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The role of the p53 tumor suppressor
in metabolism and diabetes
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Abstract

In the context of tumor suppression, p53 is an undisputedly critical protein.
Functioning primarily as a transcription factor, p53 helps fend off the initiation

and progression of tumors by inducing cell cycle arrest, senescence or programmed

cell death (apoptosis) in cells at the earliest stages of precancerous development.
Compelling evidence, however, suggests that p53 is involved in other aspects of human
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physiology, including metabolism. Indeed, recent studies suggest that p53 plays a
significant role in the development of metabolic diseases, including diabetes, and
further that p53’s role in metabolism may also be consequential to tumor suppression.
Here, we present a review of the literature on the role of p53 in metabolism, diabetes,
pancreatic function, glucose homeostasis and insulin resistance. Additionally, we
discuss the emerging role of genetic variation in the p53 pathway (single-nucleotide
polymorphisms) on the impact of p53 in metabolic disease and diabetes. A better
understanding of the relationship between p53, metabolism and diabetes may one day
better inform the existing and prospective therapeutic strategies to combat this rapidly

growing epidemic.

Introduction

Long regarded as the ‘guardian of the genome’, the
functions of TP53 (hereafter pS3) as a tumor suppressor
have been extensively studied (Levine & Oren 2009).
More than half of human cancers possess mutations in
either pS3 or in genes whose protein products control
pS3 activity (MDM2 or CDKN2A). Following genotoxic
or oncogenic stress, pS3 exerts its tumor-suppressive
activities mainly by acting as a transcription factor
to transactivate gene expression. Under mild stress,
activated pS3 induces expression of growth-arrest
genes, such as CDKN1A/p21, to facilitate DNA damage
repair. When encountering prolonged or catastrophic
DNA damage, pS53 triggers programmed cell death
(apoptosis), primarily by transactivating genes that
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encode proapoptotic proteins, such as BBC3 (PUMA)
and PMAIP1 (NOXA). Additionally, it has recently
become appreciated that the significance of p53 reaches
beyond the limits of cancer biology. Impact of p53
has been seen in a variety of physiological functions,
including aging, innate and adaptive
development, reproduction and neuronal degeneration
(Danilova et al. 2008, Poyurovsky & Prives 2010, Levine
et al. 2011, Chang et al. 2012, Menendez et al. 2013).
Additionally, the relationship between pS3, metabolism
and metabolic diseases has become a new focal point
for p53 researchers (Sano et al. 2007, Vousden & Ryan
2009, Berkers et al. 2013). This review will cover the role
of p53 in metabolism, with focus on its role in diabetes.

immunity,
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Structure and function of the p53
tumor-suppressor protein

p53 protein is made of 393 amino acids and uses a zinc-
coordinated DNA-binding domain to bind in a sequence-
specific manner to DNA consensus elements that contain
two copies of the sequence PPPCWWGYYY (where
P=purine, W=A or T, Y =pyrimidine) separated by a spacer
of 0-13 nucleotides. Though it is intrinsically disordered,
the amino terminus of pS3 is the business end of the
molecule; it is responsible for interaction with the negative
regulator MDM2, which targets p53 for degradation.
This domain becomes phosphorylated following stress,
thereby reducing the affinity for MDM2, and increasing
the affinity for transcriptional co-activators like p300/
CBP. The sequence-specific DNA-binding domain of p53
encompasses approximately two-third of this protein, and
this is where the majority of mutations occur in tumors.
These mutations are often missense mutations, and six
commonly mutated residues account for up to 30% of the
mutations in p53 found in human tumors; these are called
‘hotspot’ mutations (Fig. 1A). p53 binds to its consensus
element as a dimer of dimers, and this is mediated by
a C-terminal oligomerization domain. Finally, at the
extreme C terminus is a highly basic disordered domain
that binds to DNA in a nonspecific manner with high
affinity; this domain is believed to ‘scan’ the DNA for
double-strand breaks or gaps, whereupon p53 stalls and
becomes phosphorylated by kinases that are activated by
DNA damage, such as ataxia telangiectasia mutated (ATM)
(for review see Vousden & Prives 2009).

There are multiple stresses that stabilize p53 and
activate it as a transcription factor: these include DNA
damage, hypoxia,
replication stress (Fig. 1B). Following these stresses p53
becomes stabilized and activated as a transcription factor,
leading to the sequence-specific transactivation of genes
such as the cyclin-dependent kinase inhibitor CDKN1A
(p21/WAF1), which leads to growth arrest and senescence,
or to proapoptotic genes like PUMA, PMAIP1 (NOXA) or
BAX, which lead to cell death. In addition, p53 has a
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transcription-independent role in cell death, mediated
by direct binding and oligomerization of BAX and BAK
at the mitochondria (for review see Pietsch et al. 2008).
In addition to target genes involved in growth arrest and
cell death, p53 is also well-known to regulate target genes
with roles in metabolism, such as the genes GLS2, SCOZ,
Ras-related associated with diabetes (RRAD) and TIGAR
(for review see Berkers et al. 2013). Whereas the role of
p53 in metabolism is only now becoming appreciated,
recent data from genetically engineered mouse models
of p53 function implicate this set of p53 target genes in
tumor suppression (Brady et al. 2011, Li et al. 2012).

Type 1 and type 2 diabetes

Diabetes refers to a series of metabolic conditions
characterized by high blood glucose, caused either
by inadequate insulin production in the body or by
impaired response to insulin. Type 1 diabetes accounts
for approximately 10% of cases, and is caused by death
and dysfunction of pancreatic beta islet cells, leading
to an absence of insulin production. Type 2 diabetes,
or adult-onset diabetes, is characterized by impaired or
insufficient insulin response; this disease accounts for
90% diabetes cases, and it is estimated that there are close
to over 340 million individuals in the world with type 2
diabetes. Risk factors for both forms of diabetes include
family history, genetics and age. Risk factors for type 2
diabetes also include obesity and poor diet. Complications
of diabetes include glaucoma, poor wound healing,
hypertension, neuropathy, nephropathy (kidney disease)
and higher risk of stroke (for review see Polonsky 2012).
Both type 1 and type 2 diabetes are severe diseases
that are better managed with healthy diet and exercise.
Whereas type I diabetes requires treatment with insulin, in
some cases type Il diabetes may notrequire insulin, and can
be managed with non-insulin medications that increase
the response to insulin or reduce blood glucose. These
non-insulin medications include the agents metformin
and thiazolidinediones, which increase the body’s

Figure 1

p53 structure and function. (A) Functional
domains of p53. Outlined are the domains
responsible for transactivation (TA1 and TA2), the
codon 72 polymorphism (P72R), the DNA-binding
domain (with some of the most common p53
‘hotspot’ mutations shown), the oligomerization
domain (OD) and the nonspecific DNA-binding
domain (NSD). (B) Overview of the p53 pathway.
Ub'n, ubiquitin.
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sensitivity to insulin; sulfonylureas and meglitinides,
which stimulate the pancreas to secrete more insulin;
DPP-4 inhibitors and GLP-1 receptor agonists, which help
lower blood glucose levels; and SGLT2 inhibitors, which
prevent the kidneys from reabsorbing glucose into the
blood (for review see Polonsky 2012).

The tumor suppressor p53 influences diabetes

The first evidence linking pS3 to the development of
type 2 diabetes came in 2009, when Minamino and
colleagues demonstrated that diet-induced insulin
resistance in Ay transgenic mice, which are susceptible
to diabetes, is mediated by pS3 (Minamino et al. 2009).
This group showed that inhibition of p53 activity, either
by siRNA knockdown in cells, or by TP53 gene knockout
in mice, alleviated senescence and caused decreased
inflammatory cytokine expression in the adipose tissue
of mice, ultimately preventing them from developing
insulin resistance. A year later, in a study focusing on
the connection between nonhomologous end-joining
(NHE]J) DNA repair mechanisms and p53, Tavana and
colleagues discovered another unexpected connection
between pS53 and diabetes (Tavana et al. 2010).
Specifically, knockout of Lig4 in mice resulted in NHE]
deficiency and embryonic lethality; not surprisingly, this
embryonic lethality was rescued by p53 deficiency. The
authors found that Lig4-/-; pS3-/- mice developed B-cell
lymphoma, but that introduction of a hypomorphic
pS53 mutant that fails to induce apoptosis but retains
the ability to induce growth arrest and senescence
(pS3R172P) prevented  the  lymphomagenesis.
However, the result was severe diabetes and early
fatality in these mice;
senescence of the pancreatic beta cells in these Lig4-/;
pS3R172P mice. In sum, these studies implicated
pS3-mediated senescence of adipocytes and pancreatic
beta cells, respectively, in the development of insulin
resistance and diabetes.

these were attributed to

Diabetes phenotypes regulated by p53

In general, there are three major causes of diabetes:
(1) functional deficiencies in pancreatic insulin
production, (2) aberration of glucose homeostasis and (3)
development of insulin resistance. The available in vitro
and in vivo evidence suggests that p53 is capable of having
a significant impact on all three of these pathways.
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p53 regulates pancreatic function and survival

One of the most common features of both type 1 and
type 2 diabetes is dysfunction of pancreatic beta cells.
Pancreatic beta cells are responsible for secreting insulin
into the bloodstream; this lowers the circulating glucose
level by stimulating glucose uptake (Cnop et al. 2005).
Loss of pancreatic beta-cell function reduces insulin
secretion and results in hyperglycemia and diabetes.
Multiple signaling pathways converge upon pS53 to
regulate pancreatic beta-cell function (Fig. 2). Wrede
and coworkers demonstrated that free fatty acids (FFA)
increase apoptosis of pancreatic beta cells through
reduced phosphorylation/activation of AKT (PKB) (Wrede
et al. 2002); AKT is well known to normally protect cells
from pS53-mediated apoptosis by phosphorylating and
activating the main negative regulator of p5S3, MDM2
(Mayo & Donner 2001, Zhou et al. 2001). In a study that
used FFA-treated beta cells to mimic visceral obesity-
induced pancreatic dysfunction and apoptosis, pS3
activation led to induction of the microRNA miR34a,
which sensitized beta cells to apoptosis and inhibited
the insulin exocytosis pathway, resulting in impaired
insulin secretion (Lovis et al. 2008). In a pancreatic beta-
cell line and in insulin-producing islet cells, the pro-
inflammatory cytokines IFN-y and TNF-a were shown
to synergistically function to increase reactive oxygen
species (ROS) production, p53 induction and apoptosis
(Kim et al. 2005). Finally, ROS were also found to be
involved in FFA-mediated apoptosis of beta cells, and
both ROS generation and pS53 activation were shown
to be downstream effects of NAPDH oxidase 2 (NOX2)
(Koshkin et al. 2003, Yuan et al. 2010). In sum, these
researchers found that FFAs, inflammatory cytokines and
ROS can all act upstream of p53, to induce p53-mediated
apoptosis of pancreatic beta cells.

Several proteins that regulate p53 are also influential
in the death and survival of pancreatic beta cells. These
include ARF-BP1, N-terminal truncated isoforms of p53,
the transcription factor TCF7L2, and the microRNA
miR-200. ARF-BP1 (also known as MULE or HUWE]1) is
a E3 ubiquitin ligase of p53 that controls p53 function
in the p-cells (Kon et al. 2012). Transgenic mice with
p-cell-specific deletion of arf-bp1 developed dysfunctional
p-cells and died of severe diabetes before turning 1-year
old. Concomitant deletion of p53 in the pancreatic p-cells
reversed the phenotype and extended the lifespan of these
mice. Hinault and coworkers showed that ectopically
overexpressing the delta40p53 isoform of pS3 in mice
led to hypoinsulinemia and glucose intolerance en route
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The regulation of pancreatic function by p53. In
response to extrinsic (hyperglycemia, free fatty
acid, inflammation) and intrinsic (ER stress)
stresses (colored red), p53 is activated to trigger
pancreatic dysfunction and impair insulin

production through several mechanisms. The
genes depicted in squares represent

in blue positively contribute to p53 activation,
while genes colored in orange inhibit p53-
mediated pancreatic dysfunction. Note that the
Kare channel only activates p53 signaling in
response to excessive ATP. FFA, free fatty acid;
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ROS, reactive oxygen species.

to premature death (Hinault et al. 2011). delta4OpS3 is
typically known to negatively regulate p53 transcriptional
activity, butin some cell types it can positively regulate pS3
function (Bourdon et al. 2005). In the case of pancreatic
islet cells, delta40p53 led to increased expression of
the cell cycle inhibitor p21/CDKNI1A, a p53 target gene
(Hinault et al. 2011). pS3 function in the pancreas is also
regulated by the transcription factor T-cell factor 7-like 2
(TCF7L2, also known as TCF-4). TCF7L2 maintains
pancreatic beta-cell survival by physically binding to
the p53 promoter and downregulating p53 expression
(Zhou et al. 2012). Silencing of TCF7L2 leads to increased
apoptosis by inducing expression of p53 and its apoptotic
targets, including the proapoptotic target gene p53INP1.
Notably, a single-nucleotide polymorphism (SNP) of
TCF7L2 (rs7903146; C>T) is associated with impaired
insulin secretion and increased risk of type 2 diabetes
in Caucasians (Grant ef al. 2006). Interestingly, TCF7L2
is also a pS3-repressed target gene, suggesting there are
feedback regulations between these two proteins (Rother
et al. 2004). Finally, a recent study connected p53 with
a microRNA, miR-200, along with pancreatic beta-cell
apoptosis and lethal type 2 diabetes in vivo (Belgardt et al.

2015). Overexpression of miR-200 in beta cells activates
pS53 and creates a proapoptotic gene expression signature
in diabetic mice. miR-200 inhibits the expression of its
direct target YPEL2, which is responsible for maintaining
the expression of DUSP26. DUSP26 (dual-specificity
phosphatase 26) is a negative regulator of p53, and
miR-200-mediated reduction of DUSP26 induces pS53
activation and apoptosis (Shang et al. 2010). There are
thus several proteins that regulate the p53 pathway,
which can also regulate its ability to mediate pancreatic
beta-cell death.

P53 regulates dysfunctional beta cells during
pre-diabetes By studying a rare monogenic disease,
congenital hyperinsulinism (CHI), p53 activity was found
to be elevated during dysregulated beta-cell replication, a
phenotype shared by CHI and pre-diabetes (Tornovsky-
Babeay et al. 2014). In patients and mice with CHI, an
activating mutation of glucokinase GCK and dysfunctional
ATP-sensitive potassium channels (K,;, channel) result
in beta-cell membrane depolarization, hypersecretion of
insulin and overactive glycolysis. Glucotoxicity triggers
DNA damage and pS3 activation, which ultimately results
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in beta-cell death and late-onset diabetes (Tornovsky-
Babeay et al. 2014). Two other processes regulated by
p53, endoplasmic reticulum (ER) stress and dysfunctional
autophagy, have also been implicated in beta-cell
failure and hyperglycemia (Stavridi & Halazonetis 2004,
Las & Shirihai 2010, Kung et al. 2011, Karunakaran et al.
2012). A recent study clarified this complex network by
connecting diabetes-associated glucolipotoxicity with
p53-mediated disruption of mitochondrial function
(Hoshino et al. 2014). Specifically, in mouse models of both
type 1 and type 2 diabetes, increased ER stress stimulates
nuclear exportation and cytosolic accumulation of pS53.
This cytosolic p53 interacts with Parkin (PARK2) and inhi-
bits Parkin-mediated mitophagy, resulting in mitochon-
drial dysfunction and insulin deficiency. Deletion or
inhibition of p53 restores mitochondrial function and
increases glucose tolerance (Hoshino et al. 2014).

p53 regulates glucose homeostasis: glucose transport,
glycolysis and gluconeogenesis

Frank (or mature) diabetes is defined by an elevated level
of circulating glucose. It often occurs concomitant with
impaired glucose uptake in peripheral tissues such as
muscle, adipose tissue, liver and the brain (Cherrington
1999). These phenotypes are in direct contrast to the
enhanced cellular glucose uptake and glycolysis, better
known as the ‘Warburg effect’, that is frequently observed
in human tumors that contain mutations in p53 (Vander
Heiden et al. 2009). Recent studies suggest that p53 exerts
its tumor-suppressive activity, at least in part, through its
ability to regulate glucose homeostasis (Madan et al. 2011).
In the sections below we summarize the data indicating
that p53 is an transport, glycolysis and gluconeogenesis,
as well as insulin resistance.

P53 regulates glucose transporters Maintaining
proper function of glucose transporters is critical in glucose
homeostasis and suppression of diabetes (Shepherd
& Kahn 1999). p53 regulates the function of glucose
transporters by affecting both their transcription and
their translocation (Fig. 3A). For example, pS3 activated
by genotoxic stress can directly bind to the promoters
of GLUT1 and GLUT4 and repress their transcription
(Schwartzenberg-Bar-Yoseph et al. 2004). pS3 also represses
the expression of GLUT3, but this occurs through an
indirect mechanism by inhibition of IkB kinase, or IKK
(Kawauchi et al. 2008). Recent studies have also identified
the role for pS3 in the control of the localization of glucose
transporters. Tumor-associated mutant forms of p53, such
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Figure 3

Three pathways for the p53-mediated regulation of glucose homeostasis.
Wild-type p53 generally functions to induce circulating glucose level by
(A) suppressing glucose uptake, (B) inhibiting aerobic glycolysis and

(C) promoting gluconeogenesis. The genes in squares represent
transcriptional targets of p53. In (A), the genes colored in orange and
blue represent positive and negative regulators of glucose uptake,
respectively. In (B), the genes colored in orange and blue represent
positive and negative regulators of glycolysis. In (C), the genes colored in
blue represent positive regulators of gluconeogenesis. PDH, pyruvate
dehydrogenase; PG, phosphoglycerate; PPP, pentose phosphatase
pathway; TCA cycle, the citric acid cycle.
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as the common ‘hotspot’ mutants R175H and R273H, can
induce the Warburg effect by promoting translocation
of GLUT1 to the plasma membrane (Zhang et al. 2013).
This pathway is mediated by activation of the GTPases
RhoA and ROCK. Conversely, wild-type p53 negatively
regulates GLUT1 translocation to the plasma membrane
by virtue of its ability to transcriptionally induce the
pS3 target gene RRAD (Zhang et al. 2014). Interestingly,
RRAD was first identified as a gene upregulated in tissues
of type 2 diabetics, and overexpression of RRAD impairs
glucose uptake and results in insulin resistance in muscle
and fat tissues (Reynet & Kahn 1993, Moyers et al.
1996). In sum, wild-type pS3 negatively regulates, and
mutant pS3 positively regulates, glucose transporters and
glucose import.

P53 negatively regulates glycolysis pS53 influences
glucose levels by directly regulating both its degradation
(glycolysis) and synthesis (gluconeogenesis). Following
DNA damage, p53 can reprogram the cell’s energy-
producing strategies from glycolysis to mitochondrial
respiration (or oxidative phosphorylation) in order to
suppress tumor progression (Fig. 3B). The first p53 target
gene identified to inhibit glycolysis is TIGAR (TP53-
induced glycolysis and apoptosis regulator) (Bensaad
et al. 2006). Overexpression of TIGAR lowers the level of
fructose-2,6-bisphosphate (Fru-2,6-P,), which activates
the glycolysis stimulator PFK1 (6-phosphofructo-1-
kinase). pS3 also negatively regulates the stability of
phosphoglycerate mutase (PGM), another enzyme
critical for the completion of glycolysis by converting
3-phosphoglycerate (3-PG) to 2-phosphoglycerate
(2-PG) (Kondoh et al. 2005). Analysis of the pentose
phosphate pathway (PPP), an alternative mechanism to
consume glucose for energy production, showed that
it is blocked by pS53, in part through direct interaction
between p53 and the rate-limiting enzyme, glucose
6-phosphate dehydrogenase (G6PD) (Jiang et al. 2011).
pS3 also negatively regulates pyruvate dehydrogenase
kinase-2 (PDK2) through both transcriptional and
posttranslational pathways to activate the PDH
complex, which converts pyruvate to acetyl-CoA
to tip the balance from glycolysis to mitochondrial
respiration (Kolobova et al. 2001, Contractor & Harris
2012). Finally, p53 transactivates Parkin (PARK2), a
gene associated with Parkinson’s disease, in order to
inhibit glycolysis (Zhang et al. 2011). Parkin inhibits
glycolysis by positively regulating the expression level
of PDHA1, which is the catalytic subunit of the PDH
complex (Palacino et al. 2004).
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There are other ways that p53 negatively regulates
glycolysis. For example, pS3 transcriptionally induces
target genes that favor mitochondrial respiration:
these include SCO2, GLS2, GAMT and LIPIN1 (Matoba
et al. 2006, 1de et al. 2009, Hu et al. 2010, Assaily et al.
2011). It has also been suggested that p53 can indirectly
control glycolysis by regulating the mammalian target of
rapamycin (mTOR) and PI3K/Akt pathways. Specifically,
these pathways are negatively regulated by the pS53
target genes AMPK-B, Sestrin-1/2, TSC-2, REDD1 (which
negatively regulate the mTOR pathway), and IGF-BP3 and
PTEN (which negatively regulate the PI3K/AKT pathway)
(see review by Liang et al. 2013). Finally, pS3 regulates the
expression of enzymes important for glucose uptake or
glycolysis, including hexokinase-2 and phosphoglycerate
mutase, PGM (Mathupala et al. 1997, Ruiz-Lozano et al.
1999). In the case of PGM, pS53-mediated induction of
PGM is muscle-specific, suggesting that tissue-specific
functions of p53 exist within the context of glucose
homeostasis regulation (Ruiz-Lozano et al. 1999, Kondoh
et al. 2005).

P53 positively regulates gluconeogenesis Recent
studies have uncovered a direct way for pS3 to increase
the level of glucose, by promoting gluconeogenesis
(Fig. 3C). In an attempt to define p53-regulated metabolic
pathways in liver-derived HepG2 cells using microarray
analysis, Goldstein et al. identified multiple p53 target
genes involved in the synthesis of glucose (Goldstein
et al. 2013). They showed that activation of p53 by
nutlin-3a, a compound that stabilizes p5S3 by virtue of its
ability to inhibit MDM2, causes the increased expression
of genes involved in gluconeogenesis (G6PC, PCK2) and
in the supply of glucogenic precursors (GK, AQP3, AQP9
and GOT1). Moreover, this group found that active p53
augments hepatic glucose production in both HepG2 cells
and primary mouse hepatocytes in glucogenic medium.
pS53-mediated induction of gluconeogenic enzymes in the
liver was also shown in the Ay transgenic mouse model,
which develops dietary obesity and diabetes, providing
physiological relevance for pS3-regulated gluconeogenesis
in diabetes development (Minamino et al. 2009).

To identify the mechanisms underlying p53’s ability
to induce gluconeogenesis, two separate groups used
pS3-deficient mice as tools, and found that these mice
displayed reduced glucogenic capacity compared with
wild-type mice in response to metabolic stress, such as
starvation. Sen and colleagues found that p53 forms a
complex with the transcriptional cofactor peroxisome
proliferator-activated receptor gamma coactivator 1
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alpha (PGC-1la) to facilitate the gluconeogenesis-related
transcriptional machinery (Sen et al. 2011). Another group
showed that p53 directly transactivates pantothenate
kinase-1 (PANK1) to promote gluconeogenesis in the liver
(Wang et al. 2013).

p53 regulates insulin resistance

Insulin resistance is the most reliable indicator of pre-
diabetes and type 2 diabetes (Samuel & Shulman 2012),
and pS53 regulates insulin resistance in a number of
ways (Fig. 4). Many years ago, it was discovered that
p53 negatively regulates the transcription of the insulin
receptor (Webster et al. 1996). This was the first clue that
pS3 could influence insulin signaling directly. Impaired
insulin sensitivity is accompanied by reduction of insulin
signaling markers, including AKT phosphorylation, in
peripheral tissues that are responsible for glucose uptake,
such as adipose tissue, muscle, liver and brain. In rats
fed with a high-fat diet, pS3 was found to be activated
in the peripheral tissues of obese rats that developed
insulin resistance. As in the Ay mouse model of diabetes,
an inhibitor of pS3 was shown to ameliorate insulin
resistance in this rat model (Homayounfar et al. 2015).

P53 in the adipose tissue Increased expression and
activity of p53 is well known to occur in the adipocytes
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of obese mice (Yahagi et al. 2003). As mentioned above,
in Ay transgenic mice fed with a high-fat/sucrose diet,
p53-mediated senescence in adipose tissue is critical
for the development of diabetes-like phenotypes
and insulin resistance (Minamino et al. 2009). p53-
mediated senescence in adipose tissue is correlated
with increased expression of p21/CdknlA and pro-
inflammatory cytokines, as well as decreased expression
of anti-inflammatory cytokines. This group showed
that adipose tissue-specific overexpression of p53
influences liver functions by regulating the expression
of gluconeogenic enzymes in a paracrine fashion. The
same group later found that pS3-mediated chronic
inflammation in adipose tissue leads to cardiac failure,
signifying a connection between insulin resistance/
diabetes and cardiovascular disease (Shimizu et al. 2012).
Using a diet-induced obesity (DIO) mouse model, this
group went on to show that pS3 regulates adipose tissue
inflammation and insulin resistance by virtue, in part,
of transactivation of class 3 semaphorin E (Sema3E),
which acts as a chemoattractant to promote infiltration
of macrophages (Shimizu et al. 2013).

A recent study suggests the convergence of p53 and
the growth hormone (GH) pathway in adipose tissue
during the development of insulin resistance. In response
to a high-fat diet, p53 expression in adipose tissue is
increased through activation of p38MAPK; the latter
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Figure 4

The regulation of insulin resistance by p53. The activation of p53 induces insulin resistance through multiple tissues/organs, including adipose
tissue, liver, skeletal muscle, endothelial cells and the brain. Cross talk between these tissues also occurs, for example, endothelial cell-mediated
insulin resistance in the skeletal muscle occurs via reduction in the former eNOS and PGC-1a. ALD, alcoholic liver disease; NAFLD, non-alcoholic

fatty liver disease.
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can be inhibited by GH antagonists (Bogazzi et al. 2013).
This finding provides a potential link between DIO
and pS53-mediated adipose tissue inflammation and
insulin resistance. As mentioned previously, the role of
p21/CdknlA in insulin resistance is thought to be
due to its role in pS3-mediated senescence. In an
interesting study, however, Inoue et al. demonstrated that
p21/CDKNI1A is critical for maintaining obesity-induced
insulin resistance by promoting adipocyte differentiation
and hypertrophy (Inoue et al. 2008). This group showed
that knockdown of p21/CdknlA in the adipose tissue
of mice with DIO rendered these tissues susceptible to
pS53-induced apoptosis. These data suggest that inhibition
of apoptosis, in addition to induction of p53-mediated
senescence, may underlie the role of p21/CDKNI1A in the
development of insulin resistance.

P53 in the liver and skeletal muscle Hepatic steato-
sis, or fatty liver, is one of the most common manifestations
of obesity and type 2 diabetes (Williams et al. 2013). Despite
current uncertainty about whether hepatic steatosis alone
is sufficient to drive insulin resistance, there is little doubt
that steatosis-mediated liver dysfunction significantly
contributes to diabetic phenotypes (Gruben et al. 2014).
Taking advantage of transgenic mouse models, Yahagi
et al. showed that activation of p53 plays an important
role in the pathogenesis of fatty liver disease, regardless of
the status of obesity (Yahagi et al. 2004). Similarly, Derdak
et al. demonstrated that activation of p53 enhances
hepatic steatosis and insulin resistance in both alcoholic
liver disease (ALD) and non-alcoholic fatty liver disease
(NAFLD); notably, this group found that both ALD and
NAFLD can be ameliorated by inhibiting p53 activity
(Derdak et al. 2011, 2013). These studies also offered
possible mechanistic underpinnings, and suggested that
pS3-mediated induction of PTEN and miRNA34a are
responsible for the development of ALD and NAFLD,
respectively. Using pS3-knockout mice, another group
confirmed a role for p53 in the progression of NAFLD,
potentially through its downstream target p66shc (Tomita
et al. 2012). It is important to note that these phenotypes
observed in mouse models are physiologically relevant,
as the level of steatosis and pS3 expression are positively
correlated in human liver samples (Panasiuk ef al. 2006).

It is believed that impaired lipid oxidation and
increased lipid accumulation are
promoting insulin resistance in the muscle (Eckardt
et al. 2011). Moreover, expression of p53 is elevated in
skeletal muscle of aged rodents, implicating the role of
p53-mediated senescence in skeletal muscle functions

instrumental in
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(Zwetsloot et al. 2013). Consistent with these theories,
Jadhav and coworkers found that lipid byproduct,
ceramide, is able to induce pS53-mediated senescence
and inhibit insulin signaling in myoblast cells (Jadhav
et al. 2013). The roles of pS3 in regulating mitochondrial
function and oxidative stress are well documented (Puzio-
Kuter 2011). In Goto-Kakizaki rats that develop early
insulin resistance and type 2 diabetes, exercise training
decreased pS3 protein levels and restored mitochondrial
function in skeletal muscle (Qi et al. 2011). These findings
suggested that, in the context of diabetes, p53 might
contribute positively to the development of insulin
resistance through inducing oxidative stress in skeletal
muscles. Consistent with this hypothesis, p53 was found
to be an important target to control peripheral artery
disease (PAD), which is an ischemic limb syndrome
strongly associated with type 2 diabetes (Morimoto
et al. 2011). Deferoxamine (DFX), a hypoxia mimetic
and iron chelator, was used to mimic PAD in vitro and
found to promote p53 accumulation in myoblast cells by
suppressing MDM2 expression (Morimoto et al. 2011).

Other tissues and pathways involved in p53-
mediated insulin resistance The contribution of
pS3 to insulin resistance in other tissues was rarely studied
until recently. Although not known as one of the main
tissues to uptake glucose, dysfunctional microvascular
tissue has been linked to the development of insulin
resistance in obese and diabetic patients (Muris et al. 2012).
Impaired insulin signaling in endothelial cells is believed
to promote insulin resistance by reducing blood flow
and glucose-uptake capability of skeletal muscle (Clark
et al. 2003, Kubota et al. 2011). Moreover, vascular p53
is activated as a transcription factor in diabetic patients
(Orimo et al. 2009). A direct connection between vascular
p53 and insulin resistance was not uncovered until 2014,
when Yokoyama et al. showed that in mice fed with a
high-calorie diet, endothelial pS3 promotes insulin
resistance by suppressing the expression of endothelial
nitric oxide synthase (eNOS) and peroxisome proliferator-
activated receptor-y coactivator-la (PGC-1la) in skeletal
muscle (Yokoyama et al. 2014).

It is possible that p53 also impacts insulin sensitivity
through other mechanisms, such as obesity. Obesity is a
strong risk factor for type 2 diabetes and insulin resistance
(Wang et al. 2005). p53 transcriptionally regulates many
genes associated with lipid metabolism (Goldstein &
Rotter 2012, Goldstein et al. 2012). Whether p53-mediated
regulation of lipid-controlling genes plays a direct role
in obesity remains to be determined. Recent evidence
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suggests that p53 might influence obesity by controlling
food intake. Velasquez et al. showed that p53-deficient
mice failed to respond to the ‘hunger hormone’ ghrelin
to induce food intake (Velasquez et al. 2011). This group
posited that hypothalamic p53 is essential to mediate the
orexigenic action of ghrelin. A later study showed that pS3,
by altering the expression levels of lipogenic and adipogenic
genes, is necessary for ghrelin-mediated lipid storage in fat
and liver (Porteiro et al. 2013). These combined studies
implicate p53 as a potentially important player in the
regulation of feeding behavior and obesity. Interestingly,
as if it serves to counteract the ‘obesity-driving’ functions
of p53, it was shown that p53 in the brown adipose tissue
protects against DIO (Molchadsky et al. 2013). Therefore,
the role of p53 in obesity may be tissue-specific.

There is some information available concerning the
role of posttranslational modifications of p53 on insulin
sensitivity. For example, SerlS phosphorylation of pS53
(equivalent to Serl8 in mouse) is the most commonly
used indicator for pS3 activation (Banin et al. 1998).
Mutation at this site was predicted to inhibit p53’s ability
to induce apoptosis or cell cycle arrest. Interestingly,
however, mice possessing the Ser18 to alanine mutation
did not display significant changes in growth arrest or
apoptosis, but rather displayed phenotypes of impaired
glucose homeostasis and increased insulin resistance
(Armata et al. 2010). Notably, this phenotype mimics the
metabolic syndrome seen in ataxia telangiectasia patients,
who possess mutations in the p53 Ser15 kinase, ATM.

p53 lies both upstream and downstream
of a key regulator of metabolic stress, AMPK

A master regulator of metabolism is the mTOR, which is
a member of the phosphatidylinositol 3-kinase-related
kinase protein family. It is a serine/threonine protein
kinase that positively regulates protein synthesis, cell
growth and proliferation, and negatively regulates
autophagy, which is a key catabolic pathway that is
activated under conditions of nutrient starvation (Shaw
& Cantley 2006). The pS3 tumor suppressor negatively
regulates mTOR in part by transactivating its negative
regulator, AMPK (5’ AMP-activated protein kinase). In
response to DNA damage, p53 directly transactivates
the betal and beta2 subunits of AMPK, as well as other
negative regulators of mTOR, including the tuberous
sclerosis complex protein TSC2, and the phosphatase
PTEN (Feng et al. 2007). All of these can inhibit mTOR
activity, and therefore lead to growth cessation and
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induction ofautophagy. Additionally, pS3 transcriptionally
regulates the genes Sestrinl and Sestrin2; the protein
product of these genes binds to and activates AMPK,
which in turn phoshophorylates TSC2 and consequently
inhibits mTOR. The loss of Sestrin2 during nutrient
deprivation (Budanov & Karin 2008) or pharmacological
inhibition of AMPK (Feng et al. 2005) both significantly
reduce pS3-mediated inhibition of mTOR.

In normal healthy cells, pS3 is kept at low levels
by the E3 ubiquitin ligase MDM2 (HDMZ2 in mice),
which ubiquitylates pS3 and targets it for proteasomal
degradation. In response to various forms of stress,
phosphorylation of the amino terminus of pS3 prevents
interaction with MDM2, leading to pS3 stabilization.
Metabolic stress (nutrient deprivation) is known to
induce pS3 through phosphorylation on serine 15
mediated by the kinase AMPK, which responds to low
AMP levels following ATP depletion. Once activated,
pS53 transactivates gene involved in cell cycle arrest and
apoptosis, thereby eliminating cells with prolonged
activation of AMPK (Jones et al. 2005, Feng et al. 2007).

Polymorphisms in the p53 pathway: the
codon 72 polymorphism of p53

Genetic polymorphisms arise over time and can
undergo natural selection. Among these, some SNPs can
significantly affect biological functions. In the context
of p53, a common SNP occurs at amino acid 72, where
nucleotide sequence CCC or CGC encodes for proline
(P72) or arginine (R72), respectively (rs1042522; P72R).
This polymorphism can have significant impact on p53
function. In response to DNA damage, the P72 variant
has been shown to promote a stronger cell cycle arrest
phenotype, while the R72 variant is a superior inducer
of apoptosis (Dumont et al. 2003, Kung et al. 2015),
although tissue-specific differences to these phenotypes
have been observed (Azzam et al. 2011). The impact of
the codon 72 polymorphism on metabolic disease was
not well studied, until recent reports linked this p53 SNP
to susceptibility to diabetes. It was first reported that
the codon 72 polymorphism was associated with type
1 diabetes in a Russian population (Spitsina et al. 2007).
Similar results were later found in an Italian cohort (Bitti
etal. 2011). In 2008, the R72 variant was identified as one
of the strongest risk factors in more than 2000 Finnish
patients for type 2 diabetes (Gaulton et al. 2008). Using
clinical data from over 55,000 Europeans, a subsequent
meta-analysis study confirmed this finding, that the
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R72 variant was linked to type 2 diabetes (Burgdorf et al.
2011). Similar findings were made in the Chinese Han
population, indicating that R72 increased susceptibility
to type 2 diabetes is not a race-restricted phenomenon
(Qu et al. 2011). Finally, the R72 variant is associated
with increased insulin resistance, even among diabetes
patients (Bonfigli et al. 2013).

A cohort study of over 2500 Dutch and Finnish
subjects found that the R72 variant is associated with
increased waist circumference (Reiling ef al. 2012). These
data suggested that the R72 variant might predispose
individuals to adiposity/obesity, and that this might
then lead to increased risk for the development of type 2
diabetes. A recent GWAS (genome-wide association
study) found that the R72 variant of pS3 is associated
with increased body mass index (BMI) (Speliotes et al.
2010). Consistent with these reports, a separate study
showed that the association between BMI and diabetes
incidence is much stronger in individuals of the R72
genotype (Gloria-Bottini et al. 2011). Recently, our group
used a mouse model for the codon 72 polymorphism of
pS53 in order to investigate the role of this SNP in obesity
and diabetes. To understand this role, we monitored
these mice following challenge with a high-fat diet
(HFD). Mice with the R72 variant of p53 developed
more severe obesity and glucose intolerance on a HFD,
compared with mice having the proline 72 variant (P72).
R72 mice on a HFD developed insulin resistance, islet
hypertrophy, increased infiltration of immune cells and
fatty liver disease, but the earliest difference between R72
and P72 mice on a HFD was fat accumulation (obesity).

Table 1 p53 pathway SNPs and diabetes.

Gene SNP (allele) MAF: Relationship with p53

TP53 rs1042522 (C>G) 0.46 (C)

TP53 rs17880847 (A>T) 0.01 (T)

TCF7L2  rs7903146 (C>T) 0.23 (T) Transcription factor and
transcriptional target

P53INP1  rs896854 (T>C) 0.48 (T) Transcriptional target

ATM rs11212617 (C>A) 0.47 (A) Activator

aSource: Genome 1000 project database (1000genomes.org).
MAF, minor allele frequency; SNP, single-nucleotide polymorphism.
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Gene expression analyses indicated that two pS3 target
genes, with roles in inflammation (Tnf) and cholesterol
metabolism (Npcll1), were in part responsible for this
phenotype (Kung et al. 2016).

Other polymorphisms in p53 pathway genes

Several genetic polymorphisms in genes involved in
pS3 signaling pathways have been shown to affect p53
function (Whibley et al. 2009), and some of these may
likewise affect diabetes risk or severity. The A17708T
polymorphism of pS3 intron 10 is associated with the
development of early uremic complications in diabetic
patients (Szoke et al. 2009). A recent GWAS in type 2
diabetic patients identified a SNP in ATM (rs11212617)
that controls treatment response to metformin, the most
commonly used drug for type 2 diabetes (GoDarts et al.
2011). The authors suggested that this ATM variant might
affect metformin efficacy by regulating downstream
target of metformin, AMPK (AMP-activated protein
kinase). ATM is an important regulator of p53, and ATM
SNPs have been shown to affect pS3 function (Takagi
et al. 2004). As noted above, p53 activity is regulated by
AMPK (Jones et al. 2005). Therefore, it is possible that p53
plays an active role in the impact of rs11212617 on the
glycemic response to metformin.

As mentioned previously, the T allele of TCF7L2
(rs7903146) confers the strongest risk for type 2 diabetes
known in Caucasians (Florez 2007). TCF7L2 serves a
unique dual role in the p53 pathway, as it serves both
as a regulatory transcription factor for p53, and a
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transcriptional target of p53 (Rother et al. 2004, Zhou
et al. 2012). TCF7L2 regulates the expression of p53 and
the p53 target gene pS3INP1 to control the survival of
pancreatic beta cells. Interestingly, a SNP in p53INP1
(rs896854) has also recently been identified as a type 2
diabetes susceptibility locus through a large-scale GWAS
project (Voight et al. 2010) (Table 1). The overall data
suggest that multiple SNPs in p53 and in genes involved
in the p53 pathway can be predicted to play roles in
metabolism and diabetes.

p53 and the efficacy of diabetes treatment

The magnitude of the impact of diabetes on human
health is often characterized by its associated
complications, such as cardiovascular diseases, impaired
wound healing, nephropathy, blindness and infertility
(Brownlee 2005). In addition to its roles in diabetes
risk and severity, pS3 has also been shown to play an
active role in these conditions by regulating apoptosis,
cell cycle arrest, senescence and inflammation (Jazayeri
et al. 2008, Nguyen et al. 2010, Morimoto et al. 2011,
Zhao et al. 2011, Samarakoon et al. 2012, Gurel et al.
2014). Targeting p53 to treat diabetes potentially offers
extra benefits as an inclusive approach to alleviate both
diabetes and downstream symptoms. The majority of
studies outlined in this review have shown that inhibiting
p53 using gene silencing, knockout or pharmacological
approaches can alleviate diabetes and its phenotypes;
however, this trend has not been consistent. For
example, nutlin-3a, a non-genotoxic activator of p53
that works via inhibition of the MDM2-p53 interaction,
was able to improve pancreatic function and glucose
homeostasis in a streptozotocin-induced mouse model
of diabetes (Secchiero et al. 2013). Similarly, targeting
the peroxisome proliferator-activated receptor-y (PPARy)
has been a proven strategy for the drug development
against obesity and diabetes (Blaschke et al. 2006).
PPARy forms a heterodimer with retinoid X receptor
(RXR), and PPARy/RXR complexes can be targeted by
RXR antagonists to confer antiobesity and antidiabetic
activities (Yamauchi et al. 2001). Nakatsuka et al.
showed that the RXR antagonist HX531 upregulated
the p53-p21/CDKN1A pathway in adipocytes to induce
cell cycle arrest and inhibit cellular hypertrophy that
could otherwise lead to obesity (Nakatsuka et al. 2012).
Therefore, the therapeutic benefit of inhibiting or
inducing pS53 is likely to be influenced by cell type and
stage of disease.
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Conclusions

Given the magnitude of evidence presented in this review,
itis clear that pS3isakey player in diabetes and the severity
of diabetic phenotypes. For the most part, it is activation
of p53 that was shown to exacerbate diabetic phenotypes.
For example, this protein is induced and activated in many
cell types in animals and humans with diabetes, and in
many cases pharmacological inhibition of p53 led to an
amelioration of diabetic phenotypes. However, clearly the
role of p53 in diabetes is complex, and in some settings,
activation of p53 has been shown to be beneficial to
disease outcome (Secchiero et al. 2013). Therefore, despite
the magnitude of evidence suggesting that inhibitors of
p53 might ameliorate diabetes, it is clearly premature to
propose this avenue. Rather, identifying the key pathways
and target genes controlled by pS3, and targeting these,
might be more advisable. Along these lines, in a DIO
model of diabetes, we identified the p53 target genes Tnf
(Tnf-alpha) and Npc1l1 (controls cholesterol metabolism)
as markedly induced by p53 after as little as 7days on a
HFD. Notably, we found that the use of antibody or small-
molecule inhibitors to either of these proteins caused
reduced fat accumulation and ameliorated diabetic
phenotypes (Kung et al. 2016). Therefore, there may be
more merit in the complete identification of p53 target
genes that are specifically induced in diabetic tissues, with
the goal of targeting these genes for therapy.
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