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Background: Glutathione peroxidase 3 was identified as a new tumor suppressor. However, the mechanism is not clear.
Results:Our analysis indicates that glutathione peroxidase 3 activates p53-induced gene 3 both in vivo and in vitro.
Conclusion: p53-induced gene 3 is a major mediator of GPx3-induced cell death.
Significance: Glutathione peroxidase 3-p53-induced gene 3 signaling represents a novel signaling pathway for cell death.

Expression of glutathione peroxidase 3 (GPx3) is down-regu-
lated in a variety of humanmalignancies. Both methylation and
deletion of GPx3 gene underlie the alterations of GPx3 expres-
sion in prostate cancer. A strong correlation between the down-
regulation of GPx3 expression and progression of prostate can-
cer and the suppression of prostate cancer xenografts in SCID
mice by forced expression ofGPx3 suggests a tumor suppression
role of GPx3 in prostate cancer. However, the mechanism of
GPx3-mediated tumor suppression remains unclear. In this
report, GPx3 was found to interact directly with p53-induced
gene3 (PIG3). ForcedoverexpressionofGPx3 inprostate cancer
cell lines DU145 and PC3 as well as immortalized prostate epi-
thelial cells RWPE-1 increased apoptotic cell death. Expression
of GPx3x73c, a peroxidase-negative OPAL codon mutant, in
DU145 and PC3 cells also increased cell death. The induced
expression of GPx3 in DU145 and PC3 cells resulted in an
increase in reactive oxygen species and caspase-3 activity. These
activities were abrogated by either knocking down PIG3 or
mutating the PIG3 binding motif in GPx3 or binding interfer-
ence from a peptide corresponding to PIG3 binding motif in
GPx3. In addition, UV-treated RWPE-1 cells underwent apo-
ptotic death, which was partially prevented by knocking down
GPx3 or PIG3, suggesting that GPx3-PIG3 signaling is critical
forUV-induced apoptosis. Taken together, these results reveal a
novel signaling pathway of GPx3-PIG3 in the regulation of cell
death in prostate cancer.

Glutathione peroxidase 3 (GPx3)3 belongs to the family of
glutathione peroxidases that catalyze the reduction of hydro-
gen peroxide, organic hydrogen peroxide, and lipid peroxides

by oxidizing glutathione (1). GPx3 is thought to protect cells
from the oxidative damage generated by these reactive oxygen
species (ROS) (2–7). It was recently found that theGPx3 gene is
widely methylated or deleted in prostate cancer, resulting in
low expression (8–11). In addition, the down-regulation of
GPx3 was found closely associated with cancer progression
(12). Forced expressions of GPx3 in prostate cancer cell lines
PC3 (androgen-insensitive), DU145 (androgen-insensitive),
and LNCaP (androgen-sensitive) in the absence of oxidative
stress were shown to be associated with a reduction of tumor
growth and a decrease in tumor metastasis in SCID mice (9).
GPx3 contains a selenocysteine encoded by a UGA opal codon
(13), which requires selenium to translate GPx3 to a full-length
and enzymatically active protein. Coincidently, a population
with higher selenium levels was found to be associated with a
lower incidence of prostate cancer (14), which suggests that
selenoproteins, such as GPx3, may have a protective role in the
development of prostate cancer.
p53-induced gene 3 (PIG3), a NADPH-dependent reductase,

is transactivated by p53 to generate ROS (15) and is essential for
p53-mediated apoptosis (16–18). PIG3 is a critical signaling
molecule that functions in response to DNA damage, which
possibly occurs through an enhancement of Chk1 and Chk2
phosphorylation and the recruitment of DNA repair compo-
nents (16). In addition, microsatellite instability has been asso-
ciated with pentanucleotide repeats present in the promoter
region of the PIG3 gene in a subset of lymphoblastic leukemia
cases (19). In this study, we show that PIG3 is an important
factor in GPx3-mediated cell death and is essential for UV-
mediated cell death.

EXPERIMENTAL PROCEDURES

Cloning and Plasmid DNAConstruction—Full-length cDNA
ofwild-type or a pointmutant (GPx3x73c) of GPx3was obtained
by PCR amplification of GPx3 from Human Prostate Mara-
thon-Ready cDNA (Clontech) and ligated intoTOPO-TAclon-
ing vectors. Deletion mutants of GPx3 were created using PCR
assays containing full-length cDNAs of GPx3x73c as a template
and the primers listed in Table 1. PCR products were agarose
gel-purified, digested with BamHI and SalI, and then ligated
with pGEX5-X-3 linearized with the same restriction enzymes.
The constructs were transformed into Escherichia coli BL21
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cells, and ampicillin-resistant clones were selected and
sequenced to confirm the absence of mutations or frame-
shifts. For the His-PIG3 construct, full-length PIG3 was also
obtained by PCR from Human Prostate Marathon-Ready
cDNA using primers 5�-GGGAGCCGGGCCAGGGAATTC-
ATGTTAGCCGTGC-3� and 5�-CTGCCCCATCCTCCTCT-
CGAGGGGCAGTTCCAGG-3�. Amplified PIG3 was ligated
into pET28a for fusion with a His tag. Using the same strategy,
wild-type, full-length GPx3 was cloned into pSG5 using the
GPx3 cDNA template and primers 5�-CACCTCTCTGCCCA-
GATTTGCTTA-3� and 5�-AGAAAGGCTTTTACTGGGCA-
GACG-3�. Tetracycline-inducible clones of pCDNA4-GPx3
were then obtained by PCR using primers 5�-CCACGTCCAC-
AGGTACCTGACTTCCACCTCTCTGC-3� and 5�-TTCAG-
TTACTTCCTCTCGAGCCCCAGGGCTGCCTG-3�. pCDNA4-
�GPx3, which represents a motif deletionmutant of GPx3, was
obtained using mutagenesis PCR and the following pairs of
primers: 5�-CCACGTCCACAGGTACCTGACTTCCACCT-
CTCTGC-3�, 5�-TTCAATGTACTGGCCCGTCAGCTTCG-
ACTTCTCTTGTCCCCG-3�, 5�-CGGGGACAAGAGAAGT-
CGAAGCTGACGGGCCAGTACATTGAA-3�, and 5�-TT-
CAGTTACTTCCTCTCGAGCCCCAGGGCTGCCTG-3�. Addi-
tional PCR was performed by using the products of these two
PCRs as templates with primers CCACGTCCACAGGTACC-
TGACTTCCACCTCTCTGC and TTCAGTTACTTCCTCT-
CGAGCCCCAGGGCTGCCTG to create a full-length GPx3
deletion mutant (�GPx3) ligated into pCDNA4. The pCDNA4
expression vectors containing wild-type ormutated GPx3 were
co-transfected with pCDNA6 into PC3 or DU145 cells, respec-
tively. The pCDNA4-GPx3x73c was created by mutagenic PCR
to create a GPx3 mutant with a cysteine replacing the opal
codon in codon 73. Transformants were selected with zeocin
(250 �g/ml) and blasticidin (10 �g/ml) and designated PDG
(pCDNA4-GPx3/pCDNA6 in PC3), P�G (pCDNA4-�GPx3/
pCDNA6 in PC3), DDG (pCDNA4-GPx3/pCDNA6 in
DU145), D�G (pCDNA4-�GPx3/pCDNA6 in DU145), PGPxx73c
(pCDNA4-GPx3x73c/pCDNA6 in PC3), and DGPxx73c (pCDNA4-
GPx3x73c/pCDNA6 inDU145).
Cell Lines and Cell Culture—Prostate cancer cell lines

DU145 and PC3, as well as the immortalized prostate epithelial
cell line RWPE-1 were purchased fromAmerican Type Culture
Collection (ATCC, Manassas, VA) in 2007. These cell lines
underwent one cycle of growth before being stored in liquid
nitrogen until needed. The cells were used for transfections

within 2 weeks of thawing. DU145 cells were cultured in mod-
ified Eagle’s medium (Invitrogen), and PC3 cells were cultured
in F12K (Invitrogen) supplemented with 10% fetal bovine
serum (FBS) (Cell Gro, Manassas, VA). Both cell lines were
incubated at 37 °C and 5% CO2. RWPE1 cells were cultured in
keratinocyte serum-free medium supplemented with 0.05
mg/ml bovine pituitary extract and 5 ng/ml recombinant epi-
dermal growth factor (Invitrogen). PDG and P�G were PC3-
based clones and were cultured in F12K medium. DDG and
D�G were DU145-transformed clones and were cultured in
modified Eagle’s medium. Medium was supplemented with
sodium selenium (1 nM final concentration; Sigma-Aldrich) for
GPx3 expression and was changed every 3–4 days.
Fluorescence-activated Cell Sorting Analysis (FACS) of Cell

Death—Cultures of PDG1 (one of the clones of pCDNA4-
GPx3/pCNDA6-transfected PC3 cells) or DDG3 (one of the
clones of pCDNA4-GPx3/pCNDA6-transfected DU145 cells)
at 60–80% confluence were treated with or without tetracy-
cline (5 �g/ml) for 3 days. These cells were then transfected
with PIG3-targeted siRNA (siPig3) or a scrambled siRNA con-
trol (siScr) using Lipofectamine 2000TM (Invitrogen). Tetracy-
cline induction wasmaintained for an additional 72 h. The cells
were then harvested, and cell suspensions were incubated with
5 �l of Alexa Fluor 488-conjugated annexin V and 1 �l of pro-
pidium iodide (PI, 100 �g/ml) in binding buffer for 20 min
(Molecular Probes). FACS analysis was performed using a LSR
II flow cytometer (BD Bioscience). Unstained cells were used as
negative controls. Cells irradiated with UV light and stained
with either Alexa Fluor 488 or PI were used to calibrate or
adjust for compensation. All samples were assessed in tripli-
cate. For UV-induced cell death analysis, RWPE-1 cells were
transfected with siRNA (siPig3 or siGPx3) or a scrambled
siRNA control (siScr) using Lipofectamine 2000TM and irradi-
ated with 300 mJ of UV light 48 h later. The cells were then
harvested 6 h later for analysis in an annexin V binding assay.
Yeast Two-hybrid Analysis—Yeast competent cells were pre-

pared as described previously (20). Briefly, 100 �l (2.5 million
cells) of freshly prepared AH109 competent cells were mixed
with pBD-GPx3 DNA, a prostate cDNA library, and herring
testes carrier DNA in 0.6 ml of PEG/LiAc. The mixture was
incubated at 30 °C for 30 min. Dimethyl sulfoxide (70 �l) was
then added, and the cells were heat-shocked at 42 °C for 15min.
Cells were then pelleted, resuspended in 1 ml of YPD medium,
and shaken at 30 °C for 40 min. Transformed cells were pel-

TABLE 1
Primers used for making GST-GPx3 deletion constructs

Primers Forward/reverse (5� to 3�)

GPx3-full length CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3-N-deletion GGAGAGAACTCAGGGATCCTTCCTACCCTCAAGTAT/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3-C-deletion CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/ATACTTGAGGGTAGGGTCGACCTCTGAGTTCTCTCC
GPx3_B1 CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/CCACTTATGCCACCATGGCAGTCGACCTTCGACTTCTC
GPx3_B2 CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/TTCAGTTCAATGTACTGGCGTCGACGGCCTCAGTAGC
GPx3_B3 CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/CGGACATACTTGAGGGTAGGTCGACTCTCTGAGTTCT
GPx3_B4 CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/AGGAGCTCCGAGGTGGGTCGACAGGAGTTCTTTAGGA
GPx3_B5 CCCACCCCGCCAGGATCCGGCTGCTGCAGGCGTCCTG/GTGGTCCGGTGGTGCCAGCGTCGACTGGGTATACCAT
GPx3_D1 CACCCCGCCAGGATCCGGCTGCTGCAGTCGAAGATGGACTGCCATGGT/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3_D2 CACCCCGCCAGGATCCGGCTGCTGCAGAACGTGGCCAGCTACTGAGGC/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3_D3 CACCCCGCCAGGATCCGGCTGCTGCAGGAACCAGGAGAGAACTCAGAG/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3_D4 CACCCCGCCAGGATCCGGCTGCTGCAGTTCTACACTTTCCTAAAGAAC/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT
GPx3_D5 CACCCCGCCAGGATCCGGCTGCTGCAGGTGGGGCCAGATGGTATACCC/AGTTACTTCCTCTTGTCGACCAGGGCTGCCTGCCGCCT

PIG3 Mediates GPx3-induced Cell Death

MAY 11, 2012 • VOLUME 287 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 16891



leted, resuspended in 0.5 ml of 0.9% NaCl, and plated onto low
stringency SD�Leu/�Trp plates or medium stringency
SD�Leu/�Trp/�His plates, respectively. Colony lift assays
were performed as described previously (20), and blue colonies
were transferred to high stringency SD�Ade/�His/�Leu/
�Trp plates containing an indicator for galactosidase activity.
Validation of Protein-Protein Interactions in Yeast—Plasmid

DNA from positive clones was isolated from yeast and
sequenced. For validation, an isolated clone of pACT2-PIG3
was co-transformed with pBD-GPx3 into AH109 yeast cells
and plated on SD�Ade/�His/�Leu/�Trp high stringency
plates. Co-transformation of pGADT7T and pGBKT7–53

was used as a positive control for protein-protein interac-
tions, and pGADT7T and pGBKT7-Lam were used as nega-
tive controls.
Immunoprecipitation—Antibodies raised against GPx3 or

PIG3 (Santa Cruz Biotechnology) were incubated with Exacta-
CruzTMA or B immunoprecipitation (IP) matrix (Santa Cruz
Biotechnology), respectively, for 1 h at 4 °C. The IP matrices
were pelleted, washed with PBS, and further incubated with
precleared cell lysates of GPx3 expression clones for 16 h at
4 °C. The IP matrix was then pelleted and washed four times
with radioimmuneprecipitation assay buffer, and the protein
complex was eluted with SDS-PAGE sample buffer. Samples

FIGURE 1. GPx3 interacts with PIG3 in vivo and in vitro. A, GPx3-bound PIG3 in yeast two-hybrid analyses. GPx3 was ligated in-frame with the DNA binding
domain (BD) of GAL4 in the pGBKT7 vector and co-transformed into yeast AH109 cells with pAD-PIG3. Growth and �-galactosidase activity of yeast AH109 cells
after co-transformation of the indicated vectors in SD�4 (�Leu/�Trp/�Ade/�His) medium are shown. pBD-p53/pAD-T-antigen denotes the positive control,
and pBD-Lam/pAD-T-antigen denotes the negative control. pBD-GPx3/pAD and pBD/pAD-PIG3 denote additional negative controls. B, co-IP of PIG3 and GPx3
from RWPE-1 cells. Protein extracts from RWPE-1 cells were immunoprecipitated with the indicated antibodies, electrophoresed on 7% SDS-PAGE, and
immunoblotted (IB) with either anti-PIG3 (lanes 1– 4) or anti-GPx3 (lanes 5– 8) antibodies. Similar co-immunoprecipitations were also performed in PC3 cells
transformed with pCDNA4-GPx3x73c-FLAG/pCDNA6 and induced with tetracycline (lanes 9 –14). C, co-localization of GPx3 and PIG3 in RWPE-1 cells. RWPE-1
cells were immunostained with antibodies specific for GPx3 (rabbit) and PIG3 (goat). Immunofluorescence staining was then performed using FITC-conjugated
antibodies against goat (PIG3) or rhodamine-conjugated antibodies against rabbit (GPx3). Cells incubated with second antibodies only were used as negative
controls. D, schematic diagram of a series of GPx3 deletion constructs with GST. E, in vitro binding analysis of a series of GST-GPx3 fusion proteins with PIG3.
GST-GPx3 fusion proteins were purified through a glutathione-Sepharose 4B column. The purified fusion proteins were incubated with His-tagged PIG3, which
was purified from E. coli and eluted from a His-tagged column. The GST-GPx3 fusion protein-bound column was then washed vigorously, and the bound
protein complex was resolved by 7% SDS-PAGE. Immunoblot analyses were performed with antibodies specific for PIG3. Upper panel, immunoblots of bound
His-tagged PIG3. Lower panel, Coomassie staining of GST-GPx3 fusion proteins as indicated.
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were then electrophoresed on 7% SDS-polyacrylamide gels
and immunoblotted with anti-PIG3 or anti-GPx3 antibodies.
GST Fusion Protein Pulldown Assays—Cells containing

GST-GPx3 constructs were grown overnight at 37 °C in 10 ml
of LB medium supplemented with ampicillin (100 �g/ml),
diluted to 100 ml in LB the next morning, and shaken continu-
ously at 37 °C until the cell density at 600 nm reached 0.5. IPTG
was then added, and the cells were grown for an additional 4 h.
Cells were then pelleted and sonicated at 50% of the maximal
amplitude with a 10-s pulse 12 times. Total protein was solubi-
lized in 1% Triton X-100 and separated from insoluble proteins
by centrifugation at 15,000 � g for 5 min. For purification of
GST and GST fusion proteins, protein extracts were applied to
the glutathione-Sepharose 4B column for 1 h at 4 °C (GE Bio-
science) and then incubated with precleared cell lysates pre-
pared fromprostate cancer cells at 4 °C for 2 h. The columnwas
then centrifuged at 3000� g at room temperature for 1min and
washed three timeswith PBS. Proteinswere elutedwith 40�l of
SDS-PAGE loading buffer, resolved by 7% SDS-PAGE, and sub-
jected to Western blot analyses.
Immunofluorescence Staining—RWPE1 cells (1000 cells)

were plated on chamber slides at 20% confluence and grown for

24 h. The slideswere thenwashed twicewith PBS, fixedwith 4%
paraformaldehyde for 1 h at room temperature, then washed
two more times with PBS. Slides were blocked with PBS con-
taining 10% donkey serum and 0.4% Triton X-100 for 30 min
and then incubated with anti-GPx3 rabbit and anti-PIG3 goat
antibodies (Santa Cruz Biotechnology) at 4 °C for 16 h. After
washing the slides two times with PBS, the cells were incubated
with rhodamine-conjugated donkey anti-rabbit and FITC-con-
jugated donkey anti-goat antibodies, respectively, for 1 h at
room temperature. Slides were also incubated with 4�-6-di-
amidino-2-phenylindole (DAPI) for 5 min, washed with PBS,
and mounted. Immunofluorescence staining was examined
using a confocal microscope.
ROS Activity Assays—PDG1 or DDG3 cells (1 � 106) were

treated with tetracycline (5 �g/ml) for 2 days and then trans-
fected with siPig3 or siScr using Lipofectamine 2000TM. After 2
days, ROS activity for these cells was quantified using anOxide-
lect ROS assay kit (Cell Biolabs, San Diego, CA). Briefly, cells
were washed twice with PBS and then incubated with 100 �l of
2�,7�-dichlorfluorescein-diacetate (DCFH-DA) inculturemedium
at 37 °C for 1 h. Cells were washed twice with DPBS buffer,
harvested, and analyzed by flow cytometry. For in vitro assays,

FIGURE 2. GPx3 induces cell death of prostate cancer cell lines. A, immunoblot analyses of GPx3 expression in PC3, DU145, and RWPE-1 cells. PC3, DU145,
and RWPE-1 cells were transiently transfected with pSG5-GPx3 or pSG5script control. Forty-eight hours after transfection, the cells were harvested for annexin
V binding analysis. B–D, representative FACS analyses and summary of annexin V and PI staining of PC3 cells (B), DU145 (C), and RWPE-1 (D) transfected with
pSG5-GPx3 or its control pSG5 as in A. Triplicate experiments were performed for each condition. *, between the groups in necrotic cell death (p � 0.05); **,
significant difference between the groups in apoptotic cell death (p � 0.05). Error bars, S.D.
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the purified fusion proteins GST-GPx3C, GST-GPx3N, or
GST-GPx3F in combinationwithHis-PIG3 or controls, respec-
tively, were incubated with PC3 cell lysates at room tempera-
ture for 1 h followed by a 1-h incubation with 100 �l of
DCFH-DA at 37 °C. The reactions were terminated with the
addition of 100 �l of 2� cell lysis buffer. Fluorescence was
measured at 480 nm/530 nm and each clone, and conditions
were assayed in triplicate. DCFH-DA-treated cells incubated
with or without H2O2 were used as controls. For UV-induced
cell death analysis, RWPE-1 cells were transfected with PIG3-
targeted siRNA (siPig3), siRNA (siGPx3), or a scrambled siRNA
control (siScr) using Lipofectamine 2000TM. After 48 h of incu-
bation, the cells were irradiated with 300 mJ of UV light, incu-
bated for an additional 6 h, and then harvested for ROS activity
analysis.
Assays of Caspase-3 Activity—DDG3 cells (2 � 106) were

treated with or without tetracycline and transfected with siPig3
or siScr. Two days later, the cell lysates were collected and

transferred to black 96-well plates. Caspase-3 substrate
(DEVD-AFC) (5�l) and reaction buffer (50�l) were then added
to each well. After a 1-h incubation at 37 °C, caspase-3 activity
was quantified in a fluoroplate reader at 400 nm/505 nm.
Experiments with caspase-3 inhibitor or without caspase-3
substrate were used as controls.
Data Analysis—Flow cytometry of annexin V and PI staining

was analyzed usingWinMDI2.9 software. The intensity reading
from cells without annexin V and PI was used as a background
control. The output data were then imported to an Excel
spreadsheet for statistical analysis.

RESULTS

GPx3 Interacts with PIG3—GPx3 was previously shown to
exhibit tumor suppressor activity both in vitro and in vivo (12).
To investigate signalingmolecules that mediate the tumor sup-
pression activity of GPx3, a yeast two-hybrid analysis was per-
formed using a GAL4 bait domain (BD)-GPx3 fusion protein to

FIGURE 3. Knockdown of PIG3 decreases GPx3-mediated cell death. A, immunoblots of GPx3 and PIG3 expression in PDG1 and DDG3 cells. PDG1 (PC3
transformed with pCDNA4-GPx3/pCDNA6) and DDG3 (DU145 transformed with pCNDA4-GPx3/pCDNA6) cells were induced with or without tetracycline (Tet)
and transfected with siRNA specific for PIG3 (siPig3) or a scramble control (Scr). Cells were harvested for analyses 48 h after transfection. B, representative
images of FACS analysis of annexin V and PI staining of PDG1 and DDG3 cells transfected with a scrambled siRNA or PIG3-siRNA induced with (lower panel) or
without (upper panel) tetracycline. C, summary of FACS analysis of cell death in B. Triplicate experiments of each condition were averaged in the analyses. *,
statistically significant difference in cell death between the PDG1 or DDG3 cell groups treated with Scr and siPIG3 (p � 0.01). Error bars, S.D.
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screen a prostate cDNA library. In this assay, 26 colonies were
found to grow on high stringency nutrient agar plates (i.e.
SD�Trp�Leu�Ade�His), which were also positive for �-ga-
lactosidase activity. The pAD-cDNAs of these colonies were
purified and sequenced. The sequence of one of these cDNAs
was identified as the PIG3 coding region in-frame with vector
pACT2. To validate this interaction, pAD-PIG3 was co-trans-
formedwith pBD-GPx3 into yeast AH109 cells. These transfor-
mants grew on high stringency nutrient agar plates and formed
blue colonies in the presence of X-�-Gal together with the pos-
itive control pBD-p53/pAD-T-antigen (Fig. 1A). In contrast,
yeast cells transformed with pBD-Lam/pAD-T-antigen did not
survive on the high stringency agar plate, neither did pBD-
GPx3/pAD nor pBD/pAD-PIG3 (negative control; Fig. 1A).
To investigate the binding ofGPx3 andPIG3 in prostate cells,

co-immunoprecipitation (co-IP) assays with GPx3 or PIG3

antibodies were performed using cell lysates of RWPE-1, which
is an immortalized prostate epithelial cell line. Immunoblot
analysis indicated that PIG3 was present in GPx3 co-IP com-
plexes, and GPx3 was detected in PIG3 co-IP complexes (Fig.
1B). Similar results were obtained in co-IP assays of PC3 clones
overexpressingGPx3. Interestingly, GPx3� 73c, amutant with
cysteine replacing selenocysteine was also co-immunoprecipi-
tated with PIG3. Immunofluorescence staining of RWPE-1
cells using anti-GPx3 and anti-PIG3 antibodies also detected
the co-localization of these proteins in the cytoplasm (Fig. 1C).
We next constructed N-terminal, C-terminal, and full-

length coding regions of GPx3 into pGEX-5T vector to express
GST-GPx3 fusion proteins in E. coli. In vitro binding assays
were then performed using these truncated GPx3 fusion pro-
teins with His-tagged PIG3 purified from E. coli. The binding
assays indicated that PIG3 only bound N-terminal and full-

FIGURE 4. Knockdown of PIG3 decreases GPx3x73c-mediated cell death. A, immunoblots of GPx3x73c and PIG3 expression in PGPx3x73c and DGPx3x73c cells.
The PGPx3x73c (PC3 cells transfected with pCDNA4-PGPx3x73c) and DGPx3x73c (DU145 cells transfected with pCDNA4-PGPx3x73c) cells treated with or without
tetracycline and transfected with siPIG3 or Scr. Cells were harvested for analyses 48 h after transfection. B, representative images of FACS analysis of annexin
V and PI staining of PGPx3x73c and DGPx3x73c transfected with a scrambled siRNA (Scr) or PIG3-siRNA (siPig3) induced with (lower panel) or without (upper panel)
tetracycline. C, summary of the FACS analysis of cell death in B. Triplicate experiments of each condition were averaged in the analyses. *, statistically significant
difference in cell death between groups treated with Scr and siPIG3 (p � 0.01). Error bars, S.D.
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length versions of GPx3 (Fig. 1D). Because only purified recom-
binant GPx3 and PIG3 were used in these binding assays, the
bindings suggest that no bridge proteins are required for the
interactions between GPx3 and PIG3. To determine whether a
PIG3 binding motif is present in GPx3, a series of deletion
mutants of GPx3 was constructed (Fig. 1D). The results of the
binding assays indicated that PIG3 was able to bind all GST-
GPx3 fusion proteins containing amino acids 2–114,whereas in
the absence of this region, no binding was observed (Fig. 1D).
These results indicated that this sequence of GPx3 is critical for
PIG3 binding.
GPx3 Induces Cell Death in Prostate Cancer Cell Lines—To

study GPx3-mediated tumor suppression activity, the role of
GPx3 in cell death was investigated. PC3, DU145, and RWPE-1
cells were transfected with pSG5-GPx3 to transiently express
GPx3 in these cells, and cell death was quantified 48 h later
using annexin V and PI staining. As shown in Fig. 2, transient
expression of GPx3 in PC3, DU145, and RWPE-1 cells induced
significant cell death involving apoptosis and necrosis (p �
0.001). The expression of GPx3 in PC3 cells resulted in a 2.7-
fold increase (p� 0.001) in apoptosis and a 9.1-fold (p� 0.001)
increase in necrotic cell death (Fig. 2B), whereas expression of
GPx3 in DU145 cells induced a 2.3-fold increase in apoptosis
(p� 0.001; Fig. 2C). Forced overexpression ofGPx3 in RWPE-1

cells resulted in a 1.8-fold increase of apoptotic cell death (p �
0.005; Fig. 2D) and minimal increase of necrotic death. The
patterns of GPx3-mediated cell death in these three cell lines
varied, which probably reflected the sensitivities or the varia-
tion of cell death signaling among these cells.
Knockdown of PIG3 or Loss of PIG3-GPx3 Interaction

DecreasesGPx3-mediatedCell Death—To investigate the func-
tional significance of PIG3 in GPx3-mediated tumor suppres-
sion or cell death, PDG1 (pCDNA4-GPx3/pCDNA6 trans-
formed PC3 cells) and DDG3 (pCDNA4-GPx3/pCDNA6
transformed DU145 cells) were induced with 5 �g/ml tetracy-
cline for 4 days, and significant cell deathwas observed in PDG1
andDDG3 cells (Fig. 3). However, knockdown of PIG3 reversed
cell death by �90% (p � 0.001) in PDG1 cells and by 63% (p �
0.003) in DDG3 cells (Fig. 3). The reversal of cell death by PIG3
knockdown occurred at both the apoptotic and necrotic levels,
suggesting that PIG3 is broadly involved in the mechanism of
GPx3-induced cell death. To evaluate whether the selenocys-
teine at amino acid residue 73, which is a crucial residue of
GPx3 for peroxidase activity, was critical for GPx3-induced
cell death, OPAL codon TGA of GPx3 wasmutated to the TGC
codon that codes for cysteine. This mutant was constructed
into the pCDNA4 vector to create pCDNA4-GPx3x73c and co-
transfected with pCDNA6 into PC3 and DU145 cells to cre-

FIGURE 5. Loss of the PIG3 binding motif in GPx3 abrogates GPx3 cell death induction. A, immunoblots of GPx3 and �-actin expression in PDG1, DDG3,
P�G (PC3 transformed with pCDNA4-GPx3�75–114/pCDNA6), D�G (DU145 transformed with pCDNA4-GPx3�75–114/pCDNA6), and RWPE-1 cells. PDG1, DDG3,
P�G, and D�G cells were treated with or without tetracycline (Tet) for 4 days, and RWPE-1 cells transfected with siRNA specific for GPx3 (siGPx3) or scramble
control (Scr) were treated for 3 days. B, representative images of the FACS analysis of annexin V and PI staining of cells listed in A. C, summary of FACS analysis
of cell death in B. Triplicate experiments of each treatment were analyzed. *, statistically significant difference in cell death between Scr and siGPx3 groups (p �
0.05); **, statistically significant difference in cell death between the groups treated with or without tetracycline (p � 0.001). Error bars, S.D.
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ate clones PGPx3x73c (PC3 cells transfected with pCDNA4-
PGPx3x73c) and DGPx3x73c (DU145 cells transfected with
pCDNA4-PGPx3x73c).WhenGPx3x73c was induced with tetracy-
cline, cell deathwas similarly induced, albeit to a lesser extent than
cells with wild-type GPx3. The knockdown of PIG3 in these cells
also improved cell survival (Fig. 4), suggesting that selenocysteine
is not essential for GPx3-induced cell death or GPx3-PIG3
signaling.
To investigate whether the PIG3-GPx3 interaction was cru-

cial for GPx3-induced cell death, a GPx3 mutant lacking the
PIG3binding capability (amino acids 75–114)was created. This
mutant was constructed into pCDNA4 expression vector to
create pCDNA4-�GPx3 and transfected into PC3 and DU145
cells. Clones of mutant cell lines (P�G and D�G from PC3 and
DU145 cells, respectively) were created. Induction of P�G and
D�G with tetracycline did not induce significant cell death
compared with wild-type controls (Fig. 5; p � 0.64), indicating
that both the expression of GPx3 and the GPx3-PIG3 interac-
tion are essential for GPx3-mediated cell death. Interestingly,
when GPx3 was knocked down in RWPE-1 cells, cell death was
minimized, which suggested that GPx3 plays a role in normal
cell death (Fig. 5, A and B; p � 0.02).

To investigate whether the interference of the GPx3-PIG3
interaction would impact on GPx3-induced cell death, the
PIG3 binding motif of GPx3 (amino acids 1–114) was con-
structed into pCMV-FLAG to create pCMV-�GPx31–114-
FLAG. This vector was transfected into PDG1 and DDG3 cells.
As shown in Fig. 6, this mutant competed for the binding of
PIG3 with wild-type GPx3 and abrogated virtually all GPx3-
induced cell death activities. These results suggest that cell
death induced by wild-type GPx3 is dependent on its interac-
tion with PIG3.
Increased Protease Activity of Caspase-3 by GPx3—Members

of the cysteine aspartic acid-specific protease (caspase) family
play key roles as effectors of apoptosis in mammalian cells (21).
Activated caspases participate in a cascade of cleavage events
that disable key homeostatic and repair enzymes and facilitate
the systematic structural disassembly of dying cells. Initiation
of the caspase cascade leads to activation of caspases-3, -6, and
-7. To investigate the impact of GPx3 and PIG3 on caspase
activity, the protease activity of caspase-3 was studied. As
shown in Fig. 7, induction of GPx3 dramatically increased the
protease activity of caspase-3 (3.3-fold, p � 0.001). Addition of
a caspase-3-specific inhibitor completely abrogated caspase-3

FIGURE 6. GPx3-PIG3 binding interference abrogates GPx3 cell death induction. A, immunoblots of GPx3, �GPx31–114-FLAG, and �-actin expression in
PDG1 and DDG3. PDG1 and DDG3 cells were transfected with pCMV-FLAG (pCMV) or pCMV-�GPx31–114-FLAG and treated with or without tetracycline (Tet) for
4 days. B, representative images of the FACS analysis of annexin V and PI staining of cells listed in A. C, summary of FACS analysis of cell death in B. Triplicate
experiments of each treatment were analyzed. **, statistically significant difference in cell death between the groups treated with or without tetracycline (p �
0.001). Error bars, S.D.
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protease activity, confirming the specificity of the caspase-3
protease assays performed. Knockdown of PIG3 or expression
of a GPx3 mutant lacking PIG3 binding activity or of a PIG3
binding competition peptide was able to reverse GPx3-induced
caspase-3 activity completely (Fig. 7). Taken together, these
results suggest that the GPx3-PIG3 interaction increases the
activity of the caspase cascade, which leads cells to disintegra-
tion and death.
Generation of ROS by PIG3 Is Enhanced by GPx3—PIG3

expression is associated with an increase in ROS levels in cells
(15). To investigate whether GPx3 expression has an impact on
the generation of ROS, PDG1 and DDG3 cells were induced to
express GPx3. ROS were subsequently quantified using flow
cytometry and a fluorometric reader. As shown in Fig. 8, a
�100-fold increase (p � 0.001) in ROS levels was detected in
GPx3-induced cells compared with uninduced controls. In
contrast, knockdown of PIG3 by siRNA completely reversed
theROS generation in both PDG1 andDDG3 cells (Fig. 8,A and
E). To evaluate the significance of the selenocysteine of GPx3 in
ROS generation, PGPx3x73c and DGPx3x73c cells expressing
GPx3x73c were induced, and the ROS generations in these cells

were then analyzed. As shown in Fig. 8, B and E, expression of
GPx3x73c significantly increased the level of ROS in these cells
compared with the uninduced control. When PIG3 was
knocked downwith siPIG3, similar reversals of ROS generation
were found. These results suggest that the selenocysteine resi-
due in GPx3 has a negligible impact on ROS generation, even
though this residue is located within the PIG3 binding motif of
GPx3. In contrast, when P�G and D�G cells were induced to
express the GPx3 mutant lacking the PIG3 binding domain, no
increase in ROS levels in these cells was found (Fig. 8, C and E).
The expression of PIG3 binding competing peptide through
pCMV-�GPx31–114-FLAG similarly abrogated the ROS gener-
ation activity of GPx3 (Fig. 8, D and E). These results suggest
that interaction with PIG3, rather than the intrinsic peroxidase
activity, is critical forGPx3-mediated generation of ROS.When
recombinant PIG3 andGPx3 were expressed in E. coli (Fig. 8F),
full-length GPx3 (p � 0.001) construct was able to enhance the
generation of ROS by �1000-fold compared with PC3 cell
lysate alone, whereas no individual GPx3 fragment generated a
similar level of ROS. Based on these observations,GPx3 appears
to function as an activator of PIG3 for ROS generation.

FIGURE 7. Increase of protease activity of caspase-3 by GPx3. PDG1 and DDG3 cells were induced with or without tetracycline (Tet) and transfected with
siPig3 or Scr or pCMV-FLAG or pCMV-�GPx31–114-FLAG. PDG1 and DDG3 and their corresponding GPx3 mutants (P�G and D�G) were induced with or without
tetracycline to express wild-type or mutant GPx3. Cell lysates of these cells were incubated with caspase-3 substrate (DEVD-AFC) as indicated. The protease
activity of caspase-3 was then quantified in a fluororeader. Triplicate experiments of each treatment were analyzed. The reactions without DEVD-AFC, which is
the caspase-3 substrate, were used as negative controls. Assay specificity was evaluated using a caspase-3 inhibitor, DEVD-CHO. Quintuplicate assays were
performed. Tetracycline-induced PDG1 or DDG3 had a significant increase in caspase-3 activity (p � 0.001). PDG1 or DDG3 cells induced with tetracycline and
treated with siPig3 had lower caspase-3 activity compared with cells treated with Scr (p � 0.001). Error bars, S.D.
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Knockdown of GPx3 Inhibits Cell Death in UV-treated
Cells—To investigate whether GPx3-PIG3 signaling is involved
in stress-induced cell death, such as UV irradiation, GPx3 was
knocked down in the normal epithelial cell line RWPE-1 by
siRNA specific for GPx3. These cells were then UV-irradiated
(300mJ), and cell death was analyzed 6 h later. As shown in Fig.
9, A and B, UV treatment induced significant cell death in
RWPE-1. However, the UV-induced cell death was largely pre-
vented by knocking down PIG3 or GPx3, and a 5-fold decrease
in cell death in cells treated with siPIG3 and 4-fold decrease in
death in cells treated with siGPx3 was observed. Consistently,
the UV-treated cells had �100-fold higher levels of ROS (p �
0.001) (Fig. 9C). In addition, knocking down either PIG3 or
GPx3 significantly lowered the level of ROS in the cells treated
with UV light (p � 0.001). These analyses suggest that the
GPx3-PIG3 signaling pathway critically contributes to UV-in-
duced ROS generation and cell death.

DISCUSSION

GPx3 is a glutathioneperoxidase that oxidizes reducedglutathi-
one to reduce hydrogen peroxide. However, increasing evidence

suggests that GPx3 also possesses tumor suppressor activity (5, 9,
22–29). In this study,GPx3 carries out tumor suppressor signaling
at least partly through the activation of PIG3, which is a protein
associatedwith the generationofROS that induces cell death. Sev-
eral linesof evidence in this study indicate thatGPx3 interactswith
PIG3. First, GPx3 and PIG3were co-immunoprecipitated from
either immortalized prostate epithelial cells or prostate can-
cer cell lines that express GPx3. Second, GPx3 and PIG3 have
been shown to bind each other in cell-free systems in the
absence of other potential bridge proteins. Third, the co-lo-
calization of GPx3 and PIG3 has been observed in the cyto-
plasm of RWPE-1 cells. Yeast two-hybrid analyses also indi-
cated that the binding of GPx3 and PIG3 brings the AD and
BD of these proteins together, thereby facilitating transcrip-
tion of nutrient-synthesizing enzymes to ensure yeast sur-
vival and growth in nutritionally restricted medium. The
binding of GPx3 and PIG3 appears to be independent of
post-translational modifications.
PIG3 is an essential component for the generation of ROS

and the induction of apoptosis (15, 18, 30). In the present study,

FIGURE 8. ROS generation is enhanced by GPx3-PIG3 interaction. A, representative FACS analyses of ROS generation in PDG1 and DDG3 cells treated with
or without tetracycline (T) and transfected with siPIG3 or Scr. B, representative FACS analyses of ROS generation in PGPx3x73c (PC3 cells transfected with
pCDNA4-PGPx3x73c) and DGPx3x73c (DU145 cells transfected with pCDNA4-PGPx3x73c) cells treated with or without tetracycline and transfected with siPIG3 or
Scr. C, representative FACS analyses of ROS generation in PDG1, DDG3, P�G, or D�G cells treated with or without tetracycline. D, representative FACS analyses
of ROS generation in PDG1 and DDG3 cells treated with or without tetracycline and transfected with pCMV-FLAG or pCMV-�GPx31–114-FLAG. E, summary of
ROS generation from samples in A, B, and C. Triplicate experiments of each condition were performed. *, significant difference in ROS generation between
tetracycline-treated and untreated, Scr- and siPIG3-transfected cells (p � 0.001). F, recombinant GPx3 enhances ROS generation in vitro. Purified GST-GPx3 or
its N- or C-terminal fragments or His-tagged PIG3 was incubated with DCFH-DA and the proteins indicated. ROS was then quantified by measuring dichlor-
fluorescein fluorescence intensity in a fluorometric plate reader. The ROS from the incubation of PC3 cell lysate with GST and pET28 was treated as a
background control. Quintuplicate assays were performed. *, significant difference between groups as indicated (p � 0.01). Error bars, S.D.
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the expression of PIG3was found to bemoderately abundant in
both DU145 and PC3 cells as well as in the immortalized cell
line RWPE-1.We hypothesize that the expression of GPx3 dra-
matically increases intracellular levels of ROS due to its inter-
action with PIG3. Support for this hypothesis is based on the
finding that induced expression of GPx3 in the absence of PIG3
did not generate significant levels of ROS. A GPx3 mutant that
does not interact with PIG3 also failed to generate significant
levels of ROS in these cells. The dependence ofGPx3 onPIG3 in
generating ROS suggests thatGPx3may be an activator of PIG3
or act as a subunit of the PIG3-ROS enzyme. Alternatively,
binding of GPx3 to PIG3 may activate a currently unknown
protein to produce ROS. Overall, the mechanistic details of the
ROS enzyme complex remain unclear, although it is clear that
GPx3 induces PIG3 to mediate cell death.
The GPx3 andGPx families of proteins are known to be anti-

oxidative enzymes of detoxification and can protect cells from
oxidative stress (31–33). However, the results of the present
study suggest that GPx3 acts as an essential mediator of ROS

generation, suggesting that a complex pathway for reduction-
oxygenationmetabolism exists. GPx3 is known to be a secreted
peroxidase and is found abundantly in the plasma. Neverthe-
less, a significant amount of GPx3 is also detected in the cyto-
plasm, which thereby raises the possibility that two different
forms of GPx3 exist: the extracellular form of GPx3 is devoid of
PIG3 or other co-enzymes in plasma and functions as an anti-
oxidant enzyme for the reduction of ROS. In contrast, an intra-
cellular version of GPx3 readily forms a complex with PIG3 or
other proteins and activates these enzymes to produceROS and
cell death.
GPx3-mediated cell death occurs in both cancer cells as well

as normal epithelium. Our experiments suggest that UV stress
generates high levels of ROS and induces cell death.GPx3-PIG3
signaling is critical for UV-induced ROS generation and cell
death because the removal of either GPx3 or PIG3 dramatically
negates the effects of UV. This was a surprising observation in
light of only a mild increase of GPx3 and PIG3 expression in
normal epithelial cells (RWPE-1) in response to UV treatment

FIGURE 9. GPx3 or PIG3 is required in UV-induced cell death. A, immunoblots of GPx3, PIG3, and �-actin expression in RWPE1 cells transfected with
siPIG3, siGPx3, or scramble siRNA for 48 h and irradiated with 300 mJ of UV light. B, representative images of FACS analyses of annexin V and PI staining
of cells listed in A. Right, summary of FACS analysis of cell death in B, left. Triplicate experiments of each treatment were analyzed. *, statistically
significant difference in cell death between the cells treated with Scr versus siPIG3 or Scr versus siGPx3 (p � 0.01). C, representative FACS analyses of ROS
generation in UV-irradiated RWPE1 cells treated with siPIG3, siGPx3, or Scr transfected as in A. Right, summary of ROS generation of samples in C, left.
Triplicate experiments of each condition were performed. *, statistically significant difference in ROS generation between cells treated with Scr versus
siPIG3 or Scr versus siGPx3 (p � 0.001). Error bars, S.D.
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(Fig. 8A), which suggests that GPx3 and PIG3 are constitutive
components for ROS generation and cell death. Additional fac-
tor(s) induced byUVmay activate this cell deathmachinery and
lead to apoptosis. However, increased expression ofGPx3with-
out UV induction also results in dramatic cell death. These
results suggest that a critical level of intracellular GPx3 deter-
mines the fate of a cell: a high level of GPx3 may promote
apoptosis, whereas a low level of the enzyme prevents cell death
even under stress. Our finding may also explain the uneven
expression level of GPx3 across prostate tissues, where GPx3 is
abundant in maturing prostate acinar cells that have a high
turnover but only sparse expression in proliferating basal stem
cells (9). As a result, the likely function of GPx3 in the prostate
gland is to prevent the overaccumulation and hyperprolifera-
tion of acinar cells by hastening cell death.
The current study also supports the previous finding that

PIG3 alone, although transactivated by TP53, is insufficient to
induce cell death (15), possibly due to the lack of a co-enzyme to
generate ROS. This study may provide a new link for potential
therapeutic intervention against prostate cancer through the
molecular activation of PIG3. Expression of GPx3 is selenium-
dependent due to the presence of an opal stop codon in themid
segment of the GPx3 open reading frame, and therefore sele-
nium supplements in cancer treatment may enhance GPx3
expression and could hold promise in the suppression of tumor
growth. In addition, gene targeting therapy of GPx3 and PIG3
signalingmay bewarranted due to the highly efficient induction
of ROS generation and tumor cell death that has been associ-
ated with GPx3 expression.
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