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Abstract

We cloned a full-length cDNA for phospholipid hydroperoxide glutathione peroxidase (PHGPx) including exon Ib from rat and

mouse testis. The nuclear signal sequence of the N terminal of rat nuclear PHGPx possessed a different sequence from that pre-

viously reported for rat sperm nuclei GPx (SnGPx). Expression of this PHGPx–YFP (yellow fluorescent protein) fusion protein

including a novel nuclear signal sequence was exclusively localized in nucleolus; although YFPs fused with only a novel nuclear

signal sequence were distributed in the whole nucleus, indicating that preferential translocation of nucleolar PHGPx into nucleoli

was required for the nuclear signal sequence and internal sequence of PHGPx. Low level expression of nucleolar PHGPx was

detected in several tissues, but the expression of nucleolar PHGPx was extensively high in testis. Immunohistochemical analysis with

anti-nucleolar PHGPx indicated that expression of nucleolar PHGPx was observed in the nucleoli in the spermatogonia, sper-

matocyte, and spermatid. Overexpression of 34 kDa nucleolar PHGPx in RBL2H3 cells significantly suppressed cell death induced

by actinomycin D and doxorubicin that induced damage in the nucleolus. These results indicated that nucleolar PHGPx plays an

important role in prevention of nucleolus from damage in mammalian cells.

� 2003 Elsevier Inc. All rights reserved.
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Phospholipid hydroperoxide glutathione peroxidase
(PHGPx) is a unique intracellular antioxidant enzyme

that directly reduces peroxidized phospholipids that

have been produced in cell membranes [1]. From cloning

of PHGPx genomic DNA, there are seven exons en-

coding mitochondrial and non-mitochondrial PHGPx

[2–4]. The mitochondrial targeting signal of PHGPx and

the initial start codon of non-mitochondrial PHGPx are

in first exon Ia of PHGPx genomic DNA. Recently,
Pfeifer et al. found a 34 kDa sperm nuclei specific sele-

noprotein (SnGPx), in which the N-terminal amino acid

sequence was identified as a different first exon Ib that

exists between exon Ia and exon II in the genomic DNA

[5]. 34 kDa SnGPx is highly expressed in the nuclei of

late spermatids and spermatozoa [5,6]. We recently in-

dicated that the expression levels of 34 kDa SnGPx, and
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mitochondrial and non-mitochondrial PHGPx de-
creased to a half in testis of PHGPx heterozygous mice

compared to wild types by the disruption of all PHGPx

exons including exon Ia and exon Ib, so that PHGPx

gene knockout mice became embryonic lethal [2]. These

results indicate that three types of PHGPx, mitochon-

drial, non-mitochondrial PHGPx, and SnGPx, are

transcribed from one gene by alternative transcription

and that all are important for normal mouse develop-
ment. Exon Ib includes a nuclear targeting signal be-

cause fluorescence of GFP with only exon Ib for rat

SnGPx was distributed within the nucleus [5]. This nu-

clear type of PHGPx is thought to play an important

role in the stabilization of condensed chromatin and in

the protection of sperm DNA from oxidation in sper-

matogenesis [5,6]. However, details of the tissue distri-

bution of this nuclear type of PHGPx and its function in
mammalian cells are unclear. On the other hand, re-

cently our studies using mitochondrial and non-mito-

chondrial PHGPx overexpressing RBL2H3 cells have
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shown that the mitochondrial and non-mitochondrial
PHGPx play several important but independent roles in

the modulation of signal transduction, inflammation,

spermatogenesis, and apoptosis [7–16]. Thus overex-

pression of different types of PHGPx in a RBL2H3 cell

line has provided a useful model system to clarify the

cellular functions of different types of PHGPx. How-

ever, there are no reports of the expression of, or a

functional analysis of, full-length cDNA for snGPx, a
nuclear type of PHGPx, in mammalian cells.

We show that this nuclear type of PHGPx is selec-

tively localized in nucleolus in mammalian cells, and

that targeting of nucleolar PHGPx into nucleoli is

required for the nuclear signal sequence in the N

terminus and the internal amino acid sequence of

PHGPx. We name it as nucleolar PHGPx and to

clarify its cellular function we establish nucleolar
PHGPx overexpressing cells for the first time. The

overexpression of nucleolar PHGPx suppresses cell

death by actinomycin D and doxorubicin that induce

damage in the nucleolus.
Materials and methods

Detection and molecular cloning of nucleolar PHGPx cDNA. We

previously cloned and sequenced PHGPx genomic DNA from a mouse

129/SV genomic library (Accession No. AB030643; [2]). We designed

the primers on the basis of the sequence of the mouse genomic exon Ib

and exon VII as shown in Fig. 1A. The cDNA was synthesized from

total RNA extracted from testis of Balb/c mouse and Sprague–Dawley

rat using M-MLV reverse transcriptase (Bibco BRL) with random

primer (TAKARA Shuzo). The PCRs were performed from the

cDNAs by LATaq DNA polymerase (TAKARA Shuzo) with two

primers as follows; primers NF1, 50-ATTGGATCCAGACCGGCG

GGCATGGGCCGCGCG-30 and NR1, 50-ATTGGATCCTTCTAC

ATTTTATTCCCAC-30. The resulting products of PCR for mouse

and rat were subcloned into the BamHI site of plasmid pTZ18R to

yield plasmid pMNPHGPx1 and pRNPHGPx1. The nucleotide se-

quence was determined from both strands of DNA with an Autocycle

Sequencing Kit and a model LKB ALF red DNA sequencer (Phar-

macia). 50-rapid amplification of the cDNA end (50-RACE) was carried

out with the 50-Full RACE Core Set (Takara Shuzo) according to the

manufacturer’s instructions. cDNA was synthesized from total RNA

extracted from Balb/c mouse and SD rat testis using AMV reverse

transcriptase XL and a 50-end phosphorylated RR1 primer, 50- CAA

GCCCAGGAACTCGTGGCTG-30 for rat and MR1 primer, 50-CA

AGCCCAGGAACTCGGAGCTG-30 for mouse at 50 �C for 60min.

The cDNA was ligated and concentrated using T4 RNA ligase (Takara

Syuzo). PCR was performed with LATaq DNA polymerase (TAKA

RA Shuzo) using first PCR primer sets, RS2, 50-CAGGCCCTCGGA

GGAGGAGAGCTCGCG-30 for rat, MS2, 50-CGGGCCCTCGGCG

AAGGAAAGCGCGCG-30 for mouse and RR2, 50-GGACTTTGG

CGTCCAGGTTCACGCCGT-30 for rat, MR2, 50-GGACTTTGGC

GTCCAGGTCCACGGCGT-30 for mouse and nested PCR primer

sets and RS3, 50-AACCCGCGGCCTCTGCTGCAGGACCTT-30 for

rat, MS3, 50-AACCCGGGGCCTCTGCTGCAAGAGCCT-30 for

mouse and RR3, 50-GCCGCGCTGTCTGCAGCGTCCCCGCTT-30

for both rat and mouse. The 50-RACE-generated fragments were

cloned into a pT7 Blue Blunt Vector (Novagen) and completely se-

quenced in the directions of sense and antisense strands with a model

LKB ALF red DNA sequencer (Pharmacia). For detection of nucleolar
PHGPx mRNA in various tissues, first PCR was performed from

cDNA synthesized from total RNA of various tissues by M-MLV re-

verse transcriptase using LATaqDNA polymerase with the primer sets,

NF1 and NR1, described above. The bands around 985bp amplified by

the first PCR were extracted from 1% agarose gel and the second PCR

and nested PCR were performed from a thousand dilution of the

product of the first PCR using LATaq DNA polymerase with the first

PCR primer sets, NF1, NR1, and nested PCR primer sets, RS3 and

NR2; 50-GCCGCGCTGTCTGCAGCGTCCCCGCTT-30.

Cell culture. Human HeLa cells, mouse L929 cells, rat RBL2H3

cells, and S1 cells that were transfected with pSRa and pSV2neo as

described previously [8] were cultured in Dulbecco’s modified essential

medium (DMEM) that contained 2mM glutamine, penicillin (100U/

ml), streptomycin (100U/ml), and 5% fetal calf serum (FCS).

Construction and visualization of three types of PHGPx–YFP fusion

protein. To study the subcellular localization of three types of PHGPx,

three recombinant plasmids, named nucleolar PHGPx–YFP (yellow

fluorescent protein), mitochondrial PHGPx–YFP, non-mitochondrial

PHGPx–YFP, and Ib–YFP were constructed as follows; the cDNA

clones (pRPHGPx5) encoding the mitochondrial PHGPx (Cys) we

constructed previously [3] contained that first initiation codon in-

cluding exon Ia and mutation that converted UGA, which encodes

selenocysteine, to UGU, which encodes cysteine. To construct the rat

nucleolar PHGPx (Cys) containing a novel nuclear signal peptide, the

clone pRNPHGPx2 was constructed by insertion of the BamHI–ClaI

fragment of pRNPHGPx1 between the BamHI and ClaI sites of

pRPHGPx5. To construct three types of PHGPx–YFP fusion proteins,

the sequences corresponding to the predicted three types of PHGPx

were amplified by PCR from pRNPHGPx2 for nucleolar PHGPx, and

pRPHGPx5 for mitochondrial PHGPx and non-mitochondrial

PHGPx using the sense primers, NuPS, 50-ATTGGATCCGGCCG

CCGAGA TGGGCCGCGCGGCCGCCCGCAA-30 for nucleolar

PHGPx, MTPS, 50-ATTGGATCCGGCCGCCGAGATGAGCTGG

GGCCGTCT-30 for mitochondrial PHGPx, and CPS, 50-ATTGGAT

CCGGCTGGCACCATGTGTGCA-30 for non-mitochondrial PHGPx,

and common antisense primers, FAS, 50-ATTGGATCCGCGAGAT

AGCACGGCAGGTC-30. The PCR-amplified fragments were di-

gested with BamHI and cloned in-frame into the BamHI sites of the

pEYFP-N1 vector (Clontech). To construct the Ib–YFP fusion pro-

tein, exon Ib was amplified by PCR from pRNPHGPx2 using sense

primer, IbS; 50-ATTAAGCTTGGCCGCCGAGATGGGCCGCGC

GGCCGCCCGCAA-30 and antisense primer, IbAS; 50-AATTGG

GATCCAAGCCCAGGAACTCGTGG-30. The PCR fragment was

inserted between the HindIII and BamHI sites of the pEYFP-N1 and

its sequence was checked before proceeding. For expression and vi-

sualizing, HeLa cells and RBL2H3 cells were seeded at 1� 105 cells on

14-mm cover glass 1 day before transfection. The cells were transfected

with 500 ng each of PHGPx–YFP fusion vector using 50 ll lipofecta-
mine plus reagents and 2ll lipofectamine reagent for 6 h (Invitrogen)

as described in the manufacturer’s recommendation. After 6 h cell

culture, cells were fixed for 5min on cover glass with 10% formalde-

hyde and washed with phosphate buffered saline (PBS). Cells were

stained with 1.6 lM Hoechst 33258 for 5min. After three washes with

PBS, the samples were treated with Aqua-Poly/Mount (Polysciences,

Warrington, PA) before mounting. Samples were analyzed using a

confocal microscope LSM510 META (Carl Zeiss). The nucleolar lo-

calization of nucleolar PHGPx–YFP fusion protein was confirmed by

immunostaining with Cy3 conjugated anti-nucleolar specific protein

C23 mAb (Santa Cruz) according to methods described previously [9].

Preparation of antibodies against 34 kDa nucleolar PHGPx and

immunohistochemisty. Undecapeptide [GRAAARKRGRC] corre-

sponding to amino terminal sequence of rat and mouse 34 kDa nu-

cleolar PHGPx was conjugated to keyhole limpet hemocyanin with a

linkage between cysteine at the carboxyl terminal of the peptides and a

bifunctional spacer. The conjugates were used to immunize rabbit by

subcutaneous injection. After two booster injections at 2-week inter-

vals, anti-34 kDa nucleolar PHGPx polyclonal antibodies (pAb) were

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB030643


Fig. 1. Detection and cloning of mouse and rat nucleolar PHGPx. (A) The structure of the mouse PHGPx gene (Accession No. AB030643) and

primers for the detection of nucleolar PHGPx. Arrowheads denoting NF1 and NR1 indicate the PCR primers used for detection of nucleolar

PHGPx. Arrowheads denoting RS3 and NR2 indicate the PCR primers used for nested PCR. Arrowheads denoting RR3, RR2, RS2, RS3, and RR1

indicate the primers used for 50-RACE methods. (B) Tissue distribution of nucleolar PHGPx mRNA. Only a 985bp band is detected in rat testis by

RT-PCR at first cycle using primer pairs NF1 and NR1. After cDNAs were extracted from sections around 985 bp in various tissues, the second PCR

and nested PCR were performed from the cDNAs as a template using primer pairs NF1, NR1 and RS3, NR2. G3PDH was used as control. (C)

Nucleotide sequences of exon Ib region in mouse (GenBank Accession No. AB072797) and rat nucleolar PHGPx (AB072798) and alignment of

nucleolar PHGPx with rat sperm nuclei GPx (GenBank Accession No. AF274028). The open box and the shaded boxes indicate the initiation codon

and EcoRI sites, respectively, in the exon Ib region. The shadow box indicates the sequence of the primer NF1. The underlines indicate the 50-end

sequences of rat and mouse identified by 50-RACE method. The stars indicate the nucleic acid identical with that of rat nucleolar PHGPx. (D) The

deduced amino acid sequence of exon Ib of nucleolar PHGPx and the alignment of nucleolar PHGPx with rat sperm nuclei GPx. The stars indicate

the amino acid identical with that of rat nucleolar PHGPx. The nuclear targeting signals are indicated by a thin underline.
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purified from rabbit serum through a peptide ligand affinity column.

Immunohistochemical staining with anti-34 kDa nucleolar PHGPx

pAb was performed as described previously [16]. In brief, 8 week
mouse testes were fixed in 10% formalin and processed for embed-

ding in paraffin wax. Immunohistochemical staining was performed

with a combination of microwave-oven heating and the standard

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB030643
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streptavidin–biotin–peroxidase complex methods (LSAB kit; Dako,

Copenagen, Denmark). The antibody used was anti-34 kDa nucleolar

PHGPx pAb as described above. Staining of cytosol and nuclei was

achieved with hematoxylin and eosin staining. To confirm the speci-

ficity of binding of pAb, normal rabbit serum, as negative control, was

applied instead of a primary antibody. No staining was detected with

the negative control.

Cell transfection and preparation of nuclear extract. A BamHI

fragment of pRNPHGPx1 constructed above was subcloned into SR-

a, as the expression vector [8], to construct pSRa-nucleolar PHGPx

that encoded the nucleolar PHGPx. The expression vector SRa-nu-
cleolar PHGPx and the control empty SRa vector were used for

transient and stable transfections. For transient expression, L929 cells

were seeded at 2� 106 cells in 150-mm petri dishes 1 day before

transfection. The cells were transfected with 10lg pSRa-nucleolar
PHGPx vector using 70 ll Lipofectamine reagents (Invitrogen) as de-

scribed by the manufacturer’s recommendation. For stable transfec-

tion, RBL-2H3 cells were transfected with pSRa-nucleolar PHGPx

and pSV2neo by electroporation, as described previously [9]. Individ-

ual G418-resistant colonies were isolated with cloning cylinders. Levels

of expression of PHGPx mRNA were determined by RT-PCR using

LATaq DNA polymerase with primer set, NF1 and NR1 as described

above. Levels of expression of nucleolar PHGPx protein were deter-

mined by metabolic labeling with [75Se]sodium selenite. Transfected

L929 and RBL2H3 cells were labeled by addition to the culture me-

dium of 0.14lCi/ml [75Se]sodium selenite (MURR, USA), as described

previously, for 4 days. The nuclear and postnuclear fractions were then

fractionated by a Nuclear Extract Kit (ACTIVE MOTIF). The purity

of nuclear extracts was determined by immunoblot with anti-C23 nu-

cleolus protein mAb. Nuclear fractions were lysed and immunopre-

cipitated with the anti-PHGPx mAb (3H10) and anti-cGPx pAb we

made previously [16]. The immunoprecipitates and 50 lg of protein in

the nuclear and postnuclear fractions were loaded and analyzed by

15% SDS–PAGE. Dried gels were scanned densitometrically with a

Bio-imaging Analyzer (BAS2000; Fuji Film, Tokyo).

Cell viability. We used the previously established control line of

cells (S1 cells) [8,9] and established nucleolar PHGPx overexpressing

cell lines (N63, N120). S1, N63, and N120 were plated at 0.5� 105 cells/

well in flat-bottomed 96-well culture plates and cultured for 24 h. In-

dividual transformants were exposed to indicated doses of actinomycin

D and doxorubicin for 16 h. LDH release assay was used for the de-

termination of cell viability, as described elsewhere [12]. In one series of

experiments, cells were incubated for 24 h prior to exposure to acti-

nomycin D and doxorubicin with 1mM buthionine sulfoxamine (BSO)

for depletion of intracellular glutathione (GSH).
Results and discussion

Cloning of full-length cDNA of nuclear types of PHGPx

containing a novel signal sequence

To examine the cellular function of the nuclear types

of PHGPx (sperm nuclei GPx, SnGPx), we first cloned

full-length cDNA of nuclear types of PHGPx from
mouse and rat testis by RT-PCR. For cloning of full-

length cDNA of the nuclear type of PHGPx, we designed

primers for nuclear type PHGPx from the sequence of

mouse genomic DNA we previously cloned and se-

quenced as shown in Fig. 1A (Accession No. AB030643;

[2]). The resulting 990 and 985 bp products of PCR for

mouse and rat were amplified by RT-PCR with NF1

and NR1 primers, subcloned, and sequenced. We next
determined the 50-end sequence of mouse and rat nuclear
PHGPx mRNA by the 50-RACE method from rat and

mouse testis with primers RS3, RR3, RR2, RS2, and

phosphorylated RR1 primers. The 50-ends of sequences

identified by 50-RACE method were coincided with the

sequence of primer NF1 in Fig. 1C. The sequences and

the deduced amino acid sequences in exon Ib of rat and

mouse full-length nuclear types of PHGPx are indicated

in Figs. 1C and D (Accession Nos. AB072798 and
AB072797). The N-terminal amino acid of nuclear types

of rat PHGPx we cloned in this study exhibited a nuclear

signal sequence different from that reported previously

for rat sperm nuclei GPx (SnGPx) (Accession No.

AF274028; [5]), but identical to the exon Ib of rat gene

identified recently (Accession No. RNO537598). The

sequence and deduced amino acid of nuclear PHGPx of

rat was highly homologous to that of nuclear PHGPx of
mouse sequenced in this study. The sequence of the nu-

clear signal sequence of the N terminal of nuclear types

of mouse PHGPx is the same as that of exon Ib in the

genomic sequence of mouse we cloned previously [2]. The

reported sequence-encoding rat SnGPx [5] has two

EcoRI restriction sites; one exists in exon Ib, in Fig. 1C,

and the other in exon II, in Fig. 1A. But the sequence of

nuclear types of rat PHGPx we cloned has only one
EcoRI site in exon II. We could not find two EcoRI sites;

only the one EcoRI site in the 985 bp PCR products by

analysis of the digestion of EcoRI (data not shown). We

next examined the tissue distribution of nuclear types of

rat PHGPx by RT-PCR. We could not detect the 985 bp

band for the nuclear types of PHGPx except in the testis

by the first RT-PCR (Fig. 1B). However, we found that

the 985 bp band was amplified by the second PCR from
cDNA extracted from gels around 985 bp in several tis-

sues as shown in Fig. 1B. The bands amplified by the

second PCR in several tissues were not artifacts, because

738 bp bands were also amplified by nested-PCR with

RS3 and NR2 primers from cDNA extracted from gels

around 985 bp (Fig. 1B). We also could not find two

EcoRI sites; only the one EcoRI site in the 985 bp PCR

products in several tissues by analysis of the digestion of
EcoRI (data not shown). The sequences of PCR products

amplified from liver and kidney of rat coincided with

those of nuclear types of rat PHGPx we cloned, but not

that of SnGPx. These results indicated that the nuclear

types of rat PHGPx we cloned in the present study have

clearly different sequences from that of the previously

reported rat sperm nuclei GPx, and full lengths of the

nuclear types of PHGPx mRNA were transcripted in
several tissues.

Distribution of three types of PHGPx–YFP fusion

proteins in HeLa cells

We found a novel sequence of nucleolar PHGPx in the

biparticle nuclear targeting sequence in exon Ib, as

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB030643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB072798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB072797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF274028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=RNO537598
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shown in Fig. 1D. We made the expression vectors for
three types of PHGPx full-length–YFP fusion protein

and YFP fused with rat exon Ib as shown in Fig. 2A to

determine whether the three types of PHGPx could lo-

calize selectively at different organelle in living cells. Four

expression vectors were transfected to HeLa and

RBL2H3 cells by lipofectamine and the intracellular lo-

calization of fluorescence due to YFP was monitored

with a confocal microscope (Figs. 2B–I). Two round
specific regions with strong fluorescence were observed

only in the nucleus of RBL2H3 and HeLa cells that ex-

pressed PHGPx–YFP fusion protein containing a rat

novel sequence of exon Ib (Figs. 2C and F). The profile

of fluorescence due to a novel nuclear type of PHGPx–

YFP was identical to that of nucleolar specific protein

C23 by immunostaining with anti-C23 mAb (Figs. 2D

and E); [17]. This nucleolar localization of the nucleolar
Fig. 2. Subcellular localization of three types of PHGPx–YFP (yellow fluore

mitochondrial, non-mitochondrial PHGPx–YFP fusion protein, and YFP fu

the N terminus. Mitochondrial PHGPx–YFP contains full exon Ia in the N t

terminus. Ib–YFP contains only rat exon Ib in the N terminus. The C in e

Nucleolar localization of nucleolar PHGPx–YFP in RBL2H3 cells. (B) Nucl

YFP. (D) Immunostaining by Cy3 conjugated anti-nucleolar specific protein

PHGPx in HeLa cells. (F) Nucleolar PHGPx–YFP, (G) mitochondrial PHGP

and RBL2H3 cells were transfected with 0.5lg of fusion constructs using lipo

Hoechst 33258 for 5min. The nucleolar localization of nucleolar PHGPx–Y

gated anti-nucleolar specific protein C23 mAb. Fluorescence of YFP, Cy3, a

META. The green color shows the fluorescence of PHGPx–YFP fusion prote

the immunostaining by Cy3 conjugated anti-C23 mAb. Arrowheads indicate
PHGPx–YFP fusion protein could also be observed in
mouse L929 cells after transient expression (data not

shown). The fluorescence due to PHGPx–YFP fusion

protein with mouse exon Ib also was localized in nucleoli

(data not shown). From these analyses, we named these

nuclear types of PHGPx as nucleolar PHGPx. On the

other hand, fluorescence of YFP fused with only a novel

nuclear targeting sequence was also distributed within

the whole nucleus (Fig. 2I). A previous report indicated
that fluorescence of GFP fused with only the nuclear

targeting sequence of SnGPx was distributed in the

whole nucleus [5]. These results indicated that translo-

cation of nucleolar PHGPx to nucleoli was required for

both the nuclear targeting sequence in exon Ib and the

internal amino acid sequence of PHGPx. On the other

hand, discrete regions with strong fluorescence were

observed in HeLa cells that expressed mitochondrial
scent protein). (A) A schematic view of the structure of rat nucleolar,

sed with only rat exon Ib. Nucleolar PHGPx–YFP contains exon Ib in

erminus. Non-mitochondrial PHGPx contains partial exon Ia in the N

xon III indicates that selenocysteine was converted to cysteine. (B–E)

ear staining by Hoechst 33258 (C) Fluorescence of nucleolar PHGPx–

C23 mAb. (E) Merge. (F–H) Subcellular localization of YFP-tagged

x–YFP, (H) non-mitochondrial PHGPx–YFP, and (I) Ib–YFP. HeLa

fectamine for 6 h. After 6 h cell culture, cells were stained with 1.6 lM
FP fusion protein was confirmed by immunostaining with Cy3 conju-

nd Hoechst 33258 was observed using a confocal microscope LSM510

in, blue color the nuclear staining by Hoechst 33258, and the red color

representative nucleoli. Scale bar, 5lm.
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PHGPx–YFP fusion protein (Fig. 2C). The profile of
fluorescence due to mitochondrial PHGPx–YFP fusion

protein was identical to that of mitochondrial cyto-

chrome c oxidase subunit IV (data not shown). We

previously indicated that exon Ia is a mitochondrial

targeting signal, because fluorescence of GFP fused with

only the mitochondrial targeting sequence was localized

in mitochondria in HeLa and RBL2H3 cells [8,9]. By

contrast, fluorescence was diffusely distributed in the
nucleus and cytosol of cells having non-mitochondrial

PHGPx–YFP fusion protein. These results indicated that

the three types of PHGPx produced by alternative

transcription from one gene were selectively distributed

to the nucleolus, mitochondria, and within the whole cell

including the nucleus.

Immunohistochemical analysis with anti-34 kDa nucleolar

PHGPx in testis

We examined the expression of 34 kDa nucleolar

PHGPx in testis of adult mouse using anti-34 kDa nu-

cleolar PHGPx polyclonal antibodies. As shown in
Fig. 3A, anti-nucleolar PHGPx pAb specifically de-

tected a 34 kDa PHGPx in the nuclear extract of mouse

testis, but not in the postnuclear fraction of mouse testis.
Fig. 3. Expression of 34 kDa nucleolar PHGPx in mouse testis. (A) Immun

nuclear extract in mouse testis. Nuclear extract (1) and postnuclear fraction (2

staining. (C,D) Immunohistochemical staining with anti-nucleolar specific pr

adult mouse testis of 8 weeks of age. Scale bar, 100lm. Black arrowhead indic

spermatide.
Anti-nucleolar PHGPx pAb did not react with 20 kDa
non-mitochondrial andmitochondrial PHGPx (Fig. 3A).

This antibody recognized 34 kDa nucleolar PHGPx

specifically in the nuclear extract of rat testis (data not

shown). Immunohistochemical analysis with anti-nu-

cleolar PHGPx pAb revealed that expression of nucle-

olar PHGPx was localized in the specific region within

nucleus in spermatogonia, spermatocyte and spermatid

(Figs. 3B and D). The profile of expression of nucleolar
PHGPx by anti-nucleolar PHGPx was almost identical

to that by anti-nucleolar specific protein C23 in sper-

matogonia, spermatocyte, and spermatid (Figs. 3C and

D). These results indicated that the expression of nu-

cleolar PHGPx was localized in nucleolus of spermato-

gonia and spermatocyte.

Expression of rat nucleolar PHGPx cDNA in mammalian

cells

There are no reports of the expression of nucleolar

PHGPx cDNA that includes the 30-UTR in mammalian

cells. We examined transient expression by transfection
with rat nucleolar PHGPx expression vector into L929

cells using lipofectamine to determine whether cDNA

for a rat nucleolar PHGPx that we cloned encoded
oblotting analysis with anti-34 kDa nucleolar PHGPx specific pAb of

) in testis of adult mouse of eight week age. (B) Hematoxylin and eosin

otein C23.mAb (C) and anti-34 kDa nucleolar PHGPx specific pAb of

ate the spermatocyte and spermatogonia. White arrowhead indicate the
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34 kDa selenoprotein. Transfected L929 cells were
grown in a medium containing [75Se]sodium selenite for

4 days for determination of the intracellular distribution

of nucleolar PHGPx. Figs. 4A and C show the subcel-

lular distribution of 75Se-labeled PHGPx and the other

selenoproteins in L929 overexpressing nucleolar

PHGPx. Nucleolar PHGPx of 34 kDa labeled with 75Se

were detected in the nuclear extract of L929 cells

(Fig. 4A). No 34 kDa selenoprotein was detected in
postnuclear fraction, which includes mitochondria, en-

doplasmic reticulum, and cytosol, although the other

classes of 75Se-labeled selenoproteins were detected in

the postnuclear fraction (Fig. 4C). As shown in Fig. 4B,

immunoprecipitation analysis with anti-PHGPx mAb

showed that the 34 kDa selenoprotein expressed in the

nuclear fraction of L929 cells was identical to nucleolar

PHGPx and that large amounts of 20 kDa non-mito-
chondrial PHGPx were also detected in the nuclear

fraction. Further, nucleolar specific C23 protein was

detected in the nuclear fraction of L929 cells by immu-

noblot analysis (data not shown). These results indi-
Fig. 4. Subcellular expression of nucleolar PHGPx in transfectants. (A–C) L

cluding nucleolar PHGPx cDNA (+) or with SR- a vector without an in

(0.14lCi) for 4 days. Then the nuclear fractions (A,B) and the postnuclea

MOTIF). Nuclear fractions were lysed and immunoprecipitated with anti-PH

the nuclear fraction (A) and the postnuclear fraction (C) were loaded and an

the 75Se-labeled proteins. (D,E) Expression of nucleolar PHGPx in established

PHGPx in stable transfectants (N63, N120) transfected with SR-a expression

transfected with only vector by RT-PCR. (E) Expression of 75Se-labeled 34 k

N120) and the control cell line (S1). Transfected RBL2H3 cells were metab

extracted by a Nuclear Extract Kit were loaded and analyzed by 15% SD

proteins. Arrows at 34 kDa indicate 75Se-labeled nucleolar PHGPx and arro
cated that cDNA for nucleolar PHGPx indeed encoded
34 kDa nucleolar PHGPx in mammalian cells.

We next isolated G418-resistant stable transfectants

after RBL2H3 cells (rat basophile leukemia cells) had

been transfected with the expression vector pSR-a-nu-
cleolar PHGPx and pSV2neo by electroporation.

RBL2H3 cells are suitable for the analysis of the in-

tracellular role of PHGPx since the expression of

PHGPx was very low [8]. We could not detect the
985 bp band for nucleolar PHGPx by the first RT-PCR

in total RNA of RBL2H3 and S1 cells transfected by

only empty pSR-a vector according to the method

described in Fig. 1B. However, we could detect the

985 bp band for nucleolar PHGPx in N63 and N120

cell lines transfected with pSR-a-nucleolar PHGPx

expression vector by the first RT-PCR (Fig. 4D). We

determined the expression of nucleolar PHGPx in nu-
clear extracts of N63, N120, and control cell line S1

cells by metabolic labeling with [75Se]sodium selenite

(Fig. 4E). Selenoprotein of 34 kDa was detected in N63

and N120 cells, but not in S1 cells (Fig. 4E). On the
929 cells were transfected transiently with SR-a expression vector in-

sert ()). Transfected L929 cells were metabolically labeled with 75Se

r fraction (C) were fractionated by a Nuclear Extract Kit (ACTIVE

GPx mAb (3H10). The immunoprecipitates (B) and 50 lg of protein in

alyzed by 15% SDS–PAGE with subsequent autoradiography to detect

transfectants of RBL-2H3 cells. (D) Detection of mRNA for nucleolar

vector including nucleolar PHGPx cDNA and the control cell line (S1)

Da nucleolar PHGPx in nuclear fraction of stable transfectants (N63,

olically labeled with 75Se (0.14 lCi) for 4 days. The nuclear fractions

S–PAGE with subsequent autoradiography to detect the 75Se-labeled

ws at 20 kDa indicate 75Se-labeled non-mitochondrial PHGPx.
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other hand, 34 kDa selenoprotein was not detected in
postnuclear fractions of S1, N63, and N120 cells (data

not shown). We confirmed 34 kDa selenoprotein as

nucleolar PHGPx, 20k- or 18k-Da selenoprotein as

non-mitochondrial PHGPx by immunoprecipitation

with anti-PHGPx mAb and 26- or 28-kDa selenopro-

tein as cGPx by immunoprecipitation with anti-cGPx

pAb in the nuclear extract of S1, N63, and N120 cells

(Fig. 4E). Levels of 34 kDa nucleolar PHGPx were
significantly elevated in the nuclear extract of N63 and

N120 cells as compared to S1 cells (Fig. 4E). No sig-

nificant changes of the amounts of non-mitochondrial

PHGPx and cGPx in nuclear extract were found by

overexpression of nucleolar PHGPx in N63 and N120

cells (Fig. 4E). These results indicated that N63 and

N120 cell lines were rat nucleolar PHGPx overex-

pressing cell lines.
Fig. 5. Overexpression of nucleolar PHGPx suppressed cell death induced b

circles) and cells that overexpressed nucleolar PHGPx (N63 cells; closed circl

DMEM plus 5% FCS. Cells were also exposed to the indicated doses of acti

results from three replicates in each case. *p < 0:05, by comparison to S1 ce

actinomycin D and doxorubicin-induced cell death. Individual cultures were

deplete cells of intracellular GSH and then exposed to 0.07lM actinomycin D

from the release of LDH as described in Materials and methods. Data are m

comparison to non-BSO treated cells.
Overexpression of nucleolar PHGPx suppresses cell death

induced by actinomycin D and doxorubicin

Actinomycin D is an inhibitor of the RNA poly-

merase I that is localized in nucleolus [18]. Doxorubicin

is an anticancer drug that inhibits topoisomerase II that

exists in nucleolus [19,20]. Treatments of actinomycin D

and doxorubicin induced the disruption of the structure

of nucleolus [18,21]. We studied the effect of overex-
pression nucleolar PHGPx on the injury of cells from

actinomycin D and doxorubicin. The viability of S1

cells decreased in a dose-dependent manner after

treatment with actinomycin D and doxorubicin (Figs.

5A and B). By contrast, N63 and N120 cells that

overexpressed nucleolar PHGPx showed resistance

three to four times higher against the toxicity of acti-

nomycin D and doxorubicin than did S1 cells (Figs. 5A
y actinomycin D and doxorubicin. (A,B) Control cells (S1 cells; open

es, and N120 cells; closed squares) were placed at 0.5� 105 cells/well in

nomycin D (A) and doxorubicin (B) for 16 h. Data are means�SD of

lls. (C,D) Effects of buthionine sulfoximine (BSO) on the resistance to

treated for 24 h with 1mM BSO (shadow bars) or not (open bars) to

(C) and 8lg/ml doxorubicin (D) for 16 h. Cell viability was estimated

eans� SD of results from three replicates in each case. *p < 0:05, by
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and B). The effects of actinomycin D and doxorubicin
on the viability of S1, N63, and N120 cells, which had

been depleted of GSH, were examined to estimate

whether or not the resistance to actinomycin D and

doxorubicin in N63 and N120 cells resulted from

overexpression of nucleolar PHGPx. Buthionine sul-

foximine (BSO), an inhibitor of the synthesis of gluta-

thione, inhibits the activity of glutathione-dependent

peroxidases, such as cGPx and PHGPx, by lowering the
level of glutathione in cells. When N63 and N120 cells

pretreated with BSO for 24 h were exposed to actino-

mycin D and doxorubicin, the cells lost their resistance

to the toxicity of actinomycin D and doxorubicin (Figs.

5C and D). These results confirm that resistance of N63

and N120 cells to actinomycin D and doxorubicin

toxicity is due to the overexpression of nucleolar

PHGPx in nucleoli.
The nucleolus is a subnuclear organelle containing the

ribosomal RNA gene clusters and ribosome biogenesis

factors [22]. Recent studies suggest it may also have roles

in RNA transport, RNA modification, cell cycle regu-

lation, and aging [23]. However, little has been published

on the role of nucleoli in cell death. In this study, over-

expression of nucleolar PHGPx suppressed cell death

induced by actinomycin D and doxorubicin that induce
damage in nucleoli. However, overexpression of nucle-

olar PHGPx in N63 and N120 cell lines could not sup-

press the cell death caused by 2-deoxyglucose and

staurosporine that induced the release of the cytochrome

c from mitochondria and apoptosis (data not shown).

We previously reported that overexpression of mito-

chondrial PHGPx, but not non-mitochondrial PHGPx,

could suppress the cell death induced by 2-deoxyglucose
and staurosporine [12]. These results suggested that each

PHGPx localized in individual organelle played a role to

protect different death pathways. The full details of the

mechanism of resistance to actinomycin D and doxoru-

bicin by nucleolar PHGPx remain to be clarified. How-

ever, production of reactive oxygen species (ROS) is also

thought to have the cytotoxic effect of doxorubicin and

actinomycin D on cancer cells [24,25]. PHGPx has been
shown to reduce lipid hydroperoxide, DNA hydroper-

oxide, and hydrogen peroxide [1,26]. The activity of

glutathione-dependent PHGPx might be expressed in

nucleoli since glutathione and glutathione reductase are

present in nucleoli [27,28]. The evidence here suggests

that nucleolar PHGPx plays a novel, and important, role

in protecting the nucleolus from damage by oxidative

stress; and the protection of the nucleolus from damage
is an important factor in the regulation of cell death.
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