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PREMESSA

Il recettore per N-Formil peptidi (FPR) e le sue varianti FPRL1 (FPR-like-
1) e FPRL2 (FPR-like-2) appartengono alla famiglia dei recettori a sette tratti
transmembrana accoppiati a proteine Gi sensibile all’azione della tossina della
pertosse (PTX) (1, 2). Infatti, per tutte e tre le isoforme del recettore & possibile
osservare una totale assenza di risposta delle cellule al rispettivo agonista quando
queste sono preincubate con PTX (2-3). Le varianti FPR e FPRL1 sono state per
la prima volta individuate in cellule fagocitiche, mentre FPRL2 ¢ stato
inizialmente individuato in monociti ed in cellule dendritiche (4-5).

Successivamente, le tre varianti di recettori per N-formil peptidi sono state
identificate anche in altri tipi cellulari e tessuti sia a livello trascrizionale che
traduzionale (2,3,5-7) suggerendo che tali recettori abbiano ulteriori funzioni
rispetto a quelle esercitate nelle cellule polimorfonucleate (PMN).

Inizialmente si riteneva che tali recettori legassero esclusivamente peptidi
N-formilati e poiché le proteine batteriche (8,9) e mitocondriali (10) sono le
uniche fonti di peptidi N-formilati in natura, ¢ stato ipotizzato che FPR e FPRL1
mediassero la migrazione dei fagociti presso i siti di infezione batterica e/o di
danno tissutale. Tale ipotesi era supportata dall’osservazione che i peptidi N-
formilati sono in grado di indurre il rilascio di peptidi antibatterici e specie
ossidanti da parte dei fagociti (3, 11-13). Nel corso degli ultimi anni ¢ stata
identificata un’ampia varieta di ligandi non formilati, sia di natura peptidica che
lipidica, in grado di interagire con i recettori FPR e FPRL1 attivando meccanismi

cellulari piu complessi.



I recettori per N-formil peptidi, una volta stimolati dai rispettivi agonisti,
attivano un’ampia varieta di cascate di segnalazione in grado di regolare i processi
di angiogenesi, proliferazione e sopravvivenza cellulare.

Risulta ormai evidente il ruolo biologico che i recettori per N-formil peptidi
ricoprono nella risposta immune innata, vista la responsivita che possiedono, non
solo nei confronti dei metaboliti batterici e dei mediatori endogeni
dell’inflammazione, ma anche per alcuni domini peptidici derivati dall’envelope
del ceppo virale HIV-1. Molto probabile ¢ inoltre un loro coinvolgimento nei
meccanismi molecolari responsabili del morbo di Alzheimer e nelle malattie da
prioni, vista la reattivita di questi recettori verso la proteina amiloide sierica A
(SAA), I’isoforma amminoacidica di 42 amminoacidi derivata dalla proteina
amiloide B (A P42) e verso un frammento peptidico derivato dalla proteina
prionica umana (PrP 106-126) (1, 3, 14).

Infine, ¢ stato osservato un coinvolgimento di questi recettori nelle invasioni
neoplastiche di alcuni tessuti tumorali maligni, come nelle cellule di glioma e
cancro anaplastico del polmone umano, dove tali recettori sembrano mediare la
motilitd, la crescita e anche 1’angiogenesi del tessuto tumorale, grazie
all’instaurarsi di loop autocrini con agonisti endogeni (15) e alla transattivazione
di recettori tirosin-kinasici come EGFR (5) o c-Met.

L’espressione dei recettori per N-formil peptidi, sia a livello trascrizionale
che proteico, ¢ stata osservata anche in cellule mesenchimali staminali (MSC)
dove il legame con N-fMLP induce variazioni nell’adesivita cellulare alla matrice
extracellulare, homing e migrazione cellulare in risposta ad un gradiente

chemiotattico, spesso associato al danno tissutale.



1 INTRODUZIONE

1.1 Recettori per N-formil peptidi.

Human chromosome 19 q13.4
<FPR FPRL1—> FPRL2—>

10kb

Figura 1. Organizzazione cromosomica dei geni FPR, FPRL1 e FPRL2. In bianco e in rosso sono
indicate rispettivamente le porzioni non codificanti e codificanti.

I recettori per N-formil peptidi FPR, FPRL1 e FPRL2 appartengono alla
famiglia dei recettori a sette tratti trans-membrana accoppiati a proteine G
(GPCR) (16).

FPR ¢ stato definito a livello biochimico per la prima volta nel 1976 come
recettore ad alta affinita per il peptide N-formil-metionin-leucil-fenialanina (N-
fMLF), sulla superficie dei neutrofili, ed ¢ stato successivamente clonato nel 1990
da una libreria di cDNA di cellule leucemiche mieloidi differenziate HL-60 (2).
FPR ¢ attivato da concentrazioni picomolari di peptidi formilati, che mediano
’attivita chemiotattica e la mobilizzazione intracellulare del calcio (2).

Dal punto di vista molecolare FPR ¢ codificato da un singolo gene di circa 6
Kb con una open reading frame priva di introni, ma la regione 5° UTR ¢
localizzata in tre esoni. Il sito d’inizio della trascrizione ¢ separato da circa 5 Kb
dal sito d’inizio della traduzione, mentre ’ipotetico promotore contiene una
TATA box non consenso e un sequenza CCAAT invertita. Questo recettore ¢

espresso non solo in cellule polimorfonucleate, dove inizialmente ¢ stato



individuato, ma anche in una varieta di cellule non linfoidi come epatociti, cellule
dendritiche, astrociti, cellule della microglia e della tunica media delle arterie
coronarie (3).

Due ulteriori geni umani, noti come FPRL1 e FPRL2, sono stati
successivamente isolati mediante ibridazioni a bassa stringenza, utilizzando il c-
DNA di FPR come sonda (16-18). E stato osservato che i tre geni codificanti per
le tre diverse isoforme sono organizzati in cluster sul braccio lungo del
cromosoma 19 in posizione 19q 13.3 (16, 18) (Figura 1).

Tra FPR e FPRLI1 si osserva un’omologia di circa il 69% a livello
amminoacidico; in particolar modo un alto grado di identita ¢ stato trovato nei tre
loop citosolici , mentre la coda carbossilica (citosolica) e i domini extracellulari
hanno un minor grado di identita. Questo suggerisce che i siti di legame al ligando
(localizzati nei domini extracellulari) e le proprieta di signaling (nella coda
carbossilica) differiscono tra i due recettori (19). E stato anche dimostrato che
FPRLI, dopo stimolazione con alte concentrazioni di N-fMLP, favorisce solo la
mobilizzazione di Ca*", ma non la chemiotassi e che FPRLI ¢ espresso in una pitl
ampia varieta di cellule e tessuti rispetto a FPR.

FPRL1 ¢ stato definito come un recettore a bassa affinita per N-fMLP, come
osservato dalla sua attivazione in vitro solo in presenza di alte concentrazioni di
N-fMLP (range uM) (12, 13). Tuttavia, non ¢ ancora chiaro se tali concentrazioni
di N-fMLP si possano generare in vivo nei siti di infezione e/o danno tissutale.

FPRL2 codifica per una presunta proteina che presenta una percentuale di
omologia amminoacidica pari al 56% con il recettore FPR e dell’ 83% con il

recettore FPRL1. FPRL2 ¢ espresso sulla membrana dei monociti e delle cellule



dendridiche, ma non dei neutrofili (4). FPRL2 non lega alcun peptide N-formilato,
ma sembra legare alcuni peptidi chemiotattici non formilati in comune con FPRL1
(20, 21).

E stato inoltre dimostrato che il recettore FPRL1 pud riconoscere anche
molecole non correlate ai formil-peptidi e non necessariamente indicanti la
presenza di microrganismi patogeni, ma piuttosto segnalanti un danno o un
pericolo dal self (22). In particolare, il primo specifico agonista ad alta affinita
descritto per il recettore FPRL1 ¢ la lipossina A4 (LXA4), un mediatore lipidico
derivante dal metabolismo dell’acido arachidonico, per cui il recettore ¢ stato
anche denominato LXA4 receptor (22). Pertanto, FPRL1 rappresenta 1’unico
recettore della famiglia dei GPCR chemiotattici ad avere ligandi sia peptidici che
lipidici (7, 23). LXA4 ¢ capace di promuovere la migrazione di cellule CHO
trasfettate con FPRLI e la mobilitazione di Ca*" nei monociti, ma la sua piu
importante attivita biologica ¢ quella di inibire le risposte infiammatorie stimolate
dall’attivazione di FPRL1 da parte dei suoi agonisti, comportandosi come un
mediatore antinflammatorio (24).

La massiva presenza di questi recettori su cellule del compartimento
linfocitario ne sottolinea I’importanza nella risposta immune innata, infatti, topi
knok-out per tali geni presentano una maggiore suscettibilita alle infezioni, ma
anche una ridotta mobilita cellulare dei neutrofili murini (2). I recettori per N-
formil peptidi svolgono un ruolo importante nella risposta immune innata, visto
anche il pathway di trasduzione che attivano. La via di segnalazione prevede,
infatti, 1’attivazione di una serie di secondi messaggeri come PI3K (fosfatidil

inositolo 3 chinasi) e PLC (fosfolipasi-C), nonché le MAPK. Queste, a loro volta,



promuovono non solo uno stimolo mitogenico, ma sono anche responsabili della
fosforilazione della subunita citosolica p47phox della NADPH ossidasi, che cosi
genera specie reattive dell’ossigeno, contribuendo in modo significativo alla

risposta immune innata.

1.2 Struttura dei recettori FPR.

La struttura dei recettori FPR, FPRL1 e FPRL2 ¢& caratterizzata dalla
presenza di tre domini extracellulari (el-e3), importanti nel riconoscimento del
ligando, tre domini intracellulari (i1-i3) coinvolti nella trasduzione del segnale
all’interno della cellula, una porzione N-terminale extracellulare e una porzione
C-terminale intracellulare (19, 25) (Figura 2).

Tutti 1 recettori chemoattrattanti GPCR dei neutrofili condividono sequenze
simili nei domini transmembrana, cosi come in alcuni domini citosolici associati
al signaling. Al contrario, le regioni dei recettori GPCR esposte sulla superficie,
che conferiscono la specificita al ligando, mostrano un basso grado di similarita di
sequenza. Il sito di legame extracellulare coinvolge parti diverse del recettore, in
funzione del tipo di agonista riconosciuto, ma il legame degli stessi agonisti a
FPR e FPRL1 non coinvolge siti strutturali identici, anche se alcuni agonisti sono
comuni ai due recettori omologhi (25).

I recettori FPR sono associati a livello citoplasmatico ad una proteina G
etero-trimerica (a-B-y), sensibile a PTX, che interagisce con il recettore attivo e
che si disassembla per inviare il segnale all’interno della cellula: o-GTP si

dissocia dal complesso By ed entrambe le subunita trasducono il segnale.



Figura 2. Struttura tipo di un recettore a sette tratti trans-membrana

I bersagli dei componenti dissociati della proteina G sono enzimi o canali
ionici collocati sulla membrana plasmatica che trasmettono a valle il segnale. Si
innescano cosi una serie di segnali molecolari e vie di trasduzione, condivise da
molti altri recettori leucocitari chemoattrattanti (19). La conferma che sia FPR che
FPRLI trasducono segnali attraverso la proteina G ¢ fornita dall’osservazione che
le loro risposte sono sensibili a PTX che inattiva le proteine G attraverso

ribosilazione dell’adenosina 5’-difosfato (26).

1.3 Ligandi dei recettori per N-formil peptidi

1.3.1 Agonisti

Oltre ai peptidi formilati di origine batterica (N-fMLP), anche una varieta di
peptidi sintetici si ¢ mostrata in grado di attivare i1 recettori FPR e FPRL1. Le
prime dimostrazioni, che individuavano esclusivamente in un peptide N-formilato

un agonista ottimale per tali recettori, sono state successivamente ampliate dalla
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scoperta di nuovi ligandi non formilati, capaci di legare i recettori per formil-
peptidi ed attivare la risposta cellulare (12, 13). Numerosi studi continuano ad
individuare nuovi agonisti in grado di attivare i recettori per N-formil peptidi. Per
esempio, WKYMVm, noto come peptide W, ¢ un esapeptide modificato basato su
una sequenza isolata da una libreria di peptidi random. Inizialmente ¢ stato
definito come potente stimolante di molte linee cellulari leucocitarie umane, ma
anche dei neutrofili presenti nel sangue periferico (27-29). Successivamente ¢
stato dimostrato che questo peptide utilizza il recettore FPRL1, per stimolare la
risposta dei fagociti (30).

Domini capaci di interagire con i recettori per N-formil peptidi sono stati
individuati anche nelle proteine dell’envelope del virus HIV-1. Tra questi i tre
domini peptidici derivanti dalla proteina HIV-1 gp41 (T20/DP178, T21/DP107 e
N36) rappresentano potenti agonisti con funzione chemiotattica per i recettori per
N-formil peptidi. Piu precisamente, T20/DP178 attiva specificamente FPR (31),
T21/DP107 agisce sia su FPR che su FPRL1, verso cui ha una maggiore affinita e
N36, che presenta una parziale omologia di sequenza con T21/DP107, ma che
utilizza come recettore funzionale solo FPRL1(32). Altri due domini peptidici,
capaci di stimolare in maniera specifica il recettore FPRL1, sono stati individuati
nella proteina gp120 dell’envelope di HIV-1 (33, 34). Uno di questi, posizionato
nella regione C4-V4 di gp120 (HIV-1 LAI), ¢ costituito da una sequenza di 20 aa
(peptide F), mentre ’altro dominio deriva dalla regione V3 (HIV-1 MN) ed ¢
costituito da una sequenza di 33 aa (peptide V3).

Oltre all’individuazione di numerosi agonisti esogeni, importanti progressi

sono stati fatti per identificare molecole di origine endogena capaci di interagire
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con i recettori per N-formil peptidi. Tra i ligandi di origine endogena, sicuramente
da menzionare sono i peptidi formilati di origine mitocondriale, che vengono
rilasciati a seguito del danno cellulare, ma anche un peptide regolato dai
glucocorticoidi, chiamato annessina I (lipocortina I), il cui dominio N-terminale ¢
in grado di legare e di attivare la risposta cellulare attraverso FPR. Questi studi
hanno rappresentato le prime prove della presenza di agonisti endogeni per FPR
(3).

A differenza di FPR, FPRL1 sembra interagire con un maggior numero di
agonisti endogeni, compreso la proteina amieloide sierica A (SAA) (35), il
peptide di 42 aa derivante dall’amiloide B (AB42) (36), il frammento della proteina
prionica PrP106-126 (37), un frammento peptidico mitocondriale MYFINILTL,
derivato dalla subunita 1 della NADH deidrogenasi (38) e LL-37 un frammento di
clivaggio della proteina antibatterica catelicidina in grado di legare 1’endotossina
batterica (39). Tutte queste molecole sono stimoli chemiotattici e proinfiammatori
per i leucociti umani.

SAA, A4, e PrP106-126 sono proteine endogene che quando si aggregano
tendono a precipitare, formando depositi amiloidei responsabili di stati patologici,
come 1’amiloidosi sistemica (SAA), I’ Alzehimer (AB42) ed il morbo di Creutzfeld-
Jakob (PrP106-126).

Oltre alle proteine chemioatrattanti o ai ligandi proteici, FPRL1 puo
interagire anche con metaboliti lipidici. Infatti, la lipossina A4 (LXA4), ¢ in grado
di legare FPRL1 e innescare una via di segnalazione apparentemente inibitoria
attraverso questo recettore (40, 41). Successivamente ¢ stato dimostrato che in

neutrofili e cellule tumorali epiteliali LXA4 per arrestare la risposta pro-
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inflammatoria coinvolge, non solo agonisti di FPRL1, ma anche mediatori che
non usano questo recettore, come TNF-a (38).

E da evidenziare la notevole eterogeneita dei ligandi per i recettori per N-
formil peptidi, visto che la maggior parte di questi agonisti, sia che siano di
origine endogena o esogena, non mostrano alcuna significativa omologia fra di

loro o con N-fMLP.

1.3.2 Antagonisti

Il possibile coinvolgimento dei recettori per N-formil peptidi nelle infezioni
microbiche e nelle risposte infiammatorie ha promosso numerosi studi per
individuare antagonisti, che risultano importanti per delineare la cascata di
trasduzione del segnale associata all’attivazione del recettore, ma che
rappresentano anche un punto di partenza per lo sviluppo di nuovi agenti
terapeutici.

Numerosi antagonisti sono stati individuati per il recettore ad alta affinita
FPR. La sostituzione del gruppo N-formilato con un t-butilossicarbonile (tBOC) o
con il gruppo isopropilureido rende i peptidi capaci di bloccare 1’attivazione da
parte di N-fMLP dei fagociti umani, presumibilmente attraverso un legame al
recettore FPR, competitivo con quello dei peptidi agonisti (42, 43). L’IC50
(inhibitory concentration 50%) per N-t-Boc-Phe-Leu-Phe-Leu-Phe-OH (tBoc-
FLFLF) e per isopropilureido-FLFLF, necessaria per il blocco del legame delle
cellule al ligando, ¢ nel range di 0.44-3.7 pM. Sono stati sviluppati peptidi

antagonisti per FPR piu potenti, con un peso molecolare relativamente piccolo,
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che mostrano valori di IC50 nel range di concentrazioni submicromolari. Tali
antagonisti potrebbero avere un grosso potenziale a scopo terapeutico (44, 45).

La ciclosporina H (CsH), un peptide ciclico, ¢ un potente e selettivo
antagonista di FPR, che inibisce il legame di fMLP ai leucociti e abolisce la
risposta cellulare, mediata da FPR, inclusa la chemiotassi, la mobilizzazione di
Ca”", I’attivazione GTPasica e il rilascio di mediatori proinfiammatori (46-48).
Recentemente sono stati descritti due ulteriori antagonisti per FPR e la sua
variante per FPRL1: I’acido deossicolico (DCA) e 1’acido chenodeossicolico
(CDCA), che attenuano I’attivazione sia di FPR che di FPRLI1 da parte dei loro
agonisti (49). DCA e CDCA si legano alla membrana cellulare e potrebbero
rappresentare un ostacolo sterico ed impedire I’accesso ai recettori FPR da parte
dei loro agonisti. Sia DCA che CDCA sono sali biliari, la cui concentrazione ¢
considerevolmente elevata durante la chemiotassi. Inoltre, & stato osservato che
anche piccoli peptidi ricchi dell’amminoacido W, come il peptide WRW4,
fungono da antagonista sulla trasduzione del segnale mediata dal recettore FPRL1
(5). Gli antagonisti endogeni o sintetici dei recettori FPR potrebbero contribuire
alla soppressione della risposta antibatterica e fornire le basi per lo sviluppo di
antagonisti terapeutici per contrastare 1’eccessiva attivazione dei recettori FPR che

puo risultare essere estremamente dannosa a livello tissutale (14).

1.4  Pathway di trasduzione del segnale.

La trasduzione del segnale innescata dai recettori per N-formil peptidi ¢
stata recentemente rivisitata (26). FPR, FPRL1 e FPRL2 sono tutti associati alla

famiglia delle proteine G;, come dimostrato dalla totale perdita della responsivita
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cellulare ai loro specifici agonisti, dopo esposizione alla tossina della pertosse (50-
52). I vari recettori della famiglia FPR attivano pathway di trasduzione distinti e
molecole di segnalazione differenti, rendendo altamente specifiche le risposte
cellulari (53).

Nei neutrofili umani, FPR e FPRL1, dopo il legame con il proprio agonista,
subiscono un rapido cambio conformazionale che consente 1’interazione con il
complesso eterotrimerico della proteina G inattiva afyy. Questa si dissocia nella
subunita a e nel complesso Py, capace di attivare la fosfolipasi C (PLC) (54, 55) e

la fosfatidilinositolo 3-chinasi (PI3K) (3, 56, 57).

Risposta
cellulare
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Figura 3. Pathway di segnalazione intracellare di un recettore per N-formil peptidi.

L’idrolisi dal fosfatidilinositolo 4,5 bisfosfato (PIP2), ad opera dalla PLC,
genera inositolo 3-fosfato (IP;), che rilascia il calcio conservato nel reticolo

endoplasmatico e diacilglicerolo (DAG), che attiva varie isoforme della protein
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chinasi C (PKC). Anche il pathway fosfatidilinositolo 3 chinasi (PI3K)- Akt/PKB
risulta essere attivato, in particolar modo la PI3Ky, che ¢ I’isoforma
maggiormente associata ai recettori per chemoattrattanti (55). Altri effettori
intracellulari sono: la fosfolipasi A2 e D; le protein-chinasi attivate dai mitogeni
(MAPK) ERKI/ERK2, JNK e p38MAPK, ma anche alcune proteine tirosin-

chinasi (51, 55) (Figura 3).

1.4.1 Incremento del calcio citosolico e migrazione cellulare

Uno dei secondi messaggeri piu importanti, a valle dei recettori FPR, ¢ il
calcio. L’incremento del livello del Ca*" citosolico, infatti, sembra essere una
condizione necessaria per la risposta dei neutrofili alla presenza di peptidi
formilati ed ¢ anche uno degli eventi piu precocemente distinguibili quando una
cellula ¢ esposta a N-fMLP (26, 59). In neutrofili a riposo, la concentrazione
citosolica del Ca®" si mantiene a livelli bassi (~ 100 nM) comparata a quella
extracellulare. Dopo stimolazione chemotattica la concentrazione citosolica dello
ione aumenta sino a raggiungere livelli uM, per ritornare, poi, rapidamente, allo
stato basale. Questo transiente aumento di calcio ha un ruolo determinante nel
rimodellamento citoscheletrico di alcune proteine come ’actina, sulla quale non
ha effetto polimerizzante, ma induce la formazione e la stabilizzazione dei cross-
link tra 1 filamenti (26). Le modificazioni citoscheletriche inducono la
polarizzazione dei neutrofili, le modificazioni della membrana, la fagocitosi e la
chemiotassi (59).

L’aumento del calcio intracellulare ¢ determinato, principalmente, dalla

fosfolipasi B (PLC-B) uno dei bersagli molecolari della proteina G attivata dal
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recettore FPR. Questa agisce sul fosfatidilinositolo 4,5-bifosfato di membrana,
generando due prodotti: 1’inositolo 1,4,5-trifosfato (IP3) e il diacilglicerolo
(DAG). IP; diffonde dalla membrana nel citosol, si lega ai canali di rilascio del
Ca®" a livello del reticolo endoplasmatico e li apre, determinando quindi un
aumento della concentrazione del Ca>" intracitoplasmatico. Il rilascio di Ca** dai
depositi interni induce, inoltre, 1’apertura dei canali per il Ca®* sulla membrana
plasmatica e, quindi, un ulteriore influsso ed un incremento dello ione all’interno
della cellula.

L’aumento della concentrazione di calcio potrebbe essere conseguente
anche all’azione di altri effettori. Il segnale di attivazione della proteina G
sembrerebbe agire, con meccanismi non ancora ben chiari, su una glicoproteina di
membrana, CD38, che catalizza la produzione di cADP ribosio, dal suo substrato
NAD'. Questa glicoproteina sembra essere un essenziale e specifico trasduttore di
N-fMLF nei neutrofili murini. Infatti, i neutrofili CD38” non riescono a migrare
in risposta a N-fMLF in vitro e ad accumularsi in un sito di infezione di in vivo. Il
secondo messaggero cADP ribosio induce il rilascio di ioni calcio dai depositi
intracitoplasmatici ed il loro influsso extracellulare, con 1’effetto biologico finale

di migrazione neutrofila (60).

1.4.2 Cascata delle MAPK

La cascata delle MAPK (Mitogen-activated protein kinase) ¢ uno dei
meccanismi di trasduzione cellulare maggiormente studiati. Questo pathway si
ritrova in tutte le cellule eucariotiche e risulta essere implicato in diversi

meccanismi fisiologici, come la crescita cellulare, il differenziamento, la
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trasformazione oncogenica, la risposta immune, 1’apoptosi (61), ma anche la
migrazione cellulare (62).

La cascata delle MAPK ¢ caratterizzata da un modulo centrale costituito da
tre proteine chinasi che sono: una MAPK-chinasi chinasi (MAPKKK o Raf); una
MAPK-chinasi (MAPKK o MEK) e una MAPK. I segnali sono trasmessi
attraverso questo modulo grazie a fosforilazioni e attivazione sequenziale di
questi componenti. La MAPKKK ¢ la prima ad essere attivata in seguito
all’interazione con il complesso Ras-GTP (63-66), e/o con altre proteine chinasi
che connettono il modulo di attivazione delle MAPK ai recettori di membrana. I1
diverso tipo di stimolo, inoltre, pud determinare 1’attivazione di differenti MAPK.
Una volta attivata, la MAPKKK fosforila la MAPKK, una chinasi a specificita
doppia che fosforila, contemporaneamente, un residuo di treonina ed uno di
tirosina della MAPK. Le MAPK attivate migrano dal citosol al nucleo dove, a
loro volta, attivano per fosforilazione substrati a valle, che comprendono altre
proteine chinasi e fattori di trascrizione, per ottenere la risposta appropriata allo
stimolo extracellulare. La cascata delle MAPK, oltre a determinare un forte
stimolo mitogenico, ¢ responsabile dell’attivazione di numerosi bersagli, tra i
quali extracellular response kinases 1 ¢ 2 ( ERK 1/2), Jun N-terminal Kinases
(JNK) e p38MAPK, che determinano modificazioni dell’espressione genica.

ERK 1 e 2 sono proteine di 44 e 42 kDa, con un’identita di sequenza di
circa 1’85% soprattutto nella regione di binding, localizzata nel core della
proteina. Le ERK sono attivate dalle chinasi MEK (mitogen and extracellular
signal-regulated kinases), che sono regolate, a loro volta, da recettori per fattori di

crescita e tirosine chinasi, attivate attraverso Ras (67).
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A seguito della traslocazione nel nucleo, le ERK sono responsabili della
fosforilazione di diversi substrati, che variano in funzione dello stimolo iniziale
(68).

Le JNK rispondono ad una varieta di stimoli: shock termico, shock
osmotico, stimolo pro-infiammatorio mediato da citochine ed esposizione a raggi
UV (69). Le INK sono codificate da tre geni diversi, JNK-1; JNK-2 e JNK-3, i
quali, a seguito di eventi di splicing alternativo, danno origine alle diverse
isoforme. Le JNK sono attivate da una doppia fosforilazione a livello del motivo
Thr-Pro-Tyr, ad opera di proteine leganti GTP, appartenenti alla famiglia delle
proteine Rho. Diversi fattori trascrizionali nucleari, come Myc, Smad3 e p53
rappresentano alcuni dei target delle JNK (70).

Le p38 MAPK risultano essere attivate a seguito della doppia fosforilazione
a carico del motivo Thr-Gly-Tyr mediante uno stimolo innescato da stress
ambientali, come quello termico, osmotico, ossidativo, radioattivo ed ischemico,
ma anche da citochine pro-infiammatorie ¢ TNF. Ad oggi sono note quattro
isoforme, che mostrano un’omologia di circa il 60%. Due di queste isoforme
(p38a , p38P) sono espresse in modo ubiquitario. L’isoforma p38y ¢ espressa
prevalentemente a livello del muscolo scheletrico, mentre I’isoforma p38d ¢
espressa nei polmoni, nei reni, nel pancreas e nel piccolo intestino (68).

La famiglia delle p38 MAPK ¢ responsabile anche degli eventi di

migrazione cellulare e rimodellamento della cromatina (71).
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1.4.3 Attivazione delle proteine kinasi C

Le proteine kinasi C (PKC) sono un gruppo eterogeneo di almeno undici
serine/treonine chinasi, dipendenti da fosfolipidi e caratterizzate da un’elevata
similarita a livello dei loro domini catalitici, tipicamente ricchi di cisteine (72,
73). Le PKC sono costituite da una singola catena polipeptidica, su cui si
ritrovano due importanti domini funzionali: un dominio C-terminale con attivita
chinasica, costituita da una sequenza altamente conservata e comune a tutte le
proteine chinasi, e un dominio regolatore N-terminale, che interagisce con
fosfatidilserina (PS), Ca®", diacilglicerolo (DAG) e altri lipidi (74). La famiglia
delle PKC ¢ costituita da isoforme tipiche (o, i, B2 € y), che sono regolate in
maniera Ca’’, DAG e PS dipendente, isoforme nuove (9, € m e 0), che sono
regolate solo dal DAG e dalla PS ed infine le isoforme atipiche (, A e 1) che sono
insensibili sia al Ca®" che al DAG (75).

La distribuzione intracellulare delle isoforme delle PKC suggerisce una
relazione isoforma/funzione biologica specifica, ma questo livello di
specializzazione ¢ stato solo parzialmente osservato. La PKC puo essere usata da
diversi tipi di recettori per regolare I’attivazione delle MAPK, la cui
fosforilazione ha un importante impatto sui processi citoplasmatici, nucleari,
citoscheletrici e di membrana (68).

Vista I’ubiquitaria espressione della PKC e la diversita del citoscheletro nei
differenti tipi cellulari (76), non sorprende che la PKC mostri associazione e
attivita fosforilante con un’ampia gamma di componenti citoscheletriche. Infatti,
il cross-linking tra la PKC e le proteine citoscheletriche di membrana ¢ importante

nel contesto di numerose funzioni cellulari. La PKC, insieme alle PI3K, attiva
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integrine e altre molecole di adesione, cosi da stabilizzare le connessioni
strutturali ai filamenti di actina (77).

L’attivazione delle isoforme della PKC ¢ generalmente associata alla
traslocazione da un compartimento cellulare ad un altro (78, 79).

Infine, il coinvolgimento di membri della famiglia di PKC nell’attivazione
e nella regolazione della NADPH ossidasi ¢ stato proposto da numerosi studi che
dimostrano che p47phox ¢ un substrato di PKC e che partecipa alla cascata di
segnale tra il recettore per formil-peptidi e I’attivazione della NADPH ossidasi.
Recentemente ¢ stato anche dimostrato che neutrofili di topi knock-out per la
PKC beta presentano un decremento del 50% nel livello di produzione di
superossido comparato ai neutrofili di topi normali (79). E chiaro, quindi, che
PKC ha un ruolo determinante nell’attivazione della NADPH ossidasi e nella

generazione di specie reattive dell’ossigeno.

1.4.4 Attivazione della NADPH ossidasi

L’attivazione del complesso multimerico della NADPH ossidasi e la
conseguente generazione di specie reattive dell’ossigeno (ROS) (80, 81)
rappresenta una delle piu importanti risposte biochimiche innescate dalla
stimolazione dei recettori per N-formil peptidi.

Inizialmente il complesso della NADPH ossidasi ¢ stato isolato e
caratterizzato nei fagociti, ma successivamente ¢ stato identificato anche in
numerose altre popolazioni cellulari. Questo complesso multimerico sfrutta gli
elettroni provenienti dall’ossidazione del NADPH intracellulare, per generare

anione superossido, secondo la reazione:
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20, +NADPH — 2 O, + NADP" +H"

Successivamente, 1’anione superossido dismuta in perossido di idrogeno
(H20y) e altre specie reattive durante il cosiddetto oxidative burst. Tali molecole
vengono generalmente utilizzate come primo mezzo di difesa nei confronti di
batteri e funghi patogeni, visto il loro elevato potere microbicida (80).

La NADPH ossidasi, nei fagociti, ¢ costituita da almeno sei subunita:
gp91phox, una glicoproteina che costituisce la subunita catalitica, p40phox,
p47phox, p67phox, p22phox (phox indica PHagocyte OXidase) ed infine da una
piccola GTP-asi come Racl o Rac2 (82).

Nelle cellule resting 1’ossidasi ¢ inattiva e le subunita p40phox, p47phox e
p67phox sono localizzate nel citosol. Le subunita p22phox e gp9lphox sono,
invece, espresse a livello della membrana cellulare, di vescicole secretorie e
granuli specifici, dove costituiscono una flavoemeproteina, nota come citocromo
bsss (80). Questo possiede due distinti gruppi eme ed un gruppo flavinico (FAD),
che funge da intermedio nel trasporto di elettroni. Infatti, ’attivita ossidasica
risulta essere assente sia in seguito alla rimozione del FAD dall’enzima, che in
seguito ai trattamenti con antagonisti flavinici, come il difenilene iodonio (DPI)
(81).

Il flusso di elettroni che porta alla riduzione finale dell’ossigeno e alla
formazione dell’anione superossido prevede un meccanismo a due stadi: dal
NADPH al FAD (stadiol); dal FAD al gruppo eme del cyt bssg (stadio 2) ed infine

all’ossigeno molecolare (82).
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Figura 4. Attivazione della NADPH ossidasi e generazione di anione superossido

Quando una cellula resting viene esposta ad una serie di stimoli, le subunita
p47phox, p40phox e p67phox vengono fosforilate e successivamente traslocano
sulla membrana (Figura 4).

La fosforilazione a carico di tali subunita ¢ responsabile di un cambiamento
conformazionale, che porta ad un riarrangiamento del complesso p47phox-
p40phox-p67phox che trasloca a livello della membrana, dove si verifica la sua
associazione con Rac-GTP ed il citocromo bssg e permettono ’attivazione della
NADPH ossidasi (82).

Il ruolo di p67phox, sembra essere quello di piattaforma molecolare che
collega la subunita p47phox con la p40phox (83).

La subunita citosolica p47phox, invece, pud essere considerata una
subunita regolatoria del complesso enzimatico, poiché la sua fosforilazione
consente la traslocazione delle componenti citosoliche del complesso della

NADPH ossidasi; inoltre, p47phox ¢ presente, a livello cellulare, sia in forma

23



libera che complessata alle altre subunita citosoliche dell’ossidasi, quali p40phox
e p67phox (79). La subunita p47phox ¢ fosforilata su siti multipli grazie all’azione
di varie chinasi (80, 84).

Evidenze, sia biochimiche che genetiche, suggeriscono che la fosforilazione
di p47phox induce dei cambiamenti conformazionali, che eliminano
un’interazione intramolecolare con funzione inibitoria tra i domini SH3 interni

(82) (Figura 5).
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Figura 5. Cambiamento conformazionale di p47phox dallo stato inattivo auto-inibito allo stato

attivo

p40phox presenta domini PX (PHOX) che legano fosfatidilinositoli, cruciali
per il reclutamento di p47phox dal citosol alla membrana. Molti domini PX
contengono anche un motivo Pro-X-X-Pro, che lega i moduli del dominio SH3.
Cio suggerisce che i domini PX siano bifunzionali, in quanto coordinano sia la
localizzazione delle subunita a livello della membrana, che [’evento
dell’assemblaggio. Durante 1’attivazione della NADPH ossidasi, circa 8-9 residui
di serina, presenti all’estremita C-terminale di p47phox, vengono fosforilati. Tra
questi, la fosforilazione della serina 379 ¢ condizione necessaria sia per la

traslocazione di p47phox, che per I’attivazione dell’enzima. Recentemente ¢ stato
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dimostrato come anche la fosforilazione delle serine 303, 304 e 328 rappresentino
un evento importante per ’attivazione della subunita p47phox, in quanto questi
residui, nello stato non fosforilato, contribuiscono sostanzialmente al
mantenimento della conformazione auto-inibita della molecola. La fosforilazione
di molteplici residui di serina di p47phox ¢, quindi, necessaria a destabilizzare la
conformazione auto-inibita fornendo un importante meccanismo di controllo che
previene un’inappropriata attivazione dell’attivita ossidasica.

Le ERK sono coinvolte nella fosforilazione di p47phox e rappresentano uno
dei bersagli della PKC nella via di trasduzione attivata da FPR. Questo spiega
come la stimolazione del recettore per formil-peptidi porti all’attivazione
dell’enzima NADPH ossidasi e alla generazione di specie reattive dell’ossigeno.

Un ulteriore controllo nel processo di attivazione della NADPH ossidasi ¢
determinato dalla graduale dissociazione e successiva traslocazione sulla
membrana della GTPasi Rac (Racl nel 4% o Rac2 nel 96% dei casi circa) e dai
complessi citosolici formati con Rho GDP dissociation Inhibitor (GDI), a cui ¢
legata quando la cellula ¢ a riposo. La traslocazione di Rac avviene secondo un
meccanismo indipendente dalla traslocazione del complesso p47phox-p67phox,
ma comunque ad esso coordinato (85-87). E stato dimostrato che la transiente
espressione di Rac, costitutivamente attivato, ¢ sufficiente ad indurre la
traslocazione sulla membrana delle componenti citosoliche dell’ossidasi ed a
determinare I’assemblaggio di un’ossidasi attiva. Questi dati rafforzano ’idea sul
compito di Rac GTPasi di coordinare la traslocazione del complesso p47phox-
p67phox, in associazione alla simultanea traslocazione cinetica osservata per i tre

fattori citosolici (88). E possibile, inoltre, che Rac abbia anche un’attivita
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regolatoria sull’attivazione di p47phox. Questo potrebbe avvenire grazie alla
capacita di Rac di controllare I’attivazione di chinasi bersaglio come p21-
activated kinases (PAK), a loro volta capaci di modulare la fosforilazione di
p47phox. Questa ipotesi deve ancora essere opportunamente dimostrata.

p67phox si ritrova complessato con p47phox a livello citosolico e tale
interazione ¢ richiesta per la traslocazione di p47phox a livello della membrana.
Una volta che il complesso si ¢ posizionato sulla membrana, p67phox interagisce
con Rac e con il citocromo bssg per sostenere la catalisi, tramite un meccanismo
non ancora conosciuto; ma p67phox ¢ sicuramente essenziale per il
funzionamento del complesso enzimatico. Analisi di mutanti di delezione, infatti,
hanno identificato un dominio di attivazione (aa 199-210 e forse anche aa 187-
193), che ¢ richiesto per la formazione del complesso enzimatico sul citocromo
bsss. Questo dominio, inoltre, regola il trasferimento di elettroni dal’NADPH al
FAD, legato al citocromo (80).

La funzione di p40phox, invece, non ¢ ancora ben chiara, in quanto puo
agire come attivatore o come inibitore, a seconda del sistema sperimentale;
probabilmente ha un ruolo di adattatore molecolare, che facilita I’assemblaggio
del complesso. Inoltre, ci sono alcune evidenze che inducono a supporre che
p40phox puo stabilizzare p67phox ed agire come modulatore generale dell’attivita

della NADPH ossidasi (23).

1.4.5 Generazione di radicali liberi

La generazione di ROS ad azione battericida da parte delle cellule

polimorfonucleate, in sede di inflammazione, ¢ fondamentale per la risoluzione
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dell’infezione e per I’inattivazione dell’agente patogeno che causa 1’evento lesivo.
Le specie coinvolte comprendono: 1’anione superossido prodotto dalla NADPH
ossidasi attiva; il perossido di idrogeno, che si forma per trasformazione del
superossido; I’ipoclorito di sodio, altamente tossico per i batteri, che si forma dal
perossido di idrogeno, in presenza di alogenuri ad opera dell’enzima
mieloperossidasi, e che ¢ rilasciato dai granuli azzurrofili del fagocita. Questi
intermedi e 1 loro prodotti di reazione possono iniziare e amplificare la risposta
inflammatoria, generando fattori chemotattici per i fagociti, indirettamente (ad
esempio il leucotriene B4, attraverso la via lipossigenasica) o direttamente,
reagendo con 1 lipidi insaturi. Essi, inoltre, possono potenziare la lesione tissutale
attraverso 1’aumento dell’attivita proteasica lisosomiale dei leucociti attivati
(legata alla fagocitosi) e attraverso le alterazioni della matrice extracellulare (gli
anioni superossido, ad esempio, sono in grado di depolimerizzare 1’acido
ialuronico). Pertanto, nei focolai infiammatori la matrice strutturale del tessuto
puod essere danneggiata dai radicali dell’ossigeno, in presenza o in assenza di
proteasi lisosomiali. L’integrita del meccanismo di produzione di superossido da
parte dei fagociti, difesa primaria contro le infezioni batteriche, pud essere
enfatizzata in alcune condizioni patologiche di cronicizzazione inflammatoria, per
cui 1 mediatori dell’effetto battericida diventano mediatori degli effetti citotossici
e istotossici dei leucociti attivati.
Le cellule, per proteggersi, dal danno ossidativo si servono di una serie di
sistemi enzimatici antiossidanti quali:
- la superossido dismutasi (SOD) che rimuove il radicale superossido

trasformandolo in H,Oy
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- la catalasi che da due molecole di H,O, forma H,O e O,.

- la perossidasi che ha la stessa azione della precedente ma richiede la presenza
di un cosubstrato riducente(RH;) diverso dall’H,O, come donatore di
elettroni.

Simile ruolo protettivo ¢ svolto anche da tutti i composti contenenti gruppi
sulfidrilici (-SH), come ad esempio il glutatione e la cisteamina, che cedono
facilmente alle molecole ossidanti I’idrogeno, che in queste ¢ fissato da un legame
debole allo zolfo. La reazione ¢ catalizzata dall’enzima glutatione-S-trasferasi,
che trasferisce un atomo di idrogeno dal gruppo sulfidrilico delle molecole che lo
contengono agli agenti ossidanti. Unitamente a questi sistemi enzimatici sono
presenti molecole con caratteristiche intrinseche antiossidanti, come [’o0-
tocoferolo, che impedisce la propagazione delle reazioni radicaliche
nell’autossidazione dei lipidi insaturi sulle membrane cellulari; 1’ascorbato,
presente nel citosol e nel liquido extracellulare; 1’urato e la bilirubina, che sono
coinvolte principalmente nell’eliminazione dei radicali liberi dal plasma.

Nonostante la presenza di queste molecole con proprieta antiossidante e
protettiva dei tessuti, la generazione di radicali liberi da parte delle cellule,
durante i processi infiammatori, ma anche in numerosi altri processi cellulari,
come la respirazione mitocondriale, pud condurre ad un loro progressivo
accumulo che pud compromettere importanti funzioni fisiologiche e danneggiare 1
tessuti. I radicali liberi sono, infatti, per la loro forte reattivitd, in grado di
interagire praticamente con tutte le macromolecole presenti nelle cellule,
determinando ossidazione dei gruppi tiolici, modificazioni chimiche degli acidi

nucleici, perossidazione dei lipidi insaturi delle membrane biologiche,
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autossidazione degli zuccheri, interazione tra perossidazione dei lipidi, dei glucidi
e dei protidi, alterazioni cellulari dello stato redox e di quello energetico. Piu in
generale, ¢ stato messo in evidenza che condizioni ossidanti elevate sono di per sé
un fattore potenziale di lesione cellulare. Considerando il coinvolgimento
eziologico dei radicali liberi in numerosissime patologie e considerando il
substrato inflammatorio comune in diversi stati morbosi, il ruolo dei recettori
FPR, in alcuni stati patologici, potrebbe essere quello di esacerbare la risposta
infiammatoria, portando all’aumento del reclutamento leucocitario ed alla
produzione di mediatori infiammatori, ma anche all’eccessiva produzione di
radicali liberi, con esteso danno tissutale (22).

Tuttavia, nel complesso delle ricerche eseguite, risulta che i ROS non sono
soltanto mediatori del danno tessutale, ma possono anche fungere da intermedi
metabolici o secondi messaggeri in percorsi cellulari di segnalazione. Essi, infatti,
esercitano un’importante azione regolatoria di diverse funzioni cellulari, che
comprendono 1’espressione genica, la crescita cellulare, la trasduzione di segnali
biologici e, naturalmente, la difesa contro patogeni esterni. La loro generazione,
entro determinati limiti, ¢ essenziale per mantenere 1’omeostasi cellulare. Inoltre,
¢ stato dimostrato che i ROS sono coinvolti nell’attivazione di recettori tirosina
kinasi (RTK) (89, 90). Infatti, i ROS mediano I’inibizione dell’attivita delle
fosfotirosine fosfatasi (PTPase) sbilanciando [I’equilibrio dello stato di

fosforilazione degli RTK verso uno stato fosforilato (5).
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1.5 I recettori per N-formil peptidi e i tumori

L’espressione dei recettori per N-formil peptidi ¢ stata osservata anche in
alcune linee cellulari tumorali.

In linee cellulari di astrocitoma, ¢ stata dimostrata 1’espressione di recettori
ad alta e a bassa affinita per N-fMLP ed esperimenti di RT-PCR hanno
confermato ’espressione dei trascritti di FPR e di FPRL-1. FPR ¢ espresso
selettivamente nella linea cellulare di glioblastoma altamente maligna U-87, ma
anche in quelle di glioblastoma multiforme e di astrocitoma anaplasitco. In queste
linee cellulari N-fMLP induce una forte mobilizzazione del Ca**, ma anche un
aumento della secrezione di IL-6, la cui variazione risulta essere sensibile alla
tossina della pertosse. Le cellule U-87 rispondono agli agonisti dei recettori per
N-formil peptidi, aumentando la motilita, la proliferazione cellulare e la
produzione di VEGF. Inoltre, la stimolazione con fMLP determina anche un
aumento dei livelli di fosforilazione delle ERK, delle p38MAPK e delle JNK, ma
anche di Akt, che ¢ localizzato a valle del pathway della PI;K e che contribuisce
alla sopravvivenza delle cellule tumorali e alla loro proliferazione'.

La stimolazione di FPR con N-fMLP induce anche la traslocazione nucleare
del fattore trascrizionale HIF-a e la formazione del complesso di NF-kB,
costituito dalle subunita pS0 e p65. HIF-a ¢ un fattore trascrizionale, capace di
aumentare [’espressione del gene VEGF, che recluta le cellule endoteliali
vascolari e, quindi, promuove 1’angiogenesi.

Anche il fattore trascrizionale STAT3 risulta implicato nell’angiogenesi dei
tumori maligni ed ¢ associato al signaling di alcuni GPCR per chemoattrattanti.

Nelle cellule di glioblastoma, N-fMLP induce una rapida e transiente
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fosforilazione di STAT3 sia a livello del residuo di Tyr 705 che di Ser 727;
inoltre, il trattamento con inibitori delle tirosin chinasi AG490 blocca il signaling
Jak/STAT e previene la crescita delle cellule U-87 stimolata da N-fMLP. E stato
osservato anche che I’attivazione dei pathway innescati da FPR pud aumentare la
sopravvivenza delle cellule di glioblastoma aumentando i livelli di Bcl-2, che
interferisce con il rilascio del citocromo ¢ dai mitocondri e con I’attivazione delle
procaspasi 9. L’espressione dei recettori per N-formil peptidi nelle linee cellulari
U-87 di glioblastoma maligno e BT325 ¢ correlata con il progredire della
malignita delle cellule tumorali (1).

Questi dati indicano che 1 recettori per N-formil peptidi possono
rappresentare un eventuale target farmacologico, perché in grado di mediare la

proliferazione, la sopravvivenza e la migrazione di cellule tumorali.

1.6 Transattivazione di RTK mediata da GPCR

Sulla superficie cellulare sono presenti diversi tipi di recettori trans-
membrana, tra i quali i GPCR e i recettori tirosin-kinasici (RTK) sono
maggiormente espressi.

La stimolazione di un GPCR determina I’attivazione di una serie di cascate
di segnalazione che culminano con la modulazione dei secondi messageri:
adenosina monofosfato ciclica (¢AMP), proteina kinasi C (PKC), Ca®" ed una
serie di molecole intermedie come fosfatidilinositolo 3-kinasi (PI3K), specie

reattive dell’ossigeno (ROS), MAPK, Pyk2 e Src (91).
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Figura 6. Rappresentazione schematica della transattivazione di un RTK mediata da un GPCR

I recettori tirosin kinasi sono proteine trans-membrana che attraversano la
membrana una volta sola, i cui ligandi comprendono fattori di crescita e insulina.
Dopo opportuna stimolazione da parte del proprio agonista, il recettore dimerizza,
attivando il proprio dominio tirosina kinasi che autofosforila il recettore a livello
dei residui di tirosina citosolici. Questi, a loro volta, fungono da siti di legame per
una serie di proteine coinvolte nelle relative cascate di segnalazione intracellulare.
Queste vedono coinvolte le proteine She, Grb2 e Sos che mediano 1’attivazione di
Ras e del pathway delle MAPK (92, 93).

Inizialmente si riteneva che GPCR e RTK ed i loro rispettivi effettori del
segnale, attivassero cascate di segnalazione lineari e distinte tra loro e che
convergevano su target comuni a valle della cascata di segnalazione, come ad
esempio le MAPK. E stato successivamente osservato che i pathway attivati da
GPCR e RTK non sono mutuamente esclusivi tra loro e che spesso agiscono in

maniera sinergica presentando numerosi punti di interazione non solo a monte e a
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valle della cascata di segnalazione (94, 95). In questo modo, il coinvolgimento di
molecole comuni a piu cascate di segnalazione, determina un’integrazione dei
diversi stimoli attraverso una complessa cross-comunicazione definendo un
sistema di controllo piu intricato dei meccanismi che regolano la proliferazione, il
differenziamento, la crescita e la sopravvivenza cellulare.

I GPCR possono instaurare crosstalk con un RTK in differenti modi. In
alcuni casi ¢ stato dimostrato che la stimolazione diretta di un GPCR determina la
fosforilazione delle tirosine di un RTK e la sua conseguente attivazione mediante
un fenomeno conosciuto come “transattivazione” (96, 97). L’aumentata
dimerizzazione dei RTK determina il reclutamento di proteine regolatrici come
She, Grb2 e Sos che attraverso il dominio di omologia Src 2 (SH2) interagiscono
con le tirosine citosoliche fosforilate del recettore venendo a loro volta attivate.

Negli ultimi anni, sono stati identificati diversi meccanismi in grado di
indurre la transattivazione di un RTK ad opera di un GPCR (Figura 6). E stato
dimostrato, infatti, che molecole come PKC, Src e ROS possono mediare la
transattivazione di un RTK. Inoltre, uno dei piu recenti meccanismi molecolari di
transattivazione individuati ¢ quello che vede 1’attivazione da parte di un GPCR
di proteine chiamate “shaddasi” che clivano il ligando di un RTK nella sua forma

attiva rendendolo in grado di legare e stimolare il recettore bersaglio (98).

1.6.1 EGFR: struttura e pathway di trasduzione

Il gene umano per EGFR ¢ collocato sul braccio corto del cromosoma 7 in
posizione 7pl11.2 e codifica per un recettore per fattori di crescita transmembrana

di tipo 1 con attivita tirosin kinasica del peso di 170 kDa (99). EGFR appartiene
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alla famiglia degli RTK HER/erbB, che comprende HER1 (EGFR/erbB1), HER2
(neu, erbB2), HER3 (erbB3) e HER4 (erbB4). Questi recettori possiedono una
struttura molecolare molto simile, infatti, hanno un sito di legame ricco in
cisteine; un domino transmembrana a singola a-elica; un dominio citoplasmatico
con attivita tirosin kinasica ¢ un dominio carbossi-terminale di segnalazione
intracellulare (100).

La stimolazione di EGFR determina la sua omodimerizzazione e/o
eterodimerizzazione con altri membri della famiglia, seguita dall’attivazione del
dominio tirosin kinasico che autofosforilando i domini citosolici rende possibile
I’interazione con proteine adattatrici che mediano I’attivazione delle cascate di
segnalazione intracellulari (101). Le cascate di segnalazione intracellulare vedono
attivati principalmente il pathway RAS-RAF-MEK-MAPK, PI3K-PTEN-Akt e
I’attivazione del fattore trascrizionale STAT (signal transducer and activator of
transcription) (102). Le cascate di segnalazione intracellulare attivate da EGFR
regolano principalemente la proliferazione, 1’angiogenesi, la metastatizzazione e
la sopravvivenza cellulare (Figura 7) (103).

L’attivita tirosin kinasica di EGFR puo essere alterata da diversi
meccanismi oncogenici che comprendono mutazioni geniche di EGFR,
incremento del numero di copie del gene e iper-espressione della proteina EGFR
(104). L attivazione impropria di EGFR inibisce 1’apoptosi delle cellule tumorali
favorendone la progressione (105). EGFR puo anche interagire con il pathway
delle integrine (106, 107) e attivare le metalloproteasi della matrice alterando 1
meccanismi di adesione cellulare, stimolando la motilita cellulare e promuovendo

i processi di metastatizzazione (108).
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Figura 7. Schema rappresentativo delle cascate di segnalazione intracellulare associate ad EGFR.

L’acquisizione di funzione o mutazioni attivanti il gene di EGFR ricorrono
in alcuni NSCLC (non Small Cancer Lung Cell), determinando un’attivazione
costitutiva dell’attivita tirosin kinasica di EGFR. Queste evidenze suggeriscono
un ruolo strategico di EGFR nei processi di angiogensi, migrazione,
sopravvivenza e proliferazione cellulare eleggendolo target farmacologico in

numerosi processi tumorali.

1.6.2 C-Met: struttura e pathway di trasduzione

Il recettore per il fattore di crescita epatico (HGF) o scatter factor (SF), noto
anche come c-Met, fu definito inizialmente come un proto-oncogene. Il gene Met

¢ stato mappato sul braccio lungo del cromosoma 7 in posizione q21-31 e codifica
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per una proteina di 1408 aa che manca di una significativa omologia di sequenza
con gli altri recettori tirosin kinasici per fattori di crescita fino ad ora conosciuti
(106).

Tale recettore ¢ costituito da una catena di 50 kDa (o) unita tramite un
ponte disolfuro ad una catena di 145 kDa (f) con cui forma un complesso of} di
190 kDa. La catena o non attraversa la membrana cellulare ed ¢ esposta
all’ambiente extracellulare, mentre la catena f3 attraversa la membrana cellulare e
possiede domini intracellulari tirosin kinasici (106-109). Il segmento intracellulare
della catena 3 ¢ composto da tre porzioni: una sequenza juxtamembrana che
downregola I’attivita tirosin kinasica in seguito alla fosforilazione del residuo di
Ser in posizione 975; una regione catalitica che regola positivamente 1’attivita
kinasica in seguito alla fosforilazione dei residui di Tyr in posizione 1234 e 1235;
e un sito di legame multifunzionale in posizione carbossi-terminale che presenta
due Tyr in posizione 1349 e 1356, che se fosforilate possono reclutare diverse
proteine adattatrici e trasduttori del segnale (110).

L’osservazione che il ligando HGF/SF possa agire da fattore di crescita
(HGF), da scatter factor (SF) e da regolatore morfogenico dimostra che tale
ligando puo comportarsi in differenti modi, attivando diversi processi cellulari che
tuttavia non sono mutualmente esclusivi tra di loro.

Il legame di HGF/SF al recettore c-Met induce 1’autofosforilazione delle
tirosine citosoliche della catena 3 (111). Le proteine coinvolte nell’attivazione
delle cascate di segnalazione intracellulare si complessano al recettore attivato
attraverso un Src homology domain (SH) di tipo 2, come ad esempio PLC-y; Ras-

GAP, PI3K, pp60°™ e GRB2-Sos (112-115). Infatti, ¢ stato dimostrato che la
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sequenza amminoacidica contenuta nei domini SH2 di numerose proteine ¢ in
grado di legare le fosfotirosine del recettore c-Met (112,116,117). Poich¢, una
volta attive, le proteine dotate di un dominio SH2 possono attivare a loro volta
differenti fosfopeptidi di segnalazione intracellulare, ¢ possibile comprendere
I’eterogenita di risposte cellulari a cui una cellula, che esprime un recettore c-Met,

puo andare incontro (Figura 8).

HGF g

I

Figura 8. Struttura del recettore c-Met (A). Eterogeneita dei mediatori e trasduttori del segnale
associati a c-Met (B).
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2 OBIETTIVI DELLA TESI

Gli studi condotti nel corso del Dottorato sono stati rivolti al ruolo del
recettore per N-formil peptidi FPRL1 in cellule non appartenenti al
compartimento polimorfonucleato (PMN). In particolar modo sono state
analizzate:

I. L’espressione sia trascrizionale che traduzionale dei recettori per N-
formil peptidi in cellule epiteliali polmonari (IMR-90), di cancro
anaplastico del polmone (CaLu-6) e cellule epiteliali di prostata
(PNT1A).

II. Le cascate di segnalazione intracellulare innescate da FPRLI1 in
seguito alla stimolazione con gli agonisti sinteticic WKYMVm e N-
fMLP oppure con la catelicidina LL-37.

III. 11 contributo di FPRL1 nella proliferazione cellulare tumorale delle
linee cellulari di glioblastoma U-87 e di cancro anaplastico del
polmone CaLu-6.

IV. La capacita di FPRL1 di transattivare alcuni recettori tirosin kinasci
(EGFR e c-Met) nonché i meccanismi molecolari responsabili della
transattivazione.

V. Le cascate di segnalazione associate ai recettori tirosin kinasici in
seguito alla loro transattivazione mediata da FPRLI.

I risultati hanno dimostrato 1’espressione di un recettore FPRLI

funzionalmente attivo nelle linee cellulari IMR-90, CalLu-6 e¢ PNTIA. La
stimolazione di FPRL1 con il suo agonista sintetico selettivo WKYMVm oppure con

LL-37 e I'utilizzo di specifici inibitori hanno consentito di dissezionare i pathway di
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trasduzione attivati nelle linee cellulari IMR-90, CaLu-6 ¢ PNT1A. In cellule IMR-
90 ¢ stato dimostrato che il legame della catelicidina LL-37 con FPRLI innesca il
pathway delle ERK, e ’attivazione della NADPH ossidasi, espressa in queste cellule,
attraverso un meccanismo molecolare associato alla mobilizzazione del Ca*".

Il contributo di FPRLI nella regolazione della proliferazione e del ciclo
celulare ¢ stata studiata nella linea cellulare di glioblastoma U-87, analizzando
I’espressione degli inibitori dei complessi ciclina/CDK (CKI), p21¥"/“?! ¢ p16™<44,

Lo studio della capacita di FPRLI1 di transattivare recettori tirosin kinasici ¢
stato effettuato sulle linee cellulari CaLu-6 e PNT1A. In particolar modo, nella linea
cellulare CaLu-6 ¢ stato dimostrato che la stimolazione di FPRL1 con WKYMVm
innesca la transattivazione di EGFR, espresso in maniera abbondante in queste
cellule, in assenza di EGF. Il meccanismo molecolare osservato prevede, la
fosforilazione di STAT3 e di Src, nonché la generazione di anione superossido
mediato dalla NADPH ossidasi. L’incremento del rate di proliferazione cellulare
rappresenta una delle risposte cellulari a valle.

In cellule PNT1A ¢ stata osservata 1’espressione di un recettore FPRLI
funzionalmente attivo. La stimolazione con WKYMVm determina la transattivazione
del recettore c-Met, espresso significativamente in queste cellule, in assenza del suo
ligando HGF.

La transattivazione dei recettori c-Met ed EGFR indotta dalla stimolazione di
FPRLI1 dipende dalla generazione di ROS. Infatti, nel lavoro di tesi, ¢ stato
dimostrato che inibitori specifici della NADPH ossidasi, o il silenziamento della

subunita catalitica della NADPH ossidasi p22phox mediante specifici siRNA
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previene la transfosforilazione dei domini tirosina kinasi citosolici di entrambi i
recettori.

I risultati ottenuti nel corso del dottorato dimostrano nuove funzioni per FPRL1
diverse da quelle che li vedono coinvolti nella risposta immune innata, suggerendo il
loro coinvolgimento in diversi processi fisiopatologici che includono il controllo del
ciclo cellulare. Ulteriori studi saranno necessari per identificare nuovi approcci
farmacologici volti a prevenire I’attivazione di FPRLI e le relative cascate di

segnalazione intracellulare.
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3 MATERIALI E METODI

3.1 Colture cellulari e trattamenti

I peptidi WKYMVm (PW), WRWWWW (WRW4), LL-37, fMLP sono stati
sintetizzati e purificati mediante HPLC dalla PRIMM (Milano, Italia). I reagenti per
SDS-PAGE sono stati forniti dalla Bio-Rad (Hercules, CA, USA). Gli anticorpi, anti-
fosfo-ERK1/2, anti-tubulina, anti-c-Src, anti-p21™*™"“P! anti-p16™***, anti-p27""",
anti-p47phox, anti-PKC-a, anti-PKC-9, anti-FPRLI1, anti-EGFR, anti-cMet, anti-
STATS3, anti-ciclina A, anti-p-Y, anti-Rabbit e la proteina A/G Plus agarose sono
stati procrastinati dalla Santa Cruz Biotechnology (Santa Cruz, CA, USA). Gli
anticorpi anti-p-c-Src (Tyr416), anti-p-Akt (Ser473), anti-p-STAT3 (Tyr705) e anti-
p-STAT3 (Ser727) sono stati forniti da Cell Signaling Technology (Danvers, MA,
USA). La proteina A-horseradish peroxidase e I’anticorpo anti-mouse Ig—
horseradish peroxidase sono stati ordinati presso Amersham Pharmacia Biotech
(Little Chalfont, 171 Buckinghamshire, UK). DPI, BAPTA-AM, GF109203X,
G06983, PD098059, AG1478, SU11273, Wortmanina, LY294002, PP2, PP3, ¢ la
genisteina sono stati forniti dalla Calbiochem (La Jolla, CA, USA). La tossina della
pertosse (PTX), apocinina, I’anticorpo anti-p-Ser e 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenylte- trazolium bromide (MTT) sono stati procrastinati dalla Sigma (St. Louis,
MO, USA).

Il siRNA p22phox (SI03078523) ed il relativo controllo negativo (SI03650318)
sono stati forniti dalla Qiagen (Hiden, Germany).

Le linee cellulari umane Hek293, IMR-90, U-87, CaLu-6 ¢ PNT1A sono state
fornite dalla ATCC (Rockville, MD, USA). Le cellule CaLu-6 sono state cresciute in

Dulbecco's modified Eagle's medium (DMEM) contenente il 10% di siero fetale
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bovino (FBS), 100 U/ml penicillina, 100 wg/ml streptomicina, 1% L-glutammina, e
1% modified Eagle's medium (MEM).

Le linee cellulari Hek293, IMR-90 e U-87 sono state cresciute in mezzo
DMEM contenente il 10% di FBS e 100 U/ml penicillina, 100 wg/ml streptomicina.

Le cellule PNT1A sono state coltivate in mezzo di coltura RPMI contenente il
10% di FBS, 100 U/ml penicillina, 100 ug/ml streptomicina, 1% L-glutammina. Le
culture cellulari, una volta raggiunta una confluenza dell’80% sono state incubate in
mezzo deprivato di siero per 24 h, e successivamente sono state stimolate o con il
peptide WKYMVm alla concentrazione finale di 10 uM, o con LL-37 alle
concentrazioni di 1, 10 e 100 nM per tempi differenti, o con fMLP 1 uM per 1,2 e 4
ore, cosi come indicato nelle figure. In altri esperimenti, cellule deprivate di siero,
sono state preincubate con 100 ng/ml di PTX per 16 h oppure con 50 uM di
PD098059 per 90min, 10 uM di PP2 per 45min, 10 uM di PP3 per 45min, 60 uM di
genisteina per lh, 2 uM di AG1478 per lh, 100 mM apocinina per 2h, 2 uM
SU11274 per 16h, 50 uM LY294002 per lh, 100 uM DPI per 15min, 25 uM
BAPTA-AM per 1h, 10 uM GF109203X per 10min, 10 uM Go6983 per 10min, 0,5
uM wortmannina per 1h o 10 uM WRW4 per 15min prima della stimolazione o con
WKYMVm per 2 min alla concentrazione finale di 10 uM, o con LL-37 10 nM per
Imin o con fMLP 1 uM per 2h.

Negli esperimenti di silenziamento, 4 x 10° cellule sono state incubate per 12 h
con i1 siRNA ad una concentrazione finale di 5 nM in DMEM contenente il 10% di
FBS, in presenza di 20 ml di HiPerFect (Qiagen). Le cellule sono state
successivamente deprivate di siero prima di essere stimolate con WKYMVm per 2

min alla concentrazione finale di 10 uM.
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3.2 Estrazione RNA ed analisi di RT-PCR

L’RNA totale ¢ stato estratto dalle cellule CaLu-6, PNT1A e da PMN con il
RNAeasy Mini kit (Qiagen) seguendo le istruzioni fornite dalla casa produttrice.
Sono stati utilizzati 0,1 ug di RNA come templato per gli esperimenti di RT-PCR.
Per amplificare i cDNA di FPRLI1 ¢ stato disegnato un oligonucleotide senso 5°-
AATTCACATCGTGGTGGACA-3> ed wun oligonucleotide antisenso 5’-
GAGGCAGCTGTTGAAGAAGG-3’, in accordo con la sequenza della regione
codificante del gene umano FPRL1. Questi primer generano un amplificato di 688-
bp. Invece, per il gene umano codificante per la proteina FPR, ¢ stato disegnato un
primer  senso 5’-CTCCAGTTGGACTAGCC-3" ed un primer antisenso 5'’-
CCATCACCCAGGGCCCA-3’ che amplificano un frammento di 500-bp. Per il
gene GAPDH, ¢ stato utilizzato un primer senso con sequenza 5’-
CCATGGAGAAGGCTGGG-3° ed un  primer  antisenso con  5'-
CGCCACAGTTTCCCGGA-3’ il cui prodotto di amplificazione genera un

frammento di 280-bp.

3.3 Western Blot e saggio di immunoprecipitazione

Cellule deprivate di siero sono state stimolate per differenti tempi con il
peptide WKYMVm alla concentrazione finale di 10 uM in presenza o assenza di
specifici inibitori. Cellule CaLu6 e PNT1A sono state lavate con phospate-buffered
saline (PBS) freddo e lisate con 0,5 ml di RIPA buffer (50 mM Tris—HCI, pH
7.4, 150 mMNaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium deoxycholate,

I mM NaF, 10 uM Na3VO04, 1 mM phenylmethylsulfonyl fluoride, 10 ug/ml

43



aprotinin, 10 ug/ml pepstatin, 10 ug/ml leupeptin), incubandole per 45 min a 4°C. La
concentrazione proteica degli estratti ottenuti ¢ stata determinata utilizzando il Bio-
Rad protein assay. L’ analisi di western blot ¢ stata eseguita separando uguali quantita
di proteine mediante elettroforesi su gel denaturante di poliacrilammide (SDS-
PAGE) ad un voltaggio di 120mV per circa 2,5 — 3 ore. Dato il peso molecolare delle
proteine in esame si ¢ utilizzato un gel al 10%, per aumentarne il potere di setaccio
molecolare.

Dopo la migrazione elettroforetica, le proteine sono state trasferite
elettricamente (80mV per 2 ore 0 25 mV per 12 h a freddo) dal gel ad una membrana
di nitrocellulosa (blotting). 1 filtri sono stati incubati con una soluzione al 5% latte-
0,1% Tween in TBS per lh a temperatura ambiente e quindi incubati il tempo
necessario, con [’opportuna concentrazione di anticorpo primario diluita
nell’appropriata soluzione.

I complessi antigene anticorpo sono stati rilevati con il sistema di
chemioluminescenza ECL chemiluminescence reagent kit (Amersham Pharmacia
Biotech).

Gli estratti nucleari sono stati ottenuti con il Qproteome nuclear protein kit
(Qiagen) seguendo le istruzioni riportate dal fornitore. Negli esperimenti di
immunorpecipitazione, i lisati cellulari contenenti uguali quantita di proteine sono
stati incubati, con 3 ug di anticorpo anti-EGFR o anti-p47phox, overnight a 4°C. Gli
immunocomplessi cosi generati, sono stati incubati con 30 ul di Protein A/G Plus
agarose su un rotore per 45 min a 4°C. Successivamente, gli immunoprecipitati sono
stati lavati per tre volte con PBS freddo, risospesi in 40 ul di Laemmli buffer, bolliti

per 5 min a 94°C, pellettati per breve centrifugazione e separati mediante SDS-
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PAGE al 10%. 11 livello di fosforilazione delle proteine ¢ stato stimato
quantitativamente analizzando la densitometria delle bande utilizzando uno scanner
Discover Pharmacia equipaggiato con una workstation densitometrica Sun Spark

Classic.

3.4 Saggio produzione anione superossido

Per determinare la produzione di O,”, membrane e citosol sono stati isolati da
cellule di cancro del polmone deprivate di siero per 24 h prima di essere stimolate
con il peptide WKYMVm alla concentrazione finale di 10 uM per differenti tempi.
La generazione di superossido da parte del complesso della NADPH ossidasi ¢ stato
determinato come tasso di riduzione del citocromo C sensibile alla superossido
dismutasi. Una combinazione di 10 ug di proteine di membrana e di 200 ug di
proteine citosoliche sono state incubate a temperatura ambiente in una soluzione di
PBS del volume finale di 1 ml, in presenza di 15 uM GTPy-S, 100 uM citocromo C e
10 uM FAD. Successivamente ¢ stato aggiunto NADPH (100 uM) ed ¢ stata
monitorata la produzione di superossido leggendo I’assorbanza a 550 nm. La
riduzione specifica del citocromo C ¢ stata controllata aggiungendo ai campioni di
controllo 200 U/ml di superossido dismutasi. I livelli di O,” sono stati calcolati
analizzando il coefficiente di estinzione molare del citocromo C, AEsso/At=21.1 mM"
"em™, considerando che 1 mole di O, riduce 1 mole di citocromo C. Lo Student T
test ¢ stato utilizzato per comparare i risultati ottenuti dai vari trattamenti ed rispettivi
controlli ed i valori il cui rapporto presentava p<0.05 sono stati considerati

significativi.
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3.5 Saggio in vitro dell’attivita kinasica

Il saggio di attivita kinasica di c-Src ¢ stato effettuato utilizzando 1’enolosai
muscolare denaturata di coniglio (Sigma) come substrato esogeno. La proteina c-Src
¢ stata immunoprecipitata incubando overnight a 4°C 5 ug di anticorpo anti-c-Src e
la proteina A/G-Sepharose. Gli immunoprecipitati sono stati lavati per tre volte con
un buffer all’1% di Nonidet P-40 e due volte con una soluzione 25 mM Tris-HCI, pH
7,4 , 10 mM MnCl,. La proteina c-Src immunoprecipitata ¢ stata successivamente
incubata con 20 ul di kinase buffer (50 mM Tris—HCL, pH 7.4, 10 mM  MnCI2, 1
mM dithiothreitol) contenente 2 ug di enolasi denaturata acida e 10 mCi di [y->*P]
ATP (PerkinElmer Life Sciences, Waltham, MA, USA) per reazione di 10 min a
37°C. le reazioni sono state stoppate aggiungendo Laemmli sample buffer e risolte
mediante SDS-PAGE e i segnali sono stati rilevati mediante autoradiografia.
L’enolasi muscolare di coniglio ¢ stata denaturata incubandola in una soluzione di
acido acetico 25 mM per 10 min a 30°C ed ¢ stato aggiunto in rapporto 1/10 rispetto

al volume della soluzione finale della reazione di kinasi.

3.6 Analisi statistica

Tutti 1 dati riportati sono espressione delle deviazioni standard e sono
rappresentativi dei risultati ottenuti da tre o piu esperimenti indipendenti. L’analisi
statistica ¢ stata effettuata utilizzando lo Student’s T test e solo i risultati con p<0,05

sono stati considerati significativi.
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3.7 Saggio di vitalita cellulare

In una piastra da 96 pozzetti sono state piastrate 4x10” cellule in un volume di
mezzo completo pari a 200 ul prima di essere stimolate con WKYMVm 10 uM, in
presenza o assenza di 100 ng/ml di PTX o WRW4 10 uM per 12, 24 ¢ 36 h a 37°C.
MTT (5 mg/ml in PBS) ¢ stato aggiunto per ciascun pozzetto ed ¢ stato incubato per
4 h. Dopo aver rimosso con attenzione il mezzo, 200 wl di dimethyl sulfossido
(DMSO) ¢ stato aggiunto in ogni pozzetto. L’assorbanza dei sali di formalzano
generatosi ¢ stata analizzata mediante spettrofotometria alla lunghezza d’onda di 540
nm. L’effetto di WKYMVm sulla crescita cellulare e stato valutato come viatalita
cellulare. Quattro esperimenti indipendenti sono stati effettuati per ciascun

trattamento.
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4 RISULTATI

4.1 LL-37 induce la fosforilazione delle ERK e [’attivazione della
NADPH ossidasi in cellule IMR-90 mediante un meccanismo FPRLI-

dipendente

In studi precedenti, nel laboratorio dove ho svolto la tesi, ¢ stato dimostrato che
cellule IMR-90 esprimono un recettore FPRL1 funzionalmente attivo e che la sua
stimolazione con WKYMVm induce D’attivazione del complesso della NADPH
ossidasi attraverso un meccanismo ERK (p42 e p44 MAPK) dipendente (5, 7). La
catelicidina LL-37 agisce come un antibiotico endogeno, ma mostra ruoli addizionali
che comprendono la regolazione delle risposte immuni e infiammatorie, la
promozione del wound healing, la riepitelizzazione e un’attivita chemiotattica rivolta
verso neutrofili, monociti e cellule T attraverso il legame con FPRL1. LL-37 puo
anche indurre la generazione di ROS ed il rilascio di o-defensine dai neutrofili. E
stata pertanto analizzata la cascata di segnalazione innescata dal legame di LL-37
con FPRL1 in cellule IMR-90. Abbiamo dimostrato che la stimolazione con LL-37
induce la fosforilazione delle ERK attraverso un meccanismo concentrazione
dipendente (Figura 9A) e tempo dipendente (Figura 9B).

L’attivazione della NADPH ossidasi richiede la fosforilazione di p47phox su
diversi residui di serina. Tale fosforilazione ¢ catalizzata da diverse kinasi tra le quali
le ERK giocano un ruolo importante. Abbiamo dimostrato che LL-37 induce la
fosforilazione di p47phox gia dopo 30 dalla stimolazione (Figura 9C) e che tale
evento dipende dall’attivazione del pathway Ras-MAPK e dal legame di LL-37 con

FPRL1, come osservato dall’effetto di PD098059, un inibitore di MEK, nonché di
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PTX e WRW4 sulla fosforilazione di p47phox (Figura 9E). La fosforilazione delle
ERK risulta essere uno degli effetti a valle della cascata di segnalazione innescata da
FPRLI1. Infatti, il pretrattamento con PTX e WRW4 previene tale attivazione (Figura
9D). Di conseguenza [’esposizione per tempi crescenti con LL-37 induce un

incremento della produzione di ROS (Figura 9F).
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Figura 9. Attivazione delle ERK, fosforilazione di p47phox e generazione di ROS associata
all’attivazione del complesso della NADPH ossidasi in seguito alla stimolazione di cellule IMR-90
con LL-37. (A) Lisati cellulari ottenuti da cellule IMR-90 deprivate di siero e stimolate con
concentrazioni crescenti di LL-37 o (B e C) per tempi crescenti alla concentrazione di 10nM o (D e
E) preincubate alle concentrazioni indicate con PTX o WRW4 o PD098059, prima della stimolazione
con LL-37 per 30” alla concentrazione riportata. Venti microgrammi di estratti toali sono stati risolti
mediante SDS-PAGE 10% e la fosforilazione delle ERK ¢ stata rilevata utilizzando un anticorpo anti-
fosfo-ERK (a-p-ERK). Un anticorpo anti-tubulin (a-tubulin) € stato utilizzato per la normalizzazione
degli estratti caricati. La fosforilazione di p47phox ¢ stata rilevata immunoprecipitando un
milligrammo di estratti totali con un anticorpo anti-p47phox (a-p47phox), e la fosforilazione di p-
47phox (p-p47phox) ¢ stata saggiata utlizzando un anticorpo anti-fosfo-Serina (a-p-Ser). I filtri sono
stati successivamente reincubati con un anticorpo a-p47phox per verificare la quantita di proteine
caricate. (F) Per monitorare la generazione di specie reattive dell’ossigeno (ROS), 10 ug di membrane
e 200 ug di proteine citosoliche sono state purificate da cellule IMR-90 cresciute in mezzo deprivato
di siero e stimolate con LL-37 per i tempi indicati. La riduzione specifica del citocromo C ¢ stata
monitorata a 550 nm come descritto in materiali e metodi.
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4.2 La fosforilazione delle ERK e [’attivazione della NADPH ossidasi

indotta da LL-37 é un evento mediato dal Ca’*

Altri pathway che attivano kinasi sono innescati da recettori a sette tratti
transmembrana e possono essere coinvolti nella generazione di specie reattive
dell’ossigeno. In studi precedenti abbiamo dimostrato che in fibroblasti umani
stimolati con WKYMVm, [’attivazione delle ERK e di p47phox ¢ prevenuta dai
pretrattamenti con inibitori selettivi o generali della PKC (7). Pertanto abbiamo
analizzato in cellule IMR-90 stimolate con LL-37 il coinvolgimento di isoforme di
PKC sensibili a GF109203X o0 a Go6983 nella cascata di segnalazione che porta alla
generazione di anione superossido NADPH-dipendente.

Abbiamo osservato che la preincubazione con GF109203X, che agisce come
competitore inibitorio del sito di legame all’ATP della PKC, o con Go6983, che
inibisce le isoforme di PKC a, B, v, 8, C, prima della stimolazione con LL-37 non
attenua la fosforilazione delle ERK (Figura 10A). In diversi tipi cellulari LL-37
induce la mobilizzazione del calcio che rappresenta anche uno degli effetti a valle
dell’attivazione di FPRL1. Abbiamo pertanto utilizzato il chelante del calcio
BAPTA-AM per analizzare gli effetti della deplezione del calcio sull’attivazione
delle ERK e sulla generazione di ROS. I risultati hanno mostrato che BAPTA-AM
previene significativamente la fosforilazione delle ERK e di p47phox indotta da LL-
37 (Figura 10A e 10B). Come atteso, la generazione di ROS NADPH-dipendente ¢
inibita dalla preincubazione con il chelante del calcio, con apocinina, con DPI, con

PTX o con PD098059 (Figura 10C).
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Figura 10. La stimolazione di FPRL1 con LL-37 attiva le ERK, p47phox e la NADPH ossidasi
secondo un meccanismo Ca®" dipendente. (A e B) Cellule IMR-90 sono state deprivate di siero e
stimolate per 30” con LL-37 in presenza o assenza degli inibitori Go6983, GF109203X ¢ BAPTA-
AM alle concentrazioni riportate. La fosforilazione delle ERK ¢ stata rilevata utilizzando un anticorpo
anti-fosfo-ERK  (a-p-ERK). Un anticorpo anti-tubulin (c-tubulin) & stato utilizzato per la
normalizzazione degli estratti caricati. La fosforilazione di p47phox ¢ stata rilevata
immunoprecipitando un milligrammo di estratti totali con un anticorpo anti-p47phox (a-p47phox), e
la fosforilazione di p-47phox (p-p47phox) ¢ stata saggiata utlizzando un anticorpo anti-fosfo-Serina
(a-p-Ser). I filtri sono stati successivamente reincubati con un anticorpo a—p47phox per verificare la
quantita di proteine caricate. (C) La generazione di specie reattive dell’ossigeno ¢ stata monitorata
come descritto in materiali € metodi stimolando le cellule IMR-90 con LL-37 per 30” in presenza o
assenza dei composti PD098059, PTX, BAPTA-AM, DPI e apocinina alle concentrazioni riportate.
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4.3 LL-37 é espresso in fibroblasti umani IMR-90

La catelicidina hCAP18/LL-37 ¢ sintetizzata sotto forma di precursore (pro-
peptide) e la sua piena funzione biologica richiede il clivaggio ad opera della
proteinasi-3 che taglia il pro-peptide tra I’alanina 103 e la leucina 104, originando un
frammento di 37 aa che presenta due leucine all’NH,-terminale (LL-37). Abbiamo
analizzato nelle linee cellulari IMR-90 ed HEK-293 i trascritti della catelicidina
hCAP18/LL-37 mediante RT-PCR ed i risultati hanno dimostrato che in queste due
linee cellulari ¢ espressa I’intera regione codificante (Figura 11A). Abbiamo anche
valutato mediante esperimenti di western blot, condotti con un anticorpo
monoclonale specifico, il pattern di clivaggio e i livelli di espressione della proteina
hCAP18/LL-37. 1 risultati ottenuti mostrano che sia il pro-peptide che la forma
attiva, rappresentata da una banda immunoreattiva di 3.7 KDa, ¢ espressa in
entrambe le linee cellulari (Figura 11B).

Recentemente ¢ stato dimostrato che in macrofagi, monociti, neutrofili e
cellule epiteliali alveolari 1’espressione e il rilascio di LL-37 nella sua forma attiva
puo essere indotto dalla stimolazione di alcuni Toll-like receptor (TLR) come TLR-
2, TLR-4 e TLR-9. La famiglia dei TLR gioca un ruolo chiave nel riconoscimento
dei patogeni e nell’attivazione della risposta immune innata. Infatti, i TLR,
riconoscendo i pattern molecolari associati ai patogeni generalmente espressi dagli
agenti infettivi, mediano la produzione di citochine necessarie per il corretto sviluppo
della risposta immune. Pertanto abbiamo analizzato 1’espressione di questi recettori
in fibroblasti umani e gli esperimenti condotti mediante RT-PCR dimostrano che i
livelli di espressione dei trascritti di TLR-2, TLR-4 e TLR-9 non sono rilevabili in

cellule IMR-90 (Figura 11C).
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Figura 11. Espressione di LL-37 e di TLR in cellule IMR-90 e HEK-293. RNA totale e proteine sono
state purificate da cellule polimorfonucleate (PMN), IMR-90 e HEK293. (A) L’espressione di
hCAP/LL-37 ¢ stata determinata mediante RT-PCR e coamplificando con coppie di primer specifici
per la regione codificante di hCAP/LL-37 e per la GAPDH. I segnali attesi degli amplificati di
hCAP/LL-37 e GAPDH sono rispettivamente di 546bp e 280bp. (B) L’espressione e il clivaggio di
hCAP/LL-37 ¢ stata determinata mediante western blot utilizzando un anticorpo specifico anti-
hCAP/LL-37. Un SDS-PAGE 10-20% ¢ stato utilizzato per separare 50 ug di estratti totali e 20 ng di
peptide LL-37. Le freccie indicano il pro-peptide hCAP/LL-37 (18KDa) e la forma matura del peptide
LL-37 (3.7KDa). (C) L’espressione dei TLR ¢ stata determinata mediante RT-PCR e coamplificando
con coppie di primer specifici per le regioni codificanti dei TLR e per la GAPDH. I prodotti di PCR
sono stati separati su un gel di agarosio all’1,5%.
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4.4La stimolazione dei recettori per N-formil peptidi con N-fMLP regola

il ciclo cellulare in cellule di glioblastoma U-87

In cellule umane di glioblastoma U-87, la stimolazione per tempi crescenti con
N-fMLP induce un accumulo degli inibitori delle kinasi ciclina-dipendneti p21%*/¢P!
e pl6™* secondo un evento regolato nel tempo (Figura 12A). La proteina
p2 1™l 5o promuovere o arrestare la proliferazione e la progressione del ciclo

flicipl s ep.
V&P dnibisce la

cellulare in funzione della sua localizzazione. Infatti, p2
proliferazione se localizzata a livello nucleare, mentre se si accumula a livello
citosolico promuove la progressione del ciclo e la proliferazione cellulare (1). E stata
quindi analizzata la localizzazione di p21™*"/“"! in cellule stimolate con N-fMLP ed
¢ stato osservato un suo accumulo prevalentemente a livello nucleare (Figura 12B).
N-fMLP induce in cellule U-87 la fosforilazione delle ERK e tale evento ¢ prevenuto
dal pretrattamento con I’inibitore di MEK-1, PD098059, e richiede la generazione di
ROS come dimostrato dall’osservazione che ’apocinina ne inibisce la fosforilazione
(Figura 12C). Questi eventi dipendono dall’attivazione del recettore FPR. Infatti, il
pretrattamento con la tossina della pertosse, che ADP-ribosila le proteine Gi
accoppiate al recettore, previene sia la fosforilazione delle ERK che I’accumulo di
p21™eP! (Figura 12D). Questi suggeriscono che in cellule di glioblastoma U-87,
I’interazione FPR/N-fMLP induce un arresto nella progressione del ciclo cellulare
attraverso 1’aumento di espressione di pl6™<** ¢ di p21™*"“P! ¢ che 1’accumulo a

livello nucleare di p21™*"*P! & un evento regolato da MEK e dalla generazione di
p g g

superossido NADPH-dipendente.
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Figura 12. La stimolazione di FPR con N-fMLP, in cellule U-87, induce I’accumulo di CKI secondo
un meccanismo MEK/NADPH ossidasi dipendente. (A) Le cellulle umane di glioblastoma U-87 sono
state deprivate di siero e stimolate con N-fMLP 1 uM per 1h, 2h e 4h. (B) Le cellule U-87 deprivate di
siero sono state esposte a N-fMLP 1 uM per 2h oppure a PBS, come controllo negativo, e le frazioni
nucleari (N) e citosoliche (C) sono state isolate come riportato in materiali e metodi. Nei pannelli C e
D le cellule U-87 deprivate di siero sono state stimolate con N-fMLP 1 uM per 2h in presenza o
assenza di PD098059, apocinina e PTX alle concnetrazioni indicate. Venti microgrammi di estratti
opportunamente purificati sono stati risolti mediante SDS-PAGE 10% e successivamente ibridizzati
con un anticorpo anti-p16™* (a-p16™***), oppure anti-p2 1™ (o-p21™7PY) oppure anti-fosfo-
ERK (a-p-ERK). Un anticorpo anti-tubulin (a-tubulin) € stato utilizzato per la normalizzazione della
frazione citosolica e degli estratti totali caricati, mentre, la frazione nucleare ¢ stata normalizzata
utilizzato un anticorpo anti-ciclina A (a-ciclina A).
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4.5 FPRLI é un recettore funzionalmente espresso in cellule CaLu-6 e

PNTIA
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Figura 13. Espressione del recettore FPRL1 in cellule CaLu6 e PNT1A. (A) Gli RNA totali sono
stati retrotrascritti € i cDNA sono stati coamplificati con coppie di primer specifici per il recettore
FPR o FPRL1 e per la GAPDH (gene housekeeping). I segnali attesi degli amplificati di FPR, FPRL1
e GAPDH sono rispettivamente di 688bp, 500bp e 280bp. (B) Cinquanta microgrammi di estratti
proteici di membrana sono stati isolati da cellule CaLu-6, PNTIA e IMR-90 come controllo, sono
stati separati mediante SDS-PAGE al 10% e ibridizzati con un anticorpo anti-FPRL1 (a-FPRL1).

Nelle linee cellulari CalLu-6 e PNTIA ¢ stata analizzata [’espressione
trascrizionale e traduzionale dei recettori FPR e FPRL1 mediante analisi di RT-PCR,
effettuata utilizzando coppie di primer specifici che amplificano una regione
codificante dei due recettori, ed esperimenti di western blot, condotti con anticorpi
anti-FPRLI. I risultati ottenuti dimostrano che in queste linee cellulari sono trascritti
solo gli mRNA codificanti per il recettore FPRL1 e non quelli per il recettore FPR
(Figura 13A). Tali dati sono stati confermati anche dall’osservazione che anticorpi
anti-FPRL1 evidenziano 1’espressione del recettore FPRL1 in cellule CaLu-6 e
PNT1A (Figura 13B). Abbiamo quindi analizzato la funzionalita di questo recettore e
la sua capacita di indurre la fosforilazione delle ERK e 1’attivazione della NADPH
ossidasi in cellule stimolate con WKYMVm.

Gli esperimenti hanno dimostrato che il trattamento per tempi crescenti con

I’agonista induce la fosforilazione delle ERK la quale ¢ sostenuta fino a 10 min dalla
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stimolazione (Figura 14A). Inoltre, la preincubazione delle cellule CaLu-6 e PNT1A
con PD098059 o con PTX, prima della stimolazione con WKYMVm, previene la
fosforilazione delle ERK (Figura 14B), suggerendo che tale evento ¢ MEK-
dipendente e richiede I’attivazione di FPRLI.

La fosforilazione e la traslocazione sulla membrana delle subunita citosoliche
della NADPH ossidasi sono considerate eventi chiave per [’assemblaggio e
I’attivazione della NADPH ossidasi fagocitica e non fagocitica (7). Poiché p47phox
¢ un substrato dell’attivita kinasica delle ERK, e la fosforilazione di
p44MAPK/p42MAPK ¢ considerata un prerequisito per 1’attivazione della NADPH
ossidasi, sono stati analizzati 1 meccanismi molecolari che determinano la
produzione di anione superossido NADPH-dipendente nelle due linee cellulari
stimolate con WKYMVm. I risultati ottenuti dimostrano che p47phox ¢ rapidamente
fosforilata a livello dei residui di Serina (Figura 14C) e che questa ¢
significativamente prevenuta dal pretrattamento con PTX o con PD098059 (Figura
14D). Inoltre, come conseguenza dell’attivazione della subunita regolatoria della
NADPH ossidasi, la stimolazione di FPRL1 con WKYMVm induce la generazione
di superossido NADPH-dipendente con un picco di produzione a 2 min dalla
stimolazione (Figura 14E). Questi dati suggeriscono che, nelle linee cellulari CaLu-6

e PNTIA, FPRLI ¢ un recettore biologicamente funzionale.
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Figura 14. Attivazione delle ERK, fosforilazione di p47phox e generazione di ROS associata
all’attivazione del complesso della NADPH ossidasi in seguito alla stimolazione di cellule CaLu-6 e
PNT1A con WKYMVm. (A) Lisati cellulari di CaLu-6 e PNT1A deprivate di siero e stimolate per
tempi crescenti con WKYMVm (10uM) o (B) preincubate alle concentrazioni indicate con PTX o
PD098059, prima della stimolazione. Venti microgrammi di estratti toali sono stati risolti mediante
SDS-PAGE 10% e la fosforilazione delle ERK ¢ stata rilevata utilizzando un anticorpo anti-fosfo-
ERK (a-p-ERK). Un anticorpo anti-tubulin (a-tubulin) € stato utilizzato per la normalizzazione degli
estratti caricati. (C) Cellule CaLu-6 e PNT1A deprivate di siero sono state stimolate con WKYMVm
per i tempi riportati o (D) preincubate con PTX e PD098059 prima della stimolazione. Un
milligrammo di estratti totali € stato immunoprecipitato con un anticorpo anti-p47phox (o-p47phox),
e la fosforilazione di p-47phox (p-p47phox) ¢ stata saggiata utlizzando un anticorpo anti-fosfo-Serina
(a-p-Ser). I filtri sono stati successivamente reincubati con un anticorpo a—p47phox per verificare la
quantita di proteine caricate. Dieci microgrammi di membrane e 200 pg di proteine citosoliche sono
state purificate da cellule CaLu-6 e PNT1A cresciute in mezzo deprivato di siero e stimolate con
WKYMVm per i tempi indicati. La riduzione specifica del citocromo C ¢ stata monitorata a 550 nm
come descritto in materiali e metodi.
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4.6 La generazione di superossido e necessaria per la transattivazione di

EGFR e c-Met mediata da FPRLI

E stato dimostrato che recettori a sette tratti trans-membrana accoppiati a
proteina G possono transattivare recettori tirosin kinasici esercitando un’azione
sinergica che contribuisce ad esacerbare il fenotipo tumorale e a favorire la
produzione di fattori angiogenici (94, 95). Poiché i recettori EGFR e c-Met sono
costitutivamente espressi rispettivamente in cellule CaLu-6 e PNTI1A, ¢ stata
esaminata la capacita di FPRL1 di transattivare tali recettori. Come mostrato in
Figura 15A e 16A, la stimolazione per tempi crescenti con WKYMVm induce la
fosforilazione regolata nel tempo di EGFR in CaLu-6 e di c-Met in PNT1A con un
picco di fosforilazione dei residui di tirosina citosolici dei recettori a 2 min dalla
stimolazione. Inoltre, la preincubazione con PTX, prima della stimolazione di
FPRLI1 con il suo agonista, determina una significativa riduzione del livello di
fosforilazione delle tirosine citosoliche di EGFR e di c-Met come conseguenza
dell’inibizione selettiva delle proteine Gi (Figura 15B e 16B).

Molte evidenze sperimentali dimostrano che i ROS sono intermedi della
segnalazione coinvolti nell’attivazione dei recettori tirosin kinasi. L’inibizione
mediata dai ROS dell’attivita delle fosfotirosine fosfatasi (PTPasi), risulta in uno
shift dell’equilibrio dallo stato non fosforilato a quello fosforilato dei recettori
tirosina kinasi (89, 90). Allo scopo di determinare il ruolo dei ROS generati dalla
NADPH ossidasi nella transattivazione di EGFR e c-Met, le linee cellulari CaLu-6 e
PNT1A sono state preincubate con 1’apocinina, un inibitore selettivo della NADPH
ossidasi, o con siRNA per silenziare selettivamente 1’espressione della subunita

p22phox, prima della stimolazione con WKYMVm.
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I risultati dimostrano che il blocco delle funzioni della NADPH ossidasi
previene la fosforilazione delle tirosine citosoliche dei recettori EGFR e c-Met
indotta da FPRL1 (Figure 15C, 15D, 16C e 16D), suggerendo che I’attivazione della

NADPH ossidasi ricopre un ruolo chiave nella transattivazione di tali RTK.

A WKYMVm
— 1 2 |P: -EGFR B 1 2 3 4 s
p-EGFR—b : L m— WB: (x-pY p-EGFR—»> — WB: a-pY
) EGFR—P> s WB: o-EGFR
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— — 4 4 PTX (100 ng/ml)
C _ D 1 2 3 4 IP:w-EGFR
1 2 3 4 IP:o-EGFR p-EGFR—p WB: a-pY
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— — — 4 NCSsiRNA (5nM)

Figura 15. FPRL1 induce la transattivazione di EGFR secondo un meccanismo NADPH ossidasi
dipendente. (A) Cellule CaLu-6 deprivate di siero sono state incubate con WKYMVm 10 uM per i
tempi indicati o preincubati con (B) PTX 100ng/ml o (C) apocynin 100 uM prima della stimolazione.
(D) Cellule deprivare di siero sono state incubate per 12 h con siRNA specifici per i trascritti di
p22phox (p22phox siRNA), alla concentrazione finale di 5 nM, o con un siRNA aspecifico come
controllo negativo (NC siRNA) in mezzo DMEM contente il 10% di FBS in presenza di 20ul di
HiPerfect. Le cellule sono state deprivate di siero per 24 h prima della stimolazione con WKYMVm
per 2 min. Ottocento microgrammi di lisati totali, sono stati incubati con 3ug di anti-EGFR
(a—EGFR) e gli immunocomplessi sono stati mixati con 30ul di resina Protein A/G Plus agarose. Gli
immunoprecipitati sono stati risolti con SDS-PAGE 10% e la fosforilazione di EGFR (p-EGFR) ¢
stata rilevata utilizzando un anticorpo anti-fosfo-Tirosina (a-p-Y). Gli anticorpi o—EGFR e a—tubulin
sono stati utilizzati per controllare la quantita di proteine caricata. Un anticorpo a-p22phox ¢ stato
utilizzato per controllare il silenziamento di p22phox.
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Figura 16. FPRL1 induce la transattivazione di c-Met secondo un meccanismo NADPH ossidasi
dipendente. (A) Cellule PNT1A deprivate di siero sono state incubate con WKYMVm 10 uM per i
tempi indicati o preincubati con (B) PTX 100ng/ml o (C) apocynin 100 uM prima della stimolazione.
(D) Cellule deprivare di siero sono state incubate per 12 h con siRNA specifici per i trascritti di
p22phox (p22phox siRNA), alla concentrazione finale di 5 nM, o con un siRNA aspecifico come
controllo negativo (NC siRNA) in mezzo RPMI contente il 10% di FBS in presenza di 20ul di
HiPerfect. Le cellule sono state deprivate di siero per 24 h prima della stimolazione con WKYMVm
per 2 min. Ottocento microgrammi di lisati totali, sono stati incubati con 3ug di anti-c-Met (a—c-Met)
e gli immunocomplessi sono stati mixati con 30ul di resina Protein A/G Plus agarose. Gli
immunoprecipitati sono stati risolti con SDS-PAGE 10% e la fosforilazione di c-Met (p-c-Met) ¢ stata
rilevata utilizzando un anticorpo anti-fosfo-Tirosina (o-p-Y). Gli anticorpi a—-c-Met e a—tubulin sono
stati utilizzati per controllare la quantitd di proteine caricata. Un anticorpo a-p22phox ¢ stato
utilizzato per controllare il silenziamento di p22phox.

4.7 L attivazione di c-Src e necessaria per la transattivazione di EGFR e

di c-Met indotta da FPRLI

Molte proteine citosoliche sono coinvolte nel mediare i1 processi di
transattivazione. La famiglia delle tirosin kinasi c-Src puo agire come mediatore del
segnale sia a monte che a valle degli eventi che regolano la transattivazione di un
RTK. Pertanto, ¢ stato analizzato il ruolo di c-Src nella transattivazione dei recettori
EGFR e c-Met, nelle linee cellulari CaLu-6 ¢ PNT1A, stimolate con WKYMVm. 1

risultati hanno dimostrato che la preincubazione con genisteina, un inibitore generico
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delle tirosin kinasi, o con AG1478, un inibitore selettivo dell’attivita tirosin kinasica
di EGFR, o con SU11274, un inibitore selettivo dell’attivita tirosin kinasica di c-Met,
o con PP2, un inibitore selettivo dell’attivita tirosin kinasica di c-Src prevengono la
fosforilazione in tirosina di EGFR e c-Met (Figura 17). Tali risultati suggeriscono
che nelle due linee cellulari c-Src gioca un ruolo chiave nel mediare i segnali da

FPRL1 a EGFR o0 a c-Met.

p-EGFR—A> s ii f ::,'B(?-EGFR B 1 2 3 4 5 ¢ IP:aEGFR
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= & & ok = = WK ) — 4+ + 4+ — — WKYMVm (10 uM)
— — 4+ — 4 — Genistein (60 uM) — — 4+ — 4 — PP2(10um)
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C D
1234 5 6 ip:acMet 1 23 45 6 ip:gcMet

p-c-Met — T WB: o-py  P-c-Met > [N we: o-pY
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Figura 17. La fosforilazione di EGFR in cellule CaLu-6 e di c-Met in cellule PNT1A, mediata da
FPRLI1, & prevenuta dal pretrattamento con inibitori generici e specifici delle tirosin kinasi. (A)
Cellule CaLu-6 deprivate di siero sono state preincubate con genistein 0 AG1478 o (B) con PP2 o PP3
alle concentrazioni indicate, prima della stimolazione con WKYMVm. (C) Cellule PNT1A deprivate
di siero sono state preincubate con genistein o SU11274 (D) o con PP2 o PP3 alle concnetrazioni
riportate prima della stimolazione con WKYMVm. Ottocento microgrammi di estratti totali isolati da
cellule CaLu-6 e PNT1A sono stati incubati rispettivamente con anticorpi anti-EGFR (a—EGFR) e
anti-c-Met (a-c-Met). Le proteine sono state risolte su SDS-PAGE al 10% e la fosforilazione di
EGFR (p-EGFR) e di c-Met (p-c-Met) sono state rilevate con un anticorpo anti-fosfo-Tirosina (a—p-
Y). Gli anticorpi o—EGFR e a—c-Met sono stati utilizzati come controllo delle proteine caricate.

E stato dimostrato che in cellule U-87 e in cellule FPRL1/CHO, la
stimolazione di FPRL1 con WKYMVm induce un aumento dell’attivita kinasica di
c-Src. Pertanto, abbiamo valutato la capacita dell’agonista sintetico di attivare c-Src
in cellule CaLu-6 e PNT1A mediante un saggio di kinasi in vitro, utilizzando enolasi

e [**PJATP come substrato. Come riportato in figura 18A, I’attivita kinascia di c-Src
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risulta essere aumentata nelle due linee cellulari esposte a WKYMVm per 2 min
(canale 2), mentre ¢ completamente prevenuta dalla preincubazione con PTX (canale
3).

L’attivita della proteina c-Src ¢ regolata dalla fosforilazione a carico di due
distinti residui di tirosina. L’autofosforilazione del residuo di tirosina in posizione
416, localizzata nel dominio kinasico, attiva c-Src, mentre la fosforilazione del
residuo di tirosina in posizione 527 blocca I’attivita di c-Src. Abbiamo analizzato i
livelli di fosforilazione del residuo di tirosina 416 di c-Src in cellule CaLu-6 e
PNT1A deprivate di siero e stimolate per tempi crescenti con WKYMVm utilizzando
un anticorpo fosfospecifico in grado di rilevare la fosforilazione di tale residuo di
tirosina.

I risultati ottenuti mostrano che il livello di fosforilazione della tirosina 416 di
c-Src, in cellule stimolate con WKYMVm, ¢ un evento regolato nel tempo con un
picco di fosforilazione registrato a 2 min dalla stimolazione (Figura 18B). Inoltre, in
esperimenti effettuati pretrattando le due linee cellulari con PTX, prima della
stimolazione con WKYMVm, si osserva che il blocco specifico delle proteine Gi
previene significativamente la fosforilazione di c-Src a carico della sua tirosina 416
(Figura 18C).

La proteina c-Src ¢ sensibile alle condizioni redox intracellulari, come
dimostrato dall’inattivazione ROS-dipendente delle PTPasi che controllano il suo
stato di fosforilazione. Abbiamo pertanto analizzato il ruolo dei ROS, generati dalla
NADPH ossidasi, nel mediare I’attivazione di c-Src indotta da FPRL1. Abbiamo

osservato che i pretrattamenti con I’apocinina o la preincubazione con siRNA

64



selettivi per il trascritto della subunita p22phox, prima della stimolazione per 2 min

con WKYMVm, prevengono la fosforilazione del residuo di tirosina 416 di c-Src
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Figura 18. L’attivazione di c-Src associata alla stimolazione di FPRL1 dipende dall’attivazione della
NADPH ossidasi. (A) L’attivita cellulare di c-Src ¢ stata rilevata mediante un saggio di attivita
kinasica in vitro. Le cellule CaLu-6 ¢ PNT1A sono state esposte a WKYMVm 10 uM in presenza e
assenza di PTX 100ng/ml. Dagli estratti totali ottenuti dalle due linee cellulari ¢ stata
immunoprecipitata la proteina c-Src con un anticorpo anti-cSrc e attivita kinasica di c-Src ¢ stata
misurata direttamente sulle sfere della resina A/G agarose incubando in vitro gli immunocomplessi
leganti c-Src con il substrato dell’enolasi e [y32P]ATP. I campioni sono stati successivamente risolti su
SDS-PAGE 10% ed i segnali sono stati rilevati mediante autradiografia. (B) Le cellule sono state
stimolate con WKYMVm per i tempi indicati oppure sono state preincubate con (C) PTX 100 ng/ml o
(D) apocinin 100 uM prima della stimolazione. Cinquanta microgrammi di estratti proteici totali sono
stati caricati e separati mediante SDS-PAGE 10% e la fosforilazione di c-Src sulla tirosina 416
(Y416) ¢ stata rilevata utilzzando un anticorpo anti-fosfo-SrcY416 specifico (o—p-SrcY416). Un
anticorpo a—cSrc ¢ stato utilizzato per normalizzare gli estratti caricati. (E) Cellule CaLu-6 e PNTIA
deprivate di siero sono state incubate per 12 h con siRNA specifici per i trascritti di p22phox
(p22phox siRNA), alla concentrazione finale di 5 nM, o con un siRNA aspecifico come controllo
negativo (NC siRNA) in mezzo RPMI contente il 10% di FBS in presenza di 20ul di HiPerfect. Le
cellule sono state deprivate di siero per 24 h prima della stimolazione con WKYMVm per 2 min.
Cinquanta microgrammi di estratti sono stati caricati e separati mediante SDS-PAGE 10% e la
fosforilazione di c-Src sulla tirosina 416 (Y416) ¢ stata rilevata utilzzando un anticorpo anti-fosfo-
SrcY416 specifico (a—p-SrcY416). Un anticorpo a—cSrc ¢ stato utilizzato per normalizzare gli estratti
caricati. Gli anticorpi o—cSrc e a—tubulin sono stati utilizzati per controllare la quantita di proteine
caricata. Un anticorpo a—p22phox ¢ stato utilizzato per controllare il silenziamento di p22phox.
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(Figura 18D e 18E), suggerendo che I’attivita kinasica di c-Src indotta da FPRLI

richiede 1’attivazione della NADPH ossidasi.

4.8 WRW4 previene la cascata di segnalazione indotta dalla

stimolazione di FPRLI

Il peptide WRW4 antagonizza il legame dello specifico ligando WKYMVm al
recettore FPRL1 inibendo gli eventi di segnalazione cellulare associati che includono
I’aumento del flusso intracellulare del calcio e la fosforilazione delle ERK (5). Per
investigare ulteriormente il ruolo di FPRL1 nell’attivazione delle cascate di
segnalazione intracellulare analizzate, le linee cellulari CaLu-6 e PNT1A sono state
esposte a WRW4. Abbiamo osservato che, la preincubazione con WRW4, prima
della stimolazione con WKYMVm, previene 1’attivazione delle ERK (Figura 19A) e
la fosforilazione del residuo di tirosina 416 di c-Src (Figura 19B), con un massimo
effetto alla concentrazione di 10 uM. La preincubazione con WRW4 previene anche
la transattivazione di EGFR in cellule CalLu-6 (Figural9C), di c-Met in cellule

PNT1A (Figura 19D), e la fosforilazione di p47phox (Figura 19E).
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Figura 19. WRW4 previene Dattivazione delle cascate di segnalazione cellulare indotte dalla
stimolazione di FPRL1. Lisati cellulari ottenuti da cellule CaLu-6 e PNT1A stimolate per 2 min con
WKYMVm in presenza o assenza di concentrazioni crescenti di WRWWWW (WRW4), come
riportato. (A) Cinquanta microgrammi di proteine sono state separate mediante SDS-PAGE 10% e
saggiati con un anticorpo anti-fosfo-ERK (a-p-ERK) o (B) anti-fosfo-SrcY416 (a—p-SrcY416). Gli
estratti sono stati normalizzatti reincubando i filtri o con a—~tubulin o con a—c-Src. (C) Cellule CaLu-6
deprivate di siero sono state stimolate con WKYMVm per 2 min o preincubate per 15 min con
WRW4 10 uM prima della stimolazione. Ottocento microgrammi di lisati totali sono stati
immunoprecipitati con un anticorpo anti-EGFR (a-EGFR) e risolti su SDS-PAGE 10% e la
fosforilazione di EGFR (p-EGFR) ¢ stata rilevata utilizzando un anticorpo anti-fosfo-Tirosina (a-p-
Y). Un anticorpo a-EGFR ¢ stato utilizzato per controllare la quantita di proteine caricata. (D)
Cellule PNT1A deprivate di siero sono state stimolate con WKYMVm per 2 min o preincubate per 15
min con WRW4 10 uM prima della stimolazione. Ottocento microgrammi di lisati totali sono stati
immunoprecipitati con un anticorpo anti-cMet (a-c-Met) e risolti su SDS-PAGE 10%. La
fosforilazione di c-Met (p-c-Met) ¢ stata rilevata utilizzando un anticorpo anti-fosfo-Tirosina (a-p-Y).
Un anticorpo a-c-Met ¢ stato utilizzato per controllare la quantitd di proteine caricata. (E) Cellule
CaLu-6 e PNT1A sono state deprivate di siero e stimolate con WKYMVm per 2 min o preincubate
per 15 min con WRW4 10 uM prima della stimolazione. Ottocento microgrammi di lisati totali sono
stati immunoprecipitati con un anticorpo anti-p47phox (a—-p47phox) e risolti su SDS-PAGE 10% e la
fosforilazione di p47phox (p-p47phox) ¢ stata rilevata utilizzando un anticorpo anti-fosfo-Serina (a-p-
Ser). Un anticorpo a—p47phox ¢ stato utilizzato per controllare la quantita di proteine caricata.
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4.9 La transattivazione di EGFR e c-Met mediata da FPRLI induce

["attivazione dei pathway JAK/STAT3 e PI3K/Akt

Le proteine STAT sono attivate in seguito alla stimolazione di un recettore per
citochine o per fattori di crescita come EGFR e c-Met. STAT 2, 4, e 6 sono attivate
da alcune citochine. STAT 1, 3, 5a e 5b, invece, possono essere attivate anche da
fattori di crescita. L’attivazione di un recettore per fattori di crescita e la sua
dimerizzazione determina la fosforilazione della proteina adattatrice JAK (receptor-
associated Janus kinases) che a sua volta pud mediare il reclutamento e la
fosforilazione di STAT3 sul residuo di tirosina in posizione 705 necessaria alla
dimerizzazione di STAT3. Tali eventi rappresentano I’innesco della cascata di
segnalazione JAK/STAT. Una volta attivo, STAT3 trasloca nel nucleo dove regola la
trascrizione di geni specifici ed ¢ bersaglio di un’ulteriore fosforilazione a livello del
residuo di serina in posizione 727, che incrementa la capacita di binding al DNA e
I’attivita trascrizionale.

Un altro evento che si osserva in seguito all’autofosforilazione di un recettore
tirosin  kinasico, ¢ l’attivazione del pathway PI3K/Akt. La PI3K
(fosfatidilinositolo3kinasi) catalizza la fosforilazione del
fosfatidilinositolo4,5bisfosfato (PIP2) in fosfatidil3,4,5trifosfato (PIP3) che ¢ capace
di legare la proteina kinasi B (PKB) nota anche come Akt. Il legame di PIP3 ad Akt ¢
necessario per la successiva attivazione della kinasi che avviene per una
fosforilazione a carico del residuo di serina in posizione 473, catalizzata da PDK1.
Tale fosforilazione determina 1’attivazione di Akt che, attraverso 1’interazione con

una serie di proteine bersaglio, promuove la sopravvivenza cellulare.
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Figura 20. La transattivazione di EGFR mediata da FPRL1 induce I’attivazione del pathway di
STAT3. Estratti totali e nucleari sono stati isolati da cellule CaLu-6 e PNTIA stimolate con
WKYMVm per tempi crescenti. (A) Cinquanta microgrammi di proteine totali sono stati separati
mediante SDS-PAGE 10% e la fosforilazione di STAT3 ¢ stata rilevata con anticorpi specifici anti-
fosfo-STAT3 Y705 (a-p-STAT3(Y705)) o (C) anti-fosfo-STAT3 S727 (a-p-STAT3(S727)). Un
anticorpo anit-STAT3 (a-STAT3) ¢ stato utilizzato come controllo della quantita degli estratti
caricati. (B) Cinquanta microgrammi di estratti nucleari sono stati separati mediante SDS-PAGE al
10% e la migrazione nucleare di STAT3 ¢ stata valutata mediante saggio di western blot con un
anticorpo a-STAT3. Lo stesso filtro ¢ stato ibridizzato con un anticorpo anti-cyclin A (a-CyclinA)
per controllare la quantita degli estratti caricati.

Mediante esperimenti di western blot, abbiamo osservato nelle linee cellulari
CaLu-6 e PNTIA che la stimolazione per tempi diversi, con 1’agonista WKYMVm
induce la fosforilazione di STAT3 sul suo residuo di tirosina 705 (Figura 20A), la
migrazione nucleare di STAT3 (Figura 20B) e la fosforilazione del residuo di serina
727 di STAT3 (Figura 20C). Questi risultati suggeriscono che [’attivazione, la
dimerizzazione e la migrazione nucleare di STAT3 sono associati alla cascata di
segnalazione dipendente dalla stimolazione di FPRL1.

Sono stati analizzati i meccanismi molecolari coinvolti nell’attivazione
FPRLI1-dipendente di STAT3 pretrattando le linee cellulari con PTX, genisteina,
AG1478 (nelle cellule CalLu-6) e SU11274 (nelle cellule PNTIA). Questi

esperimenti dimostrano che la fosforilazione del residuo di tirosina in posizione 705
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di STAT3 ¢ un evento che dipende non solo dall’attivazione di FPRL1, ma anche
dalla transattivazione di EGFR e c-Met, essendo prevenuta da PTX e da inibitori sia
generici che specifici dei due recettori (Figura 21A). Inoltre, abbiamo osservato che
la fosforilazione di STAT3 sulla tirosina 705 ¢ regolata dall’attivazione di c-Src,
essendo prevenuta dal pretrattamento con PP2, ma non dipende dall’attivazione di
MEK, come dimostrato dall’assenza di variazioni dello stato di fosforilazione di
STAT3 su tale residuo in seguito al pretrattamento con PD098059, I’inibitore

selettivo di MEK (Figura 21B).

A 1 2 3 4 5 6 B 12 3 4 5§
Calu6 pSTAT3(Y705)— = s we WB: a-pSTAT3(Y705) Calus pSTAT3(Y705)— % s i i il WB: o-pSTAT3(Y705)
3 WB: o-pSTAT3(Y705) PNTIA pSTATS3(Y705)— S W S8 WB: ¢-pSTAT3(Y705)

PNTIA PSTAT3(Y705)—b | s s o e
STAT3— o8 & 4 8 B8 WB: (-STAT3

STAT3—P e v e e e = WB: 0-STAT3 - WKYMVm (10 uM
-+ + + + + WKYMVm(10uM) - t I i- tppz(mm) W
- -3 - - - ZTX(100ngGmI’)w - — — 4+ - PP3(10uM)

— — — 4 — — Genistein (60 uM) - - - -
RSl /7oy + PD098059 (50 uM)
- = — = — 4 SUMT4(2uM)
C 1 2 3 4 5
Calué pSTAT3(S727)—» " WB: a-pSTAT3(S727)
PNTIA pSTAT3(S727)— v e s WB: a-pSTAT3(S727)
STAT3—» "~ « ==« WB: «-STAT3
- 4+ 4+ + + WKYMVm(10uM)
- = 4+ — — PTX(100 ng/ml)
- = =+ — PD098059 (50 uM)
— = = = 4 Genistein (60 uM)

Figura 21. L’attivazione del pathway di STAT3 mediata da FPRLI richiede I’attivazione di EGFR, c-
Src e MEK1. Cellule CaLu-6 e PNT1A deprivate di siero sono state stimolate con WKYMVm per 2
min o preincubate con le appropriate concentrazioni di inibitori prima della stimolazione cosi come
riportato in materiali e metodi. Cinquanta microgrammi di estratti totali sono sati separati e trasferiti
su filtro di PVDF elettroforeticamente. (A) Le linee cellulari CaLu-6 e PNT1A sono state preincubate
per 16 h con PTX, oppure per 1 h con genistein oppure per 1 h con AG1478 o per 16 h con SU11274,
prima della stimolazione con WKYMVm. Il filtro ¢ stato ibridizzato con un anticorpo primario
specifico per la rilevazione della fosforilazione del residuo di tirosina in posizione 705 di STAT3 (a-
p-STAT3(Y705)). (B) Cellule CaLu-6 e PNT1A deprivate di siero sono state pretrattate per 45 min
con PP2, o per 45 min con PP3, o per 90 min con PD098059 alle concentrazioni indicate, prima della
stimolazione con WKYMVm. Un anticorpo a-p-STAT3(Y705) ¢ stato utilizzato per rilevare la
fosforilazione di STAT3 in posizione 705. (C) Cellule CaLu-6 e PNTIA deprivate di siero sono state
pretrattate con PTX, PD098059 e genistein alle concentrazioni riportate, prima di essere stimolate con
I’agonista di FPRL1. Il filtro ¢ stato incubato con un anticorpo specifico per rilevare la fosforilazione
di STAT3 sul residuo di serina in posizione 727 (a-p-STAT3(S727)). Per controllare la quantita di
estratti caricati i filtri sono stati reincubati con un anticorpo a-STATS3.
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Anche la fosforilazione del residuo di serina in posizione 727 di STAT3 ¢
completamente prevenuta dal pretrattamento con PTX in entrambe le linee cellulari
(Figura 21C). Come atteso, tale fosforilazione ¢ prevenuta dal pretrattamento con
PD098059, ma non dal pretrattamento con la genisteina, che essendo un inbitore
dell’attivita tirosin kinasica non sortisce alcun effetto sui meccanismi di
fosforilazione delle serine (Figura 21C). L’attivazione delle ERK ¢ quindi richiesta
per la fosforilazione del residuo di serina 727 di STAT3 nelle cellule stimolate con
WKYMVm.

Nella linea cellulare PNT1A, la stimolazione per tempi diversi con WKYMVm
determina la fosforilazione tempo-regolata del residuo di serina di Akt in posizione
473 (Figura 22A). Tale fosforilazione ¢ prevenuta da PTX ed SU11274, suggerendo
il coinvolgimento di proteine G attivate e di c-Met transfosforilato, e dal

pretrattamento con wortmannina e LY294002, due inibitori selettivi della PI3K

(Figura 22B).
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Figura 22. L’attivazione del pathway di Akt mediato da FPRLI richiede I’attivazione di c-Met e della
PI3K. Cellule PNT1A deprivate di siero sono state stimolate per tempi crescenti con WKYMVm. (A)
Cinquanta microgrammi di proteine totali sono stati separati mediante SDS-PAGE 10% e la
fosforilazione di Akt ¢ stata rilevata con anticorpi specifici anti-fosfo-Akt S473 (a-p-Akt(S473)). (B)
Cellule PNT1A deprivate di siero sono state pretrattate per 16 h con PTX, o per 16 h con SU11274, o
per 1 h con Wortmanin o per 1 h con LY294002, prima di essere stimolate con stimolate con
WKYMVm per 2 min. Cinquanta microgrammi di estratti sono stati separati mediante SDS-PAGE 10
% e saggiati con un anticorpo o-p-Akt(S473). La quantita di estratti caricata ¢ stata normalizzata
reincubando i filtri con un anticorpo anti-Akt (o-p-Akt).
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Questi dati suggeriscono che la fosforilazione PI3K-dipendente di Akt ¢ un

evento associato alla transattivazione di c-Met mediata dall’attivazione di FPRLI1.

4.10 Le cascate di segnalazione attivate dalla stimolazione di FPRLI

promuovono la proliferazione cellulare
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Figura 23. Le cascate di segnalazione intracellulare attivate dalla stimolazione di FPRLI1 in cellule
CaLu-6 e PNTIA promuovono un incremento dell’indice di proliferazione cellulare. (A) In una multi-
well da 96 sono state piastrate 4x 10* cellule CaLu-6 o PNTIA in 200 ul di mezzo di coltura con
WKYMVm 10uM per 12, 24 e 36 h a 37°C. (B) Le linee cellulari CaLu-6 e PNTIA sono state
incubate per 24 h con I’agonista di FPRLI in presenza o assenza di PTX o WRW4 alle concentrazioni
indicate. MTT (Smg/ml in PBS) ¢ stato aggiunto per ciascuna well ed ¢ stato incubato per 4 h a 37°C.
Dopo aver rimosso il mezzo di coltura, sono stati aggiunti in ciascun pozzetto 200 ul di DMSO per
solubilizzare i sali di formalzano generati. L’assorbanza dei sali di formalzano sono stati letti con un
microplate reader alla lunghezza d’onda di 540 nm. L’effetto di WKYMVm sulla crescita cellulare ¢
stato indicato come percentuale di vitalita cellulare.

Gli effetti delle cascate di segnalazione, attivate in seguito alla stimolazione di
FPRL1 con WKYMVm, sono stati analizzati valutando la variazione dell’indice di
proliferazione cellulare delle linee cellulari CaLu-6 ¢ PNT1A. Abbiamo osservato
che la stimolazione per tempi diversi con WKYMVm determina un incremento
dell’indice di proliferazione cellulare, che raggiunge il massimo livello dopo 24 ore

di stimolazione (Figura 23A). L’inibizione delle proteine Gi, oppure il pretrattamento
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con WRW4, I’antagonista selettivo di FPRL1, prevengono in maniera significativa
I’incremento della proliferazione delle linee cellulari CaLu-6 e PNT1A (Figura 23B).

Questi dati suggeriscono che le cascate di segnalazione intracellulare attivate
dalla stimolazione di FPRL1 con WKYMVm promuovono un incremento dell’indice
di proliferazione cellulare nelle due linee cellulari che pud essere prevenuto

antagonizzando ’attivita del recettore FPRLI.
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S DISCUSSIONE

I risultati ottenuti nel corso del dottorato dimostrano che i recettori per N-
formil peptidi sono funzionalmente espressi in un’ampia varieta di tipi di cellulari
non correlati al compartimento polimorfonucleato, dove inizialmente sono stati
identificati. Tali recettori sono promiscui per 1’eterogenita di cascate di segnalazione
intracellulare attivate, per la loro espressione tessuto specifica o per la natura del
ligando con il quale i recettori interagiscono.

Tra i ligandi analizzati abbiamo dimostrato che in fibroblasti polmonari umani
IMR90 deprivati di siero, la stimolazione con LL-37 induce la fosforilazione delle
ERK e di p47phox mediante un meccanismo MEK-dipendente ¢ Ca*'-dipendente,
nonché la generazione MEK-dipendente di ROS. Questa cascata di segnalazione ¢
mediata dall’interazione di LL-37 con FPRL-1 come dimostrano i risultati ottenuti
preincubando le cellule con PTX o con WRW4, I’antagonista selettivo di FPRLI,
che prevengono significativamente I’attivazione delle ERK, la fosforilazione di
p47phox e I’attivazione LL-37-dipendente della NADPH ossidasi.

La generazione di anione superossido NADPH-dipendente in cellule
fagocitiche stimolate con LL-37 ¢ stata osservata in diversi studi. Questi hanno
dimostrato che in macrofagi umani i peptidi antimicrobici promuovono un burst
ossidativo (118) e che in neutrofili il peptide LL-37 media la generazione di ROS,
attraverso un meccanismo NADPH ossidasi-dipendente. Tuttavia, i meccanismi
molecolari che sono alla base della generazione di superossido da parte della
NADPH ossidasi in cellule stimolate con LL-37, non sono stati descritti, anche se la

capacita di LL-37 di indurre la fosforilazione delle ERK in diversi tipi cellulari ¢
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stata riportata in alcuni lavori (119-122). I risultati ottenuti nel nostro laboratorio per
la prima volta dimostrano che in fibroblasti umani, stimolati con LL-37, I’attivazione
delle ERK ¢ un evento necessario per la fosforilazione e I’attivazione di p47phox,
nonché per la generazione di superossido NADPH-dipendente. Inoltre,
I’osservazione che la deplezione del calcio intracellulare, ottenuta pretrattando le
cellule con il chelante del calcio BAPTA-AM, riduce significativamente la
fosforilazione delle ERK e 1’attivazione della NADPH ossidasi mediata da LL-37,
suggerisce che in queste cellule la generazione di ROS dipende anche dalla
mobilizzazione intracellulare del Ca*",

LL-37 utilizza FPRL1 come recettore per mediare la sua azione in monociti,
neutrofili del sangue periferico, cellule T (123) e cellule endoteliali (124). Nella linea
cellulare di cheratinociti umani HaCaT, 1’interazione FPRL1/LL-37 induce la
migrazione cellulare, I’attivazione di fattori trascrizionali e di metalloproteasi della
matrice, innescando i pathway di segnalazione delle MAPK e di PI3K/Akt, che
risultano essere mediati anche dalla transattivazione di EGFR (125). In HUVECs, ¢
stato osservato che la migrazione e la proliferazione cellulare indotta dalla
stimolazione con LL-37 ¢ prevenuta dal pretrattamento con F2L (126), un peptide
che deriva dalla proteina legante 1’eme, che ¢ stata indentificata come un ligando
endogeno di FPRL2 (127). E stato anche dimostrato che LL-37 promuove la
produzione e il rilascio dell’interleuchina-13 (IL-1f) nei monociti attraverso
I’attivazione del recettore nucleotidico P2X; (128) e induce, in neutrofili, 1’arresto
dell’apoptosi attraverso 1’attivazione di FPRL1 e P2X5 (122). La capacita che LL-37
ha nell’interagire con differenti recettori ¢ ulteriormente supportata dagli studi

condotti in cellule epiteliali polmonari, dove ¢ stata osservata I’espressione sia di
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recettori ad alta che a bassa affinita per LL-37. FPRL1 sembra essere un recettore a
bassa affinita in queste cellule (129). Inoltre, in monociti primari umani (130) ed in
cellule epiteliali delle vie aeree (131), la fosforilazione delle ERK indotta da LL-37
non ¢ prevenuta dalla preincubazione con PTX, indicando che le cascate di
segnalazione intracellulare attivate non sono associate al recettore FPRL1 (130, 131).
In queste cellule, oltre ad un recettore GPCR insensibile a PTX, la fosforilazione
delle ERK mediata da LL-37 richiede I’attivazione dei domini tirosin kinasici di
EGFR, attraverso il clivaggio del ligando di EGFR (131), mediata da un meccanismo
metalloproteasi-dipendente. Queste osservazioni suggeriscono che LL-37 puo agire
su differenti cellule bersaglio attraverso l’interazione con differenti recettori ed
innescare diversi pathway di trasduzione del segnale.

Un problema irrisolto ¢ la provenienza del NADPH necessario alla generazione
di anione superossido. La via del pentosio fosfato, attraverso la glucosio-6-fosfato
deidrogenasi, ¢ la fonte principale di NADPH. In cellule endoteliali il NADPH e
richiesto come cofattore per la NADPH ossidasi e i suoi livelli riflettono un
aumentato stato di stress ossidativo che, in parte, ¢ attribuibile alla NADPH ossidasi
e/o all’ossido nitrico sintasi endoteliale (133, 134). Il NADPH ¢ anche richiesto
come fonte di equivalenti riducenti per mantenere ridotte le risorse di glutatione. In
cellule endoteliali vascolari, specifici componenti ossidati delle particelle LDL, come
ox-PAPC, inducono la generazione di superossido che sembra essere mediata
dall’attivita della NADPH ossidasi (135). Il pretrattamento di queste cellule con 2-
deossiglucosio, un antimetabolita che blocca la produzione di NADPH attraverso la
via del pentosio fosfato, riduce significativamente il livello di produzione di

superossido (135), suggerendo che, in cellule endoteliali stimolate con ox-PAPC, la
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via del pentosio fosfato ¢ la fonte principale di NADPH necessario per I’attivita della
NADPH ossidasi. Studi per stabilire il ruolo della via pentosio fosfato del
metabolismo del glucosio in fibroblasti umani stimolati con LL-37 sono in corso.

I nostri studi, dimostrano che la fosforilazione delle ERK ¢ richiesta per la
generazione di superossido NADPH-dipendente in fibroblasti umani stimolati con
LL-37, ma lasciano aperta la questione sul significato biologico del legame di LL-37
con FPRL1 in questa linea cellulare. Si potrebbe ipotizzare un ruolo nella difesa
immune innata da parte dei fibroblasti umani che potrebbero essere attratti in sede di
danno tissutale per rilasciare ROS in seguito all’interazione di LL-37 con FPRLI,
oppure, dare inizio al processo di riparazione del danno tissutale stesso. Una
conoscenza piu dettagliata delle cascate di segnalazione intracellullare mediate da
LL-37 e dei suoi meccanismi di interazione, potrebbero permettere la progettazione
di nuovi farmaci in grado di modulare le cascate di segnalazione associate a FPRLI e
’interazione LL-37/FPRLI.

Nei nostri studi abbiamo anche dimostrato che la stimolazione di cellule CaLu-
6 e PNT1A, opportunamente deprivate di siero e stimolate con un agonista selettivo
per il recettore FPRL1, determina la generazione NADPH-dipendente di specie
reattive dell’ossigeno (ROS), le quali mediano la transattivazione dei recettori tirosin
kinasici EGFR e c-Met. I nostri dati suggeriscono che i ROS svolgono un ruolo
chiave nel collegare i segnali che partono da FPRL1 e giungono a EGFR o c-Met
modulando [Dattivita kinasica di c-Src, come dimostrato dagli effetti di PP2,
apocinina, e di siRNA contro p22phox, sulla fosforilazione di c-Src e sulla
transattivazione di EGFR e c-Met. Inoltre, i risultati ottenuti dimostrano che in

seguito alla transattivazione di EGFR e c-Met i residui di tirosina fosforilati

71



forniscono siti di legame per il reclutamento e [’attivazione dei pathway di
JAK/STAT3 e di PI3K/Akt. Inoltre, le cascate di segnalazione innescate dalla
stimolazione di FPRL1 nelle due linee cellulari culmina con un significativo
incremento dell’indice di proliferazione cellulare.

EGFR ¢ un recettore di membrana che appartiene alla famiglia dei recettori
tirosin kinasici c-erb-B, noto per essere iperespresso in una varietd di cellule
tumorali, compresa la linea cellulare di cancro anaplastico del polmone CalLu-6
(136).

Il recettore per il fattore di crescita epatico (HGF) o scatter factor (SF), noto
anche come c-Met, ¢ un recettore dotato di attivita tirosin kinasica. Definito
inizialmente come un proto-oncogene, c-Met se stimolato innesca cascate di
segnalazione  responsabili  dell’aumentata  angiogenesi,  proliferazione e
sopravvivenza cellulare. Il recettore c-Met ¢ spesso coinvolto in diversi processi
tumorali, anche se il suo ligando HGF ¢ scarsamente espresso nel corso della vita
adulta (110).

I recettori EGFR e c-Met, oltre ad essere attivati dai propri ligandi EGF e HGF
rispettivamente, possono essere transattivati anche da alcuni recettori accoppiati a
proteine G (GPCR). Il cross-talk che si instaura tra i due recettori ¢ cruciale per
espandere la rete di comunicazione cellulare. Infatti, i recettori per I’angiotensina
(137), LPA (138), CXCL12 (139), bombesina (140), trombina (141) ed endotelina-1
(142) possono transattivare EGFR rafforzando, in questo modo, la trasmissione del
segnale di crescita. In cellule di glioblastoma, la transattivazione di EGFR ¢
determinata dall’interazione di N-fMLP con FPR (143) e [D’inibizione della

fosforilazione di EGFR riduce significativamente la chemiotassi e la proliferazione
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cellulare tumorale mediata dalla stimolazione di FPR (143, 144). Quindi, il recettore
FPR espresso in cellule di glioblastoma pud amplificare la capacita di EGFR di
promuovere la proliferazione cellulare tumorale. In linea con questi risultati, nei
nostri studi abbiamo dimostrato che come conseguenza della trasduzione del segnale
mediata dalla stimolazione di FPRL1 con WKYMVm si osserva un incremento
dell’indice di proliferazione cellulare delle cellule CaLu-6 e PNTI1A, il quale ¢
prevenuto dal blocco del recettore FPRLI.

Non sempre la stimolazione dei recettori per N-formil peptidi e la conseguente
attivazione delle ERK ¢ riconducibile ad un incremento della proliferazione
cellulare. I nostri dati mostrano che, nella linea cellulare umana di glioblastoma U-
87, la stimolazione con N-fMLP, un agonista selettivo di FPR, promuove 1’accumulo
degli inibitori di CDK (CKI) pl6™*** e di p21™*™“P! L accumulo di p21™*/cP!
osservato dipende dall’attivazione delle ERK e di MEK la quale ¢ prevenuta dal
pretrattamento con |’apocinina, un inibitore selettivo della NADPH ossidasi,
suggerendo il coinvolgimento dei ROS come mediatori del segnale in questo evento.
I dati ottenuti in cellule di glioblastoma U-87 sottolineano la complessita dei
meccanismi di trasduzione del segnale innescati in seguito alla stimolazione di un
recettore per N-formil peptidi.

La transattivazione di un RTK ad opera di un GPCR ¢ un evento ampiamente
descritto in letteratura e pud essere mediato da diverse molecole di segnalazione,
come tirosin kinasi non recettoriali, metalloproteasi ¢ ROS (145). In cellule di
glioblastoma, la fosforilazione N-fMLP-dipendente di EGFR richiede la presenza del
recettore FPR e delle proteine Gi associate al recettore ed ¢ controllata dalla tirosin

kinasi c-Src (146, 147). I nostri risultati dimostrano che il signaling indotto da
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FPRL1 induce un aumento dell’attivita kinasica di c-Src e che quest’ultima ha un
ruolo chiave nella transattivazione di EGFR e c-Met.

Un ulteriore meccanismo molecolare che puo contribuire alla transattivazione
dei RTK ¢ la generazione di ROS, che inattivando le PTPasi, controllano la loro
attivita, modificando ’equilibrio tra stato non fosforilato e stato fosforilato a favore
di quest’ultimo (149-154). L’ossidazione e la riduzione dei gruppi sulfidrilici delle
cisteine delle PTPasi pud quindi rappresentare [I’interruttore responsabile
dell’accensione o dello spegnimento delle cascate di segnalazione intracellulare.

Una delle macchine enzimatiche deputata alla generazione dei ROS ¢ la
famiglia delle NADPH ossidasi (Nox). Questi, sono enzimi associati alla membrana,
che catalizzano e regolano la produzione di ROS. A differenza dei livelli citotossici
di superossido prodotti dai fagociti, la famiglia delle proteine Nox non-fagocitiche si
distingue per la produzione di bassi livelli di ROS, che giocano un ruolo cruciale nel
controllo dei normali processi fisologici e che stimolano le cascate di segnalazione
intracellulare attivando le kinasi ed inibendo le PTPasi (155). In condizioni
fisiologiche, la produzione intracellulare di ROS non altera lo stato redox della
cellula grazie alle riserve di agenti riducenti che questa normalmente possiede.
L’ambiente riducente intracellulare permette ai ROS, generati in seguito ad uno
stimolo, di funzionare da secondi messaggeri limitando il loro effetto nello spazio e
nel tempo (156). La principale caratteristica della NADPH ossidasi nonfagocitica ¢
che oltre ad essere costitutivamente attiva, ¢ particolarmente sensibile ad una varieta
di stimoli fisio-patologici. Infatti, diverse condizioni patologiche sono associate ad
una iper-produzione di ROS da parete dei membri della famiglia dei Nox. Queste

comprendono malattie croniche che tendono ad apparire tardivamente nel corso della
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vita, come ad esempio 1’Alzheimer, ’aterosclerosi, I’ipertensione, la nefropatia
diabetica, la fibrosi epatica e il cancro. In molte di queste malattie, I’iper-produzione
di ROS ¢ spesso associata all’aumentata espressione degli enzimi Nox e/o delle loro
subunita regolatore (157).

I ROS possono anche influenzare lo stato di attivazione di c-Src modulando
direttamente la sua attivita kinasica o indirettamente, modulando fattori che a loro
volta regolano I’attivita kinasica di c-Src (158, 159). Nei nostri studi abbiamo
dimostrato che il signaling indotto da FPRL1 innesca la generazione di superossido
NADPH-dipendente che gioca un ruolo cruciale nella transattivazione di EGFR,
modulando [Dattivita tirosin kinasica di c-Src. Va, perod, considerato che una
concomitante transattivazione di EGFR ligando-dipendente non puo essere esclusa.

I recettori tirosin kinasici possono innescare una serie di pathway di
trasduzione del segnale generalmente coinvolti nella proliferazione e nella
sopravvivenza cellulare come quello di STAT3 e di PI3K/Akt. STAT3 ¢ un fattore
trascrizionale che appartiene alla famiglia delle proteine STAT. Per poter essere
attivato richiede una fosforilazione del residuo di tirosina in posizione 705 e questo
evento ¢ mediato da un RTK, da tirosin kinasi citosoliche come c-Src o da
componenti della famiglia delle proteine JAK. Una seconda fosforilazione sul
residuo di serina 727 stabilizza ed incrementa 1’attivita trascrizionale di STAT3
(160-162).

La proteina Akt, nota anche come PKB, svolge un ruolo chiave nel controllo
della sopravvivenza e dell’apoptosi cellulare. La proteina Akt presenta un sito
maggiore di fosforilazione nella regione carbossi-terminale a livello del residuo di

serina in posizione 473. Nelle due linee cellulari analizzate abbiamo dimostrato che
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la stimolazione di FPRL1 con WKYMVm determina la fosforilazione di STATS3 sia
sul residuo di tirosina 705, che di serina 727, suggerendo che I’attivazione di STAT3
¢ collegata alla cascata di segnalazione attivata da FPRLI. Inoltre, abbiamo
osservato che il pathway delle MAPK innescato da FPRL1 ricopre un ruolo
importante nella regolazione della fosforilazione del residuo di serina 727 di STATS3.
Infatti, 1 risultati ottenuti pretrattando le cellule con PD098059, prima della
stimolazione con WKYMVm, dimostrano che la fosforilazione delle ERK ¢ cruciale
per I’attivazione di STAT3. Inoltre, in cellule PNT1A, la stimolazione di FPRL1 con
il suo agonista induce 1’attivazione di Akt mediata dalla PI3K, come dimostrato
dall’osservazione che i pretrattamenti con wortmannina ¢ LY294002, due inibitori
selettivi della PI3K, ne prevengono I’attivazione.

Negli ultimi anni sono stati identificati diversi ligandi che hanno reso FPRL1 il
piu promiscuo della famiglia dei recettori per N-formil peptidi. La maggior parte
degli agonisti identificati non presenta una sostanziale omologia di sequenza,
suggerendo che FPRLI pud essere attivato da un’ampia varietd di ligandi non
correlati tra loro. Numerosi studi sono focalizzati alla comprensione dell’interazione
ligando/FPRL1, anche per il potenziale ruolo di FPRL1 come target farmacologico.

Infatti, sia gli agonisti che gli antagonisti di FPRL1 svolgono un ruolo
terapeutico. WKYMVm incrementa 1’attivita battericida dei neutrofili in pazienti in
chemioterapia (163) ed aumenta I’espressione endogena di TRAIL, un nuovo
potenziale agente antitumorale, in monociti e neutrofili umani (164). Inoltre,
WKYMVm, interagendo con FPRLI1, inibisce 1’infezione virale Env-dipendente del

virus HIV attraverso la desensitizzazione eterologa dei recettori per le chemokine
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CCR5 e CXCR4, suggerendo un nuovo approccio per lo sviluppo di farmaci anti-
HIV-1 (165).

L’interazione di FPRL1 con SAA, AP42 e peptidi prionici umani suggerisce
che questo recettore pud giocare un ruolo proinfiammatorio nell’amiloidosi, nel
morbo di Alzheimer e nelle malattie da prioni. Anche se ad oggi sono stati
identificati diversi antagonisti per FPRLI, ulteriori studi sono necessari per
identificare nuovi antagonisti che consentano di delineare le cascate di trasduzione
del segnale associate all’attivazione del recettore e che forniscano le basi per lo
sviluppo di nuove molecole anti-infiammatorie. Gli antagonisti di FPRLI1
comprendono la proteina inibitrice della chemiotassi dello Staphylococcus Aureus, la
proteina inibitrice di FPRL1 FLIpr, I’acido biliare deossicocilico e
chenodeossicocilico, e Quin-c7, un nonpeptide sintetico sviluppato attraverso
modificazioni chimiche di QuinC-7 (166-168). Inoltre, peptidi ricchi in triptofano
(W), come ad esempio WRW4, esercitano un effetto antagonistico sulla trasduzione
del segnale di FPRL1 mediata da WKYMVm, suggerendo un loro impiego nel
trattamento di diverse malattie nelle quali ¢ noto il coinvolgimento attivo di FPRLI
(169).

La transattivazione di EGFR e di c-Met mediata da FPRL1, pud avere
importanti risvolti fisiopatologici. Le cascate di segnalazione attivate da FPRL1
possono essere innescate non solo da WKYMVm, ma anche da altri agonisti
generalmenti presenti nei processi infiammatori e in sede di danno tissutale,
condizioni che generalmente si riscontrano nel microambiente necrotico tumorale.
Come risultato dell’interazione tra queste molecole e FPRL1 si pud determinare

I’attivazione di una serie di molecole di segnalazione come ROS, ERK e c-Src che
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rappresentano i mediatori della transattivazione di EGFR e c-Met e dell’attivazione
dei pathway di STAT3 e Akt, favorendo la proliferazione e la sopravvivenza
cellulare.

I risultati ottenuti forniscono un contributo nel chiarire la complessita dei
meccanismi di trasduzione del segnale che possono essere attivati dai recettori per N-
formil peptidi nei processi fisiologici ed in quelli tumorali. Inoltre, offrono nuove
prospettive sul ruolo dei recettori per N-formil peptidi in cellule non fagocitiche,
proponendo nuove terapie basate sull’interazione FPRL1/agonista e sul relativo
pathway di segnalazione. L’identificazione di un nuovo target farmacologico da
accoppiare alle terapie antitumorali gia esistenti rivolte verso i recettori EGFR e c-
Met, potrebbe, infatti, contrastare piu efficacemente la proliferazione e Ila

sopravvivenza cellulare tumorale.
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Cross talk between unrelated cell surface receptors, such as G-protein-coupled receptors (GPCR) and receptor
tyrosine kinases (RTK), is a crucial signaling mechanism to expand the cellular communication network. We
investigated the ability of the GPCR formyl peptide receptor-like 1 (FPRL1) to transactivate the RTK epidermal
growth factor receptor (EGFR) in CaLu-6 cells. We observed that stimulation with WKYMVm, an FPRL1 agonist
isolated by screening synthetic peptide libraries, induces EGFR tyrosine phosphorylation, p47°"°* phosphory-
lation, NADPH-oxidase-dependent superoxide generation, and c-Src kinase activity. As a result of EGFR
transactivation, phosphotyrosine residues provide docking sites for recruitment and triggering of the STAT3
pathway. WKYMVm-induced EGFR transactivation is prevented by the FPRL1-selective antagonist WRWWWW,
by pertussis toxin (PTX), and by the c-Src inhibitor PP2. The critical role of NADPH-oxidase-dependent superoxide
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EGFR generation in this cross-talk mechanism is corroborated by the finding that apocynin or a siRNA against p22Ph°*
c-Src prevents EGFR transactivation and c-Src kinase activity. In addition, WKYMVm promotes CaLu-6 cell growth,
STAT3

which is prevented by PTX and by WRWWWW. These results highlight the role of FPRL1 as a potential target of

Free radicals new drugs and suggest that targeting both FPRL1 and EGFR may yield superior therapeutic effects compared with

targeting either receptor separately.

© 2011 Elsevier Inc. All rights reserved.

The human formyl peptide receptor (FPR) and its variants, FPR-like
1 (FPRL1) and FPR-like 2 (FPRL2), belong to the G-protein-coupled
seven-transmembrane receptor (GPCR) family [1]. They are all
coupled to the G; family of G proteins, as indicated by the total loss
of cell response to their agonists upon exposure to pertussis toxin
(PTX) [2,3]. FPR and FPRL1 were first detected in phagocytic
leukocytes, and FPRL2 was found in monocytes and in dendritic
cells [4]. The three receptors were subsequently identified in other
cell types and tissues at the protein and/or mRNA level [2,3,5-7],
suggesting that these receptors have functions in addition to those
exerted in polymorphonuclear cells (PMN).

FPRL1 is less efficiently activated by N-formylmethionylleucyl-
phenylalanine (N-fMLP) than FPR, as also shown by its higher binding
efficiency for WKYMVm, a modified peptide isolated by screening
synthetic peptide libraries [8]. A variety of other agonists also bind
FPRL1 in several cell types with high affinity. These include lipoxin A4

Abbreviations: ROS, reactive oxygen species; FPRL1, formyl peptide receptor-like 1;
ERK, extracellular-signal-regulated kinase; PTX, pertussis toxin; EGFR, epidermal
growth factor receptor; STAT, signal transducer and activator of transcription.
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eicosanoid, annexin 1, uPAR, the V3 region of the HIV-1 envelope
glycoprotein gp120, the acute-phase protein SAA, the 42-amino-acid
form of p-amyloid, the human prion peptide, and the cathelicidin
LL-37 [3,9,10]. Binding of various agonists to FPRL1 triggers the
activation of intracellular signaling molecules including calcium, PKC
isoforms, phospholipases A2 and D, and mitogen-activated protein
kinases (MAPK), including p38MAPK [9,11]. In several cell types, PKC,
ERK, and p38MAPK are involved in the phosphorylation, on multiple
serine residues, of the cytosolic regulatory subunit p47°"* of NADPH
oxidase in vitro and in vivo and, in turn, in NADPH-oxidase-
dependent superoxide generation [7,12-14]. In nonphagocytic cells,
the deliberate and regulated generation of superoxide plays a key role
in a variety of essential biological processes and is catalyzed by
enzymes that belong to the NADPH oxidase (Nox) family [15]. This
includes Nox1, abundant in colon, brain, and vascular cells; Nox2/
gp91PP°X the classic phagocyte catalytic component of the respiratory
burst oxidase, which has important roles in other tissues as well;
Nox3, located in the inner ear; Nox4, a widely distributed Nox
abundant in the kidney, bone, and vascular cells; Nox5, a calcium-
regulated enzyme mainly expressed in lymphoid tissues and testis;
and Duox1 and Duox2, dual oxidases that also contain a peroxidase-
like domain [16]. Nox2, Nox3, Nox4, Duox1, and Duox2 are also
expressed in a number of lung cell types, such as airway/epithelial and
mesenchymal cells [17].
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Furthermore, homologues of p47°"* and p67P"°%, denominated
NOXO1 (NOX organizing protein 1) and NOXA1 (NOX activating
protein 1), respectively, have been identified [18].

Nox1 is constitutively active in unstimulated cells and this is
explained by the absence of regulatory phosphorylation sites on
NOXO1 and by the ability of NOXO1 to localize to the resting cell
membrane [19]. However, Nox1 may be further activated by platelet-
derived growth factor (PDGF) and angiotensin II in vascular smooth
muscle cells [20,21] and by phorbol ester in HEK293 and COS7 cells in
a cell-type-specific manner [22]. Nox2/gp91P"°* is dormant in resting
cells and is stimulated by several agonists, such as N-fMLP, which
induces p47P" phosphorylation by either proline-directed kinases or
PKC [12,23]. The phosphorylated serine residues of p47°"°* expose an
SH3 binding site that interacts with the proline-rich region of p22P"*
and facilitates translocation to the membrane. p67P"* then binds to
the translocated p47P"°*, providing a binding site for activated Rac
and forming the functional enzyme. Nox3 functions together with
p22Ph°X 35 an enzyme constitutively producing superoxide, which can
be regulated by the combinatorial use of the organizers and activators
[24]. Nox4 requires only the membrane subunit p22P"* for reactive
oxygen species (ROS) generation and seems to be constitutively active
[23]. However, a further Nox4 activation is observed in lipopolysac-
charide-stimulated HEK293 cells, insulin-stimulated adipocytes, and
angiotensin II-stimulated mesangial cells [25-27]. Nox5, Duox1, and
Duox2 are regulated by increased intracellular calcium levels due to
the presence of calcium-binding EF-hands [15,23].

We previously showed that, in serum-deprived IMR90 human
fibroblasts, exposure to growth factors stimulates a nonphagocytic
NADPH oxidase, and treatment with NADPH oxidase inhibitors results
in the impairment of the serum-induced signaling cascade [28]. We also
demonstrated that these cells express FPRL1 and that stimulation with
WKYMVm induces MEK- and PKC-dependent p47P"°* phosphorylation
and NADPH-oxidase-dependent superoxide generation [7,29].

Receptor tyrosine kinases (RTK) are an important subclass of
transmembrane proteins. The epidermal growth factor receptor
(EGFR) is the most important member of this family, being implicated
in growth stimulation in a wide variety of malignant tumors.
Stimulation of the receptor by EGF results in dimerization and
subsequent autophosphorylation on tyrosine residues, thereby gener-
ating phosphotyrosine docking sites that activate intracellular signaling
cascades. EGFR activation can also be induced by GPCR, which are a large
group of cell-surface receptors that exert a wide variety of biological
functions [30]. GPCR agonists increase tyrosine phosphorylation of EGFR
either by increasing the kinase activity or by inhibiting an associated
phosphatase activity that is mediated by oxidants [31]. The observation
that GPCR stimulation induces EGFR activation serves as a paradigm for
interreceptor cross talk, because it combines the broad diversity of GPCR
with the potent signaling capacities of EGFR.

One of the best known downstream targets of activated EGFR is the
signal transducer and activator of transcription (STAT) 3 [32,33].
STAT3 is a latent cytoplasmic transcription factor that transduces
signals from cell membrane to the nucleus and is involved in the
regulation of many genes in various cell types [34]. The activity of
STATS3 is associated with the phosphorylation of the Tyr705 residue
that is required for STAT3 dimerization, as well as with nuclear
translocation and DNA binding. The full transcriptional activity is
manifested only when the Ser727 residue, in the transactivation
domain, is also phosphorylated [35]. Although activation of STAT3 has
generally been associated with cytokines and mitogenic growth factor
signaling, several ligands for GPCR also activate STAT3 in several cell
types. These include angiotensin II in vascular smooth muscle cells
[36], a-melanocyte-stimulating hormone in B lymphocytes [37],
WKYMVm in RBL-2H3 cells [38], and Orphanin FQ and N-fMLP in
hematopoietic cells [39].

In this study, we analyzed the intracellular signaling cascade
triggered by WKYMVm in the human lung cancer CaLu-6 cell line.

These cells express EGFR at high levels [40] and show change in the
metabolism or in the generation of superoxide in response to various
stimuli [41,42]. The results show that: (i) these cells express a
biologically functional FPRL1 receptor, (ii) stimulation of FPRL1 by
WKYMVm induces G; protein- and NADPH-oxidase-dependent c-Src
activation and EGFR tyrosine phosphorylation, (iii) FPRL1-dependent
EGFR transactivation triggers activation of the STAT3 pathway, and
(iv) as a consequence of the FPRL1-induced signaling, WKYMVm
promotes cell proliferation in CaLu-6 cells.

Materials and methods
Reagents and cell culture treatments

The WKYMVm and WRWWWW (WRW4) peptides were synthe-
sized and HPLC-purified by PRIMM (Milan, Italy). SDS-PAGE reagents
were from Bio-Rad (Hercules, CA, USA). Protein A/G Plus agarose, anti-
active phosphorylated ERK1/2, anti-tubulin, anti-c-Src, anti-p47°"%,
anti-FPRL1, anti-EGFR, anti-STAT3, anti-cyclin A, anti-p-Y, and anti-
rabbit antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-p-c-Src(Tyr416), anti-p-STAT3(Tyr705), and anti-p-STAT3
(Ser727) were from Cell Signaling Technology (Danvers, MA, USA).
Protein A-horseradish peroxidase and anti-mouse Ig-horseradish
peroxidase were from Amersham Pharmacia Biotech (Little Chalfont,
Buckinghamshire, UK). PD098059, AG1478, PP2, PP3, and genistein
were purchased from Calbiochem (La Jolla, CA, USA). PTX, apocynin,
anti-p-Ser antibody and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were from Sigma (St. Louis, MO, USA).

p22Pho* SiRNA (SI03078523) and negative control siRNA
(S103650318) were purchased from Qiagen (Hiden, Germany).

CaLu-6 cells were grown in Dulbecco's modified Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 pg/ml streptomycin, 1% L-glutamine, and 1% modified
Eagle's medium. Cells were cultured until they reached 80%
confluence, starved in serum-free DMEM for 24 h, and successively
stimulated with WKYMVm peptide at the final concentration of 10 uM
for various times, as indicated in the figures. In other experiments,
serum-deprived cells were preincubated with 50 pM PD098059 for
90 min, 100 ng/ml PTX for 16 h, 10 uM PP2 for 45 min, 10 uM PP3 for
45 min, 60 uM genistein for 1h, 2uM AG1478 for 1h, 100 uM
apocynin for 2h, or 10 M WRW4 for 15 min before stimulation
with 10 pM WKYMVm for 2 min.

In silencing experiments 4 x 10> cells were incubated for 12 h with
5 nM siRNAs in DMEM containing 10% FBS in the presence of 20 ml
HiPerFect (Qiagen). Cells were then serum-deprived for 24 h before
stimulation with 10 uM WKYMVm for 2 min.

RNA preparation and RT-PCR analysis

Total RNA was extracted from Calu-6 cells and PMN with the
RNAeasy Mini kit (Qiagen) according to the manufacturer's in-
structions, and 0.1 pg of RNA was used as template for RT-PCR
experiments. To amplify FPRL1 we designed the sequences of sense
oligonucleotide 5’-AATTCACATCGTGGTGGACA-3’ and antisense
primer 5’-GAGGCAGCTGTTGAAGAAGG-3’, according to the sequence
of the human FPRL1 coding region. These primers generate a 688-bp
fragment. For human FPR, sense primer 5’-CTCCAGTTGGACTAGCC-3’
and antisense primer 5’-CCATCACCCAGGGCCCA-3’ were used to yield
a 500-bp product. For human GAPDH, sense primer 5'-CCATGGA-
GAAGGCTGGG-3’ and antisense primer 5’-CGCCACAGTTTCCCGGA-3’
amplified a 280-bp fragment.

Western blot and immunoprecipitation analysis

Growth-arrested cells were stimulated with 10 pM WKYMVm for
various times in the presence or absence of the appropriate amount of
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specific inhibitors. CaLu-6 cells were rinsed with cold phosphate-
buffered saline (PBS), lysed with 0.5 ml RIPA buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium
deoxycholate, 1 mM NaF, 10 pM Na3VO,4, 1 mM phenylmethylsulfonyl
fluoride, 10 pg/ml aprotinin, 10 pg/ml pepstatin, 10 pg/ml leupeptin),
and incubated at 4 °C for 45 min. Protein concentration was
determined using a Bio-Rad protein assay. Western blot analysis
was performed as previously described [10,28,29]. Antigen-antibody
complexes were detected with the ECL chemiluminescence reagent
kit (Amersham Pharmacia Biotech). Nuclear protein extracts were
prepared with a Qproteome nuclear protein kit (Qiagen) according to
the manufacturer's instructions. In immunoprecipitation experi-
ments, cell lysates containing equal amounts of proteins were
incubated with 3 ug of either anti-EGFR or anti-p47P"* antibody
overnight at 4 °C. Immunocomplexes were mixed with 30 of
Protein A/G Plus agarose and rotated for 45 min at 4 °C. The
immunoprecipitates were then washed three times with cold PBS,
resuspended in 40 pl of Laemmli buffer, boiled for 5 min, pelleted by
short centrifugation, and separated by 10% SDS-PAGE. Phosphorylat-
ed protein levels were quantitatively estimated by densitometry using
a Discover Pharmacia scanner equipped with a Sun Spark Classic
densitometric workstation.

Assay of superoxide production

The method used to determine O3~ is described elsewhere [10].
Membranes and cytosol were isolated from serum-starved human
lung cancer cells stimulated with 10 pM WKYMVm for various times.
NADPH-dependent superoxide generation was determined as the
superoxide dismutase-sensitive rate of reduction of cytochrome c.
Briefly, combinations of 10 pg of membrane and 200 pg of cytosol
proteins in PBS were incubated at room temperature in the presence
of 15uM GTPy-S, 100 uM cytochrome ¢, and 10 uM FAD in a total
volume of 1 ml. NADPH (100 pM) was then added and the production
of superoxide was monitored at 550 nm. The specificity of cytochrome
¢ reduction was controlled by the addition to control samples of 200
U/ml superoxide dismutase. Rates of O3~ production were calculated
from the linear segment of the increase in absorbance at 550 nm and
translated into nanomoles of O~ by the extinction coefficient of
cytochrome ¢, AEsso/At=21.1mM~'cm™!, considering that 1 mol
of O3~ reduces 1 mol of cytochrome c. The Student t test was used to
compare individual treatments with their respective control value
and p<0.05 versus values obtained with growth-arrested CaLu-6 cells
was considered significant.

In vitro kinase assay

The in vitro kinase assay for c-Src activity was performed using
denatured rabbit muscle enolase (Sigma) as an exogenous substrate.
c-Src was immunoprecipitated by 5 pg of anti-c-Src antibody and
protein A/G-Sepharose beads overnight at 4 °C. The immunoprecip-
itates were washed three times with 1% Nonidet P-40 lysis buffer and
twice with 25 mM Tris-HCl, pH 7.4, and 10 mM MnCl,. The beads
were then incubated with 20 pl of kinase buffer (50 mM Tris-HCI, pH
7.4, 10 mM MnCl,, 1 mM dithiothreitol) containing 2 pug of acid-
denatured enolase and 10 mCi of [y->?P]JATP (PerkinElmer Life
Sciences, Waltham, MA, USA) per reaction for 10 min at 37 °C.
Reactions were stopped by adding Laemmli sample buffer and
resolved by SDS-PAGE followed by autoradiography. Rabbit muscle
enolase was denatured with 25 mM acetic acid at 30 °C for 10 min and
then added to 1/10 of the total kinase reaction volume.

Statistical analysis

All data presented are expressed as means 4+ SD and are represen-
tative of three or more independent experiments. Statistical analyses

were assessed by Student's t test for paired data. Results were
considered significant at p<0.05.

Cell viability

CaLu-6 cells were plated at 4x10* cells per well in 200 pl of
complete culture medium containing 10 yM WKYMVm in 96-well
plates (Corning USA) in the presence or absence of 100 ng/ml PTX or
10 M WRW4 and incubated at 37 °C for 12, 24, and 36 h. MTT (5 mg/
ml in PBS) was then added to each well and incubated for 4 h. After
careful removal of the medium, 200 pl of dimethyl sulfoxide (DMSO)
was added to each well. The absorbance of the resulting formazan
salts was recorded on a microplate reader at the wavelength of
540 nm. The effect of WKYMVm on cell growth was assessed as
percentage cell viability. Four independent experiments were
performed.

Results
FPRL1 is a biologically functional receptor in CaLu-6 cells

We first analyzed the expression of FPR and FPRL1 in the CaLu-6
cell line by RT-PCR analysis, performed with specific primers for the
coding sequences of the two receptors, and by Western blot analysis
using an a-FPRL1 antibody. We observed that FPRL1 mRNA, but not
FPR, is expressed in these cells (Fig. 1A) and we detected the presence
of the band corresponding to FPRL1 protein at the expected molecular
size in immunoblot experiments (Fig. 1B). The a-FPRL1 antibody
recognized the same band in cellular lysates purified from IMR90
human fibroblasts, which express FPRL1 [7] (Fig. 1B). We previously
demonstrated that, in growth-arrested IMR90 human fibroblasts,
activation of FPRL1 by WKYMVm induces ERK phosphorylation,
p47P"* membrane translocation, and NADPH oxidase activation [7].
Therefore, we next evaluated the ability of WKYMVm to activate the
MAPK cascade, by analyzing the effect of cell exposure to the FPRL1
agonist on the phosphorylation state of ERK. We observed in time-
response experiments that this treatment induces a rapid activation of
ERK, which is sustained after 10 min of exposure to WKYMVm
(Fig. 2A). Furthermore, the preincubation of CaLu-6 cells either with
PD098059, a selective inhibitor of MEK, or with PTX, which blocks G;
proteins in their inactive form, before WKYMVm stimulation, pre-
vents ERK phosphorylation (Fig. 2B).

Phosphorylation and membrane translocation of the cytosolic
oxidase subunits are considered key events in the assembly of
phagocytic and nonphagocytic NADPH oxidase [7,43]. In IMR9O0 cells,
p47Ph°% s a substrate for ERK kinase activity, and p44MAPK/p42MAPK
phosphorylation is considered a prerequisite for NADPH oxidase
activation [7]. Therefore, we investigated the molecular mechanisms

Kb Calu-6 _PMN

0.688m|
0.500
0.2800=

<«—FPRL1
<«—FPR
+—GAPDH

©
¥ P

& &
FPRL1—> [ WB: o-FPRL1

Fig. 1. Expression of FPRL1 in CaLu-6 cells. (A) Total RNAs were purified from CaLu-6
cells and PMN as a control. cDNAs were coamplified using FPR and GAPDH primers and
FPRL1 and GAPDH oligonucleotides designed for human FPR, FPRL1, and GAPDH coding
sequences. PCR products were separated on a 1.5% agarose gel and stained with
ethidium bromide. (B) Cell lysates were purified from CaLu-6 cells and IMR90 cells as a
control. A 10% SDS-PAGE gel was loaded with 50 pg of proteins and FPRL1 was detected
by Western blot using a specific anti-FPRL1 antibody (o-FPRL1). The experiments were
performed in triplicate.
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Fig. 2. ERK activation, p47P"* phosphorylation, and NADPH-oxidase-dependent ROS generation in WKYMVm-stimulated CaLu-6 cells. (A) Cell lysates were purified from growth-arrested
CaLu-6 cells stimulated for various times with 10 uM WKYMVm or (B) preincubated with the indicated concentrations of PTX or PD098059 before stimulation. Proteins (20 pg) were
resolved on 10% SDS-PAGE and ERK phosphorylation was detected by Western blot with an anti-phospho-ERK antibody (ca-p-ERK). An anti-tubulin antibody (a-tubulin) served as a
control for protein loading. The arrows indicate the phosphorylated forms, ERK1-P and ERK2-P, of p44APX and p42MAPX respectively. (C) Serum-deprived CaLu-6 cells were stimulated for
the indicated times with 10 uM WKYMVm or (D) preincubated with PTX or PD098059 before stimulation. One milligram of cell lysates was immunoprecipitated with an anti-p47P"*
antibody (a-p47P"°%), and p47P"°* phosphorylation (P-p47P"°%) was detected using an anti-phospho-serine antibody (c-p-Ser). An ai-p47P"°* antibody served as a control for protein
loading. All the blots are representative of at least three separate experiments of identical design. Protein expression levels were quantitatively estimated by densitometry using a Discover
Pharmacia scanner equipped with a Sun Spark Classic densitometric workstation. °p<0.05 and *p<0.05 compared with unstimulated cells. (E) Ten micrograms of membrane and 200 pg of
cytosolic proteins were purified from CaLu-6 cells grown in serum-free medium and stimulated with WKYMVm for the indicated times. Proteins were incubated in a NADPH oxidase
activity assay and the specificity of cytochrome c reduction was monitored at 550 nm by using the SOD-inhibitable reduction of cytochrome c, as described under Materials and methods.
*p<0.05 compared with serum-starved cells (—). The experiments were performed in triplicate.

underlying FPRL1-mediated NADPH-oxidase-dependent superoxide
generation in CaLu-6 cells. Western blot analysis showed that the
NADPH oxidase regulatory subunit p47P"°* is rapidly phosphorylated
on serine residues upon exposure to WKYMVm (Fig. 2C) and that
preincubation with PTX or PD098059 significantly prevents p47°"*
phosphorylation (Fig. 2D). Furthermore, time-response experiments
showed that, consequent to activation of the NADPH oxidase
regulatory subunit, stimulation of FPRL1 by WKYMVm induces
NADPH-dependent superoxide generation, with maximal production

occurring at 2 min (Fig. 2E). Taken together these results indicate that
in CaLu-6 cells FPRL1 is a biologically functional receptor.

NADPH-oxidase-dependent superoxide generation is required for
FPRL1-induced EGFR transactivation

It has been shown that in glioblastoma cells the activation of FPR
by N-fMLP results in EGFR transactivation, suggesting that the two
receptors synergistically cooperate to exacerbate the malignant
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behavior of these tumor cells [44,45] and to produce angiogenic
factors [46]. Because EGFR is expressed at high levels in CaLu-6 cells
[40], we examined the ability of FPRL1 to transactivate EGFR. Fig. 3A
shows that stimulation of CaLu-6 cells with 10 uM WKYMVm results
in a time-dependent EGFR phosphorylation, with maximal phosphor-
ylation of tyrosine residues occurring at 2 min. Furthermore,
preincubation of cells with PTX, before stimulation with the FPRL1
agonist, results in a significant reduction in the phosphorylation level
of tyrosines of EGFR, consequent to Gi-protein-specific inhibition
(Fig. 3B).

A large body of evidence indicates that ROS are signaling
intermediates in RTK activation [47-50]. ROS-mediated inhibition of
phosphotyrosine phosphatase (PTPase) activity results in an equilib-
rium shift from the nonphosphorylated to the phosphorylated state of
RTK. To investigate the role of NADPH-oxidase-dependent ROS
generation in FPRL1-induced EGFR transactivation, we preincubated
cells with the NADPH-oxidase-specific inhibitor apocynin or with a
siRNA against p22P"°* before WKYMVm stimulation. We observed in
immunoblot experiments that blockade of NADPH oxidase function
prevents FPRL1-induced EGFR tyrosine phosphorylation (Figs. 3C and
D), suggesting that NADPH oxidase activity is indeed required for
EGFR transactivation.

c-Src activity is required for FPRL1-induced EGFR transactivation

Several cytosolic signal transduction proteins are implicated in the
EGFR transactivation process. It has been suggested that Src-family
tyrosine kinases function as both upstream and downstream
mediators in GPCR-induced EGFR transactivation [51]. Inhibitor
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studies indicate the presence of c-Src upstream of EGFR in
immortalized hypothalamic neurons [52], in LPA-stimulated COS-7
cells [53], and in vascular smooth muscle cells [54]. In contrast, in
other experimental systems EGFR tyrosine phosphorylation has been
reported to be independent of c-Src activity [55]. We investigated the
role of c-Src in FPRL1-induced EGFR transactivation and we observed
that in serum-deprived CaLu-6 cells exposed to WKYMVm, preincu-
bation with genistein, a general tyrosine kinase inhibitor; or with the
tyrphostin AG1478; or with PP2, an inhibitor of c-Src tyrosine kinase,
prevents EGFR tyrosine phosphorylation (Figs. 4A and B). These
results suggest that c-Src plays a key role in bridging the signals from
FPRL1 to EGFR in these cells.

It has been shown that in U87 and FPRL1/CHO cells the stimulation
of FPRL1 by WKYMVm increases c-Src kinase activity [56]. Therefore,
we evaluated the ability of the FPRL1 agonist to activate c-Src in CaLu-
6 cells in an in vitro kinase assay using enolase and [3>?P]ATP as
substrates. As shown in Fig. 5A, c-Src kinase activity was increased in
cells exposed to WKYMVm for 2 min (lane 2) and was completely
prevented by preincubation with PTX (lane 3).

c-Src activity is regulated by phosphorylation at two distinct
tyrosine residues. Autophosphorylation of the Tyr416 residue in the
kinase domain activates c-Src, whereas phosphorylation of the Tyr527
residue in the C-terminal tail by the C-terminal Src kinase blocks c-Src
activity. We analyzed c-SrcTyr416 phosphorylation levels in growth-
arrested CaLu-6 cells stimulated for various times with WKYMVm by
using a phospho-specific antibody directed toward the phosphory-
lated Y416 residue of c-Src. Western blotting analysis showed that the
c-SrcTyr416 phosphorylation level was regulated in a time-dependent
manner, with maximal phosphorylation occurring at 2 min (Fig. 5B).
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Fig. 3. FPRL1-induced EGFR transactivation depends on NADPH oxidase activation. (A) Growth-arrested CaLu-6 cells were incubated with 10 pM WKYMVm for the indicated times or
preincubated with (B) 100 ng/ml PTX or (C) 100 uM apocynin before stimulation. (D) Serum-deprived cells were incubated for 12 h with 5 nM siRNA against p22Ph°x (p22Phox
siRNA) or a negative control siRNA (NC siRNA) in DMEM containing 10% FBS in the presence of 20 ml HiPerFect. Cells were then serum-deprived for 24 h before stimulation with
10 pM WKYMVm for 2 min. Cell lysates containing 800 pg of proteins were incubated with 3 ug of anti-EGFR (a-EGFR) and immunocomplexes were mixed with 30 pl of Protein A/G
Plus agarose. The immunoprecipitates were loaded on 10% SDS-PAGE gels and EGFR phosphorylation (p-EGFR) was detected with an anti-phospho-tyrosine antibody (a-p-Y). An a-EGFR
and an a-tubulin antibody served as controls for protein loading. An a-p22P"°* antibody served as a control for interference. All the blots are representative of at least three separate
experiments of identical design. Protein expression levels were quantitatively estimated by densitometry. °p<0.05 and *p<0.05 compared with unstimulated cells.
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Fig. 4. General and specific tyrosine kinase inhibitors prevent FPRL1-induced EGFR
phosphorylation. (A) Serum-deprived CaLu-6 cells were preincubated with genistein or
AG1478 or (B) PP2 or PP3 at the indicated concentrations, before stimulation with
10 uM WKYMVm. Cell lysates (800 mg) were purified and EGFR was immunoprecipi-
tated with an anti-EGFR antibody (o-EGFR). Proteins were resolved on 10% SDS-PAGE
and EGFR phosphorylation (p-EGFR) was detected with an anti-phospho-tyrosine
antibody (a-p-Y). An «-EGFR antibody served as a control for protein loading. The
experiments were performed in triplicate. Phosphorylated protein levels were
measured by densitometry. *p<0.05 compared with unstimulated cells.

We also pretreated cells with PTX before WKYMVm stimulation and
we found that the G;-protein-specific inhibition significantly prevents
¢-SrcTyr416 phosphorylation (Fig. 5C).

c-Src is sensitive to intracellular redox conditions as demonstrated
by the ROS-dependent inactivation of the PTPases that control its
phosphorylation status [57]. Therefore, we investigated the role of
NADPH-oxidase-dependent ROS generation in FPRL1-induced c-Src
activation. We observed that pretreatment with the NADPH oxidase
inhibitor apocynin or preincubation with a siRNA against p22P"°¥,
before stimulation with WKYMVm for 2 min, prevents c-SrcTyr416
phosphorylation (Figs. 5D and E), suggesting that FPRL1-induced c-Src
kinase activity requires NADPH oxidase activation.

WRW4 prevents the FPRL1-induced downstream signal transduction
cascade

The peptide WRW4 antagonizes the binding of the specific FPRL1
ligand WKYMVm, thereby inhibiting intracellular calcium increase,
FPRL1-induced neutrophil activation [58], and ERK phosphorylation
[10]. We exposed CaLu-6 cells to WRWA4 to further investigate the role
of FPRL1 in the downstream signaling cascade and we observed,
in dose-response experiments, that preincubation with WRW4,
before WKYMVm stimulation, prevents ERK activation (Fig. 6A) and
c-SrcTyr416 residue phosphorylation (Fig. 6B), with the maximal
effect occurring at a concentration of 10 pM. Preincubation with
10 M WRWH4 also inhibits FPRL1-dependent EGFR transactivation
(Fig. 6C) and p47P"°* phosphorylation (Fig. 6D).

FPRL1-induced EGFR transactivation triggers STAT3 activation

STAT proteins are activated as a consequence of ligand binding to
cytokine and growth factor receptors such as EGFR and PDGF-R.
STAT 2, 4, and 6 are activated by a small subset of cytokines, whereas
STAT 1, 3, 53, and 5b are activated also by growth factors [59].
Binding of EGF to its cognate receptor results in EGFR dimerization
and phosphorylation and in the activation of receptor-associated
Janus kinases (JAK). Recruitment, phosphorylation of STAT3 on the
Tyr705 residue, and dimerization of STAT3 represent the trigger of
the JAK/STAT3 cascade. Activated STAT3 is then translocated to the
nucleus to activate target genes. Full transcriptional activity and
DNA binding capacity are manifested only when the STAT3 Ser727
residue is also phosphorylated. In addition to cytokine and growth
factor receptors, a number of GPCR agonists also activate STAT3 [36-
39]. In glioblastoma cells N-fMLP induces a rapid and transient
phosphorylation of STAT3 at the Tyr705 and Ser727 residues by
binding to FPR [45] and, in RBL-2H3 cells, the Ser727 residue of
STAT3 is phosphorylated consequent to the binding of WKYMVm to
FPRL1 [38]. Furthermore, as a result of transmembrane signaling,
uPAR activates the JAK/STAT pathway mediated by FPRL1 [60].
Therefore, we analyzed the FPRL1-induced STAT3 activation in
growth-arrested CaLu-6 cells. We observed that, in time-dependent
Western blot experiments, stimulation with 10 pM WKYMm rapidly
induces phosphorylation of the STAT3 Tyr705 residue (Fig. 7A), the
nuclear translocation of activated STAT3 (Fig. 7B), and the
phosphorylation of the STAT3 Ser727 residue (Fig. 7C). Taken
together the above results indicate that activation, dimerization,
and nuclear translocation of STAT3 are a part of the FPRLI1-
dependent signaling cascade.

We next examined the molecular mechanisms involved in FPRL1-
induced STAT3 activation by pretreating CaLu-6 cells with PTX,
AG1478, and genistein. These experiments show that phosphoryla-
tion of the STAT3 Tyr705 residue greatly depends on FPRL1 and EGFR
activation, being prevented by PTX and by general and EGFR-specific
tyrosine kinase inhibitors (Fig. 8A). Furthermore, the phosphorylation
of Tyr705 of STAT3 is c-Src-dependent, because it is prevented by the
preincubation of CaLu-6 cells with PP2 before WKYMVm stimulation,
and it is MEK-independent, as observed by the lack of effect of the
MEK inhibitor PD098059 (Fig. 8B). In addition, preincubation of
serum-deprived CaLu-6 cells with PTX before agonist stimulation
completely prevents STAT3 Ser727 phosphorylation (Fig. 8C). The
MAPK pathway plays an important role in the regulation of STAT3
signaling and, in particular, ERK were demonstrated to phosphorylate
STAT3 at the Ser727 residue [61]. In CaLu-6 cells preincubation with
PD098059, before WKYMVm stimulation, completely prevents the
phosphorylation of STAT3 at Ser727, whereas, as expected, the
general tyrosine kinase inhibitor genistein has no effect on serine
phosphorylation (Fig. 8C). Consequently, ERK activity seems to be
required for FPRL1-induced STAT3 Ser727 phosphorylation.

FPRL1-induced signaling cascade promotes cell proliferation

We evaluated the cellular consequences of FPRL1-induced signal-
ing by analyzing the effects of exposure to WKYMVm on CaLu-6 cell
growth. We observed that the addition of 10 pM WKMVm to the cells
results in a time-dependent growth response, with the maximum
level of CaLu-6 growth occurring after 24 h of exposure (Fig. 9A).
Furthermore, inhibition of G; proteins by PTX or preincubation with
the FPRL1 antagonist WRW4 significantly prevents cell proliferation
(Fig. 9B). This indicates that the FPRL1-dependent intracellular
signaling cascades triggered by WKYMVm result in an increased
growth rate of the human lung cancer CaLu-6 cell line, which can be
prevented by blockade of FPRL1, highlighting the role of this receptor
as a potential target of new drugs.
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Discussion

We demonstrate that in serum-deprived CaLu-6 cells, stimulation
of FPRL1 by a specific agonist results in NADPH-oxidase-dependent
superoxide generation and EGFR transactivation. Furthermore, we
show that ROS play a key role in bridging the signals from FPRL1 to
EGFR by modulating c-Src kinase activity, as demonstrated by the
effects of PP2, apocynin, and a siRNA against p22P"°% on c-Src Y416
phosphorylation and EGFR transactivation. Our results also indicate
that, as a consequence of the transphosphorylation process the
phosphotyrosine residues of EGFR provide docking sites for recruit-
ment and triggering of the STAT3 pathway. Finally, the FPRL1-induced
signaling promotes an increased growth rate of CaLu-6 cells.

EGFR is a cell-surface receptor and is a member of the c-erb-B family
of tyrosine kinases, known to be overexpressed in a variety of human
malignant tumors and cells, including lung carcinoma and the CaLu-6
cell line [40]. In addition to activation by EGF, its cognate ligand, several
GPCR can also transactivate EGFR and the cross talk between the two
receptors is a crucial signaling mechanism that serves to expand the
cellular communication network. In fact, the receptors for angiotensin
[62], LPA [63], CXCL12 [64], bombesin [65], thrombin [66], and
endothelin-1 [67] also transactivate EGFR, thereby assisting the

transmission of growth signals. In glioblastoma cells EGFR transactiva-
tion is mediated by the binding of N-fMLP to FPR [44] and inhibition of
EGFR phosphorylation significantly reduces FPR agonist-induced tumor
cell chemotaxis and proliferation [44,68]. Thus, FPR expressed in
glioblastoma cells can exploit the EGFR capacity to amplify tumor
growth. In line with these results we show that, as a consequence of
FPRL1-induced signaling, WKYMVm promotes an increased growth rate
of CaLu-6 cells, which is prevented by blockade of FPRL1.

Much evidence suggests that GPCR-induced EGFR transactivation
may involve the EGFR ligand-dependent pathway through the
metalloprotease-dependent release of EGF-like ligands [69], or the
EGFR ligand-independent pathway, which can involve nonreceptor
tyrosine kinases such as c-Src [70,71]. In glioblastoma cells N-fMLP-
induced EGFR phosphorylation requires the presence of FPR and of G;
proteins associated with the receptor and is controlled by c-Src
tyrosine kinase [44]. Furthermore, stimulation of FPRL1 by WKYMVm
in both U87 and FPRL1/CHO cells increases c-Src kinase activity [56].
In line with these results our study shows that FPRL1-induced
signaling induces an increase in c-Src kinase activity and that c-Src
plays a key role in the control of EGFR transactivation.

Another molecular mechanism that can contribute to RTK
transactivation by GPCR ligands is the generation of ROS, which in
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turn inactivate PTPases that tightly control the activity of RTK
[49,50,72-75]. In fact, oxidation and reduction of protein cysteine
sulfhydryl groups of PTPases may act as a molecular switch to start or
to stop signaling.

Plasma membrane-associated Nox enzymes catalyze the deliber-
ate and regulated generation of ROS. In contrast to the cytotoxic
amounts of superoxide generated by phagocytes, the nonphagocytic
Nox family members are recognized as producers of low levels of ROS
that play critical roles in maintaining normal physiologic processes
and that stimulate intracellular signaling cascades via activation of
kinases and inhibition of PTPases [16]. Under physiological conditions,
the intracellular production of ROS does not alter the redox state of
cells, which have large reserves of reducing agents. This reducing
intracellular environment allows agonist-induced increases in ROS to
function as second messengers by limiting their effect in time and
space [76]. A major attribute of nonphagocytic NADPH oxidases is that
not only are they constitutively active but their activity is sensitively
influenced by a wide variety of (patho)physiological stimuli. Several
pathological conditions are associated with overproduction of ROS by
Nox enzymes. They include chronic diseases that tend to appear late
in life, such as Alzheimer disease, atherosclerosis, hypertension,
diabetic nephropathy, lung fibrosis, and cancer. In many of these
diseases overproduction of ROS also results from increased expression
of Nox enzymes and/or of their regulatory subunits [77].

ROS also influence c-Src at several levels, both directly by
modulating Src kinase activity and indirectly by modulating factors
that regulate c-Src kinase activity [78]. We show that FPRL1-induced
signaling triggers NADPH-oxidase-dependent superoxide generation,
which plays a crucial role in EGFR transactivation by modulating c-Src

tyrosine kinase activity, although a concomitant ligand-dependent
transactivation of EGFR cannot be ruled out. On the other hand, several
studies show that c-Src kinase activity influences NADPH-oxidase-
dependent ROS generation at several levels by facilitating activation of
the NADPH oxidase cofactors required to form the complex [78,79].

STAT3 is a member of the STAT family of cytoplasmic transcription
factors. It requires extrinsic tyrosine phosphorylation to become
activated and this event is induced by RTK such as EGFR, cytoplasmic
¢-Src tyrosine kinases, and components of the JAK family. Specific
formyl peptide receptor agonists also activate STAT3 [38,45]. We
found that in CaLu-6 cells exposure to WKYMVm induces FPRL1-
dependent phosphorylation of STAT3 at the Y705 and S727 residues,
suggesting that STAT3 activation is also a part of the FPRL1-dependent
signaling cascade. We also observed MEK-dependent ERK phosphor-
ylation in WKYMVm-stimulated CaLu-6 cells, which is consistent with
our previous results obtained in IMR90 human fibroblasts [7]. It has
been shown that the MAPK pathway plays an important role in the
regulation of STAT3 signaling and that ERK are known to phosphor-
ylate STAT3 at the S727 residue [61]. We demonstrate that S727
phosphorylation of STAT3 is prevented by the MEK1 inhibitor
PD098059, suggesting that ERK phosphorylation is crucial for
WKYMVm-induced STAT3 activation in CaLu-6 cells.

FPRL1 was initially known as a low-affinity receptor for N-fMLP. In
the past few years several ligands have been identified, making FPRL1
the most promiscuous in the FPR family with respect to agonist
selectivity. Interestingly, most of the newly identified agonists for
FPRL1 do not share substantial sequence homology; thus, FPRL1
behaves as a “pattern recognition” receptor that can be activated by a
wide variety of unrelated ligands.
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Fig. 7. FPRL1-induced EGFR transactivation triggers the STAT3 pathway. Total and nuclear
cell lysates were purified from serum-starved CaLu-6 cells exposed to 10 uM WKYMVm for
various times, as indicated. (A) Fifty micrograms of total protein was resolved by 10% SDS-
PAGE and specific phosphorylations of STAT3 were detected with anti-phospho-STAT3
Y705 (o-p-STAT3(Y705)) or (C) anti-phospho-STAT3 S727 (a-p-STAT3(S727)) anti-
bodies. An anti-STAT3 antibody (-STAT3) served as a control for protein loading. (B) A
10% SDS-PAGE gel was loaded with 50 pg of nuclear extracts and STAT3 nuclear
translocation was determined by Western blot with an a-STAT3 antibody. The same filter
was reprobed with an anti-cyclin A antibody (o-CyclinA). All the experiments were
performed in triplicate. Phosphorylated protein levels of STAT3 Y705 and STAT3 S727 were
quantitatively estimated by densitometry. *p<0.05 compared with unstimulated cells.

There have been ongoing efforts in several laboratories to study
the ligand and FPRL1 interaction, in part because of the potential for
FPRL1 to become a therapeutic target.

It has been shown that both agonists and antagonists for FPRL1
have therapeutic value. In fact, WKYMVm increases neutrophil
bactericidal activity in chemotherapy-treated cancer patients [80]
and enhances endogenous expression of TRAIL, a novel potential
anticancer agent, in human monocytes and neutrophils [81].
Moreover, the administration of WKYMVm protects against death
by enhanced bactericidal activity and inhibition of vital organ
inflammation and immune cell apoptosis in a cecal ligation and
puncture sepsis mouse model [82]. WKYMVm, activating FPRL1, also
potently inhibits HIV-1 Env-mediated fusion and viral infection
through heterologous desensitization of the chemokine receptors
CCR5 and CXCR4, suggesting a novel approach to the development of
anti-HIV-1 reagents [83].

The use of FPRL1 by SAA, Ab42, and human prion peptide suggests
that this receptor may play a crucial role in proinflammatory aspects
of systemic amyloidosis, Alzheimer disease, and prion diseases. This
observation prompted studies in search of antagonists, which are
important for delineating the signal transduction cascade associated
with receptor activation and as a basis for developing anti-
inflammatory therapeutic agents. Several antagonists for FPRL1 have
been identified. These include the chemotaxis inhibitory protein of
Staphylococcus aureus, the FPRL1 inhibitory protein FLIpr, the bile
acids deoxycholic and chenodeoxycholic, and Quin-c7, a synthetic
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Fig. 8. FPRL1-induced STAT3 signaling requires activation of EGFR, c-Src, and MEK1.
Serum-deprived CaLu-6 cells were exposed to 10 M WKYMVm for 2 min or preincubated
with the appropriate concentrations of inhibitors before stimulation, as described under
Materials and methods. Total proteins (50 mg) were electrophoresed and transferred to
Immobilon P membranes. (A) Cells were preincubated for 16 h with PTX, or for 1 h with
genistein, or for 1 h with AG1478 at the indicated concentrations, before stimulation. The
blot was incubated with a primary antibody against STAT3 phosphorylated at the Tyr705
residue (a-p-STAT3(Y705)). (B) Growth-arrested CaLu-6 cells were pretreated for 45 min
with PP2, or for 45 min with PP3, or for 90 min with PD098059 at the indicated
concentrations, before exposure to WKYMVm. An a-p-STAT3(Y705) antibody was used to
detect STAT3 Y705 phosphorylation. (C) Human lung cancer cells were preincubated with
PTX, PD098059, or genistein at the indicated concentrations, before stimulation with the
FPRL1 agonist. The blot was incubated with an a-p-STAT3(S727) antibody to detect the
phosphorylated form of STAT3 Ser727. Total STAT3 was detected with an antibody against
nonphosphorylated STAT3 (a-STAT3). All the blots are representative of at least three
separate experiments of identical design. Phosphorylated protein levels were quantita-
tively measured by densitometry. *p<0.05 compared with unstimulated cells.

nonpeptide developed through chemical modification of QuinC-7
[84-86]. Moreover, W-rich peptides, such as WRW4, exert an
antagonistic effect on WKYMVm-induced FPRL1 signaling, suggesting
their use for the treatment of several diseases in which FPRL1 is
known to play a role [58].

It should be also noted that because FPR is overexpressed in human
glioblastoma cells [87], at least some members of the FPR family might
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also be valuable biomarkers for cancer diagnosis, therefore increasing
the number of available biomarkers for cancer diagnosis and staging.

The transactivation of EGFR by FPRL1 in human lung carcinoma
cells may have important pathophysiological implications. The
expression of FPRL1 in CaLu-6 cells could render these cells responsive
not only to WKYMVm, but also to agonists contained in the
environment of necrotic tumor cells. As a result of these interactions,
FPRL1 could activate intracellular signaling molecules such as ROS,
ERK, and c-Src that, in turn, could trigger EGFR transactivation, the
STAT3 pathway, and cell growth. This suggests that clarification of the
resulting signaling cascades may open the way to new drugs that
interfere with the FPRL1 signaling pathway and that targeting both
FPRL1 and EGFR may yield superior therapeutic effects compared with
targeting either receptor separately.
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Abstract The human formyl-peptide receptor (FPR) and
its variants FPRL1 and FPRL2 belong to the G-protein
coupled seven transmembrane receptor (GPCR) family
sensitive to pertussis toxin. FPR and FPRL1 were first
detected in phagocytic leukocytes, and FPRL2 was found
in monocytes and in dendritic cells. The three receptors
were subsequently identified in other cell types or tissues,
including neuronal cells and brain, where FPR and FPRL1
play a key role in angiogenesis, cell proliferation, protec-
tion against and cell death, as well as in neuroendocrine
functions. Binding of different agonists to FPRs triggers
several signaling pathways, activates NFkB and STAT3
transcriptional factors and induces the accumulation of the
CDK inhibitors p21™/¢P! ©16™%4 and p27""P". Signaling
molecules, such as ERKs, INK, PKC, p38MAPK, PLC and
PLD are involved in these intracellular cascades. In this
article we briefly review FPRs expression and signaling in
neuronal cells.
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Introduction

From an evolutionary perspective, the formyl-peptide
receptors family has a complex history and the number of
family members varies significantly between species. In
human there are three genes encoding two functional
receptors, FPR (formyl-peptide receptor) and FPRL1 (for-
myl-peptide receptor-like 1), and the putative receptor
FPRL2 (formyl-peptide receptor-like 2) which encodes a
putative protein with 56% amino acid sequence identity to
human FPR and 83% to FPRL1 [1-3]. Although a number
of functional studies of FPRs were performed by using
neutrophils and monocytes, the expression of these recep-
tors have been demonstrated in other cell types. For
instance, epithelial cells, follicular cells of the thyroid,
cortical cells of adrenal, hepatocytes, Kupffer cells, neu-
rons, astrocytoma cell lines, A549 cells, brain and nervous
sytem express either or/and both FPR or/and FPRLI [4-8].
The important biological implications of FPRs in neuro-
nal cells and tissue are illustrated by the identification of
host-derived agonists that are associated with various path-
ophysiological settings. These agonists include [-amyloid
peptide (Af42) [9], the prion protein fragment PrPjge_126
[10], humanin [11] and annexin I (ANXA1) [12]. All these
molecules elicit pro-inflammatory responses through the use
of FPRLI as a receptor. Af42 and PrP;ge_j26 are amyloi-
dogenic and are involved in Alzheimer’s disease (AD) [13]
and prion diseases [10, 14], respectively. FPRLI1 has also
reported to interact with a lipid metabolite lipoxin A4
(LXA4) in neuronal cells [15], showing an inhibitory effect
on the expression of pro-inflammatory chemokines.
Binding to FPRs of these agonists triggers intracellular
signaling cascades involved in the regulation of angio-
genesis, cell proliferation, protection against apotosis and
neuroendocrine functions, such as the inhibition of the
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exocytosis. Unlike FPR, the signal transduction pathways
mediated by FPRL1 have not been extensively studied.
Following activation by ligand, FPRs undergo rapid serine
and threonine phosphorylation, and are desensitized and
internalized [16, 17]. However, FPRs internalization can
occur in the absence of internalization, indicating that
desensitization and internalization are controlled by dis-
tinct mechanisms [18, 19]. Further studies suggest that
FPRs internalization is mediated by mechanisms indepen-
dent by arrestin, dynamin and clathrin [20].

Recent findings have demonstrated a central role of
FPRs also in the regulation of cell cycle in different cell
types [20-26]. These receptors act by increasing protein
levels of some inhibitors of cyclins/CDK complexes (CKI),
such as p21™VeP! and p16™%4* and p27"P!, in parallel
with the inhibition of the expression of cyclins. Here we
review and discuss some of the most significant results on:
(i) the expression of FPRs in neuronal cells and tissues; (ii)
the intracellular signaling triggered by these receptors; (iii)
the control of the cell cycle progression exerted by some
members of the FPR family.

Formyl-Peptide Receptors

The formyl-peptide receptors FPR, FPRL1 and FPRL2,
expressed in human cells, belong to the G protein-coupled
receptor (GPCR) family [1]. The FPR gene spans 6 kb with
an intronless open reading frame interrupted by an intron in
its 5’-untranslated region [27]. Both FPRL1 and FPRL2 are
single-copy genes with intronless open reading frames,
which co-localize with FPR in a cluster on the chromo-
somal region 19q13.3 [1]. FPR and FPRL1 were first
detected in phagocytic leukocytes, and FPRL2 was first
found in monocytes and in dendritic cells [28].

The murine FPR gene family includes at least six
members: Fprl (mFPR1) codes for the murine orthologue
of human FPR; Fpr-rs2 and Fpr-rsl encode receptors that
are strucurally and functionally similar to human FPRL1
[29]: Fpr-rs2 encodes mFPR2, which is a N-formyl-Met-
Leu-Phe (N-fMLP) receptor, whereas the product of mur-
ine gene Fpr-rsl is a receptor for lipoxin A4 (LXA4), a
lipid derivative of arachidonate metabolism [30]. The other
murine FPRs encode putative receptors which ligands have
not been yet identified.

FPR binds N-fMLP with high efficiency, whereas
FPRLI1 is defined as a low-affinity N-fMLP receptor, based
on its activation only by micromolecolar concentrations of
formyl-peptide. FPRL1 is the only receptor whose ligands
include both a formyl-peptide and a lipid, as demonstrated
by the observation that it also binds LXA4 [31]. FPRL2
does not respond to formyl-peptides and it was reported to
be a low affinity receptor for several FPRL1 agonists [32].

In addition to N-fMLP, several non-formylated peptides,
that preferentially activate either or both FPR and FPRL1,
have been identified. For instance, the synthetic hexapep-
tide WKYMVm (W peptide) binds FPRL1 with high effi-
ciency, activating neutrophils and monocytes functions
including chemotaxis, mobilization of complement recep-
tor-3, cytokines release and NADPH oxidase activation
[33]. We demonstrated that in IMR90 human fibroblasts,
binding of WKYMVm to FPRLI1, which is expressed in
these cells [34], induces superoxide generation consequent
to MEK- and PTX-dependent serine phosphorylation and
membrane translocation of the regulatory cytosolic
NADPH oxidase subunit p47°™* [34]. In the same cells
WKYMVm activates also selected protein kinase C (PKC)
isoforms required for NADPH oxidase-dependent super-
oxide generation [35].

MMK-1, another non-formylated peptide, is a potent
and very specific agonist for FPRL1, as demonstrated by its
ability to induce superoxide generation in neutrophils [36]
and calcium mobilization in phagocytic leukocytes [37].

In addition to exogenous agonists, many findings have
been focused to identify host-derived molecules that
interact with formyl-peptide receptors. A clear evidence of
an endogenous agonist for FPR is represented by ANXA1
and its N-terminal domains, which specifically and sig-
nificantly interfere with neutrophil transmigration [38].
Nevertheless, FPRL1 seems to interact with a greater
number of host-derived agonists, including the acute-phase
protein serum amloid A (SAA) [39], the 42-amino acid
form of amyloid f (Ap42) [9], the prion protein fragment
PrPos_126, [10], LXA4 [31], and LL-37, an enzymatic
cleavage fragment of the cathelicidin [40]. We demon-
strated that in IMR90 cells LL-37 triggers FPRL1-medi-
ated induction of superoxide, via NADPH oxidase
activation [41]. Finally, humanin, a 14-22 peptide encoded
by a gene isolated from an apparently normal region from
Alzheimer’s disease (AD) brain, shares FPRL1 with Ap42
on neuronal cells [11].

Formyl-Peptide Receptors Activation

FPR, FPRLI1 and FPRL?2 are coupled to the Gi family of G
proteins, as indicated by the total loss of cell response to
their agonists upon exposure to pertussis toxin (PTX)
[42, 43]. FPR can also couple to G,, G,1¢ and to PTX-
resistant G, [44].

In polymorphonuclear (PMN) cells, binding of N-fMLP
to FPR or FPRLI1 induces an intracellular complex pro-
gram that results in cell migration, reorganization of the
actin cytoskeleton and NADPH oxidase activation, thereby
triggering signal transduction pathways leading to a che-
motactic response and superoxide generation, respectively.

@ Springer



2020

Neurochem Res (2010) 35:2018-2026

After N-fMLP binding, activated heterotrimeric G-protein
dissociates into o and fy subunits, thereby activating
phospholipase C (PLC) and phosphoinositide 3-kinase
(PI3K). This, in turn, converts the membrane phosphati-
dylinositol 4,5-bisphosphate (PIP2) into phosphatidylino-
sitol 3.4,5-triphosphate (PIP3). PLC converts PIP3 in
diacylglycerol (DAG) and inositol-1,4,5-triphosphate
(IP3), which regulates calcium mobilization from endo-
plasmic reticulum stores. DAG activates PKC isoforms.
PI3K (y isoform) can also triggers the activation of the
PI3K-Akt/PKB pathway. In PMN cells other intracellular
effectors coupled to the signaling cascade of FPRs include
phospholipases A2 and D (PLD), ERK1/2, lyn, p125FAK,
Jun kinase (JNK) and p38MAPK. PKC isoforms, ERKs
and p38MAPK are involved in the phosphorylation on
multiple serine residues of the regulatory subunit p47P"°*
of NADPH oxidase in vivo and in vitro [45]. CD38, a
transmembrane glycoprotein which catalyzes the produc-
tion of cyclic ADP-ribose from its substrate NAD™, is an
essential and specific transducer of N-fMLP signals in
mouse neutrophils, as demonstrated by the observation that
neutrophils from CD38 '~ mice fail to migrate in response
to N-fMLP [46].

Fprs Expression in Neuronal Tissues and Cells

The observation that FPR and FPRL1 have been identified
in several other cell types and tissues suggests that they
exert functions other than those exerted in PMN cells,
probably elicited by endogenous ligands associated with
human diseases.

By using immunocytochemical approaches, FPR was
detected in human brain, spinal cord, anterior horn cells
and hypoglossal nucleus neurons [4]. Cerebellar system,
the neuropil, the sensory system, many large reticular
activating system neurons, choroid plexus epithelium,
ependyma, and vascular smooth muscle stained inten-
sively. Many pyramidal cell neurons, the extrapyramidal
motor system, the sympathetic portion of the autonomic
nervous system, the parasympathetic system, the hippo-
campal neurons, many end-plate pyramidal cells, some
astrocytes and pial astrocytes moderately stained with the
antibody [4]. Schwann cells of the peripheral nervous
system stained positively but the oligodendrocytes were
negative. Interestingly, FPR antigen was not detectable in
microglia, the modified macrophages of the brain [4].

By conducting a high throghput screen for GPCR
expressed in mouse vomeronasal organ (VNO), which
detects pheromones and other semiochemicals, 5 of 7
members of the FPR family, have been recently identified
[47]. The expression patterns of the VNO-FPRs are
remarkable similar to those of VIRs and V2Rs, the two
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known families of chemoreceptors. Each FPR is selectively
expressed in a different small subset of neurons that are
highly dispersed in the neuroepithelium, consistently
express G, or Gy, and appear to lack other chemosensory
receptors [47]. These finding suggest that VNO-FPRs are
likely to function as chemosensory receptors, probably
associated with the identification of pathogens, or of
pathogenic states [48].

By RT-PCR analysis, mRNAs for three FPR family
members, Fprl, Fpr-rs1 and Fpr-rs2, have been identified
in the mouse hippocampus, hypothalamus, anterior pitui-
tary and adrenal gland [12]. In addition, the hypothalamus
and anterior pituitary gland also express Fpr-rs6 and
Fpr-rs7 mRNAs [12]. These receptors play a key role in the
regulation of neuroendocrine functions mediated by
ANXAL. In the pituitary gland, ANXAI1 has a well defined
role as a cell-cell mediator of the inhibitory effects of
glucocorticoids (GC) on the secretion of corticotropin
(ACTH). ANXAT1 inhibits the evoked release of ACTH and
this effect is mediated by Fpr-rs1 or by a closely related
receptor [12]. In the mouse brain, which expresses Fpr-rs2,
ANXALI or a short ANXAI1 petidomimetic (Ac, o) exert
significant protection in the microcirculation [49]. The
ANXA1-mediated cerebroprotection is associated with a
marked attenuation of cell adhesion and of markers of
inflammation. Ac, 56 acts by binding Fpr-rs2, as demon-
strated by displacement assays with transfected cells,
in vivo experiments with transgenic mice and receptor
agonists [49].

The 132IN1 human astrocyte cell line expresses a
functional FPRL1 both at mRNA and protein level [15]. In
these cells, LXA4, which efficiently binds FPRL1 [31], has
an inhibitory effect on the expression of the proinflam-
matory chemokine IL-8 and adhesion molecule ICAM-1 in
response to IL-1f [15]. LXA4 also regulates proliferation
and differentiation of murine neural stem cells (NSC)
isolated by embryo brains [26]. These cells express Fpr-rs2
and LXA4 signaling triggered by this receptor appears to
tightly regulate the expansion and contraction of NSC mass
by acting as “accelerator and brake” after pathological
events in brain tissue [26]. These results suggest the
potential therapeutic utility of LXA4 for a wide range of
neuropathological disorders, wherein specifically regulat-
ing neurogenesis and neuroinflammation may be beneficial.

FPRLI is expressed at high levels by inflammatory cells
infiltrating senil plaques in brain tissues of AD patients [9],
where Ap42 can induce NADPH oxidase-dependent
superoxide production via FPRLI, thus generating an
oxidative stress in microglial cells [50]. The internalization
of Af42 is mediated by FPRL1 and requires PLD in
the endocytosis process [51]. By co-immunoprecipitation
and fluorescence microscopy, a physical interaction
between FPRL1 and MARCO (macrophage receptor with
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collagenous structure) has been observed in astrocytes and
in microglia [52]. The expression of FPRLI-MARCO
complex increases in glial cells playing an important role
for binding at cell surface and subsequent internalization of
Ap42 [52]. Stimulation of microglial cell line N9 with
IFN-y induces the expression of high levels of mFPR2 in
association with increased cell migration in response to
Ap42 [53]. IFN-y also increases the endocytosis of Af42
by microglial cells via mFPR2 [53]. Furthermore, an
Ap42 conformation-dependent mFPR2 overexpression is
observed in mouse primary microglial cells and in murine
microglial cell line MMGT12 [54]. This suggests that FPRs
expression is not only constitutive but can be also induced
by specific agonists.

Humanin was originally identified as an anti-apoptotic
peptide that rescued neuronal cells from apoptosis induced
by presenilin mutants associated with familial AD and by
A P42 [55]. The human neuroblastoma cell lines SK-N-MC
and SK-N-SK, and the mouse microglial cell line N9
express FPRL1 and the murine orthologue mFPR2,
respectively [11]. In these cells the protective effect of
humanin from damage by Af342 requires the PTX-sensitive
activation of FPRL1, which is a functional receptor shared
by humanin and Ap42 [11]. Therefore, the neuroprotective
activity of humanin may be attributed to its competitive
occupation of FPRLI.

FPRLI1 is also involved in proinflammatory processes of
prion disorders which, similar to AD, include the infiltra-
tion and activation of mononuclear phagocytes in brain
lesions. The 21 aminoacid fragment of the aberrant human
prion protein, PrPgs_126 can form fibrils in vitro and elicits
a diverse array of inflammatory responses. PrP;ps_12¢ is an
agonist for FPRL1 in glial cells [10] and induces an
increase of proinflammatory cytokines, tumor necrosis
factor-o and IL-6, which are implicated as neurotoxic
mediators. Also in this case, PLD activity is essential
for PrPge_126-endocytosis [56] and, similar to Af42, in
astrocytes and microglia the internalization of PrPps_126 is
mediated by FPRL1 [56]. The identification of FPRLI1 as a
functional receptor for Af42 and PrPps_12¢ provides a
molecular link in the chain of proinflammatory responses
observed in AD and in prion diseases.

Fprs Signaling in Neuronal Tissues and Cells

In neuronal cells, binding of different agonists to FPRs
triggers multiple intracellular signaling pathways necessary
to regulate important biological functions. The possible
involvement of FPRL1 in the regulation of astrocytosis has
major biological implications, because reactive astrocytosis
and brain inflammation are pathological features of many
neurodegenerative diseases.

A linkage among FPRL1, MAPK, astrocytes activation
and the inflammatory response has been described in U-87
cells, where the activation of FPRL1 with the highly potent
agonist WKYMVm induces JNK and ERKs phosphoryla-
tion [57]. FPRLI1-evoked MAPK activation depends on
G;j) proteins and Src family tyrosine kinase activation, but
is independent of PI3K and PKC. Interestingly, stimulation
of FPRLI in these cells augments the expression of glial
fibrillary acidic protein (GFAP) and IL-lo, which are
correlated with reactive astrocytosis [57]. Moreover, inhi-
bition of Gj, proteins and JNK completely abolishes both
GFAP and IL-1a up-regulations by FPRL1, while blockade
of the MEK/ERK cascade exclusively suppress the GFAP
production [57]. In the same cells, WKYMVm also pro-
motes Gj-dependent IKK (inhibitor kB kinase) phos-
phorylation. This requires ERKs, PI3K and cSrc
activations, but not p38MAPK, JNK or calcium mobiliza-
tion [58]. PI3K activates PKB/Akt which, in turn, induces
the transcriptional function of NFkB by stimulating the
transactivation of RelA/p65 subunit. In U-87 cells a
FPRL1-dependent NFkB-driven luciferase expression is
observed [58]. Interestingly, cholesterol depletion abol-
ishes IKK phosphorylation, denoting the important role of
lipid raft integrity in the FPRL1/IKK signaling [58]. In
N-fMLP- stimulated U-87 cells, the activation of signaling
molecules triggered by FPR, including ERKs, p38MAPK,
JNK and Akt are significantly attenuated by the lipoxyge-
nase inhibitor Nordy [59].

The role of FPRLI1 in regulating immune responses is
further suggested by the observation that, in 1321Nl1
astrocytoma cells, LXA4 exerts anti-inflammatory effects,
at least in part, via an NFkB-dependent mechanism [15]. In
fact, LXA4 inhibits IL-1p-induced degradation of IkBf
and modulates IL-1p activation of NFkB-regulated reporter
gene expression via FPRLI1 [15].

FPRs have been also implicated in the cellular signaling
regulating neuroendocrine functions. In the hypothalamo-
pituitary-adrenocortical axis, ANXA1 induces the inibition
of corticotrophin-release hormone (CRH)-driven ACTH
secretion [60]. The signaling mechanisms used by FPRLI,
the ANXAI1 receptor, impinge on the CRH-driven pro-
secretory cascade at a late stage, compromising the
SNARE proteins interaction which is critical to exocytosis
[60]. At least three molecular mechanisms have been
suggested for the neuroendocrine regulation of FPRL1: (i)
ANXALI activates PTX-sensitive and G,;-mediated acti-
vation of PLC, increased intracellular calcium concentra-
tion and PLD activation; (ii) FPRL1 may couple also to G,
protein which signaling induces a long-lasting blockade of
exocytosis in pituitary cells; (iii) FPRLI signals via ffy G
proteins to impair exocytosis [61].

Signal transduction pathways triggered by FPRs play a
key role in neurodegenerative disorders. In rat glial cells
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PLD activity is essential for Af42 endocytosis and is
required for Af42-induced ERKs phosphorylation [54].
The central role of ERKs in FPRL1 signaling is further
supported by the observation that, in murine microglial
cells, Ap42-induced signal transduction strongly depends
on phosphorylation mechanisms mediated by MAPK and
that FPRL1 deactivation by antagonists or by siRNA
inhibits Ap42-induced ERKs phosphorylation [52]. The
neuroprotective effect of humanin on Af42 requires the
FPRL1-mediated activation of STAT3 transcription factor
and of several tyrosine kinases [62].

FPRs signaling also partecipate in the progression of
malignant tumors. In human glioblastoma cell lines U-87
and SNB75, which express FPR [63], N-fMLP induces a
rapid and transient phosphorylation of ERKSs, JNK,
p38MAPK and Akt, as well as of STAT3 both at Tyr705
and Ser 727 residues [63]. N-fMLP-treated cells also show
elevated levels of VEGF protein secreted in the medium,
augmented DNA synthesis and higher levels of Bcl2. These
finding suggest a contribute of FPR to glioma cell motility,
proliferation and tumorigenicity. The role of FPR in these
events is further supported by its ability to transactivate the
Epidermal Growth Factor Receptor (EGFR), exacerbating
the malignant behaviour of human glioma cells [64, 65]. In
these cells N-fMLP induces PTX-sensitive EGFR phos-
phorylation at Tyr992 residue which is prevented by a Src
tyrosine kinase inhibitor, suggesting that cSrc plays a key
role in bridging the signal transduction from FPR to EGFR.
These results strongly indicate that both FPR and EGFR
play important roles in tumor cell growth and tumorigen-
esis, and that the two receptors cooperate to potentiate
the proliferation of glioblastoma cells. Furthermore, the
potential therapeutical implications of these findings sug-
gest that targeting both receptors may yeld superior ther-
apeutic effects compared with targetin either one receptor.

FPRs and Cell Cycle

Many evidences suggest that binding of specific agonists to
FPRs inhibit proliferation in different cell lines. LXA4
prevents cell growth of renal mesangial cells induced by
leukotriene D4 (LTD4) or platelet-derived growth factor
[21]. LXA4 blocks LTD4-induced PI3K activity and trig-
gers MEK1/ERK pathway, through which inhibition of cell
proliferation is effected [21, 22].

The inhibitory effects of LXA4 on cell cycle have been
also observed in human lung fibroblasts (HLF) stimulated
by connective tissue growth factor (CTGF) [23]. In these
cells, which express FPRL1, LXA4 supresses CTGF-
stimulated phosphorylation of PI3K and PKB/Akt,
modulates CTGF-activated phosphorylation of ERKs,
down-regulates CTGF-evoked DNA-binding activity of
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STAT3 and inhibits the expression of cyclin D1. Pre-
treatment with PTX prevents, and over-expression of
FPRLI1 enhances, the inhibitory effects of LXA4 on CTGF-
induced proliferation of HLF, suggesting that FPRLI
mediates the action of LXA4 on these cells [23].

A similar effect was observed in rat mesangial cells
stimulated with TNFo [24]. Here, the TNFa-induced
marked increments in mRNA expression and protein syn-
thesis of cyclin E, in parallel with cell proliferation, are
down-regulated by LXA4. TNFa also enhances DNA-
binding activity of STAT3 and induces PKB/Akt phos-
phorylation at Thr308 residue, which are prevented by
LXA4. Furthermore, TNFa-induced decrement in expres-
sion of p27""P! is ameliorated by LXA4 in a dose-depen-
dent manner [24]. The LXA4-mediated accumulation of
CDK inhibitors (CKIs) is also observed in human mesan-
gial cells, where LXA4 significantly inhibits PDGF-
stimulated proliferation [25]. In these cells lipoxins mod-
ulate PDGF-induced decrements in the levels of p27"P!
and p21™* ¢! "and promotes nuclear retention of these
CKiIs [25].

The LXA4-induced signaling pathway also inhibits cell
growth of neural stem cells [26]. LXA4-mediated altera-
tions in cell proliferation include several molecules
involved in cell cycle and growth, such as EGFR and
cyclin E, which are down-regulated, and p27"P', which
protein levels are increased [26].

We observed that the exposure to N-fMLP of
human glioblastoma cell line U-87, induces p21™*//"P! and
pl6™X* accumulation in a time-dependent manner
(Fig. 1a). p21™*/¢P! has been shown to have bimodal
effects on cell cycle progression and cell proliferation. In
fact, p21™*VeP! inhibitory activity is associated with
nuclear localization, whereas cytosolic p21%¥*“P! jncreases
cell cycle transit [66]. Therefore, we investigated its local-
ization and we found that N-fMLP-induced p21%!/cip!
accumulation is predominantly nuclear, thus suggesting
its involvement in cell cycle arrest (Fig. 1b). In several cell
types the increased protein level of p21™*/P! jg inde-
pendent of p53 and is the consequence of the activation of
Ras-ERK pathway [67]. Furthermore, many evidences
demonstrate that the exposure of cells to oxidants results in
the activation of the Ras-MAPK pathway. This effect is
reversible, is prevented by antioxidants and is very similar
to that provoked by the exposure of resting cells to growth
factors [68]. We observed that, in U-87 cells N-fMLP
induces ERKs phosphorylation, which is inhibited by the
MEK inhibitor PD098059 (Fig. 2a) and by pre-incubation
with apocynin, which prevents the translocation of p47P"°*
on the membrane inhibiting the NADPH oxidase complex
in phagocytic and non-phagocytic cells [69, 70] (Fig. 2a).
The N-fMLP-induced p21%*"/“P! accumulation observed
in U-87 cells is also prevented by PD098059 and apocynin
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Fig. 1 N-fMLP induces CKls accumulation. (a) U-87 cells (ATCC,
Manassas VA) were exposed to 1 uM N-fMLP (PRIMM, Milan,
Italy) for the indicated times. Cells were rinsed with phosphate-
buffered saline (PBS) buffer and cell lysates were purified as
previously described [34]. Protein extracts, containing 20 pg of
proteins, were resolved on 10% SDS-PAGE (Bio-Rad, Richmond,
CA, USA) and p21**7P and p16™** were detected by using specific
antibodies (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA,
sc-397 and sc-65224, respectively). The same filter was reprobed with
an anti-tubulin antibody (Santa Cruz Biotechnology Inc, Santa Cruz,
CA, USA, sc-8035). (b) Cells were exposed to PBS or to 1 uM N-
fMLP for 2 h and Nuclear (N) and cytosolic (C) proteins were purified
by using the Nuclear/Cytosol Fractionation kit (BioVision, Inc.,
USA), accordingly to manufacturer’s instructions. Proteins (20 pg)
were resolved on 10% SDS-PAGE and subjected to immunoblotting
analysis with an anti-p21™*7“'P antibody, as previously described [34].
An anti-tubulin antibody and anti-cyclin A antibody (Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA, sc-751) served as a control
of cytosolic and nuclear proteins loading, respectively. Antigen—
antibody complexes were detected with an ECL chemiluminescence
reagent kit (Amersham Pharmacia Biotech, Little Chalfont, Buking-
hamshire, UK)

(Fig. 2a), suggesting that it requires the activation of MEK-
ERK cascade and NADPH oxidase-dependent superoxide
generation. We also examined the role of FPR in the
N-fMLP-induced signalling cascade and we found that
preincubation with PTX prevents both ERKs phosphory-
lation and p21%*iP! accumulation, as a consequence of
the G-specific inhibition (Fig. 2b). Taken together our
results suggest that in U-87 cells binding of a specific
agonist to FPR inhibits cell cycle progression through
increased protein levels of pl6™** and PTX-, NADPH
oxidase- and MEK-dependent accumulation of p21™2f/ciP!,

Future Directions

During recent years, much progress has been made in the
understanding of the biological roles played by formyl-
peptide receptors in the brain and in neuronal cells. FPRs
family has complex functional properties, partly due to
their high promiscuity, but also because their activation can
stimulate several signal transduction pathways depending
on the ligand, its concentration and the cell type involved.
FPR and FPRLI1 can be activated by a wide variety of
unrelated ligands that can be also generated during patho-
logical conditions, and respond to synthetic ligands which

ERK1-P
ERK2.p 1B WB: a-pERK
p21ml|rc|p1_’. WB: u_p21wafﬂcip‘-
tubulin —» WB: a-tubulin
= <+ 4+ + N-fMLP (1uM)
— — 4+ — PD098059 (50uM)
— — — < Apocynin (100 uM)
B
ERK1-P
ERK2-P = - WB: «-pERK
p21wamc|p1—p . —-— WB: a_p21wai1mlp1
tubulin— wws s - WB: a-tubulin

— 4+ 4 N-fMLP (1uM)
+ PTX (100 ng/ml)

Fig. 2 N-fMLP-induced p21™*7“ accumulation is prevented by
PD098059 and Apocynin and is mediated by FPR. (a) Cell lysates
were purified from U-87 cells exposed to 1 uM N-fMLP for 2 h, or
preincubated with 50 mM PD098059 for 90 min (Calbiochem, La
Jolla, CA, USA), or with 100 mM Apocynin (Sigma, St. Louis, MO,
USA) for 2 h, before stimulation. Twenty micrograms of proteins
were resolved on 10% SDS-PAGE and ERKSs phosphorylation and
p21%Va7%iP accumulation were detected by western blot with an anti-
phosphoERKSs (a-pERK, Santa Cruz Biotechnology Inc, Santa Cruz,
CA, USA, sc-7383) or an anti-p21¥*""P antibody, respectively. The
same filter was reprobed with an anti-tubulin antibody, as a control of
protein loading. (b) U-87 cells were exposed to 1 uM N-fMLP for
2 h, or preincubated with 100 ng/ml of pertussis toxin (PTX) (Sigma,
St. Louis, MO, USA) for 12 h before stimulation. Total proteins
(20 pg) were electrophoresed and transferred to immobilion P
membranes (Millipore, Bedford, MA). The blot was incubated with
an anti-phosphoERKs antibody or an anti-p21%*"P antibody. An
anti-tubulin antibody served as a control of protein loading. The
arrows indicate the phosphorylated forms of p44MAFK (ERK1-P) and
p42MAPK (ERK2-P), respectively

are very useful for pharmacological studies. In particular,
the use of FPRL1 by SAA, AB42 and PrPge_126 suggests
that this receptor may play a crucial role in pro-inflam-
matory aspects of systemic amyloidosis, AD and prion
diseases. On the other hand, LXA4 shows inhibitory effect
on the expression of pro-inflammatory chemokines via
FPRL1 and may represents a strategy in the treatment of
acute and chronic brain inflammation. Future research will
need to address the issue of how the same receptor can bind
such structurally diverse ligands, ranging from small pep-
tides to large proteins to lipids. The understanding of the
molecular mechanisms of interaction and whether the
various ligands bind by shared or unique domains, is the
assumption for the development of specific antagonists.
The role of FPRs in the definition of different biological
responses, including the FPRL1-mediated neuroendocrine
responses to bacterial/viral infections and to locally gen-
erated anti-inflammatory eicosanoids (e.g., lipoxins)
requires further investigations.

Further study is also required to define the relationship
between the FPR expression and the progression of human
primary gliomas and to identify the mechanicistic basis for
the control of FPR expression in highly malignant human
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glioma cells. Nevertheless, FPR and its signaling pathway
may be candidate molecular target for developing novel
therapeutics to treat gliomas, including the specific block-
ade of EGFR signaling depending on FPR transactivation
by agonist. Such pharmacological strategies presumably
produce less pronunced side effects than approaches based
on direct EGFR inhibition by antagonists or tyrosine kinase
inhibitors.

Binding of specific agonists to FPRs triggers several
intracellular signaling cascades in neuronal cells, including
PI3K-Akt, Ras-ERK, PKC and STAT pathways which play
key role in angiogenesis, cell proliferation, protection
against cell death and in the tight regulation of NADPH
oxidase activity. The complete dissection of the intracel-
lular signaling pathways triggered by different agonists
will clarify the role of formyl-peptide receptors in neuronal
cells in both human physiology and disease.
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Molecular mechanisms underlying the generation of reactive oxygen species in LL-37-stimulated cells are
poorly understood. Previously, we demonstrated that in human fibroblasts the exposure to WKYMVm
induced p47P"°* phosphorylation and translocation and, in turn, NADPH oxidase activation. These effects
were mediated by the activation of the Formyl-peptide receptor-like 1 (FPRL1) and the downstream sig-
naling involved ERKs phosphorylation and PKCa- and PKC8-activation. Since LL-37 uses FPRL1 as a recep-
tor to mediate its action on several cell types, we investigated in LL-37-stimulated IMR90 cells molecular
mechanisms involved in NADPH-dependent superoxide generation. The exposure to LL-37, which is
expressed in fibroblasts, induced ERKs activation, p47°"°* phosphorylation and translocation as well as
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FPRL1 NADPH oxidase activation. These effects were prevented by pertussis toxin, PD098059 and WRWWWW,
LL-37 a FPRL1-selective antagonist. Furthermore, the stimulation with LL-37 of HEK293 cells, transfected to sta-
ERKs bly express FPRL1, induced a rapid activation of ERKs and p47°"°* phosphorylation.

p47Phox © 2008 Elsevier Inc. All rights reserved.

Introduction

Fibroblasts and epithelial cells participate in the innate immune
system also via the production of an arsenal of antimicrobial pep-
tides. Among these microbicidal agents, defensins and cathelici-
dins play a key role in skin-mediated host defence [1]. In
humans, six o-defensins, more than 30 putative B-defensin genes
[2,3] and an 18-kDa human cationic antimicrobial protein (hCAP-
18)! have been identified [4]. LL-37/hCAP18 represents the only
antimicrobial peptide of the cathelicidin family expressed in hu-
man neutrophils, monocytes, NK cells, T cells, B cells [5-9], epithe-
lial cells and skin [9,10] as well as in the gastrointestinal and in the
respiratory tract [5]. Processing of LL-37 from the cathelicidin pre-
cursor is essential for activation of its biological activity. hCAP18
consists of a highly conserved preproregion of 128-143 residues,
including a putative 29-30 residue signal peptide, a 99-114 resi-
due cathelin-like domain and a COOH-terminal antimicrobial do-
main ranging in length from 12 to >100 amino acid residues [11].
Cleavage of hCAP18 occurs between Ala103 and Leu104 by pro-
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! Abbreviations used: FPRL1, Formyl-peptide receptor-like 1; hCAP-18, 18-KDa
human cationic antimicrobial protein; ERKs, extracellular signal-regulated kinases;
PTX, pertussis toxin; DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine
serum; PBS, phosphate-buffered saline; GPCR, G protein-coupled receptors; TLR, Toll-
like receptor.
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teinase-3, giving rise to LL-37, a 37-residue mature antimicrobial
peptide with two leucine residues on its NH, terminus. Cathelici-
dins play an important role in the host defence against infection.
In fact, mice deficient in the murine cathelicidin-related antimicro-
bial peptide suffer from more severe bacterial skin infections [12]
and the deficiency of LL-37 in patients with a congenital neutrope-
nia, known as morbus Kostmann, is an origin of severe infection in
this disorder [13]. On the other hand, the overexpression of LL-37
in mice was shown to inhibit bacterial load and inflammatory re-
sponse, whereas systemic gene transfer protected against endotox-
emia [14].

LL-37 not only acts as an endogenous antibiotic but also dis-
plays additional roles including the regulation of inflammatory
and immune responses, promotion of wound healing, re-epitheli-
zation, binding and neutralizing of lipopolysaccharides [1], as well
as chemotactic activity towards neutrophils, monocytes and T cells
through binding to the formyl peptide receptor-like 1 (FPRL1) [15].
LL-37 can also to chemoattract, to activate and to enhance vascular
permeability of mast cells [16-18] and to stimulate dendritic cells
and keratinocytes [19,20]. Furthermore, LL-37 was shown to in-
duce the generation of reactive oxygen species (ROS) and the re-
lease of oi-defensins from neutrophils [21].

To date, FPRL1 and P2X; are the only receptors described for LL-
37 [15,22] and their activities include stimulation of angiogenesis
[23] and cutaneous wound healing [24]. FPRL1 is the only receptor
whose ligands include both a peptide and a lipid [25] and it has
been identified in several human cells and tissues [26]. Interest-
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ingly, the identified agonists for this receptor do not share se-
quence homology, which suggests that FPRL1 can be activated by
a wide variety of unrelated ligands that can also be generated dur-
ing pathological conditions [27].

NADPH-dependent superoxide generation may represent the
downstream target of the FPRL1 activation. Phosphorylation and
membrane translocation of the cytosolic regulatory subunit
p47°P"°* of NADPH oxidase are currently considered to be key
events in the assembly and activation of this enzymatic complex.
Previously, we demonstrated that IMR9O0 cells express on their
membrane FPRL1 [28] which shows a high binding efficiency for
WKYMVm, a modified peptide isolated by screening synthetic pep-
tide libraries [29]. In serum-deprived human fibroblasts, exposure
to WKYMVm induced both p47P"°* phosphorylation and transloca-
tion and NADPH-dependent superoxide generation. These effects
were in large part mediated by prevention of the rapid activation
of extracellular signal-regulated kinases (ERKs) with a MEK1 inhib-
itor and by pertussis toxin (PTX) [28]. Furthermore, preincubation
with specific pharmacological inhibitors of PKCo and PKC3 isoen-
zymes, before stimulation with WKYMVm, prevented ERKs activa-
tion, p47°"* phosphorylation and translocation and, in turn,
NADPH oxidase activation [30].

FPRL1 shows complex functional properties, partly due to its
high promiscuity, but also to the fact that its activation can stimu-
late several signal transduction pathways depending on the ligand,
its concentration and the cell type involved [27]. In this study we
investigated, in IMR90 human fibroblasts, on cell signaling trig-
gered by binding of LL-37 on FPRL1 and on the kinase pathways in-
volved in NADPH-dependent superoxide production. We found
that LL-37 induces ROS generation via NADPH oxidase activation
through a ERKs-dependent and a PKC-independent pathway med-
iated by FPRL1.

Materials and methods
Reagents and cell culture treatments

The LL-37 and the WRWWWW (WRW4) peptides were synthe-
sized and HPLC purified by PAN-TECS (Tubingen, Germany) and by
PRIMM (Milan, Italy), respectively. SDS-PAGE reagents were from
Bio-Rad (Richmond, Ca, USA). Protein A/G plus-Agarose, anti-active
phosphorylated ERK 1/2, anti-p47°"°% anti-Tubulin, and anti-
PDGFR antibodies were obtained from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Human anti-hCAP18/LL-37 antibody
was purchased from Hycult Biotechnology, Uden, The Netherlands.
Protein A-horseradish peroxidase, anti-mouse Ig-horseradish per-
oxidase and ECL chemiluminescent reagent kit were from Amer-
sham Pharmacia Biotech (Little Chalfont, Buckinghamshire, UK).
PD098059, GF109203X, G66983, BAPTA-AM, were purchased from
Calbiochem (La Jolla, Ca, USA). PTX, DPI, apocynin, ferricytochrome
¢, and anti-phospho Serine antibody were obtained from Sigma (St.
Louis, MO, USA).

IMR90 human fibroblasts and HEK293 cells, were obtained from
ATCC (Rockville, MD, USA) and grown in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 pg/ml streptomycin.

IMR90 cells were grown until they reached 90% confluence and
then starved in serum-free DMEM. After 48 h cells were stimulated
by adding the LL-37 peptide for various concentrations or times. In
other experiments, serum-deprived cells were preincubated with
50 uM PD098059 for 90 min, or with 100 ng/ml PTX for 16 h, or
with 25 pM BAPTA-AM for 60 min, or with 10 uM GF109203X for
10 min, or with 10 puM G66983 for 10 min, or with 100 pM DPI
for 15 min, or with 10 uM WRW4 for 15 min, before the stimula-
tion with 10 nM LL-37 for 1 min.

HEK293 cells and HEK293 transfected to stably express FPRL1
(FPR293) were grown until they reached 90% confluence and then
starved in serum-free DMEM. After 48 h cells were stimulated by
exposure to 10 nM LL-37.

Western blot analysis

Growth-arrested fibroblasts were stimulated with different
concentrations of LL-37 for different times in the presence or ab-
sence of the appropriate amount of specific inhibitors. Cells were
rinsed with phosphate-buffered saline (PBS) and cell lysates and
Western blot analysis were performed as previously described
[31]. Antigen-antibody complexes were detected with the ECL
chemiluminescence reagent kit.

Phosphorylation of p47°"o

Serum-deprived IMR90 cells were stimulated with 10 nM LL-37
for 1 min in the presence or absence of the specific amounts of
inhibitors and washed with ice-cold PBS. Cells were lysed as previ-
ously described [31] and p47P"°* was immunoprecipitated with a
specific anti-p47P"* antibody. Proteins were resolved on a 10%
SDS-PAGE and p47P"* phosphorylation was detected by using
an anti-phospho Serine antibody. The same filter was incubated
with an anti-p47P"°* antibody.

Translocation of p47P"°*

Confluent IMR90 human fibroblasts were kept serum-free for
48 h and then stimulated with 10 nM LL-37 for 1 min or preincu-
bated with the appropriate amounts of inhibitors before stimula-
tion. Cells were washed in PBS and were broken open by freeze-
thawing. The resulting lawn of plasma membrane fragments was
repeatedly washed with, and then scraped into, a hypotonic med-
ium, containing 20 mM MES pH 6, 2 mM MgCl,, 5 mM KCI, and
100 mg/ml soybean trypsin inhibitor. IMR90 membranes were pel-
leted at 1000g, washed with PBS and resuspended. This technique
yielded a highly purified plasma membrane fraction as previously
described [28,32]. Human fibroblasts membranes were subjected
to SDS-PAGE and subsequent immunoblotting by using monoclo-
nal antibody against p47P"°*. The same filters were re-probed with
an anti-PDGFR antibody as a control of protein loading and mem-
brane purification.

Assay of superoxide production

Membranes and cytosol were isolated from serum-starved
fibroblasts stimulated with 1, 10 or 100 nM LL-37 for 1 min in
the presence or absence of 50 uM PD098059 for 90 min, or
100 ng/ml PTX for 16 h, or 100 uM DPI for 15 min, or 100 mM
apocynin for 60 min, or 25 pM BAPTA-AM for 60 min. Protein con-
centrations were determined by the method of Bradford [33].
NADPH-dependent superoxide production was determined as the
superoxide dismutase-sensitive rate of reduction of cytochrome
¢, as previously described [28,30]. Briefly, combinations of 10 mg
of membrane and 200 mg of cytosolic proteins in PBS were incu-
bated at room temperature in the presence of 15 mM GTP-vy-S,
100 mM cytochrome ¢ and 10 mM FAD in a total volume of 1 ml.
NADPH (100 mM) was then added and the production of superox-
ide was monitored at 550 nm. The specificity of cytochrome c
reduction was determined by the addition in control samples of
200 U/ml of superoxide dismutase (SOD). The production of super-
oxide anion by intact cells was measured as the SOD-inhibitable
reduction of ferricytochrome ¢ [34]. IMR90 cells (5 x 10° cells/
well) were exposed to 10nM LL-37 in medium containing
100 mM ferricytochrome c in the presence or in the absence of
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60 mg/ml of SOD. The reduction of ferricytochrome c was followed
by a change of absorbance at 550 nm every 1 min over a 5-min
time corse using a Thermomax microplate reader (Molecular De-
vices, CA, USA). The specificity of reduction by superoxide anion
was established by comparing reduction rates in the presence or
in the absence of SOD. Rates of O," production were calculated
from the linear segment of the increase in absorbance at 550 nm
and translated into nanomoles of O," by the extinction coefficient
of cytochrome c, AEsso/At=21.1mM 'cm™!, considering that
1 mole of O," reduces 1 mole of cytochrome c. The Student’s ¢ test
was used to compare individual treatments with their respective
control value and, in the Legend for Figures, * indicates significant
differences at the p <0.01 probability level as compared with the
values obtained from growth-arrested fibroblasts.

RNA preparation and reverse transcription polymerase chain reaction

Total RNA from cells was extracted with the RNAeasy Mini Kit
(Quiagen) according to the manufacturer’s instructions and
0.1 pg of RNA was used as a template for RT-PCR experiments.
To amplify hCAP18/LL-37, the sequences of sense oligonucleotide
primer 5-GAAGACCCAAAGGAATGGCC-3’' and antisense primer
5'-CAGAGCCCAGAAGCCTGAGC-3’ according to the sequence of hu-
man hCAP18/LL-37 coding region, were designed. For human GAD-
PH, sense primer 5'-CCATGGAGAAGGCTGGG-3' and antisense
primer 5'-CGCCACAGTTTCCCGGA-3’ amplified a 280-bp fragment.
For human TLR-2, sense primer 5-CCACATACTTTGTGGATGGT-3’
and antisense primer 5-TCTTAGTGAAGGTGTCCAT-3' amplified a
620-bp fragment. For human TLR-4, sense primer 5'-GCTGAATTTCT
ACAAAATCC-3’ and antisense primer 5'-CATTTCTAAATTCTCCCAG
A-3’ amplified a 670-bp fragment. For human TLR-9 sense primer
5'-GGGTTTCTGCCGCAGC-3' and antisense primer 5-GTGACAG
GTGGGTGAGGT-3" amplified a 613-bp fragment.

Results

LL-37 induces NADPH oxidase activation and ERKs phosphorylation in
IMR90 cells

LL-37 stimulates ROS generation in human neutrophils [21]
macrophages [35] and mast cells [36]. Therefore, we first analysed
the ability of this cathelicidin to stimulate NADPH oxidase-like
machinery expressed in IMR90 cells [31]. To this aim human fibro-
blasts were serum-deprived for 48 h, exposed to different concen-
trations of LL-37 and membranes were incubated with cytosolic
proteins in a SOD-sensitive rate of reduction of cytochrome c assay.
As shown in Fig. 1A, we found that in dose-response experiments
LL-37 significantly induced NADPH-dependent superoxide produc-
tion. We also measured superoxide anion release in growth-ar-
rested intact cells exposed to LL-37 by following the SOD-
inhibitable reduction of ferricytochrome c¢ at 550 nm every 1 min
over a 5-min time course. We observed that stimulation for
1 min with 10 nM LL-37 induced O;" generation (Fig. 1B).

Previously, we demonstrated that in IMR90 cells exposed to N-
formyl peptides or WKYMVm, NADPH oxidase activation requires
p42 and p44 MAPK phosphorylation [28]. Activation of MAPK by
LL-37 has been reported in several cell types including neutrophils
[21,22], mast cells [18], keratinocytes [19,37], epithelial cells [38]
and monocytes [39]. Therefore, we next investigated in human
fibroblasts the ability of LL-37 to induce ERKs phosphorylation by
stimulating cells with increasing concentrations of cathelicidin
and for different times. As shown in Fig. 2, incubation with
10nM LL-37 induced ERKs activation (Panel A) and this was
detectable after 30s and significantly decreased after 5 min of
exposure (Panel B).
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Fig. 1. LL-37 stimulates the NADPH-dependent superoxide generation in human
fibroblasts. (A) Ten micrograms of membrane and 200 mg of cytosolic proteins were
purified from IMR90 human fibroblasts grown in serum-free medium for 48 h and
stimulated for 1min with different concentrations of LL-37. Proteins were
incubated in a NADPH oxidase activity assay in the presence of 15 mM GTP-g-S,
100 mM cytochrome ¢, 10 mM FAD, and 100 mM NADPH. The specificity of
cytochrome ¢ reduction was monitored at 550 nm by using the SOD-inhibitable
reduction of cytochrome ¢, as described in Materials and methods. (B) Serum-
deprived IMR9O0 cells (5 x 10° cells/well) were exposed to 10 nM LL-37 in medium
containing 100 mM ferricitochrome c in the presence or in the absence of 60 mg/ml
of SOD. The reduction of ferricytochrome c was followed by a change of absorbance
at 550 nm every 1 min, over a 5-min time course. The specificity of the reaction was
determined by comparing reduction rate in the presence or in the absence of SOD.
'p <0.01 when compared with serum-starved cells.

PD098059, PTX and WRW4 prevent LL-37-induced ERKs
phosphorylation

In serum-deprived human fibroblasts stimulated with N-fMLP
or WKYMVm, ERKs activation and superoxide generation are pre-
vented by inhibition of MEK1 [28]. Therefore, we examined in
LL-37-stimulated IMR90 cells the effects of PD098059 on signaling
cascade and we observed that this treatment significantly pre-
vented ERKs phosphorylation (Fig. 3A).

FPRL1 has been proposed to be a receptor for LL-37 on mono-
cytes [15], neutrophils [22], T cells [15], keratinocytes [37], endo-
thelial [23] and epithelial cells [40]. We investigated in IMR90
cells whether FPRL1 or other G protein-coupled receptors (GPCR)
were involved in LL-37-induced signaling, by examining sensitivity
to inhibition with pertussis toxin and we observed a significant
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Fig. 2. LL-37 induces ERKs activation in IMR90 cells. Cell lysates, containing 20 pg
of proteins, were purified from IMR90 human fibroblasts grown in serum-free
medium for 48 h and then stimulated with different concentrations of LL-37 (A) and
for different times (B) as indicated in the figure. Proteins were resolved by
electrophoresis on 10% SDS-PAGE and transferred to a nitrocellulose membrane.
ERKs phosphorylation was detected by western blotting by using an anti-
phosphoERK antibody and an anti-Tubulin antibody was used as a control of
protein loading. The arrows indicate the phosphorylated forms (ERK1-P and ERK2-
P) of p44MAPK and p42MAPK respectively.
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Fig. 3. LL-37-induced ERKs phosphorylation requires the activation of MEK1 and of
a PTX-sensitive GPCR. (A) Proteins were extracted from growth-arrested cells
stimulated with 10nM LL-37 for 1 min or preincubated with the indicated
concentrations of PD098059 or PTX before stimulation. (B) Cell lysates were
obtained from serum-deprived human fibroblasts exposed to 10 nM LL-37 in the
presence or absence of increasing concentrations of WRW4 as indicated. Twenty
micrograms of proteins were resolved on 10% SDS-PAGE and subjected to
immunoblotting analysis with an anti-phosphoERK antibody. An anti-Tubulin
antibody was used as a control of protein loading. The arrows indicate the
phosphorylated forms (ERK1-P and ERK2-P) of p44VAPX and p42MAPK, respectively.

reduction of ERKs phosphorylation as a result of the preincubation
with PTX before stimulation with LL-37 (Fig. 3A). We also analysed
the effects of WRW4 [41] on LL-37-induced intracellular cascade
and the results showed that in human fibroblasts the FPRL1-selec-
tive antagonist successfully inhibited ERKs activation in a dose-
dependent manner (Fig. 3B).

LL-37 induces p47°"°* phosphorylation and translocation in IMR90
cells

Phosphorylation and membrane translocation of the regulatory
cytosolic oxidase subunit p47°"* are considered to be key events
in the assembly of phagocytic and non-phagocytic oxidase
[28,42,43]. We investigated in serum-deprived human fibroblasts
stimulated with LL-37, molecular mechanisms underlying NADPH
oxidase activation by analysis of p47P"* phosphorylation and
translocation. The results showed that upon incubation with the

cathelicidin p47°"°* resulted phosphorylated on Serine residues
(Fig. 4A) and consequently translocated on the membrane
(Fig. 4B). Since in WKYMVm-induced IMR90 cells ERKs activation
and PTX-sensitive GPCR are required for NADPH-dependent super-
oxide generation [28], we analyzed the effects of PD098059 or PTX
on LL-37-induced p47°"°* phosphorylation and translocation. As
shown in Fig. 4, both treatments prevented serine phosphorylation
of p47P"°* (Panel A) and its compartmentalization on the mem-
brane (Panel B).

LL-37 uses FPRL1 as its receptor in human fibroblasts

We further investigated the possibility that, in IMR90 cells,
ERKs activation and p47°"* phosphorylation and translocation ob-
served on LL-37 exposure could be mediated by the binding of the
cathelicidin to FPRL1. To this aim we used the HEK293 cell line
which express NOX4, one member of the NADPH oxidase family
[44] but not FPRL1 [45]. These cells were transfected to stably ex-
press FPRL1 (FPR293) and exposed to 10 nM LL-37. As shown in
Fig. 5, in FPRL1-transfected HEK293 cells the incubation with LL-
37 induced ERKs (Panel A) and p47P"°* phosphorylation (Panel
B), whereas no activation could be detectable in parental HEK293
cells.

BAPTA-AM prevents LL-37-induced ERKs phosphorylation and NADPH
oxidase activation in human fibroblasts

Other kinases pathway are activated via serpentine receptors
and involved in superoxide generation. We previously demon-
strated that preincubation of human fibroblasts with general and
specific pharmacological inhibitors of PKC, before stimulation with
WKYMVm, prevented ERKs activation and p47P"°* phosphorylation
and translocation [30]. Therefore, we investigated whether in LL-
37-stimulated IMR90 cells, GF109203X- and G066983-sensitive
PKC isoforms were involved in signaling cascade leading to
NADPH-dependent superoxide generation. We first explored the
ability of LL-37 to activate PKC in IMR90 cells and the results
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pa7ene—p WB: a-p47rhox
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B 1 2 3 4
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— PD098059 (50 uM)
+ PTX (100 ng/ml)

Fig. 4. LL-37 induces p47P"* phosphorylation and translocation. (A) Serum-
deprived fibroblasts were stimulated with LL-37 or preincubated with PD098059
or PTX before stimulation. One milligram of cell lysates was immunoprecipitated
with an anti-p47°"°* antibody, proteins were resolved on SDS-PAGE and p47P"**
phosphorylation (P-p47°"°*) was detected by using an anti-phospho Serine
antibody. An anti-p47P"°* antibody was used as a control of protein loading. (B)
Membranes were purified by serum-starved IMR90 cells, stimulated with LL-37 or
preincubated with PD098059 or PTX before exposure to peptide. Thirty micrograms
of extracts were subjected to 10% SDS-PAGE and subsequent immunoblotting by
using monoclonal antibody against p47°"°*, The same filter was reprobed with an
anti-PDGF-R antibody.
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Fig. 5. LL-37-induced ERKs activation and p47P"** phosphorylation require binding
of LL-37 on FPRL1. HEK293 cells and HEK293 transfected to stably express FPRL1
(FPR293) were serum-deprived for 48 h and then stimulated with 10 nM LL-37. (A)
Twenty micrograms samples of cell lysates were resolved on 10% SDS-PAGE and
subjected to immunoblotting analysis with an anti-phosphoERK antibody. The
same filter was reprobed with an anti-Tubulin antibody. The arrows indicate the
phosphorylated forms (ERK1-P and ERK2-P) of p44MAPX and p42MAPK (B) p47Phox
was immunoprecipitated from 1 mg of total cellular extracts and proteins were
resolved on 10% SDS-PAGE. p47P"°* phosphorylation (P-p47P"°%) was detected by
using an anti-phospho Serine antibody and an anti-p47P"°* antibody was used as a
control of protein loading.

showed that PKC activity, measured as ability to phosphorylate a
target peptide, was undetectable (data not shown). Furthermore,
preincubation with GF109203X, which acts as a competitor inhib-
itor for the ATP-binding site of PKC, or G66983, which inhibits PKC-
o, -B, -Y, -8, -, before exposure to LL-37 did not attenuate ERKs
phosphorylation (Fig. 6A). LL-37 induces Ca*™ mobilization in sev-
eral cell types [15,21,23] and downstream events of FPRL1 activa-
tion include increased calcium concentration [46]. Therefore, we
used the intracellular calcium chelator BAPTA-AM, which has been
shown to inhibit ROS in neutrophils [47], to analyse the effects of
the depletion of Ca™ on ERKs activation and on superoxide gener-
ation. The results showed that BAPTA-AM significantly prevented
LL-37-induced ERKs phosphorylation (Fig. 6A) and NADPH oxi-
dase-like activation (Fig. 6B, bar 8). As expected, NADPH-depen-
dent superoxide generation was also inhibited by preincubation
with apocynin (Fig. 6B, bar 12), which interferes with the translo-
cation of p47P"°%, with DPI (Fig. 6B, bar 10), which blocks FAD bind-
ing to a flavin site of the oxidase, with PTX (Fig. 6B, bar 6) or with
PD098059 (Fig. 6B, bar 4) before stimulation.

LL-37 is expressed in IMR90 human fibroblasts

We analyzed in IMR90 and HEK293 cells hCAP18/LL-37 mRNA
by RT-PCR and the results showed that the entire coding region
was expressed in these cells (Fig. 7A). We also evaluated by wes-
tern blot experiments performed with a specific monoclonal anti-
body, the cleavage pattern and protein levels of hCAP18/LL-37.
We observed that full-length hCAP18/LL-37 pro-peptide and a
immunoreactive band of about 3.7 kDa, corresponding to LL-37 ac-
tive peptide, was detected in both cell types (Fig. 7B). Recently, it
was demonstrated that in human alveolar macrophages, mono-
cytes, neutrophils and epithelial cells, LL-37 can be induced by
stimulation through TLR-2, TLR-4 and TLR-9 [48]. Proteins encoded
by these genes are members of the Toll-like receptor (TLR) family
which play a key role in pathogen recognition and activation of in-
nate immunity. They recognize pathogen-associate molecular pat-
terns that are expressed on infectious agents, and mediate the
production of cytokines necessary for the development of effective
immunity. The various TLRs exhibit different pattern of expression.
Therefore, we analysed the expression of these receptors in human
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Fig. 6. BAPTA-AM prevents ERKs phosphorylation and NADPH activation. (A)
Proteins were extracted from serum-deprived IMR90 fibroblasts stimulated with
LL-37 or preincubated with G66976, or GF109203X, or BAPTA-AM to the indicated
final concentrations before stimulation. ERKs phosphorylation was measured by
western blotting using an anti-phosphoERK antibody. The arrows indicate the
phosphorylated forms (ERK1-P and ERK2-P) of p44MAPK and p42MAPK. An anti-
Tubulin antibody was used as a control of protein loading. (B) Membrane and
cytosol extracts were purified from IMR90 cells grown in serum-free medium for
48 h and then stimulated with LL-37 in the presence or absence of PD098059, or
PTX, or BAPTA-AM, or DPI, or apocynin to the indicated final concentrations.
Proteins were incubated in a NADPH oxidase activity assay and NADPH-dependent
superoxide production was determined as the SOD-sensitive rate of reduction of
cytochrome c. The experiments were performed in triplicate. p<0.01 when
compared with growth-arrested IMR90 cells.

fibroblasts and RT-PCR experiments demonstrated that mRNAs le-
vel of TLR-2, TLR-4 and TLR-9 were undetectable in IMR90 cells
(Fig. 7C).

Discussion

In this study we report, for the first time, that in serum-de-
prived IMR90 human fibroblasts the exposure to LL-37 stimulates
ROS generation via NADPH oxidase-like activation. The major lines
of evidences that we provide are that incubation with LL-37 of in-
tact fibroblasts induces: (i) MEK1-dependent, Ca**-dependent and
PKC-independent activation of ERKs; (ii) ERK-dependent phos-
phorylation and translocation of p47P"°*. This signaling cascade
is mediated by the binding of LL-37 to FPRL1 as demonstrated by
the observation that: (i) PTX prevents ERKs activation, p47P"*
phosphorylation and translocation and NADPH oxidase activation;
(ii) the FPRL1-selective antagonist WRW4 successfully inhibits LL-
37-induced ERKs activation; (iii) in FPRL1-transfected HEK293
cells, the exposure to LL-37 induces ERKs activation and serine
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Fig. 7. Expression of LL-37 and TLRs in IMR90 and HEK293 cells. Total RNA and
proteins were purified from PMNs, IMR90 and HEK293 cells. (A) Expression of
hCAP18/LL-37 was determined by RT-PCR and PCR was performed by coamplifying
the coding region of hCAP18/LL-37 and GADPH. Nucleotide sequence of primers is
reported in Materials and methods. (B) Protein levels and the cleavage pattern of
hCAP18/LL-37 were determined by western blot by using a specific anti-hCAP18/LL-
37 antibody. A 10-20% SDS-PAGE was loaded with 50 mg of cell lysates or 20 ng of
LL-37 peptide. Arrows indicate full-length hCAP18/LL-37 pro-peptide (18 kDa) and
the 3.7 kDa LL-37 mature peptide. (C) Expression of TLRs was determined by RT-
PCR and PCR was performed by coamplifyng TLRs and GADPH. PCR products were
separated on 1.5% agarose gel.

phosphorylation of p47°"°*, whereas no activation can be detect-
able in parental HEK293 cells.

NADPH-dependent superoxide generation in LL-37-stimulated
phagocytic cells has been demonstrated by several studies, which
show that in human macrophages antimicrobial peptide triggers
respiratory burst [35] and that in neutrophils LL-37 mediates the
generation of ROS most probably via NADPH oxidase, as evidenced
by the inhibitory effect of DPI [21]. To date, molecular mechanisms
underlying NADPH-dependent superoxide generation in LL-37-
stimulated cells have not been described. Although the ability of
LL-37 to induce ERKs activation has been reported by several
authors in different cell types [18,19,21,22], the present study is
the first report to provide evidence that in human fibroblasts LL-
37-induced ERKs phosphorylation is required for p47P"* phos-
phorylation and translocation and, in turn, for NADPH-dependent
superoxide generation. Moreover, the observation that the deple-
tion of intracellular Ca*™* by BAPTA-AM markedly prevents both
LL-37-induced ERKs activation and NADPH oxidase activation sug-
gests that, in IMR90 cells, ROS generation is also dependent on
intracellular Ca™ mobilization.

The effects of LL-37 on eukaryotic cells have been extensively
studied but the mechanism(s) of interaction is(are) not yet well
understood. LL-37 uses FPRL1 as a receptor to mediate its action
on monocytes, human peripheral blood neutrophils, T cells [15]
and endothelial cells [23]. In human keratinocyte cell line HaCaT,
binding of LL-37 to FPRL1 induces the migration, the activation
of transcriptional factors and of matrix metalloproteinases and
the triggering of MAPK and PI3-kinase/Akt signaling pathways,
which are also mediated by transactivation of EGFR [37]. In HU-
VECs, LL-37-induced chemotactic migration and proliferation is
prevented by F2L [49], a peptide derived from heme-binding pro-
tein which has been identified as an endogenous FPRL2 ligand
[50]. LL-37 is also demonstrated to promote the processing and re-
lease of IL-1B from monocytes via the activation of the nucleotide
receptor P2X7 [51] and to induce suppression of neutrophils apop-
tosis via the activation of FPRL1 and P2X; [22]. The ability of LL-37

to utilize different receptors is further supported by the observa-
tion that lung epithelial cells express high- and low-affinity recep-
tors for LL-37 and the low-affinity appears to be FPRL1 [40].
Moreover, in primary human monocytes [39] and in airway epithe-
lial cells [38] LL-37-induced ERKs activation was not affected by
PTX treatment, indicating that the intracellular signaling cascade
was not linked to the FPRL1 receptor [38,39]. In these cells, further
to PTX-insensitive GPCR, ERKs phosphorylation by LL-37 requires
tyrosine kinase activity of EGFR via metalloproteinase-dependent
processing of EGFR ligands [38,52] suggesting that LL-37 may act
on different target cells through different signaling pathways.

An open issue is the source of NADPH for the signaling cascade.
The pentose phosphate pathway is the principal source of NADPH
via glucose-6-phosphate dehydrogenase. In endothelial cells
NADPH is required as a cofactor for NADPH oxidase and its levels
reflect an increased oxidative stress state that is, in part, attribut-
able to NADPH oxidase and/or endothelial nitric oxide synthase
[53,54]. NADPH is also required as source of reducing equivalents
to maintain reduced glutathione stores. In vascular endothelial
cells, specific oxidized components of LDL particles, such as ox-
PAPC, induce superoxide generation that appears to be mediated
largely by NADPH oxidase activity [55]. Pretreatment of these cells
with 2-deoxyglucose, an antimetabolite that blocks NADPH pro-
duction by the pentose phosphate shunt, significantly reduces
the rate of superoxide generation [55]. These finding suggest that
in ox-PAPC-stimulated vascular cells, NADPH oxidase activity re-
quires the activation of the pentose phosphate pathway as princi-
pal source of NADPH. The role of the pentose phosphate shunt of
glucose metabolism in LL-37-stimulated human fibroblasts is un-
der examination.

Our results demonstrate that ERKs phosphorylation is required
for NADPH-dependent superoxide generation in LL-37-stimulated
human fibroblasts and this observation evokes the question on
the biological meaning of the binding of LL-37 to FPRL1. It could
be hypothesized a role in the innate immune system for these cells
which could be attracted into a injury to release ROS in response to
LL-37 via FPRL1 activation or to begin the repair process of the
damage. The detailed understanding of the LL-37-induced intracel-
lular signaling cascade could allow the design of new drugs able to
interfere on FPRL1 signaling pathway and on LL-37/FPRL1
interaction.

Taken together, our study provides insight in the role of LL-37 in
the modulation of host defence of human fibroblasts and in the
molecular mechanisms involved in NADPH oxidase-like regulation.
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Hepatocyte Growth Factor (HGF)/c-MET signaling has an emerging role in promoting cell proliferation,
survival, migration, wound repair and branching in a variety of cell types. HGF plays a crucial role as a
mediator of stromal-epithelial interactions in the normal prostate but the precise biological function of HGF/
c-Met interaction in the normal prostate and in prostate cancer is not clear. HGF has two naturally occurring
splice variants and NK1, the smallest of these HGF variants, consists of the HGF amino terminus through the
first kringle domain. We evaluated the intracellular signaling cascades and the morphological changes

f[egg:fgg;'te growth factor triggered by NK1 in human prostate epithelial cell line PNT1A which shows molecular and biochemical
-MET properties close to the normal prostate epithelium. We demonstrated that these cells express a functional c-
Signal transduction MET, and cell exposure to NK1 induces the phosphorylation of tyrosines 1313/1349/1356 residues of c-MET
Cell growth which provide docking sites for signaling molecules. We observed an increased phosphorylation of ERK1/2,
Prostate

Akt, c-Src, p125FAK, SMAD2/3, and STAT3, down-regulation of the expression of epithelial cell-cell adhesion
marker E-cadherin, and enhanced expression levels of mesenchymal markers vimentin, fibronectin, vinculin,
a-actinin, and a-smooth muscle actin. This results in cell proliferation, in the appearance of a mesenchymal
phenotype, in morphological changes resembling cell scattering and in wound healing. Our findings highlight
the function of NK1 in non-tumorigenic human prostatic epithelial cells and provide a picture of the signaling

pathways triggered by NK1 in a unique cell line.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatocyte growth factor (HGF) and the c-MET tyrosine kinase
receptor form a unique ligand-receptor signaling system. HGF is also
known as a scattering factor, and its signaling through c-MET activation is
involved in promoting cell proliferation, survival, migration, wound
repair and cell migration in a variety of cell types [1,2]. HGF plays a crucial
role as a mediator of stromal-epithelial interactions in the normal
prostate; however, its specific function on c-MET-expressing epithelial
cells has not been fully defined [3]. In normal prostatic epithelium c-MET
expression is restricted to the basal epithelial cell layer and to a sub-
population of luminal ductal epithelial cells [4]. HGF biological activity in
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the conditioned medium of mouse prostatic stromal cells, in immortal-
ized human myofibroblastic prostate stromal cells (PrSC), and in primary
PrSC stimulates the scattering, motility, and collagen gel invasion of
prostate cancer cells as well as the proliferation of mouse prostate
epithelial cells (PrEC) [4-8]. Despite an understanding of the c-MET
expression pattern in normal and malignant PrECs, the precise biological
function of HGF/c-MET interaction in the normal prostate and in prostate
cancer is not clear. In fact, whereas HGF stimulation of normal primary
PrECs results in growth inhibition, transformed prostate cancer cells
proliferate on HGF stimulation [9].

Following HGF binding, the kinase activity of c-MET is switched on
by receptor dimerization and trans-phosphorylation of two catalytic
tyrosine residues within the kinase activation loop. The subsequent
step is the phosphorylation of two additional tyrosines in the carboxy-
terminal tail (Tyr1349 and Tyr1356) which provide docking sites for
phosphatidylinositol 3-kinase (PI3K), Grb2 and Gab1, as well as for
other signaling molecules [10]. Gab1 is an insulin receptor substrate-
1-like protein that is phosphorylated by c-MET through direct
interaction with Tyr1349 and is involved in the activation of
mitogen-activated protein kinase (MAPK) through the Gab1/Grb2-
SOS-Ras pathway [10]. Trans-phosphorylation of the docking site of c-
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MET induces the association of the signal transducer and activator of
transcription 3 (STAT3) with its tail, followed by c-MET-dependent
tyrosine phosphorylation of STAT3. This causes the dissociation of
STAT3 from c-MET and its homodimerization through SH2 domains.
STAT3 dimers translocate to the nucleus, where they act as
transcription factors involved in the regulation of the expression of
several genes [10]. All these pathways positively control c-MET-
dependent cell growth, survival and migration [11].

HGF has two naturally occurring splice variants. While full-length
HGF is a heterodimeric protein of 90 kDa that includes four kringle
domains, the smallest of these HGF variants, NK1, consists only of the
HGF amino terminus through the first kringle domain [12]. The
biological activities of NK1 are not fully understood. NK1 was initially
characterized as an HGF antagonist, since it was able to compete with
full-length HGF for binding to c-MET but lacked intrinsic mitogenic
activity in primary rat hepatocyte cultures [12]. Subsequent studies on
cultured cells have shown that NK1 acts as a ¢-MET agonist, but
requires the presence of heparan sulfate for full activity [13,14]. In
vitro studies have shown, however, that there are important
differences in NK1 activity that depend on the cell types used.
While NK1 can act as an HGF antagonist on primary hepatocytes, it
behaves as a partial agonist on mink lung epithelial cells [15], human
mammary epithelial cells [12] and Chinese hamster ovary cells [16].
The discrepancy observed on the agonistic activity of NK1 may be
explained by differences in the glycosaminoglycane composition of
the cells, such as heparane sulfate [17,18]. In vivo studies in transgenic
mice, however, have clearly established that NK1 is a potent c-MET
activator [19].

The differential signaling pathways of the HGF variants in
controlling cell growth and invasion have been analyzed in human
breast cancer cells [20]. All the HGF variants inhibit the vigorous
growth of the cancer cells, showing significative differences with full-
length HGF stimulation of normal primary PrECs and transformed
prostate cancer cells [9].

In this study we explored the signaling cascades triggered by the
NK1 fragment of HGF in human prostate epithelial cell line PNT1A.
These cells have been proved to be a good model for the analysis of
cellular processes [21] and can be considered as non-tumorigenic cells
showing molecular and biochemical properties close to the normal
prostate epithelium [22]. The results show that PNT1A cells express a
functional c-MET receptor and that stimulation with NK1 induces: i) a
rapid phosphorylation of c-MET Tyr1313/1349/1356 residues which
provide docking sites for the activation of extracellular signal-
regulated kinases (ERKs) and STAT3 pathways; ii) PNT1A cell
proliferation; iii) the expression of mesenchimal markers and the
appearance of a mesenchymal phenotype; iv) the activation of PI3K/
Akt signaling pathway and morphological changes resembling cell
scattering; v) the activation of the focal adhesion kinase p125FAK and
¢-Src, and wound healing.

2. Materials and methods
2.1. Antibodies and chemicals

Primary antibodies used in this study: mouse anti-activated dipho-
sphorylated ERK1/2 monoclonal antibody (M8159), rabbit anti-ERK1/2
polyclonal antibody (M5670), mouse anti-a-actinin monoclonal anti-
body (A7811), mouse anti-vinculin monoclonal antibody (V9131),
mouse anti-a-smooth muscle actin (a-SMA) monoclonal antibody
(A5228), mouse anti-p125FAK monoclonal antibody (F2918), rabbit
anti-p125FAK polyclonal antibody (F2918), mouse anti-fibronectin
monoclonal antibody (F7387) were purchased from Sigma Aldrich
Chemical Co. (St. Louis, MO, USA); mouse anti-phospho-tyrosine
monoclonal antibody (sc-508), rabbit anti-c-MET (sc-10) polyclonal
antibody, rabbit anti-phospho-c-MET(Y1313) polyclonal antibody (sc-
34085), rabbit anti-phospho-c-MET(Y1349) polyclonal antibody (sc-

34086), rabbit anti-phospho-SMAD2/3 polyclonal antibody (sc-11769-
R), mouse anti-SMAD2/3 monoclonal antibody (sc-133098) and mouse
anti-o-tubulin monoclonal antibody (sc-8035) were from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA); rabbit anti-phospho-Akt
polyclonal antibody (#9271), rabbit anti-Akt polyclonal antibody
(#9272), rabbit anti-phospho-c-Src polyclonal antibody (#2101), rabbit
anti-c-Src polyclonal antibody (#2108), rabbit anti-phospho-STAT3-
Y705 polyclonal antibody (#9131), rabbit anti-phospho-STAT3-5727
polyclonal antibody (#9134), rabbit anti-STAT3 polyclonal antibody
(#9132) were from Cell Signaling Technology Inc. (Danvers, MA, USA);
rabbit anti-phospho-c-MET(Y1356) polyclonal antibody (PAB9992)
from Abnova (Walnut, CA, USA); mouse anti-E-cadherin monoclonal
antibody (ab1416), and rabbit anti-vimentin polyclonal antibody
(ab15248) from AbCam (Cambridge, UK).

Secondary antibodies: goat anti-rabbit IgG-FITC polyclonal antibody
(FO382) was purchased from Sigma Aldrich Chemical Co.; goat anti-
mouse IgG polyclonal antibody conjugated to horseradish peroxidase
(HRP) (sc-2031) and goat anti-rabbit IgG-HRP polyclonal antibody (sc-
3837) were from Santa Cruz Biotechnology Inc.

Chemicals: nuclear 4’,6-diamidino-2-phenylindole (DAPI) coun-
terstaining was purchased from Santa Cruz Biotechnology Inc.; SDS-
PAGE reagents were from Bio-Rad (Richmond, CA, USA); Protein-A
sepharose beads (CL-4B) were from Amersham Pharmacia Biotech
(Little Chalfont, Bukinghamshire, UK); the c-MET inhibitor SU11274
[(3Z)-N-(3-Chlorophenyl)-3-({3,5-dimethyl-4-[ (4-methylpiperazin-
1-yl)carbonyl]-1H-pyrrol-2-yl}methylene)-N-methyl-2-0x0-2,3
dihydro-1H-indole-5-sulfonamide] and fibronectin from human
plasma (F2006) were from Sigma Aldrich Chemical Co; the MEK
inhibitor PD098059 [2-(2’-amino-3’-methoxyphenyl)-oxanaphtha-
len-4-one], the PI3K inhibitor wortmannin, and anti-photo-bleaching
mounting media Mowiol were from Calbiochem (La Jolla, CA, USA);
the PI3K inhibitor LY294002 [2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4- one] was purchased from Cayman Chemical (Ann
Arbor, MI, USA).

The recombinant NK1 fragment of HGF was produced using a
transformed methylotrophic yeast Pichia pastoris, GS115 strain, kindly
provided by prof. E. Gherardi (Laboratory of Molecular Biology, MRC
Centre, Cambridge, U.K.). The recombinant NK1 was purified by heparin
affinity chromatography according to the procedure described by
Chirgadze et al. [23]. The purified recombinant NK1 was diluted in
sterile water for a stock solution of 1 mM.

2.2. Cell culture

Human prostate epithelial cells PNT1A were purchased from ATCC
(Rockville, MD, USA). The cells were grown in RPMI supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, 100 pg/ml streptomycin, 1% L-glutamine. Cells were
stimulated with recombinant NK1, diluted in the medium to different
final concentrations. In some experiments, PNT1A cells were pre-
incubated with the following selective inhibitors: PD098059 (50 pM)
for 90 min, or LY294002 (50 uM) for 1 h, or wortmannin (0.5 uM) for
1h, or SU11274 (2 uM) for 16 h, before NK1 stimulation. The used
concentrations of these inhibitors were not cytotoxic as assessed by
trypan blue exclusion method (data not shown).

In other experiments, cells were trypsinized, washed in RPMI
containing 10% FBS and re-suspended at the appropriate concentration
in RPMI with the indicated FBS amount. They were plated on glass or
plastic tissue culture dishes either uncoated or fibronectin-coated as
indicated.

2.3. Immunofluorescence analysis
The PNT1A cells were plated into glass chamber slides (BD

Bioscience, Bedford, MA, USA) and cultured until approximately 60%
confluency. The cells were washed twice in phosphate buffered saline
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Fig. 1. c-MET expression and NK1-induced tyrosine phosphorylation of c-MET in human prostate epithelial cells PNT1A. (A) PNT1A cells were cultured until approximately 60%
confluency and fixed for 30 min in 4% paraformaldehyde at 4 °C. Fixed cells were incubated overnight at 4 °C with an anti-c-MET primary antibody and then incubated with
secondary fluorescein-isothiocyanate (FITC) conjugated antibody for 2 h at 4 °C. The slides were incubated with DAPI to counterstain the nuclei, observed using a Nikon Eclipse
TE300 fluorescent microscope and photographed. The nuclei of PNT1A cells stained with DAPI appear in blue, whereas c-MET immunostaining appears in green. (B) Cell lysates were
purified from PNT1A (lane 1) and HepG2 cells (lane 2). A 10% SDS-PAGE was loaded with 50 g of proteins and c-MET was detected by western blot using an anti-c-MET antibody (-
c-Met). (C) Eight hundred micrograms of proteins, from untreated PNT1A cells (lane 1) and cells exposed to 10 M NK1 for 5 min (lane 2), were immunoprecipitated (IPP) with an
anti-c-MET antibody (a-c-Met) and c-MET tyrosine phosphorylation (p-c-Met) was detected by using an anti-phosphotyrosine (ca-pY) antibody. An anti-c-Met antibody served as a
control of protein loading. (D) Cell lysates were obtained from untreated (—) and cells exposed to 10 pM NK1 for the indicated times. Fifty micrograms of proteins were resolved on a
10% SDS-PAGE and subjected to immunoblotting analysis with anti-phospho-c-Met(Y1313) [a-p-c-Met(1313)], anti-phospho-c-Met(Y1349) [o-p-c-Met(1349)], and anti-
phospho-c-Met(Y1356) [a-p-c-Met(1356)] antibodies. An anti-tubulin (c-tubulin) antibody served as a control of protein loading. (E) PNT1A cells were exposed to NK1 for 5 min
either in the presence or in the absence of SU11274. Cells were also exposed only to 2 uM SU11274 (lane 4). Proteins (50 pg) were loaded on 10% SDS-PAGE and tyrosine
phosphorylation was detected by using anti-phospho-c-Met(Y1313), anti-phospho-c-Met(Y1349) and anti-phospho-c-Met(Y1356) antibodies. The same filters were reprobed with
an anti-tubulin antibody. All the blots are representative of at least three separate experiments of identical design.
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(PBS), fixed for 30 min in 4% paraformaldehyde in PBS at 4 °C and
washed three times for 5 min shaking at room temperature (RT). Fixed
cells were then incubated for 1 h at RT shaking in a blocking solution of
5% bovine serum albumin (BSA) in PBS. After two washes in PBS for
5 min shaking at RT, the cells were incubated overnight at 4 °C with the
anti-c-MET primary antibody diluted 1:100 in PBS. The day after, the
cells were washed twice in PBS for 5 min shaking at RT. The cells were
then incubated with secondary fluorescein-isothiocyanate (FITC)
conjugated antibody for 2 h at 4 °C. After washing in PBS, the slides
were incubated for 7 min at 4 °C with DAP], diluted 1:500 in PBS to
counterstain the nuclei and washed twice. Coverslips were mounted on
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slides using Mowiol mounting medium. Slides were observed using a
Nikon Eclipse TE300 fluorescent microscope and photographed.

2.4. Proliferation assay

PNT1A cells were seeded in 24-well plates at a concentration of
100,000 cells per well and grown overnight in complete RPMI
medium. The cells were washed and then grown for 24 h in RPMI
containing 1% FBS. The cells were then incubated with NK1 diluted in
the same medium at different concentrations in the range 10~ ''-
105 M. Control cells (CTR) were treated with the medium without
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Fig. 2. NK1 triggers Ras/MAPK and STAT3 pathways and promotes cell proliferation. (A and C) Cell lysates were purified from untreated (—) and PNT1A cells exposed to 10~ M NK1
for the indicated times. (B and D) PNT1A cells were exposed to NK1 for 5 min either in the absence (lane 2) or in the presence of PD098059 (lanes 3) or SU11274 (lanes 4) at the
indicated concentrations. Cells were also incubated only with PD098059 (lane 5) or SU11274 (lane 6), as a control. Proteins (50 ig) were resolved on 10% SDS-PAGE. (A and B) ERKs
phosphorylation was detected by western blot with an anti-phosphoERK antibody (c-pERK). The arrows indicate the phosphorylated forms (ERK1-P and ERK2-P) of p44MATK and
p42MAPK respectively. (C and D) STAT3 phosphorylation on Y705 or S727 residues was immunodetected by using an anti-phospho-STAT3 Y505 (o-p-STAT3 Y705) or an anti-
phospho-STAT3 S727 (o-p-STAT3 S727) antibody, respectively. An anti-tubulin antibody served as a control of protein loading. The experiments were performed in triplicate. (E)
PNT1A cells were exposed to NK1 for the indicated times and concentrations. Untreated cells (CTR) served as a control. The number of viable cells was determined by the trypan blue
exclusion method. The data reported represent the mean values from three independent experiments performed in triplicate. Vertical bars indicate s. e. m. * P<0.05.



L.M. Pavone et al. / Cellular Signalling 23 (2011) 1961-1971 1965

the addition of NK1. After 24, 36 and 48 h of incubation at 37 °C, the dent experiments performed with each sample in replicates of three.
cells were trypsinized and the number of alive cells, resuspended in a Error bars indicate standard errors of the means (s. e. m.). Student's t
solution of trypan blue, was determined by direct counts by using a test was used for statistical comparisons and differences were
hemocytometer. The data reported are the means of three indepen- considered significant at P<0.05.
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Fig. 3. NK1 promotes down-regulation of E-cadherin and expression of mesenchimal markers. (A, B and D) PNT1A cells were exposed to 10~ M NK1 for the indicated times. Cell
lysates (50 pg) were resolved on 10% SDS-PAGE and E-cadherin, Fibronectin, Vinculin, Actinin and SMA (A and B) or phospho-SMAD (p-SMAD2/3) (D) were immunodetected with
the appropriate antibodies as indicated. (C and E) Cell lysates were obtained from PNT1A cells exposed to 10~® M NK1 either in the absence (lane 2) or in the presence (lane 3) of
SU11274. Cells were also incubated only with SU11274 (lane 4). A 10% SDS-PAGE was loaded with 50 pg of proteins and Fibronectin, Vinculin, Actinin and SMA (C) or phospho-SMAD
(p-SMAD2/3) (E) were detected by western blot by using specific antibodies. An anti-tubulin antibody served as a control of protein loading. The blots are representative of at least
three separate experiments of identical design. (F) PNT1A cells were plated in 96-well plates at a concentration of 35,000 cells/well in the absence or in the presence of 10~° M NK1
for 16 h. The cells were fixed in 4% paraformaldehyde in PBS for 1 h at room temperature, then washed in PBS and stained with Coomassie brilliant blue solution for 1 h. The cells

were observed under a white light microscope and photographed.
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2.5. Scatter and EMT assays

PNT1A cells were plated in 96-well plates at a concentration of
35,000 cells per well in RPMI-1% FBS either in the absence or in the
presence of 10 pM NK1 and grown overnight at 37 °C. The day after,
the cells were washed in PBS and fixed in 4% paraformaldehyde in PBS
for 1 h at RT, then washed in PBS and stained with Coomassie brilliant
blue solution (0.5% Coomassie, 40% methanol, 10% acetic acid, 50%
distilled water) for 1 h at RT. Next, the cells were washed in distilled
water and dried up for 24 h. The cells were observed under a white
light microscope and photographed.

2.6. Wound healing assay

Cells were seeded at a concentration of 100,000 cells per well in 6-
well tissue culture plates uncoated or previously coated with 10 pg/ml
fibronectin. The cells were grown for 24 h in RPMI supplemented with
10% FBS at 37 °C. When reaching sub-confluence, the cells were
washed and grown overnight in RPMI containing 1% FBS. The day
after, a wound was incised by scratching the cell monolayer using an
insulin syringe needle in the middle of the plate. The cells were
washed in PBS and treated with RPMI-1% FBS supplemented with
107 M NK1. After 48 h the cells were washed in PBS, fixed in 4%
paraformaldehyde in PBS for 1h at RT, then washed in PBS and
stained with Coomassie brilliant blue solution for 1 h at RT. Finally, the
cells were washed in distilled water and dried up for 24 h. The cells
were observed under a white light microscope and photographed.

2.7. Western blotting analysis

PNT1A cells were either untreated or pre-incubated with an
appropriate amount of inhibitor before stimulation with 10 pM NK1
for different times. Cells were washed in PBS and lysed with 0.5 ml
RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1%
Nonidet P40, 1 mM EDTA, 0.25% sodium deoxycholate, 10 mM NaF,
10 uM Na3VO,4, 1 mM phenylmethylsulfonylfluoride, and a protease
inhibitor cocktail (10 pg/ml aprotinin, 10 pg/ml pepstatin, 10 ug/ml
leupeptin). Cell lysates were incubated at 4 °C for 45 min and
centrifuged at 14,000 rpm for 15 min at 4 °C [24]. The amount of
total proteins in each sample was determined by a Bio-Rad protein
assay (BioRad, Hercules, CA, USA). Samples containing equal amounts
of protein (50 pg) were boiled for 5 min in SDS buffer (50 mM Tris-
HCI, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 5% -
mercaptoethanol), separated on SDS-PAGE, and electro-transferred to
Immobilion-P membrane (Millipore, Bedford, MA, USA) overnight at
4 °C. Non-specific binding was blocked with 5% dry milk in TBST
(20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.01% Tween-20) for 1 h at
RT. The membranes were incubated overnight at 4 °C with the
primary antibody at the appropriated dilution. After washing in TBST
three times for 5 min, the membranes were incubated with the
appropriate secondary antibody at RT for 45 min with constant
shaking. The expression of targeted proteins was detected by an ECL
kit (Amersham Pharmacia Biotech) and visualized by autoradiogra-
phy [25]. Protein expression levels were quantitatively estimated by
densitometry using a Discover Pharmacia scanner equipped with a
sun spark classic densitometric workstation. The same blots were re-
probed with anti-a-tubulin monoclonal antibody.

3. Results and discussion
3.1. PNTI1A cells express a functional c-MET receptor

We first analyzed the expression of c-MET protein in non-
tumorigenic prostatic epithelial cell line PNT1A. Immunofluorescence
analysis shows the localization of c-MET receptor on the membrane of
PNT1A cells (Fig. 1A) and by western blotting analysis we detected the
presence of the band corresponding to c-MET protein at the expected
molecular size of 175 kDa (Fig. 1B, lane 1). The same band is detected
in lysates of human HepG2 cells which express c-MET [26] (Fig. 1B,
lane 2). These results provide the first evidence of c-MET expression in
the human prostate epithelial cell line PNT1A.

The mature c-MET protein may exist as an -3 complex in which
the B subunit (140 kDa) is joined by disulphide bonds to a smaller o-
chain of 35 kDa. c-MET activation results in the phosphorylation of
several tyrosine residues which have a crucial role in the activation of
signaling pathways involved in the biological activity of c-MET in
response to HGF. Therefore, we next evaluated the ability of NK1 to
activate c-MET in PNT1A cells and we observed that the addition of
107®M NK1 induces a rapid c-MET phosphorylation (Fig. 1C). In
particular, NK1 promotes the phosphorylation of c-MET
Tyr1313/1349/1356 residues in the carboxyl terminus of the receptor
[27,28] within the first 5 min of stimulation (Fig. 1D). Furthermore,
the NK1-induced phosphorylation of tyrosine residues of c-MET is
prevented by the specific c-MET inhibitor SU11274 [29] (Fig. 1E).
These results demonstrate that in PNT1A cells NK1 retains the ability
of full length HGF to activate c-MET by phosphorylating critical
tyrosine residues of the receptor, and support the evidence of NK1/c-
MET binding [23].

3.2. NK1 promotes ERKs and STAT3 phosphorylation and cell
proliferation in PNT1A cells

Phosphorylayed tyrosine residues of c-MET provide docking
sites that activate intracellular signaling cascades, including MAPK
and STAT pathways, which in turn lead to cell proliferation and
migration [30]. HGF has been shown to activate these pathways in
human cancer cell lines [31,32] and HGF stimulation of cell
proliferation has been suggested to be mediated by the activation
of Ras/MAPK pathway [33].

Therefore, we first evaluated the ability of NK1 to activate MAPK
cascade by analyzing the effect of cell exposure to NK1 on the
phosphorylation state of ERK 1/2. We observed that the treatment
of PNT1A cells with 1076 M NK1 induces the phosphorylation of
ERK1/2 within 5min of NK1 stimulation (Fig. 2A). The pre-
incubation of PNT1A cells either with the c-MET inhibitor
SU11274 or with PD098059, a selective inhibitor of MEK, before
NK1 stimulation, prevents ERK1/2 phosphorylation (Fig. 2B),
suggesting that in PNT1A cells the NK1-dependent activation of
ERK1/2 requires c-MET phosphorylation and the subsequent
activation of Ras/MAPK pathway.

Next, we evaluated the effect of NK1 on the phosphorylation of
STAT3, which also actively participates in cell growth and survival
processes [32]. We observed that the addition of 107% M NK1 to PNT1A
cells promotes phosphorylation of STAT3 at Tyr705 and Ser727 residues
(Fig. 2C), required for STAT3 dimerization/nuclear translocation and
maximal transcriptional activity, respectively. The phosphorylation of
Tyr705 residue of STAT3 is c-MET-dependent because it is prevented by

Fig. 4. NK1 induces the activation of PI3K/Akt signaling pathway. (A) PNT1A cells were exposed to 10~ M NK1 for the indicated times and 50 pg of cell lysates were subjected to
immunoblotting by using an anti-phosphoAkt(Ser473) antibody [ (o-p-Akt(S473)]. (B) Cell lysates were obtained from PNT1A cells exposed to 10~° M NK1 either in the absence (lane 2)
or in the presence of PD098059 (lane 3), SU11274 (lane 4), wortmannin (lane 5) or LY294002 (lane 6). Cells were also incubated only with PD098059 (lane 7), or SU11274 (lane 8), or
wortmannin (lane 9), or LY294002 (lane 10) as a control. Proteins (50 pg) were resolved on a 10% SDS-PAGE and phosphoAkt(Ser473) was detected by western blot with an anti-
phosphoAkt(Ser473) antibody [o-p-Akt(S473)]. The same filters were reprobed with an anti-tubulin antibody (a-tubulin) to ensure equal loading of protein in all lanes. The blots are
representative of at least three separate experiments of identical design. (Cand D) PNT1A cells were plated in 96-well plates (35,000 cells/well) either in the absence or in the presence of
10~% M NK1 for 24 h. The cells were fixed in 4% paraformaldehyde, stained with Coomassie brilliant blue solution, observed under a white light microscope and photographed.
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the pre-incubation of cells with SU11274 before NK1 stimulation, and it
is MEK-independent, as observed by the lack of effect of the MEK
inhibitor PD098059 (Fig. 2D). By contrast, the phosphorylation of
Ser727 residue of STAT3 requires both c-MET and MEK activation, as
demonstrated by the effects of SU11274 or PD098059, both of which
prevent STAT3 activation induced by NK1 treatment.

We also evaluated the effect of NK1 on the growth of PNT1A cells.
The addition of NK1 to the cells results in a positive time- and dose-
dependent growth response (Fig. 2E). NK1 induces the maximum
level of PNT1A growth at the concentration of 10~7 M after 36 h of cell
exposure. At 48 h the cells start to dye affecting the count number of

A
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proliferating cells. There is clear evidence that, whereas HGF
stimulation of normal primary prostate epithelial cells results in
growth inhibition, transformed prostate cancer cells proliferate on
HGF stimulation [9]. Our results show that the effect of NK1 in non-
tumorigenic prostate cells correlates with the proliferative activity of
full length HGF in prostate cancer cells.

3.3. NK1 induces the expression of mesenchymal markers in PNT1A cells

Enhanced migratory capacity, coupled to an increased production of
extracellular matrix (ECM) components, are typical of a mesenchymal
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Fig. 5. NK1 activates p125FAK and c-Src and promotes wound healing in PNT1A cells. (A and C) Cells were exposed to 10~° M NK1 for the indicated times. (A) Cell lysates (50 pg)
were subjected to immunoblotting by using an anti-phospho-c-Src-Tyr416 antibody [a-p-Src(Y416)]. (C) Eight hundred micrograms of proteins were immunoprecipitated (IP) with
an anti-p125FAK antibody (o-p125FAK). Tyrosine phosphorylation of p125FAK was detected by western blot using an anti-phospho tyrosine antibody (a-pY). (B and D) PNT1A cells
were exposed to 10~% M NK1 either in the absence (lane 2) or in the presence (lane 3) of SU11274. Cells were also incubated only with SU11274 (lane 4). (B) Fifty micrograms of cell
lysates were resolved on a 10% SDS-PAGE and phosphorylated Tyr416 of c-Src was detected by using an anti-phospho c-Src(Tyr416) antibody [a-p-Src(Y416)]. (D) Proteins (800 pg)
were immunoprecipitated (IP) with an anti-p125FAK antibody (a-p125FAK) and tyrosine phosphorylation of p125FAK was detected by western blot using an anti-phospho tyrosine
antibody (a-pY). An anti-tubulin antibody (o-tubulin) served as a control of protein loading. The experiments were performed in triplicate. (E and F) Confluent cells grown in
uncoated (E) or fibronectin-coated (F) plates were scratched with a plastic pipette tip. The cells were washed three times in PBS to remove detached cells, and attached cells were
then cultured for 24 h in absence (left panels) or in the presence (right panels) of NK1 as indicated. Wound healing was assessed by microscopic visualization of cells that had
migrated into the gap. The figure is representative of three separate experiments of identical design.
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phenotype which cells assume as a consequence of a complex biological
process which is known as Epithelial-Mesenchymal Transition (EMT)
[34]. A c-MET mediated EMT has been observed in several experimental
systems including human colon, breast and pancreatic cancer cell lines
[35] and gastric epithelial cells [36]. Therefore, we analyzed the ability of
NK1 to induce the expression of mesenchymal markers. A hallmark of
EMT is the disruption of cell—cell adherens junctions which are
mediated by homotypic interactions of the extracellular domains of E-
cadherin. We observed a time-dependent down-regulation of E-
cadherin expression after cell exposure to 10~M NK1 (Fig. 3A).
Concomitant to the decreased expression of E-cadherin, NK1 treatment
of PNT1A cells for 12 h promotes an increase of the expression levels of
the mesenchymal markers vimentin, fibronectin and o-SMA (Fig. 3B).
An increase of vinculin and a-actinin expression levels is also observed
(Fig. 3B). Higher expression levels of these proteins in NK1-treated cells,
as compared to control (untreated) cells, persist after 24 h. Furthermore,
the pre-incubation of PNT1A cells with SU11274, before NK1 stimula-
tion, prevents the increase of the expression levels of these markers
(Fig. 3C), strongly suggesting that it requires NK1-dependent c-MET
activation.

SMAD proteins are the main candidates for the induction of
EMT process [37]. As NK1 induces the expression of mesenchymal
markers in PNT1A cells, we evaluated the ability of NK1 to activate
SMADs. The addition of 107 M NK1 promotes a time-dependent
increase of SMAD2/3 phosphorylation (Fig. 3D) and this effect is
prevented by the pre-incubation of the cells with the selective c-MET
inhibitor SU11274 (Fig. 3E), suggesting that NK1-induced SMAD2/3
phosphorylation requires ¢-MET activation. The phosphorylation
of SMADs occurs in response to the activation of TGF-{3 signaling
pathway [37]. However, as also suggested by the complex phos-
phorylation patterns of endogenous SMADs, other kinase pathways
further may regulate SMAD signaling [38]. In fact, SMAD2 phos-
phorylation and transcription in response to epidermal growth fac-
tor or HGF, which both act through tyrosine kinase receptors,
challenge the belief that only TGF-p activates SMADs [39]. Thus,
although the role of TGF-3 pathway in NK1-induced expression of
mesenchymal markers remains to be investigated, our results suggest
that SMAD2/3 phosphorylation may represent an important point at
which TGF-3 and HGF pathways might converge in prostatic epithelial
cells.
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PNT1A cells show the normal epithelial shape appearing tightly
packed in culture (Fig. 3F). After the treatment for 16 h with 1075 M
NK1, the cells appear to form structures that are irregular in shape and
not uniform in density (Fig. 3F) showing a mesenchymal phenotype
with more elongated shape, compared to epithelial cells, and result to
be more loosely associated.

Thus, c-MET activation, subsequent to NK1 treatment of PNT1A
cells, results in the down-regulation of E-cadherin and in the
concomitant up-regulation of ECM components such as vimentin,
fibronectin, ®-SMA, vinculin and a-actinin, as well as the appearance
of a mesenchymal phenotype.

3.4. NK1 induces the activation of PI3K/Akt signaling pathway and
morphological changes resembling cell scattering

EMT and scattering are the first cellular processes typical of
increased motility. Scattering correlates with the concomitant loss of
E-cadherin expression and increased integrin-mediated ECM adhe-
sion. Thus, tightly clustered epithelial cells break their cell-cell
junctions and become single and migrating cells. It has been shown
that HGF triggers scatter in MDCK epithelial cells [40] and that Ras/
MAPK and PI3K/Akt pathways play a critical role in HGF-induced cell
scattering and motility [41]. Furthermore, treatment of intact cells
with wortmannin prevents HGF-induced scatter and mitogenesis in
epithelial cells [42,43], suggesting that c-MET-dependent activation of
PI3K is required for these activities. Therefore, we first analyzed the
ability of NK1 to induce Akt activation. In our investigation,
stimulation of PNT1A cells with 10~ M NK1 induces a rapid increase
of the phosphorylated levels of Akt at the Ser473 residue versus
control (untreated) cells (Fig. 4A). The preincubation of cells with
PD098059 before NK1 stimulation does not reduce Akt activation,
whereas SU11274 and the highly selective P13K inhibitors wortman-
nin and LY294002 prevent NK1-induced Akt phosphorylation
(Fig. 4B). These results suggest that the activation of PI3K/Akt
pathway is a consequence of NK1/c-MET interaction and is indepen-
dent from Ras/MEK/ERK signaling cascade.

We next tested the ability of NK1 to promote morphological
changes resembling cell scattering. The addition of 107 M NK1 in
PNT1A cells avoids their growth as a clump typical of epithelial cells
giving them an un-polarized shape (Fig. 4C). Following the changes in
cell-shape to an alternate morphology more prone to migration, the
cells lose their apical-basal polarity and acquire a front-rear polarity
(Fig. 4D), which is correlated to weak cell-cell contacts and increased
motility.

3.5. NK1 activates p125FAK and c-Src and promotes wound healing in
PNTIA cells

Focal adhesion kinase (FAK), a cytoplasmic kinase involved in
ECM/integrin-mediated signaling pathways, has been suggested to
have a crucial role for efficient cell migration in response to growth
factor receptors and integrin stimulation [43]. Integrin-activated
p125FAK forms a binary complex with the c-Src kinase which has
been proven to be a downstream target activated by HGF engagement
of c-MET receptor [44]. The complex c-Src/p125FAK can phosphor-
ylate many other substrates and trigger multiple signaling pathways
that regulate various cellular functions. Therefore, we investigated the
ability of NK1 to affect the phosphorylation of c-Src and p125FAK.
The addition of 107 M NK1 to PNT1A cells rapidly enhances the
phosphorylation of c-Src at level of Tyr416 residue (Fig. 5A) and the
tyrosine phosphorylation of p125FAK (Fig. 5C). NK1-induced phos-
phorylation of both c¢-Src and p125FAK is prevented by c-MET
inhibitor SU11274 (Fig. 5B and D), thus suggesting that this signaling
cascade is triggered by c-MET activation.

The signaling pathways activated by c-MET in response to NK1
stimulation of prostatic PNT1A cells are consistent with the results

obtained using a global proteomics phospho-antibody array approach
which demonstrated HGF-induced phosphorylation of many phos-
pho-proteins in small cell lung cancer [45].

In order to confirm the NK1-induced migratory phenotype of
PNT1A cells, we tested the ability of NK1-treated cells to repair a
wound either in the absence (Fig. 5E) or in the presence (Fig. 5F) of a
fibronectin coat. Confluent PNT1A cells were serum-deprived for 24 h
followed by scratch wound induction. Addition of 10~ M NK1
stimulates the movement of PNT1A cells towards the closure of the
wound after 48 h (Fig. 5E). However, NK1-stimulated cells migrate
into the artificially produced wound to a significantly greater extent in
the fibronectin-coated culture dish versus uncoated dishes (Fig. 5F),
indicating that cell spreading is involved as part of the mechanism for
NK1-induced wound closure. Our results well correlate with the
findings that epithelial wound healing can be modulated in vitro by
the composition of the ECM [46]. The acquired increased capability of
the cells to repair wound in the presence of NK1 further demonstrates
the ability of the HGF splicing variant to promote prostate epithelial
cell motility.

4. Conclusions

The biological consequences of HGF binding to c-MET and the
downstream signaling have been extensively dissected in various
cultured cell systems, mostly cancer cells, or cancer tissue specimens
from different origin; however, they have been addressed in separate
studies. Nevertheless, there is clear evidence that normal and
malignant prostate epithelial cells differ in their response to HGF
[9]. Here, we describe for the first time the effects induced by c-MET
activation by NK1 fragment of HGF in a single non-tumorigenic cell
line, namely the human prostatic epithelial cells PNT1A.

In this study, we demonstrate that in response to c-MET activation
by NK1, PNT1A cells undergo morphological changes consistent with
the activation of intracellular signaling cascades. We show that NK1
activates c-MET receptor expressed in PNT1A cells by phosphorylating
tyrosine 1313/1349/1356 residues providing docking sites for
intracellular signaling proteins, which results in the activation of the
Ras/MAPK pathway, the main regulator of cellular growth processes.
NK1-induced phosphorylation of c-MET also results in the activation
of the STAT3 pathway which is directly involved in proliferation
processes. Activation of this signaling pathway requires the phos-
phorylation of the Tyr705 and Ser727 residues of STAT3, as we
observed in time-course experiments. Furthermore, our results also
suggest that NK1-induced activation of SMADs, which are the main
candidates for the induction of EMT process, requires ERK phosphor-
ylation. In fact, SMAD2/3 phopsphorylation is prevented by the pre-
treatment of PNT1A cells with a specific MEK inhibitor before NK1
stimulation. Taken together, these results suggest that c-MET-
dependent ERK activation could represent a key molecular signal
that regulates the cellular processes of growth and of morphological
changes in NK1-stimulated PNT1A cells.

Upon c-MET activation by NK1, PNT1A cells show a mesenchymal
phenotype with more elongated shape compared to epithelial cells. In
our investigation the migratory phenotype acquired by the PNT1A
cells, after NK1 treatment and subsequent c-MET activation, is
underlined by the down-regulation of E-cadherin expression and
the increased levels of mesenchymal markers such as vimentin,
fibronectin, vinculin, a-actinin, and o-SMA. The activation of PI3K/Akt
pathway has been considered the main signaling pathway required
for the induction of cell scattering and EMT [47]. In our cell system,
NK1 induces Akt phosphorylation through a PI3K-dependent mech-
anism. Scatter and EMT are the initial processes of the cellular
migration, and our results show an increased migratory capacity of
PNT1A cells treated with NK1, as demonstrated by wound healing
experiments. The molecular signaling that regulate cellular migration
is also mediated by the activation of c-Src and p125FAK. We observed
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that the activation of these two intermediate signaling molecules
strongly depends on c-MET activation by NK1, as demonstrated by the
pre-treatment with SU11274, which prevents c-Src Tyr416 and
p125FAK phosphorylation.

Thus, our results show that stimulation of PNT1A cells with NK1
fragment of HGF promotes most of the effects reported for HGF/c-MET
signaling in different cancer cell systems, but never in a normal
prostate cell line and, more noticeable, all together in a single cell
system.
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Abstract

v

Imbricatolic acid was isolated from the metha-
nolic extract of the fresh ripe berries of Juniperus
communis (Cupressaceae) together with sixteen
known compounds and a new dihydrobenzofu-
ran lignan glycoside named juniperoside A. Their
structures were determined by spectroscopic
methods and by comparison with the spectral da-
ta reported in literature.

Imbricatolic acid was evaluated for its ability to
prevent cell cycle progression in p53-null CaLu-6

cells. This compound induces the upregulation of
cyclin-dependent kinase inhibitors and their ac-
cumulation in the G1 phase of the cell cycle, as
well as the degradation of cyclins A, D1, and E1.
Furthermore, no significant imbricatolic acid-in-
duced apoptosis was observed. Therefore, this
plant-derived compound may play a role in the
control of cell cycle.

Supporting information available online at
http://www.thieme-connect.de/ejournals/toc/
plantamedica

Introduction

v

Several medicinal plants, such as Juniperus sp.
(Cupressaceae) [1], contain metabolites able to in-
duce cell cycle arrest, playing an important role in
cancer prevention. Many reports are focused on
the determination of the chemical composition
of the berry’s essential oil [2,3], and limited data
are reported on nonvolatile components. Chemi-
cal components of the methanol extract from
Juniperus communis berries include labdane
monoterpene and megastigmane glycosides [4],
labdane diterpenes [5], flavonoids, and biflavo-
noids [6]. Labdane diterpenes, isolated from sev-
eral plant families, show a variety of biological ac-
tivities [7] including the inhibition of cell prolifer-
ation in several cell lines [8]. In this study we ana-
lyzed the methanolic extract of berries from
J. communis and focused on the bioactivity of im-
bricatolic acid, a labdane diterpene isolated as a
major component.

Cyclin/cdk (cyclin dependent kinase) complexes
facilitate progression through the cell cycle and
are activated at specific checkpoints [9]. These
complexes are also regulated by their binding to

* These authors contributed equally to this work.
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CDK inhibitors (CKIs) [10]. Two CKI gene families
have been defined. The INK4 gene family encodes
p16INK4a  p15INKa 3 QINKAc and p19INK4d g]] of
which bind to CDK4 and CDK6 and inhibit kinase
activities by interfering with their association
with D-type cyclins [9]. In contrast, CKIs of the
Cip/Kip family (p21Cipt/Waft/sdil  ho7Kipl - 3nd
p57%iP2) bind to both cyclins and CDK subunits
and can modulate the activities of cyclin D-, E-,
A-, and B-CDK complexes [9]. p21Cip1/Wafl/sdil gepe
expression is regulated by transcriptional and
posttranscriptional mechanisms. In tumor cells
which lack p53 or with a mutant form of p53,
p21Cip1/Wafl/sdil js activated through p53-indepen-
dent pathways.

In the present paper, we report: i) the isolation
and structural elucidation of a new compound
and eleven known components from a metha-
nolic extract of berries from J. communis, and ii)
the ability of imbricatolic acid, a known labdane
diterpene, to induce CKIs upregulation, accumu-
lation in G1 phase of the cell cycle and cyclins
degradation in p53-null human lung tumor cells.



Materials and Methods

v

General experimental procedures

High-resolution fast atom bombardment mass spectrometry
(HRFAB-MS) was recorded on a Fisons VG Prospec instrument,
and electrospray ionization mass spectrometry (ESI-MS) experi-
ments were performed on an Applied Biosystem API 2000 triple-
quadrupole mass spectrometer. Optical rotations were deter-
mined on a Jasko P-2000 polarimeter. '"H and '>C NMR spectra
were determined on a Varian Unity INOVA spectrometer at
500.13 and 125.77 MHz, respectively, equipped with an indirect
detection probe. Chemical shifts were referenced to the solvent
signals: deuterated methanol (CD30D). GC analyses were per-
formed on an Agilent Technologies 6850 Series II gas chromato-
graph for capillary column (HP-5, 30 m x 0.25 mm, 180 °; helium
carrier flow 10 mLmin™') and a FID detector operated at 260°.
Droplet countercurrent chromatography (DCCC) was performed
on a DCC-A apparatus (Tokyo Rikakikai Co.). HPLC was per-
formed using a Waters 510 pump equipped with a Waters U6K
injector and a Waters 401 differential refractometer as the de-
tector, using a C;g p-Bondapak column (30 cm 3.9 mm; i.d.;
flow rate 1 mLmin™'; Waters) and a Luna C-18 column (3,
150 x4.60 mm i.d.; flow rate 1 mL min~!; Phenomenex).

Plant material

Ripe berries of Juniperus communis L. (Cupressaceae) were col-
lected in the mountain areas of Isernia (Italy) in October 2008
and identified by Dr. Paola Fortini. A voucher specimen is depos-
ited (JC-486-08) at the Herbarium of DiSTAT, University of Molise
(Pesche). Berries were kept frozen at =20 °C until analyzed.

Extraction and isolation

Fresh ripe berries (400 g) were crushed and extracted with MeOH
(3x2L) at room temperature for 24 h. The combined extracts
(170 g) were concentrated and subjected to a modified Kupchan’s
partition methodology as described [11]. The MeOH extract was
dissolved in 10% aqueous methanol and partitioned against n-
hexane (3 x400 mL) yielding 1.3 g of extract. The water content
(% v|v) of the MeOH extract was adjusted to 40% and partitioned
against CHCl3 (5% 400 mL), yielding 1.5 g of extract; the aqueous
residue was concentrated and partitioned against n-BuOH
(3 x500 mL) to give 2.0 g of n-BuOH extract. The n-hexane extract
(1.3 g) was separated by column chromatography on SiO, (50 g,
230-400 mesh silica gel; 1.5 %45 cm) and stepwise eluted using
n-hexane/EtOAc with the ratio of 100:0 (300 mL), 99:1, 98:2,
80:20 (each 150 mL), 96:4, 95:5, 50:50, 0:100 (each 200 mL)
to give 8 corresponding fractions (A-H). 150 x 10 mL tubes were
collected and combined on the basis of their similar TLC behavior
(SiO, with n-hexane/EtOAc 95:5). Fraction H (70 mg) was then
purified by HPLC (Cqg p-Bondapak column; MeOH/H,0 8:2 as
eluent, flow rate 1 mL/min) to give mainly cis-communic acid (6,
2.8 mg). The CHCl3 extract (1.5 g) was fractionated by DCCC using
CHCI3/MeOH/H;0 (7:13:8) in the ascending mode (the lower
phase was the stationary phase); 320 tubes (6 mL) were col-
lected, flow rate 18 mL/h. Fractions were combined and moni-
tored by TLC on SiO, with CHCl3/MeOH/H,0 (80:18:2) as eluent
to give five main fractions summarized in © Table 1. The n-BuOH
extract (2 g) was submitted to DCCC with n-BuOH/Me,CO/H,0
(3:1:5) in the descending mode (the upper phase was the sta-
tionary phase). 210 tubes (6 mL) were collected, flow rate
18 mL/h. Fractions were combined and monitored by TLC on Sili-
ca gel plates with n-BuOH/OHAc/H,0 (12:3:5) and CHCls/

Original Papers RWEPE]

Table 1 DCCC fractionation and HPLC purification of CHCl3 and n-BuOH ex-
tracts.
Fraction Amount (mg) Compound MeOH|H,0
CHCl; extract®
1 1.2 17 1:1
2 1.5 16 7:3
2 1.7 8 8:20
3 5.8 2 7:3
3 1.8 4 45:55b
4 3.0 10 8:2
4 1.0 Lh 8:2
4 1.2 12 8:2
5 1.8 9 75:25
5 1.0 5 75:25
5 2.0 3 75:25
n-BuOH extract?
A 1.3 7
B 1.4 1 4:6
C 3.2 15 1:1
D 13 14 8:2
E 3.0 13 1:1

2 All fractions were purified on C18 p-Bondapak column. P Fraction purified on a Luna
C-18 column

MeOH/H,0 (80:18:2). Five fractions (A-E) were obtained and
purified by HPLC as summarized in © Table 1. The purity of com-
pounds 1-17 was greater than 95% determined by HPLC method
(see experimental section), MS, and NMR. The bold number in
brackets refers to the chemical structures indicated in © Fig. 1.
Copies of original spectra can be obtained from the author of cor-
respondence.

Acid hydrolysis of 1

Compound 1 (0.5 mg) was hydrolyzed with 2N CF3CO,H (2 mL) at
110° in a sealed tube for 8 h. After cooling, the solution was di-
luted with H,0 (5mL) and extracted with AcOEt (3 x 2 mL). The
aqueous layer was evaporated to dryness under reduced pres-
sure, and the residue was reacted with 0.1 M L-cysteine methyl
ester hydrochloride in anhydrous pyridine (200 puL) for 1 h at 60°
[12]. 1-(Trimethylsilyl)imidazole in pyridine was added, and the
thiazolidine derivatives analyzed by GC. L-rhamnose was con-
firmed in 1 by comparison of the retention time of their deriva-
tives with those of D-rhamnose (tg = 12.60 min) and L-rhamnose
(tg=12.14 min).

Reagents and cell culture treatments

SDS-PAGE reagents were from Bio-Rad. Anti-active phosphoryl-
ated ERK1/2, anti-tubulin, anti-PKC§, anti-cyclinA, anti-cyclinB,
anti-cyclinD1, anti-cyclinE1, anti- p21CiP1/Wafl/sdil - qptj-p27Kip,
anti-p16'™%4 anti-EGFR, anti-PARP-1, anti-caspase3, and anti-
rabbit antibodies were obtained from Santa Cruz Biotechnology
Inc. Protein A-horseradish peroxidase and anti-mouse Ig-horse-
radish peroxidase were from Amersham Pharmacia. PD098059
and rottlerin were from Calbiochem. PepTag® assay for nonra-
dioactive detection of protein kinase C was from Promega. Hu-
man anaplastic lung cancer cells CaLu-6 were purchased from
ATCC and grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, 1% L-glutammin, and 1% modified Ea-
gle’s medium (MEM).

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828
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Imbricatolic acid was diluted in DMSO at a final concentration of ~ Cell viability

10 mM. Cells were grown until they reached 80% confluence and
successively stimulated by imbricatolic acid at the final concen-
tration of 10 M for different times, as indicated in the figures.
In other experiments, growing cells were preincubated with
50 uM PD098059 for 90 min, or with 1 uM rottlerin for 1 h, before
the stimulation with 10 ptM imbricatolic acid.

Western blot analysis and protein kinase C activity assay
Total cellular lysates and cell membranes were purified from Ca-
Lu-6 cells as previously described [13]. Western blot experiments
were performed in triplicate, as previously described [13]. The
expression of targeted proteins was detected by an ECL kit (Amer-
sham Biosciences) and visualized by autoradiography. Protein ki-
nase C activity assay was performed accordingly to manufac-
turer’s instructions (Materials and Methods 1S, Supporting Infor-
mation).

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828

Calu-6 cells were placed (4 x 104 cells per well) in 96-well plates
(Corning) and incubated at 37°C in 200 uL of complete culture
medium containing 10 uM imbricatolic acid or 0.1% DMSO for 3,
12, 24, 48, and 72 hrs. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl
tetrazoliumbromide (MTT; 5 mg/mL in PBS) was added to each
well and incubated for 4 h. After removal of the medium, 0.2 mL
of DMSO was added to each well. The absorbance of the resulting
formazan salts was recorded on a microplate reader at the wave-
length of 540 nm. The effect of imbricatolic acid on growth inhi-
bition was assessed as percent cell viability where DMSO-treated
cells were taken as 100% viable. DMSO at the concentrations used
was without any effect on cell viability. Four independent experi-
ments were performed.

Analysis of apoptosis and cell cycle

Analysis of DNA content by propidium iodide incorporation was
performed in permeabilized cells, as described [14] (Materials
and Methods 2S, Supporting Information).



Table2 'H and *C NMR data (CD30D, 500 and 125 MHz) of compound 1.
Position &y (/in Hz) oc HMBC
1 - 138.8
2 7.06 brs 110.9 C4,C6, C7
3 - 151.7
4 - 146.1
5 7.08d (8.4) 119.2 C1,C3
6 6.94d (8.4) 118.7 C2,C4,C7
7 5.57d(5.7) 89.0 C1,C2, C6, C8, C9,
a3, Cs’

8 3.47 ovl 55.6
9 3.77dd (9.9, 17.9), 64.8 C7,C8,C5’

3.88 ovl
1 - 136.4
2' 6.59s 116.7 c4',Ce', C7’
3! - 146.0

- 140.7
5 - 129.1
6’ 6.62s 116.3 8, Cc2’
7' 2.58d(7.3) 324 c1',C2', C6',C8',C9’
8’ 1.80m 35.5 c1',C7', C9’
9’ 3.58t(6.5) 62.0 c7',C8’
OCH3 3.83s 56.0 (€]
Rhamnose
1" 5.35brs 101.1 c3',C3", C5"
2" 4.08brs 71.7
3" 3.90 ovl 71.9
4" 3.47 ovl 73.5
5" 3.820vl 70.5
6" 1.22d(6.2) 17.6 car, cs'

"H and '3C assignments achieved by COSY, TOCSY, HSQC, and HMBC experiments

Results and Discussion

v

Juniperus communis berries extracted with MeOH were subjected
to Kupchan’s methodology [11] to give n-hexane, CHCl3, n-BuOH
extracts, and an aqueous residue. The pure compounds were iso-
lated, and their structures were determined by spectroscopic
methods by comparison with the spectral data reported in the lit-
erature: cis-communic acid (6) [15], imbricatolic acid [15-hy-
droxy-labd-8(17)-en-19-oic acid] (2) [16], imbricatolal (3) [17],
junicedric acid (4) [18], junicedral (5), agathadiol (8) [19], isoaga-
tholal (9) [20], myrcecommunic acid (10) [21], sandarocopimaric
acid (11) [22], isopimaric acid (12) [23], oplopanone (16) [24],
and matairesinol (17) [25] (© Fig. 1).

The new dihydrobenzofuran lignan glycoside, named junipero-
side A (1) ([a]3’ +34.4), showed a pseudomolecular ion at m/z
493.2074 in its HRFABMS, and the presence of 25 carbon atoms
in the 13C NMR spectrum (© Table 2) suggested the molecular for-
mula Cy5H3301¢. In the ESI-MS (pos. ion mode) spectrum the
pseudomolecular ion peak at m/z 515 [M + Na]* was also present.
Its IR spectrum showed absorption bands at 3451 and 1660 cm™
corresponding to hydroxyl and aromatic groups, respectively.
The data from 'H and '3C NMR spectra of (1) were similar to those
of clemastanin A [26], a glucoside isolated from Clematis species.
Differences were detected in the sugar moiety. The "H NMR spec-
trum of juniperoside A showed three aromatic proton signals at
Oy 6.94, 7.06, and 7.08 which were assigned to three protons in
a 1,2,4-trisubstituted benzene ring. Further two aromatic proton
signals at dy 6.59 and 6.62 were assigned to two protons in a
1,3,4,5-tetrasubstituted benzene ring. The 'H NMR spectrum also
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Fig.2 Calu-6 cells were exposed to 10 uM imbricatolic acid (IA) for the
indicated times, and 40 pg of cell lysates were loaded on 12% SDS-PAGE.
A The upregulation of p21¢P1/Waf1/sdil '5o7Kip1 3nd p16'Nk42 and B degra-
dation of cyclin A, cyclin D1, and cyclin E1 were immunodetected with
specific antibodies. An anti-tubulin antibody was used as a control of pro-
tein loading. Cells were also exposed to 0.1% DMSO (-) for 12 h, as a con-
trol. C 5% 10° cells were plated in 6-mm wells in the presence or absence of
10 uM imbricatolic acid (IA) for 24 h. Growing cells were incubated with
0.1% DMSO. Cells were resuspended in 300 pL of cold PBS and fixed with

1 mL of 70% ice-cold ethanol for 2 h. FACS analysis was performed as de-
scribed in Materials and Methods by using a DAKA Cytomatio flow cytom-
eter. Data were analyzed using Summit® 4.3 software. All the experiments
were performed in triplicate.

revealed proton signals due to two oxygenated methylene pro-
tons (0y 3.88 ovl/3.77 dd and 3.58 t), an oxygenated methine sig-
nal at 6y 5.57 (d), and one methoxyl signal at dy 3.83 (s). By the
aid of a TH-'H COSY experiment, a propanol side chain was de-
tected; a second spin system sequence evidenced oxygenated
methylene protons (3.88/3.77) which were connected to a meth-
ine proton at dy 3.47. This last proton was also coupled with a
proton signal at 8y 5.57. In addition to '3C NMR assignment, fur-
ther HSQC experiment correlated the proton resonances of agly-
cone, with the relevant carbons indicating a dehydrodiconiferyl
alcohol-type lignan. Significant HMBC correlations were reported
in ©Table 2. The presence of a sugar moiety was deduced from
the anomeric proton signal at y 5.35 (br s) in the 'H NMR spec-
trum. Starting from the anomeric proton signal, the proton reso-
nances were assigned by '"H-'H COSY and TOCSY experiments. On

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828
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Fig.3 Cell lysates were obtained from Calu-6 cells exposed to 10 uM im-
bricatolic acid (IA) for the indicated times A or preincubated with
PD098059 before the stimulation with 10 uM IA for 12 h (B and C). Forty
micrograms of proteins were resolved by electrophoresis on 12 % SDS-PAGE
and transferred to a nitrocellulose membrane. ERKs phosphorylation was
detected by using an anti-phosphoERK antibody (A and B). The arrows in-
dicate the phosphorylated forms of p44MAPK (ERK1-P) and p42MAPK (ERK2-P).
C p21CP1Wafl/sdiT (527 was immunodetected by using a specific antibody.
An anti-tubulin antibody was used as a control of protein loading. Cells were
also exposed to 0.1% DMSO (=) for 12 h. The experiments were performed
in triplicate.

acid hydrolysis with 2N CF3CO,H, 1 afforded rhamnose. The L
configuration of rhamnose was assigned by GC analysis [12].

The connection between the rhamnopyranosyl unit to -3’ of the
aglycone was verified by the cross-peak between 6y 5.35 (H-1")
and §¢ 146.0 (C-3") in the HMBC experiment. HMBC cross-peaks
also revealed the attachment of the methoxyl group at -3 and
the propanol side chain at C-1' position. The stereochemistry be-
tween the hydroxymethyl and the aryl group was suggested to be
trans by the ROESY experiment, by a coupling constant of H-7/H-
8 (J=5.7 Hz) as well as their chemical shifts. An intense ROE was
observed between H-8/H-6" (0y 3.47/6.62) and H-7/H3-9 (0y
5.57/3.88-3.77), H-7/H-6 (6y 5.57/6.94), and H-7/H-2 (dy 5.57/
7.06). Then the structure of juniperoside A 1 was determined to
be 3-methoxy-3'4,9,9"-tetrahydroxy-4',7-epoxy-5',8-lignan-3'-
0-a-L-rhamnopyranoside.

Some labdane-type diterpenes have been shown to inhibit cell
proliferation in several tumor cell lines which express functional
p53 or that do not express p53 [8]. Therefore, we examined the
effect of imbricatolic acid (IA) (2) on cell cycle inhibitory proteins
p21¢ip1/Wafl/sdil - no7Kipl and p16MNK4a as well as on cell cycle ar-
rest, in p53-null human cancer CaLu-6 cells [27]. Cells were incu-
bated with 10 uM IA for increasing times, and Western blot anal-
ysis showed a significant induction of these CKIs in a time-de-
pendent manner with a maximal accumulation occurring after
12 h of treatment (© Fig. 2A). We next evaluated the effect of IA
on the protein level of cyclins. CKI of the Cip/Kip family can mod-

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828
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Fig.4 A Assay of nonradioactive detection of PKC. 1x 107 CalLu-6 cells
were incubated with 10 uM imbricatolic acid (IA) for the indicated times or
with 0.1% DMSO as a control (-). Cell lysates were purified on DEAE cellu-
lose, and PKC assays were performed in triplicate as described in Materials
and Methods. The reactions were stopped by heating to 95 °C for 10 min,
and the samples were separated on a 0.8% agarose gel at 100V for 15 min
and photographed on a transilluminator. B Membranes were purified from
Calu-6 cells stimulated with 10 uM imbricatolic acid (IA) for the indicated
times, and PKC6 was detected by a specific antibody. The same filter was
incubated with anti-EGFR antibody as a control of protein loading. Cells
were also exposed to 0.1% DMSO (-) for 12 h. Data is representative of
three independent experiments. C and D Cellular extract were obtained
from CalLu-6 cells stimulated for 12 h with 10 uM imbricatolic acid in the
presence or absence of rottlerin. C Twenty micrograms of proteins were
subjected to immunoblotting analysis with an anti-phosphoERK antibody
(o-pERK). D Forty micrograms of proteins were electrophoresed on 12%
SDS-PAGE, and the blot was incubated with an anti-p21P1/Wafl/5dit gntibody
(o-p21). The same filters were reprobed with an anti-tubulin antibody. The
experiments were performed in triplicate.

ulate the activities of cyclin D-, E-, and A-CDK complexes [9],
which are involved in G1, G1/S, and S checkpoints, respectively.
Labdane treatment of cells resulted in significant time-regulated
decrease in the expression of cyclin A, D1, and E1 (© Fig. 2B). Fur-
thermore, DNA staining by propidium iodide showed that the ex-
posure to 10 uM IA for 24 h induces the accumulation in G1 phase
(© Fig. 2C). We also analyzed the effects of junicedric acid (4) and
agathadiol (8), which differ from IA for a carboxylic function on
C15 (4) and for a primary alcoholic function on C19 and a double
bond on C13-C14 (8). No effects of the two compounds on cell
cycle at 10 tM were detected (data not shown).

In different cell types, the Ras/MAPK pathway mediates growth
arrest by controlling cell cycle regulatory proteins [28-31]. Fur-
thermore, in p53-null cells the accumulation of p21cip1/Waf1/sdil jg
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Fig.5 A Cells were incubated in complete culture medium containing

10 uM imbricatolic acid or 0.1% DMSO (-) for the indicated times. MTT solu-
tion was added, and formazan crystals were then dissolved and measured at
A540 nm. Four independent experiments were performed. B Cells were in-
cubated with 1 pM or 10 uM imbricatolic acid (IA) for the indicated times in
the presence or absence of 1 uM rottlerin for 1 h. Growing cells were exposed
to 0.1% DMSO as a control. Cells were incubated in a solution containing

50 pg/mL propidium iodide and analyzed by cytofluorimetry. The data are

a consequence of the activation of Ras-ERK pathway [32]. There-
fore, we investigated the molecular mechanisms underlying the
upregulation of p21CiP1/Wafl/sdil by apalyzing the ability of IA to ac-
tivate ERKs. The incubation for increasing times with the labdane
induced a sustained phosphorylation of ERKs (© Fig. 3A) which
was prevented by the MEK inhibitor PD098059 (© Fig.3B). We
also observed that the preincubation with PD098059 prevents
the IA-induced p21¢iP!/Wafl/sdil 3ccumulation (© Fig. 3 C), suggest-
ing that this requires ERKs activation.

PKCJ is generally considered a growth inhibitor that can contrib-
ute to the p53-independent accumulation of p21¢ip1/Wafl/sdil [33
34]. We first investigated the ability of IA to activate PKC in Ca-
Lu-6 cells. © Fig. 4 A shows that PKC activity was detectable after
3 h and was sustained after 24 h of exposure to 10 uM IA. We next
analyzed PKC{ activation by analyzing cellular partitioning of this
isoenzyme [13]. In response to the labdane, PKC§ translocated in-
to the membrane fraction, and a significant increase in the
amount was observed within 3 h of treatment (© Fig. 4B). We al-
so observed that preincubation of CaLu-6 cells with 1 uM rottler-
in, a selective inhibitor of PKC§ enzyme activity [35], caused a sig-
nificant inhibition of IA-induced ERKs activation (© Fig. 4C) and
p21€ip1/Wafl/sdil gccymulation (© Fig.4D). These results strongly
suggest that, in CaLu-6 cells, IA induces PKC§ activation which is
involved in the regulation of ERKs and, in turn, in the accumula-
tion of a specific CKI.

1
Prepidium lodide

representative of at least three separate experiments of identical design.
Cand D Calu-6 cells were exposed to 10 uM imbricatolic acid (IA) for the
indicated times. Fifty micrograms of whole lysates were resolved on 10%
SDS-PAGE and then incubated with specific antibodies against Caspase3 (C)
or PARP1 (D). Cells were also exposed to etoposide as a positive control (PC)
or to 0.1% DMSO (=) for 12 h. An anti-tubulin antibody was used as a control
of protein loading. The experiments were performed in triplicate.

To evaluate the effect of IA on cell viability of human CaLu-6 cells,
we performed an MTT assay. The cells, exposed for different
times with IA, showed a significant time-dependent inhibition
of cell viability (© Fig. 5A), as observed by a 89.8, 53.4, 41.4, 49.8,
and 62.7% decrease after 3, 12, 24, 48, and 72 h, respectively. To
test whether the decrease in cell growth was due to induction of
apoptosis, we performed propidium iodide staining on CaLu-6
cells exposed for different times or concentrations to IA in the
presence or absence of rottlerin. The results showed that the incu-
bation with 1 1M or 10 uM IA for 24, 48, or 72 h (© Fig. 5B, panels
a-e) as well as the incubation with 1 uM rottlerin (© Fig. 5B, pan-
el f), or the pretreatment with rottlerin before IA stimulation for
24 h (O Fig. 5B, panel g) did not induce any significant apoptosis.
Furthermore, we performed Western blot analysis of PARP-1 and
caspase3 by using specific antibodies. © Fig. 5 C shows that IA did
not induce the cleavage of the 32 kDa precursor of caspase3 and,
as a consequence, the 116 kDa PARP1 protein resulted not
cleaved upon IA treatment (© Fig. 5D). Taken together these data
suggest that imbricatolic acid has not an apoptotic effect on CaLu-
6 cells. The same results were obtained on the p53-null PC-3 cell
line (data not shown).

In summary, we found that imbricatolic acid induces cell cycle ar-
rest in CaLu-6 cells. A possible mechanism is: i) the accumulation
of p21Cipt/Wafl/sdil “medjated by PKCS activation and ERKs phos-
phorylation; and ii) the decrease of cyclins A, D1, and E1 levels,

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828



1k:P2: 8 Original Papers

which are considered checkpoints of S, G1, and G1/S phases tran-
sition, respectively. Further studies are in progress to evaluate the
role of p27XiP! and p16™K4a jn the labdane-induced cell cycle ar-
rest.

Acknowledgements

v

MS and NMR spectra were provided by CSIAS, Universita di Na-
poli Federico II, Italy. We are grateful for the financial assistance
provided by the Osservatorio Ambientale Permanente della Bio-
diversita (Convenzione - Colli al Volturno).

Conflict of Interest
v
All authors declare no conflict of interest.

References
1 Kwon HJ, Hong YK, Park C, Choi YH, Yun HJ, Lee EW, Kim BW. Widdrol
induces cell cycle arrest, associated with MCM down-regulation, in hu-
man colon adenocarcinoma cells. Cancer Lett 2010; 290: 96-103
2 Angioni A, Barra A, Russo MT, Coroneo V, Dessi S, Cabras P. Chemical
composition of the essential oils of Juniperus from ripe and unripe ber-
ries and leaves and their antimicrobial activity. ] Agric Food Chem
2003; 51: 3073-3078
3 Filipowicz N, Kaminski M, Kurlenda ], Asztemborska M, Ochocka JR. Anti-
bacterial and antifungal activity of juniper berry oil and its selected
components. Phytother Res 2003; 17: 227-231
4 Nakanishi T, lida N, Inatomi Y, Murata H, Inada A, Murata J, Lang FA, Ii-
numa M, Tanaka T, Sakagami Y. A monoterpene glucoside and three
megastigmane glycosides from Juniperus communis var. depressa.
Chem Pharm Bull 2005; 53: 783-787
5 Martin AM, Queiroz EF, Marston A, Hostettmann K. Labdane diterpenes
from Juniperus communis L. berries. Phytochem Anal 2006; 17: 32-35
6 Innocenti M, Michelozzi M, Giaccherini C, leri F, Vincieri FF, Mulinacci N.
Flavonoids and biflavonoids in Tuscan berries of Juniperus communis
L.: detection and quantitation by HPLC/DAD/ESI/MS. ] Agric Food Chem
2007; 55: 6596-6602
7 Demetzos C, Dimas K. Labdane-type diterpenes: chemistry and biolog-
ical activity. In: Atta-Ur-Rahman, editor. Studies in natural products
chemistry of bioactive natural products, Vol. 25. Oxford: Elsevier Sci-
ence; 2001: 235-292
8 Dimas K, Papadaki M, Tsimplouli C, Hatziantoniou S, Alevizopoulos K,
Pantazis P, Demetzos C. Labd-14-ene-8,13-diol (sclareol) induces cell
cycle arrest and apoptosis in human breast cancer cells and enhances
the activity of anticancer drugs. Biomed Pharmacother 2006; 60:
127-133
9 Sherr (J, Roberts JM. CDK inhibitors: positive and negative regulators of
G1-phase progression. Genes Dev 1999; 13: 1501-1512
10 Besson A, Dowdy SF, Roberts JM. CDK inhibitors: cell cycle regulators
and beyond. Dev Cell 2008; 14: 159-169
11 Kupchan SM, Britton RW, Ziegler MF, Sigel CW. Bruceantin, a new potent
antileukemic simaroubolide from Brucea antidysenterica. ] Org Chem
1973; 38: 178-179
12 Hara S, Okabe H, Mihashi K. Gas-liquid chromatographic separation of
aldose enantiomers as trimethylsilyl ethers of methyl 2-(polyhy-
droxyalkyl)-thiazolidine-4-(R) carboxylates. Chem Pharm Bull 1987;
35:501-506
13 Iaccio A, Collinet C, Montesano Gesualdi N, Ammendola R. Protein kinase
C-alpha and -delta are required for NADPH oxidase activation in
WKYMVm-stimulated IMR90 human fibroblasts. Arch Biochem Bio-
phys 2007; 459: 288-294

De Marino S et al. Imbricatolic Acid from... Planta Med 2011; 77: 1822-1828

14 Romano S, D’Angelillo A, Pacelli R, Staibano S, De Luna E, Bisogni R, Eske-
linen EL, Mascolo M, Cali G, Arra C, Romano MF. Role of FK506-binding
protein 51 in the control of apoptosis of irradiated melanoma cells. Cell
Death Differ 2010; 17: 145-157

15 Fang JM, Chen YC, Wang BW, Cheng YS. Terpenes from hearthwood of
Juniperus chinensis. Phytochemistry 1996; 41: 1361-1365

16 Su WC, Fang JM, Cheng YS. Labdanes from Cryptomeria japonica. Phyto-
chemistry 1994; 37: 1109-1114

17 Garbarino JA, Oyarzun M, Gambaro V. Labdane diterpenes from Arau-
cari araucana. J Nat Prod 1987; 50: 935-936

18 Su WC, Fang JM, Cheng YS. Diterpenoids from leaves of Cryptomeria ja-
ponica. Phytochemistry 1996; 41: 255-261

19 San Feliciano A, Medarde M, Lopez JL, Del Corral M, Puebla P, Barrero AF.
Terpenoids from leaves of Juniperus thurifera. Phytochemistry 1988;
27:2241-2248

20 Hasegawa S, Hirose Y. A diterpene glycoside and lignans from seed of
Thujopsis dolabrata. Phytochemistry 1980; 19: 2479-2481

21 Sakar MK, Er N, Ercil D, Del Olmo E, San Feliciano A. (-)-Desoxypodo-
phyllotoxin and diterpenoids from Juniperus nana Willd. berries. Acta
Pharm Turcica 2002; 44: 213-219

22 Fang JM, Sou YC, Chiu YH, Cheng YS. Diterpenes from the bark of Junipe-
rus chinensis. Phytochemistry 1993; 34: 1581-1584

23 De Pascual TJ, Barrero AF, Muriel L, San Feliciano A, Grande M. New nat-
ural diterpene acids from Juniperus communis. Phytochemistry 1980;
19: 1153-1156

24 Herz W, Watanabe K. Sesquiterpene alcohols and triterpenoids from
Liatris microcephala. Phytochemistry 1983; 22: 1457-1459

25 Estevez-Braun A, Estevez-Reyes R, Gonzalez AG. 1>*C NMR assignments of
some dibenzyl-y-butyrolactone lignans. Phytochemistry 1996; 43:
885-886

26 Kizu H, Shimana H, Tomimori T. Studies on the constituents of Clematis
species. The constituents of Clematis stans SIEB. et ZUCC. Chem Pharm
Bull 1995; 43: 2187-2194

27 Lehman TA, Bennett WP, Metcalf RA, Welsh JA, Ecker ], Modali RV, Ullrich
S, Romano JW, Appella E, Testa JR, Gerwin BI, Harris CC. p53 mutations,
ras mutations, and p53-heat shock 70 protein complexes in human
lung carcinoma cell lines. Cancer Res 1991; 51: 4090-4096

28 Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras
provokes premature cell senescence associated with accumulation of
p53 and p 16INK4a. Cell 1997; 88: 593-602

29 Groth A, Weber JD, Willumsen BM, Sherr CJ, Roussel MF. Oncogenic Ras
induces p 19ARF and growth arrest in mouse embryo fibroblasts lack-
ing p21Cip1 and p27Kip1 without activating cyclin D-dependent ki-
nases. ] Biol Chem 2000; 275: 27473-27480

30 Roper E, Weinberg W, Watt FM, Land H. p 19ARF-independent induc
tion of p53 and cell cycle arrest by Raf in murine keratinocytes. EMBO
Rep 2001; 2: 145-150

31 Olsen CL, Gardie B, Yaswen P, Stampfer MR. Raf-1-induced growth arrest
in human mammary epithelial cells is p 16-independent and is over-
come in immortal cells during conversion. Oncogene 2002; 21: 6328-
6339

32 Esposito F, Cuccovillo F, Vanoni M, Cimino F, Anderson CW, Appella E,
Russo T. Redox-mediated regulation of p21(waf1/cip1) expression in-
volves a post-transcriptional mechanism and activation of the mito-
gen-activated protein kinase pathway. Eur ] Biochem 1997; 245: 730-
737

33 Park JW, Jang MA, Lee YH, Passaniti A, Kwon TK. p 53-independent ele-
vation of p21 expression by PMA results from PKC-mediated mRNA
stabilization. Biochem Biophys Res Commun 2001; 280: 244-280

34 Ryu MS, Lee MS, Hong JW, Hahn TR, Moon E, Lim IK. TIS21/BTG2/PC3 is
expressed through PKC-delta pathway and inhibits binding of cyclin
B1-Cdc2 and its activity, independent of p53 expression. Exp Cell Res
2004; 299: 159-170

35 Sheppard FR, Kelher MR, Moore EE, McLaughlin NJ, Banerjee A, Silliman
CC. Structural organization of the neutrophil NADPH oxidase: phos-
phorylation and translocation during priming and activation. J Leukoc
Biol 2005; 78: 1025-1042



