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The IjB kinase (IKK)/NF-jB pathway has been shown to be a major regulator in cell survival. However, the mechanisms through
which IKK mediates cell death are not clear. In this study, we showed that IKK-b contributed to hydrogen peroxide (H2O2)-
induced cell death independent of the NF-jB pathway. Our results demonstrated that the pro-death function of IKK-b under
oxidative stress was mediated by p85 S6K1 (S6 kinase 1), but not p70 S6K1 through a rapamycin-insensitive and mammalian
target of rapamycin complex 1 kinase-independent mechanism. We found that IKK-b associated with p85, but not p70 S6K1,
which was required for H2O2-induced activation of p85 S6K1. IKK-b and p85 S6K1 contributed to H2O2-induced phosphorylation
of Mdm2 (S166) and p53 accumulation. p85 S6K1 is critical for IKK-b-mediated cell death. Thus, these findings established a
novel oxidative stress-responsive pathway that involves IKK-b, p85 S6K1 and Mdm2, which is response for H2O2-induced cell
death. Our results have important implications for IKK-b and p85 S6K1 as potential targets for the prevention of diseases
involved in oxidative stress-induced aberrant cell death.
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Reactive oxygen species (ROS), such as hydrogen peroxide
(H2O2), are generated in cells as a consequence of oxidative
metabolism. Although low levels of ROS are usually detoxified
quickly by antioxidant enzymes, an excessive accumulation of
ROS may result in oxidative stress. High and/or persistent
levels of oxidative stress represent a major cause of cellular
damage and aberrant death in a plethora of pathological
conditions during the initiation and progression of a plethora of
pathological conditions, including neurodegenerative dis-
eases, cancer, autoimmune and the ageing process.1 While
ROS may trigger cell death through multiple mechanisms,2

recent studies have established the nuclear factor-kB (NF-kB)
pathway as a critical signaling pathway in mediating the action
of ROS in cell survival/cell death.3

The NF-kB protein is a transcription factor composed of two
subunits, and in many cell types the predominant form is the
p65/p50 heterodimer complex. Inactive NF-kB exists in the
cytoplasm in association with an inhibitor protein, IkBa.
Canonical activation of NF-kB requires signaling events that
activate IkB kinase (IKK) complexes, which are composed of
catalytic subunits (IKK-a/IKK-1 and IKK-b/IKK-2) and a
regulatory subunit IKK-g/NEMO (NF-kB essential modulator).
An activated IKK phosphorylates IkB-a and releases NF-kB
for activation.4 Activation of IKK/NF-kB pathway by exogen-
ous H2O2 has been found to be cell type-dependent. In some

cell lines, H2O2 activates the pathway,5–8 whereas in other
cells, it has an opposite effect.9 The pro-survival role of NF-kB
pathway has been extensively characterized.3 However, in
some cell lines, NF-kB has been shown to possess pro-cell
death function.10,11 A recent study demonstrated that NF-kB
sensitized MEF cells to oxidative stress via caspase-
independent pathway.12 However, the pro-death role of IKK
under oxidative stress has not been reported, and the
mechanisms by which IKK/NF-kB pathway promotes cell
death remain to be defined.
The mammalian target of rapamycin (mTOR) is a serine/

threonine kinase and the catalytic subunit of two distinct
complexes called mammalian target of rapamycin complex
(mTORC)1 and mTORC2. Macrolides rapamycin allosteri-
cally inhibits the activity of mTORC1. The mTOR signaling
pathway serves as a central regulator of cell metabolism,
growth, proliferation, ageing and survival by integrating both
intracellular and extracellular signals such as growth factors,
nutrients, energy and stresses.13

One of the key effectors of the mTORC1 signaling pathway
is S6 kinase 1 (S6K1), which has important roles in cell
growth, cell survival and lifespan.14,15 S6K1 exists in two
isoforms, p70 and p85. The p85 form differs from p70 by an
N-terminal addition of 23 amino acids, which has been shown
to function as a nuclear localization signal for targeting p85
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S6K1 to the nucleus. p70 S6K1, which lacks the sequence, is
mainly cytoplasmic.16,17 Phosphorylation at position T389 of
p70 or the equivalent site in p85 (T412) is required for a full
and sustained activation of S6K1. Consequently, the extent of
S6K1 (T389/412) phosphorylation in cells is routinely used as
a surrogate for mTORC1 signaling activity.18,19 It has been
shown that p70 and p85 S6K1 are concordantly activated by
growth factors and nutrients in a rapamycin-sensitive
manner;18 however, most of the previous studies focus on
p70 S6K1, and little is known about p85 S6K1 regulation and
function.
In the present study, through investigating the roles of IKK

andmTORC1-S6K1 in the cell death induced by chronic H2O2

insult, we have identified IKK-b as a mediator of cell death
independent of the canonical NF-kB pathway during oxidative
stress and uncovered a novel signaling mechanism that is
responsible for H2O2-induced phosphorylation of Mdm2
(S166), p53 stabilization and cell death. The unexpected
function of IKK-b-p85 S6K1 not only presents a mechanism
for aberrant cell death induced by chronic insult with high
levels of ROS under pathological conditions, but also links two
of themajor pathways that control cell growth/proliferation and
cell death/survival.

Results

IKK-b contributes to hydrogen peroxide-induced cell
death via a NF-jB-independent pathway. To determine
the function of IKK in ROS-induced cell death, we examined
the effects of IKK inhibition and overexpression on cell death,
following H2O2 exposure. We found that H2O2 treatment
caused breast cancer MCF-7 cell death in a dose- and time-
dependent manner (Figures 1a and b). H2O2 at a concentra-
tion of 1mM was used in the subsequent experiments, which
induced significant (51.9%) cell death within 36 h (Figure 1a).
Interestingly, knockdown of IKK-b, but not IKK-a remarkably
prevented MCF-7 cells from H2O2-induced cell death
(Figures 1c and d). Moreover, pretreatment of MCF-7 cells
with IKK-specific inhibitors, Bay 11-7082 or wedelolactone,
significantly (Po0.05) attenuated H2O2-induced MCF-7 cell
death (Figure 1e). To further confirm the pro-death role of
IKK-b, we expressed HA-IKK-a or HA-IKK-b in MCF-7 cells
and found that IKK-b, but not IKK-a, overexpression
sensitized MCF-7 cells to H2O2-induced cell death
(Figure 1f). The preventive effect of IKK-b knockdown for
H2O2-induced cell death was also observed in other cell lines
such as HeLa and HCT-116 cells (Supplementary Figure 1).
These results suggest that IKK-b is critical for H2O2-induced
cell death.
As NF-kB functions downstream of IKK-b, we then tested

whether NF-kBmediated the effect of IKK-b on H2O2-induced
cell death. Surprisingly, proteasome inhibitor MG132, which
inhibits NF-kB translocation and activation by preventing the
degradation of IkB-a,20 did not decrease H2O2-induced cell
death (Figure 1g). Moreover, p65 siRNA, was also unable to
impair H2O2-induced MCF-7 cell death (Figure 1h). Down-
regulation of IKK-a/b or p65 by siRNA and inhibitors (1 or 3 mM
of Bay 11-7082, 5 or 10 mM of wedelolactone and 250 or
500 nM of MG132) did not induce significant cell death in the
absence of H2O2 (Figure 1c and Supplementary Figure 2).

These observations suggest that classical NF-kB pathway is
not required for IKK-b-mediated cell death during oxidative
stress.
Taken together, these findings indicate that IKK-bmediates

H2O2-induced cell death independent of the canonical NF-kB-
pathway.

p85 S6K1 potentiates hydrogen peroxide-induced cell
death via a rapamycin-insensitive mechanism. The
mechanisms through which IKK-b mediates H2O2-induced
cell death were further investigated. Recent reports show
that multiple proteins distinct from IkB proteins are phos-
phorylated by IKK-a or IKK-b.21 IKK-b has been found to
mediate tumor necrosis factor-a (TNF-a)-stimulated
mTORC1-S6K1 signaling activity by phosphorylating tuber-
ous sclerosis complex 1.22 Although the pro-survival role of
mTORC1-S6K1 has been well established,23,24 a few recent
studies reported a pro-cell death function of mTORC1-S6K1
in response to endoplasmic reticulum stress or genotoxic
agents (doxorubicin)-induced DNA damage in MEFs.25–27

To investigate the possible role of mTORC1-S6K1 in IKK-
mediated cell death under oxidative stress, the effect of
mTORC1 inhibition on H2O2-induced cell death was exam-
ined in MCF-7 cells. Unexpectedly, rapamycin treatment
failed to prevent the cell death induced by either H2O2 or
HA-IKK-b overexpression (Figure 2a). Similarly, mTORC1
downregulation by mTOR or Raptor siRNA (Figure 2b) was
also unable to inhibit the H2O2-induced cell death, suggesting
that mTORC1 is not required for IKK-b-mediated cell death
under oxidative stress. Moreover, depletion of ras homolog-
enriched brain (Rheb), a key upstream activator of mTORC1,
strongly decreased P-S6 (S235/236) levels, but exerted no
significant effect on H2O2-induced cell death (Figure 2c). In
contrast, S6K1 siRNA dramatically repressed H2O2-induced
cell death (Figures 2d and e). The protective effect of S6K1
knockdown on H2O2-induced cell death was also observed in
HeLa and HCT-116 cells (Supplementary Figure 3). As S6K1
siRNA could reduce the levels of both p70 S6K1 and p85
S6K1, we surmised that p85, but not p70 S6K1, might have a
role in theH2O2-induced cell death. Accordingly, we examined
the effects of p70 S6K1 or p85 S6K1 overexpression on H2O2-
induced cell death. Overexpression of p85, but not of p70
S6K1, drastically enhanced H2O2-induced cell death
(Figure 2f). This observation demonstrates a distinct function
of p85 S6K1 in oxidative stress-induced cell death, and
suggests that p85, but not p70 S6K1, promotes cell death
via a rapamycin-insensitive and mTORC1-independent
mechanism under oxidative stress.

Hydrogen peroxide activates p85 S6K1 through a
rapamycin-insensitive mechanism. Different roles of p70
and p85 S6K1 in H2O2-induced cell death indicates that
these two isoforms may be differentially regulated. We hence
examined the activation of p70 and p85 S6K1 in response to
various signals that are known to simulate mTORC1 activity.
Consistent with the previous findings, nutrients (amino acids)
or insulin strongly stimulated the phosphorylation of T389 on
p70 and T412 on p85 S6K1 in MCF-7 cells starved for amino
acids or serum. The insulin and nutrient-stimulated phos-
phorylation was completely blocked by pre-treating the cells
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Figure 1 IKK-b mediates H2O2-induced cell death via NF-kB-independent pathway. (a) MCF-7 cells were incubated with indicated doses of H2O2 for 36 h or (b) 1 mM of
H2O2 for indicated times and the viability of the cells was analyzed by cell viability assay. *Po0.05 compared with control. (c and d) IKK-b knockdown suppressed H2O2-
induced cell death. MCF-7 cells were transfected with negative control (NC), IKK-b or IKK-a siRNA for 48 h and incubated with 1 mM H2O2 for another 48 h. Cell viability was
analyzed by cell viability assay and the levels of IKK-b or IKK-a were determined by immunoblotting. *Po0.05 compared with NC. (e) IKK inhibitors reduced H2O2-stimulated
cell death. After pretreatment with indicated doses of Bay 11-7082 (Bay) or wedelolactone (Wed) for 30 min, MCF-7 cells were subsequently incubated with 1 mM H2O2 for
48 h and subjected to cell viability assay. *Po0.05 compared with control. (f) IKK-b overexpression sensitizes cells to H2O2-induced death. MCF-7 cells were transfected with
HA-IKK-b or HA-IKK-a or empty vector for 24 h and subsequently incubated with 1 mM H2O2 for another 36 h. Cells were analyzed for cell viability and expression levels of
IKK-b or IKK-a. *Po0.05 compared with control and IKK-a. (g) MCF-7 cells were pretreated with 250 or 500 nM of MG132, or (h) transfected with NC or p65 siRNA for 48 h,
followed by incubation with 1 mM of H2O2 for another 48 h. Cells were then analyzed for cell viability assay and p65 protein levels
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with rapamycin (Figure 3a). Treating the cells with inflam-
matory factor TNF-a also induced the phosphorylation.
However, while the TNF-a-stimulated phosphorylation at
T389 of p70 was inhibited by rapamycin, the phosphorylation
on T412 of p85 was insensitive to the drug (Figure 3b).
Similarly, H2O2 stimulated the phosphorylation on T412 of
p85, but not T389 of p70 S6K1. The H2O2-induced
phosphorylation was also insensitive to rapamycin and
Pp242, which is an ATP site-specific inhibitor of mTOR that
inhibits both mTORC1 and mTORC2 (Figures 3b and c).
These findings suggest that activation of p85 S6K1 by H2O2

is independent of mTOR kinase. As mitogen-stimulated
mTORC1 and S6K1 activation requires the presence of
nutrient, we further examined whether H2O2 was able to
stimulate phosphorylation of p85 at T412 in cells starved for
amino acids or treated with rapamycin. As shown in

Figure 3d and Supplementary Figure 4, H2O2 increased
phosphorylation of p85 (T412), but not that of p70 S6K1
(T389) in amino acids-starved or rapamycin-treated MCF-7,
HeLa and HCT116 cells (Figure 3d and Supplementary
Figure 4). 4E-BP1, another downstream target of mTORC1,
had similar response to that of p70 S6K1 (Supplementary
Figure 5).
S6 is the first identified and the most important p70/p85

S6K1 substrate. It has been well established that phosphor-
ylation of S6 on S235/236 correlates with its function in protein
synthesis and cell-size control.28 We further determined
whether H2O2 was able to stimulate phosphorylation of S6
(S235/236) in the presence of rapamycin.We found that H2O2

dose- and time-dependently increased the phosphorylation in
rapamycin-treated MCF-7 and HCT-116 cells (Figures 3b and c
and Supplementary Figure 6). An in vitro S6K kinase assay

Figure 2 p85, but not p70 S6K1, promotes H2O2-induced cell death via a rapamycin-insensitive mechanism. (a) Rapamycin does not prevent IKK-b-mediated cell death.
MCF-7 cells were transfected with HA-IKK-b for 24 h and incubated with 1 mM of H2O2 and 100 nM of rapamycin (Rap) for another 36 h. The cells were then assayed for cell
viability.*Po0.05 compared with vector control. (b and c) mTORC1 downregulation does not affect H2O2-induced cell death. MCF-7 cells were transfected with (b) control
(NC), mTOR, Raptor siRNA or (c) Rheb siRNA for 48 h followed by incubation with 1 mM of H2O2 for another 48 h. The cells were assayed for cell viability and expression
levels of mTOR, Raptor, Rheb and phospho-S6 (S235/236). (d and e) S6K1 knockdown suppresses H2O2-induced cell death. MCF-7 cells were transfected with S6K1 siRNA
for 48 h followed by incubation with 1 mM of H2O2 for another 48 h. The cells were assayed for viability and S6K1 protein levels. *Po0.05 compared with NC. (f) p85 S6K1
overexpression enhances H2O2-induced cell death. MCF-7 cells were transfected with flag-p70 or flag-p85 S6K1 vector for 24 h and then incubated with 1 mM H2O2 for
another 36 h. The cells were assayed for viability and p70/85 S6K1 levels. *Po0.05 compared with control and p70 S6K1
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revealed that ectopically expressed p85, but not p70, S6K1
purified from rapamycin-pretreated and H2O2-stimulated
MCF-7 cells phosphorylated GST-S6 (S235/236) in vitro
(Figure 3e). Consistent with this result, overexpressing p85,
but not p70 S6K1, enhanced the H2O2-stimulated phosphor-
ylation of S6 (S235/236) in cells (Figure 3f). Taken together,
these results suggest that H2O2 activates p85, but not p70
S6K1, through an mTOR kinase-independent mechanism.

IKK-b is required for the rapamycin-insensitive activa-
tion of p85 S6K1 under oxidative stress. We further
investigated the mechanisms of H2O2-induced rapamycin-
insensitive activation of p85 S6K1. IKK is a major downstream
kinase in the H2O2 and TNF-a signaling pathway,6 and has
been shown to regulate mTORC1-S6K1.22,29–31 Indeed, H2O2

stimulated the phosphorylation of IKK-a/b (S176/180) and
degradation of IkB-a in MCF-7 cells (Figure 4a). To determine
the role of IKK in H2O2-stimulated p85 S6K1 activation, we
used chemical inhibitors or siRNA to block IKK activity. We
found that IKK-specific inhibitor wedelolactone, but not PI-3K
inhibitor Ly294002, decreased H2O2-stimulated p85 S6K1
(T412) and S6 (S235/236) phosphorylation in the presence of
rapamycin (Figure 4b and Supplementary Figure 7). Further-
more, downregulation of IKK-b, but not IKK-a, prevented H2O2-
stimulated phosphorylation of p85 S6K1 (T412) (Figure 4c).
These results suggest that IKK-b is required for the rapamycin-
insensitive activation of p85 S6K1.

Association of IKK-b with p85 S6K1 is required for H2O2-
induced p86 S6K1 activation. The requirement of IKK-b in
H2O2-induced p85 S6K1 activation raised a possibility that
IKK-b may interact with and phosphorylate p85 S6K1
directly. Indeed, we found that ectopically expressed IKK-b
was able to co-immunoprecipitate with p85, but not p70,
S6K1 (Figure 5a). Furthermore, the association between
IKK-b and p85-S6K1 was enhanced upon H2O2 stimulation
(Figure 5a). The association was further validated by Co-IP
of endogenous IKK-b with p85 S6K1 (Figure 5b). In addition,
immunofluoresence staining confirmed that these two
proteins co-localized in the cytoplasm of the cells
(Supplementary Figure 8). The cytoplasmic and nuclear
localization of both p85 and p70 S6K1 was further confirmed
by fluorescence analysis of exogenously expressed pEGFP-
or flag-tagged p70 and p85 S6K1 and nuclear-cytoplasmic
fractionation analysis of endogenous p70 and p85 S6K1
(Supplementary Figure 9).
We next performed IKK-b in vitro kinase assay to examine

whether IKK-b was able to phosphorylate p85 S6K1 directly.
Our result showed that although IKK-b purified from H2O2-
treated MCF-7 cells phosphorylated GST-IkB-a (S32/36), it
was ineffective for phosphorylation of bacterial-expressed
and purified his-p85 S6K1 (T412) or his-p70 S6K1 (T389)
in vitro (Figure 5c). This finding indicates that alternative
kinase other than IKK-b may direct the H2O2-induced
phsophorylation of p85 S6K1.

Figure 3 H2O2 activates p85, but not p70 S6K1 in a rapamycin-insensitive way. (a) Insulin and amino acid-stimulated activation of p70 and p85 S6K1 is sensitive to
rapamycin. MCF-7 cells were incubated in DPBS for 1 h or in serum-free DMEM for 24 h. Cells were then stimulated with 1� amino acids for 30 min or 100 ng/ml insulin for
15 min in the presence or absence of 100 nM rapamycin. (b) H2O2- and TNF-a-induced activation of p85 S6K1 is insensitive to rapamycin. After pretreatment with 100 nM of
rapamycin or drug vehicle for 30 min, MCF-7 cells were stimulated with 1 mM of H2O2 or 20 ng/ml of TNF-a for 30 min. The cells were assayed by immunoblotting for levels of
phosphor-p70/85 (T389/412) S6K1, p70/85 S6K1, phospho-S6 (S235/236) and S6. (c) H2O2-stimulated p85 S6K1 activation does not require mTOR kinase activity. MCF-7
cells were pretreated with 100 nM of rapamycin or 0.4 or 2 mM Pp242 for 1 h followed by incubation with 1 mM of H2O2 for 30 min. The cells were assayed by immunoblotting
for levels of phospho-p70/85 (T389/412) S6K1 and p70/85 S6K1, phospho-S6 (S235/236), S6, phospho-Akt (S473) or Akt antibody. (d) Rapamycin-insensitive and amino
acids-independent activation of p85. MCF-7 cells were pretreated with 100 nM rapamycin for 1 h, or incubated in DPBS for 1 h, followed by stimulation with indicated doses of
H2O2 for 30 min or 1 mM of H2O2 for indicated times. Lysates from the cells were subjected to immunoblotting analysis for levels of phospho-p70/85 (T389/412) S6K1, p70/85
S6K1. (e) p85 S6K1 activates S6 independent of mTORC1. MCF-7 cells transfected with flag-p70 S6K1 or flag-p85 S6K1 were stimulated with 1 mM of H2O2 for 30 min in the
presence of 100 nM rapamycin. Cells were then lysed and immunoprecipitated with anti-flag antibody. The precipitated flag-S6Ks were assayed for kinase activity against
recombinant S6 in vitro. (f) MCF-7 cells transfected with flag-p70 S6K1 or flag-p85 S6K1 were stimulated with 1 mM of H2O2 for 30 min in the presence of 100 nM rapamycin.
Lysates from the cells were analyzed by immunoblotting for levels of phospho-S6 (S235/236), S6, phospho-p70/85 (T389/412) S6K1and p70/85 S6K1. Con, control; Rap,
rapamycin
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A recent study has shown that IKK-b acts as an adaptor
protein for IkB-a degradation independently of its kinase
activity in UV-induced NF-kB activation.32 IKK-b brings
b-TrCP to IkB-a through interaction with b-TrCP via its
N-terminal kinase domain and with IkB-a via C-terminal
regulatory region, leading to IkB-a ubiquitinaiton and degra-
dation.32 However, we found that neither the kinase-dead
IKK-bmutant (IKK-b KD) nor the C-terminal regulatory region
(291–756 aa) and the N-terminal kinase domain (1–308 aa) of
IKK-bwere able to associate with p85 S6K1 and stimulate p85
S6K1 phosphorylation upon H2O2 exposure (Figures 5d and e).
Furthermore, knockdown of IKK-g, a regulatory component of
IKK complex essential for IKK-b kinase activity and activation of
the classical IKK/NF-kB pathway, also repressed p85 S6K1
phosphorylation and MCF-7 cell death following H2O2 exposure
(Supplementary Figure 10). These findings suggest that both the
kinase activity of IKK-b and the association of p85 S6K1 with
IKK-b are required for the activation of p85 S6K1 by H2O2.

IKK-b mediates hydrogen peroxide-induced cell death
via activation of p85 S6K1-Mdm2-p53 pathway. Mdm2 is
an E3 ligase, which mainly ubiquitinates p53 in the nucleus
and promotes p53 nuclear export and degradation.33 It has
been shown recently that mTORC1-S6K1 mediated MEF cell
death in response to doxorubicin-induced DNA damage by
phosphorylation of Mdm2 at S163 (mouse), and inhibited its
nuclear entry, which prevented Mdm2-mediated p53 ubiqui-
tination and inducing p53 accumulation.25 Interestingly, H2O2

also dose-dependently stimulated phosphorylation of Mdm2
on S166 (human) in MCF-7 cells, an equivalent site to S163
in mouse (Figure 6a). Even though the basal level of
phosphorylated Mdm2 (S166) was slightly decreased by
rapamycin treatment, the H2O2-induced phosphorylation was
rapamycin-insensitive (Figure 6a). Moreover, knockdown of
IKK-b or S6K1 by siRNA suppressed the phosphorylation
(Figure 6b), suggesting critical roles of IKK-b and S6K1 in the
H2O2-stimulated Mdm2 (S166) phosphorylation. This notion
was further confirmed by the observation that overexpression

of IKK-b and p85 S6K1, but not p70 S6K1, significantly
increased the levels of phosphorylated Mdm2 (S166)
(Figure 6c). These findings demonstrate a requirement of
IKK-b and p85 S6K1 in H2O2-induced, rapamycin-insensitive
phosphorylation of Mdm2 (S166).
We further examined the effect of H2O2 on p53 induction

and possible roles of IKK-b and p85 S6K1 in regulation of p53.
H2O2 treatment caused a time-dependent increase of p53
protein level (Figure 7a). The induction of p53 by H2O2 was
suppressed in cells pre-treated with IKK-specific inhibitor
wedelolactone, but not in those treated with rapamycin
(Figure 7a). Consistently, IKK-b or S6K1 knockdown impaired
the H2O2-induced p53 accumulation (Figure 7b). These
observations suggest that IKK-b and p85 S6K1 are required
for the H2O2-stimulated p53 induction.
To determine whether activation of p85 S6K1 and induction

of p53 is required for IKK-b-mediated cell death, we next
examined the effect of p85 S6K1 knockdown or overexpres-
sion on IKK-b-mediated cell death. As expected, down-
regulation of S6K1 prevented the cell death induced by IKK-
b overexpression (Figure 7c), whereas overexpression of p85
S6K1, but not p70 S6K1, reversed the protective effect of the
IKK-b knockdown (Figure 7d). Most importantly, p53 siRNA
inhibited cell death induced by H2O2, but repressed the
protective effects of IKK-b or S6K1 knockdown (Figure 7e),
suggesting an important role for p53 in IKK-b- and S6K1-
mediated cell death under oxidative stress.
Collectively, these results support a model that IKK-b

mediates H2O2-induced cell death via activation of p85 S6K1-
Mdm2-p53 signaling pathway.

Discussion

Activation of IKK-b has been generally viewed as a major
contributor to cell survival and proliferation. However, in the
present study, we show that IKK-b also possesses a pro-
death function that is independent of its role in regulation of
NF-kB.Our findings suggest that the pro-death function of IKK

Figure 4 IKK-b is required for mTORC1-independent activation of p85 S6K1. (a) H2O2 activates IKK. MCF-7 cells were stimulated with 1 mM of H2O2 for various times and
the levels of phospho-IKK-a/b (S176/180) and IkB-a were analyzed by immunoblotting. (b) MCF-7 cells pretreated with 100 nM of rapamycin (Rap) and 20 mM of Ly294002
(LY) or 50mM of wedelolactone (Wed) for 1 h were stimulated with 1 mM of H2O2 for 30 min. (c) MCF-7 cells were transfected with IKK-a or IKK-b or control siRNA and
stimulated with 1 mM of H2O2 for 30 min in the presence of 100 nM of rapamycin. Lysates from the cells were analyzed by immunoblotting for the levels of IKK-a, IKK-b,
b-actin, phospho-p70/85 (T389/412) S6K1, p70/85 S6K1, phospho-S6 (S235/236) and S6
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is mediated by p85 S6K1, which in response to oxidative
stress, phosphorylates Mdm2 (S166) and induces p53
accumulation.
Activation of the mTORC1 pathway is generally involved in

cell survival and proliferation.23,33,34 However, several recent
studies demonstrate a pro-apoptotic role of the pathway.25–27

In primary neuron and HeLa cells, mTORC1 was found to
promote apoptosis induced by various toxic stimuli.27 Simi-
larly, in MEF cells, a reduced mTORC1 activity by expression
of tuberous sclerosis complex was able to protect the cells
from endoplasmic reticulum stress-induced apoptosis. Inter-
estingly, in the latter case, the protective effect of mTORC1
appeared to be insensitive to rapamycin.26 A recent study into
the mechanism underlying the pro-apoptotic role of mTORC1
identified Mdm2 as a direct target of S6K1, which interacts
with and phosphorylates Mdm2 at S163, causing Mdm2
cytoplasmic retention and p53 accumulation in response to
genotoxic stress in MEFs.25 Although some studies showed
that phosphorylation of Mdm2 at S163 promoted Mdm2

nuclear import, others failed to observe such a phenom-
enon.35–39 This mTORC1-enhanced S6K1–Mdm2 complex
formation and S6K1-mediated Mdm2 phosphorylation are
hence believed to be responsible for the pro-apoptotic role of
mTORC1 under genotoxic stress conditions. However, the
pro-death effect of mTORC1 appeared to be cell specific, as it
was not observed in some cancer cell lines, including HeLa
and HCT116.25,40,41 In the present study, we found that S6K1
knockdown protected the cells from H2O2-induced cell death
in MCF-7, HeLa and HCT116. The pro-death effect of S6K1 in
MCF-7 cells was independent of mTORC1, because neither
rapamycin treatment nor knockdown of mTOR, Raptor and
Rheb protected the cells from oxidative stress-induced cell
death. Instead, we found that activation of p85, but not p70
S6K1, was responsible for the H2O2-induced cell death. Our
results demonstrate that p85 S6K1, upon activation, phos-
phorylates Mdm2 at S163 and promotes p53 accumulation.
This p53-dependent mechanism is likely to underlie the pro-
death role of p85 S6K1 during oxidative stress andmay help to

Figure 5 Association of IKK-b with p85 S6K1 is required for H2O2-induced p86 S6K1 activation. (a) MCF-7 cells co-transfected with flag-p85-S6K1 and myc-IKK-b were
incubated with 100 nM rapamycin for 30 min followed by 1 mM of H2O2 for another 30 min. Cells were then lysed and cell lysates were immunoprecipitated with myc antibody.
Co-purified flag-p85 S6K1 and myc-IKK-b were detected by immunoblotting. (b) MCF-7 cells incubated with rapamycin and H2O2 as in (a). Lysates from the cells were
precipitated with anti-IKK-b antibody. The precipitates were assayed for co-purified S6K1 by immunoblotting. (c) IKK-b does not phosphorylate p85 S6K1 (T412) in vitro. MCF-
7 cells transfected with empty vectors or myc-IKK-b were stimulated with or without 1 mM of H2O2 for 30 min. Cells were then lysed and lysates immunoprecipitated with anti-
mTOR or myc antibodies. The precipitated mTOR or myc-IKK-b was assayed for kinase activity against recombinant His-p70/85 S6K1 and GST-IkB-a in vitro. (d) IKK-b
kinase activity is required for its association with p85 S6K1. MCF-7 cells co-transfected with flag-p85-S6K1 and myc-IKK-b (WT) or the kinase-dead mutant (KD), C-terminal
(CT) (291–756 aa) or N-terminal (NT) (1–308 aa) of IKK-b were treated as in (a) and co-purified flag-p85 S6K1 and myc-IKK-b were detected by immunoblotting. (e) MCF-7
cells were transfected with IKK-b siRNA for 36 h, followed by transfection with empty vector (vec), IKK-b WT, KD, CT or NT for 24 h and incubated with 100 nM rapamycin and
H2O2 as in (a) lysates from the cells were analyzed by immunoblotting for the levels of IKK-b, phospho-p70/85 (T389/412) S6K1, p70/85 S6K1. OVX, overexpression
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explain the mTORC1-independent role of S6K1 in doxorubi-
cin-induced cell death observed in previous studies.25,40,41

Both p70 and p85 S6K1 are downstream effectors of
mTORC1. Previous studies have demonstrated that the two
isoforms are concordantly activated in an mTORC1-depen-
dent manner.42,43 But a recent report has demonstrated that
p85 S6K1, but not p70 S6K1, could be activated by phos-
phatidic acid in an mTORC1/rapamycin-independent way.44

p85 S6K1was also previously found to primarily localize to the
nucleus.17,45 However, recent studies have shown that this
kinase also functions in the cytoplasm.46,47 Consistent with
these recent observations, we found that p85 S6K1 exists
predominantly in the cytoplasm. In addition, our results also
indicate that the two isoforms can be differentially activated by
TNF-a and H2O2 in an mTORC1-independent manner. Taken
together, it is implicated that p70 and p85 S6K1 differ not only
in localization, but also in regulation and function.
TNF-a and H2O2 treatments activate p85 S6K1 by inducing

its phosphorylation at T412. This phosphorylation is blocked
by inhibition of IKK or specifically knockdown of IKK-b,
suggesting that the phosphorylation is mediated mainly by
IKK-b. Although IKK has been implicated in mTORC1
regulation through direct phosphorylation of tuberous sclero-
sis complex 1, we found that inhibition of mTOR by rapamycin
or ATP-competitive kinase inhibitor has little effect on the
TNF-a and H2O2-induced phosphorylation of p85 S6K1. This
finding rules out the involvement of mTOR in the process. On
the other hand, our finding that IKK-b associates with p85
S6K1 raises the possibility that IKK-b is able to directly
phosphorylate p85 S6K1. Despite this finding, we are unable
to detect a direct phosphorylation of p85 S6K1 (T412) by IKK-
b in our in vitro kinase assay, which indicates that alternative
kinases may direct the H2O2-induced phsophorylation of p85
S6K1. As a recent study has revealed IKK-b as an adaptor in
UV-induced IkB-a ubiquitination,32 our results implicate that
IKK-b may act as a scaffold protein to recruit other kinases
that are responsible for phosphorylation of p85 S6K1 upon

H2O2 stimulation. The kinase activity of IKK-b is required for
its association with p85 S6K1 and the activation of p85 S6K1.
In summary, our study reveals a novel oxidative stress-

responsive pathway that involves IKK-b, p85 S6K1, Mdm2
and p53. Through this novel pathway, the oxidative stimulus
drives IKK-b to activate p85 S6K1 independent of mTORC1.
The activated p85 S6K1 in turn induces cell death through a
mechanism involving phosphorylation of Mdm2 and induction
of p53. Our results demonstrating that IKK-b has a role in
promoting cell death adds another level of complexity to IKK-b
regulation and function, which should be taken into con-
sideration when IKK inhibitors are used in therapeutic
treatments.

Materials and Methods
Chemicals and antibodies. Chemicals used in the study include: Pp242
(Active Biochemicals, Hongkong, China); Bay 11-7082 and Wedelolactone
(Calbiochem, Darmstadt, Germany); Rapamycin, MG132, insulin and human
recombinant TNF-a (Sigma, St. Louis, MO, USA); LY294002 (Cell Signaling,
Beverly, MA, USA).

The following antibodies were used: flag (cat# F1804) (Sigma); phospho-p70/85-
S6K1 (T389/412) (cat# 9206), 4E-BP1 (cat# 9644), phospho-4E-BP1 (T37/46) (cat#
2855), phospho-S6 (S235/236) (cat# 4856), IKK-a (cat# 2682), IKK-b (cat# 2678),
phospho-IKKa/b (S176/180) (cat# 2694), Raptor (cat# 2280) and P-Mdm2 (S166)
(cat# 3521) (Cell Signaling); S6 (cat# 74459), actin (cat# 47778), mTOR (cat#
1549), p65 (cat# 71677), Mdm2 (cat# 965), p53 (cat# 74573), p70-S6K (cat# 8418)
and GFP (cat# 101536) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA);
myc (cat# ALX-804-627) (Enzo Life Sciences, Farmingdale, NY, USA); Histone H2A.X
(cat# BS2984) and b-tubulin (cat# BS1482) (Bioworld Technology Inc., Louis Park,
MN, USA); Rheb (cat# 25873) (Abcam, Cambridge, UK); IKK-g (cat# 18474-1-AP)
(ProteinTech Group Inc., Chicago, IL, USA).

Plasmids and preparation of GST-S6 and His-P70/85 S6K1
proteins. HA-IKK-a, HA-IKK-b, myc-IKK-a, myc-IKK-b and IKK-b kinase-dead
(IKK-b KD) vectors were kindly provided by Dr. Gutian Xiao (University of
Pittsburgh School of Medicine, Pittsburgh, PA, USA). The sequences encoding the
C-terminal (291–756 aa) and N-terminal (1–308 aa) of IKK-b were sub-cloned into
pUSEamp(þ ) vector (myc-his tag).

To generate plasmids that express only p85 S6k1, the sequence for
the N-terminal 23 amino acids of p85 S6K1 was added to rat p70-S6K1 cDNA

Figure 6 IKK-b and p85 S6K1 mediate H2O2-induced phosphorylation of Mdm2 (S166). (a) H2O2 stimulates phosphorylation of Mdm2 at S166 in a rapamycin-insensitive
way. MCF-7 cells were incubated with 100 nM of rapamycin for 30 min followed by stimulation with various concentrations of H2O2 for 1 h. Levels of phospho-Mdm2 (S166) and
Mdm2 were detected by immunoblotting. (b) IKK-b or S6K1 knockdown reduces H2O2-stimulated phospho-Mdm2 (S166). MCF-7 cells transfected with IKK-b or S6K1 or
negative control (NC) siRNA were assayed for the levels of phospho-Mdm2 (S166) by immunoblotting. (c) IKK-b or S6K1 overexpression (OVX) enhances H2O2-induced
phosphorylation of Mdm2 at S166. Cells transfected with HA-IKK-b, flag-p70 or p85 S6K1 were stimulated with 1 mM of H2O2 for 1 h. The levels of phospho-Mdm2 (S166),
Mdm2, IKK-b and p70/85 S6K1 were assayed by immunoblotting
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(pRK-7-p70 S6K1) (Addgene, Cambridge, MA, USA) by PCR and the p70 S6K1
translation starting site (70–72th bp, ATG) was changed into TTG. Both p70 S6K1 and
p85 S6K1 cDNAs were sub-cloned into pcDNA3.1-Flag, pEGFP-C1 and PET-28a
vectors. Human 40S ribosomal protein S6 cDNA was obtained from HEK293
cells by RT-PCR and was sub-cloned into prokaryotic expression vector pGEX-6P-
1(pGEX-6P-1-S6). GST-S6, His-p70 S6K1 and His-p85 S6K1 proteins
were induced by isopropyl b-D-1-thiogalactopyranoside and purified using glu-
tathoine-agarose or Ni-NAT agarose beads. Purified GST-S6 and His-p70/85 S6K1
proteins were used as substrates for S6K1 or mTORC1, IKK-b in vitro kinase assay.

Cell culture and transfection. MCF-7, HeLa, HEK293 and HCT116 cells
were purchased from American Type Culture Collection (Manassas, VA, USA) and
cultured in high glucose DMEM (Life Technologies Corporation, Carlsbad, CA,
USA) supplemented with 10% FBS in a humidified atmosphere of 5% CO2. For
transient transfection, HEK293 or MCF-7 cells were transfected with plasmid

DNAs using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instruction.

RNA interference. Negative control siRNAs, IKK-a, IKK-b, IKK-g, mTOR,
Raptor, Rheb, p53, p65 and p70/85 S6K1-specific siRNA were chemically
synthesized by GenePharma Co., Ltd (Shanghai, China). The sequences of these
siRNAs are the following:

IKK-a #1: 50-GCAGGCUCUUUCAGGGACA-30; IKK-a #2: 50-CAAAGAAGCUGA
CAAUACU-30;

IKK-b #1: 50-CAGGUGAGCAGAUUGCCAU-30; IKK-b #2: 50-GGUGGAAGAGG
UGGUGAGC-30;

IKK-g #1: 50-ACAGGAGGUGAUCGAUAAG-30; IKK-g #2: 50-AACAGGAGGUG
AUCGAUAA-30;

S6K1 #1: 50-GGACUUCCGAGACAGGGAATT-30; S6K #2: 50-AAACACUCCU
GCCAUGUCC-30;

Figure 7 IKK-b mediates H2O2-induced cell death via activation of the p85 S6K1-Mdm2-p53 pathway. (a) H2O2 induces p53 expression in a rapamycin-insensitive and
IKK-dependent manner. MCF-7 cells were incubated with 100 nM of rapamycin or wedelolactone (Wed) for 30 min followed by stimulation with 1 mM of H2O2 for various times.
Levels of p53 were examined by immunoblotting. (b) IKK-b or S6K1 knockdown reduces H2O2-induced p53 accumulation. MCF-7 cells transfected with IKK-b or S6K1 or
negative control (NC) siRNA were stimulated with 1 mM of H2O2 for indicated times. Levels of p53, IKK-b and S6K1 were examined by immunoblotting. (c) p85 S6K1 is
required for IKK-b-mediated cell death. MCF-7 cells were co-transfected with S6K1 or control siRNA and HA-IKK-b or control vector. After treatment with 1 mM H2O2 for 36 h,
cells were assayed for cell viability. *Po0.05 compared with vector control. #Po0.05 compared with NC control. OVX, overexpression. (d) MCF-7 cells were co-transfected
with IKK-b siRNA and flag-p70, p85 S6K1 or control vectors. After treatment with 1 mM H2O2 for 36 h, cells were assayed for cell viability. *Po0.05 compared with NC control.
#Po0.05 compared with p70 S6K1 and vector control. (e) p53 contributes to IKK-b- and p85 S6K1-mediated cell death. MCF-7 cells were co-transfected with p53 and IKK-b
or S6K1 siRNAs. After treatment with 1 mM H2O2 for 48 h, cells were assayed for cell viability. Levels of p53, IKK-b and S6K1 were examined by immunoblotting. *Po0.05
compared with NC control
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p53 #1: 50-CAGTCTACCTCCCGCCATA-30; p53 #2, 50-GAAGAAACCACTGG
ATGGA-30;

mTOR: 50-GAGCCUUGUUGAUCCUUAATT-30; Rheb: 50-CGGGCAAGAUGA
AUAUUCUTT-30;

p65: 50-GCCCUAUCCUUUACGUCA-30.
Cells were transfected with the siRNAs at 60% confluence using lipofectamine

2000 (Invitrogen), following the manufacturer’s instructions.

Immunoprecipitation and western blot. To detect the association of
endogenous IKK-b with p85 S6K1, MCF-7 cells grown in 6 cm dishes treated with
rapamycin and H2O2 were rinsed twice with PBS, and lysed with 400ml of ice-cold
lysis buffer (40 mM HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM
pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1.5 mM Na3VO4, 1% Triton
X-100, and 1� EDTA-free protease inhibitors) on ice for 30 min, followed by
centrifugation at 12 000� g for 10 min. Supernatants were incubated with 4mg of
anti-IKK-b antibody overnight at 4 1C on a nutator, followed by addition of 30 ml of
50% slurry of protein G Sepharose (Amersham Phamacia, Cincinnati, OH, USA)
beads for another 2 h. Beads were then washed four times with lysis buffer and
used for immunoblotting analysis.

To detect the association of overexpressed myc-IKK-b with flag-p70/85 S6K1,
HEK293 cells were grown in 6 cm dishes and co-transfected with myc-IKK-b wt,
IKK-b KN, IKK-b (1–308) or IKK-b (291–756) and flag-p70/85 S6K1 plasmids.
Twenty-four hours later, cells were treated and lysed, as described above, and
lysates were precipitated with anti-myc antibody. Precipitated proteins were then
analyzed by immunoblotting.

In vitro kinase assay for S6K1, mTORC1 and IKK-b. For S6K1
in vitro kinase assay, HEK293 cells transfected with flag-p70 or flag-p85 S6K1
were lysed with lysis buffer and lysates were incubated with anti-flag antibody for
3 h at 4 1C, followed by incubation with protein G Sepharose beads for another
2 h. Beads were washed four times with lysis buffer and once with kinase buffer
(50 mM Tris-Cl, pH 7.4, 0.5 mM dithiothreitol, 10 mM MgCl2). Four micrograms of
purified GST-S6 was added to a 20ml kinase reaction mixture (10 mM ATP,
50 mM Tris-Cl, pH 7.4, 0.5 mM dithiothreitol, 10 mM MgCl2). After 30 min of
incubation at room temperature, the reaction was stopped by the addition of 2�
SDS sample buffer followed by boiling for 5 min.

mTORC1 or IKK-b in vitro kinase assay were performed, as previously
described.48 Endogenous mTORC1 was immunopurified from HEK293 cells. IKK-b
was immunopurified from HEK293 cells transfected with myc-IKK-b. Cells were lysed
in ice-cold buffer (40 mM HEPES (pH 7.4), 2 mM EDTA, 10 mM pyrophosphate,
10 mM glycerophosphate, 0.3% CHAPS, and one tablet of EDTA-free protease
inhibitors (Roche, Basel, Switzerland) per 25 ml). Supernatants were incubated with
anti-mTOR or myc antibody for 2 h at 4 1C, followed by addition of 30ml of 50% slurry
of protein G Sepharose beads for another 1 h. Beads were then washed four times
with lysis buffer and once kinase buffer (mTORC1 kinase buffer: 25 mM HEPES (pH
7.4), 50 mM KCl, 10 mM MgCl2, 250mM ATP; IKK-b kinase buffer: 20 mM HEPES
(pH 7.7), 20 mM b-glycerophosphate, 10 mM MgCl2, 10 mM PNPP, 100mM Na3VO4,
2 mM DTT, 1 mM ATP, 10mg/ml approtonin, 50 mM NaCl). Four micrograms of
purified His-p70 S6K1, p85 S6K1 or GST-IkB-a (Millipore, Billerica, MA, USA) were
added to 30ml kinase buffer. Kinase assays were performed for 30 min at 30 1C, and
terminated by the addition of the 2� SDS sample buffer.

Cell viability analysis. After each treatment, the number of viable cells was
counted by trypan blue dye exclusion using a hemocytometer. The dead cell
ratio¼ trypan blue-stained cells/total cells � 100%.

Nuclear-cytoplasmic fractionation. Nuclear and cytosolic fractions were
isolated as described previously.25 Briefly cultured cells were washed twice with
cold PBS, lysed with ice-cold lysis buffer containing 10 mM Tris, pH 7.9, 10 mM
KCl, 2 mM MgCl2, 0.1 mM EDTA and 0.7% Nonidet P-40. After incubation on ice
for 10 min, lysates were centrifuged at 500� g for 5 min. The supernatant was
collected as the cytosolic fraction, and the pellet was re-suspended in buffer
containing 40 mM Tris, pH 7.9, 350 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 0.2 mM
EGTA, 20% glycerol, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 2 mM
dithiothreitol, 2mg/ml leupeptin and 1mg/ml aprotinin on ice for 20 min and
harvested by centrifugation at 12 000� g for 10 min at 4 1C. The purity of the
nuclear and cytosolic fractions was assessed by immunoblotting extracts and the
isolated fractions with antibodies against nuclear protein Histone H2A.X and
cytosol protein b-tubulin.

Immunofluorescence and confocal microscopy. Cells plated on
chamber slides were fixed with 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100, and incubated with the primary antibody at 4 1C overnight. Chamber
slides were subsequently incubated with fluorescein isothiocyanate (FITC)- or
(tetramethyl Rhodamine Iso-thiocyanate) TRITC-conjucated secondary antibody
for 1 h at room temperature. The slides were mounted in ProLong Gold Antifade
Reagent with 4, 6-diamidino- 2-phenylindole dihydrochloride (DAPI) (Invitrogen)
and imaged with a Nikon Eclipse E400 fluorescent microscope (Nikon Corporation,
Tokyo, Japan).
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