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Abstract

There is an increasing interest in determining the role of ribosomal proteins (RPs) in the regulation
of MDMZ2-p53 pathway in coordinating cellular response to stress. Herein, we report a novel
regulatory role of ribosomal protein S25 (RPS25) in MDM2-mediated p53 degradation and a
feedback regulation of S25 by p53. We demonstrated that S25 interacted with MDM2 and
inhibited its E3 ligase activity, resulting in the reduction of MDM2-mediated p53 ubiquitination
and the stabilization and activation of p53. S25, MDM2 and p53 formed a ternary complex
following ribosomal stress. The nucleolar localization and MDM2-binding domains of S25 were
critical for its role in MDM2-mediated p53 regulation. Knockdown of S25 by siRNA attenuated
the induction and activation of p53 following ribosomal stress. S25 stabilized and cooperated with
MDMX to regulate MDM2 E3 ligase activity. Furthermore, S25 was identified to be a
transcriptional target of p53;p53 directly bound to S25 promoter and suppressed S25 expression.
Our results suggest that there is a S25-MDM2-p53 regulatory feedback loop, which may have an
important role in cancer development and progression.
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INTRODUCTION

The tumor suppressor p53 protects cells from transformation and tumorigenesis by
activating the transcriptional expression of many genes whose protein products induce cell
growth arrest, apoptosis or senescence in response to stress signals.l MDM2 negatively
regulates p53 by inhibiting its transcriptional activity and promoting its ubiquitination and
degradation.2~* MdamzZitself is a transcriptional target of p53 and deletion of p53gene
completely rescues the lethality of mam2knockout mice.>6 Thus, MDM2 forms an
autoregulatory feedback loop with p53 to regulate cellular homeostasis.” Cytotoxic and
genotoxic stressors induce modifications of both p53 and MDMZ2 proteins, which uncouple
the MDM2-p53 interaction to stabilize and activate p53.8:9 Moreover, MDM2 is able to
interact with other proteins independent of p53, thereby contributing to cellular responses to
different stimuli.10

Disturbing ribosomal biogenesis triggers ribosomal stress (also called as nucleolar stress).
Emerging evidence have revealed that p53 also has a crucial role in mediating the cellular
response to ribosomal stress. Ribosomal proteins (RPs) are believed to have extraribosomal
functions and participate in a surveillance network for cell growth, division and apoptosis.1!
Studies over the past decade have established a critical role for RPs in mediating p53
signaling in response to ribosomal stress. A group of RPs has been revealed as the regulator
of p53 in response to ribosomal stress.12-22 Disruption of ribosomal RNA synthesis,
processing and RP imbalance activates p53 by increasing the interactions between RPs and
MDM2.19.23.24 Knockdown of certain RPs including L5, L11 and S7 attenuates p53
signaling after ribosomal stress, indicating that these RPs have a non-redundant role in
ribosomal stress-induced p53 activation. Ribosomal protein L26 has previously been
demonstrated to increase the translation of p53 mRNA by binding to its 5’ untranslated
region.25 Further studies reveal that L26 also inhibits the MDM2-mediated ubiquitination of
p53, and the MDM2-mediated ubiquitination and degradation of L26 decreased p53
translation,28 suggesting that RPs employ similar but not the same mechanisms to regulate
p53. Several RPs including S7,22 $27L.21 and $27a20 have been demonstrated as the
substrate of MDM2, indicating the mutual regulation between RPs and MDMZ2. In addition,
it has been demonstrated that cancer-associated mutation in the MDM2 zinc finger domain
(MDM2C305F) disrupts the interaction between ribosomal protein L11 and MDM2, resulting
in the escape from L11-mediated negative regulation.2’ Further study in transgenic mice has
revealed that disruption of the RP—MDMZ2 interaction attenuates the p53-mediated response
to ribosomal stress, and accelerates c-MY C-induced lympho-magenesis.28

The role of RPs in p53 regulation has not been completely understood. Zhang and Lu?®
suggest there may be a common RPs—MDM2-p53 pathway involved in coordinating the
inhibition of cell growth with cell-cycle arrest and apoptosis. Several RPs (L5, L11, L23,
L26, S7, S27a and S27L) have been reported to regulate the MDM2—-p53 pathway, but some
RPs (L29, L30 and S12) do not bind to MDM2 and do not inhibit MDM2-mediated p53
degradation.20 We have been interested in studying the mechanism of MDM2—p53
interaction and have identified several novel MDMZ2-interacting proteins, including
ribosomal protein S7,13 PA28y30 and RYBP (RING1- and Y'Y1-binding protein).3! In a
yeast two-hybrid screening for novel MDM2-interacting proteins, we identified that human
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ribosomal protein S25 (RPS25) interacted with MDMZ2. The function of S25 has not been
fully elucidated. It may be involved in viral replication of Dicistroviridae and hepatitis C
viruses.32:33 525 s overexpressed in human leukemia cells exhibiting adriamycin resistance.
34 1t may have a role in p53-mediated apoptosis3® and cell-cycle arrest.3¢ However, the
mechanisms underlying these biological phenomena remain largely unknown.

In this study, we attempted to address the following questions: (1) Is the MDM2-mediated
p53 degradation regulated by S25? (2) Does S25 affect p53 functions? (3) Is MDMX
involved in the S25-MDM2-p53 interaction? and (4) Does p53 also regulate S25 expression?
We anticipated that these studies would provide a basis for the existence of the S25-
MDM2-p53 regulatory loop and shed lights on the role of S25 in human cancer
development and progression.

S25 interacts with MDM2

Following identification of S25 as a novel MDM2-interacting protein in our yeast two-
hybrid screening, we conducted several experiments to confirm the interaction between S25
and MDM2 in mammalian cells. First, ectopically expressed S25 bound to MDM2 in COS7
cells, as shown by co-immunoprecipitation (co-1P) and immunaoblotting (IB) assays (Figure
1a). The binding between endogenous S25 and MDM2 was demonstrated in A549 cells
(Figure 1b). We further revealed that the binding between S25 and MDM2 was direct by
using pull-down assays (Figure 1c). To determine the sites responsible for the binding
between S25 and MDM2, different deletion mutants of both S25 and MDM2 were cloned,
and co-IP assays were performed. Our results indicated that an S25 fragment (amino acids
42-93) was able to bind to MDM2 (Figure 1d1), and that the acidic domain of MDM?2
(amino acids 180-298) interacted with S25 (Figure 1d2; Supplementary Figure S1). S25 did
not directly bind to p53 but p53 was co-immunoprecipitated with S25 when MDM2 was co-
expressed (Figure 1e), indicating that S25 formed a ternary complex with p53 through
MDM2. We further examined the binding of S25, MDM2 and p53 after actinomycin D (Act
D) treatment and found that Act D increased the interactions of S25 with MDM2 and p53 in
HCT116 p53'"* cells (Figure 1f, left panel). We also demonstrated the enhanced binding
between MDM?2 and S25 in HCT116 p537~ cells after Act D treatment (Figure 1f, right
panel). Taken together, these results suggest that S25 directly interacts with MDM2 and
forms a complex with p53 in response to ribosomal stress.

S25 stabilizes and activates p53

Considering that MDM?2 is a negative regulator of p53, we hypothesized that S25 would
regulate p53 stability and function through MDM2-mediated mechanism. As shown in
Figure 2a, ectopic overexpression of S25 upregulated the level of endogenous p53 in several
cancer cell lines. The MDM?2 levels were also increased, independent of p53, as ectopic
expression of S25 increased MDM2 protein level in p53-negative HCT116 cells (Figure 2a).
To determine the effect of S25 on p53 localization, GFP-S25 was transfected into U20S
cells, followed by immunofluorescence staining with an anti-p53 antibody. As shown in
Figure 2b, S25 mainly resided in the nucleolus and overexpression of S25 increased nuclear
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accumulation of p53, while GFP resided in both the nuclear and cytoplasm and its
overexpression had minimal effects on p53 nuclear import. To determine whether S25 acts
on p53 and MDM2 at the post-translational level, S25 was overexpressed in HCT116 p53'*
and p537!~ cells, respectively, followed by exposure to the protein synthesis inhibitor
cycloheximide (CHX, 10 pg/ml) for various times. The p53 and MDM2 proteins were
stabilized in cells transfected with S25, compared with the cells transfected with the control
vector (Figures 2c1 and c2). To determine whether ectopic S25 affects MDM2 transcription,
we transfected HCT116 p53/* and HCT116 p537/~ cells with S25 vector and detected the
expression levels of MDM2 mRNA. As shown in Figure 2d, S25 overexpression upregulated
MDM2 mRNA level in HCT116 p53* but not in HCT116 p537/~ cells, indicating that
increased MDM2 mRNA is due to p53 activation and that S25 does not have direct effect on
MDM2 mRNA level.

To examine the consequences of p53 stabilization by S25, we transiently transfected HcT116
p531* cells with S25 and the p21*4 promoter luciferase reporter (an indicator of p53
activity), and the data showed that S25 increased the p21 luciferase activity in a dose-
dependent manner (Figure 2el). The activity of p21 luciferase was inhibited by
overexpressed MDM2, which was partially reversed by S25 co-transfection (Figure 2el). We
further confirmed that S25 overexpression increased p21 mRNA level and reversed MDM2-
mediated downregulation of p21 mRNA level (Figure 2e2). To determine the biological
significance of S25-mediated p53 transactivation, we transfected A549 (p53wt) and H1299
(053 null) cells with S25 and examined the cell-cycle distribution and apoptosis in the
transfected cells. As shown in Figures 2f and g, the overexpression of S25 induced G1-phase
arrest and increased apoptosis in A549 cells, but not in H1299 cells. Ectopic expression of
S25 inhibited cell proliferation in HCT116 p53*/* but not in HCT116 p53/~ cells (Figure
2h).

Nucleolar localization and MDM2-binding domains of S25 are critical for p53 regulation

We identified that the nucleolar location signal sequence was in the N terminus of S25 using
a set of S25 deletion mutants (Figure 3a). With the deletion of amino-acid residues 1-41, the
GFP fusion protein was not shown in the nucleus (Figure 3b). To determine the role of S25
nucleolar location in stabilizing p53, MdmZ2'~p537~ mouse embryonic fibroblast (MEF)
cells were transfected with p53, MDMZ2 and S25 deletion mutants. As shown in Figure 3c1,
the S25 deletion mutant (amino acids 1-93), which includes both the nucleolar location
signal sequence and MDM2-binding domain, stabilized p53 as efficiently as full-length S25.
We further demonstrated that the S25 deletion mutant containing amino acids 1-93, but not
other S25 deletion mutants, was able to reverse the MDM2-mediated inhibition of p21
luciferase activity and mRNA as efficiently as full-length S25 (Figures 3c2 and ¢3), which
indicates that MDMZ2 interaction and nucleolar location are critical for S25-mediated
stabilization and activation of p53.

S25 inhibits the MDM2-mediated ubiquitination of p53

We next determine the mechanism by which S25 stabilizes p53. S25-MDM?2 interaction may
abolish the effect of MDMZ2 on p53 ubiquitination. To test this, HCT116 p537/~ cells were
co-transfected with p53, MDM2 and S25, with or without ubiquitin. MDM2 transfection

Oncogene. Author manuscript; available in PMC 2019 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Knockdown

Page 5

resulted in an increase in ubiquitinated p53, while S25 co-transfection decreased the
ubiquitination of p53 (Figure 4a). This /n-vivo effect of S25 on p53 ubiquitination was also
validated in mdm2'~ p53'~ MEF cells by an immunoprecipitation assay (Figure 4b). We
further examined the inhibitory effect of S25 on the ubiquitination of endogenous p53 in
HCT116 cells. As shown in Figure 4c, the presence of exogenous S25 decreased the
MDM2-associated p53 ubiquitination.

To determine whether the effects of S25 on p53 ubiquitination are associated with the
inhibition of the E3 ligase activity of MDM2, S25 and MDM2 were co-transfected into
H1299 cells. As shown in Figure 4d, the autoubiquitination of MDM2 was markedly
decreased in the presence of S25. We confirmed this effect by using wild-type or mutant
MDM?2 without E3 ligase activity (464A). Transfection with S25 prevented the decrease of
p53 in cells transfected with wild-type MDM2, whereas no apparent change in the
expression of p53 was observed in cells transfected with the mutant MDM2 (Figure 4e).

of S25 attenuates p53 induction and activation

To demonstrate that S25 is essential for the regulation of p53 in response to ribosomal stress,
S25 was knocked down by siRNA. As shown in Figure 5a, exposure to Act D triggered
ribosomal stress and subsequent activation of p53 in A549 cells. The introduction of S25
siRNA into A549 cells attenuated the Act D-induced p53 stabilization and significantly
decreased the level of MDMZ2. The similar effect of S25 knockdown on p53 induction by 5-
fluorouracil (5-FU) was also observed (Figure 5b). We further determined whether S25 is
needed for p53 stability under genotoxic stress. As shown in Figure 5c, ablation of S25
resulted in a reduction of p53 after exposure to etoposide (Eto).

To determine if S25 is vital for the function of p53 under ribosomal stress, A549 cells were
transfected with S25 siRNA and then treated with Act D or etoposide. The results from
quantitative PCR and cell-cycle analysis indicated that Act D induced an increase in p21
MRNA level and G1 phase arrest in A549 cells, which was abrogated by S25 siRNA, but not
by control siRNA (Figures 5d1 and d2). S25 siRNA also inhibited etoposide-induced Bax
expression and apoptosis in A549 cells (Figures 5el and e2).

MDMX facilitates S25-MDM2 interaction to regulate MDM2 E3 ligase activity

The MDM2 homolog, MDMX, is an important regulator of p53 by cooperating with MDM2
to promote p53 poly-ubiquitination.3” MDMX is also a substrate of MDM2-mediated
ubiquitination and subsequent proteasomal degradation.3® To test our hypothesis that the
inhibition of MDM2 E3 ligase activity by S25 will stabilize MDMX, we overexpressed S25
in U20S and HCT116 cells, and determined the level of MDMX protein. Ectopic expression
of S25 stabilized MDMX in both U20S and HCT116 cells (Figure 6a). To determine the
role of MDMX in S25-mediated inhibition of MDM2 E3 ligase activity, mamZ2'~ p537-
MEF cells were transfected S25, MDMX and mpm2. Our 1B results revealed that MDMX and
S25 act synergistically to stabilize MDM2 (Figure 6b). To further demonstrate the
importance of MDMX in S25-mediated inhibition of MDM2 E3 ligase activity, we
transfected both mam2'~ p537'~ and mdmx'~ p53'~ mer cells with exogenous MDM?2 and
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S25. As shown in Figure 6c¢, ectopic expression of S25 stabilized MDM2 in both cell lines,
indicating that S25-MDM2 interaction does not rely on MDMX.

p53 negatively regulates S25 transcription

We treated HCT116 (053'* and p5377) cells with Act D for various times and found that
Act D dramatically decreased the expression of S25 in a time-dependent manner in p53-
positive HCT116 cells, but not in p53-negative HCT116 cells (Figure 7a). The inhibitory
effect of Act D on S25 protein level was also confirmed in U20S (p53wt) cells
(Supplementary Figure S2a). We further demonstrated that Act D-associated S25 inhibition
was not related to its degradation, as treating the cells with Act D and MG132 together,
could not restore S25 expression (Figure 7b).

To confirm that the observed decrease in S25 after Act D treatment was due to p53
activation, U20S cells were treated with p53 siRNA, followed by Act D treatment. As
shown in Figure 7c, p53 knockdown abrogated the decrease in S25 by Act D. In addition, we
overexpressed p53 in HCT116 p53 '~ cells and found that p53 decreased S25 protein level
in a dose-dependent manner (Figure 7d). To elucidate the inhibitory effect of p53 on S25
expression, we performed a computational prediction of the potential p53 binding site in the
S25 promoter. A consensus p53 binding site with several mismatches was found in the S25
promoter region, which located between the —893 and —861 bases of the 525 gene
(Supplementary Figure S2b). We confirmed the binding of p53 to S25 promoter by
chromatin immunoprecipitation assay in both HCT116 and A549 cells (Figure 7e). S25
promoter was cloned and constructed in a luciferase reporter plasmid system. Over-
expression of p53 in mdm2'~p53'= MEF cells decreased S25 luciferase activity (Figure
7f). We also examined the effect of Act D on S25 luciferase activity. Consistent with the
overexpression study, p53 activation triggered by Act D, also decreased S25 luciferase
activity (Figure 7g). We further demonstrated that Act D decreased S25 mRNA level in
U20S cells (Figure 7h), which indicates p53 activation suppresses S25 gene transcription.

DISCUSSION

In this study, we identified and validated RPS25 as a novel MDM2-interacting protein. The
interaction between S25 and MDM2 resulted in p53 protein stabilization and functional
activation. We provided at least five new discoveries in this study. First, S25 directly bound
to the central domain of MDM2 and formed a ternary complex with p53. Second, S25
inhibited MDM2-mediated p53 ubiquitination by suppressing the E3 ligase activity of
MDM2. Third, MDMX was involved in the S25-MDM2-p53 interaction. Fourth, S25 was a
transcriptional target of p53 and there was an S25-MDM2-p53 feedback regulatory loop.
Finally, S25-mediated p53 activation had an important role in cellular response to ribosomal
stress. These results may help us better understand the role of RPs in p53 regulation and
cancer development and progression in general. Considering that MDM2 is highly expressed
in various human cancers and can be used as an ideal target for anticancer drugs. The
identification of S25-MDM?2 interaction also provides a potential target for anticancer drug
development.
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Accumulating evidence suggests that p53, together with RPs, takes part in a surveillance
mechanism for genome integrity and protein translation, and is activated by ribosomal stress.
29 525 positively regulates p53, acting as a tumor suppressor. S25 exerts its function by
regulating the MDM2—p53 interaction. The MDM2 central domain is critical for p53
ubiquitination and degradation.39:40 S25 binding to this domain may abolish MDM2-
mediated ubiquitination and subsequent degradation of p53, resulting in p53 activation and
induction of p53-mediated cell-cycle arrest and apoptosis. Thus, our findings provide
mechanistic insight into the role of S25 in regulating p53 function. In the current study,
although we demonstrated that S25 alone was sufficient to interact with MDM2 and inhibit
its E3 ligase activity, it needs to be further investigated whether any other cofactors are also
involved in this process (as observed in L5 and L11).41

It has been shown that amino-acid deprivation increased S25 mRNA in a p53-dependent
manner, and the enhanced S25 MRNA was maintained in the nucleus by p53.3542 Amino-
acid starvation also decreased S25 protein level in p53 wild-type but not in p53 null cells,
indicating that p53 induces S25 transcription but inhibits its translation upon amino-acid
deprivation. In opposition to their results, we found p53 suppressed S25 transcription. The
levels of RPs are generally regulated by both their efficiency of translation and their rate of
turnover. We excluded the possibility of proteasome-mediated degradation of S25, as
blocking this process could not reverse the S25 inhibition observed in our study. We found
that overexpression or induction of p53 decreased S25 mRNA level by p53 direct binding to
S25 promoter and suppressing its transcription. The differences between our study and the
others may be partially explained by the cell models used and conditions for cell stress.
Increasing evidence suggests that p53 may have a critical role in regulating ribosomal
biogenesis.294344 |n this study, we demonstrated that in response to ribosomal stress, p53
activation directly inhibited the transcription of RPS25, which added additional evidence for
the importance of p53 in coordinating ribosomal biogenesis and cell-cycle control. Of note,
p53 was already activated at 3 h after ribosomal stress and S25 protein level began to
decrease at 3—6 h after ribosomal stress, which indicates that at the early phase of ribosomal
stress, RP(s)-mediated activation of p53, in turn, inhibits the production of RP, to delay
ribosomal biogenesis and also prevent the overactivation of p53 (Figure 8).

There is an interest in studying the relation between MDMX, MDM2 and p53.4° MDMX
enhances MDM2-mediated p53 ubiquitination and degradation by forming hetero-oligomers
with MDM2.46.47 However, MDMX may stabilize and activate p53 through other
mechanisms.#8-0 MDMX regulates p53 in response to ribosomal stress.>! Exogenous L11
activates the MDM2-mediated ubiquitination of MDMX, while L11 ablation reduces the
downregulation of MDMX after Act D treatment. Zhu et a/.?2 report that MDMX facilitates
the inhibition of the MDM2 E3 ligase activity by S7. In our study, we observed that S25
stabilized MDMX and that MDMX cooperated with S25 to inhibit MDM2 E3 ligase activity,
which was different from the effects observed with L11 but consistent with that observed
with S7, indicating that RPs may employ various mechanisms regarding the involvement of
MDMX in regulation of p53. Based on the existing reports and our results, we speculate that
in normal cells, MDMX that associates with MDM2 is ubiquitinated and subjected to
subsequent proteasomal degradation by MDMZ2. Disruption of ribosome biogenesis triggers
the release of S25 from the nucleolus to the nucleoplasm, where it interacts with MDM2,
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stabilizing MDMX. The stabilized MDMX then acts together with S25 to inhibit the E3
ligase activity of MDMZ2, leading to p53 stabilization and activation. When the stress is
removed, S25 disassociates from MDM2, restoring the E3 ligase activity of MDM2, leading
to the turnover of MDMX and p53, restricting their expression to the basal level.

Ribosomal dysfunction appears to lead to an increased predisposition to cancer and
differential expression of RPs has been detected in human cancers.52:53 Considering that p53
is frequently mutated in human cancers and p53 mutations increase the expression of some
RPs at the transcriptional level, 5455 it is possible that the mutant p53 in human cancer loses
its ability to transcriptionally regulate S25, leading to overactivation of RP synthesis and cell
proliferation.

In conclusion, our data demonstrate that S25 is a novel regulator of the MDM2—p53 circuit
in ribosomal stress. Our results not only shed lights on the biological consequences of RP-
MDM2-p53 interplay, but also reveal the existence of a novel S25-p53 feedback regulatory
loop. The physiological role of S25 in cancer development and progression and the response
to normal and pathological stimuli need to be investigated in future studies.

MATERIALS AND METHODS

Antibodies and plasmids

Rabbit polyclonal antiserum against human S25 was generated by ProteinTech (Chicago, IL,
USA) using the full-length human S25 protein as the antigen. The T7-MDM2, HA-p53 and
p21"afl |yciferase vectors were kindly provided by Dr X Chen (University of California,
Davis). The HA-Ub vector was provided by Dr Y Shi (Harvard University). The Myc-
MDMX vector was a kind gift from Dr J Chen (H Lee Moffitt Cancer Center and Research
Institute). The constructs expressing full-length and deletions of the MDM2 and S25
proteins were generated by proof-reading PCR.

Cell culture and transfection

IP and IB

COS7 and A549 cells were purchased from the ATCC (Manassas, VA, USA). U20S and
HCT116 cells with or without p53 were provided by Dr X Chen (University of California,
Davis) and Dr B Vogelstein (Johns Hopkins University), respectively. The madmx™'~ p537/~
and mam2'= p537'~ MEF cell lines were kindly provided by Dr G Lozano (University of
Texas, MD Anderson Cancer Center). All cells were cultured under standard conditions
described by the ATCC. Plasmids were transfected with Lipofectin (Invitrogen, Carlsbad,
CA, USA) into cells as indicated.

Cells were collected and lysed in NP-40 lysis buffer (137 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% Nonidet P-40, 10mM Tris, pH 7.5, and 5% (v/v) protease inhibitor mixture
(Sigma-Aldrich, St Louis, MO, USA). Equal amounts of clear cell lysates were incubated at
4 °C overnight with appropriate antibodies. IP was conducted using the antibodies indicated
in the figures, as reported previously.3? The immunocomplex was captured by protein G-

Oncogene. Author manuscript; available in PMC 2019 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

Sepharose beads (Amersham Biosciences, Chandler, AZ, USA) and the bound proteins were
eluted, resolved on SDS-PAGE, and detected by IB.

In-vivo ubiquitination assay

Cells were transfected with various vectors as indicated in the figures. After 24 h, cell
lysates were immunoprecipitated with corresponding antibodies, and the bound proteins
were purified with protein G-Sepharose beads, resolved on SDS-PAGE, and detected by an
HA antibody.

Luciferase assay

Cells were co-transfected with promoter luciferase vectors with the Renilla luciferase
reporter (as an internal control; Promega, Madison, WI, USA) for 24 h. The luciferase
activity of the promoter reporter was determined using the Dual-Luciferase Reporter Assay
System (Promega) according to the provided protocol and was normalized to the
corresponding Renilla luciferase reporter activity.

SiRNA treatment

The siRNA against human RPS25 was purchased from Dharmacon (Lafayette, CO, USA)
and the transfection was performed according to manufacturer’s protocol. For IB assays
using the siRNA pool, cells were incubated with 50 nM of each siRNA for 48 h, then treated
with actinomycin D (Act D, 5 nM) for 6h, or with 5-fluorouracil (5-FU, 100 uM), etoposide
(Eto, 50 mM) for 24 h. For cell-cycle assays, 50 nM of S25 or control siRNA was incubated
with cells for 24 h, then Act D (5 nM) or etoposide (50 mM) was added for another 24 h
before harvesting cells.

Immunofluorescence staining

U20S cells grown on coverslips were transfected with GFP-S25 and deletions for 24 h.
Cells were then fixed, and immunofluorescent staining was carried out as described
previously.22 The mouse monoclonal anti-p53 and anti-nucleophosmin antibodies and a
secondary goat anti-mouse IgG AlexaFluor-594 conjugated antibody (Molecular Probes,
Eugene, OR, USA) were used to detect p53 and nucleophosmin. Immunofluorescence
images were captured by confocal microscopy.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation assay was performed according to manufacturer’s
protocol (Millipore, Billerica, MA, USA). The primer sequences used for the S25 chromatin
immunoprecipitation assay were p53 RE1: 5'-TGCCATTCACGTCCATGCCATT-3" and
p53 RE2: 5'-TGCTGTA-GAAGTGGGCTGGTTGTA-3", which generated a 158-bp
fragment. The p53 antibody DO-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used for the IP. Normal mouse IgG was used as a negative control. One-tenth of the original
DNA lysates were used as the input.
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Statistical analysis

The means of the relative densitometry of the p53 bands, survival indices, and apoptotic
indices between different treatment groups were analyzed using two-tailed paired #tests.
F<0.05 was considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

S25 interacts with MDM2. (a) The interaction between exogenous MDM2 and S25. COS7
cells were transfected with T7-MDM2, Myc-S25 or both for 24 h. Cell lysates were then
either immunoprecipitated with Myc and T7 antibodies or immunoblotted with Myc and T7
antibodies. (b) The binding between endogenous S25 and MDM2 in A549 cells. The cell
lysates were immunoprecipitated with mouse IgG or an antibody against MDM2 or S25,
then the immunoprecipitates were further separated by SDS—-PAGE and the target proteins
were detected with antibodies against S25 and MDMZ2. (c) S25 binds to MDM2 /n vitro.
GST, GST-MDM2 or GST-S25 proteins were incubated with /n vitro4translated Flag-S25 or
Flag-MDM?2 at 4 °C overnight. The bound proteins were separated using GST beads and
detected by 1B with a Flag antibody. (d) Mapping the binding domains in S25 and MDM2.
COS7 cells were transfected with combinations of plasmids as indicated in the figure. Whole
cell lysates were subjected to IP with a GFP (d1) or Flag (d2) antibody followed by 1B with
T7 and GFP. (€) S25 forms a ternary complex with p53 through MDM2. COS7 cells were
transfected with combinations of plasmids as indicated in the figure. Whole cell lysates were
subjected to IP with GFP or T7 antibodies followed by IB with T7, HA and GFP. (f)
Ribosomal stress enhances the S25-MDM?2 interaction. HCT116 p53* and p537/~ cells
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were exposed to Act D (5 nM) for 6h. Whole cell lysates were then immunoprecipitated with
an MDMZ2 or S25 antibody. Target proteins in the immunoprecipitates were separated by
SDS-PAGE and detected by IB.
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Figure 2.

S25 stabilizes and activates p53. (a) Ectopic expression of S25 stabilizes endogenous p53.
HCT116 (p53*/*), HCT116 (p53~/~), A549 and U20S cells were transfected with a Myc-
S25 plasmid for 24 h. The protein levels of MDM2 and p53 were assessed by IB. (b) S25
enhances the nuclear accumulation of p53. U20S cells were transfected with GFP or GFP-
S25 plasmid for 24 h. The cells were fixed and stained with p53 antibody, followed by
staining with a secondary goat anti-mouse 1gG AlexaFluor-594 antibody. (c) S25 prolongs
p53 and MDM2 protein half-life. (c1) HCT116 p53* and (c2) HCT116 p53 7 cells were
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transfected with Myc-S25 or control vectors, followed by exposure to the protein synthesis
inhibitor CHX (10 ug/ml) for various times. Target proteins were detected by IB. The
relative p53 and MDM2 levels at different time points were plotted. (d) HCT116 p53"* and
HCT116 p53 '~ cells were transfected with Myc-S25 plasmid. The MDM2 mRNA levels
were determined by real-time PCR analyses. (€) S25 increases the transactivational activity
of p53. A549 cells were co-transfected with Myc-S25 and p21*@ |uciferase reporter
plasmids in the presence or absence of ectopically expressed MDM2 (el). The luciferase
assay was performed 24 h later. Relative luciferase units are the mean values + s.d. of
duplicates. In a separate experiment, the levels of p21 mRNA were determined by real-time
PCR (€2). (f) A549 and H1299 cells were transfected with a GFP or GFP-S25 vector for 24
h and then the GFP-positive populations were examined for their DNA content. (g) A549
and H1299 cells were transfected with various amounts of Myc-S25 for 24 h. The apoptotic
cells were detected by Annexin V/PI staining and flow cytometry. (h) HCT116 (p53*/*) and
HCT116 (p53") cells were incubated with a Myc-S25 vector. Cell proliferation was
determined by the BrdUrd incorporation assay.
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Figure 3.

Nucleolar localization and MDM2-binding domains of S25 are critical for p53 regulation.
(a) S25 mutant deletions. (b) The nucleolar localization signal is in the N terminus of S25.
U20S cells were transfected with GFP-S25 or mutant deletions of S25 for 24 h. The cells
were fixed and stained with mouse anti-human nucleophosmin (NPM) antibody, followed by
staining with a secondary goat anti-mouse 1gG AlexaFluor-594 antibody, and the GFP signal
was detected by fluorescence microscopy. (¢) Nucleolar localization and MDM2-binding
domains of S25 are critical for p53 stabilization and activation. (c1) MdmZ2'~ p537'~ MEF
cells were transfected with HA-p53, T7-MDM2 and GFP-S25 mutant deletions, then were
collected and lysed. The whole cell lysates were subjected to IB with the indicated
antibodies. (c2) Mdm2™'~ p53~ MEF cells were transfected with HA-p53, T7-MDM2,
GFP-S25 mutant deletions and p21*4™ |uciferase reporter plasmids as indicated. The
luciferase assay was performed 24 h later. The relative luciferase units are the mean values £
s.d. of duplicates. (c3) HCT116 p537~ cells were transfected with HA-p53, T7-MDM2 and
GFP-S25 mutant deletions, the changes in the expression of p21 mRNA were determined by
quantitative PCR analyses.
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p53-
(Ub)n

e H1299
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S25 innibits the MDM2-mediated ubiquitination of p53. (a) HCT116 p537/~ cells were
transfected with combinations of HA-Ub, HA-p53 and T7-MDMZ2, with or without Myc-S25
plasmids, as indicated for 24 h. The cells were treated with MG132 (20 uM) for 2h before
harvesting. The cell lysates were subjected to 1B with the antibody against p53. (b) S25
inhibits the ubiquitination of exogenous p53. MdmZ2'~p537'~ MEF cells were transfected
with combinations of HA-Ub, HA-p53 and T7-MDM2 with or without Myc-S25 plasmids,
as indicated, for 24 h. The cells were treated with MG132 (20 pM) for 2 h before harvesting.
The cell lysates were subjected to IP with an anti-p53 antibody, followed by IB with an anti-
HA antibody. Note (*) indicates a non-specific band. (c) S25 inhibits the ubiquitination of
endogenous p53. HCT116 cells were transfected with HA-Ub, T7-MDM2 and Myc-S25
plasmids as indicated in the figure. The cells were treated with MG132 (20uM) for 2 h

before harvesting. Whole cell lysates were subjected to IP with an anti-p53 antibody;,
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followed by 1B with an anti-HA antibody to detect ubiquitinated p53. (d) S25 inhibits the
ubiquitination of MDM2. H1299 cells were transfected with HA-Ub, T7-MDM2 and Myc-
S25 as indicated in the figure for 24 h. The cells were treated with MG132 (20 uM) for 2 h
before harvesting. Whole cell lysates were subjected to IP with an anti-T7 antibody,
followed by IB with an anti-HA antibody to detect ubiquitinated MDMZ2. () S25 inhibits the
E3 ligase activity of MDM2. H1299 cells were transfected with HA-p53 and GFP-S25 in the
presence of wild-type MDM2 or a mutant MDM2 without E3 ligase activity (C464A). The
cells were harvested 24 h after transfection, and the cell lysates were subjected to IB with
the indicated antibodies.
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Figureb.

S25 knockdown attenuates the stabilization and activation of p53. (a) A549 cells were
transfected with 50 nM control siRNA or S25 siRNA for 48 h. Then, cells were treated with
Act D (5 nM) for 6 h or with 5-FU (100 uM) (b) or etoposide (Eto, 50 uM) (c) for 24 h
before harvesting, and cell lysates were subjected to IB with the indicated antibodies. (d)
S25 ablation inhibits Act D-induced p21 upregulation and G1 arrest. A549 cells were
transfected with 50 nM control siRNA or S25 siRNA for 24 h. The cells were exposed to
Act D (5 nM) for 24 h before harvesting. Cells were then stained with Pl and examined for
their DNA content (d2). In a separate experiment, p21 mRNA levels were determined by
quantitative PCR analyses (d1). (e) S25 ablation inhibits etoposide-induced Bax expression
and apoptosis. A549 cells were transiently transfected with 50 nM of a control or S25
SiRNA pool for 24 h, followed by treatment with etoposide (50 uM) for 24 h. The apoptotic
cells were detected by flow cytometry (€2). In a separate experiment, Bax mRNA levels
were determined by quantitative PCR analyses (el).
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Figure 6.

MDMX is involved in S25-mediated regulation of MDM2 E3 ligase activity. (a) S25
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stabilizes MDMX. U20S and HCT116 cells were transfected with a GFP-S25 plasmid for
24 h. The protein levels of MDMX were assessed by IB. (b) Mdm2'~ p537'~ MEF cells
were transfected with combinations of T7-MDM2, GFP-S25 and Myc-MDMX plasmids as
indicated. Cells were harvested 24 h after transfection, and cell lysates were subjected to IB

with the indicated antibodies. (c) Mdm2~p537'~ and mamx'-p537'~ MEF cells were
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transfected with T7-MDM2 and GFP-S25 plasmids as indicated. Cells were harvested 24 h
after transfection, and cell lysates were subjected to IB with the indicated antibodies.
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Figure7.

p53 suppresses the transcription of S25. (a) HCT116 (p53*/* and p53 ") cells were seeded
and allowed to attach overnight, then treated with Act D (5 nM) for different time points, as
indicated. The cells were harvested, and the cell lysates were subjected to IB with specific
antibodies. (b) HCT116 cells were treated with Act D (5nM) for 24 h, then MG132 (20 um)
was added for another 6h. The cells were then harvested, and the whole cell lysates were
subjected to IB. (c) U20S cells were transfected with control (C) or p53 siRNA (50 nM) for
24 h, followed by treatment with Act D (5nM) for another 24 h. The cells were harvested,
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and the whole cell lysates were subjected to IB with specific antibodies. (d) HCT116
(p537) cells were transfected with increasing amounts of p53. The level of S25 protein was
determined 24 h later. (¢) HCT116 and A549 cell lysates were subjected to IP with a p53
antibody or 1gG. The immunoprecipitated DNA was eluted and subjected to PCR assays
with primers specific for the S25 promoter fragment spanning the p53 binding site. (f)
Mdm2~"~ p537~ MEF cells were transfected with increasing amounts of p53 and S25
luciferase reporter plasmids as indicated. The luciferase assay was performed 24 h later. (g)
HCT116 cells were transfected with the S25 luciferase reporter plasmid for 24 h, and treated
with Act D (5 nM) for another 24 h. The cells were then harvested, and the luciferase assay
was performed. The relative luciferase units are the mean values +s.d. of duplicates. (h)
U20S cells were treated with Act D (5nM) for 24 h. The cells were harvested, and the total
RNA was isolated, followed by reverse transcription to cDNA. The relative level of S25
MRNA was measured by real-time PCR, and was normalized to that of GAPDH.
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Proposed mode of action for S25-MDM2-p53 interaction. Under normal conditions, p53 is
strictly maintained at low level by MDM2 (with the assistance of MDMX) and RPs majorly
participate in the assembly of translation machinery (left panel). Under ribosomal stress, the
free RPs (S25 and other counterparts) interact with MDM2 to inhibit its E3 ligase activity,
stabilizing and activating p53 (right panel). The activated p53 induces the expression of cell
cycle and apoptosis regulators (p21, Bax, and so on) and inhibits the production of the
ribosomal biogenesis components (ribosomal RNA, RP and other factors), coordinating cell

growth, cell-cycle control and apoptosis.
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