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Cell Fate Regulation upon DNA Damage: p53 Serine 46
Kinases Pave the Cell Death Road

Magdalena C. Liebl and Thomas G. Hofmann*

Mild and massive DNA damage are differentially integrated into the cellular
signaling networks and, in consequence, provoke different cell fate decisions.
After mild damage, the tumor suppressor p53 directs the cellular response to
cell cycle arrest, DNA repair, and cell survival, whereas upon severe damage,
p53 drives the cell death response. One posttranslational modification of p53,
phosphorylation at Serine 46, selectively occurs after severe DNA damage and
is envisioned as a marker of the cell death response. However, the molecular
mechanism of action of the p53 Ser46 phospho-isomer, the molecular timing
of this phosphorylation event, and its activating effects on apoptosis and
ferroptosis still await exploration. In this essay, the current body of evidence
on the molecular function of this deadly p53 mark, its evolutionary
conservation, and the regulation of the key players of this response, the p53
Serine 46 kinases, are reviewed and dissected.

1. Introduction

DNA damage is evoked by numerous sources including spon-
taneous genomic lesions and genotoxic stress. Cells confronted
with DNA damage have different options to react to this haz-
ard. Possible cellular responses are frequently mutually exclusive
ones, such as activation of DNA repair and subsequent cell sur-
vival or elimination of the severely damaged cells through pro-
grammed cell death. The cellular options for cell fate decision-
making are largely determined by the strength and extent of DNA
damage as well as by the cellular origin of the damaged cell.
Accordingly, upon mild DNA damage different signal transduc-
tion pathways are activated than in response to massive damage
(Figure 1). Both for living organisms and for the individual cell,
it is of fundamental importance to find an adequate balance
between these different cell fate options - on the one hand, to
secure cellular homeostasis and tissue functions and, on the
other hand, to avoid survival of damaged cells bearing potentially
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dangerous genetic alterations including
mutations that may initiate or promote car-
cinogenesis.
At the molecular level, the cellular

decision-making process between these dif-
ferent cell fate options needs to be guided
based on specific signaling events, which
favor the commitment to a specific cell
fate option. The transcription factor and
tumor suppressor p53 plays a delicate role
in organizing the cell fate decision-making
process in response to DNA damage, and it
has been found to potentiate DNA repair,
cellular senescence, and cell death. These
obviously opposing functions of p53 appear
to be channeled at the level of posttrans-
lational modification marks including
site-specific phosphorylation. Although it is

still not understood how p53 exactly shapes the different cell fate
decisions, transcriptional activation of different target gene sets
as well as non-transcriptional effects in the cytoplasm on mi-
tochondrial outer-membrane permeabilization (MOMP) are in-
volved. The plasticity of the p53 response is regulated by the tem-
poral expression patterns of p53, its interaction with other pro-
teins as well as post-translationalmodifications of p53[1] (formore
detailed information we recommend some recent reviews[2,3]).
Whereas the p53 phosphorylation marks at Ser15 and Ser20 oc-
cur both upon mild and massive DNA damage and are critical to
stabilize p53 by breaking the interaction with the negative regu-
latory ubiquitin ligase MDM2,[4] there is one particular phospho-
rylationmark on p53 reported, phosphorylation at Serine residue
46, which is selectively linked to its cell killing activity upon se-
vere genotoxic stress (Figure 1).
In this review, we aim at highlighting the function and reg-

ulation of the deadly p53 Ser46 phosphorylation mark. We will
focus on the regulation of the key players in p53 Ser46 phospho-
rylation, the p53 Ser46 kinases. In addition, we will discuss the
conservation of the p53 Ser46 phosphorylation-site in different
species and why this could be important for our understanding
of the function of this phospho-mark. Finally, since activation of
the cell death response is a major goal in cancer therapy, we will
also explore potential deregulation of p53 Ser46 kinases in cancer
as a mechanism of resistance.

2. The p53 Ser46 Phosphorylation Mark: A
Molecular License to Kill?

The p53 Ser46 phosphorylation was initially reported along
with the Ser33 phospho-mark in 1999 as novel p53 sites
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Figure 1. p53 differentially regulates cell fate decisions in response to mild or severe DNA damage. Upon mild damage, p53 is phosphorylated at Ser15
and Ser20 disrupting p53 degradation and thus leading to p53 stabilization and subsequently transactivation of p53 target genes. In response to severe
DNA damage, the p53 Ser46 kinases additionally phosphorylate p53 at Ser46 resulting in preferential transactivation of cell death-stimulating p53 target
genes and p53-dependent induction of mitochondrial outer-membrane permeabilization (MOMP).

phosphorylated in response to ultraviolet (UV) damage.[5] Two
years later, a seminal study based on the generation of a phospho-
specific Ser46 antibody, clearly linked the activation of p53 Ser46
phosphorylation upon severe DNA damage after ionizing radia-
tion (IR) or UV to cell death activation.[6] This study also revealed
that, in contrast to the fast kinetics of Ser15 and Ser20 phosphory-
lation, Ser46 phosphorylation is a relatively late event and occurs
hours post damage and on top of Ser15 and Ser20 phosphoryla-
tion. Of note, how the molecular timing of the Ser46 phosphory-
lation event is regulated still remains a conundrum, since ATM is
an essential upstream regulator for most p53 Ser46 kinases that
gets activated within seconds or minutes after mild and severe
DNA damage, but the Ser46 phosphorylation mark only occurs
hours selectively after severe genotoxic stress. By linking the tran-
scriptional activation of the apoptotic p53 target gene p53AIP1,
which encodes a regulator of MOMP, to the Ser46 phosphory-
lation event, this study established phosphorylation at Ser46 as
a pro-apoptotic post-translational p53 modification specifically
linked to severe genotoxic stress.[6]

Severe genotoxic damage can also lead to activation of the
cellular senescence program, a permanent cell cycle arrest trig-
gered by irreparable DNA damage and constitutive DNA dam-
age checkpoint activation.[7] Interestingly, p53 Ser46 phosphory-
lation has also been detected in human keratinocytes, genetically
alteredmouse embryonic fibroblasts and in cancer cells undergo-
ing cellular senescence in response to DNA damage.[8–11] Expres-
sion of a p53S46A mutant protein resulted in reduced expression
of senescence associated (SA)-beta galactosidase upon UVB or

Adriamycin treatment as well as replicative senescence and Ras-
induced senescence, indicating a role for p53 Ser46 phosphory-
lation in the senescence responses induced by DNA damage and
oncogenes. However, the exact function of p53 Ser46 phospho-
rylation within the cellular senescence response remains to be
defined in the future.
Mechanistically, p53 Ser46 phosphorylation appears to poten-

tiate the cell death response through nuclear, transcriptional ef-
fects and through non-transcriptional effects at themitochondria
(Figure 2). Various publications indicate that phosphorylation
of p53 at Ser46 modulates p53 target gene transactivation. The
transactivation of a distinct set of pro-apoptotic p53 target genes
including BAX,[12] p53AIP1,[6] p53INP1,[13] NOXA,[14] and of
PTEN,[15] an antagonist of the AKT kinase, are enhanced upon
p53 Ser46 phosphorylation. What kind of mechanism may
underlie this transcriptional effect? The p53 Ser46 site is situated
within the second transactivation domain of p53 (TAD2).[16]

Interestingly, phosphorylation of p53 at Ser46 facilitates the in-
teraction of p53 with the prolyl-peptidyl cis/trans isomerase Pin1,
which changes the conformation of its client protein through iso-
merization of the phospho-Ser46-Proline bond.[17,18] Besides this
PTM, phosphorylation of p53 at Ser33, Thr81, and Ser315 have
also been found to be binding sites of Pin1.[17–20] Isomerization of
p53 induced by Pin1 regulates transactivation of p53 target genes
by two different means: on the one hand, this conformational
change of p53 dissociates the apoptosis inhibitor iASPP from
p53 and on the other hand, Pin1mediates interaction of p53 with
the acetyltransferase CBP/p300, which acetylates p53 at K373
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Figure 2. p53 phosphorylated at Ser46 regulates transcription-dependent and transcription-independent apoptosis. Upon severe DNA damage, p53 is
phosphorylated at Ser46 by the p53 Ser46 kinases PKC𝛿, HIPK2, DYRK2, ATM and p38𝛼. This post-translational modification, on the one hand, leads to
the disruption of p53 from the anti-apoptotic iASPP protein and, on the other hand, serves as a binding site for the prolyl-peptidyl cis/trans isomerase Pin1,
which catalyzes isomerization of the phospho-Ser46-Pro47 bond. This conformational change allows interaction of p53 with the acetyltransferases CBP
and p300 at PML nuclear bodies resulting in acetylation of p53, inducing efficient transactivation of cell-death stimulating p53 target genes. Additionally,
p53 phosphorylated at Ser46 also stimulates apoptosis in a transcription-independentmanner. Cytosolic p53, which has been isomerized by Pin1, induces
a conformation change in the pro-apoptotic protein BAX, which enhances BAX-mediated mitochondrial outer membrane polarization, cytochrome C
(Cyt C) release and thus apoptosis. p53 Ser46 phosphorylation and isomerization have been shown to take place in the nucleus, which suggests that
the phosphorylated and/or isomerized p53 shuttles from the nucleus to the cytoplasm. Furthermore, p53 phospho-Ser46 has also been implicated in
regulating ferroptosis by depleting the levels of Coenzyme A (CoA) and glutathione (GSH).

and K382 potentiating p53 transcriptional activity[21] (Figure 2).
The interesting question, whether the isomerized p53 isomer
can make some unique, new contacts with different coactivators
or regulators of transcription remains to be answered. Notably,
isomerization of p53 by Pin1 not only regulates transcription-
dependent p53-induced apoptosis, but also transcription-
independent cell death (Figure 2). Binding of Pin1 enhances
the translocation of p53 to mitochondria and potentiates mito-

chondrial outer membrane depolarization via p53-dependent
activation of the pro-apoptotic Bcl2 family member BAX and
subsequently apoptosis.[22,23]

Consistent with its role in regulating apoptosis, phosphory-
lation of p53 at Ser46 has been implicated in pathophysiology.
Mutant Huntingtin, which causes the neurodegenerative Hunt-
ington’s disease, was found to enhance p53 Ser46 phosphoryla-
tion and thus triggers apoptosis in neurons.[24] A substitution

BioEssays 2019, 41, 1900127 © 2019 The Authors. BioEssays Published by Wiley Periodicals, Inc1900127 (3 of 11)



www.advancedsciencenews.com www.bioessays-journal.com

of the proline 47 that follows Ser46 with a serine, the so-called
p53 Pro47 polymorphism, which is found in up to 6–8% of peo-
ple of African origin,[25] has been shown to decrease p53 Ser46
phosphorylation and transactivation of pro-apoptotic p53 target
genes.[25,26] This polymorphism not only affects transcription-
dependent (nuclear) p53-induced apoptosis but also regulates cy-
tosolic p53 function. Mechanistically, the p53 phospho-Ser46-Pro
cis-isomer binds directly to BAX and upon subsequent cis–trans
isomerization activates BAX through triggering a conformational
change enhancing apoptosis.[23]

Since mice lack the p53 Ser46 site, a human p53 knock-in
(Hupki) mouse model has been generated and used to investi-
gate the effect of this site in the mouse.[27] This mouse model ex-
pressing human p53 has been successfully used to study the role
of the human p53 and of the p53 Pro47 polymorphism in mice.
Using human cell culture models, the p53 Pro47Ser polymor-
phism, which exhibits an increased cancer risk in humans, lacks
p53 Ser46 phosphorylation and shows a blunted PUMA expres-
sion and cell death response upon genotoxic stress.[26] Further-
more, cells from the Hupki p53 Pro47Ser model show a defect
in ferroptosis,[25] an iron-dependent cell death mechanism in-
duced by depletion of anti-oxidative glutathione and loss of lipid
hydroperoxide repair. In conclusion, p53 Ser46 phosphorylation
occurs upon severe genotoxic stress and activates cell death by
apoptosis and ferroptosis.

3. The p53 Ser46 Kinases: Masters of Life and
Death?

To date, five proline-directed Ser/Thr kinases have been pro-
posed to catalyze p53 Ser46 phosphorylation in response to
DNA-damaging such as IR,[6,28] UV,[6,29,30] and treatment with
chemotherapeutic agents such as Adriamycin,[6,31,32] Cisplatin,[12]

and Temozolomide,[33] namely HIPK2, ATM, DYRK2, p38𝛼, and
PKC𝛿 (Figure 3). Although p53 Ser46 phosphorylation has been
most abundantly studied upon genotoxic stress,[6,28–30,34,35] the
Ser46 phospho-mark has also been observed in response to heat
shock and energy stress by glucose deprivation and AMPK𝛼
activation,[36,37] suggesting an even broader function in cytotoxic
stress-mediated cell death responses (Figure 3). In the follow-
ing paragraphs, we will summarize the current evidence linking
these kinases to p53 Ser46 phosphorylation and we will high-
light the mechanisms by which the Ser46 kinases are wired to
the damage-induced signaling network.

3.1. Homeodomain-Interacting Protein Kinase 2

Currently, the best studied kinase and the first one shown to
phosphorylate the pro-apoptotic p53 Ser46 residue is HIPK2,
a nuclear body localized Ser/Thr kinase.[38] Two independent
studies identified HIPK2 as a novel p53-binding protein and
showed that HIPK2 is capable of directly phosphorylating p53
at Ser46 in vitro and in vivo upon severe DNA damage in dif-
ferent cancer cell lines.[29,30] Subcellular localization studies us-
ing immunofluorescence microscopy demonstrated that HIPK2
forms a protein complex with p53 at promyelocytic leukemia

Figure 3. Different cellular stress conditions induce p53 Ser46 phospho-
rylation. In response to genotoxic stress, the p53 Ser46 kinases HIPK2,
DYRK2, p38𝛼, PKC𝛿, and ATM catalyze phosphorylation of p53 at Ser46.
It remains currently unclear if p38𝛼 and ATM are direct p53 Ser46 kinases
or regulate this post-translational modification by activating other kinases.
The p53 Ser46 kinases are negatively regulated by other proteins, such as
the kinase SRC or the phosphatase WIP1 as well as by hypoxia. p53 is also
phosphorylated at Ser46 upon energy stress by the kinase AMPK𝛼 and
upon heat shock by an unknown kinase.

(PML) bodies.[29,30,39] PML bodies are unique, stress-responsive
nuclear domains regulating p53’s posttranslational modification
make-up and function.[40] Knock-down of PML or the use of Pml
knock-out cells results in a dramatic drop of HIPK2-controlled
p53 Ser46 phosphorylation, indicating a key role of this subcel-
lular compartment in establishing a specific microenvironment
facilitating p53 Ser46 phosphorylation.[39]

HIPK2 shares a major regulatory principle with p53, which is
regulation by the ubiquitin-proteasome system (Figure 4d). Com-
plex formation with the E3 ubiquitin ligases Siah-1 and Siah-2
triggers its poly-ubiquitination and degradation in unstressed
cells.[35] Besides Siah-1 and Siah-2, additional E3 ligases have
been shown to regulate HIPK2 stability.[41–43] Stabilization and
activation of HIPK2 in response to genotoxic stress requires the
checkpoint kinases ATM or ATR for phosphorylation-dependent
disruption of the HIPK2-Siah-1 complex, and subsequent site-
specific autophosphorylation at Thr880/Ser882 followed by a
conformational change catalyzed by the prolyl-peptidyl cis/trans-
isomerase Pin1.[28,32,35] This complex series of molecular events
triggers HIPK2 stabilization and activation. HIPK2 stabilization
is also supported by c-ABL-dependent HIPK2 phosphorylation
at several tyrosine residues, which disrupt the HIPK2-Siah-1
complex.[44] In addition, HIPK2 stability and p53 Ser46 phos-
phorylation require expression of the Zyxin protein, which com-
plexes with Siah-1 and Siah-2 ligases,[45] and HIPK2 activity is
further boosted by caspase-dependent cleavage and release of its
C-terminal negative regulatory domain upon genotoxic stress.[34]

Interestingly, the p53 Ser46 kinase function of HIPK2 has also
been shown to be negatively regulated by different mechanisms
including rare mutations, reduced expression and oncogenic sig-
naling, as specified in detail in Section 5. In conclusion, HIPK2
functions as a p53 Ser46 kinase in response to severe genotoxic
stress and is activated by the ATMpathway to stimulate cell death.
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Figure 4. Upstream regulation of the p53 Ser46 kinases. Activation of the p53 Ser46 kinases involves site-specific phosphorylation. a) AMPK activation
involves phosphorylation at Thr172 of the catalytic alpha subunit, which is mediated by the kinases CaMKK2 and LKB1 in response to genotoxic and
energy stress, respectively. b) ATM activation upon DNA damage involves autophosphorylation in trans. c) In unstressed cells, DYRK2 is ubiquitinated
by the ubiquitin ligase MDM2 and subsequently degraded by the proteasome. In response to DNA damage, ATM-dependent phosphorylation of DYRK2
disrupts MDM2-mediated proteasomal degradation of DYRK2 and mediates accumulation of DYRK2 in the nucleus. d) HIPK2 levels are kept low due to
polyubiquitination by the ubiquitin ligases Siah-1 and -2 in unstressed cells. Upon genotoxic stress, Siah-1 and HIPK2 are phosphorylated by the kinases
ATM and c-ABL, respectively, resulting in dissociation of the HIPK2-Siah-1 protein complex and HIPK2 stabilization. This allows HIPK2 activation which
involves autophosphorylation at Thr880/Ser882, which is followed by isomerization of HIPK2 catalyzed by the prolyl-peptidyl cis/trans-isomerase Pin1
leading to fully activated HIPK2. e) Activation of p38𝛼 in response to DNA damage involves nuclear accumulation and phosphorylation by the upstream
kinasesMKK3/4/6. f) PKC𝛿 translocates to the nucleus upon genotoxic stress, which is regulated by phosphorylation of PKC𝛿 by the kinases ATM, c-ABL,
and c-SRC.

3.2. Dual-Specificity Tyrosine Phosphorylation-Regulated
Kinase 2

The mammalian dual-specificity tyrosine (Y) phosphorylation-
regulated kinase (DYRK) family comprises five members:
DYRK1A, DYRK1B, DYRK2, DYRK3, and DYRK4. These ki-
nases catalyze autophosphorylation at tyrosine residues and

phosphorylation at serine/threonine residues of exogenous
substrates.[46] Two members of the DYRK family have been
shown to phosphorylate p53: DYRK1A serves as a p53 Ser15
kinase,[47] whereasDYRK2was identified as a p53 Ser46 kinase by
an expression-screening technique using a p53 phospho-Ser46
specific antibody. In vitro kinase assays confirmed that DYRK2
directly phosphorylates p53 at Ser46.[31] In vivo, DYRK2-mediated
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p53 Ser46 phosphorylation was detected in response to UV or
Adriamycin exposure and found to induce the expression of the
p53 Ser46-responsive target gene p53AIP1 and apoptosis.[31]

Upon genotoxic stress, DYRK2 has been found to translocate
from the cytoplasm to the cell nucleus[31] (Figure 4c). This nu-
clear shuttling was shown to be mediated by ATM-dependent
phosphorylation of DYRK2 at Ser33 and Ser369, which are
part of bona fide SQ motifs that serve as preferred ATM tar-
get sites. ATM-mediated phosphorylation protects DYRK2 from
MDM2-regulated poly-ubiquitination and subsequent protea-
somal degradation.[48] Furthermore, these phospho-marks of
DYRK2 have also been shown to potentiate phosphorylation of
p53 at Ser46 and apoptosis induction after DNAdamage.[48] In ad-
dition to MDM2-mediated poly-ubiquitination, another E3 ubiq-
uitin ligase, Siah-2, has been reported to regulate p53 Ser46 phos-
phorylation. Upon hypoxia, DYRK2 is poly-ubiquitinated by Siah-
2 leading to reduced levels of DRYK2 and decreased p53 Ser46
phosphorylation.[49] Thus, the p53 Ser46 kinases DYRK2 and
HIPK2 share some of their regulators including ATM for stabi-
lization/activation and the ubiquitin ligase Siah-2 as a negative
regulator. Whether HIPK2 and DYRK2 may cooperate for effi-
cient p53 Ser46 phosphorylation upon genotoxic stress in the cell
nucleus remains an interesting question to be addressed in the
future. Moreover, since there appears to be no obvious functional
differences between p53 Ser46 phosphorylation by DYRK2 and
HIPK2 (both kinases can deliver this phospho-mark in response
to UV damage or Adriamycin/Doxorubicin treatment in identi-
cal cellular model systems,[29,31,32,50] it is tempting to speculate
that DYRK2may even activate HIPK2 (and vice versa) upon DNA
damage triggering efficient p53 Ser46 phosphorylation. In con-
clusion, DYRK2 acts as a p53 Ser46 kinase and stimulates cell
death upon genotoxic stress downstream of ATM.

3.3. Ataxia Telangiectasia Mutated

The Ataxia Telangiectasia Mutated (ATM) kinase is a central me-
diator of the DNA damage response and is activated upon DNA
damage, especially DNA double-strand breaks (DSBs). These
DNA lesions are sensed by the MRE11-RAD50-NBS1 complex,
which recruits and initiates ATM activation. ATM activation re-
quires dissociation of the inactive ATM homodimer to the active
monomer form, for which acetylation by the acetyltransferase
TIP60 and in trans autophosphorylation of ATM are prerequi-
sites. Once activated, ATM can phosphorylate hundreds of sub-
strates among them p53.[51]

Upon genotoxic stress, ATM can directly phosphorylate p53 at
Ser15[52–54] and, in addition, mediates p53 Ser20 phosphorylation
via activation of its direct substrate CHK2, which functions as a
p53 Ser20 kinase.[55] Additionally, ATMwas also reported as a p53
Ser46 kinase[50] (Figure 4b). Kodama et al. showed that an engi-
neered ATM kinase that is specifically sensitive to ATP analogues
(which are not used by wild-type kinases) catalyzes phosphoryla-
tion of p53 at Ser46 by using in vitro kinase assays. Furthermore,
the authors demonstrated that depletion of ATM severely reduces
p53 Ser46 phosphorylation upon IR and UV damage, and that
ATM-dependent p53 Ser46 phosphorylation occurs preferentially
in the early response after DNA damage.[50] Given the essential

role of ATM for activation of the p53 Ser46 kinases HIPK2 and
DYRK2,[28,48] the finding that ATM depletion blunts p53 Ser46
phosphorylation upon genotoxic stress could in principle also be
explained through the loss of down-stream activation of HIPK2
and DYRK2 upon ATM depletion.[28,35,48]

Interestingly, subcellular localization studies using a phospho-
Ser46 specific p53 antibody showed that Ser46 phosphorylated
p53 partially overlaps with 𝛾-H2AX, another ATM substrate
marking the sites of DNA lesions, strongly suggesting that
phospho-Ser46-p53 is recruited to DNA lesions. However, the
function and relevance of this specific subcellular localization re-
mains yet unclear. In conclusion, although it is well-established
that ATM plays a central role in the activation of the p53 Ser46
kinases HIPK2 and DYRK2, its role as a kinase that directly phos-
phorylates the Ser46 residue after genotoxic stress is still under
debate.

3.4. Mitogen-Activated Protein Kinase p38𝜶

The MAP kinase p38𝛼 is activated by extracellular stimuli such
as growth factors, cytokines, heat, osmotic shock, UV light, and
ionizing radiation and regulates a plethora of cellular processes
including cell growth, cell differentiation, cell cycle, and cell
death. p38𝛼 is mainly activated by the upstream MAP kinase
kinases (MKKs) 3, 4, and 6.[56,57] In unstressed cells, p38𝛼 is lo-
calized in both the cytoplasm and the nucleus. Depending on the
stimuli, activated p38𝛼 can either accumulate in the cytoplasm or
in the nucleus.[58] For example, UV light and IR induce nuclear
translocation of p38𝛼[59] (Figure 4e).However, how p38𝛼 is exactly
activated in response to DNA damage remains still unknown.
Two independent studies reported that p38𝛼 phosphorylates

p53 at two serine residues, that is, Ser33 and Ser46.[5,60] How-
ever, other studies could not reproduce the finding that p38𝛼 is
a p53 Ser46 kinase. Sanchez-Prieto et al. employed in vitro ki-
nase assays and compared p38𝛼 -mediated phosphorylation of
GST-p53 (1-86 aa) WT versus Ser46A and did not find a differ-
ence in the phosphorylation levels of these two p53 proteins.[61]

Moreover, Oda et al. reported that they did not find evidence that
p38𝛼 acts as a p53 Ser46 kinase by using in vitro kinase assays
and p38 inhibitors.[6] In conclusion, the exact function of p38𝛼
in p53 Ser46 phosphorylation still remains unclear and further
experiments are required to define its role.

3.5. Protein Kinase C Delta

The phosphorylation of p53 Ser46 was shown to be enhanced by
the p53 target gene product TP53INP1.[13] Since TP53INP1 itself
does not possess an intrinsic kinase activity, it has been postu-
lated to recruit a kinase to regulate this PTM of p53. Yoshida et al.
found that TP53INP1 interacts with the protein kinase C delta
(PKC𝛿) after Adriamycin exposure.[62] PKC𝛿 belongs to the pro-
tein kinase C family and catalyzes the phosphorylation of serine
and threonine residues. The authors demonstrated that PKC𝛿 in-
teracts with p53, directly phosphorylates p53 at Ser46 in vitro and
in response to Adriamycin exposure, and enhances etoposide-
induced apoptosis in a p53 phospho-Ser46-dependentmanner.[62]
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Interestingly, p53 and PKC𝛿 regulate their expression by
means of a positive feedback loop. On the one hand, the tran-
scription factor p53 binds to the PKC𝛿 promotor thereby en-
hancing PKC𝛿 expression[63] On the other hand, PKC𝛿 regulates
p53 transcription.[64] Liu et al. demonstrated that PKC𝛿 forms
a complex with the death-promoting transcriptional repressor
BCLAF1. This complex binds to the p53 promotor and increases
p53 expression.[65] In contrast, Vohhodina et al. failed to validate
decreased p53 levels upon BCLAF1 knockdown,[66] raising the
need for further experiments to clarify whether PKC𝛿 regulates
p53 expression via BCLAF1.
How is PKC𝛿 linked to the DNA damage signaling network?

Activation of PKC𝛿 upon exposure to DNA damaging agents
involves phosphorylation at tyrosine residues and nuclear
localization[67–69] (Figure 4f). In response to apoptotic stimuli,
PKC𝛿 is phosphorylated at Tyr64 and Tyr155 by the kinases
c-Src and c-Abl, respectively, These PTMs mediate the nuclear
import of PKC𝛿 by regulating the interaction of PKC𝛿 with
Importin-𝛼.[70–73] The DNA damage mediator kinase ATM is
another kinase, which has been identified to regulate the subcel-
lular localization of PKC𝛿. Depletion of ATM attenuates nuclear
accumulation of PKC𝛿 in response to irradiation or cytara-
bine exposure.[74] However, it is unclear whether ATM directly
phosphorylates PKC𝛿 or ATM activates other kinases, which
in turn phosphorylate PKC𝛿. In addition to Tyr64 and Tyr155,
Tyr187 was identified as another PKC𝛿 tyrosine residue which
is phosphorylated in response to genotoxic stress. Blass et al.
demonstrated that phosphorylation of PKC𝛿 at Tyr64 and Tyr187
potentiates etoposide-induced apoptosis.[75] In conclusion, PKC𝛿
functions as a Ser46 kinase and is presumably activated by the
ATM-c-Abl kinase axis upon DNA damage.

3.6. AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK), which is a key regulator
of cellular energy homeostasis, has also been linked to p53 Ser46
phosphorylation (Figure 4a). In response to glucose deprivation,
both total p53 and p53 phospho-Ser46 levels are increased.[37]

This rise can be repressed by depletion of AMPK.[37] In addi-
tion to Ser46 phosphorylation, AMPK has been identified to
phosphorylate p53 at Ser15 in response to pharmacological
AMPK activation, glucose deprivation, and MYC-induced AMPK
activation.[76–78] AMPK-dependent p53 Ser15 phosphorylation
potentiates its stabilization and leads to cell cycle arrest and p53
accumulation at mitochondria.[77,78] Whereas AMPK acts as a
direct kinase for p53 Ser15,[76] its role in p53 Ser46 phosphoryla-
tion remains to be determined in detail, since no in vitro kinase
assays have been performed and it thus remains to be demon-
strated, if AMPK may directly phosphorylate this p53 residue.
Instead, AMPK could act as an upstream activator of other
p53 Ser46 kinases, which in turn directly catalyze p53 Ser46
phosphorylation.
How is AMPK activity regulated? The full activation of AMPK

requires phosphorylation of AMPK Thr172, which is performed
by two major upstream kinases, namely LKB1 and CaMKK2.
LKB1 is responsible for AMPK phosphorylation and activation
upon energy stress, whereas CaMKK2 phosphorylates AMPK

in response to an increase in intracellular Ca2+ levels.[79] Inter-
estingly, AMPK has also been found to be activated in response
to genotoxic stress induced by the topoisomerase inhibitor
etoposide. This activation is mediated by CaMKK2[80] and raises
the possibility that AMPK not only phosphorylates p53 Ser46
in response to low glucose levels, but also contributes to this
phosphorylation event in response to DNA damage. In conclu-
sion, although AMPK is involved in p53 Ser46 phosphorylation,
experimental evidence for direct phosphorylation is still to be
awaited.

4. The p53 Ser46 Site During Evolution: Time Will
Tell?

p53 function and regulation are known to substantially differ be-
tween different species and obviously have evolved in response
to specific requirements depending on the lifestyle and specific
environmental settings of a given species. For instance, the rapid
and instant responsiveness of p53 activation by means of protein
stabilization and its complex posttranslational modifications are
not found in invertebrates (such as the round worm Caenorhab-
ditis elegans and the fruitfly Drosophila melanogaster) or in verte-
brates such as the zebrafish Danio rerio, where p53 appears to be
largely transcriptionally regulated upon stress.[81,82]

To obtain insight into the evolutionary conservation of the p53
Ser46 phosphorylation site (which is flanked by a C-terminal Pro
residue), we aligned the N-terminal p53 amino acid sequences
surrounding the region around Ser46 of different species (Fig-
ure 5). This alignment indicated that the Ser46 phospho-site is
absent in numerous species including virtually all important an-
imal model systems used in basic and biomedical research, in-
cluding rats, dogs, cats, andmice. In contrast, the Ser46 phospho-
site appears to be fully conserved in primates, such as gorillas,
chimpanzees, bonobos, orang-utans, macaques, and humans.
Remarkably, outside this group, there is an additional small set
of mammals showing also conservation of the Ser46 site. This
group involves whales, wild boars, treeshrews, the nacked mole
rat and the African soft-furred rat Mastomys coucha (Figure 5),
which is a multi-mammate rat and forms a separate genus that
differs from rat or mouse. Strikingly, although the p53 Ser46
phosphorylation site is conserved in a number of species beyond
human, any experimental evidence indicating phosphorylation at
this site in cells derived of those species is currently lacking.
Although the Hupki mouse model has revealed important in-

sights into the function of human p53 and p53 Ser46 phospho-
rylation in mice (see Section 2 of our review), it is worth reflect-
ing the biological meaning of these observations from an evolu-
tionary perspective since murine p53 lacks the Ser46 phosphory-
lation site. Thus, mice have successfully adapted to exist with-
out the Ser46 residue, and therefore the molecular machiner-
ies reading and interpreting the Ser46 phosphorylation site did
not evolve. Accordingly, it appears likely that murine cells are
not equipped with the molecular mechanisms to handle and in-
terpret the Ser46 phospho-mark. Thus, translating findings on
the Ser46 site obtained from the mouse model to human should
be handled with caution, since important functions of the Ser46
phosphorylation mark might simply be overseen in the murine
context. In conclusion, the biology and pathobiology of the p53
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Figure 5. Evolutionary conservation of the p53 Ser46 phosphorylation site. Alignment of p53 amino acid sequences surrounding the human p53 Ser46
residue from different species is shown. Protein sequences were downloaded from the NCBI protein database, the amino acid sequences were aligned
with Clustal Omega at EBI using default settings and manually curated. Highlighted are the human p53 transactivation domain 2 (TAD2, amino acids
40-60[16]), the Serine corresponding to human Ser46 in green and the Proline residue corresponding to human Pro47 in blue.

Ser46 residue in vivo still remain to be clarified. To obtain insight
into the function of p53 Ser46 phosphorylation in vivo, it will be
important to consider using animal models different from mice
or rats—model systems that show clear conservation of the p53
Ser46 phosphorylation site.

5. Are p53 Ser46 Kinases Deregulated in Human
Cancers?

Due to the essential role of p53 Ser46 phosphorylation in guid-
ing cell fate decisions after genotoxic stress toward cell death, it is
tempting to speculate that cancer cell resistance to radiation ther-
apy or chemotherapy, at least in part may involve deregulation of
the p53 Ser46 kinases.
In principle, the function of p53 Ser46 kinases in cancer cells

could be disturbed by various means, including mutations, low
expression, increased proteasomal degradation, subcellular mis-
localization, and deregulated activation of their kinase activity.
Indeed, our analysis of the TCGA PanCancer Atlas Studies re-
vealed that the p53 Ser46 kinases have overall mutations rates
between 1.4% and 6% in human cancer samples (including
the five most common cancer entities worldwide: lung, breast,
colorectal, prostate, and stomach cancers). AMPK shows an

overall mutation rate of 2.1–3% (for the two isoforms of the
catalytic subunit, respectively), ATM of 6%, DYRK2 of 2.7%,
HIPK2 of 2.9%, p38𝛼 of 1.4%, and PKC𝛿 of 1.7% (assessed via
http://cbioportal.org). Reduced expression of the p53 Ser46 ki-
nases in human tumors has been reported for four of the ki-
nases: ATM in hormone-negative breast cancer[83] and non- small
cell lung cancer;[84] DYRK2 in colorectal cancer,[85] hepatocellu-
lar carcinoma,[86] and breast cancer;[87] HIPK2 in oesophageal
squamous cell carcinoma;[88] and PKC𝛿 in colon cancer.[89] How-
ever, since the function of kinases depends on their specific ac-
tivity and a number of Ser46 kinases, including DYRK2, HIPK2,
PKC𝛿, and p38𝛼, are regulated by their subcellular localization,
it will be a complex task to determine their potential deregula-
tion in cancer. Activation of these kinases involves phosphoryla-
tion at specific residues, which could be assessed by mass spec-
trometry or by immunohistochemistry using phospho-specific
antibodies. To our knowledge, so far exclusively the activation of
AMPK has been conclusively investigated in cancer samples by
immunohistochemistry. Low expression of phospho-AMPK has
been detected in bladder cancer,[90] breast cancer,[91] hepatocel-
lular carcinoma,[92] and in pancreatic ductal adenocarcinoma.[93]

In addition, in pancreatic ductal adenocarcinoma, low levels of
phospho-AMPK correlated with reduced survival.[93] In line with
these findings, high levels of phospho-AMPK were associated
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with better overall survival in lung adenocarcinoma,[94] whereas
no clear correlation between survival and phospho-AMPK levels
was detected in patients with colorectal cancer.[95] Since AMPK
can context dependently both suppress and promote carcinogen-
esis, pharmacological activation of AMPK activity has to be criti-
cally evaluated on a case-to-case basis.[96]

Both HIPK2 and DYRK2 are negatively regulated by the E3
ubiquitin ligase Siah-2, which is an important regulator of the
hypoxia response of tumors.[97] Accordingly, on bases of cell cul-
ture studies, it has been demonstrated that both HIPK2 and
DYRK2 are degraded under hypoxic conditions, which leads to re-
duced p53 Ser46 phosphorylation upon chemotherapeutic treat-
ment using Adriamycin/Doxorubicin.[49,98,99] Since this was the
only chemotherapeutic drug tested in this context, it remains cur-
rently unknown whether this effect is drug-specific or may rep-
resent a more general phenomenon.
In addition, Siah-1 and Siah-2 are overexpressed in various

cancer entities including prostate, lung, and breast cancer.[100–102]

In principle, this may also result in reduced HIPK2 and DYRK2
protein levels. However, formal proof of this assumption is cur-
rently lacking and it remains to be determined in the future.
A few reports indicate that the function of HIPK2 as p53 Ser46

kinase is negatively regulated by oncogenic signaling. For in-
stance, the cutaneous Human Papilloma Virus (HPV) type 23 ex-
pressed E6 protein binds to HIPK2 and interferes with p53 Ser46
phosphorylation.[103] An increased load of HPV23 and HPV36
is significantly associated with development of cutaneous squa-
mous cell carcinoma, suggesting that this interference might
be of relevance.[104] In addition, oncogenic Src kinase has been
found to phosphorylate HIPK2 at numerous Tyr residues, which
leads to a mislocalization of the kinase to the cytoplasm.[105] Ac-
cordingly, Src expression inhibited HIPK2-mediated p53 Ser46
phosphorylation and cell death induction in response to Adri-
amycin treatment.[105] However, it is currently unknown whether
cancer entities showing oncogenic Src activation also escape
chemotherapy through this mechanism. In conclusion, although
there is first evidence for a potential deregulation of selected p53
Ser46 kinases in some cancer entities, clear cut evidence for a
functional deregulation of p53 Ser46 kinases in cancer still awaits
to be provided.
Last but not least, many of the p53 Ser46 kinases show

context specific tumor-suppressive as well as tumor-promoting
functions,[67,106,107] which is not surprising given the plethora of
substrates of each kinase. This highlights the need for further
research into the function of the p53 Ser46 kinases on carcino-
genesis with a focus on the tumor entity and cancer therapy.

6. Conclusions and Perspectives

During the past years, p53 Ser46 phosphorylation has been de-
fined as a p53 posttranslational modification that is specifically
linked to severe, cell death-promoting DNA damage and is ab-
sent in response to mild, repairable genotoxic stress.[6,31,35,108]

Although the mechanism of action of Ser46 phosphorylation
has been linked to p53-dependent transcriptional regulation
and non-transcriptional effects regulating MOMP at mitochon-
dria, its detailed mechanism of action still needs to be defined
and numerous important questions need to be addressed to

understand the function and regulation of this fascinating p53
mark. For instance, how is the molecular timing of this late-
occurring phosphorylation event controlled, as ATM, which is
a major upstream regulator of Ser46 kinases, is instantly acti-
vated after damage?Moreover, do the cis and trans isomers of p53-
Ser46-Pro show different DNA binding properties due to isomer-
ization within the transactivation domain 2 of p53? Furthermore,
does isomerization affect the protein–protein interaction proper-
ties of p53 in a broader range? What is the genome-wide set of
p53 target genes that are specifically bound and/or transactivated
by phospho-Ser46 p53? In addition, the exact role of p53 Ser46 in
ferroptosis regulation still needs to be defined. Finally, it will be of
particular interest to develop strategies to pharmacologically ma-
nipulate p53 Ser46 phosphorylation in order to trigger efficiently
the cell death road in cancer cells or to prevent disease-associated
cell death in neurodegenerative diseases.
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