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Abstract Ultraviolet (UV) light is a strong apoptotic trigger that can induce a caspase-dependent biochemical
change in cells. We previously showed that UV irradiation can elicit caspase-3 activation and the subsequent cleavage
and activation of p21-activated kinase 2 (PAK2) in human epidermal carcinoma A431 cells. We report that genistein,
an isoflavone compound with known inhibitory activities to protein tyrosine kinases (PTKs) and topoisomerase-II
(topo-II), can prevent UV irradiation–induced apoptotic biochemical changes (DNA fragmentation, caspase-3 activa-
tion, and cleavage/activation of PAK2) in A431 cells. Surprisingly, two typical PTK inhibitors (tyrphostin A47 and
herbimycin A) and three known topo-II inhibitors (etoposide, daunorubicin, and novomycin) had no effect on UV
irradiation–induced apoptotic biochemical changes, suggesting that the inhibitory effect of genistein is not dependent
on its property as a PTK/topo-II inhibitor. In contrast, azide, a reactive oxygen species (ROS) scavenger, could
effectively block the UV irradiation–induced apoptotic cell responses. Flow cytometric analysis using the cell-
permeable dye 29,79-dichlorofluorescin diacetate as an indicator of the generation of ROS showed that UV irradiation
caused increase of the intracellular oxidative stress and that this increase could be abolished by azide, suggesting that
oxidative stress plays an important role in mediating the apoptotic effect of UV irradiation. Importantly, the UV
irradiation–induced oxidative stress in cells could be significantly attenuated by genistein, suggesting that impairment
of ROS formation during UV irradiation is responsible for the antiapoptotic effect of genistein. Collectively, our results
demonstrate the involvement of oxidative stress in the UV irradiation–induced caspase activation and the subsequent
apoptotic biochemical changes and show that genistein is a potent inhibitor for this process. J. Cell. Biochem. 78:
73–84, 2000. © 2000 Wiley-Liss, Inc.
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Exposure of mammalian cells to ultraviolet
(UV) light leads to damage of cellular constit-
uents and results in a complicated cell re-
sponse, including induction of genes and per-
turbation of a variety of signaling pathways
[for reviews, see Bender et al., 1997; Schwarz,
1998]. Cells that cannot recover from severe
damage of its constituents and perturbation of
intracellular signals will ultimately die. One of
the major death processes of UV-irradiated

cells is apoptosis. Apoptosis, which is widely
observed in different cells of various organ-
isms, has a unique morphologic cell death pat-
tern characterized by chromatin condensation,
membrane blebbing, and DNA fragmentation
[Kerr et al., 1972; Ellis et al., 1991]. A variety
of physical and chemical signals can trigger
apoptosis, indicating the existence of a core
death program in cells. Considerable evidence
has shown that the caspases, a cysteine pro-
tease family identified in recent years, play
crucial roles in this core program for apoptotic
execution [for reviews, see Martins and Earn-
shaw, 1997; Nicholson and Thornberry, 1997].
Caspases exist as proenzymes and can be acti-
vated at the onset of apoptosis via proteolytical
processing to two smaller subunits, which then
form functionally active protease that can act
on many proteins and enzymes involved in di-
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verse cell functions. Among the caspases,
caspase-3 (also known as CPP32/Yama/
apopain) has been implicated as a downstream
effector protease that can be activated by other
upstream caspases [Fernandes-Alnemri et al.,
1994; Enari et al., 1996].

Reactive oxygen species (ROS) are oxygen-
containing molecules having either unpaired
electrons or the ability to abstract electrons
from other molecules. UV irradiation, like
many of the chemical and physical treatments
capable of inducing apoptosis, also provokes
oxidative stress by generating ROS in cells
[Halliwell and Gutteridge, 1990], suggesting a
close relation between oxidative stress and ap-
optosis. Direct evidence establishing oxidative
stress as a mediator of apoptosis came from
observations that addition of oxidants such as
H2O2 can trigger apoptosis, whereas addition
of antioxidants block this effect [for review, see
Buttke and Sandstrom, 1994].

Genistein is a natural isoflavone compound
found in soy products, with inhibitory activities
toward both protein tyrosine kinases (PTKs)
and topoisomerase-II (topo-II) [Akiyama et al.,
1987; Markovits et al., 1989]. Multiple effects
of genistein on diverse cell functions have been
found. It can inhibit tumor cell proliferation
and induce tumor cell differentiation [Con-
stantinou et al., 1990; Rauth et al., 1997;
Brown et al., 1998]. Furthermore, it can trigger
cell cycle arrest and apoptosis in several cell
types [Azuma et al., 1993; Bergamaschi et al.,
1993; McCabe and Orrenius, 1993; Yanagihara
et al., 1993; Kyle et al., 1996; Schao et al., 1998;
Zhou et al., 1998] but block apoptosis induced
by several death signals [Uckun et al., 1992;
Liu et al., 1994; Migita et al., 1994; Bronte et
al., 1996; Johnson et al., 1996]. Although mul-
tiple biologic effects of genistein have been
found, the exact molecular mechanisms are not
clear.

We previously showed that environmental
stresses including UV irradiation, heat shock,
and hyperosmotic shock can induce activation
of caspase-3 and the subsequent DNA frag-
mentation and cleavage/activation of p21-
activated kinase 2 (PAK2) [Tang et al., 1998;
Chan et al., 1998, 1999]. PAK2 is a member of
the PAK family of serine/threonine kinases
that can bind to and be activated by small (21
kDa) guanosine triphosphatases (GTPases)
Cdc42 and Rac that regulate actin polymeriza-
tion [for review, see Sells and Chernoff, 1997].

After removal of its N-terminal regulatory re-
gion by caspase-mediated cleavage, the activity
of the resulting C-terminal catalytic fragment
(36 kDa) of PAK2 can easily by detected by an
in-gel kinase assay [Tang et al., 1998]. In the
present report, we show that genistein can in-
hibit the UV irradiation–induced, caspase-
dependent apoptotic biochemical changes in
A431 cells. The inhibitory effect of genistein is
unlikely to be due to its intrinsic activity as a
PTK and topo-II inhibitor but relies on its
novel property to prevent oxidative stress in
UV-irradiated cells.

RESULTS

Inhibition of UV Irradiation–Induced Apoptotic
Biochemical Changes by Genistein

In searching for compounds that can mod-
ulate the UV irradiation–induced apoptosis,
we found that genistein has profound effects
on this process. Three of the previously es-
tablished biochemical characteristics of UV
irradiation–induced apoptosis, namely DNA
fragmentation, proteolytic processing of
caspase-3, and cleavage/activation of PAK2
[Tang et al., 1998], were used to examine the
dose effect of genistein. Although little effect
could be detected at low dosages of genistein,
complete blockage of all the UV irradiation–
induced apoptotic biochemical changes was
clearly observed at a higher dose (.100 mM)
of genistein (Fig. 1), providing initial evi-
dence that genistein is a potent inhibitor of
the UV irradiation–induced apoptotic cell re-
sponse. Genistein alone at 25– 400 mM has no
effect on the viability of A431 cells as as-
sessed by trypan blue exclusion and is not
able to induce those apoptotic biochemical
changes as UV irradiation does, as described
above, under the same assay condition (data
not shown), indicating that the observed sup-
pressive effect of genistein is not due to the
nonspecific cytotoxic effects of this com-
pound.

Commonly Used PTK and Topo-II Inhibitors
Have no Effect on the UV Irradiation-Induced

Apoptotic Cell Response

Because genistein is an established inhibitor
of both PTKs and topo-II, the blocking effect of
genistein on UV irradiation–induced apoptotic
cell response may be due to inhibition of the
intracellular PTKs and/or topo-II activities.
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This possibility was evaluated by examining
the effects of several commonly used PTK and
topo-II inhibitors besides genistein on the apo-
ptotic cell response elicited by UV irradiation.
It was found that tyrphostin A47 and herbimy-
cin A, two well-known PTK inhibitors at the
dose reported to effectively block intracellular
PTKs activities [Levitzki, 1990; Uehara and
Fukazawa, 1991], have no effect on the UV
irradiation–induced activation of caspase-3

(Fig. 2A, lanes 4 and 5) and cleavage/activation
of PAK2 (Fig. 2B,C, lanes 4 and 5). In contrast,
daidzein (another isoflavone with a structure
analogous to that of genistein but without in-
hibitory activity to PTKs) [Yokoshiki et al.,
1996] could significantly diminish the UV
irradiation–induced activation of caspase-3
and cleavage/activation of PAK2 (Fig. 2A–C,
lane 6). In addition, pretreatment of the cells
with various topo-II inhibitors (etoposide,

Fig. 1. Dose effects of genistein on ultraviolet
(UV) irradiation–induced DNA fragmentation,
activation of caspase-3, and cleavage/
activation of p21Cdc42/Rac-activated kinase 2
(PAK2) in A431 cells. A431 cells were preincu-
bated with different concentrations of genistein
as indicated at 37°C for 1 h and then exposed to
UV light (200 J/m2). Cell extracts and genomic
DNA were prepared at 2 h later. A: The
genomic DNA (20 ml/sample) was subjected to
2% agarose gel electrophoresis for DNA frag-
mentation analysis. Forty micrograms of the
cell extracts was separated on a 15% sodium
dodecyl sulfate (SDS) gel followed by immuno-
blot analysis with anti-CPP32/caspase-3 anti-
body (B), separated on a 10% SDS gel followed
by immunoblot analysis with aPAK (C19) anti-
body (C), or separated on a 10% SDS gel con-
taining myelin basic protein followed by in-gel
kinase assay (D). Arrow indicates the position
of the proteolyticly processed p17 subunit of
caspase-3 (in B) or the 36-kDa catalytic frag-
ment of PAK2 (in C and D), respectively. The
experiment was performed four times, and the
result is reproducible.
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daunorubicin, or novomycin) at the dose re-
ported to effectively block intracellular topo-II
activity [Constantinou et al., 1989; Hande,
1998; Gewirtz, 1999] also had no effect on the
UV irradiation–induced activation of caspase-3
(Fig. 3A) and cleavage/activation of PAK2 (Fig.
3B,C). Together these results indicate that in-
hibition of intracellular PTKs or topo-II is not
sufficient to prevent UV irradiation–induced

apoptotic cell response and suggest that the
antiapoptotic effect of genistein is not attrib-
uted to its inhibitory activity to PTKs or to-
po-II.

UV Irradiation Results in ROS Formation in
A431 Cells

To explore the mechanism responsible for
the antiapoptotic effect of genistein, we inves-

Fig. 1. (Continued.)
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Fig. 2. Effects of protein tyrosine kinase inhibitors on the
ultraviolet (UV) irradiation–induced activation of caspase-3 and
cleavage/activation of p21Cdc42/Rac-activated kinase 2 (PAK2) in
A431 cells. A431 cells were incubated without or with
genistein (400 mM, lane G), tyrphostin A47 (400 mM, lane T),
herbimycin A (10 mM, lane H), or daidzein (400 mM, lane D) at
37°C for 1 h and then subjected to UV irradiation (200 J/m2)
followed by incubation at 37°C for another 2 h. Forty micro-
gram of the cell extracts was subjected to analysis for activation
of caspase-3 (A), cleavage (B), and activation (C) of PAK2, as
described in Figure 1. The experiment was repeated three
times, and the result is reproducible.

Fig. 3. Effects of topoisomerase-II inhibitors on ultraviolet
(UV) irradiation–induced activation of caspase-3 and cleavage/
activation of p21Cdc42/Rac-activated kinase 2 (PAK2) in A431
cells. A431 cells were incubated without or with genistein (400
mM, lane G), etoposide (20 mg/ml, lane E), daunorubicin (2.5
mg/ml, lane D), or novomycin (200 mM, lane N) for 1 h and
then exposed to UV light (200 J/m2) followed by incubation at
37°C for another 2 h. The cell extracts were prepared at 2 h
later. Forty micrograms of the cell extracts was then analyzed
for activation of caspase-3 (A), cleavage (B), and activation (C)
of PAK2 as described in Figure 1. The experiment was repeated
three times, and the result is reproducible.
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tigated the signaling pathway upstream of
caspase activation on UV irradiation and ex-
amined whether genistein could interfere with
this pathway. Because UV irradiation pro-
vokes oxidative stress in cells [Halliwell and
Gutteridge, 1990; Scharffetter-Kochane et al.,
1997] and ROS such as hydrogen peroxide
(H2O2) and nitric oxide (NO) are effective apo-
ptotic inducers [Buttke and Standstrom, 1994],
UV irradiation could elicit formation of ROS in
cells and these ROS in turn could trigger down-

stream apoptotic signaling pathway(s). There-
fore, we tested whether formation of ROS could
occur in UV-irradiated A431 cells. Intracellu-
lar ROS formation was detected by using the
permeable dye 29,79-dichlorofluorescin diac-
etate (DCF-DA) as a probe [Keher and Para-
idathathu, 1992; LeBel et al., 1992]. As shown
in Figure 4A, when the A431 cell was treated
with menadione, an established oxidant [Thor
et al., 1982; Caricchio et al., 1999], the magni-
tude of the intracellular ROS content as as-

Fig. 4. Flow cytometric analysis of oxidative stress in ultraviolet (UV)-irradiated cells. A: A431 cells were left
untreated or treated with 50 mM menadione for 3 h and then incubated with 10 mM 29,79-dichlorofluorescin
diacetate (DCF-DA) for another 1 h. Cells were harvested and immediately analyzed by flow cytometry. A431 cells
preloaded with 10 mM DCF-DA for 1 h were left untreated or exposed to UV light (200 J/m2). Cells were collected
at 1 (B), 2 (C) or 3 (D) h after UV irradiation and analyzed by flow cytometry. The experiment was repeated four
times, and the result is reproducible.
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sessed by the intensity of DCF-DA fluorescence
was markedly increased, demonstrating the ef-
ficacy of this assay system to measure quanti-
tatively the change of intracellular ROS. Using
this assay system, the relative intracellular
ROS content was measured in A431 cells at
different time intervals after exposure to UV
light. As shown in Figure 4B–C, UV irradiation
caused an increment of intracellular ROS con-
tent. Significant increase of intracellular ROS
content could be detected 1 h after the cells
were exposed to UV light, and this high level of
ROS content lasted for at least 3 h under the
experimental condition used (Fig. 4B–C).

Oxidative Stress Is Involved in the Regulation of
UV Irradiation–Induced Activation of Caspase-3

and Subsequent Cleavage/Activation of PAK2

To elucidate the role of ROS in the UV
irradiation–induced apoptotic cell response,
the effects of azide (NaN3), a well-known ROS
scavenger [Tsou et al., 1996; Wei et al., 1997],
on this process were examined. Pretreatment
of the cells with azide completely blocked the
UV irradiation–induced formation of intracel-
lular ROS (Fig. 5A). Under this circumstance,
the UV irradiation–induced apoptotic biochem-
ical changes including activation of caspase-3

Fig. 5. Effects of azide on ultraviolet (UV) irradiation–induced
formation of reactive oxygen species, activation of caspase-3,
and cleavage/activation of p21Cdc42/Rac-activated kinase 2
(PAK2) in A431 cells. A: A431 cells were left untreated or
treated with NaN3 (5 mM) for 1 h and then loaded with 10 mM
29,79-dichlorofluorescin diacetate for another 1 h followed by
exposure to UV light (200 J/m2). Cells were harvested and

analyzed by flow cytometry. A431 cells were incubated with-
out (lane 1) or with (lane 2) NaN3 (5 mM) for 1 h and then
subjected to UV irradiation (200 J/m2) followed by incubation
at 37°C for another 2 h. Forty micrograms of the cell extracts
was analyzed for activation of caspase-3 (B), cleavage (C), and
activation (D) of PAK2, as described in Figure 1. The experi-
ment was repeated three times, and the result is reproducible.
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and cleavage/activation of PAK2 also were in-
hibited by azide (Fig. 5B–D). The results dem-
onstrate the involvement of oxidative stress in
regulating activation of caspase-3 and the sub-
sequent cleavage/activation of PAK2 on UV ir-
radiation and suggest that generation of ROS
is a key signaling event upstream of caspase
activation during UV irradiation–induced apo-
ptotic cell response.

Genistein Attenuates the Formation of ROS
During UV Irradiation

Like the effect of azide, pretreatment of the
cells with genistein also significantly attenu-
ated the increase of intracellular ROS content
triggered by UV irradiation (Fig. 6). The result
provides initial evidence that the inhibitory ef-
fect of genistein in the apoptotic cell response
to UV irradiation is due to its ability to prevent
intracellular oxidative stress.

DISCUSSION

Multiple intracellular signaling pathways
that participate in diverse cell functions are
altered by UV irradiation [Bender et al., 1997].
The reason that this simple physical perturba-
tion can cause complicated biologic effects
seems to be due to the capability of UV irradi-
ation to interact directly with multiple cell

membrane and cytoplasmic targets besides
DNA [Schwarz, 1998]. Considerable evidence
has indicated that oxidative stress resulting
from UV irradiation–triggered formation of in-
tracellular ROS plays a crucial role in this pro-
cess [Buttke and Sandstrom, 1994;
Scharffetter-Kochanek et al., 1997]. Using the
permeable dye DCF-DA as a tool, we provide
direct evidence that UV irradiation can elicit
ROS formation in A431 cells (Fig. 4). Results
from the time course study showed that after
UV irradiation the amount of intracellular
ROS increased drastically at 1 h and then re-
mained at a submaximum level for up to 3 h
(Fig. 4). However, we previously showed that
activation of caspase-3 occurs initially at 1 h
and then gradually increases up to 3 h after UV
irradiation under the same conditions [Tang et
al., 1998], indicating that generation of ROS
precedes the activation of caspase-3 with UV
irradiation in A431 cells. The observations and
the finding that quenching of intracellular ROS
by sodium azide, an established scavenger for
ROS, completely blocked the UV irradiation–
triggered, caspase-dependent apoptotic bio-
chemical changes in cells (Fig. 5) strongly sug-
gest the involvement of ROS in mediating the
signal that leads to caspase activation during
UV irradiation–induced apoptosis of A431
cells. At present, how ROS generated by UV
irradiation can trigger caspase activation is
elusive and remains to be established.

The influence of genistein on apoptotic pro-
cess is quite ambiguous. As noted, both inhib-
itory and stimulatory effects could be observed
in several cases. For instance, genistein alone
at doses of 30–74 mM induces apoptosis of pros-
tate carcinoma cells [Kyle et al., 1996], imma-
ture human thymocytes [McCabe and Orre-
nius, 1993], leukemia cell lines [Bergamaschi
et al., 1993], human stomach cancer cells
[Yanagihara et al., 1993], and bladder carci-
noma cell lines [Zhou et al., 1998]. In contrast,
apoptosis of human B lymphocyte precursors
induced by ionization radiation [Uckun et al.,
1992], human ovarian tumor cell line induced
by taxol [Liu et al., 1994], mouse thymocytes
induced by anti-CD3 [Migita et al., 1994], hu-
man HL-60 cells induced by didemnin B [John-
son et al., 1996], and murine mastocytoma and
leukemia cell lines induced by ATP [Bronte et
al., 1996] could be inhibited by genistein at
doses greater than 74 mM. Our results show
that genistein at doses greater than 100 mM

Fig. 6. Genistein attenuates ultraviolet (UV) irradiation–
induced oxidative stress in A431 cells. A431 cells were left
untreated or treated with genistein (400 mM) for 1 h and then
loaded with 10 mM 29,79-dichlorofluorescin diacetate for an-
other 1 h followed by exposure to UV light (200 J/m2). Cells
were collected at 2 h after UV irradiation and analyzed by flow
cytometry. The experiment was repeated three times, and the
result is reproducible.
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blocks UV irradiation–induced, caspase-
dependent apoptotic biochemical changes in
A431 cells (Fig. 1). These observations taken
together seem to implicate that variation in the
dosage of genistein used in experiments can
result in a totally distinct outcome. It is likely
that genistein at low doses can interfere with a
set of intracellular signaling components such
as the ones involved in G2–M cell cycle control
[Schao et al., 1998; Zhou et al., 1998] and
thereby induce subsequent apoptosis, whereas
at high doses genistein may further meddle
with another set of signaling events that con-
trol the apoptotic machinery so as to inhibit the
cell death process induced by a variety of apo-
ptotic triggers.

Inhibition by genistein of apoptosis induced
by several apoptotic triggers has been attrib-
uted to its inhibitory activity to PTKs because
other commonly used PTK inhibitors such as
herbimycin A or tyrohostins have also blocked
apoptosis in several studies [Migita et al.,
1994; Liu et al., 1994; Johnson et al., 1996].
However, we found that herbimycin A or tyro-
hostin A47 has no effect on the UV irradiation–
induced caspase activation and the subsequent
biochemical changes (Fig. 2). Similar results
could also be observed using the three estab-
lished topo-II inhibitors (Fig. 3), indicating
that the inhibitory effect of genistein would be
mediated through mechansim(s) other than in-
hibition of intracellular PTKs and topo-II. Fur-
thermore, it is unlikely that caspases, which
underlie the apoptotic core program in cells,
are the direct targets for inhibition by
genistein because it has been shown that direct
addition of high-dose genistein (.100 mM) into
a cell-free caspase activation assay system does
not inhibit caspase-3 activation [Mesner et al.,
1999].

In addition to the inhibitory activity to both
PTKs and topo-II, genistein has been shown to
posses other biologic activity. Wei et al. [1996]
reported that genistein inhibited the UV
irradiation–triggered oxidative damage of calf
thymus DNA in vitro. They also demonstrated
that genistein could potently scavenge hydro-
gen peroxide in the medium and superoxide
anion generated by xanthine/xanthine oxidase,
indicating that genistein can act as an antiox-
idant in vitro. Indeed, antioxidative activity of
soybean isoflavones has been recognized for a
long time [Naim et al., 1976]. In the present
study, we show that genistein can also signifi-

cantly inhibit the formation of intracellular
ROS on UV irradiation (Fig. 6). Because oxida-
tive stress caused by intracellular ROS is an
upstream signal leading to caspase activation
in UV-irradiated cells (Figs. 4, 5), it seems
likely that the capability to attenuate intracel-
lular ROS formation is responsible for the ob-
served inhibitory effect of genistein on the UV
irradiation–induced, caspase-dependent bio-
chemical changes in A431 cells. This notion is
consistent with the finding that daidzein, an-
other isoflavone compound having a structure
similar to that of genistein but without inhibi-
tory activity to PTKs, could also significantly
diminish the UV irradiation–induced, caspase-
dependent biochemical changes in A431 cells
(Fig. 2). Whether prevention of UV irradiation–
induced oxdiative stress by genistein is medi-
ated directly through its ROS-scavenging ac-
tivity or indirectly through the interference
with other cellular ROS-generating systems is
unclear and represents an intriguing issue de-
serving further investigation. Nevertheless,
the present study clearly demonstrates the in-
volvement of oxidative stress in the UV
irradiation–induced caspase activation and the
subsequent apoptotic biochemical changes and
shows that genistein is a potent inhibitor for
this process.

EXPERIMENTAL PROCEDURES

Materials

[g-32P]ATP was purchased from Amersham
(Buckinghamshire, UK). Polyvinylidene fluo-
ride (PVDF) membrane was obtained from Mil-
lipore (Bedford, MA). Dulbecco’s modified Ea-
gle’s medium, DCF-DA, goat anti-rabbit and
anti-mouse IgG antibodies conjugated with al-
kaline phosphatase were obtained from Sigma
(St. Louis, MO). Anti-aPAK (C19) antibody was
obtained from Santa Cruz Biotechnology (San-
ta Cruz, CA). Monoclonal anti-CPP32/
caspase-3 antibody was obtained from Trans-
duction Laboratories (Lexington, KY). CDP-
Star™ (a chemiluminescent substrate for
alkaline phosphatase) was obtained from
Boehringer Mannheim (Mannheim, Germany).

Protein Purification

Myelin basic protein (MBP) was purified
from porcine brain according to the procedure
described in a previous report [Yu and Yang,
1994a].
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Cell Culture and UV Irradiation

The human epidermoid carcinoma A431 cells
were cultured as previously described [Yu and
Yang, 1994b]. One day before experiments,
cells (;5–6 3 106) were plated on 100-mm
culture dishes. UV irradiation (254 nm, UVC)
was carried out with a UV gene linker (UV
Stratalinker, model 1800, Stratagene, La Jolla,
CA) equipped with an energy output control.
Before irradiation, the medium was removed
from the culture dish, and the dish, with the
lids off, was exposed to UV light at 200 J/m2.
The medium was added again immediately
into the dish after UV irradiation, and the dish
was incubated at 37°C in a CO2 incubator for
2 h. The cells were washed twice with ice-cold
phosphate buffer saline (PBS) and lysed in 600
ml of solution A [20 mM Tris-HCl at pH 7.4, 1
mM ethylene-diaminetetraacetic acid (EDTA),
1 mM EGTA, 1% Triton X-100, 1 mM benzami-
dine, 1 mM phenylmethylsulfonyl fluoride, 50
mM sodium fluoride, 20 mM sodium pyrophos-
phate, and 1 mM sodium orthovanadate] on ice
for 10 min. The cell lysates were collected and
then sonicated on ice by a Sonicator (model
W-380, Heat Systems-Ultrasonics) for 3 3 10 s
at 50% power output followed by centrifugation
at 15,000g for 20 min at 4°C. The resulting
supernatants were used as the cell extracts.

Immunoblots

Immunoblot analysis was performed essen-
tially as previously described [Yu and Yang,
1994c]. Anti-a-PAK (C19) antibody (0.2 mg/ml) or
anti-CPP32/caspase-3 monoclonal antibody (0.25
mg/ml) was used to immunoblot proteins trans-
ferred from sodium dodecyl sulfate (SDS) gel to
the PVDF membrane. The proteins of interest
were detected by using goat anti-rabbit or anti-
mouse IgG antibody conjugated with alkaline
phosphatase and CDP-Star™ (chemilumines-
cent substrate for alkaline phosphatase) accord-
ing to the procedure provided by the manufacturer.

DNA Fragmentation Analysis

DNA fragmentation was analyzed according
to the method of Zhu and Wang [1997]. Briefly,
A431 cells (;1 3 106 cells) detached from cul-
ture dishes by trypsin/EDTA were collected,
washed once with ice-cold PBS, and centri-
fuged. After removing the supernatants, cells
were dispersed in 30 ml lysis buffer (10 mM
Tris-HCl at pH 7.4, 100 mM NaCl, 25 mM

EDTA, and 1% sarkosyl) by gentle vortexing,
and 4 ml of proteinase K (10 mg/ml) was then
added, and the cell lysates were incubated at
45°C for 2 h. Two microliters of RNase (10
mg/ml) was added, and the cell lysates were
incubated for another 1 h at room temperature.
The resulting reaction mixtures (20 ml/sample)
were subjected to electrophoresis on 2% aga-
rose gels for DNA fragmentation analysis.

In-Gel Kinase Assay

In-gel kinase assay was performed as previ-
ously described [Tang et al., 1998]. Briefly, 0.5
mg/ml of MBP was copolymerized in the sepa-
rating gel of 10% SDS–polyacrylamide gels,
and cell extracts (40 mg) were resolved in these
MBP-containing SDS gels. After removing SDS
from the gels, proteins were renatured, and an
in-gel kinase assay was performed by incubat-
ing the gel in phosphorylation buffer contain-
ing [g-32P]ATP. The gels were stained,
destained, and dried, and 32P-incorporation of
MBP was detected by autoradiography.

Fluorescent Measurements of Intracellular
Oxidants

DCF-DA was used to detect production of
ROS in cells. The fluorescence of this cell-
permeable agent significantly increases after
oxidation [Kehrer and Paraidathathu, 1992;
LeBel et al., 1992]. DCF-DA was dissolved in
dimethyl sulfoxide and stored as 50 mM stock
at 220°C. A431 cells were incubated with
genistein or other compounds for 1–3 h at 37°C
and then with 10 mM DCF-DA for 1 h. Cells
were harvested at the indicated time points
after UV irradiation, washed three times with
PBS, and then immediately analyzed (3 3 105

cells/sample) by flow cytometry on a FACScan
(Becton-Dickinson, Moutain View, CA) using a
488-nm excitation beam.

Analytic Methods

Protein concentrations were determined by
using the BCA protein assay reagent from
Pierce (Rockford, IL). SDS-polyacrylamide gel
electrophoresis was performed by using the
method of Laemmli [1970] with 10 or 15% gels.
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