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Oncogenic p53 triggers amyloid
aggregation of p63 and p73 liquid droplets
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P53 Phase separation is crucial towards amyloid aggregation and p63 and p73 have enhanced
expression in tumors. This study examines the phase behaviors of p53, p63, and p73. Here we show
that unlike the DNA-binding domain of p53 (p53C), the p63C and p73C undergo phase separation, but
do not form amyloids under physiological temperatures. Wild-type and mutant p53C form droplets at
4°C and aggregates at 37 °C with amyloid properties. Mutant p53C promotes amyloid-like states in
p63C and p73C, recruiting them into membraneless organelles. Amyloid conversion is supported by
thioflavin T and Congo red binding, increased light scattering, and circular dichroism. Full-length
mutant p53 and p63C (or p73C) co-transfection shows reduced fluorescence recovery after
photobleaching. Heparin inhibits the prion-like aggregation of p63C and p73C induced by p53C.
These findings highlight the role of p53 in initiating amyloid aggregation in p63 and p73, opening
avenues for targeting prion-like conversion in cancer therapy.

The p53 gene, often dubbed the “guardian of the genome,” has been
recognized as having a central role in cancer biology'”. With mutations in
this pivotal tumor suppressor occurring in over half of all malignancies, it is
crucial to search for innovative treatments targeting these anomalies’. Its
essential function in cancer prevention impacts cell cycle control and trig-
gers cell death when DNA is damaged. It has been found that mutant p53
tends to undergo amyloid aggregation, which is correlated with the carci-
nogenic process’”. Our group and others have contributed to this growing
body of knowledge, uncovering the threatening ability of mutant p53 to
confer oncogenic properties, including chemotherapy resistance, upon
these aggregates™*'".

Protein aggregation and misfolding result in a toxic gain of function in
neurodegenerative diseases; however, in cancer, mutant aggregates of p53
result in a loss of its tumor-suppressing function and increase the oncogenic
potential of cells**™**. This discovery has identified mutant p53 as a novel
pharmacological target, previously considered elusive'"'*'*. Groundbreak-
ing research conducted in different laboratories has established the foun-
dation for understanding the pathological role of mutant p53 amyloid
aggregates, which have been observed in breast cancer cells as well as other
types of tumors, including skin, prostate, and ovarian carcinomas'’*".

Biophysical studies have revealed that despite the structural similarities
between the DNA binding domains of p53 and its paralogous forms p63 and
p73 (herein referenced as p53C, p63C, and p73C), the latter two exhibit a
reduced propensity for aggregation*"”. Biophysical studies and molecular
dynamics (MD) simulations have revealed specific regions of increased
exposure backbone hydrogen bonds (BHBs) in p53C compared with p63C
and p73C”". These regions of structural vulnerability in the p53C are new
targetable sites for modulating p53 stability and aggregation, a potential
approach to cancer therapy'"*'. This difference pinpoints a unique aspect of
p53’s structure that may be exploited therapeutically. Thus, the modulation
of p53’s stability and aggregation presents a tempting target for cancer
therapy, with recent studies showing how mutant forms of p53 can interact
with p63 and p73 through a co-aggregation mechanism’*’. Mounting evi-
dence confirms that p53 mutants associate with p63 and p73, impairing the
tumor suppressor functions and increasing oncogenicity”'**. However, the
interaction and oncogenic conversion mechanisms must be fully under-
stood. P63 and p73, while less frequently mutated in cancers, are indis-
pensable for development and play pivotal roles in tumor suppression.
Despite their structural similarities, these proteins have distinct functions
and are regulated through unique mechanisms™.
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The phenomenon of phase separation has recently gained prominence
as a crucial event in the life cycle of a cell, with implications for neurode-
generative diseases and cancer'**”. We have recently demonstrated that
phase separation is a precursor to the amyloid aggregation of p53, pre-
senting a significant avenue for therapeutic intervention’. The tendency to
undergo phase separation and, eventually, phase transition is an intrinsic
property of p53'****>**=% Other p53-related proteins and tumor suppressors
equally undergo phase separation in the nucleus”**. In the case of the tumor
suppressor speckle-type BTB/POZ protein (SPOP), mutations have been
associated with phase separation defects””. SPOP mutations disturb sub-
strate interactions that affect SPOP phase separation and its localization to
membraneless organelles. p53 has arisen as a cancer-related protein in
which mutations can disturb its folding, likely leading to phase transition
and, thereby, to the formation of amyloid aggregates with oncogenic
properties (GoF)"*>*,

When unraveling the intricate protein interactions within cancer, the
interplay among p53, p63, and p73 emerges as a central focus of our study.
Overexpression of p63/p73 and their related isoforms has been implicated in
several tumors™. Further, p53 gain-of-function mutations can hijack p63/p73
into aggregates’ and, under specific conditions, form hetero-tetramers®’,
adding complexity to their hierarchical role in cancer. Oligomerization of all
three proteins is regulated by the same S100 protein family", suggesting
reminiscent sequence conservation among the p53 family and potentially
overlapping functionalities in physiology and cancer signaling. Our research
aims to unravel the phase behaviors of these proteins, illuminating the com-
plex mechanisms driving their transition from a diffuse phase to an amyloid-
like solid state. Our findings contribute to understanding how the gain-of-
function mutant M2371, the wild-type forms of p53, and the hotspot muta-
tions R248Q and R249S precipitate the amyloid aggregation of p63 and p73.
The M2371 substitution is a gain-of-function chemoresistance mutation
present in glioblastoma. It enhances the resistance of glioblastoma cells to
temozolomide by up-regulating methylguanine DNA-methyltransferase®.
The frequency of M2371 in the UMD TP53 mutation database returned 366
occurrences, the lowest in comparison with hotspot mutations such as R248Q
(2562 occurrences), R249S (895 occurrences), and R273H (2361
occurrences)''. However, glioblastoma is the most aggressive and invasive
cancer of the neural system, revealing poor prognosis after treatment and low
survival rates. A previous report revealed that M2371 is located near the Cys3-
His Zn*"-binding motif, disrupting local hydrophobicity, decreasing protein
stability, and substantially increasing amyloid aggregational rates’. M2371 has
increased amyloid aggregation compared to other hotspot p53 mutations,
such as R248Q". The devasting clinical features of glioblastoma and the
increased tendency of M2371I to aggregate brought to our attention whether
increased p53 aggregation could explain the worst phenotype seen in glio-
blastoma. Such insights offer new vantage points regarding mutant p53’s
pathogenic influence in oncogenesis, setting the stage for groundbreaking
therapeutic strategies. The induction of amyloid-like conformation by p53
variants in paralogous proteins holds significant cancer-causing potential.
Heparin, a polyanion known for its regulatory influence on p53 aggregation,
emerges as a potent inhibitor of the prion-like aggregation of p63 and p73
mediated by p53. Transfected cells with M237I mutant evidence the coloca-
lization of p53 condensates with p73. Colocalization and a phase transition
were observed in cells co-transfected with the full-length M2371 mutant of p53
and p63C, manifested by reduced fluorescence recovery after photobleaching.
By pinpointing the specific conditions conducive to the amyloid aggregation of
p63 and p73, our work enhances the comprehension of p53’s role in cancer
development. It underscores the therapeutic potential of intervening in these
phase transitions as a novel anticancer strategy.

Results

The interplay between phase separation and amyloid aggrega-
tion in the p53 family of proteins

Our investigation began with a focus on the phase separation behavior of
essential proteins associated with cancer, namely p63, p73, and p53. We
specifically studied the DNA-binding domains of these proteins, p63C,

p73C, and p53C, and their propensity to undergo phase separation at var-
ious concentrations. As shown in Fig. 1a, both p63C and p73C, as well as
p53C, exhibited phase separation at different protein concentrations. This
process, facilitated by polyethylene glycol (PEG) at 4 °C, was observed using
differential interference contrast (DIC) microscopy (Fig. la—f and Supple-
mentary Fig. 1a). Visual examination of the images revealed that p63C
exhibited demixing at lower concentrations than p73C, forming larger
droplets at higher concentrations (Fig. le). Expanding on our previous
research, which detailed the phase separation of p53Cleading to aggregation
under diverse conditions®”, we observed that the M237] mutant phase
separates in the presence of PEG and transitions to a solid-like state more
rapidly than the wild-type p53C (Fig. 1c, f). The increased aggregation
propensity of some p53C mutations, such as the M237I, contrasts with the
role of the N- and C- intrinsically disordered p53 regions (IDRs). Like the
wild-type p53C”, the full-length wild-type p53 (residues 1-393) underwent
phase separation rather than aggregation (Supplementary Fig. 1b), sup-
porting that the destabilized M2371 p53 mutation contributed the most to
aggregation than p53 IDRs. Aggregation of the full-length wild-type p53
requires longer incubation times at 37 °C compared to p53C*. Within living
cells, the full-length version of M2371 p53 resulted in phase separation and
phase transition within nuclear compartments, likely contributing to gain-
of-function effects”. Therefore, the aggregation propensity of M2371
supersedes the influence of p53 IDRs on phase separation, reinforcing the
relevance of studying the p53 DNA-binding domain carrying M237I and
hotspot mutations in exerting effects on p63C and p73C. The role of p63 and
p73 IDRs in phase separation processes is awaiting further exploration.
Figure 1c, f illustrate that in the presence of PEG, p63C and p73C also
formed droplets akin to p53C; after increasing the temperature to 37 °C,
wild-type and mutant p53C formed aggregates (Fig. 1c, arrows). Wild-type
and M2371 p53C transited from droplets to aggregates (Fig. 1f, asterisks),
whereas p63C and p73C did not demonstrate intrinsic aggregation
(Fig. 1c, f). Figure 1d presents the transition of p53C to a solid state at 25 °C,
capturing the formation of p53C aggregates through successive bright-field
DIC microscopy images and video recordings (Supplementary Fig. 2 and
Supplementary Movies 1-3).

We analyzed Congo Red (CR) binding, a hallmark of amyloid aggre-
gates, to p53 family proteins at 4 °C and 37 °C. The amyloid nature of p53C
aggregates, whether mutant or wild-type, was readily indicated by CR
binding as assessed by its fluorescence (Fig. 2a, b), a phenomenon not
observed for p63C and p73C (Fig. 2¢, d). Control experiments without PEG
revealed no droplets and aggregation at 4 °C for p53C and M2371. At 37 °C,
CR-positive aggregates were observed for p53C and M2371 but not for p63C
and p73C (Supplementary Fig. 3). Because p63C droplets do not bind to CR,
revealing they are non-amyloidogenic, we labeled p63C using rhodamine to
explore droplet behavior under different conditions. Control experiments
show that the rhodamine-labeled p63C droplets disassemble upon PEG
dilution, evidence of its reversible and non-amyloidogenic nature (Sup-
plementary Fig. 4a, right panel). As for different p53 constructs™, p63C
phase separation is also electrostatically driven. At higher sodium chloride
concentrations (from 150 to 500 mM), PEG-induced rhodamine-labeled
p63C droplets are not formed (Supplementary Fig. 4a, left panel). Further,
the PEG dependency on rhodamine-labeled p63C droplet formation
revealed that phase separation occurs more robustly using 15 or 20% PEG, is
weakly revealed at 10% PEG, and is not observed at 5% PEG (Supple-
mentary Fig. 4b).

Light scattering (LS) assays were employed to quantitatively compare
the aggregation of p53C droplets versus the non-aggregation of p63C and
p73C (Fig. 2e-h). The results underscore that p63C and p73C displayed no
temperature-dependent aggregation, whether in solution or the droplet state
(Fig. 2g, h), a striking disparity compared to p53C and M2371. Conversely,
p53C and M2371 demonstrated temperature-dependent aggregation, which
is evident in both the presence and absence of PEG (Fig. 2e, f). In the
presence of PEG, 15% at 25 °C, p53C, and the p53C M237I revealed a 10-
and 20-fold increment of the LS signal compared with p63/p73C, respec-
tively. At 37°C, these values raised to 15- and 40-fold, respectively.
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Fig. 1| The p53 family phase behavior at the microscale resolution as a function
of protein concentration and temperature. Bright-field differential interference
contrast (DIC) microscopy images were collected, revealing (a) the concentration-
dependent demixing of p63C and p73C, and (b) the demixing of p53C from the PEG
solution. ¢ The temperature dependence of p53C, M237I, p63C, and p73C demixing
and aggregation (arrows). d The time dependence of p53C aggregation from
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droplets at 25 °C (see methods); Schematic representations of (e) p63C and p73C
demixing concentrations, and (f) the temperature dependence of the studied pro-
teins. Colored circles indicate the phase separation of p53C (green), M2371 (gray),
p63C (red), and p73C (blue). Circles filled with an asterisk depict aggregation
conditions.

Turbidimetry assays at 600 nm corroborated the results obtained from light
scattering analysis (Fig. 2i-1) and ThT binding analysis (Fig. 2m-p). LS and
turbidimetry measurements indicate general aggregation processes,
including amorphous and amyloid aggregation. In contrast, ThT relies
specifically on amyloid aggregates. At 25 °C, the p53C and the p53C M2371
revealed ca. 12- and 65-fold increase of ThT binding relative to p63/p73C.
At 37 °C, these numbers reached ca. 22- and 120-fold, revealing that M2371
has a greater tendency to form amyloids than wild-type p53C. P63C and
p73C have shown negligible amyloid formation. The observed higher
propensity of p53C for temperature-induced aggregation than p63C and
p73C indicates significant differences in their aggregation behaviors,
potentially bearing critical biological implications that warrant further
investigation.

p53C mutants as a catalyst for prion-like aggregation in p63C and
p73C protein droplets

Figure 3 explores the capability of p63C and p73C droplets to transition
into aggregates in the presence of p53C aggregates, utilizing rhodamine-
labeled p63C (Fig. 3a) or p73C (Fig. 3b). Droplet morphology drastically
changes from homogeneously round to diffuse speckles when p53C is
mixed with rhodamine-labeled p63C or p73C, as revealed by the fluor-
escent and bright-field channels (Fig. 3a, b). To unequivocally track the
co-phase separation and aggregation of p53C with p63C or p73C, we
performed dual labeling experiments using Alexa fluor 488 (AF488) to
report either p53C or M2371 p53C and rhodamine to report p63C or
p73C (Fig. 4). Microscopic examination unveiled that at 37 °C and using
stoichiometric concentrations of p53C and p63C or p73C, p53C coag-
gregates with p63C and p73C (Fig. 4a, ¢). At 4 °C, droplets of p53C/p63C

and p53C/p73C persisted even using M2371 p53C, indicating a co-phase
separation event regardless of the presence of a high amyloidogenic
mutation (Fig. 4a-d). In contrast, the coaggregation of M237I p53C/
p63C and M2371 p53C/p73C is significantly observed at 37°C
(Fig. 4b, d). We further tested the coaggregation ability of two AF-488-
tagged hotspot p53C mutations on converting p63C and p73C droplets
into aggregates. R248Q has a lower tendency to convert the p53C family
members than R249S (Supplementary Fig. 5). The results show the phase
and aggregation behavior of the p53 family members to associate with
each other, forming coaggregates and persisted co-phases under the
influence of temperature, and that wild-type and p53C mutations may
induce coaggregation with typically non-amyloid p63C and p73C. These
results provide insight into the gain-of-function phenomena observed in
mutant p53 tumors. Figure 4e summarizes the coaggregation of p63C
and p73C in the presence of p53C and M2371.

Previous reports show that p53 mutants can convert wild-type p53
and p53 family members p63 and p73 into amyloid species through a
prion-like mechanism®*". However, the species undergoing this conver-
sion are unknown. To test this idea, we asked whether non-amyloid p63C
droplets would be part of these conversion steps in the presence of p53C
and M237I p53C seeds. Light scattering measurements evaluated the
prion-like seeded aggregation of p53C (Fig. 5a—c). P53C (wild-type and
M2371 mutant) was initially incubated at 37 °C. Then, the aggregated
protein was diluted fortyfold to be used as a seed and mixed with p63C
under conditions where the p63C phase separates. P53C seeds increased
p63C light scattering in the presence of PEG (Fig. 5a-c). The M2371
p53C mutant exhibited a higher seeding capacity than the wild-type
(Fig. 5¢). The results, particularly with the M2371 mutant, demonstrated
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Fig. 2 | The amyloid nature within the p53 family phase separation and transi-
tion. Microscopy images were captured, presenting the Congo red (CR) fluorescence
and bright-field channels of (a) p53C, (b) M237I, (c) p63C, and (d) p73C at 4 and
37 °C. White arrows indicate the presence of p53C and M2371 aggregates. Scale bar:
20 um; Line plots showing the area under the light scattering curve as a function of
increasing temperatures (4, 25, and 37 °C) of (e) p53C (green), (f) M2371I (gray), (g)
p63C (light red), and (h) p73C (light blue) in the absence (colored circles) and the
presence (colored squares) of PEG. Plots in (g, h) show two segments in the y-axis to
highlight negligible scattering. Line plots with the filled area showing turbidity at
600 nm as a function of increasing concentrations of (i) p53C (green palette), (j)

M2371 (gray palette), (k) p63C (red palette), and (1) p73C (blue palette) at 4, 25, and
37 °C. Plots in (k, 1) show two segments in the y-axis to highlight negligible turbidity.
Red and blue palettes are not depicted in (k, 1) due to similar values across studied
temperatures. Scatter dot plots showing the thioflavin T fluorescence as a function of
increasing temperatures (4, 25, and 37 °C) of (m) p53C, (n) M2371, (o) p63C, and (p)
p73C. The color palette is the same as in (i-1). Plots show two segments in the y-axis
to evidence large changes in the thioflavin T signal across studied proteins. The data
are shown as the mean + s.e.m. of n = 3 independent experiments using the same
protein batch.

that p53C seeds can trigger p63 aggregation even in significantly reduced
concentrations. To evaluate the nature of the p63C aggregates seeded by
M2371 p53C, we performed the same seeding experiment under a
microscope. We imaged the aggregates following the rhodamine-labeled
p63C, the thioflavin T (ThT) fluorescence, and the intrinsic fluorescence
of the aggregates upon excitation in the visible range (Fig. 5d). ThT is a
well-described probe that reports amyloid structures. Additionally, the
intrinsic fluorescence at the visible range has been used to report the

cross-p sheet scaffold of canonical amyloids, such as amyloid 1-42,
lysozyme, and the Tau protein®’. During the cross-B sheet conversion,
electronic states seem to become available, leading to this convenient
label-free fluorescence”. The results show that seeds of M2371 p53C
convert rhodamine-labeled p63C droplets into aggregates that bind both
ThT and have intrinsic fluorescence upon visible excitation (Fig. 5d).
Further, we followed the seeded aggregation of p63C over time using the
bright-field and Congo red channels (Supplementary Movies 4-8). Our
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Fig. 3 | Influence of p53C on p63C and p73C aggregation. Microscopy images
showing the rhodamine-labeled (a) p63C and (b) p73C fluorescence and bright-field
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and 37 °C. Scale bar: 20 pm.

data revealed a seeding-induced conversion of non-amyloid p63C dro-
plets into aggregates presenting amyloid-like features.

We also investigated the impact of coaggregation with p53C and the
M2371 mutant on the secondary structure of p63C (Supplementary
Fig. 6a, b). Far-ultraviolet circular dichroism experiments revealed a
significant loss of secondary structure in p63C induced by the wild-type
p53C and the M2371 mutant (Supplementary Fig. 6a, b). The loss of
secondary content is evident from the decrease in the absolute value of
the mean residue molar ellipticity [0]ygrg. Further, a shift in the
absorption valleys of p63C and p53C WT/M2371 was observed after
incubation at 37°C from 215nm to 218 nm. The changes in the sec-
ondary structure, estimated as detailed in the referenced study“, are
shown in Supplementary Fig. 6¢. A relative increase in -sheet content is
observed when p63C coaggregates with either wild-type p53C or the
M2371 mutant. It is worth mentioning that amyloid aggregates feature
increased [-sheet content”. At 37°C, p63C in solution exhibits
approximately 11% a-helix and 33.2% B-sheet content. These percen-
tages show slight changes after adding 15% PEG 4000: 12.7% a-helix and
29.5% [-sheet. However, under coaggregation conditions with the p53C
M2371 mutant in the presence of 15% PEG 4000, the a-helix content
decreases to 2.7% while the B-sheet content increases to 41.3%.

Although the M237I mutation is located within the p53C Zn**-binding
motif, causing increased structural instability and propensity to aggregate, it
is not as frequent in cancer as the hotspot mutations R248Q, R2495, and
R273H. To address whether a few of these mutations recapitulate the M2371
phenotype of converting p63C droplets into aggregates, we first showed that
when EGFP-tagged and recombinantly enriched in solution, R249S and
R273H aggregate differently in comparison to M2371. The morphology of
R273H aggregates revealed less “sticky” and more diffuse than those
observed for M237I and R249S (Supplementary Fig. 7a). Previous studies
showed that the effects of R273H on p53C structural rigidity are weaker than
that of M2371 and R249S*, which may explain distinct morphologies. Next,
we investigated the ability of Alexa Fluor 488-tagged p53C R248Q and
R249S seeds to induce the aggregation of rhodamine-labeled p63C droplets.

We observed by visual inspection that R249S p53C seeds have a greater
tendency to convert p63C droplets into aggregates, as do R248Q seeds
(Supplementary Fig. 7b, c). Altogether, we showed that R248Q and R249S
recapitulate, to a different extent, the M2371I phenotype of converting p63C
droplets into aggregates, which is most likely explained by their different
effects in disrupting the p53C stability.

Mutant p53C induces solid-like phase transition in full-length p63
and p73 within the nucleus

To elucidate the colocalization of the M2371 p53 with endogenous p63 and
p73, we employed a specialized transfection protocol on p53-null H1299
carcinoma cells. Previous studies have shown that the full-length M2371 p53
tends to undergo phase separation in the nucleolus, forming gel-like
droplets™. Figure 6 illustrates that transfected cells displayed p73 puncta
colocalizing with EGFP-tagged p53 M2371 within the nucleolar membra-
neless compartments (Supplementary Fig. 8). It is noted that colocalization
of p73 and the p53 M237I mutant was less common in other nuclear areas.
M2371 p53 and p63 colocalization were sparsely visualized (data
not shown).

To better visualize co-phase separation of full-length M2371 p53/p63C
and M2371 p53/p73C within cells and get an idea of their dynamics, we
performed co-transfection assays to evaluate the colocalization of p53
M237I-EGFP and p63C-mCherry (Fig. 7a) and p73C-YFP (Fig. 7b) in p53-
null H1299 carcinoma cells. Figure 7 shows colocalization of the two pro-
teins in droplet-like states within the nucleus, particularly in the nucleolus.
Fluorescence recovery after photobleaching (FRAP) to assess the fluidity of
the p63C-mCherry and p73C-YFP signal shows the recovery is much slower
and incomplete in the nucleolus (Supplementary Fig. 9), indicating that
p63C and p73C are undergoing a gel- or solid-like transition typical of
amyloid formation (Fig. 7c, d).

Sequence analysis of the p53 family members and phase
separation motif propensities

The analysis of p53, p63, and p73 reveals that these proteins share almost
50% identity and 75% conservation (yellow bar, Supplementary Fig. 10),
especially within the DNA-binding domains, which is crucial for their
transcriptional activity and structural integrity. Divergence is noted
primarily in the N-terminal transactivation and C-terminal regulatory
domains, influencing each protein’s functional roles and differential
aggregation tendencies. Specific regions within the DNA-binding
domains of all variants, especially around amino acids 251-257 (p53
numbering 251- ILTIITL -257), exhibit conserved hydrophobic residues
contributing to aggregation’’*’. The corresponding segments within the
p63 and p73 are ILIIVTL and ILIIITL, respectively (dashed rectangle,
Supplementary Fig. 10). The Thr-to-Ile substitution at position 253 (p53
numbering) changes a polar side chain in p53C to a highly hydrophobic
one in p63C. This segment is located within the middle of a $-strand,
which may increase local hydrophobicity and contribute to phase tran-
sition. However, this observation contrasts with the fact that p63C is less
prone to amyloid aggregation than p53C’". The increased hydrophobicity
of an already highly hydrophobic segment may have minor contributions
to phase transition events. Indeed, Thr-to-Ile substitution at position 253
in p53C and Tyr-to-Phe at position 236 has shown increased p53C
stability”’. Therefore, other hotspot sites within the p53 are more likely to
contribute to phase transitions, i.e., those related to the Zn”-binding
motif and within the DNA-binding interface. The oligomerization
domains (OD) (Supplementary Fig. 10), essential for tetramer formation,
show conserved and divergent features that might influence aggregation
behavior differently among the proteins. The most significant difference
between the proteins is the presence of the Sterile-alpha-motif (SAM)
domain and the transactivation inhibitory (TI) domain, both absent in
p53. The SAM domains in p63 and p73 are critical in protein-protein
interactions that control their functions™. They consist of a conserved
structure with five helices connected by linkers, essential for their stability
and interaction abilities.
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Fig. 4 | Aggregation of p63C and p73C induced by p53C and M2371. Microscopy
images showing the Alexa Fluor 488 (AF488) labeled (a, ¢) p53C or (b, d) M2371

(green), the rhodamine-labeled (Rhod) (a, b) p63C or (¢, d) p73C (red) fluorescent
channels together with the bright-field and merged images at 4 and 37 °C. Scale bar:
20 pm. e Schematic representation of the crosstalk within the p53 family members at

4 (dashed cyan) and 37 °C (dashed orange). Red and blue circles depict demixing
with droplet formation. Red and white circles filled with an asterisk indicate a
mixture of droplets and aggregates, and mainly aggregates, respectively. NA stands
for not analyzed.

To predict sequence motifs in p53, p63, and p73 that may undergo
phase separation and disorder-to-disorder transitions, we used FuzPred*"*
and FuzDrop™ . Supplementary Fig. 10 shows droplet-promoting regions
(DPRs) and disorder-to-disorder segments within p53, p63, and p73,
respectively. DPRs in p53 are identified at residues 1-24, 28-108, 277-337,
and 341-393 (blue, Supplementary Fig. 11a). Disorder-to-disorder regions
(pDD) are noted at residues 1-20, 56-94, 284-319, and 346-393 (orange,
Supplementary Fig. 11a). In p63, DPRs are identified at residues 36-53,
116-189, 279-296, 343-386, and 436-547 (blue, Supplementary Fig. 11b)
and pDD at residues 38-64, 116-186, 339-382, and 443-539 (orange,
Supplementary Fig. 11b). In p73, DPRs are identified at residues 1-16,
60-124, 157-172, 315-352, 380-499, and 596-611 (blue, Supplementary
Fig. 11¢) and pDD at residues 1-15,47-120, 318-343, and 396-483 (orange,
Supplementary Fig. 11c). Different from what was observed within the
DNA-binding domain of p53, the p53 family members p63C and p73C
revealed segments within their DNA-binding domains that may contribute
to droplet formation. The transactivation domains of all p53 family mem-
bers showed segments related to droplet formation. Curiously, all SAM
domains of p63 and p73 are also involved in phase separation events.

Heparin blocks p53C-induced prion-like aggregation in p63C and
p73C proteins

Collectively, the coaggregation phenomena depicted above in vitro and in
cell highlight a potential mechanism of template conversion. The seeding
ability of M237I, R248Q, and R249S on converting non-amyloid p63C
droplets into amyloid aggregates underscores the capability of mutant p53C
to facilitate pathological amyloid aggregation in p63C and p73C proteins,
which generally do not form such aggregates. This coaggregation activity,
potentially contributing to the oncogenic gain-of-function observed in
tumors harboring mutant p53, was revealed through our microscopic
analysis. These findings illuminate the potential for mutant p53 to modulate
the phase behavior of p63 and p73, implicating it in the pathological
aggregation processes tied to cancer.

The amyloidogenic propensity of p53 mutants suggests potential
avenues for novel therapeutic interventions in cancer. One such approach to
disrupt the amyloidogenic process involves the utilization of inhibitors
targeting p53 aggregation. Our previous research found that heparin
modulates p53 phase separation, inhibiting its progression to a more solid
state and likely maintaining it in a dynamic, gel-like state””. Consequently,
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we explored whether heparin could similarly influence the prion-like
seeding property of p53C (Fig. 8a—d). The data revealed that in the presence
of heparin, M237I p53C seeds fail to induce the transition of p63 and p73
from droplets into aggregates (Fig. 8¢, d and Supplementary Fig. 12). Light
scattering measurements provided further support, demonstrating that
both wild-type and mutant p53C diminished p63C aggregation in the
presence of heparin while likely leaving the p63C droplets unaffected
(Fig. 8a, b). These findings underscore the potential of heparin as an inhi-
bitor of p53-mediated aggregation of p63C, highlighting its promise as a
therapeutic intervention in cancer.

Discussion

Our results feature the fundamental role of phase separation in the patho-
physiology of p53-related cancers. The transition of p53 from a liquid to a
solid state, observed in both mutant and wild-type forms, supports the
hypothesis that protein phase behavior is intrinsically linked to cellular
dysfunction in cancer''. The novel finding that p53 can induce the amyloid
aggregation of its paralogs, p63, and p73, from the droplet state advances our
understanding of the molecular underpinnings of oncogenesis. The results
are summarized in a scheme in Fig. 9. This phenomenon highlights the dual
nature of p53 as both a guardian against and a facilitator of tumorigenesis,
depending on its conformational state.

The capacity of both mutant and WT p53C to induce a shift in p63C
and p73C from a liquid to an amyloid-like solid state implies a potential
universality in the aggregation mechanisms of these proteins. This insight is
paramount as it suggests that the oncogenic potential of p53 may not be
solely relegated to its mutant forms. Instead, it positions the phase behavior
of p53 as a central factor in the dysregulation of tumor suppressor
functions'****. Safari and colleagues first explored the phase behavior of p53
in vitro, and full-length p53 phase separation was revealed as an anomalous
condensate™. Kamagata et al. explored the role of p53 IDRs into phase
separation™. The authors showed that full-length p53 phase separation is
modulated by pH and salt™. P53 depleted by the C-terminal residues 356-
393 substantially decreased PS when modulated by salt and pH. However, it
was completely abrogated when the N-terminal residues 1-94 were deleted

from the full-length protein®. The TET-CT itself does not phase separate as
well’’. Our group has demonstrated that a p53 construct comprising resi-
dues 1-320 has a much lower propensity to aggregate than the DNA-binding
domain'’. The TAD (residues 1-94) negatively regulates p53 aggregation,
potentially because of transient p53 intramolecular interactions with the
DNA-binding domain, as revealed by NMR data”. Further, Usluer et al.
showed that p53 TAD2 binds to poly-PR/GR dipeptide repeats, inducing
phase separation through electrostatics and hydrophobic interactions™. The
role of the phosphorylated residue Ser392 at the p53 C-terminal has been
addressed as an essential modulator of PS™. Other authors also revealed
phase separation of the unstructured basic region (UBR), comprising resi-
dues 293-393, and that mutations within the tetramerization domain
impaired phase separation”. While the IDRs of p53 are participative in the
events of PS, we emphasize the importance of the structured DNA-binding
domain as a pivotal trigger in dysregulating tumor suppressor functions
through PS.

A droplet of p53C represents an environment in which p53 is highly
concentrated, favoring amyloid aggregation. P53C is a metastable domain
with a mid-physiological melting temperature®, meaning it may undergo
order-to-disorder transitions that could aid in phase separation and
aggregation. Destabilized p53C hotspot mutations in cancer potentially
accelerate these processes and may eventually sequester p63 and p73 pro-
teins, as shown before in vitro and iz cells’. Here, we included a novel piece of
evidence for this puzzle. The non-amyloidogenic p63C and p73C droplets
are converted to amyloid-like aggregates upon a seeding-induced
mechanism triggered by cancer-related p53C mutations. The implications
of this finding open debates on the circumstances in which phase separation
is indeed an on-pathway route to aggregates. In proteins linked to neuro-
degenerative disorders such as hnRNPA1, a low complexity domain named
A1-LCD, undergoes homotypic interactions modulating metastable dro-
plets that suppress fibril formation®. In the case of profilin, an abundant
cellular protein, it binds to the N-terminal fragments of the huntingtin
protein, destabilizing aggregation, and phase separation through an event
known as polyphasic linkage™. In amyotrophic lateral sclerosis (ALS),
mutations in TDP-43 have been shown to disrupt phase separation by
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Fig. 6 | Exogenous full-length p53 M2371 co-localizes with endogenous p73.
a—e Collection of images showing endogenous p73 colocalization with exogenous
full-length p53 M2371 inside membraneless compartments. Five distinct regions of
interest and the corresponding channels: p73 (red), EGFP-tagged p53 M2371

Bright-field

(green), nuclei (blue), bright-field, and merged. Last panel show zoomed images
from dashed rectangles to emphasize p53 and p73 colocalization spots (white and
black arrowheads).

inhibiting interactions and helix stability*. The mentioned works point to
the scenario where phase separation is not necessarily an intermediate
toward protein aggregation.

Nevertheless, contrasting results have shown, evidence of phase
separation and aging to amyloid fibrils* or at least enhanced fibrilization in
protein-rich droplets® for the same hnRNPA1 protein. For the ALS-
associated FUS protein, aging to aggregates requires an on-pathway phase
separation event”. In the case of p53, seeds of the cancer-related mutations
M2371, R248Q, and R249S are competent to convert non-amyloidogenic
p63C droplets into amyloid-like mixed aggregates.

Another important discussion is whether p53 phase separation and
aggregation are triggered solely by the intrinsic feature of a destabilized
aggregation-prone p53C mutated domain or whether other molecules are
participative. Our co-transfection experiments using EGFP-tagged full-
length p53 M2371 with mCherry-tagged p63C or YFP-tagged p73C
revealed co-phase separation of M237I p53/p63C and M2371 p53/p73C
within the nucleolus, an environment full of nucleic acids. We have
reported the complex role of DNA and RNA binding to p53C and their
modulatory role in p53C aggregation and phase separation®®”. There-
fore, it is tempting to speculate that these molecules could bi-directionally
tune p53 inside cells to move forward into aggregates or back to meta-
stable droplets. However, we cannot underpin these questions, especially
considering a complex tripartite system of DNA/p53/p63. Considering
the destabilized cancer-related p53C mutations, their effects on DNA-
binding capabilities and protein instability are also distinct. For instance,
M2371 is located within the Zn**-binding site and directly increases the

hydrophobicity near the Cys3-His motif. It drastically impacts the p53C
structure integrity and DNA binding ability and is highly
aggregational™*. R248Q and R273H are DNA contact mutations that
dramatically affect p53’s DNA binding abilities but do not substantially
impact the structural folding of p53C*. Conversely, R249S, although not
located within the DNA binding interface, nullifies DNA binding and
mildly affects p53C folding®. The distinct signatures of these p53C
mutations explain their distinct aggregation tendencies. However, they
are all competent in seeding the conversion of p63C droplets into
amyloid aggregates, indicating intrinsic features within the p53C folding
prone to induce a seeding conversion mechanism.

Also, what could be the role of these p53 family condensates in reg-
ulating or enhancing transcription activity? A series of transcriptional fac-
tors (TFs), including Myc, p53, NanoG, Sox2, RARa, Gata2, and ER, have
been shown to undergo phase separation with the Mediator complex
through their activation domains™. It is worth mentioning that the Mediator
comprises a subset of TFs required to transcribe most protein-coding
genes’'. For the OCT4 TF, acidic residues within its activation domain are
required to phase separate with MED1-IDR droplets, a Mediator subunit,
and gene activation in vivo”’. Our sequence analysis returned 12, 14, and 10
for p53, p63, and p73 acidic residues (Asp + Glu) within their transacti-
vation domains, so it is possible these residues likely participate in hetero-
typic phase separation. Full-length p53 is also trapped in MEDI1-IDR
droplets, and FRAP analysis of these p53-MEDI1 droplets revealed rapid and
dynamic reorganization”. Another study indicated that TF droplets have a
neutral or inhibitory effect on transcription activation”. To our knowledge,
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Fig. 7 | Internal dynamics of membraneless compartments comprising p53
M2371/p63C and p53 M2371/p73C proteins. a, b Images of individually tagged p53
family members p63C and p73C co-transfected with full-length p53 M237I in
H1299 p53-null cells. Arrows indicate membranelle compartments. Dot plots

showing the time-dependent fluorescence recovery of (c) the p53 M2371/p63C and
(d) the p53 M2371/p73C nuclear (black) and nucleolar (red) regions. The data are
shown as the mean * s.d. of n =5 cells of the same coverslip.

the regulation of transcription activity by p53 droplets, either physiologically
or through the enhancement of transcription in heterotypic p63/p53 dro-
plets involving cancer-related p53 variants, remains unknown and warrants
further exploration.

In non-cancerous cells, p53 is expressed at low concentration with
half-time of minutes. There is an increase in p53 concentration only
under stress; under some circumstances, the protein eventually under-
goes phase separation into a condensate, where it exerts its function™.
The observed heterotypic phase transition involving p53 and the paralogs
p63 and p73 provides a new perspective on the gain of function (GoF)
associated with mutant p53. It is tempting to associate the oncogenic
properties of mutant p53 with its propensity to alter the phase state of
other proteins rather than solely from direct genetic alterations. These
findings align with emerging models of cancer that emphasize the sig-
nificance of protein-protein interactions and the tumor microenviron-
ment in disease progression. It is tempting to suggest that the aberrant
condensates of mutant p53 may act as a scaffold on p63 and p73 and
other transcription factors.

Recent research has revealed that heterotypic condensates composed of
prion protein and a-synuclein can transition from liquid to solid. This
transformation is mainly modulated by RNA, resulting in the formation of
heterotypic amyloids”. The same research team has observed that tau
protein and PrP droplets mature as they age, culminating in a solid-like state
characterized by amorphous and amyloid-like co-aggregates™. Early fibrils
formed by model peptide insulin fragments (ACC1 — 13) have been
observed within individual liquid droplets, suggesting a potential pathway
from LLPS to fibril formation™. In our study, this progression from liquid

droplet to the amyloid state of initially non-amyloidogenic proteins p63C
and p73C is facilitated by mutant p53C.

Our findings highlight the complex interactions between proteins
implicated in oncogenic diseases. Our study introduces a novel perspective
by demonstrating that heterotypic interactions between p53 and its para-
logs, p63, and p73, can lead to amyloid aggregation. The results mark the
first instance of such an effect in cancer-associated proteins, broadening our
understanding of protein phase transitions in oncology. Evidence indicates
that p53 amyloid aggregates can entrap p63 and p73 in both in vitro and
in vivo settings™”', but the underlying mechanisms of this sequestration
remained obscure. Our findings elucidate that p53C aggregates directly
engage with biomolecular condensates of p63C and p73C (Figs. 4 and 6),
providing a mechanistic understanding of this interaction.

Moreover, the prion-like conversion of p63C and p73C by mutant
p53C broadens the scope of potential therapeutic targets within the
p53 signaling cascade''*”>””. The selectivity of these interactions provides a
unique opportunity to design inhibitors that specifically disrupt the aberrant
phase transitions while preserving the normal functions of these proteins.
Numerous studies have identified p53 aggregation as a promising focus for
anticancer therapies'"'>'***”%*2, The recent discovery that antineoplastic
drugs are preferentially localized within specific protein condensates in the
nuclei of tumor cells”” underscores the significance of our findings
regarding the conversion of non-amyloidogenic tumor suppressors p63C
and p73Cby mutant p53C. This observation suggests that drugs designed to
target p53 aggregation might selectively accumulate in the condensates that
contain p53 and its related proteins, enhancing the specificity and efficacy of
therapeutic interventions.
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Fig. 9 | Main findings of the study. Schematic showing the effects of p53C and
M2371 converting p63C and p73C droplets into amyloid aggregates at physiologi-
cally relevant temperatures. Heparin averts p53C/p63C or p53/p73C aggregates. At
4°C, phase separation but not phase transition occurs.

Our experiments with heparin serve as a proof of principle, demon-
strating that the seeding-induced transition of p53C to an aggregated state,
affecting its paralogs p63C and p73C, can be halted. Heparin not only arrests
the transition of p53C into the amyloid state but also inhibits the seeding of
p53C on the liquid droplets of p63C and p73C (Fig. 8). This striking
observation presents potential therapeutic avenues to be explored using
similar polyanions, including specific RNA or DNA sequences and certain
small molecules. While there is evidence that heparin can enter cells*™,
bringing direct relevance to the inhibition of p53 phase separation and
aggregation in cancer, our primary intention in using this negatively charged
molecule is to emphasize the electrostatic interaction that modulates PS and
aggregation. DNA and RNA can avoid and modulate p53C aggregation®®.
Similarly, other compounds with polar and negatively charged groups, such
as emodin®, resveratrol”, ADH-6%, prima-1*, and others', have

consistently avoided or reversed p53 aggregation. Further, carbohydrate-
based anticancer conjugates87 and functional groups such as ~ OH, ~SO5/,
COO;, and NO, are reasonable choices for developing p53 anti-
aggregational compounds.

The complexity of the nuclear environment, with its abundance of
nucleic acids, appears to influence p53 phase separation and aggregation, as
referenced in several studies'"****”", Variables such as the RNA-to-protein
ratio have been shown to modulate the phase transition of mutant p53*>***,
and this modulation extends to its paralogs, as demonstrated in our heparin
experiments.

Our findings demonstrate the colocalization of the M237I full-length
P53 mutant with p73 in fixed cells, as well as the colocalization of M2371 p53
with p63C and p73C in the nucleolus of living cells, aligning with the results
from in vitro studies. In living cells, we assessed the fluidity of M2371 p53/
p63C condensates in both the nucleoplasm and nucleolus. While the
nucleoplasmic condensates showed almost complete fluorescence recovery
after photobleaching, recovery in the nucleolus was significantly slower and
incomplete, indicating a stiffening characteristic of the amyloid conversion
of p63C induced by mutant p53. Similar results were obtained with p73C. In
summary, cells co-transfected with the M237I p53 mutant and p63C or
p73C exhibit colocalization and phase transition, as evidenced by reduced
fluorescence recovery after photobleaching.

While our research has advanced the understanding of p53 phase
transitions, certain aspects warrant further investigation. The broader
spectrum of environmental and genetic factors that may impact this process
within the cancer cell milieu is ripe for detailed investigation. The role of
post-translational modifications on the phase behavior of these proteins also
presents a promising avenue for research. Pursuing in vivo studies will be
crucial to expand upon our findings and deepen the understanding of how
targeting phase transitions in the p53 protein family may hold
therapeutic value.

In conclusion, the study contributes a significant piece to the puzzle of
P53 in cancer biology. By delineating the conditions that precipitate the
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phase transition and amyloid aggregation of p63C and p73C, we have
identified a potential vulnerability in cancer cells that could be exploited in
developing novel anticancer therapies. Future work focusing on developing
small molecules or biologics that can prevent or reverse the amyloid
aggregation of p53 paralogs holds the promise of advancing cancer treat-
ment strategies. The path ahead is challenging but filled with the potential
for significant breakthroughs in the fight against cancer.

Methods

Protein expression and purification

The genes encoding p53C WT and M237I, p63C, and p73C proteins were
subcloned into pET15-b (Addgene, #24866), pET28-a, and pNIC-CTHF
vectors (Addgene, #39077), respectively, and were expressed in Escherichia
coli BL21-CodonPlus. Cultures were grown in Luria-Bertani medium and
incubated at 37 °C until the optical density (ODggo) of 0.8 was reached.
Protein expression was induced with 1mM isopropyl-B-D-
thiogalactopyranoside (IPTG) overnight at 25°C under agitation. Cells
were harvested by centrifugation and resuspended in buffer (pH 7.4) con-
taining 50 mM Tris-Cl, 500 mM NaCl, 5mM dithiothreitol (DTT), and
1 mM phenyl-methyl-sulfoxide (PMSF) protease and disrupted by sonica-
tion. Insoluble proteins and cell debris were separated by centrifugation.
Highly homogenous samples of p53C WT, p53C M2371, R248Q, R249S,
and p63C were obtained with the following chromatography steps: soluble
fraction of each protein was loaded onto a HisTrap FF nickel affinity column
(Cytiva) or SP Sepharose (p53C R248Q and R249S) and elution was per-
formed with a linear increasing imidazole gradient. Cleavage of the fusion
tag was achieved by thrombin digestion [1:1000 w/w] at 4 °C overnight. The
product was diluted and loaded onto a Heparin Sepharose FF affinity col-
umn. The p73C purification was described elsewhere’'. Briefly, a soluble
fraction of p73C was loaded onto the HisTrap FF nickel affinity column
(Cytiva), digested with Tobacco Etch Virus (TEV) protease [1:50 w/w],
reapplied in a HisTrap FF column (Cytiva) and the non-bound was col-
lected. All final samples were dialyzed against 20 mM Tris-Cl (pH 7.4),
150 mM NaCl, 5 mM DTT, 5 uM ZnCl,, 5% glycerol and stored at —80 °C.
Before each experiment, all proteins were thawed on ice, centrifuged at
14,000 g 4 °C for 15 min, and passed through a 100 kDa microcon cen-
trifugal filter to exclude residual aggregation. Protein final concentration for
each experiment was measured using absorbance at 280 nm and extinction
coefficient of 18,040 M'em™ for p53C WT and M2371, 15,930 M 'cm ™
for p63C, and 18,910 M'cm " for p73C. The EGFP-tagged proteins p53C-
M2371, -R249S, and -R273H were purified as described in ref. 92 with gentle
modifications. The full-length p53 was produced as in ref. 56. SDS-PAGE
gels revealed the enriched status of proteins used in this study (Supple-
mentary Fig. 13).

Protein labeling

For some phase separation microscope experiments, p63C and p73C were
labeled with NHS-Rhodamine (Thermo Scientific) and p53C WT, M237I,
R248Q, and R249S with Alexa Fluor 488 (Thermo Scientific) fluorescent
dyes using the manufacturer’s specifications. Each protein was dialyzed
against 0.1 M sodium bicarbonate pH 8.5 and incubated on ice for 2 h with a
five-fold molar excess of NHS-Rhodamine or one vial of Alexa Fluor 488.
The dye excess was separated using a HiTrap Sephadex G-25 Desalting
column (Cytiva), and proteins were eluted in 20 mM Tris-Cl (pH 7.4),
150 mM NaCl, 5mM DTT, 5 uM ZnCl,, 5% glycerol. Protein concentration
and labeling efficiency were calculated as described in each manufacturer’s
user guide.

Differential interference contrast microscopy (DIC) and fluores-
cence microscopy

DIC and fluorescence images were captured using a Zeiss LSM 710 confocal
laser scanning microscope equipped with a Plan-Apochromat 63x/1.4
objective lens. Supernatants were combined with a pre-chilled 50% PEG-
4000 stock solution at 4 °C, resulting in a final PEG concentration of 15%
for all experiments unless otherwise specified. Samples (20 uL) in 20 mM

Tris-Cl (pH 7.4), 150 mM NaCl, 5 mM DTT, and 5 uM ZnCl, were loaded
onto coverslips, and imaging was conducted at room temperature. For
concentration-dependent experiments involving p63C and p73C (Fig. 1a),
PEG-4000 was added to protein solutions at concentrations ranging from 10
to 100 pM (at 4 °C), and images were captured using DIC microscopy.
Temperature-dependent experiments were performed with 60 uM proteins
at4, 25, or 37 °C for 3 min (Fig. 1¢), extending to 30, 90, or 270 min (Fig. 1d).
To perform the Congo Red (CR) binding assay (Fig. 2a-d), proteins at
concentrations of 60 uM were initially incubated at 4 or 37 °C for 3 min
before the addition of CR (10 uM). After the CR addition, PEG-4000 was
added to the sample, which was then analyzed.

The influence of wild-type p53C on p63C and p73C aggregation
dynamics (Fig. 3) involved mixing NHS-Rhodamine labeled p63C or
p73C (40 uM) with wild-type p53C (40 uM) and PEG-4000. Addition-
ally, aggregation of p63C and p73C induced by wild-type p53C and
M2371 in the presence of PEG (Fig. 4a—d) was investigated, where NHS-
Rhodamine labeled p63C or p73C (40 pM) was combined with Alexa
Fluor 488-labeled wild type p53C or M2371 (40 uM) and PEG-4000 for
imaging at 4 and 37 °C. For seeding of p53C and heparin effects on p63C
droplets conversion to aggregates (Figs. 5, 8, and supplementary videos),
Alexa Fluor 488-labeled wild-type p53C or M2371 seeds were prepared
using a 60 pM stock solution incubated at 37 °C for 3 min. The stock was
combined with NHS-Rhodamine labeled p63C (60 uM) to a 1.5 uM final
seed concentration before the addition (or not) of heparin (10 pM).
Then, PEG-4000 was introduced, and the sample was imaged. Image
processing was performed using Fiji, a distribution package of Image]
software.

Fluorescence recovery after photobleaching (FRAP)
FRAP experiments were performed and analyzed as described previously™.

Thioflavin T and light scattering

Light scattering (LS) and Thioflavin T experiments were performed in an
ISSK2 spectrofluorometer (ISS Inc). To investigate the influence of tem-
perature in LLPS/aggregation, wt p53C, M2371, p63C, and p73C were
prepared in a buffer containing 20 mM Tris-Cl, (pH 7.4), 150 mM NaCl,
5mM DTT, 5 uM ZnCl,, and 5% glycerol. The proteins were then subjected
to pre-incubation at concentrations of 60 (M, with or without the addition
of 15% (w/v) PEG-4000, for 3 min across different temperatures: 4 °C, 25 °C
or 37 °C. Samples were excited at 320 nm, and emission was recorded from
300 to 340 nm. Experiments were performed with a 5 nm slit width and 90%
of the iris closed. Data were expressed as the area under the LS curve.
Samples in the same condition were incubated with Thioflavin T at 10 uM
final concentration, excited at 450 nm, and emission was recorded from 460
to 500 nm. Thioflavin T emission was expressed as intensity at 470 nm.
Light scattering and Thioflavin T co-aggregation experiments were con-
ducted as described above with 40 uM of p53C or M2371 and 40 pM p63Cin
the same buffer in the presence or absence of 15% (w/v) PEG-4000. Mixtures
were pre-incubated at 4 °C and 37 °C for 3 min before each measurement.
Heparin at a final concentration of 10 uM was used to investigate its
modulatory properties during aggregation. For seeding experiments, a stock
solution of p53C or M2371 at 60 uM final concentration was submitted to
aggregation at 37 °C for 3 min. Then, it was diluted to a final concentration
of 1.5 uM and mixed with 60 pM of p63C in the presence of 15% (w/v) PEG-
4000. Light scattering and Thioflavin T binding were investigated as
described before.

Turbidity measurements

Turbidity assays were performed in a Varioskan Lux 3020-81205 Micro-
plate Reader (Thermo Scientific). P53C, M237I, p63C, and p73C dissolved
in a solution of 20 mM Tris-Cl (pH 7.4), 150 mM NaCl, 5mM DTT, and
5 uM ZnCl,, with15% (w/v) PEG-4000 at concentrations ranging from 10 to
100 uM were transferred to a 96 well optical black/transparent bottom plate
(Thermo Scientific) and pre-incubated for 3 min at 4 °C, 25 °C or 37 °C.
Turbidity was measured as absorbance at 600 nm.
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Cell culture

Human non-small lung carcinoma H1299 cells were obtained from The Rio
de Janeiro Cell Bank (RJCB) and cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum. Cells were maintained at 37 °C in an
atmosphere containing 5% CO,.

Cell transfection

Transfection experiments were performed following the Lipofectamine
2000 reagent (Invitrogen) protocol provided by the manufacturer. The day
before transfection, 5 x 10* cells were cultured in a 24-well plate containing a
glass coverslip. After reaching 70% of confluency, H1299 cells were trans-
fected with ten ug of pPEGFP-N1 vector (Clontech), containing a C-terminus
EGFP-tagged sequence of the full-length M2371 p53 protein (Addgene,
#11770), and 4 pL of Lipofectamine 2000 reagent. After 24 h since trans-
fection, the immunofluorescence protocol was performed. The pEGFP-N1
vector was modified for co-transfection experiments to carry mCherry-
tagged p63C and YFP-tagged p73C (GenScript, Piscataway, NJ).

Immunofluorescence

The H1299 cells were washed thrice with PBS and fixed with paraf-
ormaldehyde 4% for 20 min at room temperature. Then, cells were washed
with PBS and permeabilized with Triton X-100 (0.5%) for 15 min. After
another wash step with PBS, cells were incubated with a 3% bovine serum
albumin (BSA) (Sigma) solution for 1 h at room temperature. Cells were
labeled with monoclonal anti-p73 antibodies (Sigma, #F3117) in three
different dilutions: 1:50, 1:100, and 1:200 overnight at 4 °C. After that, cells
were washed with PBS and incubated with a 1:1,000 dilution of Alexa Fluor
568 antibody for 1 h at room temperature in the dark. Finally, cells were
washed with PBS and fixed with Vectashield Antifade Mounting Medium
with DAPIL Images were acquired with an ELYRA LSM 710 confocal laser
scanning microscope (Carl Zeiss, Inc.).

Circular dichroism

Far-UV circular dichroism (CD) experiments were conducted on a Jasco
J-1500 Spectrophotometer using a 0.1 cm quartz cuvette. Spectra were
collected between 200 and 260 nm and are represented as the average of five
scans. Co-aggregation experiments were performed as described in the
“Thioflavin T and light scattering measurements” section with p53C WT,
M2371, and p63C dissolved in 20 mM Tris-Cl, (pH 7.4), 150 mM NaCl,
5mM DTT, 5 uM ZnCl,. The mean residue molar ellipticity ([6]yrw) in
deg.cm”.dmol ™ was calculated as described below:

mdeg
[Bvmw] = 10 I%[c]*N

where mdeg corresponds to the raw ellipticity, [ is the path length in cen-
timeters, [c] is the molar concentration, and N is the number of peptide
bonds. Equal amounts of p63C and p53C WT / M2371 were used for co-
aggregation experiments, and the number of peptide bonds was calculated
as the average of the p63C and p53C WT/M237I peptide bonds. Changes in
the absorption peaks within the far-UV range indicate changes in the
secondary content of the studied species. P-sheets and a-helices are
constrained by phi/psi angles as such, ca. —120°/ + 120° and —57°/—47°,
respectively. Therefore, electronic absorptions of the peptide bonds are also
characteristic depending on the secondary content, as follows: in -sheets a
negative band at 215 nm and positive at 198 nm refer to n-n* and m—m*
transitions, respectively. Meanwhile, a-helices feature negative bands at 222
and 208 nm relying on n—m* and n-7t* transitions™. Data deconvolution can
track these subtle secondary changes. We performed the secondary
structure deconvolution using the SELCON3 method in the DichroWeb
suite™.

Sequence alignment
The sequences of p53 (UniProt ID: P04637), p63 (UniProt ID: Q9H3D4),
and p73 (UniProt ID: O15350) proteins were aligned using the Multiple

Alignment using Fast Fourier Transform (MAFFT) method. This align-
ment technique was chosen for its accuracy and efficiency in handling large
datasets and ensuring precise alignments. The alignment and conservation
analysis were performed using Jalview software, version 2.11.3.3. Sequences
were obtained from the UniProt database, and conservation scores were
calculated using the BLOSUMS62 substitution matrix. The Clustal X color
scheme was applied for residue coloring, enhancing the visual representa-
tion of conserved and variable regions within the aligned sequences.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data and biological materials generated in this study are available from
the corresponding author upon request. The reporting summary for this
article is available as a Supplementary file. The source data underlying
Figs. 2e-p, 5a—c¢, 7¢, d, and 8a, b and Supplementary Figs. 6a, b are provided
in Supplementary data 1.
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