, 2011). Modified metabolism in cancer cells was recognized by Otto 

Warburg in 1930. He proposed that cancer cells shift their metabolism toward glycolysis with 

the production of more lactate even in conditions of oxygen sufficiency (Warburg, 1956). 

Metabolic reprogramming is an intelligent strategy used by malignant cells in order to support 

cell growth. Malignant cells are able to change their metabolism according to the 

requirements of the cell or tissue. All malignant cells are not necessarily glycolytic. For 

example, breast cancer cells enforce their metabolism towards OXPHOS whereas a large 

range of cancer types including colon, prostate and lung cancers are dependent on a glycolytic 

metabolism. Mitochondrial defects, hypoxia, oncogenes and altered metabolic enzymes are 

now characterized as the main cause of metabolic alteration (Pelicano et al., 2006). 

Understanding metabolism remodeling during the multistage process of carcinogenesis for 

developing new strategies is currently a main trend in cancer research, and we show in this 

review that UV-induced skin tumorogenesis is a good model to get novel mechanistic insights 

and to test drugs.  
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Ultraviolet Radiation and Skin Cancers 

Skin cancers are classified into two main categories as non-melanoma (NMSC) and 

melanoma (MSC) skin cancers. There are two types of NMSCs including cutaneous basal cell 

carcinoma (BCC) and cutaneous squamous cell carcinoma (SCC). NMSCs account for more 

than 95% of all skin cancers. The rest 5% of incidence belongs to melanoma which is the 

most fatal form of skin cancers  (Boukamp, 2005).  

The most common lesion emerging in skin after exposure to solar irradiation is actinic 

keratosis which considered as a precancerous lesion (Goldenberg and Perl, 2014). Fair skin, 

cumulative sun exposure, immunosuppression and age are the major factors which affect the 

formation of AK.  

Basal cell carcinomas originate from basal keratinocytes in the deeper layer of epidermis and 

account for 80% of NMSCs (Kasper et al., 2012). This type of cutaneous cancer is locally 

invasive but normally non-metastatic. Because of its pale color and lack of symptoms, BCC is 

misdiagnosed in most of the cases. Although excisional surgery is the main therapy for BCC, 

radiation therapy could a suitable alternative treatment in inoperable cases. In recent years, 

new therapeutic methods as topical treatments have been developed for BCC (Table 

4)(Berking et al., 2014).  

Cutaneous squamous cell carcinomas form 15% of NMSCs. Unlike BCC, SCC may 

metastasize to regions which are distant from the origin. Despite the wide range of therapies 

including excision, radiation therapy, cryosurgery, Mohs micrographic, electrodesiccation and 

curettage for SCC, fluorouracil accounts for the main current therapy for this disorder.  

Meanwhile, the most fatal form of cutaneous cancers with 80% mortality is sporadic 

cutaneous melanoma which is derived from melanocytes. Melanoma harbors the potential of 

metastasis like SCC. Surgery and radiotherapy along with adjuvant therapy and chemotherapy 

are the main therapies for this type of cutanous carcinomas. 

Epidemiological studies reveal that intermittent exposure to sunlight is the major cause of 

BCC and melanoma whereas SCC appears as the result of chronic exposure. 

As a mixture of electromagnetic spectrums including infrared, visible light and ultraviolet 

rays, sunlight is the best known cause of skin cancer. Exposure to sunlight can be classified 

into acute, intermittent and chronic exposure depending on daily activities and time of 
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exposure. Meanwhile, phototype is also an important predisposing factor to skin cancers. UV 

radiation is classified into three categories according to its wavelengths: UVA, UVB and 

UVC. Approximately 100% of UVC and 95% of UVB are absorbed by the ozone layer and do 

not reach the earth. Shorter wavelengths are more powerful, thus more harmful to the skin. 

Due to its shorter wavelength, UVB which accounts for less than 1% of the total solar 

radiation has more dangerous biological effects compared to UVA. It was once thought that 

skin cancers are caused only by exposure to UVB but several recent studies have shown the 

carcinogenic effects of UVA as well.  

Generally UVA radiation penetrates deeply in the skin and involves in the generation of 

reactive oxygen species (ROS) which may cause damage to DNA, proteins, lipids and 

saccharides. Unlike UVA radiation, UVB has less penetrance but more genotoxic effects. 

UVB is absorbed by DNA especially aromatic rings of DNA bases. It has also been 

demonstrated that UVB can cause indirect damage through induction of ROS generation. The 

direct damage results in formation of DNA adducts such as cyclobutane pyrimidine dimers 

and pyrimidine pyrimidone dimers. Pyrimidine pyrimidone lesions are frequently repaired 

more efficiently and faster than cyclobutane dimers. Failure to repair UV-induced DNA 

damages results in specific types of mutation (i.e. C to T and CC to TT) named UV signature 

a marker of post irradiation mutation found in UV-induced precanceroses. In addition to 

affecting protein function, if these lesions occur in the promoter sequences, they strongly 

inhibit the binding of transcription factors (Tommasi et al., 1996).  

Besides the direct damage to DNA, UVB deregulates different cell processes or pathways. In 

fact, UVB radiation disrupts redox homeostasis, by induction of ROS generation and/ or 

disabling the antioxidant systems. UVB could also lead to photoisomerisation of urocanic 

acid, induction of ornithine decarboxylase activity, cell cycle arrest, immune suppression, and 

impairment of DNA and RNA synthesis in the skin (Svobodova et al., 2006). 

UV Irradiation and mtDNA Mutagenesis in Skin Cancers 

Normally, in non-transformed cells, mitochondria play a crucial role in different processes 

such as energy production, biosynthesis, regulation of intracellular calcium signaling and 

apoptosis. In normal physiological conditions, mitochondria also produce reactive oxygen 

species (ROS) through three complexes of the respiratory chain (i.e. CI, CIII, and CIV). ROS 

result in dual central effects on cellular signaling pathways. On the one hand, increase in ROS 
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concentrations leads to cytotoxicity through oxidation of proteins, lipids, RNA and nuclear/ 

mitochondrial DNA. On the other hand, ROS can also act as second-messengers which 

mediate the cell response to different stressors.  

Alterations in quality or quantity of mitochondrial DNA have been reported as a possible 

contributor to neoplastic development. Unlike nucleus which has efficient DNA repair 

systems for removal of UV damages, mitochondria lacks this capacity (Mason et al., 2003; 

Ray et al., 2000). In fact, DNA repair systems in mitochondria are 10-17 times weaker than 

those of the nucleus leading to maintenance of the mutations for a long period in the 

mitochondrial DNA (Ames et al., 1993; Pesole et al., 1999). For this reason, mtDNA can be 

used as a first-rate  biomarker of UV-induced DNA damage in early detection of skin cancers 

(Berneburg and Krutmann, 1998; Berneburg et al., 2006). mtDNA mutations have been 

observed in skin peritumoral (AK) and tumoral cells (SCC) (Birch-Machin et al, 1998; Ray et 

al, 2000). Study of sun-exposed skin revealed a 260 mtDNA tandem duplication in the 

regulatory site of mitochondrial DNA (D-loop) (Krishnan and Birch-machin, 2006; Krishnan 

et al., 2004).  

In addition, two common mtDNA deletions including a 4,977 bp and a 3895 bp deletion have 

been reported in sun exposed human skin (Krishnan and Birch-machin, 2006; Krishnan et al., 

2004). These common mtDNA deletions which remove the region encoding ND5, ATPase8, 

ATPase6, COXIII, ND3, ND4, ND4L and 6tRNA result in  mitochondrial dysfunction. 

Krishnan and Birch-Machin (Krishnan and Birch-Machin, 2006) found a significant 

frequency of common mtDNA deletions and tandem duplication in chronically UV-exposed 

skin compared with acutely-exposed skin. While these mutations can serve as UV biomarkers 

(Krishnan and Birch-machin, 2006), their role in carcinogenesis remain to be clarified. 

 

Table 1. Detected mitochondrial DNA mutations in several types of human cancers.  

Cancer type mtDNA mutation sites 

Incidence 

( in patients) 

Reference 

Breast cancer 
D-loop, 16S rRNA, ND2, 

and ATPase 6 
74% (Tan et al., 2002) 

Colorectal 
D-loop region 23% (Alonso et al., 1997) 
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cancer 

Ovarian cancer 

D-loop, 12S 

rRNA, 16S rRNA and 

cytochrome b 

60% (Liu et al., 2001) 

Gastric 

carcinoma 
D-loop region 48% (Wu et al., 2005) 

Hepatocellular 

cancer 
D-loop region 68% 

(Nomoto et al., 2002a, 

2002b) 

Prostate cancer 

cytochrome oxidase 

subunit I 

(COX I) 

11–12% (Petros et al., 2005) 

Lung cancer D-loop region 20-61% 

(Sanchez-Cespedes et 

al., 2001; Suzuki et al., 

2003) 

Renal cell 

carcinoma 
D-loop region 28% (Nagy et al., 2002) 

Brain tumors D-loop region 36% 
(Montanini et al., 

2005) 

Table 2. List of mtDNA mutations in various types of cancers. 

Cancer mtDNA regional mutations Reference 

Breast cancer ND4,ND5 
(Sanchez-Cespedes et al., 

2001) 

Colorectal cancer 
COX1, COX2, ND1, Cyt b, ND5, 

ND4L, COX3 

(Habano et al., 1999; 

Polyak et al., 1998) 

Ovarian cancer Cyt b (Liu et al., 2001) 
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UVB Irradiation and Energy Metabolism 

UV irradiation in addition to induced damages in mtDNA and altered cellular energy 

metabolism could lead to mutations in oncogenes and tumor suppressors, thus exerting effects 

on cellular metabolism. Loss of P53 and PTEN as well as inactivation of hedgehog pathway 

or activation of BRAF, RAS and PI3K/AKT/mTOR have all been demonstrated to contribute 

in skin carcinogenesis, and potentially via altering cellular energy metabolism. For example, 

loss of  P53  modulates cellular energy metabolism and also provides energy sources during 

starvation by promoting some pathways such as fatty acid oxidation and autophagy (Lee et 

al., 2014). P53 as a redox activated transcription factor regulates also ROS production through 

induction of tumor protein P53-induced nuclear protein 1 (TP53INP1), glutaminase 2 (GLS2), 

manganese superoxide dismutase (MnSOD)(reviewed by Lee et al., 2014b). 

Metabolic alteration in BCC 

Among different mutational causes of BCC, mutations in the hedgehog pathway, TP53 and 

RAS genes have been demonstrated in respectively 70-90% (Geeraert et al., 2013; Nitzki et 

al., 2012; Wang et al., 2013), 40-56% (Kim et al., 2002; Nitzki et al., 2012)and 30% (Alberts 

and Hess, 2014) of sporadic cases of cutaneous BCC. Based on a growing body of evidence 

the mutation of these genes could alter cellular energy metabolism.  

Mutations in the hedgehog (Hh) pathway, including  inactivating mutations in tumor 

suppressor gene PTCH and  activating mutations of SMO have been reported in  70-90% and 

10% of BCC cases, respectively (Geeraert et al., 2013; Nitzki et al., 2012; Wang et al., 2013). 

Head and neck ND4 (Fliss et al., 2000) 

Bladder Cyt b, ND3 (Fliss et al., 2000) 

Prostate cancer COX1, ND1, ND5 (Jerónimo et al., 2001) 

Pancreas 
COX1,COX2, ND1, ND2, Cyt b, ND6, 

ND3, COX3, ATP6 
(Jones et al., 2001) 

Thyroid 
COX2, ND2, ND1, Cyt b, ND6, ND5, 

ND4, ND4L, ND3, COX3, ATP6 

(Abu-Amero et al., 2005; 

Máximo et al., 2002) 
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Mutations in PTCH remove its inhibitory effect on SMO, resulting in translocation of SMO to 

the cell membrane. SMO then activates the final arbiter of Hh signaling, the Gli family of 

transcription factors. Finally activated Gli accumulates in the nucleus and controls the 

transcription of hedgehog target genes (Ciavardelli et al., 2014; Maiuri et al., 2007).  

There is now growing evidence that activation of Hh signaling pathway is associated with 

altered energy metabolism. For instance, it has been shown that accumulation of Gli promotes  

Hif-1α expression (Chen et al., 2012), which could in turn, switch metabolism towards 

aerobic glycolysis.  

In 2012, Teperino et al (Teperino et al., 2014) have been shown that the hedgehog pathway 

could rewire the metabolism by mediating noncanonical cilium-dependent Smo-Ca
2+

-Ampk 

signaling. They have demonstrated that using smoothened agonist (SAG) as SMO activator 

induces a Warburg-like metabolic reprogramming. Increase of  glycolysis level occurs by 

modulating of Pdha1, AMP-activated protein kinase (Ampk), and pyruvate kinase M1/M2 

(Pkm2) (Teperino et al., 2014).  

There is now overwhelming evidence that P53 could influence cellular energy metabolism by 

enhancing of OXPHOS and inhibition of glycolysis through several mechanisms. Numerous 

studies have been conducted in order to illustrate the importance of P53 functions in 

promotion of OXPHOS. P53 can localize also in mitochondria, where it can interact with the 

Bcl-2 family of proteins and VDAC (Ferecatu et al., 2009; Gottlieb and Vousden, 2010). The 

role of P53 in maintenance of mtDNA copy number and mitochondrial mass has also been 

demonstrated in several studies (Kulawiec et al., 2009; Lebedeva et al., 2009).  

P53 also contributes to mitochondrial metabolism through transcriptional activation of some 

proteins, like synthesis of cytochrome c oxidase 2 (SCO2) (Matoba et al., 2006), subunit I of 

cytochrome c oxidase (Okamura et al., 1999), and p52R2, a subunit of ribonucleotide 

reductase (Bourdon et al., 2007). P53 also affects OXPHOS via posttranscriptional regulation 

of the COXII subunit by P53 (Zhou et al., 2003).  

The inhibitory function of P53 on glycolysis has been ascribed to its ability to down-regulate 

the transcriptional expression of several glucose transporters such as GLUT1 and GLUT4 

(Schwartzenberg-bar-yoseph et al., 2004). P53 has been also shown to be capable to reduce 

GLUT3 expression through the inhibition of IKK (Kawauchi et al., 2008). The P53-mediated 

ubiquitination and inactivation of phosphoglycerate mutase (PGM) as an important glycolytic 

enzyme (Gottlieb and Vousden, 2010; Kondoh et al., 2005) leads to reduced glycolytic rate. 

The ability of P53 to regulate the expression of TIGAR, a protein that functions as a fructose 
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2,6 bisphosphatase (FBPase) to lower fructose 2,6-bisphosphate levels and glycolytic rate 

(Bensaad et al., 2006; Gottlieb and Vousden, 2010; Li and Jogl, 2009), is another mechanism 

by which P53 down-regulates glycolysis. 

Moreover, mutations in RAS genes have been also reported in various cancers. Ras genes 

encode four homologous proteins; Harvey (Ha), N-ras, Kristen (Ki) and R-ras that encodes 

membrane-associated GTPases.  HRAS and KRAS are the more important RAS mutations in 

BCC. In 2013 Zheng et al. have demonstrated that HRAS mutations result in glucose uptake 

and increased glycolytic metabolism through increased expression of glycolytic enzymes 

including PGK1, PKM1, LDHA, and PDK1.  This study has also demonstrated a reduced 

TCA cycle flux from glucose via the decrease of PDH and mitochondrial complex I activity 

(Zheng et al., 2013). 

In 2013, Son et al. (Son et al., 2013) have demonstrated that oncogenic KRAS mutations 

induce glycolysis as an intermediate pathway to promote the production of nucleotides 

through the non-oxidative arm of the pentose phosphate pathway (PPP). By measurement of 

NADPH produced by the oxidative arm of the PPP to maintain redox homeostasis they have 

shown that KRAS activates only the non-oxidative arm of the PPP (Son et al., 2013). Over 

expression of GLU1 in consequence of KRAS activation could increase glycolysis (Sasaki et 

al., 2012; Yun et al., 2009).I t has been also shown that activation of KRAS could raise the 

glycolytic metabolism by upregulation of glutamine–fructose-6-phosphate transaminase1 

(Gfpt1), ribose 5-phosphate isomerase A (Rpia) and ribulose-5-phosphate-3-epimerase 

(Rpe)(Martz, 2012). 

Metabolic alteration in SCC 

Mutations in the CDKN2A, HRAS, KNSTRN, NOTCH1, NOTCH2, FGRF3 and Fas genes 

are predisposing factors for SCC. Among them CDK2A, P53, and HRAS mutations have 

been identified, respectively, in 76% (Brown et al., 2004), 30-50% (Kubo et al., 1994; Ping et 

al., 2001), 3-30% (Oberholzer et al., 2012; Uribe and Gonzalez, 2011) of SCC. 

CDKN2A encodes p16INK4a and p14ARF (Brown et al., 2004). According to recent 

investigations, deficiency in p16INK4a leads to phosphorylation of PKA regulatory subunits 

which subsequently  activates the PKA-CREB-PGC1α pathway, in turn would  stimulate the 

expression of genes involved in gluconeogenesis, fatty acid oxidation, tricarboxylic acid 

(TCA) cycle flux, and mitochondrial oxidative phosphorylation (reviewed by Potthoff et al., 
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2011). P16INK4a positively regulates cyclin D1-CDK4, which inhibits PGC-1α and 

suppresses the glyconeogenesis.  

 

Metabolic alteration in melanoma 

According to the literature activating mutations in NRAS or BRAF proto-oncogenes are found, 

respectively, in ~13–25% (van  ’t Veer et al., 1989; Ball et al., 1994; Curtin et al., 2005) and 

~50% (Davies et al., 2002; Maldonado et al., 2003; COSMIC) of cutaneous melanomas. 

Mutations in other genes such as PTEN (16%), ERK1/2 (8%), KIT (2-6%), CTNNB1 (2-3%), 

GNA11 (2%) and GNAQ (1%) are also reported in melanoma 

(http://www.mycancergenome.org/content/disease/melanoma/, 2014). 

BRAF is mutated in early stage melanoma. It phosphorylates MEK1/2 which in turn 

phosphorylates and activates the MAPK ERK1 and ERK2 (Haq et al., 2013). The activation 

of oncogenic signaling pathways, such as the MAPK/ERK can promote HIF-1α expression at 

the transcriptional and translational levels to increase the rate of glycolysis even in normoxia  

(Huang et al., 2014). Mutation in BRAF has been shown to be associated with increased 

glucose uptake and glycolysis which is mediated by up regulation of GLUT1 (Yun et al., 

2009). Kluza et al. (Kluza et al., 2012) have shown an over expression of HIF1α in melanoma 

cells which regulate the mitochondrial respiration. They have demonstrated that inhibition of 

the HIF-1α /PDK3 axis by DCA restores mitochondrial respiration in melanoma cells. BRAF 

mutations in melanoma suppresses oxidative metabolism through inhibition of 

microphthalmia-associated transcription factor (MITF) and peroxisome proliferator-activated 

receptor γ, coactivator 1α (PGC-1α), which are master regulators of mitogenesis (Corazao-

Rozas et al., 2013; Haq et al., 2013). 

Over 95% of melanoma harboring NRAS activating mutations have an activated PI3K or 

MAPK pathway (Goel et al., 2006; Posch et al., 2013; Saldanha et al., 2006). Indeed, it has 

been shown that activation of the PI3K /mTOR/ AKT pathway in highly proliferative and 

malignant cells results in an increased glucose uptake and induction of the Warburg effect. 

Many studies have demonstrated that the PI3K/AKT/mTOR and RAS/RAF/MEK pathways 

are the major oncogenic pathways in human tumors (Ersahin et al., 2015). The 

AKT/mTOR/PI3K pathway regulates the expression of GLUT1, glucose-6-phosphatase 

(G6Pase), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2)(Bhatt et al., 

http://www.mycancergenome.org/content.php?disease=5&gene=19&variant=
http://www.mycancergenome.org/content.php?disease=5&gene=15&variant=
http://www.mycancergenome.org/content.php?disease=5&gene=16&variant=
http://www.mycancergenome.org/content.php?disease=5&gene=17&variant=


129 

2012), peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1α), 

phosphoenolpyruvate carboxykinase 2 (PEPCK), TIGAR and MnSOD (Ersahin et al., 2015). 

The activation of oncogenic signaling pathways, such as the PI3K/Akt, MAPK/ERK can 

promote HIF-1α expression at the transcriptional and translational levels to increase the rate 

of glycolysis even in normoxia (Huang et al., 2014). 

Loss of Phosphate and tensin homolog (PTEN) as a tumor suppressor has been reported in 

19% of cutaneous melanomas (Goel et al., 2006). On the one hand, PTEN enhances oxidative 

phosphorylation and inhibits glycolysis (Ortega-molina and Serrano, 2013). Ortega-Molina 

and Serrano have been shown that Pten
tg

 MEFs present higher level of PGC1a with an anti-

Warburg effect (Ortega-molina and Serrano, 2013). On the other hand PTEN down regulates 

glycolysis by decreasing PFKFB stability which limits the Warburg effect in cells(Ortega-

molina and Serrano, 2013). Loss of PTEN modulates also energy metabolism through 

affecting the PI3K/AKT pathway. Indeed, PTEN is negative regulator of AKT which, in turn, 

enhances glycolytic metabolism (Goel et al., 2006).  

It appears that targeting the cellular metabolism could play an important role in preventing 

drug resistance and improving cellular responses to cancer treatments.  For instance, the 

increase of lactate dehydrogenase A (LDHA) expression has been linked to elesclomol 

resistance in melanoma (Kluza et al., 2012). For the glutaminolysis pathway, activation of 

mTORC1 contributes to cisplatin resistance (Zhao et al., 2013). For this reason combination 

therapy targeting additionally cancer metabolism would theoretically improve efficacy in 

cancer therapy. Following this reasoning, Kluza et al. have demonstrated that combination of 

Dichloroacetate (DCA), an inhibitor of the HIF-1a/PDK3 axis, with pro-oxidant drugs such as 

elesclomol restore sensitivity of malignant cells in melanoma (Kluza et al., 2012).  

Metabolic profile in precancerous and developed forms of skin cancers 

Data about the effect of UV on skin energy metabolism in different skin cancer types are 

scarce. In order to understand the metabolic change during carcinogenesis in different skin 

cancer, we have analyzed the Oncomine microarray database comparing normal skin, actinic 

keratosis, cutaneous squamous cell carcinomas, basal cell carcinoma and melanoma (Table 3). 

A significant increase in genes implicated in the glycolytic pathway during carcinogenesis is 

clearly demonstrated (apart from MSC). On the contrary, the mitochondria, oxidative 
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phosphorylation machinery, fatty acid beta oxidation and pentose phosphate pathway showed 

a dramatic reduction. 

in ERK1 and ERK2 have been reported in approximately 8% of melanomas (Nikolaev et al., 

2011). Since ERK signaling positively regulates PDH flux through decrease of  PDK4 

expression, any dysfunction in ERK could reduce OXPHOS (Grassian et al., 2011). 

Activation of ERK1/2 reduces NADPH oxidase activity which thereby leads to increased 

ROS levels and malignant cell invasiveness (Jajoo et al., 2009).  

Altogerther, all these data suggest an important role for energy metabolism in all type of skin 

cancers. Mechanistically, activation of oncogenes, increase of ROS production or inactivation 

of tumor suppressors could all rewire energy metabolism towards carcinogenesis.  

 

The Link between Metabolism and Drug Resistance 

Resistance to chemotherapy and molecularly targeted therapies is considered as the main 

challenge in cancer therapy.  The metabolism in cancer cells unlike to normal cells rely 

mainly on glycolysis. In addition to glycolysis, the malignant cells have other particular 

metabolic characteristics such as increased fatty acid synthesis and increased level of 

glutamine metabolism.  

A growing body of evidence on drug resistance indicates that dysregulation of Warburg-like 

glucose metabolism, fatty acid synthesis and glutaminolysis reduce drug efficacy in cancer.  
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Table 3. Microarray comparison of precancerous and major types of skin cancer vs normal 

skin (https://www.oncomine.org).                                                                                 
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These preliminary data suggest that metabolism remodeling occur during skin carcinogenesis.  

 

Treatments associated with skin cancer  

Current options for treatment of skin cancer are:  

1) Excisional surgery is the most common therapy for skin cancers. To remove the 

tumor, the surgical margins selected are usually from 4 mm to 10 mm, depending on 

the diameter of the tumor and its level of differentiation. 

2) Curettage and electrodesiccation is used in general for small (<1 cm), well-defined, 

and well-differentiated tumors. It is not recommend for large tumors. 
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3) Mohs surgery is applied for skin tumors with a size larger than 2 cm with a high cure

rate.

4) Radiation therapy is another form of treatment using ionizing radiation for killing the

cancer cells by damaging their DNA directly or indirectly. In general, if the cell

recognizes a high rate of damage in its DNA, activates the death programs instead of

inducing their repair mechanism. Radiotherapy is an alternative therapy for tumors

when surgery is not suitable or possible. Radiation therapy is an efficient method and

can be combined with other type of therapies (such as Chemotherapy, immunotherapy,

photodynamic therapy) for improving its efficiency.

5) Cryosurgery therapy is usually used for small and primary tumors in patients with

medical conditions that preclude other types of surgery.

6) Photodynamic therapy (PDT) and laser surgery are also used as effective therapies

to remove malignant cells.

Topical treatment 

Since most therapies based on surgery result in scarring and esthetic disfigurement, topical 

medications or chemotherapies targeting damaged cells without impacting normal cells could 

be considered ideally as better methods of therapy. A large panel of topical drugs is available 

for different types of skin cancer for topical application or systemic administration. Most of 

these drugs target the immune system, cellular repair machinery and/or cellular growth and 

death (Table 4). 

Table 4. List of common medications and their mechanism of action in skin cancers. 

Drug 
Official oncologic 

indications 
Mechanism of action cellular effect 

5-fluorouracil 

(Adrucil, Efudex 

, Fluoroplex ) 

AK, BCC, SCC 
DNA synthesis and RNA 

processing inhibition 
cell growth arrest 

http://www.cancer.gov/cancertopics/druginfo/fluorouracil
http://www.cancer.gov/cancertopics/druginfo/fluorouracil
http://www.cancer.gov/cancertopics/druginfo/fluorouracil
http://www.cancer.gov/cancertopics/druginfo/fluorouracil
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Imiquimod 

(Aldara) 

AK, BCC 
immune response 

modifier 

stimulates cytokine 

production 

Vismodegib 

(Erivedge) 

Advanced BCC 
Hedgehog pathway 

inhibitor 
embryo-fetal death 

Diclofenac 
AK, SCC 

invasiveness 
upregulator of  apoptosis 

angiogenesis and cellular 

proliferation reduced 

Ingenol 

mebutate 
AK 

swelling of mitochondria 

in dysplastic keratinocytes 

cell death inducer by 

necrosis 

Retinoids AK, BCC 
activator of the retinoic 

acid receptor 

control of  cell 

proliferation and 

differentiation 

Resiquimod AK 
immune response 

modifier 

Stimulator of immune 

responses 

Piroxicam AK prostaglandins inhibitor 
Increased apoptosis 

through cyclooxygenase 

Dobesilate AK, BCC, SCC 
Inhibition of fibroblast 

growth factors 

control of  cell 

proliferation 

Betulinic acid AK 

induction of 

mitochondrial pathway of 

apoptosis 

cell death 

Cetuximab 

(Erbitux) 

SCC 
inhibit dimerisation of 

EGFR 

inhibit tumor growth and 

metastasis 

Tretinoin SCC, BCC 

inhibitor of alpha, beta, 

and gamma retinoic acid 

receptors 

control of cell 

proliferation, and 

differentiation 

Aldesleukin 

(Proleukin) 

Melanoma 
stimulator of the immune 

system 

induces lymphokine-

activated killer (LAK) 

cell and natural killer 

http://www.cancer.gov/cancertopics/druginfo/imiquimod
http://www.cancer.gov/cancertopics/treatment/drugs/fda-vismodegib
http://www.cancer.gov/cancertopics/treatment/drugs/fda-vismodegib
http://en.wikipedia.org/wiki/Prostaglandins
http://www.cancer.gov/cancertopics/druginfo/aldesleukin
http://www.cancer.gov/cancertopics/druginfo/aldesleukin
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(NK) cell activities 

Dabrafenib 

(Tafinlar, 

vemurafenib, 

Sorafenib) 

Melanoma inhibitor of B-raf (BRAF) anti-neoplastic activity 

Dacarbazine 

(DTIC-Dome) Melanoma 

disruption of DNA 

function, cell cycle arrest, 

and apoptosis Control of cell death 

Intron A 
Melanoma 

binds to specific cell-

surface receptors and 

mediate gene transcription 

and translation 

regulation of cell 

proliferation and immune 

system 

Ipilimumab 

(Yervoy ) Melanoma 
blocks the CTLA-4 

inhibitory signal 

destroy the malignant 

cells 

Keytruda Melanoma 
blocks of the immune 

response inhibitors 

induces the cell 

proliferation and cytokine 

production 

Peginterferon 

Alfa-2b 

(Sylatron) 

Melanoma, 

SCC,BCC 

inhibits CYP1A2 and 

CYP2D6 activity 

regulation of cell 

proliferation and immune 

system 

Mekinist 

(Trametinib, 

Cobimetinib, 

Binimetinib, 

Selumetinib) 

Melanoma 

inhibitor of mitogen-

activated protein kinase 

kinase(MEK) 

inhibition of cellular 

proliferation 

Vemurafenib 

(Zelboraf) 

Melanoma BRAF inhibitor Programmed cell death 

Axitinib Melanoma Inhibition of VEGFR 
inhibition of 

vascularisation 

http://www.cancer.gov/cancertopics/druginfo/dabrafenib
http://www.cancer.gov/cancertopics/druginfo/dabrafenib
http://www.cancer.gov/cancertopics/druginfo/dacarbazine
http://www.cancer.gov/cancertopics/druginfo/dacarbazine
http://www.cancer.gov/cancertopics/druginfo/ipilimumab
http://www.cancer.gov/cancertopics/druginfo/peginterferon-alfa-2b
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Oblimersen Melanoma 
suppresses expression of 

Bcl-2 
inducing the apoptosis 

Energy metabolism remodeling in cancer therapy 

If at energy level glycolysis is less efficient than oxidatitive phosphorylation for malignant 

cells, tumor cells choose this pathway for energy supplying. Firstly, due to the high rate of 

cell proliferation in malignant cells, they need a huge amount of energy as quickly as possible 

and glycolysis delivers energy very rapidly. Secondly, oxidative phosphorylation for 

generating ATP needs a high level of oxygen and malignant cells are often faced with the 

problem of hypoxia so glycolysis is a better survival option. Third, malignant cells by 

generating lactic and bicarbonic acids as by-products of glycolysis acidify their environment, 

promoting invasiveness. Fourth, glycolysis can be considered as an intermediate pathway that 

could supply the needs of other pathways such as pentose phosphate, fatty acid synthase and 

amino acid synthesis.  

Metabolic targets for cancer therapy 

Cancer cells change their metabolism to adapt with their microenvironment. Metabolism 

flexibility has been accepted as a hallmark of cancer. Targeting metabolism could therefore be 

a suitable strategy. In fact, several drugs targeting metabolism are being actually used in the 

therapy of some cancers (Figure 1). If altered metabolism is confirmed to be essential in 

development of skin cancer, these drugs could potentially applicable in this setting. Some 

pathways including AKT/mTOR/PI3K, AMPK, ERK, P53 and P21, are frequently mutated in 

skin cancers. Alterations in these pathways have been shown to modulate energy metabolism. 

Several drugs, which are currently used or proposed for skin cancer therapy owing to 

targeting these pathways (Table 5) in order to prevent the metabolic alterations. Investigation 

on the mechanisms of action of these inhibitors and their effects on metabolism could result in 

developing novel cancer therapies.   
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Fig.1.Potential metabolic inhibitors for skin cancer therapy. 

Table 5. Potential pathways for skin cancer therapy in the future. 

Drug Potential pathways Mechanism of action Reference 

CP-31398 P53 enhancer 
restores the tumor suppressor 

functions 
(Foster et al., 1999) 

MK-2206 AKT inhibitor 
induction of tumor cell 

apoptosis 
(Hirai et al., 2010) 

BEZ-235 

PDK inhibitor, 

PI3K/mTOR 

inhibitor,  

inhibitor of tumor cell 

growth 
(Gong et al., 2011) 

Dasatinib, Tyrosine kinase inhibits the growth- (Crossman et al., 
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Erlotinib, 

Gefitinib 

inhibitor promoting activities 2005) 

MEK inhibitors 

Trametinib,   

Selumetinib, 

Binimetinib,     

PD-325901, 

Cobimetinib, 

CI-1040 

ERK-1/2 inhibitor 
Control of cell proliferation 

and apoptosis 

(Zhao and Adjei, 

2014) 

HDACs inhibitors 
inhibition of histone 

deacetylases 

induction of apoptosis, DNA 

damage repair, cell cycle 

control, autophagy and 

senescence 

(Rajendran et al., 

2011; Ropero and 

Esteller, 2007) 

CP-31398 
P53 and P21 

enhancer 

Induction of apoptosis and 

inhibition of tumor 

proliferation 

(Rao et al., 2009) 

GSK-690693 pan-Akt inhibitor, 
Induces growth inhibition 

and apoptosis 
(Levy et al., 2009) 

Tazarotene 
mitochondrial 

caspase 9 enhancer 
induction of apoptosis (Wu et al., 2014) 

Conclusion 

Given the rising incidence of skin cancer across the world the effects of UV irradiation on 

energy metabolism deserve to be studied in more details. The efforts on this context could 

help us to understand the link between genetic modification and metabolism alteration.  

Energy metabolism shift in skin tumors can be envisaged as an adjunctive target for combined 

therapies but also for prognostic biomarkers applications. The metabolism profile of pre-

cancer samples (i.e. AK) could be a diagnostic test to evaluate the risk of its tumoral 

transformation. Similarly, the metabolism profile of SCC and BCC could give an indication 

about their recurrence as well as their metastasis risks.  

http://en.wikipedia.org/wiki/Trametinib
http://en.wikipedia.org/wiki/Selumetinib
http://en.wikipedia.org/wiki/Binimetinib
http://en.wikipedia.org/w/index.php?title=PD-325901&action=edit&redlink=1
http://en.wikipedia.org/wiki/Cobimetinib
http://en.wikipedia.org/w/index.php?title=CI-1040&action=edit&redlink=1
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Abstract 

Otto Warburg stated that cancer cells are impaired in respiratory chain function and depend 

predominantly on glycolytsis. However, the relationship between the genomic instability and 

the Warburg effect during the tumoral transformation remains unclear. Recently, we 

demonstrated that accumulation of mutations in non-transcribed regions of the nuclear 

genome results in increased ROS levels which subsequently trigger bioenergetic alterations 

and tumoral transformation of normal human keratinocytes. Our studies showed that mutation 

accumulation is not alone sufficient for the induction of the tumoral transformation of the 

deficient keratinocytes and that the metabolic changes are essential for this process. Although 

growing evidence indicate that mitochondria-to-nucleus retrograde signaling has an important 

role in the progression stage of tumorigenesis, very little information is available on the 

contribution of reprogramming of energy metabolism in cancer initiation and promotion. To 

assess the role of metabolic reprogramming in different phases of carcinogenesis, we 

employed a multistage model of ultraviolet B (UVB) radiation-induced skin cancer. We 

showed that chronic UVB irradiation resulted in decreased glycolysis, TCA cycle and fatty 

acid -oxidation, while at the same time mitochondrial ATP synthesis and a part of the 

electron transport chain (ETC) were up-regulated. The increased ETC was further found to be 

related to the over-activation of dihydroorotate dehydrogenase (DHODH). Decreased 

DHODH activity or ETC (chemically or genetically) led to hypersensitivity to UVB 

irradiation. In fact, following chronic UVB irradiation, Tfam-ablated or leflunomide-treated 

mice exhibited desquamative features with hyperkeratotic epidermis very early but they failed 

to develop actinic keratosis or squamous cell carcinoma. Our results indicated that DHODH 

pathway through induction of ETC and ATP synthesis represents a new and major link 

between DNA repair efficiency and metabolism reprogramming during UVB-induced 

carcinogenesis.  



Introduction 

The most common metabolic hallmark of malignant tumors, i.e. the so-called “Warburg 

effect”, is their propensity to metabolize glucose to lactic acid at a high rate even in the 

presence of oxygen (Gatenby and Gillies, 2004; Gottlieb and Tomlinson, 2005). Increased 

glucose uptake usually reflects an increased rate of glycolysis, with conversion of glucose to 

lactate and decreased conversion of pyruvate to acetyl-CoA, the substrate for mitochondrial 

oxidative phosphorylation (OXPHOS). Because of the relative inefficiency of glycolysis 

compared with that of oxidative phosphorylation as a means of generating ATP, flux through 

the glycolytic pathway must increase dramatically to maintain cellular homeostasis (Gatenby 

and Gillies, 2004; Gottlieb and Tomlinson, 2005). Because the dramatic reprogramming of 

energy metabolism is observed in more than 95% of advanced cancers, understanding the 

mechanisms and consequences of this energy metabolism alteration in cancer cells is an 

important challenge in cancer biology. However, almost a century after Warburg’s seminal 

finding, the metabolic transformation of cancer is still a mystery. Two scenarios for energy 

metabolism remodeling are still competing:  

1) Mitochondrial dysfunction is a ‘second hit’ in the process of cancer metabolic 

transformation;  

2) Mitochondria play a key role in tumorigenesis and their dysfunction is the driving 

cause of tumorigenesis.  

The former scenario is supported by evidence showing that glucose metabolism is 

dramatically increased in most tumors while many of these tumor cells are still capable of 

OXPHOS when forced to. In these tumors, OXPHOS impairment could be the net outcome of 

accelerated glycolysis as the results of the loss of p53 or activation of PI3K, AKT, c-MYC, 

and HIF (hypoxia inducible factor), the most common alterations observed in human cancer 

(Bensaad and Vousden, 2007; Ward and Thompson, 2012; Yeung et al., 2008). Evidence for 

the second scenario comes from examples of tumors that exhibit inherent decreased 

mitochondrial functions caused by mutations in either the mitochondrial DNA (mtDNA) itself 

or in nuclear-encoded mitochondrial proteins such as succinate dehydrogenase (SDH) and 

fumarate hydratase (FH) (Baysal et al., 2000; Gottlieb and Tomlinson, 2005; King et al., 

2006; Tomlinson et al., 2002). Besides these hereditary cancers, a large number of somatic 

mtDNA mutations are found in a variety of human cancers, which indicates a key role of 

mitochondria in oncology (Brandon et al., 2006; Modica-Napolitano and Singh, 2002). The 

cause of these mtDNA deletions and also their consequences are under investigation. Recent 

data suggest that oxidative stress, accumulation of damage during replication or during repair 



of damaged mtDNA could lead to mtDNA deletions (Krishnan et al., 2008). It has been 

shown that mitochondrial deficiency can confer tumor cells resistance to mitochondrial-

dependent apoptosis (Cai et al., 2005; Joshi et al., 1999) and enhances proliferation and/or an 

invasive phenotype (Amuthan et al., 2001; Liu et al., 2002; Petros et al., 2005).  

Although growing evidence indicates that mitochondria-to-nucleus retrograde signaling has 

an important role in tumorigenesis, most published studies reveal the importance of the 

deficiency in mitochondrial energy metabolism in the progression stage of tumorigenesis 

using cancer cell lines (Petros et al., 2005; Singh et al., 2005). Indeed, very little information 

is available on the contribution of reprogramming of energy metabolism in cancer initiation 

and promotion. To rigorously assess the role of metabolic reprogramming in different phases 

of carcinogenesis, we employed a multistage model of ultraviolet B (UVB) radiation-induced 

skin cancer, a well-known model for the study of the initiation, promotion and progression 

stages of cancer (DiGiovanni, 1992). In fact, during chronic UVB irradiation of mice, mild 

nuclear atypia is initially seen within basal keratinocytes. These modifications are subtle and 

can only be identified histologically. Following extensive UV exposition, a greater cellular 

atypia occurs and identifiable pre-malignant actinic keratoses develop (promotion stage). Of 

these only 1-5 % will progress into squamous cell carcinoma (SCCs) (progression stage), with 

the potential for metastatic spread. 

It worth mentioning that solar UVB radiation is the primary environmental risk factor 

responsible for induction of non-melanoma skin cancer which includes basal cell carcinomas 

(BCCs) and SCCs, the most common types of human malignancy worldwide. A major 

deleterious effect of UVB is the induction of well-defined structural alterations in DNA 

(Ravanat et al., 2001), which, in turn, trigger DNA repair, cell cycle delay, or apoptosis 

(Latonen and Laiho, 2005). The ultimate fate of cells with damaged DNA is dependent on the 

type and extent of damage, DNA repair capacity, and UVB-induced apoptotic signaling 

pathways (Assefa et al., 2005; Kulms and Schwarz, 2002). Understanding the interplay 

between various factors involved in the regulation of cellular responses to UVB could 

enhance current knowledge regarding cancer prevention, initiation, and therapy. Despite the 

functional importance of energy metabolism in maintaining genetic stability, little is known 

about the relationship among energy metabolism, the Warburg effect and DNA repair 

efficiency in UVB-induced tumorigenesis.     

Our results showed that chronic UVB irradiation resulted in energy metabolism 

reprogramming through overactivation of dihydroorotate dehydrogenase (DHODH). Up-



regulated DHODH, in turn, triggered electron transport chain (ETC) activation and ATP 

production necessary for DNA repair activation and cell proliferation.  



Results 

Chronic UVB irradiation is associated with decreased glycolysis, TCA cycle and fatty 

acid -oxidation  

It is now widely accepted that tumorigenesis is associated with altered metabolism (Hanahan 

and Weinberg, 2011). We wondered whether metabolism reprogramming starts during the 

initial phase of carcinogenesis. To this end, SKH-1 hairless mice, that mimic UVB-induced 

photocarcinogenesis in humans, were exposed to 150 mJ/cm2, corresponding to one minimal 

erythemal dose, three times per week. Mice started to develop pre-malignant actinic keratoses 

(AK)-like lesions (promotion stage) after 14 weeks of chronic irradiation. Of these, some 

progressed into small keratotic and large ulcerated tumors that have a similar appearance to 

human squamous cell carcinoma (SCCs) (progression stage), with the potential for metastatic 

spread after 20 weeks of UVB irradiation. To see whether altered energy metabolism occurs 

during the initiation phase of UVB-induced carcinogenesis, we first characterized the energy 

metabolism profile of mouse skin exposed to chronic UVB irradiation for 8 weeks. To 

delineate changes in the topology of the metabolic pathways involved in energy metabolism, 

we performed a quantitative label free differential proteomic analysis between irradiated 

versus non-irradiated skin. A detail of the function of those proteins was obtained by 

performing a KEGG pathway analysis of the data. We noted that the majority of enzymes 

implicated in glycolysis, TCA cycle and fatty acid -oxidation were significantly down-

regulated while the main proteins involved in fatty acid synthesis were up-regulated in 

irradiated skin compared with non-irradiated one (Figure 1A and B). As a striking result, it 

can be seen that 10 out of 13 enzymes of glycolysis were decreased from 50 to 80% following 

irradiation. Furthermore, the majority of proteins involved in TCA cycle and fatty acid -

oxidation were decreased, respectively, 36 to 58% and 28 to 84% in irradiated skin. On the 

contrary, irradiation increased fatty acid synthesis with overexpression of corresponding 

enzymes ranging from 2.25 to 6 fold.   

In line with these topology data, biochemical functional analyses revealed decreased glucose 

consumption and lactate production in irradiated compared to non-irradiated skin (Figure 2A, 

B). Furthermore, irradiated skin was unable to mount a substantial switch to (a) glucose 

utilization when shifted from no-glucose to high glucose medium responding with a 1.72 fold 

smaller extracellular acidification rate (ECAR) burst than non-irradiated skin; (b) OXPHOS 

utilization when supplemented with  succinate, reflected by a 1.53 fold smaller OCR burst 

compared with non-irradiated skin; or (c) fatty acid oxidation when shifted from no-glucose to 



palmitate supplemented medium, reflected by a 1.22 fold smaller OCR burst than that of non-

irradiated skin (Figure 2C, D, E). To evaluate the TCA flux efficiency, [1-
13

C] labeled 

glucose was injected intraperitoneally into two groups of mice. The signal intensities arising 

from the glutamate C4 and C3, which could be an index of TCA flux (Figure 2F, peaks 8 

and 5, respectively), were compared between irradiated and non-irradiated skin. Results 

indicated a 56% reduction in the relative level of C3/C4 enrichment ratio in irradiated skin 

compared to non-irradiated ones (Figure 2G).  

Altogether these results suggest that UVB irradiation results in downregulation of glycolysis, 

TCA cycle and fatty acid -oxidation.  

 

Chronic UVB irradiation leads to increased mitochondrial ATP synthesis 

Whereas all our results suggested that mitochondrial metabolism was decreased in irradiated 

skin, basal oxygen consumption rates (OCR) were surprisingly higher in irradiated skin 

compared with non-irradiated one (Figure 2D, 3A). Since increased oxygen consumption can 

be related to ROS generation and because UVB has been already shown to induce ROS 

production (Rezvani et al., 2007; Rezvani et al., 2006), we then verified ROS levels. To this 

end, we measured both cytoplasmic and mitochondrial steady-state levels of ROS in 

keratinocytes isolated from irradiated and non-irradiated mice (Figure 3B and C). While a 

significant increase in cytoplasmic steady-state ROS levels occurred in irradiated mice 

compared with non-irradiated ones, variations in mitochondrial ROS were not statistically 

significant.  

Numerous cytosolic enzymes including cyclooxygenase, nitric oxide synthase, xanthine 

oxidase, and the plasma membrane-bound NADPH oxidase can generate ROS. To determine 

whether cytoplasmic ROS generation was involved in the elevated basal OCR observed in 

irradiated skin, we treated skin samples with various inhibitors of cytosolic ROS-generating 

enzymes: NG-monomethyl-arginine (NMMA, 100 μM), an inhibitor of nitric oxide synthase; 

allopurinol (100 μM), an inhibitor of xanthine oxidase; hydroxyurea (1.5 mM), an inhibitor of 

ribonucleotide reductase; indomethacin (100 μM), an inhibitor of cyclooxygenase (COX); 

diphenyl-iodonium (DPI, 2.5 μM), an inhibitor of cytoplasmic NAPDH oxidase, and a 

specific peptide inhibitor of NOX1 (InhNOX). We used in parallel inhibitors of mitochondrial 

respiratory chain complexes: rotenone (10 µM), an inhibitor of complex I; malonate (10 µM), 

an inhibitor of complex II; antimycin (10 µM), an inhibitor of complex III; sodium azide 

(NaN3, 5mM), an inhibitor of complex IV. Treatments of skin samples with the inhibitors of 

cytosolic ROS-generating enzymes did not suppress the difference between the basal OCR 



level of irradiated and non-irradiated skin (Figure 3D). Treatment with rotenone, malonate, 

antimycin or NaN3 led to, respectively, 42%, 35%, 46% and 49% reduction in the baseline 

oxygen consumption in non-irradiated skin. Interestingly, while rotenone and malonate 

decreased the baseline OCR level, respectively 14% and 18% in irradiated skin, antimycin 

and NaN3 treatment reduced it about 71% and 62% (Figure 3D), suggesting a major role for 

complexes III and IV in elevated OCR in irradiated skin and a potential fueling of the 

respiratory chain between complex II and complex III in irradiated skin samples. To further 

investigate this difference in mitochondrial respiratory chain function, we evaluated the 

maximal activities of the different enzyme complexes. While the activity of complex II was 

significantly diminished following irradiation, the activities of complexes II+III and IV were 

markedly increased (Figure 3E), suggesting that complexes III and IV are over-activated in 

chronic irradiated skin. 

We then examined whether this increase in the activities of complexes III and IV are coupled 

with mitochondrial ATP synthesis. Evaluation of ATP levels indicated that total ATP as well 

as ATP synthesized by mitochondria were significantly higher in irradiated skins compared 

with non-irradiated ones (Figure 3F). We noted that the ADP/ATP ratio in irradiated skin was 

also higher than non-irradiated mice, suggesting a higher cellular energy demand in irradiated 

skin (Figure 3G). Finally, the proportion of respiration used to produce ATP (ATP turnover) 

was increased in irradiated skin compared with non-irradiated skin (Figure 3H). 

Altogether, these results reveal that a part of the electron transport chain (ETC) is up-

regulated following chronic irradiation.   

 

Increased ETC activity in chronic UVB irradiated skin is related to the activity of 

dihydroorotate dehydrogenase (DHODH)  

Since glycolysis, TCA cycle and fatty acid -oxidation, the three principal electron donors to 

coenzyme Q in the ETC, were decreased in irradiated skin, we wondered how complexes III, 

IV and V could be over-activated. Looking at proteomic data, we found that the enzymes 

implicated in purine and pyrimidine synthesis were markedly increased in irradiated skins 

compared to non-irradiated ones (Figure 4A, B). Indeed, the fourth step of the pyrimidine 

synthesis is catalyzed by dihydroorotate dehydrogenase (DHODH), the only mitochondrial 

enzyme of this pathway that converts dihydroorotate to orotate coupled with the reduction of 

ubiquinone to ubiquinol. Importantly, oxidation of ubiquinol in ETC is necessary to maintain 

an adequate supply of ubiquinone for DHODH activity. Thus, DHODH links cellular 

respiration and pyrimidine synthesis (Ahn and Metallo, 2015; Fang et al., 2013; Loffler et al., 



1997). We therefore measured the activity of DHODH in irradiated and non-irradiated groups. 

Activity of DHODH was about 5.4 times higher in irradiated skin than in non-irradiated skin 

(P < 0.001) (Figure 4C).  To examine whether increased ATP synthesis in irradiated skin was 

dependent on the activity of DHODH, one group of chronic UVB-irradiated mice received 

intraperitoneally leflunomide (LFN), an inhibitor of DHODH, 2h prior to killing. 

Measurement of ATP revealed that the increased ATP production in irradiated skin is related 

to DHODH activity (Figure 4D). Furthermore, baseline OCR level was dramatically 

decreased when irradiated mice received LFN (Figure 4E). In contrast, a significant increase 

in ETC utilization was noted when irradiated skin was supplemented with dihydroorotic acid 

(Figure 4F).  

Inhibition of DHODH activity or global down-regulation of ETC results in 

hypersensitivity to UVB exposure  

To evaluate the impact of ETC activation on UVB-induced skin carcinogenesis, we used two 

following approaches: a) the inhibition of DHODH using LFN and b) a mouse model of 

inducible Tfam knockout targeted to keratinocytes (K14-Cre-ER
T2

/Tfam
flox/flox

). Tfam

knockout model has been chosen because TFAM is the main regulator of mtDNA 

transcription and consequently mitochondrial genes encoding ETC subunits (Campbell et al., 

2012; Kang et al., 2007). As seen in figure 5A, while the expression of mitochondrial-

encoded NADH dehydrogenase 1 (MT-ND1), cytochrome c oxidase 1 (MT-CO1),  and ATP 

synthase 6 (MT-ATP6) proteins were significantly reduced in Tfam ablated mice, the 

expression of nuclear-encoded mitochondrial complexes 1 subunit NDUFB8, II subunit 

SDHB, III subunit UQCRC2 and V subunit ATP5A did not change (Figure 5A). Moreover, 

we have noted a marked reduction in DHODH expression and activity in the skin of Tfam-

ablated mice (Figure 5A, B). It is worth mentioning that we developed an inducible mouse 

model because mice with epidermal Tfam ablation (K14-Cre/Tfam
flox/flox

) have been shown to

have a short lifespan due to malnutrition (insufficient intake of milk) (Baris et al., 2011). To 

avoid the effect on nutrition, Tfam were ablated through topical skin application of tamoxifen 

in keratinocytes of K14-Cre-ER
T2

/Tfam
flox/flox 

mice, hereinafter called K-Tfam
-/-

. As controls,

we used tamoxifen-treated K14-Cre-ER
T2 

mice, hereinafter referred to as K-Tfam
+/+

. Since

there were no meaningful differences in outcome between mice receiving LFN and K-Tfam
-/-

mice, hereinafter only the results of K-Tfam
+/+ 

and
 
K-Tfam

-/-
 have been shown.

We first monitored LFN-treated, and K-Tfam
-/- 

mice and their control counterparts
 
during the

4 first months of life. The mice developed normally and histological analysis of skin revealed 



a normal epidermis with no obvious abnormality in epidermal differentiation or proliferation 

(Figure 5C). These mice were then exposed to chronic UVB irradiation. The LFN-treated and 

K-Tfam
-/- 

mice exhibited a UVB-related phenotype very early (Figure 6A). Indeed, 9 out of

the 15 K-Tfam
-/-

, 8 out of the 12 LFN-treated mice exhibited thick squamous hyperkeratic

plaques 12 weeks after UVB irradiation. In 2 out of the 9, stratum corneum sloughing of a 

large part of dorsal skin was also noticed. All of these mice at 20 weeks after chronic 

irradiation presented desquamative features with hyperkeratotic epidermis (Figure 6B). 

However, none of these mice developed AK and/or keratotic tumors up to 30 weeks after 

irradiation (Figure 6B, C). In contrast, none of the control mice had any obvious abnormality 

up to week 12 after irradiation, and 8 out of the 15 K-Tfam
+/+

, exhibited at least one AK lesion

at 18 weeks (Figure 6A-D). Histological examination demonstrated that while K-Tfam
+/+

mice at 12 weeks after irradiation presented moderate hyperplasia and no papillomatosis, K-

Tfam
-/-

 mice presented a papillomatous epidermal hyperplasia, hyperkeratosis showing crusts

and parakeratosis, and no dermal invasion. Twenty five weeks after irradiation, while K-

Tfam
+/+

 mice presented typical small cell invasive and moderately differentiated SCC, K-

Tfam
-/-

 presented papillomatous hyperplasia, hyperkeratosis with parakeratosis, without

dermal invasion (Figure 5C). 

Since DHODH is a key player in the pyrimidine de novo biosynthesis pathway, we wondered 

whether DHODH inhibition and Tfam ablation may affect DNA repair efficiency. In order to 

confirm this hypothesis, the level of cyclopyrimidine dimer (CPD) was first quantified by 

immuno-dot blot in DNA of the different groups of mice irradiated for 12 weeks. The CPD 

level was much higher in leflunomide-treated and
 
K-Tfam

-/-
 mice than in K-Tfam

+/+ 
mice

(Figure 7A). Quantification of CPD in the genome of mice by HPLC-MS/MS revealed that 

CPD level was, respectively, 1.82 and 1.74 fold higher in leflunomide-treated and
 
K-Tfam

-/-

mice than in K-Tfam
+/+ 

mice (Figure 7B). To determine whether the increased CPD level in

Tfam-ablated or leflunomide-treated mice was directly related to reduced pyrimidine 

synthesis, we then measured the DNA repair capacity of skin mouse samples. To this end, we 

added the skin protein extracts on a fixed plasmid harboring defined quantity of CPD. In this 

assay, the capacity of CPD excision and the re-synthesis of the excised strand is directly 

correlated with the incorporation of labeled nucleotides. Results indicated a 40% and 54% 

reduction in CPD repair, respectively, in leflunomide-treated and
 
K-Tfam

-/-
 mice as compared

with K-Tfam
+/+ 

mice (Figure 7C). Since in this assay, exogenous fluorescence nucleotides are

added in reaction, we can conclude that decreased CPD repair capacity and consequently 



increased CPD levels in Tfam ablated or LFN-treated mice are only partially dependent on 

pyrimidine synthesis (Figure 7C vs 7B).  

We continuing to decipher this fascinating story: 

 To investigate further this question, we are evaluating the expression of some NER

proteins  XPC, DDB1 and XPA in LFN-treated, K-Tfam
-/-

 and K-Tfam
+/+

mice

 To evaluate directly whether the effects of DHODH inhibition and Tfam ablation are

dependent on pyrimidine synthesis, LFN-treated,
 
K-Tfam

-/-
 and K-Tfam

+/+ 
mice have

been treated topically with exogenous uridine before each irradiation   we are

waiting for the results

 We are also measuring the activity of DHODH in human BCC, SCC and melanoma

samples.



Discussion 

This study provides insights, which to our knowledge are previously unreported, in the 

understanding of UVB-induced keratinocyte carcinogenesis in vivo, emphasizing the role of 

energy metabolism. We demonstrate that UVB-induced DHODH overactivation participates 

in maintaining cell survival, thus favoring the development of SCCs. Our data clearly show 

that LFN-treated mice and TFAM-deficient mice manifest a specific type of hypersensitivity 

to UVB owing to the significant reduction in DNA repair capacity and subsequent increased 

apoptotic cell death. However, these mice do not develop actinic keratosis and keratotic 

tumors. Together, these observations support the possibility that UVB-induced DHODH 

activity protects UVB-exposed keratinocytes from DNA damage-mediated apoptotic cell 

death, thereby promoting the initiation of carcinogenesis. Beyond understanding of UVB-

induced expression changes and tumoral transformation mechanisms, these demonstrations 

have substantial implications for the development of new therapeutics for skin SCC. 

UVB-induced skin cancer and metabolism remodeling 

In addition to involving in amino acid and lipid biosynthesis, mitochondrial metabolism 

affects nucleotide biosynthesis. Indeed, many components that contribute to both pyrimidine 

and purine bases are derived directly or indirectly from mitochondria. Besides glutamine and 

aspartate, which can be supplied by mitochondria, pyrimidine synthesis requires the activity 

of mitochondrial enzyme DHODH, linking directly cellular respiration and pyrimidine 

synthesis (Ahn and Metallo, 2015). Therefore, it is not surprising that the cells lacking 

functional mitochondrial DNA (such as ρ0 cells) are addicted to uridine supplementation for 

their proliferation (Grassian et al., 2014; Mullen et al., 2014). Up-regulation and 

overactivation of DHODH have been reported in multiple types of cancers (Ahn and Metallo, 

2015; He et al., 2014; Hu et al., 2013; White et al., 2011; Zhai et al., 2013). Inhibition of 

DHODH has been further shown to reduce tumor growth in vitro and in xenografted models 

(White et al., 2011; Zhai et al., 2013).   

Reprogramming of the metabolic network is now considered to be a hallmark of neoplastic 

transformation (Hanahan and Weinberg, 2011). However, altered expressions of metabolic 

genes are very heterogeneous across different tumor types in that there is no uniform 

metabolic variation associated with all tumors (Hu et al., 2013). It is now widely accepted that 

OXPHOS and glycolysis cooperate to sustain energy demands of cancer cells (Smolkova et 

al., 2011; Ward and Thompson, 2012) and that cancer cell's metabolic reprogramming is 

further used to maintain anabolism through the deviation of glycolysis, Krebs cycle truncation 



and OXPHOS redirection toward lipid and protein synthesis (DeBerardinis et al., 2007; Jose 

et al., 2011; Wise et al., 2008). Here, we showed that metabolism remodeling, which occur 

through DHODH upregulation-mediated ETC activation, in UVB-irradiated cells leads to 

ensuring the coordination among ATP generation, persistent nucleotide biosynthesis and 

repair of DNA damage. Therefore, metabolic signature of UVB-induced cells is in favor of 

repair of UVB-induced DNA damage. Consistently, inhibition of DHODH (through LFN 

treatment or Tfam ablation) results in decreased DNA repair efficiency and increased CPD 

levels.  

It has been demonstrated that metabolic state alone can drive dramatic cell fate transitions and 

expression changes (e.g., immune cell polarity, activation state, cancer invasiveness) 

(Hitosugi et al., 2009; Hsu and Sabatini, 2008; Jeon et al., 2012; Shi et al., 2011). Our results 

indicate that rewiring of metabolism upon UVB exposure have an important role in defining 

of cell fate through modulation of apoptotic cell death and DNA repair capacity. Indeed, 

dependent on the type and extent of damage, DNA repair capacity, and UVB-induced 

apoptotic signaling pathways, UVB-induced DNA damage defines the ultimate fate of cells 

by triggering repair of DNA damage, cell cycle delay, or apoptosis (Assefa et al., 2005; 

Kulms and Schwarz, 2002; Latonen and Laiho, 2005). It is likely that both early UVB 

exposure phenotype and the absence of tumor formation in LFN treated and Tfam ablated 

mice could be related to persistence of UVB-induced DNA damage and subsequently 

increased apoptosis (Figure 7). The epidermis is a self-renewing tissue in which keratinocyte 

proliferation in the basal layer is followed by a series of well-orchestrated differentiation 

events which influence the production of dead squames and its barrier function. Following 

extensive damage, like that resulting from UV irradiation, many of the normal keratinocytes 

harboring DNA damage are eliminated via apoptosis. However, if the damage to a 

keratinocyte is marginal, this cell could persist and give rise later to patches of sun-damaged 

skin (Raj et al., 2006). It is likely that decreased DNA repair capacity in LFN treated and 

Tfam ablated mice results in accumulation of DNA damage in keratinocytes. Subsequent 

elimination of these cells harboring DNA damage by apoptosis finally prevents their tumoral 

transformation. However, further studies need to determine to what extent procancer effects 

of UVB depend on changes in metabolic state. 

  



Materials and methods 

Animals and experimental protocol 

SKH-1 hairless mice were purchased at 4–6 weeks of age from Charles River (L’arbresle, 

France). Tfam
flox/flox

 mice were kindly provided by Dr. Nils-Göran Larsson, Max-Planck-

Institute for Biology of Ageing, Cologne Germany. K14-Cre-ER
T2 

mice expressing inducible

Cre recombinase under the control of the keratinocyte-specific K14 promoter (K14-Cre) were 

purchased from Jackson laboratory. Hairless Tfam
flox/flox

 mice and Hairless K14-Cre-ER
T2

mice were generated by their cross breeding with hairless SKH-1 mice for 5 generations. The 

progeny was genotyped by PCR assays on tail DNA. Crossing these strains with together then 

generated the K14-Cre-ER
T2

/Tfam
flox/flox

. Mice in which TFAM deficiency was restricted to

keratinocytes were then generated by topical application of 4-hydroxy-tamoxifen (OHT) at 

1 mg kg
-1

 for 5 consecutive days on these mice. Tfam ablation in keratinocytes was verified

by PCR assays on skin DNA. Mice were bred and maintained in a pathogen-free mouse 

facility at Bordeaux University. All mouse experiments were carried out with the approval of 

Bordeaux University Animal Care and Use Committee.  

Mouse genomic DNA isolation and genotyping 

Mouse genomic DNA was obtained from tail clip or skin samples following their overnight 

digestion at 45°C with 100 µl of 100 mM Tris, pH 8.0, 5 mM EDTA, 0.2% SDS,200 mM 

NaCl,100 µg/ml proteinase K. Samples were then diluted with 300 µl of water and boiled for 

5 min before use for PCR. Tfam genotyping was carried out using the following primers: 

Tfam-a: CGTCCTTCCTCTAGCCCGTG; Tfam-b: GTAACAGCAGACAACTTGTG and 

Tfam C: CTCTGAAGCACATGGTCAAT. Cre-K14-ER
T2

 genotyping was carried out using

the following primers: forward primer, CCTGGAAAATGCTTCTGTCCG; and reverse 

primer, CAGGGTGTTATAAGCAATCCC. Amplification products were detected on 2% 

agarose gel stained with ethidium bromide. 

Isolation of Skin Samples and Keratinocytes  

One part of the dorsal skin was excised and snap-frozen in liquid nitrogen for western blotting 

and measurement of enzymatic activities (Hosseini et al., 2015). The other part was used for 

isolation of keratinocytes. To this end, epidermis and dermis were separated by trypsinization 



at 37°C for one hour. Keratinocyte suspensions were isolated from the epidermal sheet in 

HBSS on ice.  

 

Western blotting procedure 

Western blotting was performed as previously described (Rezvani et al., 2011b; Rezvani et 

al., 2011c). Briefly, equal amounts of total protein were resolved by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and electrophoretically transferred to PVDF membranes. The 

membranes were then incubated overnight at 4°C with a 1:1000 dilution of the anti-MT-

ATP6, anti-MT-ND1, anti-DHODH (Abcam, Paris, France), anti--actin (Sigma, Saint 

Quentin Fallavier, France), antibodies or a total OXPHOS antibody cocktail (Abcam, Paris, 

France). After additional incubation with a 1:10,000 dilution of an anti-immunoglobulin 

horseradish peroxidase-linked antibody (Vector Laboratories, Biovalley S.A, Marne la Vallée, 

France) for 1 h, blots were developed using the chemiluminescence ECL reagent (Perkin 

Elmer, Courtaboeuf, France). 

 

Assay of CPDs by immuno-dot blot analysis 

The skin samples were incubated over night at 65°C in DirectPCR Lysis Reagent (Viagen, 

Euromedex, Mundolsheim, France) supplement with 2% proteinase K (Sigma). DNA was 

extracted using sodium acetate/ethanol precipitation protocol and then quantified by 

Nanodrop device. Equal amounts of genomic DNA (500 ng) were mixed with 1% SYBER 

green (Brilliant III Ultra-Fast SYBR®) and dot-blotted onto a Hybond N+ nitrocellulose 

membrane (Amersham,). The membrane was dried by baking at 80°C for 30 min. The 

SYBER green fluorescence were used to quantify the dot-blotted DNA for each sample. After 

incubation in  in blocking buffer in 20 mM TBS (pH 7.6) containing 5% non-fat dry milk and 

1% Tween 20, the membrane was incubated overnight at 4°C with a 1:1000 dilution of the 

anti-CPD monoclonal antibody (Kamiya Biomedical). After additional incubation with a 

1:10,000 dilution of an anti-immunoglobulin horseradish peroxidase-linked antibody (Vector 

Laboratories) for 1 h, blots developed using the chemiluminescence ECL reagent (Biorad, 

France). Fluorescence signals of SYBER green used as a loading control for normalization of 

chemiluminescence signals. 

 

Quantification of DNA lesions by HPLC-MS/MS 

DNAeasy Tissue kit (Qiagen) was used to extract DNA from whole skin samples following 

the manufacturer’s instructions. Then, DNA was digested by incubation with nuclease P1, 

http://www.gelifesciences.com/site/catalog/en/GELifeSciences-/products/AlternativeProductStructure_16758/25005985


phosphodiesterase II and buffer 10× (200 mM succinic acid, 100 mM CaCl2, pH 6.0) 

altogether for 2h at 37°C. A second digestion step was realized with phosphodiesterase I and 

alkaline phosphatase in alkaline phosphatase buffer 10× (500 mM Tris, 1 mM EDTA, pH8) 

for 2 h at 37°C. At last, the solution was neutralized with 0.1 mM HCl and centrifuged for 5 

min at 5000 g. The supernatant was collected for analysis by HPLC–MS/MS. The digested 

sample was then injected onto an HPLC system consisting in a Agilent series 1100 system 

equipped with a Uptisphere ODB reverse phase column (2x250 mm ID, particle size 5 µm; 

Interchim, Montluçon, France). The mobile phase was a gradient of acetonitrile in a 2 mM 

aqueous solution of triethylammonium acetate. A UV detector set at 260 nm was used to 

quantify normal nucleosides in order to determine the amount of analysed DNA. The HPLC 

flow was then directed toward an API 3000 electrospray triple quadrupole mass spectrometer 

operating in the negative ionization mode. Chromatographic conditions and mass 

spectrometry feathers were as described (Douki and Cadet, 2001). The signals used for 

detecting the bipyrimidine photoproducts, corresponding to conversion of the 

pseudomolecular ion into a specific daughter ion, were: m/z 545 → 447 for the TT 

cyclobutane dimer, m/z 545→ 432 for the TT (6-4) photoproduct, m/z 531 → 195 for the TC 

and the CT cyclobutane dimers, m/z 530 → 195 for the TC (6-4) photoproduct.  

DNA excision/synthesis reaction. The excision/synthesis reaction was conducted on the 

modified plasmid arrays as described (Forestier et al., 2012; Millau et al., 2008) except that, 

to get a stronger signal, we used biotin-dCTP and biotin-dGTP instead of dCTP-Cy3. Custom 

reaction chambers (Grace Bio-Labs, USA) were set on the damaged plasmid microarray 

slides. 20 µL of the excision/synthesis mix composed of reaction buffer (5 µL of 5X ATG 

buffer (200 mM Hepes KOH pH 7.8, 35 mM MgCl2, 2.5 mM DTT, 1.25 µM dATP, 1.25 µM 

dTTP, 17 % glycerol, 50 mM phosphocreatine (Sigma,  USA), 10 mM EDTA, 250  µg/mL 

creatine phosphokinase, 0.5 mg/mL BSA)), 1 mM ATP (Amersham, England), 0.25 µM 

biotin-dCTP, 0.25 µM biotin-dGTP (Perkin Elmer, USA) and the nuclear extract at a final 

protein concentration of 0.1 mg/mL were injected into the reaction chambers. Each sample 

was tested in duplicate. The slides were incubated for 3h at 30°C in the dark. Subsequently, 

the reaction chambers were removed and the slides were washed for 2 x 3 min in PBS/Tween 

0.05 %, and for 2 x 3 min in MilliQ water. The biotin incorporated into the plasmid DNA was 

revealed by incubation, 30 min at 30°C, in a solution of streptavidin-Cy5 (Jackson 

ImmunoResearch, UK) at 0.25 µg/mL diluted in PBS containing 0.1 mg/mL BSA. The slides 

were then washed as described before and dried for 5 min at 30°C in the dark. Total 



fluorescence of each spot was quantified using the Mapix software (Innopsys), after scanning 

of the slides at 635 nm wavelength at a 10 µm resolution with the InnoScan710AL scanner 

(Innopsys, France). Duplicate data were normalized using NormalizeIt software (Millau et al., 

2008). The fluorescence intensity of the CTRL plasmid was subtracted to the value obtained 

for each modified plasmid. Subsequently, the total fluorescence obtained for the repair of each 

lesion was calculated by adding the 3 values (dilution A, B and C) got for each type of lesion-

containing plasmid. 

 

Measurement of endogenous, cytoplasmic and mitochondrial ATP production and 

ADP/ATP ratio  

The amount of intracellular ATP was measured by a luciferin/luciferase-based assay using an 

ATP bioluminescence assay kit HSII (Roche Applied Science, Meylan Cedex, France) in 

accordance with the manufacturer's instructions, as already explained  (Hosseini et al., 2015; 

Rezvani et al., 2011a, b). In brief, skin samples were lysed with 0.2 ml of cell lysis reagent. 

ATP concentrations in the lysates were quantified. A standard curve for ATP concentration 

was plotted using standard ATP solution. ATP levels were calculated and normalized to 

protein lysate concentrations. The ADP/ATP ratio in the skin extract was measured by using 

ADP/ATP Ratio Assay Kit (abcam, ab65313) in accordance with the manufacturer's 

instructions. To assess the ATP levels produced by glycolysis or mitochondria the skin 

samples were incubated, respectively, with a cocktail containing 10 µm of rotenone, 10 µm 

antimicine and 4µM digitonin or a cocktail containing 1 mM of iodoacetate and 4µM 

digitonin for 5 minutes before they were lysed. Iodoacetate is an inhibitor of glycolysis, as it 

inhibits glyceraldehyde 3-phosphate dehydrogenase. Therefore, any ATP generation by the 

cells following this treatment must be a consequence of OXPHOS activity. After treatment, 

the skin samples were subjected to the same procedures as the untreated skin. 

 

Cellular O2/CO2 Exchange 

A Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience) was used to analyze 

bioenergetic function of skin samples. Results were normalized with weight of skin samples 

for potential differences in skin size. Slices on nylon inserts were individually inserted face 

down into 20 wells of 24-well XF Islet Capture Microplates that contained 500 μl of assay 

medium. The assay medium for measurement of glycolytic capacity XF Base medium 

(Sigma) supplemented with penicillin (100 IU/ml) and streptomycin (100 µg/ml) adjusted to 

pH 7.4. The assay medium for measurement of OXPHOS capacity consisted in XF Base 



medium supplemented with D-glucose (11 mM), sodium pyruvate (1mM), penicillin (100 

IU/ml) and streptomycin (100 µg/ml) adjusted to pH 7.4.for measurement of OCR or ECAR. 

For fatty acid -oxidation, skin samples were put in a modified Krebs-Henseleit-bicarbonate 

buffer (KHB) supplemented with 2.5 mM glucose, 50 µM carnitine and 5 mM HEPES 

adjusted to pH 7.4. Four wells contained inserts but no skin samples to control for 

temperature-sensitive fluctuations in O2 fluorophore emission. Once the transfer of inserts 

was complete, samples in XF Islet Capture Microplates were incubated in a CO2-free 

incubator at 37°C for 1hr to allow temperature and pH equilibration. Slices were then loaded 

into the XF24 and further equilibrated for 15 min by three 3 min mix, 2 min wait cycles prior 

to the first measurement. XF assays consisted of 3 min mix, 3 min wait, and 2 min 

measurement cycles and were performed at 37°C as described (Wu et al., 2007). Using this 

protocol, it was possible to calculate an O2 consumption rate every 8 min. Drugs of interest 

prepared in desired assay medium (75 μl) were preloaded into reagent delivery chambers A, 

B, C, and D at 10X, 11X, 12X, and 13X the final working concentration, respectively, and 

injected sequentially at intervals of 24 as indicated. 

 

Dot-blot assays for quantifying the cytochrome c oxidase (COX) and succinate 

dehydrogenase (SDH) activities  

 The skin samples were homogenized in 0.1 M Tris-Cl (pH 7.5) buffer with CK-28 ceramic 

beads in a Precellysed ® 24 homogeneizer 5500 rpm for 3 X 20-s. After sonication for two 

30-s bursts, samples were centrifuged at 7500 rpmfor 7min at 4°C. Total protein 

concentration in the supernatant was measured using BCA kit reagent (Pierce, Bezons, 

France). The equal amounts of protein (100µg) were dot-blotted onto a PVDF membrane by 

vacuum system. The membrane was subjected to staining for the activities of COX and SDH. 

Briefly, the membrane were incubated in COX staining solution (4mM diaminobenzidine 

tetrahydrochloride, 100µM cytochrome c and 20µg/ml catalase in 0.2 M phosphate buffer, pH 

7) or SDH media (1.5mM nitroblue tetrazolium, 1mM sodium azide, 200µM phenazine 

methosulphate, 130mM sodium succinate in 0.2 M phosphate buffer, pH 7). The enzyme 

activities were monitored by taking a photo every minute. 

 

Measurement of complexes II (succinate dehydrogenase) and IV (cytochrome c-oxidase) 

activities  



Complexes II and IV activities were determined using Complexes II and IV enzyme activities 

assay kits (Abcam) in accordance with the manufacturer's instructions. Briefly, the 

homogenized skin samples were added on detergent solution and the incubated for 30 min on 

ice. After a centrifugation at 25,000 g for 20 min, the supernatants were put into the wells in 

which the monoclonal antibodies were bound. Concerning complex II activity, the activity of 

the immobilized enzyme in each sample was then measured by adding the activity solution 

containing ubiquinone, succinate and DCPIP (2,6-dichlorophenol-indophenol; used as an 

artificial electron acceptor) and monitoring spectrophotometrically the reduction of DCPIP to 

DCPIPH2 at 600 nm at 37°C. Concerning complex IV activity, the activity of the immobilized 

enzyme in each sample was then measured by adding the activity solution containing reduced 

cytochrome c and monitoring the oxidation of cytochrome c spectrophotometrically at 550 nm 

at 30°C. 

 

Measurement of complexes II+III activities 

Activity of Complexes II+III was determined using MitoTox
TM

 OXPHOS complex II+III 

activity kit (Abcam) in accordance with the manufacturer's instructions. Briefly, the 

homogenized skin samples were added on detergent solution and the incubated for 30 min on 

ice. After a centrifugation at 25,000 g for 20 min, the supernatants were put into the wells 

containing complex II+III activity solution. The reduction of cytochrome c was monitored 

spectrophotometrically at 550 nm at 30°C 

 

Measurement of DHODH activity  

The skin samples were put a hypotonic buffer (2.5 mM Tris/HCl, pH 7.5 and 2.5 mM MgCl2) 

on ice for 15 min, homogenized and then sonicated for 15 s.  The protein concentration for 

each reaction was measured by BCA protein assay. DHODH-dependent respiratory enzymatic 

activities were measured by spectrophotometry (U-3210; Hitachi) at 37
◦
C by monitoring the 

decrease in absorbance at 600 nm of reduced DCPIP (2,6-dichlorophenol-indophenol; used as 

an artificial electron acceptor). Briefly, the reaction was initiated with 20 mM DHO in 1 ml of 

standard reaction buffer (contained 50 mM potassium phosphate, 5 mg/ml BSA and 2.5 mM 

MgCl2) supplemented with 50 μM DCPIP, 2 μg of rotenone (a complex I inhibitor), 2 μg of 

antimycin A (a complex III inhibitor), 5 mM NaN3 (a complex IV inhibitor) and 25µg skin 

lysate. The data were expressed as nmol · min−1 ·μg−1 of protein. The reaction was stopped 

by the addition of 2 μg of 50µM terileflunomide. 

 



Measurement of intracellular ROS  

The intracellular production of ROS was assessed using a CM-H2DCF-DA cytoplasmic probe 

or the MitoSOX
TM

 red mitochondrial superoxide indicator (both from Molecular Probes,

Invitrogen) as already described (Rezvani et al., 2007; Rezvani et al., 2006). Briefly, CM-

H2DCF-DA (5 µM) or MitoSOX (5 µM) were added onto keratinocytes immediately after 

their isolation from mouse skin. Keratinocytes were then incubated for 15 min at 37°C in the 

dark. After two washes with PBS, the cells were immediately analyzed by flow cytometry. 

Ten thousand individual data points were collected for each sample.  

The reactions were cycled 40 times after initial polymerase activation (50°C, 2 minutes) and 

initial denaturation (95°C, 10 minutes) using the following parameters: denaturation at 95°C 

for 30 seconds; and annealing and extension at 60°C for 30 second. A final fusion cycle 

(95°C, 1 minute; 55°C, 30 seconds; 95°C, 30 seconds) terminated these reactions. The 

standard curve demonstrated a linear relationship between the Ct values and the cDNA 

concentration. The relative expression of each gene was assessed by considering the Ct and 

efficiency values and normalized according to the tubulin expression level. 

Proteomic analysis 

Sample preparation for proteomic analysis 

Skin samples were lysed in RIPA buffer containing protease inhibitor cocktail (Sigma). 

Ten µg of each protein sample were solubilized in Laemlli buffer and were deposited onto 

SDS-PAGE gel for concentration and cleaning purpose. Separation was stopped after 

proteins have entered resolving gel. After colloidal blue staining, bands were cut out from 

the SDS-PAGE gel and subsequently cut in 1 mm x 1 mm gel pieces.  Gel pieces were 

destained in 25 mM ammonium bicarbonate 50% ACN, rinsed twice in ultrapure water and 

shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room 

temperature, covered with the trypsin solution (10 ng/µl in 40 mM NH4HCO3 and 10% 

ACN), rehydrated at 4 °C for 10 min, and finally incubated overnight at 37 °C. Spots were 

then incubated for 15 min in 40 mM NH4HCO3 and 10% ACN at room temperature with 

rotary shaking. The supernatant was collected, and an H2O/ACN/HCOOH (47.5:47.5:5) 

extraction solution was added onto gel slices for 15 min. The extraction step was repeated 

twice. Supernatants were pooled and concentrated in a vacuum centrifuge to a final volume 

of 40 µL. Digests were finally acidified by addition of 2.4 µL of formic acid (5%, v/v) and 

stored at -20 °C. 



nLC-MS/MS analysis 

Peptide mixture was analyzed on a Ultimate 3000 nanoLC system (Dionex, Amsterdam, 

The Netherlands) coupled to a Q-Exactive quadrupole Orbitrap benchtop mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA). Ten microliters of peptide digests 

were loaded onto a 300-µm-inner diameter x 5-mm C18 PepMap
TM

 trap column (LC

Packings) at a flow rate of 30 µL/min. The peptides were eluted from the trap column onto 

an analytical 75-mm id x 15-cm C18 Pep-Map column (LC Packings) with a 4–40% linear 

gradient of solvent B in 108 min (solvent A was 0.1% formic acid in 5% ACN, and solvent 

B was 0.1% formic acid in 80% ACN). The separation flow rate was set at 300 nL/min. 

The mass spectrometer operated in positive ion mode at a 1.8-kV needle voltage. Data 

were acquired in a data-dependent mode. MS scans (m/z 300-2000) were recorded at a 

resolution of R = 70 000 (@ m/z 200) and an AGC target of 1 x 10
6
 ions collected within

100 ms. Dynamic exclusion was set to 30 s and top 15 ions were selected from 

fragmentation in HCD mode. MS/MS scans with a target value of 1 x 10
5
 ions were

collected with a maximum fill time of 120 ms and a resolution of R = 35 000. Additionally, 

only +2 and +3 charged ions were selected for fragmentation. Other settings were as 

follows: spray voltage, 1.8 kV, no sheath nor auxiliary gas flow, heated capillary 

temperature, 200 °C; normalized HCD collision energy of 25% and an isolation width of 3 

m/z.  

Database search and results processing 

Data were searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher 

Scientific Inc.) against a subset of the 2013.08 version of UniProt database restricted to 

Mus  musculus Reference Proteome Set (42,882 entries). Spectra from peptides higher than 

5000 Da or lower than 350 Da were rejected. The search parameters were as follows: mass 

accuracy of the monoisotopic peptide precursor and peptide fragments was set to 10 ppm 

and 0.02 Da respectively. Only b- and y-ions were considered for mass calculation. 

Oxidation of methionines (+16 Da) was considered as variable modification and 

carabamidomethylation of cysteines (+57 Da) as fixed modification. Two missed trypsin 

cleavages were allowed. Peptide validation was performed using Percolator algorithm 

(Kall et al., 2007) and only “high confidence” peptides were retained corresponding to a 

1% False Positive Rate at peptide level. 

Label-Free Quantitative Data Analysis 



Raw LC-MS/MS data were imported in Progenesis LC-MS 4.1 (Nonlinear Dynamics Ltd, 

Newcastle, U.K). Data processing includes the following steps: (i) Features detection, (ii) 

Features alignment across the 12 sample, (iii) Volume integration for 2-6 charge-state ions, 

(iv) Normalization on total protein abundance, (v) Import of sequence information, (vi) 

ANOVA test at peptide level and filtering for features p <0.05, (vii) Calculation of protein 

abundance (sum of the volume of corresponding peptides), (viii) ANOVA test at protein level 

and filtering for features p <0.05. Noticeably, only non-conflicting features and unique 

peptides were considered for calculation at protein level. Quantitative data were considered 

for proteins quantified by a minimum of 2 peptides. 

 

NMR spectroscopy 

Mice received an intraperitoneal injection of [1-
13

C]glucose solution (750mM). After 30min, 

mice were killed, skin was collected and dipped in liquid nitrogen for further NMR analysis. 

Perchloric acid extract of skin samples were analyzed by 
13

C-NMR HRMAS spectroscopy on 

a Bruker DPX 500MHz magnet. Proton-decoupled 
13

C-NMRspectra were acquired overnight 

using 60◦ flip angle, 10 s relaxation delay, 25063 Hz sweep width  and 64 K memory size. 

Measurements were conducted under bi-level broad band gated proton decoupling and D2O 

lock. From these spectra, the 
13

C content at the different carbon positions of compounds was 

determined as previously described (Bouzier et al., 1999). Briefly, incorporation of 
13

C into 

the different carbons in glutamate were determined from integrations of the observed 

resonances relative to the ethylene glycol peak (63 ppm, external reference, known amount). 

Perchloric acid extract spectra were normalized thanks to ethylene glycol and protein 

contents. 

 

Statistics   

Student’s t-test was applied for statistical evaluation and a p-value < 0.05 (*) was considered 

significant. Results are presented as means +/- SD.  
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Figure legends 

Figure 1. UVB irradiation down-regulates the majority of proteins implicated in 

glycolysis, TCA cycle and fatty acid -oxidation. Proteomic analysis was used to 

investigate the effects of chronic UVB irradiation on profile expression of several proteins in 

skin biopsies of SKH-1 mice. To this end, skin biopsies of mice irradiated for 2 months (Ir) 

and non-irradiated (nIr) counterparts were subjected to proteomic analysis. The quantity of 

each protein implicated in glycolysis, TCA cycle (A), fatty acid -oxidation or fatty acid 

synthesis (B) was compared between Ir and nIr groups and the results are expressed as mean 

fold change of expression of each protein. 

 

Figure 2. UVB irradiation results in a metabolic remodeling. SKH-1 mice exposed to 

chronic UVB irradiation for 8 weeks.  

(A-C) Skin biopsies of irradiated mice consume less glucose (A), produce less lactate (B) and 

exhibit lack of increased extracellular acidification rate (ECAR) upon glucose exposure, 

reflecting absence of glycolytic flexibility (C). 

(D) UVB-irradiated skin samples display increased basal oxygen consumption but are 

incapable of mounting oxygen consumption rate (OCR) upon supplementation with succinate.      

(E)  Kinetics of OCR response to palmitate indicates a significant decrease of fatty acid 

oxidation in irradiated skin biopsies.   

(F-G) [1-
13

C] labeled glucose has been injected into irradiated and non-irradiated mice. While 

glutamate is labeled at carbon 4 in the first TCA cycle turn, carbons 2 and 3 are labeled in the 

second turn (F).  C3/C4 ratio enrichment ratio, which is an indicator of TCA flux, is deceased 

in irradiated mice (G). 

N=15 mice for each group [(A-E)] and 4 mice [(G)] . *P< 0.05 and **<0.01 for irradiated 

versus non-irradiated mice. 

Dig, Digitonin; Oligo, oligomycin; DNP, 2,4-dinitrophenol; E, etomoxir. 

 

Figure 3. UVB irradiation leads to the activation of OXPHOS complexes III, IV and V.  

(A) UVB irradiation is associated with an increased basal oxygen consumption rate (OCR) 

and a decreased ECAR.  

(B-C) ROS levels in irradiated and non-irradiated skin samples were measured by flow cytometry 

using cytoplasmic- (B) and mitochondrial-specific probes (C). The mean of ROS level in the non-

irradiated samples was arbitrarily set to 100. Results are then assessed and expressed as the mean ± 

SD.  



(D) Increased OCR in UVB-irradiated skin samples is blocked when samples are treated with 

inhibitors of complexes III and IV (i.e antimycin and sodium azide).  

(E-H) UVB irradiation results in over-activation of complex III and IV (E), increased ATP 

synthesis (F), elevation of ADP/ATP ratio (G) and increased proportion of oxygen used for 

ATP synthesis (ATP turnover).  

N=15 for each group. *P< 0.05 and **<0.01 for irradiated versus non-irradiated mice. 

Figure 4. UVB irradiation leads to the overactivation of dihyroorotate dehydrogenase 

(DHODH) which triggers increased ETC activation and ATP synthesis   

(A-B) Skin biopsies of mice irradiated for 2 months (Ir) and non-irradiated (nIr) counterparts 

were subjected to proteomic analysis. The quantity of each protein implicated in de novo 

pyrimidine synthesis (A) and de novo purine synthesis (B) was compared between nIr and Ir 

groups and the results are expressed as mean fold change of expression of each protein. 

(C) UVB irradiation leads to upregulation of DHODH. Treatment of mice with leflunomide 

(LFN), an inhibitor of DHPDH, blocks this overactivation. 

(D-E) LFN treatment blocks UVB exposure-mediated increased ATP synthesis (D) and basal 

OCR (E) in mouse skin. 

(F) UVB-irradiated skin samples display increased OCR level upon supplementation with 

dihdroorotic acid. 

N=6 mice per group [(A-B)] and 12 per group [(C-F)]. *P< 0.05 and **<0.01 for irradiated 

versus non-irradiated mice. 

Figure 5. UVB exposure-mediated DHODH overactivation is blocked upon epidermal 

ablation of mitochondrial transcription factor A (Tfam)  

(A-B) Epidermal ablation of Tfam results in downregulation of mitochondrial-encoded 

enzymes, DHODH expression (A) as well as DHODH activity (B). 

(C) Tfam ablated mice (K-Tfam
-/-

) and their control counterparts (K-Tfam
+/+

) were subjected

to chronic UVB irradiation and skin biopsies were done at indicated times. Histopathology of 

epidermis was evaluated with H&E staining. Differentiation status of epidermis was assessed 

using immunofluorescence staining of K10, filaggrin, loricrin. Proliferation was evaluated by 

Ki67 immunostaining. The nuclei were marked in blue with DAPI.    

Figure 6. A keratinocyte-specific knockout of Tfam results in early UVB exposure 

phenotype without tumor formation  



(A-D) Tfam ablated mice (K-Tfam
-/-

) and their control counterparts (K-Tfam
+/+

) were

subjected to chronic UVB irradiation. On K-Tfam
+/+ mice, variable number of tumors of 

variable size mostly ulcerated are seen. Some mild pigmentation of UV treated areas are also 

observed on some mice. The back of K-Tfam
-/- 

mice is covered by a large squame with

evidence of peripheral desquamation and there is also evidence of punctiform or larger 

erosions in the larger squamous lesion. Mild erythema and pigmentation are also observed on 

squamous area (A). The number of mice harbouring desquamative features or tumors (B), the 

number (C), and the volume (D) of tumors per mouse  have been assessed (mean±SD) at 

indicated times.  

 N=15 for each group. *P< 0.05 and **<0.01 for irradiated versus non-irradiated mice. 

Figure 7. Tfam ablation or leflunomide treatment results in downregulation of DNA 

repair capacity 

(A-B) Immuno-dot blot (A) and HPLC-MS/MS (B) analysis indicate that the quantity of 

cyclopyrimidine dimer (CPD) is higher in skin samples of Tfam-ablated mice and LFN-

treated mice upon chronic UVB irradiation compared with control mice.  

(C) The capacity of CPD excision and the re-synthesis is lower in Tfam-ablated or LFN-

treated mice than control mice. 

Error bars are SD from 6 mice per group [(B) to (C)]., three experiments [(D) to (F)], or two 

experiments (H). *P < 0.05 by t test are for the difference between the Tfam ablated or LFN-

treated mice with control mice.  
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Skin reconstruction 
 

 

In the light of the work we did on metabolism and UV, we got curious to examine the effect 

of other metabolism modulators on UV-induced carcinogenesis. However, as preparing 

transgenic mice model in SKH-1 genetic background is completely time-consuming, we 

sought to find an alternative model for SKH-1 models as a valuable tool in skin cancer 

studies. To this end, all existing models were reviewed and the results are discussed in the 

following review article. 
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Summary

While skin is readily available for sampling and direct studies of its constituents,
an important intermediate step is to design in vitro and/or in vivo models to
address scientific or medical questions in dermatology and skin biology. Pio-
neered more than 30 years ago, human skin equivalents (HSEs) have been
refined with better cell culture techniques and media, together with sophisticated
cell biology tools including genetic engineering and cell reprogramming. HSEs
mimic key elements of human skin biology and have been instrumental in dem-
onstrating the importance of cell–cell interactions in skin homeostasis and the
role of a complex cellular microenvironment to coordinate epidermal prolifera-
tion, differentiation and pigmentation. HSEs have a wide field of applications
from cell biology to dermocosmetics, modelling diseases, drug development, skin
ageing, pathophysiology and regenerative medicine. In this article we critically
review the major current approaches used to reconstruct organotypic skin models
and their application with a particular emphasis on skin biology and pathophysi-
ology of skin disorders.

What’s already known about this topic?

• Human skin equivalents are being used for different purposes from cell–cell inter-
actions to modelling diseases.

What does this study add?

• We have critically reviewed the various methods for the reconstruction of

epidermis.

• We provide an update of the different applications of skin equivalents in skin

biology and dermatology.

The skin is the largest organ in humans and serves as a major

barrier that, among other functions, prevents the invasion of

pathogens, limits chemical and physical aggressions and regu-

lates the loss of water and electrolytes.1 It is a complex organ

composed of the epidermis and its appendages (hair follicles,

sebaceous glands and sweat glands), which are separated from

the dermis by a basement membrane (BM) consisting primar-

ily of laminins and collagens.2 The epidermis is a highly

dynamic stratified epithelium made principally from ectoder-

mal-derived keratinocytes, which constitute about 90% of

epidermal cells. New differentiating keratinocytes continuously

emerge from the proliferative basal layer of the epidermis to

replenish the upper layers, progressively differentiating into

the external cornified and desquamating dead envelope. In

addition to keratinocytes, the epidermis contains a minority of

functionally important cells of nonectodermal origin, includ-

ing neural crest melanocytes, bone marrow-derived Langer-

hans cells (antigen-presenting cells) and Merkel cells.

The dermis is a thick connective tissue providing tension,

strength and elasticity to the skin through an extracellular
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matrix (collagen, elastin and extrafibrillar matrix). In addition

to nerve terminations and vessels, the dermis is composed of

three major cell types: fibroblasts, macrophages and adipo-

cytes. It also contains epidermal appendages (hair follicles,

sebaceous gland and sweat glands).3

Various cell types constituting the skin have been studied

individually using two-dimensional (2D) monolayer cultures.

However, these monolayer tissue cultures fail to capture the

relevant complexity of the in vivo microenvironment and

cell–cell interactions that considerably affect the responses of

cells to different stimuli. In fact, growing evidence indicates

that there are significant differences in phenotype, cell migra-

tion, proliferative capacity, cell surface receptor expression,

extracellular matrix synthesis, cellular signalling, metabolic

functions and responses to various stimuli when the same cells

are grown under 2D or three-dimensional (3D) culture condi-

tions.4–11 To approach in vivo conditions, skin histocultures

(also called skin explants), which are obtained by putting the

intact skin samples containing all resident skin cells (such as

immune and neuronal cells) into growth medium either with

a collagen gel support or simply free-floating, have been

widely used and improved over time (e.g. histocultures that

allow longer experimentation time than traditional explants).

Skin histocultures have many uses, ranging from testing

drug sensitivity to designing effective individualized therapies

for each patient.12–19 However, this model has several draw-

backs including (i) a limitation in the number and size of skin

histocultures, (ii) the complexity owing to the presence of all

resident skin cells resulting in their inherent heterogeneity,

which cannot be experimentally controlled and (iii) difficulties

in the uniform genetic manipulation. These limitations restrict

the use of these models and indicate the need to develop a

new 3D in vitro system that allows a more detailed study of the

basic molecular processes affecting skin physiology and patho-

physiology. Therefore, the reconstitution of 3D human skin

equivalents (HSEs) using both dermal and epidermal compo-

nents is a relevant strategy to answer the physiological ques-

tions that cannot be solved solely in the context of monolayer

tissue culture or skin explants/histocultures. Furthermore,

HSEs, which have been developed and improved over the last

30 years, present time- and cost-effective alternatives to the

use of laboratory animals, especially mice, which have a skin

architecture that is ill-suited to human studies. Indeed, mouse

epidermis is much thinner than human epidermis (only three

layers in adult murine epidermis compared with generally six

to 10 layers in human epidermis). Secondly, mouse epidermis

is densely packed with hair follicles, whereas human epider-

mis possesses larger interfollicular regions. Thirdly, mouse

melanocytes reside mainly in dermal hair follicles, while

human melanocytes are located in the basal layer of the epi-

dermis. Fourthly, a cutaneous muscle layer (i.e. the panniculus

carnosus) is present in mouse skin but absent from human

dermis.20

In this article we critically review the various techniques for

human skin reconstruction and their current and future fields

of application to skin physiology and diseases.

Aims to constitute human skin in ex vivo

In vitro reconstruction of human skin

In 1960, Cruickshank et al. demonstrated that when the

epidermal keratinocytes of adult guinea pig were seeded at

high density, they grew in culture even in the absence of the

normal underlying dermal connective tissue.21 However, in

subculture the cells had a tendency to differentiate. A critical

step forward was made in 1975 when Rheinwald and

Green generated cell colonies that had originated from an iso-

lated founder keratinocyte. This was achieved by using lethally

irradiated 3T3 fibroblasts as feeders.22 This technology enabled

the production of large quantities of keratinocytes and their

expansion in in vitro cell culture conditions. Pioneering 3D epi-

dermal reconstruction, Freeman et al. developed a method in

which human epidermal cells were cultured on decellularized

pig dermis.23 A small piece of human skin containing both

epidermis and superficial dermis was put on the top of the

dead pig dermis used as dermal substrate. Only epidermal

keratinocytes attached to the dermis, allowing the growth of

pure keratinocytes associated with a good level of differentia-

tion. A better differentiated epidermis was then produced by

Lillie et al. and Fusenig et al. when they placed the cultured

keratinocytes on collagen membranes at the air–liquid inter-

face.24,25 More complete differentiation was obtained by

Prunieras et al. using human de-epidermized dermis (DED)26

rather than dead pig dermis.23

Since then, the production of skin equivalents (SEs) at the

air–liquid interface has been achieved by different methods in

which the principal difference is the dermal equivalents, which

can be acellular or cellular structures. An inert filter27–30 or DED

can be used as acellular dermal substrate.26,31–36 Reconstruction

of epidermis using acellular DED requires the removal of the

epidermis that preserves the BM, followed by dermal steriliza-

tion with glycerol, ethylene oxide, alcohol or gamma irradia-

tion. After sterilization, the formerly epidermal side of the DED

is seeded with keratinocytes. Following an immersion period

during which the cells proliferate, the dermis is placed at

the air–liquid interface, thereby inducing keratinocyte differen-

tiation and the formation of a stratified epidermis

(Fig. 1a).26,31–36 In the alternative techniques, a cellular sub-

strate composed of fibroblast-populated DED or collagen matrix

can be used as dermal equivalents.37–41 With this technique, the

dermal equivalent is prepared by mixing a collagen solution

with human dermal fibroblasts or by seeding fibroblasts on the

subcutaneous side of the DED. After contraction, this support is

seeded with normal human epidermal keratinocytes. The culture

is initially maintained in submerged conditions allowing

the proliferation of cells, before being placed on a grid at the

air–liquid interface resulting in keratinocyte differentiation and

the formation of a horny layer (Fig. 1a). It should be noted that

other cell types can be incorporated into the epidermal (includ-

ing melanocytes and Langerhans cells) or the dermal compart-

ments (including fibroblasts and lymphocytes) to obtain a

more complete physiological system.35,36,42–45 However, the
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incorporation of immune cells is poorly reproducible. It is

worth mentioning that epidermis reconstructed on an acellular

dermal substrate contains only three to four viable stratified epi-

dermal layers, so a successful reconstruction by this system

needs the supplementation of medium with various growth fac-

tors including epidermal growth factor (EGF), keratinocyte

growth factor, and/or insulin-like growth factor. The presence

of fibroblasts in the dermal substrate stimulates the proliferation

of keratinocytes, improves the epidermal morphology and

enhances the formation of BM proteins.41,46,47

The dermal substrate used in the reconstructed epidermis

(RE) has an important impact on experimental studies. One of

the main differences between epidermis reconstructed on DED

or collagen matrix is the way in which the BM is formed. In

skin reconstructed with DED, an intact BM and a papillary

morphology of the epidermal–dermal junction (EDJ) zone is

preserved, whereas in skin reconstructed with collagen matrix,

a BM is produced by the fibroblasts and keratinocytes during

the culture process48 and the EDJ zone remains horizontal

without rete ridges. Another important difference is that the

composition of DED (which may contain various growth fac-

tors, proteases and cytokines) is not clearly defined and differ-

ences among individual donors need to be considered,

thereby justifying the use of a similar dermis for a set of

experiments.

Long-term maintenance of human skin equivalents and

humanized mouse models

Following the seminal discovery of the method allowing the

growth of keratinocytes as stratified cultures,22 their use as

grafts was suggested49 and they were introduced in 1981 for

burn therapy.50 Grafting epidermal sheets enriched in holo-

clone-forming keratinocytes provided evidence of the long-

term survival of the grafts but failed to provide an immediate

dermal replacement, resulting in possible wound contraction

and graft fragility.51 To solve this problem, grafting of SEs

was promoted for the therapy of burns, but no real break-

through has been made.52–54

In an attempt to maintain epidermal homeostasis and

increase the lifespan of SE beyond 2–3 weeks, researchers

implemented humanized skin mouse models. They consist of

chimeric models in which skin of human origin is regener-

ated, vascularized and innervated by mouse vessels and nerves.

For this purpose, two experimental protocols have been devel-

oped. The first is based on grafting either the RE (performed

as described above)55–57 or split-thickness human skin

obtained from volunteers58,59 on the back of athymic mice

(Fig. 1b). The second is based on seeding cells directly on the

back of mice. A silicon chamber is implanted on the back of

severe combined immunodeficiency mice, then a slurry of

keratinocytes and fibroblasts is placed in the chamber.25,26,60

The chamber is removed 1 week after grafting and humanized

skin is formed at the grafting site in 2 weeks (Fig. 1c).60

The main difference between these models lies in the devel-

opment of BM. Compared with the RE engrafted onto the

back of mice, the human skin reconstructed by an injection of

slurry cells has greater numbers of keratin intermediate

filaments within the basal keratinocytes that are connected to

hemidesmosomes, and more numerous connections of colla-

gen filaments and anchoring fibrils to the lamina densa on the

dermal side.60 While the grafting of human skin samples has

the advantage of maintaining BM, the EDJ zone and rete

ridges, its implementation is technically difficult for the fol-

lowing reasons: (i) establishing the model requires large kera-

tome sheets or multiple punch biopsies from volunteers or

patients; (ii) the grafting needs to be performed quickly in

order to minimize graft ischemia and (iii) uniform genetic

manipulation of grafts is difficult. Indeed, humanized skin

mouse models that use an isolation step and cell amplification

offer the possibility of using in vitro genetically manipulated

human keratinocytes, fibroblasts and/or melanocytes, thus

generating transgenic or knockout humanized skin.

Applications of human skin reconstruction

The reconstruction of artificial HSEs has become an important

tool for investigating skin physiology and pathophysiology.

These models supply critical information about cell–cell inter-
actions, the effects of the stromal environment on cell prolifer-

ation, differentiation and pigmentation. SEs are relevant models

for testing dermocosmetics and drugs topically, and also for

investigating photoageing and cancer. Furthermore, specific

genetic alterations in either dermal or epidermal compart-

ments, which can easily be achieved, facilitate mechanistic and

signal transduction studies. These skin models also provide

suitable alternatives to the use of laboratory animals. As a con-

sequence, increasing numbers of commercially available skin

models have reached the market, such as EpiDerm� (MatTek,

Ashland, MA, U.S.A.), Episkin� (L’Oreal; SkinEthic, Nice,

France), Apligraf� (Organogenesis Inc., Canton, MA, U.S.A.)

and Labskin (Innovenn, Dublin, Ireland). The latter model uses

a dermal component consisting of fibroblasts incorporated into

a fibrin matrix and allows microorganisms to be grown on its

surface, mimicking infection or the skin’s natural microflora.

Skin equivalents as a model for studying the
effects of cell–cell interactions on skin
homeostasis

Keratinocyte–fibroblast interactions and skin

homeostasis

Fibroblasts influence skin homeostasis by affecting BM forma-

tion, in addition to keratinocyte proliferation and differentia-

tion. The EDJ zone, which provides an adhesive and dynamic

interface, is composed primarily of laminin, collagen, nidogen

and perlecan. Studies of BM formation during skin reconstitu-

tion have shown that keratinocytes alone are capable of

synthesizing the major components of BM (such as type IV

collagen, type VII collagen and laminin) and depositing them

in a polarized manner into the EDJ zone.48,61–63
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Fibroblasts affect BM formation through three mechanisms.

Firstly, they secrete cytokines such as transforming growth factor

(TGF)-b, which stimulates keratinocytes to synthesize BM compo-

nents.46 Secondly, fibroblasts are necessary for the assembly of an

ultrastructurally complete BM. Thirdly, fibroblasts are capable of

producing type IV collagen and type VII collagen, laminin-5 and

nidogen, which also contribute to BM formation.46,64 In addition

to being involved in BM formation, fibroblasts are able to affect

keratinocyte proliferation and differentiation.46,64,65 This effect is

based on fibroblast density where an increase in fibroblast num-

bers in dermal equivalents with a minimal and maximal threshold

leads to an improvement in epidermal architecture.41

(a)

(b)

(c)
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Keratinocyte–melanocyte interactions and their effects on

pigmentation

Melanocytes, which are responsible for skin colour, are

maintained in the basal layer through their interactions with

(i) BM components owing to the presence of discoidin

domain receptor (DDR)1 and integrin a6b1 receptors (in

the BM, these receptors interact with type IV collagen and

laminins, respectively)66,67 and (ii) keratinocytes owing to

the presence of E-cadherin.67 These interaction leads to the

transfer of melanosomes into the keratinocytes via the mela-

nocyte dendrites.

When skin melanocytes are incorporated into SEs, they are

spontaneously located in the basa1 layer in close contact with

multiple keratinocytes, a localization similar to that in normal

human skin. Detection of the melanosomes in different layers

of the RE, and notably in the granular layer when dark mela-

nocytes are used, further indicates that melanocytes are func-

tional in RE.68,69 Using chimeric reconstructs (keratinocytes

and melanocytes derived from phototypes II, III, IV, V or VI),

melanocytes have been identified as the cells responsible for

skin phototypes. Indeed, epidermal pigmentation is dependent

on the phototype of melanocytes and is independent of the

origin of keratinocytes.36,45,70–72 Stimulation of the RE by

applying pigment modifiers such as 3-isobutyl-1-methyl-xan-

thine, a-melanocyte-stimulating hormone or ultraviolet (UV)

irradiation has shown that the epidermal melanin unit in pig-

mented reconstructs function exactly as in the in vivo situation

in terms of pigment production.73–78 Several studies have

characterized the biological behaviour of melanocytes in skin

reconstructs by focusing on melanin transfer, response to UV

radiation exposure and DNA damage.36,70,76,79

Fibroblast–melanocyte interactions and their effects on

pigmentation

Direct evidence of dermal influence on pigmentation comes

from clinical observations of the outcome of epidermal suspen-

sion transplantation surgery in vitiligo in autologous recipient

skin of different colours (e.g. nipple).71 When incorporated

into pigmented SEs, fibroblasts have been found to play a key

role in the control of pigmentation.71,80 In fact, when pig-

mented epidermal reconstructs are grafted onto the backs of

mice, they develop a nonregular pigmentation pattern that is

dependent on the presence of colonizing human or mouse fi-

broblasts.71 In agreement with this finding, treatment of pig-

mented epidermal reconstructs with conditioned medium from

UVA-irradiated aged fibroblasts mimicked senile lentigo

pathology, a disorder characterized by hyperpigmented areas

in photo-exposed skin.81 Fibroblasts have been shown to affect

pigmentation via various mechanisms. Fibroblasts secrete hepa-

tocyte growth factor, basic fibroblast growth factor and stem

cell factor, which bind to their receptors (i.e. c-Met, FGF-R

and c-Kit, respectively) located on the plasma membrane of

melanocytes, resulting in the activation of microphthalmia-

associated transcription factor (MITF), the master regulator of

pigmentation.82–85 Fibroblasts can also play an inhibitory role

in pigmentation via the secretion of TGF-b1 or Dickkopf1, a

fibroblastic secreted factor that suppresses melanocyte growth

and melanogenesis.84,86,87 More recently, neuregulin-1, which

is specifically expressed by fibroblasts from dark-skinned

subjects, has been identified as a melanogenic dermal factor.88

Skin equivalents in studies of epidermal and
dermal stem cells

Several studies in various tissues suggest that stem cell regen-

eration largely depends on the interactions between these cells

and the environment where they reside and function. Special-

ized niches for various types of stem cells have been character-

ized in mammalian epidermis and dermis. These stem cells,

which are distinct in marker expression patterns and growth

properties, contribute differently to the homeostasis of epider-

mal and dermal compartments.89–91 RE (in vitro or humanized

mouse model) can be used to identify the stem cell popula-

tions and their localization. Moreover, it can be used to deter-

mine whether the epidermal and dermal cells derived from

induced pluripotent stem cells (iPSCs) and embryonic stem

Fig 1. In vitro and in vivo reconstruction of epidermis. (a) In vitro reconstruction of epidermis. (1) Dermal equivalent is prepared by seeding

fibroblasts on the subcutaneous side of the dead dermis. (2) Twenty-four hour later, culture is immersed for a few days (24–72 h) to allow

contraction. (3) Following immersion, the formerly epidermal side of the dead dermis is seeded with keratinocytes and melanocytes. (4) Culture

is then immersed for a few days (up to 72 h) to allow cell proliferation. (5) Epidermis is then placed on grid at air–liquid interface resulting in

keratinocyte differentiation and formation of horny layers. (6) As seen macroscopically, if melanocytes are included in reconstruction, the

reconstructed epidermis (RE) is more pigmented. (7) Histology and immunohistology can be done on formalin-fixed, paraffin-embedded RE to

verify the architecture of the epidermis or assess the expression of various proteins/markers. The panels show the general morphology of

epidermis reconstructed with keratinocytes, keratinocytes + melanocytes and keratinocytes + melanocytes + fibroblasts following staining with

haematoxylin and eosin. (b, c) Skin humanized mouse models. (b) In vivo human epidermal reconstruction can be carried out by grafting either

human skin samples or skin equivalents reconstituted using the methods explained above onto the back of mice. The left panel shows the graft of

human skin samples on the back of mice. The right panel indicates the macroscopic aspect of chimeric skin 1 month after graft. (c) In vivo human

epidermal reconstruction can also be performed by adding a slurry containing human keratinocytes and fibroblasts into a silicone chamber

implanted on the back of severe combined immunodeficiency mouse muscle fascia (left panel). The middle panel shows histology of humanized

epidermis formed on the back of mice. In this experiment human keratinocytes transduced with a viral vector expressing green fluorescent protein

(GFP) have been used. GFP expression is detected in epidermal part of regenerated human skin (right panel).
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cells (ESCs) are morphologically and functionally similar to

those of mature skin cells.

Epidermal stem cells and their regulation

At least three major stem cell populations are involved in epi-

dermo-annexial regeneration: the hair follicle bulge, the seba-

ceous gland and the basal layer of interfollicular epithelium.92–

94 They can be distinguished on the basis of their marker

expression patterns. Briefly, hair follicle bulge stem cells express

K15, CD34, Lgr5 and K19, in addition to transcription factors

Sox9 and Lhx2;91 sebaceous gland stem cells express the tran-

scriptional repressor, Blimp195 and interfollicular epithelium

stem cells express elevated levels of a6 and b1 integrins and EGF

receptor.89 Because these stem cells are responsible for main-

taining skin integrity and hair folliculogenesis,92,96 the focus of

recent studies has been the identification of stem cell popula-

tions and characterization of the molecular signals that govern

regeneration of the epidermis and hair follicles. To this end, ex

vivo transplant and grafting experiments on the backs of mice

have been widely used. These experiments showed that the

bulge area contains different stem cell populations that are able

to generate hair follicles, sebaceous glands and epidermis.97–99

Concerning the molecular regulation of hair stem cells, trans-

planted skin graft methods uncovered intrafollicular (short-dis-

tance niche) and interfollicular (long-distance niche including

dermis, subcutaneous fat and adjacent follicles) microenviron-

ments affecting the activity of these cells. In fact, stem cells are

regulated by interaction between activators as well as inhibitors

arising from the interfollicular and intrafollicular environment.

Specifically, components of the wingless-type/b-catenin, sonic
hedgehog, and TGF-b/bone morphogenetic protein pathways

appear to be particularly relevant to epidermal stem cell func-

tion.92,96,98,100–103 These experiments also showed that hair

cycling in transplanted hair follicles was affected by the

surrounding host skin, indicating that an interaction occurs

between grafted skin, donor and host skin.100

Dermal stem cells

Recent studies suggest that a cell population within the dermal

papilla of hair follicles, which expresses somatic stemness

marker SOX2, may function as adult dermal stem cells

(DSCs).104–109 Rodent hair follicle-derived dermal cells can

interact with local epithelia and induce de novo hair follicles in

a variety of hairless recipient skin sites.110–114 However,

human dermal papilla cells failed to recapitulate this procedure

under the same conditions, suggesting that human cells lose

some key properties during the culture period. Recently, it

was shown that if human dermal papilla cells are grown as

spheroids, they can induce de novo hair follicles in human

skin.115 This study suggests novel treatment possibilities for

cicatricial alopecia.

Li et al. have demonstrated a direct differentiation of DSCs

into melanocytes. These melanocytes act in the same way as

mature epidermal melanocytes upon incorporation into RE.

They are able to migrate to the BM, produce pigment

and express appropriate melanocytic markers such as MITF,

tyrosinase, tyrosinase-related protein 1, gp100 (human mela-

noma black 45) and E-cadherin.116,117

Researchers have also demonstrated that perivascular sites in

the dermis may act as a mesenchymal stem cell (MSC)-like niche

in human skin.118 SE models have been used to define the role

of MSCs in epidermal regeneration. Ma et al. have reported that

MSCs are able to proliferate and form a multilayered epidermis

when seeded on top of a contractible fibroblast-embedded colla-

gen gel.119 Expression of two major epidermal markers (keratin

10 and filaggrin) revealed further similarity to epidermal line-

age.119 When incorporated into a dermal substitute, it has been

shown that skin-derived MSCs are able to grow and proliferate

efficiently120 and provide a microenvironment that supports

keratinocyte attachment, proliferation and differentiation similar

to normal fibroblasts. However, these cells failed to transdiffer-

entiate into epidermal lineages.121

Skin cells derived from induced pluripotent stem cells

and/or embryonic stem cells

It has been shown that iPSCs and ESCs can be differentiated

into keratinocytes, fibroblasts or melanocytes.122–128 Seeded

on dermal substitutes, ESC- and iPSC-derived keratinocytes

have been shown to form a pluristratified epidermis.124–126

Hewitt et al. have shown that iPSC-derived fibroblasts are simi-

lar to dermal fibroblasts in the establishment of the BM, which

supports keratinocyte proliferation and differentiation upon

incorporation into SE.127 Both human ESC- and iPSC-derived

melanocytes are able to migrate to the BM and produce

melanin upon incorporation in RE.128

Skin equivalents in wound healing and clinical
applications for patients with burns

SEs can be used to characterize some aspects of the wound-

healing process. In vitro ‘scratch’ wound models using 2D

monolayer cultures are, in fact, very limited for such studies.

These cultures are helpful for studying only keratinocyte pro-

liferation and migration in response to wounding, but cannot

be used to investigate epidermal–dermal or epithelial–mesen-

chymal cross-talk during wound repair.129–131 Growing evi-

dence indicates that in vitro wound-healing models are similar

to in vivo models in many aspects, including proliferation,

migration and expression of growth factors (e.g. TGF-b1 and

platelet-derived growth factor-b) in addition to cytokine secre-

tion [e.g. interleukin (IL)-1a, IL-6, tumour necrosis factor-

a].129,132–136 Collectively, these results indicate that REs are

valuable models for studying the chronology of re-epithelial-

ization, cell proliferation, migration, differentiation and cell–
cell cross-talk. Because these models can be used to modify

various factors (e.g. medium components and types of incor-

porated cells),137 they are very useful for understanding the

roles played by individual cellular processes and the signalling

pathways that drive tissue repair.
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Although very valuable models, in vitro SEs lack the com-

plexity associated with wound-healing mechanisms in native

tissues. To study molecular mechanisms of tissue regeneration

in a complex system, many researchers are now using rat and

mouse models with limitations.138 Several lines of evidence

indicate that SEs grafted or implanted onto athymic mice

represent more appropriate models for studying wound heal-

ing. Indeed, data obtained with this system showed that

re-epithelialization progressed at a similar rate to human

wounds139–141 and that the phenotype of wounded keratino-

cytes is consistent with human wound-healing physiology.142

Covering the wound area as quickly as possible is one of

the most crucial issues in improving the treatment of patients

with deep burns. Acellular cadaver skin and fresh porcine skin

have been used to treat large burn injuries.143,144 However,

the drawbacks of these strategies, notably the difficulties asso-

ciated with their handling and disease transmission in addition

to the possible risk of rejection and infection, have limited

their use.44,46,145 The application of skin reconstructs using

collagen alone or collagen with skin cells has been shown to

be of some benefit for patients with burns.146–148 Guenou

et al. reported that RE with human ESCs have a structure con-

sistent with that of mature human skin 12 weeks after grafting

onto immunodeficient mice, suggesting that this resource

could be developed to provide temporary skin substitutes for

patients awaiting autologous grafts.124 Several studies have

demonstrated that grafts of skin substitutes populated with

MSCs accelerate wound healing.149,150

Skin equivalents in photodamage and
photoprotection studies

As a relatively simple model that could mimic the in vivo situa-

tion, SEs are used to investigate skin responses to UV irradia-

tion. As with human skin, the major effect of UVB on RE is

the formation of sunburn cells,151 while the disappearance of

superficial fibroblasts due to the UVA-induced cell death is the

major effect of UVA on dermis.152,153 It has also been shown

that keratinocyte differentiation markers are downregulated at

early time points after UVB exposure. These downregulated

markers are restored when SEs are maintained in culture for a

longer period.153 The involvement of melanocytes in photo-

protection has been widely studied by using SE technol-

ogy.36,154,155 The possibility of using genetically modified

keratinocytes, melanocytes and fibroblasts renders these SEs

powerful tools for studying cell signalling pathways in addi-

tion to autocrine and paracrine factors regulating skin

responses to UV irradiation.33,156–160 SEs are also a resource

for evaluating the protective effects of topically applied prod-

ucts such as sunscreens.76,152,161–163 A point that should be

considered, especially when the aim of study is the evaluation

of a topical application or a repetitive treatment, is the absence

of desquamation in in vitro SEs.164

One of the consequences of chronic UV irradiation is

photoageing. SEs have been used to reveal biological modifica-

tions in epidermal and dermal compartments during this

process. For instance, RE using preglycated collagen as a der-

mal substitute led to an increased expression of extracellular

matrix molecules (e.g. type III procollagen), the synthesis of

metalloproteinases [e.g. matrix metalloproteinase (MMP)-1,

MMP-2, MMP-9] and BM molecules (e.g. type IV collagen),

in addition to the modification of the expression patterns of

a6 and b1 integrins in epidermis, which are highly relevant

for the in vivo study of aged skin.165,166 Interestingly, glyca-

tion is a nonenzymatic reaction that takes place between free

amino groups in a protein and a reducing sugar, such as

glucose or ribose. The formation of these bridges between

dermal molecules is thought to be responsible for loss of elas-

ticity and other properties of the dermis observed during age-

ing.165,166 In agreement with this finding, when using in

vitro skin reconstructed with keratinocytes derived from several

human donors of different ages, the age of the donor was

found to have a significant effect on the epidermal architecture

and the expression pattern of p16INK4A, a biomarker of cellu-

lar ageing in human skin.167–169

Skin equivalents and modelling of diseases

Human reconstructed skin, which mimics many morphologi-

cal and molecular characteristics of normal human skin, has

been used for modelling various skin diseases such as psoria-

sis, genodermatoses (e.g. epidermolysis bullosa and xeroderma

pigmentosum) and vitiligo.

• Psoriasis has been modelled by using keratinocytes from

patients with psoriasis,170,171 inhibition of transglutamin-

ase,172 addition of lymphocytes173 or stimulation using pro-

inflammatory cytokines.174,175 Results indicate that

in vitro reconstructed skin models, which display the molec-

ular characteristics of psoriatic epidermis, are relevant for

studying the biology of this disease and for screening anti-

psoriatic drugs.170,174,175 Future studies including incorpo-

ration of other cell types such as T cells could provide

important insights into the interactions between cell types

in psoriasis.

• In recessive dystrophic epidermolysis bullosa, which is

due to mutations in the COL7A1 gene, in vitro REs

composed of patient-derived keratinocytes and/or fibro-

blasts have been proposed for modelling this disease.176

Patient-specific induced iPSCs have also been used for this

purpose.125,126 These SEs provide significant advantages

for testing preclinical strategies including cell- and gene-

based therapy.177,178

• For xeroderma pigmentosum (XP), a rare autosomal reces-

sive disorder of DNA repair, SEs reconstituted with kerati-

nocytes and/or fibroblasts taken from patients with XP

mimic features of the disease (i.e. DNA repair deficiency,

UV sensitivity, predisposition to cancer and deficiency in

catalase activity).160,179,180 Indeed, the XP model displayed

repair deficiency with long-lasting persistence of

UV-induced DNA damage and p53-positive nuclei upon

exposure to UVB, unlike the normal SE, which efficiently

repaired UVB-induced DNA lesions.180 Furthermore, ex vivo
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gene therapy for XP-C cells has been tested using in vitro

SEs and SEs grafted onto mice. Results showed that cor-

rected XP-C keratinocytes exhibited efficient DNA repair

capacity and normal features of epidermal differentiation

in both models.181

• Vitiligo, the most common depigmenting disorder, is an

acquired disease characterized by progressive loss of mela-

nocytes.182 RE reconstructed with normal keratinocytes and

melanocytes from vitiligo showed that vitiligo melanocytes

present a defect in adhesion and that this deficiency is

amplified if vitiligo keratinocytes are also incorporated into

reconstructs.183 This suggests an intrinsic defect in melano-

cytes and possibly in the keratinocytes of patients. Further-

more, some stress conditions (e.g. adrenaline or oxidative

stress) could trigger the transepidermal loss of normal and

vitiligo melanocytes.183 As already mentioned, one of the

mechanisms by which melanocyte basal location is ensured

is DDR1–type IV collagen interactions. To test whether defi-

ciency in DDR1 or the connective tissue growth factor

(CCN)3, which regulates DDR1,66 is implicated in vitiligo,

their endogenous protein expression was inhibited using

lentivirus-mediated expression of shRNA against DDR1 or

CCN3. CCN3 downregulation prevented melanocyte attach-

ment, unlike inhibition of DDR1 expression.184 This model

can reproduce hypo- and hyperpigmentary disorders associ-

ated with melanocyte defects and can highlight dermal

influences on the pigmentary phenotype. SEs have been

used in our laboratory for modelling in vitro the hypo- and

hyperpigmentary disorders associated with lentigo senilis,81

systemic scleroderma and melasma (Y. Gauthier, S. Lepreux,

A. Ta€ıeb, M. Cario-Andr�e, unpublished data).

Limitations of human in vitro and in vivo
reconstructed epidermis and perspectives

With the improvements achieved in recent years, SEs have

become an indispensable tool for investigative dermatology,

especially for addressing (i) skin homeostasis and the molecu-

lar mechanisms that govern different cell types and their inter-

actions, (ii) skin repair, specifically the signalling pathways

that drive this process, (iii) skin regeneration, by understand-

ing the properties and the behaviour of the skin stem cells

residing in various niches and (iv) skin diseases, by modelling

these diseases using cells from patients or genetically

engineered ones to reproduce molecular defects.

However, these models are still perfectible for several essen-

tial reasons:

• As blood flow is not present in in vitro reconstructs, this

negatively influences cell nutrition and metabolism, a bias

limited by optimal medium composition and renewal.

However, securing a vascular bed would provide an opti-

mal environment for immune cells, which are difficult to

maintain in SEs. Lastly, this vascular bed would facilitate

the incorporation of MSCs in order to study their effects

in skin biology.

• Having a functional immune system in RE remains a major

objective. Although mouse models have efficiently

advanced our knowledge about basic immunological

mechanisms, they cannot address all questions concerning

human skin immunology. Despite the many preserved

features between the human and mouse immune systems,

several studies have highlighted important differ-

ences.185,186 This could explain why some protocols for

treating autoimmune diseases or cancer immunotherapy

work well in mice but have not been successful in human

trials.187 The incorporation of immune cells in in vitro RE

has been tried with some success by various

groups,163,188–190 but a well-established and reproducible

protocol is not currently available. Therefore we need to

make greater efforts to overcome this obstacle in the

future.

• Epidermal reconstructs lack neuronal cells. The sensitivity

of the skin is due to the presence of sensory neurons that

transmit tactile, proprioceptive, chemical and nociceptive

sensations. Several reports have shown that the density of

sensory neurons ending in the epidermis is increased in

immune skin diseases such as psoriasis and atopic dermati-

tis.191–194 Therefore, incorporation of neurons would be

of great benefit for investigating skin reactions in detail

after specific stimulation and the interconnection between

all resident skin cells.

As humanized mouse models will not be useable for many

research aspects for ethical reasons, cell-scaffold technology

with its new generation of skin substitutes is an emerging field.

This technology has the potential to meet the engineering

challenges posed by the complexity of skin.
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Conclusion and Perspectives 

Growing body of evidence suggests a key role for cellular energy balance in the process of 

aging and carcinogenesis as well. Since mitochondria generate a large amount of energy by 

oxidizing nutritional carbohydrates (TCA cycle) and fats (β-oxidation), any dysfunction in 

this machinery may eventually lead to a variety of diseases in particular age-related disorders 

and cancers. 

As discussed in previous sections, a wide variety of factors including extrinsic and intrinsic 

stressors such as ROS, oncogenes, tumor suppressors (intrinsic) and UV irradiation and 

chimio-phisical stress (extrinsic) as well can influence mitochondrial metabolism. In this 

regard, numerous protective mechanisms have been evolved for eliminating the extra and 

intracellular damages. Endogenous metabolizing and antioxidant enzymes, DNA repair, cell 

cycle checkpoints, apoptosis, autophagy and immune system are among those mechanisms 

which all attempt to minimize damage effects. Any disruption or escape from these cellular 

defense systems could bring various disorders such as premature aging and cancer. In the 

present research project, we aimed to investigate the role of oxidative and energy metabolism 

in skin aging and UVB-induced skin cancer. 
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Metabolic 
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1. NOX, NOX inhibitor and Aging

To better understand the impact of oxidative and energy metabolism on aging, in the first part 

of my work we used a transgenic mice model (XPC knockout mice) to find a link between 

genetic instability, ROS generation and metabolism alteration in process of aging in particular 

premature skin aging. 

Several studies have reported a decline in mitochondrial respiration and mitochondrial energy 

metabolism, increased steady-state of ROS levels and  abundance of mtDNA damages during 

aging processes (Hosseini et al. 2014a, 2014b; Sanches Silveira and Pedroso 2014).  

There are two main accepted theories on aging known as programmed and damage/ error 

theories. The programmed theory explains that aging follows a biological timetable with 

linking aging to the length of telomeres and telomerase activity as well (JIN 2010). The 

damage or error theory elucidates how environmental assaults result in progressive 

accumulation of damages at various levels. Among five sub-categories of damage theory, 

theory of free radicals is considered as the most important according to the role of these 

agents in cellular signaling pathways. This theory proposes that superoxide anion and other 

free radicals induce damage to macromolecules. Excessive amount of oxidative damages can 

lead to the failure of cellular repair and maintenance systems (JIN 2010).  

Igor Afanas’ev in his review suggests that ROS signaling pathway is possibly the most 

important enzyme/ gene pathway responsible for the development of cellular senescence and 

aging (Wallace 2005; Wei et al. 2009; Afanas 2010; Rezvani et al. 2011a).   

As described in the first chapter, among several pathways involved in ROS generation 

NADPH oxidases (NOXS) are the only known enzymes which are dedicated solely to ROS 

generation. The expression of these families of oxidases is tissue specific.  
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Fig.24. NOX enzymes as validated therapeutic targets (Altenhöfer et al. 2014). The role of 

each NOX has been shown in mentioned diseases. Partial validation of the mentioned disease 

model in knockout animals or by using NOX inhibitors (dashed lines). Full validation based 

on both knockout animals and NOX inhibition or knowledge on mutations leading to human 

disease (full lines). CGD, chronic granulomatous disease; I/R, ischemia-reperfusion 

(Altenhöfer et al. 2014). 

As previously explained, NOX family members are different in tissue distribution and 

function (Figure 24, Table3). Thus, developing specific inhibitors for these members would 

be of benefit in clinical applications.     
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1.1. NOX Activity in Carcinogenesis 

Multiple genetic and epigenetic alterations (HITS) are the major causes of cellular 

transformation. These processes could lead to over expression of NOX complexes and 

subsequently increase the NOX-derived reactive oxygen species (ROS). It has been shown 

that excess in ROS can lead to an uncontrolled cell proliferation and decreased apoptosis 

(Block and Gorin 2012a). Afterwards, increase in uncontrolled cell proliferation gradually 

would build the tumor mass. In tumors with a diameter between 1-2 mm, NOX complexes 

sense a reduced level of oxygen level. Accordingly, in order to supply the required cellular 

oxygen, NOXs would mediate the activation of angiogenesis. NOX complexes can facilitate 

tumor invasion and metastasis by regulating the extracellular fluid surrounding the tumor 

environment.  

Fig.25. The role of NOX complexes and NOX-derived ROS in the progression of 

carcinogenesis (Block and Gorin 2012a). 
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Signaling pathways associated with upregulation of NOX are demonstrated in figure 26. The 

link between NOX activity and activation of oncogenese or inactivation of tumor suppressors 

has been confirmed in several studies(Block and Gorin 2012b; Altenhöfer et al. 2014). These 

studies have shown that any alterations in oncogenes or tumor suppressors influence NOX 

activity and lead to tumorigenesis by deregulation of cell growth, angiogenesis and apoptosis 

pathways, afterwards. 

Fig.26. Integration of NOX oxidase-derived ROS with the hallmarks of cancer (Block 

and Gorin 2012a). 

1.2. NOX Inhibitors 

After failure in most of the antioxidant clinical trials, NOX inhibitors appear to be the most 

promising therapeutic option for disorders associated with oxidative stress such as aging 

(Altenhöfer et al. 2014). 
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The potential of NOX inhibitors as a real therapeutic target has been determined following 

construction of the first NOX knockout (KO) mice model. This mice model was a NOX2 KO 

with more susceptibility to infections as a result of the loss of oxygen-dependent killer 

mechanism (Pollock et al. 1995). Later, other NOX KO models were created in order to better 

understand the role of each complex on clinical disorders. 

DPI (diphenyleneiodonium) and Apocyanin are widely used as NOX inhibitors to inhibit 

these enzymes in several disorders. Due to their non-specific effects, it is not possible to 

determine the specific role of each complex separately after the administration of the drug.   

Following scheme presents the current inhibitors of NOXs and their specific inhibition sites. 

Non-specific inhibitors of NOX are illustrated in red font, recommended inhibitors in white 

on a red background and partly recommended inhibitors in red on a pale red background 

(Altenhöfer et al. 2014; Hosseini et al. 2014b).  

Fig.27. Different Types of NOX Inhibitors and their Specific Site of Action (Altenhöfer et 

al. 2014). 

InhNOX 
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Our team has already demonstrated that over expression of NOX1 is the principle responsible 

element for excess of ROS generation in XPC deficient cells (Rezvani et al. 2011b; Hosseini 

et al. 2014b). NOX1 over-expression has been also reported in various cultured cancer cell 

lines and many disorders such as cardiovascular diseases.  Application of the current 

inhibitors of NOX1 had any significant inhibitory effect on ROS generation. 

In order to reduce NOX1-mediated ROS generation and their respective damage in XPC 

deficient cells, our team used to investigate the development of a specific inhibitor against 

NOX1. Following examination of several different peptides, we pinpointed one efficient 

peptide inhibitor which impedes the assembly of NOX1A subunit (Activator) to NOX1O 

(Organizer). This novel peptide is considered to be helpful in prevention and/or treatment of 

cancer, atherosclerosis, angiogenesis and aging as well. In our recent study we showed that 

topic application of InhNOX  prevents premature skin aging in XPC-KO mice through 

inhibition of  ROS generation and alteration  of metabolism (Hosseini et al. 2014b). 

1.3. InhNOX for Cancer Therapy 

Rezvani and colleagues in 2011 demonstrated that NOX1 is the major source of ROS 

production in human kerationocytes XPC
KD 

(Rezvani et al. 2011b). To determine whether

increased ROS generation in XPC
KD

 cells can lead to tumorigenesis, cells were

subcutaneously injected to immunodeficient NOD/ SCID. Cells formed SCC tumors 17 weeks 

after the injection. In previous investigations of the tem, significant increase in  NOX1-

mediated ROS levels and an alteration in metabolism had been identified as the main cause of 

skin carcinogenesis (Rezvani et al. 2011b). 

 To find out if InhNOX could reduce the UVB-induced tumorigenesis in XPC deficient mice, 

we used to adminster the inhibitor on the back of the mice before each irradiation. As 

expected, InhNOX significantly reduced UV-induced carcinogenesis in SKH mice model. 

The reduced NOX-1 activity in InhNOX-treated mice also led to alteration of several 

pathways in specific metabolism and DNA repair pathways (unpublished data).   

Our published and unpublished data on the role of NOX in skin aging and carcinogenesis 

suggest that NOX1 complex can be considered as a promising target in cancer therapy and 

prevention of premature aging. Moreover, InhNOX as a specific inhibitor for NOX1 activity 
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presents great therapeutic potential in the treatment of disorders associated with NOX1-

related oxidative stress. 

2. Energy Metabolism in UVB-induced Skin Cancer

In the latter part of the thesis, the focus was on the relationship between metabolism 

remodeling and carcinogenesis. Based on Warburg effect, malignant cells have an increased 

rate of glycolysis. In addition, a large number of studies have confirmed an elevated flux in 

the pentose phosphate pathway, high rates of glutamine consumption and reduction of 

autophagy and apoptosis levels in transformed cells as well. Beside changes in catabolic 

pathways, malignant cells (as highly proliferative normal cells) also develop a few anabolic  

pathways including biosynthesis of fatty acids, nucleic acids and proteins (Galluzzi et al. 

2013). 

Fig.28. Overview of metabolic alterations in malignant cells (Galluzzi et al. 2013). 
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Excessive rate of lipid synthesis has been reported in a wide variety of precursor lesions and 

tumors. Fatty acid synthase (FASN) is one of the most important key metabolic enzymes 

involved in this path. This enzyme catalyzes the synthesis of palmitate and the last step of FA 

synthesis as well. Alteration of FASN function has been indicated in almost all malignant 

cells. Recent studies suggest that evaluation of FASN over expression can be used as a 

diagnostic test in estimating the recurrence risk of human cancers. Inhibition of FASN is 

identified as an effective strategy to reduce the cancer development  (Dang 2012). 

As already mentioned, the pathway of nucleic acid biosynthesis is another anabolic pathway 

which increases during carcinogenesis. Inhibition of nucleic acid synthesis in malignant cells 

is considered as an effective strategy in cancer therapy. The known molecules used for 

reducing nucleic acid synthesis in this regard include: i) Methotrexate and pemetrexed which 

inhibits folate metabolism, ii) 5-Fluorouracil which acts through the inhibition of thymidine 

synthesis, iii) Hydroxyurea which blocks deoxynucleotide synthesis, iv) Gemcitabine and 

Fludarabine which are inhibitors of nucleic acid elongation. 

These molecules reduce carcinogensis but also affect highly proliferative cells by their 

toxicity. 

According to the literature, a part of de novo synthesis of pyrimidines is dependent on the 

mitochondrial respiratory chain since dehydroorotic acid dehydrogenase (DHODH) reduces 

CoQ which is located on ETC. Therefore any change in ETC activity can directly influence 

the biosynthesis of nucleic acids. In 2013, Fang et al. (Fang et al. 2013) showed that 

knockdown of DHODH leads to the cell growth retardation and deficiency in pyrimidine 

synthesis. They found that depletion of DHODH ultimately results in mitochondrial 

dysfunction.  

Since damaged cells need a large amount of energy in order to serve various cellular pathways 

such as defense mechanisms including DNA repair system, apoptosis, autophagy, mitophagy 

and many others, ETC is considered as the best supplier of ATP. Accordingly, Over-

activation of ETC and higher production of ATP as the result could increase the rate of de 

novo synthesis of pyrimines.  

Up-regulation of DHODH has been reported in many disorders such as cancer, autoimmunity, 

malaria, rheumatoid arthritis and psoriasis. DHODH has been shown to be an ideal target for 

cancer therapy (Vyas and Ghate 2011). In this study, we depleted DHODH activity by using 

Tfam mice model. Our results have shown that deficiency in DNA repair or other defense 



188 

mechanisms as a result of ETC deficiency ultimately lead to a dramatic rise in UVB-induced 

precancerous lesions in Tfam deficient mice.  

Fig.29. Nucleogenesis: Dihydroorotate dehydrogenase( from 

http://www.metabolicdatabase.com) 

2.1. Targeting Cancer Metabolism 

In the last two decades, a great deal of research has been conducted to understand the link 

between metabolic alterations and tumorigenesis. As detailed in my review article on 

metabolism and cancer, activating or deactivating bioenergetic pathways and anabolic 

metabolism are ideal targets for cancer therapy as they are the main affected pathways in 

carcinogenesis. Promising metabolic targets for cancer therapy are depicted in figure 30 and 

my review article on metabolism and skin cancer.  
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Fig.30. Metabolic Targets for Cancer Therapy. Green: Targets in clinical phase, Blue: 

Targets in preclinical, Red: To be considered as future targets (Galluzzi et al. 2013).  

2.2.  Combination Therapy 

As suggested by Hanahan and Weinberg (Hanahan and Weinberg 2011), inhibition of 

metabolism alteration can be considered as a therapy for cancer. In the present study, we 
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report that UVB irradiation would promote metabolic alterations. In fact, irradiated cells 

reprogram their energy metabolism systems in order to adapt themselves to new conditions.  

Evidently, cells discover new ways to respond thoroughly to the UVB-induced damage by; 

i) induction of  nucleotide synthesis to boost DNA repair, ii) triggering lipid synthesis to

induce cell differentiation and membrane synthesis and iii) supplying energy demands of the 

cell for clearance of the damage. These results indicate that cells have a huge capacity in 

adapting new conditions. Certainly, his adaptive capacity should be considered in cancer 

therapy. Indeed, due to the high degree of cancer clonal heterogeneity, cell signal complexity 

and intra-tumor genetic heterogeneity, inhibition of a single target alone, cannot be the best 

solution for the treatment of cancer. Cancer cells in case of abnormalities or blocked pathways 

have this potential to find other pathways for respond to their needs. 

Recently some research work using a combination of molecular-targeted agents (MATs) 

showed a great potential in this strategy in regard to cancer therapy. Advantage for this type 

of therapy is sure a definite reduced resistance to drug. Accordingly, in investigating effective 

combination treatment of cancer therapy, the most important cellular signaling pathways (i.e. 

VEGF, EGFR, MAPK, PI3K and mTOR) could be sure taken into account.  
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Fig.31. The main pathways involved in carcinogenesis (Hanahan and Weinberg 2011). 

Perspectives 

In general, over 10% of untreated Actinic Keratosis can develop into skin cancer. Currently in 

most of the cases, AK is treated with available therapies without taking any biopsy. Patients 

with multiple and confluent actinic keratoses (AKs) are highly susceptible to non-melanoma 

skin cancer. In order to estimate the recurrence rate of AK or evaluate the risk of tissue 

tumorigenesis for this purpose, we propose to measure the metabolic rate in biopsy samples as 

a diagnosis test. Moreover, we suggest to measure the metabolic rate in cancer biopsies. 

Having skin cancer can raise the risk for developing other cancers as well. In a small number 

of patients, cancer comes back either in the same skin area or nearby. It is noteworthy that, by 

measuring metabolic factors in cancer biopsies, we can prevent and treat cancer recurrences 

and estimate the recurrence rate of tumorigenesis in patients as well. 
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Abstract

p38 mitogen-activated protein kinases (MAPKs) respond to a wide range of extracellular stimuli. While the inhibition of p38
signaling is implicated in the impaired capacity to repair ultraviolet (UV)-induced DNA damage—a primary risk factor for
human skin cancers—its mechanism of action in skin carcinogenesis remains unclear, as both anti-proliferative and survival
functions have been previously described. In this study, we utilized cultured keratinocytes, murine tumorigenesis models,
and human cutaneous squamous cell carcinoma (SCC) specimens to assess the effect of p38 in this regard. UV irradiation of
normal human keratinocytes increased the expression of all four p38 isoforms (a/b/c/d); whereas irradiation of p53-deficient
A431 keratinocytes derived from a human SCC selectively decreased p38a, without affecting other isoforms. p38a levels are
decreased in the majority of human cutaneous SCCs assessed by tissue microarray, suggesting a tumor-suppressive effect of
p38a in SCC pathogenesis. Genetic and pharmacological inhibition of p38a and in A431 cells increased cell proliferation,
which was in turn associated with increases in NAPDH oxidase (NOX2) activity as well as intracellular reactive oxygen species
(ROS). These changes led to enhanced invasiveness of A431 cells as assessed by the matrigel invasion assay. Chronic
treatment of p53-/-/SKH-1 mice with the p38 inhibitor SB203580 accelerated UV-induced SCC carcinogenesis and increased
the expression of NOX2. NOX2 knockdown suppressed the augmented growth of A431 xenografts treated with SB203580.
These findings indicate that in the absence of p53, p38a deficiency drives SCC growth and progression that is associated
with enhanced NOX2 expression and ROS formation.
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Introduction

Exposure to solar ultraviolet (UV) radiation is a primary risk

factor for human skin carcinogenesis. In addition to its ability to

induce mutagenic DNA damage, UV radiation induces extensive

cellular damage through a variety of mechanisms, including

augmented production of intracellular reactive oxygen species

(ROS) [1]. Augmented ROS and consumption of physiological

antioxidants drive signaling mechanisms involved in tumor

promotion and progression [1–3]. Intracellular ROS are primarily

generated through aerobic metabolism or through a specialized

group of enzymes, known as the NADPH oxidases, in which NOX

is the catalytic subunit [4,5]. NADPH oxidase activity is associated

with several characteristic features of cancer, including genomic

instability, cell proliferation, survival, invasion, and metastasis [6–

8]. Of the seven distinct NOX enzymes (NOX1–NOX5, Duox1,

and Duox2) that are known to exist in humans, NOX1-induced

ROS has been implicated in oncogenic signaling in Ras-

transformed NIH3T3 cells [9]. Moreover, increases in NADPH

oxidase activity and NOX1 levels are observed in human

cutaneous squamous cell carcinomas (SCCs) and keratinocytes of

individuals affected with xeroderma pigmentosum C (XPC), an

autosomal recessive disorder that is associated with compromised

nucleotide excision repair that leads to accelerated development of

multiple types of skin cancer [10,11]. Despite the evidence

supporting the role of oxidative stress in skin cancer, the molecular

pathways involved in skin carcinogenesis are not fully understood.

p38 mitogen-activated protein kinases (MAPKs) are activated in

response to a wide range of extracellular stimuli, including among

others osmotic and thermal stress, growth factors, inflammatory

cytokines, and UV radiation. p38 influences various cellular

processes, including proliferation, differentiation, apoptosis, and

inflammation [12]. Four p38 MAPK isoforms have been

identified, including a, b, c, and d. Among these four isoforms,

p38a and p38b have overlapping functions; meanwhile, p38c and

p38d are structurally similar to each other, but distantly related to

both p38a and p38b [13] [14]. Furthermore, p38a and p38d are

abundantly expressed in epidermis, whereas p38b or p38c are

virtually undetectable in normal epidermis [15,16]. p38a has also

been shown to be responsive to UV irradiation and plays an

important role in the regulation of cell-cycle arrest and apoptosis

[17]. The exact role of p38a in cancer, however, remains
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controversial. Both anti-proliferative and survival functions of

p38a have been described [18–21]. For example, p38a can

negatively regulate cell cycle progression at both the G1/S and

G2/M transitions, via downregulation of cyclins and upregulation

of cyclin-dependent kinase inhibitors [18,19]. In contrast, pro-

survival roles of p38 have also been observed during the G2 DNA

damage checkpoint response, through the upregulation of the Bcl2

family proteins [20], or via induction of a quiescent state known as

cancer dormancy, which may be an important mechanism for

acquisition of drug resistance by cancer cells [21]. These dualistic

effects of p38a also occur in skin carcinogenesis. Autophagy-

associated decreased p38 phosphorylation enhances cell survival

and UVB-induced SCC carcinogenesis in murine models [22]. In

contrast, chronic UV irradiation of p38a-dominant negative (p38a
DN) mice diminished the growth of skin tumors [23]. The cause of

these disparate effects are not clear but interplay with other

signaling pathways, as well as the nature of p38 MAPK substrates,

could account for them [24]. For example, p38 activates the p53

tumor suppressor, and the p53 pathway is known to synergize p38

MAPK signaling, suggesting cross-talk between these two path-

ways [25]. Nonetheless, UV-induced mutational inactivation of

p53 is a common finding in sun-exposed skin, and the majority of

human SCCs harbor p53 mutations. Using p53-deficient SCC

keratinocytes and p53-/-/SKH-1 mice, we assessed the role of

p38a to explore the connection between p38a and NOX-

mediated ROS generation. Our results indicate that chemical

inhibition of p38 activity enhances UV-induced SCC growth in

p53-/-/SKH-1 mice, which is accompanied by increased NOX2

expression and elevated intracellular ROS levels.

Materials and Methods

Cells and Reagents
A431 human epidermoid squamous cell carcinoma (SCC) cells

were obtained from the American Type Culture Collection

(ATCC, Manassas, VA) and maintained according to ATCC

guidelines. Primary human keratinocytes isolated from neonatal

foreskin were obtained from Columbia University Skin Disease

Research Center (SDRC) tissue culture core facility and cultured

in 154CF medium supplemented with human keratinocyte growth

supplement (Life Technologies, Grand Island, NY). SB203580, a

pyridinyl imidazole inhibitor widely used to inhibit the biological

function of p38a/b [26–28], and diphenyleneiodonium (DPI), an

inhibitor of NADPH oxidase-mediated ROS formation, were

purchased from Sigma-Aldrich (St. Louis, MO). siRNA targeting

p38a coding regions and scrambled siRNA controls (con) were

obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

SB203580 was dissolved in DMSO for cell culture or in 0.5%

methylcellulose (Sigma-Aldrich) for oral administration to mice.

DPI was dissolved in dimethyl sulfoxide (DMSO) and added to cell

cultures at a final concentration of 2.5 mM. SCC tissue micro-

arrays (TMAs) were obtained from Imgenex (San Diego, CA).

siRNA transfection
A431 cells were transfected with 40 nM of p38a MAPK siRNA

or scrambled siRNAs using Lipofectamine RNAiMax (Santa Cruz

Biotechnology, Santa Cruz, CA). The efficiency of p38a
downregulation was assessed by RT-PCR and Western blotting

24 h–48 h after transfection.

qRT-PCR and Western blotting
Total RNA was isolated from whole skin or cultured cells using

the RNeasy Kit (Qiagen, Gaithersburg, MD) and treated with

DNase I (Life Technologies, Grand Island, NY) according to the

manufacturers’ protocols. Total RNA (2 mg) was then reverse

transcribed by Superscript III using random hexamer primers

according to the manufacturer’s instructions. Primers for each

gene are listed in Table 1. For Western blotting, protein was

isolated from whole skin or cultured cells following established

procedures [29]. Proteins were resolved on 4–15% SDS-PAGE

gels and blotted according to standard procedures using the

following primary antibodies: p38a, p38b, p38c, p38d, p-p38 and

cyclin D1 (Cell Signaling Technology, Danvers, MA), Cdc25C,

and phospho-c-Jun (Santa Cruz Biotechnology, Dallas, TX),

NOX2 (Abcam, Cambridge, MA), tubulin and b-actin (Sigma-

Aldrich, St. Louis, MO).

BrdU incorporation assay
A431 cell growth and proliferation following p38a siRNA-

treatment or scramble siRNA control (scr)-treatment were

analyzed by BrdU incorporation, following the manufacturer’s

instructions (BD Biosciences, San Jose, CA). For labeling, 24 h

after transfection, BrdU was added directly to the cell culture to a

final concentration of 100 mM, and cultures were incubated for

another 24 h, at which point cells were harvested, fixed,

permeabilized, treated with DNase I, and stained with a FITC-

conjugated anti-BrdU antibody (BD Biosciences, San Jose, CA).

Fluorescence intensity was measured using a fluorescence plate

reader.

Cell invasion assay
The invasiveness of p38a-depleted and control SCC cells was

assessed using BD BioCoat Matrigel Invasion Chambers, following

the manufacturer’s instructions (BD Biosciences, San Jose, CA).

Briefly, 16105 cells/well were plated onto the six-well plate and

allowed to grow overnight at 37uC. Cells invading the matrigel

were stained and counted.

Measurement of intracellular ROS
Intracellular ROS was assessed using a cell-permeable fluoro-

genic probe, 29,79-dichlorofluorescein diacetate (CM-H2DCF-DA)

dye (Life Technologies), which detects hydrogen peroxide

production. Briefly, 48 h following transfection of the p38a
siRNA or scrambled siRNA into A431 cells, CM-H2DCF-DA

was added to the cells at a final concentration of 5 mM and

incubated for 15 min at 37uC in the dark. CM-H2DCF-DA is

oxidized by cytoplasmic ROS to a green fluorescent CM-DCF

compound. After 2 washes with PBS, cells were detached by

trypsin-EDTA and immediately analyzed by flow cytometry;

16104 cells were collected and analyzed for each sample.

Measurement of NADPH oxidase activity
NADPH oxidase activity was measured in plasma membranes

obtained from A431 cells or tumor tissues. Specimens were

incubated in hypotonic buffer supplemented with protease

inhibitor cocktails (Sigma-Aldrich, St. Louis, MO) for 30 min on

ice. Following sonication, the homogenate was centrifuged at

10006g for 15 min at 4uC. The supernatant was collected and

centrifuged at 12,0006g for 1 h at 4uC. The pellet consisting of

crude membranes was resuspended in 50 ml 16PBS supplement-

ed with 0.9 mM CaCl2 and 0.5 mM MgCl2. After adding 200 ml

of solution containing 0.8 mM glucose, 2 mM luminol and

500 U/ml horseradish peroxidase, the reaction mixture was

incubated for 1 min at 37uC. Following the addition of 10 ng/

ml of phorbol myristate acetate (PMA), the RLU of chemilumi-

nescence were recorded every 30 seconds for a total of 90 minutes

at 37uC using a luminometer.

p38a MAPK Deficiency Augments Oxidative Stress

PLOS ONE | www.plosone.org 2 May 2014 | Volume 9 | Issue 5 | e97245



Table 1. Primer sequences for real-time PCR.

Forward (59-39) Reverse (59-39)

GAPDH (human) AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA

p38a (human) TCAGTCCATCATTCATGCGAAA AACGTCCAACAGACCAATCAC

p38b (human) AAGCACGAGAACGTCATCGG TCACCAAGTACACTTCGCTGA

p38c (human) CATGAGAAGCTAGGCGAGGAC CAGCGTGGATATACCTCAGCC

p38d (human) GCCGAGATGACTGGCTACG TGGTCCAGGTAATCTTTCCCC

Nox2-1st (mouse) ACCCTTTGGTACAGCCAGTG TTGCAATGGTCTTGAACTCG

Nox2-2nd (mouse) CCTTTGCCTCCATTCTCAAG GTGCACAGCAAAGTGATTGG

doi:10.1371/journal.pone.0097245.t001

Figure 1. p38a MAPK expression is diminished in UV-irradiated A431 SCC keratinocytes and human SCCs. UV decreases p38a
expression in A431 cells. The mRNA levels of p38a, b, c, and d were determined by real-time qRT-PCR in normal human keratinocytes (NHK) and
human A431 cells, 24 h after UV irradiation (30 mJ/cm2).; The data shown are from a representative experiment of three different sets of independent
experiments using keratinocytes derived from independent donors. *p,0.05. (B) The levels of p38 isoforms in A431 cells were assessed by Western
blotting, 24 h after UV irradiation at the indicated UV doses. b-actin was used as an internal loading control; 50 mg protein was loaded per lane. (C)
Immunohistochemical analyses of p38a in human cutaneous SCCs. p38a expression in cutaneous SCC tissue arrays containing 35 SCC sections and
nine normal skin sections was analyzed by immunohistochemical staining. The signal intensity and the extent of staining were quantified using the
pixel analysis function of Adobe Photoshop. Two SCC samples were excluded from the following statistical analysis, due to excessive infiltrations of
p38a-positive lymphocytes in the tumor tissues. The resulting pixel values from each image were subjected to an unpaired t-test with Welch’s
correction by using GraphPad Prism software, to determine the statistical significance of the difference between the SCC sample and normal skin
sample groups. *: p = 0.014. (D) Representative immunohistochemical staining of p38a. (a) Moderately differentiated and (c) well-differentiated
cutaneous SCCs; (b and d) tumor-adjacent skin of (a) and (c), respectively; Representative immunohistochemical staining of phospho-p38. SCC (e) and
its tumor-adjacent skin (f). Arrows indicate positive staining.
doi:10.1371/journal.pone.0097245.g001
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Immunohistochemical (IHC) staining and quantification
Skin SCC tissue arrays (TMAs, Imgenex, IMH-323) were used

in the immunohistochemical assessment of p38a. Sections were

treated with Antigen Unmasking Solution (Vector Labs, Burlin-

game, CA) prior to incubation with primary antibodies and

detection with DAB, as previously described [29] [30]. Images

were obtained using an Axioplan2 microscope. The signal

intensity and the extent of staining were quantified using the

pixel analysis function of Adobe Photoshop. The resulting pixel

values from each image were subjected to an unpaired t-test with

Welch’s correction by using GraphPad Prism software, to

determine statistical significance.

UV light source
A UV Irradiation Unit (Daavlin, Bryan, OH), equipped with an

electronic controller to regulate the dosage, was used. The UV

source consisted of eight FS72T12-UVB-HO lamps that emit

UVB (290–320 nm, 75–80% of total energy) and UVA (320–

380 nm, 20–25% of total energy). A UVC sensor (Goldilux UVC

Probe, Oriel, Stratford, CT) was routinely used during each

exposure to confirm lack of UVC emission. The UV dose was

quantified with a UVB Spectrum 305 Dosimeter obtained from

Daavlin. The radiation was further calibrated with an IL1700

Research Radiometer/Photometer from International Light

(Newburyport, MA).

Tumor study in p53-/-/SKH-1 mice
p53-/-/SKH-1 mice were generated as previously described [31]

by crossing eight-week-old female non-agouti p532/2 mice (B6/

C57BL/6J-Trp532/2, Jackson Laboratories, Bar Harbor, ME)

with SKH-1 males (Charles River Laboratories, Wilmington, MA)

to generate littermates heterozygous for p53. These mice were

then backcrossed for 11 generations to SKH-1 mice to minimize

the C57BL/6 genetic background, and a colony of p532/2/SKH-

1 mice (F14–F16) were utilized for the tumorigenesis studies. Male

or female 8–9 week-old p53-/-/SKH-1 mice were divided into four

groups: Mice in Groups I and II received either 0.5%

methylcellulose by gavage or UV irradiation (180 mJ/cm2),

respectively. Mice in Group III received SB203580 (50 mg/kg

body weight in 0.5% methylcellulose, gavage) and mice in Group

IV received both UV irradiation and SB203580. SB203580 and/

or UV irradiation were applied twice per week for a total of 22

weeks. Tumors were counted weekly once they reached 2 mm in

diameter. At week 22, all mice were sacrificed, their dorsal skin

removed, and tumors were harvested and collected for analysis.

Xenografts of A431 cells
NOD/Shi-scid IL2rgamma(null) (NOG) mice were divided into

four groups of six mice each. Groups I and II received 0.5%

methylcellulose by gavage. Mice in Group III and IV received

SB203580 by gavage (50 mg/kg body weight in 0.5% methylcel-

lulose, three times per week for six weeks). Three days after

starting the drug administration, A431 cells transduced with

control vector (shCTRL) (36104 cells in 100 ml matrigel) were

subcutaneously injected into mice in groups I and III, while mice

in groups II and IV received NOX2 knockdown A431 cells

(shNOX2). Tumor growth was measured every five days for 40

days.

Ethics Statement
The tumor study in p53-/-/SKH-1 mice was carried out in strict

accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of

Health. The protocol was approved by Columbia University

Institutional Animal Care and Use. The xenograft study was

performed at the University de Bordeaux; the protocol was

approved by the animal ethics committee there. All efforts were

made to minimize suffering in experimental animals.

Statistics
Statistical analyses were performed using the Student’s t test (two-

tailed) or 1-way ANOVA tests, followed by post-hoc Tukey’s tests.

P,0.05 was considered significant. Results are presented as mean

6 SD. Statistical analyses for TMAs were performed using an

unpaired t-test with Welch’s correction by using GraphPad Prism

software, to determine the statistical significance of the difference

between the SCC sample and the normal skin sample groups.

Results

Differential regulation of p38a MAPK expression in
normal human keratinocytes (NHK) and A431 SCC cells
following UV irradiation

In previous studies, we showed that acute UV irradiation of the

skin of SKH-1 mice activates p38 MAPK signaling, which

Figure 2. p38a inhibition enhances proliferative capacity of
A431 SCC keratinocytes. (A) The effects of p38a inhibition were
assessed by BrdU incorporation in A431 cells transfected with p38a
siRNA (p38aKD), or treated with SB203580 (5 mM (SB/5), 10 mM (SB/10)
for 24 h. Each histogram represents the results from triplicate cultures;
*p,0.05. scr, scrambled control siRNA. The levels of cyclin D1 and
cdc25C in A431 cells treated with the indicated concentrations of
SB203580 for 24 h (B), or following p38a knockdown (C) were assessed
by Western blotting (50 mg protein loaded per lane). b-actin was used
as an internal loading control.
doi:10.1371/journal.pone.0097245.g002
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transiently increases the local pro-inflammatory response [32].

p38a was recently shown to be the dominantly phosphorylated

p38 isoform in response to UV in hTERT-immortalized human

keratinocytes [23], suggesting a role in UV-induced skin carcino-

genesis. We first assessed the effect of UV irradiation on p38

isoforms in NHK and A431 SCC cells. In Fig. 1A, we show that

acute UV irradiation of NHK increased the expression of all four

p38 isoforms (a/b/c/d), but particularly p38b and p38d. In A431

cells, p38a showed a selective reduction in response to UV

(Figs. 1A, 1B), whereas p38b showed a slight increase, as assessed

by Western blotting (Fig. 1B). The level of p38d substantially

increased in UV-irradiated A431 cells compared to non-irradiated

controls, while the levels of p38c were relatively low in both the

non-irradiated and UV-irradiated A431 cells. Additionally, while

the siRNA-mediated knockdown of p38a had no significant effects

on other p38 isoforms in NHK, p38a knockdown in A431 cells led

to the upregulation of p38b and p38d, as determined by real-time

PCR (Fig. S1). These data suggest that the decrease in p38a causes

compensatory increases in p38b and p38d in A431 cells. Taken

together, our results indicate that p38 isoforms are differentially

regulated in response to UV irradiation, in which p38a is

selectively downregulated in A431 cells.

p38a is downregulated in human SCCs
The immunohistochemical assessment of human cutaneous

SCC tissue microarrays demonstrated that the majority of SCCs

either lacked or had reduced p38a expression (Fig. 1C, normal vs.

SCCs, p = 0.014). Representative pictures of p38a immunohisto-

chemical staining in paired tumor and tumor-adjacent skin

(Fig. 1D) indicate that p38a is present in both the basal and

suprabasal layers of non-tumor bearing epidermis (b, d), whereas it

was substantially reduced in SCCs (a, c). Furthermore, phosphor-

ylated p38 levels were substantially diminished in SCCs (e, f).

Pharmacological inhibition of p38a MAPK enhances
proliferation of A431 SCC cells lacking functional p53

p38a influences UV stress responses by several pathways,

including its effects on p53. It is known that p53 mutations occur

early during the induction of UV-induced SCCs in humans as well

as in murine models [33,34]. To determine the effects of p38a
deficiency in the absence of p53, we used p38a-expressing A431

cells harboring mutant p53. Both genetic inhibition of p38a via

siRNA-mediated p38a knockdown and chemical inhibition of p38

activity using SB203580 resulted in significant increases in the

proliferation of A431 cells, as measured by BrdU incorporation

(Fig. 2A). This was associated with increased cyclin D1 and

cdc25C (Fig. 2B), which are cell cycle regulators known to be

upregulated in SCC carcinogenesis [30]. These results suggest that

inhibition of the p38 signaling pathway, which likely involves

p38a, drives cell proliferation.

Inhibition of NADPH oxidase decreases proliferation and
invasiveness of p38a-deficient A431 SCC cells

We previously showed that NOX1 is overexpressed in human

SCCs [10]. In A431 cells, p38a knockdown increased NOX2

expression and NADPH oxidase activity that was associated with

Figure 3. Inhibition of NADPH oxidase activity reduces the
cellular proliferation and invasiveness of p38a-deficient A431
SCC keratinocytes. (A) p38a downregulation increases NADPH
oxidase activity and generates intracellular ROS. Intracellular ROS levels
were measured using a cell-permeable fluorogenic probe, 29,79-
dichlorofluorescein diacetate (DCFDA) dye, which detects hydrogen
peroxide production, following siRNA-mediated p38a knockdown in
A431 cells. NOX2 levels were assessed by Western blotting in extracts
prepared from p38a knockdown (p38aKD) A431 cells. NADPH oxidase
activity was determined as previously described [11]. scr, scrambled

control siRNA. Presence of NADPH oxidase inhibitor, DPI (2.5 mM),
inhibits the proliferation (B) and cellular invasiveness (C) of A431 cells
treated with SB203580 or p38aKD A431 cells. Proliferation was
measured by a BrdU incorporation assay, and invasiveness was assessed
in matrigel-coated chambers. Each histogram represents results from
triplicate cultures; *p,0.05.
doi:10.1371/journal.pone.0097245.g003
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increased ROS production (Fig. 3A). Pretreatment of A431 cells

with DPI, a NADPH oxidase inhibitor, abolished the increased

cell proliferation and invasiveness observed in p38a knockdown

and SB203580-treated A431 cells (Fig 3B, C) suggesting a link

between NOX2-dependent ROS generation and cell proliferation

and in vitro invasiveness.

Oral administration of the p38 MAPK inhibitor SB203580
enhances UV-induced skin carcinogenesis in p53-/-/SKH-1
mice.

To elucidate the role of p38 in the pathogenesis of SCCs in the

absence of p53, we utilized our p53-/-/SKH-1 mouse model in a

standard photocarcinogenesis protocol. SB203580 was adminis-

tered orally (50 mg/kg) prior to each UV irradiation (180 mJ/

cm2, twice per week for a total of 22 weeks). As compared to UV-

irradiated mice, SB203580-treated UV-irradiated mice showed a

four-fold increase in the number of skin tumors (Fig. 4A) and a

three-fold increase in average tumor size (Fig. 4B). No tumors

developed in unirradiated SB203580-treated mice. Interestingly,

liver-specific deletion of p38a is known to enhance JNK activity

and the levels of c-Jun, leading to hepatocyte proliferation and

hepatic tumorigenesis [35]. Similarly, we found elevated phos-

phorylated c-Jun and cyclin D1 in SCCs harvested from the UV-

irradiated, SB203580-treated mice (Fig. 4C). Importantly,

SB203580 administration augmented the mRNA and protein

levels of NOX2 (Fig. 4D) and NADPH oxidase activity (Fig. 4E),

suggesting that inhibition of p38 may exacerbate the carcinogenic

effects of UV by driving NOX2-dependent ROS signaling.

NOX2 downregulation suppresses the growth of
SB203580-treated A431 xenograft tumors

To determine whether NOX2 influences tumor growth, A431

cells transduced with shRNA targeting NOX2 (shNOX2) or

control shRNA (shCTRL) were subcutaneously injected into

Figure 4. The p38 MAPK inhibitor SB203580 accelerates UV-
induced skin carcinogenesis and increases NOX2 levels in
p53-/-/SKH-1 mice. The number of skin tumors (A) and tumor size (B)
at week 22 in UV-irradiated p53-/-/SKH-1 mice (UV) were compared to
mice that had received SB203580 alone (SB) or received both SB203580
and UV irradiation (SB/UV). control, non-irradiated, non-treated mice;
*p,0.05, UV vs. SB/UV. (C) The levels of phospho-c-Jun and cyclin D1 in
tissue extracts, assessed by Western blotting. 60 mg total protein per
lane; b-actin was used as an internal loading control. (D) SB203580
administration leads to the upregulation of NOX2 in UV-induced SCCs
in p53-/-/SKH-1 mice. NOX2 levels were detected by RT-PCR (top panel)
and Western blotting (bottom panel). B2M and actin were used as
internal controls for RT-PCR and Western blotting, respectively.
doi:10.1371/journal.pone.0097245.g004

Figure 5. NOX2 silencing suppresses the growth of A431
xenografts treated with SB203580. The in vivo tumor growth of
NOX2 knockdown A431 cells subcutaneously injected into NOG mice,
which were either treated or not treated with SB203580 (SB+shNOX2 or
shNOX2, respectively). A431 cells were transduced three days prior to
injection. shCTRL, A431 cells transduced with control shRNA; SB+
shCTRL, A431 cells transduced with control shRNA and treated with
SB203580. Results are presented as mean 6 SD. * p,0.05, **p,0.001
SB+shCtrl vs. shCtrl; u p = 0.032, SB+shCtrl vs. SB+shNOX2.
doi:10.1371/journal.pone.0097245.g005
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immunodeficient NOG mice (n = 12 each group). These mice

were further divided into two groups of six mice each, of which

one group received SB203580 (50 mg/kg, gavage, three times per

week for six weeks), while the other groups received a methylcel-

lulose vehicle. Consistent with the data observed in UV-irradiated

p53-/-/SKH-1 mice in Fig. 4, the growth of A431 xenografts were

substantially enhanced in mice treated with SB203580 (Fig. 5;

shCTRL vs. SB+shCTRL). NOX2 silencing suppressed this

growth by 50% (SB+shCTRL vs. SB+shNOX2). Interestingly,

NOX2 silencing alone did not significantly affect the growth of

A431 xenografts (shNOX2; Fig. 5). These data indicate a direct

relationship between p38 and NOX2 and suggest NOX2 as a

potential therapeutic target for SCCs with diminished p38 activity.

Discussion

p38a is generally considered to be a tumor suppressor; however,

studies performed in various model systems suggest that p38a may

have dualistic or context-dependent effects in regulating cell death

and survival, in part due to substrate specificity and sensitivity in

response to specific stimuli. Because UV-induced mutational

inactivation of p53 is an important driver of cutaneous SCCs, we

employed p53-deficient A431 SCC cells and a p53-/-/SKH-1

mouse model to assess the p53-independent role of p38a in skin

carcinogenesis. Genetic inhibition of p38a or pharmacological

inhibition of p38 activity with SB203580 increased the prolifer-

ation and invasiveness of A431 cells (Figs. 2, 3), and the oral

administration of SB203580 augmented the growth of UV-

induced SCCs in p53-/-/SKH-1 mice (Fig. 4). Further confirma-

tion of our results comes from our observation that p38a is

decreased in human primary SCCs compared to non-tumor

bearing skin and in UV-irradiated A431 cells (Fig. 1), suggesting its

role in tumor suppression. Our results are consistent with those of

Qiang et al [22], who showed that autophagy-associated decreases

in p38 phosphorylation enhances cell survival [22]. p38 activity

was also found to be reduced in human SCCs, compared to

normal human skin [22]. Moreover, inhibition of p38 signaling

was associated with a defect in global genome nucleotide excision

repair (GG-NER), a vitally important tumor protective pathway

that recognizes and excises UVB-induced CPDs (cyclobutane

pyrimidine dimers) and 6-4PPs (pyrimidine (6-4) pyrimidone

photoproducts) that would otherwise be mutagenic [36]. These

data indicate that p38a loss can promote UV-induced skin

tumorigenesis. Our results, however, differ from those of

Dickinson et al. who reported that a dominant negative mutant

of p38a (p38aDN) SKH-1 mice, consisting of T180A and Y182F

point mutations at the Thr-Gly-Tyr activation site [26,37], were

resistant to UV-induced skin carcinogenesis [37]. Similarly, using

the same p38aDN model, Dong et al demonstrated that p38

blockade resulted in fewer and smaller tumors in response to

ultraviolet radiation [38]. The explanation for these conflicting

results is unclear, but several possibilities can be considered. For

example, our study utilized p53–/–/SKH mice and cultured p53-

mutant human cells. Given the synergistic interaction between p38

and p53 in cell-cycle regulation [25], we postulate that, in the

absence of p53, p38a could compensate for the loss of the p53

tumor-suppression function; this may explain the augmented UV-

induced skin carcinogenesis observed in SB203580-treated

p53–/–/SKH mice. In addition to the p53 functional status, other

factors could contribute to the observed discrepancy: differential

modes of p38 inhibition, the role of other p38 isoforms, differential

inflammatory responses, and the source of UV (i.e., the UV

radiation employed in our study comprised 75–80% UVB and 20–

25% UVA of total energy, whereas Dong and colleagues used

95% UVA and 5% UVB [38]).

While p38a has been shown to be predominantly sensitive to

SB203580 in certain cases—for example, in primary fibroblast

[27]—SB203580 is known to target both p38a and p38b isoforms.

Coupled with our data showing the presence of p38b and its UV-

induced increase in A431 cells (Fig. 1), as well as a compensatory

increase of p38b following p38a knockdown (Fig. S1), it is possible

that the effect of SB203580 can be attributed to the inhibition of

both p38a and p38b, and not solely p38a. Additionally, it is

interesting to note that the p38d level increased in p38a
knockdown A431 cells; no such effects were seen in normal

human keratinocytes (Fig. S1). The p38d level was also increased

in UV-irradiated A431 cells (Fig. 1B). In a study that employed

two-stage 7,12-dimethylbenz(a)anthracene/12-O-tetradecanoyl-

phorbol-13-acetate chemical skin carcinogenesis, mice lacking

p38d were resistant to the development of benign papillomas [39];

this suggests that p38d promotes tumorigenesis. Whether p38d
indeed promotes SCC tumorigenesis and whether it plays a similar

role in UV-induced skin carcinogenesis remains unknown.

Nonetheless, these data collectively suggest a complex interplay

among p38 isoforms during skin responses to UV radiation and

warrant further investigation, if we are to understand the

functional relevance of these compensatory increases in UV

carcinogenesis and the specific contribution of the individual p38

isoforms that underlie skin cancer pathogenesis.

Immunohistochemical assessments of p38a in human cutaneous

SCC tissue arrays indicate that p38a levels are reduced in tumors,

compared to non-tumor-bearing skin (Fig. 1). The mechanism

underlying p38a downregulation is not clear. Recently, it was

shown that UV irradiation of HaCaT cells, a spontaneously

immortalized skin keratinocyte cell line, harboring mutant p53

induces NF-kB-mediated miR-125b expression, which repressed

p38a levels by targeting its 39-UTR [17]. miR-125b-mediated

p38a repression was also shown to protect cells against UV-

induced apoptosis, thereby promoting cell survival [17]. The

combination of the absence of functional p53 and UV-induced

p38a repression likely provide a survival advantage that acceler-

ates tumor promotion and progression. Further research assessing

the status of p38a and p53 in tumors developed in p38aDN mice

and p53-/-/SKH-1 and p53+/+/SKH-1 mice in response to UV

may help clarify the relationship between p38a and p53 in skin

carcinogenesis.

It is important to note, however, that a previous study using

high-density oligonucleotide arrays identified p38a expression as

being moderately increased (1.4-fold) at the mRNA level in human

cutaneous SCCs [40]. Junttila and colleagues also reported that

p38a mRNA is expressed in head and neck SCC (HNSCC) cell

lines at levels comparable to that in normal squamous epithelial

cells [15]. Since our results were based on IHC—to facilitate

comparisons of protein levels between cutaneous SCCs and

normal skin—the lack of p38a protein in our study could indicate

a possible post-transcriptional control of p38a during SCC

tumorigenesis.

Our results indicate that p38a loss during SCC pathogenesis is

accompanied by enhanced NOX2 expression leading to increased

intracellular ROS levels and that NOX2 downregulation sup-

presses the growth of A431 xenografts (Figs. 3, 5). Given that the

p38a protein does not possess DNA-binding activity, its role in

NOX2 regulation is likely to be indirect and perhaps involves

transcription factors known to be direct targets of p38 [41].

Additionally, p38a phosphorylates serine residues in the N-

terminal tail of histone H3 (Ser10 and Ser28) [42] [43], suggesting

a potential for epigenetic reversible regulation of gene expression
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[44] [45]. In A431 cells, p38a knockdown increased the DNA-

binding activity of the transcription factor AP-1, and we have

identified putative AP-1 recognition sites in the NOX2 promoter

(data not shown). Further studies are needed to define the

mechanisms by which p38a regulates NOX2 expression and the

relevance to UV-induced skin tumorigenesis. Identification of UV-

specific p38a substrates, as well as modulation of p38a expression

in genetically modified murine skin cancer models in a time- and

tissue-specific manner, will aid in understanding its effects on

signaling pathways that are relevant to skin carcinogenesis and

may also help to determine whether restoration of p38a expression

can prevent the development of these tumors.

Supporting Information

Figure S1 siRNA-mediated knockdown of p38a has no
significant effects on other p38 isoforms in NHKs (left

panel), but led to compensatory upregulation of p38b
and p38d in SCC cells (right panel).

(TIF)
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ABSTRACT 

 

bjective of the present research study was investigating the role of oxidative and 

energy metabolism in skin aging and UVB-induced skin cancer. In the first part, we 

aimed to find the link between genetic instability, ROS generation and metabolism 

alteration in the process of aging. The obtained results on XPC KO mice model 

demonstrated that excess of oxidative stress in addition to alterations in energy 

metabolism due to over activation of NOX1 play a causative role in premature skin aging. 

Topical application of novel NOX inhibitor prevented the premature aging in XPC KO mice 

through inhibition of ROS generation and alteration of energy metabolism. Our results 

suggest that the InhNOX can be considered as a promising target in prevention of premature 

aging and NOX-associated diseases. 

Little information is available on the contribution of energy metabolism reprogramming in 

cancer initiation and promotion. To assess the role of metabolic reprogramming in different 

phases of carcinogenesis, in the second part of my thesis we employed a multistage model of 

ultraviolet B (UVB) radiation-induced skin cancer. We showed that chronic UVB irradiation 

results in decreased glycolysis, TCA cycle and fatty acid β-oxidation while at the same time 

mitochondrial ATP synthesis and a part of the electron transport chain (ETC) are up-

regulated. Increased ETC was further found to be related to the over-activation of 

dihyroorotate dehydrogenase (DHODH). Decreased activity of DHODH or ETC (chemically 

or genetically) led to hypersensitivity to UVB irradiation. Our results indicated that DHODH 

pathway through induction of ETC and ATP synthesis represents the relation between DNA 

repair efficiency and metabolism reprogramming during UVB-induced carcinogenesis. 

RÉSUMÉ 
 

 

objectif de notre étude était de montrer le rôle du métabolisme oxydatif et 

énergétique au cours  du vieillissement cutané et dans les cancers cutanés UVB-

induits. Dans une première partie, nous avons cherché à établir un lien entre 

l'instabilité génétique, la production de ROS et l’altération métabolique dans le 

processus de vieillissement. Les résultats obtenus sur le modèle de souris XPC 

KO ont démontré qu’un excès de stress oxydatif dû à une sur activation du NOX1, couplé à 

des altérations métaboliques, jouaient un rôle prépondérant dans le vieillissement prématuré. 

L’application topique de notre nouvel inhibiteur de NOX, induisant l’inhibition de la 

production de ROS et ainsi l’apparition d’altération métabolique, a permis d’empêcher le 

vieillissement cutané prématuré chez les souris XPC KO. Nos résultats suggèrent que 

l’InhNOX peut être considéré comme une cible prometteuse dans la prévention du 

vieillissement prématuré et les maladies liées à NOX. 

 

Très peu d'informations sont disponibles sur la contribution de la reprogrammation du 

métabolisme énergétique dans l'initiation et la progression du cancer. Dans la deuxième partie 

de ma thèse, nous avons utilisé un modèle multi-étapes de cancer de la peau UVB-induits, 

nous permettant ainsi d’évaluer le rôle de la reprogrammation métabolique dans les 

différentes étapes de la cancérogenèse. Nous avons ensuite démontré que l'irradiation 

chronique à UVB entraînait une diminution de l’activité de la glycolyse, du cycle TCA et de 

la β-oxydation des acides gras, tandis que la synthèse d'ATP mitochondriale et une partie de la 

chaîne de transport d'électrons (CTE) étaient up-régulés. Nous avons montré que 

l’augmentation accrue de CTE été liée à la sur-activation des dihyroorotate déshydrogénase 

(DHODH). Alors que la diminution de l'activité DHODH ou ETC (chimiquement ou 

génétiquement) a conduit à une hypersensibilité à l'irradiation UVB. Nos résultats indiquent 

que la voie DHODH par l’induction de la synthèse d'ATP et de CTE joue un rôle majeur entre 

l'efficacité de réparation d'ADN et la reprogrammation métabolique au cours de la 

carcinogenèse UVB-induits. 
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