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Although mitochondria and the Nox family of NADPH oxi-
dase are major sources of reactive oxygen species (ROS) induced
by external stimuli, there is limited information on their func-
tional relationship. This study has shown that serum withdrawal
promotes the production of ROS in human 293T cells by stim-
ulating both the mitochondria and Nox1. An analysis of their
relationship revealed that the mitochondria respond to serum
withdrawal within a few minutes, and the ROS produced by the
mitochondria trigger Nox1 action by stimulating phospho-
inositide 3-kinase (PI3K) and Racl. Activation of the PI3K/
Racl/Nox1 pathway was evident 4 — 8 h after but not earlier than
serum withdrawal initiation, and this time lag was found to be
required for an additional activator of the pathway, Lyn, to be
expressed. Functional analysis suggested that, although the
mitochondria contribute to the early (0 -4 h) accumulation of
ROS, the maintenance of the induced ROS levels to the later
(4 -8 h) phase required the action of the PI3K/Rac1/Nox1 path-
way. Serum withdrawal-treated cells eventually lost their viabil-
ity, which was reversed by blocking either the mitochondria-de-
pendent induction of ROS using rotenone or KCN or the PI3K/
Racl/Nox1 pathway using the dominant negative mutants or
small interfering RNAs. This suggests that mitochondrial ROS
are essential but not enough to promote cell death, which
requires the sustained accumulation of ROS by the subsequent
action of Noxl. Overall, this study shows a signaling link
between the mitochondria and Nox1, which is crucial for the
sustained accumulation of ROS and cell death in serum with-
drawal-induced signaling.

Reactive oxygen species (ROS)? such as H,0, and O; act as
key mediators of the cellular signaling induced by the ligation of
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the cell surface receptors as well as by many classes of envi-
ronmental agents (1-3). Cell stimulation by such agents has
been shown to increase the cellular ROS levels, which regu-
late various cellular functions such as growth, differentia-
tion, migration, and viability. Therefore, to better under-
stand the regulatory mechanisms of diverse cell functions, it
is essential that the cellular processes that lead to the induc-
tion of ROS be identified.

The mitochondria and the Nox family of NADPH oxidase
have emerged as major sources of ROS induction (4, 5). The
mitochondria generate ROS as byproducts of respiration, and
inhibitors of the mitochondrial respiratory chain, such as rote-
none and KCN, have been shown to attenuate the ability of
hormones and cytokines to promote the production of ROS in
various cell types (6, 7). Confocal microscopy has consistently
shown increased mitochondrial ROS levels as a response to cell
stimulation (7, 8). NADPH oxidase is a membrane enzyme that
is responsible for the oxidative burst induced in activated
phagocytes (9, 10). The proposed model suggests that phago-
cyte stimulation by fMLP results in the activation of phospho-
inositide 3-kinase (PI3K), which then triggers the translocation
of Rho GTPase Rac from the cytosol to the plasma membrane.
The translocated Rac then interacts with and activates NADPH
oxidase to generate ROS. Recent reports suggest that non-
phagocytic cells can express isoforms of the catalytic subunit
(Nox2) of NADPH oxidase, such as Nox1, -3, -4, and -5 (11-13).
Although the physiological roles of these isozymes and the sig-
naling events leading to their activation are largely unknown,
Nox1 was shown to be involved in the production of ROS in the
smooth muscle and epithelial cells induced by growth factors,
such as angiotensin II and platelet-derived growth factor (14,
15). It was also reported that PI3K and Rac are involved in the
platelet-derived growth factor-induced Nox1 stimulation in a
mechanism similar to that proposed for phagocytic type Nox2
stimulation (15). However, Nox1 and Nox2 appear to use dif-
ferent Rac isoforms for their stimulation. Although the hema-
topoietic cell-specific Rac2 is believed to be the major isoform
involved in Nox2 stimulation (10, 16 -18), Nox1 stimulation
was induced by an interaction with the ubiquitously expressed
protein Racl (15, 19, 20). However, despite the proposed roles
of the tested Nox family members and the mitochondria in the
induction of ROS, there is little information available regarding
the functional relationship between the two different types of
ROS sources.
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Serum withdrawal is a stimulus that can induce apoptosis by
elevating the cellular ROS levels (21). Interestingly, it was pro-
posed that serum withdrawal could induce the accumulation of
ROS in a single cell type through two different mechanisms,
PI3K-dependent and -independent pathways. This is based on
the observation from human U937 monocytic cells, which
showed that serum withdrawal begins to induce ROS prior to
PI3K activation, and the induced ROS then activates PI3K. The
activated PI3K was shown to promote the cellular process lead-
ing to the further accumulation of ROS (22). Therefore, the
PI3K in this model does not simply mediate the stimulus-in-
duced accumulation of ROS but amplifies and/or extends the
ROS induction process. Given the unique features of serum
withdrawal, further analysis of serum withdrawal-induced sig-
naling was expected to provide new insights into how the accu-
mulation of ROS is induced and regulated. Therefore, this study
investigated the sources of serum withdrawal-induced ROS
along with their functional relationship. To accomplish this,
this study used human embryonic kidney 293T cells, which
have a much higher efficiency of DNA transfection and RNA
interference than U937 cells. The results show that both the
mitochondria and Nox1 are involved in the serum withdrawal-
induced accumulation of ROS in a single cell type. Importantly,
it was found that they do not act independently but rather func-
tion in a cooperative manner to extend the production of ROS.
The mechanism and functional significance of this phenome-
non are discussed.

EXPERIMENTAL PROCEDURES
Antibodies

Antibodies raised against the p85 subunit of PI3K, Myc, and
Lck were obtained from Upstate Biotechnology (Lake Placid,
NY). Pharmingen/Transduction Laboratories (San Diego, CA)
supplied the antibodies against Racl, Lyn, and Hck. Anti-Ras
and anti-a-tubulin were purchased from Calbiochem (La Jolla,
CA). All of the other antibodies used in this study were supplied
by Santa Cruz Biotechnology (Santa Cruz, CA).

Expression Constructs

The hemagglutinin-tagged dominant negative mutant of
PI3K (PI3K-M) cloned in the pSRa2 vector and the Myc-tagged
dominant negative mutant of Racl (Rac1-M) in the pEXV vec-
tor (23) were generous gifts from Drs. L. C. Cantley (Harvard
Medical School) and A.Hall (University College London),
respectively. The following specific sequences of the 19 nucle-
otides were selected for the synthesis of small interfering RNAs
(siRNAs): 5'-CCAGGATTGAAGTGGATGG-3' (residues
1130-1148 of the human Nox1 cDNA; 5'-GCCACCAATCT-
GAAGCTCA (residues 1291-1309 of the human Nox2), and
5'-GTCAACATCCAGCTGTACC-3' (residues, 1474 -1492 of
the human Nox4 cDNA) (24). As a negative control, the univer-
sal control sequence 5-AGTTCAACGACCAGTAGTC-3/,
which has no significant homology to any known mammalian
genome, was used (25). These oligonucleotides were cloned
into the pSUPER vector (Oligoengine, Seattle, WA) according
to the manufacturer’s protocol.
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Cell Culture, Transfection, and Treatments

The 293T cells were cultured in RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum and
gentamicin (50 ug/ml). The cells were transiently trans-
fected using Lipofectamine 2000 (Invitrogen) (26) with the
indicated expression construct or the chemically synthesized
Lyn siRNA and its control RNA (Ambion, Austin, TX). To treat
the 293T cells/transfectants, they were plated at 1 X 10° cells/
ml, allowed to adhere overnight, washed, and then given serum-
free medium. Where specified, LY294002 (LY) (Calbiochem),
catalase, and inhibitors of the mitochondrial respiratory chain
were added at the indicated concentrations.

Analysis of Cellular Viability

Treated and untreated control cells were stained with pro-
pidium iodide (5 pg/ml) followed by flow cytometry analysis to
monitor their staining intensity and size. The cells displaying
both a normal size and a low permeability to propidium iodide
were understood to be viable, as previously defined (27). All
other populations were understood to be dead.

Analysis of Cellular ROS Levels

Cellular ROS levels were analyzed using the following two
different methods.

Flow Cytometry—Treated and untreated cells were exposed
to 50 um 2',7'-dichlorofluorescein diacetate (Molecular
Probes, Eugene, OR) for 5 min, and cell-associated levels of
2',7'-dichlorofluorescein fluorescence were analyzed by flow
cytometry (28).

Confocal Microscopy—Cells were treated with 10 nm Mito-
tracker Red CMXRos (Molecular Probes) and incubated for 10
min at room temperature. Dihydrorhodamine 123 (DHR, 10
uM) was then added, incubation was continued for 5 min, and
cells were washed three times with phosphate-buffered saline.
The confocal images were acquired and analyzed using a Leica
TCS SP2 laser scanning confocal microscope (Leica Microsys-
tems, Heidelberg, Germany).

PI3K Assay

Cells were lysed as described previously (22). Equal amounts
of the lysate proteins (400 ug) were immunoprecipitated with
anti-p85. The immune complexes were washed and resolved in
20 mm HEPES, pH 7.4, 5 mm MnCl,, 10 um ATP, 10 pCi
[y-**P]ATP, and 2.5 mm EGTA. L-a-phosphatidylinositol
(Sigma) (5 mg/ml) was used to initiate the kinase reactions.
After 20 min of incubation, the reactions were quenched by
adding 1 m HCI. The phospholipids were extracted using a 1:1
mixture of chloroform and methanol and separated by thin-
layer chromatography.

Western Blot Analysis

The cells were lysed in a buffer containing 50 mm HEPES, pH
7.4,100 mm NaCl, 1% Triton X-100, 10% glycerol, 1 mm EDTA,
20 mm B-glycerophosphate, 5 mm NaF, 2 ug/ml aprotinin, 2
pg/ml leupeptin, and 100 um phenylmethylsulfonyl fluoride.
Equal amounts of the proteins (50-100 ug) were separated by
SDS-PAGE and then electrotransferred to the Immobilon
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membranes (Millipore, Bedford, MA), which were subse-
quently blotted using the indicated antibodies and visualized
by chemiluminescence (ECL; Amersham Biosciences AB,
Uppsala, Sweden).

Analysis of Rac1 Translocation and Its Binding to Nox1

The cells were resuspended in a buffer containing 10 mm
Tris-HCI, pH 7.5, 1 mm EDTA, 1 mm phenylmethylsulfonyl
fluoride, and 10 ug/ml leupeptin and lysed by sonication. The
lysates were then centrifuged at 100,000 X gfor 1 hat4 °C. The
pellet was resuspended in the above buffer, which also con-
tained 0.1% Triton X-100, lysed by sonication, and centrifuged
again at 100,000 X g for 1 h at 4 °C to obtain the membrane
fraction (supernatant). The Racl levels in these membrane
fractions were analyzed by Western blotting to determine
the extent of Racl translocation to the membrane. To deter-
mine the binding of the translocated Rac1 to Nox1, the mem-
brane proteins were immunoprecipitated with anti-Nox1,
and the levels of Racl in the precipitates were analyzed by
Western blotting.

Statistics Analysis

Cellular viability and ROS levels were analyzed at least three
times to obtain means = S.D. Results were analyzed for statis-
tical significance using Student’s ¢ test. Differences were con-
sidered significant at p < 0.05.

RESULTS

Responses of 293T Cells to Serum Withdrawal—It was
reported that serum withdrawal killed U937 cells by inducing
the accumulation of ROS and PI3K activation (22). To confirm
this in 293T cells, these cells were grown in 10% serum, washed,
and exposed to serum-free medium. The treatment resulted in
a dramatic increase in the cellular ROS levels, which was
observed within 5 min of serum withdrawal and persisted for
~8 h without significant alterations (Fig. 14). After this time,
the ROS levels decreased gradually, reaching their original base
at 16 h. Serum withdrawal did not re-induce the accumulation
of ROS up to 72 h. The addition of catalase, an H,O,-degrading
enzyme, to serum-free medium greatly reduced the serum
withdrawal-induced accumulation of ROS and cell death (data
not shown), suggesting that ROS mediate serum withdrawal-
induced 293T cell death. Serum withdrawal also induced the
activation of PI3K in 293T cells, which in contrast to the induc-
tion of ROS, was evident at 4 -8 h of serum withdrawal initia-
tion, but not earlier (2.5 min-2 h) (Fig. 1B). Such a delay in PI3K
activation was also reported when rat pheochromocystoma
cells were exposed to hypoxic conditions (29). The serum with-
drawal-induced activity of PI3K was abolished when PI3K-M
was expressed in 293T cells (Fig. 1C, top). Although this treat-
ment did not significantly influence the induction of ROS
within 2 h of serum withdrawal, the later period (4—8 h) of ROS
accumulation was effectively reduced by PI3K-M expression
(Fig. 1A). Similar results were obtained using pharmacologic
inhibitors for PI3K, such as LY (5-10 uMm) and wortmannin
(0.25-1 um) (data not shown). Therefore, it appears that serum
withdrawal increases the levels of ROS in 293T cells in both a
PI3K-dependent and -independent manner, and that the latter
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FIGURE 1. Serum withdrawal elevates the levels of ROS in 293T cells in
two different ways. A, 293T cells were transfected with either the empty
pSRa2 vector or the vector encoding hemagglutinin-tagged PI3K-M. The
expression of the transfected gene was confirmed by Western blotting with
anti-hemagglutinin, using a-tubulin as the loading control (top). Transfec-
tants grown in 10% serum were washed and exposed to serum-free medium.
At the end of the indicated times of incubation, the cellular ROS levels were
compared by flow cytometry using 2’,7'-dichlorofluorescein fluorescence.
The values shown are the means of triplicate experiments; the error bars rep-
resent the S.D. (bottom). The untransfected 293T cells displayed a response
similar to the control transfectants. B, the 293T cells were treated with serum-
free medium for the indicated periods, lysed, and PI3K was immunoprecipi-
tated with anti-p85. The PI3K activities in the precipitates were analyzed
using L-a-phosphatidylinositol as a substrate (top). The levels of its p85 sub-
unit in the samples were compared by Western blotting with anti-p85 (bot-
tom). C, the control and PI3K-M-expressing transfectants were exposed to
serum-free medium for 8 h. The PI3K activity and levels of its p85 subunit were
analyzed (top). Alternatively, the cell viability was analyzed 72 h after initiat-
ing serum withdrawal (bottom).

mechanism precedes the former, as suggested for U937 cells
(22). PI3K-M (Fig. 1C, bottom) and P13K inhibitors also rescued
the 293T cells from serum withdrawal, which suggests that the
PI3K-dependent late phase of ROS accumulation is essential for
the lethality of serum withdrawal.

Racl and Noxl Are Involved in PI3K-dependent ROS
Accumulation—Given the ability of PI3K to stimulate certain
members of the Nox family (9, 15), this study focused on Nox
isozymes to determine the sources of PI3K-induced ROS in this
system. Western blotting showed that the 293T cells expressed
Noxl1, -2, and -4 (Fig. 2A). The expression of Nox1 and Nox4 in
these cells has also been reported (15, 30). In contrast, real-time
PCR experiments showed that there was little or no Nox3 and
-5 expression in 293T cells (data not shown). To determine
whether the Nox isozymes expressed were essential for serum
withdrawal-induced ROS accumulation, the cellular levels of
Nox1, -2, and -4 were specifically reduced by RNA interference
(Fig. 2A). These cells and the cells that received the control
RNAs were exposed to serum-free medium and incubated
either for 30 min or 8 h to examine the early and late stages of
ROS accumulation, respectively. Although both phases of ROS
accumulation were not significantly influenced by reducing
either the Nox2 or -4 levels, a decrease in the Nox1 levels
resulted in a significant decrease in the induction of ROS 8 h
(but not 30 min) after serum withdrawal (Fig. 2B). Serum with-
drawal-induced 293T cell death was consistently attenuated
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FIGURE 2. Nox1 is involved in the late stage of ROS accumulation. A, the 293T cells were transfected
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The levels of Nox1, -2, and -4 in these transfectants were compared by Western blotting. B, the transfec-
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chain induce the translocation of Racl
and its interaction with Nox1 (Fig.
3D). Overall, serum withdrawal-ac-
tivated PI3K appears to induce ROS
by stimulating Rac1l and Nox1.
Mitochondria Are Involved in
PI3K-independent Early ROS In-
duction—To determine the ROS
source involved in the early phase,

he cells were lysed, and the membrane fractions were
ons was immunoprecipitated (/P), and levels of Rac1 in

(bottom two panels). B, the 293T cells were transfected
yc-tagged Rac1-M. The expression of the cloned gene

8 h. LY was added where indicated. The membrane
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FIGURE 4. Mitochondria are involved in the early stage of ROS accumula-
tion. A, the 293T cells were exposed to serum-free medium for 30 min. The
treated and untreated control cells were stained with DHR and Mitotracker
Red CMXRos and analyzed by confocal microscopy. B, the cells were treated
with serum-free medium for 30 min with or without rotenone (0.1 um) or KCN
(1 mm). The cellular ROS levels were compared by 2’,7'-dichlorofluorescein
fluorescence. C, the cells were treated with serum-free medium for 8 h with or
without the indicated inhibitors/scavengers. The PI3K activity, levels of Rac1
in the membrane fractions, and the Rac1/Nox1 interaction were analyzed. D,
the cells were serum-deprived for 72 h with or without the indicated inhibi-
tors and analyzed for their viability. /P, immunoprecipitated.

293T cells were treated with serum withdrawal for 30 min. The
treated and untreated control cells were stained with Mito-
tracker Red CMXRos and DHR, a ROS-sensitive probe that is
localized in the mitochondria (31, 32). Confocal microscopy
analysis of the stained cells revealed that serum withdrawal
increased the staining intensity of DHR (Fig. 4A, green). The
majority of DHR-positive cells became orange when the DHR
images were merged with those of Mitotracker Red CMXRos.
This shows the cell population with the induced ROS in mito-
chondria. Moreover, the inhibitors of the mitochondrial respi-
ratory chain, rotenone and KCN, consistently suppressed the
serum withdrawal-induced ROS accumulation after 30 min of
serum withdrawal (Fig. 4B). This suggests that the ROS induced
in the early PI3K-independent phase of serum withdrawal were
generated, at least in part, by the mitochondria.
Mitochondrial ROS Are Required for PI3K-dependent ROS
Induction—Having determined the actions of both the mito-
chondria and Nox1 in a single model system, the association
between the two was next investigated. Given the ability of ROS
to activate PI3K under various experimental conditions (22, 33,
34), it is likely that the ROS induced in the early phase stimulate
the late PI3K-dependent events. Indeed, catalase suppressed
the ability of serum withdrawal to induce PI3K activation, Racl
translocation, and the Rac1/Nox1 interaction (Fig. 4C). Similar
results were obtained using rotenone or KCN. These inhibitors
consistently attenuated the accumulation of ROS not only after
30 min (Fig. 4B) but also at 8 h of serum withdrawal (data not
shown) and suppressed serum withdrawal-induced cell death

36232 JOURNAL OF BIOLOGICAL CHEMISTRY

(A) serum
control  withdrawal

30 min

= |eontrol
CHX

- | AD
= |CHX

activity

l & |control

|
| « |AD

| PI3K 30

protein

= ~ = |Racl

translocation

IP:

= interaction
Noxl

I:" = =i | Back

heavy

chain

relative DCF intensity

(C) 100

80 peais |
60 petan
40

20,

=]
-

%o cell death

CHX
AD

=
E R
gu
1

control

]

a
-

LJ

serum
withdrawal

) =
- = -
= = B
] g &} control
| I—

serum

withdrawal

control

FIGURE 5. PI3K-dependent induction of ROS requires protein synthe-
sis. A, the 293T cells were deprived of serum for 8 hin the presence or absence
of CHX (1 ng/ml) and AD (0.5 pg/ml). The PI3K activity, levels of Rac1 in the
membrane fractions, and Rac1/Nox1 interaction were analyzed. B, the cells
were exposed to serum-free medium for either 30 min or 8 h in the presence
of the indicated inhibitors and analyzed for their ROS levels. C, the treatments
were extended for up to 72 h, and the cell viability was determined. IP,
immunoprecipitated.

(Fig. 4D). This suggests that ROS, particularly those originating
from the mitochondria, are essential for activating the PI3K/
Racl/Nox1 pathway as well as for accumulating ROS in the late
stage and cell death.

PI3K-dependent ROS Induction Requires Protein Synthe-
sis—Nevertheless, PI3K activation in 293T cells was observed
~4 h after the mitochondria began to generate ROS (Fig. 1).
This time lag might reflect the need to accumulate additional
factors for PI3K activation. Cycloheximide (CHX) and actino-
mycin D (AD), which inhibit protein synthesis and transcrip-
tion, respectively, were used to examine this possibility. Either
inhibitor significantly reduced the ability of serum withdrawal
to induce PI3K activation, Racl translocation, and the Racl/
Noxl1 interaction (Fig. 5A), suggesting that de novo protein syn-
thesis is essential for the induction of these events. Both inhib-
itors consistently attenuated the accumulation of ROS at 8 h
but had little effect at 30 min (Fig. 5B) and also suppressed
serum withdrawal-induced cell death (Fig. 5C). Therefore, pro-
tein synthesis appears to be essential for the late (but not early)
stage of ROS accumulation and thus for cell death. Overall,
serum withdrawal appears to stimulate the synthesis of a pro-
tein crucial for activating the PI3K/Rac1/Nox1 pathway.

Role of Lyn in Serum Withdrawal-induced Signaling—To
identify this protein, we first examined PI3K. However, the lev-
els of its p85 and p110 subunits were not increased for up to 8 h
after serum withdrawal (Fig. 6A). Because PI3K can be activated
in a small G protein (35, 36) or Src family protein kinase (37—
39)-dependent manner, the potential roles of these proteins
were next investigated. The small G proteins examined
included Ras, Racl, and Cdc42 (Fig. 6B), and the Src family
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FIGURE 6. Selective induction of Lyn by serum withdrawal. The 293T cells
were serum-deprived for the indicated periods. Western blot analysis was
used to compare the levels of the PI3K subunits (A), small G proteins (B), and
Src family protein kinases (C). In the case of Lyn, its two isoforms (p56 and p53)
were detected.

protein kinases included Lyn, Src, Fyn, Lck, Fgr, Blk, Yes, and
Hck (Fig. 6C). Of these, only the Lyn levels increased in
response to serum withdrawal. Interestingly, this was observed
only when there was significant PI3K activation (4 -8 h), sug-
gesting that Lyn is involved in the serum withdrawal-induced
activation of PI3K. Therefore, Lyn siRNA was introduced into
293T cells to further examine this possibility. It was confirmed
that the treatment reduced the serum withdrawal-induced Lyn
expression level (Fig. 7A, top two panels). The treatment also
attenuated the ability of serum withdrawal to activate PI3K (Fig.
7A, bottom two panels), to induce the accumulation of ROS at
8 h (but not at 30 min) (Fig. 7B), and also to kill the cells (Fig.
7C). This suggests that serum withdrawal-induced Lyn partic-
ipates in the process leading to PI3K activation and thus to late
ROS accumulation and cell death.

Lyn Is Induced in a ROS-independent Manner—Having
determined that both mitochondrial ROS and Lyn are essential
for serum withdrawal-induced PI3K activation, this study
investigated whether or not ROS mediated the ability of serum
withdrawal to induce Lyn. However, catalase, rotenone, or
KCN had no significant effect on the serum withdrawal-in-
duced Lyn expression, which was abolished by either CHX or
AD (Fig. 7D). Therefore, serum withdrawal appears to increase
the levels of Lyn in a ROS-independent manner.

DISCUSSION

To determine the cellular components involved in serum
withdrawal-induced ROS accumulation, this study used
293T cells as a model. It was confirmed that, as in the case of
U937 cells (22), serum withdrawal increases the levels of
ROS in 293T cells in both a PI3K-dependent and -independ-
ent manner. This is based on the observations that, although
ROS were induced immediately after serum withdrawal, the
PI3K in 293T cells was activated 4 — 8 h later and that the inhi-
bition of PI3K by PI3K-M or LY attenuated the induction of
ROS at 4 -8 h but not earlier. Therefore, the PI3K in this model
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FIGURE 7. Lyn is essential for PI3K-dependent ROS accumulation. A, the
293T cells were transfected with a nonspecific control RNA or Lyn-specific
siRNA. The cellular Lyn levels were compared by Western blotting using a-tu-
bulin as the loading control (top two panels). The transfectants were treated
with serum withdrawal for 8 h, and the PI3K activity and content were ana-
lyzed (bottom two panels). B, the transfectants were treated with serum with-
drawal for either 30 min or 8 h. The cellular ROS levels were analyzed. G, this
treatment was extended for up to 72 h, and the cell viability was analyzed.
D, the 293T cells were exposed to serum-free medium in the presence or
absence of catalase (1,000 units/ml), rotenone (0.1 um), KCN (1 mm), CHX (1
ng/ml), and AD (0.5 wg/ml). Afterincubation for 8 h, the cellular Lyn levels
were analyzed by Western blotting.

appears to be selectively involved in the late (4—8 h) (but not
early (0—4 h)) phase of ROS induction.

Our findings suggest that Racl and Nox1 are involved in the
PI3K-induced accumulation of ROS in this system. First, it was
shown that Racl responds to serum withdrawal by translocat-
ing to the membrane fractions and interacting with NoxI.
These events were selectively induced during the late phase,
and the late phase of ROS accumulation was attenuated by
either Racl-M or Nox1 siRNA. This suggests that Racl and
Nox1 play a role in the late phase of ROS induction, as observed
for PI3K. Moreover, the observation that PI3K-M or LY pre-
vented serum withdrawal from inducing the translocation of
Racl and the Racl/Nox1 interaction, supports the view that
PI3K acts upstream of Racl and Nox1 in this system. However,
it should be noted that the PI3K/Rac1/Nox1 pathway might not
be solely responsible for the late stage of ROS accumulation.
This is based on the observation that a blockade of this pathway
by targeting PI3K, Racl, or Nox1 failed to completely stop the
late stage of ROS accumulation. The alternative ROS sources
do not appear to involve other Nox isozymes tested in this
study, such as Nox2 and Nox4, because a reduction of their
expression levels by RNA interference did not significantly
influence the serum withdrawal-induced accumulation of ROS.

In contrast to the late phase, ROS during the early stage
appear to be generated, at least in part, in the mitochondria.
Confocal microscopy revealed the co-localization of induced
ROS and mitochondria during the early phase. It was also
shown that inhibitors of the mitochondrial respiratory chain,
such as rotenone and KCN, attenuate the early accumulation of
ROS. Therefore, it appears that serum withdrawal increases the
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cellular ROS levels initially through the mitochondria, which is
followed by the action of Nox1. Although the ROS-inducing
roles of the mitochondria (40, 41) and Nox isozymes (9, 15, 30)
have been proposed for other stimuli, these findings suggest
that they both can function in a single system. Importantly, the
functions of the mitochondria and Nox1 appear to be linked.
This is based on the observation that serum withdrawal failed to
induce PI3K activation, Racl translocation, Rac1/Nox1 inter-
action, and the late stage of ROS accumulation when the ROS
accumulation during the early stage was prevented by catalase,
rotenone, or KCN. Therefore, ROS generated from the mito-
chondria during the early phase appear to trigger the late phase
of ROS induction by stimulating the PI3K/Rac1/Nox1 pathway.
To the best of our knowledge, this is the first report to show a
direct signaling linkage between the mitochondria and Nox1
for ROS production.

The link appears to be influenced by an additional factor
induced by serum withdrawal in 293T cells. This was suggested
by the long interval between the mitochondrial production of
ROS and the activation of the PI3K/Rac1/Nox1 pathway and
was indicated more directly by the ability of CHX or AD to
prevent the activation of the pathway and late accumulation of
ROS. In contrast, the early induction of ROS was not signifi-
cantly influenced by CHX or AD, suggesting that the induction
of the late stage (but not the early stage) of ROS accumulation
requires protein synthesis. Our data suggest that Lyn, an acti-
vator of PI3K (37, 42), is one such protein that is induced by
serum withdrawal and participates in the process leading to
PI3K-dependent ROS accumulation. First, serum withdrawal
induced an increase in the cellular Lyn levels, which was
observed only in the late phase. Moreover, the prevention of
Lyn induction using its siRNA prevented PI3K activation and
the late induction of ROS. This highlights the requirement of
Lyn induction for PI3K-dependent ROS accumulation. There-
fore, the time lag required to activate the PI3K-dependent path-
way appears to reflect the need for Lyn accumulation. Given the
finding that PI3K-dependent ROS accumulation requires both
mitochondrial ROS and Lyn induction, this study examined the
relationship between the two. However, the introduction of Lyn
siRNA did not significantly influence early/mitochondria-de-
pendent ROS induction. Moreover, neither catalase, rotenone
nor KCN, blocked the serum withdrawal-induced accumula-
tion of Lyn. This suggests that mitochondrial ROS and Lyn do
not mutually influence their inductions. Therefore, it appears
that serum withdrawal activates the PI3K/Rac1/Nox1 pathway
by triggering at least two independent routes, one leading to
the mitochondrial generation of ROS and the other to the
induction of Lyn.

Although the mitochondria initiated the induction of ROS in
the present system, the total levels of ROS induced were not
further elevated by the subsequent additional action of Nox1
(Fig. 1A). Although the mechanism for this is unclear, it is pos-
sible that the ROS-inducing action of the mitochondria is
slowed down as Nox1l begins to function. Regardless of the
mechanism involved, Nox1 in this particular system appears to
prolong the accumulation of ROS initiated by the mitochon-
dria. In this regard, the mitochondria and Nox1 may be consid-
ered to be an initiator and a sustainer of ROS induction, respec-
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FIGURE 8. Schematic model outlining the serum withdrawal-induced sig-
naling process leading to the sustained production of ROS and cell
death. Serum withdrawal induces two pathways, one leading to the mito-
chondrial production of ROS and the other leading to Lyn expression.
Although the former event occurs immediately after serum withdrawal, the
latter is evident 4 h and later. PI3K is then activated in a mitochondrial ROS-
and Lyn-dependent manner. The activated PI3K in turn stimulates Nox1 by
inducing the translocation of Rac1 to membrane fractions and the Rac1/Nox1
interaction. Consequently, the accumulation of ROS is extended into the late
phase (4-8 h), and cells lose their viability.

tively. Given that cell death is favored when an oxidative stress
is protracted (43, 44), the sustained accumulation of ROS
caused by the cooperative action of the mitochondria and Nox1
is expected to support cell death. Indeed, inhibitors of the mito-
chondrial respiratory chain, which abolished both the early and
late stage of ROS accumulation, attenuated serum withdrawal-
induced cell death. This suggests that both accumulation
phases are essential for cell death. Interestingly, cell death was
also suppressed when the late stage of ROS induction was selec-
tively reduced by targeting Nox1, Racl, PI3K, Lyn, or protein
synthesis. Therefore, it appears that mitochondrial ROS are
essential (but not sufficient) for cell death and that the accumu-
lation of ROS must be extended by the subsequent action of
Nox1 to induce cell death. Fig. 8 gives a schematic of this
process.

In summary, this study has shown a link between the mito-
chondria and Nox1 for the production of ROS. The signaling
molecules involved have also been determined. Finally, the
functional significance of the link was verified by showing its
key role in the sustained accumulation of ROS and cell death.
These findings significantly advance our understanding of how
ROS accumulation is induced and prolonged particularly in a
cell death model.
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