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ABSTRACT: In recent years, 4-hydroxy-2-nonenal (4-HNE) has emerged as an important second messenger in
cell cycle signaling. Here, we demonstrate that 4-HNE induces signaling for apoptosis via both the Fas-
mediated extrinsic and the p53-mediated intrinsic pathways in HepG2 cells. 4-HNE induces a Fas-mediated
DISC independent apoptosis pathway by activating ASK1, JNK, and caspase-3. Parallel treatment of 4-HNE
toHepG2 cells also induces apoptosis by the p53 pathway through activation of Bax, p21, JNK, and caspase-3.
Exposure of HepG2 cells to 4-HNE leads to the activation of both Fas and Daxx, promotes the export of
Daxx from the nucleus to cytoplasm, and facilitates Fas-Daxx binding. Depletion of Daxx by siRNA results
in the potentiation of apoptosis, indicating that Fas-Daxx binding in fact is inhibitory to Fas-mediated
apoptosis in cells. 4-HNE-induced translocation of Daxx is also accompanied by the activation and nuclear
accumulation of HSF1 and up-regulation of heat shock protein Hsp70. All these effects of 4-HNE in cells can
be attenuated by ectopic expression of hGSTA4-4, the isozyme of glutathione S-transferase with high activity
for 4-HNE. Through immunoprecipitation and liquid chromatography-tandemmass spectrometry, we have
demonstrated the covalent binding of 4-HNE to Daxx. We also demonstrate that 4-HNE modification
induces phosphorylation of Daxx at Ser668 and Ser671 to facilitate its cytoplasmic export. These results
indicate that while 4-HNE exhibits toxicity through several mechanisms, in parallel it evokes signaling for
defense mechanisms to self-regulate its toxicity and can simultaneously affect multiple signaling pathways
through its interactions with membrane receptors and transcription factors/repressors.

Reactive oxygen species (ROS) produced during exposure of
cells to UV radiation, heat shock, or xenobiotics and during
metabolic processes cause the oxidation of polyunsaturated fatty
acids in membrane lipid bilayers that are one of the early targets
of ROS. Previous studies have indicated that the exposure of cells
to even minimal transient stress causes substantial lipid peroxi-
dation (LPO) (1, 2). These studies show that transient exposure
of cells to UV, H2O2, or oxidants leads to a significant (∼50%)
rise in the levels of 4-hydroxy-2-nonenal (4-HNE1), which is a
stable end-product of LPO. 4-HNEhas been widely implicated in
the mechanisms of oxidant toxicity and also in cell cycle
signaling (3-9), but most of the associated mechanisms are not
completely understood. The liver being the major site for
metabolism and biotransformation of xenobiotics is constantly
exposed to ROS. In the event of insufficient levels of defense
mechanisms such as free-radical scavengers or antioxidants,

increasing levels of lipid hydroperoxides and peroxides can be
produced in the liver by self-perpetuating chain reactions result-
ing in the formation of 4-HNE that can exert toxicity through
interactions with cellular macromolecules, including proteins,
lipids, and nucleic acids. For example, chronic alcohol consump-
tion (10), high-iron diet (11), high-fat diet (12), or exposure to
hepatotoxic agents such as CCl4 markedly elevate the intracellu-
lar concentration of 4-HNE from its basal constitutive levels and
damage hepatocytes and the liver (13, 14). 4-HNE is also believed
to be involved in the mechanisms of diseases such as athero-
sclerosis (15, 16), diabetes (17), Alzheimer’s disease (18, 19),
Parkinson’s disease (20), cataract (21), and cancer (22, 23).

In the recent past (1, 2, 6-9), studies in our laboratories have
clearly shown that signaling for apoptosis by many oxidants
including superoxide anion generated by the xanthine-xanthine
oxidase system is mediated through 4-HNE, and it could be
inhibited by accelerating the disposal of 4-HNE by forced over-
expression of GSTA4-4, which is highly specific for 4-HNE but is
not involved in the detoxification of ROS such as H2O2 and O2

•-.
A multitude of studies by other investigators (3-5, 24) and in our
laboratories indicate a global role of 4-HNE in modulation of
cellular processes. Studies in our lab have shown that the signaling
for proliferation, transformation, apoptosis, and differentiation is
associated with alterations in the intracellular levels of 4-HNE in a
wide variety of cells (9, 25-28). These findings pose an intriguing
question as to how 4-HNE is able to exert such a multitude of
effects on cellular processes.

During the present studies, we have addressed this question by
investigating the role of 4-HNE-mediated signaling in the path-
ways associated with the regulation of programmed cell death in
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a liver derived cell line HepG2. Specifically, we have investigated
the effect of increased 4-HNE concentrations in cells by direct
exposure or by oxidant treatment on different pathways leading to
apoptosis. Conversely, we have evaluated the role of 4-HNE in the
signaling of these pathways by lowering its intracellular concentra-
tion through the transfection of cells with hGSTA4. We have also
studied the interactions of 4-HNE with some of the key proteins
involved in these pathways. Furthermore, to examine the in vivo
significance of these findings, we have also studied some of these
effects of 4-HNE in the liver tissues of Gsta4 null mice where
4-HNE levels are consistently maintained at high levels due to its
impaired disposition (29). The results of these studies show that
4-HNE causes toxicity to HepG2 cells via necrosis and apoptosis
induced by more than one pathway. These findings integrate the
mechanisms for the multifarious effects of 4-HNE on cellular
processes suggesting that 4-HNE through direct interactions with
membrane receptors, transcription factors, and transcription re-
pressors regulates trafficking and the signaling functions of key
proteins to affect various cellular processes.

MATERIALS AND METHODS

Materials. 4-Hydroxynonenal was purchased from Cayman
Chemical (AnnArbor,MI). Bradford reagent, bis-acrylamide, and
SDS for SDS-PAGEwere obtained fromBioRad (Hercules, CA).
The apoptosis detection system (CaspACE FITC-VAD-FMK
in situ marker) was purchased from Promega Inc. (Madison, WI).
The cytoplasmic and nuclear protein extraction kit was acquired
from Imgenex Co. (San Diego, CA), protein A/G-agarose from
Santa Cruz Biotechnology (Santa Cruz, CA), JNK inhibitor
SP6000125 from A-G Scientific (San Deigo, CA), and Western
blot stripping buffer from Pierce Co. (Rockford, IL). All other
reagents and chemicals were purchased from Sigma-Aldrich
(St. Louis,MO). The cell culture mediumRPMI-1640, Geneticin
(G418), Lipofectamine 2000 transfection reagent, and fetal
bovine serum were from GIBCO (Invitrogen, Carlsbad, CA).
Cell Lines and Culture Conditions. The HepG2 human

hepatocarcinoma cells purchased from American Type Culture
Collection were cultured in RPMI-1640 supplemented with 10%
fetal bovine serum, 1%ofa stock solution containing10,000 IU/mL
penicillin, and 10 mg/mL streptomycin in an incubator at
37 �C under a humidified atmosphere containing 5% CO2.
Preparation of Cell Extracts andWestern Blot Analysis.

Cells were collected, washedwith cold PBS, and then incubated in
100 μL of RIPA lysis buffer (50 mM Tris-HCl, pH 7.5; 1% NP-
40; 150 mM NaCl; 1 mg mL-1 aprotinin; 1 mg mL-1 leupeptin;
1 mM Na3VO4; 1 mM NaF) at 4 �C for 30 min. Cell debris was
removed by centrifugation at 12,000g for 10 min at 4 �C. Protein
concentrations were determined by the Bradford assay (30) as
described in the standard protocol. Cell extracts were separated on
SDS polyacrylamide gels (4-20%) and transferred onto nitrocel-
lulose (Bio-Rad). Membranes were blocked with 5% fat-free milk
at room temperature for 60 min and incubated overnight at 4 �C
with the appropriate primary antibody in 5%milk in Tris-buffered
saline (TBS) containing 50 mM NaF and 0.05% Tween 20. After
washing three times with T-TBS (Tris-buffered saline containing
0.05% Tween 20), the membrane was incubated with the appro-
priate secondary antibody at room temperature for 2 h. After
washing again with T-TBS, the membrane was treated with the
Super signal West Pico chemiluminescent reagent (Pierce, Rock-
ford, IL) as per the manufacturer’s instructions and exposed to
Hyperfilm ECL film (Amersham) at room temperature. Isolation

of nuclear and cytoplasmic fractions was achieved by the Imgenex
nuclear extraction kit as per the manufacturer’s instructions
(Imgenex, San Deigo, CA).
Stable Transfection with pTarget and hGSTA4. HepG2

cells at a density of 5� 105 cells per 100mmPetri dish were plated
for the transfection. Petri dishes having >50% confluent cells
were used for the transfection. The cells were transfectedwith 24 μg
of either empty pTarget-T vector (VT) or the pTarget vector
with the open reading frame (ORF) of the hGSTA4 sequence
(hGSTA4-Tr), using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) as per the manufacturer’s instructions.
Transfection of Daxx siRNA in HepG2 Cells. Small

interferingRNA (siRNA) transfection experiments againstDaxx
were performed using double-stranded RNA synthesized by
Dharmacon (ON-TARGET Plus SMARTpool, Dharmacon,
Chicago, IL). Briefly, HepG2 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 cultured at 37 �C
until 60-80%confluency. For each transfection, 100 nMdouble-
stranded nontargeting control siRNA (Dharmacon, used as
control) or Daxx-specific siRNA were transfected into HepG2
cells using DharmaFECT 4 transfection reagent (Dharmacon)
according to themanufacturer’s protocol. Cells were harvested at
appropriate time points, and the silencing of Daxx was examined
by Western blotting.
Immunofluorescence Studies. HepG2 cells were grown to

50% confluence on glass coverslips in 12-well plates. The cells
were exposed to 20 μM 4-HNE. Untreated cells remained as
controls. Treated and untreated cells were incubated for 2 h,
washed twice with ice-cold PBS (pH 7.4), fixed with 4%
paraformaldehyde for 30 min, and then permeabilized with
0.1% Triton X-100 for 30 min. The slides were then washed with
PBS, incubated with 5% goat serum in PBS for 2 h, and then
incubated with anti-Daxx or anti-HSF1 antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:50 in PBS containing
1% goat serum for overnight at 4 �C temperature. After washing
with ice cold PBS, the coverslips were incubated with FITC-
labeled goat antirabbit immunoglobulin G (Southern Biotech,
USA) diluted 1:200 in PBS containing 1% goat serum for 2 h at
room temperature in dark. The coverslips were thenwashed three
times with ice cold PBS andmounted on glass slides with 20 μLof
VectaShield medium containing DAPI (1.5 μg/mL) (Vector
Laboratories, Inc., USA). The slides were examined using a
LSM 510 Meta confocal system equipped with an inverted
microscope (Axio Observer Z1, Carl Zeiss).
In Situ Caspase-3 Assay for Apoptosis. Cells (2 � 104)

were treated with 0-40 μM 4-HNE or with 250 ng/mL Fas
agonisticCH11 antibodies, which are known to induce apoptosis,
for 2 h at 37 �C.Apoptotic cells were detected by staining with an
in situ marker (10 μM, CaspACE FITC-VAD-FMK, Promega)
for 30 min in the dark. The slides were fixed with 4% parafor-
maldehyde for 30 min, rinsed with PBS twice, mounted in a
medium containing 1.5 μg/mL DAPI and observed under an
Olympus AX70 fluorescence microscope.
Chromatin Immunoprecipitation (ChIP) Assay. To de-

termine whether after nuclear translocation HSF1 binds to the
Hsp70 promoter, the ChIP assay was performed using the ChIP-
IT kit from Active Motif (Carlsbad, CA) following the manu-
facturer’s instructions. Briefly, 5 � 105 cells were grown and
treated with 20 μM 4-HNE for 2 h and fixed with 1% formalde-
hyde. Cells were washed with PBS, followed by the addition of
glycine stop solution and washing with PBS. The cells were
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collected and resuspended in lysis buffer, incubated for 10min on
ice, vortexed for 10 s, and centrifuged for 10min at 4,000g at 4 �C.
The DNA pellet was resuspended in shearing buffer, sonicated,
and the sheared DNA sample was centrifuged. The resultant
supernatant was incubated with the positive control IgG as well
as the negative control IgG (provided by Active Motif) and anti-
HSF1 IgG (Santa Cruz, CA) overnight at 4 �C. Protein G beads
were added to the reactionmixtures and incubated for 2 h at 4 �C.
The beads were pelleted by centrifugation followed by washing
and eluted with 100 μL of ChIP elution buffer. Eluted DNA
samples were purified using the DNA purification mini columns
and amplified by PCRusing the control primers, negative control
primers (provided by Active Motif), and hHsp70 primers. PCR
products were analyzed by running on 1% agarose gels.
Preparation of the 4-HNE-Daxx Adduct and Identifica-

tion of 4-HNE Binding Sites by Liquid Chromatography-
TandemMass Spectrometry (LC-MS/MS). 4-HNE adducts
of purified bacterially expressed human Daxx (1 mg/mL) were
prepared by reacting with 2 mM 4-HNE in 0.1 M phos-
phate buffer, pH 7.4, at 37 �C for 2 h. The enrichment of 4-HNE-
modified peptides from the proteolytic digest of Daxx was
accomplished by using solid-phase hydrazide (SPH) reagent
as described previously (31) and analyzed by LC-MS/MS
(32, 33). LC-MS/MS was performed on a hybrid linear
ion trap-FTICR (7-T) mass spectrometer (LTQ-FT, Thermo
Finnigan, San Jose, CA) equipped with a nanoelectrospray
ionization source and operated with the Xcalibur (version 2.2)
and Tune Plus (version 2.2) data acquisition software. MS/MS
data generated by data-dependent acquisition via the LTQ-FT
were extracted by BioWorks, version 3.3, and searched against
a composite IPI human (version 3.47; number of entries is
144164 � 2) protein sequence database containing both forward
and randomized sequences using the Mascot v 2.2 (Matrix
Science, Boston, MA) search algorithm (34, 35). MS/MS spectra
of 4-HNE-modified peptides were visually inspected to verify
peptide fragment ions. The MS-Product module of Protein
Prospector (http://prospector.ucsf.edu) was used to calculate
the m/z values of b- and y-type ions of 4-HNE-modified Daxx
tryptic peptides, obtained during CID-MS/MS, where His resi-
dues were replaced with 4-HNE-HisMichael adducts (Mþ 156).
Statistical Analysis. The data are expressed as the mean (

SD for each group. The statistical significance was determined by
Student’s t-test and was set at p < 0.05.

RESULTS

4-HNE Causes Apoptosis and Necrosis in HepG2 Cells.
The cytotoxicity of 4-HNE to HepG2 cells was evaluated by
MTT assay and apoptosis measured by flow cytometry, caspase
activation, and PARP cleavage. In the MTT assay (see Support-
ing Information), 4-HNE concentrations ranging from 10 to
100 μM gradually decreased cell viability corresponding to an
IC50 value of 53( 2.39 μM (n=8). On the basis of these results,
4-HNE concentrations of 5-40 μM were used to examine its
effect on apoptotic signaling in HepG2 cells. 4-HNE-induced
proteolytic cleavage of caspase-3 and PARPwas also monitored.
In the effector stage of apoptosis, caspase-3 is activated by its
proteolytic cleavage into 17 and 12 kDa fragments. Like wise,
poly (ADP-ribose) polymerase (PARP), which is normally
involved inDNArepair,DNAstability, andother cellular events,
is cleaved by members of the caspase family during early
apoptosis. Results presented in Figure 1A showed that 4-HNE
caused a dose-dependent increase in the 17 kDa fragment from

procaspase-3 and that of the 89 kDa cleavage product from
PARP. 4-HNE-induced apoptosis in HepG2 cells was further
analyzed by flow cytometry. Results presented in Figure 1B
showed that after treatment with different concentrations of
4-HNE ranging from 0 to 100 μM for 2 h, the viability of cells
decreased from 86.5% to 28.3% with an increase in the percen-
tage of late apoptotic cells from 9.7 to 16.1% in a dose-dependent
manner. A significant increase in the necrotic cell population, i.e.,
31.8%and55.4%,was observed in cells treatedwith 80 and 100μM
of 4-HNE, respectively (Figure 1C). These results indicated
that initial response to sublethal doses of 4-HNE (5-40 μM)

FIGURE 1: Effect of 4-HNE on HepG2 cells. (A) Western blot
analysis showing caspase-3 and PARP cleavage: HepG2 cells were
treated with different concentrations of 4-HNE (0-80 μM) for 2 h at
37 �C. The cells were scraped, collected, and then washed with ice cold
PBS, and the cell lysates were prepared as described in the Materials
and Methods section. The cells extracts (50 μg of protein) were
subjected toWestern blot analyses using anticaspase-3 and anti-PARP
antibodies. Anti-β-actin antibody was used as the loading control. (B)
Flow cytometry analysis of cells treatedwith 4-HNE:HepG2 cells (4�
105) were grown and treated with different concentrations of 4-HNE
for 2 h at 37 �C in full serum medium. After treatment, the cells were
harvested by trypsinization and washed with ice cold PBS, and
resuspended in 400 μL of cold Annexin binding buffer containing
5 μL of Annexin V-FITC and 5 μL of 0.1 mg/mL propidium iodide.
The cells were incubated at room temperature for 10 min in the dark
and were analyzed by flow cytometry using a Beckman Coulter
Cytomics FC500 flow cytometer. (C) Bar graph showing the percent
of cells present in apoptosis vs necrosis of panel B.
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treatment predominantly caused apoptotic cell death that ulti-
mately proceeded to necrosis of HepG2 cells at lethal 4-HNE
concentrations (80-100 μM).
Overexpression of hGSTA4-4 Inhibits 4-HNE-Induced

Apoptosis. HepG2 cells were stably transfected with hGSTA4,
and overexpression of hGSTA4-4 protein was confirmed by the
results ofWestern blot analysis (Figure 2A). GST activity toward
4-HNE was found to be enhanced in hGSTA4 transfected cells
along with the expected decrease in the constitutive 4-HNE levels
(data not presented). 4-HNE-induced apoptosis in the empty
vector and hGSTA4 transfected cells was analyzed by using the
CaspACE FITC-VAD-FMK in situ marker that binds to the
cleaved caspase-3. Results of these experiments showed that the
hGSTA4 transfected cells acquired significant resistance to
4-HNE-induced apoptosis as compared to the empty vector
transfected HepG2 cells (Figure 2B upper panel). hGSTA4
transfected cells also acquired significant resistance to Doxo-
rubicin (DOX)-induced apoptosis (Figure 2B lower panel). Since
DOX-induced apoptosis has been attributed to the generation of
ROS, these results suggest the role of 4-HNE in themechanismof
apoptosis caused by oxidants in general (6, 7).
4-HNE Activates Fas. To elucidate the mechanism of

4-HNE-induced apoptosis in HepG2 cells, we first analyzed the
effect of 4-HNEon the expression of Fas. Results ofWestern blot
analyses (Figure S1A and B in Supporting Information) indi-
cated that 4-HNE caused a time- and dose-dependent induction
of Fas in HepG2 cells. These results were consistent with the

previously reported induction of Fas by 4-HNE in HLE B-3,
Jurkat, and CRL2571 cells (26, 28) indicating that 4-HNE-
mediated induction of Fas is not limited to specific cell types.
Interaction of 4-HNEwith Fas Is Required for Apoptosis.

To address the question as to whether the interaction of
4-HNE was required to induce apoptosis, HepG2 cells were
coated with the antagonistic Fas monoclonal antibodies (B-10)
to mask cell surface Fas. The B-10 antibodies bind to cell sur-
face Fas, but unlike the agonistic CH11 antibodies that cause
apoptosis, these antibodies do not induce apoptosis (36), and
this was also confirmed during the present studies by examining
their effects on HepG2 cells (data presented later in this section;
Figure 7C). 4-HNE-induced apoptosis was significantly inhibited
in B-10 coated cells indicating that Fas-4-HNE interaction was
required for apoptosis (Figure 3A). It may be noted that 4-HNE-
induced apoptosis was not completely inhibited in B-10 coated
cells. Although, cells coated with antagonistic Fas antibodies
(B-10) were resistant to 4-HNE-induced apoptosis, a small
population of cells still underwent apoptosis suggesting the
involvement of other signaling pathways.
4-HNE Causes the Activation of ASK1-SEK1-JNK-

Caspase-3. Previous studies have shown that Fas-mediated
apoptosis during stress conditions is accompanied by the activa-
tion of ASK1, SEK1, and JNK, the kinases involved in the
downstream signaling for apoptosis (37-41). It has also been
shown that 4-HNE directly interacts with Fas and JNK (28, 42).
We therefore, examined the effect of 4-HNE on these down

FIGURE 2: Effect of hGSTA4 transfection on 4-HNE and doxorubicin-induced apoptosis. (A) Western blot analysis shows the expression of
hGSTA4-4 in wild type, empty vector (VT), and hGSTA4 transfected HepG2 cells. (B) In situ analysis of activated caspase-3 in VT and hGSTA4
transfectedHepG2 cells. The cells (2� 104) were treatedwith either 40μM4-HNE for 2 h or 6μMdoxorubicin for 48h. The activationof caspase-
3 in these cells was examined by staining with 10 μMCaspACE FITC-VAD-FMK in situmarker according to the manufacturer’s instructions.
The slides were mounted with Vectashield DAPI mounting medium and observed with a fluorescence microscope (Olympus) using the standard
filter sets for DAPI and FITC.
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stream apoptotic signaling molecules in HepG2 cells. Results
of these studies showed a dose-dependent activation of ASK1,
p-ASK1 (Thr845), p-SEK1 (Thr261), and p-JNK (Thr183/
Tyr185) (Figure 3B). The observed activation of ASK1, SEK1,
and JNK by 4-HNE in the present studies was rapid and
sustained suggesting that a sustained activation and phosphor-
ylation of JNK may be needed for 4-HNE-induced apop-
tosis. This prediction was supported by the results of experi-
ments showing that pretreatment of HepG2 cells with the JNK
inhibitor SP600125 made these cells resistant to apoptosis by
4-HNE (Figure S2, Supporting Information). We have previously

demonstrated that in Jurkat cells, Fas-mediated apoptosis by
4-HNE is independent of FADD. Results presented in Figure
S3A and B (see Supporting Information) show the lack of FasL
and FADD induction and also the lack of FADD binding to
Fas as indicated by the results of immunoprecipitation experi-
ments with 4-HNE treated cells (Figure S3C, Supporting
Information). These results further support our previous ob-
servations that 4-HNE affects Fas-mediated signaling for
apoptosis through the activation of ASK1 and JNK and is
independent of DISC and that this phenomenon is not limited
to specific cell types.
Effect of 4-HNE on Daxx Expression, Phosphorylation,

and Trafficking. Death domain-associated protein Daxx that
was originally cloned as a CD95/Apo-1 (Fas)-interacting pro-
tein (37) was shown to bind to the cytoplasmic domain of Fas and
suggested to activate signaling for apoptosis during oxidative stress
in different types of cells (40, 43). Therefore, we studied the effect of
4-HNE on Daxx in HepG2 cells, and the results of these experi-
ments presented in Figure 4 showed that 4-HNE treatment caused
a time- and concentration-dependent induction of Daxx. Since its
discovery, the subcellular localization of Daxx has been a con-
troversy. Several studies have suggested that Daxx is predomi-
nantly a nuclear protein in unstressed cells, which under the condi-
tions of oxidative stress, translocates to cytoplasm and binds to the
cytoplasmic domain of Fas (41, 44). The effect of 4-HNE onDaxx
trafficking and subcellular localization was therefore analyzed by
Western blot and immunofluorescence. Furthermore, the interac-
tion of Daxx with Fas was examined by immunoprecipitation
studies. Results of Western blot analysis of 4-HNE treated cells
(Figure 5A and B) showed a marked increase of Daxx in the
cytoplasmic fraction indicating that 4-HNE facilitated the export
of Daxx from the nucleus to cytoplasm, and these results were
further confirmed by immunofluorescence studies (Figure 5C).

The translocation of Daxx from the nucleus to cytoplasm
may be mediated through its phosphorylation on Ser and Thr
residues (45, 46). Western blot analysis of the extracts of
4-HNE treated HepG2 cells indicated that 4-HNE caused the

FIGURE 3: Effect of 4-HNE on Fas-mediated apoptosis in HepG2
cells. (A) In situ detection of Fas-mediated apoptosis in HepG2 cells.
2 �104 cells were grown on glass coverslips and after pretreatment
with or without antagonistic anti-Fas (B-10) antibodies for 2 h (250
ng/mL). HepG2 cells were treated with 0, 20, and 40 μM 4-HNE for
2 h followed by the addition of in situ caspase marker and fixation.
The slides were mounted with Vectashield DAPI mounting medium
and observed under a fluorescence microscope (Olympus). The
photographs were taken at 400� magnification. (B) The cells were
treated with 0, 5, 10, 20, and 40 μM 4-HNE for 2 h at 37 �C. Total
protein lysates (30 μg) were analyzed byWestern blotting for ASK1,
p-ASK1 (Thr845), p-SEK1 (Thr261), and p-JNK (Thr183/Tyr185).
β-actin was used as a loading control.

FIGURE 4: 4-HNE-induced expression of Daxx and phospho-Daxx
in HepG2 cells. (A) The cells were treated with 0, 5, 10, and 20 μM
4-HNE for 2 h at 37 �C.Total protein lysates (30μg)were analyzedby
Western blotting for the expression of Daxx, p-Daxx (Ser671), and
p-Daxx (Ser668). β-Actin was used as a loading control. (B) The cells
were treated with 20 μM4-HNE for 0, 30, 60, 120min at 37 �C. Total
protein lysates were subjected to Western blot analyses for Daxx
expression. β-actin was used as a loading control.
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phosphorylation of Daxx at Ser671 and Ser668 residues
(Figure 4A). Together, these results show that 4-HNE pro-
motes the translocation ofDaxx from the nucleus to the cytoplasm
through the phosphorylation of these residues. These results also
suggest that 4-HNE generated during oxidative stress may be the
actual causative factor for the previously reported (41, 44) trans-
location of Daxx to the cytoplasm during oxidative stress.
Interactions of 4-HNE with Fas and Daxx. We have

examined the possible interaction of Daxx with 4-HNE and its
binding to Fas in order to get insight into the mechanisms of
4-HNE-induced Fas-mediated apoptosis. The extracts from
4-HNE treated cells were immunoprecipitated with Daxx antibo-
dies, and the resulting immunoprecipitates were probed separately

with anti-Fas or anti-4-HNE 11-S antibodies (Figure 6A). The
results of the Western blot analysis showed that Daxx binds with
Fas and also to 4-HNE as indicated by the presence of the 4-HNE
Daxx-adduct in the immunoprecipitate. When the immunopreci-
pitates obtained using Fas antibodies were probed with the anti-
Daxx antibody, the results (Figure 6B) further confirmed the
binding of Daxx with Fas. Together, the results of these experi-
ments indicated that 4-HNE interacts with both Fas andDaxx and
that it promotes the binding of Fas to Daxx (Figure 6C).
4-HNE Covalently Binds to Daxx. To better understand

the binding of 4-HNE to Daxx, we performed an ex vivo
modification of bacterially expressed purified human Daxx (see
Supporting Information) with 4-HNE. After the digestion of the

FIGURE 5: Effect of 4-HNE-induced cytoplasmic translocation of nuclear Daxx in HepG2 cells. (A) The cells (4 � 105) were grown and treated
with 20μM4-HNEfor 0, 1, and 2h, separately, at 37 �C.After the completionof incubation, cellswere scraped, collected, andwashedwith ice cold
PBS.Cytoplasmic andnuclear extracts of the pelleted cellswere preparedusing an Imgenex kit as per themanufacturer’s instructions. The extracts
(50 μg of protein) were subjected to Western blot analysis for the detection of Daxx, β-actin, and Histone H3. Antibodies against β-actin and
Histone H3 were used to determine the purity of the cytoplasmic and nuclear fractions, respectively. (B) Bar chart showing the densitometric
analysis of Daxx bands of the immunoblot of panel A. (C) Confocal immunofluorescence analysis of nuclear Daxx translocation. HepG2 cells
were grown on glass coverslips, and untreated and treated (20 μM4-HNE for 2 h) cells were fixed, permeabilized, and incubated with polyclonal
anti-Daxxantibody, followedby fluorescein (FITC) conjugated secondary antibody.DAPI staining shows the nucleus. Slideswere analyzedusing
Zeiss LSM 510META laser scanning fluorescence microscope.
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modified protein with trypsin and using solid-phase hydrazide
enrichment, LC-MS/MS analysis of Daxx identified four tryptic
peptides with 4-HNE modification. All of these adducts showed
preferential attachment of 4-HNE to His residues via a Michael
addition mechanism (þ156 Da). A representative CID-MS/MS
spectrum of the doubly charged 4-HNE-carbonylated Daxx
tryptic peptide, VDSPSH*GLVTSSLCIPSPAR (where H* in-
dicates 4-HNE Michael adduct on the His), at m/z 1118.58 is
shown in Figure S4A (Supporting Information). The observed
4-HNE neutral loss peak at m/z 1040.8 (loss of 78 m/z from
[M þ 2H]2þ ion) served as a diagnostic for the presence of H* in
the peptide. TheMascot ion score was 67.8 (46.9 indicated identity
or extensive homology) that surpassed the defined probability-
based threshold for the identification for this particular pep-
tide derived from Daxx. On the basis of our results (Figure S4,
Supporting Information), His residues at positions 300, 404, 691,
and 711 in Daxx were modified preferentially (Table 1).
Daxx Silencing Sensitizes the Cell to Apoptosis. The role

of Daxx, in particular its ability to promote or inhibit apoptosis,
still remains controversial (41, 44). Some reports suggest that the
death domain of Fas can directly activate apoptosis signal-
regulating kinase 1 (ASK1), facilitating the translocation of
Daxx from the nucleus to cytoplasm. The interaction of translo-
cated Daxx with the death domain of Fas has been shown to

mediate cellular apoptosis via the Fas-Daxx-ASK1-JNK signal-
ing pathway (47).However, it has beendemonstrated that the bind-
ing of Daxx to Fas is not necessarily an apoptotic signal (48-51)
and that 4-HNE-induced Daxx translocation from nucleus to the
cytoplasm and its binding to Fas, in fact, inhibits apoptosis (28).
Therefore, we examined the role of Daxx in 4-HNE-induced Fas-
mediated apoptosis in HepG2 cells. For these studies, we silenced
the expression of Daxx by siRNA to evaluate the effect of Daxx
depletion on 4-HNE-Fas-mediated apoptosis. In HepG2 cells
transfected with Daxx siRNA, the level of Daxx was only about
11% that of the cells transfected with scrambled siRNA after 48 h
of incubation, indicating a successful knock down of Daxx
expression by siRNA (Figure 7A). Upon the depletion of Daxx,
cells became remarkably more sensitive to 4-HNE-induced apop-
tosis as indicated (Figure 7B and C) by the enhanced activation of
caspase-3 and JNK in Daxx depleted cells as compared to the
controls.Moreover,Daxxdepleted cells also becamemore sensitive
to the apoptosis caused by agonistic CH11 Fas antibodies, as
indicated by the onset of increased apoptosis inDaxx deficient cells
treated with these antibodies (Figure 7C, lower two panels).
Together, these results suggested that the binding of Daxx to Fas
inhibits Fas-mediated apoptosis and Fas-Daxx binding was not
necessary for either the activation of JNK and caspase-3 or the
onset of apoptosis as reported previously (37).
4-HNE Causes the Activation and Translocation of

HSF1 to the Nucleus and the Induction of Hsp70. Daxx is
known to be involved in transcriptional control of many genes by
interacting directly with several transcription factors (41, 44, 52).
The results of present studies showed that 4-HNE inducedHSF1 in
HepG2 cells in a time-dependent manner (Figure 8A). 4-HNE also
induced HSF1 translocation from the cytoplasm to nucleus as
indicated by the results of the Western blot analysis of cytoplasmic
and nuclear fractions (Figure 8B and C) and immunofluorescence
analysis (Figure 8E). These results are consistent with 4-HNE-
mediated translocation of HSF1 from the cytoplasm to nucleus in
colon cancerRKOcells reportedpreviously (53, 54).Activation and
translocation of HSF1 is known to be an indication of the trans-
criptional up-regulation of stress-responsive heat shock proteins
such as Hsp70. Consistent with this prediction, 4-HNE was found
to induce the expression of Hsp70 in HepG2 cells (Figure 8A).
4-HNE-induced a robust accumulation ofHSF1within the nuclear
compartment, andadense patchy stainingofHSF1wasobservedat
a higher concentration (Figure 8E, see arrows). To demonstrate
that this patchy nuclear staining for HSF1was due to its binding to
the Hsp70 promoter sequence, we performed a ChIP assay in the
nuclear extracts of HepG2 cells treated with 4-HNE using HSF1
antibodies for immunoprecipitation. No signal was seen upon
immunoprecipitation with negative control IgG. The positive

FIGURE 6: Co-immunoprecipitation of Fas and Daxx. Total protein
lysates were collected from the control and 4-HNE-treated (20 μMfor
2 h) HepG2 cells. The cell lysates were immunoprecipitated with anti-
Fas and anti-Daxx antibodies as described in Materials and Methods
followed by Western blotting to check the expression of different
proteins as indicated in the panel. Immunoprecipitation with preim-
mune serum (PIS) was used as the control. (A) The immunoprecipitate
ofDaxx (IPDaxx) probedwith antibodies indicated in the panel shows
the presence of Fas, the 4-HNE-Daxx adduct, and Daxx. (B) The
immunoprecipitate of Fas (IP Fas) was probed with antibodies indi-
cated in the panel and shows the presence ofDaxx and the 4-HNE-Fas
adduct. (C) The cell lysates were immunoprecipitated with anti-Daxx
antibodies from the control and 4-HNE-treated (20 μM for 2 h)
HepG2 cells followed by Western blotting to check the expression of
Fas and Daxx proteins as indicated in the panel.

Table 1: Binding Sites of 4-HNE in the Amino Acid Sequence of Daxx

Identified by LC-MS/MS

peptide sequence modifications*

H*SLGLPR 4-HNE (þ156)

LQGTSSH*SADTPEASLDSG-

EGPSGMASQGCPSASRa
4-HNE (þ156)

VDSPSH*GLVTSSLCIPSPARa 4-HNE (þ156)

LSQTPH*SQPPRPGTCKa 4-HNE (þ156)

aMethionine (M) oxidation and cysteine (C) carbamidomethylation also
occurred and was introduced, respectively, during sample preparation for
LC-MS/MS analysis, when these residues were present. These modifica-
tions were, therefore, considered irrelevant from the study’s point of view
and not indicated.
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control in which the antibodies usedwere against RNApolymerase
II gave the expected positive signal, validating our assay system.
Neither the positive nor the negative controls were affected by
4-HNE treatment. The results presented in Figure 8D clearly
indicated that the binding of HSF1 to the Hsp70 promoter was
higher in 4-HNE treated HepG2 cells as compared to that in
untreated cells, indicating that 4-HNE induced the activation and
nuclear accumulation of HSF1 accompanied with the transcrip-
tional up-regulation of Hsp70.

4-HNE Induces p53, Phospho-p53, and Activates p21,
JNK, and Bax. To examine a possible role of 4-HNE in the p53-
mediated apoptotic pathway, we determined the effect of 4-HNE
on the expression of p53 and its phosphorylation in HepG2 cells.
The results of these studies showed that at 20 μM concentration,
4-HNE caused a time-dependent induction of p53 and phos-
phorylated p53 at Ser15 (Figure 9). Since activation and phos-
phorylation of p53 in response to oxidative stress has been
associated with apoptosis through the induction of its target

FIGURE 7: Silencing ofDaxx expression inHepG2 cells by siRNAand potentiationof apoptosis by 4-HNEand theCH11 antibody. (A) Silencing
of Daxx was performed by the ON-TARGET plus SMART pool Daxx siRNA as per the manufacturer’s instructions (Thermo Scientific
Dharmacon), and control cells were treated with ON-TARGET plus nontargeting siRNA in a similar way. After transfection, the cells were
harvested after 48 h, and the expression level of Daxx was examined by Western blot analysis. (B) Western blot analysis showing the enhanced
activation of caspase-3 and JNK inDaxx depleted cells after 4-HNE treatment (20 μMHNE for 2 h). (C) Enhanced activation of apoptosis was
also performed by an in situ immunofluorescence study. The cells (2� 105) were grown on glass coverslips in 12-well plates and transfected with
nontargeting siRNA or Daxx siRNA. After 48 h of siRNA transfection, the cells were treated with either 50 μg/well Fas-agonistic antibodies
(CH11) or 20μM4-HNE for 2 h at 37 �C.The activationof caspase-3 in these cells was examined by aCaspACEFITC-VAD-FMK in situmarker
as per the manufacturer’s instructions and then observed under a fluorescence microscope.
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FIGURE 8: 4-HNE-induced expression of heat shock factor 1 and heat shock proteinHsp70 inHepG2 cells. (A) The cells were treatedwith 20 μM
4-HNE for different time points at 37 �C. Total protein lysates were analyzed by Western blotting for HSF1 and Hsp70. β-Actin was used as a
loading control. (B) Effect of 4-HNE-induced nuclear translocation ofHSF1 inHepG2 cells was analyzed byWestern blot analysis. The cells (4� 105)
were grown and treated with 20 μM 4-HNE for 0, 30, 60, and 120 min, separately, at 37 �C. After 4-HNE incubation, cells were scraped,
collected, andwashedwith ice cold PBS. Cytoplasmic and nuclear extracts of the pelleted cells were prepared according to the Imgenex kit. The
extracts (30 μg of protein) were subjected to Western blot analysis by using anti-HSF1, anti-β actin, and anti-Histone H1 antibodies. Histone
H1 antibody was used as the purity control of cytoplasmic and nuclear fractions. (C) Bar chart showing the densitometric analysis of HSF1
bands of immunoblot of panel B. (D)Chromatin binding ofHSF1 by theChIP assay.HepG2 cells (4� 105) were grown and treatedwith 20 μM
4-HNE for 2 h followed by fixing with 1% formaldehyde for 10 min. Cells were scraped, and the chromatin was sheared by the protocol given
under Materials and Methods. The chromatin was immunoprecipitated using the negative control IgG (provided by Active Motif), positive
control IgG (provided byActiveMotif), andHSF1 IgG (SantaCruz, CA) followed by bindingwith proteinGbeads. The chromatin was eluted
from the protein G beads and was amplified by PCR using the control primers as well as negative control primers (provided by Active Motif)
and hHsp70 primers. PCR products were analyzed by running on 1% agarose gel. (E) Confocal immunofluorescence analysis of HSF1
translocation. HepG2 cells were grown on glass coverslips, and untreated and treated (20 or 40 μM 4-HNE for 2 h) cells were fixed,
permeabilized, and incubated with the polyclonal anti-HSF1 antibody, followed by the fluorescein (FITC) conjugated secondary antibody.
DAPI staining shows the nucleus. Slides were analyzed using a Zeiss LSM 510META laser scanning fluorescence microscope.
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genes including p21 and Bax, we examined the effect of 4-HNE
on the expression of its down stream targets. During apoptosis,
Bax has been shown to undergo a conformational shift and insert
into the outer mitochondrial membrane where it is believed to
induce the opening of the mitochondrial membrane resulting in
the release of cytochrome c and other pro-apoptotic factors from
the mitochondria, leading to the activation of caspases (55, 56).
Consistentwith one of themechanisms of p53-mediated apoptosis,
treatment of HepG2 cells with 4-HNE resulted in the activa-
tion of pro-apoptotic proteins Bax and p21. In parallel, the
expression of antiapoptotic Bcl-xL was found to be downregu-
lated in 4-HNE treated cells. To determine the effect of 4-HNE
on caspase-3 independent apoptosis in these cells, we analyzed
the expression of AIF in 4-HNE treated cells. No significant
change in the expression of AIF in control and 4-HNE treated
cells (data not shown) suggests that 4-HNE does not affect AIF-
mediated caspase-independent apoptosis of these cells. The
activation and phosphorylation of p53 along with p53 client
pro-apoptotic proteins indicate that in addition to Fas-mediated
apoptosis 4-HNE also activates the p53-mediated intrinsic apop-
totic pathway.However, our results showing the resistance of Fas
(B-10) antibody coated HepG2 cells to 4-HNE-induced apopto-
sis demonstrate that, as compared toFas-mediated apoptosis, the
relative contribution of p53-mediated apoptosis was only mini-
mal (Figure 3A). No significant effect on 4-HNE-induced
activation of p53, JNK, and Bax in B-10 coated cells (Figure
S5, Supporting Information) suggests that the activation of p53
pathway is not dependent on Fas-4-HNE interaction. Further
studies are needed to evaluate the physiological significance and
relative contributions of Fas and p53-mediated pathways in
4-HNE-induced apoptosis.
Overexpression of hGSTA4-4 Inhibits the Activation of

Fas and p53-Mediated Apoptotic Pathways. To investigate
any possible role of hGSTA4-4 in the regulation of Fas- and p53-
mediated apoptosis, we studied the effect of hGSTA4 transfection
on the components of these pathways. Results of these experi-
ments presented in Figure 10A showed that the activation of the
component of both of these pathways (Fas, Daxx, ASK1, p53,
Bax, and JNK) was significantly suppressed in hGSTA4 trans-
fected cells as compared to that with vector-transfected cells.
These results demonstrate an important regulatory role of
hGSTA4-4 during apoptosis induced by oxidative stress via the
Fas and p53 pathways and are consistent with the reported rapid

induction of this isozyme in stress conditions that lead to 4-HNE
generation (26, 57).
Increased 4-HNE Levels in the Liver of mGsta4 Null

Mice Activate Fas and p53-Mediated Apoptotic Pathways
in Vivo. The in vitro cell culture studies presented above were
extended to in vivo conditions using the liver tissues frommGsta4
null mice, which have been shown to contain an approximately
3-fold higher concentration of 4-HNE in liver (29). To examine
whether the effects of 4-HNE in cell cultures were also reflected
in vivo, we compared the expression of Fas, Daxx, p53, HSF1,
ASK1, p-SEK1, and JNK in the tissues of mGsta4 (-/-) and
wild-type (þ/þ) mice. Consistent with our prediction, results of
Western blot analysis presented in Figure 10B showed that the
expression of these proteins was remarkably up-regulated in the
liver tissues of mGsta4 (-/-) mice examined in this study. These
results demonstrated a role of 4-HNE in signaling in vivo and are
consistent with our earlier suggestion (25, 58) that LPO and
4-HNE, in particular, play an important role in oxidative stress-
induced signaling.

DISCUSSION

4-HNE, which was initially thought to be merely a toxic end-
product of LPO, has emerged as an important second messenger
signaling molecule in recent years. A multitude of studies (see
reviews (3-9 and 24)) over the past 10 years attest to its role in the
regulation of gene expression and modulation of various cellular
processes including proliferation, transformation, differentia-
tion, cell cycle regulation, and apoptosis. The mechanisms

FIGURE 9: Effect of 4-HNE on the p53-mediated intrinsic apoptotic
pathway. HepG2 cells were treated with 20 μM 4-HNE for the
indicated time points at 37 �C. Total protein lysates were collected
asdescribedunderMaterials andMethods.The lysateswere analyzed
byWesternblotting for p53, p-p53 (Ser15), p21, JNK,Bax, andBcl-xL.
β-Actin was used as a loading control.

FIGURE 10: Effect of 4-HNE on the expression of various proteins in
hGSTA4 overexpressing HepG2 cells andGsta4 null mice. (A) Effect
of 4-HNE (20 μM, 2 h) on the expression of Daxx, p53, ASK1, Fas,
JNK, and Bax in empty vector and hGSTA4 transfected HepG2 cells
(B) Expression analysis of apoptotic proteins in liver samples of
normal and mGSTA4 (-/-) mice. Mice liver samples were homo-
genized in ice cold RIPA buffer and centrifuged at 12,000g, and the
supernatants were subjected to Western blot analysis for the expres-
sion of Daxx, Fas, p-SEK1 (Thr261), JNK, HSF1, p53, and ASK1.
β-Actin was used as the loading control.
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through which 4-HNE exerts such a wide variety of effects are
largely unknown. For example, it remains to be determined as to
how 4-HNE exerts seemingly opposite effects such as prolifera-
tion and programmed cell death in a concentration-dependent
manner. Present studies validate the important signaling role of
4-HNE and, in addition, provide significant insight into the
possible mechanisms through which 4-HNE exerts its multi-
farious effects in cells.

Here, we demonstrate that 4-HNE causes toxicity to HepG2
cells through apoptosis and necrosis in a dose-dependentmanner.
At sublethal concentrations of 4-HNE, these cells undergo
apoptosis via two separate pathways. Results of these studies
clearly demonstrate that 4-HNE binds to Fas and affects the
downstream signaling mediated by this death receptor and that
this 4-HNE-induced apoptosis is independent of the classical
Fas-mediated apoptosis through FADD and DISC (59) because
4-HNE neither activates FADDnor promotes the binding of Fas
to FADD. However, 4-HNE-induced, Fas-mediated apoptosis
involves the activation of ASK1, JNK, and caspase-3 but does
not induce FasL or the constituents of DISC. As indicated by the
lack of apoptosis by 4-HNE in cells coated with antagonistic Fas
antibodies, our results clearly demonstrate that binding of
4-HNE with Fas is essential for the execution of apoptosis. This
is further indicated by abrogation of 4-HNE-induced activation
of ASK1, JNK, and caspase-3 in cells when Fas is masked by
coating with antibodies. Our results showing the inhibition of
apoptosis and lack of activation of ASK1 and JNK in cells over-
expressing hGSTA4-4 pinpoint these effects to 4-HNE because
this enzyme is highly specific for the conjugation of 4-HNE to
GSH. 4-HNE-induced activation of p53 and down stream targets
including p21 and Bax in HepG2 cells also suggest the involve-
ment of the p53-mediated pathway in the apoptotic mechanisms
of these cells, but the contribution of this pathway seems to be
minimal. All of these effects of 4-HNE can also be abrogated
by GSTA4-4 overexpression. These finding are consistent with
previous studies suggesting the important role of GST isozymes
in the regulation of stress-induced signaling, by attenuating
4-HNE concentrations (8) as well as by inhibiting JNK (60-62).

These signaling effects of 4-HNE observed in in vitro cell lines
appear to mirror in the liver tissues of mice which have higher
basal levels of 4-HNE due to the disruption of the Gsta4 gene.
This is important because it may enhance our understanding of
the mechanism involved in the manifestation of the toxicity of
ROS and oxidants and the role of relevant defense mechanisms
in vivo.Even thoughGsta4 (-/-) mice aremore sensitive to oxidant
toxicity, they seem to have no apparent toxic manifestations in
stress free conditions and in fact may have an increased life
span (63). Thus, the question may arise as to why these mice do
not show any apparent toxicity despite the activation of Fas- and
p53-mediated apoptotic pathways. The answer to this question
may lie in our results showing that in parallel to its apoptotic
signaling, 4-HNE invokes signaling for the defense against its
own toxicity. First, by inhibiting its apoptotic effect by facilitat-
ing the cytoplasmic export of Daxx and its binding with Fas and
second, by activating the HSF1 initiated stress responsive tran-
scription of protective heat shock proteins such as Hsp70. The
involvement of 4-HNE in promoting the cytoplasmic transloca-
tion of Daxx is further confirmed by our results demonstrating a
direct binding of 4-HNE with Daxx and the phosphorylation of
Daxx at Ser668 and Ser671 that is reported (45, 46) to be required
for the translocation of Daxx from the nucleus to cytoplasm.
Once in the cytoplasm, Daxx binds to Fas and inhibits its own

apoptotic effect, which may be an important defense mechanism
to check apoptosis. Our results clearly demonstrate that the
binding of Fas toDaxx does indeed inhibit apoptosis (28, 48-51)
rather than causing a pro-apoptotic effect as suggested in some
earlier studies (37, 43, 47, 64, 65). The potentiation of the
apoptotic effect of the agonistic CH11 anti-Fas antibodies in
Daxx depleted cells further substantiates the antiapoptotic role of
Daxx and indicates that its inhibitory role is not limited to
oxidative stress/4-HNE-mediated apoptosis.

In addition toDaxx-mediated inhibition of apoptosis, in parallel
4-HNE induces trafficking of HSF1 from the cytoplasm to the
nucleus to promote the transcription of stress responsive genes to
reinforce the defense response. In RKO cells, 4-HNE-mediated
translocation of HSF1 has been shown, and a role of HSF1 in
antiapoptotic mechanisms has been demonstrated (53, 54). Present
studies through Western blot and immunofluorescence analyses
provide clear evidence for the trafficking of HSF1 from the
cytoplasm to the nucleus in HepG2 cells where it promotes the
expression of Hsp70, indicating that this effect of 4-HNE is general
and not limited to a specific cell type. Since the effect of 4-HNE in
the liver of Gsta4 null mice are similar to those observed in in vitro
cell culture studies, the defense mechanisms evoked due to the
elevated levels of 4-HNE in these mice may also explain the
observed increased life span of Gsta4 null mice (63) without any
apparent toxicity. The effects of 4-HNE on Daxx, HSF1, and p53
reported here may perhaps include other transcription repressors/
factors. If so, 4-HNE should have a profound effect on the
expression of client genes. This prediction finds strong support
from the results of several studies by us (26-28, 66) and other
investigators (5, 67-69) showing profound changes in the expres-
sion of a multitude of genes when 4-HNE concentrations are
altered in cells. It may be argued that the steady state 4-HNE
concentrations in cells are reported (24) to be much lower than
those used in present studies. However, it should be pointed out
that during oxidative stress the intracellular concentration could be
even higher than that used in these studies (70).

Since our results indicated the binding of 4-HNE to Fas,
HSF1, p53, and Daxx, proteomics studies were carried out with
Daxx to demonstrate 4-HNE binding to its specific residues.
Through these studies, we have identified several binding sites,
although possible functional consequences of the binding are yet
to be determined. It is possible that observed concentration-
dependent effects of 4-HNE may be determined by the differ-
ential reactivity of selective target residue(s) of key proteins such
asDaxx for 4-HNEbinding thatmay evoke differential signaling.
An interesting novel paradigm seems to emerge from the results
of the present studies. It is possible that through interactions with
membrane receptors such as Fas, EGF, andVEGF, transcription
factors such as p53 and HSF1, and transcription repressors such
as Daxx, 4-HNE could have a global effect on the expression of
genes regulating a variety of cellular processes. The cellular
concentrations of 4-HNE and its relative affinity to the residues
of target proteins may be determinants of these interactions and
the consequent effects. Our previous studies have shown that
suppression of 4-HNE levels in cells of at least two different types
leads to profound alteration in the expression of genes in these
cells and results in their transformation (27, 66). Thus, it seems
likely that 4-HNE, through direct interactions with some key
proteins such as those investigated in the present studies, canhave
profound effects on gene expression and consequently on various
cellular processes. This would also imply that the Alpha class
GSTs includingGSTA4-4 that regulateLPOand 4-HNE levels in
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cells (25, 57, 71) play an important role in stress-induced
signaling. Ongoing studies in our lab suggest that 4-HNE does
indeed affect the signaling pathways mediated by VEGF and
VEGFR in a concentration-dependent manner, but numerous
conclusive studies will have to be conducted to substantiate this
implication.
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