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It has been shown previously that ribosomal protein S3 (rpS3)
has an endonuclease activity, which is increased by protein
kinase C� (PKC�)-dependent phosphorylation. However, the
reciprocal mechanism for rpS3 dephosphorylation is not
known. In this study, we examined phosphatases involved in
rpS3 dephosphorylation, and we determined that rpS3 is specif-
ically dephosphorylated by protein phosphatase 2A (PP2A). By
immunoprecipitation assay, rpS3 only interacted with PP2Ac
but not with protein phosphatase 1. The interaction between
rpS3 and PP2Ac occurred only in the nuclear fraction. More-
over, the PP2Ac association with rpS3 was identified in cells
transfected with wild-type rpS3 but not with mutant rpS3 lack-
ing PKC� phosphorylation sites. PP2A inhibition using okadaic
acid induced rpS3phosphorylation.The level of phosphorylated
rpS3 in cells was decreased by the overexpression of PP2Ac and
was increased by the down-regulation of PP2Ac. Taken
together, these results suggest that oxidative stress regulates the
phosphorylation status of nonribosomal rpS3 by both activating
PKC� and blocking the PP2A interaction with rpS3.

Protein phosphatase 2A (PP2A)2 is a major serine/threonine
phosphatase that plays a variety of roles inmammalian cells (1).
The PP2A holoenzyme is composed of three subunits, includ-
ing a structural A subunit, a catalytic C subunit (PP2Ac), and
one of several B regulatory subunits. The heterodimeric PP2A
core enzyme, comprised of a C subunit and an A subunit, asso-
ciates with a wide variety of B regulatory subunits. To date, 15
genes for the B subunit have been identified in the human
genome (2), which regulate both the substrate specificity and
the localization of the PP2A holoenzyme (3–5). It has been
shown that PP2A hasmany interacting proteins containing sig-
naling molecules, including kinases (1, 2, 6). Therefore, PP2A
plays pivotal roles in many cellular processes, including tran-

scription (7–9), translation (10), the cell cycle (11–13), and
transformation (14–16).
Ribosomal protein S3 (rpS3) is a component of the 40 S small

ribosomal subunit and therefore is associated with protein syn-
thesis. However, it also has been determined that rpS3 is a mul-
tifunctional protein involved in DNA repair, transcription,
metastasis, and apoptosis (17–22). In conjunction with its mul-
tiple functions, there are many signaling molecules or modifi-
cations that have effects on rpS3 function. To date, although no
clear correlation has been found between these modifications
and rpS3 function, it has been determined that rpS3 is post-
translationally modified, including by phosphorylation, neddy-
lation, sumoylation, and ubiquitination (22–28). Among these,
rpS3 phosphorylation in particular has been studied in con-
junction with the function of rpS3.
Extracellular signal-regulated kinase (ERK) interacts with

rpS3 and phosphorylates threonine 42 on rpS3 (23). Hrr25-de-
pendent phosphorylation of rpS3 affects the stable integration
of rpS3 into the pre-40 S subunit and the maturation of 40 S
ribosomal subunits in yeast (24). A similar situation has also
been observed in mammalian cells where rpS3 is phosphoryla-
ted by PKC�, and the phosphorylated form of rpS3 is only
detected in the nonribosomal fraction (22).
In this study, we postulated that phosphorylated rpS3 was

dephosphorylated by a phosphatase in the nucleus to be incor-
porated into the 40 S ribosomal subunit. We determined that
PP2Ac interacted with the N terminus of nonribosomal rpS3 in
the nucleus. Moreover, we found that PKC�-dependent phos-
phorylation sites on rpS3 were involved in the interaction
between them. These results indicate that the phosphorylation
status of rpS3 is regulated by both PKC� and PP2A.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against GFP, GST, poly(ADP-ribose)
polymerase, RACK1, B55�, and JNKwere fromSantaCruz Bio-
technology (Santa Cruz, CA). Tubulin and FLAG antibodies
were fromSigma. PP1/PP2AToolbox (catalog number 17-301),
PP2Ac, and PP6 antibody were from Upstate Biotechnology,
Inc. (Lake Placid, NY); phospho-serine/threonine antibody was
from BD Transduction Laboratories, and rpS3 antibody was
from BioInstitute (Korea University, Seoul, South Korea). ECL
reagents were purchased fromPierce, and protein A-Sepharose
was purchased from Roche Applied Science. H2O2 was pur-
chased from Sigma. Ara-C, U0126, PD98059, rottlerin, and
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okadaic acid were from Calbiochem, and glutathione-Sepha-
rose 4B was from Amersham Biosciences.
Cell Culture and Transfection—HEK293T, NIH3T3, and

HT1080 cells were maintained in Dulbecco’s modified Eagle’s
medium (WelGENE Inc.) supplemented with 10% fetal bovine
serum (WelGENE Inc.), 100 units/ml penicillin, and 100 �g/ml
streptomycin. Cells were transfected using Lipofectamine
(Invitrogen) according to the manufacturer’s instructions.
Immunoprecipitation and Immunoblotting—Cells were har-

vested and lysed on ice in TNN lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mMNaCl, 50 mMNaF, 1 mMNa3VO4, and protease
inhibitors 2 mM phenylmethylsulfonyl fluoride, 1 �g/ml apro-
tinin, 1 �g/ml leupeptin, 1 �g/ml pepstatin A). Clarified lysates
were incubated with 1–2 �g of the appropriate antibody for 2 h
followed by 25 �l of a 50% slurry of protein A-agarose (Roche
Applied Science) for 3–16 h at 4 °C. Precipitates were washed
three times, eluted with SDS sample buffer, and subjected to
SDS-PAGE.
For immunoblot analysis, proteins were separated by SDS-

PAGE and then transferred to a polyvinylidene difluoride (Mil-
lipore) or nitrocellulose (Bio-Rad) membrane. Membranes
were blocked with 5% nonfat dry milk for 1 h. Blots were incu-
batedwith primary antibody in blocking solution for 1 h at 4 °C.
Membranes were rinsed twice with TBST and incubated with
horseradish peroxidase-conjugated secondary antibody
(Chemicon) in blocking solution for 30 min. The bound com-
plex was visualized using the ECL system (Roche Applied
Science).
Metabolic Labeling—HT1080 cells were cultured in phos-

phate-free Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum (WelGENE Inc.). After 1 h at 37 °C, the
cells were labeled using the same medium containing 500
�Ci/ml [32P]orthophosphate (PerkinElmer Life Sciences) for
2 h. The cells were pretreated with 10 nM okadaic acid (OA) for
2 h and then followed by 20 �M Ara-C treatment for 30 min.
Labeling was stopped by washing the cells twice with ice-cold
phosphate-buffered saline. The cells were harvested and lysed
in 0.8 ml of TNN buffer containing protease inhibitors. Equal
amounts of cell extracts were used for immunoprecipitation
analysis with rpS3 antibody. The immunoprecipitates were
washed with lysis buffer four times and subjected to SDS-
PAGE. After the gel was dried, labeled proteins were visualized
with a BAS2500 imaging analyzer (Fujifilm, Tokyo, Japan). Par-
allel gels were immunoblotted with rpS3 antibody to confirm
equal amounts of immunoprecipitated rpS3.
Nuclear/Cytosol Fractionation—Cell fractionation was per-

formed as described previously (22). For immunoprecipitation
of the nuclear fraction, a nuclear pellet was resuspended in
TNN buffer and mechanically disrupted by sonication. After
centrifugation, equal amounts of nuclear proteins were sub-
jected to immunoprecipitation with the indicated antibody.
Ribosome Fractionation—HT1080 cells were treatedwith the

indicated drugs, and ribosome fractionation and immunopre-
cipitation were performed as described previously (25).
RNA Interference—AccuTargetTM human PP2Ac (1120864),

PP1 (1120564), PP6 (1121117), PKC� (1121871), and negative
control siRNA (SN-1013) were purchased from Bioneer (Dae-
jeon, Korea). HT1080 cells were reverse-transfected using

LipofectamineTM RNAiMax (Invitrogen) according to the
manufacturer’s instructions.
In Vitro Dephosphorylation Assay—HT1080 cell extracts

were immunoprecipitated with PKC� antibody, after which
PKC� kinase assay was performed usingHis-rpS3 as a substrate
(22). To verify the specific phosphatase of rpS3, phosphorylated
His-rpS3 was mixed with PP1 (0.1 unit) or PP2A (0.05 unit) for
indicated times at 30 °C. Equal amounts of proteins were sepa-
rated by SDS-PAGE in 12% gels. After the gel was dried, labeled
proteins were visualized with a BAS2500 imaging analyzer
(Fujifilm, Tokyo, Japan).

RESULTS

Identification of the Interaction between rpS3 and PP2A in
Vivo—To determine the interaction of PP2Ac with rpS3, we
first used a co-immunoprecipitation assay using overexpressed
GFP-PP2Ac.HEK293T cells were transfectedwith either aGFP
or a GFP-PP2Ac plasmid and then immunoprecipitated with
GFP or rpS3 antibodies. As shown in Fig. 1A, an interaction
between rpS3 and GFP-PP2A was verified (lanes 4 and 6) but
not control GFP (lanes 3 and 5). We next investigated if this
interaction occurred between endogenous PP2Ac and rpS3.
We confirmed a specific interaction between endogenous pro-
teins in HT1080 cells (Fig. 1B). Conversely, rpS3 protein was
detected in immunoprecipitates derived from PP2Ac antibody
(Fig. 1C). We also tested whether rpS3 interacted with PP1, but
we detected no interaction between them by immunoprecipi-
tation assays (data not shown). These results indicate that rpS3
specifically interacts with PP2Ac in vivo. To expand our data,
we examined which regulatory B subunit specifically interacts
with rpS3. Even though there are many isoforms of the B sub-
unit, we testedwith B55� because this was purified as the sole B
subunit complexed with the PP2A C and A subunit in HT1080
cells (29). Fig. 1D shows that rpS3 was associated simulta-
neously with PP2Ac and B55�. These results suggest that rpS3
is a substrate of PP2A. Furthermore, we tested whether PP2A
actually dephosphorylates phosphorylated rpS3 through the in
vitro dephosphorylation assay. We first obtained phosphoryla-
ted His-rpS3 as a substrate from PKC� kinase assay. Equal
amounts of phosphorylated His-rpS3 were mixed with PP1 or
PP2A and incubated for the indicated times. Phosphorylation
level of rpS3 was time-dependently decreased only in the PP2A
mixture (Fig. 1E, upper panel) but not in the PP1 (Fig. 1E,mid-
dle panel). These data indicate that PP2A regulates the phos-
phorylation status of rpS3.
PP2A Interacts with N-terminal Region of rpS3—We tested

which region of rpS3 interacted with PP2Ac. For this we gener-
atedGST-fused rpS3 deletion constructs as described in Fig. 2A
(25). These GST fusion constructs were transfected into
HEK293T cells, and the binding of these rpS3 fragments to
PP2Ac was examined using GST pulldown assays. As expected,
PP2Acwas pulled downbywild-typeGST-rpS3 (Fig. 2B, lane 2)
but not by GST alone (Fig. 2B, lane 1). Additionally, PP2Ac was
also co-precipitated with the N terminus that contained GST-
rpS3 deletion constructs (Fig. 2B, lanes 3–5). This result clearly
indicates that the N terminus of rpS3 is essential for the inter-
action with PP2Ac.

PP2A Regulates rpS3 Phosphorylation
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Oxidative Stress Abrogates the Interaction between rpS3 and
PP2Ac in the Nucleus—In previous studies, we demonstrated
that rpS3 is phosphorylated by PKC� and that the phosphoryl-
ation of rpS3 was increased by treatment with DNA-damaging
agents, such as H2O2 andAra-C (22). Thus, we first tested if the
interaction between rpS3 and PP2Ac was affected by oxidative
stress. HT1080 cells were treatedwith 100�MH2O2 (Fig. 3A) or
10 �MAra-C (Fig. 3B) for different periods of time, followed by
immunoprecipitation assays using rpS3 antibody.We obtained
similar results using H2O2 and Ara-C treatments indicating
that the interaction between rpS3 and PP2Ac decreases in a
time-dependent manner (Fig. 3). This result is in a good agree-
ment with our previous results showing that rpS3 phosphoryl-
ation was increased by H2O2 and Ara-C (22). Next, we per-

formed a subcellular fractionation to explore the location of
this interaction in cells. HT1080 cells were treated with Ara-C
(Fig. 4A) or H2O2 (Fig. 4B) for the indicated times and then
fractionated into cytosol and nuclear fractions. Each fraction
was immunoprecipitated with rpS3 to examine the rpS3 inter-
action with PP2A. The interaction between rpS3 and PP2Awas
observed only in the nucleus (Fig. 4,A, lane 5, andB, lane 5), and

FIGURE 1. rpS3 interacts with PP2A. A, HEK293T cells were transfected with
pEGFPc1 or pEGFPc1-PP2Ac plasmids. Cell extracts (lanes 1 and 2) were immu-
noprecipitated (IP) using rpS3 (lanes 3 and 4) or GFP (lanes 5 and 6) antibodies,
and immunoprecipitated proteins were resolved by 10% SDS-PAGE and
immunoblotted (IB) using the indicated antibodies. B, HT1080 cells were
lysed, and extracts were immunoprecipitated with rabbit IgG (lane 3) or rpS3
antibody (lane 4). Cell extracts (lanes 1 and 2) and precipitated proteins (lanes
3 and 4) were resolved and immunoblotted with the indicated antibodies.
C, HT1080 cell lysates were immunoprecipitated with mouse IgG or PP2Ac
antibody, and proteins were detected using the indicated antibodies.
D, HT1080 cells were lysed and extracts were immunoprecipitated with rabbit
IgG (rIgG) or rpS3 antibody. Immunoprecipitates were resolved and immuno-
blotted with the indicated antibodies. E, PKC� kinase assay was performed
with purified His-rpS3 to make the phosphorylated form of rpS3 as described
under “Experimental Procedures.” Phosphorylated His-rpS3 was incubated
with PP2A (upper panel) or PP1 (middle panel) for the indicated times at 30 °C.
Coomassie staining shows the equal amounts of His-rpS3 substrates (lower
panel). Numbers indicate relative fold decrease of phosphorylated His-rpS3
compared with the control in the absence of phosphatase.

FIGURE 2. N-terminal domain of rpS3 interacts with PP2Ac. A, schematic
representation of GST-rpS3 deletion constructs. The numbers indicate amino
acid (a.a) positions in rpS3. B, HEK293T cells were transiently transfected with
GST or GST-rpS3 deletion mutants as described in A. After 24 h, cells were
lysed, and extracts were pulled down with glutathione-Sepharose beads. Iso-
lated GST fusion proteins were resolved by 10% SDS-PAGE and immuno-
blotted (IB) with PP2Ac and rpS3 antibodies. Open arrowheads indicate the
positions of GST and GST-rpS3 constructs and GST, respectively. WT, wild
type.

FIGURE 3. Interaction between rpS3 and PP2Ac is decreased by H2O2 or
Ara-C treatment. A and B, HT1080 cells were treated with 100 �M H2O2 (A) or
10 �M Ara-C (B) for the indicated times, and extracts were immunoprecipi-
tated (IP) with rpS3 antibody. rpS3 immunoprecipitates were resolved by 10%
SDS-PAGE and immunoblotted (IB) with rpS3 and PP2Ac antibodies (upper
panel in A and B). Equal amounts of protein were used for immunoprecipita-
tion (lower panel in A and B).
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this was decreased by Ara-C or H2O2 treatment (Fig. 4,A, lanes
6–8, and B, lanes 6–8). This result was predicted, as we
reported previously that rpS3 phosphorylation is promoted by
oxidative stress and that phosphorylated rpS3was accumulated
in the nucleus (22). Accordingly, these results suggest that the
phosphorylated form of rpS3 associates with PP2A in the
nucleus. We also confirmed that the all constructs used in this
study are localized both in the cytosol and nuclear fraction
(supplemental Fig. 1).
Okadaic Acid Prevents the PP2A Interaction with rpS3—We

next tested the effects of OA, a specific inhibitor of PP2A, on
the PP2Ac association with rpS3. HT1080 or NIH3T3 cells
were treated with 1 or 10 nM OA for 1 h, and then cell extracts
were immunoprecipitated with rpS3 antibody. This showed
that treatment with 10 nM OA significantly reduced the inter-
action between the two proteins in both cell lines (Fig. 5A, lanes
3 and 6).We also examined the interaction using a combination
of Ara-C and OA. HT1080 cells were pretreated with or with-
out 20 nM OA for 1 h and were then stimulated with Ara-C as

described in Fig. 5B. As shownpreviously, Ara-C attenuated the
rpS3-PP2A interaction (Fig. 5B, lane 2). Moreover, combined
stimulation with OA and Ara-C showed greater disruption of
the interaction comparedwithAra-C alone (Fig. 5B, lane 3).We
obtained the same results for NIH3T3 cells (Fig. 5C). These
findings suggest that the phosphatase activity of PP2A is neces-
sary for the association with rpS3.
PP2A Is a Specific Phosphatase Regulating rpS3 Phosphoryl-

ation Status—In the previous data, we used OA as a specific
inhibitor of PP2A. To strengthen our data, we tested other OA-
sensitive phosphatases using siRNAs. HT1080 cells were trans-
fected with siRNAs for control, PP1, PP2Ac, and PP6, respec-
tively. As shown in Fig. 5D, rpS3 phosphorylationwas increased
only in the PP2Ac knockdown cells (Fig. 5D, lane 3). This result
indicates that PP2A is a sole phosphatasemodulating the phos-
phorylation status of rpS3.
Implications of PP2A Phosphatase Activity for Phosphoryl-

ated rpS3 Levels—We previously verified that the interaction
between rpS3 and PP2A was decreased by OA treatment.
Therefore, we tested rpS3 phosphorylation under this condi-
tion. HT1080 and NIH3T3 cells were treated with OA for 3 h,
and then rpS3 phosphorylation was determined using rpS3
immunoprecipitates. As shown in Fig. 6A, increased phospho-
rylation was detected in both of the OA-treated cell lines. To
explore a connection with previous results that used genotox-
ins, we stimulated HT1080 or NIH3T3 cells with Ara-C in the
presence or absence ofOApretreatment. rpS3 phosphorylation
was not only increased by Ara-C treatment (Fig. 6, B, 2nd lane,

FIGURE 4. rpS3 interacts with PP2Ac in the nucleus. A and B, HT1080 cells
were treated with 10 �M Ara-C (A) or 100 �M H2O2 (B) for the indicated times.
Cells were fractionated into cytosol and nuclear fractions as described under
“Experimental Procedures.” Equal amounts of fractionated proteins were
immunoprecipitated (IP) with rpS3 antibody. Fractionated cell extracts (lower
panel) and immunoprecipitates (upper panel) were resolved by 10% SDS-
PAGE and subjected to immunoblotting (IB) with the indicated antibodies.
Tubulin was used as a cytosolic marker and poly(ADP-ribose) polymerase
(PARP) as a nuclear marker to estimate both correct fractionation and
normalization.

FIGURE 5. PP2Ac activity is critical for the association with rpS3. A, HT1080
(lanes 1–3) and NIH3T3 (lanes 4 – 6) cells were treated with OA for 1 h. The cells
were lysed, and extracts were immunoprecipitated (IP) with rpS3 antibody.
Cell extracts (lower panel and lane 7) and rpS3 immunoprecipitates (upper
panel) were immunoblotted (IB) with PP2Ac and rpS3 antibodies. B and C,
HT1080 (B) or NIH3T3 (C) cells were pretreated with OA for 3 h followed by
Ara-C (10 �M) treatment for 30 min. Cell extracts were immunoprecipitated
with rpS3 antibody. Immunoprecipitates were resolved and subjected to
immunoblotting with rpS3 and PP2Ac antibodies. D, HT1080 cells were trans-
fected with siRNAs against control (Con), PP1, PP2Ac, or PP6. After 48 h, cells
were lysed, and extracts were immunoprecipitated with rpS3 antibody.
Immunoprecipitates and cell extracts were resolved and subjected to immu-
noblotting with the indicated antibodies.
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and C, 2nd lane) but also increased
to a greater extent by OA pretreat-
ment than by Ara-C alone (Fig. 6, B,
3rd and 4th lanes, and C, 3rd lane).
These results suggest that PP2A
regulates the level of rpS3 phos-
phorylation. To strengthen these
results, we transfectedHT1080 cells
with either a GFP or a GFP-PP2Ac
expression plasmid to observe the
effects on rpS3 phosphorylation
after Ara-C (Fig. 6D) and H2O2 (Fig.
6E) treatments. We obtained the
same results using both Ara-C and
H2O2. Both agents promoted rpS3
phosphorylation in cells that
expressed GFP (Fig. 6, D and E, 2nd
lanes), but therewas no induction in
cells expressing GFP-PP2Ac (Fig. 6,
D and E, 4th lanes). To explore a
possible reciprocal relationship, we
examined rpS3 phosphorylation in
PP2Ac knockdown cells using
siRNA. As shown in Fig. 6F, the
level of phosphorylated nuclear
rpS3 was increased by H2O2 (2nd
lane) or Ara-C treatment (4th
lane). Moreover, these phospho-
rylation levels were increased to a
greater extent in PP2Ac knock-
down cells (Fig. 6F, 3rd and 5th
lanes, respectively). This also con-
firmed previous reports that the
amounts of nuclear rpS3 are
increased by genotoxic stress (22,
30) indicating that PP2A regulates
the rpS3 phosphorylation status in

cells. We next performed metabolic labeling using [32P]phos-
phoric acid to confirm the previous results in vivo. Metaboli-
cally labeled cells were treated with Ara-C andOA as indicated,
and cell extracts were immunoprecipitated with rpS3 antibody.
As expected, rpS3 phosphorylation was induced by Ara-C or
OA treatment (Fig. 6G, 2nd and 4th lanes), and phosphoryla-
tion was synergistically increased in cells treated with a combi-
nation of OA and Ara-C (Fig. 6G, 3rd lane). Taken together,
these results clearly show that PP2A phosphatase activity reg-
ulates the phosphorylation level of rpS3.
PP2A Regulates the Phosphorylation Level of Nonribosomal

rpS3—We previously reported that phosphorylated rpS3 was
detected only in free nonribosomal rpS3 but not in ribosome-
associated rpS3 (22). Therefore, we tested if the interaction
between rpS3 and PP2Aoccurs in the supernatant fractionwith
existing phosphorylated rpS3. OA-treated or untreated
HT1080 cells were fractionated into ribosome fractions and
nonribosome fractions by ultracentrifugation as described
under “Experimental Procedures.” As shown in Fig. 7A, PP2A
was co-purified with rpS3 immunoprecipitates only in the sol-
uble fraction (Fig. 7A, lane 1). Moreover, the amounts of co-

FIGURE 6. Phosphorylation level of rpS3 is regulated by PP2A. A, HT1080 and NIH3T3 cells were treated
with 10 nM OA for 3 h. Cells were lysed, and extracts were immunoprecipitated (IP) with rpS3 antibody.
Immunoprecipitates were resolved by 10% SDS-PAGE and subjected to immunoblotting (IB) with the
indicated antibodies. B and C, HT1080 (B) and NIH3T3 (C) cells were pretreated with OA for 3 h followed by
Ara-C treatment for 30 min. D and E, HT1080 cells were transiently transfected with GFP or GFP-PP2Ac
plasmids. After 24 h, cells were treated with 20 �M Ara-C for 3 h (D) or 100 �M H2O2 for 1 h (E). Cell extracts
were immunoprecipitated with rpS3 antibody, and rpS3 immunoprecipitates were resolved by 10% SDS-
PAGE and subjected to immunoblotting with phospho-Ser/Thr antibody. F, HT1080 cells were transfected
with control (Con) siRNAs or siRNAs against PP2Ac. After 48 h, cells were stimulated with 100 �M H2O2 or
10 �M Ara-C for 30 min as indicated. Nuclear extracts were immunoprecipitated with rpS3 antibody.
Immunoprecipitates (upper panel) and nuclear extracts (lower panel) were resolved and subjected to
immunoblotting with the indicated antibodies. Ku70 protein was used as a loading control for the nuclear
fraction. G, HT1080 cells were metabolically labeled with [32P]orthophosphate for 2 h. Cells were pre-
treated with 10 nM OA for 2 h followed by 20 �M Ara-C treatment for 30 min. The labeled rpS3 proteins
were immunoprecipitated with rpS3 antibody, resolved by 10% SDS-PAGE, and analyzed by autoradiog-
raphy and immunoblot analysis.

FIGURE 7. Nonribosomal rpS3 is regulated by PP2Ac. A, HT1080 cells were
treated with 10 nM OA for 3 h. Cell extracts were fractionated with nonribo-
somal soluble (S) and ribosomal pellet fractions (P) using ultracentrifugation
as described under “Experimental Procedures.” Each fraction was immuno-
precipitated with rpS3 antibody. B, HT1080 cells were treated with 10 nM OA
for 3 h followed by 10 �M Ara-C treatment for 30 min. Fractionated samples,
nonribosomal (S) and ribosomal pellet fractions (P), were immunoprecipi-
tated with rpS3 antibody (upper panel). Immunoprecipitates were resolved
and immunoblotted (IB) with the indicated antibodies. RACK1 and JNK were
used as ribosomal and nonribosomal fraction markers, respectively.
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purified PP2A were significantly decreased in OA-treated cells
(Fig. 7A, lane 3). These results suggest that PP2A interacts with
nonribosomal free rpS3 and that OA abrogates the interaction.
Subsequently, we examined rpS3 phosphorylation in the non-
ribosomal fraction. HT1080 cells were treated with Ara-C in
the presence or absence of OA pretreatment, and then cell
extracts were fractionated into a ribosomal pellet and a super-
natant fraction as in Fig. 7A. The phosphorylation level of rpS3
was examined using rpS3 immunoprecipitates. As in our previ-
ous report (22), rpS3 phosphorylation was detected only in the
nonribosomal fraction (Fig. 7B, lane 1) and was increased by
Ara-C treatment (Fig. 7B, lane 3). Furthermore, a large increase
in rpS3 phosphorylationwas observed in cells treatedwith both
Ara-C and OA (Fig. 7B, lane 5). These results show that PP2A

regulates the level of phosphoryla-
ted rpS3 through an interaction
with nonribosomal free rpS3 but
not with ribosome-associated rpS3.
PKC�-dependent Phosphorylation

on rpS3 Is Critical for the Interac-
tion between rpS3 and PP2A—
Based on our previous and current
results, the phosphorylation status
of rpS3 appears to be bi-direction-
ally regulated by PKC� and PP2A.
To confirm this supposition,
HT1080 cells were treated with
inhibitors for MEK (U0126 and
PD98059) or PKC� (rottlerin). The
result showed that the phosphoryl-
ation status of rpS3 is decreased by
the PKC� inhibitor but not by the
MEK inhibitors. Furthermore, asso-
ciation of PP2A with rpS3 also
decreased only in the rottlerin-
treated cells (Fig. 8A). We next used
PKC� siRNA to confirm the previ-
ous result. Control or PKC� siRNA-
transfected HT1080 cells were
untreated or treated with PMA.
PMA induced the level of rpS3
phosphorylation in control cells
(Fig. 8B, 3rd lane) compared with
untreated cells (Fig. 8B, 1st lane).
However, PKC� knockdown cells
showed a remarkable decrease of
rpS3 phosphorylation (Fig. 8B, 2nd
and 4th lanes). Therefore, the phos-
phorylation status of rpS3 appears
to be correlated with PP2A interac-
tion. PP2A-rpS3 interaction was
decreased by PKC� down-regula-
tion (Fig. 8B, compare 1st with 2nd
lane) and decreased more by PMA
treatment (Fig. 8B, 3rd and 4th
lanes), suggesting that stress-in-
duced rpS3 phosphorylation is
increased both by PKC� activation

and PP2A dissociation. These results indicate that the level of
phosphorylated rpS3 is regulated not only by PKC�-dependent
phosphorylation but also PP2A accessibility. Next, we tested
whether PKC�-dependent phosphorylation sites affect the
interaction between these two proteins using immunoprecipi-
tation assay. As shown in Fig. 8C, PP2A interacted only with
wild-type FLAG-rpS3 but not with mutant FLAG-rpS3
(S6A,T221A). Subsequently, we tested if this interaction was
affected by H2O2 treatment. Wild-type or mutant FLAG-rpS3-
transfected HT1080 cells were treated with or without H2O2,
and then cell extracts were immunoprecipitated with FLAG
antibody. We clearly reconfirmed that PP2A only interacted
withwild-type FLAG-rpS3 (Fig. 8D, 8th lane) and that the PP2A
interaction with FLAG-rpS3 was interrupted by H2O2 treat-

FIGURE 8. PKC�-dependent phosphorylation sites on rpS3 are critical for the interaction with PP2Ac.
A, HT1080 cells were untreated or treated with inhibitors against MEK (PD98059 and U0126) or PKC� (rottlerin)
for 3 h. Cell extracts were immunoprecipitated (IP) with rpS3 antibody. B, HT1080 cells were transfected with
control (Con) or PKC� siRNAs. After 48 h, cells were treated with PMA (100 ng/ml) for 30 min. Cell extracts and
rpS3 immunoprecipitates were resolved by 10% SDS-PAGE and immunoblotted (IB) with the indicated anti-
bodies. C, HEK293T cells were transfected with FLAG vector, FLAG-tagged rpS3 wild-type (WT), or S6A/T221A
double point mutant (MT). After 24 h, cells were lysed, and extracts were immunoprecipitated with PP2Ac
monoclonal antibody. PP2Ac immunoprecipitates were resolved by 10% SDS-PAGE and immunoblotted with
FLAG and PP2Ac antibodies. D, HEK293T cells were transfected with FLAG (lanes 1 and 4), FLAG-rpS3 wild-type
(lanes 2 and 5), or double point mutant (lanes 3 and 6). After 24 h, cells were treated with H2O2 (250 �M) for 1 h
(lanes 4 – 6). Cell extracts were immunoprecipitated with FLAG antibody (lanes 7–12). Cell lysates (lanes 1– 6)
and immunoprecipitates (lanes 7–12) were resolved by 10% SDS-PAGE and immunoblotted with the indicated
antibodies.
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ment (Fig. 8D, 11th lane). These results indicate that the PKC�
phosphorylation sites on rpS3 are required for interaction with
PP2A and that both PKC� and PP2A regulate the status of rpS3
phosphorylation.

DISCUSSION

We previously reported that PKC� phosphorylated two res-
idues on rpS3, serine 6 and threonine 221, and that this phos-
phorylation was only detected in nonribosomal rpS3 and not in
ribosome-associated rpS3 (22). Therefore, we reported that the
rpS3 function between the ribosomal component and the extra-
ribosomal protein was regulated by its phosphorylation status.
These results indicated that there would be a phosphatase that
negatively regulates the endonuclease activity of rpS3 function.
We have confirmed that the phosphatase is PP2A in this study.
We initially identified an interaction between rpS3 and the

catalytic C subunit of the PP2A complex. Then we also verified
that rpS3 is associated with B55�, a regulatory B subunit of the
PP2A holoenzyme (Fig. 1D). Although we did not certify the
association of PP2A A subunit in this study, rpS3 appears to be
a novel substrate of PP2A.
As described previously, there are three major classes of reg-

ulatory B subunits, including B/PR55, B�/PR61, and B�/PR72,
and each of these subunits has several isoforms (31, 32). These
different B subunits regulate the enzyme activity, localization,
and substrate specificity of PP2A (33–36). Consequently, we
can conclude from our previous results that the PP2A-depend-
ent regulation of rpS3 influences the enzyme activity of rpS3
(22).
Further experiments strengthened our results that the status

of phosphorylated rpS3 is bidirectionally regulated by PKC�
and PP2A. The basal increment of rpS3 phosphorylation was
induced only in the PP2A siRNA-treated cells (Fig. 5D).We also
demonstrated by using the in vitro dephosphorylation assay
that PP2A specifically dephosphorylates rpS3 (Fig. 1E). Collec-
tively, these results indicate that PP2A is the only phosphatase
for rpS3 dephosphorylation.
It has been previously been shown that PP2A generally inter-

acted with a phosphorylated form rather than an intact form of
target proteins to induce its dephosphorylation (37–40). We
identified that PP2A interacts with wild-type rpS3, but not with
mutants (S6A/T221A) (Fig. 8), and that it associates with the
N-terminal region of rpS3 (Fig. 2). From our results presented
here, we conclude that PP2A is involved in the dephospho-
rylation of phosphorylated rpS3 by PKC�, and that serine 6
on the N-terminal region of rpS3 appears to mediate the
PP2A recruitment.
In our previous report, we demonstrated that the phospho-

rylated form of rpS3 was increased and accumulated in the
nucleus under oxidative stress conditions (22). These results
perfectly coincide with the present results. We demonstrated
that rpS3 interacted with PP2A only in the nucleus and not in
the cytoplasm (Fig. 4). Moreover, the interaction between rpS3
andPP2A in the nucleuswas abrogated byH2O2 orAra-C treat-
ment. Although the effects of reactive oxygen species on PP2A
activity are not precisely known, some reports indicate that
reactive oxygen species, such as H2O2, inhibits the serine/thre-
onine phosphatase activity, including PP2A (41–45). There-

fore, it can be collectively explained that incremental changes of
nuclear rpS3 phosphorylation are due both to PKC� activation
and PP2A inactivation, which induces PP2A dissociation from
rpS3 in the nucleus during oxidative stress.
Moreover, we also usedPMAto activate PKC� in Fig. 8B. The

result showed that rpS3 phosphorylation is increased by PMA,
and the interaction between rpS3 andPP2A is decreased in cells
transfected with control siRNA (Fig. 8B, 1st and 3rd lanes).
Although there was no direct evidence for PMA-dependent
inactivation of PP2A, we identified two possibilities from pre-
vious reports. One is the PP2Ac regulatory proteins, such as
IEX-1 or SET, which suppress PP2Ac activity by PMA treat-
ment (46, 47). The other is a PP2Ac phosphorylation at Tyr-
307, which inactivates PP2A phosphatase activity (48, 49). It
was previously reported that this phosphorylation is mediated
by p60v-Src, p56Lck, or JAK, and these kinases are activated by
PMA treatment (32, 47, 48, 50). Therefore, we tested whether
the tyrosine phosphorylation of PP2Ac is affected by PMA
treatment, and we identified an increased tyrosine phosphoryl-
ation in PMA-treated cells (supplemental Figs. 2 and 3).
In this study, we demonstrated that PP2A interacted with

rpS3 and regulated the phosphorylation status of rpS3. This
interaction occurred only in the nucleus, and it was
decreased under conditions of oxidative stress. Further-
more, we confirmed that PP2A interacted with wild-type
FLAG-rpS3 but not with mutant FLAG-rpS3 (S6A/T221A).
The interaction was abrogated by OA treatment, indicating
that active PP2A interacted with the N-terminal region of
rpS3 in the nucleus. Taken together, our results show that
the phosphorylation status of rpS3 is regulated reciprocally
by PP2A and PKC� in cells (Fig. 9).
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