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The Bcl-2 family proteins are important regulators of type I
programmed cell death apoptosis; however, their role in auto-
phagic cell death (AuCD) or type II programmed cell death is
still largely unknown.Herewe report the cloning and character-
ization of a novel Bcl-2 homology domain 3 (BH3)-only protein,
apolipoprotein L1 (apoL1), that, when overexpressed and accu-
mulated intracellularly, induces AuCD in cells as characterized
by the increasing formation of autophagic vacuoles and activat-
ing the translocation of LC3-II from the cytosol to the autoph-
agic vacuoles. Wortmannin and 3-methyladenine, inhibitors of
class III phosphatidylinostol 3-kinase and, subsequently, auto-
phagy, blocked apoL1-induced AuCD. In addition, apoL1 failed
to induceAuCD in autophagy-deficientATG5�/� andATG7�/�

mouse embryonic fibroblast cells, suggesting that apoL1-in-
duced cell death is indeed autophagy-dependent. Furthermore,
a BH3 domain deletion construct of apoL1 failed to induce
AuCD, demonstrating that apoL1 is a bona fide BH3-only pro-
death protein. Moreover, we showed that apoL1 is inducible by
p53 in p53-induced cell death and is a lipid-binding proteinwith
high affinity for phosphatidic acid (PA) and cardiolipin (CL).
Previously, it has been shown that PA directly interacted with
mammalian target of rapamycin and positively regulated the
ability of mammalian target of rapamycin to activate down-
stream effectors. In addition, CL has been shown to activate
mitochondria-mediated apoptosis. Sequestering of PA and CL
with apoL1 may alter the homeostasis between survival and
death leading to AuCD. To our knowledge, this is the first BH3-
only proteinwith lipid binding activity that, whenoverproduced
intracellularly, induces AuCD.

Bcl-2 family members play crucial roles in regulating pro-
grammed cell death (PCD).2 In stressed cells the live-or-die

decision is largely determined by interplay between opposing
members of the Bcl-2 protein family (1–4). Eachmember of the
Bcl-2 family contains at least one of four conserved amino acid
(aa) sequences, Bcl-2 homology (BH) domains 1–4. Based on
their function in PCD, the Bcl-2 familymembers can be divided
into three subgroups as follows: multi-BH domain anti-death,
multi-BH domain pro-death, and BH3-only pro-death (1–3).
The BH3 domain is conserved across all Bcl-2 family members
and is the only domain retained by BH3-only proteins, further
emphasizing the functional significance of this domain (4). In
mammals, there are two major types of PCD, apoptosis and
autophagic cell death (AuCD). Apoptosis (type 1) is character-
ized by nuclear condensation/DNA fragmentation and cell
membrane alteration, without major ultrastructural changes of
subcellular organelles. It usually involves the activation of
caspases as well as the release of apoptogenic effectors, such as
cytochrome c and apoptosis-inducing factor, from mitochon-
dria that contribute to the acquisition of the apoptotic mor-
phology (5–8). Themolecular basis of AuCD (type 2), however,
is not as well characterized in mammalian cells, even though
many lines of evidence connect autophagy to human disease.
Autophagy is generally defined as a lysosome-dependentmech-
anism of intracellular degradation that is used for the turnover
of cytoplasmic constituents. There are three major classifica-
tions of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy (9–12). Macroautophagy
(hereafter referred to as autophagy) is a highly conserved
eukaryotic catabolic process involving the sequestration of the
cargo (i.e. fraction of cytosol or organelles) within doublemem-
branes, creating autophagosomes, which then fuse with the
endosome and lysosome to create autolysosomes. In the lumen
of autolysosomes, lysosomal enzymes operate at low pH to
catabolize the autophagic material (12–14). Autophagosomes
and autolysosomes, also called autophagic vacuoles (AV), are
considered to be de novo subcellular organelles specific to
the autophagic process. Autophagy allows cells to eliminate
large portions of the cytoplasm and is directly involved to
eliminate aberrant protein aggregates, remove damaged/
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aged organelles, defend against pathogen invasions, and cover
an essential role in early neonatal development and differenti-
ation (15–16). Upwards of 20 autophagy-related genes (ATG)
have been identified, which regulate and/or directly participate
in the autophagic pathway, particularly in AV formation (10,
13, 14). Deficiency of ATGs for example, ATG5 and ATG7,
causes loss of AV formation and subsequently lack of autoph-
agic response. These deficiencies correlate with various dis-
eases such as cancer, cardiomyopathy, and neurodegenerative
diseases (17–22). Paradoxically, recent evidence suggests that
autophagy is, on the one hand, a survival pathway necessary to
sustain mammalian viability during periods of starvation, and
on the other hand, progressive autophagy can be ameans to cell
death (7, 11, 12). Significantly, Berry and Baehrecke (23)
reported that autophagy is involved in physiological cell death
during Drosophila development but is controlled by similar
mechanisms as those that control autophagy function in cell
survival. Furthermore, they provide in vivo evidence that both
growth arrest and autophagy are required for physiological
AuCD. However, the molecular determinants that dictate the
control of autophagy for cell survival or death have not yet been
revealed.
Aside from their role in apoptosis, the members of the Bcl-2

family also play an important role in autophagy. For example,
when treating apoptosis-deficient cells, such as BAX and BAK
double knock-out cells, with cytotoxic compounds (for exam-
ple, etoposide), the primary response of those cells was AuCD,
suggesting that homeostatic states of these knock-out Bcl-2
members play pivotal roles in regulating AuCD (24–27). In
addition, it has been shown that the anti-death Bcl-2 andBcl-xL
can bind and inhibit Beclin1, a mammalian ortholog of yeast
ATG6, and subsequently inhibit autophagy (28, 29). Overex-
pression of Beclin1 has been shown to induce formation of AV
and autophagy in mammalian cells (28). Interestingly, Beclin1
has been found to be a haploinsufficient tumor suppressor fre-
quently mutated/deleted in breast, prostate, and ovarian can-
cers (12, 30, 31). Heterozygous knock-out mice of Beclin1
(Beclin1�/�) are tumor-prone, suggesting that autophagy has a
tumor suppression function (30). Importantly, structural and
functional analyses showed that Beclin1 is a novel BH3-only
protein, and this BH3 domain within Beclin1 mediates associ-
ations with Bcl-2 and Bcl-xL (32–34). In addition to Beclin1,
recent studies showed other BH3-only members that also play
regulatory roles in autophagy in physiological context. For
example, Bid, a BH3-only protein, showed involvement in reg-
ulating both apoptosis and autophagy in breast cancer MCF-7
cells (35). Bad and BNIP3, two other BH3-only proteins, when
overexpressed, can induce formation of AV in cancer cells (34,
36, 37). Interestingly, Bid, Bad, and BNIP3 are downstream tar-
gets of p53, a well characterized tumor suppressor and transac-
tivating factor. It has been shown that p53 plays a critical role in
the suppression of tumorigenesis, in part, by the induction of
both type I and type II PCD (38–41).
To identify and characterize novel BH3-only proteins in

AuCD and discover molecular regulators that dictate autoph-
agy for death or survival, in this study, we utilized in silico data
base-mining, functional expression, microscopy strategies, and

lipid binding assay to examine a novel BH3-only protein, apo-
lipoprotein L1 (apoL1).

EXPERIMENTAL PROCEDURES

Cell Lines, Chemicals, and Culture Media—DLD-1.TA14 (a
p53-null, “Tet-Off” inducible colorectal cancer cell line) and
Hec50co (a p53-null endometrial cancer cell line) and their cor-
responding growthmedium and condition have been described
previously (42–44).ATG5�/� andATG7�/�mouse embryonic
fibroblast (MEF) cells were gifts from Dr. Mizushima (15) and
Dr. Komatsu (16), respectively. HEK293 and AD293 cell lines
were purchased fromATCCandClontech, respectively. All cell
lines except DLD-1 were cultured in Dulbecco’s modified
Eagle’smediumwith 10% fetal bovine serum and 1% antimicro-
bial agents as described previously (44).
Identification and Sequence Analysis of Novel BH3-only

Proteins by Functional Genomics and Biocomputing
Approaches—The known BH3 domain consensus sequence
and a data base-mining strategy were utilized to probe human
genome and proteome data bases for the identification of novel
BH3-only proteins as described previously (45). The annotated
human open reading frames of candidate genes were down-
loaded from the most recent NCBI data base (build 36.2). In
addition, candidate proteins were assessed for other putative
domains/motifs, utilizing public sequence analysis programs
and tools, such as the ExPASy proteomics server and ClustalW,
as described previously (45). In addition, protein tertiary struc-
ture prediction was obtained from HMMSTR/ROSETTA (46,
47), and presentations of tertiary structure were made using
ProteinData Bank files createdwithHMMSTR/ROSETTAand
PyMOL.
Cloning of Human ApoL1 cDNA andGeneration of Inducible

ApoL1 Gene—Human apoL1 was identified as a putative BH3-
only protein by in silico data base mining. PCR was used to
amplified the 1,194-bp full-length apoL1 cDNA. Subsequently,
the sequence-confirmed apoL1 and apoL1 with a C-terminal
FLAG tag (apoL1.FLAG) were cloned into pBI-EGFP vector
(Clontech). The primers used for amplifying apoL1 were as fol-
lows: reverse, 5�-CCGCTCCAGTCACAGTTCTTGGTC-3�
(bp �1,197 to �1,183), and forward, 5�-CGACGCGTATGG-
AGGGAGCTGCTTTGC-3� (bp �1 to �19). The reverse
primer used for amplifying apoL1.FLAG was 5�-CTAGCTAG-
CTCACTTATCGTCGTCATCCTTGTAATCCAGTTCTT-
GGTC-3� (bp �1,197 to �1,183). The resulting plasmids were
used to transfect a previously described “Tet-Off” inducible sys-
tem in DLD-1.TA14 (44, 45). Stably transfected DLD-1 cells
harboring pBI-apoL1 or pBI-apoL1.FLAG, namely DLD-
1.apoL1 andDLD-1.apoL1.FLAG, respectively, were selected in
noninductionmedium (D.20) with 20 ng/ml doxycycline (Dox)
as described previously (44, 45). We assayed inducible expres-
sion of apoL1 transcripts by semi-quantitative RT-PCR and
immunoblot analyses.
Site-specific Deletion Mutagenesis—To generate the BH3

domain deletion allele of apoL1, that is to delete the 27 bp that
encode the 9-amino acid BH3 domain (codons 158–166; base
pairs �474 to �498), a PCR-based site-directed mutagenesis
kit (ExSite, Stratagene) and the deletion-specific primers were
used. Primer sequences were as follows: forward, 5�-AAGGTCC-
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ACAAAGGCACCACC, and reverse, 5�-(p)CCTTCTTATGTT-
ATCCTACAGC. The deletion construct pBI-apoL1.dBH3 was
confirmed by sequencing and was used to construct pAD-
apoL1.dBH3 plasmid as described above (44).
ApoL1 Adenovirus (AD-ApoL1)—Construction, amplifica-

tion, and assaying for titersof adenoviruses (AD)harboringapoL1
and apoL1.dBH3 alleles, and viral infection of mammalian cells
were performed as described previously (44). A variety of cells
were infected with control AD, AD-apoL1, and AD-apoL1.dBH3
with a range of concentrations from0.01 to 5multiplicity of infec-
tion (or plaque-forming units/cell, whichwas estimated to be 0.2–
100 virus particles/cell) for 3 days. Cell numbers, cell death, and
survival were measured over time by counting the attached cells,
and by microscopy analysis in cell morphology (roundup) and
increase of intracellular vacuole formation.
Semi-quantitative RT-PCR—Total RNA was isolated from

cells using a Purescript kit (Gentra Systems). RTwas conducted
using random hexamers, and PCR was conducted using gene-
specific primers and a standard protocol as described (36, 37).
The primers used for PCR were as follows: reverse, 5�-CCGC-
TCCAGTCACAGTTCTTGGTC-3� (bp �1,197 to �1,183),
and forward, 5�-CAGCAGTACCATGGACTACGG3� (bp
�672 to �692).
Generation of Anti-peptide Antibodies against Human

ApoL1—To raise anti-peptide antisera specifically against
human apoL1, a peptide corresponding to the codons 384–398
of apoL1 (ILNNNYKILQADQEL) was used to immunize rab-
bits (Anaspec). Antibody was affinity-purified by chromatogra-
phy on peptide (antigen)-linked Sepharose and designated as
anti-apoL1.
Immunoblot Analysis—Total cellular extracts were isolated

and used for immunoblot analysis from indicated cells as
described previously (42, 43). Proteins were separated using
10% SDS-PAGE (20 �g of protein/lane) and transferred to
nitrocellulose membranes, which were then incubated with
anti-apoL1, anti-activated caspase-9 (Cell Signaling Technol-
ogy), anti-caspase 8 (Cell Signaling), anti-caspase 3, anti-poly-
(ADP-ribosyl) polymerase (PARP) (Santa Cruz Biotechnology),
anti-LC3 (MBL), and anti-�-actin (Oncogene Research Prod-
ucts). Subsequently, blots were incubated with goat anti-rabbit
or anti-mouse horseradish peroxidase-labeled secondary anti-
bodies (Bio-Rad).
Analysis of Dose-dependent, Time Course-dependent Cell

Death—Taking advantage of the inducibility of the Tet-Off sys-
tem, dose-dependent and time course-dependent cell death
studies were conducted. Briefly, stably transfected DLD-
1.apoL1 or DLD-1.apoL1.FLAG cells were grown in D.20. For
induction studies, adherent cells were rinsed in phosphate-
buffered saline, refed with the induction medium containing
gradually decreasing concentrations of Dox (5 ng/ml, D.5; 1
ng/ml, D.1; 0 ng/ml, D.0), and harvested at the indicated time
points as described previously (31, 38).
Assay of Protein Localization by Immunofluorescence

Microscopy—Cells were grown on glass coverslips coated with
collagen (Roche Applied Science). After induction of apoL1 for
various times, cells were rinsed and then fixed with 4% (v/v)
paraformaldehyde solution at room temperature. Coverslips
were rinsed twice with HBSS and blocked with 3% (w/v) BSA in

TBST for30minat roomtemperature.After incubationovernight
at 4 °C in 3% (w/v) BSA containing the anti-LC3 antibody (P0036,
MBL), coverslipswere rinsedwithHBSS four times and incubated
in 3% (w/v)BSA inTBSTcontainingTexasRed-labeled secondary
antibody (T2767, Invitrogen) for 1 h at room temperature. Finally,
coverslips were rinsed with HBSS, mounted onto slides, and sub-
jected to fluorescent microscope analysis.
Transmission ElectronMicroscopy—Cells on coverslips were

fixed in 3% formaldehyde, 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 45 min, washed, and finally fixed
for 1 h in 1% osmium tetroxide, 0.5% potassium ferrocyanide in
cacodylate buffer. The samples were then washed again, dehy-
drated with graded alcohol, and embedded in Epon-Araldite
resin (Canemco). The resin was cured at 65 °C for 2 days, after
which the glass coverslips were removed from the resin blocks
and the samples were sectioned. Ultrathin sections were col-
lected on copper grids and examined in anHitachiH-7500 elec-
tron microscope. Images were captured and processed with an
AMTXR60B camera and ImageCapture software version 5.42.
Effect of 3-Methyladenine (3-MA), Wortmannin, and ATGs

on ApoL1-induced Cell Death—To investigate whether apoL1-
induced cell death was through autophagy, two different exper-
iments were conducted. First, 3-MA (5mM) andwortmannin (1
�g/ml), two inhibitors of PI3Ks and autophagy, were added to
DLD-1.apoL1 cells 8 h prior to the induction of apoL1. Cell
death was monitored by light microscopy analysis 24 h after
apoL1 induction. Second, wild type (WT), ATG5�/�, and
ATG7�/� MEF cells were infected with AD-apoL1. Induction
of cell death, overexpression of apoL1, and activation of LC3-II
were assays 36 h after viral infection.
Induction, Immunoprecipitation, and Elution of the

ApoL1.FLAG Fusion Protein—DLD-1.apoL1.FLAG cells were
grown in the inductionmedium for 24 h, rinsed twice with cold
phosphate-buffered saline, pelleted, and lysed in lysis buffer (50
mM Tris-Cl, pH 7.4, 150 mMNaCl, 1 mM EDTA, and 1% Triton
X-100). Total soluble protein extract was incubated with Anti-
FLAG-agarose affinity gel (Sigma, F2426) at 4 °C overnightwith
gentle agitation. The agarose beadswere thenwashed two times
with ice-cold TBS (50 mM Tris-HCl and 150 mM NaCl, pH 7.4)
and incubated with 400 �l (150 ng/�l) of 3�FLAG peptide
(Sigma, F4799) in TBS at 4 °C overnight for eluting apoL1-
FLAG fusion protein.
In Vitro Lipid Binding Assay—Similar to an immunoblot

analysis, phosphoinositide (PIP), and membrane lipid strips,
nitrocellulose membranes pre-spotted with various indicated
lipid species (P-6001, P-6002, Echelon, Salt LakeCity, UT)were
blocked in 3% fat-free BSA for 60 min at room temperature,
probed with the purified apoL1.FLAG protein (�100 ng/ml) in
3% fat-free BSA in TBST for 1 h at room temperature, followed
by primary anti-apoL1 antibody, secondary goat anti-rabbit
antibody conjugated with horseradish peroxidase, and ECL
detection and imaging.

RESULTS

ApoL1 Is a BH3 Domain Containing Protein—We utilized a
9-residue consensus sequence of the BH3 domain constructed
from known human Bcl-2 proteins to probe the human pro-
teome data base that identified a BH3 domain embedded in the
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apoL1 (GenBankTM accession number NM_003661). We then
retrieved full-length cDNA and protein sequences of apoL1
from the National Center for Biotechnology Information

(NCBI) (ncbi.nih.gov) nucleotide
and protein sequence data bases.
Previously, using the same method-
ology, we reported the cloning and
characterization of a bona fideBH3-
only pro-death gene apolipoprotein
L6 (apoL6) and showed that overex-
pression of apoL6 induces mito-
chondria- and caspase 8-mediated
apoptosis (45). Both apoL1 and
apoL6 belong to a newly identified
apolipoprotein L family that share
significant sequence identity within
the predicted amphipathic �-helix.
Besides apoL1 and L6, apoL family
has four other members, L2–5. It
has been suggested that these pro-
teins play important roles in lipid
binding and transport (48–50).
Sequence analysis showed that
apoL1 possesses a putative BH3
domain (aa 158–166) with 67%
sequence identitywith that of apoL6
(Fig. 1A). Over all, apoL1 and apoL6
possess 27% sequence identity and
42% similarity at the polypeptide
level. In addition to the putative
BH3 domain, apoL1 also possesses a
leucine zipper domain (aa 365–392)
(Fig. 1A). Sequence alignment of the
20-aa putative BH3 domain with a
number of known BH3-only pro-
teins (PUMA, BAD, NOXA, and
apoL6) and apoL4, further showed
that the 9-aa BH3 domain of apoL1
harbors the two important amino
acids, Leu and Asp, conserved in all
known BH3 domains (2, 4). By con-
trast, apoL4 does not possess the
conserved Asp residue, which is
substituted by an Asn instead (Fig.
1B). Tertiary structure prediction,
of the 20-aa putative BH3 domain in
the indicated proteins, showed that
the 9-aa BH3 domain of apoL1 pos-
sessed amphipathic �-helical struc-
ture, similar to other BH3-only pro-
teins of PUMA, BAD, NOXA, and
apoL6 (Fig. 1C). In contrast, apoL4
does not possess a canonical �-heli-
cal structure in that region (Fig. 1C).
Finally, sequence analysis suggests
that apoL1 does not possess BH1,
BH2, or BH4 domains. Taken
together, these results suggest that

apoL1 is a putative BH3-only protein.
ApoL1 Induces Cell Death in a Variety of Cell Types—To

investigate whether apoL1 induced cell death, we constructed a

FIGURE 1. Sequence and domain analysis of human apoL1. A, polypeptide sequence alignment of human apoL1
and apoL6. Over all, apoL1 and apoL6 shows 27% identity and 42% similarity at the aa level. Putative domains in
apoL1 include a BH3 domain (aa 158–166) and a leucine zipper domain (aa 365–392). B, sequence alignment of the
20-aa region containing putative BH3 domain in known BH3-only proteins (PUMA, BAD, NOXA, and apoL6) and
apoL1 and apoL4. The 9-aa BH3 domain are in boldface and the two amino acids, L and D, which are conserved in all
known BH3 domains, are labeled in red with asterisks. ApoL4 does not possess the conserved Asp residue, instead, it
is substituted by an Asn (in blue). C, predicted tertiary structure of the 20-aa region containing putative BH3 domain
in the indicated proteins. As expected, the 9-aa BH3 domains of known BH3-only proteins, PUMA, BAD, NOXA, and
apoL6, show amphipathic �-helical structures. Importantly, the putative BH3 domain of apoL1 also possesses an
�-helical domain. In contrast, apoL4 does not possess a complete, canonical �-helical structure in that region.
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Tet-Off apoL1-inducible system inDLD-1 cells (DLD-1.apoL1)
and adenovirus harboring wild type apoL1 (AD-apoL1) or a
BH3 domain deletion construct of apoL1 (AD-apoL1.dBH3).
We first examinedwhether apoL1 expressionwas inducible in a
time-dependent manner in stably transfected DLD-1.apoL1
cells. Using semi-quantitative RT-PCR and total RNA isolated
from DLD-1.apoL1 cells induced for 0, 6, 12, 24, and 48 h, we
showed that there was time-dependent induction of apoL1 in
induced DLD-1.apoL1 cells at the RNA level (Fig. 2A). We
observed that expression of apoL1 was increased �4-fold 12 h
after the removal of Dox (Fig. 2A). ApoL1 transcripts were also
detectable in the DLD-1.TA14 control cells, thereby indicating
that DLD-1 cells have some endogenous apoL1 expression (Fig.
2A). To confirm the induction of apoL1 expression at the pro-
tein level, we conducted immunoblot analysis on inducedDLD-
1.apoL1 cells using anti-apoL1 antibody. As shown in Fig. 2B,
the amount of apoL1 protein was greatly increased (�6-fold)
12 h after the induction.We then investigated whether overex-
pression of apoL1 could promote cell death. As shown in Fig.
2C, induction of apoL1 in DLD-1.apoL1 cells had a negative
effect on cell proliferation significantly reducing the growth
rate at 48 hwhen grown in the absence ofDox (D.0; Fig. 2,C, 4th
column, andD). Dying/dead cells showed a change in cell mor-
phology, increasing intracellular vacuoles, and detachment
from culture plates. In contrast, DLD-1.apoL1 cells grown in
D.20 exhibited normal growth (Fig. 2, C, 1st column, and D).
Similar results were observed inDLD-1.apoL1.FLAGcells (data
not shown). Because apoL1 expression was Tet-Off-regulated
by the concentration of Dox in the culture medium, a cell

growth study was conducted at var-
ious concentrations of Dox. In the
presence of gradually increasing
Dox concentrations, such as 1 ng/ml
(D.1) and 5 ng/ml (D.5), cell death
was decreased in DLD-1.apoL1
cells, implying that the cell death
rate was related to the level of apoL1
expression. Furthermore, to investi-
gate the importance of the BH3
domain of apoL1 in the induction of
cell death, we constructed adenovi-
rus harboring WT apoL1 (AD-
apoL1) or a BH3 domain deletion
mutant of apoL1 (AD-apoL1.dBH3)
and used those to infect a variety of
cell types, including HEK293 cells.
As shown in Fig. 3A, cells overex-
pressing green fluorescence protein
also overexpressed apoL1 protein. It
is evident that greater than 95% of
cells infected with AD-apoL1 were
dead, same as those inducing DLD-
1.apoL1 cells, 72 h after infection
(Fig. 3A, panels b and e). In contrast,
AD only or AD-apoL1.dBH3 failed
to induce cell death (Fig. 3A, panels
a and d, and c and f, respectively).
Immunoblot analysis showed the

protein products of WT apoL1 and apoL1.dBH3 were made in
a time-dependent manner and were stable (Fig. 3B, 3rd and 6th
lanes for WT apoL1 and 4th and 7th lanes for apoL1.BH3). In
addition, endogenous expression of apoL1 was very low in
HEK293 cells with or without AD infection (Fig. 3B, 1st, 2nd,
and 5th lanes). Identical results were observed for the same set
of experiments in four different cell lines, DLD-1, HepG2 (liver
cancer), MCF-7 (breast cancer), and LNCaP, PC3, and DU145
(prostate cancer) (data not shown). Thus, AD-apoL1 is a potent
inducer of AuCD in a variety of cells and may be a general
autophagy mediator.
ApoL1-induced Cell Death Is Not through Caspase-depend-

ent Apoptosis—Because apoL1 and apoL6 have high sequence
and structure similarity and apoL6 induces caspase-dependent
apoptosis, we examined whether apoL1-induced cell death was
mediated through apoptosis. Fig. 4 showed that caspases 9 and
3 were not activated, and PARP, a well known substrate of
caspases, was not cleaved during apoL1-induced cell death in
DLD-1.apoL1 cells (Fig. 4A). By contrast, apoptotic DLD-
1.apoL6 cells showed activation of caspase 9 8 h after apoL6
induction, which is consistent with previous findings (45).
ApoL1 Induces Activation and Translocation of LC3-II—To

investigate whether apoL1-induced cell death acted through
autophagy, we analyzed apoL1-induced activation and translo-
cation of LC3-II to AV, a critical step in autophagic pathway.
The amount of LC3-II has been shown previously to correlate
with the number of AV (13, 14, 51). Immunoblot analysis of
LC3 indicated a time-dependent accumulation of LC3-II and
increase in the ratios of LC3-II to LC3-I in induced and auto-

FIGURE 2. Time- and dose-dependent induction of apoL1 and cell death in DLD-1.ApoL1 cells. Induction
of apoL1 expression is time-dependent as indicated by semi-quantitative RT-PCR using total RNA (A) or immu-
noblot analysis using total soluble proteins isolated from cells grown in induction medium (D.0) for the indi-
cated time (B). C, apoL1 induces dose-dependent cell death. DLD-1.apoL1 cells were cultured in media
containing Dox (D; ng/ml) as indicated. Attached cells were harvested and counted after 48 h. D, apoL1
induces time-dependent cell death. DLD-1.apoL1 cells were cultured in D.20 (Dox, 20 ng/ml) medium
(squares) or D.0 (Dox, 0 ng/ml) medium (triangles), harvested, and counted at the times indicated. Each
experiment was repeated at least three times. *, p � 0.05, indicates significant difference compared with
control by Student’s t test.
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phagic DLD-1.apoL1 cells (Fig. 4B). After induction of apoL1,
the ratios of LC3-II and LC3-I were 1:10, 2:1, and 20:1 0, 12, and
24 h, respectively. In addition, immunofluorescence micros-
copy analysis showed a pattern of punctate staining of LC3-II in
induced DLD-1.apoL1 cells (Fig. 4C, panel b), indicating the
translocation of LC3-II from cytosol to AV. In contrast, control
DLD-1.apoL1 cells showed a cytosolic staining pattern of LC3
(Fig. 4C, panel a), which indicates physiological localization of
LC3-I in normal cells.
ApoL1 Induces Increased Formation of AV and Autophagy

Which Can Be Inhibited by 3-MA and Wortmannin—Trans-
mission electronmicroscopy (TEM) is one of themost sensitive
and definitive methods to detect autophagic compartments in
mammalian cells (52, 53). To further confirm that apoL1-in-
duced cell death was indeed through autophagy, we conducted
both light microscopy and TEM analyses. Normal DLD-1.
apoL1 cells under light microscopy and TEMwere displayed in
Fig. 5, A, panel a, and B, panel a, respectively. Induced DLD-
1.apoL1 cells with increased expression of apoL1 showed sig-
nificant formation of AV under the TEM (Fig. 5B, panels b and
c). The magnified images showed an enlarged empty vacuole
(Fig. 5B, panel d), a double-membraned AV (Fig. 5B, panel e),
and an autophagosome engulfing an electron-dense body (Fig.
5B, panel f) in an induced DLD-1.apoL1 cell (Fig. 5B, panel c).
Induced DLD-1.apoL1 cells were deformed and slightly

FIGURE 3. BH3 domain deletion construct of apoL1 failed to induce cell
death in DLD-1 cells. A, adenoviruses harboring WT apoL1 (AD-apoL1) and
BH3 domain deletion mutant of apoL1 (AD-apoL1.dBH3) were constructed
and used to infect DLD-1 cells. Cells overexpressing green fluorescence pro-
tein also overexpressed apoL1 protein. AD-apoL1 induced cell death 72 h
after infection (panels b (bright field) and e). In contrast, AD only or
AD-apoL1.dBH3 failed to induce cell death (panels a (bright field) and d, and c
(bright field) and f, respectively). B, time-dependent protein production of WT
apoL1 and apoL1.dBH3. Hours after infection were as indicated. Note that
endogenous expression of apoL1 was very low, almost undetectable, in
DLD-1 cells (1st, 2nd, and 5th lanes). Both proteins were stably produced in
time-dependent manner (3rd and 6th and 4th and 7th lanes for WT apoL1 and
apoL1.dBH3, respectively). �-Actin was used as a loading control.

FIGURE4. ApoL1-induced cell death is through autophagy, not by apoptosis.
A, caspases 9 and 3 were not activated, and PARP was not cleaved during apoL1-
induced cell death. By contrast, apoL6 induces cell death through apoptosis by
activation of caspases 9 as described previously (45). B, apoL1 induced activation
and translocation of LC3. Immunoblot analysis of LC3 in autophagic DLD-1.apoL1
cells. Total soluble proteins were isolated at indicated time points from DLD-
1.apoL1 cells cultured in induction medium. Times after induction of apoL1 are as
indicated. Accumulation of LC3-II in induced DLD-1.apoL1 cells can be seen 12 h
after induction. The ratios between LC3-II and LC3-I were 0.1, 2, and 20, 0, 12, and
24 h after induction, respectively. C, immunofluorescence staining of LC3 (red) in
DLD-1.apoL1 cells. Panel a, DLD-1.apoL1 cells cultured in normal medium, and
panel b, DLD-1.apoL1 cells cultured in induction medium for 24 h. At least 300
cells were analyzed for each experiment.

FIGURE 5. ApoL1 induces accumulation of AV and autophagic cell death,
which can be inhibited by 3-MA and wortmannin. A, effect of 3-MA (5 mM)
and wortmannin (1 �g/ml) on apoL1-induced cell death was observed by
light microscopy analysis. 3-MA and wortmannin were added to noninduc-
tion medium 8 h prior to the induction of apoL1. Panel a, DLD-1.apoL1 cells in
noninduction (regular) medium; panel b, in induction medium; panel c, in
induction medium � 3-MA; and panel d, in induction medium � wortmannin.
Obviously, 3-MA and wortmannin partially blunt apoL1-induced cell death
in DLD-1.apoL1 cells by 55 and 40%, respectively. All the images were taken
by the same inverted microscope (Olympus, CK40) with a MacroFire digital
camera (OPTRONIC, model S99831). B, electron microscopy analysis of auto-
phagic DLD-1.apoL1 cells. Panel a, control DLD-1.apoL1 cells; panels b and c,
autophagic DLD-1.apoL1 cells under two different magnifications; panels d–f,
magnified views of vacuoles in the cell shown in panel c. Panel d, an enlarged
empty vacuole; panel e, a double-membraned structure presumably an auto-
phagosome; panel f, an AV, presumably an autolysosome, engulfing an elec-
tron-dense body. Scale bars are as indicated. Data are representative of four
experiments. Each experiment was repeated at least three times.
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enlargedunder the lightmicroscopy (Fig. 5A,panel b). In addition,
we examined the effect of 3-MA and wortmannin, two inhibitors
of PI3Ks and autophagy (13, 14, 54), on apoL1-induced cell death.
Fig. 5A, panels c and d, showed that 3-MA and wortmannin par-
tially blunt apoL1-induced cell death in DLD-1.apoL1 cells cul-
tured in induction medium. These data suggest that apoL1-in-
duced cell death can be blocked by inhibitors of autophagy.
ApoL1 Fails to Induce Cell Death in Autophagy-deficient

MEFs—To further confirm apoL1 induces AuCD, two well
studied, autophagy-deficient MEFs, ATG5�/� and ATG7�/�,
were used. It has been well documented that ATG5 and ATG7
are essential for the initiation of autophagosome formation.
ATG5 is an acceptor molecule for the ubiquitin-like molecule
ATG12, and the proper conjugation of ATG5 with ATG12 is
required for the elongation of the autophagic membrane (15).
ATG7, an E1-like enzyme, together with ATG10, an E2-like
enzyme, catalyze the covalently conjugated complex of ATG5-
ATG12. In addition,ATG7 is required for the lipidation/activa-
tion of LC3-II and subsequently translocation of LC3-II to the

autophagicmembrane (10, 16). Thus, cells lacking eitherATG5
orATG7 are defective in LC3-II activation and autophagosome
formation. MEF cells were infected with AD-apoL1 for 36 h at
which point induction of apoL1, cell death, and LC3 activation
were assayed. Fig. 6A showed that greater than 90% ofWTMEF
cells infected with AD-apoL1 had died, whereas less than 20%
of theATG5�/� cells were dead. Fig. 6B showed overexpression
of apoL1 protein was achieved at 36 h after infection of AD-
apoL1 in ATG5�/�, ATG7�/�, and WT MEFs. Importantly,
apoL1 again induced activation of LC3 II and increased the
ratio of LC3-II to LC3-I inWTMEF cells (Fig. 6B, 6th lane). By
contrast, apoL1 failed to induce activation of LC3 and autoph-
agy, as expected, in both the ATG5�/� and ATG7�/� cells.
These results further indicate that apoL1-induced cell death is
autophagy-dependent.
Expression of ApoL1 Is Up-regulated by P53 in P53-induced

Cell Death—Previous studies showed that p53, one of the mas-
ter regulators in PCD, induces both apoptosis and autophagy
(39, 40). To investigate whether the expression of apoL1 was
regulated by p53, we took advantage of two of our previously
used cancer cell models, DLD-1.p53 and Hec50co, in p53-in-
duced apoptosis. Overexpression of p53 was achieved in DLD-
1.p53 cells by Tet-Off induction and in Hec50co cells by AD-
p53 infection as described previously (44). Immunoblot
analysis showed time-dependent expression of apoL1under the
influence of p53 in both cell lines. As shown in Fig. 7, induction
of apoL1 was detected 8 and 12 h after p53 overexpression in
DLD-1.p53 cells and Hec50co cells, respectively, and 16 and
12 h prior to p53-induced cell death in DLD-1.p53 cells and
Hec50co cells, respectively. This indicates that apoL1 is induc-
ible by p53 during p53-induced cell death.
ApoL1 Binds Strongly with PA and CL and Less with Some

Phosphoinositides—To explore the binding of apoL1 to lipids,
apoL1.FLAG fusion protein was first immunoprecipitated by
anti-FLAGantibody and subsequently eluted by 3� FLAGpep-
tide. The purified apoL1.FLAG protein was confirmed by
immunoblot analysis using anti-FLAG or anti-apoL1 antibod-
ies (Fig. 8A) andwas subsequently used for protein lipid overlay
assay. Two membranes pre-spotted with a variety of lipid spe-
cies were probed with the apoL1.FLAG fusion protein. As
expected, Fig. 8B showed that the apoL1.FLAG, but not 3�
FLAG itself (negative control), bound to a variety of lipid spe-
cies immobilized on the nitrocellulosemembranes in vitro. The
apoL1.FLAG showed strong binding affinity for PA and CL but

FIGURE 6. ApoL1 fails to induce cell death in autophagy-deficient
ATG5�/� and ATG7�/� MEFs. Wild type (WT), ATG5�/�, and ATG7�/� MEF
cells were grown in Dulbecco’s modified Eagle’s medium to 30% confluence,
infected with control AD or AD-apoL1 viruses for 36 h, and followed by light
microscopy analysis (A). Greater than 90% of WT MEF cells infected with AD-
apoL1 had died, whereas less than 20% of the ATG5�/� or ATG7�/� (not
shown) cells were dead. B, immunoblot analysis showed overexpression of
apoL1 protein was achieved at 36 h after infection of AD-apoL1 in ATG7�/�,
WT, and ATG5�/� MEFs. Importantly, apoL1 again induced activation of LC3 II
and increased the ratio of LC3-II to LC3-I (6th lane). By contrast, apoL1 failed to
induce activation of LC3 in the ATG5�/� and ATG7�/� cells. Of note, it has
been reported that MEFs have high endogenous LC3-II (15, 16).

FIGURE 7. Expression of apoL1 is up-regulated by p53 in p53-induced cell
death. Immunoblot analysis of time-dependent expression of apoL1 under
the influence of p53 was assayed. Overexpression of p53 was achieved in
DLD-1.p53 cells and in Hec50co cells as described previously (45). Hours after
p53 overexpression are as indicated. Induction of apoL1 was detected 8 and
12 h after p53 overexpression in DLD-1.p53 cells and Hec50co cells, respec-
tively. �-Actin was used as loading control.
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less affinity with different species of PIPs and other phospho-
lipids in the following order: phosphatidylinositol 3,5-bisphos-
phate (PI-3,5-P2) � PI4P � PI5P � PI3P � PI-4,5-P2 �
PI-3,4,5-P3 � PI-3,4-P2 � 3-sulfogalactosylceramide � phos-
phoserine�phosphoglycerol (PG)�phosphoinositol (PI) (Fig.
8B). Interestingly, apoL1 did not bind cholesterol, phosphoeth-
anolamine (PE), phosphocholine (PC), sphingomyelin (SM),
triglyceride (TG), diacylglycerol, sphingosine 1-phosphate,
lysophosphatidic acid, and lysophosphocholine.

DISCUSSION

The role of the Bcl-2 family in regulating apoptosis is well
studied; however, its role in mediating AuCD is still elusive. In
an effort to identify and characterize novel BH3-only proteins
in AuCD, we identified a novel BH3-only pro-death protein
apolipoprotein L1 (apoL1) in silico. Subsequently we showed
thatWT apoL1 induces AuCD in a variety of cells, whereas the
BH3 deletion construct of apoL1 failed to induce cell death.
Interestingly, apoL1 protein has been found both inside the

cells and circulating in the blood. When it is in the serum,
apoL1 binds apolipoprotein A-I and is one of the components
of high density lipoprotein (HDL) particles, suggesting
apoL1 has a role in lipid metabolism (48, 49). In addition,
protein secondary structure analysis identified four lipid-

binding amphipathic �-helices in
apoL1, which may function as a
catalyst for intra- and extracellular
lipid transfer (48–50). Impor-
tantly, we previously reported that
apoL6, a closely related protein of
apoL1 and a BH3-only pro-death
protein, induces mitochondria- and
caspase-mediated apoptosis (45). By
contrast we showed apoL4, another
member of the apoL family not pos-
sessing BH3 domain, failed to
induce cell death. Sequence analysis
showed that six of the nine residues
of the BH3 domain are identical
between apoL1 and apoL6 (Fig. 1A).
In addition, the BH3 domain of
apoL1 showed an amphipathic
�-helical structure similar to other
knownBH3domains, including that
of apoL6. Taken together, our
results indicated that both apoL1
and apoL6 are bona fide BH3-only
pro-death proteins. ApoL1 and
apoL6 possess conserved primary
sequence and tertiary structure;
nevertheless, they function differ-
ently and nonredundantly in the
induction of PCD. ApoL6 induces
apoptosis (type I), whereas apoL1
induces autophagy (type II). It is not
unreasonable to postulate that their
interacting partners, protein and/or
lipid species, play important role in

mediating different death-signaling pathways. As a matter of
fact, we showed that apoL1 has very strong affinity for PA and
CL. CL is a dimer of PG and PA and includes four acyl chains,
two phosphate groups, and three glycerols. As apoL1 binds
strongly with PA, it is logical to speculate that apoL1 binds CL
through its PAmoiety. Interestingly, Fang et al. (55) previously
showed that PA is a critical component of mammalian target of
rapamycin (mTOR) signaling. They showed mitogenic stimu-
lation of mammalian cells led to a phospholipase D-dependent
accumulation of cellular PA, which was required for activation
ofmTORdownstreameffectors. PAdirectly interactedwith the
domain in mTOR that is targeted by rapamycin, and this inter-
action was positively correlated with the ability of mTOR to
activate downstream effectors. It has also been shown that
mTOR is a negative regulator of autophagy (40, 56). Thus, bind-
ing of PA by apoL1 might inhibit mTOR activation and subse-
quently induce autophagy. In addition, accumulating evidence
suggests that CL has active roles in mitochondria-mediated
apoptosis (57). Binding of CL with apoL1 may prevent apopto-
sis in favor of induction of AuCD.
PIPs play critical roles in regulating cellular signaling path-

ways. The homeostatic equilibrium of PIPs determines cellular
proliferation, differentiation, trafficking, and PCD (58, 59). It
has been shown that PI4P is the most abundant member of

FIGURE 8. Interacting lipid species of apoL1.FLAG protein. Affinity-purified apoL1.FLAG fusion protein was
used to conduct lipid overlay assay (see “Experimental Procedures” for details). 3� FLAG peptide solution was
used as a negative control. A, purified apoL1.FLAG was confirmed by immunoblot analysis using both anti-
apoL1 and anti-FLAG antibodies. B, apoL1.FLAG bound strongly with CL and PA, followed by PI-3,5-P2, PI4P,
PI5P, PI3P, PI-4,5-P2, PI-3,4,5-P3, PI-3,4-P2, 3-sulfogalactosylceramide (3-SGCer), phosphoserine, PG, and PI (very
weak). ApoL1.FLAG did not bind cholesterol (CHO), TG, PE, PC, SM, diacylglycerol (DAG), sphingosine 1-phos-
phate, lysophosphatidic acid (LPA), and lysophosphocholine (LPC). Lipid abbreviations are as follows: TG (trig-
lyceride), PI (phosphatidylinositol), DAG (diacylglycerol), PI4P (PtdIns(4)P), PA (phosphatidic acid), PI4,5P2
(PtdIns(4,5)P2), PS (phosphatidylserine), PI3,4,5P3 (PtdIns(3,4,5)P3), PE (phosphatidylethanolamine), CHO (cho-
lesterol), PC (phosphatidylcholine), SM (sphingomyelin), PG (phosphatidylglycerol), 3-SGCer (3-sulfogalactosyl-
ceramide (Sulfatide)), CL (cardiolipin), S1P (sphingosine 1-phosphate), LPA (lysophosphatidic acid), LPC (lyso-
phosphocholine), PI3,4P3 (PtdIns(3,4)P2), PI3,5P2 (PtdIns(3,5)P2), PI3P (PtdIns(3)P), PI4P (PtdIns(4)P), PI5P
(PtdIns(5)P), and Solvent blank (Blank).
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PIPs. Furthermore, PI-3,4,5-P3 and PI-3,4-P2 can induce cell
growth through the Akt pathway, but PI3P has been shown to
induce autophagy and endosomal trafficking. Our results
showed that binding of apoL1 to various species of PIPs may
alter the homeostasis of PIPs leading to the AuCD. Interest-
ingly, we found that apoL1 did not bind cholesterol, TG, PC, PE,
or SM, themajor lipid components inHDL (Fig. 8B). It has been
shown that apoL1, a minor protein component, can directly
interact with apoAI, themajor protein component inHDL (48).
It is logical to postulate that apoL1,which does not interactwith
HDL lipid species, binds and modulates the activities of apoAI.
To our best knowledge, apoL1 is the first BH3-only, lipid-bind-
ing apolipoprotein that induces AuCD.
Interestingly, the genes encoding apoLs are localized to

chromosome 22q12.3-13.1, a high susceptibility locus for
schizophrenia. Importantly, expression of apoL1 has been
shown to be significantly up-regulated (�1.41-fold) in the
brains of schizophrenics (60). It will be interesting to see
whether overexpression of apoL1 induces AuCD in central
nervous system cells, and if so what role of apoL1 plays in the
etiology of schizophrenia.
ApoL1 was recently found to be the trypanosome lytic factor

in human serum. The parasiteTrypanosoma brucei rhodesiense
causes human sleeping sickness in Africa. The molecular basis
of this disease is the product of resistance-associated protein,
an inhibitory protein that binds specifically to apoL1 to prevent
cell lysis. Unsequestered apoL1 promotes forming anion chan-
nels on lysosomal membranes of trypanosome and subse-
quently kills the parasite (61, 62). Thus, in addition to the afore-
mentioned functions, apoL1 can also play an important role in
innate immunity.
It is well documented that LC3 is required for complete auto-

phagosome formation during autophagic pathway in mamma-
lian cells. The combination of alteration of subcellular localiza-
tion of LC3-II with increased ratio of LC3-II to LC3-I is one of
the hallmarks of autophagy (13, 14). This study demonstrates
that apoL1 is a potent and specific inducer of AuCD that
stimulates time-dependent accumulation and translocation
of LC3-II, formation of the AV (confirmed by TEM analysis),
and subsequently cell death in apoL1-overexpressing cells.
Importantly, no apoptotic hallmarks, such as release of
apoptogenic factors from mitochondria or activation of
caspases, were detected in apoL1-induced cell death. We
also showed that expression of apoL1 is inducible by p53, a
well known tumor suppressor and transactivating factor fre-
quently mutated in cancers, which regulates both types of
PCD (38–41). Regarding the role of p53 in autophagy, it has
been shown that direct activation of p53 by nutrient starva-
tion and serum deprivation induces autophagy in cancer
cells (40). In addition, damage-regulated autophagy modu-
lator, a p53 target gene encoding a lysosomal protein, has
been shown to be involved in the induction of autophagy
(63). Furthermore, Bad and Bid, two BH3-only proteins and
direct downstream effectors of p53, not only play important
roles in apoptosis but also in autophagy (34, 36, 37). Our
results suggest that apoL1 is a novel BH3 only protein and is
a p53 downstream effector functioning as a molecular deter-
minant that dictates autophagy for death (Fig. 9).

Regarding other BH3-only proteins in PCD, Beclin1 interacts
with anti-apoptotic Bcl-2 by virtue of its BH3 domain, an
amphipathic �-helix, that binds to the hydrophobic cleft of
Bcl-2. Interestingly, the association of Beclin1 with Bcl-2 is of
low affinity (1–2 �M) as compared with other BH3-only pro-
teins that bind to Bcl-2 (in low nanomolar range) (32–34). In
fact, it has been shown that Bad, as well as BH3-mimetic com-
pounds such as ABT737, competitively disrupt the inhibitory
interaction between Beclin1 and Bcl-2 (34). Thus, it is logical to
speculate that when the other BH3-only proteins, such as
apoL1 and apoL6, are induced by various stimuli/stresses, they
can displace Beclin1, rendering the cell susceptible to autoph-
agy as well as apoptosis, respectively. It will be of interest to
investigate whether apoL1 and apoL6 interact with anti-death
Bcl-2 family members and the functional consequences of the
interactions in PCD. Finally, apoL1 provides an excellentmodel
to further study the molecular basis of gene-induced AuCD.
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