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4-Hydroxy-2-nonenal (HNE), a major lipid peroxidation product, is
toxic at high concentrations, but at near-physiological concentra-
tions it induces detoxifying enzymes. Previous data established that
in human bronchial epithelial (HBE1) cells, both genes for glutamate
cysteine ligase (GCL) are induced by HNE through the c-Jun N-
terminal kinase (JNK) pathway. The protein-tyrosine phosphatase
SH2 domain containing phosphatase-1 (SHP-1) is thought to play
a role as a negative regulator of cell signaling, and has been
implicated as such in the JNK pathway. In the present study, SHP-1
was demonstrated to contribute to HNE-induced-gclc expression via
regulation of the JNK pathway in HBE1 cells. Treatment of HBE1 cells
with HNE induced phosphorylation of mitogen-activated protein
kinase kinase 4 (MKK4), JNK, and c-Jun. HNE was able to inhibit
protein tyrosine phosphatase activity of SHP-1 through increased
degradation of the protein. Furthermore, transfection with small
interference RNA SHP-1 showed an enhancement of JNK and c-Jun
phosphorylation, but not of MKK4, leading to increased gclc expres-
sion. These results demonstrate that SHP-1 plays a role as a negative
regulator of the JNK pathway and that HNE activated the JNK
pathway by inhibiting SHP-1. Thus, SHP-1 acts as a sensor for HNE
and is responsible for an important adaptive response to oxidative
stress.
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4-Hydroxynonenal (HNE) is one of the numerous products of
lipid peroxidation, mainly of w-6 polyunsaturated acid such as
arachidonic and linoleic acids (1, 2). HNE has high bioreactivity
due to the electrophilic nature of the «,B-unsaturated bond that
readily reacts with cellular nucleophiles, such as cysteine,
histidine, or lysine residues in proteins to form Michael adducts
and/or Schiff bases (1). It may also form cross links if it reacts
first in a Michael addition and then forms a Schiff base. One of
the consequences of oxidative stress in tissues is lipid perox-
idation, primarily involving polyunsaturated fatty acids. There is
increasing evidence that aldehydes, such as HNE, generated
endogenously during the process of lipid peroxidation, are
involved in many of the pathophysiological effects associated
with oxidative stress in cells and tissues. Whereas HNE exhibits
cytotoxic properties at high (generally > 25 wM) concentra-
tions, nontoxic concentrations are able to induce cell prolifer-
ation and gene expression, inhibit synthesis of proteins, and
increase protein degradation, and thus potentially activate
a stress response mechanism (3-5). How HNE acts as an
intracellular mediator leading to such cellular responses is
incompletely understood.

(Received in original form October 13, 2007 and in final form December 20, 2007)
This work was supported by National Institutes of Health grant ES 05511 to H.J.F.
Correspondence and requests for reprints should be addressed to Henry Jay
Forman, PhD, School of Natural Sciences, University of California Merced, P. O.
Box 2039, Merced, CA 95344. E-mail: hjforman@gmail.com

Am ] Respir Cell Mol Biol Vol 39. pp 97-104, 2008

Originally Published in Press as DOI: 10.1165/rcmb.2007-03710C on February 14, 2008
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

4-hydroxynonenal (HNE), a lipid peroxidation product,
mediates adaptation to oxidative stress. HNE caused
degradation of the protein tyrosine phosphatase SHP-1,
leading to activation of c-Jun N-terminal kinase and
expression of the first enzyme in glutathione synthesis.

Glutamate-cysteine ligase (GCL) catalyzes the first and rate-
limiting step in de novo glutathione synthesis. The enzyme is
composed of two subunits: GCLC, the catalytic subunit; and
GCLM, the modulatory subunit that alters kinetic properties of
GCLC (6). The transcription of both GCL genes is regulated by
many cellular stresses, of which HNE is one of the more potent
inducers (7-10). Several enhancer elements, including the
electrophile response element (EpRE, also called the antioxi-
dant response element), an activator protein (AP)-1-binding
site (TRE element), and an NF-kB-binding site have been
claimed to be involved in the control of GCL expression
dependent upon the stimulant and cell type (11). Previous
studies found that, in human bronchial epithelial (HBE1) cells,
GCL expression is TRE and EpRE mediated (12). One of the
transcription factors established as being able to bind EpRE is
Nrf2, which in resting cells is located in the cytosol bound to
Keapl (also called iNrf2). Upon stimulation, Nrf2 is trans-
located into the nucleus after dissociation from Keapl (13). In
the nucleus Nrf2 heterodimerizes with proteins such as c-Jun
and then binds to EpRE to up-regulate gene expression (14).
The role of different upstream signal transduction pathways
involved in HNE-induced GCL expression has been character-
ized and found to be cell type and species dependent. In fact,
HNE can cause an immediate increase in tyrosine phosphory-
lation, which is accompanied by activation of all three major
members of mitogen-activated protein (MAP) kinase family
that play important roles in transducing many extracellular
signals into intracellular responses through protein phosphory-
lation cascades (15). Previous work on HBE1 cells showed that
c-Jun N-terminal kinase (JNK), but neither p38 nor extracellu-
lar signal-regulated kinase (ERK), is involved in GCLC and
GCLM induction. JNK is characterized by its strong response to
cellular stresses, targets of which include several transcription
factors, including c-Jun, one of the proteins of Jun family able to
bind to the TRE element and also potential partner of Nrf2
(14).

The mechanism by which HNE activates JNK is not com-
pletely clear; in fact, it is also activated by alternative mecha-
nisms depending on the cell line. For example, HNE activates
JNK by direct binding in hepatic stellate cells but by activation
of the upstream kinase, SEK1/MAP kinase kinase 4 (MKK4) in
human neuroblastoma cells (16, 17).

Phosphorylation of tyrosine residues in proteins is known as
a key element for regulating eukaryotic cellular signaling path-
ways involved in the control of cell growth, proliferation,
differentiation, and metabolism (18-20). This process is precisely
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regulated by the balanced action of two types of enzymes,
protein tyrosine kinases (PTK) and protein tyrosine phospha-
tases (PTP). It is known that PTP activity can be regulated by
oxidation (21-23). In addition to the catalytic cysteine in the
active site, which has a high susceptibility to oxidants due to its
low pKa, other conserved residues that also play a role in the
catalytic process can be oxidatively modified. PTP inactivation
may occur not only by reactive oxygen species generation, but
also by aldehydes produced during lipid peroxidation, such as
HNE as the active site cysteine, which in the thiolate (S™) form,
is a strong nucleophile (24).

Biochemical and genetic studies indicate that protein phos-
phatases can play a role as both positive and negative regulator
in signaling pathways, and exert crucial physiological roles in
a variety of mammalian tissues and cells (25). For example,
MAP kinases are activated by MAP kinase kinases, which
phosphorylate the conserved Tyr and Thr located within the
TXY motif in the activation loop of MAP kinases (26). De-
phosphorylation of either pThr by protein phosphatase 2A,
pTyr by hematopoietic PTP, or both residues by MAP kinase
phosphatases (MKPs) results in loss of MAP kinase activity and
thus in the regulation of signal transduction (27, 28).

One of the PTP of particular interest is SH2 domain containing
phosphatase-1 (SHP-1) because of its role in the regulation of the
JNK and ERK pathways (29). The SHP-1 protein-tyrosine
phosphatase is thought to play a role as a negative regulator of
cell signaling in cells of hematopoietic origin (30). Its involvement
has been implicated in colony-stimulating factor 1 receptor
signaling pathways, B cell receptor—induced apoptosis and signal-
ing, Fcy receptor-mediated phagocytosis, HoxA-mediated tran-
scriptional repression, the Abl-induced DNA damage response,
and T cell receptor signaling (30-36).

The aim of the current study was to provide a better under-
standing of the mechanism of HNE induction of the JNK
pathway in HBEL1 cells. In particular, the role of SHP-1 on
the regulation of GCLc induction by HNE via the JNK pathway
was analyzed by knocking down the expression of SHP-1 by
small interference RNA (siRNA). Treatment of HBE1 cells
exerts an inhibitory effect on SHP-1, due to an increase of pro-
tein degradation. In addition, siSHP-1 enhances GCLC expres-
sion and phosphorylation of JNK and c-Jun induced by HNE.
The results suggest that inhibition of SHP-1 by HNE contrib-
utes to the activation of GCLC induction via JNK pathway.

MATERIALS AND METHODS

Chemical and Reagents

All the chemicals and reagents were obtained form Sigma Chemical
(St. Louis, MO) unless stated otherwise. HNE was purchased from
Cayman Chemical (Ann Arbor, MI). TagMan reverse transcription
reagent and SYBR Green Master Mix were form Applied Biosystems
(Foster City, CA). FuGENE 6 transfection reagent was from Roche
(Indianapolis, IN). siRNA was purchased from Ambion (Austin, TX).
Anti-SHP-1, anti-actin antibodies were from BD transduction labora-
tories (San Jose, CA). Anti—p-cJun and anti-laminin were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-pMKK4 and RediPlate
96 EnzChek tyrosine phosphatase assay kit (Molecular Probes, In-
vitrogen) was purchased from Invitrogen (Carlsbad, CA).

Cell Culture

HBEI1 cell were obtained from Dr. James Yankaskas of the University
of North Carolina. The cells were maintained at 37°C in a humidified
5% CO, incubator and grown in serum-free F12 Ham media supple-
mented with six hormones (5 pg/ml human insulin, 1 X 107¢ M
hydrocortisone, 3.7 pg/ml endothelial cell growth supplement, 25 ng/ml
epidermal growth factor, 3 X 1078 M tri-iodothyronine, 5 pg/ml
transferrin), 100 U/ml penicillin, 100 pg/ml streptomycin, and 40 pg/ml

gentamicinin on collagen-coated dishes. HNE was dissolved in ethanol.
HBEI cells close to confluence were treated with vehicle control (0.05%
ethanol) or different concentrations of HNE as indicated in RESULTS.

Cell Viability Assay

Cells at 80% confluence were plated on 12-well plates in 1 ml F12
medium. Cell viability was evaluated using the conventional MTT
reduction assays, in which cells of each well were incubated with 100 pl
0.5% MTT for 2 hours at 37°C, and the reaction was stopped by adding
1 ml of MTT solubilization solution (10% Triton X-100, 0.1 N HCI in
anhydrous isopropanol). The amount of MTT formazan product was
determined by measuring absorbance using a plate reader (Molecular
Devices, Sunnyvale, CA) at a test wavelength of 570 nm and a reference
wavelength of 690 nm.

PTP Activity Assay

PTP activity was measured with a RediPlate 96 EnzChek tyrosine
phosphatase assay kit (Molecular Probes) in accordance with the
manufacturer’s recommendations. In brief, cells were suspended in
a buffer containing 10 mM Tris HCI, 0.15 M NaCl, and 2 mM EDTA
and then subjected to four cycles of freezing/thawing in liquid nitrogen.
Supernatant, containing the whole protein extract, was placed into
RediPlate wells and incubated for 25 minutes at 20 to 22°C before
reading for fluorescence.

Immunoprecipitation and SHP-1 Activity

Phosphatase activity of SHP-1 was performed by using the RediPlate
96 EnzChek Tyrosine Phosphatase Assay kit (Molecular Probes).
HBE1 were seeded in 60-mm wells and, when close to confluence,
were treated with 15 puM HNE or vehicle for several times of expo-
sure before lysis by 30 seconds of sonification in 1 ml buffer containing
150 mM NaCl, 1% Triton X-100, 0.5% NP40, and 2 mM EDTA. The
protein concentration of whole cell lysates was measured using the Bio-
Rad protein assay (Bio-Rad, Hercules, CA) and adjusted to 500 pg
before immunoprecipitation with protein A-sepharose-conjugated
antibodies to SHP-1 at 4°C overnight. The antibodies had been previ-
ously crosslinked to protein A—sepharose beads using dimethyl pime-
limidate (DMP) as described by Schneider and coworkers (37), and
stored at 4°C until used. The immunocomplexes were washed four
times with the cell lysis buffer and used for the phosphatase assay into
RediPlate wells, and were incubated for 30 minutes at 20 to 22°C
before reading the fluorescence.

Transfection of SHP-1 siRNA

Transfection of siRNA was performed using FuGENE 6 transfection
reagent following the procedure provided with the transfection re-
agent. For SHP-1, p-cJun, pJNK, p-MKK4 protein assay, HBE1 cells at
approximately 60 to 80% confluence were exposed to 50 nM SHP-1
siRNA (Ambion) in 60-mm plates. Twenty hours after the transfection,
media were replaced and cells were treated with 15 uM HNE or
vehicle for different time of exposure as indicated in ResuLts. For
SHP-1, p-cJun, pJNK, and p-MKK4 protein assay, the cells were
collected and the whole cell proteins or the cytosol and nuclear protein
were extracted using M-PER mammalian protein extraction reagent
NE-PER and C-PER, nuclear and cytosolic extraction reagents
(Pierce, Rockford, IL), respectively. For the effect of SHP-1 siRNA
on GCLC expression, transfection was performed in 6-well dishes and
the cells at 60 to 80% confluence were transfected with 50 nM SHP-1
siRNA or control siRNA before exposing the cells to HNE for 3 hours.

Real-Time PCR Assay of mRNA Levels

Total RNA was extracted using TRIzol reagent and treated with DNA-
free reagent according to the manufacturer’s protocol (Ambion). RNA
samples were reverse-transcribed using the TagMan random hexamers
(Applied Biosystems) and the contents of GCLC mRNA were
measured by real-time PCR polymerase chain reaction (RT-PCR)
with a Cephedi 1.2 real-time PCR machine. In brief, 5 pl of reverse
transcription reaction product was added to a reaction tube containing
12.5 pl SYBR green PCR Master Mix and primers specific for GCLC
mRNA. The total PCR sample reaction was 25 pl. GAPDH was used
as an internal control. The primer sequences used are as follows.
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GCLc: sense 5'-ATGGAGGTGCAATTAACAGAC-3', antisense 5'-
ACTGCATTGCCACCTTTGCA-3'; GAPDH: sense 5'-TGGGTGT
GAACCATGAGAAG-3', antisense 5-CCATCACGACACAGTT
TCC-3'.

Western Blot

Proteins were resolved on a 4 to 20% Tris-glycine acrylamide gel
(Invitrogen, Carlsbad, CA) under denaturing conditions before being
transferred electrophoretically onto a polyvinylidene difluoride (PVDF)
membrane (Immobilon P; Millipore, Bedford, MA). Membranes were
blocked with 5% nonfat dry milk (NFDM) at room temperature for 1 hour
and then incubated overnight at 4°C with primary antibody diluted in 5%
NFDM in Tris buffer saline (TBS) as indicated (1:500 anti-p cJun; 1:5,000
anti-actin; 1:1,000 anti-phospho JNK; 1:500 JNK1; 1:500 anti-SHP-1;
1:1,000 anti-pMKK4; 1:500 anti-laminin). After being washed with TBS
containing 0.05% Tween 20, the membrane was incubated with goat anti-
mouse IgG or goat anti-rabbit conjugated to horseradish peroxidase
(1:2,000) at room temperature for 2 hours. The blots were developed by
the enhanced chemiluminescence technique (ECL Plus; Amersham,
Arlington Heights, IL) according to the manufacturer’s instructions. The
bands of interest were imaged with and quantified by photon counting
using the charged-coupled device camera of a Kodak Image Station 2000R
(Kodak, Rochester, NY) and Kodak 1D 3.6 Image Analysis Software.
Photon counting was used for graphing and statistical analysis.

Statistical Analysis

For the relative GCLC mRNA quantification, the threshold cycle value
(Cy) for GCLC and reference gene (GAPDH) were obtained and the
difference AC; was calculated. Primer efficiencies for the test genes
were comparable to those for GAPDH. C,; values were converted to
absolute values and the results expressed in fold of increase compared
with control. Each experiment was performed at least three times. All
data were expressed as the mean = SD. Sigma Stat software was used
for statistical analysis and statistical significance was accepted when
P < 0.05. ANOVA and the Tukey’s test were performed to compare
the variants between experimental groups.

RESULTS
HNE Does Not Induce Cytotoxycity in HBE1 Cells

To show that the highest concentration of HNE used in our
experiments was not cytotoxic, we performed an MTT re-
duction assay to determine the effect of HNE on cell viability
(Figure 1). As shown in Figure 1, there was not a statistically
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Figure 1. Viability of human bronchial epithelial (HBE)1 cells after the
addition of 4-hydroxy-2-nonenal (HNE) and H,O,. Cells were exposed
to 15 wuM HNE for 12 and 24 hours, vehicle for 24 hours, or 1 mM H,0,
for 2 hours. The formation of purple formazan crystals were measured
after 2 hours of incubation at 37°C. Values were reported as percentage
of viability of the control and expressed as mean = SD of four
experiments in triplicate. *P < 0.05 compared with the control.
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significant decrease of cell viability in cells exposed to 15 pM
HNE (12 h and 24 h). Thus, this concentration was subtoxic and
has been used in our experimental model to mimic mild
oxidative stress in the lungs. To verify that this negative result
was not due to a failure of the assay, cells exposed to a high
concentration of H,O,. The figure shows that cells exposed for
2 hours to a concentration of 1 mM H,O, decrease viability
to 50%.

HNE Inhibits Protein Tyrosine Phosphatase Family in
HBE1 Cells

Previous work suggested that the o, B-unsaturated aldehyde
derived from lipid peroxidation, HNE, induces de novo synthe-
sis of GSH through the increase of GCLC and GCIM expression
in human lung bronchial epithelial cells via the JNK pathway.
How this mechanism can be achieved by HNE is still not fully
understood. In this study we tested the hypothesis that protein
tyrosine phosphatases are involved in the mechanism of JNK
pathway activation, either acting on the upstream or down-
stream proteins or on JNK itself.

We measured the total PTP activity in HBE1 cells after
exposure to HNE (Figure 2A). We treated the cells under time
and HNE concentration conditions (15 pM) used in previous
work that showed maximal GCL induction via the JNK
pathway. The results revealed that HNE at 15 wM, which is
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Figure 2. Inhibitory effect of HNE on the activity of protein tyrosine
phosphatases (PTP). (A) HBE1 cells were exposed to either 5 uM or
15 pM 4HNE or vehicle for indicated times. The activity was measured
by a fluorescence-based assay using as a substrate the 6,8-difluoro-4-
metylumbelliferyl phosphate. (B) Five hundred micrograms of proteins
were immunoprecipitated with a SHP-1 monoclonal antibody pre-
bound to protein A sepharose beads. The SH2 domain containing
phosphatase-1 (SHP-1) activity was measured using the bead-
immunocomplex. Values plotted are reported as percent inhibition
compared with the value of the control and were expressed as mean
+ SD of three experiments in triplicate. *P < 0.05 compared with
control, #P < 0.05 compared with other samples.



100 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 39 2008

not cytotoxic and actually induces GCL and glutathione bio-
synthesis (12), has an inhibitory effect on total PTP activity.
After 5 minutes of treatment the inhibition was already detect-
able (20% inhibition). The inhibition increased with the time
until a maximum of 30 minutes (~ 30% inhibition), after which
HNE did not produce a further inhibition. At a concentration of
5 wM HNE, inhibition of PTP activity was not detectable before
30 minutes (~ 10% inhibition) and reached the maximum at
60 minutes (~ 15% inhibition). It appears clear that there is
a dependency between the inhibition of total PTP activity by
HNE and the time and dose of exposure. SHP-1 is a member of
the PTP family that has been shown to be involved in the
regulation of the JNK activation pathway. In fact SHP-1 over-
expression was able to inhibit H,O,-induced JNK phosphory-
lation (29). Because we hypothesized that SHP-1 also could be
a target of HNE, we decided to focus our attention on this
protein. SHP-1 activity was measured after treatment with
HNE. Figure 2B shows that after 15 minutes HNE was able
to inhibit SHP-1 activity (~ 40% inhibition) and that inhibition
reached 60% after 30 minutes. These results are in line with the
data related to the inhibition of total PTP activity, and actually
indicate that SHP-1 has a higher susceptibility to HNE than
PTP in general.

HNE Decreases SHP-1 Protein in HBE1 Cells

The mechanism underlying the inhibition of SHP-1 caused by
HNE exposure was examined. Exposure to HNE can cause
formation of HNE adducts. It has been reported that HNE-
modified proteins are degraded at a considerably higher rate than
the other proteins as an essential defense mechanism to oxidative
stress (38). We examined whether the SHP-1 protein was similarly
decreased after exposure to HNE. Western blot analysis using
monoclonal antibody specific for SHP-1 showed that the presence
of protein in HBE1 cells changed during the time of HNE
exposure. There was a detectable decrease of the protein after
15 minutes that reached a maximum after 30 minutes but without
a further decrease after 60 minutes (Figure 3). Reprobing the same
membrane with an anti-actin antibody indicated similar protein
loading into each lane. Interestingly, these data show that there
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Figure 3. HNE induces decrease of SHP-1 protein expression in HBE1
cells. HBE1 were treated with 15uM 4HNE or vehicle for the indicated
exposure time. The SHP-1 protein expression was determined by
Western analysis with a monoclonal antibody. The membranes were
then blotted with the actin antibody for loading control. Data are
expressed in arbitrary units and indicate mean * SD of three separate
experiments (*P < 0.05).

was a correlation between the time point at which the inhibition
of SHP-1 activity by HNE reached the maximum and the
decrease of SHP-1 protein. This suggests that the SHP-1 activity
is regulated by HNE through increased degradation of the
protein.

SHP-1 Knockdown Enhances HNE-Induced c-Jun and JNK
Phopshorylation but Does Not Enhance
MKK4 Phosphorylation

After confirming that HNE was able to inhibit SHP-1 activity in
HBET1 cells, the next important step was to examine whether
SHP-1 was involved in the JNK pathway in our experimental
model. Expression of SHP-1 was decreased by siRNA and then
the effect of HNE on c-Jun and JNK phosphorylation was
measured. Nuclear extract and total extract from HBE1 cells
transfected with siRNA for SHP-1 and nontransfected HBE1
cells exposed to HNE for several lengths of exposure were
subjected to Western blot analysis using a monoclonal antibody
to the phosphorylated form of c-Jun and JNK1/2. As shown in
Figures 4A and 4B, transfection of HBE1 cells with SHP-1
siRNA enhanced the phosphorylation of c-Jun and JNK1/2
induced by HNE. Interestingly, SHP-1 had an effect on the
basal phosphorylation of c-Jun and JNK 1/2, since the phos-
phorylation of the protein was detectable with SHP-1 siRNA
in the absence of HNE. This suggests that a decline in SHP-1
activity is sufficient for partial activation of JNK.

MKK4 is one of a member of a tyrosine/threonine protein
kinase family that is able to activate JNK protein. We therefore
tested whether, in our experimental system, MKK4 was in-
volved in activation of the JNK pathway by HNE and whether
SHP-1 played a role in the JNK pathway acting upstream of
MKK4. Following the same procedure described above, we
measured (using a polyclonal antibody for pSer 257 and pThr
261) the phosphorylation and therefore the activation of
MKK4. HNE induced phosphorylation of MKK4 after 5 minutes
of exposure, and this started to decrease only after 30 minutes
(Figure 4C). Although unlike JNK and c-Jun, phosphorylation
of MKK4 induced by HNE was not enhanced by siRNA for
SHP-1, knocking down SHP-1 was sufficient to induce phos-
phorylation of MKK4 in cells without stimulation, suggesting
the possibility that the protein target for SHP-1 might be
upstream of MKK4 activation.

SHP-1 Knockdown Increases HNE-Induced GCLC Expression

As the data above showed that SHP-1 plays a role in the
regulation of JNK pathway activation induced by exposure
to HNE, we examined whether SHP-1 affected downstream
signaling by the JNK pathway, in particular the regulation of
GCLC expression. To establish the role of SHP-1 in HNE-
induced GCLC expression, SHP-1 was knocked down by
siRNA and then the effect of HNE on GCLC mRNA expres-
sion was examined using real-time RT-PCR. Total RNA
extracts, from siRNA-transfected and nontransfected cells
exposed to HNE for 3 hours, were subjected to reverse
transcriptase to obtain cDNA used as template for the real-
time PCR reaction. As the evidence above showed that both
HNE and siRNA for SHP-1 both decreased SHP-1, we used
a submaximally GCL-inducing concentration of HNE, 2 uM, to
emphasize a possible enhancing effect of knocking down SHP-1
on GCLC expression. As shown in Figure 5, exposure to 2 uM
HNE resulted in a low induction of GCLC expression. The
figure shows that knockdown of SHP-1 expression enhanced the
HNE-induced GCLC expression approximately 2.5-fold com-
pared with the control sample and approximately 1.5-fold
compared with the sample exposed to HNE, suggesting a role
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Figure 4. HNE induces activation of c-Jun, c-Jun N-terminal kinase (JNK), and mitogen-activated protein kinase kinase 4 (MKK4), and SHP-1
knockdown enhances HNE-induced c-Jun and JNK phosphorylation but not MKK4. Cells were transfected with SHP-1 small interference RNA (siRNA)
and control siRNA. After 20 hours of transfection the media were replaced and HBE1, near confluence, were treated with 15 uM HNE or vehicle for
the indicated time, and c-Jun, JNK, and MKK4 phosphorylation levels were determined by Western blot with the appropriate antibody (A-C). The
blots were reprobed with (A) laminin, (B) JNK1, and (C) actin antibody to show that the equivalent amounts of protein were in each lane. Shown are
representative blots, and bar graphs represent the mean and SD of photon counts obtained as described in MaTeriaLs AND MEeTHODS (n = 3; *P < 0.05

compared with control, #P < 0.05 compared with SHP-1 siRNA sample).

of SHP-1 as a negative regulator in GCLC induction. Further-
more, the results suggested that SHP-1 also might have a role in
controlling the basal level of GCLC expression, as knockdown
of SHP-1 alone resulted in an increase of 1.5-fold of gene
induction compared with the control.

DISCUSSION

HNE is one of the major products of lipid peroxidation. Under
physiological conditions the concentration of HNE in the
plasma has been estimated to be in the 0.1- to 1.4-uM range
(1, 39); however, under conditions of oxidative stress it can
reach millimolar concentration (2). High concentrations of
HNE have been associated with the pathogenesis of a number
of degenerative diseases such as atherosclerosis, Parkinson’s,
and Alzheimer’s diseases (1, 2). A potential role for high
concentrations of HNE has been implicated in the signaling
events involved in lung inflammation leading to the develop-
ment of chronic obstructive pulmonary disease (40). However,

at concentrations slightly above the endogenous level, HNE can
activate cell signaling pathways rather than cause cytoxicity (5,
41). For example, HNE is able to induce, through activation of
different signal pathways, antioxidant and detoxifying enzymes
such as GCL as an adaptive mechanism to a subsequent oxidative
stress (11, 42). Previous data have demonstrated that the
transcription of the GCL mRNA is dependent upon activation
of both Nrf2 and the JNK signaling pathway in human bronchial
epithelial cells, but the signaling mechanisms inducing JNK
activation are not completely characterized in this cell line (12,
43). Moreover, whether HNE is capable of inducing GCL
expression via conjugation through direct interaction with JNK
or by signaling upstream seems to be controversial due to a clear
cell type dependence of the mechanisms (16, 17).

To extend our knowledge of how the HNE activation of the
JNK pathway is involved in downstream signaling, we examined
the regulation of the gclc gene in human bronchial epithelial
cells. Our experimental model used a noncytotoxic concentra-
tion of HNE that could be generated during a mild oxidative
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Figure 5. Effect of SHP-1 siRNA on the glutamate-cysteine ligase

(GClLc) expression induced by HNE in HBE1cells. HBE1 were transfected
with SHP-1 siRNA for 20 hours and then treated in fresh media with
2 uM HNE for 3 hours. The values plotted represent the fold GCLC
induction in control and treated samples of transfected and non-
transfected cells. mRNA levels were measured with real-time PCR
methods (n = 4; *P < 0.001 compared with control, #P < 0.001
compared with HNE untransfected samples.) Inset: Western blot of
SHP-1 in total extract from HBE1 cells transfected with SHP-1 siRNA for
18 hours.

stress caused by an external stressor such as air pollutants and
cigarette smoke. It is known that oxidative stresses cause
increased expression of proinflammatory genes through oxi-
dant-mediated activation of transcription factors such as NF-«B
and AP-1, as well as activation of stress-response protective
genes such as GCL in lungs (7, 44). An imbalance of an array of
redox-regulated antioxidant versus pro-inflammatory genes
might be associated with the susceptibility or tolerance to
pulmonary diseases (45). Therefore a better understanding of
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the pathway through which GCL and other genes are expressed
may be important to be able to push the balance toward anti-
inflammatory gene expression.

We examined whether SEK1/MKK4, an upstream kinase of
JNK, and SHP-1, a member of the PTP family, contribute to the
regulation of GCLC induction via the JNK pathway in response
to low concentrations of HNE in this specific experimental
model. After first verifying the effect of HNE on the activity of
the PTP family, in general, we focused on SHP-1, and its role in
GCLC expression in relation to proteins involved in the JNK
pathway.

Oxidation has emerged as an important regulatory mecha-
nism for the PTP family (46). While most of studies in this area
have focused on the mechanism by which reactive oxygen
species, particularly H,O,, inhibit PTP reversibly, little is
known about the mechanisms by which other electrophilic
stimuli, such as HNE inactivate PTP. A recent article demon-
strated that PTP present on the membrane of platelet cells can
be inhibited by 2-nonenal, which is closely related to HNE (24).
They hypothesized that this inhibition was due to the formation
of adducts with cysteine, lysine, and histidine by a Michael type
reaction, as would be predicted from the well-established
mechanism for reaction of a,B-unsaturated aldehydes with
various proteins (47, 48). Nonetheless, which residues are
modified by addition of aldehydes and if such residues are
essential for the activity of the enzyme family has not been
determined (24). In accordance with these data, our results
showed that PTP family members can be inhibited in HBE1 by
a concentration of HNE that mimics a mild oxidative stress in
which adaptive responses, such as induction of Phase II genes,
occurs. Interestingly, SHP-1 was more susceptible to inhibition
by HNE compared with PTP in general. This inhibition suited
perfectly in the picture of our data showing that in the
experimental model used, SHP-1 protein seemed to be regu-
lated by HNE treatment through an increased rate of degrada-
tion. The greatest percent inhibition, in fact, was reached at
30 minutes, the same time point that the presence of the protein
in the cells reached the lowest amount.

Membrane
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(®)
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Figure 6. SHP-1 inhibition by HNE reg-
ulates the activation of JNK pathway. The
black solid arrows indicate the activation
of JNK pathway by MKK4 dependent
from SHP-1, whereas the gray dashed
lines indicate the role of SHP-1 on a pos-
sible coexisting pathway for the activa-
tion of JNK.
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HNE can form adducts with various intracellular proteins as
do other o,B-unsaturated aldehydes as described above. Pro-
teins modified by HNE may alter their structures and functions.
If a sufficient percentage of such modified proteins are inhibited
in their function and/or accumulate, the resulting alterations in
cellular structure and function may be toxic. Nonetheless, it has
been suggested that conjugation of HNE to proteins may act as
a signal that leads cells to removal of these HNE-modified
proteins to avoid disruption of the cellular functions (38, 49).
The modification/removal mechanism may also be used for
regulation of activity of proteins such as the PTP, as protein
degradation and resynthesis is another mechanism that cells use
for signaling; for example, cyclin synthesis, ubiquitination, and
degradation in the cell cycle (50, 51). Biochemical and structural
data regarding PTP regulation revealed that the Cys residue in
this family of enzyme might act as a redox sensor in response to
proximal reactive oxygen/nitrogen species (21, 52). Likewise,
SHP-1 might act as an oxidative sensor in response to increase
of HNE occurring during oxidative stress. In support of this, our
results also revealed that SHP-1 acts as a negative regulator in
the pathway of JNK responsible for GCLC induction. We
found, in fact, that c-Jun—a transcription factor downstream
of JNK and critical in gclc expression (12)—was phosphory-
lated, and thus activated, in response to HNE, and that SHP-1
knockdown enhanced the phosphorylation of both c-Jun and
JNK, suggesting a functional role for SHP-1 in JNK activation.

SHP-1 likely works as a brake on the activation of the
pathway that is removed by degradation when an oxidative
stress occurs. This event allows the signal to be transmitted and
leads the cell to increase the oxidant defenses by the expression
of gclc. The observation that other phosphatases involved in the
JNK pathway can be regulated by increasing the rate of their
degradation by oxidation has been reported by Chen and
colleagues (53). In their system, JNK activation by H,O, plus
pyrrolidine dithiocarbamate (PDTC) was mainly due to down-
regulation of M3/6 phosphatase, a dual-specificity phosphatase
and a negative regulator of JNK, rather than to activation of
kinases upstream of JNK (54). This was, however, a specific
effect of H,O, and PDTC, as UV-C irradiation did not cause
the down-regulation of this phosphatase (53). Although the
mechanism underlying the regulation seems to have some
similarity, our results suggested that MKK4, which is upstream
of JINK, is involved in HNE-dependent JNK activation. A main
difference is that the H,O, plus PDTC system will irreversibly
oxidize not only cys, his, and lys but many other amino acids
because it generates hydroxyl radical, whereas an a,B-unsaturated
aldehyde such as HNE conjugates with cys, his, and lys by
Michael addition and forms Schiff base with amines.

The observation that SHP-1 was involved in the regulation
of the signal transduction was first demonstrated using mice
lacking functional SHP-1 (55). These mice develop systemic
autoimmune disease and are affected with numerous anomalies
of the hemopoietic system, such as an increase in the number of
erythroid progenitor cells, monocytes, macrophages, and neu-
trophils. In agreement with these phenotypes, SHP-1 has been
reported to function in the negative regulation of signaling
pathways in a number of hematopoietic systems (56). Further-
more, it was reported that SHP-1 plays a crucial role as
a negative regulator in H,O,-induced ERK and JNK phosphor-
ylation (29).

The mechanism underlying JNK pathway activation trig-
gered by HNE is controversial. Our results clearly suggest the
dependence of HNE-induced JNK activation on upstream
kinases. In contrast with our observations, Parola and co-
workers showed that, in hepatic stellate cells, upstream kinases
are not involved in JNK activation by HNE, and instead result
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from direct conjugation of a His residue with HNE (16). Our
findings are, however, consistent with a report published by
Song and coworkers in which, in PC12 cells, the JNK pathway
was activated by HNE through MKK4 (17). The mechanisms
underlying the apparent difference in JNK activation may be
due to the variation in cellular capacity to remove HNE by
enzymes responsible for its metabolism and/or differences in
organization of signaling proteins among cell types. The new
finding here is that SHP-1 inactivation by HNE is upstream of
the activation of MKK4, although we do not as yet know the
intervening steps. Nonetheless, activation of MKK4 may not be
the only mode of action by HNE on the JNK pathway. SHP-1
siRNA caused phosphorylation of c-Jun and JNK protein
without the presence of HNE; however, unlike the phosphor-
ylation of c-Jun and JNK, SHP-1 siRNA did not further
increase MKK4 phosphorylation in the presence of HNE. This
implies that the MKK4 phosphorylation was sufficient for
downstream JNK activation but that some additional action of
HNE resulted in greater phosphorylation of JNK and c-Jun.
Together, previous results and the new information here suggest
that two different pathways for HNE activation of JNK are
possible. Finally, our findings showed that the induction of
GCLC in HBE1 cells by HNE occurred, partially through
increased degradation of the negative regulator, SHP-1 protein.
In addition, the activation of MKK4, and the increased phos-
phorylation of INK and c-Jun resulting from SHP-1 inactivation
by HNE, lead to increased gclc expression (Figure 6).
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