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Selective degradation of PL2L60 by metabolic stresses-induced
autophagy suppresses multi-cancer growth
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Abstract. It has been reported that PL2L.60 proteins, a product
of PIWIL2 gene which might be activated by an intragenic
promoter, could mediate a common pathway specifically for
tumorigenesis. In the present study, it was further identified
by using western blot assay that the PL2L.60 proteins could
be degraded in cancer cells through a mechanism of selec-
tive autophagy in response to oxidative stress. The PL2L.60
was downregulated in various types of cancer cells under
the hypoxic condition independently of HIF-1a, resulting in
apoptosis of cancer cells. Inhibition of autophagy by small
interfering RNA targeting of either Beclin-1 (BECNI) or Atg5
resulted in restoration of PL2L60 expression in hypoxic cancer
cell. The hypoxic degradation of PL2L60 was also blocked
by the attenuation of the autophagosome membrane protein
Atg8/microtubule-associated protein 1 light chain 3 (LC3)
or autophagy cargo protein p62 expression. Surprisingly,
Immunofluorescence analysis demonstrated that LC3 could be
directly bound to PL2L60 and was required for the transport
of PL2L60 from the nucleus to the cytoplasm for lysosomal
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flux under basal or activated autophagy in cancer cells.
Moreover, flow cytometric analysis displayed that knocking
down of PL2L.60 mRNA but not PIWIL2 mRNA effectively
inhibited cancer cell proliferation and promoted apoptosis of
cancer cells. The similar results were obtained from in vivo
tumorigenic experiment, in which PL2L60 downregulation in
necroptosis areas was confirmed by immunohistochemistry.
These results suggested that various cancer could be suppressed
by promoting autophagy. The present study revealed a key role
of autophagic degradation of PL2L60 in hypoxia-induced
cancer cell death, which could be used as a novel therapeutic
target of cancer.

Introduction

Piwi-like RNA-mediated gene silencing 2 (PIWIL2) gene has
been identified as a common mediator for the development
of various types of cancers. It is activated by an intragenic
promoter, resulting in atumorigenic variant called PIWIL2-like
protein 60 (PL2L60) (1-6). Piwi proteins, a subfamily of the
Argonaute family, are associated with Piwi-interacting RNAs
(piRNAJ), a class of small non-coding RNAs (snRNAs) and
are involved in the biogenesis, transport, and use of these
snRNAs (7,8). The Piwil2 gene, alias Mili in mouse or Hili in
human, is inclined to produce a full length of Piwil2, which
binds piRNAs to form pi-ribonucleoproteins (piRNPs) and
initiates transposon silencing in the germ line (9-11). In adult
cells, PIWIL?2 gene is usually silenced but activated upon DNA
damage, mediating DNA repair or promoting cell apoptosis in
case that DNA repair is failed (12).

Alternative gene splicing provides a means by which cells
generate proteins with different properties from a single mRNA
precursor (13,14). The alternative splicing (AS) produces tran-
script ‘isoforms’ for most human genes, providing functional
diversity at the level of enzymatic activities and subcellular
localizations, as well as protein-protein, protein-DNA and
protein-ligand physical interactions (15,16). However, it has
been recently found that an isoform of PIWIL2 gene is not
generated from AS of mRNA but derived from alternative acti-
vation of an intragenic promoter (ITP), resulting in a truncated,
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alienated product PL2L.60 (2,4,5). While a full length of Piwil2
protein may serve as a tumor barrier (12), PL2L60 depleted of
Piwil2 exon 1-5 is preferentially expressed in various types
of human cancer cells, promoting tumorigenesis and tumor
growth (4,12). However, little is known for the mechanisms
that regulate PL2L.60 protein expression in cancer cells.

Hypoxia is an intrinsic stress occurring within the tumor
microenvironment due to the rapid growth of cancer cells,
poorly formed neoangiogenic blood vessels, or even radio-
therapy and chemotherapy-induced ischemia (17,18). The cells
deprived of oxygen will initially employ adaptive and survival
strategies (19), but cell death will eventually occur if hypoxia
is sustained (20). The precise mechanisms of hypoxia-induced
cell death remain unclear as apoptosis, necrosis and autophagy
have all been reported in response to hypoxic stress (21). Since
PL2L60 plays a critical role for the survival and proliferation
of cancer cells, it was hypothesized that hypoxia-induced
cell death might be associated with degradation of PL2L.60
proteins mediated by autophagy.

Autophagy is a catabolic process that maintains cellular
homeostasis through the degradation of cellular constituents
and the generation of basic building blocks for the synthesis
of new macromolecules (22). Autophagy is best characterized
to be induced under stressful conditions, such as organelle
damage, hypoxia or nutrient deprivation, and is followed by
the elongation of the autophagosome membrane around its
cargo (23). The ubiquitin-like protein Atg8, which is conju-
gated to phosphatidylethanolamine (PE), associates with
outer and inner membranes of autophagic structures (24).
Autophagosomes eventually fuse with lysosomes to degrade
their content. The autophagic process requires a set of evolu-
tionarily conserved proteins, most of which are known as
autophagy-related (ATG) proteins, functioning at different
phases of autophagy formation (24). Initially described as a
key survival feature for cancer cells, autophagy has raised great
attention for its potential ability to promote cell death (25,26).
While autophagosomes were initially identified in dying cells,
a phenomenon that led to the term ‘autophagic cell death’ to
describe a cell death mode is distinct from apoptosis (26).
Therefore, autophagy plays a critical role in maintaining
cellular homeostasis and is regarded as a double-edged sword.
While autophagy primarily acts in a cyto-protective manner,
the dysregulated states could result in compromised cell func-
tion and even death (19,20,25-28). Previously, it was verified
by the authors that severe hypoxia could induce autophagic
cell death (28). Since PL2L60 is associated with tumor cell
proliferation (2), it is possible that decreased PL2L60 might
play a key role in the hypoxia-induced autophagic cell death.

In the present study, the involvement of PL2L60 in
hypoxia-induced autophagic cancer cell death was investigated
using in vitro and in vivo models.

Materials and methods

Cell lines and reagents. Human cancer cell lines including
breast [MDA-MB-231 (cat. no. HTB-26™), MDA-MB-468
(cat. no. HTB-132™), MCF-7 (cat. no. HTB-22™), T-47D (cat.
no. HTB-133™) and SKBR3 (cat.no. HTB-30™)], lung [A549 (cat.
no. CCL-185™)], colon [HCT116 (cat. no. CCL-247™)], cervix
[HeLa (cat. no. CCL-2™)], prostate [PC-3 (cat. no. CRL-1435™)]

and liver [HepG2 (cat. no. HB-8065™)] were obtained from
the American Type Culture Collection. The cells were cultured
in Dulbecco's modified Eagle medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
and 100 U/ml penicillin-streptomycin (Gibco; Thermo Fisher
Scientific, Inc.). The cells were maintained in a humidified incu-
bator containing 5% CO, and air at 37°C. Cobaltic chloride (CoCl,;
cat. no. C8661; Sigma-Aldrich; Merck KGaA) was dissolved in
water to create 40 mmol/l stock solutions and stored at -20°C.
Rapamycin (cat. no. HY-10219; MedChemExpress) was dissolved
in DMSO to create 10 mmol/l stock solutions and stored at -20°C.

Transfection of small interfering RNA (siRNA). Non-targeting
control siRNA and targeting siRNA were purchased from
Shanghai GenePharma Co., Ltd. The siRNA sequences were
as follows: BECNI: 5-UGUGAAUGGAAUGAGAUUATT-3"
ATG5: 5-CCAUCAAUCGGAAACUCAUTT-3'; Piwil2-siES
(Piwil2 full length): 5'-GCCTGTTAAGCTTCAACAATT-3,
Piwil2-siE21(PL2L60):5'-CUAUGAGAUUCCUCAACUACA
GAAG-3'; HIF-1a: 5-GGAAAUGAGAGAAAUGCUUTT-3,
microtubule-associated protein 1 light chain 3 (LC3): 5'-CUC
CCUAAGAGGAUCUUUATT-3',p62:5-GGAGUCGGAUAA
CUGUUCATT-3"; and negative control: 5'-UUCUCCGAA
CGUGUCACGUTT-3". After breast cancer (MDA-MB-231),
lung cancer (A549), or cervix cancer (HeLa) cancer cells being
seeded at 2.0-2.4x10° per well in six-well plates overnight,
siRNA duplexes (50 pmol) were transfected into the target cell
populations using Lipofectamine® 2000 Reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) for 6 h according to the manu-
facturer instructions. After 48 h of transfection, cells were
used for subsequent experiments.

Cell viability assay. The siRNA transfected cells
(3x10° cells/well) were initially seeded in 96-well flat-bottomed
plates in quintuplicate for another 24 h. Viable proliferating
cells were detected using the Cell Counting Kit-8 (Dojindo
Laboratories, Inc.), according to manufacturer's instruction.
CCK-8 reaction mixture for each well in one 96-wells plate
consisted of 100 xl DMEM and 10 ul CCK-8 reagent and was
incubated for 30 min at 37°C. The OD value for each well
was measured on a Synergy HT microplate reader (BioTek
Instruments, Inc.) at 450 nm wavelength. Cell viability was
calculated with the following formula: Inhibition percentage
(%)=(control siRNA transfected sample-targeted siRNA trans-
fected sample)/(control siRNA transfected sample) x100%.

Apoptosis assays. Apoptosis was detected by flow cytometric
analysis following PI/Annexin Vdouble staining (cat. no. 640932;
Biolegend, Inc.). The ratio of cells in early apoptosis and late
apoptosis were calculated, and statistical analysis of the data
was performed. All flow cytometric analysis was performed on
a BD C6 flow cytometer (BD Biosciences). Data were analyzed
using FlowJo software version 7.6.1 (Tree Star Inc.).

Western blot analysis. Cells were lysed in pre-cold radio-
immunoprecipitation (RIPA) assay buffer (Thermo Fisher
Scientific, Inc.) containing 1X protease inhibitor cocktail
(Roche Diagnostics) on ice. Protein concentration in the
soluble lysates was quantified using a bicinchoninic acid
(BCA) protein assay. Protein samples (20 ug) were separated
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by 8-12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride membranes (Millipore Sigma). Membranes were
blocked with 5% non-fat dry milk in TBST at room tempera-
ture for 1 h, followed by overnight incubation with primary
antibodies at 4°C in EZ-Buffers N 1X BLOCK BSA in
TBS (cat. no. C500036; Sangon Biotech Co., Ltd.). Western
blots were performed using the following primary anti-
bodies: anti-HIF-1a (1:500; cat. no. YMO0333; Immunoway
Biotechnology Company), anti-LC3B (1:1,000; cat. no. 3868;
Cell Signaling Technology, Inc.), anti-Beclin-1 (1:1,000;
cat. no. 3495; Cell Signaling Technology, Inc.), anti-ATG5
(1:1,000; cat. no. 12994; Cell Signaling Technology, Inc.),
anti-p62 (1:2,000; cat. no. 18420-1-AP; Proteintech Group,
Inc.), anti-Piwil2/PL2L60 (1:1,000; generated in the authors'
lab) and anti-B-actin (1:3,000; cat. no. MA5-11869; Invitrogen,
Thermo Fisher Scientific, Inc.). PVDF membranes were
washed and incubated with HRP-conjugated rabbit (1:2,000;
cat. no. 7074; Cell Signaling Technology, Inc.) or mouse
(1:3,000; cat. no. 7076; Cell Signaling Technology, Inc.)
secondary antibodies for 1 h at room temperature. The
membranes were visualized with Super Signal® West Pico
Chemiluminescent Substrate kit (Thermo Fisher Scientific,
Inc.), and image acquisition was made with the ChemiDox™
XRS* system. The differences in protein expression among
various treatments were determined using the image analysis
software ImageJ software version 1.8.0 (National Institutes of
Health), using B-actin as a loading control.

Nuclear and cytoplasmic fractionations. Nuclear and cyto-
plasmic extracts were prepared using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (cat. no. 78833; Pierce,
Thermo Fisher Scientific, Inc.). The quality of nuclear and
cytoplasmic extracts was verified by immunoblotting with
protein differentially enriched in the nucleus or the cytoplasm
(B-actin).

Lentiviral transduction. Lentiviral packaging plasmids
psPAX?2 and pMD2.VSV-G were co-transfected with the
puromycin resistant GFP-LC3 construct (ChenDu Transvector
Biotechnology Co., Ltd.) into 293T cells for virus produc-
tion at 37°C under 5% CO,. Briefly, 293T cells were plated
in 10-cm dishes and transfected with GFP-LC3 construct,
psPAX2 and pMD2.VSV-G at aratio of 4:3:1. Virus-containing
media were collected 72 h post-transfection and used to infect
MDA-MB-231 cells in the presence of 5 ug/ml Polybrene.
After 24 h of infection, the infected cells were selected with
puromycin (5 xg/ml) for one week to establish stable GFP-LC3
expression cells. The cells were further passaged for 1-2
generations before experiments.

Immunofluorescence and imaging. MDA-MB-231 cells
stably transfected by LC3-GFP at 50% confluence were fixed
with 4% paraformaldehyde (Beijing Dingguo Changsheng
Biotechnology Co., Ltd.) for 15 min at room temperature
followed by permeabilization with 0.25% (w/v) Triton X-100
(MilliporeSigma). Cells were then blocked for 1 h in 3% BSA
at room temperature and incubated overnight with primary
antibody (Piwil2; 1:50) at 4°C. Then cells were incubated
with secondary antibodies conjugated with Alexa Fluor® 555

conjugate (Thermo Fisher Scientific, Inc.) at room temperature
for 1 h followed by three washes with PBS. After washing, the
slides were counterstained with 4'6'-diamidino-2-phenylindole
dihydrochloride (DAPI; 2 pg/ml) (Sigma-Aldrich; Merck
KGaA) for 5 min. Images were acquired by using 20X Ti-S
fluorescence scanning microscope (Nikon Corporation)
objective.

Animal experiments. Nude mice (total number, 16; 50%
male and 50% female; weight, ~23 g) were obtained from
SLACCAS (Shanghai Laboratory Animal Center). Mice
were bred in the authors' animal pathogen-free facility (SPF)
and maintained under standard conditions according to the
institutional guidelines of Renji Hospital animal care and
ethics review committee (Shanghai, China). The temperature
of SPF animal room was maintained at 20-26°C (maximum
temperature difference <4°C), the relative humidity at 40-70%,
the noise was kept at <60 decibels, the ammonia concentration
<14 mg/m3, the ventilation >15 times/h, the light/dark cycle
condition was 12/12-h, and the bottom of the cage was placed
with autoclave corn cob as bedding material. The feeding
density was <5 animals per cage. The drinking water was
sterilized by the animal drinking water system. The feed was
special sterile pellets for mice, which were checked twice a
day. Feed, drinking water and cage were changed once a
week. Nude mice were used at age of 6-8 week. All in vivo
experiments were approved by the institutional guidelines of
Renji Hospital animal care and ethics review committee. 1x107
breast cancer MDA-MB-231 or cervical cancer HeLa cells
were suspended in 200 pl of PBS and then subcutaneously
injected into nude mice, and the mice were monitored for up
to 4 weeks. Tumor volume was measured using a caliper every
three days and calculated using the formula: V (mm?)=0.5x
length x width?. Afterwards, the mice were humanely eutha-
nized via CO, asphyxiation with a flow rate displacing 30% of
the chamber volume per min when the tumor diameter reached
2 cm, and each tumor was confirmed by routine H&E staining
of paraffin sections.

Immunohistochemistry (IHC). Paraffin-embedded tissues
were sectioned (5 ym thickness) and stained with H&E or
stored for further paraffin or fluorescence IHC. Sections
were incubated with target retrieval solution (Dako; Agilent
Technologies, Inc.) in a steamer for 45 min followed by 3%
hydrogen peroxide solution for 10 min and protein block
(Dako; Agilent Technologies, Inc.) for 20 min at room
temperature. Sections were incubated overnight in a humid
chamber at 4°C with the following antibodies (all diluted at
a ratio of 1:500) against: HIF-1a (cat. no. ab82832; Abcam),
LC3, p62, Ki-67 (cat. no. 9027; Cell Signaling Technology,
Inc.), cleaved-caspase 3 (cat. no. 9664; Cell Signaling
Technology, Inc.) and PL2L60 (generated in the authors' lab)
followed by biotinylated secondary antibody (1:1,000; Vector
Laboratories, Inc.) for 30 min and ABC reagent for 30 min.
Immunocomplexes of horseradish peroxidase were visual-
ized by DAB reaction (Dako; Agilent Technologies, Inc.),
and sections were counterstained with haematoxylin before
mounting. Micrographs of stained sections were captured
using a Leica DMIL LED microscope with an Amscope
camera and acquisition software.
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Figure 1. PL2L60 rather than PIWIL2 is predominantly expressed in
various types of cancer cells. (A and B) Protein levels of Piwil2 and PL2L60
(60 kDa) in (A) five breast cancer cell lines and (B) lung (A549), colon
(HCT116), cervical (HeLa), prostate (PC3) and liver (HepG2) cancer cell
lines were measured by western blot analysis. Piwil2 full length: 110 kDa;
PL2L60: 60 kDa. PL2L60, Piwil2-like 60 kDa protein; PIWIL2, Piwi-like
RNA-mediated gene silencing 2.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation (SD) and are representative of triplicate samples.
Statistical analysis was performed using GraphPad Prism 5
software (Dotmatics). Statistical comparisons were made by
using two-tailed unpaired Student t-tests. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

PL2L60 is predominantly expressed in various types of
cancer cells but decreased upon oxygen deprivation. It has
been reported by the authors that PL2L60 protein, a variant
of PIWIL2, which is alternatively activated by its ITP, medi-
ates tumorigenesis and tumor growth (2,4). The PL2L60
expression is significantly inhibited by siRNA against exon
21 (siRNA-E21) but not by siRNA against exon 7 (siRNA-E7)
of PIWIL2 gene (4,5). The expression levels of PIWIL2 and
PL2L60 were therefore further analyzed in a number of human
cancer cell lines. As demonstrated in Fig. 1A and B, almost
all the tumor cell lines examined expressed PL2L.60 in a level
markedly higher than PIWIL2. These lines included cancer
cells from breast cancer (MDA-MB-231, MDA-MB-468,
MCF-7, T-47D and SKBR3), lung cancer (A549), colon cancer
(HCT116), cervix cancer (HeLa), prostate cancer (PC3)
and liver cancer (HepG2). By contrast, all lines expressed
little full length of PIWIL2, consistently with the authors'
previous observation (2). Since the growth rate of tumor is
always associated with blood or oxygen supply and nutrition
supply, it was investigated whether PL2L.60 expression was
affected by low oxygen availability. A total of five different
breast cancer cell lines (MDA-MB-231, MDA-MB-468,
MCF-7, T-47D and SKBR3) were exposed to normoxia (21%
0,) and hypoxia (1% O,) for 24 h, respectively, followed by
PL2L60 protein expression measurement by western blot
analysis. After 24 h hypoxic exposure, the PL2L60 protein
level was markedly reduced (Fig. 2A). To determine whether
the result was universal or restricted to human breast cancer
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Figure 2. Hypoxia suppresses PL2L60 protein expression in various types
of cancer cells. (A and B) The effects of oxygen levels on PL2L60 expres-
sion in various types of cancer cell lines grown in normoxia (N; 21% O,)
or hypoxia (H; 1% O,) for 24 h. The cells were harvested and measured for
PL2L60 protein levels by western blotting. (A) Breast cancer cells including
MDA-MB-231, MDA-MB-468, MCF-7, T-47D and SKBR3. (B) Cancer cell
lines from various types of tissues including lung (A549), colon (HCT116),
cervix (HeLa), prostate (PC3) and liver (HepG2). (C-F) Kinetics of hypoxia-
induced decreasing PL2L.60 expression in various types of cancer cell lines,
including (C) MDA-MB-231, (D) MCF-7, (E) SKBR3 and (F) HeLa, which
were cultured in hypoxia (H; 1% O,) for 0, 12,24 and 48 h. It should be noted
that PL2L.60 was consistently decreased at 24 h under hypoxia. PL2L60,
Piwil2-like 60 kDa protein.

cells, human cancer cell lines from other tissues were also
examined, including lung (A549), colon (HCT116), cervix
(HeLa), prostate (PC3) and liver (HepG2). The same results
were observed after these cell lines were exposed to normoxia
or hypoxia for 24 h. As expected, PL2L60 was markedly
reduced in the hypoxic cells compared with the cells exposed
to normoxic condition (Fig. 2B). Kinetic analysis revealed
that the levels of PL2L60 began to decrease but slightly as
early at 12 h after exposure to hypoxia; at 24 and 48 h, the
expression of PL2L.60 was substantially reduced compared
with the cells cultured under normoxic condition (Fig. 2C-F).
These data revealed that PL2L.60 expression in various types
of cancer cells could be remarkably downregulated at late
stage of hypoxic responses.

Hypoxia-induced downregulation of PL2L60 is hypoxia-
inducible factor 1 alpha subunit (HIF-1a)-independent. Since
the evolutionarily conserved HIF transcriptional complex is
rapidly activated when the O, tension decreases (29) and the
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Figure 3. Hypoxia-induced downregulation of PL2L60 in cancer cells is
HIF-la-independent. (A-C) Dose-dependent expression of HIF-1a and
PL2L60 in cancer cells treated with cobalt chloride (CoCl,). (A) The HeLa
cells and MDA-MB-231 cells were exposed CoCl, at the indicated concentra-
tion (0, 100, 200 and 400 M) for 24 h followed by western blot analysis
of PL2L.60, HIF-1a and B-actin. (B and C) The band intensity of PL2L60
normalized by [3-actin was decreased in a dose-dependent manner of CoCl,.
(D and E) Knockdown of HIF-1a had no effect on PL2L60 expression in
the hypoxic cancer cells. (D) The HeLa and MDA-MB-231 cancer cells
were transfected with HIF-1a siRNA (si-HIF-1a) or control siRNA (si-NC)
for 48 h, and HIF-1a protein expression was analyzed by western blotting.
(E) Then, HeLa and MDA-MB-231 cells transfected with siRNA negative
control (si-NC) or HIF-1a siRNA for 48 h were treated with CoCI2 (400 pM)
or vehicles (PBS) for another 24 h. The results shown were a representa-
tive from 3 reproducible experiments. PL2L60, Piwil2-like 60 kDa protein;
HIF-1a, hypoxia-inducible factor 1 alpha subunit; si-, small interfering; NC,
negative control; ns, no significance. “P<0.05 and “P<0.01.

HIF-1a plays a key role in the regulation of oxygen homeo-
stasis (30), it was investigated whether hypoxia-induced HIF-1a
was associated with PL2L60 downregulation in the cancer
cells exposed to hypoxic condition. Cobalt chloride (CoCl,),
which stabilizes HIF-1a by inhibiting prolyl hydroxylases to
induce cellular hypoxic responses in vitro (28,31) was used to
treat breast cancer cell line MDA-MB-231 and cervical cancer
cell line HeLa for 24 h in various concentrations (0, 100, 200 or
400 uM). As demonstrated in Fig. 3, the expression of PL2L.60
protein in both lines of cancer cells was inhibited by CoCl,
in a dose-dependent manner (Fig. 3A-C), while HIF-1a was
remarkably increased. To determine whether the reduction of
PL2L60 in the hypoxic cells was regulated by HIF-1a,, HIF-1a
expression was inhibited in HeLa and MDA-MB-231 cells by
using siRNA (Fig. 3D). As a result, HIF-1a siRNA did not have
any significant effect on the PL2L.60 protein expression either
in the hypoxic or normoxic condition (Fig. 3E). Therefore, it
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Figure 4. PL2L60 is synchronically downregulated with activation
of autophagy induced by hypoxia, rapamycin or nutrient deprivation.
(A and B) HeLa and MDA-MB-231 cancer cells were cultured under
normoxia (N; 21% O,) or hypoxia (H; 1% O,) conditions for 24 h, (C) treated
with rapamycin at the indicated concentrations (0, 25, 100 and 500 nM) for
24 h, or (D) deprived of serum from cultures for the indicated time intervals
(12, 24 and 48 h). The expression levels of PL2L60, p62, LC3 and p-actin
were assessed by immunoblot analysis. The results shown are representa-
tive of 3 reproducible experiments. PL2L.60, Piwil2-like 60 kDa protein;
LC3, microtubule-associated protein 1 light chain 3; HBSS, HBSS, Hank's
Balanced Salt Solution.

was concluded that hypoxia-induced PL2L.60 downregulation
was independent of HIF-1a expression in the hypoxic cancer
cells.

The downregulation of PL2L60 expression in the hypoxic
cancer cells is associated with autophagy activated by
hypoxia, rapamycin or nutrient starvation. Since HIF-1a had
no effect on PL2L60 protein expression (Fig. 3), it was hypoth-
esized that PL2L60 downregulation in the hypoxic cancer cells
might be associated with autophagic activation, because the
autophagy was activated in the human tumor cell lines when
exposed in vitro to hypoxia and/or metabolic stress (28,32,33).
Therefore, the association of LC3 expression with PL2L60
downregulation in the distressed cancer cells was examined,
as autophagy was activated through recruiting LC3 (LC3-I)
to autophagosome membranes, by which LC3-I is conjugated
with PE to form punctate LC3-II (34). Under the hypoxic
condition, HeLa and MDA-MB-231 cancer cells demonstrated
decreased PL2L60 but increased LC3-II (Fig. 4A and B).
Simultaneously, the level of p62 protein was also decreased
(Fig. 4A and B), indicating an enhanced autophagic influx.
The p62 is known to make a bridge between polyubiquitinated
cargos and autophagosomes through binding, respectively, to
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a ubiquitin-associated domain and a LC3-interacting region.
The results suggested that decreased expression of PL2L.60 in
the hypoxic cancer cells was associated with autophagic acti-
vation. Consistently, PL2L.60 expression was also decreased
in both HeLLa and MDA-MB-231 cancer cells treated by an
autophagy activator rapamycin, an inhibitor of mTOR (Fig.4C)
or deprived of nutrients (Fig. 4D). Collectively, these data veri-
fied the hypothesis that HIF-1la-independent downregulation
of PL2L60 in the hypoxic cancer cells was associated with
autophagic activation.

Depletion of autophagic signaling components blocked
PL2L60 degradation in hypoxic cancer cells. To further
confirm that autophagic activation was associated with
the decreased expression of PL2L.60 in the hypoxic cancer
cells, the effects of depletion of autophagic components
on PL2L60 expression were investigated. The autophagic
process requires a series of evolutionarily conserved proteins,
most of which are known as ATG proteins, functioning at
different phases of autophagy formation. Beclin-1 binds to
class III phosphatidylinositol 3-kinase (PIK3C3 or Vps34),
which forms an initiation complex of autophagy and promotes
autophagosomal membrane nucleation (35,36). Since
autophagosomal elongation requires 2 ubiquitin like conjuga-
tion systems, ATG12-ATGS and subsequent PE-conjugated
form of LC3-II/ATGS8-PE (37), Beclin-1, ATGS, p62 and
LC3, respectively, were knocked down in cancer cells, using
specific siRNA, and the levels of PL2L60 in these cells
were examined. HeLa cells were transfected with ATGS5 or
Beclin-1 (BECNI)-specific siRNA for 48 h and subsequently
exposed to 1% O, (hypoxia) or 21% O, (normoxia) for another
24 h. As expected, PL2L60 was not significantly decreased in
the hypoxic HeLa cells when ATGS5 or Beclin-1 was knocked
down (Fig. 5A and B). Similar results were observed when
LC3 or p62 was knocked out by siRNA in the hypoxic HeLa
cells (Fig. 5C and D) and MDA-MB-231 cells (Fig. SE and F).
These results verified that PL2L60 downregulation in the
hypoxic cancer cells is mediated by a mechanism of autoph-
agic degradation.

PL2L60 is predominantly expressed in the nucleus and
degraded through forming a complex with autophagosome
in the hypoxic cancer cell lines. PIWI proteins are often
detected in the perinuclear membrane-less organelle called
the nuage (also known as Yb bodies, chromatoid bodies,
pi-bodies and piP-bodies); therefore, the nuage is considered
to be the center for piRNA biogenesis and piRNA-induced
silencing complex (piRISC) formation (11,38,39). However,
PL2L60 is a product of alienation-activated PIWIL2 gene
by its intragenic promoter (4), and thus is defective in
N-terminal, affecting its subcellular localization and protein
functions (40). Therefore, PL2L.60 expression in the nucleus
and cytoplasm was examined using immunofluorescent
microscopy and western blotting. The results revealed that
PL2L60 was predominantly expressed in the nucleus of
cancer cells (Fig. 6A and B). Especially, dense nuage-like
granules containing PL2L.60 were clearly observed in the
nuclei of cancer cells under normoxic condition. However,
the granules turned out to be obscured in the hypoxic and
nutrients-deprived cancer cells (Fig. 6A), in which autophagy
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Figure 5. PL2L60 protein is degraded by selective autophagy in hypoxia.
(A) HeLa cancer cells were transfected with Beclin-1 siRNA (si-Beclin-1),
ATGS siRNA (si-ATGS5) or control negative control siRNA (si-NC) for 48 h.
The levels of Beclin-1, ATG5 and f-actin were determined by immunob-
lotting. (B) HeLa cells were transfected with Beclin-1 siRNA (si-Beclin-1),
ATGS siRNA (si-ATGS) or control siRNA (si-NC) for 48 h and then exposed
to 1% O, (hypoxia) or 21% O, (normoxia) for another 24 h. The cells were
harvested and the levels of protein expression were measured by western blot
analysis using antibodies against PL2L.60, p62, LC3 and f-actin. (C) HeLa
cancer cells and (E) MDA-MB-231 cancer cells were transfected with LC3
siRNA (si-LC3), p62 siRNA (si-p62) or negative control siRNA (si-NC)
for 48 h. The levels of LC3, p62 and B-actin were determined by immu-
noblotting. (D) HeLa cancer cells and (F) MDA-MB-231 cancer cells were
transfected with LC3 siRNA (si-LC3), p62 siRNA (si-p62) or control siRNA
(si-NC) for 48 h and then exposed 1% O, (hypoxia) or 21% O, (normoxia) for
another 24 h. The cells were harvested and the levels of protein expression
were measured by western blot analysis using antibodies against PL2L.60 and
B-actin. PL2L60, Piwil2-like 60 kDa protein; siRNA, small interfering RNA;
NC, negative control; LC3, microtubule-associated protein 1 light chain 3.

was activated (Fig. 5). In accordance with the observation,
fractionation studies confirmed that PL2L.60 was predomi-
nantly expressed in nucleus rather than in the cytoplasm
(Fig. 6B). And the PL2L60 was significantly reduced in
the nuclei of cancer cells under hypoxia for 24 h (Fig. 6B),
suggesting that the nuclear PL2L60 might be degraded by
hypoxia-induced autophagy. To confirm the hypothesis,
breast cancer cell line MDA-MB-231 was stably transfected
with GFP-LC3 and examined for the interaction between
LC3 and PL2L60. As revealed in Fig. 7A, both GFP-LC3 and
PL2L60 were mainly detected in the nuclei. And GFP-LC3
were fused or colocalized with PL2L60 nuage-like granules
in the nucleus. Interestingly, some perinuclear areas in the
cells under normoxic condition were rich of GFP-LC3 puncta
but lacked of PL2L60 (Fig. 7B; arrow heads). Under normoxic
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Figure 6. Sub-cell localization and expression of PL2L60 under hypoxia
or nutrient deprivation in cancer cells. (A) Immunofluorescence analysis
was performed to detect the localization and expression of PL2L60 in
HeLa cervical cancer cells under hypoxia or nutrient deprivation for 24 h.
DAPI-stained nuclei are shown in blue. (B) Western blotting results of the
fractionation of cellular compartments from HeLa cervical cancer cells
under 1% O, (hypoxia) or 21% O, (normoxia) for 24 h. PL2L60, Piwil2-like
60 kDa protein.

condition, basal autophagy could still be activated in the cell
cytoplasm where the autophagosomes containing LC3 puncta
could be present (23). Therefore, the GFP-LC3 puncta lack
of PL2L60 was likely perinuclear autophagosomes, in which
PL2L60 might have been completely degraded (Fig. 7B;
arrow heads). The results under basal autophagy condition
were similar to the results in Fig. 6A where autophagy could
be activated by hypoxia or nutrient starvation. The PL2L.60
nuage-like granules in the cells under hypoxia condition were
markedly less dense compared with those in the cells under
normoxic condition (Fig. 6A). The results further conformed
that PL2L.60 can be degraded by autophagy in cancer cells.

Silencing of PL2L60 induces apoptosis of cancer cells. It
has been previously reported by the authors that PL2L60
mediates tumorigenesis and silencing of PL2L60 using
specific siRNA effectively inhibits tumor cell prolifera-
tion (4). This conclusion is supported by silencing of PL2L60
using siRNA E21 in cancer cells. MDA-MB-231, HeLa
or A549 cancer cells were transfected with siRNA E21 at
the indicated concentrations for 48 h and then assessed for
the cell growth. As revealed in Fig. 8A and B, blocking
PL2L60 expression potently inhibited growth of cancer cells
including MDA-MB-231, HeLa and A549. This inhibition
was obviously associated with increased apoptosis of cancer

PL2L60 LC3-GFP DAPI

Merged

Figure 7. Interaction of PL2L60 with LC3 in the nucleus. Co-localization
of endogenous PL2L60 with GFP-tagged LC3 (green) in stably transfected
MDA-MB-231 cells, determined by immunostaining with anti-PL2L60
(red). DAPI, nuclei (blue). (A) Endogenous PL2L60 is dominantly detected
in nuclear granules called nuage in MDA-MB-231 cells and co-localizes
with stable expressed GFP-tagged LC3, both of which are established nuage
components in the nucleus. (B) Perinuclear basal GFP-LC3B puncta (arrow)
formation in stable transfected MDA-MB-231 cells. PL2L60, Piwil2-like
60 kDa protein; LC3, microtubule-associated protein 1 light chain 3.

cells, which were transfected with siRNA E21, as demon-
strated by flow cytometric analysis (Fig. 8C and D). Taken
together, PL2L60 silencing could inhibit tumor growth
through inducing apoptosis in cancer cells. To verify the
in vitro results, PL2L60 was examined expression in tumor
cell-derived xenografts.

Hypoxia-induced necroptosis of cancers is a primary site
for autophagic cell death and PL2L60 degradation. Since
oxygen diffusion distance is no more than 200 microns
away from a capillary (41), cancer cells encounter hypoxic
stress at a very early stage during cancer development. Most
research have verified that hypoxia is the primary site for
autophagy in tumors and induces autophagic cell death in
cancer cells (20,28,42,43). Especially, it has been previ-
ously reported by the authors that autophagy can mediate
programmed cell death (PCD) of breast and cervical cancer
cells in responding to CoCl, mimic hypoxia (28). To deter-
mine whether a similar situation exists in hypoxic tumor
regions in vivo, the prevalence and distribution of HIF-1a,
LC3, p62, PL2L60 and cleaved-caspase 3 was assessed
in the MDA-MB-231 and HeLa-derived xenotransplant
tumors. It was found that autophagy, as evaluated by positive
expression of LC3B and downregulated expression of p62,
was more strongly associated with hypoxic tumor regions
than non-hypoxia (proliferating) tumor regions (Fig. 9).
Conversely, both HIF-1a and PL2L60 expression decreased
significantly in the nested hypoxic tumor area compared
with the normal adjacent proliferating area (Fig. 9). A
previous study reported that the activation of autophagy
under hypoxia decreases the amount of HIF-1a via LC3
dependent manner in the presence of an intact autophagic
machinery (23). This could explain the downregulation of
HIF-1a in the hypoxic tumor region. In line with the present
western blot results (Figs. 2-7), PL2L60 was high in the
normal adjacent proliferating area and low in the nested
hypoxic tumor area (Fig. 9). Collectively, hypoxia-induced
autophagy significantly decreased PL2L60 expression
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in vivo or in vitro. In previous studies, it was confirmed
that PL2L.60 promotes tumor cell survival and proliferation
(Fig.9A and B) and severe hypoxia induces autophagy depen-
dent PCD in cancer cells by activating caspase-3 (2,28).
Autophagy can promote cell death by selectively reducing
the abundance of anti-apoptotic proteins in the cells (44).
Therefore, it was hypothesized that hypoxia would promote
autophagic degradation of PL2L.60 as one cancer cell death
mechanism in vivo. IHC using an antibody against Ki67,
a marker of cell proliferation, showed that Ki67-positive
cells were decreased in severe hypoxic areas as compared
with the normal adjacent proliferation area (Fig. 9), demon-
strating decreased cell proliferation induced by hypoxia.
H&E staining demonstrated more dead cells and the
evident increase in apoptosis proportion in severe hypoxic
tumor tissues (Fig. 9). IHC also demonstrated the increase
in mean areas that stained positively for cleaved caspase-3
in severe hypoxic tumor tissues (Fig. 9). Collectively, the
results revealed that hypoxia-induced autophagy inhibits
growth and promotes apoptosis of breast or cervical cancer
cells in vivo with lower levels of PL2L60, which may serve
as an indicator for predicting clinical outcomes of cancer
patients.

Discussion

Solid tumor is always confronting the highly hypoxic,
nutrient-poor environment, which may be a major cause of
cancer cell death. However, the mechanisms underlying the
metabolic stresses-induced cancer cell death remain elusive.
In the present study, it was identified for the first time, to the
best of our knowledge, that the cancer cell death induced
by hypoxia and nutrient deprivation was associated with
autophagic degradation of PL2L60 in various types of cancer
cells (Figs. 1-9). The hypoxia-induced PL2L60 downregula-
tion was independent of HIF-1a, which is a key molecule in
the regulation of oxygen homeostasis (Fig. 3). Cells exposed
to various stressors undergo a process of self-digestion
known as autophagy, during which cytoplasmic or nuclear
cargo sequestered inside double-membrane vesicles are
delivered to the lysosome for degradation. Consistently, inhi-
bition of autophagy by targeting Beclin-1 (BECNI) or ATG5
restored PL2L.60 levels in the hypoxic cancer cells in vitro
(Fig. 5A and B). Accordingly, knockdown of the autophago-
some membrane protein Atg8/LC3 or autophagy cargo protein
p62 by siRNA attenuated the hypoxia-induced degradation of
PL2L60 (Fig. 5C-F). Cytological analysis confirmed existence
of LC3/PL2L60 punctate complexes in the cancer cells (Figs. 6
and 7). These findings indicated that metabolic stress-induced
cancer cell death was associated with the selective autophago-
somal clearance of PL2L60.

In a solid cancer, necroptosis is frequently observed,
which may be caused by reduced oxygen tension (hypoxia)
within the tumor (17,20,30). The reduced oxygen tensions may
induce HIF-1a, which plays an essential role in homeostatic
response to the hypoxia, activating the transcription of over
40 genes including erythropoietin, glucose transporters,
glycolytic enzymes, vascular endothelial growth factor and
other genes (17,20,30,31). The protein products of these genes
increase oxygen delivery or facilitate metabolic adaptation
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Figure 9. Loss of PL2L60 suppresses proliferation and promotes tumor
autophagic cell death in nude mice under hypoxia. (A and B) Representative
images of immune histochemical staining using antibodies (anti-HIF-1a,
anti-LC3, anti-p62, anti-PL2L60, anti-cleaved caspase 3 and anti-Ki67)
against the indicated proteins in severe hypoxic tumor areas (Hypoxia) and
non-hypoxia tumor proliferating areas (Proliferation) of (A) breast or (B)
HeLa cancer tissues from one wild-type mouse. H&E staining was used to
evaluate the histology. Magnification, x40.

to hypoxia. This means that in addition to protective role of
HIF-1a, there should be a pathway that antagonizes the role
of HIF-1a to drive the oxygen-deficient cancer cells to apop-
totic death. In the present study, it was identified that such a
pathway of autophagic degradation of PL2L.60 proteins was
independent of HIF-1a.

In cancer cells, autophagy is a double sword, which can
be neutral, tumor-suppressive, or tumor-promoting in different
contexts. It has mainly been considered that autophagy can
promote cancer through suppressing p53 and preventing
energy crisis, cell death, senescence, and an antitumor
immune response (45). In the present study, however, it was
demonstrated that in the hypoxia or nutrient-deprivation
context, activating autophagy induced apoptosis of cancer cells
through selectively degradation of PL2L.60, a key promoter of
cancer cell survival and proliferation (2,4-6). This finding was
consistent with the conclusion that PL2L60 is a tumorigenic
promoter (2-5), and blocking PL2L.60 could suppress tumor
growth.

While autophagosomes sequester cytosolic materials
non-specifically in a process called non-selective autophagy,
a process of selective autophagy also occurs in which autoph-
agic degradation of specific protein aggregates or organelles
targeted for destruction occurs (32,46). A previous study has
reported that LC3 can co-operates with p62 to deliver mito-
chondrial proteins to lysosomes for selective degradation (47).
Selective autophagy degrading specific proteins is often asso-
ciated with degradation of p62 or NDP52, a protein complex
that binds ubiquitinated protein aggregates and LC3 family
protein to target them for degradation (47-50). Knockdown of
p62 reversed the hypoxic degradation of PL2L60, suggesting
that PL2L60 may be specifically or selectively degraded by
autophagy in the contexts of metabolic stresses. LC3-PL2L60
interaction alone without p62 was not sufficient for PL2L60
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degradation (Fig. 5C-F), suggesting that PL2L.60 was selec-
tively degraded in the hypoxic environment.

PL2L60 is a truncated protein of PIWIL2, containing
14 PAZ domain and a PIWI domain (2). Piwi interacts with
polycomb group complexes PRC1 and PRC2 in niche and
germline cells to regulate ovarian, germline stem cells and
oogenesis (51). The Mili (Piwil2)-containing complexes
(sometimes named pi-body) can be isolated from adult
mouse testes, which contain some key proteins such as Tudor
domain-containing protein-1 or 12 (Tdrd1/12) and play
a vital role in piRNA biogenesis and maturity in the cyto-
plasm (52-54). Indeed, it was observed that PL2L60 speckles
accumulated in the cancer nucleus (Figs. 6 and 7). Although
both LC3 and p62 plays the key role in the PL2L60 degrada-
tion (Figs. 4 and 5), how PL2L60 as one autophagic substrate
was sequestered in the nucleus and then transferred into the
cytoplasm for autophagic degradation yet remained unclear.
As shown in Fig. 6, PL2L60 is distributed dominantly in the
nucleus and fewer puncta scattered in the cytoplasm. Nuclear
autophagy is evolutionarily conserved in eukaryotes that
may target various nuclear components through a series of
processes, including nuclear sensing, nuclear export, autoph-
agic substrate encapsulation and autophagic degradation in
the cytoplasm (55,56). For instance, nuclear lamina protein
Lamin Bl degradation is achieved by nucleus-to-cytoplasm
transport that delivers Lamin B1 to the lysosome (56). It was
also observed that GFP puncta predominantly distributed
in the perinuclear (Fig. 7B). Importantly, merging LC3 and
PL2L60 fluorescence revealed a nuclear co-localization for
these two proteins while PL2L.60 could not be detected in
the GFP-LC3 puncta positive autophagosomes-like structures
(Fig. 7A and B). Therefore, the predominant perinuclear
distribution of lysosomes (57) may facilitate this cargo and
degradation of PL2L60.

Symmetrical dimethylarginines (sSDMA)modification is
required for Piwi protein stability favoring piRNA biogen-
esis (58). Most animal Piwi proteins contain SDMA motifs
that are typically clustered close to the amino terminus (58).
Protein post-translational modification provides a layer
of regulation for the specificity and efficiency of selec-
tive autophagy (48,50). In a previous by the authors, it was
confirmed that asymmetric DMA (aDMA) serves as one
specific degradation signal of selective autophagy (59).
Especially, a previous study found that arginine methyla-
tion regulates the autophagic degradation efficiency of PGL
Granules [PGL-1 and PGL-3 (cargo)-SEPA-1 (receptor)
complexes] (60). In the present study, some autophagosomal
structures containing PL2L.60 were observed to dominantly
express in the nucleus and partly in the perinucleus (Fig. 6A).
Moreover, GFP-LC3 and PL2L60 accumulated in the nucleus
and interacted with each other (Fig. 7A). Subsequent studies
should evaluate the relative sSDMA or aDMA potential of
PL2L60 and assess other regions of their cytoplasmic or
nuclear domain sequences for the involvement in PL2L60
degradation.

The present results indicated that hypoxia-regulated
autophagy induced apoptosis in multiple types of cancer by
suppressing PL2L.60. The present study has established an inti-
mate relationship between autophagy, PL2L60 and apoptosis
in response to hypoxia. The present study may provide rational

strategies for the future clinical evaluation of PL2L.60 as one
key cancer immunotherapy antigen in targeted molecular
strategy.
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