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The Janus kinase (JAK) family of protein tyrosine
kinases are activated in response to a wide variety
of external stimuli. Here we have investigated
whether the janus kinase 2 (JAK2) is involved in the
induction of nitric oxide synthase type II (iNOS)
expression in a mouse fetal skin dendritic cell line
(FSDC). In FSDC the expression of iNOS protein
and nitric oxide production, in response to the lipo-
polysaccharide (LPS) stimulus (5 mg/ml), is inhib-
ited by the specific inhibitor of the JAK2, tyrphostin
B42 with an half maximal inhibitory concentration
(IC50) of 9.65 mM. The antioxidant compound pyrro-
idinedithiocarbamate (PDTC) inhibits both the ni-
rite production with an IC50 of 16.6 mM and the

iNOS protein expression in FSDC. In addition, LPS
induces the activation of NF-kB, and tyrphostin B42

revents the degradation of the cytosolic factor
kB-a and blocks the translocation of the NF-kB p65

protein subunit into the nucleus. These results in-
dicate that the JAK family of protein kinases and
the transcription factor NF-kB are involved in the
induction of iNOS protein expression in FSDC stim-
ulated with LPS. © 2001 Academic Press
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Nitric oxide (NO)2 can be synthesized by several
cell types in mammalian tissues, and the mecha-
nism of synthesis and functions of NO have been the
focus of wide investigation (1). NO plays a role as an
autocrine and paracrine mediator in diverse physi-
ological and pathological conditions, namely in
wound healing (2, 3) and skin inflammatory pro-
cesses (4–7). The expression of the inducible isoform
of NO synthase (iNOS), or NOS type II, has been
demonstrated in keratinocytes, dendritic cells (DC),
and Langerhans cells (2, 8, 9), but the mechanisms
by which the bacterial lipopolysaccharide (LPS) is
involved in the iNOS expression are not completely
understood.

LPS is a common initiator of inflammation, and
one of the earliest signalling events following cellu-
lar contact with this endotoxin seems to be tyrosine
phosphorylation and activation of mitogen-activated
protein kinases (MAPKs) (10). Activated MAPKs
phosphorylate and regulate a variety of transcrip-

2 Abbreviations used: DC, dendritic cell; DTT, dithiothreitol;
EMSA, electrophoretic mobility shift assay; FSDC, fetal skin
dendritic cell line; IC50, half maximal inhibitory concentration;
FN-g, interferon g; IKK, IkB kinase; iNOS, inducible nitric oxide
ynthase; JAK, Janus kinase; LPS, lipopolysaccharide; MAPKs,
itogen-activated protein kinases; MEKK-1, mitogen activated

rotein kinase kinase 1; NF-kB, transcription nuclear factor
kappa B; NO, nitric oxide; NO2, nitrite; PDTC, pyrrolidinedithio-
2

carbamate; STAT, signal transducer and activator of transcrip-
tion.
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tion factors, which lead to inflammatory gene ex-
pression (11).

In several cell types, LPS also activates the tran-
scription nuclear factor kappa B (NF-kB) and regu-
ates the iNOS gene expression (12). In resting cells,
F-kB is localized in the cytoplasm as an het-

erodimer, composed by two polypeptides of 50 kDa
(p50) and 65 kDa (p65), which are associated with
an inhibitory protein, generically called IkB (13).
Treatment of cells with various inducers, including
LPS, results in the degradation of the IkB protein,
thus releasing the bound p50/p65 complex, which
translocates to the nucleus and upregulates gene
expression (14, 15).

In response to a variety of inflammatory inducers,
the Janus kinase (JAK) family of protein tyrosine
kinases is activated, leading to the subsequent acti-
vation of the signal transducer and activator of tran-
scription (STATs). Activated STATs form dimers
that translocate to the nucleus and bind to response
elements to induce transcription (16). However, the
interactions between STATs and other transcription
factors have not yet been described (17).

In our previous work, we observed that a fetal
skin dendritic cell line (FSDC) produces NO in re-
sponse to LPS and to cytokines by a mechanism
involving the activation of JAK2 and NF-kB (18).
Therefore the aim of this study was to assess
whether the JAK2 specific inhibitor, known as AG-
490 or tyrphostin B42 (19), and the antioxidant pyr-
rolidinedithiocarbamate (PDTC) (14, 20), inhibits
the iNOS expression and NO production induced by
LPS in FSDC. The results demonstrated that inhi-
bition of the JAK2 prevents the degradation of the
cytosolic factor IkB-a, and the subsequent translo-
cation of the NF-kB p65 protein subunit into the

ucleus, thus inhibiting the NF-kB binding to DNA.

MATERIALS AND METHODS

Materials

The rabbit anti-mouse iNOS polyclonal antibody
was purchased from Transduction Laboratories
(Lexington, KY), the rabbit anti-human NF-kB p65
was from Serotec (Oxford, England), and the rabbit
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anti IkB-a was from New England BioLabs Inc.
(Beverly, MA). Mouse monoclonal antibody against
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actin and the protease inhibitor cocktail were pur-
chased from Boehringer-Mannheim (Carnaxide,
Portugal). The NF-kB consensus oligonucleotide and
the rabbit anti-human NF-kB p50 was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA)
32P-Labeled g-ATP was obtained from Amersham
Life Sciences (Buckinghamshire, England), and the
T4 polynucleotide kinase and poly(dI-dC) were from
Pharmacia Biotech (Carnaxide, Portugal). The
horseradish peroxidase-conjugated swine anti-
rabbit immunoglobulin was from DAKO (Copenha-
gen, Denmark). LPS from Escherichia coli (serotype
026:B6) was obtained from Sigma Chemical Co. (St.
Louis, MO). Tyrphostin B42 was obtained from RBI
(Natick, MA), fetal calf serum was from Biochrom
KG (Berlin, Germany), and trypsin from Gibco
(Paisley, UK). The ECL Western blotting analysis
system and the X-ray films were from Amersham
Life Sciences (Buckinghamshire, England). All other
reagents were from Sigma Chemical Co.

Cell Culture

The fetal mouse skin dendritic cell line FSDC was
kindly supplied by Dr. G. Girolomoni (21). The cells
were cultured in Iscove’s medium supplemented
with 10% fetal calf serum, 1% glutamine, 100 mg/ml
treptomycin, and 100 U/ml penicillin.

itrite Measurement

The production of NO was assessed as the accu-
ulation of nitrite (NO2

2) in the culture superna-
tants, using a colorimetric reaction with the Griess
reagent (22). Briefly, after stimulation for 48 h, the
culture supernatants were collected and diluted
with equal volumes of the Griess reagent (0.1% N-(1-
naphthyl)ethylenediamine dihydrochloride, 1% sul-
fanilamide, and 5% H3PO4), during 10 min. The
absorbance at 550 nm was measured after 10 min
incubation in an automated plate reader (SLT, Aus-
tria). The nitrite concentration was determined from
a sodium nitrite standard curve.

Western Blot Analysis

AL.
For immunodetection of iNOS, FSDC were plated
at 2 3 106 cells/well in six-well culture dishes for
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24 h prior to treatment. The cells were pretreated for
2 h with culture medium, in the presence or absence
(control) of 30 mM PDTC or 50 mM tyrphostin B42.
Next, the cells were treated with culture medium
(control), or with LPS (5 mg/ml), in the presence or in
the absence of the inhibitors, for 24 h. After treat-
ment, the cells were washed twice with phosphate-
buffered saline and lysed with 200 ml of lysis buffer
(phosphate-buffered saline containing 10 mM
EDTA, 1% Triton X-100, and the protease inhibitor
cocktail).

For immunodetection of IkB-a, FSDC were plated
at 2 3 106 cells/well in six-well culture dishes for
4 h before treatment. Next, the cells were treated
ith culture medium (control) or with LPS (5 mg/ml)

for 5 min, 15 min, 30 min, 1 h, and 2 h. The cells
were also pretreated for 2 h with 50 mM tyrphostin
B42 and subsequently stimulated with 5 mg/ml LPS
for 30 min. After treatment, the cells were washed
twice with phosphate-buffered saline and lysed with
200 ml of the lysis buffer described above.

For immunodetection of p65, FSDC were plated at
2 3 106 cells/well in six-well culture dishes for 24 h
efore treatment. Cytosolic fraction proteins were
btained after cells harvest in 10 mM Tris–HCl con-
aining 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet

P-40, 1 mM dithiothreitol (DTT), and the protease
inhibitor cocktail. The lysates were incubated on ice
for 15 min and centrifuged at 2300g for 10 min. The
supernatant contained the cytosolic proteins. In
brief, protein samples (3.6 mg protein for iNOS de-
tection and 25 mg protein for IkB-a and p65 detec-
tion) were separated on a 10% (for iNOS detection)
or 15% (for IkB-a and p65 detection) sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membrane.
The membrane was blocked with 5% dry milk in
Tris-buffered saline with 0.1% Tween 20 for 1 h. The
levels of iNOS protein, p65 protein, and IkB-a pro-
tein were detected using 1:2000 dilution of a rabbit
polyclonal anti-mouse iNOS antibody, 1:1000 of a
rabbit polyclonal anti-human p65 antibody and
1:1000 of a rabbit polyclonal anti-IkB-a antibody,
respectively, for 1 h, followed by incubation with a
1:1000 dilution of the horseradish peroxidase-
conjugated swine anti-rabbit antibody for 1 h. The

JAK2- AND NF-kB-DEPENDEN
immunocomplexes were visualized by the ECL
chemiluminescence method. To demonstrate equiv-

Copyright © 2001 by Academic Press. All right
alent protein loading the membrane was stripped
and reprobed with anti-actin antibody (1:10,000).

Electrophoretic Mobility Shift Assay (EMSA)

FSDC cells were plated at 2 3 106 cells/well in
six-well culture dishes for 24 h before treatment.
Then the cells were pretreated for 2 h with or with-
out 50 mM tyrphostin B42. After this period the cells
were treated for 30 min with LPS (5 mg/ml) in the
presence of the JAK2 inhibitor. Cells were washed
and lysed in 10 mM Tris–HCl (pH 7.5) containing 10
mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40, 1 mM
DTT, and the protease inhibitor cocktail. The lysates
were incubated on ice for 15 min and centrifuged at
2,300g for 10 min. The pellet obtained was resus-
pended in 20 mM Hepes buffer (pH 7.5) containing
300 mM NaCl, 3 mM MgCl2, 20% glycerol, 1 mM
DTT, 0.2 mM EDTA and the protease inhibitor cock-
tail, incubated on ice for 1 h, and centrifuged at
12,000g for 20 min. The supernatant containing the
nuclear proteins was collected, and protein concen-
tration was determined. The EMSA method used
was that described previously (14), with slight mod-
ifications. The probe consisted of a double-stranded
oligonucleotide containing the consensus binding se-
quence of NF-kB (59-AGT TGA GGG GAC TTT CCC
AGG C-39) end-labeled with [g-32P]ATP using T4
polynucleotide kinase. Typical binding reactions
consisted of 12 mg of nuclear extract, ;200,000 cpm
f 32P-labeled oligonucleotide, 100 mg/ml poly(dI-dC)

in a buffer containing 20 mM Hepes (pH 7.9), 1 mM
MgCl2, 4% Ficoll 400, 0.5 mM DTT, 50 mM KCl, and
1 mg/ml BSA and were incubated at room tempera-
ture for 30 min. Binding reactions were separated on
10% nondenaturing polyacrylamide gels in a buffer
system containing 0.044 M Tris–Base (pH 8.0), 4.45
mM boric acid, 1 mM EDTA, at a constant voltage of
150 V, for 2 h, at room temperature. The gels were
transferred to Whatman paper, dried, and subjected
to autoradiography. In competition experiments, un-
labeled oligonucleotide was added to the nuclear
extracts for 10 min prior to addition of radiolabeled
probe.

Data Analysis

55TIVATION OF iNOS BY LPS
Results are presented as mean 6 SEM of the
indicated number of experiments. Mean values were
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compared using one-way ANOVA and the Bonferro-
ni’s multiple comparison test. The significance level
was 0.05.

RESULTS

Tyrphostin B42 and PDTC Inhibit NO Production
and iNOS Protein Expression in FSDC
Stimulated with LPS

Several concentrations of LPS (from 0 to 10 mg/ml)
were tested for the measurement of NO production
by FSDC. As indicated in Fig. 1a, LPS (10 mg/ml)
aused a dose-dependent increase in nitrite concen-
ration, from 1.0 6 0.2 to 9.3 6 2.2 mM, reflecting an

increase in NO production.
To investigate whether protein tyrosine kinase

JAK2 is involved in LPS-mediated NO production,
we examined the effect of tyrphostin B42, a specific
inhibitor of the JAK2 (19), on the nitrite production
upon stimulation of the cells with LPS (Fig. 1b).
Tyrphostin B42 abolished the LPS-induced nitrite
production in a dose-dependent manner, with an
half maximal inhibitory concentration (IC50) value of
9.65 mM and a maximal inhibitory effect at 50 mM of
tyrphostin B42 (Fig. 1b). The contribution of NF-kB
n LPS-induced NO production, was examined by

easuring the effect of PDTC, an antioxidant inhib-
tor of the transcription factor NF-kB (14, 20), on the

nitrite production upon stimulation of the cells with
LPS (Fig. 1c). The results indicate that PDTC elic-
ited a concentration-dependent inhibition of LPS-
induced nitrite formation in FSDC cells, with an
IC50 value of 16.6 mM, as calculated by the Hill plots
(Fig. 1c). The assay of cellular MTT reduction indi-
cated the lack of any significant toxic effect induced
by tyrphostin B42 and PDTC for the concentrations
used in the experiments above (data not shown).

Western blot was used to characterize iNOS pro-
tein levels in control cells and in cells treated with
LPS (5 mg/ml), in the presence or absence of tyrphos-
tin B42 (50 mM) or PDTC (30 mM) (Fig. 2). Nonacti-
ated cells did not express iNOS protein (Fig. 2, lane
). The specific protein iNOS (130 kDa) was detected
n cells stimulated with 5 mg/ml LPS (Fig. 2, lane 2)

for 24 h. Both 50 mM tyrphostin B42 and 30 mM

56 CRU
DTC inhibited the expression of iNOS in cells stim-
lated with LPS (Fig. 2, lanes 3 and 4, respectively).

r
v
f
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IG. 1. Dose-dependent effect of tyrphostin B42 and PDTC
n LPS-induced nitrite production in FSDC. (a) FSDC were
ncubated with different concentrations of LPS, for 48 h. (b)
SDC cells were incubated with LPS (5 mg/ml), in the pres-
nce or in the absence of the indicated concentrations of
yrphostin B42, for 48 h. Results are expressed as percent-
ge of maximal nitrite accumulation on the supernatants of
he cells maintained in culture medium in the presence of
PS and in the absence of inhibitor. (c) FSDC cells were incu-
ated with LPS (5 mg/ml) and different concentrations of
DTC, for 48 h. Results are expressed as percentage of maxi-
al nitrite production by cells maintained in culture medium

n the presence of LPS and in the absence of PDTC. Nitrite
evels in the culture supernatants were detected by the Griess

AL.
eaction as described under Materials and Methods. Each
alue represents the mean 6 SEM from six experiments, per-
ormed in duplicate.
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This decrease in protein expression caused by tyr-
phostin B42 and PDTC correlated well with the
maximal inhibitory effect on NO production, as
shown above (Figs. 1b and 1c).

Tyrphostin B42 Blocks the p65 Translocation into
the Nucleus and Blocks the Activation of NF-kB
in FSDC Stimulated with LPS

The effect of tyrphostin B42 (50 mM) on the p65
protein present in the cytosolic extracts was exam-
ined by Western blot analysis. As shown in Fig. 3a
(lane 2), treatment of FSDC with LPS (5 mg/ml)
significantly reduced the level of p65 in the cytosol.
Pretreatment of cells with tyrphostin B42 inhibited
the disappearance of p65 induced by LPS (Fig. 3a,
lane 3).

To determine whether tyrphostin B42 prevented
the NF-kB binding to DNA in cells stimulated with
LPS, FSDC were preincubated or not for 2 h with 50

FIG. 2. Effect of tyrphostin B42 and PDTC on LPS-induced
NOS protein expression in FSDC. FSDC cells (2 3 106 cells) were

incubated in culture medium alone (control, lane 1), or in the
presence of 5 mg/ml LPS for 24 h (lanes 2–4). Stimulation with
LPS was carried out in the absence (lane 2) or in the presence of
50 mM tyrphostin B42 (lane 3) for 24 h, or 30 mM PDTC (lane 4).

hen the effect of tyrphostin B42 or of PDTC was tested, the cells
ere preincubated with antagonists for 2 h before stimulation
ith LPS. Total cell extracts were electrophoresed through SDS–
AGE, transferred to PVDF membranes, and subjected to West-
rn blot analysis using anti-iNOS as described under Materials
nd Methods. The membrane was stripped and reprobed with
nti-actin antibody to confirm equal protein loading. The blot
hown is representative of three blots yielding similar results.

JAK2- AND NF-kB-DEPENDEN
mM tyrphostin B42, treated with LPS (5 mg/ml) for
30 min, and then cell nuclear extracts were exam-

Copyright © 2001 by Academic Press. All right
ined by EMSA for NF-kB binding activity. The re-
sults in Fig. 3b indicate that tyrphostin B42 abol-
ished the LPS-dependent activation of NF-kB. As
control for the gel shift assays, unlabeled oligonucle-
otide (100-fold in excess) inhibited the formation of
the NF-kB probe complex (lane 4).

Tyrphostin B42 Inhibited the Cytosolic IkB-a
Degradation in FSDC Stimulated with LPS

Phosphorylation and subsequent proteolytic deg-
radation of IkB-a is a critical step for the transloca-
tion of NF-kB subunits to the nucleus (13). To de-
termine whether the suppressive effect of tyrphostin
B42 on LPS-induced p65 nuclear translocation was
due to modulation of IkB-a degradation, the levels of
IkB-a on the cell extracts were examined by Western
blot analysis. As show in in Fig. 4, treatment of cells
with 5 mg/ml LPS caused the degradation of IkB-a at
15 and 30 min. The results obtained at 1 h after the
initial stimulus indicate that newly synthesized
IkB-a accumulates in the cytoplasm. However, when
the cells were pretreated with tyrphostin B42 and
then exposed to LPS for 30 min, no proteolytic deg-
radation of IkB-a was found (Fig. 4, lane 5).

DISCUSSION

In the present report, we investigated whether
JAK2 is involved in LPS-induced NF-kB activation
and iNOS expression in a fetal skin-derived den-
dritic cell line (FSDC). Our results indicated that
the specific JAK2 inhibitor, tyrphostin B42, and the
antioxidant inhibitor of NF-kB, PDTC, inhibited in a
dose-dependent fashion the iNOS expression and
the nitrite production induced by LPS in FSDC
(Figs. 1b and 1c). Moreover, tyrphostin B42 blocked
the cytoplasmic degradation of IkB-a (Fig. 4), and
inhibited the NF-kB (p65) translocation to the nu-
cleus (Fig. 3a), thus preventing the NF-kB binding
to DNA (Fig. 3b). These data suggest that the tyr-
phostin B42 inhibited iNOS gene expression by
transcriptional mechanisms involving the NF-kB/
IkB pathway.

The intracellular signalling events involved in
iNOS expression are not well understood, and the

57TIVATION OF iNOS BY LPS
knowledge of the mechanisms involved in the con-
trol of NO synthesis by different cell types is a sub-
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ject of current interest. Although the expression of
iNOS appears to be regulated in a cell-specific man-
ner, it has been observed that cyclic adenosine
monophosphate, protein tyrosine kinases, and pro-
tein kinase C are important regulators of iNOS gene
expression in a variety of cell types (23–25).

Here, we observed that LPS increases the expres-
sion of iNOS in FSDC by a mechanism involving the
activation of JAK2, thereby leading to the produc-
tion of NO. Accordingly, in both glial cells and
epithelial-like DLD-1 cells, the expression of iNOS
stimulated by interferon g (IFN-g) and by LPS has
been reported to require tyrosine kinase activity,
specifically JAK2 (26, 27). In human intestinal epi-
thelial cells, JAK2 was also involved in iNOS ex-
pression induced by cytokines (28) and an IFN-g-
activated site (GAS) was necessary for full
expression of the mouse iNOS gene in response to

IG. 4. Effect of tyrphostin B42 on IkB-a degradation in cytosol
f FSDC-stimulated with LPS. FSDC cells (2 3 106 cells) were
ncubated with culture medium alone (control, lane 1) or with
PS (5 mg/ml) for the time periods indicated in the figure. Lane 5
orresponds to cells preincubated with 50 mM tyrphostin B42 for
h and then stimulated with 5 mg/ml LPS for 30 min. Total cell

xtracts were electrophoresed through SDS–PAGE transferred to
VDF membranes and subjected to Western blot analysis using
nti-IkB-a as described under Materials and Methods. The mem-
rane was stripped and reprobed with anti-actin antibody to
onfirm equal protein loading. The blot shown is representative of
hree blots yielding similar results.

ntibody to confirm equal protein loading. The blot shown is
epresentative of three blots yielding similar results. (b) Nuclear
xtracts were subjected to EMSA analysis as described under
aterials and Methods. To demonstrate specificity of induced

ands, binding was carried out in the presence of molar excess
1003) of nonradioactive NF-kB consensus containing oligonucle-

AL.
FIG. 3. Effect of tyrphostin B42 on the NF-kB-p65 protein sub-
unit translocation into the nucleus and on the NF-kB binding to

NA in LPS-stimulated FSDC. FSDC cells (2 3 106 cells) were
incubated in culture medium alone (control, lane 1) or in the
presence of 5 mg/ml LPS for 30 min (lanes 2–3). Where indicated
(lane 3), the cells were stimulated with LPS in the presence of 50
mM tyrphostin B42, after 2 h preincubation with the inhibitor. (a)
Cytosolic extracts were electrophoresed through SDS–PAGE,

58 CRU
tide (lane 4). The gel shown is representative of three gels
ielding similar results.
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IFN-g and LPS (29). In contrast, the JAK/STAT
athway suppresses, rather than activates, IFN-g

and LPS-stimulated iNOS induction in vascular
smooth muscle cells (30).

NF-kB regulates the expression of a variety of
enes essential for cellular immune response, in-
lammation, growth, and development (13). Tran-
criptionally active NF-kB dimers are formed

through the combinatory assembly of the five mo-
nomeric polypeptides, p50, p65, p52, c-Rel, and
RelB (13). Dendritic cells have been found to ex-
press high levels of all these NF-kB/Rel proteins,
with nuclear activity residing primarily within
RelB, p50, and p65 (31). Of particular interest
was our finding demonstrating that the inhibitor
of JAK2, tyrphostin B42, inhibited the IkB-a deg-
radation induced by LPS (Fig. 4), which shows
that the JAK2 activity is required for phosphory-
lation and subsequent degradation of IkB-a. Phos-
phorylation at serine-32 and serine-36, that pre-
cedes degradation of IkB-a, is known to cause
a decrease in the mobility of IkB-a on SDS–
PAGE. No decrease in gel mobility was found on
the band of IkB-a seen on electrophoresis (Fig. 4),
suggesting that phosphorylation at tyrosine resi-
dues on IkB-a did not occur, and that tyrphostin
B42 probably acts at a step before serine phos-
phorylation. In fact, it has been described that
extracellular stimuli trigger various signal trans-
duction cascades which converge at the phosphor-
ylation of IkB at specific amino-terminal serine
residues (Ser-32 and Ser-36 for IkBa, Ser-19,
and Ser-23 for IkBb) in complex with a dimer of
NF-kB (13).

The transcription factor NF-kB has been shown to
be required for iNOS induction by LPS in different
cell types (12, 14, 32, 33). Our results show that
PDTC prevented LPS-induced iNOS expression
(Fig. 2) and nitrite production by FSDC (Fig. 1c),
indicating that NF-kB participates in LPS-induced
iNOS expression. These results strongly suggest
that the production of large amounts of NO in
FSDC, induced by LPS, involves the activation of
JAK2. The signal is then probably passed on to an
IkB kinase (IKK), which would phosphorylate IkB
nd lead to its degradation. IKK is composed of

JAK2- AND NF-kB-DEPENDEN
hree subunits—IKKa and IKKb, which are highly
imilar protein kinases, and IKKg, a regulatory sub-

Copyright © 2001 by Academic Press. All right
unit (34). TNF-a and IL-1b initiate a signalling cas-
cade leading to activation IKKa and IKKb, which
phosphorylate IkB at specific amino-terminal serine
residues (35). Direct activators of IKK complex in-
clude mitogen activated protein kinase kinase 1
(MEKK-1) and NF-kB-inducing kinase (NIK), al-
though the precise molecular mechanisms underly-
ing this regulation are unknown (34).

It has been demonstrated that JAK activates the
STAT transcription factors as well as several other
signalling cascades, including the phosphatidylino-
sitol 3-kinase (PI-3K) and the Ras pathway (17, 36).
More recently a direct link from PI-3K/Akt to NF-kB
activation via IKKa-IKKb was also demonstrated
(37). These findings suggesting that JAK2 may ac-
tivate kinases, which in turn activate the IKK com-
plex, are correlated with our results, demonstrating
that the JAK family of protein kinases and the
NF-kB are involved in the activation of NO/iNOS
pathway induced by LPS in FSDC.
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Lopes, M. C. (1999). Involvement of JAK2 and MAPK on type
II nitric oxide synthase expression in skin-derived dendritic
cells. Am. J. Physiol. 277, C1050–1057.

60 CRU
9. Meydan, N., Grunberger, T., Dadi, H., Shahar, M., Arpaia, E.,
Lapidot, Z., Leeder, J. S., Freedman, M., Cohen, A., Gazit, A.,

Copyright © 2001 by Academic Press. All right
Levitzki, A., and Roifman, C. M. (1996). Inhibition of acute
lymphoblastic leukaemia by a JAK2 inhibitor. Nature 379,
645–648.

0. Kleinert, H., Euchenhofer, C., Ihrig-Biedert, I., and För-
stermann, U. (1996). In murine 3T3 fibroblasts, differ-
ent second messengers pathways resulting in the induction
of NO synthase II (iNOS) converge in the activation of
transcription factor NF-kB. J. Biol. Chem. 271, 6039 –
6044.

21. Girolomoni, G., Lutz, M. B., Pastore, S., Abmann, C. U.,
Cavani, A., and Ricciardi-Castagnoli, P. (1995). Establish-
ment of a cell line with features of early dendritic cell pre-
cursors from fetal mouse skin. Eur. J. Immunol. 25, 2163–
2169.

22. Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L.,
Wishnok, J. S., and Tannenbaum, S. R. (1982). Analysis of
nitrate, nitrite, and [15N]nitrate in biological fluids. Anal.
Biochem. 126, 131–138.

3. Oddis, C. V., Simmons, R. L., Hattler, B. G., and Finkel, M. S.
(1996). Protein kinase A activation is required for IL-1-
induced nitric oxide production by cardiac myocytes. Am. J.
Physiol. 271, C429–C434.

4. Miller, D. R., Collier, J. M., and Billings, R. E. (1997).
Protein tyrosine kinase activity regulates nitric oxide syn-
thase induction in rat hepatocytes. Am. J. Physiol. 272,
G207–G214.

25. Paul, A., Doherty, K., and Plevin, R. (1997). Differential
regulation by protein kinase C isoforms of nitric oxide syn-
thase induction in RAW 264.7 macrophages and rat aortic
smooth muscle cells. Br. J. Pharmacol. 120, 940–946.

26. Nishiya, T., Uehara, T., and Nomura, Y. (1995). Herbimycin
A suppresses NF-kB activation and tyrosine phosphorylation
of JAK2 and the subsequent induction of nitric oxide syn-
thase in C6 glioma cells. FEBS Lett. 371, 333–336.

7. Kleinert, H., Waallerath, T., Fritz, G., Ihrig-Biedert, I.,
Rodriguez-Pascual, F., Geller, D. A., and Förstermann, U.
(1998). Involvement of protein kinases in the induction of NO
synthase II in human DLD-1 cells. Br. J. Pharmacol. 123,
1716–1722.

8. Cavicchi, M., and Whittle, B. J. (1999). Regulation of induc-
tion of nitric oxide synthase and the inhibitory actions of
dexamethasone in the human intestinal epithelial cell line,
Caco-2: Influence of cell differentiation. Br. J. Pharmacol.
128, 705–715.

9. Gao, J., Morrison, D. C., Parmely, T. J., Russell, S. W., and
Murphy, W. J. (1997). An interferon-g-activated site (GAS) is
necessary for full expression of the mouse iNOS gene in
response to interferon-g and lipopolysaccharide. J. Biol.
Chem. 272, 1226–1230.

0. Marrero, M. B., Venema, V. J., He, H., Caldwell, R. B., and
Venema, R. C. (1998). Inhibition by the JAK/STAT pathway
of IFN-g and LPS-stimulated nitric oxide synthase induction

AL.
in vascular smoth muscle cells. Biochem. Biophys. Res. Com-
mun. 252, 508–512.

s of reproduction in any form reserved.



3

3

3

T AC
31. Granelli-Piperno, A., Pope, M., Inaba, K., and Steinman,
R. M. (1995). Coexpression of NF-kB/Rel and Sp1 transcrip-
tion factors in human immunodeficiency virus 1-induced,
dendritic cell-T-cell syncytia. Proc. Natl. Acad. Sci. USA 92,
10944–10948.

2. Faure, V., Courtois, Y., and Goureau, O. (1998). Tyrosine
kinase inhibitors and antioxidants modulate NF-kB and
NOS-II induction in retinal epithelial cells. Am. J. Physiol.
275, C208–C215.

3. D’Acquisto, F., Sautebin, L., Iuvone, T., Di Rosa, M., and Car-

JAK2- AND NF-kB-DEPENDEN
nuccio, R. (1998). Prostaglandins prevent inducible nitric oxide
synthase protein expression by inhibiting nuclear factor-kB ac-
tivation in J774 macrophages. FEBS Lett. 440, 76–80.

3

Copyright © 2001 by Academic Press. All right
34. Delhase, M., Hayakawa, M., Chen, Y., and Karin, M. (1999).
Positive and negative regulation of IkB kinase activity
through IKKb subunit phosphorylation. Science 284, 309–
313.

35. Mercurio, F., and Manning, A. M. (1999). Multiple signals
converging on NF-kB. Curr. Opin. Cell Biol. 11, 226–232.

6. Turnley, A. M., and Batlett, P. F. (2000). Cytokines that
signal through the leukemia inhibitory factor receptor-b
complex in the nervous system. J. Neurochem. 74, 889 –
899.

61TIVATION OF iNOS BY LPS
7. Ernfors, P. (2000). Nuclear factor-kB to the rescue of
cytokine-induced neuronal survival. J. Cell Biol. 148, 223–
225.

s of reproduction in any form reserved.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

