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Of the many cellular responses activated by TP53, which ones
are critical for tumour suppression?
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The tumour suppressor TP53 is a master regulator of several cellular processes that collectively suppress tumorigenesis. The TP53
gene is mutated in ~50% of human cancers and these defects usually confer poor responses to therapy. The TP53 protein functions
as a homo-tetrameric transcription factor, directly regulating the expression of ~500 target genes, some of them involved in cell
death, cell cycling, cell senescence, DNA repair and metabolism. Originally, it was thought that the induction of apoptotic cell death
was the principal mechanism by which TP53 prevents the development of tumours. However, gene targeted mice lacking the critical
effectors of TP53-induced apoptosis (PUMA and NOXA) do not spontaneously develop tumours. Indeed, even mice lacking the
critical mediators for TP53-induced apoptosis, G1/S cell cycle arrest and cell senescence, namely PUMA, NOXA and p21, do not
spontaneously develop tumours. This suggests that TP53 must activate additional cellular responses to mediate tumour suppression.
In this review, we will discuss the processes by which TP53 regulates cell death, cell cycling/cell senescence, DNA damage repair and
metabolic adaptation, and place this in context of current understanding of TP53-mediated tumour suppression.
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FACTS

● TP53 is critical for tumour suppression.
● TP53 functions as a transcription factor that can directly

regulate the expression of approximately 500 target genes
and indirectly many more.

● Some of the direct transcriptional targets of TP53 encode
proteins that are critical for TP53-induced apoptotic cell death,
cell cycle arrest, cell senescence, DNA repair or adaptation of
cellular metabolism.

● The absence of TP53 causes spontaneous tumour develop-
ment in 100% of mice, but the combined absence of Puma,
Noxa and p21, the direct TP53 target genes that are critical for
TP53-induced apoptosis and cell cycle arrest, does not cause
spontaneous tumour development in mice.

OPEN QUESTIONS

● Which of the cellular processes activated by TP53 are critical
for tumour suppression in which cell types, and in the context
of which oncogenic drivers?

● Which combinations of TP53-activated processes must be
defective for spontaneous tumour development to occur?

● Are there currently unrecognised cellular responses activated
by TP53 that are critical for tumour suppression?

THE TUMOUR SUPPRESSOR TP53
The TP53 gene encodes a homo-tetrameric tumour suppressor
protein, known as TP53 in humans and TRP53 in mice (we use
TP53 throughout this text when referring in the same sentence to
both the human and mouse protein), which acts as a transcrip-
tion factor to regulate several cellular responses that cooperate
to prevent tumorigenesis [1]. The TP53 protein contains an
N-terminal transactivation and Mouse Double Minute 2 (MDM2;
called HDM2 in humans) binding domain, a centrally located
sequence-specific DNA binding domain, a tetramerisation
domain and a C-terminal DNA binding regulatory domain [2, 3].
Diverse stress conditions lead to the activation of TP53 via several
post-translational processes [3]. In unstressed cells, the E3
ubiquitin ligase MDM2 causes ubiquitination of TP53, targeting
it for proteasomal degradation, thereby keeping TP53 protein
levels and activity low [4, 5]. MDM4 (also called MDMX) can bind
to the same region as MDM2 at the N-terminus of TP53 and
thereby represses TP53 function. Unlike MDM2 however, MDM4
does not ubiquitinate TP53 and thereby prime it for proteasomal
degradation [6]. The absence of MDM2 or MDM4 causes aberrant
TP53-mediated apoptosis and embryonic lethality, which is
prevented by the concomitant loss of TP53 [7]. This shows that
TP53 activity is stringently controlled by MDM2 and MDM4
during embryonic development [8]. Experiments with mice in
which Mdm2 was deleted in select cell types post-natally
revealed that MDM2 must also have functions in addition to
regulating TP53, because certain defects were not prevented by
concomitant loss of TP53 [9].
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DNA damage, nutrient deprivation and many other stressors
stimulate signalling pathways that lead to post-transcriptional
modifications (e.g., phosphorylation, acetylation) in TP53 and
MDM2 [10, 11]. These processes converge to prevent MDM2 from
binding and ubiquitinating TP53, thereby causing an increase in
TP53 protein levels and activity. Following such activation, TP53
can bind to specific DNA sequences in the promoters of ~500
direct target genes, mostly promoting an increase in their
expression (Graphical Abstract) [3, 12].
Approximately 50% of human cancers have mutations in the

TP53 gene, most of which are point mutations in the DNA binding
domain [1]. The mutant TP53 proteins have a reduced capacity to
bind to specific DNA sequences in direct TP53 target genes (loss-
of-function effect). This impairs normal TP53-regulated cellular
responses, leading to immortalisation and neoplastic transforma-
tion of cells [13].

How does TP53 prevent tumour development?
The TP53 protein regulates several cellular processes that
contribute to preventing tumorigenesis. The cyclin dependent
kinase (CDK) inhibitor, p21Waf1/Cip1, encoded by a direct TP53
target gene, is critical for cell cycle arrest [14, 15]. Cell cycle arrest
allows cells with DNA lesions to halt proliferation, allowing them
to repair the damaged DNA, and thereby preventing the
acquisition of oncogenic mutations that can drive tumorigenesis

[15]. TP53 plays a direct role in DNA repair through transcriptional
activation of several genes involved in various DNA repair
pathways [16], including base excision repair [17], nucleotide
excision repair [18], mismatch repair [19] and homologous
recombination [17–20].

TP53 and programmed cell death. Apoptosis is a genetically
programmed process for cell killing that removes cells that are no
longer needed, damaged or infected. By removing cells with
potentially oncogenic lesions that are at early stages of neoplastic
transformation, apoptosis contributes to the suppression of
tumour development [3]. TP53 controls the expression of some
of the key initiators of apoptotic cell death. There are two distinct
but ultimately converging pathways to apoptosis: the BCL-2
regulated (aka mitochondrial or intrinsic) pathway [21] and the
death receptor induced (aka extrinsic) pathway [22]. The BCL-2-
regulated pathway is controlled by the BCL-2 protein family, which
contains three subgroups: the pro-survival proteins (BCL-2, MCL-1,
BCL-XL, BCL-W, A1/BFL1), the pro-apoptotic BH3-only proteins
(BIM, PUMA, BID, BMF, BIK, BAD, HRK, NOXA) and the effectors of
apoptosis (BAX, BAK, BOK) [23–25]. Apoptosis can be induced by
diverse stresses, such as nutrient deprivation or DNA damage, and
is initiated by the transcriptional and/or post-transcriptional
upregulation of the pro-apoptotic BH3-only proteins, which are
critical for the initiation of apoptosis [26, 27]. The pro-survival BCL-
2 proteins are bound and inhibited by the BH3-only proteins [23]
and this unleashes the cell death effectors BAX and BAK that in
healthy cells are restrained by the pro-survival BCL-2 proteins
(Fig. 1). Upon activation, BAX and BAK cause mitochondrial outer
membrane permeabilisation (MOMP) [28], which constitutes the
point-of-no-return in apoptosis signalling (Fig. 1). The apoptosome
(involving APAF-1) forms and the caspase cascade becomes
activated, dismantling the cells (Fig. 1). Upregulation of the genes
for BAX and APAF-1 by TP53 may enhance apoptosis, but the
TP53-mediated upregulation of these genes is not essential for
apoptosis, at least in hematopoietic cells [29, 30].

What is the evidence that TP53 prevents tumour development by
inducing apoptosis?. Several early studies linked TP53 to the
activation of apoptosis and it was soon proposed that this is
critical for TP53-mediated tumour suppression [13, 31, 32].
Apoptosis triggered by enforced TP53 expression was prevented
by over-expression of anti-apoptotic BCL-2 [29, 30]. This led to the
search for TP53-activated initiators of apoptosis. Puma/Bbc3 and
Noxa/Pmaip1, two genes that are directly transcriptionally
upregulated by TP53, are critical for the initiation of apoptosis
[33, 34]. Notably, lymphoid cells from PUMA/NOXAdouble knock-
out mice are as resistant to apoptosis induced by the MDM2
inhibitor nutlin-3a, γ-irradiation or other agents that activate TP53,
both in vitro and in vivo, as the corresponding cells from Trp53
knockout mice [35]. This demonstrates that transcriptional
induction of these two BH3-only proteins accounts for all TP53-
induced apoptosis, at least in these cell types [36, 37].
Interestingly, in malignant MYC-driven lymphoma cells, only the

combined loss of the three BH3-only proteins PUMA, NOXA and
BIM (the latter is probably indirectly upregulated by TP53)
provided similar protection from DNA damage inducing che-
motherapeutics as did loss of TP53 itself [38, 39]. This indicates
that TP53-mediated apoptosis can be more complex in malignant
cells than in non-transformed cells.
There is evidence that induction of apoptosis is critical for TP53-

mediated tumour suppression in certain settings, but there is also
evidence that in other settings, this is not essential. In Eµ-Myc
transgenic mice, the over-expression of MYC causes a pre-
leukaemic expansion of B cell precursors (pre-B cells), which
progresses to malignant clonal pre-B/B lymphoma [40–42].
Approximately 20–30% of these lymphomas are selected for
mutations and/or loss of TRP53 [43], demonstrating that TRP53

Fig. 1 Induction of the BCL-2-regulated apoptotic pathway by
TP53. This model depicts the mechanism by which activated TP53
induces the BCL-2-regulated apoptotic pathway. When TP53 is
activated, it directly transcriptionally activates the genes encoding
the pro-apoptotic BH3-only proteins, PUMA and NOXA, and
indirectly induces expression of the gene encoding the BH3-only
protein BIM. The pro-survival BCL-2 family members (e.g., BCL-XL,
MCL-1 and BCL-2) are repressed by binding of the pro-apoptotic
BH3-only proteins. This permits the activation of the apoptosis
effectors, BAX and BAK, which in healthy cells are kept in check by
binding to the pro-survival BCL-2 proteins. Activated BAX and BAK
can oligomerise at the mitochondrial outer membrane, forming
pores, thereby causing mitochondrial outer membrane permeabili-
sation (MOMP) which releases cytochrome c and other apoptogenic
factors. Following MOMP, the apoptosome (composed of the
adaptor protein APAF-1, dATP, pro-caspase-9 and cytochrome c)
forms, which leads to the activation of caspase-9 that triggers
activation of downstream effector caspases (e.g., caspases -3, -6 and
-7). This caspase cascade causes proteolysis of hundreds of cellular
proteins to orchestrate the ordered dismantling of the dying cells.
Thick arrows indicate the direct upregulation of target genes by
TP53. The thin arrow represents the indirect activation of BIM by
TP53. Of note, in the absence of TP53, BAX and APAF-1 are still
expressed at levels that are sufficient for effective induction of
apoptosis, for example after treatment of lymphoid cells with
glucocorticoids, which does not require TP53 for apoptosis
induction. Upregulation of BAX and APAF-1 by TP53 may serve to
enhance the efficiency of apoptosis but the TP53-mediated
upregulation of their genes is not essential for induction of
apoptosis, at least in haematopoietic cells.
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plays a critical role in restraining MYC-driven lymphomagenesis. In
Eµ-Myc mice, loss of PUMA causes a further expansion of pre-
leukaemic B lymphoid cells and substantially accelerates lym-
phoma development [43]. Another study showed that ~75% of
lymphomas that arise in Eµ-Myc mice had selected against the
expression of PUMA [44]. Interestingly, PUMA expression is not
detected in ~40% of human Burkitt lymphomas [44], which are
also driven by deregulated c-MYC expression. Moreover, in Burkitt
lymphomas, the BIM gene is often epigenetically silenced by
hyper-methylation of the promoter region and deacetylation of
histone 3 by histone deacetylases (HDACs), and this is thought to
contribute to chemotherapeutic resistance [45]. In mantle cell
lymphoma, silencing of NOXA using RNA interference resulted in
significant rescue from apoptosis that was induced by chemother-
apeutic drugs [46]. Collectively, these findings reveal that PUMA
and NOXA, as well as BIM, contribute to TP53-dependent killing of
malignant cells induced by DNA damage inducing anti-cancer
agents.
Trp53−/− mice spontaneously develop tumours, on a C57BL/6

background mostly thymic T cell lymphomas, at a 100% incidence
within ~270 days [47]. If TP53-induced apoptosis was essential to
prevent spontaneous tumour development, mice lacking PUMA
plus NOXA, the essential mediators of TP53-induced apoptosis,
should also develop tumours. Remarkably however, neither
Puma−/−, Noxa−/− nor Puma−/−;Noxa−/− mice and not even
Puma−/−;Noxa−/−;p21−/− mice (whose cells also are defective in
TP53-induced G1/S boundary cell cycle arrest and senescence)
developed tumours [48]. Similarly, mice with certain mutations in
TRP53 that impair transcriptional activation of p21, Puma and
Noxa, but retain TRP53-induction of certain other target genes, are
also not prone to spontaneous tumour development [48–50].

These findings demonstrate that the combination of TRP53-
mediated induction of apoptosis via PUMA and NOXA, plus TRP53-
induced cell cycle arrest at the G1/S boundary and cell senescence
via p21 are dispensable for TRP53-mediated suppression of
spontaneous tumour development [48]. Thus, other TRP53 target
gene driven cellular responses must also be required for TRP53 to
suppress spontaneous tumour development.
In addition to regulating apoptosis for tumour suppression,

TP53/TRP53 has also been reported to suppress tumorigenesis by
inducing ferroptosis, a lytic form of programmed cell death
(Table 2) [51, 52]. Acetylation of TRP53 at specific amino acid
residues was reported to be critical for this [51, 53]. It must,
however, also be noted that another group provided evidence
that TP53/TRP53 actually inhibits ferroptosis [54], which indicates
that ferroptosis may not contribute to TP53/TRP53-mediated
tumour suppression.

What is the evidence that TP53 prevents tumour development by
inducing cell cycle arrest and cellular senescence?. Senescence is a
process by which cells undergo irreversible cell cycle arrest.
Telomere erosion induces a DNA damage response that causes
TP53-induced cell cycle arrest, in part through the induction of
p21, thereby acting as a barrier to cell immortalisation and
tumorigenesis (Fig. 2) [55, 56]. Cell senescence can also be
induced by cellular aging, DNA lesions and the expression of
certain oncogenes, such as mutant RAS (Fig. 2) [57, 58]. The
activation of TP53 in response to such stress can cause cell cycle
arrest at the G1/S or G2/M boundaries of the cell cycle, from where
cells can enter a senescent state [59, 60]. Induction of cellular
senescence is in part due to the ability of TP53 to directly
transcriptionally upregulate the gene for p21, although other
effectors of cell senescence are likely to also play critical roles.
During cellular senescence, the retinoblastoma (RB) tumour
suppressor protein is activated and represses the transcription of
genes encoding proteins that are critical for cell cycle progression
(Fig. 2).
Cellular senescence can occur in either a DNA damage-

dependent or -independent manner (Fig. 2) [55]. Mice lacking
DNA repair genes, such as DNA ligase IV and Brca1 exhibit
premature aging, and mouse embryonic fibroblasts (MEFs) from
these animals undergo senescence [61, 62]. The inactivation of
TRP53 prevented these senescent phenotypes [61, 62]. These
findings reveal a critical role for TP53 in DNA-damage induced
cellular senescence.
TP53 also plays a role in oncogene-induced cell senescence

(OIS) [58, 63]. In primary mouse and human cells with wt TP53, the
expression of oncogenic mutant RAS rapidly caused permanent
senescence-like G1 cell cycle arrest [64]. Loss of Trp53 prevented
mutant RAS induced cell senescence in mouse models, thereby
promoting tumorigenesis [64, 65]. Moreover, c-MYC over-expres-
sion can cause OIS through the transcriptional induction of
p14ARF, which in turn leads to the activation of TP53 through the
inhibition of MDM2 [66, 67] (Fig. 2).
So, what is the evidence that TP53 suppresses tumorigenesis

through the induction of cell cycle arrest and cell senescence?
MEFs lacking the direct TRP53 target gene p21 exhibit a profound
defect in G1 cell cycle arrest in response to DNA damage, albeit to
a lesser extent than MEFs lacking TRP53 [68]. This reveals that
TP53-mediated induction of p21 is critical for this process, but that
other direct or indirect TP53 target genes may also be involved.
BTG2, another TP53-regulated gene, encodes an anti-proliferative
protein that halts the cell cycle at the G1/S boundary in response
to DNA damage [69]. Interestingly, knockdown of BTG2 in breast
cancer cells resulted in increased tumour growth and metastases
in vivo [70, 71]. Moreover, GADD45a, which is also encoded by a
direct TP53 target gene, can cause the displacement of PCNA from
the Cyclin D1 complex to inhibit DNA replication and can also
reduce the activity of CDK1 by preventing its association with

cell senescence

oncogene expression DNA damage telomere erosion

p21 p21

MYC

p14/
ARF

RAS

RB

Pathways for induction of cell senescence

TP53TP53

MDM2

Fig. 2 Induction of cell senescence by TP53. A variety of cellular
stresses, such as oxidative damage, DNA damage, telomere short-
ening and downstream effects of oncogene activation, such as
replication stress, can induce cellular senescence via the activation
of TP53. This is in part due to the ability of TP53 to directly
transcriptionally upregulate the gene for p21, although other
effectors of cell senescence are likely to also play critical roles.
During cellular senescence, the retinoblastoma (RB) tumour sup-
pressor protein is activated and represses the transcription of genes
encoding proteins that are critical for cell cycle progression.
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Cyclin B1 [72, 73]. Loss of Gadd45a resulted in failure of
proliferating mouse lymphocytes to undergo cell cycle arrest at
the G2/M-phase following treatment with DNA damage inducing
agents [74].
A study by Liu et al., (2004) [75] showed that cells from mice

expressing the TRP53 mutant, R172P, were unable to initiate
apoptotic cell death, but were still able to undergo cell cycle arrest
[75]. Homozygous R172P Trp53 mutant mice escaped early onset
of thymic lymphomas, in contrast to Trp53−/− mice. The retention
of chromosomal stability was therefore suggested to be crucial for
the suppression of early onset tumorigenesis by allowing cells to
undergo cell cycle arrest [75].
Elegant mouse models were developed that allow development

of tumours driven by the absence of TRP53 plus tissue restricted
expression of an oncogene, and then later on enabled wt TRP53
expression to be induced in the malignant cells. In the case of c-
MYC-driven lymphomas, the expression of wt TRP53 caused
tumour regression through induction of apoptosis [76], but in
mutant RAS driven liver cancers, cessation of tumour expansion
was associated with induction of cell senescence [77, 78]. These
findings indicate that therapeutic activation of wt TP53 in
malignant cells can cause tumour regression through induction
of apoptosis or cell senescence, depending on cell type. This does
not, however, mean that induction of cell cycle arrest and/or cell
senescence is indispensable for TP53-mediated suppression of
tumorigenesis. In fact, loss of p21, which is critical for TP53-induced
G1/S boundary cell cycle arrest and cell senescence, does not
cause spontaneous tumour development, and loss of p21 does not
prominently accelerate oncogene-induced tumorigenesis [79].

What is the evidence that TP53 prevents tumour development by
coordinating DNA repair?. DNA repair is a crucial cellular process,
whereby various genetically programmed pathways are activated
to maintain genomic integrity after exposure of cells to DNA-
damaging agents [80], thereby preventing tumorigenesis (Fig. 3).
Nucleotide excision repair (NER) removes helix-distorting lesions
that are commonly caused by UV irradiation [81]. Base excision
repair (BER) eliminates oxidised or alkylated bases that are modified
by reactive oxygen species (ROS) (Fig. 3) [82]. DNA double stranded
breaks (DSBs) that are induced by ionising radiation (IR) are
repaired through homologous recombination (HR) or non-
homologous end joining (NHEJ), and mismatch repair (MMR) scans
DNA strands for nucleotides that have been erroneously inserted
during the DNA replication process (Fig. 3) [83]. TP53 is thought to
play an important role in coordinating DNA damage repair
processes by halting the cell cycle, thereby allowing time for

DNA repair [83]. Of note, TP53 can also directly transcriptionally
activate certain DNA damage repair genes, thereby directly
impacting the activity of DNA repair pathways [83, 84].
Several studies provided evidence that coordination of DNA

repair is critical for TP53-mediated tumour suppression. The XPC,
GADD45a, PCNA and DDB2 genes from the NER pathway are all
direct transcriptional targets of TP53 [85–87]. Defects in some of
these genes can promote tumorigenesis [74, 88]. Loss of one Trp53
allele in XPC-deficient mice led to the formation of more aggressive
UV-radiation induced skin tumours, classified as higher-grade
squamous cell carcinomas, compared to UV-irradiated XPC-knock-
out mice that were wt Trp53 [89] (Table 1). These findings suggest
that XPC is critical for the suppression of tumours induced by DNA
damage and that TP53-regulated processes independent of the
induction of XPC must also contribute to the suppression of UV-
induced skin cancer development [89]. GADD45a, encoded by a
TP53 target gene, plays a role in the NER pathway [74]. Studies
using mouse models revealed that loss of Gadd45a causes genomic
instability, driving tumorigenesis (Table 1) [90].
TP53 directly regulates additional genes involved in NER, such as

PCNA [91]. PCNA, which was shown to interact with GADD45a, is
involved in both DNA replication and DNA repair, with roles in both
NER and MMR [92, 93]. Moreover, DDB2, which is transcriptionally
regulated by TP53, binds to UV-induced DNA lesions, suggesting a
role in NER [94, 95]. Accordingly, DDB2-deficient mice show
reduced removal of cyclobutane pyrimidine dimers in skin cells and
are more susceptible to UV-induced carcinogenesis compared to
wt mice (Table 1) [96].
TP53 has also been reported to directly regulate the expression of

the genes for MSH2 and MLH1, which play critical roles in MMR
[20, 97, 98]. Notably, mutations in MSH2 are a cause of hereditary
non-polyposis colorectal cancer (HNPCC) in humans. MSH2-deficient
mice spontaneously develop lymphomas that exhibit microsatellite
instability [97] and are prone to oncogene-induced development of
colonic carcinomas (Table 1) [99]. Mlh1+/− as well as Mlh1−/− mice
are also predisposed to developing lymphomas and tumours in the
gastrointestinal tract [100]. Moreover, knockdown ofMlh1,Msh2 and
certain other TP53-regulated DNA repair genes accelerated c-MYC-
driven lymphomagenesis to a similar extent as loss of TRP53 itself
[79]. Collectively, these findings indicate that TP53-regulated
expression of genes involved in diverse DNA repair processes are
critical for TP53-mediated tumour suppression.

What is the evidence that TP53 plays a role in the coordination of
angiogenesis?. Angiogenesis is a process where factors released
from cells signal for the formation of new blood vessels via the

Fig. 3 Regulation of DNA damage repair by TP53. Activated TP53 can transcriptionally upregulate an array of direct target genes involved in
a range of DNA damage repair pathways, including base excision repair, non-homologous end joining, homologous recombination,
nucleotide excision repair and mismatch repair. Thick arrows indicate the type of DNA damage repair pathway that is needed for the repair of
a specific type of DNA lesion. The genes to the side of the arrows are genes that are upregulated by TP53 to orchestrate that particular
damage repair pathway.
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migration, growth and differentiation of endothelial cells [101].
Under normal conditions, the signalling for blood vessel formation
is balanced through stimulation and inhibition to produce vessel
growth only when necessary, such as during wound healing.
Aberrant angiogenesis can provide solid tumours with nutrients
and oxygen, thereby enabling their expansion and metastasis
[101]. TP53 plays a role in the control of angiogenesis by inhibiting
the production of pro-angiogenic molecules and by increasing the
production of inhibitors of angiogenesis [102]. Interestingly,
tumours carrying mutations in TP53 are often more vascularised
compared to tumours expressing wt TP53.

What is the evidence that TP53 prevents tumour development by
regulating metabolism or other cellular responses?. To maintain
metabolic homoeostasis in cells exposed to stress, TP53 regulates
diverse metabolic pathways, and this is thought to help cells
adapt to stress conditions [103]. The production of energy and
substrates from metabolic pathways enables synthesis of macro-
molecules to support normal cellular life and its proper regulation
is thought to contribute to tumour suppression [104]. The
synthesis of proteins and nucleic acids that are needed to support
cell proliferation relies on nutrient availability. Nutrient-poor
conditions trigger responses to restrict cell growth and prolifera-
tion. These responses enable the breakdown of macro-molecules
and even entire organelles to allow energy production for cell
survival [104]. Notably, certain cancer cells are able to acquire
nutrients from nutrient-poor environments, thereby enabling their
expansion while simultaneously impairing the function of
neighbouring non-transformed cells, including T lymphocytes
that might otherwise attack the malignant cells [103, 105].
TP53 can promote mitochondrial oxidative phosphorylation, a

metabolic process that produces adenosine triphosphate (ATP),
using energy that is released by nutrients in the tricarboxylic acid
cycle (TCA). TP53 reportedly directly regulates cytochrome c
oxidase 2 (sCO2) gene expression, thereby enhancing oxidative
phosphorylation (Table 2) [103, 106]. The gene for the TP53-
induced glycolysis and apoptosis regulator (TIGAR) is also directly
regulated by TP53. TIGAR decreases the amount of fructose-2,6-
bisphosphate and blocks the glycolytic pathway, thereby pushing
cells towards oxidative phosphorylation (Table 2) [107]. Reactive
oxygen species (ROS) are toxic by-products of oxidative phos-
phorylation, which play major roles in tissue damage and
tumorigenesis [108]. To combat oxidative stress within cells, the
induction of TIGAR by TP53 enhances the pentose phosphate
pathway, generating glutathione (GSH) that protects cells against
ROS and the resulting damage to their genome [109].
Human cancers often experience hypoxia, indicating that the

adaptation of malignant cells to hypoxic environments is crucial
for sustaining tumour growth [110]. When oxygen levels are low,
ATP is produced through glycolysis rather than through oxidative
phosphorylation; therefore, enhanced glycolysis is a characteristic
metabolic feature of many cancer cells [104, 111]. Because
glycolysis produces 2 ATP molecules in contrast to the 36 ATP
molecules produced by oxidative phosphorylation, cancer cells
often exhibit high uptake and use of glucose compared to non-

transformed cells, to facilitate the necessary rate of glycolysis
[112]. Defects in TP53 cause a reduction in oxidative phosphoryla-
tion and enhanced glycolysis, and this was proposed to drive the
development of metastatic cancer cells by engendering them with
the ability to survive in hypoxic environments [113, 114].
Collectively, these findings suggest that TP53 helps to maintain
cellular oxidative phosphorylation. When TP53 function is lost,
cells are pushed toward the aerobic glycolytic pathway for energy
production, which is thought to promote the survival and
metastasis of malignant cells.
RAS Related Glycolysis Inhibitor and Calcium Channel Regulator

(RRAD) is encoded by a direct TP53 target gene and plays a role in
the control of glycolysis [115]. Hypoxia-stimulated glycolysis is
repressed by TP53 in cancer cells through the upregulation of
RRAD, which inhibits the translocation of the glucose transporter,
GLUT1, to the plasma membrane (Table 2) [115]. These findings
suggest that TP53 plays an important role in the control of cellular
glucose metabolism and that when TP53 is absent or mutated,
cells can adapt their metabolism by switching to aerobic
glycolysis. However, to our knowledge, there is no evidence that
the loss of TP53 target genes that function in glucose metabolism
can cause tumour development. In mice, the loss of TIGAR actually
slowed tumour development in both lymphoma and intestinal
cancer models [116, 117]. Moreover, RRAD-deficient mice are also
not tumour-prone [118].
Autophagy is a process for the degradation of macro-molecules

and even entire organelles, that allows cells to gain energy and
metabolites to survive when subject to nutrient deprivation.
During autophagy, intracellular components are sequestered into
double-membrane vesicles called autophagosomes [119]. When
autophagosomes fuse with lysosomes, hydrolytic enzymes
degrade the contents, which are then released into the cytoplasm
to be recycled in biosynthetic pathways [120]. There is evidence
that autophagy can be controlled by TP53-regulated genes.
Interestingly, autophagy can also suppress TP53 activity in a
negative feedback process [121]. When AMP-activated protein
kinase (AMPK) is upregulated by TP53, it promotes autophagy
through the transcriptional activation of SESTRIN 1 and 2. Of note,
AMPK can also upregulate TP53 via phosphorylation of MDMX
[122]. SESTRIN 1 and 2 activation causes activation of AMPK and
subsequent phosphorylation of the tuberous sclerosis proteins
TSC1 (hamartin) and TSC2 (tuberin), which form a heterodimeric
tumour suppressor protein complex. This complex is an important
component of the mammalian target of rapamycin (mTOR)
signalling pathway, which receives signal input from nutrients,
growth factors and cellular energy levels, and functions as a
master regulator that sets the balance between anabolism and
catabolism (Table 2) [123, 124].
The TSC1-TSC2 complex represses the activity of RHEB, resulting

in the inhibition of mTOR activity, which promotes metabolic
processes [125]. Notably, defects in TSC1 or TSC2 can promote
tumorigenesis [126]. Eμ-Myc mice with loss of only one allele of
Tsc2 developed lymphomas significantly faster than control
(Tsc2+/+) Eμ-Myc mice [126]. These lymphomas had been selected
for loss of the remaining wt Tsc2 allele, but none had acquired

Table 1. DNA repair genes that are directly regulated by TP53 and whose knock-out can promote spontaneous, UV-B- or γ-radiation induced tumour
development in mice.

Gene DNA damage repair pathway Gene knockout Treatment Outcome Reference

Xpc NER −/− UV-B Irradiation Skin squamous cell carcinoma [89]

Gadd45a NER −/− Ionising Radiation Lymphoma [90]

Ddb2 NER −/− UV-B Irradiation Skin carcinoma [96]

Mlh1 MMR −/− – Lymphoma and gastro-intestinal
tumours

[100]

Msh2 MMR −/− – Colon carcinoma and lymphoid tumours [97, 99]
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mutations in Trp53, whereas 20–30% of lymphomas in control Eμ-
Myc mice selected for mutations in Trp53 [126]. Moreover, mice
with loss of one allele of Tsc1 were found to develop renal
tumours and hepatic hemangiomas [127]. These findings suggest
that loss of TSC1 or TSC2 results in sustained upregulation of
mTOR and its downstream signalling pathways. This is thought to
promote tumour development through the upregulation of
metabolic processes, and possibly also through changes in
autophagic flux [126, 127]. This TSC1/TSC2-regulated process
may play a critical role in TP53-mediated suppression of
tumorigenesis.
It was also reported that loss of TP53 increases autophagy, as

evidenced by the accumulation of autophagosomes and auto-
lysosomes and the aggregation of LC3 in several mammalian cell
lines in vitro, as well as in diverse mouse tissues in vivo [128]. This
study also showed that cells lacking TP53 had a higher probability
of surviving under starvation conditions, and that this survival
advantage was decreased when autophagy-related genes (ATG)
were deleted [128]. The Damage-Regulated Autophagy Modulator
(DRAM) is encoded by a direct TP53 target gene. DRAM is a
lysosomal protein that promotes autophagy through the accu-
mulation of autophagosomes (Table 2) [129, 130]. Knockdown of
DRAM reduced autophagy and triggered lysosomal membrane
permeabilisation and cell death [131]. The UNC-51 Like Autophagy
Activating Kinase 1 (ULK1) is also encoded by a direct TP53 target
gene [132]. ULK1 promotes autophagy in response to DNA
damage, enhancing the fusion of autophagosomes and lysosomes
[132, 133]. ULK1 has been implicated in organelle clearance during
the maturation of immature red blood cells and in autophagy of
mitochondria (mitophagy) [134]. Autophagy Related 7 (ATG7) is
another direct TP53 target gene involved in autophagy (Table 2)
[135].
The role of autophagy in cancer is complex, with evidence for

both tumour-suppressive, as well as pro-tumorigenic roles. In
~50% of human pancreatic ductal adeno-carcinomas (PDACs),
TP53 is mutated [136]. PDAC is usually preceded by pre-cancerous
pancreatic intraepithelial neoplasia (PanIN). Mutant KRAS driven
PanINs from mice lacking ATG7 did not progress to PDAC.
However, mice expressing mutant KRAS and lacking both ATG7
and TP53 formed tumours despite defects in autophagy [137].
Tumours lacking TP53 had fewer autophagosomes in comparison
to tumours expressing wt TP53, and cell lines derived from TP53-
deficient tumours had a decrease in autophagic flux. Furthermore,
KrasG12D;Trp53−/−;Atg7−/− mice developed PDACs more rapidly
compared to KrasG12D;Trp53−/−;Atg7+/+ mice. This suggests that
ATG7-dependent autophagy suppresses tumour development in
this setting [137].
Ionising radiation (IR) is a common treatment for cancer and is

known to induce autophagy in malignant cells [138, 139].
Although TP53-mediated autophagy was shown to promote
tumour cell killing [140, 141], it can also contribute to protection
against radiotherapy [142, 143]. TP53-mediated autophagic cell
death was observed in MCF-7 breast cancer cells following γ-
irradiation [144]. Conversely, TP53-mediated autophagy was
reported to protect cells against γ-radiation by cleaning up
damaged organelles and recycling amino acids [145]. Accordingly,
HN30 head and neck cancer cells expressing wt TP53 were
sensitised to γ-radiation by inhibition of autophagy, whereas HN30
cells with knockdown of TP53 were not sensitised to γ-radiation
after treatment with inhibitors of autophagy [143]. Collectively,
these findings show that autophagy can be induced by γ-radiation
through a TP53-dependent process and that this can protect both
malignant as well as non-transformed cells from death. Thus,
inhibitors of autophagy may enhance the response to radio-
therapy in wt TP53 expressing cancer cells [146].
It has also been suggested that malignant cells may exploit

autophagy to promote their survival when subject to stress, and
that this can enhance tumour growth. TP53 was shown to
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promote long-term survival of HCT116 colon cancer cells under
nutrient deprivation [147]. During chronic starvation, the levels
of LC3, which is critical for autophagy, were decreased in
HCT116 cells with wt TP53, but not in their TP53-deficient
derivatives [147]. Following replenishment of nutrients, rapid
outgrowth of wt TP53 cells, but not of TP53-deficient HCT116
cells was observed [147]. This indicates that TP53-dependent
regulation of autophagy allows cells to deal better with
starvation than TP53-deficient cells. As a result of not halting
cell cycling, the latter may sustain metabolic catastrophe and
therefore die. These pro-survival effects of wt TP53 under
starvation indicates that regulation of autophagy by TP53 can be
pro-tumorigenic, and this may be a driver for retaining wt TP53
in certain cancers.

Can we learn more about the cellular processes important for TP53-
mediated tumour suppression through the functional identification
of critical TP53 target genes?. Both in vitro and in vivo genetic
screens have identified several TP53/TRP53 target genes as critical
for tumour suppression, including for example Zmat3 [79, 148–
150]. ZMAT3 was shown to regulate gene splicing (inclusion or
exclusion of certain exons) and to thereby impact the expression
of isoforms of genes that impact tumorigenesis, such as the genes
for the TP53/TRP53 inhibitors, MDM2 and MDM4 (Table 2) [149].
Moreover, silencing of ZMAT3 expression was shown to cause
inclusion of certain exons of CD44, which encodes a protein
involved in cell adhesion [151]. Notably, silencing of ZMAT3 only
promoted tumorigenesis in combination with the absence of p21
and Puma [79], indicating that it regulates a cellular process that
can provide back-up for tumour suppression when TP53/TRP53-
induced cell cycle arrest and apoptotic cell death are disabled.
With improved screening, we expect that more genes important
for TP53 tumour suppression will be identified, and further
research will be required to identify which cellular processes these
genes influence.

Summary and perspectives
In conclusion, the tumour suppressor TP53 plays a key role in the
suppression of tumorigenesis through the coordinated regulation
of several different cellular processes, including apoptotic cell
death, cell senescence, cell cycling, DNA repair and metabolism.

Remarkably, combined loss of TP53-induced apoptosis and loss of
TP53-induced G1/S boundary cell cycle arrest and cell senescence
does not lead to spontaneous tumour development in mice
[48, 49, 152]. These findings support the notion that several TP53
controlled cellular processes must be disabled simultaneously to
recapitulate the spontaneous tumour development seen in TRP53-
deficient mice. It is conceivable that certain TP53-regulated
cellular processes might be more important for tumour suppres-
sion than induction of apoptosis, cell cycle arrest and cellular
senescence. In vivo shRNA library screening and validation of hits
using CRISPR/Cas9 gene editing technology demonstrated that
the loss of several TP53 target genes involved in DNA repair
processes can cause spontaneous tumour development and
accelerate c-MYC oncogene driven lymphomagenesis [79]. Future
work could focus on examining the overall impact of combina-
tions of loss of TP53-regulated DNA repair genes, such as MLH1 or
MSH2, plus TP53 target genes that encode regulators of cell cycle
arrest, cell senescence, cell death or metabolism.
Secondly, we believe that it is time to go beyond focusing on

knocking out entire TP53-regulated genes to investigate their role
in the suppression of tumorigenesis, and move to selectively
mutating the TP53 binding sites within these target genes of
interest (Fig. 4). We consider it a “holy grail” in TP53 research to
generate mice carrying defects in TRP53 binding sites in one or
several direct TP53 target genes that will result in the develop-
ment of spontaneous tumours. This would provide unambiguous
proof that TP53-mediated control of the expression of these genes
is essential for tumour suppression. Given the discussions above, it
appears likely that mutation of the TRP53 binding sites in several
target genes operating in diverse cellular processes will be
required for the mice to spontaneously develop tumours (Fig. 4). It
will also be interesting to cross mice with mutations in the TRP53
binding sites in target genes (e.g. Puma) with mice carrying
tumour promoting oncogenic drivers. Complete loss of the Puma
gene substantially accelerates c-MYC driven lymphoma develop-
ment [43, 153] and it is tacitly assumed that this is due to the loss
of TRP53-mediated induction of Puma expression in cells over-
expressing c-MYC. However, it remains possible that TRP53-
independent induction of Puma may also be critical for delaying
c-MYC driven lymphoma development. If mutations in the TRP53
binding sites in the Puma gene will accelerate c-MYC driven

Fig. 4 Proposed gene-targeting experiments to determine whether TP53-mediated upregulation of a specific direct TP53 target gene is
responsible for tumour suppression. TP53 acts as a tumour suppressor through transcriptional induction of target genes. Binding of TP53 to
TP53 binding sites in the promoter and intronic regions induces upregulation of a TP53 target gene. This allows the protein encoded by this
TP53 target gene to be upregulated and exert its function that contributes to TP53-mediated tumour suppression. Mutation of TP53 binding
sites in target genes can identify the critical genes important for TP53-mediated tumour suppression. Gene targeting can be used to mutate
the TP53 binding site(s) in a gene of interest. In cells derived from such genetically modified mice, the TP53 target gene of interest cannot be
upregulated by activated TP53, but it can still be regulated by other transcription factors that bind to other sequences in its promoter or
intronic regions. If these genetically modified mice, for example after introducing a potent oncogene, such as c-MYC or mutant RAS, will show
accelerated tumour development, this would demonstrate that TP53-mediated upregulation of this gene is critical for tumour suppression. If
these genetically modified mice are not tumour prone, this would indicate that transcription factors in addition to TP53 can also induce the
expression of this protein at levels sufficient for effective tumour suppression.
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lymphomagenesis to the same extent as complete loss of the
Puma gene, this would prove that the tumour suppressive
function of PUMA in this context relies solely on its transcriptional
regulation by TRP53. Similar studies should be conducted to clarify
with greater precision the mechanisms that are critical for the
TP53-dependent effects of anti-cancer agents, particularly those
that induce DNA damage. Such insight is predicted to spearhead
translational work for the development of improved therapies for
cancer patients.
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