
Regulation of macrophage nitric oxide production by the protein
tyrosine phosphatase Src homology 2 domain phosphotyrosine

phosphatase 1 (SHP-1)

Introduction

Nitric oxide (NO) is a gaseous free radical that mediates

intercellular communication in most mammalian organs.

It is also implicated in vascular homeostasis, neurotrans-

mission and antimicrobial defense, including cytotoxic

functions of rodent macrophages (MØ) against intra-

cellular pathogens,1–3 viruses4,5 and tumours.6 This simple

chemical mediator is produced by nitric oxide synthase

(NOS), which converts L-arginine to L-citrulline and
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Québec, 2Centre for the Study of Host Resis-

tance, The Research Institute of the McGill

University Health Centre, Montréal, Québec,
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Montréal, Québec H3A 2B4, Canada.

Email: martin.olivier@mcgill.ca

Senior author: Martin Olivier

Summary

Nitric oxide (NO) is a potent molecule involved in the cytotoxic effects

mediated by macrophages (MØ) against microorganisms. We previously

reported that Src homology 2 domain phosphotyrosine phosphatase 1

(SHP-1)-deficient cells generate a greater amount of NO than wild-type

cells in response to interferon-c (IFN-c). We also reported that the Leish-

mania-induced MØ SHP-1 activity is needed for the survival of the para-

site within phagocytes through the attenuation of NO-dependent and

NO-independent mechanisms. In the present study, we investigated the

role of SHP-1 in regulating key signalling molecules important in MØ NO

generation. Janus tyrosine kinase 2 (JAK2), mitogen-activated extracellular

signal-regulated protein kinase kinase (MEK), extracellular signal-regu-

lated kinases 1 and 2 (Erk1/Erk2) mitogen-activated protein kinases, p38

and stress-activated mitogen-activated protein kinases/c-Jun NH2-terminal

kinase (SAPK/JNK) were examined in immortalized bone marrow-derived

MØ (BMDM) from both SHP-1-deficient motheaten mice (me-3) and

their respective littermates (LM-1). The results indicated that Erk1/Erk2

and SAPK/JNK are the main kinases regulated by SHP-1 because the

absence of SHP-1 caused an increase in their phosphorylation. Moreover,

only Apigenin, the specific inhibitor of Erk1/Erk2, was able to block IFN-

c-induced inducible nitric oxide synthase (iNOS) transcription and trans-

lation in me-3 cells. Transcription factor analyses revealed that in the

absence of SHP-1, activator protein-1 (AP-1) was activated. The activation

of AP-1, and not nuclear factor-jB (NF-jB) or signal transducer and acti-

vator of transcription-1a (STAT-1a), may explain the enhanced NO gen-

eration in SHP-1-deficent cells. These observations emphasize the

involvement of the MAPKs Erk1/Erk2 and SAPK/JNK in NO generation

via AP-1 activation. Collectively, our findings suggest that SHP-1 plays a

pivotal role in the negative regulation of signalling events leading to iNOS

expression and NO generation. Furthermore, our observations underline

the importance of SHP-1-mediated negative regulation in maintaining NO

homeostasis and thus preventing the abnormal generation of NO that can

be detrimental to the host.

Keywords: activator protein-1 (AP-1); interferon-c; mitogen-activated

protein kinase; nitric oxide; Src homology 2 domain phosphotyrosine

phosphatase 1 (SHP-1)
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NO.7,8 Three isoforms of the enzyme have been cloned to

date: two Ca2+-calmodulin-dependent isoforms known as

neuronal NOS (nNOS)9 and endothelial NOS (eNOS),10

and a third Ca2+-independent–calmodulin-dependent iso-

form found in different cell types, such as macrophag-

es,8,11–13 and known as inducible NOS (iNOS).

Nitric oxide plays an integral role in the control of

Leishmania infections.14–17 To survive and propagate

within its mammalian host, Leishmania needs to be effec-

tive at inhibiting NO production in MØ.18 Of interest is

our observation that cells deficient for Src homology 2

domain phosphotyrosine phosphatase 1 (SHP-1) generate

a greater amount of NO than wild-type cells at the basal

level and in response to interferon-c (IFN-c).15 Experi-

ments carried out using both the protein tyrosine

phosphatase (PTP) inhibitor peroxovanadium (pV) and

SHP-1-deficient motheaten mice showed that Leishmania

infections cannot normally progress in vitro and in vivo

in the absence of host PTP, particularly SHP-1.15,16,19

We and others demonstrated that Leishmania can selec-

tively inactivate some members of the Janus tyrosine

kinase (JAK) family,18,20 and that SHP-1 plays an impor-

tant role in this selective inactivation20 and is therefore a

key regulator of the JAK–signal transducer and activator

of transcription (STAT) pathway. Furthermore, other

PTPs [e.g. PTP1B and T-cell PTP (TCPTP)] have also

been reported to bind to and negatively regulate several

members of this pathway.21–23

Protein tyrosine phosphatases are key regulatory com-

ponents in signal transduction pathways and have been

identified in a wide variety of species.24,25 Some PTPs

contain Src homology 2 (SH2) domains, which are spe-

cific amino acid sequences that mediate protein–protein

interactions between signalling molecules. Two vertebrate

SH2 domain-containing PTPs have been cloned and char-

acterized: SHP-1 (a.k.a. PTP1C, HCP, SHPTP1 and

SHP); and SHP-2.25 SHP-1 is an enzyme abundantly

expressed in MØ and has been implicated in the negative

regulation of many activation and growth-promoting

haemopoietic signalling cascades.26–32

In the present study, we evaluated the role of the PTP

SHP-1 in the modulation of signalling events leading to

NO generation in IFN-c-stimulated MØ using SHP-1-

deficient cells (me-3) and their wild-type counterparts

(LM-1). Our data revealed that the enhanced IFN-c-

induced NO generation in SHP-1-deficient cells (me-3)

could be attributed to a selective activation of the extra-

cellular signal-regulated kinases 1 and 2 (Erk1/Erk2) and

stress-activated mitogen-activated protein kinases/c-Jun

NH2-terminal kinase (SAPK/JNK), leading to activator

protein-1 (AP-1) activation. By contrast, JAK2, mitogen-

activated or extracellular signal-regulated protein kinase

kinase (MEK), p38 kinase, as well as the transcription fac-

tor signal transducer and activator of transcription

(STAT-1a) were shown not to be involved in the

enhanced NO generation. Finally, although nuclear fac-

tor-jB (NF-jB) was strongly detected at basal level and

in response to IFN-c in SHP-1-deficient cells, compared

with wild-type LM-1 cells, the activation of this transcrip-

tion factor was not associated with an increase in iNOS

gene expression or the subsequent NO production in any

of the cell lines used.

Experimental procedures

Reagents

Isotopes were obtained from ICN Pharmaceuticals Canada

Ltd (Montreal, QC, Canada). Recombinant murine IFN-c
(2 · 105 U/ml) was purchased from Invitrogen (Invitrogen

Canada Inc., Burlington, ON, Canada). The anti-iNOS Ig

was purchased from Cedarlane Laboratories Limited

(Hornby, ON, Canada). The Erk1/Erk2 mitogen-activated

protein (MAP) kinase inhibitor (Apigenin), the MEK

inhibitor (PD98059), the MAP kinase p38 inhibitor

(SB203580) and the NF-jB inhibitor (BAY 11-7082) were

purchased from Calbiochem (EMD Biosciences, San Diego,

CA). The JAK2 inhibitor (AG490) was purchased from Bio-

Mol (BioMol International, Plymouth Meeting, PA) and

the NF-jB inhibitor sodium salicylate (NaS) was purchased

from Sigma-Aldrich (Oakville, Ontario, Canada). The oli-

gonucleotides specific for AP-1 and NF-jB binding were

purchased from Santa Cruz Biotechnology (Santa Cruz,

CA) and the STAT-1a–iNOS specific gamma-activated

sequence (GAS)-containing oligonucleotide (GAS/ISRE/

iNOS) was synthesized in our laboratory.33

Cell culture

The immortalized me-3 and LM-1 BMDM used in this

study were generated from motheaten mice (me; C3HeB-

FeJ me/me) and their respective wild-type littermates

(LMme; C3HeBFeJ me/+), as previously described.15

NO production

Briefly, cells were seeded in 24-well dishes (5 · 105 cells/

well) prior to stimulation with IFN-c (100 U/ml, 24 hr).

In some experiments, cells were treated with the various

second-messenger inhibitors described above for 1 hr

prior to stimulation with IFN-c, and inhibitors were

retained throughout the stimulation period. Nitric oxide

generation was evaluated by measuring the accumulation

of nitrite in the culture medium using the Griess reaction,

as previously described.19

Western blot analysis

Cells (106–107) were collected and lysed in cold lysis buf-

fer 20 mM Tris–HCl (pH 8�0), 0�14 M NaCl, 10% glycerol
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(v/v), 1% Nonidet P-40 (NP-40) (v/v), 10 lM NaF, 1 mM

sodium ortho-vanadate and protease inhibitors:

100 lg/ml of phenylmethylsulfonyl fluoride (PMSF) and

25 lg/ml of aprotinin and leupeptin]. The lysates (30 lg

per lane) were subjected to sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis (SDS–PAGE) and trans-

ferred to polyvinylidene difluoride membranes (Millipore,

Billerica, MA), as previously described.19 Specific proteins

and their state of phosphorylation were detected using

antibodies directed against iNOS (Cedarlane), phospho-

tyrosine–JAK2, phosphotyrosine–Erk1/Erk2 (p42/p44),

phophotyrosine–MEK (p43), phosphotyrosine–p38 (all

BioSource International, Camarillo, CA), p-Y-STAT-1 and

p-Ser727-STAT-1 (kindly provided by Dr David Frank,

Harvard Medical School, Boston, MA). To monitor equal

loading of proteins, membranes were stripped and rep-

robed with anti-JAK2 IgG (C-20 rabbit polyclonal IgG),

anti-STAT-1 IgG (C-111 mouse monoclonal IgG) (both

Santa Cruz Biotechnology), or antibodies to p42/p44,

MEK (p43) or p38 (all Biosource International). Proteins

were detected by probing with anti-mouse or anti-rabbit

horseradish peroxidase (HRP) conjugates (Amersham,

Montréal, Quebec, Canada) and visualized using

enhanced chemoluminescence (ECL Western blotting

detection system; Amersham).

Northern blot analysis

Expression of the iNOS gene in IFN-c-stimulated me-3

and LM-1 cell lines (100 U/ml, 0–8 hr), either treated or

not treated with specific inhibitors (1 hr prior to stimu-

lation with IFN-c and retained throughout the stimula-

tion period) was evaluated by Northern blot of total

mRNA, as previously described.19 Briefly, after stimula-

tion, cells were washed twice with phosphate-buffered

saline (PBS) and total RNA was extracted using

Trizol (Invitrogen). RNA (10 lg) was then subjected to

electrophoresis on a 1% agarose gel, transferred onto

Hybond-N filter paper (Amersham) and hybridized with

random primer-labeled cDNA probes. Loading of equal

amounts of RNA was confirmed by hybridization with a

glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

cDNA probe. All washes were performed under stringent

conditions, and transcripts were visualized by auto-

radiography.

Electrophoretic mobility shift assay (EMSA)

Cells grown to a density of 2 · 106 cells per flask were

treated as indicated. Reactions were stopped by the addi-

tion of ice-cold PBS. In brief, sedimented cells were resus-

pended in 400 ll of cold buffer A [10 mM Hepes, pH 7�9,

1�5 mM MgCl2, 10 mM KCl, 0�5 mM dithiothreitol (DTT)

and 0�2 mM PMSF]. After incubation for 15 min on ice,

25 ll of NP-40 (10%) was added to each sample. Samples

were then vortexed for 10 seconds and centrifuged for

30 seconds at 12 000 g. The supernatants were discarded

and the cell pellets were resuspended in 50 ll of cold buf-

fer C (20 mM Hepes–KOH, pH 7�9, 25% glycerol,

420 mM NaCl, 1�5 mM MgCl2, 0�2 mM EDTA, 0�5 mM

DTT and 0�2 mM PMSF) and incubated on ice for

15 min. Cell debris was removed by centrifugation at

12 000 g for 5 min at 4�, and the supernatants containing

nuclear proteins were stored at )70� until further use.

Oligonucleotide sequences specific in their binding to the

transcription factors of interest were labeled with

[c-32P]ATP and incubated with the extracted nuclear pro-

teins (6 lg), which were then subjected to electrophoresis

on a 4% polyacrylamide gel. After migration, the gel was

dried and exposed to Kodak BioMax MR film (Mandel

Scientific Corporation, Guelph, Ontario, Canada). The

oligonucleotide sequences used were as follows: NF-jB

(50-AGTTGAGGGGACTTTCCCAGGC-30), AP-1 (50-AG-

CTCGCGTGACTCAGCTG-30) and STAT-1a-iNOS (GAS/

ISRE/iNOS) (50-CTTTTCCCCTAACAC-30).33

Statistical analyses

Statistically significant differences were identified using

the analysis of variance (ANOVA) and the Fisher least sig-

nificant difference test module of SAS software (version

6.07; SAS Institute, Cary, NC). P-values of < 0�05 were

deemed statistically significant. All data were presented as

the mean ± standard error of the mean (SEM).

Results

Role of Erk1/Erk2 MAPKs and SAPK/JNK in the
enhanced IFN-c-induced NO generation in
SHP-1-deficient cells

In the present study, we showed the capacity of SHP-1-

deficient cells (me-3) to generate NO at a much higher

level than their wild-type counterparts (LM-1) at the

basal level and following IFN-c stimulation (Fig. 1). This

finding suggests that SHP-1 is a major negative regulator

of signalling events that lead to NO generation. We and

others have generated data suggesting an essential role

for JAK2, Erk1/Erk2, SAPK/JNK and MEK in the signal-

ling events leading to NO generation in response to

IFN-c.34 Based on those observations, we evaluated

which of these kinases was responsible for the elevated

NO production in SHP-1-deficient cells. Involvement of

these second messengers in both cell lines was evaluated

using increasing doses of selective inhibitors of JAK2

(AG490), Erk1/Erk2 (Apigenin), MEK (PD98059), p38

(SB203580), and SAPK/JNK (SP600125). As shown in

Fig. 1(a,e), a significant inhibition of NO generation was

observed in LM-1 and me-3 cells treated with the high-

est concentrations of the Erk1/Erk2 MAPK inhibitor
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(Apigenin) and the SAPK/JNK inhibitor (SP600125), both

at the basal level and in response to IFN-c. This observa-

tion suggests that the induced NO generation in SHP-1-

deficient cells could be attributed to selective Erk1/Erk2

MAPK and SAPK/JNK activation in the absence of host

SHP-1. Conversely, as shown in Fig. 1(b,c), JAK2 and

MEK inhibitors were able to inhibit NO generation

strongly, in a dose-dependent manner, in LM-1 cells with

only a slight effect on me-3 cells. Finally, the p38 inhibi-

tor (Fig. 1d) had no effect on NO generation in either cell

line. Collectively, this suggests that it is the absence of

SHP-1-negative regulation of Erk1/Erk2 kinases and

SAPK/JNK that is responsible for the enhanced generation

of NO in me-3 cells.

Selective Erk1/Erk2 MAPK-dependent regulation of
iNOS expression in the absence of SHP-1

To understand in greater detail the signalling mechanism

underlying the enhanced generation of NO by SHP-1-

deficient cells, modulation of the expression of the iNOS

gene and protein was monitored in the same experimen-

tal context described above. As depicted in Fig. 2, unlike

LM-1 cells, me-3 cells were shown to express the iNOS

gene and the iNOS protein15 at basal levels, in addition

to producing significantly higher iNOS RNA levels in

response to IFN-c. This result suggests that the regulation

of NO generation in SHP-1-deficient cells is achieved at

the pretranscriptional level. Use of the JAK2, Erk1/Erk2,

MEK and p38 inhibitors showed that the most significant

blockage of iNOS expression in the absence of SHP-1

occurred using the Erk1/Erk2 inhibitor (Apigenin)

(Fig. 2a). The other inhibitors were shown to inhibit, par-

tially or totally, expression of the iNOS gene and protein

in LM-1 MØ (Fig. 2a–c). Taken together, these results

indicate that the enhanced NO generation by SHP-1-defi-

cient MØ, whether at the basal level or in response to

IFN-c, was mediated by the MAP kinases Erk1/Erk2,

resulting in enhanced iNOS expression (Fig. 2) and NO

generation (Fig. 1).

Regulation of AP-1 and NF-jB nuclear translocation
by SHP-1

As described above, we observed that me-3 cells had an

Erk1/Erk2-dependent effect on IFN-c-induced iNOS

expression and its consequent NO generation. Based on

these observations, we were interested in investigating

the role of SHP-1 in the regulation of various transcrip-

tion factors (i.e. STAT-1a, NF-jB and AP-1), recognized

for their involvement in iNOS expression in MØ sub-

jected to IFN-c stimulation alone or in combination

with lipopolysaccharide (LPS).8,33,35,36 As shown in

Fig. 3(a), STAT-1a was translocated to the nucleus to a

similar extent in both wild-type and SHP-1-deficient

cells upon stimulation with IFN-c. By contrast, translo-

cation of NF-jB and AP-1 to the nucleus, at the basal

level and in response to IFN-c, was considerably higher

in me-3 cells than in their LM-1 counterparts (Fig. 3b,c,
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Figure 1. Effect of the specific inhibitors of Janus tyrosine kinase 2

(JAK2), extracellular signal-regulated kinases 1 and 2 (Erk1/Erk2),

mitogen-activated extracellular signal-regulated protein kinase kinase

(MEK), p38 and stress-activated mitogen-activated protein kinases/

c-Jun NH2-terminal kinase (SAPK/JNK) on nitric oxide (NO) gener-

ation in Src homology 2 domain phosphotyrosine phosphatase 1

(SHP-1)-deficient cells (me-3) and their wild-type counterparts

(LM-1). Macrophages (MØ) were incubated with increasing doses of

the Erk1/Erk2 inhibitor (Apigenin; 1–50 lm) (a), the JAK2 inhibitor

(AG490; 1–75 lm) (b), the MEK inhibitor (PD98059, 1–40 lm) (c),

the p38 inhibitor (SB203580; 1–20 lm) (d) and the SAPK/JNK

inhibitor (SP600125), 1–50 lm) (e) for 1 hr prior to stimulation

with interferon-c (IFN-c) (100 U/ml, 24 hr). Generation of NO was

measured as described in the Experimental procedures. The results are

representative of three independent experiments.

126 � 2008 Blackwell Publishing Ltd, Immunology, 127, 123–133

J. Blanchette et al.



respectively). This raises the possibility that selective

activation of AP-1 and/or NF-jB could be responsible

for the enhanced iNOS expression observed in the SHP-

1-deficient cells.

The increased iNOS expression and NO generation by
SHP-1-deficient cells is NF-jB independent

To determine whether NF-jB was responsible for the

increased iNOS gene and iNOS protein expression and

NO generation in SHP-1-deficient cells, we used two dif-

ferent NF-jB inhibitors (i.e. NaS and Bay 11-7082). As

depicted in Fig. 4, the different doses used of the NF-jB

inhibitors, known to completely block NF-jB nuclear

translocation (data not shown), did not significantly affect

NO generation (Fig. 4a) and iNOS mRNA levels (Bay 11-

7082, Fig. 4b; and NaS, Fig. 4c) in me-3 cells; however, a

partial inhibition was observed in LM-1 cells. Although

we observed a major increase in NF-jB nuclear transloca-

tion in SHP-1-deficient cells (Fig. 3b), the results of the

experiments with the NF-jB inhibitors suggest that the

increased translocation observed previously does not

explain the increased iNOS expression and NO generation

reported in Fig. 4.

Second-messenger phosphorylation profiles in LM-1
and me-3 cells confirm the role of Erk1/Erk2 and
introduce a role for SAPK/JNK in iNOS expression
and NO generation

As suggested by the previous results, iNOS expression in

SHP-1-deficient cells is Erk1/Erk2 dependent, and possi-

bly AP-1 dependent. To characterize in greater detail the

role of specific second messengers in the suggested AP-1

activation, the phosphorylation states of JAK2, STAT1a,

Erk1/Erk2 (p44/p42), MEK, p38 and SAPK/JNK (p54/

p46) were investigated. As shown in Fig. 5, the absence of

SHP-1 in me-3 cells did not significantly alter the phos-

phorylation profiles of either JAK2 or STAT-1a on their

critical tyrosyl or seryl residues in comparison to LM-1

cells. These results correlate with our previous observa-

tions showing that the JAK2 inhibitor was unable to

block iNOS expression in me-3 cells (Fig. 2), and that the

translocation of STAT-1a to the nucleus in me-3 cells

was similar to that of LM-1 cells (Fig. 3). However,

higher phosphorylation states of Erk1/Erk2, MEK and p38

were detected in me-3 cells compared with LM-1 MØ.

Phospho-Erk band densitometry showed that in me-3

cells the p-Erk signal was 64 ± 13% higher at basal levels
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Figure 2. Effect of the kinase inhibitors on the

expression of inducible nitric oxide synthase

(iNOS) in Src homology 2 domain phospho-

tyrosine phosphatase 1 (SHP-1)-deficient cells

(me-3) in response to interferon-c (IFN-c).

Cells were incubated with increasing doses of

the extracellular signal-regulated kinases 1 and

2 (Erk1/Erk2) inhibitor Apigenin (1–50 lm)

(a), Janus tyrosine kinase 2 (JAK2) inhibitor

AG490 (1–75 lm) (b), mitogen-activated extra-

cellular signal-regulated protein kinase kinase

(MEK) inhibitor PD98059 (1–40 lm) (c), or

the p38 inhibitor SB203580 (1–20 lm) (d), for

1 hr prior to stimulation with IFN-c. Expres-

sion of the iNOS gene (8 hr poststimulation)

and iNOS protein (24 hr poststimulation) were

monitored by Northern and western blot analy-

ses, respectively, as described in the Experimen-

tal procedures. The results are representative of

three independent experiments. GAPDH, glyc-

eraldehyde 3-phosphate dehydrogenase.
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and 49 ± 10% higher in response to IFN-c (2 hr) than in

LM-1 cells. In addition, p-Erk was augmented in both cell

lines by treatment with IFN-c (2 hr) (51 ± 9% increase

in LM-1 cells and 31 ± 11% increase in me-3 cells). These

results support our previous finding that Erk1/Erk2 MAP

kinases are key players in the elevated NO production in

SHP-1-deficient cells and further confirm the role of

IFN-c in Erk activation. Although higher phosphorylation

levels were detected for MEK and p38, our previous data,

using the specific inhibitors of these signalling molecules,

showed that the inhibition of these kinases did not affect

the capacity of SHP-1-deficient cells to enhance iNOS

expression and NO generation at basal levels or in
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Figure 3. Modulation of interferon-c (IFN-c)-mediated nuclear

translocation of signal transducer and activator of transcription 1a
(STAT-1a), nuclear factor-jB (NF-jB) and activator protein-1 (AP-1)

transcription factors in Src homology 2 domain phosphotyrosine

phosphatase 1 (SHP-1)-deficient cells (me-3) and their wild-type

counterparts (LM-1). Cells were stimulated with IFN-c for different

periods of time (0–8 hr). Activation of STAT-1a was monitored

using an oligonucleotide for the specific binding site on inducible

nitric oxide synthase (iNOS) (GAS/ISRE/iNOS) (a). Nuclear translo-

cation was also monitored using specific oligonucleotides for NF-jB

(b) and AP-1 (c). The last lane in each panel represents nuclear

extracts of me-3 cells stimulated with IFN-c for 1 hr and subjected

to competition with the respective cold oligonucleotide to confirm

signal specificity. The results are representative of three independent

experiments.
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Figure 4. Role of nuclear factor-jB (NF-jB) in nitric oxide (NO)

generation and inducible nitric oxide synthase (iNOS) expression in

interferon-c (IFN-c)-stimulated Src homology 2 domain phospho-

tyrosine phosphatase 1 (SHP-1)-deficient cells (me-3) and their

wild-type counterparts (LM-1). (a) Both cell lines were treated with

two different NF-jB inhibitors, namely sodium salicylate (NaS,

5 mm) and BAY 11-7082 (5 lm) for 1 hr prior to stimulation with

IFN-c (100 U/ml). After 24 hr of incubation in the presence of the

inhibitor, supernatants were collected and the Greiss reaction was

performed to evaluate nitrite generation. The results with both

inhibitors represent three independent experiments (mean ± stan-

dard error of the mean, n = 3). (b) Expression of the iNOS gene was

monitored in cells treated for 1 hr with increasing doses of both

inhibitors (1–5 mm NaS and 1–5 lm BAY 11-7082) prior to stimula-

tion with IFN-c (100 U/ml, 8 hr). Inhibitors were retained through-

out the IFN-c stimulation period. The results are representative of

three independent experiments. GAPDH, glyceraldehyde 3-phosphate

dehydrogenase.
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response to IFN-c (Fig. 2). Finally, SAPK/JNK (p46/p54),

known to be involved in AP-1 activation,37 was shown to

have increased phosphorylation in me-3 cells compared

with LM-1 MØ (Fig. 5). Collectively, these results demon-

strate that in the absence of SHP-1, Erk1/Erk2 and SAPK/

JNK phosphorylation is significantly enhanced, and that

the increased activity of these two kinases (known to be

responsible for AP-1 activation)4,17 could lead to the

increased iNOS expression and NO generation observed

in SHP-1-deficient cells.

Erk1/Erk2 are involved in AP-1 nuclear translocation
in SHP-1-deficient cells

To confirm that the Erk1/Erk2 activation observed in

SHP-1-deficient cells is an important event leading to

AP-1 nuclear translocation, we monitored the effect of

the Erk1/Erk2 inhibitor Apigenin on AP-1 nuclear trans-

location in SHP-1-deficient cells, with or without IFN-c
stimulation. As depicted in Fig. 6, treatment of SHP-1-

deficient MØ with Apigenin (50 lM) completely inhibited
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Figure 5. Time-dependent activation of signal transducer and activa-

tor of transcription 1a (STAT-1a), Janus tyrosine kinase 2 (JAK2),

extracellular signal-regulated kinases 1 and 2 (Erk1/Erk2), mitogen-

activated extracellular signal-regulated protein kinase kinase (MEK),

p38 and stress-activated mitogen-activated protein kinases/c-Jun

NH2-terminal kinase (SAPK/JNK) in Src homology 2 domain phosp-

hotyrosine phosphatase 1 (SHP-1)-deficient cells (me-3) and their

wild-type counterparts (LM-1) stimulated with interferon-c (IFN-c).

Cells were treated with IFN-c (100 U/ml) for various periods of time

(5–120 min). Cell lysates were subjected to western blot analyses

using antibodies specific for the phosphorylated forms of STAT-1a
seryl 727 and tyrosyl 701 residues (a-pSer-STAT1 and a-pTyr-

STAT1, respectively), JAK2 (a-p-JAK2), Erk1/Erk2 MAPKs (a-p-p44

and a-p-p42), MEK (a-p-MEK), p38 (a-p-p38) and SAPK/JNK

MAPK (a-p-p54 and a-p-p46). Loading of equal amounts of protein

was monitored by stripping the membranes and reblotting with anti-

bodies specific for the non-phosphorylated form of the various

kinases analyzed. The results are representative of three independent

experiments.
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Figure 6. Effect of the extracellular signal-regulated kinases 1 and 2

(Erk1/Erk2) and p38 inhibitors on activator protein-1 (AP-1) nuclear

translocation in interferon-c (IFN-c)-stimulated Src homology 2

domain phosphotyrosine phosphatase 1 (SHP-1)-deficient cells (me-

3) and their wild-type counterparts (LM-1). The effect of the Erk1/

Erk2 inhibitor Apigenin (50 lm) and p38 inhibitor SB203580

(20 lm) (both added for 1 hr prior to IFN-c and retained through-

out the IFN-c stimulation period) on AP-1 nuclear translocation was

evaluated in cells stimulated for 4 hr with IFN-c or left unstimu-

lated. AP-1 activation was monitored as described in the Experimen-

tal procedures. The results are representative of three independent

experiments. CO, cold oligo.
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the nuclear translocation of AP-1, both at the basal level

and in response to IFN-c. No effect on AP-1 transloca-

tion was observed when the p38 inhibitor SB203580 was

used as a control. This result suggests that the SHP-1-

mediated negative regulation of Erk-/Erk2 MAPKs is an

important mechanism whereby the regulation of iNOS

expression and the consequent NO generation by AP-1 is

selectively controlled.

Discussion

Nitric oxide plays an important microbicidal role in the

host immune response (for a review, see reference).5 As

with other potent effector molecules, the signalling path-

ways implied in NO generation, such as cytokine signal-

ling pathways, have to be carefully regulated. Among

these regulators, the SOCS and PIAS protein families38

as well the PTP SHP-1,15,19,20 PTP-1B21,22 and TCPTP23

phosphatases have been described. A role for the PTP-

mediated negative regulation of iNOS expression has

been reported in multiple cells, including rat hepato-

cytes,39 rat vascular smooth muscle tissue40 and

MØ.15,16,41–43 Furthermore, the effect of PTPs on NO

generation has been studied in our laboratory through

the use of the PTP inhibitor pV compounds bpV(phen)

and bpV(pic), which led to NO generation and protec-

tion against visceral and cutaneous leishmaniasis.16,19

The specific role of SHP-1 in the process of NO genera-

tion has been suggested to be of paramount importance

because iNOS expression and NO production have been

shown to be elevated in me-3 cells lacking SHP-1.15 In

addition to SHP-1, other PTPs have been reported to

play a role in the regulation of certain cytokine-signalling

pathways.21–23 Results from different studies suggested a

role for PTP-1B in the dephosphorylation of STAT5,

TYK2 and JAK2.21,22 Neither of these studies, however,

investigated the effect of the absence of PTP-1B on

iNOS expression or NO generation. Simoncic et al.23

suggested a role for TCPTP in the negative regulation

of JAK1 and JAK3. Although iNOS expression was

shown to be upregulated upon IFN-c stimulation in

BMDM in the absence of TCPTP, NO generation was

not evaluated and the overall in vivo effect of the

absence of TCPTP on cytokine signalling remains to be

elucidated.

Despite the established role of SHP-1 in the negative

regulation of cytokine signaling,15,19,20 the molecular

events regulated by SHP-1 leading to NO generation

remain largely unknown. To understand these events in

greater detail, we performed experiments using SHP-1-

deficient cells (me-3) and their wild-type counterparts

(LM-1). In agreement with our previous findings,15 we

showed that SHP-1-deficient me-3 cells generate NO at a

much higher level than LM-1 cells in response to IFN-c
(see Fig. 1) and that this enhanced NO generation

involves a selective activation of Erk1/Erk2 and SAPK/

JNK MAP kinases, leading to AP-1 activation.

Studies using various experimental systems have shown

that SHP-1 is an important negative regulator of several

kinases, such as the Erk1/Erk2 MAPKs,44–46 p38 MAPK47

and JNK,48 and that these kinases play a role in IFN-c-

and/or LPS-induced NO generation.49–53 In the present

study, the use of specific inhibitors of JAK2 and members

of the MAPK family revealed that Erk1/Erk2 MAPK and

SAPK/JNK are the main players in the negative regulatory

effects of SHP-1 on mechanisms responsible for IFN-c-

induced MØ NO generation. The inhibition of JAK2 and

MEK, however, slightly affected NO production in me-3

cells, whereas LM-1 cells showed a partial or complete

inhibition in response to IFN-c. The fact that the JAK2

inhibitor only slightly affected NO production in me-3

cells suggests a minor role for the JAK/STAT pathway in

NO generation in SHP-1-deficient cells (similar to that

observed for NF-jB in this work). Furthermore, the

minor effect observed with the MEK inhibitor in me-3

cells suggests that NO production in the absence of SHP-

1 is mainly mediated by MEK-independent Erk activation.

This activation could be a result of the fact that SHP-1

directly interacts with and regulates Erk and not MEK

activity, or that Erk activation could be mediated by other

kinases such as protein kinase C (PKC). The p38 inhibi-

tor, on the other hand, did not affect NO generation in

either cell line, suggesting that this second messenger is

not regulated by SHP-1 and is not implicated in NO gen-

eration by MØ in response to IFN-c per se. The result of

the effect of each inhibitor on iNOS expression supports

our suggestion that Erk1/Erk2 and SAPK/JNK are the

main kinases responsible for the capacity of SHP-1-defi-

cient me-3 cells to generate high levels of NO in IFN-c-

stimulated or unstimulated cells. In the light of these

findings, further experiments were performed to deter-

mine which transcription factors are involved in the nega-

tive regulation of NO generation by SHP-1. STAT-1a and

NF-jB are recognized as the primary transcription factors

involved in signalling events leading to iNOS expression

and NO generation in MØ stimulated with IFN-c alone

or in combination with LPS.33,35,54 Of interest, our results

indicated that SHP-1-deficient me-3 cells, whether stimu-

lated or unstimulated with IFN-c, showed a much higher

nuclear translocation of the transcription factors NF-jB

and AP-1 compared with wild-type counterparts. These

results are consistent with previous studies where SHP-1

was implicated in the down-regulation of NF-jB and AP-

1 nuclear translocation in astrocytes and vascular smooth-

muscle cells, respectively.46,55 On the other hand, the

translocation of STAT-1a was comparable in both cell

lines, suggesting that this transcription factor is not impli-

cated in the regulation of NO generation by SHP-1.

Therefore, this set of data suggests that SHP-1 tightly reg-

ulates NF-jB and/or AP-1, and thus negatively regulates

130 � 2008 Blackwell Publishing Ltd, Immunology, 127, 123–133

J. Blanchette et al.



iNOS expression and NO generation in MØ. However,

the use of NF-jB inhibitors did not significantly affect

iNOS expression and NO generation in me-3 cells at

doses known to block NF-jB translocation completely,

suggesting that AP-1, and not NF-jB, is the main tran-

scription factor implicated in iNOS expression and NO

generation in SHP-1-deficient me-3 cells.

To reinforce these observations, the phosphorylation

states of MEK, Erk1/Erk2, p38 and SAPK/JNK were

monitored and it was found that they are markedly

enhanced in the absence of host SHP-1. On the other

hand, the phosphorylation states of JAK2 and STAT-1a
were comparable in both cell lines at basal levels and

following IFN-c stimulation. Based on our results of the

kinase inhibitor experiments in which we demonstrated

that the inhibition of MEK and p38 kinases did not

subsequently affect the capacity of SHP-1-deficient cells

to enhance IFN-c-mediated iNOS expression and the

subsequent NO generation, we propose that the absence

of MØ SHP-1 results in an activation process that

although affecting the phosphorylation state of MEK and

p38, bypasses them to signal selectively through Erk1/

Erk2 and SAPK/JNK kinases, resulting in an AP-

1-dependent NO generation in MØ lacking SHP-1.

These findings are supported by previous studies dem-

onstrating that the Erk1/Erk2 MAP kinases are involved

in AP-1 activation in okadaic acid-treated cells,56 and

that SAPK/JNK is pivotal in AP-1 nuclear transloca-

tion.37 Furthermore, we showed that the treatment of

SHP-1-deficient cells with the Erk1/Erk2 inhibitor Apige-

nin, but not the p38 inhibitor SB203580, resulted in the

inhibition of AP-1 nuclear translocation and the conse-

quent generation of NO.

Collectively, the findings reported in the present study

suggest that the host PTP SHP-1 negatively regulates

IFN-c-induced NO generation in MØ. These observations

clearly demonstrate that in the absence of SHP-1, Erk1/

Erk2 and SAPK/JNK kinases are selectively activated,

which in turn is responsible for the enhanced AP-1

nuclear translocation observed in me-3 cells. This higher

translocation helps to explain the increased expression of

the iNOS gene and the subsequent generation of NO in

SHP-1-deficient cells. Finally, a better understanding of

the role played by the PTP SHP-1 in the negative regula-

tion of MØ microbicidal functions, such as NO genera-

tion, would allow the development of selective molecules

with immunomodulatory capacities that can help in the

control of infectious pathogens.
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