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RESUM DELS RESULTATS

Els resultats d’aquesta tesi es presenten organitzats en articles:

1. Article n°1

AG490 prevents cell death after exposure of rat astrocytes to hydrogen

peroxide or proinflamatory cytokines: involvement of the Jak2/STAT pathway

Roser Gorina, Valérie Petegnief, Angel Chamorro i Anna M. Planas
Journal of Neurochemistry, 2005; 92: 505-518

En aquest treball es demostra que la via Jak2/Stat1 s’activa en resposta a peroxid
d’hidrogen i citoquines proinflamatories en astrocits, i que esta directament relacionada
amb la mort cel-lular. L’ exposici6 transitoria a peroxid d’hidrogen i I'exposicié perllongada
a IFN-y i a IL-6 redueix la viabilitat cel-lular en cultiu primari d’astrocits a 24h, en canvi el
tractament amb la citoquina antiinflamatoria IL-10 no produeix mort. En aquest treball
s’ha caracteritzat el tipus de mort celllular produida per aquests estimuls utilitzant
diferents métodes de mesura de viabilitat. ElI pretractament amb linhibidor de Jak2
AG490, impedeix la mort cel-lular suggerint que la via Jak2/Stat participa en la mort.

El peroxid d’hidrogen, IL-6 i IFN-y indueixen la fosforilacié de Stat1 en tirosina 701
depenent de Jak2, mentre que la fosforilacié de Stat3 en tirosina 705 té lloc després del
tractament amb perdoxid d’hidrogen, IL-6 i IL-10. La mort cel-lular produida pels
tractaments amb peroxid d’hidrogen, IFN-y i IL-6 correlaciona positivament amb el grau

de fosforilacié de Stat1 en tirosina 701.

2. Article n°2

Exposure of glia to prooxidant agents revealed selective Stat1 activation by
H,0, and Jak2-independent antioxidant features of the Jak2 inhibitor AG490

Roser Gorina, Coral Sanfeliu, Aida Galit6, Angel Messeguer i Anna M. Planas
Glia, 2007; 55: 1313-1324

En aquest treball, els cultius d’astrocits han estat exposats a diferents agents
prooxidants per estudiar I'activacié de la via JAK/STAT en resposta a I'estrés oxidatiu.
S’ha mesurat 'augment dels nivells de espécies reactives d’oxigen (ROS) després dels

tractaments amb peroxid d’hidrogen, sulfat de ferro, nitoprussiat (donador d’oxid nitric) i
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paraquat (donador d’anié superoxid). Aquests agents prooxidants també indueixen
I'oxidacioé de proteines, excepte el donador de NO que produeix nitrosilacié proteica. El
peroxid d’hidrogen, i en menor grau el FeSO,, indueixen la fosforilacié de Stat1, en canvi
el donador de NO i el donador d’anié superoxid no ho fan.

S’ha avaluat els efecte dels antioxidants (trolox, propilgallat i N-acetilcisteina) i
dels inhibidors de Jak2 (AG490 i Jak2-Inhibitor-11) sobre la produccié de ROS i la
fosforilacié de Stat1 en aquests models d’estrés oxidatiu.

Els resultats mostren que el Trolox i el propilgallat redueixen de manera important
els nivells de ROS, en canvi, no inhibeixen la fosforilaci6 de Stat1 induida per perdxid
d’hidrogen. D’altra banda, la N-acetilcisteina no té efecte sobre la formacié de ROS pero
si inhibeix I'activacié de Stat, demostrant que la generacié de ROS i la fosforilacid de
Stat1 sén efectes independents.

Els inhibidors de Jak2 impedeixen la fosforilacié de Stat1 després del tractament
amb H,O,, suggerint que la quinasa Jak2 participa en la fosforilaci6 de Stat1 per
peroxids. En aquest treball es demostra que I'inhibidor de Jak2, AG490 presenta efectes
antioxidant ja que és capag d’inhibir la formacié de ROS i la peroxidacio lipidica. Aquests
efectes son independents de l'inhibicid de Jak2, doncs, en astrocits on s’ha silenciat
I'expressio de Jak2 amb siRNA, I'efecte antioxidant es manté i també s’ha demostrat que
I'altre inhibidor utilitzat, el Jak2-inhibitor-ll no redueix la formacié de ROS.

Finalment, aquest estudi mostra I'especificitat de la senyalitzaci6 induida per peroxid
d’hidrogen i suggereix que aquesta molécula també podria jugar un paper en la

senyalitzacio fisiologica.

3. Article n°3

Atrocytes are very sensitive to develop innate immune responses to short
interfering RNA

Roser Gorina, Tomas Santalucia, Valérie Petegnief, Aroa Ejarque-Ortiz, Josep Saura

i Anna M. Planas

Segona revisi6 a Glia

En aquest treball s’ha estudiat I'induccio de la resposta immune innata activada
pels siRNA en astrocits. Els small interfering RNAs (siRNAs) s’utilitzen ampliament en la
recerca basica per inhibir I'expressié de proteines especificament. En aquest treball es
demostra que diferents siRNAs indueixen efectes inespecifics no desitjats independents

del seu efecte silenciador. En resposta al tractament amb diferents siRNA, s’indueixen
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nivells variables de I'expressié de Stat1 i aquest augment de I'expressié és dependent de
la dosi de siRNA. A part de l'increment de Stat1, altres efectes no especifics, com la
sintesi d’'IL-6 i IL-10, s’observen en cultius glial mixtes i en astrocits purs després del
tractament amb el siRNA. En canvi, en microglia i en la linia cel-lular no glial NIH3T3, tot i
que el silenciament genic i la transfecci6 amb el siRNA sén eficients no es detecta
activacio del sistema immune innat.

En aquest treball es demostra que la modificacié quimica dels siRNA afegint un
grup 2-O-metil en alguns nucleotids inhibeix l'activacié innata sense impedir el
silenciament especific.

Finalment, es demostra que l'activacié de la resposta immune pels siRNA esta
mitjangada per la senyalitzaci6 dels TLRs, i es proposa que TLR3 podria ser el
responsable, ja que els nivells d’expressié de TLR3 s6n més elevats en cultius purs
d’astrocits que en cultius de microglia o en les céllules 3T3. A més a més, es compara
els efectes de I'agonista de TLR3, poly(l:C), amb els efectes inespecifics dels siRNAs, i
s’observa que tots dos indueixen IP-10, Stat1, VCAM-1 i COX-2 i augmenten I'expressio
de TLRS3. Tots aquests resultats en conjunt demostren que els astrocits activen la
resposta immune innata per accié d’alguns siRNA i que Stat1 participa en aquesta

resposta.

4. Article n°4

Signalling pathways mediating inflammmatory responses in brain ischaemia

Anna M. Planas, Roser Gorina i Angel Chamorro
Biochemical Society Transactions, 2006; 34, part 6: 1267-1270

En aquest treball es posa de manifest el paper de les citoquines en la resposta
inflamatoria a la isquémia cerebral, i 'importancia de la via JAK/STAT com efectora de la
resposta cel-lular a citoquines. L’'expressié de citoquines augmenta en el plasma dels
pacients d’ictus i els nivells de determinades citoquines poden tenir valor pronostic.

En el cervell isquémic es produeixen citoquines pro i antiinflamatories. Les
citoquines antiinflamatories, com IL-10, promouen la supervivéncia cel-lular, mentre les
citoquines proinflamatories, com el TNF-a, poden induir mort cel-lular. Perd aixd no
sempre és aixi, I'accié beneficiosa o perjudicial de determinades citoquines depén de
diferents variables com la concentracioé, el moment en el temps i la complexa xarxa de

senyals intracel-lulars que s’activen i interaccionen.
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Cal que existeixi I'equilibri just entre citoquines pro i antiinflamatories, doncs, un
augment de senyals antiinflamatories pot comportar una disminucié de la resposta
immunitaria. La visi6 més recent és que la isquémia cerebral pot comportar un estat

d'immunosupressié que vindria donat per un excés de citoquines antiinflamatories.

En aquest treball es resumeixen els diferents estudis sobre la via de senyalitzacié
JAK/STAT portats a terme en cultius d’astrocits per posar de manifest I'importancia
d’aquesta via en la mort i la supervivéncia cel-lular. En el cervell, 'activacié de Stat1 es
relaciona amb mort cel-lular, mentre que Stat3 podria jugar un paper com a promotor de

la supervivéncia.
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AG490 prevents cell death after exposure of rat astrocytes
to hydrogen peroxide or proinflammatory cytokines: involvement

of the Jak2/STAT pathway

Roser Gorina,* Valérie Petegnief,* Angel Chamorrot and Anna M. Planas*

*Departament de Farmacologia § Toxicologia, IBB-CSIC and

Yinstitut de Malalties Newrologiques, Hospital Clinic, IDIBAPS, Bareelona, Spain

Abstract

Janus kinases/STAT pathway mediates cellular responses
to cerlain oxidative stress stimuli and cylokines. Here we
examine the aclivation of Stat1 and Stai3 in rat astrocyte
cultures and its involvement in cell death. Hy0,, interferon
(INF)=v and interleukin (IL)-6 but not IL-10 caused cell death.
Stat1 was phosphorylated on tyrosine (Tyr)-701 after expo-
sure 1o HoOp, INF-y or IL-6 but not IL-10. Tyr-705 pStat3
was observed after H,O,, IL-6 and IL-10. Also, H:O, in-
duced serine (Ser)-727 phosphorylation of Stat1 but not
Stat3. The degree of Tyr-701 pStat1 by the different treat-
ments positively correlated with the corresponding reduction
of cell viability. AG490, a Jak2 inhibitor, prevented Tyr-701
but not Ser-727, Stat1 phosphorylation. Also, AG490 inhib-

ited Tyr-705 Stat3 phosphorylation induced by H:0. and
IL-6 but did not prevent that induced by IL-10. Further-
more, AG490 conferred strong protection against cell death
induced by INF-y, IL-6 and H.O,. These results suggest that
Jak2/Stat1 activation mediates cell death induced by proin-
flammatory cytokines and peroxides. However, we found
evidence suggesting that AG490 reduces oxidative stress
induced by H.O,, which further shows that H,O, and/or
derived reactive oxygen species directly activate Jak2/Statt,
but masks the actuwal involvement of this pathway in HoOs-
induced cell death.

Keywords: antioxidant, interferon-y, interleukin-6, interleu-
kin-10, Statl1, Stat3.

J. Neurochem. (2005) 92, 505-518.

Inflammation is invelved in the pathogenesis of brain damage
after several insults, such as cerebral ischaemia/reperfusion.
The formation of oxygen free radicals and the release of
proinflammatory cytokines contribute to this effect (Dirnagl
et af. 1999; Chan 2001). Clinical data support a correlation
between the increase in several proinflammatory cytokines in
the circulation and early neurological worsening in ischaemic
stroke (Vila ef al. 2000). Cytokines, by acting on their
membrane receptors, activate various intracellular signalling
pathways. Ligand binding to cytokine receptors induces
activation of kinases of the Janus family (JAK) which is
followed by phosphorylation of the receptor tyrosine (Tyr)
residues (Ihle 1995, 2001; Stahl e al. 1995). These phosphor-
vlated sites entrap cytoplasmic STAT proteins, which are then
directly phosphorylated by the receptor-associated JAKs
(Schindler and Damnell 1995; Leonard and O’Shea 1998;
Imada and Leonard 2000). Phosphorylated proteins of the
STAT family can form homeo- or heterodimers, translocate to
the nucleus, bind to specific consensus DNA sequences and
trigger gene transcription (Damell ef af. 1994; Darnell 1997).

The JAK/STAT pathway transduces signals from the
interleukin (IL)-6 cytokine family (Gerhartz ef al. 1996; Hibi
ef al. 1996; Heinrich ef al. 1998, 2003}). IL-6 binds to the
signal transduction receptor gpl30 and signals via gpl30
homeodimers (Heinrich ef al. 2003). Anchorage of Jakl
to gpl30 triggers Tyr phosphorylation of the kinase (Haan
et al. 2002} and this activation is essential for the subsequent
IL-6-induced signalling process (Guschin ef al. 1995; Rodig
et al. 1998; Heinrich ef al. 2003). Also, the anti-inflammatory

Received June §, 2004; revised manuscript received September 17,
2004; accepted September 20, 2004.

Address correspondence and reprint requests to Dr Anna M. Planas,
Departament de Farmacologia i Toxicologia, IIBB-CSIC, IDIBAPS,
Rossell6 161, planta 6, 08036 Barcelona, Spain.
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Abbreviations wsed. DCF, 2',7'-dichlorofluorescein; 1L, interleukin;
INE, interferon; JAK, Janus kinases; LDH, lactate dehydrogenase; MTT,
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide; OD,
optical density; PBS, phosphate-buffered saline; PI, propidium iodide;
Ser, serine; Tyr, tyrosine.
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cytokine IL-10 (Gerard ef al. 1993; Walmsley ef al. 1996; Vila
et al. 2003}, through binding to the extracellular domain of
IL-10 receptor 1, stimulates Tyr phosphorylation of receptor-
JAK-associated kinases. In tum, Jakl phosphorylates a
specific Tyr residue (Y446} on the intracellular domain of
IL-10 receptor 1, which then acts as a docking site for Stat3
through its Sre homology 2 domain and becomes itself Tyr
phosphorylated by Jakl (Donnelly ef af. 1999). It is now
recognized that activation of this Stat3-dependent signalling
pathway mediates most of the anti-inflammatory properties of
IL-10 (Williams er al. 2004). Stat3 is constitutively expressed
in brain (Planas et al. 1996, 1997a} and its expression is up-
regulated under certain neuropathological conditions (Planas
ef al. 1996; Justicia et al. 2000; Gautron ef al. 2002). Phos-
phorylation of Stat3 on Tyr-705 was reported under inflam-
matory conditions, such as those resulting from autoimmune
encephalomyelitis (Jee et al. 2001) and focal cerebral isch-
aemia (Suzuki et af. 2001; Wen et al. 2001).

The expression of Statl is also induced after cerebral
ischaemia/reperfusion (Planas ef gl 1997b) and evidence
demonstrating a detrimental role of this factor was obtained
in Stat1-deficient mice as they showed smaller infarct volumes
after brain ischaemia (Takagi ef ¢l. 2002). Statl is strongly
activated by interferon (INF)-y (Damell ef al. 1994; Darnell
1998; Ganster ef al. 2001; Ihle 2001). In addition to cytokines,
oxidative stress is a major inducer of STAT protein activation
(Tacchini et al. 2002). However, activation of the JAK/STAT
pathway is restricted to certain oxidative stress stimuli as it is
induced by peroxides but not by other types of reactive oxygen
species, such as superoxide (Simon ef af. 1998). Stat1 and Stat3
are Tyr phosphorylated and translocate to the nucleus in a Jak2-
dependent manner after exposure of rat vascular smooth muscle
cells toH, O, (Madamanchief al. 2001} and exposure of MRCS
human fibroblasts to oxidized low-density lipoprotein (Maziere
et al. 2001).

STAT proteins are recognized as important signalling
molecules in astrocytes mediating cell differentiation
and responses to cytokines and other extracellular signals
(De-Fraja ef al. 1998; Lee et al. 1999; Justicia ef al. 2000;
Dell’ Albani ef al. 2001; Jenab and Quinones-Jenab 2002;
Sriram ef al. 2004). To better understand the role of JAK/
STAT in the cellular responses to cytokines and oxidative
stress in astrocytes, we examine here the action of these
stimuli on STAT activation and cell viability and the effect of
Jak?2 inhibition on these parameters. Our results show that the
Jak?2/Stat]l pathway mediates astrocyte cell death after
exposure to pro-inflammatory cytokines or peroxides.

Materials and methods

Astrocyte cell culture preparation
Glial cell cultures enriched in astrocytes were prepared from the
cerebral cortex of 1- to 2-day-cld Sprague-Dawley rats as described

previously (Juurlink et al. 1992), with slight modifications as
described by Fauconneau ef af. (2002). All products and reagents,
unless otherwise stated, were from Sigma (St Louis, MO, USA).
Cells were plated in 20 flasks (25 cm® TPP, Techno Plastic
Products, Trasadingen, Switzetland) or 96-well plates (NUNC,
Roskilde, Denmark) and maintained in Dulbecco’s medified Eagle’s
medium supplemented with 20% foetal bovine serum (Gibco-BRL,
Invitrogen, Paisley, UK) and 4 mL/L of a mixture of penicillin/
streptomyein (10 000 U/10 000 pg/ml; Gibee-BRL) at 37°C in a
humidified atmosphere of 3% CO./93% air. The culture medinm
was changed twice a week with the incubation medium supple-
mented with 10% and then 7% foetal bovine serum. After 1 weele
the flasks were shaken at 200 rp.m. for 2 h to dislodge microglia.
The medinm was immediately removed and replaced with a fresh
medium containing 7% foetal bovine serum. The medium was then
used up to confluence with 7% foetal bovine serum. Unless
otherwise stated, all products and reagents were from Sigma.

Secondary astrocyte cultures were prepared from rat primary glial
cultures as previously described (Aloisi er af. 1997) to obtain
cultures more enriched in astrecytes. Cultures at 10—12 days in vifro
were shaken for 2h at 200 rpm. to detach microglia and
oligodendrocytes growing on top of the astrocytic laver. The
remaining adherent cells were detached with trypsin (0.05%YEDTA
(0.2 mny and the resulting cell suspension was left at room
temperature (20°C) in uncoated dishes to allow adherence of
microglia to the plastic surface. After 20 min, the supernatant fluids
containing the nen-adherent or loesely adherent cells were collected
and centrifuged; the cells were resuspended in fresh medinm and
reseeded on flasks.

Experimental design and treatments

Glial cell cultures enriched in astrocytes were exposed to different
concentrations of H-O» for 1 h and cell death was assessed 24 h
later by the 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyl tetrazolium
bremide (MTT) method, lactate dehydrogenase (LDH) assay and
propidium iedide (PI) staining (see below). In further experiments
we chese to use 300 puv Hy0,, which caused more than 50% cell
death. Studies of STAT phosphorylation were carried out at several
times after 1 h transient exposure to 300 um H,0,. Cells were
treated with tyrphostin AG490 (Calbicchem, San Diego, CA, USA),
an inhibitor of Jak2 (Meydan e af. 1996), 30 min before 300 pm
H,0; for 1 h and in controls. AG490 was disselved in dimethyl-
sulfoxide to a final concentration of 0.1%. All reactions with AG4%0
were kept in the dark to avoid inactivation of the drug. The effects of
AG490 (0.03-30 unmy on cell viability were evaluated 24 h after
H,0, exposure. The effect of AG490 (30 uny on STAT phosphory-
lation was examined 30 min after 1 h exposure to H,O;.

In other experiments cells were exposed to either 0.5-5 ng/ml.
recombinant INF-y (R and I Systems, Abingdon, Oxen, UK), 1-
100 ng/mL recombinant IL-6 (Biosource International Inc., Cama-
rille, CA, USA) or 10-150 ng/ml. recombinant I1.-10 (Bicsource
International} or the corresponding vehicles and STAT phosphory-
lation and cell death were examined at 30 min and 24 h,
respectively. The vehicle for INF-v was the medium and that for
IL-6 and IL-10 was phosphate-buffered saline (PBS) containing
0.1% bovine serum albumin. The effect of 30 um AG490, which
was given 10 min before dmg exposure, on STAT phosphorylation
and cell viability was tested at 30 min and at 24 h, respectively.

© 2005 International Society for Neurochemistry, J. Neurochem. (2003) 92, 505-518
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Protein expression

Cells were harvested to study the phosphorylation of Statl and Stat3
in the different treatment groups by western blot. Cell cultures were
homogenized in radic immunoprecipitation assay buffer containing
sodium dodecyl sulphate (0.1%), sodium deoxycholate (0.5%), the
non-ionic detergent Igepal (1%) and a protease inhibitor cocktail
(Complete; Boehringer Mannheim, Mannheim, Germany} in 0.01 M
PBS. The protein concentration of the samples was determined with
the Bradford assay (Bio-Rad, Hercules, CA, USA). Thirty ug of
protein were mixed with loading buffer containing dithiothreitol,
denatured at 100°C for 5 min and loaded in 10% polyacrylamide gel
for electrophoresis. Samples were run together with pre-stained
molecular weight markers (Bio-Rad). After sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis gels were transferred to a
polyvinylidene diflnoride membrane (Immobilon-P; Millipore Cor-
poration, Bedford, MA, USA) and incubated overnight at 4°C with
either mouse monoclonal antibodies against p-Tyr’™® Stat3 (diluted
1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Statl
(diluted 1 : 1000; Transduction Laboratories, BD Biocsciences,
Madrid, Spain} or f-tubulin (diluted 1 : 10 000; Sigma} or rabbit
polyclonal antibodies against Stat3 (diluted | : 2000; K15; Santa
Cruz Biotechnology), p-Tyr’"' Statl (diluted 1 : 500; Upstate,
Milten Keynes, UK), p-Ser’”” Statl (diluted 1 : 1000; Cell Signal-
ling Technology, Beverly, MA, USA) or p-Ser’”’ Stat3 (diluted
1 : 500; Upstate). On the following day membranes were incubated
for 1 h with Ig peroxidase-linked secondary antibedies (1 : 2000,
Amersham, Madrid, Spain). The reaction was visualized using a
chemiluminescence detection system based on the luminol reaction.
Each membrane was first used to study the phosphorylated proteins
and then it was reprobed with the corresponding antibody against
either total Statl or Stat3 or f-tubulin as a protein leading control.
The optical density (OD) of the bands was measured by densitometric
analysis (Kodak Digital Science 1D; Kodak, Rochester, USA). The
ratio between the measure of band intensity of the phosphorylated
protein and the corresponding value for the loading control was
calculated to correct for differences in protein gel loading. Values
were expressed as the percentage of control.

Trypan blue dye exclusion assay

We estirnated the total number of cells and the percentage of dead
cells 24 h after the lesien by trypan blue dye exclusion assay, as
reported by Fauconneau ef af. (2002). Stained (taken as dead) and
viable non-stained cells were counted in a haemecytemeter. Mean
values for each treatment group were cbtamed from four to six
samples obtained in two te four independent experiments.

Caspase 3 activity

Activation of caspase 3 was determined using the CaspaTag™ kit
(Intergen Co., Purchase, NY, USA), as previously reperted by
Fauconneau et al. (2002}, at 24 h after 1 h exposure to 300 pn
H,0,. Disscciated astrocytes were incubated with a carboxy-
fluorescein analogue of benzyloxycarbenyl-aspartyl-glutamylvaly-
laspartic acid flueromethyl ketone. This is a potent inhibitor of
caspase 3 and caspase 3-like caspases. Carboxy-fluorescein-benzyl-
oxycarbonyl-aspartyl-glutamylvalylaspartic acid fluoromethyl ke-
tone enters the cell and irreversibly binds to active caspase 3. After
incubation, astrocytes were fixed and analysed in a flow cytometer
(Epics X1 flow cytometer, Coulter Corporation, Hialeah, F1., USA}).

Jak2 activation mediates astrocyte cell death 507

Release of lactate dehydrogenase

Cell death was assessed 24 h after the lesions by measuring the
activity of LDH released in the medium, according to a modification
of the method of Wroblewski and LaDue (1955). Briefly, the
decrease in (.75 mnv NADH absorbance at 340 nm was followed in
phosphate buffer (50 mwv, pH 7.4) in the presence of 4.2 mm
pyruvic acid as the substrate.

3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide

assay

Cell viability was assessed with the MTT assay for measuring
cytotoxicity (Hansen ef al. 1989). Viable cells with active mito-
chondria reduce the vellow tetrazolium salt MTT giving dark blue
water-insoluble formazan crystals. To perform the assay, MTT was
dissolved at a concentration of 3 mg/mL in PBS, sterilized by
filtration and stored at 4°C for up to 1 month, protected from light,
and tightly capped. The extraction selution te lyse cells and dissolve
the crystals was prepared with 20% sodium dodecyl sulphate
digselved in NN-dimethyl formamide/water (1 : 1), pH 4.7
Twenty-four hours after the lesion, control and treated cells were
washed twice with PBS and the MTT selution was then added to 96-
well plates (10 pl. per well) and the plates were returned to an
incubator. After 2 h, mcubation was terminated by adding extraction
gelution (100 pl. per well) and plates were tightly wrapped with
Parafilm to avoid evaporation and incubated overnight at 37°C. OD
was measured at 570 nm using the extraction solution as a blank.
Results were calculated as follows: percent of MTT reduction =

[(OD — ODgy(OD, — ODy)] x 100, where OD, is the mean of the
control wells and OT)q the mean of the control wells without added
MTT for each plate.

Propidium iodide staining

Propidium iodide staining was used to microscopically identify the
presence of dead cells in fresh (non-fixed) cultures. PI enters cells
with damaged membranes and greatly increases its fluorescence by
binding to nucleic acids. Pl was added to the cultures at a final
concentration of 15 pg/mL and was incubated for 30 min. Cells
were then washed with warmn PBS and the cultures were
immediately observed under an inverted fluorescence microscope.
The value corresponding to total cell death (F),...) was obtained after
exposure to 0.02% Triton-X100. Values for the different treatment
groups (F}y were expressed as: (F — Fon)V(Frpax — Fmin) X 100
Fruin corresponds to the mean value in the control group.

Production of reactive oxygen species

Oxidation of 2',7'-dichlorofluorescein diacetate to fluorescent
2.7’ -dichlorofluorescein (DCTF) is taken as an index of overall
oxidative stress in biological systems (LeBel etal 1992}
Astrocytes growing at confluence in 96-well cell plates were
incubated for 20 min with 2/, 7'-dichloroflucrescein diacetate
{10 unm) in HEPES-buffered saline solution. After this time, the
2,7’ -dichlorofluorescein diacetate was washed with the buffer and
changed to fresh HEPES buffer and either 30 pv AG490 or
vehicle (as above) was immediately added to the wells, followed
30 min later by the addition of either 300 pv H.05 or 0.5-50 ng/
ml. INF-y. One hour later DCF fluorescence was measured in a
fluorimeter (Cytefluor™ 2350, Millipore) with 485 and 530-nm
emission filters.

© 2003 International Society for Neurochemistry, J. Neurochem. (2005) 92, 505-518
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Statistical analyses

Comparisons between treatments were made with one-way asova
followed by post-hoc analysis with Bonferroni’s multiple compar-
is0ns test.

Results

Exposure to H,(); causes cell death and induces Statl
and Stat3 phosphorylation

Aslrocytes were transiently exposed to different concentra-
tions of Ha05 mnging from 50 to 1200 pm for | h and eell
death was evaluated 24 h later by means of the MTT
(Fig. 1a), PI (Fig. Ib) and LDH assays (Fig. 1¢). In accord-
ance with these data, in further experiments we chose o use a
concentration of 300 ps Ha0h- which, in relation to controls,
caused an 85% reduction of MTT values (Fig. 1a), around a
40% increase in Pl staining (Fig. 1) and o fivefold increase
in LDH release (Fig. lc).
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Fig. 1 H:Q3 promoles cell death in primary astrocyte cullures and
induces STAT phosphorylation, Concentralion—fesponse curves at
24 h after 1 h H;O; exposure. (a) 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphonyl letrazolium bromide (MTT) assay of coll viability. Data worne
fitted to a sigmaidal dose-response curve by means of non-linear
regression analyses [ = 0.98). (b) Propidium iodide (Pl) staining
axpressed as the parcentage of total cell death (as induced by
exposure to Triton X-100, see Materials and methods). Data were
fitted to a sigmoidal dose-response curve as above (F = 0.74). (c)
Call death assassmani by lactate dehydrogenase (LDH) releasa.
Data were litted lo a sigmoidal dose—response curve (7 = 0.77). (d)
Time course of Statl phosphorylation after transient exposure 1o

Phosphorylation of STAT proteins was examined al differ-
ent time points after HaO. exposure. Statl and Statd were
rapidly and ransiently phosphorylated on Tyr residues 701 and
T05, respectively, after 1 h exposure to 300 psv H2Oy, as the
signal was very intense at 30 min but decreased by 90 min
(Figs Id and e). We chose to carry out further studies on the
phosphorylation of STAT proteins at 30 min after 1 h exposure
w HyO. when Tyr residues were highly phosphorylated
{Figs Id and ¢). Ha0; also induced phosphorylation of Stat | at
residue serine (Ser)-727, which also peaked at 30 min
(Fig. 1f). This was not accompanied by significant Ser-727
phosphorylation of Stat3 (Fig. 1g).

AGA90 prevents tyrosine STAT phosphorylation and
protects astrocytes from H,Os-induced cell death

We treated the cells with the Jak2 inhibitor AG490 (30 pw)
30 min hefore N0y exposure. This drug prevented 1Ha0-
induced Tyr phosphorylation of Statl (Fig. 2a) and Stat3

fe77 - T
i
P« ks

300 pwm HzO: for 1 he Rapid, intense and transient tyrosine (Tyr)-701
Statt phosphonylation is detected at 30 min and decreases at
90 min. Image analysis of optical density in the western blot mem-
branes shows a significant increase in band intensity at 30 mn {one-
way asova by time Fs 4 = 10,04, p < 0.002). Data of image analysis
are expressed as percentage of control, {g) Tyr-705 Slal3 phos-
phorylation fallowed a similar tamparal pattarn fo that of Statd Tyr-
705 phosphorylation, with & significant increase in band intensity at
A0 min (Feq = 7.8, p < 0.08), () Serine (Ser)-737 Statl phosphory-
lation peaks at 30 min (g), while no induction of Statd phosphoryia-
lion on senne residee 727 15 apparent. “"p < .01 and “p < 0.05 vs.
control; #p < 0.05 va. 30 min.
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Fig. 2 AG490 reduces HOp-induced Statl and Siatd phosphoryla-
tien., Primary culturas of astrocytes ware traated with 30 pm AG480
30 min before 1 h exposure to 300 pw HaOs and 30 min later cells
were collected 1o study STAT phosphorylation. (a) Tyrosine (Tyrk-701
Stat1 phospharylation induced by Ha0- (p < 0.001) is prevanted by
AGA90 (p < 0.001) (one-way asova, Faqg = 6.08, p = 0.005). (b) Tyr-
705 Stat3 phosphorylation inducad by Ha0. (p < 0.01) is praventad by
AG490 (p < 0.01) [one-way awova; Fyg -~ 15.15, p < 0.001). (c) Ser-
ine (Ser)-727 Stat1 phosphorylation induced by HaOx (p = 0.01) is not
significantly reduced by AGA%0 and band intensity values ramain
higher than control in the presence of AG490 (p - 0.05) (one-way
anova, Fiyqq = 14,04, o« 0.0004), (d) Sor-727 Statd phosphorylation
ie not significantly Increased by HaO0» and Is not affected by AG450,
Results are the mean of three lo five independent experiments.
“Comparnison vs. control; ¥ comparison ws. HyOyp. One symbal indi-
cates p < 0.05 and two symbols indicate p < 0.01,

{Fig. 2b) but did not significantly reduce the phosphorylation
of the Ser-727 residue of Stat] (Fig. 2¢) and did not affect
Ser-727 Stad phosphorylation (Fig. 2d).

We studied the effect of various concentrations of AG490
{ranging from 30 na to 30 pw) on the cell death induced by
H:C: in astrocytes. This agemt effectively improved cell
viahility as revealed by the MTT assay (p < 0.001) (Fig. 3a),
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Fig. 3 The Jak2 inhibitor AG490 prevents HaOx-induced cell death in
astrocyles. (a) AG420 (30 min before HyDs) prevenis HyOs-induced
cell death in a concentration-dependont mannas, a5 assessed wilth the
3[4 5-dimathylthiazal-2-yl}-2 5-diphanyl tetrazolium bromida (MTT)
assay at 24 h. Statistical analysis shows significant differences be-
tween gQroups (ONe-way ANOve Fyoee = B46.6, p < 0.0001), (b} Cell
death, as assessed at 24 h with propidium ladida (PI) staining assay,
increases atter HeOy and is reduced by AG430, Total cell death was
datermined by exposing the cells to Triten-X100 (see Materials and
matheds). (¢) 30 pw AG480 pravents HaOs-induced lactate dehy-
drogenase (LDH) release at 24 h (one-way asova: Fygs = 21.72,
e 0.0001), (d) 30 e AG4E0 pravents HaOyp-induced reduction of live
cells az aszessed by the trypan blue dye exclusion assay (ona-way
e Fyze = 168,25, p= 0.0001), (g) H:Oz-mduced caspase 3 acti-
vation at 24 h (p < 0.001) is no longer saen in cells pre-treated with
30 pum AGAS0 (p < 0.01) (cne-way anova; Fygq - 8.54, p = 0.0033).
pe 0,001 and *p < 0,00 vs_ control; #8#p < 0.001 and ##p < 0.01
vE. Ha0..

in which a significant protective effect against 300 v H.0--
imduced MTT reduction was already observed from 30 ny o
30 pa, and by the Pl assay using 400 ps HaO» (Fig. 3b), in
which again significant protection was seen from concentra-
tons of 3-30 puv AG490, A concentration of 30 usv AG490
pave full protection against HaOs in the MTT and Pl assays
{Figs 3a and b). We then assessed H.Os-induced cell death
and the protective effect of 30 pv AG490 by other
procedures, including measures of LDH release (Fig. 3c¢)
by counting the number of live cells with the trypan blue dye
exclusion assay (Fig. 3d), AG490 showed a protective effect
against peroxides in all of the assays (Fig. 3). We previously
showed that H,04 induces activation of the apoptotic enzyme
caspase 3 in astrocytes (Fauconneau er af. 2002). Here we
found that HyOz-induced caspase 3 activation was prevented
by AG490 (Fig. 3e).
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Primary cultures of astrocytes normally contain some
contamination by other glial cells. We carried out secondary
cultures of astrocytes (see Materials and methods), which are
further enriched in asrrocytes in order 1o venfy thar the
responses that we found were located in astrocytes. H,O,
also induced Tyr-T01 Statl (Fig. 4a) and Tyr-705 Stat3
(Fig. 4b) phosphorylations in these purified astrocyte cul-
tures and this was prevented by pre-treatment with 30 pm
AG490 (Figs 4a and b). Here again we observed a strong
(p= 0.001) protective effect of AG490 against H,0,-
induced astrocyte cell demth (p < 0.001) (Fig. 4¢). This
expeniment demonstrates that STAT phosphorylations and
cell death after exposure to H20, took place in astrocytes,
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Fig. 4 Purified secondary culturas of astrocyies show a similar
response to HzDs exposure as primary cultures. Secondary cullures of
astrocytes essantially behave like the primany cullures domonstrating
that the responsas axamined hara in the primary astroglia cultures ara
gltributable to asirocyles. (a and b) 1 h exposure 1o 300 puw HzO-
induced tyrosine (Tyr) phosphorylation of Statt and Stal2 at 30 min
and thesa affacts ware prevanted by pre-treatmeant with 30 je AG490.
Statistical analyses {one-way anova by treatment) of pStatl band
intensity showed (Fo 5 = 18,46, p < 0.02) that the increase in Tyr-701
Stat1 phesphorylation (post-hoc Bonferronl multiple comparizan tast;
"p=008) s significanily reduced by AGE90 (Bonferroni  test;
g < 0.05). Likewise, a sialistically significant increase (Fo s = 10.7,
= 0.05) is found for Tyr-705 pStat3 induced by HyO5 (Bonferrom
test; **p < 0,01), which again is prevenied by AGA00 (#8p < 0.01). ()
Stisdies of call viability with tha trypan blue dye exclusion assay at 24 h
after 1 h exposure o 300 um HyOs showed a significant (one-way
anova; Fyqp = 44,15, p = 0,0001) reduction in the number of live calls
in retation to controls (Bonfermand test; ***p < 0.001). This effect was
sirongly attenuated by 30 v AG420 (Bonferroni test; #idp < 0.001).

Interferon-y induces Statl phosphorylation and causes
cell death which is prevented by AG490

A 30-min cxposure to 0.5-5 ng/mL INF-y induced a
strong Tyr-701 Statl phosphorylation (Fig. 3a) but caused
no major Tyr-703 phosphorylation of Star3 (Fig. 53b) and
we did not deteet an increase in STAT Ser phosphoryla-
tions (Fig, e and Bf), AG490 (30 pw; applied 10 min
before 0.5 ng/mL INF-y) prevented Tyr phosphorylation of
Statl (Fig. 5a). We exposed astrocyte cultures to several
concentrations of INF-y (ranging from 0.5 to 5 ng/mL)
and cell death was assessed at 24 h with the trypan blue
dye exclusion assay. INF-y significantly  (p < 0.05)
reduced the number of live cells in a concentration-
dependent manner (Fig. 5¢). AG490 {30 pwm) protected
i < 0.05) astrocytes against cell death induced by INF-y
(0.5 ng/mL; p =< 0.05) in relation to controls, as assessed
by the rypan blue dye exclusion assay (Fig. 5d).

Interleukin-6 induces Statl and Stat3 phosphorylation
and causes cell death which is prevented by AG490
Cells were exposed to several concentrations of 1L-6
ranging from | 1w 100 ng/mL. Significant Tyr-705 Srat3
and Tyr-T0O1 Statl phosphorylations were detected at a
concentration of 100 ng/mL after 30 min exposure (Figs 6a
and b). Tyr-705 Stat3 phosphorylation was also detected
after 10 min exposure to 100 ng/mL [L-6 (not shown). No
effect of IL-6 on Ser phosphorylation of Statl or Star3 was
detected (Fig. 8¢ and 81} Tyr phosphorylation of Stat3 and
Siatl was prevented by 30 pa AGA90 (applied 10 min
before IL-6) (Figs 6a and b). Exposure of astrocytes to
100 ng/mL [L-6 for 24 h caused some loxicity as assessed
with the trypan blue dye exclusion assay, which showed
around a 30% reduction in the number of live cells
(p < 0.000) (Fig. 6c). Again, IL-f-induced cell death was
prevented by 30 pwm AGAN (p < (LOT1) (Fig. 6c).

Interleukin-10 induces Stat3 but not Statl
phosphorylation and does not cause cell death
Interleukin-10 (10-100 ng/mL) induced Tyr-705 phosphory-
lation of Stat3 (Fig. 7a) at 30 min but phosphorylation of
Statl on residue Tyr-701 was not detected at the doses wested
here (up w150 ng/ml) (Fig. 7b), Likewise, we did not
detect Ser phosphorylations under the present conditions
(Figs 8e and f). Pre-treatment with 30 pyv AG490 10 min
before [L-10 exposure did not prevent Tyr-705 Stald
phosphorylation (Fig. 7a), thus demonstrating that Jak2 did
not mediate it. In order to discover whether Stat3 phos-
phorylation was at all associated with cell death afler
exposure to [L-10, astrocyte cultures were exposed to
concentrations of 1L-10 ranging from 10 1w 100 ng/mL for
24 h and cell death was evaluated with the trypan blue dye
exclusion assay (IFig. 7c) and LD release (Fig. 7d). No
effect of IL-10 on cell viability was detected with these
procedures (Figs Te and d).
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Fig. 5 Interderon (INF)-y nduces Stall phosphosylation and causos
cell death in astrocytes, which is prevented by AG490. (a}) Phos-
phorylation of Statl is induced by INF-y in & concentration-
dependant mannar (lanas 2-4) in relaticn to controls (lanes 1 and
B). Stall pheosphorylation (lane 7) is abolished by pre-treaiment
{10 min before INF-¢) with 30 v AGA90 (lane &), Exposure to HuOp
is used as a positive control (lane 5). Measures of band intensity
(n=3-4 samples per group) show statistically significant differ-
ences between groups (awova; Fase = 7.86, p< 0.006) with an in-
crease after INF-v ("p<0.01), which is reduced by AGA30
{p < 0.05), {b) Compared with Stat1, only minor phosphaongtation of
S5tatd k= chservad aftear INF-y and dala analysis shows that differ-
ences agams! contrels did not reach statistical significance, () Cells
wara axposad to various concantrations of INF-y and tha numbar of

Comparative levels of STAT phosphorylation induced by
H:0y, interferon-y, interleukin-6 and interleukin-10

The different experimental conditions used here could be
ranked according to their ability to phosphorylate STAT
proteins and to their toxicity. For STAT protein phosphory-
lation the effect of oxidative stress derived from peroxides
was examined at 30 min after | h exposure to 300 ps Ha04
and the effect of cytokines was examined after 30 min
exposure to either INF-y (0.5 ng/mL), IL-6 (100 ng/mL) or
IL-10 (100 ng'mL}. Cell viability, as assessed with the trypan
blue dye exclusion assay, was studied ot 24 h alter 1 h
exposure to Ha0» or after 24 h exposure to the eytokines at
the same doses as above. HxO; was the largest inducer of
Tyr-701 Statl phosphorylation followed by INF-y and IL-6,
while 1L-10 did not show a noticesble effect in relation o
contral (Fig. 8a). The extent of Tyr-701 Statl phosphoryla-
tion was related to the extent of cell death by examining the

Juk2 setivattion mediaies astrocyie ooll death 311
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v oolls was assessod at 24 h by means of the rypan bluo dye
exclugion assay. The concantration-response curve was fitled 1o a
one-phase exponential decay equation (Graphpad softwara); the
aoodness of the fit was assessed by A = 083, INF-y significantly
{one-way asova: Fayz ~ 575 p - 0.011) reduces the number of
live cells. Post-hoc analysis reveals a significant effect at concen-
trations of 0.5 ng/mL ("p < 0.05), 2 ng/mL (*"*p < 0.001) and 5 ng/
mL ("p=0.05). (d) AG420 (30 pm) prevents the reduction of the
number of cells induced by 0.5ng/mL INF-y (one-way ancva;
Fzp ~ B.23; p<0.01). Post-hoc analysis showed a significant re-
duction in the numbear of live cells by INF-y in relation to controls
{"p =005 and a complete prevantion of this effect by AG480
(#p = 0,08). Tyr. Tyrosine.

correlation between the measure of Tyr-701 pStat] (band
imtensity) and the reduction of cell viability mduced by
exposure to these agents, A negative correlation was found
hetween the induetion of Tyr-T01 Stal phosphorylation and
cell viability (Fig. 8b), thus suggesting that activation of
Statl was associated with cell death. The largest inducer of
Tyr-705 Statd phosphorylation was apain H,0» treatment
followed by IL-10 and 1L-6, whereas the effect of INF-y was
very small (Fig. 8e). Comparison of the level of Tyr-T05
phosphorylation with the corresponding cell viability after
the different treatments illustrated that the extent of Statd
phosphorylation was not clearly associated with cell death
(Fig. 8d). Indeed, 24 h weatment with 0.5 ng/mL INF-y
caused a similar reduction in cell viability as 24 h exposure
to 100 ng/mL [L-6 in spite of the fact that significant
induction of Tyr-705 Siaid phosphorylation was only detec-
ted after IL-6 but not after INF-y. Also, 100 ng/mL IL-10
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Fig. 6 IL-8 inducos Stat1 and Stal3 phosphorylation and causes coll
death in astrocytas, which is prevented by AG480. (a) Tyrosing
phosphorylaticn of Stal3 was examined aller 30 min exposure o
varous doses of I1L-8 (1 1o 100 ng/mi) (lanes 2-4,8), and the effect of
30w AGASD (given 10 min pror to IL-6) wae tested (lane 7).
100 ng/mL IL-& significantly increases (anova: Fgae — 2,96 p =< 0.02)
Tyr-705 Stal3d phosphorylation in refation 1o controls (lanes 1,5)
{**p = 0.01). This affect is abolished by AGAS0 (lana 7) (#p < 0.05),
which alone has no elfect (lane B). (b) Tyrosine phosphorylation of
Stall was sludied in controls (ane 1) and after IL-8 exposure (lanes
2-4) under the same conditions as in (&), 100 ng/mlL IL-6 cause a

induced o similar level of Stat3 phosphorylation as
100 ng/mL IL-6 while the reduction in cell viability was
only detected after 24 h exposure 1o 1L-6 but not 1o IL-10.
Ser-727 Statl phosphorylation was only detected after H.O,
treatment (Fig. 8c) and this might promote Statl activity
induced by Tyr-TO1 phosphorylation after this treatment.
Basal levels of Ser-727 Statd phosphorylation remained
unaffected by these treatments (Fig. 8f), sugpesting that this
was not involved in the activation of Stat3 induced by H.0,
or cerain eytokines. Allogether, this experiment supports the
view that phosphorylation of Statl on residue Tyr-T01 15
associated with cell death.

Production of reactive oxygen species

In order to discover whether peroxides could comtribute 1o the
reported actions of eviokines on STAT phosphorylation we
examined the production of reactive oxygen species by
measuring the conversion of 2.7 -dichlorofluorescein diace-
tate to fluorescent DCF {see Materials and methods). Exposure

OOV ACEED  ACN

T8 [l }

Wl (030 el LA

significant ncrease (e < 0.01) of Tyr-707 Stat phosphorylation, and
this s preventad by AG480 (lane 5) (#p < 0.05) (one-way anova:
Fisag — 2.95 p < 0.05). AG490 alone has no effect (lane 6). (c) Cells
weng exposed IL-8 (100 ng/ml) and the nember of live colls was
assessed at 24 h with tha trypan blue dye exclusion assay. IL-G
reduces the numbar of live cells, an affect that iz prevented by AG430
(30 ps) (one-way anvova; Fiz g, = 26.27; p = 0,002). Posl-hoc analysis
(Bonfarrani's tesl) shows a sifgnificant reduction of live calls by IL-6 in
relaticn to contrels (***p < 0.001), and prevention of this effect by
AGAT0 (#4p < 0.01).

of astrocytes to HyO. coused a 3.5-fold increase in DCF
fluorescence [mean + 50 3158 + 388 Auorescence units (FL)|
in relation to controls (mean £ S0990 £ 153 FU)(n = 10 per
group; f-test, p < 0.001). In contrast, exposure o several
concentrations of INF-7 did not cause changes in relation to
control values, Mean £ 5D DCF measured fluorescence values
(n = 6 per group) were: control, 793 + 139 ng/mL; 50 ng/mL
INF-y, 669 % 106 ng/mL; 5 ng/ml.  INF-y, 766 + 294
ng/mL; 0.5 ng/mL INF-v, 597 + 164 ng/mL. This shows that
INF-v did not increase the cellular production of peroxides and
therefore that peroxides did not contribute to the STAT
phosphorylation induced by INF-y,

We then tested whether AG-490 had any ¢ffect on Ha04-
mediated DCF production. In spite of the fact that, to our
knowledge, any antioxidant effects of AG-490 were not
previously reported, we observed that this drug prevented the
increase of DCF finorescence by Ha()da Mean L50 (n = 10
per group) DCF Auorescence values by HaOs (v = 10)
decreased  around  sixfold in the presence of AG-490
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Fig. T Interleukin (IL}-10 induces Jak2-independent Siatd tyrosine
(Tyr) phosphorylation, which is not accompanied by Statl Tyr phos-
pharylation and doas not causa cell death in astracytas, {a) IL-10 {10=
100 ng/mL) (larves 2—4) induces Tyr-705 Stald phosphorylation 30 min
after exposure in relation to untreated controls (lane 1), IL-10-induced
Statd activation (lana B) iz not pravented by 30 uw AG480 (lana 9),
which was applied 10 min before IL-10, Statistical analysis of band
intensity data shows significant differences between groups (Fis
427, p<0.0014), with an increase in Stald phosphordation by
100 ng/ml IL-10 above control values (p < 0.01), which rermeam higher
than contral {p < 0.05) in the presence of AG490. (b) IL-10 (100—
150 ng/mlL) does not induce significant Tyr-701 Siat! phosphorylation
{lanes 3-7) m relation o controls (lanes 1, 2 and 9), AGA%) does nol
appear fo affect this parameter, bath in combination with IL-10 {lanes 6

(433 = 49 ng/mL; n = 10; p < 0.001). This suggests that
AG490 might exert some antioxidant effeet against the
oxidative siress cansed by Ha0)s in astrocyies,

Discussion

Astrocyle viabilily was compromised by transienl exposure
to Ha0)y and by prolonged exposure to INF-7 or [L-6. We
found that, under these conditions, astrocyte cell death was
prevented by the Jak2 inhibitor AG490 (Meydan ef ol
1996), thus strongly suggesting that cell death was mediated
through activation of the Jak2/Stat]l pathway., Cytokines
trigger activalion of Statl and/or Stal3 mediated by various
JAKs. lak2 activates Statl, as for instance i primary
astroglial cell cultures after treatment with [FN-v and LPS
(Dell’Albam ef af. 2001), and Stal3, as scen in myeloma
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and 7) or alone (lane 8). Tyr-701 Stall phosphorylation after H:Os
{lane 10} is shown as a positive control. (o) Cells ware exposed to
varous concentrations of IL-10 ranging fram 10 to 100 ng'mL or to
300 puwm H:O5 as a positive control and the number ol live cells was
assessad a1 24 h by means of the trypan blue dye exclusion assay, Mo
differences ara found alter IL-10 exposura in relation o controls, while
H. Oz significantly (Bonlermoni tesl; "p < 0.05) reduces the number of
live calls (anova; Fy s = BT, p< 0.001), (d) Lactate debydrogenase
{LDH) ralease was measured at 24 h after axposura {o various con-
centrations of IL-10 or 300 v HzO%. IL-10 does not increase LOH
releass in relation to controls, while HaOy, which is used as a positive
control, significantly {*p - 0.05) increases it (anovs tast; Fy s - 3.307,
p = 0.05),

cells (De Vos er af. 20000 and in adult ventricular myocyles
(Yu et al. 2003). Also, Jakl plays an imporant role in the
activation of Stat3, as found in Sre-transformed mouse
fibroblasts (Zhang er af. 2000), and of Statl, as shown in
thyroid cells exposed o INF-y (Chung ef al. 2000). Cytok-
ines can induce activation of both Stat] and Star3 but cenain
agents favour selective activation of one or another STAT
protein. Here in coltured astrocytes, INF-y caused Tyr-701
Stat]l phosphorylation while 1L-6 caused Tyr-705 Stat3 and
Tyr-701 Stat]l phosphorylations, in agreement wilth previous
data (Heinrich er al. 1998), and 1L-10 did not activate Statl
but caused Tyr-T05 Stnd phosphorylation, concordant with
Stal3 activation (Makuta ef af. 2003). Neverlheless, the
balance of STAT activation can be switched by combined
stimuli, e.g. activation of Stat3 induced by IL-10 is switched
to Statl activation by INF-y, which subscquenily induces the
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Fig. 8 Comparative lovels of STAT protein phosphorylation alter
exposure to eithar oxidative stress ar cytakinas, Cells wera axpasad to
githar interfercn (INF)-v (0.5 ng/mL), interleukin {IL)-& (100 ng/mL) or
IL-10 (100 ng/mL) far 30 min or HzOy for 1 h and STAT phosphory-
lation was axaminad 30 min later. (a) The highest lavel of tyrosing
{Tyr}-701 Stall phospherylation is found with HayOy followed by similar
increases induced by INF-y and IL-8, (b) Mean + SEM values of Tyr-
701 pStatt band intensity were plotted against mean = 8D values of
cell viability at 24 h, as assessed with the trypan blue dye exclusion
assay. Values are expressed as perceniage of the cormesponding
controls, A significant comalation is found between induction of Tyr-
701 5tatl phosphorylation and reduction of cell viabllity (data were

expression of inflammatory genes (Herrero of al. 2003). This
suggests that a fine equilibrium between the activation of the
different proteins of the STAT family underlies the specificity
of the regulation of gene transcription and of their subsequent
biological effeets. Furthermore, a eross-talk between differ-
ent cytokine pathways influencing the cellular responses to
mflammatory stimuli has been reported, eg. Statl interacts
with the tumour necrosis factor receptor | (Wesemann and
Benveniste 2003). Besides inflammatory stimuli, chemically
generaled oxidative stress induces Stat3 activation in ral liver
(Tacehimi @@ al. 2002) and oxidative stress generated with
oxidized low-density lipoprotein activates Statl and Stat3 in
MRCS human fibroblasts (Maziere ef al. 2001). Likewise,
we found here phosphorylation of Stat] on Tyr-T01 and Ser-
727 and of Stat3 on Tyr-705 after H.0, exposure.

Statd was activated in astroeytes afler exposure 1o HyOg,
[L-6 and [L-100 whereas Statl was activated under those
conditions that later caused cell death, i.e. HoO,, INF-y and
IL-6. but not by exposure to the anti-inflammatory cytokine

DeTIT DAL —————
»

FRIE s e ——

fitted with knear regression analysis. the goodness of the fit was as-
saased by A = 0.82). {c) Ha0ys alsa causes tha highest induction of
Tyr-705 Siat3 phesphorylation followed by IL-10 and IL-8. while the
affect of INF-y is very minor, (d) Values of Tyr-705 Stat3 phosphory-
lation were platted against values of cell viability, as above. IL-10
causes no cell death but a similar induction of Tyr-705 Stald phos-
phorylation as IL-8, which induces around 30% reduction in cel
viahility, while INF-; causes very minar Tyr-706 Statd phospharylation
but & similar reduction in cell viability as IL-6. (e) Appreciable levels of
soring (Ser)-727 Stat1 phospharylation ane only observed after HyOy,.
{f) Basal levels of Ser-727 Statd phosphonylation are not affected by
these freatments.

IL-10. Indirect evidence favouring Statl, rather than Stat3,
being associated with eell death was obtained by comparing
the extent of STAT phosphorylation under the difterem
treatments with the corresponding reduction of cell viability.
This showed that Tyr=-701 Statl phosphorylation was negat-
ively correlated with cell viability. In the conditions inducing
astrocyte cell death, Stat] and Stat3 activation was prevented
by Jak2 inhibition, while Jak2 did not mediate activation of
IL-10-induced Statd. Therefore, activation of Stat] by Jak2
wis identified as a crucial upstream signal inducing astroglial
cell death. Caspase 3 is activated after exposure to Ha(,
{Fauconneau ef af. 2002), an effect which was fully preven-
ted here by inhibiting Jak2, thus suggesting that this pathway
has pro-apoptotic properties. Accordingly, active Statl has
been identified as a pro-apoptotic factor after various insulis,
such as LPS/o-galactosamine-induced liver apoplosis (Kim
ef gf. 2003) and ischaemia‘reperfusion in cardiac murine
myocytes  (Stephanou o wf. 2002), by promoting the
transeription of pro-apoptotic and pro-inflammatory genes,
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as shown in lung epithelial adenocarcinoma cells (Kristof
et al. 2003) and in foetal astrocytes (Lee ef al. 2003).
However, redox-dependent activation of Statl in cultured rat
hepatocytes subjected to hypoxia‘reoxygenation has a dual
effect as it triggers apoptotic signals shortly (during the first
24 h) after the insult, whereas it mediates resistance to
apoptotic cell death, possibly through induction of the heat-
shock stress protein HSP70, at later time points (48-72 h)
(Terui ef ai. 2004). Therefore, targeting Statl activation
might be beneficial in the acute phase of certain oxidative
stress stimuli or pro-inflammatory insults, whereas mterven-
tion at late phases might be self-defeating.

In contrast to Statl, Stat3 has been mainly attributed
antiapoptotic properties (Fukada ef al. 1996; Hirano ef al.
1997; Catlett-Falcone et al. 1999). Stat3 activation is associ-
ated with survival in a paradigm of ischaemic pre-conditioning
in the myocardium (Hattori et al. 2001} and the JAK/STAT
pathway is regarded as a protective agent in cardiovascular
diseases (Bolli et al. 2003} and after focal cerebral ischaemia
(Suzuki ef ai. 2001). Nonetheless, evidence suggesting that
phosphorylation of Stat3 might be invelved in neuronal death
after cerebral ischaemia was reported (Wen et al. 2001).
However, one key factor underlying this apparent controversy
about the biological effect of Stat3 might be whether, and to
what extent, Statl is concomitantly activated. Here, evidence
that activation of Stat3 is associated with astrocyte survival
was obtained from the observation that IL-10 activated Stat3,
but not Statl, in a Jak2-independent manner and did not cause
cell death. In fact, IL-10has been reported to promote survival
in retinal ganglion cells mediated through Stat3 (Boyd ef al.
2003). IL-6, a well-known activator of Stat3 (Schumann ef al.
1999; Debenera ef al. 2001; Niehof ef al. 2001}, also caused
Stat3 activation in astrocytes together with Statl activation,
both mediated through Jak2. The biological effect of IL-6
against CNS mjury is controversial. While there is a certain
body of evidence for a neuroprotective action of IL-6 (Bolin
et al. 2002; Leu et al. 2003; Park et al. 2003; Pavelko ef al.
2003; Penkowaet al. 2003), other data suggest that it has a pro-
inflammatory action and participates in the acute-phase
response triggered by stroke (Beamer et al. 1995; Tarkowski
et al. 1995; Vila ef al. 2000). In patients, high serum levels of
IL-6 correlate with early neurological worsening after stroke
(Vila et al. 2000). Here, only 24 h exposure of astrocytes to
high concentrations of IL-6 (100 ng/mL} induced cell death,
which again was prevented by AG490. Therefore, the toxic
effect of IL-6 on astrocytes might only become apparent athigh
doses and would be dependent on activation of Jak?2.

In addition to Tyr phosphorylation, STAT proteins can suffer
Ser phospherylation (Wen et al. 1995; Wen and Damell 1997).
Here, exposure of astrocytes to H,O, induced Ser-727
phosphorylation of Statl but not of Stat3. Ser-727 STAT
phosphorylation can be mediated by the MAPK Erkl1/2
(Chung et al. 1997). Although we previously showed that
H,0, causes Erk1/2 phosphorylation in astrocytes (Faucon-
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neau et al. 2002), it is unlikely that this signal mediated Ser-
727 Statl phosphorylation as Stat3 is a much better Frk
substrate than Statl (Chung et al. 1997). Also, AG490 was
reported to down-regulate the activation of Frk? in an IL-6-
dependent human myeloma cell line (De Vos ef al. 2000),
which subsequently indicates that phosphorylation of Stat1 on
Serwould be affected by AG490. Here, AG490 did not prevent
H,0,-induced Ser-727 Statl phosphorylation as levels were
significantly above control levels, thus suggesting that kinases
other than Erk contribute to the Ser phosphorylation of Statl
reported here. p38 is a candidate kinase invelved in phos-
phorylating Stat] as it has been reported to play akey role in the
Ser phosphorylation of Stat1 (Goh ef al. 1999} and is activated
in primary cultures of astrocytes after exposure to H>O,
(Robinson et al. 1999). In spite of the fact that Stat1 was Ser
phosphorylated after H,O,, here Tyr, rather than Ser, was
identified as the crucial phosphorylation signal on Statl
mmvolved in promoting cell death, as it was prevented by the
protective treatment with AG490.

Although AG490 has long been regarded as a specific Jak2
kinase inhibitor (Duheé ef al. 2002}, recent evidence indicates
that AG490 exerts some inhibition on the Tyr kinase activity of
the epidermal growth factor receptor (Luo and Laaja 2004} and
on Jak3 activity (Wang ef af. 1999). In addition to these
described effects of AG490, the present results suggest that this
drug might have some antioxidant action against peroxides.
Although AG490 fully inhibited STAT Tyr phosphorylation, it
didnotaffect Stat1 Ser phosphorylation induced by H,O,, thus
showing that AG490 did not prevent all of the effects of H,O,
in astrocyte cultures. Further studies are needed to unravel the
extent and nature of the effects of AG490 against oxidative
stress and the actual mvolvement of Jak2/Stat] in peroxide-
induced cell death.

Altogether these findings suggest that abrogating Jak2/
Stat] activation might be a therapeutic approach in the acute
phase of diseases involving inflaimmation in neural cells.
However, Statl is an essential signalling molecule mediating
the cytokine responses necessary to overcome viral and
bacterial infections (Durbin et al. 1996; Meraz ef al. 1996).
In CH235-MG astroglioma cells, Statl signalling mediates
IFN-y-induced class I major histocompatibility complex
(MHC) expression, which is critical in the immune responses
(Lee and Benveniste 1996). Nonetheless, hypothetical treat-
ments in human diseases targeting Statl activation might
induce immunodepression conveying increased susceptibility
to infection. A challenge for future studies will be the design
of specific cell-targeted therapeutic approaches aimed at
acutely nhibiting the activation of the Jak2/Stat] pathway in
particular cells.
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ABSTRACT

The JAK/STAT pathway is activated in response to cyto-
kines and growth factors. In addition, oxidative stress can
activate this pathway, but the causative pro-oxidant forms
are not well identified. We exposed cultures of rat glia to
H.04,, FeS0,, nitroprussiate, or paragquat. We assessed oxi-
dative stress by measuring reactive oxygen species (ROS)
and oxidated proteins, we determined phosphorylated Statl
ipStatl), and we evaluated the effect of antioxidants (trolox,
propyl gallate, and N-acetyleysteine) and of Jak2 (Janus
tyrosine kinases) inhibitors (AG490 and Jak2-Inhibitor-IT)
Pro-oxidant agents induced ROS and protein oxidation,
excluding nitroprussiate that induced protein nitrosylation.
Ha04, and to a lesser extent FeSOy, increased the level of
pStatl, whereas nitroprussiate and paraguat did not. Trolox
and propyl gallate strongly prevented ROS formation but
they did not abolish HaOs-induced pStatl. In contrast, NAC
did not reduce the level of ROS but it prevented the
increase of pStatl induced by Ha(s, evidencing a differen-
tial effect on ROS formation and on Statl phosphorylation.
Ha04s indueed pStatl in mixed glia cultures and, to a lesser
extent, in purified astroglia, but not in microglia. Jak2
inhibitors reduced HaOs-induced pStatl, suggesting the
invaolvement of this kinase in the inereased phosphorylation
of Statl by peroxide. Unexpectedly, AG490, but not Jak2-
Inhibitor-11, reduced ROS formation, and it abrogated lipid
peroxidation in microsomal preparations. Furthermore,
AG490 reduced ROS in glial cells that were transfected
with =iRNA to silence Jak2 expression. These findings
reveal previously unrecognized Jak2-independent antioxi-
dant properties of AG490, and show that Jak2-dependent
Statl activation by peroxide is dissociated from ROS gener-
ation. ©2007 Wiley-Liss, Ine.

INTRODUCTION

STATs are latent transcription factors in the cyto-
plasm that become phosphoerylated by Janus tyrosine ki-
nases (JAK) after ligand binding to cytokine and growth
factor receptors. In this manner, the JAK/STAT pathway
mediates the transduction of signals from the cell mem-
brane to the nuclens and it activates gene transcription

2007 Wiley-Liss, Ine.

(Aaronson and Hervath, 2002; Darnell, 1997; Levy and
Darnell, 2002; Rawlings et al., 2004} This pathway is
thought to be essential for the biological responses to
cytokines (de Prati et al, 2005; Gao, 2005; Hebenstreit
el al., 2005; Lecnard and O'Shea, 1998; O'Shea et al.,
2002; Platanias, 20058). In addition, certain tyvpes of pro-
oxidant conditions have been reported to activate Statl
andfor Statd (Carballo et al., 1999; Gorina et al., 2005;
Madamanchi et al., 2001; Maziere et al, 1999, 2001;
Simon et al, 1998; Tacchini et al., 2002), Indeed, STAT
activation was found to be induced by perexide, but not
by superoxide or nitric oxide (NO), and it was associated
to an increase of the tyrosine-kinase activity of Jak2
and Tyk2 (Simon et al., 1998% Furthermore, exposure to
hydrogen peroxide has been reported to induce phospho-
rylation of Jak2 (Tawfik et al., 2005; Yu et al., 2006).
However, the specific pro-oxidant agents and the molec-
ular mechanism underlying the latter effects remain to
be clarified.

Oxidative stress is believed o contribute to inflamma-
tion and neuronal damage in several neurological dis-
eases, including stroke, Parkinson's, and Alzheimer's
diseases. Therefore, understanding the molecular mech-
anisms aclivated by pro-oxidant agents in brain cells
may help to unravel oxidative stress-related pathological
events leading to brain damage. Oxidative stress acti-
vates the JAK/STAT pathway in cultured astrocytes
(Gorina et al., 2005). JAK/STAT is recognized to play im-
portant roles in astrogliogenesis (He et al., 2005) and to
mediate the cellular response to proinflammatory stim-
uli in cultured glia (Dell’Albani et al, 2001; Gorina
et al., 2005; Kahn et al., 1997; Kim et al., 2002; Natarajan
et al., 2004). Also, several lines of evidence suggests its
involvement in the activation of glia after brain injury,
such as in the 1-methyl-4-phenyl-1 2 3 6-tetrahydropyridine
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model of neuredegeneration (Sriram et al., 20045, and
in eerebral ischemia (Justicia et al, 2000; Planas et al.,
1996, 1997

Here we investigated the capacity of several pro-oxi-
dant agents to activate Statl in cultured glia, and
whether the effects of these compounds could be attenu-
ated by antioxidants and Jak2 inhibitors. We identified
peroxide, among various reactive oxygen species (ROS)
sources, as the main trigger of Statl activation, and
that this effect was mediated by Jak2. While performing
this study we evidenced that one of the Jak2 inhibitors
tested, AG490, showed antioxidant properties that were
independent of its action on Jak2. These features might
be relevant to the biological effects of AG490 when used
as a Jak2 inhibitor.

MATERIALS AND METHODS
Glia Cultures

Mixed glial cell cultures were prepared from cerebral
cortex of 1- to 2-day-old Sprague-Dawley rats as
described previously (Gorina et al, 2005), with slight
modifications. Briefly, for each culture 10 pups were
decapitated, their brain was aseptically removed, and
placed on ice in sterile eulture dishes with phosphate-
buffered saline (PES) (NaH2PO,; and K:HFQ, 10 mM
pH 74 in isotonic NaCl solution). The midbrain,
meninges, and blood vessels were removed by dissection.
The remaining cerebral cortices were mechanically dis-
sociated by pipetting for 2 min with a Pasteur pipette in
6 mL of DMEM (Dulbecco’s modified Eagle medium,
Gibeo-BRL, Invitrogen, Paisley, UK). The suspension
was filtered through a T0-um pore size nylen mesh ecell
strainer (Becton Dickinson, Franklin Lakes, NJ). Then
cells were plated in 6 or 9G6-well plates (NUNC,
Roskilde, Denmark)} and maintained in DMEM supple-
mented with 20% foetal bovine serum (FES; Gibeo-BRL)
and 4 mL/L of penicillin/streptomycin (10,000 U/10,000
pgml) (Gibco-BRL), at 37°C in an humidified atmos-
phere of 5% CO. and 95% air. Medium was changed
once per week with the incubation medium supple-
mented with 10%, then 7% FBS. Confluence was
achieved after 12-13 days in vitro (DIV} At this peint
mixed glia cultures typically consisted of 75% type-l
astrocytes and 25% microglia.

To further enrich glia cultures in astrocytes, mouse
primary mixed glial enltures on 10-12 DIV were treated
with 10 uM of the antimitotic cytosine arabinoside (Ara-
C, Sigma-Aldrich) for 4 days to eliminate dividing cells,
i.e. mostly microglia and progenitors, but not quiescent
cells, Le. mostly confluent astrocytes. The adherent cells
were detached with trypsin 0.05%/EDTA 0.2 mM and
seeded at 6 % 10" eelleml with culture medium (see
earlier). Astrocytes were used 2 days after subculturing.
To estimate the purity of the cultures we did immuno-
staining with glial fibrillary acidie protein (GFAP, no.
70334, Dako) diluted 1:1,000, and with CD11bh (OX42,
no. MCA275G, Serotec) diluted 1:500 to detect microglia,
Fluorescent corresponding secondary antibodies were
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used and nuclei were stained with Hoeechst. By cell
counting under the fluorescence microscope we esti-
mated that the purity of enriched astrocytes was above
96%.

Microglial cells were obtained by mild tripsinization
with a method yielding high purity (>98%) (Saura et al.,
2003}, and they were used 1 day after isolation.

Treatments

Cells were exposed to the pre-oxidant agenis HaOs
(2 pM-1.2 mM), FeS0, (1-50 pM)}, the NO donor nitro-
prussiate (NP) (10-500 pM), or the herbicide 1,1'-di-
methyl-<44-bipyridinm (paragquat, PQ} (25 pM—-2 mM).
All reagents, unless otherwise stated, were from Sigma.
Treatments with the antioxidants Trolox (Tx) (5 nM=50
pM}, propyl gallate (PG) (5 nM=50 pM), and N-acelylcys-
teine (NAC) (10 pM-=-100 mM} were applied 30 min
before exposure to the pro-oxidant agents. Likewise, the
Jak2 inhibitor AG490 (Calbiochem) was applied (5 nM-
30 pM) 30 min before exposure to pro-oxidant agents,
whereas Jak2-Inhibitor-11 (Calbiochem) was applied (50
pM} either 30 min or 16 h earlier AGA90 and Jak2-
Inhibitor-11 were dissolved in dimethy| sulfoxide (DMSO).
The final concentration of DMSO in the culture was
0.1% for AG490 and 0.6% for Jak2-Inhibitor II. Control
cultures were exposed to the corresponding amount of
this vehicle.

DCFH-DA Technigue

Oxidation of 2,7 -dichlorofluorescein diacetate (DCFH-
DA} to fluorescent DCF is taken as an index of overall
oxidative stress in biological systems (LeBel et al,
1992}, Cells seeded in 96-well plates were incubated for
20 min with DCFH-DA (10 pM)} in HEPES-buffered
galing solution. After DCFH-DA incubation, cells were
washed with the buffer and the basal DCF fluorescence
was measured in a fuorimeter ( CytofluerTM 2350, Milli-
pore) with 485 nm-excitation and 530 nm-emission fil-
ters. Then, antioxidants, Jak2 inhibitors, or correspond-
ing vehicles were added. Thirty minutes later the differ-
ent pro-oxidant agents were added and were incubated
for 1 h. After this time, fluorescence was measured as
earlier and the basal values were subtracted. To normal-
ize between experiments, the results of each experiment
were expressed as the percentage of control or as the
percentage of the pro-oxidant (for antioxidants). Then
the mean of n experiments was ealeunlated (the n value
is indicated in each figure legend}.

DHE Technigue

The intracellular generation of superoxide anion (05 ")
was monitored by the selective oxidation of dihydreethi-
dium (DHE} to ethidium (Bindokas et al., 1996). Briefly,
cells grown in 96-well plates were loaded with 10 pm
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DHE (Molecular Probes) for 10 min at 37°C in the dark.
Superoxide anion oxidizes DHE intracellularly to pro-
duce ethidium, which intercalates into DNA and emits
fluorescence. After 10 min incubation with 4.8 pM DHE,
basal fluorescence was measured at 485-nm excitation
and 590-nm emission wavelengihs in a fluorimeter
(CytofluorTM 2350, Millipore). Then the cells were
treated with antioxidant agents or the corresponding
vehicles, and 30 min later the pre-oxidant compounds
were added and incubated for 1 h. After this time, fluo-
rescence was measured again and the basal measure
was subtracted, Inter-experiment normalization was car-
ried out by expressing the values as the percentage of
control for each individual experiment. Then the mean
of n experiments was caleulated (the n value is indicated
in each figure legend).

Measurement of TBARS

Lipid peroxidation was determined with the thiobarbi-
turic acid reactive substances (TBARS) test in rat liver
microsomes, This system relies on microsomal-mediated
oxidation and on addition of Fe®*-ascorbate as an exter-
nal reductive system (Aruoma et al,, 1989). A suspension
of Sprague-Dawley rat liver microsomes (Advancell,
Barcelona, Spain) in Krebs-Ringer phosphate, pH 7.2,
was prepared at 1 mg of microsomal protein per mL.
The microsomal protein suspension was preireated with
different concentrations of AG490 (dissolved in DMSO to
a final concentration <1%) for 15 min at 37°C. Then, the
suspension was incubated with 50 yM FeS0,; and
500 pM ascorbie acid during 40 min at 37°C, and centri-
fuged at 12,000z for 10 min. Then, 750 uL of thiobarbi-
turie acid solution (17 mM thicbarbituric acid containing
2% perchlorie acid) was added to 100 pL of the super-
nantant of the microsomal preparation and heated dur-
ing 1 h at 95°C. After this time samples were cooled on
ice for 10 min, and centrifuged at 12,000g for 5 min.
Supernatants were neutralized with NaOH to pH 6, and
immediately analyzed by high performance liguid chro-
matography (HPLC). The analytical procedure used for
determination of MDA2TBA compound was based on a
reported method (Bird et al., 1983}, Samples were imme-
diately injected into an HPLC system equipped with a
4.6 X 150 mm* Cy5 column (5 um, XTerra, MS). The elu-
ent solution was 52% buffer (50 mM formic acid con-
taining triethylamine} at pH 6 and 48% methanol, with
1 mL/min isccratic flow rate. Detection was carried out
at 532 nm.

Western Blotling

Cell cultures were homogenized in radicimmunoassay
buffer (RIPA) containing 0.01 M PBS, sodium dodecyl
sulphate, sodinm deoxycholate, the nonionic detergent
Igepal, and the protease inhibitor cocktail Complete
(Boehringer Mannheim, Mannheim, Germany), as
reported (Gorina et al., 2005). The protein concentration

1315

of samples was determined with the Bradford assay
(Bio-Rad, Hercules CA, USA). Twenty-five microgram of
the protein extracts were run in denaturing 8% poly-
acrylamide gels and were transferred to a polyvinylidene
difluoride membrane (Immobilon-P, Millipore, Bedford,
MA} Membranes were incubated overnight at 4°C with
one of the following primary antibodies: mouse monoeclo-
nal antibodies against Statl (BD Transduction Laborato-
ries, BD Biosciences, Madrid, Spain); GFAP, as a marker
of astroglia, (Boehringer Mannheim) diluted 1:8,000;
ED1, as a marker of microglia, (Serotec) diluted 1:5,000;
and A-Tubulin (Sigma, St Louis, MO, USA) diluted
1:10,000; and rabbit polyclonal antibodies against Jak2
dilated 1:1,000: and Tyr*'-phospho-Statl diluted
1:1,000 (Cell Signaling Technology, Beverly, MA} On the
following day membranes were incubated for 1 h with g
peroxidase-linked secondary antibodies (1:2,000) (Amer-
sham, Piscataway, NJ). The reaction was visualized with
a chemiluminiscence method, Membranes were reblotted
with B-Tubulin or Statl as leading contrels. Protein
nitresylation was studied by incubating the membranes
with a mouse monoclonal anti-nitrotyrosine antibody
(ah7048, Abeam Limited, Cambridge, UK) diluted
1:1000. Band intensity was measured using Quantity
One software (Bio-Rad Laboratories), and expressed as
the ratio to the corresponding band intensity of the load-
ing control to correct for any differences in protein con-
tent between lanes, Treated samples were always run in
the same gel with corresponding control samples. To val-
idate the semiguantitative Western blot analysis of
pStatl we examined the increase in signal intensity as a
funetion of the amount of protein loaded in the gels
(ranging between 10 and 40 pg) We found that the
increase of signal intensity was linear within this range
of protein (not shown).

Measurement of Oxidative Protein Modification
by the Oxyblot Technigue

The carbonyl groups in the protein side chains pro-
duced by oxidative agents were derivatized to 2 4-dini-
trophenylhydrazone (DNP-hydrazone) by reaction with
2 A-dinitrophenylhidrazine (DNFH). Twenty microgram
of protein sample were derivatized with DNPH solution
following the instructions of the manufactures (Oxy-
Blot™ Protein Oxidation Detection Kit, Chemicon Inter-
national, CA) DNP-derivatized proteins were separated
in 8% polvacrilamide gels by electrophoresis followed by
Western Blotting. Membranes were incubated with a
primary antibody, specific for the DNP moiety of the pro-
teins, and incubated with a horseradish peroxidase-
linked antibody {goat anti-rabbit Igiz). Antibodies were
supplied in the same kit. The reaction was developed
and semiquantification of band intensity was earried out
as explained before in Western bletting. We observed the
appearance of several bands in the blots, and one of
them (see Results) was chosen for semi-quantification.
For semiquantitative Oxyblot blot analysis we found
that the amount of protein loaded in the gels (ranging
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erates ROS, which is prevented by antioxdants Primary oultures of
mixed glhia were exposed to HpOp and the formation of ROS was
assessad with the DCFH-DA reaction. {A) Resporise curve o concentya-
tions of HzOp ranging from 50 pM to 1.2 mM. Values are expressed as
percentage of control and are the mean of 4 independent experiments
The amtioxidant trolox [T [B) and propyl gallate {C) at concentrations,
ranging from 5 nbd to 50 ph, reduced DOF in mixed glia exposed fto
300 bl HzOz Values are exprassed as percentage of HzOz and are the

between 5 and 20 ug) gave a inear increase in band sig-
nial intensity (niot shown).

Assessment of Cell Viabdlity

Cell viability was assessed with the MTT (3-14,5-dime-
thylthiazol-2-913-2,5-dipheny] tetrazolinm bromide) assay
for measuring cytotodceity, as reported (Gorina et al,
2005y, MTT assay was performed at 24 h after transient
(90 min) exposure to several concentratioms of the pro-
oxidant mmd antioddant compomds,

Silencmyg Jak?2 with siBENA on Mixed
Glia or Astrocyies

Mixed glia or astrocytes were transfected with 100 nM
of either =IRNA agsinst rat Jak2 (ON-TARGETplas
SMARTpool L-088340-01-0010, Rat JAK?, NM_031514,
from  Dhzrmacon} or nonsilencing  control siRNA
(scramble from Dharmacom, ON-TARGET plus siCON-
TROL™ Non-Targeting siRNA, D-001810-01) using Gli-
gofectamine (Invitrogen) at 4 pLiml in Optimem™

GLIA DOT 10.1002/zlia

dependent inhibition of HeOg-induced RO2E. The concentrations of the
dimgs in the x-axis is expressed as the logarithm {Log of uhd. Values
were fit to a sigmoeidal doseresponse curve using nonlinear regression
analysiz. The goodness of the fits was assessed hy r% N-acetyloysteina
{fromm 10 p £o 100 mB) did not reduce HzOz-induced DCF. Values are
expressed as percentage of control and ave the mean * SEM of 3 de-
pendent experbnents.

Reduced-Serum Medinm (Gibeo-BRL)Y. Cells were uti-
lized 3 days after transfectionn. The expression of Jak2
was assessed hy Western blot to wverify the silencing
effect of the treatment. Cells were treated with 300 uM
H:3s in the presence or shsence of AG490. Then the
DCFH-DA technique was carried out ag earlier to assess
oxidative stress.

Statistical Analyses

Data analysis was performed with me-way ANOVA
followed by Dunmet's multiple comparisen test to find
out differences against the negative or positive control,
or by Bonferroni's test for multiple comparisons between
groups. The Student’s #-test was applied to compare two
individual groups. Comparison by two types of variables
(ie siBNA treatment and drug treatment) was made
with two-way ANOVA. Concentration-response curves
were analyvzed by nonlinesr regression and were fit to
sigmoidal doseresponse curves. The poodness of the fit
was assessed with % Values in graphs are expressed,
unless otherwise stated, as mean + SEM.
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Fig 2. Several pro-oxidant agents induce ROS and vespond to ant-
oxidants. We exposed astrocytes to FeB0,, nifroprussiate (NP}, and pax-
aquat {PQ) and evaluated the formation of ROS by the DCFH-DA tech-
nicue (A I and the DHE techmicque [E), and protein oxdation by the
Creyblot technique {F). {A) Rising concenfrations of FeS0, from 1 to 50
M induced increasing formation of BOS {2 4 independent experi-
ments) (B} The formation of ROS affer 25 uM FeB0, [Fe) was pre-
vented by the anfioxddants trolox {Tx, 50 ) and propyl gallate (PG,
B0 I, but not by N-acetvloysteine (NAC, 100 (M) {2 2 independent
experiments). {C) NP concentrafions ranging from 10 to BOD b
mcuced similay production of R385 {2 4 independent experiments),
kut the level was inferior to that induced by Fa80y or HzOp I PQ

BESULTS
Generation of Oxidative Stress by Pro-Oxadant
Compounds and Effect of Antioxadants

Primary cultures of mixed glia showed oxidative stress
after exposure to increasing concentratioms of Ho(: (Fig.
1A), as assessed with the DCFH-DA technigue. The
effect of HyOrh, was inhibited by certain antioddants,
such as trolox (Tx) (Fig. 1B} and PG (Fig. 1C), in a con-
centration-dependent manner. Hoviever, NAC, at conicen-
trations ranging from 10 pM to 100 mM, did not prevent
the increase in DCF induced by HoGp (Fig. 1), Im addi-
tiori, HeOp induced the formation of superoxide (Fig.
), as assessed with the DHE technigue.

We then tested the capacity of other pro-oxddant
agents to induce oddative stress in astrocytes. FeS(,

showed a tendency to inarease the production of DCF, but this was not
statistically sigmificant {» 4 independent sxperiments) {E} The pro-
duction of superoxide, as assessed with the DHE technigue increased
after P (2 mM}{n  7)and HeQg {300 p) {z  4), while Fe50y {Fe,
25 M) {n 2y amd NP {100 uM) (= 2 mdependent experiments)
showed a nonsignificant femdency to increase. {F) Quantification of
band intensity in the oxyblef technique shows significant protein oxida-
tion affter HzOg {300 pM) {2 143 and FaB0, {Fe, 25 ) Bl a
tendency to increase affter PQ {n 3), and lack of increase affex NP {n

3 independent experiments) {the oxyblot band used for quantification
is flustrated with an soyoew in Fig. BD). *F < 005, ®FF < 001, #¥F <
0001 against comtrol; **P < 0.01 against Fe.

(Fig. 24) highly increased the production of DCF in a
concentrationn dependent maommer. From these resulis,
we nsed 256 uM FeSO, in further experiments. Again
this effect was prevented by Tx (50 uM) and PG (50
pb), but not by WAC (100 phd) (Fig. 2B). Likewise, the
NG donor NP increased the production of DOF (Fig. 2C).
We decided to work with 100 uM NP in further experi-
ments, Unlike the previous pro-oxddants, PG, at concen-
trations ranging from 25 phd to 2 mM, did not produce
significant amounts of DCF it astrocytes (Fig, 2D, but
it generated superoxde, as assessed with DHE. The lat-
ter reactiom was not significantly increased in relation to
comitrol after treatment with FeSG, or NP (Fig. 28).

In addition, HpOy and FeS0, promoted protein oxd-
datiom (P@ showed a nonsignificant tendency to in-
crease), as assessed with the Gwuyblot technicque (Fig. 2F),

GLIA DO 10.1002/gla
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Fig 3. Sfatl phosphorylation on tyrosine 01 does not pavallel B28  pStatl by NAC become apparent affer guantification of band intensity.

formation and it is very marked affer exposure to peroxide. {A) Tine
course of phosphoryvlated Statl {pStatl) by HeOgz {300 uh) in astrocytes.
The lzvel of pStatl progressively increases with thme. [B) Measure of
band intensity shows significant inoreases in pStatl after He Qg {FP <
0.05, #*¥F < 0.001) {C) The antisxidants trolox {Tx, B0 pM) and propyl
gallate {PG, 50 ul) do not prevent the increase in pStatl induced by
HzOz at 90 min, while N-acetylcysteine {NAC, 20 mM) fully abrogates
this effect. I} Significant {*F < 0.01) reductions i HzOz-induced

whereas NP did not cause protein oxddation (Fig. 2F)
but promoted protein nitrosylation (Fig. 5K

Exposure of glia cultures to HeOp cansed a concentra-
tiom-dependent reductiom in cell viability at 24 h, as
reported (Gorina et al., 2005). PQG caused some decrease
of cell vishility (30% reductiom at 2 mM, P < 0.01 vs,
comtrol), However, exposure to Fel30G, (1-50 plM) or NP

GLIA DT 10.1002/zlia

{E) Exposure to FeS0y {25 W) causes small increases in pStatl at 20
40 min, as revealed by guantificatdon {*F < 0.05) {F). Nifroprussiate
£100 pbdy LG and parvaguat {2 mM) TH) do not mcrease pStatl from 2 to
60 min. In the later gels, lames corresponding to HeOg are shown as
podtive confrols. Statl or pB-Tubulin is showm for each gel as a loading
comtrol. Dmages show representative membranes from 3 to 4 independ-
ent experiments.

(100500 pbd) did not significantly affect cell wviability.
The antioxidants Tx and PG prevented HoOp-induced
cell death in a dose-dependent manner (50 pl exerted
nearly full protection), whereas no protection was pro-
vided by NAC (data not shown), We also observed that
24 h exposure to 100 mM NAC induced some cell death
(20% reduction in cell wiability, F < 0.01 vs. control). [n
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addition we found that the JakZ inhikitor AG490 pro-
vided full protection against HeOs-induced cell death, as
previously reported (Gorina et al., 2005).

Peroxides Increased pStatl

The level of tyrosine-phosphorylated Statl (pStatl)
was progressively increased from 5 to 90 miin of expo-
sure to HeOp (Figs, 3A,B), while total levels of Statl did
not increase. HoOpanduced pStatl was not prevented by
the antioxidamts trolox and PG (Figs. 3G, I, evidencing
that activatiom of Statl was a particular property of per-
oxide that was induced even after shrogation of ROS
gereration. In contrast, high concentrations of NAC (20
mM) did abrogate pStatl Fig. 3C), in spite that they
did not prevent ROS generation (Fig. 1G). Fel30, only
comsed a mild increase in the level of pStatl (Figs.
3k F), while changes in relation to control were not
detected after exposre to NP (Fig. 3G) or PG (Fig. 3H),
further supporting the view that activation of Statl was
dissociated from BOS generation.

Peroxide-Induced Increase in pStatl Was
Prevented by Jak2 Inhibitors

We then asked whether HeOs-induced Statl tyrosine
phosphorylation was dependent on the upstresm kinase
Julk2. We used two different Jak2 inhibitors: the widely
employved tyrphostin AG490 (Meydan et al., 1896}, and a
more recently developed compound named Jak2-Inhihi-
tor-II (Samdhberg et al, 2005) (Fig, 4A) Both compounds
reduced the accumulation of pStatl after 90 min of expo-
sure to HeOs (Figs. 4B,C), suggesting that Jak2 medi-
ated this process.

AG490, but Not Jak2-Inhilntor-II, Showed
Antioxidant Properties

Unexpectedly, AG490 reduced Holsinduced RGOS (Fig,
5A) iIn a concemtration-dependent marmer. This effect
was niot observed with the vehicle of AG480, DMSOG,
which was used at 12 mb or less. However, at lngher
coricentrations, DM30 (280 mb) has been reported to
act as a hydroxyl radical scavenger (Repine et al., 1981).
Here the antinddant effect was attributable to AG490
and not to DMS0, AG490 also attenuated the formation
of RGOS induced by FeS0, (Fig. 5B). Moreover, it reduced
RS after NP (Fig. 5C), in spite that this compound did
not induce pStatl (Fig. 3G) Also, AG490 attenmnated
protein oxddation induced by HoOp (Fig, 50, However,
AG490 did not prevent NP-induced protein nitrosylation
(Fig. 5E) or the generation of superoxide after exposare
to P@ (mot shown), mdicating some specificity in the
effect of AG400. 11 contrast to AG490, the other Jak2 in-
hibitor that we tested (Jak2-Inhibitor-I1, which was also
dissolved in DMSO) did not affect RGOS production after
H:0Gp (Figs. 5F,G) or FeS0, (Fig. 5H), thus demonstrat-
ing that the effect of AG490 was a specific feature of
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Fig. 4 Jak? iz inwvolved in HzOz-induced increase in pStatl {A)
Chemical structure of the Jalk® inhibitors: AGIH0 and Jalk®-Inhibitor-
I0 (B ACGAS0 {30 uii, added 30 wnin befors H, Op) and Jak2 Inhibitor-IT
{Inh-ITy {50 uM, added 16 h before HzOz) reduce the levels of pStatl in
mixed ghia at 90 min of HzCg {300 pubd) exposure. {C) Quantification of
band infensity shows a significant effect of these compounds {¥FP <
001} {z 3 independent experiments).

this compound that was not shared by another Jak2 in-
hibitor. Altogether, these findings led us to deduce that
AG490 might have antioxidant features.

H.0--Indnced pStatl Was Higher in Mixed Gha
than in Pure Astroghia, While It Was Not
Detected in Macrogha

To elucidate whether the effects of Ha(s in the mixed
glia cultures occurred in astrocytes or in microglia, we
purified these cells (szee Methods), which were then
treated with HoOo. HoCo-dnduced oxidative stress, as
assessed by DCFH-DA, in pure astroglia (Fig. 6A)
Again, this effect was mhikited by AG480 (Fig. 6A) but
not by Jak2-Inhibitor-I1, both after 30 min (Fig. 6A) or
18 h incubation (not shown) Likewise, Ho(s increased
DCF in microglia and AG490, but not Jak2-Inhibiter-1T
(16 h incubation), prevented it (Fig 6B). Notably, the
production of DOF after HoOs was higher in astrocytes
than in microglia (Fig. G6C).

pStatl was not detected in our microglia culture after
exposure to HpOp, while we found pStatl in astrocytes
after H:(, (Fig. 6D). However, compared with mixed

GLIA DOI 10.1002/gla
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Fig 5 AG480 reduces the osxidative siress imchiced by pro-oxidant
agents. {A) AG480 reduceas the production of ROS induced by Ho Qs in a
concentration-dependent menner, as assessed with the DCFH-DA tech-
nigue; comtrols were exposed to the vehicle {IDMSO); {9 obfained in
3 independent experiments for each cell type). Values were fit to a sig-
moidal doseresponse curve using nonlinear vegression analysis. The
goodness of the fits was assessed by P 1B AG4A0 {AG) {30 () also
prevents the production of ROS induced by FeS0,4 {Fe) at concenfra-
tions ranging from 1 to 50 Pl #*P < 0001 against contral; ¥&4P -
0001 against Fe {C) AGA90 {30 (M) prevents the production of ROS
ncuced by nitroprussiate (NP} at concentrations of 100 and BOO pM.

glia, the level of Statl phosphorylation in pure astro-
cytes was lower (Fig. 6D). Again, the induction of pStatl
m astroglia was prevented by AG480 (Fig. 6E).

Antioxidant Properties of AG490 Were
Independent of Its Inhibitory Action on Jak2

To ascertain the suspected antioxidant properties of
AG490, we tested whether this conpound was effective

GLIA DO 10.1002/glia

P < (1.001 against control; E&Sp 0001 against NP [T} The oxvblot
technique shows inoreased profein oxidafion after HoOp, and reduction
of this effect by AG4I0. Avrow indicates the band that was used for
gquantification. {E} Nitroprussiate {NE, 100 pBD), but not HzOg {300 ()
or FeS0y {25 uI), induces protein nifrosylation, as revealsd by Western
blot with an antibody against nitvotyrosine {NifroTwr), but AG480
130 u) does not prevent this efect. B-Tubulin is shown as a loading con-
trol {F H)Jak2-lnhibitor IT {Tah -IT) {50 W), either incubated for 30 min
{Flox 16 h {& H), does not affact the production of DCF induced by HyOp
{800 D TP o FeS04 (26 UMD {HD) in mived glia cultures {2 18
obtained in 3 independent experiments). ¥*F < 0.001 against control

against lipid peroxddation by measuring its effect on the
formation of TBARS generated in a microsemal prepara-
tiom in vitro (see Methods). Varions AG490 concentratioms
ranging from 1 to 16 ulM were tested (n = 4 curves oh-
taitied in 7 = 2 independent experiments). Data were fit
to a sigmoidal dose-response curve by nonlinear regres-
sion analysis (72 = 091, [Cyy = 8.2 pM) (Fig. TA). AG490
effectively decreased TBARS supporting the view that
AG490 behaves gs an antioxidant.
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Fig. 6. HzOzinduces oxidative stress and pStatl in astrocytes more
than in microglia. [A) Purified astrocytes were exposad to 300 pM HzOs
for 1 h in the presence or absence of Jak2 inhibitors {30 M AG430, 30
min preincubation) or Jak2-Inhibitor TT {50 pM Tnh-TT, 30 min preincu-
bation) and production of DOF was assessed. HgOz—mduc:ed DIOF {***F
< 0.001) and AS490, but ner Tnh-IT, significantly {**¥P < 0.001) pre-
wvented this effect. {B) Purified mmrogha werse exposed to 300 ph HaOe
in the presence or absence of Jak? inhibitors {30 pM AG490, 30 smin
preincubation) or Jak®-Inhibitor IT {50 pb Inh-IT, 16 h preincubation)
and production of DCF was assessed HpOg-imduced DCF {¥FF o

To further validate this finding, we transfected mixed
glia and pure astrocites with sIRNA against Jak? and 3
days later we found a significant reduction in basal
Jak2 expression (Fig., TB). Under depletiom of Jak2 pro-
tein expression after siRNA treatment, AGA90 was sHll
capable of reducing HeOg-anduced ROS in hoth, mixed
glia (Fig. 7C), and astrocytes (Fig, 7D), thus farther
strengthening the wiew that AG490 had antioxidant
properties independent of its inhibitory action on Jake.

DISCUSSION

We previously reported (Gorina et al, 2005) that HeCe
mcreases the phosphorylation of Statl in cultured glia.

1521
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0.001) and AG490, but nor Inh I, significanty {(%%%F < 0.001) pre-
wented this affect. {C) The DCF increase mduced by HzCe agamst. ccm
tral [95%P < 0.001) is higher in astrocytes than in wmiaagha (%P <
0001y {1 Mived glia, wicraglia, and astroglia were exposed to HzOp
for 80 min and the sxpression of pStatl was examined by Westermn blot.
pStatl wras detected in mixed glia and, to a lesser extent, in astroglia,
huf not in wmicroglia, in spite that all types of cell culture expressed
Statl. The same membrane was reprobed with ED1, as a wmarker of
wicroglia, and with GFAT, as a marker of astroglia {E) HzOz-induced
pStatl in astrogha was also prevented by AG430.

Here we compared the effect of HeOp o induction of oxd-
dative stress and Statl phospheorylation with the effects
of other pro-oiddant agents in mixed glia cultures. We
tested the effect of FeS0,, which generates peroxddes
and hydroxyl radicals (Burkitt and Gilbert, 1989, 1981},
of NP, a NO donor that can react with superoxide to
form the potent oxidant peroxynitrite (Squadrito and
Pryor, 1998), and of the herbicide PQ, which mainly gen-
erates superoxide (Bus and Gibson, 1984}, All these com-
pourids increased the formation of ROS in astrocytes.
The production of DCF increased with HpOs, FeS80,,
and NP, while a positive reaction with the DHE method
was found with PQ and HeyG.. The DCFH-DA techmigue
iz mmnly sensitive to peroddes and NG, while the
DHE technique is mainly sensitive to superoxdde Of
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AG4E0 {1 16 pM dissolved in a final concentration of <1% DIISO)
inhibits, in a concentrafion-dependent manner, the production of
TEBARS mduced in an iz vitre miorosmnal preparation. Values arve
expressed as the mean % inhibition * SD of 4 miyves ohtained in 2
mdependent experiments. The concentration of AG490 is expressed in
the x-axis as the logaritlhm {Jog) of UM, Data were fit to a sipmoidal
dose-rasponse curve using nonlinear regression amalysis {ICg, 8.2
M) The goodness of the fit was assessed by r® [B) Treatment of astro-
glia with anti-Tak? sRNA for 3 days reduces the level of Jak2 expres-

(Sharikabad et al, 2001). In spite of the pro-oxidant
effects of all the compounds tested, only Ho(p cansed
strong Statl phosphorylation. This finding agrees with
previons data showing selective activation of Stat pro-
teins by peroxddes (Gorina et al, 2005, Simon et al,
1998). FeS0, induced only a small increase in pStatl, in
gpite that it caused a high increase in the DCFH-DA
reaction, while NP and PG did not induce pStatl. These
findings suggest that Statl activation is triggered
mainly by peroxide rather than by BOS. Furthermore,
the antioxidamts trolox and PG effectively prevented
ROS formation, but they did not prevent the activation
of Statl after HoGo PG is a symthetic phenolic antiod-
dant that has the capacity to remove hydroxyl radicals
and superoxdde radicals (Kahl and Hildebrandt, 1986;
Sroka and Cisowslki, 2003), whereas the Vitamin E ana-
log, trolox, is a powerful scavenger of hydroxyl radical
CArmoma et al., 1990}, In contrast to PG and trolox, NAC
reduced the accumulation of pStatl after HoCw in mixed
glia, in agreement with a previous report in other cells
(Simon et al, 1998}, in spite that NAC was unable to
reduce the production of ROS in owr enltures, NAC scav-
enges hydroxyl radical through a rapid reaction but it
reacts more slowly with HoOy (Vanderbis et al., 1998),

GLIA DT 10.1002/zlia

M) prevents the generation of ROS {DCFH-DA fechnigque) induced by
HzOz {300 (M) in mixed glia {C) and astrocyfes {I) even after treat-
ment with siRNA against JakZ {as shown in B). Data {»n 4) wrera
obtained in 2 Wdependent experiments. Values are expressed as the
mean * SEM. The inarease in DCF mduced by HzOg {F5FF « 0.001 vs.
control) was prevented by AG490 {(*%%p = 0.001) i mived glia and in
astroglia. Two-way ANOVA by siRNA condiion {comfrol or anfi-TalkZ)
and by drug freatment showed that the effect of AGAA0 was equal
under both sRNA conditions, and thus regardless of Jak? expression.

which might explain the poor inhibitory actiom of NAC
agmnst HyOp-induced DCF production. Im addition to
these effects, NAC can be deacetylated to cysteine to
become a precursor of cellular glutathione synthesis and
thus stimulate the glutathione system (Gillissenn and
Nowalk, 1998). However, it 1s currently unknown whether
this latter capacity might be involved in the effect om
NAC preventing HyOs-dnduced pStatl. Taken altogether,
these results sugrest that Statl activation was dissoci-
ated Bom the generation of ROS.

To elucidate whether the earlier respomses in mixed
glia were due to astrocytes or to microglia, we prepared
purified cultures of astroglia and of microglia. HaOp
induced oxidative stress in all cultures but increases
above basal were higher in astrocytes than in microglia.
Begarding HoOpinduced Statl tyrosine phosphorylation,
we mly detected pStatl in astrocytes but not in micro-
glia. However, the level of pStatl induced by HoGy was
lower in astroglia than in mixed glia. This suggests that
the signalling reported here in mixed glia cultures is
attributable to astrocytes, but that these cells behave
in a slightly different manmer depending on whether
they are cultured in the presence or in the absence of
microgliz
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H:Osinduced pStatl was prevented by Jak2 inhibi-
tors, indicating that Jak2 was invelved in this process,
in agreement with previous results (Simon et al., 1998),
In addition, we unexpectedly found that one of the Jak2
inhibitors nsed here, AG490, reduced the formation of
ROS and protein oxidation induced by H.0O.. Moreover,
AG490 also prevented the formation of ROS induced by
FeSO4 and NP, and it attenuated protein oxidation.
These findings led us to suspect that AG490 had antioxi-
dant properties. To further investigate this possibility,
we examined whether AG490 was capable of reducing
lipid peroxidation in an in vitre system devoid of cells.
The results of this study further supported that view,
Additional independent evidence was obtained after in-
hibiting Jak2 expression with siRNA, as under this con-
dition AG490 equally prevented ROS generation after
Hs0y exposure. These results eonfirmed that AGA490 has
intrinsic antioxidant properties, which are independent
of Jak2, This finding might be relevant to the biclogical
effects of AG490 when it is used as a Jak2 inhibitor. The
chemical structure of AG490 is compatible with antioxi-
dant features as it shares some molecular similarities
with the phenelic antioxidants PG and trolox. AG490
has two hydroxyl groups bonded to one aromatic ring in
a catechol like dispoesition (Fig. 4A) that cenfer a strong
radieal scavenger activity to this compound (Sroka and
Cisowski, 2003), Further work is needed to fully charae-
terize the antioxidant properties of AG490.

A main issue remaining unselved is the precise molee-
ular mechanism underlying HaoOs-induced increase in
tyrosine phosphorylated Statl. Although evidences sug-
gest involvement of kinases, other processes affecting
phosphatase activity deserve further attention. Also, the
possible contribution of Statl activation to the powerful
peroxide detoxifving properties of astrocytes needs to be
examined. These issues are currently under investiga-
tion in our laboratory

In brief, these results show that tyrosine phosphoryla-
tion of Statl is a specific effect of peroxide, that is disso-
ciated from the generation of ROS, and that is predomi-
nant in mixed glia cultures and, to a lesser extent, in
astrocvies. Also, the present findings unravel previously
unrecognized Jak2-independent antioxidant properties
of the Jak2 inhibitor AG490.
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ABSTRACT

Short interfering RNA (siRNA) inhibits the synthesis of specific proteins through RNA
interference. However, in cells of the immune system, such as dendritic cells, siRNA can induce
innate immune responses that are mediated by Toll-Like Receptors (TLRs). Here we sought to
evaluate whether siRNA can induce such responses in astrocytes, as these cells are active
players in cerebral innate immunity and express TLRs. We examined the effects of various
siRNAs (6 silencing sequences targeting specific genes and 2 non-silencing control sequences).
siRNA sequences induced variable degrees of silencing-independent non-specific effects, e.g.
increased Statl expression and release of I1.-6 and IP-10 in primary cultures of astroglia. These
effects could be prevented through chemical modification of siRNA by nucleoside 2’-O-
methylation in the sense strand, without impairing the specific gene silencing effect. Primary
astroglia cultures contain non-negligible proportions of microglha. However, siRNA also
induced non-specific responses in purified astroglia, but not in microglia or 3T3 cells. Microglia
showed higher TLR7 mRNA expression than primary or purified astroglia and 3T3 cells,
whereas TLR3 mRNA expression was higher i cultures contaiming astroglia than in microgha
or 3T3 cells. Accordingly, the TLR3 agonist poly(I:C) (PIC) induced higher release of IFN-[3 in
primary astroglia and purified astroglia than in microglia. As siRNA, PIC induced IP-10, Statl,
VCAM-1 and COX-2 and increased the expression of TLR3 mRNA. These results show that
astroglia is particularly sensitive to develop innate immune responses against siRNA sequences,

and suggest that this rmght be mediated, at least in part, by activation of TLR3.

Key words: Statl, IP-10, IL-6, glia, microglia, TLR

Running title: Immune response to siRNA in astroglia
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INTRODUCTION

Cells of the immune system have the ability to develop qualitatively different innate immune
responses depending on the cell type, the nature of the pattern recognition receptor, and the
tissue microenvironment (Colonna et al, 2006). In the central nervous system (CNS),
stimulation of innate immune responses depends on the cell type and the environmental signal
(Jack et al., 2005). Microglial cells are regarded as the CNS resident immune cells (Block and
Hong, 2005). Nevertheless, astrocytes are also important mediators of cerebral immune and
inflammatory reactions (Dong and Benveniste, 2001), and the view i1s growing on the
importance of astrocytes in cerebral innate immune responses (Farina et al., 2007, Falsig et al.,
2006; Scumpia et al., 2005).

The innate immune response is a defence mechanism triggered by infectious agents and other
molecules. Host defence against virus infection mvolves the recognition of viral nucleic acids
mediated by innate immune pattern recognition receptors, including membrane-bound Toll-like
receptors (TLRs), which recognize double-stranded (ds) RNA, single-stranded (ss) RNA and
dsDNA. TLRs can then activate antiviral gene programs (Dovle et al., 2003) mediated by
induction of type I interferon and inflammatory cytokines (Kawai and Akira, 2006). Besides
TLRs, cytoplasmic RNA helicases, such as Protein-Kinase R (PKR) and RIG-I, are important
cytoplasmic sensors of viral infection that become activated by dsRNA (Jefferies and
Fitzgerald, 2005).

Short interfering RNAs (siRNAs) are used in living cells and organisms to silence RNA
coding for specific proteins through RNA interference (RNAi). Yet, it is now recognised that
siRNAs can induce non-specific effects by activating the innate immune response (Sledz et al.,
2003); particularly when they are combined with lipids, as for in vifro cell transfection
(Hornung et al., 2005) and to avoid serum nuclease degradation in vive (Judge et al., 2005,
2006). Living organisms and cultured dendritic cells and macrophages exposed to siRNAs show
up-regulation of type-I interferon (IFN) and a subsequent increase in the expression of signal

transduction and activator of transcription-1 (Statl), an interferon-stimulated gene that mediates
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innate immunity (Durbin et al., 1996), and they release various cytokines (Sledz et al., 2003;
Kariké et al., 2004a). Although these unwanted effects do not seem to prevent the expected
RNAI, they cause a huge drawback for the therapeutical use of siRNA, and they may confound
the biological effect of RNAI.

Whether siRNA can induce immune responses in glial cells has not been investigated so far.
Here we examined whether a variety of siRNAs can trigger immune responses in different types
of mouse brain glia cultures and. for comparison purposes, we also used non-glial cells. We
then tested whether the effects of siRNA could be prevented by 2'-O-methylation of uridine or
guanosine nucleosides of the siRNA sense strand, and compared the effects of siRNA with

those induced by the TLR3 agonist poly(I:C) (PIC).

MATERIALS AND METHODS

Cell cultures

Animal work was authorised by the Ethical Committee of the University of Barcelona and it
was performed in agreement with the local regulations. Primary cultures of glial cells were
prepared as reported (Saura et al, 2003). Cerebral cortices from 1- to 2-day-old Swiss CD1
mice (Charles-River, France) were used. Cultwre medium was Dulbecco’s modified Eagle
medium:F-12 nutrient (DFF) (1:1) (Gibco-BRL), supplemented with 10% foetal bovine serum
(FBS) (Gibco-BRL), and 4 mL/L. of 10,000U/mL penicillin/10,0001g/mL. streptomycin (Gibco-
BRL). All products and reagents, unless otherwise stated, were from Sigma-Aldrich. Cells were
plated in 24-well plates (NUNC, Roskilde, Denmark) and maintained in DFF and 10% FBS
with antibiotics, as above. Medium was replaced every 4-5 days and confluency was achieved
after 10-12 days in vitro. These cell cultures contain astrocytes and around 25% of microglia
(Gorina et al, 2007).

Enriched astroglia cultures were prepared following a reported procedure (Gorina et al.,
2007). Mouse primary mixed glial cultures on 10-12 DIV were ftreated with 10uM of the

antimitotic cytosine arabinoside (Ara-C, Sigma-Aldrich) for 4 days to eliminate dividing cells,
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1.e. mostly microglia and progenitors, but not quiescent cells, i.e. mostly confluent astrocytes.
The adherent cells were detached with trypsin 0.05%/EDTA 0.2mM and seeded at 6 x 10°
cells/ml. with culture medium (see above). Astrocytes were used two days after subculturing
and they contained more than 96% astrocytes (Gorina et al., 2007).

Microglial cells were obtained by mild trypsinization with a method yielding high purity
(>98%) (Saura et al, 2003; Gorina et al., 2007), and they were used one day after isolation.

Primary glial cultures were also obtained from homozygous Statl -/- mice (12956/SvEv
background) and from the corresponding controls (12956/SvEv wild type, WT) (Taconic Farms,
Germantown, NY, USA ).

NIH3T3 cells (American Type Culture Collection, Manassas. VA, USA) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% bovine serum and antibiotics, as

above. For transfection, 5 x 10* NIH3T3 cells were plated in 24-well plates.

SiRNA treatment

Cell cultures were exposed to siRINAs for several time periods ranging from 30 min to 6 days.
The typical concentration of siRNA used was 100 nM, but a range of concentrations (from 0.01
to 100 nM) was tested. In addition, high siRNA concentration (3.3 pM) was used m one set of
experiments designed to examine whether siRNA could induce TLR mRNA expression (see
below). siRNA was mixed with oligofectamine™ (Invitrogen) 15 min at RT prior to cell
transfection. The final concentration of oligofectamine in the culture medium was 4 pg/ml..
Control cultures were treated with oligofectamine i the absence of siRNA. Two kinds of
silencing siRNAs were used, either consisting of a population of multiple duplex sequences
against Statl (#RM-1171), GAPDH (#RM-0057), and Jak2 (#RM-1164) (Superarray Bioscience
Corporation), or consisting of one unique duplex sequence (Qiagen) against MAPK1 (ERK)
(#1022564) or p21Cipl/Wafl (p21-Q) (#1024837). In addition, we obtained the latter duplex
sequence against p21 (antisense: CGAAGUCAAAGUUCCACCGAT.AT, sense:
CGGUGGAACUUUGACUU.C.GAT.AT) from a different source, as it was custom

made by another supplier (p21-D1; Dharmacon). Also., a different commercially available
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duplex sequence (p21-D2) against p21 was tested (ON-TARGET plus™ duplex J-0586636-05,
Mouse CDKNla, NM_007669, Dharmacon). According to the supplier, ON-TARGETplus™
modification enhances siRNA specificity and reduces off-target effects. Also, two different non-
silencing siRNAs were used as controls for the RNA1 effect. One of these (ns-m) was composed
of a population of duplex sequences (#RM-1171 negative control, Superarray Bioscience
Corporation), and the other (ns) consisted of one duplex sequence (#1022076, (Qiagen).
According to the manufacturers, the sequences of the non-silencing siRNAs had no homologies

with the known rodent genes and they were used as negative controls.

SiRNA modifications

The siRNA sequence against p21 (p21-Q and p21-D1) was modified by introducing 2°-O-
methylation (m) in nucleosides of the sense sequence; either in all uridine nucleosides
(C.COmMUGGAACMUmUmUGACmUmU.CGAT.AT), o i all guanosine
nucleosides (C.mG.mG.UmGmG AA.CUUUMGA.CUU.CmGAT.AT), while keeping the
antisense sequence unmodified (C.GAAGUCAAAGUUCCACCGAT.AT). These

s1IRNAs were custom made upon request (Dharmacon).

Other treatments

Cells were treated with the synthetic double-stranded RNA, polyinosinic-cytidylic acid
(poly(I:C), PIC)) (Sigma) (50 or 100 pg/ml.), and cells and media samples were obtained at
several time points ranging from 4 to 24 h for Western blot and ELISA measurements.
Exposure to chloroquine (50 pg/ml., Sigma) was initiated two hours prior to PIC or siRNA

treatment.

Western blotting
Western blotting was performed as described (Gorina et al., 2005) with monoclonal antibodies
against Statl and Stat3 (BD Transduction Laboratories) diluted 1:4,000; p21 (BD Pharmingen)

diluted 1:2000; panERK (Cell Signaling) diluted 1:8.000; iNOS (BD Transduction
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Laboratories) diluted 1:1,000; and phosphorylated elF2a (pelF2c) (Epitopics) dituted 1:1000.
The following polyclonal antibodies were used: a goat antibody against VCAM-1 (Santa Cruz
Biotechnology Inc.) diluted 1:1000; and a rabbit antibody against COX-2 (Cayman Chemical
Co) diluted 1: 1000. 3-Tubulin diluted 1:50,000, or actin diluted 1:10,000 (Sigma-Aldrich) were
used as loading controls. The optical density of the bands was measured by densitometric
analysis (Kodak Digital Science 1D, Kodak). The ratio between band intensity of specific
proteins and the corresponding loading control was calculated to correct for differences in
protein gel loading. For each gel, these ratio values were expressed as percentage of the control
samples run in the same gel. Then, the average of the values (percent of corresponding control)
of various samples of the same treatment group (n=3 or more) that were run in different gels
was calculated and statistical analysis was performed to test whether differences were

statistically significant.

Immunocytochemistry

To verify that siRNA was entering the cells we incubated either pure cultures of astrocytes or
pure microglia with a fluorescent rhodamine-labelled control non-targeting siRNA sequence
(100 nM, #D-001600-01) for 24h and then examined the cells under the microscope. Double
labelling was carried out with fluorescent-siRNA and a rabbit polyclonal antibody against the
astroglial marker glial fibrillary acidic protein (GFAP) (#70334, Dako) diluted 1:1,000, or with
a mouse monoclonal antibody against the microglial marker ED1 (#MCA341R, Serotec),
diluted 1:100). The secondary antibodies were green-fluorescent Alexa Fluor 488 dye-labelled
goat anti-rabbit TgG (#A-11070; Molecular probes) or goat anti-mouse IgG (#A-11017,
Molecular Probes). After the immunoreaction, cells were stamed with Hoecht to visualise the

nuclel.

ELISA Assays
The concentrations of IP-10 (Quantikine murine IP-10/CRG-2/CXCL10, #MCX100, R&D

Svstems Europe, Ltd. Abinedon, UK), IP-9 (Quantikine murine CXCLI/MIG, #MCX900, R&D
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Systems), 1L-6 (#860.020.192, Diaclone SAS, Besancon, France) and TFN-p (#42400-1, R&D

Systems) in the culture media were determined by ELISA.

Real-time detection of the expression of TLR3 and TLR7 mRNA

RNA was extracted using guanidinium thiocyanate (Chomczynski & Sacchi, 1987). Two ug
of RNA were used for cDNA synthesis using the AMVY First-Strand ¢cDNA Synthesis Kit (#
12328-040), Invitrogen, Carlsbad, Ca, USA). Two ul of cDNA synthesis reaction were used in a
25 ul real-time PCR reaction with FAM-labelled Tagman® Gene Expression Assays for TLR3
(Mn00446577_gl), TLR7 (Mn00446590_ml), and f-actin (Mn00607939_s1) (Applied
Biosystems, Foster City, CA, USA). The amplification conditions were: 10 min at 95°C
followed by 40 cycles of 15 sec at 95°C, 1 min at 60°C. Cr values were analyzed using the 2

#4€ 1 method (Livak & Schmittgen, 2001).

Data analyses

Results are the mean of 3 to 9 independent experiments. The effects of siIRNA treatment were
analysed with one-way ANOVA. Comparison for treatments and cell types was made by two-
way ANOVA. Thereafter the effect of individual treatments was evaluated by post-hoc analysis
with the Bonferroni’'s multiple comparisons test. Data not passing the normality test
(D'Agostino & Pearson omnibus test) were analysed with the non-parametric Kruskal-Wallis
test followed by Dunn's multiple comparison test. Statistical analyses were performed using

GraphPad Prism software.
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RESULTS

SIRNA reduced the expression of specific proteins, but not of Statl

Primary astroglial cell cultures were exposed to several siRNA sequences to induce RNAIL
siRNA was mixed with oligofectamine for transfection and cells not receiving siRNA were
exposed to oligofectamine alone. We used non-silencing siRNA sequences as negative controls,
Treatments with certain sIRNAs successfully silenced targeted genes in these cultures by
reducing the expression of the corresponding proteins, as illustrated with siRNA against p21
(Fig. 1A) and ERK (Fig. 1B). However, when we tried to silence the interferon (IFN)-
responsive protein Statl with siRNA, we found an increase in Statl protein expression, instead
of a reduction (Fig. 1C). Control non-silencing siRNA (ns), which did not target specific
proteins, also increased Statl expression (Fig. 1C) suggesting that siRNA induced Statl
expression in a non-specific manner in primary astroglia cultures. In addition, a tendency to
increase p21 protein expression was also found after treatment with ns siRNA (Fig. 1A). Bhunia
et al. (2002) reported that the JAK-STAT pathway was involved in p21 induction. For this
reason we tested whether non-silencing siRNA was still capable of inducing the small increase
in p21 protein in Statl deficient cultures. The results showed a similar increase in p21 in Statl
deficient cells (not shown), and therefore we could not evidence a link between increases in

Statl and p21 proteins induced by the non-silencing siRNA sequence.

SiRNA induced Statl expression in primary glial cell cultures

Non-silencing (ns) siRNA that was used as negative control was capable of inducing the
expression of Statl in primary astroglia cultures at different time points (Fig. 2A), but it did not
affect Stat3 expression (Fig. 2B). The effect was observed from 12h to 6 days, with a maximum
around 4 days (Fig. 2A). We then tested various siRNA sequences directed against specific
targets (such as GAPDH, Jak2, Statl, p21 and FRK) as well as other negative control non-
silencing sequences (nsy, ns) for their capacity to induce the expression of Statl in our cultures.

We found that the sequences tested induced variable degrees of Statl protein expression (Fig. 2
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C). This suggests that induction of Statl was a non-specific effect of siRNA, which was
independent of its silencing effect, and that the intensity of the effect depended on the siRNA
sequence. The observed Statl induction did not alter the capacity of siRNA to silence targeted
genes that were not related with the immune response, as shown for p21 and ERK (Fig. 1A, B).

The concentration of 100 nM was chosen in this study as it induced a significant reduction of
protein expression, as shown for p21 siRNA n Fig. 3A. siRNA-induced Statl expression was
concentration-dependent; it was already statistically significant at 10 nM and increased at 100
nM, as shown for exposure to p21 siRNA in Fig 3B.

In an effort to elucidate whether Statl induction was caused by a given siRNA sequence or it
might be due to any other possible feature of the siRNA product, we obtained the same siRNA
sequence from different suppliers. This experiment was carried out for the p21 sequence used
above (p21-Q) (presented in Fig. 1 and 2) that was custom made by a different supplier (p21-
D1) (see Methods). Both siRNA products were capable of silencing p21 to a similar extent (Fig.
3C), and produced a similar degree of Statl induction (Fig. 3D). The result showed that this
particular siRNA sequence against p21 triggered Statl induction. Finally, we also tested a
different commercially available sequence against p21 (p21-D2). The latter also silenced p21
(Fig. 3C) while it did not induce Statl expression (Fig. 3I), again supporting the view that
siRNA-induced Statl was dependent on the siRNA sequence and independent of the silencing
effect.

Besides increased Statl expression, other non-specific effects of siIRNA were detected at 1
and 4 days, including release of IFN-inducible protein 10 (IP-10), IL-6, and IP-9 (see below in
Fig. 4). However, we did not find increases in elF2a phosphorylation from 30 min to 4d after
siIRNA exposure (not shown), suggesting that the non-specific effects of siRNA were not

mediated by activation of PKR.

Statl induction was prevented by selective 2°-O-methylation of certain nucleosides
It was reported (Judge et al., 2005) that the siRNA-induced immune response could be

nhibited by 2’-O-methylation of certain nucleosides in the sense strand of the siRNA duplex.
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Here we tested whether this strategy was effective in our primary astroglia culture system. We
designed two modified siRNAs from the sequence of the siRNA against p21 by introducing 2°-
O-methylation in the uridine or guanosine nucleosides of the sense strand. The modifications
did not impair the capacity to silence p21 (Fig. 4A, B). In addition, 2’-O’methylation of the
guanosine nucleosides effectively reduced Statl induction (Fig. 4C, D) and release of IL-6 (Fig.
4L), IP-9 (Fig. 4I7) and IP-10 (Fig. 4G), whereas no effect was apparent upon modification of
the uridine nucleosides (Fig. 4). The former modification prevented the release of TP-10 even in
cultures of Statl-deficient cells (Fig. 4H), indicating that it abrogated Statl-dependent and
Statl-independent responses induced by siRNA. These findings show that the siRNA-induced

immune response can be prevented by selective nucleoside maodification.

Effect of siRNA in different cell types

The primary astroglial cultures used here contain mainly astrocytes but, to a lesser extent, they
also contain non-negligible amounts of microglia. We then questioned whether residual
microglia growing in the primary astroglial cultures, rather than the astrocytes, might be
responsible for the non-specific effects of sIRNA. We subcultured astroglia in order to obtain a
higher purity in astrocytes, while the microglia were kept as a separate culture (see Methods).
We tried several siRNAs in the different cultures (the negative control non-silencing is shown in
Fig. SA as a representative example). siRNA increased the expression of Statl in astroglia but
not in microglia, which already showed comparatively higher basal levels of Statl than mixed
glia and astroglia (Fig. 5 A, B). This shows that astroglial cells are particularly sensitive to
activate a Statl-mediated immune response after exposure to siRNA.

In addition to Statl, the concentration of the chemokine IP-10 increased to different extents at
24 and 96 h after siRNA treatment in the medium of primary astroglia cultures and in purified
astroglia, but it was not detected in microglia (Fig. 5C). Likewise, I1.-6 was induced by certain
siRNAs in primary astroglia cultures and in pure astroglia, but not in microglia (Fig. 5D).
Another chemokine, TP-9, showed small increases after exposure to certain siRNAs in mixed

astroglia cultures only (Fig. SE). We also examined iNOS expression, which at the basal state
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was already very high in microglial cultures and moderate in mixed glia, while it was not
detected in purified astrocytes (Fig. 5F). siRNAs induced small increases of iNOS expression in
primary astroglia cultures (p<0.05), but significant changes were not detected in pure microgha
and no signal was found in pure astroglia (Fig. SF). These results suggest that the behaviour of
astrocytes was different depending on whether they were cultured in the presence or absence of
microglia, and that primary astroglia cultures were more responsive to siRNA than secondary
purified astroglia cultures.

In order to verify that the lack of response of microglia was not attributable to deficient
siRNA transfection, we incubated either purified astrogha or purified microgha with a red
fluorescent control siRNA sequence. Fig. 6 shows that siRNA entered astroglia and microglia,
which were immunostained with GFAP and ED1, respectively.

We also tested whether siRNA was able to induce the above non-specific responses in an
epithelial cell line (NHI3T3). However, in these cells we did not detect effects on Statl
expression (Fig. 7TA.B) nor in IP-9, IP-10 and I1.-6 release (not shown), in spite of the fact that

the expected silencing effect of siRNA was observed (Fig. 7C, D).

Expression of TLR3 and TLR7 and ¢ffect of the TLR3 agonist poly(1:C) (PIC) in different
cell cultures

The highest expression of TLR7 mRNA was found in purified microglia whereas a
comparatively lower expression was found in mixed astroglia and in purified astroglia (Fig.
8A). The mverse situation was found for TLR3 mRNA, as the highest expression was found in
primary astroglia cultures, followed by cultures of pure astroglia, and to a much lower extent in
pure microglia (Fig. 8B). Altogether, these results suggest that in astroglia TLR3 might mediate,
al least in part, the immune effects of siRNA. Tn 3T3 cells, expression of TLR7 (Fig. 8A) and
TLR3 (Fig 8B) mRNA was low, in agreement with the lack of immune response of these cells
to siRNA treatment. We also tested whether treatment with siRNA or with the TLR3 agonist
PIC modified the level of TLR3 and TLR7 mRNA expression. Incubation for 24h with either

PIC (50 pg/ml.) or with a high dose of siRNA (3.3 uM, i.e. approximately 50 pg/ml.) increased
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the expression of TLR3 mRNA, but this effect was not observed with the siRNA dose used for
silencing gene expression (100 nM) (Fig. 8C). However, neither siRNA nor PIC increased the
expression of TLR7 mRNA at these doses (not shown).

We then tested the effect of PIC on release of IFN-f3 in the different glia cultures. PIC induced
a much higher IFN-( release in primary astroglia cultures and in pure astroglia, than in
microgla (Fig. 8D). This effect was in accordance with the expression of TLR3 mRNA
observed above in the different cell types.

Besides the above effect of PIC, this TLR3 agonist increased the expression of Statl, VCAM-
1, and Cox-2 (Fig 8E), in agreement with previous reports (Scumpia et al., 2005; Krasowska-
Zoladek et al., 2007; Park et al., 2006). siRNA treatment also induced VCAM-1 and Cox-2
expression, as PIC did. These effects of PIC and siRNA were abolished by pre-treatment with
the endosomal acidification inhibitor chloroquine, suggesting that internalization to mature

endosomes might be involved in the observed responses (Fig. 8F).

DISCUSSION

Here we report that 1) siRNA can induce a non-specific innate immune response associated
with induction of Statl expression and release of cytokines and chemokines in astroglia; 2) this
effect does not prevent silencing of specific targets; 3) the intensity of the response varies
depending on the siRNA sequence; 4) siRNA modification by 2’-O-methylation of certain
nucleosides of the sense sequence can abrogate this response while keeping the RNAI effect;
and 5) these non-specific effects of siRNA in astroglia might be mediated, at least in part, by
TLR3.

A variety of siRNA sequences induced Statl expression and release of cytokines and
chemokines, and we also evidenced a tendency to increase in p21 protein expression by certain
s1IRNAs. The JAK-STAT pathway can be involved in p21 induction (Bhunia et al., 2002),
however here we could not find an association between siRNA-induced Statl and p21 by

examining p21 expression in Statl deficient cells. Also, siRNA-induced release of P10 was
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observed in Statl deficient cells. Unless there were unknown compensatory mechanisms in
Statl-deficient cells, these findings suggest that, besides Statl, other pathways might be affected
by siRNA treatment in a non-specific manner.

We characterised non-specific effects of siRNAs in cultures of different cell types by studying
the induction of Statl, and release of promnflammatory cytokines and chemokines. Primary
cultures of astroglia were particularly prone to show Statl mduction, release of TP-10, TL.-6. and
IP-9, and increase i iNOS expression after exposure to siRNA. In purified astrocytes, we also
observed induction of Statl, IP-10 and IL.-6, but not of IP-9 or iNOS, but, we did not detect
increases in the expression of these molecules in microglia or epithelial 3T3 cells. Therefore,
astrocytes emerged as cells responsive to siRNA that can generate an innate immune response
against it. The different response of glia depending on whether astroglia and microglia were
cultured separated or combined shows that the capacity of the cells to respond to
immunostimulatory agents may depend on particular culture conditions. This suggests that the
cellular phenotype of astroglia is altered by the presence of microglia, and vice versa.

RNA helicases, such as PKR, are important cytoplasmic sensors of viral infection that become
activated by dsRNA (Jefferies and Fitzgerald, 2005). After viral infection, PKR is involved in
IFN induction (Diebold et al., 2003), and phosphorylates certain factors involved in translation,
such as eukaryotic initiation factor 2c (elF2a) (Srivastava et al., 1998). In several cell lines,
s1IRNA has been reported to activate PKR (Sledz et al., 2003). However, in astroglia, we did not
detect phosphorylation of elF2c after exposure to siRNA, suggesting that this process is not
responsible for the immune response mduced by siRNA in these cells. In plasmacytoid dendritic
cells, siRNA induces IFN-o through TLR7 (Homung et al., 2005), which is known to mediate
the recognition of single-stranded RNA (Lund et al., 2004). Signaling through TI.LR3 might also
be involved in the immune responses to siRNA (Karikd et al., 2004a, b). TLR3 mediates
cellular responses to dsRNA (Alexopoulou et al, 2001) and induces downstream selective
activation of IFN regulatory factor 3 (IRF3) (Doyle et al., 2002). Astrocytes express TLRs

(Farina et al., 2005; Jack et al., 2005; Konat et al., 2006) and respond to certain viruses and to
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the TLR3 ligand PIC (Scumpia et al., 2005; Carpentier et al., 2007; Krasowska-Zoladek et al.,
2007; Park et al., 2006; Rivieccio et al., 2006; Vincent et al., 2007). We found that our astroglia
cultures were comparatively richer in TLR3 mRNA than in TLR7 mRNA, while we found the
reverse situation for microglia. In agreement with higher TLR3 expression in astroglia than in
microglia, the TLR3 agonist PIC induced much higher IFN- release in cultures containing
astroglia than in pure microglia. Also, PIC induced a variety of other effects in astroglia that
were similar to those induced by siRNA. The effects of both agents were attenuated by the
endosomal acidification inhibitor chloroquine, suggesting that intracellular TL.R3 might
contribute to mediate non-specific effects of siRNA in astroglia. However, previous findings
(Bsibsi et al., 2002) have shown preferential expression of TLR3 in the astroglia membrane.
Therefore, we cannot exclude the participation of membrane TLLR3 in siRNA-induced immune
responses. Pro-inflammatory cytokines, TLR3 or TLR4 agonists, and oxidative stress induce
TLR expression in human astrocytes (Bsibsi et al., 2006). In agreement with these observations,
we found that treatment with a very high dose of siRNA (3.3 uM, which is approximately
equivalent to 50 pg/ml.) or with the TLR3 agonist PIC (50 pg/ml) increased TLR3 mRNA
expression in our primary astroglia cultures, but this effect was not observed for TLR7 mRNA;
again pointing to TLR3 as a possible mediator of siRNA-induced non-specific effects in
astroglia.

The effects of siIRNAs in our cells occurred regardless of whether the sequences were
silencing or not, and were independent on the RNAi effect. Certain motifs have been attributed
immunostimulatory properties (Judge et al., 2005; Hornung et al., 2005). In agreement with this,
the induction of the immune response studied here in glia was sequence-specific, as its
magnitude was variable depending on the siRNA sequences, as previously reported in other
cells (Homung et al., 2005; Judge et al., 2005; Sioud 2005). We carried out two different
modifications on the siRNA sequence against p21 aiming to attenuate this non-specific
response. We designed 2’-O-methylation of either uridine or guanosine nucleosides of the sense

chain, since this strategy was reported to abrogate siRNA-induced immune responses (Judge et
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al., 2006; Sioud 2007). Our results showed that introduction of 2’-O-methyl in all guanosine
nucleosides of the sense sequence of the double stranded siRNA duplex prevented Statl and
1INOS induction, and TP-10, TP-9 and T1.-6 release, while the silencing effect was not impaired.
This suggests that nucleoside 2°-O-methylation can be used to abrogate immune responses of
siRNA in astrocytes. Therefore, the use of precise siIRNA sequences and siRNA modifications
intended to avoid non-specific immune responses is important to carry studies of gene silencing
in astrocytes.

In conclusion, this study shows that astrocytes are sensitive to develop non-specific innate
immune responses to siRNA sequences, and that these responses can be prevented by certain
siIRNA modifications. In addition, the results suggest that ntracellular TLR3 might contribute to

mediate non-specific effects of siRNA in astroglia.
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FIGURE LEGENDS

Figure 1. Specific siRNA sequences reduce the level of expression of the targeted proteins.

Primary glia cell cultures were exposed to oligofectamine alone (-) as a control, or in
combination with various siRNAs (100 nM). The expected RNA interference effect of
specific silencing siRNA sequences is obtained in primary glial cultures, as evidenced by
Western blot for p21 (A, B) and ERK (C, D) proteins after treatment with p21 siRNA (using
the p21-Q siRNA sequence, see Methods) and ERK siRNA, respectively. However, siRNA
against interferon-responsive Statl increases the expression of this protein (E, F). Control
non-silencing siRNA sequences (ns) does not reduce protein expression (A-D), but rather
causes a massive increase m Statl (E,F) and a non-significant trend to mcrease in p21 (A,B).
(E). Data were obtained in at least 4 independent experiments per siRNA sequence. * p<0.05,

4 p<0.01, #44% p<0.001 versus control (-).

Figure 2. siRNA sequences induce the expression of Statl in primary cultures of glia. Cells
were exposed to oligofectamine alone (-) as a control, or in combination with various siRNAs
(100 nM). A-B) Control non-silencing siRNA (ns) induces significant expression of Statl (A),
but not Stat3 (B), at the stated time points, as assessed by Western blot. C) Five different
silencing siRNAs (against Statl, GAPDH (GAP), Jak2, p21-Q, and ERK) and two non-
silencing siRNAs (ns and ns,,) were tested for Statl expression at day 4. The extent of Statl
induction varies depending on each siRNA. n indicates the number of samples obtained in 3-6
independent experiments per siRNA ftreatment. *** p<0.001, ** p<0.01, * p<0.05 versus

control (-).

Figure 3. Statl protein-induction increases as a function of the siRNA concentration and it
is dependent on the siRNA sequence, but independent of the silencing effect. A-B)
Primary glia cultures were incubated with 1 to 100 nM siRNA against p21 (p21-Q) for 4 days.

siRNA significantly silences p21 expression at the dose of 100 nM (A), and it increases Statl
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expression, in a concentration-dependent manner (B). Samples were obtained in 3-6
independent experiments. * p<0.05, *¥* p<0.001 vs control (0 nM siRNA in the presence of
vehicle). C-D) Primary glia cultures were incubated with different siIRNAs against p21 (see
Methods) (100 nM), or with vehicle (-). Sequences p21-Q and p21-D1 were identical but
obtained from different suppliers. Sequence p21-D2 was different from the former. All
sequences have a silencing effect against p21 (C), but only the first sequence (p21-Q and p21-

D1 siRNAs) induces Statl expression whereas the second sequence (p21-D2) does not (D).

Figure 4. O’-methylation of certain nucleosides of the siRNA sense strand abrogates Statl,
chemokine and cytokine induction, without altering the silencing effect. A, B) Expression
of p21 is specifically attenuated after treatment with either non-modified p21 siRNA, or with
p21 siRNA methylated at uridine- (p21-U) or guanosine- (p21-G) nucleosides, but it is not
reduced after treatment with non-silencing control siRNA (ns) or with unrelated siRNA
sequences, such as siRNA against ERK (n=4). O)’-methylation of GG nucleosides, but not of U
nucleosides, abrogates siRNA-induced Statl (n=4) (C, D) and iNOS (n=3) expression (D),
and IP-9 (E), IL-6 (F) and IP-10 (n=6) release ((G). siRNA-induced TP-10 release is also
reduced by G-modification in Statl-KO mice (n=3) (H). siRNA concentration was 100 nM.
Data correspond to the 4-day time point, but Statl and TP-10 were also examined at 24h and
the same effect was found. *** p<0.001, ** p<0.01, * p<0.05 versus oligofectamine vehicle

as control (-); “** p<0.001, * p<0.05 versus p21 siRNA.

Figure 5. siRNA induces Statl expression and cytokine and chemokine release depending
on the type of glia culture. A) Statl expression above basal is induced by siRNA in primary
cultures of astroglia (primary), and in secondary cultures enriched in astrocytes (astroglia), but
not in purified microglia cultures. B) Quantification of the signal (n=3-6) shows statistically
significant increases. C, D) siRNA induces release of IP-10 (n=3) (C) and IL.-6 (n=4) (D) in
primary astroglia cultures and in astrocytes, but not in microglia E) siRNA also induces a

small increase in IP-9 release in primary astroglia only (n=2). F) Basal iNOS expression is
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detected in microglia and, to a lesser extent, in primary astroglia cultures, but not in purified
astroglia. A small induction of iNOS expression is apparent after siRNA in primary astroglia
(n=3). Nllustrated data correspond to the 4-day time point. siIRNA concentration was 100 nM.

krk p<(0.001, *¥* p<0.01, * p<0.05 versus the oligofectamine vehicle (-).

Figure 6. siRNA is internalized into astrocytes and microglia. Purified astroglia (A, B, C)
and microglia (D, E, F) cells were treated with 100 nM fluorescent siRNA (red) for 24h. Cells
are immunostained (green) with GFAP (A) or EDD1 (D) to evidence astroglia and microglia,
respectively. Fluorescent siRNA in astroglia (B) and microglia (E) cultures. Merged images
(C, F) illustrate siRNA cell transfection. The nucleus of the cells 1s shown in blue after Hoecht

staining (E, F). Bar scale: 25 pm.

Figure 7. siRNA does not increase Statl expression in NIH-3T3 cells. A,B) No induction of
Statl is observed after siRNA (100 nM) treatment in epithelial 3T3 cells (n=4). C, D)
However, these cells showed silencing responses after the siRNA treatment, as shown by
reduced p21 protein expression after treatment with anti-p21 siRNA (n=5). * p<0.05 versus

vehicle (oligofectamine} (-).

Figure 8. TLR7 and TLR3 mRNA expression in the different cell cultures, and effect of
the TLR3 agonist PIC. A) TLR7 mRNA expression (n=4-5) and B) TLR3 mRNA
expression (n=2-3) in primary astroglia cultures (primary), purified astroglia cultures
{astroglia), purified microglia (microglia} and 3T3 cells show higher expression of TLR7
mRNA in microglia than in cultures containing astroglia and 37T3 cells. The reverse situation
is found for TLR3 mRNA, and the highest expression is found in primary astroglia cultures.
Comparatively, low TLR3 and TLR7 mRNA expression is found in 3T3 cells. Results are
expressed as relative mRNA levels in relation to the value obtained in pure astrocytes (*

p<0.05, ** p<0.01). C) siRNA (100 nM, or 3.3 uM, which is approximately equivalent to 50

we/mbLy or PIC (50 ne/ml) treatment increases the level of TLR3 mRNA expression at 24h
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{(n=3-4) in primary astroglia cultures. D) PIC (100 pg/ml.) induces high IFN-[3 release at 24h
in primary astroglia (n=3) and purified astroglia, but the induction is comparatively very low
in microglia. E} PIC (100 pg/mlL) and certain siRNAs (100 nM) induce the expression of
Statl, Cox-2 and VCAM-1 at 24h (n=3). The effects of unmodified siRNA against p21 is
prevented by O-methylation of Guanosine (G), but not Uridine (U7) nucleosides (n=3). F)
Chloroquine (50 pg/ml) attenuvates the effects of PIC (100 pg/ml) and siRNA (100 nM)

(n=3). * p<0.05; #* p<0.01; #+* p<0.001
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Figure 3
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Figure 6
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Abstract

Stroke causes neuronal necrosis and generates inflammation. Pro-inflammatory molecules intervene in
this process by triggering glial cell activation and leucocyte infiltration to the injured tissue. Cytokines are
major mediators of the inflammatory response. Pro-inflammatory and anti-inflammatory cytokines are re-
leased in the ischaemic brain. Anti-inflammatory cytokines, such as interleukin-10, promote cell survival,
whereas pro-inflammatory cytokines, such as TNFe (tumour necrosis factor ), can induce cell death. How-
ever, deleterious effects of certain cytokines can turn to beneficial actions, depending on particular features
such as the concentration, time point and the very intricate network of intracellular signals that become activ-
ated and interact. A key player in the intracellular response to cytokines is the JAK (Janus kinase)/STAT (signal
transducer and activator of transcription) pathway that induces alterations in the pattern of gene transcrip-
tion. These changes are associated either with cell death or survival depending, among other things, on the
specific proteins involved. STAT1 activalion is related to cell death, whereas STAT3 aclivation is often asso-
ciated with survival. Yet, it is clear that STAT activation must be tightly controlled, and for this reason
the function of JAK/STAT modulators, such as 5005 (suppressors of cytokine signalling) and PIAS {protein
inhibitor of activated STAT), and phosphatases is most relevant. Besides local effects in the ischaemic brain,
cytokines are released to the circulation and affect the immune system. Unbalanced pro-inflammatory and
anti-inflammatory plasma oytokine concentrations favouring an “anti-inflammatory’ state can decrease the
immune response. Robust evidence now supparts that stroke can induce an immunodepression syndrome,
increasing the risk of infection. The contribution of individual cytokines and their intracellular signalling

pathways to this response needs Lo be further investigated.

Introduction

Severe ischaemia causes necrosis accompanied by a strong
inflammatory reaction that is believed to contnibute to brain
wjury. Inflammation has therefore been considered a target
for therapeutic intervention. Yet, ischacmia 1s not an mtrinsie
inflammatory discase, in spite of the fact that inflammatory
factors in the endethelium might contribute to the aetology
of atherosclerosis, a risk factor for stroke, Inflammation in
stroke is more complex as the brain exents a master control on
the local and remote responses 1o brain injury. Subsequently,
both local and systemic pro-inflammatory and anti-inflam-
matory signals are activated, some derived from brain and
some probably buil up peripherally in response 1o brain dam-
age. Key plavers in this response are eytokines. The mam in-
tracellular signalling pathways activated by cvtokines include
the NF-«B (nuclear factor « B} and the JAK (Janus kinase)/
STAT (signal transducer and activator of transeription) path-
ways, Both pathways share the ability to act as 'latem” tran-

Key wrobds: anb-nSammatory cptokine, mmune system, ischasmia, janus kinese (AC) sgnal
transducer and activador of Fanscnplon (STAT) padway, strole, suppeetson of cyloking sgnalling
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S04 suppressans of cyiolone signaling Th1, 1 helpar type 1, 168, tumou necross actor

"To whom conespondence should be sddressed (emall amplat@iibb.csices)

scription factors, as they are already present in the evioplasm
in an inactive form and can rapidly respond to extracellular
signals and become activated, entering the nucleus and
inducing gene transeription. Here, we will focus on the JAKS
STAT pathway.

Pro-inflammatory and anti-inflammatory
cytokines
Cytokines are soluble polypeptides thar exen control on
the function of differem cell types, including regulation of
growth and differentiation [1]. Cytokines are released to the
cell environment and to the bloodstream 1o induce local and
remote responses, They mainly act on membrane receptors
that activate intracellular signalling pathweays, which induce
changes in the patern of gene transeription as a cellular
response to the altered miliew. The expression of eyrokines 15
low under physiclogical conditions, but it can be highly up-
regulated under pathologieal condinons, panicularly those
involving inflammanon, Important features of cviokines are
pleictropy and redundancy [1], resulting inactivation of sim-
lar pathways by different molecules and activation of multiple
pathways by a single molecule.

Cytokines increase in the plasma of acute stroke patients,
and the levels of certain eytokines may have prognoste value,
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Indeed, increased 1L-6 {interleukin-6) plasma concent rations
were associated with early neurclogical worsening [2,3], and
high 1L-6 predicted eary neurological deterioration and poor
functional outcome n lacunar mfarcuon [4]. In contrast,
other findings showed a sigmficant inverse correlation be-
tween plasma 1L-6, neurclogical impairment and infarct
growth, suggesting that plasma 1L-6 might also sigmal neuro-
protective effects in patients with ischaemic brin injury
[5]. Experimental evidence also suppons that certain pro-
wflammatory cytokines nught have beneficial properties
in the ischacmie brain. 1L-6 was protective in a model of
permanent focal ischacma in the r [6], and blockade
of 1L-6 signalling aggravated ischaemic damage in mice [7].
High TNFe (tumour necrosis factor o) plasma levels were
strongly related to poor cutcome in stroke panients [4,5],
and TNFe blockade reduced brain infarct volume and cer-
ebral oedema after transiem focal schaena in rats [8], and
prevented damage and inflammation in mice [%]. However,
in organotypic hippocampal cultures exposed to ischaemic
condimions, pre-treatment with TNFe was protective against
neuronal death, while treatmem after schaenma was dern-
mental and it increased oxidative stress [10]. Furthermore,
an approprately timed increase in TNFe induced ischaemic
preconditioning in experimental studies [11,12], and it was
associated with ischaemic tolerance in stroke panems [13],
Thus TNFe has a wide mnge of effects on brain ischaemia
[11]. Therefore the mle of wndividual eytokines & more
complex than previously anticipated; their concentration and
time of activanion, and the cross-talk berween different signals
are essential for the cellular and pathological outcome.
Anti-inflammatory cytokines, suchas IL-10, are associated
with beneficial effects in the injured brain, Indeed, 1L-12
knockout mice showed larger infarctions than wild-type mice
after permanent focal ischaemia [14], while ad mimstration of
IL-10 to the lateral ventricle [15] or treatment with adenoviral
vectors encoding human 1110 [16] reduced infarce volume
and inflammation after permanent focal ischacmia in rats, ln
the chnie, poor outcome and neurological worsening were
predicted by low IL-10 plasma levels [17] Yer, IL-10 has
been associated with a higher suscepubiliy 1o infection, sug-
gesting that it may contribute to attenvate the capaciy
of mononuclear phagocytes 1o initiate inflammatory and
adaptive immune responses [18]. Therefore excessive anti-in-
flammatory signals, such as 1L-10, might have an effect on the
unmune system by displacing the Thi (T helper type 1) Th2
balance towards a Th? predominant response [19], which
can increase the suscepubility to infection, Also, 1L-10 is
produced by Th2 cells, and it inhibits Thl-cell function
[20]. Beduced immune responses can be promoted by acute
ischaemic brain injury, mainly through the hypothalamic-
pivitary-adrenal axis and the peripheral nervous system
[21,22]. Furthermore, focal cerebral ischacmia promotes
the release of cyrokines and chemokines by the peripheral
immune system o moce [23]. Robust experimental evidence
now supports the proposal that brain ischaema induces an
immunodepression syndrome facilitating infection [21-24],
and the sympathetie nervous system has been wdennfied as a
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key mediator in this process [21], although further studies ar
the bedside are necessary, Infection after stroke 15 associated
with higher morality [25], and we addressed whether
post-stroke infection could be prevented by prophylactic
treatment with antibiotics in the ESPIAS (Early Systemic
Prophyluas of Lafection After Stroke) tral, which gave neg-
ative results [26]. A currently ongoing trial on preventive anti-
bactenal shor-term therapy in patients with acute schaemic
infarction, PANTHERIS (hup://www.charite.de/ch/neuro/
forschung/teams/expenmentellf panthens.him), nught help
e unravel thus intricate question, We also found that stroke-
associated infection is a marker of the severity of suroke
without an independent cutcome effect when it is prompily
treated [27]. More recemly, we examined the patterns of
pro-inflammatory and anti-inflimmatory eytokines in the
circulation and their relationship with the appearance of
infection in patients with acute stroke, IL-10 was inereased,
and the ratio TNFe/IL-10 was decreased very early after
clinical onset in patients at greater risk of infection [27a],
supporting the view thar an excessive ami-mflammarory
cytokine profile was a major predisposing factor.

JAK/STAT: a main signalling pathway
mediating cellular responses to cytokines
JARKs are coupled with the intracellular domain of several cy-
tokine membrane receprors, and can become phosphorylated
as a result of eytokine receptor binding. Subscquently, JAKs
can phosphorylate members of the STAT family, which then
form homo- or hetero-dimers, translocate 1o the nucleus
and bind to specific DNA consensus sequences 1o promote
selectve transcriptional activation [28]. JAKs and STAT are
normally expressed in brain [29-31], and their expression
increases after focal ischaemia in the ra, particularly in
reactive astrocytes and mucroglia cells [29.31], indicating
that JAK/STAT & an importam mediator of inflammatory
responses in brain ischacmia. A strong increase in the
expression of STATS [29] and STAT1 [30] occurs in reacrive
microgha/macrophages and 15 comncxdental with the nme
point when this reaction becomes very strong (Le. from
4 days post-ischaemia), However, increases in the expression
of eytokines are detected much earlier after brain ischacmia
{hours} [32], suggesung that activauon of basal JAK/STAT
takes place long before increased expression of these proteins
is induced. Activated STAT3 was found in neurons after focal
ischacmia [33,34), but its function is controversial as different
studies assocated nwith survival [33], while others related it
with cell death [34]. STAT1 was ako found phosphorylated
in the lesion core and in the periphery [35], and STATI
knockout mice were more resistant to ischaemic brain damage
[36]. Taken vogether, these results show actvanon of STAT
proteins after ischaemia and suggest a contribution of the
JARSSTAT pathway 1o the cell fate. However, the pnmary
stimuli responsible for JAK/STAT activation in the ischaemic
brain have not yer been identfied.

We undertook m vitve studies in primary cultures of glial
cells to examine the ability of various stimuli to activate
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STATs. Anteinflammatory cytokines such as 1L-10 in-
duced STAT? actvation, but not STAT1 activation, whle
pro-inflammatory signals such as IFN-y {interferon-y) in-
duced STAT1 actvation, but not STAT? actuvaton, and bath
STAT1 and STAT3 were activated by 1L-6 [37]. JAK2 was
wvolved in the reported activation of STATs after 1L-6 and
IFN-y but not after 1L-10, as evidenced using the JAK2
whibitor tyrphostin (AG490) [37]. Besides direct activation
of [ANK/STAT by certain cytokines, several pro-inflammatory
stumuly, such as the bactenal hipopolysaccharide protemn, alse
trigger STAT1 activation. Yet, in this case, this is a delayed
cffect mediated by de novo protein synthesis, as it was pre-
vented by eycloheximide and it was abrogated by NF-xB
inhibitors (K. Gorina and AM. Planas, unpublished work),
again indicating a close interaction between the different
intracellular signalling pathways.

STAT: can also become activated by exidative stress, which
can be generated in the ischaemic brain and contribute 1o
wehae e brain damage. In astroeytes, treatment with HyO,
mncreases tyrosine phosphorylated STAT1 and STATS,
and both ryrosine phosphorylations are mediated by JAK2
[37). As a resule of this, STATS translocate to the nucleus
and activate the DNA GAS (gamma-activated site), an effect
that was abrogated by inhibition of JAK2 (R. Gorina and
AM. Planas, unpublished work). More important, this in-
hibitor prevented HyOy-induced cell death in astrocytes and
in neuroblasioma cells, showing that JAK2 signalling was in-
volved in this process [37]. The JAK2 inhibitor repressed
STAT! phosphorylation and nuclear translocation, and, in
spite of the fact that it also reduced STAT? phosphorylation,
it did not prevent its nuclear translocation, suggesting that
s protective effect was arrriburable 1o strong inhibinon of
H: Oy -induced STATT actrvation (K. Gorinaand A.M. Planas,
unpublished work), Preliminary results in astrocyies ob-
tained from STAT1-deficient mice give further suppon to
the deleterious effect of STAT1 activation on cell vabilny,
as these cells were more resistant than wild-type astrocytes
o HyOs-mduced eell death (R, Gonna and AM. Planas,
unpublished work). Altogether, these results comply with the
view that JAK2/STAT1 activation promotes cell death [38],
and agree with the results found i vive in brain ischaemia
[36). 1n contrast, activation of STAT3 15 induced by anti-
inflammatory signals and may have pro-survival effects [39].
Therefore STAT1 and STAT3 appear to have opposite effects
[42], and the specific balance berweenthem may tnggerselect-
we patterns of gene transenption. Besides STAT1 and STATS,
other members of the STAT family are expressed in the brain
and play various roles in cytokine signalling, as proved with
the use of genencally modified amimals [41], bur whether
they are involved in schaemic brain damage remains to be
clucidated.

Moreover, the JAR/STAT signalling pathweay is involved in
regulation of the immune response [42]. Signalling through
JARSSTAT participates in the generation of Thi and Th2
cells. 1L-12 activares a pantern of | AKs and STAT: that inggers
the expression of Thi-specific proteins, such as 1FN-y,
while 1L-4 activates a disunet pattern of JAK/STAT: leading

anil Meanopradection

LB

to the synthesis of Th2-type cytokines [43]. These pathways
cross-talk, exen self-posinve feedback loops, and regulate
cach other at the transeriptional level [43]. The possible in-
volvement of the JARK/STAT pathway inthe altered systenme
cytokine response that we observed in stroke paticnts sus-
ceptible to infection needs to be mvestigated,

Regulation of STAT signalling

The local eytokine environment causes different degrees of
STAT activanon, and the activities of cerain phosphatases
and of negative modulators, such as SOCS (suppressors of
eviokine signalling) and PTAS {protein inhibitor of activated
STAT), exert an important regulatory control on STAT
activity [44]. The action of STAT signalling may be very
transient, as its activation can induce the expression of SOCS
proteins and exent a control on STAT phosphorylation [44].
Persistent activation of STATs may be due to a failure of the
system to induce the synthesis of SOCS, wlich might be
prevented under conditions of protein synathesis inhibition,
as 1 oceurs in bran schacma [45]. Increased expression
of SOCS3 mRNA was found afier transient MCA {nuddle
cerchral artery) occlusion, and antisense knockdown of
SOCS3 expression exacerbated nfarct volume, indicating
that SOCS3 mught have beneficial effects [46]). In agreement
with this view, SOCS3 has been reported to inhibit inflam-
mation and apoprosis [47 ] However, SOCS-3 overexpression
leads 1o neuroblastoma cell death [39]. These findings indicate
that controlled negative modulation of STAT activation 1=
necessary for cell survival, and tha STAT activation must be
well regulated 1o avoid negative effects of this signalling,
including inflammation. SOCS3 is also involved in the regul-
ation of immune responses through its modulator effect on
eytokine signalling, and due to its predominant expression in
Th2 cells [48]. SOCS3 transgeme mice showed increased Th
responses, and dominant-negative mutant $CCS3 transgenic
mice, as well as mice with a heterozygous deletion of
Socs3, had decreased Th2 development [48]. SOCS3 - defacient
CD4+ T-cells produced more transforomng growth factor- §1
and 1L-10, but less 1L-4 than control T-cells, and mice
lacking Seesd mn T-cells showed reduced immmne responses
[49]. Also, SOCSS signalling has been assocured wirh sus-
ceptibality to infection [18].

PIASs act as nuclear transcriptional co-repressors that
modulate several transenption factors by functioning as
SUMO-1 (small ubiquitin-related modifier-1) ligases and
inhibit STAT function [44]. Again, several lines of evidence
support an i vive function for PLAS in the regulation of
innate immune responses [50]. Hence, the molecular mech-
anisms underlying the regubition of STAT activity are very
complexand still not fully understood, while there is no doubt
about s major role in the regubation of wflammatory and
immune responses ta cvtokines,

Conclusions
Cytokines are involved in the post-ischacomic inflammatory
response that takes place locally in the injured tissue, but
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also systemically in the circubition. Several lines of evidence
suggest that cytokines might be cellular mediators, notonly in
brain inflammation, but also 1 the immunodepression syn-
drome that has been associated with stroke. A major pathway
signalling eytokine recepror activation is JAK/STAT. This
pathway iwvolves different protein members of the JAK/
STAT family that trigger selective patterns of gene tran-
seription governing the cellular response 1o the cytokine
challenge. In the brain, STAT1 activation is associated with
detrimental effects in terms of cell viabality, while STATS 15
rather regarded as a pro-survival factor. Nonetheless, ught
control of its activation 15 necessary, as evidenced by studies
in mice genetically modified for the expression of SOCS. The
evidence 15 also growing on the involvement of JAK/STAT
and its pegative regulators in mediating immune responses.
Further studies are needed 1o better understand the ongin
and function of circulating cytokines after stroke, and to
elucidate whether anti-inflimmatory signals that are believed
10 be beneficial locally in the ischaemic brain are linked to
depression of the immune system and to increased risk of
infection in stroke patients.

Suppoited by the Spanish Ministry ol Stence and Educalion
(Comisidn Interministerial de Ciencla y Tecnologls; SAF2005-05793),
R.G. has a PhD lellowship from (DIBAPS.
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