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The p53 tumor suppressor functions as a tetrameric tran-
scription factor to regulate hundreds of genes—many in a
tissue-specific manner. Missense mutations in cancers in
the p53 DNA-binding and tetramerization domains ce-
ment the importance of these domains in tumor suppres-
sion. p53 mutants with a functional tetramerization
domain form mixed tetramers, which in some cases have
dominant-negative effects (DNE) that inactivate wild-
type p53. DNA damage appears necessary but not suffi-
cient for DNE, indicating that upstream signals impact
DNE. Posttranslational modifications and protein—protein
interactions alter p53 tetramerization affecting transcrip-
tion, stability, and localization. These regulatory compo-
nents limit the dominant-negative effects of mutant p53
on wild-type p53 activity. A deeper understanding of the
molecular basis for DNE may drive development of drugs
that release WT p53 and allow tumor suppression.

The p53 tumor suppressor is the most often mutated
gene in cancer. Additionally, other mechanisms, such as
high levels of MDM2 and MDM4 also inhibit p53 in a mu-
tually exclusive relationship with p53 alterations, sug-
gesting that this pathway is likely dampened in all
cancers (Wasylishen and Lozano 2016). Since p53 is a po-
tent transcription factor that functions as a tetramer to
regulate (both up and down) hundreds of genes, it can
form mixed tetramers with mutant p53 sometimes oblit-
erating wild-type (WT) p53 activity. In addition, posttrans-
lational modifications (PTMs) and protein-protein
interactions influence p53 activity. In some cases, mutant
p53 is able to inhibit WT p53 function as a dominant neg-
ative, and in other cases it is clear that mutant p53 cannot
inactivate WT p53. This review summarizes the data and
concludes that the dominant-negative effect (DNE) is
mostly observed after DNA damage but fails in other
contexts.
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p53 as a tetrameric transcription factor

The first indication that p53 forms high molecular weight
complexes came from identification of an ~200-kDa enti-
ty that interacts with SV40 large-T antigen (McCormick
et al. 1981). Later, chemical crosslinking, gel filtration
chromatography, and zonal velocity gradient centrifuga-
tion assays confirmed the tetrameric nature of p53 (Fried-
man et al. 1993). The C-terminal end of p53 (residues 311-
367), which includes the tetramerization domain (TD)
(Fig. 1A), forms high molecular weight complexes (Pavle-
tich et al. 1993). To date, the structure of the p53 TD
(amino acids 326-356) has been resolved by X-ray crystal-
lography and NMR approaches (Clore et al. 1994; Jeffrey
et al. 1995; Mittl et al. 1998; Mora et al. 2008).

The secondary structure of a single peptide of the TD is
comprised of a f strand, a tight turn, and an a-helix. Mono-
mers dimerize through their antiparallel p sheets and a
double-helical bundle. Dimers tetramerize through their
a helices, forming a four-helical bundle (Mateu and Fersht
1998). Hydrogen bonds and salt bridges are critical for
dimer formation, while tetramer formation is mainly dic-
tated by hydrophobic interactions (Fig. 1 B,C; Chene
2001).

After DNA damage or stress (such as inflammation, on-
cogene activation, nutrient deprivation, hypoxia (Harris
and Levine 2005), p53 tetramers are observed in the nucle-
us suggesting that this feature is essential for its transcrip-
tional activity (Gaglia et al. 2013). The DNA-binding
domain (DBD) of p53 recognizes two sequential decameric
motifs (or two half-sites) of DNA, each comprised of
5'-PuPuPuC(A/T)(T/A)GPyPyPy-3’ (Pu and Py stand for
purine and pyrimidine, respectively), separated by up to
13 bp (el-Deiry et al. 1992). Each dimer binds one decame-
ric sequence, but tetramerization is essential for stabiliza-
tion of the p53-DNA complex. In fact, tetrameric p53
increases binding affinity to its DNA sequence by a
1000-fold relative to the monomer (Weinberg et al. 2004).
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Figure 1. p53 tetramerization domain (TD) structure. (A) Map of p53 protein. Posttranslational modifications (PTMs) known to be im-
portant for tetramerization dynamics and TD-regulated processes: serine 315 and 392 phosphorylation (yellow), tyrosine 327 nitration
(brown), arginine 333, 335, and 337 methylation (orange), methionine 340 oxidation (purple), lysine 351 and 357 ubiquitination (green),
and lysine 351 and 357 acetylation (pink). PTMs that require tetramerization: serine 6, 9, 15, and 46 phosphorylation (yellow) and lysine
382 acetylation (pink). Ubiquitination in C-terminal lysines (dependent on tetramerization) not shown. (B) The p53 TD is composed of a
strand, a tight turn (Gly334), and an a-helix. Residues involved in dimer and tetramer formation are depicted in red and green, respectively
(Chene 2001) (C) Monomer or single peptide (left) and tetramer (right) forms of the p53 TD. Monomer-monomer interactions of p sheets
and a helices are depicted by a red dotted line. Dimer-dimer interactions of a helices are depicted by green dotted line (residues outside of
these circles can also be involved in stabilizing each complex). Structures extracted from PDB ID 1AIE (Mittl et al. 1998; Berman et al.

2003).

Due to the nature of the p53 response element, the forma-
tion of p53 dimers during protein translation (Nicholls
et al. 2002) and the dynamics of the p53-DNA interaction,
p53 is generally known as “a dimer of dimers”(Clore et al.
1994; Lee et al. 1994; Jeffrey et al. 1995). More recently,
D’Abramo et al. (2016) built an atomistic model for the tet-
rameric form of p53 (residues 92-360) with a consensus 18-
bp DNA sequence. By molecular dynamics, they deter-
mined that continuous long-range communications exist
between the TD and DBD; the TD modulates conforma-
tion of the DBD. This evidence supports an induced-fit
mechanism of p53-DNA binding for which the TD-con-
taining C-terminal portion of the protein is important.
Monomers, dimers, and tetramers of p53 exist in cells.
Gaglia et al. (2013) show that in a resting state, p53 is pre-
sent mainly as dimers (~59%), followed by monomers
(~28%), and lastly, tetramers (~13%) through fluores-
cence correlation spectroscopy (FCS). This finding is con-
sistent with a previous report by Rajagopalan et al. (2011)
using in vitro FCS that suggests the main oligomeric state
of p53 in resting conditions is a dimer. The in vitro associ-
ation of dimers into tetramers is a slow process, which
suggests that it requires additional players and/or modifi-
cations (Natan et al. 2009). Consistent with the concept
that tetramers are essential for p53 function as a transcrip-
tion factor, about 93% of p53 abundance in cells are

tetramers after DNA damage (Gaglia et al. 2013). Tetra-
merization is a process that can be influenced by the in-
crease of p53 protein concentration in the cell (Johnson
et al. 1995; Mateu and Fersht 1998; Kamada et al. 2016)
(mainly through inhibition of the E3 ligase Mdm?2). Addi-
tionally, other factors seem to contribute to p53 tetrame-
rization as Gaglia and Lahav (2014) report functional
tetramers are formed prior to the increase in p53 protein
levels, upon DNA damage.

Regulation of the p53 oligomeric state

Several studies show that specific posttranslational mod-
ifications (PTMs) and interacting proteins regulate p53
tetramerization. Some interactions are able to stabilize
tetrameric forms of p53, while others have the ability to
impede tetramer formation (Fig. 2).

Proteins that promote p53 tetrameric status

For example, MYBBPIA, a protein involved in rRNA tran-
scriptional regulation and processing, regulates p53 oligo-
merization. In the presence of ectopically expressed
MYBBPIA, p53 is mainly found in high molecular weight
fractions. This high molecular weight fraction decreases
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Figure 2. Regulation of p53 oligomeric state. Protein interactions and posttranslational modifications (PTMs) regulate p53 oligomeriza-
tion by either stabilizing p53 tetramers or inhibiting their formation. Interacting proteins are depicted as circles. Only ArhGAP11A and
some $100 members have been shown to directly bind the p53 TD and stabilize it. ARC, RBEL1A, and other S100 members bind directly to
the p53 TD and impede tetramer formation (exemplified here as steric blockage of oligomerization of two dimers). Some PTMs also reg-
ulate tetramer formation, positively or negatively (nitration [NO,], oxidation [Ox], and phosphorylation [P]). Purple denotes p53, TD is
dark purple color (see Fig. 5, below). Brown and gray DNA pieces denote a p53 response element.

when a mutant MYBBPIA incapable of binding p53 was ex-
pressed, suggesting a function for this protein in stabilizing
tetramers, although the investigators did not confirm a di-
rect role (Ono et al. 2014). Similarly, BCCIP, a protein that
interacts with p21 and BRCA2, modulates p53 tetramer
formation. BCCIP knockdown cells fail to transactivate
the p53 target genes CDKNI1A (p21) and MDM?2 in re-
sponse to DNA damage, and p53 does not efficiently
bind to the promoters of these genes. On the other hand,
BCCIP overexpression led to increased tetramer formation
as compared with normal cells. However, a direct interac-
tion between BCCIP and p53 could not be confirmed sug-
gesting that it is either a very unstable interaction or its
effect on p53 tetramer formation is indirect (Meng et al.
2007). A third protein, AthGAP11A is capable of binding
the TD of p53 through its RhoGAP domain. A tetrameric
form of p53 is necessary for this interaction, since p53 mu-
tants incapable of forming tetramers do not bind Arh-
GAPI11A. ArhGAP11A enhances p53 function possibly
through stabilizing tetramer conformation, augmenting
DNA-binding ability (Xu et al. 2013). Furthermore, mem-
bers of the 14-3-3 family enhance the binding of p53
to sequence-specific DNA by stabilizing tetramers (Raja-
gopalan et al. 2008; Schumacher et al. 2010). Finally, mem-
bers of a family of calcium-binding proteins known as S100
are able to bind the TD of p53 enhancing tetramer forma-
tion and activation of p53 function (van Dieck et al.
2009a,b). Thus, numerous proteins either directly or indi-
rectly enhance p53 tetramer formation.

Proteins that inhibit p53 tetrameric status

RBEL1A, a Ras-like GTPase that is overexpressed in can-
cers, interacts with the TD of p53 and suppresses oligomer
formation of an ectopically expressed C-terminal frag-
ment of p53 that includes the TD. Silencing of RBEL1A re-
sults in p53 oligomerization and increased target gene
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expression (Lui et al. 2015). Another protein, ARC, which
is elevated in breast cancers, binds directly to the TD of
p53. Binding of ARC exposes the Nuclear Export Signal
(NES) contained in the p53 TD, allowing for p53 nuclear
exclusion (Foo et al. 2007). Importantly, Gaglia and Lahav
(2014) report that disruption of the p53-ARC interaction
led to abnormally high levels of p53 in the nucleus and in-
creased target gene expression. This finding suggests that
the ARC-p53 TD interaction may be a protective mecha-
nism in normal cells, sequestering p53 until it is needed as
in response to DNA damage (Gaglia and Lahav 2014).
While some members of S100 family of calcium-binding
proteins can promote p53 oligomerization, others can in-
hibit it. This process is dependent on protein concentra-
tion as well as S100 member type (van Dieck et al.
2009a). Notably, certain PTMs in p53 can alter S100 pro-
tein affinity (van Dieck et al. 2009b). Thus, the cellular
milieu in which p53 is present will determine the oligo-
meric state of p53 and its location.

PTMs influence p53 tetramerization

Besides protein interactions as important influencers of
p53 oligomerization, certain PTMs also regulate tetramer
formation (Figs. 1, 2). For example, phosphorylation
of p538392, although not in the TD itself, regulates tetra-
merization. A phosphorylated peptide promotes tetra-
merization by almost 10 times compared with an
unphosphorylated peptide. Phosphorylation of p53S315
reverses this effect (Sakaguchi et al. 1997). Importantly,
p53S392 is differentially phosphorylated by diverse stress
signals, indicating that the signals upstream of phosphor-
ylation can dictate tetramerization (Kapoor and Lozano
1998; Lu et al. 1998; Cox and Meek 2010). A nitric ox-
ide-dependent p53 response occurs on p53Y327 by nitra-
tion and stabilizes the p53 tetramer, thus increasing
transcriptional activity (Yakovlev et al. 2010). In contrast,



Nomura et al. (2009) reported that oxidation of p53M340
in the TD destabilizes tetramers by forming a loose struc-
ture that makes it more sensitive to enzyme degradation.
Laptenko et al. (2015) report no effect in tetramer forma-
tion for substitution of lysines in the C-terminal regulato-
ry domain (p53K370, K372, K373, K381, K382, and K386)
by arginine or glutamine suggesting that their modifica-
tion does not regulate tetramerization. Moreover, numer-
ous other modifications of the C terminus occur, but
these have not been studied with regard to tetrameriza-
tion (Meek and Anderson 2009).

In summary, tetramer formation is a multifactorial pro-
cess that serves as another layer of regulation of p53 func-
tion. Many proteins bind the p53 TD and regulate
tetramerization, a process required for p53 transcription
function. Numerous PTMs also occur in the TD that reg-
ulate p53 tetramerization, and thus transcriptional activ-
ity; many others have not been studied. The timing and
mechanisms for p53 tetramerization require more in-
depth study.

p53 tetramerization domain (TD) mutants

Most p53 alterations target the DBD (~80% in germline,
>90% in somatic p53 alterations) (Bouaoun et al. 2016).
However, as a transcription factor whose functional unit
is a tetramer (Friedman et al. 1993; McLure and Lee
1998), TD mutations are another mechanism in which
cancers can abrogate WT p53 function. Mutations in this
region account for ~20% of germline mutations in Li-Frau-
meni syndrome (LFS), a cancer-predisposition disorder
characterized by the presence of a germline p53 mutation
(Malkin et al. 1990; Petitjean et al. 2007; Bouaoun et al.
2016), and ~2% of somatic p53 mutations (Bouaoun
et al. 2016). Considering the length of each domain (DBD
~200 amino acids, TD 30 amino acids), the mutation fre-
quency in both is similar in the germline (~0.4% /residue
in DBD, ~0.66% /residue in TD), suggesting that both do-
mains are essential for p53 function, further implicating
a critical role for the TD in tumor suppression (Kamada
etal. 2011).

TD mutations can impair the ability of p53 to form tet-
ramers, resulting in monomeric or dimeric forms of the
protein. Most of these alterations are missense mutations
(~87%). A majority of TD residues are found mutated in
cancer. Functionally speaking, many of these substitu-
tions are predicted to disrupt the ability of p53 to properly
tetramerize, depending on the location of the residue and
the type of amino acid substitution (Fig. 3A; Kato et al.
2003; Kawaguchi et al. 2005; Bouaoun et al. 2016). To
date, several in vitro approaches have been carried out
with the intention of characterizing the effects of TD mu-
tations on p53 function (Mateu and Fersht 1998; Chéne
and Bechter 1999a; Kato et al. 2003; Kawaguchi et al.
2005; Imagawa et al. 2009; Kamada et al. 2011; Giacomelli
et al. 2018). By taking advantage of yeast-based assays us-
ing a reporter system where expression is driven by the
P53 response elements of eight target genes (CDKN1A
[p21], MDM2, BCL2L4 [Bax|, GADD45, SFN [14-3-3 o],
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TP53AIP1, PMAIP1 [Noxa], and RRM2B [p53R2]), Kato
et al. (2003) and Kawaguchi et al. (2005) determined that
impairment of tetramerization is associated with loss of
transcriptional activity (Fig. 3B), although there are
some exceptions to this. For example, p531332T is still
able to form tetramers but is transcriptionally dead.
Perhaps this mutant affects the conformation of the
DNA-binding domain, interaction with the transcription-
al machinery, or p53 localization. In contrast, p53N345Y/
K/H is unable to form tetramers, yet it is transcriptionally
functional in yeast. Some of the mutations were predicted
to be transcriptionally hyperactive (p53R335H,
p53F338Y, and p53A353V) and to retain a tetrameric
structure. The p53 R335H mutation has been found in
cancer and reported as functional in different studies
(Imagawa et al. 2009; Giacomelli et al. 2018). How cancers
are able to tolerate a hyperactive form of p53 remains to be
explored but it may interact differently with the repertoire
of proteins that affect TD function or may affect nuclear
localization. Imagawa et al. (2009) described another re-
porter system to assay for transcriptional activity of 43
TD mutants (40 found in cancer), this time in a mamma-
lian system (H1299 and A549 cell lines). They used fluo-
rescence intensity distribution analysis to analyze the
monomeric fraction for each of the mutants. Generally,
p53 TD mutants lacked transactivation when monomer
fraction was >90% (L330H, R337C/P, F341C, R342P,
and L344P/R). A previously described dimer mutant also
shows relative lack of activity (A347T). Last, Kamada
et al. (2011) designed peptides for 49 cancer-relevant TD
mutations and analyzed their stability and oligomeric
structure. They found that eight of 49 peptides displayed
nontetrameric structures (monomers: L330P, L330R,
R337P, R342P, and L344P; dimers: F341C, L344R, and
A347T) with substitutions in hydrophobic residues being
more detrimental to tetrameric structure than solvent-ex-
posed ones. In a different study, seven of these residues
(with the exception of A347T)are predicted to be nonfunc-
tional as measured by resistance to nutlin or sensitivity to
etoposide treatment of A549 cells with exogenous mutant
p53 expression (Giacomelli et al. 2018).

Even though these studies have provided valuable in-
sights to TD mutant functions, they have caveats such
as superphysiological protein levels (overexpression ex-
periments), nonphysiological temperature (yeast-based
assays), and system-specific differences (yeast vs. mam-
malian experimental conditions), which can impact
PTMs and the presence of proteins that influence p53
activity. The only in vivo model that currently exists to
understand the physiological relevance of p53 oligomeri-
zation impairment corresponds to p53R337H, the most
common alteration in the TD in LFS. This founder muta-
tion is highly widespread in southern and southeastern
populations in Brazil and shows partial penetrance with
onset of adrenal carcinomas in children (Ribeiro et al.
2001; Palmero et al. 2008). In a knock-in mouse model,
the presence of the p53%%37H jllele did not affect overall
survival or de novo tumorigenesis but did predispose ani-
mals to Diethyl nitrosamine-induced liver tumorigenesis,
in a mutant allele dose-dependent manner. p53R337H
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Figure 3. p53 TD missense mutants and their outcomes. (A) p53 TD residues 326-356 are illustrated along with their substitutions to
several other amino acids. The oligomeric state outcome for each substitution is font color-coded for each residue. (Light-blue) Tetramers;
(red) dimers; (green) monomers; (dark-blue) no data for oligomeric status. Additionally, the transcriptional activity (Tx Act) of these sub-
stitutions is highlighted in color-coded squares. (Pink) Nonfunctional; (black) partially functional; (orange) fully functional. Tx Act was
based on transactivation of reporter driven by eight p53 response elements in yeast system (Kato et al. 2003; Kawaguchi et al. 2005); data
are available at IARC TP53 database and genomics data (Bouaoun et al. 2016). (B) Each TD mutant analyzed (categorized by oligomeric
state) is represented by a dot that depicts an average transactivation value of eight p53 response elements. Nontetrameric p53 mutants
associated with decreased Tx Act. One-way ANOVA, followed up by Sidak’s multiple comparisons test for monomer—dimer, dimer-tet-

ramer, and monomer—tetramer pairs. (*) P <0.05; (****) P <0.0001.

preferentially forms monomers (~ 60%), is physiologically
stable and transcriptionally impaired (Park et al. 2018).

Importantly, the oligomeric status of p53 TD mutants
can impact clinical outcome in LFS patients. While mono-
meric p53 TD mutants have a 100% cancer penetrance
and yield a median survival time of ~33 yr, multimeric
p53 TD mutants (dimers or tetramers) exhibit a cancer
penetrance of ~80% and 51-yr median survival. Notably,
monomeric mutants exhibit worse outcomes than hot
spot p53 DBD mutants (penetrance: ~90%; median sur-
vival: ~47 yr) (Fischer et al. 2018), highlighting the impor-
tance of the p53 TD in tumor suppression and the need to
understand the mechanism of action of TD mutants in
physiologically-relevant settings. The abnormally high
cellular levels of cancer-prevalent p53 TD mutants (Roll-
enhagen and Chene 1998; Katz et al. 2018; Park et al. 2018)
may confer additional activities that can contribute to dis-
ease severity and possibly explain disease outcomes.

The TD plays a role in many aspects of p53 regulation;
alterations in the p53 TD may not simply abolish tetramer
formation or alter sequence-specific DNA binding. p53
TD PTMs and cellular localization can contribute to
changes in interdomain and intermolecular interactions,
modifying p53 behavior and therefore contributing to tu-
mor development despite potential transcriptional abili-
ty. More studies on how different oligomerization states
affect p53 interactions with other proteins, PTMs and
DNA binding need to be carried out, as they could have
important therapeutic applications. As there is precedent
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for small molecules to restore WT p53 conformation of
p53 DBD mutants (Bykov et al. 2002), the design of small
molecules that aim at recovering tetrameric structures of
the protein could serve as therapeutic approaches for p53
TD mutant cancers (Gordo et al. 2008). Additionally, mol-
ecules that bind to specific oligomeric states could also be
used as therapeutic strategy in cancers that retain WT
p53. Molecules that bind preferentially to WT p53 tetra-
mers offer the potential of stabilizing this active state
and promoting subsequent PTMs and interactions neces-
sary for proper p53 function. For example, Gabizon et al.
(2012) discovered a PKCa-derived peptide that interacts
with the C-terminal portion of p53 in its tetrameric
form. This interaction increases tetramer stability in vitro
(Gabizon et al. 2012; Gabizon and Friedler 2014). In con-
trast, molecules that bind preferentially to nontetrameric
forms of p53 could serve to trap mutant p53 (rendering it
unable to form mixed tetramers with WT p53) and block
its dominant-negative effect over WT p53.

Noncanonical p53 TD functions

DNA binding is just one of many processes regulated by
the TD, as it can also influence p53 protein stability, local-
ization, and cellular outcomes (Fig. 4). The TD does so by
two mechanisms: One is by creating a proper quaternary
structure for PTMs and/or protein interactions to occur.
It is known that some PTMs required for p53 activation
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Figure 4. The TD regulates several p53 functions. DNA Binding. The p53 response element is composed by two half-sites where two
independent dimers bind and interact as a tetramer, increasing p53-DNA affinity and transactivation. Protein stability: Tetramerization
is required for ubiquitin-dependent degradation of p53 (mediated by 26S proteasome). Dimers and monomers are mainly degraded by ubiq-
uitin-independent mechanisms (20S proteasome). Cellular localization: p53 TD nuclear export signal (NES) controls p53 localization.
Monomers expose the NES and retain p53 in the cytoplasm. Tetramerization allows for NES masking and nuclear localization. Mutations
in the NES could regulate nuclear export (yellow and light green) by modifying affinity to the export machinery. Cellular outcome:
(A) Model for oligomeric state-dependent outcomes: tetramers have full p53 activities, with the potential of initiating both apoptotic
and cell cycle arrest programs. Nontetrameric p53 could have partial p53 target gene activation, favoring a certain cellular outcome
(e.g., cell cycle arrest). (B) Model for TD PTM-dependent outcomes: Specific PTMs in TD residues can modulate the p53 cellular response

between apoptosis and cell cycle arrest.

only occur upon tetramer formation. For example, S15
phosphorylation (which disrupts interactions with the
E3 ligase Mdm?2) is dependent on tetramerization of mu-
rine p53 (Warnock et al. 2008). Likewise, S6, S9, and S46
phosphorylation, as well as K382 acetylation (Fig. 1), are
markedly reduced in tetramerization-impaired mutants
of p53 (Warnock et al. 2008). The preferred existence of
PTMs only on tetrameric p53 also suggests that certain
protein interactions may only occur upon tetramerization
of p53. Therefore, oligomeric status is an important regu-
lator of p53 activity. The second mechanism by which the
TD influences noncanonical activities is by direct modifi-
cation of its residues. Some PTMs in TD residues or TD-
interacting proteins can also influence processes that ulti-
mately affect p53 activity (Jansson et al. 2008; Kruse and
Gu 2009; Muscolini et al. 2009, 2011; Beckerman et al.
2016).

Cellular localization

Another layer of regulation of p53 function consists of en-
suring appropriate subcellular localization (Shaulsky
etal. 1991). p53 has a hydrophobic, leucine-rich sequence,
which makes up a nuclear export signal (NES) (residues
340-351) contained in the TD (Fig. 1). The NES controls
p53 cellular localization depending on its oligomeric
state: in nontetrameric forms of p53 (monomers and
possibly dimers), the NES is exposed and p53 exists in
the cytoplasm. Consistently, this NES is buried upon tet-
ramerization, facilitating nuclear localization of p53 and

consequent transcriptional activation (Fig. 4; Stommel
et al. 1999).

Some PTMs in TD residues also promote or inhibit p53
nuclear export (mechanism 2 above). Ubiquitination at
residues K351 and K357, catalyzed by MSL2, an E3 ubiqui-
tin ligase, are implicated in promoting cytoplasmic locali-
zation of p53 (Kruse and Gu 2009). A cancer-related single
amino acid substitution, p53K351N, was found to abro-
gate p53K351 ubiquitination and p53 nuclear export (Mus-
colini et al. 2009, 2011). Additionally, substitution of TD
arginine residues 333, 335, and 337 with lysines (p53
KKK]) altered p53 cellular localization. While ~60% of
WT p53 transfected SAOS-2 cells have nuclear p53 stain-
ing, only 26% of p53 KKK transfected cells exhibit nuclear
p53.PTMs in these residues, such as arginine methylation,
probably affect the oligomeric status and thus contribute
to increased cytoplasmic localization and decreased tran-
scriptional activity (Jansson et al. 2008).

Given the importance of p53 nuclear localization for its
function as a transcription factor, alterations that impact
nuclear localization will have severe defects. p53 TD pep-
tides are able to block hyperactive export of p53 in neuro-
blastoma cells and lead to increased p53 nuclear
localization (Stommel et al. 1999). This presents a thera-
peutic possibility that needs to be explored, especially in
light of the fact that some tumors have cytoplasmic WT
p53 (Moll et al. 1992, 1995). Similarly, blocking the nucle-
ar export machinery to elevate nuclear p53 levels could
further enhance its activity but may have untold effects
on other proteins (Kanai et al. 2007).

GENES & DEVELOPMENT 1133



Gencel-Augusto and Lozano

p53 protein stability

p53 is mainly regulated at the protein level through pro-
tein—protein interactions and PTMs. For example, the
main negative regulator of p53, MDM?2, ubiquitinates
p53 and targets it for proteasomal degradation (Haupt
et al. 1997; Honda et al. 1997; Kubbutat et al. 1997). Im-
portantly, MDM2-mediated p53 ubiquitination is depen-
dent on tetramerization (Fig. 4). Ubiquitin is observed
on p53 WT as compared with C-terminal deletion mu-
tants (p53 AC-term). Ubiquitin levels can be rescued after
fusing p53 AC-term to a dimerization domain of another
protein, restoring oligomerization capacity (Maki 1999).
Because the main ubiquitylation sites of p53 are located
in the C terminus, the best tools to demonstrate tetrame-
rization dependence of MDM2-mediated p53 degradation
are oligomerization-defective mutants with a functional
C-terminal regulatory domain. Lomax et al. (1998)
showed that p53L344P (monomer) has reduced ability to
bind MDM2. Furthermore, p53 TD mutants L330R/E/P
(monomers) and E343A, E344A, A347T, and L348A (di-
mers) are underubiquitylated by MDM2 and preferably de-
graded by the ubiquitin independent 20S proteasome
(Hjerpe et al. 2010; Lang et al. 2014; Katz et al. 2018). Sur-
prisingly, Katz et al. (2018) report that p53 dimers are
more efficiently bound by MDM2 than monomers and de-
graded in a ubiquitin-independent manner. Similarly,
Hjerpe et al. (2010) show that some oligomerization-defec-
tive p53 proteins exhibit different levels of MDM2-medi-
ated proteasome degradation in a ubiquitin-independent
manner. Although this challenges our current under-
standing of p53 degradation mechanism by MDM2, Kuli-
kov et al. (2010) report that MDM2 directly binds to the
proteasome, enhancing p53-proteasome association and
leading to efficient degradation. This potentially explains
why p53 is still degraded in the presence of MDM2 even
without polyubiquitin chains. If preferential binding of
MDM2 to p53 dimers is confirmed, it offers a therapeutic
approach to inhibit the oncogenic potential of p53 DBD
mutants (cancer hot spot mutants) by inducing dimeriza-
tion and thus their degradation (Katz et al. 2018). Finally,
whether MDM2 plays an active role in modulating the
p53 oligomerization state remains an open question.

Cell fate control

p53 initiates several cellular programs such as apoptosis,
cell cycle arrest, and senescence (Martinez et al. 1991;
Yonish-Rouach et al. 1991; Brown et al. 1997; Riley
et al. 2008). How p53 makes this decision depends on
many factors that are not fully understood (Vousden and
Prives 2009). Increasing evidence suggests that PTMs in
some TD residues may act as molecular switches between
p53-dependent cellular programs of apoptosis and cell cy-
cle arrest, thereby regulating cellular outcomes (Fig. 4).
For example, p53 KKK, a p53 mutant deficient in methyl-
ation at residues R333, R335, and R337, abrogates the abil-
ity of SAOS-2 cells to undergo cell cycle arrest but not
apoptosis. This mutant cannot transactivate CDKN1A
(p21) or GADD45 and is deficient at binding their promot-
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ers, but remains functional for activation of the apoptosis
inducer APAFI1 (Jansson et al. 2008). More recently, Beck-
erman et al. (2016) describes a role for p53 acetylation
(p53K351Q/R and p53K357Q/R) in fine tuning target
gene activation between growth arrest and apoptosis pro-
grams. Mimicking acetylation of these residues (by their
substitution to glutamine) results in apoptosis but impairs
cell cycle arrest. These data imply that DNA-binding af-
finity is important as CDKN1A (p21) has one of the stron-
gest p53 response elements.

Additionally, p53 oligomeric status may also impact
selective transcriptional program activation. Fischer
et al. (2016) tested different p53 TD variants and demon-
strated that a p53 mutant that forms only dimers is not
able to initiate an apoptotic program, failing to induce
TP53AIP1 expression, while it retains cell cycle arrest
functions mediated by CDKN1A (p21) expression (Fischer
et al. 2016). This is supported by a comprehensive study of
amino acid substitutions of the p53 TD and their effects
on oligomeric status and p53 binding element-dependent
transcription. While some of the mutations (L330H/R,
1332N/S, R337S/G/C/P, F341Y/S/C/V, R342P, L344P/R,
A347P, 1L348S, and L350P) yielded a transcriptionally in-
active p53 protein, others had differential target gene acti-
vation. For example, dimeric mutants A347D and K351E
could transactivate p53R2 but not other genes tested
(Kato et al. 2003; Kawaguchi et al. 2005).

Important for cell fate decisions as well as for p53 tran-
scriptional activity and stability, acetylation of C-termi-
nal lysines of p53 is dependent on tetramer formation.
Itahana et al. (2009) show that the acetyltransferase
p300 efficiently acetylates tetrameric p53 but cannot do
so for tetramer-defective mutants of p53. Importantly,
nonacetylated forms of p53 were defective in CDKN1A
(p21) transactivation (Itahana et al. 2009). Similarly, the
kinase Chk1, which phosphorylates p53 at the N termi-
nus and promotes its dissociation from MDM?2, requires
tetramerization of p53 as deletion in the p53 TD abrogates
Chk1-dependent phosphorylation of these residues (Shieh
et al. 2000).

Thus, activation of p53 is heavily influenced by PTMs
and protein interactions. The evidence presented above
places the TD as an essential domain for regulating p53
tumor suppressive activities, in addition to reports that
show the DBD fine-tunes cell fate decisions between
cell cycle and apoptotic responses (Sykes et al. 2006;
Tang et al. 2006). Cancer-related TD mutants need to
be studied in physiologically relevant model systems to
understand their full potential in regulating p53
function.

The mutant p53 dominant-negative effect (DNE)
is an elusive phenotype

A dominant-negative effect (DNE) is defined as the inter-
action of two proteins in which one eliminates the func-
tionality of the other and, in the context of p53, is based
on the ability of WT and DNA-binding (core) domain mu-
tants to form tetramers. Therefore, the TD is the basis of



the DNE of mutant over WT p53. However, the DNE is an
elusive phenotype as increasing reports show contradicto-
ry evidence that mutant p53 cannot undermine WT p53
function.

Early evidence that mutant p53 has a DNE comes from
findings that mutant and WT p53 interact and this inter-
action diminishes WT p53 activity (Eliyahu et al. 1988;
Halevy et al. 1989; Milner and Medcalf 1991). Consistent
with the TD being a key factor for a DNE, p53 DBD mu-
tants with additional alterations in the TD are no longer
able to diminish WT p53 function. Assays with C-termi-
nal truncation of p53 DBD mutants yields no complexes
between WT and mutant proteins (Milner and Medcalf
1990). p53 DBD mutants (p53C135S and p53V143A)
with additional TD alterations that favor monomeric or
dimeric forms of p53 lost their transformation ability in
the presence of WT p53 (Slingerland et al. 1993). Likewise,
p53R175H with a mutation in the TD (p53R175H, L330A)
lost its effect over WT, as measured by DNA binding. Fur-
thermore, coexpression of WT and monomeric p53 TD
mutants (R342P or L344P) does not affect p53 target
gene transactivation (Chéne et al. 1997; Cheéne and
Bechter 1999b). More recently, the addition of the L344P
mutation (monomer) into p53R273H abrogates the ability
of mutant p53 to inhibit WT p53-dependent transactiva-
tion of BCL2L4 (Bax), MDMZ2, and PMAIP1 (Noxa) in
SAQOS-2 cells (Xu et al. 2011). These studies support the

A awT/amut

B 3wt : 1Mut

A functional p53 tetramer

crucial role of a functional TD in p53 mutant proteins to
exert a DNE over WT p53.

By definition, the DNE assumes that mutant and WT p53
alleles are expressed identically. Tetramers of p53 can be
mixed when mutant and WT proteins are present (Fig. 5).
As p53 tetramerization potentiates DNA-binding efficien-
cy and consequently transcription, four functional DNA-
binding domains are required for maximal p53 activity
(Weinberg et al. 2004). Thus, the number of mutant and
WT p53 molecules composing each tetramer can influence
the degree of inactivation of the complex (Chan et al. 2004).
In vitro, mixed tetramers of WT and the p53R273H mutant
are observed (2WT:2Mut) and they are able to bind a p53 re-
sponse element, although with less affinity than a WT
homotetramer (Natan et al. 2009). The position of mutant
p53 within a mixed tetramer could also impact transcrip-
tional outcome depending on the nature of the response el-
ement; however, this has not been experimentally
addressed. Furthermore, PTMs of mutant p53 will influ-
ence tetramerization and protein stability, also affecting
tetramer composition and transcriptional output. The bind-
ing efficiency between WT and mutant p53 proteins could
also dictate whether they differentially form tetramers. In
addition, the binding efficiency of WT or mutant p53 mole-
culesinto homotetramers using FRET, showed that WT p53
oligomerized better than p53 mutants (V143A, R175H,
R248Q, R249S, and R273H), a phenomena termed

p53 monomer

D 1w : 3Mmut

008

Figure 5. Mutant and WT p53 form mixed tetramers. (A) Homotetramers of p53 WT (purple) or p53 DBD mutant (yellow) proteins are
formed when these have a functional TD. p53 WT tetramers allow efficient binding to p53 response element (brown and gray DNA seg-
ments) and are transcriptionally functional, while mutant tetramers are not. (B) Mixed tetramers composed of three p53 WT and one p53
DBD mutant proteins. (C) Mixed tetramers composed by two p53 WT and two p53 DBD mutant proteins. (B,C) Locations of mutant pro-
teins can vary and potentially have different impacts on transcription. (D) Mixed tetramers composed of one p53 WT and three p53 DBD

mutant proteins are transcriptionally inactive (Chan et al. 2004).

GENES & DEVELOPMENT 1135



Gencel-Augusto and Lozano

“dominant-positive effect” that could overshadow the
DNE (Walerych et al. 2018). Certainly, p53 mutants with
a nonfunctional TD (achieved either by direct mutations
in the TD, or by the indirect effect on protein structure of
a mutation in another p53 domain) will not form tetramers
and will not display DNE (Milner and Medcalf 1990; Sling-
erland et al. 1993; Chene et al. 1997; Chéne and Bechter
1999b; Xu et al. 2011).

Many assays take advantage of overexpression systems
to examine a role for mutant p53 in inhibiting WT p53 ac-
tivity (Lavigueur et al. 1989; Farmer et al. 1992; Kern et al.
1992; Harvey et al. 1995; Hegi et al. 2000; Klein et al. 2000;
Chan et al. 2004; Xu et al. 2011; Aubrey et al. 2018; Waler-
ych et al. 2018). However, these approaches are often crit-
icized, since superphysiological levels of mutant p53
overestimate the DNE, and thus these data are not dis-
cussed here. Here we discuss studies using vectors that al-
low equal transcription of mutant and WT p53 at
comparable amounts, and cell lines with heterozygous
p53 mutations. In addition, in vivo studies in mice and hu-
mans with heterozygous p53 mutations are discussed. If
the effects of mutant p53 on WT p53 function are within
10% of a p53-null readout, we considered them DNE. Key
studies are summarized in Tables 1 and 2.

When DNE is observed

Studies of mutant p53 expressed from its endogenous lo-
cus in p53 heterozygous mice have provided insights on
the DNE (Table 1). A knock-in mouse model heterozy-
gous for the p53R172H mutation (p53R175H in humans)
contains one mutant and one WT p53 allele similar to LFS
patients whom inherit a mutant TP53 allele (Lang et al.
2004; Malkin 2011). After ionizing radiation (IR),
p53R172H* embryos show an apoptotic response in the
embryonic hypothalamus that is similar to p53-null em-
bryos providing clear evidence for inactivation of WT
p53; that is, a DNE (Lang et al. 2004). In a different study,
murine ES cells with p53R270H and p53P2758 heterozy-
gous mutations show increased resistance to DNA-dam-
age, similar to p53-null cells that can be explained by
delayed transactivation of p53 target genes such as
Bcl214 (Bax) and Ccngl (cyclin G1) (de Vries et al. 2002).
Lee and Sabapathy (2008) examined mouse ES cells het-
erozygous for the p53 R246S mutation and report a DNE
in various assays. p53R2465/ * ES cells were resistant to
cell death and were unable to transactivate Pmaipl
(Noxa), Cdknla (p21), and Mdm?2 similar to p53-null ES
cells after doxorubicin treatment. The inability of differ-
entiated p53729¢S/* ES cells to arrest during the cell cycle
after DNA damage was also similar to p53-null cells. In
addition, ES cells introduced into the livers of scid mice
formed tumors similar to p53-null ES cells. Last, y
radiation of p53%?#*S/* mice showed apoptosis in the thy-
mus similar to p53-null mice and led to blood counts that
were similar upon recovery (Lee et al. 2012). One other
study of UV treatment of p53%27°"/* mice led to tumor-
free survival similar to p53-null mice (14 mice per group)
(Wijnhoven et al. 2007). These in vivo experiments using
various p53 mutant heterozygous mice show a DNE
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upon treatment with various kinds of DNA damage. It
should be noted that DNA damage allows PTMs on
both mutant and WT p53 proteins (Harris and Levine
2005; Suh et al. 2011) possibly altering tetramer forma-
tion, protein stability, and localization.

Boettcher et al. (2019) recently reported a role for mu-
tant p53 DNE in myeloid malignancies. By taking
advantage of CRISPR-engineered AML isogenic cell lines
(p53+/+l p53+/—l p53R248Q/+I p53R248Q/—, and p53—/—) ex-
pressing mutant and WT p53 from their endogenous
loci, the investigators demonstrate that after DNA dam-
age (daunorubicin), mutant p53R248Q in p5382#/* cells
inhibits the ability of WT p53 to activate CDKNI1A
transcription similar to p53-null cells. In these experi-
ments, p5372#Q/* cells were comparable with p53-null
cells with regard to cell cycle arrest and apoptosis out-
comes after daunorubicin treatment. These data clearly
show that in human cell lines, mutant p53 inhibits WT
P53 activity in response to DNA damage, a clear example
of DNE.

When DNE is not observed

The most incontrovertible evidence that DNE does not
occur in vivo includes studies with Mdm2-null mice.
Mice lacking Mdm2 are embryo lethal and this phenotype
is completely rescued by concomitant deletion of p53 but
not by p53*/~ or, more importantly, p53%172"/* 1In fact,
p53R172H+ and p53R2465/* mutants that show clear DNE
under certain contexts, are embryonic lethal upon
Mdm?2 deletion (Lang et al. 2004; Terzian et al. 2008;
Lee et al. 2012), suggesting that the DNE does not occur
during embryonic development in the absence of Mdm2.
Using p53 hypo-morphic alleles, expression of ~16% of
WT p53 (p537°°/1¢°) in an Mdm2-null background re-
mains embryonic lethal but ~7% WT p53 (p537¢°/7) de-
lays lethality of mice until weaning age (Wang et al.
2011). Therefore, any p53 mutant allele that partially in-
hibits WT p53 function to ~16% or more of WT p53 ac-
tivity would fail to rescue lethality. This minimal
threshold suggests that mutant p53R172H does not in-
hibit WT p53 in a dominant-negative (DN) fashion in
embryogenesis.

Moreover, in tumors from p53%1722* mice, the DNE is
not apparent as analyzed by tumor free survival and loss of
heterozygosity (LOH). p53%172H/* and p53R270H/* mice
have survival curves that are intermediate between WT
and p53-null (Lang et al. 2004; Olive et al. 2004). Since a
DNE should inactivate the WT p53 protein, the survival
curves of p53Mutant/* mice should be more similar to
p53-null mice. One argument against this logic is that
p53 mutants retain some activity. This is unlikely, as
the p53R172H allele (p53R172H/R172H) in mice is clearly a
loss-of-function allele as it can rescue the Mdm2-null phe-
notype that is p53-dependent (Lang et al. 2004; Terzian
et al. 2008). With regards to LOH, lymphomas and carci-
nomas from both p53R172H and p53R270H heterozygous
mice show ~50% LOH, suggesting again that in these cas-
es the WT p53 protein has activity that is not sufficiently
dampened by the presence of the mutant p53 protein and
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thus has to be removed for tumor growth. These multiple
studies indicate that mutant p53 cannot fully inhibit WT
p53 function.

Boettcher et al. (2019) also examined DNE for
p53R172H and p53R270H in vivo. Mixed chimeric mice
were generated by transplanting hematopoietic stem and
progenitor cells (HSPCs) of different genotypes: p53*/~,
537/, p53R172H1+ and p53%27°H/* into mice and then ex-
posed to sublethal irradiation to assess competitive fit-
ness. ps3Mutant/s cells  outcompeted p53*~  cells.
However, p53M4tnt/* had a disadvantage over p53-null
cells, suggesting that DNE is incomplete in vivo.

In numerous cases, the effects of mutant p53 on WT p53
seem to be tissue and context-specific. For example,
whole-body IR exposure of p53%24°$/* mice showed thy-
mocyte cell death similar to p53-null (Lee et al. 2012).
However, after exposure to ex vivo radiation, thymus,
spleen, and lymph nodes cells had intermediate cell via-
bility outcomes between p53*/~ and p53-null cells, while
the bone marrow exhibited a cell death phenotype remi-
niscent of p53*/~ cells. In addition, MEFs from p53R2#65/+
mice were equally sensitive to IR or nutlin treatment,
and had similar growth rates as p53*/~ (Lee et al. 2012).
Both of these experiments show clear evidence of WT
P53 activity in the presence of mutant p53. Thus, these
data support the idea that the effect of mutant p53 on
WT p53 is partial in some cases, and is highly influenced
by the environment. Hence, we propose that mutant p53
can sometimes have an inhibitory effect (IE) that is not de-
fined as DNE, on WT p53 function. Just like the DNE, the
IE is dependent on mutant p53 tetramerization and pro-
tein levels relative to WT. Mutant p53 is often present
at high levels in tumor cells, increasing the likelihood of
formation of inactive p53 complexes to exert IE (Fig. 5;
Bartek et al. 1990; Alsner et al. 2008). The myriad of pro-
teins and PTMs discussed above may also affect tetrame-
rization, DNA binding, and recruitment of transcriptional
machinery and consequently impose an IE. p53-interact-
ing proteins may be present at different levels in different
cancers. DNA damage and the signaling cascades that fol-
low, modify WT and mutant p53 (perhaps differentially),
and likely also inflict an IE. Data described in Table 2
show that most of the time when DNE is not observed,
a mutant p53 IE over WT function is observed in the pres-
ence of DNA damage. Certainly, the IE could contribute
to the course of disease in cancers that retain WT p53
(such as mucinous ovarian carcinomas) by helping transi-
tion from benign or borderline to malignant tumors (Ver-
garaetal. 2010; Semczuk et al. 2017). Importantly, tumors
that retain a WT p53 allele may possess other mecha-
nisms, such as increased levels of MDM2, to keep WT
p53 inactive.

LOH of TP53 is found in about half of LFS patients
(Varley et al. 1997; Alexandrova et al. 2017) and at fre-
quencies close to 80% in sporadic cancers (Parikh et al.
2014). LOH has been interpreted to mean that inactiva-
tion of WT TP53 is needed to increase tumor cell fitness
and suggests lack of DNE (Varley et al. 1991; Dearth et al.
2007; Alexandrova et al. 2017). Additionally, age of onset,
patient survival, and tumor phenotype are used to

A functional p53 tetramer

describe clinical outcomes of mutation “aggressiveness”
and should be stronger in mutants with the ability to
suppress the remaining WT allele; i.e., DN p53 mutants.
In support of this concept, Bougeard et al. (2015) report
earlier tumor onset in a French cohort of LFS carriers of
tetramerization-intact p53 mutants (e.g.,, DBD mutants;
21.3 yr) as compared with carriers of tetramerization-de-
ficient mutants (p53 TD or truncation mutants; 28.5 yr).
However, Shahbandi and Jackson (2019) more recently re-
port no difference in LOH frequency, tumor phenotype
(grade, stage, and size) or patient survival among tetrame-
rization-intact or tetramerization-deficient p53 mutant
tumors of the breast, ovary, and lung from the cBioPortal
database. Additionally, there is no difference for breast
cancer onset in LFS carriers. Boettcher et al. (2019) ana-
lyzed a cohort of 164 AML patients with p53 mutations
and did not find differences in aggressiveness or survival
between carriers of missense (possible DNE) or trunca-
tion mutants (no DNE), again suggesting that the DNE
does not contribute to outcomes. As discussed previous-
ly, differences may be context-specific and stratifying by
tumor type could clarify the effect of DNE in clinical out-
comes. Furthermore, consistent DNA damage may po-
tentiate the DNE for which stratifying by DNA damage
markers, such as microsatellite instability, may be
informative.

Conclusions/perspectives

In summary, the p53 TD regulates many aspects of p53
biology such as protein degradation, localization, DNA
binding, and target gene specificity. Mutations in the
TD occur in cancers because they disrupt p53 tumor sup-
pressor activities. The TD is also at the heart of the DNE
of mutant p53 over WT p53, although, as pointed out in
this review, even with a functional TD, mutant p53 often
does not overwhelm WT activity. Mutant p53 proteins
with functional TD often partially inhibit WT p53 activi-
ty, a process that we call an inhibitory effect (IE). The DNE
clearly occurs in response to DNA damage and is likely
dependent on PTMs. Overcoming DNE, or even the IE,
would release WT p53 and inhibit tumor growth. A deeper
understanding of the regulation of the TD is needed for de-
velopment of therapeutic options that would release the
p53 tumor suppressor from inhibition by mutant p53. In
vivo models for monomeric and dimeric p53 proteins
could help elucidate regulation of p53 tetramerization
with the potential for therapeutic advancement.
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