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Recently, autophagy has emerged as a critical process in the control of T-cell homeostasis. Given the pivotal
role of NF-�B in the signaling events of T cells, we have analyzed and unveiled a conserved NF-�B binding site
in the promoter of the murine and human BECN1 autophagic gene (Atg6). Accordingly, we demonstrate that
the NF-�B family member p65/RelA upregulates BECN1 mRNA and protein levels in different cellular systems.
Moreover, p65-mediated upregulation of BECN1 is coupled to increased autophagy. The newly identified �B
site in the BECN1 promoter specifically interacts with p65 both in vitro and in living Jurkat cells upon phorbol
myristate acetate (PMA)-ionomycin stimulation, where p65 induction is coupled to BECN1 upregulation and
autophagy induction. Finally, anti-CD3- and PMA-ionomycin-mediated activation of T-cell receptor signaling
in peripheral T cells from lymph nodes of healthy mice results in an upregulation of BECN1 expression that
can be blocked by the NF-�B inhibitor BAY 11-7082. Altogether, these data suggest that autophagy could
represent a novel route modulated by p65 to regulate cell survival and control T-cell homeostasis.

Normal cellular development and growth depend on a finely
tuned balance between protein synthesis and degradation. Eu-
karyotic cells exploit two major routes for protein degradation:
autophagy and the ubiquitin-proteasome system. Autophagy is
a highly conserved catabolic process whereby long-lived pro-
teins and organelles are engulfed in double-membrane struc-
tures called autophagosomes and targeted to the lysosome for
degradation and ATP production (33). Autophagy was first
characterized in yeast as a process used by cells to survive
metabolic stress (59). Many of the autophagic executor genes
(ATGs) have been discovered in yeast, and recently a number
of mammalian orthologues have been identified. At the mo-
lecular level, the autophagic pathway is well conserved and
requires several proteins acting in concert at different stages
for proper autophagosome formation. During the first steps of
autophagosome formation, BECN1/Atg6 acts in association
with PI3KIII/Vps34 as a platform that recruits activators and
inhibitors of autophagy in order to finely regulate autophago-
some formation (43). Two ubiquitin-like systems are funda-
mental for autophagosome enlargement and maturation down-
stream of BECN1. A first ubiquitin-like system is required for
the formation of the Atg5-Atg12 complex, which contributes to
autophagosomal membrane elongation (30, 39). The second
ubiquitin-like system conjugates LC3 protein to phospho-
ethanolamine, allowing its incorporation into the autophagoso-
mal membrane and subsequent autophagosome formation
(56).

In mammalian cells, metabolic stress and genotoxic stimuli,
including ceramide and tamoxifen treatment, have been shown

to trigger both apoptotic cell death and autophagy (51). A
number of emerging pieces of evidence point to a prosurvival
role for autophagy. Inactivation of the essential autophagy
gene BECN1 results in apoptotic cell death in different models
(8, 11, 55). Autophagy has been shown to represent a tempo-
rary survival pathway that counteracts metabolic stress in tu-
mors with defective apoptosis, and it is required for the main-
tenance of energy homeostasis in healthy cells during postnatal
starvation (29). Intriguingly, impairment of apoptosis often
leads to autophagy-dependent survival of cells subjected to
metabolic stress, suggesting that tumor cells, at least in some
instances, could avoid cell death through autophagy (12, 37).
Other pieces of evidence, on the other hand, indicate that
autophagy could represent a tumor suppressor pathway; in-
deed, heterozygous disruption of the BECN1 gene in mice
results in enhanced tumor formation (48). Accordingly,
BECN1 is monoallelically deleted in many human breast,
prostate, and ovarian cancers (1). Moreover, when allowed
to reach completion, autophagy can ultimately result in cell
death (type II programmed cell death) (34), suggesting that
autophagy activation may lead to different outcomes, de-
pending on the cell genetic background and the stimulus
used.

Concerning the transcriptional regulation of autophagy, a
complex picture has recently emerged. Several reports indi-
cate that different transcription factors can regulate the
expression of ATGs in a cell context- and stimulus-specific
manner. FoxO3 has been shown to directly regulate the
expression of Gabarapl1, LC3b, and Atg12l in myotubes (66).
Other findings have confirmed the ability of HIF-1� to either
indirectly regulate both BECN1/Atg6 and Atg5 (4, 64) or di-
rectly bind the BNIP3 promoter (58). Interestingly, a most
recent work showed that E2F1 binds the Atg1/ULK1, MAPLC3,
and DRAM1 promoters, increasing their expression and regu-
lating autophagy (44). Besides E2F1, p53 is induced in re-
sponse to genotoxic stress and recently it has been shown to
have a dual role in the regulation of autophagy. In fact, while

* Corresponding author. Mailing address: Laboratorio Nazionale
Consorzio Interuniversitario Biotecnologie, AREA Science Park, Pad-
riciano 99, 34012 Trieste, Italy. Phone: 39 040 3756804. Fax: 39 040
398990. E-mail for Francesca Demarchi: francesca.demarchi@lncib.it.
E-mail for Claudio Schneider: schneide@lncib.it.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

� Published ahead of print on 16 March 2009.

2594



nuclear p53 directly induces DRAM1 and autophagy (9), cyto-
plasmic p53 negatively regulates autophagosome formation
(32, 57). Interestingly, several studies have highlighted a cross
talk between p65 and either p53 (49) or HIF-1�. Intriguingly,
HIF-1� has been recently proven to be a direct target of p65
(60) and it has already been established that these transcrip-
tion factors share several target genes (36). The relationship
between NF-�B signaling and autophagy regulation seems puz-
zling. Indeed, NF-�B has emerged as a negative regulator of
autophagy as induced by tumor necrosis factor alpha (TNF-�),
reactive oxygen species, and starvation in some cell lines (16,
18). On the other hand, a number of indirect pieces of evi-
dence suggest an activating role for NF-�B in autophagy.
NF-�B is positively regulated by the TSC2/mTor inhibitor (20),
and the NF-�B inhibitor I�B� can be degraded through a
lysosomal route following starvation in CHO cells (10). Re-
markably, a number of NF-�B-activating stimuli, including cer-
amide, TNF-�, tamoxifen, and endoplasmic reticulum (ER)
stress, can also induce autophagy (26, 27, 50, 51, 54).

The NF-�B prototype, the p65/p50 dimer, is responsible for
both B-cell and T-cell survival and activation, as shown by
studies with p50-deficient mice and RelA�/� T cells, respec-
tively (17, 53). Interestingly, autophagy was also shown to play
an essential role in T-lymphocyte survival and function (45) but
also to be instrumental in growth factor withdrawal cell death
(35).

Activation of NF-�B often results in contradictory out-
comes, as exemplified in T cells, where NF-�B can either
promote cell survival by transactivating antiapoptotic genes
such as Bcl-2 and inhibitors of apoptosis or trigger cell death by
inducing FasL expression during activation-induced cell death
(67). NF-�B-mediated transactivation of antiapoptotic target
genes has confirmed a prosurvival and pro-oncogenic role for
this transcription factor. Nevertheless, keratinocytes from
RelA�/� mice have been shown to hyperproliferate in vitro
(65), suggesting that the final biological outcome of NF-�B
activation is strictly cell context and stimulus dependent.

In this work, we show that BECN1 is a novel p65 target gene
and present evidence that blockage of p65 signaling leads to a
decrease in BECN1 transcription. As a consequence, autoph-
agy is impaired following p65 depletion. Our findings establish
a link between p65 and autophagy, suggesting that p65 is re-
quired for BECN1 expression. Finally, we provide evidence
suggesting that p65-mediated regulation of BECN1 could be
important for T-cell activation and proliferation, highlighting a
novel mechanism whereby p65 could promote cell survival.

MATERIALS AND METHODS

Reagents and plasmids. C2 ceramide, tamoxifen, phorbol myristate acetate
(PMA), BAY 11-75082, G418, and leupeptin were purchased from Sigma-Al-
drich. Ponasterone A, Zeocin, and Oligofectamine were from Invitrogen.
FuGENE 6 was from Roche Diagnostics. Control small interfering RNA (siRNA)
GUGACCAGCGAAUACCUGU (siCONT/SiCtrl) (62), BECN1 siRNA (GAU
UGAAGACACAGGAGGCTT) (6), and p65/RelA siRNA (GCCCUAUCCCU
UUACGUCATT) (40) were purchased from MWG.

pIND and pVgRXR were from Invitrogen. The pGL3 vector was from Pro-
mega. pIND p65/RelA, pIND IKB�SR, pGL3CHET4, and pGL3SCHET4 were
generated by subcloning the relevant PCR products into the vectors of interest.

Cell lines and treatments. The U2OS, HEK293, and HeLa cell lines were
routinely cultured at 37°C in Dulbecco’s modified Eagle’s medium supplemented
with 10% (vol/vol) fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 mg/ml). Jurkat E6.1 cells were grown in suspension in RPMI medium

supplemented with 10% (vol/vol) fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 mg/ml), and glutamine (200 mM). U2OS derivative cell lines
were obtained by cotransfection of pVgRXR and pIND p65 or pIND I�BaSR at
a ratio of 1:9. Selection was performed with Zeocin (Invitrogen) and G418
(Sigma).

Immunological procedures and quantifications. Western blot analysis and
immunofluorescence assays were performed according to standard procedures
with anti-BECN1 sc-11427, NF-�B p65 antibody sc-372X, and anti-p50 sc-1190
from Santa Cruz Biotechnology and antiactin polyclonal antibody and antihem-
agglutinin monoclonal antibody from Sigma. Anti-LC3 antibody was produced
by immunization of a rabbit with glutathione S-transferase-tagged recombinant
LC3 (rLC3) protein. Antisera were affinity purified with six-His-tagged rLC3
protein covalently coupled to Affi-Prep 10 matrix (Bio-Rad). ImageJ software
(NIH) was used to quantify gel bands. Fluorescence-activated cell sorter (FACS)
analysis and reagents for monitoring T-cell activation were previously described
(46).

Statistical analysis. Results are expressed as means � standard deviations of at
least three independent experiments. Statistical analysis (unless otherwise indicated)
was performed with a t test with the level of significance set at P � 0.05.

Semiquantitative reverse transcription (RT)-PCR of BECN1 and quantitative
RT-PCR (qRT-PCR). RNA from 2 � 106 HEK293 cells per experiment was
used. Semiquantitative RT-PCR was performed as previously described (51) with
the same set of BECN1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers.

qRT-PCR was performed as follows. RNA extraction and retrotranscription
were performed with the same procedure used for the semiquantitative RT-PCR
experiments. Fifty nanograms of each sample was used for mRNA quantitation.
BECN1 gene expression was detected by qRT-PCR assay. Quantification of
BECN1 mRNA was achieved by means of the STEP One Real-Time PCR
System (Applied Biosystems [AB]) with TaqMan Universal Master Mix (AB).
qRT-PCR was based upon the TaqMan fluorogenic detection system (AB). The
primer and probe sequences used for qRT-PCR with BECN1 were as follows:
primers, 5�-GTCCTCCCCGTATCATACCATTC-3� and 5�-ACGATGGTAAA
GGGAGGGAAGT-3�; TaqMan 6-carboxyfluorescein probe, 5�-CAGTGGCGG
CTCC-3�. A predeveloped human GAPDH probe was purchased from AB.
Triplicate RT-PCRs were prepared for each sample. The 	CT method was
applied by using the GAPDH cycle threshold for normalization to evaluate
relative BECN1 mRNA expression. A one-tailed Student t test was used to assess
the statistical significance of the observed mRNA differences in qPCR experi-
ments. Differences were considered significant at P � 0.05.

In silico analysis. In silico analysis was performed with CONFAC (28). Con-
cerning the data set of autophagic genes, the upstream sequence length was fixed
at 500 bp, matrix similarity was fixed at 0.85, and core similarity was fixed at 0.95.
The Vertebrate matrix was used, and Repeatmasker was applied.

The CHET4 sequence was analyzed with TRANSFAC Professional (38).
Electrophoretic mobility shift assays (EMSAs) and chromatin immunopre-

cipitation (ChIP). EMSAs were performed as described previously (14). For
ChIP analysis, 108 Jurkat cells per experimental point were used. ChIP was
performed according to the protocol of A. Kouskouti and I. Kyrmizi, which is
available online (http://www.epigenome-noe.net/researchtools/pdfs/p10.pdf).
ChIP was performed with anti-p65 antibody sc-372X (Santa Cruz); preimmune
serum was used as an “unrelated antibody.” Chromatin from cross-linked cells
was sheared by sonication (three times, 30 s on/30 s off, medium power; Diage-
node Bioruptor). Precipitated DNAs were analyzed by PCR (35 cycles). Primers
for the human I�B� promoter and the 
-actin promoter were previously re-
ported (63). Specific primers for the A �B site in the BECN1 promoter are
5�-CCCGTATCATACCATTCCTAG-3� and 5�-GAAACTCGTGTCCAGTTT
CAG-3�. qRT-PCR with the STEP One Real-Time PCR System was performed
in triplicate with Sybr green PCR Master Mix (AB) to assess the interaction of
p65 with the A �B site in the BECN1 promoter, the I�B� promoter, and the

-actin promoter.

RESULTS

In silico analysis of the BECN1 promoter. To explore the
transcriptional regulation of the autophagic process, we per-
formed an in silico analysis with the CONFAC tool (28) to
investigate whether any transcription factor binding site was
conserved in the promoters of a list of genes classified as
“autophagic” by gene ontology in humans and mice (see Fig.
S1 in the supplemental material). CONFAC analysis revealed
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that no common transcription factor binding site was con-
served in the promoter regions including 500 bp upstream of
the transcription start site and up to 15 kbp of the first intron
of the submitted genes. However, considering the outputs rel-
ative to each gene, three putative overlapping NF-�B binding
sites (�B sites) were found inside the first intron of the BECN1
promoter in both species (Fig. 1A) (25). Subsequently, in order
to verify the results obtained for the BECN1 promoter, a list of
NF-�B target genes (see Fig. S2 in the supplemental material),
including BECN1, was submitted to CONFAC. A Mann-Whit-
ney test performed with the set of NF-�B target genes and a set
of 100 randomly selected genes from RefSeq (see Fig. S3 in the
supplemental material) demonstrated that �B sites in the pro-
moters of NF-�B target genes were statistically significantly
overrepresented. In particular, the analyzed data set showed
an average number of �B site occurrences per promoter of 0.8,
in contrast to the 0.1 of the negative control gene list, confirm-
ing that the presence of three �B sites in the BECN1 promoter
was statistically significant (Fig. 1B) and suggesting that
BECN1 could represent a novel NF-�B target gene. To further
explore this hypothesis, a DNA segment containing 1.1 kbp of
the human BECN1 promoter (CHET4), previously cloned as
an E2F binding region (61), was analyzed with the TRANSFAC
Professional tool (see Fig. S4 in the supplemental material)
(38), confirming the presence of the �B site predicted by
CONFAC inside the first intron of the human BECN1 gene.
Moreover, the same analysis highlighted the existence of
three other putative �B sites (Fig. 1C) in a more upstream
region, further suggesting that NF-�B could regulate
BECN1 expression.

NF-�B/p65 induces the human BECN1 promoter. To inves-
tigate whether NF-�B indeed regulates BECN1 expression in
living cells, the 1.1-kbp (CHET4) promoter region of the hu-
man BECN1 gene and a shorter segment (381 bp, SCHET4)
encompassing the �B site predicted by CONFAC were in-
serted into the pGL3-basic luciferase reporter vector and the
luciferase activities of the ectopic promoters were evaluated in
response to the overexpression of p65 in the U2OS and
HEK293 cell lines.

As shown in Fig. 2A, luciferase activity was significantly
enhanced by p65 overexpression alone or in combination with
p50 in both cell lines, while neither p50 nor E2F overexpres-
sion had any effect on human BECN1 promoter-driven lucif-
erase transactivation. Interestingly, the effects of p65 on the
shorter region of the human BECN1 promoter encompassing
the �B site predicted by CONFAC were similar to those ob-
served with the 1.1-kbp BECN1 promoter region (Fig. 2B),
suggesting that the �B site found by CONFAC analysis is the
main one responsible for the observed effects on the 1.1-kbp
fragment of the BECN1 promoter.

In order to address the role of endogenous p65 on human
BECN1 promoter regulation, we assessed the effects of p65
(40) depletion on the transcriptional activity of the region
inside the BECN1 promoter encompassing the putative �B site
predicted by CONFAC in U2OS cells. As shown in Fig. 2C,
depletion of endogenous p65 significantly decreased the pro-
moter activity in U2OS cells, suggesting that p65 could play a
positive role in the regulation of the BECN1 gene.

Previous studies have shown that ceramide and tamoxifen,
two well-established autophagy inducers, may enhance BECN1
expression (51). Thus, we monitored the effect of endogenous
p65 knockdown after 5 h of treatment with these drugs. In
agreement with the previous published data, U2OS treatment
with either ceramide or tamoxifen resulted in increased activity
of the BECN1 promoter containing the consensus �B site (Fig.
2C). Notably, depletion of p65 strongly impairs the ability of
both drugs to increase BECN1 promoter transactivation. Ac-
cordingly, previous reports demonstrated that ceramide can
trigger p65 activation (5, 14) and that tamoxifen induction of
both autophagy and BECN1 expression is mediated by cer-
amide (51). Altogether, these data indicate that induction of
BECN1 gene expression by both ceramide and tamoxifen is
probably mediated directly by the interaction of p65 with the
�B site present in the first intron of BECN1.

p65 regulates BECN1 transcription. Collectively, the data
obtained by means of luciferase assays confirmed the in silico
analysis and argued for involvement of p65 in the regulation of
BECN1 transcription. To further address this hypothesis, we
analyzed whether p65 can modulate BECN1 mRNA levels.

Semiquantitative RT-PCR assays were performed to detect the
expression of BECN1 mRNA (51). As shown in Fig. 3A, p65
overexpression in HEK293 cells resulted in a significant increase
in BECN1 transcription. In order to assess whether endogenous
p65 could regulate basal BECN1 transcription, expression of p65
was knocked down with p65 siRNA in U2OS cells and the levels
of BECN1 mRNA were quantified by qRT-PCR. As shown in
Fig. 3B, depletion of p65 resulted in a significant decrease in
BECN1 transcription. A scrambled siRNA (62) and a specific
BECN1 siRNA (6) were used as negative and positive controls,
respectively.

Hence, we can argue that p65 positively regulates BECN1
transcription, probably due to its ability to directly act on the
BECN1 promoter.

p65 regulates BECN1 protein expression levels in different
cellular systems. Since we demonstrated that p65 positively
regulates BECN1 transcription, we expected a consequent in-
crease in BECN1 protein levels. Therefore, the effects of either
p65 or I�B�SR overexpression were assessed in HEK293 cells.
I�B�SR protein behaves like a superrepressor of the classical
NF-�B pathway since two serine residues (S32A/S36A) have

FIG. 1. In silico analysis of the BECN1 promoter. (A, top) genomic organization of the human (ENSG00000126581) and mouse
(ENSMUSG00000035086) BECN1 genes according to Ensembl. (A, bottom) Exact position (as shown by asterisks) of the �B site predicted in the human
and mouse BECN1 promoters by CONFAC analysis. (B) Mann-Whitney test results. CONFAC consolidated conserved transcription factor binding
sites for the list of NF-�B target (targ) genes, including BECN1, and for a control list of 100 randomly selected control genes were compared.
Statistical analysis parameters are shown on the right. (C) Exact positions (as shown by asterisks) of the �B sites located in a DNA segment
containing 1.1 kbp (CHET4) of the human BECN1 promoter, according to TRANSFAC Professional. The �B site confirmed both by CONFAC
and TRANSFAC is in white. (Top) Genomic organization of BECN1 with respect to the CHET4 sequence (boxed). UTR, untranslated region;
Std, standard; Dev, deviation; Err, error; Cons., consolidated.
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been mutated, so that it cannot be targeted to proteasomal
degradation. Consistent with the data obtained from the lucif-
erase and semiquantitative RT-PCR assays, following p65 or
I�B�SR overexpression, the expression levels of BECN1 pro-
tein in HEK293 cells were slightly but reproducibly increased
or decreased, respectively (Fig. 4A). Furthermore, knockdown
of p65 expression in U2OS cells again led to BECN1 protein
downregulation (Fig. 4B) both under basal conditions and
more prominently following tamoxifen treatment.

In order to overcome the engagement of an I�B� negative
feedback that could reasonably mask the effect of p65 on the
BECN1 protein level, two U2OS-derivative cell lines inducible
for the expression of either p65 or I�B�SR were generated.
Two representative clones for each inducible construct were
used for further analysis (Fig. 4C). As shown in Fig. 4D (left
side) and E, induction of p65 expression led to a significant
enhancement of BECN1 protein levels in these experimental
settings. On the contrary, I�B�SR expression resulted in a
prominent downregulation of BECN1 protein levels (Fig. 4D,
right side, and E).

p65 positively modulates autophagy. Since BECN1 is an
essential autophagic protein (43), the possibility that p65 could
regulate autophagy was investigated. As a first approach, the
effects of p65- and I�B�SR-induced expression on endogenous
LC3 processing were analyzed by means of immunoblotting.
Indeed, following induction of autophagy, LC3 undergoes a
regulated modification process that leads to the formation of a
lipidated LC3 form termed LC3II. Lipidated LC3 is delivered
to the autophagosome membranes, and this appears as a faster-
migrating band when analyzed by Western blot assay. As
shown in Fig. 5A (left side), LC3I processing efficiently oc-
curred in p65-expressing clones but was strongly impaired in
I�B�SR-expressing clones (Fig. 5A, right side). It must be
noted that while I�B�SR induction clearly hampers constitu-
tive autophagosome formation in both of the clones shown,
p65 induction upregulates LC3 constitutive processing in only
one of the two clones described. The basal autophagic flux of
Cl.B is probably already elevated, and therefore it is not fur-
ther increased by p65-mediated BECN1 transcription induc-
tion. Next, the effect of p65 and I�B�SR overexpression on
green fluorescent protein (GFP)-LC3 body induction was eval-
uated by means of fluorescence microscopy. Similar to what
emerged from Western blot analysis of the clones, induction of

p65 expression clearly enhanced the number of GFP-LC3 bod-
ies (Fig. 5B, top), while I�B�SR was almost completely unable
to trigger GFP-LC3 body formation (Fig. 5B, bottom). Similar
results were obtained by endogenous LC3 relocalization onto
autophagosome membranes as a readout (Fig. 5C). Alto-
gether, the data presented suggest that p65 can positively reg-
ulate constitutive autophagy, possibly due to its ability to reg-
ulate BECN1 expression.

To further address this point, the role of endogenous p65
knockdown on the ability of U2OS and HeLa cells to undergo
autophagy following either ceramide or tamoxifen treatment
was analyzed. As shown in Fig. 5D and E, p65 depletion almost
completely abolished LC3 processing, indicating that p65 could
mediate autophagy induction in both U2OS and HeLa cells.
Notably, p65 silencing also exerted the same kind of blockage
in untreated control cells, again suggesting that p65 might
affect cellular constitutive autophagy. We then asked whether
the disappearance of the LC3II band following p65 silencing
could be attributed to the induction of p65-mediated LC3
lysosomal processing. However, it is unlikely that such a pro-
cess occurred, since a clear accumulation (more prominent in
HeLa cells [Fig. 5E], shorter exposure of LC3 immunoblotting)
of the unlipidated LC3 form was observed after p65 depletion.
Indeed, pretreatment of the same cells with the lysosomal
cathepsin inhibitor leupeptin confirmed that both constitutive
autophagy and ceramide-induced autophagy were impaired
following p65-specific knockdown (Fig. 5F). Notably, depletion
of both BECN1 and p65 was completely unable to regulate
resveratrol-induced noncanonical (BECN1-independent) au-
tophagy (52) (Fig. 5F), further suggesting that p65 regulates
autophagy through its ability to regulate BECN1 expression.
Autophagosome formation was also monitored in tamoxifen-
treated U2OS cells previously transfected with GFP-LC3 and a
specific p65 siRNA or a scrambled control siRNA. Figure 5G
shows that in the absence of any autophagic stimulus, GFP-
LC3 staining appears diffuse both in the presence of p65 and
after its depletion. Following tamoxifen treatment, GFP-LC3
clearly relocalizes into autophagosomal structures in cells
transfected with the scrambled control siRNA, while p65-de-
pleted cells displayed strongly impaired autophagosome for-
mation. The ability of p65 to regulate autophagy was also
tested in HEK293 cells overexpressing either p65 alone or the
NF-�B inhibitors I�B�SR, p105, and p50. Again, in these set-

FIG. 2. p65 regulation of the human BECN1 promoter. (A) At the top is a schematic representation of the CHET4 region of the human BECN1
promoter. Asterisks represent the �B sites predicted by TRANSFAC. The �B site predicted by CONFAC is in white. The pGL3 firefly luciferase
(Luc) reporter containing 1.1 kbp of the human BECN1 promoter was cotransfected into HEK293T and U2OS cells together with a Renilla
luciferase plasmid and E2F-, p65-, p50-, p65-, and p50-expressing plasmids or a control empty vector, respectively. Dual-luciferase assays were
performed 24 h after transfection. Data represent the means of at least four independent experiments, and error bars represent standard
deviations. A Student t test indicated a significant difference from the control (P � 0.05). (Bottom) The levels of each overexpressed protein was
monitored by Western blot (WB) analyses. (B) At the top is a representation of the SCHET4 region of the human BECN1 promoter. Asterisks
represent the �B sites predicted by TRANSFAC. The �B site predicted by both CONFAC and TRANSFAC is in white. For luciferase assays,
HEK293T and U2OS cells were cotransfected with pGL3SCHET4/Renilla luciferase and E2F-, p65-, p50-, p65-, and p50-expressing plasmids or
a control empty vector. Data represent the means of at least four independent experiments, and error bars represent standard deviations. A Student
t test indicated a significant difference from the control (P � 0.05). (Bottom) The level of each overexpressed protein was monitored by Western
blot analyses. (C) p65 expression was selectively knocked down by siRNA in U2OS cells. At 48 h later, cotransfection of pGL3SCHET4 and a
Renilla luciferase control (Ctrl) plasmid was performed. At 16 h after transfection, the cells were treated with 25 �M ceramide or 10 �M tamoxifen
or not treated (NT) and 5 h later, cell lysates were prepared for luciferase activity quantification. Data represent the means of at least three
independent experiments, and error bars represent standard deviations. A Student t test indicated a significant difference from the control (P �
0.05). (Bottom) Immunoblotting was carried out with the same lysates to monitor the levels of endogenous p65. UTR, untranslated region.
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tings, autophagy induced by ceramide occurred in p65-overex-
pressing cells and was blocked following I�B�SR, p105, or p50
overexpression (data not shown).

p65 binds to the BECN1 promoter in T cells. In order to
definitively confirm that BECN1 is a transcriptional target of

p65, EMSA and ChIP experiments were performed. Jurkat T
cells were chosen as a model system since they represent a
classical model system to study NF-�B signaling and recent
evidence has demonstrated that autophagy is induced upon
T-cell receptor (TCR) activation (45). Intriguingly, TCR-me-
diated regulation of autophagy was shown to be required for
proper T-cell homeostasis regulation. Similarly, p65 was also
demonstrated to be engaged following TCR activation, con-
tributing to T-cell homeostasis control (17).

To assess the suitability of the system, Jurkat cells were pre-
treated with both actinomycin D and cycloheximide to block tran-
scription/translation and overcome the interference of any I�B�-
dependent feedback loop. After extensive washes to release the
block, the cells were stimulated with PMA-ionomycin alone or
together with the NF-�B inhibitor BAY 11-7082 and BECN1
levels were evaluated by immunoblotting. Upregulation of
BECN1 protein expression was observed (Fig. 6A, left side). No-
tably, prolonged PMA-ionomycin treatment of Jurkat cells re-
sulted in increased LC3 processing (Fig. 6A, right side).

Nuclear extracts were prepared from PMA-ionomycin-treated
and untreated Jurkat cells, and EMSAs were performed with
three different 21-bp probes (A, B, and C, schematically repre-
sented in Fig. 6B, left side), each one encompassing the respec-
tive �B site predicted by TRANSFAC analysis. As shown in
Fig. 6B (right side), in accordance with the luciferase data, the
�B site located inside the first intron and conserved between
humans and mice (A �B) showed the strongest binding activity
and was clearly supershifted by an anti-p65 antibody. Compe-
tition assays confirmed the ability of p65 to specifically bind the
A �B site (data not shown). Interestingly, another �B site
located in a more upstream region of human BECN1 (B �B,
Fig. 6B, left side) also gave rise to a retarded band that could
be supershifted by an anti-p65 antibody (Fig. 6C), while the
third predicted �B site (C �B site, Fig. 6B, left side) was unable
to interact with any PMA-induced nuclear protein.

To investigate the interaction of p65 with the strongest �B
site, ChIP assays were performed. Figure 6D shows that fol-
lowing PMA-ionomycin treatment, a promoter DNA sequence
was amplified from the anti-p65 NF-�B immunoprecipitates
with the specific PCR primers flanking the A �B site located
inside the first intron of the BECN1 gene and conserved be-
tween humans and mice. Altogether, the data presented here
demonstrate that BECN1 is a novel p65 target gene and sug-
gest that following p65 activation in T cells, the subsequent
regulation of BECN1 expression and autophagy could contrib-
ute to the control of T-cell homeostasis.

To explore whether the observed p65-driven increase in
BECN1 levels was physiologically relevant, murine peripheral
T lymphocytes were used to monitor BECN1 protein levels
following TCR activation. Murine T lymphocytes from lymph
nodes (LNs) of healthy C57BL/6 mice were activated with
pharmacological agents (PMA-ionomycin) or with immobi-
lized anti-CD3 (17). Notably, PMA in combination with iono-
mycin and anti-CD3 was also previously demonstrated to ac-
tivate classical NF-�B signaling in T cells (17). We found that
BECN1 protein levels increased after activation with immobi-
lized anti-CD3 (Fig. 6E).

Stimulation of T lymphocytes with PMA in combination with
ionomycin also resulted in a significant increase in
BECN1protein levels (Fig. 6F). Interestingly, treatment with

FIG. 3. p65 regulation of BECN1 transcription. (A) Semiquantitative
RT-PCR analysis of BECN1 and GAPDH mRNA expression in HEK 293T
cells. Cells were transfected as indicated. RNAs were reverse transcribed and
amplified with primers specific for BECN1 and GAPDH as described in
Materials and Methods. The relative BECN1 mRNA level was normalized to
the GAPDH mRNA level. The semiquantitative RT-PCR analysis was re-
peated three times, and the results of a representative experiment are shown.
Proper expression of either p65 or E2F was assessed by immunoblotting.
(B) qPCR analysis of BECN1 mRNA in U2OS cells. Cells were transfected
with siRNAs as indicated. Equal amounts of total RNAs were reverse tran-
scribed and amplified with a specific TaqMan BECN1 6-carboxyfluorescein
probe and with a TaqMan GAPDH VIC probe as described in Materials and
Methods. A Student t test was used to assess the statistical significance of the
observed BECN1 mRNA differences in qPCR experiments. �, P � 0.005; ��,
P � 0.05. Immunoblot analysis confirmed the proper knockdown of either
BECN1 or p65. WB, Western blotting; Ctrl, control.
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FIG. 4. BECN1 protein level regulation by p65. (A) Lysates from HEK293 cells overexpressing hemagglutinin-tagged human I�B�SR, p65, or an
empty vector were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subsequently analyzed by immunoblotting for BECN1
protein expression. (B) BECN1 protein levels were evaluated by immunoblotting in untreated and tamoxifen (10 �M, 5 h)-treated U2OS cells following
p65 depletion. Ctrl, control. (C) Generation of U2OS cell lines inducible for either p65 or I�BSR. Inducible cell lines were obtained as described in
Materials and Methods. Two clones for each kind of inducible U2OS cells were tested. Treatment with 5 �M ponasterone A (I) for 16 h significantly
increased the expression of both p65 and I�B�SR in the selected clones with respect to that in uninduced (NI) cells. (D, left) U2OS clones A and B,
inducible for p65, were treated with 5 �M ponasterone A (I) or left untreated (NI) for 6 h. Cell lysates were subjected to Western blot (WB) analysis
for monitoring of BECN1 levels. (D, right) Induction of I�BSR clones a and b was preformed, and BECN1 levels were assessed by immunoblotting.
(E) Quantification of the bands was performed with the ImageJ tool. The graph is representative of three independent experiments performed with each
of the four clones. Percentages of BECN1 protein increase or decrease following ponasterone A treatment are reported.
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FIG. 5. p65 regulation of autophagy. (A) Clones A and B, inducible for p65, and clones a and b, inducible for I�B�SR, were treated with 5 �M
ponasterone A for 6 h. Processing of endogenous LC3 (LC3I to LC3II) in cell lysates was monitored by immunoblotting. (B, left side) U2OS
derivative clones A and B, inducible for p65 expression, and clones a and b, inducible for I�B�SR expression, were transfected with a small amount
(100 ng) of GFP-hLC3 for 6 h and then induced (I) with ponasterone A for 12 h or not induced (NI). GFP-hLC3 fluorescence was evaluated, and
some representative images are shown. (B, right side) Two hundred cells were counted for each experiment, and the number of cells presenting
punctate GFP-hLC3 staining is reported. Data represent the means of at least three independent experiments. (C, left side) U2OS-derivative
clones A, inducible for p65 expression, and b, inducible for I�B�SR, were induced (I) with ponasterone A for 10 h or not induced (NI), and
endogenous LC3 was immunostained. Some representative images are shown on the right. (C, right side) the number of autophagic cells is reported
in the graph. In all cases, cells presenting more than five autophagosomes per cell were scored as autophagic. (D and E, left side) Depletion of
p65 decreases endogenous LC3 processing. U2OS and HeLa cells were transfected with a p65-specific siRNA or a scrambled control (Ctrl) siRNA
for 72 h and subsequently not treated (NT) or treated for 12 h with 25 �M ceramide (Cera) or 10 �M tamoxifen (Tam). Effect of p65 knockdown
on LC3I-to-LC3II conversion was evaluated by immunoblotting. (D and E, right side) Quantification of LC3I and LC3II bands was performed with
the ImageJ program, and the LC3II/LC3I ratios reported are representative of autophagic process activation. The bar graph shows the n-fold LC3
conjugation decrease that occurred upon p65 depletion. The values shown are the mean results of three independent experiments. (F) Depletion
of p65 decreases endogenous LC3 processing. HeLa cells were transfected with a p65-specific siRNA, a BECN1 siRNA, or a scrambled control
siRNA for 72 h and subsequently treated for 20 h with 25 �M ceramide (C25) or 100 �M resveratrol (R) in the presence or absence of 0.5 mM
leupeptin. Effects of knockdown of both p65 and BECN1 on LC3 processing were evaluated by immunoblotting. (G) U2OS cells were transfected
with a p65-specific siRNA or a scrambled control siRNA. At 72 h later, GFP-hLC3 was transfected, and 6 h later, the cells were either not treated
or treated with 10 �M tamoxifen for other 12 h. Autofluorescence of GFP-hLC3 was evaluated; representative images are shown on the left. (Right
side) Two hundred cells were counted for each experiment, and the number of cell presenting punctate GFP-hLC3 staining was determined. Data
represent the means of at least three independent experiments. Cells presenting more than five autophagosomes per cell were scored as autophagic.
p65 interacts with the BECN1 promoter and upregulates BECN1 protein expression in activated T cells. WB, Western blotting.
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FIG. 5—Continued.
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FIG. 6. p65 binds to the BECN1 promoter. (A, left side) Jurkat T cells were treated with cycloheximide (CHX, 5 �g/ml) and actinomycin D
(ActD, 5 nM) for 10 h. Cells were washed once in order to remove the cycloheximide and actinomycin D and stimulated with PMA (200 ng/ml)
plus ionomycin (300 ng/ml) or BAY 11-7082 (2.5 �M) or left untreated for 10 h. (A, right side) Jurkat cells were treated with PMA (200
ng/ml)-ionomycin (300 ng/ml) (PI) for 16 h, and LC3I-to-LC3 II conversion was monitored by immunoblotting. (B, right side) Nuclear extracts were
prepared from Jurkat cells treated with PMA (200 ng/ml) plus ionomycin (300 ng/ml) for 2 h and from untreated Jurkat cells. Equal amounts of
proteins were used for EMSA. Three �B sites, A, B, and C, predicted by TRANSFAC are schematically represented on the left. Probes
encompassing all of the predicted �B sites were 32P labeled and used in the assays. The positions of the p65-DNA complexes are indicated by the
arrowhead. TSS, transcription start site. (C) Nuclear extracts from PMA-ionomycin-treated Jurkat cells were preincubated in binding buffer or with
an anti-p65 antibody and then incubated with the A, B, and C labeled probes. Asterisks mark the PMA-ionomycin-inducible complexes. The
positions of the p65-DNA supershifted complex are indicated by the arrowheads. (D, left side) A ChIP assay reveals in vivo binding of endogenous
p65 to the �B site predicted by CONFAC (A �B site). Jurkat cells were stimulated with PMA (200 ng/ml) plus ionomycin (300 ng/ml) (PI) for 5 h
or left untreated, and protein-DNA complexes were cross-linked and immunoprecipitated (IP) with a p65-specific antibody (lanes 65) or an
unrelated antibody (lanes nr). DNA was recovered and used as a template for PCR. Primers for a �B site inside the I�B� promoter and or for
the 
-actin promoter were used as positive and negative controls, respectively. (D, right side) ChIP was performed in triplicate as described above.
Quantification of ChIPs by real-time PCR was performed to determine the amount of p65 binding to the indicated promoters compared with that
of the input DNAs. Data are representative of three independent experiments. (E) Primary T lymphocytes (106) extracted from LNs of healthy
C57BL/6 mice were left untreated or stimulated for 16 h with 1 �g/ml plate-bound anti-CD3, with anti-CD3 in combination with BAY 11-7082
(2.5 �M), or with BAY 11-7082 alone. BECN1 protein expression levels were monitored by Western blot (WB) analysis. Data are representative
of three independent experiments. (F) Primary T lymphocytes (106) extracted from LNs of healthy C57BL/6 mice were treatment with PMA (10
ng/ml) plus ionomycin (300 ng/ml) alone or in combination with BAY 11-7082 (2.5 �M) or with BAY 11-7082 alone. Levels of BECN1 protein
and LC3 processing were evaluated by immunoblotting. Data are representative of three independent experiments. (G) Primary CD8� T-
lymphocyte activation was monitored by FACS analysis. (Right side) CD-69 upregulation was evaluated following treatment with PMA (10 ng/ml)
plus ionomycin (300 ng/ml) alone or in combination with BAY 11-7082 (2.5 �M) or with BAY 11-7082 alone. (Left side) Quantification of CD8�

T-lymphocyte activation. NT, not treated; Iono, ionomycin.
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BAY-7085, a potent NF-�B inhibitor, led to a substantial de-
crease in BECN1 protein in murine T lymphocytes stimulated
with either anti-CD3 (Fig. 6E) or PMA plus ionomycin (Fig.
6F). Indeed, treatment with the NF-�B inhibitor alone was
sufficient to downregulate basal BECN1 protein levels. Nota-
bly, the ability of anti-CD3 to induce autophagy in primary T
cells has already been demonstrated (45). In our experimental
settings, treatment of healthy murine T cells with PMA in
combination with ionomycin also resulted in an increase in
LC3 processing (Fig. 6F).

Proper activation of murine T lymphocytes following PMA-
ionomycin treatment was checked by monitoring the expression
of the early activation marker CD-69 in sorted CD8� lympho-

cytes. CD-69 exposure on the cell surface occurred after 3 h of
PMA-ionomycin treatment (Fig. 6G). Importantly, stimulation of
T lymphocytes with PMA-ionomycin in combination with BAY-
7085 significantly blocked T-cell activation. Altogether, these re-
sults argue for a role for p65-mediated induction of BECN1 in
T-cell activation and suggest that this regulation might be impor-
tant for autophagy induction following TCR engagement.

DISCUSSION

The NF-�B family of transcription factors gives rise to a
broad and sometimes contradictory spectrum of biological re-
sponses, depending on the cellular context and on the inducing

FIG. 6—Continued.
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stimulus. In particular, NF-�B transcription factors have been
shown to either promote or inhibit cell death (19). Indeed,
NF-�B family member p65 has been shown to be required to
induce p53-dependent apoptosis following hydrogen peroxide,
deferoxamine mesylate, or adriamycin treatment (49). On the
other hand, p65 efficiently counteracts TNF-�-induced apop-
tosis (49) through its ability to directly induce the expression of
several antiapoptotic genes, including those for inhibitors of
apoptosis, Bcl2, and BclXL.

In this work, we highlighted the relevance of NF-�B family
member p65 to the control of autophagy, an important cellular
mechanism which functions, similarly to NF-�B signaling, in
promoting both cell death and cell survival, depending on the
specific cellular context and on the cellular genetic back-
ground. Autophagy induces cell demise in tamoxifen- and res-
veratrol-treated MCF-7 cells, and its inhibition by 3-methyl-
adenine prevents cell death (41, 51, 52). Other treatments such
as ionizing radiation induce autophagy in several tumor cell
lines, but the exact outcome of autophagy induction in these
settings remains to be clarified. Inhibition of autophagy in
radiation-treated cells increases cytotoxicity, pointing to a pro-
survival role for autophagy (42). Similarly, autophagy works as
a strategy to survive exposure to alkylating agents and TNF-
related apoptosis-inducing ligand chemotherapeutic treatment
(2, 22) and counteracts metabolic stress occurring in the inner
core of solid tumors (12). Notably, NF-�B has also been fre-
quently implicated in chemoresistance (3).

Recently, we addressed the role of calpain in the modulation
of cell death, highlighting the importance of this enzyme in
inducing cytoprotective autophagy in response to different
stimuli, including ceramide, rapamycin, and etoposide (13).
Notably, impairment of autophagy by calpain depletion was
more severe than that caused by ATG5 depletion, indicating
that additional and probably upstream prosurvival mecha-
nisms, such as NF-�B prosurvival activation, are lost in the
absence of calpain. Indeed, calpain was previously demon-
strated to be involved in NF-�B activation, contributing to its
prosurvival functions in response to ceramide (14). Further-
more, several studies have demonstrated that ceramide and
tamoxifen, besides triggering apoptosis, also induce autophagy
(31, 51). Interestingly, many stimuli known to induce autoph-
agy, such as reactive oxygen species, ceramide, TNF-�, and
TNF-related apoptosis-inducing ligand, but also viral and bac-
terial infections, also act as NF-�B inducers (7, 14, 23, 24).
Altogether, these pieces of evidence may suggest the involve-
ment of NF-�B in autophagy induction. In this work, we clearly
show such an involvement, demonstrating that p65 binds to the
promoter of the essential autophagic gene BECN1 and regu-
lates its expression in response to ceramide and tamoxifen
treatment. p65 activation increases BECN1 expression and, as
a result, positively regulates autophagy. Importantly, in our
experimental settings, we observed that BECN1 expression and
autophagy were regulated by p65 both under basal conditions
and following the application of some autophagic stimuli. In-
terestingly, a very recent work highlighted the existence of
another form of autophagy induced by resveratrol treatment in
some cell lines, referred to as noncanonical autophagy, that
does not require BECN1 (52). In accordance with this study,
we found that p65 was completely unable to regulate resvera-
trol-induced noncanonical autophagy in HeLa cells, confirm-

ing that only BECN1-mediated routes of autophagy induction
can be regulated by p65. These findings strengthen the rela-
tionship between p65 and canonical, BECN1-mediated auto-
phagy, suggesting that p65 might be required for constitutive
canonical autophagy, which promotes organelle and protein
quality control, maintaining cellular homeostasis. Consistently,
NF-�B has emerged as a key transcription factor required for
the proper development of immune system cells and required
for homeostasis control in several tissues. Intriguingly, simi-
larly to p65, autophagy has recently been demonstrated to be
critical for T-cell homeostasis maintenance (17, 45). Autoph-
agy is required for the survival of interleukin-3-dependent he-
matopoietic cell lines following cytokine withdrawal (37) and
ATG5�/� T-cell survival and proliferation (45). Strikingly, the
phenotype of ATG5�/� T-cell chimeras closely resembles that
observed in p65�/� chimeras. Overlapping features of these
models are the diminished proliferative response to TCR stim-
ulation with anti-CD3 and PMA-ionomycin and the reduced
number of cells in the thymuses of mice with transplanted
RelA�/� or ATG5�/� fetal liver cells (17, 45). Autophagy has
been shown to occur in primary T lymphocytes following TCR
activation induced by anti-CD3 or PMA-ionomycin treatment
(35, 45). Since p65 is required for TCR signaling, it is possible
that p65-mediated induction of BECN1 expression could be
important for autophagy induction in these settings. Consistent
with this hypothesis, our experiments demonstrated that inhi-
bition of p65 activation impaired T-cell activation and BECN1
upregulation, suggesting that p65 could contribute to the ho-
meostasis control of T lymphocytes. Notably, protein kinase C
�, which is a key player in TCR signaling and is specifically
involved in NF-�B activation (21), has recently been impli-
cated in the regulation of ER stress-induced autophagy (50).
Intriguingly, many ER stress stimuli, such as tunicamycin and
thapsigargin, besides activating protein kinase C �, also induce
eIF2� phosphorylation, which has been shown to activate
NF-�B (15).

In contrast to our findings, highlighting a positive role for
p65 classical signaling in the regulation of autophagy, it has
been reported that NF-�B activation represses TNF-�-induced
autophagy (16). This discrepancy can be explained by the fact
that both autophagy and NF-�B signaling are context and
stimulus dependent. Indeed, in accordance with this observa-
tion, the authors of the above paper reported that autophagy
occurs in the same manner in both NF-�B-competent and
NF-�B-incompetent cell lines following nutrient starvation. In-
terestingly, in line with our results, it is shown that inhibition of
p65 does not lead to an increase in BECN1 transcription fol-
lowing TNF-� treatment but results in an increase in BECN1
protein, suggesting a posttranslational regulation of this pro-
tein. In the same work, depletion of p65 in MCF-7 cells was
sufficient for autophagy induction (16). In agreement with
these findings, we observed that p65 overexpression could not
activate BECN1 promoter in some luciferase reporter assays
performed with the same cell line (data not shown). One pos-
sible explanation is that the p65 response is strictly cell context
dependent. Evidence exists that in this ER-positive and selec-
tive estrogen modulator (one of which is tamoxifen)-sensitive
cell lines, NF-�B signaling should be attributed to p50 and Bcl3
rather than to p65 (68, 69). Another interesting work demon-
strated that autophagy represents a new route for NF-�B-
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inducing kinase degradation and negatively regulates alterna-
tive NF-�B pathways (47). In light of these findings and of our
data, it is tempting to speculate that autophagy, once acutely
induced through a classical mode of NF-�B activation, could
terminate the whole NF-�B pathway, working as a negative
feedback mechanism.
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