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Résumé – Summary 

 
Contrôle transcriptionnel de l’expression du gène de la « Thymic Stromal 

Lymphopoietin » (TSLP) 

Transcriptional control of expression of the Thymic Stromal Lymphopoietin (TSLP) 

La cytokine Thymic Stromal Lymphopoietin (TSLP) est exprimée d’une manière 

prédominante par les cellules épithéliales de la peau, des voies respiratoires et de l’intestin. 

L’expression constitutive de TSLP dans les cellules épithéliales du côlon participe au maintien 

de l’homéostasie immunitaire de l’intestin en le protégeant contre les infections pathogènes. 

Ainsi, TSLP est un facteur de survie pour l’intestin. Par ailleurs, il y a de nombreuses indications 

que TSLP peut jouer un rôle clé dans la genèse et l’évolution des maladies atopiques. Des études 

de patients ont montré que TSLP est fortement exprimé dans les kératinocytes de l’épiderme, 

dans les cellules épithéliales des voies aériennes, dans le liquide de lavage bronchoalvéolaire 

(BAL), ainsi que dans l’épithélium nasal au cours de la dermatite atopique (AD), de l’asthme et 

des rhinites allergiques. De plus, dans notre laboratoire, des études faites en utilisant un modèle 

« souris » de dermatite atopique, a montré que TSLP est nécessaire et suffisant pour induire une 

inflammation atopique. Moduler l’expression de TSLP, pouvant être une façon efficace de traiter 

l’inflammation atopique, nous avons orienté notre travail de thèse vers l’étude des mécanismes 

qui contrôlent l’expression du gène TSLP in vivo. 

Des études antérieures réalisées dans le laboratoire d’accueil avaient révélé l’intervention 

possible de récepteurs nucléaires (NR) dans la régulation de l’expression de TSLP chez la souris. 

En effet, l’ablation sélective des récepteurs nucléaires RXRα et RXRβ dans les kératinocytes 

épidermiques de la souris (mutant RXRαβ
ep-/-

) déclenche une augmentation de TSLP dans les 

kératinocytes. D’autres études, impliquant la suppression de la fonction d’activation ligand-

dépendante (AF-2) de RXRα et RXRβ avaient suggéré que l’induction de TSLP dans l’épiderme 

des souris RXRαβ
ep-/-

 n’était pas due à la perte des fonctions d’activation AF-2, mais à la 

suppression de la répression exercée par des hétérodimères associant RXRα et/ou RXRβ à 

d’autres récepteurs nucléaires  non-ligandés. 
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L’analyse de ligands spécifiques pour différents NRs pour leur capacité à induire l’expression 

de TSLP révéla que la vitamine D3 active (VD3, l’agoniste du récepteur VDR) et l’acide all-

trans rétinoïque (RA, agoniste des récepteurs RARα, β et γ) étaient capables d’induire 

l’expression de TSLP dans les kératinocytes épidermiques de la souris. Ces résultats indiquaient 

que RXRα, RXRβ, VDR et RARγ pourraient différemment contrôler l’expression de TSLP en 

fonction de la nature des ligands présents.  

Mon travail de thèse a consisté à creuser les observations précédentes et à élucider les 

mécanismes qui régulent l’expression de TSLP in vivo. J’ai poursuivi trois objectifs principaux : 

A. Comprendre les mécanismes par lesquels les NRs régulent l’expression de TSLP, 

B. Identifier les facteurs de transcription additionnels qui pourraient  participer à la 

régulation de l’expression de TSLP, 

C. Déterminer si, et comment, les glucocorticoïdes (GCs), dont l’administration constitue 

l’une des thérapies les plus efficaces pour le traitement des maladies atopiques, modulent 

l’expression de TSLP. 

A.) Comprendre les mécanismes par lesquels les NRs régulent l’expression de TSLP. 

Pour démontrer que la synthèse de TSLP est contrôlée au niveau transcriptionnel par des NRs, 

des essais de « nuclear run-on » ont été effectués en utilisant des extraits épidermiques de la peau 

dorsale de mutants RXRαβ
ep-/- 

ou de souris de type sauvage (comme contrôle), traitées par la 

vitamine D3 (VD3) ou l’acide rétinoïque (RA). Ils ont prouvé que la synthèse de TSLP est 

effectivement régulée au niveau transcriptionnel. Une analyse manuelle et bioinformatique de la 

région « en amont » du promoteur de TSLP a révélé la présence de plusieurs éléments (sites de 

l’ADN) de type DR1 (auxquels se fixent notamment les NRs RXR/PPAR/LXR/FXR), DR2 

(RARE auxquels se fixent les RARs), et DR3 (VDRE) auxquels se fixe le VDR (Figure 1). 

La capacité de ces éléments à s’associer aux NRs correspondants a été confirmée in vitro par 

des analyses de « décalage » (shift) de mobilité électrophorétique (EMSA). L’association de 

RXR/VDR et de RXR/RARγ avec les éléments DR3 et DR2 a été confirmée in vivo par des 

essais d’immunoprécipitation de la chromatine (ChIP). Des analyses « ChIP » plus poussées ont 

révélé que les fonctions de RXRα et RXRβ ne sont pas redondantes in vivo. En effet, dans les 

kératinocytes de l’épiderme suprabasal, et indépendamment de la présence du ligand, VDR est 

hétérodimérisé avec RXRα sur les éléments VDRE DR3-d, DR3-f et DR3-g du gène TSLP, 
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tandis que RARγ est hétérodimérisé avec RXRβ. Par ailleurs, RXRα est hétérodimérisé avec un 

(des) partenaire(s) NR non encore identifié(s) sur l’élément DR1-a du gène TSLP. La 

fonctionnalité des éléments DR3d et DR2b dans la régulation de l’activité de transcription de 

TSLP fut révélée par l’observation que l’activation médiée par les ligands VD3 et RA induit une 

interaction des régions englobant les sites DR3-d et DR2-b avec la région du promoteur proximal 

(comme on le constate par des essais de « chromosome Conformation Capture (3C)»), ce qui 

conduit également au recrutement par ces sites d’un complexe associant co-activateurs et l’ARN 

polymérase II. Au contraire, en l’absence de ligands, les hétérodimères VDR/RXRα et 

RARγ/RXRβ sont associés au co-répresseur SMRT. 

Figure 1 : Représentation schématique de la position des sites régulateurs du promoteur 

TSLP sur lesquels différents facteurs de transcription peuvent se fixer. 

 

VDR et RARγ étant respectivement et spécifiquement hétérodimérisés avec RXRα et RXRβ, 

nous émirent l’hypothèse que la suppression par mutagénèse de VDR et de RARγ supprimerait la 

répression de l’expression de TSLP, comme l’avait fait la mutation RXRαβ
ep-/-

. A notre 

étonnement, les kératinocytes des souris RARγ/VDR
ep-/-

 n’exprimèrent pas TSLP à un niveau 

équivalent à celui observé dans les souris RXRαβ
ep-/-

, ce qui nous suggéra que RARα pourrait 

éventuellement remplacer et compenser la perte de RARγ. De fait, la suppression des trois 

récepteurs, RARα, RARγ et VDR (souris RARα/RARγ/VDR
ep-/-

) se traduisit par une 

augmentation de la production de TSLP équivalente à celle des animaux RXRαβ
ep-/-

. 
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Figure 2: Représentation schématique de la distribution des facteurs régulation de la 
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transcription du gène TSLP chez la souris, dans les keratinocytes de la peau, « sauvage » 

(WT), traitée par MC, RA, MC + RA, TPA ou portant des mutations RXRαβ
ep-/-

, 

RARγ/VDR
ep-/-

 et RARγα/VDR
ep-/-

. 

 

B.) Identifier les facteurs de transcription additionnels qui pourraient  participer à la 

régulation de l’expression de TSLP. 

Une analyse poussée in silico de la région promotrice du gène TSLP révéla la présence de 

sites de liaison pour plusieurs autres facteurs de transcription, tels que NFκB (a et c), AP1 (a-g), 

STAT (a-h) et Smad (a, b) (Fig.1). Dans des conditions physiologiques, dans les kératinocytes de 

l’épiderme, seul les sites Smad3 a et b apparaissaient occupés par les facteurs Smad 2, 3 ou 4, 

alors que la liaison des sites NFκB (p65/p50) (NF B a and c), AP1 (Jun/Fos), et de sites STATa, 

b, c, d, e, g et h par le facteur STAT5 à leurs éléments régulateurs (sites spécifiques de fixation) 

sur le DNA, nécessitait une stimulation topique par le phorbol ester TPA. En outre, un traitement 

par MC903 (analogue de la vitamine D3 active) provoquait la fixation du facteur STAT5 sur les 

sites STATa, b, c ,d, f, h, et chez les mutants RXRαβ
ep-/-

 AP1 était lié à un site spécifique 

(AP1b), tandis que chez les mutants RARα/RARγ/VDR
ep-/-

, la liaison de Smad3 à son site 

spécifique était augmentée (Figure 2).  

 

Pris dans leur ensemble, ces résultats nous ont suggéré que, selon les stimuli, la transcription de 

TSLP est régie par un équilibre délicat entre la dissociation de complexes de répression et 

l’assemblage de complexes activateurs sur les multiples éléments de régulation. Il sera 

intéressant d’étudier les mécanismes moléculaires intervenant dans l’activation de ces différentes 

voies de régulation de la transcription de TSLP en procédant chez la souris à des ablations 

conditionnelles ciblées des gènes impliqués dans ces complexes, ainsi qu’en invalidant par 

mutation les divers éléments (sites) de régulation.. 

 

C). Déterminer si, et comment, les glucocorticoïdes (GCs), dont l’administration 

constitue l’une des thérapies les plus efficaces pour le traitement des maladies atopiques, 

modulent l’expression de TSLP.  

Les glucocorticoïdes (GCs) qui sont couramment utilisés comme agents thérapeutiques dans 

les maladies atopiques emploient différentes stratégies pour réprimer l’expression des gènes 
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« inflammatoires ». Leur effet sur l’expression de TSLP demeurait inexploré. Nous avons 

d’abord vérifié s’ils pouvaient agir efficacement dans notre modèle « souris » de dermatite 

atopique (AD) (induction d’un phénotype AD sur l’oreille et la peau dorsale de souris Balb/c de 

type sauvage par traitements « MC903 » répétés, provoquant la synthèse de TSLP). Un 

traitement par les GCs se révéla efficace dans la prévention de la génération du phénotype AD et 

l’analyse par QPCR d’échantillons de tissus démontra que le traitement par les GCs supprimait 

l’expression basale, ainsi que l’expression MC903-induite de TSLP. De plus, l’utilisation de 

mutants « souris » dépourvus du récepteur des GCs (le GR), nous permit de démontrer que la 

répression par les GCs était médiée par le GR. Des tests de « nuclear run-on » sur les mêmes 

échantillons révéla que cette répression par le GR s’exerçait au niveau de la transcription. 

 

Une analyse bioinformatique de 20 kilobases de séquences d’ADN en amont et en aval du site 

d’initiation de la traduction de TSLP ne révèla pas d’éléments d’activation (+)GRE classiques ou 

« composites » connus, ni de sites de répression nGRE, mais dévoila la présence d’une nouvelle 

séquence composée de deux motifs « inversés répétés » (IR) séparés par un 1 bp (appelée ci-

après élément IR1 nGRE), localisées dans la région promotrice « en amont » des gènes TSLP de 

la souris (m) et de l’homme (h). L’utilisation d’une protéine GR recombinante humaine, et des 

techniques « EMSA » et de supershift à l’aide d’anticorps, permit de montrer que l’élément 

putatif (m)TSLP IR1nGRE, et son homologue putatif humain (h)TSLP IR1 nGRE, ainsi que 

l’élément activateur TAT (+)GRE, se lient de façon semblable à la protéine GR. Ces liaisons 

étaient spécifiques, et nécessitaient l’intégrité de l’élément consensus activateur (+)GRE et du 

(m)TSLP IR1nGRE putatif, comme le montrait l’absence de liaison entre le GR et des mutants 

(+)GRE et IR1 nGRE. Des essais ChIP pratiqués sur de l’épiderme de souris traité à la 

Dexaméthasone (DEX, un agoniste de GR) et au RU486 (un antagoniste de GR), ont montré que 

cet IR1nGRE pouvait recruter le co-répresseur SMRT associé au GR après traitement DEX, et 

que ce recrutement pouvait être réversé par co-traitement avec l’antagoniste des glucocorticoïdes 

RU486. En outre, bien que le IR1nGRE lui-même ne s’associait pas à la région du promoteur 

proximal, il empêchait l’interaction qui pouvait être induite par MC903 avec la région du 

promoteur proximal, bloquant ainsi la transcription de TSLP induite par MC903. 
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Afin de déterminer si l’élément nGRE à lui seul était suffisant pour générer la répression, 

nous avons inséré les éléments VDRE et TSLP IR1 nGRE (séparés l’un de l’autre par une région 

d’ADN dépourvue de tout site transrégulateur) en amont d’un promoteur « SV40 enhancerless », 

lui-même localisé en 5’ de la séquence codante pour la luciférase, présente dans le vecteur pGL3. 

Utilisant ce plasmide dans des essais de transfection in vitro, nous avons montré que les GCs 

réprimaient effectivement les activités basales et VD3-induite de la luciférase. De plus, des 

essais ChIP ont confirmé le recrutement du complexe répresseur sur l’élément IR1nGRE, 

démontrant clairement que l’élément IR nGRE est capable à lui seul de médier la 

transrépression. Afin de déterminer si l’espacement de 1 bp des motifs inversés répétés de l’IR1 

nGRE est un facteur déterminant dans la répression, nous avons généré des éléments IR nGREs 

ayant des espacements de 0 à 5 bp. Bien que IR0, IR1 et IR2 aient une activité de répression 

(quoique dans une moindre mesure, pour IR0), IR3, IR4 et IR5 nGREs n’eurent aucun effet sur 

l’activité luciférase. Une analyse de mutations portant alternativement chacune des bases de 

l’élément IR nGRE permit d’évaluer la contribution relative des bases individuelles de IR1 et 

IR2 nGREs dans l’activité de répression. A l’exception d’une base, toutes les autres transitions 

de base furent bien tolérées, suggérant que le GR lié à des éléments IR1 et IR2 « dégénérés » 

pourrait également intervenir dans la transrepression induite par les GCs in vivo. 

 

Afin de déterminer si des éléments IR nGREs pourraient réguler l’expression d’autres gènes 

que TSLP, une analyse bioinformatique des génomes de la souris et de l’homme à été réalisée 

pour rechercher la présence d’éléments IRO, IR1 et IR2 nGRE. 996 gènes orthologues ont été 

trouvés contenant des éléments nGRE consensus (51 IR0, 379 IR1, 566 IR2). Au sein de chaque 

famille, nous avons choisi au hasard, chez la souris, 15 gènes pour vérifier s’ils étaient exprimées 

dans l’épiderme, et si leur expression pouvait être réprimée par l’administration topique de GCs. 

Une analyse par RT-PCR quantitative des RNA épidermiques démontra que la plupart des gènes 

exprimés pouvaient être réprimés par un tel traitement. Des essais ChIP ont en outre confirmé 

que la répression de ces gènes était toujours associée à la liaison du GR et des corépresseurs au 

IR nGRE. Ainsi, l’ensemble des résultats que nous avons obtenus indiquent que les éléments du 

type IR nGRE régulent l’expression d’une grande population de gènes, dont la répression peut 

jouer un rôle dans la médiation des effets bénéfiques, mais aussi éventuellement nuisibles, lors 

d’une corticothérapie. 
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Bien que les GCs soient efficaces dans le traitement de l’inflammation, leur effets secondaires 

à long terme peuvent être débilitants. L’effet anti-inflammatoire des GCs a été le plus souvent 

attribué à la « transrépression indirecte » médiée par l’action du GR sur des facteurs de 

transcription liés à l’ADN tels que NFκB, AP1 etc…, alors que leur effets secondaires seraient 

plutôt le fait de la transactivation médiée par des éléments activateurs (+)GRE. Cela a conduit à 

la recherche et au développement de ligands du GR, dits « dissociés », tel que le composé 

RU24858, qui sont censés agir par le mécanisme de « transrépression indirecte » et avoir perdu 

leur « fonction activatrice de la transcription ». Cependant, bien que le composé RU24858 ait 

effectivement perdu sa fonction d’activation, ses effets secondaires débilitants subsistaient in 

vivo. Cette observation nous conduisit à émettre l’hypothèse que l’effet secondaire provoqué par 

les GC « dissociés » pourrait être attribué à leur capacité à toujours induire notre nouvelle 

« transrépression directe » médiée par les IR nGREs. De fait, lorsque nous avons testé le 

RU24858 sur des cellules ou des animaux, il s’est comporté comme un faible transactivateur sur 

des éléments (+)GRE, et a réprimé efficacement l’expression des gènes pro-inflammatoires, mais 

s’est aussi montré très efficace pour induire la « transrépression directe » médiée par les 

éléments IR nGRE. Comme un certain nombre de gènes impliqués dans divers processus 

physiologiques contiennent des séquences de type IR nGRE, nous concluons que les effets 

secondaires des GCs peuvent être, au moins partiellement, causés par leur action répressive 

médiée par les IR nGREs. 

 

Conclusion : 

 

Ainsi, notre travail donne un aperçu intéressant sur les mécanismes contrôlant l’expression du 

gène TSLP dans les kératinocytes épidermiques. Dans des conditions physiologiques, la 

transcription de TSLP est réprimée par les hétérodimères VDR/RXRα et/ou 

RARγ/(RARα)/RXRβ. Cette répression peut être levée, soit par la libération des complexes NR 

non-ligandés, ou par l’activation avec des ligands agonistes de VDR et/ou de RARγ ou encore 

par l’activation de transactivateurs NFκB, AP1, STAT ou Smad. Nous avons également 

découvert des éléments cis-régulateurs négatifs (IR nGRE) qui, en liant le GR associé à des 

ligands agonistes, médient la « transrepression directe » d’un sous-ensemble de gènes cibles dont 
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la répression pourrait être à l’origine d’une fraction importante des effets secondaires 

indésirables de la thérapie par les glucocorticoïdes.  

 

Il est évident que la synthèse de glucocorticoïdes qui conserveraient leur effets anti-

inflammatoires, mais seraient dépourvus d’activité de « transrepression directe », et aussi de 

« transactivation » médiée par des (+)GRE, et en conséquence débarrassés d’une partie au moins 

des effets indésirables des glucocorticoïdes actuellement utilisés en thérapeutique, serait un 

grand progrès dans le traitement des affections inflammatoires par les glucocorticoïdes. 
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1. Biology of the skin   

 

Skin, the largest organ of the body, is an indispensible barrier forming an interface between 

the organism and its environment. It consists of lower dermis and upper multi-layered 

epidermis abundant with keratinocytes (consists of about 94% keratinocytes and the rest 

include melanocytes, langerhan cells, and resident lymphocytes). Epidermis forms the 

physical barrier protecting the organism from biological, chemical, and physical assaults. 

Though semi-permeable, epidermis prevents the exit of moisture from and the entry of 

microbes into the organism, thus forming an effective barrier.  

 

1.1 Epidermal barrier formation 

  

Epidermis is a self-regenerating tissue under both, normal and in injury conditions. It 

maintains a population of mitotically active cells in the basal layer of epidermis (Ito et al., 

2005; Fuchs & Raghavan, 2002; Niemann & Watt, 2002). The basal keratinocytes undergo 

a linear program of differentiation to form transcriptionally active spinous cells to 

enucleated granular cells, resulting finally in differentiated squames in the stratum corneum. 

 

The stratum corneum once formed becomes analogous to bricks and mortar i.e, protein 

enriched corneocytes connected by corneodesmosomes (forming the bricks), which are 

embedded in a matrix of lipid bilayer (mortar), forming a protective barrier (Elias, 1983; 

Kalinin et al., 2002; Nemes & Steinert, 1999). Tight junctions forming cell-cell junctions 

connecting neighbouring cells, located in the granular layer also play an essential role in 

retaining the water content of the body. For instance, mice lacking claudin show defective 

barrier formation and die within one day of birth (Furuse et al., 2002.), whereas E-cadherin 

null mice die prenatally due to excess water loss (Tunggal et al., 2005). This process of 

differentiation from a mitotically active basal cell to the terminally differentiated squamous 

cell is maintained throughout life as part of epidermal regeneration (Steinert, 2000; Segre, 

2003). Changes in this process of barrier formation leads to low to severe abnormalities, 

ultimately leading to several skin disorders.  
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Figure 1: Schematic diagram of the stages of epidermal differentiation, resulting in a 

permeability barrier 

                                    [Adapted from J.Clin.Invest. 116:1150-1158, 2006] 

 

1.1.1 Epidermal protein component 

 

Keratins are the major structural proteins of the epidermis. Based on biochemical properties 

keratins can be divided into two subgroups, type 1 and type 2 keratins. In vitro and in vivo, 

type 1 and type 2 keratins polymerize to form hetero-polymeric keratin intermediate 

filaments (KIF). The major keratins expressed in basal layer are K5 and K14, whereas K1 

and K10 are the major keratins expressed in the suprabasal layer. The significance of 

keratins in barrier formation is known by the fact that mutations in keratins lead to serious 

complications involving the skin. Both in humans and in mouse models of human disease, 

mutations in K5/K14 lead to epidermal bullosa simplex and mutations in K1/K10 lead to 

epidermolysis hyperkeratosis (Roland et al., 2008).  

 

The other major protein present in the epidermis is filaggrin (FLG), which is stored in 

keratohyalin granules as latent pro-filaggrin and proteolytically processed by caspase 14 to 

Suprabasal  
layer 
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the active filaggrin (O’Regan et al., 2008). Mice having mutations in filaggrin (Presland et 

al., 2000) or caspase 14 null mice (Denecker et al., 2007) develop barrier abnormalities 

showing the importance of this protein in barrier formation. Filaggrin aggregates KIFs into 

tight bundles, ultimately leading to a flattened corneocytes (Palmer et al., 2006). Together 

they form 80-90% of the protein mass of mammalian epidermis (Roop, 1995; Nemes et al., 

1999). Filaggrin is further processed to yield hydrophilic amino acids which retain the 

moisture content of the epidermis, thus forming the natural moisturizing factor of the skin. 

These amino acids also help in maintaining the pH of the skin at 4.5 to 5, wherein 

antimicrobial peptides (AMPs) and proteases are active, whereas pathogens cannot survive 

in this acidic pH condition (O’Regan et al., 2008). Use of harsh alkaline soaps on low skin 

abnormalities like dry skin, alters the pH of the skin, creating a favourable environment for 

microbes to thrive and deteriorate infection.  

 

In addition, there are several other structural proteins like involucrin, loricrin, trichohyalin 

and small proline rich protein (SPRs), which are cross-linked by transglutaminases to form a 

reinforced cornified envelope. Transglutaminases (TGM) are calcium dependent enzymes 

which form N-ε-γ-glutamyl lysine isopeptides between proteins. There are 10 classes of 

transglutaminases and 1, 2, 3, and 5 are expressed in the skin (Candi et al., 2005). 

Transglutaminase 1 present in suprabasal layer plays an important role in barrier formation. 

TGM1-null mice die before birth due to excessive water loss (Matsuki et al., 1998). 

Mutations in TGM1 in humans lead to lamellar ichthyosis (Raghunath et al., 2003).  

  

Processing of cornified envelope proteins, loss of nuclei and mitochondria, and 

desquamation, all require proteolytic cleavage by proteases. There are several serine and 

cysteine proteases present in the cornified envelope. The activity of these proteases is kept 

under control by protease inhibitors (Brattsand et al., 2005; Stefansson et al., 2008). Loss of 

function of any of these proteins also leads to defective barrier formation.  

 

1.1.2 Epidermal lipid component 

 

Cornified envelope proteins are embedded in lipid envelope, consisting mostly of ceramides, 

free fatty acids, cholesterol and cholesterol esters (Downing et al., 1987). Skin lipids form a 

hydrophobic layer in the epidermis and avoid transepidermal water loss (TEWL) and thus 
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maintain an effective barrier. TEWL is a measure of barrier integrity. Lipids are synthesized 

and stored in lamellar granules, which are extruded into extracellular space during 

cornification. Sphingolipids and phospholipids form the major lipids in the epidermis. 

Hydrolysis of sphingolipids generates ceramides, while phospholipids generate free fatty 

acids (Downing et al., 1987). Saturated and monounsaturated fatty acids are synthesized in 

the epidermis while others must be obtained from food and blood flow. Essential fatty acid 

deficiency in humans and mice causes profound changes in the epidermis (Proksch et al., 

1992) Disruption of the fatty acid transport protein 4 encoding gene leads to disturbed 

epidermal barrier and lethality of mice immediately after birth (Herrmann  et al., 2003). 

 

Cholesterol can be absorbed from circulation by basal cells, but it is also synthesized de 

novo from acetate. Cholesterol synthesis is increased during epidermal barrier repair. 

Hydroxy Methyl Glutaryl CoA (HMG CoA) reductase is the rate limiting enzyme in 

cholesterol biosynthesis. Inhibition of HMG CoA reductase by topical application of 

lovastatin results in disturbed barrier function and epidermal hyperproliferation (Proksch et 

al., 1992).   

 

1.2 Skin immune system 

 

In addition to the epidermis providing a physical barrier, skin also provides an immune 

barrier to the organism. The resident skin cells include epidermal keratinocytes, langerhan 

cells and T cells, and dermal dendritic cells, mast cells, macrophages, T cells and NKT cells. 

Collectively, they form the innate immune component acting as first line of defence towards 

infections and help to recruit the adaptive arm of immunity.  

 

Keratinocytes 

Keratinocytes secrete a variety of anti-microbial peptides (AMPs) as a defence mechanism 

in response to infection (Schauber & Gallo, 2009). They also express receptors which 

specifically recognise the bacterial and viral components, and upon stimulation, secrete the 

AMPs like LL-37, defensins and other pro-inflammatory cytokines and chemokines, which 

recruit other immune cells in response to infection (Kobayashi et al., 2009; Metz et al., 

2006). Recently, keratinocytes have been shown to express MHC class II molecules, and act 

as antigen–presenting cells in the skin (Kim et al., 2009).  
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                         Figure 2:  Skin anatomy and cellular effectors.  

                                      [Adapted from Nat. Rev.Immunology vol 9, 679-691(2009)] 
 

Dendritic cells (DCs)  

DCs are professional antigen presenting cells, which detect the invading pathogen and 

process and present them to T-cells. In the skin, specialized DCs called Langerhan cells 

(LCs) are present in the epidermis. Both LCs and dermal DCs take up antigens and present 

to T-cells in the skin draining lymph nodes and modulate T-cell differentiation and 

recruitment of the adaptive immune cells to the site of infection (Villadangos & Young, 

2008). The involvement of DCs in innate immune response is less well understood and 

largely unknown for skin DCs. In staphylococcal aureus infection of the skin, DCs recruit 

neutrophils through IL1R/MyD88 signalling (Miller et al., 2006). Autocrine / paracrine 

activation of DCs or LCs by IL1β is one of the proposed mechanisms leading to the control 

of bacterial skin infection (Miller et al., 2006). Additionally DC derived IL1 and IL23 are 

also involved in the promotion of IL17 production in memory T-cells, offering protection 

against certain bacteria (van Beelen et al., 2007).  
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Mast cells  

Mast cells (MCs) or allergy cells are the masters of innate immunity in the skin. They play a 

pivotal role in allergic inflammation. They release inflammatory mediators like histamine, 

leukotrines and prostaglandins, upon binding of IgE to the FcεRI receptor exposed on their 

cell surface (Kraft & Kinet, 2007; Hakim-Rad et al., 2009). It has been reported that 

degranulation of MCs in the presence of an antigen facilitates the sensitization to this 

antigen (McLachlan et al., 2008). They also play a crucial role in innate host defense, 

offering protection against bacteria, viruses and fungi. Experiments using MC knock-in 

mouse model have shown that activation of skin MCs is crucial for protection against 

infection with Pseudomonas aeruginosa (Siebenhaar et al., 2007). Another study using 

similar mouse model has shown that MCs offer protection against group A Streptococcus 

infection. This study demonstrated that MC-derived cathelicidin is one of the essential 

mediators leading to bacterial killing and possibly also to enhanced recruitment of 

neutrophils to the site of infection (Di Nardo et al., 2008). MCs also limit allergic 

inflammation by producing the anti-inflammatory cytokine IL10 and AMPs (Grimbaldeston 

et al., 2007).  

 

Macrophages  

Skin macrophages are predominantly sessile, but under inflammatory conditions, they 

migrate to lymph node. They enable differential immune responses and also have a role in 

wound healing (Zaba et al., 2007).   

 

T Cells 

Though there are three main types of cells (Th1, Th2 and Th17) found in skin during various 

inflammatory diseases, studies have suggested that the resident γδT cells and NKT cells 

have a major role in skin immune homeostasis and pathology (Boyman et al., 2007). Studies 

in mice have shown that γδT cells negatively regulate inflammation as well as 

carcinogenesis (Girardi et al., 2001 & 2002), whereas in humans they play an important role 

in wound healing by producing growth factors (Toulon et al., 2009). NKT cells possess the 

ability to recognise bacterial glycolipids (Kronenberg, 2005) and they were also shown to be 

the source of IFNγ and IL4 in allergic contact dermatitis (Gober et al., 2008). 
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2. Atopic Diseases 

 

Atopic diseases include atopic dermatitis (AD), asthma, allergic rhinitis, allergic 

conjunctivitis and food allergy, which share related clinical features and similar pathogenic 

mechanisms (Kay, 2001; Lack, 2008; Ciprandi & Passalacqua, 2008; Passalacqua & 

Ciprandi, 2008; Incorvaia et al., 2008; Leonardi et al., 2008). The prevalence of these 

diseases have dramatically increased worldwide in the last decade, affecting approximately 

10-20% of children and 2-3% of adults for atopic dermatitis (Leung et al., 2004), and 10% 

of children and 3% of adults for asthma (Tattersfield et al., 2002). The expanding population 

of affected patients adds an important burden to health care costs. The term “atopy” (Kay, 

2001) is borrowed from Greek, meaning “out of place”; it usually refers to immunoglobulin 

E (IgE)-mediated responses to common allergens. The allergen can be pollen, house-dust 

mites, cat dander, food, latex and some medicines. Persons with “atopy” are easily sensitive 

to allergens and exhibit exaggerated responses characterized by the production of allergen 

specific IgE antibodies and positive reactions in skin prick test (Galli et al., 2008). However, 

a small percentage of patients have no IgE involvement. Atopic diseases are notably 

associated with T helper cell type 2 (TH2) inflammation by amplification and persistence of 

TH2 cells secreting TH2 cytokines such as interleukin-4 (IL-4), IL-5, IL-9 and IL-13 (Pucci 

& Incorvaia, 2008). Atopic diseases are also associated with eosinophilia and mast cell 

degranulation (Galli et al., 2007). 

 

Clinicians have long recognized that the various manifestations of atopic diseases are often 

present in a characteristic sequence, referred to as the “atopic march” (Hahn & Bacharier, 

2005; Spergel, 2005; Spergel & Paller, 2003). Affected infants with atopic dermatitis have a 

higher risk to develop asthma during the childhood or later in adulthood. A number of 

epidemiologic and birth-cohort studies have shown that approximately half of AD patients 

develop symptoms of asthma, particularly with severe atopic dermatitis. However, the 

immunological and molecular mechanisms of this progression are still unclear. 

Understanding the pathogenesis and underlying link between atopic diseases will be 

beneficial for early and accurate prevention or novel therapies of these allergic diseases. 
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2.1  Atopic dermatitis (AD) and related atopic diseases 

 

Atopic dermatitis (AD) is a chronic, relapsing skin inflammatory disease that is 

characterized by pruritic, eczematoid skin lesions (Leung et al., 2003). It frequently starts in 

early infancy: a total of 45% of all cases of AD begin within the first 6 months of life, 60% 

begin during the first year, and 85% begin before 5 years of age (Bieber, 2008). Up to 70% 

of these children have a spontaneous remission before adolescence. AD can also start in 

adults. AD is usually manifested as itchy, eczematous lesions on cheeks or scalps, later with 

crusted erosions in infants (Figure 2). In childhood or adolescence, dry, scaly lesions and 

lichenification involve in more regions including flexures, dorsal parts of limbs and neck 

(Figure 2).   

              

Figure 2: Clinical and histological aspects of atopic dermatitis. 

Panel A shows initial lesions of early-onset atopic dermatitis involving the cheek and scalp in an infant at 4 

months of age. Panel B shows classic head and neck manifestations of atopic dermatitis in an adult. Panel C 

shows typical chronic, lichenified flexural lesions in an adult. Panel D shows the typical histologic aspects of 

acute lesions (hematoxylin and eosin). The arrow indicates a spongiotic area within the epidermis. Panel E 

shows a chronic lesion with thickening of the epidermis (hematoxylin and eosin). The asterisks indicate the 

prominent perivascular infiltrate. 

 [Cited from Bieber T New England Journal of Medicine 2008 Apr 3;358(14):1483-94.] 
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2.1.1 AD Pathogenesis 

 

AD shares common immunological features with other atopic diseases, including TH2 

inflammation with the production of TH2 cytokines, peripheral and lesional eosinophilia, 

and elevated IgE. Skin lesions evolve as the results of complex interactions between IgE 

bearing antigen presenting cells, T-cell activation, mast cell degranulation, eosinophils, as 

well as keratinocytes (Leung & Bieber, 2003) (Figure 3). 

               

 

                  Figure 3: Immune response in barrier impaired-skin in atopic dermatitis. 

                          [Cited from Scharschmidt TC et al. J invest Dermatol 2008 May;128(5):1061-4] 

 

Disruption of the barrier function of the skin is an important and well-recognized etiologic 

factor in the pathogenesis of AD, which leads to higher TEWL and increased permeability 

to environmental irritants and allergen (Leung et al., 2003) (Figure 3). A reduced content of 

ceramides has been reported in the cornified envelope of both lesional and nonlesional skin 

in AD patients (Leung et al., 2004). Alterations in the expression of enzymes involved in the 

subtle balance of epidermal adhesion structures are also likely to contribute to the 
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breakdown of the epidermal barrier in patients with AD (Bieber, 2008). Whether the 

epidermal alterations are primary or are secondary to the underlying inflammation remains 

still unclear. It has been found that antimicrobial peptides are downregulated in the skin of 

AD and it is difficult to limit microbial infections of the AD skin. Lesional and normal 

looking skin of AD patients is often colonized by bacteria such as Staphylococcus aureus or 

fungi such as malassezia (Lin et al., 2007; Roll et al., 2004).  

 

 

 
                    [Cited from Journal of Investigative Dermatology (2009) 129, 14–30] 
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2.1.2 Genetics of AD  

 

AD has a high familial occurrence, with a 2-fold increased risk for a child to develop AD 

when one of the parents is affected and a 3-fold increase in cases in which both of the 

parents are affected. Using genome wide linkage analysis and the studies of candidate genes 

several genes involved in atopy were identified. Interestingly, null mutations in one gene 

crucial for the integrity of the epithelial barrier, filaggrin (FLG), a member of the epidermal 

differentiation complex on chromosome 1q21, were recently reported to be strongly 

associated with AD, and to influence asthma (Vercelli, 2008; Palmer et al., 2006; 

Sandilands et al., 2007; O'Regan et al., 2008; Weidinger et al., 2008; McLean et al., 2008; 

Brown et al., 2008). According to a recent meta-analysis, the effect of FLG variants on the 

risk of AD exceeds that of any other candidate gene investigated so far (Baurecht et al., 

2007). Netherton syndrome, an autosomal recessive disorder caused by mutations in 

SPINK5, gene encoding a serine protease inhibitor LEKT1 (lympho epithelial kazal type 

inhibitor) leads to impaired barrier formation with increased production of thymic stromal 

lymphopoietin (TSLP, discussed in chapter 4)  and AD-like phenotype (Chavanas et al. 

2000). Recent evidence has shown that polymorphisms in TSLP and TSLPR (TSLP 

receptor) genes are associated with atopic eczema, asthma, airway hyper-responsiveness, 

IgE concentrations and eosinophilia (Yu et al., 2010; Harada et al., 2010; Gao et al., 2010). 

Several genes associated with atopic diseases are mentioned below (figure 4), classified 

according to their function.   

                                    

                                               

     Figure 4: Susceptibility genes for allergic disease.  
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Group 1: sensing the environment. This group of genes encodes molecules that directly 

modulate the effect of environmental risk factors for allergic disease. For example, genes 

such as TLR2, TLR4, and CD14, encoding components of the innate immune system, 

interact with microbes to alter the risk of allergic immune responses (Yang et al., 2007). 

Polymorphisms of glutathione-S-transferase genes (GSTM1, GSTM2, GSTM3, GSTM5, 

GSTT1, and GSTP1 (London & Romieu, 2009; Breton et al., 2009) have been shown to 

modulate the effect of exposures involving oxidant stress, such as tobacco smoke and air 

pollution on asthma susceptibility. 

 

Group 2: barrier function. A high proportion of the novel genes identified for susceptibility 

to allergic disease through genome-wide linkage and association approaches have been 

shown to be expressed in the epithelium. This includes genes such as FLG (Palmer et al., 

2006), which directly affects epidermal barrier function and is associated not only with 

increased risk of atopic dermatitis but also with increased atopic sensitization. Other 

susceptibility genes, such as ORMDL3/GSDML (Moffatt et al., 2007), PCDH1 (Koppelman, 

2009), and C11orf30 (Esparza-Gordillo, 2009), are also expressed in the epithelium and 

might have a role in possibly regulating epithelial barrier function. 

 

Group 3: regulation of (atopic) inflammation. This group includes genes that regulate 

TH1/TH2 differentiation and effector function (eg, IL13, IL4RA, and STAT6 (Kabesch et 

al., 2006); TBX21 [encoding T-box transcription factor] (Suttner K et al., 2009); and 

GATA3 (Pykalainen et al., 2005), as well as genes such as IRAKM (Balaci et al., 2007), 

PHF11 (Zhang et al., 2003), and UPAR (Barton et al., 2009) that potentially regulate both 

atopic sensitization and the level of inflammation that occurs at the end-organ location for 

allergic disease. This also includes the genes shown to regulate the level of blood 

eosinophilia (IL1RL1, IL33, MYB, and WDR36) (Gudbjartsson et al., 2009). 

 

Group 4: tissue response genes. This group includes genes that modulate the consequences 

of chronic inflammation (eg, airway remodeling), such as ADAM33 (Van Eerdewegh et al., 

2002) and PDE4D (Himes et al., 2009), which are expressed in fibroblasts and smooth 

muscle, and COL29A1 (Soderhall  et al., 2007), encoding a novel collagen expressed in the 

skin linked to atopic dermatitis. Some genes can affect more than 1 disease component. For 

example, IL13 regulates both atopic sensitization through IgE isotype switching but also has 
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direct effects on the airway epithelium and mesenchyme, promoting goblet cell metaplasia 

and fibroblast proliferation (Holloway et al., 2007). 

                              [Adapted from J Allergy Clin Immunol 2010;125:S81-94.] 

 

2.2 Atopic march: from AD to allergic rhinitis/asthma 

 

In the typical sequence of progression of clinical signs of atopic diseases, clinical signs of 

AD frequently precede the development of asthma and allergic rhinitis, suggesting that AD 

is a starting point in the atopic march (Figure 5). More than 50% of AD patients with 

moderate to severe AD develop asthma and/or allergic rhinitis later in life (Spergel & 

Paller, 2003). There are a number of studies indicating that the severity of AD can influence 

the course of respiratory allergy (Rhodes et al., 2001; Rhodes et al., 2002; Gustafsson et al., 

2000). It has been reported that 70% of the patients with severe AD developed asthma 

compared with 30% of the patients with mild AD, and approximately 8% in the general 

population. Similarly, the severity of AD correlated with elevated levels of total and specific 

serum IgE (Oettgen & Geha, 2001), and elevation of IgE levels has also been correlated 

with the risk of developing asthma (Burrows et al., 1989). In contrast, the absence of AD 

was associated with a lesser asthma severity.  

 

             

Figure 5 Incidence of different atopic diseases. AD peaks in the first years of life and 

declines later. Asthma and allergic rhinitis increase over time as sensitization develops. 

[Cited from Barnetson & Rogers  Childhood atopic eczema. BMJ. 2002 Jun 8;324(7350):1376-9.] 

 

(AD) 
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Skin has been recognized as one of the initiation sites for allergen sensitization (Bieber, 

2008), and skin sensitization may precede airway sensitization. Epicutaneous allergen 

sensitization might evoke a systemic allergic response, including of the upper and lower 

airways. Studies have also indicated that patients with skin sensitization to dust mites 

develop airway sensitization to the same allergen. Atopic children exposed to topical 

emollients with detectable peanut protein had an increased risk of developing peanut 

sensitization (Lack et al.,2003). In an experimental model of AD, Spergel et al, 1998, 

epicutaneously applied ovalbumin (OVA) with occlusive patch to tape-stripped skin to 

induce dermatitis in mice, showing epidermal thickening and spongiotic changes with 

epidermal infiltration of CD4+ T cells and eosinophils, and increases in the expression of 

both TH2 and TH1 cytokines (IL-4, IL-5, and IFN-γ). Epicutaneously sensitized mice, 

subsequently challenged with a single exposure to inhaled OVA, showed a significant 

increase in the number of eosinophils in the bronchoalveolar lavage (BAL) fluid, and airway 

hyperresponsivenes. This study provides a strong support to a role of epicutaneous 

sensitization in the atopic march. In addition, other investigators (Kondo et al., 1998; Wang 

et al., 1996; Bellinghausen et al., 1999)  have demonstrated that epicutaneous sensitization 

with allergens elicits a TH2-dominant systemic immune response. In these studies, increased 

serum IgE and local production of IL-4 and IL-5 were observed in the skin and draining 

lymph nodes after epicutaneous allergen sensitization. Moreover, skin barrier disruption 

further enhances the TH2 response (Kondo et al., 1998). This may be relevant to the clinical 

observation that higher epidermal barrier impairment in AD infants is associated with higher 

prevalence of sensitization to aeroallergens (Boralevi et al., 2008). 

 

2.3 AD management  

Patients with AD should avoid contact with irritants, as they have a lower threshold of 

irritant responsiveness (Nassif et al., 1994). Food allergens have been shown to play a role 

in a subset of patients with AD, with milk, egg, peanut, soy, wheat and fish accounting for 

approximately 90% of the foods found to exacerbate AD (Sicherer et al., 1999). Removal of 

proven food allergens from the patient’s diet can lead to significant clinical improvement. 

Omalizumab, a humanized IgG1 monoclonal antibody (mAb) against IgE that recognizes 

and masks an epitope in the CH3 region of IgE responsible for binding to the high-affinity 

Fc epsilon (FCεRI) receptor on mast cells and basophils, has been shown to be an effective 

treatment of allergic asthma and allergic rhinitis (Corren et al., 2003; Kopp et al., 2002). 
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Studies using probiotics have shown that perinatal administration of the Lactobacillus 

rhamnosus strain GG reduces the incidence of AD in at-risk children during the first 2 years 

of life (Kalliomäki et al., 2002). A follow-up study from the same group assessed the 

persistence of potential to prevent AD at 4 years (Kalliomäki et al., 2003), thus emphasising 

the need to activate Th1 response early in life to avoid proallergic Th2 pathway later in life. 

Several topical barrier creams have become available for use in the management of AD. 

These physiologic moisturizers contain either ceramide or fatty acid palmitamide or the anti-

inflammatory molecule glycyrrhetinic acid, telmesteine, shea butter, caprylol glycine, and 

hyaluronic acid in a hydrolipidic base. Ceramide dominant cream TriCeramTM has been 

shown to result in significant improvement in childhood AD, both in clinical score as well 

as improved barrier function (Chamlin et al., 2002). These studies reveal the importance of 

effective barrier maintenance to avoid immunological complications. 

 

2.3.1 Corticosteroids 

 

Topical corticosteroid application has been the mainstay of treatment for AD, showing 

efficacy in both acute and chronic disease. By acting on multiple resident and infiltrating 

cells, primarily through suppression of the expression of inflammatory genes, they are 

effective in reducing inflammation and pruritus (Barnes, 2002). In addition, topical 

corticosteroids might have an effect on bacterial colonization in AD, reducing the density of 

S aureus (Nilsson et al., 1992; Stalder et al., 1994). Topical corticosteroids are available in 

extremely high (class 1) to low (class 7) potencies. Choice of which topical corticosteroid 

preparation to prescribe will depend in large part on the severity and distribution of 

eczematous lesions. Though effective, their use is limited by side effects which can include 

inhibition of barrier function, thinning of skin and resultant striae, as well as acneiform 

eruptions (Lutgemeier et al., 1987; Oikarinen & Autio, 1991; Hardie et al., 1977). Systemic 

glucocorticoids such as oral prednisone are highly immunosuppressive but generally 

avoided in the treatment of chronic AD because of systemic toxicities (Ellison et al., 2000). 

Rarely, short courses of oral glucocorticoids might be initiated for acute exacerbations of 

AD while other treatment measures are being introduced. If used, intensive topical therapy 

should be initiated during systemic treatment to prevent rebound flaring of AD. 

 

 



INTRODUCTION 

 
 

17

2.3.2 Calcineurin inhibitors 

 

Tacrolimus (FK 506) and Pimecrolimus are potent calcineurin inhibitors, which are active 

topically and have been shown to be effective for treatment of AD (Bekersky et al., 2001; 

Boguniewicz et al., 1998; Paller et al., 2001; Meingassner et al., 1997; Eichenfield & Beck, 

2003). Both tacrolimus and pimecrolimus work through inhibition of phosphorylase activity 

of the calcium-dependent serine/threonine phosphatase calcineurin and the 

dephosphorylation of the nuclear factor of activated T-cell protein (NF-ATp), a transcription 

factor necessary for the expression of inflammatory cytokines including IL-2, IL-4, and IL-5 

(Tocci et al., 1989; Stuetz et al., 2001). They might also inhibit the transcription and release 

of other T-cell derived cytokines including IL-3, IFN-γ, TNF-α and GM-CSF, which can 

contribute to allergic inflammation (Hultsch et al., 1998). Long-term open-label studies with 

tacrolimus ointment applied on up to 100% of the body surface area have been performed 

for up to 12 months in adults and children, with demonstrated sustained efficacy and no 

significant side effects 

 

The majority of the studies of topical pimecrolimus and tacrolimus discussed above assessed 

efficacy of these medications as primary monotherapy of AD, with topical or systemic 

steroids used as “rescue” for disease flares. Clearly, new steroid-free topical agents might 

offer improved long-term management options for patients with AD. Evolution of topical 

therapy will likely include combinations of topical anti-inflammatory agents including 

calcineurin inhibitors and topical corticosteroids. The combination of topical calcineurin 

inhibitors and topical steroids becomes an appealing choice, with calcineurin inhibitors as 

first-line pharmacologic therapy to treat AD and steroids to be administered for short 

courses as rescue therapy. The advantage of this strategy is 2-fold; first, the exposure to 

topical steroids is limited, markedly reducing the risk of side effects, and second, when 

topical steroids are used, they are applied on steroid naive skin, maximizing their efficacy 

and avoiding tachyphylaxis (du Vivier, 1976; Queille-Roussel et al., 2001). 
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3. Transcriptional regulation of gene expression 

 

A basic aspect of cellular response to environmental stimulus is modulation of gene 

expression. Eukaryotic chromosomes are organized into a regularly repeating protein DNA 

unit termed the nucleosome. The basic protein unit of the nucleosome is the histone core, a 

small, highly basic, globular moiety, which forms a histone octamer, around which is 

wrapped DNA superhelix to form a compact chromatin structure. The net effect of this 

arrangement is to create a thermodynamic barrier against the access of transcription factors 

to their DNA substrate. Modulation of gene expression involves changes in the organization 

of genomic DNA in chromatin: DNA and histone modifications and chromatin remodelling. 

Besides the general transcription machinery, several factors act in a cooperative manner to 

regulate this process of gene expression. These include transcription factors (TFs) – 

sequence specific DNA binding proteins, and coregulators – proteins which do not bind to 

the DNA directly, but modulate gene expression by binding to the other transcription factors 

and chromatin remodelling enzymes. In general, active chromatin is associated with TFs 

which recruit coactivators along with histone acetyl transferases (HATs) which add acetyl 

group to the histone tails, thus unwinding the chromatin for TFs to bind (Figure 6), whereas 

corepressors and histone deacetylases (HDACs) are marks of repressed chromatin (Figure 

7).  

 

 

                    Figure 6: Schematic of a transcriptionally active chromatin  

Nuclear receptors (NRs) recruit coactivators like SRC-1, P/CAF, p300/CBP, p/CIP, which 

possess histone acetyl transferase activity, leading to chromatin decompaction and 

transcriptional activation. 

                           [Modified from Robyr et al., 2000] 
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                  Figure 7: Schematic of a transcriptionally inactive chromatin 

NRs assemble corepressors SMRT or NCoR, which in turn recruit histone deacetylases 

(HDACs), leading to transcriptional repression.  

                                         [Modified from Robyr et al., 2000] 

 

Transcription factors: 

3.1 Nuclear Receptors (NRs) 

 

Nuclear receptors comprise a family of ligand-dependent and orphan transcription factors 

that mediate a complex array of extracellular signals into transcriptional responses, many of 

which specifically regulate the expression of target genes involved in metabolism, 

development and reproduction. Their primary function is to mediate the transcriptional 

response in target cells to hormones such as the sex steroids (progestins, estrogens, and 

androgens), adrenal steroids (glucocorticoids and mineralocorticoids), vitamin D3, thyroid 

and retinoid (all-trans) hormones, in addition to a variety of other metabolic ligands. There 

are 49 and 48 nuclear receptors known to exist in mouse and humans, respectively, and 

these proteins comprise the single largest family of metazoan transcription factors, the 

nuclear receptor superfamily. 

 

The nuclear receptors are characterized by an N-terminal A/B region which contains a 

transcriptional activation function, referred to as activation function 1(AF1). This region is 

weakly conserved and can act independently of ligand binding. It is known to interact with 

cofactors and other transcription factors. There is a central DNA-binding domain (DBD) 

which targets the receptor to specific DNA sequences known as hormone response elements 

(HREs). The DBD is composed of two highly conserved zinc fingers that set the nuclear 

receptors apart from other DNA-binding proteins (Berg, 1989; Klug & Schwabe, 1995).  

The C-terminal half of the receptor encompasses the ligand-binding domain (LBD), which 
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possesses the essential property of hormone recognition and ensures both specificity and 

selectivity of the physiologic response. It comprises of a ligand dependent transactivation 

function domain, AF-2 in the C-terminal region, which is indispensable for ligand-

dependent activation by nuclear receptors (Bourguet et al., 2000; Li et al., 2003). The D 

region acts as a hinge between DBD and LBD, allowing rotation of DBD. It is weakly 

conserved and harbours nuclear localization signal (NLS) (Figure 8). 

 

 

                     Figure 8: Schematic of a Nuclear Receptor structure      

                                        [Adapted from Mangelsdorf & Evans, 1995] 

 

Based on sequence alignment and phylogenetic tree construction, NR superfamily is broadly 

classified into six evolutionary groups of unequal size (Germain P. et al., 2006): 

 

 Group 1: Retinoid Acid Receptor (RAR), Vitamin D Receptor (VDR), Thyroid Receptor 

(TR), Peroxisome Proliferator-Activated Receptor (PPAR), Constitutively Activated 

Receptor (CAR), Pregnane X Receptor (PXR), Liver X Receptor (LXR), Farnesoid X 

Receptor and orphan receptors, Retinoid-related Orphan Receptor (ROR), Rev-erbs. 

 Group 2: Retinoid X receptor (RXR), Chicken Ovalbumin Upstream Promoter 

Transcription Factor (COUP-TF) and Hepatocyte Nuclear Factor (HNF-4).  

 Group 3: Estrogen Receptor (ER), Glucocorticoid Receptor (GR), Mineralocorticoid 

Receptor (MR), Progesterone Receptor (PR), Androgen Receptor (AR) and Estrogen 

receptor-related (ERRs). 

 Group 4: nerve growth factor induced clone B group of receptors, NGFI-B, NURR1, and 

NOR1. 

 Group 5: orphan receptors, steroidogenic factor 1 (SF1) and the receptors related to the 

Drosophila FTZ-F1. 

 Group 6:  Germ cell nuclear factor (GCNF1) receptor 

 

Nuclear receptors primarily act through direct association with specific DNA sequences 

known as hormone response elements (HREs) (Mangelsdorf & Evans, 1995; Chambon, 

1996; Laudet & Gronemeyer, 2002). For the nonsteroid members of the receptor 
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superfamily, the HREs consist of a minimal core hexad consensus sequence, AGGTCA, 

which can be configured into a variety of structured motifs. These HREs directly reflect the 

mode of receptor binding, which can be as heterodimers, homodimers, or monomers. In 

contrast, the steroid hormone receptors bind exclusively as homodimers to palindromes 

separated by three nucleotides. Based on their dimerization and DNA binding properties, the 

nuclear receptor superfamily can be broadly divided into four classes as mentioned in the 

table below (Stunnenberg, 1993). 

 

  Class  Hormone receptor  HRE Dimerization 

     I Steroid receptors Inverted repeat (IR) Homodimers 

    II RXR partners,  

Ligand dependent receptors 

Direct repeat (DR) Heterodimers 

   III Orphan receptors Direct repeat (DR) Homodimers 

   IV Orphan receptors Direct repeat (DR) Monomers  

 

3.1.1 Retinoid X Receptor (RXR) 

 

A search for proteins that could enhance RAR binding to retinoic acid response element 

(RARE), led to the discovery of Retinoid X Receptors (RXRs) by Yu et al., 1991 and Leid 

et al., 1992. Additionally, RXRs were shown to form stable heterodimers with TR and VDR, 

increasing their DNA binding efficiency and transcriptional function on their respective 

response elements. Subsequently, RXRs were found to be heterodimerization partners for 

DNA binding of several other receptors. There are three isotypes of RXR; RXRα, RXRβ, 

and RXRγ which have 2 isoforms each (Fleischhauer et al., 1992; Liu & Linney, 1993; 

Nagata et al., 1994; Brocard et al., 1996). The functional relevance of these isoforms is yet 

to be characterized. RXRα is predominantly expressed in liver, kidney, epidermis and 

intestine. RXRβ is ubiquitously expressed, whereas RXRγ expression is restricted to muscle, 

brain and pituitary. RXRα is the major RXR expressed in skin.  

 

RXRs heterodimerize with RARs, VDR, PPARs, LXRs, TR, FXR, PXR and CARs. Being 

obligate heterodimerization partners for most of the non-steroid members of NR family, 

RXRs regulate a number of genes. In vitro studies demonstrated that these heterodimers act 

as ligand-dependent transcriptional regulators by binding to specific DNA-response 
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elements found into the promoter region of target genes and the interaction of RXR 

increases the DNA-binding efficiency of its partner. Moreover, both in vitro and in vivo 

approaches have revealed that all these nuclear receptors require RXR as a 

heterodimerization partner for their function (Laudet & Gronemeyer, 2002). In addition, 

RXRs form heterodimers with two members of the small nerve growth factor-induced clone 

B (NGFIB) subfamily, namely NGFIB and NURR1, which can also interact with DNA as 

monomers and homodimers (Forman et al., 1995; Perlmann & Jansson, 1995). RXR 

heterodimers recognize distinct types of response elements. For instance, RXR-RAR 

heterodimers bind to a direct repeat of the AGGTCA core motif with a 5-base pair spacing 

(DR-5) and DR-2, whereas RXR-TR and RXR-LXR bind to DR-4, RXR-VDR and RXR-

PXR to DR-3, and RXR-PPAR to DR-1 (Glass, 1994). The spacing is critical and 

determines the specificity of the binding. However, the sequence of the core motif itself, the 

sequence of the spacer, or that of the flanking nucleotides may also play a role in this 

interaction In vitro, RXRs can also form homodimers that can bind to DNA through DR-1 

elements, suggesting the existence of a RXR-specific signaling (Mangelsdorf et al., 1991; 

Mader et al., 1993). 

 

The in vivo functional significance of RXRs was determined by studies involving genetic 

ablation of the isotypes in mice. RXRα null are embryonic lethal due to hypoplasia of the 

myocardium, resulting in cardiac failure (Kastner et al., 1994; Sucov et al., 1994). They also 

show ocular malformation. Some of the RXRβ null mice are lethal, but among the surviving 

mice, males are sterile (Kastner et al., 1996), whereas RXRγ null mice are normal except for 

higher serum thyroid and thyroid stimulating hormone levels and increased metabolic rates 

(Krezel et al., 1996). These studies show that though there is a redundancy of different 

isotypes in certain aspects, other functions do need the selective RXRs for 

heterodimerization.  

 

3.1.2 Retinoic Acid Receptor (RAR) 

 

The family of NRs which mediate the physiological effects of retinoids (all-trans retinoic 

acid and its analogs) are known as Retinoic Acid Receptors (RARs). RARs play an essential 

role during development, like in morphogenesis, organogenesis, and differentiation 

(Chambon, 2005). Like RXRs, there are three isotypes of RARs; RARα, RARβ, and RARγ 
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and there are several isoforms for each isotype (Giguere et al., 1987; Petkovich et al., 1987; 

Chambon, 1996). There are 2 isoforms each for RARα and RARγ, whereas RARβ has 4 

isoforms. RARα is expressed in almost all of the tissues, whereas RARβ and RARγ are 

more selective (Dolle et al., 1990). RARγ is the major RAR expressed in skin. Owing to the 

redundancy of the receptor, all RAR single-null mutant mice are viable. RARα null males 

are sterile, RARβ null mice show abnormalities in the vitreous body in eyes, and impaired 

locomotion and motor coordination abilities and RARγ nulls show skeletal and epithelial 

defects.  

 

RARs execute their functions in vitro by heterodimerizing with the RXRs, with no 

specificity for a particular isotype. The RXR-RAR heterodimers act as ligand-dependent 

transcriptional regulators by binding to the specific retinoic acid response element (RARE) 

DNA sequences found in the promoter region of retinoid target genes. RAREs correspond to 

direct repeats of polymorphic arrangements of the canonical motif 5’-PuG (G/T) TCA 

separated by five (generally referred to as DR5) or one (DR1) or two (DR2) nucleotides (Pu-

purine) (Leid et al., 1992; Mangelsdorf & Evans, 1995). In the absence of RAR agonist, the 

RAR-RXR heterodimer regulates gene expression by recruiting corepressor complex 

comprising of NCoR or SMRT and HDAC or DNA methyl transferase, which leads to an 

inactive, condensed chromatin, thus preventing transcription, whereas binding of agonist 

results in release of corepressor complex and recruitment of a coactivator complex along 

with HAT or Histone arginine methyl transferase to activate transcription (Glass & 

Rosenfeld, 2000).  

 

3.1.3 Vitamin D Receptor (VDR) 

 

The biologic effects of 1α, 25(OH) 2D3 (active vitamin D3, VD3) are mediated through the 

Vitamin D Receptor (VDR). VDR is expressed mainly in intestine, thyroid and kidney and 

has a major role in calcium homeostasis. The VDR was the first NR gene for which human 

mutations were identified (Hughes et al., 1988) and disruption of VDR function due to VDR 

gene mutation or the absence of the 1, 25(OH) 2D3 ligand leads to rickets (Kato et al., 

2002). The VDR knockouts fail to thrive, generally die before 4 months of age and show 

alopecia, infertility, hypocalcemia, and severely impaired bone formation. Female mice have 

uterine hypoplasia and impaired folliculogenesis (Li et al., 1997; Yoshizawa et al., 1997; 
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Van Cromphaut et al., 2001; Zeitz et al., 2003). VDR polymorphism is known to be 

associated with asthma (Raby et al., 2004), and VDR null mice fail to develop experimental 

asthma phenotype (Wittke et al., 2004).  

 

Similar to RARs, the VDR functions as a ligand-activated transcription factor that binds to 

specific DNA sequence elements (VDREs) in vitamin D responsive genes and ultimately 

influences the rate of transcription (Haussler et al., 1997). In general, VDREs are imperfect 

direct repeats of the sequence GGGTGA separated by a three nucleotide spacer (DR3) 

(Morrison et al., 1989). Binding of the VD3 to VDR hormone binding domain (HBD) 

induces heterodimerization of VDR with RXR and high affinity binding of the VDR-RXR 

heterodimer to the VDRE promoter sequences, recruiting coactivator complex for enhancing 

transcription.  

 

3.1.4 Glucocorticoid Receptor (GR) 

 

Glucocorticoids (GCs) are steroid hormones essential for maintaining normal physiological 

homeostasis. The functions of GCs are mediated by GR, which is ubiquitously expressed.  

There are two isoforms of GR, GRα and GRβ, which are encoded by the human GR gene.  

GRα is the predominant isoform. Alternate splicing and translation initiation sites yield 

several other isoforms of GR, whose physiological role is not completely understood (Figure 

9). GRα alone binds to endogenous GCs. Expression of GRβ is low and its physiological 

relevance is less well understood (Oakley et al., 1995 & 1997). It is known to act as a 

dominant negative repressor of GRα. GRβ is the major isoform expressed in glucocorticoid 

resistant asthma (Gross et al., 2009; Kino et al., 2009).  

 

GC bound GR mediates vast array of signalling mechanisms. Endogenous GCs are produced 

in response to environmental or stress signals through the Hypothalamus-Pituitary-Adrenal 

(HPA) axis (Chrousos, 1995). The critical role of GR during development is revealed by the 

fact that GR knockout mice die a few hours after birth due to lung abnormalities (Cole et al., 

1995). In addition, study of the skin from the GR knockout foetuses has shown that GR is 

essential for effective barrier formation during development (Bayo et al., 2008).  
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                                      Figure 9: Multiple isoforms of human GR 
 
One GR gene generates multiple GR isoforms. Alternative splicing of exon 9 generates GRa 

(dark green) and GRb (light green). Each GRa or GRb mRNA produces additional isoforms 

by alternative translation initiation. Numbers denote the first and last residues for each 

human GR isoform. Each GR protein is covalently modified by phosphorylation (P) at 

residues S113, S141, S203, S211 and S226, ubiquitination (U) at K417 (equivalent of K426 

in mouse GR) and sumolyation (S) at residues K277, K293 and K703. 

 
                     [Adapted from TRENDS in Cell Biology Vol.16 No.6 June 2006] 
 
 

In absence of ligand, GR is inactive in the cytoplasm bound to a chaperone complex 

composed of heat shock proteins (hsp90, hsp56, hsp40), immunophilins (FKBP51, FKBP52, 

cyp44, pp5), p23, Src and others, which conceal the nuclear localization signal (NLS) 

(Figure 10) (Dittmar et al., 1997). Ligand binding induces a conformational change in GR 

that leads to its dissociation from the multimeric complex and its translocation into the 

nucleus.  In the nucleus, ligand-bound GR dimerizes and binds to the DNA sequence called 

glucocorticoid response elements (GREs), which are characterized by an inverted 



INTRODUCTION 

 
 

26

palindrome separated by a  3 nucleotide spacer sequence 5’- AGAACAnnnTGTTCT-3’ 

(Schoneveld  et al., 2004). GRE half-sites are sufficient to elicit GR-mediated transcriptional 

changes. DNA binding by GR induces a conformational change in the receptor that results 

in the physical association with a variety of coregulatory factors and their recruitment to the 

chromatin. 

 

 

 

                      Figure 10: Schematic representation of GR signaling pathway. 

       [Cited from Ann. N.Y. Acad. Sci. 1179: 167–178 2009] 

 

 

GR promotes gene induction by several mechanisms, it can both activate and repress target 

genes by both DNA-dependent and -independent functions (Figure 10). In DNA dependent 
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gene activation mechanism, GR binding to GREs (Glucocorticoid response elements) 

recruits coactivators that in turn promote the recruitment of the basal transcriptional 

machinery. Further, GR recruits chromatin-remodeling coactivators that alter the 

nucleosomal structure of the DNA and create a more favorable environment for gene 

expression (Glass & Rosenfeld. 2000; Rosenfeld & Glass. 2001; Wallberg et al., 1999; 

Nagaich et al., 2004). GR can also regulate gene activity independent of DNA binding via 

protein–protein interactions with other transcription factors (Figure 10). GR-dependent gene 

activation by this mechanism is best illustrated by STATs. It has been shown that GR 

physically interacts with STAT-5, which is directly associated with the DNA.  GR is 

recruited to the STAT5-DNA complex without it directly interacting with the DNA. The 

GR–STAT-5 association leads to activation of several target genes. GR is also capable of 

interacting with STAT-3 and -6 to promote gene activation (Schindler, 1999; Zhang et al., 

1997; Biola et al., 2000). 

 

GR also plays a role in repression of transcription by interacting with negative GREs 

(nGREs), located on DNA (Figure 10). There is no definitive sequence yet characterized for 

an nGRE. The interaction of GR–nGRE leads to gene silencing by competing with, and 

displacing, other transcription factors from the DNA (Meyer et al., 1997; Novac et al., 

2006). But nGRE mediated gene silencing has been reported only for a few genes. Most of 

the genes are repressed by a mechanism of “tethered transrepression”, wherein GR interacts 

with other proteins independent of DNA binding (Figure 10). This mechanism of signalling 

has been best characterized for the transcription factors NF-B, AP1 and SMAD3, and to a 

lesser extent for NF-AT and IRFs, all of which are involved in inflammatory signalling 

cascades. GR can physically bind to p65 and repress the NF-B -mediated transcription in 

several ways. GR interacts with p65 and sequesters the NF-B complex, thereby preventing 

NF-B from reaching its DNA-binding site (McKay & Cidlowski, 1998; Almawi & 

Melemedjian, 2002). GR can also interact with DNA-bound NF-B to inhibit the 

recruitment of the transcriptional machinery. Similar to NF-B, GR can bind and repress the 

transcriptional activity of other transcription factors (Schule et al., 1990; Song et al., 1999). 

 

The transactivation function of GR can be dissociated from “tethered transrepression” by 

introducing point mutation, Alanine to Threonine (A458T) in the D-loop of the DNA 

binding domain (Heck et al., 1994). Initial studies using this mutant GR in cell transfection 
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assays have shown that though GR cannot bind to DNA, it was efficient in repressing AP1 

mediated collagenase gene expression like the wild type reporter. Mice harboring the A458T 

mutation (GRdim), defective in dimerization and hence DNA binding, have shown similar 

results (Reichardt et al., 1998). In addition, unlike the GR null, the GRdim mutants are 

viable, indicating the importance of DNA binding independent functions of GR in vivo.   

 

3.2 NF-B signaling complex 

 

In mammals the Nuclear Factor B (NF-B) family of transcription factors contains five 

members: NF-B1 (p105/p50), NF-κB2 (p100/p52), RelA (p65), RelB, and c-Rel. NF-B1 

and NF-B2 are synthesized as large polypeptides that are post translationally cleaved to 

generate the DNA binding subunits p50 and p52, respectively. Members of the NF-B 

family are characterized by the presence of a Rel homology domain, which contains a 

nuclear localization sequence and is involved in sequence-specific DNA binding, 

dimerization, and interaction with the inhibitory IB proteins (Gewirtz et al., 2001). The 

NF-B members dimerize to form homo- or heterodimers, which are associated with 

specific responses to different stimuli and differential effects on transcription. NF-B dimers 

bind promoter and enhancer regions containing B consensus sequences 5′ 

GGGRNWYYCC 3′ (N-anybase; R-purine; W-adenine or thymine; and Y-pyrimidine). NF-

B1 (p50) and NF-B2 (p52) lack transcriptional activation domains, and their homo dimers 

are thought to act as repressors. In contrast, Rel-A, Rel-B, and c-Rel carry transcriptional 

activation domains, and with the exception of Rel-B, they are able to form homo- and 

heterodimers with the other members of this family of proteins. The balance between 

different NF-B homo- and heterodimers will determine which dimers are bound to specific 

B sites, and thereby regulate the level of transcriptional activity. These proteins are 

expressed in a cell- and tissue-specific pattern that provides an additional level of regulation. 

For example, NF-B1 (p50) and RelA are ubiquitously expressed, and the p50/RelA 

heterodimers constitute the most common inducible NF-B binding activity. In contrast, 

NF-B2, Rel-B, and c-Rel are expressed specifically in lymphoid cells and tissues. In 

unstimulated cells, NF-B dimers are retained in the cytoplasm in an inactive form as a 

consequence of their association with members of another family of proteins called IB 

(inhibitors of B). IB family of proteins includes IB α, IB β, IB, Bcl-3, and the 
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carboxyl-terminal regions of NF-B1 (p105) and NF-B2 (p100). Recent studies have also 

identified a novel family member, IB ε that is thought to act in the nucleus (Yamazaki et 

al., 2001). IB proteins bind with different affinities and specificities to NF-B dimers. 

Thus, not only are there different NF-B dimers in a specific cell type, but the large number 

of combinations between IB and NF-B dimers illustrates the sophistication of the system. 

 

 

               Figure 11: Schematic representation of NF-κB signaling pathway. 

 

Although several non-receptor-mediated pathways (such as oxidative stress or UV 

irradiation) lead to activation of NF-B, it is the receptor-mediated events which result in 

activation of these transcription factors that have been best characterized (Figure 11). The 

binding of a ligand (e.g., tumor necrosis factor alpha [TNF-α], interleukin 1 [IL-1], CD40L, 

lipopolysaccharide [LPS]) to its receptor triggers a series of events involving protein kinases 

that result in the recruitment and activation of IB kinases (IKKs) that phosphorylate IB. 

There are at least three components of this signal; some complex—IKKα, IKKβ, and 

NEMO/IKK—which together provide an additional level of regulation that controls gene 

transcription. The phosphorylation of two serine residues at the NH2 terminus of IB 



INTRODUCTION 

 
 

30

molecules (e.g. Ser32 and Ser36 in IBα), leads to the polyubiquitination on Lys21 and 

Lys22 of IBα and subsequent degradation of the tagged molecule by the 26S proteasome 

(Karin and Ben-Neriah, 2000). The degradation of IB exposes the nuclear localization 

sequence and allows NF-B dimers to translocate to the nucleus, bind to B motifs present 

in the promoters of many genes, and regulate transcription. As part of an autocrine loop, 

binding of NF-B will induce the transcription of IB genes and so provide a mechanism 

for limiting the activation of NF-B activity (Brown et al., 1993).  In this system, the 

activation of NF-B is independent of de novo protein synthesis and so allows a rapid 

response to appropriate stimuli.  

 

3.3 AP1 family of transcription factors 

 

The transcription factor Activator Protein 1 (AP1) is encoded by proto-oncogenes and 

regulates various aspects of cell proliferation and differentiation. Many of the properties and 

regulatory functions of eukaryotic transcriptional regulators were initially discovered and 

described in studies on these proteins (Angel & Karin, 1991; Curran & Franza, 1988). The 

AP1 family consists of several groups of basic region leucine zipper (bZIP-domain) 

proteins: the Jun, the Fos, ATF-2 and the MAF subfamilies (Angel & Karin, 1991). 

Mammalian Jun proteins include c-Jun, JunB, and JunD. Fos proteins are c-Fos, FosB, Fra-1 

and Fra-2. Maf proteins are c-Maf, MafB, MafA, MafG/F/K and Nrl. ATF proteins are 

ATF2, LRF1/ATF3, B-ATF, JDP1, and JDP2. AP-1 proteins dimerize and bind to their 

DNA target sites identified by either 12-O-tetradecanoylphorbol-13-acetate (TPA) response 

elements (5′-TGAG/CTCA-3′) or cAMP response elements (CRE, 5′-TGACGTCA-3′) 

(Chimenov & Kerppola,  2001). Dozens of different homo- and heterodimeric combinations 

with different regulatory properties, as determined by the characteristics of the subunits, can 

form. The activity of individual AP1 components can be regulated at different levels. One 

level is transcriptional. Some AP1-encoding genes are tightly regulated: c-jun and c-fos are 

the best-characterized examples of this group. Their expression is subject to regulation by a 

large number of stimuli and signaling pathways (Whitmarsh & Davis, 1996). Though jun 

proteins can form both either homo- or heterodimers with fos members, fos can only form 

heterodimers with jun as they cannot form stable homodimers (Angel & Karin, 1991).     
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      Figure 12: Schematic representation of AP1 signaling pathway. 

      [Adapted from nature reviews cancer vol.3 nov 2003 859] 

 

Other AP1 coding genes, such as junD and ATF-2, are expressed at fairly constant levels (de 

Groot et al., 1991; Van Dam et al., 1995). In addition to the intracellular concentrations of 

these proteins, the specifc activity of AP-1 factors is subject to regulation at the protein 

level, by post- translational modifcations and interactions with other proteins. The mitogen-

activated protein kinase (MAPK) signaling pathways play a predominant role in this regard 

(Ip & Davis, 1998; Karin et al., 1997; Whitmarsh & Davis, 1996). These pathways are 

characterized by modules composed of three protein kinases: MAPKKKs phosphorylate and 

thereby activate MAPKKs, which in turn phosphorylate MAPKs. The three best-

characterized subfamilies of MAPKs are named ERK, JNK and p38. In general, different 

MAPKs are members of separate modules, and are regulated by distinct extracellular 

stimuli. For example, ERKs are activated by receptor tyrosine kinases and relay proliferation 

or differentiation signals. JNK and p38-type MAPKs are activated predominantly by stress 

stimuli and pathogenic insults, and also by mitogens in some cell types. Interestingly, all 

three classes of MAPKs are involved in the regulation of distinct AP1 components. c-Jun is 

regulated by JNK phosphorylation and in some cell types also by ERK-mediated 

mechanisms. c-Fos is a substrate for regulatory phosphorylations by ERK, and ATF-2 is 
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regulated by JNK and p38 kinases (Karin, 1995; Whitmarsh & Davis, 1996). 

Phosphorylated and hence activated c-fos and c-jun form dimers and bind to the response 

element on AP1 target genes. Unlike its other family members, JunB and FosB negatively 

regulate gene transcription (Robert Chiu et al., 1989). Signalling by AP1 transcription 

factors has been shown to be involved in, or at least correlated with, phenomena as diverse 

as cell proliferation, transformation, cell differentiation, cell migration and apoptosis.  

 

3.4 JAK- STAT signalling pathway  

 

Signal Transducers and Activators of Transcription (STATs), as the name suggests, have a 

dual role. They act signal transducers in the cytoplasm and as transcription factors when in 

the nucleus. They respond rapidly to extracellular signals, and reprogram gene expression. 

In mammals, there are seven STAT genes, STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B, and STAT6 (Takeda & Akira, 2000). STAT proteins are characterised by the 

presence of a Src homology domain. There is sufficient diversity in the STAT amino acid 

sequences and their tissue-specific distributions to account for their diverse roles in 

responses to extracellular signaling proteins. In the absence of specific receptor stimulation, 

STAT proteins are inactive as transcription factors and are localized in the cytoplasm. They 

are activated rapidly in response to receptor-ligand coupling and are recruited to the 

intracellular domain of the receptor through specific binding between STAT Src-homology 

2 (SH2) domains and receptor phosphotyrosine residues. These SH2-phosphotyrosine 

interactions are highly specific and are a critical step in determining the specificity of 

receptor-mediated STAT activation. Many growth factor receptors have intrinsic tyrosine 

kinase activity, but most STAT-activating cytokine receptors do not. Instead, the required 

tyrosine kinase activity is provided by receptor-associated cytoplasmic proteins from the 

Janus kinase (JAK) family (Leonard, 2001). JAKs are also evolutionarily conserved, and 

there are four JAK proteins in mammalian cells, JAK1, JAK2, JAK3, and TYK2. JAKs bind 

specifically to intracellular domains of cytokine receptor signaling chains and catalyze 

ligand-induced phosphorylation of themselves and of intracellular tyrosine residues on the 

receptor, creating STAT docking sites. Phosphorylation of STATs on activating tyrosine 

residues leads to STAT homo- and heterodimerization and their transport from the 

cytoplasm to the nucleus for DNA binding. Most STAT dimers recognize an 8– to 10–base 

pair inverted repeat DNA element with a consensus sequence of 5’-TT(N4–6)AA-3’. 
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Differential binding affinity of a particular activated STAT dimer for a single target DNA 

sequence is determined by variations in the exact nucleotide sequence (Ehret et al., 2001). 

The affinity of a STAT-DNA complex for a natural target gene promoter is also determined 

by cooperative dimer-dimer interactions mediated by NH2-terminal amino acids (Xu et al., 

1996; Vinkemeier et al., 1996). STAT dimers have the intrinsic ability to recruit nuclear co-

activators that mediate chromatin modifications and communication with the core 

promoters, and thus induce transcription of target genes (Chin et al., 1996; Ouchi et al., 

2000).   

 

              Figure 13: Schematic representation of JAK-STAT signaling pathway. 

 

The JAK-STAT signaling pathways do not usually function autonomously; rather, they are 

regulated by a vast array of intrinsic and environmental stimuli. Diverse protein kinases, 

including several mitogen-activated protein kinases (MAPKs), phosphorylate STATs on 

serine residues, allowing additional cellular signaling pathways to potentiate the primary 

STAT-activating stimulus (Decker & Kovarik, 2000). Similarly, it is possible that additional 

sites of regulated serine phosphorylation or other posttranslational modifications may 

regulate attenuation of STAT activity (Mowen et al., 2001; Ahmed et.al., 2000). Negative 

regulation of the JAK-STAT pathway is accomplished by common mechanisms as receptor 

internalization to endocytic vesicles and subsequent receptor degradation. Protein Tyrosine 
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Phosphatases (PTPase) specifically inhibit STATs.  They dephosphorylate STATs either at 

the level of the membrane-associated receptor-kinase complex (David et al., 1995; Myers et 

al., 2001; Irie-Sasaki et al., 2001) or, in the nucleus. Dephosphorylated STAT dimers are 

recycled back to the cytoplasm as latent STAT monomers (Haspel et al., 1996; David et al., 

1993). Suppressor of Cytokine Signaling (SOCS) proteins directly bind to and inactivate the 

JAK kinases (Krebs & Hilton, 2001). Expression of SOCS genes can be stimulated by the 

same cytokines that enhance STAT activation, so the SOCS proteins can act in classic 

feedback inhibition loops. Protein inhibitors of activated STATs (PIAS) bind to 

phosphorylated STAT dimers, preventing DNA recognition (Shuai, 2000). The steady-state 

and signal-inducible concentrations of all the positive and negative regulators determine the 

intensity and duration of the signal response in a particular cell type. 

 

3.5 TGFβ Superfamily 

 

The Transforming Growth Family β (TGFβ) superfamily is a multifunctional cytokine 

family that regulates cell growth, tissue remodelling and angiogenesis. In mammals the 

TGFβ superfamily of growth factors consists of about 30 genes: 3 TGFβ isoforms, 4 activin 

β-chains, the protein nodal, 10 bone morphogenetic proteins (BMPs) and 11 growth and 

differentiation factors (GDFs). All these ligands are synthesized as dimeric pre-proproteins, 

which are then processed and secreted as dimeric growth factors (Gray & Mason, 1990). A 

hallmark of TGFβ superfamily ligands is the so called ‘cysteine knot’ (Shi & Massagué, 

2003), a structural motif in the mature protein that is formed by three intramolecular 

disulphide bonds between six strictly conserved Cys residues. With the exceptions of GDF3, 

GDF9 and BMP15, all ligands use an additional conserved Cys residue to form an 

intermolecular disulphide bond for stabilization of the dimer. Although homodimers seem to 

be the prevalent form, additional combinatorial variety occurs through heterodimerization, 

which is exemplified by activin βA–βB heterodimers, nodal–BMP4 and nodal–BMP7 (Yeo 

& Whitman, 2001). Receptors for the TGFβ superfamily ligands consist of a cysteine rich 

extracellular domain, a single-pass transmembrane domain and a significantly conserved 

intracellular Ser–Thr kinase domain (Shi & Massagué, 2003).  
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    Figure 14: Schematic representation of the TGFβ signal transduction pathway. 

           [Adapted from Cell Tissue Res (2002) 307:1–14] 

 

Two functional classes of receptors can be distinguished: type II and type I; binding of the 

ligand causes bridging of the pre-formed dimers of type II receptors and dimers of type I 

receptors to form heterotetrameric, active receptor complexes (Feng & Derynck, 2005). The 

type II receptor kinase is thought to be constitutively active and, within an established 

receptor complex, phosphorylates the type I receptor. Phosphorylation of the receptor leads 

to the recruitment of regulated SMADs (R- SMADs): SMAD1, SMAD2, SMAD3, SMAD5 

and SMAD8, which are sequestered in a complex with SMAD anchor for receptor activation 

(SARA) in the cytoplasm (Tsukazaki et al., 1998).  The type I receptor then phosphorylates 

the R- SMADs on two Ser residues at their extreme C termini, which allows them to form 

complexes with the common mediator (Co-SMAD) SMAD4 (Shi & Massagué, 2003), and 

also to form homomeric complexes. SMAD complexes accumulate in the nucleus, where 

SMAD4-containing complexes are directly involved in regulating the transcription of target 

genes, both positively and negatively (Figure 14). SMADs bind to the SMAD binding 

element (SBE) characterised by C-G containing sequences, CAGAC (Shi et al., 1998). R-

SMADs and SMAD4 share two highly conserved domains, termed MH1 and MH2, which 

are separated by a less conserved Pro-rich linker region. Except for SMAD2, which cannot 

bind DNA directly owing to a small insert encoded by an extra exon15, the MH1 domains of 
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the R- SMADs and SMAD4 are responsible for DNA binding. The linker region is 

phosphorylated by kinases such as mitogen-activated protein kinases (MAPKs), glycogen 

synthase kinase-3β (GSK-3β) (Sapkota et al., 2007) and cyclin-dependent kinases (CDKs) 

(Liu, 2006), and is thus thought to integrate inputs from other signalling pathways. The 

MH2 domain mediates SMAD–receptor interactions, SMAD–SMAD interactions and 

SMAD interactions with transcription factors, co-activators and co-repressors. SMADs seem 

to be unable to directly recruit the basal transcription machinery to responsive promoters 

and instead regulate transcription through chromatin remodelling. SMAD-dependent 

chromatin remodelling and histone modifications are thought to facilitate the subsequent 

recruitment of the general transcription machinery to target gene promoters (Ross et al., 

2006). 

 

Negative feedback in the TGFβ superfamily signalling pathways is mediated by induction of 

the inhibitory SMADs (I-SMADs) SMAD6 and SMAD7, and is thought to function in 

signal termination (Itoh & ten Dijke, 2007). I-SMADs are transcriptionally induced in 

response to TGFβ and BMPs in a SMAD-dependent manner and can inhibit signalling by 

distinct and diverse mechanisms. I-SMADs either interact with type I receptors, leading to a 

competitive inhibition of R- SMAD binding or inactivate receptors by interacting with 

ubiquitin ligases (Kavsak et al, 2000; Ebisawa et al., 2001; Ogunjimi et al., 2005) and 

protein phosphatase (PP1) (Shi et al., 2004) and targeting them to active receptors thereby 

leading to their degradation or inactivation by dephosphorylation of receptors, respectively.  

 

3.6 Coregulators  

 

Coactivators 

Transcriptional regulation is dependent not only on transcription factor activation and 

chromatin remodeling, but also on a host of regulatory proteins referred to as coactivators 

and corepressors (Glass et al., 1997; McKenna et al., 1999). Coactivators usually do not 

bind to DNA, but are recruited to the target gene promoters through protein-protein 

interactions with the targeted transcription factors, and function as linker molecules between 

DNA binding proteins and protein modifying enzymes, which facilitate local structural 

alterations. Some coactivators have intrinsic chromatin modifying enzymatic activity.  The 

p160/steroid receptor coactivator (SRC) family is a well-studied family of transcriptional 
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coregulatory proteins that function through histone tail modifications, altering chromatin 

structure, and facilitating transcription initiation. Its members are SRC1, glucocorticoid 

receptor interacting protein (GRIP1; also known as SRC2, TIF2), and P/CIP (also known as 

SRC3, AIB1, TRAM1, and RAC3) (Torchia et al., 1998). The P160/SRC family members 

share a common structure frame that includes an N-terminal basic helix-loop- helix domain, 

a PAS (PER, aryl hydrocarbon receptor nuclear translocator (ARNT), and SIM homology 

domain, a C-terminal transcriptional activation domain, and a central region containing three 

NR interacting LXXLL (where L is leucine and X is any amino acid) motifs (McKenna et 

al., 1999). SRC1 and SRC3 have been shown to have histone acetyltransferase (HAT) 

activity, which is necessary for the formation of an open chromatin structure (Spencer  et al., 

1997).  

 

Corepressors 

As is indicated by the name, corepressor proteins in general coordinate the inactivation of 

transcriptionally active complexes through the direct interaction with DNA-binding 

transcription factors and the coordinate recruitment of chromatin modifying enzymes, which 

may condense the chromatin to an inactive state. The first corepressors to be identified were 

for NRs, the silencing mediator of retinoid and thyroid hormone receptors (SMRT) and the 

nuclear hormone receptor corepressor (NCoR) (Davie & Dent, 2004). These two proteins 

share similar domain architecture and function in a similar fashion. Both proteins interact 

with various transcription factors (often dimers, with one corepressor per dimer) through a 

C-terminal region, and nucleate the assembly of multiprotein repressor complexes through 

N-terminal repression domains, which interact with chromatin remodelling enzymes such as 

histone deacetylases (HDACs).   

 

Reports also suggest that there are role reversals for coregulators. For instance, HDAC1 

which normally recruits SMRT and NCoR, acts as coactivator of GR mediated transcription 

(Qiu et al., 2006). Allosteric influences in the DNA-binding hormone response element can 

regulate the ability of SRC2 to bind distinct parts of GR and control its 

coactivator/corepressor function (Rogatsky et al., 2002). In another example, SRC3 

functions as a growth repressor in the lymphocytes; it sequesters IKK, allowing IκB levels 

to rise, thereby inhibiting NFκB activity (Coste et al., 2006).  
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3.7 Chromatin remodelling enzymes 

 

Addition of acetyl groups to histone tails alters the histone-DNA and histone-protien 

interactions, making the chromatin more accessible for transcription. This process of gene 

regulation is mediated by enzymes called Histone Acetyl Transferases (HATs). The most 

extensively studied are four families of HATs, the GNAT family, the p300/CBP family, the 

MYST family, and the RH109 family (Marmorstein & Trievel, 2009). HATs also interact 

with other co-activators like SRCs to recruit general transcription machinery.   

 

Histone deacetylation is one of the most important processes that mediate transcriptional 

repression. A large family of proteins called HDACs mediates this process. In vertebrates 

the family of HDACs consists of 11 members, which are divided into 3 sub classes; class I – 

HDAC1 – HDAC3, class II HDAC4- HDAC7, HDAC9, and HDAC10, class III NAD+ 

dependent sirtuins and class IV – HDAC11 (de Ruijter et al., 2003; Thiagalingam et al., 

2003). In general, removal of acetyl groups from histone tails induces condensation in 

chromatin structure that prevents gene transcription. However, deacetylation does not occur 

independently, HDACs are recruited to the chromatin in co-ordination with the co-repressor 

complexes.   
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4. Thymic stromal lymphopoietin (TSLP) 

 

4.1 TSLP and its receptor 

 

Thymic stromal lymphopoietin (TSLP) was originally identified as a growth factor in the 

supernatant of Z210R.1 thymic stromal cells that support proliferation and survival of the 

NAG8/7 pre-B cell line (Friend et al, 1994). Subsequent characterization and cloning 

showed that TSLP is a short-chain four α-helical bundle type I cytokine that is closely 

related to IL-7 (Sims et al, 2000). A cDNA clone encoding human TSLP has been isolated 

by database search methods. Sequence prediction shows a rather poor homology between 

mouse and human TSLP, which share only 43% amino acid identity. However, it has been 

found that human and mouse TSLP exert similar biological functions (Ziegler & Liu, 2006). 

 

The TSLP receptor complex consists of a TSLP-binding chain (TSLPR) and the IL7 

receptor-α (IL-7Rα) chain (Ziegler & Liu, 2006; Park et al., 2000) Human and mouse 

TSLPR share 39% amino acid identity. Although TSLPR is a type 1 cytokine receptor, 

several type 1 cytokine receptor ‘hallmark’ motifs are altered in TSLPR (Ziegler & Liu, 

2006). For example, TSLPR lacks the second of four conserved extracellular domain 

cysteine residues, suggesting that TSLPR might have a unique folding pattern. TSLPR 

contains the conserved ‘box1’ sequence found in type I cytokine receptors, but lacks the 

conserved ‘box2’. Those motifs regulate the binding of Janus protein tyrosine kinase (Jak). 

Furthermore, unlike other cytokine receptors, TSLPR contains a single tyrosine residue four 

amino acids away from its C terminus. TSLP may activate STAT5 (Isaksen et al., 1999) and 

this activation requires the Box1 region of both TSLPR and IL-7Rα. In addition to activation 

of STAT5, TSLP may activate other pathways, including those often activated by other 

cytokines, such as PI3-K/Akt, MAPK (mitogen activated protein kinase), and/or Src family 

kinase pathways (Liu et al., 2007). 

 

4.2 TSLP expression   

 

Both mouse and human TSLP are expressed predominantly by epithelial cells, with the 

highest expression in lung, skin and gut (Reche et al., 2001). TSLP is constitutively 
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expressed by intestinal epithelial cells, and is known to play an important role in 

maintaining gut immune homeostasis. In a mouse model of Inflammatory Bowel Disease 

(IBD), TSLPR deficient mice show rapid onset and severity of disease to commensals 

(Taylor et al., 2009). Further evidence for the involvement of TSLP in maintaining gut 

homeostasis is the finding that colonic epithelial cells from patients with Crohn’s disease 

have lower expression of the TSLP gene (Rimoldi  et al., 2005).  

 

Several in vitro studies have demonstrated that expression of TSLP can be induced by a 

wide variety of stimuli like TLR ligands, bacterial and viral products, pro-inflammatory 

(IL1β and TNFα) and Th2 cytokines (Bogiatzi et al., 2007; Kato et al., 2007; Lee & Ziegler, 

2007). In vivo studies using mouse as a model organism have revealed that TSLP could be 

induced by the protein antigen ovalbumin (i) in nasal epithelium in a mouse model of 

allergic rhinitis, and (ii) in lung, BAL fluid, and mast cells in an asthma model (Hyde et al., 

2007; Miyata et al., 2008; Mou et al., 2009). Topical application of haptens like FITC, 

oxazolone and TPA (our unpublished observation) are also known to induce TSLP in 

keratinocytes of mouse skin. Si-RNA mediated silencing of E-cadherin in airway epithelial 

cells leads to increased TSLP expression (Heijink et al., 2007). 

 

In addition, overexpression of IL13 in mouse skin induces TSLP (Zheng et al., 2009). 

SPINK5 (Chavanas et al, 2000) and notch signalling deficient mice (Demehri et al., 2008) 

show increased TSLP production in skin. SOCS7 null mice show cutaneous abnormalities 

and increased infiltration of TSLP producing mast cells (Knisz et al., 2009).  Tissue damage, 

for instance, inciting physical injury by tape-stripping of both mouse and human skin also 

increases TSLP (our unpublished observation & Angelova-Fischer et al., 2010), thus 

making TSLP a sensor for epidermal integrity.    

 

4.3 TSLP and Nuclear Receptors 

 

Earlier studies in our laboratory have shown that, keratinocyte selective ablation of the 

nuclear receptors RXRα and RXRβ (RXRαβ ep-/- mutants) leads to an increased expression 

of TSLP in the keratinocytes and towards development of skin and systemic abnormalities 

similar to human AD in mice (Li et al., 2005). Moreover, topical application of vitamin D3 

or its low calcemic analogue MC903, an agonist for VDR, induces TSLP production by the 
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keratinocytes, and repeated application leads to the development of AD-like phenotype in a 

TSLP dependent manner. All-trans retinoic acid (RA), RAR agonist is also known to induce 

TSLP in the keratinocytes (Li et al., 2006). Together these ligands synerzise and enhance the 

production of TSLP.  All these studies demonstrate that NRs do play an important role in the 

regulation of TSLP.  

 

4.4 TSLP effects on immune cells 

 

TSLP can act on immune cells of multiple lineages (Figure 15), including dendritic cells, T 

cells, NKT cells, mast cells and B cells. Based on TSLP receptor expression and potential 

function in model system, eosinophils and macrophages may also respond to TSLP, but 

further studies are required.  

 

Dendritic cells (DC) 

DCs, as described in chapter 1.2.2, are APCs that bridge between innate and adaptive 

immunity. DCs can be activated directly by pathogens via TLRs or by mediators produced 

by epithelial cells. Activated DCs upregulate costimulatory molecules including MHC class 

II antigens, and release cytokines and chemokines that together induce recruitment, 

activation, and differentiation of T cells. Human DCs express TSLP receptors and rapidly 

respond to TSLP, as evaluated by the upregulation of MHC class II, CD40, CD80, CD86, 

OX40L, and TH2 chemokines including TARC and MDC (Soumelis et al., 2002). 

Following TSLP stimulation, DCs control homeostasis and differentiation of human CD4+ 

T cells to inflammatory TH2 cells, and CD8+ T cells to proallergic cytotoxic cells with IL-

13 production (Gilliet et al., 2003). In mice, TSLP induces the maturation of DCs, and 

TSLP-activated DCs regulate the differentiation of naive CD4+ T cells to TH2 cells (Zhou 

et al., 2005;  Al-Shami et al., 2005). These results suggest that in both humans and mice, 

TSLP-activated DCs promote the differentiation of T cells to proallergic cells. TSLP 

activated DCs are also able to support the maintenance and polarization of CRTH2+ Th2 

effector memory cells (Wang et al., 2006). TSLP has the ability to suppress Th1 

differentiation by inhibiting the expression of p40 subunit of IL12 both in human and mouse 

DCs (Rimoldi et al., 2005; Zaph et al., 2007; Taylor et al., 2009).                                  
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Figure 15: TSLP produced by epithelial cells can act on immune cells of multiple lineages. 

                           [Adapted from Ziegler & Artis, 2010] 

 

T cells 

In mice, disruption of IL-7Rα signaling leads to T-cell and B-cell lymphopenia, and an 

absence of γδ T cells (Puel & Leonard, 2000). In humans, mutation of the IL-7R gene 

results in a form of severe combined immunodeficiency in which T cells are profoundly 

diminished in number while other lineages are intact (Giliani et al., 2005). It is reasonable to 

predict that TSLP might partially replace the role of IL-7 in T-cell development, because IL-

7Rα is also shared by TSLP. Indeed, although the lack of TSLPR (TSLPR-/- mice) does not 

affect hematopoiesis, TSLPR/γc double knockout mice have more impaired T-cell 

development than do γc-deficient mice, and recovery of T cells is defective in sublethally 

irradiated TSLPR knockout mice (Al-Shami et al., 2004). Similarly, transgenic 

overexpression of TSLP in IL7(-/-) lymphopenic mice promotes the generation of functional 

B cell and T cell, consistent with the ability of TSLP to compensate for IL-7 deficiency 

(Chappaz et al., 2007). Thus, TSLP-TSLPR interactions may be involved in, but are not 

necessary for normal T-cell lymphopoiesis. 

TSLPR deficiency in mice has been associated with defective development of an 

inflammatory allergic response to OVA in the lung (Zhou et al., 2005;  Al-Shami et al., 

2005) but this can be reversed by the addition of wild-type (WT) CD4+ T cells (Al-Shami, 

A., 2005). Interestingly, a comparison of the four possible combinations of DCs and CD4+ T 

cells from WT versus TSLPR KO mice in a proliferative assay revealed that the absence of 

TSLPR on CD4+ T cells appeared to be even more deleterious than the loss of TSLPR on 
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DCs (Al-Shami, A., 2005). Moreover, it was shown that TSLP can regulate differentiation of 

preactivated mouse CD4+ T cells toward the TH2 phenotype in a DC-independent fashion 

(Omori et al., 2007). Together these data demonstrate a unique role of TSLP in the 

regulation of CD4+ T cell action. 

It has been proposed a species difference between human and mouse TSLP, as human TSLP 

seemed to act on DCs, with only an indirect effect on T cells, whereas the mouse TSLP 

seemed to act directly on both DCs and T cells (Ziegler & Liu, 2006). However, others 

reported that CD4+ T cells in both human and mouse can directly respond to TSLP (Al-

Shami et al., 2004 & Rochman et al., 2007). Analysis of human CD4+ T cells showed that 

preactivated, but not naive CD4+ T cells express TSLPR, and also that TSLP can rapidly 

activate STAT5 and induce the expression of STAT5 target genes, indicating the presence of 

functional TSLP receptors on activated human T cells. Consistent with this, TSLP augments 

the proliferation rate of T cell receptor (TCR)-activated human CD4+ T cells (Al-Shami et 

al., 2004), analogous to the effect previously observed in mice (Rochman et al., 2007). 

 

NKT cells 

NKT cells represent a subpopulation of T cells that have properties of both conventional T 

cells and NK cells. A recent study (Nagata et al., 2007) has proposed a role of TSLP on 

NKT cells. The authors found that NKT cells express TSLP receptor, as well as IL-7 

receptor α -chain. TSLP acts on NKT cells to preferentially increase their IL-13 production, 

but not IFN-γ and IL-4. By using lung-specific TSLP transgenic mice and NKT knockout 

mice, they showed that in allergen induced asthma, TSLP acts on NKT cells to enhance 

AHR by upregulating their IL-13 production, whereas eosinophilia and IgE production are 

not influenced. 

 

Mast cells 

It also has been established that mast cells not only express high levels of TSLP mRNA, but 

also can respond to TSLP. Immunostaining of a bronchial biopsy of an asthmatic patient has 

revealed TSLP receptor expression on infiltrating mast cells (Allakhverdi et al., 2007). 

Furthermore, stimulation of human mast cells in vitro with IL-1β and TNF-α in the presence 

of TSLP strongly augments the production of proinflammatory TH2 cytokines, including 

IL-5, IL-6, IL-10 and IL-13, as well as chemokines that are involved in allergic diseases 

(Allakhverdi et al., 2007). Consistent with this, blocking endogenous TSLP, which is 

released by activated human epithelial cells, completely inhibited the production of IL-13 by 
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mast cells. This suggests that TSLP may facilitate crosstalk between epithelial cells and 

mast cells.  

 

B cells 

TSLP has effects in B-cell lymphopoiesis (Ziegler & Liu, 2006). In vitro studies have 

indicated that TSLP is capable of supporting the growth of fetal liver and adult B cell 

progenitors, as well as their differentiation to the immunoglobulin M–positive (IgM+) stage 

of B cell development (Levin et al., 1999). Subsequent studies have shown that TSLP 

influences distinct B cell progenitors in fetal liver and adult bone marrow (Vosshenrich et 

al., 2003 & 2004). Fetal liver pro–B cells respond to both TSLP and IL-7, but only bone 

marrow pre–BCR (B cell receptor)+ pre–B cells respond to TSLP. Those findings are 

consistent with the observation that although both have equal expression of high-affinity 

TSLP receptors and both respond to IL-7, the fetal liver–derived NAG8/7 cell line but not 

the bone marrow–derived IxN2b cell line, responds to TSLP (Isaksen et al., 2002). It has 

been recently reported that local increase in TSLP in a keratin 5–driven TSLP transgenic 

mice induces systemic alterations in B cell development, and promote humoral 

autoimmunity (Astrakhan et al., 2007). In another study, TSLP has been found to be 

involved in epithelial cell triggered frontline immunoglobulin class switching (Xu et al., 

2007). 

 

In helminth- or allergen- induced inflammatory responses, TSLP promotes basophils to 

drive Th2 differentiation. TSLP can recruit eosinophils to the site of Th2 inflammation. 

Collectively, these data suggest a model in which TSLP, acting through DCs, granulocytes, 

natural killer T cells or directly on CD4+ T cells, can promote TH2 cell differentiation and 

TH2 cytokine–associated inflammation. 

 

4.5 TSLP in atopic diseases 

 

In addition to being produced by the epithelial cells, recently, it was demonstrated that 

allergen activated basophils also produce TSLP, and thus may also be important in the 

initiation of TH2 responses (Sokol et al., 2008). More and more studies have suggested that 

TSLP is a master regulator in atopic diseases, including AD and asthma (Liu, 2006).  
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TSLP and AD 

TSLP protein is highly expressed in acute and chronic atopic dermatitis lesions from atopic 

dermatitis patients, but not in normal skin or nonlesional skin in patients with atopic 

dermatitis. TSLP is expressed mainly in keratinocytes of the apical layers of the epidermis, 

suggesting that TSLP production is a feature of fully differentiated keratinocytes. TSLP was 

not found in skin lesions from patients with nickel induced contact dermatitis or 

disseminated lupus erythematosus. Interestingly, TSLP expression in patients with AD was 

associated with Langerhans cell migration and activation in situ, suggesting that TSLP may 

contribute directly to the activation of these cells, which could then migrate into the draining 

lymph nodes and prime allergen-specific TH2 responses (Soumelis et al., 2002; Soumelis & 

Liu 2004).  Recent evidence also indicates the presence of TSLP in serum samples of AD 

infected children (Lee et al., 2010).   

 

Mice studies on TSLP provide strong evidences to support TSLP function in atopic 

dermatitis. Studies from Yoo et al. 2005, as well as from our laboratory (Li et al., 2005) have 

demonstrated that mice overexpressing TSLP in keratinocytes developed a similar AD-like 

dermatitis. Mutations affecting the expression of TSLP in mouse skin; like ablation of NRs, 

Notch deficiency, or SPINK deficiency, all of which lead to induction of TSLP in the skin as 

well as in the serum, show AD-like phenotype indicating a potential link between TSLP and 

the development of Th2 inflammation. TSLP knockout mice (TSLP -/-) or mice lacking 

TSLP specifically in the epidermal keratinocytes (TSLP ep-/-) do not develop inflammation 

in a MC903 induced model of AD (Li et al., 2009). 

 

TSLP and asthma 

It has been shown by in situ hybridization that TSLP RNA levels are increased in asthmatic 

airways (bronchial epithelium and submucosa) from asthma patients, and was correlated 

with both the expression of TH2-attracting chemokines and with disease severity (Ying et 

al., 2005). This suggests that production of TSLP in the lung could be important for the 

development or/and maintenance of asthma. Mice lacking the TSLPR (TSLPR-/- null mice) 

fail to develop experimental asthma in response to OVA sensitization and challenge (Zhou 

et al., 2005 & Al-Shami et al., 2005), suggesting that TSLP signaling is playing an important 

role in allergic lung inflammation. In addition, transgenic mice overexpressing TSLP under 

the lung-specific SPC (surfactant protein C) promoter (Zhou et al., 2005) develop a 

spontaneous lung inflammation characterized by a massive infiltration of leukocytes 
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(including TH2 cells), goblet cell hyperplasia, and subepithelial fibrosis, as well as increased 

serum IgE levels.  

 

TSLP and allergic rhinitis 

Recently, TSLP was found to be involved in the development of allergic rhinitis. TSLP 

detected by RT-PCR and immunohistochemistry is significantly increased in nasal mucosa 

from allergic rhinitis patients compared with normal control individuals, and TSLP 

production is tightly correlated with that of IL-4 and severity of allergic rhinitis (Mou et al., 

2008). TSLP expression was also found to be up-regulated predominantly in the nasal 

epithelium in an OVA sensitized and challenged mouse model of allergic rhinitis (Miyata et 

al., 2008), which was abolished in mast cell-deficient mice. Furthermore, the administration 

of neutralizing TSLP antibody during the challenge phase of the OVA protocol inhibited the 

development of allergic rhinitis. These results suggest that nasal epithelial TSLP expression 

plays an important role in the development of allergic rhinitis. 

 

TSLP and atopic march 

TSLP is also known to play a role in atopic march. Studies in mice have shown that higher 

expression of TSLP in the skin, leads to an increased response to allergen challenge in the 

lung (Zhang  et al., 2009) Mice lacking TSLP or one of its signalling receptor IL7Rα, do not 

show this phenotype upon antigen challenge (Demehri  et al., 2009).  

 

These studies show that TSLP is both necessary and sufficient for the development of Th2 

inflammation, thus becoming a potential therapeutic target in the treatment of allergic 

diseases. 
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Earlier studies done in our laboratory have revealed crucial insight into the possible 

role of nuclear receptors (NRs) in regulating the expression of TSLP in mice. Indeed, 

selective ablation of RXRα and RXRβ in epidermal keratinocytes of mice (RXRαβep-/- 

mutant) led to an increased expression of TSLP in the keratinocytes. Further studies involving 

deletion of the ligand dependent activation function (AF-2) domain in RXRα and RXRβ 

mutants suggested that the induction of TSLP is not due to the loss of transactivation, but due 

to the relief of an NR mediated repression. As RXRs heterodimerize with other NRs for 

binding to cognate response elements on the DNA, it appeared that there could be NR 

partners involved in this process of repression, and that their agonistic ligands could possibly 

activate TSLP transcription. Analysis of various NR ligands for their ability to induce TSLP 

expression revealed that active vitamin D3 (VD3, agonist for VDR) and all-trans-retinoic acid 

(RA, agonist for RARs) were able to induce the expression of TSLP in mouse epidermal 

keratinocytes. Taken together, these results suggested that RXRα, RXRβ, VDR and RAR may 

be differentially regulating the expression of TSLP depending on the stimulus.  

My thesis research was aimed at further exploring the above observations and 

elucidating the mechanisms that regulate TSLP expression in vivo.                       

My thesis work was focussed on three broad objectives: 

1. To understand the mechanism by which NRs regulate the expression of TSLP 

2. To identify other additional transcription factors that may regulate TSLP expression 

3. To investigate whether glucocorticoids, one of the most effective therapeutics used for 

the treatment of atopic diseases, modulate the expression of TSLP.  

 

The results of the above studies are described and discussed in the following sections: 

 

(I)       Novel widespread response elements mediates direct transrepression by agonist 
liganded glucocorticoid receptor. (Manuscript submitted) 
 

(II)       Functional dissection of the Thymic Stromal Lymphopoietin (TSLP) promoter.              
(Manuscript in preparation) 

 
(III) Induction of Thymic Stromal Lymphopoietin Expression in Keratinocytes Is 

Necessary for generating an Atopic Dermatitis upon Application of the Active 
Vitamin D3 Analogue MC903 on Mouse Skin. (Published) 
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Summary 

The GR nuclear receptor (NR) is known to directly transactivate glucocorticoid (GC)-induced 

transcription through binding to simple (+)GRE DNA binding sequences (DBS). GC-induced 

transcriptional transrepression through GR binding to more complex “negative” GREs (nGREs) has 

been documented in few instances. Instead, repression by GCs has been essentially ascribed to 

“tethered” indirect transrepression. We report the discovery of a mechanism of GC-induced direct 

transrepression through which members of a novel large family of GR DBS (IR nGREs), unrelated to 

(+)GRE, act as conformational effectors of bound agonist-liganded GR to generate cis-acting            

GR-SMRT/NCoR repressing complexes. Conserved IR nGREs are present in >1000 mouse/human 

orthologue genes, which are GC-repressible in vivo. Thus, our study introduces a new regulatory 

paradigm for NR action through which variations in a single ligand can coordinately turn on or off 

two sets of genes differing in their response element DBS, a possibility that particularly suits GR 

signaling, as GCs are secreted by adrenals in a circadian and stress-related fashion. 

Highlights 

 

Introduction  

Glucocorticoids (GCs) are peripheral effectors of circadian and stress-related homeostatic systems 

fundamental for survival throughout the life span of vertebrates (Chrousos, 2009; Nader et al., 

2010). They are widely used to combat inflammatory and allergic disorders and their therapeutic 

effects have been mainly ascribed to their capacity to suppress the production of proinflammatory 

cytokines (Rhen and Cidlowski 2005). GCs act by diffusing through the cell membrane and binding to 

the glucocorticoid receptor (GR), that belongs to the nuclear receptor (NR) superfamily. In absence 
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of GCs, GR is maintained in the cytoplasm by molecular chaperones. Binding of GCs generates a 

conformational switch in the GR ligand binding domain (LBD) which affects GR interactions with 

chaperones and facilitates nuclear translocation (Pratt et al., 2006, Ricketson et al., 2007). Once in 

the nucleus, GR binds to glucocorticoid response elements (GREs) and regulates transcription of 

target genes. Classical “simple” GREs belong to a family of imperfect palindromes consisting of two 

inverted hexameric half-site motifs separated by three base pairs (bp), which display striking 

variability with only five invariant positions across the 15 bp recognition sequence (Meijsing et al., 

2009). Such “simple” GREs * (+)GRE+ confer transcriptional transactivation to agonist-liganded GR 

through association with co-activators, of which SRC1, TIF2/SRC2 and SRC3 are critically important 

(Lonard and O’Malley, 2007). “Composite” GREs consist of DNA binding sites (DBS) for GR which, in 

association with binding sites for other transcription factors, can act synergistically to mediate 

transactivation or transrepression of transcription. Only in a few of cases, binding of GR to rather 

wide promoter regions has been implicated in GC-induced transrepression, and no simple consensus 

sequence for “repressing” negative GREs (nGREs) has emerged (Dostert and Heinzel, 2004 and Refs 

therein). Remarkably, “tethering” GREs do not contain DBS for GR per se, but instead contain 

binding sites for other DNA-bound regulators, such as NF- B and AP1, that recruits GR (Karin, 1998; 

Kassel and Herrlich, 1997; and Refs therein). In contrast with (+)GREs, “tethering” GREs are 

commonly associated with “indirect” transrepression of transcription.  

 

Atopic dermatitis (AD) is an inflammatory skin disease that exhibits a high prevalence (Bieber, 2008). 

We recently developed mouse models which closely mimic human AD (Li et al., 2005, 2006 and 

2009), and revealed that induction of the Thymic Stromal Lymphopoietin (TSLP) cytokine in 

epidermal keratinocytes is necessary and sufficient to trigger a human AD-like syndrome. As topical 

GCs are important tools for AD treatment, we wondered whether their therapeutic effect could 
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result from repression of TSLP expression. We report here that GCs transcriptionally repress TSLP 

expression in AD mouse models, and demonstrate that this GC-induced transrepression is mediated 

through the direct binding of GR to a “simple” nGRE belonging to a family of evolutionary-conserved 

cis-acting negative response element (IR nGRE) found in numerous genes, the expression of which is 

repressed by GCs. 

 

Results  

A) Glucocorticoid-induced GR-mediated transcriptional repression of TSLP 

expression. 

The GC agonist, fluocinolone acetamide (FA), was applied for 6 hours to ears of mice concomitantly 

treated with the “low-calcemic” Vitamin D3 (VitD3) analog MC903 (Calcipotriol; hereafter called MC) 

to trigger TSLP expression (Li et al., 2006). In wild type (WT) mice, FA application resulted in ~50% 

inhibition of basal TSLP RNA level, which could be relieved by co-application of the GC antagonist 

RU486 (mifepristone, hereafter named RU), while MC-induced increase of TSLP RNA, which was fully 

blocked by FA, was also restored by RU co-treatment (Figure 1A). Similarly, the retinoic acid (RA)-

induced increase of TSLP transcripts (Li et al., 2006) was efficiently blocked by FA and restored by RU 

(Figure S1A). As expected, the expression of the GC-inducible GPX3 (glutathione peroxidase) gene 

which harbours a (+)GRE (Tuckermann et al., 1999) was enhanced by FA (Figure 1A), and inhibited by 

RU co-treatment. In contrast, FA or RU had no effect on the MC-dependent expression of the 

CYP24A1 gene (a VitD3 target) (Figure 1A).To further investigate whether inhibition of TSLP 

synthesis by FA was dependent on its induction by MC or RA, FA was applied to ears of RXRαβep-/- or 

VDR/RARα ep-/- mice (selectively lacking in epidermal keratinocytes both RXRα and β, or VDR and 
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both RARα and RAR , respectively) which express high levels of TSLP in epidermal keratinocytes (Li 

et al., 2005, and our unpublished data). In both cases a 3-day FA treatment of their ears reduced 

TSLP RNA levels by ~70% (Figure 1B, left panel; and data not shown). 

 

The involvement of GR in FA-induced inhibition of MC-induced TSLP expression in keratinocytes was 

demonstrated using adult conditional mutant mice in which GR was selectively ablated in 

keratinocytes (GRep-/- mice). Although the basal TSLP level was similar in vehicle-treated WT and 

GRep-/- mice, topical treatments with MC and FA had dramatically different effects in WT and GRep-/- 

mice, as FA blocked MC-induced increase of TSLP expression in WT, but not in GRep-/- mice (Figure 

1B, right panel). In addition, MC treatment was more efficient in GRep-/- than in WT mice, indicating 

that endogenous GCs may partially inhibit MC-induced expression of TSLP in WT epidermis. The 

expression of TSLP was similarly repressed by FA and restored by RU in mouse intestinal epithelium 

(Figure S1B) and in human lung epithelial cells A549 (Figure S1C), whereas expression of the (+)GRE-

containing mouse GPX3 and human GILZ (GC-Induced Leucine Zipper, Wang et al., 2004) GC-induced 

genes was enhanced by FA and RU inhibited upon further addition of RU. 

 

Nuclear run-on assays demonstrated that GR-mediated FA inhibition of TSLP expression was 

transcriptional. Using dorsal epidermis from WT mice, no in vitro [32P]-labelled run-on TSLP 

transcripts could be revealed upon topical treatment (6 hours) with vehicle, whereas they were 

detected upon MC topical treatment (Figure 1C). In contrast, these transcripts were not detected 

upon MC and FA co-treatment, whereas addition of RU to MC and FA co-treatment restored the 

nuclear run-on transcription signal (Figure 1C).  

B) A putative negative GRE is located in the TSLP promoter region. 
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As neither NF- B nor AP1 are involved in TSLP expression induced by MC903 in mouse epidermis 

(our unpublished data), its repression was unlikely to be mediated by a “tethering” GRE. A 

bioinformatics analysis of 20 kilobases of DNA sequences located upstream and downstream from 

the mouse and human TSLP translation startsite (referred as position +1) did not reveal any classical 

(+)GRE or known “composite” activating or repressing GRE, but unveiled the presence of a 

palindromic sequence consisting of two inverted  repeated (IR) motifs separated by one bp (called 

hereafter IR1 nGRE), in the upstream promoter region of both mouse (m) and human (h) TSLP genes 

(Figure 1E). Using a recombinant human GR protein in electrophoretic mobility shift assays (EMSA) 

and supershift assays with GR antibody, we showed that this putative mTSLP IR1 nGRE and its 

human counterpart, as well as the TAT (+)GRE (Meijsing et al., 2009), all bound similarly to the GR 

protein (Figure 1D, left panel). These bindings were specific, as they required the integrity of the 

consensus (+)GRE and of the mTSLP IR1 nGRE, as shown by the lack of GR binding to a mutant 

(+)GRE and to three mutants (Mut1, 2, and 3) of the putative mTSLP IR1 nGRE (Figures 1E and 1D, 

middle panel). Importantly, all complexes formed between the recombinant GR protein and either 

the putative IR1 nGREs or the (+)GRE similarly migrated. As GR binds (+)GREs as a dimer (Wrange et 

al., 1989), these similar migrations indicate that two GR monomers may bind these putative nGREs. 

Finally, competition bindings between [32P]-labelled mTSLP IR1 nGRE probe and excess cold (+)GRE 

probe, and between [32P]-labelled (+)GRE and excess cold mTSLP IR1 nGRE, indicated that GR has a 

higher affinity for (+)GRE than for the putative IR1 nGRE (Figure 2D, right panel).  

 

C) Binding of GC agonist-liganded GR to the putative TSLP IR1 nGRE enables 

the formation of a repressing complex. 
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The GC-induced binding of GR to the putative TSLP IR1 nGRE, the generation of a repressing 

complex, and its effect on the organization of the TSLP promoter regions, were investigated in vivo 

by chromatin immunoprecipitation (ChIP) assays with WT dorsal epidermis and intestinal 

epithelium, as well as in vitro with cultured A549 human lung epithelial cells. Four regions of the 

TSLP promoter were analyzed: the proximal promoter (PP) region, the region that contains the IR1 

nGRE, and the two regions that contain the DR3d VitD3 response element (VDRE) and the DR2b 

Retinoic Acid response element(RARE) (our unpublished data) (see Figures 1F, and S1D). ChIP assays 

of dorsal epidermis with a GR antibody revealed a weak binding of GR, as well as SMRT and NCoR 

corepressors to the nGRE region (Figure 1G). These bindings were strongly increased upon a 6hr 

topical FA treatment. Importantly, the concomitant disappearance of both GR and SMRT/NCoR 

bindings to the nGRE region in GRep-/- mutant mice (Figure 1G), indicated that corepressor bindings 

were associated with that of GR, which was confirmed by coimmunoprecipitation of GR and 

corepressors, when shorter segments of the nGRE region were explored (Figure 1H).  

As a control aimed at showing that, in the same cells, FA treatment was effective at inducing GR and 

NR coactivator recruitment to (+)GREs, aliquots of ChIP DNA were used to show that GR, as well as 

SRC2 and SRC3, were recruited to the (+)GRE region of the GPX3 gene, which is located 1.65 kb from 

the transcription startisite (Figure 1I). Interestingly, Pol II was also associated with this FA-induced 

activating complex, the formation of which, as well as the binding of GR to (+)GRE, was antagonized 

by RU (Figure 1I). Importantly, on its own, a topical treatment with RU did not allow the binding of 

GR to the GPX3 (+)GRE (Figure 1I). 

As both SMRT and NCoR are known to recruit histone deacetylase (HDACs) to repressing complexes, 

we looked for their recruitment to mTSLP nGRE. As for GR and corepressors, HDAC2 and HDAC3 

were weakly bound to the nGRE in vehicle-treated epidermis, and FA strongly enhanced this 
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recruitment (Figure 1J), thus further supporting the conclusion that GC-induced binding of GR to 

TSLP IR1 nGRE results in the generation of a repressing complex. It is noteworthy that a topical 

treatment with RU precluded FA-induced generation of this repressing complex on nGRE, whereas 

application of MC903 had no effect (Figures 1G and 1J). Similarly, application of retinoic acid (RA) 

had no effect on FA-induced generation of a repressing complex on nGRE (Figure S1E, upper panels). 

 

To confirm whether a similar mechanism holds true in another setting, we used mouse intestinal 

epithelium, which revealed, upon a FA intraperitoneal treatment, a strong binding of GR together 

with SMRT and NCoR corepressors to the IR1 nGRE region. Addition of RU also precluded the 

generation of this FA-induced repressing complex, whereas VitD3 addition had no effect (Figure S1F, 

upper panel). Similarly, addition of FA to A549 human cells resulted in a stronger binding of GR 

together with SMRT and NCoR to the nGRE region, which was suppressed in the presence of RU 

(Figure S1G). Note that in the same A549 cells, FA addition induced binding of an activating complex 

to the GILZ gene (+)GRE (Figure S1H). 

D) Generation of a repressing complex on the IR1 nGRE precludes the 

formation of an activating complex on TSLP VDRE, RARE, and proximal 

promoter region (PP). 

In the absence of an agonist ligand, a repressing complex containing VDR and NR corepressor SMRT 

was associated in epidermal keratinocytes with TSLP DR3d VDRE (Figure 1G), whereas it was 

replaced by a VDR-SRC2/SRC3-Pol II activating complex upon MC topical treatment (Figure 1G, and 

our unpublished results). As a FA topical treatment resulted in inhibition of MC-induced TSLP 

transcription (Figure 1A), we investigated the effect of binding the FA-induced repressing complex to 

IR1 nGRE on generation of the MC-induced activating complex on DR3d VDRE. Upon MC903 and FA 



80 

 

co-treatment, VDR binding to VDRE was not inhibited, whereas those of SRC2, SRC3 and Pol II were 

drastically reduced, and a weak association of SMRT co-repressor could be noticed (Figure 1G). No 

association of GR to DR3d VDRE was detected, but these latter changes clearly resulted from binding 

of FA to GR, as RU co-treatment (MC+FA+RU) restored the activation binding pattern observed upon 

treatment with MC alone (Figure 1G). No GR binding to the proximal promoter region could be 

detected upon FA treatment. However, this FA treatment precluded VDR, SRC2, SRC3 and Pol II 

bindings observed upon MC treatment, and a RU co-treatment (MC+FA+RU) reversed the effect of 

FA, indicating the involvement of FA-liganded GR in preventing the association of VDR, SRC2/SRC3 

and Pol II with the PP region (Figure 1G, lower panels). Similarly, the generation of a repressing 

complex on IR1 nGRE precluded the formation of an activating complex on DR2b RARE and on the 

proximal promoter (Figure S1E). Note that, in contrast to the DR3d complex, the DR2b RARE 

complex contains SRC2 only. 

In keeping with the above data, in intestinal epithelium, the generation of a repressing complex on 

TSLP IR1 nGRE also precluded formation of a VitD3-induced activating complex on DR3d VDRE and 

the proximal promoter region (PP) (see Figure S1F, middle panels). 

 

E) GC-induced formation of a repressing complex on IR1 nGRE precludes 

interaction between VDRE and the PP regions. 

 

That, in presence of MC903, the same activating complexes (VDR, SRC2/SRC3 and Pol II) were 

associated with DR3d VDRE and PP regions indicated that these two regions could be in close 

apposition, in keeping with our previous Chromosome Conformation Capture (3C) assays showing 

association of these two regions through chromatin looping (our unpublished data, and Figure 1K). 



81 

 

We therefore performed 3C assays on epidermal chromatin of mice topically treated with vehicle, 

FA, MC, MC+FA, RU and MC+FA+RU. Cross-linked chromatin was digested with NLA III restriction 

enzyme to separate DR3d, nGRE and PP regions (see Figure 1F), which were then ligated to reveal 

possible interactions between PP region and DR3d VDRE or nGRE regions, respectively (see Figure 

1K). No interaction between nGRE and PP region could be detected upon FA or RU treatment, 

whereas an interaction was observed upon MC treatment between DR3d VDRE and PP regions, 

which was precluded upon FA co-treatment (MC+FA), and restored upon RU addition (MC+FA+RU) 

(Figure 1K). Interactions between DR3d VDRE and PP regions were similarly revealed upon digestion 

with Alu I restriction enzyme (see Figures S1 I and J). 

 

F) The activity of the TSLP nGRE which functions on its own is affected by 

changes in spacing and/or sequence of its inverted repeated motifs. 

To investigate whether, in addition to nGRE, other DNA elements may be required to generate a 

repressing activity, we inserted the TSLP IR1 nGRE upstream of an enhancerless SV40 promoter 

located 5’ to the luciferase coding sequence of pGL3 vector (Figure 2A). A VDRE separated from the 

IR1 nGRE by a 314bp-long DNA segment devoid of any known transregulator binding site (not 

shown) was inserted into this vector to generate a luciferase-expressing reporter plasmid. This 

plasmid was transfected into A549 cells, followed by addition of active vitamin D3 and /or FA. FA 

addition did not affect luciferase expression in absence of nGRE, whereas its presence resulted in 

decreased luciferase expression (which could be prevented by concomitant RU addition -not shown-

) of both basal and VDRE-mediated VitD3-induced transcription. As expected, FA-induced increase in 

luciferase expression was observed when IR1 nGRE was replaced by a (+)GRE (Figures 2A and B). 

Thus, on its own, TSLP IR1 nGRE is sufficient to mediate a FA-inducible repressing activity, which 
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resulted from the generation of a repressing complex containing the SMRT corepressor and GR, as 

shown by ChIP assay (Figures 2C). Importantly replacing, in the luciferase plasmid, IR1 nGRE by a 

mutant to which the recombinant GR does not bind (IR1 nGRE mut1, see Figures 1D and E) resulted 

in no GR binding (Figure 2D) and no FA-inducible repressing activity (Figure 2E), thus supporting the 

conclusion that GR bind directly to TSLP nGRE in cultured cells. Note that, in keeping with our above 

data in vivo, the addition of RU to FA prevented the formation of the repressing complex (Figure 2C), 

and also that RU on its own was unable to induce GR binding to TSLP IR1 nGRE inserted in the pGL3 

vector (Figures 2C and D). 

We next investigated whether the 1 base spacing between the inverted repeated motifs of TSLP IR1 

nGRE was critical for its repressing function. pGL3-based luciferase plasmids containing the VDRE 

and TSLP nGRE motifs spaced by 0 to 5 bases (IR0 to IR5 nGREs) were constructed and transfected 

into A549 cells (Figures 2D and E, and data not shown). ChIP assays showed that, upon FA addition, 

GR similarly bound IR1 and IR2 nGREs, whereas its binding was less efficient on IR0 nGRE, and not 

detectable on IR3, IR4 and IR5 nGREs (Figure 2D). Accordingly, upon FA addition, the decrease in 

basal and VitD3-induced luciferase activity was stronger for IR1 and IR2 than for IR0 nGRE, whereas 

no significant change in luciferase activity could be detected for IR3, IR4 and IR5 nGREs (Figure 2E, 

and data not shown). 

pGL3-based luciferase plasmids containing VDRE and TSLP IR1 nGREs (Figure 2A), in which individual 

bases had been systematically changed one by one, were then used to study whether non-canonical 

IR1 nGREs could function as efficient nGREs (Figure 2F). With one exception, at least a one base pair 

change was “tolerable” at any position of the TSLP IR1 nGRE and did not impair its activity in vitro, 

suggesting that GR bound to “degenerate” IR1 elements might also mediate GC-induced 

transrepression in vivo (see below). A similar analysis carried out with luciferase plasmids containing 
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IR2 nGREs showed that at least a one base pair change was “tolerable” at any position of IR2 nGRE 

(Figure S2). 

 

G) Mouse genes that contain IR0, IR1 and IR2 nGREs conserved in their 

human orthologues are repressed upon GC agonist treatment in vivo. 

Bioinformatics analyses of mouse and human genomes revealed the presence of thousands of genes 

containing IR elements made up of inverted repeated motifs identical to those of TSLP (CTCC and 

GGAGA) with either no (IR0), 1 (IR1) or 2 (IR2) base pair spacers (Table 1A). A comparison of mouse 

and human orthologues indicated that a number of such IR elements were conserved (51 IR0, 379 

IR1 and, 566 IR2; Table 1A and Table S1). Within each orthologue gene family containing either IR0, 

IR1 or IR2 nGREs, we randomly chose 15 mouse genes (Table 1B) to determine whether they were 

expressed in either epidermis or/and intestinal epithelium, and to investigate whether their 

expression was inhibited by GCs (Dexamethasone, Dex), whether this inhibition could be relieved by 

RU486 co-administration, and also if it could be correlated to GR and corepressor binding to their 

putative IR nGRE. Out of the 15 “IR1” genes, 10 were expressed in epidermis and 12 in intestine, 7 

being expressed in both epidermis and intestinal epithelium. Among these 7 genes, 3 genes were 

“repressed” in both tissues, 2 were “repressed” in intestine only, and 2 were not “repressed” in 

either tissue. Moreover, 3 genes were selectively expressed and “repressed” in epidermis, 3 other 

genes selectively expressed and “repressed” in intestine epithelium, while two genes expressed in 

intestine only were not “repressed” (Figures 3A and B, and Table 1B).  

For a number of the above “IR1” genes, we tested the repressing activity of their putative IR1 nGREs 

in vitro using the luciferase plasmid assay (Figures 2 and 3C). In all tested cases, and irrespective of 

the tissue pattern of GC-induced repression, these putative IR1 nGREs “repressed” luciferase 
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activity, indicating that all of these IR1 nGREs elements are bona fide IR1 nGREs (Figure 3C; see 

BCL2L1 and NKRF genes which are not “repressed” in either tissue, Figures 3A and B). Importantly, 

upon GC treatment in vivo, there was a tight correlation between repression of a given gene in a 

given tissue (and its relief by RU486 co-administration), and GR and corepressor association with the 

IR1 nGRE of that gene in that tissue (compare ChIP assays in Figures 3D and E with Figures 3A and B, 

respectively). In contrast there was no GR and corepressor association with the IR1 element of 

BCL2L1 and NKRF genes which are not “repressed” in either tissue (ChIP assays in Figure S3A). Taken 

together, these data indicate that, not only could the tissue-specific expression of genes which 

potentially can be negatively controlled by GCs subjected to epigenetic control (e.g. BCL2L1 and 

NKRF), but also that their GC-repression itself could also be epigenetically controlled, which suggests 

that additional mechanisms operate in the negative control of gene expression mediated by IR 

nGREs (compare USF1 and JunD in Figure 3A, B, C and D). Along the same lines, note that, depending 

on the gene and the time of exposure of the animal to FA or Dex (6 and 18 hours), the corepressor 

components of the repressing complex may change (see Figures 3D and E). 

Out of the chosen 15 “IR0” genes (Figures S3 B and C, and Table 1B), 12 were expressed in epidermis 

and 15 in intestine, 12 being expressed in both tissues. Among these 12 genes, 2 were “repressed” 

in both tissues, one was “repressed” in intestinal epithelium, 2 were “repressed” in epidermis, and 7 

were not “repressed”. With respect to the chosen 15 “IR2” genes (Figures S3 F and G, and Table 1B), 

7 were expressed in epidermis and 13 in intestinal epithelium, 5 being expressed in both tissues. 

One gene was “repressed” in epidermis, and 6 others were “repressed” in intestine. Like for “IR1” 

genes, we tested the GC-induced repressing potential of putative IR nGREs of some of the selected 

“IR0” and “IR2” genes using the luciferase assay, and found (Figures S3 D and H) that they exhibited 

a repressing activity, irrespective of their activity in vivo. Importantly, upon mouse Dex treatment, a 

decrease in gene expression in a given tissue always correlated with GR and corepressor association 
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with the IR0 or IR2 element in that tissue (see ChIP assays in Figures S3 E and I). Note also that in all 

cases the GC-induced repression was relieved by co-administration of RU486. Taken together, we 

conclude from these results that, as expected from our in vitro luciferase assays, not only IR1, but 

also IR0 and IR2 nGREs can efficiently mediate the cis-acting GC agonist-induced repressing activity 

of the GR, in vivo. 

H) IR nGREs of mouse and human orthologues may differ by a “tolerable” 

one base pair mutation. 

As many one base pair changes within IR1 and IR2 nGREs had little effect on their activity in vitro 

(see above), we wondered whether such changes would also be “tolerable” in vivo. As Keratin 5 

(K5), which is known to be down-regulated by GCs (see Ramot et al., 2009, and also Figure 4B which 

shows that Dex treatment-induced decrease in epidermal K5 transcript levels can be prevented by 

RU486 co-administration), was not present in the list of human/mouse orthologues that contain a 

canonical nGRE (Table S1), we looked whether this absence could reflect the presence of a canonical 

IR1 nGRE in human K5, while a “tolerable” change would exist in its mouse orthologue, or vice-

versa. We found one canonical IR1 nGRE in human K5 gene and 3 putative nGREs (mK5 IR1 nGRE 1, 2 

and 3) in its mouse orthologue, each of them exhibiting one “tolerable” base pair change in vitro 

(Figure 4A). ChIP assays revealed that only one of them (mK5 IR1 nGR3) allowed formation of a GR-

SMRT repressing complex in epidermis of Dex-treated mice (Figure 4C), thus suggesting that some, 

but not all in vitro “tolerable” IR1 nGRE variants could be functional in a given tissue.  

Similarly, we looked at the insulin (ins) and insulin receptor (insr) genes, as expression of both of 

them has been reported to be down-regulated by GCs (Delaunay et al., 1997, Caro and Amatruda, 

1982; see also Figure 4B, which shows that these GC-induced down-regulations - in pancreas for 

insulin, and in liver for insulin receptor - can be prevented by co-treatment with the GC antagonist 
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RU486). A canonical IR1 nGRE was found in the human insulin receptor gene (hinsr IR1 nGRE), and 

two IR1 nGREs, each bearing one “tolerable” change, were present in its mouse counterpart (Figure 

4A). ChIP assays of liver extracts revealed that upon Dex treatment, functional GR-SMRT/NCoR 

repressing complexes were assembled on both mouse insulin receptor IR1 nGRE variants (minsr IR1 

nGRE1 and 2 in Figure 4C). Remarkably, in addition to a canonical IR2 nGRE present in both human 

and mouse insulin genes, a “tolerable” IR1 nGRE variant was present in the mouse insulin gene, 

whereas a canonical IR1 nGRE was present in the human insulin gene (Figure 4A). Interestingly, in 

vitro studies suggested 20 years ago that this latter human element could act as a negative GRE 

(Boam et al., 1990; Goodman et al, 1996). Upon Dex treatment, repressing complexes were bound, 

in mouse pancreas, to both the IR1 nGRE variant and the IR2 nGRE of the insulin gene. However, in 

the absence of Dex treatment, this complex could be detected (albeit fainter) on the IR1 nGRE 

variant, but not on the IR2 nGRE (Figure 4C), suggesting that the affinity of the latter for the liganded 

GR could be lower.  

We also looked at the Reverb  gene, as its expression has been found to be down-regulated by GCs 

(Duez and Staels, 2008, and Refs therein) . A canonical IR1 nGRE was found in the mouse, but not in 

the human gene, which instead contains 3 IR1 nGREs each bearing one “tolerable” variant (Figure 

4A). Note in this respect that, in the mouse, this gene also contains an IR1 nGRE variant (mReverb  

IR1 nGRE2 in Figure 4A), that is identical to one of the human nGREs  variant (hReverb  IR1 nGRE2 

in Figure 4A) and appears to be as functional as the mouse canonical IR1 nGRE1, as judged from ChIP 

assays of liver extracts (Figure 4C). 

I) Failure of “dissociated GCs” to prevent systemic undesirable side effects of 

GC treatment could be at least in part due to IR nGREs-mediated 

transrepression 
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Long-term clinical use of GCs is limited by debilitating side effects (see below), which have been 

thought to be due to (+)GRE-mediated gene transactivation, whereas GC beneficial anti-

inflammatory effects were essentially ascribed to “tethered” transrepression mediated through 

DNA-bound transcription factors, such as NF- B and AP1 (Karin, 1998; Kassel and Herrlich, 2007). 

This possibility led to a search for so-called “dissociated” GR ligands which would preferentially 

induce “tethered” transrepression, but only reduced or no transactivation. Such a ligand, RU24858, 

was initially identified and shown to exhibit the expected dissociated profile in vitro (Vayssière et al., 

1997). However, upon RU24858 administration to whole animals, pathophysiological studies failed 

to confirm this dissociation (Belvisi et al., 2001). In the light of our present study, we posited that 

GC-induced transcriptional repression of IR nGRE-containing genes could be instrumental in 

generating at least some of the undesirable side effects induced by GC treatment.  

To investigate whether the expression of IR nGRE-containing genes could be repressed by RU24858, 

we examined the activities exhibited in vitro by RU24858 in IL-1β-“activated” A549 cells transfected 

with pGL4- and pGL3-based reporter plasmids for (i) “tethered” transrepression (Figure 5A; NF- Bluc 

and AP1luc plasmids), (ii) (+)GRE-mediated transactivation [Figure 2A; (+)GRE pGL3 luciferase 

plasmid], and (iii) IR0, IR1 or IR2 nGRE-mediated transrepression (VDRE/IR0, IR1 or IR2 nGRE pGL3 

luciferase plasmids, see Figures 2A and 2E). As expected from its published “dissociated” profile in 

vitro, RU24858 was as efficient as Dex at repressing IL-1 -induced activation of transcription by NF-

B (Figure 5B, left panel) and AP1 (Figure 5B, right panel). RU24858 was also as efficient as Dex at 

inducing recruitment of a repressing complex tethered to NF- B bound to its cognate elements in 

the NF- Bluc plasmid (Figure 5C). Most interestingly, RU24858 was again as efficient as Dex at 

inducing repression mediated by IR0, IR1 and IR2 nGREs in VDRE/IR0, IR1 and IR2 nGRE pGL3 

luciferase plasmids (Figure 5D), as well as at recruiting GR and SMRT to form repressing complexes 

on nGRE-containing regions (see ChIP assays in Figure 5E). In contrast, as expected from the study of 
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Vayssière et al. (1997), RU24858 was much less efficient than Dex at inducing transactivation of the 

(+)GRE pGL3 luciferase plasmid (Figure 5D). 

These in vitro results prompted us to investigate the “activity profile” of RU24858 in vivo. Unlike 

Dex, a topical treatment of dorsal skin with RU24858 did not activate GC-dependent expression of 

the (+)GRE-containing gene GPX3 in epidermis (Figure 5F), and did not induce assembly of an 

activating complex on its (+)GRE (ChIP assays in Figure 5H). In contrast, RU24858 was as efficient as 

Dex at down-regulating, through NF- B-mediated “tethered” transrepression, genes of which the 

skin expression was enhanced by topical TPA treatment (Figure 5G, and data not shown). Most 

interestingly, and as in vitro, RU24858 was also as efficient as Dex at inducing transrepression of IR0 

(CCND1), IR1 (TSLP, CYP26A1, K14, PRKCB) and IR2 (DPAGT1) nGRE-containing genes, through 

recruitment of GR-SMRT/NCoR repressing complexes on nGRE regions (Figures 5F and H). 

Taken together the above data clearly indicate that in the animal, as well as in cell-based assays in 

vitro, the so-called “dissociated” GR receptor ligand RU24858 could not, or only poorly induce 

transactivation mediated by (+)GREs, whereas it was as efficient as Dex at inducing “tethered” 

transrepression activity. However, this RU24858 anti-inflammatory activity was not dissociated from 

its IR nGRE-mediated transrepression activity, thus supporting our initial assumption that GC-

induced repression of IR nGRE-containing genes is the source of at least some of the undesirable 

side-effects generated by GC treatment. 

J) IR nGRE-containing genes exert physiological homeostatic functions 

related to debilitating and anti-inflammatory effects of glucocorticoid 

therapy. 
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Long-term treatments with GCs generate numerous debilitating side effects which affect skin 

homeostasis, bone and cartilage development and homeostasis, glucose metabolism and insulin 

signaling, muscle homeostasis, HPA (hypothalamus-pituitary-adrenal) axis homeostasis, circadian 

rhythm, cell cycle regulation and apoptosis, immunity, as well as behavior (see Table 2A, and Refs 

therein). An ontology search revealed that the known or putative functions of almost 15% of IR 

nGRE-containing orthologue genes could possibly be implicated in physiological homeostatic 

processes leading to these GC side-effects upon GC therapy (Table S2). Moreover, there is evidence 

that repression of expression of a number of these latter genes could actually be instrumental to the 

generation of defects subsequent to GC administration, either because their expression is known to 

be decreased upon GC treatment, and/or because their decreased expression is known to generate 

defects related to those produced by GC-therapy (Table 2A; see also references in Table S2). 

The anti-inflammatory and immune-suppressant properties of GCs represent the central target of 

pharmacological GC therapy. Up to now, there has been a consensus that these effects are 

predominantly mediated through indirect “tethered” transrepression of genes encoding regulatory 

components (e.g. cytokines) of the immune system. Interestingly, many of these genes, which all 

contain both NF- B and AP1 binding sites, also contain IR nGREs (Table 2B and S2). It is also 

noteworthy that the expression of factors involved in protection from apoptosis (the anti-apoptotic 

proteins Bcl2 and Bcl-XL), as well as factors involved in cell cycle progression at the G1/S phase (the 

mitogenic proteins Cyclin D1 and Cdk4), can also be GC-transrepressed through IR nGREs (see Table 

2A and Table S2). 

Discussion  

While investigating the molecular mechanism underlying transcriptional repression of the TSLP gene 

in mouse skin epidermis, we unveiled the existence of a widespread and conserved family of 
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“negative” glucocorticoid response elements (IR nGREs) that mediate transrepression through direct 

binding of agonist-liganded GR. We discuss below some structural and functional salient features of 

these novel nGRE family, as well as the importance of their physiological and pathophysiological 

involvement in glucocorticoid signaling. 

A) IR nGREs act as conformational effectors of bound agonist-liganded GR 

to generate repressing complexes on GC target genes. 

Taken together, results displayed in Figures 1 and S1 demonstrate that expression of the TSLP gene 

in mouse epidermal keratinocytes is transcriptionally repressed in vivo by agonist-liganded GR. 

Interestingly, this repression, is relieved by co-administration of RU486, a well-known antagonist of 

activation of transcription by GC agonist-liganded GR. A search for a possible GR binding site in 

regions surrounding the promoter of both mouse and human TSLP genes revealed a palindromic 

sequence with a 1 bp spacer, to which a recombinant human GR protein did bind in vitro with a 

lower efficiency than to the unrelated canonical (+)GRE sequence. Most interestingly, as shown by 

ChIP assays (Figures 1 and S1), not only both mouse and human GR bind in vivo to the region 

containing this palindromic element in the presence of a GC agonist, but in addition, a repressing 

complex is formed by association of SMRT/NCoR corepressors and HDACs with the GR. Importantly, 

RU486 did not allow the formation of this GC-induced repressing complex, further supporting the 

conclusion that this complex is instrumental in vivo in transrepression mediated by the GR-binding 

palindromic sequence. Inserting on its own this TSLP palindromic GR binding sequence (that we 

termed IR1 nGRE) into a reporter plasmid that was transfected in A549 cells, proved that no 

additional DNA element is required for generating an active repressing complex in the presence of 

FA, thus suggesting that the TSLP IR1 nGRE is not a composite element (see below). Importantly, the 

addition of RU486 to FA, prevented the formation of the repressing complex, and RU486 on its own 
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did not induce the binding of GR to the inserted TSLP IR1 nGRE (Figures 2A-D). What could be the 

mechanism underlying this repression was clearly indicated by ChIP and Chromosome Conformation 

Capture (3C) assays which showed that the presence of the agonist-liganded GR repressing complex 

prevents interaction, through chromatin-looping, between the region harboring an activating 

complex and the proximal promoter region (Figures 1K and S1 J). In this respect, we note that there 

is no evidence, from our present 3C assays, for the existence of a competitive chromatin looping 

between the region harboring the repressing complex and the proximal promoter region, perhaps 

because this looping is not stable enough. 

Experiments aimed at investigating in vitro whether the integrity of the TSLP IR1 nGRE is important 

for its function revealed (i) that an IR nGRE with a 2bp spacer between the palindromic repeated 

motifs (IR2 nGRE) is as efficient as the TSLP IR1 nGRE, whereas an IR nGRE lacking a spacer (IR0 

nGRE) is less efficient, and nGREs with a 3 (IR3 nGRE), 4 (IR4 nGRE) or 5 (IR5 nGRE) base spacer are 

inefficient (Figures 2C-E), and (ii) that, with one exception, at least a one base pair change is 

“tolerable” at any position of the repeated motifs of TSLP IR1 nGRE (Figure 2F), while in the case of 

IR2 nGREs, at least a one base pair change is “tolerable” at any position of the repeated motifs 

(Figure S2). A question of paramount importance was then, how frequent is, in vertebrates, GC-

inducible gene transrepression mediated by IR nGREs. Mouse and human genome-wide analyses 

revealed the presence of thousands of genes containing IR0, IR1 and IR2 nGREs sequences (Table 

1A), as well as that of hundreds of mouse and human orthologue genes containing conserved IR0, 

IR1 and IR2 nGREs (Table 1B). Importantly, in no case are these latter elements located in the near 

vicinity (<100bp) of a binding site for a known transregulatory factor, and many of them are also 

conserved in vertebrates (orangutan, elephant, horse, rabbit, dolphin, chicken, and zebra fish; data 

not shown). We have characterized in vivo a number of these “IR0”, “IR1”, and “IR2” genes, either 

expressed or non-expressed in epidermis and/or intestinal epithelium (Table 1B) for (i) inhibition of 
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their expression by dexamethasone and relief of this inhibition by RU486, (ii) association of their IR 

nGREs with GR and corepressors, and (iii) repressing activity of their IR nGREs in vitro using a 

luciferase reporter plasmid transfection assay (Figures 3 and S3). Taken together, the results of 

these experiments demonstrate that not only IR1, but also IR0 and IR2 nGRE-containing genes can 

be efficiently transrepressed by agonist-liganded GR bound to their respective nGREs together with 

SMRT/NCoR corepressors. It must be pointed out that, as a one base pair changes within IR1 and IR2 

nGREs has little effect on their repressing activity (Figures 2F and S2), the existence of point 

mutations in IR nGREs of human and/or mouse orthologue genes could result in underestimating by 

several hundreds the actual number of IR nGRE-containing orthologue genes (see Figure 4, and 

Result section). 

Structural studies are obviously required to unveil the detailed mechanism that underlies this 

agonist-liganded GR-mediated direct transrepression. The role played by an agonistic GC in this 

transrepression cannot be simply to ensure the translocation of the GR into the nucleus, as the GC 

antagonist RU486 which is known to promote such a translocation acts as an antagonist of IR nGRE-

mediated transrepression. Moreover, ChIP assays in vivo (Figures 1 and S1) and in vitro (see Figure 

2) show clearly that binding of a GR corepressor complex to IR nGREs requires the presence of a 

glucocorticoid agonist which “normally” is known to induce a GR conformational change that allows 

the formation of a GR coactivator complex that binds to a (+)GRE (see Figure 1I). Thus, a possible 

mechanism that may account for the formation of a repressing complex could be that the IR nGRE 

DNA binding site acts as a conformational “allosteric” effector of GR, enabling it to bind corepressors 

in the presence of a GC-agonist. We note in this respect that it has been recently proposed that 

distinct (+)GRE genomic GR binding sequences (GBS) to which the agonist-liganded GR binds to 

activate transcription are sequence-specific-allosteric ligands of GR, that tailors the activity of the 

receptor toward specific target genes (Meijsing et al., 2009). Whether the diversity of IR nGREs DNA 
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sequences could similarly allow such an allosteric fine-tuning of IR nGRE-mediated transrepression 

remains to be seen. Finally, it is tempting to speculate that ‘tethered” transrepression could also be 

allosterically fine-tuned as single nucleotide difference in NF- B binding sequences has been shown 

to act allosterically to determine cofactor specificity for NF- B dimers (Leung et al., 2004).] 

B) Importance of physiological and pathophysiological involvement of GC-

inducible direct transrepression of IR nGRE-containing genes. 

GCs that act as end-effectors of the HPA (hypothalamus-pituitary-adrenal) axis, are secreted by 

adrenal glands in a circadian and stress related manner. They are known to influence the functions 

of virtually all organs and tissues throughout life span, and to be essential for maintenance of their 

homeostasis and important biological activities such as intermediary metabolism and immune and 

inflammatory reactions, as well as circadian clock and stress systems (Chrousos, 2009; Nader et al., 

2010). Interestingly, our ontology search (Table S2) has revealed that a number of IR nGRE-

containing genes are known to be involved in such functions. Due to lack of space, we will focus 

here on a few examples illustrated by the present study.  

Our present data (see Figure 4 and table 2A ) are the first to unequivocally demonstrate that GC-

induced IR nGRE-mediated transrepressions of both the insulin precursor gene (in pancreas  cells) 

and insulin receptor gene (in liver) are early stress-induced events. This ensures that, upon 

occurrence of a stress, an elevation of blood glucose level will rapidly follow the surge of GC 

secretion, thereby providing the increased nutrition of brain, heart and skeletal muscles, which is 

required for the central coordination of stress response (Chrousos, 2009). On the other hand, under 

conditions of chronic stress, the GC-induced IR nGRE-mediated repression of the insulin receptor 

gene may cause the insulin resistance that leads to diabetes. Our present data also reveal the 

existence of IR1 GREs in the ACTH receptor (melacortin 2 receptor, MC2R) gene (Tables 2A and S2), 
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as well as in the ACTH receptor accessory protein (MRAP) gene (Table 2A and Figure 4B), thereby 

adding, at the adrenal level, another step to the closed negative feedback loop that reset the HPA 

axis by regulating the synthesis of secreted GCs through GR-mediated repression of CRH and POMC 

gene expression in hypothalamus and pituitary, respectively (Dostert and Heinzel, 2004). 

Interestingly, we also found GC-induced IR nGRE-mediated repression for the Reverb  gene (Figure 

4 and Table 2A), as well as for the ROR  gene (Table1B; Figure S3 F to I), which both intervene in the 

control of the circadian timing system and are likely to play an important role in communication of 

the Clock and Stress systems with intermediary metabolism, which are all fundamental for survival 

(Duez and Staels, 2008; Le Martelot et al. 2009; Nader et al., 2010; and Refs therein).  

Importantly, the expression of several of the IR nGRE-containing genes was known to be decreased 

upon GC therapy (Table 2A, and refs therein), but the underlying pathophysiological molecular 

mechanisms were unknown. Interestingly, our present data demonstrate that, upon GC therapy, the 

skin decreases in keratins 5 and 14, as well as those in cyclin D and cdk4, are due to GC-induced 

direct transrepression through IR nGREs (Table 2A, and Figure 4). Along the same lines, diabetes, 

one of the disease associated with chronic stress and a major debilitating side-effect of GC therapy, 

is known to result in an activation of the Protein kinase C  enzyme (PrkCb gene) that has been 

shown to be involved in the development of several clinical complications, such as retinopathy, 

kidney disorders and neuropathy (Avignon and Sultan, 2006). Interestingly, there is a functional IR1 

nGRE in the Prkcb gene (Table 2A, Figure 3A to E), which is likely to reduce the occurrence of these 

complications by allowing transrepression of this gene under the conditions of elevated circulating 

glucocorticoids that prevail in chronic stress and GC therapy. Hsd11b2 is another important gene 

that we found to be repressed by IR1 nGRE-mediated GC-treatment in both skin and colon tissues 

(Figure 3A, and data not shown). The 11 -HSD2 enzyme (encoded in Hsd11 2 gene) is responsible 

for inactivating glucocorticoids in mineralocorticoid receptor (MR) target tissues (Reviewed in Gross 
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and Cidlowski, 2008). In the absence of this enzyme, GCs (corticosterone in mice) activate MR 

despite the absence of aldosterone, resulting in hypertension (Stewart et al., 1996). Thus, our 

finding that Hsd11b2 is a GC-repressed IR1 nGRE-containing gene provides a possible molecular 

explanation for GC therapy-induced hypertension.  

Finally, It is generally believed that the anti-inflammatory therapeutic effect of GC is related to 

indirect “tethered” transrepression of chemokines and cytokine expression. In fact, we have found 

that many of the genes which contain both NF- B and AP1 binding sites also bear IR nGREs (Table 

2B). Interestingly, preliminary experiments performed with cultured cells in vitro and on epidermis 

in vivo have shown that repressing complexes can be concomitantly assembled on NF- B and IR 

nGRE sites present in IL-6 and TSLP genes (data not shown), and therefore could possibly cooperate 

to achieve efficient anti-inflammatory therapy and immunosupression. 

C) Towards improved anti-inflammatory “dissociated” glucocorticoid 

agonists. 

As already mentioned, the discovery of “tethered” transrepression and the subsequent assumption 

that it was essentially responsible for the beneficial anti-inflammatory effects of GCs, led to 

differential screenings aimed at identifying “dissociated” glucocorticoids which would preferentially 

induce “tethered” transrepression, but little or no (+)GRE-mediated transactivation. Synthetic 

glucocorticoids exhibiting such a “dissociated” profile were obtained, but failed to prevent the 

appearance of a number of systemic debilitating side effects in vivo (in the mouse) (see Table 2A for 

references). Our present data indicate that it is likely that this failure is at least in part due to the 

fact that these so-called dissociated GCs have kept their IR nGRE-dependent transrepression activity. 

Our present study clearly paves the way to improved screenings of anti-inflammatory “dissociated” 

glucocorticoids. Ideally, one would like to screen for compounds that would repress gene expression 



96 

 

through “tethered” transrepression, but would be devoid of IR nGRE-mediated transrepression 

activity, as well as of (+)GRE-mediated transactivation activity. In this respect, we note that our 

luciferase-expressing reporter plasmids could be used for such screening assays. We note also that 

these assays could be useful to characterize the mode of action of some non GC-derived compounds 

that may exhibit some of the beneficial therapeutic activities of “dissociated” glucocorticoids, but 

not their detrimental side effects (De Bosscher and Haegeman, 2009). 

Conclusion  

That a single hormone (cortisol in human and corticosterone in rodents) bound to a single nuclear 

receptor, the glucocorticoid receptor, can finely and coordinately tune transcription of thousands of 

genes involved in vital functions, in essentially all cells throughout the life span of vertebrates, 

remains an amazing conundrum to be solved at the molecular level. Although significant advance 

has been recently made concerning how distinct (+)GRE binding site sequences of different target 

genes may induce subtle conformational changes in bound GR to direct its transactivation function 

(Meijsing et al., 2009), similar progress has not been made concerning possible mechanisms 

involved in GC-induced direct repression. In this respect, our present study clearly demonstrates the 

existence of a novel mechanism of control of gene expression by glucocorticoids, namely GC-

induced transrepression through direct binding of agonist-liganded GR associated with SMRT/NCoR 

corepressors to an evolutionary conserved family of “simple” negative DNA binding sites (IR nGREs), 

which are apparently unrelated to the “simple” (+)GRE binding site family that mediates activation 

of transcription. Thus, our study introduces a new paradigm for GR action through which variations 

in the level of a single ligand can differentially turn on or off two sets of genes widely differing in 

their response element DNA sequences [(+)GRE and IR nGRE, respectively]. Interestingly, this 

possibility remarkably suits GR signaling as GC adrenal secretion varies in a circadian and stress 

related fashion. Indeed, increases in GC levels will concomitantly turn on transactivation of (+)GRE-
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containing genes, and turn off transrepression of IR nGRE-containing genes, whereas decreases in 

GC levels will have the opposite effects on the two sets of genes. Whether the different cell-specific 

GR isoforms (Gross and Cidlovski, 2008) generate additional specificity in these controls remains to 

be seen, as well as the possible existence of similar mechanisms of control of gene expression by 

other members of the NR superfamily. 

Experimental Procedures 

Additional details on methods are available online in Extended Experimental Procedures. 

Mice. For topical treatment on ear and dorsal skin, 1 nmole/cm2 of MC903, at-RA or TPA; 6 

nmoles/cm2 of FA, Dex or RU24858; and 90 nmoles/cm2 of RU486 were used. For systemic 

treatment, 8 mg/kg body weight of active Vitamin D3 or Dex, and 64 mg/kg body weight of RU486 

emulsified in sunflower oil were intraperitoneally injected. Breeding and maintenance of mice were 

performed under institutional guidelines, and all of the experimental protocols were approved by 

the Animal Care and Use Committee of the Institut de Génétique et de Biologie Moléculaire et 

Cellulaire. 

Isolation of epidermis and intestinal epithelium from mouse. The inner side of dorsal skin was 

scraped off fat and floated over 0.8% trypsin solution (0.8% trypsin (w/v) dissolved in PBS) for 30 

minutes at 37 0C. Epidermal sheets were recovered in cell culture medium (EMEM without calcium 

+ 10% FCS), incubated at 37 0C for 15 minutes and filtered through a 70µm nylon cell strainer (BD 

falcon). For nuclear run-on assay, epidermal cells were pelleted (400g, 5 minutes) at 4 0C, washed 

twice in ice-cold PBS and used for preparation of nuclei. For ChIP and 3C assays, epidermal cells 

were cross-linked for 10 minutes in 1% or 2% formaldehyde, respectively. Intestinal epithelial cells 

were prepared as described (Flores- Langarica et al., 2005), followed by cross-linking for 10 minutes 

in 1% formaldehyde for ChIP assay. Details are given in Extended Experimental procedure. 
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ChIP, Nuclear run-on, EMSA, 3C, Real time PCR and Luciferase assay. ChIP assay (Vaisanen et al., 

2005), Nuclear Run-on assay and EMSA (Carey and Smale., 2001), 3C assay (Liu et al., 2005), Real 

time PCR (Li et al., 2005) and Luciferase assay (Promega kit) were essentially done as reported. 

Details are given in Extended Experimental procedures. 

Statistics and Bioinformatics analysis. Statistical analysis was done as described (Li et al., 2009). 

Details of bioinformatics analysis are described in Extended Experimental procedures. 
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Figure Legends 

Figure 1. Glucocorticoid-induced inhibition of TSLP transcription is mediated through binding 

of GR and corepressors to a negative GRE (nGRE). 

(A) Quantitative-RT-PCR (Q-PCR) of TSLP, Cyp24A1 and GPX3 RNA from ear epidermis of WT 

mice topically treated for 6 hours, as indicated. Values are mean ± SEM. 

(B) TSLP Q-PCR from RXRαβ
ep-/-

 and WT mouse ear epidermis, FA-treated twice a day for 3 days 

(Left panel).  TSLP Q-PCR from GRep-/- and WT mouse ear epidermis, treated for 6 hours, as 

indicated (right panel). 

(C)  Nuclear run-on assays using dorsal epidermis from WT mice treated as indicated. 

Autoradiograms of labelled transcripts hybridized with TSLP, β actin or pSK+ vector DNA are 

displayed in upper panels. Lower panel is ethidium bromide (etbr) staining of DNA probes. 

(D) Left panels: EMSA with recombinant human GR protein and GR antibody (ab) supershift 

assays using *32P+ 5’-labelled oligonucleotide probes as indicated (panel E and Extended 

Experimental procedures). Arrow and arrowhead point to the position of shifted [32P]- GREs in 

absence and presence of GR ab. Right panel: Competition EMSA and GR ab supershift assays 

using either cold (+)GREc and [32P]- TSLP nGRE probes or cold TSLP nGREc and [32P]- (+)GRE 

probes, as indicated. 10X, 25X and 50X refers to 10, 25 or 50 - fold molar excess of cold 

oligonucleotide probe. 

(E) Comparison of putative mouse (m) and human (h) TSLP nGRE sequences with that of TAT (+) 

GRE. Palindromes are underlined. Conserved bases in nGREs are in bold letters. N: any base. 

Mutant residues are in smaller font size. 
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(F) Representation of mTSLP promoter region. The “A” base of the translation initiation codon 

(ATG) was taken as position +1. A, B, C, D and E are Nla III digested DNA fragments. Numbers 1 

to 6 denote Nla III sites. Boxes represent promoter elements, with their coordinates. DNA 

segment (region) coordinates PCR-amplified in ChIP assays are indicated. 

(G)  ChIP assays using dorsal skin from WT and GRep-/- mice treated as indicated, showing (1) FA-

induced binding of GR and corepressors to TSLP nGRE region and its reversion by RU (RU486), 

(2) MC-induced binding of VDR and cofactors to TSLP VDRE region and (3) binding of Pol II and 

cofactors to TSLP and PP region. IP antibody indicates antibodies used for immunoprecipitation. 

Control is rabbit IgG. 10% input indicates the signal obtained after PCR amplification of the 

relevant DNA region contained in 10% of chromatin used for immunoprecipitation with a given 

antibody. 

(H) Colocalization of GR and its corepressors on TSLP region encompassing the nGRE. Topically 

FA-treated epidermis was processed for ChIP using antibodies and primers 1 to 7 to amplify 

amplicons 1 to 7, as indicated. Amplicon 5 encompasses the nGRE. 

(I) ChIP assays with aliquots of samples used in panel (G) showing GR and coactivators (SRC2 

and SRC3) bound to (+)GRE of GPX3 gene. 

(J) Binding of histone deacetylases (HDAC) to TSLP nGRE region. ChIP assays were as in panel 

(G) with indicated HDAC antibodies. 

(K) Chromosome conformation capture (3C) assay using WT epidermis shows that FA prevents 

MC-induced interaction between Nla III segments A and E containing the VDRE (DR3d) and the 

proximal promoter (PP), respectively. Upper, middle and lower panels reveal interaction 

between nGRE and PP regions, VDRE and nGRE regions and VDRE and PP regions, respectively. 

See also Figure S1. 
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Figure 2. The TSLP nGRE is not a composite element, but its activity is affected by changes in 

spacing and/or sequence of its inverted repeated (IR) motifs.  

(A) pGL3 luciferase reporter plasmids. 

(B) TSLP nGRE is sufficient to repress basal as well as VitD3-induced expression of the luciferase 

gene. A549 cells were transiently transfected with pGL3 luciferase plasmids, treated with FA and 

VD3 (vitD3), as indicated followed by luciferase assay (mean ± SEM). 

(C) ChIP assays showing GR and SMRT recruitment to the IR1 nGRE element present in 

transfected pGL3 IR1 nGRE luciferase plasmid following FA and RU treatments. 

(D) ChIP assays to detect GR binding to IR0, IR1, IR2, IR3, IR4, IR5 nGRE and (+) GRE elements 

present in transfected pGL3 luciferase plasmids following FA and RU treatment.  

(E) Luciferase assay showing that deleting the 1 base spacer in IR1 nGRE (IR0) or having a 2 base 

spacer (IR2), but not a 3 base spacer (IR3) between the IR motifs does not affect its repressing 

activity. 

(F)  Luciferase assay to show the in vitro functionality of various mutant IR1 nGRE elements 

bearing a 1 base pair change. Sequences of the canonical IR1 nGRE and its variants are listed as 

numbers 1 to 28 on the right panel. Circled numbers indicate untolerable mutations. Big letters 

indicate the sequence of canonical IR nGRE, smaller letters indicate “tolerable” base changes. 

See also Figure S2. 

Figure 3. Glucocorticoid-induced repression of mouse genes that contain IR1 nGREs conserved 

in mouse and human orthologues is relieved by RU486 co-administration. 

(A) Q-PCR (mean ± SEM) for transcripts of IR1 nGRE-containing genes (see table 1B) in WT 

mouse epidermis topically-treated with dexamethasone (Dex) and/or RU486 (RU) for 18 hours.  
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(B) As under (A), but using intestinal epithelium of WT mice intraperitoneally-injected with Dex 

and/or RU for 18 hours. 

(C) Luciferase assay to test in vitro functionality of IR1 nGREs conserved in mouse and human 

orthologues. A549 cells transfected with pGL3 luciferase plasmids (Figure. 2A) containing IR1 

nGREs from various genes as indicated, were treated for 6 hours with VitD3 (VD3) and FA, as 

indicated. 

(D)  ChIP assay of mouse epidermis showing FA- and Dex- induced binding of GR and 

corepressors to IR1 nGRE regions of genes analyzed in panel A  

(E) ChIP assay of mouse intestinal epithelial cells showing Dex- induced binding of GR and 

corepressors to the IR1 nGRE regions of genes analyzed in panel B. 

See also Figure S3. 

Figure 4. IR nGREs of mouse and human orthologues may differ by a “tolerable” one base pair 

mutation.  

(A) Sequence and position (from the +1 transcription startsite) of nGRE motifs present in human 

(h) and mouse (m) genes. Bold letters in low case denote non canonical bases in IR1 and IR2 

nGREs.  

(B) Q-PCR of various gene transcripts, as indicated (see also Table 2A and S2), in WT mice 

topically-treated (epidermis) or intra-peritoneally-injected (for other tissues) with Dex and/or 

RU (RU486), for 18 hours (mean ± SEM). 

(C) ChIP assays of mouse epidermis, pancreas and liver showing the binding of GR and 

corepressors to the IR nGRE regions of indicated genes. WT mice were topically-treated with 
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vehicle or Dex (in the case of K5 ChIP) or intra-peritoneally-injected with vehicle or Dex (in the 

case of ins, insr and Reverbα ChIP) for 18 hours. 

Figure 5. Transrepression of nGRE-containing genes by the so-called “dissociated” 

glucocorticoid RU 24858. 

(A) NF- Bluc and AP1luc luciferase reporter plasmids. 

(B) Both Dex and RU24858 treatment repress NF- B and AP1-driven transcriptional activation in 

vitro, with similar efficiency. Transfected A549 cells with NF- Bluc were treated as indicated for 

6 hours, followed by luciferase assay. BAY and JNK I denote addition of a NF- B-specific inhibitor 

(BAY 11-7082) and of a JNK inhibitor (JNK inhibitor II), respectively (mean ±SEM). 

(C) ChIP assays using NF- Bluc plasmid-transfected A549 cells demonstrate the recruitment of 

NF- B p65 and Pol II to the proximal promoter region upon IL-1β addition. Addition of Dex or 

RU24858 resulted in the formation of a similar transrepressing complex, while Pol II was 

released. 

(D)  Dex or RU24858 treatment enable efficient IR nGRE-mediated transrepression, whereas 

RU24858 is a weak inducer of (+)GRE-mediated transactivation, in vitro. Transfected A549 cells 

were treated for 6 hours as indicated, followed by luciferase assay (mean ±SEM). 

(E) ChIP assays show that 6 hour treatment of Dex and RU24858 recruit SMRT and GR to nGREs 

in A549 cells transfected as indicated with pGL3 VDRE/IR0/IR1/IR2 nGRE plasmids (see Figure 2A 

and 2D). 

(F) Dex and RU24858 repress the expression of IR nGRE-containing genes, whereas RU24858 

does not induce the expression of the (+)GRE- containing GPX3 gene. Relative RNA levels were 



108 

 

determined by Q-PCR analysis in dorsal epidermis of WT mice topically-treated with Dex or 

RU24858 for 18 hours (mean ±SEM). 

(G)  Q-PCR analysis shows that Dex and RU24858 similarly repress in vivo the expression of 

cytokines, in dorsal skin of WT mice topically treated for 18 hours with TPA, Dex or RU24858, as 

indicated (mean ±SEM). 

(H) Both Dex and RU24858 treatment in vivo promote GR and corepressor binding to nGRE 

regions of repressed genes, whereas RU24858 is unable to promote binding of GR and of the 

coactivators SRC2 and SRC3 to the GPX3 (+)GRE region. Dorsal skin of WT mice was topically-

treated with Dex and RU24858 for 18 hours, followed by epidermis isolation and ChIP assay 

using indicated antibodies. Aliquots of the ChIP DNA was PCR-amplified using primers flanking 

nGRE or (+) GRE regions of the indicated genes. 
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Table 1 

(A) Distribution of mouse and human IR0, IR1 and IR2 nGREs. 
 

 
IR0 IR1 IR2 

mouse genes containing a putative nGRE 1105 3303 3949 

human genes containing a putative nGRE 1169 4281 5443 

mouse and human orthologue genes containing identical IR nGREs 51 379 566 

 

(B) Repression, upon mouse treatment with a GC agonist, of genes containing IR0, IR1 and 

IR2 nGREs conserved in their human orthologues. 

IR1 nGRE 
containing 

Genes 
Epidermis 

Intestinal 
epithelium 

IR0 nGRE 
containing 

genes 
Epidermis 

Intestinal 
epithelium 

IR2 nGRE  
containing  

genes 
Epidermis 

Intestinal 
epithelium 

PRKCB   +   + CCND1   +   + DPAGT1   +    

STRA13   +   + ADAMTS19   +   + CCR10      + 

TNFRSF 19   +   + NDUFA4L2   +   + FKBP2   +   + 

USF1   +   + SPARC   +   + FOXJ1      + 

JUND   +   + NEU1   +   + POMGNT1   +   + 

CYP26A1   +    FBXL18   +   + RDH5      + 

HSD11B2   +    KLF5   +   + RORA   +   + 

KRT14   +    AIP   +   + SLC2A8   +   + 

BTG2      + TCF25   +   + GPR68      + 

GBA2      + MTG1   +   + MUC20      + 

RDH11      + SLC25A5   +   + SLC25A34      + 

SOCS3      + TRPM7   +   + PRKRA   +   + 

BCL2L1   +   + CITED1      + SOCS1      + 

NKRF   +   + MAPK4      + TNFRSF25      + 

SGK3      + SP9      + COL4A3BP   +    

 

  

 

RNA isolated from 18 hr- Dex-treated WT mice epidermis and intestinal epithelium was analyzed by 

Q-RT-PCR. Genes, for which no signal could be detected in tissue samples from vehicle treated mice 

after 60 cycles of amplification, were considered to be not expressed in that tissue. (+) indicates that 

the gene was expressed in that tissue while “Repressed” denotes statistically (p<0.05) significant 

decrease in transcript levels after Dex treatment. 
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Table 2 

A. IR nGRE- containing genes whose GC-induced transrepression could generate side effects 

related to those produced by GC therapy (see also Table S2) 

Debilitating side 
effects upon GC 

therapy 

Gene 
symbol 

 
Gene name 

 
a 

 
b 

References 
(For full reference, see 

Table S2) 
Skin atrophy, bruising, 
thinning, brittle skin, 
disturbed wound healing 
(Schacke et al., 2002) 

Krt 14, Krt 5 
 

TGFβ1 
Smad4 

Tnc 
Trpv3 

 
Ccnd1 
Cdk4 

Keratin 14 ( IR1), Keratin 5 (IR1) 
 
Transforming growth factor beta 1 precursor (IR1) 
SMAD family member 4 (IR2) 
Tenascin C (IR2) 
Transient receptor potential cation channel subfamily V 
member 3 (IR2) 
Cyclin D1 (IR0) 
Cyclin-dependent kinase 4 (IR2) 

+ 
 
+ 
 - 
+ 
 - 
 
+ 
+ 

 - 
 
 - 
+ 
 - 
+ 
 
+ 
+ 

Ramot et al., 2009, This study 
(see Fig. 3A and 4B)  
Frank et al., 1996 
Chen et al., 2000 
Fassler et al., 1996 
Cheng et al., 2010 
 
This study (see Fig. S3B) 
Rogatsky et al., 1997 

Impaired skeletal growth 
and osteoporosis 
(Schacke et al., 2002, 
Kleiman and Tuckermann, 
2007) 

Tnfrsf11b 
Bcl2 

Bcl2l1 
TGFβ1 
Smad 4 

Ghr 
Gnas 
Wnt5a 
Ahsg 

Col11a2 

Osteoprotegerin (IR2) 
Bcl- 2 (IR1)  
Bcl- XL  (IR1) 
Transforming growth factor beta 1 precursor (IR1) 
SMAD family member 4 (IR2) 
Growth hormone receptor (IR1) 
Adenylate cyclase stimulating G-alpha protein (IR1) 
Wingless-related MMTV integration site 5A (IR1) 
Alpha -2- HS- glycoprotein precursor (IR0) 
Collagen, type XI, alpha 2 chain precursor (IR2) 

+ 
+ 
+ 
 - 
 - 
+ 
 - 
 - 
 - 
 - 

+ 
 - 
 - 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Sasaki et al., 2001 
Mocetti et al., 2001 
Lu et al., 2007 
Geiser et al., 1998 
Tan et al., 2007 
Gevers et al., 2002 
Weinstein et al., 2004 
Yang et al., 2003 
Szweras et al., 2002 
Li et al., 2001 

Hyperglycemia and 
Diabetes (Schacke et al., 
2002, Kleiman and 
Tuckermann, 2007) 

Ins 
 

Insr 

Insulin precursor (IR1, IR2) 
 
Insulin receptor (IR1) 
 

+ 
 
+ 
 

+ 
 
+ 
 

Delaunay et al., 1997, This 
study (see Fig. 4B) 
Caro and Amatruda., 1982, 
This study (see Fig. 4B) 

Muscle atrophy/Myopathy 
(Schakman et al., 2008a) 

ctnnb1 
Akt1 

Tpm2 

Beta –catenin (IR1) 
Protein kinase B (IR2) 
Tropomysin beta chain (IR1) 

+ 
 - 
 - 

+ 
+ 
+ 

Schakman et al., 2008b 
Schakman et al., 2008a 
Ochala et al., 2007 

Impaired HPA axis, 
Adrenal insufficiency 
(Schacke et al., 2002) 

Mc2r 
 

Mrap 

ACTH receptor (IR1) 
 
ACTH receptor accessory protein (IR1) 

+ 
 
+ 

+ 
 
+ 

Chida et al., 2007, This study 
(see Fig. 4B) 
Metherell et al., 2005, This 
study (see Fig. 4B) 

Circadian rhythm 
disorder, metabolic 
syndrome, bipolar 
disorder and mania 
(Bechtold et al., 2010, 
Duez and Staels, 2008) 

Clock 
 

     Nr1d1 
 
 

Rora 

Circadian locomoter output cycle kaput protein (IR1) 
 
Reverbα (IR1) 
 
 
RORα (IR2) 

 - 
 
+ 
 
 
+ 

+ 
 
 - 
 
 
 - 

Roybal et al., 2007 
 
Torra et al., 2000, Preitner et 
al., 2002, This study (see Fig. 
4B) 
This study (see Fig. S3G) 

Anxiety and depression 
(Schacke et al., 2002) 

Ucn2 
Crhr2 

Urocortin 2 (IR1) 
Corticotropin releasing hormone receptor 2 (IR1) 

+ 
 - 

+ 
+ 

Chen et al., 2004, 2006  
Bale et al., 2000 

Hypertension (Schacke et 
al., 2002) 

Hsd11b2 Corticosteroid 11-beta-dehydrogenase isozyme 2         
(11β-HSD2) (IR1) 

+ + Stewart et al., 1996, This study 
(see Fig. 3A) 

a.Genes whose expression is known to be decreased upon GC treatment.                                                                                                                       

b.Genes, whose decreased expression is known to generate effects related to those produced by GC treatment. 

(IR0), (IR1) and (IR2) indicate the type of nGRE motif present in that gene. 

B. IR nGRE- containing genes involved in GC-anti-inflammatory therapy (see also Table S2) 

Gene 
symbol 

Gene name  Gene 
symbol 

Gene name  

 C1qb 
C1ql1 

C3 
Cfd 
Il6 
Il20 

Ccr10 
Stat3 

Nfatc1 
Il8ra 

Il12rb1 
Il17ra 

Complement C1q subcomponent subunit B Precursor (IR2) 
C1q-related factor Precursor (IR1) 
Complement C3 Precursor (IR1) 
Complement factor D Precursor (IR1) 
Interleukin-6 Precursor (IR1) 
Interleukin-20 Precursor (IR2) 
C-C chemokine receptor type 10 (IR2) 
Signal transducer and activator of transcription 3 (IR2) 
Nuclear factor of activated T-cells, cytoplasmic 1 (IR1) 
Interleukin-8 receptor a (IR1) 
Interleukin-12 receptor b1 (IR1) 
Interleukin-17 receptor a (IR1) 

Il16 
Il17rb 

Il11ra1 
Il17b 
Il17f 
Il28a 
Il28b 
Il24 
Il34 
Il1rn 

Il22ra1 
TSLP 

Interleukin-16 Precursor (IR1) 
Interleukin-17 receptor b (IR1) 
Interleukin-11 receptor (IR1) 
Interleukin-17b Precursor (IR1) 
Interleukin-17f Precursor (IR1) 
Interleukin-28a Precursor (IR1) 
Interleukin-28b Precursor (IR1) 
Interleukin-24 Precursor (IR1) 
Interleukin-34 Precursor (IR1) 
Interleukin-1 receptor antagonist protein Precursor (IR2) 
interleukin-22 receptor a1 (IR1) 
Thymic Stromal Lymphopoietin (IR1) 

 All of these genes also contain NF- B and AP1 binding sites. 
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Legend to supplementary figures: 

Figure S1. Glucocorticoid-induced recruitment of GR and corepressors to the TSLP IR1 

nGRE prevent RA and active VD3-induced recruitment of RAR, VDR, coactivators and pol II 

to the TSLP DR2b RARE, DR3d VDRE and proximal promoter (PP) regions in epidermis 

and intestinal epithelium of wild type mouse and in human A549 cells, related to Figure 1. 

(A) Q-PCR of TSLP RNA from skin of WT mice topically-treated for 6 hours with the indicated 

compounds (mean ± SEM). FA, fluocinolone acetonide; RA, all-trans retinoic acid; VD3, active 

Vitamin D3; RU, glucocorticoid antagonist RU486. All values were normalized with respect to 

those obtained for HPRT. 

(B) Q-PCR of TSLP, GPX3 and Cyp24A1 RNA in epithelial cells of WT mouse ileum (mean ± 

SEM). Mice were intraperitoneally (I.P.)-injected with vehicle, FA, RU 486 (RU) and/or VD3, as 

indicated. All values were normalized with respect to those obtained for HPRT. 

(C) Q-PCR of TSLP, GILZ and Cyp24A1 RNA in A549 cells, treated for 6 hours as indicated. 

Values were normalized with respect to those obtained for GAPDH (mean ± SEM).  

(D)  Mouse TSLP promoter region showing the position of DR2b RARE with respect to other 

sequence elements. Related to Figure 1F. 

(E) Glucocorticoid-induced repression of the TSLP promoter is initiated in vivo through binding of 

the GR to the nGRE, along with corepressors. ChIP assays showing the FA-induced binding of 

GR and corepressors to the TSLP nGRE region and its reversion by RU 486 (RU). Dorsal skin 

from WT mice was topically treated with vehicle, RA, FA and RU for 6 hours prior to epidermis 

isolation. ChIP-immunoprecipitated DNA from epidermal whole cell extracts was PCR-amplified 

using primers flanking the TSLP nGRE, TSLP RARE (DR2b) and TSLP PP (Proximal Promoter) 

regions (see panel D). IP antibody indicates the antibodies used for immunoprecipitation. Control 

antibody corresponds to rabbit IgG. 10% input indicates the signal obtained after PCR 

amplification of a given DNA region contained in 10% of the chromatin used for 

immunoprecipitation of each sample with a given antibody. 
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(F) ChIP assays of intestine epithelium of WT mouse, intraperitoneally-injected as indicated with 

vehicle, VD3, FA and RU, for 6 hours prior to removal of intestine. Epithelial cells were isolated 

and processed through ChIP assays using indicated antibodies. ChIP immunoprecipitated DNA 

was PCR- amplified using primers flanking the TSLP nGRE, DR3d and PP regions, as well as the 

GPX3 (+) GRE region. 

(G) ChIP assays of A549 whole cell extract (WCE) showing the FA-induced binding of GR and 

corepressors to the human TSLP nGRE (hTSLP nGRE) region and its reversion by RU. 

(H) ChIP assays of A549 WCE showing the FA-induced binding of GR and coactivators to the 

hGILZ (+) GRE region, and its reversion by RU. Aliquots of the immunoprecipitated DNA 

described in panel (G) were PCR-amplified using primers flanking the (+) GRE region of the 

human GILZ gene. 

(I) Schematic representation of the Alu I sites flanking the PP, nGRE and DR3d VDRE regions 

of the TSLP promoter. 

(J) Chromosome conformation capture (3C) assay using MC 903-treated WT mouse dorsal 

epidermis shows that topical treatment with FA prevents the interaction of the Alu I region A that 

contains the VDRE (DR3d) with the Alu I region E that contains the proximal promoter (PP) 

region (see panel I). Dorsal skin was topically treated with vehicle, MC, FA and/or RU for 6 hours, 

prior to isolation of epidermis. Non-cross linked and cross-linked chromatin were digested with 

Alu I enzyme, diluted and incubated with T4 DNA ligase. Ligated DNA was PCR-amplified using 

primers flanking the junction between either VDRE (Alu I fragment A) or nGRE (Alu I fragment C) 

regions with the PP (Alu I fragment E) region. PCR product was separated in a 2% agarose gel 

and Southern-hybridized to a [
32

P]-5‟ labeled probe corresponding to 20 nucleotides upstream 

and 20 nucleotides downstream from the junction between the Alu I regions A and E and C and 

E. Upper and lower panels reveal interaction between region C containing the nGRE and region 

E containing the PP region, and between region A containing the VDRE and region E. A BAC 

containing a 50kb genomic DNA sequence encompassing the TSLP coding and flanking 

sequences was processed along as a positive control for efficiency of ligation (TSLP BAC). 
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Figure S2. Mutational analysis of the canonical IR2 nGRE motif, related to Figure 2. 

Luciferase assay in A549 cells treated as indicated in Figure 2B, show the in vitro functionality of 

various mutant IR2 nGRE elements bearing a 1 base substitution as indicated. Sequence of the 

canonical IR2 nGRE and its mutants are listed as numbers 1 to 28 in the right panel. Circled 

numbers in the graph indicate the mutations that abolish the ability of nGRE to inhibit luciferase 

expression. Big letters in the lower panel indicate the sequence of canonical residues and smaller 

letters indicate “tolerable” base substitutions at different positions. 

Figure S3. Glucocorticoid-induced repression of mouse genes that contain IR0, IR1 or IR2 

nGREs conserved in mouse and human orthologues, related to Figure 3. 

(A) ChIP assay of mouse epidermis and intestinal epithelium WCE topically-treated or 

intraperitoneally-injected with dexamethasone (Dex) for 6 or 18 hours with the indicated 

antibodies. PCR amplification was done using primers flanking the IR1 nGRE regions of NKRF 

and BCL2L1 genes. 

(B) Expression of putative IR0 nGRE-containing genes in WT mice topically-treated with Dex 

and/or RU for 18 hours (mean ± SEM). Relative RNA levels were determined by Q-PCR of 

epidermal RNA (mean± SEM). 

(C) As under (B), but using intestinal epithelium of WT mice intraperitoneally-injected with Dex 

and/or RU for 18 hours (mean ± SEM). 

(D) Luciferase assay to test the in vitro functionality of conserved IR0 nGREs present in mouse 

and human orthologues. A549 cells were transiently transfected with the pGL3 vector (see fig. 

2A) containing a consensus VDRE and IR0 nGREs from different genes (as indicated). Cells 

were treated with VD3 and/or FA as indicated, for 6 hours. Luciferase activity was normalised and 

expressed as relative light units (mean ± SEM). 

(E) ChIP assays of mouse skin epidermis and intestinal epithelium WCE showing FA and Dex-

induced binding of GR and corepressors to the nGRE regions of genes (analyzed in panel B and 

C) exhibiting an IR0 nGRE motif. 
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(F) Expression of IR2 nGRE-containing genes in epidermis of WT mice topically-treated with 

dexamethasone (Dex) and/or RU for 18 hours (mean ± SEM). Relative transcript levels were 

determined by Q-PCR of epidermal RNA (mean± SEM). 

(G) As under (F), but using intestinal epithelium of WT mice intraperitoneally-injected with Dex 

and/or RU for 18 hours (mean ± SEM). 

(H) Luciferase assay to test the in vitro functionality of conserved IR2 nGREs present in mouse 

and human orthologues. A549 cells were transiently transfected with the pGL3 vector (see fig. 

2A) containing a consensus VDRE and IR2 nGREs from different genes (as indicated). Cells 

were treated with VD3 and/or FA as indicated, for 6 hours. Luciferase activity was normalised and 

expressed as relative light units (mean ± SEM). 

(I) ChIP assays of mouse skin epidermis and intestinal epithelium WCE showing FA and Dex-

induced binding of GR and corepressors to the nGRE regions of genes (analyzed in panel F and 

G) exhibiting an IR2 nGRE motif. 

EXTENDED EXPERIMENTAL PROCEDURES. 

Materials. GR (SC-1004X, used in ChIP assay), P65 (SC-372X), pan-RAR (SC-773X), HDAC3 (SC- 

11417X) and SRC3 (SC-9119X) rabbit polyclonal antibodies were from Santacruz Biotechnology. 

Control rabbit IgG (ab46540), SRC1 (ab84) mouse monoclonal, HDAC1 (ab7028), HDAC2 (ab7029) 

and GR (ab3671, used in supershift assay) rabbit polyclonal antibodies were from Abcam. RNA 

polymerase II (05-623) mouse monoclonal antibody was from Millipore Corporation. SMRT, NCoR 

and TIF2 (SRC2) mouse monoclonal antibodies, and VDR rabbit polyclonal antibodies were 

generated in-house. All in-house generated antibodies were tested by ELISA, immunoprecipitation, 

western blotting and absence of reaction in null mutant mice to ensure specificity. All other antibodies 

were tested by immunoprecipitation and western blotting. Active vitamin D3 [1α, 25 (OH)2 Vitamin 

D3,], Fluocinolone acetonide (FA), Dexamethasone, RU 486, all trans retinoic acid (RA) and BAY 11-

7082 were from Sigma Aldrich. MC 903, JNK inhibitor II and recombinant human IL-1β was from Leo 

pharma, Calbiochem and R&D systems, respectively. RU24858 was a gift from Dr. Hinrich 

Gronemeyer. Source of all other materials is indicated in parentheses at appropriate places. 
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Mouse genotyping. Wild type BALB/c ByJ and C57BL/6J female mice, 6-8 week-old, were 

purchased from Charles River Laboratories. K14-Cre-ERT
2
/floxed RXRαβ (RXRα 

L2/L2
 RXRβ 

L2/L2
) and 

K14-Cre-ERT
2
/
 
floxed GR (GR

L2/L2
) mice (6-8 weeks-old) were intraperitoneally injected with 0.1mg 

tamoxifen for 5 days to ablate RXR α and β (RXRαβ
ep-/-

 mice) or GR (GR
ep-/-

 mice) in keratinocytes. 

Genotyping of RXRαβ
ep-/-

 mutants was as described (Li et al., 2005). Primer pairs BAD837/BAD838 

were used to detect GR L2 alelle (347 bp) and GR wild type (208 bp), while AED182/BAD838 primers 

were used to detect GR L- allele (193 bp) and GR wild type allele (1115 bp) bands. Primer sequences 

are given below. 

GR genotyping primers Sequence 

BAD837 5‟ GACTGACAAAATCAGTGACCCTGGG 

BAD838 5‟ GTCAACACATGATCACCTTGCAGTC 

AED182 5‟ CCAGAGAACTAATTGGCTCTTGCAC 

 

ChIP assay. ChIP assay was as reported (Vaisanen et al., 2005) with few modifications. 

Formaldehyde was added to epidermal or intestinal epithelial cells in suspension to a final 

concentration of 1% and incubated on a flip-flop rocker for 10 minutes at room temperature, followed 

by addition of 2M glycine (0.125M final concentration) and incubation for 5 minutes (room 

temperature). Cells were pelleted (400g, 5 minutes) at 4 
0
C, washed twice in ice-cold PBS, followed 

by lysis. Similarly, pancreas and liver tissues were dissected from vehicle or dexamethasone injected 

mice, washed in ice cold PBS, cut into small pieces and kept in PBS. Formaldehyde was added [1% 

final concentration (v/v)] to the PBS containing tissues and incubated on a flip-flop rocker for 10 

minutes at room temperature, followed by addition of 2M glycine (0.125M final concentration) and 

incubation for 5 minutes (room temperature). Tissues were pelleted (400g, 5 minutes) at 4 
0
C, 

washed twice in ice-cold PBS and resuspended in 300µl ice-cold lysis buffer [50 mM Tris-HCl, pH 8.1, 

1% (w/v) SDS, 10 mM EDTA, 1X protease inhibitor cocktail (Roche)]. Cross-linked epidermal cells 

from dorsal skin, intestinal epithelial cells, or A549 cells were also resuspended in 300µl ice-cold lysis 

buffer and all lysates were sonicated at 4
0
C to generate 300-500 base pair chromatin fragments 

(Bioruptor sonicator, Diagenode). Cellular debri were removed by spinning (10000g,10 min) at 4 
0
C 



126 

 

and the supernatant was pre-cleared by incubating with 60 µl protein G-agarose beads (pre-blocked 

with salmon sperm DNA and BSA) for 20 min at 4 
0
C over a flip-flop rocker.  Beads were pelleted 

(100g, 1 minute) at 4 
0
C and discarded. Equal amounts of lysates were used for immunoprecipitation. 

10 % of the lysate amount used for each immunoprecipitation reaction was saved to be used as input 

DNA in PCR amplification. Individual samples were diluted 1:8 (v/v) in ChIP dilution buffer [16.7 mM 

Tris-HCl, pH 8.1, 0.01% (w/v) SDS, 1.1% (v/v) Triton-X 100, 1.2 mM EDTA, 16.7 mM NaCl, 1X 

protease inhibitor cocktail] and incubated overnight with different primary antibodies at 4 
0
C on a flip-

flop rocker, followed by incubation with 60 µl protein G-agarose beads (pre blocked with salmon 

sperm DNA and BSA) for 90 minutes. Immunoabsorbed complexes were recovered by centrifugation 

(100g, 1 minute) at 4 
0
C. Protein G beads were then washed once in low salt buffer [20mM Tris-HCl, 

pH 8.1, 0.1% (w/v) SDS, 1% (v/v) triton X -100, 2mM EDTA, 150mM NaCl], once in high salt buffer 

[20mM Tris-HCl, pH 8.1, 0.1% (w/v) SDS, 1% (v/v) triton X -100, 2mM EDTA, 500mM NaCl], once in 

LiCl buffer [10mM Tris-HCl, pH 8.1, 250mM LiCl, 1% (v/v) NP-40, 1% (w/v) sodium deoxycholate, 

1mM EDTA], and finally washed twice in 1ml TE buffer (10mM Tris-HCl, pH 8.0, 1mM EDTA). 

Chromatin was released from the beads by incubation with 150 µl elution buffer [1% (w/v) SDS, 

100mM NaHCO3] for 15 minutes at room temperature with intermittent vortexing. The elution step 

was repeated and both eluates were pooled. 1 µl of 10 mg/ml RNase and 5M NaCl (200mM final 

concentration) was added to the eluate and incubated at 65 
0
C overnight. 1µl of 30mg/ml Proteinase 

K was then added to the samples and incubated at 50
0
C for 1hour. DNA was subsequently purified 

from the eluate using Qiagen PCR purification kit (Qiagen corp.) in a final volume of 50 µl. 3 µl of the 

purified DNA was used as template in different PCR amplifications (Applied Biosystems 

Thermocycler). Sequence of the various primers is listed below. The number of PCR cycles was 

optimized to maintain linear amplification in all experiments. PCR products were resolved by 2% 

agarose gel electrophoresis. Images of ethidium bromide-stained DNA was acquired using an UV 

trans-illuminator equipped with a digital camera. 

 

Primers for ChIP assay. 
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mTSLPnGRE fp 5' GTGGAGCACCCAACATCATC 

mTSLPnGRE rp 5' CTGGTTGGGGTTTGAAAGG 

hTSLPnGRE fp 5' CCCCAGGTGACAGACGTTTT 

hTSLPnGRE rp 5' CCACCTTCACAGTCCCACTC 

mGPX3 (+) GRE fp 5' AACCAATGCAACCAAGCACT 

mGPX3 (+) GRE rp 5' AAAGAACCTGGAGACCAGGAA 

mTSLP DR3d fp 5' AGGTCCAGATACTGCATGCTC 

mTSLP DR3d rp 5' CAGCAGCTGATGCAAACAGA 

mTSLP PP fp 5' GCATGTAGCAAGTGTTTAGGGCAGA 

mTSLP PP rp 5' GCCTGAACGTGGAGTCTTCCTGAT 

mTSLP DR2b fp 5' TGAGGTATTTTATCAGAACAATGGAC 

mTSLP DR2b rp 5' CCAAGTGCTGGGATTAAAGG 

hGILZ (+) GRE fp 5' AGCCAAATGCAGTCTGAAGG 

hGILZ (+) GRE rp 5' CACATGTCTTAGTGCAAACACC 

mTNFRSF19 fp 5‟ AGAAACGGTGGGATTCTGTT 

mTNFRSF19 rp 5‟ AGCCTGGCTTGGGTATTTTT 

mK14 fp 5‟ GGGGGCACGGTAAGAGATAG 

mK14 rp 5‟ GAAAGGGGTGAGCATGAGAA 

mHSD11B2 fp 5' TCTCCATAGAGACGGCGAGT 

mHSD11B2 rp 5‟ TGGCCTCTGGTTGACTCTCT 

mPRKCB fp 5‟ CTGCAGACCTTGGTGTGTGT 

mPRKCB rp 5‟ AGATGAGCACCTCGGTTGAT 

mCYP26A1 fp  5‟ GCTCATCCTCAAAGCGACAT 

mCYP26A1 rp  5‟ TGGCCCTCTTACTGTGTCTTG 

mUSF1 fp 5‟ CAAACCACAGTTTGCCAAGA 

mUSF1 rp 5‟ TGCTACAAGGAGGGGTTCTG 

mJUND fp 5‟ GGTTAGGCCAAAGCAACAAA 

mJUND rp 5‟ CTCCCTCCAGCCTCATAAAA 
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mGBA2 fp 5‟ GTGGGCAGCACTTCACTGTA 

mGBA2 rp 5‟ CTGCCTCCACTTGCTGTGT 

mRDH11 fp 5‟ CGCTGTCTCCCAGACAAAAT 

mRDH11 rp 5‟ TGGCGGTGATACATTCAGAG 

mBTG2 fp 5‟ CCAGACCGTCATCATCGTT 

mBTG2 rp 5‟ TAAAGACACCCCAGGCAAGA 

mBCL2L1 fp 5‟ ACCCCCTCGCTCTAGCAC 

mBCL2L1 rp 5‟ ATCACAGATCCGAGGCTGTC 

mNKRF fp 5‟ TTGTTATGTTTATGGTTCCCTTGA 

mNKRF rp 5‟ AACTGCAATGGGCTGTGTTT 

  

mNEU1 fp 5‟ AGGAACTGTAGAGGACCACAGG 

mNEU1 rp 5‟ TCCTCTGTCAGGATCCAACC 

mCCND1 fp 5‟ CACAGGAGCTGGTGTTCCAT 

mCCND1 rp 5‟ CACACGGACTACAGGGGAGT 

mTRPM7 fp 5‟ GCTCCGTACCATTCTCCTCA 

mTRPM7 rp 5‟ GCTGGTCGCACAATTATGAA 

mTCF25 fp 5‟ ACACTGCTGCTCTTCCTCGT 

mTCF25 rp 5‟ GGTTGTTGACACGGACTCCT 

mNDUFA4L2 fp 5‟ AACACTGGAAATGCAGAGCA 

mNDUFA4L2 rp 5‟ AGGTGAGGGAAAGCGAGAGT 

mSPARC fp 5‟ CCTCAGTCAGTGCTCAGTGG 

mSPARC rp 5‟ AGACAGCCTGGGACCAGAT 

mADAMTS19 fp 5‟ CTGCCCAGCAAGAGGAAC 

mADAMTS19 rp 5‟ TAAAAGCAGGAGGCATCTGG 

  

mDPAGT1 fp 5‟ AGAAAATGCTGGGCCAACT 

mDPAGT1 rp 5‟ GCCTGACACTGTTCCCTGTT 
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mPOMGNT1 fp 5‟ CCTCCTGAGAGCTGGGATT 

mPOMGNT1 rp 5‟ GGAGGAGCTCAGTGTGACTGT 

mFKBP2 fp 5‟ TGGCTCCCATCACACTTACA 

mFKBP2 rp 5‟ AGGCTGAAGGAGCTGAATGA 

mPRKRA fp 5‟ GCGAAGCTGACAAGTACCAA 

mPRKRA rp 5‟ TCCATACAACCCCTGTTAGGTT 

mRORA fp 5‟ TCTCCGCCGATCTCTACATT 

mRORA rp 5‟ GTCGCAGCGTCTCCTACCT 

mFOXJ1 fp 5‟ GGACCGGCATTAAGTAGACG 

mFOXJ1 rp 5‟ GCGGGAATGCACAGAGTC 

mRDH5 1 fp  5‟ TGCCTGGCTGAAGTTAGGTT 

mRDH5 1 rp 5‟ GGCTGTGCTAAGCAGTGTCA 

mMUC20 fp 5‟ TCTAGCCCCAGTCTGGATTTT 

mMUC20 rp 5‟ TGCAATTTGTAATCCCAGCA 

mSLC25A34 fp 5‟ GATGGAAGCTTCATGGATGG 

mSLC25A34 rp 5‟ AGGTCGACTGGAGAGCTGAG 

  

mK5nGRE1 fp 5‟ GTAGGCAGCATCCACATCCT 

mK5nGRE1 rp 5‟ GTCCCTTTGACCACCAGGTA 

mK5nGRE2 fp 5‟ CAAACACACACACACACACACA 

mK5nGRE2 rp 5‟ CTGGGATTGGAGTGTGGCTA 

mK5nGRE3 fp 5‟ CAGGTCTCCTTTCCCATCC 

mK5nGRE3 rp 5‟ TTGGAGGATCATGGGAAGTC 

mins IR1 nGRE fp 5‟ ATGTTATGCCTTGAGCATGTTT 

mins IR1 nGRE rp 5‟ ACCTTGGAAAGGCCTTAGGT 

mins IR2 nGRE fp 5‟ TTACTGGGGCCTTAGGCTTT 

mins IR2 nGRE rp 5‟ AGGCCACAGTGAGACCTTTG 

minsr nGRE1 fp 5‟ ACCCTCTCCAGGGTACAGGT 
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minsr nGRE1 rp 5‟ CGTGGAAGAGAAGGACGTG 

minsr nGRE2 fp 5‟ TGTTGAAGCTTTGGGGAAAT 

minsr nGRE2 rp 5‟ GAGGACGAGGAGGAGAGGAG 

mrev- erb alpha nGRE1 fp 5‟ GGGGCCAATGGATTGTAAG 

mrev- erb alpha nGRE1 rp 5‟ AAGTAGGGGCTCTGGGGTTA 

mrev- erb alpha nGRE2 fp 5‟ CAGGCTGGATGAATTTCTGG 

mrev- erb alpha nGRE2 rp 5‟  ATATCGCTCACTCCCCTGCT 

pGL3 VDRE/nGRE luc fp 5‟ TGGACAGTCGTCACAGTCATC 

pGL3 VDRE/nGRE luc rp 5‟ CCTCGGCCTCTGCATAAATA 

NF- B luc proximal promoter fp 5‟ CTAACTGGCCGGTACCTGAG 

NF- B luc proximal promoter rp 5‟ GCTGGGCCCTTCTTAATGTT 

 

Primers used in Figure 1H ChIP assays to detect colocalization of GR and its corepressors. 

Figure 1H primer 1 fp 5' GCAGGACTCCAGAAAAGTCC 

Figure 1H primer 1 rp 5' CCCAGTTCTCTGGCATTAGG 

Figure 1H primer 2 fp 5' CTGCCACCGCTACAATCTTT 

Figure 1H primer 2 rp 5' GATTCTATTCGGGGGAAAGC 

Figure 1H primer 3 fp 5' GCTTTCCCCCGAATAGAATC 

Figure 1H primer 3 rp 5' GCTCAGAACGATGATGTTGG 

Figure 1H primer 4 fp 5' CACCCAACATCATCGTTCTG 

Figure 1H primer 4 rp 5' CCTCCTGAGACCCAGTTCAC 

Figure 1H primer 5 fp 5' GGGGAGAGTGAACTGGGTCT 

Figure 1H primer 5 rp 5' CAGTACTGGGAGCAGGAAAGA 

Figure 1H primer 6 fp 5' GTACTGTACTGGCGCTGCTC 

Figure 1H primer 6 rp 5' GGTTGGGGTTTGAAAGGAAG 

Figure 1H primer 7 fp 5' CTTCCTTTCAAACCCCAACC 

Figure 1H primer 7 rp 5' TCAGCCAGTAAATCGTTGGA 
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Nuclear run-on assay. pSK+ empty vector and pSK+  β actin (2 kb β actin cDNA cloned into pSK+ 

vector at EcoRI, BamHI sites) plasmids were linearised by digestion with BamHI. A 4 kb region of 

mouse TSLP gene coding sequence was amplified by PCR from a BAC construct (Invitrogen) 

[forward primer: 5‟-AGTTCTTCTCAGGAGCCTCTTCATC-3‟ (+165 to +190 with respect to „A‟ of the 

translation initiation codon ATG as +1), reverse primer: 5‟-CCAGATTCCACAATCTTCTTTCAGA-3‟ 

(+4157 to +4181 with respect to „A‟ of ATG as +1)]. Approximately 10 µg each of pSK+ empty vector, 

pSK+ β actin and TSLP DNA was separated by 0.8% agarose gel electrophoresis, and transferred to 

0.45µm nitrocellulose membranes. Membranes containing the transferred DNA probes were baked 

for 2 hours at 80 
0
C in a vacuum oven, followed by washing in 2X SSC. 

Run-on assay was as described (Carey and Smale., 2001). Approximately 10
8
 epidermal cells were 

resuspended in 5 ml ice cold NP-40 lysis buffer [10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 

0.5% (v/v) NP-40] and incubated for 5 minutes on ice. Nuclei were pelleted (100g, 10 minutes) at 4 

0
C. The nuclear pellet was resuspended in 250 µl of nuclear freezing buffer [50 mM Tris-HCl, pH 8.3, 

40% (v/v) glycerol, 5 mM MgCl2, 0.1 mM EDTA]. 225 µl of the nuclei were added to 60 µl of 5X run-

on buffer [25 mM Tris-HCl, pH 8.0, 12.5 mM MgCl2, 750 mM KCl, and 12.5 mM each of ATP, GTP 

and CTP]. 150 µCi of α-[
32

P] UTP was added and the reaction was incubated at 37 
0
C for 30 minutes. 

20 µl of 10 mM CaCl2 and 10 µl of 1 mg/ml of RNase-free DNase were added and incubated at 30 
0
C 

for 5 minutes, followed by addition of 35 µl of proteinase K buffer [10% (w/v) SDS, 50mM EDTA, 

10mM Tris-HCl, pH 7.4, 3 mg/ml proteinase K] and incubation at 37 
0
C for 45 minutes. Reaction 

mixture was extracted twice with phenol-chloroform and once with chloroform, followed by 1:1 dilution 

with 5 M ammonium acetate and precipitation with isopropanol. Precipitated pellet was resuspended 

in 100 µl TE (pH 8.0) followed by addition of 100 µl solution containing 10 mM MgCl2 and 5 mM 

CaCl2. 10 µl of 1 mg/ml RNase-free DNase was added and reaction mix was incubated at 37 
0
C for 5 

minutes followed by chilling on ice for 5 minutes. 50 µl of 1N NaOH was added and the reaction 

mixture was incubated on ice for another 2 minutes. Alkali was neutralized by addition of 77µl of 1M 

HEPES (free acid) followed by precipitation of RNA in isopropanol and resuspension in 100 µl TE. 90 

µl of the radiolabelled RNA was hybridised to the nitrocellulose filter containing the above DNA 
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probes for 24 hours at 65 
0
C in 2 ml hybridization buffer [6X SSC, 5X Denhardt‟s reagent, 50% 

formamide, 0.5% (w/v) SDS, 200 µg salmon sperm DNA, 2 µg polyA]. Membrane was washed 4 

times in 2X SSC, excess liquid removed, wrapped in saran and exposed to X-ray films for 48 hours in 

presence of an intensifying screen at -70 
0
C. 

Chromosome conformation capture (3C) assay. 3C assay was as described (Liu et al., 2005). 

Formaldehyde cross-linked or not-cross linked (negative control for ligation efficiency) epidermal cells 

(10
7
 cells, see epidermis isolation section) were resuspended in lysis buffer [10mM Tris-HCl, pH 8.0, 

10mM NaCl, 0.2% (v/v) NP-40, and 1X protease inhibitor cocktail] and incubated for 5 minutes on ice, 

followed by centrifugation (100g, 10 minutes) at 4 
0
C. The nuclear pellet was resuspended in 200µl 

digestion buffer [1X Nla III or Alu I restriction enzyme digestion buffer (NEB) + 0.3% (w/v) SDS] and 

incubated at 37 
0
C for 1 hour on a flip-flop rocker. 1.8% (v/v) triton X-100 (final concentration) was 

then added to the samples and incubated for 1 hour under similar conditions. Precipitate was 

removed by short spinning. 400 units Nla III or Alu I restriction enzyme (NEB) was added and 

incubated at 37 
0
C for 2 hours, followed by addition of another 200 units of the respective enzymes 

and overnight incubation at 37 
0
C. Restriction enzyme was inactivated by addition of SDS (1.6% v/v, 

final concentration) and incubation at 70 
0
C for 20 minutes. SDS was quenched by addition of triton 

X-100 (1% v/v, final concentration) and 1 hour incubation at 37 
0
C. Individual samples were then 

diluted 12 times in ligase buffer (final DNA concentration approximately 3 ng/µl). Ligation was done 

for 4.5 hour at 16 
0
C followed by 30 minute incubation at room temperature using 400units T4 DNA 

ligase (NEB). For mock-ligated sample, no ligase was added. Next, 1µl of 10mg/ml RNase and 5M 

NaCl (final concentration 200mM) were added to the samples which were incubated overnight at 65 

0
C. Proteinase K (200µg/ml) was added to the samples, which were incubated for 30 minutes at 50 

0
C, and DNA was purified by phenol-chloroform extraction and isopropanol precipitation. DNA amount 

was estimated by spectrophotometry and equal amounts of DNA were used for PCR amplification 

(primer sequences are listed below). PCR-amplified DNA was separated by 2% agarose gel 

electrophoresis, followed by Southern hybridization (Sambrook et al., 1989) to a probe designed to 

contain 20 nucleotides on each side (5‟ and 3‟, probe length: 40 nucleotides) of a possible junction 

between 2 Nla III or Alu I fragments of the TSLP gene region of interest (see Figure 1 F and Figure 
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S1 I). The probe was 5‟- end labelled using - [
32

P] ATP and purified through sephadex G-50 column 

to remove free - [
32

P] ATP. As a positive control for Nla III and Alu I digestion, ligation, PCR 

amplification and Southern hybridization, a BAC DNA encompassing the region of interest was 

simultaneously processed (denoted as TSLP BAC). 

Primers and probes for chromosome conformation capture (3C) assay 

Junctions PCR primers/southern probe sequence Product 

length 

Nla III fragments C 

and E 

Forward primer:  -1208 CTTCCTTTCAAACCCCAACC -1189  

 

260bp 

Reverse primer:  -93 AGGCCAATGATTTTCCTTGA -112 

Southern probe: 5'- TCGTGCTGCTGGGACGCATGTAGCAAGTGTTTAGGGCAGA -3' 

                                            (-1130 to -1111)                             (-313 to -294) 

Nla III fragments A 

and E 

Forward primer:  -7267 GCTGGGTGAAACCTCTTTGA -7248 249bp 

Reverse primer:  -93 AGGCCAATGATTTTCCTTGA -112 

Southern probe:  5'- GAGGCCGGCTCTCTCCCATGTAGCAAGTGTTTAGGGCAGA -3' 

                                            (-7207 to -7188)                              (-313 to -294) 

 

Nla III fragments A 

and C 

Forward primer:  -7365 CCTCTGGCTCCCTCAATTCT -7346 260bp 

Reverse primer:   -1640 CCCAGTTCTCTGGCATTAGG -1659 

Southern probe: 5'- GAGGCCGGCTCTCTCCCATGGTATCATAACCTAAATTTAA -3' 

                                            (-7207 to -7188)                            (-1775 to -1756) 

Alu I fragments C and 

E 

Forward primer:  -1360 GGCTGAGCTCCAGGAGAGTA -1341 247bp 

Reverse primer:  -87 TCCCCTAGGCCAATGATTTT -106 

Southern probe: 5'- GTTGGGTTCGTGTCAACAGCTAAAAAATAAATAAATAAAT -3' 

                                              (-1377 t -1316)                          (-294 to -272) 

Alu I fragments A and 

E 

Forward primer:  -7365 CCTCTGGCTCCCTCAATTCT -7346 301bp 

Reverse primer:  -87 TCCCCTAGGCCAATGATTTT -106 

Southern probe: 5'- CCACATCTGTTTGCATCAGCTAAAAAATAAATAAATAAAT -3' 

                                              (-7288 to -7268)                        (-294 to -272) 

 

 

Electrophoretic mobility shift assay (EMSA). Synthetic oligonucleotides encompassing different 

DNA elements were annealed and double-stranded oligonucleotides were purified by 15% 
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polyacrylamide gel electrophoresis. 50ng of purified oligonucleotides were 5‟-end labelled using - 

[
32

P] ATP which was removed by purifying the probe through sephadex G 50 column. 8 fmoles of 

probe was mixed with 250ng recombinant human GR protein (ab3582, abcam) in EMSA buffer 

[20mM hepes, pH 7.9, 60mM KCL, 5mM MgCl2, 2mM DTT, 10% (v/v) glycerol, 200ng poly dI-dC]. 

The reaction mixture was incubated at room temperature for 20 minutes. Rabbit polyclonal human 

GR antibody (ab3671, abcam) or rabbit control IgG (ab46540, abcam) was added to the reaction 

mixture and incubation was continued for 20 minutes. Samples were electrophoresed on a 4.5% non-

denaturing polyacrylamide gel in TBE buffer (90mM Tris-borate, 2.5mM EDTA, pH  8.3). Vacuum-

dried gels were exposed to X-ray film overnight at -70 
0
C in the presence of an intensifying screen. In 

the case of competitor binding assay with a cold oligonucleotide probe, the excess amount of cold 

probe, which was added to the reaction mixture together with the [
32

P]- labelled probe, is indicated in 

the figure (10X, 25X, 50X). 

Probes used for EMSA. 

TAT (+) GRE U (5‟ 3‟) 5' AGAGGATCTGTACAGGATGTTCTAGAT 

TAT (+) GRE L (3‟ 5‟) 5' ATCTAGAACATCCTGTACAGATCCTCT 

Mutant (+) GRE U 5' AGAGGATCTCAACAGGATCATCTAGAT 

Mutant (+) GRE L 5' ATCTAGATGATCCTGTTGAGATCCTCT 

hTSLP nGRE U 5' CTGCGCCGCCTCCGGGAGAGCTGAGCTT 

hTSLP nGRE L 5' AAGCTCAGCTCTCCCGGAGGCGGCGCAG 

mTSLP nGRE U 5' CTGGCTGAGCTCCAGGAGAGTAGGGGT 

mTSLP nGRE L 5' ACCCCTACTCTCCTGGAGCTCAGCCAG 

Mut1 mTSLP nGRE U 5' CTGGCTGAGAGAAAGGAGAGTAGGGGT 

Mut1 mTSLP nGRE L 5' ACCCCTACTCTCCTTTCTCTCAGCCAG 

Mut2 mTSLP nGRE U 5' CTGGCTGAGAACCAGGAGAATAGGGGT 

Mut2 mTSLP nGRE L 5' ACCCCTATTCTCCTGGTTCTCAGCCAG 

Mut3 mTSLP nGRE U 5' CTGGCTGAGCTCCAAAGAAGTAGGGGT 

Mut3 mTSLP nGRE L 5' ACCCCTACTTCTTTGGAGCTCAGCCAG 
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Cell culture experiments. A549 human lung epithelial cells (CCL-185, ATCC) were maintained in 

DMEM/HAM F12 (1:1) medium containing 10% foetal calf serum (FCS) and gentamycin. Cells were 

transfected using Fugene 6 reagent, as instructed (Roche). For RNA isolation from A549 cells, cells 

were seeded at 50% density in 60mm plates. 24 hours post-seeding, complete medium was replaced 

with medium containing charcoal-treated serum. 24 hours later, 1µM active vitamin D3 [1α, 25 (OH)2 

Vitamin D3,], 300 nM FA, 4.5 µM RU486 (final concentration) or vehicle (acetone) were added to the 

medium for 6 hours. RNA was isolated using TRI reagent (MRC Inc) following manufacturer‟s 

protocol. 

For ChIP assay, cells were cross-linked by adding formaldehyde (1% final concentration) to the 

medium and incubation on a rotary shaker for 10 minutes at room temperature. Cross-linking was 

stopped by adding 2M glycine (0.125M final concentration) and incubation for 5 minutes under similar 

condition, followed by 2X washing in ice-cold PBS. Cells were scraped using a rubber policeman, 

pelleted (400g, 5 minutes) at 4 
0
C, washed once in ice-cold PBS, snap frozen in liquid nitrogen and 

stored at -70 
0
C before proceeding for ChIP assay. 

For ChIP assays to test GR and cofactor binding to the nGRE, +GRE or NF- B region of various 

luciferase reporter plasmids, ~60% confluent A549 cells in 100mm TC dish were transfected with 2µg 

of respective plasmids using fugene 6 reagent (Roche) and maintained in charcoal treated FCS 

containing medium. 44 hours post-transfection, 500nM FA or Dex or RU24858 and/or 7.5µM RU 486, 

5ng/ml IL-1β (final conc.) was added to the medium for 4 hours, followed by formaldehyde treatment 

and processing as described above. 

Luciferase reporter plasmids (see Figure 2A and 5A).  

Oligonucleotides were designed in which (+) GRE and various putative IR nGRE elements and their 

mutants are flanked by Sma I and Bgl II sites at their 5‟ and 3‟ ends, respectively (sequences listed 

below). 5‟-ends of these oligonucleotides were phosphorylated using T4 polynucleotide kinase and 

annealed to make double stranded oligonucleotides. pGL3 promoter vector (Promega) which contains 
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a SV40 enhancerless early promoter upstream of the luciferase coding region, was linearised with 

Sma I and Bgl II and double stranded oligonucleotides were ligated into it. These plasmids were 

named as pGL3 (+) GRE and pGL3 IR0, IR1 or IR2 nGRE. 

Two tandem copies of consensus VDRE (VDR response element) was inserted into the pGL3 vector 

or pGL3 (+)GRE and pGL3 nGRE vectors, upstream of the (+)GRE or nGRE element (see Figure 

2A). In order to separate the VDRE and GRE, a 314 bp DNA fragment was inserted between them. 

This 314 bp fragment was amplified from the mouse TSLP upstream region (-5359 to -5046 base 

pairs considering “A” of translation initiation codon ATG as +1) using primers that contained a KpnI 

restriction site and the VDRE sequence in the forward primer (5‟ 

CATAGGTACCAGGTCAGAGAGGTCAACCACTAGAAGACAGGTCAGAGAGGTCATGTGGAAATCA

AAGGAAAGGA) and a SacI restriction site in the reverse primer (5‟ 

TACCGAGCTCGCAGTGCCTGTGTGCTCTTA). Bioinformatics analysis of this region did not indicate 

the presence of binding sites for any known transcription factor. PCR was carried out using a BAC 

encompassing the region of interest as template. The PCR product was digested with KpnI and SacI 

restriction enzymes and cloned into pGL3, pGL3 (+) GRE and pGL3 IR0, IR1, IR2, IR3, IR4 or IR5 

nGRE plasmids digested with the same enzymes. These plasmids were named as pGL3 VDRE, 

pGL3 VDRE/(+)GRE and pGL3 VDRE/IR0, IR1, IR2, IR3, IR4 or IR5 nGRE. 

pGL4 NF B luc plasmid (pGL4.32 [luc2P/NF B-RE/Hygro]) which contain 5 tandem copies of 

consensus NF B response element upstream of a SV40 minimal promoter, was purchased from 

Promega. In order to construct the pGL4 AP1 luc plasmid, 6 tandem copies of consensus AP1 

response element containing oligonucleotide was cloned into pGL4  (pGL4.27[luc2P/minP/Hygro]) 

vector (promega) at XhoI and Bgl II site. All the clones were verified by sequencing. Oligonucleotide 

sequences are given below. 

Luciferase reporter cloning oligos  Sequence 

  

+GRE luc assay oligo U (5‟ 3‟) 5‟ GGGAGAGGATCTGTACAGGATGTTCTAGATA 

+GRE luc assay oligo L (3‟ 5‟) 5‟ GATCTATCTAGAACATCCTGTACAGATCCTCTCCC 
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IR1 ngre luc assay oligo U 5‟ GGGGCTGAGCTCCAGGAGAGTAGGGA 

IR1 ngre luc assay oligo L 5‟ GATCTCCCTACTCTCCTGGAGCTCAGCCCC 

IR1 ngre mut1 luc assay oligo U 5‟ GGGGCTGAGAGAAAGGAGAGTAGGGA 

IR1 ngre mut1 luc assay oligo L 5‟ GATCTCCCTACTCTCCTTTCTCTCAGCCCC 

IR0 ngre luc assay oligo U 5‟ GGGGCTGAGCTCCGGAGAGTAGGGA 

IR0 ngre luc assay oligo L 5‟ GATCTCCCTACTCTCCGGAGCTCAGCCCC 

IR2 ngre luc assay oligo U 5‟ GGGGCTGAGCTCCACGGAGAGTAGGGA 

IR2 ngre luc assay oligo L 5‟ GATCTCCCTACTCTCCGTGGAGCTCAGCCCC 

IR3 ngre luc assay oligo U 5‟ GGGGCTGAGCTCCACAGGAGAGTAGGGA 

IR3 ngre luc assay oligo L 5‟ GATCTCCCTACTCTCCTGTGGAGCTCAGCCCC 

IR4 ngre luc assay oligo U 5‟ GGGGGCCCTCCAGCTGGAGAGAGGA 

IR4 ngre luc assay oligo L 5‟ GATCTCCTCTCTCCAGCTGGAGGGCCCCC 

IR5 ngre luc assay oligo U 5‟ GGGGAGCCTCCTGCATGGAGACTCAA 

IR5 ngre luc assay oligo L 5‟ GATCTTGAGTCTCCATGCAGGAGGCTCCCC 

  

mJUND luc assay oligo U 5‟ GGGGGTTTTCTCCGGGAGAGAGCCA 

mJUND luc assay oligo L 5‟ GATCTGGCTCTCTCCCGGAGAAAACCCCC 

mHSD11B2 luc assay oligo U 5‟ GGGCAAAGCCTCCTGGAGAATTGGA 

mHSD11B2 luc assay oligo L 5‟ GATCTCCAATTCTCCAGGAGGCTTTGCCC 

mSOCS3 luc assay oligo U 5‟ GGGGCCGCGCTCCTGGAGACCCAAA 

mSOCS3 luc assay oligo L 5‟ GATCTTTGGGTCTCCAGGAGCGCGGCCCC 

mPRKCB luc assay oligo U 5‟ GGGCCATCCCTCCAGGAGACGCATA 

mPRKCB luc assay oligo L 5‟ GATCTATGCGTCTCCTGGAGGGATGGCCC 

mUSF1 luc assay oligo U 5‟ GGGATGGGACTCCTGGAGAAAAAGA 

mUSF1 luc assay oligo L 5‟ GATCTCTTTTTCTCCAGGAGTCCCATCCC 

mBCL2l1 luc assay oligo U 5‟ GGGATACCTCCGGGAGAGTTCA 

mBCL2l1 luc assay oligo L 5‟ GATCTGAACTCTCCCGGAGGTATCCC 

mNKRF luc assay oligo U 5‟ GGGTGGACTCCTGGAGAGAGGA 
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mNKRF luc assay oligo L 5‟ GATCTCCTCTCTCCAGGAGTCCACCC 

  

mCCND1 luc assay oligo U 5‟ GGGCGCGCTCCGGAGACCGGA 

mCCND1 luc assay oligo L 5‟ GATCTCCGGTCTCCGGAGCGCGCCC 

mCITED1 luc assay oligo U 5‟ GGGACTGCTCCGGAGACACTA 

mCITED1 luc assay oligo L 5‟ GATCTAGTGTCTCCGGAGCAGTCCC 

mRBP3 luc assay oligo U 5‟ GGGGACCCTCCGGAGAAATGA 

mRBP3 luc assay oligo L 5‟ GATCTCATTTCTCCGGAGGGTCCCC 

mNEU1 luc assay oligo U 5‟ GGGATCACTCCGGAGACTGAA 

mNEU1 luc assay oligo L 5‟ GATCTTCAGTCTCCGGAGTGATCCC 

  

mGUCA2B luc assay oligo U 5‟ GGGTCATCTCCTAGGAGATCTGA 

mGUCA2B luc assay oligo L 5‟ GATCTCAGATCTCCTAGGAGATGACCC 

mFOXJ1 luc assay oligo U 5‟ GGGCGGTCTCCTTGGAGACGTAA 

mFOXJ1 luc assay oligo L 5‟ GATCTTACGTCTCCAAGGAGACCGCCC 

mFKBP2 luc assay oligo U 5‟ GGGTCTGCTCCAGGGAGAGTAAA 

mFKBP2 luc assay oligo L 5‟ GATCTTTACTCTCCCTGGAGCAGACCC 

mSLC2A8 luc assay oligo U 5‟ GGGCCGACTCCATGGAGATCCGA 

mSLC2A8 luc assay oligo L 5‟ GATCTCGGATCTCCATGGAGTCGGCCC 

mRORA luc assay oligo U 5‟ GGGCGGGCTCCAGGGAGACCCCA 

mRORA luc assay oligo L 5‟ GATCTGGGGTCTCCCTGGAGCCCGCCC 

AP1 luc assay oligo U 5‟ TCGAGTGAGTCAGTGAGTCACTGACTCACTGACT 

CATGAGTCAGCTGACTCA 

AP1 luc assay oligo L 5‟ GATCTGAGTCAGCTGACTCATGAGTCAGTGAGT 

CAGTGACTCACTGACTCAC 

 

Luciferase reporter assay. A549 cells seeded on 24-well tissue culture plates overnight at 70% 

confluency were transfected with 100 ng pCMV β galactosidase, 200 ng pGL3 reporter plasmids and 
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wherever indicated, with 600 ng pSG5 hVDR plasmid (Green et al., 1988) into each well and 

maintained in medium containing charcoal treated FCS. 24 hours post-transfection, medium was 

changed and different compounds were added to it for 6 hours. Final concentrations of the 

compounds are: FA, 500nM; Dex or RU24858, 300nM or 500 nM (wherever 300nM Dex or RU was 

used, it is indicated in the figure, in all other cases, 500nM concentration was used); active vitamin 

D3, 1μM; IL-1β, 5ng/ml; BAY 11-7082, 5µM, JNK inhibitor II, 25µM . Luciferase assay was carried out 

as instructed (Promega). Normalized values are reported as the mean ± SEM; each value originates 

from at least three individual transfections with assays performed in duplicate. 

RNA isolation, Reverse transcription and real time PCR analysis. For RNA isolation from whole 

ears, liver, pancreas and adrenal, respective tissues were cut and immediately frozen in liquid 

nitrogen and stored at -70 
0
C until further use. For RNA isolation from ear epidermis, epidermis was 

separated from the dermis by splitting the ear longitudinally and incubating in 0.8% trypsin solution 

(0.8% trypsin (w/v) in PBS) at 4 
0
C for 2 hours. Epidermal sheets were recovered by using a forcep, 

directly put in TRI reagent (MRC Inc) at room temperature and used for RNA isolation as per the 

manufacturer‟s instruction. Similarly, RNA was isolated from intestinal epithelial cells using TRI 

reagent. Reverse transcription and Real time PCR analysis was done as described (Li et al., 2005). 

Primer sequences are listed below. 

Primers used for real time PCR analysis. 

Forward and reverse 

primers 

Sequence 

  

mHPRT fp 5‟ GTTGGATACAGGCCAGACTTTGTTG 

mHPRT rp 5‟ GATTCAACTTGCGCTCATCTTAGGC 

mTSLP fp 5‟ AGCTTGTCTCCTGAAAATCGAG 

mTSLP rp 5‟ AGGTTTGATTCAGGCAGATGTT 

mCYP24A1 fp 5‟ CCAGCGGCTAGAGATCAAAC 

mCYP24A1 rp 5‟ CCCCATAAAATCAGCCAAGA 
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mGPX3 fp 5‟ ATTCTACCCCACCCCAGATT 

mGPX3 rp 5‟ AGTTGTGCCAGGCTTGTCTT 

hGAPDH fp 5‟ GAGTCAACGGATTTGGTCGT 

hGAPDH rp 5‟ TTGATTTTGGAGGGATCTCG 

hTSLP fp 5‟ CCAGGCTATTCGGAAACTCA 

hTSLP rp 5‟ TGGTGCTGTGAAATATGACCA 

hCYP24 fp 5‟ GGCAACAGTTCTGGGTGAAT 

hCYP24 rp 5‟ TATTTGCGGACAATCCAACA 

hGILZ fp 5‟ AGCCAAATGCAGTCTGAAGG 

hGILZ rp 5‟ CACATGTCTTAGTGCAAACACC 

mCOX2 fp 5‟ TTCAAAAGAAGTGCTGGAAAAGGT 

mCOX2 rp 5‟ GATCATCTCTACCTGAGTGTCTTT 

mIL4 fp 5‟ GGCATTTTGAACGAGGTCAC 

mIL4 rp 5‟ AAATATGCGAAGCACCTTGG 

mIL6 fp  5‟ GAGGATACCACTCCCAACAGACC 

mIL6 rp 5‟ AAGTGCATCATCGTTGTTCATACA 

mIL10 fp 5‟ TGCTATGCTGCCTGCTCTTA 

mIL10 rp 5‟ TCATTTCCGATAAGGCTTGG 

minsr fp 5‟ AGACCAACTGTCCTGCCACT 

minsr rp 5‟ ACACACTTGGTGGGGTCATC 

mins fp 5‟ TGGAGGCTCTCTACCTGGTG 

mins rp 5‟ TCTACAATGCCACGCTTCTG 

mRev-erb alpha fp 5‟ AGCCACCCCAAGACCTTACT 

mRev-erb alpha rp 5‟ CGGTCATTCAAACTGGACCT 

mMC2R fp 5‟ TGACAAAGCCAAGGAGAGGA 

mMC2R rp 5‟ TGGTGTTTGCCGTTGACTTA 

mMRAP fp 5‟ GAAGCTGAAAGCCAACAAGC 

mMRAP rp 5‟ GAACATATTGGCTGGGGTTG 



141 

 

mK5 fp 5‟ ACCTCCTCACCCCTCTGAAC 

mK5 rp 5‟ CACTTGGTGTCCAGGACCTT 

mK14 fp 5‟ CAGCCCCTACTTCAAGACCA 

mK14 rp 5‟ GGCTCTCAATCTGCATCTCC 

mCYP26A1 fp  5‟ TTCGGGTTGCTCTGAAGACT 

mCYP26A1 rp  5‟ TCCTCCAAATGGAATGAAGC 

mPRKCB fp 5‟ CCACTGCACCGACTTCATC 

mPRKCB rp 5‟ CATACAGCAGCGATCCACA 

mSTRA13 fp 5‟ CCATTTGCACTTCAGGGATT 

mSTRA13 rp 5‟ GCACTTTCTCCAGCTGATCC 

mTNFRSF19 fp 5‟ CACACACATTTTTGGGAAGG 

mTNFRSF19 rp 5‟ AAGAGAATGGCAGCGAAGAG 

mUSF1 fp 5‟ AAGGGGCAGCAGAAAACAG 

mUSF1 rp 5‟ CGTTGGGGTCAGGAAAAGT 

mJUND fp 5‟ ACGCAAGAACGCATCAAGG 

mJUND rp 5‟ CTGTTGACGTGGCTGAGGA 

mBTG2 fp 5‟ GTATGAGCCACGGGAAGAGA 

mBTG2 rp 5‟ CGGATACAGCGATAGCCAGA 

mGBA2 fp 5‟ CTCGGTATGGGCTTGAGGT 

mGBA2 rp 5‟ TGGTACATTCCAGGGTTGAG 

mRDH11 fp 5‟ ACTTGGTCACGCCAAAAATC 

mRDH11 rp 5‟ TCCCGGCAAGCTAAATACAC 

mHSD11B2 fp 5‟ GAAAGGGCCTGGATAAGAGG 

mHSD11B2 rp 5‟ CAGCCCCGCCTATATAGAGTT 

mSOCS3 fp 5‟ GGGAGCCCCTTTGTAGACTT 

mSOCS3 rp 5‟ GGAAACTTGCTGTGGGTGA 

mBCL2L1 fp 5‟ AAGTTCCCCCGGTCTCTTC 

mBCL2L1 rp 5‟ TGTCCAAAACACCTGCTCAC 
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mNKRF fp 5‟ ATAGCCACGAAAGTGACTGG 

mNKRF rp 5‟ AAGGTTTGGGCAGCATTAGA 

mSGK3 fp 5‟ CAGAAGCGAGTGGTTTGTCTT 

mSGK3 rp 5‟ TGGATGGTTGTAAAGCTCTGG 

mCCND1 fp 5‟ CTCAAGACGGAGGAGACCTG 

mCCND1 rp 5‟ AGGAAGCGGTCCAGGTAGTT 

mADAMTS19 fp 5‟ TCCTCTACCAGCTAGGCTTCC 

mADAMTS19 rp 5‟ GATCCCGGGTCTGAGCTG 

mNDUFA4L2 fp 5‟ CCGGCAGATAAAAAGACACC 

mNDUFA4L2 rp 5‟ ACTGGTCATTGGGACTCAGG 

mSPARC fp 5‟ GGCCTGGATCTTCTTTCTCC 

mSPARC rp 5‟ CTGCACCGTCCTCAAATTCT 

mNEU1 fp 5‟ AGGATGACTTCAGCCTGGTG 

mNEU1 rp 5‟ CCTCATCGGATGCAGATTTT 

mFBXL18 fp 5‟ ACACATCCTGAGCCATGTCC 

mFBXL18 rp 5‟ CCAGTTGCTTCACCTTCTCC 

mKLF5 fp 5‟ CTCCGGAGACGATCTGAAAC 

mKLF5 rp 5‟ CTGGTCTACCACTGAGGCACT 

mAIP fp 5‟ ATCGCAAGACTTCGAGAGGA 

mAIP rp 5‟ TCGTGTTCGGCTGTCATCTA 

mTCF25 fp 5‟ AGGAGTCCGTGTCAACAACC 

mTCF25 rp 5‟ GGTCTCTGCGTTTCCATGTT 

mMTG1 fp 5‟ GCAGTCTGAAGTCGGTGGAT 

mMTG1 rp 5‟ TGCCAAGTCCATTTTGTTGA 

mSLC25A5 fp 5‟ ATCTCCAAGACAGCGGTAGC 

mSLC25A5 rp 5‟ CTGGGTGGGGAAGTATCTGA 

mTRPM7 fp 5‟ AAGCTCCAAAGACCCTCACA 

mTRPM7 rp 5‟ GTGTGCTTTTCCACAGACC 
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mCITED1 fp 5‟ CCGATTTATCGGACTTCTGC 

mCITED1 rp 5‟ CGATCCAGAGGAGCTAGTGG 

mMAPK4 fp 5‟ TGCTCAAGATTGGGGATTTC 

mMAPK4 rp 5‟ CCCACATATCGATGGCTTTT 

mSP9 fp 5‟ CGTCTATACTTGGGGAAGAGC 

mSP9 fp 5‟ AGGTTGCAGCTGGACGAG 

mDPAGT1 fp 5‟ CTCACTGCCTCAGCTCTTCC 

mDPAGT1 rp 5‟ CACCGTCCTCACTCTCACCT 

mCCR10 fp 5‟ AAACCCTTGTAGCCAGAGATG 

mCCR10 rp 5‟ AGGTGGGAGATCGGGTAGTT 

mFKBP2 fp 5‟ TACCACAGAACCAGCCCTTT 

mFKBP2 rp 5‟ GCAGCTCCACCTCAAACAC 

mFOXJ1 fp 5‟ ACTATGCCACCAACCCACAC 

mFOXJ1 rp 5‟ CCTTCTCCCGAGGCACTT 

mPOMGNT1 fp 5‟ GTGTATGTGGCTGTGGATGG 

mPOMGNT1 rp 5‟ TTTGCTGTGTCCTTGAGGTG 

mRDH5 fp 5‟ CCTGGGAAGTCTAGGAGCAA 

mRDH5 rp 5‟ CAGCCAGTGATGAAGATGAAAG 

mRORA fp 5‟ TCAGTCACGAAGAAGACACACA 

mRORA rp 5‟ TCTGACGAGGACAGGAGTAGG 

mSLC2A8 fp 5‟ CTACCGGCATCTGTGTCCTC 

mSLC2A8 rp 5‟ AATGGGCTGTGACTTGTTCC 

mPRKRA fp 5‟ ACGGCATGAAGACCAAGAAC 

mPRKRA rp 5‟ AGGCATTAAGGGGTCAGGAA 

mCOL4A3B fp 5‟ TAGACGCCATTGAACAGCAC 

mCOL4A3B rp 5‟ CCATTTCAGCCAGTTTCTCAC 

mGPR68 fp 5‟ GGGTATGGGGCTGGATAGTT 

mGPR68 rp 5‟ TCCCTCTCTTGCCATCTTGT 
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mMUC20 fp 5‟ CCACAGGCAATACAACCAAC 

mMUC20 rp 5‟ GTCAGCCGTACAAGGAGGAA 

mSLC25A34 fp 5‟ AATGGTGTCCGTTTCTACTGCT 

mSLC25A34 rp 5‟ CCTGATGCTGGTGCTGATG 

mSOCS1 fp 5‟ ACCTGAGTTCCTTCCCCTTC 

mSOCS1 rp 5‟ ATCTCACCCTCCACAACCAC 

mTNFRSF25 fp 5‟ GCTGCCAAGTCTGTGATGAA 

mTNFRSF25 rp 5‟ CAGATCAGGATAGCCCCAAA 

 

Bioinformatics analysis. For identification of nGRE motifs present across the human and mouse 

genome, Human [hg19, Ensembl version: 56, downloaded from Ensembl 

(ftp://ftp.ensembl.org/pub/current_fasta/homo_sapiens/dna/] and mouse [mm9, Ensembl version: 48 

(ftp://ftp.ensembl.org/pub/current_fasta/mus_musculus/dna/] repeat masked genome assembly was 

used. A homemade Java based application (written in Java, http://java.sun.com/) was used to parse 

the DNA sequences and reveal the motif CTCCNGGAGA (IR1 nGRE) with a regular expression 

research (Java class: Pattern, Matcher) using the pattern: CTCC[ACGT]GGAGA. By comparing with 

the Ensembl human and mouse gene annotations, ( gene annotation: Ensembl Gene ID, Associated 

Gene Name, Chromosome Name, Gene Start, Gene End, chromosome strand and location), we 

chose the matches within -20kb upstream to 5kb downstream of the Gene Start site for each gene. 

4281 genes for human and 3303 genes for mouse were thus selected (see Table 1A). Similar 

analysis was done using the patterns CTCCGGAGA  and CTCCNNGGAGA to reveal IR0 and IR2 

nGRE - containing genes, respectively. Orthologue analysis was done using the Ensembl orthologue 

database and genes containing conserved motifs both in human and mouse were sorted (see Table 

S1). Gene functional annotation was performed using DAVID programme (Huang et al., 2009). 
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RESULT II 

Functional dissection of the Thymic Stromal 

Lymphopoietin (TSLP) promoter. 

(Manuscript in preparation) 
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Introduction 

 

Previous studies from our laboratory have shown that keratinocyte-selective ablation of RXR 

α and β (RXRαβep-/- mutant) in the mouse results in the development of a skin and systemic 

syndrome mimicking human atopic dermatitis (AD), preceded by an enhanced expression of the 

cytokine Thymic stromal lymphopoietin (TSLP) in epidermal keratinocytes (Li et al, 2005). TSLP, the 

master regulator of allergic inflammation (Liu, 2006), is highly expressed in human AD skin lesions 

(Soumelis et al, 2002), and several lines of evidence have demonstrated that TSLP expression is both 

necessary and sufficient to induce atopic inflammation in mouse (Li et al, 2005, 2006, 2009; Yoo et 

al, 2005). 

The TSLP promoter was found to contain putative nuclear receptor (NR) response elements. 

Topical treatment with either active Vitamin D3 *1α, 25 (OH)2 Vitamin D3+ (VD3) or its low calcemic 

analogue MC903 (MC) and BMS961, which are agonistic ligands for VDR and RAR , respectively, 

could on their own or synergistically induce TSLP expression in mouse keratinocytes (Li et al, 2006). 

MC903 treatment was more efficient at inducing TSLP expression in a cell-autonomous manner, and 

long term treatment with MC903 resulted in development of AD-like symptoms similar to those 

observed in RXRαβep-/- mice. Based on these evidence, we proposed the following molecular model 

(see below, scheme A) to explain how RXRα or β/VDR and RXRα or β/RAR  heterodimers could 

modulate TSLP expression (note that RXR  is not expressed in keratinocytes). Because, under 

homeostatic conditions in vivo, there is no RA and very little, if any VD3 in epidermal keratinocytes, 

the activity of the TSLP promoter would be repressed by unliganded RXRα or β/VDR and RXRα or 

β/RAR  heterodimers associated with corepressors. RXRα and -β ablation which releases both 

heterodimers from their binding sites, would thus abolish repression and allow basal promoter-

bound transcription factors to stimulate TSLP transcription to an activity that is sufficient to trigger 

the generation of an AD-like phenotype. Moreover, the topical application of MC903 would 

generate RXR/VDR-coactivator complexes, the transcriptional activity of which would be efficient 

enough to relieve the repression exerted by RXR/RAR -corepressor complexes, and to enhance the 

basal promoter activity, whereas, RXR/RAR -coactivator complexes formed upon application of 

BMS961 would be much less efficient at activating the basal TSLP promoter. 
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In the present study, we demonstrate the validity of the mechanism through which 

RXRα(β)/VDR and RXRα(β)/RAR  heterodimers regulate TSLP expression and also prove that this 

regulation is conserved in mouse and human. Furthermore, we have characterized several 

additional transcription factor binding elements, which are also conserved in mouse and human 

TSLP genes, and can function independently of RAR  and VDR. Taken together, our studies unveil 

the complexity of TSLP promoter organization and provide important insight into the mechanisms 

that regulate TSLP expression in mouse and human. 

(A)    Schematic model of RXRα(β)/VDR- and RXRα(β)RAR-mediated  

          regulation of TSLP expression in mouse keratinocytes. 
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Results and Discussion 

(A) VDR, RARs and RXRs control TSLP expression at the 

transcriptional level in epidermal keratinocytes of the mouse.  

 

To determine whether MC (MC903, a low calcemic analog of active vitamin D3) or RA (all-

trans retinoic acid)-mediated increase in TSLP RNA level in the epidermis of wild type (WT) 

mice (Li et al, 2006) is due to increased transcription, nuclear run-on assays were performed 

using nuclei isolated from the dorsal skin epidermis of WT C57Bl/6J mice topically treated with 

vehicle (ethanol), MC or RA. TSLP transcript specific autoradiogram signals were detected in 

MC and RA-treated samples, whereas no signal was detected in ethanol-treated sample (Figure 

1A, Panel 1, 2, 3, lane 2). Moreover, run-on transcripts from MC treated mice produced a more 

intense “TSLP” signal than those from RA-treated mice, indicating that the higher level of TSLP 

RNA achieved with MC than with RA (Li et al, 2006, and see below) treatment corresponds to a 

higher rate of transcription. Similarly, cotreatment with MC and RA generated a stronger “TSLP” 

signal in agreement with the synergistic increase observed at the RNA level (Li et al, 2006, and 

panel 4). To determine whether increased TSLP RNA production in the RXRαβ
ep-/- 

mice (Li et al, 

2005) was due to increased transcription, nuclear run-on assays were performed using epidermis 

from these mice. Epidermis from RARγ/VDR
ep-/-

 and RARαγ/VDR
ep-/-

 mice was also subjected to 

nuclear run-on assay to investigate whether the increased TSLP RNA production in these animals 

(see figure 2 H) could also be due to increased transcription. In all cases, increased TSLP 

expression corresponded to increased transcription from the TSLP promoter (Figure 1A, panel 5, 

8, 9, 10). As a positive control to ensure that an equal amount of nuclei was used across different 

samples, the rate of β actin transcription was measured in the same samples, which produced 

equal signal intensity in all cases (lane 3). pSK+ vector was used as a negative control to ensure 

specificity of  the signal (lane 1).  

 

(B) Unliganded RXRα/VDR and RAR /RXRα or RXRβ heterodimers 

bind to their cognate response elements and mediate ligand-dependent 

activation of TSLP transcription in mouse epidermis.  
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 We previously reported the presence of putative NR binding sites in the mouse TSLP 

gene upstream promoter region ((Li et al, 2006). We have now performed a detailed “manual” 

and bioinformatics analysis of 100kb upstream and 20kb downstream DNA sequence from the 

mouse TSLP +1 position (considering “A” of the translation initiation codon ATG as position +1) 

allowing 2 base mismatch in NR consensus motifs, and observed the existence of 7 putatuive 

VDREs (denoted DR3a-g), 2 putative RAREs (denoted DR2a and DR2b) and 3 putative DR1 

elements (denoted DR1a-c; which are known to associate with heterodimers of RXR associated 

with PPAR/LXR/PXR/FXR among others) (Figure 1B, Table 1). Note that DR3b, DR3c and 

DR3e and DR3d, DR3f and DR3g elements contain identical sequence (Table 1). DR3f and 

DR3g are present within a 2.13kb long repeated sequence which spans from -32824 to -30694bp 

(encompassing DR3f) and -44655 to -42526bp (encompassing DR3g). 

The ability of these elements to bind their cognate NRs was verified in vitro by 

Electrophoretic Mobility Shift Assay (EMSA) and supershift assay using nuclear extract from 

mouse epidermis and respective antibodies. Only DR3d, DR3f and DR3g associated with a 

nuclear protein complex that could be supershifted with antibodies specific to RXRα and VDR 

[Note that all 3 elements contain identical sequence (Table 1), so only DR3d was tested]. 

Importantly, this complex was absent when nuclear extract from VDR
ep-/-

 mice epidermis was 

used in the assay, thus confirming that these are bonafide VDREs (Figure S1A and data not 

shown). Both DR2a and DR2b element bound nuclear protein complex could be supershifted 

using RXRα and RARγ antibodies (Figure S1B), whereas only DR1a and DR1b-bound nuclear 

protein complex could be supershifted using RXRα, PPARα and PPARγ antibodies (Figure S1 C 

and data not shown). Note that no efficient antibody for supershift assay against PPARβ was 

available. Interestingly, although none of these NR binding elements were perfect elements, only 

those with a consensus motif at least in one of the repeated motifs could associate with the 

corresponding NR (see Table 1). 

We then tested whether DR3, DR2 and DR1 elements were associated with their 

corresponding NR partners in vivo, in the mouse epidermis. Using RXRα and VDR antibodies, 

Chromatin immunoprecipitation (ChIP) assay of epidermal whole cell extract (WCE) from 

vehicle-treated skin revealed association of VDR and RXRα with DR3d, DR3f, and/or DR3g 

elements (Figure 1C). (As DR3f and DR3g are present within a 2.13kb long repeat sequence, 

unique primers could not be designed to specifically assess VDR and RXRα binding to the DR3f 

and DR3g regions)  Treatment with MC did not alter the binding efficiency of RXRα and VDR 

with various DR3 elements (Figure 1C). The specificity of the ChIP assay was confirmed by 

testing VDR and RXRα association with the DR3d element in the epidermis of VDR
ep-/-

 mice, 
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which gave negative result (Figure 1D). Similar results were obtained for DR3 f and DR3g 

elements (data not shown).  

To determine whether RAR is associated with DR2 elements, a pan-RAR antibody (which 

reacts with all 3 RAR isotypes) was used, since no ChIP grade antibody specific against different 

RAR isotypes was available. ChIP assay revealed that irrespective of RA treatment, neither RAR 

nor RXRα were associated with the DR2a element. However, under identical conditions, RAR 

was associated with the DR2b element (Figure 1E). To identify the RAR isotype that associates 

with the TSLP DR2b element, we performed ChIP assays using epidermis from RARγ
-/-

 mice. No 

binding of RAR with DR2b was detectable in these animals, indicating that RAR  specifically 

associated with DR2b (Figure 1F). The specific involvement of the RARγ isotype in regulation of 

TSLP transcription was confirmed by using the isotype-specific RAR agonistic ligands BMS961 

and BMS753, selective for RARγ and RARα, respectively. Measurement of TSLP transcript level 

in WT and RARγ
-/-

 mice topically treated with the above ligands revealed that both RA (a pan-

RAR isotype agonist) and BMS961, but not BMS753 enhanced TSLP level in WT animals. None 

of the ligands could enhance TSLP levels in the skin of RARγ
-/-

 animals (Figure 1G). As a 

control, we tested the ability of the above ligands to induce CRABP II transcription. In WT mice, 

RA, BMS961 and BMS753 could increase CRABP II transcript level, although RA and BMS961 

were much more efficient than BMS753. As expected, in the RARγ
-/-

 mice, only RA and 

BMS753 could induce CRABP II transcript level (Figure 1G). 

As RXRα could not be detected on the DR2b element, we tested whether RXRα/RAR could 

associate with the DR2 element present in the CRABP II gene (which is a known target of RA in 

epidermal suprabasal cells), using aliquots of the same immunoprecipitated samples. Both RXRα 

and RAR could be detected on the CRABP II DR2 (Figure 1E), thus indicating that absence of 

RXRα on the TSLP DR2b is a property specific to the TSLP gene. In the epidermis, RXRα is the 

major isotype to be expressed, followed by RXRβ whereas no RXR  can be detected (Li et al, 

2000; Chapellier et al, 2002; Fisher and Voorhees, 1996). To investigate whether any specificity 

could exist between RXRα and RXRβ for heterodimerizing with VDR and RAR , ChIP assays 

were carried out using epidermis from RXRα
ep-/-

, RXRβ
ep-/-

 and RXRαβ
ep-/-

 mice. In the RXRα
ep-/-

 

mice, VDR did not associate with the DR3d, DR3f and/or DR3g regions, whereas RARγ 

association with the DR2b region was decreased by ~50 %. On the other hand, VDR binding was 

unaffected in the RXRβ
ep-/-

 mice and RARγ binding was decreased by ~90% in the same animals 

(Figure 1 H and data not shown). As expected, neither VDR nor RARγ could associate with the 

corresponding elements in the RXRαβ
ep-/-

 mice. As a control for RAR immunoprecipitation, its 
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association with CRABP II DR2 element was assessed in the above samples. RAR could 

associate with the CRABP II DR2 with equal efficiency in both WT and RXRβ
ep-/-

 mice, whereas 

RAR binding was decreased by at least ~80% in the RXRα
ep-/-

 mice and no binding was detected 

in the RXRαβ
ep-/-

 mice (Figure 1H). To identify the NRs bound to the TSLP DR1 elements in 

mouse epidermis, we performed ChIP assays using RXRα, PPARα and PPARγ antibodies. Only 

RXRα binding to the DR1a element could be detected (Figure 1I, and data not shown). 

Taken together, these results clearly demonstrated that (i) RXRα specifically 

heterodimerizes with the VDR on the TSLP DR3d, f and/or g elements (ii) RXRβ is the 

predominant heterodimerization partner of RARγ on the TSLP DR2b element (iii) RXRα may 

partially complement the deficiency of RXRβ on the TSLP DR2b element (iv) RXRα is the 

predominant partner of RAR on the CRABP II DR2 element (v) RXRβ may partially complement 

the deficiency of RXRα on the CRABP II DR2 element.  

It is noteworthy that despite RXRβ being the predominant heterodimerization partner of 

RARγ on the TSLP DR2b, we could detect as much as ~50% decrease in RARγ binding to the 

DR2b element in RXRα
ep-/-

 mice. This may be attributed to a redundancy among RXRα and 

RXRβ isotypes, if we assume that in the absence of RXRα, RXRβ could in-part replace RXRα by 

heterodimerizing with NR partners, to which RXRα is normally heterodimerized. Such a 

competition may result in limiting the amount of RXRβ available for binding to the TSLP DR2b 

element.  

 

(C) VDR/RXRα and RAR /RXRβ assemble repressing and activating 

complexes on TSLP VDRE and RARE elements, in the absence and 

presence of their cognate ligands, respectively. 

 

As we found, in the absence of RA and MC903 treatment, a “constitutive” association of 

RXR/VDR and RXR/RARγ on their DNA binding sites (DBS) on the TSLP regulatory region, 

we investigated whether these heterodimers were functionally active in repressing TSLP 

transcription in mouse epidermis. DNA-bound RXR/VDRs and RXR/RAR  are known to 

assemble corepressor complexes containing SMRT, NCoR, Sin3A and Histone Deacetylases 

(HDACs) in the absence of agonistic ligands, thereby establishing a transcriptionally inactive 

chromatin state. ChIP assays using WT mouse epidermis revealed the presence of SMRT on 
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DR3d, f and/or g and DR2b elements. We also tested if HDACs were associated with the above 

complex using HDAC1, HDAC2, HDAC3 and HDAC7 antibodies in ChIP assays, which 

revealed the presence of HDAC2 (Figure 2A, and data not shown). ChIP assay of MC-treated 

epidermis revealed the disappearance of SMRT and HDAC2 and appearance of SRC2 and SRC3, 

as well as p300, pCAF, CDK7, and RNA polymerase II on DR3d region. However, DR3f and/or 

DR3g as well as DR2b regions were still associated with SMRT and HDAC2. On the other hand, 

treatment with RA resulted in disappearance of SMRT and HDAC2, and recruitment of SRC2, as 

well as p300, pCAF, CDK7, and RNA polymerase II to the DR2b region, whereas, DR3d, f 

and/or g remain associated with the corepressor SMRT and HDAC2 (Figure 2A). In order to 

assess the overall transcription status of TSLP promoter in these experiments, we amplified a 

fragment from the proximal promoter region (-318 to -8bp from +1 position, denoted “PP” 

hereafter). PP region was associated with SMRT, HDAC2, pCAF and VDR (comparatively 

weaker signal) in vehicle treated mouse epidermis. Treatment with MC or RA resulted in 

dissociation of SMRT and HDAC2 and association of SRC2 and SRC3 (SRC3 is seen only in 

MC-treated samples), as well as p300, pCAF, CDK7, and RNA polymerase II on the PP region 

(Figure 2A). 

DR3d and PP and DR2b and PP regions displayed a similar cofactor dynamics in the 

presence of agonists, suggesting that DR3d and DR2b may be interacting with the PP region in 

the presence of their respective agonists. Direct interaction between enhancer complex and PP is 

known to be a crucial determinant for transcription activation in several genes. To verify if such a 

mechanism holds true for TSLP, we designed a chromatin conformation capture (3C) assay to test 

the possible interaction between DR3d, f and/or g and DR2b elements with the PP region. 

Formaldehyde cross-linked chromatin was digested with AluI restriction enzyme to generate 

small DNA fragments encompassing various regions of interest (Figure 2B). These fragments 

were then re-ligated in such a manner that only if two fragments are held together by protein-

protein interaction, they would be preferentially re-ligated. To ensure specificity of the assay, we 

used several controls (i) epidermis from VDR
ep-/-

 or RARγ
-/-

 mice was simultaneously processed, 

which should produce negative result, (ii) AluI digested chromatin was “de-crosslinked” to 

release the protein complexes and then ligated (if 2 fragments could randomly ligate with each 

other, then we should detect that event in these samples, denoted as D+NC+L), (iii) Southern 

hybridized the PCR product with a probe spanning the AluI junction, and (iv) unligated (D) and 

undigested (ND+L) samples were used as negative controls. A BAC DNA was used as a positive 

control to check 3C efficiency in each case (TSLP BAC).  
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In the absence of MC, no or very weak interaction was observed between DR3d and PP 

region in WT mouse epidermis (Figure 2C, upper panel, lane 1 from left). This interaction was 

strongly increased in the presence of MC (lane 2). As expected, no interaction between DR3d and 

PP region was observed in VDR
ep-/-

 mice treated with MC or WT mice treated with RA and TPA 

(lanes 7, 8, 9). Further, DR3f and/or DR3g, which did not show any coactivator or Pol II binding 

in ChIP assay, failed to interact with the PP region (Figure 2C, lower panel). 3C assay using 

DR2b region specific probe revealed a weaker interaction between DR2b and PP region only in 

the presence of RA (Figure 2D, lane 2). 

As DNA bound VDR and RAR  complexes were associated with SMRT and HDAC2 in 

WT mice, we aimed at identifying the dominant repressor complex among these two. WT or 

RAR
-/-

 mice were treated with a limiting dose of MC (0.25 nmoles/cm
2
). No significant increase 

in TSLP transcript was observed in the WT mice, whereas a ~5 fold increase was observed in the 

RAR
-/-

 mice (Figure 2E). On the other hand, treatment of WT or VDR
ep-/-

 mice with 1 

nmoles/cm
2 

RA resulted in ~1.5 and 2 fold increase in the TSLP transcript level, respectively, 

(Figure 2F),  suggesting that RAR  associated repressor complex played a dominant role in 

repressing TSLP transcription. In agreement with these results, treatment of  RXRβ
ep-/-

 mice with 

4 nmoles/cm
2
 MC resulted in ~150 fold increase in TSLP transcript level, in comparison to only 

~50 fold increase in the WT mice (Figure 2G). 

As DR3 and DR2 bound VDR and RARγ associated complexes appeared to 

constitutively repress TSLP transcription in WT mice, we hypothesized that selective ablation of 

VDR and RARγ in the keratinocytes should result in increased TSLP expression, as observed in 

RXRαβ
ep-/

- mice. To investigate this possibility, we generated keratinocyte selective conditional 

knock-out mice lacking RARγ and VDR (RARγ/VDR
ep-/-

). Although, increase in TSLP transcript 

and protein level were observed in these mice, relative levels were much lower than that observed 

in RXRαβ
ep-/-

 mice (Figure 2H, I, and J). Moreover, these mice did not develop 

pathophysiological characteristics typical to RXRαβ
ep-/-

 mice (Figure S2, 2J, and data not shown). 

Interestingly, mice lacking RARα in addition to RARγ and VDR selectively in the keratinocytes 

(RARαγ/VDR
ep-/-

) developed a phenotype and pathophysiology similar to those observed in the 

RXRαβ
ep-/-

 mice (Figure S2 and 2J). As expected, level of TSLP transcript and protein in these 

triple mutants was comparable to those of RXRαβ
ep-/-

 mice (Figure 2H, I, and J). 

Taken together, these results demonstrate that in the absence of an agonistic ligand, 

which is the condition prevalent in WT mice epidermis, heterodimers of VDR/RXRα and RARγ/ 

RXRα or RXRβ are bound to their respective response elements on the TSLP promoter upstream 
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regulatory region along with corepressor SMRT and HDAC2, thereby maintaining TSLP gene in 

a transcriptionally inactive state. Upon MC or RA binding to VDR or RAR  respectively, SMRT 

and HDAC2 are released from the DNA bound NR complexes, followed by recruitment of SRC2 

and/or SRC3 bearing coactivator complexes and interaction of the DR3d VDRE or DR2b RARE 

with the PP region, leading to activation of TSLP transcription. Relative contribution of SMRT, 

SRC2 and SRC3 in regulating TSLP transcription may be evaluated by measuring TSLP 

transcription in mice lacking these factors selectively in the epidermal keratinocytes. 

Inability of RARγ/VDR
ep-/-

 mutant mice to generate the phenotype of RXRαβ
ep-/-

 mutant 

mice may be attributed to the redundancy between RARα and RARγ isotypes in this artificial 

condition. Thus, when RARγ is ablated, RARα may be able to complement some of its repressor 

activity. However, as treatment of RARγ/VDR
ep-/-

 mice with BMS753 did not result in any further 

increase in TSLP transcript; and we did not detect any RARα at the DR2b element in these 

mutants (data not shown), therefore, an alternate possibility may be that ablation of RARαγ/VDR 

or RXRαβ in the keratinocytes activates some other transcription factors (TFs), which could in 

turn induce TSLP transcription. 

It is noteworthy that although MC treatment resulted in the recruitment of both SRC2 and 

SRC3, RA treatment could recruit only SRC2. One possible explanation may be that, owing to 

the presence of a heterogeneous population of cells in the epidermis, different populations may be 

responsive to MC and RA treatment and there may be selective enrichment of either SRC2 or 

SRC3 in one of them. Presence of a heterogeneous population of cells in the epidermis may also 

explain why DR3f and/or g elements remain “constitutively” associated with a corepressor 

complex. 

SMRT, HDAC2, pCAF and VDR were detectable at the PP region in the WT mice 

without MC or RA treatment. SMRT and HDAC2 seem to be associated with some other DNA 

bound factors at the PP region rather than VDR because (i) we did not detect a clear interaction 

between DR3d and PP in the absence of MC (ii) if SMRT, HDAC2 and VDR are part of the same 

complex, their band intensities should have been almost similar. Function of pCAF on the TSLP 

PP region in vehicle treated mice remains to be explored. 

 

(D) TSLP upstream regulatory sequence contains multiple Smad, NF- B, 

AP1 and STAT binding elements. 
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To characterize additional regulatory elements present in the TSLP gene, bioinformatics 

analysis was carried out spanning 100kb upstream and 20kb downstream DNA sequence from the 

TSLP +1 position, which revealed the presence of several putative Smad, NF- B, AP1 and STAT 

binding elements (Figure 3A & Table 1). 

TSLP upstream promoter region contains 2 putative Smad binding elements with the 

characteristic “CAGA” motif. In EMSA, both Smad 3a and Smad 3b elements could associate 

with Smad3 and Smad4 (Figure S3A). ChIP assay of WT mouse epidermis as well as MLE12 

cells demonstrated that Smad2, Smad3 and Smad4 are associated with Smad3a and Smad3b 

elements (Figure 3B). Additionally, pCAF was also constitutively bound to these regions. 

However, no Smad binding was detected at the PP region in the mouse epidermis, although they 

could be readily detected at the PP region in MLE12 cells along with p300 and pCAF. Smad 

binding to their cognate elements and PP was further enhanced by TGFβ treatment of the MLE12 

cells (Figure 3B). A functional role of Smads in regulating TSLP transcription was further 

investigated by treating MLE12 cells with either TGFβ or Smad3 specific inhibitor (SIS3) or 

TGFβ receptor specific inhibitor (TGFR In). Treatment with either SIS3 or TGFR inhibitor 

repressed the basal level of TSLP transcript to some extent. Also, TGFβ treatment stimulated 

TSLP transcript level by ~30%, which could be repressed by the inhibitors (Figure 3C). As a 

control to ensure the specificity of these inhibitors, Smad7 (a target of TGFβ pathway) RNA level 

was measured in these samples, which showed expected result (Figure 3C). 

 TSLP promoter contains 1 consensus NF-κB element (NF-κBa) and 5 putative NF-κB 

elements (Table 1). In EMSA, NF-κBa element exhibited a stronger affinity for association with 

p65 and p50 NF-κB proteins. Of the imperfect NF-κB elements, only NF-κBc could associate 

with p65 and p50 (Figure S3B, and data not shown). Ability of NF-κBa and NF-κBc elements to 

associate with p65 protein was tested in vivo by ChIP assays. In vehicle, MC or RA-treated 

mouse epidermis, p65 or p50 was not bound to any of the TSLP NF- B binding sites (Figure 3D). 

We reasoned that absence of p65 or p50 binding to any of the TSLP NF- B binding sites may be 

due to absence of these factors in the nucleus in the absence of an activating signal. Therefore, we 

treated mouse dorsal skin with TPA, a known activator of NF- B signalling. ChIP assay using 

TPA-treated epidermal extract revealed that both p65 and p50 could bind to NF-κBa and NF-κBc 

regions (Figure 3D). NF-κBa element was more efficient than NF-κBc element for binding with 

p65 and p50 (Figure 3D). A functional role of NF-κB in activating TSLP transcription in mouse 



183 

 

epidermis was determined by co-treatment of mouse skin with TPA and BAY (a specific inhibitor 

of IKKβ activity), which resulted in ~70% decrease in TSLP transcript level (Figure 3G). Note 

that, we have earlier confirmed by nuclear run-on assay that TPA enhances the rate of TSLP 

transcription (Figure 1A, panel 5). In order to determine whether NF-κB similarly regulated 

TSLP promoter when induced by a physiologically relevant activator, MLE12 mouse lung 

epithelial cells were treated with IL-1β, which increased the level of TSLP transcript (Figure 3H) 

and p65 and p50 proteins were bound to both NF-κBa and NF-κBc elements (Figure 3I). 

Mouse TSLP gene contains 4 consensus (AP1 b, e, f and g) and 3 with one base 

mismatch (AP1 a, c and d, all three containing the same sequence) AP1 elements (Table 1). In 

EMSA, both types of AP1 elements equally bound with c-fos and c-jun (Figure S3C). In ChIP 

assays using vehicle, MC or RA-treated mouse epidermis, c-fos or c-jun was not bound to any of 

the TSLP AP1 binding sites (Figure 3E, and data not shown), We reasoned that absence of c-fos 

or c-jun binding to any of the TSLP AP1 binding sites may be due to absence of these factors in 

the nucleus in the absence of an activating signal. Therefore, we treated mouse dorsal skin with 

TPA, which is also known to activate AP1 signalling. ChIP assay using TPA-treated epidermal 

extract revealed that both c-fos and c-jun could bind to AP1b, AP1c, AP1d, AP1f and AP1g 

elements (Figure 3E & 3F). As expected, co-treatment of mouse skin with TPA and ERK (Extra-

cellular Regulated Kinase) inhibitor U0126 or JNK (Jun Kinase) inhibitor resulted in ~50% and 

70% decrease in the level of TSLP transcript, respectively (Figure 3G). Note that both ERK and 

JNK control the activity of c-fos and c-jun by phosphorylating them. Association of c-fos and c-

jun with the AP1 elements was also tested in IL1β treated MLE12 cells, which showed similar 

results (Figure 3J and data not shown). 

ChIP assays were performed using TPA-treated mouse epidermis to identify the 

coactivators present at the NF-κB and AP1 elements. Owing to the close proximity of NF-κBa 

element with the PP region (-237 bp), PCR with PP primers was used to detect factors present at 

the NF- Ba and PP regions in ChIP assay. TPA treatment resulted in the binding of p300, CDK7, 

pol II, p65 and c-jun to the PP region (Figure 3K) in addition to pCAF, which was also detected 

in the absence of TPA (Figure 2A). None of these factors except p65 were detectable at the NF-

κBc element (data not shown). AP1b and AP1g elements were also associated with the same 

factors except that HDAC2 was present at the AP1g in addition (Figure 3K). Interestingly, both 

DR3d and DR2b elements were associated with their respective NRs and corepressor in the 

presence of TPA (Figure 3K), suggesting that dissociation of corepressors from these elements is 

not a prerequisite for transcriptional activation of TSLP promoter by NF-κB and AP1. 
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We then performed a 3C assay to determine if AP1 elements could interact with the PP 

region in TPA treated samples. AluI was used to generate fragments of DNA encompassing the 

different AP1 elements and the PP region (Figure 3L), which were then re-ligated to reveal the 

interaction between PP and a particular AP1 element. Only AP1b and AP1g elements were able 

to associate with the PP region specifically in the TPA treated samples (Figure 3M and Figure 

5C). 

We discovered 8 consensus STAT5/6 binding elements in the TSLP regulatory region 

(denoted STAT a-h). STAT5 and STAT6 bind to ttc(n3)gaa and/or ttc(n4)gaa motifs (Boucheron 

et al, 1998; Ehret et al, 2001). ChIP assays revealed that STAT5 was bound to STATa, STATb, 

STAT5c, STATd, STATf, STATg and STATh regions after overnight TPA treatment of mouse 

skin. In contrast, only after 3 days of MC treatment (once daily), STAT5 could be detected at 

some elements. No STAT5 association was detected after 3 days of RA treatment (Figure 4A). 

STAT6 was not bound at any of these elements under any condition (data not shown). These 

observations were further verified in MLE12 cells treated with VD3, IL-1β or TPA, which 

revealed a constitutive association of STAT5 and STAT6 at STATa, STATb, STATd and STATe 

regions. VD3 treatment did not alter this pattern. However, treatment with IL-1β resulted in 

disappearance of STAT5 and increased association of STAT6 at the same elements (Figure 4B). 

Thus, it appears that activation of STAT5 is a property specific to TPA treatment. Because 

STAT5 is abundantly available in TPA-treated samples, they bind to both STAT5 and STAT6 

elements by default. 

 

(E) Analysis of TSLP gene in keratinocyte-selective mutants of 

RARγ/VDR, RXRαβ and RARαγ/VDR reveals association of AP1 and 

STAT5 with their respective response elements. 

 

ChIP assays performed using p65 antibody revealed no association with either NFkBa or 

NFkBc region in RXRα
ep-/-

, RXRβ
ep-/-

, RXRαβ
ep-/-

, RAR /VDR
ep-/-

 or RARαγ/VDR
ep-/-

 mice 

(Figure 5A, middle left panel). Simultaneous processing of a set of TPA treated samples served as 

a positive control (Figure 5A, left panel). On the other hand, c-jun was bound to the AP1b, AP1c, 

AP1d, AP1f and AP1g elements only in the RXRαβ
ep-/-

 mice (Figure 5A, middle right panel & 

Figure 5B). Whether the observed AP1 binding was a consequence of global increase in AP1 



185 

 

activity in these animals was confirmed by in vitro gel shift assays using consensus AP1 probes, 

which revealed an increase in AP1 factor binding (data not shown). Further, a 3C assay (to test 

the interaction of different AP1 elements with the PP region in the epidermis of RXRαβ
ep-/-

 mice) 

revealed that only the AP1b element could interact with the PP region (Figure 5C). ChIP assays 

using STAT5 antibody demonstrated that it was bound to all of the STAT elements except 

“STATe” in RXRαβ
ep-/-

 mice, and except “STATe” and “STATh” in RARαγ/VDR
ep-/-

 mice 

(Figure 5D). No association of STAT5 was detected in the RARγ/VDR
ep-/-

 mice. Also, STAT6 

was not detectable on any of the elements in these mice (data not shown). As in WT mice, 

Smad3a and Smad3b elements of different mutant mice were associated with Smad2, Smad3 and 

Smad4 (Figure 5E). Note that Smad binding appears to be enhanced in the RARαγ/VDR
ep-/-

 mice 

in comparison to others. 

In summary, these results indicate that higher TSLP expression observed in both RXRαβ
ep-/-

 

and RARαγ/VDR
ep-/-

 mutant mice may be a consequence of activation of other TFs in these 

animals. We may assume that in addition to relief from NR mediated repression, activation by 

AP1 and STAT5 in RXRαβ
ep-/-

 mice and STAT5 and Smads in the RARαγ/VDR
ep-/-

 mice may be 

responsible for stronger activation of the TSLP promoter, whereas in the RARγ/VDR
ep-/-

 mice, 

only NR mediated repression is relieved, resulting in comparatively weaker activation of TSLP 

promoter. Nevertheless, the actual contribution of AP1, STAT5 and Smads in driving TSLP 

transcription needs to be confirmed by co-ablating these factors in the RXRαβ
ep-/-

 and 

RARαγ/VDR
ep-/-

 mice. 

 

(F)  Organization of TSLP regulatory elements is conserved in mouse and 

human. 

 

 To determine whether TSLP expression in both human and mouse is regulated in a similar 

manner, a bioinformatics search was carried out to identify orthologue elements in the human 

TSLP gene. As expected, human TSLP gene was found to contain similar regulatory elements 

(Table S1), the functionality of which was validated in A549 human lung epithelial cells.  

 Treatment of A549 cells with active Vitamin D3 (VD3), RA, TPA, IL-1β or TNFα for 6 

hours, resulted in an increase in TSLP RNA level, indicating that both NR dependent and 

independent pathways that control TSLP expression in mouse, are functional in these cells ( 
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Figure 6A). EMSA and ChIP assays were carried out to identify and characterize various 

elements.  

 Of the 8 putative DR3 elements, 7 could associate with RXRα and VDR in EMSA and 

supershift assay (Table S1), however only DR3 b, c, d and e could associate with RXRα and 

VDR in vivo, as revealed by ChIP assay (Figure 6B). Similarly, of the 4 putative DR2 elements, 

only DR2b could associate with RAR and RXRα in vivo, although all of them associated with 

RXRα and RAR  in vitro (Figure 6C and Table S1). Treatment of cells with agonistic ligands of 

VDR and RAR did not alter this binding pattern (data not shown). Among the two DR1elements, 

both could associate with RXRα, PPARα and PPAR  in vitro, but neither was associated with 

these factors in vivo (data not shown). 

 An earlier report has characterized the role of an imperfect NF- B element in regulating 

human TSLP expression (denoted NF- Bb, Lee et al, 2007). We observed the presence of an 

additional consensus NF- B element (NF- Ba) close to the TATA box, which is also perfectly 

conserved in mouse (see Table 1). ChIP assay of IL-1β treated cells demonstrated p65 and p50 

binding at these elements, expectedly NF- Ba element was bound to p65/p50 with a higher 

affinity (Figure 6D).  

Human TSLP gene also contains 7 AP1 elements, all of which could associate with c-fos 

and c-jun in EMSA. However, in ChIP assays using IL-1β treated cells, only AP1a and AP1e 

could associate with c-fos and c-jun (Figure 6E). Similarly, of the 8 consensus STAT5/6 

elements, only STATe and STATg could associate with STAT5 or STAT6 in TPA or IL-1β 

treated cells, respectively (Figure 6F) and of the 2 putative Smad binding elements, only Smad3a 

element could associate with Samd2 and Smad4 proteins in TGFβ treated cells (Figure 6G). 

TGFβ treatment also resulted in an increase in TSLP RNA level, which could be blocked with a 

TGFR inhibitor but not with SIS3 (Smad3 specific inhibitor), further supporting that Smad3 is not 

involved in regulating TSLP expression in these cells (data not shown). Note that none of the NF-

B, AP1, STAT or Smad elements were associated with cognate TFs in the absence of their 

activating stimulus. 

Collectively, these results demonstrate that similar cis-acting regulatory elements are 

present in the TSLP promoter of both mouse and human. Therefore, transcription of the human 

TSLP gene may be controlled in a manner similar to that in the mouse. 
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Conclusion 

In the present study, we have investigated the molecular mechanisms involved in the 

activation and repression of transcription of the TSLP gene in epidermal keratinocytes in vivo. 

The following conclusions can be drawn from this study: 

A) Role of NRs in modulating TSLP transcription. 

  

   RXRα, RXRβ, VDR, RARγ, and to some extent RARα, transcriptionally regulate the expression of 

TSLP in mouse keratinocytes in vivo. In basal state (WT), unliganded VDR/RXRα and 

RARγ(α)/RXRβ are bound to the DR3d (VDRE) and DR2b (RARE) sites, respectively, along with 

SMRT corepressor and HDAC2, thus maintaining the TSLP promoter in an inactive state. Topical 

application of RA and/or MC903 results in the replacement of corepressor complexes by 

coactivator complexes containing SRC2 (TIF2), or SRC2 (TIF2) and SRC3, for RA or MC903, 

respectively, thereby inducing TSLP transcription (see scheme B).  

 Our work shows unequivocally that unliganded and liganded heterodimers do bind efficiently 

and similarly to DR2 and DR3 elements, in vivo. 

 Our study also demonstrates for the first time that the function of RXR isotypes is not 

redundant within RXR/NR heterodimers in vivo, as in epidermal suprabasal keratinocytes and 

irrespective of the presence of their cognate ligands: 

 

1. VDR is heterodimerized with RXRα on the DR3d, -f and -g VDREs of the TSLP 

promoter. 

2. RARγ is heterodimerized with RXRβ on the DR2b RARE of the TSLP gene. 

3. RARγ is heterodimerized with RXRα on the DR2b RARE of the CRABP II gene. 
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(B) Schematic representation of the distribution of transcription factors regulating  
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TSLP gene transcription in the keratinocytes of "wild type” untreated (WT), MC, RA, 

MC + RA, TPA- treated or in RXRαβ
ep-/-

 RARγ/VDR
ep-/-

 and RARγα/VDR
ep-/-

 mutant 

mice. 

 

 Derepression by keratinocyte selective ablation of either RXRα and RXRβ (RXRαβep-/-) or RARγ(α) 

and VDR (RARγ/VDRep-/- or RARγα/VDRep-/-) results in the release of repressor complexes from 

their respective response elements and recruitment of basal transcriptional machinery, thus 

enhancing the TSLP transcription.  

 The role of RARα remains unclear, as neither we detect its binding to the DR2b element nor is 

there an increase in TSLP transcript level by topical application of RARα specific agonist.  

 Though VDR/RXRα associated repressor complex could be detected on DR3d, -f and/or -g 

element, only DR3d recruits a coactivator complex upon MC903 treatment. This raises 

important questions regarding the role of these DR3 elements. Does DR3d alone modulate TSLP 

transcription? Does DR3f/g behave only as repressors or do they recruit coactivator complex 

under specific instances? In order to clarify this point we are generating mice bearing mutation 

in the DR3d element of the TSLP promoter.  

 In case of DR2 elements, we detect a repressor complex only on the DR2b element, which is 

replaced with a coactivator complex upon RA treatment. In order to definitely establish the 

specific role of DR2b element in regulating TSLP transcription, mice bearing mutation in this 

element is being generated. 

 As we detect NR-associated repressor complexes on both DR2b and DR3d elements in the basal 

state and ablation of either NR partners from both of these heterodimers results in increased 

expression of TSLP, it would be interesting to check if mice bearing both DR2b and DR3d 

element mutations show similar rate of TSLP transcription as in RXRαβep-/- or RARαγ/VDRep-/- 

mutant mice.  

 In addition, the actual role played by corepressors and coactivators in regulating TSLP 

transcription will be investigated using the keratinocyte-selective mouse mutants, SMRTep-/-, 

SRC2ep-/- and SRCep-/-, which are available in our laboratory. 
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B) Role of other transcription factors in modulating TSLP transcription. 

 

  Mouse TSLP gene contains binding sites for the transcription factors Smad, NF-κB, AP1 and 

STAT.  

  We detected “constitutive” binding of Smad2, 3 and 4 to the Smad binding elements in the TSLP 

gene in wild type as well as in RXRαβep-/- , RARγ/VDRep-/- and RARαγ/VDRep-/- mutant mice. 

However, their functional relevance in regulating TSLP transcription in vivo remains unclear. We 

are generating keratinocyte-selective Smad2/3 null mice to address this issue. Further, ablation 

of Smad 2 and 3 in RXRαβep-/- , RARγ/VDRep-/- and RARαγ/VDRep-/- mutant mice would enable us 

to delineate the role of Smads, if any, in inducing TSLP transcription in these mice. 

 We are currently generating mice bearing mutation in NF-κBa element in the TSLP promoter to 

reveal the in vivo significance of this element in regulating TSLP expression, in particular with 

respect to the NF- κBc element. 

 We have also shown that STAT5 or STAT6 is recruited to STAT binding element depending on the 

stimulus (TPA treatment induces STAT5 binding, whereas IL1β induces STAT6 binding to its 

response element, while MC903 also induces STAT5 binding to its response element). 

Interestingly, reports have shown that TSLP induces STAT5 activity in cultured cells. We will 

investigate how TSLP could be involved in regulating STAT5 activity at the TSLP promoter. 

Additionally, we are generating keratinocyte-selective STAT5 null mice to establish its role in 

regulating TSLP expression.  

STAT5 is also bound to STAT binding elements in RXRαβep-/- and RARαγ/VDRep-/- mutant mice (see 

scheme B). Co-ablation of STAT5 in RXRαβep-/- and RARαγ/VDRep-/- mice would clarify its role in 

regulating TSLP transcription in these mice.  

 Our work demonstrates that between mouse and human, there are structural similarities of cis-

acting regulatory elements in the TSLP gene. We are planning functional studies on human 

epidermis to investigate if additional mechanisms could have evolved in the course of evolution 

to ensure a tighter control of TSLP expression.  
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Materials and Methods 

Mice. Wild type C57BL/6J female mice, 6-8 week-old, were purchased from Charles River 

Laboratories. RXRα
ep-/-

, RXRβ
ep-/-

, RXRαβ
ep-/-

, RARγ
-/-

and VDR
ep-/-

 are described (Chapellier et 

al, 2002; Li et al, 2000, 2005, 2006).   RARγ/VDR
ep-/- 

and RARαγ/VDR
ep-/- 

was obtained by 

injecting 0.1 mg/day tamoxifen intra-peritoneally for 5 days to respective floxed animals. Age- 

and sex- matched littermates were used as wild type controls. For topical treatment on ear and 

dorsal skin, 1 nmole/cm
2
 MC903 or TPA, 2 nmoles/cm

2  
at-RA,  BMS961 or BMS753, 500 

nmoles/cm
2
 BAY, 125 nmoles/cm

2
 U0126 and 500 nmoles/cm

2
 JNKI were used. 

Isolation of epidermis from mouse dorsal skin. Inner side of shaved dorsal skin 

was scraped off fat and floated over 0.8% trypsin solution (0.8% trypsin (w/v) dissolved in PBS) 

for 30 minutes at 37 
0
C. Epidermal sheets were recovered in cell culture medium (EMEM without 

calcium + 10% FCS), incubated at 37 
0
C for 15 minutes and filtered through a 70µm nylon cell 

strainer (BD falcon).  Epidermal cells were recovered by centrifugation (400g, 5 minutes) at 4 
0
C. 

ChIP, Nuclear run-on, EMSA and Chromosome conformation capture 

(3C) assays. ChIP assay (Vaisanen et al, 2005), Nuclear Run-on assay and EMSA (Carey and 

Smale, 2001) and 3C assay (Liu et al, 2005) was done as described. Details of the procedure are 

given in supplementary data. 

Quantitative RT-PCR (Q-PCR), Serum TSLP determination, 

Hematoxylin and Eosin staining and TSLP immunohistochemistry. as 

described in Li et al, 2005. 
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Figure Legends 

Figure1. TSLP expression is transcriptionally regulated in the mouse skin epidermis by 

RXR, RAR and VDR. 

(A) Nuclear run-on assay using epidermis from WT mice-treated as indicated (panels 1-5 

and panel 7) or epidermis from different keratinocyte selective mutant mice (panels 8-

10). Autoradiograms of labelled transcripts hybridized with TSLP, β actin and control 

vector DNA are displayed in panels 1-5 and 7-10. Panels 6 and 11 show ethidium 

bromide (EtBr) staining of DNA probes. 

(B) Schematic representation of nuclear receptor binding elements present in mTSLP 

gene. ‘A’ base of translation initiation codon (ATG) was taken as +1. Underlined 

elements bind to their respective NRs in ChIP assays. 

(C) ChIP assays using WT mouse skin epidermis, treated as indicated, show the binding 

of RXRα and VDR to different DR3 elements present in TSLP gene. 10% input indicates 

the signal obtained after PCR amplification of the relevant DNA region contained in 10% 

of the chromatin that was used for immuonprecipitation (IP) with a given antibody. Ab 

IP: antibodies used for IP. 

(D) ChIP assays of skin epidermis from WT or VDR ep -/- mice to detect VDR and 

RXRα binding to TSLP DR3d region. 

(E) ChIP assays of ethanol or RA treated WT mice skin epidermis to detect RAR and 

RXRα binding to DR2a and DR2b regions. 

(F) ChIP assays of skin epidermis from WT or RARγ-/- mice to detect RAR and RXRα 

binding to the TSLP DR2b region. 

(G) Qunatitative RT-PCR (Q-PCR) of TSLP and CRABPII RNA from ears of WT and 

RARγ-/- mice topically treated, as indicated, for 16 hours (mean ± SEM). 

(H) ChIP assays using skin epidermis from WT or various keratinocyte selective NR 

mutant (mut) mice to detect VDR and RAR binding to different elements, as indicated. 

(I) ChIP assays of WT mice skin epidermis to detect RXRα binding to TSLP DR1 

elements, as indicated. 
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Figure 2. Repressing and activating complexes are assembled by RARγ/RXRβ and 

VDR/RXRα on the TSLP DR2 and the DR3 elements, in the absence and in the presence 

of their cognate ligands, respectively. 

(A) ChIP assays of WT mice skin epidermis, treated as indicated. IP was done using 

different antibodies, as indicated (Ab IP), followed by PCR with different primers, as 

indicated. 

(B) Schematic representation of mTSLP upstream regulatory region. All bases are 

numbered with respect to +1. A, B, C, D and E are fragments generated by Alu I 

digestion of genomic DNA. Numbers in the upper panel denote the position of Alu I 

sites. Boxes represent promoter elements, whose coordinates are indicated. 

(C) Chromosome conformation capture (3C) assay using WT or VDR ep-/- mice skin 

epidermis, treated as indicated. Upper, middle and lower panels reveal interaction 

between the regions containing DR3d and PP, DR3f and PP, and DR3g and PP, 

respectively. A BAC DNA encompassing the TSLP coding and flanking sequences was 

processed along, as a positive control for ligation efficiency (TSLP BAC). D- Alu I 

digested, L- ligated, ND- not digested and NC-uncrosslinked. FPCR + AluI denote that 

final PCR product was digested with AluI, followed by southern blotting. 

(D) 3C assay using WT or RARγ -/- mice skin epidermis, treated as indicated, to detect 

the interaction between the region encompassing the DR2b element and PP. TSLP BAC 

and other abbreviations are same as in (C). 

(E) TSLP Q-PCR from ears of WT or RARγ -/- mice treated with 0.25 nmole MC903, as 

indicated, for 16 hours (mean ± SEM).  

(F) TSLP Q-PCR from ears of WT or VDR ep-/- mice treated with 1 nmole RA, as 

indicated, for 16 hours (mean ± SEM). 

(G) TSLP Q-PCR from ears of WT or mutant mice treated with 4 nmole MC903, as 

indicated, for 16 hours (mean ± SEM). 

(H) TSLP Q-PCR from ears of WT or mutant mice, as indicated (mean ± SEM).  

(I) Measurement of serum TSLP level in the same animals used for TSLP Q-PCR in 

figure 1-J. 

(J) TSLP immunohistochemistry (upper panel) and Hematoxylin and Eosin (HE) 

staining (lower panel) images of ear sections of the same animals, used for TSLP Q-PCR 

in figure 1-J. Scale bar represents 25µm and 100µm for upper and lower panels, 
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respectively. Yellow and cyan colours indicate staining of TSLP and nucleus of the cell, 

respectively. 

 

Figure 3. TSLP expression is regulated by multiple NF-κB, AP1, STAT and Smad 

binding elements. 

(A) Schematic representation of transcription factor (TF) binding sites present in mTSLP 

gene. Underlined elements bind respective TFs in ChIP assay. 

(B) ChIP assay of WT mice dorsal skin or MLE 12 cells treated as indicated, to detect 

Smad2, Smad3 and Smad4 binding to indicated regions. 

(C) Q-PCR of TSLP (left panel) and Smad7 (right panel) RNA from MLE 12 cells, 

treated as indicated, for 6 hours (mean ± SEM). 

(D) ChIP assay of WT mice skin epidermis, treated as indicated, to detect the binding of 

p65 with NF-κB elements. 

(E) ChIP assay of WT mice skin epidermis, treated as indicated, to detect the binding of 

c-fos or c-jun with the AP1a and AP1b elements. 

(F) Aliquots of TPA treated samples from (C) were PCR-amplified using primers 

flanking the different AP1 elements present in TSLP gene, as indicated. 

(G) TSLP Q-PCR from ears of WT mice, treated as indicated, for 6 hours (mean ± SEM). 

(H) TSLP Q-PCR from MLE 12 cells, treated as indicated, for 6 hours (mean ± SEM). 

(I) ChIP assays of MLE 12 cells, treated as indicated, to detect p65 and p50 binding to 

TSLP NF-κBa and NF-κBc elements. 

(J) ChIP assays of MLE 12 cells, treated as indicated, to detect c-fos and c-jun binding to 

TSLP AP1b and AP1g elements. 

(K) ChIP assays of TPA treated WT mice skin epidermis. IP was done using various 

antibodies, as indicated, followed by PCR using primers flanking indicated elements. 

(L) Schematic representation of AP1 elements present in mTSLP gene, which can 

associate with with AP1 factors. A, B, C, D, E and F are fragments generated by Alu I 

digestion of genomic DNA. Numbers in upper panel denote Alu I sites. Boxes represent 

AP1 elements, whose coordinates are indicated. 

(M) 3C assay using WT mouse skin epidermis, treated as indicated, to detect the 

interaction between AP1b and PP (upper panel) and AP1g and PP (lower panel). TSLP 

BAC and other abbreviations are same as in Figure 2 C. 
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Figure 4.  STAT5/6 and Smad2/3/4 associates with the mouse TSLP STAT and Smad 

binding elements, respectively. 

 

(A) ChIP assays of WT mice skin epidermis, treated as indicated, to detect STAT5 

binding to various STAT elements present in the TSLP gene. 

(B) ChIP assays of MLE 12 cells, treated as indicated, to detect STAT3, STAT5 and 

STAT6 binding to various STAT elements. 

 

Figure 5. Analysis of keratinocyte selective knock-out mutants of RXRα, RXRβ, 

RXRαβ, RARγ/VDR and RARαγ/VDR to test the occupancy of NF-κB, AP1, STAT5 

and Smads at their corresponding response elements present in the TSLP gene. 

 

(A) ChIP assays of skin epidermis from WT and various keratinocyte selective mutants 

(mut) or TPA treated WT mice to detect the binding of p65 with NF-κBa and NF-κBc 

(left panel) elements and c-jun with AP1b and AP1g elements (right panel). 

(B) Aliquots of ChIP-DNA from WT and RXRαβ ep-/- mice, used in (A) were PCR 

amplified using primers flanking the AP1c, d, f and g elements of the TSLP gene. 

(C) 3C assay using skin epidermis from WT and RXRαβ ep-/- or TPA treated WT mice 

to detect the interaction between the region containing different AP1 elements and 

proximal promoter (PP). TSLP BAC and other abbreviations are same as in Figure 2(C). 

(D) ChIP assays of skin epidermis from WT or various keratinocyte selective mutant 

mice, as indicated, to detect STAT5 binding to various STAT elements. 

(E) As in (D), but IP was done using Smad 2, Smad 3 and Smad 4 antibodies, followed 

by PCR with primers flanking the Smad 3a and Smad 3b elements. 

 

Figure 6. Organization of the TSLP gene regulatory elements is conserved in both mouse 

and human. 

(A) TSLP Q-PCR from A549 cells treated as indicated, for 6 hours (mean ± SEM).  

(B) ChIP assay of A549 cells to detect VDR and RXRα binding to various DR3 elements 

present in hTSLP (human TSLP gene). 
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(C) ChIP assay of A549 cells to detect RAR and RXRα binding to the hTSLP DR2b 

element. 

(D) ChIP assay of IL1β treated A549 cells to detect p65 or p50 binding to the NF-κBa 

and NF-κBb elements present in hTSLP. 

(E) ChIP assay of IL-1β treated A549 cells to detect c-fos or c-jun binding to the AP1a 

and AP1e elements present in hTSLP. 

(F) ChIP assay of A549 cells treated as indicated, to detect STAT binding to STATe and 

STATg elements present in hTSLP. 

(G) ChIP assay of A549 cells treated as indicated, to detect smad binding to hTSLP 

smad3a element. 
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Table I. Position, sequence and functional characteristic of various transcription factor 

binding elements present in mouse TSLP gene. 

Name of the 
element 

Position from ATG (A= 
+1) 

Sequence EMSA+ antibody 
shifting 

ChIP(IP 

antibody) 

Consensus DR1  RggtcanRggtca    

DR1a -2176 to -2164 gggtcaggggaca   RXRα, PPARα, PPAR  RXRα 

DR1b -5727 to -5715 atggcaaaggtca RXRα, PPARα, PPAR  - 

DR1c -14702 to -14690 aggtaagatgtca - - 

Consensus DR2  RggtcannRggtca    

DR2a -1063 to -1050 agctcaacaggtca RXRα, RAR  - 

DR2b -13892 to -13879 aggtcatgagttca RXRα, RAR  pan-RAR 

Consensus DR3  RggtcannnRggtca    

DR3a -4038 to -4024 agttcattccggtca - - 

DR3b -4121 to -4107 aggacagccagggct - - 

DR3c -6506 to -6492 aggacagccagggct - - 

DR3d -7369 to -7355 gagccagaggggtca RXRα, VDR RXRα, VDR 

DR3e -13658 to -13644 aggacagccagggct - - 

DR3f -32704 to -32690 gagccagaggggtca RXRα, VDR RXRα, VDR 

DR3g -44535 to -44521 gagccagaggggtca RXRα, VDR RXRα, VDR 

Consensus NF- B  gggRNNYYCC   

NF- Ba -237 to -218 gggaaattcc p65, p50 p65, p50 

NF- Bb -1447 to -1438 aggaacttcc - - 

NF- Bc -3587 to -3578 caggaatttc p65, p50 p65, p50 

NF- Bd -3771 to -3762 gaaaattacc - - 

NF- Be -3997 to -3988 gagaatcccc - - 

NF- Bf -4612 to -4601 agggactctc - - 

Consensus AP1  tgagtca   

AP1a -1235 to -1228 tgactca c-fos, c-jun - 

AP1b -16647 to -16640 tgagtca c-fos, c-jun c-fos, c-jun 

AP1c -29950 to -29943 tgactca c-fos, c-jun c-fos, c-jun 

AP1d -41783 to -41776 tgactca c-fos, c-jun c-fos, c-jun 

AP1e -46283 to -46276 tgagtca c-fos, c-jun - 

AP1f -71999 to -71992 tgagtca c-fos, c-jun c-fos, c-jun 

AP1g -77688 to -77681 tgagtca c-fos, c-jun c-fos, c-jun 

Consensus smad3  agccagaca   

Smad3a -27191 to -27183 agacagaca Smad3, smad4 Smad2, 3 and 4 

Smad3b -38999 to -38991 agacagaca Smad3, smad4 Smad2, 3 and 4 

Consensus STAT5/6  ttcnnn(n)gaa    

STATa +2918 to +2927 ttcgtgtgaa + Stat5/6 

STATb -623 to -614 ttccagtgaa + Stat5/6 

STATc -6967 to -6959 ttcggggaa + Stat5 

STATd -20262 to -20253 ttccctagaa + Stat5/6 

STATe -48832 to -48823 ttcctctgaa + Stat5/6 

STATf -61255 to -61246 ttcccaagaa + Stat5/6 

STATg -72700 to -72691 ttctcaagaa + Stat5 

STATh -84196 to -84187 ttcctgagaa + Stat5 

n= a/c/g/t; R= purine; Y= pyrimidine  
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Probe:       DR3 a           DR3d          cons. DR3          DR3a           DR3d         cons. DR3

Wild type mice nuc. ext.            VDR -/- mice nuc. Ext.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b

.

N
u

c
. 
E

x
t.

 +
 c

o
n
tr

o
l a

b
.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b
.

N
u

c
. 
E

x
t.

 +
 c

o
n
tr

o
l a

b
.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b
.

N
u

c
. 
E

x
t.

 +
 c

o
n

tr
o

l a
b

.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b

.

N
u

c
. 
E

x
t.

 +
 c

o
n
tr

o
l a

b
.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b

.

N
u

c
. 
E

x
t.

 +
 c

o
n
tr

o
l a

b
.

N
u

c
. 
E

x
t.

N
u

c
. 
E

x
t.

 +
 R

X
R

α
a
b
.

N
u

c
. 
E

x
t.

 +
 V

D
R

 a
b
.

N
u

c
. 
E

x
t.

 +
 c

o
n
tr

o
l a

b
.

Figure S1

Probe:       DR2a          DR2b          cons. DR2          DR2a            DR2b         cons. DR2

Wild type mice nuc. ext.                RAR -/- mice nuc. ext.
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Figure S3

Probe: cons. AP1         cons.AP1              AP1a           AP1b

Ethanol                               TPA 
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Table S I. Position, sequence and functional characteristic of various transcription 

factor binding elements present in human TSLP gene. 

 

Name of the 
element 

Position from 
ATG (A= +1) 

Sequence EMSA+ antibody 
shifting 

CHIP 

(IP antibody) 
Consensus DR1  RggtcanRggtca    

DR1a -19878 to -19866 atgtcagagttca  RXRα, PPARα, PPAR  - 

DR1b -25203 to -25191 tggtcagtggtct  RXRα, PPARα, PPAR  - 

Consensus DR2  RggtcannRggtca    

DR2a -6459 to -6446 aggccaggagttca  RXRα, RAR  - 

DR2b -11446 to 11433 aggtcaagagttca  RXRα, RAR  RXRα, pan-RAR 

DR2c -29710 to -29697 tgaactcctgacct RXRα, RAR  - 

DR2d -66093 to -66080 tgaactcctgacct RXRα, RAR  - 

Consensus DR3  RggtcannnRggtca    

DR3a +6060 to +6074 cggtcagttatgtca  - - 

DR3b -7055 to -7041 tgaacctttagaact  RXRα, VDR RXRα, VDR 

DR3c -23442 to -23428 tgaacttcctgaaca  RXRα, VDR RXRα, VDR 

DR3d -35899 to -35885 aggtcatctgggtaa  RXRα, VDR RXRα, VDR 

DR3e -49949 to -49935 gggtcaggtatgtga  RXRα, VDR RXRα, VDR 

DR3f -64244 to -64230 tgacccagatgaacc  RXRα, VDR - 

DR3g -64290 to -64276 tgacccagatgaacc  RXRα, VDR - 

DR3h -64650 to -64636 tgacccagatgaacc RXRα, VDR - 

Consensus NF- B  gggRNNYYCC   

NF- Ba -391 to -382 gggaaattcc  p65, p50 p65, p50 

NF- Bb -4013 to -4004 ggaaactcca  p65, p50 p65, p50 

Consensus AP1  tgagtca   

AP1a -1276 to -1269 tgagtca c-fos, c-jun c-fos, c-jun 

AP1b -5788 to -5781 tgactca  c-fos, c-jun - 

AP1c -20557 to -20550 tgagtca  c-fos, c-jun - 

AP1d -26590 to -26582 tgagtca  c-fos, c-jun - 

AP1e -28137 to -28130 tgactca  c-fos, c-jun c-fos, c-jun 

AP1f -55376 to -55369 tgagtca  c-fos, c-jun - 

AP1g -65353 to -65346 tgagtca  c-fos, c-jun - 

Consensus smad3  agccagaca   

Smad3a -1304 to -1296 agacagaca Smad3, smad4 Smad2, smad4 

Smad3b -5512 to -5504 aggcagaca - - 

Consensus STAT5/6  ttcnnn(n)gaa    

STATa -3201 to -3193 ttcatagaa + - 

STATb -3236 to -3227 ttcaatggaa + - 

STATc -3291 to -3283 ttccaggaa + - 

STATd -3761 to -3753 ttcaaggaa + - 

STATe -4693 to -4685 ttctaagaa + STAT5/6 

STATf -6004 to -5996 ttctcagaa + - 

STATg -9751 to -9742 ttcttaagaa + STAT5/6 

STATh -20582 to -20573 ttcagtagaa +  

n= a/c/g/t; R= purine; Y= pyrimidine 
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Supplementary figure legends  

Figure S1. EMSA and antibody shift analysis of NR binding elements present in the mouse 

TSLP gene. 

(A)  EMSA and antibody shift assay using epidermal nuclear extract from wild type (WT) 

and VDR-/- mice shows the binding of VDR and RXRα to various DR3 elements, as 

indicated. 

(B)  EMSA and antibody shift assay using epidermal nuclear extract from WT and 

RARγ-/- mice shows the binding of RXRα and RAR  to various DR2 elements, as 

indicated. 

(C)  EMSA and antibody shift assay using WT mouse epidermal nuclear extract shows 

the binding of RXRα, PPARα and PPARγ to various DR1 elements, as indicated. 

 Figure S2. Comparison of skin and systemic inflammation in WT, RXRαβ ep-/- and 

RARαγ/VDR ep-/- mice.  

(A) Appearance of skin, spleen and cervical lymph node in WT, RARαγep-/-, 

RARγ/VDR ep-/-, RXRαβ ep-/- and RARαγ/VDR ep-/- mice, 22 weeks post 

tamoxifen injection. Upper panel shows the representative images of appearance of 

AD like skin inflammation on ear, dorsal skin and face. Lower panel shows 

splenomegaly and cervical lymph node hyperplasia in 2 mice from each 

corresponding genotype at the same age. 

(B) Measurement of TSLP, IL4, IL5, IL10 and IL13 transcript levels in ear samples of 

WT,  RXRαβ ep-/- and RARαγ/VDR ep-/- mice, 4 weeks post tamoxifen injection. 

Figure S3. EMSA and antibody shift analysis of NF- B, AP1 and Smad binding elements 

present in the mouse TSLP gene. 

(A) EMSA and antibody shift assay using WT mouse epidermis nuclear extract shows the 

binding of smad3 and smad4 to Smad3a and Smad3b elements.  
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(B) EMSA and antibody shift assay using untreated or TPA treated mouse epidermis 

nuclear extract shows the binding of p50 and p65 proteins to various NF-κB elements, 

as indicated. 

(C)  EMSA and antibody shift assay using untreated or TPA treated mouse epidermis 

nuclear extract shows the binding of c-fos and c-jun to various AP1 elements, as 

indicated. 

 

Supplementary Materials and Methods 

 

Materials. P65 (SC-372X), P50 (SC-1192X), c-jun (SC-44X), c-fos (SC-52X), STAT3 (SC-482X), 

STAT5 (SC-835X), STAT6 (SC-981X), Smad2 (ab71109), Smad3 (SC-8332X), Smad4 (SC-7154X), 

c-ski (SC-9140X), SnoN (SC-9141X), P300 (SC-584X), pan-RAR (SC-773X), HDAC3 (SC- 

11417X) and SRC3 (SC-9119X) rabbit polyclonal antibodies were from Santacruz Biotechnology. 

Control rabbit IgG (ab46540), SRC1 (ab84) mouse monoclonal, HDAC1 (ab7028), and HDAC2 

(ab7029) rabbit polyclonal antibodies were from Abcam. RNA polymerase II (05-623) mouse 

monoclonal antibody was from Millipore Corporation. SMRT, NCoR and TIF2 (SRC2) mouse 

monoclonal antibodies, and VDR rabbit polyclonal antibodies were generated in-house. All in-house 

generated antibodies were tested by ELISA, immunoprecipitation, western blotting and absence of 

reaction in null mutant mice to ensure specificity. All other antibodies were tested by 

immunoprecipitation and western blotting. Active vitamin D3 [1α, 25 (OH)2 Vitamin D3,], all trans 

retinoic acid (RA) and BAY 11-7082 were from Sigma Aldrich. MC 903 was from Leo pharma, 

U0126, JNK inhibitor II was from Calbiochem and recombinant human IL-1β was from R&D 

systems. Source of all other materials is indicated in parentheses at appropriate places. BMS961 and 

BMS753 are as described (Chapellier et al, 2002).    

Mice Genotyping. Genomic DNA was isolated from the tail using Direct PCR (Tail) reagent 

(VIAGEN) and PCR was performed using respective primers as given below. For RXRα and RARα 

genotyping, all the mentioned primers were added together in the same reaction mixture and PCR was 

performed to yield wt, L2 and L- bands.     
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  Gene     Allele        Size(bp)  Primer   Sequences 

 RXRα       L2   

   L- 

   Wt  

  250 

  300 

  400 

 P1      5' GTGTTGGAGACAGATGAGG 

 P2      5' AGCGCATGCTCCAGACTGC 

 P3      5' GGGTACAGAGAAGCAAGAG 

 P4      5' ACCTGGACTTGTCACCTAG      

RXRβ    L2  

   Wt  

  260 

  225 

 FP      5' CCTCCACTGCACACAGCCC 

 RP      5' CCGGGAGGGCTGACTTTCATC 

RXRβ    L- 

   Wt  

  200 

 1200 

 FP      5' CGTGCAAGGAAGGCCCTTTA 

 RP      5' TTAAAGCAGGAATTGGACCA 

 VDR   L2  

  Wt 

  350 

  250 

 FP      5‟ TCTTCTGACTCCCACAAGTGTACC 

 RP      5‟ CTGTTGATGGACAGGAACACACAGC 

 VDR   L-   320  FP      5‟ TCTTCTGACTCCCACAAGTGTACC 

 RP     5‟ CTTTGTACTACCAGGCTGAGCTTCG 

 RARα       L2   

   L- 

   Wt  

  480 

  350 

  400 

 P1      5‟ CTCCCTGTGACCAGAAGCTC 

 P2      5‟ GGAAGGAAATAGGGCAGAGG 

 P3      5‟ TATCCTGTTGACCCCAGCTC 

 RARγ   L2  

  Wt 

  768 

  700 

 FP      5‟ TGCTTAGCATACTTGAGAAC 

 RP      5‟ ACCGCACGACACGATAGGAC 

 RARγ   L- 

   

  495  FP      5‟ GTAGATGCTGGGAATGGAAC 

 RP      5‟ ACCGCACGACACGATAGGAC 

 

ChIP assay. ChIP assay was as carried out as described (Vaisanen et al, 2005) with few 

modifications. Epidermal cells from mouse dorsal skin were cross-linked by adding Formaldehyde to 
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a final concentration of 1%, and incubation on a flip-flop rocker for 10 minutes at 25 
0
C, followed by 

addition of 2M glycine (0.125M final concentration) and incubation for 5 minutes. Cells were 

pelleted (400g, 5 minutes) at 4 
0
C and washed twice in ice-cold PBS. Cross-linked mouse epidermal 

cells or A549 or MLE12 cells were resuspended in 300µl ice-cold lysis buffer [50 mM Tris-HCl, pH 

8.1, 1% (w/v) SDS, 10 mM EDTA, 1X protease inhibitor cocktail (Roche)] and all lysates were 

sonicated at 4
0
C to generate 300-500 base pair chromatin fragments (Bioruptor sonicator, 

Diagenode). Cellular debri were removed by spinning (10000g, 10 min) at 4 
0
C and the supernatant 

was pre-cleared by incubating with 60 µl protein G-agarose beads (pre-blocked with salmon sperm 

DNA and BSA) for 20 min at 4 
0
C over a flip-flop rocker.  Beads were pelleted (100g, 1 minute) at 4 

0
C and discarded. Equal amounts of lysates were used for immunoprecipitation. 10 % of the lysate 

amount used for each immunoprecipitation reaction was saved to be used as input DNA in PCR 

amplification. Individual samples were diluted 1:8 (v/v) in ChIP dilution buffer [16.7 mM Tris-HCl, 

pH 8.1, 0.01% (w/v) SDS, 1.1% (v/v) Triton-X 100, 1.2 mM EDTA, 16.7 mM NaCl, 1X protease 

inhibitor cocktail] and incubated overnight with different primary antibodies at 4 
0
C on a flip-flop 

rocker, followed by incubation with 60 µl protein G-agarose beads (pre blocked with salmon sperm 

DNA and BSA) for 90 minutes. Immunoabsorbed complexes were recovered by centrifugation (100g, 

1 minute) at 4 
0
C. Protein G beads were then washed once in low salt buffer [20mM Tris-HCl, pH 

8.1, 0.1% (w/v) SDS, 1% (v/v) triton X -100, 2mM EDTA, 150mM NaCl], once in high salt buffer 

[20mM Tris-HCl, pH 8.1, 0.1% (w/v) SDS, 1% (v/v) triton X -100, 2mM EDTA, 500mM NaCl], 

once in LiCl buffer [10mM Tris-HCl, pH 8.1, 250mM LiCl, 1% (v/v) NP-40, 1% (w/v) sodium 

deoxycholate, 1mM EDTA], and finally washed twice in 1ml TE buffer (10mM Tris-HCl, pH 8.0, 

1mM EDTA). Chromatin was released from the beads by incubation with 150 µl elution buffer [1% 

(w/v) SDS, 100mM NaHCO3] for 15 minutes at room temperature with intermittent vortexing. The 

elution step was repeated and both eluates were pooled. 1 µl of 10 mg/ml RNase and 5M NaCl 

(200mM final concentration) was added to the eluate and incubated at 65 
0
C overnight. 1µl of 

30mg/ml Proteinase K was then added to the samples and incubated at 50
0
C for 1hour. DNA was 

subsequently purified from the eluate using Qiagen PCR purification kit (Qiagen corp.) in a final 

volume of 50 µl. 3 µl of the purified DNA was used as template in different PCR amplifications 

(Applied Biosystems Thermocycler). Sequence of the various primers is listed below. The number of 

PCR cycles was optimized to maintain linear amplification in all experiments. PCR products were 

resolved by 2% agarose gel electrophoresis. Images of ethidium bromide-stained DNA was acquired 

using an UV trans-illuminator equipped with a digital camera. 

ChIP assay primers. 
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mTSLP DR1a fp 5‟ TCTAAAAATCCCTGAAGGGGGCC  

mTSLP DR1a rp 5‟ CCCCTGTAGGGAACCCACTTCTTT 

mTSLP DR1b fp 5‟ TATGTCTCTTTGGGCGCATT 

mTSLP DR1b rp 5‟ TTTCAGCTAGCAGGGGAATC 

mTSLP DR1c fp 5‟ TTCCAGTCTTTCTTGGTTTGG 

mTSLP DR1c rp 5‟ GCATGGTCATTGTCCTGAGA 

mTSLP DR2a fp 5‟ CAACCAGGGGAGCGCAAATCTT 

mTSLP DR2a rp 5‟ CAGCCGCCCTCGAAACTCATTA 

mTSLP DR2b fp 5' TGAGGTATTTTATCAGAACAATGGAC 

mTSLP DR2b rp 5' CCAAGTGCTGGGATTAAAGG 

mTSLP DR3a fp 5‟ GAAAAATGAAGTTCAGGACCAA 

mTSLP DR3a rp 5‟ TCTCCCTCCTCTTTCTCCTTC 

mTSLP DR3b fp 5‟ CACCTTTAATCCCAGCACCT 

mTSLP DR3b rp 5‟ TTGCTTCTTTAATTGGTCCTGAA 

mTSLP DR3c fp 5‟ GCCTTTAATCCCAGCACTTG 

mTSLP DR3c rp 5‟CTTGACTCCCATGAAAGATGC 

mTSLP DR3d fp 5' AGGTCCAGATACTGCATGCTC 

mTSLP DR3d rp 5' CAGCAGCTGATGCAAACAGA 

mTSLP DR3e fp 5‟ AAATACCTGGGCGGTGGT 

mTSLP DR3e rp 5‟ GTTTCCAGTGTTAAATTACATTGTTT 

mTSLP DR3f and g fp 5‟ AGACCAAAGCAGACTCCATGA 

mTSLP DR3f and g rp 5‟ CGACCTAGGATGGAACCAAA 

mTSLP PP/ NF-κBa fp 5' GCATGTAGCAAGTGTTTAGGGCAGA 

mTSLP PP/ NF-κBa rp 5' GCCTGAACGTGGAGTCTTCCTGAT 

mTSLP NF-κBb fp 5‟ CACCTCTGACTCCAGTCTGT 

mTSLP NF-κBb rp 5‟ GTACTGGGAGCAGGAAAGAA 

mTSLP NF-κBc d fp 5‟ AGGAGGGAGAAGTAAACAAAGC 

mTSLP NF-κBc d rp 5‟ CTCACTGCTGCCACCTTCTT 

mTSLP NF-κBe fp 5‟ AGAAGAGAAAGATGAGAGAA 

mTSLP NF-κBe rp 5‟ CTAGAAAAACATTCACTTGC 

mTSLP NF-κBf fp 5‟ ATGTAACTAGCAACTGAAGATC 

mTSLP NF-κBf rp 5‟ TGAGACAGCCAAATTTCTAT 

mTSLP AP1a fp 5‟ AGGAGAGTAGGGGTTGGGTTCGTGT 

mTSLP AP1a rp 5‟ AGGGGAGGAACAGCTTCTGACCTGT 

mTSLP AP1b fp 5‟ GTTACCACCTCCGTGGCTACT 

mTSLP AP1b rp 5‟ TATCCACAGGTTATTTTGGGAAA 

mTSLP AP1c fp 5‟ TTGCTTCCTTGTGATCTTGC 

mTSLP AP1c rp 5‟ AAAGGAGAGTGGCCATGGTA 

mTSLP AP1d fp 5‟ CATCCTTTCCCCTTCACTCA 

mTSLP AP1d rp 5‟ AGCTCACACCCGAATAATCAA 

mTSLP AP1e fp 5‟ GCCCATCCTTGTTGTGGATA 

mTSLP AP1e rp 5‟ TGAGACCCCTTAGAACTTGTGG 

mTSLP AP1f fp 5‟ TGATAAATCATCCCTTATTTTCCAA 

mTSLP AP1f rp 5‟ AGAAGACATAGGCCAATTCACA 

mTSLP AP1g fp 5‟ TGCCAAAGTTTCCCATTCTC 
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mTSLP AP1g rp 5‟ TGTGATAGTGGCCCAAACAT 

mTSLP STATa fp 5‟ GGCAGGACTTTGCCTTCTTT 

mTSLP STATa rp 5‟ CTGACGTTTTCTGGCTCACA 

mTSLP STATb fp 5‟ CCTCTGAGTCCCAAGAGCTG 

mTSLP STATb rp 5‟ CTGGCAGTGTTCCTCTTCGT 

mTSLP STATc fp 5‟ TGGAAGTCCTGCCTGGTTAC 

mTSLP STATc rp 5‟ AGAATCACATGGCTGCTGGT 

mTSLP STATd fp 5‟ GACATGCATCTCTTCTGCTTTC 

mTSLP STATd rp 5‟ GTCCCTTCACTTCCCTGTCA 

mTSLP STATe fp 5‟ TCAAAGTCCCTTGGTACCTAACAT 

mTSLP STATe rp 5‟ TCCTGTTTTCTCCTCCCAAA 

mTSLP STATf fp 5‟ CCAAGAGCCACGACTTTACTG 

mTSLP STATf rp 5‟ GGTGTGGCCTTGTTAAAGGA 

mTSLP STATg fp 5‟ GCACTACTCCATTGCTGGTG 

mTSLP STATg rp 5‟ TGGGGCATCTTTTGTTTTGT 

mTSLP STATh fp 5‟ GGGTGGATCCCAACATAAGA 

mTSLP STATh rp 5‟ TGTGCCAAGTTATTCCACCA 

mTSLP Smad3a fp 5‟ GGGTTTCATTGCTGTGAAGAG 

mTSLP Smad3a rp 5‟ TGGCACTATTAGGAGGTGTGG 

mTSLP Smad3b fp 5‟ CATTGCTGTGAAGAGACACCA 

mTSLP Smad3b rp 5‟ GGAGTGGCACTATTAGGAGGTG 

m Smad7 fp 5‟ CTGGGAGAGGGTGGCAGTA 

m Smad7 rp 5‟ CCTCTGCTCGGCTGGTTC 

mCRABPII DR2 fp  5‟ CCTTCCTCCCTCATCCTCTC 

mCRABPII DR2 fp 5‟ AACAACGTTGCTCTGTGCTG 

hTSLP DR1a fp 5‟ GAGGTCAGCCAGCAGTCTCT  

hTSLP DR1a rp 5‟ CCTATGTAACAAACCTGCACATTC  

hTSLP DR1b fp 5‟ AAGCAAAGCAACACATTCCA  

hTSLP DR1b rp 5‟ CCTCGAACAAATGGATGATT  

hTSLP DR2a fp 5‟ CAGATAGGTAAGCAGAATTTAGCC  

hTSLP DR2a rp 5‟ GACAGATCTTGCTTCTGTTGC  

hTSLP DR2b fp 5‟ AGCTCCACAGAAAAGCATGG  

hTSLP DR2b rp 5‟ TTTGTGAGACAGAGTCTTACTGTGC  

hTSLP DR2c fp 5‟ ACAGGTGCATGTCATGATGC  

hTSLP DR2c rp 5‟ TGGACAAAAATTAACTCAAGATCAA  

hTSLP DR2d fp 5‟ CCAGGTTCAAGCAATTCTCC  

hTSLP DR2d rp 5‟ CACCAAGTCTCTTAAGGGGAAA  

hTSLP DR3a fp 5‟ CAGGTTTTGTAAAATCGCAAAG  

hTSLP DR3a rp 5‟ CCGAAACCTGCAATTTCTCC  

hTSLP DR3b fp 5‟ ATTGCCCAACTGGACAAGAC  

hTSLP DR3b rp 5‟ CAAATAGGTGGGACCACAGG  

hTSLP DR3c fp 5‟ TAGTGGAGCTGGCATTTCAA  

hTSLP DR3c rp 5‟ CACATTGGACCTGTGCAGTTA  

hTSLP DR3d fp 5‟ GAGCTGAAGAGTAGACAGTACAAAGC  

hTSLP DR3d rp 5‟ ATAGCCCCCTGAGCTTCATT  
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hTSLP DR3e fp 5‟ TGCAGGCAATATCCATGTGT  

hTSLP DR3e rp 5‟ CGAGAGAGGACTGGGAGAAA  

hTSLP DR3f fp 5‟ CTGGTTCAATGTGCTCCTTTC  

hTSLP DR3f rp 5‟ GGAAGGGTTTATGGGGAAAA  

hTSLP DR3g fp 5‟ GCCAGCAACTTGGCTGATA  

hTSLP DR3g rp 5‟ GACACACAGTTGTTTACACTTGCT  

hTSLP PP/ NF-κBa fp 5‟ AGTTGAAAGTGGCCACAGGA  

hTSLP PP/ NF-κBa rp 5‟ TGGAATTTTAACATCAGTAAAGTCATC  

hTSLP NF-κBb fp 5‟ TGAGCATATGAAAACCAAGAAG  

hTSLP NF-κBb rp 5‟ TTGAAAAATAGTTGCCAAAAGGA  

hTSLP AP1a fp 5‟ TCATCTCAGCAACCTGATCG  

hTSLP AP1a rp 5‟ ACGCTTTAGTGCGCTCTGC  

hTSLP AP1b fp 5‟ GGGTGATTGCTTAACCCAGA  

hTSLP AP1b rp 5‟ AAAGCTTCTAGCTGTGAAAGATGA  

hTSLP AP1c fp 5‟ TGATGCAGGCAAATTTGAAG  

hTSLP AP1c rp 5‟ TGAATCGTGGATGCTATGTTTT  

hTSLP AP1d fp 5‟ TCAGCCGGACTAAGGTCAAT  

hTSLP AP1d rp 5‟ GCATCTTTACATTTCTATCATTAGGG  

hTSLP AP1e fp 5‟ TTGATATTTCCTGTTGTGACCA  

hTSLP AP1e rp 5‟ CACTGGCCCCAGAGATAAGA  

hTSLP AP1f fp 5‟ CAGAAAATGGCAAATCTTCG  

hTSLP AP1f rp 5‟ TGAGCTCATATAATGGAATGACAGA  

hTSLP AP1g fp 5‟ TGGGAAGAAACCAAAAGAAAA  

hTSLP AP1g rp 5‟ GGAACTCCTTTATTTTTATGGCTTAGA  

hTSLP STATa b c fp 5‟ TCACTCCTTCAGCATTTGGA 

hTSLP STATa b c rp 5‟ TCATAACCACAATAGGGCTGTC 

hTSLP STATd fp 5‟ CCAATCTCCTTTTGGCAACT  

hTSLP STATd rp 5‟ TTCTTGTTTTAATAATGCTTCTCACTG  

hTSLP STATe fp 5‟ AGGGAAGGACAGAGATTAGACC 

hTSLP STATe rp 5‟ CGGTGGGGGTAAAACAAGT 

hTSLP STATf fp 5‟ TCCCAATTCTTTGCTATCCA 

hTSLP STATf rp 5‟ GGTTAAGCAATCACCCCAAG 

hTSLP STATg fp 5‟ TGAACAAGGTTATTCACTGAAGC 

hTSLP STATg rp 5‟ CATACATAGGTTTACATATCCAGAAAA 

hTSLP STATh fp 5‟ TGATGCAGGCAAATTTGAAG 

hTSLP STATh rp 5‟ CCAAAGGGAGCCAAGTAAAA 

hTSLP Smad3a fp 5‟ TCATCTCAGCAACCTGATCG 

hTSLP Smad3a rp 5‟ TGGAAAACGTCTGTCACCTG 

hTSLP Smad3b fp 5‟ GGAAAACAAAGAAAATGGCAGA 

hTSLP Smad3b rp 5‟ ATGCTCCTTGTTTCCTGTGG 

 

Nuclear run-on assay. pSK+ empty vector and pSK+  β actin (2 kb β actin cDNA cloned into pSK+ 

vector at EcoRI, BamHI sites) plasmids were linearised by digestion with BamHI. A 4 kb region of 

mouse TSLP gene coding sequence was amplified by PCR from a BAC construct (Invitrogen) 
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[forward primer: 5‟-AGTTCTTCTCAGGAGCCTCTTCATC-3‟ (+165 to +190 with respect to „A‟ of 

the translation initiation codon ATG as +1), reverse primer: 5‟-

CCAGATTCCACAATCTTCTTTCAGA-3‟ (+4157 to +4181 with respect to „A‟ of ATG as +1)]. 

Approximately 10 µg each of pSK+ empty vector, pSK+ β actin and TSLP DNA was separated by 

0.8% agarose gel electrophoresis, and transferred to 0.45µm nitrocellulose membranes. Membranes 

containing the transferred DNA probes were baked for 2 hours at 80 
0
C in a vacuum oven, followed 

by washing in 2X SSC. 

 Run-on assay was as described (Carey and Smale, 2001). Approximately 10
8
 epidermal cells were 

resuspended in 5 ml ice cold NP-40 lysis buffer [10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM 

MgCl2, 0.5% (v/v) NP-40] and incubated for 5 minutes on ice. Nuclei were pelleted (100g, 10 

minutes) at 4 
0
C. The nuclear pellet was resuspended in 250 µl of nuclear freezing buffer [50 mM 

Tris-HCl, pH 8.3, 40% (v/v) glycerol, 5 mM MgCl2, 0.1 mM EDTA]. 225 µl of the nuclei was added 

to 60 µl of 5X run-on buffer [25 mM Tris-HCl, pH 8.0, 12.5 mM MgCl2, 750 mM KCl, and 12.5 mM 

each of ATP, GTP and CTP]. 150 µCi of α-[
32

P] UTP was added and the reaction was incubated at 37 

0
C for 30 minutes. 20 µl of 10 mM CaCl2 and 10 µl of 1 mg/ml of RNase-free DNase were added and 

incubated at 30 
0
C for 5 minutes, followed by addition of 35 µl of proteinase K buffer [10% (w/v) 

SDS, 50mM EDTA, 10mM Tris-HCl, pH 7.4, 3 mg/ml proteinase K] and incubation at 37 
0
C for 45 

minutes. Reaction mixture was extracted twice with phenol-chloroform and once with chloroform, 

followed by 1:1 dilution with 5 M ammonium acetate and precipitation with isopropanol. Precipitated 

pellet was resuspended in 100 µl TE (pH 8.0) followed by addition of 100 µl solution containing 10 

mM MgCl2 and 5 mM CaCl2. 10 µl of 1 mg/ml RNase-free DNase was added and reaction mix was 

incubated at 37 
0
C for 5 minutes followed by chilling on ice for 5 minutes. 50 µl of 1N NaOH was 

added and the reaction mixture was incubated on ice for another 2 minutes. Alkali was neutralized by 

addition of 77µl of 1M HEPES (free acid) followed by precipitation of RNA in isopropanol and 

resuspension in 100 µl TE. 90 µl of the radiolabelled RNA was hybridised to the nitrocellulose filter 

containing the above DNA probes for 24 hours at 65 
0
C in 2 ml hybridization buffer [6X SSC, 5X 

Denhardt‟s reagent, 50% formamide, 0.5% (w/v) SDS, 200 µg salmon sperm DNA, 2 µg polyA]. 

Membrane was washed 4 times in 2X SSC, excess liquid removed, wrapped in saran and exposed to 

X-ray films for 48 hours in presence of an intensifying screen at -70 
0
C. 

 

Electrophoretic mobility shift assay (EMSA). Synthetic oligonucleotides encompassing different 

DNA elements were annealed and double-stranded oligonucleotides were purified by 15% 

polyacrylamide gel electrophoresis. 50ng of purified oligonucleotides were 5‟-end labelled using - 
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[
32

P] ATP which was removed by purifying the probe through sephadex G 50 column. Nuclear extract 

was prepared as described (Carey and Smale, 2001). 8 fmoles of radiolabelled probe was mixed with 

10ug wild type mouse epidermis or A549 cell nuclear extract in EMSA buffer [20mM hepes, pH 7.9, 

150mM KCL, 5mM MgCl2, 2mM DTT, 10% (v/v) glycerol, 2ug poly dI-dC, 10ug BSA] and 

incubated for 20 minutes at room temperature. For supershift assay, specific antibody or rabbit IgG 

were added to the reaction mixture, and incubation continued further at room temperature for 20 

minutes. Samples were electrophoresed on a 4.5% non-denaturing polyacrylamide gel in TBE buffer 

(90mM Tris-borate, 2.5mM EDTA, pH 8.3). Vacuum-dried gels were exposed to X-ray film 

overnight at -70 
0
C in the presence of an intensifying screen.  

 

Chromosome conformation capture (3C) assay. 3C assay was carried out as described (Liu et al, 

2005). Epidermal cells were cross-linked by adding Formaldehyde to a final concentration of 2%, and 

incubation on a flip-flop rocker for 10 minutes at 25 
0
C, followed by addition of 2M glycine (0.125M 

final concentration) and incubation for 5 minutes. Cells were pelleted (400g, 5 minutes) at 4 
0
C, 

washed twice in ice-cold PBS and resuspended in lysis buffer [10mM Tris-HCl, pH 8.0, 10mM NaCl, 

0.2% (v/v) NP-40, and 1X protease inhibitor cocktail] and incubated for 5 minutes on ice, followed 

by centrifugation (100g, 10 minutes) at 4 
0
C. The nuclear pellet was resuspended in 200µl digestion 

buffer [1X Alu I restriction enzyme digestion buffer (NEB) + 0.3% (w/v) SDS] and incubated at 37 

0
C for 1 hour on a flip-flop rocker. 1.8% (v/v) triton X-100 (final concentration) was then added to 

the samples and incubated for 1 hour under similar conditions. Precipitate was removed by short 

spinning. 400 units Alu I restriction enzyme (NEB) was added and incubated at 37 
0
C for 2 hours, 

followed by addition of another 200 units of the respective enzymes and overnight incubation at 37 

0
C. Restriction enzyme was inactivated by addition of SDS (1.6% v/v, final concentration) and 

incubation at 70 
0
C for 20 minutes. SDS was quenched by addition of triton X-100 (1% v/v, final 

concentration) and 1 hour incubation at 37 
0
C. Individual samples were then diluted 12 times in ligase 

buffer (final DNA concentration approximately 3 ng/µl). Ligation was done for 4.5 hour at 16 
0
C 

followed by 30 minute incubation at room temperature using 400 units T4 DNA ligase (NEB). For 

mock-ligated sample, no ligase was added. Next, 1µl of 10mg/ml RNase and 5M NaCl (final 

concentration 200mM) was added to the samples which were incubated overnight at 65 
0
C. Proteinase 

K (200µg/ml) was added to the samples, which were incubated for 30 minutes at 50 
0
C, and DNA 

was purified by phenol-chloroform extraction and isopropanol precipitation. DNA amount was 

estimated by spectrophotometry and equal amounts of DNA were used for PCR amplification (primer 

sequences are listed below). PCR-amplified DNA was separated by 2% agarose gel electrophoresis, 

followed by Southern hybridization (Sambrook et al., 1989) to a probe designed to contain 20 
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nucleotides on each side (5‟ and 3‟, probe length: 40 nucleotides) of a possible junction between 2 

Alu I fragments of the TSLP gene region of interest. The probe was 5‟- end labelled using - [
32

P] 

ATP and purified through sephadex G-50 column to remove free - [
32

P] ATP. As a positive control 

for Alu I digestion, ligation, PCR amplification and Southern hybridization, a BAC DNA 

encompassing the region of interest was simultaneously processed (denoted as TSLP BAC). 

3C assay Primers and probes 

Junctions PCR primers/southern probe sequence Product length 

DR2b and 

PP 

Forward primer: -13711 GAGGCAGGTGGATTTCTGAG -13692  

 

324bp 

 

Reverse primer:  -200  AGCCAGCCAAATCTATGGAA  -181 

Southern probe: 5'-CAGAACAACACAGTCTTAGCTAAAAAATAAATAAATAAATA-3' 

                                      (-13521 to -13501)                                 (-294 to -272)           

DR3d and 

PP 

Forward primer:  -7365 CCTCTGGCTCCCTCAATTCT -7346  

 

301bp Reverse primer:  -87  TCCCCTAGGCCAATGATTTT -106 

Southern probe: 5'-CCACATCTGTTTGCATCAGCTAAAAAATAAATAAATAAATA-3' 

                                          (-7288 to -7268)                                    (-294 to -272)     

DR3f/g 

and PP 

Forward primer:  -32702 ACCCCTCTGGCTCCTACAAT -32683  

 

163bp Reverse primer:  -53 CCAGTGTTCTCTGCCTCCAT -34 

Southern probe: 5'-CCTTCCTTAGGATCCCCTCAAGCTAAAAAATAAATAAAT-3' 

                                         (-32672 to -32652)                                      (-294 to -268)     

AP1b and 

PP 

Forward primer:  -16618 CAGGGCCCAGAACATAGAAA -16599  

 

374bp Reverse primer: -250 CCCTCACCTTTTTCCTTTCC -231 

Southern probe: 5'-AGTTTCTCTGTGTAGCCCTAGCTAAAAAATAAATAAAT-3' 

                                           (-16379 to -16357)                                (-294 to -268)   

AP1c and 

PP 

Forward primer:  -30007  TTCCCATGGTGACAGAATTT -29988  

237bp 
Reverse primer:  -113 GCCAATGATTTTCCTTGATG -94 

Southern probe: 5'- CCCCTCACCGAGGTTCTCAGCTAAAAAATAAATAAAT  -3' 

                                     (-29904 to -29883)                        (-294 to -268)     

AP1d and 

PP 

Forward primer:  -41912 CTAGAGAACCCCAGGATTGC -41893  

 

309bp Reverse primer:  -200 AGCCAGCCAAATCTATGGAA  -181 

Southern probe:  5'-ACCCCTCACGGAGGTTCTCAGCTAAAAAATAAATAAAT-3' 

                                              (-41738 to -41716)                             (-294 to -268)     

 

AP1f and 

PP 

Forward primer:  -71660 TCGATTAACCTATCCCCATGTC -71639  

 

174bp Reverse primer:  -53 CCAGTGTTCTCTGCCTCCAT -34 

Southern probe: 5'-TCTGAAGAGTGACTGAAGAGCTAAAAAATAAATAAAT-3' 

                                           (-71620 to -71599)                              (-294 to -268)     

AP1g and 

PP 

Forward primer:  -77526 TGGGCCTTAAATCCAACAAG -77507  

 

183bp Reverse primer:  -84 CTAAACGCCTACGGGCTCTC -65 

Southern probe: 5'-CACTATCACACTAGCAGCTAAAAAATAAATAAAT-3'  

                                           (-77474 to -77456)                       (-294 to -268)     
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Cell culture experiments. A549 human lung epithelial cells (CCL-185, ATCC) were maintained in 

DMEM/HAM F12 (1:1) medium containing 10% foetal calf serum (FCS) and gentamycin. MLE12 

mouse lung epithelial cells (CRL-2110, ATCC) were maintained in DMEM/Ham-F12 (1:1) 

medium containing 2% FCS, 5ug/ml insulin, 10ug/ml apo trans bovine, 35 nM sodium 

selenite, 10nM β estradiol, 10mM HEPES and gentamycin. HaCaT human keratinocytes (8) 

were maintained in medium containing DMEM 1g/l glucose, 10% FCS and gentamycin. For RNA 

isolation, cells were seeded at 50% density in 60mm plates. 24 hours post-seeding, complete medium 

was replaced with medium containing charcoal-treated serum. 24 hours later, 1µM active vitamin D3 

[1α, 25 (OH)2 Vitamin D3,], 100ng/ml TPA, 1μM at-RA, 5ng/ml IL1β, (final concentration) or 

vehicle (ethanol) were added to the medium for 6 hours. RNA was isolated using TRI reagent (MRC 

Inc) following manufacturer‟s protocol. For ChIP assay, cells were cross-linked by adding 

formaldehyde (1% final concentration) to the medium and incubation on a rotary shaker for 10 

minutes at room temperature. Cross-linking was stopped by adding 2M glycine (0.125M final 

concentration) and incubation for 5 minutes under similar condition, followed by 2 times washing in 

ice-cold PBS. Cells were scraped using a rubber policeman, pelleted (400g, 5 minutes) at 4 
0
C, 

washed once in ice-cold PBS, snap frozen in liquid nitrogen and stored at -70 
0
C before proceeding 

for ChIP assay. 

 

Quantitative-RT-PCR Primers. 

Forward and reverse primers Sequence 

mHPRT fp 5‟ GTTGGATACAGGCCAGACTTTGTTG 

mHPRT rp 5‟ GATTCAACTTGCGCTCATCTTAGGC 

mTSLP fp 5‟ AGCTTGTCTCCTGAAAATCGAG 

mTSLP rp 5‟ AGGTTTGATTCAGGCAGATGTT 

mCRABPII fp 5‟ CCAGCAGTCGAGATCAAACA 

mCRABPII rp 5‟ TTCCACTCTCCCATTTCACC 

mSmad7 fp 5‟ TCGGACAGCTCAATTCGGAC 

mSmad7 fp 5‟ GGTAACTGCTGCGGTTGTAA 

hGAPDH fp 5‟ GAGTCAACGGATTTGGTCGT 

hGAPDH rp 5‟ TTGATTTTGGAGGGATCTCG 

hTSLP fp 5‟ CCAGGCTATTCGGAAACTCA 

hTSLP rp 5‟ TGGTGCTGTGAAATATGACCA 

http://wappli-igbmc.u-strasbg.fr:2030/cellule/supcel.php?PHPSESSID=469c2a85a7064a4a84f3e259b1080b37&pnucde=71961
http://wappli-igbmc.u-strasbg.fr:2030/cellule/supcel.php?PHPSESSID=469c2a85a7064a4a84f3e259b1080b37&pnucde=71961
http://wappli-igbmc.u-strasbg.fr:2030/cellule/supcel.php?PHPSESSID=469c2a85a7064a4a84f3e259b1080b37&pnucde=71961
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mIL4 fp 5’ GGCATTTTGAACGAGGTCAC 

mIL4 rp 5’ AAATATGCGAAGCACCTTGG 

mIL5 fp 5’ AGCACAGTGGTGAAAGAGACCTT 

mIL5 rp 5’ TCCAATGCATAGCTGGTGATTT 

mIL10 fp 5’ TGCTATGCTGCCTGCTCTTA 

mIL10 rp 5’ TCATTTCCGATAAGGCTTGG 

mIL13 fp 5’ GGAGCTGAGCAACATCACACA 

mIL13 rp 5’ GGTCCTGTAGATGGCATTGCA 

 

 

Statistical analysis. Data are represented as mean ± SD of at least three independent experiments, 

and were analyzed using sigmastat (Systat Software, Point Richmond, CA) by the Student t test or the 

Mann-Whitney rank sum nonparametric test depending on results from the Kolmogorov-Smirnov test 

(with Lilliefors‟ correction) for normality and Levene Median test for equal variance. P < 0.05 was 

considered significant. 
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degranulation, and mediator release of
human MCs in vitro, and that topical
treatment with a 6% miltefosine solu-
tion may inhibit IgE-dependent human
MC activation in vivo. The in vitro MC-
stabilizing effect of miltefosine appears
not to be limited to IgE-dependent
activation nor to histamine release but
also comprises alternative IgE-indepen-
dent activation pathways and release of
cytokines. In addition, we provide
proof-of-concept that miltefosine also
inhibits IgE-dependent MC-mediated
inflammatory responses in vivo.
These results indicate that agents
with raft disrupting properties, such
as miltefosine, have the potential as
new therapeutics for the treatment of
MC-driven diseases and we suggest
that clinical studies should be under-
taken to confirm the efficacy of milte-
fosine and related substances on
MC-related effects. In addition, future
investigations will need to address
the complexity of cellular pathways
involved in their inhibition of MC
activation and mediator release. All
examinations were performed after in-
stitutional approval and in adherence
to the Declaration of Helsinki. All
volunteers gave their written informed
consent.
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Universitätsmedizin Berlin, Berlin, Germany
and 2JADO Technologies GmbH, Dresden,
Saxony, Germany
E-mail: marcus.maurer@charite.de
3These authors contributed equally to this work.

REFERENCES

Arthur G, Bittman R (1998) The inhibition of cell
signaling pathways by antitumor ether lipids.
Biochem Biophys Acta 1390:85–102
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Induction of Thymic Stromal Lymphopoietin Expression in
Keratinocytes Is Necessary for Generating an Atopic
Dermatitis upon Application of the Active Vitamin D3
Analogue MC903 on Mouse Skin
Journal of Investigative Dermatology (2009) 129, 498–502; doi:10.1038/jid.2008.232; published online 24 July 2008

TO THE EDITOR
Thymic stromal lymphopoietin (TSLP)
appears to be a master switch for

T helper (Th)2 allergic inflammation
such as atopic dermatitis (AD) and
asthma (Liu, 2006). TSLP expression is

increased in keratinocytes in skin le-
sions of patients with AD (Soumelis
et al., 2002), and various mouse models
have established a link between TSLP
expression and the pathogenesis of AD
(Li et al., 2005, 2006; Yoo et al., 2005).

Abbreviations: AD, atopic dermatitis; LN, lymph node; Th2, T helper 2; TSLP, thymic stromal
lymphopoietin; WT, wild-type
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Transgenic mice overexpressing TSLP
in keratinocytes have been shown to
develop a human AD-like syndrome
(Li et al., 2005; Yoo et al., 2005),
indicating that TSLP expression is
sufficient to initiate AD-like skin in-
flammatory responses. We have also
reported that topical application of
either active vitamin D3 or the low-
calcemic analogue MC903 (calcipo-
triol) triggers a mouse AD-like
syndrome, characterized by a red, scaly,
and lesioned skin, accompanied by an
epidermal hyperplasia and a dermal
infiltration of CD4þ lymphocytes, eo-
sinophils, dendritic cells, and mast
cells, as well as by an increase of Th2
cytokine in skin, and an elevated serum
IgE and blood eosinophilia (Li et al.,
2006). Importantly, we demonstrated
that MC903 treatment induced TSLP
expression in mouse keratinocytes and
that this induction was mediated through
keratinocytic vitamin D receptor, as

upon MC903 treatment, VDRep�/� mice
in which vitamin D receptor was selec-
tively ablated in keratinocytes neither
expressed TSLP, nor developed an
AD-like syndrome (Li et al., 2006).
However, it has not yet been demon-
strated that TSLP expression in keratino-
cytes is necessary for the generation of
an AD-like phenotype. It is indeed
known that vitamin D3 has pleiotropic
actions (Lin and White, 2004), and it has
been shown that vitamin D3 can have a
direct effect on naive CD4þ T cells to
enhance the development of Th2 cells
(Boonstra et al., 2001), and also act
directly on antigen-presenting cells (such
as macrophages and dendritic cells) (Lin
and White, 2004).

With the aim of demonstrating the
indispensability of keratinocytic TSLP in
the generation of MC903-induced AD,
a loxP-flanked (‘‘floxed’’) TSLP mouse
line in which exons 2, 3, and 4 of both
alleles of the TSLP gene are floxed

(TSLPL2/L2 mice) was produced (Figure
1a; Supplementary Methods), and
crossed with K14-Cre transgenic mice
(Li et al., 2001) to obtain keratinocyte-
selective TSLP mutant mice (TSLPep�/�),
or with cytomegalovirus-Cre transgenic
mice (Dupé et al., 1997) to generate
germline null mutant mice (TSLP�/�).
Quantitative PCR analyses of L� and L2
alleles (Supplementary Methods) of
various tissues from 6-week-old
TSLPep�/� mice showed, as expected,
that the excision of TSLP selectively
occurred in the epidermis, as well as in
salivary gland, tongue, and thymus
(Figure 1b; data not shown). TSLP
RNA level was severely diminished in
TSLPep�/� skin when compared to age-
and sex-matched control wild-type
(WT) littermate mice (Figure 2k).
Accordingly, when 6-week-old female
TSLPep�/� and WT mice were daily
topically treated with MC903 on both
ears (2 nmol per ear) for 3 days, and
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Figure 1. Generation and characterization of TSLPep�/� mice in which TSLP is selectively ablated in keratinocytes. (a) Schematic drawing of the TSLP

wild-type allele (þ ), the targeting construct (containing the FRT-flanked neomycin (Neo) resistance gene), the floxed (L2) allele after FLP-mediated excision of

Neo, and the excised (L�) allele after Cre-mediated excision of exons 2–4. Red boxes stand for exons (E). LoxP and FRT sites are indicated. (b) L� and L2 alleles

were quantified by PCR on DNA extracted from various tissues of a TSLPep�/� (K14-Cretg/0/TSLPL2/L2) mouse. The L�/L2 ratio shows that the excision occurred in

epidermis (Epi), as well as in salivary gland (Sa), thymus (Thy), and tongue (To), but not in dermis (Der), lymph node (LN), kidney (Ki), liver (Li), lung (Lu), or eye.

(c) Ears of control wild-type (WT) and TSLPep�/� mice were topically treated with MC903 (2 nmol per ear) daily for 3 days, and sampled at day 4 (D4). Ear

sections were stained with an antibody against TSLP (upper and middle panels), or with IgG from goat serum as negative (Neg) control (lower panels). Yellow

corresponds to staining of TSLP antibody, whereas blue corresponds to DAPI staining of nuclei. White arrow points to one of the TSLP-stained cells in epidermis

of WTþMC903 mice, and white arrowheads point to autofluorescent erythrocytes. White dashed lines indicate the dermal/epidermal junction. Scale bar,

50mm. (d) Serum TSLP levels at D4 in WT and TSLPep�/� mice.
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ears were sampled at day 4 (D4), TSLP
was detected by immunohistochemistry
in epidermal keratinocytes of MC903-
treated WT ears, whereas no signal
could be seen in MC903-treated
TSLPep�/� ears (Figure 1c). Consistently,
MC903-treated WT mice exhibited a
high TSLP serum level (42500 pg/ml) at
D4 (Li et al., 2006), whereas in TSLPep�/�

mice, MC903 failed to induce serum
TSLP (o16 pg/ml; Figure 1d).

TSLPep�/� pups grew normally and
did not exhibit any apparent abnorm-
alities with time (3–50 weeks), and
histological analyses in the skin did
not reveal any obvious differences
between WT and TSLPep�/� mice (Fig-
ure 2b ; data not shown). MC903

(1 nmol per ear) was applied daily on
8-week-old WT or TSLPep�/� ears for 15
days to generate the AD-like syndrome
(Li et al., 2006). At D16, ethanol (as
vehicle control) treatment had no effect
on WT and TSLPep�/� ears (Figure 2a,
upper panel), whereas MC903-treated
WT ears were red, scaly, swollen,
lesioned, and crusted (Figure 2a, lower

WT+MC903 WT+MC903TSLPep–/– +MC903 TSLPep–/– +MC903

Figure 2. Induction of TSLP expression in keratinocytes is necessary for generating an AD-like syndrome upon application of the active vitamin D3

analogue MC903 on mouse skin. (a) Appearance and (b) hematoxylin/eosin-stained sections of ears sampled at day 16 (D16) from wild-type (WT) and

TSLPep�/� mice, topically ear-treated with ethanol (EtOH, as vehicle control) or MC903 (1 nmol per ear) daily for 15 days. Arrows point to dermal/epidermal

junction. Scale bar, 50 mm. (c–g) Immunohistochemical (IHC) staining of CD3 (c), CD4 (d), CD11b (e), GR1 (f), and CD11c (g) on ear sections from MC903

topically treated WT (left panels) and TSLPep�/� (right panels) mice at D16. White dashed lines indicate the dermal/epidermal junction. Yellow corresponds

to staining of antibodies, whereas blue corresponds to DAPI staining of nuclei. White arrows point to one of the specific antibody-stained cells in the dermis,

and white arrowheads to one of the specific antibody-stained cells in the epidermis. Scale bars, 50 mm. (h) Toluidine blue (TB)-stained sections. Red arrows

point to one of the mast cells with intense blue in the dermis. Scale bar, 50 mm. (i) Serum IgE levels of MC903-treated WT and TSLPep�/� mice at D0, D8,

and D16. (j) Eosinophil counts in blood of MC903-treated WT and TSLPep�/� mice at D0 and D16. (k, l) Cytokine and chemokine expression in ears (k)

and ear-draining lymph nodes (l) of EtOH or MC903-treated WT and TSLPep�/� mice at D16. *Po0.05. Error bars indicate s.d.
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left panel). In contrast, MC903-treated
TSLPep�/� ears appeared dry and scaly,
but were not red or inflamed, and no
lesion developed (Figure 2a, lower right
panel). Histologically, at D16, MC903-
treated WT skin exhibited an epidermal
hyperplasia and a heavy dermal cell
infiltrate (Figure 2b, lower left panel)
that included numerous eosinophils (as
shown by hematoxylin/eosin staining
(Figure 2b, inset), and by CD11b or
GR1 immunohistochemistry that stains
granulocytes), CD3þ T lymphocytes
mainly comprising CD4þ helper T cells,
CD11cþ dendritic cells, and mast cells
(toluidine blue staining) (Figure 2c–h;
Supplementary Methods), as previously
reported (Li et al., 2006). In contrast,
dermal infiltration was largely abrogated
in MC903-treated TSLPep�/� ears, show-
ing only few eosinophils, CD4þ helper
T cells, dendritic cells, and mast cells
(Figure 2c–h). However, some epidermal
hyperplasia was observed (Figure 2b,
lower right panel), suggesting that
MC903 application could induce some
epidermal hyperplasia in a TSLP-inde-
pendent manner. A systemic increase in
serum IgE levels, which was lower in
TSLPep�/� than in WT mice at D16, was
observed upon MC903 treatment (Figure

2i). Furthermore, an increase in eosino-
phil and lymphocyte counts was
observed in WT but not in TSLPep�/�

blood (Figure 2j; data not shown). Taken
together, these results indicated that
selective ablation of TSLP in epidermal
keratinocytes precludes the generation of
an AD-like syndrome upon MC903
topical application. Not unexpectedly,
similar observations were made with
TSLP germline mutants (TSLP�/�) and
with mutants in which TSLP was selec-
tively ablated in keratinocytes of adult
mice by using the tamoxifen-inducible
CreERT2 recombinase (Metzger et al.,
2003; data not shown).

To further characterize the involve-
ment of TSLP-dependent signaling in AD
generation, we next examined the pat-
tern of skin cytokine expression upon
MC903 treatment (Figure 2k; Supple-
mentary Methods). TSLP expression was
highly induced by MC903 treatment in
WT, but not in TSLPep�/� skin. However,
a slight increase of TSLP in TSLPep�/�

skin was noted upon MC903 treatment,
most probably reflecting an induction of
TSLP by MC903 in nonkeratinocytic cells
(for example, mast cells and basophils
that also express TSLP; Soumelis and Liu,
2004; Sokol et al., 2008), as this increase

was not observed in TSLP�/� null mutant
mice (Figure S1). Th2 cytokines (IL4,
IL13, IL10, IL6, and IL31) and eosinophil-
attractant chemokines (eotaxin-2 and
monocyte chemotactic protein-2) were
highly induced by MC903 in WT skin,
whereas this induction was much weaker
in MC903-treated TSLPep�/� skin,
although not abolished, when compared
with vehicle (ethanol) treatment. To
examine whether this weak induction
could reflect a keratinocytic TSLP-inde-
pendent regulation, cytokine expression
was also analyzed in TSLP�/� null
mutant skin (Figure S1). IL4, IL13,
IL31, and eotaxin-2 were not induced
in TSLP�/� skin upon MC903 treatment,
indicating that the MC903-induced ex-
pression of these cytokines is fully
dependent on TSLP. In contrast, some
induction of IL10, IL6, and monocyte
chemotactic protein-2 was observed in
TSLP�/� skin upon MC903 treatment,
suggesting that their overall induction
may be contributed by both TSLP-
dependent and -independent signaling.
On the other hand, upregulation of the
Th1 cytokine IFNg by MC903 similarly
occurred in WT and TSLPep�/� skin,
indicating that its induction was inde-
pendent of TSLP.
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Figure 2. Continued.
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Cytokine expression was also ana-
lyzed in skin-draining lymph nodes (LN;
Figure 2l). Upon MC903 treatment, the
induction of Th2 cytokines (IL4, IL13,
IL10, IL6, and IL31) in WT LNs was not
observed in TSLPep�/� LNs, indicating
that the MC903-triggered Th2 response
is abolished in TSLPep�/� mice. No
change was seen for IFNg transcript
levels in WT or TSLPep�/� LNs, from
either MC903- or ethanol-treated mice,
suggesting that MC903 application does
not involve a Th1 response in LNs.

In conclusion, we demonstrate un-
equivocally here that TSLP produced by
keratinocytes is absolutely required in
pathogenesis of AD triggered by topical
application of the vitamin D3 analogue
MC903. We also show that in this AD
model, induction of IL4, IL13, IL31, and
eotaxin-2 is fully TSLP dependent,
whereas that of IL6, IL10, and mono-
cyte chemotactic protein-2 is only
partially TSLP dependent, and that of
IFNg is TSLP independent. Finally, our
floxed TSLP mice will be helpful for
selective ablation of TSLP in other cell
types (Soumelis and Liu, 2004; Ziegler
and Liu, 2006; Holgate, 2007; Sokol
et al., 2008), and therefore to further
elucidate the physiological and patho-
logical function of this cytokine.
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SUPPLEMENTARY MATERIAL

Supplementary Methods
Figure S1. Comparison of cytokine and
chemokine expression in ears of ethanol or
MC903-treated wild-type (WT) and TSLP�/� null
(germline mutation of TSLP) mice.
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TO THE EDITOR
Individuals with xeroderma pigmento-
sum syndrome (XP) present an extre-
mely high sensitivity to sunlight, with

increased incidence of skin cancer
(especially in sun-exposed areas), when
compared to the normal population.
Some XP patients can also display

developmental complications and early
aging features.

A genetic defect in the nucleotide
excision repair pathway (NER) was
described as the molecular cause of
XP syndrome (Cleaver, 1968), and
somatic cell fusion accompanied by

Abbreviations: FHN, normal human fibroblast; NER, nucleotide excision repair; UDS, unscheduled DNA
synthesis; UV, ultraviolet; XP, xeroderma pigmentosum
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