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The tumor suppressor protein p53 is mutated in half of all cancers and has been
described to form amyloid-like structures, commonly known from key proteins
in neurodegenerative diseases. Still, the clinical relevance of p53 aggregates
remains largely unknown, which may be due to the lack of sensitive and
specific detection methods. The aim of the present study was to compare
the suitability of four different methodologies to specifically detect p53
aggregates: co-immunofluorescence (co-IF), proximity ligation assay (PLA),
co-immunoprecipitation (co-IP), and the p53-Seprion-ELISA in cancer cell
lines and epithelial ovarian cancer tissue samples. In 7 out of 10 (70%) cell lines,
all applied techniques showed concordance. For the analysis of the tissue
samples co-IF, co-IP, and p53-Seprion-ELISA were compared, resulting in
100% concordance in 23 out of 30 (76.7%) tissue samples. However, Co-IF
lacked specificity as there were samples, which did not show p53 staining but
abundant staining of amyloid proteins, highlighting that this method
demonstrates that proteins share the same subcellular space, but does not
specifically detect p53 aggregates. Overall, the PLA and the p53-Seprion-ELISA
are the only two methods that allow the quantitative measurement of p53
aggregates. On the one hand, the PLA represents the ideal method for p53
aggregate detection in FFPE tissue, which is the gold-standard preservation
method of clinical samples. On the other hand, when fresh-frozen tissue is
available the p53-Seprion-ELISA should be preferred because of the shorter
turnaround time and the possibility for high-throughput analysis. These
methods may add to the understanding of amyloid-like p53 in cancer and
could help stratify patients in future clinical trials targeting p53 aggregation.
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Introduction

Protein misfolding, aggregation, and amyloid formation have
been associated with neurodegenerative diseases such as
transmissible spongiform encephalopathies (TSEs), Alzheimer’s
disease, Parkinson’s disease, and even diabetes type 2. The
disease-causing agents of TSEs, such as Creutzfeldt-Jakob disease
or bovine spongiform encephalopathy (BSE), are prions. They are a
subclass of amyloid proteins with the unique characteristic of being
infectious. Amyloids are aggregated proteins with enriched B-sheet
structures running perpendicular to the fibril axis, resulting in a
fibrillar structure (1). Misfolded forms of key proteins in
neurodegenerative diseases, such as B-amyloid or tau in
Alzheimer’s disease and o-synuclein in Parkinson’s disease, share
some of the characteristics of prions and have therefore been named
prionoids or prion-like proteins (2).

Intriguingly, the p53 protein has shown amyloid-like
behavior, thereby, adding cancer to the class of protein
aggregation diseases. A so-called aggregation-prone sequence
has been identified in the hydrophobic core of the DNA-binding
domain (3, 4). This region gets exposed upon conformational
changes caused by mutation, leading to the formation of
amyloid-like protein aggregates (4). The amyloid-like
structures formed by mutant p53 protein have been detected
in the cytoplasm and the nucleus in different types of cancer cell
lines and tumors (3, 5-8). It has been proposed that misfolded
mutant p53 protein exhibits an amyloid-like behavior by
converting correctly folded wild-type p53 to a misfolded
amyloid conformation (9). Moreover, mutant p53 can cause
co-aggregation not only of wild-type p53 but also of other
members of the p53 protein family, namely p63 and p73.
Therefore, the amyloid-like behavior of p53 can provide a
mechanistic explanation for the dominant-negative and gain-
of-function (GOF) effects of p53 (3, 10). Recently, it has been
shown that amyloid p53 exerts another characteristic feature of
prions, which is cell-to-cell transmission leading to the induction
of amyloid formation in neighboring cells (8).

TP53 mutations are found in more than 50% of cancer cases.
The mutation rate varies across different cancer types, including
ovarian cancer (OC) in which TP53 mutations are the most
frequent genetic alteration and the hallmark of precancerous
lesions. The most dominant OC subtype, high-grade serous
ovarian cancer (HGSOC), is characterized by an almost
ubiquitously presence of TP53 mutations (11). The ability of
p53 to form amyloid-like structures has been observed in
HGSOC cells exhibiting cancer stem cell properties, where it is
associated with chemoresistance (12, 13). This finding attracts
attention to amyloid-like p53 as a new potential therapeutic
target. The first inhibitor targeting aggregated p53, ReACp53,
was shown to diminish p53 amyloid formation and rescue the
p53 function in vitro and in pre-clinical testing in vivo (4).
Further, the combination of carboplatin and ReACp53 enhanced
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tumor cell targeting in OC cancer cell lines and patient-derived
HGSOC organoids (14).

Robust, sensitive, and reproducible methods to detect and
characterize amyloid p53 are a prerequisite for future studies
unraveling their clinical relevance and possible therapeutic intervention.

Currently, the state-of-the-art method for the detection of
p53 aggregates is the immunofluorescence co-localization assay
(co-IF) based on the co-localization of p53 and amyloid
structures (5-7, 10, 12, 15-18). For the detection of those
amyloid structures, various antibodies or amyloid-specific dyes
are available, including Thioflavin T, Congo Red, the anti-
oligomer antibody All, and the anti-amyloid fibrils antibody
OC. Both amyloid-specific dyes bind amyloid fibrils with B-
sheet-rich structures, but their specificity remains limited. The
A1l antibody detects prefibrillar oligomers, which are
immunologically distinct from the fibrillar oligomers that are
recognized by the OC antibody. Neither one detects natively
folded proteins and monomers (19). However, co-staining of
two epitopes in the same subcellular compartment does not
prove that both epitopes are present within one molecule and
therefore, co-IF does not allow specific detection of p53
aggregates. Co-immunoprecipitation using All or OC
antibodies for the pull-down of amyloid protein followed by
immunoblotting to analyze the p53 levels in the amyloid
fractions showed that p53 is present as amyloid aggregates
(16, 20).

In an earlier study, we developed a highly-sensitive ELISA-
based assay, the p53-Seprion-ELISA, for the detection of p53
aggregates in cancer cell lines and fresh-frozen tissue (21). This
assay is based on a high-molecular-weight polymeric ligand,
selectively binding aggregated proteins including amyloid
oligomers, proto-fibrils, and fibrils (22). The Seprion ligand
was previously used to isolate and quantify aggregated forms
of prion protein (23). By combining the Seprion ligand with an
anti-p53 antibody, the ELISA specifically detects high-
molecular-weight p53, but neither monomers, naturally
occurring tetramers, or octamers. The most recent method for
detecting p53 aggregates is the proximity ligation assay (PLA).
This technique is based on two primary antibodies, which are
bound by oligonucleotide-labeled proximity probes that form a
DNA circle when bound in close proximity. The DNA circle
serves as a template for the rolling-circle amplification (RCA)
and the amplified DNA is detected by fluorescently labeled
detection probes (24). The resulting distinct fluorescent spots
can be quantified via microscopy or flow cytometry. The PLA
has been successfully applied to detect oligomeric p53 aggregates
in nuclear inclusion bodies in ovarian cancer tissue biopsies (7).

In the present study, we aimed at comparing the state-of-
the-art technique co-immunofluorescence (co-IF) with novel
assays such as the proximity ligation assay (PLA), co-
immunoprecipitation (co-IP), and the p53-Seprion-ELISA
(Figure 1) in cancer cell lines and ovarian cancer tissues.
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Materials and methods
Cell culture

Nine ovarian cancer cell lines (COV644, OAW42, COV318,
COV362, ES2, OVCAR3, TYK-nu, 59M, and COV504) and one
cervical cancer cell line (ME-180), either obtained from ATCC
or kindly provided from Els Berns (Erasmus MC, Rotterdam,
Netherlands) were grown in RPMI-1640 (Gibco/Life
Technologies) supplemented with 10% FCS, 2 mM L-
glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin at
37°C in 5% CO,. STR-DNA-profile analysis was used for cell-
line verification. In addition, TP53 mutations specified for each
cell line in the IARC TP53 Database were confirmed by Sanger
sequencing (Supplementary Table S1).

Patient cohort

Formalin-fixed paraffin-embedded (FFPE) tumor tissues
from 78 patients diagnosed with ovarian cancer were collected
at the Department of Obstetrics and Gynecology, Medical
University of Innsbruck, Austria, and analyzed using co-IF.
The study was approved by the local ethics committee
(AN3507) and all patients gave their written informed
consent. The TP53 mutation status was identified by a
functional yeast-based assay (FASAY) combined with Sanger
sequencing as described previously (25, 26). Additionally, in a
subgroup of 30 patients pulverized fresh-frozen tissue was
available and therefore analyzed using co-IP and the p53-
Seprion-ELISA.

Immunofluorescence
co-localization assay

The cancer cell lines were washed twice with PBS, fixed with
3.7% formaldehyde, and permeabilized with 0.3% Triton X-100
and 0.1% sodium citrate. Nonspecific antigenic sites were
blocked using 5% BSA in PBS for lh. Further, cells were
labeled with primary antibodies: mouse anti-p53 antibody

10.3389/fonc.2022.976725

DO-1 (1:200, sc-126, Santa Cruz Biotechnology) and rabbit
anti-amyloid oligomer All antibody (1:200, AB9234, Merck
Millipore) or the anti-amyloid fibrils OC antibody (1:200,
AB2286, Merck Millipore) for 2h at room temperature (RT) in
a humidified chamber. Next, the cells were incubated with
secondary anti-rabbit Alexa Fluor 488-conjugated (1:500, Life
Technologies) and anti-mouse Alexa Fluor 568-conjugated
(1:500, Life Technologies) antibodies for 1h at RT in the dark.
Nuclear counterstain was done by incubation with DAPI (4’, 6-
diamidino-2-phenylindole) solution. Between the blocking and
staining steps, the cells were washed three times with PBS. The
samples were analyzed using a laser scanning confocal
microscope SP5 (Leica Microsystems).

FFPE tissues were deparaffinized in xylene and hydrated in
decreasing concentrations of isopropanol. Briefly, antigen
retrieval was performed by heat-induced epitope retrieval
(HIER), while sections were immersed in 10 mM citrate buffer
at pH 6.0 for two 5-minute intervals at 900 Watt using a
microwave. To eliminate fixation-caused autofluorescence,
sections were incubated in 1% sodium borohydride (Sigma
Aldrich) three times. Nonspecific antigenic sites were blocked
using 5% BSA/PBS. Next, sections were labeled with anti-p53
DO-1 (1:200) and anti-amyloid oligomer A1l (1:400) primary
antibodies overnight in a humidified chamber at 4°C. The
samples were incubated with secondary anti-rabbit Alexa
Fluor 488-conjugated (1:750) and anti-mouse Alexa Fluor 568-
conjugated (1:750) antibodies for 2h at RT in the dark. Nuclear
counterstain was done by incubation with DAPI solution.
Between the blocking and staining steps, the cells were washed
three times with PBS.

All samples were analyzed using a laser scanning confocal
microscope SP5 (Leica Microsystems).

Proximity ligation assay

Cell lines were harvested, washed with PBS, and cytospins
were prepared. The proximity ligation assay (PLA) was
performed according to the manufacturer’s instructions using
the Duolink PLA Kit (Sigma-Aldrich). To specifically detect p53
aggregates, the primary antibodies anti-p53 DO-1 (1:200) and

p53 aggregation detection methods

Co-immunofluorescence Proximity Ligation Assay

| |
A1l x p53 A1l x p53

Cell lines
(n=10)

Celllines
(n=10)

Tissue specimen
(n=78)

FIGURE 1
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L |
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Overview of the p53 aggregation detection methods evaluated in this study.
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the anti-amyloid oligomer A1l antibody (1:200) were used.
Peripheral blood mononuclear cells (PBMCs) of a healthy
individual were included as a negative control. The slides were
analyzed using a LSM 780 confocal microscope (Zeiss).

Co-immunoprecipitation and
immunoblot

1,000,000 cells were seeded in Petri dishes and harvested at
80% of confluency. The cells as well as the tissue samples (approx.
15 mg) were lysed with 0.5% Triton X-100/PBS and incubated on
ice for 1h. After sonication and centrifugation, the protein
concentration of the supernatant was adjusted to 1 mg/ml. To
prevent non-specific binding to the IP antibody, a lysate pre-
purification step was performed with 1 mg/ml of the lysates.
Therefore, the samples were incubated with 20 pl of Dynabeads®
Protein G (Life Technologies) for 1h at 4°C. For antibody binding,
the pre-purified lysate was immunoprecipitated with the rabbit
anti-amyloid oligomer A11 antibody (1:1000) overnight at 4°C. For
the control reaction, the tissue lysates were incubated without the
Al1 antibody or only the lysis buffer with the A11 antibody. Then,
the samples were incubated with 40 pl of Dynabeads® Protein G
1h at 4°C. The beads were washed with lysis buffer, resuspended in
2x Laemmli buffer, and incubated at 95°C for 5 minutes. Samples
were resolved by SDS-PAGE. Separated proteins were transferred
to a nitrocellulose membrane. The membranes were blocked in
Odyssey Blocking Buffer (LI-COR) and incubated with the mouse
anti-p53 DO-1 primary antibody (1:200). Next, the membranes
were labeled with anti-mouse IRDye®800 CW secondary antibody
(LI-COR) and imaged using an Odyssey Scanner.

The Seprion-based co-immunoprecipitation was performed for
7 of 10 cancer cell lines (COV644, COV318, COV362, ES2,
OVCAR3, TYK-nu, and COV504) and for 30 fresh-frozen OC
samples. Crude lysates were incubated with Seprion-coated magnetic
beads (Protein Aggregation Detection (PAD)-beads, Microsens
Biotechnologies) according to the manufacturer’s instructions.
Briefly, cell/tissue lysates were incubated with capture buffer and
shaken by vibration at RT for 30 minutes. Beads were washed with
wash buffers 1 and 2 and resuspended in 2x Laemmli buffer. Samples
were resolved by SDS-PAGE as described above.

p53-Seprion-ELISA

The aforementioned ten cancer cell lines were harvested at
70-80% confluency using Accutase (Sigma-Aldrich) and lysed
with 1% Triton X-100/PBS for 30 minutes on ice. 12,500 cells per
well were used as standard concentration. A 2.5% (w/v) lysate
was prepared by lysing the pulverized tissues in the appropriate
amount of ice-cold RIPA buffer complemented with protease
inhibitor (Sigma-Aldrich). The lysates were incubated on ice for
5 minutes, immediately frozen on dry ice, and stored at -80°C
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until further analysis. All tissue samples were analyzed within 4
days after preparation.

The p53-Seprion-ELISA was performed as described previously
(21). The tissue specimens were diluted 1:20 with ultrapure water
and the anti-p53 (DO-1, Santa Cruz Biotechnologies) was used for
the detection of p53 aggregates. All lysates were measured in
triplicates and the average blank was subtracted from all sample
replicates. The absorbance values were normalized to total protein
concentration according to the recently published formula:

absorbance
—_— %
total protein

Samples with a p53 aggregation value below 1 were
considered as negtive and samples with a value greater than 1
were considered as positive.

Statistical analysis

The association between the categorical variables p53
protein expression, p53 aggregation, and histological subtypes
of OC was determined using Cramer’s V and Fisher’s exact test.
The level of significance was set at p< 0.05. All statistical analyses
were performed using R Studio (version 4.0.3).

Results

Detection of p53 aggregates in cancer
cell lines using co-immunofluorescence,
proximity ligation assay,
co-immunoprecipitation, and the
p53-Seprion-ELISA

The aim of this study was to compare state-of-the-art co-
immunofluorescence staining with novel technologies to detect
p53 aggregates and assess the method’s applicability in cancer
cell lines as well as tumor tissue specimens. Nine ovarian and
one cervical cancer cell lines were evaluated by co-
immunofluorescence (co-IF), proximity ligation assay (PLA),
co-immunoprecipitation (co-IP), and the p53-Seprion-ELISA.

By using co-IF we were able to detect a strong co-localization
of the p53 and the A1l antibody in the nucleus of all cell lines
carrying a TP53 missense mutation (Figure 2A). In the cell lines
OAW42 (wild-type) and COV504 (frameshift (FS) deletion),
only single cells showed co-localization of both antibodies. In the
cell line COV644 (wild-type) neither p53 nor All expression
was detected. In the remaining cell lines (ME-180, 59M) no p53
expression was detected, but they were found positive for the
expression of amyloid proteins. In a subset of cell lines (ME-180,
0OAW42, COV318, COV362, ES2, OVCAR3, 59M, and
COV504) the co-localization of p53 and amyloid fibrils,
detected by the OC antibody, was evaluated. Again, in all
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Detection of p53 aggregates in ovarian and cervical cancer cell lines. (A) Immunofluorescence co-localization assay (co-IF) using an anti-p53
(red) and an anti-oligomer (A1l, green) antibody. Nuclear counterstaining was performed using DAPI. Scale bars: 50 pm. (B) Proximity ligation
assay (PLA): red dots indicate p53 aggregates and nuclei in blue. (C) Co-immunoprecipitation (co-IP) was performed by using the anti-oligomer
All antibody for the pull-down of amyloid proteins. Immunoblots for p53 were performed to show that p53 was present as oligomeric
aggregates. (D) Amyloid proteins were immunoprecipitated with Seprion-coated beads (PAD-beads) and an immunoblot was performed to
show that the aggregates consisted of p53. (E) The p53-Seprion-ELISA was performed to specifically detect p53 aggregates Dashed line, cut-off
value for positive samples (p53 aggregation >1). Absorbance values were normalized to the total protein concentration. Grey, missense mutated

cell lines; brown, wild-type p53 cell lines.

missense mutated cell lines (COV318, COV362, ES2, and
OVCAR3) co-localization of both antibodies was detected. In
the wild-type (ME-180 and OAW42) and nonsense mutated
(59M and COV504) cell lines only OC staining but no p53
staining was detected (Supplementary Figure S1).

In contrast to co-IF, the proximity ligation assay (PLA)
allows determining whether the p53 and A11 antibodies bind in
close proximity, demonstrating that p53 is present as oligomeric
aggregates. In concordance with the co-IF results, we could
observe PLA signals in all missense mutated cell lines
(Figure 2B). The number of PLA dots varied considerably
between the different cell lines, with the most signals observed
in the OVCAR-3 and the TYK-nu cell lines. Intermediate levels
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were observed in the ES-2 and COV362 cell lines, and a weak
signal in the COV318. In contrast to the co-IF results, the
COV504 cell line was PLA negative, whereas the nonsense
mutated 59M cell line, which was co-IF negative, resulted in a
low amount of PLA signals in single cells.

The third method, co-IP, also allows the specific detection of
aggregated p53. The All antibody was used to isolate the
amyloid fractions, followed by immunoblotting to verify if p53
is present as oligomeric amyloid. Again, in all missense mutated
cancer cell lines p53 aggregates could be detected to various
extents (Figure 2C). The highest amount of p53 aggregates was
detected in OVCAR3 and COV362 cell lines. In contrast to co-IF
and PLA, no p53 aggregates were detected in wild-type or
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nonsense mutated cell lines. Furthermore, as an alternative to
the A1l antibody, in seven cell lines, the Seprion ligand (PAD-
beads) was applied to pull down the amyloid aggregates. The
results of the Seprion-based co-IP were 100% concordant with
the All-based co-IP (Figure 2D).

Finally, the previously published p53-Seprion-ELISA was
applied (Figure 2E). Consistently, p53 aggregates were detected
in all missense mutated cell lines. The highest number of p53
aggregates was detected in the OVCAR3 and COV362 cell lines.
None of the nonsense mutated cell lines and wild-type bearing
cell lines, except the OAW42 cell line, formed p53 aggregates.

To sum up, all methods detected p53 aggregates in missense
mutated cell lines (Table 1). The PLA was the only method
detecting p53 aggregates in the 59M cell line, whereas only co-IF
detected amyloid p53 in the COV504 cell line. In the OAW42
cell line all methods, except All-based co-IP, showed the
presence of p53 aggregates. In summary, in 7 out of 10 cell
lines the applied methods showed 100% concordance.

Detection of p53 aggregates in ovarian
cancer tumor tissue using three
different methods

To validate our findings, co-IF, All-based co-IP, and the
p53-Seprion-ELISA were applied to detect p53 aggregates in
ovarian cancer tissues. FFPE tissue specimens of 78 patients were
analyzed using co-IF. Due to economic reasons (high costs, no
tissue microarrays were available) the PLA was not applied on
the FFPE samples. In a subset of 30 patients, fresh-frozen tissue
was available; therefore, these patients were also analyzed using
All-based co-IP and the p53-Seprion-ELISA. The clinical
pathological information of all patients is summarized in

10.3389/fonc.2022.976725

Supplementary Table S2. 51 out of 78 (65.4%) samples carried
a TP53 mutation. The most frequent mutations were missense
mutations in 45 of 51 (88%) cases. In 5 of 51 (10%) cases FS
deletions were present and in 1 of 51 (2%) cases a nonsense
mutation was detected.

In 38 of 78 (48.7%) samples p53 aggregates could be
detected by using co-IF (Figure 3A; Supplementary Figure S2,
Supplementary Table S3). 33 out of 38 (87%) positive samples
carried a TP53 missense mutation, one sample a FS deletion,
whereas the remaining four samples harbored wild-type p53.
In 22 out of 38 (58%) positive samples strong co-localization in
almost all cancer cells could be detected, whereas in the
remaining 16 (42%) positive samples co-localization was
detected in just a few cancer cells. Of note, there was a
strong association with p53 protein expression (Cramer’s V =
0.787, Fisher’s p<0.001, Supplementary Table S4), however, 8
samples were p53 positive but A1l negative, suggesting that
p53 protein expression did not necessarily lead to the
formation of p53 aggregates. Moreover, we did not find a
statistically significant association between histological
subtypes and p53 protein expression or p53 aggregation
(Supplementary Table S5).

The p53-Seprion-ELISA detected p53 aggregates in 15 of 30
(50%) fresh-frozen tissue samples (Figure 3B; Supplementary
Table S3). By using co-IP, p53 aggregates were detected in 17 of
30 (57%) fresh-frozen tissue samples, all of them harboring a
TP53 missense mutation (Figure 3C; Supplementary Table S3).
Tumors with TP53 wild-type or FS deletions were negative.
Again, all of the positive samples carried a TP53 missense
mutation. Interestingly, in both assays, of four samples
carrying the R273H mutation, one showed a very high
aggregation level, two samples showed moderate p53
aggregation, and one sample was negative.

TABLE 1 Comparison of the techniques applied in the detection of p53 aggregates in vitro.

Cell line TP53 status Protein change

P53 aggregation detection method

co-IF PLA

co-IP p53-Seprion-ELISA

(A11 x p53) (A1l x p53) (All x p53) (Seprion ligand x p53) (Seprion ligand x p53)

COV318 missense 1195F + +
COV362 missense Y220C + +
ES2 missense S241F + +
OVCAR-3 missense R248Q + ++
TYK-nu missense R175H + ++
59M FS deletion H193KfsX49 - +/-
COV504 FS deletion P322fsX13 +/- -
COV644 WT - - -
ME-180 WT - - -
OAW42 WwT - +/- +
P53 aggregation positive 7/10 7/10

+ + 155
++ ++ 354
+ + 23.6
++ ++ 43.7
+ + 10.8
- n.e. 0.2
- - 0
- - 0.1
- n.e. 0.7
- n.e. 15
5/10 5/7 6/10

“-”, negative; “+/-”, only some of the cells show a (weak) signal; “+”, positive; “++”, strong signal; “n.e.”, not evaluated; “FS deletion”, frameshift deletion; “WT”, wild-type.
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Detection of p53 aggregates in ovarian cancer (OC) tissue specimens. (A) Four representative OC FFPE tissue samples, which were analyzed by
co-IF using an anti-p53 (red) and anti-amyloid (A11, green) antibody’ are shown. Nuclear counterstaining was performed using DAPI. Scale bar =
50 um. (B) Detection of p53 aggregates in 30 fresh-frozen OC tissue samples by using the p53-Seprion-ELISA. Absorbance values were
normalized to the total protein concentration Dashed line, cut-off value for positive samples (p53 aggregation >1). (C) Co-IP was performed by
using the anti-oligomer All antibody for the pull-down of amyloid proteins. Immunoblots for p53 were performed to show that the amyloid
oligomers consisted of p53.
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In summary, 100% concordance between all three methods
could be achieved in 23 out of 30 (76.7%) samples. Co-IP and the
p53-Seprion-ELISA, the methods that specifically detect p53
aggregates, showed concordance in 28 of 30 (93.3%) samples
(Figure 4, Supplementary Table S3).

Discussion

Highly sensitive and specific methods are the pre-requisites
for the evaluation of p53 aggregates in patients’ biomaterials and
interpretation of their clinical relevance. Our study provides a
comprehensive comparison of four different technologies for the
detection of p53 aggregates, involving state-of-the-art
techniques as well as new innovative approaches (Figure 1).
We were able to demonstrate 70% (cell lines) and 76.7% (tissue
samples) concordance between optimized techniques.

Different conformational dyes and antibodies have been
used to detect p53 aggregates by co-IF (5, 7, 27). Thioflavin
and Congo Red are the traditional fluorescent dyes used for the
detection of amyloid proteins. Nonetheless, both dyes have
several limitations as they can cause false-positive results due
to unspecific binding and Thioflavin does not detect amyloid
oligomers and protofibrils (28). In our study, we focused on the
All antibody that detects sequence-independent amyloid
oligomers, but not monomers or fibrils, as with the OC
antibody fewer p53 aggregates positive cell lines were
identified (co-IF: OC: 4/8 positive cell lines vs All: 7/10
positive cell lines; Supplementary Figure SI and Figure 2A). In
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255 11c
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TP53 mutation:
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FS deletion
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sero-mucinous borderline
mucinous borderline
mucinous

endometrioid
undifferentiated
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LGSOC

FIGURE 4
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addition, the novel Seprion ligand, previously used for the
detection of PrP%, B-amyloid, o-synuclein, and huntingtin,
was evaluated (22, 29-36). Co-IF, PLA, co-IP, and the p53-
Seprion-ELISA showed 100% concordance in 7 of 10 (70%) cell
lines (Table 1). Co-IF and PLA detected p53 aggregates in 7 of 10
cell lines, followed by the p53-Seprion ELISA (6/10), and A11-
based co-IP (5/10). The Seprion-based co-IP resulted in 5/7
positive cell lines. When detecting p53 aggregates, it is critical to
keep in mind that different types of amyloids are detected by the
various conformation-dependent dyes, antibodies, and ligands.
In the present study, the A11-based co-IF, PLA, and co-IP detect
oligomer-like p53, while the Seprion-based approaches detect a
wider range of amyloid proteins including also fibril-like p53
(Table 2). These differences might explain why we could not
achieve 100% concordance between all applied techniques.

To evaluate the applicability of these methods in patient
samples, primary ovarian cancer tissues were analyzed using co-
IF, All-based co-IP, and the p53-Seprion-ELISA. Although the
PLA resulted in a high detection rate in the cell lines and would
be the method of choice for the analysis of FFPE tissues, its
application is rather expensive on large tissue sections and tissue
microarrays should be the preferred sample type; however, these
were not available. We show concordant results between the
three techniques in 76.7% of samples and the p53 aggregates
detection rate ranged from 48.7% to 56.7%. All positive samples
harbored a TP53 missense mutation. Additionally, co-IF
detected four positive wild-type samples and one positive
sample with a FS deletion. Moreover, in our study, the R273H
missense mutation showed differences in the ability to form

TP53 mutation

P53 protein expression
Co-IF

Co-IP
p53-Seprion-ELISA

P53 expression/aggregation:
negative
only some of the cells show a (weak) signal
positive
strong signal

Comparison of the three techniques for the detection of p53 aggregates in 30 ovarian cancer tissue samples. Co-IF and co-IP were performed
using the anti-p53 and the anti-oligomer All antibodies. “FIGO", International Federation of Gynecology and Obstetrics; "Co-IF",
Immunofluorescence co-localization assay. "“Co-IP", Co-immunoprecipitation; "HGSOC", high-grade serous ovarian cancer; "LGSOC", low-

grade serous ovarian cancer. "n.a.”; not available.
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TABLE 2 Overview of methods for the detection of p53 aggregates in cell lines and tissue specimens.

co-IF PLA

Binding Al1, p53 DO-1  All, p53 DO-1 antibody

agents antibody

Principle Co-localization  Close proximity of two epitopes

What is Amyloid p53 Amyloid p53 oligomers

detected oligomers

Sample type  FFPE, FFPE, cytopreparations
cytopreparations

Ease of use  Experience in Experience in fluorescence microscopy needed,
fluorescence Quantification of PLA dots requires either a scanning
microscopy microscope with appropriate software or high-resolution
needed images and subsequent analysis software (Image],

CellProfiler, ...)

Large scale Only if applied ~ Only if applied on tissue microarrays
on tissue
microarrays

Advantage Use on FFPE, Use on FFPE, high sensitivity, high specificity,

low costs, allows
single-cell
analysis

quantification, allows single-cell analysis

Disadvantage No Time-consuming, high costs

quantification,
limited
specificity

amyloid-like structures in four ovarian cancer patients. For this
mutation, a high propensity to form aggregates was reported
previously in breast cancer (5). The positive wild-type samples as
well as the varying p53 aggregation levels in patients with
identical TP53 mutation suggest that a missense mutation
alone is not sufficient to increase the capability of p53 to form
aggregates. It has been shown that inhibition of MDM2-
mediated p53 degradation promoted the formation of wild-
type p53 aggregates (12). Molecular interaction partners of
p53 may also enhance the aggregation propensity of p53. For
example, the transient interaction between mutant p53 (R175H)
and the cellular chaperone heat shock protein 70 (HSP70)
resulted in the increased half-life of mutant p53 and exposure
of an aggregation-prone region. In the presence of MDM2, these
two proteins can form amyloid-like aggregates (37).
Furthermore, the heat shock protein 90 (HSP90) has been
reported to interact with the p53 DNA-binding domain,
leading to a structural change in the protein and the formation
of a molten globule state, which is prone to aggregation (38).
Additionally, the expression of specific p53 isoforms may have
an impact on the capability of p53 to form amyloid-like
structures as well. The wild-type A133p53f isoform has been
shown to form aggregates in cancer cells and tumor biopsies
(39). Moreover, the A40p53 isoform, which lacks the p53
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co-IP

All, p53 DO-1
antibody

Isolation of protein
complexes

Amyloid p53 oligomers

Fresh-frozen tissue and
cell line lysates

Easy

no

Semi-quantitative, high
specificity

Fresh-frozen tissue
needed, time-
consuming, complex
procedure, no single-
cell analysis

10.3389/fonc.2022.976725

Seprion-based
co-IP

Seprion ligand, p53
DO-1 antibody
Isolation of protein
complexes

Amyloid p53
oligomers, proto-fibrils,
and fibrils
Fresh-frozen tissue and
cell line lysates

Easy

no

Semi-quantitative, high
specificity

Fresh-frozen tissue
needed, time-
consuming, complex
procedure, no single-
cell analysis

p53-Seprion-
ELISA

Seprion ligand, p53
DO-1 antibody

Sandwich ELISA

Amyloid p53
oligomers, proto-
fibrils, and fibrils

Fresh-frozen tissue
and cell line lysates

Very easy

yes

Quantification,
high-throughput,
high sensitivity,
high reproducibility
Fresh-frozen tissue
needed, no single-
cell analysis

transactivation domain, has been reported to have a high
aggregation tendency in endometrial cancer cells (40).

The cell lines ME-180 and 59M as well as some of the tissue
samples pointed out the limitations of the state-of-the-art co-IF
and the need for more specific novel methods. These samples
were p53 negative, but still showed abundant All staining
(Figure 2A, Figure 3A), demonstrating that other amyloid
proteins are present and co-localization of p53 and All
antibodies in the same subcellular compartment does not
necessarily mean that p53 aggregates are detected. The novel
proximity ligation assay (PLA) is a powerful tool for the highly
specific p53 aggregate detection as it only results in a fluorescent
signal when the p53 and All antibodies are bound in close
proximity indicating the presence of p53 aggregates. Another
major advantage of the method is that the individual PLA dots
can be quantified using freely available software tools such as
Image] or CellProfiler (41-43). Moreover, the PLA can be
performed on formalin-fixed paraffin-embedded (FFPE) tissue
samples, which are often the only available source of clinical
samples, whereas co-IP and ELISA are limited to fresh-frozen
material. The disadvantages of the PLA are the extensive costs if
tissue microarrays are not available and the relatively long
duration of the procedure of 2 days. In contrast, the p53-
Seprion-ELISA has a turnaround time of only 5 hours and
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allows high-throughput analysis, but requires fresh-frozen
tissue, which is often not archived in clinical routine.

In conclusion, we compared the state-of-the-art p53
aggregation detection method co-IF with co-IP and the novel
PLA and Seprion technology. The PLA and p53-Seprion-ELISA
are the only two methods allowing quantitative measurement of
p53 aggregates. Taking into consideration that the most widely
available source of tumor tissue is formalin-fixed and paraffin-
embedded, the PLA outperforms co-IF in terms of sensitivity,
specificity, and quantification of p53 aggregates. Wherever fresh-
frozen material is available, the p53-Seprion-ELISA should be
preferred as it allows rapid, high-throughput testing in contrast
to co-IP. Our study provides the basis for the reliable detection
of p53 aggregates in biological specimens to unravel the clinical
significance of p53 aggregates, especially since potential p53-
aggregation targeting drugs are currently under investigation
and would open up new paths in cancer therapy. Moreover,
mutated p53 is not the only tumor suppressor protein with
enhanced aggregation tendency. In silico analyses demonstrated
that protein aggregation is not a rare phenomenon, but far more
common, and other tumor suppressor proteins, such as PTEN or
Axin, have been identified to form amyloid-like structures (44-
47). Our herein mentioned tools can be easily adapted to detect
other types of amyloid-like proteins and help to evaluate their
biological and clinical relevance in various cancer types.
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