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SUMMARY

Mutations in the p53 tumor suppressor are frequent causes of cancer. Because
p53 aggregates appear in some tumor cells, it has been suggested that p53 could
also cause cancer by forming self-replicating protein aggregates (prions). Here,
using yeast, we show that transient p53 overexpression induced the formation
of p53 prion aggregates that were transmitted for >100 generations, found in
lysate pellets, stained with Thioflavin T, and transmitted by cytoplasmic transfer,
or transfection with lysates of cells carrying the prion or with p53 amyloid pep-
tide. As predicted for a prion, transient interruption of p53 expression caused
permanent p53 prion loss. Importantly, p53 transcription factor activity was
reduced by prion formation suggesting that prion aggregation could cause can-
cer. p53 has also been found in liquid-like nuclear droplets in animal cell culture.
In yeast, we found that liquid-like p53 foci appear in response to stress and disap-
pear with stress removal.

INTRODUCTION

Mutations in the human p53 transcription factor are a frequent cause of cancer. Cancers occur when a

normal cell undergoes a series of mutations that transform it into a cell that grows without control. The

most important tumor suppressor gene is likely the p53 transcription factor dubbed the ‘‘guardian of

the genome’’ and ‘‘policemen of the oncogenes’’ (Lane, 1992; Levine and Oren, 2009; Levine et al.,

2011; Ozaki and Nakagawara, 2011). Indeed, in more than 50% of human cancer cells, at least one of the

two p53 alleles carries a mutation. Furthermore, people born without p53 always get cancer (Iwakuma

et al., 2005).

It has been hypothesized that inactivation of p53 leading to tumor formation may be caused not only by

mutations in p53 but also when p53 forms punctate inclusions that have been seen in tumor cell lines

and cancer biopsies with certain p53 mutations (reviewed in de Oliveira et al., 2020; Navalkar et al.,

2020). Interestingly, these puncta have some of the biochemical characteristics of amyloid, which is found

inmany prion aggregates. Also, certainmutant p53 can form fibers in vitro that stain with dyes suggestive of

amyloid (Congo red and Thioflavin T [ThT]) and have an X-ray diffraction characteristic of amyloid. Although

the kinetic properties of p53 aggregation in vitro are not equivalent to classic nucleated growth expected

of amyloid (Wilcken et al., 2012), wild-type p53 aggregation can be stimulated by the addition of mutant

p53 fibers (Ano Bom et al., 2012).

Furthermore, a p53 peptide of eight residues (amino acid [aa] 250–257, PILTIITL called P8) forms amyloid

fibers in vitro and seeds the formation of a larger ‘‘core’’ domain of p53 (aa. 94–312) to form amyloid.

Fibers of this peptide, when internalized by SH-SY5Y neuroblastoma cells, caused the appearance of

intracellular p53 aggregates, and lysates of these cells internalized by virgin cells caused de novo p53

aggregation (Ghosh et al., 2014, 2017). Thus p53 aggregates can enter cells and seed aggregation of

endogenous p53. However, this could occur if intra-cellular p53 decorates the infecting aggregates as

has been seen for prion-like proteins such as Huntingtin that do not form heritable prions (Osherovich

et al., 2004).

Real prion formation also requires that the newly aggregated p53 fragments in the cell create an exponen-

tial increase in propagon number that can then infect other cells. The goal of this work was to determine if
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p53 can form such a prion and, importantly, if this is associated with loss of p53 function, which would likely

cause cancer.

Prions are altered conformations of a protein that seed other molecules of that protein to rapidly adapt the

prion conformation. At a given concentration in the cell these proteins remain soluble in the absence of

seed but aggregate in the presence of seed. What causes the occasional de novo switch from a soluble

protein to a prion seed in the absence of an infecting propagon is largely unknown. Once formed, however,

prion aggregates increase in number when they fragment creating new seeds with ends that attract and

template soluble conformers of that protein to rapidly switch to the prion conformation. Importantly,

only a limited number of proteins, which generally have unstructured domains, are able to form amyloid

in cells, even though all proteins can misfold into an amyloid conformation under non-physiological con-

ditions (Chiti and Dobson, 2006). Furthermore, not all proteins that form amyloid in cells fragment to

form heritable prions (Caudron and Barral, 2013; Marchante et al., 2017).

Prions have been found in yeast where they control endogenous traits (Liebman and Chernoff, 2012). These

yeast proteins can lose, or change, their function when they switch to an aggregated, often amyloid confor-

mation. Studies of prion proteins in yeast have contributed much to our knowledge about this phenome-

non in human disease (Armakola et al., 2011; Bagriantsev and Liebman, 2006; Bonini and Gitler, 2011;

Chernoff et al., 1995; Liebman and Chernoff, 2012; Park et al., 2011; Treusch et al., 2011). Indeed, the prion

hypothesis was first proved when transfection of prions, in the form of pure amyloid fibers, into yeast cells

caused prion infection transmitted for many generations (King and Diaz-Avalos, 2004; Tanaka et al., 2004).

Interestingly, the majority of yeast prions and human disease proteins with prion-like domains are, like p53,

nucleic acid-binding proteins (March et al., 2016).

Although yeast do not have endogenous p53, a robust assay for transcription factor activity of human p53

expressed in yeast has been used for decades (Fronza et al., 2000; Inga et al., 1997; Monti et al., 2019). High-

level expression of wild-type p53 has been shown to cause reduced growth of some yeast strains under

certain growth conditions. As loss-of-function p53 mutants did not have this effect, it was suggested

that the growth inhibition is caused by the functional p53’s aberrant transcription of endogenous yeast

genes (Bischoff et al., 1992; Inga and Resnick, 2001; Kumar et al., 2017; Nigro et al., 1992). Thus, we

reasoned that inactivation of p53 by prion formation might reduce its ability to inhibit growth.

Transient overexpression of yeast prion proteins induces the proteins to form aggregates that are self-

seeding and efficiently fragment, so they propagate even after overexpression is removed (Alberti et al.,

2009; Byers and Jarosz, 2017; Chakrabortee et al., 2016; Chakravarty et al., 2020; Derkatch et al., 1996;

Du et al., 2008; Harvey et al., 2020; Itakura et al., 2020; Liebman and Chernoff, 2012; Patel et al., 2009; Wick-

ner, 1994). Thus, transient overexpression of mutant or wild-type p53 could increase the likelihood of de

novo p53 prion formation and inactivation, leading to a chain reaction of p53 aggregation and aggregate

replication. This could explain why inactive wild-type p53 is found in the cytoplasm of some tumors (Elledge

et al., 1994; Moll et al., 1995, 1997) and why melanoma cells expressing high levels of wild-type p53 are

often associated with inactive p53 (Houben et al., 2011).

In addition to forming aggregates that are amyloid-like, p53 has also been shown to be present in non-

membrane-bound liquid-like nuclear droplets, including Cajal and promyelocytic leukemia protein bodies

(Banani et al., 2017; Cioce and Lamond, 2005; Fogal et al., 2000; Guo et al., 2000). p53 can also form liquid-

like droplets in vitro (Kamagata et al., 2020). Other proteins with disordered sequences capable of forming

amyloid aggregates can also form cellular and in vitro liquid-like droplets under certain conditions. These

droplets appear to form by liquid-liquid phase separation (LLPS). Unlike amyloid-like prion aggregates,

liquid droplets are not stable. They often appear and disappear in the cell in response to protein-specific

stress triggers (Boeynaems et al., 2018; Boncella et al., 2020; Buchan et al., 2011; Chakravarty and Jarosz,

2018; Grousl et al., 2013; Itakura et al., 2018; Jin et al., 2017; Lee et al., 2018; Narayanaswamy et al., 2009). In

particular, P-bodies, highly conserved RNA-protein granules that increase in number to help cells divert

resources to survival in response to stress, have been shown to be liquid-like droplets in yeast (Kroschwald

et al., 2015). Although the relationship between liquid droplets and amyloid aggregates is unknown, it has

been suggested that the temporary concentration of a protein with an unstructured domain into a liquid

droplet may enhance its chance of forming a more stable prion-like aggregate (Boeynaems et al., 2018;

Taylor et al., 2016).
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Here, we show that wild-type human p53 expressed in yeast and normally found to be diffuse in the nucleus

can be induced to form cytoplasmic foci of two types. Transient overexpression of p53 resulted in the

appearance of stable transmissible prions with amyloid-like structure, whereas the stresses of ethanol,

heat, or glucose starvation caused the appearance of unstable non-amyloid foci.

RESULTS

Establishment of a yeast strain with stable p53 cytoplasmic foci

We obtained stable heritable aggregates of p53 by screening for isolates with impaired p53 activity and

increased p53 aggregation, following transient overexpression of p53. We used strain yIG397, containing an

ADE2 reporter controlled by a promoter that is dependent upon p53 binding, and is therefore diagnostic for

functional p53 activity (Inga et al., 1997). To obtain strain L3671, in which p53 expression could be controlled,

yIG397 was co-transformed with a CEN plasmid constitutively expressing untagged wild-type p53 driven by

the constitutiveADH promoter (pADH1-p53), as well as with aCENplasmid expressing p53-EYFP from an induc-

ible GAL promoter (pGAL-p53-EYFP). L3671 showed the expected ADE2 reporter phenotypes for functional

non-prion wild-type p53: cells were white, indicative of full ADE2 expression resulting from p53 activity. We ex-

pected cells with a prion form of p53 to have reduced p53 function due to aggregation, resulting in reduction of

ADE2 expression leading to reduced growth and a red or pink color on adenine-limiting media (Figure 1A).

L3671 cells grown on galactose, to overexpress p53-EYFP, or glucose, as control, were transferred to

glucose medium with limiting adenine to end the p53-EYFP expression (see Transparent Methods for de-

tails). As untagged p53 was still expressed from the ADH1 promoter, these cells were expected to remain

white unless the p53 activity was reduced, e.g., by forming a prion. A few small dark red colonies were seen

whether the cells were previously grown on glucose or galactose. These colonies were all [rho�], which
frequently arise in yeast cultures due to the loss of functional mitochondria. However, on the plates that

were replica-plated from galactose, but not from glucose, there were also larger pink colonies. Cells

from 25 such colonies were patched and replica-plated to glucose media along with non-prion control

L3671 that had never been grown on galactose (Figure 1B).

To visualize aggregation of p53, the L3671 control and five of the pink derivatives were grown on galactose

to allow expression of the p53-EYFP. In control cells p53-EYFP was generally diffuse in nuclei (Figure S1),

with less than 1% of the cells containing cytoplasmic fluorescent dots. In contrast, fewer of the pink cells

had p53 in nuclei and many had cytoplasmic fluorescent dots. Nuclear fluorescent foci were seen in

some preparations but were hard to reliably distinguish from control nuclei. To determine if the elevated

presence of cytoplasmic dots was stable, we sequentially subcloned and repeatedly patched one of these

isolates (#7, named L3672 prion subclone) on plasmid-selective glucose media for over 100 generations

and they remained pink, indicative of prion retention (Figure 1C). Also, even in the presence of adenine,

the prion subclones grew slower than the non-prion control (Figure 1C), an effect frequently seen for other

prions and prion-like aggregates (Armakola et al., 2011; Liebman and Chernoff, 2012; Park et al., 2017;

Pezza et al., 2014).

We then grew the white L3671 (non-prion control) and pink L3672 (prion subclones) on galactose medium

to induce p53-EYFP and found that <1% of the non-prion control cells had cytoplasmic dots and >99% had

nuclear, generally diffuse, p53-EYFP, excluding dead cells, cells that had no fluorescence, and cells that

only had fluorescence in the vacuole. In contrast, about 30%–50% of cells in the prion subclones had cyto-

plasmic dots and only about 70%–50% had nuclear p53-EYFP (Figure 1E). Finally, many of the cells in the

prion cultures had fluorescence only visible in the vacuole.

Yeast prion aggregates, e.g., [PSI+] and [PIN+], are stained by ThT, which causes them to fluoresce with a

CFP filter (Arslan et al., 2015; Summers and Cyr, 2011). Likewise, ThT stains aggregates of the amyotrophic

lateral sclerosis-associated human proteins FUS and CREST, but not TDP-43, when expressed in yeast (Park

et al., 2019). Figure 1F shows that the p53-EYFP cytoplasmic foci present in L3672 are stained by ThT. This is

not caused by bleed through from the p53-EYFP, because in the absence of ThT no such CFP fluorescence

is visible. This staining suggests that the cytoplasmic p53-EYFP aggregates are amyloid-like, a character-

istic of many prions.

Furthermore, when the prion subclones, which showed p53-EYFP fluorescent aggregates on galactose,

were transferred to glucose where only the untagged p53 is expressed, ThT staining still revealed the
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Figure 1. Wild-type p53 forms stable cytoplasmic aggregates that reduce p53 activity

(A) Cartoon of strain L3671 in which prion candidates were obtained showing cells with and without prion grown on

glucose versus galactose. Shown are plasmids pADH1-p53 and pGAL1-p53-EYFP and ADE2 reporter gene under p53

control, contained in L3671. The nucleus is depicted as a blue oval. Even though the plasmids are nuclear, they are shown

in the cytoplasm to make it easier to see them. In the absence of prion, p53 is in the nucleus where it is diffuse and turns on

the ADE2 gene, making cells white and able to grow in the absence of adenine. In the presence of prion, p53 forms

cytoplasmic puncta, reducing the amount of p53 in the nucleus so that ADE2 is not transcribed efficiently, and the cells are

reddish in color on most media and grow poorly in the absence of adenine. L3671 grown on glucose only expresses

untagged p53, from the constitutive ADH1 promoter. L3671 grown on galactose also expresses p53 tagged with EYFP

from the GAL1 promoter. The nuclei in cells without the prion grown on galactose (but not glucose) show diffuse green

fluorescence. Likewise, the cytoplasmic p53 foci in prion cells are only fluorescently tagged when grown on galactose.
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presence of amyloid-like cytoplasmic foci (Figure 1F). This suggests that the p53-EYFP aggregates were

prions that seeded the untagged p53 to also form amyloid-like prion aggregates. Also as predicted,

when control cells that showed mostly nuclear diffuse p53-EYFP on galactose, were transferred to glucose,

ThT staining did not reveal cytoplasmic foci. Nuclei, even if shown to contain p53-EYFP, never stained with

ThT in either control or prion-containing cells. This suggests that unlike the cytoplasmic p53 aggregates,

the p53 in nuclei is not amyloid-like.

One of the hallmarks of prion aggregation in yeast is the conversion of a soluble protein to one that is found

in the pellet when lysates are centrifuged (Liebman and Chernoff, 2012). Likewise, we found that p53 is sol-

uble when expressed in yeast in the non-prion form but is largely found in the pellet in cells with the p53

prion (Figure 1D). Another hallmark of prions in yeast is dependence on chaperones. Most but not all yeast

prions are dependent on the presence of the HSP104 chaperone that is not found in mammals (Liebman

and Chernoff, 2012). Other yeast prions have been shown to be dependent on HSP90 (Chakrabortee

et al., 2016). We found that neither 5 mM guanidine hydrochloride, which inactivates the HSP104 chap-

erone, nor deletion of HSP104 cured cells of the p53 prion (Figures S2A and S2B). Likewise addition of rad-

icicol, which inactivates HSP90 (Sharma et al., 1998), did not cause loss of the p53 prion (Figure S2C).

Wild-type p53 cytoplasmic aggregates can be transferred by cytoduction to both wild-type

and R175H mutant p53

Cytoduction was used to transfer cytoplasm from theMATa [RHO+] donor control (L3671) and isogenic p53

prion subclones (L3672) to MATa kar1 [rho�] recipient cells constitutively expressing p53-EYFP or p53-

R175H-EYFP, which contains a cancer hotspot structural mutation. Before cytoduction, fluorescence in

these recipient cells was largely diffuse in nuclei, but occasional cytoplasmic dots were more frequently

seen in p53-R175H-EYFP versus p53-EYFP cells. The kar1 mutation prevents nuclear fusion so buds from

the zygote with the recipient nucleus and mixed cytoplasm ‘‘cytoductants’’ can be selected (Conde and

Fink, 1976) (Figure 2A). Cytoductants were identified because they were [RHO+], and therefore have donor

cytoplasm, but have the unique auxotrophic markers and mating type diagnostic of the recipient. We then

Figure 1. Continued

(B) p53 prion candidates have reduced p53 activity. Cells shown are on plasmid-selective, adenine-limiting, glucose

medium. The L3671 control (C) and prion candidates (1–28) are shown. Reduced expression of ADE2, and therefore

reduced p53 activity, is seen as a pinkish color and reduced growth on media with limited adenine. Expression of p53

cannot be estimated in candidates 1, 2, or 12, because they are [rho�] and this loss of mitochondria caused them to

become dark red.

(C) Reduced ADE2 expression is stably maintained in a p53 prion candidate. Following extensive culturing, normalized

suspensions of subclones of prion candidate #7 (L3672), non-prion control (L3671) and empty vector (e.v.) control strain

(yIG397), were one-tenth serially diluted in water and spotted on YPD (complex glucose) with and without additional

adenine, on plasmid-selective synthetic glucose (glucose) with and without adenine, and on plasmid-selective 2%

galactose medium with adenine plates. These plates were photographed after 3–5 days of incubation at 30�C. Red
papillations on the non-plasmid-selective YPD plate without excess adenine result from loss of the p53 plasmid.

(D) p53 sediments more in lysates of prion candidates than in non-prion controls. Non-prion control (L3671) and prion

(L3672) cells grown in plasmid-selective glucose or galactose media were lysed as described in Transparent Methods.

Total lysates (T) were separated into Supernatant (S) and Pellet (P) by centrifugation at 80K RPM for 30 min. Samples were

run on SDS-PAGE, and gels were immunoblotted with anti-p53, stripped, and reprobed with anti-PGK for a loading

control. Detection of p53-EYFP monomer (~70 kD) or dimer and PGK (44.7 kD) on western blot was based on migration of

Precision Plus Protein Dual Color (Bio Red, Hercules, CA).

(E) Prion candidate has p53-EYFP cytoplasmic foci. Both non-prion control (L3671) and prion candidate (L3672) repeatedly

subcloned cells, grown on galactose to induce expression of GAL1-p53-EYFP, were examined under a fluorescent

microscope and photographed (top). The fraction of cells with nuclear fluorescence (Nuclear), cytoplasmic aggregates

(Cytoplasmic Foci), or vacuolar fluorescence (Vacuolar) was determined, counted, and converted into % fraction (bottom).

Trypan blue was used to stain dead cells. Standard error of the mean bars shown were based on nine replicates and 200–

700 cells were scored for each replica. The prion and non-prion cultures were statistically different (p < 0.05%) for fractions

of cells with nuclear fluorescence, cytoplasmic puncta, and vacuolar fluorescence.

(F) p53 prion-like aggregates stain with Thioflavin T. Fluorescence of non-prion control (L3671) and prion cells (L3672)

both containing pADH1-p53 and pGAL1-p53-EYFP grown on plasmid-selective galactose (left) or glucose (right) plates,

fixed and stained (+ThT) or not stained (- ThT) with Thioflavin T versus EYFP fluorescence were, respectively, detected

under CFP versus YFP filters. Cells expressing EYFP that were stained with Thioflavin T exhibited reduced, but detectable,

EYFP fluorescence. Scale bar, 5 mM. Note: dead cells often look bright due to increased autofluorescence.

See Figures S1 and S2 for additional characterization of p53 non-prion and prion strains and Tables S1 and S2 for a

description of strains and plasmids.
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examined EYFP fluorescence in cytoductants (Figure 2B). In 38 of 44 p53 wild-type cytoductants obtained

with the prion donor,�30% of the cells had cytoplasmic foci. In 23 of 28 p53 analogousmutant cytoductants

cytoplasmic foci were observed in �40% cells. For the wild-type p53 prion cytoductants there were

frequently more than two cytoplasmic dots per cell and some were large and irregular in shape. For the

mutant p53 prion cytoductants most cells with foci contained only one or two dots and these were small,

round, and of high intensity. Furthermore, the frequency and appearance of foci in the wild-type or mutant

cytoductants were unchanged after >100 generations. Cytoductants obtained with control non-prion

donor to either wild-type or mutant p53 recipients contained only about 5% cells with fluorescent cyto-

plasmic dots. The ability to cytoduce traits indicates that they are not dependent upon nuclear genes

and is therefore diagnostic for cytoplasmic prions (Liebman and Chernoff, 2012). Thus, the finding of suc-

cessful cytoduction of stable p53-EYFP aggregates strongly supports the idea that they are prions. Further-

more, the data show that wild-type p53 prions can induce mutant p53-R175H proteins to form a prion as

efficiently as it induces wild-type p53 to form a prion.

We next asked if all cells in the cytoductant cultures had the prion, even though foci were only detected in

�30% or�40% of the prion-containing cells. To do this we obtained 20 subclones fromboth a p53 wild-type

and an R175Hmutant cytoductant with aggregates. We found that 19 of 20 wild-type and all 20 mutant sub-

clones contained the prion. Subclones scored as containing a prion showed the same�30% or�40% of the

progeny with foci seen in the original cytoductants. The presence of nuclear fluorescence and absence of

cytoplasmic aggregates in 95% of progeny from one of the 20 wild-type subclones indicates that the prion

Figure 2. p53 prion-like aggregates can be transferred by cytoduction, from prion donor cells, to non-prion

recipient cells expressing either wild-type p53 or mutant p53-R175H

(A) Cartoon illustrating cytoduction. Donor with green nucleus and pink dotted cytoplasm is mated with recipient with

black nucleus and blue diagonals cytoplasm. Upon cell fusion the cytoplasms mix, but often nuclei fail to fuse because of

the presence of the kar1 mutation that inhibits karyogamy. Selection is for cytoductants that bud off of the fused

heterokaryon, which contain just the recipient’s nucleus but a fusion of the donor and recipient cytoplasms.

(B) Data showing transmission of p53 prion via cytoduction. Subclones of L3672 containing p53 prions as well as isogenic

control L3671 lacking prions were used as cytoplasmic donors by crossing them to a recipient non-prion kar1 strain, L3663,

transformed with pGPD-p53-EYFP or pGPD-p53-R175H-EYFP. Cytoductants, with mixed cytoplasm but recipient nuclei,

were assayed for cytoplasmic fluorescent foci. All those obtained from the non-prion donor showed >95% cells with only

nuclear fluorescence, whereas 38/44 and 23/28 of the cytoductants obtained from the prion donor, respectively, into wild-

type or R175H p53 recipients showed ~30%–40% cells with cytoplasmic fluorescent foci. The dramatic difference in the

fraction of cells with foci (~30%–40% versus approximately <5%) seen in the cytoductants made it easy to score them as

containing or lacking the prion, as there were no cytoductants with an intermediate level of foci. Scale bar, 5 mM.

See also Tables S1 and S2 for a description of strains and plasmids.
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is occasionally lost, as has been seen for other prions in yeast (Liebman and Chernoff, 2012). In contrast, in

control cytoductants without foci all the 20 wild-type and 18 of 20 mutant subclones had 95% of progeny

with nuclear p53 fluorescence and no cytoplasmic foci. The remaining two mutant subclones contained

only about 10% cells with foci, in agreement with our general observations that non-prion cells with the

p53-R175H mutant contain more cytoplasmic foci than cells with wild-type p53. Taken together, the results

show that most cells in the wild-type or mutant cytoductant cultures with foci contain the prion, even

though we only see aggregates, respectively, in �30% and �40% of the wild-type and mutant cells.

Non-aggregated p53-EYFP in recipient cells becomes aggregated when transfected with

lysates of strains with heritable p53 aggregates or with p53 amyloid-like protein peptide

Lysates of the isogenic strains with (L3672) and without (L3671) the p53 prion were co-transfected, along

with plasmid pGPD-p53-EYFP, into recipients (L3628 or L3719) that that lacked p53 (Figure 3). Of 50

pGPD-p53-EYFP L3628 transformants with the control lysate, none contained more than 1% cells with cyto-

plasmic aggregates (Figure 3B). In contrast, 97 of 248 transfectants with prion lysate had more than 10%

cells with cytoplasmic foci and without nuclear p53 fluorescence (Figures 3A and 3B).

Also, when pGPD-p53-EYFP and in vitro-made amyloid fibers of the p53 fragment P8 (aa 250–257) were co-

transfected into the L3628 recipient, fluorescent aggregates were frequently present in the transformants:

24 of 50 transformants showed about >10% cells with p53-EYFP cytoplasmic foci (Figure 3B). Controls trans-

formed with pGPD-p53-EYFP without P8 showed essentially only nuclear fluorescence without cytoplasmic

foci. Thus, amyloid seed made of a p53 peptide is sufficient to induce in vivo p53-EYFP aggregation. Induc-

tion of heritable p53-EYFP aggregation by transformation with a p53 peptide aggregate is strong evidence

for protein-based prion inheritance.

To ask if the transfectants could maintain the p53 prion we propagated three transfectants of L3719 ob-

tained from prion or non-prion lysates, and three obtained from P8 polymer or plasmid only, each for

>100 generations. Both before and after the 100-generation propagation there were statistically significant

increases in the percent of cells with foci in the transformants relative to control cultures p= <0.05 (Fig-

ure 3C). There was no statistical difference (p=>0.05) between the frequency of cells with foci in transform-

ant cultures obtained from prion lysates whether they were examined soon after transformation or

following 100 generations, but there was a reduction (p=<0.05) in the frequency of cells with foci in P8 trans-

fectants after 100 generations. This is not surprising because unlike transfection with the lysates containing

aggregates of a single heritable prion variant, transfection with the P8 polymer would be inducing the de

novo formation of different types (variants) of prion-like aggregates, and these are often unstable (Liebman

and Chernoff, 2012).

Transient interruption of p53 expression causes loss of the p53 prion

Transmission of a prion requires the continued presence of the prion seed. Thus, one test for a prion is to

show that inhibiting expression of the prion protein, which causes loss of all prion seeds, prevents re-seed-

ing of the prion protein when it is re-expressed (Wickner, 1994). To perform this test for the p53 prion we

cultured the prion containing isolate L3672 and its isogenic non-prion control L3671, both carrying pADH-

p53 (LEU2) and pGAL-p53-EYFP (TRP1), on non-plasmid-selective glucose medium for many generations.

We then plated for individual cells and obtained five colonies from L3672 that lost pADH-p53 (were Leu�)
but retained pGAL-p53-EYFP (were Trp+). These cells did not express p53 when grown on glucose. When

returned to galactose, they all failed to form fluorescent foci, indicating p53-EYFP was not seeded to form a

prion (Figure 4A). Furthermore, as seen in Figure 4B, their (rows 7 and 8) growth on galactose looked iden-

tical to isolates from the non-prion control strain that lost pADH-p53 (rows 3 and 4) and better than sub-

clones that retain the prion (rows 5 and 6). Thus, as expected for a prion, transient interruption of p53

expression by losing the pADH-p53 plasmid in a prion strain and growing it on glucose where pGAL-

p53-EYFP could not express p53-YFP, caused permanent loss of the prion when the cells were returned

to galactose where p53-EYFP was expressed.

P53 forms reversible cytoplasmic foci that do not stain with ThT in response to various

stresses

When yIG397 transformed with pGPD-p53-EYFP was grown on plasmid-selective glucose media, cells

showed largely nuclear diffuse fluorescence (Figures 5A left and S1). However, 30 min after transfer of

the cells to medium with 2% ethanol instead of glucose, cytoplasmic fluorescent foci appeared. Nuclear
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foci were also sometimes seen following stress (Figure 5A) but were hard to score and distinguish from un-

stressed nuclei. We counted foci in the cytoplasm of about 25% of cells (Figure 5A middle), and the forma-

tion of these foci was independent of the HSP104 chaperone (Figure S2D). These foci remained as long as

the cells were retained on ethanol medium. However, after 30 min of return to glucose medium both the

nuclear and cytoplasmic foci disappeared (Figure 5A right). Similar results were obtained when cells

were stressed with heat or glucose starvation (Figure 5A). These stress-induced p53 foci are reminiscent

Figure 3. p53 prion-like aggregates can be transferred by transfection

(A) Cell lysate from p53 prion yeast, or in vitro-made P8 polymer, promote the appearance of p53 cytoplasmic foci in

transfectants. Cleared cell lysates of p53 prion (L3672) or control non-prion cells (L3671) or P8 polymer of the p53 peptide

or empty control were co-transformed with pGPD-p53-EYFP into ADE2 p53 reporter strains L3628 or L3719 lacking p53.

Successful transfection was scored by the appearance of cytoplasmic fluorescent foci. Retention of foci was scored after

>100 generations. Scale bar, 5 mM.

(B) The frequency of prion transfection is ~ 25%–50%. Shown are data for plasmid transformants into strain L3628, which

were considered to be transfectants of prion lysates or P8 that seeded p53 aggregation if they had greater than or

approximately 10% cells with cytoplasmic p53-EYFP foci. Plasmid transformants scored as not being transfected looked

like controls with minimal foci.

(C) Frequency of cells with foci in transfectants and transformation controls. Each bar represents counts of 150–300 cells

for each of the three L3719 transfectants or controls. Standard error is shown. Blue bars are data from initial transfectants

or controls. Orange bars are data from their subclones after >100 generations. *p=<0.05.
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of unstable liquid-like droplets formed by liquid-liquid phase separation of a variety of proteins with intrin-

sically disordered regions often in response to stress.

As short exposure to the aliphatic alcohol 1,6-hexanediol has been shown to dissolve liquid-like droplets

but not solid protein assemblies (Kroschwald et al., 2017) we examined the effect of 1,6-hexanediol on the

cytoplasmic stress-induced p53-EYFP foci when compared with the stable prion p53-EYFP foci. A 5-min

treatment with 1,6-hexanediol caused the disappearance of >90% of the stress-induced foci but had no ef-

fect on prion foci (Figure 5C). A short exposure was required because, similar to a previous report (Krosch-

wald et al., 2017), longer treatment with 1,6-hexanediol actually caused the appearance of cytoplasmic fluo-

rescent foci in all cells with wild-type p53-EYFP (Figure S3). Another difference we found between the prion

foci and the unstable stress-induced foci is that only the former stain with ThT (Figure 5B). This suggests

that the prion foci, but not the stress foci, are amyloid-like. Also, we found that the stress foci had the

high circularity level expected of a liquid droplet (Kroschwald et al., 2015) unlike the prion foci that were

less circular (Figure 5D). Curiously, we found that the cancer hotspot structural mutation p53-R175H pre-

vents formation of the stress foci (Figure 5A).

P53 stress-induced cytoplasmic foci co-localize with P-bodies

Strain yIG397 was co-transformed with pGPD-p53-EYFP to allow for detection of p53-EYFP stress foci and

either pEdc3-mCH or pDcp2-RFP to allow for detection of P-bodies. The cells were subjected to ethanol,

Figure 4. Transient loss of p53 cures cells of p53 prion

(A) Cartoon showing how transient loss of p53 cures cells of the prion. A prion containing cell, grown on galactose, is

shown on the left. After loss of the ADH1-p53 plasmid this strain is grown on glucose, where no p53 is expressed (middle).

Then upon return to galactose (right) there is no remaining prion seed, so the newly made tagged p53 remains diffuse in

the nucleus and is able to turn on expression of the ADE2 reporter.

(B) Data showing that transient absence of p53 causes permanent loss of the p53 prion. Prion strain L3672, and its isogenic

non-prion control L3671, both carrying pADH-p53 (LEU2) and pGAL-p53-EYFP (TRP1), were grown on non-plasmid-

selective glucose medium for many generations to allow for loss of the pADH-p53 plasmid. Cells that were Leu�

indicating loss of pADH-p53 (-pADH-p53) but Trp+ indicating retention of pGAL-p53-EYFP were grown and spotted

along with independent controls that retained pADH-p53 (pADH-p53) from cells with and without the prion (upper). Only

pADH-p53, but not -pADH-p53, cells express any p53 when grown on glucose. When returned to galactose the -pADH-

p53 isolates from the prion culture looked identical to non-prion control -pADH-p53, growing better on galactose

medium with limiting adenine than prion pADH-53 controls that retained the prion. Two representative isolates of each

type are shown. Furthermore, all -pADH-p53 isolates from the prion cells failed to form cytoplasmic fluorescent foci when

grown on galactose, indicating that no p53 prion was present (bottom). Scale bar, 5 mM.

See also Tables S1 and S2 for a description of strains and plasmids.
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Figure 5. p53 can also form unstable foci

(A) Ethanol, glucose starvation, and heat stress lead to the formation of p53 foci that disappear when the stress is

removed. Shown (three upper rows) is yIG397 transformed with pGPD-p53-EYFP grown on plasmid-selective glucose

media (left), following stress: 30 min in medium with 2% ethanol, 30 min of glucose starvation or 10 min at 46�C (middle),

and then after removal of stress (right). Graph shows themean of counts from 3 independent transformantsG SEM. Three

lower rows show yIG397 transformed with pGPD-p53-175H-EYFP under the same stresses. Arrowhead shows nucleus with

foci on top of diffuse fluorescence. Scale bar, 5 mM.

(B) Foci caused by stress do not stain with Thioflavin T. Shown are cells with stress-induced p53-EYFP foci (obtained as in A

above) or cells with prion p53-EYFP foci (obtained as in Figure 1E). Cells were fixed, stained with ThT, and examined for

EYFP (YFP) fluorescence or ThT staining (CFP).

(C) Hexanediol causes the disappearance of stress-induced, but not prion foci. Shown are cells with stress-induced p53-

EYFP foci (obtained as in A above) or cells with prion p53-EYFP foci (obtained as in Figure 1E) before (-Hex) and after

(+Hex) 5-min treatments with 10% 1,6-hexanediol. Graph shows counts from three independent transformants G SEM.

(D) Circularity of stress versus prion foci. Circularity of cytoplasmic aggregates in cells with stress or prion foci obtained as

described in (C) (except 15 min of heat was given) was measured. ImageJ and the formula (4 *p * area)/perimeter^2 was

used (n = 40 for each). A value of 1.0 indicates a perfect circular shape, and the lower the value, the less circular the

aggregate. Shown are mean G SEM. **p calculated with one-tailed t test as <0.005 is shown.

See also Figure S2 and Tables S1 and S2 for a description of strains and plasmids.
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heat, or glucose starvation to induce the appearance of both EYFP-marked p53 foci and mCh- or RFP-

marked P-bodies. These two types of foci were seen to partially co-localize (Figure 6).

DISCUSSION

In this work we show that wild-type p53 expressed in living yeast not only has the ability to propagate as a

true prion accompanied by the appearance of stable cytoplasmic foci and reduction in p53 activity but also

can also form unstable foci in response to stress. Inactivation of p53 via prion formation has a direct impli-

cation for the onset of cancer. Whether the unstable stress-induced foci affect the appearance of p53

prions remains to be determined.

Previous evidence suggested that p53 aggregates in some cancer cells (Ano Bom et al., 2012; De Smet

et al., 2017; Gitler and Lehmann, 2012; Levy et al., 2011; Xu et al., 2011). Often p53 amyloid is found in nuclei

of tumor cells as oligomers, leading to the suggestion that amyloid p53 oligomers in the nucleus could

result in an oncogenic gain of function (Pedrote et al., 2020). Possibly fibrillar p53 would be present in

the cytoplasm. One clear example of cytoplasmic p53 is the accumulation of amyloid D40p53 in endome-

trial carcinoma cells (Melo Dos Santos et al., 2019). Our data show that in yeast p53 can form stable, ThT

stainable, cytoplasmic aggregates. Although foci are sometimes seen in nuclei, we have never observed

nuclear staining with ThT. Why we observe largely cytoplasmic amyloid p53 in yeast rather than the nuclear

p53 amyloid seen in tumor cells is unknown. As RNA is known to inhibit p53 foci formation (Kovachev et al.,

2017) possibly the excess RNA in yeast nuclei inhibits p53 from forming amyloid.

The p53 cytoplasmic aggregates that we observe in yeast have the characteristics of prions: they not only

self-seed but also continually replicate the seeds, causing the prion to be stable for over 100 generations.

Also, we show that the prion causes loss of p53 function. Our finding that overexpression of p53 triggers it

to form a heritable prion in yeast with reduced transcriptional activity suggests that increased levels of p53

may likewise trigger prion formation and concomitant p53 inactivation in animal cells, leading to cancer.

Indeed high levels of p53 are often found in tumor cells (Houben et al., 2011), and stresses such as DNA

damage that induce cancer often lead to an increase in the cellular level of p53 (Lavin and Gueven, 2006).

In addition, the ability of p53 to form a prion upends the classic idea that overexpression of wild-type p53

via gene therapy could cure cancers caused by p53-inactivating mutations. Such a treatment would not be

expected to help if the inactivating mutations result in prion seeds that attract and therefore inactivate

wild-type p53. Also, overexpression of wild-type p53 could generate prion seeds de novo that, instead

of providing p53 activity, cause aggregation of the p53 mutant protein causing increased loss of activity.

p53 prion protein could also trap and inactivate its related transcription factors, p63 and p73 (Billant

et al., 2017), which could increase cancer pathology. In contrast, prion-like aggregates that do not multiply

would have a more limited capacity to inactivate WT p53, p63, or p73.

Overexpression of p53 allowed us to isolate a strain of yeast that had cytoplasmic p53 aggregates and reduced

p53 activity. These aggregates appear to be prions because they stained with ThT, suggestive of amyloid, and

were stable for over 100 generations. Following centrifugation of cell lysates, the p53 aggregates were found in

pellet fractions as seen for other prions. Also, like other prions, the cytoplasm of the p53 prion strain infected

recipient cells with the prion via cytoduction. Also, the p53 prion was transferred to recipients by transfecting

them with lysates from prion cells or with amyloid fibers of a p53-derived peptide (P8) made in vitro.

The question of how p53, when aggregated or non-aggregated, affects yeast growth is complicated and

remains unresolved. As reported by others (Bischoff et al., 1992; Inga and Resnick, 2001; Kumar et al., 2017;

Nigro et al., 1992), we have seen growth inhibition associated with overexpression of wild-type non-aggre-

gated but not mutant p53 in some strain backgrounds. Assuming the inhibition is caused by excess p53

transcription factor activity, one would expect that the reduced activity associated with prion formation

would rescue cells from the growth inhibition. Indeed, this hypothesis is supported by our finding that

following transient overexpression of p53, pink colonies with inactive p53 and p53-EYFP aggregates pop

out on a background of cells with active p53 following weeks of room-temperature incubation. However,

even though there is no increase in dead cells among prion subclones (Figure 1E), in spot tests the prion

causes a reduced growth rate even in the presence of adenine (Figure 1C). It is likely that p53 is largely non-

functional and lacks toxic p53 amyloid in the subset of cells in the prion culture that have essentially only

vacuolar fluorescence. These cells may grow better than cells in the prion culture with cytoplasmic dots
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because they lack significant toxic amyloid aggregates. They also may grow better than prion or non-prion

cells with nuclear fluorescence because of their reduced level of nuclear p53 and therefore reduced toxicity

associated with excess nuclear p53 (Bischoff et al., 1992; Inga and Resnick, 2001; Kumar et al., 2017; Nigro

et al., 1992). These cells could arise if p53 prion intermediate structures were directed to the vacuole for

degradation before a stable prion was formed.

Figure 6. p53 stress foci co-localize with cellular P-bodies

Strain yIG397 was co-transformed with pGPD-p53-EYFP to allow for detection of p53-EYFP stress foci and either pEdc3-

mCH or pDcp2-RFP to allow for detection of P-bodies. The cells were subjected to ethanol, heat, or glucose starvation to

induce the appearance of both EYFP-marked p53 foci and mCh- or RFP-marked P-bodies and were photographed,

respectively, with YFP and mCh filters. Scale bar, 5 mM.

See also Tables S1 and S2 for a description of strains and plasmids.
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Whether wild-type p53 aggregates seed aggregation of heterologous proteins can now be determined.

We show that one cancer-causing p53 mutant, p53-R175H, is seeded to form a prion by the wild-type

p53 prion. Whether other p53 mutants are able to form prions can now be established. It should also be

possible to use yeast to select for p53 mutants that cannot join prion aggregates but retain transcription

factor activity. If such mutants were used in gene therapy, they would avoid the prion associated problems

described above and could provide a useful therapy for cancer. Also, our results have the potential to be

used for high-throughput screening of compounds with potential antitumoral activity for drugs that target

aggregation of p53. This would complement recent targeted approaches for such drugs (Rangel et al.,

2019; Silva et al., 2018; Soragni et al., 2016).

Interestingly, non-membrane-bound foci of a variety of proteins, including P-bodies, have been described that

appear to arise from LLPS. p53 has also been shown to be present in such non membrane-bound liquid-like nu-

clear droplets, including Cajal and promyelocytic leukemia protein bodies (Banani et al., 2017; Cioce and La-

mond, 2005; Fogal et al., 2000; Guo et al., 2000). p53 can also form liquid-like droplets in vitro (Kamagata

et al., 2020). Now we show that p53 can form unstable foci in live yeast in response to ethanol, heat, and glucose

starvation. These stresses also induce the appearanceof P-bodies previously shown tobe liquiddroplets in yeast

(Kroschwald et al., 2015), andwe show that some p53 stress foci co-localize with the P-bodies. Like P-bodies, the

p53 stress foci are distinct from amyloid-like stable foci because they disappear rapidly when the stresses are

removed, do not stain with ThT, and are dissolved by 1,6-hexanediol. The foci located in the cytoplasm are un-

likely to promote transcription, but the effect of the nuclear stress foci on transcription is unknown.

Increasingly LLPS, or related structures (McSwiggen et al., 2019), have been found to affect transcription.

Enhanced or reduced activity of transcription factors has been seen when they join LLPS foci (Cho et al.,

2018; Chong et al., 2018; Sabari et al., 2018; Tarczewska and Greb-Markiewicz, 2019). Our demonstration

that the transcription factor p53 forms unstable foci in yeast in response to stress opens the possibility

that p53 activity is likewise regulated by phase transition. Possibly stresses that promote the formation

of the foci enhance or reduce the activity of p53, leading to important cellular ramifications. Indeed, we

have shown that mutations in p53 can prevent it from forming stress foci: the p53-175Hmutation associated

with cancer that inactivates p53 fails to form stress foci.

Limitations of the study

This work used an yeast model to show that p53 can form a stable prion as well as liquid-like droplets.

Although yeast is a eukaryote and has proved to be a useful model for mammalian diseases, there are

many differences between yeast and mammalian cells, differences in chaperones.
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Supplemental Figures  

 

Figure S1 (related to Figure 1). In non-prion cells, p53-YFP is diffuse in the nucleus. P53 is 
expressed constitutively from pGPD-p53-EYFP in strain yIG397. Cells were grown overnight on 
plasmid selective glucose media. Nuclei were stained with DAPI. Size bar indicates 5µM. 
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Figure S2. Chaperones tested have no effect on p53 prion retention or stress granule 
formation (related to Figures 1 and 5).  A. Growth in guanidine did not cause loss of the p53 
prion. Strain L3672 containing the p53 prion and its isogenic non-prion control (L3671) were 
streaked sequentially for 4 passages on YPD and YPD + 5mM GuHCl plates. Cells were then 
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normalized to OD600 =3, 1/10th serially diluted in water and spotted on complex glucose (YPD) and 
glucose -Ade (SD-Ade). Also shown are photographs of p53-EYFP fluorescence in cells and the 
percent of cells with cytoplasmic foci based on 6 replicates of 150-500 cells each with standard 
error of the mean. There was no statistical difference whether or not cells were grown on 
guanidine. B. Disruption of HSP104 did not cause loss of the p53 prion. HSP104 was disrupted in 
cytoductants of L3663 transformed with pGPD-p53-EYFP containing the p53 prion as well as in 
isogenic controls lacking the p53 prions. The fraction of cells with cytoplasmic puncta was 
determined and plotted. Standard error of the mean bars shown were based on 3 replicates 
where 200-400 cells were scored for each replica. There was no statistical different whether or not 
HSP104 was disrupted. C. HSP90 is not required for p53 prion maintenance. To test whether 
Hsp90 effects p53 prion propagation, prion (L3672) and isogenic non-prion control (L3671) cells 
were grown in complete glucose liquid media without or with 5 µM radicicol, a potent Hsp90 
inhibitor. The percent of cells with nuclear diffuse and cytoplasmic p53-EYFP puncta are shown. 
The standard error of the mean bars are based on 3 replicates with 200-600 cells for each replica. 

D. Stress droplets form even in the absence of HSP104. Exponentially growing BY4741 hsp104 
cells transformed with pGPD-p53-EYFP grown in plasmid selective glucose medium (unstressed) 
were resuspended in 2% ethanol medium for 1 hr (stressed) and then resuspended in glucose 
medium for 30 min (stress removed). Size bar indicates 5µM. 
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Figure. S3. 1,6-Hexanediol causes the appearance of wild type p53-EYFP cytoplasmic dots 
(related to Figure 5). yIG397 cells transformed with pGPD-p53-EYFP grown on glucose plasmid 
selective media were treated with 10% 1,6-hexanediol. Fluorescence was assayed at 5, 10 and 
20 min. 1,6-Hexanediol induced p53 foci started to appear at 15 min and were plentiful by 20 min. 
Foci were not seen at either 5 or 10 min. Size bar indicates 5µM. 
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Transparent Methods  
 
Yeast Strains, Plasmids, and Cultivation. 

Media, cultivation and transformation procedures were standard (Sherman, 2002). Yeast 
with ade2 mutations were maintained on complex glucose medium (YPD) supplemented with 

adenine (200 g/ml) to prevent the appearance of ade2 suppressors. Synthetic glucose media 
(SD) was supplemented with required amino acids. Strains and plasmids used are listed in Tables 
S1 and S2, respectively. The yeast strain used to assay for p53 activity and in which we selected 

the p53 prion was yIG397 (MAT ade2-1 leu2-3,112 trp1-1 his3-11,15 can1-100, ura3-1 URA3 
3xRGC::pCYC1::ADE2) (kindly supplied by A. Inga, U of Trento, Italy) (Inga et al., 1997) (Flaman 
et al., 1995; Ishioka et al., 1993), with the integrated plasmid pLS210 (Flaman et al., 1995) that 
contains an ADE2 reporter gene under three copies of the p53 consensus binding sequence from 
the ribosomal gene cluster (RGC) immediately upstream of minimal promoter CYC1 with a URA3 
selectable marker. Expression of ADE2 was used to assay for p53 function in yIG397, L3671, 
L3672 and L3628 by analyzing growth and color of yeast by spotting 10X serially diluted 
suspensions of cells (initially normalized to OD600 = 3) on plasmid selective media with limiting 
adenine (5 µg/ml).  When yIG397 was transformed with plasmids expressing wild type p53, it was 
prototrophic for adenine, yielding white colonies on plates containing a limited amount of adenine 
or YPD. Without functional p53, yIG397 is red and with limited p53 function it is pink. The non-
prion control strain, L3671, was yIG397 co-transformed with pADH1-p53 and pGAL1-p53-EYFP. 
The prion strain induced in L3671 is L3672. 
 Strains L3719 and L3628 were used as recipients for transfection. L3719 and L3628 are a 

diploid strains we made by respectively selecting for MATa/MATa or MAT/MAT resulting from 
mitotic crossovers following low level UV irradiation of the MATa/MATα strain SGY6001 
(MATa/MATα lys-801/ lys-801 ade2-101/ ade2-101 trp1-Δ63/ trp1-Δ63 his3-Δ200/ his3-Δ200 
leu2-Δ1/ leu2-Δ1 URA3::3xRGC::p-cyc1::ADE2::ura3-52/ ura3-52) kindly provided by Samir K 
Maji, IIT, India (Sengupta et al., 2017, 2020). Strain L3663 (MATa kar1 ura2 his- leu2 [PIN+] [rho-]) 
was used as a recipient for cytoduction. It was made by inducing 3385, kindly supplied by R.B. 
Wickner, N.I.H. (Wickner, 1994), to become [rho-] by streaking on medium with ethidium bromide.  

HSP104 was disrupted in cytoductants of L3663 transformed with pGPD-p53-EYFP 
containing the p53 prion as well as in isogenic controls lacking the p53 prions.  As described 
previously (Zhou et al., 1999), the disruptions were obtained with the one-step gene replacement 
method (Rothstein, 1983) by transforming the prion and non-prion cytoductants with a purified 
PvuI and HindIII fragment containing HSP104::LEU2 isolated from plasmid pYABL5 (Chernoff et 
al., 1995). The disruptions were verified by PCR as described previously (Zhou et al., 1999). 

Plasmid pADH1-p53 (pLS76=pRS415, pADH1-p53, CEN LEU2), which expresses human 
p53 cDNA under control of constitutive ADH1 promoter, was kindly provided by Dr. Richard Iggo, 
Bergonie Cancer Institute, France (Inga et al., 1997). This plasmid was used to screen for p53 
prion cells. Gateway cloning was used to construct plasmids with wild-type or R175H mutant p53 
expression controlled by GAL1 or GPD1. Human p53 without a stop codon was PCR amplified 
from pLS76 or pLS40 (pGAL-p53 R175H, CEN, TRP1) (Inga et al., 1997) and cloned into 
pDONR221 using a BP reaction to build p2506 or p2516 (respectively, pDONR221-p53 and 
pDONR221-p53mt R175H without stop codons). The p53 fragments in the entry clones were then 
transferred to p2258 (pAG414 GAL1-ccdB-EYFP, TRP1, CEN) and p2474 (pAG413 GPD-ccdB-
EYFP, HIS3, CEN) (Alberti et al., 2007) by an LR reaction to respectively build pGAL1-p53-EYFP 
(p2489=pAG414 GAL1-p53-EYFP, TRP1, CEN) and pGPD-p53-EYFP (p2517=pAG413, GPD-
p53-EYFP, HIS3, CEN) or pGAL-p53-R175H-EYFP (p2518=pAG414 GAL1-p53-R175H-EYFP, 
TRP1, CEN). The p53 sequences in the destination clones were confirmed (Genomic Center, 
University of Nevada, Reno) and strain yIG397 transformed with pADH1-p53 (pLS76=pRS415, 
pADH1-p53, CEN, LEU2) and pGAL1-p53-EYFP (p2489=pAG414 GAL1-p53-EYFP, TRP1, CEN) 
(L3671) was confirmed to be white on adenine limiting (5 µg/ml), plasmid selection media.  
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TABLE S1. Yeast strains used, related to Figures 1-6 
 

Strains Description Reference 

yIG397 MATα ade2-1 leu2-3,112 trp1-1 his3-11,15 can1-100 URA3::3xRGC::p-
cyc1::ADE2::ura3-1 

(Inga et al., 
1997) 

L3671 yIG397 transformed with pADH1-p53 (LEU2) and pGAL1-p53-EYFP (TRP1)  This study 

L3672 L3671 with p53 prion This study 

3385 MATa kar1 ura2 leu2 his3 [PIN+] (Wickner, 
1994) 

L3663 [rho-] version of 3385 This study 

L3719 MATa/MATa lys2-801/lys2-801 ade2-101/ade2-101 trp1-Δ63/trp1-Δ63 his3-
Δ200/his3-Δ200 leu2-Δ1/leu2-Δ1 URA3::3xRGC::p-cyc1::ADE2::ura3-52/ ura3-
52 

This study 

L3628 MATα/MATα lys2-801/lys2-801 ade2-101/ade2-101 trp1-Δ63/trp1-Δ63 his3-
Δ200/his3-Δ200 leu2-Δ1/leu2-Δ1 URA3::3xRGC::p-cyc1::ADE2::ura3-52/ ura3-
52 

This Study 

BY4741 
hsp104Δ 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 hsp104Δ::KanMX4  deletion strain in  
BY4741 background 

(Winzeler 
et al., 
1999) 

 

 

TABLE S2. Plasmids used, related to Figures 1-6 
 

 
 
 
 
Selection for p53 Prion    
L3671 was patched all over plasmid selective adenine limiting glucose plates. After robust growth 
these were velveteen replica-plated to each of 4 galactose and 4 glucose plasmid selective 
adenine limiting plates, where respectively p53-EYFP was, or was not, expressed. After 5 days 

incubation at 30C each of these plates were replica-plated to glucose plasmid selective adenine 
limiting media to end the transient p53-EYFP overexpression caused by previous growth on 

galactose. Plates were grown for 3 days at 30C. They were then transferred to room temperature 
for 3 weeks for further growth and to allow the development of the red/pink color diagnostic for 
cells with reduced ADE2 expression expected of strains with p53 prion.  
 

Short Name, and SWL 
Laboratory Plasmid # 

Original Plasmid Name/Description Reference 

pADH1-p53, pLS76 pADH1-p53 (CEN, LEU2) (Inga et al., 1997) 

p2258 pAG414-GAL-ccdB-EYFP (CEN, 
TRP1) 

Addgene plasmid #14215 

p2474  pAG413-GPD-ccdB-EYFP (CEN, 
HIS3) 

Addgene plasmid #14214 

pGAL-p53-EYFP, p2489 pGAL1-p53-EYFP (CEN, TRP1) This study 

pGPD-p53-EYFP, p2517 pGPD1-p53-EYFP (CEN, HIS3) This study 

pGPD-p53-R175H-EYFP, p2518 pGPD1-p53-R175H-EYFP (CEN, 
HIS3) 

This study 

pEdc3-mCH, p2137 pRP1575 Edc3-mCh (CEN, TRP1) (Buchan et al., 2008) 

pDcp2-RFP, p2136 pRP1155 Dcp2-RFP (CEN, LEU2) (Teixeira et al., 2005) 

p812  pYABL5, HSP104::LEU2 (Chernoff et al., 1995) 
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Induction and Removal of Stress 
Cells transformed with pGPD-p53-EYFP (p2517) or pGAL-p53-R175H-EYFP (p2518) were grown 
to exponential phase in plasmid selective media. For ethanol stress, cells were washed twice with 
deionized water, resuspended and incubated with shaking for 30 min in plasmid selective 2% 
ethanol media and resuspended in plasmid selective glucose medium for stress removal. For heat 
stress, cells grown in plasmid selective glucose medium were incubated for 10 min in a 46˚C 
water bath before being returned to 30˚C. For glucose starvation, cells were washed twice with 
deionized water, resuspended in synthetic medium without any carbon source and incubated for 
20 min with shaking. To remove glucose starvation stress, cells were harvested, resuspend in 
plasmid selective glucose medium and incubated for 20 min with shaking.   

Sedimentation Analysis and Immuno-blotting 
L3671 (non-prion control) and L3672 (prion) cells grown on dextrose or galactose plasmid 
selective media were harvested and lysed as described previously (Park et al., 2019). To 
compare levels of proteins in supernatant vs. pellet, normalized cleared cell lysates (150 μl of 100 
µg of protein/ml) were centrifuged at 80,000 rpm for 30 min at 4°C. After the supernatant was 
removed and saved, pellets were washed with lysate buffer containing a protease inhibitor 
cocktail and PMSF protease inhibitor, recentrifuged at 80,000 rpm for 10 min and resuspended in 
150 μl of lysate buffer with protease inhibitors. Boiled proteins in equal volumes total (T), 
supernatant (S) and pellet (P) fractions were resolved by PAGE that was immunoblotted with anti-
p53 (DO-1, Santa Cruz Biotechnology, Santa Cruz CA). The blots were then stripped and 
reprobed with loading control anti-PGK (Novex, Thermo Fisher Scientific, Waltham, MA). 

Fluorescence Microscopy, Thioflavin T Staining, DAPI Staining and 1,6-Hexanediol 
Treatment 
To see EYFP labeled p53 aggregates in p53 prion subclones, cytoductants or transfectants, we 
examined cells taken from plates after 5 days growth at 30oC on plasmid selective galactose 
medium (for prion subclones with GAL1-p53-EYFP) or 3 days growth on plasmid selective 
glucose medium (for transfectants and cytoductants with GPD1-p53-EYFP). P53 cytoplasmic foci 
were also stained with ThT in fixed cells as in (Johnson et al., 2008). Visualization of EYFP 
labeled or ThT stained cytoplasmic p53 was done with a Nikon Eclipse E600 fluorescent 
microscope (100X oil immersion) equipped with FITC, YFP, mCH and CFP filter cubes. P53-
EYFP was visualized in the YFP channel, and ThT was viewed in the CFP channel. Cells 
expressing EYFP that were fixed for ThT staining exhibited reduced EYFP fluorescence. Both 
mCH and RFP were viewed with an mCH filter. To visualize nuclei, cells were stained with 1 µ 
g/ml 40,60-diamidino-2- phenylindole (DAPI) in 1XPBS for 10 min after fixation for 1 hr with 4% 
paraformaldehyde and permeabilized for 30 min with 60% EtOH. To determine if p53 foci in cells 
had the property of being dissolved by the aliphatic alcohol, 1,6-hexanediol shown to dissolve 
liquid-like over solid-like assemblies (Kroschwald et al., 2017), prion cells or cells under stress 
conditions were suspended in 10% 1,6-hexanediol and 10 µg/ml digitonin for 5 min before 
examining them for foci.  
 
Cytoduction 
[RHO+] p53 prion strain L3672 or [RHO+] non-prion isogenic control L3671, respectively 
containing or not containing p53 prion aggregates, were mated with recipient, L3663 (MATa kar1 
ura2 his3 leu2 [PIN+] [rho-]) transformed with pGPD-p53-EYFP (CEN, HIS3) or pGPD-p53-
R175H-EYFP (CEN, HIS3) for about 8 hours until zygotes were visible. The mating mixtures were 
then spread on synthetic glucose medium lacking histidine (SD-His) to select for single colonies, 
that were then patched on a master plate (SD-His) and replicated onto YPGly (complete medium 
with 2% glycerol as the sole carbon source) media where recipients that were cytoduced (Conde 
and Fink, 1976) to become [RHO+], by gaining donor cytoplasm, can grow. Colonies picked from 
plasmid selective glucose media and confirmed to be MATa Ura- Leu- His+ were scored as 
cytoductants and examined under a fluorescent microscope to score for the presence or absence 
of EYFP foci.  
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In vitro Polymerization of P8 Peptide 
Aggregation-prone p53-derived peptide, p8 (NH2-PILTIITL-COOH, purchased from GeneScript 
USA Inc.  Piscataway, NJ) was dissolved in 0.5 ml of 5.0 % D-mannitol and 0.01% sodium azide 
(pH 5.5) at a concentration of 1 mM in 1.5 ml Eppendorf tubes and placed in a water bath 
sonicator at its maximum output for 3 cycles of 20 sec resulting in a clear solution (Ghosh et al., 
2014). The peptide was polymerized at room temperature with mild shaking for 8 hours and 
polymerization was confirmed with a ThT binding assay: 2 µl of 1 mM of P8 was mixed with 2 µl of 
the 1mM ThT in Tris-HCl (pH 8.0) and the volume was adjusted with 5% D-mannitol and 0.01% 
sodium azide (pH5.5) to give a final peptide concentration of 50 μM before measuring the 
fluorescence with a spectrofluorometer (SpectraMax M5, Molecular Devices, San Jose, CA), with 
excitation 450 nm and an emission 460-500 nm (Naiki et al., 1989). 
 
Preparation of Yeast Spheroplasts for Transfection with Cell Lysates or P8 Polymer  
Transfection was as previously described (Tanaka et al. 2004). Crude cell lysate either from prion 
(L3672) or non-prion (L3671) p53 cells, or in vitro made P8 polymer, were co-transformed along 
with pGPD-p53-EYFP (HIS3, CEN), into a recipient lacking p53 (L3628). Prion and non-prion p53 
cells were grown on plasmid selective glucose media (SD-Leu-Trp) for 2 days at 30oC. Harvested 
cells were then resuspended in STC buffer (1M sorbitol, 10 mM CaCl2, 10 mM Tris-HCl pH7.5) 
including 10 mM PMSF, and an anti-protease cocktail for yeast (Sigma, St. Louis, MO) and lysed 
by vortexing with glass beads. Cell debris was removed by centrifugation 2X at 4°C for 5 min at 
8,000 g. The clear cell-free lysates or polymer of P8 were sonicated (output 4) for 30 seconds 3X 
using a micro tip (Misonix XL-2000 Misonix Inc. Farmingdale, NY). Fresh spheroplasts of recipient 
strain L3628 were obtained using lyticase and maintained in STC buffer at 4°C and were mixed 
with sonicated lysates or polymer of P8 along with pGPD-p53-EYFP (HIS3, CEN) (20 µg/ml) and 
salmon sperm DNA (100 µg/ml). After heat shock in the presence of 25% PEG 3350 the 
spheroplasts were incubated in SOS (1M sorbitol, 0.3 YPD, 10 mM CaCl2) at 30oC and added to 
SD-His with limiting adenine agar medium supplemented with 1M sorbitol. This was then overlaid 
on SD-His plates and incubated at 30oC to select for transfectants. Transfectants confirmed to be 
His+, Lys-, Leu-, and Trp-, that therefore contained the pGPD-p53 -EYFP without plasmids from 
the donor, were assayed for the presence of p53-EYFP foci.  
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