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In response to stress, cells start transcriptional and tran-

scription-independent programs that can lead to adapta-

tion or death. Here, we show that multiple inducers of

autophagy, including nutrient depletion, trigger the acti-

vation of the IKK (IjB kinase) complex that is best known

for its essential role in the activation of the transcription

factor NF-jB by stress. Constitutively active IKK subunits

stimulated autophagy and transduced multiple signals

that operate in starvation-induced autophagy, including

the phosphorylation of AMPK and JNK1. Genetic inhibi-

tion of the nuclear translocation of NF-jB or ablation of the

p65/RelA NF-jB subunit failed to suppress IKK-induced

autophagy, indicating that IKK can promote the autopha-

gic pathway in an NF-jB-independent manner. In murine

and human cells, knockout and/or knockdown of IKK

subunits (but not that of p65) prevented the induction of

autophagy in response to multiple stimuli. Moreover, the

knockout of IKK-b suppressed the activation of autophagy

by food deprivation or rapamycin injections in vivo, in

mice. Altogether, these results indicate that IKK has a

cardinal role in the stimulation of autophagy by physio-

logical and pharmacological stimuli.
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Introduction

In response to sub-lethal stress, cells mount responses that

allow them to repair damage and to adapt to the changing

environment. Such adaptive responses include immediate

cytoplasmic alterations that do not require transcriptional

reprogramming and that generate specific sub-cellular struc-

tures, such as stress granules (Anderson and Kedersha, 2008;

which allow cells to store and eliminate stalled translation

pre-initiation complexes) and autophagosomes (Klionsky,

2004; which allow cells to eliminate damaged organelles

and to mobilize energy reserves). Autophagosomes are dou-

ble-membraned vesicles that mediate the first step of macro-

autophagy (hitherto referred to as ‘autophagy’) by seques-

tering organelles, long-lived proteins and/or portions of the

cytoplasm. Autophagosomes mature by fusing with lyso-

somes (thereby becoming so-called ‘autolysosomes’), which

leads to the degradation of their luminal content (Klionsky,

2004; Levine and Kroemer, 2008). Although systematic stu-

dies of different manifestations of cytoplasmic stress re-

sponses are lacking, these may have common deno-

minators, such as the phosphorylation-dependent inactiva-

tion of the translation initiation factor eIF2a, an event that is

required for both the generation of stress granules and

autophagy (Kedersha et al, 2002; Talloczy et al, 2002).

Adaptation to stress frequently involves transcriptional

programs such as those orchestrated by p53 after DNA

damage (Riley et al, 2008), heat shock transcription factors

(HSFs) on heat shock (Anckar and Sistonen, 2007), hypoxia-

inducible factor 1 (HIF-1) in conditions of oxygen shortage

(Semenza, 2007), and NF-kB in response to a wide array of

stimuli (Baud and Karin, 2009). The NF-kB dimers are

normally sequestered in the cytoplasm through interaction

with inhibitory IkB proteins. Multiple external stimuli lead to

the phosphorylation of IkB, thereby targeting it to ubiquitina-

tion and consequent proteasome-mediated destruction. The

degradation of IkB enables NF-kB dimers to translocate to the

nucleus, where they transactivate several target genes, many

of which inhibit apoptosis, trigger cell cycle progression and

stimulate inflammation. The IkB kinase (IKK) complex is

composed by two highly homologous catalytic kinase

subunits (IKKa and IKKb) and a regulatory subunit (IKKg,

also termed NEMO; Hacker and Karin, 2006). The IKK

complex can be activated by upstream kinases that connect

it to signals that emanate from death receptors of the TNF

family, pattern-recognition receptors of the toll-like recep-

tor (TLR) family or DNA damage (Hacker and Karin, 2006;

Perkins, 2007; Baud and Karin, 2009; Vallabhapurapu and

Karin, 2009).

Controversial information is available on the crosstalk

between transcriptional and cytoplasmic responses to stress.

Hypoxia can induce autophagy through the HIF-1-mediated

transactivation of proteins such as BNIP3 (Zhang et al, 2008),

but may also act in an HIF-1- and BNIP3-independent manner

(Papandreou et al, 2008). p53 can elicit the transcription of
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autophagic inducers such as DRAM and SESN2 (Crighton

et al, 2006; Budanov and Karin, 2008), yet can repress

autophagy at the cytoplasmic level through a transcription-

independent mechanism (Tasdemir et al, 2008). The putative

links between autophagy and NF-kB, which is perhaps the

transcription factor most frequently activated by stress,

(Perkins, 2007; Baud and Karin, 2009; Vallabhapurapu and

Karin, 2009) are also a matter of debate. According to some

studies, NF-kB can induce autophagy by transactivating the

autophagy-triggering protein Beclin-1 (Copetti et al, 2009).

However, NF-kB has also been reported to inhibit autophagy,

for instance in the context of TNFa-induced cell death

(Djavaheri-Mergny et al, 2006) or in macrophages infected

by enterobacteria (Schlottmann et al, 2008). Insulin- or

TNFa-induced activation of IKKa or IKKb has been implicated

in the phosphorylation of tuberous sclerosis complex 1/2

(TSC1/2), resulting in activation of mTOR and inhibition of

autophagy (Lee et al, 2007; Dan and Baldwin, 2008).

Moreover, autophagy might itself contribute to the inhibition

of the NF-kB pathway. Thus, autophagy has been shown to

mediate the degradation of the three subunits (a, b and g) of

the IKK complex and of its upstream activator NF-kB-indu-

cing kinase (NIK; Qing et al, 2007). Moreover, autophagy

mediates the specific depletion of p62 (also known as seques-

tosome 1), which is involved in the activation of the IKK

complex (Martin et al, 2006; Duran et al, 2008).

On the basis of these uncertainties and the results from an

unbiased screen revealing IKK as a putative regulator of

autophagy (see below), we decided to investigate the possible

links between the NF-kB activation pathway and autophagy.

Here, we report the finding that IKK activation is sufficient

to promote autophagy though an NF-kB-independent

mechanism, and that IKK is required for optimal autophagy

induction.

Results and discussion

Autophagic stimuli can activate IKK without

stimulating NF-jB

Twenty among the 482 agents contained in the ICCB library

were able to reduce the starvation-induced redistribution of

the autophagosome marker GFP–LC3 into cytoplasmic punc-

ta (a macroautophagy-specific process that does not occur

during chaperone-mediated autophagy) by more than 65%,

in osteosarcoma U2OS cells (Figure 1A). Among these twenty

agents, three are known to inhibit IKK: BAY 11-7082 as a

direct kinase inhibitor, as well as geldanamycin and its

17-allylamino-derivative as inhibitors of HSP90, which is

obligatory for IKK activation (Broemer et al, 2004). Driven

by these results, we investigated the possible contribution of

IKK to autophagy. In response to the most physiological

inducer of autophagy, nutrient starvation (Mizushima and

Klionsky, 2007), human cervical carcinoma HeLa cells

exhibited the phosphorylation of IKKa/b on serines 177/181

and of IKKg/NEMO on serine 376 (Figure 1B). The same

occurred upon the induction of autophagy with the mTOR

inhibitor rapamycin (Figure 1C), the p53 inhibitor pifithrin-a
(Figure 1D), the ER stressor tunicamycin or the inositol

monophosphatase inhibitor lithium (data not shown).

Immunoprecipitated IKK complex exhibited an increased

capacity to phosphorylate a semi-synthetic IkBa-derived sub-

strate in vitro (Figure 1E–G). While the activation of auto-

phagy by starvation, rapamycin or pifithrin-a induced a

minor degree of phosphorylation of IkB (minor as compared

with the positive control, TNF-a), autophagy failed to stimu-

late a detectable reduction in the abundance of IkB or to

induce the nuclear translocation of NF-kB, as determined by

EMSA (Figure 1H–J), or immunofluorescence detection of the

NF-kB subunit p65/RelA (Supplementary Figure S1).

Accordingly, in HeLa cells, autophagy-inducing conditions

did not result in the transactivation of quintessential NF-kB

target genes, such as TNF-a, IL-6, IL-8 and CCL-2, which were

induced by the NF-kB activator TNF-a (Supplementary Figure

S2). In line with these observations, non-small cell lung

cancer (NSCLC) A549 cells failed to translocate a GFP–p65

fusion protein into the nucleus as they were exposed to

autophagic stimuli (Supplementary Figure S3). In these

cells, TNFa, which was used as a positive control for NF-kB

activation (Djavaheri-Mergny et al, 2006), induced GFP–p65

nuclear translocation (Supplementary Figure S3), but failed

to induce autophagy (data not shown). This suggests that

TNFa stimulates a yet elusive autophagy-inhibitory signal

(Djavaheri-Mergny et al, 2006). Finally, mouse embryonic

fibroblasts (MEFs) exposed to various autophagy inducers

manifested a minor activation of NF-kB (as compared with

that observed on the administration of TNFa), mainly

p65–p50 heterodimers, correlating with the degradation of

IkB (Supplementary Figure S4). Altogether, these results

indicate that autophagy induction correlates with IKK acti-

vation and IkB degradation but not necessarily with the

activation of NF-kB.

IKK stimulates autophagy in an NF-jB-independent

manner

Transfection with a constitutively active (CA) IKKb mutant

(due to two phosphomimetic point mutations of two serines

in the activation loop, S177E and S181E; Mercurio et al, 1997)

or with a NEMO variant (MN-NEMO) that constitutively

activates the IKK complex (due to the introduction of an

N-terminal myristoylation site that targets NEMO to the

plasma membrane; Weil et al, 2003) caused several manifes-

tations of autophagy. These included the aggregation of a

GFP–LC3 fusion protein into cytoplasmic dots (Figure 2A

and B), which correlates with LC3 lipidation (further corro-

borated by immunoblotting; Figure 2C), as well as the

degradation of the protein p62, which is a selective substrate

of autophagy (Klionsky et al, 2008; Figure 2A and C).

Blockade of the IKK enzymatic activity (with the chemical

inhibitor BAY11-7082) prevented autophagy induction by

both CA-IKKb and MN-NEMO (Figure 2B). Enhanced GFP–

LC3 aggregation in cytoplasmic dots was observed in HeLa

cells (Figure 2), as well as in six other human or murine cell

lines (data not shown) transfected with CA-IKKb or MN-

NEMO. Theoretically, the accumulation of autophagosomes

may reflect increased autophagic sequestration or decreased

removal of autophagosomes by fusion with lysosomes

(Klionsky et al, 2008; Levine and Kroemer, 2008). In condi-

tions in which the lysosomal inhibitor bafilomycin A1

(BafA1) efficiently inhibited the fusion of lysosomes and

autophagosomes (Supplementary Figure S5A and B), CA-

IKKb and MN-NEMO continued to increase the % of cells

characterized by GFP–LC3 aggregation (Supplementary

Figure S5C), indicating that IKK activation indeed stimulated

autophagic sequestration. Transmission electron microscopy
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(TEM) corroborated the presence of double-membraned auto-

phagosomes and single-membraned autolysosomes in HeLa

cells expressing CA-IKKb or MN-NEMO (Figure 2D and E).

The autophagy-inducing effects of CA-IKKb and MN-NEMO

were significantly stronger than those of their unmodified

counterparts, IKKb and NEMO, respectively (Figure 2B–F).

Constitutively active IKKb and MN-NEMO distributed dif-

fusely and to the plasma membrane, respectively, without

any prominent co-localization with GFP–LC3 puncta

(Supplementary Figure S6). Knockdown of essential proteins

of the autophagic machinery (i.e. Atg10, Atg12, Beclin-1 and

Vps34) abolished the increased GFP–LC3 aggregation trig-

gered by CA-IKKb or MN-NEMO (Figure 2F), confirming that

this phenomenon reflects bona fide autophagy.

Next, we investigated whether the induction of autophagy

by CA-IKKb or MN-NEMO would be influenced by co-trans-

fection with the IkB ‘superrepressor’ (IkSR) (DiDonato et al,

1995), a non-phosphorylatable IkB variant (due to the double

Figure 1 Impact of autophagy inducers on the NF-kB activation pathway. (A) Identification of IKK inhibitors as autophagy inhibitors in an
unbiased screen. Levels of autophagy inhibition of ICCB compounds on nutrient deprivation in U2OS cells stably expressing GFP–LC3 and
RFP–H2B were measured at 12 h after compound addition as described in Material and methods section (B–D). Effects of (B) starvation, (C)
rapamycin or (D) pifithrin-a on IkBa levels and the phosphorylation status of the IKK complex. HeLa cells were exposed to autophagy inducers
for the indicated time, followed by immunoblotting for the determination of the indicated proteins. The percentage values illustrate the fraction
of cells that manifested a punctuated distribution of GFP–LC3 (% GFP–LC3vac cells) after addition of the indicated agents, as assessed by
immunofluorescence microscopy. (E–G) Determination of the enzymatic activity of the IKK complex. HeLa cells treated as in (B–D) were
subjected to lysis and immunoprecipitation with an anti-NEMO antibody. Immunoprecipitates were tested for their capacity to phosphorylate
in vitro a semi-synthetic derivative of IkBa, GST–IkBa (1–54). Lysates from cells treated with TNFa for 15 min were used as positive controls for
IKK (and NF-kB activation). (H–J) NF-kB activation status. EMSA was used to determine the DNA-binding ability of NF-kB in cells treated as in
(B–D). Results are representative of three independent experiments.
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mutation S32A/S36A) that efficiently inhibits the IKK-in-

duced nuclear translocation of p65/RelA (Figure 3A and B).

IkSR failed to suppress autophagy induced by CA-IKKb or

MN-NEMO (Figure 3A, C, D and F). Accordingly, p65�/� NIH-

3T3 fibroblasts activated autophagy comparably to their

wild-type (WT) counterparts in response to multiple auto-

phagy inducers, including starvation (Figure 3E), chemical

stimuli (Supplementary Figure S7), CA-IKKb and MN-NEMO

A Criollo et al
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(Figure 3F). Furthermore, in NIH-3T3 cells, IkSR failed to

prevent the induction of autophagy by CA-IKKb or MN-NEMO

(Figure 3F). Collectively, these results indicate that IKK can

promote autophagy through a mechanism that does not

involve NF-kB.

IKK stimulates canonical autophagy

Starvation-induced autophagy is strictly connected to the

activation of AMP-activated kinase (AMPK) (Meley et al,

2006), the inhibition of mTOR (Mizushima and Klionsky,

2007), the degradation of cytoplasmic p53 (Tasdemir et al,

2008) and the dissociation of Beclin-1 from its inhibitory

interaction with Bcl-2 (Pattingre et al, 2005; Wei et al, 2008).

Induction of autophagy by starvation, as well as CA-IKKb or

MN-NEMO expression caused the hyperphosphorylation-de-

pendent activation of AMPK, hypophosphorylation of the

mTOR substrate p70S6K (which indicates mTOR inhibition),

the depletion of p53 protein, as well as a reduction in the

quantity of Beclin-1 that co-immunoprecipitated with Bcl-2

(Figure 4A and C). Autophagy induction by CA-IKKb or MN-

NEMO was prevented by the knockdown of the a-subunit of

AMPK, and could not be further enhanced by rapamycin

(Figure 4B), suggesting that IKK-stimulated autophagy is

indeed controlled by the canonical AMPK/mTOR pathway.

Both siRNA-mediated and pharmacological inhibition of

MDM2 (the ubiquitin transferase that targets p53 to degrada-

tion) suppressed IKK-induced autophagy and at the same

time prevented p53 degradation (Figure 4C), supporting the

idea that p53 depletion is required for IKK-induced autop-

hagy. To gain further insights into the mechanisms through

which IKK induces autophagy, we performed an unbiased

screen for serine/threonine kinase substrates that would be

phosphorylated by cytosolic extracts from cells transfected

with CA-IKKb and MN-NEMO (Figure 4D). We observed that

CA-IKKb, MN-NEMO and other autophagy inducers (i.e.

starvation, rapamycin and pifithrin-a) led to the generation

of an enzymatic activity that phosphorylated a synthetic

JNK1 substrate on serine/threonine residues (Figure 4D and

E). Accordingly, CA-IKKb- and MN-NEMO-transfected

cells manifested the activating phosphorylation of JNK1

(Figure 4F). Moreover, both siRNA-mediated and pharmaco-

logical inhibition of JNK1 suppressed the induction of autop-

hagy by CA-IKKb or MN-NEMO (Figure 4G and H).

Knockdown of the obligate JNK1 activators MKK4 and

MKK7 (Lawler et al, 1998) also abolished autophagy induc-

tion by CA-IKKb or MN-NEMO, whereas knockdown of c-Jun

had no effect (Figure 4H and Supplementary Figure S8).

Altogether, these results suggest that IKK alleviates the

inhibition of autophagy normally ensured by p53 and mTOR,

thereby promoting autophagy through AMPK and JNK1.

Contribution of endogenous IKK to autophagy

The aforementioned experiments indicate that constitutive

activation of IKK suffices, but not that IKK is required, for the

induction of autophagy. In MEFs, the knockout of the genes

coding for IKKa, IKKb, IKKg/NEMO or for their upstream

activator TAK1 (Hacker and Karin, 2006; Herrero-Martin et al,

2009) reduced (but did not abolish) autophagy induction by

nutrient depletion or by treatment with rapamycin, pifithrin-

a, lithium and tunicamycin (Figure 5A). Comparable results

were obtained in HeLa cells when the same proteins were

downregulated by specific siRNAs (Figure 5B). In these

conditions, the knockout or knockdown of p65/RelA did

not affect the autophagic response (Figure 5A and B). In

MEFs, the absence of IKK subunits or that of autophagy-

related proteins did not result into a major induction of cell

death 24 h after the activation of autophagy by starvation,

rapamycin, pifithrin-a, lithium and tunicamycin (Supple-

mentary Figure S9A). However, genetic manipulations of

the IKK complex as well as of the autophagic machinery

(alone and in combination) sensitized MEFs to the lethal

effect of prolonged (48 h) metabolic stress resulting from

glucose deprivation and hypoxia (Figure 5C and D). These

results indicate that the IKK complex subunits are required

for optimal autophagy induction, at least in vitro, in cell lines.

To evaluate the contribution of the IKK complex to autop-

hagy in vivo, we investigated the liver-specific conditional

knockout of the gene coding for IKKb (mediated by the Cre

recombinase expressed under the control of the albumin

promoter; Arkan et al, 2005). In response to the intraperito-

neal injection of rapamycin or to 24 h of food deprivation,

hepatocytes from control (IKKbþ /þ : CreAlb) mice manifested

the aggregation of LC3 in cytoplasmic dots, as determined by

immunohistochemistry (Figure 6A–C). In contrast, livers

from IKKbDhep (IKKbflox/flox: CreAlb) mice exhibited a strong

reduction in rapamycin or starvation-induced LC3 aggrega-

tion (Figure 6A–C). Similar results were observed when

autophagy was monitored by TEM (accumulation of autop-

hagosomes and autolysosomes; Figure 6B) and by immuno-

blotting (LC3 maturation; Figure 6D). This autophagy-

inhibitory effect was specific, as it could be detected in the

liver from IKKbDhep mice, but not in other organs (which

express normal levels of IKKb; Figure 6C, Supplementary

Figures S10 and S11). Starvation led to massive autophagy

induction in both the liver and spleen from control mice, but

caused nuclear p65/RelA translocation only in hepatocytes

Figure 2 Activation of autophagy by IKK. (A, B) Induction of GFP–LC3 aggregation by CA-IKKb or MN-NEMO. Human cervical carcinoma
HeLa cells were co-transfected for 12 h with a GFP–LC3-encoding plasmid plus the pcDNA3.1 vector or constructs for the overexpression of
wild type (WT) IKKb, CA-IKKb, WT NEMO or MN-NEMO, followed by immunofluorescence microscopy assessments of p62 expression. When
indicated, the IKK inhibitor BAY11-7082 was added during the last 6 h of the experiment. In (A), representative immunofluorescence
microphotographs are shown. The percentage of cells with GFP–LC3 puncta (% GFP–LC3vac cells) is reported in (B) (mean±s.e.m., n¼ 3,
*Po0.05). (C) Maturation of LC3 and depletion of p62 determined by immunoblotting. HeLa cells were transfected with the pcDNA3.1 vector
or with IKKb-, CA-IKKb-, NEMO- or MN-NEMO-encoding plasmids (with a transfection efficiency of B70%) for 12 h, then processed for
immunoblotting as described in Materials and methods section. (D, E) Transmission electron microscopy detection of autophagic vacuoles.
HeLa cells were transfected as in (C) and then processed for transmission electron microscopy. Representative images are shown in (D) and the
number of autophagosomes (white columns) and autophagolysosomes (black columns) per cell (mean±s.e.m., n¼ 30–40 cells, *Po0.05) is
depicted in (E). (F) Requirement of autophagy-relevant proteins for GFP–LC3 aggregation induced by CA-IKKb or MN-NEMO. HeLa cells were
transfected with a control siRNA (Co.) or with siRNAs targeting the indicated autophagy-relevant proteins for 24 h, and then with a GFP–LC3-
endoding plasmid plus the indicated IKK-relevant constructs for additional 12 h, followed by immunofluorescence microscopy to quantify the
percentage of cells exhibiting GFP–LC3 aggregation (% GFP–LC3vac cells, mean±s.e.m., n¼ 3, *Po0.05).
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(Supplementary Figure S12), underscoring the absence of a

strict correlation between autophagy induction and NF-kB

activation in vivo. Notably, IKKbDhep mice demonstrated a

liver-specific defect in the starvation-induced depletion of

p53 (Figure 6D), hypophosphorylation of p70S6K and hyper-

phosphorylation of AMPK and JNK1 (Figure 6E), supporting

an intimate link between IKK and other regulators of auto-

phagy. In conditions of starvation, we failed to detect a

significant decrease in circulating glucose level in the context

of the liver-specific autophagy defect (data not shown),

similarly because other organs compensate this defect at

the whole-body level.

Figure 3 Autophagy induction by IKK can be uncoupled from NF-kB activation. (A–C) Effects of IkSR on NF-kB activation and autophagy
induction by IKK, as determined by immunofluorescence microscopy. Cells were transfected simultaneously with a construct for the expression
of GFP–LC3 plus the pcDNA3.1 vector or wild type (WT) IKKb-, CA-IKKb-, WT NEMO- or MN-NEMO-encoding plasmids alone or in
combination with a plasmid that encodes IkSR, followed by immunofluorescence staining for the detection of p65. Representative
microphotographs are shown in (A), whereas the percentage of transfected cells showing nuclear p65 translocation (% p65nuc cells) or
cytoplasmic GFP–LC3 aggregation (% GFP-LC3vac cells) are shown in (B, C), respectively (mean±s.e.m., n¼ 3, *Po0.05). (D) Effects of the
IkB ‘superrepressor’ (IkSR) on NF-kB activation and autophagy induction by IKK, as assessed by immunoblotting. HeLa cells were transfected
with the pcDNA3.1 vector or with WT IKKb-, CA-IKKb-, WT NEMO- or MN-NEMO-encoding plasmids alone or in association with a construct
for the expression of IkSR for 18 h, followed by lysis and processing for immunoblotting determinations. The maturation of LC3 was assessed in
whole-cell extracts. Alternatively, lysates were subjected to subcellular fractionation to evaluate the presence of p65/RelA in the cytoplasm
versus the nucleus, using GAPDH and TFIIA-a to control equal loading of cytoplasmic and nuclear fractions, respectively. (E, F) Knockout of
p65/RelA fails to affect autophagy. WT and p65�/� murine NIH-3T3 fibroblasts were exposed to starvation conditions for the indicated time,
followed by immunoblotting assessment of LC3 maturation (E). Alternatively, cells were co-transfected with a GFP–LC3-encoding construct
plus the pcDNA3.1 vector or the indicated IKK-relevant plasmids for 18 h, followed by immunofluorescence microscopy for the quantification
of GFP–LC3vac cells (mean±s.e.m., n¼ 3, *Po0.05) (F).
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Concluding remarks

In this report, we show that IKK effectively triggers autop-

hagy and that optimal induction of autophagy by multiple

stimuli requires IKK activation. However, the induction of

autophagy did not correlate with NF-kB activation, and

inhibition of NF-kB failed to prevent IKK-induced autophagy.

By virtue of its kinase activity, IKK has multiple NF-kB-

independent signalling functions (Hacker and Karin, 2006;

Descargues et al, 2008), and autophagy apparently falls into

the category of IKK-elicited responses that do not require

NF-kB. At present, it is an open conundrum how IKK can be

activated without leading to IkB degradation and hence

NF-kB activation, as we have observed at least in some cell

types (such as HeLa cells, Figure 1; and mouse splenocytes,

Figure 5). As a speculative possibility, in such cells the

level of IKK activation by autophagy inducers would be too

low to lead to significant IkB phosphorylation and degrada-

tion, yet sufficiently high to participate in the induction of

autophagy.

IkB kinase promotes autophagy through a canonical path-

way involving p53 depletion, mTOR inhibition, AMPK and

JNK1 activation, and release of the pro-autophagic protein

Beclin-1 from its inhibitory interaction with Bcl-2. Several

processes among these have been connected to each other in

the past. Although AMPK might be a target of TAK1 (Herrero-

Martin et al, 2009), there are no indications that AMPK would

be a target of IKK. The NF-kB activation pathway and p53 are

acting in multiple antagonistic pathways (Stoffel et al, 2004;

Huang et al, 2007), and IKKb can phosphorylate and

destabilize p53 (Tergaonkar et al, 2002; Xia et al, 2009).

Pharmacological inhibition of p53 with pifithrin-a (as well

as the knockout of the tp53 gene) reportedly suffices to

activate IKK (Kawauchi et al, 2008), and activation of IKK

can cause p53 depletion, as shown here, suggesting the

existence of a self-amplifying regulatory circuit that may

constitute a ‘switch’ for the rapid induction of autophagy in

an all-or-nothing (rather than gradual) manner. Indeed, bio-

logical switches often involve such positive feed forward

loops (Tapscott, 2005). AMPK is a negative regulator of

mTOR (Sarbassov et al, 2005). Importantly, the inhibition

of mTOR with rapamycin caused IKK activation, which in

turn stimulated AMPK and inhibited mTOR, suggesting the

existence of yet another self-amplifying circuit. Finally, JNK1

can phosphorylate the flexible loop of Bcl-2, thereby reducing

its interaction with Beclin-1 and setting off the autophagic

cascade (Wei et al, 2008). However, the mechanisms through

which IKK activation favours that of JNK1 have not yet been

elucidated, and several studies revealed that NF-kB (down-

stream of IKK) would actually inhibit JNK1 activation (Papa

et al, 2006; Perkins, 2007).

Autophagy is a potent tumour-suppressive mechanism,

presumably due to its essential contribution to the mainte-

nance of genomic stability (Mathew et al, 2007), the avoid-

ance of excessive ROS generation (Mathew et al, 2009) and its

participation in cellular senescence (Young et al, 2009), which

constitutes a barrier against oncogenesis. Accordingly,

multiple genes that are required for the induction/execution

of autophagy are potent tumour suppressors, including

PTEN, TSC1, TSC2, LKB1, ATG4, Beclin-1, UVRAG, and

BH3-only proteins of the Bcl-2 family (Maiuri et al, 2009).

Here, we revealed the importance of the three components of

the IKK complex for the autophagic process. Intriguingly,

each of these IKK subunits has been shown to act as a

tumour suppressor, in specific circumstances. The liver-

specific knockout of NEMO causes hepatic carcinogene-

sis that is preceded by a type of hepatocellular steatosis

(Luedde et al, 2007) that is reminiscent of that observed in

Beclin-1þ /� livers (Qu et al, 2003; Mathew et al, 2009). The

liver-specific knockout of IKKb enhances mutagen-induced

hepatocarcinogenesis, in a process that is linked to inflam-

matory responses (Sakurai et al, 2006). Finally, the kerati-

nocyte-specific knockout of IKKa facilitates the induction of

squamous tumours in mice (Park et al, 2007), and inactivat-

ing IKKa mutations are frequently found in human skin

cancers (Liu et al, 2006). Whether the tumour-suppressive

function of IKK subunits can be explained by their contri-

bution to autophagy remains an intriguing possibility for

further investigation.

Materials and methods

Cell lines and culture conditions
Unless otherwise indicated, media and supplements for cell culture
were purchased from Gibco-Invitrogen (Carlsbad, USA). All cell
lines were cultured at 371C under 5% CO2, in medium containing
10% fetal calf serum (FCS) and 10 mM HEPES buffer. In addition,
cell type-specific culture conditions include: Dulbecco’s modified
Eagle’s medium (DMEM)þ 1 mM sodium pyruvate for cervical
carcinoma HeLa and osteosarcoma U2OS cells; DMEM/F12
mediumþ 100 U/ml penicillin G sodium and 100mg/ml streptomy-
cin sulfate for NSCLC A549 cells; DMEMþ 1% non-essential amino
acids (Sigma-Aldrich, St. Louis, USA) for WT, map3k7�/� (kind gift
from S Akira, Osaka University), chuk�/�, ikbkb�/�, ikbkg�/� and
rela�/� MEFs; DMEM for WT and rela�/� NIH-3T3 murine
fibroblasts. For serum and amino-acid starvation, cells were
cultured in serum-free Earle’s Balanced Salt Solution (EBSS)
medium (Sigma-Aldrich; Gonzalez-Polo et al, 2005). Metabolic
stress was inflicted by culturing the cells for 48 h in EBSS medium
under near-to-anoxic conditions (371C, 0.1% oxygen, 5% CO2).

Treatments and transfections
Cells were seeded in 6-, 12- or 24-well plates and allowed to attach
for 12–24 h before the experiments. Cells were challenged for 0.5–
12 h with the following pharmacological agents: 1 nM bafilomycin
A1 (Sigma-Aldrich); 1mM BAY11-7082 (BioMol, BioMol Research
Laboratories, Plymouth Meeting, USA); 1 mM JNK inhibitor I
(Calbiochem, San Diego, USA); 10 mM lithium chloride (Sigma-
Aldrich); 10mM nutlin-3 (Alexis Biochemicals, San Diego, USA);
30mM pifithrin-a (Calbiochem); 1 mM rapamycin (Tocris Bioscience,
Ellisville, USA); 10 mM RITA (Alexis Biochemicals); 10mM SP600125
(Calbiochem); 1 ng/ml TNF-a (from Sigma-Aldrich); and 2.5mM
tunicamycin (Calbiochem). The siRNA transfection was performed
using Oligofectamines (Invitrogen), according to the manufac-
turer’s instructions. Custom-designed siRNA duplexes targeting the
following proteins were purchased from Sigma-Proligo: AMPKa
(sense 50-UGCCUACCAUCUCAUAAUAdTdT-30); Beclin-1 (sense 50-
dTdT-30; Gonzalez-Polo et al, 2005), IKKa (sense 50-CAAAGAAGCU
GACAAUACUdTdT-30); IKKb (sense 50-GGAAGUACCUGAACCAGU
UAdTdT-30); MDM2 (sense 50-AAGGAAUAAGCCCUGCCCAdTdT-30);
NEMO (sense 50-AACAGGAGGUGAUCGAUAAdTdT-30); p65/RelA
(sense 50-GGAUUGAGGAGAAACGUAA-30); JNK1-1 (sense 50-GGAA
AGAAUUGAUAUAUAAdTdT-30); c-Jun (sense 50-GAACGUGACAGAU
GAGCAGdTdT-30); MKK4 (sense 50-GGACGAGGAGCUUAUGGUUdT
dT-30); and MKK7 (sense 50-AGAUGACAGUGGCGAUUGUdTdT-30).
The JNK1-2 siRNA was purchased from Santa Cruz Biotechnology
(Santa Cruz, USA). An irrelevant siRNA duplex (sense 50-GC
CGGUAUGCCGGUUAAGUdTdT-30) was used as a negative control.
Plasmid transfection was carried out using Lipofectamine 2000s

(Invitrogen), as recommended by the manufacturer. A plasmid
encoding for the fusion protein GFP–LC3 (Kabeya et al, 2000) was
co-transfected with the empty vector pcDNA3.1 (Invitrogen) or with
plasmids overexpressing WT IKKb, WT NEMO, dominant active
IKKb (CA-IKKb; Mercurio et al, 1997) or a NEMO variant that
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constitutively activates the IKK complex (MN-NEMO; Weil et al,
2003). Unless otherwise specified, cells were used 24 h after
transfection.

Automated high content microscopy
A total of 10�103 U2OS cells stably co-expressing a green
fluorescent protein (GFP)-LC3 chimera and histone 2B fused to
red fluorescent protein (H2B-RFP) were seeded in 96-well imaging
plates (BD Falcon, Sparks, USA) 24 h before treatment. The cells
were washed with starvation medium and subsequently treated
with the agents from the Institute of Chemistry and Cell Biology
(ICCB, Harvard, USA) Known Bioactives Library (concentration
range: 1–12 mM) re-suspended in starvation medium. At 12 h post-
treatment, the cells were fixed with 4% paraformaldehyde (Sigma).
Images were acquired using a BD pathway 855 automated

microscope (BD Imaging Systems, San José, USA) equipped with
a robotized Twister II plate handler (Caliper Life Sciences,
Hopkinton, USA) using a � 20 objective (Olympus, Center Valley,
USA) and further analysed with BD Attovision software (BD
Imaging Systems) for H2B–RFP-labelled nuclei and GFP–LC3
puncta in the cytoplasm. Doublets of images of approximately
250 cells for each compound treatment were analysed to obtain the
cell number and the average cytosolic fluorescent spot number.
The background levels of autophagy (in complete medium) was
subtracted, and the effects of pharmacological inhibitors were
calculated as percent inhibition of autophagy.

Cytofluorometry
The following fluorochromes were used to determine apoptosis-
associated modifications: 3,30-dihexyloxacarbocyanine iodide
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(DiOC6(3), 40 nM; Molecular Probes-Invitrogen) for the quantifica-
tion of the mitochondrial transmembrane potential (DCm), and
propidium iodide (PI, 1mg/ml; Molecular Probes-Invitrogen) to
determine cell viability (Gonzalez-Polo et al, 2005). On trypsiniza-
tion, live cells were stained for 30 min at 371C, followed by
cytofluorometric analysis using a FACS Vantage (Becton Dickinson,
San José, USA).

Immunoblotting and immunoprecipitation
For immunoblotting assessments, cells were washed with cold PBS
at 41C and lysed as previously described (Criollo et al, 2007). Fifty
mg of proteins were separated according to molecular weight on
4–12% SDS–PAGE pre-cast gels (Invitrogen) and electrotransferred
to Immobilon membranes (Millipore, Bedford, USA). Unspecific
binding sites were blocked by incubating the membranes for 1 h in
0.05% Tween 20 (in TBS) supplemented with 5% w/v non-fat
powdered milk. Primary antibodies specific for the following
phospho- (P-) or total proteins were used: P-AMPK (Cell Signaling
Technology, Beverly, USA); AMPKa (Cell Signaling Technology);
Beclin-1 (Santa Cruz Biotechnology); Bcl-2 (Santa Cruz Biotechno-
logy); c-Jun (Cell Signaling Technology); P-IkBa (Cell Signaling
Technology); P-IKKa/b (Cell Signaling Technology); IKKa/b (Cell
Signaling Technology); P-NEMO (Calbiochem); NEMO (Santa Cruz
Biotechnology); LC3 (Cell Signaling Technology); P-mTOR (Cell
Signaling Technology); MKK4 (Cell Signaling Technology), MKK7
(Cell Signaling Technology); mTOR (Santa Cruz Biotechnology);
p53 (Santa Cruz Biotechnology); p62 (Santa Cruz Biotechnology);
P-p70S6K (Cell Signaling Technology); p70S6K (Cell Signaling
Technology); or TFIIAa (Santa Cruz Biotechnology). On overnight
incubation at 41C, primary antibodies were detected with the
appropriate horseradish peroxidase-labelled secondary anti-
bodies (Southern Biotechnologies Associates; Birmingham; UK)
and the SuperSignal West Pico chemoluminescent substrate
(Thermo Fisher Scientific, Rockford, USA). Primary antibodies that
specifically recognize b-actin (Millipore) or GAPDH (Millipore)
were used to ensure equal lane loading. For immunoprecipitation,
7�106 cells were lysed as previously described (Criollo et al, 2007),
and 300mg of proteins were pre-cleared for 1 h with 30ml of Pure
Proteome Protein G Magnetic Beads (Millipore), followed by
incubation for 2 h in the presence of an anti-Bcl-2 antibody (Santa
Cruz Biotechnology) or IgG control. Subsequent immunoblotting
was carried out using TrueBlot-HRP (eBioscience, San Diego, USA)
secondary antibodies.

Electrophoretic mobility shift assays (EMSA)
Nuclear extracts were prepared and analysed for DNA-binding
activity using the HIV-LTR tandem kB oligonucleotide as a probe for
NF-kB (Jacque et al, 2005). For supershift assays, nuclear extracts

were pre-incubated with antibodies specific for p50/NFkB1 (Cell
Signaling Technology); p52 (Cell Signaling Technology); p65/RelA
(BD Bioscience); RelB (Cell Signaling Technology) or cRel (Santa
Cruz Biotechnology) for 30 min on ice before the addition of the
labelled probe.

IKK complex kinase assays
IkB kinase complexes were isolated from cell lysates by immuno-
precipitation with an anti-NEMO antibody (BD Bioscience), and
the associated kinase activity was determined with 2 mg of the
semi-synthetic IkBa-derived IKK substrate GST–IkBa (1–54), as
previously described (Hu et al, 1999). The amount of IKKb was
determined by immunoblotting.

Kinome analyses
Cells were collected, washed in cold PBS, re-suspended in 200ml
lysis buffer, gently homogenized and kept in ice bath for 10 min.
Thereafter, lysates were centrifuged at 10 000 r.p.m. (41C, 20 min) to
remove debris, and protein concentration in the supernatants was
determined by means of the DC protein assay (BioRad Laboratories,
Hercules, USA). A total of 200mg of proteins was then incubated for
30 min at room temperature (RT) on top of Intavis CelluSpots

Serine/Threonine-kinase substrate microarrays, in kinase buffer
(Cell Signaling Technology) supplemented with 1% bovine serum
albumin (BSA). On washing, microarrays were incubated for 45 min
with a cocktail of two biotin-conjugated antibodies that specifically
recognize serine and threonine phosphoresidues (Sigma-Adrich).
Finally, arrays were incubated with AlexaFluors 647–streptavidin
conjugates (Molecular Probes-Invitrogen) for 45 min before fluor-
escence measurement using a GenePixs 4000B microarray scanner
(Molecular Devices, Sunnyvale, USA).

Animal and tissue processing
All animals were bred and maintained according to both the
FELASA and the Animal Experimental Ethics Committee Guidelines
(Val de Marne, France). C57BL/6 mice were obtained from Charles
River Laboratory, France, and ALB Cre IKK F/F mice (UCSD Docket
No. SD2004-120; Oakland, California) were provided by Urszula
Hibner and Michael Karin. Mice were housed in a temperature-
controlled environment with 12 h light/dark cycles and received
food and water ad libitum. For starvation studies, mice were
deprived of food for 24 h but had free access to drinking water.
Alternatively, mice were injected i.p. with 5 mg/kg rapamycin 24 h
before killing. Mice were anesthetized and killed according to the
FELASA guidelines. The liver, pancreas, heart, spleen and kidneys
were collected and fixed with 4% paraformaldehyde for at least 4 h,
followed by overnight treatment with 30% saccharose in PBS, at
41C. Tissue biopsies were finally embedded in Tissue-Tek OCT

Figure 4 Implication of AMPK, mTOR, p53 and JNK1 in autophagy induction by IKK activation. (A) Activation of AMPK, inhibition of mTOR
and dissociation of the Beclin-1–Bcl-2 complex in response to IKK activation. HeLa cells were subjected to starvation conditions for 1 h or
transfected with the pcDNA3.1 vector or wild type (WT) IKKb-, CA-IKKb-, WT NEMO- or MN-NEMO-encoding plasmids for 18 h, followed by
immunoblotting detection of the indicated proteins. Alternatively, lysates were immunoprecipitated with a Beclin-1-specific antibody and then
subjected to immunoblotting detection of Beclin-1 or Bcl-2. (B) Involvement of AMPK and mTOR in IKK-induced autophagy. Before transfection
with a GFP–LC3-encoding construct plus the indicated plasmids for 12 h, HeLa cells were transfected for 48 h with a control siRNA (Co.) or an
AMPKa-specific siRNA. Alternatively, 12 h after plasmid transfection alone, cells were treated with rapamycin or with an equivalent volume of
DMSO (solvent control) for 6 h. Columns depict the percentage of cells exhibiting GFP–LC3 aggregation (% GFP–LC3vac cells, mean±s.e.m.,
n¼ 3, *Po0.05). (C) Involvement of p53 degradation in IKK-induced autophagy. MEFs were transfected with a control (Co.) or an MDM2-
specific siRNA for 24 h, then transfected again with a plasmid encoding GFP–LC3 construct plus the indicated constructs for 6 h. As an
alternative, 6 h after plasmid transfection alone cells were treated with Nutlin-3 or RITA for additional 12 h. Finally, cells were subjected to
immunofluorescence microscopy for the quantification of GFP–LC3 aggregation. Columns report the % of GFP–LC3vac cells (mean±s.e.m.,
n¼ 3, *Po0.05). (D, E) Kinome analysis for the detection of serine/threonine kinase substrates phosphorylation triggered by autophagic
stimuli. CelluSpot serine/threonine-kinase substrate microarrays were incubated for with extracts from cells that were transfected with the
pcDNA3.1 vector or with CA-IKKb- or MN-NEMO-encoding plasmids for 18 h. As an alternative, extracts were obtained from cells subjected to
starvation conditions or treated with rapamycin or pifithrin-a for 2 h. Phosphorylation was revealed by means of fluorescence-labelled anti-
phosphoserine/threonine antibodies. The dotted line in (D) highlights the position of a synthetic JNK1 substrate which is phosphorylated by
extracts from cells undergoing autophagy. Panel (E) depicts the fold-induction of this signal (mean±s.e.m., n¼ 2, *Po0.05). (F) CA-IKKb and
MN-NEMO induce JNK1 phosphorylation. Extracts from HeLa cells transfected or treated as in (A) were subjected to immunoblotting detection
of phosphorylated (P-) and total JNK1. GAPDH levels were monitored to ensure equal loading. (G, H) Effect of JNK1 depletion/inhibition on
IKK-induced autophagy. Cells were transfected with a control (Co.) or a JNK1-specific siRNA for 24 h, followed by transfection with the
indicated constructs for additional 12 h and immunoblotting assessment of the maturation of LC3 and of the depletion of p62 (G). Cells were
left untreated or transfected with the indicated siRNAs for 24 h, followed by further transfection with a construct encoding GFP–LC3 plus the
indicated plasmids for 12 h. Alternatively, cell were pre-treated for 30 min with the indicated JNK1 inhibitors (or with an equal volume of
DMSO) and then co-transfected with a GFP–LC3-encoding construct plus the indicated plasmids for additional 12 h (H). Columns depict the %
of GFP–LC3vac cells (mean±s.e.m., n¼ 3, *Po0.05).
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compound (Sakura Finetek Europe B.V., Zoeterwoude, The Nether-
lands) and stored at �201C.

Confocal microscopy of tissue sections
To examine LC3 distribution, 10mm-thick cryosections were
rinsed with PBS, permeabilized for 10 min with 0.3% Triton-X 100,

saturated for 30 min with 5% BSA and incubated overnight with a
primary anti-APG8b antibody (Abgent, San Diego, USA). Sections
were then rinsed with PBS, incubated for 1 h at RT with an
AlexaFluors 488-conjugated secondary antibody (Molecular
Probes-Invitrogen), post-fixed twice for 10 min with 4% parafor-
maldehyde (w/v in PBS), stained for 15 min with 10 mg/ml Hoechst
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Figure 5 Implication and functional impact of the IKK complex in the induction of autophagy in vitro. (A, B) Contribution of IKK subunits to
autophagy in cultured cells. MEFs with the indicated genotype were transfected for 12 h with a GFP–LC3-encoding plasmid, cultured for 4 h in
the presence of the indicated autophagy inducers, and eventually analysed by immunofluorescence microscopy for GFP–LC3 puncta. (B)
Alternatively, HeLa cells were transfected with a control siRNA (Co.) or with siRNAs targeting the indicated proteins for 24 h, followed by
transfection with the GFP–LC3-encoding plasmid, autophagy induction and immunofluorescence microscopy as in (A). In (A, B), columns
depict the percentage of cells exhibiting GFP–LC3 in cytoplasmic dots (% GFP–LC3vac cells, mean±s.e.m., n¼ 3, *Po0.05), whereas inserts
illustrate the efficacy of knockout or knockdown, as assessed by immunoblotting. (C, D) Impact of IKK constituents and autophagy-relevant
proteins on cell viability in conditions of autophagy induction and metabolic stress. (C) MEFs of the indicated genotype were transfected for
24 h with a control siRNA (Co.) or with siRNAs targeting the indicated autophagy-relevant proteins, then subjected to metabolic stress (glucose
deprivation, 0.1% oxygen) for 48 h and stained for cytofluorometric determination of apoptosis-associated parameters. Black and white or grey
columns illustrate the percentage of cells (mean±s.e.m., n¼ 3, *Po0.05) characterized by plasma membrane breakdown (PIþ ) or loss of DCm

(DiOC6(3)low/PI�), respectively. (D) MEFs characterized by the indicated genetic deficiency were subjected to metabolic stress and plated to
determine clonogenic survival. Column depict mean clonogenic survival±s.e.m. (n¼ 3, *Po0.05).

Figure 6 Implication of the IKK complex in the induction of autophagy in vivo. (A–D) Mice with the indicated genotype were subjected to food
deprivation for 24h or injected i.p. with rapamycin, followed by necropsy. Livers (A, C) and other organs (C) were subjected to the immunohisto-
chemical detection of LC3 dots in the cytoplasm of parenchymatous cells. Columns illustrate the number of LC3 dots per mm2 (mean±s.e.m., n¼ 3,
*Po0.05) (C). Alternatively, tissue sections were analysed by transmission electron microscopy for the detection of autophagosomes and
autolysosomes (B), and parenchimal cells were processed for the detection of LC3 maturation, p53 and IKKb (D). (E) Blockade of upstream
autophagic signals in IKKb-deficient hepatocytes. Livers and spleens from control or IKKbDhep mice that had been housed or not in starvation conditions
for 24h were processed for the immunoblotting assessment of the indicated proteins. Results are representative of three independent determinations.
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33342, post-fixed once more with the same fixative and finally
mounted. Immunofluorescence images were taken with a TCS SPE
confocal microscope (Leica Microsystems, Weitzler, USA) and
analysed with the Leica Suite Advanced Fluorescence software.

Light and immunofluorescence microscopy
Cells were processed for immunofluorescence staining according to
established protocols (Criollo et al, 2007). Fixed and permeabilized
cells were then stained with primary antibodies that recognize
Lamp2 (Santa Cruz Biotechnology), p62 (Santa Cruz Biotechno-
logy) or p65 (Santa Cruz Biotechnology), which were revealed with
the appropriate AlexaFluors conjugates (Molecular Probes). Nuclei
were counterstained with 10 mg/ml Hoechst 33342 (Molecular
Probes-Invitrogen). Fluorescence and confocal fluorescence micro-
scopy assessments were performed using an IRE2 microscope
(Leica Microsystems) equipped with a DC300F camera and with an
LSM 510 microscope (Carl Zeiss, Jena, Germany), respectively. To
determine the percentage of co-localization, Image J software
was used.

Electron microscopy
Cells were fixed for 1 h at 41C in 1.6% glutaraldehyde in 0.1 M
Sörensen phosphate buffer (pH 7.3), washed, fixed again in
aqueous 2% osmium tetroxide, stained in 2% uranyl acetate in
30% methanol and finally embedded in Epon. Electron microscopy
was performed with a Tecnai G2 Spirit electron microscope (FEI,
Eindhoven, The Netherlands), at 80 kV, on ultrathin sections
(80 nm) stained with lead citrate and uranyl acetate.

Statistical procedures
Unless otherwise indicated, experiments were performed in
triplicate and repeated at least twice. Figures show the results

from one representative experiment (mean±s.e.m., n¼ 3 parallel
samples). Data were analysed using Microsoft Excel (Microsoft,
Redmond, USA) and statistical significance was assessed by means
of two-tailed Student’s t-test (*Po0.05).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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