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ABSTRACT: The Fas (apo/CD95) receptor which belongs to the TNF-R family is a transmembrane protein
involved in the signaling for apoptosis through the extrinsic pathway. During this study, we have examined
a correlation between intracellular levels of 4-HNE and expression of Fas in human lens epithelial (HLE
B-3) cells. Our results show that in HLE B-3 cells, Fas is induced by 4-HNE in a concentration- and
time-dependent manner, and it is accompanied by the activation of JNK, caspase 3, and the onset of
apoptosis. Fas induction and activation of JNK are also observed in various tissues ofmGsta4null mice
which have elevated levels of 4-HNE. Conversely, when 4-HNE is depleted in HLE B-3 cells by a transient
transfection withhGSTA4, Fas expression is suppressed. However, upon the cessation ofhGSTA4expression
in these transiently transfected cells, Fas and 4-HNE return to their basal levels. Fas-deficient transformed
HLE B-3 cells stably transfected withhGSTA4show remarkable resistance to apoptosis. Also, the wild-
type HLE B-3 cells in which Fas is partially depleted by siRNA acquire resistance to 4-HNE-induced
apoptosis, suggesting an at least partial role of Fas in 4-HNE-induced apoptosis in HLE B-3 cells. We
also demonstrate that during 4-HNE-induced apoptosis of HLE B-3 cells, Daxx is induced and it binds
to Fas. Together, these results show an important role of 4-HNE in regulation of the expression and
functions of Fas.

Fas antigen (apo-1/CD95) is a cell surface transmembrane
glycoprotein that belongs to the tumor necrosis factor
receptor (TNF-R) superfamily, which induces cell death by
binding to its natural ligand (Fas L) (1, 2). The Fas-Fas L
system is recognized as one of the major extrinsic pathways
for induction of apoptosis in cells and is believed to have
an essential role in maintaining homeostasis by regulating
cell proliferation, differentiation, and apoptosis (3). Fas is
expressed in many tissues; high expression levels are
observed in the thymus, heart, liver, and kidney (4).
Deficiency of Fas or Fas L in epithelial cells prevents
apoptosis of these cellsin ViVo as well asin Vitro (5). It has
been suggested that resistance to apoptosis through the
blockage of the Fas receptor might play an important role
in tumorigenesis and tumor progression in several malignan-

cies (6, 7). In addition to its important role in the immune
system, it has been suggested that the Fas-Fas L system
may play an important role in the pathogenesis of diseases
which are characterized by the regulation of apoptosis (8).

A multitude of studies during the past decade indicate a
key role of 4-hydroxynonenal (4-HNE)1 in various signaling
pathways (9-26), including those for apoptosis. 4-HNE has
been shown to modulate the expression and functions of
certain key regulator membrane proteins such as tyrosine
kinase receptors (21), PKC (27), and JNK (14). The role of
4-HNE in the regulation of Fas expression or its involvement
in Fas-mediated apoptosis is not known and needs to be
investigated. Our previous studies (28, 29) have shown that
depletion of 4-HNE in human lens epithelial cells (HLE B-3)
by transfection with the 4-HNE metabolizing glutathione
S-transferase (GST) isozyme hGSTA4-4 leads to a dramatic
phenotypic transformation of these cells. The transformed
cells grow indefinitely in suspension as smaller, rounded cells
as opposed to wild-type HLE B-3 cells which grow as
attached cells with a limited life span. These transformed
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cells lose expression of Fas, suggesting a role of 4-HNE in
the regulation of Fas expression (28, 29). However, it could
be argued that the downregulation of Fas in these cells is
secondary to transformation, rather than a direct consequence
of lowering of 4-HNE concentrations by transfection with
hGSTA4. Therefore, studies are needed to examine whether
4-HNE plays a role in the regulation of the expression and
functions of Fas. Furthermore, since 4-HNE has been shown
to cause apoptosis in HLE B-3 and other cell lines (30-32),
the role of Fas, if any, in 4-HNE-induced apoptosis needs
to be examined. This study was designed to address these
questions. We have compared the expression of Fas in HLE
B-3 cells transiently or stably transfected withhGSTA4and
examined whether a correlation exists between the intracel-
lular levels of 4-HNE and Fas expression. The effect of
exogenous 4-HNE on the expression of Fas in HLE B-3 cells
has also been examined. We have previously developed a
mGsta4null mouse model and have shown increased 4-HNE
levels in the tissues of these mice (33). To examine whether
increased 4-HNE levels in the tissues of these mice affect
expression of Fasin ViVo, we have compared Fas expression
in the tissues ofmGsta4(-/-), (+/-), and (+/+) mice.
Finally, we have investigated whether Fas is involved in
4-HNE-induced apoptosis of HLE B-3 cells. The results of
these studies demonstrate that the expression of Fas appears
to be tightly regulated by the intracellular levels of 4-HNE
and that 4-HNE-induced apoptosis in HLE B-3 cells is
accompanied by the activation of Fas, JNK, and caspase 3.

MATERIALS AND METHODS

Materials. Minimum essential medium was purchased
from Mediatech Inc. (Herndon, VA). Fetal calf serum was
from Gemini (Woodland, CA). Phosphate-buffered saline,
gentamicin, geneticin (G418), andN-(2-hydroxyethyl)pip-
erazine-N′-2-ethanesulfonic acid (Hepes) were obtained from
GIBCO Inc. (Grand Island, NY). 4-Hydroxynonenal (4-HNE)
was purchased from Cayman Chemical Co. (Ann Arbor, MI).
TransFast transfection reagent was from Promega (Madison,
WI), and the apoptosis detection system (CaspACETM
FITC-VAD-FMK in situ Marker) was purchased from
Promega. The cytoplasmic protein extraction kit was acquired
from Imgenex Co. (San Diego, CA); protein A/G-agarose
beads were from Santa Cruz Biotechnology (Santa Cruz,
CA), and the Western blot stripping buffer was from Pierce
(Rockford, IL). All other reagents for SDS-PAGE and
Western blot analysis were purchased from Bio-Rad (Her-
cules, CA).

Antibodies. Polyclonal antibodies against recombinant
hGSTA4-4 developed in chicken were the same as those
described previously (34). Antibodies against Fas receptor,
FADD, Daxx, caspase 8, p-JNK, JNK, GAPDH, and anti-
mouse IgG were obtained from Santa Cruz Biotechnology.
Antibodies againstâ-actin were acquired from Sigma (St.
Louis, MO). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Sigma. Fas siRNA
(h, sc-29311), a pool of three target-specific 20-25-nu-
cleotide siRNA designed to knock down Fas gene expression,
was purchased from Santa Cruz Biotechnology. The siRNA
-A (sc-37007), a nontargeting 20-25-nucleotide species,
was used as a negative control.

Cell Culture. SV-40/adenovirus-transformed HLE B-3
cells were a generous gift from U. P. Andley (Department

of Ophthalmology and Visual Sciences, Washington Uni-
versity, St. Louis, MO). The cells were received at passage
14 and were maintained in MEM (Mediatech) containing
20% FBS (Gibco, Carlsbad, CA) and 50µg/mL gentamicin
at 37°C in 5% CO2. Cultures were passaged twice per week.

Stable Transfection with hGSTA4.Preparation of
hGSTA4-4 eukaryotic expression constructs and transfection
of HLE B-3 cells with empty pTarget or pTarget/hGSTA4
expression vectors were performed using the ProFection
Mammalian Transfection kit (Promega) as described previ-
ously (29).

Transient Transfection with hGSTA4.HLE B-3 cells at a
density of 8× 105 cells per 100 mm Petri dish were plated
the day before the transfection. Petri dishes having>50%
confluent cells were used for the transfection. The cells were
transfected with 10-20 µg of supercoiled plasmid DNA
(with empty pTarget or pTarget/hGSTA4expression vec-
tors) by using the ProFection Mammalian Transfection kit
(Promega) according to the manufacturer’s instructions. After
15 h, the cells were treated with 10% DMSO (3 mL per
plate) for 2 min. Following the DMSO shock, cells were
allowed to recover in complete growth medium. Cells were
harvested 24, 48, 72, and 240 h post-transfection, and
expression of hGSTA4-4 and Fas was assessed in cell
extracts by Western blot analysis.

Transfection of Fas siRNA in HLE B-3 Cells. The Fas
siRNA transfection was essentially carried out according to
the manufaturer’s instructions. Briefly, HLE B-3 cells (2×
105 cells per well) were plated in a six-well tissue culture
plate, in 2 mL of normal growth medium supplemented with
FBS. Cells were incubated at 37°C in a 5% CO2 incubator
until the cells were 60-80% confluent. For each transfection,
50 pmol of siRNA was diluted with 100µL of siRNA
transfection medium (solution A), and 6µL of siRNA
transfection reagent was diluted with 100µL of siRNA
transfection medium (solution B). Solution A was directly
added to solution B and the mixture mixed gently, and the
mixture was incubated for 30 min at room temperature. Cells
were washed with 2 mL of siRNA transfection medium, and
0.8 mL of siRNA transfection medium was added to the
mixture of solutions A and B, gently mixed, overlaid on the
washed cells, and incubated for 24 h at 37°C. After 24 h, 2
mL of fresh normal medium was added to each well and
cells were incubated for a further 48 h. Control cells were
treated in a similar manner with a mixture of scrambled
siRNA. Cells were harvested at appropriate time points, and
the silencing of Fas was examined by Western blot analysis.

HPLC Analysis of 4-HNE. WT, VT, and hGSTA4-
transfected (both transiently and stably transfected) cells were
suspended in PBS (1 mL) and sonicated (3× 10 s, 30 W)
on ice. Cell lysates were treated with ice-cold 70% perchloric
acid (2 mL) to precipitate proteins and centrifuged at 10000g
for 10 min. The supernatants were extracted with 2 mL of
dichloromethane (HPLC-grade) by gentle vortexing and
centrifuged at 1500 rpm for 10 min. The organic layer was
collected, dried under nitrogen, resuspended in 100µL of
ethanol, and filtered through nylon 66 filters (Micron
Separations Inc.). HPLC analysis of the filtrate was per-
formed on Beckman Coulter System Gold HPLC equipment
connected to a Beckman 168 photodiode array (PDA)
detector, using a Beckman Ultrasphere (5µm, 4.6 cm× 25
cm) column and 70% sodium phosphate (pH 2.6) and 30%
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acetonitrile as the mobile phase. 4-HNE in the column eluate
was monitored at 202 and 224 nm (35).

Preparation of Cell and Tissue Extracts.Cells were
pelleted at 2000 rpm, washed twice with cold PBS, and
resuspended in radioimmunoprecipitation assay (RIPA)
buffer containing 1× PBS (pH 7.4), 1% Nonidet P-40
(NP-40) or Igepal CA-630, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mM phenylmethanesulfonyl fluoride (PMSF), and 2
µg/mL pepstatin. To prepare cytoplasmic protein extracts,
cells were washed with ice-cold PBS and resuspended in
hypotonic lysis buffer (Imgenex) for 15 min, mixed with 30
µL of 10% NP-40, and vortexed for 10 s. The cell lysate
was centrifuged for 30 s at 14 000 rpm, and the supernatant
was collected for further analyses. To prepare tissue extracts,
mouse brain, heart, lung, liver, and kidney were quickly
removed after the animal had been sacrificed and im-
mediately transferred to-80 °C until they were used. The
tissue samples were washed with 20 mM potassium phos-
phate (pH 7.0) and 1.4 mMâ-mercaptoethanol, homogenized
in ice-cold RIPA buffer (3 mL/g of tissue) containing 30
µL of PMSF (10 mg/mL), incubated on ice for 30 min, and
centrifuged at 10000g for 10 min. Protein concentrations of
cells and tissue extracts were determined by the method of
Bradford (36).

Western Blot Analysis.Cell extracts containing 30-60 µg
of protein were separated on SDS-polyacrylamide (Bio-Rad)
gels (10 to 20%) and transferred onto a nitrocellulose
membrane (Bio-Rad). Membranes were blocked with 1%
fat-free milk and 1% BSA at room temperature for 30
min and incubated overnight at 4°C with the appropriate
primary antibody in 1% milk and 1% BSA in Tris-buffered
saline (TBS) containing 50 mM NaF and 0.05% Tween 20
(T-TBS). After being washed with T-TBS, the membrane
was incubated with the appropriate secondary antibody at
room temperature for 1 h. After being washed again with
T-TBS, the membrane was treated with Supersignal “West
Pico” chemiluminescent reagent (Pierce) following the
manufacturer’s instructions and exposed to Hyperfilm ECL
film (Amersham) at room temperature.

Detection of PARP.For the detection of PARP, 1× 107

cells were suspended in 100µL of denaturing lysis buffer
containing 62.5 mM Tris-HCl (pH 6.8), 6.0 M urea, 2% SDS,
10% glycerol, 1.4 mMâ-mercaptoethanol, 0.00125% bro-
mophenol blue, 0.5% Triton X-100, and 1 mM PMSF. Cells
were sonicated (3× 5 s) on ice to disrupt protein-DNA
interactions and incubated at 65°C for 15 min. Samples
containing 30µg of protein were applied to 10% SDS-
PAGE gels, and Western blot analysis was performed using
PARP monoclonal antibody (clone C2-10, PharMingen, San
Diego, CA).

Caspase Assay for in Situ Apoptosis.HLE B-3 wild-type,
vector-transfected, orhGSTA4-transfected cells (1× 105)
were treated with 20µM 4-HNE for 0.5 and 2 h at 37°C.
Apoptotic cells were detected by staining with 10µM
CaspACE FITC-VAD-FMK (Promega)in situ marker for
30 min in the dark. The slides were rinsed with PBS twice,
fixed with 4% paraformaldehyde for 1 h, mounted in a
medium containing DAPI (1.5µg/mL), and observed under
a fluorescence microscope (Olympus).

Immunohistochemical Localization of Fas.For immuno-
histochemical localization of Fas, cells were grown in
chamber slides and fixed in 4% paraformaldehyde for 20

min at room temperature followed by washing twice with
PBS. The cells were incubated with primary anti-Fas
(B-10) mouse monoclonal IgG (5µg/mL, in PBS containing
1% BSA) for 2 h at room temperature in a humidified
chamber. The primary antibody was washed off with PBS
(10 min). Secondary goat anti-mouse FITC-conjugated
antibody (3µg/mL, in PBS containing 1% BSA) was added,
and incubation was carried out for 1 h atroom temperature.
Unbound secondary antibody was removed by washing with
PBS (10 min). Slides were mounted with cover slips with
Vectashield DAPI mounting medium (Vector Laboratories,
Inc., Burlingame, CA) and photographed at 400× magnifica-
tion using a LEICA DMLB fluorescence microscope.

Localization of Fas in Tissues.Paraffin-embedded tissue
sections were deparaffinized by being placed in xylene for
20 min at room temperature. The tissues were hydrated in a
graded series of ethanol (100, 95, 70, 50, and 30% in water)
for 10 min each and equilibrated in PBS. The slides were
incubated with anti-Fas primary antibody (B-10, mouse
monoclonal IgG, 5µg/mL in PBS containing 1% BSA) for
2 h at room temperature in a humidifier chamber. The
primary antibody was washed off with PBS (10 min). Goat
anti-mouse FITC-conjugated antibody (3µg/mL, in PBS
containing 1% BSA) was added. After 1 h atroom temper-
ature, unbound secondary antibody was removed by washing
with PBS (10 min), and slides were mounted with cover slips
with Vectashield DAPI mounting medium and analyzed
under a fluorescence microscope using a standard fluores-
cence filter set to view the green fluorescence of FITC at
520( 20 nm and the blue fluorescence of DAPI at 460 nm.
Photographs were taken at 400× magnification.

Immunoprecipitation Studies.Cells were washed twice
with cold PBS, and pellets were resuspended in RIPA buffer
containing 1× PBS (pH 7.4), 1% NP-40 or Igepal CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenyl-
methanesulfonyl fluoride, and 2µg/mL pepstatin. Following
sonication on ice, the homogenates were centrifuged at
14000g for 15 min at 4°C, and aliquots of the supernatant
containing 500µg of protein were incubated with anti-Fas
antibodies (1:100) at 4°C overnight; 50µL of protein A/G-
agarose beads was then added to the reaction mixture and
the mixture incubated again overnight at 4°C. The agarose
beads were collected by pulse centrifugation (5 s at 14 000
rpm), washed three times with ice-cold RIPA buffer,
resuspended in 60µL of 2× sample buffer, and boiled for 5
min to dissociate the immunocomplexes from the beads. The
supernatant collected after centrifugation (14 000 rpm) was
subjected to Western blot analysis using specific antibodies.

RESULTS

4-HNE Causes Induction of Fas.Previous studies (28, 29)
have shown that depletion of 4-HNE in HLE B-3 cells by
overexpression of the 4-HNE-metabolizing GST isozyme
hGSTA4-4 results in the transformation of the cells along
with an irreversible and complete suppression of Fas expres-
sion in the transformed cells. While these findings implicate
4-HNE in the regulation of Fas expression, it is not clear
whether the suppression of Fas expression upon 4-HNE
depletion precedes the transformation or whether it is a
consequence of the transformation. Therefore, we systemati-
cally examined the expression of Fas under various condi-
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tions affecting the intracellular concentration of 4-HNE.
When HLE B-3 cells were incubated for 2 h with gradually
increasing concentrations of 4-HNE (0.1-20 µM), a dose-
dependent increase in the level of expression of Fas was
observed with optimal induction by 20µM 4-HNE (Figure
1A). Western blot analyses presented in Figure 1B show that
incubation with 20µM 4-HNE caused a time-dependent
increase in the level of expression of Fas in wild-type (WT)
as well as in empty vector-transfected (VT) cells. A>2-
fold induction of Fas was observed in these cells after
incubation for 2 h with 20 µM 4-HNE (Figure 1C,D). On

the other hand, Fas was not detected in untreated as well as
4-HNE-treatedhGSTA4-transfected transformed cells which
constitutively lack Fas expression (29). An increased level
of expression of Fas in 4-HNE-treated HLE B-3 WT and
VT cells was confirmed by confocal microscopy (Figure 2).
As expected, in these cells Fas was localized to the plasma
membrane. The confocal microscopy findings were consistent
with the results of Western blot analyses (Figure 1). Together,
these results show that an increase in the intracellular
concentration of 4-HNE upregulates the expression of Fas
in HLE B-3 cells.

FIGURE 1: Effect of 4-HNE on Fas expression in HLE B-3 cells. (A) HLE B-3 wild-type (WT) cells in complete growth medium were
treated with different concentrations of 4-HNE (from 0 to 20µM) for 2 h. (B) HLE B-3 wild-type (WT), vector-transfected (VT), and
hGSTA4-transfected (Tr) cells were treated with 4-HNE (20µM) for different periods of time (0, 0.5, 1.0, 1.5, and 2 h). The cells were
homogenized in RIPA buffer and centrifuged at 14 000 rpm. Supernatants containing 60µg of protein from WT, VT, and Tr cells were
subjected to Western blot analysis using anti-Fas monoclonal antibodies (B-10) as described in Materials and Methods. Blots were developed
with West Pico-chemiluminescence reagent (Pierce).â-Actin blot was used as a loading control. Representative immunoblots are presented
in both panels A and B. (C and D) Bar graphs showing the densitometric analysis (Kodak 1D 3.6 software) of the bands from immunoblots
obtained from three different experiments (mean( standard deviation;n ) 3).

FIGURE 2: Immunofluorescence of Fas expression in HLE B-3 cells. VT and Tr HLE B-3 cells (5× 104 cells per chamber) were grown
in chamber slides in complete growth medium and were treated with 20µM 4-HNE for 0, 0.5, and 2 h. After being treated, the cells were
fixed in 4% paraformaldehyde and then incubated with primary anti-Fas (B-10) mouse monoclonal IgG for 2 h. Secondary goat anti-mouse
FITC-conjugated antibodies were added, and incubation was further carried out for 1 h at room temperature. Slides were mounted with
cover slips using Vectashield DAPI mounting medium. The slides were viewed with a fluorescence microscope using a standard fluorescence
filter set to view blue (DAPI, panels A, C, and E) and green fluorescence (Fas-FITC, panels B, D, and F). The photographs were taken at
400× magnification.
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FIGURE 4: Localization of Fas in different tissues ofmGSTA4(+/+) and (-/-) mice. Paraffin-embedded tissue sections were deparaffinized
by placing them in xylene for 20 min at room temperature. The tissues were hydrated in a graded series of ethanol and equilibrated in PBS.
The slides were incubated with primary anti-Fas (B-10) mouse monoclonal IgG (5µg/mL, in PBS containing 1% BSA) for 2 h at room
temperature. Secondary antibody goat anti-mouse FITC (3µg/mL, in PBS containing 1% BSA) was added and incubation carried out for
1 h at room temperature. Slides were mounted with cover slips with Vectashield DAPI mounting medium. Slides were analyzed under a
fluorescence microscope (Olympus) using a standard fluorescein filter set to view the blue fluorescence (DAPI) and green fluorescence
(FITC). The photographs were taken at 400× magnification. All panels show a combined view of the DAPI and FITC stains. (A and B)
WT andmGsta4null mice tissues treated with whole mouse IgG used as negative controls. (C and D) Tissues from WT andmGsta4null
mice treated with anti-Fas antibodies.

FIGURE 3: Expression of Fas in different tissues ofmGSTA4(+/+), (+/-), and (-/-) mice. (A) Mouse brain, heart, lung, liver, and
kidney tissues were homogenized in ice-cold RIPA buffer and centrifuged at 14 000 rpm. Supernatants (30µg of protein) were loaded on
a 10 to 20% polyacrylamide gel. Fas expression was monitored by Western blot analysis using anti-Fas monoclonal antibodies (B-10)
(1:200). GAPDH was used as a loading control. Blots were developed with West Pico-chemiluminescence reagent (Pierce). (B) Bar chart
showing densitometric analysis (Kodak 1D 3.6 software) of bands from immunoblots of three different experiments (mean( standard
deviation;n ) 3).
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Increased 4-HNE LeVels in Mouse Tissues Lead to Fas
Induction.The in Vitro cell culture studies presented above
were extended toin ViVo conditions using the tissues from
mGsta4null mice which have been shown to contain an
approximately 3-fold higher concentration of 4-HNE, at least
in liver (33). To test the hypothesis that the increase in the
level of Fas expression in response to higher 4-HNE levels
observed in cultured cells is also reflectedin ViVo, we
compared the expression of Fas in the tissues ofmGsta4
(-/-), (+/-), and wild-type (+/+) mice. Consistent with
our prediction, results of Western blot analysis presented in
Figure 3 show that Fas expression was remarkably upregu-
lated in all tissues ofmGsta4 (-/-) and (+/-) mice
examined in this study. Increased 4-HNE levels seem to
differentially affect Fas expression in the tissues of (-/-)
and (+/-) mice. A more pronounced increase was observed
in the liver and heart of (-/-) and (+/-) mice as compared
to that in the brain and lung. Particularly in liver, where basal
levels of Fas expression were low, the level of induction
was noticeably high. On the other hand, the level of induction
in lung was low as lung had higher constitutive levels of
Fas than liver, brain, heart, or kidney. These results,
confirmed by immunohistochemical analyses presented in
Figure 4, demonstrate for the first time that in anin ViVo
model, the expression of Fas is modulated by 4-HNE and
that the intracellular concentration of 4-HNE may be a
determinant for the level of Fas expression. Furthermore,
these results also indicate that 4-HNE-mediated regulation
of Fas is not limited to a specific cell type but appears to be
a generalized phenomenon.

Downregulation of Fas Expression upon 4-HNE Depletion.
We have consistently observed that the expression of
hGSTA4-4 in HLE B-3 cells transiently transfected with
hGSTA4was optimal during the period between 48 and 72
h post-transfection. Subsequently, the hGSTA4-4 level
gradually declined with an almost complete loss of expres-
sion on day 10 post-transfection. To evaluate the effect of
transient hGSTA4-4 expression on the intracellular levels
of 4-HNE, we compared the 4-HNE levels of HLE B-3 cells
transiently transfected withhGSTA4 with those of the
corresponding control at different time periods. Results of
the HPLC analysis for 4-HNE determination presented in
Figure 5B show that the intracellular 4-HNE concentrations
in GSTA4-4-expressing cells remained significantly lower
(55-65%) than those of control cells at least up to 72 h
post-transfection. This was consistent with the results of
Western blot analysis which showed that transiently trans-
fected cells overexpressed hGSTA4-4 for at least 72 h (Figure
5A). Unlike cells stably transfected withhGSTA4(29),
transiently transfected cells did not undergo transformation
or any observable morphological changes. Concomitant with
lower 4-HNE levels, expression of Fas in these cells was
suppressed at 48 and 72 h post-transfection (Figure 5A). Ten
days after transfection, when hGSTA4-4 expression was lost,
both the 4-HNE concentration and the level of Fas expression
returned to their respective basal levels. These results indicate
that lowering of the intracellular concentration of 4-HNE
leads to suppression of Fas expression and are consistent
with the notion that 4-HNE is an important determinant of
the level of Fas expression. Furthermore, these results show
that a complete attenuation of Fas expression in HLE B-3
cells transformed by stable transfection ofhGSTA4reported

previously (28) is probably not a consequence of transforma-
tion since a decrease in the level of Fas expression upon
4-HNE depletion precedes the transformation of cells.

Fas-Deficient Cells Are Protected against 4-HNE-Induced
Apoptosis.4-HNE is known to cause apoptosis in various
cell lines, including HLE B-3 cells (30-32). When treated
with 20 µM 4-HNE for 2 h, the WT and VT HLE B-3 cells
exhibited significant apoptosis as indicated by the activation
of caspase (Figure 6, top and middle panels). On the other
hand,hGSTA4-transfected transformed HLE B-3 cells which
do not express any detectable Fas (28) were resistant to
apoptosis under these conditions (Figure 6, bottom panel).
Sustained activation of JNK (Figure 7B) has been shown to
precede apoptosis in a variety of cells (14, 20, 32). As shown
in Figure 7A, JNK was activated in VT HLE B-3 cells upon
4-HNE treatment. Likewise, JNK activation was also ob-
served in 4-HNE-treated WT cells (data not presented). In
contrast,hGSTA4-transfected cells neither underwent apo-
ptosis (Figure 6, bottom panel) nor exhibited any significant
activation of JNK (Figure 7B) upon 4-HNE treatment. In
VT or WT cells, the activation of caspase was also indicated
by significant cleavage of PARP which was not observed in

FIGURE 5: Expression of Fas and hGST A4-4 in HLE B-3 cells
transiently transfected withhGSTA4. (A) Cells (1× 106), wild type
(WT), transiently transfected withhGSTA4(Tr), or transiently
transfected with empty vector (VT), were pelleted and sonicated
in ice-cold RIPA buffer. Supernatants containing 30µg of protein
were subjected to Western blot analysis as described in Materials
and Methods. Monoclonal antibodies against mouse Fas (B-10) (1:
200) and hGSTA4-4 polyclonal chicken antibodies (1:5000) were
used as primary antibodies. HRP-conjugated anti-mouse (1:1000)
and anti-chicken (1:10000) antibodies were used as secondary
antibodies. GAPDH was used as loading control. Blots were
developed with West Pico-chemiluminescence reagent (Pierce). (B)
Intracellular concentration of 4-HNE in transientlyhGSTA4-
transfected HLE B-3 cells. VT and Tr cells were harvested 24, 48,
72, and 240 h post-transfection. Cell pellets were immediately
suspended in PBS (1 mL), sonicated on ice (3× 10 s, 30 W), then
treated with ice-cold 70% perchloric acid (2 mL), centrifuged to
remove denatured protein, and extracted with 2 mL of dichlo-
romethane. The organic layer was collected and dried under
nitrogen. The residue was dissolved in a fixed volume of ethanol
and filtered through a nylon filter. The ethanol extract was subjected
to HPLC analysis using a RPC18 column the same day as described
in the text. The elution of 4-HNE was monitored at 224 and 202
nm. The intracellular concentration of 4-HNE was calculated with
a calibration graph prepared by using different concentrations of
standard 4-HNE. The bar chart shows the mean( standard
deviation (n ) 3).
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hGSTA4-transfected cells (Figure 8). These results show that
hGSTA4-transfected cells lacking the expression of Fas are

resistant to apoptosis caused by 4-HNE and suggest a role
of Fas in 4-HNE-induced apoptosis in HLE B-3 cells.

FIGURE 6: In situ analysis of activated caspase 3 in HLE B-3 cells. WT (top row), VT (middle row), and Tr (bottom row) cells (5× 104)
were grown in chamber slides in serum-free medium and treated with 4-HNE (20µM) for 0, 0.5, and 2 h. The activation of caspase in these
cells was examined by staining with 10µM CaspACE FITC-VAD-FMK in situ marker following the manufacturer’s instructions. The
slides were mounted with Vectashield DAPI mounting medium and observed with a fluorescence microscope (Olympus) using standard
filter sets for DAPI and FITC. The photographs were taken at 400× magnification. Green FITC-labeled WT and VT cells show a time-
dependent increase in the level of caspase 3 activation after 4-HNE treatment. Different panels show blue DAPI-stained and green FITC-
stained cells as marked in the figure.

FIGURE 7: Expression of JNK and p-JNK in HLE B-3 cells treated with 4-HNE. VT (A) and Tr (B) cells (2× 105 cells/60 mm dish) in
complete growth medium were treated with 20µM 4-HNE for 0, 0.5, 1, 1.5, and 2 h. The cells were then pelleted and homogenized in lysis
buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM sodium orthovanadate, 50 mM NaF, 20µg/mL PMSF, 4 mM EDTA, 1 mM EGTA,
1% NP-40, 150 mM sodium chloride, 100µM leupeptin, 0.07µg/mL pepstain, 10µg/mL soybean trypsin inhibitor (T9003, Sigma), 1:100
protease inhibitor cocktail (P2714, Sigma), and 1:100 phosphatase inhibitor cocktail (P5726, Sigma) and centrifuged at 14 000 rpm.
Supernatants containing 30µg of protein were subjected to Western blot analysis using anti-p-JNK and anti-JNK monoclonal antibodies.
GAPDH was used as a loading control. Blots were developed with West Pico-chemiluminescence reagent (Pierce). Representative blots
from three different experiments yielding similar results are presented. Panels C and D present the bar graphs showing results of densitometric
analysis (Kodak 1D 3.6 software) of bands in panels A and B.
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Effect of Fas siRNA on 4-HNE-Induced Apoptosis.The
involvement of Fas in 4-HNE-induced apoptosis was further
suggested by results of experiments with Fas siRNA-
transfected HLE B-3 cells. As shown in Figure 9A, Fas
siRNA-transfected cells expressed barely detectable levels
of Fas as opposed to the WT or those transfected with
scrambled siRNA. Upon 4-HNE treatment, Fas-depleted cells

were found to be relatively more resistant to 4-HNE-induced
apoptosis than the WT or scrambled siRNA-treated Fas
positive cells (Figure 9B). These results further suggested
an at least partial role of Fas in 4-HNE-induced apoptosis.

Increased Intracellular 4-HNE LeVels in Mouse Tissues
Cause JNK ActiVation.Sincein Vitro studies carried out with
both WT and VT HLE B-3 cells showed a sustained
activation of JNK after being treated for 30 min with 20
µM 4-HNE, we examined whether the expression of JNK
was upregulated in the liver, heart, lung, and brain tissues
of mGsta4 (-/-) mice due to the enhanced ambient
concentration of 4-HNE. The results presented in Figure 10
indicate that JNK was indeed activated in all examined
tissues ofmGsta4(-/-) mice as compared to the (+/+)
mice.

Mechanism of 4-HNE-Induced Apoptosis in HLE B-3
Cells. The canonical pathway through which Fas signals
apoptosis involves its interaction with FADD (37). Fas
receptor has two different functional regions, a pre-ligand
association domain located on the cell membrane and a death
domain (DD) in its cytoplasmic tail. When the cell enters
apoptosis, the Fas receptor combined with Fas L causes its
death domain to recruit FADD, procaspase 8, procaspase 10,
and c-FLIP to assemble the death-inducing signaling complex
(DISC) which directs the activation of the downstream
caspases (37). To investigate whether this pathway was
involved in 4-HNE-induced apoptosis, HLE B-3 cells were
treated with 20µM 4-HNE for 2 h, and Fas antibodies were
used to immunoprecipitate the DISC components. The
immunoprecipitates obtained from the control and 4-HNE-
treated cells were probed for FADD, Fas L, and procaspase
8 using respective specific antibodies against these proteins.
Results of these experiments presented in Figure 11 showed
that while Fas L, FADD, and procaspase 8 were detected in
cell lysate (Figure 11, left panel), none of these proteins were
either induced upon 4-HNE treatment or immunoprecipitated
with Fas antibodies (Figure 11, right panel). These results
suggest that 4-HNE-induced apoptosis of HLE B-3 cells does
not involve Fas L and FADD as reported for the canonical
DISC pathway demonstrated in other cell types.

Another receptor-associated protein, Daxx, has also been
implicated in the mechanisms of Fas-mediated apoptosis
through a pathway which is independent of the Fas-FADD-
DISC cascade (38-40). Daxx is primarily a nuclear protein
which, upon translocation to the cytosol, binds to specific
death domains of Fas and causes activation of apoptosis by
regulating kinase 1 (ASK1) and JNK. To investigate whether
Daxx was involved in 4-HNE-induced apoptosis of HLE B-3
cells, we examined the effect of 4-HNE on Daxx. Results
presented in Figure 12A showed that Daxx was induced in
the cytosol of the WT HLE B-3 cells upon 4-HNE treatment.
Furthermore, in immunoprecipitation experiments, Daxx was
immunoprecipitated by Fas antibodies, indicating the binding
of Daxx to Fas (Figure 12B). Activation of ASK1 has also
been reported during Fas-Daxx-mediated apoptosis (39).
However, we did not observe any noticeable activation of
ASK1 (data not presented).

DISCUSSION

Results presented here demonstrate for the first time that
the expression and functions of Fas can be modulated by

FIGURE 8: Activation of PARP in HLE B-3 cells treated with
4-HNE. VT and Tr cells (2× 105 cells/60 mm dish) in complete
medium were treated with 20µM 4-HNE for 0, 0.5, 1, 1.5, and 2
h. The cells were pelleted and then suspended in 100µL of
denaturing lysis buffer containing 62.5 mM Tris-HCl, 6 M urea
(pH 6.8), 2% SDS, 10% glycerol, 1.4 mMâ-mercaptoethanol,
0.00125% bromophenol blue, 0.5% Triton X-100, and 1 mM PMSF.
Cells were sonicated for 3× 5 s on ice to disrupt protein-DNA
interaction, incubated at 65°C for 15 min, and centrifuged at 14 000
rpm. Supernatants (30µg) were applied to 12% SDS-PAGE gels,
and Western blot analysis was performed using PARP monoclonal
antibodies. Blots were developed with West Pico-chemilumines-
cence reagent.

FIGURE 9: Effect of 4-HNE on HLE B-3 cells transfected with
Fas siRNA. WT HLE B-3 cells (2× 105) per well were plated in
a six-well plate in complete growth medium and incubated until
they were 60-80% confluent. Cells were transfected with Fas
siRNA duplex (50 pmol) detailed in Materials and Methods. Control
cells were treated with the scrambled siRNA duplex in the similar
manner. (A) Cells were harvested 72 h post-transfection, and
depletion of Fas was examined by Western blot analysis of the
cell extracts prepared in RIPA buffer using anti-Fas (B-10)
antibodies. (B) After we ascertained depletion of Fas, the cells (4
× 104) grown in chamber slides were treated with 4-HNE (20µM)
for 2 h, after which 4-HNE-containing medium was removed and
the cells were immediately treated with CasACE-FITC-VAD-FMK
in situ marker following the manufacturer’s instructions. The cells
were washed, fixed, and processed as described in Materials and
Methods. Slides were viewed immediately under a fluorescence
microscope (Olympus) using standard filter sets for DAPI and FITC
as indicated in cells transfected with scrambled or Fas siRNA as
marked in the figure. Results of the analysis of an experiment done
in triplicate are shown.
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4-HNE in a time- and concentration-dependent manner.
4-HNE has been shown to modulate cellular signaling
processes, including the induction of apoptosis in a variety
of cell lines in Vitro (19, 22). Recent studies (15, 16, 20)
have suggested that 4-HNE is a common denominator in
stress-induced signaling for apoptosis in a variety of cells,
including HL60 and K562 (which grow indefinitely in
suspension) as well as in HLE B-3 and human retinal
pigment epithelial (RPE) cells (which are attached cells with
a limited replicative life span). Studies by a diverse group
of investigators have shown that 4-HNE can cause activation
of adenylate cyclase (41), phospholipase C (42), SAPKs
including JNKs (13, 14), PKC (27, 43), and tyrosine kinases
(21). 4-HNE can also modulate the expression of various
genes involved in regulation of the cell cycle, chemotaxis,
apoptosis, and cell proliferation (19, 22). Our recent studies

have shown that lowering the intracellular concentration of
4-HNE results in a profound change in the expression of
genes involved in the regulation of cell cycle control and
cell-cell adhesion (28, 29). The studies presented here
demonstrating the regulation of Fas expression and the
pathways through which Fas mediates apoptotic signaling
are consistent with the idea that 4-HNE is an important
signaling molecule.

Results presented here provide compelling evidence for
regulation of Fas expression by 4-HNE in a dose- and time-
dependent manner. The results of Western blots as well as
immunohistochemical studies show a time-dependent gradual
increase in the level of Fas expression in plasma membranes
of cells bathed in 4-HNE-containing medium. More impor-
tantly, our studies show the dependence of Fas expression
in ViVo on tissue levels of 4-HNE. This is indicated by

FIGURE 10: Expression of JNK and p-JNK in different tissues ofmGSTA4(+/+), (+/-), and (-/-) mice. Mice brain, heart (A), lung,
liver, and kidney (B) were homogenized in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM sodium orthovanadate, 50 mM NaF,
20 µg/mL PMSF, 4 mM EDTA, 1 mM EGTA, 1% NP-40, 150 mM sodium chloride, 100µM leupeptin, 0.07µg/mL pepstain, 10µg/mL
soybean trypsin inhibitor (T9003, Sigma), 1:100 protease inhibitor cocktail (P2714, Sigma), and 1:100 phosphatase inhibitor cocktail (P5726,
Sigma) and centrifuged at 14 000 rpm. Supernatants (30µg of protein) were loaded on a 12% polyacrylamide gel. p-JNK and JNK were
assayed by Western blot analysis using anti-p-JNK and anti-JNK monoclonal antibodies. GAPDH was used as a loading control. Blots
were developed with West Pico-chemiluminescence reagent (Pierce). (C) Bar chart showing the densitometric analysis (Kodak 1D 3.6
software) of bands of immunoblots from three different experiments (mean( standard deviation;n ) 3).

FIGURE 11: Immunoprecipitation of Fas, FADD, Fas L, and procaspase 8 in HLE B-3 cells. WT, VT, and Tr cells in complete growth
medium were treated with 20µM 4-HNE for 2 h. Control cells were treated with an equal volume of vehicle (PBS) alone (0 h treatment).
Cells were harvested, washed, and homogenized in RIPA buffer. Aliquots of cell extracts containing 500µg of protein were immunoprecipitated
with anti-Fas monoclonal antibodies (B-10) as described in Materials and Methods. The whole cell lysates (left panel) and the
immunoprecipitates (IP, right panel) were analyzed by Western blot analysis using anti-Fas monoclonal, rabbit anti-FADD, rabbit anti-Fas
L, or rabbit anti-procaspase 8 antibodies appropriately marked in the figure. GAPDH was used as a loading control. Blots were developed
with West Pico-chemiluminescence reagent (Pierce).
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Western blot studies, as well as by immunohistochemical
localization experiments which show significantly enhanced
Fas levels in tissues ofmGsta4null mice which have 2-3-
fold higher tissue levels of 4-HNE as compared to the
controls (33). The physiological significance of these findings
is not clear, but Fas upregulation with a concurrent increase
in the level of phosphorylated JNK in the tissues ofmGsta4
null mice strongly suggests that some of the signaling
proteins downstream of Fas in the apoptosis signaling
pathway are also modulated in these mice due to the elevated
4-HNE levels in tissues. Our preliminary studies (44) show
thatmGsta4null mice acquire obesity with age. Since recent
studies with hepatectomized mice indicate a role of Fas in
the proliferation of hepatocytes and accelerated liver regen-
eration (45), it may be worthwhile to explore a possible link
between the obsese phenotype ofmGsta4null mice and the
induction of Fas in tissues of these mice.

In these studies, we have also examined 4-HNE-mediated
regulation of Fas expression through an alternative approach
by manipulating the intracellular concentration of 4-HNE
within the cells. Our results show that in cells transiently
transfected withhGSTA4, lower 4-HNE levels persist up to
72 h after transfection and that during this period Fas
expression is strongly suppressed. This suppression of Fas
is most likely due to the depletion of cellular 4-HNE because
when the forced expression ofhGSTA4in these cells ceases
10 days post-transfection, the level of Fas expression and
the 4-HNE concentration return to their basal levels. It is
well established that the constitutive levels of 4-HNE in cells
are low, vary in different cell types and tissues, and are
subject to change upon alterations in the redox state of cells
(13, 20). Our results suggest that even a small change in
4-HNE levels (i.e., lowering by∼40%) in transfected cells
leads to suppression of Fas expression. These results are
consistent with our earlier studies (28, 29) showing that the
expression of some key proteins, including integrinR6 and
p53, is almost completely lost in HLE B-3 cells in which
subphysiological levels of 4-HNE are maintained by stable
transfection with hGSTA4 leading to their phenotypic
transformation (29). It could be argued that these observed
effects could be due to some nonspecific effects ofhGSTA4

transfection. However, results of previous studies (29)
showing that transfection of HLE B-3 cells with a mutant
hGSTA4-4 (Y212F), having no significant activity toward
4-HNE, results in neither the transformation of cells nor
4-HNE depletion argue against this possibility. Results
presented here also show that suppression of Fas expression
in 4-HNE-depleted cells precedes the transformation of HLE
B-3 cells uponhGSTA4transfection and that the suppression
of Fas expression can be reversed in early stages if the basal
levels of 4-HNE are restored in cells.

The mechanisms through which Fas and other death
receptors of the TNF-R supergene family signal for apoptosis
have been studied extensively. We demonstrate that Fas-
deficient transformed HLE B-3 cells are resistant to 4-HNE-
induced apoptosis. Likewise, cells in which Fas expression
is transiently suppressed (up to∼80%) by siRNA also
acquire resistance to 4-HNE-induced apoptosis, suggesting
a role of Fas, at least in part, in this process. Previous studies
suggest that Fas-mediated signaling for apotosis could be
transduced by at least two distinct pathways (37, 39, 46).
These pathways include the canonical FADD-dependent
pathway and the Daxx-dependent pathway, both of which
lead to the activation of JNK. Immunoprecipitation experi-
ments using Fas antibodies show that Fas L, FADD, and
procaspase 8 do not co-immunoprecipitate with Fas in
4-HNE-treated HLE B-3 cells, indicating that 4-HNE-induced
apoptosis of HLE B-3 cells does not involve Fas L, FADD,
and caspase 8 which are components of the canonical
pathway. The induction of Daxx in the cytosol of 4-HNE-
treated cells and its immunoprecipitation by Fas antibodies
may suggest a role of Daxx in 4-HNE-mediated apoptosis
which would be consistent with recent studies showing that
UV exposure leads to signaling for apoptosis in human 293
kidney cells via the Fasf ASK1 f Daxx f JNK pathway
(40) because 4-HNE is generated during UV exposure and
has been shown to be involved in UV-induced apoptosis (20).
However, in the Fasf ASK1 f Daxx f JNK pathway,
Daxx activates the upstream JNK kinase kinase (ASK1)
leading to the activation of JNK. Our results showing the
lack of ASK1 activation in 4-HNE-treated HLE B-3 cells
argue against the involvement of Daxx in this process.
Binding of Daxx to Fas could perhaps be attributed to its
promiscuous nature of nonspecific binding with several
proteins (47). While our studies do link the induction of Fas
to JNK activation and subsequent apoptosis, our studies do
not provide information about the mechanisms through which
Fas-mediated signaling leads to JNK activation. Fas-mediated
activation of JNK through pathways independent of FADD
and Daxx has been reported (39, 46, 48, 49), but the exact
role of upstream kinases remains undefined. Further studies
are needed to elucidate role of Fas, and the intermediate steps
leading to JNK activation by Fas during 4-HNE-induced
apoptosis remain to be defined.

Our studies showing Fas L-independent modulation of Fas
expression and its function by 4-HNE are consistent with
previous studies showing ligand-independent autophospho-
rylation and activation of tyrosine kinase receptor by 4-HNE
(50, 51) These studies have shown that EGFR and PDGFR
can be activated by oxidants but that their activation can be
inhibited by antioxidants which scavenge ROS (21). How-
ever, 4-HNE-induced activation of these receptors cannot
be inhibited by antioxidants (52), indicating that 4-HNE is

FIGURE 12: Expression of Daxx protein levels in 4-HNE-treated
HLE B-3 cells and its immunoprecipitation by anti-Fas antibodies.
WT, VT, and Tr cells cultured in complete growth medium were
treated with 20µM 4-HNE and harvested after 2 h. Cytoplasmic
and whole cell extracts were prepared using the Imegenex cell
processing kit and RIPA buffer, respectively. The whole cell extracts
(500µg of protein) were immunoprecipitated with anti-Fas mono-
clonal antibodies as described in the text and then analyzed for
Daxx expression by Western blotting. (A) Expression of Daxx in
the 4-HNE-treated WT cytoplasmic cell extracts. (B) Immunoblot
analysis of 4-HNE-treated WT, VT, and Tr cell immunoprecipitates
probed by anti-Daxx polyclonal antibodies.
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the causative factor for the activation of these receptors by
oxidative stress because antioxidants can inhibit oxidative
stress-induced activation of these receptors by limiting
4-HNE formation but, once 4-HNE is formed, antioxidants
are no longer effective. 4-HNE forms adducts with proteins
(53), including cell surface proteins such as EGFR which
mimic ligand-cell surface receptor binding (18). Together,
these observations reaffirm the role of 4-HNE as a “small
signaling molecule”.

In recent years, the evidence for the involvement of 4-HNE
and its metabolites in of activation of various kinases (54),
expression of genes related to cell cycle events, apoptosis,
etc., is mounting. The studies presented here demonstrate
yet another important role of 4-HNE in the regulation of
Fas which not only is an inducer of extrinsic apoptotic
signaling but also has been suggested to be involved in
tumorigenic pathways (6). The mechanisms through which
4-HNE regulates Fas expression are being actively pursued
in our laboratory.
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