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p21-Dependent Delay in Cell Cycle Progression in
RWPE-1 Prostate Epithelial Cells
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ABSTRACT

The anticancer activity of selenium (Se) has been demonstrated in myriad animal and in vitro studies, yet the mechanisms remain obscure. The
main form of Se in animal tissues is selenocysteine in selenoproteins, but the relative importance of selenoproteins versus smaller Se
compounds in cancer protection is unresolved. Selenoprotein W (SEPW1) is a highly conserved protein ubiquitously expressed in animals,
bacteria, and archaea. SEPW1 depletion causes a delay in cell cycle progression at the G1/S transition of the cell cycle in breast and prostate
epithelial cells. Tumor suppressor protein p53 is a master regulator of cell cycle progression and is the most frequently mutated gene in human
cancers. p53 was increased in SEPW1 silenced cells and was inversely correlated with SEPW1 mRNA in cell lines with altered SEPW1
expression. Silencing SEPW1 decreased ubiquitination of p53 and increased p53 half-life. SEPW1 silencing increased p21(Cip1/WAF1/
CDKN1A), while p27 (Kip1/CDKN1B) levels were unaffected. G1-phase arrest from SEPW1 knockdown was abolished by silencing p53 or p21.
Cell cycle arrest from SEPW1 silencing was not associated with activation of ATM or phosphorylation of Ser-15 in p53, suggesting the DNA
damage response pathway was not involved. Silencing GPX1 had no effect on cell cycle, suggesting that G1-phase arrest from SEPW1
silencing was not due to loss of antioxidant protection. More research is required to identify the function of SEPW1 and how it affects stability
of p53. J. Cell. Biochem. 113: 61-69, 2012. Published 201 1. This article is a U.S. Government work and is in the public domain in the USA.
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S elenium (Se) is a trace element that is an essential nutrient for
organisms in all major phyla, with the apparent exception
of fungi and higher plants. The main biochemically active form of
Se is selenocysteine (Sec), which functions at the active sites of
Se-containing enzymes. Sec is synthesized from serine while
attached to a special transfer RNA (tRNASer>*) by replacement of
the serine hydroxyl group with a selenohydryl group (-SeH) [Yuan
et al., 2006]. The resulting Sec-aminoacyl-tRNA is used during
protein synthesis to insert Sec at internal UGA codons that occurin a
special nucleotide sequence context. Recoding UGA from a stop
codon to Sec requires several unique factors in eukaryotes,
including specific secondary structure in the mRNA, a unique
tRNA, an RNA-binding protein (SBP2), and a specialized elongation
factor (EFsec) [Small-Howard and Berry, 2005]. Se is the only
element specified in the genetic code (“TGA”) and Sec has become

recognized as the 21st protein amino acid [Commans and Bock,
1999].

Selenoproteins have biological functions in oxidation-reduction
(redox) processes, redox signaling, antioxidant defense, thyroid
hormone metabolism, and immune responses. They are therefore
strongly associated with cancer, Keshan disease, virus infections,
male infertility, and abnormalities in immune responses and thyroid
hormone function [Lu and Holmgren, 2009]. The mammalian
selenoproteome consists of 25 conserved selenoprotein genes
[Kryukov et al., 2003]. The mammalian selenoproteins with
known enzymatic activities include 4 glutathione peroxidases,
3 thioredoxin (Trx) reductases, 3 iodothyronine deiodinases, and a
single form of methionine sulfoxide reductase B. The microbial
selenoproteome contains over 3,600 members in approximately
58 families of homologous selenoproteins [Zhang and Gladyshev,
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2008]. The most abundant and widespread selenoprotein family is
“selenoprotein W-like” [Zhang et al., 2005].

Selenoprotein W (SEPW1), the mammalian archetype of the
SEPW 1-like family, is a ubiquitous 9.4 kDa Sec-containing protein
with a putative antioxidant function [Jeong et al., 2002]. SEPW1
occurs in humans, mice, rats, sheep, monkeys, rabbits, guinea pigs,
and cattle, and is expressed in all 22 human tissues examined, with
highest levels in brain, testes, and muscles [Bellingham et al., 2003].
SEPW1 is one of the most highly expressed selenoproteins in
humans and SEPW1 protein is regulated at the level of mRNA by Se
intake [Aachmann et al., 2007]. Silencing of SEPW1 expression
causes a delay in cell cycle progression in breast and prostate
epithelial cells with cells accumulating in GO/G1-phase of the cell
cycle. Moreover, SEPW1 mRNA expression is maximal during
G1-phase and is down-regulated after the G1/S transition [Hawkes
et al., 2009]. Homozygous SEPW1-knockout mouse embryos die at
the preimplantation blastocyst stage [Albright, 2004].

The tumor suppressor protein p53 responds to cellular stresses,
such as DNA damage, oxidative stress, chemotherapeutic drugs,
nucleotide depletion, and aberrant growth signals by regulating the
expression of specific sets of genes [Staib et al., 2005]. p53 is
involved in several critical pathways including cell cycle, apoptosis,
DNA repair, and cellular senescence [Chumakov, 2007]. p53 protein
is expressed constitutively, but levels are normally kept low by its
rapid ubiquitination by the HDM2 protein, an E3 ubiquitin ligase,
and subsequent proteasomal degradation. Phosphorylation of p53 in
response to stress (e.g., DNA damage) disrupts its binding with
HDM2, blocks ubiquitination and proteolysis, and results in a rapid
accumulation of p53 in the nucleus and expression of DNA repair
and cell cycle inhibitor genes. Deregulation of p53 activities is
involved in cancer, cardiovascular, neurodegenerative, infectious
and metabolic diseases, as well as the process of aging [Chumakov,
2007].

We investigated the role of p53 in delayed cell cycle progression
induced by SEPW1 silencing in prostate epithelial cells. We found
that steady-state p53 protein levels were increased in SEPW1-
silenced cells due to stabilization of p53, and that p21—the
transcriptional target of p53 that mediates G1-phase arrest—was
induced. Both p53 and p21 were required for cell cycle arrest
induced by SEPW1 silencing. Knockdown of GPX1 did not mimic
SEPW1 silencing and phosphorylations of ATM and Ser-15 in p53
were absent, suggesting that oxidative DNA damage was not the
cause of the p53-dependent cell cycle arrest.

CELL CULTURE

RWPE-1 human prostate epithelial cells were obtained from the
American Type Culture Collection (Manassas, VA) and maintained
in keratinocyte serum-free medium with supplements provided by
the manufacturer (Invitrogen, Carlsbad, CA) in the presence of
5% CO, in air at 37°C.

siRNA TRANSFECTIONS
10° cells/well were reverse-transfected in six-well dishes with
0.2% Lipofectamine RNAiMax reagent (Invitrogen) and 5nM

Silencer Select Validated siRNAs (ABI, Foster City, CA) targeting
SEPW1 (#s361 and #s363), p21 (#s415), GPx1 (#s804), non-
targeting negative control siRNA #1, or 100 nM custom siRNA with
the sequence gacuccagugguaaucuacuu targeting p53 (Dharmacon,
Lafayette, CO) [Llanos et al., 2009]. RNA isolation, cDNA synthesis,
and quantitative RT-PCR to assess silencing efficiencies were
performed utilizing previously published methods [Hawkes et al.,
2009]. To measure p53 mRNA levels, the following forward and
reverse primers were used, respectively: taagcgagcactgcccaac and
tgggcatccttgagtteca.

IMMUNOPRECIPITATION AND WESTERN BLOTTING OF SEPW1
Custom rabbit polyclonal antibody (Antibodies Inc., Davis, CA)
raised against full-length mutant recombinant human SEPW1 (Sec
to Cys mutation introduced to allow expression in E. coli) was
purified by absorption to Protein G-Agarose and stored in PBS at
—70°C. RWPE-1 cells were seeded (6 x 10° cells) in 100 mm culture
plates and transfected as described above. After 72h, cells were
lysed in M-Per lysis buffer containing 1x HALT Protease and
Phosphatase Inhibitor Cocktails and 5 mM EDTA (Pierce, Rockford,
IL) and 1mg total protein was incubated overnight with 10 pg
SEPW1 antibody and 100 pl Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, Santa Cruz, CA) in 1:1 M-Per lysate:PBS at 4°C with
gentle shaking. The resin was collected by centrifugation, washed
four times with PBS and the antigen eluted into reducing Laemmli
buffer by boiling for 5 min. Samples were analyzed by SDS-PAGE
and Western blotting as described below, using the polyclonal rabbit
SEPW1 antibody as the primary antibody.

SEPW1 UNDER- AND OVEREXPRESSING CELL LINES

HuSH29 short-hairpin RNA (shRNA) vectors targeting SEPW1 and a
non-targeting negative control construct (Origene, Rockville, MD)
were amplified in and purified from E. coli using QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA). RWPE-1 cells were reverse-
transfected with 1 pg construct per well using 0.2% siPORT NeoFX
(Ambion, Austin, TX) reagent in six-well plates. The cells were
maintained under 0.5 pg/ml puromycin selection starting 72 h after
the transfection. Lines established from surviving cells were assessed
for the degree of SEPW1 knockdown with reverse transcriptase-
polymerase chain reaction (RT-PCR) utilizing previously published
methods [Hawkes et al., 2009]. A cell line overexpressing SEPW1
mRNA by 2.5-fold and a matching negative control line were
created using SEPW1 TrueClone cDNA in a pCMV6-Neo vector and
empty vector (Origene), respectively. The overexpressing cells were
maintained continuously under 200 pwg/ml G418 selection starting
72 h after the transfection.

CELL CYCLE ANALYSIS
Propidium iodide staining of cellular DNA and flow cytometry
analysis were performed as described before [Hawkes et al., 2009].

WESTERN BLOTS

Total cellular protein was extracted with RIPA buffer containing 1x
HALT Protease and Phosphatase Inhibitor Cocktails (Pierce) and
5mM EDTA. Protein concentrations were determined using a
standard BCA assay [Smith et al., 1985], and the extracts were stored
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at —70°C until use. Twenty to 40 ug protein/well resolved by SDS-
PAGE was transferred to Immobilon P PVDF membranes (Millipore,
Billerica, MA). The membranes were blocked for 1h in 5% milk in
50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% Tween 20, and then
probed with 1 pg/ml anti-p53 (BP53-12), anti-p27 (4B4-E6), anti-
beta actin (AC-74; Sigma, St. Louis, MO), anti-p21 (DCS60), anti-
ATM (D2E2), anti-phospho-Ser1981-ATM (10H11.E12), anti-GPX1
(C8C4; Cell Signaling Technology, Beverly, MA), or anti-phospho-
Ser15-p53 (ab1431) (Abcam, Cambridge, MA) antibodies overnight
at 4°C. Following 1-h incubation with the appropriate secondary
antibodies, the blots were covered with Immun-Star Western C
reagent (BioRad, Hercules, CA) and chemiluminescence detected
either by ChemiDoc XRS Imaging System (BioRad) or exposure to
film. Membranes were stripped using Restore Plus Stripping Buffer
(Pierce) and re-probed when necessary. Densitometry on blot images
was performed using ImagelLab software (BioRad).

DETERMINATION OF p53 HALF-LIFE

Seventy-two hours after transient transfection with SEPW1 siRNA
or a negative control siRNA, cell growth medium was removed and
replaced with medium containing 60 pg/ml cycloheximide. Total
cellular protein was harvested at indicated time points after the
switch to cycloheximide medium.

IMMUNOPRECIPITATION AND WESTERN BLOTTING OF
UBIQUITINATED p53

RWPE-1 cells were seeded (6 x 10° cells) in 100 mm culture plates
and transfected with 75 pmol SEPW1 or negative control siRNA plus
24 pg 2X-FLAG-ubiquitin-pcDNA3 construct (A kind gift from Dr.
Xinbin Chen, UC Davis Veterinary Oncology) using 60 ul
Lipofectamine 2000 Reagent (Invitrogen). Three days after
transfection, cells were treated with 10 uM MG-132 for 4h and
lysed in M-Per lysis buffer containing 1x HALT Protease and
Phosphatase Inhibitor Cocktails and 5 mM EDTA (Pierce, Rockford,
IL). Total protein of 1.5 mg was incubated overnight with 2 pg p53
antibody and 50ul Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology) at 4°C with gentle shaking. The resin was collected
by centrifugation, washed four times with PBS, and the antigen
eluted into reducing Laemmli buffer by boiling for 5 min. Western
blots were probed with a FLAG-HRP antibody (Sigma).

STATISTICAL ANALYSES

Cell cycle data were analyzed using two-way analysis of variance
followed by Tukey’s multiple comparisons test with SigmaStat
Software (Systat, San Jose, CA) [Lowry, 2010]. Changes in
densitometry values obtained from Western blots were analyzed
a by comparing signal ratios to the hypothetical mean value of one
in one-sample t-test. A probability of P<0.05 was considered
significant.

SEPW1 siRNA EFFICIENTLY KNOCKS DOWN SEPW1 PROTEIN

SEPW1 protein was immunoprecipitated from RWPE-1 lysates,
subjected to SDS-PAGE, and analyzed with Western blots to reveal a
prominent immunoreactive band at approximately 9 kDa in lysates

Lysate SEPWI1 -cntrl beads
siRNA siRNA + ab
10kDa > - |
: . ™
IP: SEPW1
WB: SEPW1

Fig. 1. SEPW1 silencing blocks expression of SEPW1 protein. Lysates of
RWPE-1 cells transfected with SEPW1 siRNA or a non-targeting control siRNA
(-cntrl) were immunoprecipitated with rabbit polyclonal SEPW1 antibody and
Protein A/G Agarose as described in the Materials and Methods Section. The
proteins pulled down were separated by SDS-PAGE and probed with the
polyclonal SEPW1 primary antibody.

from control RWPE-1 cells (Fig. 1). In contrast, immunoprecipitates
from lysates of RWPE-1 cells transfected with SEPW1 siRNA (#s361)
contained no detectable SEPW1 protein. This demonstrates that the
siRNA efficiently silenced expression of SEPW1 protein.

ROLE OF p53 IN SEPW1-MEDIATED CELL CYCLE PROGRESSION
Transfection of wild-type RWPE-1 cells with siRNA targeting
SEPW1 inhibited cell cycle progression, with cells arrested at the
G1-phase of the cell cycle (Tables I and II). Silencing SEPW1
increased the fraction of cells in GO/G1-phase from around 63-65%
to approximately 69-75%. The p-type cyclins drive cell cycle
progression through G1-phase by forming active holoenzymes with
cyclin-dependent kinases 4 and 6, which phosphorylate the
retinoblastoma protein to allow release of the E2F transcription
factor that promotes transcription of S-phase genes. The
magnitude of the G1 arrest from silencing SEPW1 was similar to
the G1 arrest induced by silencing expression of cyclin D1 (from
52% G1-phase to 65% G1-phase) [Leslie et al., 2006] and cyclin D3
(from 48% G1l-phase to 59% Gl-phase) [Lu et al, 2005].
Thus, depletion of SEPW1 has a biologically significant effect on
cell cycle progression.

p53 was increased an average of 60+ 42% (P=0.016, n=>5)
in SEPW1-silenced RWPE-1 cells (Figs. 2 and 3). p53 was also

TABLE 1. Expression of p53 Is Required for Cell Cycle Arrest From
Silencing SEPW1

Percentage of cells (+=SEM)

GO- and G2- and
siRNA treatment G1-phase S-phase M-phase
No transfection 59.4+0.9% 34.6 4 1.4 6.0+ 0.4%
Non-targeting control siRNA 64.8 + 1.8" 28.9 + 1.0° 6.34+0.8*"
SEPW1 siRNA 73.5+0.9° 20.1+1.3° 6.5+0.4"
p53 siRNA 62.6 + 3.4¢ 27.8 +2.5¢ 9.6+0.9°
p53 siRNA and SEPW1 siRNA 62.6 +3.3¢ 280+23  93+10°

Seventy-two hours after transient transfection, duplicate cultures of cells were
fixed, stained with propidium iodide, and their DNA contents determined by flow
cytometry. Data were analyzed with ModFit LT 3.0. The experiment was repeated
twice and the data shown are the means = SEM. Means within a column not
sharing a common superscript are significantly different (P <0.05, two-way
ANOVA with Tukey’s multiple comparisons test).
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TABLE II. Expression of p21 Is Required for Cell Cycle Arrest From
Silencing SEPW1

Percentage of cells (+-SEM)

GO- and G2- and
siRNA treatment G1-phase S-phase M-phase
No transfection 62.6 + 1.6" 28.9 £+ 1.7*¢ 8.5+0.1%"
Non-targeting control siRNA 62.6 +0.9" 28.64+0.2% 8.8+ 1.2%
SEPW1 siRNA 69.4+2.6" 233+1.7° 7.3+0.9"
p21 siRNA 59.0+0.1°  30.4+0.0° 10.6 £0.1¢
p21 siRNA and SEPW1 siRNA ~ 61.9+£0.2°  29.0+0.0™° 9.140.2°

Seventy-two hours after transient transfection, duplicate cultures of cells were
fixed, stained with propidium iodide, and their DNA contents determined by flow
cytometry. Data were analyzed with ModFit LT 3.0. The experiment was repeated
twice and the data shown are the means & SEM. Means within a column not
sharing a common superscript are significantly different (P < 0.05, two-way
ANOVA with Tukey’s multiple comparisons test).

increased in RWPE-1 cells stably under-expressing SEPW1 (Fig. 4).
Conversely, p53 was decreased in RWPE-1 cells that overexpressed
SEPW1 (Fig. 4), indicating that altered SEPW1 expression can
modulate p53 levels both positively and negatively.

Known as the “guardian of the genome,” p53 is a central point of
regulation controlling the G1/S transition. Therefore, we decided to
test if silencing SEPW1 would cause a delay in G1- to S-phase
progression when p53 expression was blocked. G1-phase arrest
from SEPW1 silencing was completely blocked by silencing p53
(Table 1), indicating p53 expression is required for the cell cycle
effect of SEPW1. Taken together, these results strongly suggest
that delayed cell cycle progression from SEPW1 silencing is
mediated by p53.

p53 HALF-LIFE AND STABILITY

p53 is expressed constitutively and regulated by post-translational
modifications that control its turnover rate [Jiang et al., 2010].
Consistent with this paradigm, p53 mRNA measured by quantitative
real-time PCR was not increased by silencing SEPW1, but was
actually decreased by 5% (data not shown); indicating SEPW1 does
not regulate p53 at the level of transcription or mRNA stability. This
led us to test the effect of SEPW1 silencing on the rate of
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Fig. 2. SEPW1 silencing increases p53 and p21 (Cip1/WAF1). Western blots
of p53 and p21 (Cip1/WAF1) proteins from RWPE-1 cells transfected with two
different SEPW1 siRNAs (s361 and s363) or a non-targeting control siRNA
(-cntrl). Etoposide-treated lysate was included as a positive control for the
classical DNA damage response pathway. Beta-actin was included as a loading
control. Data are representative of four independent experiments.
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Fig. 3. SEPW1 silencing increases p21 expression, but does not increase
expression of p27 (Kip1). Western blots of p21 (Cip1/WAF1), p27 (Kip1), and
p53 in RWPE-1 cells transfected with SEPW1 siRNA, p21 siRNA, or a non-
targeting control siRNA (-cntrl). Beta-actin blots were used as loading
controls. Data are representative of three independent experiments.

disappearance of p53 protein. In cells transfected with control
siRNA, p53 protein became undetectable on Western blots after
protein synthesis had been inhibited for 30 min. On the other hand,
in cells transfected with SEPW1 siRNA, p53 protein was still
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Fig. 4. SEPW1 under-expression and overexpression have opposite effects on
p53. A: Western blots of p53 in RWPE-1 cells stably under-expressing or
overexpressing SEPW1. “KD1" =RWPE-1 cells expressing a SEPW1 short-
hairpin RNA (Origene #TI372740) in a pRS vector. "KD2" =RWPE-1 cells
expressing a SEPW1 short-hairpin RNA (Origene #T1372743) in a pRS vector.
"C1" =RWPE-1 cells expressing a non-targeting shRNA (Origene #TR30012).
"OE" =RWPE-1 cells transfected with SEPW1 cDNA in a pCMV6-Neo vector.
"C2" =RWPE-1 cells transfected with an empty pCMV6-Neo vector. B: p53
protein (bars) from densitometric analysis of Western blots and SEPW1 mRNA
(circles) from real-time RT-qPCR. Data are from three experiments.
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detectable even after protein synthesis had been inhibited for 60 min
(Fig. 5A). Thus, silencing of SEPW1 doubled the half-life of p53 from
6.8+2.2 to 14.1+2.1min (Fig. 5B); indicating that SEPW1 is
associated with increased turnover of p53.

The E3 ubiquitin ligase HDM2 rapidly ubiquitinates p53, marking
it for proteasomal degradation to maintain a low level of p53 protein
in unstressed cells. To test whether the ubiquitination status of p53
was affected by SEPW1 silencing, we treated cells overexpressing
FLAG-tagged ubiquitin with the proteasomal inhibitor MG-132 and
measured FLAG-specific immunoreactivity in p53 immunoprecipi-
tates. Control cells accumulated high levels of ubiquitinated p53
when proteasomal proteases were inhibited, whereas cells in which
SEPW1 was silenced accumulated much less ubiquitinated p53
(Fig. 6). This suggests that the SEPW1 increases turnover of p53 by
increasing ubiquitination of p53, thus increasing proteasomal
degradation of p53.

ROLE OF p21 IN SEPW1-MEDIATED CELL CYCLE REGULATION

The main mechanism by which p53 induces G1-phase arrest is by
up-regulating expression of p21 (Cip1/WAF1), a cyclin-dependent
kinase inhibitor that binds to and inhibits the activity of cyclin-
CDK2 and cyclin-CDK4 complexes, and thus functions as a
regulator of cell cycle progression at G1. Consistent with
involvement of p53, p21 protein was increased by 274 + 184%
(P=0.01, n=4) in SEPW1-silenced RWPE-1 cells (Figs. 2 and 3).
Besides p21, the other main cyclin-dependent kinase inhibitor

SIRNA SEPW1 -cotrl -cntrl beads/ab
FLAG-ub + + -

IP: p53

WB: FLAG-ub 250
150
100
75
50

Fig. 6. SEPW1 silencing decreases ubiquitination of p53. RWPE-1 cells were
co-transfected with a FLAG-tagged ubiquitin overexpression vector and either
a non-targeting control siRNA or SEPW1 siRNA. After 4 h treatment with the
proteasomal inhibitor MG132, cells were lysed and immunoprecipitated with
p53 antibody. The immunoprecipitates were subjected to SDS-PAGE and
probed with anti-FLAG antibodies to detect ubiquitinated p53.
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Fig. 5. SEPW1 silencing increases p53 half-life. A: Western blots of p53
from RWPE-1 cells transfected with SEPW1 siRNA or non-targeting control
siRNA. Cell lysates were prepared at the indicated times after inhibition of
protein synthesis with 60 pg/ml cycloheximide (CHX). B: Log of p53 protein
levels was calculated from quantitative densitometry of Western blots to
estimate p53 half-life. Open dots =SEPW1 siRNA, black dots= negative
control siRNA. Data are the average of two experiments.

controlling cell cycle entry is p27 (Kip1), which is not regulated by
p53. Consistent with cell cycle arrest from SEPW1 silencing being
mediated by p53, levels of p27 were not increased in SEPW1 siRNA-
treated RWPE-1 cells (Fig. 3). To assess if cell cycle arrest from
SEPW1 silencing requires p21 expression, we tested the effect of
silencing p21. Table II shows that delayed cell cycle progression
from SEPW1 silencing was abrogated by silencing p21 expression.
This shows that p21 mediates the cell cycle arrest from silencing
SEPW1 and confirms the involvement of p53.

ROLE OF DNA DAMAGE IN CELL CYCLE ARREST FROM

SEPW1 SILENCING

G1-phase arrest is induced by p53 and p21 in response to a variety of
cellular stresses, such as DNA damage [Chumakov, 2007]. Because
SEPW1 has been shown to possess glutathione-dependent antioxi-
dant activity, silencing SEPW1 expression might conceivably cause
oxidative stress that could lead to DNA damage and induce a p53
response. To address this possibility, we compared the effect of
SEPW1 silencing on cell cycle to the effect of silencing GPX1, the
major antioxidant selenoprotein. As shown in Figure 7, GPX siRNA
decreased GPX1 protein to undetectable levels. Nevertheless,
silencing GPX1 had no effect on cell cycle distribution (Table III).
Thus, we conclude that delayed cell cycle progression from silencing
SEPW1 is not due to loss of antioxidant protection.

DNA damage activates several signaling pathways that converge
on ATM, a Ser/Thr protein kinase that propagates the DNA damage
signal by phosphorylating diverse targets, including p53 on Ser-15
[Kruse and Gu, 2009]. We used a phosphospecific antibody to detect
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Fig. 7. GPX1 silencing blocks the expression of GPX1 protein. Western blots
of GPX1 in lysates of RWPE-1 cells transfected with SEPW1 siRNA, GPX1
siRNA, or a non-targeting control siRNA (-cntrl). Beta-actin blots were used as
loading controls.

p53 phosphorylated on Ser-15. Etoposide, a topoisomerase inhibitor
that causes DNA single- and double-strand breaks, caused a large
increase in phospho-Ser-15-p53, whereas SEPW1 silencing had no
effect (Fig. 8A). ATM itself is activated by phosphorylation on Ser-
1981. A phosphospecific antibody for ATM detected phospho-
Ser-1981-ATM in RWPE-1 cells treated with doxorubicin, another
DNA strand breaking drug, but not in cells treated with SEPW1
siRNA (Fig. 8B). Taken together, these results strongly suggest that
cell cycle arrest from SEPW1 silencing is not secondary to oxidative
DNA damage.

Our previous work showed SEPW1 depletion in breast and prostate
epithelial cells delays cell cycle progression at the G1/S transition
and that SEPW1 mRNA is down-regulated after the start of S-phase
[Hawkes et al., 2009], consistent with a role of SEPW1 in the G1/S
transition. However, the mechanism by which SEPW1 affects cell
cycle progression was not clear. The G1/S transition is a critical
juncture in the cell cycle. Once a cell has entered S-phase and begun
DNA synthesis it is irrevocably committed to completing the entire
cell cycle. Failure to complete cell division or errors in copying the
DNA can create tetraploid cells or cells with damaged DNA —either
of which may lead to cancer. Thus, the decision to enter the cell cycle
must be precisely regulated to protect against genetic instability, a
gatekeeper function controlled largely by p53. Turnover of p53 is
controlled primarily by E3 ubiquitin ligases, such as HDM2, that

TABLE III. Silencing GPX1 Has No Effect on Cell Cycle

Percentage of cells (:=SEM)

GO- and G2- and
siRNA treatment G1-phase S-phase M-phase
No transfection 61.9 +0.4" 31.3£0.2° 6.9+0.1%"
Non-targeting control siRNA 64.1+1.2° 29.1+1.2° 6.84+0.1*"
SEPW1 siRNA 74.6 4 2.4° 19.5 4 1.7¢ 5.9 +0.6%
GPX1 siRNA 63.9+1.1° 28.9+£0.9° 7.2403"

Seventy-two hours after transient transfection, duplicate cultures of cells were
fixed, stained with propidium iodide, and their DNA contents determined by flow
cytometry. Data were analyzed with ModFit LT 3.0. The experiment was repeated
twice and the data shown are the means = SEM. Means within a column not
sharing a common superscript are significantly different (P<0.01, one-way
ANOVA with Tukey's multiple comparisons test).

target p53 for degradation by 26S proteasomes. Disruption of the
p53-HDM2 interaction, for example, by competition or post-
translational modifications of p53 and/or HDM2, leads to a rapid
accumulation of p53 after stress [Jiang et al., 2010]. The results
presented here indicate that SEPW1 promotes cell cycle progression
because it increases ubiquitination and proteasomal degradation
of p53.

The main effector of p53-dependent cell cycle arrest is p21 (Cip1/
WAF1). SEPW1 silencing increased protein levels of p53 and p21,
implicating both in cell cycle arrest from SEPW1 silencing.
Silencing SEPW1 caused a delay in cell cycle progression in
wild-type RWPE-1 cells, but had no effect when p53 or p21 was also
silenced, showing that p53 and p21 mediate the cell cycle effect of
SEPW1. Silencing SEPW1 decreases ubiquitination of p53 and
increases p53 half-life and p53 protein, which induces p21
expression and inhibits cell cycle progression at the G1/S transition.

Phosphorylation of p53 at Ser-15 and other sites in the C-terminal
transactivation domain in response to DNA damage and other kinds
of stress disrupts its binding with HDM2, blocks ubiquitination and
proteolysis, and results in a rapid increase in nuclear p53 protein
levels [Kruse and Gu, 2009]. SEPW1 silencing did not affect Ser-15
phosphorylation, suggesting SEPW1 regulates p53 stability by a
different pathway. SEPW1 silencing also did not increase activation
of ATM. Thus, it seems unlikely that the DNA damage response
played a role in stabilizing p53. More than 60 post-translational
modifications of p53 have been reported [Boehme and Blattner,
2009], and HDM2 is subject to many post-translational modifica-
tions that affect its stability, activity, and/or association with p53
[Kruse and Gu, 2009], leading to a large number of possible routes by
which p53 stability might conceivably be regulated by SEPW 1. More
research is needed to reveal the mechanism by which SEPW1 affects
p53 ubiquitination and stability.

Silencing gene expression with siRNA is not necessarily
completely specific for the targeted gene. For example, it has
been shown that p53 and p21 protein and mRNA levels can be
differentially affected by off-target effects of siRNAs designed to
target the MEN1 gene, due to a combination of mRNA degradation
and translational inhibition [Scacheri et al., 2004]. Off-target effects
of the SEPW1 siRNAs we used on p53 mRNA, if they exist at all,
could only explain a decrease in p53, not an increase as we observed
here. Furthermore, we observed delayed cell cycle progression and
increased levels of p53 and p21 protein with two siRNAs targeting
different sequences in the SEPW1 mRNA (s361 and s363). Finally,
siRNA treatment decreased SEPW1 protein to undetectable levels.
Thus, it is unlikely our observations were due to off-target effects of
the siRNA. In addition, shRNA-mediated knockdown of SEPW1 as
well as SEPW1 overexpression increased and decreased p53 protein
levels, respectively [Hawkes et al., 2009], independently demon-
strating that SEPW1 negatively regulates p53.

There have been many prior reports of Se affecting p53, albeit in
the opposite direction to what we observed. Pharmacological doses
of several Se compounds have been shown to induce apoptosis in
cancer cells via p53-dependent pathways [Lanfear et al., 1994; Jiang
et al., 2004; Goel et al., 2006; Guan et al., 2008; Rudolf et al., 2008;
Chen and Wong, 2009; Das et al., 2009; Zhao et al., 2009]. However,
the doses of Se used are cytotoxic to tumor cells and activate the
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SEPW1 silencing does not induce a DNA damage response. A: Western blots of p53 phosphorylated on Ser-15 in RWPE-1 cells transfected with SEPW1 siRNA or

non-targeting control siRNA (-cntrl). B: Western blots of Ser-1981-Phospho-ATM in lysates from RWPE-1 cells transfected with SEPW1 siRNA or non-targeting control
siRNA (-cntrl). Lysates from cells treated with DNA-damaging drugs doxorubicin or etoposide were added as positive controls. Beta-actin or beta-tubulin blots were included

as a loading control.

p53 pathway as a result of severe oxidative stress, similarly to
chemotherapeutic drugs. Sodium selenite at concentrations of 1-
20 pM causes oxidative DNA damage that induces phosphorylation,
stabilization, and transcriptional activity of p53, thus causing
apoptosis [Jiang et al., 2004; Guan et al., 2008; Rudolf et al., 2008;
Zhao et al., 2009; Sarveswaran et al., 2010]. Sec at concentrations of
5-20 uM forms superoxide that activates the p53-dependent DNA
damage pathway to induce apoptosis in cancer cells [Chen and
Wong, 2008]. On the other hand, selenomethionine at 10-20 pM
increases p53, enhances DNA repair, and improves survival of UV-
treated cells via a ref1/p53/Brcal protein complex without causing
DNA damage [Seo et al., 2002; Fischer et al., 2006]. A recent study
found that several small molecular weight Se compounds activate
the ATM-dependent DNA damage response via reactive oxygen
species [Qi et al., 2010]. In stark contrast, we observed p53-
dependent cell cycle arrest from silencing of a selenoprotein, not
from addition of a Se compound, and without evidence of a DNA
damage response.

Altered selenoprotein expression has previously been reported to
affect p53 metabolism. Overexpression in mouse neuronal cells of
selenoprotein H, a 13 kDa homolog of SEPW1 with a similar Trx-like
Sec active site, suppressed the increase in p53 induced by UV
radiation and protected cells from apoptosis [Mendelev et al., 2009].
This is similar to our results insofar as selenoprotein H expression
and p53 levels were inversely related. Many effects of selenoproteins
are due to their antioxidant properties and SEPW1 is reported to
have glutathione-dependent antioxidant activity [Sun et al., 1998].
To see if the loss of antioxidant protection per se would affect cell
cycle progression, we silenced GPX 1, the main antioxidant enzyme.
Silencing GPX1 had no effect on cell cycle, suggesting that loss of
antioxidant protection cannot explain the delayed cell cycle
progression from SEPW1 silencing. This is consistent with a recent
report that that depletion of SEPW1 does not cause an increase in
reactive oxygen species, leading the authors to conclude its main
role is not as an antioxidant [Xiao-Long et al., 2010].

Recent evidence indicates that p53 can be regulated by redox
mechanisms [Liu et al., 2008]. Reducing agents such as glutathione

and Trx activate p53 whereas oxidation with hydrogen peroxide and
diamide inhibit p53. The highly conserved Cys-275 and Cys-277
residues in p53 form an intramolecular disulfide bridge under
oxidative stress that negatively regulates p53 DNA-binding activity
[Buzek et al., 2002]. Exogenous hydrogen peroxide causes S-
glutathionylation of Cys-124 and Cys-141 in p53 that exposes a
nuclear export signal that causes p53 to be exported to the
cytoplasm, where it is rapidly degraded [Foo et al., 2007].
Micromolar concentrations of exogenous hydrogen peroxide cause
growth responses in a wide variety of mammalian cells [Day and
Suzuki, 2005] and mouse embryonic fibroblasts require a transient
increase in reactive oxygen species for entry of cells into S-phase
[Menon et al., 2003] that may be at least partly related to oxidative
inactivation of p53. This raises the intriguing possibility that
SEPW1 might destabilize p53 by mediating an oxidative modifica-
tion of p53. In support of this possibility, silencing of the
selenoprotein thioredoxin reductase in MCF-7 breast cancer cells
increased p53 half-life, p53 protein, and p21 protein, and did so
without affecting phosphorylation of Ser-15 [Seemann and
Hainaut, 2005]. Absence of thioredoxin reductase activity causes
an increase in the level of oxidized thioredoxin, which can catalyze
formation of protein disulfides. Thus, it is tempting to speculate that
SEPW1 may likewise influence p53 stability via formation of
regulatory disulfides in p53 or one of the proteins with which it
interacts.
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