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Coordinate regulation of the ribosomal protein genes
is entrusted to a number of signal transduction path-
ways that can abruptly induce or silence the ribosomal
genes. We have uncovered a cellular model system,
which selectively induces the ribosomal protein S25
gene in hepatoma cells that are stressed by nutrient
deprivation. Our results indicate that p53 along with
two other identified proteins, MTF-1 and La, post-tran-
scriptionally regulate the synthesis of the S25 protein by
controlling the nuclear export of the stress-induced S25
mRNA. This system is unique in that the nuclear-re-
tained S25 mRNA is exported to the cytosol only upon
replenishment or alternatively after prolonged starvation
to participate in a p53-mediated apoptotic sequence of
events. This p53-dependent survival or death pathway
involves a previously unreported protein relationship
among these three actors, one of which, MTF-1, has not
yet been shown to have RNA-binding characteristics.

Eukaryotic cells expend much of their energy on synthetic
components of protein biosynthesis, and as a result, the cell has
evolved mechanisms that tightly control the synthesis of the
components of the ribosomes. Ribosome biogenesis is coordi-
nately controlled by a variety of mechanisms including tran-
scriptional and post-transcriptional regulation in response to
changes within or outside the cell such as carbon source and
nutrient availability (1, 2). Control of transcription within the
cell by metabolites is a mechanism that allows cells to respond
to changes in their nutritional environment. There is a number
of genes for which transcription is enhanced following nutrient
deprivation by amino acid starvation, among these include
asparagine synthetase (ASNS)1 and ribosomal protein S25
(RPS25) (2). The initial cellular response to amino acid limita-
tion results in increased AS mRNA and thereby increased
functional AS and asparagine protein (3, 4). Cells lacking in AS
activity and thus in asparagine exhibit cell cycle arrest (5) and
induction of apoptosis (6, 7). S25 mRNA levels also are in-

creased in the initial response to amino acid deprivation (8),
but unlike AS, the selective uncoordinated increase in S25
expression signals the induction of apoptosis (9). Moreover, the
studies using ribosomal protein S6-deficient versus wild-type
liver cells suggest that a defect in ribosome biogenesis can
cause activation of a p53-mediated checkpoint, leading to cell
cycle block and potential DNA damage (10). However, the
mechanism(s) of cellular arrest and programmed cell death in
response to cellular stress such as oncogenic signals and nutri-
ent deprivation remain poorly understood. Interestingly, in our
experimental model, the cells have devised a mechanism in the
early stages of starvation to coordinate the levels of the S25
protein with those of the other ribosomal protein genes by
preventing the export of the increased S25 mRNA, thus making
it unavailable for translation. Preliminary analysis in response
to the RPS25 up-regulation and nuclear retention of its mRNA
suggested that the storage of mRNA could permit an elevated
rate of synthesis for this particular ribosomal protein to be
initiated immediately upon cellular replenishment (8, 11).
Stress conditions in the form of salt, heat, and ethanol have
been reported to induce nuclear retention of the bulk of poly(A)
RNA but not mRNAs encoding heat shock proteins. The export
competence of the heat shock protein mRNAs seems to result
from differences in nature of the ribonucleoprotein (RNP) pack-
age (12, 13). Thus, we explored the RNA-trafficking portion of
this sequence of events to determine whether specific protein(s)
or protein complexes might be associated with and/or respon-
sible for the up-regulation and nuclear retention of the S25
mRNA and thus to better characterize this phenomenon.

EXPERIMENTAL PROCEDURES

Cell Culture and Preparation of Cellular Extracts—Fao and H4IIE
hepatoma cells were grown in modified minimum Eagle’s medium, pH
7.4, whereas H5 hepatoma cells were grown in modified Ham’s F-12
medium in which 5% CO2 was added to the atmosphere as described
previously (5). The cells were grown to 70–80% confluence and were
either transferred to Hanks’-buffered saline solution or MEM lacking
serum as the amino acid-starved and fed conditions, respectively. Mono-
layers of Fao, H4IIE, and H5 rat hepatoma cells were harvested after
growth for 9 or 24 h in either amino acid-starved or fed medium.
Cytosolic and nuclear extract fractions were then separated and iso-
lated using a stepwise lysis of cells that gives functional nuclear and
cytoplasmic protein fractions (NE-PER, Pierce) following the manufac-
turer instructions. Protein content was determined using BCA protein
assay (Pierce), and samples were stored at �80 °C.

RNA Synthesis and Labeling—Biotinylated RNA was synthesized by
in vitro transcription using T7 or SP6 RNA polymerase following a
modified Maxiscript kit protocol (Ambion). The rCTP was replaced with
[32P]�CTP or biotinylated rCTP containing an 11-carbon linker to
achieve a labeling of �4–6 biotin groups/100 nucleotides of RNA (Roche
Molecular Biochemicals). The DNA templates corresponded to the com-
plete transcript of rat ribosomal protein S25 (466 nucleotides in length)
and a 900-nucleotide fragment of rat asparagine synthetase. Pleu-
ronectes americanus p-glycoprotein (pgpB) DNA template was used for
the synthesis of an unrelated RNA control.

Electromobility Shift Assay—Electromobility shift assay method was
followed as described with minor modifications (14). Biotin-labeled
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RNA (diluted by 50–100-fold) was incubated in the presence or absence
of nuclear or cytoplasmic protein extracts pre-treated with RNase T1
and from either amino acid-starved or fed cells. Potential RNA-protein
complexes were resolved by agarose electrophoresis and then electro-
blotted to positively charged nylon membrane (Hybond N). RNA was
detected with streptavidin-horseradish peroxidase conjugate using
North2South chemiluminescent nucleic acid hybridization and detec-
tion kit (Pierce) and evaluated by Fluor-S multi-imager (Bio-Rad).

Polyacrylamide Gel Electrophoresis and Immunoblotting—Cytoplas-
mic and nuclear protein extracts (50 �g) were separated by 3–8%
SDS-polyacrylamide gel electrophoresis and transferred to polyvinyli-
dene difluoride membranes. Proteins of interest were detected using
appropriate antibodies and West femto chemiluminescent detection
system (Pierce).

Northwestern Analysis—Cytoplasmic and nuclear protein extracts
from amino acid-starved or fed cells (20 �g) were size separated and
electroblotted as mentioned above. Membrane bound proteins were
renatured overnight as described previously (37) and washed twice
after incubation with either radiolabeled S25 or pgpB RNA for 2 h at
room temperature. The dried membranes then were exposed overnight
to PhosphorImager screens (Molecular Dynamics, Inc).

Surface Enhanced Laser Desorption/Ionization (SELDI)—SELDI-
time-of-flight mass spectometry was performed using ProteinChip ar-
ray analysis (Ciphergen Biosystems). The epoxy group substrate of the
PS2 chip features were initially coupled with streptavidin to allow
subsequent binding of 150 ng of biotin-labeled in vitro transcribed S25
RNA. Following a wash step, 25 �g of nuclear extract protein in a total
volume of 50 �l was incubated with each target feature using a bio-
processor aspect of these chips that allows the incubation of larger
volumes. The targets are then fixed with sinapinic acid and then trans-
ferred into the chip reader for analysis. All PS2 protein chip arrays were
analyzed according to an automated data collection protocol. Data in-
terpretation was augmented by the use of the ProteinChip software,
version 2.0.1.

Immunoprecipitation of Endogenous mRNP Complexes from Cellular
Extracts—Protein A-Sepharose beads were swollen in Tris-based buffer
supplemented with 1 mM MgCl2, 0.05% Nonidet P-40, and 5% bovine
serum albumin. A 50-�l aliquot of the protein A-bead slurry was incu-
bated overnight at 4 °C with excess immunoprecipitating antibody. The
antibody-coated beads were split into two aliquots, each containing 100
�g of nuclear extract from either amino acid-starved or fed Fao cells.
The immunoprecipitation reactions were incubated at room tempera-
ture for 2 h followed by a 1 M urea wash. For RNA extraction, these
washed beads were resuspended in Tris-based buffer supplemented
with 0.1% SDS and proteinase K, and the RNA was then phenol-
chloroform-isoamylalcohol-extracted and ethanol-precipitated. For pro-
tein, the washed beads were incubated in sample buffer followed by
SDS-PAGE and immunoblot analysis using appropriate antibody.

Immunoprecipated RNA Analysis—First strand cDNA was prepared
from the immunoprecipitated RNA using Superscript II kit (Invitrogen)
following the instructions of the supplier. S25 and AS messages were
amplified with gene-specific primers. For relative quantitation, the
number of amplification cycles was restricted to the exponential phase
of the PCR reaction. The respective products were resolved on 1.2%
agarose gel and positively confirmed by nucleotide sequencing.

Analysis of DNA Fragmentation—Monolayers of Fao, H4IIE, and H5
rat hepatoma cells were harvested after growth for 24 h in either amino
acid-starved or fed medium and treated with lysis buffer per the rec-
ommendations of the apoptosis detection kit (R&D Systems). The re-
sultant lysate was treated with DNA extraction buffer prior to DNA
precipitation and resuspension in Tris-based buffer. DNA was resolved
by 2% agarose gel electrophoresis, and the resulting gel was stained
with ethidium bromide and visualized on a UV transilluminator. DNA
laddering of 180–200 base pairs is characteristic of apoptosis.

RESULTS

S25 mRNA-Protein Interactions in the Nucleus—Potential
RNA-protein interactions were evaluated by agarose-based
electromobility shift assays using biotin-labeled full-length S25
RNA as a probe (14). Reconstitution of messenger ribonucleo-
protein complexes (mRNP) was performed using the S25 ribo-
probe incubated in the presence of nuclear extracts pre-treated
with RNase T1 to digest the endogenous RNA. At least three
proteins are bound to the S25 mRNA from the starved nuclear
extracts, thus causing a shift in the mobility of the probe
compared with the fed samples (Fig. 1A). The addition of 100-

fold molar excess unlabeled probe to the reaction mixture elim-
inated the visibility of the shifted complex (data not shown).
Also, the addition of 10-fold molar excess of an unrelated and
unlabeled mRNA (the 1 kb of 3�-end fragment of pgpB (Gen-
BankTM accession number AY053461) to the mixture had no
effect on the shifted complex (data not shown). These observa-
tions suggest that the S25-protein interactions are sequence-
specific. To confirm the formation of RNA-protein complexes
and to estimate the molecular mass of the RNA-binding pro-
teins Northwestern analysis was performed, again using the
full-length S25 RNA as a probe. Results from this assay sup-
port the gel-shift data and demonstrate that this probe inter-
acts more strongly with 4–5 different protein bands in starved
nuclear extracts when compared with the fed or control nuclear
extract samples (Fig. 1B, lanes 1 and 2). Protein bands with
relative mobilities of �73, 53, 43, and 36 kDa were detected in
the nuclear extracts assayed from stressed cells. The visible
binding by the probe was significantly reduced in the presence
of excess unlabeled S25 RNA (Fig. 1B, lane 3), and no probe-
binding differences were seen when substituting the S25 RNA
probe for the unrelated pgpB RNA probe (data not shown). In
addition, no S25 probe-binding differences were seen between
fed and starved samples using cytosolic extracts (data not
shown). A novel application of the ProteinChip SELDI mass
spectrometry (Ciphergen Biosystems) was used to confirm the
findings from the Northwestern analysis and to more precisely
identify the molecular mass of the potential protein candidates
in amino acid-starved nuclear extracts that interacted with the
S25 RNA probe. The biotin-labeled RNA probe was bound to
the streptavidin-coated chip surface to which nuclear extracts
were applied. A SELDI analysis of four different pairs of fed/
starved extracts identified two distinctive protein peaks
(43,537 and 72,830 Da) in the starved extracts compared with
the fed nuclear extracts that approximated the relative mobil-
ity of polypeptides observed in Northwestern evaluation of

FIG. 1. Analyses to detect S25 mRNA-binding proteins in Fao
hepatoma cells. A, representative gel-mobility shift detection assay
showing interactions between starved or fed cellular protein extracts
from nuclear (SN or FN) or cytosolic (SC or FC) fractions, respectively,
and biotin-labeled S25 RNA probe. Lane 3 shows reaction containing
probe (P) only. B, Northwestern blot showing interaction between
amino acid-starved (S) and fed (F) nuclear extracts and labeled S25
RNA in presence and absence of 100-fold excess of unlabeled probe.
Arrows depict relative mobility (Mr) of most prominent bands. C, rep-
resentative SELDI time-of-flight mass spectroscopy analysis showing
molecular mass of protein (72,830 Da, MTF-1) binding to S25 RNA
probe from starved nuclear extracts.
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starved nuclear samples (Fig. 1C). A search of the protein data
base to identify proteins within a small window of these mo-
lecular masses gave two potential candidates, tumor suppres-
sor protein p53 (43,451 Da) and zinc finger metal response
element-binding transcription factor MTF-1 (72,633 Da,
mouse). A third candidate, the RNA-binding phosphoprotein
La antigen (47,777 Da) was identified from studies performed
in another laboratory2 that analyzed mRNA subsets in ribonu-
cleoprotein complexes using cDNA arrays (15).

Starvation-induced RNP Complex—The above in vitro recon-
stitution techniques established a framework for examining
S25 mRNA-protein interactions. To faithfully reflect the struc-
ture of the native complexes, IP experiments were performed to
detect messenger ribonucleoprotein (mRNP) complexes in-
volved in the post-transcriptional regulation/retention of S25
mRNA. IP experiments performed on the nuclear extracts and
subsequent immunoblot assays indicated that p53, MTF-1, and
the La antigen form or are included in a complex associated
specifically with the nuclear extracts in amino acid-starved but
not fed Fao cells (Fig. 2A). The immunoblots prepared using
nuclear and cytosolic extracts from both fed and starved cells
showed no obvious increase in protein expression or any appar-
ent translocation of protein levels from one compartment to
another for any of these three proteins in response to the
starvation (Fig. 2B). RNase treatment of starved nuclear ex-
tracts prior to the immunoprecipitation step eliminated co-
precipitation of the other two proteins, demonstrating the RNA

dependence of the complex (data not shown). mRNA associated
with the mRNP complexes isolated by IP were amplified by
gene-specific primers by RT-PCR techniques. S25 transcripts
could be amplified from the IP reactions from starved but not
fed nuclear extracts (Fig. 2C, lanes 2 and 3). Because AS is also
increased in Fao cells in response to amino acid starvation (3),
the presence of As mRNA in the complex was analyzed as a
control. We checked for the presence of AS mRNA, but after 40
cycles of amplification, there was no indication of this message
included with the starvation-induced protein complex (Fig. 2C,
lanes 4 and 5). This finding fits with the known regulation of
the AS message, which unlike S25 mRNA is exported to the
cytoplasm where it is translated into the functional AS protein
that is necessary for cell survival. Therefore, the three proteins
are included in a RNA-dependent complex associated specifi-
cally with the nuclear-retained S25 mRNA under starved
conditions.

Heterogeneous Nuclear Protein(s) (hnRNP) A and C Interac-
tion with S25 mRNA-Protein Complex—The random diffusion-
based transport model to transport RNA from the nucleus
suggests that hnRNPs bind to all transcripts and escort the
pre-mRNAs through the maturation process and allow these
messages to become nuclear export-competent (16). Some of
these proteins, such as hnRNP A1, K, and E, actually shuttle
between the nucleus and cytoplasm accompanied by their re-
spective mRNAs (17). Other proteins, such as hnRNPs C1 and
C2, are restricted to the nucleus and are thought to perform, in
conjunction with their nuclear/cytoplasm shuttling partners,
an important post-transcriptional regulatory step in the path-
way of gene expression (18). RT-PCR analysis indicated that
both hnRNPs A1 and C1 were found associated with normal or
fed S25 nuclear mRNAs, whereas only hnRNP C1 co-precipi-
tated with the starvation-dependent retained complex (Fig. 2,
C, lanes 6–9, and D). Thus, at least for this situation, the
nuclear retention of S25 under starved conditions was not
dependent or a result of the interaction with nucleus-restricted
hnRNP C1. Instead, the S25 mRNA nuclear retention is unique
by the lack of involvement of hnRNP A1 and by its shuttle
mechanism of mRNA export. The hnRNP literature suggest
that there is a struggle between RNA-binding proteins that are
nuclear-restricted and nuclear export-competent (18). Both
protein forms bind transcripts in which the nuclear-retained
form is released from the mRNP prior to export, and the shut-
tling form remains part of the complex during export through
the pore and association with the polysomes. The mechanism
leading to the retention of S25 mRNA within the nucleus could
be a result of the starvation-induced binding of p53, MTF-1,
and La proteins along with the hnRNP C to make the S25
mRNA export incompetent. Alternatively, the addition of
hnRNP A to the mRNP complex might be essential to signal the
export competency and/or to remove the nuclear retention sig-
nal, namely hnRNP C from the complex. Under starvation
conditions, the association of p53, MTF-1, and La with the S25
mRNA might interfere with the binding of hnRNP A, thus
obstructing the export signal.

S25 mRNA Nuclear Retention Depends on Functional
p53—To further investigate the role of p53 in our model sys-
tem, the rat hepatoma cell line H5, which contains mutant p53,
was evaluated for changes in S25 expression under conditions
of nutrient deprivation. The H5 cells compared with the p53
wild-type H4IIE rat hepatoma parental line do not express
functional p53 as demonstrated by the absence of p53-depend-
ent induction of p21 and methylguanine-DNA methyltrans-
ferase and by the failure of p53-dependent cell cycle blockage
upon ionizing radiation (19). Within our 9-h time period of
amino acid starvation, Fao cells undergo little or no change in2 D. J. Kenan, personal communication.

FIG. 2. Analyses to determine protein make-up of the nuclear-
retained S25 mRNA-protein complex in starved Fao hepatoma
cells. A, immunoblot analysis of IP reactions in amino acid-starved (S)
or fed (F) cells using indicated IP and probe (Probe) antibodies (anti-P53
(Sigma), anti-MTF-1 (from Dr. Glen Andrews, University of Kansas
Medical Center); anti-La (from Dr. Daniel Kenan, Duke University
Medical Center)). Higher molecular mass bands detected with La anti-
body probe and observed in both fed and starved extracts were not
identified. B, immunoblot analysis using equal amounts of fed and
starved nuclear protein extracts. C, RT-PCR analysis of S25 or AS
mRNA associated with mRNP complexes from amino acid-starved (S) or
fed (F) nuclear extracts isolated by IP. C, anti-hnRNP C1; A, anti-
hnRNP A1. Arrows indicate base pair size that represents the presence
of AS or S25 mRNA. D, immunoblot analysis of IP reactions in amino
acid-starved cells using indicated Probe antibodies to confirm the pres-
ence or absence of hnRNP A and hnRNP C in nuclear-retained complex.
E, immunoblot analysis using MTF-1 antisera against equal amounts of
cytosolic (SC and FC) and nuclear (SN and FN) extracts from amino
acid-starved and fed cells, respectively, to compare MTF-1 cellular
compartment protein levels.
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morphology in overall protein or RNA synthesis rates or in the
levels of p53 expression compared with fed Fao cells (Fig. 2A).
Examination of S25 expression in these cells compared with
the parent H4IIE showed that the RNA level was not increased
upon starvation (Fig. 3), and consequently no nuclear retention
of the mRNA is realized. Therefore, a functional p53 protein is
not only implicated in the nuclear retention of the S25 mRNA
but very well may be involved in its initial transcriptional
up-regulation observed with the stress condition. There is no
change in the AS expression characteristics in the H5 com-
pared with Fao or H4IIE cells in which increased AS mRNA
levels are observed in amino acid-starved versus fed cells (Fig.
3). In addition, no AS mRNA is associated with the nuclear-
retained RNA-protein complex in starved Fao cells (Fig. 2C).
These observations taken together suggest that the signaling
for AS up-regulation in response to amino acid starvation is
p53-independent and by a different mechanism than observed
in S25 regulation.

Ribosomal protein S25 has been found to play a growth-
suppressive role in the nonproliferating liver, but its expres-
sion is reduced during liver regeneration (20). Thus, the sug-
gestion was that S25 expression is reduced during cell growth
and increased during cell death. Recent studies looking at
increased gene expression associated with the apoptotic proc-
ess identified ribosomal protein S25 as one of the up-regulated
genes in the apoptotic pathway leading to primary spermato-
cyte cell death (9, 20). Apoptosis is a programmed process and
is thought to involve orderly changes in gene expression (21),
therefore, any involvement of S25 at the early stage of this
process might suggest some pivotal role. In an attempt to
understand the relationship between S25 expression and the
induction of apoptosis, DNA fragmentation and S25 protein
levels were determined throughout the starvation process.
DNA fragmentation analysis confirmed that prolonged amino
acid starvation induces apoptosis in Fao and H4IIE cells, which
also now exhibit increased levels of S25 protein (Fig. 4). The
p53-deficient H5 cells show no induction of apoptosis or in-
crease in S25 protein levels under the prolonged starvation
(Fig. 4). These observations strongly suggest that the induced
apoptosis and increased S25 protein levels are p53-mediated.

DISCUSSION

The overall logic for the selection of factors p53, MTF-1, and
La by the cell to exert this stringent control of the expression of
S25 protein remains to be elucidated. MTF-1 has been shown to
be impacted by oxidative stress (22), hypoxia (23), and essential
for metal ion regulation of metallothionein gene expression in
which MTF-1 serves as an intracellular zinc sensor to activate
metallothionein gene expression (23, 24). The activation of the
latent cyotosolic MTF-1 with zinc results in nuclear transloca-
tion of MTF-1 followed by increased binding to metal response
elements in the metallothionein promoter (25). Furthermore,
numerous signal transduction pathways apparently interact
with the activities of MTF-1 that have resulted in MTF-1 to be
considered an essential gene (26). Under amino acid-starvation
conditions, there is no obvious translocation of MTF-1 from the
cytosol to the nucleus of the cell (Fig. 2E). The implication
would be that the signal for MTF-1 to bind the nuclear-retained
S25 mRNA under the conditions of amino acid deprivation is
neither metal ion-dependent nor MTF-1 nuclear translocation-
dependent and therefore governed by a mechanism independ-
ent of its transcriptional regulation of metallothionein that is
associated with heavy metal homeostasis or oxidative stress
(24, 27). To our knowledge, MTF-1 has not been described
previously to have RNA-binding properties or any function that
directly involves p53 or La proteins. Our observations preview
a new and novel biological function for MTF-1 and increase
speculation on its overall significance on gene regulation.

The role for the La phosphoprotein in transcription remains
somewhat obscure, particularly for binding polymerase II tran-
scripts (28). Yet, there are reports of La interacting with ri-
bososmal protein mRNAs mediating the transport of RNAs as
a chaperone in post-transcriptional processing, processing
transcripts into specific ribonucleoproteins, and a proteolysis-
mediated mechanism of La relocation to the cytoplasm during
apoptosis (28–30). At this point we have no other biochemical
information to elucidate the purpose or role of La in the up-
regulation and/or nuclear retention of S25 mRNA in response
to amino acid starvation.

If uncoordinated increased levels of ribosomal protein S25
are involved in the signaling process for initiating apoptosis,

FIG. 3. S25 and AS mRNA levels in Fao (3, 8), H4IIE, and H5 rat
hepatoma cells during amino acid starvation. Cells cultured un-
der either amino acid-starved (S) or fed (F) conditions for 9 h were used
to obtain cellular fractions for isolation of RNA: total cell (T), cytoplasm
(C), or nucleus (N) and Northern analysis performed on these samples.
The starved/fed ratio of the Northern data is presented and represent-
ative of two or more analyses for AS and S25.

FIG. 4. Effects of prolonged amino acid starvation (24 h) on
DNA fragmentation and S25 protein in Fao, H4IIE, and H5 rat
hepatoma cells. A, DNA fragmentation was evaluated on amino acid-
starved (S), fed (F), and fed cells treated with etopside (et), which
induces apoptosis. Arrows depict DNA bands representative of apo-
ptotic DNA fragmentation. B, effect of prolonged (24 h) versus short
term (9 h) amino acid starvation on S25 cellular protein levels in fed
(FC) and starved (SC) cytosol fractions.
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exacting control of the increased levels of S25 mRNA would be
required to regulate S25 translation and thus precisely deter-
mine the ultimate fate of the cell. Replenishment of the cells
would reduce S25 mRNA levels and associated retention and
allow the expression of the S25 protein to become coordinated
with expression levels of the other ribosomal proteins, thus
restoring the balance for the translation machinery (8). Con-
versely, prolonged deprivation of nutrients would result in
further deterioration of cellular metabolism, eventually exceed-
ing some critical metabolic threshold for survival and then
followed by initiation of pathway(s) leading to programmed cell
death. In the proposed mechanistic model, this phase would
signal the release of the nuclear accumulated S25 mRNA lead-
ing to elevated levels of S25 protein, which we did observe (Fig.
4B), and initiation of yet an undefined role of ribosomal protein
S25 in apoptosis (Fig. 5). Increased ribosomal protein S25
mRNA levels were reported in adriamycin-resistant HL60 cells
without concurrent S25 protein increase (31), and common
nuclear- and nucleolar-targeting features were observed be-
tween S25 protein and the HIV-1 REV protein (32), both ex-
amples supporting the premise of a more complex and encom-
passing regulatory role for this ribosomal protein. Our
observations illustrate the biochemical flexibility of p53 and
that it engages in a multitude of pathways to mediate meta-
bolic control. Although there is evidence for p53-dependent
cross-talk between ribosome biogenesis and the cell cycle (33),
there are limited examples of the role p53 in gene and cellular
growth regulation resulting from its RNA-binding properties or
of p53-mediated transcription-independent apoptosis (21, 34–
36). The relationship of p53 and S25 mRNA gives an example
fulfilling both of these roles and illuminates an unique pathway

of cellular regulation involving both survival and programmed
death. Therefore, in addition to the previously described S25
nutrient anticipatory-response, we are proposing the identifi-
cation of a transcription-independent p53-mediated apoptotic
process as the second phase of cellular response to the mRNA
nuclear retention from nutrient deprivation (See Fig. 5).
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FIG. 5. Mechanistic model of stressor-induced survival or pro-
grammed-death pathway (left) versus normal unstressed amino
acid-rich pathway (right) in cells. Amino acid starvation results in
the up-regulation of RPS25 and its increased mRNA levels are retained
within the cellular nucleus and associated with numerous proteins
including p53, MTF-1, and La. This RNA-protein complex is unique by
the absence of hnRNP A, a replenishment of nutrients or elimination of
the stressor at this point will result in S25 mRNA becoming nuclear
export competent, a loss of p53, MTF-1, and La binding, the initiation of
hnRNP A binding, and a return to cellular metabolic balance. Con-
versely, prolonged starvation or stress will activate an apoptotic trigger
or signal and result in selective translation of S25, which then assists or
is involved in the apoptotic process.
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