
HAL Id: tel-04748683
https://theses.hal.science/tel-04748683v1

Submitted on 22 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Identification of extracellular matrix biomarkers and
targets in Dystrophic epidermolysis bullosa

Mélissa Dussoyer

To cite this version:
Mélissa Dussoyer. Identification of extracellular matrix biomarkers and targets in Dystrophic epi-
dermolysis bullosa. Biochemistry, Molecular Biology. Université de Lyon, 2022. English. �NNT :
2022LYSE1124�. �tel-04748683�

https://theses.hal.science/tel-04748683v1
https://hal.archives-ouvertes.fr


 
 
 
 
 
 
 
 
 
N°d’ordre NNT : 2022LYSE1124 
 

 
THESE de DOCTORAT DE L’UNIVERSITE DE LYON 

opérée au sein de  
l’Université Claude Bernard Lyon 1 

 
 

Ecole Doctorale Interdisciplinaire Sciences-Santé (205) 
 

Spécialité de doctorat : Biochimie 
 
 

Soutenue publiquement le 08/07/2022, par : 
Mélissa Dussoyer 

 
 

Identification of extracellular matrix biomarkers and 
targets in Dystrophic epidermolysis bullosa 

 
 
 
 
 
 
 
Devant le jury composé de : 
 
 
Ulrich Valcourt, Professeur, Université Claude Bernard Lyon 1, France      Président 
Marie-Pierre Bousquet, Maîtresse de conférences, Université Toulouse III Paul Sabatier, France    Rapporteure 
Alain Colige, Maître de recherche, Université de Liège, Belgique       Rapporteur 
Matthias Titeux, Chargé de recherche, INSERM, France          Examinateur 
 
Catherine Moali, Directrice de recherche, CNRS, France           Directrice de thèse 
Patricia Rousselle, Directrice de recherche, CNRS, France          Co-directrice de thèse  



 

2 
 

 

UNIVERSITE CLAUDE BERNARD – LYON 1 
 

Président de l’Université      M. Frédéric FLEURY  

Président du Conseil Académique     M. Hamda BEN HADID  

Vice-Président du Conseil d’Administration    M. Didier REVEL  

Vice-Président du Conseil des Etudes et de la Vie Universitaire  Mme Céline BROCHIER  

Vice-Président de la Commission de Recherche    M. Petru MIRONESCU  

Directeur Général des Services      M. Pierre ROLLAND  

 

COMPOSANTES SANTE 
Département de Formation et Centre de Recherche en Biologie  Directrice : Mme Anne-Marie SCHOTT 

Humaine  

Faculté d’Odontologie       Doyenne : Mme Dominique SEUX  

Faculté de Médecine et Maïeutique Lyon Sud – Charles Mérieux Doyenne : Mme Carole BURILLON 

Faculté de Médecine Lyon-Est      Doyen : M. Gilles RODE  

Institut des Sciences et Techniques de la Réadaptation (ISTR)  Directeur : M. Xavier PERROT  

Institut des Sciences Pharmaceutiques et Biologiques (ISBP)  Directeur : M. Claude DUSSART  

  

COMPOSANTES & DEPARTEMENTS DE SCIENCES & TECHNOLOGIE 
Département Génie Electrique et des Procédés (GEP)   Directrice : Mme Rosaria FERRIGNO  

Département Informatique      Directeur : M. Behzad SHARIAT  

Département Mécanique      Directeur M. Marc BUFFAT  

Ecole Supérieure de Chimie, Physique, Electronique (CPE Lyon) Directeur : Gérard PIGNAULT  

Institut de Science Financière et d’Assurances (ISFA)    Directeur : M. Nicolas LEBOISNE  

Institut National du Professorat et de l’Education    Directeur : M. Pierre CHAREYRON  

Institut Universitaire de Technologie de Lyon 1     Directeur : M. Christophe VITON  

Observatoire de Lyon        Directrice : Mme Isabelle DANIEL  

Polytechnique Lyon       Directeur : M. Emmanuel PERRIN  

UFR Biosciences Administratrice provisoire : Mme Kathrin 

GIESELER  

UFR des Sciences et Techniques des Activités Physiques et   Directeur : M. Yannick VANPOULLE  

Sportives (STAPS)  

UFR Faculté des Sciences       Directeur : M. Bruno ANDRIOLE 

 



Acknowledgements 

3 
 

ACKNOWLEDGEMENTS 

 

Je tiens tout d’abord à m’adresser à ma directrice de thèse, Catherine Moali. Un grand merci pour 

ce travail de recherche que nous avons partagé et pour la confiance que tu m’as accordée tout au long 

de ce projet. Ton accompagnement et les enseignements que tu as partagés avec moi m’ont permis de 

gagner en assurance et en maturité scientifique. Tu m’as toujours encouragée à me poser plus de 

questions, à explorer mes hypothèses et mes résultats plus en profondeur. Tu as aussi su te rendre 

disponible (malgré un emploi du temps qu’on peut qualifier de très chargé !), m’écouter et m’encourager 

de sorte à ce que ces trois années soient riches et stimulantes sur tous les plans. Je suis fière d’avoir été 

ton étudiante et d’avoir appris à tes côtés ! 

 

Mes pensées vont ensuite vers Sandrine, ma colocataire au laboratoire. Merci d’avoir partagé avec 

moi ton bureau, mais aussi ta riche expérience scientifique et tes idées sur tous les sujets que l’on a pu 

aborder ensemble pendant cette thèse. J’ai, je pense, beaucoup de chance d’avoir pu ponctuer la quasi-

totalité de mes journées de travail par des discussions prenantes sur l’actualité ou sur nos vies respectives 

(à part les jours où j’étais un peu « chonchon », et j’en suis désolée). J’ai beaucoup appris à ton contact, 

tant sur le plan scientifique qu’humain, et je peux d’ores et déjà annoncer que tu as placé la barre très 

haut pour mon prochain voisin de bureau !  

 

Merci également à Patricia, pour l’expertise scientifique que tu as apportée tout au long de cette 

thèse, pour tes encouragements et pour nos riches discussions à chacune de mes visites dans ton bureau. 

La peau, les lames basales et leurs occupants ont aujourd’hui un peu moins de secrets pour moi grâce à 

tes nombreux éclairages !  

 

Vient ensuite Priscillia, ma partner in crime sans qui cette thèse n’aurait pas été aussi pailletée ! Je 

te remercie pour tes conseils, ton soutien, tes blagues, ton sourire au quotidien, et ton énergie débordante 

qui m’a entrainée durant ces trois années. Merci pour les bêtises que l’on a faites, celles que l’on a 

évitées, les fous-rires au labo et ailleurs, les midis running (faute d’avoir réussi à me lever tôt pour des 

sessions matinales !). Merci pour ta générosité, ton écoute, et aujourd’hui ton amitié. Tu es une de ces 

très belles rencontres que la vie nous offre de temps à autre, et toujours pour le meilleur. 

 

Un grand merci au reste de l’équipe Métalloprotéases et Remodelage tissulaire, Natacha, Cindy et 

Manon, pour votre bonne humeur, votre sourire, pour les manips sous-traitées (vive le N-TAILS, 

l’intéressée se reconnaîtra…) et ou terminées lorsque je partais en enseignement. La vie au laboratoire 



Acknowledgements 

4 
 

n’aurait pas été aussi agréable et motivante sans les nombreuses discussions partagées à la paillasse, au 

bureau ou en pauses déjeuner et goûter. J’espère que j’aurais la chance de participer à la partie de Molky 

annuelle de l’équipe encore cette année ! 

 

Une mention spéciale pour Adeline et Frédéric, qui ont grandement contribué à ma formation en 

protéomique et en spectrométrie de masse en général. Malgré mes incessantes demandes de traitement, 

de retraitement, de re-retraitement des données (et aussi un petit incident matériel, je vais mettre du 

temps à m’en remettre), vous m’avez toujours reçue avec le sourire et accompagnée au mieux avec vos 

conseils avisés. Votre bureau a même fini par devenir mon deuxième spot de travail ces derniers mois ! 

Un grand merci pour votre douceur, votre bienveillance et vos encouragements tout au long de ces trois 

années de travail.  

 

Je pense ensuite à Laura, Shérine et Lisa, des doctorantes d’énergie et de caractère présentes au 

quotidien, pour papoter de science, ou de tout et de rien au gré de nos rencontres dans l’institut ! Je 

remercie aussi Christelle, Nicolas, Naïma, Marielle et Virginie pour leur aide dans mes différentes 

expérimentations et les conseils prodigués sur mes travaux.  

 

I also thank our German collaborators for the joint work we conducted these last three years. Many 

thanks to Alexander for his optimism, his availability and the expertise generously shared with me 

during my thesis. Thanks to Svenja for her support with samples, parcels and her welcoming when I 

came to Freiburg. To Dimitra too, thank you for the clinical coloration you gave to the project.  

 

J’ai aussi eu la chance de partager un peu du quotidien des enseignants de l’Université Claude 

Bernard-Lyon 1. Je remercie les membres des équipes de Biochimie, notamment Leyre et Sébastien, de 

Biologie Cellulaire, en particulier Christelle, Sandrine et Ulrich, et du SOIE, pour m’avoir intégrée au 

corps enseignant et aidée à mieux cerner les besoins et les attentes des étudiants. J’espère avoir gagné 

en pédagogie à votre contact ! 

 

Je remercie également les membres de mon comité de suivi de thèse, Virginie Brun et Ulrich 

Valcourt, pour avoir suivi mes travaux pendant trois ans et pour les conseils éclairés qu’ils m’ont 

prodigués à chacune de nos réunions. Merci aux membres de mon jury, Marie-Pierre Bousquet, Alain 

Colige, Matthias Titeux, et à nouveau Ulrich Valcourt, pour l’évaluation de cette thèse et pour les 

échanges riches et constructifs qui ont rythmé ma soutenance. 

 

Je remercie enfin mes proches, en premier lieu mes parents. Merci de m’avoir toujours soutenue 

dans mes projets, et donné la chance de chercher le domaine dans lequel je pouvais m’épanouir. Vous 

m’avez aussi aidée à comprendre quelles étaient les qualités les plus indispensables en tant qu’être 



Acknowledgements 

5 
 

humain, quelle femme je souhaitais devenir, et quelle empreinte je voulais laisser de mon passage, en 

me donnant l’envie de faire bouger les choses plutôt que de simplement les contempler. Un grand merci 

enfin pour votre support logistique pendant mes années d’études, notamment les visites d’appartements, 

les emménagements/déménagements ou encore les nombreux aller-retour à la gare les soirs. 

 

A ma sœur Marjorie, un grand merci pour tes encouragements et ta présence, durant cette thèse 

certes, mais surtout depuis notre enfance. Ton soutien indéfectible et notre complicité ont été et 

demeurent un des piliers de mon petit monde, certainement le plus solide mais aussi le plus précieux. 

Sans lui, sans ta générosité ni ta bienveillance, je ne serais pas devenue la femme que je suis aujourd’hui 

(sans les chansons Disney aussi, mais bon, elles passent après quand même !). 

A Gabriel également, un peu plus récemment arrivé dans la famille mais tout aussi important. Merci 

pour ta bienveillance aussi débordante que celle de ma sœur, pour l’intérêt que tu as toujours porté à 

mes travaux et pour ton grain de bêtise qui rend la vie incontestablement plus légère.  

 

A Hélène, Mélanie et Mathilde, des super-nanas avec un grain de folie que j’ai eu la chance de 

croiser au gré de ma vie étudiante pour ne plus les lâcher par la suite. Vous êtes de ces personnes 

lumineuses et bienveillantes, qui égayent l’existence des autres avec un naturel déconcertant, tout 

simplement. Merci pour votre présence et votre soutien, pour les journées, soirées, week-ends partagés 

ces huit dernières années, qui ont dynamisé ma vie tout en y apportant une touche de douceur. Le présent 

de votre amitié est un des plus beaux que j’ai eu la chance de recevoir, et je fais le vœu que cette belle 

route que nous avons pris ensemble soit encore très longue et heureuse.  

 

Et pour terminer, à Simon, merci pour tout ce que tu sais déjà. Merci de traverser les moments les 

plus heureux comme les plus pénibles avec moi, merci pour l’équilibre et le soutien que tu m’apportes 

au quotidien, et pour les rires que tu arrives toujours à faire naître même dans les situations délicates. 

Merci de me faire partager ta vie, d’illuminer la mienne et de faire avancer un peu plus chaque jour la 

nôtre. 



Astract 

6 
 

ABSTRACT 

 

Dystrophic epidermolysis bullosa (DEB) is an inherited disease caused by mutations in the COL7A1 

gene encoding collagen VII. This protein assembles into anchoring fibrils and is key for the stability of 

basement membranes, especially in the dermo-epidermal junction (DEJ) of the skin. In patients suffering 

from the most severe forms of the disease (recessive DEB or RDEB), the deficiency in collagen VII is 

responsible for epidermal blistering, progressively evolving into slow-healing wounds, soft-tissue 

fibrosis and aggressive cancers. To monitor disease progression and develop novel therapies, there is a 

crucial need to identify new biomarkers and targets. The main goal of this study was to meet these needs 

using an extracellular matrix (ECM)-centered approach. Thus, we aimed at describing ECM alterations 

in RDEB skin to propose new therapeutic tools in clinic. 

 

We first defined the ECM enrichment protocols which were most well-suited to the characterization 

of mouse skin matrisome by mass spectrometry-based proteomics. Using a RDEB mouse model, we 

next applied the developed methods to quantitatively compare the skin matrisome of control and RDEB 

mice. Imaging by transmission electron microscopy was also performed to evaluate ECM damages at 

the tissue level. Finally, the biosynthesis of procollagen α1(I), a major ECM constituent, was analyzed 

in more detail. 

 

The skin of RDEB mice displayed strong dysregulations at the molecular and tissue levels. On the 

DEJ epidermal side, a decrease in the size of hemidesmosomes and impairments in their distribution 

along the basement membrane were detected. In the dermal ECM, decreases in the abundance of some 

proteoglycans and fibrillar collagens, especially collagen I, were surprisingly detected, combined with 

a reduction in the diameter of collagen fibrils and a less compact organization of collagen bundles. When 

the biosynthesis of procollagen α1(I) was investigated more thoroughly, diminutions in the expression 

of Col1a1 and in the abundance of the collagen-specific chaperone heat shock protein-47 (HSP-47) were 

observed. In the ECM, a global decrease in the amount of secreted procollagen α1(I) was also evidenced. 

In addition, the abundance of bone morphogenetic protein-1 (BMP-1), a protease involved in the 

elaboration of the collagen network, and of its regulator procollagen C-proteinase enhancer-1 (PCPE-1) 

were decreased at the RNA and protein levels. If defects in the C-terminal processing of procollagen 

α1(I) by the protease could not be conclusively demonstrated due to technical limitations, the 

impairment in BMP-1 activity is likely to affect additional molecules involved in collagen fibrillogenesis 

such as proteoglycans and cross-linking enzymes. 
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Taken together, our data underlined strong damages in the composition and in the organization of 

the DEJ and dermal ECM in RDEB skin and demonstrated the relevance of our ECM-centered strategy. 

The fibrillar collagen network, which acts as a scaffolding component for the whole skin ECM, was 

massively affected. Even if additional analyses are now needed to understand these dysregulations, the 

reported alterations already indicate some collagen-related proteins and proteolytic fragments with 

biomarker or therapeutic target potential.  
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RESUME SUBSTANTIEL 

 

L’épidermolyse bulleuse dystrophique (DEB en anglais) est une maladie génétique affectant le gène 

codant pour le collagène VII (COL7A1), une protéine matricielle stabilisant les lames basales par la 

formation de fibrilles d’ancrage. Au sein de la peau, le collagène VII est notamment un composant clé 

de la jonction dermo-épidermique (DEJ), un assemblage de protéines membranaires et matricielles 

assurant la cohésion entre l’épiderme et le derme sous-jacent. Les formes les plus sévères de la maladie, 

observées dans le cas de l’épidermolyse bulleuse dystrophique récessive (RDEB), se traduisent entre 

autres par des décollements chroniques de l’épiderme, conduisant à des plaies non cicatrisantes qui 

évoluent progressivement vers une fibrose du derme. L’environnement hautement inflammatoire présent 

au niveau de ces lésions chroniques favorise également le développement de carcinomes à cellules 

squameuses (SCC) de très mauvais pronostic. Si plusieurs essais cliniques visant à restaurer un gène 

COL7A1 fonctionnel ou à pallier le manque de collagène VII par des apports exogènes sont en cours, ce 

sont les thérapies destinées à limiter l’apparition et la progression des symptômes qui semblent, à l’heure 

actuelle, les plus promptes à améliorer la qualité et l’espérance de vie des patients. Développer de telles 

approches nécessite l’identification préalable de cibles thérapeutiques, mais aussi de biomarqueurs qui 

permettraient de suivre l’efficacité d’un traitement ou encore l’évolution de la maladie, afin d’adapter 

la prise en charge clinique des patients.  

L’objectif de ma thèse a été défini de sorte à répondre à ces besoins, en adoptant une approche 

centrée sur la matrice extracellulaire (ECM) de la peau, qui est le siège de nombreuses modifications au 

cours de la progression de la maladie. Mes travaux ont consisté à décrire et comprendre les altérations 

de l’ECM de la peau RDEB, de sorte à proposer de potentiels nouveaux biomarqueurs et/ou cibles 

thérapeutiques issus de ce compartiment tissulaire pour la maladie. 

 

Pour ce faire, un modèle murin de RDEB (souris hypomorphiques pour le collagène VII) a été utilisé 

et la matrice de la peau entière a été caractérisée par différentes approches protéomiques (spectrométrie 

de masse de découverte ou ciblée, Western blot) et d’imagerie (microscopie électronique à transmission 

TEM, immunofluorescence). Dans un premier temps, des protocoles d’enrichissement des protéines 

matricielles de la peau de souris ont été mis au point et comparés afin de caractériser au mieux le 

matrisome de l’organe. Les résultats obtenus ont ensuite été appliqués à la description des dérégulations 

de l’ECM de la peau de souris RDEB. En parallèle, l’ultrastructure de la peau malade a été caractérisée 

à l’échelle tissulaire, avec un intérêt particulier pour la DEJ et les fibres de collagène du derme. Enfin, 

certaines altérations mises à jour par ces différentes approches ont été étudiées plus en profondeur de 

sorte à expliquer leur développement dans le contexte de la pathologie. 
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Nos résultats ont tout d’abord permis de déterminer les stratégies d’enrichissement de l’ECM les 

plus adaptées à l’étude du matrisome de la peau de souris entière par spectrométrie de masse. Afin 

d’éliminer les protéines cellulaires du tissu cutané, des protocoles utilisant des sels et détergents en 

concentrations connues (décellularisation chimique, quantitative detergent solubility profiling dit 

« QDSP ») ou non (enrichissement compartimental, protocole de référence dans la littérature pour les 

études de matrisomes), mais aussi la phospholipase A2 (décellularisation enzymatique), ont été évalués. 

De façon surprenante, le protocole de référence (compartimental) s’est révélé le moins adapté à l’étude 

de la peau, avec une identification des composés du matrisome inférieure de 20 % à celle obtenue via 

les trois autres approches. Les trois autres protocoles ont conduit à des résultats similaires mais la 

décellularisation chimique semble la plus compétitive en termes de coût de mise en œuvre (réactifs et 

analyses). Ces analyses ont aussi révélé une très large gamme de solubilité pour les protéines de l’ECM 

de la peau, soulignant ainsi la nécessité d’étudier plusieurs extraits d’enrichissement en plus de la 

fraction insoluble afin d’obtenir une vision aussi exhaustive que possible du matrisome. Au total, ces 

études de mise au point ont permis l’identification de 236 protéines de l’ECM et ont conduit à la 

première description du matrisome de la peau de souris saine dans la littérature. 

 

Le protocole d’enrichissement de l’ECM sélectionné ci-dessus (décellularisation chimique) a 

ensuite permis la comparaison quantitative du matrisome de la peau de souris adultes saines et RDEB 

(stade pré-lésion). La fraction insoluble du protocole compartimental a également été intégrée dans 

l’analyse, malgré les limites relevées ci-dessus, dans le but de faciliter la comparaison avec la littérature 

abondante qui y fait référence. Cent quatre-vingt-cinq composés du matrisome ont ainsi été identifiés, 

101 ont pu être quantifiés dans tous les réplicats et 22 présentaient une abondance significativement 

modifiée en condition pathologique. De façon très inattendue, une forte sous-représentation des chaines 

des principaux collagènes fibrillaires du derme, en particulier du collagène I (variations significatives), 

a été observée dans la peau RDEB. Une très forte diminution de plusieurs inhibiteurs de protéase 

extracellulaires a aussi été relevée, ainsi qu’une tendance à la baisse pour les protéoglycanes tels que la 

décorine, le biglycan et le lumican qui régulent les propriétés des fibres de collagène et l’inflammation. 

Ces résultats sont cohérents avec les altérations du réseau des collagènes fibrillaires observées en TEM 

à l’échelle tissulaire dans la matrice du derme (diamètres des fibrilles de collagène et densité globale du 

réseau de collagène diminués). De façon surprenante, ces altérations tissulaires ont été détectées dans la 

peau du dos des souris adultes, dans les pattes fibrotiques mais également très précocement dans la peau 

de souriceaux RDEB nouveaux-nés. De plus, il est apparu que l’absence de fibrilles d’ancrage 

fonctionnelles avait des répercussions sur la composition de la lame basale (abondance en chaines de 

laminines et de collagène IV, en nidogène-1 tendant à la hausse) mais aussi sur l’organisation 

épidermique de la DEJ, avec une réduction de la taille et de la distribution des hémidesmosomes le long 

de la lame basale. 
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Par différentes méthodes, nous avons enfin montré que les dérégulations affectant la chaine de 

collagène α1(I), principal constituant du collagène I sans lequel les trimères de collagène I ne peuvent 

se former, résultaient d’un défaut dans l’expression du gène correspondant Col1a1 ayant pour 

conséquence une diminution du taux de procollagène α1(I) dans la peau de souris RDEB. Une baisse de 

la quantité de HSP-47 (heat shock protein-47), une chaperone nécessaire à la structuration des trimères 

de collagène fibrillaire au niveau intracellulaire, a renforcé la piste d’un défaut de biosynthèse par les 

cellules. Ceci a pour conséquence de modifier le rapport entre les différents collagènes I/III/V dans les 

fibres et pourrait expliquer certaines altérations observées à l’échelle tissulaire. En complément, une 

baisse dans l’expression de BMP-1 (bone morphogenetic protein-1), une protéase matricielle impliquée 

dans l’élaboration du réseau des collagènes fibrillaires, et de son régulateur PCPE-1 (procollagen C-

proteinase enhancer-1) a été mise en évidence, à l’échelle des transcrits mais aussi des protéines. Si 

aucun défaut dans le processing C-terminal du procollagène α1(I) par la protéase n’a pour le moment 

pu être validé du fait de la faible teneur en procollagène I dans la peau RDEB, une dérégulation de BMP-

1 demeure susceptible d’affecter d’autres molécules impliquées dans la fibrillogénèse des collagènes 

(protéoglycanes, enzymes de réticulation, thrombospondine-1). 

 

L’ensemble de nos résultats suggère une altération majeure dans l’élaboration de la DEJ mais aussi 

du réseau des collagènes fibrillaires dans la peau de souris RDEB. De façon marquante, cette dernière 

dérégulation semble résulter directement de la déficience en collagène VII et non d’un processus 

développé progressivement au cours de la maladie, tel que l’inflammation. Seuls les collagènes 

fibrillaires et leur maturation C-terminale ont été étudiés en détails au cours de ce travail, mais nos 

données suggèrent que de nombreux autres composés matriciels impliqués dans la fibrillogénèse des 

collagènes pourraient être affectés au cours de la pathologie RDEB. C’est par exemple le cas pour la 

décorine, le biglycan et le lumican, connus pour moduler la croissance latérale des fibres, ou encore pour 

le collagène XIV, un autre régulateur des propriétés de surface des fibres. D’autre part, nos travaux 

soulignent que des processus intracellulaires de biosynthèse du collagène semblent aussi affectés par la 

maladie. Des études supplémentaires seront donc certainement nécessaires pour comprendre tous les 

mécanismes à l’origine des dérégulations rapportées ici. Par exemple, des analyses de la protéolyse 

matricielle ont été initiées afin de mieux décrire la maturation et la dégradation des composés de l’ECM, 

dont les collagènes. De façon générale, l’ensemble des dérégulations détectées au cours de ce travail 

sont susceptibles d’entrainer des variations dans les molécules circulantes dérivées des collagènes, qui 

pourraient alors être utilisées comme biomarqueurs. Le développement d’une méthode PRM (parallel 

reaction monitoring) de quantification des biomarqueurs potentiels liés à la chaine α1(I) du collagène a 

été initié dans ce sens. De plus, si les modifications dans les acteurs et processus associés à la 

fibrillogénèse étaient confirmées dans la pathologie humaine (HSP-47, BMP-1, PCPE-1), ces derniers 

pourraient constituer de nouvelles cibles thérapeutiques. 
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En conclusion, ce travail démontre la pertinence de l’étude de la matrice extracellulaire pour 

identifier des biomarqueurs et cibles thérapeutiques de la pathologie RDEB. Il ouvre de nombreuses 

perspectives très prometteuses pour améliorer la prise en charge des symptômes cutanés les plus 

invalidants. 
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I. SKIN: STRUCTURE AND FUNCTIONS 
 

The skin is one of the largest organs in human, with the intestine and lungs, and covers almost all 

the surface of the organism in contact with the external environment. It accounts for 15 % of total body 

weight in adults, and exhibits an approximate surface between 1.5 and 2 square metre1. As the direct 

interface with the outer world, the skin ensures the homeostasis of the whole body by protecting the 

underlying organs against aggressions2 (biotic, physical, chemical) and by allowing the sense of external 

stimuli. It is also involved in thermoregulation and performs endocrine activities. All these vital 

functions depend on the structural cohesion and functional coordination of skin components and 

activities. 

 

The skin is composed of three superposed tissues (Figure 1). The epidermis is the outermost layer 

and consists of a protective multi-layered epithelium controlling exchanges of fluids and molecules 

between the body and the environment. The underlying dermis is a connective layer rich in extracellular 

matrix (ECM) and provides pliability to skin as well as metabolic support to the epidermis. Finally, the 

hypodermis is the deepest layer, interfaced with internal organs, which is mainly involved in lipid 

metabolism. The skin is highly innervated and vascularized by blood and lymph vessels. It exhibits a 

very dynamic homeostasis based on the permanent production, degradation and renewing of cells and 

ECM components to maintain its structural and functional properties. 

 
Figure 1. General structure of the skin. 
The organ is made of three superposed tissues, each specialized in specific functions. Skin appendages (hair, 
sebaceous and sweat glands) result from profound invaginations of the epithelial tissue in the dermis; their 
growth/activities depend on nutrients supplied by blood vessels, and nervous stimulations. Adapted from3. 
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1. Epidermis 

The epidermis is the most superficial compartment of the skin, at the direct interface between the 

environment and the body3. This protective epithelium contains sensitive nervous structures but is 

avascular: nutrients and gases diffuse from the external environment and from dermal blood vessels to 

allow the nutrition of epidermal cells. Its thickness ranges from 0.1 to 1.0 mm in accordance with the 

level of exposure to mechanical stresses of the different anatomical regions: the eyelid possesses the 

thinnest epidermis of the body, while palms and feet soles, perpetually submitted to mechanical stresses, 

exhibit the thickest one4. The main function of the epidermis is to prevent skin from dehydration, 

infections by pathogens and shear stress damages2. 

 

 

 
Figure 2. Structuration and fate of keratinocytes in the epidermis. 
Within 40 days, keratinocytes undergo a differentiation process to maintain the protective properties of the skin. 
During the whole process, keratinocytes remain tightly bound together thanks to desmosomes and tight junctions. 
The diffusion of gases and nutrients from dermal blood vessels support the active proliferation of basal 
keratinocytes as well as the intense metabolic activity of the whole layer. The direction of the arrow indicates the 
movement of cells during differentiation. Adapted from5. 
 

The “barrier” function of the epidermis is performed by a squamous, stratified and keratinized 

structure involving dense layers of keratinocytes (the main cells of the epidermis) that are tightly bound 

together3,5, controlling exchanges of water, large molecules or bacteria between the environment and the 

underlying tissues. Keratinocytes represent about 80 % of epidermis total cell content and are 

responsible for the synthesis of the main components contributing to its protective properties: keratins, 

lipids, antimicrobial protein factors. The others cell types hosted in the epithelium3 are melanocytes, 
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Merkel cells and Langerhans cells (Chapter I, I-6). The epidermis is in perpetual renewal through a 

permanent proliferation of the basal layer followed by a “bottom-to-top” differentiation of keratinocytes, 

during which cells move towards the skin surface and change their morphology and biochemical 

properties6. Based on these progressive evolutions, four layers of keratinocytes are commonly described 

in the epidermis (Figure 2), from the depth to the surface: 

 The stratum basale is the deepest layer, composed of a single layer of columnar proliferating 

keratinocytes. These cells are strongly attached together by desmosomes and adherent junctions, 

and to the underlying basement membrane by hemidesmosomes. Their asymmetric divisions 

permanently produce keratinocytes that detach from the basement membrane to enter the upper 

layer. The detachment is associated with changes in gene expression that initiate cell differentiation 

while the cells lose their ability to proliferate7.   

The stratum basale also hosts melanocytes, which are responsible for skin pigmentation through 

melanin synthesis. After production in melanosome specialized organelles, melanin is transferred to 

keratinocytes by an exo/endocytosis process. This layer last ensures mechanosensing: membrane 

deformations of basal keratinocytes are transmitted to Merkel cells thanks to desmosomes, leading 

to the emission of chemical signals able to stimulate dermal afferent neurons.  

 The stratum spinosum is composed of five to ten layers of keratinocytes which can be very 

heterogeneous in terms of shape and composition, depending on their differentiation level. While 

moving upward, cells flatten, accumulate keratin filaments and cytosolic lamellar granules 

containing lipids (sterols, phospholipids), glycoproteins and hydrolases. Cell-to-cell adherence is 

promoted by desmosomes while connections by gap junctions facilitate the intercellular 

communication and the synchronization of differentiation steps. 

 The last epidermal layer containing living cells is the stratum granulosum. During their progress in 

this layer, cells accumulate keratohyaline granules and filaggrin in their cytoplasm while flattening 

goes on. Keratohyaline granules contain enzymes that modify the structure of keratin filaments, in 

association with filaggrin which can bind and aggregate filaments together. Just before cells leave 

the stratum granulosum, the initiation of organelle degradation and cell membrane destabilization 

marks the beginning of “cornification”, the last step of keratinocyte differentiation leading to cell 

death. Tight junctions are found in this layer. 

 The stratum corneum is the outermost layer of the epidermis. It hosts the main steps of cornification, 

a process by which keratinocytes die and are incorporated in a dense supracellular structure 

protecting underlying tissues5. Cell organelles are fully degraded; membrane and intracellular 

contents are released in the extracellular compartment and integrated in the surrounding 

environment. The stratum corneum is thus composed of dead cells called “corneocytes” embedded 

in a matrix made of free sterols, cholesterol, phospholipids, ceramids and various proteases, lipases 

and nucleases derived from lamellar granules8. Lipids protect against dehydration6, and exert anti-

microbial properties as a complement to enzymes. Even if cells are dead, their “skeletons” remain 
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strongly bound together thanks to numerous desmosomes called “corneodesmosomes”. These 

junctions and the various components of the matrix are progressively degraded by proteases and 

other enzymes while corneocytes progress outward, leading to the progressive desquamation of 

cells. 

 

The transit of keratinocytes in the epidermis lasts for about 40 days from production to 

desquamation. Finally, the strong intracellular keratin networks, the tight cell-to-cell cohesion in all 

layers2 and the dense matrix of the stratum corneum all contribute to the exceptional resistance of the 

epidermis to shear stress. 

 

2. Dermo-epidermal junction 

In skin, the connection between the epithelium and the underlying tissue is performed by a thick 

structure including keratinocyte transmembrane proteins and extracellular components produced by 

both epidermal and dermal cells9,10. This interface called “dermo-epidermal junction” (DEJ) is 

characterized by a very tight assembly of its components, which guarantees the structural and functional 

association between the epidermis and dermis (Figure 3). 

The DEJ can be split into 3 compartments11: 

 The basal membrane of keratinocytes from the stratum basale directly facing the dermis is the 

epidermal and most external part of the DEJ. Membrane complexes called “hemidesmosomes” link 

intracellular keratin filaments with transmembrane integrins and collagen XVII12. 

 The basement membrane interfacing epidermis and dermis is a complex network structured in two 

sublayers: superficial lamina lucida and deep lamina densa. 

In the lamina lucida, the α6β4 integrin and the collagen XVII from the membrane of keratinocytes 

interact with matrix laminin-332 (LM-332), with LM-33213,14. Together, LM-332 and collagen XVII 

form “anchoring filaments” and in theses LM-332 and collagen XVII strongly interact with 

collagens IV and VII of the underlying lamina densa11, respectively. Collagen IV is distributed as a 

dense network parallel to skin surface and structures the lamina densa, while collagen VII molecules 

constitute dense “anchoring fibrils” which project deeply to reach the dermis15. The proteoglycan 

perlecan and glycoproteins nidogen-1 and -2 enhance DEJ cohesion and stability10,16.  

 In the papillary dermis (Chapter I, I-3-i), anchoring fibrils from the lamina densa exhibit a “V” 

shape and strongly grasp dermal collagen fibers17. Collagen VII is, as a consequence, the key 

element for basement membrane/dermis connection, as will be further discussed below. In some 

nomenclatures, this area of the papillary dermis where anchoring fibrils and dermal ECM interact 

together is also called “sublamina densa”. 

 

In addition to mechanical cohesion, the DEJ performs a gate-keeping activity by finely controlling 

the exchanges of molecules and cells from a layer to another12. It especially allows the diffusion of gases 
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and nutrients from dermal blood vessels to support the growth of keratinocytes, as well as immune cells 

trafficking. Finally, the DEJ plays a key role in wound healing: the neosynthesis of the basement 

membrane contribute to drive skin wound healing15,18,19, and some proteoglycans of the network act as 

reservoirs of growth factors in healthy skin and during wound healing20.

Figure 3. Simplified structure of the DEJ.
Keratinocytes and dermal ECM are tightly associated through complex protein interactions involving lamina 
lucida and lamina densa components. The integrins of keratinocytes form bridges connecting cell cytoskeleton 
with the anchoring filaments of the lamina lucida. The latter bind the lamina densa, especially collagen VII 
anchoring fibrils that project deeply and grasp the fibrillar collagen network of the dermis. LM: laminin. Adapted 
from21.

3. Dermis

The dermis is a matrix-rich, fibrous connective tissue22 covering the hypodermis and interfaced with 

the overlying epidermis by the DEJ. It hosts a dense vascular network as well as several lymphatic 

vessels, and is innervated. Its thickness varies from 0.1 to 4 mm depending on body site8. The dermis 

performs numerous key functions in skin: it provides pliability and elasticity, contributes to water 

retention, supports epidermis nutrition, allows the perception of various stimuli and supports skin wound 

healing, among others. It also contains skin appendages (hair follicles, sebaceous glands, sweat glands) 

that form deep epidermis-covered invaginations within the dermal layer. Dermis functions mainly 

depend on the extracellular components, explaining why the abundance in resident cells is relatively 

limited. The latter are however fundamental for skin homeostasis because they allow the production and 

renewal of the ECM, and drive skin repair after injury23. 

i. Organization of the dermal extracellular matrix

The ECM is defined as the acellular compartment surrounding cells. In the dermis, it mainly consists 

of a 3-dimensional scaffold made of collagens and elastic fibers embedded in a hydrogel of 
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proteoglycans, free glycosaminoglycans (GAGs) and glycoproteins10,15,24. This complex network does 

not only provide the architectural basis necessary for cell development but also supports several events 

of tissue biology such as mechanical stimuli-sensing, cell migration or the storage and release of active 

molecules15. As the hypodermis and epidermis contain smaller amounts of ECM, the term “skin ECM” 

often found in the literature commonly refers to “dermal ECM”, the basement membrane being usually 

considered separately. 

 

Collagens are the most abundant proteins in animal tissues; in human, they account for about 70 % 

of the dry weight of dermal ECM6,25. Among the 28 types reported in human (Chapter I, II-1-i), the 

fibrillar collagen I is the most represented in the dermis (85 % of dermal collagens). The collagen I 

network forms a dense, fibrous, porous structure to which collagens III (10 % of dermal collagens) and 

V (< 3 %) are associated6. It serves as a support for the organization of the whole ECM and is responsible 

for skin tensile strength. In addition, elastic fibers provides elasticity to the tissue24. They result from 

the association of elastin to protein microfibrils (fibrillins, fibulins, EMILIN-1), and form a second 

protein network able to stretch under tension and snap back when the mechanical stress is lifted26. These 

protein networks are structurally and functionally associated to free GAGs and proteoglycans27. Finally, 

the ECM contains several glycoproteins24 that contribute to structurally and functionally connect skin 

cells with the surrounding ECM. Matrilins, tenascins, thrombospondins, fibronectin and vitronectin 

especially regulate the balance between adhesion and migration as well as intercellular signaling. In 

addition to structural properties, numerous proteins and proteoglycans of the ECM are also involved in 

the modulation of cell behavior through the binding and release of various growth factors22. 

 
Superficial and deep parts of the dermis exhibit variations in ECM composition and structure which 

are responsible for the division of this compartment into two sublayers (Figure 4): 

 The papillary dermis is the outer part of the compartment connected to the epidermis by the DEJ. It 

contains a loose and deformable collagen network made of thin fibers, randomly distributed and 

connected to DEJ components. Regarding composition, the papillary sublayer contains more 

collagen III, decorin and biglycan than the deep sublayer, and hosts most of the dermal fibroblasts. 

Blood capillaries that progress through the papillary dermis to the DEJ support feeding of the 

epidermis. In human skin, the papillary dermis emits protrusions called “papillae” in the epidermis, 

separated by epidermal invaginations named “rete ridge”. This structure greatly improves the 

contact surface between epidermis and dermis, to reinforce their cohesion and promote exchanges.  

 The reticular dermis is the deepest part of the dermis and hosts a dense and organized collagen 

network composed of thick bundles of fibers parallel to skin surface. It also contains thicker elastic 

fibers, and more versican. If the papillary dermis is responsible for the interactions with epidermis, 

the main function of the reticular compartment is to confer tensile strength to the skin. 
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Figure 4. Human skin observed by photonic microscopy. 
The papillary dermis emits papillae in the overlying epidermis, and contains an ECM network that is less dense 
than the reticular dermis one. Back skin, hematoxylin/eosin coloration, hypodermis not shown. Adapted from28. 
 

ii. Mesenchymal resident cells 

In addition to endothelial and nerve cells, fibroblasts are the only type of non-immune dermal 

resident cells. These cells are scattered in the dermis with few direct cell-cell contacts and perform 

various functions. 

 

Fibroblasts guarantee the maintenance of the dermal ECM, and therefore the ECM-based 

homeostasis of this skin layer. Most of the components of the ECM, including collagens and other 

fibrous proteins, proteoglycans, GAGs and glycoproteins, are synthesized by fibroblasts. These cells 

also secrete enzymes, especially proteases, which orchestrate the maturation, degradation and cross-

linking of these components to allow ECM remodeling and renewal. Furthermore, fibroblasts cooperate 

with keratinocytes to produce and organize the DEJ. Collagens IV and VII, two major components of 

the basement membrane, are produced by both cell types. 

 

The homeostasis-maintaining function of fibroblasts also relies on the secretion of a variety of 

growth factors such as fibroblast-, epidermal- and platelet-derived- growth factors (FGF, EGF and 

PDGF respectively) to modulate cell growth and the organization of the vascular network and to 

communicate with resident and infiltrated immune cells29,30. Finally, fibroblasts are involved in skin 

repair through their differentiation into myofibroblasts, a contractile subtype of fibroblasts that exert 

strong traction forces on the ECM to close wounds. 

 

4. Hypodermis 

The hypodermis, or panniculus adiposus, is the deepest layer of the skin. It is innervated, 

vascularized and directly in contact with underlying tissues. Its structure consists of projections of 

fibrous ECM septa, rich in collagens, that divide the layer in adipocyte lobules. Bundles of collagen 

fibers originating from the overlying dermis also penetrate the ECM of the hypodermis to create 
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cohesion between the two layers. Septa contains nerves, large blood and lymph vessels, that progress 

toward the surface to irrigate the dermis. Lobules host adipocytes which are large mesenchymal cells 

specialized in lipid storage and release: their cytosol contains few organelles and a large unique (in 

adult) or multiple (in child) lipid droplet(s). In non-obese adults, the hypodermis concentrates 80 % of 

the body fat. The hypodermis is an energy-storage tissue and it protects the organism from 

environmental temperature variations8. It also performs endocrine functions: adipocytes produce leptin, 

a hormone involved in the regulation of body weight, appetite, energy metabolism, and perform a part 

of the aromatase-based conversion of androgens in estrogens. 

 

5. Vasculature and innervation 

The irrigation and nervous functions of the skin are mainly ensured by the dermis and the 

hypodermis. 

 

Blood and lymph vessels originate from the hypodermis and progress to the papillary dermis. They 

form a dense network in the extracellular matrix and both vessel types contribute to tissue homeostasis8. 

Blood supplies hypodermal, dermal and epidermal cells with nutrients, O2, growth factors and endocrine 

hormones, contributes to metabolic waste elimination and supports the immune response to injury31. 

The lymphatic system acts as a complementary system to the vascular one: it contributes to the transport 

of lipids, the exchanges of fluids and the elimination of debris and adverse substances that accumulate 

in the extracellular environment. The lymphatic system is also a key player of the immune response by 

supporting immune cell proliferation and migration32. 

 

As the direct interface with the environment, the skin is a privileged area to sense various external 

stimuli3,33. Nervous activities principally depend on the highly innervated dermis. If epidermal Merkel 

cells also contribute to sense pressure stimuli, most of the latter are detected by specialized dermal 

structures called Meissner (papillary dermis), Vater-Pacini and Ruffini (superficial and profound 

reticular dermis, respectively) corpuscles. Free unmyelinated nerve fibers, especially located in the 

papillary dermis, and around hair follicles allow the sense of temperature, pain and itch. The hypodermis 

and dermis also contain efferent nerve fibers modulating vasoconstriction and sweat gland secretions. 

 

6. Skin immunity and healing 

As directly exposed to the external environment, skin is a preferential entrance way for pathogens. 

Numerous actors and mechanisms contribute to the immunity of the organ to prevent infections. Several 

reviews have proposed extensive descriptions of skin immunity29,30. 

 

Briefly, in the epidermis, molecules of the stratum corneum such as lipids, small peptides (called 

antimicrobial peptides) and enzymes can act as an anti-microbial barrier. To reinforce this first but 
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limited protection, innate immune cells including resident Langerhans cells in the epidermis (5 % of 

total cells) and dendritic cells in the dermis patrol to detect pathogens and activate adaptive immune 

response. Resident macrophages are also distributed in the dermis to perform the phagocytosis of 

pathogens, while resident mast cells drive the allergic response. In the skin, the immune response mainly 

takes place in the dermis due to its high blood and lymph perfusion. All the cells involved in this 

response, including monocytes-derived macrophages and neutrophils (innate immunity), CD4+ and 

CD8+ T-cells and B-lymphocytes (adaptive immunity), reach the skin to fight the infection.  

 

Immune and resident cells are also involved in the wound healing process occurring after both 

biotic and abiotic (burn, cut, etc.) injuries. Wound healing depends on the inflammatory response that 

is triggered after injury and aims at restoring the structure and thus the functions of the skin after a 

trauma34,35. It is divided into three phases that come one after another, in parallel with the fight against 

pathogens, with some overlap: a hemostasis and inflammation step, a proliferation step and a final 

remodeling phase (Figure 5)36. All along this process, injured and dead cells are eliminated and a 

progressive reconstruction of the three layers of the skin occurs through the promotion of angiogenesis, 

the proliferation and migration of resident cells and the deposition of ECM. The tissue produced during 

wound healing is named granulation tissue and it differs from the native one. A higher proportion in 

cells, especially contractile myofibroblasts, is particularly observed, as well as a composition and an 

organization of the matrix different from the physiological one37. The collagens especially exhibit a 

lower solubility and a higher sensibility to protease-driven maturation in granulation tissue, while the 

proportion of collagen III is increased38,39. This temporary structure is finally remodeled from weeks to 

months after injury (years for large wounds) to restore a physiologic extracellular environment fulfilling 

all the functions of the skin40. 
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Figure 5. Summary of the healing process in skin. 
The three healing phases overlap in time to progressively clean and close the wound. The remodeling phase lasts 
for weeks to months, possibly years, in physiological healing. Adapted from36. 
 

The skin healing process is efficient for small and acute wounds. For some injuries such as large 

burns, only a limited recovery of the initial structure, and thus functions, of the skin is possible, probably 

because of the definitive loss of structures involved in tissue repair such as skin appendages. 

Furthermore, dysregulations in the wound healing process can occur spontaneously and lead to 

pathologies such as chronic wounds34, keloids and hypertrophic scars41,42. Fibrosis is a form of 

pathological wound healing which is also observed in skin. It is characterized by in an excessive and 

aberrant deposition of ECM in the dermis, probably due to a dysregulation in the transition from 

proliferative to remodeling phases43,44. The mechanisms leading to fibrosis are still only partially 

understood at present day (Chapter I, III-3-ii); in addition to dysregulations in the wound healing 

process itself, environmental factors such as chronic mechanical stimulations of wounds or hypoxia 

have been suggested to contribute to fibrosis45. Whatever its origin and type, fibrosis is an inflammation-

driven process. It leads to modifications in the structure of the skin that consequently disturb the 

functions and the mechanics of the skin and progressively become debilitating for patients. 

 

As a conclusion, the skin is a multi-layered organ responsible for the protection and the adaptation 

of the body to its environment. The cohesion of the cells in the epidermis and the matrix networks in the 

dermis are mainly responsible for the properties of the skin and the upkeep of its homeostasis. Cells and 
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ECM also contribute, with the immune system, to the wound healing process that restores the structure 

and functions of the organ after injuries.  
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II. THE EXTRACELLULAR MATRIX, A COMPLEX AND DYNAMIC 

NETWORK

1. Collagens: the basis of skin ECM

i. Collagens: structure and expression in skin

Collagens are the most abundant proteins found in mammalian tissues (30 % of total proteins mass) 

and constitute the basis of skin ECM, especially in dermis. 28 collagens have been identified and 

described in human, the composition in collagens varying form one tissue to another6,25. A collagen is 

defined as a protein composed of three identical (homotrimer) or different (heterotrimer) polypeptides 

named “α-chains” assembled at least one time into a triple-helical domain46. The proportion of triple-

helical domains drastically varies from a collagen to another (> 90 % of the mature sequence of collagen 

I, < 10 % in collagen XII), but the repetition of the common amino acids sequence Gly-X-Y motif is 

responsible for the folding into helix in all collagens47. X and Y amino-acids frequently correspond to 

proline and 4-hydroxyproline respectively, but may be occupied by any other amino-acids except 

tryptophan. 3-hydroxyproline is also present at these sites in fibrillar collagens I, II, III and V. 

Hydroxyprolines act as stabilizers of the triple helix through the creation of hydrogen bonds between 

the α-chains of the trimer46,47. The interruptions of the Gly-X-Y repeats are responsible for the flexibility 

of the trimer. 

Figure 6. Schematic representation of supramolecular assemblies formed by collagens in the skin.
FACIT: fibril-associated collagen with interrupted triple helices. Adapted from25,48.

All collagens are deposited in the extracellular matrix, except for collagens XIII, XVII, XXIII and 

XXV that are also transmembrane proteins. For the extracellular ones, supramolecular assemblies of 

Fibrils (I, III, V) FACITs (XII, XIV, XVI) 

Beaded filaments (VI) Anchoring fibrils (VII)

Network (IV) Transmembrane (XIII, XVII, XXIII)

Triple-helical domain (Gly-X-Y) Thrombospondin domainNon collagenous domain
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trimers are very common and a variety of collagen architectures are known (Figure 6). In the skin, 

especially in dermis, the most abundant collagens (I, III, V) assemble into fibrils6, which associate 

together into bundles responsible for skin tensile strength. The dermis also contains FACITs (fibril-

associated collagen with interrupted triple helices; XII, XIV, XVI), associated to fibrillar collagens. In 

the basement membrane of the DEJ, collagen IV forms a mesh that supports the epidermis layer while 

collagens VI and VII respectively assemble into “beaded” filaments and anchoring fibrils17. Epidermal 

cells exhibit transmembrane collagens (XIII, XVII, XXIII) involved in cell-to-cell and cell to basement 

membrane adhesion25.  

 

ii. Biosynthesis of fibrillar collagens 

Collagens I, III and V form a network of dense fibrils and bundles in the dermis. Their assembly 

results from sequential steps of production and maturation involving intracellular and extracellular 

mechanisms49. Fibrillar collagens are synthetized by resident fibroblasts and secreted in the form of 

precursors; in the extracellular matrix, various proteolytic enzymes can process collagens trimers, 

thereby triggering fibrils assembly (Figure 7)50,51. 

 

 
Figure 7. Schematic representation of the production and processing of fibrillar collagens. 
The steps from translation by ER-bound ribosomes to final integration into the mature collagen network through 
cross-links are represented. In the mature fibrillar network, black, red and yellow molecules represent collagen I, 
III and V respectively.  
 

The α-chains of fibrillar collagens are produced by the ribosomes associated to the endoplasmic 

reticulum (ER). They are composed of a central “collagenous” part containing repeated Gly-X-Y 

sequences and flanked by N- and C-propeptides. In the endoplasmic reticulum, they also acquire key 

post-translational modifications. First, prolines of the Gly-X-Y motif are grafted with 4- (major) or 3-
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hydroxylation (minor) through the action of prolyl-3- or prolyl-4-hydroxylases48. Hydroxylation also 

occurs on lysine residues thanks to PLOD (procollagen-lysine-1, 2-oxoglutarate 5-dioxygenase) -1, -2 

and -3 exhibiting lysyl hydroxylase activities. Some hydroxylysines are finally glycosylated by the 

glycosyltransferases GLT25D1 or GLT25D2. The three α-chains are then covalently linked together 

through the formation of inter-chain disulphide bridges in the C-propeptides50. Finally, the collagenous 

parts of the chains associate together to create a triple helix. Fibrillar collagens are secreted in this 

trimerized form called “procollagen” containing a central triple helical domain and N- and C-

propeptides responsible for the solubility of the precursor51. 

 

The maturation process of procollagens I, III and V occurs in the extracellular matrix under 

enzymatic actions46. First, N- and C-propeptides are cleaved by metalloproteases from the metzincin 

family (Chapter I, II-3). The N-propeptide of fibrillar collagens are mainly processed by ADAMTS-2, 

-3 and -14 (a disintegrin and metalloproteinase with thrombospondine motifs), and by BMP-1 for 

collagens α1(V) and α3(V). BMP-1, mTLD, mTLL-1 and -2 (for bone morphogenetic protein-1, 

mammalian tolloid protein, mammalian tolloid-like 1 and 2, respectively), meprins α and β and furin 

can potentially remove the C-propeptide. The release of the propeptides from the collagen trimer leads 

to the formation of insoluble collagen molecules51 that spontaneously assemble to form collagen fibrils. 

LOX (lysyl-oxidase) and LOXL (lysyl-oxidase like) catalyze the deamination of lysines and 

hydroxylysines, a mandatory step for the formation of cross-links that occurs spontaneously and stabilize 

the final assembly of collagens25,52. In addition, small leucin-rich proteoglycans (SLRPs), such as 

decorin and biglycan, control the spacing and organization of collagen fibrils27,53. Finally, fibrils 

assemble to create bigger collagen structures such as fibers and bundles that further increase skin tensile 

strength. 

 

In normal adult dermis, the composition of fibrillar collagen trimers is constant (Appendix 1). 

Collagen III always consists in a α1(III)-homotrimer annotated [α1(III)3]25,54. Heterotrimers are observed 

for Collagen I ([α1(I)2, α2(I)]) and collagen V ([α1(V)2, α2(V)], ([α1(V), α2(V), α3(V)])55; α1(V)3 is 

also present in normal adult skin56. Homotrimers of α1(I) can also be found in diseases such as fibrosis57 

or cancer58.  

 

iii. Biosynthesis of collagen VII 

Collagen VII is a key component in DEJ. Basal keratinocytes and dermis fibroblasts both contribute 

to its synthesis12. Like fibrillar collagens, collagen VII is secreted as a hydroxylated and glycosylated 

precursor which is then matured in the ECM by proteolysis. 

 

A single gene (COL7A1) encodes collagen VII homotrimer. The α1(VII) chain is produced in the 

form of a central collagenous part flanked by large non-collagenous NC-1 (N-term) and NC-2 (C-term, 
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containing a C-propeptide) domains. The same enzymes as those described for fibrillar collagen 

biosynthesis perform 4-hydroxylation of prolines and 5-hydroxylation of lysines in the collagenous 

domain. The polypeptide is N-glycosylated at least once in the NC-1 domain; based on the amino-acid 

sequence, other putative O- and N-glycosylation sites have been suggested in both the NC-1 and 

collagenous domains but not validated experimentally59. Finally, several inter-chain disulphide bonds in 

the NC-2 domain favour, in combination with the assembly of collagenous domains into a triple helix, 

the trimerization of the α-chains. The collagen VII precursor is 2944 amino-acid long and is 

characterized by numerous interruptions of the triple helix structure (19 in total)25.  

 

After secretion, collagen VII aligns as anti-parallel dimers with overlapping C-terminal ends, which 

are proteolytically matured by proteases including astacin-like proteases60 that remove the major part of 

the NC-2 domain. Dimers of mature collagen VII (2822 amino acids each in final form) laterally 

aggregate to form the anchoring fibrils found in the DEJ (Figure 8). Interactions of NC-1 domains with 

LM-332 and collagen IV insure a tight and strong integration in the basement membrane while the basis 

of the “V” is projected into the dermis to grasp the network of fibrillar collagens16.  

 

 
Figure 8. Extracellular processing and supramolecular assembly of collagen VII in the basement membrane 
of the skin. 
Secreted precursors dimerize and lose their NC-2 propeptide to assemble into anchoring fibrils. 
 

2. Glycosaminoglycans and proteoglycans in skin matrix 

Glycosaminoglycans consist in long carbohydrates chains which can be found free in the ECM 

(hyaluronic acid) or bound to a core protein to form matrix-bound, transmembrane or intracellular 

proteoglycans15. The most frequent GAGs found in the matrix of the dermis are keratan sulphate, 

chondroitin sulphate and heparan sulphate (Table 1)27. Depending on their nature, GAGs exhibit a broad 

variety of properties and perform various functions in skin53. Versican is the most abundant proteoglycan 

in the matrix of the dermis and acts as a stabilizer of collagen and elastic fibers, as well as a modulator 

of cell migration. Small leucine-rich proteoglycans (SLRPs) such as biglycan, decorin, lumican and 

mimecan are also found in the matrix of the dermis. Biglycan and decorin are especially important for 

matrix homeostasis: they regulate collagen fibrillogenesis and fiber spacing, by direct binding to 

Dimerization of 
precursors

Release of NC2-
propeptide

Multimerization
of 2 dimers

ANCHORING FIBRILSSECRETED PRECURSORS
NC-1 domain
NC-2 domain



Chapter I - Introduction 

40 
 

collagen I22. They also bind transforming growth factor β (TGF-β) and modulate its bioavailability in 

the ECM61,62. Regarding betaglycan (or type III TGF-β receptor), a proteoglycan either found at the cell 

surface or soluble after ectodomain shedding, it regulates TGF-β bioavailability and interaction with 

signaling receptors. If all these proteoglycans contribute to fill some of the empty space between protein 

fibers, the main space fillers in dermal ECM are free hyaluronic acid and hyaluronan (polymer of 

hyaluronic acid residues). These molecules exhibit a high water-retention property that is essential to 

skin tautness and hydration; furthermore, the interaction of hyaluronan with the transmembrane receptor 

CD44 regulates skin regeneration27. 

 

Localization Proteoglycan SLRP GAG content 

DEJ Perlecan  HS 

Dermis 

 

Biglycan 

Decorin 

Fibromodulin 

Lumican 

Mimecan 

Versican 

 

X 

X 

X 

X 

X 

 

CS, DS 

CS, DS 

KS 

KS 

KS 

CS 

Transmembrane 

Betaglycan 

Glypicans 

Syndecans 

  

CS, HS 

HS 

CS, HS 
  

 
 

Table 1. Composition of the principal transmembrane and matrix proteoglycans contained in the skin. 
All these components contribute to matrix structure, functional properties and modulate growth factor signaling. 
Hyaluronan is the only GAG-polymer found in the free form in the ECM. CS: chrondroitin sulfate, DS: dermatan 
sulfate, HA: hyaluronic acid, HS: heparan sulfate, KS: keratan sulfate. 

 

3. Metzincins and proteolysis-driven dynamics of the matrix 

Collagens are key components for the structure of skin ECM. The continuous production, 

maturation and remodeling of matrix proteins, controlled by matrix proteases, are responsible for a 

complex and dynamic homeostasis of the ECM, especially in the dermis.   

 

Among matrix proteases, metzincins are key actors in ECM homeostasis. The metzincin family is a 

group of zinc metalloproteinases characterized by the presence of a methionine turn close to the active 

site and a conserved zinc-binding sequence63. Metzincins are involved in numerous activities linked 

with ECM remodeling and signaling. The metzincin family in human is composed of 3 main groups 

based on structural features63: matrixins, astacins and adamalysins (Figure 9). Two other subfamilies, 

pappalysins and serralysins, also belong to metzincins but they will not be detailed here. 
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Figure 9. Main proteases of metzincin family. 
The metzincins are zinc-binding proteases and are distributed into three main subfamilies depending on the nature 
of the domain binding Zn2+. Matrixins comprise soluble MMPs and membrane-type MT-MMPs, astacins include 
BMP-1/tolloid-like proteases (BTPs) and meprins (sometimes released from the membrane), and adamalysins 
regroup soluble ADAMTSs and membrane-bound ADAMs. Ovastacin, and serralysins and pappalysins 
subfamilies are not represented here. 
 

i. Matrixins 

Matrixins are also named “matrix metalloproteinases” (MMPs). To date, 23 MMPs have been 

described in human and in mouse, including 17 soluble forms and 6 GPI-anchored or transmembrane 

forms named “membrane-type matrix metalloproteinases” (MT-MMPs): MMP-14 to -17 (or MT1- to 

MT4-MMP), -24 (or MT5-MMP) and -25 (or MT6-MMP)64,65. MMPs are produced in the form of 

inactive precursors and are most often activated by furin or other active metzincins. In the ECM, soluble 

MMPs mainly perform catalytic activities in the matrix while the membrane-bound ones mainly 

modulate cell adhesion through modifications of the structure of several receptors. In normal skin, MMP-

1, -2, -3, -7, -8, -9, -13 and -14 – have especially been reported to degrade both protein and proteoglycan 

targets. They contribute to maintain the homeostasis of fibrillar and non-fibrillar skin collagens by 

degrading collagen fibers or isolated chains prior to their elimination from the matrix. Others MMPs 

can also be found in the skin when processes such as inflammation or wound healing occur (e.g. MMP-

10, MMP-12).  

MMPs activities are modulated by tissue inhibitors of metalloproteinases (TIMPs) and circulating 

α2-macroglobulin66,67. Proteoglycans such as lumican and versican also regulate active MMPs as well 

as their maturation from inactive precursors68. Regulation of MMP-based proteolysis is however very 

complex, as illustrated by the dual role of some regulators depending on their interaction with other 
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ECM components. For instance, syndecan-2 inhibits pro-MMP2 activation when it is free but activates 

the same process when it is bound to chrondroitine-sulfate proteoglycan 469,70.  

 

ii. Astacins 

Astacins form another subgroup of metzincins performing a wide variety of functions in the ECM. 

Similarly to MMPs, they contribute to the maturation or degradation of numerous matrix components 

(structural and enzymatic ones) and to signaling.  

 

Meprins are the first subtype of astacins. These proteases are composed of α and/or β chains 

associated in homo- or hetero-multimers of variable size71. Meprins can be secreted in the matrix or 

bound to cell membranes in the form of homo- or hetero-dimers. They are involved in the maturation of 

fibrillar procollagens I and III through the removal of C- and/or N-propeptides prior to fibril 

formation72,73. Meprins also activate other metzincins such as ADAM1074, metzincins regulators such 

as PCPE-172 and they are regulated by fetuin B which inhibits their activity75.  

 

BTPs are the second subtype of astacins and include 4 proteases: BMP-1, mTLD, mTLL-1 and -2 

(BMP-1 and mTLD are two splicing variants produced from BMP1 gene)76. In skin, BTPs are essential 

to the organization of the dermis ECM, especially for the collagen network. They mature all fibrillar 

procollagens through the removal of the C- and/or the N-propeptides46, modulate the structure of some 

SLRPs involved in the regulation of the lateral growth and spacing of collagen fibrils (decorin, 

osteoglycin/mimecan, biglycan), and release the mature form of elastin and collagen cross-linking 

enzymes LOX and LOXL76. BTPs also contribute to the assembly of the DEJ through the maturation of 

procollagen VII and LM-33213.  

BTPs, especially BMP-1, are also involved in matrix-dependent signaling events, in particular those 

involving TGF-β. They modulate the bioavailability of the growth factor through the cleavage of 

proteins involved in its sequestration in the matrix, such as latent TGF-β-binding protein 1 (LTBP1)77. 

They also shed betaglycan, a co-receptor for TGF-β78. The action of BTPs leads to the release of the 

active TGF-β growth factor and promotes signaling. Recently, the cleavage of thrombospondin-1 (TSP-

1) by BMP-1 was also shown to increase TGF-β signaling in vitro79. BTPs participate to other processes 

such as the modulation of angiogenesis through the release of the LG3 domain from the C-terminal part 

of perlecan core protein, or the mineralization of soft tissues by action on dentin matrix protein-176. 

Several regulators of BTPs have also been identified. Some affect the activity of the proteases on 

all their substrates, like fibronectin and serum α2-macroglobulin that respectively exert activating and 

inhibiting effects. Other regulators named “procollagen C-proteinases enhancers” (PCPEs) regulate the 

activity of BMP-1 on some of its substrates. PCPE-1 stimulates the processing of fibrillar procollagens, 

while PCPE-2 seems to intriguingly affect this processing in a dose-dependent manner, as we recently 

reported80: the cleavage of procollagens by BMP-1 is activated in the presence of low concentrations of 
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PCPE-2, but tended to decrease at higher concentrations of the regulator. I contributed to this work on 

PCPE-2 during my PhD, especially for the characterization at tissue level of the effect of knocking down 

PCPE-2 (article submitted, see Publications section at the end of this manuscript) 

  

iii. Adamalysins 

The adamalysins include a disintegrin and metalloproteinase (ADAM) and a disintegrin and 

metalloproteinase with thrombospondine motifs (ADAMTS) enzymes. 13 ADAMs among the 22 

reported in human exhibit proteolytic activity81. They are membrane-bound proteases and mainly 

involved in the regulation of the interactions of cells with the matrix, and in signaling through the 

processing of membrane-bound receptors and precursors of growth factors82. Conversely, ADAMTSs 

are secreted proteases and their main targets are ECM components. 19 ADAMTSs have been reported 

in human, from ADAMTS-1 to -20, ADAMTS-5 and -11 being exactly the same molecule83,84. In normal 

skin, ADAM-10 and 17 are found in the epidermis85. In the dermis, ADAMTS-2, -3, -14 are responsible 

for the maturation of fibrillar procollagens in addition to astacins: they can release the N-propeptide of 

most fibrillar collagen precursors (I, III, α1(V), and the C-propeptide of procollagen III86. Proteoglycan 

(e.g. betaglycan, decorin) and glycoprotein (e.g. fibronectin) substrates have also been suggested by 

proteomic analyses but the biological significance of these cleavages is not fully understood86,87. 

ADAMTS-17 could also take part in the homeostasis of dermal ECM since the absence of this protease 

in mouse leads to the thickening of the dermis and to enhanced deposition of fibrillar collagens88.  

 

Examples of substrates of matrixins, astacins and adamalysins are given in Table 2. 
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Protease Collagen substrates Proteoglycan 
substrates Other substrates 

Matrixins    
MMP-1 Collagens I , III, VII Perlecan   

MMP-2 Collagens I, III, IV, V, VII Perlecan Elastin 
     Laminins 

MMP-3 Collagens III and IV Decorin Elastin 
  Perlecan Fibronectin 
    Laminins 

MMP-7 Collagens IV, V Decorin Elastin 
  Versican Fibronectin 
   Laminins 
   Nidogen-1 

MMP-8 Collagens I, III, V, VII   Laminins 

MMP-9 Collagens V, VI, VII   Fibronectin 

MMP-13 Collagens I, III, V Biglycan Fibronectin 
   Fibromodulin  Laminins 
   Perlecan   

MMP-14 Collagens I, III, IV Perlecan Fibronectin 
(MT1-MMP)     Laminins 

Astacins    

BTPs Procollagens I, III, V (α1, α2): C-
propeptide 

Betaglycan 

Biglycan  

Decorin 

Mimecan 

Perlecan 

LM-332 (α3, γ2) 

DMP-1 

DSPP  

Pro-LOX 

Pro-LOXL 

  
 Procollagen V (α1, α3): N-propeptide 
  
 Procollagen VII: NC-2 domain 

Meprin α, β Procollagens I, III: N- & C-propeptides   BMP-1 
    MMP-1, -7 
    PCPE-1 
        

Adamalysins    

ADAMTS-2,  Procollagens I and III: N- & C-propeptides Betaglycan Fibronectin 
-3, -14 Procollagen V (α1): N-propeptide     

      

Table 2. Examples of skin ECM substrates for the main metzincins expressed in normal skin. 
The main substrates involved in the structuration of the ECM are listed. DMP-1: dentin matrix protein-1, DSPP; 
dentin sialophospho-protein 
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4. The Matrisome project 

These last 20 years, numerous studies aiming at describing the biology of the ECM and its 

involvement in pathology, especially in cancers, have been conducted. The recovery of the ECM from 

native tissues combined with MS-based proteomics is now frequently used to study matrix proteins 

(Chapter I, IV-4). The extracellular matrix is however made of a very large variety of molecules, the 

abundance of which can vary by several orders of magnitude, making the identification of all ECM 

components in large omics datasets particularly challenging. Before the launch of the matrisome 

concept, only a few ECM target molecules could usually be characterized in each study. 

 

i. Matrisome definition 

To promote more standardized evaluations of ECM-centered analyses and combine all previously-

generated data in a single database, the Matrisome project has been initiated in 2011 by the lab of 

Richard Hynes (Koch Institute for Integrative Cancer Research, MIT, USA) under the supervision of 

Alexandra Naba89. The aim of the project was the elaboration of a list, made as exhaustive as possible, 

of all the ECM proteins contained in the proteome to help scientists identify them in their omics datasets. 

The matrisome was thus defined as “all the protein components constituting the extracellular matrix, 

and components associated with it” and bioinformatics screening of human and murine proteomes were 

performed to identify all the proteins corresponding to this definition.  

 

ii. In silico build-up of the matrisome  

To identify all the proteins matching the definition of the matrisome for each species, in silico 

screenings of both genome and proteome databases were performed. Prior to bioinformatic analyses, the 

matrisome was split into two categories: 

- the “core matrisome” that includes proteins mostly fulfilling structural functions (including 

collagens), 

- the “associated matrisome” that gathers proteins interacting with the core matrisome, secreted 

factors and components sharing structural domains with core proteins or regulating the 

architecture of the matrix. 

 

For human and then mouse, matrisome lists have been established based on structural features. For 

core and associated matrisomes, separated lists of domains commonly found (“inclusion” domains) and, 

conversely, not found (“exclusion” domains) in matrix proteins have been defined. The 

inclusion/exclusion criteria were based on an extensive literature review, structural annotations of 

proteins (UniProt database) and structural predictions obtained from the analysis of genes sequences 

(Interpro database)89. The proteins defined as belonging to the matrisome have thus successfully passed 

positive and negative selection steps using these lists as well as a final manual refinement (Figure 10). 

The same inclusion and exclusion domains were used to screen both human and mouse proteomes. 
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Figure 10. Methodology for the definition of the matrisome. 
Data from literature and structural analyses were used to define inclusion and exclusion domains for the core and 
the associated matrisome. These domains were used to screen the real and virtual proteomes in human and mouse, 
and define the proteins forming the core and the associated categories of the matrisome. Inclusion and exclusion 
domains are presented in appendices 2 and 3, and more detailed can be found in89.  
 

 

For the core matrisome, 55 inclusion (e.g. collagen triple helical, matrix fibril-associated, laminin 

domains, fibronectin domains) and 20 exclusion domains (e.g. specific catalytic domains, ion channel 

domains) have been defined (Appendix 2). Final steps of exclusion of proteins containing 

transmembrane domains and of inclusion of proteins not contained in the bioinformatically-generated 

panels but known to be part of the ECM based on literature reports were also performed. The final core 

matrisome list is divided into 3 subgroups depending on the biochemical nature of the proteins: collagens 

(all the verified and putative collagen chains), glycoproteins and proteoglycans (core proteins). The 

human core matrisome is composed of 274 proteins, including 44 collagens, 195 glycoproteins and 35 

proteoglycans. The mouse one contains 275 proteins, with one additional proteoglycan (nephrocan) and 

a few differences in the nature of collagen chains (Figure 11A).  

 

72 inclusion domains (e.g. catalytic domains, domains belonging to protease inhibitors or cytokine) 

and 29 exclusion domains (e.g. domains belonging to membrane-bound proteases or integrins) were 

used to define the associated matrisome (Appendix 3). Final refinement steps identical to those 

Definition of inclusion domains (i.d.)

Literature review

Structure analyses

Screening of the proteome for positive 
selection

(reviewed structures and automatic 
transcription/translation of the genome)

Definition of exclusion domains (e.d.)

Negative selection using 
exclusion domains

Manual refinement

55 i.d. 

Core Matrisome Associated Matrisome

20 e.d. 

72 i.d.

29 e.d.
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described for the core matrisome were also applied. A division of the final associated matrisome list into 

3 subgroups was finally proposed, based on the biological role of the proteins: structural components 

not involved in the network of core proteins but interacting with it were named “ECM-affiliated”, 

enzymes and their regulators were grouped as “ECM regulators” and signaling molecules as “Secreted 

factors”. The associated matrisome is the category gathering the largest number of proteins. In human, 

it includes 753 components: 171 ECM-affiliated proteins, 238 ECM-regulators and 344 secreted factors. 

The mouse one contains even more components, 837 in total: 165 ECM-affiliated proteins, 304 ECM-

regulators and 368 secreted factors (Figure 11B). The high difference in the number of ECM-regulators 

between mouse and human associated matrisomes results from numerous gene duplications in the mouse 

genome. For instance, 36 genes encode serine protease inhibitors (serpins) in human, compared to 60 in 

mouse90.

Figure 11. Schematic view of human and mouse matrisomes.
A. Core matrisome proteins. B. Associated matrisome proteins (last update: August 201491).

A total of 1027 and 1111 genes respectively encode the matrisome in human and mouse. They 

account for about 4 % of the total genome of each species.
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iii. Tools for the analysis of the matrisome 

All the databases generated in silico are available on the website of the Matrisome project91 (last 

update: 2014 for human and mouse lists) and can be used to identify ECM proteins in large proteomic 

datasets. Since 2017, the in silico matrisomes of Danio rerio (zebrafish)92, Drosophila melanogaster93 

and Caenorhabditis elegans94 were also generated and deposited on the platform.  

 

To facilitate the annotation and the exploitation of datasets, the Matrisome platform also proposes 

tools based on the matrisome databases. First, an on-line annotator can be run automatically to detect 

and annotate ECM proteins in raw omics datasets. In addition, a new platform has been launched in 

2019 to facilitate the retrospective cross-study of the previously-reported proteomic studies of the 

matrix95. Based on a compilation of various proteomics datasets, this tool proposes, for each matrix 

protein from both human and mouse organisms, a collection of metadata that have been reported in the 

literature (tissues where it was detected, expression in health and disease, other ECM-related proteins, 

etc.). For some older works, the lists of peptides detected by MS/MS are also available via the on-line 

platform PRIDE96, this information being especially useful for the development of targeted proteomics 

studies. 

 

The Matrisome approach and databases were used to study several tissues by transcriptomics and 

MS-based proteomics, especially in diseases such as cancer or fibrosis. For instance, the matrisome of 

mammary glands97, pancreatic islets98, lung99,100, liver and colon101, and various tumors affecting these 

tissues have been described. 

 

 

To sum up, the ECM is a complex and dynamic environment made of structural and regulatory 

proteins. Proteases are key actors in the homeostasis of the skin, through the formation/upkeep of the 

matrix structure and the modulation of matrix-associated signaling events. To facilitate the study of the 

very wide variety of ECM proteins, the matrisome concept was introduced 10 years ago and specific 

tools were progressively developed to facilitate data exploitation.  
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III. DYSTROPHIC EPIDERMOLYSIS BULLOSA 
 

Epidermolysis bullosa (EB) is a group of inherited disorders caused by mutation(s) in an autosomal 

gene encoding one of the components of basement membranes and DEJ. To date, mutations in at least 

18 genes have been identified as responsible for EB. These disorders are characterized by skin fragility 

and blistering in response to even mild shear stress, and their severity depends on the EB form and gene 

mutation. 

  

1. Etiology, classification and symptoms 

DEB is a rare disease affecting 1 birth out of 49,000 to 420,000, depending on the regions of the 

world. This pathology is the consequence of mutations in COL7A1, the gene encoding collagen VII17. 

To date, about 1000 different dominant (DDEB) or recessive (RDEB) mutations have been identified in 

DEB patients102: they range from missense mutations to premature termination codons (PTC). They are 

responsible for partial to total loss in collagen VII functionality and cause basement membranes 

instability and epithelia detachment, especially in DEJ where collagen VII greatly contributes to the 

cohesion of epidermis with the underlying dermis. The severity of the pathology and its symptoms to 

some extent depend on the mutation. The most serious cases of DEB are those associated with recessive 

PTC mutations or recessive combinations of mutations, and result in very low levels of functional 

collagen VII. In skin for example, the absence of anchoring fibrils can be observed by transmission 

electron microscopy (TEM, Figure 12A).  

 

Chronic skin blistering due to the detachment of the epidermis is an early manifestation of DEB. It 

occurs in body areas submitted to repeated mechanical stress (mainly hands, feet, elbows and knees). 

Chronic slow-healing wounds, scarring and permanent inflammation of the underlying tissues finally 

result from epithelium detachment (Figure 12B)103.  

In the most serious DEB forms104–106, especially RDEB, the manifestations of the pathology are 

diverse and progressive in terms of nature. Blistering occurs on all the surface of the body and on oral 

mucosae. Soft tissue fibrosis progressively develops and leads to deformations in limb extremities 

(finger deformities and fusion) and to esophagus narrowing. As feeding becomes harder, patients 

commonly suffer from nutrient deficiencies such as anemia, and underweight. Alterations of corneal 

epithelium affecting vision are also frequent in the eye107. Finally, the inflammatory and fibrotic 

environment of the skin favors the development of aggressive squamous cell carcinomas (SCC) 

responsible for the high morbidity of the disease104,108. For people with severe RDEB, the cumulative 

risk of SCC is higher than 90 % at the age of 55 years, and life expectancy after the first tumor occurrence 

does not exceed 5 years109. 
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Figure 12. RDEB micro- and macroscopic phenotypes.
A. TEM observation of DEJ in normal (left) and RDEB (right) human skins. Collagen VII anchoring fibrils are 
visible in normal skin (black arrows) but absent in RDEB skin. Bar: 200 nm. Orange double arrows: basement 
membrane with laminas lucida and densa, E: epidermis, D: dermis. B. Progressive evolution of skin symptoms in 
RDEB. Adapted from110–113.

Although a link between the level of functional collagen VII and the severity of the disease exists, 

some observations suggest the involvement of additional mechanisms to explain the progression of 

symptoms (epigenetics, compensation of collagen VII deficiency, etc.)114. For instance, the case of two 

homozygous DEB twins exhibiting different disease severities questions the “purely” genetic cause of 

the disease115. In addition, studies on patients presenting the same COL7A1 mutations from the same or 

different families also revealed substantial variations in disease severity116. Mutations in the promoter 

of MMP1 (encoding matrix metalloprotease-1) responsible for a increased expression of the gene were 

also reported to exacerbate the symptoms in RDEB patients117.

To date, no curative treatment is available for DEB: medical care consists in the treatment of 

symptoms to limit their extension and improve the quality of life of patients118,119. Daily management of 

DEB involves careful wound asepsis and dressing to prevent infections and try to favor healing. Skin 

substitutes can be grafted to protect and help the closure of large wounds120,121. In addition, drugs are 

commonly administrated to limit inflammation and reduce wound-associated pain and itch. Wrapping 

of limb extremities (mainly fingers) is also recommended for severe DEB cases to prevent fusion events. 

Nutrition needs to be adapted in terms of consistency and composition to limit the alterations of the oral 

mucosae and prevent deficiencies in nutrients. Hyper-protein and hyper-caloric diets are especially 

recommended for children. 
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2. Research on DEB

i. Overview of medical research

Different strategies have been proposed and tested to treat DEB (Figure 13). They mainly consist

of collagen VII restoration through gene therapy, modulation of the translation or supply in exogenous 

collagen VII. Therapies to limit the manifestation and the progression of symptoms have also been

proposed.

Figure 13. Strategies for the development of new therapies for DEB.
Approaches to restore functional anchoring fibrils extend from the replacement of the deficient COL7A1 gene to 
the supply of exogenous collagen VII. Symptom-based therapies are also essential to limit the progression of the 
disease and improve the quality of life of patients. Small colored triangles represent drugs.

Briefly, gene therapy aims at restoring the expression of native collagen VII through the correct 

reprogramming of the deficient COL7A1 gene122,123. This can be achieved through the ex vivo

reprogramming of cells retrieved from patient skin biopsy before re-administration in skin. Currently,

autologous corrected keratinocytes seem to be preferred to fibroblasts for gene therapy, probably 

because they can easily be applied on wounds after engineering through topical application or 

grafting124,125. Promising results were recently reported using these cells: the administration of corrected 

keratinocytes improved the closure of more than 90 % of the lesions treated in 7 RDEB patients126. 

Engineered autologous fibroblasts were also reported to restore the expression of collagen VII in non-

wounded skin after dermal injection, even if the the treatment appeared less efficient in some patients 
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than in others127. Clinical trials using both types of cells are currently on going128 to evaluate the effect 

of treatments on larger patients cohorts (Table 3). One remaining limitation to these strategies is the 

recovery of skin cells from DEB patients presenting healing defects and sometimes generalized open 

wounds. In addition, the use of grafts appears limited to the cure of small-size wounds. To overcome 

these limitations, in vivo gene therapy was proposed, in the form of a topical application on wounds of 

a viral transduction-vector containing the functional COL7A1 gene. Very recently, promising results 

from the first phases of a clinical trial on a cohort of 12 RDEB patients were reported in literature andthe 

speed of wound closure seemed to be significantly improved by the treatment129. If no early adverse 

effects were reported a few weeks after the administration of the cure, the study now needs to be 

conducted on a longer duration to evaluate their possible occurrence later in time. More recently, 

approaches aiming at modulate protein translation to skip deleterious mutations were proposed. PTC 

read-through using gentamycin (pilot study on a small number of RDEB patients130) and exon skipping 

induced by an antisens oligonucleotide (proof of concept using DDEB and/or RDEB cells131,132) were 

shown to restore the production of functional collagen VII. Nevertheless, these approaches are only 

adapted to some of the mutations responsible for DEB. 

 

Regarding the exogenous supply in collagen VII, promising results were reported: injections of 

recombinant collagen VII indeed successfully reversed diseased phenotype in RDEB mouse model133–

135. A clinical trial has been initiated in 2020 to evaluate the efficiency of the treatment in RDEB patients.  

 

Contrary to the strategies aiming at restoring functional collagen VII, symptom-relief therapies do 

not target the cause of the disease but aim at limiting its manifestations. One example of such approach 

is losartan, a drug already used to treat hypertension (angiotensin II receptor type 1 (AT1) receptor 

antagonist) and shown to reduce inflammation, TGF-β level and signaling, as well as fibrosis in a RDEB 

mouse model. Tissue-derived acellular matrices136 were also tested to cover open wounds. In particular, 

amnion-based dressings have been shown to be efficient in the treatment of eye-located symptoms in 

RDEB patients137,138. 

 

Whatever the type of therapy, there is a need for a better characterization of molecular and cellular 

mechanisms involved in DEB pathogenesis139. Such data are necessary to better understand symptom 

development and disease evolution and to provide new targets for symptom-based treatments. They 

could also help to understand the long-term evolution of reprogrammed cells after grafting and improve 

gene therapy approaches. A lack of biomarkers of disease severity and progression has finally been 

highlighted; they are needed to assist the monitoring of the disease and the evaluation of new 

therapies106. 

 

For all these strategies, the main on-going clinical trials are summarized in Table 3. 
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Approach Clinical trial number 

  Recombinant collagen VII NCT 03752905  

  Ex vivo gene therapy 

Keratinocytes 

 

 

 

Fibroblasts 
 

 

NCT 01263379 

NCT 02493816 

NCT04227106 

 

NCT 04213261  
 

 

NCT 02984085 

NCT 04186650 

 

 

NCT02810951 

  In vivo gene therapy NCT 03536143  

  ARNm reading correction 

NCT 02698735 

NCT 03012191 

NCT 03605069 

 

  Symptom-based 
NCT 03928093 

ECT 2015-003670-32 
 

  Wound management 
NCT 01716169 

NCT 02286427 
 

Table 3. Examples of current clinical trials on DEB. 
NCT: trials indexed in U.S.A National Trial Library (available on-line on https://clinicaltrials.gov/). ECT: trial 
indexed in European Trial Library (available on-line on https://www.clinicaltrialsregister.eu/). 
 

ii. RDEB mouse model  

To provide fundamental and medical studies with a suitable model to analyze the pathology, an 

animal model of DEB was generated in 2008 at the University of Freiburg, by genetic engineering of 

mice140.  

 

The model is characterized by a homozygous partial knock-out (KO) of the Col7a1 gene induced 

by the introduction of the PGK-Neo (Phosphoglycerin kinase-neomycin) cassette in exon 2, leading to 

aberrant splicing of the mRNA transcript. The mutation approximatively leads to an 85-percent 

reduction of functional collagen VII approximately140. In contrast to complete Col7a1 knockout mice 

which are early postnatal lethal, a proportion of these mice hypomorphic for collagen VII survive into 

adulthood and develop all signs associated with severe generalized RDEB; consequently they can be 

referred to as RDEB mice141,142. As described in the complete characterization of the model published 

in 2008 (Figure 14), KO mice exhibit epithelium detachment and blistering in tongue and skin, as early 

as just after birth for some mice. Back of the skin can be used to study the early stages of the disease 

before the apparition of open wounds. The evolution of forepaws is for its part representative of the 

evolution of RDEB in human, from blistering to fibrosis. Epidermis blistering and inflammation are 

observed in young mice, and significant underweight due to malnutrition can be detected early, from 14 
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to 20 days post-birth. With time, inflammation and fibrosis develop; digit fusion and deformation of the 

forepaws progressively occur. Around week 10 post-birth, fibrosis is well established in paws and all 

digits are generally fused: this stage is therefore used to study late stages of the pathology, before cancer 

development. Because of the pain and of the low quality of life of RDEB mice (malnutrition, multiple 

wounds and damaged forepaws), animals are sacrificed at the latest at week 12 post-birth, for ethical 

considerations.

Figure 14. Phenotype of the RDEB mouse.
A. Collagen VII immunostaining in normal (left) and RDEB (right) mouse skin. The green arrow indicates the 
detection of collagen VII, which is aligned parallel to the skin surface. B. TEM observation of normal (left) and 
RDEB (right) mouse DEJ. White arrows indicate hemidesmosomes, black arrows anchoring fibrils (also found in 
hypomorphic skin because of partial deficiency). C. Comparison of RDEB mouse forepaws and RDEB human 
hand. Mouse symptoms mimic the human ones, in terms of nature and evolution (timeline indicates mouse age). 
Adapted from140.

To sum up, the collagen VII-hypomorphic mouse model provides a strong support to the study of 

RDEB and mimics the human pathology from birth to late fibrosis stage. For the study of SCC, the 

treatment of RDEB mice with a carcinogen substance was reported to induce the development of cancers 

very similar to those described in RDEB patients143.

3. ECM dysregulations in DEB

i. Modifications in the basement membrane

As described above (Chapter I, I-2), basement membranes result from the tight association of 

membrane and matrix components, and are connected with the ECM of underlying tissues. Given the 

fundamental role of collagen VII in basement membrane homeostasis, efforts have been focused on the 

description of the dysregulations that occur in this compartment subsequent to collagen VII loss, 

especially in skin. These dysregulations may help to understand the pathogenesis and the evolution of 

DEB.
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The organization of LM-332, one prominent partner of collagen VII, is especially altered in DEB. 

In normal skin, LM-332 is distributed linearly in the DEJ, parallel to the skin surface. In RDEB chronic 

skin wounds, the LM-332 alignment was shown to be disturbed and in vitro studies on primary 

keratinocytes from RDEB mice have shown that the protein aggregates around keratinocytes instead of 

adopting the physiological patterning144. In addition, transcriptomic analyses on biopsies of the 

unwounded skin from three RDEB patients have shown a decreased expression of the genes encoding 

chains of collagen IV and VI145. Proteomic analyses of the ECM produced by human RDEB fibroblasts 

from four patients grown in vitro have confirmed the diminution in collagen IV deposition (also 

observed in fibrotic skin from five RDEB patients146) and revealed a reduced deposition of nidogen-1 

too146. Potential variations in the distribution of these molecules in vivo remain to be studied.  

 

ii. Dermal fibrosis 

In RDEB, fibrosis affects the dermis in the late stages of the disease. Fibrosis is defined as a chronic 

and pathological accumulation of extracellular matrix in a tissue resulting from alterations of the wound 

healing process103.  

 

During physiological skin wound healing, the beginning of the proliferative phase is characterized 

by an inflammatory process that progressively resolves while the wound evolves towards the remodeling 

phase (Chapter I, I-6). In a fibrotic environment, the proliferative phase fails to resolve and dermal 

cells (fibroblasts, myofibroblasts) keep their over-activated state. The process of fibrosis is complex, not 

completely understood and exhibits substantial variations in drivers and molecular manifestations 

between different tissues and contexts43,147. However, it generally involves the development of a highly 

inflammatory environment driven first by immune cells (macrophages, T-cells) and then maintained 

through the action of both resident cells (including fibroblasts, endothelial and epithelial cells) and 

immune cells. The secretion of various cytokines, especially interleukins (ILs)148,149 and growth factors 

by all these cell types leads to an excessive and aberrant deposition of extracellular matrix, especially 

fibrillar collagens44,149. Whatever the tissue affected, TGF-β is considered as the key promoter of fibrosis 

that mainly drives the fibrotic process150. A summary of the cross-talk between immune cells and other 

skin cells is proposed in Figure 15. 
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Figure 15. Summary of the processes involved in fibrosis (general processes currently described in 
literature).
Immune cells release growth factors and cytokines that activate resident skin cells and circulating cells and drive 
their differentiation into myofibroblasts (grey arrows); basophils are suspected to participate to this activation 
process. In addition to myofibroblasts, macrophages and fibroblasts contribute to ECM excessive deposition. The 
modifications of matrix structure due to resident cell activity and the adverse effects of open wound contribute to 
maintain fibrosis through direct actions on fibroblast differentiation and promotion of inflammation (blue arrows). 
Finally, fibroblasts and myofibroblasts secrete TGF-β in response to immune cell action and amplify the 
mechanisms leading to ECM production (red arrows) and inflammation upholding. DAMP: damage-associated 
molecular pattern, EMT: epithelial-mesenchymal transition, EnMT: endothelial-mesenchymal transition, IL: 
interleukin, INF-γ: interferon γ, PAMP: pathogen-associated molecular pattern, PDGF: platelet derived growth 
factor, TGF-β: transforming growth factor β.

Some aspects of RDEB-associated fibrosis have already been described in RDEB mouse (fibrotic 

paw skin used for analyses), including dysregulations of the ECM. Increased abundance of fibronectin 

and altered arrangement of dermal collagen fibrils were especially reported141, as well as an improved 

abundance of tenascin-C, a protein reported to exert pro-fibrotic activity151. This latter observation was 

also made in fibrotic skin biopsies from RDEB patients146. In addition, the increase in the abundance of 

periostin, a protein modulating the cross-linking of fibrillar collagens152 and reported to contribute to the 

development of idiopathic pulmonary fibrosis153 and myocardial fibrosis154, was recently reported in the 

secretome of RDEB patients155. The protein was suggested as a potential biomarker for RDEB

monitoring too. Modifications in TGF-β signaling activity were also described in the fibrotic skin of 

RDEB mouse. The abundance of the growth factor at the protein level and its canonical downstream 
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signaling were increased. In addition, TSP-1, an activator of the signaling of TGF-β, was reported to be 

up-regulated156. Finally, recurrent bacterial infections affecting open wounds may exacerbate 

inflammation and contribute to the enhancement of TGF-β signaling and promote inflammation and 

fibrosis in DEB142,157. 

 

 DEB can finally be described as a progressive disease characterized by an evolution of 

symptoms from skin blistering to a debilitating fibrosis preceding the development of aggressive 

cancers. Some ECM alterations occurring before (basement membrane) and upon fibrosis (dermal 

compartment) have already been reported. Nowadays, current research focuses on cures aiming at 

correcting the cause of the disease, but the development of new symptom-relief therapies remains 

necessary to improve the quality of life of patients. 
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IV. PROTEOMICS AND MASS SPECTROMETRY 
 

The protein composition of a living entity at a specific time point is called “proteome”. In this way, 

the proteome reveals the biological activities taking place in an organelle, a cell or a tissue and reflects 

the “global state” of the structure under study. Proteomic approaches aim at describing proteomes to 

better characterize physiological mechanisms and understand the dysregulations responsible for and/or 

associated to pathology. 

 

1. Introduction to mass spectrometry 

Mass spectrometry (MS) approaches are adapted to the characterization of the structure of both 

organic and inorganic molecules. Initially developed to work on single or limited numbers of analytes, 

mass spectrometry is now one of the top technologies for broad-range descriptive or targeted studies of 

proteomes. 

 

i. Principle of mass spectrometry  

Mass spectrometry involves the separation of ionized and gaseous molecules to determine their 

respective mass/charge ratio (m/z) used to deduce their structure.  

 

 
Figure 16. Schematic representation of the key steps and equipment composition in mass spectrometry. 
Analytes are transformed into gas phase ions in the source and analyzed in terms of chemical composition 
(analyzer) and amount (detector) to get final m/z spectra. 

 

The first mass spectrometry analysis was reported in 1912 by Joseph John Thomson158 and led to 

the discovery of isotopes. Successive improvements of the initial Thompson’s equipment were proposed 

and modern mass spectrometers are now composed of159: (1) a “source” to produce gas phase ions from 

the initial analytes, (2) a “mass analyzer” to separate ions according to their m/z ratios, (3) a “detector” 

to count the ions and finally determine the abundance of each m/z signal (Figure 16). For each ion, 

these two values (m/z and abundance) are collected in the form of a spectrum that constitutes the output 
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of mass spectrometry analysis. At the end of the MS scan, a list of signals (= spectra) is generated and 

finally processed to determine the composition and organization in atoms for each analyte. 

 

ii. MS to study proteins 

MS-based proteomics aim at identifying proteins in complex samples. The chemical structures 

detected by MS are used to determine the amino-acid (AA) sequences of protein-derived analytes and 

some of their post-translational modifications (PTMs), to finally identify the proteins contained in the 

sample and eventually quantify them160,161. MS processes and equipment are continuously improved to 

meet these specific needs, mainly in terms of resolution, accuracy in mass and sensitivity. 

 

For small molecules with chemical formula of low complexity (chemicals), full-scan mass spectra 

(MS1) can be sufficient to identify their composition in atoms. For bigger molecules with complex 

molecular formula, including proteins made of tens to thousands AAs, MS1 signals are not sufficient to 

precisely infer a composition in atoms. Tandem mass spectrometry (MS/MS) has been developed to 

meet this specific need by coupling two analyzers with a fragmentation cell159,160. Initial ionized analytes 

named “MS1 precursors” are selected in a first analyzer, then fragmented by collision against an inert 

gas into smaller product ions (“MS2 ions”) following a fixed reaction. The fragment ions are finally 

separated in a second analyzer and a MS2 spectrum is obtained. Different types of fragmentation exist 

for proteins and peptides, each inducing a specific cut along the chain of amino acids depends in; a-, b-

, c-, x-, y- and z-ions can be produced (Figure 17). Collision-induced dissociation mainly generate b- 

and y-ions by colliding biomolecules with an inert gas such as argon or helium to break MS1 ions up162. 

The method was adapted into higher-energy collisional dissociation (HCD) that allows the additionnal 

study of a- and z-ions. These two fragmentation methods are the main used in MS-based proteomics, 

especially for bottom-up studies (Chapter I, IV-2-i)163. Electron-transfer dissociation, involving an 

electron donor such as fluoranthene to fragment MS1 precursors and generate c- and z-ions, was also 

used to analyze whole proteins and post-translational modifications by top-down proteomics164. 

Whatever the fragmentation type applied, MS2 spectra are used to determine the structure of MS2 ions 

and finally the structure of each MS1 generating  precursor is obtained from its MS2-derived ions165. In 

addition, the sensitivity of the MS/MS scan clearly outperforms that of the MS scan.  

 
Figure 17. Nomenclature of the MS2 ions that can be generated during fragmentation by mass 
spectrometry. 
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For MS-based analysis of biomolecules, three main characteristics are particularly important for the 

mass spectrometer159: 

- the sensitivity, corresponding to the lowest amount of analyte that can be detected, 

- the resolution, corresponding to the lowest difference between two m/z values that can be 

detected by the mass analyzer (the higher the resolution, the better the ability to discriminate 

two different analytes with very close m/z), 

- the dynamic range, in other words the range from minimal to maximal amount that can be 

analyzed for all ions; if the dynamic range is too low, the analysis of proteins with low 

abundance is impossible and the detection is limited to the most abundant ones (for instance 

in plasma, cytokines exhibit concentration 1012 times lower than immunoglobulins160). 

Mass spectrometers and their components have been specifically developed/optimized by suppliers 

to improve these parameters and propose the best combinations of sensitivity, resolution and dynamic 

range.  

 

All the MS-based proteomics experiments of this project were conducted on a Q Exactive HF mass 

spectrometer (Thermo Scientific), which was specifically developed for proteomics. Briefly, the Q 

Exactive HF is equipped with an electro-spray source to ionize molecules: the gaseous ions are produced 

by successive fragmentation/desolvatation of droplets from a liquid sample. Electro-spray especially 

allows a soft molecule-preservative ionization of analytes present in a wide molecular mass range in the 

sample, from a limited mass of biomolecules (one to a few hundreds of nanograms used for 

analysis)159,166. Ions separation and analysis are performed by MS/MS through the combination of two 

different mass analyzers. Prior to fragmentation, a quadrupole159 allows a fast separation of MS1 

precursors163,166. For the analysis of MS2 ions, an Orbitrap159 exhibiting a very high resolution (140,000) 

and compatible with the characterization of ions exhibiting a wide range of abundance is used. Between 

the two analyzers, the fragmentation is ran by HCD. This equipment is consequently adapted to the 

analysis of limited amounts of complex mixtures of biomolecules and fits the specific needs described 

above for proteomic studies167. In addition, both discovery and targeted experiments (Chapter I, IV-2-

iii) can be performed using the Q Exactive HF. 

 

2. Approaches in MS-based proteomics 

MS-based proteomics can be applied to the analysis of the protein content of any biological material. 

Different types of samples have been characterized by MS-based proteomics: lysates or supernatants 

from cells cultured in vitro, tissue lysates97,98, biological fluids such as plasma168,169 and wound 

exudates170, formalin-fixed paraffin-embedded samples171 and even 1.5 million year-old fossil bones172. 
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To characterize the protein content of biological samples using MS, various strategies have been 

proposed in the literature. They can be classified depending on the state of the protein during MS 

injection, the method to acquire MS signals and the diversity of the targets to analyze. 

 

i. Top-down and bottom-up strategies 

In MS-based proteomics, the sequence in AA of proteins can be obtained from the study of native 

proteins (top-down approach). Another method, especially well-suited for complex samples, involves 

the analysis of peptides, generated by the protease-driven digestion of proteins, to identify the proteins 

originally contained in the sample (bottom-up proteomics). The main characteristics of these two 

strategies are summarized in Table 4173,174.  

 

 Top-down Bottom-up 

Nature of the  
analytes 

Denatured proteins, purified from the sample of 
origin 

Proteins extracted from the sample of origin 
and digested into peptides by a protease 

(generally trypsin) 

Size range of MS1 
precursors obtained 

A few to 106 Da (a few to hundreds of amino 
acids) 50 to 3,500 Da 

Ionization and 
fragmentation for 
MS/MS 

Dependent on the mass of the analyte 
(difficult when the analyte’s molecular weight exceeds 50 kDa173,174) 

 
Analysis of peptides consequently easier than proteins  

Sensitivity Top-down 100-fold less sensitive than bottom-up173 

Applications 

- Proteoforms175 and phosphorylation 
identification  

- Description of low-complexity samples 
- Exact elucidation or preliminary study of the 

sequence of pure proteins 

- PTM identification 
- Identification and quantification of tenths to 
thousands of analytes from complex protein 

samples 
- Targeted proteomics 

Table 4. Characteristics and quick comparison of top-down and bottom-up approaches in MS-based 
proteomics. 

 

At present, most of the proteomic studies reported in the literature aim at describing the complete 

proteome of biological samples and favors bottom-up approaches. 

 

ii. Data acquisition 

In MS-based proteomics, two acquisition methods can be used, depending if a selection of MS1 

precursors prior to MS/MS analyses (= use of the data acquired during the MS1 scan) is made or not 

(Figure 18). 
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Figure 18. Strategies for the acquisition of data in MS-based proteomics. 
DDA: data-dependent acquisition, DIA: data-independent acquisition. 

 

Data-dependent acquisition (DDA) is the reference method in the literature and involves a selection 

of MS1 precursors prior to fragmentation, based on parameters defined by the operator (intensity, m/z, 

charge, etc.). The MS/MS analysis is limited to some MS1 ions matching the parameters, and thus 

“depends” on MS1 data. This results in an incomplete characterization of the sample since the 

information brought by unselected MS1 precursors is lost. The use of fractionation strategies such as 

HPLC separation prior to MS/MS analysis limits the loss of information in DDA by decreasing the 

complexity of MS1 precursors analyzed at a given point during the scan. Another possibility is the 

configuration of the equipment to avoid the repeated analysis of the MS1 precursors that have already 

been characterized by MS/MS during the run, to favour the selection of additional precursors of interest. 

In spite of this main drawback, DDA permits a fast acquisition of data and generates result files which 

can be easily processed by bioinformatics159,160. 

 

In the data-independent acquisition (DIA) mode, no selection of MS1 precursors occurs: all MS1 

ions are accumulated and specific windows of m/z ranges are successively selected for MS/MS analysis. 

For each window, the total MS1 content is submitted to MS/MS, preventing any information loss. The 

MS scan lasts until all the windows of the MS1 m/z values of interest have been analyzed. DIA however 

generates very complex results due to the computing of every MS2 signal and data are very difficult to 

process compared to DDA. In addition, the building of a reference database containing reference spectra 

to match the signals acquired in DIA with the corresponding peptides is mandatory, but very difficult to 

achieve especially for the analysis of complex samples. Finally, DIA suffers from the dynamic range 

problem more than DDA does because of the simultaneous analysis of hundreds of MS1 precursors 

contained in each m/z window. If DDA remains the reference strategy, studies using DIA have strongly 

increased during the last 5 years176,177. 
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iii. Discovery and targeted proteomics 

When running MS-based proteomics, the objective can be the description of the whole protein 

content (discovery proteomics) or the specific analysis of one or several targets among all the molecules 

contained in a mixture (targeted proteomics; Figure 19). 

 

Discovery or shotgun proteomics aim at characterizing as many proteins as possible in a complex 

sample, mainly by tandem MS using a bottom-up strategy (Chapter I, IV-2-i)174. In discovery 

proteomics, all the MS/MS signals acquired by DDA or DIA are processed by bioinformatics pipelines 

to match as many spectra as possible with peptides derived from protease digestion. Peptides are then 

used to identify the proteins from which they originate using large proteome databases. Databases are 

species-specific, and they contain all the protein sequences that can be encoded by the genome (obtained 

through a virtual transcription/translation process). Depending on the protease used to digest proteins, 

bioinformatic algorithms predict the digestion of this whole virtual proteome into peptides in silico and 

generate a virtual “peptidome” database. Each m/z detected by MS/MS is compared to this peptidome 

to be matched with a corresponding peptide and used to identify proteins165. Each protein identification 

is associated with a score reflecting the confidence that can be given to the result. To date, discovery 

proteomics has especially been used for quantitative studies aiming at describing the global changes 

occurring in the proteomes of cells or tissues in disease. Such studies are useful to reveal novel potential 

biomarkers of disease progression. In addition, bioinformatic tools have been developed to exploit the 

raw data obtained at the protein level and facilitate subsequent biological interpretation with functional 

annotation, over- or under-representation analyses of GO (Gene Ontology) terms, heat maps, etc. These 

tools are mainly open-source and provided as on-line services (e.g. DAVID178, Panther179, ProteoRE180).  

 

 
Figure 19. Schematic view of discovery and targeted approaches in MS-based proteomics. 
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Discovery proteomics aim at identifying as many proteins as possible in a complex sample, while only a few 
known and specific proteins are searched in targeted proteomics. The two strategies are compatible with 
quantitative analyses. 
 

In targeted proteomics, only one or a few biomolecules in a sample are specifically monitored by 

MS/MS, with the main objective being to compare their abundance in different conditions (health versus 

disease, treatment vs no treatment, treatment 1 versus treatment 2 versus treatment 3, etc.)181. Almost all 

targeted proteomics studies are based on bottom-up approaches, because peptides are easier to analyze 

by MS/MS compared to proteins (higher ionization and fragmention efficiencies, Chapter I, IV-2-i) 

and compatible with the use of heavy-labeled standards for absolute quantification (Chapter I, IV-3-i). 

Different technologies have been developed to analyze specific peptides using both DIA and DDA 

approaches. They all rely on the targeted selection of a few specific MS1 ions from the same or different 

proteins, followed by a global (parallel reaction monitoring PRM) or targeted (single reaction 

monitoring SRM, multiple reaction monitoring MRM) monitoring of their MS2-derived ions (“MS2 

transitions”). This selection of ions accounts for the high specificity and sensitivity of targeted 

proteomics methods, especially in SRM and MRM where two selections are successively performed 

(MS1 and MS2 ions). Most targeted proteomics studies reported in literature have been conducted using 

MRM and PRM because these approaches allow the simultaneous monitoring of several MS2 

transitions159. Adaptations of MRM into MRM3, a targeted method involving an additional 

fragmentation of MS2 transitions for the monitoring of MS3 transitions, have also been proposed182. 

Targeted proteomics can be used in line with discovery proteomics for the study of biological samples: 

after the initial step of proteome screening by discovery proteomics, potential protein biomarkers are 

selected and then validated by targeted proteomics. Numerous studies are currently on-going to transfer 

these technologies from research to clinic for diagnostic or treatment-efficacy evaluation purposes168–

170. 

 

3. Quantification in MS-based proteomics 

Almost all the studies involving MS-based proteomics aim at comparing the amount of proteins 

between different experimental conditions or phenotypes. Two main strategies are available to quantify 

molecules in MS-based proteomics: 

- absolute quantification, to determine the exact amount of analytes in a classical quantity unit 

(mass, moles),  

- relative quantification involving the comparison of the amounts of analytes between various 

conditions without determination of the exact quantities (mainly used for discovery 

proteomics)165,177. 

A concise description of the principle and the tools available for each of these two strategies is 

proposed below. For extensive descriptions, all label-free and label-based quantification methods have 

been extensively reviewed and compared in the literature177,183. 
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i. Overview of absolute quantification

Absolute quantification requires a standard for each molecule of interest to compare the MS signal 

intensity with the abundance of the analyte184,185. Standard can be internal (directly mixed with the 

sample to analyze, isotope-labeled) or external (used in parallel to the sample to analyze) and consists 

in a synthetic peptide/protein exhibiting the same sequence in AAs than the natural one. Because each 

protein/peptide behaves differently during sample preparation and MS analysis, each natural analyte 

studied requires its own standard for correct quantification. As a consequence, this quantification 

strategy is limited to targeted proteomics where only a few known peptides are monitored. In discovery 

proteomics, peptide identities are not known at the time of the experiment and this approach is not 

compatible with absolute quantification. The different absolute quantification methods (label-free, label-

based using internal or external isotope-containing calibrators) will not be detailed in this manuscript 

but can be found in recent literature reviews184,186.

ii. Relative quantification methods

Numerous strategies have been developed in the last 20 years to propose fast and accurate relative 

quantification methods applicable to discovery proteomics. They are divided into label-free and label-

based methods (Figure 20).

Figure 20. Schematic representation of strategies for relative quantification and their main steps.
Label-free and label-based methods can be applied to compare protein abundance between different samples. Red 
rectangles indicate labeling steps; white and colored circles respectively indicate unlabeled and labeled samples. 
Adapted from Dussoyer et al185.
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Label-free approaches do not involve any modification, any “labeling” of proteins or peptides prior 

to MS/MS analysis: every sample is injected separately from the others to differentiate the 

proteins/peptides from one condition to another. The number of detected spectra (“spectral counting” 

method) or the intensity of the peak (“area under the curve” or “extracted ion chromatogram” method) 

for each MS1 (DDA mostly) or MS2 (DIA mostly) ions is used to compare conditions165,184. These 

strategies do not involve any additional processing of samples before injection in the mass spectrometer. 

They however remain time-consuming and expensive when studying large cohorts (injection of each 

sample individually). The comparability between samples is also limited because signals are not 

acquired during the same MS run. The implementation of methods to normalize quantities between 

different samples/injections is mandatory when working with label-free strategies, as well as the 

preliminary demonstration of the reproducibility of sample processing and data acquisition187. 

 

To improve the comparability of results, label-based strategies have been developed to allow the 

co-injection of samples. They involve the labeling of the proteins/peptides of each condition using 

specific isotope combinations to differentiate the biomolecules from different samples165. Carbon and 

nitrogen isotopes are favored for labeling, hydrogen ones being known to induce shifts in retention times 

when HPLC is used prior to MS/MS177. Isotope(s) can be integrated to biomolecules in vitro186 or in 

vivo188 by feeding cells in culture or animals with labeled essential amino-acids; these strategies are 

grouped under the SILAC (stable isotope labeling of amino acid in cell culture) and in-vivo SILAC 

appellations. They are however expensive and time-consuming to implement (integration of labeled 

amino-acid to all proteins can be long to achieve). Chemical labeling is the top-used strategy for MS-

based quantitative proteomics because easy and quick to implement. It consists in the covalent linkage 

of isobaric and isotope-labeled tags to biomolecules and allows the multiplexed analysis of up to 18 

conditions (11 at the beginning of my PhD)184. In regular quantitative proteomics, tags are bound to 

peptides after protease-driven digestion. Adaptations to analyze specific subproteomes, such as the N-

terminome which can be analyzed by the N-TAILS approach (N-terminal amine isotopic labeling of 

substrates), were also reported: tags are then bound to the N-terminal extremity of native proteins before 

digestion and used as flags to identify native N-termini86,87. All these tags are divided into 3 parts (Figure 

21): (1) a reporter group, made of a defined combination of isotopes which is released during 

fragmentation and is used for relative quantitation, (2) a balance group to maintain a constant overall 

mass for all tags and insure identical physico-chemical properties of labeled peptide ions, and (3) a 

reactive group to create the covalent peptide/tag link177.  
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Figure 21. Structure of 11-plex Tandem Mass Tag. 
The reactive group binds reactive amine functions carried by proteins/peptides, the reporter part constitutes the 
quantitative information recorded during analysis and the balance part is used to conserve a constant mass, and 
thus identical physico-chemical properties, between the different tags used during an experiment. *: position of 
isotopes. 
 

Different types of tags have been developed177,184,189–191 but, in all cases, molecules from all samples 

can be pooled after labeling and analyzed simultaneously during a single MS run. The reporter ion 

released during the MS/MS experiment provides the quantitative information: each type of tag, 

characterized by a specific m/z in relation with its isotope content, corresponds to one condition and is 

quantified after fragmentation. The relative abundance of peptides or proteins is finally obtained by 

computing the relative abundance of tags for all ions belonging to a specific peptide or protein. If all 

these strategies are compatible with the quantification of MS1 and MS2 ions (except for SILAC which 

allows a MS1 quantification only), MS2-quantification is favored: exploring biological hypotheses 

indeed involves the comparison of several conditions, and MS1-based quantification is more limited in 

terms of multiplexing177. At present day, Tandem Mass Tag (TMT, Figure 21) is the most widely used 

chemical tag for label-based quantitative proteomics. It allows the combination of 18 different samples 

in a single run (highest multiplexing capacity currently available) and benefits from a specific software, 

optimized to process the quantitative data obtained with this tag. 

 

4. Studying the ECM by MS-based proteomics 

Discovery and targeted proteomics now allow the global or specific analyses of proteins in complex 

fractions in terms of quality and quantity and numerous strategies were proposed to characterize the 

protein content of biological samples. Almost all of them focus on the analysis of healthy or diseased 

tissues from human or mouse origin. To determine the contribution of the ECM to disease processes, 

the matrisome databases are now frequently used to identify matrix protein from MS/MS raw datasets 

(Chapter I, II-4).  

 

For the specific analysis of the ECM from native tissues by MS-based proteomics, sample 

preparation is more difficult compared to what is usually performed for studies on whole tissues.  

 

**
N

N O
N

O O
O

O

*

*

*

*
*

*
* *

*

Reporter Balance Reactive

Fragmentation sites



Chapter I - Introduction 

68 
 

It is indeed necessary to eliminate as many cell proteins as possible while avoiding the loss of matrix 

components during sample processing. The reference protocol for the recovery of ECM components 

from native tissues is compartmental enrichment. It was proposed by Naba and colleagues192 in line with 

the publication of matrisome lists. The strategy aims at eliminating proteins from the different 

compartments of the cell (cytosol, nucleus, membrane, and cytoskeleton) through the treatment of the 

tissue with commercial buffers with increasing concentrations of salts and detergents. At the end of the 

procedure, the remaining insoluble pellet of tissue is considered as the ECM and is analyzed by MS/MS. 

This strategy was used several times, especially for the characterization of cancer samples and tumors 

(e.g. breast97, lung100, pancreas98). Another approach, using salts and detergents to eliminate all cell 

proteins independently from their compartment of origin, was applied several times to described the 

matrisome of tissue from the cardiovascular system193–195. More recently, a strategy named QDSP 

(quantitative detergent solubility profiling) was proposed to fractionate proteins depending in relation 

with their solubility99. At the beginning of my PhD, no description of the matrisome of human or mouse 

skin by MS-based proteomics was available in the literature.  
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OBJECTIVES 

 

The main objective of my PhD work was to characterize the dysregulations of the skin extracellular 

matrix in RDEB in order to identify new potential biomarkers and/or targets for therapy. As collagen 

VII is a key molecule for the connection of the two ECM-rich compartments of the skin (basement 

membrane and dermis), we hypothesized that major impairments in the skin ECM composition and 

organization would occur when it is present in abnormally low amounts. As described above, the fragile 

skin of RDEB patients becomes severely affected by recurrent wounding and, with time, displays signs 

of scarring and fibrosis which can lead to finger fusion. Furthermore, cutaneous squamous cell 

carcinoma driven by the injured and fibrotic dermal microenvironment is the major cause of death in 

RDEB patients. Therefore, in addition to causal therapies aiming at restoring a normal level of collagen 

VII, it is also very valuable to propose new options to treat the pathological manifestations occurring 

subsequent to skin fragility. For such efforts to be sustainably successful, an increased knowledge of the 

mechanisms involved in the establishment and progression of skin symptoms is needed. Some ECM 

alterations have already been reported but we suspected that they were incompletely described and that 

a better understanding of these alterations would provide new directions to develop symptom-relief 

therapies. A more modest but equally valuable objective would be to identify new biomarkers that can 

be used to evaluate disease severity and/or assist clinical trials. This work was conducted in the context 

of the DEBtarget project funded by ANR and DFG and also involved the group of Alexander Nyström 

(group leader) and Dimitra Kiritsi (dermatologist) at the Medical Center of the University of Freiburg, 

in Germany. 

 

As a first approach to identify dysregulated ECM remodeling pathways, patient samples being 

limited and precious, we decided to work with a RDEB mouse model, the well-characterized collagen 

VII-hypomorphic mouse. In addition, we used ECM-centered proteomics as a primary technique to get 

a broad and hypothesis-free overview of the changes occurring in the matrix.  

 

Thus, the first part of the present work was dedicated to the development of a protocol adapted to 

the efficient recovery and MS-based identification of extracellular matrix proteins contained in whole 

skin samples. This also allowed me to get familiar with the matrisome concepts and annotations which 

were developed these last years and are now largely used in the ECM field. 

 

The second objective of my PhD work was to use the previously-optimized approach to describe 

ECM dysregulations in the skin of RDEB mice. To do so, the skin matrisome was screened by 
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quantitative MS-based proteomics to evidence potential changes in protein abundance at the molecular 

level. To complement proteomic analyses, the ultrastructure of the skin was also analyzed by 

transmission electron microscopy with a thorough evaluation of the consequences of the loss of 

anchoring fibrils on matrix organization at the tissue level. 

 

Finally, some of the most striking observations made in the previous part were investigated further 

to try to identify the mechanisms involved in these alterations. This was done through targeted methods 

such as RT-qPCR, Western blot or immunohistostaining. At the end of this part, we also proposed a 

preliminary proof-of-concept that targeted proteomics (PRM) can be a suitable approach to monitor 

ECM-derived biomarkers in RDEB skin.  

 

 

 



 

71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

__________________________________________________________________________________ 

CHAPTER II: MATERIALS AND METHODS 



Chapter II – Materials and methods 

72 
 

I. GENERAL PROCEDURES AND REAGENTS  
 

1. Recovery of biological samples  

i. Biological samples for the comparison of enrichment protocols 

Animal experiments followed governmental and international guidelines. Mouse back skin biopsies 

were collected from pathogen- and disease-free C57BL/6J female animals aged 22 weeks obtained from 

the Jackson Laboratory and hosted in the animal facility of the LBTI until sacrifice. After sacrifice, the 

back skin was shaved to remove as much hair as possible and depilated twice using depilatory cream 

(3059944026734, Veet). The skin was dissected using scissors and separated from the underlying 

tissues, taking care of removing as much subcutaneous fat as possible, and stored in 2-mL Eppendorf 

protein Lobind tubes. Tissues were flash-frozen in liquid nitrogen and stored at - 80 °C until use. 

 

ii. RDEB mouse model and recovery of samples 

The mice used all along the present work (WT and RDEB, Chapter I, III-2-ii) were hosted by our 

German collaborators. The studies on animals were approved by the regional review board 

(Regierungspräsidium Freiburg, Freiburg, Germany; approval no. 35/9185.81/G15-140) and followed 

governmental and international guidelines. For skin biopsies, animals were sacrificed and the back skin 

was recovered and stored as described above. Only the depilatory cream step was skipped, in order to 

prevent unwanted epidermis blistering. Paws were also recovered immediately after sacrifice (cut with 

scissors), stored in 2-mL Eppendorf protein Lobind tubes and flash-frozen in liquid nitrogen. All 

samples were recovered in Freiburg and kept at - 80 °C during all storage and transport steps until their 

use in Lyon. Samples from control animals will be named WT and samples from collagen VII-

hypomorphic animals will be named RDEB in the following parts of the manuscript. 

 

2. Chemicals 

Ethanol (4146012) was purchased from Carlo Ebra Reagents. 

4’,6-diamidino-2-phenylindole (DAPI, 10-50A), N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 

acid (HEPES, 10-110), tris(hydroxymethyl)aminomethane (Tris, 26-128-3094-B) and NaCl (1112-A) 

were purchased from Euromedex.  

2,2,2-trichloroethanol (TCE, T54801), acetonitrile (ACN; 34998), ammonium bicarbonate (A6141), 

calcium chloride (CaCl2, 2233506), chloroform (34854), N-cyclohexyl-3-aminopropanesulfonic acid 

(CAPS, 2632), dimethyl sulfoxyde (DMSO, dithiothreitol (DTT; D0632), DNAse I (04536282001), 

ethylenediaminetetraacetic acid (EDTA; E5134), formic acid (FA, 33015), glycerol (G9012), 

guanidinium hydrochloride (GuHCl; G4630), NP-40 (I3021), iodoacetamide (I1149), hydroxylamine 

(43-822-7), MgCl2 (M1028), β-mercaptoethanol (M7154), methanol (34860), phospholipase A2 (PLA2; 

P9279), cOmpleteTM protease inhibitor cocktail (PI, 11836153001, prepared according to the 
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manufacturer’s instructions, stock solution to be dissolved 7-fold before use), cOmpleteTM EDTA-free 

protease inhibitor cocktail (11836170001, prepared according to manufacturer’s instructions, stock 

solution to be dissolved 7-fold before use), sterile phosphate buffered saline solution (PBS; D8537), 

sodium acetate (S2889), sodium deoxycholate (SD; D6750), sodium dodecyl sulfate (SDS; L3771), 

NaOH (S5881), trifluoroacetic acid (TFA; 91707), tris(hydroxymethyl)aminomethane hydrochloride 

(Tris-HCl, T3253), Triton X-100 (T8787), Tween-20 (P1379) and urea (33247) were from Merck. 

10-plex TMT reagents (90110) were purchased from Thermo Fisher Scientific. 

For MS-based proteomics, N-glycosidase-F (PNGase-F, P0709S), endoproteinase Lys-C (Lys-C, 

12505061) and trypsin (V5111) were purchased from New-England Biolabs, Promega and Wako 

respectively.  

 

All solutions were prepared in ultra-pure water.  
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II. MATRISOME ENRICHMENT PROTOCOLS 
 

For sample preparation, five different protocols have been used: skin lysis, quantitative detergent-

solubility profiling (QDSP), enzymatic-based decellularization, chemical decellularization and 

compartmental enrichment. All of them were used for the comparison of enrichment protocols. They 

were conducted as described in the Materials and Methods section of the J Proteomics publication 

presented in Chapter III, I-2. 

 

Chemical decellularization and compartmental enrichment were also used for the experiments on 

WT and RDEB back skin samples. More details are given below for each of them. Two matrisome 

enrichment experiments were successively conducted with n = 3 mice/genotype or n = 2 mice/genotype. 

The schematic representation of tissue processing during chemical decellularization and compartmental 

enrichment is available in Chapter III, I-2 (Figure 1 of the J Proteomics publication). 

 

All the procedures presented in this section were conducted using protein Lobind tubes (Eppendorf). 

 

1. Chemical decellularization 

All solutions were prepared in ultra-pure water and sterilized by 0.22 μm filtration prior to use. The 

following stock solutions were prepared the day preceding the experiment: 

- NaCl stock solution: 1 M NaCl, 200 mM HEPES pH 7.4. Storage: 4 °C. 

- SDS/SD stock solution: 0.6 % SDS (w/v), 1.5 % SD (w/v). Dissolution at 40 °C in a water bath 

and storage at room temperature. When precipitates were present before the preparation of 

working buffers, the stock solution was heated at 40 °C in a water bath to obtain a clear and 

homogeneous solution. Storage: room temperature. 

- GuHCl stock solution: 8 M GuHCl, 100 mM sodium acetate. Storage: room temperature. 

- EDTA stock solution: 250 mM EDTA. Dissolution at 40 °C in a water bath and storage at room 

temperature. When precipitates were present before the preparation of working buffers, the 

stock solution was heated at 40 °C in a water bath to obtain a clear and homogeneous solution. 

Storage: room temperature. 

- Protease inhibitors (PI, EDTA-contaning, Chapter II, I-2) stock solution: 7x solution prepared 

according to the recommendations of the manufacturer (1 tablet in 1.5 mL of ultra-pure water). 

Storage: - 20 °C. 

 

Working solutions with the following compositions were prepared extemporaneously using the 

stock solutions: 

- NaCl buffer: 0.5 M NaCl, 100 mM HEPES, 25 mM EDTA, 1x PI.  
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- SDS/SD: 0.3 % SDS (w/v), 0.75 % SD (w/v), 25 mM EDTA, 1x PI.  

- Buffer Triton X-100: 1 % Triton X-100 (v/v), 25 mM EDTA, 1x PI.  

- Buffer GuHCl: 4 M GuHCL, 50 mM sodium acetate, 25 mM EDTA, 1x PI.  

- Buffer EDTA: 25 mM EDTA, 1x PI.  

 

Incubations and rinsing steps were conducted at 23 °C, 600 rpm (Thermomixer, Thermo Fisher 

Scientific) and centrifugation steps for 10 min, 23 °C, 16,000 rpm. After each centrifugation step and 

before adding the next buffer, tissue fragments were detached from the bottom of the tube and carefully 

disrupted using micropipette tips. 

  

About 35 mg of frozen back skin biopsy were weighed in a 2-mL tube, cut into small pieces with a 

scalpel and processed as follows: 

(1) Skin samples were immerged in 600 μL of NaCl buffer, gently vortexed during 10 s to 

homogenize the solution and incubated for 2 h 30.  

(2) Samples were briefly centrifuged during 20 s using a microcentrifuge to pellet tissue fragments. 

The supernatant (NaCl fraction) was recovered and split into 2 fractions of 200 μL (for MS/MS 

analysis, storage in a 2-mL tube) and about 400 μL (for Western blot analyses). 

(3) Samples were rinsed with 700 μL of EDTA buffer for 10 min, centrifuged and the supernatant 

was discarded. This step will be referred as the “rinsing step” for the rest of the protocol. 

(4) 600 μL of SDS/SD buffer were added, samples were briefly vortexed for 10 s to resuspend 

tissue pieces in the buffer and incubated for 18 h.  

(5) Samples were centrifuged to pellet skin fragments. The supernatant (SDS/SD fraction) was 

recovered and split into 2 fractions as described above for the NaCl fraction.  

(6) A rinsing step was applied.  

(7) 600 μL of Triton-X100 buffer were added, samples were briefly vortexed for 10 s to resuspend 

skin pieces in the buffer and incubated for 1 h.  

(8) Samples were centrifuged to pellet skin fragments. The supernatant was recovered in a single 

tube (Triton X-100 fraction, no splitting). 

(9) Two rinsing steps of 1 h 30 were next applied.  

(10) Samples were finally incubated in 600 μL of GuHCl buffer for 72 h.  

(11) A final centrifugation step was performed for 20 min. The supernatant (GuHCl fraction) was 

recovered and split into 2 fractions as previously described. 

(12) Insoluble fragments of pelleted tissues obtained after centrifugation were also recovered 

(Insoluble fraction, abbreviated Ins.).  

(13) All fractions (liquid and pellet) were flash-frozen in liquid nitrogen immediately after recovery 

and stored at – 80 °C until use. 
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2. Compartmental enrichment 

Compartmental enrichment was performed with a commercial CNMCS kit (2145, Merck). All 

buffers (C, N , M, CS, W and PBS) were prepared extemporaneously and kept on ice at least 30 min 

before use, except for Buffer CS kept at room temperature. Protease inhibitors from the kit were added 

to C, N, M and CS buffers to reach a final concentration of 1x, according to the instructions of the 

manufacturer. Buffer W and PBS were supplemented with 1x PI (EDTA-containing) prepared as 

described above in the Chemical decellularization section. Tissue lysis was performed using a Tissue 

Lyser II (Qiagen). Beads adapted to protein extraction were cleaned with detergent, extensively washed 

with tap water, ultra-pure water and finally disinfected with 70 % ethanol (v/v). Beads were stored in 5-

mL Eppendorf tubes on ice until use.  

 

All steps were conducted using protein Lobind tubes (Eppendorf). All incubation and rinsing steps 

were conducted using a rotational shaker at speed 3 and centrifugations were performed at 16,000 g. 

After each centrifugation step and before adding the next buffer, the tissue pellet was detached from the 

bottom of the tube and carefully disrupted using micropipette tips. Samples were never vortexed to avoid 

buffer loss on tube walls. 

 

About 35 mg of frozen back skin biopsy were weighed in a 1.5-mL tube in the form of 1 or 2 big 

pieces and processed as follows: 

(1) 2 beads were added per skin sample together with 420 μL of buffer C. 2 cycles (2 min, 4 °C, 25 

Hz) were successively applied in the Tissue Lyser II to homogenize the tissue.  

(2) Beads were removed using pliers and micropipette tips and samples were incubated in buffer C 

for 30 min, 4 °C. 

(3) Samples were then centrifuged for 30 min, 4°C and buffer C was recovered.  

(4) Samples were successively incubated in buffers W, N and M as follows, at 4 °C (incubation and 

centrifugation): 

i. 330 μL of buffer W for 20 min, and centrifugation for 20 min, 

ii. 125 μL of buffer N for 30 min, and centrifugation for 30 min, 

iii. Rinsing as described above in step i., 

iv. 90 μL of buffer M for 30 min, and centrifugation for 30 min, 

Buffers N et M were recovered after centrifugation while buffer W was discarded.  

(5) Samples were next incubated in 120 μL of buffer CS for 30 min, room temperature (20 to 23 

°C)  

(6) A centrifugation step was applied for 30 min, room temperature and buffer CS was recovered. 

(7) Insoluble pellets were finally rinsed with 350 μL of PBS for 5 min, 4 °C, then centrifuged for 5 

min, 4 °C and the supernatant was eliminated. All these steps were performed 3 times.  
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(8) The centrifugation following the last rinsing with PBS was extended to 10 min to completely 

eliminate liquid. The final insoluble pellet was recovered (Compartmental Insoluble fraction, 

abbreviated Comp. Ins.) 

(9) All the fractions (liquid and pellet) where flash-frozen immediately after recovery and stored at 

- 80 °C until use.  
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III. MS-BASED DISCOVERY PROTEOMICS 
 

All the procedures presented in this section were conducted using protein Lobind tubes (Eppendorf). 

 

1. Mass spectrometry for the comparison of enrichment protocols 

Sample preparation, HPLC-MS/MS analysis and protein identification were performed as described 

in the Materials and Methods section of the paper presented J Proteomics publication presented in 

Chapter III, I-2. 

 

2. Quantitative MS-based proteomics 

i. Sample preparation 

For liquid fractions, 200 μL of sample were reduced with 10 mM DTT for 40 min, 60 °C and 

alkylated with 25 mM iodoacetamide for 40 min, 23 °C, in the dark. Proteins were next precipitated at 

room temperature using the methanol/chloroform method. 800 μL of methanol, 200 μL of chloroform 

and 600 μL of ultra-pure water were successively added and samples were strongly vortexed after each 

addition. The mixture was centrifuged for 10 min, room temperature, 16,000 g. The upper liquid phase 

was carefully discarded and 800 μL of methanol were added to wash the proteins. Samples were strongly 

vortexed, centrifuged for 10 min, room temperature, 16,000 g and methanol was discarded. Protein 

pellets were vacuum-dried in a vacuum centrifuge for 15 min at room temperature and solubilized in 45 

μl of 100 mM NaOH. Protein concentration was determined (2 dilutions analyzed: 1/40 and 1/60) using 

a commercial BCA kit (23225, Thermo Fisher Scientific). 20 μg of proteins were further processed for 

HPLC-MS/MS analysis. 1.8 M HEPES pH 8.0 was added to adjust the pH to 8.0. Proteins were 

deglycosylated using PNGaseF (10 U) for 2 h and digested into peptides by successive treatments with 

Lys-C (1:150 enzyme to protein mass ratio) for 2 h and trypsin (1:50) overnight. The following day, 

trypsin was added again (1:100) and the incubation continued for 2 h. All enzyme treatments were 

performed at 37 °C, 700 rpm. Samples were centrifuged for 10 min, room temperature, 16,000 g to pellet 

tissue debris and the supernatants were recovered for TMT-labeling.  

For insoluble pellets, 5 mg were dissolved in 120 μL of 100 mM NaOH, strongly vortexed and 

incubated for 2 h, 23 °C, 600 rpm (Thermomixer). Proteins were reduced, alkylated, diluted four-fold 

in 100 mM ammonium bicarbonate and digested as described for liquid samples. Amounts of enzymes 

were increased as follows to allow the complete digestion of proteins: 50 U PNGaseF, 2 μg Lys-C and 

2 μg or 1 μg trypsin for the overnight incubation or the 2 hour treatment, respectively. Samples were 

acidified to pH 2.0 using 50 % TFA in ultra-pure water and desalted on C18 spin columns (89870, 

Thermo Fisher Scientific) according to the recommendations of the manufacturer. Peptides were eluted 

in 60 μL of elution solvent (30/70 H2O/acetonitrile (ACN)); 50 μL were vacuum-dried and the remaining 

10 μL were used to determine peptide concentration (tested dilutions: 1/4 and 1/10) using the PierceTM 
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quantitative fluorimetric peptide assay (23290, Thermo Fisher Scientific). Dried peptides were then 

resuspended in 15 μL of NaOH 100 mM. For TMT labeling, 20 μg were taken and the pH was adjusted 

to 8.0 by addition of HEPES 1.8 M, pH 8.0 as described above for proteins from soluble fractions. For 

chemical decellularization, the peptides from the insoluble pellet were pooled with the peptides from 

the GuHCl extract in equal amounts prior to labeling (GuHCl + Ins. fraction generated). 

 

ii. TMT labeling of peptides 

TMT reagents were equilibrated for 15 min at room temperature and dissolved in DMSO. The 

volume of added DMSO was equal to the volume of samples to be labeled in order to reach 50 % DMSO 

in the reaction medium. For each sample, the corresponding TMT reagent was added to peptides (0.4 

mg TMT / 20 μg peptides), the mixture was briefly vortexed and incubated for exactly 1 h (t0 = addition 

of the TMT reagent), 23 °C, 300 rpm (Thermomixer). The labeling reaction was stopped by the addition 

of 50 % hydroxylamine to a final concentration of 5 %. Samples were briefly vortexed and incubated 

for 30 min, 23 °C, 300 rpm. For each type of fraction (NaCl, SDS/SD, GuHCl + Ins., Comp. Ins.), equal 

amounts of each sample (4 to 5 μg) were pooled together. Pools were acidified to pH 2 by addition of 

TFA 50 % in ultra-pure water, desalted on C18 spin columns and vacuum-dried at room temperature. 

Dried samples were stored at – 20 °C prior to HPLC-MS/MS analysis. 

 

iii. HPLC-MS/MS analyses 

HPLC-MS/MS analyses were performed by Protein Science Facility (PSF), SFR BioSciences 

(CNRS UMS3444, Inserm US8, UCBL, ENS de Lyon, Lyon, France). Samples were analyzed in 

triplicates using an Ultimate 3000 nano-RSLC (Thermo Fisher Scientific) coupled on line with a Q 

ExactiveTM HF mass spectrometer via a nano-electrospray ionization source (Thermo Fisher Scientific). 

Signals were acquired in data-dependent acquisition (DDA). 

Peptides were diluted in 20 μL of 0.1 % formic acid (FA) in water. 1 μL was injected and loaded 

on a C18 Acclaim PepMap100 trap-column 75 μm ID x 2 cm, 3 μm, 100 Å, (Thermo Fisher Scientific) 

for 3 min at 5 μL/min with 2 % ACN, 0.05 % TFA in water. Peptides were then separated on a C18 

Acclaim Pepmap100 nano-column, 50 cm x 75 μm i.d, 2 μm, 100 Å (Thermo Fisher Scientific) with a 

60 min linear gradient from 4 % to 50 % buffer B in buffer A (A: 0.1% FA in water, B: 80 % ACN, 0.1 

% FA in water). The proportion of buffer B was increased from 50 to 95 % in 2 min, hold for 10 min, 

returned to the initial conditions in 1 min and then kept constant for 14 min. The total duration was set 

to 90 min at a flow rate of 300 nL/min. The oven temperature was kept constant at 40 °C. Fractions were 

analyzed with the TOP15 HCD method: MS data were acquired in a data dependent strategy selecting 

the fragmentation events based on the 15 most abundant precursor ions in the survey scan (375-1800 

Th). The resolution of the survey scan was 120,000 at m/z 200 Th and the resolution of the MS/MS scan 

was to 45,000 at m/z 200 Th. The Ion Target Value for the survey scans in the Orbitrap and the MS/MS 

scan were set to 3E6 and 1E5 respectively and the maximum injection time was set to 50 ms for MS 
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scan and 100 ms for MS/MS scan. Parameters for acquiring HCD MS/MS spectra were as follows: 

collision energy = 32, isolation width = 1.2 m/z. The precursors with unknown charge state, charge state 

of 1 and 8 or greater than 8 were excluded. Peptides selected for MS/MS acquisition were then placed 

on an exclusion list for 30 s using the dynamic exclusion mode to limit duplicate spectra. 

 

iv. MS/MS data processing 

Proteins were identified through database searching using SequestHT with Proteome Discoverer 2.4 

software (Thermo Fisher Scientific) against the UniProt mouse database (release: December 2020, 101 

412 entries). Trypsin was set as digestion enzyme. Precursor mass tolerance was set to 10 ppm and 

fragment mass tolerance was set to 0.02 Da; up to 2 missed cleavages were allowed. Minimum peptide 

length was set to 6 amino acids. Oxidation (M, P), acetylation (protein N-terminus) and TMT labeled 

peptides in primary amino groups (+229.163 Da, K and peptide N-terminus) were set as variable 

modification, and carbamidomethylation (C) as fixed modification. Peptides and proteins were filtered 

with a false discovery rate (FDR) of 1 % using Percolator and proteins were identified with at least 1 

unique peptide in rank 1. Protein quantitation was performed with reporter ion quantifier node in 

Proteome Discoverer 2.4 software with an integration tolerance of 20 ppm. Peptide and protein 

quantitations were based on summed abundance ratios. The purity correction factor of TMT labels was 

applied according to the manufacturer’s instructions. 

To identify matrisome proteins, the IDs of the genes encoding all the proteins identified by MS/MS 

were searched against matrisome lists. To do so, the mouse matrisome database91 (last update: August 

2014) and the tools of the on-line platform ProteoRE (http://www.proteore.org/)180 were used. 

 

v. Analysis of quantitative data 

Quantitative data from two independent HPLC-MS/MS experiments (n = 2 mice/genotype and n = 

3 mice/genotype) were pooled to reach 5 biological replicates per genotype. Only proteins quantified in 

the 10 analyzed animals (5 WT and 5 RDEB) were kept to run statistics. To do so, the data from each 

fraction type (NaCl, SDS/SD, GuHCl + Ins., Comp. Ins.) were processed as follows (Figure 22): 

(1) For each sample (WT1 to WT5 and RDEB1 to RDEB5), the total protein abundance was 

computed by summing the abundances of all the proteins detected in the sample. 

(2) This total abundance was used to normalize the abundance of each protein in the sample. 

(3) To run statistics, the median normalized abundance in WT and in RDEB samples was used to 

compute the RDEB/WT (RDEB/WT) ratio and then the Log2(RDEB/WT) value for each 

protein. 

(4) All Log2(RDEB/WT) ratios were used to build the distribution graph and the parameters of the 

corresponding normal distribution were used for the determination of the cutoffs of the 

experiment (μ ± 1.96σ, 2.58σ and 3.30σ corresponding to p-values of 0.05, 0.01 and 0.001 

respectively). 



Chapter II – Materials and methods

81

Figure 22. Schematic view of the statistical approach applied to the MS/MS quantitative data from the two 
independent experiments (n = 5 mice/genotype in total).
The individual abundance of each protein was normalized by the total protein abundance in the sample and the 
Log2(RDEB/WT) distribution was plotted. Ab.: abundance, norm. Ab.: normalized abundance.

Heatmaps were generated with Microsoft Excel (text hidden and conditional shaping depending on 

the Log2 (RDEB/WT value), from deep blue for the lowest value to deep red for the highest one; 

Microsoft Inc.). For the analysis of biological processes, the tools from the online platform Panther 

v17.0 (http://www.pantherdb.org/) were used. The gene IDs encoding all the significantly dysregulated 

proteins in RDEB skin were submitted to a statistical over-representation test, conducted using the “GO 

biological process complete” mode. The organism of reference used for the analysis was Mus musculus.

vi. Data processing using SwissProt database (first matrisome analysis test, abundance 

ratios of collagen chains and peptide mapping)

The identification of proteins using SwissProt database (reviewed sequences only) was applied for 

the first matrisome qualitative analysis (Chapter III, I-1). For quantitative analyses on WT and RDEB 

samples, SwissProt database was used for the study of the ratios between the different chains of 

collagens and for peptide mapping (to avoid the redundancy in proteoforms for a single gene, especially 

observed for collagens). Proteins were identified by database searching using SequestHT with Proteome 
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Discoverer 2.4 software (Thermo Fisher Scientific) against the SwissProt mouse database (release: May 

2020, 17418 entries, for the first matrisome analyses, and August 2021, 17015 entries, for the 

quantitative analyses on WT and RDEB samples). For quantitative analyses on WT and RDEB samples, 

the quantification of peptides and proteins was performed as described above for quantification using 

the UniProt database (Chapter II, III-2-iv). The heatmap of collagen chain abundances was constructed 

as described above (Chapter II, III-2-v). For peptide mapping, data from the triplicate experiment (n = 

3 mice/genotype) and RDEB/WT ratios computed by Proteome Discoverer 2.4 were used. To compare 

the abundance ratio of peptides from the propeptides and peptides from the triple helix, Mann-Whitney 

tests were applied (at least 2 peptides from propeptides detected). 

  



Chapter II – Materials and methods 

83 
 

IV. TRANSMISSION ELECTRON MICROSCOPY 
 

Sample processing for transmission electron microscopy (TEM) and image acquisition were 

performed by the Center of quantitative imaging Lyon-Est (CIQLE, SFR Santé-Lyon Est, CNRS 

UAR3453, INSERM US7, UCBL, Lyon, France). 

 

1. Sample preparation 

Back skin biopsies from mice aged 7 days old, and back skin or forepaw skin from mice aged 9-12 

weeks were processed for TEM. Small tissue pieces (around 1 mm3 in size) were fixed in one volume 

of 4 % glutaraldehyde and one volume of 0.2 M sodium cacodylate at 4 °C. Samples were carefully 

rinsed three times at 4 °C and post-fixed with 2 % OsO4 for 1 h, 4 °C, before being dehydrated in graded 

series of ethanol and transferred to propylene oxide. Impregnation was performed with Epon epoxy resin 

(Electron Microscopy Sciences). Inclusion was obtained by polymerization at 60 °C for 72 h. Ultrathin 

sections (approximately 70-nm thick) were cut on a UC7 ultramicrotome (Leica), mounted on 200 mesh 

copper grids coated with poly-L-lysine (Electron Microscopy Sciences), stabilized for 1 day, room 

temperature, and contrasted with uranyl acetate.  

 

2. Image acquisition 

Sections were examined with a 1400JEM (Jeol), 120kV transmission electron microscope equipped 

with an Orius 600 camera (Gatan) on wide field position and Digital Micrograph software (Gatan Inc.). 

 

3. Hemidesmosome and collagen fibrils analyses, statistics 

The length of hemidesmosomes (HD) and the proportion of the basement membrane covered with 

HD were analyzed with the tools available in Fiji v1.53 software196, both in the back skin of WT and 

RDEB mice aged 7 days, and in the back skin and forepaw skin of WT and RDEB mice aged 9-12 

weeks. The number of biological replicates, processed images and analyzed hemidesmosomes are given 

in Table 5. 

 

Age n Anatomic 
location 

Number of 
images processed 

Total number of WT 
HD analyzed 

Total number of 
RDEB HD analyzed 

7 day-old 2 WT 
2 RDEB Back 5 to 7 124 202 

9-12 
week-old 

4 WT 
4 RDEB Back 3 to 5 181 330 

9-12 
week-old 

4 WT 
4 RDEB Forepaw 4 to 6 211 153 

Table 5. Details of samples and processed images for hemidesmosome (HD) analyses in WT and 
RDEB mice. 
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Collagen fibril diameters were analyzed with Fiji v1.53 software196 in the back skin of WT and 

RDEB mice aged 7 days, and in the back skin and forepaw skin of WT and RDEB mice aged 9-12 

weeks. The number of biological replicates, processed images and analyzed hemidesmosomes are given 

in Table 6. Fibril diameters were measured using a macro (script available in Appendix 4) as the 

diameters of the smallest inscribed circles in transverse fibril sections. 

 

Age n Anatomic 
location 

Number of processed 
images per mouse 

Total number of analyzed 
fibrils per genotype 

7 day-old 2 WT 
2 RDEB Back 5 1,288 

9-12 week-old 4 WT 
4 RDEB Back 3 4,000 

9-12 week-old 4 WT 
4 RDEB Forepaw 4 to 6 2,400 

Table 6. Details of samples and processed images for the measurements of the diameters of dermal collagen 
fibrils in WT and RDEB mice. 
 

Statistics on the various analyzed parameters (length of hemidesmosomes, proportion of the 

basement membrane covered with hemidesmosomes, collagen fibrils diameter) were conducted using 

RStudio software (Rstudio Inc.). For each of these 3 variables, WT and RDEB values were compared 

by non-parametric Mann Whitney test.  



Chapter II – Materials and methods 

85 
 

V. OTHER PROTEIN ANALYSES 
 

1. Immunoblotting 

i. Sample preparation  

Skin lysates 

Back skin samples from control and RDEB mice aged 10-12 weeks were used to prepare lysates 

(samples from mice different from those used for MS-based quantitative proteomics). 25 mg of frozen 

skin were weighed in a 2-mL protein Lobind tube (Eppendorf) and rapidly cut into pieces with a scalpel. 

200 μL of lysis buffer (8.6 % SDS (w/v), 110 mM Tris pH 6.8, 43 % glycerol (w/v), 1x PI with EDTA) 

were added and samples were strongly vortexed for 10 s and boiled for 20 min, 95 °C. Samples were 

strongly vortexed again for 3 minutes and centrifuged for 20 min, room temperature, 16,000 g to pellet 

tissue debris. Supernatants were then transferred in a new protein Lobind tube, without taking the white 

fat “snowflakes” sometimes formed at the supernatant surface. A new centrifugation step was performed 

for 20 min, room temperature, 16,000 g, and supernatants were pooled with those previously recovered. 

Samples were aliquoted and stored at – 20 °C until use.  

Prior to SDS-PAGE migration, protein concentration was measured (applied dilutions: 1/20 and 

1/30) using a commercial BCA kit (23225, Thermo Fisher Scientific). Prior to SDS-PAGE, the volume 

of sample containing the required amount of proteins was diluted to 1/5 by addition of DTT to a final 

concentration 50 mM, bromophenol blue to a final concentration of 0.01 % (w/v) and water. Samples 

were vortexed, boiled for 5 min, 95 °C and loaded in gel wells for SDS-PAGE migration.  

 

Enrichment fractions 

NaCl and SDS/SD fractions were assayed using BCA (2 analyzed dilutions, ranging from 1/30 to 

1/60). Prior to SDS-PAGE migration, samples were mixed with reducing buffer (final concentrations in 

the sample: 10 % SDS (w/v), 125 mM Tris pH 6.8, 12.5 % glycerol (w/v), 0.01 % bromophenol blue 

(w/v), 50 mM DTT), briefly vortexed and boiled for 5 min, 95 °C.  

 

4 mg of the insoluble pellets obtained through compartmental enrichment (fraction Comp. Ins.) were 

weighed in a 1.5-mL protein Lobind tube (Eppendorf). 50 μL of 100 mM NaOH, 250 mM DTT were 

added and samples were boiled for 15 min, 95 °C. Samples were briefly vortexed and centrifuged for 

10 min, room temperature, 16,000 g. Supernatants were recovered and stored at – 20 °C until use. Prior 

to SDS-PAGE, 15 μL of samples were mixed with sample buffer (final concentrations in the sample: 10 

% SDS (w/v), 125 mM Tris pH 6.8, 12.5 % glycerol (w/v), 0.01 % bromophenol blue (w/v)), briefly 

vortexed and boiled for 5 min, 95 °C.  
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Fibroblast lysates 

Lysates of human dermal fibroblasts were previously prepared by Agnès Tessier during her PhD as 

follows: cells were washed twice with PBS and proteins from the cell layer were extracted with RIPA 

buffer (50 mM Tris, 0.15 M NaCl, 1% Np-40, 1% SDS, 0.5% sodium deoxycholate, pH 8 with protease 

inhibitors) incubated at 4°C for 30 min under agitation197. Samples were stored at – 20 °C until use. 

Prior to SDS-PAGE migration, 25 μL of cell lysate were mixed with reducing buffer (final 

concentrations in the sample: 10 % SDS (w/v), 125 mM Tris pH 6.8, 12.5 % glycerol (w/v), 0.01 % 

bromophenol blue (w/v), 50 mM DTT), briefly vortexed and boiled for 5 min, 95 °C. 

 

For all sample types, protein amounts/lane and acrylamide percentages are detailed below in Table 

6. 

Target protein Skin 
lysate 

NaCl, SDS 
fraction 

Comp.  
Ins. 

Fibroblast 
lysate % SDS-PAGE gel  

Collagen I (triple 
helix) 15 μg 15 μg N/A N/A Home-made, 8 % (+ TCE) 

Procollagen α1(I) 
C-propeptide 50 μg 50 μg 15 μL N/A 

4-20 % gradient gel, Stainfree  
 

(4568094, BioRad)  

Procollagen α1(I) 
N-propeptide 50 μg 50 μg 15 μL N/A 

4-20 % gradient gel, Stainfree  
 

(4568094, BioRad) 

HSP-47 30 μg 30 μg N/A 25 μL Home-made, 10 % (+ TCE) 

PCPE-1 30 μg 30 μg N/A N/A Home-made, 10 % (+ TCE) 
Table 7. Amounts of biological material and gel percentages used for immunoblotting in relation 
with target protein. 
TCE: 2,2,2-trichloroethanol, allowing Stainfree detection. 
 

ii. Western blotting 

Proteins were first separated by SDS-PAGE in 25 mM Tris pH 8.4, 0.2 M Glycine, 0.1% SDS buffer. 

After electrophoresis, gels were exposed to ultraviolet rays (two activation cycles of 30 s each) using 

the Fusion FX camera system (Vilber Lourmat) to perform the Stainfree reaction (reaction between TCE 

and Tryptophan residues). Then, proteins were electroblotted for 2 h onto PVDF membranes 

(polyvinylidene difluoride, 831.1, Merck) in 10 mM CAPS pH 11.0, 10 % ethanol. After transfer, the 

Stainfree signal was detected using the Fusion FX camera system. The membranes were then blocked 

in 10 % skim milk (w/v, Regilait) diluted into PBS for 2 h and incubated overnight with primary 

antibodies diluted into 5 % skim milk in PBS with 0.05 % Tween-20 (v/v). Membranes were then 

washed three times with PBS, 0.05 % Tween-20 and incubated with the secondary antibody for 1 h, 

room temperature. Primary and secondary antibodies used for Western blotting are detailed in Table 8. 

All target proteins were detected by chemiluminescence with the Amersham™ ECL™ Select Western 

blotting detection reagent (RPN2235, Cytiva) using the Fusion FX camera system. 
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Antibody Reference Concentration for 
immunoblotting 

Concentration for 
immunofluorescence 

α- BMP-1 Home-made N/A 1/100 

α- collagen I (triple 
helix) 

20151, 
Novotec 

0.25 μg/mL 
(1/8000) N/A 

α- procollagen α1(I) 
C-propeptide 

LF41198, 
Gift from Larry Fisher 

12.5 μg/mL 
(1/200) N/A 

α- procollagen α1(I) 
N-propeptide 

LF39198, 
Gift from Larry Fisher 

12.5 μg/mL 
(1/200) N/A 

α- HSP-47 10875-1-AP, 
Proteintech 

0.67 μg/mL 
(1/750) N/A 

α- PCPE-1 AF2239, 
R&D Systems 

0.2 μg/mL 
(1/1000) 

2 μg/mL 
(1/100) 

α- goat IgG, 
HRP conjugated 

DkxGt-003-DHRPX, 
Immuno Reagents 

0.1 μg/mL 
(1/10000) N/A 

α- rabbit IgG, HRP 
conjugated 

7074, 
Cell Signaling 

1/10000 
(concentration of the 

stock solution unknown) 
N/A 

α- goat IgG, Alexa 
Fluor 647 conjugated  

705-605-003, 
Jackson Immuno 

Research 
N/A 3.75 μg/mL 

(1/400) 

α- rabbit IgG, 
Cyanine3 conjugated 

711-165-152, 
Jackson Immuno 

Research 
N/A 3.75 μg/mL 

(1/400) 

Table 8. Antibodies used for immunoblotting and immunofluorescence. 
 

iii. Quantification and statistics 

For each target, immunoblotting was performed in three technical replicates (3 membranes). The 

intensity of the chemiluminescent and Stainfree signals were quantified using ImageQuant TL software 

(Cytiva Inc.). For each membrane, a double normalization was conducted as follows: 

(1) The Stainfree signal was first used to normalize the chemiluminescent one in each lane (= each 

biological replicate), to obtain the “normalized signal” to total protein amount, 

(2) In order to compare the signals obtained on independent membranes, a second normalization to 

one randomly-chosen lane (usually corresponding to WT1) was performed. A “doubly-

normalized” signal was thus obtained for each biological replicate (with a value of 1 for the 

reference, i.e. WT1). 

(3) Mean signal intensities were computed for WT and RDEB genotypes using “doubly-

normalized” signals. Normality and homoscedasticity were checked using Shapiro-Wilk and 

Fisher tests respectively. WT and RDEB were compared by Student t-test when normality and 

homoscedasticity were respected, or Mann-Whitney test when the t-test was not applicable. 
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In addition, the three technical replicates were pooled to run an additional statistical test. To do so, 

for each biological replicate, the mean signal intensity was computed from the 3 doubly-normalized 

values of the 3 technical replicates. The mean WT and RDEB signal intensities computed in step (3) for 

each membrane were analyzed as three replicates. All statistics were run on RStudio software (Rstudio 

Inc.) 

 

2. Immunofluorescence on tissue sections 

Paraffin blocks of back skin biopsies (fixed in formalin, dehydrated and embedded in paraffin) were 

obtained from our collaborator in Freiburg and sliced into 5 μm-thick sections. The latter were 

deparaffinized through three successive 100 % methylcyclohexane baths (5 min each), rehydrated into 

ethanol solutions of decreasing concentrations (100 %, 100 %, 95 %, 70 %, successive 5 min baths) and 

finally immerged in tap water for 15 min. Antigens were unmasked using 0.05 % pronase (10165921001, 

Roche) in PBS (45 min, room temperature) for BMP-1 or 0.1 % trypsin (T0303, Merck), 0.1 % CaCl2 

in PBS (1 h, 37 °C) for PCPE-1. Sections were washed three times with PBS (5 min, room temperature) 

and blocked in 4 % bovine serum albumin (A3059, Sigma) in PBS for 1 h, room temperature. Samples 

were stained overnight, 4 °C with primary antibody prepared in the blocking buffer, rinsed three times 

in PBS as described above and incubated in the dark for 1 h, room temperature, with a solution of 

secondary antibody prepared in the blocking solution (Table 9) and supplemented with DAPI (1 μg/μL). 

Sections were finally rinsed three times with PBS in the dark, mounted in Fluorescent mounting medium 

(F6182, Sigma) and dried for at least 4 h at room temperature, in the dark, prior to observations. Analyses 

were conducted with an Eclipse Ti-E fluorescence microscope (Nikon) and pictures were processed with 

Fiji v1.53 software196. 
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VI. RNA ANALYSES 
 

1. RNA extraction 

RNA was extracted from frozen back skin biopsies using RNeasy Micro Kit (74004, Qiagen). 

Briefly, 4 mg of tissue were weighed in a 1.5-mL Eppendorf tube and disrupted with Tissue Lyser II 

(Qiagen). Beads adapted to RNA extraction were cleaned with detergent, abundantly rinsed with tap 

water, ultra-pure water and disinfected with 70 % ethanol (v/v). RNA extraction was performed 

following the recommendations of the manufacturer (protocol “Purification of total RNA from fibrous 

tissues”). Two steps were adapted: treatment with proteinase K was extended to 15 min, 55 °C (instead 

of 10 min, 55 °) and RNA was eluted in 20 μL of RNAse-free water (instead of 14 μL). Immediately 

after recovery, RNA samples were flash-frozen in liquid nitrogen and stored at – 80 °C until analysis by 

RT-qPCR. 

 

2. Reverse transcription  

RNA concentration was determined using a Nanodrop instrument (Thermo Fisher Scientific). 200 

ng of RNA were next reverse-transcribed (RT) into cDNA using the PrimeScriptTM RT kit (RR037A, 

TakaraBio) as described in Table 9, and a MJ Mini PCR instrument (Biorad). The reaction was 

conducted for 15 min, 37 °C and followed by a 5 s step at 85 °C to degrade remaining RNA and 

inactivate reverse transcriptase. cDNA was finally diluted to 1/5 prior to qPCR analysis. 

 

Reagent Volume 
5 X PrimeScript Buffer 4 μL 
Oligo dT primers 1 μL 
Random 6-mers 1 μL 
PrimeScript RT Enzyme Mix 1 μL 
RNase free water Adjustment to 20 μL 
Total volume 20 μL 

 

Table 9. Composition of the mix used for the reverse transcription of 200 ng of RNA. 
Reagents from the PrimeScriptTM RT kit (TakaraBio) were used to reverse transcribe RNA into cDNA prior to 
qPCR. 

 

3. Quantitative real time PCR  

Fluorescence-based quantitative real-time PCR (qPCR) of cDNA was performed using the FastStart 

Universal SYBR Green Master mix (4913850001, Roche) and a Rotor-Gene Q instrument (Invitrogen). 

All primers were obtained from Sigma (purity level: dessaler, dissolved in water, 100 μM, Table 10). 

The composition of the reaction mix is detailed in Table 11. The qPCR conditions included an initial 

denaturation (10 min, 95 °C) followed by 50 amplification cycles, each comprising denaturation (10 s, 

95 °C) and annealing (20 s, 60 °C) steps. Fluorescence was measured at the end of the annealing step of 
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each cycle and the quantification cycle (Ct) was determined for each gene. At the end of amplification, 

a melting curve was recorded by heating slowly at 0.5 °C/sec from 70 °C until 94 °C.  

 

Gene Primers (5’ to 3’) Efficiency 

Bmp1 Forward: TGCGTGTGGAGTTCAAGTCT 
Reverse: CCGAGGTGAGCTTCCTGAGT 0.975 

Col1a1 Forward: AACGAGATCGAGCTCAGAGG 
Reverse: GACTGTCTTGCCCCAAGTTC 0.925 

Col1a2 Forward: CACCCCAGCGAAGAACTCAT 
Reverse: TCTCCTCATCCAGGTACGCA 1.000 

Col3a1 Forward: TGACTGTCCCACGTAAGCAC 
Reverse: GAGGGCCATAGCTGAACTGAA 0.955 

Pcolce Forward: CTTCGGGCACTGAGCACCA 
Reverse: ACCTGGTTTGAGGGTGCAAT 0.952 

Rpl13a Forward: ATCCCTCCACCCTATGACAA 
Reverse: GCCCCAGGTAAGCAAACTT 0.964 

Serpinh1 Forward: CCAAGGGGGAACGGATCG 
Reverse: AAGAGGCATAAGGTGCCCAG 1.000 

Tll1 Forward: GGCTGGAGTTCTTACATCTACG 
Reverse: CTTATCTCCCCTCCACAAATCG 0.823 

Table 10. Sequences and efficiency of primer pairs used for RT q-PCR. 
 

Reagent Volume 
cDNA diluted to the 1/5 4 μL 
FastStart Universal SYBR Green Master 

i
10 μL 

Forward primer 1 μL 
Reverse primer 1 μL 
RNase-free water 4 μL 
Total volume 20 μL 

 

Table 11. Composition of the mix used for qPCR. 
FastStart Universal SYBR Green Master mix (Roche) was used to run qPCR on WT and RDEB cDNA. 

 

4. Computing of gene expression and statistics 

All experiments were performed in three technical replicates. Rpl13a was used as reference gene 

(RG) and the sample WT2 was chosen as reference sample. For each gene of interest (GOI), the gene 

expression (GE) was computed as follows (Ef = efficiency of primer pair): 

 

ΔCt GOI sample X = Ct GOI sample X – Ct RG sample X  

ΔΔCt GOI sample X = ΔCt GOI sample X – ΔCt GOI sample WT2  

GE GOI sample X = (1+Ef) -ΔΔCt GOI sample X 
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For each sample, mean GE was computed from the three values obtained from the three technical 

replicates. Mean WT and RDEB GEs were finally compared by non-parametric Mann Whitney test 

using RStudio software (Rstudio Inc).



Chapter II – Materials and methods 

92 
 

VII. MS-BASED TARGETED PROTEOMICS (PARALLEL REACTION 

MONITORING) 
 

All the procedures presented in this section were conducted using protein Lobind tubes (Eppendorf). 

 

1. Sample preparation 

i. Synthetic peptides 

Synthetic peptides (Thermo Fisher Scientific) were ordered in liquid form: DDANVVR and 

SGEYWIDPNQGCNLDAIK were received dissolved in DMSO (PEPotech Grade 2 quality) while 

ADDANVVR was received in 5 % ACN in ultra-pure water (AQUA QuantProLight quality). 100 ng of 

each peptide were pooled together, vacuum-dried and stored at – 20 °C until preparation for PRM 

analysis (non-labeled synthetic peptides). 

 

To generate TMT-labeled synthetic peptides, 100 ng of ADDANVVR and DDANVVR were pooled 

together, vacuum-dried and labeled with TMT as previously described (Chapter II, III-2-ii). Briefly, 

peptides were dissolved in 100 mM NaOH and 1.8 M HEPES pH 8.0, labeled with TMT reagents and 

the reaction was stopped with hydroxylamine. Peptides were desalted on C18 spin columns, vacuum-

dried and stored at – 20 °C until analysis. 

 

ii. NaCl fractions 

15 μg of proteins from WT NaCl fractions were reduced and alkylated as described above. Samples 

were diluted to te 1/5 by addition of ultra-pure water. The proteins were next purified using the SP3 

protocol (“single-pot, solid-phase-enhanced sample preparation”199, sera-mag magnetic beads used: 

65152105050250 and 45152105050250, Cytiva). 75 μg of each type of beads were added to the samples 

(final protein/beads ratio: 1/10, w/w) and the mixture was homogenized by gentle pipetting. 100 % 

ethanol was added (1:1, v/v) to initiate the fixation of proteins onto the beads and the samples were 

incubated for 5 min, 24 °C, 300 rpm (Thermomixer). Tubes were deposited on a magnetic rack for 5 

min at room temperature to immobilize beads and the supernatant was discarded. The proteins were 

rinsed with 500 μL of 80 % ethanol, the solution was homogenized by gentle pipetting and the 

supernatant was next eliminated after bead immobilization (see above). This rinsing step with 80 % 

ethanol was applied 3 times in total. Proteins were eluted from the beads in 20 μL of 100 mM HEPES, 

pH 8.0. Proteins were digested with trypsin (1:50 enzyme to protein mass ratio) overnight, 37 °C, 700 

rpm (Thermomixer). Samples were divided into 2 fractions containing the same amount of material (5 

μg of proteins). One fraction was acidified to pH 2.0 with 50 % TFA, desalted on C18 spin columns, 

vacuum-dried and stored at – 20 °C until PRM analysis (non-labeled NaCl fraction). The other fraction 

was first labeled with TMT as previously described (Chapter II, III-2-ii). Peptides were also acidified 
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to pH 2.0 with 50 % TFA, desalted on C18 spin columns, vacuum-dried and then treated as above (TMT-

labeled NaCl fraction). 

 

iii. Skin lysates 

15 μg of proteins from WT skin lysates prepared for immunoblotting (Chapter II, V-1-i) were 

treated as described above for the NaCl fraction (from reduction to sample storage at – 20 °C). Two 

fractions of protein from skin lysates, one labeled with TMT, the other unlabeled, were finally generated 

for PRM. 

 

2. PRM analysis 

Prior to PRM scan, libraries were generated to analyze non-labeled and TMT-labeled samples by 

DDA scans of non-labeled and TMT-labeled synthetic peptides respectively. These libraries therefore 

contain the MS/MS fragmentation profile for each of the analyzed peptides (list of transitions and their 

relative abundance). These reference signals were used to compare the signal acquired by PRM and to 

evaluate the quality of peptide detection in biological samples. To generate libraries, synthetic peptides 

were analyzed by DDA applying the same HPLC-MS/MS parameters as those described for the analyses 

of WT samples during ECM-enrichment protocol comparison (Chapter II, V-1-iii). To run PRM 

analyses, the Q Exactive HF mass spectrometer (Thermo Fisher Scientific) was used in PRM mode with 

the following parameters: precursors were targeted in a 1.0 m/z isolation window around the m/z of 

interest, and fragmented in HCD mode with an NCE energy of 27. MS/MS was performed at 60,000 

resolution (at 200 m/z), AGC target was set to 10,000 and maximum injection time to 120 ms. Loop 

count and MSX count were respectively set to 4 and 1. 

 

3. Data analysis 

PRM data were processed with Skyline v19.1 software (open-source, developed by the Mac Coss 

Lab, University of Washington, USA). Skyline settings used to analyze the data are detailed in 

Appendices 5 and 6. 
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I. DEVELOPMENT OF PROTOCOLS FOR THE ANALYSIS OF MOUSE 

SKIN MATRISOME 
 

All previous studies reporting MS-based matrisome analyses were conducted on highly cellularized 

tissues (tumors, lung, endocrine and exocrine glands). Skin also displays a high cell density in the 

epidermis but this is not the case for the dermis which rather contains sparse cells scattered in a very 

abundant ECM. Furthermore, the dermal matrix is mainly composed of collagen and elastic fibers; it 

contains as a consequence both soluble (ECM protein precursors, molecules involved in protein 

processing such as enzymes and their regulators) and insoluble (mature core matrisome components) 

proteins. Thus, the first challenge of this project was the recovery of all these skin matrisome 

components exhibiting different solubility profiles while eliminating as many cellular proteins as 

possible, especially the epidermal cell proteins that may disturb MS/MS analyses because of their high 

abundance. 

 

1.  Preliminary ECM enrichment tests 

The most-widely used ECM enrichment protocol is the “compartmental” strategy proposed by 

Naba et al192 a few years after the first definition of the matrisome. It consists in the processing of the 

native tissue with different solutions from the CNMCS commercial kit (Merck, detailed composition 

unknown) to generate a final insoluble pellet, supposedly containing matrix proteins. Compartmental 

enrichment was thus the first strategy that we tested to recover the ECM from mouse back skin. Because 

DEB is primarily caused by a deficiency in the DEJ, where the expression of many proteins is altered 

due to collagen VII deficiency (Chapter I, III-1), it seemed fundamental to include basement membrane 

components to the global characterization of the skin matrisome of diseased mice. For this reason, we 

decided to enrich the matrix from the whole native skin instead of focusing on the matrix-rich dermis 

only. No dermis/epidermis separation was therefore performed in this study; only a soft manual 

elimination of the subcutaneous fat was applied to limit the lipid content of the samples.  

 

The first test of the protocol led to the identification of 357 proteins by HPLC-MS/MS in the 

insoluble pellet (no quantification). The identity of proteins was obtained through the search of the 

SwissProt database during data processing. Matrix proteins were identified by comparing the IDs of the 

genes encoding these 357 proteins with the matrisome genes obtained from the mouse matrisome 

database91. Sixty-one matrisome components were detected, including 43 core and 18 associated 

proteins (Table 12). This number was surprisingly low compared to those obtained with other tissues, 

for which the ECM content was in addition lower, with the same protocol: 113100 and 18598 matrisome 

components were respectively detected in mouse lung and pancreatic islets for instance.  
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Furthermore, a lot of proteins already reported in the extracellular matrix of the skin, including insoluble 

ones, were missing in our data. 

 
CORE MATRISOME  ASSOCIATED MATRISOME 

Gene Protein name Urea NaOH  Gene Protein name Urea NaOH 
Collagen     ECM-affiliated   
  Col1a1 Collagen alpha-1 (I) X X    Anxa1 Annexin A1 X X 
  Col1a2 Collagen alpha-2 (I)  X X    Anxa2 Annexin A2  X X 
  Col2a1 Collagen alpha-1 (II)  X    Anxa3 Annexin A3  X 
  Col3a1 Collagen alpha-1 (III) X X    Anxa4 Annexin A4  X X 
  Col4a1 Collagen alpha-1 (IV) X X    Anxa5 Annexin A5   X 
  Col4a2 Collagen alpha-2 (IV)  X X    Anxa6 Annexin A6  X X 
  Col5a1 Collagen alpha-1 (V) X X    Anxa7 Annexin A7  X X 
  Col5a2 Collagen alpha-2 (V) X X    Anxa8 Annexin A8  X X 
  Col6a1 Collagen alpha-1 (VI) X X    Anxa11 Annexin A11   X 
  Col6a2 Collagen alpha-2 (VI) X X    Lgals1 Galectin-1  X X 
  Col6a6 Collagen alpha-6 (VI)  X    Lgals3 Galectin-3   X 
  Col7a1 Collagen alpha-1 (VII) X X    Lgals7 Galectin-7  X X 
  Col12a1 Collagen alpha-1 (XII) X X      
  Col14a1 Collagen alpha-1 (XIV) X X  ECM-regulator   
  Col15a1 Collagen alpha-1 (XV)   X    C1qtnf3 Complement C1q tumor 

necrosis factor-related protein  X      
Glycoprotein      Cstb Cystatin B   X 
  Aebp1 Adipocyte enhancer-binding protein-1  X X    Ctsk Cathepsin K   X 
  Coch Cochlin   X    F12 Coagulation factor XII X  
  Dpt Dermatopontin  X X    F13a Coagulation factor XIII A  X 
  Ecm1 Extracellular matrix protein-1   X    Hrg Histidine-rich glycoprotein   X 
  Ecm2 Extracellular matrix protein-2  X X    Itih3 Inter-alpha-trypsin inhibitor 

heavy chain H3   X   Fbn1 Fibrillin-1  X X  
  Fga Fibrinogen alpha chain X X    Kng1 Kininogen-1  X 
  Fgb Fibrinogen beta chain  X X    Serpina1a Serine protease inhibitor A1a X  
  Fgg Fibrinogen gamma chain X X    Serpina1d Serine protease inhibitor A1d X X 
  Fn1 Fibronectin  X X    Serpina3k Serine protease inhibitor A3k X X 
  Fbln5 Fibulin-5 X     Serpina3m Serine protease inhibitor A3m  X 
  Lama2 Laminin subunit alpha-2  X X    Serpinb1a Serine protease inhibitor B1a  X 
  Lama4 Laminin subunit alpha-4 X     Serpinb2 Serine protease inhibitor B2 X X 
  Lama5 Laminin subunit alpha-5  X X    Serpinb5 Serine protease inhibitor B5 X X 
  Lamb1 Laminin subunit beta-1  X X    Serpinb6a Serine protease inhibitor B6a X  
  Lamb2 Laminin subunit beta-2  X X    Serpinf2 Serine protease inhibitor F2  X 
  Lamb3 Laminin subunit beta-3 X     Serpinh1 Serine protease inhibitor H1 X X 
  Lamc1 Laminin subunit gamma-1  X X    Tgm2 Transglutaminase-2 X X 
  Lamc2 Laminin subunit gamma-2   X      
  Mfap2 Microfibrillar-associated protein-2  X X  Secreted factor   
  Mfap4 Microfibrillar-associated protein-4 X X    Flg Filaggrin X  
  Mfap5 Microfibrillar-associated protein-5   X    Flg2 Filaggrin-2   X 
  Nid1 Nidogen-1  X X    S100a3 Protein S100 A3   X 
  Nid2 Nidogen-2  X X    S100a4 Protein S100 A4   X 
  Postn Periostin  X X    S100a10 Protein S100 A10   X 
  Srpx Sushi-repeat-containing protein SRPX  X X    S100a11 Protein S100 A11   X 
  Tgfbi TGF-β-induced protein ig-h3 (TGFBI) X X    S100a14 Protein S100 A14   X 

  Vwa5a von Willebrand factor A domain-
containing protein-5A   X      

 Total  18 34 
         
Proteoglycan        
  Aspn Asporin  X X      
  Bgn Biglycan  X X      
  Dcn Decorin  X X      
  Hspg2 Perlecan X X      
  Lum Lumican  X X      
  Ogn Mimecan  X X      
  Prelp Prolargin  X X      
  Prg2 Bone marrow proteoglycan  X X      
         
Total  43 48      
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Table 12. Matrisome proteins detected by MS/MS in the insoluble pellet after compartmental enrichment 
from mouse skin.  
Previous page. Two methods (urea 8 M and NaOH 0.1 M) were tested to dissolve the pellet prior to preparation 
for mass spectrometry. The best coverage of the matrisome, especially for associated proteins, was obtained with 
NaOH 0.1 M. Database used for protein identification: SwissProt. 
 

Regarding the core matrisome, elastin, tenascin X which are found in the dermis and the α3 and γ2 

laminin chains of LM-332 in the basement membrane were surprisingly not detected. The low 

proportion of associated matrisome – about 30 % of the matrisome detected in this experiment – was 

also intriguing because it normally accounts for 75 % of the total mouse matrisome proteins according 

to matrisome database. If the absence of enzymes such as metzincins, transglutaminases or lysyl-

oxidases was expected because their abundance is low in healthy skin, the non-detection of regulator 

proteins such as PCPE-1 and S100-proteins was very surprising because these components are relatively 

abundant. Also, because complete solubilization of the pellet was difficult to obtain with 8 M urea, we 

adapted the reference protocol and used 0.1 M NaOH instead. Pellet dissolution seemed improved by 

visual inspection of the sample and the total number of proteins detected by MS/MS was actually about 

1.5 times higher than in the first experiment using urea (Table 12). The benefit in terms of matrisome 

analysis was however limited, with a slight increase in the number of identified proteins through the 

detection of more associated molecules, but some key matrix proteins mentioned above were still 

missing. 

 

We next briefly evaluated the distribution of some representative matrix proteins of the dermis in 

the different buffers used during tissue processing (Figure 23A). The loss of PCPE-1, mainly extracted 

in the buffers dedicated to the removal of nucleus and cytoskeleton proteins but not found in the 

insoluble pellet, was observed. A distribution of collagen I in all soluble and insoluble fractions was 

observed (Figure 23B). In addition, actin was also detected in all fractions (Figure 23C). Regarding the 

components of the DEJ, a partial loss of collagen VI in the cytoskeleton buffer was also evidenced (not 

shown). 

 

These first results were disappointing and clearly showed that compartmental enrichment was 

probably not optimized for the study of the ECM of the native skin: the final insoluble pellet obtained 

did not contain enough matrix proteins to allow a satisfactory study of the skin matrisome for our 

purpose. 
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Figure 23. Protein extraction during compartmental enrichment on mouse skin. 
Back skin samples from 2 mice (1 and 2) were processed with the CNMCS kit (2145, Merck) to enrich the ECM 
proteins. A. Simplified description of tissue processing steps and theoretical protein distribution expected with the 
compartmental enrichment protocol. B. Detection of the matrix proteins PCPE-1 and collagen I by Western blot 
on the enrichment fractions. PCPE-1 first and then collagen I were immunoblotted on the same membrane 
(reducing conditions, AF2239 antibody used to detect PCPE-1, α-collagen I antibody directed against the triple 
helical domain). C. Detection of the cellular protein actin by Western blot in the enrichment fractions.  

 

2. Comparison of different ECM enrichment protocols for mouse skin 

To get a better coverage of the matrisome and see if it was possible to avoid the loss of matrix 

proteins during tissue processing, additional ECM enrichment strategies were tested on mouse back 

skin. Chemical decellularization193,195 and quantitative detergent solubility profiling (QDSP)99, which 

were previously used to study the matrisome of cardiovascular tissues and lungs respectively, were 

tested. These protocols were selected because they seemed to allow a higher coverage of matrix proteins, 

especially through the study of the intermediate fractions generated during tissue processing while 

compartmental enrichment was designed to focus on the insoluble pellet only. An enzyme-based 

decellularization strategy previously applied to human and rat skin was also adapted200,201. The 

comparison of all these ECM-enrichment protocols on mouse skin led to the publication of a manuscript 

in the Journal of Proteomics in 2021 (presented below) and resulted in the first description of the 

matrisome of mouse healthy skin.
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Supplementary tables available on: https://icloud.ibcp.fr/index.php/s/n7eE2rKLAic6ib1 

 

Supplementary Table 1. Lists of proteins and peptides identified with Proteome Discoverer. 

Supplementary Table 2. Matrisome proteins detected in the three biological replicates. 

Supplementary Table 3. Abundance data for matrisome proteins identified in insoluble fractions. 

Supplementary Table 4. Comparison of unique peptide numbers identified for matrisome proteins 

with and without “oxidized lysine” as variable modification. 

Supplementary Table 5. Comparison of human, rat and mouse skin matrisomes. 
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3. Final selection of ECM-enrichment protocols 

The main benefits and drawbacks of each ECM-enrichment protocol tested have been already 

discussed in the publication presented above. If the general limitations in the study of the ECM by MS-

based proteomics (mainly due to high ranges in the abundances and solubilities of matrisome proteins) 

were also explained, some additional points can be mentioned.  

 

Concerning tissue processing, our results showed that full decellularization is difficult to achieve. 

For instance, actin was detected by Western Blot in all enrichment fractions from the compartmental 

enrichment protocol, and additional cytoskeleton and nucleus proteins were also identified in the 

insoluble pellet of the same protocol by MS/MS (Supplementary Table 1 of the paper). As the 

intracellular compartment is involved in the synthesis and sometimes storage of both core and associated 

proteins, there is no certainty, in case of incomplete decellularization, on the cell or matrix origin of the 

proteins detected by MS/MS101,192. This limitation can be problematic when quantitative analyses are 

performed, because the relative contributions of the cellular and matrix compartments to the final 

quantification remain unknown. In addition, the range of abundances in extracellular proteins is thought 

to be wider than the dynamic range proposed by classical mass spectrometers. This results in an excellent 

detection of abundant matrix proteins such as collagens while low-abundance regulators are more 

difficult to detect. To overcome this limitation, it is possible to fractionate proteins from the various 

extracts or to fractionate peptides after protease-driven digestion99. 

 

Regarding data exploitation for matrix analysis, the use of the whole UniProt database (reviewed + 

unreviewed sequences) appeared necessary. It indeed allowed the identification of important mouse 

matrisome proteins such as tenascin X, α3(V) and α3(VI) collagen chains, trichohyalin, 

transglutaminase-6 or ADAMTS-like protein-5 that are absent in the SwissProt database (reviewed 

sequences only). Next, the matrisome project greatly improved the study of the ECM using proteomics: 

the matrisome datasets and tools are easy to use to identify matrix proteins from the raw protein lists 

obtained by MS/MS. However, human and mouse matrisome databases have not been updated since 

2014: experimental results published after this date are therefore not taken into account and if new 

extracellular proteins have been reported these last 8 years, they are not included in the databases. 

Splicing variants are also missing from matrisome lists. In classical protein databases, splicing variants 

have distinct protein accession numbers, all associated to the same encoding gene. On the contrary, in 

the matrisome classification, one gene is associated to one protein only, meaning that splicing variants 

produced from the same gene are all matched with a unique protein ID. For instance, the BMP1 gene 

encodes the two astacin metalloproteinases BMP-1 and mTLD resulting from distinct splicing. In 

matrisome lists, only BMP-1 is included; if mTLD is present in the initial MS/MS dataset, it is mis-

referenced as BMP-1 when exploiting data with matrisome tools and the information on mTLD is 
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consequently lost. To overcome this limitation, we decided to exploite MS/MS data and mouse 

matrisome database with the tools proposed by the on-line platform ProteoRE180. 

 

In order to perform our analyses on collagen VII-hypomorphic mice, we decided to keep two ECM 

enrichment protocols. First, the compartmental strategy was selected as a “reference” protocol, as it is 

extensively used and highly discussed in the literature, and informative regarding the core matrisome in 

spite of the loss of associated proteins. Only the insoluble pellet was analyzed in the following parts. 

Another protocol was also needed to better characterize the soluble proteins of the matrisome, especially 

the associated matrisome and the soluble precursors of the core matrisome components. Chemical 

decellularization and QDSP were good candidates as they allowed very good matrisome coverage 

combined with limited costs. In the decellularization protocol, the GuHCl extraction leads to the 

recovery of insoluble proteins mainly originating from the matrix while only very insoluble proteins 

remain in the pellet after this treatment. Based on the physico-chemical properties of the buffers and on 

the results obtained by MS/MS, we could conclude that the selective analysis of the NaCl and SDS/SD 

fractions as well as the combination of the GuHCl extract with the insoluble pellet allows the good 

characterization of matrisome proteins originating from the extracellular compartment. In QSDP, the 

protein recovery process is based on a progressive solubilization of proteins in buffers of increasing 

stringencies rather than on tissue decellularization. Most cell proteins are thus probably extracted in 

SDS/SD-rich buffers 2 and 3, thereby increasing sample complexity and complicating the 

cellular/extracellular assignment of each fraction. Therefore, the chemical decellularization protocol 

was selected as the second ECM enrichment protocol for this study. 

 

In conclusion, a thorough characterization of four ECM enrichment protocols applied to mouse skin 

was conducted in the first part of this project and resulted in the first description of mouse skin 

matrisome. This comparison resulted in the selection of two protocols (compartmental strategy used as 

reference and chemical decellularization protocol to allow a deeper characterization of the associated 

matrisome) to characterize and compare the skin matrisome of WT and RDEB mice. 
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II. GLOBAL CHARACTERIZATION OF THE EXTRACELLULAR 

MATRIX IN THE SKIN OF RDEB MICE  
 

In this part, I will describe the modifications of the extracellular matrix of RDEB skin which were 

investigated in RDEB mice through two complementary approaches. Quantitative MS analyses were 

performed to study the matrisome dysregulations at the molecular level, while transmission electron 

microscopy (TEM) was used to evaluate ECM alterations at the structural level in mouse skin.  

 

1. Selected mouse samples 

Our initial objective was to describe ECM modifications at different stages of the disease in RDEB 

skin. As described in the introduction, samples from newborn, 4-week-old, and 12-week-old animals 

are representative in mouse RDEB paws of stages corresponding to tissue damage, chronic 

inflammation, and established dermal fibrosis, respectively. It would have been interesting to analyze 

them in comparison with normal skin and this is actually what we have done by TEM. However, based 

on our experience of ECM enrichment protocols, it appeared that the amount of skin material available 

in mouse paws would have been too low to allow a comprehensive ECM-centered proteomic study. 

Therefore, for the proteomic part, we decided to start to work with the back skin of 10-12-week-old 

animals which represents an early stage of the disease, as it is submitted to less mechanical friction, but 

could reveal the first alterations of the ECM leading to fibrosis.  

 

2. Global description of the RDEB skin matrisome by MS-based proteomics 

In order to get a comprehensive overview of ECM modifications in the skin of collagen VII-

hypomorphic (RDEB) mice, we used MS-based quantitative proteomics to screen the matrisome 

components in healthy and RDEB tissues. Briefly, after enrichment using the two previously selected 

protocols (Chapter III, I-3), ECM proteins from the back skin of WT and RDEB mice (10-12 week-

old) were digested into peptides and labeled with TMT prior to MS/MS analysis. Two experiments were 

successively run (n = 2 mice/genotype, 4 multiplexed samples; n = 3 mice/genotype, 6 multiplexed 

samples), each leading to four fraction types (NaCl, SDS/SD, GuHCl + insoluble pellet for the chemical 

decellularization protocol; insoluble pellet for the compartmental protocol, see Figure 1 of the paper 

presented in Chapter III, I-2) which were analyzed separately. Proteins in each fraction were identified 

by interrogating the whole UniProt mouse database to cover as many ECM molecules as possible 

(reviewed and unreviewed protein sequences). 

 

i. Qualitative overview of the MS/MS analyses 

Between 506 and 1417 proteins were identified in individual enrichment fractions analyzed by 

MS/MS, and 2414 proteins (corresponding to 2925 proteoforms) were finally identified across all 
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samples (Table 13). A higher number of total and matrisome proteins was identified in the triplicate 

experiment compared to the duplicate experiment, especially for the NaCl fraction. This gain may result 

from the higher level of multiplexing that improves the detection of low-abundance components, 

especially those of the associated matrisome (Figure 24). 

 

Experiment n = 2 n = 3 Total 

Fractions NaCl SDS/SD GuHCl  
+ Ins. 

Comp. 
Ins. NaCl SDS/SD GuHCl 

+ Ins. 
Comp. 

Ins. All 

Total proteins 1056 1274 600 612 1417 1318 672 506 2414 

Total 
proteoforms 1077 1301 610 623 1430 1360 681 512 2925 

Matrisome 
proteins 88 107 85 85 102 115 98 73 185 

Matrisome 
proteoforms  91 112 91 90 107 121 101 76 232 

Table 13. Summary of total and matrisome proteins identified by MS/MS in mouse skin. 
Two experiments were successively conducted to compare the matrisome of WT and RDEB mice skin. Skin pieces 
from the back of 5 mice aged 10-12 weeks were analyzed for each genotype in total. Proteins were identified 
through the interrogation of the whole UniProt mouse database (reviewed and unreviewed sequences) and 
matrisome components were identified using the mouse matrisome database from the Matrisome project. 
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Figure 24. Overview of the matrisome content in the enrichment fractions analyzed by MS/MS.
Matrisome proteins were identified and classified using the mouse matrisome database available online91. 
Associated proteins, especially ECM regulators, were enriched in “soluble” extracts (NaCl, SDS/SD) while core 
matrisome proteins were dominant in “insoluble” fractions.
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185 ECM proteins in total were identified in MS/MS datasets using the mouse matrisome databases 

available online for the core and associated matrisomes91. In terms of nature and distribution of 

matrisome proteins in the various extracts, conclusions were similar to those drawn during the 

comparison of enrichment protocols. To sum up, the highest numbers of total and matrisome proteins 

were obtained in the “soluble” extracts (NaCl and SDS/SD). In these fractions, the associated matrisome 

components represented the major part while the “insoluble” extracts were enriched in proteins from the 

core matrisome, as expected (Figure 24). Very similar proportions of the various classes of matrisome 

proteins were observed between the duplicate and triplicate experiments, especially in “soluble” 

fractions. We can therefore conclude that the level of multiplexing and the switch from qualitative to 

TMT-based quantitative analysis did not affect the characterization of mouse skin matrisome. The 

results and conclusions reported during the previous analyses also apply to quantitative analyses.  

 

Twenty-six collagens, 46 glycoproteins and 12 proteoglycans from the core matrisome category 

were detected (Table 14; the detailed matrisome content for each fraction is available in Appendix 7); 

all the key collagens, glycoproteins and proteoglycans of the skin ECM were detected (Chapter I, parts 

I and II). Twenty-five ECM-affiliated proteins, 55 ECM regulators and 21 secreted factors from the 

associated matrisome were also identified. Compared to the qualitative analyses conducted previously, 

some regulators such as transglutaminase-6, cathepsins C and L, lysyl oxidase and MMP-2 and -3 were 

missing from this new dataset. The loss of these components is not surprising because they are all 

enzymes which are known to be present in very low amounts and they have a low probability to be 

selected for fragmentation by the mass spectrometer despite the repeated injections (three technical 

replicates). The absence of some of the secreted factors detected in Chapter III, I-2 (e.g. angiopoietin 

related-protein-2, myostatin) can also be explained by the fact that they were recovered through other 

enrichment protocols. In contrast, some new proteins were identified, especially in the associated 

matrisome. The ECM regulators serine protease HTRA-1 (high-temperature requirement protein-A1, 

encoded by the gene Htra1), the cysteine protease inhibitor stefin-A3 (Stfa3), the secreted factor 

hyaluronan binding protein-2 (Habp2) and the ECM-affiliated plexin-4 (Plxn4) were detected. In the 

core matrisome, some new glycoproteins (cartilage intermediate layer protein (Cilp), hemicentin-2 

(Hmcn2) and insulin-like growth factor binding protein-7 (Igfbp7)) were also identified. Interestingly, 

the content in proteoglycans seems very stable as very similar proteins were identified (Appendix 7) in 

this study and in the optimization study described in Chapter III, I-2.  
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CORE MATRISOME  ASSOCIATED 
Gene Protein name  Gene Protein name 
Collagens (26)  ECM-affiliated (25) 
Col1a1 Collagen alpha-1 (I)  Anxa1 Annexin A1 
Col1a2 Collagen alpha-2 (I)  Anxa2 Annexin A2 
Col2a1 Collagen alpha-1 (II)  Anxa3 Annexin A3 
Col3a1 Collagen alpha-1 (III)  Anxa4 Annexin A4 
Col4a1 Collagen alpha-1 (IV)  Anxa5 Annexin A5 
Col4a2 Collagen alpha-2 (IV)  Anxa6 Annexin A6 
Col4a3 Collagen alpha-3 (IV)  Anxa7 Annexin A7 
Col4a5 Collagen alpha-5 (IV)  Anxa8 Annexin A8 
Col5a1 Collagen alpha-1 (V)  Anxa11 Annexin A11 
Col5a2 Collagen alpha-2 (V)  C1qa Complement C1q subcomponent subunit A 
Col5a3 Collagen alpha-3 (V)  C1qtnf3 Complement C1q tumor necrosis factor-related 

protein-3 Col6a1 Collagen alpha-1 (VI)  
Col6a2 Collagen alpha-2 (VI)  Cd209b CD209 antigen-like protein B 
Col6a3 Collagen alpha-3 (VI)  Cd209d CD209 antigen-like protein D 
Col6a5 Collagen alpha-5 (VI)  Clec10a C-type lectin domain family-10 member A 
Col6a6 Collagen alpha-6 (VI)  Clec11a C-type lectin domain family-11 member A 
Col7a1 Collagen alpha-1 (VII)  Clec3b Tetranectin 
Col8a1 Collagen alpha-1 (VIII)  Colec12 Collectin-12 
Col10a1 Collagen alpha-1 (X)  Gpc1 Glypican-1 
Col12a1 Collagen alpha-1 (XII)  Hpx Hemopexin 
Col14a1 Collagen alpha-1 (XIV)  Lgals1 Galectin-1 
Col15a1 Collagen alpha-1 (XV)  Lgals3 Galectin-3 
Col17a1 Collagen alpha-1 (XVII)  Lgals7 Galectin-7 
Col18a1 Collagen alpha-1 (XVIII)  Lgalsl Galectin-related protein 
Col27a1 Collagen alpha-1 (XXVII)  Lman1 Protein ERGIC-53 
Col28a1 Collagen alpha-1 (XXVIII)  Plxna4 Plexin A4 
     
Glycoproteins (46)  ECM regulators (55) 

Abi3bp ABI gene family, member 3 (NESH) binding 
protein 

 Adamtsl5 ADAMTS-like protein-5 
 Cd109 CD109 antigen 

Adipoq Adiponectin  Cst3 Cystatin-3 
Aebp1 Adipocyte enhancer-binding protein-1  Cst6 Cystatin-6 
Agrn Agrin  Csta Cystatin A 
Cilp Cartilage intermediate layer protein  Cstb Cystatin B 
Coch Cochlin  Ctsa Cathepsin A 

Cthrc1 Collagen triple helix repeat-containing protein-1  Ctsb Cathepsin B 
 Ctsd Cathepsin D 

Dpt Dermatopontin  Ctsh Cathepsin H 
Ecm1 Extracellular matrix protein-1  Ctsk Cathepsin K 
Ecm2 Extracellular matrix protein-2  Ctsz Cathepsin Z 

Efemp1 EGF-containing fibulin-like extracellular matrix 
protein-1 

 F2 Prothrombin 
 F13a1 Coagulation factor XIII A chain 

Eln Elastin  Gm5409 Try10-like trypsinogen 
Emilin1 EMILIN-1  Hrg Histidine-rich glycoprotein REG 
Fbln5 Fibulin-5  Htra1 Serine protease HTRA-1 
Fbn1 Fibrillin-1  Itih1 Inter-alpha-trypsin inhibitor heavy chain H1 
Fga Fibrinogen alpha chain  Itih2 Inter-alpha-trypsin inhibitor heavy chain H2 
Fgb Fibrinogen alpha chain  Itih3 Inter-alpha-trypsin inhibitor heavy chain H3 
Fgg Fibrinogen alpha chain  Itih4 Inter-alpha-trypsin inhibitor heavy chain H4 
Fn1 Fibronectin  Kng1 Kininogen-1 
Hmcn2 Hemicentin-2  P4ha1 Prolyl 4-hydroxylase subunit alpha-1 
Igfbp7 Insulin-like growth factor binding protein-7  Plg Plasminogen 
Lama2 Laminin subunit alpha-2  Plod3 Lysyl hydroxylase-3 
Lama3 Laminin subunit alpha-3  Pzp Pregnancy zone protein 
Lama4 Laminin subunit alpha-4  Serpina1a Serine protease inhibitor A1a 
Lama5 Laminin subunit alpha-5  Serpina1b Serine protease inhibitor A1b 
Lamb1 Laminin subunit beta-1  Serpina1d Serine protease inhibitor A1d 
Lamb2 Laminin subunit beta-2  Serpina1e Serine protease inhibitor A1e 
Lamb3 Laminin subunit beta-3  Serpina3b Serine protease inhibitor A3b 
Lamc1 Laminin subunit gamma-1  Serpina3k Serine protease inhibitor A3k 
Lamc2 Laminin subunit gamma-2  Serpina3m Serine protease inhibitor A3m 
Lrg1 Leucine-rich alpha-2-glycoprotein  Serpina3n Serine protease inhibitor A3n 
Mfap2 Microfibrillar-associated protein-2  Serpina6 Serine protease inhibitor A6 
Mfap4 Microfibrillar-associated protein-4  Serpinb1a Serine protease inhibitor B1a 
Mfap5 Microfibrillar-associated protein-5  Serpinb2 Serine protease inhibitor B2 
Nid1 Nidogen-1  Serpinb5 Serine protease inhibitor B5 
Nid2 Nidogen-2  Serpinb6a Serine protease inhibitor B6a 
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Postn Periostin  Serpinb6c Serine protease inhibitor B6c 
Sparc Basement-membrane protein-40  Serpinb6d Serine protease inhibitor B6d 
Srpx Sushi repeat-containing protein SRPX  Serpinb7 Serine protease inhibitor B7 

Tgfbi TGF-β-induced protein ig-h3 (TGFBI)  Serpinb8 Serine protease inhibitor B8 
 Serpinb10 Serine protease inhibitor B10 

Thbs1 Thrombospondin-1  Serpinc1 Serine protease inhibitor C1 
Tnc Tenascin C  Serpind1 Serine protease inhibitor D1 
Tnxb Tenascin X  Serpinf1 Serine protease inhibitor F1 
Vtn Vitronectin  Serpinf2 Serine protease inhibitor F2 

Vwa1 Von Willebrand factor A domain-containing 
protein-1 

 Serping1 Serine protease inhibitor G1 
 Serpinh1 Serine protease inhibitor H1 

Vwa5a Von Willebrand factor A domain-containing 
protein-5A 

 Stfa3 Stefin A3 
 Tgm1 Transglutaminase-1 

   Tgm2 Transglutaminase-2 
Proteoglycans (12)  Tgm3 Transglutaminase-3 
Aspn Asporin  Try5 Trypsin-5 
Bgn Biglycan   
Cspg4 Chondroitin sulfate proteoglycan 4  Secreted factors (21) 
Dcn Decorin  Flg Filaggrin 
Fmod Fibromodulin  Flg2 Filaggrin-2 
Hspg2 Perlecan  Habp2 Hyaluronan-binding protein-2 
Lum Lumican  Hcfc1 Host cell factor-1 
Ogn Mimecan  Hrnr Hornerin 
Podn Podocan  Il1rn Interleukin-1 receptor antagonist protein 
Prelp Prolargin  M6pr Cation-dependent mannose-6- phosphate 

receptor Prg2 Bone marrow proteoglycan  
Vcan Versican  Rptn Repetin 
   S100a1 Protein S100 A1 
Total 84  S100a3 Protein S100 A3 
   S100a4 Protein S100 A4 
   S100a6 Protein S100 A6 
   S100a8 Protein S100 A8 
   S100a9 Protein S100 A9 
   S100a10 Protein S100 A10 
   S100a11 Protein S100 A11 
   S100a13 Protein S100 A13 
   S100a14 Protein S100 A14 
   S100a16 Protein S100 A16 
   S100b Protein S100 B 
   Tchh Trichohyalin 
     
   Total 101 

 
Table 14. Matrisome proteins identified in the skin of WT and RDEB mice by MS-based quantitative 
proteomics. 
All the matrisome proteins identified in the two described experiments were reported in this table (database used 
for the identification of proteins: UniProt). 

 

ii. Analysis of quantitative data 

Among all the proteins detected in the two experiments (n = 2 and n = 3), several of them were not 

quantified, including some matrisome components. In order to maximize the detection of genotype-

associated modifications and avoid false interpretations resulting from inter-individual variations, the 

decision was made to focus on the proteins which were quantified in the two multiplex experiments (for 

the matrisome, this corresponds to 60 % of identified proteins). The results of the two MS/MS 

experiments were therefore pooled after normalization (Chapter II, III-3-iv) and analyzed together. All 

proteoforms were included to avoid losses in quantitative information, and the abundance ratio between 

the WT and hypomorphic genotypes was computed for analysis.  
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The abundance of 1146 proteins (1227 proteoforms) was finally compared in WT and RDEB 

samples. Ninety-five of them were significantly dysregulated, including 22 matrisome proteins. 

Regarding the core matrisome, 50 proteins were quantified (Figure 25), with multiple proteoform 

sequences identified for collagens α2(I), α1(III), α3(VI), for biglycan and prolargin (proteoglycans) and 

for periostin and TGFBI (glycoproteins). Importantly, the strong diminution of collagen α1(VII) in 

RDEB skin was validated in all the fractions where the protein was detected (insoluble fractions of the 

two protocols). Furthermore, this under-expression was the strongest detected among all core matrisome 

proteins in insoluble extracts.  

More unexpectedly, the abundance of fibrillar collagens appeared to be disturbed in RDEB skin. 

Soluble forms of collagen α1(I) and α2(I) were significantly reduced in the NaCl and SDS/SD fractions 

respectively, and the two chains were also dysregulated in the insoluble extract from the compartmental 

enrichment protocol. However, in the last fractions from the chemical decellularization protocol (GuHCl 

+ Ins.), no variation was noticed, suggesting that only the very insoluble and cross-linked forms of 

collagen I are affected. Significant diminutions in other fibrillar collagens were also observed in RDEB 

skin, either in the NaCl extract for collagen III or in the compartmental insoluble pellet for collagen II. 

Collagen XIV is another collagen with diminished abundance. It is not a fibrillar collagen but as a 

FACIT and it can regulate the network of collagen fibrils and their surface properties46. Regarding 

proteoglycans, a global reduction in the abundance of SLRPs in insoluble fractions was observed. Thus, 

the collagen organizers biglycan (Bgn), lumican (Lum), decorin (Dcn) and osteoglycin (Ogn) were all 

decreased compared to WT in the insoluble pellet from the compartmental insoluble fraction (and to a 

lesser extent in the chemical decellularization GuHCl + Ins. fraction) and this reduction was significant 

for the first two proteins. For biglycan and decorin, this decrease was accompanied by slight increases 

in soluble extracts. Also, TGF-β-induced protein ig-h3 (Tgfbi, abbreaviated TGFBI or big-h3), a protein 

possibly involved in the deposition of collagen and in the regulation of its interactions with cells202, 

tended to be increased in the soluble fractions at the expense of the insoluble compartment, suggesting 

a modification in the solubility of the protein in disease. Periostin (Pstn), which is known to regulate 

cross-link formation in collagen fibrils152, showed a similar pattern. All these data suggested that the 

collagen network of the dermis could be significantly affected by collagen VII deficiency. 

Interestingly, a trend toward augmented abundance was observed for basement membrane proteins 

other than collagen VII. Indeed, the abundances of collagens IV, VI and XV chains, of laminin chains, 

especially those belonging to laminin-511, and of perlecan (Hspg2) were globally increased. Nidogen-

1 (Nid1) was also increased in all the fractions studied, and close to significance in the soluble ones. 

Quantitative data were unfortunately not available for some critical basement membrane components 

such as laminin chains β3 and γ2 or collagen XVII but the present data seem to indicate that there is 

some compensation of the lack of collagen VII by other basement membrane components.  
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CORE MATRISOME

Gene UniProt ID NaCl SDS/
SD

GuHCl 
+ Ins.

Comp. 
Ins. Gene UniProt ID NaCl SDS/

SD
GuHCl 
+ Ins.

Comp. 
Ins.

Collagens (16) Glycoproteins (26)
Col1a1 P11087 * * Adipoq Q8BRW2
Col1a2 Q01149 * Aebp1 Q640N1
Col1a2 Q3TUE2 * Dpt Q9QZZ6
Col2a1 P28481 * Eln Q9ESZ9
Col3a1 Q7TT32 Emilin1 Q3UUU0
Col3a1 Q8BJU6 * Fbln5 A0A1Y7VJW9
Col4a2 B2RQQ8 Fbn1 Q61554
Col4a5 Q63ZW6 Fga E9PV24
Col5a1 B1AWB9 Fgb Q8K0E8 ***
Col5a2 Q3U962 Fgg Q3UEM7
Col6a1 Q04857 Fn1 Q3TCF1
Col6a2 Q02788 Lama2 Q60675
Col6a3 A0A087WS16 Lama4 P97927
Col6a3 E9PWQ3 Lama5 Q61001
Col6a6 E9Q6A6 Lamb1 B9EKB0
Col7a1 Q63870 ** *** Lamb2 Q61292
Col12a1 Q60847 Lamc1 F8VQJ3
Col14a1 Q80X19 * Lrg1 Q91XL1
Col15a1 O35206 Mfap2 Q99PM0

Mfap4 Q9D1H9
Proteoglycans (8) Nid1 P10493
Asp Q99MQ4 Postn A0A097BW21
Bgn P28653 Postn Q62009
Bgn Q3UXK8 *** Srpx Q9R0M3
Dcn Q3UKR1 Tgfbi A1L353
Hspg2 B1B0C7 Tgfbi Q3UXJ2
Lum P51885 ** Tnxb A0A5F8MPH8
Ogn Q543C5 Vwa5a Q99KC8
Prelp Q8CAZ9
Prelp Q9JK53
Prelp Q61878

Figure 25. Heatmap of the abundance ratio of core matrisome proteins from WT and RDEB mouse skin.
For each sample, quantitative data from the two MS/MS experiments were normalized and used to compute the 
median abundances of core matrisome proteins for WT and RDEB genotypes (n = 5 mice/genotype). The 
abundance ratio represented here corresponds to RDEB/WT (Log2 scale). Only proteins quantified in the two 
experiments were compared. Grey rectangles: protein not detected or not quantified in the fraction. Statistics: see 
Chapter II, III-2-iv. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Quantitative data were also obtained for about 60 % of the associated matrisome proteins detected, 

mainly in the NaCl and SDS/SD fractions (Figure 26). Among the proteins which showed an overall 

increase in RDEB skin, we found some annexins (especially annexin-A4, a protein involved in the

modulation of membrane fusion events and exocytosis203 and encoded by Anxa4), cystatins (Cst, 

inhibitors of cysteine proteases) and Trichohyalin (Tchh, a substrate of transglutaminase which 

participates in keratin intermediate filaments204). In contrast to the possible increase in cysteine protease 

-2.2 2.2

Log2 abundance ratio
RDEB/WT

0
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inhibitors, a strong tendency toward decrease in several negative regulators of proteases was observed: 

pregnancy zone protein (Pzp, also known as “α2-macroglobulin” which is a circulating broad-spectrum 

protease inhibitor205) and several members belonging to the serpin family (serine protease inhibitors) 

exhibited a strong decrease of their abundance. The proteins produced from Serpina1a, Serpina1b, 

Serpina1d, Serpina1e, a group of paralogs encoding α1-anti-trypsin in mouse, and from Serpina3k, were 

the most affected. The only exceptions which did not follow this trend (and were rather increased) were 

inhibitors of the clade B serpin family. They are expressed in monocytes and neutrophils206 and could 

participate in restraining inflammation at this early stage of the disease in back skin. Finally, Serpinh1 

also encode a serpin-like protein but it is not involved in the modulation of the activity of proteases207. 

Instead, it acts as a chaperone during the synthesis of collagens, especially the fibrillar ones, and is rather 

known in this context as HSP-47. Very interestingly in relation with the fibrillar collagen alterations 

reported above, it is clearly and significantly diminished in RDEB skin in 3 fractions out of 4 (and close 

to significant decrease in the fourth one).  
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ASSOCIATED MATRISOME

Gene UniProt ID NaCl SDS/
SD

GuHCl 
+ Ins.

Comp. 
Ins. Gene UniProt ID NaCl SDS/

SD
GuHCl 
+ Ins.

Comp. 
Ins.

ECM-affiliated (16) ECM regulator (34)
Anxa1 Q4FK88 Cd109 A6MDD3
Anxa2 Q542G9 Cst6 Q8K397
Anxa2 Q9CZI7 Csta P56567 **
Anxa3 O35639 Cstb Q62426
Anxa4 Q7TMN7 * Ctsd Q3TXL5
Anxa5 P48036 F13a1 Q3V3W7
Anxa6 Q99JX6 Gm5409 Q7M754
Anxa7 Q922A2 Hrg A0A0R4J039
Anxa8 O35640 Itih2 Q61703
Anxa11 P97384 Itih3 A0A2I3BRQ3
C1qtnf3 D3YZ61 *** Itih3 Q61704 *
Clec11a O88200 Itih4 E9Q5L2
Hpx Q91X72 Kng1 O08677
Lgals1 P16045 Kng1 Q7M084
Lgals3 Q3V471 Plg Q3V1T9
Lgals7 Q9CRB1 Pzp Q61838 *
Lgalsl Q8VED9 Serpina1a P07758 ***

Serpina1b P22599 *
Secreted factor (11) Serpina1d Q00897 *
Flg2 E9QPZ3 Serpina1e Q00898 *** ***
Flg2 Q2VIS4 Serpina3k A0A0R4J0I1 *** **
S100a3 P62818 Serpina6 Q3UKW1
S100a4 A0A0G2JGD2 Serpinb1a Q9D154
S100a6 P14069 Serpinb2 P12388
S100a9 Q3UP42 Serpinb5 P70124
S100a10 Q3UF30 Serpinb6a F8WIV2
S100a11 P50543 Serpinb6c W4VSP4
S100a13 P97352 Serpinc1 Q543J5
S100a14 Q9D2Q8 Serpind1 Q5FW62
S100a16 D3Z2Y6 Serpinf1 P97298
Tchh A0A0B4J1F9 * Serpinf2 Q5ND36

Serping1 A2ATR8
Serpinh1 Q8BVU9 *** * *
Tgm1 Q9JLF6
Tgm2 P21981
Try5 Q3V2E0

Figure 26. Heatmap of the abundance ratio of associated matrisome proteins from WT and RDEB mouse 
skin.
For each sample, quantitative data from the two MS/MS experiments were normalized and used to compute the 
median abundances of associated matrisome proteins for WT and RDEB genotypes (n = 5 mice/genotype). The 
abundance ratio represented here corresponds to RDEB/WT (Log2 scale). Only proteins quantified in the two 
experiments were compared. Grey rectangles: protein not detected or not quantified in the fraction. Statistics: see 
Chapter II, III-2-iv. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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iii. Impaired biological processes 

The importance of the alterations affecting the extracellular matrix relatively to all significant 

dysregulations in the skin was next investigated. A statistical over-representation test was performed on 

all the 95 proteins (including matrisome and non matrisome proteins), of which the abundance was 

significantly modified in disease, in order to determine the most affected biological processes.

Figure 27. Altered biological processes in RDEB mouse skin.
A. Significantly over-represented biological processes. All the genes encoding the 85 proteins with a significantly 
modified abundance in RDEB skin (MS/MS data) were submitted to a statistical over-representation test using 
Panther (“GO biological processes complete” mode)179. B. Detailed gene content of each matrix-related 
dysregulated process.

Among the top 9 significantly over-represented processes (Figure 27A), 5 were directly linked to 

ECM proteins: collagen fibril organization, collagen biosynthetic pathway, cell adhesion, cartilage 

development and negative regulation of endopeptidase activity (Figure 27B). The organization of the 

collagen network appeared to be the most significantly affected process in RDEB skin, as well as the 

production of collagens. Regarding the latter process, it is interesting to note that reticulocalbin-3 

(encoded by Rcn3) is a cell protein with chaperone functions in the endoplasmic reticulum. It has been 

directly linked to collagen synthesis and deposition208,209 and was significantly decreased in all the 

enrichment fractions where it was identified (3 of the 4 analyzed fractions, abundance reduced by half 

in RDEB compared to WT; Appendix 9), consistent to what was observed above for HSP-47 (collagen-

specific chaperone). The modifications in the adhesion of cells to their ECM substrates resulted from 

alterations in additional matrix proteins and to some cellular proteins. Also notable is the fact that the 
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second over-represented pathway is negative regulation of endopeptidase activity. This was linked to 

the changes in abundance observed for serpins, as described in the heat map of the associated matrisome.  

Cell processes related to the response to reactive molecules (oxygen, nitrogen compounds) were 

also detected, consistently with previous studies reporting an increase in the oxidative stress of 

fibroblasts originating from the unwounded skin biopsies of RDEB patients145,210. Modifications in the 

organization of the cytoskeleton of keratinocytes were also underlined in the intermediate filament 

organization biological process.  

 

In conclusion, this analysis strengthens the idea that the deficiency of collagen VII is responsible 

for strong alterations in the matrix compartment including both core and associated matrisomes. Of 

specific interest for our study, collagen fibril organization and protease inhibition are the most 

dysregulated processes. However, it should be noted here that there is a strong bias in this type of over-

representation studies when applied after ECM enrichment. Most cellular proteins have been excluded 

by the enrichment procedure and it is expected that pathways related to ECM will be over-represented. 

We are now working with bioinformaticians to generate a reference database focused on the extracellular 

compartment which will be more appropriate for our samples. In the meantime, the hierarchy between 

ECM-related biological processes remains valid and it helps to point the most important trends for 

further analysis. 

 

3. Analysis of skin ultrastructure by transmission electron microscopy 

In parallel to the proteomic characterizations described above, ultrastructural analyses were also 

conducted on mouse skin to determine if the global organization of the matrix was altered in RDEB. 

Different types of samples were analyzed (different ages and different skin locations) to evaluate the 

evolution in ECM structure with the progression of the disease. We first characterized the structure of 

the DEJ which is in direct interaction with collagen VII and then focused our analysis on the dermis to 

see if the dysregulations observed above could also be evidenced at the structural level. These two 

compartments contain most of the extracellular matrix of the skin.  

 

i. Characterization of the dermo-epidermal junction in RDEB skin 

DEJ in the back skin 

In direct relation with the studies made previously, the DEJ of the back skin from mice aged 9 to 12 

weeks was first analyzed by TEM. In WT samples, the different compartments of the DEJ were clearly 

observed: the hemidesmosomes of basal keratinocytes were distributed all along their membrane and 

the lamina lucida and lamina densa of the basement membrane were clearly visible (Figure 28). In 

RDEB skin, most DEJ portions looked relatively normal but closer inspection indicated that the lamina 

densa was often thinner, as previously described by our German collaborators144. The DEJ was rarely 
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completely disrupted although this could be observed from time to time. Also, on some pictures, the 

lamina lucida and lamina densa appeared very diffuse, with the separation between the two layers being 

very difficult to localize. Finally, hemidesmosomes seemed smaller compared to what was observed in 

WT.  
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Figure 28. TEM observations of the DEJ in the back skin of WT and RDEB mice aged 9-12 weeks. 
Representative TEM images were selected to show the DEJ. Clear abnormalities were observed in RDEB skin: (1) 
thin lamina densa, (2) diffused basement membrane, (3) ruptures in the lamina densa. Yellow arrows point lamina 
lucida, orange arrows point lamina densa and green arrows indicate hemidesmosomes. Ep: epidermis, De: dermis.  
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As variations in the hemidesmosome size were suspected, different parameters relative to these 

keratinocyte membrane structures, involved in interactions with basement membrane ECM proteins, 

were analyzed (measurements made by Patricia Rousselle). In the skin of WT mice aged 9 to 12 weeks 

(Figure 29A), hemidesmosomes exhibited a mean length of 196 nm but they were significantly smaller 

in RDEB skin with a decrease in mean length of about 30 % (mean length of 139 nm), confirming the 

visual observations (Figure 29B). In addition, the proportion of hemidesmosomes along the basement 

membrane was affected (- 22 % hemidesmosomes/μm basement membrane in RDEB, Figure 29C). 

 

To evaluate the effect of disease progression on the DEJ ultrastructure, we next characterized back 

skin samples originating from new-born animals (7 day-old, less severely affected). The same results as 

those observed in older mice were made regarding the characteristics of the hemidesmosomes. However, 

the variations in the length of hemidesmosomes in RDEB were more limited compared to what was 

described above, with a reduction of about 16 % only compared to WT (respective mean lengths of 138 

and 165 nm) (Figure 29D). In addition, if WT hemidesmosomes exhibited a smaller size compared to 

those observed in the back skin of older mice (165 nm and 196 nm respectively), it was not the case in 

RDEB where very similar values were surprisingly observed between the two types of samples (138 nm 

and 139 nm respectively). Finally, the reduction in the coverage of the basement membrane (- 8 %) was 

not marked enough in young animals to be significant (Figure 29E).  
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Figure 29. Analysis of the hemidesmosomes of basal keratinocytes in the back skin of WT and RDEB mice. 
A. Representative TEM images used to analyze hemidesmosomes (mice aged 9 to 12 week-old). Green arrows 
indicate the hemidesmosomes. Bar: 100 nm. B and C. Length of hemidesmosomes and proportion of the basement 
membrane covered with hemidesmosomes in the back skin of mice aged 9-12 weeks. Samples from 4 WT and 4 
RDEB mice were analyzed to measure the length of 181 WT and 330 RDEB hemidesmosomes (measured from 
4-6 different images/mouse). D and E. Length of hemidesmosomes and proportion of the basement membrane 
covered with hemidesmosomes in the back skin of mice aged 7 days. Samples from 2 WT and 2 RDEB mice were 
analyzed to measure the length of 124 WT and 202 RDEB hemidesmosomes (measured from 5-7 different 
images/mouse). Student t-test or Mann-Whitney test when t-test was not applicable. ns: not significant, **: p < 
0.01, ***: p < 0.001. HD: hemidesmosome. 
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Analysis of the hemidesmosomes in paws 

The skin of the forepaws from mice aged 9 to 12 weeks was finally analyzed. Contrary to back skin, 

paws are highly submitted to friction and rapidly show fibrosis and digit fusion as early as around 10-

12 weeks. They are therefore adapted to evaluate the alterations of the DEJ in more advanced stages of 

the disease. 

 
Figure 30. Analysis of the hemidesmosomes of basal keratinocytes in the forepaw skin of WT and RDEB 
mice aged 9-12 weeks. 
TEM images were processed to analyze different parameters. A. Representative images of the DEJ in paw skin. *: 
epidermis blistering. Bar: 1 μm. B. Representative TEM images used to analyze hemidesmosomes. Green arrows 
indicate the hemidesmosomes. Bar: 200 nm. C and D. Length of hemidesmosomes and proportion of the basement 
membrane covered with hemidesmosomes in the forepaw skin of mice aged 9-12 weeks. Samples from 4 WT and 
4 RDEB mice were analyzed to measure the diameter of 211 WT and 153 RDEB hemidesmosomes (measured 
from 3 to 5 different images/mouse). Statistics: Student t-test or Mann-Whitney test when t-test was not applicable. 
***: p < 0.001. HD: hemidesmosome. 
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In the skin of RDEB forepaws (9-12 week-old), frequent blistering of the epidermis was observed 

(Figure 30A) and the lamina densa seemed thinner, as observed in back skin (Figure 30B). 

Hemidesmosomes were smaller in both WT and RDEB samples (mean lengths of 186 and 120 nm 

respectively, Figure 30C) compared to back skin (Figure 29B). Overall, among all the analyzed sample 

types (skin and paw), the length of hemidesmosomes ranged from 120 to 139 nm in RDEB, while it 

varied from 165 to 196 nm in WT. In RDEB paw skin compared to WT paw skin, the lowering in the 

length of hemidesmosomes was measured to be around 35 %. The global effect on the basement 

membrane was stronger compared to back skin, with a reduction in the proportion of the basement 

membrane covered with hemidesmosomes reaching 36 % (Figure 30D, compared to - 22 % for the back 

at the same age). 

 

Together, it appears that the deficiency in collagen VII triggers profound modifications of the 

basement membrane and of the epidermal side of the DEJ. The size and distribution of hemidesmosomes 

along the junction are affected very early in RDEB disease and the dysregulations are further 

strengthened by disease progression. These results also justify the use of mouse back skin as a model of 

RDEB early stages as DEJ disorganization is also clearly visible in this location (although less 

symptomatic than in forepaws when observed from the outside).  

 

ii. Characterization of the collagen network in RDEB skin 

Characterization of the collagen network in the back skin  

To evaluate the relevance of the dysregulations detected at the molecular level for collagens, the 

ultrastructure of dermal ECM was next analyzed in mice of the same age (9-12 weeks, Figure 31). In 

WT dermis, the well-described and typical organization comprising sparse fibroblasts surrounded by 

large and dense bundles of collagen fibrils was observed. The latter have local orientations but the 

change in orientation from one bundle to another seems to occur randomly, allowing the tight 

entanglement of all bundles and the strengthening of the overall structure. In RDEB mice, the dermal 

collagen network appears locally dislocated: fibers are separated from each other by large “empty” (i.e. 

less electron-dense) spaces and abnormal bending of fibers can be observed with, for example, unusual 

180° abrupt turns, as exemplified in Figure 31. Finally, cells with very dense nucleus content were 

observed, suggesting condensed chromatin. 
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Figure 31. TEM observations of the collagen network in the back skin of WT and RDEB mice aged 9-12 
weeks. 
Representative TEM images were selected to show the matrix of the dermis. Clear abnormalities were observed 
in RDEB skin: (1) less dense organization of collagen bundles, (2) atypical collagen fiber bending and (3) 
fibroblasts with very dense nuclear content. The yellow line shows the basement membrane and the yellow stars 
indicate fibroblasts. Ep: epidermis, De: dermis.  
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Figure 32. Analysis of collagen fibrils by TEM in the back skin of WT and collagen VII-hypomorphic mice. 
A. Representative pictures of transverse sections of collagen fibrils that can be found in the back skin of mice aged 
9-12 weeks. Bar: 200 nm. B. Distribution of collagen fibril diameters in mice aged 9-12 weeks. Samples from 4 
WT and 4 RDEB mice were analyzed to measure the diameter of 4,000 fibrils for each genotype (measured from 
5 different images/mouse). C. Mean diameter of collagen fibrils (± SD) in individual WT and RDEB mice aged 
9-12 weeks. D. Distribution of the diameters of collagen fibrils in mice aged 7 days. Samples from 2 WT and 2 
RDEB mice were analyzed to measure the diameter of 1,288 fibrils for each genotype (measured from 5 different 
images/mouse). E. Mean diameter of collagen fibrils (± SD) in WT and RDEB mice aged 7 days. Statistics: Mann-
Whitney non parametric test. ***: p < 0.001. 
 

0
100
200
300
400
500
600
700
800
900

1000
1100
1200

N
um

be
r o

f f
ib

ril
s

Diameter (nm)

WT
DEB

0
10
20
30
40
50
60
70
80
90

100

WT DEB

M
ea

n 
di

am
et

er
 (n

m
)

= 88 nm
= 72 nm

***

RDEB

A

B C

RDEBWT

RDEB

D E

0

50

100

150

200

250

300

350

400

N
um

be
r o

f f
ib

ril
s

Diameter (nm)

WT

DEBRDEB

0

20

40

60

80

100

120

WT DEB

M
ea

n 
di

am
et

er
 (n

m
)

= 92 nm

= 63 nm

***

RDEB

Back skin 9-12 week-old

Back skin 7 day-old



Chapter III – Results 

140 
 

Next, we focused more specifically on collagen fibrils (Figure 32A). Very strikingly, the fibrils of 

hypomorphic skin samples were smaller than the WT ones: more small fibrils (< 70 nm) were observed 

and the distribution was globally shifted toward smaller diameters (Figure 32B). Finally, a 20 % 

decrease in the mean diameter of collagen fibrils was observed (Figure 32C) and all RDEB individuals 

had a mean fibril diameter which was smaller than the mean diameter measured for WT individuals. 

 

The back skin of 7 day-old mice was finally analyzed in order to get information on the very early 

stage of the disease. Interestingly, the decrease in fibril diameters was also detected at the early stage of 

the disease. The analysis of the fibrils in the skin of 7 day-old mice indeed showed that the shift of the 

diameter distribution detected in older mice was also observed in young RDEB animals (Figure 32D). 

The decrease in mean fibril diameter was even somewhat stronger than in older mice (around 30 %) 

(Figure 32E). 

 

Characterization of the collagen network in the paw skin 

As previously done for the characterization of hemidesmosomes, we next focused on skin samples 

originating from forepaws to evaluate the effect of disease progression on the network of collagens.  

 

In the so-called “fibrotic” dermis of forepaws from mice aged 9-12 weeks, as also observed in back 

skin, the overall impression was significantly different in WT and RDEB individuals. Collagen bundles 

were usually smaller in size and separated by large “empty” spaces (Figure 33A). Numerous isolated 

collagen fibrils could also be observed, much more often in RDEB forepaws than in WT forepaws. 

Fibroblasts with condensed chromatin were also found in RDEB forepaws, as previously noticed in back 

skin. Whatever the genotype, dermal collagen fibrils were smaller in forepaw skin than in back skin 

(Means diameters of 56 nm and 88 nm for WT forepaws and WT back skin respectively, Figure 33B, 

Figure 33C). However, a further and very significant reduction of collagen fibril diameter was also 

evidenced in RDEB forepaws (29 %) (Figure 33D). 

 

 

Figure 33. Analysis of collagen fibrils in the skin of the forepaw of WT and RDEB mice aged 9-12 weeks. 
Next page. A. Representative TEM images of forepaw dermis in 9-12 week-old WT and RDEB mice. The 
disorganization of the collagen network is very obvious with smaller collagen bundles, more isolated fibrils and 
large empty spaces. B. Representative pictures of transverse sections of collagen fibrils in the skin of fibrotic paws 
from 9-12 week-old mice, showing the clear decrease in fibril diameter. Bar: 200 nm. C. Distribution of collagen 
fibril diameters. Samples from 4 WT and 4 RDEB mice aged 9 to 12 weeks were analyzed to measure the diameter 
of 2,400 fibrils for each genotype (measured from 4-6 different images/mouse). D. Mean diameter of collagen 
fibrils (± SD) in WT and RDEB mice. Statistics: Mann Whitney non parametric test. ***: p < 0.001. 
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In summary, major alterations in the structure of the dermal matrix, especially in the network of 

fibrillar collagens, were evidenced by TEM observations. The disorganization of fibers and the 

diminution of diameters were detected in both early and late stages of the disease, although more 

spectacular at the late stage. This result suggests that the decreased abundance and abnormal 

organization of collagen VII directly or indirectly interferes with the elaboration of the collagen network 

very early during skin development, and that defects fail to normalize in adults.  

 

4. Discussion 

In this part of the study, we conducted the first matrisome-focused analysis of the skin of collagen 

VII-hypomorphic mice, combining two complementary approaches (MS-based quantitative proteomics 

and TEM). The results obtained underlined major alterations in the organization of the matrix, both in 

the DEJ and in the dermis, at the molecular and tissue scales. In addition, our proteomic analysis 

highlighted marked modifications in the regulation of proteolytic activities in the skin of RDEB animals. 

 

The disorganization of the DEJ observed by TEM was expected. Collagen VII is indeed a key 

component of the basement membrane and its drastic reduction in RDEB was previously reported to 

alter the ultrastructure of the DEJ in mouse and human forms of the disease140,211. Here, we first observed 

that the decreased abundance in collagen VII was accompanied by a general increase in the abundance 

of other basement membrane components. Although these changes were not significant at the 

quantitative level, it was remarkable that all the DEJ components that could be quantified (collagens IV, 

VI and XV, laminin-511 chains, nidogen-1, perlecan) showed an increased abundance in our proteomic 

analysis, especially in the insoluble fractions reflecting the stably-deposited proteins. Suprinsingly, no 

abundance change was detected for any of these components when RDEB mouse skin lysates were 

analyzed by MS/MS212. These results possibly suggest alterations of the intracellular processing of 

basement membrane proteins in RDEB that could compensate at whole organ level those we observed 

in the extracellular space. In human, somewhat divergent results were previously obtained when the 

conditioned medium and ECM of RDEB and control dermal fibroblasts were compared, leading to a 

global decrease in nidogen-1, collagen IV and laminin-511146. Similarly, in cultures of human 

keratinocytes, the binding partner of collagen VII laminin-332 was found to be down-regulated in RDEB 

cells, at both the RNA and protein level213. In contrast, when whole skin biopsies from RDEB patients 

were analyzed by transcriptomics145, an increase in the expression of Col4a2 and Col6a3 was also 

detected, suggesting that the impairments consecutive to the loss of collagen VII may differ depending 

on the type of samples (human skin vs mouse skin or human skin vs human cell cultures) or on the 

selected analytical approach (RNA vs proteins). This highlights the difficulty of this type of omics 

approaches when applied to relatively small numbers of human samples with high heterogeneity (linked 

to different mutations, ages, disease stages, skin sites, etc.). In this context, one advantage of the mouse 

model is that it is more homogeneous and that adequate controls in terms of age and skin sites can be 
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used. In addition, we worked with 5 individuals/genotype to really identify the strongest tendencies. 

However, I must also point that the dysregulations reported here were not significant from a statistical 

point of view, it is only because all BM components show the same general trend that we were able to 

draw a conclusion. In the end, it appears relatively logical that compensation mechanisms may occur in 

response to the impairment of anchoring fibrils, especially in early disease stages, through the over-

expression or over-deposition of other basement membrane proteins.  

In addition to the impairments in matrix proteins in the DEJ, we also evidenced defects affecting 

the hemidesmosomes (length and abundance along the basement membrane). Interestingly, a brief 

characterization of the hemidesmosomes in the unwounded skin from 13 and 9 patients suffering from 

DDEB and severe RDEB, respectively, also reported a trend to decrease in the number of 

hemidesmosomes along the basement membrane (- 10 to - 17 %, depending on the body site)110. One 

surprising result was that, in RDEB mouse samples, the hemidesmosomes were rather stable in size 

whatever the anatomic location and the stage of the disease, and never exceeded 140 nm in length, 

possibly suggesting that the pathology limits their growth to a certain size. In contrast, in WT mice the 

length of hemidesmosomes exhibited more age- and site-dependent variations. If collagen VII does not 

interact directly with hemidesmosomes, its decrease may exert effects on the epidermis through laminin-

332, a matrix component connecting collagen VII and integrin α6β4 at the cell surface of basal 

keratinocytes and exhibiting an impaired distribution in RDEB mouse skin144. Unfortunately, the chains 

of laminin-332 were not quantified in our proteomic analysis. Another protein which was detected 

during the optimizations of ECM enrichment protocols described in the previous part but not in this 

study was collagen XVII, a transmembrane collagen expressed by keratinocytes that is a central 

component of hemidesmosomes. This information will be important to obtain in the future even if the 

absence of detection in two independent experiments could reflect a decreased abundance in RDEB 

skin. A closer examination of changes induced by collagen VII deficiency within the basement 

membrane and in the epidermal compartment is currently performed by our German collaborators and 

by Patricia Rousselle. 

 

Collagen VII also interacts with collagen fibrils on the dermal side of the DEJ214 but the extent of 

the observed modifications in the amount and organization of fibrillar collagens was beyond what we 

had predicted. Our main results were a decreased abundance of collagens I and III (mostly in the soluble 

fractions for collagen III but in both soluble and insoluble fractions for collagen I) and several abnormal 

features in the ultrastructure of collagen fibrils, including a very strong reduction in their diameters, a 

less compact organization and frequent abnormal bending. The minor fibrillar collagen V was differently 

affected with less marked changes in abundance and even a slight increase in the final fraction of the 

chemical decellularization protocol. This is interesting as increased collagen V in fibrils has been largely 

associated to decreased fibril diameters215. Overall, the results pointing to diminished levels of major 

fibrillar collagens were however somewhat counter-intuitive as RDEB is presently described as a 
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fibrosis-promoting disease and one would rather expect to see increased fibrillar collagens. This at least 

what was suggested by images taken under polarized light after picrosirius red staining which showed 

increased staining in RDEB mouse skin at the late stages141,212, indicating larger or more aligned fibers. 

Published expression data on fibrillar collagens however are less conclusive. If the studies using human 

RDEB and control fibroblasts already mentioned above indicated increased levels for the transcript of 

collagen α1(I)145 and for the secreted protein chains of collagens α1(III) and α2(V)146, a recent paper 

from our German collaborators did not evidence any significant variations in the abundance of fibrillar 

collagens in whole back skin lysates (without ECM enrichment) obtained from the same RDEB mouse 

model as the one we used212. These apparent discrepancies and the striking changes evidenced by TEM 

were the two main reasons why we decided to focus on the possible mechanisms explaining the 

disruption of the normal collagen organization in the final part of our study (Chapter III, III).  

 

Among the proteins which placed collagen fibril organization as the top dysregulated biological 

process in our proteomic study, the SLRPs (small leucine rich proteoglycans) were the second most 

prominent contributors after fibrillar collagens. This is explained by the fact that one of their main 

function is to control collagen fibril diameter and spacing through direct interactions with collagen 

fibrils53. Surprisingly, biglycan and decorin tended to over-abundance in SDS/SD fractions from RDEB 

mice, while their amount was decreased in the insoluble extracts from the two ECM enrichment 

protocols (very strong trends, significant decrease for biglycan in Comp. Ins. fraction), possibly 

underlying variations in solubility rather than variations in total protein abundance. In addition, their 

reduced abundance in the insoluble matrix is probably not directly associated to the reduction in fibril 

diameter since the opposite effect (increased diameters) was reported in the skin of Bgn and Dcn KO 

mice216,217. Nevertheless, SLRPs were previously suggested to act as disease modifiers in RDEB, 

especially through the modulation of signaling events. In particular, variations in the amount of decorin 

were proposed to influence disease severity in homozygous human twins affected by RDEB, with the 

highest expression of the proteoglycan being associated with the lowest severity of symptoms115. The 

ability of decorin to limit TGF-β signaling by sequestering the growth factor in the matrix61,62 could be 

an explanation to these observations. Similarly, in the RDEB mouse model, since biglycan and decorin 

can both sequester TGF-β in the matrix62, their early decrease could contribute in the long term to 

promote disease progression. 

 

Regarding proteolysis in the matrix, our data suggest a significant decrease in the inhibition of serine 

proteases and a more moderate increase in the inhibition of cysteine proteases in RDEB mouse skin. In 

the literature, elevations in the amounts of TIMP-2 and TIMP-3 involved in the negative regulation of 

the activity of matrix metalloproteinases were also reported in skin explants from RDEB patients218. 

More generally, proteolysis is thought to play a major role in RDEB progression. In human RDEB 

keratinocytes, the lysosomal proteases cathepsins B and Z were found to be up-regulated213. Increases 
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in the abundance and activity of MMP-2 at the protein level were also reported in different human 

models of RDEB, including cultures of fibroblasts146 and skin explants from patients218. Augmented 

levels of MMP-9 and MMP-14 were also suggested but the correlation with an increased proteolytic 

activity remained unclear for these enzymes146. In mouse skin finally, no variation in the amounts of 

MMP-2 and MMP-9 were detected by MS-based proteomics212, again underlying the difficulty to draw 

clear-cut and general conclusions. However, this will be important to decipher as MMPs can contribute 

to collagen and proteoglycan degradation, two types of core matrisome proteins which were diminished 

in our mouse model. In addition, MMPs can participate in TGF-β activation, a mechanism which was 

recently shown to be relevant in RDEB using a co-culture model where fibroblasts and keratinocytes 

from either RDEB or control donors were mixed together219. In this context, I have made some attempts 

to perform N-terminomics on ECM-enriched mouse skin samples in order to get a better overview of 

the dysregulated proteolytic processes in RDEB. Some interesting preliminary results were obtained but 

additional optimizations are still required to get reliable results and increase the depth of the analysis.  

 

In conclusion, our results indicate that it is necessary to better define what fibrosis means in RDEB. 

Fibrosis is classically described as the pathological accumulation of ECM in soft tissues resulting from 

an increase in the activity of pro-fibrotic growth factors such as TGF-β (Chapter I, III-3-ii)150,220. If we 

have no reason to question the role of TGF- β, the concept of “excessive” collagen deposition is 

apparently not so obvious in RDEB, at least in the mouse model, suggesting that it should be replaced 

by the concept of “aberrant” collagen accumulation. A specific form of fibrosis seems to be at play in 

RDEB and it will be important to better characterize its main characteristics to improve patient 

management. Interestingly, other forms of skin fibrosis also show some heterogeneity. This is the case 

for example in systemic sclerosis. If the increase in abundance of fibrillar collagens was not put into 

question in this disease221,222, an increase in fibrils with small diameters was also reported in patient skin 

biopsies223,224. Furthermore, in human keloid lesions, a significant decrease in both mature collagen α1(I) 

and collagen VII was reported by MS-based proteomics using an ECM-enrichment protocol similar to 

our chemical decellularization method225. Finally, the fact that altered organization of dermal collagens 

and DEJ is observed very early in the RDEB disease suggests that these structural alterations directly 

result from the absence of collagen VII rather than from inflammation or defective wound healing. 

Consequently, they fail to resolve with time and rather tend to worsen with disease progression. 
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III. PRELIMINARY EVALUATION OF THE MECHANISMS INVOLVED 

IN THE COLLAGEN PHENOTYPE IN RDEB SKIN 
 

In the previous part, we evidenced several alterations in the composition and organization of the 

ECM in RDEB skin, both in the DEJ and in the underlying dermis. The modifications in the organization 

of dermal collagen fibrils were especially intriguing. Firstly, to the best of our knowledge, they had 

never been reported before; secondly, collagen fibrils were affected throughout the whole dermis, not 

only in the upper layer which is in direct contact with collagen VII anchoring fibrils; thirdly, the extent 

of disorganization in the paws was more prominent than in the back skin, suggesting that collagen fibrils 

could also reflect disease progression. Finally, the features of this collagen disorganization did not fit 

with the typical features of fibrotic skin. The dermal part of the skin appeared loosened with a strong 

reduction in collagen fibril diameters and this result was associated with an overall decrease in the 

amount of the most abundant skin fibrillar collagens (I and III) in proteomics data. For all these reasons, 

we decided to have a closer look at fibrillar collagens and at some of the partners required for their 

biosynthesis and for fibrillogenesis in order to find further mechanistic explanations about the observed 

“collagen phenotype”.  

 

Different hypotheses likely to explain the alterations of fibril diameters and organization can be 

made (Table 15). For example, modifications in the processing of fibrillar collagens (maturation, cross-

linking) and in collagen organizers can be hypothesized. 

 

Hypothesis Reference 

(1) Modifications in the proportion of collagens I, III and V in fibers 215,226 
(2) Retention of N- and/or C- propeptides of collagen I, III and V 227–230 

(3) Modifications in “collagen organizers” (SLRPs, FACITs) 216,217,231 

(4) Dysregulations in degradation processes 232,233 

(5) Alterations in post translational modifications (PTM) and cross-linking 152,234 

Table 15. Possible hypotheses to explain the alterations of the collagen network in RDEB mouse skin. 
 

The hypotheses (1) and (2) were investigated and the results are presented in this part. 

 

1. Analyses of mature collagen forms 

The results obtained by TEM indicated that collagen fibrils displayed abnormal organization and 

diameters in RDEB skin. The heterotypic fibrils found in skin are made of various proportions of mature 

collagens I, III and V. However, the proteomics results were not completely clear regarding the trends 

for these collagens. If the α1 and α2 chains of collagen I were found to be significantly decreased in the 

insoluble fraction of the compartmental protocol, the decrease was not confirmed in the insoluble 
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fraction of the chemical decellularization protocol and was much more moderate for the α chains of 

collagen III and V (Figure 25, Chapter III, II-2). Consequently, we first analyzed the mature forms of 

collagens more in detail.  

 

As a first approach, we investigated possible changes in collagen I abundance through Western blot 

(WB) on skin lysates. In the next pages, “skin lysate” will refer to a total skin sample boiled in 

electrophoresis sample buffer; other skin extraction samples are named according to the fractions 

obtained after ECM enrichment as in previous parts of this chapter. Four WT and 4 RDEB samples 

(originating from individuals distinct from the ones used in the previous part) were analyzed in reducing 

conditions using an antibody targeting the triple helix of the two chains of collagen I. As expected, this 

led to a complex pattern with the major bands around 150 kDa corresponding to monomeric and mature 

α1(I) and α2(I) collagen chains (Figure 34A), higher molecular weight bands attributed to cross-linked 

forms of collagen I and a “ladder” below 130 kDa probably corresponding to degradation products 

generated by collagen turnover. When the α1(I) and α2(I) free mature chains were quantified in three 

technical replicates and normalized to total protein (through parallel Stainfree detection on the same 

membrane) and to a reference WT biological replicate (randomly chosen, Chapter II, VI-4), no 

significant difference in signal intensity was detected, neither for the two chains separately (Figure 34B, 

Figure 34C), not for the total signal (sum of α1(I) and α2(I) signals, Figure 34D). Other bands could 

not be used for quantification as they are more diffuse and, in some cases, overexposed. Similarly, cross-

linked forms were predominant when collagen I was blotted in the insoluble fractions of the ECM 

enrichment protocols and free α1(I) and α2(I) chains were not defined clearly enough to perform 

quantification (data not shown). 

 

We next wanted to determine if the ratio between these two chains was affected in RDEB skin. The 

presence of homotrimeric [α1(I)]3 collagen I has indeed been reported in some types of cancers57 and 

fibrotic tissues58, leading to the alteration of the α1/α2 ratio. Based on the same Western blots as above, 

no significant variation of this ratio was observed in skin lysates (Figure 34E), at least for mature 

collagen α1(I) and α2(I) monomers, nor a possible trend of evolution from WT to RDEB.  

 



Chapter III – Results 

148 
 

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

Rep. 1 Rep. 2 Rep. 3 Mean

Co
lla

ge
n
α1

(I
) s

ig
na

l i
nt

en
si

ty
(U

A
, r

el
at

iv
e 

to
 S

ta
in

fr
ee

WT RDEB

p= 0.290 p= 0.281

p= 0.743

p= 0.732

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

Rep. 1 Rep. 2 Rep. 3 Mean

Co
lla

ge
n 
α2

(I
) s

ig
na

l i
nt

en
si

ty
 

(U
A

, r
el

at
iv

e 
to

 S
ta

in
fr

ee

WT RDEB

p= 0.379 p= 0.220
p= 0.966 p= 0.497

α1 (I) α2(I)B C

250 –
130 –
100 –
75  –

55  –

35  –

α1 (I)
α2 (I)

Cross-linked forms

Degradation
products

A

α- collagen I, skin lysate Stainfree signal, skin lysate

WB on skin lysate (α- collagen I)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

Rep. 1 Rep. 2 Rep. 3 Mean

Co
lla

ge
n
α1

(I
) +

 α
2(

I)
 s

ig
na

l 
in

te
ns

ity
(U

A,
 re

la
tiv

e 
to

 S
ta

in
fr

ee

WT RDEB

p = 0.300 p = 0.633
p = 0.615

p = 0.898

0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
4,5
5,0
5,5

Rep. 1 Rep. 2 Rep. 3 Mean

Co
lla

ge
n 
α1

(I
) /

 C
ol

la
ge

n 
α2

(I
) 

WT RDEB

p = 0.343

p = 0.057

p = 0.486

p = 0.197

α1(I) / α2(I)

α1(I) / α2(I)α1(I) + α2(I)

WB on skin lysate (α- collagen I)

0,0

0,5

1,0

1,5

GuHCl + Ins. Comp. Ins.

Pr
ot

ei
n

ab
un

da
nc

e
ra

tio

WT RDEB

p = 0.950

p = 0.457

MS/MS (insoluble fractions, SwissProt database)

D E

F G

Gene Protein NaCl
SDS/
SD

GuHCl 
+ Ins.

Comp. 
Ins

Col1a1 Collagen alpha-1 (I)
Col1a2 Collagen alpha-2 (I)
Col3a1 Collagen alpha-1 (III)
Col5a1 Collagen alpha-1 (V)
Col5a2 Collagen alpha-2 (V)

-2.2 2.2

Log2 abundance ratio RDEB/WT

0



Chapter III – Results 

149 
 

Figure 34. Immuno- and MS/MS-detection and quantification of collagen I in the back skin of WT and 
RDEB mice aged 9-12 weeks.  
A. Immuno-detection of collagen I in skin lysates (reducing conditions, antibody directed against the triple-helical 
domain, n = 4 mice/genotype). Three technical replicates were analyzed, only one representative membrane (or 
technical replicate) is shown. B. Quantification of total mature collagen α1(I) based on the signal of the free mature 
chain. The mean signal per genotype (± SD) was analyzed for each of the 3 technical replicates and for the pool 
of the technical replicates (double normalization as described in Chapter II, V-1-iii). C. Quantification of total 
mature collagen α2(I) based on the signal of the free mature chain. D. Quantification of total mature collagen I 
(α1(I) + α2(I) chains) based on the signal of the free mature chains (not including cross-linked forms). E. 
α1(I)/α2(I) ratio computed from WB signals. F. Heatmap of the RDEB/WT abundance ratio of the main dermis 
fibrillar collagens in mouse skin (Log2 scale, n = 5 mice/genotype, SwissProt database used for protein 
identification). The RDEB/WT ratios and the heatmap were obtained as previously described for the processing 
of Uniprot data (see Figure 25, Chapter III, II-2-vi). Grey rectangles: protein not detected in the fraction. G. 
Quantification of the α1(I)/α2(I) ratio using MS/MS signals (n = 5 mice/genotype). Statistics: Student t-test or 
Mann-Whitney test when t-test was not applicable. *: p < 0.05. WB: Western blot. Rep: technical replicate. Mean: 
mean of the mean values obtained from the 3 technical replicates for each individual mouse. 
 

In parallel, previously obtained proteomics data were used to calculate the α1(I)/α2(I) ratio in the 

mature insoluble collagen network through the analysis of the insoluble fractions from the ECM 

enrichment protocols. In order to circumvent the problem raised by multiple proteoforms co-existing for 

a single protein that complicates the analysis (e.g. Q01149 and Q3TUE2 for the α2(I) chain), an 

additional processing of the MS/MS data using the SwissProt database (reviewed sequences only) 

instead of UniProt (reviewed and unreviewed sequences) for protein identification was performed in 

order to get only one proteoform per protein. The variations in protein abundance between WT and 

RDEB genotypes obtained with these data were first compared to those obtained previously using 

UniProt. Identical trends in the evolution of the amounts of fibrillar collagens were observed, indicating 

that the new dataset (Figure 34F) reflected the previous one (Figure 25, Chapter III, II-2-ii) and could 

be used for further analyses. When the α1(I)/α2(I) ratios obtained for WT and RDEB samples were 

compared (Figure 34G), they displayed relatively low standard deviations (for the two genotypes and 

the various fractions), suggesting that the computing of the α1(I)/α2(I) ratio using MS/MS data gives 

reproducible results between biological replicates. Again, no significant difference was seen between 

WT and RDEB mice for the α1(I)/α2(I) ratio calculated from the quantitative results of the insoluble 

fractions using the two selected enrichment protocols, confirming Western blot results. Finally, the 

computed ratios slightly differed from the expected value of 2, even in WT samples, and were found to 

be around 1. In Western blot, this may result from a differential affinity of the antibody for the two 

collagen chains and, in mass spectrometry, the different nature of the ions generated from the two chains 

is possibly responsible for the observed differences in their detection and quantification. 

       

In order to evaluate the possible modification in the proportions of collagens I, III and V in fibrils, 

we next compared the abundances of collagen I individual chains with those of other fibrillar collagens 

in the insoluble extracts obtained after ECM enrichment. The α1(I)/α1(III), α1(I)/α1(V) and α1(I)/α2(V) 

ratios were all significantly reduced in RDEB samples in the insoluble fraction of the compartmental 

protocol (very insoluble part of the ECM), suggesting a decrease in the relative amount of collagen α1(I) 
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in the fibrils (Figure 35A). The same observations were made when the α2(I) chain was compared to 

the chains of collagen III and V (Figure 35B). However, different results were obtained with the 

insoluble fraction of the chemical decellularization protocol in which no significant difference was 

found for the various ratios. One possible explanation could be that with the latter protocol, the so-called 

“insoluble” fraction is actually a mix of the final insoluble pellet (supposedly equivalent to the insoluble 

faction of the compartmental protocol) and of some less tightly ECM-associated proteins extracted with 

the chaotropic GuHCl solution. It can thus be hypothesized that possible changes in the most insoluble 

collagen forms are somewhat masked by the absence of changes in the GuHCl-extracted forms. To go 

further, it would therefore be necessary to use another approach such as Western blot to detect and 

quantify collagens III and V. Unfortunately, I didn’t have the time to establish their efficient immuno-

detection and compare WT and RDEB samples. Finally, it can be observed that there is no change in 

the α1(V)/α2(V) ratio when WT and RDEB samples are compared with the two enrichment methods 

(Figure 35C), probably indicating that the normal [(α1)2α2] collagen V heterotrimer is the dominant 

form in fibrils of both genotypes.
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Figure 35. Abundance ratios between the different chains of fibrillar collagens in WT and RDEB insoluble 
enrichment fractions. 
Previous page. A. Comparison of the abundance ratios between the α1(I) chain and chains of other fibrillar 
collagens found in skin. B. Comparison of the abundance ratios between the α2(I) chain and chains of other fibrillar 
collagens found in skin. C. Comparison of the abundances ratio between the two chains of collagen V. Abundance 
ratios were computed from MS/MS quantitative data (n = 5 mice/genotype, 9 to 12 weeks, SwissProt database 
used for protein identification). SwissProt database was used to identify proteins. Statistics: Mann-Whitney test. 
*: p < 0.05. Comp Ins.: insoluble pellet of the compartmental enrichment method; GuHCl + Ins.: fraction obtained 
by the combination of GuHCl and insoluble extracts of the chemical decellularization method.  
 

2. Expression of procollagens I and III in RDEB skin 

In our proteomic analyses, diminutions in the amount of fibrillar collagens I and III were also 

detected in the soluble extracts (NaCl or SDS/SD fractions) of the chemical decellularization protocol, 

suggesting that soluble fibrillar procollagens could also be affected by collagen VII deficiency. As a 

first step to explore this possibility, we next characterized the production of procollagens in the skin.  

 

i. Expression of the genes encoding collagens I and III 

The expression of the genes encoding collagen α1(I), collagen α2(I) and collagen α1(III) was first 

evaluated through RT-qPCR on mRNA transcripts from whole mouse back skin. 

 

 
Figure 36. Expression of the genes encoding fibrillar α1(I), α2(I) and α1(III) collagen chains in the back skin 
of WT and RDEB mice aged 9-12 weeks. 
A. Individual gene expression. Gene expression was evaluated by RT-qPCR on mRNA transcripts (n = 4 
mice/genotype, 3 technical replicates). The ΔΔCt method was used to compute gene expression in WT and RDEB 
samples. B. Comparison of gene expression between the WT and RDEB genotypes. Statistics: Mann-Whitney test. 
*: p < 0.05. Ef: efficiency of primer pairs. 

 

Interestingly, the expression of Col1a1 was significantly decreased in RDEB samples, by more than 

70 %, when compared to WT. The analysis of mRNA transcripts also revealed that while inter-individual 

variability was rather low for Col1a1 expression and moderate for Col3a1 expression (Figure 36A), it 

was much higher for Col1a2 expression. Therefore, the similar trend observed for Col1a2 did not reach 
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significance (Figure 36B). However, we will see below that it is probably not modified to the same 

extent as Col1a1. Finally, Col3a1 expression did not seem to be modified. 

ii. Expression of procollagen I at the protein level

To go further, qPCR data were used to compute the Col1a1/Col1a2 and Col1a1/Col3a1 ratios 

(Figure 37A). Decreasing trends were observed for all the ratios, but no significant variation was 

detected due to the inter-individual variations in the expression of Col3a1 and Col1a2. The α1(I)/α2(I) 

ratio was next computed at protein level in the soluble fractions, using proteomics data as already done 

above for the insoluble extracts. In contrast to what we observed for mature collagens, the α1(I)/α2(I) 

ratio was significantly decreased in the NaCl fraction of RDEB back skin, suggesting that the decrease 

in the amount of secreted procollagens was stronger for collagen α1(I) than for collagen α2(I) (Figure 

37B). These results indirectly confirm the observations made on the expression of Col1a1 (significant) 

and Col1a2 (not significant, Figure 36B). In the SDS/SD fraction, only a decreasing trend was observed. 

As collagen α1(III) was identified from a relatively small number of peptides in the soluble extracts

(protein coverage of 2 %), no comparison with this chain at the protein level was performed.

Figure 37. Abundance ratio between collagen α1(I), α2(I) and α1(III) at transcript and protein levels in the 
back skin of WT and RDEB mice aged 9-12 weeks.
A. Gene expression ratios calculated from qPCR data (n = 4 mice/genotype, ΔΔCt method). B. Protein abundance 
ratio computed from MS/MS quantitative data (n = 4 WT and 5 RDEB, SwissProt database used for protein 
identification). Statistics: Mann-Whitney test. *: p < 0.05. Ef: efficiency of primer pairs.

We next focused on procollagen α1(I) which seemed to be the most dysregulated. To confirm the 

results obtained in MS-based proteomics and in RT-qPCR, we evaluated the expression of the protein 

by Western blot on various WT and RDEB mouse samples.

To do so, we used a well-characterized antibody (LF41)198 directed against the C-terminal sequence 

of the procollagen α1(I) C-propeptide that allows the detection of full-length procollagen I as well as of 

two important products derived from the N-terminal (pC-collagen α1(I)) and C-terminal (C-propeptide 

or CP α1(I)) proteolytic maturations (Figure 38A). Very strikingly, if the CP α1(I)-containing forms 
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could be easily detected in the NaCl extracts from WT samples, almost no signal was detected in the 

same type of RDEB samples (Figure 38B). A significant decrease in the abundance of all CP α1(I)-

containing proteins was consequently evidenced in RDEB (Figure 38C). This clearly demonstrated that 

procollagen α1(I) production was severely altered and confirmed (and even expanded) the MS/MS and 

RT-qPCR results described above.  

 

 
Figure 38. Immuno-detection of procollagen α1(I) and of other C-propeptide α1(I)-containing forms in the 
NaCl fraction obtained from the back skin of WT and RDEB mice aged 9-12 weeks. 
A. Schematic representation of the protease-dependent maturation of procollagen α1(I) and of the two derived 
fragments (pC-collagen α1(I) and C-propeptide, CP α1(I)) that can be detected with an anti-CP α1(I) antibody 
(epitope location on protein sequence is also indicated). B. Immuno-detection of all CP α1(I)-containing forms in 
the NaCl fraction obtained through the chemical decellularization protocol (reducing conditions, LF41 antibody, 
n = 3 mice/genotype). C. Quantification of all CP α1(I)-containing forms in the NaCl fraction. The mean signal 
per genotype (± SD) was analyzed for each of the 3 technical replicates and for the pool of the technical replicates 
(double normalization). Statistics: Student t-test or Mann-Whitney test when t-test was not applicable. **: p < 
0.01, ***: p < 0.001. WB: Western blot. Rep: technical replicate. Mean: mean of the mean values obtained from 
the 3 technical replicates for each individual mouse. 
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When the same experiment was conducted on skin lysates (Figure 39A), CP α1(I)-containing forms 

were more readily detected in RDEB skin samples than in NaCl fractions. The decrease in their 

abundance in RDEB was significant in two out of three technical replicates and in the pool of technical 

replicates (Figure 39B). We also took advantage of the higher level of these forms in skin lysates, 

compared to NaCl fractions, to determine if N- and C-terminal proteolytic maturations were deficient in 

RDEB skin. When the ratio between pC-collagen α1(I) and all-CP α1(I) containing forms was calculated 

from Western blot signals, a decreasing trend was observed for RDEB skin which was significant in one 

technical replicate and in the pool of all technical replicates (Figure 39C). When the ratio of the free 

CP α1(I) over all CP α1(I)-containing forms was next calculated, a significant decrease was detected in 

only one of the 3 technical replicates (Figure 39D). It should be noted however that the low levels of 

signal for pC-collagen α1(I) and CP α1(I) in RDEB samples make quantification less reliable. We finally 

tried to detect CP α1(I) in the insoluble fraction obtained from compartmental enrichment (Figure 39E). 

Surprisingly, procollagen α1(I) and pC-collagen α1(I) forms were detected in all WT fractions, 

suggesting that incompletely-matured forms of collagen I can be integrated into fibrils. Although this 

goes against the dogma that pro- and pC-collagens cannot assemble into fibrils235, there are now some 

examples in the literature where C-propeptide retention in fibrils has also been observed236–238. Very 

unexpectedly, traces of free CP α1(I) were also detected, suggesting that CP α1(I) can be retained into 

the insoluble matrix. In RDEB samples, only traces of procollagen α1(I) were detected and the amount 

of CP α1(I)-containing proteins was significantly decreased in 2 of the 3 all technical replicates and in 

the pool of replicates (Figure 39F). As no other CP α1(I)-containing forms were detected, no evaluation 

of the fraction represented by pC-collagen α1(I) and CP α1(I) among all CP α1(I) -containing forms, as 

done above with skin lysates, could be performed here. Notably, we also tried to detect procollagen 

α1(I) with an antibody directed against the N-propeptide α1(I) (LF39198) but failed to obtain satisfactory 

results (procollagen I α1(I) itself was not detected, data not shown). 

 

At this point, we can conclude that one major feature of RDEB skin is a decreased expression of 

Col1a1 resulting in a diminution of the production of procollagen α1(I). Interestingly, the analysis of 

the C-propeptide α1(I) also suggested two additional alterations: (1) a reduction in the amount of all CP 

α1(I)-containing forms (including pC-collagen α1(I) and CP α1(I) proteolytic products) that is stronger 

in the extracellular environment analyzed through the NaCl and insoluble fractions than in the whole 

tissue including the cellular compartment and (2) a decreasing trend in the proportion of pC-collagen 

α1(I) (and possibly CP α1(I)) to all CP α1(I)-containing forms that is not completely explained by the 

overall decrease in full-length procollagen. These observations could result from dysregulations in 

processes other than procollagen expression in RDEB skin, e.g. a decreased secretion or an altered N- 

and/or C-terminal processing of procollagen I α1(I).  
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Due to the limitations of Western blots discussed above to precisely monitor collagen proteolytic 

maturations in the various extracellular compartments, we decided to use other approaches to determine 

if these important steps in collagen fibrillogenesis regulation, especially the maturation processes, were 

modified. This is important since mutations affecting collagen I, III or V maturation sites or associated 

enzymes are known to lead to severe forms of Osteogenesis Imperfecta239,240 and Ehlers-Danlos241 

syndromes in human. They can affect both collagen organization and collagen fibril diameters239,240 and 

suggest that deficient processing could also represent one potential mechanism to explain the collagen 

phenotype in RDEB skin. 

 

 
 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

Rep. 1 Rep. 2 Rep. 3 Mean

Al
l C

P-
co

nt
ai

ni
ng

 fo
rm

s 
 s

ig
na

l 
in

te
ns

ity
 (U

A,
 re

la
tiv

e 
to

 S
ta

in
fr

ee
) WT RDEB

**
*

* *

250 –

130 –
100 –
75  –
55  –

35  –
25  –

– Procollagen α1(I)
– pC-collagen α1(I)

– C-propeptide α1(I)
(CP α1(I))

A

B C

α- CP α1(I), skin lysate Stainfree signal, skin lysate

WB on skin lysate (α- CP α1(I))

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

Rep. 1 Rep. 2 Rep. 3 Mean

Al
l C

P 
α1

(I
)-c

on
ta

in
in

g
fo

rm
s

si
gn

al
 

in
te

ns
ity

(U
A,

 re
la

tiv
e 

to
 S

ta
in

fr
ee

)

WT RDEB

p = 0.081

*

*

*

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Rep. 1 Rep. 2 Rep. 3 Mean

CP
 α

1(
I)

/(a
ll 

CP
 α

1(
I)

-c
on

ta
in

in
g 

fo
rm

s)

WT RDEB

p = 0.380

p = 0.708

p = 0.198*

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Rep. 1 Rep. 2 Rep. 3 Mean

pC
-c

ol
la

ge
nα

1(
I)

 /(
al

l C
P 
α1

(I
)-

co
nt

ai
ni

ng
fo

rm
s)

WT RDEB

p = 0.587

p = 0.077

*

*

D

250 –

130 –
100 –

– Procollagen α1(I)
– pC-collagen α1(I)

75  –
55  –

35  –
25  –

– C-propeptide α1(I)
(CP α1(I))

α- CP α1(I), fraction Comp. Ins. Stainfree signal,
fraction Comp. Ins.

E F

WB on fraction Comp. Ins. (α- CP α1(I))



Chapter III – Results 

156 
 

Figure 39. Immuno-detection of procollagen α1(I) and of other C-propeptide α1(I)-containing forms in the 
back skin of WT and RDEB mice aged 9-12 weeks. 
Previous page. A. Immuno-detection of all CP-containing forms in skin lysates (reducing conditions, LF41 
antibody, n = 4 mice/genotype). Three technical replicates were analyzed, only one representative membrane (or 
technical replicate) is shown. B. Quantification of all CP α1(I)-containing forms in skin lysate. The mean signal 
per genotype (± SD) was analyzed for each of the 3 technical replicates and for the pool of the technical replicates 
(double normalization). C. Ratio between pC-collagen α1(I) and all CP α1(I)-containing forms computed from 
WB signal in skin lysates. D. Ratio between CP α1(I) and all CP α1(I)-containing forms computed from WB signal 
on skin lysates. E. Immuno-detection of all CP α1(I)-containing forms in the insoluble fraction from the 
compartmental enrichment protocol (Comp. Ins., reducing conditions, LF41 antibody, n = 3 mice/genotype). Three 
technical replicates were analyzed, only one representative membrane (or technical replicate) is shown. F. 
Quantification of all CP α1(I)-containing forms in Comp. Ins. fraction. The mean signal per genotype (± SD) was 
analyzed for each of the 3 technical replicates and for the pool of the technical replicates (double normalization). 
Statistics: Student t-test or Mann-Whitney test when t-test was not applicable. *: p < 0.05, **: p < 0.01. WB: 
Western blot. Rep: technical replicate. Mean: mean of the mean values obtained from the 3 technical replicates for 
each individual mouse. 
 

3. Evaluation of the protease-dependent maturations of fibrillar collagens 

i. MS/MS and Western blot data for the analysis of proteolysis 

First, MS/MS data were further exploited to determine if peptides belonging to N- and C-

propeptides behaved similarly to peptides from the collagen central part (triple helix + telopeptides) 

from a quantitative point of view. First, peptide mapping was used for the α1(I) and α2(I) collagen chains 

in the various ECM enrichment fractions analyzed by MS/MS. In the NaCl fraction, which contains the 

most soluble forms of collagens (full-length procollagens and partially-matured precursors), only two 

peptides were identified in CP α1(I) and α2(I) (Figure 40A) but this number was coherent with the 

overall sequence coverage of the procollagen chains (CP α1(I) and α2(I) peptides represent 13 % and 

33 % of identified unique peptides respectively, to be compared with 17 % and 18 % of the total chain 

sequences corresponding to the C-propeptide domains). CP α1(I) and α2(I) peptides displayed fold-

changes which were comparable to peptides in the triple helix (leading to an overall decreased 

abundance in RDEB). No CP α1(I) and α2(I) peptide was found in the SDS/SD fraction but one peptide 

was identified in the N-propeptide α1(I), leading to the same conclusion about the similar behavior of 

propeptides compared to the rest of the sequence.  

Peptides belonging to CP α1(I) were also identified in the insoluble extracts of the two enrichment 

protocols, consistently with the WB results obtained above showing that CP α1(I) was detected in the 

insoluble fraction from the compartmental enrichment protocol (Figure 40B). However, the two types 

of insoluble fractions gave divergent results with a significant decrease in fold-changes for the two CP 

α1(I) peptides identified in the GuHCl + Ins. fraction and no trend to change for the unique CP α1(I) 

peptide identified with the compartmental protocol. However, based on Western blot results of the 

compartmental insoluble fraction which indicate a strong decrease in all CP α1(I)-containing forms in 

RDEB, it seems that the GuHCl + Ins. is more in agreement with the general trends observed in this 

work, even if the significant result was based on only two peptides from the C-propeptide α1(I) and 

consequently needs to be interpreted with caution. 
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Figure 40. Peptide mapping for collagens α1(I) and α2(I) in the enrichment fractions obtained from the back 
skin of WT and RDEB mice aged 9-12 weeks.
A. Peptide mapping in soluble extracts. B. Peptide mapping in insoluble fractions. MS/MS data from the analysis 
of 12 week-old WT and RDEB mice were used to compute the RDEB/WT ratio for each identified peptide (n = 3 
mice/genotype, database used for the identification of peptides and proteins: SwissProt). Each dot represents a 
peptide quantified by MS/MS. For each peptide, the RDEB/WT ratio (Log2 scale) was plotted (y axis) relative to 
starting amino-acid location (x axis). Orange area: N-propeptide released by BMP-1; white area: triple helix; green 
area: C-propeptide. Statistics: Mann-Whitney test (at least 2 peptides from propeptides detected). *: p < 0.05.

We also analyzed other fibrillar collagens of the dermis in order to evaluate if the decrease in the 

abundance of C-propeptide-derived peptides observed in insoluble extracts was specific to procollagen

α1(I). As previously mentioned, I didn’t have enough time to establish the immuno-detection of other 

fibrillar collagens but could explore the MS/MS data to extract some preliminary conclusions.
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Figure 41. Peptide mapping for collagens α1(III), α1(V) and α2(V) in the insoluble fractions obtained from 
the back skin of WT and RDEB mice aged 9-12 weeks.
A. Peptide mapping for collagen α1(III). B. Peptide mapping for collagen α1(V). C. Peptide mapping for collagen 
α2(V). MS/MS data from the analysis of 12 week-old WT and RDEB mice were used to compute the RDEB/WT 
ratio for each peptide (n = 3 mice/genotpe, database used for the identification of peptides and proteins: SwissProt, 
). Each dot represents a peptide quantified by MS/MS. For each peptide, the RDEB/WT ratio (Log2 scale) was 
plotted (y axis) relative to starting amino-acid location (x axis). Orange area: N-propeptide; white area: triple helix; 
green area: C-propeptide. Statistics: Mann-Whitney test (at least 2 peptides from propeptides detected). *: p < 
0.05, **: p < 0.01.

Peptide mapping was performed on insoluble extracts only, because no peptide from collagen α1(V) 

and α2(V) and only a few from collagen α1(III) could be detected in soluble extracts. We first noted that 

some peptides belonging to the propeptides of collagens α1(III) and α1(V) could be identified in the 

insoluble skin matrix, as previously observed for collagen α1(I) (Figure 41A, Figure 41B). In contrast, 

no peptide belonging to the α2(V) C-terminal propeptide (Figure 41C) was found (there is no known 

N-terminal maturation for this chain). Very strikingly, the fold-changes comparing RDEB and WT 

samples for detected peptides were all strongly diminished compared to the fold-changes of the peptides 

located in the central part of these collagen chains, most probably indicating less retention in mature 

collagen fibrils (even though less released propeptides attached to the insoluble matrix could not be 

completely excluded). This was the case for the two peptides belonging to collagen α1(III) propeptides 
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(one at each extremity, Figure 41A) and even more remarkably for the 2-4 peptides detected in the N-

propeptide of the α1(V) chain (Figure 41B, no C-terminal peptides detected). This result was 

statistically significant when the fold-changes of the four peptides identified in the GuHCl + Ins. fraction 

were compared to those of the peptides located in the downstream triple helix. In the insoluble fraction 

from compartmental enrichment, a significant decrease was also observed for the N-terminal peptides 

identified. Even if this last result was based on two peptides only, the observations made on the N-

terminal propeptide of collagen α1(V) seemed consistent in the two insoluble fractions. These results 

suggest a possible dysregulation of the BTP or ADAMTS proteases involved in propeptide removal.  

 

ii. Expression of procollagen C-proteinases and related partners in RDEB skin 

To go further in the analysis of the potentially altered processes of procollagen maturation, we 

evaluated the expression of enzymes involved in the C-terminal processing of fibrillar procollagens. 

BMP-1/mTLD and mTLL-1 are known to be the main proteases involved in the release of procollagen 

I C-propeptides in skin230,242. They were never detected in our proteomic analyses, neither during the 

optimization phase nor in the quantitative comparison of WT and RDEB samples, suggesting a very low 

abundance in skin. However, Agnès Tessier, a former doctoral student in the lab, made some preliminary 

experiments suggesting that they could be more abundant in skin biopsies from RDEB patients than in 

normal skin (immuno-fluorescence, n = 4 donors/group)197. If it was also the case in mouse skin, it would 

supposedly lead to a more efficient conversion of pro- and pC-collagen I into mature collagen I and 

could explain their decreased abundance in mouse RDEB skin. 

 

The transcript levels for the Bmp1 gene (encoding BMP-1 and its splicing variant mTLD), the Tll1 

gene (encoding mTLL-1) and the Pcolce gene (encoding PCPE-1, an enhancer of the procollagen C-

proteinase activity of BTPs, Chapter I, II-3) were first evaluated in WT and RDEB mouse skin by RT-

qPCR (Figure 42A). Rather unexpectedly, in RDEB skin, the expression of Bmp1 and Pcolce mRNA 

was diminished by a factor of more than 2 compared to WT skin (Figure 42B). Regarding Tll1, a clear 

decreasing trend was also observed but was not statistically significant. 

 



Chapter III – Results

160

Figure 42. Expression of the genes encoding BMP-1/mTLD, mTLL-1 and PCPE-1 in the back skin of WT 
and RDEB mice aged 9-12 weeks.
A. Individual gene expression. mRNA transcripts were extracted from whole skin and analyzed by RT-qPCR (n = 
4-5 mice/genotype for Bmp1 and Tll1; n = 4 mice/genotype for Pcolce). The ΔΔCt method was used to compute 
gene expression in WT and RDEB samples. B. Comparison of gene expression between WT and RDEB genotypes. 
Statistics: Mann-Whitney non parametric test. ns: not significant, *: p < 0.05. Ef: efficiency of primer pairs.

At the protein level, the detection of BTPs by Western blot on skin lysates has been shown by my 

group to be very challenging due to the low amounts of these proteases in normal conditions. Their 

detection was indeed unsuccessful in our hands but the proteases could more easily be analyzed by 

immunofluorescence on skin sections (Figure 43). Notably, the antibody which was used for these 

experiments is a neo-epitope antibody that only recognizes the mature and active forms of BMP-

1/mTLD and mTLL-1 (all three are detected by the antibody with a slightly decreased efficiency for 

mTLL-1) and not the pro-enzymes243,244. In WT tissues, staining was observed in the three skin layers: 

epidermis, dermis and hypodermis. There was also some variation in signal intensity from one sample 

to another which underlined the variation in protein abundance between individuals. In RDEB dermis 

however, the signal was consistently weaker than in any of the WT samples. Very strikingly also, the 

staining of the epidermal layer in hair follicles was almost completely lost in RDEB tissues, suggesting 

that BTPs change of expression (or activity) could also affect the epidermal compartment. This result 

could have consequences for the maturation of some basement components such as LM-332 which is 

already very affected144 by collagen VII deficiency (itself also a potential substrate of BTPs). Overall, 

the staining was clearly weaker in RDEB mouse skin, suggesting a decrease in the global amount of 

BMP-1 and mTLL-1 active proteins that is consistent with the observations made by RT-qPCR.
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Figure 43. Immunofluorescent labeling of the main BMP-1/tolloid-like proteinases (BMP-1/mTLD and 
mTLL-1) in the back skin of WT and RDEB mice aged 9-12 weeks.
BTPs (red, home-made antibody244) and the nuclei of cells (blue, DAPI) were stained on 5-μm thick skin sections 
from 3 WT and 3 RDEB mice (2 images shown for each mouse). Negative control: no antibody. Bar: 90 μm.

Regarding PCPE-1, the protein was first analyzed by Western blot on skin lysates (Figure 44A). 

Significant decreases in the abundance of the protein in RDEB were detected in all the technical 

replicates (Figure 44B). The reduction was estimated to reach 75 % compared to WT samples (pool of 

the replicates).
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Figure 44. Immuno-detection of PCPE-1 in skin lysates from WT and RDEB mice aged 9-12 weeks. 
A. Immuno-detection of PCPE-1 in skin lysate (reducing conditions, AF2239 antibody, n = 3 mice/genotype). 
Three technical replicates were analyzed, only one representative membrane (or technical replicate) is shown. B. 
Quantification PCPE-1 in skin lysate. The mean signal per genotype (± SD) was analyzed for each of the 3 
technical replicates and for the pool of the technical replicates (double normalization). Statistics: Student t-test. *: 
p < 0.05, *, ** p < 0.01, ***: p < 0.001. WB: Western blot. Rep: technical replicate. Mean: mean of the mean 
values obtained from the 3 technical replicates for each individual mouse. 
 

 

 PCPE-1 was also stained by immunofluorescence on skin sections to confirm this result (Figure 

45). A strong staining was observed in the dermis for all WT samples but no staining in the epidermis 

can be seen. In RDEB skin, the protein was also detected in the dermis but the signal was weaker than 

in WT. The staining was particularly low in one of the 3 RDEB samples analyzed where epidermal 

blisters were also observed. Taken together, the data obtained by Western blot and immunofluorescence 

indicated that the decrease in the expression of the Pcolce gene resulted in a diminution of protein 

abundance in the skin of RDEB mice. 

 

In conclusion, reductions in the abundance of BTPs and PCPE-1 in RDEB mouse skin were clearly 

evidenced. These results could fit with the global decrease in free C-propeptide α1(I) evidenced by WB 

in soluble extracts after enrichment. However, they are more difficult to connect with the possible 

decrease in C-propeptide α1(I) retention which was observed in RDEB insoluble matrix by MS/MS and 

it remains difficult to determine to what extent decreased collagen expression and deficient processing 
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both contribute to the decreased amount of CP α1(I) in skin. At this stage, it seems that decreased 

collagen expression is dominant as the overall reduction in procollagen I is really drastic.

Figure 45. Immunofluorescent labeling of PCPE-1 in the skin of WT and RDEB mice aged 9-12 weeks.
PCPE-1 (red, AF2239 antibody) and the nuclei of cells (blue, DAPI) were stained on 5-μm thick skin sections 
from 3 WT and 3 RDEB mice. Yellow arrows indicate epidermis blistering in RDEB samples. Negative control: 
no antibody. Bar: 100 μm.
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iii. Preliminary evaluation of the expression of HSP-47 

We finally decided to evaluate the possible change in HSP-47 abundance. HSP-47 (heat-shock 

protein-47) is a collagen-specific chaperone involved in the control of collagen folding in the 

endoplasmic reticulum. It transiently binds to procollagens and prevents local unfolding and/or 

aggregate formation of immature collagen molecules207. It was one of the most strongly dysregulated 

hits in our proteomic data and was decreased in all analyzed fractions. Interestingly, HSP-47 deficiency 

has previously been associated with abnormal fibril formation229. Fibrils were thin, branched and 

displayed collagen I N-propeptide retention possibly due to delayed triple helix formation and secretion. 

A deficience in HSP-47 could therefore contribute to the collagen phenotype observed in RDEB 

samples. 

 

First, the expression of Serpinh1, the gene encoding HSP-47, was evaluated in the back skin of WT 

and RDEB mice by RT-qPCR. High inter-individual variability in gene expression was observed in the 

two genotypes (Figure 46A) and no significant modification could be evidenced (Figure 46B) 

 

The detection of HSP-47 in skin lysates was next performed by Western blot to compare with the 

results obtained by MS/MS which indicated a general reduced abundance in all fractions. Various forms 

of HSP-47 were surprisingly detected in both WT and RDEB samples (Figure 46C). Monomeric HSP-

47 (47 kDa) was detected (although to a rather low level), as well as a previously-described potential 

glycosylated form of the monomer (band 3)245. However, the strongest signals were observed around 

150 kDa, in the form of two bands (1 and 2) with very similar molecular weights that may correspond 

to trimers of HSP-47, as previously described in the literature245,246, with and without glycosylations 

respectively. These forms were absent from a control human fibroblast cell lysate. The presence of 

trimers was unexpected because all lysates (human cell and mouse tissue) were prepared similarly prior 

to the SDS-PAGE electrophoresis (same sample buffer and reducing conditions). However, trimers of 

recombinant mouse HSP-47 were previously shown to be very stable; they remain partially folded up to 

95 °C and are insensitive to 8 M urea but, from literature, are not expected to resist to reducing 

conditions245. Intriguingly, a significant diminution in the amount of trimeric HSP-47 was observed in 

RDEB tissue lysates while no variation was found for the monomeric forms of the protein (Figure 46D). 

When the summed signal of all the 4 HSP-47 forms were compared, the detected decrease in RDEB 

skin by MS/MS was also validated in all the technical replicates and in the pool of replicates. 
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Figure 46. Expression of HSP-47 at transcript and protein levels in the back skin of WT and RDEB mice 
aged 9-12 weeks. 
Previous page. A. Individual gene expression. Gene expression was evaluated by RT-qPCR on the mRNA 
transcripts from whole back skin (n = 4 mice/genotype, 3 technical replicates). The ΔΔCt method was used to 
compute gene expression in WT and RDEB samples. B. Comparison of gene expression between WT and RDEB 
genotypes. Statistics: Mann-Whitney test. C. Immuno-detection of HSP-47 in skin lysates (reducing conditions, 
10875-1-AP antibody, theoretical weight: 47 kDa, n = 4 mice/genotype). Three technical replicates were analyzed, 
only one representative membrane (or technical replicate) is shown. Bands 1 and 2: glycosylated and 
glycosylation-free HSP-47 trimers. Band 3: glycosylated HSP-47 monomer. Fibro. lysate: lysate of human dermal 
fibroblasts. D. Quantification HSP-47 in skin lysate. The mean signal per genotype (± SD) was analyzed for each 
of the 3 technical replicates and for the pool of technical replicates (Double normalization). Statistics: Student t-
test or Mann-Whitney test when t-test was not applicable. *: p < 0.05, **: p < 0.01, **: p < 0.001. Ef: efficiency 
of primer pairs. WB: Western blot. Rep: technical replicate. Mean: mean of the mean values obtained from the 3 
technical replicates for each individual mouse. 
 
 

The reduction in the protein abundance of HSP-47 in RDEB evidenced in proteomic studies thus 

seems to be real. However, the presence of several oligomeric forms was unexpected and their definitive 

assignment to HSP-47 will require further validation. 

 

4. Proof-of-concept: development of a PRM assay to monitor procollagen-derived 

biomarkers in skin 

In the previous parts, we evidenced strong decreases in the abundance of BMP-1 and PCPE-1 in 

the early stage of RDEB disease in mice (back skin of animals aged 9-12 weeks). Conversely, in human, 

preliminary data suggested that the protease tended to be more abundant in the skin of RDEB patients. 

Whatever the variation of the protease, the release of CP α1(I) by the enzyme is likely to be affected in 

disease. In clinical practice, the possibility to monitor this cleavage could help to evaluate the effect of 

therapies on disease progression: the restoration of a normal CP α1(I) cleavage rate could indeed reflect 

the improvement in collagen-related processes and positive responses to therapeutic agents. In this 

context, we started to develop a targeted assay to monitor the abundance of full-length procollagen I and 

the extent of its C-terminal processing in complex biological samples. The parallel reaction monitoring 

technology (PRM, Chapter I, IV-2-iii) was selected for this assay, because it was previously reported 

to allow the targeted analysis of low abundance protein-derived molecules in biological fluids, especially 

to monitor biomarker candidates in cerebrospinal liquid (Alzheimer’s disease247, multiple sclerosis248), 

uterine aspirates (endometrial cancers249,250) and plasma (fibrosis251,252).  

In this last part of this chapter, the preliminary results obtained for the detection of procollagen 

α1(I) and CP α1(I) derived-peptides by PRM are presented. 

 

i. PRM analysis of unlabeled samples 

The release of CP α1(I) by BMP-1 involves a cleavage of the mouse procollagen α1(I) chain 

between 1207A and 1208D253. When full-length procollagen I is digested by trypsin for MS/MS analysis, 

the tryptic peptide carrying the BMP-1 cleavage site (also called “overlapping peptide”) is 

ADDANVVR. After BMP-1 cleavage and trypsin digestion, the N-terminal (semi-tryptic) peptide 
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defining the beginning of CP α1(I) is DDANVVR which only differs by one residue (Figure 47). In this 

case, it is not possible to follow the C-terminal peptide of the second proteolytic product (pN-collagen 

α1(I)) by MS/MS, because it is only defined by one alanine, unless another enzyme than trypsin is used 

for digestion. The major aim of our approach was thus to develop a PRM assay to measure the absolute 

abundances of DDANVVR and ADDANVVR peptides in WT and RDEB samples. This would allow 

us to discriminate between the intact and cleaved procollagens, to directly monitor BMP-1 activity and 

to evaluate the relevance of these peptides as potential biomarkers of the disease. For example, an 

increase in the DDANVVR/ADDANVVR ratio would reflect increased CP α1(I) release by BMP-1. 

Conversely, a decrease in this ratio would reveal a reduction in the C-terminal processing of procollagen 

α1(I). Finally, the ADDANVVR peptide alone can also reflect C-propeptide retention in collagen fibrils 

or the modified abundance of full-length procollagen I. 

 

 
Figure 47. Schematic representation of the procollagen α1(I) cleavage products generated by BMP-1. 
The indicated sequences in amino-acids correspond to the peptides produced by trypsin-dependent digestion 
during sample preparation for MS/MS. Before BMP-1 cleavage, the tryptic peptide overlapping the cleavage site 
is ADDANVVR. When the C-propeptide is cleaved, ADDANVVR disappears and DDANVVR is produced 
concomitantly. SGEYWIDPNQGCNLDAIK is an internal tryptic peptide that is located further in the C-
propeptide sequence and not affected by BMP-1. 
 

The first step in the development of the assay was to analyze ADDANVVR and DDANVVR in the 

form of “light” synthetic peptides (with natural isotopes) in order to determine their elution profile and 

their fragmentation profile (list of transitions and relative abundances). NaCl fractions from the chemical 

decellularization protocol as well as skin lysates were analyzed next. More than 10 transitions were 

detected for the synthetic ADDANVVR peptide and its intensity exhibited a linear evolution when the 

injected mass was increased from 5 to 820 ng (Figure 48A, Figure 48B). However, only 2 transitions 

were identified in skin lysates (Figure 48A) and none in NaCl fractions, suggesting that the sensitivity 

was not sufficient for the efficient detection of this peptide. Very disappointingly also, the DDANVVR 

peptide was never detected, even when high amounts of the synthetic peptide were injected and in spite 

of the different optimizations in sample preparation which were tested (e.g. protein purification methods, 

sample fractionation based on molecular weight) (data not shown).  

 

SGEYWIDPNQGCNLDAIK

C-propeptideN-propeptide Triple helix + telopeptides
BMP-1

1207

A   DDANVVR

1208 1260 12771214
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Figure 48. Detection of the ADDANVVR peptide by PRM. 
A. Profiles of the PRM signals obtained with the synthetic peptide, a NaCl fraction or a skin lysate. For each 
sample type, the elution profile and the relative abundance of the different transitions are illustrated. B. Dose/signal 
curve for 5-820 ng of synthetic peptide. The plotted peak area corresponds to the cumulative area under the curve 
of the different transitions detected for the peptide. 

 

ii. PRM-analysis of TMT-labeled samples 

We next evaluated the effect of peptide TMT labeling as an artificial way to improve peptide 

detection. The target peptides had actually been previously detected in the lab after labeling even if the 

analyzed samples were less complex (fibroblast secretomes analyzed by quantitative shotgun 

proteomics). Labeled ADDANVVR was successfully identified in the 3 analyzed samples (Figure 49). 

5 transitions were identified in the NaCl fraction and in 3 the skin lysate (1 more compared to unlabeled 

ADDANVVR). The shift in retention time (< 1 min) observed between the synthetic and natural forms 

observed can be explained by the fact that samples were not analyzed at the same time: the synthetic 

peptide was analyzed first and the native peptides at a later time point. Even if it will better in the future 

to inject the synthetic peptide just prior to the samples of interest, the profile of detection observed for 

the ADDANVVR peptide appeared compatible with a quantitative assay (enough transitions, transitions 

aligned to form a single peak, high signal intensity). It was still not the case for the DDANVVR peptide 
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which, after TMT labeling, could be identified when injected as a synthetic peptide but not in biological 

samples (1 to 2 transitions detected, no transition alignment).  

 

 
Figure 49. Detection of TMT-labeled ADDANVVR and DDANNVR peptides by PRM. 
Profiles of the PRM signals obtained with the synthetic peptide, a NaCl fraction or a skin lysate are illustrated for 
each peptide. 
 

As DDANVVR was not detected in spite of the various tested optimizations, a new approach was 

needed. We decided to replace the DDANVVR peptide by a peptide located within the C-propeptide 

α1(I) sequence, further away from the cleavage site. As this peptide is found both in collagen precursors 

and in released C-propeptide, it can be used to perform a kind of “normalization” of the abundance of 

ADDANVVR (reflecting uncleaved precursors) by the global abundance in CP α1(I)-containing 

proteins. Even if it is less BTP-specific, we expected that this approach would allow us to take into 

account the strong decrease in procollagen α1(I) observed in RDEB samples. To do this, we selected the 

SGEYWIDPNQGCNLDAIK peptide (Figure 47) which was efficiently detected in the synthetic form 

previously in the lab. Very good-quality signals (4 perfectly-aligned transitions, relative abundances 

ADDANVVR, TMT-labeled

DDANVVR, TMT-labeled

Synthetic peptide (P) NaCl fraction (N) Skin lysate (L)

P N L

P N L

Elution profile of TMT-labeled DDANVVR transitions
(=MS2 fragments)

Relative abundances of the 
detected transitions

Elution profile of TMT-labeled ADDANVVR transitions
(=MS2 fragments)

Relative abundances of the 
detected transitions
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identical for the synthetic and natural peptide forms) were detected for this peptide in both the NaCl 

fractions and skin lysates (Figure 50). The nice detection profile obtained for the non-labeled form of 

the peptide suggests that the detection of the TMT-labeled form may also be possible.  

 

 
Figure 50. Detection of the SGEYWIDPNQGCNLDAIK peptide by PRM. 
Profiles of the PRM signals obtained with the synthetic peptide, a NaCl fraction or a skin lysate are illustrated for 
each peptide. 
 

In conclusion, these preliminary results are very promising: it seems that the analysis of both 

uncleaved procollagen α1(I) and its C-terminal processing product may be possible after TMT labeling 

of the peptides. A similar approach could also be developed for other fibrillar procollagens. For now, 

the validation of the good detection of the TMT-labeled SGEYWIDPNQGCNLDAIK peptide and the 

determination of the useful concentration range for this peptide and for the ADDANVVR peptide are in 

progress. Regarding DDANVVR, very recently, MS-based experimentations conducted in my group 

suggested the existence of second cleavage site by BMP-1, a few amino acids after the one we monitored 

here. This new site could conduct to the loss of DDANVVR and therefore explain why it was never 

detected in biological samples. The PRM-monitoring of the peptide generated by the BMP-1 cleavage 

at the newly identified site will be tested soon. 

  

The ability to detect all these peptides in very small skin samples could be of interest in clinical 

applications, as only limited amounts of biological material can be recovered from RDEB patients for 

analysis. Notably, PRM assays also offer high multiplexing capacity (possibility to monitor tens of 

transitions simultaneously) and it will be possible in the future to include additional biomarkers, either 

collagen-related or collagen-unrelated.  

 

 

SGEYWIDPNQGCNLDAIK

P N L

Elution profile of SGEYWIDPNQGCNLDAIK transitions 
(=MS2 fragments)

Relative abundances of the 
detected transitions
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In conclusion, procollagen α1(I) and procollagen α1(I)-derived components appear likely to offer 

promising biomarker candidate for the monitoring of RDEB in clinic. 

 

5. Discussion 

In the last part of this project, we aimed at explaining the collagen phenotype previously evidenced 

in Chapter IV, part II. At the molecular level, decreases in the abundance of collagen I chains were 

detected in 3 of the 4 enrichment fractions (NaCl, SDS/SD, Comp. Ins.) and similar trends in the 

abundance of collagen III and V chains were also observed. At the tissue level, a global disorganization 

of the matrix was observed and a strong overall decrease in collagen fibril diameters was evidenced. 

This last alteration was found very early in disease, in 7-day-old mice, and appeared to worsen with 

disease progression as a stronger defect in fibril diameters was observed in the skin of fibrotic paws. 

 

Different hypotheses were made at the beginning of this chapter to explain the RDEB-induced 

collagen phenotype, especially the decrease in fibril diameters. Among these hypotheses, we chose to 

investigate in priority possible defects in the composition of collagen fibrils and alterations in the 

collagen maturation processes which could potentially lead to propeptide retention in fibrils. A first 

major result was the demonstration that the proportion of collagens III and V was increased relative to 

collagen I in the insoluble ECM. This seemed to be mainly due to a strong diminution in the abundance 

of the collagen α1(I) chain, equally affecting the expression of the Col1a1 gene, the secreted procollagen 

α1(I) precursor and the mature collagen I integrated in the insoluble matrix. In addition to these 

impairments in protein production, our results also underlined diminutions in the global protein 

abundance of active BTPs, the main proteases responsible for the C-terminal processing of fibrillar 

procollagens, and of their PCPE-1 enhancer. Finally, we also obtained some preliminary indications that 

the collagen chaperone HSP-47 could be affected. The main results obtained in this part are summarized 

in Table 16. 
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The alteration in the proportion of the major dermal fibrillar collagens (I, III and V), especially the 

relative increase in collagen III and V compared to collagen I, was not really expected because all these 

collagens seem to be decreased to some extent on the basis of our proteomic results. However, our 

analyses revealed that the reduction in collagen I was clearly stronger than the reduction in other fibrillar 

collagens. In the literature, it is well-described that the modification in the proportion of collagen chains 

can disturb the insoluble collagen network. In the meniscus matrix of Col3a1+/- mice, the reduction in 

collagen III induced fibril thickening226. The same observations were made in the cornea of Col5a1 KO 

mice with, in addition, a decreased inter-fibril spacing215 and macroscopic defects (slimming and 

increased transparency of the cornea). In human also, skin aging is characterized by a decrease in 

collagen fiber thickness254 concomitant with the augmented proportion of collagen III255. All these data 

suggest that the increases in the proportion of collagen III and/or V in RDEB fibers is likely to contribute 

to the observed decrease in fibril diameters. Additional analyses of these two collagens in the insoluble 

matrix of RDEB mouse skin would be interesting to conduct to validate this hypothesis. This modified 

I/III/V ratio could also impact skin mechanical properties and this point is currently investigated by 

atomic force microscopy by the group of A. Nyström. 

 

If the reduction in protein abundance appeared similar for the two chains of collagen I in the 

insoluble matrix of RDEB mouse skin (α1(I)/α2(I) ratio not modified), we evidenced by mass 

spectrometry that collagen α1(I) was more strongly affected than collagen α2(I) at the procollagen level. 

The reduction in the production of procollagen α1(I) is likely to limit the formation of “normal” [α1(I)2, 

α2(I)] heterotrimers in cells, resulting in a decreased secretion of procollagen heterotrimers in the matrix. 

This alteration may be an explanation for the drastic reduction of procollagen I especially observed in 

RDEB NaCl fractions. Besides, the absence of significant decrease in collagen α2(I) in RDEB NaCl 

fractions (quantitative MS-based proteomics, Chapter III, II-2-ii) can have additional consequences. 

As no [α2(I)3] homotrimer or [α1(I), α2(I)2] heterotrimer can be formed (due to the “cysteine code” 

rule256), it is possible that free α2(I) monomers are secreted in the extracellular environment. If this 

phenomenon has previously been observed in our lab in cultured 293 EBNA cells, possible effects of 

α2(I) monomers on ECM organization are presently unknown. The specific analysis of the α2(I) 

procollagen chain in the NaCl fraction could thus bring additional information to better understand the 

dysregulation in the secretion of procollagen I chains in RDEB.   

 

Even more unexpectedly, we also evidenced the presence of CP α1(I)-containing proteins in 

insoluble collagen fibers, both by mass spectrometry and Western blot. This seems to be a rare event as 

the number of CP α1(I) peptides detected by MS/MS is much lower than the number of peptides detected 

in the triple helix but the presence of the three CP α1(I)-containing forms (procollagen, pC-collagen and 

CP α1(I)) in the insoluble matrix was also clearly evidenced by Western blot, at least in WT animals. 
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Even if this result goes against the dogma that fibrils cannot form if the C-propeptide is still present on 

collagen molecules, it is not the first time that C-propeptide retention is reported in collagen fibrils236,237. 

In the Bmp1/Tll1 KO mice, where C-propeptide retention is expected to be maximum (and could be 

evidenced by immunostaining), collagen fibrils with altered morphology (“barbed-wire” appearance) 

and decreased diameters were observed230,257,258. Similar observations regarding fibril diameters were 

made for the retention of the N-propeptides of collagens I229, III227 and V259 which is somewhat more 

common. For example, previous literature reports have shown that the amount of N-propeptides from 

the α1(I) and α1(III) chains were specifically elevated in the smallest fibrils of both normal238 and 

scleroderma227 skins. In our case, it is difficult to make a direct link between our MS/MS observations 

which indicate a global decrease in propeptide retention (both N- and C-propeptides when detected) and 

the reduction in collagen fibril diameters. Indeed, it would have been more logical to find increased 

propeptide retention to explain the decrease diameters and it seems that one piece of the puzzle might 

still be missing.   

Additional information can be brought by the analysis of the expression and activity of the enzymes 

and regulatory proteins involved in procollagen N- and C- terminal processing. This is indeed what we 

have started to do with the analysis of BTPs and PCPE-1 which control the C-terminal maturation of 

procollagens I, III and V and the N-terminal maturation of procollagen V. It would also be very 

interesting to analyze ADAMTS-2, -3 and -14 which are the main procollagen N-proteinases for 

collagens I and III and could also contribute to their C-terminal processing86,87. In addition, ADAMTS-

2 can cleave the N-terminal domain of the α1(V) chain, at a site which is downstream (P↓435A in 

mouse260,261) of the site used by BTPs (S↓254Q262). Only one peptide between the cleavage sites of BTPs 

and ADAMTSs was detected by MS/MS and this was not enough to conclude if both sites were used or 

if there was any differential activity between the two enzyme families.   

In the course of this study, we could however obtain interesting and conclusive results about the 

expression of BTPs and PCPE-1. The most active BTPs found in skin (BMP-1/mTLD) were clearly 

down-regulated and this was associated with a decrease in the abundance of the active proteases, as 

evidenced by immuno-staining with an antibody specifically directed against the active forms. Similar 

results were obtained for their procollagen-specific enhancer, PCPE-1, with a very nice convergence of 

the results obtained by PCR, Western blot and immuno-fluorescence. It was therefore a bit disappointing 

to see that the link with incomplete procollagen processing could not be made easily. By Western blot, 

the amount of CP α1(I)-containing forms was in general too low in RDEB samples to allow proper 

quantification and peptide mapping experiments gave results which were in apparent contradiction with 

a defective BTP-dependent procollagen processing (expected to lead to more propeptide retention). One 

way to explain peptide mapping results could be that, even if the amounts of BTPs and PCPE-1 are 

globally decreased, these proteins are still in large excess compared to procollagen I which seems to be 

the most strongly affected. However, at this point, the link between the decreased level of procollagen 
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proteinases, the decreased propeptide retention and the collagen phenotype remains elusive and will 

require further investigations. 

Nevertheless, we can already predict that the decrease in active BMP-1/mTLD is likely to affect 

other processes, directly linked to collagen fibrillogenesis or not, in RDEB skin. For instance, the 

protease is involved in the maturation of prodecorin and probiglycan. In embryonic fibroblasts from 

Bmp1 KO mice, a decrease in the processing of probiglycan was reported263, and in the skin of Bmp1/Tll1 

KO mice, the integration of immature biglycan into collagen fibrils was evidenced258. Furthermore, in 

human, a genetic deficiency in the BMP1 gene leading to osteogenesis imperfecta was also associated 

to a diminution in the processing of prodecorin secreted by dermal fibroblasts240. In RDEB mice, the 

increase in the soluble forms of decorin and biglycan in the SDS/SD fraction (most probably 

corresponding to the pro-proteins) combined with the decrease in the insoluble forms seems consistent 

with the lowering in BMP-1/mTLD as the reduction in the processing of these two SLRPs is likely to 

result in the accumulation of soluble precursors. The consequences of the elevation in the amounts of 

probiglycan and prodecorin have not been investigated yet but effects on the binding of bioactive 

molecules such as TGF-β could be possible62. Alterations in the activity of BMP-1/mTLD is also likely 

to negatively affect the activation of pro-lysyl oxidases76 and then to inhibit the formation of cross-links 

between collagen trimers in fibrils. Interestingly, a reduction in the abundance of hydroxyprolines, a 

major PTM in collagens also involved in cross-link formation, was previously reported in the collagens 

produced by cultured human RDEB fibroblasts (in 3 out of 4 analyzed diseased samples)146. Whatever 

its origin, a reduction in cross-links could limit the stability of fibers and contribute to TEM observations 

suggesting a less cohesive collagen network. Furthermore, a reduction in cross-linked forms would 

result in an increase in free mature collagen I chains and could explain why the lowering in mature 

collagen I, evidenced in the compartimental insoluble fraction (Comp. Ins., containing very insoluble 

cross-linked collagens), was not validated by Western blot (only free mature α1(I) and α2(I) chains 

quantified) nor in the “GuHCl + Ins.” fraction of the chemical decellularization protocol (containing 

both “insoluble” collagens brought by the GuHCl extract and “very insoluble” collagens from the 

insoluble pellet).  

 

Finally, our data also suggest that intracellular mechanisms involved in the folding and stabilization 

of fibrillar procollagen trimers can contribute to the alteration in collagen I deposition observed in the 

matrix. HSP-47 is a well-known chaperone for collagens (including fibrillar collagens, FACITs)207,228,264 

for which we evidenced a possible deficiency in RDEB skin. Interestingly, a significant decrease in its 

abundance was also observed recently by our German collaborators who analyzed the whole back skin 

(without ECM enrichment) of collagen VII-hypomorphic mice by MS/MS212. However, in the same 

study, the variation was not observed in paws, suggesting that its expression could depend on disease 

stage or anatomic location. Also intriguing in our case was the detection of HSP-47 in ECM-enriched 

fractions while the protein is supposedly confined in the endoplasmic reticulum265. However, to my 
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knowledge, none of the studies focused on this protein really evaluated its presence in the ECM. If its 

detection in the NaCl fraction could result from proteins released by dead cells, the presence of HSP-47 

in the insoluble matrix is more difficult to explain and will have to be validated by other approaches. 

Nevertheless, at this point, HSP-47 remains one of the best candidates to explain the collagen phenotype 

in RDEB skin. The knock-out of the Serpinh1 gene (encoding HSP-47) in NIH-3T3 cells228 and mouse 

embryonic fibroblasts229 was shown to reduce the amount of procollagen I secreted in the extracellular 

environment, due to collagen aggregation and retention in the endoplasmic reticulum. This could link 

HSP-47 deficiency to the dramatic reduction in extracellular procollagen I observed in RDEB skin. 

However, we were not able to evidence that ER stress could be a major pathway, as it would be expected 

if collagen was retained in the organelle, neither in our proteomic data (data not shown) nor in the 

published results obtained with skin lysates212. Defective procollagen secretion remains to be 

demonstrated too. The analysis of the Triton X-100 fraction generated by chemical decellularization and 

containing most of the cellular proteins may be helpful to go deeper in the characterization of HSP-47, 

and to determine if procollagen α1(I) is actually retained in cells in our model. Pulse-chase experiments 

on fibroblasts cultures could also be run to compare the secretion of procollagen in control and RDEB 

conditions. Also interesting is the fact that the release of the N-propeptide from procollagen α1(I) was 

reported to be delayed in the matrix deposited by Serpinh1 KO mouse embryonic fibroblasts, thereby 

disturbing the formation of collagen fibrils which display abnormal morphology and smaller 

diameters229. This observation consequently strengthens the idea that defects in the N-terminal 

processing of fibrillar procollagens may play a role in RDEB skin and underlines, again, the necessity 

to evaluate the N-terminal maturation events and procollagen N-proteinases more thoroughly in disease. 

In brief, the reduction in the abundance of HSP-47 appears likely to disturb various steps in the 

biosynthetic pathways of fibrillar collagen, including procollagen folding in the ER, procollagen trimer 

secretion and their proteolytic maturation. These impairments could be exacerbated by the alterations in 

the conformation of HSP-47 observed in RDEB skin (decreased abundance of trimeric forms), if they 

are confirmed. 

Finally, it is interesting to link previous results with the alteration in the abundance of reticulocalbin-

3, another ER chaperone encoded by the Rcn3 gene. It was very strongly decreased at the protein level 

in the three enrichment fractions where it was detected (NaCl, GuHCl + Ins. and Comp. Ins., Appendix 

9), and in whole skin lysates analyzed by MS/MS by our German collaborators212. Very recently, Rcn3 

KO mice were reported to display over-hydroxylation of prolines and lysines in collagen α1(I) (due to 

delayed secretion) as well as decreased collagen fibril diameters in their tendons209. Taken together, 

defects in the collagen chaperone pathway appear as a very promising mechanism to explain our 

macroscopic observations and our preliminary results suggest that intracellular processes must not be 

neglected to explain alterations of the RDEB extracellular matrix. 
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To sum up, the preliminary investigations conducted in this part of my PhD project indicate that the 

collagen phenotype observed in RDEB mouse skin probably derives from multiple connected processes. 

We can already conclude that the main driver of the final disorganization in the fibrillar collagen network 

is the strong decrease in the production of procollagen I and the consequent increase in the proportion 

of collagens III and V in fibers, which, in the end, is likely to affect fibril diameters. However, additional 

alterations in other collagen-related processes, especially the decrease in HSP-47, procollagen C-

proteinases and PCPE-1, could also contribute to the collagen phenotype. The defects in N- and C-

terminal maturation processes possibly resulting from these alterations may also play a direct role even 

though the precise mechanism remains incompletely understood. Finally, if the defects in procollagen 

α1(I) production and maturation affect the release of collagen-derived molecules in RDEB as we 

suspect, the latter molecules could exhibit a biomarker potential for disease monitoring in clinics.  
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GENERAL DISCUSSION AND CONCLUSION 

 

Dystrophic epidermolysis bullosa is a progressive and debilitating disease consequent to mutations 

in the COL7A1 gene. This gene encodes collagen VII, a protein which forms anchoring fibrils and 

stabilizes basement membranes. In the most severe forms of the disease, especially the recessive ones 

(RDEB), patients suffer from skin fragilities and progressively develop fibrosis and aggressive cancers. 

Currently, research efforts are mostly concentrated on the correction of the genetic deficiency (curative 

therapies) but new therapeutic options are also needed to limit the occurrence and progression of the 

most disabling symptoms (especially epidermal blistering, slow-healing wounds and dermal fibrosis) 

and improve the quality of life of patients. In skin, collagen VII is both key to maintain a correct matrix 

organization in the dermo-epidermal junction and to ensure the connection with the fibrillar collagen 

network in the dermis. We consequently hypothesized that major impairments in the skin ECM 

composition and organization would occur when collagen VII is present in abnormally low amounts in 

DEB. In this context, the main objective of my project was to characterize the alterations of the ECM in 

RDEB skin and to provide new directions for the development of symptom-relief therapies, and possibly 

identify new biomarkers to monitor disease evolution and/or assist clinical trials.  

 

The early disease-associated dysregulations of the ECM were investigated by MS-based quantitative 

proteomics in a mouse model of RDEB, using matrisome recovery protocols, also developed in this 

project, and by the detailed analysis of skin ultrastructure characterized by transmission electron 

microscopy. Taken together, the results of these experiments first evidenced impairments in the DEJ. 

The abundance of basement membrane proteins was slightly but globally increased, and the length and 

proportion of hemidesmosomes in the DEJ were reduced. If DEJ destabilization was suspected a priori, 

based on previous literature reports and because collagen VII is involved in the structuration of basement 

membranes266, the massive defects in the amount and organization of fibrillar collagens (decreased 

fibrils diameter, less cohesive collagen network, increased proportions of mature collagen III and V), 

and in the abundance of collagen organizers, was not anticipated to that extent. The decrease in collagen 

I chains was particularly intriguing, as none of the previous works on the RDEB mouse model nor on 

RDEB patients ever reported such alterations156,267,268. Also surprising was the apparent strengthening 

of alterations affecting the collagen network at the fibrotic stage, because fibrosis is commonly 

associated with an increase in the abundance of fibrillar collagens55,220 that could be expected to 

positively affect fibril diameters or at least collagen density, and we observed the inverse situation. 

Notably, a recent characterization of RDEB fibrotic paw skin suggested that the organization rather than 

the abundance of fibrillar collagens was affected212. Taken together, all these results indicate that the 
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fibrosis developed in RDEB differs from the classical description of fibrosis and could be named 

“DEBrosis” to avoid confusion. Interestingly, in scleroderma, another fibrotic disease affecting the skin, 

variations in fibril diameters similar to those observed in RDEB mice were reported224, strengthening 

the idea that the skin-specific forms of fibrosis can differ from the commonly described ones. 

 

When the production of fibrillar collagens was investigated in more detail, procollagen α1(I) was 

the most severely affected. A massive decrease in the expression of Col1a1 and in the abundance of 

immature collagen α1(I) forms was detected, the latter alteration being much stronger in the soluble 

compartment of the ECM than in whole skin samples including cells and ECM. This could be linked to 

defective secretion as the skin content in the collagen chaperone HSP-47 also seemed affected. In 

addition, lowerings in the expression and abundance of active procollagen C-proteinases and their 

collagen-specific regulatory protein (PCPE-1) were evidenced in RDEB skin. The evaluation of 

procollagen C-terminal processing was unfortunately impaired by technical limitations and we were not 

able to make any definitive conclusion on the potential role of defective C-terminal processing in RDEB. 

However, a possible dysregulation in the N-terminal processing of fibrillar procollagens was also 

suggested by our results including (1) the modification in the amount of pC-collagen α1(I), a product of 

procollagen N-proteinases, at the whole skin level (2) the decreased abundance of HSP-47 which was 

previously shown to be critical for correct N-terminal processing229 and (3) the observed decrease in 

fibril diameters possibly linked to the integration of N-propeptide-containing collagen molecules in 

fibers227,229,238.  

All these results underlined the necessity to go deeper in the characterization of procollagen 

maturation processes in RDEB. To this end, the labeling of CP α1(I) by immunogold/TEM on WT and 

RDEB mouse skin sections was recently performed, in order to evaluate the effect of the decrease in 

active procollagen C-proteinases on the proportion of immature collagen I forms integrated into fibers 

(Appendix 10). In addition, we are currently optimizing a protocol to run N-terminomics analyses (N-

TAILS, Chapter I, IV-3-ii) to analyze proteolysis (including N- and C-terminal procollagen maturation 

processes) in skin lysates and enrichment fractions. The evaluation of the expression of procollagen N-

proteinases at transcript and protein levels in skin lysates are also planned. Experiments on RDEB mouse 

fibroblasts cultured in vitro may also be informative as secretomes can indeed be easier to handle than 

skin lysates for the monitoring of N- and C-terminal processing by Western blot and N-TAILS. To 

complete the characterization of fibrillar collagens in diseased skin, the characterization of possible 

alterations in PTMs, especially hydroyxylations of proline and lysine residues, and the study of cross-

links for instance269,270 may also be informative.  

 

In summary, our results evidence multiple dysregulations in the ECM of RDEB mouse skin early in 

disease (Figure 51). If most of the impairments are limited to extracellular processes, preliminary results 

also suggest defects in the intracellular processes involved in the biosynthesis of fibrillar procollagens 
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(decreases in HSP-47 and reticulocalbin-3). The deficiency in collagen VII finally appears to affect all 

the upper skin compartments in RDEB (hemidesmosomes of keratinocytes, basement membrane, 

dermis) and to disturb both intracellular and extracellular pathways. 
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All the findings of this project now need to be validated in human. If our mouse model develops 

symptoms very similar to those observed in RDEB patients and has shown its potential to reveal relevant 

disease-related pathways in various studies140–142,212, it remains that it does not result from a RDEB-

causing mutation in human. In addition, the symptoms and severity of the disease are mutation-

dependent114,271 but can also be affected by modifier genes114,115, while our model proposes a unique 

form of collagen VII deficiency in mice which are all identical from a genetic point of view. To be 

transferred in clinical practice, therapeutic target and biomarker candidates have to be applicable to the 

largest number of patients. The next step in the project would consequently aim at confronting our mouse 

results with human forms of the disease. Interestingly, preliminary results we recently generated 

suggested that some of the alterations in the collagen pathway detected in mouse could also be present 

in human. We indeed recently compared the transcripts of dermal fibroblasts from 6 RDEB and 6 control 

patients by Nanostring (using a collagen-focused gene panel; data not shown) and evidenced decreases 

in the expression of PCOLCE (encoding PCPE-1) in young RDEB patients, consistently with our 

observations on the early disease stages in mouse. The change in expression of PCOLCE was close to 

significance in older patients too. The BMP1-3 (leading to the mTLD protease), DCN (decorin) and 

BGN (biglycan) transcripts were also decreased in age-matched analyses (and very close to 

significance). In addition, in all RDEB patients, a reduction in the expression of collagen-modifying 

enzymes involved in the elaboration of cross-links in the matrix, especially LOX (lysyl oxidase, strong 

trend), PLOD3 (lysyl hydroxylase, strong trend), TGM2 (transglutaminase-2, significant) were 

evidenced. Even if conducted on a limited number of patients, this preliminary analysis suggests that 

the collagen-related results obtained in mouse are likely to be transposable to human and to be used to 

define new therapeutic targets and biomarkers.  

 

If we come back to the initial objective of this project, how could we use the dysregulations 

evidenced in the biosynthesis of fibrillar collagens as a basis for the development of new therapies?  

We evidenced alterations at different levels (gene expression, protein folding in the ER, possibly 

secretion and protease-driven processes), indicating that different processes could be targeted in therapy. 

Additional studies are certainly needed to determine the causes of these defects but it is already possible 

to consider the evaluation of drugs previously reported to modulate collagen deposition, in cell cultures 

for example. For instance, aldosterone was reported to efficiently increase the expression of Col1a1 in 

rat renal fibroblasts cultured in vitro272. The side effect on the production of collagen III, that is already 

over-represented in the insoluble matrix of RDEB mice, is however to evaluate. To target collagen I 

only, administration of interleukin-4 was shown to activate the gene expression of Col1a1 and Col1a2 

in human dermal273, liver274 and lung fibroblasts275, and low doses could increase the production of 

collagen I chains without modulating the level of collagen III. 

A first limitation to these approaches is that they are likely to affect other molecules and processes 

in skin, and in the whole organism in case of systemic delivery. To overcome the problem, adapting the 
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route of administration could limit adverse effects but remains challenging. The topical route may 

actually be more adapted to locally treat both wounded and unwounded skin areas. A second limitation 

is that these agents may also trigger pro-fibrotic pathways. Even if “DEBrosis” seems to exhibit features 

differing from the classical forms of fibrosis, such drugs would have to be cautiously evaluated in terms 

of fibrosis promotion in RDEB skin. Finally, it appears difficult to correct the abundance in BTP 

enzymes without triggering unwanted side effects, due to the wide diversity of substrates and biological 

pathways that are regulated by this protease family76. Nevertheless, if the deficiency in C-terminal 

processing of procollagens by BTPs is confirmed, exogenous supplies of PCPE-1 could be a promising 

way to specifically activate procollagen processing in the matrix and possibly restore the deposition of 

mature collagens. Cell culture experiments with human fibroblasts are presently conducted to further 

evaluate this strategy. 

 

If the validation of new ECM-associated therapeutic targets requires additional studies, we have 

proposed to use procollagen-derived proteins as biomarker candidates and encouraging results were 

obtained for their detection by parallel reaction monitoring (PRM). Numerous collagen-derived 

molecules were already proposed as circulating biomarkers in various diseases, especially to monitor 

the production (N- and C-propeptides) and turnover (degradation products) of fibrillar collagens220. In 

systemic sclerosis for instance, patients were efficiently discriminated from healthy controls through 

their serum concentration in N-propeptide α1(III) and in a collagen I degradation product generated by 

MMPs169. This approach also allowed to diagnose the stage of the disease, as the two biomarkers were 

differently abundant in early and late stages of the disease. In lung and liver fibrosis, the monitoring of 

serum N-propeptides α1(I) and α1(III) was also proposed as an indicator for the diagnosis and 

monitoring of disease progression276–278. Similarly, we hypothesized that the decrease in active 

procollagen C-proteinases in RDEB skin is likely to modulate the release of the C-propeptide α1(I), and 

that the fragments generated could be used as biomarkers to evaluate the progression of the disease or 

the response to therapy. The global amount in procollagen α1(I) could also be of great interest and could 

represent the most reliable biomarker in our case if the extremely strong diminution of its tissue 

concentration is confirmed in human. However, the most useful biomarkers would be circulating 

biomarkers that could be easily quantified in plasma, and one main limitation of our approach is that we 

do not know yet if the transfer of collagen-derived molecules into blood is disturbed in disease. 

Furthermore, the detection of low abundance molecules in plasma by PRM remains challenging279, due 

to the complexity and very wide concentration range of plasma proteins, and usually requires a specific 

sample processing step280,281.  

To overcome this limitation, we could first consider the direct analysis of very small skin biopsies 

as already done in clinical practice to monitor RDEB progression. Even more promising would be the 

PRM analysis of wound exudates, a possibility that is suggested by the efficient detection of soluble 

procollagen-derived peptides in the NaCl fraction of our ECM enrichment protocol. A similar targeted 
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proteomics-based approach was recently proposed in the literature170. Based on the analysis of pig and 

human wound exudates, the authors identified HTRA-1, a protease involved in matrix remodeling282,283, 

as a candidate biomarker to monitor the critical transition points in wound healing. Similarly, the PRM 

monitoring of collagen-derived molecules from wound fluids could constitute an easy and non-invasive 

method to evaluate the response of RDEB wounds to therapies. In addition, other dysregulated and 

soluble non-collagenous ECM proteins could be analyzed in wound exudates in a multiplexed 

experiment. PCPE-1, which is decreased at transcript and protein levels in RDEB mouse and at transcript 

level in RDEB patients, would be a candidate of choice. This protein was already reported to reflect the 

deposition of collagen especially in fibrosis284, and some of its peptides were readily detected in the 

secretome of human embryonic kidney cells during preliminary PRM analyses conducted in the lab. 

HTRA-1, which was modified at the protein level in RDEB mice (detected in the triplicate MS/MS 

experiment only, data not shown) and at the transcript level in fibroblasts of young RDEB patients 

(Nanostring analyses), could also be monitored in wound exudates, especially if it is suitable to predict 

healing as suggested above170.  

 

In conclusion, we have developed and used an original ECM-centered approach to analyze RDEB 

skin. The results generated all along this project demonstrated, for the first time, strong alterations in the 

elaboration of the fibrillar collagen network in RDEB mouse skin. Intra- and extra-cellular processes 

involved in the biosynthesis and maturation of collagens, especially collagen I, seem to be affected. The 

next step will be the validation of our main results in the context of the human disease but we can already 

conclude that the ECM dysregulations reported here pave a very promising way for the medium-term 

development and validation of new biomarkers in RDEB.  
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APPENDICES 

 

Appendix 1. Composition and distribution of collagens in human tissues. Collagen is composed 
three identic (homotrimer) or different (heterotrimer) α chains, which are associated at least once into a 
triple helical domain. The trimers adopt different supramolecular assemblies: beaded filaments, fibrils 
and anchoring fibrils, fibril-associated collagens with interrupted triple helices (FACITs), multiplexins 
and networks can be found in the ECM of connective tissues especially. Some collagens are finally 
transmembrane. 

Collagen Number of 
α-chains 

Trimer composition in 
physiology 

Supramolecular 
assembly Distribution in tissues 

Type I 2 [α1(I)]3 
[α1(I)]2[α2(I)] Fibrils Bone, cornea, dermis, tendon 

Type II 1 [α1(II)]3 Fibrils Cartilage 

Type III 1 [α1(III)]3 Fibrils Blood vessels, dermis 

type IV 6 
[α1(IV)]2[α2(IV)] 

[α3(IV)][α4(IV)][α5(IV)] 
[α5(IV)]2[α6(IV)] 

Network Basement membrane 

Type V 4 
[α1(V)]2[α2(V)] 

[α1(V)][α2(V)][α3(V)] 
[α1(V)]3 

Fibrils Bone, cornea, dermis, placenta 

Type VI 4 [α1(VI)][α2(VI)][α3(VI)] Beaded filaments Bone, dermis, muscle 

Type VII 1 [α1(VII)]3 Anchoring fibrils 
Basement membrane 

(including dermalepidermal 
junction) 

Type VIII 2 
[α1(VIII)]2[α2(VIII)] 

[α1(VIII)]3 
[α2(VIII)]3 

Network Cornea 

Type IX 3 [α1(IX)][α2(IX)][α3(IX)] FACIT Cartilage 

Type X 2 [α1(X)]3 Network Cartilage 

Type XI 3 [α1(XI)][α2(XI)][α3(XI)] Fibrils Cartilage 

Type XII 2 [α1(XII)]3 FACIT Dermis, ligament, tendon 

Type XIII 2 [α1(XIII)]3 Transmembrane Neuromuscular junctions 

Type XIV 1 [α1(XIV)]3 FACIT Dermis, bone, cartilage 

Type XV 1 [α1(XV)]3 Multiplexin Basement membrane 

Type XVI 1 [α1(XVI)]3 FACIT Dermis, kidney 

Type XVII 1 [α1(XVII)]3 Transmembrane Hemidesmosomes 

Type XVIII 1 [α1(XVIII)]3 Multiplexin Basement membrane, liver, retina 

Type XIX 1 [α1(XIX)]3 FACIT Basement membrane 

Type XX 1 [α1(XX)]3 FACIT Cornea 

Type XXI 1 [α1(XXI)]3 FACIT Kidney, stomach 

Type XXII 1 [α1(XXII)]3 FACIT Muscle-tendon junction 

Type XXIII 1 [α1(XXIII)]3 Transmembrane Epidermis 

Type XXIV 1 [α1(XXIV)]3 Fibrils Bone, cornea 

Type XXV 1 [α1(XXV)]3 Transmembrane Brain 

Type XXVI 1 [α1(XXVI)]3 - Ovary, testicle 

Type XXVII 1 [α1(XXVII)]3 Fibrils Cartilage 

Type XXVIII 1 [α1(XXVIII)]3 - Basement membrane 
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Appendix 2. Inclusion and exclusion protein domain used for the definition of the core matrisome. 
More detailed are given in89. 

 

CORE MATRISOME 
Inclusion domains  Exclusion domains 

InterPro 
accession number InterPro domain name  InterPro 

accession number InterPro domain name 

IPR000020 Anaphylatoxin/fibulin  IPR000157 Toll-Interleukin receptor 
IPR000034 Laminin B type IV  IPR000242 Protein tyrosine phosphatase, catalytic 

domain IPR000082 SEA  
IPR000083 Fibronectin, type I  IPR000276 7TM GPCR, rhodopsin-like 

IPR000294 Gamma-carboxyglutamic acid-rich (GLA) 
domain  IPR000413 Integrin alpha chain 

IPR000372 Leucine-rich repeat, cysteine-rich flanking 
region, N-terminal  IPR000832 GPCR, family 2, secretin-like 

IPR000436 Sushi/SCR/CCP  IPR001169 Integrin beta subunit, C-terminal 
IPR000483 Cysteine-rich flanking region, C-terminal  IPR001245 Serine/threonine/tyrosine-protein kinase 
IPR000538 Link  IPR001254 Peptidase S1/S6, chymotrypsin/Hap 
IPR000562 Fibronectin, type II  IPR001590 Peptidase M12B, ADAM/reprolysin 
IPR000585 Hemopexin/matrixin  IPR002290 Serine/threonine-protein kinase domain 
IPR000716 Thyroglobulin type-1  IPR002919 Protease inhibitor I8, cysteine-rich trypsin 

inhibitor-like IPR000782 FAS1_domain  
IPR000859 CUB  IPR006026 Peptidase, metallopeptidases 

IPR000867 Insulin-like growth factor-binding protein, 
IGFBP    IPR006586 ADAM, cysteine-rich 

IPR000884 Thrombospondin, type 1 repeat  IPR010294 ADAM-TS Spacer 1 
IPR000885 Fibrillar collagen, C-terminal  IPR011009 Protein kinase-like domain 
IPR001007 von Willebrand factor, type C Domain  IPR011162 MHC classes I/II-like antigen recognition 

protein IPR001212 Somatomedin B  
IPR001304 C-type lectin  IPR013273 Peptidase M12B, ADAM-TS 
IPR001442 Type 4 procollagen, C-terminal repeat  IPR013642 Chloride channel calcium-activated 
IPR001507 Endoglin/CD105 antigen  IPR013680 Voltage-dependent calcium channel, alpha-

2/delta subunit, conserved region IPR001791 Laminin G  
IPR001846 von Willebrand factor, type D  IPR020635 Tyrosine-protein kinase, catalytic domain 
IPR001881 EGF-like calcium-binding    
IPR002035 von Willebrand factor, type A    
IPR002038 Osteopontin    
IPR002049 EGF-like, laminin    

IPR002181 Fibrinogen, alpha/beta/gamma chain, C-
terminal globular    

IPR002212 Matrix fibril-associated    
IPR002861 Reeler region    

IPR003129 Laminin G, thrombospondin-type, N-
terminal    

IPR003591 Leucine-rich repeat, typical subtype    
IPR003645 Follistatin-like, N-terminal    
IPR003886 Nidogen, extracellular region    
IPR003961 Fibronectin, type III    
IPR003979 Tropoelastin    
IPR004043 LCCL    
IPR004116 Amelogenin    
IPR004850 Agrin NtA    
IPR006210 EGF    
IPR006605 G2 nidogen and fibulin G2F    
IPR007455 Serglycin    
IPR007798 Amelin    
IPR008160 Collagen triple helix repeat    
IPR008211 Laminin, N-terminal    
IPR008412 Bone sialoprotein II    
IPR008673 Microfibril-associated glycoprotein    
IPR008859 Thrombospondin, C-terminal    
IPR009254 Laminin I    
IPR009730 Micro-fibrillar-associated 1, C-terminal    
IPR009837 Osteoregulin    
IPR009889 Dentin matrix 1    
IPR011489 EMI    

IPR016352 Small leucine-rich proteoglycan, class I, 
decorin/asporin/byglycan    
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Appendix 3. Inclusion and exclusion protein domain used for the definition of the associated 
matrisome. More detailed are given in89. 

 

ASSOCIATED MATRISOME 
Inclusion domains  Exclusion domains 

InterPro 
accession number InterPro domain name  InterPro 

accession number InterPro domain name 

ECM-affiliated 
IPR001050 Syndecan    
IPR001079 Galectin, carbohydrate recognition domain    
IPR001627 Semaphorin/CD100 antigen    
IPR001863 Glypican    
IPR003659 Plexin/semaphorin/integrin    
IPR018502 Annexin    
     
ECM regulator 
IPR000001 Kringle  IPR000157 Toll - interleukin 1 - resistance 

IPR000010 Proteinase inhibitor I25, cystatin  IPR000242 Protein tyrosine phosphatase, catalytic 
domain 

IPR000215 Protease inhibitor I4, serpin  IPR000436 Sushi/SCR/CCP 
IPR000585 Hemopexin/matrixin  IPR000832 GPCR, family 2, secretin-like 
IPR001506 Peptidase M12A, astacin  IPR001073 Complement C1q protein 
IPR001590 Peptidase M12B, ADAM/reprolysin  IPR001245 Serine/threonine/tyrosine-protein kinase 

IPR001695 Lysyl oxidase  IPR012317 Poly(ADP-ribose) polymerase, catalytic 
domain 

IPR001762 Blood coagulation inhibitor, Disintegrin  IPR013642 Chloride channel calcium-activated 
IPR001818 Peptidase M10, metallopeptidase  IPR017452 GPCR, rhodopsin-like superfamily 
IPR002477 Peptidoglycan binding-like  IPR018933 Netrin module, non-TIMP type 
IPR002931 Transglutaminase-like  IPR020068 Frizzled domain, subgroup 
IPR005199 Glycoside hydrolase family 79, N-terminal  IPR020635 Tyrosine-protein kinase, catalytic domain 
IPR006026 Peptidase, metallopeptidases    
IPR006586 ADAM, cysteine-rich    
IPR006587 Vault protein inter-alpha-trypsin, metazoa    
IPR008993 TIMP-like, OB-fold    
IPR010294 ADAM-TS Spacer 1    
IPR013128 Peptidase C1A, papain    
IPR013273 Peptidase M12B, ADAM-TS    
IPR014615 Extracellular Sulfatase    

IPR015446 Bone morphogenetic protein 1/tolloid-like 
protein    

IPR015643 Peptidase C1A, cathepsin B    
IPR015644 Peptidase C1A, cathepsin K    
IPR018155 Hyaluronidase    
IPR019742  Alpha-2-macroglobulin, conserved site    
IPR019828 Lysyl oxidase, conserved site    

IPR021158 Peptidase M10A, cysteine switch, zinc 
binding site    
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Inclusion domains  Exclusion domains 
InterPro 
accession number InterPro domain name  InterPro 

accession number InterPro domain name 

Secreted factors 

IPR000001 Kringle  IPR000242 Protein tyrosine phosphatase, catalytic 
domain 

IPR000072 Platelet-derived growth factor (PDGF)  IPR000294 Gamma-carboxyglutamic acid-rich (GLA) 
domain 

IPR000226  Interleukin-7/interleukin-9  IPR000436 Sushi/SCR/CCP 
IPR000471 Interferon alpha/beta/delta  IPR001073 Complement C1q protein 
IPR000762 Midkine heparin-binding growth factor  IPR001245 Serine/threonine/tyrosine-protein kinase 
IPR000779 Interleukin-2  IPR001762 Blood coagulation inhibitor, Disintegrin 
IPR000975 Interleukin-1  IPR001968 Glycoside hydrolase, family 56 
IPR001007 von Willebrand factor, type C  IPR002007 Haem peroxidase, animal 
IPR001811 Small chemokine, interleukin-8-like  IPR002035  von Willebrand factor, type A 
IPR001839 Transforming growth factor beta  IPR002350 Proteinase inhibitor I1, Kazal 
IPR001881 EGF-like calcium-binding  IPR002369   Integrin beta subunit, N-terminal 
IPR002072 Nerve growth factor  IPR006586 ADAM, cysteine-rich 
IPR002154  Neuregulin 1-related, C-terminal  IPR017978  GPCR, family 3, C-terminal 

IPR002181 Fibrinogen, alpha/beta/gamma chain, C-
terminal globular  IPR017981 GPCR, family 2-like 

IPR002348 Interleukin 1/heparin-binding growth factor  IPR018358  Disintegrin, conserved site 

IPR002960 Tumour necrosis factor beta/lymphotoxin 
alpha  IPR018933 Netrin module, non-TIMP type 

IPR002961 Tumour necrosis factor c/lymphotoxin-beta   IPR020635 Tyrosine-protein kinase, catalytic domain 
IPR003263 Tumour necrosis factor ligand 5    
IPR003296 Interleukin-1, beta IL1B    
IPR003306 WIF domain    
IPR003587 Hedgehog/intein hint, N-terminal    
IPR003645 Follistatin-like, N-terminal    
IPR004825 Insulin/IGF/relaxin    
IPR005817 Wnt superfamily    
IPR006210 EGF-like    
IPR008983 Tumour necrosis factor-like    
IPR009079 Four-helical cytokine-like, core    
IPR010345 Interleukin-17    
IPR010510 FGF binding 1    
IPR010895 CHRD    

IPR013787 S100/CaBP-9k-type, calcium binding, 
subdomain    

IPR015528 Interleukin-12 beta chain    
IPR015529 Interleukin 18    
IPR015615 Transforming growth factor-beta-related    
IPR020412 Interleukin-11, mammalian    
IPR020415 Interleukin-34    
IPR020439 Interleukin-15, C-terminal    
IPR020443 Interleukin-10/19/20/24    
IPR020450 Interleukin-16    
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Appendix 4. Script of the macro used to analyze the diameter of collagen fibrils in the dermis of 
WT and RDEB mouse skin. 

////////////////////////////////////////////////////////////////////////// 
/* 
Date : 10/02/2015 
Author : Denis Ressnikoff 
version : 1.0 
Macro used to measure the geodesic diameter of collagen fibrils on TEM pictures of tendons (fixed 
calibration (1px = 1.0041 nm) 
Necessary Plugin(s): 
*ij_Geodesics (https://www.pfl-cepia.inra.fr/index.php?page=ijGeodesics_en) 
*/ 
/////////////////////////////////////////////////////////////////////// 
 
//initialisation 
run("Set Measurements...", "area limit display redirect=None decimal=2"); 
run("Colors...", "foreground=black background=white selection=green"); 
 
if (isOpen("ROI Manager")) { 
selectWindow("ROI Manager"); 
run("Close"); 
} 
 
if (isOpen("Log")) { 
selectWindow("Log"); 
run("Close"); 
} 
 
if (isOpen("Results")) { 
selectWindow("Results"); 
run("Close"); 
} 
 
rep = getDirectory("image"); 
img = getTitle(); 
 
//calibration 
run("Set Scale...", "distance=1.0041 known=1 pixel=1 unit=nm global"); 
run("Duplicate...", "title=count"); 
 
//post-treatment filtering 
run("Gaussian Blur...", "sigma=5"); 
//segmentation 
setAutoThreshold("Huang"); 
setOption("BlackBackground", false); 
run("Convert to Mask"); 
run("Watershed"); 
//run("Options...", "iterations=5 count=4 edm=Overwrite do=Open"); 
run("Fill Holes"); 
 
//analyse particules 
run("Analyze Particles...", "size=750-Infinity circularity=0.4-1.00 show=[Count Masks] exclude clear 
add"); 
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//diameter 
run("Geodesic Diameter", "label=[Count Masks of count] distances=[Borgefors (3,4)] show 
image=["+img+"]"); 
 
//saving 
saveAs("Results", rep+img+".xls"); 
close("Count Masks of count"); 
close("count"); 
 
run("Flatten"); 
rename(img+" mesure"); 
saveAs("Jpeg", rep+img+" mesure.jpg"); 
close(img); 
//close(img+" mesure.jpg"); 
run("Tile"); 
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Appendix 5. Peptide settings applied in Skyline software for PRM analyses. Library settings: 
different librairies were generated by DDA, as described in Chapter II, VII-2, depending on the nature 
of the sample analyzed.



Appendices

206



Appendices

207

Appendix 6. Transition settings applied in Skyline software for PRM analyses. 
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Appendix 7. Detailed content in core matrisome proteins in all the fractions analyzed by MS/MS. 
Two ECM-enrichment experiments coupled with MS-based proteomics (n= 2 and n= 3) were conducted 
to compare the back skin matrisome of WT and RDEB mice. Whatever the fraction focused, most of the 
proteins of the matrix were detected in the two analyses. 

  

CORE MATRISOME 

Gene Protein NaCl SDS/SD GuHCl + Ins Comp. Ins 
n= 2 n= 3 n= 2 n= 3 n= 2 n= 3 n= 2 n= 3 

Collagen          
Col1a1 Collagen alpha-1 (I) X X X X X X X X 
Col1a2 Collagen alpha-2 (I) X X X X X X X X 
Col2a1 Collagen alpha-1 (II)     X X X X 
Col3a1 Collagen alpha-1 (III) X X X X X X X X 
Col4a1 Collagen alpha-1 (IV)      X   
Col4a2 Collagen alpha-2 (IV)     X X X X 
Col4a3 Collagen alpha-3 (IV)     X  X  
Col4a5 Collagen alpha-5 (IV)     X X X X 
Col5a1 Collagen alpha-1 (V)   X  X X X X 
Col5a2 Collagen alpha-2 (V)     X X X X 
Col5a3 Collagen alpha-3 (V)      X  X 
Col6a1 Collagen alpha-1 (VI)  X X X X X X X 
Col6a2 Collagen alpha-2 (VI)   X X X X X X 
Col6a3 Collagen alpha-3 (VI) X X X X X X X X 
Col6a5 Collagen alpha-5 (VI)   X X     
Col6a6 Collagen alpha-6 (VI)  X X X X X X X 
Col7a1 Collagen alpha-1 (VII)    X X X X X 
Col8a1 Collagen alpha-1 (VIII)      X  X 
Col10a1 Collagen alpha-1 (X)      X   
Col12a1 Collagen alpha-1 (XII)  X X X X X X X 
Col14a1 Collagen alpha-1 (XIV) X X X X X X X X 
Col15a1 Collagen alpha-1 (XV)   X X X X X X 
Col17a1 Collagen alpha-1 (XVII)      X  X 
Col18a1 Collagen alpha-1 (XVIII)  X  X     
Col27a1 Collagen alpha-1 (XXVII)     X  X  
Col28a1 Collagen alpha-1 (XXVIII)     X X X  
          
Glycoprotein         

Abi3bp ABI gene family, member 3 (NESH) 
binding protein    X X  X  

Adipoq Adiponectin X X X X     
Aebp1 Adipocyte enhancer-binding protein-1 X X X X X  X X 
Agrn Agrin   X X     
Cd109 CD109 antigen         
Cilp Cartilage intermediate layer protein   X     X 
Coch Cochlin  X  X     

Cthrc1 Collagen triple helix repeat-containing 
protein-1  X       

Dpt Dermatopontin X  X X X X X X 
Ecm1 Extracellular matrix protein 1    X     
Ecm2 Extracellular matrix protein 2   X  X  X  

Efemp1 EGF-containing fibulin-like extracellular 
matrix protein 1     X X X  

Eln Elastin     X X X X 
Emilin1 EMILIN-1     X X X X 
Fbln5 Fibulin-5  X  X X X X X 
Fbn1 Fibrillin-1     X X X X 
Fga Fibrinogen alpha chain X X X X X X X X 
Fgb Fibrinogen alpha chain X X X X X X X X 
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Fgg Fibrinogen alpha chain X X X X X X X X 
Fn1 Fibronectin X  X X X X X X 
Hmcn2 Hemicentin-2    X     
Igfbp7 Insulin-like growth factor binding protein 7  X       
Lama2 Laminin subunit alpha-2   X X X X X X 
Lama3 Laminin subunit alpha-3    X X  X X 
Lama4 Laminin subunit alpha-4  X X X  X   
Lama5 Laminin subunit alpha-5   X X X X X X 
Lamb1 Laminin subunit beta-1   X X X X X X 
Lamb2 Laminin subunit beta-2   X X X X X X 
Lamb3 Laminin subunit beta-3     X  X  
Lamc1 Laminin subunit gamma-1   X X X X X X 
Lamc2 Laminin subunit gamma-2     X X X  
Lrg1 Leucine-rich alpha-2-glycoprotein X X X X     
Mfap2 Microfibrillar-associated protein-2     X X X X 
Mfap4 Microfibrillar-associated protein-4   X X X X X  
Mfap5 Microfibrillar-associated protein-5     X  X  
Nid1 Nidogen-1 X X X X X X X X 
Nid2 Nidogen-2   X X X  X  
Postn Periostin X X X X X X X X 
Sparc Basement-membrane protein-40  X       
Srpx Sushi repeat-containing protein SRPX   X X X X X X 

Tgfbi Transforming growth factor-beta-induced 
protein ig-h3  X X X X X X X 

Thbs1 Thrombospondin-1  X  X     
Tnc Tenascin-C    X     
Tnxb Tenascin-X X X X X X X X X 
Vtn Vitronectin   X  X X X  

Vwa1 Von Willebrand factor A domain-
containing protein-1     X X X X 

Vwa5a Von Willebrand factor A domain-
containing protein-5A X X X X     

          
Proteoglycans         
Aspn Asporin   X X X X X X 
Bgn Biglycan   X X X X X X 
Cspg4 Chondroitin sulfate proteoglycan 4    X     
Dcn Decorin X X X X X X X X 
Fmod Fibromodulin  X X   X   
Hspg2 Perlecan X  X X X X X X 
Lum Lumican X X X X X X X X 
Ogn Mimecan  X X X X X X X 
Podn Podocan  X  X     
Prelp Prolargin X X X X X X X X 
Prg2 Bone marrow proteoglycan     X X X  
Vcan Versican   X      
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Appendix 8. Detailed content in associated matrisome proteins in all the fractions analyzed by 
MS/MS. Proteins from the associated matrisome were mainly recovered in the first buffers (NaCl and 
SDS/SD) regardless of the experiment (n= 2 and n= 3). 

 

ASSOCIATED 

Gene Protein NaCl SDS/SD GuHCl + Ins Comp. Ins 
n= 2 n= 3 n= 2 n= 3 n= 2 n= 3 n= 2 n= 3 

ECM-affiliated         
Anxa1 Annexin A1 X X X X X X X X 
Anxa2 Annexin A2 X X X X X X X X 
Anxa3 Annexin A3 X X X X     
Anxa4 Annexin A4 X X X X  X   
Anxa5 Annexin A5 X X X X X X X X 
Anxa6 Annexin A6 X X X X  X   
Anxa7 Annexin A7 X X X X X X X  
Anxa8 Annexin A8 X X X X X X X X 
Anxa11 Annexin A11 X X X X     
C1qa Complement C1q subcomponent subunit A X        

C1qtnf3 Complement C1q tumor necrosis factor-
related protein-3 X X       

Cd209b CD209 antigen-like protein B   X X     
Cd209d CD209 antigen-like protein D   X      
Clec10a C-type lectin domain family-10 member A   X  X    
Clec11a C-type lectin domain family-11 member A   X   X X  
Clec3b Tetranectin X  X      
Colec12 Collectin-12    X     
Gpc1 Glypican-1    X     
Hpx Hemopexin X X X X  X   
Lgals1 Galectin-1 X X X X X X X X 
Lgals3 Galectin-3 X X X X X X X X 
Lgals7 Galectin-7 X X X X X X X X 
Lgalsl Galectin-related protein X X       
Lman1 Protein ERGIC-53   X      
Plxna4 Plexin-A4 X        
          
ECM regulator         
Adamtsl5 ADAMTS-like protein-5    X     
Cd109 Cd109 antigen  X X X  X  X 
Cst3 Cystatin-3 X X X      
Cst6 Cystatin-6 X X X X X X X X 
Csta Cystatin-A X X    X  X 
Cstb Cystatin-B  X       
Ctsa Cathepsin A X X  X     
Ctsb Cathepsin B X  X X     
Ctsd Cathepsin D  X X X  X  X 
Ctsh Cathepsin H X X  X     
Ctsk Cathepsin K         
Ctsz Cathepsin Z  X       
F2 Prothrombin X X       
F13a1 Coagulation factor XIII A chain X X X X X X X X 
Gm5409 Try10-like trypsinogen  X X   X  X 
Hrg Histidine-rich glycoprotein X X X X     
Htra1 Serine protease HTRA-1    X     
Itih1 Inter-alpha-trypsin inhibitor heavy chain H1 X   X     
Itih2 Inter-alpha-trypsin inhibitor heavy chain H2 X X X      
Itih3 Inter-alpha-trypsin inhibitor heavy chain H3 X X X X X X X  
Itih4 Inter-alpha-trypsin inhibitor heavy chain H4 X X       
Kng1 Kininogen-1  X X X     
P4ha1 Prolyl 4-hydroxylase subunit alpha-1 X  X      
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Plg Plasminogen  X  X     
Plod3 Lysyl hydroxylase-3 X  X      
Pzp Pregnancy zone protein X X X X     
Serpina1a Serine protease inhibitor A1a X X X X  X   
Serpina1b Serine protease inhibitor A1b X X X X  X   
Serpina1d Serine protease inhibitor A1d X X X X     
Serpina1e Serine protease inhibitor A1e X X X X  X   
Serpina3b Serine protease inhibitor A3b X   X     
Serpina3k Serine protease inhibitor A3k X X X X X X X X 
Serpina3m Serine protease inhibitor A3m   X      
Serpina3n Serine protease inhibitor A3n X X  X  X   
Serpina6 Serine protease inhibitor A6 X X       
Serpinb1a Serine protease inhibitor B1a X X X X  X  X 
Serpinb2 Serine protease inhibitor B2 X X X  X X X  
Serpinb5 Serine protease inhibitor B5 X X X X  X  X 
Serpinb6a Serine protease inhibitor B6a X X X X  X   
Serpinb6c Serine protease inhibitor B6c X X X      
Serpinb6d Serine protease inhibitor B6d         
Serpinb7 Serine protease inhibitor B7    X     
Serpinb8 Serine protease inhibitor B8 X X X      
Serpinb10 Serine protease inhibitor B10 X X       
Serpinc1 Serine protease inhibitor C1 X X X X  X   
Serpind1 Serine protease inhibitor D1 X X  X     
Serpinf1 Serine protease inhibitor F1 X X X X     
Serpinf2 Serine protease inhibitor F2 X X X      
Serping1 Serine protease inhibitor G1 X X X X     
Serpinh1 Serine protease inhibitor H1  X X X X X X X 
Stfa3 Stefin-A3  X       
Tgm1 Transglutaminase-1 X   X X X X X 
Tgm2 Transglutaminase-2  X X X X X X X 
Tgm3 Transglutaminase-3 X    X  X  
Try5 Trypsin-5 X  X  X X X X 
          
          
Secreted factor         
Flg Filaggrin X X  X     
Flg2 Filaggrin-2 X X  X X X X X 
Habp2 Hyaluronan-binding protein 2         
Hcfc1 Host cell factor-1    X     
Hrnr Hornerin  X       
Il1rn Interleukin-1 receptor antagonist protein  X       

M6pr Cation-dependent mannose-6- phosphate 
receptor   X      

Rptn Repetin    X     
S100a1 Protein S100-A1    X     
S100a3 Protein S100-A3 X    X X X  
S100a4 Protein S100-A4 X X X X X X X X 
S100a6 Protein S100-A6  X X X  X   
S100a8 Protein S100-A8 X X       
S100a9 Protein S100-A9 X X X X     
S100a10 Protein S100-A10 X X X X X X X  
S100a11 Protein S100-A11 X X X X X  X  
S100a13 Protein S100-A13  X       
S100a14 Protein S100-A14   X X X X X  
S100a16 Protein S100-A16 X X X X  X   
S100b Protein S100-B         
Tchh Trichohyalin  X  X X X X X 
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Appendix 9. Heatmap of the abundance ratio of non-matrisome proteins dysregulated in the back 
skin of RDEB mice compared to WT mice. For each sample, quantitative data from the two MS/MS 
experiments were normalized and used to compute the median abundances of proteins in WT and RDEB 
genotypes (n = 5 mice/genotype, mice aged of 9 weeks or more). Only proteins quantified in the two 
experiments were compared. The abundance ratio represented here corresponds to RDEB/WT (Log2 
scale). Grey rectangles: protein not detected or not quantified in the fraction. Statistics: see Chapter II, 
III-2-v. *: p < 0.05, **: p < 0.01, ***: p < 0.001. 

 

Gene Potein NaCl SDS/SD GuHCl + 
Ins. 

Comp. 
Ins. 

Acaca Acetyl-CoA carboxylase 1 *    

Acads Short-chain specific acyl-CoA dehydrogenase, 
mitochondrial 

 **   

Acly ATP-citrate synthase  *    

Ahsg Alpha-2-HS-glycoprotein   *   

Aldh3a1 Aldehyde dehydrogenase, dimeric NADP-preferring  *   

Apoa2 Apolipoprotein A-II ***    

Apobec2 C->U-editing enzyme APOBEC-2    ** 

Arpc3 Actin-related protein 2/3 complex subunit 3   **  

Atp2b1 Plasma membrane calcium-transporting ATPase 1  *   

Btf3 Transcription factor BTF3 *    

Ca3 Carbonic anhydrase 3   **  

Calm4 Calm4 protein   *  

Casq1 Calsequestrin-1   *  

Cd34 Hematopoietic progenitor cell antigen CD34  *   

Ces1d Carboxylesterase 1D  *   

Ckmt2 Creatine kinase S-type, mitochondrial   *  

Cma1 Chymase  *   

Cpa3 Mast cell carboxypeptidase A  *  * 

Dusp14 Dual specificity protein phosphatase 14    * 

Eef1b2 Eukaryotic translation elongation factor 1 beta 2  *   

Eno3 2-phospho-D-glycerate hydro-lyase   *  

Fabp4 Fatty acid-binding protein, adipocyte   *  

Fabp5 Fatty acid binding protein 5, epidermal  *   

Fasn Fatty acid synthase **    

Fkbp3 Peptidyl-prolyl cis-trans isomerase FKBP3 *    

Fkbp7 Peptidylprolyl isomerase ***    

Glud1 Glutamate dehydrogenase 1, mitochondrial  ***   

Glul Glutamine synthetase **    

H2ac21 Histone H2A type 2-B   *  

Hbb-b2 Beta-2-globin *** **   

Hist2h2bb Histone H2B type 2-B  *   

Hmgb2 High mobility group protein B2 ***    

Hsp90b1 HATPase_c domain-containing protein **    

Ica Inhibitor of carbonic anhydrase **    

Ighg1 IgG1   **  

Ipo5 Importin N-terminal domain-containing protein   *  
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Itgam Integrin alpha-M **

Krt14 Keratin, type I cytoskeletal 14 *

Krt17 Keratin, type I cytoskeletal 17 *

Krt33b Keratin, type I cuticular Ha3-II *

Krt39 Keratin, type I cytoskeletal 39 *

Lhpp Phospholysine phosphohistidine inorganic 
pyrophosphate phosphatase

*

Marcks Myristoylated alanine-rich C-kinase substrate *

Mcam Cell surface glycoprotein MUC18 *

Mcpt4 Mast cell protease 4 **

Me1 Malic enzyme **

Mgll Monoglyceride lipase *

Mug1 Murinoglobulin-1 **

Mup17 Major urinary protein 14 ***

Mybpc1 Myosin-binding protein C, slow-type * *

Mybpc2 Myosin-binding protein C, fast-type **

Myh1 Myosin-1 *

Myl1 Myosin light chain 1/3, skeletal muscle isoform **

Mylpf Myosin regulatory light chain 2, skeletal muscle isoform *

Myoz3 Myozenin-3 *

Nefl Neurofilament light polypeptide *

Obp1a Odorant binding protein 5 *

Obp1b Odorant binding protein 7 ***

Pbxip1 Pre-B-cell leukemia transcription factor-interacting 
protein 1

**

Pgm5 Phosphoglucomutase-like protein 5 *

Ppia Peptidyl-prolyl cis-trans isomerase *

Ppic Peptidyl-prolyl cis-trans isomerase C * *

Prph Peripherin *

Rcn3 Reticulocalbin-3 ** ** *

Rpl8 60S ribosomal protein L8 *

Rplp2 60S acidic ribosomal protein P2 *

Rps5 40S ribosomal protein S5 *

Rrbp1 Ribosome-binding protein 1 **

Ryr1 Ryanodine receptor 1 *

Serbp1 Plasminogen activator inhibitor 1 RNA-binding protein *

Slc27a1 AMP-binding domain-containing protein ** *

Susd2 Sushi domain-containing protein 2 *

Tubb5 Tubulin beta-5 chain *

-2.7 2.7

Log2 abundance ratio
RDEB/WT

0
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Appendix 10. Preliminary images obtained by immunogold labeling of the C-propeptide α1(I) in 
the dermis of WT and RDEB mice back skin. After processing and labeling, samples were observed 
by TEM. Small dense black points indicate the presence of CP α1(I) in fibers. Experimental procedure 
and image acquisition were conducted at Center of quantitative imaging Lyon-Est (CIQLE, SFR Santé-
Lyon Est, CNRS UAR3453, INSERM US7, UCBL, Lyon, France).
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Abstract:  

Procollagen C-proteinase enhancers (PCPE-1 and PCPE-2) are known for their ability to stimulate the 

C-terminal maturation of fibrillar collagens by BMP-1/tolloid-like proteinases (BTPs). This proteolytic 

event is the ultimate trigger of collagen fibrillogenesis, a process involved in all steps of life in mammals 

and in many life-threatening diseases. All the mechanistic information gained on this enhancing activity 

has been obtained with PCPE-1 and PCPE-2 is currently thought to work in a similar manner. Here, we 

show that deficiency of PCPE-2 has a rather mild effect on the organization and morphology of collagen 

fibrils in vivo and does not cause significant delay in procollagen maturation in fibroblast cultures. At 

the molecular level, we found that PCPE-2 plays a complex dual role in controlling BTP activity. At 

low concentrations, PCPE-2 is capable of activating procollagen processing, albeit to a substantially 

lesser extent than PCPE-1. At higher concentrations however, the stimulation of procollagen maturation 

decreases strongly due to the co-occurrence of a potent inhibitory mechanism targeting the protease and 

equally affecting fibrillar procollagens and non-collagenous BTP substrates. Furthermore, we establish 

that both the enhancing and inhibitory activities of PCPE-2 rely on its CUB domains and that its 

interactions with procollagens and BMP-1 are mutually exclusive. The non-catalytic domains of BMP-

1 are required for inhibition, probably explaining why closely-related meprins are not similarly inhibited 

by PCPE-2. Collectively, our results identify PCPE-2 as the first endogenous and specific inhibitor of 

human BTPs, suggesting that its primary function may not be the regulation of collagen assembly. 

 

Significance statement: It is a well-accepted paradigm in the protease field that every protease should 

work with a specific inhibitor to regulate its activity and avoid the deleterious effects of uncontrolled 

proteolytic activity. BMP-1/tolloid-like proteinases (BTPs) play important roles in extracellular matrix 

assembly, development, angiogenesis, muscle growth and lipid metabolism but, strikingly, no 

endogenous specific inhibitor is presently reported for this enzyme family in mammals. In this work, 

we identified PCPE-2 (procollagen C-proteinase enhancer 2) as a potent and specific inhibitor of BTPs. 

This result was totally unexpected because, as its name says, PCPE-2 is presently thought to enhance 

the procollagen processing activity of BTPs. Therefore, we also deciphered the molecular mechanisms 

explaining this apparent discrepancy. 

 

INTRODUCTION 

 

Collagen fibrillogenesis is an important biological process that shapes tissues and organs, maintains 

their homeostasis and allows their regeneration after injury. Besides the numerous enzymes required to 

convert individual procollagen chains into properly folded triple helices and then into collagen fibrils 

(1), two extracellular glycoproteins called procollagen C-proteinase enhancers (PCPE-1 and PCPE-2) 

are thought to play a major role.  
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PCPE-1 was first evidenced by Adar and colleagues and found to co-purify with so-called procollagen 

C-proteinases (PCPs) (2), now better recognized as BMP-1/tolloid-like proteinases (BTPs) which 

include bone morphogenetic protein-1 (BMP-1), its splicing variant mammalian tolloid (mTLD) and the 

homologous proteins mammalian tolloid-like 1 and 2 (mTLL-1 and mTLL-2) (3-5). BTPs can cleave 

the C-terminal propeptide of procollagens I-III, V and XI in the extracellular environment to decrease 

the solubility of collagen monomers and trigger fibrillogenesis (6). Previous biochemical and structural 

studies have revealed that PCPE-1 has no catalytic activity by itself but exerts its PCP enhancing activity 

by directly binding the procollagen substrate in the C-propeptide region (2, 7-9). The tight 

PCPE/procollagen interaction induces a local conformational change in the stalk region of the C-

propeptide (10, 11), in close proximity to the cleavage site, that facilitates the cleavage of the compact 

procollagen trimer by BMP-1 and other BTPs (12). 

 

Noteworthy, PCPE-1 also stimulates the N-terminal maturation of procollagen V by BMP-1 (13) but 

has no effect on all other activities of BTPs that have been described so far (14-16). These include the 

processing of other ECM proteins (e.g. laminin-332, collagens VI and VII, small leucine-rich 

proteoglycans, thrombospondin-1, lysyl oxidases) and of numerous proteins involved in the regulation 

of growth factor signaling (e.g. chordin, GDF8 and GDF11, betaglycan, latent-TGF-β binding protein 

1), angiogenesis (e.g. perlecan, prolactin), lipid metabolism (apolipoprotein A1, ApoA1 and low-density 

lipoprotein receptor, LDLR) and peripheral nervous system development (gliomedin) (6, 17-19).  

 

In humans, PCPE-1 is encoded by the PCOLCE gene (20). This is generally well expressed in tissues 

rich in fibrillar collagens such as skin dermis, corneal stroma, tendons, bones, and cartilage but also in 

more cellularized organs where the interstitial extracellular matrix (ECM) plays an important role (e.g. 

heart, kidney, liver, lung, digestive tract) (21, 22). The increased abundance of PCPE-1 has been strongly 

correlated with liver fibrosis (23-25) and is also observed in cardiac and muscle fibrosis or corneal and 

cutaneous scars, as reviewed in (26). Pcolce-null mice do not show any severe abnormality but 

aberrantly-shaped collagen fibrils, affecting tissue mechanical properties, were observed in their bones 

and tendons (27, 28).  

 

PCPE-2 was identified later than PCPE-1 (29) and has been much less studied. It shares 43 % sequence 

identity with PCPE-1 and has the same domain structure consisting of two CUB (Complement, Uegf, 

BMP-1) domains followed by a linker (28 amino-acids in length in mouse and human) and an NTR 

(netrin-like) domain. Its tissue distribution seems to be more restricted than that of PCPE-1 with major 

sites of expression including heart, digestive tract, lung, endocrine and adipose tissues and bladder (21, 

22, 29, 30). Although Xu and colleagues made the early observation that PCPE-2 appears as a very faint 

band in immunoblots of cell extracts of human dermal fibroblasts and is not detected in the supernatant 

(29), one later report showed that exogenous PCPE-2 can stimulate the cleavage of procollagen I when 
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added to the supernatant of human foreskin fibroblasts (31). As PCPE-2 was also found to enhance the 

in vitro cleavage of procollagen II by BMP-1 and mTLL-1 to an extent roughly similar to PCPE-1 (22), 

the current view is that PCPE-2 behaves like PCPE-1 in terms of enhancing procollagen maturation.  

 

Pcolce2-null mice are viable and fertile and do not show any obvious phenotype (32). Although collagen 

organization in these mice has not been characterized, Pcolce2 deficiency seems to protect mice from 

aberrant collagen deposition and myocardial stiffening when challenged in a model of pressure overload 

induced by transverse aortic constriction (30). In addition, when these Pcolce2-null mice are crossed 

with mice deficient in LDLR and fed with a high-fat diet, they accumulate more lipids and show higher 

immune cell infiltration in atherosclerotic lesions (33). The mechanism by which PCPE-2 controls lipid 

metabolism is still unclear but could involve the regulation of ApoA1 maturation by BMP-1 (34, 35) or 

the control of high-density lipoprotein (HDL)-cholesteryl ester uptake by scavenger receptor class BI 

(SR-BI) (33, 36). 

 

Here, we have taken a closer look at the role of PCPE-2 in collagen maturation and assembly. We first 

observed that collagen fibrils in Pcolce2-null mice only show minor defects in homeostasis conditions. 

The effect of PCPE-2 on procollagen processing could be more easily evidenced in vitro but was 

unexpectedly found to be concentration-dependent, ranging from moderate enhancement to partial 

inhibition. This led us to analyze its mechanism of action in more detail and we found that PCPE-2, in 

contrast to PCPE-1, has the unique ability to form a tight complex with BMP-1. This specific feature 

endows PCPE-2 with new possibilities to fine-tune BTP activities and extends its potential functions far 

beyond procollagen maturation.  

 

RESULTS 

 

Pcolce2-null mice show minor defects in collagen fibrils of the skin, heart and tail tendon 

To determine if PCPE-2 is important for the homeostasis of tissues rich in collagen I, we first analyzed 

the organization and morphology of collagen fibrils in the skin of wild-type (WT) and Pcolce2-null 

(KO) mice by transmission electron microscopy (TEM). In both genotypes, fibroblasts were surrounded 

by intertwined bundles of oriented collagen fibrils (Fig. 1A, Fig. S1), which are typical of skin, and there 

was no sign of fibril fusion or irregular shape. We also measured the diameter of more than 3,000 fibrils 

in TEM pictures of WT and KO skin and this analysis revealed that they were slightly increased in KO 

skin (Fig. 1B). The difference between the two genotypes was found to be significant when all the fibrils 

were analyzed together but not when median diameters were compared for individual mice (Fig. 1B), 

suggesting a rather mild effect. To determine if the observed trend of increased fibril diameters had any 

impact on skin mechanical properties, we performed uniaxial traction assays, as previously described 

for mouse skin (37). The tangent modulus, heel region length, failure stretch and ultimate tensile stress 
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were measured for WT and KO mice (Fig. S2) and none of these parameters differed significantly 

between the two types of mice, indicating that PCPE-2 does not play a major role in the control of skin 

mechanical properties. 

 

As the heart is reported to be the major site of Pcolce2 expression (21, 22, 29, 30), we also looked at 

collagen fibrils in this organ and did not observe any change in fibril shape and organization in low or 

high magnification TEM pictures (Fig. 1A, Fig. S1). Fibril diameter distribution showed a slight shift 

toward lower diameters but it was also rather moderate and not associated with a significant difference 

between the median diameters calculated for individual mice (Fig. 1B). 

 

Finally, since it was previously described that the deletion of the Pcolce gene has major consequences 

on the morphology of collagen fibrils in tendons with 100 % of the fibrils presenting irregular (scalloped) 

shapes (27, 28), we analyzed transverse sections of the tail tendon in WT and KO mice. Again, apart 

from a 13 nm-decrease in the median fibril diameter of KO mice, no major irregularity in fibril shape 

could be evidenced (Fig. S1 and S3), suggesting that PCPE-2 is more dispensable than PCPE-1 for the 

proper assembly of collagen fibrils during tendon development and homeostasis. 

 

To check if there was a possible compensation of the absence of PCPE-2 by PCPE-1, we used 

quantitative RT-PCR and immunoblots to compare Pcolce expression in the skin of WT and KO mice 

(Fig. S4A-B). No significant difference was observed and this was also the case at the mRNA level for 

the BTP enzymes (Fig. S4C: variants Bmp1-1 and Bmp1-3 encoding the BMP-1 and mTLD proteins, 

Tll1) which are expressed in mouse skin (38). The lack of major effect of PCPE-2 deficiency on collagen 

organization is therefore not explained by a compensatory mechanism affecting procollagen maturation. 

 

PCPE-2 is expressed by fibroblasts at a low level and exogenous PCPE-2 negatively regulates the 

procollagen I processing activity of BMP-1 in fibroblast medium 

To get further insights into the effect of PCPE-2 on procollagen maturation, we extracted fibroblasts 

from mouse and human skins and compared the relative levels of mRNA present in these cells for PCPE-

1 and PCPE-2. Interestingly, the mean PCPE-1 gene expression was more than 40-fold higher than the 

mean PCPE-2 gene expression in fibroblasts from both species (Fig. 1C), confirming the previous result 

obtained at the protein level by Xu and colleagues who found that PCPE-1 was much more abundant 

than PCPE-2 in human fibroblast cell extracts (29). 

 

We then analyzed procollagen I processing in the conditioned medium of WT and Pcolce2 KO 

fibroblasts 8 h after serum starvation. In contrast to what has been previously described for Pcolce-null 

mouse embryonic fibroblasts (MEFs) and corneal keratocytes (28, 39) but in agreement with the low 

abundance of PCPE-2 in dermal fibroblasts, there was no delay in the C-terminal maturation of 
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procollagen I, as revealed by similar ratios of C-propeptide I to uncleaved precursors (procollagen I and 

pC-collagen I) in mouse fibroblast supernatants (Fig. 1D).  

 

To get a better understanding of its activity, we also produced recombinant PCPE-2 fused to a 6 

Histidine-tag at the N-terminus, in 293-T cells, and purified the protein by successive steps of heparin 

sepharose and Ni-NTA agarose chromatographies. The resulting protein was more than 95 % pure (Fig. 

S5A) and was not contaminated by endogenous PCPE-1, as confirmed by immunoblotting (Fig. S5B). 

Recombinant PCPE-2 was then incubated with the supernatant of human adult fibroblasts in the presence 

of BMP-1 and its procollagen C-proteinase (PCP) enhancing activity on procollagen I was compared to 

that of recombinant PCPE-1 in the same conditions. While PCPE-1 addition led to a significant increase 

in C-propeptide release when compared to the condition with BMP-1 alone, PCPE-2 was unable to 

enhance BMP-1 PCP activity and even displayed inhibitory activity (Fig. 1E-F). Even more surprising, 

PCPE-2 seemed to counteract the activity of PCPE-1 as the simultaneous addition of equimolar amounts 

of PCPE-1 and -2 failed to reproduce the enhancement obtained by PCPE-1 alone (Fig. 1E-F).  

 

PCPE-2 does not behave like a canonical procollagen C-proteinase enhancer 

To get further insight into this unexpected behavior of PCPE-2, we ran a series of in vitro experiments 

with three different mini-procollagens corresponding to truncated versions of fibrillar procollagens I, II 

and III, lacking the N-propeptides and made of short triple helices and of full-length C-telopeptides and 

C-propeptides (40). These mini-procollagens were cleaved by BMP-1 and their cleavages were 

efficiently stimulated by PCPE-1 when the latter was present in equimolar amounts with the substrate 

(Fig. 2A). Interestingly, when tested in the same conditions, the enhancing effect of PCPE-2 was hardly 

detectable with mini-procollagens I and III but was more clearly evidenced with mini-procollagen II 

(Fig. 2A). The enhancement factor, calculated from band intensities as described in Materials and 

Methods, remained however substantially lower in all cases than with PCPE-1 which allowed 100 % of 

processing for all mini-procollagens in the conditions of the assay.  

 

Since the enhancing activity of PCPE-1 is known to depend on its molar ratio to procollagen (7, 41), we 

next tried to vary the concentrations of PCPE-1 and PCPE-2 in the assay. To achieve this, we used 

another model substrate called CPIII-Long and previously found to be well-suited for the precise 

quantification of BMP-1 C-proteinase activity (7). This substrate is made of the three final repeats of 

the triple helix, the C-telopeptide and the C-propeptide of procollagen III. Whereas the enhancing 

activity of PCPE-1 reached a plateau between 0.5 and 1 equivalent (PCPE:CPIII-Long trimer molar 

ratio) and remained stable at the maximum cleavage rate with 4 equivalents (enhancement factor > 3), 

PCPE-2 activity also reached a plateau between 0.5 and 1 equivalent, at the relatively high enhancement 

factor of 1.7-1.8, but then decreased to the basal level defined by BMP-1 alone at 4 equivalents (Fig. 

2B). In order to better compare the effects of PCPE-1 and PCPE-2, we also quantified C-propeptide 
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(CP) III release using an even larger range of PCPE:CPIII-Long ratios (ranging from 0:1 to 6:1) and the 

more linear fluorescent Sypro Ruby dye for detection. This experiment (Fig. 2C) clearly showed that 

the effect of PCPE-2 on BMP-1 procollagen-processing activity followed a bell-shaped curve with 

activation at lower concentrations (ratios from 0.1:1 to 1:1) and inhibition at higher concentrations 

(ratios ≥ 3:1). In the conditions of this experiment, the maximum enhancement factor with PCPE-2 was 

1.3-fold and the maximum inhibition reached 50 % at the 6:1 ratio while PCPE-1 activity stayed at a 

plateau with an enhancement factor of 1.7 for all ratios superior to 0.3:1. This suggests that the enhancing 

activity of PCPE-2 is hindered by another process that is potent enough to abrogate BMP-1 stimulation 

and can even lead to the inhibition of CPIII-Long cleavage. 

 

Together, our data reveal that PCPE-2 plays a complex dual role when regulating the PCP activity of 

BMP-1 and does not behave like the canonical enhancer PCPE-1. To explain these observations, the 

mechanism of action of PCPE-2 was investigated further and compared to that of PCPE-1, as described 

below. 

 

PCPE-2 and PCPE-1 bind to the same site on procollagens 

As also observed in the experiment with fibroblast supernatants (Fig. 1E-F), when PCPE-1 and PCPE-

2 were added simultaneously to the mini-procollagen cleavage assays, the resulting effect was below 

the activity of PCPE-1 alone and close to the activity of PCPE-2 alone or even slightly lower (Fig. 2A). 

This result suggested that in addition to being a poor PCP enhancer, PCPE-2 was able to antagonize the 

enhancing activity of PCPE-1 in a very efficient manner. Since we know from previous studies that the 

interaction of PCPE-1 with procollagens is the main driver of its activity (8, 42, 43), one possible 

mechanism to explain the antagonist effect of PCPE-2 could be binding the procollagens with a higher 

affinity than PCPE-1 but in a less productive manner. Interestingly, the PCPE-1 residues that were 

previously shown to be involved in the interaction with procollagen III were perfectly conserved in 

PCPE-2 (Fig. S6A). In addition, when a model of the CUB domains of PCPE-2 was superimposed on 

the structure of the complex between the C-propeptide of collagen III and the CUB domains of PCPE-

1 (12) (Fig. S6B), the two PCPEs seemed to adopt a similar conformation with a rmsd (root-mean-square 

deviation) between the atomic positions of alpha carbons in CUB domains of 3.25 Å.  

 

To confirm the binding of PCPE-2 to procollagens, we analyzed the interaction of recombinant PCPE-

2 with immobilized mini-procollagen III by surface plasmon resonance (SPR). We observed that PCPE-

2 also interacted efficiently with mini-procollagen III (Fig. 2D). However, the association and 

dissociation rates were faster than for PCPE-1 (Fig. S7A), leading to kinetic constants which were 

outside the instrument specifications. To circumvent this problem, we fitted the curves in the steady-

state mode and obtained a dissociation constant of 11 nM (inset in Fig. 2D). For comparison, the KD 

obtained for PCPE-1 in the same conditions was 2.2 nM (Fig. S7A), in good agreement with previous 
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measurements (0.3-7 nM; (8, 43)), indicating that PCPE-1 leads to a slightly more stable complex with 

mini-procollagen III than PCPE-2. As for PCPE-1, the main site of interaction of PCPE-2 on mini-

procollagen III was found to be the C-propeptide and interaction with this region alone led to a 

dissociation constant of 45 nM (Fig. S7B), also slightly higher than for PCPE-1 (8).  

 

Furthermore, we could demonstrate that both proteins bound to overlapping sites on mini-procollagen 

III as there was no substantial increase in the recorded SPR signal when PCPE-1 was injected on a mini-

procollagen III surface which was already saturated with PCPE-2 (Fig. 2E). This was also true when 

PCPE-2 was injected on a mini-procollagen III surface saturated with PCPE-1 (Fig. S7C). However, the 

injection of PCPE-1 after PCPE-2 led to a slower dissociation (Fig. 2E) while no change in dissociation 

rate was observed when PCPE-2 was injected after PCPE-1 (Fig. S7C). This demonstrated that PCPE-

1 could efficiently displace PCPE-2 from mini-procollagen III whereas the opposite was not true, ruling 

out the hypothesis that the antagonist effect of PCPE-2 was due to its capacity to form more stable 

complexes with procollagens.  

 

The CUB domains are responsible for PCPE-2 enhancing activity  

To better understand the differences between PCPE-1 and PCPE-2, we produced the CUB and NTR 

domains of PCPE-2 separately (Fig. S5C). Since direct overexpression in HEK 293 cell lines gave low 

yields of unstable protein, we designed a PCPE-2 construct containing an internal HRV 3C-protease 

cleavage site (named PCPE-2 3C hereafter) which allowed us to separate the CUB1CUB2 region from 

the NTR domain (Fig. S5C-D). 

 

After purification, these domains were compared to full-length PCPE-2 and PCPE-2 3C in a CPIII-Long 

cleavage assay (Fig. 2B and S8). Interestingly, while the NTR domain had no impact on substrate 

processing, PCPE-2 3C and the derived CUB1CUB2 domains could recapitulate the activity of full-

length PCPE-2 with a weak enhancement at 0.5 equivalent which tended to decrease when molar ratios 

to CPIII-Long were increased. No further change in CUB1CUB2 activity was observed when the NTR 

domain was also present (Fig. S8). In agreement with the observation that the CUB domains of PCPE-

2 play the most important role, these bound to mini-procollagen III with a KD around 30 nM (Fig. S9A) 

while no interaction between the NTR domain and mini-procollagen III was found (Fig. S9B). This 

suggests that the CUB domains are responsible for PCPE-2 activity, similarly to what was previously 

described for PCPE-1 (43, 44). Also, we can conclude that the interaction of PCPE-2 with procollagens 

alone is unlikely to explain the complex activity profile described in Fig. 2C as the main function-related 

features of PCPE-1 are conserved in PCPE-2.  
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PCPE-2 is a potent inhibitor of BMP-1 

In addition to its PCP enhancing activity, PCPE-1 is also known to stimulate the cleavage of the N-

terminal (TSPN) domain of the α1 chain of procollagen V by BMP-1 (13), another activity related to 

collagen fibril assembly (45). To determine if PCPE-2 could play a similar role, we monitored the release 

of the TSPN domain from a truncated form of the procollagen V N-propeptide, called pNα1(V) (13), by 

SDS-PAGE. As expected, more TSPN was detected when PCPE-1 was present (at molar ratios to 

pNα1(V) between 0.1:1 and 2:1) than when BMP-1 alone was incubated with the substrate (Fig. 3A). In 

contrast, there was no visible TSPN product when PCPE-2 was added at all the tested molar ratios, 

suggesting that PCPE-2 strongly inhibited BMP-1 activity on pNα1(V). Even more surprisingly, we 

observed that PCPE-2 also reduced the processing of several other known BMP-1 substrates on which 

PCPE-1 had no effect. This was the case for thrombospondin-1 (TSP-1), a recently described substrate 

involved in the control of cell adhesion and TGF-β activation (46). Its cleavage products became hardly 

visible when PCPE-2 was added to the assay at a 1:1 molar ratio (Fig. 3B). Similarly, the BMP-1-

dependent processing of betaglycan, another BMP-1 substrate acting both as a TGF-β receptor (TGF-β 

RIII) at the cell surface and as a TGF-β antagonist when it is released in the extracellular environment 

(47), was reduced in the presence of PCPE-2 (Fig. 3C). PCPE-2 also inhibited the cleavage of chordin, 

a major antagonist of the BMP-2 and BMP-4 growth factors (5), and of endorepellin, a stable angiostatic 

fragment of perlecan (48) (Fig. 3D-E). Finally and of great interest for the described role of PCPE-2 in 

lipid metabolism, the BMP-1-dependent cleavage (17, 49) of LDLR that mediates the endocytosis of 

LDL particles was completely blocked by PCPE-2 (Fig. 3F). In summary, PCPE-2 inhibited the 

cleavages of all the BMP-1 non-collagenous substrates that we were able to test, suggesting that it 

behaves as a broad-range inhibitor of BMP-1 activities. 

 

In order to check that this newly observed inhibitory activity of PCPE-2 was not an artifact of the 

protocol used to purify the recombinant protein, we looked at the processing of an endogenous substrate 

naturally expressed in 293-EBNA cells. Among the various possible substrates that we tested, the C-

terminal fragment of LDLR generated by BMP-1 (17, 49) could be readily detected in the cell lysate of 

293-EBNA cells. The dependence on endogenous BMP-1 was confirmed by the comparison of three 

293-cell lines stably expressing either PCPE-2, the corresponding empty vector or the Xenopus protein 

sizzled (not present in mammals) which is known to be a potent and specific exogenous inhibitor of 

BTPs (50). We found that LDLR C-terminal proteolytic product was clearly diminished in PCPE-2- and 

sizzled-transfected cells compared to cells transfected with the corresponding empty vector (Fig. 3G). 

 

Finally, the regulation of BMP-1 activity by PCPE-2 was assessed using the fluorogenic peptide Mca-

YVADAPK(Dnp)-OH that can be cleaved by BMP-1 between the first alanine and the aspartate. 

Whereas the addition of PCPE-1 did not modify the cleavage rate of the peptide up to a 30:1 PCPE-

1:BMP-1 molar ratio, PCPE-2 was also found to inhibit this cleavage at all tested ratios (from 1:1 to 



Publications 

242 
 

30:1; Fig. 4A). The apparent inhibition constant (Ki
app) value for PCPE-2 was calculated to be 2.8 ± 0.6 

nM (Fig. 4B) which indicated that PCPE-2 was a tight-binding inhibitor of BMP-1. However, it failed 

to decrease BMP-1 activity down to zero with around 25 % of residual activity at the highest PCPE-2 

concentration (690 nM). This result suggested that PCPE-2 was not a competitive inhibitor directly 

binding to BMP-1 active site.  

 

The inhibitory activity of PCPE-2 is borne by its CUB domains and requires BMP-1 non-catalytic 

domains 

Our next goal was to decipher the mechanism of BMP-1 inhibition by PCPE-2. Using the separate CUB 

and NTR domains generated above, we first showed that the CUB domains were necessary and sufficient 

for the inhibition of the cleavage of the fluorogenic peptide and that the NTR domain had no effect (Fig. 

4A). On the BMP-1 side, the catalytic domain of the protease could also cleave the peptide but was not 

affected by the presence of PCPE-2 (Fig. 4C), also excluding the possibility that PCPE-2 acts as a 

competitive inhibitor binding into the protease active site. In line with these results, PCPE-2 and 

CUB1CUB2 but not NTR bound to immobilized BMP-1 by SPR (Fig. 4D and S9C). Furthermore, full-

length BMP-1 but not its catalytic domain bound to immobilized PCPE-2 (Fig. 4E). The dissociation 

constant for the interaction of PCPE-2 with BMP-1 was found to be 8.4 nM with the steady-state fit 

(Fig. 4F), in the same range as the Ki
app measured above and as the dissociation constant for the 

interaction of PCPE-2 with procollagens (Fig. 2D). In the same conditions, PCPE-1 only gave a very 

weak signal (Fig. 4D), as previously described (42). Therefore, we could hypothesize that the difference 

in activity between the two proteins comes from the increased ability of PCPE-2 to form a stable 

complex with BMP-1, an interaction which further leads to BMP-1 inhibition.  

 

To better understand the consequences of this dual binding capacity, we ran a competition experiment 

which consisted of injecting increasing concentrations of BMP-1 on a CPIII surface to which PCPE-2 

was already bound (Fig. 4G). Interestingly, BMP-1 was found to be able to disrupt the complex between 

PCPE-2 and CPIII in a concentration-dependent manner, leading to 77 % inhibition when both BMP-1 

and PCPE-2 were injected at the same concentration (200 nM). Here again, PCPE-2 behaved differently 

from PCPE-1 as the simultaneous injection of PCPE-1 and BMP-1 over immobilized CPIII did not lead 

to a decreased signal but rather to an increased signal (Fig. S9D), revealing that BMP-1 and PCPE-1 

could bind together on CPIII. These important results demonstrate that the interactions of PCPE-2 with 

the procollagen substrate and the BMP-1 protease are mutually exclusive and that a stable ternary 

complex involving BMP-1, PCPE-2 and a procollagen substrate is unlikely to occur. 
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PCPE-2 specifically inhibits BTPs but also interferes with the PCP activity of meprins through its 

interaction with procollagens 

As PCPE-2 is only the second endogenous inhibitor of BMP-1 to be described in mammals after α2-

macroglobulin (51), a plasma protein known to inhibit a wide range of proteolytic enzymes, we wanted 

to know if it was specific to BMP-1. We first tested its effect on mTLL-1 in a CPIII-Long cleavage 

assay (Fig. 5A). Interestingly, the enhancement of the PCP activity of mTLL-1 by PCPE-2 followed the 

same trends as for BMP-1 with a maximum enhancement factor of 1.6 at 0.5:1 and 1:1 molar ratios 

which then dropped off at higher PCPE-2 concentrations. In addition, PCPE-2 could efficiently inhibit 

mTLL-1 in the fluorogenic peptide assay (Fig. 5B), albeit to a slightly lower extent than with BMP-1, 

indicating that PCPE-2 can affect both the collagenous and non-collagenous substrates of the enzyme, 

in agreement with what was observed above for BMP-1. 

 

Meprin α and meprin β are two other members of the astacin-like subgroup of metalloproteinases that 

were tested next. They were differentially impacted in the fluorogenic peptide and CPIII-Long assays 

with no effect of PCPE-2 on the peptide cleavage but a slight inhibition of the maturation of the 

procollagen-derived protein by meprins (Fig. 5C-D). The latter result was in agreement with our 

previous finding that PCPE-1 could inhibit the PCP activity of meprins by blocking their access to the 

cleavage site through its tight interaction with procollagens (52). A similar mechanism is probably also 

at play with PCPE-2 but to further confirm that PCPE-2 does not inhibit other meprin activities, another 

physiological substrate of these proteases (CD99, (53)) was tested. As expected, CD99 cleavage was 

not affected by PCPE-2 (Fig. S10) and this strongly suggested that PCPE-2 inhibition specifically 

targeted BTPs. Consequently, PCPE-2 appears as the first specific endogenous inhibitor of this enzyme 

family in mammals. 

 

 

DISCUSSION   

 

In this study, we provide evidence that collagen fibrils of three different tissues (skin, heart and tail 

tendon) do not show any obvious defects of their overall organization and morphology when PCPE-2 is 

missing. Only the distributions of fibril diameters display some alterations but this has no significant 

impact on tissue mechanical properties, at least in skin. The absence of pronounced collagen phenotype 

also applies to the heart, a site of high PCPE-2 expression (22, 54), and appears to be in marked contrast 

to the results obtained with Pcolce-null mice which display severe alterations of fibril morphology in 

bones and tendons (27, 28). This led us to analyze the PCP enhancing activity of PCPE-2 in more detail 

and we found that, even if enhancement of procollagen maturation can be observed in vitro in a specific 

range of PCPE-2 concentrations, the level of stimulation achieved by this protein is generally much 

lower than by PCPE-1. This is especially true for procollagens I and III but less for procollagen II, for 
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which the enhancement is more easily observed. Therefore, the use of the procollagen II substrate for 

the early characterization of PCPE-2 (22) may have led to the partially flawed conclusion that, at least 

in vitro, PCPE-2 works exactly like PCPE-1. When we extended the PCPE-2 concentration range around 

the classical 1:1 ratio to procollagen, we actually revealed that the regulation of substrate processing 

follows a bell-shaped curve with an increase in enhancing activity at low concentrations which then 

rapidly drops off when the PCPE-2 concentration becomes higher, to finally fall below the basal level 

observed with BMP-1 alone. This indicates that PCPE-2 can also lead to the inhibition of procollagen 

processing in specific conditions, a result which was totally unexpected.  

 

How results obtained in vitro translate in vivo in terms of collagen fibrillogenesis regulation is difficult 

to anticipate in the absence of precise data regarding the relative tissue concentrations of procollagens, 

PCPEs and BTPs. In line with the relatively low expression of PCOLCE2 in dermal fibroblasts (this 

study and (29)) and with the absence of major alterations in collagen fibrils, it seems that PCPE-2 does 

not play a crucial role in the organization of the collagen network and in the maintenance of its 

homeostasis. The absence of effect of PCPE-2 on collagen fibrillogenesis in vivo might thus be due to 

the combination of a low expression at sites of active collagen deposition and to a limited capacity to 

enhance or inhibit procollagen maturation at this low abundance. This preliminary conclusion applies 

to homeostatic conditions but it cannot be excluded that PCOLCE2 expression might be induced upon 

challenge. However, even in conditions known to trigger high collagen synthesis such as tissue injury, 

PCOLCE2 does not seem to follow the up-regulation trend often displayed by BMP1 and PCOLCE (6, 

26). Its protein or RNA level was actually found to be down-regulated in murine models of corneal 

scarring (55) and lung injury (56, 57) and unchanged in a model of cardiac fibrosis (58). Interestingly 

also, in skin and kidney, PCOLCE2 expression seems restricted to specific fibroblast subpopulations 

with progenitor potential (59, 60) rather than with myofibroblast/matrix-producing potential (59, 61). In 

contrast, PCOLCE2 is more highly expressed than PCOLCE in human macrophages (62, 63) and could 

regulate neutrophil functions (64). Even though the regulation of PCOLCE2 expression during injury-

driven inflammation remains to be established, these data suggest that PCPE-1 and PCPE-2 might play 

distinct and non-overlapping roles in tissue repair. In support of this hypothesis, we have observed here 

that PCPE-2 can efficiently counteract PCPE-1 activity, potentially leading to conflicting outcomes 

when both are present simultaneously in the same locations. More intriguingly, our present results do 

not fit with the findings, described in an earlier report (30), suggesting that Pcolce2 deficiency protects 

mice against collagen accumulation and myocardial stiffening in a model of chronic pressure overload 

and that PCPE-2, like PCPE-1 (26), could represent a relevant target in fibrosis. These findings will 

have to be investigated again to determine if they really depend on the direct regulation of BTP-

dependent collagen maturation by PCPE-2 or on unrelated mechanisms. More generally, the specific 

functions of the two PCPEs in fibrosis will be important to clarify if novel anti-fibrotic strategies 

targeting one or the other are developed. 
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In this context, another remarkable result of our study is that PCPE-2 completely inhibits the N-terminal 

maturation of procollagen V while, as expected in the same conditions (13), PCPE-1 behaves as a weak 

enhancer of this cleavage. Collagen V N-propeptide retention is known to limit fibril growth (45) but 

the absence of substantial effect of PCPE-2 deficiency on fibril diameters also argues against both 

proteins being synthesized simultaneously in the analyzed tissues. While the exact mechanism of 

stimulation of N-propeptide processing by PCPE-1 is unknown, this is also thought to be mediated by 

substrate binding since PCPE-1 can efficiently interact with the TSPN domain of collagen V (13). In the 

case of PCPE-2, the observation that procollagen V was not the only BMP-1 substrate to be affected 

suggested that its inhibitory activity was most probably associated to a direct effect on the protease 

rather than on the substrate. Actually, all the other BMP-1 substrates that we were able to test, including 

five physiological substrates (TSP-1, betaglycan, chordin, endorepellin and LDLR) and a short model 

peptide, were all strongly inhibited by PCPE-2 despite the fact that they were all unrelated in terms of 

structure and function. This unexpected finding also points at novel potential functions for PCPE-2. For 

example, the proteolytic products resulting from some of the characterized substrates are known to play 

a role in the control of cell adhesion (TSP-1), TGF-β activation and bioavailability (TSP-1, betaglycan) 

and/or angiogenesis (TSP-1, endorepellin). Their regulation by PCPE-2 could thus give new mechanistic 

hints to explain that the latter recently emerged as a signature gene predicting survival in several types 

of cancers (65-68). Similarly, the cleavage of LDLR is strongly inhibited by PCPE-2 suggesting a 

connection with PCPE-2 relatively well-established roles in the regulation of diet-induced 

atherosclerosis (33) and adipose tissue expansion (36). However, these roles were mainly described in 

mouse models where the LDLR cleavage site that is targeted by BMP-1 is not conserved (17, 49). Other 

mechanisms are therefore also certainly involved such as a direct interaction of PCPE-2 with scavenger 

receptors (e.g. SR-BI, as previously proposed (33, 36)) or the cleavage of other BMP-1 substrates linked 

to lipid metabolism. In this context, a BMP-1 substrate that was unfortunately not available to us but 

will require further investigation is pro- ApoA1 (35). Its proteolytic maturation by BMP-1 was 

previously reported to be enhanced in the presence of PCPE-2 (31) while our present results would 

rather predict that it should be inhibited.  

 

The broad inhibition of BMP-1 activities by PCPE-2 suggested the possibility of a direct and strong 

interaction between the regulatory protein and the protease. This hypothesis was confirmed by SPR 

experiments while, in the same conditions, PCPE-1 appeared as a weak ligand of the protease. 

Interestingly also, PCPE-2 binds to BMP-1 through the same domains as those involved in the 

interaction with collagen C-propeptides, through overlapping binding sites, as demonstrated by 

competition experiments. This results in mutually exclusive interactions of PCPE-2 with the procollagen 

or the protease and leads to the unusual bell-shaped curve described above, with successive phases of 

stimulation by PCPE-2 (through procollagen binding) and of inhibition by PCPE-2 (through protease 
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binding). It seems that PCPE-2 literally hijacks BMP-1 and prevents its interaction with substrates, 

independently of the presence of PCPE-1 which then becomes totally powerless. It even appears that 

PCPE-1 potentiates the inhibition of BMP-1 PCP activity by PCPE-2, probably through the saturation 

of binding sites on procollagens which makes more PCPE-2 molecules available to bind BMP-1. This 

is reflected by the higher inhibition observed when both PCPEs are present than when PCPE-2 alone is 

present. Since the catalytic domain of BMP-1 alone cannot interact with PCPE-2, we propose that the 

latter regulates protease activity through an interaction with its non-catalytic domains. These have been 

suggested to adopt a closed horseshoe conformation in solution, bringing CUB3 in close proximity to 

the catalytic domain (69). However, the precise molecular mechanism explaining why PCPE-2, in 

contrast to PCPE-1, can form tight complexes with BTPs remains unclear and will require further 

investigation. 

 

Together, the data presented here establish that PCPE-2 is a potent endogenous inhibitor of the BMP-

1/tolloid-like proteinases. It is probably also very specific as suggested by its mechanism of action and 

its lack of direct effect on meprins. As such, at least in mammals, PCPE-2 seems to be the first 

endogenous and specific inhibitor of BTPs capable of regulating all their activities. Other natural 

inhibitors have been described in the past but these were either not specific to BTPs (α2-macroglobulin 

(51)), not conserved in humans (sizzled (50, 70)) or highly controversial (sFRP-2 (50, 71, 72) and BMP-

4 (73, 74)). In that sense, it is intriguing to see that PCPE-2 has a netrin-like domain in common with 

the natural inhibitors of the matrix metalloproteinases (TIMPs 1-4) but that its inhibitory activity is not 

borne by this domain which is fully dispensable for inhibition.  

 

A summary of the finely-tuned regulation of BMP-1 activity permitted by the two PCPEs is provided in 

Fig. 6. The entire range of possible outcomes, from no effect to enhancement and inhibition, is 

potentially available but will depend on the relative concentrations and availability of the various 

partners (substrate, protease, PCPE) in specific situations. Future work should therefore focus on the 

identification of the cell types that are the most relevant in terms of PCPE-2 production and on the 

characterization of its possible co-expression with BTPs in time and space in order to better define the 

scope of the new regulatory mechanisms unveiled by the present study. 

 

 

MATERIALS AND METHODS  

 

Pcolce2-null mice 

Pcolce2-null embryos were obtained from the group of Dr. Thomas Boehm at the Max-Planck-Institute 

of Immunobiology and Epigenetics in Freiburg, Germany. They were generated by replacing a large 

part of the exon 3 of the Pcolce2 gene by the IRES-lacZ/neomycin resistance cassette, as described in 



Publications 

247 
 

(32). Embryos were injected into C57BL/6 females and the offspring were mated with C57BL/6 mice 

to generate both wild-type (WT) and Pcolce2-null (KO) mice. These were housed in the pathogen-free 

facility of the University of Freiburg according to ethical regulations.  

 

Protein production 

The human PCPE-2 sequence was obtained from the pOTB7-PCPE-2 plasmid purchased from Source 

BioScience (clone ID 3951739). This sequence contained two mutations (829G>T and 874C>A) which 

were corrected. The PCPE-2 sequence was then cloned into a pJET1.2/blunt vector using the CloneJET 

PCR Cloning strategy (ThermoFisher). PCPE-2 cDNA was further amplified by PCR with an N-

terminal 6His-tag and inserted into the mammalian expression vector pHLsec (75), through the 

AgeI/XhoI sites, using the In-Fusion cloning strategy (Ozyme). The PCPE-2 3C construct was designed 

to insert one HRV 3C-protease cleavage site between the 6His-tag and the beginning of PCPE-2 (giving 

the following N-terminal sequence after signal peptide removal: ETGHHHHHHLEVLFQGPAS) and 

one HRV 3C-protease cleavage site between amino-acids 270 and 271 of full-length human PCPE-2 (as 

described in Fig. S5C). The corresponding synthetic gene was ordered from Twist Bioscience after 

codon optimization. The cDNA was digested with AgeI/XhoI and subcloned into linearized pHLsec. 

All products were checked by Sanger sequencing (Eurofins).  

 

For the production of PCPE-2 and PCPE-2 3C, (HEK) 293-T cells were seeded in HYPERflask or 

CellSTACK cell culture vessels (Corning) in DMEM AQ medium (Merck) containing 10 % of fetal 

bovine serum (FBS, Gibco or Eurobio) and 1 % antibiotic-antimycotic solution (AAS, Merck). At 80-

90 % of confluency, cells were transfected with pHLSec-6His-PCPE-2 or pHLSec-6His-PCPE-2 3C 

plasmid, using polyethylenimine (PEI, Merck) as transfection reagent, in DMEM medium with only 2 

% of FBS and 1 % of Non-Essential Amino Acids (Merck). Culture medium was collected 3 and 5 days 

after transfection, centrifuged at 1000 g and mixed with protease inhibitors (0.25 mM Pefabloc (Roth) 

and 2 mM N-ethylmaleimide (Merck)). The first purification step was on Heparin Sepharose 6 Fast 

Flow resin (Cytiva) which was prepacked into a column and equilibrated in 20 mM HEPES pH 7.4, 0.15 

M NaCl. A linear gradient of NaCl was used to elute the protein (from 0.15 to 2 M NaCl) and the PCPE-

2 protein was obtained between 0.5 to 0.8 M of NaCl. Imidazole was then added to the pool of PCPE-

2-containing fractions to a final concentration of 5 mM before loading the protein solution on Ni-NTA 

resin (Qiagen). The resin was washed successively with 20 mM HEPES pH 7.4, 0.6 M NaCl containing 

20 mM then 50 mM imidazole and the protein was eluted with a gradient of imidazole from 50 to 500 

mM. Fractions containing PCPE-2 were pooled, diluted with 20 mM HEPES pH 7.4 to reduce salt 

concentration down to 0.25 M and loaded on a HiTRAP Heparin-HP column (Cytiva). The protein was 

eluted with 0.6 M NaCl in 20 mM HEPES pH 7.4, flash-frozen in the same buffer supplemented with 5 

mM CaCl2 and 0.1 % of n-octyl-β-D-glucopyranoside (βOG, Roth) and stored at -80 °C until use. The 

average yield for PCPE-2 production was 0.5 mg per liter of culture. 
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The CUB1CUB2 and NTR domains of PCPE-2 were generated by cleavage of the PCPE-2 3C protein 

purified as above until elution from the Ni-NTA column. Then, HRV 3C-protease was added to PCPE-

2 3C in a 1/30 w/w ratio and the mixture was incubated for 1 h 30 at room temperature, followed by 

dialysis overnight at 4 °C in a 7 kDa Slide-a-Lyzer (ThermoFisher) to eliminate imidazole. Removal of 

uncleaved protein and HRV 3C-protease was achieved by purification on Ni-NTA agarose (0.5 ml) 

equilibrated in 20 mM HEPES pH 7.4, 0.3 M NaCl, 0.1 % βOG. PCPE-2 fragments were collected in 

the flow-through and loaded on a HiTRAP Heparin-HP column equilibrated in the same buffer. The 

CUB1CUB2 domains were recovered in the flow-through while the NTR domain was eluted with 0.6 

M NaCl. Before concentration on Amicon 3 kDa devices (Merck), the NaCl concentration of the 

CUB1CUB2 solution was also adjusted to 0.6 M and calcium (2.5 mM) was added. Proteins were then 

flash-frozen and stored at -80 °C until use. 

 

Statistical analysis 

Statistical analyses were performed with GraphPad Prism 8. Using a 5 % threshold, we first verified the 

normality of the distribution using the Shapiro-Wilk test as well as the equality of variance with the 

Fisher test. If these tests were passed successfully, the significance of the mean difference was assessed 

using an unpaired t-test. In other situations, the test used was as indicated in figure legends. For multiple 

comparisons, one-way ANOVA with paired data and Dunnett post-test was used.  

 

Further information is provided in SI Materials and Methods. 
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FIGURE LEGENDS 

 

Figure 1: The absence of endogenous PCPE-2 does not have a major impact on collagen fibrils in 
vivo but exogenous PCPE-2 regulates procollagen I maturation in fibroblast supernatants. (A) 
TEM pictures of collagen fibrils in the skin and heart of WT and Pcolce2-null (KO) mice (6 week-old). 
Representative images of n = 8 (skin) or 4 (heart) mice/genotype. Bar = 100 nm (heart) or 200 nm (skin). 
(B) Distribution of collagen fibril diameters for WT and KO mice and median values of all 
measurements; 3092 fibrils from n = 8 mice were analyzed for each genotype in skin and 807 fibrils 
from n = 4 mice in heart (****, p < 0.0001; Mann-Whitney test). The graph of the median diameters 
calculated for individual mice is also shown (means ± SD; n = 8 mice/genotype for skin and 4 
mice/genotype for heart). (C) Comparison of the mRNA abundance for the genes encoding PCPE-1 and 
PCPE-2 by qRT-PCR in normal mouse and human dermal fibroblasts (NMF and NHF respectively). 
Graphs show means ± SD (n = 4 mice or 6 donors for human; unpaired t-test with Welch’s correction: 
*, p-value < 0.05). (D) Immuno-detection of procollagen I, pC-collagen I and C-propeptide of collagen 
I (see schematic for a definition; PNP = procollagen N-proteinase and PCP = procollagen C-proteinase) 
with the anti-C-propeptide I (LF-41) antibody in the supernatant of WT and KO fibroblasts after 8 h of 
culture without serum. SDS-PAGE was run in reducing conditions and the same membrane was exposed 
for 1 min to detect the pro- and pC-collagens and for 3 min to detect the C-propeptide. Quantification 
of band intensities is shown for 3 mice/condition (means ± SD). (E) Detection of the same processing 
products in the supernatant of human adult fibroblasts after incubation for 2 h at 37 °C with buffer or 10 
nM BMP-1. When indicated, 750 nM PCPE-1 and/or PCPE-2 were also added to the cleavage assays. 
The uncropped membrane is available in Fig. S11. (F) Quantification was with n = 7-8 independent 
experiments (conditions shown in the same order as on the western-blot). Means ± SD are shown and 
conditions were compared using one-way ANOVA with paired data and Dunnett test for multiple 
comparisons (*, p-value < 0.05; **, p-value < 0.01). 
 
Figure 2: The effect of PCPE-2 on procollagen C-terminal maturation is concentration-dependent 
and involves a direct interaction with procollagens. (A) Mini-procollagens I, II and III (430 nM) were 
incubated with 21 nM BMP-1 in the absence or presence of 430 nM PCPE-1 or / and PCPE-2 in a total 
volume of 30 μL for 1 h. Reaction products were analyzed by SDS-PAGE (4-20 % polyacrylamide gel; 
non-reducing conditions) and Coomassie Blue staining. Enhancement factors estimated by densitometry 
are indicated below the gel. Gels are representative of n = 3 independent experiments. (*) indicates the 
position of the trimeric N-terminal cleavage product of mini-procollagen III (when visible). (B) 
Cleavage of CPIII-Long (360 nM) by BMP-1 (20 nM) for 1 h in the absence or presence of PCPE-1, 
PCPE-2, the CUB domains of PCPE-2, the NTR domain of PCPE-2 or combinations of PCPE-1 and 
PCPE-2 (or its domains). Molar ratios of PCPEs and domains to CPIII-Long are indicated in the table 
above the gel and enhancement factors are reported below the gel. The gel is representative of n = 3 
independent experiments. (C) Quantification of CPIII-Long (360 nM) processing by BMP-1 (16.5 nM) 
in the presence of increasing amounts of PCPE-1 and PCPE-2 (0-2.2 μM). Analysis was by SDS-PAGE 
(reducing conditions) on a 15 % acrylamide gel with Sypro Ruby staining and quantification of 
individual substrate bands. (D) PCPE-2 binding to immobilized mini-procollagen III (435 RU). PCPE-
2 was injected at the following concentrations: 0.78, 1.56, 3.12, 6.25, 12.5, 25 and 50 nM. The best fit 
of the binding response at equilibrium (steady-state conditions) is also shown (inset). (E) Successive 
injections of PCPE-2 + PCPE-1 on immobilized mini-procollagen III (435 RU) compared to successive 
injections of PCPE-2 alone; 200 nM PCPE-2 were injected first for 60 s followed by the injection of 
PCPE-2 (200 nM or 400 nM) alone or in combination with 200 nM PCPE-1 for another 60 s. 
 
Figure 3: PCPE-2 inhibits the cleavage of BMP-1 substrates. (A-E) Effect of PCPE-1 and -2 on 
various BMP-1 substrates at 1:1 PCPE:substrate molar ratios (unless otherwise indicated) at 37 °C. (A) 
The pNα1(V) protein (800 nM) is the monomeric N-terminal region of the α1 chain of collagen V and 
it was incubated with 20 nM BMP-1 for 2 h to monitor the release of the N-terminal TSPN domain 
(PCPE to pNα1(V) molar ratios as indicated above the gel). (B) TSP-1 (200 nM) was incubated with 70 
nM BMP-1 for 4 h to generate one N-terminal fragment (45 kDa) and one C-terminal fragment (120 
kDa). (C) The ectodomain of betaglycan (780 nM) is cleaved by BMP-1 (50 nM) in two main products 
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(N-ter, C-ter) in the conditions of the assay (4 h). (D) Chordin (present in two forms in the starting 
material, resulting from alternative splicing according to the manufacturer; 370 nM) yielded 3 products 
(referred to as N-ter, internal and C-ter) when incubated with 20 nM BMP-1 for 4 h. (E) Endorepellin 
(265 nM) corresponds to the C-terminal part of perlecan and was cleaved by BMP-1 (18 nM) in two 
fragments (LG1-2 and LG3) after 1 h. (F) The ectodomain of LDLR (390 nM) was converted to a shorter 
fragment (C-ter) in the presence of 1.5 nM BMP-1 for 1 h. In (A-F), detection was by SDS-PAGE 
(reducing conditions) with Coomassie Blue staining except for endorepellin and LDLR which were 
detected with Sypro Ruby staining. (*) indicates BMP-1 position when visible. Uncropped gels for (B-
D, F) can be seen in Fig. S11. (G) Immuno-detection of endogenous LDLR in 293-EBNA cells stably 
transfected with an empty vector or the same vector containing sizzled sequence or PCPE-2 sequence. 
Expression of sizzled and PCPE-2 was also evidenced by immunoblotting with anti-His antibody in the 
supernatant of transfected cells. 
 
Figure 4: The CUB domains of PCPE-2 are responsible for its inhibitory activity and the non-
catalytic domains of BMP-1 are required for inhibition. (A) Quantification of BMP-1 activity on the 
fluorogenic peptide Mca-YVADAPK(Dnp)-OH in the absence or presence of increasing concentrations 
of PCPE-2, PCPE-2 3C, the CUB1CUB2 and NTR domains of PCPE-2 or PCPE-1, at the indicated 
molar ratios to BMP-1 (7 nM). Means ± SD of n = 3 independent experiments run in duplicate. (B) The 
apparent inhibition constant (Ki

app) of PCPE-2 was measured in the same conditions with PCPE-2 
concentrations between 0.07 and 690 nM and calculated using the Morisson’s equation. Means ± SD of 
n = 3 independent experiments run in duplicate. (C) Effect of PCPE-2 on the cleavage of the fluorogenic 
peptide by the catalytic domain of BMP-1 (BMP-1cat, 8 nM). Means ± SD of n = 3 independent 
experiments run in duplicate. (D) Comparison of the binding of 50 nM of PCPE-1, PCPE-2 and its 
domains (CUB1CUB2 and NTR) on immobilized BMP-1 (974 RU). (E) Comparison of the binding of 
50 nM BMP-1 and BMP-1cat on immobilized PCPE-2 (646 RU). (F) Fits of sensorgrams obtained with 
the kinetic (black dotted lines; heterogeneous ligand) or steady-state (inset) model when increasing 
concentrations of PCPE-2 (1.56-100 nM, prepared as serial two-fold dilutions) were injected over 
immobilized BMP-1 (974 RU). (G) Competition experiments consisting of an injection of 200 nM 
PCPE-2 for 60 s followed by an injection of PCPE-2 (200 nM) alone or in combination with 50, 100 or 
200 nM BMP-1 for another 60s. The immobilized protein was CPIII (351 RU). 
 
Figure 5: Effect of PCPE-2 on mTLL-1 and meprins. (A) SDS-PAGE analysis in non-reducing 
conditions of the cleavage of CPIII-Long (320 nM) by mTLL-1 (17 nM) in the absence or presence of 
PCPE-1 or PCPE-2 for 4 h. Molar ratios of PCPEs to CPIII-Long are indicated above the gel and the 
enhancement factors are indicated below the gel. The gel is representative of n = 3 independent 
experiments. (B) Comparison of mTLL-1 (50 nM) and BMP-1 (10 nM) activities on the fluorogenic 
peptide Mca-YVADAPK(Dnp)-OH, in the absence or presence of PCPE-1 or PCPE-2 (concentrations 
corresponding to indicated molar ratios to protease). Means ± SD (n = 3 independent experiments run 
in duplicate). (C) SDS-PAGE analysis in non-reducing conditions of the cleavage of CPIII-Long (470 
nM) by meprin α (3 nM) or meprin β (1.5 nM), in the absence or presence of equimolar PCPE-1 or 
PCPE-2 concentrations (470 nM), for 15 min. The uncropped gel is available in Fig. S11 and is 
representative of n = 3 independent experiments. (*) indicates the N-terminal cleavage product of PCPE-
1 by meprins (52) when visible. (D) Comparison of BMP-1 (10 nM), meprin α (1 nM) or meprin β (0.5 
nM) activities on the fluorogenic peptide Mca-YVADAPK(Dnp)-OH, in the absence or presence of 
PCPE-1 or PCPE-2. Means ± SD (n = 3-5 independent experiments run in duplicate). 
 
Figure 6: Summary of the differences in activity for PCPE-1 and PCPE-2 in the context of BMP-
1 regulation. (A) PCPE-1 enhances the C-terminal maturation of procollagens I-III through the binding 
of CUB1CUB2 to the stalk region of collagen C-propeptides. PCPE-2 binds procollagens and BMP-1 
with similar affinities but cannot interact with both partners simultaneously, thereby precluding the 
efficient processing of procollagens. (B) With regard to non-collagenous substrates, PCPE-1 has no 
effect on their BMP-1-dependent cleavage while PCPE-2 behaves as a direct inhibitor of these 
cleavages. Note that the incompletely-characterized case of fibrillar collagens V and XI is not 
represented. 
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Article 4: Dussoyer, M., Michopoulou, A. & Rousselle, P. Appl Sci (2020) 
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Book chapter: Dussoyer M., Moali C. & Lagoutte P. Cours de Biologie de la Peau, COBIP 2022 (2022) 
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