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In response to various stress signals, which introduce infidelity into the processes of cell
growth and division, p53 initiates cell-cycle arrest, apoptosis, or senescence to maintain
fidelity throughout the cell cycle. Although these functions are traditionally thought of as
the major functions of the p53 protein for tumor suppression, recent studies have revealed
some additional novel functions of the p53 pathway. These include the down-regulation
of two central cell-growth pathways, the IGF/AKT-1 and mTOR pathways, and the up-
regulation of the activities of the endosomal compartment. The IGF-1/AKTand mTOR path-
ways are two evolutionarily conserved pathways that play critical roles in regulation of cell
proliferation, survival, and energy metabolism. In response to stress, p53 transcribes a
group of critical negative regulators in these two pathways, including IGF-BP3, PTEN,
TSC2, AMPK b1, and Sestrin1/2, which leads to the reduction in the activities of these
two pathways. Furthermore, p53 transcribes several critical genes regulating the endosomal
compartment, including TSAP6, Chmp4C, Caveolin-1, and DRAM, and increases exosome
secretion, the rate of endosomal removal of growth factor receptors (e.g., EGFR) from cell
surface, and enhances autophagy. These activities all function to slow down cell growth
and division, conserve and recycle cellular resources, communicate with adjacent cells
and dendritic cells of the immune system, and inform other tissues of the stress signals.
This coordinated regulation of IGF-1/AKT/mTOR pathways and the endosomal compart-
ment by the p53 pathway integrates the molecular, cellular, and systemic levels of activities
and prevents the accumulations of errors in response to stress and restores cellular homeo-
stasis after stress.

THE mTOR PATHWAY

Cell growth and proliferation require environ-
mental signals showing the availability of ad-
equate glucose and amino acids, as well as
growth factors as signals for cell proliferation
and division. The IGF-1(insulin-like growth

factor-1)/AKT and mTOR (the mammalian
target of rapamycin) pathways are two evolu-
tionarily conserved pathways that transmit cell
growth and survival signals in cells. They sense
the availability of nutrients and growth factors
in the environment and respond by signaling
for cell growth and division.
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The mTOR is a conserved Ser/Thr kinase,
belonging to the phosphatidylinositol kinase-
related (PIKK) family (Fingar and Blenis 2004;
Hay and Sonenberg 2004; Inoki et al. 2005;
Wullschleger et al. 2006). mTOR forms two com-
plexes in cells, mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2). The mTORC1 is
composed of mTOR, Raptor, and mLST8 pro-
teins, which is sensitive to rapamycin inhibition
(Hara et al. 2002; Kim et al. 2002; Kim et al.
2003). The mTORC2 is composed of mTOR,
Rictor, Sin1, and mLST1, which is insensitive
to rapamycin inhibition (Jacinto et al. 2004;
Sarbassov et al. 2004; Sarbassov et al. 2005a;
Jacinto et al. 2006). mTORC1 and mTORC2
have distinctive physical structures and physio-
logical functions. It appears that whereas the
mTORC2 complex is involved in cytoskeleton

reorganization and cell survival, an important
function of the mTORC1 complex is to regulate
cell growth and energy metabolism (Fig. 1). The
mTOR pathway responds to various signals,
including nutrients (glucose and amino acids),
energy (ATP and AMP), hypoxia, and growth
factors (via IGF-1/AKT pathway). LKB1 and
AMPK (AMP-activated protein kinase) are two
main upstream kinases of the mTOR pathway
that monitor the levels of nutrients and ATP.
As a sensor of energy, AMPK is activated by
direct binding of AMP resulting from the ATP
depletion and increased AMP/ATP ratio in cells
that are limiting for glucose or other substrates
(Inoki et al. 2003b; Hardie 2005). LKB1 can
phosphorylate AMPK and activate AMPK in
conjunction with AMP (Yoo et al. 2002; Shaw
et al. 2004a; Shaw et al. 2004b; Hardie 2005).
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Figure 1. The interconnections between p53 and IGF-1/AKT/mTOR pathways. p53 negatively regulates IGF-1/
AKT and mTOR pathways through its up-regulation of IGF-BP3, PTEN, TSC2, AMPK b1, and Sestrin1/2 in
response to stress. mTORC1 activates the a-4 subunit of the PP2A phosphatase to dephosphorylate p53 on
Ser15 to inactivate p53, whereas AMPK phosphorylates p53 on Ser15 to activate p53. AKT-MDM2-p53
forms a negative feedback loop to negatively regulate p53, whereas p53-PTEN-AKT-MDM2 forms a positive
loop to positively regulate p53. Furthermore, p53 activates autophagy through its regulation of mTOR
pathway and DRAM. This extensive communication and coordination between p53 and IGF-1/AKT/mTOR
pathways slows down cell growth and division to prevent the accumulations of errors in response to stress
and restores cellular homeostasis after stress is resolved.
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Activated AMPK then phosphorylates and
activates the TSC2 protein (Inoki et al. 2003b),
which forms a protein complex with TSC1.
Both TSC1 and TSC2 are tumor suppressor
genes, and their mutations result in hamar-
tomas in humans, which are characterized
by multiple benign tumors in a variety of
organs (Kwiatkowski 2003b). TSC1 stabilizes
the TSC1–TSC2 complex, whereas TSC2 exerts
GTPase activity to negatively regulate Rheb,
a small GTP-binding protein, which activates
mTORC1 (Gao et al. 2002; Inoki et al. 2003a;
Kwiatkowski 2003a) (Fig. 1). Recently, addition-
al upstream regulators of mTOR have been iden-
tified. For example, it has been shown that
hypoxia can be transduced to mTORC1 via
REDD1 and REDD2 (Brugarolas et al. 2004).
In response to hypoxia, HIF-1 induces the ex-
pression of REDD, which activates mTORC1
through TSC1–TSC2. In addition, the hVPS34
lipid kinase, a class III PI3K, can signal the avail-
ability of amino acids to mTORC1 independ-
ently of TSC2 and Rheb (Byfield et al. 2005).

The 4EBP1 protein (eIF4E binding protein)
and the S6K (p70 ribosomal protein S6 kinase)
are two major substrates of mTORC1 (Fingar
and Blenis 2004; Inoki et al. 2005; Wullschleger
et al. 2006). Under basal conditions, S6K and
4EBP1 are bound to eIF3 (eukaryotic initiation
factor 3) and remain inactive. On stimulation
of growth signals, mTORC1 binds to eIF3 and
phosphorylates S6K and 4EBP1 (Holz et al.
2005; Holz and Blenis 2005). Phosphorylation
and activation of S6K by mTORC1 enhances
the translation of mRNAs involved in ribo-
somal biogenesis, mitochondrial biogenesis,
as well as oxygen delivery and consumption
through phosphorylating substrates of S6K,
including S6, a ribosomal protein (Hannan
et al. 2003; Pende et al. 2004; Holz et al. 2005).
At the same time, the phosphorylation of
4EBP1 by mTORC1 releases eIF4E (the eukary-
otic initiation factor 4E), which is essential for
cap-dependent initiation of translation and
promoting growth of the cell. As a net result,
activated mTORC1 enhances cell growth by
promoting protein translation and increasing
cell mass (Fingar et al. 2002; Inoki et al. 2003b;
Fingar et al. 2004).

In addition to the regulation of 4EBP1 and
S6K, mTORC1 regulates another important bio-
logical process, autophagy. Autophagy is the
sequestration and subsequent digestion of cyto-
plasmic components, allowing for the adapta-
tion of cells to stressful conditions, as well as
the removal of damaged, potentially harmful
cytoplasmic organelles, including defective mi-
tochondria (Lum et al. 2005; Jin and White
2008). Autophagy can be activated through the
inactivation of mTOR pathway. It has been
shown that the activation of Akt and PI3K inhib-
its autophagy, whereas the inactivation of PTEN,
LKB1, TSC1, or TSC2 all result in the inhibition
of autophagy (Levine and Kroemer 2008; Miz-
ushima et al. 2008). Autophagy accomplishes
two important survival functions. First, autoph-
agy provides nutrients from protein, lipid, and
carbohydrate turnover, for cells through a cata-
bolic breakdown of cellular components under
the condition of nutrient starvation. Thus,
mTOR mediates a switch between efficient trans-
lation of mRNAs that promotes energy produc-
tion in the presence of glucose and catabolic
degradation of existing organelles for the main-
tenance of cells in the absence of nutrients. Sec-
ond, autophagy has an essential role in the
maintenance of genomic stability (Levine and
Kroemer 2008; Mizushima et al. 2008). For
example, autophagy is also a normal cellular
process to destroy defective mitochondria that
are uncoupled and produce reactive oxygen
species (ROS) so as to reduce the levels of ROS
and decrease oxidative stress-induced damage
and DNA mutations in cells (Shintani and
Klionsky 2004). It has been shown that loss of
one allele of either of the two haploinsufficient
autophagy genes Beclin 1 or UVRAG, a Beclin 1-
binding protein, is sufficient to promote carci-
nogenesis (Yue et al. 2003; Liang et al. 2006).
Therefore, autophagy is both a survival and a
fidelity mechanism in cells.

Recent studies show that in addition to au-
tophagy, the mTOR pathway also regulates the
ubiquitination, internalization, and turnover of
specific nutrient transporters. For example,
mTORC1 regulates trafficking of nutrient trans-
porters and promotes uptake of nutrients such
as glucose, amino acids, lipoprotein, and iron
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(Edinger and Thompson 2002; Schmelzle et al.
2004). Therefore, mTOR has also been suggested
to be a regulatorof membrane trafficking in cells.

THE IGF-1/AKT PATHWAY

In response to high levels of nutrients such as
glucose, insulin is secreted, which results in
the production of the IGF-1 and the uptake of
glucose by cells via specific transporters. The
binding of IGF-1 to its tyrosine kinase receptor
(IGF-1R) results in the recruitment of the
PI3 kinase (PI3K) to the plasma membrane
and its activation, which in turn phosphorylates
the phosphoinositides, increasing the concen-
tration of PIP3 at the plasma membrane.
PIP-3 is a small molecular weight ligand that ac-
tivates lipid protein kinases, including PDK1
(3-phosphoinositide-dependent protein kinase
1) (Belham et al. 1999; Toker and Newton
2000). Therefore, increased PIP3 in turn acti-
vates PDK1 and AKT at the plasma membrane
and results in the phosphorylation of AKT on
Thr308 by PDK1. At the same time, mTORC2
(which is also called PDK2) phosphorylates
AKTon Ser473 (Biondi et al. 2001; Scheid et al.
2002; Bayascas and Alessi 2005; Sarbassov et al.
2005b). The phosphorylation of AKT by both
PDK1 and mTORC2 leads to the full activation
of AKT. Although the upstream regulation of
mTORC2 remains unclear, mTORC2 has been
placed downstream of PI3K signaling because
AKT Ser473 phosphorylation by mTORC2 can
be stimulated by growth factors and inhibited
by PI3K inhibitor, wortmannin (Sarbassov
et al. 2005b). AKT has several antiapoptotic
substrates in cells, including BAD and MDM2.
AKT phosphorylation results in the inactivation
of BAD, a proapoptotic protein, and activation
of MDM2, respectively, which both lead to
the inhibition of apoptosis (Datta et al. 1997;
Zhou et al. 2001). Furthermore, AKT trans-
locates from the plasma membrane to the nucle-
us, where it phosphorylates FOXO transcription
factors (Brunet et al. 1999; Cully et al. 2006).
The phosphorylated FOXO proteins then leave
thenucleus,which results in atranscriptionalpro-
gram that enhances oxidative phosphorylation
for efficient energy production, increases the

levels of protein folding chaperones, heat shock
proteins, and produces antioxidant proteins that
decrease the levels of ROS. The removal of
FOXO from the nucleus also turns off the produc-
tion of p27, a tumor suppressor protein that in-
hibits cyclin D-cdk-4/6 protein kinases required
for entry into the cell cycle by phosphorylating
the Rb protein and liberating E2F-1 transcription
factor required to enter the cell cycle. Thus,
the removal of FOXO from the nucleus reduces
thesignalingforcellularapoptosis,anddrivescells
into cell cycle.

The mTOR pathway is coregulated by IGF-1/
AKT pathway to ensure both a reasonable level of
nutrients and a positive signal for cell growth
and division. AKT phosphorylates TSC2 on
multiple sites and inhibits the TSC2 GTPase
activity, which in turn activates Rheb and
mTORC1 (Inoki et al. 2002; Potter et al. 2002).
This coordination of IGF-1/AKT and mTOR
pathways enables the activation of mTOR, which
in turn promotes cell growth in response to the
stimulation of growth factors, including insulin
and IGF-1. Thus, mTOR regulates a translational
control over cell growth, division, and energy
metabolism, whereas IGF-1/AKT regulates the
transcriptional control over similar functions
that promote cell growth and division and inhibit
apoptosis.

p53 REGULATION OF THE IGF-1/AKT/
mTOR PATHWAYS

The p53 pathway senses various intrinsic and
extrinsic stress signals, including DNA dam-
age, hypoxia, heat/cold shock, nutrition starva-
tion, and oncogene activation (Vogelstein et al.
2000; Levine et al. 2006b; Vousden and Prives
2009). These stress signals can all reduce the fi-
delity of cell growth and division and subject
cells to high error rates. In response to these
stress signals, p53 selectively regulates the tran-
scription of a set of its target genes, which ini-
tiates cell-cycle arrest, DNA repair, senescence,
or apoptosis to maintain genomic stability, de-
pending on cell type, environmental context,
and/or degree of stress. Recent studies revealed
that p53 pathway monitors the IGF-1/AKTand
mTOR pathways; in response to stress, the p53
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pathway negatively regulates the IGF-1/AKT
and mTOR pathways to shut down cell growth
and division to avoid the introduction of infi-
delity into the process of cell growth and divi-
sion (Feng et al. 2005; Levine et al. 2006a;
Feng et al. 2007; Budanov and Karin 2008).

The p53 protein induces the expression of a
group of p53 target genes in the IGF-1/AKTand
mTOR pathways and all of these gene products
negatively regulate the IGF-1/AKT and mTOR
pathways in response to stress signals (Fig. 1).
They are IGF-BP3, PTEN, TSC2, AMPK b1, Ses-
trin1, and Sestrin2 (Buckbinder et al. 1995; Stam-
bolic et al. 2001; Feng et al. 2005; Levine et al.
2006a; Feng et al. 2007; Budanov and Karin
2008). IGF-BP3 protein binds to free IGF-1 and
prevents it from binding to the IGF-1 receptors
to shut down IGF-1/AKT signaling. As a PIP3
phosphatase, PTEN degrades PIP3 to PIP2 and
diminishes the function of PIP3 in the activation
of PDK-1 and mTORC2. This in turn leads to
the inactivation or decreased activation of AKT.
The loss of the AKT activity increases the
TSC1-TSC2 activity, which in turn decreases the
mTORC1 activity. AMPK is a heterotrimeric
protein in which thea subunit is the kinase cata-
lytic subunit, the g subunit is the AMP binding
subunit, and theb subunit functions as a scaffold
for the binding ofa andg subunits (Hardie 2003;
Hardie 2005). p53 activation increases the con-
centrations of the AMPK b1, which in turn
will increase the activityof AMPK and the activity
of the TSC1–TSC2 complex and lead to the
shutdown of mTOR pathway (Feng et al. 2007).
p53 also directly up-regulates TSC2 concen-
trations, which has the same negative impact on
the mTOR activity (Feng et al. 2005; Feng et al.
2007). Furthermore, p53 up-regulates the expres-
sion of Sestrin 1 and Sestrin 2, both of which acti-
vateAMPKandTSC2toinhibitmTORC1activity
(Budanov and Karin 2008). Thus, through the
regulation of these critical negative regulators in
these two pathways, p53 shuts down IGF-1/
AKT and mTOR pathways, which are critical
for cell growth and division, nutritional sensing,
and metabolic regulation in the event of stress
(Fig. 1).

The p53 activation enhances autophagy in
cells. It has been shown that p53 activation in

response to stress induces much more autopha-
gosomes in p53 wild-type MEF (mouse embryo
fibroblast) cells than p53 null MEF cells (Feng
et al. 2005). This occurs through the inhibition
of mTOR pathway by p53, and/or through the
regulation of some p53 target genes directly in-
volved in autophagy. p53 has been shown to
regulate autophagy directly through its tran-
scription regulation of DRAM (damage-regu-
lated autophagy modulator) (Crighton et al.
2006), which is a lysosomal protein with six
membrane-spanning regions. Overexpression
of DRAM leads to the accumulation of auto-
phagosomes in cells, whereas knockdown of
DRAM prevents the p53-mediated accretion of
autophagosomes. Interestingly, recently, it has
been shown that the mutant p53 protein accu-
mulated in cytoplasm of tumor cells can inhibit
autophagy (Morselli et al. 2008). Although the
mechanism by which mutant cytoplasmic p53
protein inhibits autophagy remains unclear, it
supports the conception that the activation of
autophagy by p53 contributes to p53’s function
in tumor suppression.

The balance between a response to cellular
stress or a commitment to cell growth and di-
vision is modulated by several regulatory loops
between p53 and the IGF-1/AKT/mTOR path-
ways. mTORC1 phosphorylates and activates
the a-4 subunit of the PP2A phosphatase,
which then dephosphorylates p53 on Ser15 (re-
moving an activating event for p53) (Kong et al.
2004). On the other hand, AMPK can directly or
indirectly phosphorylate p53 on Ser15 in re-
sponse to nutrient starvation (Imamura et al.
2001; Feng et al. 2005; Jones et al. 2005).
Thus, mTORC1 and AMPK can coordinately
regulate p53 in response to nutrient signals.
Under the condition of nutrient deprivation
(e.g., glucose starvation), the phosphorylation
of p53 on Ser15 through AMPK leads to cell-
cycle arrest in normal MEF cells (Jones et al.
2005), whereas the same nutrient deprivation
leads to the p53-mediated cell apoptosis in on-
cogene (E1A) transformed MEF cells (Feng
et al. 2007). It is known that the E1A protein
binds to the Rb protein, which frees the E2F-1
transcription factor. E2F-1 transcribes the p14
ARF, which binds to MDM2 and inhibits its
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activity, which leads to the p53 activation. This
is a classical p53 positive feedback loop between
loss of Rb function and activation of p53, which
senses the presence of activated oncogenes
(E1A, myc, ras, b-catenin, etc.) in cells and in-
forms the p53 pathway to focus on apoptosis as
an outcome of nutrient stress (Harris and Levine
2005). PTEN connects another feedback loop
between p53 and the IGF-1/AKT pathway. p53
activation leads to the up-regulation of PTEN
(Stambolic et al. 2001; Feng et al. 2007), which
in turn inhibits the activity of AKT (Cully et al.
2006; Levine et al. 2006a). The AKT can phos-
phorylate MDM2 on ser166/186, which acti-
vates MDM2 to decrease p53 levels and activity
(Zhou et al. 2001; Ashcroft et al. 2002). This
p53-PTEN-AKT-MDM2 loop positively regu-
lates p53 activity after stress, and higher levels
of p53 favor an apoptotic response. External fac-
tors acting on these loops in a positive ornegative
fashion will favor one response or the other. The
places at which p53 chooses to shut down the
mTOR and IGF-1-AKT pathways likely point
to the rate-limiting steps or central nodes that
have an impact on these networks. These inter-
connections help to elucidate the relationships
between stress, longevity, and the control over
metabolic networks and pathways involved in
cancer and diabetes, both of which arise late
in life.

p53 REGULATION OF THE ENDOSOMAL
COMPARTMENT

Emerging evidence has revealed the regulation of
endosomal compartment as a novel function of
p53 to negatively regulate cell growth and divi-
sion in response to stress (Yu et al. 2006; Lespa-
gnol et al. 2008; Yu et al. 2009). The endosomal
compartment is involved in a number of bio-
logical functions in cells, including internalizing
membrane proteins to multivesicular bodies
(MVBs) and lysosomes, producing exosomes,
and generating autophagic vesicles.

Endosomes play an important role in the
regulation of membrane receptor-mediated cell
signaling (Polo and Di Fiore 2006; von Zastrow
and Sorkin 2007; Sadowski et al. 2009). Endoso-
mal vesicles internalize membrane receptors,

which have engaged their ligands, and transports
them to the intracellular compartments, includ-
ing MVBs and lysosomes. During the transport,
receptors may go through various modifica-
tions, including dephosphorylation, ubiquiti-
nation, or dissociation from ligands. These
processes all contribute to attenuation of signals.
Changes in the cellular location of receptors also
affect the composition of attached signaling
molecules. Finally, some of these receptors are
degraded in MVBs and lysosomes, whereas
others are trafficked back onto the cell surface
via recycling endosomes. Thus, endocytic trans-
port will either reduce the signals or set up new
locations for cellular signaling. In this way, the
kinetics of membrane receptor trafficking on li-
gand stimulation is maintained in a balance be-
tween degradative and recycling pathways to
establish and retain homeostasis and to regulate
receptor-mediated signaling in cells.

Exosome secretion is a nonclassical secretion
pathway. In the classic secretion pathway, the
protein passes through the endoplasmic reticu-
lum/Golgi, and is incorporated into vesicles
and secreted through exocytosis. As a nonclass-
ical secretion pathway, exosome secretion goes
through the MVBs of endosomes. In this path-
way, intracellular vesicles are generated by in-
ward budding from the limiting membrane
into the lumen of endosomes and engulfing cy-
toplasmic components, and these vesicles are
packaged into MVBs. The MVBs then fuse
with the plasma membrane and release the intra-
luminal vesicles as exosomes into the extracellu-
lar space. Exosome vesicles can communicate
with the immune system (dendritic cells) to
immunize the host, fuse with adjacent cells to
communicate physiological signals, or contrib-
ute to the extracellular matrix (Stoorvogel et al.
2002; Fevrier and Raposo 2004; Schorey and
Bhatnagar 2008).

Recent studies have shown that p53 regu-
lates the transcription of several genes involved
in the regulation of functions of endosomal
compartment, including TSAP6 Chmp4C,
Caveolin-1, and DRAM (Yu et al. 2006; Lespa-
gnol et al. 2008; Yu et al. 2009). TSAP6 is a
multi-pass transmembrane protein, which can
facilitate the secretion of proteins, such as the
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histamine-releasing factor (TCTP), via exo-
somes (Amzallag et al. 2004). Chmp4C is a car-
go protein in the MVBs. MVBs contain about
30 proteins that are conserved from yeast to hu-
man. MVBs are composed of several sets of pro-
tein complexes, including ESCRT-III, which are
sequentially recruited to the site of MVB forma-
tion and result in the progressive trafficking of
vesicles in cells. Chmp4C is a charged MVB pro-
tein of the ESCRT-III protein complex (Saksena
et al. 2007). Caveolin-1 belongs to the Caveolin
protein family, consisting of three proteins,
which serve as the structural component of
plasma membrane vesicles, caveolae (Razani
et al. 2002). Caveolae vesicles have been shown
to be able to mediate the internalization of
membrane proteins from the plasma membrane
into cells, such as EGFR (the epidermal growth
factor receptor) and TGF-b (Di Guglielmo
et al. 2003; Sigismund et al. 2005). Recent stud-
ies show that the EGFR and caveolin-1 proteins
colocalize in the plasma membrane and the
EGFR is then internalized at a faster rate after
p53 activation, demonstrating that the p53 re-
sponse decreases the availability of growth re-
ceptors at the cell surface to negatively regulate
cell proliferation and division (Yu et al. 2009).
Thus, p53 increases the functions of the endo-
some compartment; in response to stress sig-
nals, p53 regulates the transcription of TSAP6
and Chmp4C to enhance exosome production,

regulates the transcription of DRAM to enhance
autophagy, and regulates the transcription of
Chmp4C and Caveolin-1 to enhance endosome
production and promote endosomal clearance
of membrane receptors (e.g., EGFR) from the
plasma membrane (Fig. 2). In this fashion, the
p53 protein helps to down-modulate cell
growth and division after stress, and uses cellu-
lar reserves to maintain cells. Furthermore,
these events communicate a cellular stress event
to the immune system, adjacent cells, and the
extracellular matrix. This also means that a lo-
calized p53 response in the body can have
systemic con-sequences.

SUMMARY

The p53 pathway, the IGF-1-AKT pathway, and
the TOR pathway are involved in sensing
and integrating signals arising from nutrients
and growth factors, and intrinsic and extrinsic
stress signals. In turn, these pathways lead
to cellular responses including the p53 trans-
criptional program and apoptosis, the forkhead
transcriptional programs, autophagy, and tran-
slational controls, which determine cell growth
or arrest, cell survival, or death. At the molecu-
lar level, these genes in these signal transduction
pathways create a homeostatic mechanism that
titrates the levels of nutrient availability and
stress signals that can disrupt the fidelity of
cell division. It is the management of this ratio
that contributes to such processes as cancer,
diabetes, efficient nutrient use, communication
with reproductive organs, and longevity. As
the “guardian of the genome,” p53 responds to
a wide variety of stress signals, which will de-
crease the fidelity of cell growth and division,
and initiate cellular responses, including cell-
cycle arrest, DNA repair, apoptosis, or senes-
cence to maintain genomic stability. At the
same time, p53 selectively transcribes a set of
target genes to negatively regulate the IGF-1/
AKT-1 and mTOR pathways, and enhances en-
dosomal compartment activities, including
promoting autophagy, the production of exo-
some, and removal of membrane receptors
from the cell surface. These activities all func-
tion to slow down cell growth and division,

Endosome production,
receptor endocytosis

Autophagy

Caveolin-1
Chmp4C

DRAM

p53

Exosome
secretion

TSAP6

Figure 2. p53 regulation of the function of endosome
compartment. In response to stress signals, p53 reg-
ulates the transcription of Chmp4C and Caveolin-1
to enhance endosome production and promote endo-
somal clearance of membrane receptors (e.g., EGFR)
from cell surface, regulates the transcription of TSAP6
and Chmp4C to enhance exosome production,
and regulates the transcription of DRAM to activate
autophagy.
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conserve and reuse cellular resources, and notify
other cells and organ systems (via the immune
response) about the stresses. These functions
are also an important part of cell and tissue
repair after cell damage, virus infection, or hyp-
oxia. This extensive communication and co-
ordination between p53 and IGF-1/AKT/
mTOR pathways and endosomal compartment
integrates these stress responses at the molecu-
lar, cellular, and systemic levels so as to limit
the error frequency of cell growth and division
during a stressful time.
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