
TP53INP1, a tumor suppressor, interacts with LC3 and
ATG8-family proteins through the LC3-interacting
region (LIR) and promotes autophagy-dependent
cell death
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TP53INP1 (tumor protein 53-induced nuclear protein 1) is a tumor suppressor, whose expression is downregulated in cancers

from different organs. It was described as a p53 target gene involved in cell death, cell-cycle arrest and cellular migration. In this

work, we show that TP53INP1 is also able to interact with ATG8-family proteins and to induce autophagy-dependent cell death.

In agreement with this finding, we observe that TP53INP1, which is mainly nuclear, relocalizes in autophagosomes during

autophagy where it is eventually degraded. TP53INP1-LC3 interaction occurs via a functional LC3-interacting region (LIR).

Inactivating mutations of this sequence abolish TP53INP1-LC3 interaction, relocalize TP53INP1 in autophagosomes and

decrease TP53INP1 ability to trigger cell death. Interestingly, TP53INP1 binds to ATG8-family proteins with higher affinity than

p62, suggesting that it could partially displace p62 from autophagosomes, modifying thereby their composition. Moreover,

silencing the expression of autophagy related genes (ATG5 or Beclin-1) or inhibiting caspase activity significantly decreases cell

death induced by TP53INP1. These data indicate that cell death observed after TP53INP1-LC3 interaction depends on both

autophagy and caspase activity. We conclude that TP53INP1 could act as a tumor suppressor by inducing cell death by caspase-

dependent autophagy.
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Increased resistance to cell death participates in pancreatic

cancer progression. Cells unable to undergo self elimination

accumulate mutations and epigenetic modifications that in

turn induce uncontrolled replication.1 Various concomitant

mechanisms exist in normal cells to induce death and, as

consequence, a number of known cell-death regulators are

missing in cancer cells. One of the most studied is the tumor

suppressor TP53, which is inactivated in450% of pancreatic

tumors.2 p53 induces cell death by both direct permeabiliza-

tion of the outer mitochondrial membrane or translocation to

the nucleus where it activates the transcription of several

target genes. One of the p53 target genes is TP53INP1 (tumor

protein 53-induced nuclear protein 1).3–6 p53-dependent

expression of TP53INP1 is triggered in response to several

stress agents such as mutagens, ethanol, heat shock

or conditions promoting reactive oxygen species formation

(i.e., exposure to UV light or g-irradiation).4,6 TP53INP1

interacts with kinases, HIPK2 and PKCd, which in turn

phosphorylate p53 creating a positive feedback loop between

p53 and TP53INP1.7,8 Our laboratory demonstrated that

TP53INP1 is a tumor suppressor on the basis of the following

observations: (i) TP53INP1 deficient mice present with an

increased susceptibility to tumor development; (ii) TP53INP1

is lost at very early stages of pancreatic carcinogenesis

through a mechanism involving the oncogenic miR-155

microRNA and (iii) when TP53INP1 expression is restored

in pancreatic cells, it suppresses xenograft growth by

increasing apoptotic cell death through a caspase-dependent

mechanism.3,9,10 More recently, in an attempt to decipher the

molecular mechanism by which TP53INP1 induces cell death,

we found that it interacts with a family of proteins involved in

autophagy. Such interaction had already been reported for the

TP53INP1 paralog TP53INP2 (also known as DOR) that

shows 30% of amino-acid identity with TP53INP1. TP53INP2

interacts with the pre-autophagosomal membrane protein

VMP1 allowing the recruitment of LC3 to the autophago-

some.11 It was also shown that TP53INP2 regulates

autophagy in Drosophila cells.12 These findings led us to

hypothesize that TP53INP1 also has a role in autophagy.

Macroautophagy (termed autophagy in this manuscript) is an

evolutionarily conserved process that degrades cytosolic

proteins and organelles. Cellular components are engulfed into

double-membraned vesicles called autophagosomes, which

finally fuse to lysosomes and form autophagolysosomes.13
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Autophagy is a physiological process constitutively present in

cells, but it can also be induced in response to various stimuli

such as nutrient starvation, endoplasmic reticulum stress,

trophic factor withdrawal, genotoxic agents or cytokines.14,15

A hallmark event in the autophagic process is the reversible

conjugation of proteins of the ATG8 family to the autophago-

somal membrane after an ubiquitin-like conjugation to

phosphatidylethanolamine. Mammalian cells contain multiple

ATG8 orthologs belonging to three subfamilies: microtubule-

associated protein 1 light chain 3, g-aminobutyric acid

receptor-associated protein (GABARAP) and g-aminobutyric

acid receptor-associated protein like 2 (GABARAPL2).

Autophagy helpsmaintaining pools of cellular metabolites and

is considered as a survival response of the cell. However,

autophagosomeaccumulation is frequently observedwithin cells

undergoing cell death. This observation renders controversial

the link between autophagy and cell death16 as autophagy

may be induced in dying cells and/or may promote cell death. In

an attempt to resolve this discrepancy several studies have

assessed autophagy as a potential contributor to cell death in

particular when autophagy is prolonged or sustained.17–19

The implication of autophagy in oncogenesis has also been

debated, some reports indicating a role in tumor persistence,

whereas others suggested that it could be a cell death

mechanism that, along with proliferative senescence, is a

safeguard against excessive or unscheduled proliferative

signals.20,21 In support to that idea, Elgendy et al.22 recently

provided an interesting example of ‘autophagic cell death’

induced by oncogenic H-RasV12 in a human ovarian surface

epithelial cell line.

In this paper we describe the involvement of TP53INP1 in

autophagy. TP53INP1 binds to proteins of the ATG8-family

and relocalizes in autophagosomes to induce autophagy-

dependent cell death.

Results and Discussion

TP53INP1 interacts with GABARAP, GABARAPL2 and

LC3 proteins. The TP53INP1 primary transcript generates

by alternatively splicing two protein isoforms named

TP53INP1a and TP53INP1b,4 both presenting with tumor

suppressor activity. In order to identify the proteins with

which they interact, both molecules were used as baits in a

Sos recruitment system (SRS)-based yeast two-

hybrid screening. SRS uses a temperature-sensitive

Saccharomyces cerevisiae strain mutant for the Cdc25

gene (the yeast ortholog for the human Sos gene)

encoding a protein that binds and activates Ras GTPase.

Interaction between the prey and TP53INP1 in yeast

cytoplasm leads to the translocation to the membrane of

Sos protein, thereby activating Ras-signaling pathway and

allowing the cdc25H yeast strain to grow at 37 1C. This

system is particularly adapted to nuclear proteins because

they often interact with transcriptional factors and non-

specifically activate the classical Gal4 two hybrid system.

We indeed observed that TP53INP1 generated such non-

specific activation. Two human cDNA libraries were

screened (derived from HeLa cells and from human

testes). After the screening many independent clones

encoding GABARAP or GABARAPL2 were identified as

partners for both TP53INP1 isoforms. To confirm this result,

yeasts were cotransfected with different plasmids, and

growth in stringent conditions such as at 37 1C in the

presence of galactose was only observed when TP53INP1a

or b were cotransfected with GABARAP or GABARAPL2,

indicating interaction between bait and prey proteins

(Figure 1a). These results were verified in mammalian cells

by coprecipitation. HEK293T cells were cotransfected with

TP53INP1a or b tagged with streptavidin-binding peptide

together with GABARAP-YFP or GABARAPL2-YFP.

TP53INP1s were precipitated with a streptavidin-containing

resin and the presence of GABARAP-YFP or GABARAPL2-

YFP in the precipitate was monitored by western blot

(Figure 1b). As these proteins are members of a

structurally and functionally related multigenic family

(mammalian homologs of ATG8), which also include LC3,23

we also assessed by the same strategy that TP53INP1a and

b interact with transfected and endogenous LC3 (Figure 1c).

To check whether interaction between TP53INP1s with

GABARAP, GABARAPL2 and LC3 occurred in living cells

we performed a Bioluminescence Resonance Energy

Transfer (BRET) assay, which allows the real-time

detection of protein–protein interactions. As shown in

Figure 1d, the BRET signal reveals a similar level of

interaction between GABARAP, GABARAPL2 and LC3 with

both TP53INP1 isoforms.

TP53INP1 colocalizes with LC3 in autophagosomes.

TP53INP1s are mostly nuclear proteins and LC3 is mainly

cytoplasmic. In order to determine the subcellular localization

of TP53INP1-LC3 interaction, the osteosarcoma U2OS

cell line was modified to express a TP53INP1a-GFP

fusion protein upon ponasterone A treatment.3 As shown in

Figure 2a, confocal microscopic analysis reveals substantial

colocalization of TP53INP1a-GFP and endogenous LC3 in

cytoplasmic puncta. Because LC3 is localized on

autophagosomes, we made the hypothesis that this puncta

correspond to autophagosomes. To check this point, we

induced autophagy by treating the cells with rapamycin and

Earle’s balanced salt solution (EBSS) medium or inhibited

autophagy with bafilomycin A1 or 3-methyladenine (3-MA).

As observed in Figures 2a and b, autophagy induction

significantly increased TP53INP1-LC3 colocalization. In

addition, treatment with and bafilomycin A1, which inhibits

lysosome acidification that blocks the autophagic flux and

enlarges autophagosomes, strongly increased the size and

the percentage of colocalization puncta. By contrast, the

inhibition of autophagosome formation by 3-MA completely

prevented TP53INP1a-LC3 colocalization. In order to extend

these results to the TP53INP1b isoform as well as to other

cell lines, HeLa and MiaPaCa-2 cells were cotransfected and

treated as before, with very similar results (Supplementary

Figure 1) indicating that both TP53INP1 isoforms colocalize

with LC3 in autophagosomes and that such colocalization is

not specific to U2OS cells.

TP53INP1 is degraded during autophagy. Proteins that

interact with LC3 are frequently degraded during
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autophagy.24 Moreover, many observations indicated that

TP53INP1 is a short-lived protein that undergoes rapid

degradation after synthesis (unpublished results). As auto-

phagy is a prominent mechanism in protein degradation we

assessed whether autophagy could be implicated in

TP53INP1 degradation, by monitoring the levels of p62 and

of the lipidated form of LC3 (LC3-II) in western blots. U2OS

cells were transfected with plasmids encoding TP53INP1a or

b and treated or not with bafilomycin A1 or 3-MA. Figure 2c

shows that bafilomycin A1 and 3-MA treatments induced

significant accumulation of TP53INP1a and b, suggesting

that the TP53INP1 isoforms are indeed degraded during

autophagy. As expected, levels of p62 and LC3-II increased

after bafilomycin A1 treatment. Because these experiments

were performed under TP53INP1s overexpression

conditions, we decided to confirm whether endogenous

TP53INP1s are also degraded during autophagy. Because

mouse embryonic fibroblasts (MEFs) express very low levels

of TP53INP1, gamma irradiation was used to induce its

expression.4 As shown by western blot (Figure 2d), blocking

autophagy with bafilomycin A1 or 3-MA in cells, irradiated or

not, led to a significant accumulation of endogenous

TP53INP1a and b. Altogether, these results show that

TP53INP1 isoforms are not only relocalized in autophago-

somes during autophagy but also degraded during this

process.

TP53INP1 is implicated in autophagy. In order to analyze

if TP53INP1 could also influence the autophagic process, we

induced the expression of TP53INP1a-GFP by ponasterone

A in the U2OS inducible model. Cells were also treated or not

with rapamycin and EBSS to induce autophagy or with

bafilomycin A1 to block the autophagic flux. Endogenous

LC3 and TP53INP1a-GFP localizations were monitored
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Figure 1 TP53INP1 interacts with proteins of the ATG8 family. (a) Yeast two hybrid experiments. Yeast were cotransfected with TP53INP1a-Sos or TP53INP1b-Sos and
GABARAP-Myr or GABARAPL2-Myr and plated in selective medium (-leu–Ura) with galactose at 37 1C (Gal 37 1C), glucose at 37 1C (Glu 37 1C) that prevents expression of
the prey and glucose at 24 1C (Glu 24 1C) for control of growth at permissive temperature. Yeast cotransfection with empty vector and Sos-binding protein (Sos BP) were used
as negative and positive controls, respectively (see Materials and Methods). (b) GABARAP and GABARAPL2 coprecipitation. HEK293T cells were cotransfected with
plasmids encoding GABARAP-YFP, GABARAPL2-YFP and TP53INP1a or b-NTAP. TP53INP1a or b-NTAP were precipitated with a streptavidin containing resin (P),
resolved in PAGE and western blot was performed with antibodies anti-TP53INP1 (TP53INP1 precipitation control) and anti-GFP to identify presence of interactors. Western
blot on total cellular extracts (TCL) served as transfection control (on the right). (c) Transfected and endogenous LC3 coprecipitation. HEK293T cells were cotransfected with
plasmids encoding LC3-RFP and TP53INP1a or b-NTAP. TP53INP1a or b-NTAP were precipitated as in (b) and western blot developed with anti-LC3 antibodies. For
endogenous LC3 coprecipitation, U2OS cells were transfected with plasmids encoding TP53INP1a or b-NTAP and treated with bafilomycin A1 100 nM for 6 h to stabilize
endogenous LC3. TP53INP1s were precipitated as in (b) and western blot was performed with antibodies anti-TP53INP1 (TP53INP1 precipitation control) and anti-LC3.
Western blot on TCL served as transfection control (on the right). (d) BRET analysis of interactions. HEK293T cells were cotransfected with 0.4mg of TP53INP1a or b-HRluc
plasmids (donor) and variable quantities (0–0.4mg) of GABARAP-YFP GABARAPL2-YFP or LC3-YFP (acceptor) plasmids. After 1 day, the cells were harvested and
distributed in 96-well microplates. On the following day, the Rluc substrate coelenterazin was added 15min before reading. Data represent the BRET ratio in milli-BRET units
(mBretU) as described in Materials and Methods and are expressed as the mean±S.D. of results from three independent experiments

TP53INP1 promotes autophagy-dependent cell death

M Seillier et al

1527

Cell Death and Differentiation



by immunofluorescence followed by confocal microscopy.

We quantified the number of LC3-positive puncta under

different conditions, monitored TP53INP1 expression and

assessed its presence in autophagosomes. As shown in

Figure 3a, the number of autophagosomes (LC3-positive

puncta) is increased in cells expressing TP53INP1, in all

tested conditions. As control, U2OS cells that do not express

TP53INP1 were treated or not with ponasterone A for 24 h

(Supplementary Figure 2). In both conditions, the cells

presented with similar levels of LC3-positive puncta,

likewise upon various treatments to induce or block

autophagy. These results indicate that, in our experimental

conditions, ponasterone A per se does not affect autophagy.

To confirm by a different approach that TP53INP1 is

implicated in autophagy, LC3-II level was assessed by

western blot after treatment with bafilomycin A1 of two cell

lines, TP53INP1a-inducible U2OS (tumoral) and wild-type

or TP53INP1-deficient MEFs (non-tumoral). As shown in

Figure 3b, a significant increase in LC3-II level was observed

in U2OS cells expressing TP53INP1a. In addition,

TP53INP1-deficient cells presented with a significant

reduction in LC3-II level upon bafilomycin A1 treatment.

The densitometric quantification of the corresponding bands

is shown in Figure 3b. Consistently, TP53INP1-deficient

MEFs presented with a significant reduction in LC3-

containing puncta compared with wild type, indicating that

autophagy decreases in the absence of TP53INP1

(Figure 3c). Altogether, these results suggest that

TP53INP1 facilitates autophagy.

TP53INP1 interacts with LC3 via a functional

LC3-interacting region (LIR) motif. In silico analysis of

TP53INP1 amino-acid sequence allowed identification of a

bona fide LIR at position 25–37 on the TP53INP1a and

b isoforms (Figure 4a). A very similar LIR was also identified

in TP53INP2, the TP53INP1 paralog (Figure 4b). The LIR

consensus sequence mediates interactions between several

proteins including p62, NDP52, NBR1, Nix and BNIP3 and

proteins of the LC3/GABARAP family.25 This consensus

holds an aromatic (W/F) and hydrophobic (L/I) residue

content required for binding the two hydrophobic pockets

present on proteins of the ATG8 family (Figure 4b).26,27 We

hypothesized that interaction between TP53INP1 and LC3

could take place via this LIR motif. To check this hypothesis,

we mutated three essential amino acids in the TP53INP1a

and b LIR consensus to alanine (amino acids in red,

Figure 4b). Resulting constructs, named TP53INP1a*LIR

and TP53INP1b*LIR were tagged with GFP and their

sub-cellular localization analyzed by immunofluorescence.

As shown in Figure 4c for TP53INP1a and Supplementary

Figure 3 for TP53INP1b, wild-type TP53INP1 isoforms but

not TP53INP1a*LIR or TP53INP1b*LIR mutants colocalized

with endogenous LC3 in autophagosomes. These results

indicate that mutations on the LIR consensus sequence
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Figure 2 TP53INP1 is localized in autophagosomes and degraded by autophagy. (a) Confocal microscopy of U2OS cells expressing TP53INP1a. Cells were induced for
TP53INP1a expression with ponasterone A during 24 h and treated or not either with 5mM rapamycin and EBSS medium, or 100 nM bafilomycin A1 (6 h) or 5 mM 3-MA (6 h).
Cells where then fixed and analyzed for TP53INP1-LC3 colocalization by confocal microscopy. Red staining represents total endogenous LC3; green, TP53INP1a-GFP and
blue, the cellular nucleus. On the right column, merge indicates colocalization of molecules. Scale bar represents 50 mm. (b) Quantification of LC3-TP53INP1-positive puncta
per cell. Non-treated cells (Cont) were considered as 100%. Results represent counting of 50 cells in three different experiments expressed as the mean±S.D. (*Po0.05).
(c) Western blot showing protein bands corresponding to TP53INP1a and b, p62, LC3-I and -II and b tubulin (loading control) in U2OS cells. Cells were transfected with
TP53INP1a and b-GFP and treated with bafilomycin A1 (Bafilo, 100 nM during 6 h), 3-MA (5mM during 6 h) or not treated (Cont). On the right, ImageJ quantification of bands
indicates the relative level of proteins normalized against b tubulin (bTub). Values are expressed as the mean±S.D. relative to the control condition (Cont) considered as 1
(*Po0.05). (d) Western blot showing the bands corresponding to endogenous TP53INP1a and b and b tubulin (bTub, loading control) in primary MEFs, deficient (ko) or not
(wt) for TP53INP1. Cells were irradiated (30 Gy) or not and treated with bafilomycin A1 (100 nM during 6 h) or 3-MA (5 mM during 6 h). All experiments in this figure were
performed three times with comparable results

TP53INP1 promotes autophagy-dependent cell death

M Seillier et al

1528

Cell Death and Differentiation



completely abolished TP53INP1 and LC3 colocalization.

These results were confirmed by BRET (Figure 4d).

Because TP53INP1 degradation occurs, at least in part, via

autophagy, we analyzed whether or not this degradation

could depend on TP53INP1-LC3 interaction. Wild-type or

LIR-mutated TP53INP1a and b levels were monitored after

transfection of the corresponding constructs. Western blot in

Figure 4e indicates that LIR mutations stabilized TP53INP1.

We conclude that TP53INP1 is degraded during autophagy

after interaction with LC3 through its functional LIR.

TP53INP1 interacts with LC3 with higher affinity than

p62. As shown before (Figure 3b), the expression of

TP53INP1a upon ponasterone A treatment of U2OS cells

results in the accumulation of LC3-II, which reflects

autophagy activation. Unexpectedly, we observed accumu-

lation of p62 in this experimental setting (Figure 5a). This

observation is in apparent contradiction with the fact that p62

is known to be degraded by autophagy; p62 levels should

therefore decrease. In fact, p62 acts as cargo receptor for the

autophagic degradation of ubiquitinated substrates before

being selectively degraded after binding LC3 through its LIR

motif. We made the hypothesis that TP53INP1 interacts with

LC3 with a higher affinity than p62, thus could partially

displace p62 from LC3 when overexpressed, avoiding

thereby p62 degradation by autophagy. To test this

hypothesis we assessed whether p62 displacement by

TP53INP1 is dependent on the TP53INP1 LIR sequence.

The wild-type (TP53INP1a or bwt) or mutant (TP53INP1a or

b*LIR) TP53INP1s isoforms were transfected and p62 level

monitored by western blot (Figure 5b). Overexpression of

wild-type TP53INP1s, but not of the mutants, resulted in p62

accumulation. Hence, p62 displacement depends on the

integrity of the TP53INP1 LIR sequence. To confirm this

observation we used synthetic peptides to perform

competition assays for the TP53INP1-LC3 and p62-LC3

interactions. Competition was monitored by BRET in cellular

extracts. Peptides were designed to contain the 13 most

conserved amino acids of the TP53INP1 and p62 LIR

consensus. As negative control we used a peptide

containing the TP53INP1 LIR modified in the same three

amino acids (changed to alanine) than for the TP53INP1a*LIR

construct (Figures 4b and 5c). HEK293T cells were

transfected with TP53INP1a-HRluc, p62-HRluc or LC3-

YFP, total cellular extracts were prepared (see Materials

and Methods) and the levels of fusion proteins were assayed

by western blot with an anti-HRluc antibody (Figure 5d

bottom). Only extracts with similar levels of TP53INP1a-

HRluc, p62-HRluc were used for the competition assays.

As shown in Figure 5d, TP53INP1a-LC3 interaction is
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after immunocytofluorescence staining with anti-LC3 and anti-GFP antibodies. Autophagy was measured by quantification of LC3-positive dots (n¼ 25, Po0.05). Scale bar
represents 50mm in the panels. (b) U2OS TP53INP1a inducible cells treated or not with ponasterone A and MEFs wild type (wt) or deficient (ko) for TP53INP1,were incubated
or not with Bafilo for 6 h. Then the levels of LC3-I and II, TP53INP1 and b tubulin as control (bTub) were monitored by western blot in total cellular extracts. On the right column
the graph represents the densitometric quantification of bands from the western blot. (c) LC3 immunostaining on MEFs wt or ko for TP53INP1 and quantification of LC3-
positive puncta considering the value of wt MEFs as 100%. Results are expressed as the mean±S.D. of results from three independent experiments (*Po0.05)
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completely inhibited by the LIR TP53INP1 peptide at a

concentration as low as 5mM. On the contrary, no significant

inhibition is observed with the LIR p62 peptides or the mutant

*LIR TP53INP1 at concentrations up to 20 mM. Interestingly,

the LIR TP53INP1 peptide reduced the p62-LC3 interaction

by about 50% and 15% at 10 and 20 mM, respectively.

As expected, the LIR p62 completely abolished p62-LC3

interaction at 5 mM whereas the mutant peptide *LIR

TP53INP1 at a concentration up to 20 mM was unable to

inhibit p62-LC3 interaction. It is important to note that the

LIR TP53INP1 peptide can displace the TP53INP1-LC3

interaction, whereas the LIR p62 peptide cannot. Similar

results were obtained with TP53INP1b isoforms and also in

similar studies addressing the interactions between the

TP53INP1 isoforms and GABARAPL2 (Supplementary

Figures 4 and 5). Taken together, these results shows that

the TP53INP1-LC3 interaction is stronger than the p62-LC3

interaction, suggesting that TP53INP1, when present

in sufficient amount, can displace p62 from LC3.

TP53INP1 promotes autophagy-dependent cell death. In

previous works, we and others presented evidences that

TP53INP1 induces cell death by apoptosis.4–7 Taking into

account that TP53INP1 interacts with proteins of the LC3

family and that it is involved in autophagy, we looked whether

TP53INP1-associated autophagy could induce cell death. To

this purpose U2OS cells were transfected with wild-type

TP53INP1b, mutant TP53INP1b*LIR or an empty vector as

control. All constructs were fused to YFP and epifluo-

rescence was used to normalize transfection efficiency.

The cells were grown for 12 days in selective medium and

the number of clones forming colonies was counted. As

shown in Figure 6a, cells transfected with wild type formed

less colonies than cells transfected with the mutant

TP53INP1b*LIR or with the empty vector. The lower number

of colonies in cells expressing TP53INP1b suggests a

significant increase in cell death, which requires the

integrity of the TP53INP1 LIR. In order to assess the extent

to which the observed cell death depends on autophagy,

ATG5 and Beclin-1, two molecules required in the early

stages of autophagosome formation, were efficiently

knocked down with siRNAs before monitoring colony

formation (Supplementary Figure 6). As shown in Figure 6,

ATG5 or Beclin-1 knockdown abolished the difference in the

number of colonies observed between the wild-type

TP53INP1b and the mutant TP53INP1b*LIR. These results

suggest that TP53INP1b induces cell death through its

interaction with LC3 in an autophagy-dependent way. As a

decreased capacity of cells to form colonies could depend on

other cellular processes than cell death, we transfected
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(TP53INP1awt) or mutant TP53INP1a inactivated on the LIR sequence (TP53INP1a*LIR). Bafilomycin A1 was used to block the autophagic flux and enlarge specifically
autophagosomes. DNA DAPI staining shows the nuclei. Scale bars represent 50 mm. (d) BRET analysis of the TP53INP1-LC3 interactions. HEK293T cells were cotransfected
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On the right, ImageJ quantification of bands indicates the relative level of proteins normalized against bTub. Results are expressed as the mean±S.D. of results from three
independent experiments (*Po0.05)
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U2OS cells as before and flow cytometry was performed to

determine the percentage of cells showing early apoptosis,

late apoptosis or necrosis (see Materials and Methods). As

shown in Figure 6b, TP53INP1 expression induces a

significant increase in late apoptosis and necrosis at 48

and 72 h. Transfection with the mutant TP53INP1b*LIR

resulted in a significant decrease in cell death indicating

that TP53INP1-LC3 interaction is required for TP53INP1-

induced cell death. Interestingly early apoptosis was induced

by TP53INP1 only at 48 h and a slightly but significant

decrease with the mutant TP53INP1b*LIR was observed also

only at 48 h. This result suggests that apoptosis could be

associated with the autophagy-dependent cell death induced

by TP53INP1. To further characterize this phenomenon, we

evaluated the role of caspases in the TP53INP1-dependent

cell death. To this end, U2OS cells were transfected with

wild-type TP53INP1b, mutant TP53INP1b*LIR or with an

empty vector and treated with the pan-caspase inhibitor

benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone

(Z-VAD-FMK) for 6 days. As shown in Figure 6c, Z-VAD-

FMK suppresses the differences observed between the wild-

type and the mutant TP53INP1b*LIR. All these experiments

were also performed with the TP53INP1a isoform with similar

results (data not shown). Altogether, these data suggest that

cell death observed after TP53INP1-LC3 interaction depends

on both autophagy and caspase activity suggesting that

TP53INP1-associated autophagy could be a prelude to

subsequent apoptosis. Interestingly, cell death induced by

TP53INP1 and its degradation by autophagy actually form a

negative feedback loop that in absence of a sustained

stimulus would slow down the process. As consequence,

TP53INP1 should be described as an inducer of autophagy-

dependent cell death rather than an inducer of autophagic

cell death. Further investigation is required to elucidate the

relative roles of autophagy, caspases and apoptosis in this

process.

Several reports have shown that autophagy can prevent

cancer development by acting as tumor suppressor.28 In this

context several tumor suppressors such as p53, PTEN,

TSC1, TSC2 and DAPk, were shown to be involved in

autophagy29–32 suggesting that autophagy modulation could

be a mechanism for tumor suppression. The discovery

of TP53INP1-associated autophagy reveals a novel link

between p53 and this process. Interestingly, recent data

associated two p53 transcriptional targets, Sestrin2 and

Dram, that contribute to autophagic and apoptotic cell

death.33,34 Autophagy was supposed to have no selectivity

until autophagy receptors, such as p62, NBR1 and Nix, were

identified. TP53INP1 could participate in this selectivity by

displacing p62 from LC3, therefore facilitating a particular type

of targeted degradation. In this way, TP53INP1-mediated

autophagy might induce degradation of certain proteins, for

example, antiapoptotic proteins, whose depletion would lead

to cell death (Figure 7). At present, the role of autophagy in cell

death and cell survival remains controversial. Although

several recent studies indicate that autophagy contributes to

kill tumor cells,35–37 others suggest, on the contrary, that

autophagy inactivation contributes to tumor cell killing.38 It is

therefore critical to examine the contribution of autophagy in

several tumor types, cancer stages and genetic contexts.
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Better characterization of autophagy actors such as

TP53INP1will also help understanding how autophagy affects

cell viability or cell death in cancer.

Materials and Methods
Cell culture. The cells were maintained in DMEM Glutamax medium
(Invitrogen, Cergy Pontoise, France) supplemented with 10% (v/v) fetal bovine
serum (FBS), in a humidified atmosphere with 5% CO2 at 37 1C. The human HeLa
(cervical cancer cells containing wild-type p53 inactivated by the expression
of E6 protein from human papillomavirus type 18), MiaPaCa-2 (pancreatic
adenocarcinoma with a mutant form of p53 R248W/R273H), HEK293T (human
embryonic kidney cells containing wild-type p53) and U2OS (human osteosarcoma
containing wild-type p53) cell lines were purchased from the American Type Culture
Collection (Manassas, VA, USA). TP53INP1wt and TP53INP1ko primary MEFs were
obtained from embryos derived from homozygous breeding at 14.5 days postcoitum
(E14.5) according to standard procedure.39 MEFs were cultured in presence of
penicillin (100 m/ml) and streptomycin (100mg/ml), and used at early passages.
TP53INP1a-inducible U2OS cells were obtained by stable cotransfection with
pVgRXR and pIND-TP53INP1a-EGFP vectors as indicated by Gironella et al.3 and
were cultured in presence of zeocin (0.05mg/ml) and G418 (0.2 mg/ml).

Cell treatments. All TP53INP1 transcriptional activations were done onB80%
confluent cells, plated 24 or 48 h (for MEF) before induction. Endogenous
TP53INP1 expression was induced in MEFs by 30Gy irradiation with a g irradiation
device (CisBio IBL637, Saclay, France), 6 h before cell harvesting. In TP53INP1a-
inducible U2OS cells, TP53INP1a-GFP expression was induced using 10 mM
ponasterone A (Invitrogen) for 24 h.

Cells were treated either with 100 nM bafilomycin A1 for 6 h (LcLabs, Woburn,
MA, USA), or with 5 mM 3-MA (Sigma-Aldrich, Saint-Quentin Fallavier, France) for
6 h, or with 100 nM wortmannin for 6 h (LcLabs) or with 5 or 10 mM rapamycin for
5h30 (LcLabs) followed by 30min in EBSS medium (Invitrogen). For caspase
inhibition, cells were treated with 20 mM Z-VAD-FMK (Promega, Charbonnieres,
France).

Molecular cloning and plasmid construction. Human full-length
TP53INP1a and b cDNAs were subcloned into the pSos vector (Agilent, Massy,
France), the pNTAP vector (Agilent), the pEYFP-C1 vector (Clontech, Saint-
Germain-en-Laye, France), the pEGFP-N1 vector (Clontech) and the pHRluc-C
vector (PerkinElmer Life and Analytical Sciences, Boston, MA, USA). TP53INP1*LIR

mutants were obtained by PCR site directed mutagenesis on TP53INP1: D29 to A,
W31 to A and V34 to A. Rat full-length LC3 cDNA was subcloned into the pERFP-C1
and the pEYFP-C1 vectors. The human full-length GABARAP and GABARAPL2
cDNAs were subcloned into the pEYFP-C1 vector (Clontech). The Human full-
length p62 cDNA was ligated into the pHRluc-C.

Transfections and oligonucleotides. DNA transfection and siRNA were
performed using FuGENE HD (Promega) and INTERFERin (Polyplus-transfection,
Illkirch, France), respectively, according to the manufacturer’s instructions. siRNA
for ATG5 (#1: 50-GCAACUCUGGAUGGGAUUG-30; #2: 50-GACGUUGGUAACUG
ACAAA-30), Beclin-1 (#1: 50- CAGUUUGGCACAAUCAAUA-30; #2: 50-AAGAUUGA
AGACACAGGAGGC-30) and scramble (50-UUCUCCGAACGUGUCACGU-30) were
synthesized by Eurogentec (Angers, France).

Immunoblotting. Cell were resuspended in lysis buffer (50mM Hepes,
150mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% triton X-100, 25mM
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Figure 6 TP53INP1 triggers cell death by an autophagy and caspase dependent mechanism. (a) Clonogenic assays were performed in triplicate, using U2OS cells
transfected with two different ATG5 or Beclin-1 siRNAs (#1 and #2) or with a scrambled siRNA (siCtrl). The cells were then transfected with TP53INP1b-YFP, TP53INP1
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a percentage of the number of colonies observed with the empty vector. The graph represents the number of colonies present in the plate at the end of the study. ATG5 and
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All assays were performed three times with comparable results (*Po0.05; NS, no significant difference)
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NaF, 10mM ZnCl2, 1 mM Na3VO4, protease inhibitors cocktail (Sigma-Aldrich)).
Proteins from total cell lysates were resolved by SDS-PAGE, transferred to
polyvinylidene fluoride membrane, blocked in 5% non-fat milk in phosphate-buffered
saline (PBS)/Tween-20, blotted and developed with antibodies anti-GFP, which
cross reacts with YFP (11814460001-1 : 5000, Roche Applied Science, Meylan,
France), anti-LC3 (2775-1 : 1000, Cell Signaling Technology, Saint-Quentin-en-
Yvelines, France), anti-p62 (610833-1 : 500, BD Biosciences, Le Pont de Claix,
France), anti-R-luc (MAB4400-1 : 1000, Millipore, Molsheim, France), anti-b tubulin
(T4026-1 : 4000, Sigma-Aldrich) and anti-TP53INP1 (rat monoclonal antibody
generated in our laboratory, clone F8). Secondary antibodies were purchased from
Santa Cruz Biotechnology (Heidelberg, Germany): anti-rabbit horseradish
peroxidase (HRP)-conjugate (sc-2004-1 : 4000), anti-mouse HRP-conjugate
(sc-2005–1 : 5000) and anti-rat HRP-conjugate (sc-2006-1 : 3000). Immunoblots
were developed using the Immobilon Western Chemiluminescent HRP Substrate
(Millipore). Chemiluminescence was detected using Fusion FX7 device (Fisher
Bioblock Scientific, Illkirch, France) and quantified by ImageJ analysis software
(http://rsb.info.nih.gov/ij). The experiments for the immunoblotting were performed
at least three times with comparable results.

Immunocytochemistry. Cells on glass coverslips in 12-well plates were
transfected or induced for TP53INP1 expression. After 24 h, cells were treated as
indicated, then fixed with 4% paraformaldehyde in PBS. Following fixation, cells
were permeabilized (0.2% Triton in PBS) during 3min, incubated for 20min in
50mM NH4Cl in PBS (in order to unmask epitopes) and incubated in blocking buffer
(5% FBS in PBS) for 30min before the addition of primary antibodies anti-GFP,
which cross reacts with YFP (11814460001-1 : 50, Roche Applied Science) or anti-
LC3 (PM036-1 : 100 for U2OS and HeLa cells and 1 : 500 for MEF, MBL, Nanterre,
France) diluted in blocking buffer. Cells were incubated 1 h at room temperature and
washed three times before the addition of secondary antibodies (Alexa fluor 488
anti-mouse, A-11001-1 : 500, Invitrogen, Alexa fluor 568 anti-rabbit, A-11011-
1 : 500, Invitrogen). Following 1 h of incubation at room temperature, cells were
stained with DAPI (Invitrogen) for 5 min and mounted in ProLong Gold antifade
reagent (Invitrogen) for imaging. Quantification of LC3-positive puncta per cell was
done by counting 50 cells by condition in three different experiments.

Yeast two-hybrid screening. pSos-TP53INP1 was used as bait to screen a
human HeLa and Testis cDNA library (catalog no. 975212 and 975205,
respectively, Agilent) constructed into the pMyr vector. The GAL1 promoter in the
pMyr vector is repressed when glucose is used as a carbon source and quickly
induced in the presence of galactose. After cotransfection into S. cerevisiae strain
cdc25H, 5� 106 clones were screened and several positives were identified.
All clones were PCR amplified. Their sequences were identified by comparison with
the GenBank repertoire. All yeast transformations were performed using the
standard lithium acetate method. For CytoTrap screening, the cdc25H yeast strain
was cotransformed with 40 mg of pMyr-cDNA library plasmid and 40mg of pSos-bait
recombinant plasmid. Resulting transformants were grown for 3 days at permissive
temperature (24 1C) on selection medium containing glucose and additional
supplements excluding leucine and uracil (SC-Leu–Ura). After replica plating onto
selective minimal galactose plates, colonies that showed growth under restrictive
temperature (37 1C) were considered positive clones. Colonies were patched on glucose
containing medium and grown at 24 1C for 2 days. They were then replica plated onto
glucose and galactose plates and grown at 37 1C. Colonies that showed growth only on
galactose and not on glucose medium were selected and confirmed as true positives
by a second round of screening. These clones were grown in liquid medium,
yeast cell wall was disrupted by vortexing with glass beads (Sigma-Aldrich) and
plasmids were isolated by theWizard Plus SV Miniprep Kit (Promega). A total of 5 ml
of the plasmid preparation was used for each PCR reaction using GoTaq (Promega)
and pMyr vector specific primers (forward 50-AACCCCGGATCGGACTACTA-30,
reverse 50-AATAAGCTCTAGAGGGCCGC-30). Presence of a single amplicon was
confirmed by agarose gel electrophoresis and sequencing was carried out by
the Genome Express Sequencing Service (http://www.cogenics.com/). The
interactions between TP53INP1 and GABARAP or GABARAPL2 were confirmed
by transforming S. cerevisiae with the bait and prey couple and allowing the
transformants to grow on synthetic dropout (SD) glucose and galactose agar plates
lacking leucine and uracil (SD/glu(-LU) and SD/gal(-LU)) at the stringent
temperature of 37 1C. Clones growing on SD/gal(-LU) plates but not on SD/
glu(-LU) plates at 37 1C were considered as interactants. As control, no growth was
observed at 37 1C in presence of glucose, which prevents the expression of prey
proteins or when cells were transfected with the pMyr empty vector. The growth of
yeast transfectants was verified at non-stringent conditions (glucose at 24 1C) or in
presence of a positive control Sos-binding protein that interacts with the Sos tag in
the N-terminal of the bait protein.

Coprecipitation assay. HEK293T or U2OS cells in six-well plates were
cotransfected by TP53INP1a or b-NTAP vector and LC3-RFP, GABARAP-YFP or
GABARAPL2-YFP vector. After 24 h of transfection, cells were harvested and lysed
and protein complexes were purified using streptavidin containing resin according
to the manufacturer’s instructions of InterPlay Mammalian TAP Purification Kit
(Agilent). Then, proteins were resolved by SDS-PAGE and immunobloted.

BRET assay
BRET in vivo (in living cells). HEK293T cells in 12-well culture plates were
cotransfected with 0.4mg of BRET donor TP53INP1a or b-HRluc vectors, and
0–0.4mg of BRET acceptor GABARAP-YFP, GABARAPL2-YFP or LC3-YFP
vectors. The empty vector (pEYFP-C) was used to equalize DNA amounts to 0.8mg
in each sample. After 6 h, cells were harvested and distributed in 96-well microplate
(20 000 cells per well). On the following day, the cell-permeable Rluc substrate
coelentherazin-h (Promega) was added in culture medium to a final concentration of
5 mM and cells were incubated 15min at 37 1C before reading.

BRET in vitro (with cellular extracts). HEK293T cells were transfected
separately with a BRET donor (TP53INP1a or b-HRluc or p62-HRluc vector) or a
BRET acceptor (GABARAP-YFP, GABARAPL2-YFP or LC3-YFP vector). After
48 h, total cellular proteins were extracted with CelLytic NuCLEAR Extraction Kit
(Sigma-Aldrich) according to manufacturer’s instructions. A total of 3 mg of lysate
containing a BRET donor were mixed with 0–40mg of lysate containing a BRET
acceptor and incubated during 30min at 4 1C. Coelentherazin-h (Promega) was
added to a final concentration of 5 mM in lysis buffer, just before reading. For BRET
competition assays, cellular extracts containing BRET donor or acceptor were pre-
incubated during 2 h at 4 1C with 0–20mM of synthetic peptides which mimic the
TP53INP1-LIR (EKEDDEWILVDFI) or the p62-LIR (SGGDDDWTHLSSK) or a
control peptide (EKEDAEAILADFI), and then mixed as indicated above. Peptides
were synthesized by GeneCust (Dudelange, Luxembourg).

Readings were done using a LB 941 Tristar reader (Berthold France SA, Thoiry,
France), with signal detection in the 470–490 nm (donor) and 520–540 nm

Cellular Stress
P62  TP53INP1 LC3II TP53INP1

induction
p53

TP53INP1

autophagy

P62

autophagy

Cell DeathSurvival

Figure 7 Schematic representation of the hypothetical role of TP53INP1 in
autophagy-dependent cell death. Without stress, TP53INP1 is absent. In this
context, p62 (in orange) acts as a cargo by binding ubiquitinated proteins and LC3-II
(in red) on the membrane of the autophagosomes (in blue). This mechanism is
rather considered as pro-survival. In response to stress, p53 activates TP53INP1
transcription (in green) the level of the resulting TP53INP1 protein remaining low
compared with p62 protein level. Better affinity of TP53INP1 LIR sequence for
LC3-II allows TP53INP1 to partially displace p62 from its interaction with LC3-II
promoting autophagy-dependent cell death
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(acceptor). BRET signal represents the BRET ratio of the Rluc and EYFP
expression constructs against the BRET ratio for the Rluc expression construct
alone. To assess signal variation, the BRET values were determined by using the
following equation, expressed in milli-BRET unit:

530nm acceptor signal

480 nm donor signal
� E0

� �

�1000

� �

where E0 corresponds to the ratio 530 nm acceptor signal per 480 nm donor signal
obtained with the HRluc construct alone in the same experiment. All experiments
were performed at least three times with comparable results.

Clonogenicity assay. U2OS cells in 10 cm dishes were sequentially
transected with two different ATG5 or Beclin-1 siRNAs or with a scramble siRNA,
then with TP53INP1wt-YFP, TP53INP1*LIR-YFP or empty pEYFP-C1 as control.
Transfection efficiency was controlled by YFP fluorescence. After 24 h of
transfection, cells were harvested and distributed in six-well plates (60 000 YFP
fluorescent cells per well), with G418 (0.8 mg/ml) as selection pressure. The
remaining cells were saved for RNA extraction and quantitative PCR to control
ATG5 or Beclin-1 inhibition, as indicated below. Cells were allowed to grow during
12 days under selection pressure and stained with crystal violet to quantify surviving
colonies. These experiments were performed three times with comparable results.

RNA extraction and quantitative PCR. Total RNA was obtained from
U2OS cells 24 h after siRNA transfection, using TRIzol (Invitrogen). cDNA synthesis
was performed using Improm-II Kit (Promega) according to the manufacturer’s
protocol. The ATG5 mRNA was assayed using the primers sense: 50-TGACGTTGG
TAACTGACAAAGT-30; antisense: 50-GTGATGTTCCAAGGAAGAGC-30, the
Beclin-1 mRNA with the primers sense: 50-ACCGTGTCACCATCCAGGAA-30;
antisense: 50-GAAGCTGTTGGCACTTTCTGT-30 and the primers sense: 50-ATGG
TCAACCCCACCGTGT-30; antisense: 50-TTCTTGCTGTCTTTGGAACTTTGTC-30

were used to detect cyclophilin (house-keeping gene). Real-time q-PCR was
performed in a MX3005P machine (Agilent) using the SYBR Premix Ex Taq and
ROX reference dye (Takara Bio, Otsu, Shiga, Japan).

Flow cytometry analysis. U2OS cells were transfected with TP53INP1-
YFP, TP53INP1*LIR-YFP or empty pEYFP as control. After 24, 48 or 72 h after
transfection, cells were stained with annexin V-APC (BD Biosciences) and
7-aminoactinomycin (7-AAD; Sigma-Aldrich) in binding buffer (0.1 M Hepes pH 7.4,
1.4 M NaCl and 25mM CaCl2) during 15min at room temperature in the dark. At the
end of incubation, cells were analyzed on a FACSCalibur flow cytometer (BD
Biosciences). Flow cytometry was performed to determine the percentage of dead
cells discriminating cells with early apoptosis (annexin Vþ , 7-AAD�) and necrotic
or late apoptotic cells (annexin Vþ , 7-AADþ ).

Image acquisition andmanipulation. Fluorescent images were captured
using a Zeiss LSM 510 confocal microscope (Carl Zeiss, Le Pecq, France). Base
images were captured and exported as TIFF files, figures were created using Adobe
Photoshop 11. No manipulations other than global contrast and brightness
adjustments were performed on the images obtained.

Statistical analysis. Statistical analyses were performed using Microsoft
Excel. Data are given as mean±S.D., with the number of experiments indicated.
Statistical significance was established by Student’s t-tests.
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