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1. Riassunto

L’Interleuchina (IL)-22, in gran parte prodotta kakellule T helper (Th) di tipo Th1l7 e Th22, e
considerata una citochina chiave nella patogenela gbsoriasi poiche, responsabile della marcata
iperplasia e dell'alterato differenziamento tipdaglla cute lesionale. In particolare, I'lL-22 induéa
proliferazione dei cheratinociti, inibisce il lodifferenziamento terminale e stimola la produziate
peptidi antimicrobici e chemochin&ignal transducer and activator of transcripti¢gBTAT) 3 €& il
mediatore principale del segnale indotto dall'lL-22 la sua completa attivazione richiede la
fosforilazione dei residui di tirosina (Tyr) 705%erina (Ser) 727. La fosforilazione di STAT3 in T96

e inoltre proporzionale all’acetilazione del regidii lisina (Lys) 685. | livelli di acetilazione @TAT3
sono finemente regolati da processi di acetilaziergeacetilazione controllati, rispettivamente, lidag
enzimi acetilasi p300 ed istone deacetilasi (HDADpto che STAT3 appare altamente attivato
nell’epidermide psoriasica, 1o scopo del lavoroiédéntificare molecole target capaci di contrastar
I'attivazione di STAT3 mediata dall'lL-22 in chemabciti umani. Per tale ragione € stato studiato
I'effetto di Sirtuina(SIRT) 1, il rappresentante piu caratterizzatoa&imiglia degli enzimi HDAC di
classe lll, nel controllo dell’attivazione di STAT8& degli effetti biologici indotti dall'lL-22 in
cheratinociti umani. E’ stato, infatti, precedengmne dimostrato che SIRT1 e in grado di deacetilare
STAT3 nella Lys685 e, di conseguenza, di inibiréolsforilazione in Tyr705 in cellule epatocitarte.
stato inoltre riportato che la sirtuina induceiffefenziamento e blocca la proliferazione di chiewciti
umani. L’attivita di ricerca ha permesso di dimasgrche la proteina SIRT1 & costitutivamente espres
in cellule primarie umane cheratinocitarie, doveaesontribuisce efficientemente alla deacetilazidine
STAT3. Durante i processi d’inflammazione cutanearatterizzati dalla presenza concomitante
dell'Interferone (IFN)y e dell’lL-22, 'lFN-y riduce I'espressione di SIRT1, consentendo cd$i-&2

di attivare STAT3. La riduzione dei livelli di SIRTdetermina, infatti, 'accumulo di STAT3 acetilato
in Lys685 e favorisce cosi la fosforilazione di SII3AIN Tyr705 e le risposte dei cheratinociti alFB2.
SIRT1 modula negativamente Hroliferating cellular nuclear antigePCNA), la ciclina D1 ed il
phospho-Retinoblastom@RB), molecole indotte dall'lL-22 attraverso STAE che giocano un ruolo
fondamentale nella proliferazione cellulare. Inmltia sirtuina aumentando i livelli di cheratinaRK)1,
contrasta gli effetti anti-differenziativi eserditaall'lL-22 in cheratinociti. Nelle lesioni ps@siche,
l'inibizione di SIRT1 potrebbe essere responsatada forte attivazione di STAT3 e, quindi, delle
risposte esagerate dei cheratinociti all'lL-22 e atte citochine pro-infammatorie che segnalano

attraverso STAT3 (IL-6 e oncostatina M). Un’altraletola potenzialmente capace di controllare le
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cascate molecolari e gli effetti biologici indottall'lL-22 in cheratinociti umani e iSuppressor of
cytokine signalling(SOCS) 3. In cellule epatocitarie, infatti, 'aunb@rdell’espressione di SOCS3
riduce l'attivazione di STAT3 mediata dall'lL-22ale studio ha permesso di dimostrare che SOCS3 e
I'unico membro della famiglia dei SOCS ad essed®ito dall'lL-22 in cheratinociti umani. Anche se i
livelli di SOCS1 non sono modulati dall'lL-22, lag aumentata espressione in cheratinociti tratifetta
stabilmente, inibisce le fosforilazioni di STAT3 Tryr705 e Ser727 mediate dall'lL-22 in modo simile
ai cloni SOCS3. Parallelamente, la trasfezionesteamte dei cheratinociti con plasmidi per SOCS1 e
SOCS3 riduce l'attivita trascrizionale di STAT3 dimlente dall'lL-22. Viceversa, SOCS2 non e
coinvolto nella regolazione dell’attivazione di STA Conseguentemente all'inattivazione di STATS3,
cheratinociti che esprimono alti livelli di SOCSBE6®CS3 proliferano di meno dopo trattamento con IL-
22 rispetto alle cellule MOCK. Al contrario, I'ette mitogenico dell'lL-22 & potenziato in cheratiitd
che non esprimono il SOCS3. Inoltre, SOCS3 e indardi ridurre I'espressione di geni pro-
inflammatori e di opporsi al de-differenziamentoeddtinocitario dipendente dall’lL-22. Gli effetti
inibitori di SOCS3 sull'attivazione di STAT3 dipeadte dall'lL-22 sono esercitati dalla sua regione
KIR (Kinase Inhibitory Region L'uso di attivatori di SIRT1 o di molecole chaémano la regione KIR
del SOCS3, in grado quindi di ridurre la fosforitaze di STAT3 in Tyr705 in cheratinociti epidermici
potrebbe essere utile per la cura della psoriaai,anche di altre patologie cutanee caratterizzate d

un’aberrante attivazione di STAT3.



2. Abstract

Interleukin (IL)-22 is a cytokine mainly released D helper (Th) 17 and Th22 lymphocytes having a
pathogenetic role in psoriasis. In this skin digoydL-22 is responsible for the altered proliferatand
differentiative processes observed in the epidernaisd induces inflammatory molecules in
keratinocytes. Signal transducer and activatorafdcription (STAT) 3 is the principal mediatorlbf

22 signaling and its complete activation requitesghosphorylation in tyrosine (Tyr) 705 and inrser
(Ser) 727 residues. Moreover, STAT3 phosphorylatioiyr705 is proportional to the acetylation in
lysine (Lys) 685 residue. STAT3 acetylation is tighregulated by the acetylation and deacetylation
processes, which are controlled by p300 acetylas#® Rstone deacetylase enzymes (HDAC),
respectively. Due to the aberrant STAT3 activatiopsoriatic epidermis, the aim of this study was t
identify the target molecules able to inhibit tHe22-triggered STAT3 phosphorylation and down-
stream effects in human keratinocytes. For thisppse the role of Sirtuin (SIRT) 1, the most
characterized Class Ill HDAC family member, hasrbestudied in the control of IL-22-dependent
signaling in keratinocytes. Indeed, it has previpudemonstrated that SIRT1 is able to deacetylate
STAT3 in Lys685 residue and, consequently, to int8 AT3 phosphorylation in Tyr705 in hepatocyte
cells. Moreover, it was reported that the sirtisnable to induce the differentiation and inhibie th
proliferation of human keratinocytes. The reseaactivity allowed us to demonstrate that SIRTL1 is
constitutively expressed by keratinocytes and thatfficiently contributes to STAT3 deacetylatiom i
these cells. During inflammatory skin processegattarized by a concomitant presence of Interferon
(IFN)-y and IL-22, IFNystrongly down-regulates the keratinocyte expressibr6IRT1 and IL-22
activates STAT3. In fact, SIRT1 decrement detersiia@ accumulation of STAT3 acetylated in
Lys685, thus favoring STAT3 phosphorylation in T§67and keratinocyte responses to IL-22. SIRT1
negatively modulates the Proliferating cellular leac antigen (PCNA), cyclin D1 and phospho-
Retinoblastoma (pRB), that is STAT3-dependent an@2-induced molecules and play a fundamental
role in cellular proliferation. In addition, theriin, by enhancing the level of keratin (KRT) buater-
acts the IL-22-triggered de-differentiate effectkiratinocytes. In psoriatic lesions, SIRT1 inhdoit
could be responsible for the strong activation ®A$3 and, thus, for the exaggerated responses of
epidermal keratinocytes to IL-22 and other proanfimatory cytokines signaling through STAT2 (
IL-6 and oncostatin M). Suppressor of cytokine aling (SOCS) 3 represents another possible
candidate able to control the IL-22-derived molacukascades and the biological effects in

keratinocytes. Indeed, in hepatocyte cells, thearodd expression of SOCS3 level reduces the IL-22-

7



dependent STAT3 activation. In this study it hagrbelemonstrated that SOCS3 is the only SOCS
family member induced by IL-22 in human keratin@sytInterestingly, even though SOCS1 was not
up-regulated by IL-22, its over-expression in staiphsfected keratinocytes potently inhibited the |
22-induced Tyr705 and Ser727 phosphorylations oATS[ likewise to what observed in SOCS3
clones. Consistently, transient transfection okaocytes with SOCS1 or SOCS3 plasmids markedly
reduced the IL-22-induced STATS3 transcriptionaiwaist In contrast, stable or transient SOCS2 over-
expression in keratinocytes had no effects on STAdWation by IL-22. As consequence of STAT3
inactivation, the IL-22-induced proliferation waspaired in SOCS3 and SOCS1 clones compared to
mock-trasfected keratinocyte¥ice versa the mitogenic effect exerted by IL-22 on keratiyies
depleted of SOCS3 was more pronounced. MoreovelCS3Oreduces the expression of IL-22-
dependent pro-inflammatory genes and opposes todéhdifferentiative effect of the cytokine in
keratinocytes. The SOCS3 inhibitory effect on the?P-induced STAT3 activation is executed by
SOCS3 KIR (kinase inhibitory region) domain. Theref the use of SIRT1 activators or molecules able
to mimic SOCS3-KIR region, able to reduce the STAT®705 phosphorylation in epidermal
keratinocytes, could be therapeutically usefultfer treatment of psoriasis as well as other slseaties

characterized by an aberrant STAT3 activation.



3. Introduction

3.1 Clinical and histologic features of psoriasis

Psoriasis is a chronic recurrent inflammatory stlisease estimated to affect 2-3% of the general
population [1]. Within the spectrum of cutaneousifestations of psoriasis, different expressiores ar
seen. Individual lesions may vary in size from imp to large plaques, or even erythroderma [2]réMo
specifically, the clinical spectrum of psoriasicludes the plague, guttate, small plaque, inverse,
erythrodermic, and pustular variants. The most comand well-recognized morphologic presentation
of psoriasis is that of the plaque type. The diseesially is characterized by the formation of ddwec
erythematous plaques with large scaling. The scaies result of a hyperproliferative epidermishwit
premature maturation of keratinocytes and incorsplirnification with retention of nuclei in the
stratum corneum (parakeratosis). The mitotic rdtthe basal keratinocytes is increased as compared
with that in normal skin. As a result, the epidesns thickened (acanthosis), with elongated retgas
that form fingerlike protrusions into the dermisgiF3.1). The granular layer of the epidermis, the
starting site of terminal keratinocyte differenitat, is strongly reduced or missing [2]. The epidisr
becomes infiltrated by neutrophils and activated 8€DT lymphocytes. Within the dermis, an
inflammatory infiltrate composed mainly of CD3+ {imphocytes, dendritic cells (DC), macrophages,
mast cells and neutrophils is observed [1]. Eloagiand dilated blood vessels in the dermal papillae

represent a further histological hallmark of psticiakin lesions.

3.2 Pathogenetic mechanisms operating in psoriasis

Even though successful treatment regimens forltepy of psoriasis have been established for@ lon
time, the primary pathogenetic mechanism and thetygee(s) involved in the onset of the disease are
still under debate. Psoriasis is classically resp@nto trigger factors that can induce psoridgisiovo

or exacerbate skin lesions. Trigger factors ramger fnonspecific stimuli such as skin trauma to more
specific triggers such as pathogens (i. e. strep@yor drugs (i. e. lithium, interferon (IFNW) [1]. All
these factors generate a pathogenetic cascadenating in the expansion of lesional and/or cirdnfat

T cells in the psoriatic skin. T-lymphocyte infdte present in active psoriatic skin establishes a
cytokine milieu that dictates specific and pathagengene signatures in resident skin cells [3jusfh
cytokine-activated keratinocytes overexpress a rmundf inflammatory mediators that aberrantly
amplify and sustain the psoriasiform tissue reastid]. Importantly, intrinsic defects and/or adtéons

of keratinocytes in their immune response to pftaimmatory cytokines are fundamental for the
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induction of psoriatic processes, as demonstratedyanetically-manipulated mouse systems. In
particular, transgenic animals that overexpresstthescription factor STAT3 [5] or that lack the
inhibitor of NFKB kinase-2 (IKK-2) [6] in the epidermis developddrslesions that closely resembled
human psoriasis. Similarly, the abrogation of JumBeratinocytes triggered in mice a skin phenotype
with the histological hallmarks of psoriasis, irdilug marked hyperplasia of the epidermis accomplnie
by a dense dermal infiltrate of inflammatory c¢li§ The hyperplasia observed in these mice cauld,
part, depend on the overexpression of S100A8 ar@/AH, two antimicrobial peptides that have
chemotactic activity and a well-known role in kématyte maturation and proliferation processes. The
development of psoriatic lesions in mice overexgires STAT3 in the epidermis depends on the
presence of activated T cells, whereas the inflatmmaresponses occurring in the skin of IKK2-
transgenic mice are mediated by TMF-Therefore, it is clear that an intrinsically dsgulated
interrelation between keratinocytes and cells dhlibe innate and acquired immune response is a key
factor in the pathogenesis of psoriasis. Basecheranhalysis of infiltrating T cell types, their seted
products, and genetic signatures present in lelssng psoriasis has been considered for manysyasr

a type-1 tissue reaction with a prominent roleTozell-derived interferon (IFNy-[8]. However, other
cytokines and T-cell subsets have been identifeefliadamental players during inflammatory responses
in psoriasis. They include IL-21-relasing T ceNghich have been shown to regulate keratinocyte
proliferation in psoriatic skin, Th17 cells and tleeently identified IL-22-producing type Th22 «=0-

11]. Both IL-17 and IL-22 belong to a class of dgtes with predominant effects on epithelial cells.
Keratinocytes, in fact, are strongly influenced lhyl7 and in response to this cytokine up-regulate
chemokines and immune-modulatory molecules [12fuActional role of Th17 cells in psoriasis is
suggested by their reduction during successful -BEN#&-a treatment [13]. IL-22 also acts
pathogenetically in psoriatic skin, as it regulapesliferative processes and the expression oftenna

immunity molecules in psoriatic keratinocytes (betow) [14].
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Figure 3.2: Hematoxilyn-eosin staining of a plaque varianpsériatic skin [2]

3.31L-22 and its pathogenetic rolein psoriasis

IL-22, together with IL-19, IL-20, IL-24, and IL-2®elongs to a family of cytokines structurallyateid

to IL-10 [15]. IL-22 is mainly produced by mast lsglnatural killer (NK) cells and Th22 cells [14]1
IL-22 acts through a heterodimeric receptor comagithe IL-10 receptor (R) 2 and IL-22R1 chains][16
(Fig. 3.3). IL-10R2 is widely expressed on immumls; whereas IL-22R1 expression is restricted to
non-hematopoietic cells, such as epidermal kereyites and epithelial cells of the gastrointestinadt
and the lung [17, 18]. Upon binding to its R1 cha&in22 induces a conformational change that ersable
IL-10R2 to interact with the newly formed ligandzeptor complexes. This, in turn, activates Janus
kinase (JAK) 1 and tyrosine kinase (Tyk) 2, leadinghe Tyr705 phosphorylation of STAT3 [19]. The
tyrosine phosphorylation of STAT3 in the cytoplagrads to its dimerization, translocation into the
nucleus, and DNA binding. Therefore, STAT3 phosplation in Ser727 residue is necessary to
maximize STAT3 transcriptional activity [20]. IL-22as also found to activate the Extracellular-signa
regulated kinase (ERK), c-Jun N-terminal kinasd$K(J and p38 Mitogen-activated protein kinase
(MAPK) in the rat hepatoma cell line H4IIE [19]. In additi IL-22 up-regulates the mRNA expression
of suppressor of cytokine signalling (SOCS) 3, whabrogates IL-22-induced STAT signaling in
hepatic cells through a classical negative feedbaop [21]. A soluble IL-22-binding protein, IL-

22RA2, encoded by a distinct gene has been idedtifThis soluble receptor, which has 34% amino
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acid identity to the extracellular domain of theaRRAL, binds IL-22 and antagonizes its functional
activities [22] (Fig. 3.3).

IL-22BP

IL22R1 R, IL-22R1 R2, (IL-22\
N N NIL-22/
2N [

.22/ > NIL-22

StatX=Stat1, 3 or 5 ’

Figure 3.3: Model of the IL-22R complex and signal transduction

Wolk et al have demonstrated that IL-22 mRNA is massivegvated in psoriatic skin lesions [23].
The increase of the IL-22 mRNA level in lesionainsis much greater than that of the cytokines NFN-
and IL-1B3, at that time viewed as pathogenetically releviantthis disease [18]. Further analyses of
samples of psoriasis patients revealed that thel qression of IL-22 is associated with high R.-2
blood plasma levels, whereas again the plasmaslefelFN+y, IL-17 and IL-P3 were only minimally
elevated [24]. A correlation analysis demonstratediear positive relationship between the IL-220blo
plasma levels and the severity of the disease [R#¢r anti-psoriatic therapy a marked reduction of
both the cutaneous IL-22 mMRNA expression and th22lblood plasma level was seen. In keratinocytes
IL-22 regulates a number of genes which can beldtrinto three functional categories: antimicrgbial
differentiation-associated, and mobility regulatgenes [24]. The antimicrobial peptides inducedLby

22 in keratinocytes includgdefensin 2 and 3, and the S100 proteins S100A00/A43, and S100A9. In
addition, IL-22 inhibits the terminal differentiati of keratinocytes, which is a prerequisite foe th
normal formation of corneocytes of the stratum eam of the skin and for physiologic desquamation.
In particular, the cytokine reduces the expressibgenes essential for the keratinocyte differeiatia

in the stratum spinosum of the epidermis, suchraesllpgrin, cheratin (KRT) 1, KRT10, desmoccollin-
1 and kallikrein-7 [24]. IL-22 promotes the prodoat of cellular mobility associated molecules matri

metalloproteinases (MMP) 1 and 3 and inhibits amné&® production. IL-22 induces the production of
12



chemokines recruiting neutrophilic granulocytesaggrerequisite for migration of these cells inte th
skin. Moreover, in human skin equivalents and hurkaratinocyte cultures, 1L-22 enhances IL-20
MRNA expression, protein expression, and secrg¢flbh 1L-20, in turn, amplifies and/or prolongs the
IL-22 inhibitory action on keratinocyte differenti@n that leads to the characteristic epidermahgea
observed in psoriatic epidermis, such asdberease in the granular cell layer (hypogransjcsnd an
increase in epidermis thickness (acantho@6) R7. Interestingly, the IL-22-induced inhibition dfe
terminal keratinocyte differentiation does not sdene associated with an expression change of anti
or pro-apoptotic proteins. However, it coincidedhwthe induction of STAT3 expression that was
necessary for this 1L-22 effect [26]. These fadtgjether with the high IL-22 expression levels in
psoriatic plagues and in the blood of psoriasisepts, suggest that IL-22 plays a major role in the
keratinocyte alterations in psoriasi$8[ 24. This postulated role of IL-22 in the pathogesesf
psoriasis was further supported by three studiesiice: Zheng et al. found that repeated cutaneous
application of IL-23 induced acanthosis in miceaim IL-22-dependent way2§]. The Fouser group
investigated a psoriasis-like disease model in medeich is induced by the transfer of T cells to
pathogen-free scid/scid mice29. In this model, neutralization of IL-22 reducedaathosis,
inflammatory infiltrates, and expression of som#kines. In the third study, Wolk et al. demonstdat
that transgenic overexpression of IL-22 in miceultesl in neonatal mortality and psoriasis-like skin
alterations including epidermal acanthosis and gygaularity BQ]. In addition, STAT3 is activated in
lesional keratinocytes from psoriatic patients [3His up-regulation of STAT3 activation in psorgs
does not appear to be a secondary outcome of emadléyperplasia, because lesions from non-psoriatic
inflammatory skin diseases with characteristic #uvasis show a STAT3 staining pattern similar to
normal epidermis. Moreover, K5.Stat3C transgenicemin which STAT3 is constitutively active in
keratinocytes, develop psoriasiform lesions afteumding stimuli or topical treatment with the tumor
promoter 12-O-tetradecanoylphorbol-13-acetate (TRvhich strongly suggests that STAT3 activation
is required for the development of psoriasis [Ekpectedly, a topical pre-treatment of K5.Stat3Ceami
with STAT3 decoy oligonucleotides abrogates th@aokeo generation of tape stripping induced psoriatic
lesions with less T cell infiltrates [32]. In addi, Miyoshi et al. have recently reported thati¢ap
treatment with STA-21, an antibiotic which block$A'3 dimerization and DNA binding, not only
inhibits the development of psoriasiform lesionskif.Stat3C mice, but also ameliorates psoriatic
lesions in six of the eight psoriasis patientsgasting that an inhibition of STAT3 activation cdlde a

reliable therapy for psoriasis [33].
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3.4 Modulation of STAT 3 activation

34.1Roleof SIRT1

Post-translational modifications of many if not @bteins critically regulate their biological furans.

It is now well accepted that these modifications r@guired to face challenges and stress from the
environment, to trigger a variety of processes iramdgrom cell proliferation, differentiation, and
autophagy to apoptosis [34]. These modificationserwhot properly regulated, also contribute to
multiple pathologies such as cancer and auto-immdiseases. Therefore, several disease-related
research programs are currently ongoing in orddrsetber understand the pathways that involve these
post-translational modifications and to subsequerdifine new therapeutic targets. Protein
phosphorylation is the most widely studied modifaratbut early evidence suggested that many other
protein modifications such as methylation, ubigaition, sumoylation and lysine acetylation also occu
in vivo [35]. Lysine acetylation, defined as the iéidd of an acetyl moiety to the-amino group of a
lysine residue, has been linked for many yearseioegtranscription [34]. Interestingly, it has been
reported that STAT3 acetylation in Lys685 residsieessential for the phosphorylation of STAT3 in
Tyr705 in hepatic cells [35]. Acetylation of STAT8lies on a tight balance between acetylation and
deacetylation performed primarily by p300 acetylasel histone deacetylase enzymes (HDAC),
respectively [35]. There are two protein familieshaHDAC activity: Class Il NAD-dependent HDAC
(sirtuins) and the classical HDAC family (Classesd 1l). Class | and Il use a zinc as cofactor ared
inhibited by Tricostatin A (TSA), whereas sirtuiagen’t sensible to TSA and use NAb convert
acetylated protein substrates into deacetylateteijronicotinamide and the acetyl ester metabolites
(Fig. 3.4.1) [36, 37]. The human sirtuin family nsade up of seven members, SIRT1-7, with each
having distinct cellular targets and cellular lezations (Table 3.4.1). Most sirtuins (SIRT1, -3lab)
catalyze reactions of deacetylation, whereas SIRI#SIRT6 are mono-ADP-ribosyl transferases with
no deacetylase activity. Acetylated histones H1, &8 H4 are known to be physiological substrates
for the sirtuins, and lysine 16 in histone H4 appda be the most critical residue for sirtuin naeld
transcriptional silencing. However, SIRT1-3 alsag&t non-histone proteins, including various
transcription factors [38]. SIRT1 is the best cltegezed sirtuin member and it is localized to eitthe

nucleus or cytoplasm depending on tissue andyge {38].
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Figure 3.4.1: Reaction of deacetylation catalysed by sirtuins.

It deacetylates several transcription factors invoinethe regulation of cellular proliferation, apopts,
differentiation, metabolism and inflammation [3&f note, SIRT1 counteracts STAT3 activation in
different cell types [39-41]. In particular, SIR‘Mediated deacetylation of STAT3 in murine skeletal
muscle cells determines the reduction of STAT3 inigcto the p56/p50u regulatory subunits of
phosphoinositide 3-kinase (PI3K), thereby promotiRiBK signaling activation during insulin
stimulation [40]. Moreover, the sirtuin decreasesoanhondrial biogenesis and cellular respiration in
murine embryonic fibroblasts, through the inhihitiof STAT3 expression and serine phosphorylation
[41]. Interestingly, SIRT1 plays an important ralering keratinocyte proliferation and differentaati

In fact, it has been reported that SIRT1 induceddifferentiative programs and inhibits the protifieve

processes in human keratinocytes through the regalaf E2F1 transcriptional activity [42].
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Sirtuin Type of enzyme Subcellular localization
SIRT1 Deacetylase Cytoplasm and nucleus
SIRT2 Deacetylase Cytoplasm and nucleus
SIRT3 Deacetylase and ADP-rybosiltransferase Mitochia

SIRT4 ADP-rybosiltransferase Mitochondria

SIRT5 Deacetylase Mitochondria

SIRT6 Deacetylase and ADP-rybosiltransferase Nscleu

SIRT7 Deacetylase Nucleus

Table 3.4.1: Sirtuin function and localization.

These SIRT1-mediated effects are specific of keoajtes and are not shared by other cell type$, suc
as white adipocytes and myocytes, where SIRT1 apeession counteracts differentiative processes
[43, 44].

3.4.2 Role of SOCSproteins

SOCS proteins and cytokine-inducible SRC homologyS2i2)-domain-containing proteins (CIS)
comprise a family of intracellular proteins, sevasawhich have been shown to regulate the responses
of immune cells to cytokines [45]. There are eigiembers of the CIS-SOCS family (C48d SOCS1-
7), each of which has a central SH@main, an amino-terminal domain of variable lerayti divergent
sequence, and a carboxy-termid@lamino-acid module that is known as the SOCS(Bax 3.4.2.A).
The SOCS box interacts with elongin B and elonginc@lin-5 and RING-box-2 (RBX2), which
recruits E2 ubiquitin transferase [45]. CIS-SOC®ifa proteins, as well as other SOCS-box-
containing molecules, probably function as E3 ubiguigases and mediate the degradation of pretein
that are associated with these family members girdbeir N-terminal regions. In addition to their
ability to suppress signaling by ubiquitin-mediatéshradation of the signaling complex, both SOCS1
and SOCSXan inhibit JAK tyrosine kinase activity directlirough their kinase inhibitory region
(KIR), which is proposed to function as a pseudssialte and is important for the suppression of
cytokine signals (Fig. 3.4.2.A) [45].
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Figure 3.4.2.A: Schematic structure of the SOCS proteins.

In general, the constitutive level of SOCS protexpression in cells is low, but SOCS protein
expression is highly inducible, often in a transigranner, upon stimulation with cytokines battvitro
andin vivo (Fig. 3.4.2B, left scheme). SOCS-mediated downHeggpn of cytokine-induced JAK-STAT
signaling involves different mechanisms (Fig. 3B).2Via its SH2 domain, SOCS1 binds directly to the
JAK and inhibits kinase activity [46]. SOCS3 alsdibits JAK activity, but in contrast to SOCS1 ,sthi
requires binding between the SH2 domain of SOCSBtha phosphorylated receptor [47]. Finally,
SOCS proteins can inhibit signaling by coupling sifjnaling proteins to degradation via the

proteasomal machinery (Fig. 3.4.2B, right scherB).[

A Induction of SOCS expression B SOCS inhibition of signalling

Plasma_membrane

Proteasomal degradation

| No cellular response |

Figure 3.4.2B: SOCS proteins inhibit cytokine signaling.
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Induction of SOCS expression by various cytokinesSTAT-dependent, and indeed, the promoter
regions of the CIS [48], SOCS1, and SOCS3 genefk §B8w functional STAT-binding elements.
Cytokine-induced expression of SOCS1 and SOCS3beamhibited by STAT3 dominant negative
mutants [49], while gene expression of CIS camibébited by STAT5 dominant negative mutants [50].
From evidence suggesting that forced expressi®&@O8ES3 can inhibit IL-6-mediated STAT3 activation
it was proposed that SOCS3, which is induced by BX Activation, can act as a negative-feedback
regulator of STAT3. For instanc&ocs3gene therapy, using adenoviral-mediated gene dwglive
suppresses the IL-6-induced and STAT3-mediatedf@ration of cultured synovial fibroblasts as well
as significantly reduced the onset and progressibexperimental antigen- and collagen-induced
arthritis in mice [51]. Moreover, the reduction of SOCS3 egsion and the consequent increase of
STAT3 activation contribute to the development daincer in multiple neoplasias, including
cholangiocarcinoma, hepatocellular carcinomas aeddb and lung cancer [52]. In addition, cytokine-
and growth factor-induced STAT3 activation is inted by SOCS3 in keratinocyte cells. In particular,
the over-expression of SOCS3 in keratinocytes aiesgthe Hepatocyte growth factor (HGF)-derived
STAT3 activation and proliferative effects [53]. rehermore, the keratinocyte-specific conditional
ablation of SOCS3 in transgenic mice resulted inaderrant STAT3 activation associated with
keratinocyte hyperproliferation [54]. The role o0©6S3 molecules in the control of IL-22-mediated
STAT3 activation in keratinocytes is yet unknowrf. i@te, IL-22 is able to upregulates the mRNA
expression of SOCS3 in hepatic cells [55]. Morep®DCS3 overexpression abrogates IL-22-induced

STAT3 activation preventing IL-22-induced liver loedgeneration.
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4. Materialsand Methods

4.1 Tissue samples

For immunohistochemistry, 4-mm punch biopsies waken from lesional (LS) skin of adult patients

with chronic plaque psoriasis and from normal gifirtnealthy subjects undergoing plastic surgery. For
patients with psoriasis, a skin biopsy from nonodeal (NLS) skin distant from the plagques was also
taken. Keratinocyte cultures were established f@mm biopsies obtained from both involved and

uninvolved skin of patients with psoriasis and frbealthy control subjects. The study was approwed b
the Ethical Committee of the IDI-IRCCS (Rome, Jaly

4.2 Keratinocyte cultures and treatments

Primary cultures of human keratinocytes were olethiinom skin biopsies, as previously described.[56]
Keratinocyte cultures were grown in serum-free teogyte growth medium (KGM; Clonetics,
Walkersville, MD, USA), for 3-5 days (at 60-80% doence) before performing experiments.
Stimulations with 50 ng/ml IL-22, 200 U/ml IFi-50 ng/ml TNFe, or 50 ng/ml IL-17 (all from R&D
Systems, Minneapolis, MN, USA) were performed imak@ocyte basal medium (KBM, Clonetics).
Subconfluent cultures were also stimulated withesnatants from Thl clones or RPMI medium diluted
1:3 in KBM. Terminal differentiation of keratino@tcultures was achieved by growing cells at 100% of
confluence t0) and, thus, keeping them in culture for anothedads. Keratinocytes undergoing
differentiation were also cultured in the preseoth-22 and/or IFNy. The HaCaT human keratinocyte
cell line was a gift from N. E. Fusenig (Deutsclesbsforschungszentrum, Heidelberg, Germany) and
was grown in Dulbecco modified Eagle medium (DMERBIpchrom, Cambridge, UK) supplemented
with 10% Fetalclone Il serum (HyClone Laboratori8suth Logan, UT, USA). CD4+ T-cell clones
were obtained from peripheral blood of patienthvasoriasis, as previously described [57]. Cellsewe
periodically stimulated with 1% phytohemagglutinfmvitrogen, Carlsbad, CA, USA), and were
activated with plate-coated anti-CD3 and solublie-@D28 (both at Jug/ml). Clone supernatants were
assayed for IFNs TNF-a, IL-17, IL-22, and IL-4 content with a commercialavailable ELISA kit
(R&D Systems). Clones were classified dependingheir cytokine profile, and supernatants of Thl

clones containing levels of IFM> 20 ng/ml were used on keratinocyte cultures.
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4.3 RNA isolation, polymer ase chain reaction (PCR) and real-time PCR

Total RNA was extracted using the TRIzol reagenwi{togen, Carlsbad, CA, USA). mRNA was
reverse-transcribed into cDNA and analyzed by tiea¢ PCR or PCR. The mRNA expression of all
analyzed genes through real-time PCR procedure evakiated in the ABI Prism SDS 7000 PCR
instrument (Applied Biosystems, Branchburg, NJ, J)S4&ing SYBR Green PCR reagents or Tagman
PCR Master Mix. The forward and reverse primers leggad were as follows: for CXCL8, 5'-
GCTGGCTTATCTTCACCATCATG-3 ‘and S5-TTATTTTTTTTCAGTTATTAACAGATGCT
ATCAT-3"; for SOCS3, 5-AAGGACGGAGACTTCGATTCG-3' dn 5-AAACTTGCTGTGGG
TGACCAT-3; for SOCS1, 5-TTTTTCGCCCTTAGCGTGA-3' @&n5-AGCAGCTCGAAGAG
GCAGTC-3'; for STAT3, 5-GGCGTCACTTTCACTTGGGT-3' @n5-CCACGGACTGGATCT
GGGT-3; for STAT1l, 5-TTGCTTGGATCAGCTGCAGA-3' and -GCTGCAGACTCTCCGC
AACTA-3'; for SIRT1l, 5-GCTGGCCTAATAGAGTGGCAA-3' ah 5-CTCAGCGCCATGGAA
AATG-3', for [-actin, 5-CATCGAGCACGGCATCGTCA-3' and 5-TAGCACA@®&IGGATA
GCAAC-3'. The sequences of the primers and intgpnaibe for HBD-2 mRNA have been previously
described [58]. Primers for CXCL1 (Hs00236937), GAD (Hs00161488), CIS (Hs003203371),
SOCS2 (Hs00919620), SOCS4 (Hs00328404), SOCS5 g83207), SOCS6 (Hs00377781), SOCS7
(Hs00389987) and HPRT1 (Hs01003267) were provided\mplied Biosystems. The levels of gene
expression were determined by normalizingtactin or HPRT1 mRNA expression. The values
obtained from triplicate experiments were averaged, data are presented as means + sd. The mRNA
expression of sirtuin members was analyzed by Sgumaintitative PCR conducted in a Thermal Cycler
(Applied Biosystems). The primer pairs’ specific the family sirtuin members were as follows: SIRT1
(GenBank NM_012238; oligonucleotide forward 405-4%8 reverse 563-586 bp); SIRT2 (GenBank
NM_012237; oligonucleotide forward 438-461 bp, reee 699-722 bp); SIRT3 (GenBank
NM_012239; oligonucleotide forward 290-313 bp, reee 527-550 bp); SIRT4 (GenBank
NM_012240; oligonucleotide forward 414-437 bp, reee 565-588 bp); SIRT5 (GenBank
NM_012241; oligonucleotide forward 365-388 bp, reee 507-530 bp); SIRT6 (GenBank
NM_016539; oligonucleotide forward 301-324 bp, reee 487— 510 bp); SIRT7 (GenBank
NM_016538; oligonucleotide forward 605-628 bp, reee849-872 bp). Amplification conditions
were: denaturation 95uC, 30 sec; annealing 55u@iirt extension 68uC,1 min. [a-32P]dATP was
added to the reaction (0.04 mCi/ml); 32 cycles wesdormed to obtain sirtuin amplicons, whereas 24
cycles were used for GAPDH amplicon. PCR produ@sevseparated on a 6% polyacrylamide gel and

guantitatively analyzed in a Typhoon Trio imagestsyn using the IMAGE QUANT version 5.0
20



software (GE Healthcare, Amersham, UK). PCR prawetre also separated on a 2% agarose gel,

extracted from the gel with the Gel Extraction(k)iagen) and sequenced.

4.4 Flow cytometry analysis

Keratinocyte expression of membramgekcellular Adhesion MoleculdCAM)-1, Human Leukocyte
Antigen (HLA)-DR, and Major Histocompatibility Corfgx (MHC) Class | was evaluated using
fluorescein isothiocyanate-(FITC)-conjugated arfi8g (84H10, Immunotech, Marseille, France), anti-
HLA-DR (L243, BD Pharmingen, Franklin Lakes, NJ, A)S and anti-HLA-ABC (G46-2.6, BD
Pharmingen) monoclonal antibodies (mAbs). In cdrgemmples, staining was performed using isotype-
matched control Abs. Cells were analyzed with a B&&h equipped with Cell Quest software (Becton

Dickinson, Mountain View, CA).

4.5 Western Blotting

Total proteins were prepared by solubilizing ceils RIPA buffer (1% NP-40, 0.5% sodium
dehoxycholate, and 0.1% SDS in PBS containing aurexof protease and phosphatase inhibitors).
Alternatively, cytosolic and nuclear extracts werepared from cells grown in 75-mm flasks, which
were lysed with 1 ml cold Buffer A (20 mM HEPES [ptB], 10 mM KCI, 1 mM EDTA, 1 mM EGTA,
1.5 mM MgCI2, 0.2% NP-40, and 1 mM DTT plus protaand phosphatase inhibitors). After
centrifugation, the supernatants containing cyt®pk were collected, whereas the pellets containing
nuclei were resuspended in 0.4 ml cold Buffer B 2@ HEPES [pH 7.9], 0.35 M NaCl, 10 mM KClI,

1 mM EDTA, 1 mM EGTA, 1.5 mM MgCI2, 10% glycerolnéd 1 mM DTT plus protease and
phosphatase inhibitors). After incubation at 4°€30 min, the suspensions were centrifuged at 74,00
rpm for 10 min, and the supernatants collecteddalutied 5-fold in Buffer C (20 mM HEPES [pH 7.9],
60 mM NacCl, 10 mM KCI, 1 mM EDTA, 1 mM EGTA, 1.5 mMqgClI2, 5% glycerol, 0.05% NP-40,
and 1 mM DTT plus protease and phosphatase inrshitdhe resulting samples were aliqguoted and
frozen at —80°C. Total, cytosolic, or nuclear pimdewere subjected to SDS-PAGE, and transferred to
polyvinylidene difluoride (PVDF) membranes (AmershBharmacia Biotech, Buckinghamshire, U.K.).
The latter were blocked and probed with variouspry Abs diluted in PBS containing 5% nonfat dried
milk or 3% BSA. The primary Abs employed for theidt were as follows: anti-PCNA (PC10), anti-
cyclin D1 (DCS-6), anti-phospho-RB (Ser795), aatiln A/C (346), anta-tubulin (B-7), antiB-actin
(C-11), anti-phospho-STAT3 (Ser727), anti-STAT3 2@); anti-phospho-STAT1 (Tyr701), anti-

STAT1 (E-23), antiphospho-ERK1/2 (E-4), anti-ERKXR16), and anti-SIRT1 (H-300), and HRP-
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conjugated anti-c-myc (9E10) all provided by Sabtaz Biotechnology (Santa Cruz, CA, USA). Anti-
KRT1, anti-KRT5, anti-KRT14, and anti-loricrin Absere from Covance (Emeryville, CA, USA),

whereas anti-phospho-STAT3 (Tyr705) and anti-aeBfyAT3 (K685) were from Cell Signaling

Technology (Danvers, MA, USA). Anti-FLAG (M2; Sigr#ddrich, Saint Louis, MO, USA) and anti-

SIRT7 (RB1973; Abgent, San Diego, CA, USA) werealsed. Western blotting filters were properly
developed with anti-mouse, anti-goat, or anti-radgi Abs conjugated to HRP using the ECL-plus
detection system (Amersham), or, otherwise, thee&ignal West Femto kit (Pierce, Rockford, IL,
USA).

4.6 Transient RNA interference

STAT3, SIRT1, SIRT2, SIRT5, SIRT7 and SOCS3 werecked down by using a pool of 4 small short
interfering (si)RNAs (ON-TARGEplus SMARTpool, Dharmacon RNA Technology, Lafayette, CO,
USA). In parallel, a pool of 4 Non-targeting siRNA&s used as negative control. Primary cultures
were transfected with STAT3, SIRT1, SIRT2, SIRTIRE/, SOCS3 or irrelevant siRNA at 50 nM
final concentration using Interferin reagent (PdgpTransfection, New York, NY, USA). After 2 d of

MRNA silencing, keratinocytes were treated wittede#nt stimuli.

4.7 Luciferase assay, transient and per manent transfections

Cultured keratinocytes grown in 12-well plates weamsiently transfected with the STAT3-responsive
plasmid pLucTKS3 (a generous gift of Prof. J. TarksUniversity of Central Florida, Orlando, FL,
USA) by using Fugene reagent (Promega, Madison,W8BR). After transfection, cells were 8 hours
stimulated with IL-22, andrirefly luciferase activity was measured using the Dual-Gliferase
Assay System (Promega). pRL-null plasmid encodimg Renilla luciferase was included in each
transfection. Primary keratinocytes were transjetitinsfected with pcDNA3-hSIRT1-FLAG (kindly
provided by Prof. F. Ishikawa, Kyoto University, ¢tp, Japan), or pcDNA-myc/SOCS1-2-3 (a
generous gift of Dr. A. Yoshimura, Kyushu UniveysiFukuoka, Japan) and pLucTKS3 luciferase was
measured using the pcDNA3.1 plasmid as negativeaoin addition, a panel of plasmids expressing
wild-type or mutated SOCS3 were transiently codfacted in keratinocytes with the pTKS3Luc
plasmid, and luciferase activity was evaluatedrafte?? treatment. SOCS3 mutated plasmids dN25
(KIR-deleted), dN36 (KIR- and part of ESS-deleteld2D (single-mutation in KIR), R71E (single-
mutation in SH2) and dC40 (SOCS box-deleted) wegergerous gift of Prof. Yoshimura. HaCaT cells

were permanently transfected with pcDNA-myc/SOCS3-& empty pcDNA3 plasmids linearized by
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Scal restriction endonuclease (Boehringer Mannh®lamnheim, Germany). Genetycin-resistant clones
were selected after ~20 days by adding 0.4 mg/mi8Gdnvitrogen) to the culture medium. HaCaT

clones expressing SOCS1-2 or -3 proteins were teeldry Western blot analysis with the anti-c-myc

Ab.

4.8 Cristal violet assay

Primary keratinocyte cells (2x{0were seeded in 96-well plates, and, the day,adtarved in KBM.
Culture stimulation with 1L-22 was conducted eitlrethe presence or absence ofpfMd Ex-527 or 40

UM Resveratrol (both from Sigma-Aldrich). SIRT1-siteed cells were also used in some experiments.
Moreover, SOCS1-3 stable clones were seeded inedigptates (1.5x1bcells/well), and, the day after,
starved in DMEM without serum. Culture stimulatiarth 70 ng/ml of IL-22 was conducted. After 2—4

d of treatment, cells were stained with 0.5% ciyataet, whose incorporation was measured at 5#0 n
in an ELISA reader (model 3550 UV ELISA reader; #ad, Hercules, CA, USA).

4.9 Scratch wound healing assays

Keratinocytes were STAT3 or SIRT1 grown at 100%affluence, and then scratched with the tip of a
p-200 pipette to create a uniform cell-free zoneutled monolayers were either incubated or not with
30 ng/ml IL-22. Microscopy pictures were taken watlligital camera at different time points follogin
IL-22 treatment. The residual gap between migraliegatinocytes was measured with a computer-
assisted image analysis system (Axiovision, Zé&dserkochen, Germany), and expressed as percentage
of the initial scratched area.

4.10 | mmunohistochemistry

Cryostatic sections were incubated with monocl@mibodies (mAbs) against SIRT1 (E104; Abcam,
Cambridge, UK) and CD3 (BD-Pharmingen, Franklin €akNJ, USA). Secondary biotinylated mAbs
and staining kits (Vector Laboratories, Burlingar@d,, USA) were used to develop immunoreactivity.

Figures depict one experiment that is represematiall the patients investigated.

23



5. Resaults (1)

5.1 IL-22 induces chemokines, antimicrobial peptides and proliferative molecules but inhibits
differentiative markersin human keratinocytes.

IL-22 controls several biological processes in keomytes, including proliferation differentiation,
migration, and production of molecules involvedhe innate immune responses [26]. In particular, 1L
22 was able to up-regulate mRNA expression of tiemokines CXCL8 and CXCL1 as well as the
antimicrobial peptide HBD-2 and the S100A7, witgrsficant levels of induction at late time points o
stimulation (24-48 h; Fig. 5.1A). IL-22 also inddcéigh amounts of SOCS3, which was rapidly
induced (1 h), but did not affect SOCS1 mRNA expi@s In parallel, it has been found that IL-22
could not regulate the membrane expression of ICANMIHC class | and Il molecules, induced by 36h
of treatment with IFNyand TNFea (Fig. 5.1B). Although IL-22 is considered a poténducer of
epidermal hyperplasia in pathological conditiongtlel information exists about its effect on the
induction of molecules controlling keratinocyte fievation. To this end, IL-22-treated keratinocyte
were analyzed for the expression of proteins inuyicell cycle progression and, thus, essentiatédir
proliferation [59]. As shown in Fig. 5.1C, IL-22 img&ined high nuclear levels of PCNA, cyclin D1 and
pRB after 9 and 24 h, as compared to untreatedreslt which showed a decreased expression at these
time points. In parallel, IL-22 could block the dowegulation of KRT5 and KRT14, two cytokeratins
typical of proliferating keratinocytes, in culturesdergoing terminal differentiation (4 d of grovdfier
confluence; Fig. 5.1D)Vice versalL-22 inhibited the expression of KRT1, a struetuprotein highly
present in keratinocytes committed to terminaletghtiation (Fig. 5.1D). IL-22 also potently desed
the protein accumulation of loricrin, which is ang@onent of the cross-linked cell envelope in the
uppermost layers of the epidermis (Fig. 5.1D).
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Figure5.1A: IL-22-induces many inflammatory genesin human cultured keratinocytes. CXCLS,
CXCL1, HBD-2, S100A7, SOCS3, and SOCS1 mRNA expoeswas evaluated by Real-time PCR
analysis of mMRNA from samples untreated or stinradawith IL-22 (50 ng/ml), and normalized e

actin mRNA.
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Figure 5.1B: 1L-22 does not control the expression of immune-modulatory molecules in
keratinocytes. Cytofluorymetric analysis of ICAM1, MHC Class | ar@lass Il in 36 h stimulated
culture keratinocytes with IL-22 (50 ng/ml), IFN200 U/ml) or TNFe (50 ng/ml).
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human keratinocytes. PCNA, cyclin D1, and pRB levels were evaluated bgsférn blotting in
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Figure 5.1D: IL-22 opposes the reduction of markers of keratinocyte proliferation whereas
reduces markers of keratinocyte differentiation. Keratinocyte cultures were grown at 100% of
confluencetQ) and left in culture for another 4 d in preseac@bsence of IL-22. Total lysates were
analyzed by Western blotting using anti-KRT1, aRT5, anti-KRT14, or anti-loricrin Abs.
Graphs represent densitometric analyses of total IKKRT5, KRT14, and loricrin normalized to
B-actin signals. P <0.05; **P < 0.01.
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5.2 STAT3isthe main mediator of IL-22-induced effectsin human keratinocytes.

The analysis of IL-22-induced molecular cascadenaestrated that STAT3 signaling was rapidly
induced in primary cultures of keratinocytes, andparticular, STAT3 phosphorylation in Tyr705 was
observed after 15-30 min of treatment with IL-22g(F5.2A). STAT3 phosphorylation in Ser727
residue, constitutively detected in keratinocyteas also enhanced by IL-22, showing peculiar bighas
kinetics (Fig. 5.2A). IL-22 did not affect STAT1 taation but significantly induced extracellular
signal-regulated kinase (ERK) 1/2 phosphorylatifiara30 min of treatment (Fig. 5.2A). To determine
whether STAT3 expression and activation influenitedIL-22-induced regulation of CXCL8, CXCL1,
HBD-2, S100A7, SOCS3, and of the proteins assatiatdéeratinocyte proliferation and differentiatjon
STAT3 mRNA silencing was performed in IL-22-actiedtor untreated keratinocyte cultures (Fig.
5.2B). Following silencing of STAT3 mRNA, keratinges were not able to up-regulate SOCS3 mRNA
in response to IL-22 treatment, but continued tpregss HBD-2 and S100A7 (Fig. 5.2C). In parallel,
CXCL8 and CXCL1 were only slightly induced by IL-2iddicating that STAT3 positively regulates
these genes, but other mechanisms can control éRpiession. In addition, considering the delayed
kinetics of CXCL8 and CXCL1 induction by IL-22,ig plausible that the STAT3 effect on these genes
was indirect. Also, the nuclear accumulation of ACHByclin D1, and pRB proteins observed after 24 h
of incubation with IL-22 was significantly dependem STAT3 expression (Fig. 5.2D). The negative
effect of IL-22 on KRT1 expression did not occur emhcells were STAT3 depleted (Fig. 5.2E).
Similarly to KRT1, loricrin expression substantyailhcreased in keratinocytes silenced for STAT(Fi
5.2E), suggesting that STAT3 acts as a repressthiesé molecules. On the contrary, the modulatfon o
KRT5 and KRT14 expression by IL-22 treatment wadependent from STAT3 (Fig. 5.2E). STAT3
MRNA and protein silencing by siRNA in keratinocyteras substantial and specific since STAT1
expression was unchanged (Fig. 5.2B). In summbeget data indicated that the majority of the IL-22-

induced effects in human keratinocytes were medliayeSTAT3 signaling.
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Figure 5.2B: STAT3 transient silencing in cultured keratinocytes. Keratinocyte cultures were
transfected with siRNA specific for STAT3 or irrebnt siRNA (NC). After 48 h transfection, cells
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protein accumulation or mMRNA expression were penfat by Western blotting or real-time PCR,
respectively.
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** P <0.01.

5.3 SIRT 1 inhibits STAT3 activation by reducing its L ys685 acetylation.

STAT3 is tightly regulated at the post-translatiolezel, and, in particular, its acetylation in B35 is
indispensable for the phosphorylation in Tyr705 &nashs-activating function [30]. Lys685 acetylation
of STAT3 can be, in turn, inhibited by SIRT1, whishalso known to reduce proliferation and promote
terminal differentiation of epidermal keratinocy{@9, 42]. Therefore, we supposed that SIRT1 and/or
other sirtuin members could oppose IL-22 signaling effects on keratinocytes by inhibiting STAT3
acetylation in Lys685 and, thus, STAT3 phosphomtatand function. We firstly analyzed the
expression of the seven sirtuin members in culturedlthy keratinocytes. Semi-quantitative PCR

analysis demonstrated that keratinocytes constélytiexpressed substantial levels of SIRT1, SIRT2,
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SIRT5 and SIRT7 mRNA, and very low or null levefsSSRT3, SIRT4 and SIRT6 mRNA (Fig. 5.3.A).
The manipulation of SIRT1-2-5 and -7 by transiemNARinterference demonstrated that only SIRT1
could significantly up-regulate STAT3 activation. fact, SIRT1- but not SIRT2- or SIRT5- or SIRT7-
depleted keratinocytes showed higher levels of phoglated STAT3 (Tyr 705) in response to IL-22
compared to control cells (Fig. 5.3B). Convers&8\RT1 depletion did not affect the phosphorylation
Ser727 of STAT3 nor the activation of STAT1 and BRK(Fig. 5.3C). In addition, the analysis of
STAT3 activity in IL-22-treated SIRT1-silenced kenacytes transfected with a STAT3-responsive
plasmid, pLucTKS3, revealed that SIRT1 negativelgulates STAT3 activity (Fig. 5.3D, Left graph).
On the contrary, SIRT1 overexpression by transéactwith a human SIRT1-encoding plasmid dose-
dependently inhibited the pTKS3 luciferase actifjg. 5.3D, Right graph). Since SIRT1 opposed IL-
22 effects by counteracting STAT3 phosphorylationTyr705, the capability of SIRT1 to modulate
STAT3 acetylation was also studied. Firstly, STAI&tylation in Lys685 was analyzed by Western
blotting in keratinocytes untreated or activatethwiL-22. STAT3 acetylation was constitutive and no
modulated by IL-22 (Fig. 5.3E). When keratinocytesre depleted of SIRT1, Lys685 constitutive
acetylation of STAT3 was significantly enhanced paned to control cells, as assessed using different
keratinocyte straingy€3) and in independent experiments of silencinge(8esentative experiments are
shown in Fig. 5.3F). The effect of SIRT1 was sgedince SIRT7 did not influence STAT3 acetylation
in Lys685 (Fig. 5.3F). Collectively, these data destrated that SIRT1 negatively modulates STAT3
capability to control the expression of moleculegulated by IL-22 by inhibiting Lys685 acetylatioh
STAT3 and, thus, its phosphorylation in Tyr705.
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Figure 5.3A: Primary cultures of human keratinocytes highly express SIRT1-2-5 and -7 mRNA,
and low or null levels of SIRT3-4 and -6. SIRT1-SIRT7 mRNA expression was evaluated in
untreated cultured keratinocytes by semi-quanigadfCR analysis.
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Figure 5.3B: Among sirtuins only SIRT1 reduces the IL-22-derived Tyr705 phosphorylation of
STATS3. Keratinocyte cultures were transfected with SIRT&RT2-, SIRT5-, SIRT7-specific or
irrelevant siRNA. After 48-h transfection, cells nwestimulated with IL-22 or not, as indicated.
Analyses of STAT3 phosphorylated in Tyr705 (pY-ST#ATand total STAT3 were performed by
Western blotting.
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Figure 5.3D: IL-22-induced STAT3 activity is counterregulated by SIRT1. Left graph.
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** P <0.01.

33



- o - - s - w wwe | ACK[BE5)STAT3

|-—-—————-—-——-—--—_| B'actin

Figure 5.3E: In keratinocytes STAT3 is constitutively acetylated in Lys685 residue. STAT3
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Figure 5.3F: SIRT1 deacetylates STAT3 in Lys685 in keratinocytes. STAT3 acetylation in Lys685
was analyzed by Western blotting by using lysatesifkeratinocytes transfected with siRNAs specific
for SIRT1 or SIRT7, and compared to NC. Resultsrapresentative of 6 independent experiments
Densitometry of blot relative to AcK(685)-STAT3shown *P <0.05; **P <0.01
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5.4 IL-22-induced STATS3-dependent gene expression as well as proliferative and migratory
processesin keratinocytes are counteracted by SIRT 1.

To further clarify the role of SIRT1 in the contiafl IL-22-induced STAT3-dependent gene expression
in keratinocytes, we manipulated SIRT1 mRNA expgosthrough RNA interference. We found that
SIRT1 silencing in IL-22-treated keratinocytes mgly up-regulated SOCS3 mRNA expression (Fig.
5.4A). CXCL8 and CXCL1 expression also increasedIRT1-depleted keratinocytes compared to
control cells (Fig. 5.4A). As expected, HBD-2 antDBA7 gene expression, which were not STAT3-
dependent, were not influenced by SIRT1 silencifkig.( 5.4A). Consistently, SIRT1-depletion
enhanced the positive effect of IL-22 on PCNA, oyddD1l and pRB nuclear translocation, which
occurred in a STAT3-dependent manner (Fig. 5.4BRT3-silencing also determined a marked
reduction of KRT1 and loricrin expression in kematytes undergoing differentiation, in agreement
with previous findings [42] (Fig. 5.4C). Of notelR'1 depletion reinforced the inhibitory effect laf

22 on KRT1 expression (Fig. 5.4C). Finally, KRTHa0RT14 up-regulation by IL-22 in keratinocytes
undergoing differentiatiom vitro, an event found to be independent from STAT3 (BIE), was not
affected by SIRT1 silencing (Fig. 5.4C). To clarthe role of SIRT1 in the control of IL-22-induced
keratinocyte proliferation, a functionad vitro assay measuring the keratinocyte proliferative veds
performed after the manipulation of SIRT1 functimmd expression by using chemical modulators of
SIRT1 or through RNA interference, respectivelyystal violet tests on keratinocyte cultures treated
with Ex-527, a specific inhibitor of SIRT1 enzynaatactivity, or with resveratrol, a polyphenol
stimulating SIRT1 deacetylase function, showed t8#RT1 significantly opposed IL-22-induced
keratinocyte proliferation (Fig. 5.4D, Left graphlonsistently, SIRT1-silenced keratinocytes
proliferated more actively in response to IL-22 pamed to cells transfected with irrelevant siRNA
(Fig. 5.4D, Right graph). It has previously repdrtbat IL-22 promotes wound healing in @nvitro
injury model [11]. Therefore, SIRT1 ability to caenact IL-22 also in this system was studied, dnd i
has been found that SIRT1 silencing in keratinccgieatly enhanced IL-22-induced wound healing 2d
after scratching (Fig. 5.4E). Since the IL-22-inddclosure of keratinocyte layer was strictly STAT3
dependent, as assessed by mRNA interference of STA{. 5.4E), it is likely that the negative effec

of SIRT1 on IL-22-induced wound healing occurresbtiyh STAT3 inhibition.
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Figure 5.4A: SIRT1 counteracts the | L-22-derived and STAT 3-dependent expression of SOCS3,
CXCL1 and CXL8. Keratinocyte cultures were transfected with SIRP#eific or irrelevant siRNA,
and then stimulated with IL-22 or not, as indicat€&kCL8, CXCL1, HBD-2, S100A7, and SOCS3
MRNA expression was analyzed by real-time PGR<6.05; **P <0.01.
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Figure 5.4B: SIRT1 inhibits the IL-22-derived and STAT 3-dependent nuclear translocation of
proliferative markers. Keratinocyte cultures were transfected with SIRPp#edfic or irrelevant
siRNA, and, then, 24-h stimulated with 1L-22 or nBICNA, cyclin D1, and pRB were analyzed by
Western blotting. Graphs show densitometric valoiePCNA, cyclin D1 and pRB staining on blots.
Western blots are representative of 3 independegmtrenents performed on 3 different keratinocyte
strains. P < 0.05.
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Figure 5.4D: Positive effect of IL-22 on keratinocyte proliferation is counteracted by SIRT1.
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** P <0.01.

37



NCsi + KBM §

SIRT1si + KBM
W NCsi + KBM

O SIRT1si + KBM
A NCsi +1L-22

A SIRT1si +1L-22
O STAT3si + IL-22

105

85
NCsi + IL-22 &

65

Wound area (%)

45 T T T T T T
0 12 24 36 48 60 72

hours
SIRT1si + IL-22 :

STAT3si + IL-22 §
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5.5 SIRT1 expression in keratinocytes is down-regulated in psoriatic skin and, in vitro, after |FN-y
exposure.

STAT3 activity is enhanced in skin affected by jpssis, especially in response to IL-22, and is
responsible for the hyperproliferation and alted#fierentiation of the psoriatic epidermis [5]. S
SIRT1 efficiently controls IL-22-induced activityf 8TAT3 in keratinocytes, it has been investigated
SIRT1-STAT3 interplay in psoriasis could be deregedl. Therefore, SIRT1 expression levels were first
analyzed in keratinocyte strains obtained from guati with psoriasis, and compared them with
keratinocytes isolated from skin of healthy indivads. Keratinocyte cultures were prepared from LS
and NLS skin biopsies obtained from the same dok®ishown in Figure 5.5A, patients with psoriasis
and healthy donors showed similar SIRT1 levels,nigalocalized in the cytosol, as assessed by
Western blotting. Immunohistochemistry analysisfirored that SIRT1 was cytosolic and uniformly
expressed in keratinocytes of the basal layer efgbidermis (Fig. 5.5Biii). The pattern of SIRT1
expression was identical in healthy and NLS psiorigkin (Fig. 5.5B, ii), which showed also few
infiltrating CD3+ T cells (Fig. 5.5B, v). Conversely, basal keratinocytes of LS psoriagisibited a
reduced and less intense SIRT1 staining if comptrdtealthy and NLS skin, especially at the tips of
the epidermal papillae close to the CD3+ T celiltiaite (Fig. 5.58ii, vi). Since T cells infiltrating
psoriatic lesions produce very high amounts of \FNe., Thl, Th1/Th1l7 and T cytotoxic cells), it has
been hypothesized that SIRT1 decrement in LS psokaratinocytes could be due to local T-cell-
derived IFNy. Indeed, treatment of keratinocyte cultures witpesnatants obtained from Thl clones
releasing high amounts of IFN¢25-35 ng/ml/1Bcells) reduced SIRT1 protein expression (Fig. 5.5C
Keratinocyte treatments with recombinant cytokibgsically present in psoriatic skin confirmed that
only recombinant IFNt and not TNFa, IL-17, or IL-22, could reduce SIRT1 mRNA and m@iot
expression in human keratinocytes (Fig. 5.5C). Aghale, these data demonstrate that although SIRT1
is expressed at comparable levels in keratinodybes patients with psoriasis and healthy indivic,

is down-regulated in psoriatic epidermis, likelyaaesult of the local overexpression of 1§¥N-
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Figure 5.5A: SIRT1 in vitro expression is cytosolic and it is comparable in healthy and psoriatic
keratinocytes. Cultured keratinocytes were prepared from headtkip or from biopsies taken from
uninvolved (NLS KC) or involved (LS KC) psoriatikia. SIRT1 protein level was detected in total
(Left panels) or fractionated (Right panels) lysabé keratinocytes; 3 of 6 representative psoriatid
healthy keratinocyte strains are shown.
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Figure 5.5B: SIRT1 in vivo expression is reduced in psoriatic epidermal papillae close to the Thl
lymphocytes. Immunohistochemistry for SIRT1 and CD3 (both stdirin red) was performed on
frozen sections from biopsies of psoriatic skinluding LS (i, v), and NLS ii, vi) areas of plaques.
Healthy skin was also analyzed, (v). Immunoreactivity was revealed by using 3-amino-9
ethylcarbazole as substrate. Arrowis) (indicate area of epidermal papillae where SIRfEInfng was
reduced. Representative stainings of 6 psoriatitise analyzed are shown
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Figure 5.5C: IFN-y reduces the SIRT1 expression levels. Western blotting of SIRT1 performed on
keratinocyte cultures after 24 h activation withutlid (1:3) supernatants derived from 3 Thl clones
(AC1.36, FN2.26, and RS3.7) that produce high arsahlFNy (25-35 ng/ml/1Bcells). Thl clones
were prepared from peripheral blood of patientd\p#oriasis; and supernatants were collected 4&er

h activation with anti-CD3 and anti-CD28. Alternegly, SIRT1 expression was analyzed by real-time
PCR or Western blotting in samples activated witbombinant IFNy, TNF-a, IL-17 or IL-22 (right
panels). Western blots are representative of 2pieddent experiments performed on 2 different
keratinocyte strains.P< 0.01

5.6 IFN-y up-regulates basal STAT3 acetylation, thus reinforcing the IL-22-induced STAT3
phosphorylation and downstream effectsin keratinocytes.

To see whether the reduced SIRT1 expression byylEguld result in an increase of STAT3
acetylation and, thus, in enhanced STAT3 phosphatioyl in response to IL-22, Western blotting
experiments were performed on keratinocyte cultymestimulated with IFNror TNF-a, and then
activated with IL-22. As shown iRig. 5.6A, IFNy significantly enhanced basal STAT3 acetylation in
Lys685 (lane 2/s.1) as well as the IL-22-induced phosphorylatiols®AT3 in Tyr705, as compared to
treatment with IL-22 alone (lane &. 4). The effect was specific for IFjsince TNFe could not
regulate neither basal STAT3 acetylation (Fig. B&6lane 3vs. 1) nor IL-22-induced STAT3
phosphorylation (Fig. 5.6A, lane @s. 4). Accordingly, SIRT1 silencing in keratinocytearther
enhanced the IFN-induced acetylation in Lys685 of STAT3 (Fig. 5.6A&oncomitantly to the up-
regulation of IL-22-induced STAT3 phosphorylatidBN-y strengthened IL-22-promoted downstream
effects. In particular, IFN-significantly enhanced IL-22-induced expressiorCofCL8, CXCL1, and
SOCS3 mRNA (Fig. 5.6B), as well as IL-22-inhibiteccumulation of KRT1 (Fig. 5.6C). Interestingly,
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nuclear PCNA was strongly reduced by I¥NFig. 5.6D), which notoriously exerts an antipielative

effect on keratinocytes [60].
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Figure 5.6A: IFN-y up-regulates basal STAT3 Lys685 acetylation. Cultured keratinocytes were
pretreated for 24 h with IFN-or TNF<, then stimulated with IL-22 for 30 min. Total lysa were
analyzed by Western blotting; amounts of acetyl $3A&nd phosphorylated STAT3 were analyzed by
densitometry. Analyses of acetyl STAT3 were alsofggmed on keratinocytes transfected with
irrelevant or SIRT1 siRNA and activated for 24 hhwliFN-y or TNF-a. *P < 0.01
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treated with IFNy and then stimulated with IL-22 for indicated timi€.< 0.05; **P < 0.01.
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Figure 5.6C: IFN-y potentiates the | L-22-derived KRT1 reduction. KRT1 expression analysis was
performed on keratinocyte cultures undergoing teandifferentiation or stimulated with I1L-22 and/or
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Figure 5.6D: IFN-y has anti-proliferative effects in keratinocytes. Nuclear PCNA was analyzed in

keratinocytes treated with IL-22 and/or IRNfor 24 h Western blots are representative of 2
independent experiments performed on 2 differerdtk®cyte strains.P <0.05.
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6. Results (2)
6.1 SOCS3 is induced by IL-22 and inhibits the cytokine-dependent STAT3 activation in

keratinocytes.

It has previously reported that IL-22 is able tdune SOCS3 in hepatic cells [55], but nothing ievkn
about the modulation of SOCS3 expression by thekaye in human epidermal keratinocytes. For this
purpose, mMRNA expression of SOCS family members Wusdly analyzed in IL-22-activated
keratinocytes. We found that IL-22 rapidly induck@h amounts of SOCS3 mRNA (Fig. 6.1A),
whereas the expression of the other SOCS couldbeoaffected by cytokine treatmemiext, we
manipulated the SOCS3 expression by transient RN&rference in cultured keratinocytes and
analyzed the IL-22-triggered STAT3 activation. S@&Henced cells showed a significant increase of
STAT3 Tyr705 phosphorylation after 1L-22 treatmerampared to cells transfected with irrelevant
siRNA (Fig. 6.1B, left panels). Conversely, SOCSldtion did not affect the phosphorylation in
Ser727 of STAT3. To better clarify the involvem&®CS molecules in the control of IL-22-induced
STAT3 activation, the keratinocyte-like cell lineaBaT was stably transfected with plasmids encoding
c-myctagged SOCS1, SOCS2, or SOCS3 molecules. Genebgistant clones were screened for
SOCS expression levels, and four SOCS1 clones,3@GS2 clones and three SOCS3 clones were
obtained and included in the study. SOCS3 keragtgoclones strongly reduced the IL-22-mediated
STAT3 phosphorylation in Tyr705 but not in Ser7Z8idue (Fig. 6.1B, right panels). Interestingly,
even though SOCS1 was not up-regulated by IL-22ATST Tyr705 phosphorylation was greatly
inhibited in all keratinocyte clones expressing S2Cwhereas no differences were observed for cells
permanently transfected with SOCS2 (Fig. 6.1B, triglanels). Keratinocyte clones expressed
comparable levels of SOCS1, SOCS2, and SOCS3 pso{&iig. 6.1B, right panels). In addition,
transient transfections of keratinocytes with SO@EBOCS3 plasmids markedly reduced the IL-22-
induced transactivation of the STAT3-responsivesiplial pTKS3-Luc (Fig. 6.1C). In contrast, transient
SOCS2 overexpression in keratinocytes had no seffatiSTAT3 activity.
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Figure 6.1A: SOCS3 is rapidly induced by IL-22 in keratinocytes. Real-time PCR analyses for
CIS and SOCS1-7 were performed on reverse-traretRNA from primary culture of keratinocytes
treated with IL-22 as indicatedP*0.05.
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6.2 SOCS3 inhibits the IL-22-induced inflammatory gene expression and proliferative effects in
keratinocytes.

Since an inhibitory effect of SOCS3 on IL-22-depemdSTAT3 activation was observed, the possible
role of the molecule in regulating the expressidnS®AT3-dependent genes induced by IL-22 in
keratinocytes was evaluated. As expected, SOCS3Antlincing in IL-22-treated keratinocytes up-
regulated the expression of CXCL1 and CXCL8 mRNAnpared to control cells (Fig. 6.2A). In
addition, HBD-2 gene expression, which was not STAlEpendent, was also positively influenced by
SOCS3 silencing (Fig. 6.2AT.0 clarify the role of SOCS3 in the control of I2-hduced keratinocyte
proliferation, Crystal violet tests were performed cultured keratinocytes after the manipulation of
SOCS3 expression. SOCS3-silenced keratinocytedgreded more actively in resting condition as well
as in response to I1L-22 compared to cells transtewaith irrelevant siRNA (Fig. 6.2B, left graphjice
versg SOCS3 overexpressing keratinocytes were quitdlyatesistant to the strong proliferative effect
induced by IL-22 3-d of stimulation (Fig. 6.2B, lmiggraph). Consistently with STAT3 inhibition data,
SOCS1 clones did not respond to the proliferatfieces of IL-22.
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Figure 6.2A: The expression of IL-22-induced genes is reduced by SOCS3. SOCS3, CXCLS,
CXCL1 and HBD-2 mRNA expression was analyzed inglassilenced for SOCS3 or treated with NC
SiRNA and then stimulated with IL-22 as indicateB<0.05.
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Figure 6.2B: SOCS3 inhibits the 1L-22-mediated keratinocyte proliferation. Crystal violet assay
wasperformed on keratinocytégansfected with SOCS3 arelevant siRNA and 3-d treatedth 1L-22

(left graph). Proliferation was also analyzed inCE3, SOCS1 or MOCK stably transfected cells kept
in culture for 3 d in the presence or absence éf2LProliferation was then analyzed by measurirg a
spectrophotometer the incorporation of the crysiallet dye. Data are expressed as fold-induction of

IL-22-treated over untreated samples, which weverga value of. *P < 0.05.

6.3 SOCS3 inhibitory effect on IL-22-induced STATS3 activation is mediated by SOCS3-KIR
domain.
The last step was to identify SOCS3 regions resptengor the abrogation of the IL-22-triggered
STAT3 activity executed by SOCS3. For this purpake,pTKS3 luciferase activity was measured in
cultured keratinocytes transiently transfected withsmids encoding SOCS3 mutated in different
domains, and then stimulated with IL-22 for 8 h.particular, dN25 (KIR-deleted), dN36 (KIR- and
part of ESS-deleted), L22D (single-mutation in KIRY1E (single-mutation in SH2) and dC40 (SOCS
box-deleted) plasmids were used in this study. Wgerved that a single amino acid mutation in
SOCS3-KIR domain was sufficient to abrogate thebinbry effect of the wild-type SOCS3 (WT) on
the IL-22-induced pTKS3 luciferase activity (Fig.3% In parallel, a significantly up-regulation in
STAT3 transcriptional activity was found by tradfeg keratinocytes with dN25 and dN36 KIR-
deleted plasmids. In addition, the expression efS®CS3-SH2 mutant (R71E) in keratinocytes, which
abrogated the SOCS3 capability to bind proteinetisigalso enhanced the luciferase activity of the
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STAT3 responsive plasmid compared to cells expngsSOCS3 WT. Conversely, dC40 plasmid, in
which SOCS-Box region was deleted, more efficiemthjibited the IL-22-mediated STAT3 luciferase

activity compared to the SOCS3 WT. This was duthéofact that the SOCS-Box deletion impeded the
proteasome-degradation of SOCSS3, therefore enhgritsnevels. All these data suggested that the
SOCS3-KIR domain has a pivotal role in the SOCSRBIibitory effect on IL-22 signaling in

keratinocytes.

SH2 domain SOCS BOX
SN

(fold induction)

pTKS3 Luciferase driven activity

MOCK WT dN25dN36 L22D R71E dC40

Figure 6.3: SOCS3 KIR domain is pivotal in the inhibition of the IL-22-dependent STAT3
transcriptional activity. Representation of luciferase activity of keratiytes transiently co-transfected
with the pTKS3Luc and SOCS3 WT, dN25, dN36, L2201R, dC40 or empty plasmids. Cultures
were treated or not with IL-22 for 8 hours. 3 indegent experiments were performed. Data are
expressed as means + SDRifefly luciferase values normalized Renillaluciferase and micrograms
of total proteinsP < 0.05; **P < 0.01.
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7. Discussion

Psoriasis results from complex, aberrant relatigpgsshetween the skin and immune system as well as
genetic predisposition and environmental factotsEpidermal keratinocytes of psoriatic skin shaw a
exaggerated wound healing response and an abero&r&AT3 activation in keratinocytes has been
proposed for the pathogenesis of psoriasis [6Hedd, STAT3 is activated in keratinocytes of psaria
patients [31]. This up-regulation of STAT3 actiwatiin psoriasis does not appear to be a secondary
outcome of epidermal hyperplasia, because lesimms hon-psoriatic inflammatory skin diseases with
characteristic acanthosis show a STAT3 stainindepatsimilar to normal epidermis. In addition,
increased levels of cytokines or growth factorg giramote STAT3 activation have been found within
psoriatic lesions [5, 61]. Among them, IL-22 potgritiggers STAT3 activation and consequently alter
the proliferative and differentiative processeskaratinocytes, and induces inflammatory molecules
[24]. Therefore, the inhibition of IL-22-induced &T3 activation in keratinocytes could be a valid
strategy for the treatment of psoriasis. Besidassphorylation on tyrosine 705 and serine 727 sites
within the carboxyl-terminal region, STAT3 propetigation requires the acetylation on a singlergsi
residue 685, which is executed by histone acegylsfierase p300 [19, 20]. The acetylation of STAT3
was found to be critical for it to form stable dimewhich are required for cytokine-stimulated DNA
binding and transcriptional regulation. STAT3 aation is negatively regulated through numerous
mechanisms. These involve deacetylase enzymes, $@&8ules, protein inhibitor of activated STAT
(PIAS), protein phosphatases, and ubiquitinatiopedeent proteosomal degradation [62]. In this study
we analyzed the role of SIRT1 deacetylase enzyndeSEDCS3 molecule in the control of the IL-22-
induced and STAT3-dependent effects in human kereyies. It is well known that SIRT1 can regulate
the acetylation status and, thus, the phosphooylaind function of several transcription factors,
including p53, E2F1, NKkB, c-Jun, and members of the FoxO family [63]. lestingly, Nieet al [39]
have described the involvement of SIRT1 in prontBIrAT3 Lys685 deacetylation, and, thus, in
down-regulating STAT3 phosphorylation and activityhepatocytes during gluconeogenesis. STAT3
acetylation is rarely found in resting cells butcdan be efficiently induced by cytokines, such as
oncostatin M, IL-6, and by type | IFNs [35]. Consely, we found that in keratinocytes STAT3 is
constitutively acetylated in Lys685 residue, whishindispensable for the IL-22-triggered STAT3
activation. SIRT1 negatively regulated STAT3 acatigh, and consequently inhibited the IL-22-
induced STAT3 phosphorylation in Tyr705.

50



In line with previous works suggesting that SOC$8 negative-feedback regulator of cytokine-induced
STAT3 activation [51], we found that, other tharR¥L, also SOCS3 inhibited the IL-22-induced
STAT3 Tyr705 phosphorylation in keratinocytes. SIRTPIAS proteins and protein tyrosine
phosphatases target STAT3 directly, whereas SO@88idh its KIR domain down-regulated the
upstream kinase activity responsible for STAT3 piasylation. Therefore, it is reasonable to think
that SOCS3 potentially could block some IL-22-aat®d signaling pathways other than STATS.
Moreover, both SIRT1 and SOCS3 inhibited IL-22-icéd STAT3 transcriptional activity and as a
direct consequence, reduced the STAT3-dependenessipn of CXCL1 and CXCL8 chemokines. We
also found that SIRT1 decreased the IL-22-induced 8TAT3-dependent nuclear translocation of
typical markers of keratinocyte proliferation (PCNeyclin D1, and pRB) as well as it increased the
levels of markers of keratinocyte differentiatiddRT1 and loricrin). Since IL-22 exerts a mitogenic
activity in keratinocyte cells [17], we then evak@ if SIRT1 and SOCS3 could also regulate the
cytokine-induced biological effects in cultured &@nocytes. Through the manipulation of SIRT1 and
SOCS3 expression, we found that these moleculessepthe IL-22-mediated proliferation of cultured
keratinocytes. In addition, SIRT1 counteracted d¢ikine-derived wound healing. Since the IL-22-
induced closure of keratinocyte layer was strickipendent on STATS, it is possible that the negativ
effects of SIRT1 on IL-22-induced wound healing &@xplicated through the inhibition of STAT3
acetylation. SIRT1 inhibitory function on prolifénge processes of keratinocytes is consistent with
previous data demonstrating that the enzyme islaibitor of keratinocyte proliferation and an inéuc

of keratinocyte differentiation [42]. The anti-pifelative role of SOCS3 was in line with a previous
work demonstrating that keratinocytes from tranggemce over-expressing SOCS3 show a reduced
migration and proliferatiom vitro [64]. From thdn vivo analysis of SIRT1 expression we found that it
was mainly localized at the basal layer of the epids of both healthy and psoriatic skin, where
keratinocytes have a high mitotic activity. In fa@IRT1 drives proliferative keratinocytes to the
differentiative programs necessary for the fornratad the upper layers of the epidermis. However,
compared to healthy and not lesional psoriatic,stkia expression of SIRT1 was reduced in the basal
layer of lesional epidermis especially at the tpshe epidermal papillae close to the IfNproducing
CD3" T-cell infiltrate. IFNy reduced SIRT1 expression alisovitro and as a consequence it enhanced
STAT3 Lys685 acetylation. Moreover, IFNpretreatment of keratinocyte cultures stronglyasmded
STAT3 phosphorylation in Tyr705 and STAT3-dependgahe expression induced by IL-22. The
amplificatory effect of IFNy on IL-22 signaling in keratinocytes is analogonsghat promoted by TNF-
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a, even if the molecular mechanisms and genes regulay the combination of IL-22 and TNFare
completely different [11]. The specificity of IFiland TNFe effects on IL-22 signaling could depend
on their ability to regulate and activate differenblecular pathways. Concerning STAT3, THNF-
differently from IFNy, did not affect its phosphorylation nor acetylati®ther than potentiating 1L-22
signaling in keratinocytes, IFM-was also able to counteract IL-22-induced dowastreeffects in
keratinocytes. In fact, it could reduce both bamadl IL-22-promoted PCNA nuclear accumulation,
accordingly to its potent anti-proliferative effeat this cell type. Therefore, IFiean either potentiate
or inhibit IL-22 signaling, with this dual effecegending on the IFN-ability to induce, in addition to
STAT3 acetylation, other molecular cascades. Antbege, STAT1 activation, usually associated with
a decrease in proliferation rate in IfPpsensitive cells, could be responsible for the aamt inhibitory
effect of IFNy on IL-22-induced PCNA expression. It would be imtpat to evaluate whether IFN-
has a prevailing role also on IL-22-induced pro&teon in keratinocytes, and whether psoriatic
keratinocytes are less or more sensitive than lineaklls to the anti-proliferative or mitogenic et of
IFN-y and IL-22, respectively. Indeed, previous studliage already shown that psoriatic keratinocytes
aberrantly respond to IFM- whose injection into uninvolved psoriatic skinusas epidermal
hyperplasia and plaque development [65]. The erdthpwliferative response of psoriatic keratinosyte
to IFN-y has been supposed to rely on a reduced activafi@TAT1 signaling and on an altered
expression level of the IFMyeceptor complex in the epidermis of psoriati¢dies compared to healthy
skin [66].

Although, SOCS3 was highly expressed in the epigeoafpsoriatic skin (data not shown), this was not
sufficient to inhibit the detrimental effects trggd by IL-22 and other pathogenetic cytokines in
keratinocytes. Importantly, we have demonstratetl #DCS3 not only exerts protective effects through
the inhibition of STAT3 activation, but it was alsdle to sustain the IL-22-triggered activation of
ERK1/2, which drives pro-survival programs in keratytes and could ultimately contribute to the
expression of the peculiar epidermal thickeningsiriatic skin. The enhancement of the IL-22-indlice
ERK1/2 phosphorylation could be executed by SOCH3lasly to the mechanism described by
Madonnaet al for SOCS1 in IFNy+derived ERK1/2 activation [56]. We think that SC& $rough its
SOCS-Box domain, induced the degradation of Ras-Gia@ activation of Ras and finally the
phosphorylation of ERK1/2.

Taken together these data suggest that the usatiohtars of SIRT1 or molecules able to specifigall

mimic the SOCS3-KIR region, capable to decrease T3l Activation in epidermal keratinocytes, may
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be therapeutically relevant for the treatment afr@sis but also for other skin diseases charaeteriy
aberrant STAT3 activation. The latter include cetaus tumors, such as papilloma and squamous cell
carcinoma, where STAT3 has a role in the tumor ton stage of epithelial carcinogenesis [67].
Indeed, STAT3 inhibition by STAT3 decoy oligonudieles in mice harboring activated STAT3
abrogated the&le novogeneration of tape stripping-induced psoriaticdesiin mice overexpressing
STAT3 in the epidermis as well as the developméntRA-induced skin carcinoma [5, 61, 67]. In
addition, the STATS3 inhibitor STA-21 molecule, antibiotic which blocks STAT3 dimerization and

DNA binding, has been successfully employed inlat gtudy for the treatment of psoriasis [32].
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ABSTRACT IL-22 has a pathogenetic role in psoria-
sis, where it is responsible for the altered proliferation
and differentiation of keratinocytes and induces in-
flammatory molecules. The IL-22-induced effects are
mediated by STAT3, whose activity is proportional to
acetylation in lysine (Lys)685 and phosphorylation in
tyrosine (Tyr)705. Lys 685 acetylation of STATS3 is
inhibited by sirtuin (SIRT)1, a class III deacetylase
promoting keratinocyte differentiation. Due to the op-
posite effects of IL-22 and SIRT1, we investigated
whether IL-22-induced effects in keratinocytes could be
regulated by SIRT1 through control of STAT3. We
found that SIRT1 opposes the IL-22-induced STAT3
activity by deacetylating STAT3 and reducing STAT3
Tyr705 phosphorylation. By controlling STAT3, SIRT1
also influences the IL-22-induced expression of mole-
cules involved in proliferation and inflammation as well
as proliferation and migration processes in cultured
keratinocytes. Although SIRT1 levels were similar in
keratinocytes of healthy individuals and patients with
psoriasis, they were reduced in psoriatic skin lesions,
with the lymphokine IFN-y inhibiting SIRT1 expres-
sion. Concomitantly, IFN-y enhanced basal acetylation
of STAT3 and its phosphorylation induced by IL-22. In
conclusion, STAT3-dependent IL-22 signaling and ef-
fects in Kkeratinocytes are negatively regulated by
SIRT1. In skin affected by psoriasis, SIRT1 is down-
regulated by IFN-y, which thus renders psoriatic kera-
tinocytes more prone to respond to IL-22.—Sestito, R.,
Madonna, S., Scarponi, C., Cianfarani, F., Failla, C. M.,
Cavani, A., Girolomoni, G., Albanesi, C. STAT3-depen-
dent effects of IL-22 in human keratinocytes are
counterregulated by sirtuin 1 through a direct inhibi-
tion of STAT3 acetylation. FASEB J. 25, 000-000
(2011). www.fasebj.org

Key Words: class III histone deacetylase (HDAC) « post-trans-
lational modification * psoriasis * skin inflammation + IFN=y

IL-22 1S A MEMBER OF THE IL-10 family preferentially
produced by a subset of T-helper (Th)1 and Th17 cells
(1, 2), and by the recently identified Th22 subset (3-5).

0892-6638/11/0025-0001 © FASEB

IL-22 acts through a heterodimeric receptor containing
the IL-10 receptor (R)2 and IL-22R1 chains (6). IL-
10R2 is widely expressed on immune cells, whereas
IL-22R1 expression is restricted to nonhematopoietic
cells, such as epidermal keratinocytes and epithelial
cells of the gastrointestinal tract and the lung (7, 8).
IL-22 has been considered as a key cytokine in psoriasis,
an immune-mediated skin disease characterized by a
marked epidermal hyperplasia associated with altered
keratinocyte differentiation (9-11). In psoriasis, 1L-22
mediates keratinocyte proliferation, inhibits keratino-
cyte terminal differentiation, and stimulates the pro-
duction of antimicrobial peptides and chemokines (9—
11). STATS3 is the principal mediator of IL-22 signaling
(9); its levels are increased in psoriatic epidermis, and
overexpression of STAT3 in keratinocytes determines a
psoriatic phenotype in transgenic mice (12). STAT3
activation requires STAT3 phosphorylation in Tyr705
and in Ser727 residues (13), and can be counterregu-
lated by the suppressor of cytokine signaling (SOCS)3
in a classic feedback loop (14). Notably, STAT3 activa-
tion is proportional to acetylation in Lys685 residue,
since this post-translational modification is required for
phosphorylation in Tyr705 (15). Acetylation of STAT3
relies on a tight balance between acetylation and
deacetylation performed primarily by p300 acetylase
and histone deacetylase (HDAC) enzymes, respectively
(15). In particular, SIRT1, the best characterized mem-
ber of class III HDACs, mediates deacetylation of the
STAT3 Lys685 site and, in turn, negatively regulates
STATS3 phosphorylation in Tyr705 (16). Recently, it has
been shown that SIRTI is an important inducer of
keratinocyte differentiation and inhibitor of keratino-
cyte proliferation (17). These SIRT1-mediated effects
are specific of keratinocytes and are not shared by other
cell types, such as white adipocytes and myocytes, where
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Monti di Creta, 104, 00167 Rome, Italy. E-mail: c.albanesi@
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SIRT1 overexpression counteracts differentiative pro-
cesses (18, 19).

Due to the opposite effects of 11-22 and SIRT1 in
keratinocytes, we investigated whether IL-22-induced
molecular signaling, gene expression, and proliferation
could be regulated by SIRT1 through direct control of
STAT3 acetylation and phosphorylation. Specifically,
we analyzed the effects of SIRT1 on IL-22-regulated
expression of genes involved in proliferation, innate
immunity, and inflammation, and genes typical of
initial and terminal epidermal differentiation, with a
particular interest in STAT3-dependent genes. We
found that SIRT1 opposed STAT3 activation and
STAT3-dependent effects of IL-22 on keratinocytes, by
deacetylating STAT3 and reducing STAT3 phosphory-
lation in Tyr705. Although SIRT1 levels were similar in
cultured keratinocytes isolated from skin of healthy
individuals and patients with psoriasis, they were re-
duced in vivo in the epidermal papillae of psoriatic
lesions, especially in areas closer to the inflammatory
CD3" T-cell infiltrate. It is worth noting that IFN-y,
mostly released by Thl cells infiltrating psoriatic skin,
inhibited SIRT1 expression and, concomitantly, en-
hanced STAT3 Lys685 acetylation and phosphorylation
in Tyr705, rendering keratinocytes more prone to
express IL-22-inducible genes.

MATERIALS AND METHODS
Tissue samples

For immunohistochemistry, 4mm punch biopsies were taken
from lesional (LS) skin of adult patients with chronic plaque
psoriasis (n=6) and from normal skin of healthy subjects
undergoing plastic surgery (n=4). For patients with psoriasis,
a skin biopsy from nonlesional (NLS) skin distant from the
plaques was also taken. Keratinocyte cultures were established
from 6-mm biopsies obtained from both involved and unin-
volved skin of patients with psoriasis (n=6) and from healthy
control subjects (n=8). T-cell clones were established from
the peripheral blood of 3 patients with psoriasis. The study
was approved by the Ethical Committee of the IDI-IRCCS
(Rome, Italy).

Immunohistochemistry

Cryostatic sections were incubated with monoclonal antibod-
ies (mAbs) against SIRT1 (E104; 1:100 dilution; Abcam,
Cambridge, UK) or CD3 (1:20 dilution; BD-Pharmingen,
Franklin Lakes, NJ, USA). Secondary biotinylated mAbs and
staining kits (Vector Laboratories, Burlingame, CA, USA)
were used to develop immunoreactivity. Figures depict one
experiment that is representative of all the patients investi-
gated.

Keratinocyte cultures and treatments

Primary cultures of human keratinocytes were obtained from
skin biopsies, as described previously (20). Keratinocyte cul-
tures were grown in serum-free keratinocyte growth medium
(KGM; Clonetics, Walkersville, MD, USA), for =3-5 d (at
60-80% confluence) before performing experiments. Stim-
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ulations with 50 ng/ml IL-22, 200 U/ml IFN-y, 50 ng/ml
TNF-a, or 50 ng/ml IL-17 (all from R&D Systems, Minneap-
olis, MN, USA) were performed in keratinocyte basal medium
(KBM, Clonetics). Subconfluent cultures were also stimulated
with supernatants from Th1 clones or RPMI medium diluted
1:3 in KBM. Terminal differentiation of keratinocyte cultures
was achieved by growing cells at 100% of confluence (,) and,
thus, keeping them in culture for another 4 d. Keratinocytes
undergoing differentiation were also cultured in the presence
of 11.-22 and/or IFN-y.

Preparation of supernatants from T-cell clones obtained
from patients with psoriasis

CD4™" T-cell clones were obtained from peripheral blood of
patients with psoriasis, as described previously (21). Cells
were periodically stimulated with 1% phytohemagglutinin
(Invitrogen, Carlsbad, CA, USA), and were activated with
plate-coated anti-CD3 and soluble anti-CD28 (both at 1
pg/ml). Clone supernatants were assayed for IFN-y, TNF-a,
IL-17, IL-22, and IL-4 content with a commercially available
ELISA kit (R&D Systems). Clones were classified depending
on their cytokine profile, and supernatants of Thl clones
containing levels of IFN-y > 20 ng/ml were used on keratino-
cyte cultures.

RNA isolation and real-time polymerase chain
reaction (PCR)

Total RNA was extracted using the TRIzol reagent (Invitrogen),
and analyzed by real-time PCR. The expression of CXCLS,
CXCLI, SOCS3, SOCS1, S100A7, HBD-2, STAT3, STATI,
SIRT1, and B-actin mRNA were evaluated in the ABI Prism SDS
7000 PCR instrument (Applied Biosystems, Branchburg, NJ,
USA), using SYBR Green PCR reagents or Tagman PCR Master
Mix. The forward and reverse primers employed for real-time
PCR were as follows: for CXCL8, 5-GCTGGCTTATCTTCAC-
CATCATG-3" and 5'-TTATTTTTTTTCAGTTAATTAACAGAT-
GCTATCAT-3'; for SOCS3, 5'-AAGGACGGAGACTTCGAT-
TCG-3" and 5'-AAACTTGCTGTGGGTGACCAT-3'; for SOCSI,
5" TTTTTCGCCCTTAGCGTGA-3" and 5-AGCAGCTCGAA-
GAGGCAGTC-3'; for STAT3, 5'-GGCGTCACTTTCACTT-
GGGT-3' and 5-CCACGGACTGGATCTGGGT-3'; for STATI,
5'-TTGCTTGGATCAGCTGCAGA-3" and 5'-GCTGCA-
GACTCTCCGCAACTA-3'; for SIRTI1, 5-GCTGGCCTAATA-
GAGTGGCAA-3" and 5'-CTCAGCGCCATGGAAAATG-3', for
B-actin, 5'-CATCGAGCACGGCATCGTCA-3' and b5'-
TAGCACAGCCTGGATAGCAAC-3'. The sequences of the
primers and internal probe for HBD-2 mRNA have been previ-
ously described (22). Primers for CXCL1 and S100A7 were
provided by Applied Biosystems (Hs00236937 and Hs00161488,
respectively). The levels of gene expression were determined by
normalizing to B-actin mRNA expression. The values obtained
from triplicate experiments were averaged, and data are pre-
sented as means = SD.

Flow cytometry analysis

Keratinocyte expression of membrane intercellular adhesion
molecule (ICAM)-1, major histocompatibility complex (MHC)
class T and II was evaluated using FITC-conjugated anti-CD54
(84H10; Immunotech, Marseille, France), anti-HLA-ABC (G46-
2.6; BD-Pharmingen) and anti-HLA-DR (L.243; BD-Pharmin-
gen) mAbs. Cells were analyzed with a FACScan equipped with
Cell Quest software (Becton Dickinson, Mountain View, CA,
USA).
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Western blot analysis

Total proteins and cytosolic and nuclear extracts were pre-
pared as previously reported (20), and subjected to SDS-
PAGE. Western blotting filters were developed using the
ECL-plus detection system (Amersham, Dubendorf, Switzer-
land) or the SuperSignal West Femto kit (Pierce, Rockford,
IL, USA). The Abs employed for the study were as follows:
anti-PCNA (PC10), anti-cyclin D1 (DCS-6), anti-phospho-RB
(Ser795), anti-lamin A/C (346), anti-a-tubulin (B-7), anti-3-
actin (C-11), anti-phospho-STAT3 (Ser727), anti-STAT3 (C-
20), anti-phospho-STAT1 (Tyr701), anti-STAT1 (E-23), anti-
phospho-ERK1/2 (E-4), anti-ERK1/2 (C16), and anti-SIRT1
(H-300), all provided by Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-KRT1, anti-KRT5, anti-KRT14, and
anti-loricrin Abs were from Covance (Emeryville, CA, USA),
whereas anti-phospho-STAT3 (Tyr705) and anti-acetyl-STAT3
(K685) were from Cell Signaling Technology (Danvers, MA,
USA). Finally, anti-FLAG (M2) and anti-SIRT7 (RB1973)
were purchased from Sigma-Aldrich (Saint Louis, MO, USA)
and Abgent (San Diego, CA, USA), respectively.

Transient RNA interference, transfections, and luciferase
assay

STATS3, SIRT1, and SIRT7 were knocked down by using a pool
of 4 small short interfering (si)RNAs (ON-TARGET plus SMART-
pool, Dharmacon RNA Technology, Lafayette, CO, USA). In
parallel, a pool of 4 nontargeting siRNAs was used as negative
control. Primary cultures were transfected with STAT3, SIRT1,
SIRT7, or irrelevant siRNA using Interferin reagent (Polyplus

A

3 B

CXCL8 mRNA
normalized to f-actin
CXCL1 mRNA
normalized to f-actin
HBD-2 mRNA
normalized to f-actin
2

ﬂﬂﬂﬂﬂ sl

Transfection, New York, NY, USA). After 2 d of mRNA silencing,
keratinocytes were treated with different stimuli. Cultured kera-
tinocytes grown in 12-well plates were transiently transfected
with the STAT3-responsive plasmid pLucTKS3 (a generous gift
of Prof. J. Turkson, University of Central Florida, Orlando, FL,
USA) by using Lipofectin reagent (Invitrogen). After transfec-
tion, cells were stimulated with IL-22, and Firefly luciferase
activity was measured using the Dual-Glo Luciferase Assay Sys-
tem (Promega, Madison, WI, USA). pRL-null plasmid encoding
the Renilla luciferase was included in each transfection. For
dose-response experiments with pcDNA3-hSIRT1-FLAG (kindly
provided by Prof. F. Ishikawa, Kyoto University, Kyoto, Japan),
cells were transfected with pLucTKS3 plasmid and pRL-null
vector, using the pcDNA3.1 plasmid as negative control. STAT3-
driven luciferase activity of pLucTKS3 plasmid was also assayed
in cultured keratinocytes transfected with SIRT1 siRNA.

Crystal violet assay

Cells (2X10*%) were seeded in 96-well plates, and, the day after,
starved in KBM. Culture stimulation with I1-22 was conducted
either in the presence or absence of 10 uM Ex-527 or 40 pM
resveratrol (both from Sigma-Aldrich). SIRT1-silenced cells were
also used in some experiments. After 2—4 d of treatment, cells
were stained with 0.5% crystal violet, whose incorporation was
measured at 540 nm in an ELISA reader (model 3550 UV ELISA
reader; Bio-Rad, Hercules, CA, USA).

Scratch wound healing assay

Keratinocytes were STAT3 or SIRT1 silenced, grown at 100% of
confluence, and then scratched with the tip of a p-200 pipette to
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expression were evaluated by real-time PCR analysis
of samples untreated or stimulated with IL-22 (50
ng/ml), and normalized to B-actin mRNA. B) PCNA,
cyclin D1, and pRB levels were evaluated by Western
blotting in cytosols or nuclei prepared from keratin-
ocytes either treated or not with IL-22. Proper frac-

tionation of nuclei and cytosols was verified by analyzing lamin A/C and tubulin expression, respectively. Graphs represent
densitometric analyses of nuclear PCNA, cyclin D1, and pRB. Data are expressed as mean * sp fold induction (F.I.), calculated
relative to the untreated samples ({,), which were given a value of 1. C) Keratinocyte cultures were grown at 100% of confluence
(#) and left in culture for another 4 d in presence or absence of IL-22. Total lysates were analyzed by Western blotting using
anti-KRT1, anti-KRT5, anti-KRT14, or anti-loricrin Abs. Graphs represent densitometric analyses of total KRT1, KRT5, KRT14,
and loricrin normalized to B-actin signals. D) Total STAT3, STAT3 phosphorylated in Tyr705 and in Ser727, total STAT1, STAT1
phosphorylated in Tyr701, total ERK1/2, and ERK1/2 phosphorylated in Tyr204 were detected by Western blotting.
Immunoblot stainings are representative of 3 independent experiments performed on 3 different keratinocyte strains.

*P < 0.05; #*¥P < 0.01.
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create a uniform cellfree zone. Wounded monolayers were
either incubated or not with 30 ng/ml IL-22. Microscopy pic-
tures were taken with a digital camera at different time points
following IL-22 treatment. The residual gap between migrating
keratinocytes was measured with a computer-assisted image
analysis system (Axiovision; Zeiss, Oberkochen, Germany), and
expressed as percentage of the initial scratched area.

Densitometry and statistical analysis

Phospho-STAT?3, acetyl-STAT3, PCNA, cyclin D1, pRB, KRT1I,
KRT5, KRT14, loricrin, and phospho-ERKI/2 immunoblots
were subjected to densitometry using an imaging densitometer
(GS-670; Bio-Rad). The significance of differences between
densitometric values was determined by Wilcoxon’s signed rank
test (SigmaStat; Jandel, San Rafael, CA, USA). This test was also
used to calculate the significance of differences between kera-
tinocytes transfected with irrelevant and SIRT1-specific siRNAs
as well as between cultures transfected with SIRT1-encoding and

control plasmids in luciferase assays. Comparison of CXCLS,
CXCL1, S100A7, HBD-2, and SOCS3 expression between kera-
tinocytes transfected with irrelevant and SIRT1- or STAT3-
specific siRNA, and of SIRT1 mRNA levels between untreated
and cytokine-stimulated cultured cells was performed. Signifi-
cant differences were also calculated for scratched cultures of
keratinocytes. Values of P = (.05 were considered significant.

RESULTS

Main mediator of IL-22-induced effects in human
keratinocytes is STAT3

IL-22 controls several biological processes in keratino-
cytes, including proliferation, differentiation, migra-
tion, and production of molecules involved in the
innate immune responses (23, 24). Our study of gene
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Figure 2. Majority of IL-22-regulated molecules in keratinocytes are STAT3-dependent. A) Keratinocyte cultures were
transfected with siRNA specific for STAT3 or irrelevant siRNA (NC). After 48 h transfection, cells were stimulated with IL-22 or
not for the indicated time periods. Analyses of STAT3 and STAT1 protein accumulation or mRNA expression were performed
by Western blotting or real-time PCR, respectively. B) CXCL8, CXCL1, HBD-2, S100A7, and SOCS3 mRNA expression were
analyzed in samples silenced for STAT3 or treated with NC siRNA. C) Western blotting of nuclei and cytosols served to study
PCNA, cyclin D1, and pRB protein accumulation in untreated or IL-22-stimulated keratinocytes transfected with irrelevant and
STAT3-specific siRNA. Graphs represent densitometric analyses of nuclear PCNA, cyclin D1, and pRB. D) STAT3-silenced
keratinocyte cultures undergoing terminal differentiation (4 d) either activated or not with IL-22 were studied for KRT1, KRT5,
KRT14, and loricrin expression by Western blotting. Graphs show densitometric values of KRT1, KRT5, KRT14, and loricrin.
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and protein expression regulated by IL-22 in cultured
human keratinocytes extended previous analyses (23,
24) and showed that IL-22 was able to up-regulate
mRNA expression of CXCLS8, CXCL1, HBD-2, and
S100A7, with significant levels of induction at late time
points of stimulation (24-48 h; Fig. 1A4). 1L-22 also
induced high amounts of SOCS3, which was rapidly
induced (1 h), but did not affect SOCS1 mRNA expres-
sion. In parallel, we found that IL-22 could not regulate
the membrane expression of ICAM-1, MHC class I and
IT molecules, induced by IFN-y and TNF-a (data not
shown). Although IL-22 is considered a potent inducer
of epidermal hyperplasia in pathological conditions,
little information exists about its effect on the induc-
tion of molecules controlling keratinocyte prolifera-
tion. To this end, IL-22-treated keratinocytes were
analyzed for the expression of proteins inducing cell
cycle progression and, thus, essential for cell prolifera-
tion (25). As shown in Fig. 1B, IL-22 maintained high
nuclear levels of PCNA, cyclin D1 and pRB after 9 and
24 h, as compared to untreated cultures, which showed
a decreased expression at these time points. In parallel,
IL-22 could block the down-regulation of KRT5 and
KRT14, two cytokeratins typical of proliferating keratino-
cytes, in cultures undergoing terminal differentiation
(4 d of growth after confluence; Fig. 1C). Vice versa,
IL-22 inhibited the expression of KRTI, a structural
protein highly present in keratinocytes committed to
terminal differentiation (Fig. 1C). IL-22 also potently
decreased the protein accumulation of loricrin, which
is a component of the cross-linked cell envelope in the
uppermost layers of the epidermis (Fig. 1C). The
analysis of IL-22-induced molecular cascades demon-
strated that STAT3 signaling was rapidly induced in
primary cultures of keratinocytes, and, in particular,
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STAT3 phosphorylation in Tyr705 was observed after
15-30 min of treatment with IL-22 (Fig. 1D). STAT3
phosphorylation in Ser727 residue, constitutively de-
tected in keratinocytes, was also enhanced by IL-22,
showing a peculiar biphasic kinetics (Fig. 1D). IL-22 did
not affect STAT1 activation but significantly induced
extracellular signal-regulated kinase (ERK)1/2 phos-
phorylation after 30 min of treatment (Fig. 1D).

To determine whether STAT3 expression and activa-
tion influenced the IL-22-induced regulation of CXCLS,
CXCL1, HBD-2, S100A7, SOCS3, and of the proteins
associated to keratinocyte proliferation and differentia-
tion, STAT3 mRNA silencing was performed in IL-22-
activated or untreated keratinocyte cultures (Fig. 2A).
Following silencing of STAT3 mRNA, keratinocytes were
not able to up-regulate SOCS3 mRNA in response to
IL-22 treatment, but continued to express HBD-2 and
S100A7 (Fig. 2B). In parallel, CXCL8 and CXCL1 were
only slightly induced by IL-22, indicating that STAT3
positively regulates these genes, but other mechanisms
can control their expression. In addition, considering the
delayed kinetics of CXCL8 and CXCLI induction by
IL-22, it is plausible that the STAT3 effect on these genes
was indirect. Also, the nuclear accumulation of PCNA,
cyclin D1, and pRB proteins observed after 24 h of
incubation with IL-22 was significantly dependent on
STAT3 expression (Fig. 2C). The negative effect of 11.-22
on KRTT1 expression did not occur when cells were STAT3
depleted (Fig. 2D). Similarly to KRT1, loricrin expression
substantially increased in keratinocytes silenced for
STATS3 (Fig. 2D), suggesting that STAT3 acts as a repres-
sor of these molecules. On the contrary, the modulation
of KRT5 and KRT14 expression by IL-22 treatment was
independent from STAT3 (Fig. 2D). STAT3 mRNA and
protein silencing by siRNA in keratinocytes was substantial

Figure 3. I[-22-induced STAT3 phosphorylation
in Tyr705 and activity is counterregulated by
SIRT1. A) Keratinocyte cultures were transfected
with SIRTI-specific or irrelevant siRNA. After
48 h transfection, cells were stimulated with 11.-22
or not, as indicated. Analyses of STAT3 phosphor-
ylated in Tyr705 (pY-STAT3) and in Ser727 (pS-
STAT3), total STATS, total ERK1/2, and ERK1/2
phosphorylated in Tyr204 were performed by
Western blotting. Densitometries of blots relative
to pY-STAT3, pS-STAT3, and phosphorylated
ERKI1/2 are shown. B) Keratinocytes were treated
with irrelevant siRNA or with siRNA specific for
SIRT1, at 3 or 30 nM concentrations. Cells were
then transiently transfected with pTKS3-Luc re-
porter plasmid and stimulated with I1-22. Effects
of SIRT1 depletion on the STAT3-responsive
plasmid were evaluated by assaying luciferase ac-
tivity. C) Cultured keratinocytes were cotrans-
fected with increasing amounts (0-2 pg/well) of
pcDNA3.1 (open bars) or pcDNA3-hSIRT1-FLAG
(solid bars), and of 0.5 pg pTKS3-Luc reporter
plasmid; 3 independent experiments. Data are
expressed as means * sp of Firefly luciferase
values normalized to Renilla luciferase and micro-
grams of total proteins. *P < 0.05; **P < 0.01.

B SIRT1 plasmid
1 peDNA 3.1 plamid



and specific since STAT1 expression was unchanged (Fig.
2A). In summary, these data indicated that the majority of
the IL-22-induced effects in human keratinocytes were
mediated by STAT3 signaling.

SIRT1 opposes STAT3 activation and
STAT3-dependent gene expression regulated by
IL-22 in keratinocytes through the inhibition of
STAT?3 acetylation in Lys685

STAT3 is tightly regulated at the post-translational
level, and, in particular, its acetylation in Lys685 is
indispensable for the phosphorylation in Tyr705 and
trans-activating function (15). Lys 685 acetylation of
STAT?3 can be, in turn, inhibited by SIRT1, which is also
known to reduce proliferation and promote terminal
differentiation of epidermal keratinocytes (16, 17).
Therefore, we hypothesized that SIRT1 could oppose

IL-22 signaling and effects on keratinocytes by inhibit-
ing STAT3 acetylation in Lys685 and, thus, STAT3
phosphorylation and function. To this end, we manip-
ulated SIRT1 expression by RNA silencing and ana-
lyzed STAT3 phosphorylation and activation after IL-22
treatment. SIRT1-silenced cells showed a significant
up-regulation of STAT3 phosphorylation in Tyr705
residue compared to cells transfected with irrelevant
siRNA (Fig. 34). In contrast, SIRT1 depletion did not
affect the phosphorylation in Ser727 of STATS3 nor the
activation of STATI1 and ERK1/2 (Fig. 3A). In addition,
the analysis of STAT3 activity in IL-22-treated SIRT1-
silenced keratinocytes transfected with a STAT3-re-
sponsive plasmid, pLucTKS3, revealed that SIRT1 neg-
atively regulates STAT3 activity (Fig. 3B). On the
contrary, SIRT1 overexpression by transfection with a
human SIRT1-endoding plasmid dose-dependently in-
hibited the pTKS3 luciferase activity (Fig. 3C). These

*

A £ 30 £ 35 | £
< < <
E (g 5 g 3.0 > 3 6
£ o = o 25 né o 5
2.0 4
s - k=]
25 o8 s Ak
Q © g © 10 mE 2
OE O E o5 | | TE,
o o : o
< 00 < 00 <o
IL-22 (48 h): _ - IL-22 (48 h): - - * IL-22 (48 h):
NC siRNA SIRT1 siRNA NC siRNA SIRT1 siRNA NC siRNA SIRT1 siRNA
£ 7 E s e
< © B I—l
S3s $3
X < 5 o [-=18
E.Q E2
~ 3 o
Z 8- 2 g 3.0
1B 5
» £ 1 o £
5, 1 5,11 1
IL-22 (48 h): + + IL-22 (1 h): - + - +
NC siRNA SIRT1 siRNA NC siRNA SIRT1 siRNA
B (o4 .
-
254
N Aé Ad o Aé Ad 8 204
L-22: - -+ - -+ 82 45
. i
IL22 (24 hy, - + -+ . . —— -—-| KRT1 22
2 cC 05
E~ o
cytosoll - e e e IPCNA g; : |— — — — e —| B-actin 8> 00
= —
2 o 2 60 -
nuclei l - - IPCNA [ . o 50
(T3] E A
[s] o = 404
. ~ EL 304
| — | 9
» o = ' ‘ Loricrin G £ 20
cytosol’: = s = ‘cyclm D1 §2 . — TN\ 85 10
EL © ——————|B-actin 07 ol
0
nuclei‘ — —— —.‘cyclin D1 2% 1 e
0> s o
0~ o =
©Z 1.0
o 3 g : gu”-'
. |——--—-|KRT5 22 os)
cytosol pRB g_; i 55
w
sY [=— =—— —— == —— =] p-actin © ool
nuclei \—_ — - em— |FJRB 2% oy
)
a” e
L2224 h): -+ -+ EE 104
cytosol | | lamin A/C —_— — 5%
NC siRNA SIRT1 siRNA |-——‘---| KRT14 3£ os-
nuclei | =& =& /& =/ ]Iamin A/IC 55
cytosol | — | tubulin [ ————— (_actin O L " "
s B bl NCSiRNA  SIRT1 siRNA S 20 20 O 50 5o
NC siRNA SIRT1 siRNA NC siRNA SIRT1 siRNA

Figure 4. SIRT1 counteracts IL-22-regulated STAT3-dependent gene expression in keratinocytes. Keratinocyte cultures were
transfected with SIRT1-specific or irrelevant siRNA, and then stimulated with IL-22 or not, as indicated. A) CXCL8, CXCLI,
HBD-2, S100A7, and SOCS3 were analyzed by real-time PCR. B) PCNA, cyclin D1, and pRB were analyzed by Western blotting.
C) KRT1, KRT5, KRT14, and loricrin proteins were also analyzed in keratinocytes committed to terminal differentiation. Graphs
show densitometric values of PCNA, cyclin D1, pRB, KRT1, KRT5, KRT14, and loricrin staining on blots. Western blots are
representative of 3 independent experiments performed on 3 different keratinocyte strains. *P < 0.05; **P < 0.01.
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results led us to investigate the possible role of SIRT1 in
regulating the expression of STAT3-dependent genes
induced by IL-22 in keratinocytes. SIRT1 silencing in
IL-22-treated keratinocytes strongly up-regulated SOCS3
mRNA expression (Fig. 44). CXCL8 and CXCLI expres-
sion also increased in SIRT1-depleted keratinocytes com-
pared to control cells (Fig. 4A). As expected, HBD-2 and
S100A7 gene expression, which were not STAT3-depen-
dent, were not influenced by SIRTT1 silencing (Fig. 4A).
Consistently, SIRT1-depletion enhanced the positive ef-
fect of IL-22 on PCNA, cyclin D1 and pRB nuclear
translocation, which occurred in a STAT3-dependent
manner (Fig. 4B). SIRTlsilencing also determined a
marked reduction of KRT1 and loricrin expression in
keratinocytes undergoing differentiation, in agreement
with previous findings (17) (Fig. 4C). Of note, SIRT1
depletion reinforced the inhibitory effect of 1L-22 on
KRT1 expression (Fig. 4C). Finally, KRT5 and KRT14
up-regulation by IL-22 in keratinocytes undergoing
differentiation in vitro, an event found to be indepen-
dent from STAT3 (Fig. 2D), was not affected by
SIRT1 silencing (Fig. 4C).

The finding that SIRTI1 opposes IL-22 effects by
counteracting STAT3 phosphorylation in Tyr705 led us
to investigate the capability of SIRTI to modulate
STAT3 acetylation. We first analyzed STAT3 acetylation
in Lys685 by Western blotting in keratinocytes un-
treated or activated with IL-22. STAT3 acetylation was
constitutive and not modulated by IL-22 (Fig. 5A).
When keratinocytes were depleted of SIRTI, Lys685
constitutive acetylation of STAT3 was significantly en-
hanced compared to control cells, as assessed using
different keratinocyte strains (n=3) and in indepen-
dent experiments of silencing (3 representative exper-
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Figure 5. SIRT1 opposes STAT3 acetylation in Lys685. A)
STATS acetylation in Lys685 was analyzed by Western blotting
performed on untreated or I[-22-activated keratinocytes. Blots
are representative of 3 independent experiments. B) STAT3
acetylation was also studied in keratinocytes transfected with
siRNAs specific for SIRT1 or SIRT7, and compared to NC.
Results are representative of 6 independent experiments.
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iments are shown in Fig. 5B). The effect of SIRTI was
specific since SIRT7, another sirtuin family member,
did not influence STAT3 acetylation in Lys685 (Fig.
5B). Collectively, these data demonstrated that SIRT1
negatively modulates STAT3 capability to control the
expression of molecules regulated by IL-22 by inhibit-
ing Lys685 acetylation of STAT3 and, thus, its phos-
phorylation in Tyr705.

IL-22-induced keratinocyte proliferation and
migration is counteracted by SIRT1

To further clarify the role of SIRT1 in the control of
IL-22-induced keratinocyte proliferation, we manipulated
SIRT1 function and expression by using chemical modu-
lators of SIRTT or through RNA interference, respectively,
and performed functional in wvitro assays measuring the
keratinocyte proliferative rate. Crystal violet tests on ker-
atinocyte cultures treated with Ex-527, a specific inhibitor
of SIRT1 enzymatic activity, or with resveratrol, a polyphe-
nol stimulating SIRT1 deacetylase function, showed that
SIRT1 significantly opposed IL-22-induced keratinocyte
proliferation (Fig. 64). Consistently, SIRT1-silenced kera-
tinocytes proliferated more actively in response to IL-22
compared to cells transfected with irrelevant siRNA (Fig.
64, bottom graph). Our previous findings showed that
IL-22 promoted wound healing in an in vitro injury model
(5). Therefore, we tested SIRT1 ability to counteract IL-22
also in this system, and found that SIRT1 silencing in
keratinocytes greatly enhanced IL-22-induced wound
healing 2 d after scratching (Fig. 6B). Since the IL-22-
induced closure of keratinocyte layer was strictly STATS3-
dependent, as assessed by mRNA interference of STAT3
(Fig. 6B), it is likely that the negative effects of SIRT1 on
IL-22-induced wound healing occurred through STAT3
inhibition.

SIRT1 expression in keratinocytes is down-regulated
in psoriatic skin and, in vitro, on IFN-y exposure

STAT3 activity is enhanced in skin affected by psoriasis,
especially in response to IL-22, and is responsible for the
hyperproliferation and altered differentiation of the pso-
riatic epidermis (12). Since SIRT1 efficiently controls
IL-22-induced activity of STATS3 in keratinocytes, we asked
whether SIRT1-STAT3 interplay in psoriasis could be
deregulated. Therefore, we first analyzed SIRT1 expres-
sion levels in keratinocyte strains obtained from patients
with psoriasis, and compared them with keratinocytes
isolated from skin of healthy individuals. Keratinocyte
cultures were prepared from LS and NLS skin biopsies
obtained from the same donor. As shown in Fig. 74,
patients with psoriasis and healthy donors showed similar
SIRT1 levels, mainly localized in the cytosol, as assessed by
Western blotting. Immunohistochemistry analysis con-
firmed that SIRT1 was cytosolic and uniformly expressed
in keratinocytes of the basal layer of the epidermis (Fig.
7Bi—iii). The pattern of SIRT1 expression was identical in
healthy and NLS psoriatic skin (Fig. 7B;, i), which showed
also few infiltrating CD3" T cells (Fig. 7Biv, v). Con-
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Figure 6. Positive effects of
IL-22 on keratinocyte prolifer-
ation and migration are coun-
teracted by SIRT1. A) Prolifer-
ation of keratinocytes treated
with 10 pM Ex-527 or 40 pM
resveratrol either in presence
or absence of I1-22 was pro-
portional to crystal violet incor-
poration. Crystal violet assay was
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cytes transfected with SIRT1 or
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with IL-22. Crystal violet incor-
poration was measured with an
ELISA reader after 2 d of culture
and is expressed as fold induc-
tion of treated vs. untreated sam-
ples, which were given a value of

1. #*P < 0.05; #*P < 0.01. B) Scratch assays were carried out on keratinocytes silenced for STAT3 (STAT3si) or SIRT1 (SIRT1si)
or treated with irrelevant siRNA (NGsi), and incubated or not with 30 ng/ml IL-22 for 48 h. Residual gap between migrating
keratinocytes is expressed as percentage of initial scratched area. *P < 0.01 vs. NCsi samples; *#P < 0.01 vs. IL-22-treated NCsi

samples.

versely, basal keratinocytes of LS psoriasis exhibited a
reduced and less intense SIRT1 staining if compared to
healthy and NLS skin, especially at the tips of the epider-
mal papillae close to the CD3™ T cell infiltrate (Fig. 7Biii,
vi). Since T cells infiltrating psoriatic lesions produce very
high amounts of IFN-y (i.e, Thl, Thl/Thl7 and T
cytotoxic cells), we hypothesized that SIRT1 decrement in
LS psoriatic keratinocytes could be due to local T-cell-
derived IFN-y. Indeed, treatment of keratinocyte cultures
with supernatants obtained from Thl clones releasing
high amounts of IFN-y (25-35 ng/ml/ 10° cells) reduced
SIRT1 protein expression (Fig. 7C). Keratinocyte treat-
ments with recombinant cytokines typically present in
psoriatic skin confirmed that only recombinant IFN-y,
and not TNF-o, IL-17, or IL-22, could reduce SIRT1
mRNA and protein expression in human keratinocytes
(Fig. 7C). As a whole, these data demonstrate that al-
though SIRT1 is expressed at comparable levels in kera-
tinocytes from patients with psoriasis and healthy individ-
uals, it is down-regulated in psoriatic epidermis, likely as a
result of the local overexpression of IFN-y.

IFN-y up-regulates basal STAT3 acetylation, thus
reinforcing the IL-22-induced STAT3 phosphorylation
and downstream effects in keratinocytes

To see whether the reduced SIRT1 expression by IFN-y
could result in an increase of STAT3 acetylation and,
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thus, in enhanced STAT3 phosphorylation in response
to IL-22, we performed Western blotting experiments
on keratinocyte cultures prestimulated with IFN-y or
TNF-, and then activated with I1-22. As shown in Fig. 84,
IFN-y significantly enhanced basal STAT3 acetylation
in Lys685 (lane 2 ws. 1) as well as the IL-22-induced
phosphorylation of STAT3 in Tyr705, as compared to
treatment with 11.-22 alone (lane 5 vs. 4). The effect was
specific for IFN-y since TNF-a could not regulate
neither basal STAT3 acetylation (Fig. 84, lane 3 vs. 1)
nor IL-22-induced STAT3 phosphorylation (Fig. 8A,
lane 6 vs. 4). Accordingly, SIRT1 silencing in keratino-
cytes further enhanced the IFN-y-induced acetylation
in Lys685 of STAT3 (Fig. 84). Concomitantly to the
up-regulation of IL-22-induced STAT3 phosphoryla-
tion, IFN-y strengthened IL-22-promoted downstream
effects. In particular, IFN-y significantly enhanced IL-
22-induced expression of CXCL8, CXCLI, and SOCS3
mRNA (Fig. 8B), as well as IL-22-inhibited accumula-
tion of KRT1 (Fig. 8D). Interestingly, nuclear PCNA was
strongly reduced by IFN-y (Fig. 8C), which notoriously
exerts an antiproliferative effect on keratinocytes (26).

DISCUSSION

Epidermal keratinocytes of psoriatic skin are character-
ized by activated STAT3, and increased levels of cyto-
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Figure 7. SIRT1 expression is down-regulated in
vivo in psoriasis lesions and in vitro by T-cell-derived
IFN-y. A) Cultured keratinocytes were prepared
from healthy skin or from biopsies taken from
uninvolved (NLS KC) or involved (LS KC) psoriatic
skin. SIRT1 protein level was detected in total (top
panel) or fractionated (bottom panel) lysates of
keratinocytes; 3 of 6 representative psoriatic and
healthy keratinocyte strains are shown. B) Immu-
nohistochemistry for SIRT1 and CD3 (both stained
in red) was performed on frozen sections from

biopsies of psoriatic skin including LS (i, v), and NLS (#, vi) areas of plaques. Healthy skin was also analyzed (¢, ).
Immunoreactivity was revealed by using 3-amino-9-ethylcarbazole as substrate. Arrows (i) indicate area of epidermal
papillae where SIRT1 staining was reduced. Representative stainings of 6 psoriatic sections analyzed are shown. C) Western
blotting of SIRT1 performed on keratinocyte cultures after 24 h activation with diluted (1:3) supernatants derived from 3
Thl clones (AC1.36, FN2.26, and RS3.7) that produce high amounts of IFN-y (25-35 ng/ml/lO6 cells). Thl clones were
prepared from peripheral blood of patients with psoriasis; and supernatants were collected after 48 h activation with
anti-CD3 and anti-CD28. Alternatively, SIRT1 expression was analyzed by real-time PCR or Western blotting in samples
activated with recombinant IFN-y, TNF-a, IL-17 or IL-22 (right panel). Western blots are representative of 2 independent
experiments performed on 2 different keratinocyte strains. *P < 0.01.

kines and growth factors that promote STAT3 activa-
tion have been found within psoriatic lesions (12, 27).
Among them, IL-22 potently triggers STAT3, which has
a pathogenetic role by altering the proliferative and
differentiation processes in keratinocytes, and inducing
inflammatory molecules (9). STAT3 proper activation
requires phosphorylation in Tyr705 and in Ser727
residues but also Lys685 acetylation (13, 28). Recently,
Nie et al. (16) have described the involvement of SIRT1
in promoting STAT3 Lys685 deacetylation, and, thus, in
down-regulating STAT3 phosphorylation and activity in
epatocytes during gluconeogenesis. STAT3 acetylation
is rarely found in resting cells but it can be efficiently
induced by cytokines, such as oncostatin M, IL-6, and by
type I IFNs (15). In this study, we showed that STAT3
acetylation in Lys685 is constitutive in human keratino-
cytes, and negatively controlled by SIRT1. STAT3 acet-
ylation in Lys685 was also found to be modulated by
IFN-y, which strongly induced acetylated STAT3 by
repressing SIRT1 expression in keratinocytes. SIRT1
inhibition by IFN-y was an event occurring also in vivo,
especially in skin diseases characterized by an infiltrate
of IFN-y-releasing T cells. For instance, psoriasis
showed a decrease of SIRT1 expression in basal layer
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keratinocytes, especially at the tips of the epidermal
papillae close to the CD3" T-cell infiltrate. However,
the constitutive expression of SIRTI1 was similar in
psoriatic and healthy cultured keratinocytes as well as
in healthy and NLS psoriatic skin, indicating that the
impaired SIRT1 expression was the consequence of the
microenviromental cytokine milieu and not an intrinsic
defect of the psoriatic epidermis. SIRT1 inhibition by
IFN-y leading to the enhancement of Lys685 acetyla-
tion of STAT3 could represent a central molecular
event reinforcing keratinocyte responses to IL-22. In
fact, IFN-y pretreatment of keratinocyte cultures
strongly enhanced STAT3 phosphorylation in Tyr705
and STAT3-dependent gene expression induced by
IL-22. The amplificatory effect of IFN-y on IL-22 signal-
ing in keratinocytes is analogous to that promoted by
TNF-a, even if the molecular mechanisms and genes
regulated by the combination of IL-22 and TNF-a are
completely different (5). The specificity of IFN-y and
TNF-a effects on IL-22 signaling could depend on their
ability to regulate and activate different molecular
pathways. Concerning STAT3 signaling, TNF-«a, differ-
ently from IFN-y, did not affect the phosphorylation of
STAT3 nor its acetylation. Other than potentiating
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IL-22 signaling in keratinocytes, IFN-y was also able to
counteract IL-22-induced downstream effects in kera-
tinocytes. In fact, it could reduce both basal and
IL-22-promoted PCNA nuclear accumulation, accord-
ingly to its potent antiproliferative effect on this cell
type. Therefore, IFN-y can either potentiate or inhibit
IL-22 signaling, with this dual effect depending on the
IFN-y ability to induce, in addition to STAT3 acetyla-
tion, other molecular cascades. Among these, STAT1
activation, usually associated with a decrease in prolif-
eration rate in IFN-y-sensitive cells, could be responsi-
ble for the dominant inhibitory effect of IFN-y on
IL-22-induced PCNA expression. It would be important
to evaluate whether IFN-y has a prevailing role also on
IL-22-induced proliferation in keratinocytes, and
whether psoriatic keratinocytes are less or more sensi-
tive than healthy cells to the antiproliferative or mito-
genic effect of IFN-y and IL-22, respectively. Indeed,
previous studies have already shown that psoriatic kera-
tinocytes aberrantly respond to IFN-y, whose injection
into uninvolved psoriatic skin causes epidermal hyper-
plasia and plaque development (29). The enhanced
proliferative response of psoriatic keratinocytes to
IFN-y has been supposed to rely on a reduced activa-
tion of STATI signaling and on an altered expression
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level of the IFN-y receptor complex in the epidermis of
psoriatic lesions compared to healthy skin (30).

The SIRT1 inhibitory effect on STAT3 acetylation in
Lys685 influenced only the IL-22-induced phosphoryla-
tion in Tyr705, and not in Ser727 of STATS3, as assessed by
silencing SIRT1 expression. In addition, SIRT1 could not
modulate I1-22-dependent ERK1/2 phosphorylation, in-
dicating the selectivity of SIRT1 action on STAT3. Indeed,
it is well known that SIRT1 can regulate the acetylation
status and, thus, the phosphorylation and function of
several transcription factors, including p53, E2F1, NF-«B,
¢Jun, and members of the FoxO family (31). Modifica-
tion of STAT3 acetylation in keratinocytes by manipulat-
ing SIRT1 expression confirmed the fundamental role of
SIRT1 in regulating the IL-22-induced STAT3 activity. In
fact, while SIRT1 depletion enhanced STAT3 transacting
capability, its overexpression inhibited STAT3 function in
IL-22-treated keratinocytes. As a direct consequence of
enhanced STAT3 activity, SIRT1-depleted keratinocytes
were more sensitive than control cells to the effects of
1L-22, which could better induce CXCL8, CXCLI1, and
SOCS3 mRNA expression as well as nuclear translocation
of PCNA, cyclin D1, and pRB. SIRT1-silencing and, thus,
STAT3 activity enhancement in keratinocytes also re-
sulted in an increased reduction of KRT1 and loricrin
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expression. In addition, SIRT1 influenced the IL-22-
induced biological effects on keratinocytes, since it could
significantly inhibit the mitogenic and migratory activities
of IL-22 in these cells. In particular, enzymatic activation
of SIRT1 by resveratrol and inhibition by Ex-527 could
reduce and enhance, respectively, the IL-22-induced ke-
ratinocyte proliferation. Also, SIRTI-silenced keratino-
cytes proliferated more actively in response to IL-22
compared to control cells, and showed enhanced IL-22-
induced wound healing. Since the IL-22-induced closure
of keratinocyte layer was strictly dependent on STATS3, it
is possible that the negative effects of SIRT1 on IL-22-
induced wound healing were explicated through the
inhibition of STAT3 acetylation. It would be interesting to
analyze whether, similarly to psoriasis, SIRT1 keratinocyte
expression is impaired during skin wound healing pro-
cesses. This hypothesis is in line with the observations that
keratinocytes of both psoriasis and cutaneous wound
healing sites are both oriented toward a robust regenera-
tive program in response to IL-22 and display a strong
STAT3 activation driving tissue regeneration and protec-
tion (5, 9). SIRTI inhibitory function on proliferative
processes of keratinocytes is consistent with previous data
demonstrating that SIRT1 is an inhibitor of keratinocyte
proliferation and an inducer of keratinocyte differentia-
tion. SIRTT inhibition of keratinocyte proliferation could
occur through a mechanism involving cell cycle regula-
tors, such as E2F1 (17). Therefore, the decrement of the
prodifferentiation activity by SIRT1 in psoriatic keratino-
cytes could be responsible for the altered phenotype of
psoriatic epidermis, which is characterized by a reduction
of the differentiated cell compartment with respect to the
germinative layer (32).

In this study, we showed that SIRT1 was constitutively
expressed by keratinocytes and efficiently contributed to
STATS3 deacetylation in these cells (Fig. 9). During inflam-
matory skin processes characterized by a concomitant
presence of IFN-y and IL-22, IFN-y strongly down-regu-
lated the keratinocyte expression of SIRT1 and IL-22
activated STAT3. SIRT1 decrement determined an accu-
mulation of STAT3 acetylated in Lys685, thus favoring
STAT3 phosphorylation in Tyr705 and keratinocyte re-
sponses to IL-22. Among molecules regulated by IL-22-
induced STAT3 and influenced by SIRT1, PCNA, cyclin
D1, and pRB play a fundamental role in proliferation, a
biological process robustly induced by IL-22 in keratino-
cytes during proliferative skin disorders, such as psoriasis.
In psoriatic lesions, SIRT1 inhibition could be responsible
for the strong activation of STAT3 and, thus, for the
exaggerated responses of epidermal keratinocytes to IL-22
and other proinflammatory cytokines signaling through
STATS3 (i.e., IL-6 and oncostatin M) (15, 33). Therefore,
the use of activators of SIRT1 decreasing STAT3 acetyla-
tion in epidermal keratinocytes may be therapeutically
relevant for the treatment of psoriasis but also for other
skin diseases characterized by aberrant STAT3 activation.
The latter include cutaneous tumors, such as papilloma
and squamous cell carcinoma, where STAT3 has a role in
the tumor promotion stage of epithelial carcinogenesis
(34). Indeed, STAT?3 inhibition by STAT3 decoy oligonu-
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Figure 9. Schematic model of regulation of IL-22-induced
signaling of STAT3 in human keratinocytes by IFN-y via
SIRT1 inhibition. In human keratinocytes, STAT3 is constitu-
tively acetylated in Lys685, as a result of a tight balance
between acetylation and deacetylation processes executed
respectively by histone acetyl transferase (HAT) and deacety-
lase enzymes, including SIRT1. STAT3 is also constitutively
phosphorylated in Ser727 residue in keratinocytes, although
it cannot efficiently transactivate STAT3-responsive genes.
During inflammatory skin responses, T-cell-derived IFN-y
strongly down-regulates the keratinocyte expression of SIRT1,
which can no longer deacetylate STAT3. The consequent
accumulation of STAT3 acetylated in Lys685 favors keratino-
cyte responses to I1-22, and, in particular, STAT3 phosphor-
ylation in Tyr705, a post-translational modification funda-
mental for STAT3 activity on target genes. Among molecules
regulated by IL-22-induced STAT3 and influenced by SIRTI,
PCNA, cyclin DI, and pRB play a fundamental role in prolifer-
ation, a biological process robustly induced by IL-22 in keratino-
cytes in proliferative skin disorders, such as psoriasis.

cleotides in mice harboring activated STAT3 abrogated
the de novo generation of tape stripping-induced psoriatic
lesions in mice overexpressing STAT3 in the epidermis as
well as the development of TPA-induced skin carcinoma
(12, 27, 34). In addition, the STATS3 inhibitor STA-21
molecule, an antibiotic which blocks STAT3 dimerization
and DNA binding, has been successfully employed in a
pilot study for the treatment of psoriasis (35). Further
investigation will be required to unveil the effects of
SIRT1 and STAT3 interplay in keratinocytes, and mainly
the outcome of an efficient manipulation of SIRT1 activity
in the epidermis that will ultimately allow development of
novel therapies for STAT3-dependent skin disorders.
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