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S19 Ribosomal Protein Dimer Augments Metal-Induced
Apoptosis in a Mouse Fibroblastic Cell Line by Ligation
of the C5a Receptor

Hiroshi Nishiura,1* Sumio Tanase,2 Yoko Shibuya,3 Noriko Futa,4 Tamami Sakamoto,4

Adrian Higginbottom,5 Peter Monk,5 Jörg Zwirner,6 and Tetsuro Yamamoto1

1Department of Molecular Pathology, Faculty of Medical and Pharmaceutical Sciences,
Kumamoto University, Kumamoto, Japan
2Department of Medical Biochemistry, Faculty of Medical and Pharmaceutical Sciences,
Kumamoto University, Kumamoto, Japan
3Laboratory Medicine, Faculty of Medical and Pharmaceutical Sciences, Kumamoto University,
Kumamoto, Japan
4Trans Genic, Incorporation, Kumamoto, Japan
5Unit of Academic Neurology, Sheffield University Medical School, Sheffield, United Kingdom
6Department of Immunology, Georg-August-University, Göttingen, Germany

Abstract To analyze the role of S19 ribosomal protein (RP S19) in apoptosis, murineNIH3T3were transfectedwith
either hemagglutinin peptide-tagged (HA) wild-type human RP S19 or a mutant (Gln137Asn) that is resistant to
transglutaminase-catalyzed cross-linked-dimerization. Transfection with the mutant HA-RP S19 inhibitedmanganese (II)
(Mn II)-induced apoptosis whereas the wild-type HA-RP S19 augmented apoptosis and amock transfection had no effect.
Release of thewild-typeHA-RP S19 dimer but not themutant HA-RP S19was observed during the apoptosis. The reduced
rate of apoptosis of the cells transfected with the mutant HA-RP S19 was overcome by addition of extracellular wild-type
RPS19dimer. The apoptosis rates in cells transfectedwith either formof humanHA-RPS19and inmock transfectantswere
reduced to about 40% by the presence of anti-RP S19 antibody in the culture medium. Immunofluorescence staining and
fluorescence-activated cell sorting (FACS) analysis showed that the cell surface expression of the receptor for cross-linked
RP S19 dimer, C5a receptor, increased during apoptosis, concomitant with phosphatidylserine exposure. The expression
of the C5a receptor gene also increased twofold. Apoptosis rates in the transfected and control cell lineswere also reduced
by the presence of an anti-mouseC5a receptormonoclonal antibody or of a peptideC5a receptor antagonist. These results
indicated the presence of an RP S19 dimer- and C5a receptor-mediated autocrine-type augmentation mechanism during
Mn II-induced apoptosis in the mouse fibroblastic cell line. In contrast to the RP S19 dimer, C5a actually inhibited
apoptosis, suggesting that signaling through the C5a receptor varies depending on the ligand bound. J. Cell. Biochem. 94:
540–553, 2005. � 2004 Wiley-Liss, Inc.
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S19 ribosomal protein (RP S19) is a ribosomal
protein that plays a role in the translation
of mRNA to protein in the protein-producing
machinery. In the past decade, we have dis-
covered and characterized an extra-ribosomal
function of RP S19 in apoptosis [Nishiura et al.,
1996]. We have reported firstly that RP S19 is
homologously cross-linked by a transglutami-
nase-catalyzed reaction, and released into the
extracellular milieu during apoptosis; secondly
that the homodimer functions as a monocyte-
selective chemoattractant in vitro, and recruits
circulating monocytes to the apoptotic lesion
in vivo; and thirdly that the recruited mono-
cytes clear the apoptotic cells by phagocytosis
and rapidly translocate to regional lymph nodes
via lymphatics to present potential non-self
antigens derived from the apoptotic cells to
T cells [Horino et al., 1998; Shrestha et al., 1999;
Nishimura et al., 2001; Shibuya et al., 2001;
Shrestha et al., 2003].
Several mutations of the RP S19 gene were

found in 25% of patients affected by Diamond-
Blackfan anemia, a congenital erythroblasto-
penia [Draptchinskaia et al., 1999]. All of the
patients with RP S19 gene mutations were
heterozygotes, suggesting that homozygous
abnormality of the RP S19 gene is embryonic
lethal, and that erythropoiesis needs a higher
level of functional RP S19 molecules than other
cellular systems [Matsson et al., 2004]. Re-
cently, the transcription and translation of the
RP S19 gene were shown to be high at early
stages followed by decrement by the terminal
stage of erythroid differentiation [Da Costa
et al., 2003a]. Furthermore, the number of
erythroid colonies was significantly increased
when RP S19 cDNAwas introduced into CD34þ

cells of Diamond-Blackfan anemia patients
using a lentiviral vector [Hamaguchi et al.,
2003]. Therefore, the high expression level of
functional RP S19molecules clearly contributes
to erythrocyte differentiation, although the
details remain to be elucidated.
It is becoming clear that anapoptoticmechan-

ism is utilized at the final stage of erythrocyte
differentiation, to form enucleate reticulocytes.
For instance, the commitment of proapoptotic
factorNix in terminal erythroidmaturation has
been reported [Aerbajinai et al., 2003], and the
embryonic lethality caused by defects of ery-
thropoiesis has been demonstrated in a DNase
II knock out mouse which degrades chromoso-
malDNAduring apoptosis [Nagata et al., 2003].

Integration between the essential apoptotic
mechanism in erythropoiesis and the RP S19
gene abnormality inDiamond-Blackfan anemia
suggests a role for RP S19 in apoptosis, possibly
different from the role in phagocytic clearance
of apoptotic cells by recruitment of circulating
monocytes previously observed.

The RP S19 dimer with monocyte chemoat-
tractant activity was initially observed in ex-
tracts of rheumatoid arthritis synovial lesion,
where a predominantly monocyte infiltration
is seen [Nishiura et al., 1996]. We later observ-
ed that the RP S19 dimer attracts monocytes
via the C5a receptor [Nishiura et al., 1998],
whereas the dimer prohibited the migration of
polymorphonuclear leukocytes by antagonizing
the C5a receptor [Shibuya et al., 2001]. We
then identified sub-molecular regions of RP S19
responsible for the agonistic and antagonistic
effects of the dimer [Shrestha et al., 2003]. By
this dual effect, the RP S19 dimer reproduces
the monocyte-predominant infiltration of rheu-
matoid arthritis when intradermally injected
into guinea pigs.

There are several reports on the presence
of apoptotic cells in the rheumatoid arthritis
synovial lesion [Baier et al., 2003; Davis, 2003].
The majority of the apoptotic cells seemed to be
fibroblastic cells. Recently, a strong C5a recep-
tor gene expression was reported in fibroblastic
cells present in the synovial lesion [Neumann
et al., 2002], although the role of the C5a re-
ceptor on the fibroblastic cells remains unclear.
At present, we speculate that the RP S19 dimer
could play a role in apoptosis in the rheuma-
toid arthritis synovial lesion, as suggested for
erythropoiesis.

Here we have examined the proposed novel
function of the RP S19 dimer in apoptosis using
themetal-induced apoptoticmodel of fibroblasts
with NIH3T3 cell line in vitro. Initially, we in-
vestigated the effect of replacement ofmouseRP
S19 in a part with a mutant of human RP S19
that is incapable of dimerization. Finally we de-
fined theRPS19 dimer as a pro-apoptotic ligand
that functions by binding to the C5a receptor.

MATERIALS AND METHODS

Materials and Reference Compounds

Restriction enzymes (BamH I, EcoR I, Nde I,
EcoR V, Who I, and Sal I), a reverse-trans-
criptase polymerase reaction (RT-PCR) kit
(TAKARA RNA PCRTM Kit (AMV Ver.2.1), T4
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DNA polymerase, a DNA ligation kit, Escher-
ichia coli (E. coli) strains (DH5a and JM109)
and isopropyl-b-D-thiogalactopyranoside were
purchased from TaKaRa Biomedicals (Otsu,
Japan). pBluescript M13þKS cloning vector
was purchased from Stratagene (La Jolla, CA).
BigDye1 Terminator v1.1 Cycle Sequencing
Kit was purchased from Applied Biosystems
(Tokyo, Japan). Qiagen Plasmid Midi Kit,
RNeasy Mini Kit, and plasmid pQE-30 were
purchased from Qiagen K.K. (Tokyo, Japan).
SeaKem GTG agarose and NuSieve GTG agar-
ose were purchased from FMC (Rockland,
ME). An E. coli strain BL21(DE3) and plasmid
pET11a were obtained from Novagen, Inc.
(Madison, WI). RPMI 1640 medium was pur-
chased fromNissuiPharma.Co. (Tokyo, Japan).
Fetal bovine serum (FBS), ampicillin, penicil-
lin/streptomycin (P/S), and Geneticin1 were
products of Gibco BRL (Paisley, Scotland). Four
millimeter gap cuvettes, f 35 and 100 mm cell
culture dishes and other goods for cell culture
were purchased from Asahi Techno Glass Co.
(Tokyo, Japan). ASP-5PWcolumnwas obtained
from Tosoh Company (Tokyo, Japan). HiTrap
ChelatingHP andHeparinR columns, ECLPlus
Western blotting detection system, and an elec-
trophoresis calibration kit for molecular weight
determination of low molecular weight pro-
teinswere purchased fromPharmacia (Uppsala,
Sweden). Immobilon-PSQ transfer membrane
and Amicon1 Ultra concentrator with cut off
molecular size 5,000 were purchased from
Millipore Corporation (Bedford, USA). mMACS
hemagglutinin peptide-tagged (HA) protein iso-
lation kit was obtained from Daiichi-Chemicals
(Tokyo, Japan). Diisopropyl fluorophosphate,
pepstatin A, and N-ethylmaleimide were pur-
chased from Peptide Institute (Osaka, Japan).
Block AceTM powder was purchased from
Dainihonseiyaku (Okaka, Japan).Sodiumdeox-
ycholate was purchased from Difco Laboratory
(Detroit, MI). Transglutaminase was obtained
from Sigma-Aldrich, Inc. (MO, USA). NMePhe-
Lys-Pro-dCha-dCha-dArg, which had been syn-
thesized as described previously [Konteatis
et al., 1994], was a kind gift from Prof. N.
Nishino of Kyushu Institute of Technology,
Kitakyushu, Japan. Recombinant mouse C5a
was prepared as described previously. The bind-
ing capacity and function of the mouse C5a
when analyzed using a cell line transfectedwith
mouse C5a receptor were equivalent to those of
the human [Cain et al., 2000]. Unless otherwise

specified, all other chemicals were obtained
from Wako Pure Chemicals (Osaka, Japan).

Antibodies

Two types of anti-human RP S19 rabbit IgG
antibodies were prepared, using recombinant
human RP S19 protein, and a keyhole limpet
hemocyanin-conjugated synthetic 15mer pep-
tide, Arg-Lys-Leu-Thr-Pro-Gln-Gly-Gln-Arg-
Asp-Leu-Asp-Arg-Ile-Cys (RP S19 from Arg121
to Ile134 with a Cys at the C-terminal). An
anti-mouse C5a receptor rat IgG2b monoclonal
antibody (20/70) was prepared as described pre-
viously [Soruri et al., 2003]. Anti-HA rabbit
IgG, HRP-conjugated anti-rabbit IgG goat IgG,
FITC-conjugated anti-rabbit IgG goat IgG, and
FITC-conjugated anti-rat IgG goat IgG were
purchased fromSantaCruz (Kumamoto, Japan).
A PE-conjugated anti-mouse annexin V mono-
clonal antibody was purchased from MBL
(Nagoya, Japan). Control rat and rabbit IgGs
were obtained from Sigma (Kyoto, Japan).

Preparation of HA-Tagged Wild-Type and
Gln137Asn Mutant Human RP S19 cDNA

Wild-type and theGln137Asnmutant human
RP S19 cDNAs were prepared as described
previously [Nishiura et al., 1999]. To insert HA
(YPYDVPDYA) between Gly3 and Val4 of these
human proteins, PCR was performed with
primer pair HA-RP S19 s1 and HA-RP S19
as1 (Table I). After each cDNA was inserted
in the EcoR I and BamH I restriction sites
of pBluescript M13þKS cloning vector, the
nucleotide sequence of each PCR product was
confirmed by ABI PRISM1 310 (Applied Bio-
systems) using BigDye Terminator v1.1 Cycle
Sequencing Kit with the primer pair T7 and T3
according to the manual of the company.

To check the potential toxicity of HA on the
chemoattractant activity of wild-type HA-RP
S19dimer,we prepared the pET11a vectorwith
wild-type HA-RP S19 cDNA. An Nde I site was
made atNH2-terminal position ofwild-typeHA-
RP S19 cDNA by PCRwith primer pairs HA-RP
S19 s2 and HA-RP S19 as1 (Table I). PCR
product was inserted between Nde I and BamH
I sites of pET 11a vector.

Preparation of Over-Expression Vector
pCAGGS-IRES Neomycin

Bearing cDNA for wild-type or Gln137-
Asn mutant HA-RP S19. pCAGGS-IRES
neomycin resistant vector, pCAIN [Fukushima
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et al., 1997;Matsuyoshi et al., 2004], was kindly
provided by Dr. H. Matsuyoshi of Kumamoto
University. The wild-type and Gln137Asn
mutant HA-RP S19 cDNAs in pBS were opened
at BamH I and Who I sites and made blunt-end
sites with T4 DNA polymerase. After cutting off
another EcoR I site, above cDNAs were, respec-
tively, inserted to EcoR I and EcoR V sites of
pCAIN (see Fig. 1). pCAIN bearing wild-type
or Gln137Asn mutant HA-RP S19 cDNA, and
plain pCAIN were, respectively, transfected to
the competent E. coli DH5a cells. Each cDNA
was recovered using Qiagen Plasmid Midi Kit
and concentrated at a concentration of 1 mg/ml.

Establishment of Mouse NIH3T3 Clones
Transformed With pCAIN

Bearing wild-type or Gln137Asn mutant
HA-RP S19 cDNA. Mouse NIH3T3 cells were
maintained in RPMI 1640 medium containing
non-heat-inactivated 10%FBSand 100 mg/ml P/
S. After being harvested, they were suspended
in RPMI 1640 medium at a density of 2.5�
107 cells/ml and subjected to electroporation in a
Gene Pulsar II (Nippon Bio-Rad Laboratories,
Tokyo, Japan) ina4mmgap cuvette using 200V
and 950 mF, in the presence of 40 mg of linearized
plasmid DNA. Twenty four stable transfected
clones were obtained by the serial dilution
method in 250 mM of Geneticin, and successful
transfection confirmed by genomic PCR target-
ing the human cytomegalovirus promoter in
pCAIN with a suitable primer pair (Table I).
We then selected the best clone for each trans-
formant with regard to the growth rate of
the cloned cells. They were named NIH-mock
((mouse NIH3T3 clone transfected with plain
pCAIN) pCAIN alone), NIH-wild-type ((mouse
NIH3T3 clone transfected with pCAIN bearing
HA-tagged wild-type of RP S19 cDNA) pCAIN
bearing wild-type HA-RP S19 cDNA), and NIH-
mutant ((mouse NIH3T3 clone transfected with
pCAIN bearing HA-tagged Gln137Asn mutant
of RP S19 cDNA) pCAIN bearing Gln137Asn
mutant HA-RP S19 cDNA), respectively.

Induction of Apoptosis With Manganese
(II) (Mn II) in NIH3T3 Clones

Apoptosis of the NIH3T3 clones was induc-
ed with Mn II according to the method of
Oubrahim et al. [2002]. In brief, after culturing
1.5� 105 cells/ml of the NIH3T3 clones for 48 h
in a f 35 mm cell culture dish, the medium was
changed to fresh medium containing 0.25 mM
MnCl2. After further incubation for 24 or 48 h,

TABLE I. List of the Synthesized Primer Oligonucleotides

Sense Anti-sense

HA-RP S19 s1: cggaattcatgcctggatacccatacg
atgttccagattacgctgttactgtaaaagac

as1: cgggatcctcactaatgctt
cttgttggc

s2: ggaattccatatgcctggatacccatac
CMV ggtcattagttcatagcccatatatggagt cgacccatggtaatagctatga
Mouse b-actin caacggctccggcatgtgc ctcttgctctgggcctcg
Mouse RP S19 cccggagttactgtaaaagacgttaaccag ccagcttgactgtgtccacccatt
Human RP S19 tacccatacgatgttccaga gtagaaccagttctcatcgtag
Mouse C5aR ttgtgttgcctctgctcact atcaccactttgagcgtcttgg

HA-RPS19, hemagglutinin peptide-taggedS19 ribosomal protein; CMV, cytomegalovirus promoter;C5aR,
C5a receptor.

Fig. 1. Constructs of expression vectors bearing human S19
ribosomal protein (RP S19) cDNAs and their product proteins.
A: Amino acid sequences of the product proteins derived from
the constructs. In the human RP S19, a regional sequence of
hemagglutinin (HA), YPYDVPDYA, is insertedbetweenGly3and
Val4. In the mutant HA-RP S19, Gln137, which is an essential
residue to form the cross-linked dimer by a transglutaminase-
catalyzed reaction, is mutated to Asn. Only one amino acid
residue differs between the human andmousemolecules; Met88
(M) in the human is Arg88 in the mouse. B: Constructs of the
expression vector (pCAGGS-IRES-Neo, pCAIN) and the vectors
bearing HA-RP S19 cDNA or its Gln137Asn mutant.
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apoptotic cells were visualized by staining with
Hoechst 33342 and Giemsa solution. As a con-
trol, necrosis was induced in the same cells
with 1 mM H2O2 [Ricart and Fiszman, 2001].
The ratio of dead cells was calculated by the
following formula: % dead cells¼ (number of
trypan-blue positive cells in the culture super-
natant and on the culture dish/total number of
cells in the culture supernatant and on the
culture dish)� 100.

RT-PCR

After recovering the NIH3T3 clonal transfec-
tants, the mRNA fraction was prepared using
the RNeasy Mini kit, and the transcription
levels of particular genes analyzed by RT-PCR
using the Takara RNA PCRTM kit (AMV)
Ver.2.1 with specific primer pairs (Table I) ac-
cording to the instruction manual. RT-PCR
was performed under following conditions:
temperatures and time periods of the denature,
the annealing, and the elongation were 94, 62,
and 728C, respectively, all for 30 s. The elonga-
tion cycle was 30 cycles. The level of trans-
cription was determined using NIH Image 1.63
image analysis software, according to a fol-
lowing formula: relative transcription rate of
sample gene to actin gene¼ (density of sample
band/density of b-actin band)� 100%.

Sodium Dodecyl Sulfate–Polyacrylamide
Gel Electrophoresis (SDS–PAGE)

Electrophoresis was performed using 15%
polyacrylamide gels according to the method
of Laemmli [1970]. The NIH-wild-type and
NIH-mutant clones were cultured in f 100 mm
culturedishes, and treatedwith0.25mMMnCl2.
After 30 h, each culture supernatant and cells
were separately collected. The supernatants
were immediately treated with a protease inhi-
bitor cocktail (1 mM diisopropyl fluorophosph-
ate, 4 mM EDTA, 0.01 mM N-ethylmaleimide,
and 0.01 mM pepstatin A, at the final concen-
trations), then concentrated 1,000-fold using
Amicon Ultra concentrators, cut off molecular
size 5,000. The cells were washed twice in PBS
and extracted for 30 min at 48C with the lysis
buffer attached to the kit described bellow.
After centrifugation at 12,000 rpm for 20 min
at 48C, HA-RP S19-related molecules in the
cells and supernatants were collected using
anti-HA antibody-coupled mMACS microbeads
and the magnetic mMACS bead separator.
Samples were boiled for 2 min in the presence

of SDS, and applied to the SDS–PAGE. The gel
was stained with Coomassie blue.

Western-Blotting Analysis

Initially, samples containing HA-labeled pro-
teins were subjected to SDS–PAGE, then
transferred to Immobilon-PSQmembranes using
a semi-dry blotting machine, AE-6677 (Atto,
Tokyo, Japan). After washing twice in PBS, the
membranewas treatedwith1%BlockAce for 1h
at 228Cwith continuously shaking, then reacted
with the anti-RP S19 peptide rabbit IgG anti-
bodies for 2 h at 228C. After another incubation
with HRP-conjugated anti-rabbit IgG goat IgG
for 1 h at 228C, the bound HRP was detected
using the ECL Plus Western blotting detection
system.

Fluorescent Immuno-Cytochemistry

After washing twice in PBS, NIH3T3 clonal
cells were fixed in 1% (w/v) paraformaldehyde
for 10 min, then treated with 1% Block Ace at
228C for 1 h. For the detection of intracellular
RP-S19, the cells were treated with 0.1% of
TritonX-100 for 30min. For immuno-cytochem-
ical detection, the cells were initially treated
with the anti-HA rabbit IgG antibodies, the
anti-mouse C5a receptor rat IgG2b monoclonal
antibody (20/70) or the PE-conjugated anti-
mouse annexin V monoclonal antibody for 2 h
at 228C. In the former two cases, cells were
treated further with FITC-conjugated anti-
rabbit IgG goat IgG or FITC-conjugated anti-
rat IgG goat IgG for 1 h at 228C. In some
experiments, cell nuclei were stained with pro-
pidium iodide (PI). Fluorescence was observ-
ed using an Olympus Fluoroview FV500
(Olympus, Tokyo, Japan).

Fluorescence-Activated Cell
Sorting (FACS) Analysis

NIH3T3 transfectants were suspended in
500 ml of PBS containing 5% FBS (FACS
medium) at a density of 1� 105 cells/ml, and
incubated with normal rat IgG for 20 min at
48C to block non-specific IgG binding. For
analysis of the C5a receptor, cells were incu-
bated with 5 mg/ml of anti-mouse C5a receptor
rat IgG monoclonal antibody (20/70) for 30 min
at 48C, and with FITC-conjugated anti-rat IgG
goat IgG. For the analysis of phosphatidyl-
serine exposure, cells were incubated with PE-
conjugated anti-mouse annexin V monoclonal
antibody for 30 min at 48C. Cell nuclei was
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stained with 7-aminoactinomycin. FACS was
performed with a FACS Caliber (BD, Tokyo,
Japan).

Statistical Analysis

Student’s t-test (two-tailed test) was used to
evaluate statistical significance.

RESULTS

Establishment of RP S19-Transfected
NIH3T3 Cell Lines

Three stable clonal cell lines, transfectedwith
pCAIN plasmid bearing wild-type HA-RP S19
cDNA (NIH-wild-type), HA-RP S19 Gln137Asn
mutant (NIH-mutant) or with pCAIN plasmid
alone (NIH-mock), respectively, were establish-

ed. The primary structures of the RP S19 pro-
teins, and the designs of the plasmid constructs,
are shown in Figure 1A,B.

The growth rates of these clones were exam-
ined to eliminate the possibility of undesired
effects of transfection on basic cell physiology.
All clones grew on f 35 mm culture dishes
forming adherent colonies (see Fig. 3). As shown
in Figure 2A, there was almost no difference
between the growth rates of the clones after
seeding at 5� 104 cells/dish. Because the viabi-
lity was almost 100% until at least the 80%
confluent stage (data not shown) obtained 48 h
after seeding, we used the clones at the 80%
confluent stage in the following experiments.

The intensities of expression of transfected
wild-type andmutantHA-RPS19 genes and the

Fig. 2. Expression of RP S19-related genes in transformed
clones. A: 5�104 cells were seeded in a f 35 mm plastic dish,
and cultured at 378Cunder 5%CO2 (seeMaterials andMethods).
The number of cells was counted every day by the trypan-blue
dye exclusion method. The open, slashed, and closed circles
denote NIH-mock, NIH-wild-type, and NIH-mutant, respec-
tively. B: Immunocytochemical observation of the transfected
gene-derivedproteins in transformant clones,NIH-wild-typeand
NIH-mutant. The cells grownon slide glasseswere fixedwith 1%
paraformaldehyde, treated with 0.1% Triton X-100, and reacted
with anti-HA rabbit IgG and with FITC-conjugated anti-rabbit
IgG goat IgG, in this order. After the cell nucleus was stained
with PI, the cells were observed by a confocal laser-scanning

microscope (CLSM). Magnification is �60. C: A semi-quantita-
tive RT-PCR analysis was performed for the host RP S19 mRNA,
for the transfected wild-type and mutant type HA-RP S19
mRNAs, and for b-actin using a specific primer pair for each
mRNA as listed in Table I. The left, center, and right lanes are
NIH-mock, NIH-wild-type, and NIH-mutant clones, respec-
tively. D: The intensities of the gel bands were measured using
an image analyzer with NIH Image 1.63 software. The open,
slashed, and closed columns denote the relative transcription
level to the actin gene of the transfected HA-RP S19 genes,
the host RP S19 gene, and their sum, respectively. Values are
mean� SD (three separate experiments with triplicate samples
were performed).
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endogenous mouse RP S19 gene were examin-
ed by RT-PCR. As shown in Figure 2C,D, the
typical expression intensity of the mouse RP
S19 gene in NIH-mock was 154.25� 16.5. In
the other clones, the expression intensities of
themouseRPS19genedecreased toaboutahalf
of that of NIH-mock (NIH-wild-type; 90.14�
13.53 and NIH-mutant; 90.36� 19.58), and the
transfected genes expressed at levels similar
to those of the mouse gene (NIH-wild-type;
88.87� 12.92 and NIH-mutant; 89.26� 17.73).

The localization of wild-type or mutant HA-
RPS19 proteins, observed by fluorescent immu-
nocytochemistry using anti-HA antibodies, was
predominantly in the nucleus (Fig. 2B). The
distribution pattern was similar to that of in-
trinsic RP S19 as reported by Da Costa et al.
[2003b]. Therefore, the expression levels of the
RP S19 genes in total were not different among
the transfected clones and untransfected cells,
and exogenous wild-type and mutant HA-RP
S19 proteins should be working normally in the
ribosome.

Effects of Transfection With Human RP S19
on Mn II-Induced Apoptosis

Apoptosis was induced in the cultured clones
by changing the culture medium to one contain-
ing 0.25 mM MnCl2. To morphologically distin-
guish apoptosis from necrosis, some culture
dishes were treated with medium containing
1 mM H2O2 instead of MnCl2, to induce nec-
rosis. As apoptosis progressed, shrinkage of

cell body and nucleuswith chromatin condensa-
tion were observed (Fig. 3A), before the apop-
totic cells finally detached from the dish surface.
The shrunken nuclei with condensed chro-
matin were strongly stained by Hoechst 33342
dye (data not shown). These morphological
characteristics differed from those of necrotic
cells which had swollen cell bodies and nuclei
(Fig. 3A), indicating the occurrence of apoptosis
as reported byOubrahim et al. [2002].We quan-
tified the intensity of apoptosis (including the
detached cells), according to the formula des-
cribed inMaterials andMethods, at 24 and 48 h
after Mn II loading. Commonly, after 24 h the
percentage of dead cells was below 20%, where-
as after 48 h, it dramatically increased up to
90%.

As shown inFigure 3B,NIH-mutant acquired
resistance to the induction of apoptosis byMn II
(64.7� 8.8). In contrast, NIH-wild-type had a
slightly higher sensitivity (92.9� 7.2) than that
of NIH-mock (86.6� 1.3) to the induction of
apoptosis. These results suggested the partici-
pation of the cross-linked homodimer of RP S19
in metal-induced apoptosis of NIH3T3 cells.

Release of RP S19 Dimer During Apoptosis

In previous studies using human cell lines
such as HL-60 and AsPC-1, we observed the ex-
tracellular release of the monocyte chemotactic
RP S19 dimer during heat-induced apoptosis.
In the current study, we have examined the re-
lease of the RP S19 dimer in metal-induced

Fig. 3. Acquired resistance of NIH3T3 cells against manganese
(II) (Mn II)-induced apoptosis by transformation with HA-RP
S19 Gln137Asn mutant cDNA. A: At 80% confluence stage,
apoptosis, or necrosis was inducedwith 0.25 mMMnCl2 or with
1 mM of H2O2, respectively. At 48 h after the reagent loading,
cells were fixed and stained with Giemsa. Left, center, and right
lanes are NIH-mock, NIH-wild-type, and NIH-mutant, respec-

tively.Magnification is�100.B: At 48h after the reagent loading,
total cells including detached ones were harvested, and the ratio
of dead cells was measured by the trypan-blue dye exclusion
method. Theopen, slashed, andblack columnsdenote percent of
dead cells in the control,Mn II-loaded, andH2O2-loaded dished,
respectively. Values are mean� SD (three separate experiments
with triplicate samples were performed).

546 Nishiura et al.



apoptosis of NIH-wild-type or NIH-mutant by
means of Western blot analysis using anti-RP
S19 antibodies. As shown in Figure 4A, immu-
nopositive bands corresponding to the HA-RP
S19 dimer were observed in the culture super-
natant of the metal-induced apoptotic NIH-
wild-type. In contrast, no band corresponding to
the dimer was seen in NIH-mutant cells. We
also observed an up-regulation of mouse type 2
transglutaminase during Mn II-induced apop-
tosis in NIH-wild-type and NIH-mock, but not
inNIH-mutant, as determinedbyRT-PCR (data
not shown).

Inhibition of Apoptosis With Anti-RP S19
Antibodies in Transfected NIH3T3 Cells

In previous studies, we investigated the
monocyte chemoattractant activity of the RP
S19 dimer released into the apoptotic cell cul-
ture supernatant. However, the results obtain-
ed in this report suggest a pro-apoptotic effect of
the RP S19 dimer in Mn II-induced apoptosis.
Therefore, we examined whether anti-RP S19
antibodies could prevent metal-induced apop-
tosis of transfected NIH3T3 cell lines. As shown
in Figure 4B,C, the presence of anti-RP S19
antibodies during the Mn II treatment reduced
the rates of apoptosis of all of the clones to
around 40% (NIH-mock: 42.6� 4.7, NIH-wild-
type: 47.6� 5.2, and NIH-mutant: 38.3� 8.3).
In contrast to this, normal rabbit IgG did not
significantly affect the apoptosis rates of the
cell lines (NIH-mock: 79.7� 8.9,NIH-wild-type:
95.9� 4.9, and NIH-mutant; 59.6� 4.0).

Overcoming the Inhibition of Apoptosis by
Addition of Extracellular RP S19 Dimer

Because the experimental results with anti-
RP S19 antibodies strongly suggested that
the RP S19 dimer promoted or augmented
the metal-induced apoptosis by an autocrine
mechanism, we examined whether an extra-
cellular supplement of human RP S19 dimer
could reproduce the augmentation of apoptosis
in the clone transformed with the Gln137Asn
RP S19 mutant gene. As shown in Figure 4E,
supplementation with RP S19 dimer enhanced
the cell-death ratio of transfected NIH3T3
cells up to almost 100% (NIH-mock: 96.2� 2.9,
NIH-wild-type: 97.8� 0.91, and NIH-mutant:
94.5� 3.8), whereas the treatment with RP S19
monomer had no effect (data not shown). The
augmented cell-death was confirmed to be due

to apoptosis by the morphologic characteristics
(Fig. 4D) and by staining with Hoechst 33342
dye (data not shown). The addition of RP S19
dimer to the cells in the absence of Mn II
treatment had no effect at all. These results
indicate that the presence of an RP S19 dimer-
mediated augmentation mechanism in Mn II-
induced apoptosis in NIH3T3 fibroblasts.

Increased Cell Surface Expression of C5a
Receptor During Apoptosis of
Transfected NIH3T3 Cells

Leukocyte chemotaxis is a receptor-mediated
event, and the receptor on monocytes for the
chemoattractant RP S19 dimer is the C5a re-
ceptor. We, therefore, examined whether the
pro-apoptotic effect of the RP S19 dimer on
NIH3T3 fibroblasts was also a C5a receptor-
mediated event. Because the C5a receptor is
usually thought to be a leukocyte receptor, we
initially determined whether the C5a receptor
was present on the surface of NIH3T3 cells by
means of FACS. As shown in Figure 5A, C5a
receptor was detectable on the surface of only
1.8� 0.5% of the total cultured cells. We, there-
fore, next examined whether the C5a receptor
on the NIH3T3 cell surface was up-regulated
during metal-induced apoptosis. As shown in
Figure 5A, the C5a receptor-positive cell ratio
increased at 24 h after the induction of apop-
tosis with Mn II. The increment of the positive
cell ratio was more significant in NIH-wild-
type (11.2� 1.0) than those of the NIH-mutant
(3.3� 0.1) and NIH-mock (4.0� 0.6), respec-
tively. The increase in the C5a receptor-positive
cell population correlated with that of phospha-
tidylserine-positive one (NIH-wild-type; 12.2�
0.6), which was visualized with fluorescent-
labeled annexin V. The majority of the positive
cells were double positive for the C5a receptor
and cell surface phosphatidylserine (Fig. 5B).

To examine whether the increased cell sur-
face expression of the C5a receptor was due
to de novo synthesis, we measured levels of
C5a receptor mRNA by means of RT-PCR. As
shown in Figure 5C,D, C5a receptor mRNAwas
constitutively expressed in all of the clones at
low levels (ratio of C5a receptor mRNA to actin
mRNA: NIH-mock: 29.3� 1.6, NIH-wild-type:
30.2� 1.6, and NIH-mutant: 25.0� 1.4). C5a
receptor mRNA levels were significantly en-
hanced after 8 h ofMn II treatment (NIH-mock:
52.1� 2.8, NIH-wild-type: 55.7� 3.0, and NIH-
mutant: 66.9� 3.6).
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Fig. 4. Augmentation of Mn II-induced apoptosis by extra-
cellular supplement of RP S19 dimer. A: The NIH-wild-type and
NIH-mutantcloneswere treatedwith0.25mMMnCl2.After 30h,
each culture supernatant and cells were separately collected.
The supernatants were immediately treated with a protease
inhibitor cocktail, then concentrated. The cells were extracted
with a lyses buffer for 30min at 48C. After centrifugation, HA-RP
S19-related molecules in the supernatants were collected using
anti-HAantibody-coupledmMACSmicrobeads and themagnetic
bead separator, and were eluted from the beads. Samples were
subjected to Western blot analysis using anti-RP S19 peptide
rabbit IgG as the first antibody (see Materials and Methods).
The single and double arrows denote electrophoretic positions of
the HA-RP S19 monomer (molecular weight of 18 kDa) and the
HA-RP S19 dimer (36 kDa), respectively. B: Three transformant
cloneswere treatedwith 0.25mMMnCl2 for 48 h in the presence
of 50 mg/ml of normal rabbit IgG or anti-RP S19 rabbit IgG,
respectively. The cells on aliquot dishes were fixed and stained
with Giemsa. The left, center, and right lanes are NIH-mock,
NIH-wild-type, and NIH-mutant, respectively. Magnification is

�100. C: At 48 h, total cells including detached ones in other
aliquot dishes were collected, and the ratio of dead cells was
measured by the trypan-blue dye exclusion method. The open
and closed columns denote the normal rabbit IgG and anti-RP
S19 rabbit IgG groups, respectively. Values aremean� SD (three
separate experiments with triplicate samples were performed).
D: The transformed cloneswere treatedwith orwithout 0.25mM
MnCl2 in the presence or absence of 1�10�8 M of recombinant
RP S19 dimer for 48 h, respectively. The cells on aliquot dishes
were fixed and stained with Giemsa. The left, center, and
right lanes are NIH-mock, NIH-wild-type, and NIH-mutant,
respectively. Magnification is �100. E: At 48 h, the total cells
including detached ones in other aliquot dishes were collected,
and the ratio of dead cells was measured by the trypan-blue
method. The open, slashed, and closed columns denote the cases
incubated in thepresenceof theRPS19dimerwithoutMnCl2, the
cases treated with MnCl2 in the absence of the RP S19 dimer,
the cases treatedwithMnCl2 in the presence of the RP S19 dimer,
respectively. Values are mean� SD (three separate experiments
with triplicate samples were performed).
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Inhibition of Apoptosis With Anti-C5a Receptor
Monoclonal Antibody or With C5a Receptor

Antagonist in Transfected NIH3T3 Cells

To examinewhether C5a receptor onNIH3T3
cells participated in theRPS19dimer-mediated
augmentation of metal-induced apoptosis, we
first used an anti-mouse C5a receptor mono-
clonal antibody. As shown in Figure 6A,B, the
presence of anti-C5a receptor antibody reduced
the apoptotic ratio down to 40% in all clones
(NIH-mock: 38.9� 5.7, NIH-wild-type: 42.8�
5.2, andNIH-mutant: 34.0� 6.2). Thismaximal
reduction rate was not changed by the simul-
taneous presence of anti-RP S19 antibodies
with the anti-C5a receptor antibody (data not
shown).

To confirm the participation of C5a receptor
in the pro-apoptotic effect of RP S19 dimer, we
used a C5a receptor antagonist. As shown in
Figure 6C,D, the presence of the C5a receptor
antagonist also reduced the metal-induced
apoptosis rate down to about 40% (NIH-mock:
24.6� 2.4, NIH-wild-type: 38.6� 2.2, and NIH-
mutant: 32.3� 2.3).

Effect of C5a on Mn II-Induced Apoptosis
in NIH3T3 Cells

The C5a receptor has two intrinsic ligands,
namely the RP S19 dimer and C5a/C5a desArg.
We examined the effect of C5a onMn II-induced
apoptosis using the recombinant mouse C5a.
In contrast to the RP S19 dimer, C5a inhibit-
ed apoptosis (Fig. 7). The addition of a final

Fig. 5. Emergence of C5a receptor and phosphatidylserine on
cell surface during Mn II-induced apoptosis. The clonal cells
were incubated in the presence or absence of 0.25 mM MnCl2.
At 24 h, the cells were harvested. A: Aliquots of the cell samples
were stained simultaneously with PE-conjugated anti-annexin V
antibodies and with FITC-conjugated anti-mouse C5a receptor
rat IgG monoclonal antibody (20/70). After the cellular nucleus
was stained with 7AAD, cells were analyzed by fluorescence-
activated cell sorting. The open, slashed, and closed columns
denote the percentage of annexin V-positive, mouse C5a
receptor-positive, anddouble-positive cells, respectively. Values
are mean� SD (three separate experiments with triplicate
samples were performed). B: Aliquots of the cultured cells were
fixed and stained with the same antibodies as used in (A), and

observed using the CLSM. Only NIH-wild-type cells are shown.
Magnification is �60. C: The clonal cells were cultured in
the presence of 0.25mMMnCl2. At denoted time points afterMn
II-loading, the mRNA fractions of cell aliquots were prepared,
and the semi-quantitative RT-PCR analysis was performed for
the C5a receptor using a specific primer pair as listed in Table I.
The left, center, and right lanes of each photo picture are NIH-
mock, NIH-wild-type and NIH-mutant clones, respectively.
D: The intensities of the gel bands were measured as Figure 2.
The open, hatched, and closed columns denote the relative
transcription level to the actin gene of the C5a gene in NIH-
mock, NIH-wild-type, andNIH-mutant, respectively. Values are
mean� SD (three separate experiments with triplicate samples
were performed).
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concentration of 10�6 M C5a reduced the cell-
death ratio of all of the clones down to about
45% (NIH-mock: 45.7� 3.7, NIH-wild-type:
49.4� 3.9, and NIH-mutant: 43.5� 7.8). The
protection againstMn II-induced cell-deathwas
confirmed to be due to apoptosis by the mor-
phologic characteristics (Fig. 7A). These results
indicate the presence of a C5a-mediated protec-

tion mechanism in Mn II-induced apoptosis in
NIH3T3 fibroblasts.

DISCUSSION

The current study has revealed the pro-
apoptotic function of cross-linked homo-dimers
or oligomers of RP S19 in Mn II-induced

Fig. 6. Inhibition of Mn II-induced apoptosis by anti-C5a
receptor antibody and C5a receptor antagonist. The clonal cells
were cultured in the simultaneous presence of 0.25 mM MnCl2
and 50 mg/ml of anti-mouse C5aR rat monoclonal antibody
(20/70) or of normal rat IgG for 48 h, respectively. A: The cells
on aliquot dishes were fixed and stained with Giemsa. The
left, center, and light lanes are NIH-mock, NIH-wild-type, and
NIH-mutant, respectively. The magnification is �100. B: The
total cells including detached ones in other aliquot dishes were,
respectively, collected, and the ratio of dead cells was counted
by the trypan-bluemethod. Theopen and closed columnsdenote
the cell samples cultured with the normal rat IgG and with the
anti-C5a receptor antibody, respectively. Values are mean� SD
(three separate experiments with triplicate samples were

performed). C: The clonal cells were, respectively, cultured for
48 h in three different conditions; in the presence of 10�6 M C5a
receptor antagonist (NMePhe-Lys-Pro-dCha-dCha-dArg), in the
presence of 0.25 mM MnCl2, and the simultaneous of the
antagonist and MnCl2. The cells on aliquot dishes were fixed
and stained with Giemsa. The left, center, and right lanes are
NIH-mock, NIH-wild-type, and NIH-mutant, respectively. The
magnification is �100. D: The total cells including detached
ones in other aliquot dishes were, respectively, collected, and
the ratio of dead cells was counted by the trypan blue method.
The open, slashed, and closed columns denote the cell samples
cultured with the antagonist, with MnCl2, and together with the
antagonist andMnCl2, respectively. Values aremean� SD (three
separate experiments with triplicate samples were performed).
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apoptosis of NIH3T3 cells. This has been de-
monstrated by (1) the reduction of the sensi-
tivity of NIH3T3 cells to the metal-induced
apoptosis by the replacement of onemonomer of
RP S19 with its Gln137Asn mutant (Fig. 3)
which is not capable of being cross-linked by the
transglutaminase-catalyzed reaction [Nishiura
et al., 1998]; (2) the inhibition of this reduction
by the addition of RP S19 dimer to the medium
(Fig. 4); and (3) the reduction of the apoptosis
rate down to about 40% by the presence of anti-
RP S19 rabbit IgG (Fig. 4). In metal-induced
apoptosis, the RP S19 dimer is formed and re-
leased by the apoptotic cells (Fig. 4), and it pro-
motes further apoptosis in an autocrine fashion.
To the best of our knowledge, this is the first
report on a pro-apoptotic function of a ribosomal
component.
In the present study, we used human RP S19

and its antibodies on mouse fibroblastic cells.
In the case of RP S19, we do not have to worry
about the species difference because the amino
acid sequence of this molecule is highly con-
served among mammalian species. Only one
amino acid residue differs between human and
mouse or rat molecules (Met88 in human is
Arg88 in themouse and the rat); similarly, there
is no difference between human and guinea pig
molecules [Umeda et al., 2004].
In a separate study, we have demonstrated

the participation of the RP S19 dimer in the
clearance of apoptotic cells by macrophages.

In this case, the RP S19 dimer released by the
apoptotic cells recruits circulatingmonocytes in
a paracrine fashion.Wepropose that theRPS19
dimer, therefore, has two different roles in the
apoptotic process.

Our study has also revealed that the pro-
apoptotic effect of the RP S19 dimer is mediated
by the C5a receptor. This has been demonstrat-
ed by: (1) treatment with the anti-mouse C5a
receptor monoclonal antibody or with the C5a
receptor antagonist (Fig. 6) causes the reduc-
tion of metal-induced apoptosis to 40%; (2) by
the increased expression of the C5a receptor on
the cell surface concomitant with the surface
exposure of phosphatidylserine during apopto-
sis (Fig. 5).

Interestingly, the C5a receptor-mediated
augmentation of metal-induced apoptosis was
not reproduced by C5a itself. In fact, C5a in-
hibited this apoptosis (Fig. 7), probably due to
a competition with the RP S19 dimer for C5a
receptor occupation.

The induction of neuronal cell death in vitro
was reported by Farkas et al. [1998]. In their
experiments, TGWhumanneuroblastoma cells,
which bear a C5a receptor, were exposed to an
oligomeric form of a C5a fragment (amino acids:
37–53) peptide. Although the ligand used in
their experiments was an artificial oligomeric
peptide, DNA fragmentation of the exposed
cells was clearly demonstrated morphologi-
cally using TdT-mediated dUTP-biotin nick

Fig. 7. Effect of C5a on Mn II-induced apoptosis. The clonal
cells were treated with 0.25 mM MnCl2 in the simultaneous
presence or absence of 10�6Mmouse C5a for 48 h, respectively.
A: The cells on aliquot dishes were fixed and stained with
Giemsa. The left, center, and right lanes are NIH-mock, NIH-
wild-type, and NIH-mutant, respectively. The magnification is

�100. B: The total cells including detached ones in other aliquot
dishes were, respectively, collected, and the ratio of dead cells
was counted by the trypan-blue method. The open and closed
columns denote the cell samples cultured without or with C5a,
respectively. Values are mean� SD (two separate experiments
with triplicate samples were performed).
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end-labeling method. Taken together with the
results presented in this paper, this indicates
that the C5a receptor could play a role in the
promotion of apoptosis under some circum-
stances, even though the C5a receptor does not
have the death domain expressed by the pro-
apoptotic receptors such as the tumor necrosis
factor receptor. More recently, Farkas et al.
[2003] have demonstrated the C5a receptor-
mediated apoptosis of rat cortical pyramidal
neurons. They emphasized the participation of
the C5a receptor-mediated neurodegeneration
in Alzheimer’s disease, because the C5a recep-
tor was detected on human pyramidal cells of
the hippocampus and cortex and granular cells
of the hippocampus, and the receptor was not
detected in cases of Alzheimer’s disease. RP S19
dimer is a candidate for the apoptotic ligand for
the neuronal C5a receptor, because apoptosis
couldnot be inducedwhenC5awasused instead
of the oligomeric C5a fragment peptide. As in
our present study, C5a did not induce apoptosis
when binding to the C5a receptor.

In our current study, the C5a receptor mRNA
was found to be constitutively expressed only at
a low level in NIH3T3 fibroblastic cells, but was
enhanced by Mn II treatment. On the other
hand, fibroblasts that expressed the C5a recep-
tor at high levels on their surface have been
demonstrated in the rheumatoid arthritis syno-
vial lesion [Neumann et al., 2002]. Because the
RPS19dimer is present in the synovial lesion, it
is likely that C5a receptor-mediated apoptosis
of fibroblasts occurs in the synovial lesion.

In the present study, we have demonstrat-
ed that the RP S19 dimer-C5a receptor system
doubled the Mn II-induced apoptosis rate. The
basic apoptotic mechanism appears independ-
ent to the augmentation system in Mn II-
induced apoptosis. Oubrahim et al. [2002] have
recently reported on the intracellular execu-
ting mechanism of Mn II-induced apoptosis
in NIH3T3 cells. They emphasized that the
mechanism was non-mitochondria-mediated
but was m-calpain-mediated at least in part:
Mn II replaces calcium (II) in the activation of
m-calpain, which in turn activates caspase-12
and degrades Bcl-xL, and caspase-3 is finally
activated by activated caspase-12. Because they
did not notice the augmentation mechanism
presently shown at that time, we do not know
whether their proposed mechanism is opera-
tional in theMn II-induced apoptosis ofNIH3T3
cells.
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