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Autophagy is a cytoprotective pathway used to degrade and recycle cytoplasmic content. Dysfunctional autophagy has
been linked to both cancer and cardiomyopathies. Here, we show a role for the transcriptional regulator p8 in autophagy.
p8 RNA interference (RNAi) increases basal autophagy markers in primary cardiomyocytes, in H9C2 and U2OS cells, and
decreases cellular viability after autophagy induction. This autophagy is associated with caspase activation and is blocked
by atg5 silencing and by pharmacological inhibitors. FoxO3 transcription factor was reported to activate autophagy by
enhancing the expression of autophagy-related genes. P8 expression represses FoxO3 transcriptional activity, and p8
knockdown affects FoxO3 nuclear localization. Thus, p8 RNAi increases FoxO3 association with bnip3 promoter, a known
proautophagic FoxO3 target, resulting in higher bnip3 RNA and protein levels. Accordingly, bnip3 knockdown restores
cell viability and blocks apoptosis of p8-deficient cells. In vivo, p8 �/� mice have higher autophagy and express higher
cardiac bnip3 levels. These mice develop left ventricular wall thinning and chamber dilation, with consequent impaired
cardiac function. Our studies provide evidence of a p8-dependent mechanism regulating autophagy by acting as FoxO3
corepressor, which may be relevant for diseases associated with dysregulated autophagy, as cardiovascular pathologies
and cancer.

INTRODUCTION

Autophagy is a cellular response to insufficient nutrient
availability and stress, which involves the sequestration of
cytosol and organelles within autophagosomes for their de-
livery to lysosomes (Xie and Klionsky, 2007; Klionsky et al.,
2008). Through autophagy, cells recycle and generate new
metabolic substrates and adapt to reduced nutrient avail-
ability (Kundu and Thompson, 2008; Meijer and Codogno,
2008). Autophagy eliminates toxic proteins, damaged and
aged cells or organelles, and can eventually elicit a self-
destructive system leading to cell death (Baehrecke, 2005;
Maiuri et al., 2007). Accordingly, the disruption of this pro-
cess is associated with multiple pathophysiological condi-
tions, including cancer, diabetes, and cardiovascular dis-
eases (Levine and Kroemer, 2008; Mizushima et al., 2008).

In unstressed cells, autophagy is inhibited by the mamma-
lian target of rapamycin complex 1 (mTORC1). Nutrient de-
pletion, serum starvation, rapamycin inhibition of mTORC1, or
activation of 5�AMP-activated protein kinase (AMPK) by
5-aminoimidazole-4-carboxamide-1-d-ribofuranoside (AICAR)

promotes the activation of a set of autophagy-regulating pro-
teins (Atg). In turn, some Atgs contribute to the formation of
the autophagosomes, which contain the cellular components
destined for degradation (Klionsky et al., 2008; Kundu and
Thompson, 2008).

Autophagy requires two ubiquitin-like systems, one lead-
ing to the conjugation of Atg12 to Atg5 and the second
converting the microtubule-associated protein 1 light chain 3
(LC3 or Atg8) soluble form (LC3-I) to the autophagic vesicle-
associated form (LC3-II) (Klionsky et al., 2008).

Aside from cellular relocalization and posttranslational
modifications of Atgs, the autophagic process includes the
activation of a transcriptional program (Attaix and Bechet,
2007). Up-regulation of lysosomal enzymes, such as cathep-
sin L, and of multiple atg genes has been reported in several
cell systems and organisms (Attaix and Bechet, 2007; Meijer
and Codogno, 2008). Indeed, the transcription factor E2F
was shown to drive lc3, atg1, and dram expression in U2OS
cells, whereas the transcription factor FoxO3 was shown to
control the expression of bnip3, beclin1, and lc3 among oth-
ers, in cultured myocytes and in vivo (Mammucari et al.,
2007; Zhao et al., 2007; Polager et al., 2008). However, the
mechanisms involved in the fine-tuning, repression, and
termination of this cellular program are still poorly investi-
gated.

In the heart, autophagy is important for the turnover of
organelles at low basal levels under normal conditions (Na-
kai et al., 2007). Cardiac basal autophagy is altered by stress
triggered by cardiovascular diseases, including ischemic in-
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jury, cardiac hypertrophy, cardiac remodeling, and heart
failure (De Meyer and Martinet, 2008; Rothermel and Hill,
2008a). Basal autophagy seems to play a protective role,
because atg7 silencing in rat neonatal cardiomyocytes re-
duces cell viability, and adult cardiomyocytes from cardiac-
specific atg5-deficient hearts are more susceptible to isopro-
terenol (Nakai et al., 2007). Yet, its role in the heart is still
poorly understood.

p8 (nupr1 or com1) is a nuclear basic helix-loop-helix
protein strongly induced in response to stress (Chowdhury
et al., 2009; Goruppi and Iovanna, 2009). p8 has been impli-
cated in several diverse context-dependent functions, in-
cluding transcriptional regulation, cell cycle control, diabetic
renal and cardiomyocyte hypertrophy, as well as apoptotic
regulation (Goruppi et al., 2002, 2007; Vasseur et al., 2002b;
Quirk et al., 2003; Carracedo et al., 2006; Malicet et al., 2006;
Salazar et al., 2009; Sambasivan et al., 2009). Accordingly, p8
acts as a transcriptional coactivator and interacts with mem-
bers of the transcriptional machinery, including AP1 com-
plex, p53, and p300, among others (Hoffmeister et al., 2002;
Goruppi et al., 2007; Clark et al., 2008).

We have shown that p8 is induced in failing human
hearts. p8 is a transcriptional regulator required for endo-
thelin-1– and phenylephrine-induced hypertrophy in rat
cardiomyocytes and for tumor necrosis factor (TNF)-in-
duced activation of matrix metalloprotease (MMP) 9 in rat
cardiac fibroblasts (Goruppi et al., 2007). Accordingly, p8
associates with and activates the MMP9 promoter in pri-
mary fibroblasts and cancer cells.

In this study, we investigate a role for p8 in autophagy in
vitro and in vivo, by using the p8 �/� mice. In both set-
tings, silencing of p8 is associated with basal up-regulation
of autophagy and apoptosis. In vivo, the hearts of p8 knock-
out mice develop features that provoke a decreased left
ventricular functionality.

MATERIALS AND METHODS

Cell Culture and Treatments
U2OS, 293, and H9C2 cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS). Primary rat cardiomyocytes, human cardiac fibro-
blasts, and human aortic endothelial cells were from ScienCell Research
Laboratories (Carlsbad, CA). Rapamycin, AICAR, 2-deoxyglucose (2DG),
3-methyladenine, methyl pyruvate, TNF, zVADfmk, E64D, pepstatin, puro-
mycin, and G418 were all from Calbiochem (San Diego, CA). Survival assays
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Cal-
biochem) labeling of the cells were performed as reported previously
(Goruppi et al., 2001). In brief, the U2OS cells were seeded in 12-well tissue
culture dishes and were transfected the following day, when 60–70% conflu-
ent, with either crtl or p8 small interfering RNA (siRNA) by using the Transit
Plus transfection reagent (Mirus, Madison, WI), as indicated by the manufac-
turer. After 48 h, the cells were treated as indicated for further 48 h; the
culture medium was then changed with fresh medium containing 10% FBS
and 10 mg/ml MTT, and the cultures labeled for 4 h. All experiments were
carried out in triplicate. Formazan salt products were solubilized in 10% SDS
and 0.1 M HCl for the spectrophotometric quantification.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated and RT-PCRs were performed as described in
Goruppi et al. (2002). �-actin or gapdh served as controls. Primer sequences
were as follows: for human p8, ATGGCCACCTTCCCACCAGCAA sense and
GGCTGCCGTGCGTGTCTATTTA antisense; for mouse lc3, CGTCCTGGA-
CAAGACCAAGT sense and ATGTGGGTGCCTACGTTCTC antisense; and
for mouse bnip3, GGGTTTTCCCCAAAGGAATA sense and GACCAC-
CCAAGGTAATGGTG antisense.

siRNA Interference, Cellular Fractionation, and
Chromatin Immunoprecipitation (ChIP)
For human p8 siRNA, we used two pairs of oligonucleotides (OLs), which
silenced both at a similar extent the endogenous p8. Rat p8 siRNA has been
described in Goruppi et al. (2002). sc-37007, sc-41445, sc-37451 (Santa Cruz
Biotechnology, Santa Cruz, CA) were used for control (ctrl), atg5, and bnip3

RNAi, respectively. In some experiments, control oligonucleotides were a mix
of two nontargeting sequences. For ChIPs, 24 h after p8 or crtl RNAi U2OS
cells were kept in 10% FBS or serum starved for 20 h, as indicated. ChIPs were
performed using SimpleChIP Enzymatic Chromatin IP kit (Cell Signaling
Technology, Danvers, MA). Human p8, OL1: GGAGGACCCAGGACAG-
GATTT sense and AAATCCTGTCCTGGGTCCTCC antisense, and OL2 were
from Carracedo et al. (2006). Annealed siRNAs were introduced in the cells
using Transit Plus transfection reagent (Mirus), as indicated by the manufac-
turer. In each experiment, the effective gene silencing was monitored by
RT-PCR. p8 and control lentiviruses, which contain three to five target-specific
hairpin constructs to knockdown gene expression (or a nontargeting mix con-
trol), were from Santa Cruz Biotechnology. U2OS cells were infected as indicated
by the manufacturer and selected for one week with 3 �g/ml puromycin.

Nuclear/Cytosol (N/C) Separation. U2OS cells either overexpressing or hav-
ing p8 silenced or infected with crtl virus were grown to confluence in 10-cm
cell culture dishes and then either serum starved for 24 h or left in complete
culture medium (10% FBS). After this time, the cells were collected by scrap-
ing in 1 ml of ice-cold phosphate-buffered saline (PBS) containing protease
inhibitors (BIOMOL Research Laboratories, Plymouth Meeting, PA), and the
nuclear fractions were separated from cytosolic fractions using a Nuclear/
Cytosol fractionation kit (BioVision, Mountain View, CA), as indicated by the
manufacturer. The cellular lysates were quantified by Bradford assays (Bio-
Rad Laboratories, Hercules, CA) and 30 �g of proteins for each sample was
separated on SDS-polyacrylamide gel electrophoresis (PAGE) for Western
blot analysis with the reported antibodies.

ChIP. Endogenous FoxO3 or acetylated histone H3 (Lys9) were immunopre-
cipitated from soluble chromatin as described previously (Goruppi et al.,
2007). Two sets of primers, amplifying the proximal and a distal FoxO binding
regions (A and B, respectively), were used to amplify segments of the human
bnip3 promoter from the copurified DNA: Oligo A, GACACGACTGTCTGG-
GAAGC sense and CGTGGAGGCACTTTTCAGAG antisense; and oligo B,
TGCGCCAGCATGTAATACTC sense and GAGGATGGGGCTTTGGTACT
antisense. Parallel ChIPs were carried out using same amounts of affinity
purified nonimmune rabbit antibodies (Cell Signaling Technology), and the
associated DNA was amplified as a background control. An aliquot of total
chromatin was amplified to determine the equal amount of chromatin used in
each assay.

Immunoprecipitations and Immunoblotting
U2OS cells stable transfected with either green fluorescent protein (GFP) or
GFPp8 were grown to confluence in 15-cm Petri dishes and either serum
starved for 24 h or left untreated (10% FBS). The Western blots were per-
formed as described previously (Goruppi et al., 2007). Expression levels were
normalized to loading controls by using ImageJ software (http://rsb.info.nih.
gov/ij/). Immunoprecipitation: Cells were recovered by gentle scraping in 1
ml of ice-cold PBS containing protease inhibitors (Calbiochem), and total
cellular lysates were prepared as described in Goruppi et al. (2007). Immu-
noprecipitations were carried out using a mix of two anti-p8 antibodies (5 �g
each) (Goruppi and Kyriakis, 2004) together with 10 �l of Ultralink Plus
Protein A/G (Pierce Chemical, Rockford, IL), and the immunocomplexes
washed three times in lysis buffer before SDS-PAGE and Western blot anal-
ysis with the indicated antibodies. Total proteins were normalized before
immunoprecipitation.

Western Blots. Primary antibodies used include anti-LC3B, ATG12-5, caspase-3,
cleaved caspase-3, cleaved rat caspase-9, poly(ADP-ribose) polymerase
(PARP), cleaved PARP, Survivin, cIAP1, Sgk1, FoxO3, phosphorylated (p)-
AMPK�, p-AMPK�, p-S6, p-c-Jun NH2-terminal kinase, and p-Akt from Cell
Signaling Technology, and antibodies against p8, Bnip3, FoxO3, GFP, gluta-
thione transferase (GST), Lamin A, tubulin, and actin were from Santa Cruz
Biotechnology and Goruppi and Kyriakis (2004). Appropriate peroxidase-
conjugated secondary were from Santa Cruz Biotechnology or Jackson Im-
munoResearch laboratories (West Grove, PA), whereas enhanced chemilumi-
nescence reagents were from Boston BioProducts (Ashland, MA).

Stable Red-LC3 Cell Line and Autophagy Detection
U2OS were transfected with pHcRed1-LC3, encoding for the far-red fluores-
cent protein (Clontech, Mountain View, CA) fused to LC3 and for neomycin
resistance (kindly provided by Alessia Di Nardo, Harvard Medical School,
Boston MA). The percentage of cells having Red-LC3 translocation into dots
(a minimum of 100 cells/sample, in three separate experiments) was counted
in the Red-LC3–expressing U2OS cells fixed at room temperature with 3.7%
paraformaldehyde (Sigma-Aldrich, St. Louis, MO) in PBS, containing 10 �M
Hoechst 33342 for nuclear staining. Cells with only nuclear Red-LC3 were
considered negatives, whereas cells with more than five dots were considered
as positive (Klionsky et al., 2008; Herrero-Martin et al., 2009). Cells with only
cytosolic dots were considered positive (if �5).

U2OS Red-LC3 Stable Cells. Two days after transfection, the cells were
divided and the following day they were selected using 0.5 mg/ml G418
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(Calbiochem) for 2 weeks. Several clones were expanded and selected by
immunofluorescence for homogeneous recombinant protein expression. The
autophagosome induction in the cell line was confirmed by rapamycin and
Hanks’ balanced salt solution treatment for 3 h. In the untreated U2OS cells,
the Red-LC3 was nuclear or diffusely distributed in the cytosol, and only 2%
of the cells presented dotted staining. The percentage was slightly increased
(4–5%) in the cells transfected with control (crtl) siRNA (data not shown).

For immunocytochemical imaging, images were obtained using an E800 mi-
croscope (Nikon, Tokyo, Japan) coupled with a digital camera (Hamamatsu,
Bridgewater, NJ). The software used was OpenLab 5 (PerkinElmer, Waltham,
MA) on a Mac OS 10.5.6 platform. Mounting medium used for the images was
Advantage permanent mounting media (Axell, Westbury, NY). Objectives used
for image capture were 40� and 63� (Nikon). For the preparation of the figures,
images were processed using Photoshop CS (Adobe Systems, Mountain View, CA).

Transient Transfection, DNA Constructs, and Luciferase
Assays
Transfection methods, pEGFP, pEGFPp8, and pcDNA His5 p8 have been
described previously (Goruppi and Kyriakis, 2004). The luciferase reporter
containing six copies of FoxO binding site and wild-type FoxO3 have been
described previously (Brunet et al., 1999; Furuyama et al., 2000). For analysis
of p8 and FoxO3 transactivation activity, U2OS cells were transfected in
triplicate using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), and
the luciferase assays were carried out as described previously (Goruppi et al.,
2007). A plasmid encoding for �-galactosidase, pCMV �gal (5 ng/well), was
coexpressed to normalize the transfection efficiencies.

Animal Experiments
p8 �/� mice and wild-type, p8 �/�, littermate controls in C57BL/6J back-
ground have been described previously (Vasseur et al., 2002b). Ten- to 12-
week-old age-matched animals were analyzed in the study, and the hearts
were removed under deep anesthesia. For echocardiography, mice were
imaged in the left lateral decubitus position by using a Phillips-Sonos 7500
echocardiography system equipped with 11-MHz sector array and 10- to
15-MHz linear array transducers. Digital echocardiographic images were
analyzed with Phillips-based analysis software (qLAB) on XP-based plat-
form coupled with the echocardiography system. Left ventricular end-dia-

stolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD)
were measured and fractional shortening (FS) was calculated as (LVEDD �
LVESD/LVEDD) � 100%. All studies and analysis were made by investiga-
tors blinded to mice genotype. All procedures were performed according to
the animal protocol approved by Tufts University Animal Care and Use
Committee.

Statistical Analysis
Independent experiments were pooled when the coefficient of variance could
be assumed to be equal. Statistical significance was evaluated with Prism 5.0
software (GraphPad Software, San Diego, CA) by using nonpaired, two-tailed
student’s t test (n is number of experiments or animals analyzed). p values
below 0.05 were considered significant and if lower are indicated.

RESULTS

p8 Silencing Increases Autophagy
To determine whether p8 plays a role in autophagy, we used
siRNA-mediated silencing to knock down U2OS cell p8 ex-
pression. Two sequences targeting human p8 were used,
OL1 and OL2, with both oligonucleotides completely silenc-
ing p8 expression to a similar extent after 24 h, as detected by
RT-PCR (Figure 1A). Serum starvation and inhibition of
mTOR by rapamycin are known inducers of autophagy
(Klionsky et al., 2008); we thus asked whether p8 could affect
autophagy induced by these stimuli. LC3 is a key compo-
nent of autophagic complex, and LC3-I to LC3-II processing
is a prominent marker for autophagy (Klionsky et al., 2008).
After p8 or ctrl RNAi, U2OS cells were either maintained for
48 h in complete medium (10% FBS) or autophagy was
induced by addition of 100 nM rapamycin (Rapa) or by
serum starvation (SF) for 16 h.

Figure 1. p8 silencing causes an increase of autophagy. (A) p8 RNAi in U2OS cells. Cells were transfected with two different p8 siRNAs (OL1
and OL2) or with a mix of two nontargeting siRNA as control (ctrl). After 24 h total RNA was analyzed by RT-PCR, by using p8-specific and
actin-specific oligonucleotides. (B) p8 RNAi causes LC3-II processing in U2OS cells. Western blot analysis of total cellular lysates from U2OS
cells after RNAi as described in A, and either left untreated or treated with 100 nM rapamycin (Rapa) or serum starved (SF) for additional
24 h. Membranes were developed using anti LC3B, p-S6, p-Akt, and actin antibodies. In this experiment, p-S6, p-Akt antibodies were used
as treatment controls for serum starvation and Rapa addition. The LC3B antibody has a stronger reactivity for LC3B-II form. Film was
quantitated by densitometry and fold induction of LC3-II, normalized to total actin, is shown. (C) p8 silencing induces autophagosome
formation in U2OS cells. Red-LC3–expressing U2OS cells after either OL1 or OL2 or crtl RNAi. The cells were fixed for the analysis after 48 h.
When indicated, 10 mM 3MA or 100 nM rapamycin were added for 24 h. (C and D), Representative immunofluorescent images (63�; bar,
20 �m), and the percentage of cells with LC3 puncta is shown. (E) Percentage of cells with LC3 puncta in experiments as described in C and
D having pepstatin A and E64D added for 4 h before analysis. The values represent the mean � SEM for three experiments. Samples were
subjected to unpaired Student’s t test.
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Silencing of p8 strongly stimulated LC3-II formation, even
in medium containing 10% serum—a condition that should
not provoke autophagy (Figure 1B and Supplemental Figure
1, A and B). Rapamycin or serum starvation each induced a
strong up-regulation of LC3-II, but this induction was consis-
tently higher after p8 RNAi (Figure 1B). Thus, p8 silencing
induces LC3-II processing, indicating activation of autophagy.

The formation of LC3-II is associated with the aggregation
of LC3-I in the autophagosomes. This aggregated LC3-II
appears as puncta detectable by cytochemical methods. A
fluorescent protein fused to LC3 is commonly used as an
alternative approach to analyze autophagy (Klionsky et al.,
2008). We thus established a U2OS cell line expressing the
LC3 fused to a far-red fluorescent protein, Red-LC3 (Figure
1C). U2OS Red-LC3 cells were subjected to p8 RNAi by
using either OL1 or OL2 (Figure 1A), and 3-methyl adenine
(3MA), an inhibitor of autophagy was used in parallel ex-
periments (Figure 1D). As positive control, after ctrl RNAi,
Red-LC3 cells were treated with 100 nM rapamycin. In all the
experiments, cells were visualized by nuclear Hoechst staining,
and the percentage of cells bearing at least five puncta was
quantitated, as described in Klionsky et al. (20080 and Herrero-
Martin et al. (2009). Consistent with Figure 1B, p8 silencing
leads to autophagosomes accumulation with at least 20% of the
cells manifesting autophagic puncta. The appearance of puncta
was inhibited by 3MA addition (Figure 1, C and D). When
E64D and pepstatin were added for 4 h before the analysis, we
found a similar higher percentage of Red-LC3–positive cells
after p8 silencing, strongly suggesting an increase of the “on
rate” of the autophagic process (Figure 1E). Thus, our data
indicate that silencing of p8 is sufficient to increase the basal
autophagosome formation in U2OS cells and is blocked by
autophagy inhibitors incubation.

p8 Protects from Autophagy-induced Apoptosis
Autophagy can be either protective or deleterious on cellular
fate (Maiuri et al., 2007). We thus set out to determine the
effects of p8 RNAi on cellular viability and consequent to
autophagy activation by serum starvation, AMPK stimula-
tion with AICAR, or by mTOR inhibition with rapamycin.
Thus, after p8 RNAi we applied autophagic stimuli and
assessed cell viability by MTT assays. Silencing of p8 de-
creased the survival of cells cultured in the presence of 10%
FBS (Figure 2A) and enhanced cell death to an even greater
degree upon activation of autophagy by serum starvation,
AICAR, or rapamycin (Figure 2, A and B). The effects of p8
RNAi on cell death provoked by serum depletion were
reversed when cells were simultaneously treated with auto-
phagy inhibitor 3MA (Figure 2B). These findings were con-
firmed in assays with U87MG cells, a glioblastoma cell line
(Supplemental Figure 1, B and C). In parallel experiments, we
monitored autophagy levels in the same conditions as in Figure
2B (Figure 2C). A further increase of LC3-II upon pharmaco-
logical activation of autophagy in serum starved cells was
detected and was blocked by 3MA addition (Figure 2C). On
line with this evidence, 96 h of p8 RNAi resulted in a decrease
in total U2OS cell number, as quantified by direct cell count
and consistent with an effect on cellular viability (Figure 2D).

We further analyzed the mechanism responsible for auto-
phagy induction by p8 RNAi. As for cellular viability (Figure
2B), the addition of 3MA to the cell medium suppressed the
increase in LC3-II upon p8 RNAi (Figure 2E). The enhance-
ment, by p8 RNAi, of serum starvation-induced cell death
may be due to the disruption of intracellular energy balance
as methylpyruvate, a growth factor-independent energy
source, reversed the p8-dependent increase of LC3-II pro-
cessing (Figure 2E). Thus, p8 seems to suppress autophagy

and cell death associated with autophagic stimuli, rendering
cells less sensitive to energy stressors.

We further assessed whether the decrease in cell viability
observed after p8 silencing was due to apoptotic cell death. To
this end, we analyzed targets of caspase machinery and found
that p8 siRNA triggered both nuclear PARP cleavage and a
decrease in total caspase-3, indicative of its processing. Accord-
ingly, we observed a decrease in the caspase-3 inhibitor sur-
vivin, whereas no significant changes for c-IAP1 were found
(Figure 2F).

To determine whether blocking apoptosis had an effect on
autophagy, we performed an experiment where ctrl- and
p8-silenced U2OS cells were treated with the caspase inhib-
itor zVADfmk (ZVAD) and, as positive control, simulta-
neously with ZVAD and autophagy inhibitor 3MA. The
effects on autophagy and apoptosis were monitored with
LC3B, cleaved PARP and total caspase-3 antibodies. We
found that ZVAD treatment did not affect p8 silencing-
induced LC3 processing, but, as expected, it blocked PARP
cleavage. Addition of both ZVAD and 3MA abolished both
autophagy and apoptosis (Figure 2G). Together, the results
in Figure 2 indicate that the presence of p8 protects cells
from autophagy and that p8 silencing provokes autophagy
and cell death associated with caspase activation.

p8 Represses FoxO3 Transactivation
We next sought to identify the mechanisms by which p8 reg-
ulates autophagy. We have shown that p8 is a cotranscriptional
regulator in cardiovascular and cancer cells (Goruppi et al.,
2007). In many instances, the induction of autophagy is
accompanied by the expression of a number of genes (Attaix
and Bechet, 2007; Klionsky et al., 2008). Thus, we asked
whether p8 might regulate the induction of autophagy via a
transcriptional mechanism. The transcription factor FoxO3
has been reported to control autophagy (Mammucari et al.,
2007; Zhao et al., 2007). We used a FoxO luciferase reporter
to test the effects of p8 expression on FoxO3 transactivation.
We found that p8 coexpression triggered a complete repres-
sion of the FoxO3-dependent reporter transactivation (p �
001) (Figure 3A). Likewise, expression of a GFP-tagged p8
had no significant reporter activity and, when coexpressed,
inhibited the FoxO3 reporter transactivation (Figure 3A).
When FoxO3 was expressed with decreasing concentrations
of p8 a dose dependent derepression was detected, ruling
out the possibility of a toxic effect due to protein overexpres-
sion (Figure 3B).

In the presence of serum, FoxO3 is kept inactive and seques-
tered in the cytosol through a phosphatidylinositol 3-kinase/
Akt-dependent mechanism. On serum withdrawal, FoxO3 en-
ters the nucleus and becomes active (Brunet et al., 1999). To
determine whether p8 expression might interfere with
FoxO3 intracellular localization, we generated a U2OS cell
line in which p8 was silenced by lentiviral short hairpin
RNA (shRNA) (LV sip8), and control cells were generated
by infecting with empty shRNA lentiviruses (LV sictrl) (Sup-
plemental Figure 2B). Nuclear and cytosolic extracts were
prepared and FoxO3 detected on immunoblots. SGK1 and
Lamin A provided cytosolic and nuclear markers, respec-
tively (Figure 3C). The levels of FoxO3 were quantified and
expressed as the nuclear (N) to cytoplasmic (C) ratio. We
found that cells in which p8 expression was silenced had
significantly higher levels of nuclear FoxO3 even in presence
of serum (0.5 � 2 vs. 1.7 � 5, respectively; p � 0.05; n � 3),
indicative of a possible functional interaction between
FoxO3 and p8 (Figure 3C). No change in total FoxO3 protein
expression was detected in total cellular lysates made in
SDS-loading buffer (Figure 3C, middle).
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Figure 2. p8 presence protects from autophagy-induced apoptosis. (A–C) p8 RNAi decreases cellular viability in response to autophagy
stimuli. U2OS were cultured for 48 h after p8 or ctrl RNAi, and then the cells were cultured for further 48 h with 10% FBS or without FBS
(SF) before cell viability assays. When indicated, 1 mM AICAR (AICAR) or 100 nM rapamycin (RAPA) or 10 mM 3MA was added. (B) Values
were normalized to ctrl-silenced cells in serum-free conditions. Values represent the mean � SEM for five experiments in triplicate. Samples
were subjected to unpaired Student’s t test. #p � 0.05. (C) Western blot analysis of the levels of LC3-II in total cellular lysates of U2OS treated
as described in B. (D) Decrease of total cell number following p8 RNAi. U2OS were cultured for 96 h after p8 (sip8) or ctrl (sictrl) RNAi, and
cell number was evaluated using a hemocytometer. The values represent the mean � SEM for three experiments. (F) p8 RNAi-induced LC3
processing is blocked by autophagy inhibitors. Western blot analysis after p8 or ctrl RNAi as described in Figure 1A and serum starvation
(SF) or treatment with 10 mM 3MA or 10 mM methylpyruvate (Py) for 24 h. Western blots were performed with anti-LC3B and actin
antibodies. (E) p8 RNAi induces autophagy and concomitant apoptosis in U2OS cells. U2OS were cultured in 10% FBS for 48 and 72 h after
p8 (sip8) or ctrl (sictrl) RNAi. Total cellular lysates were analyzed with antibodies to autophagy, survival, and apoptosis markers, as indicated.
Actin was used to normalize the loading. Representative Western blots are shown. (G) p8 RNAi-induced LC3 processing is not blocked by
apoptosis inhibitors. Analysis after p8 or ctrl RNAi as in Figure 1A and treatment with 20 �M zVADfmk (ZVAD) caspase inhibitor alone or
with ZVAD and 10 mM 3MA combined for 16 h in 10% FBS. The Western blots were carried out with LC3B, caspase-3, cleaved PARP, and
tubulin antibodies.
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To investigate whether the observed increase in nuclear
FoxO3 localization in p8 knockdown cells might be a conse-
quence of a direct interaction with p8, we performed immu-
noprecipitations from U2OS expressing either GFP or
GFPp8 (Supplemental Figure 2A) by using anti-p8 antibod-
ies. FoxO3 was clearly detected in cells expressing p8 and
the interaction was not apparently influenced if the cells
were serum starved for 24 h (Figure 3D). Altogether, our
results indicate that p8 expression is able to repress FoxO3-
dependent transactivation in U2OS cells and that p8 knock-
down increases nuclear FoxO3.

p8 Suppresses FoxO3 Association with the bnip3
Promoter and Modulates bnip3 RNA and Protein
Levels in U2OS Cells
The above-mentioned studies suggested that p8 might reg-
ulate FoxO3-dependent induction of autophagic genes. The

promoters of several autophagy genes (lc3, bnip3, and atg12)
contain multiple FoxO consensus cis-acting sequences
(Mammucari et al., 2007; Zhao et al., 2007). We focused on
Bnip3, a protein whose inhibition blocks autophagy in car-
diomyocytes and hypoxic tumors, whereas if overexpressed
it can induce autophagy and repress mTORC1 (Hamacher-
Brady et al., 2006; Hamacher-Brady et al., 2007; Li et al., 2007).
Several studies suggest a major role for Bnip3 in FoxO3-
induced autophagy in vitro and in vivo (Mammucari et al.,
2007; Zhang and Ney, 2009).

We tested the effects of p8 RNAi on FoxO3’s association
with two different regions on the bnip3 promoter (A and B in
Figure 4A). After p8 or control RNAi treatment, U2OS cells
were either left in presence of serum or serum starved for
20 h before performing ChIPs. DNA Copurified with FoxO3
and NRS ChIPs were amplified by PCR using the oligonu-
cleotide surrounding sequences A and B (Figure 4A). We

Figure 3. p8 interacts with and represses Foxo3 transactivation. (A and B) p8 represses FoxO3 transactivation in a dose dependent manner.
U2OS cells were transfected with a FoxO transcription factors reporter and a combination of pcDNAp8, pEGFPp8, and pCMVFoxO3 wild
type (wt). The next day, cells were serum starved (0.1% FBS) for 16 h. Luciferase activity was measured in triplicate and normalized to
�-galactosidase activity. The FoxO3 concentration having maximal transactivation was cotransfected with increasing amounts of pcDNAp8,
in B. Mean � SEM for four experiments is shown. (C) U2OS cells were infected either with a control silencing lentivirus (LV sicrtl) or a
lentivirus silencing human p8 (LV sip8). Confluent cells were subjected to nuclear/cytosolic separation (N and C). The Western blots were
carried out with the indicated antibodies, quantitated by densitometry, and the normalized values are indicated as nuclear/cytosol ratio in
the histograms (mean � SEM for three experiments; p � 0.05). Separate cultures were analyzed for total protein expression (right). (D) p8
binds to endogenous FoxO3. U2OS cells expressing enhanced green fluorescent protein (EGFP) or EGFPp8 were either left untreated (10%)
or serum starved (SF) for 24 h before immunoprecipitation with anti-p8 antibodies. The western blots were carried out with anti-FoxO3 and
p8, whereas total lysates were stained with GFP.
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found that silencing of p8 increases the association of FoxO3
with chromatin containing the bnip3 promoter. Along with
the results in Figure 3A, these data suggest that p8 nega-
tively regulates FoxO3 transactivation of bnip3. Accordingly,
p8 silencing also increased the levels of Bnip3 mRNA, as
detected by RT-PCR (Figure 4B). Moreover, when separate
ChIPs were performed using acetylated-histone H3 (Lys9) an-
tibodies, which recognize transcriptionally active chromatin,
we found that p8 RNAi increases the levels of chromatin con-
taining acetylated histone H3. These data suggest that in situ
p8 reduces the level of active chromatin (Figure 4A). In accor-
dance with our RNA and ChIP studies, we found that Bnip3
protein levels are increased upon p8 silencing (Figure 4C).

We next examined whether bnip3 expression was responsi-
ble for the decrease in viability after p8 silencing. To this end,
we either silenced p8 or both bnip3 and p8, before inducing
autophagy for 48 h, as in Figure 2. We found that although p8
silencing alone impaired cellular viability, concomitant silenc-
ing of p8 and bnip3 restored the cellular viability both in the
presence or the absence of serum (Figure 4D).

We further investigated the effects on cell survival of
simultaneous p8 and autophagy knockdown by silencing the
essential component of the autophagic machinery atg5
(Klionsky et al., 2008). To this end, we either silenced p8,
atg5, and bnip3 alone or in combination before serum star-
vation for 48 h (Figure 4E and Supplemental Figure 2C). We
found that simultaneous silencing of atg5 and p8 blocked
LC3 processing and decreased apoptosis, as detected by
PARP cleavage and total caspase3 levels (Figure 4E). Bnip3
and p8 silencing blocked apoptosis, but a higher basal LC3
processing was still detectable. From Figure 4, A–E, we can
conclude that p8 silencing up-regulates Bnip3 and causes
ATG5-dependent autophagy and Bnip3-dependent apopto-
sis. Interestingly, in absence of apoptosis, higher levels of
LC3-II were detected in bnip3 and p8 cosilenced cells (Figure
4E). Together, our results in Figures 3, A–C and 4, A–E, indicate
that p8 suppresses the association of FoxO3 with the bnip3
promoter and that p8 absence increases bnip3 transcription and
protein levels. More importantly, Bnip3 seems to be a key
target mediating cell death induced by p8 silencing.

Cellular Energy Stress Acts on p8 Expression and Stability
Metabolic stress results in a decrease in ATP and an accu-
mulation of AMP, which activates AMPK (Hardie, 2007).
Likewise, amino acid depletion deactivates mTORC1, result-
ing in reduced protein synthesis (Meijer and Codogno,
2008). To determine whether metabolic stresses could act on
p8 expression, we induced autophagy in U2OS cells with
AICAR and followed p8 protein levels over time. The ex-
pression of endogenous Bnip3 and the induction of LC3-II
were monitored in parallel. As controls, we followed the
levels of AMPK activation and the induction of apoptosis.
We found that endogenous p8 protein was transiently in-
duced between 1 and 9 h after AICAR addition. Induction of
autophagy by AICAR was associated by a slight increase of
total Bnip3 protein (Figure 5A). After 16 h, endogenous p8
levels were down-regulated and concomitantly the induc-
tion of Bnip3 was up-regulated, as were LC3-II levels. En-
dogenous p8 stabilization by AICAR was transient. Accord-
ingly, both amino acid and glucose starvation stabilized p8
in primary rat cardiomyocytes (Supplemental Figure 3, A
and B). AMPK phosphorylation was first detected at 1 h
from AICAR addition and remained higher than basal at
later time points, when PARP cleavage became evident (Fig-
ure 5A). Thus, although autophagic stimuli such as AICAR
induce p8 transiently, markers of autophagy are fully up-
regulated in AICAR-stimulated cells when p8 levels decline

back to basal. These findings are consistent with our obser-
vations indicating that p8 suppresses autophagy by reduc-
ing the transcription of Bnip3.

We and others have reported that p8 polypeptide un-
dergoes multiple posttranslational modifications, some of
them required for its stabilization. Endothelin-1 and �-ad-
renergic agonists act at transcriptional level, whereas oth-
ers, such as TNF, modify both expression and protein sta-
bility. In addition, p8 turnover is regulated by Akt-glycogen
synthase kinase 3 signaling, which is sensitive to serum
withdrawal (Goruppi and Kyriakis, 2004; Goruppi et al.,
2007; Chowdhury et al., 2009; Goruppi and Iovanna, 2009).
To determine whether the transient increase of endogenous
p8 polypeptide is determined by signaling regulating the
autophagic process, we transfected 293 cells with pcDNA p8
and treated them with either AICAR, 2DG, rapamycin, or
TNF as positive control, both in presence of serum (10%) or
under serum-free conditions. Immunoblotting with anti p8
antibodies showed that serum depletion increased p8
polypeptide levels modestly, whereas AICAR and 2DG
stimulated robust increases in p8 protein, both under normal
serum conditions and in serum-free conditions. Rapamycin
did not affect p8 levels (Figure 5B). Thus p8 polypeptide
stability is a target of AMPK-activated signaling but not of
mTOR or serum withdrawal.

Because AICAR-induced autophagy is associated with en-
dogenous Bnip3 up-regulation and a decrease in endoge-
nous p8 levels (Figure 5A), we explored the effects of p8
overexpression on AICAR-induced Bnip3 up-regulation. To
this end, we took advantage of U2OS cells expressing either
GFP or GFPp8 (Figure 4D and Supplemental Figure 2A) and
analyzed over time the levels of endogenous Bnip3 after
AICAR addition. As in parental U2OS cells (Figure 5A), in
GFP-expressing U2OS cells the basal Bnip3 levels were
strongly up-regulated after 24 h from AICAR addition (Fig-
ure 5C). By contrast, and consistent with a p8 corepressor
function, no significant endogenous Bnip3 up-regulation
was detected in GFPp8-expressing U2OS cells (Figure 5C).
Together these data suggest that, after a transient stabiliza-
tion, the induction of autophagy by stimuli mimicking en-
ergy stress is associated with the down-regulation of endog-
enous p8, which leads to a concomitant up-regulation of
endogenous Bnip3.

p8 Silencing Increases Autophagy and Apoptosis in
Cardiac Cells
Our results in Figure 1 and 2 demonstrate that p8 silencing
in U2OS cells is followed by an increase in basal autophagy
levels and apoptosis. We have reported previously that p8 is
expressed in cardiac cells (Goruppi et al., 2007); we thus
explored the consequences of p8 silencing in primary neo-
natal rat cardiomyocytes and in rat H9C2 cardiomyoblast
cells. We monitored the autophagy levels and apoptosis 72 h
after either ctrl or p8 RNAi (Goruppi et al., 2007). In both
cardiomyocytes and H9C2 cells, we studied the effects of
p8 silencing in the presence or absence of lysosome inhib-
itors (E64D and pepstatin) and in H9C2 cells also in
presence/absence of the autophagy inhibitor (3MA). The
induction of autophagy was detected with LC3B antibod-
ies and the activation of apoptosis was monitored with
caspase-3, caspase-9, and PARP antibodies by Western
blot. We found that silencing of p8 resulted in LC3 process-
ing in both cardiomyocytes and H9C2 cells, which was
dramatically increased by the lysosomal inhibitors, thus rul-
ing out LC3-II flux as an explanation for increased LC3-II
levels after p8 RNAi (Figure 6, A–C). This was correlated
with a significant apoptosis in both cardiac cells (Figure 6,
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Figure 4. p8 RNAi increases FoxO3 association to bnip3 promoter resulting in higher bnip3 RNA and protein levels. (A) Increased FoxO3
association to endogenous bnip3 promoter after p8 RNAi. U2OS 24 h after p8 or crtl RNAi were either left untreated or serum starved (SF)
for additional 20 h before harvesting. Chromatin immunoprecipitations of endogenous FoxO3: either anti FoxO3 (�FoxO3) or a nonimmune
serum (�NS-Rabbit) were used. Total cellular chromatin (INPUT). Two FoxO-responsive elements in the bnip3 promoter (A and B in the bnip3
promoter scheme) were analyzed. p8 RNAi increases histone H3 acetylation on bnip3 promoter. ChIPs were performed from U2OS chromatin
by using anti-lysine 9-acetylated histone H3 antibodies. PCR reactions were made using B oligonucleotides. (B) p8 RNAi enhances bnip3 RNA
expression. U2OS were treated as described in Figure 2A, and RT-PCRs were run using bnip3, p8, and actin oligonucleotides. The histograms
show the mean values � SEM for three experiments. p � 0.05. (C) p8 RNAi increases Bnip3 protein levels. Western blot analysis of total
cellular lysates from U2OS cells treated as described in Figure 5A, using either anti Bnip3 or actin antibodies, as loading control. (D)
Knockdown of bnip3 decreases cell death associated with p8 silencing. U2OS were cultured for 48 h after ctrl, p8 alone, or p8 and bnip3 RNAi.
Cellular viability assays (MTT) were performed after additional 48 h. The values represent the mean � SEM for three experiments in
triplicate. Samples were subjected to unpaired Student’s t test. (E) p8 RNAi induces atg5-dependent autophagy and bnip3-dependent
apoptosis. U2OS were cultured for 48 h in serum-free after ctrl, atg5, p8, and bnip3 alone or after combined p8�atg5, p8�bnip3, and atg5�bnip3
RNAi. Western blot analysis of total cellular lysates using LC3B, anti-cleaved PARP, caspase-3, and tubulin antibodies. The efficiency of atg5
and bnip3 knockdown is shown in Supplemental Figure 2C. The quantification of two separate Western blots is shown on the right.
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A–C) and was blocked by 3MA addition in H9C2 cells
(Figure 6C). Three results are consistent with our evidence in
U2OS cells and show an increase of 3MA-dependent auto-
phagy after p8 silencing in cardiomyocytes, which is associ-
ated with caspase activation.

To further support our findings in the cardiovascular
system, we investigated the effects of p8 expression on
FoxO3-dependent transactivation. As for the U2OS cells
(Figure 3, A and B), we found that p8 coexpression in the
H9C2 cardiac cell line resulted in a repression of the FoxO3-
dependent reporter transactivation (Figure 6D). Likewise,
when FoxO3 was expressed with increasing concentrations
of p8, a dose-dependent repression was detected (Figure
6D).

In addition to cardiomyocytes, several different cell types
can be found in the human heart (Rothermel and Hill,
2008b). We thus explored whether a similar increase in basal
autophagy levels after p8 silencing, as detected in cardiomyo-
cytes, occurred in primary human cardiac fibroblasts (hCFs)
and in primary human aortic endothelial cells (HAECs). In
both primary human cell types, p8 silencing for 72 h was
associated with an increase of basal LC3 processing (Figure
5D). These studies strengthen our findings in U2OS cells and
extend their relevance to the cardiovascular system.

Cardiac Tissue from p8 �/� Mice Exhibits Higher Basal
Autophagy
We have shown that p8 plays a crucial role in regulation of
cardiomyocyte hypertrophy and cardiac fibroblast produc-
tion of MMPs, suggesting a function for p8 in the heart
(Goruppi et al., 2007). We took advantage of p8 �/� mice to
investigate whether disruption of p8 is associated with in-
creased autophagy in the heart. RT-PCR confirmed the ex-
pression of p8 in the left ventricles (LVs) of wild-type (p8
�/�) mice, and, as expected, its absence in p8 �/� mice
(Figure 7A). We analyzed by Western blot the levels of
LC3-II and Atg12–5 in the LV total lysates of age-matched p8
�/� and p8 �/� mice. We found that disruption of p8 led
to significantly elevated levels of LC3-I and LC3-II, and of
Atg12–5 (p � 0.03, n � 5 and p � 0.02, n � 5, respectively),
indicating a greater basal autophagy (Figure 7B). The in-
crease in LC3-I and LC3-II observed was not apparently due
to a direct transcriptional effect, because we detected no
significant difference in lc3 mRNA between p8 �/� and p8
�/� mice (Figure 7C), by RT-PCR. Consistent with our
RNAi and overexpression results, we found that both RNA
and protein expression of bnip3 were higher in p8 �/� (p �
0.01, n � 6 and p � 0.05, n � 4, respectively) (Figure 7, C and

Figure 5. Cellular energy stress acts on p8 expression and stability. (A) Endogenous p8 is down-regulated by AMPK-signaling in U2OS cells.
Analysis of U2OS cells stimulated for the indicated times with 1 mM AICAR. The Western blots were carried out with anti-p8, Bnip3, LC3B,
p-AMPK�, p-AMPK�, AMPK-cleaved PARP, and actin antibodies. For p8 and Bnip3, values were quantified as fold of induction relative to
the untreated cells levels. (B) Ectopic expressed p8 is stabilized by 2DG and AICAR. 293 cells were cotransfected with pcDNAp8 and a vector
expressing GST protein (pEGB). After 2 d, the cells were treated for 8 h with 20 mM 2DG, 1 mM AICAR, 20 ng/ml rapamycin, and 20 ng/ml
TNF (positive control) either in the presence (10% FBS) or absence (SF) of serum in the culture medium. The Western blot analysis of total
lysates was performed using anti-p8, anti-p-AMPK, p-S6, and GST as treatments and efficiency of transfection controls, respectively. (C) p8
overexpression blocks endogenous Bnip3 up-regulation by AICAR. Analysis of EGFP- or EGFPp8-expressing cells stimulated for the
indicated times with AICAR as described in A. The Western blots were made with anti-Bnip3 and tubulin antibodies.
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D). These findings indicate that, as with silencing of p8 in
cultured cells, the disruption of p8 is associated with an in-
crease in the expression of autophagy markers also in vivo.

p8 Genetic Deletion Is Associated with a Cardiac
Phenotype
Autophagy in the heart under baseline conditions is a ho-
meostatic mechanism for the maintenance of normal cardiac
function and morphology. However, unrestrained or exces-
sive autophagic activity can result in cardiac cellular loss
and cardiac dysfunction (De Meyer and Martinet, 2008;
Kundu and Thompson, 2008; Rothermel and Hill, 2008a).
We have shown previously that p8 is induced in human
failing hearts and by stimuli associated with cardiac remod-
eling (Goruppi et al., 2007). To determine whether p8 genetic
deletion was associated with a change in heart function, we
performed echocardiographic recordings of p8 �/� (n � 15)
and p8 �/� (n � 16) mice and measured their left ventricle
wall dimensions and ventricle performance. We found that
compared with their p8 �/� littermates, the p8 �/� mice
present a small but significant LV dilation (p � 0.05), as
detected by end-diastolic and end-systolic dimensions (Fig-
ure 8A), which result in a lower fractional shortening (p �
0.01) (Figure 8C). In addition, compared with p8 �/� mice,

p8 �/� mice develop a LV posterior wall thinning (p �
0.05), whereas no significant differences were found for the
LV anterior wall (Figure 8B). Our findings indicate that in
vivo p8 absence causes an increase in bnip3 proautophagic
gene expression associated with an increase of autophagic
markers. In the heart, in vivo p8 deletion results in a de-
creased cardiac functionality.

DISCUSSION

Autophagy has been implicated in the pathogenesis of var-
ious diseases, including cancer, neurodegeneration, and car-
diomyopathies. Central to the discussion of autophagy in
disease pathogenesis is its role in adapting to cellular stress
versus its role in contributing to cell death (Maiuri et al.,
2007; Mizushima et al., 2008; Rothermel and Hill, 2008a).
Multiple stimuli induce autophagy in mammalian cells; and
although there is evidence for a transcriptional regulation,
the mechanisms involved in this process are still poorly
understood. The present study unveils a role for p8 in au-
tophagy control and provides new insights into the mecha-
nisms by which FoxO3 regulates autophagy. In particular,
we show that in vitro and in vivo p8 depletion is associated
with the up-regulation of autophagy and with the transcrip-

Figure 6. p8 silencing in cardiovascular cells. (A–C) p8 silencing increases autophagy and apoptosis in cardiac cells. p8 RNAi in primary
neonatal rat cardiomyocytes (A and B) and in rat H9C2 cardiac cells (C). Cells were cultured for 72 h in 10% FBS after (rat) p8 or ctrl RNAi.
When indicated, both pepstatin A and E64D were added for 4 h (�inh) or 10 mM 3-methyladenine (�3MA) was added for 16 h before
analysis. The Western blots were performed with anti-LC3B, PARP, rat-specific cleaved (clvd) caspase-9, and total and cleaved (clvd)
caspase-3 antibodies for cardiomyocytes and LC3B and cleaved (clvd) PARP and caspase-3 antibodies for H9C2 cells. Tubulin was used as
loading control. (D) p8 represses FoxO3 transactivation in a dose-dependent manner in H9C2 cells. H9C2 cells were transfected in triplicate
with a FoxO luciferase reporter and pcDNAp8 and pCMVFoxO3 wt as described for Figure 3A). In separate experiments, FoxO3 was
cotransfected with increasing amounts of pcDNAp8. Luciferase activity was measured in triplicate and normalized to coexpressed
�-galactosidase activity. Means � SEM for two experiments are shown. (E) p8 silencing increases autophagy in primary human cells. p8 RNAi
in primary hCFs and in primary HAECs. Cells were cultured for 72 h in 10% FBS after p8 or ctrl RNAi, and the Western blot analysis was
performed as described in A.
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tion of a known FoxO3 target gene involved in the autoph-
agic process.

Silencing of p8 Causes Autophagy and Apoptosis
Under basal conditions the low level of autophagy is tightly
regulated and is required to maintain cellular homeostasis
(Codogno and Meijer, 2005; Maiuri et al., 2007). The results

we present show that basal p8 expression represses autoph-
agy and protects cells from autophagy-induced cell death. p8
RNAi increases puncta formation, indicative of autophago-
some accumulation, albeit to a lower level than rapamycin
or serum starvation, two known inducers of autophagy.
Autophagosomes accumulation can reflect either an increase
of formation, due to an increase in autophagic activity, or a

Figure 7. Cardiac tissue from p8 �/� mice exhibits higher basal autophagy and present increased levels of both Bnip3 RNA and protein.
(A) p8 is expressed in the heart. RT-PCR analysis of total RNA from LVs of wilt type (p8 �/�) and knockout mice (p8 �/�). p8 and actin
were coamplified, and PCR products were separated on 1.8% agarose gel. (B) p8 �/� mice have higher LC3-II and ATG12–5 levels. Western
blot analysis of LV extracts from p8 �/� and p8 �/� mice by using anti-LC3B, anti-ATG12-5, and �-actin antibodies. The quantifications
are shown in the histograms. The values represent the mean � SEM. Samples were subjected to unpaired Student’s t test (p � 0.03 and p �
0.02, respectively; n � 5). (C) p8 �/� mice have higher bnip3 expression. bnip3, lc3, and actin were amplified from LV RNA of p8 �/� and
p8 �/� mice. PCR products were quantified and subjected to unpaired Student’s t test (p � 0.01; n � 6). (D) p8 �/�mice have higher Bnip3
protein levels. Western blot analysis of LV extracts from p8 �/� and p8 �/� mice by using anti Bnip3 and �-actin antibodies, as indicated.
The quantifications are shown in the histograms (p � 0.05; n � 4). The values represent the means � SEM.
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reduction in their turnover. In our system, addition of au-
tophagy inhibitors further increased both puncta formation
and LC3 processing, strongly suggesting that p8 silencing
increases the on rate of the autophagic process. In addition,
such LC3 processing was inhibited by atg5 silencing, 3MA,
and methyl pyruvate addition, pointing thus to a canonical
autophagic pathway activation (Klionsky et al., 2008).

Although enhanced autophagy may confer a growing
advantage, a constant increase in self-cannibalism may
reduce survival rates when environmental stresses ap-
pear. We show here that the inability to regulate p8 ren-
ders the cells more sensitive to metabolic stressors. Accord-

ingly, the mouse embryonic fibroblasts derived from p8
knockout mice have been shown to proliferate faster, but
they fail to produce colonies when challenged in the absence
of adhesion (Vasseur et al., 2002a).

p8 Represses FoxO3 Transactivation of bnip3
p8 is activated by various stressors, including agents affect-
ing DNA structure, cytokines, and growth conditions. This
induction by stress involves multiple mechanisms that often
lead to stabilization of the protein. Once activated, p8 me-
diates several effects ranging from genomic stability, apo-
ptosis, cellular growth, and cell cycle arrest. Some of these

Figure 8. p8 genetic deletion is associated with a cardiac phenotype. (A) p8 �/� hearts display chamber dilation. Echocardiographic data
from LV of p8 �/� and p8 �/� mice (*p � 0.05); n � 15 for each group). LVEDD and LVESD are measured in millimeters. (B) p8 �/� hearts
display LV wall thinning. AWT and PW, anterior and posterior wall thickness (in millimeters) (*p � 0.05 for PWT �/� vs. �/�; n � 15 for
each group). (C) p8 �/� mice have lower fractional shortening when compared with p8 �/� mice. FS, fractional shortening, calculated from
A as (LVEDD � LVESD/LVEDD) � 100% (*p � 0.01 �/� vs. �/�; n � 15). Numeric values for echocardiographic data are shown in the
right panel. (D) Scheme of the mechanism regulating autophagy by p8.
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effects depend on p8 ability to modify transcriptional activ-
ity (Goruppi et al., 2007; Chowdhury et al., 2009). Whether p8
induces adaptive responses (cell survival) or cell death has
been linked so far to distinct transcriptional programs and
might depend on the stimuli or cellular microenvironment
(Chowdhury et al., 2009; Goruppi and Iovanna, 2009). Our
evidences indicate that p8 represses FoxO transcription and
that p8 absence is associated with increased FoxO3-depen-
dent expression of bnip3, in vitro and in vivo.

FoxO3 controls the activation of autophagy, as overex-
pression of an activated FoxO3 induces autophagy in a
muscle cell line and regulates the expression of atgs in the
skeletal muscle (Mammucari et al., 2007; Zhao et al., 2007). In
this setting, a key role is played by FoxO3-induced bnip3,
because its overexpression stimulates autophagosome for-
mation, whereas bnip3 silencing decreases FoxO3-induced
autophagy. Accordingly, we show that p8 represses Bnip3
up-regulation by AICAR that bnip3 knockdown restores
cell viability of p8 deficient cells and blocks p8 RNAi-
induced apoptosis, thus reinforcing p8 corepressor role
toward FoxO3. Nevertheless, bnip3 RNAi does not com-
pletely restore cell viability of p8 deficient cells, and these
cells have yet higher autophagy levels, strongly pointing
to the existence of additional proautophagic targets re-
pressed by p8.

The precise mechanism of Bnip3 effects on autophagy
remains to be determined. Bnip3 might induce autophagy
(or apoptosis) by competing with Bcl2 and BclXL for Beclin1
interaction (Pattingre et al., 2005; Zhang and Ney, 2009).
Accordingly, dissociation of Beclin1/BclXL complex by the
BH3-mimetic peptide or after Dap-kinase phosphorylation
promotes autophagy (Oltersdorf et al., 2005; Zalckvar et al.,
2009). Alternatively, deregulated Bnip3 expression might
cause mitochondrial damage, cytochrome c release, and
reactive oxygen species increase (Zhang and Ney, 2009).
Finally, Bnip3 has been shown also to inhibit mTOR,
suggesting a path to cell death by protein synthesis inhi-
bition (Li et al., 2007).

How Does p8 Regulate FoxO3 Activity?
FoxO localization is mostly determined by growth factors
presence, and additional levels of regulation are represented
by protein–protein interactions, acetylations, and phospho-
rylations (Arden, 2007; Calnan and Brunet, 2008). Some
stressors, such as AMPK, can affect FoxO3 transcriptional
activity without influencing its localization (Greer et al.,
2007). p8 is primarily nuclear in subconfluent cells but can
localizes throughout the cell in high density grown or in
G0-arrested cells (Valacco et al., 2006). Our evidence show
that p8 silencing leads to an increase in basal nuclear FoxO3
and that p8 can be found in complex with FoxO3. It is
possible that p8 interferes either with FoxO3 shuttling or
with its interactions with other partners.

We have shown previously that p8 associates with anf and
mmp9 promoters in the cardiovascular system (Goruppi et
al., 2007). Even though multiple FoxO consensus are present
on bnip3 promoter (Mammucari et al., 2007), our evidence do
not point to a direct p8 competition with FoxO3 for the same
DNA target, because p8 lacks transactivation activity toward
the minimal consensus reporter. Finally, FoxO3 induces au-
tophagy by stimulating the expression of several atgs and
other genes; it is unlikely that Bnip3 represents the only
FoxO3’s target whose expression is repressed by p8. The
effects on these additional autophagic genes remain to be
determined.

Our research evidences a possible conundrum: p8 is
transiently induced by autophagic stimuli while its pres-
ence represses the autophagy. Thus, p8 might represent
an additional level of control toward FoxO3 functions,
possibly acting as a feedback loop, which integrates signals
sensing both growth factors and low AMP levels. Accord-
ingly, AICAR and 2DG, but not serum deprivation, stabilize
posttranslationally p8 polypeptide, and the effects of p8
knockdown on cell viability are enhanced if cells are de-
prived of growth factors.

In the long-term, FoxO3-induced up-regulation of atgs
has been proposed to be necessary to maintain active the
autophagic machinery (Klionsky et al., 2008). Because pro-
longed autophagy by an energy stressor results in p8
down-regulation, p8 might participate in the integration
of transient versus a more protracted cellular autophagy,
acting as a transient feedback repressor for untimely
FoxO3 transcription.

p8 Knockout Mice Develop a Decreased Left Ventricular
Function
p8/Nupr1 is a stress-induced protein that is turned on by
the cell’s stress management program at times of emergen-
cies (Chowdhury et al., 2009; Goruppi and Iovanna, 2009).
Little is known regarding its basal functions in vivo. In the
knockout mice, p8 absence does not cause evident pheno-
types, and animals were reported to develop normally (Vas-
seur et al., 2002b). Because we hypothesized previously a
function for p8 in heart failure, our investigation was fo-
cused on the role of p8 in the heart under basal conditions.
We show here that p8 silencing causes autophagy and apo-
ptosis in cardiomyocytes and cardiac fibroblasts, two major
heart cellular components, thus extending the relevance of
our findings to the cardiovascular system.

Activation of autophagy plays a causative role in cardio-
myopathy. Autophagic cell death as cause of cellular degen-
eration has been implicated in patients with hypertrophied
and failing myocardium secondary to ischemia or dilated
cardiomyopathy (De Meyer and Martinet, 2008). Incomplete
autophagy in lysosome-associated protein 2-deficient mice
provokes autophagosome accumulation and cardiomyopa-
thy, whereas atg5 deletion in the adult mice leads to hyper-
trophy and contractile disfunction (Nakai et al., 2007; De
Meyer and Martinet, 2008). The general consensus indicates
that at baseline autophagy represents a homeostatic mecha-
nism for maintaining cardiomyocyte size and cellular struc-
ture (Rothermel and Hill, 2008b); further study will deter-
mine whether in p8 mice changes in the cellular architecture
or increased apoptosis are responsible for the functional
phenotype.

The role of autophagy in the heart is still controversial. In
an ischemia/reperfusion (I/R) model, the up-regulation of
autophagy can protect from cell death, as either pharmaco-
logical inhibition or by interfering with atg5 functions will
worsen the consequences. Interestingly, much of the I/R
damages seem mediated by Bnip3 up-regulation, as its over-
expression causes myocytes autophagy and cell death,
whereas its silencing rescues both (Hamacher-Brady et al.,
2006; Hamacher-Brady et al., 2007). The inability to up-
regulate autophagy during sustained pressure overload in
mice with genetic disruption of atg5 in the heart causes left
ventricular dilation at a time when the wt animals develop
compensatory hypertrophy (Nakai et al., 2007). Determining
the effects of p8 absence following heart pressure overload or in
an animal swimming model will contribute to the understand-
ing of the functions carried out by basal versus induced auto-
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phagy in the heart and the role of FoxO3 transcription in this
process. In addition, multiple pathophysiological conditions
are associated with induction of autophagy. Fully understand-
ing p8’s multifaceted functions might open new avenues to the
understanding of pathophysiological conditions associated
with induction of autophagy, such as cardiovascular patholo-
gies and cancer.
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