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p53 reactivation with induction of massive apoptosis-1
(PRIMA-1) inhibits amyloid aggregation of mutant p53in
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p53 mutants can form amyloid-like structures that accumu-
late in cells. p53 reactivation with induction of massive apopto-
sis-1 (PRIMA-1) and its primary active metabolite, 2-methyl-
ene-3-quinuclidinone (MQ), can restore unfolded p53 mutants
to a native conformation that induces apoptosis and activates
several p53 target genes. However, whether PRIMA-1 can clear
p53 aggregates is unclear. In this study, we investigated whether
PRIMA-1 can restore aggregated mutant p53 to a native form.
We observed that the p53 mutant protein is more sensitive to
both PRIMA-1 and MQ aggregation inhibition than WT p53.
The results of anti-amyloid oligomer antibody assays revealed
that PRIMA-1 reverses mutant p53 aggregate accumulation in
cancer cells. Size-exclusion chromatography of the lysates from
mutant p53-containing breast cancer and ovarian cell lines con-
firmed that PRIMA-1 substantially decreases p53 aggregates.
We also show that MDA-MB-231 cell lysates can “seed” aggre-
gation of the central core domain of recombinant WT p53, cor-
roborating the prion-like behavior of mutant p53. We also noted
that this aggregation effect was inhibited by MQ and PRIMA-1.
This study provides the first demonstration that PRIMA-1 can
rescue amyloid-state p53 mutants, a strategy that could be fur-
ther explored as a cancer treatment.

Cancer is a major public health problem worldwide. Among
cancer cases, more than 50% present p53 mutations. Of these,
missense mutations are associated with the expression of func-
tional proteins that have distinct activity compared with the
WT form (1) and are associated with increased susceptibility to
cancer and worse prognosis. p53 is a transcription factor
involved in cell fate decisions after DNA damage; in the pres-
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ence of abundant damage, p53 can activate cell cycle arrest,
apoptosis, or senescence (2). There is mounting evidence that
mutant p53 is an extremely important drug target (3-5).

Several p53 mutants form amyloid structures that accumu-
late in the cell (6-10). In the past few years, our group has
shown that the dominant-negative effect of mutant p53
involves its ability to promote WT p53 aggregation by inducing
a conformational change in a prion-like manner (6, 7, 11).
Gain-of-function (GoF)* effects, including increased inva-
sion, altered migration (12, 13), and drug resistance, have been
reported for several mutants (14—16). GoF effects have also
been related to mutant p53 aggregation and its interaction with
other proteins, such as the paralogous p63 and p73 proteins (8,
11, 17-19).

PRIMA-1 (p53 reactivation with induction of massive apo-
ptosis-1) was the first p53 reactivator compound described
(20). PRIMA-1 restores several unfolded p53 mutants toa WT-
like conformation, which induces apoptosis and activates a
number of p53 target genes (21-23), thereby reducing xenograft
tumor size in mice (24). Phase I studies of PRIMA-1MET, 4
PRIMA-1 analog associated with cisplatin, have been conclud-
ed, and phase II trials are now in development (25, 26).
The mechanisms through which PRIMA-1 and its analog
PRIMA-1™FT function are controversial. The effects of
PRIMA-1 appear to depend on the cell background, i.e. differ-
ent protein—protein interactions occur according to the onco-
genes found in cancer cells. Hypoxia is one of the factors that
increase the sensitivity of p53 mutants to PRIMA-1M5T (27, 28).
Lambert et al. (29) reported that PRIMA-1 and other analogues
are pro-drugs that are metabolized in vivo and converted into a
common major active metabolite, 2-methylene 3-quinuclidi-
none (MQ), which is responsible for the structural stabilization
of p53 mutants. MQ is a nucleophile acceptor that reacts with
thiol groups, and cysteine residues in proteins are covalently
modified via a Michael addition reaction. Lambert et al. (29)
showed that the PRIMA-1/MQ concentration is crucial for the
reactivity of an increasing number of cysteines. One cysteine

“The abbreviations used are: GoF, gain-of-function; MQ, 2-methylene-3-qui-
nuclidinone; SEC, size-exclusion chromatography; ThT, thioflavin T; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DAPI,
4’ ,6-diamidino-2-phenylindole.
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residue appears to have the most importance in the conforma-
tional shift promoted by MQ: Cys-124 (30).This specific resi-
due is located in a transiently open binding pocket between
loop L1 and sheet S3 of the p53 core domain and is surrounded
by the hotspots where the missense mutations are located.
Recently, Zhang et al. (31) identified two cysteine residues as
the main targets for MQ: Cys-124 and Cys-277. As described by
the authors, these appear to be key residues in the functional
stabilization of mutant R175H. However, the mechanism
through which PRIMA-1 reactivates mutant p53 or its struc-
tural features before and after reaction with MQ have not yet
been elucidated. Moreover, the implications of p53 aggregation
for cancer need to be further explored.

The Michael reaction of MQ with cysteine is not exclusive to
p53; other cellular proteins are also susceptible. The extent to
which MQ reacts with other proteins and might thereby alter
their function and cause toxicity to cancer cells is not com-
pletely known. An example of a protein that reacts with MQ is
thioredoxin reductase 1 (TrxR1), which is transformed from a
reductase to an NADPH oxidase that can produce reactive oxy-
gen species and cause cytotoxicity in p53-null cell lines (28, 32).
However, the importance of a drug targeting mutant p53 is
undeniable because the number of candidate cases for possible
treatment is very large. Additionally, these off-target effects
appear to be positive because they seem to cooperate in the
reactivation of mutant p53 and thus boost the anticancer effect
of PRIMA-1 and its analogs (26).

In this study, we asked whether PRIMA-1 is capable of clear-
ing p53 aggregation. We also investigated whether aggregated
p53 is reactivated by PRIMA-1. Through immunoprecipitation
assays using the anti-amyloid oligomer antibody A11, we show
that PRIMA-1 mobilizes amyloid-state p53, promoting its par-
tial reactivation and de-aggregation, thus leading to apoptosis.
Size-exclusion chromatography (SEC) of the lysates from the
cancer cell lines containing mutant p53 corroborated that
PRIMA-1 led to a substantial decrease in p53 aggregates. Addi-
tionally, we show in vitro that PRIMA-1/MQ can inhibit the
ability of mutant p53 to act as a seed, in a prion-like manner, to
accelerate WT p53 aggregation. We provide the first demon-
stration of the molecular mechanism through which PRIMA-1
rescues amyloid mutant p53 and thereby decreases dominant-
negative and GoF effects. Our findings reinforce the notion that
mutant p53 aggregation is an excellent target for the develop-
ment of new antineoplastic drugs.

Results

PRIMA-1 and its active metabolite, MQ, inhibit in vitro p53
aggregation

PRIMA-1 is known to stabilize mutant p53 and restore a
folded, active state. However, the effect of PRIMA-1 on amy-
loid-state mutant p53 has never been investigated. To deter-
mine whether p53 amyloid aggregation could be affected by
either PRIMA-1 or MQ, we incubated the DNA-binding, cen-
tral core domain of WT p53 (WTp53C) or its mutant R248Q
(R248Qp53C) at 37 °C for 1 h. As observed in Fig. 1, A and B,
although WTp53C aggregation was inhibited by PRIMA-1 and
MQ at 100 uM, the mutant form was more strongly inhibited.
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The concentration of the compounds for this experiment was
selected according to the number of cysteines present in the
central core domain of p53, which corresponds to 10, bringing
us to a protein-to-PRIMA-1/MQ ratio of 1:10. Lower MQ con-
centrations (50, 25, and 10 um) also abolished R248Qp53C
aggregation (Fig. 1C). Fig. 1D shows a concentration-depen-
dent inhibition of the R248Q mutant after 2 h of aggregation at
37 °C.

We also show that p73, a p53 paralog, is not as sensitive to
MQ as p53 because we see a very modest effect of MQ on its
DNA-binding domain aggregation when followed by ThT fluo-
rescence and light scattering (Fig. 2). The effects on the reduc-
tion of the light scattering were significant but smaller than
those found with p53 (Fig. 2B). p73C has higher stability, aggre-
gates much more slowly, and has less exposure of backbone
hydrogen bonds than p53C. This is probably the reason why the
thiol groups of p73C are much less susceptible to reaction with
MQ through the Michael addition reaction

PRIMA-1 lowers amyloid oligomers levels in mutant p53
cancer cells

Through immunofluorescence and confocal microscopy, we
previously demonstrated that the p53 mutant R280K strongly
aggregates in MDA-MB-231 cells (7) in a pattern similar to
those observed in biopsies of breast cancer tissues (33). In a
similar assay, in which we treated MDA-MB-231 cells (Fig. 3,
mutant p53) or MCEF-7 cells (Fig. 44, WT p53), we observed
that, when MDA-MB-231 cells were treated with PRIMA-1 at
increasing concentrations (25-100 um), the levels of amyloid
oligomers detected in the samples were reduced in a dose-de-
pendent manner (Fig. 3). Moreover, a significant reduction in
p53 levels was observed for all PRIMA-1 concentrations tested
(Fig. 3B). Additionally, although reported previously (34, 35)
with the time of treatment employed here (16 h), we did not
observe a representative number of cells with p53 nucleolar
staining upon PRIMA-1 treatment.

MCE-7 cells present a markedly lower level of amyloid oli-
gomer and p53 labeling, as reported previously (7) (Fig. 4A).
The concentrations used for this and subsequent experiments
were selected according to a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell viability assay (Fig.
4B), in which we observed a minimum of 80% cell viability for
MDA-MB-231 cells after treatment with 100 um PRIMA-1 and
an even smaller reduction in MCF-7 cell viability. Also, Fig. 4, C
and D, indicates that the concentrations used in this study are
sufficient to inhibit cell proliferation and trigger apoptosis in
the cell line used.

To further understand the results obtained in the immuno-
fluorescence assay and to further understand their correlation
with in vitro assays using WTp53C or R248Qp53C, we used a
dot blot assay to evaluate the interaction between p53 aggre-
gates formed by the R280K mutant in the MDA-MB-231 and
the R248Q mutant in OVCAR-3 cell lines and the anti-amyloid
oligomer antibody A1l (Fig. 5). We observed a significant
reduction in A11 antibody binding when mutant p53 cells were
treated with PRIMA-1 (Fig. 5A4). The quantification is shown in
Fig. 5B. We also observed that the levels of A11 antibody bind-
ing in MCF-7 cells treated with 100 um PRIMA-1 did not differ
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Figure 1. PRIMA-1 and MQ inhibit both R248Qp53C and WTp53C aggregation at 37 °C. The samples (5 um) were incubated at 37 °Cfor 1 hin the presence
of PRIMA-1, MQ, or 0.1% DMSO (final concentration) as the control. A, WTp53C aggregation in the absence (black) or presence of 100 um PRIMA-1 (green line)
or 100 um MQ (red line). B, R248Qp53C aggregation in the absence (black line) or presence of 100 um PRIMA-1 (red) or 100 um MQ (green line). C, lower
concentrations of MQ inhibited R248Qp53C aggregation: control R248Qp53C (dark red line), 10 um MQ (dark yellow line), 25 um MQ (orange line), 50 um (green
line), and 100 um MQ (blue line). D, MQ dose-dependent inhibition of R248Q mutant p53 aggregation at 37 °C after 2 h. Protein aggregation was assessed by
monitoring the increase in the ThT fluorescence intensity (excitation, 440 nm; emission, 482 nm) at a ThT:protein ratio of 5:1. All samples were diluted in 50 mm
Tris (pH 7.2), 150 mm NaCl, 5 mm DTT, and 5% glycerol. This figure shows one representative experiment; n = 4.
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Figure 2. Human p73 central core domain (p73C) aggregation in the presence of MQ. MQ shows a small effect on p73C aggregation after 4 h at 37 °C. A,
p73Cat5 um was submitted to aggregation at 37 °C for 4 h, monitored by ThT binding at 25 um. Black line, p73C; red line, p73C treated with 100 um MQ. B, p73C
light scattering (LS), before (soluble p73C and soluble p73C + 100 um MQ) and after the 4-h kinetics (aggregated p73C and aggregated p73C + 100 um MQ).
All samples were diluted in 50 mm Tris (pH 7.2), 150 mm NaCl, 5 mm DTT, and 5% glycerol. This figure shows one representative experiment; n = 2.

significantly from those in control cells. Another probe for MCEF-7 (WTp53), and H1299 (p53-null) cell lysates. As shown
amyloid structures, thioflavin T (ThT), was used to estimate the  in Fig. 5C, the mutant p53 cell line (MDA-MB-231) developed
levels of amyloid-state p53 in MDA-MB-231 (mutant p53), the highest ThT fluorescence peak at ~492 nm compared with

3672 J. Biol. Chem. (2019) 294(10) 36703682 SASBMB



Total p53

50 uM 25 uM
PRIMA-1 DMSO

PRIMA-1

100 uM
PRIMA-1

The mutant p53 amyloid state is cleared by PRIMA-1

Amyloid

Oligomer Merge

Figure 3. Mutant p53 and amyloid oligomer staining are reduced in the MDA-MB-231 cell line after PRIMA-1 treatment in a concentration-dependent
manner. A, MDA-MB-231 cells, treated with 25, 50, or 100 um PRIMA-1 or 0.1% DMSO as the control for 16 h, were labeled with anti-p53 (DO-1) and
anti-oligomer (A11) antibodies. Nuclei were stained with DAPI. Columns from left to right show nuclear staining with DAPI, p53 labeling, labeling of amyloid
oligomers, and merged images. White arrowheads indicate cells stained with either DO-1 or A11 antibodies in their correspondent panels. Magnification, X400.

Scale bar = 50 um.

the 25 uM ThT spectrum background. When treated with
PRIMA-1 at 100 um, the levels were reduced by 33.4%. As a
control, we used MCF-7 (W'T p53, lower aggregation, although
a basal level is detected (see Fig. 44 and Ref. 7) and H1299
(p53-null, no amyloid oligomers detected) cell lysates. As
expected, the H1299 cell line presented the lowest level of amy-
loid structures bound to ThT.

As shown in Fig. 6, A and B, lysates from 100 um PRIMA-1—
treated and DMSO-treated MDA-MB-231 cells were analyzed
by Western blotting using the anti-p53 antibody DO-1. In this
assay, we did not observe a significant difference in the p53
levels after PRIMA-1 treatment or in MDM?2 levels. This result,
together with the dot blot assay, prompted us to develop an
immunoprecipitation assay using A11 and to then analyze the
p53 levels in the amyloid fractions to quantify p53 mobilization
by PRIMA-1 from the total amyloid content in the cell (Fig. 6B).
We noticed a stark difference in p53 levels when the samples
were immunoprecipitated with All (Fig. 6B); this change
appears to be related to the rescue of p53 folding promoted by
PRIMA-1, which reduces the level of aggregated p53. We found
no difference when the proteins were immunoprecipitated with
DO-1, which indicated the total amount of p53 in the cell and is
in accordance with the input p53 levels.

SASBMB

Immunoprecipitates were also probed for MDM2 (Fig. 6C),
the most important p53 regulator in the cell. Although MDM?2
was not detected in the cell lysates because of its low content in
mutant-p53 cell lines (Fig. 6A), differences were detected in the
immunoprecipitation results. MDM2 was found at similar
amounts in the DO-1 immunoprecipitates, but aggregated p53
does not seem to interact with MDM2 (Fig. 6C). Moreover, the
PRIMA-1-mediated stabilization of mutant p53 does not
appear to induce MDM2 expression in this cell line, which is
supposed to occur upon WT p53 activation (36-38). Fig. 6D
shows the same immunoprecipitation reactions using A11 and
DO-1 with MCEF-7 cells. In this case, in the DO-1 immunopre-
cipitate, we observed a slight, nonsignificant reduction in p53
levels upon PRIMA-1 treatment, and p53 was not co-immuno-
precipitated with A11, which indicates that the A1l staining
detected in both the immunofluorescence and dot blot assays
might include other amyloid proteins present in this cell line
(39-41). Fig. 6E shows that the effect observed for the R280K
mutant in the MDA-MB-231 cell line is reproduced with
mutant R248Q in OVCAR-3, which has been shown to be sus-
ceptible to PRIMA-1 or PRIMA-1MET (24, 42). The amount of
p53 in the amyloid fraction is lower when cells are treated with
PRIMA-1.
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anti-oligomer (A11) antibodies, and nuclei were stained with DAPI. Columns from left to right show DAPI, p53 labeling, labeling of amyloid oligomers, and
merged images. Magnification, X400. Scale bar = 50 um. B, MTT assay showing MDA-MB-231 (black line) and MCF-7 (red line) cell viability after treatment for
24 h with a serial dilution of PRIMA-1 from 0 (0.2% DMSO) to 200 um. n = 4. C, cell proliferation assay using trypan blue showing a dose-dependent inhibition
of cell proliferation after 24 h of treatment with PRIMA-1.n = 3 and significance marked with *(p < 0.05) and with *** (p < 0.001). D, AnnexinV/Pl assay showing
that PRIMA-1 induces apoptosis of MDA-MB-231 cells at 50 um PRIMA-1, showing its effectiveness in this cell line in the concentration range used in this study.
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PRIMA-1 is indicated by asterisks (***, p < 0.001; *, p < 0.05). Quantification was performed using ImageJ software (version 1.43r, National Institutes of Health).
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different cell lysates with 25 um ThT. The result is representative of three independent measurements.
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Figure 6. The p53 amyloid fraction of mutant p53 cancer cells is mobilized by PRIMA-1 treatment. A, Western blotting of lysates of MDA-MB-231 control
cells treated with 0.1% DMSO or 100 um PRIMA-1 for 18 h and quantification of p53 and MDM2 levels. n = 5. B-Actin was used as the reference. B, MDA-MB-231
celllysates treated with PRIMA-1 or DMSO were immunoprecipitated with DO-1and A11 and immunoblotted for p53 (anti-p53 rabbit polyclonal antibody).n =
3. C, detection and quantification of MDM2 co-immunoprecipitation. n = 3. D, immunoprecipitation assays using MCF-7 cells and their quantification.n = 3.
E, immunoprecipitation assay using OVCAR-3 cells and their quantification. n = 3.*, p < 0.05. Overall, mouse IgG was used as an antibody control.

To confirm the results seen in the immunoprecipitation
assay with All, we performed SEC using both MDA-MB-
231 (Fig. 7A) cells and OVCAR-3 (Fig. 7B) cells treated with
0.1% DMSO or 100 um PRIMA-1 for 18 h. We observed three
major peaks in all chromatograms, from which we precipi-
tated proteins, separated through SDS-PAGE, and analyzed
through Western blotting. In Fig. 7, we observe a reduction
in peak 1 for both cell lines upon PRIMA-1 treatment. This
peak corresponds to the column void volume, in which
aggregated p53 is eluted, as shown by Western blotting (Fig.
7, A and B).

SASBMB

PRIMA-1 and MQ inhibit p53 aggregation seeding promoted
by the R280K mutant in MDA-MB-231 cell lysates

A seeding experiment was performed using MDA-MB-231
cell lysate to accelerate the conversion of WTp53C into the
amyloid form. This experiment is similar to those used for prion
conversion with mammalian PrP (RT Quick) (43), in which a
misfolded template of the protein, called a seed, catalyzes the
conversion of the correctly folded protein, speeding up the
amyloid formation reaction. We observed increments in ThT
fluorescence over time. In Fig. 84, the blue line represents
WTp53C aggregation at 37 °C for 2 h. Addition of the MDA -
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Figure 7. Size-exclusion chromatography of cell lysates. A and B, MDA-MB-231 (A) and OVCARS3 (B) cell lysates were subjected to size-exclusion chroma-
tography for detection of p53 aggregates in cells treated with either 100 um PRIMA-1 (red line) or DMSO (black line). Aggregates eluted in the column void
volume. Fractions eluted were separated through SDS-PAGE and immunoblotted for p53 (DO1).n = 3.

MB-231 total cell lysate at a concentration of 3 ug/ml showed a
clear seeding effect with a reduction in the lag phase of the
WTp53C curve (Fig. 84, red line). When the MDA-MB-231
lysate is prepared from cells treated with 100 um PRIMA-1, an
equal protein quantity is much less effective in seeding aggre-
gation (Fig. 8B, magenta line). Moreover, when the seeding
experiment was performed in the presence of 100 um MQ,
which was added at time zero of the reaction (Fig. 8C, green
line), inhibition of both p53 aggregation and MDA-MB-231
extract aggregation seeding was observed. Fig. 8D represents
the ThT wavelength spectra of the samples presented in Fig. 84
at the end of the assay.

Discussion

p53 aggregation has been the subject of study for several dif-
ferent groups in the past few years (7, 11, 44— 48). These groups,
including ours, have been working on discovering novel mole-
cules that affect mutant p53 aggregates and have been attempt-
ing to obtain a deeper understanding of its aggregation process.
We realize that p53 does not behave as a classic amyloid, form-
ing arranged fibers with a unique pattern of organization, as
discussed by Wang and Fersht (49) and Silva et al. (48). p53 has
different sites available for aggregation, which leads to less
organized amyloid structures because of its variability and
weakens any attempt to block only one aggregation-prone site.
In contrast, PRIMA-1, the lead compound that paved the way
to APR-246 (PRIMA-1MFT), the only compound targeting
mutant p53 in phase II clinical trials (26), is a Michael acceptor
with the capacity to promote p53 refolding. Thus, we propose
that several of the mutant-exposed aggregation sites are hidden
by PRIMA-1, which inhibits mutant p53 aggregation. These
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reasons led us to use PRIMA-1 as a model for studying p53
aggregation modulation.

Here we aimed to investigate the role of PRIMA-1 and MQ in
the amyloid fraction of p53 found in cancer cells and to deter-
mine whether PRIMA-1 can reactivate amyloid-state p53. We
observed that the aggregation of mutant p53 was more sensitive
to both PRIMA-1 and MQ inhibition than WT p53 (Fig. 1). This
finding is consistent with data presented by Lambert et al. (29),
who showed that the R175H p53 mutant is more prone to cova-
lent MQ binding than the WT protein because of the number of
cysteines accessible by MQ. However, our study provides the
first demonstration of a role of PRIMA-1 in p53 aggregation. In
agreement with the findings that the aggregation propensity of
mutant p53 is due to a network of multiple aggregation-prone
sites in the protein (49), we propose that mutant p53 has a
greater chance to expose SH groups from different regions that
can react with MQ, which decreases the predisposition to inter-
act with other p53 molecules. This finding would also explain
the relatively low specificity of PRIMA-1/MQ for p53. In fact,
we found that p73 aggregation is only partially inhibited by MQ
(Fig. 2). This is related to results obtained with H1299 cells
expressing p73a submitted to PRIMA-1MET treatment (50), in
which very little effect is seen on this isoform. On the other
hand, p73 isoform and p63+y have shown a capacity to induce
gene transactivation. Although mutations in these p53 homo-
logs are very rare in cancers, they have a crucial role in animal
development (51, 52). Also, the overexpression of their iso-
forms in tumors, which appear to block the transactivation
activity of the full-length protein (53), is related to bad progno-
sis (54). Finally, PRIMA-1 has been suggested to release p73

SASBMB



The mutant p53 amyloid state is cleared by PRIMA-1

WTp53 + MDA-MB-231 seed B
2 2 WTp53 +
100 ,M PRIMA-1
IS 5 MDA-MB-231seed
B B
S g O 9
[T [T
pe] he]
g g
(o] (o]
()] ()]
CA SR
()] ()]
o) o) |
< <
MDA-MB-231 seed
1 1
0 2000 4000 6000 0 2000 4000 6000
Time (s) Time (s)
8e+6
2
c >
o WTp53C + < 6e+6
= MDA-MB-231seed | ~
S +oomma | @
fas 1 (8]
- ®
E 8 4e+6
© o
(o)} o
20 =)
o) i
< k= 2046 -
'_
-1
0
0 2000 4000 6000 480 500 520 540
Time (s) Wavelength (nm)

Figure 8. Seeding of WT p53 aggregation by MDA-MB-231 protein extract. A-C, WTp53C at 5 um (blue lines), protein extract at 3 uwg/ml incubated with
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fluorescence emission, Fl is the initial fluorescence, and FF is the final fluorescence. The figure shows an experiment representative of three independent

experiments.

bound to mutant p53 (55). This might have additional effects on
attenuating the gain-of-function effects of mutant p53 aggre-
gates that interact with p73 (8, 17, 18).

The effects of MQ on cellular proteins other than mutant p53
are related to the GSH and thioredoxin reductase system. It is
known to react with thiol groups from cysteines present in
TrxR1, converting it to an active oxidase and on GSH and free
cysteine itself, thus impairing GSH synthesis (28, 42). Also,
more recently, the binding of mutant p53 to Nrf2, an antioxi-
dant transcription factor, has been described to lead to
decreased expression of SLC7A11 (56). These alterations result
in a cellular environment that favors apoptosis through differ-
ent mechanisms independent of p53 reactivation. On the other
hand, these same alterations make cells more sensitive to reac-
tivated MQ-p53 effects. In a general way, it is a consensus that
several factors contribute to make PRIMA-1/PRIMA-1IMET
compounds more valuable compared with other Michael
acceptors that have high toxicity in vivo (21, 42), including the
advantage of being a prodrug, only converted to MQ within the
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cell. Also, the favorable molecular orbital properties from the
MQ structure (57), leading to mild potency of MQ as a Michael
acceptor, added to its effects on redox mechanisms of the cell
that positively modify the cancer environment, are additional
advantageous effects. As has been shown for MDA-MB-231 in
Fig. 4, the PRIMA-1 ability to induce apoptosis and impair cell
growth and proliferation has been described for different
mutant p53 cell lines (20, 23, 42), including p53-null cell lines
with insertion of p53 mutants (20, 21).

We also observed that the amyloid content was reduced in
MDA-MB-231 cells treated with PRIMA-1 (Figs. 3 and 5). This
finding supports the previous suggestion that the amyloid con-
tent in these cells was reduced and that PRIMA-1 acts on the
amyloid p53 fraction in these cells. This result was further
confirmed through immunoprecipitation assays (Fig. 6, B
and E). ThT, an amyloid probe, was also used to assess the
amyloid content in different cell lines lysates (Fig. 5C). We
observed that cancer cells expressing mutant p53 had higher
levels of amyloid structures compared with control cells.
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After treatment with PRIMA-1, the level of amyloid aggre-
gation was decreased.

Immunoprecipitation assays detected a notably lower p53
level in the A1l precipitates of PRIMA-1-treated cells com-
pared with DMSO-treated cells (Fig. 6, B and E). A1l is not a
specific antibody for p53, and other proteins can exist in an
amyloid state in cancer cells (39, 58 — 60). Thus, A11 might bind
to amyloid proteins other than mutant p53 (11, 58). However,
in the A11 immunoprecipitation assay, mutant p53 present in
the amyloid oligomer immunoprecipitate was detected by
Western blotting, which makes this assay more specific to the
amyloid p53 fraction than the dot blot assay and is further con-
firmed by the reduction of p53 levels in the fractions eluted in
the void volume in SEC for both mutant p53 cell lines used in
this work (Fig. 7).

Because MDM2 is a well-known regulator of p53, MDM2
levels were also assessed in immunoprecipitates. The low
MDM2 level observed in the mutant p53 cell line is acceptable
because of the previously reported lower affinity of MDM2 for
mutant p53 (and the lack of difference in MDM2 levels after
PRIMA-1™FT administration, which has been reported previ-
ously) (23). MDM2 was not found in A11 precipitates but was
only associated with DO-1 precipitates, which indicated that, at
a low level, MDM2 binds to R280K mutant p53 but not in its
amyloid state (Fig. 6C). Curiously, up-regulation of MDM2 by
activated p53 (36, 37) did not occur in PRIMA-1-treated MDA -
MB-231cells. This finding was also observed for p53 mutants in
bladder cancer cells (61) and indicates that the mutant p53
recovery promoted by PRIMA-1 might not recover all of
WTp53 functions. Wiech et al. (62) report the formation of
“pseudo-aggregates” of mutant p53, MDM2, and HSP70 that
form amyloid-like structures. With respect to MDM2, this
effect was not observed under the conditions used in our
experiments.

A reduction in p53 and amyloid oligomer levels in the MCF-7
cell line was not seen in the dot blot, Western blotting for p53,
or immunoprecipitation with A11, which indicates that MCF-7
cells are not affected by PRIMA-1 treatment under normoxic
conditions, which has been reported previously (63, 64). In con-
trast, because PRIMA-1 affects more than one target in cancer
cells, we cannot eliminate the possibility that the reduction in
p53 levels or amyloid content is due to the activation of other
regulatory proteins (26).

We tested the ability of MDA-MB-231 cell lysates containing
mutant p53 to induce aggregation of recombinant WT p53C,
and we observed a clear seeding effect indicative of aggregates
in the cell extract promoting WTp53C aggregation in a prion-
like manner. This result is in agreement with the evidence for a
prion-like behavior of aggregates of p53 (7, 11, 19, 65). Lysates
obtained from cells treated with PRIMA-1 had a weaker seeding
capacity, which corroborates our findings of a reduction in the
cellular amyloid-state p53 content after PRIMA-1 treatment.
Finally, by adding MQ to the reaction medium, both WTp53C
aggregation (Fig. 14) and mutant p53 seeding (Fig. 8C) were
diminished, which confirms that PRIMA-1/MQ inhibits
WTp53C aggregation and mobilizes amyloid-state mutant p53
to reactivate p53. In this case, we must observe that p53 aggre-
gation was not reduced to very low levels as seen in Fig. 1. This
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effect could be due to a difference in the speed of two different
reactions happening at the same time: the seeding reaction
versus MQ Michael addition and p53C stabilization. Further
experiments would be necessary to elucidate this.

The scheme shown in Fig. 9 summarizes our results concern-
ing the effects of PRIMA-1/MQ on p53 aggregation. Clearly,
mutant p53 aggregation is intensely decreased when mutant
p53 is modified by these compounds, and the scheme outlines
how the rescue effects of PRIMA-1 might be mediated through
a combination of aggregation reduction and functional recov-
ery of aggregated p53. Another striking effect is the inhibition
of seeding by the treated extract, characterized by the PRIMA-1
property of disassembling p53 amyloid aggregates, which
impairs their prion-like features.

Further studies are necessary to reveal the cellular conditions
thatlead to the formation of these aggregates and to identify the
intermediate species that might produce deleterious effects.
Additionally, other p53 mutations leading to aggregation
should be investigated. Although revealing the mechanism of
action of PRIMA-1 has been the goal of several different stud-
ies, our work demonstrates the origin of PRIMA-1 stabilized
mutant p53 and highlights a novel target in cancer cells. This
study provides the first demonstration that amyloid-state p53
can be rescued by a small compound, and this strategy warrants
further exploration as a cancer treatment.

Experimental procedures
Chemicals

All reagents were of analytical grade. Distilled water was
filtered and deionized through a Millipore water purification
system.

Cell lines

Cell lines were obtained from the Rio de Janeiro Cell Bank.
H1299 and OVCAR-3 cells were maintained in RPMI supple-
mented with 10% fetal bovine serum and 10 units/ml penicillin/
streptomycin (Gibco). MDA-MB-231 and MCE-7 cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 10 units/ml penicillin/
streptomycin (Gibco). All cell lines were maintained at 37 °C
with 5% CO,,.

Protein purification

WT and R248Q mutant human p53C (residues 94 —312) and
p73C were overexpressed in Escherichia coli BL21 (DE3) from
plasmid clones using the pET11a vectors (Novagen) (6, 66).
Overexpression was induced with 1 mwm isopropyl 1-thio-3-p-
galactopyranoside at an A, of 1.2. Cell suspensions were kept
overnight at 15 °C before centrifugation at 10,000 X g for 15
min. The cell pellets were resuspended in 50 mm Tris-HCI (pH
7.2),50 mM NaCl, 2.5 mMm DTT, and 5% glycerol (v/v) with 1 mm
phenylmethylsulfonyl fluoride. The suspension was sonicated
on ice, and the samples were purified using SP-Sepharose in a
Shimadzu ultra-fast liquid chromatograph. Briefly, the samples
were loaded onto a Superdex S200 HR10/30 column (GE
Healthcare) equilibrated in buffer containing 50 mm Tris-HCl
(pH 7.2), 150 mm NaCl, 5 mm DTT, and 5% glycerol (v/v) and

SASBMB



The mutant p53 amyloid state is cleared by PRIMA-1

N ©)

OH CH,

N

HO
PRIMA -1

PRIMA-1/MQ

L
ee

Soluble wild-type p53

E Aggregated

wild-type p53

L
—
©)
PRIMA-1/MQ

& J_
® —
Aggregated

Soluble mutant p53 mutant p53

PRIMA-1/MQ
~
* o

2 %\ a\

©,

inhibition

Aggregated p53 \‘\““
P
Reactivated p53
Mutant p53 aggregation

PRIMA-1/MQ

e

Mutant p53 prion-like
behavior inhibition

Figure 9. Summary of PRIMA-1/MQ effects on amyloid-state p53. 7, PRIMA-1 is converted to MQ in biological systems, as described by Lambert et al. (29).
2, PRIMA-1 and MQ inhibit p53C aggregation in vitro. 3, PRIMA-1 mobilizes the aggregated p53 pool and stabilizes mutant p53, resulting in recovery of WT p53
functions and a reduction in cellular amyloid content. 4, PRIMA-1/MQ blocks the seeding of WT p53C aggregation by mutant p53 present in cell lysates, which
might be part of the general effect of PRIMA-1/MQ on p53 seen in mutant p53 cancer cells.

analyzed at a flow rate of 0.7 ml/min. The protein samples were
stored at —80 °C.

Thioflavin T fluorescence

ThT fluorescence spectra were acquired using an ISS-PC1
spectrofluorometer (ISS, Champaign, IL) with an excitation
wavelength of 440 nm, and the emitted light in the 480- 510-nm
range was collected. All measurements were performed using
p53 assay buffer containing 50 mm Tris-HCI (pH 7.2), 150 mm
NaCl, 5 mm DTT, and 5% glycerol (v/v). For the recombinant
protein aggregation procedures, 5 uM p53C (WT and R248Q
mutant) was incubated with 25 um ThT at 37 °C for 2 h. ThT
emission was collected over time at 482 nm. To obtain the ThT
spectra of the cell extract, 15 ug of protein lysates was diluted in
p53 assay buffer and incubated with 25 um ThT for 5 min before
the ThT spectra were collected.

Light scattering measurements
Light scattering measurements were carried out in an ISS-
PC1 spectrofluorometer. Light scattering excitation wave-

length was fixed at 420 nm, and the emission spectrum was
recorded from 400 to 440 nm.

Immunofluorescence co-localization assays

Cells were grown to 70—80% confluence and treated with
PRIMA-1 or an equivalent volume of DMSO for 16 h. The cells
were then washed twice with PBS and incubated with ice-cold
1:1 methanol:acetone solution for 15 min at —20 °C. The cells
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were simultaneously labeled with a mouse monoclonal anti-
human p53 DO-1 primary antibody (1:200) and an anti-oli-
gomer A1l primary antibody (1:1,000) for 2 h at room temper-
ature. The cells were subsequently incubated with Alexa
568 — conjugated goat anti-mouse and Alexa 647-conjugated
goat anti-rabbit (Life Technologies) secondary antibodies
(1:2,000) for 1 h at room temperature in the dark. The cells were
washed twice with PBS, and cover slips were mounted with
Prolong Diamond with DAPI (Life Technologies) and analyzed
by confocal microscopy (Leica TCS SPE confocal microscope)
at X40,000 magnification.

Annexin V-FITC/propidium iodide apoptosis detection

The apoptosis detection assay was performed using the
Annexin V-FITC apoptosis detection kit (APOAF-50TST, Sig-
ma-Aldrich). 10° cells were plated onto 24-well plates and, after
24 h, treated with DMSO as a control or PRIMA-1 at 50 um for
18 h and treated according to the kit directions. The samples
were analyzed by flow cytometry (BD FACSVerse™).

Cell lysate preparation

Cells treated with either 0.1% DMSO or 100 um PRIMA-1 for
18 h were washed three times with PBS, lysed with liquid nitro-
gen in a buffer containing 10 mm Tris-HCl (pH 7.5), 150 mm
NaCl, 1 mm EDTA, 1% Triton, 1 mm Na;VO,, 5 mm NaF, and
protease inhibitor mixture (Sigma), and then centrifuged at
3,000 X g for 5 min. The protein content of the samples was
quantified according to Lowry et al. (67) and stored at —80 °C.
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Dot blot assay

Cell lysates (15 ug of protein) were placed onto a nitrocellu-
lose membrane in a final volume of 2 ul. The membrane was
blocked with Odyssey blocking buffer (LI-COR) for 1 h at room
temperature and incubated for 18 h at 4 °C with the primary
antibody A1l at 1:5,000 dilution (Millipore). The membrane
was then washed with TBS-T (20 mm Tris-HCI, pH 7.4, 150 mm
NaCl, 0.1% Tween 20) and incubated with IR-Dye® 800CW
goat anti-rabbit secondary antibody at 1:15,000 dilution for 1 h
at room temperature in Odyssey blocking buffer. After four
5-min washes with TBS-T and two washes with TBS, the mem-
brane was analyzed in an Odyssey detection system (LI-COR).
We used BSA and soluble p53CR248Q at 20 um as a negative
control and R248Q p53C aggregates at 20 um and aggregated
transthyretin TTR as positive controls.

MTT assay

Cells were plated onto 96-well plates to a confluence between
80% and 90% at the time of the assay. After 24 h, 100 ul of serial
PRIMA-1 dilutions ranging from 0 (0.2% DMSO) to 200 um
were added to the wells, and the cells were treated for 24 h. The
next day, 0.5 mg/ml MTT in PBS was added to the cells for 2 to
4 h. The crystals formed were then solubilized in DMSO, and
the plate was analyzed with a SpectraMax Paradigm multi-
mode microplate reader (Molecular Devices) at 570 nm and 650
nm.

Cell proliferation

MDA-MB-231 and MCEF-7 cells were cultured in a 24-well
plate. The next day, cells were treated with 25, 50, or 100 um
PRIMA-1 for 18 h. Then cells were washed with PBS and
detached with 100 ul of trypsin, which was neutralized with 300
pl of Dulbecco’s modified Eagle’s medium high-glucose with
10% fetal calf serum. A 10-ul aliquot was mixed with trypan
blue dye (1:1), and the viable cells were counted in a Neubauer’s
chamber using an optical microscope.

SEC of cell Iysates

To analyze the degree of p53 aggregation inhibition by
PRIMA-1 in mutant-p53 cell lines, MDA-MB-231 or
OVCAR-3 cells lysates treated with either 0.1% DMSO or 100
M PRIMA-1 were loaded onto a Superdex S200 HR10/30 col-
umn (GE Healthcare) equilibrated in a buffer containing 50 mm
Tris-HCI, 150 mm NaCl, 5 mm DTT, and 5% glycerol (pH 7.5))
using a 0.4 ml/min flow in a Shimadzu ultra-fast liquid chro-
matograph. The eluted fractions were precipitated with TCA,
washed with acetone, and resuspended in sample buffer for
SDS-PAGE and Western blot analysis.

Western blotting

Cell lysates (100 ug of the control and treated samples) were
resolved by SDS-PAGE (12.5%), and the separated proteins
were transferred to polyvinylidene difluoride low-fluorescence
membranes (Millipore). The membranes were blocked for 1 h
at4 °Cin LI-COR blocking buffer and then incubated overnight
with primary antibodies (1:10,000). The following antibodies
were used: anti-p53 (DO-1), anti-MDM2 (D-7) (both from
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Santa Cruz Biotechnology), and anti-B-actin (Sigma-Aldrich).
The membranes were then incubated with IR-Dye® 800CW
goat anti-rabbit or anti-mouse antibody (LI-COR) (1:15,000)
for 1 h at room temperature. Imnmunoreactive bands were visu-
alized in an Odyssey detection system (LI-COR) according to
the manufacturer’s instructions. The B-actin levels in the cell
lysates were used as a loading control. Densitometric quantifi-
cation of the bands was performed using Image]J software (ver-
sion 1.43r, National Institutes of Health).

Immunoprecipitation assays

Cell lysates (500 ug), which were obtained as described above,
were incubated with the antibodies (A11, 1:1,000 dilution; DO-1,
1:100 dilution, according to the antibody datasheets) in a total vol-
ume of 1 ml of PBS for 1 h at 4°C. Then, 20 ul of protein A/G
PLUs—agarose (Santa Cruz Biotechnology) was added, and the
samples were incubated overnight at 4-°C on a rocker platform.
Immunoprecipitates were collected by centrifugation at 1,000 X g
and 4 °C for 5 min. The supernatants were discarded, and the pel-
lets were washed four times with 1 ml of cold PBS with centrifuga-
tion at 1,000 X gand 4 °C for 5 min between each wash. The final
pellet was resuspended in 40 ul of electrophoresis sample buffer
and boiled for 3 min. After pelleting the beads, 20- or 40-ul ali-
quots were analyzed by SDS-PAGE and Western blotting.

Statistical analyses

Statistical analyses were performed using SigmaPlot for Win-
dows version 12.0 (Systat Software, Inc.). According to the para-
metric or nonparametric distribution of the values, Student’s ¢ test
or Mann—Whitney rank sum test was used for statistical analyses
between groups, respectively.
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