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Cellular growth and division are two fundamental processes that are exquisitely sensitive and responsive to environmental fluctuations. One of the
most energetically demanding functions of these processes is ribosome biogenesis, the key component to regulating overall protein synthesis and
cell growth. Perturbations to ribosome biogenesis have been demonstrated to induce an acute stress response leading to p53 activation through the
inhibition of Mdm2 by a number of ribosomal proteins. The energy status of a cell is a highly dynamic variable that naturally contributes to metabolic
fluctuations, which can affect both the rates of ribosome biogenesis and p53 function. This, in turn, determines whether a cell is in an anabolic,
growth-promoting state or a catabolic, growth-suppressing state. Here the authors integrate the known functions of p53 to postulate how changes in
nutrient availability may induce the ribosomal protein-Mdm2-p53 signaling pathway to modulate p53-dependent metabolic regulation.
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Introduction

The Mdm2-p53 stress response pathway
is an important regulator of cellular
homeostasis that is generally accepted to
respond to a variety of stressors, thus
eliciting hallmark effects on cell prolif-
eration, apoptosis, and senescence.' As
such, p53 plays an essential role in mon-
itoring the balance between cellular
growth and proliferation.” Generally,
p53 transactivation is determined by sta-
bilization and accumulation of the pro-
tein, thus facilitating transcription of
downstream target genes. The p53
protein is regulated through an auto-
regulatory feedback loop at the post-
translational level by the E3 ubiquitin
ligase Mdm2. As the primary negative
regulator of p53, Mdm?2 plays a key role
in determining overall p53 stability and
transactivation function.

A number of regulatory factors have
been reported to regulate p53 stabiliza-
tion by binding to and inhibiting the cata-
lytic ubiquitination function of Mdm?2 or
inducing posttranslational modifications
to block the Mdm2-p53 interaction, with
the net effect being p53 stabilization.
The nucleolar protein ARF (Alternative

Reading Frame) is a product of the
INK4A/ARF locus that, when induced,
binds to Mdm2 to inhibit p53 degrada-
tion.> Protein modification on Mdm?2,
such as ubiquitination, sumoylation, and
phosphorylation,® work by inhibiting the
Mdm2-p53 interaction and thus stabiliz-
ing p53 levels. The latest cast of Mdm?2
inhibitors comprises a number of ribo-
somal proteins (RPs), which like ARF,
have been consistently demonstrated to
bind to Mdm2 and block p53 ubiquitina-
tion, thereby inducing p53-directed target
gene activation.

The nucleolus is a non-membrane-
bound structure of the nucleus where
rDNA gene clusters are transcribed and
the transcripts processed and modified
to produce mature rRNA. The generally
accepted paradigm for ribosome biogen-
esis is the coordinated assembly of equi-
molar concentrations of ribosomal
proteins and ribosomal RNA to generate
60S and 40S ribosome precursors and
then mature 80S polysomes that ensure
adequate protein synthesis and maintain
cellular homeostasis. In humans, this pro-
cess requires the activity of all 3 RNA
polymerases. RNA polymerase 1 tran-
scribes the 478 precursor rRNA, which is

further processed to 18S, 5.8S, and 28S
rRNAs. The fourth rRNA, 58S, is tran-
scribed separately by RNA polymerase
I in the nucleus, exported to the cyto-
plasm, and finally imported to the nucle-
olus for incorporation into the large
ribosomal subunit.’ Approximately 79
ribosomal proteins are actively tran-
scribed by RNA polymerase II, exported
to the cytosol for translation, and
imported to the nucleolus for assembly.’®
In addition, approximately 30% of the
nucleolar proteome comprises a group of
auxiliary factors that assist in the process-
ing of rRNA, assembly of the small and
large subunits, and finally export and
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maturation of the functional ribosome.””
The entire process is estimated to use
upwards of 60% of cellular resources'®
and therefore seems reasonable that it is
monitored extensively for quality control.
As a transcription factor, p53 regu-
lates gene expression patterns to alter
genetic programs, a paradigm holding
true for metabolic regulation as well. To
date, there are a number of reports sup-
porting the role of p53 in the regulation
of glycolysis, aerobic respiration, and
reactive oxygen species (ROS)."" The
differential transactivation capabilities
of p53 have been found to depend on
both the intrinsic DNA binding affinity
of p53 to various p53 response elements,
as well as the overall protein levels.'> In
response to mild cellular stress, p53 may
induce high-affinity downstream target
genes involved in DNA repair, antioxi-
dant regulation, and metabolism, thereby
promoting cell survival through minor
corrections that maintain efficient via-
bility. Intermediate to high levels of
stress may drive p53 to access lower
affinity genes that drive a cell fate
toward cell cycle arrest, senescence, and
apoptosis—all in an effort to remove
cells that retain irreversible genotoxic or
cellular damage, which could otherwise
be detrimental to an organism. Arguably,
the most common stress p53 encounters
is the modest day-to-day, or physiologi-
cal, stress arising from natural metabolic
dynamics that represent constitutive
effects of cell growth and division.
Perturbations to ribosome biogenesis
such as inadequate rRNA transcription,
disruption of rRNA processing, or RP
imbalances have all been demonstrated
to trigger so-called nucleolar stress,
resulting, in most cases, in the break-
down of nucleolar structure and activa-
tion of the RP-Mdm2-p53 pathway,"
supporting the notion of the nucleolus as
a central stress response regulator for
p53 activation.'* However, insights into
the natural physiological stressors that
affect ribosome biogenesis and disrupt
nucleolar integrity have been largely
elusive, making it difficult to define the
RP-Mdm2-p53 pathway as a bona fide

intrinsic  signaling pathway. Further-
more, the consequences of modulating
p53 function through this pathway have,
as a result, been primarily undefined.
Given the sensitivity of ribosome bio-
genesis to cellular energy status and the
defined roles of p53 in metabolic regula-
tion, we have explored potential avenues
of nutrient fluctuation that could inte-
grate the physiological “day-to-day”
stress activation of p53 through the RP-
Mdm2-p53 pathway to modulate
p53-dependent metabolic feedback and
maintain overall cellular homeostasis.

The Ribosomal Protein-
Mdm2-p53 Pathway

Under normal conditions, p53 is gener-
ally kept at relatively low levels through
the activity of Mdm2. Mdm?2 is thought
to negatively regulate p53 through direct
binding and masking of the DNA binding
domain or by acting as an E3 ubiquitin
ligase to mediate the conjugation of ubig-
uitin to p53 for proteasomal degradation.
In regards to these two potential mecha-
nisms, the key to regulating p53 stability
is to inhibit the physical interaction of
p53 with Mdm2. Previous evidence high-
lights distinct signaling pathways that
respond to specific stressors to inhibit
Mdm?2. For instance, the tumor suppres-
sor ARF is induced in response to onco-
genic stress such as RAS or c-myc
overexpression, whereby it binds to the
central acidic domain of Mdm2 to inhibit
p53 turnover.>'>'® Additional forms of
genotoxic stress resulting from ionizing
and ultraviolet radiation, or various
chemicals, can activate the ATM-Chk1 or
ATM-Chk?2 kinase cascades to promote
phosphorylation of both Mdm?2 and p53,
ultimately inhibiting their association.'”"”
Additional forms of posttranslational
Mdm2 modification such as acetylation,
methylation, neddylation, and sumoyla-
tion can also work in similar fashion to
support p53 stabilization.**

The latest proteins implicated in
Mdm?2 regulation are a subset of ribo-
somal proteins that, like ARF, have
mostly been demonstrated to bind to the

central acidic domain of Mdm2 to inhibit
the Mdm2-p53 interaction. Initial evi-
dence of direct RP-Mdm?2 interactions
occurred with the report of RPLS binding
to Mdm2 in a 5S rRNA-RPL5-Mdm2-
p53 ribonucleoprotein complex.” Subse-
quent reports implicated the large subunit
ribosomal proteins RPLS5, RPLI11, and
RPL23 as Mdm2 binding partners that
block the E3 ubiquitin ligase function of
Mdm?2 to promote p53 accumulation.***’
Additional evidence for the roles of
RPS7.*! RPL26,* and RPS3* as
Mdm?2 binding partners has since been
presented, further validating the notion
that Mdm2 has multiple RP binding
partners.

Despite the common thread of RP
binding to Mdm2, there appear to be dis-
tinct binding site affinities and mecha-
nisms for each of the ribosomal proteins;
findings that may suggest individual
responses to nucleolar stress and explain
the apparent redundancy of RP-Mdm2
binding partners. For instance, binding
analysis has revealed that RPLS5 and
RPLI11 bind to the C4 zinc finger region
of Mdm?2, but the binding is lost in the
naturally occurring Mdm2“*"  point
mutation variant.’* However, an addi-
tional C4 zinc finger variant, Mdm2“%S,
is deficient for RPL11 binding but retains
the capacity for RPL5 binding,” suggest-
ing that even slight structural modifica-
tions to Mdm2 can have significant
implications for RP binding. These stud-
ies were taken one step further by gener-
ating a mouse knock-in model harboring
the Mdm2“”" point mutation, which
confirmed in vivo the deficiency of RPLS
and RPL11 binding to the zinc finger
region.”® Notably, Mdm2“*" mice
exhibited a normal p53 response to DNA
damage but an attenuated response when
challenged with nucleolar stress. Further-
more, loss of a robust RP-Mdm2-p53
response accelerated Ep-Myc-induced
lymphomagenesis independently of ARF
induction, suggesting that the RP-Mdm2-
pS3 pathway is a genuine failsafe
responder to nucleolar stress. It is unclear
why RPL23, which binds outside of the
zinc finger region, does not compensate
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for RPLS and RPL11 deficiency. Given
the differences in amino acid sequence
preference, RPLS, RPL11, and RPL23
may form a ternary complex on Mdm2***’
or synergize with each other’® to maxi-
mize the inhibitory effect on Mdm?2. Fur-
ther studies investigating the importance
of individual RPs will be necessary to
dissect the relationships, as well as any
potential specific growth inhibitory or
nucleolar stress responses, to Mdm?2.

Ribosome Biogenesis and
Nucleolar Stress

As mentioned, ribosome biogenesis is a
highly complex activity requiring the
coordinated responses of all 3 RNA
polymerases to synthesize new rRNA,
transcribe individual RPs and cofactors,
and finally assemble all components in
the nucleolus to manufacture ribosomes.
Mdm?2 is a nucleo-cytoplasmic shuttling
protein, whereas RPs are translated in
the cytosol and shuttled to the nucleolus,
where they are incorporated into nascent
subunits of ribosomes for cytoplasmic
export and maturation. So when and
where do individual RPs interact with
Mdm?2 to facilitate p53 stabilization? It
is conceivable that RPs may interact
with Mdm2 upon nuclear import in tran-
sit to the nucleolus. If so, elevated rates
of RP translation would enhance associ-
ation of RPs with Mdm?2, thereby
increasing p53 in response to an over-
abundance of RPs. Conversely, degrada-
tion or breakdown of cytosolic
polysomes could enhance the levels of
freely available nuclear RPs and trigger
a p53 response.”””’* Given that the
nucleolus contains no physical mem-
brane, RPs could freely shuttle between
the nucleolus and nucleus to interact
with Mdm2,” or vice versa, Mdm?2,
potentially bound to the nucleolar pro-
tein ARF,***' could transiently shuttle to
the nucleolus to bind to RPs. Finally, the
most favored possibility posits that the
nucleolus sequesters free ribosomal
proteins until disruption of ribosome
biogenesis triggers breakdown of the
nucleolus, thereby releasing a free pool

of ribosomal proteins into the nuclear
space to bind to and inhibit Mdm2. This
so-called nucleolar stress response is
supported by a plethora of observations
in the literature and can be broken down
into 3 components: disruption of rRNA
transcription, perturbation to rRNA pro-
cessing, and RP imbalances.

Disruption of rRNA Synthesis
Activates p53

In the context of ribosome biogenesis,
nucleolar stress specifically refers to the
perturbation to the dynamics and flow of
ribosome synthesis.'”” Disruptions to
rRNA transcription and processing, as
well as imbalances in ribosomal proteins
and processing factors, in many cases,
have been reported to induce the break-
down of nucleolar structure and acti-
vate a p53 stress response. Experimental
techniques designed to mimic these
imbalances include inhibition of precur-
sor rRNA synthesis through administra-
tion of low doses of actinomycin D,?*%
an antineoplastic antibiotic compound
that, at low concentrations (<10nM),
specifically disrupts ribosome biogene-
sis by intercalating into the GC-rich
regions of rDNA to inhibit Poll-mediated
transcription of nascent 47S rRNA.***
Additional commonly used chemother-
apeutic compounds such as 5-flourouracil
(5-FU), a uracil analogue antimetabolite
that functions by misincorporation into
nascent RNA to block complete RNA
synthesis,* and mycophenolic acid
(MPA), an agent that selectively inhib-
its inosine monophosphate dehydroge-
nase to deplete the guanine nucleotide
pool and disrupt pre-ribosomal RNA
synthesis,”” have also been used to
induce nucleolar stress responses to
demonstrate p53 stabilization through
RPL5- and RPL11-directed inhibition of
Mdm2.*"

Genetic models that lead to suppres-
sion of rRNA transcription have pro-
duced a number of fairly consistent
observations in regards to p53 activa-
tion. One applicable example is deletion
of the RNA Poll transcription cofactor

TIF-1A in mouse embryonic fibroblasts,
where loss of TIF-1A disrupts nucleolar
integrity and correlates to elevated p53
with activation of apoptosis.”® Other
murine cell types, such as neural pro-
genitors and hippocampal neurons, have
also been demonstrated to induce a p53
response in the absence of TIF-1A,*
further supporting the notion that deple-
tion of the rRNA precursor can trigger a
p53-mediated nucleolar stress response.
Disruption of rDNA transcription, as
well as processing, by ablation of
BAP28, acomponent of the Poll machin-
ery and the U3 small nucleolar RNA-
containing RNP complex, respectively,
triggers a p53-dependent apoptotic phe-
notype in the developing nervous sys-
tem of zebrafish that can subsequently
be rescued by deletion of p53.%° SLI1
complexes are recruited to the rDNA
promoters to facilitate Poll-mediated
transcription. Activation of the tumor
suppressor PTEN can block SL1 recruit-
ment,”! thereby reducing rRNA produc-
tion and potentially contributing to a p53
response. Likewise, the tumor suppres-
sor ARF, already established as a robust
negative regulator of Mdm?2, can inhibit
phosphorylation of upstream binding
factor (UBF)*? to effectively inhibit
rRNA synthesis and induce p53 inde-
pendently of Mdm?2 binding.

Disruption of rRNA Processing
Activates p53

Ribosomal RNA is initially transcribed
as a long 478 precursor that must be effi-
ciently processed by a series of nucleo-
lar proteins to 18S, 5.8S, and 28S rRNAs
to be incorporated into ribosomal sub-
units. Infidelity in rRNA processing can
lead to accumulation of unprocessed
intermediate transcripts that can retard
subunit assembly, thereby triggering a
nucleolar stress event. One example of
this comes from the study of the rRNA
processing factor Bop1l, which is neces-
sary for 47S cleavage at the internal
transcribed spacers ITS1 and ITS2, as
well as the 3’ external spacer.” Expres-
sion of a dominant negative form of
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Bop! in mouse cells inhibits production
of 28S and 5.8S rRNA and, as a result,
blocks cell cycle progression in a p53-
dependent manner.>* In a similar vein,
mutation or depletion of the WD40
repeat protein WDR12, which forms a
complex with Bopl and Pesl and is
involved in rRNA processing, also
induces p53 to block cell proliferation.™
The tumor suppressor ARF can delay
rRNA processing,”® in part through
mediating degradation of nucleophos-
min NPM/B23, a factor essential for a
number of processing events.’”®

Additional work in animal models
further validates the concept of dis-
rupted rRNA processing triggering p53-
dependent effects. For instance, Wrd36
is required for 18S processing in zebra-
fish and, when deficient, leads to p53
activation.” Furthermore, inactivation
of RNA binding motif protein 19
(Rpm19) in the mouse triggers apoptosis
in the morula stage of the developing
embryo, subsequently terminating fur-
ther development.”” Collectively, these
data support the notion that inappropri-
ate accumulation of mature rRNA, via
the disruption of appropriate rRNA pre-
cursor processing, is sufficient to signal
a stress response to p53 that may derive
from the RP-Mdm?2 pathway.

Ribosomal Protein Imbalances
Activate p53

A consistent supply of ribosomal proteins
is essential for maintaining the fidelity of
nascent ribosome synthesis, so naturally
an imbalance in the stoichiometric ratio
of RPs might be considered to hinder the
flow of subunit assembly to induce nucle-
olar stress. Using cell culture models,
depletion of the small 40S protein RPS9
was shown to negatively affect cell pro-
liferation by activating p53-mediated cell
cycle arrest.®’ Moreover, knockdown of
HIP/RPL29 was shown to have similar
effects in colon cancer cells.”” For the
most part, in the absence of nucleolar
stress, transient decreases in the reported
RP binding partners RPL11,” RPL5,”
RPS7,*' and RPS3,* which would be

thought to contribute to an RP imbalance,
had no effect on p53 stabilization in cell
culture. This may reflect the importance
of each RP in promoting Mdm?2 inhibi-
tion, leading to the speculation that the
RPs may work in a cooperative fashion to
fully enable the p53 stress response. Con-
versely, knockdown of RPL23, another
Mdm2 binding protein, did in fact acti-
vate p53.%’ These apparent discrepancies
regarding RP depletion may be reconciled
by acknowledging the variability in RNAi
knockdown and the cell types studied,
both of which could have an impact on the
p53-dependent phenotypes.

Animal models have been a valuable
tool to gain more precise insight into the
nature of ribosomal protein deficiencies
and the p53 response. Forward genetic
screens in zebrafish identified 11 differ-
ent ribosomal proteins that, under haplo-
insufficient conditions, greatly increased
the rates of spontaneous malignant
peripheral sheath tumors (MPSTs),” a
phenotype that was found to be, in a
number of cases, dependent on the loss
of p53 synthesis.®*® Further analysis
investigating RP mutants and contribu-
tion to MPST found a subset of RPs that
also contributed to growth impairment.®®
Despite the expectation of increased p53
activation in these RP-deficient models,
the observations of decreased protein
synthesis and growth impairment may in
fact reflect a partial pS3-dependent phe-
notype given that p53 itself plays a neg-
ative feedback role in suppressing
ribosome biogenesis, a process that
would be expected to attenuate produc-
tion of new ribosomes, followed by
decreased protein synthesis and there-
fore growth impairment. Deficiencies of
RPs in other zebrafish studies have
directly validated a p53 response, as is
the case for RPS19, a gene commonly
mutated in Diamond-Blackfan anemia,
as well as RPS8, RPS11, and RPSI18,
where the occurrence of hematopoietic
and developmental abnormalities could
be rescued by concomitant loss of p53.%
Finally, loss of RPL11 was also demon-
strated to be embryonic lethal due to
developmental abnormalities, and the

abnormality can be rescued, at least in
part, by depletion of p53.%®

Taken together, there are fairly clear
connections between RP levels and p53
function in zebrafish, but murine models
have perhaps provided the majority of
evidence to support a p53 response to
nucleolar stress. For instance, T cell—
specific homozygous deletion of RPS6, a
small subunit protein that acts through
the mTOR pathway as the downstream
effector of S6 kinase, resulted in impair-
ment of T cell development in a manner
dependent on p53.% Moreover, haploin-
sufficiency of Rps6 in frog oocytes was
embryonic lethal at day E5.5 owing to
p53-dependent apoptosis.”’ One key
mediator of the RP-Mdm2-p53 pathway
in RPS6 knockouts was demonstrated in
the liver, where RPL11 inhibited Mdm2
to activate p53. Interestingly, RPL11 was
able to activate p53 function in the
absence of nucleolar breakdown,”" sug-
gesting that more subtle perturbations to
ribosome synthesis may leave the nucleo-
lus intact and functional but modulate the
activity of p53 to account for dynamic,
yet transient, fluctuations in ribosome
biogenesis. Given the ubiquitous neces-
sity of ribosome biogenesis across cell
types, it is surprising to find a range of
seemingly limited phenotypes associated
with RP imbalances. Mutations in RPS19
and RPS20 are reported to reduce overall
body size and activate p53-dependent
expression of Kit ligand, resulting in
excessive pigmentation and a dark skin
phenotype (aka epidermal melanocyto-
sis).”” RPL24 ablation, one of the first RP
mutant mice to be characterized, also dis-
plays skin pigmentation defects but pro-
duces congenital malformations of the
eye and skeleton”"*—phenotypes that
are likely dependent on elevation of basal
p53 levels.” Finally, RPL22 was found to
block af T cell but not yd T cell lineage
progression by inducing a p53-dependent
cell cycle arrest.”® These observations
reflect the variability of phenotypes
observed when ribosomal proteins are
deficient, but the common theme among
all RP imbalances is the activation of
p53. Therefore, it seems likely that the
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RP-Mdm2-p53 pathway is functional in
vivo and may represent a common surveil-
lance system that responds to a wide vari-
ety of ribosome biogenesis perturbations.

Metabolic Fluctuations Alter
Ribosome Biogenesis

Nucleolar integrity is influenced by a
number of factors, including, but not
limited to, genotoxic, osmotic, and
oncogenic stress, as well as hypoxia and
viral infection (reviewed in Boulon
et al.”’). As stated, ribosome biogenesis
is a highly coordinated function requir-
ing all 3 classes of RNA polymerase to
appropriately maintain the balance
between rRNA transcription and pro-
cessing to production of ribosomal pro-
teins. Given the intense energetic
demand for producing new ribosomes, it
should come as no surprise that fluctua-
tions in cellular energy status have a
profound impact on the overall capacity
for ribosome biogenesis. The most obvi-
ous contributor to cellular energetics is
nutrient availability, which may consti-
tute a common physiological stressor
requiring constant and dynamic moni-
toring to accommodate conditions where
fluctuations in nutrient load lead to
adaptations that couple the energetic
requirements of ribosome biogenesis to
overall cellular energy levels.

One key regulator of the link between
nutrient availability and ribosome bio-
genesis is the mammalian target of rapa-
mycin (mTOR) pathway. mTOR has a
well-established role in sensing nutrient
deprivation to initiate signaling cascades
resulting in downregulation of ribosome
biogenesis with reductions in protein
synthesis, ultimately leading to reduced
cell growth and proliferation.”® The
mechanisms surrounding these series of
events are likely numerous and beyond
the scope of this review. However,
mTOR does play a key role in regulating
ribosome biogenesis, in part through
coordinating the activities of RNA poly-
merases Poll, Polll, and PolllI (reviewed
in Mayer and Grummt””). The impact on
ribosome biogenesis by mTOR occurs

primarily by modulating the rates of
rRNA synthesis or ribosomal protein
translation.  Observations regarding
Poll-mediated transcription of precursor
rRNA have demonstrated how mTOR
works on multiple levels to affect the
activity,*® subcellular localization,®' and
cofactor recruitment of Poll to rDNA
genes.**® Likewise, 5S rRNA synthesis
has also been implicated as a target of
mTOR, whereby cofactor recruitment of
Pollll to nuclear 5S rDNA genes is
affected by mTOR-dependent phosphor-
ylation status.® Finally, nTOR has been
reported to regulate both the transcrip-
tion and translation of Polll-dependent
ribosomal protein mRNAs.* Collec-
tively, these studies support the notion
that nutrient deprivation—triggered sup-
pression of mTOR can induce downreg-
ulation of ribosome biogenesis by
specifically influencing the rates of
polymerase-dependent TRNA synthesis
and RP production. Given the role of
mTOR in sensing nutrient availability
and the previously stated imbalances in
rRNA transcription, processing, and RP
protein availability directly affecting
nucleolar integrity, it stands to reason
that specific nutrient signals acting
through mTOR to mediate changes to
specific aspects of ribosome biogenesis
may contribute to nucleolar stress and
activate the RP-Mdm2-p53 pathway.

p53 and Energy Metabolism

To carry out normal metabolic functions
to maintain cell growth and proliferative
homeostasis, eukaryotic cells must meet
energetic demands through ATP produc-
tion. The primary carbon source for ATP
production is glucose, but lipids and
amino acids can also be catabolized to
provide fuel for energy production. ATP
synthesis can occur through the more
“ancient” process of glycolysis or by
aerobic respiration, which occurs in the
mitochondria. Glycolysis and mitochon-
drial respiration are both used simulta-
neously to yield the net energy necessary
for eukaryotic cell function, but the bal-
ance between the two processes is tightly

regulated and adaptable to varying met-
abolic conditions. Although the yield of
ATP from glycolysis may be low, it is a
rapid process that may become the pre-
ferred method of ATP production in con-
texts where high demand for energy is
necessary such as contraction of muscle
fibers or increased biosynthesis of pro-
teins and cell structures. Glycolysis may
also be more relied on during conditions
of mitochondrial dysfunction, where
oxygen concentrations are low or the
mitochondria are otherwise impaired.
Research over the past decade has
begun to emphasize the role of p53 in
regulating cell metabolism under low to
moderate stress conditions. Since a cell
may be constantly undergoing metabolic
perturbations due to constantly changing
physiological conditions, a more accu-
rate representation of p53 in this context
is a metabolic stress response regulator,
altering cellular conditions during non-
lethal or low-stress conditions. Meta-
bolic stress can come in a variety of
forms, including increased or decreased
ATP demands, carbon source availabil-
ity, fluctuating oxygen concentrations,
growth factor signaling, and any other
number of common “day-to-day”
stresses a cell might encounter. Stabili-
zation of p53 has been demonstrated to
decrease glycolysis and enhance aerobic
respiration, whereas loss of the gene
corresponds to decreased mitochondrial
biogenesis, lowered oxygen consump-
tion, and increased rates of glycolysis.
Interestingly, in the presence of wild-
type p53, net ATP production remains
stable but is skewed in favor of mito-
chondrial respiration. However, when
p53 function is lost, ATP is primarily
derived through glycolytic energy pro-
duction.® In part, this observation has
led to some insight regarding the genetic
switches accounting for the Warburg
effect. This is the observation that, even
under conditions of high oxygen avail-
ability, most cancer cells shift ATP pro-
duction from oxidative phosphorylation
in the mitochondria to the less efficient
(in terms of total energy produced from
glucose) process of glycolysis. Given
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that p53 is mutated or inactivated in the
majority of human cancer, it is reason-
able to suspect that p53 plays a role in
governing the switch from aerobic to
anaerobic metabolism.

A number of p53 target genes have
been identified that provide a partial
explanation for the observation of p53 as
a metabolic switch (Figure 1). One of the
first metabolic genes to be identified as a
p53-regulated target is phosphoglycerate
mutase (PGM),*” a glycolytic enzyme
that catalyzes the reversible conversion
of 3-phosphoglycerate to 2-phosphoglyc-
erate through a 2,3 bisphosphoglycerate
intermediate. PGM is actually repressed
by p53, and in doing so, glycolytic func-
tion is decreased. However, since PGM is
not critical for regulation of glycolysis, it
only created an initial framework for
explaining the role of p53 in shifting met-
abolic tides. A second gene identified as a
p53-inducible target gene is synthesis of
cytochrome ¢ oxidase 2 (SC02).** SCO2
regulates the cytochrome c¢ oxidase
(COX) complex of the electron transport
chain where the majority of oxygen is
consumed during oxidative phosphoryla-
tion. Targeted disruption of one Sco2
allele in mice was sufficient to recapitu-
late the altered distribution of ATP pro-
duction observed in p53 null mice, where
glycolysis is favored over respiration.
Expression of SCO2 in p53 null HCT116
cell lines restored the oxygen consump-
tion levels seen in p53 wild-type mice,
indicating that SCO2 was critical in driv-
ing ATP production in the mitochondria.
Another p53-inducible target gene is
Tp53-induced glycolysis and apoptosis
regulator (TIGAR), a gene that inhibits
glycolysis by lowering fructose-2,6-
bisphosphate levels.*™® This favors the
accumulation of fructose-1,6-bisphos-
phate, which is effectively shunted into
the pentose phosphate pathway to pro-
duce NADPH nucleotides. An additional
biological effect of TIGAR expression is
to lower detrimental levels of ROS in the
cell and to enhance resistance to apop-
totic stimuli. Another gene identified as a
p53-regulated metabolic target is guanid-
inoacetate methyltransferase (GAMT),
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Figure 1. Metabolic target genes of p53. Reported target genes for p53 are boxed. The functional
outcomes of the p53 metabolic program include inhibition of glucose import, attenuation of
glycolysis, upregulation of creatine levels for increased ATP, enhanced mitochondrial respiration
correlating to increased amino acid and fatty acid oxidation, and upregulation of the antioxidant

system.

an enzyme critical for creatine biosynthe-
sis.* GAMT catalyzes the conversion of
guanidinoacetate to creatine from gly-
cine, arginine, or methionine substrates.
Creatine is produced from these amino
acids primarily in the kidneys and liver,
where it is secreted into peripheral blood
circulation for utilization by muscle cells
for energy production. Specifically, once
in muscle cells, creatine enhances ATP
recycling by using a phosphocreatine
intermediate to convert ADP back to the
usable ATP. On an additional note, under
glucose-deprived conditions, GAMT
enhances fatty acid oxidation (FAO),
thereby enhancing this alternative fuel
source for maintenance of energy produc-
tion. The latest gene identified in the pS3-
regulated metabolic suite is glutaminase
2 (GLS2), a mitochondrial enzyme that
promotes the conversion of the amino
acid glutamine to glutamate.”™”' Through
de-amination, glutamate is converted to

a-ketoglutarate, where it can be shunted
into the TCA cycle to promote mitochon-
drial respiration. Positive regulation of
both GAMT and GLS2 highlights the
implications of p53 in promoting lipid
and amino acid catabolism, respectively;
both are mitochondrial functions that are
upregulated when glucose-derived pyru-
vate becomes limiting and the cell is
forced to switch to alternative carbon
sources. Taken together, these genes pro-
vide partial mechanistic insight into the
function of p53 in surveying metabolic
conditions and driving a shift toward aer-
obic respiration. Moreover, this evidence
highlights how modulation of p53 levels
may be imperative to regulating the cel-
lular response to daily fluctuations in
nutrient load and availability. In doing so,
p53 would need to transactivate a host of
target genes to adapt to changing meta-
bolic conditions but do so largely at the
expense of activating the more extreme
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functions of apoptosis and senescence:
functions that need not be mutually
exclusive from metabolic regulation but
may be appropriately attenuated in the
face of mild physiological stress.

Additional metabolic targets of p53
include a number of antioxidant genes that
serve to maintain homeostasis of ROS.
Several antioxidants have been reported to
be downstream transcriptional targets of
p53 and include catalase (CAT), manga-
nese superoxide dismutase 2 (SOD2), glu-
tathione peroxidase (GPX1), and sestrins
1 and 2 (SESN1/2).”? Furthermore, GLS2,
by increasing glutamate levels, enhances
glutathione production, which can act
as an additional buffer to protect against
ROS-induced oxidative damage and apop-
tosis.”*”' Basal p53 function has been
reported to be essential for ROS regulation
under conditions of low stress.”’ Since
mitochondria, specifically the electron
transport chain, are the primary intracellu-
lar source or ROS, it is reasonable that a
p53-mediated increase in oxidative phos-
phorylation may be coupled with p53-
induced antioxidant genes to offset ROS
generated from enhanced mitochondrial
function.

Based on the target genes that have
thus far been characterized, the functional
outcome of the p53 metabolic response
includes inhibition of glucose import,
attenuation of glycolysis, promotion of
ATP production through increased cre-
atine levels, and enhancement of mito-
chondrial function where amino acid and
lipid oxidation is increased (Figure 1).
These functions are consistent with p53
inhibiting anabolic cell growth and pro-
moting catabolic energy-sparing path-
ways. Although it is not precisely clear
under what conditions such a program
would be implemented, changes in nutri-
ent availability are a logical place to look
and have received some attention. The
majority of evidence surrounding nutri-
ent sensing and p53 function is in the
context of glucose availability, the pri-
mary preferred carbon source for energy
acquisition. Interestingly, glucose starva-
tion has been demonstrated in a cell cul-
ture model to induce a transient rise in
p53 Serl5 phosphorylation, a marker for

p53 transactivation potential.”* Complete
glucose deprivation promoted maximal
phosphorylation of p53 at 45 minutes and
returned to baseline levels within 3 hours,
signifying a rapid, yet transient, response
to glucose depletion. Amp-activated pro-
tein kinase (AMPK) plays a key role
in monitoring energy status by sensing
and responding to fluctuating AMP/ATP
ratios, generally stimulating catabolic
responses to generate ATP during
periods of energy depletion or increased
demand.” The effects of glucose depriva-
tion on p53 phosphorylation are gener-
ally correlated with and may be dependent
on AMPK activation. When cells were
starved for glucose, p53 induced G1/S
cell cycle arrest that was shown to be
dependent on AMPK function and could
be reversed upon glucose addition.”® Fur-
thermore, the effects of glucose depriva-
tion are further supported in a study
analyzing p53 levels and function in
TSC—/— mouse embryonic fibroblasts
(MEFs), where the constitutively high
levels of mTOR activity promote p53
translation and therefore greater basal
protein levels. Glucose deprivation in
TSC—/— MEFs induced p53 Serl5 phos-
phorylation and accumulation, an effect
correlating to enhanced p53-dependent
apoptosis.”’ Finally, glucose deprivation
was demonstrated to activate AMPKa,
the catalytic subunit of the AMPK com-
plex, and promote p53 accumulation.
Although the investigators in this study
were unable to detect Serl5 or Ser20
phosphorylation, Ser46 was phosphory-
lated and subsequently associated with
enhanced transactivation of p53.”® Col-
lectively, there is a decent body of evi-
dence supporting p53 activation in
response to glucose deprivation. When
combined with the evidence surrounding
the known cadre of p53 metabolic target
genes, it seems that p53 could act as a
promoter of “energy scavenging” during
periods of acute glucose starvation. Given
that glucose is the primary carbon source
of the cell, when glucose becomes a limit-
ing nutrient, we can surmise that transitory
p53 activation promotes an acute meta-
bolic shift to bridge the energy gap as a
cell transitions from conventional glucose

oxidation to alternative substrates, such
as amino acids and lipids, through activa-
tion of catabolic pathways. In line with
the well-established role of p53 in pro-
moting survival under low to moderate
stress, this more subtle “burst” of p53
activity may actually promote conserva-
tion of cellular resources and energy by
shifting carbon source utilization to those
derived from catabolic processes. Fur-
thermore, these effects can be reconciled
with the known functions of p53,
whereby temporary stalling of cell cycle
progression and inhibition of cell growth
could provide a window of opportunity
to restructure nutrient partitioning and
utilization to allow for sufficient ener-
getic recovery that is permissive to ana-
bolic growth and proliferation.

Perspectives: Does Nutrient
Stress Regulate the Ribosomal
Protein-Mdm2-p53 Pathway?

Decades of research have solidified the
critical functions of p53 in stress surveil-
lance, particularly as they pertain to cell
cycle regulation and apoptosis. As such,
p53 has garnered a reputation as a first
responder to significant deleterious geno-
toxic and cytotoxic stress to elicit repair
processes that either preserve cell viabil-
ity or initiate cell death in times of irre-
versible damage. Although certainly still
true, it seems difficult to believe that the
origin of p53 was to function solely in
this context. A recent review on the his-
tory of p53 traces an evolutionary func-
tion back over one billion years to the
preservation of germline and stem cell
integrity,” suggesting that p53 has a
remarkable track record for monitoring
cellular homeostasis. Here we aimed to
extend the well-established role of p53 as
an overall stress response regulator to
include the monitoring of nutrient stress
and utilization through the RP-Mdm2-
p53 pathway.

Generally speaking, nutrient load and
composition have a significant bearing
on the anabolic (energy-consuming)
versus catabolic (energy-sparing) state
of the cell. At the organismal level,
nutrient starvation induces a milieu of



[ RP-Mdm2-p53 pathway and energy metabolism / Deisenroth and Zhang

| MONOGRAPHS ]

hormonal changes that drive a shift
toward alternative forms of fuel in an
effort to conserve energy and preserve
basic cellular functions. If no immediate
forms of fuel are readily available,
meaning glucose in particular, catabolic
pathways are activated to mobilize alter-
native energy substrates from stored
depots or generate glucose from noncar-
bohydrate sources. For example, addi-
tional glucose can be derived from the
oxidation of liver and muscle glycogen,
amino acids can be generated from the
peptides of muscle breakdown, or, con-
versely, lipids can be mobilized from
adipocytes to provide energy rich fatty
acids in times of low glucose availabil-
ity. These 3 primary micronutrients—
glucose, amino acids, and lipids—are in
a dynamic flux dependent on cellular
supply and demand. The cellular deci-
sion regarding how best to partition and
use these resources is likely based on a
delicate balance of feedback mecha-
nisms that respond to reprogram a cell
according to a current metabolic cli-
mate. We propose that the RP-Mdm2-
p53 pathway may contribute to the
highly dynamic process of nutrient par-
titioning and metabolic reprogramming,
thereby constituting a nutrient stress sur-
veillance system.

Thus far, we have briefly character-
ized three major concepts: 1) Nutrient
availability regulates the rate of ribo-
some biogenesis and can contribute to
nucleolar stress, 2) the RP-Mdm2-p53
pathway monitors nucleolar stress to
elicit a p53 response, and 3) p53 governs
a suite of genes involved in energy
metabolism. Given that nutrient avail-
ability plays a key role in regulating
ribosome biogenesis, it is expected that
the RP-Mmd2-p53 pathway may func-
tion in some capacity to mediate the
nucleolar stress response to nutrient sup-
ply and, in turn, modulate the metabolic
program of p53 to appropriately com-
pensate for the nutrient changes. For
instance, during anabolic phases when
glucose levels are abundant, the activity
of Mdm2 would keep p53 levels rela-
tively low, amino acid and fatty acid

oxidation would be largely suppressed
by the high availability of glucose, and
glycolysis-derived pyruvate would sup-
ply sufficient acetyl-CoA to the mito-
chondria for aerobic respiration. In turn,
there would be sufficient energy avail-
able to facilitate ribosome biogenesis
and support protein synthesis to drive
cell growth and proliferation. In con-
trast, under glucose-deprived condi-
tions, the activation of AMPK and
resulting decrease in mTOR activity
could induce nucleolar stress to activate
the RP-Mdm2-p53 pathway, inhibiting
Mdm2 by RP binding and contributing
to p53 stabilization. During this period,
p53 would elicit a transcriptional response
that would suppress glucose metabolism
and shift the balance toward energy-
scavenging catabolic pathways such as
amino acid and fatty acid oxidation to
support mitochondrial respiration. In
addition, these effects may coincide with
reduction in cell growth and p53-medi-
ated stalling of the cell cycle to inhibit
premature proliferation. Indeed, in this
context, p53 could act as a switch during
acute metabolic perturbations when a
shift in nutrient partitioning is essential
and, by doing so, create a cellular envi-
ronment conducive to utilization of read-
ily available carbon sources (Figure 2).
Based on the current proposed model,
if p53 is suppressing glycolysis under
conditions where glucose is limiting, then
why would it also be enhancing aerobic
respiration if the available pool of acetyl-
CoA derived from glycolysis were sup-
pressed? Alternative carbon sources are
provided through catabolic pathways that
meet the unmet mitochondrial demand
for TCA cycle intermediates to sustain
and even enhance respiration. Under con-
ditions of glucose deprivation, FAO pro-
vides an abundant source of energy-rich
fatty acids that are readily oxidized to
acetyl-CoA to feed into the TCA cycle to
maintain mitochondrial respiration and
adequate energy production. By sup-
pressing glycolysis but simultaneously
enhancing mitochondrial respiration, is
p53 creating an environment favorable to
mitochondrial beta-oxidation of fatty

acids? A glimpse into this possibility was
presented from evidence illustrating how
GAMT could support FAO.* In addition,
p53 has been reported being induced in
adipocytes of obese 0b/ob mice,'” result-
ing in upregulation of proinflammatory
cytokines and decreased insulin sensitiv-
ity but also in suppression of lipogenic
genes.'” Taken together, p53 may con-
tribute to lipolysis in adipocytes, promot-
ing liberation of fatty acids for utilization
not only by adipocytes but also by periph-
eral tissues such as the liver and muscle,
where p53 may promote mitochondrial
FAO. It is of interest to note that previous
observations regarding p53-mediated
enhancement of mitochondrial function
have used oxygen consumption as a
marker for activity. Enhanced oxygen
consumption is also observed when mito-
chondrial membrane potential is uncou-
pled from oxidative phosphorylation and
mitochondrial uncoupling is associated
with enhanced FAO.'"” Treatment of
mitochondria with chemical uncouplers
such as 2,4-dinitrophenol or FCCP has
been shown to correlate with enhanced
rates of FAO.'” Perhaps even more tell-
ing is the fact that cells use a natural
mechanism via uncoupling proteins to
promote depletion of mitochondrial
membrane potential, a process that coin-
cides with enhanced FAO.'™ For instance,
inhibition of biological uncoupling pro-
teins, such as UCP2, blunts the rate of
lipid oxidation in the mitochondria,'®
indicating that mitochondrial uncoupling
may be a natural process associated with
FAO. Higher rates of mitochondrial FAO
would coincide with increased levels of
oxygen consumption while still maintain-
ing adequate ATP production from oxida-
tive phosphorylation to meet cellular
demands. The p53-dependent switch
from glycolysis to aerobic respiration
may actually reflect nutrient partitioning
effects of p53, whereby fatty acid oxida-
tion and amino acid catabolism are
enhanced in the mitochondria when p53
is stabilized, leading to the observed
enhanced oxygen consumption. Much
experimentation is necessary to determine
if p53 influences utilization of particular
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Figure 2. Hypothetical model for nutrient partitioning through the RP-Mdm2-p53 pathway. (Left panel) During normal periods of growth when
glucose levels are adequate, ribosomal proteins (RPs) are sequestered in the nucleolus to promote ribosome biogenesis, and p53 levels are maintained
at low levels by Mdm2. Glucose utilization is high and amino acid or fatty acid catabolism may supplement energetic requirements as necessary
for anabolic growth and division. (Right panel) Glucose deprivation, through suppression of ribosome biogenesis, may induce a nucleolar stress
response (squiggled circle), prompting RP inhibition of Mdm2 to stabilize p53. p53 transactivation may downregulate glycolytic rates and promote
mitochondrial metabolism through enhanced oxidation of amino acids and fatty acids. In addition, enhanced reactive oxygen species (ROS) levels
may be neutralized by p53-induced antioxidants. The functional outcome of glucose deprivation could be to promote cell survival by using alternative

carbon sources while simultaneously attenuating energetically demanding growth and proliferation.

carbon sources and how this, in turn,
affects energy synthesis from glycolysis
or mitochondrial respiration.Furthermore,
p53 induces a host of antioxidant genes,
which, in this scenario, would help to
buffer the enhanced levels of ROS pro-
duced from the mitochondrial uncoupling
effects of increased FAO. The research
investigating whether p53 might play any
role in promoting lipid metabolism is
essentially untouched but certainly an
area ripe for exploration. The use of
animal models to study p53-dependent
effects on metabolism will better reflect
the intricate hormonal makeup affecting
nutrient load, partitioning, and tissue uti-
lization that are not readily produced in
cell culture models.

Much effort has gone into defining
how nutrient deprivation influences cel-
lular responses to this common metabolic
stress. However, nutrient stress works on
both sides of the spectrum, begging the

question, does the RP-Mdm2-p53 path-
way facilitate the proposed role of p53 as
a metabolic stress response regulator
when it comes to nutrient overload?
Given the emerging preponderance of
obesity as a worldwide epidemic, it seems
just as imperative to determine the cellu-
lar stress responses associated with nutri-
ent abundance. Physiologically, obesity
is associated with enhanced levels of cir-
culating glucose and fatty acids, and this
surplus of nutrients may be constantly
stimulating anabolic processes. In the
context of the model proposed here, this
likely means enhanced rates of growth
factor signaling, upregulation of ribo-
some Dbiogenesis, and, as a result,
enhanced protein synthesis that may fur-
ther drive cell growth and proliferation.
Just as p53 has a significant role in regu-
lating unrestricted proliferation when it
comes to cancer, the paradigm may be
essentially the same when it comes to

nutrient overload and unrestricted anabo-
lism. Proto-oncogenes that normally
stimulate anabolic processes are mutated
in cancer to become constitutively active,
but in an overfed state, the surplus of
nutrients may supply a constant stimulus
to activate many of the same signaling
pathways. Henceforth, p53 may have a
vital role in suppressing overt nutrient-
stimulated signaling by restricting the
rates of cell growth and proliferation.
Some insight into this potential paradigm
comes from work with the Mdm2“%*
zinc finger mutation, which was demon-
strated to lose binding to ribosomal pro-
teins LS and L11, thereby circumventing
the nucleolar stress response to p53.* As
stated earlier, the mouse model harboring
a “knock-in” allele of the Mdm2“"*
mutation was shown to respond normally
to DNA damage but was deficient in
response to various forms of nucleolar
stress. In addition, the Mdm2***F mouse
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was crossed with a transgenic model con-
stitutively ~ expressing the oncogene
Ep-Myc, which, in part, functions to sig-
nificantly increase the rates of ribosome
biogenesis. Interestingly, mice with a
normal Mdm?2 allele exhibited a p53
stress response to the upregulated levels
of ribosome biogenesis, whereas the
response was greatly attenuated in the
Mdm2“**F mutant.*® These results indi-
cate that upregulated ribosome biogene-
sis may constitute just as a significant a
stressor as decreased ribosome biogene-
sis, highlighting the RP-Mdm2-p53 axis
as a critical responder to nucleolar stress.
Therefore, this observation could be
extended to more physiological stress,
specifically as it pertains to nutrient abun-
dance and induction of nucleolar stress. It
has yet to be determined if nutrient excess
contributes to an RP-Mdm2-p53 meta-
bolic stress response and, in turn, how
p53 may affect nutrient partitioning in
this context. Mouse models such as the
Mdm2“*F mutant, as well as conditional
and tissue-specific knockouts of some of
the key ribosomal protein players such
as RPL5, RPLI11, and RPL23, will pro-
vide valuable tools to further our under-
standing of the RP-Mdm2-p53 pathway
as a potential metabolic stress response
pathway.

When put into a collective perspec-
tive, the aforementioned observations
support the notion that energy homeosta-
sis may be regulated through a balance
between nutrient availability and utiliza-
tion. Dynamic fluctuations in substrate
availability may be constantly monitored
to drive transcriptional responses that
induce cellular reprogramming to most
efficiently use the forms of energy that
are available at any given time. Although
not a seemingly major player in energy
sensing, the evidence suggests it is cer-
tainly plausible for p53 to have a contrib-
uting role as a molecular metabolic
switch to direct nutrient utilization in an
effort to promote cell survival. Future
research oriented toward clarifying the
role of the RP-Mdm2-p53 pathway as a
metabolic stress response system and any
role it may play in governing potential

p53 modulation of nutrient partitioning
and energy production provides an excit-
ing opportunity to expand upon the myr-
iad aspects of p53 in regulating cellular
homeostasis.
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