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ABSTRACT

ARTICLE HISTORY

Mutations in the oligomerization domain of p53 are genetically linked to cancer susceptibility in LiFraumeni Syndrome. These mutations typically alter the oligomeric state of p53 and impair its
transcriptional activity. Activation of p53 through tetramerization is required for its tumor suppressive
function by inducing transcriptional programs that lead to cell fate decisions such as cell cycle arrest or
apoptosis. How p53 chooses between these cell fate outcomes remains unclear. Here, we use 5 oligomeric
variants of p53, including 2 novel p53 constructs, that yield either monomeric, dimeric or tetrameric forms
of p53 and demonstrate that they induce distinct cellular activities and gene expression proﬁles that lead
to different cell fate outcomes. We report that dimeric p53 variants are cytostatic and can arrest cell
growth, but lack the ability to trigger apoptosis in p53-null cells. In contrast, p53 tetramers induce rapid
apoptosis and cell growth arrest, while a monomeric variant is functionally inactive, supporting cell
growth. In particular, the expression of pro-arrest CDKN1A and pro-apoptotic P53AIP1 genes are important
cell fate determinants that are differentially regulated by the oligomeric state of p53. This study suggests
that the most abundant oligomeric species of p53 present in resting cells, namely p53 dimers, neither
promote cell growth or cell death and that shifting the oligomeric state equilibrium of p53 in cells toward
monomers or tetramers is a key parameter in p53-based cell fate decisions.
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Introduction
The assembly of p53 into oligomers represents a crucial factor
for its tumor suppressive function.1 This transcription factor
binds cooperatively to DNA adjacent and within p53 responsive genes as a tetramer, often referred to as a dimer of dimers.2
The activation of p53 through its oligomerization leads to the
regulation of cell fate outcomes, such as growth arrest and
apoptosis, by controlling the expression of target genes. These
functions of p53 are essential for maintaining genomic integrity
and preventing oncogenic transformation.3,4 In addition, p53
status has been linked to tumor progression and response to
therapy in multiple cancers.5 However, the underlying
mechanism linking the oligomerization state of p53 to gene
expression and cell fate remains poorly understood.
Mutations in the TP53 gene encoding p53 are the most common alterations in human cancer.6 The majority are missense
mutations that occur in the central DNA binding domain
(DBD; residues 94–293), and are often associated with an
oncogenic gain-of-function.7 Mutations in the C-terminal
oligomerization domain (OD; residues 325–355) are less
frequent and lead to a reduction or loss of transcriptional activity.8,9 A number of germline TP53 mutations within the OD
have been identiﬁed in association with Li-Fraumeni syndrome
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(LFS), a hereditary disorder causing the early onset of a wide
spectrum of cancers.10,11 The connection between mutations in
the OD of TP53 and LFS highlights the importance of
maintaining the oligomerization function of p53 as it relates to
cellular homeostasis.
Oligomerization of p53 is a dynamic process that is
regulated through protein-protein interactions and cellular p53
levels. Oligomerization can also inﬂuence the pattern of p53
post-translational modiﬁcations.12,13 Multiple proteins that
bind directly to p53, often to its OD, can modulate p53
oligomerization and stability. These protein interactions can
either enhance tetramer formation (i.e. Atg7, MYBBPIA,
BCCIP, RhoGAPs) or inhibit oligomerization to promote
monomeric p53 species (i.e., RBEL1A, S100, ARC).14-20
Structurally, the p53 OD consists of a b-strand followed by an
a-helix.21 Two p53 monomers interact through their ODs,
which associate in an antiparallel manner by contact between
b-strands and hydrophobic interactions involving a-helical residues to form a primary dimer. Two primary dimers then selfassociate through an interface between a-helices to form a
“dimer of dimers,” referred to as a p53 tetramer.22 It was
previously determined that the assembly of p53 molecules into
dimers occurs co-translationally, on the polysome, while
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tetramerization takes place at a post-translational stage in solution.23 Tetramer formation increases the avidity of p53 to bind
to its DNA-binding element by 1000-fold relative to the monomeric p53 core domain, while a dimeric form of p53 (residues
94–360) created by the L344A mutation has been shown to
interact with DNA with just a 6-fold lower afﬁnity than tetrameric p53.24 Dissociation constant measurements between oligomeric forms and the estimated basal concentration of p53 in
cells (0.06 – 0.5 mM) suggest that under normal conditions, cellular p53 primarily exists as dimers.25,26 Using a ﬂuorescentlytagged p53 variant, it was also reported that within living cells,
nearly 60% of the basal p53 cellular pool exists as dimers. A
shift toward the tetrameric form (dimer of dimers) was
observed under cellular stress with a concomitant decrease in
p53 degradation.27 Understanding the cellular activities of p53
in the context of a shift in equilibrium between oligomeric
states within cells is critical to deciphering how p53 mediates
cell proliferation and death, or leads to oncogenesis.
In order to delineate cellular functions associated with
monomers, dimers and tetramers of p53 in the absence of shifting oligomeric states, we have generated p53 variants of ﬁxed
oligomeric form, and demonstrated that dimeric p53 species
lack the ability of tetramers to trigger cell death or apoptosis,
but retain growth arrest function. This ﬁnding indicates that
alterations in the oligomerization status of p53 can inﬂuence
the cell fate decisions between growth, arrest and apoptosis.

Results
Oligomeric variants of p53
Five p53 structures (wild-type (wt) p53 or variants with altered
ODs yielding p53 monomers, dimers or tetramers) were generated to study their cellular functions. Variants include p53
L344P, which contains a single point mutation within the OD
that abolishes oligomerization, forming only monomeric species (Fig. 1C and D). Two p53 variants were also constructed
that assemble into functional dimers. First, p53 M340Q/L344R
(MQLR), a p53 variant that is described as a “half-tetramer,”28
and second, p53-2OD, which harbours 2 consecutive ODs that
thermodynamically favor its self-association into a dimer of
p53 molecules through a tetrameric arrangement of p53 ODs
(Fig. 1A).29 This design is based on a previous report that a
duplicated p53 OD (2 linked ODs) self-associates to form a
dimer (dimer of monomers), in a geometry equivalent to the
wt tetramer (dimer of dimers).29 Lastly, 2 tetrameric structures
were prepared, namely wt p53 and the tetrameric variant p53CR (E343K, E346K and K351E), a construct that contains 3
mutated, spatially proximal residues within the OD region
leading to a constructive charge reversal at the dimer-dimer
interface. These mutations thus maintain the existing pattern
of salt bridges at this interface (Fig. 1B) uniquely favoring their
self-association into tetramers. Importantly, this mutated OD
interface cannot pair with the wt p53 OD.30
Glutaraldehyde crosslinking of p53 proteins from cell lysates
of H1299 cells (p53-null) transiently expressing these p53
constructs conﬁrmed that wt p53 and p53-CR do assemble into
tetramers, MQLR and p53-2OD form dimers but not tetramers,
while p53 L344P remains monomeric (Fig. 1C). These p53
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variants were shown to be equally expressed in H1299 cells
24 hours post-transfection as conﬁrmed by western blot
(Fig. 1E). However, monomeric p53 L344P displayed a
prolonged level of expression at 48 hours that can be attributed
to its reported reduced ability to bind to MDM2.11 Both
dimeric species also have higher expression at 48 hours as
compared to tetrameric p53s, indicating that the dimeric forms
may be more stable. In addition, TP53 mRNA expression levels
of all constructs were comparable to that of endogenous wt p53
expressed by human MCF-7 breast cancer cells, as measured by
real-time quantitative reverse transcription PCR (qRT-PCR)
(Fig. S1).
p53-mediated tumor suppression is controlled by its
oligomeric state and requires the assembly of tetramers
for rapid induction of apoptotic cell death
p53-dependent tumor suppression is primarily mediated
through apoptosis and cell cycle arrest. Cell death and proliferation assays were performed in p53-null H1299 cells to establish the impact of controlling the oligomeric state of p53 on its
cellular activities. First, tumor growth suppression induced by
the cellular expression of p53 oligomeric variants was
measured in real-time using a label-free cellular impedance
monitoring device (Fig. 2). A distinct stepwise change in cell
growth was observed between oligomeric variants, indicating
that the oligomeric state of p53 directly correlates with cellular
proliferation. As expected, tetrameric p53 species are potent
tumor suppressors yielding the lowest level of cell proliferation
while monomeric p53 was found to be functionally inactive
resulting in the uncontrolled growth of p53 L344P-expressing
p53-null H1299 cells (Fig. 2). In contrast, dimeric p53 exhibited
approximately double the cellular expansion relative to p53
tetramers. Examination of cell viability by FACS analyses of
propidium iodide (PI) stained H1299 cells revealed that only
the expression of tetrameric p53 species induced cell death
when compared to mock-transfected p53-null H1299 cells
(Fig. 3A and B), where propidium iodide (PI) uptake is indicative of death. Another measure of cell viability is to assess the
metabolic function of H1299 cells (NAD(P)H-dependent dehydrogenase activity) using a cell proliferation assay (MTS). This
assay demonstrated that only tetrameric p53 species resulted in
signiﬁcant cell death (Fig. 3C). A further ﬂow cytometry-based
analysis of apoptosis (Annexin V-PE/PI staining) conﬁrmed
that only tetramers induced rapid and efﬁcient apoptotic cell
death after 24 hours (Fig. 4A and B). However, a delayed and
less robust apoptotic response was also observed after 48 hours
of expression of p53 dimers (Fig. 4C).
Dimeric p53 species exhibit growth arrest functions
equivalent to p53 tetramers
Since the cellular expression of p53 dimers induced signiﬁcant
tumor suppression in p53-null H1299 cells (Fig. 2) despite the
relative lack of apoptotic cell death (Fig. 3 and 4), we hypothesized that the tumor suppressor activity of p53 dimers is mediated predominantly through growth arrest. A subsequent
analysis of DNA synthesis (thymidine uptake) demonstrated
that dimers do inhibit DNA synthesis in H1299 cells at a level
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Figure 1. Oligomeric variants of p53. (A) Amino acid sequence of the modiﬁed OD from p53-2OD contains 2 ODs (residues 310–360 of wt p53) separated by a glycinethreonine ﬂexible linker. Ribbon models of the predicted structure for 2 tandem ODs of p53-2OD as a dimer of monomers (blue and gray) were generated by homology
modeling of the 1PES structure using SWISS-MODEL. Unstructured regions are colored black. (B) Amino acid sequence of the OD from p53-CR contains 3 charge-reversal
mutations at positions 343, 346 and 351. A ribbon model of p53-CR illustrates the constructive charge interactions within the dimer-dimer interface of the p53 OD. (C)
Glutaraldehyde crosslinking of p53 species isolated from H1299 cell lysates. Western blot detection of p53 monomers and oligomers resolved by SDS PAGE following
lysate treatment with 0.025% glutaraldehyde. (D) Schematic drawing of wt p53 and oligomeric variants. (E) Cellular expression of p53 oligomeric variants in H1299 cells
at 24 hours (odd numbered lanes) and 48 hours (even numbered lanes) as analyzed by Western blot of cell lysates using an anti-p53 antibody (DO-1).

equivalent to that of tetrameric p53 species (Fig. 5A). Cell cycle
analyses also revealed that H1299 cells expressing p53 dimers
and tetramers displayed larger G1 populations and smaller S
and G2 populations, as compared to cells expressing monomeric p53 or mock-transfected cells; a distribution pattern

indicative of cell cycle arrest (Fig. 5B and C). Furthermore,
only p53 tetramer-expressing cells had a distribution proﬁle
with large sub-G1 peaks characteristic of fragmented nuclear
DNA during apoptosis. Thus, while H1299 lung cancer cells
transformed to express p53 dimers do not undergo efﬁcient

Figure 2. p53-mediated suppression of cell growth is related to its oligomeric state. (A) Cellular proliferation assay growth curve of H1299 cells expressing p53 oligomeric
variants over 48 hours (mean § SD) as measured by changes in cell surface impedance (xCELLigence RTCA DP analyzer). (B) Corresponding histogram depicting the area
under the curve of H1299 cellular proliferation proﬁles (mean § SD) after 48 hours.

CELL CYCLE

3213

Figure 3. The tetrameric form of p53 promotes cell death. (a) Flow cytometric histograms of cell death proﬁles induced in H1299 cells expressing p53 variants. (b) Dead cell populations (PI stained) from cell death analysis (from panel a; mean § SD (n D 3), p  0.001). (c) Measurement of cytotoxicity in H1299 cells expressing p53 variants using an
MTS cell proliferation assay. Each bar represents the mean absorbance (490nm) § SEM normalized to the mock transfection (n D 3), p  0.05. NS, not signiﬁcant.

apoptosis, they are cytostatic, exhibiting growth inhibitory
effects equivalent to cells expressing p53 tetramers; a cell cycle
proﬁle that accounts for their tumor suppressor activity.
Dimeric p53 species induce selective gene expression
A comprehensive analysis of a missense mutation library in the
OD of p53 generated by Kato et al. evaluated in the context of
transactivation assays of p53 target genes performed in yeast,

revealed that OD mutations alter p53 transcriptional activities as
compared to wt p53.8 To investigate the effect of oligomeric state
on transcriptional activity, we performed a retrospective analysis
of this data set, classifying OD mutations into categories that
would predict monomeric, dimeric and tetrameric protein species
(from crosslinking experiments).9 The classiﬁcation of OD mutations indicated a distinct step-wise correlation linking their transcriptional activity to their oligomeric status (Fig. 6A). While it
was observed that most dimeric p53 species display similar
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Figure 4. Only the expression of tetrameric p53 species induces rapid apoptosis in p53-null cells (Annexin VC, PIC cells). (A) Representative ﬂow cytometric plots of apoptosis in H1299 cells expressing p53 variants. (B) Apoptotic populations measured at 24 hours and (C) 48 hours. Each histogram bar represents the mean value § SD
(n D 3), p  0.05, p  0.01 and p  0.001.

transcriptional activity as the tetrameric species, the induction of
the p53 apoptosis-inducing protein 1 (P53AIP1) was the only gene
for which the transcriptional activity was signiﬁcantly reduced by
OD mutations resulting in p53 dimers as compared to wt p53 and
other tetrameric p53 mutants (Fig. 6A; p  0.0001). In agreement with this ﬁnding, gene expression analysis by qRT-PCR
using RNA harvested from H1299 cells expressing p53 oligomeric
variants produced similar results. Dimeric p53 species induced
the mRNA expression of cyclin-dependent kinase inhibitor 1A

(CDKN1A; p21, Cip1, Waf1) at levels equivalent to that observed
for tetrameric p53 species, but had mRNA expression levels of
P53AIP1 comparable to that of monomeric p53 and the mock
transfection (Fig. 6B and C). An altered subcellular localization
(i.e. interference with nuclear accumulation) may affect the ability
of p53 to regulate the transcription of target genes. However,
immunoﬂuorescence confocal microscopy detecting WT p53 and
all oligomeric variants expressed in H1299 cells indicates that all
constructs localize to the nuclei. This ﬁnding suggests that the
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Figure 5. Dimers of p53 inhibit DNA synthesis and cause cell cycle arrest in cells. (A) Thymidine incorporation assay in H1299 cells expressing p53 oligomeric variants.
Each histogram bar represents the mean value § SEM (n D 3). p < 0 .05 compared to L344P. (B) Cell cycle analysis of H1299 cells expressing p53 oligomeric variants. (C)
Representative ﬂow cytometric plots of cell cycle analysis showing DNA content distributions.

oligomeric state of p53 does not interfere with its appropriate
nuclear localization (Fig. 6D). Taken together, the selective loss of
apoptosis-inducing P53AIP1 and the retention of CDKN1A gene
expression support a functional outcome where the expression of
p53 dimers leads to growth arrest but not cell death.

Discussion
The activation of p53 through its tetramerization is a key step in
the cellular response to stress1. The major functions of p53 are
growth arrest and apoptosis, and the balance between these 2 cellular events can determine cell fate. The importance of p53 oligomerization and its role in tumorigenesis is exempliﬁed by patients
with LFS, where carriers of germline TP53 mutations have a high
risk of developing a wide spectrum of early-onset cancers.10,11
Defects in p53 oligomerization by the introduction of OD mutations have been shown to decrease the transcriptional activity of
p53 in yeast and mammalian cells.8,9,31 However, it is not fully
understood how the oligomerization state of p53 impacts gene

expression and the resulting cell fate outcome that leads to either
tumor suppression or cellular transformation.
Dimers are the predominant form of p53 in the cellular pool
based on the estimated basal concentration of p53 in cells, dissociation constant measurements between oligomeric forms,
and observations in live cells using ﬂuorescently-tagged p53
molecules.25-27 A shift in equilibrium between oligomeric states
can be controlled through multiple known protein-protein
interactions, either by promoting the formation of tetramers or
sequestering p53 in the monomeric state. Some interactions
that modulate p53 oligomerization have been shown to inﬂuence p53 activity.14,17,20 For example, the direct binding of apoptosis repressor with caspase recruitment domain (ARC) to the
p53 OD inhibits both p53 tetramerization and p53-dependent
apoptosis.20 Alternatively, the Rho GTPase activation protein
(RhoGAP) ArhGAP11A binds the p53 OD to stabilize tetramer
formation, enhancing both cell cycle arrest and apoptosis activities. Intriguingly, RhoGAPs are frequently deleted or suppressed in cancers, indicating the importance of p53 tetramer
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Figure 6. Retrospective analysis of transcriptional proﬁles of p53 oligomeric variants reveals that dimeric p53 mutants display selective gene expression. (A) Plot of transcriptional activity of selected p53 target genes performed in yeast using a missense mutation library in the OD of p53 (derived from data by Kato et al.).8 Classiﬁcation of
184 p53 mutants are categorized into monomeric, dimeric and tetrameric protein species as predicted from crosslinking experiments.9 Box plots represent the 10–90th
percentiles and are normalized to wt p53 activity (100%) represented by the dotted line (p  0.0001). (B) mRNA expression analysis of CDKN1A and (C) P53AIP1 in p53null H1299 cells expressing p53 oligomeric variants (mean value § SEM, p  0.05; relative expression was normalized to gapdh expression). (D) Representative
subcellular localization of p53 oligomeric variants expressed in H1299 cells. Cells were counterstained with Alexa Fluor 594 conjugate of wheat germ agglutinin (WGA) to
outline cells and DAPI to indicate the nuclei. p53 proteins were detected using anti-p53 mAb followed by a FITC-conjugated secondary Ab. All p53 variants demonstrate
nuclear localization.

formation in tumor suppression.16 Despite these ﬁndings, a role
for the most abundant cellular p53 species, namely dimers, has
not been described.
Here, we demonstrate that the oligomerization status of p53
is key for cell fate decisions between growth, arrest or death.
Although dimeric p53 species retained wt-like growth arrest
functions through the inhibition of DNA synthesis and activation of cell cycle arrest (Fig. 5), they displayed only half of the
activity of tetramers in a cell proliferation assay (Fig. 2) that
could be accounted for by the deﬁcient induction of cell death
compared to tetramers (Fig. 3 and 4). In contrast, tetramers
induced rapid apoptosis and cell growth arrest as potent tumor
suppressors, while the monomeric L344P variant supported
cell growth having no tumor suppressor function. Thus, the cellular function of p53 dimers is primarily mediated by growth
arrest and a shift toward monomers or tetramers can steer the
cell fate toward survival or death.
The defective cell death function of p53 dimers is reminiscent
of previous reports of p53 mutations in its DBD that also display
altered cell fate outcomes. For example, a single mutation in p53
(E177R) located at the interaction interface between DBDs results
in the selective loss of apoptotic functions due to an altered quaternary structure of the p53 tetramer that was shown to hinder
cooperative binding to DNA. Mutant p53E177R mice had abolished apoptotic functions but retained cell cycle control, and were

nonetheless highly susceptible to cancer.32 Similarly, mutant
p53K117R mice were competent for cell cycle arrest but not apoptosis. In this case, the retention of non-apoptotic functions were
sufﬁcient to prevent early-onset spontaneous tumor formation.33
In addition, the anti-apoptotic role of dominant negative mutant
p53 R248Q is mediated through the suppression of P53AIP1 gene
expression.34 Alternately, an amino-terminal truncated p53 isoform (p47) demonstrated proﬁcient apoptosis and prognosticates
a better survival of cancer patients, although being insufﬁcient for
tumor suppression. This mutation is found in LFS patients. This
mutant p53 has a compromised ability to induce genes involved
in growth arrest, including CDKN1A, but was capable of inducing
the pro-apoptotic gene P53AIP1.35 In each case, the p53 variants
displayed selective gene activation or altered gene expression patterns as compared to wt p53. Loss of function can also occur by
mutating lysines 351 and 357 within the OD of p53 to glutamine
residues; a p53 variant that forms tetramers when expressed in
H1299 p53-null cells and impairs their cell cycle arrest function
while retaining their ability to undergo cell death.36 In contrast,
the charge reversal mutation K351E in conjunction with E343K
and E346K within the OD dimer-dimer interface of p53-CR
forms tetramers in H1299 cells that retain all wt p53 functions.
The transcriptional targets of p53 directly control cellular outcomes.37 Among these targets, CDKN1A induces cell cycle arrest,
whereas P53AIP1 is pro-apoptotic and triggers the release of
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mitochondrial cytochrome c into the cytoplasm.38 In studies of
p53 expression dynamics and cell fate determination, it has been
reported that cell cycle arrest and apoptosis are separately induced
by the activation of CDKN1A and P53AIP1 gene expression,
respectively.39-41 Furthermore, the dependence of p53 on
CDKN1A for cell cycle arrest and P53AIP1 for apoptosis has been
established through inhibition assays and inducible-expression
systems.38,42-44 Our retrospective analysis of 184 p53 mutations in
the OD, relating transcriptional activities to predicted oligomeric
forms, revealed the selective loss of P53AIP1 gene expression
among all dimeric p53 mutants, as compared to wt p53 and tetrameric p53 mutants (Fig. 6A).8,9 Moreover, dimeric p53 variants
expressed in H1299 p53-null cells did not induce P53AIP1 gene
expression but retained CDKN1A gene expression (Fig. 6B and C).
As a result, we observed cytostasis due to abrogated apoptosis and
intact cell growth arrest. In contrast, tetrameric species induced
the expression of both genes with concomitant growth arrest and
apoptotic functions. The monomeric p53 L344P had compromised transcriptional capability and possessed neither function.
Thus, the expression of CDKN1A and P53AIP1 are, at least in
part, important cell fate determinants, whose regulation is dependent on the oligomerization of p53. Taken together, these results
indicate that different p53 oligomeric forms leads to different cell
fates.

Materials and methods
p53 protein constructs
Point mutations were generated by site-directed mutagenesis of
the wt human p53 cDNA inserted into a pcDNA3.1 mammalian expression vector. Oligonucleotide primers carrying the
mutations of interest (Table S1) were used to amplify the TP53
gene by PCR and introduce the desired mutations. The amino
acid sequence of p53-CR is available in Fig. S2A. The p53-2OD
construct (amino acid sequence, Fig. S2B) was chemically synthesized and introduced into a pcDNA3.1 vector (GeneArt,
Thermo Fisher Scientiﬁc).
Cell culture
The p53-null H1299 human non-small cell lung cancer cell line
(ATCC No. CRL-5803) harbors a homozygous partial deletion
of the TP53 gene leading to a loss of expression of the p53 protein. The cell line was maintained in Dulbecco’s Modiﬁed Eagle
Medium (Thermo Fisher Scientiﬁc) supplemented with 10%
heat-inactivated fetal bovine serum (Thermo Fisher Scientiﬁc),
penicillin (100 units/mL) and streptomycin (100 mg/mL)
(Thermo Fisher Scientiﬁc). Cells were maintained at 37 C in a
humidiﬁed 5% CO2 atmosphere. Transient transfections of
pcDNA3.1 p53 constructs were performed using Lipofectamine
2000 reagent following manufacturer’s instructions (Thermo
Fisher Scientiﬁc).
Western blot analysis
Total cell extracts were prepared in lysis buffer (25 mM HEPES
pH 7.0, 250 mM NaCl, 0.1% Triton X-100) supplemented with
Benzonase (1 units/mL; Novagen) and a cocktail of protease
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inhibitors (complete EDTA-free; Roche). Cell lysates were
resolved by 4–12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes
(Bio-Rad). p53 was detected using a mouse anti-human p53
monoclonal antibody (mAb) clone DO-1 (Santa Cruz Biotechnology). Equal loading and transfer to the membranes were
veriﬁed by staining with anti-GAPDH mAb clone 6C5
(Thermo Fisher Scientiﬁc).
Oligomerization assay
Supernatants of lysed total cell extracts from transfected H1299
cells expressing p53 oligomeric variants were incubated in
0.025% glutaraldehyde (Sigma-Aldrich) prepared in phosphate
buffered saline (PBS). Crosslinking reactions were left to proceed for 30 min at 4 C and reactions were ended with the addition of 100 mM glycine in PBS. Multimeric complexes were
resolved by SDS-PAGE before transfer to nitrocellulose membrane (Bio-Rad) and protein gel blot analysis using anti-p53
mAb DO-1 to detect p53 protein complexes.
Immunoﬂuorescence staining and confocal microscopy
H1299 cells expressing p53 oligomeric variants were grown on
glass coverslips, ﬁxed with 4% paraformaldehyde in PBS and
permeabilized with ice-cold 100% methanol. Cells were stained
with anti-p53 mAb DO-1 (1:500 dilution) followed by a
ﬂuorescein isothiocyanate (FITC)-conjugated secondary Ab
(1:1000 dilution; Bethyl Laboratories) and counterstained with
1 mg/mL Alexa Fluor 594 conjugate of wheat germ agglutinin
(WGA; Thermo Fisher Scientiﬁc) and 300 nM 40 ,6-diamidino2-phenylindole (DAPI; Thermo Fisher Scientiﬁc). Images were
collected with a Nikon A1 laser scanning confocal microscope
at 40x magniﬁcation and analyzed using Nikon Imaging
Software Elements Advanced Research Version 4.50.
Cellular proliferation assay
Cellular proliferation was measured in real-time using an xCELLigence RTCA DP label-free cellular impedance-monitoring
device (ACEA Biosciences). Background impedance of cell culture media in each well was measured before adding cells. Transfected cells were suspended in fresh cell culture media and
seeded at 2 £ 104 cells per well into 16 well E-plates. The E-plate
was incubated for 25 min at room temperature to allow the cells
to settle in an evenly distributed pattern at the bottom of each
well before inserting the E-plate into the RTCA DP instrument
placed in a CO2 incubator. Changes in electrical impedance were
recorded at 1 min intervals over a period of 48 h.
Cell death analysis
Dead cells were identiﬁed using propidium iodide (PI) staining
following the manufacturer’s instructions (Thermo Fisher Scientiﬁc). Brieﬂy, cells were washed and resuspended in PBS at a
concentration of 1 £ 106 cells/mL. Next, 5 mL of PI was added
to 100 mL of cell suspension and incubated for 15 min at room
temperature in the dark. Flow cytometry was performed using a
FACScalibur Cell Analyzer (BD Biosciences).
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Cytotoxicity assay
A tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS] was used to measure the viability of cells
(Promega). H1299 cells expressing p53 variants were seeded at
5£103 cells per well into 96 well plates in quadruplicate. After
24 h, cells were incubated for 2 h with MTS solution, containing the electron-coupling reagent, phenazine methosulfate
(Promega). Following the incubation with MTS solution, cell
viability was assessed by measuring the absorbance (490 nm) of
each well using a Synergy H1 microplate reade (BioTek).

cycles of 94 C for 15 sec and 60 C for 1 min. Oligonucleotide
primers sequences for qPCR are listed in Table S2.
Statistical methods and data analysis
P values for experimental data were determined using the Student’s t-test. GraphPad PRISM 6.0 software was used to plot all
data and perform statistical analysis. Flow cytometry statistics
were analyzed using FlowJo software version 10.0 (Tree Star).
All experiments were performed independently at least 2 times.

Disclosure of potential conﬂicts of interest
Apoptosis assay
Apoptotic cells were identiﬁed using FITC-conjugated antiannexin V antibody and PI dual stain following the manufacturer’s
instructions (BD PharMingen). Brieﬂy, cells were washed with PBS
and resuspended in 1 £ binding buffer (BD PharMingen) at a
concentration of 1 £ 106 cells/mL. 100 mL of cell suspension was
transferred to a conical tube and 5 mL each of annexin V-FITC
and PI were added. Cells were incubated for 15 min at room temperature in the dark before analysis by ﬂow cytometry using a
FACScalibur Cell Analyzer. For each sample, 10,000 events were
acquired in 3 independent experiments.
Thymidine incorporation
The incorporation of a radioactive nucleoside, 3H-thymidine,
into new strands of chromosomal DNA during cell division
was used to assess cellular proliferation. H1299 cells expressing
p53 variants were seeded at 5 £ 103 cells per well into 96 well
plates in triplicate. After 24 h, cells were incubated for 4 h with
3
H-thymidine (PerkinElmer) and washed twice in PBS before
measuring radioactivity using a scintillation b-counter
(TopCount, PerkinElmer).
Cell cycle analysis
PI staining of DNA was used to assess the cell cycle phase distribution. H1299 cells expressing p53 variants were harvested
after 24 h expression and ﬁxed in 5 mL ice-cold 70% ethanol.
After 24 h of incubation at 4 C, cells were pelleted by centrifugation at 800 g, washed in PBS and treated with 50 ml of
100 mg/mL ribonuclease (Sigma-Aldrich). Cells were then
incubated for 30 min with 200 mL of 50 mg/mL PI and analyzed
by ﬂow cytometry using a FACScalibur Cell Analyzer. For each
sample, 5,000 events were acquired in 2 independent experiments.
Real-time quantitative reverse transcription PCR
Total RNA was extracted from H1299 cells after expressing
p53 variants for 24 h using RNAeasy Mini kit (Qiagen). Synthesis of cDNA was performed using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to
manufacturer’s instructions. Real-time quantitative PCR was
carried out on a CFX96 qPCR machine (Bio-Rad) and PCRs
were performed in 96-well plates in 10 mL volumes using the
following reaction conditions: 95 C for 3 min, followed by 40
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