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Abstract 

Inherited mutations are known to cause familial cancers. However, the cause of sporadic cancers, 

which likely represent the majority of cancers, is yet to be elucidated. Sporadic cancers contain 

somatic mutations (including oncogenic mutations), however, the origin of these mutations is 

unclear. An intriguing possibility is that a stable alteration occurs in somatic cells prior to oncogenic 

mutations and promotes the subsequent accumulation of oncogenic mutations. This review explores 

the possible role of prions and protein-only inheritance in cancer. Genetic studies using lower 

eukaryotes, primarily yeast, have identified a large number of proteins as prions that confer 

dominant phenotypes with cytoplasmic (non-Mendelian) inheritance. Many of these have 

mammalian functional homologs. The human prion protein (PrP) is known to cause 

neurodegenerative diseases and has now been found to be up-regulated in multiple cancers. PrP 

expression in cancer cells contributes to cancer progression and resistance to various cancer 

therapies. Epigenetic changes in gene expression and hyper-activation of MAP kinase (MAPK) 

signalling, processes that in lower eukaryotes are affected by prions, play important roles in 

oncogenesis in humans. Prion phenomena in yeast appear to be influenced by stresses and there is 

considerable evidence for association of some amyloids with biologically positive functions. This 

suggests that if protein-only somatic inheritance exists in mammalian cells, it might contribute to 

cancer phenotypes. Here we highlight evidence in the literature for an involvement of prion or 

prion-like mechanisms in cancer and how they may in the future be viewed as diagnostic markers 

and potential therapeutic targets.  
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Introduction 

 

Familial cancers (i.e. heritable within family pedigrees) can be caused by germ line mutations. 

However, familial cancers account for only a small portion of the total cancer incidence; the 

majority of cancer incidence is sporadic (i.e. does not appear to conform to a clear genetic 

inheritance pattern) [1-2]. The cellular transformations that cause sporadic cancers are less well 

understood. Oncogenic mutations accumulate at the somatic level in sporadic cancers; however, the 

cellular mechanisms that generate these oncogenic mutations remain unclear [1]. Prions and 

protein-only inheritance could provide a potential explanation for sporadic cancers and the 

generation of oncogenic mutations at high frequencies at the somatic level. Prions are popularly 

known as the causative agents of neurodegenerative diseases in animals including humans, namely 

the transmissible spongiform encephalopathies (TSEs or prion diseases) [3-5]. Prions are proteins 

that have undergone a change of function via a stable and inheritable alteration in tertiary structure 

(e.g. switching to an amyloid-rich conformation). The change in protein structure impacts on 

cellular function and can result in cellular phenotypes independent of any change in DNA. The 

capability to transmit the change of function and tertiary structure to other copies of the same 

protein via protein-protein interactions defines prions as infectious agents and is mechanistically 

known as "protein-only inheritance". The altered phenotypes that result from protein-only 

inheritance may mimic those caused by genetic mutation; however, unlike mutations in nuclear 

genes, prions are non-chromosomal elements with cytoplasmic inheritance [6-8].  

 

In this article, we use the word ‘prion’ to denote the infectious entity and ‘prion proteins’ to denote 

proteins that are known to form prions, except for the human Prion Protein (PrP). Since the 

conformational state of PrP (i.e. whether prion or not) is not known for all the contexts cited below, 

we have used PrP to refer to the human prion protein and where known, we use PrPC and PrPSc to 

refer to the normal (uninfected) and prion/infectious isoforms, respectively.  

 

The human cellular protein PrPC is expressed at high levels endogenously in the brain and is 

susceptible to infection by the PrPSc prion resulting in protein fold changes, amyloid formation and 

neuronal disease. However, PrP has also been detected in other tissues [9]. Expression in organs as 

diverse as lymphoid cells, lung, heart, kidney, gastrointestinal tract, muscle, and mammary glands 

suggests that PrP may regulate multiple metabolic systems. Prion-mediated changes in protein 

function may represent initiating events that promote “hallmarks of cancer”, including self-

sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion and metastasis, 

limitless replicative potential and inhibition of apoptosis [10]. PrP is highly expressed at the protein 
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level in several cancers including: breast cancer [11], gastric cancer [12], colon cancer [13], 

pancreatic cancer [14-15] and prostate cancer [16] (see Table 1). Expression microarray studies 

have also revealed over-expression of the PrP-encoding gene (PRNP) at the transcriptional level in 

human colorectal cancer [17] and pancreatic cancer cell lines [18]. Generally, over-expression of 

PrP induces inherent resistance to cancer therapeutics while repression or knockdown of PrP 

induces sensitization to cancer therapeutics [9]. An intriguing possibility, as yet untested, is whether 

infection of PrPC by the PrPSc prion also plays a role in resistance to cancer therapeutics. Here, we 

discuss the properties and behaviors of prions and the mechanism of prion-mediated protein-only 

inheritance. Further, we examine the role of PrP in tumor resistance to chemotherapy mediated by 

several mechanisms: PrP interactions with chaperones, PrP anti-apoptotic activity and enhanced 

metastatic potential of cells expressing high levels of PrP.   

 

Properties and behavior of prions 

 

Prion Diseases 

The term “prion” is derived from “proteinaceous infection particle” and was first used to refer to the 

sheep scrapie pathogen. According to the prion concept, first formulated by S. Prusiner in the late 

20th century, the prion protein has two distinct structural conformations that contain the same amino 

acid content and sequence [3-4]. The cellular form PrPC undergoes a post-translational switch of 3D 

protein conformation from a soluble, globular, and proteinase-sensitive form to an insoluble, 

fibrous, predominantly β-sheet-containing and protease-resistant amyloid form with altered function 

[19]. The pathogenic form PrPSc is an infectious agent that is resistant to heating; proteinase K 

digestion; denaturation by urea, chaotropic salts, or detergents such as sodium dodecyl-sulphate 

(SDS); and DNA-damaging agents such as radiation. Its reduced turnover causes it to accumulate in 

diseased tissues (reviewed in [20,6]). Known prion diseases include the mammalian spongiform 

encephalopathies such as bovine spongiform encephalopathy (BSE) or mad cow disease, chronic 

wasting disease (CWD), transmissible mink encephalopathy, feline spongiform encephalopathy, 

ungulate spongiform encephalopathy and sheep scrapie, and some of the human neurodegenerative 

diseases including Creutzfeldt–Jakob disease (CJD), variant Creutzfeldt-Jakob Disease (vCJD), 

Gerstmann–Straussler–Scheinker syndrome (GSS), familial fatal insomnia (FI) and kuru. All these 

diseases are characterized by long incubation periods, characteristic spongiform changes to the 

tissue of the brain associated with neuronal loss, and a failure to induce inflammatory responses [5]. 

Few disease cases are attributable to acquired PrPSc prion (<1%). In comparison, the great majority 

of disease cases (85%) are attributable to spontaneous conformational conversion of PrPC to the 

PrPSc prion in affected individuals. The remainder of disease cases are not caused by prion infection 
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of PrPC, but rather to mutations in the gene encoding PrPC (PRNP) (15%) (reviewed in [8]). Prion 

diseases are described as conformational diseases, where an alteration in 3D structure of particular 

proteins results in changes in cell physiology [8]. Regardless of the origin of the prion (i.e. 

spontaneously arising or transmitted), all known prion diseases of animals are infectious and fatal. 

 

Yeast Prions 

Prions and protein-only inheritance have been extensively studied in lower eukaryotes (e.g. yeast). 

Changes in yeast phenotypes are brought about by the structural conversion of certain cellular 

proteins to amyloid prions. The amyloid prion form then acts to ensure that all other copies of the 

same polypeptide are also switched to the amyloid prion form and are inherited by progeny cells. 

Hence, the amyloid forms of these yeast proteins are referred to as “yeast prions”. Yeast prions are 

not related to diseases instead they have an adaptive significance and underlie the inheritance of 

phenotypic traits (reviewed in [6-8]). 

 

Of the >6,000 proteins encoded by the yeast genome, at least 25 have been shown to contain 

domains that are able to switch to a self-perpetuating amyloid form when fused to other proteins 

(prion-forming domains, PrDs) [21], and at least 9 of these proteins are proven to be capable of 

maintaining the prion state in their native form (see [22]). The actual number of prion-forming 

proteins in the yeast proteome could be much larger, as searches that identified the currently known 

PrDs were heavily biased towards the amino acid composition of already known yeast PrDs. PrDs 

are the structurally autonomous domains of amyloid prions that allow conformational duality and 

can be transferred as modules to other proteins to create novel prions [7,23]. Most of the yeast 

prions are self-propagating amyloids. Prion states are typically designated as [PSI+], [PIN+], 

[SWI+], [OCT+], with an exception of [URE3] for which a “+” and italics are not used (square 

bracket enclosure are used to indicate cytoplasmically inherited genetic determinants in yeast and 

capital letters indicate dominance). In the prion state, the above-mentioned prions form amyloidal 

aggregates, whilst some (e.g. [PSI+] and [URE3]) also show resistance to proteinase K digestion. 

These protein-based prion states are dominant, inherited in a non-Mendelian fashion and 

transmitted by cytoplasmic infection (cytoduction). PrDs of proteins Sup35, Ure2 and Rnq1, 

responsible for [PSI+], [URE3] and [PIN+] prions respectively, are proven to form amyloid fibrils in 

vitro, that are capable of transmitting the prion state through in vitro “infection” [24-26]. Analogous 

to the PrPSc strains seen in vCJD, yeast prions also exhibit strain diversity, where the strains 

represent different prion conformations that are known in yeast as variants [26-27]. Variants of 

[PSI+] and [PIN+] will be discussed below. 
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Of the yeast prions, [PSI+] [28] is probably the most extensively studied. It is the prion state of the 

translation termination factor called eRF3, or (in yeast) Sup35p (see [7,6] for reviews). Conversion 

of Sup35p to the [PSI+] prion causes decreased function of Sup35p i.e. defective translation 

termination. Hence, the prion form causes read-through of mRNA termination codons. It was 

hypothesized that [PSI+] may produce C-terminally extended and functionally altered polypeptides 

that may increase phenotypic plasticity and therefore, the ability of yeast to survive adverse 

environmental conditions [29]. This can be considered analogous to “cancer-like” transformation. 

The read-through of premature termination codons generated by mutations (a.k.a. nonsense 

mutations) occurs in [PSI+] strains and is used for [PSI+] detection [7,6]. This phenomenon is an 

example of nonsense-suppression. Of note, the prion-forming ability of Sup35p is conserved 

through several hundred million years of evolution [30,7].  However, [PSI+] prion is not found in 

the natural or industrial isolates of yeast [30-32], and some variants of [PSI+] are clearly cytotoxic 

[33]. Sup35p, as other yeast prion proteins, contains a PrD located at the N-terminus. PrDs of 

Sup35p and other yeast prions have unusual amino acid composition, which is enriched in polar 

residues and depleted of charged residues, promoting a disordered molten-globule-like protein 

conformation that favors the formation of amyloid-nucleating contacts [22]. PrDs determine the 

infectious properties of prion proteins and are sufficient for prionization [7].   

 

[URE3] is the prion state of the Ure2p, a negative regulator of genes involved in nitrogen 

catabolism [34-35]. [URE3] allows enhanced uptake of alternative nitrogen sources (including 

ureidosuccinate) in both poor and optimal nitrogen environments due to the partial loss of Ure2p 

function. The PrD of Ure2p is located in the N-terminus of the protein (reviewed in [8]. [GAR+] is 

another yeast prion related to metabolism. Normally, in the presence of glucose (even in trace 

amounts), yeast suppress utilization of any alternative carbon source. However, [GAR+] allows 

yeast cells to be resistant to this glucose-associated repression [36]. 

 

[PIN+] (derived from [PSI+] inducibility) is the prion state of Rnq1p, a protein rich in asparagine 

(N) and glutamine (Q) which facilitates de novo formation (but not propagation) of other amyloid 

prions, for example [PSI+] [37]. It induces [PSI+] formation upon Sup35p overproduction, possibly 

by seeding its polymerization [38]. [PIN+] has variants that differ in the efficiency with which they 

induce [PSI+] [39].  

 

It is worth noting that the list of about 200 yeast proteins that contain domains similar to PrDs of 

known yeast prions by amino acid composition is enriched for globally acting transcription factors 

like [SWI+] [40], [OCT+] [41], [MOT3+] [21], [ISP+] [42], etc and RNA-binding proteins [21]. 
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These observations imply that epigenetic switches based on prionization could regulate gene 

transcription at a global level thus altering metabolism and cell differentiation (discussed in 

[22,43]).  

 

[Het-s] is an amyloid prion found in the filamentous fungus Podospora anserina [44] that has a PrD 

in the C-terminal region (218-289). Structural studies reveal the conformational transition of the 

normally flexible C-terminal tail into amyloid fibrils comprising of 4 β-strands per fold [45]. Unlike 

the other amyloid prions discussed above, the [Het-s] prion does not cause functional inactivation of 

the wild type protein, instead it can cause a reaction known as vegetative incompatibility; this is a 

genetic system that controls the ability of two fungal strains to come together via a process known 

as anastomosis. Of the nine het loci that regulate this parasexual process, incompatibility of het-s 

loci due to the prion form [Het-s] limits heterokaryon formation and anastomosis, thus preventing 

harmful hyphal fusions in fungi [46]. [Het-s] forms insoluble aggregates and is resistant to digestion 

with proteinase K. Like other amyloid prions, [Het-s] protein forms amyloid fibrils in vitro that 

stably transmit the prion state through in vitro “infection” [47]. 

 

A new class of fungal prion-like phenomena includes self-activating proenzyme prions that are 

propagated due to self-sustainable modifications rather than in amyloid forms, e.g. [β] of 

Saccharomyces cerevisiae [48] and [C] of Podospora anserina [49]. Here, the prion protein 

activates its own inactive proenzyme precursor [6]. The [β] prion is associated with a gain-of-

function phenotype via activation of the pro-proteinase B (precursor) form of vacuolar proteinase B 

by the mature proteinase B (prion) form. The activated proteinase B state is transmitted by 

cytoduction and demonstrates all other properties of a prion [6]. The prion-like phenotype 

designated as [C] is characterized by slow hyphal growth and dark pigmentation. It is thought to be 

the prion form of Mitogen-Activated Protein Kinase Kinase Kinase (MAPKKK) as it causes 

hyperactivation of MAPKKK such that it becomes independent of upstream signals [49]. This is 

again “cancer-like” behavior [50].  

 

It is also notable that de novo formation of yeast prions is increased by some stresses [51-52]. Prion 

propagation is controlled by an Hsp machinery (for reviews, see [53-54]), and heat shock 

destabilizes some variants of [PSI+] prion, apparently due to alterations in chaperone balance 

leading to improper segregation in cell divisions [55]. It was proposed that some prions may arise as 

by-products of the protein complexes formed with the purpose of protecting certain proteins from 

unfavorable conditions [53]. 
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Mammalian Prions 

As shown in Table 2, mammalian prions share many of the same characteristics when compared to 

yeast prions. Although the PRNP gene that encodes PrP is present in the genome of all mammals, 

birds, and fish, PrP is a non-essential protein. Mice devoid of PrP are capable of normal 

development, behavior, and reproduction [56]. Furthermore, animals homozygous for a disruption 

of the PRNP gene are found to be resistant to scrapie [57]. Studies have also found an “interspecies 

barrier” that restricts transmission of prions between unrelated species such as that seen between 

different Fungi [6-7,58]. This barrier results in distinct incubation periods and patterns of 

neuropathology in prion-mediated disease in different animals [6]. These barriers are introduced by 

mutations in the PrD of prions (reviewed in [6-7,58]). The PrD of mammalian PrP resides in the N-

terminus and is slightly different to most other prions. While residues 108-124 are important for the 

conformational conversion of PrPC to PrPSc [59], there is an octapeptide repeat region between 

residues 52-90 that modulates prion assembly kinetics [60]. Similar oligopeptide repeats in yeast 

Sup35p serve to stabilize prion propagation of yeast [PSI+] [61]. Prion variability, a.k.a. prion strain 

diversity, is yet another feature of this protein family and it reflects the ability of the prion protein to 

acquire and/or spontaneously adopt different 3D protein conformations, which are stably 

maintained and propagated in vivo e.g. vCJD [4,62]. The strain diversity depends primarily on the 

amino acid sequence of PrP as this defines the set of possible 3D conformations that the protein can 

adopt. Variability may also depend on PrP glycosylation patterns [63]. The human prion protein has 

two sites of N-glycosylation, residues 181 and 197. Glycoforms have been identified by Western 

blotting that exhibit differential glycosylation of these sites. The proportion of these glycoforms 

varies between prion proteins. For example, a higher amount of diglycosylated PrP (protease 

resistant form-type 2B) distinguishes vCJD from sCJD patients [63]. Interestingly, a recent study 

has shown that the anti-apoptotic activity of PrP in oral and colon cancer cells depends on its 

glycosylation [64]. 

 

Prions are not exclusive to Fungi or mammalian PrP. Many mammalian proteins other than PrP, 

may also have the ability to undergo spontaneous conformational conversion to a prion form based 

on the fact that they fulfil various criteria established by studies of yeast prions (discussed above). 

In fact, it was recently discovered that the functional RNA-binding form of the neuronal isoform of 

the translational regulator CPEB (cytoplasmic polyadenylation element binding) protein in the sea 

slug Aplysia californica shows prion patterns in non-native systems and aggregation in the native 

system. CPEB forms dominant self-perpetuating prion-like multimers [65-66]. Isoforms of CPEB 

protein are also found in mice (CPEB-3 and CPEB-4) and humans (CPEB-1). The mouse isoforms 

have been reported to form aggregates in neuroblastoma cells [67], while the human isoform 
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remains untested. All of the CPEB proteins have an N-terminal domain resembling a PrD. ApCPEB 

and CPEB-3 contain prion-like glutamine-rich (Q-rich) domains (discussed below) which represent 

48% and 18% of the full length proteins, respectively [8,66-67]. In contrast, CPEB-4 is rich in 

proline and bears sequence motifs similar to that of PrPSc [8,67]. Reminiscent of other yeast and 

mammalian prions, the presumed CPEB prion also exhibits strain diversity with distinct activity 

states [68]. It is important to note that, unlike the disease causing PrPSc, the proposed prion form of 

CPEB serves to function in memory formation. Indeed, the prion-like mechanism in CPEB allows 

generation of stable, self-perpetuating biochemical memories or stable synapses in the brain through 

distinct prion-like strains [68]. Some studies with mice suggest the intriguing possibility that if 

CPEB can be infected by a prion, this may have the potential to alter the expression of tumor 

suppressors and thereby play a role in neuroblastoma, e.g. CPEB has been reported to regulate p53 

mRNA translation and cellular senescence in human [69] and mouse [70] cell models. These studies 

clearly highlight the biological relevance and importance for prion-based protein function in higher 

eukaryotes and mammals. 

 

Similar to the proposed CPEB prion, we hypothesize that many mammalian proteins may be 

susceptible to infection by amyloid prions that have yet to be identified. These susceptible 

mammalian proteins may include well-characterized proteins like, p53, a key tumor suppressor in 

vertebrates (detailed under “possible role for prions in metastasis”). Whether p53 is involved 

directly in the transformation of normal cells via a “prion-like” infectious mechanism is unlikely; 

however, there are certainly more mammalian “prion-like” proteins yet to be discovered.  

 

Prion Propagation and Induction Factors 

Propagation and induction of prions require multiple cis- and trans-acting factors.  

 

1. Amino Acid Content: The ability of Sup35 or Ure2 protein to form a prion depends more on 

amino acid composition than on specific amino acid sequence; whereas the efficiency of prion 

transfer to an uninfected protein depends on a specific sequence (reviewed by [6]). The yeast 

proteins most susceptible to prion formation possess a glutamine- and asparagine-rich (Q/N-rich) 

domain [71-73]. This agrees with the observation that glutamine repeats are found in several 

aggregation-prone and amyloidogenic proteins associated with neurodegenerative diseases. 

Database analysis of protein structure shows a high percentage of RNA-binding proteins (RBPs) 

among proteins with QN-rich domains [21,74]. RBPs can associate with RNA as it leaves the 

nucleus and act as “RNA chaperones” to promote formation of RNA-protein complexes [75]. 

Therefore, if prionogenic RBPs bind to mRNA and act to regulate the efficiency of protein 
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translation, prions may potentially influence not only the 3D-structure of proteins, but also protein 

expression levels. In addition, nucleic acids are also believed to be important players in helping 

trigger conversion of PrPC to PrPSc and PrP/nucleic acid complexes have been proposed to act as 

catalysts to increase the rate of aggregation of prions and associated proteins [76-77]. Recent 

studies demonstrate that cytoplasmic PrP expression can induce the formation of large 

ribonucleoprotein particles and thereby also affect post-transcriptional regulation of protein 

expression [78]. Thus, prion infectivity may have a dual role of control in altering both protein 

function and expression contributing to cellular phenotypic changes. 

 

Contrastingly, the C-terminal PrDs of human PrP (121-231aa) and yeast [Het-s] (218-289aa) are not 

QN-rich but can still propagate as prions [79]. While the Q/N-rich domain is important for 

prionization, an adjacent motif, the oligopeptide repeat, is required for the propagation and stable 

non-Mendelian inheritance of these aggregates [80]. For example, in Sup35p, the middle region 

(124-253aa) adjacent to the N-terminal PrD (1-123aa), which is enriched (42%) in charged amino 

acids like lysine and glutamic acid, helps to stably maintain the prion form. Similarly, some regions 

in the C-terminus of Ure2p also influence the prion conversion of the N-terminal PrD [72]. In fact, 

it is observed that the N-terminal region of PrP affects prion transformation and aggregation 

[81,59], while the number of oligopeptide repeats in PrP affected the probability of PrPSc formation 

by modulating prion assembly kinetics [60,82]. 

 

2. Molecular chaperones: Despite the abundance of QN-rich proteins in yeast and mammals, only 

few form heritable aggregates. This is because prion inheritance requires both an aggregation 

sequence (such as the PrDs and oligopeptide repeats that are responsible for self-seeded growth) 

and an element that permits chaperone-dependent replication to ensure stable propagation of the 

infectious, aggregation-prone form [80]. Prion proteins associate with molecular chaperones that 

can regulate conformational conversion, such as Hsp104p in yeast [54,83] and αβ-crystallin in 

mammals [84]. In both yeast and mammalian cells, molecular chaperones employ a highly 

conserved set of post-translational mechanisms to assist in protein folding and promote 

disaggregation by converting folded subunits into oligomeric structures.  Chaperones inherently try 

to help stabilize protein folding; however, chaperone binding can also enhance protein aggregation 

via breaking off small clumps from the main mass of aggregated protein. This disaggregation of 

prion aggregates by molecular chaperones generates forms of the prion protein that can seed the 

protein polymerization mechanism underlying the prion propagation cycle [85-86]. The types of 

prion variant formed also depend on aggregate sensitivity to the severing activity of the chaperones 

[87-90]. Thus, physical interaction of prions and endogenous chaperones can result in more 
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efficient and enhanced prion infectivity. This, combined with the known ability of prions to alter 

protein function and expression, is likely to result in significant changes in cellular phenotypes. This 

includes changes that enhance cellular survival or “cancer-like” phenotypes. This phenotype could 

be efficiently passed on in cell progeny and suggests a potential role for prions in the progression of 

a phenotype from cell to cell.  

 

3. Actin cytoskeleton: Although much is known about prion propagation, the initial induction of 

prions from non-prion protein remains to be elucidated. It is thought that the de novo appearance of 

prions is predominantly induced by transient overproduction of Q/N-rich proteins (reviewed in [8]) 

or PrDs [23]; however, there are reports of similar interactions with non-Q/N-rich prions [67]. 

Prionization is influenced by interactions of yeast and mammalian prions with the cortical actin 

cytoskeleton and other membrane-associated cytoskeletal networks [91-95]. Alterations in the 

cortical actin cytoskeleton greatly reduce de novo prion induction and accumulation of prion 

aggregates [94]. A role of the cytoskeleton in the generation of prion aggregates is explained by a 

model in which cytoskeletal structures provide a scaffold for the generation of aggregate deposits, 

which in turn provide sites for prion protein accumulation and prion polymerization [94,96]. It has 

been shown that the short-lived stress-inducible actin cytoskeleton associated protein Lsb2 plays a 

role in this process [93]. Actin cytoskeleton disruption also destabilizes some variants of the [PSI+] 

prion [97], and a lack of Lsb2p increases the destabilizing effect of heat shock on a prion, pointing 

to the role of the actin cytoskeleton in prion maintenance (and possibly formation) during stresses 

[93]. As actin polymerization is also critical for cancer cell motility [98], the assembly of prion 

aggregates within actin-rich complexes suggests a potential role for prions in cancer cell migration 

and metastasis.  

 

Prions and Cancer 

 

A Possible Role for Prions in Cancer 

There are several lines of evidence that support the possible involvement of prions in cancer 

(summarized in Table 3). Firstly, several types of cancer demonstrate over-expression of PrP 

(whether PrPC or PrpSc was not tested) including: colorectal [13], gastric [99], breast [100] and 

glioblastoma [9]. This observation does not directly confirm a role for PrP in the establishment or 

progression of cancer; however, loss of over-expression of PrP does inhibit cancer cell growth, 

suggesting a requirement for PrP over-expression in rapid cell proliferation and/or enhanced 

survival. In gastric cancer, over-expression of PrP renders the cells resistant to adriamycin, while 

sensitivity is restored upon the knockdown of PrP [12]. Further, the expression of PrP in primary 
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tumors has been assessed by immunohistochemistry in a series of 756 patients that were part of two 

randomized trials comparing anthracycline-based chemotherapy to no chemotherapy. The positive 

rate of PrP expression in breast cancer tissues was 15% (113/756) and was positively correlated 

with cancers that were resistant to chemotherapy [11]. Whether the cancer phenotype is a result of 

PrP over-expression per se or whether PrP over-expression in a sub-population of cells simply 

confers an inherent survival advantage and therefore selection pressure on this sub-population of 

cells is yet to be determined.  

 

Unlike mutations in nuclear genes, prions exhibit cytoplasmic inheritance. The altered cellular 

phenotypes caused by infection of gene products with prions precisely mimic those caused by 

mutations in the same genes. Some are loss-of-function phenotypes while others are gain-of-

function phenotypes. However, unlike mutation of genes, the phenotypes are always dominant and 

their inheritance is cytoplasmic rather than nuclear. If cancer phenotypes are due in part to prions, 

they would also be expected to exhibit cytoplasmic inheritance. In this regard, it is interesting that at 

least one study has reported the cytoplasmic inheritance of cellular metastatic potential in cell 

culture models (detailed under “possible role for prions in metastasis”).  

 

Cancers form by changes in regulation and expression of genes and subsequently proteins. Cancers 

that are heritable within family pedigrees may be due to germ line mutation such as in familial 

breast cancer, while those that are not, we speculate may be due to infection of the same or 

functionally related proteins with a prion. The frequency of spontaneous prion formation [89] is 

somewhat higher than that of spontaneous mutations [101]; but, interestingly, it is similar to the 

frequency with which spontaneous metastatic variants arise from clonal cancer cells (see the 

explanation for phenotypic heterogeneity under “possible role for prions in metastasis”). In part, 

this is due to the higher frequency of spontaneous conversion of amyloidogenic proteins to an 

amyloid prion form. All prion phenotypes arise (and revert) spontaneously with a frequency 

between 1 X 10-5 [102] and 1 X 10-7 [52] per cell per generation. As with mutation rates, the 

frequency at which cellular proteins undergo conformational conversion to prions can be artificially 

increased. The frequency of conformational conversion of cellular proteins to prions is strongly 

enhanced by exposure to environmental triggers such as oxidative stress or high salt concentrations 

[52]. Conversely, other stressors, e.g. UV radiation, can cause loss of [PSI+], possibly via the 

induction of Hsp104 (discussed in [83]). For a rare event such as spontaneous mutation (incidence 

up to 1 x 10-6 per cell per generation [101]) to affect both copies of a gene would be an exceedingly 

rare occurrence (1 x 10-12 per cell per generation). However, phenotypes that arise from prions are 

dominant. Therefore, only one rare event (frequency of 1 X 10-5 - 1 X 10-7) is required for the 
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phenotype to arise irrespective of the gene copy number. Finally, the frequency of prion induction 

in yeast is also influenced by the very large number of proteins encoded in the genome 

(approximately 1 in 30) that are predicted to have the ability to spontaneously switch to an amyloid 

prion form [21]. 

 

Another line of support for the possible involvement of prions in cancer is the fact that while 

mutations and the phenotypes they cause are, by nature, stochastic, prions and the phenotypes they 

cause are not. A spontaneous mutation does not usually confer a selective growth advantage. It is as 

likely to be lethal or severely detrimental as it is to confer a selective advantage. In contrast, the 

ability of certain proteins to switch to amyloid prions is not stochastic. The frequency of prion 

induction and the types of prions that are induced are under the influence of environmental factors, 

i.e. by the type of stress the cells are exposed to [52]. The ability to induce prions was likely 

acquired during evolution to enhance the ability of cells to rapidly diversify and adapt. Interestingly, 

prion induction in yeast and/or other fungi has been shown to result in receptor-independent MAP 

kinase pathway signaling , to affect apoptosis induction proteins, to alter chromatin-remodelling 

proteins, and to inactivate global transcriptional regulators (see “yeast prions” discussed earlier). 

Receptor-independent growth factor signaling, altered global transcription patterns, and impairment 

of apoptosis are all phenotypes commonly associated with cancer cells [10].  

 

A Possible Role for Chaperones in Prion Switching in Cancer  

The main roles of heat shock proteins (HSPs) and chaperones are to prevent non-specific 

aggregation of denatured proteins and to assist in protein re-folding (renaturation). In contrast, 

prions or prion proteins promote the formation of insoluble protein aggregates. The potential 

interplay between the two classes of proteins provides a unique scenario that could potentially 

regulate cancer progression based on the assumption that prion proteins have a role in cancer. There 

are several links between heat shock proteins and PrP (whether PrPC or PrpSc was not tested) and 

these are discussed below.  

 

First, the heat shock protein αβ-crystallin interacts with PrP (Fig. 1). It binds to the highly 

disordered but functionally conserved N-terminal PrD of bovine PrP (BoPrP) [84]. This interaction 

could potentially prevent the conversion of the PrPC to PrPSc. However, at the same time, this 

sequesters αβ-crystallin chaperone activity and may reduce the access of other misfolded proteins to 

αβ-crystallin. This interference by PrP with the chaperoning function of αβ-crystallin may promote 

cancer. In support of this, αβ-crystallin has been observed to be downregulated in pancreatic 

carcinoma. Moreover, over-expression of αβ-crystallin in a pancreatic cell line retarded cell 
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migration. This suggests that αβ-crystallin negatively regulates pancreatic carcinogenesis [103]. In 

this instance, PrP interaction with αβ-crystallin would result in the reduced availability of the 

chaperone to perform its function and promote cell migration and cancer. 

 

Second, the promoter of the PRNP gene that encodes PrP contains two heat shock elements [104]. 

Heat shock elements are bound by transcription factors, including heat shock transcription factors, 

in response to cellular stress (including but not limited to heat) and induce enhanced expression of 

target genes. Experimental evidence for the regulation of PrP transcription by heat shock proteins 

comes from the finding that heat shock of human neuronal cells results in simultaneous induction of 

PrP and the heat shock protein 70 (HSP70) at both the mRNA and protein levels [104-105]. Thus, it 

is conceivable that induction of cellular stress responses could increase sequestration of HSPs 

(caused by a coordinated increase in PrP protein levels) and this may result in activation of 

pathways that promote cancer.  

 

Third, the observation that over-expression of αβ-crystallin and PrP protein (whether PrPC or PrpSc 

was not tested) has contrasting effects on cancer cell cycle progression. As part of SCF E3 ubiquitin 

ligase, αβ-crystallin induces the degradation of cyclin D1. Cyclin D1 is essential for cell cycle 

progression, so αβ-crystallin could potentially induce cell cycle arrest and thereby interfere with 

cancer progression. However, in contrast, PrP promotes G1/S transition via induction of cyclin D1 

expression. The promoter of the cyclin D1 gene is activated by PrP in gene reporter assays, while 

knockdown of PrP via RNAi decreases cyclin D1 levels [9,106]. This supports a possible dual role 

for PrP in promoting cell cycle progression via activating transcription of cyclin D1 and interfering 

with αβ-crystallin-dependent turnover of cyclin D1 (Fig. 1). Notably, over-expression of PrP in the 

nucleus of breast cancer cells induces multinucleation, which is often seen in cancerous cells with 

cell cycle checkpoint defects (reviewed in [9]). Thus, over-expression of PrP may activate 

oncogenic pathways by simultaneous promotion of cell cycle progression and polyploidy.  

 

Anti-apoptotic Activity of PrP  

Inhibition of apoptosis is one of the hallmarks of cancer [10,107]. Intriguingly, PrP (whether PrPC 

or PrpSc was not tested) displays anti-apoptotic/pro-survival activity. The underlying mechanism has 

not yet been fully elucidated; however, it does involve components of both the extrinsic and 

intrinsic apoptotic pathways.  

 

The extrinsic pathway regulates response to external apoptotic signals detected by members of the 

tumor necrosis factor (TNF) receptor super family. Upon binding of their cognate ligand, these 
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specialized pro-apoptotic cell surface receptors become activated and oligomerize within the 

membrane thus forming a complex known as the death inducing signaling complex (DISC). DISC 

then initiates apoptosis via the activation of caspases. Cells over-expressing PrP are known to be 

resistant to the induction of apoptosis initiated via the TNF-related apoptosis inducing ligand 

receptor (TRAIL-R/DR4/DR5) and TNF [100]. 

 

The intrinsic apoptotic pathway regulates response to internal apoptotic signals and is mediated by 

the BH3-only pro-apoptotic proteins. BH3-only proteins antagonize the protective activity of Bcl-2 

pro-survival family members at the mitochondria and activate pro-apoptotic Bax/Bak, which then 

induce mitochondrial outer membrane permeabilization (MOMP) and finally lead to the induction 

of the caspase cascade (Fig. 1). PrP shares significant amino acid sequence similarity with the Bcl-2 

homology domain 2 (BH2) contained in both the pro-survival Bcl-2 family members and the pro-

apoptotic Bax and Bak members of the Bcl-2 family. In fact, PrP is found to inhibit the 

conformational switch required for activation of the multi-domain pro-apoptotic protein Bax [108], 

thereby disrupting the formation of higher-order Bax oligomers and MOMP that are required to 

mediate apoptosis (Fig. 1) [109].  Yeast two-hybrid assays also show that PrP is able to bind Bcl-2 

in a similar way to Bax [110]. Taken together, this supports the hypothesis that PrP regulates Bax 

via direct interaction with Bcl-2 [111]. Interestingly, knockdown of PrP resulted in decreased Bcl-2 

expression, while other pro-survival Bcl-2 family members like Bcl-xL and Mcl-1 were not 

affected. This suggests a distinct nexus for PrP action involving Bcl-2 only [112]. In contrast, in a 

cell-free system PrP was unable to substitute for Bcl-2, and prevent MOMP in the presence of Bax 

and tBid (a truncated form of the BH3-only protein Bid that triggers MOMP via Bax or Bak) [108]. 

Pre-incubation of Bax with PrP also had no protective effect. Hence, it appears that PrP does not 

prevent Bax-mediated apoptosis by direct interaction with Bax. One possibility is that αβ-crystallin 

which is able to bind Bax [113] may simultaneously bind PrP, which could then mediate indirect 

interaction between PrP and Bax. This proposed mechanism of simultaneous binding of PrP and 

another substrate to αβ-crystallin is an alternative to the mechanism in which αβ-crystallin is 

sequestered by PrP (as proposed in an earlier section) (Fig. 1). Overall, we suggest that the anti-

apoptotic activity of PrP acts like the pro-survival Bcl-2 protein (intrinsic pathway) in a Bax-

dependent manner. 

 

Interactions with key molecules of the intrinsic pathway still do not explain PrP-mediated resistance 

to pro-apoptotic signals of the extrinsic (TNF, TRAIL) pathway [112]. A possible explanation is 

that the type of apoptotic signaling repressed by PrP could play an essential role in both the intrinsic 

and extrinsic apoptotic pathways. There are two types of extrinsic apoptotic signaling (type I and 
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type II) that have been defined by differing levels of DISC and caspase-8 activation upon death 

receptor stimulation. High levels of DISC activation are sufficient to activate initiator and effector 

caspases triggering apoptosis (type I), while low levels of DISC activation require further 

amplification of the death signal for apoptosis (type II). Amplification occurs via the BH3-only 

family protein Bid (or to be precise, its activated form tBid), which engages the intrinsic pathway 

via Bax or Bak to amplify caspase activity [114]. Hence, the extrinsic pathway can either act 

independently of the intrinsic pathway or its signals can be amplified through tBid-mediated 

engagement of the intrinsic pathway. PrP is able to inhibit Bax-mediated apoptosis quite 

specifically by preventing the conformational change required to activate Bax, but is unable to 

inhibit Bak or tBid-mediated apoptosis [108]. So PrP would be predicted to inhibit TNF-mediated 

type II apoptosis via Bax inhibition; however, not type I. Therefore, to explain PrP-mediated 

resistance to type I apoptosis, we can speculate that PrP also inhibits DISC formation. However, 

there is evidence that the increased sensitivity of TRAIL-resistant breast carcinoma cell lines to 

TRAIL following the knockdown/silencing of PrP is not associated with enhanced DISC formation, 

but instead is associated with caspase processing [112].  Therefore, inhibition of caspase activation 

is a potential mechanism by which PrP may inhibit TNF-induced type I apoptosis (Fig. 1). 

However, this warrants further investigation as there are contradictory reports of the effect of PrP 

on caspases [99,112,115-118]. Although, the picture may be more complex as another study found 

that αβ-crystallin can bind caspase-3 and inhibit its autoactivation [113,119]. Caspase-3 is an 

effector caspase that is activated downstream of caspase-8 (extrinsic type I and II pathways) and 

caspase-9 (intrinsic pathway) to trigger programmed cell death (Fig. 1). This provides a potential 

mechanism for bringing PrP into contact with caspases and allowing it to influence their activation. 

 

A Possible Role for Prions in Metastasis 

There is evidence that the metastatic potential of some cancers is a phenotype that is subject to 

cytoplasmic inheritance. This mechanism is observed via exosome transfer. Exosomes are small 

membrane-enclosed vesicles that contain cytoplasm. Following purification from the culture 

medium of highly metastatic cancer cells, exosomes conferred increased metastatic activity when 

fed to poorly metastatic cancer cells [120]. Exosomes are already known to transmit infectious 

prions between human cells [121]. Therefore, prions may be able to increase the metastatic potential 

of a tumor mass by exosome transfer from highly aggressive cancer cells. Changes in phenotype 

within tumor masses resulting in heterogeneity have also been observed when the tumor began as a 

clonal population. This has been observed in metastasizing cancer cells in animal models of lung 

cancer [122-123] and sarcoma [124]. The heterogeneity cannot be explained by mutation alone. To 

date, the molecular mechanisms that cause this phenomenon remain to be elucidated. Generally this 
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type of phenotypic alteration has simply been attributed to unusual epigenetic events. However, 

there are intriguing similarities to the frequent phenotypic alterations in yeast, which are now 

known to be caused by prions. The phenotypic shift in metastatic cancer cells occurs in a 

spontaneous, rapid, and reversible manner, resembling those observed in yeast during spontaneous 

prion induction and curing. Furthermore, the phenotypic alteration and reversion in the metastatic 

cancer cells were found to occur at the rate of ~1 x 10-5 per cell per generation [122]. This is close 

to the reported frequency of phenotypic alteration due to de novo prion formation and curing in 

yeast: 1 x 10-5 per cell per generation in some studies [102] and in the range of 1 x 10-6 per cell per 

generation in others [125-126]. The frequency of de novo prion induction varies depending on the 

presence or absence of other prions, e.g. [PIN+] in the case of [PSI+]. However, this is generally 

somewhat higher than the rate of spontaneous mutation (i.e. forward 1 x 10-6 and back 1 x 10-8 per 

cell per generation) [101]. In fact, phenotypic heterogeneity of tumor cell subpopulations has long 

been observed despite the cells being derived from the same primary tumor and, therefore, 

originally possessing identical genomes [127]. Phenotypic heterogeneity within a genetically 

identical population of cells is a hallmark of protein-only inheritance mediated by prions in yeast 

and other fungi. Prions provide a mechanism that can create variant subpopulations with distinct 

phenotypes within isogenic populations [22,128]. Whether analogous molecular mechanisms to 

those that are now known to underlie spontaneous prion induction and prion-mediated phenotypic 

alteration in yeast and other fungi also play a role in the generation of phenotypic heterogeneity 

(e.g. drug resistance, metastatic potential, altered expression of tumor cell markers, development of 

genomic instability) in cancer in humans clearly warrants investigation.  

 

Prion induction in mammals may also play a role in cancer metastasis. The role of PrP in the 

regulation of signaling pathways is known to be important for cancer metastasis. Over-expression of 

PrP (which could induce prionization, but this has not yet been tested in cancer) significantly 

promotes the adhesive, invasive, and in vivo metastatic phenotype of gastric cancer cell lines via 

inducing phosphorylation of phosphatidylinositol 3-kinase/Akt (PI3K/Akt) and activation of the 

Akt pathway (Figure 1) [129]. Moreover, activated Akt is known to phosphorylate the MAP kinase 

ERK1/2 thereby promoting increased expression of matrix metalloproteinase 11 (MMP11) in 

gastric and pancreatic cancer cells (Fig. 1) [106,129-130]. Metalloproteinases are responsible for 

extracellular matrix (ECM) degradation, which is an essential step in tumor invasion and metastasis. 

It was also shown that inhibition of the MEK/ERK MAP kinase signaling pathway reduced PrP 

over-expression and inhibited gastric cancer metastasis [130,106]. Furthermore, PrP expression 

levels have been shown to negatively influence pancreatic cancer patient survival due to PrP 

interaction with filamin a (FLNa), an actin-associated protein that integrates cell mechanics and 
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signaling. PrP contains a filamin A–binding (FLNa-binding) motif, which interacts with FLNa in 

pancreatic cancer cell lines [14]. Binding of FLNa alters the organization of the cytoskeleton and 

expression of multiple signaling proteins. PrP overexpression and binding to FLNa result in 

increased cellular proliferation and invasiveness in vitro, as well as tumor growth in vivo. This also 

inversely correlated with patient wellbeing [14]. Taken together these observations suggest that PrP 

plays a role in metastasis by activating various stress-activated kinase signaling pathways.  

 

In addition to members of the kinase signaling pathways, important cell cycle regulatory proteins 

like the key tumor suppressor p53 can influence metastasis via changes in its protein structure. 

Inactivation of p53 function has been linked to the progression of cancer and is observed in greater 

than 50% of all human cancers [131]. The resulting loss of p53 activity is implicated to affect 

expression of more than 1,500 genes, the majority of which are involved in key metabolic processes 

including DNA damage response, cell cycle regulation or activation of apoptosis [132-133]. 

Interestingly, the individual domains of p53 are able to form amyloid-like aggregates, including the 

core, the tetramerization and the transactivation domains [134-137]. Further, it has been 

demonstrated that the p53 N-terminal domain aggregates into amyloid assemblies that exhibit 

cytotoxicity [137]. Mutant p53 is also able to drive conversion of the wild type p53 protein into a 

non-functional conformation in a way that resembles the actions of amyloid prions [138], thereby 

disrupting normal p53 physical interactions with its partner proteins and p53 trans-activation 

function. The mutant p53 amyloid form can confer a dominant phenotype on the remaining wild-

type p53 form of protein and sequester native p53 in an inactive conformation [77]. This would 

result in altered signaling, inhibition of apoptosis, promotion of cell cycle progression, and 

increased metastatic potential. However, another study has found that mesenchymal embryonic 

cells transformed by Ras/Myc and engineered for knockout of the PRNP gene displayed an 

increased incidence of lung metastasis due to increased expression of αVβ3-integrin and blood 

aggregates [139]. The knockout of PRNP may phenocopy the infection of PrPC by a prion (PrPSc), 

which would result in reduced function of PrPC. These results suggest that PrP negatively modulates 

the expression and activation of integrin αVβ3 thus repressing a more aggressive cancer phenotype. 

The capability of prions to ‘infect’ neighboring cells and disrupt cellular processes is a potential 

mechanism for promoting cancer progression. Overall, it is an intriguing possibility, although yet to 

be tested, that infection of PrPC with a prion and its functional inactivation may be responsible for 

cancer phenotypes.  

 

Implications for prevention, early diagnosis, and targeted therapeutic intervention in cancer 
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Implications for Future Cancer Prevention 

New environmental factors that trigger altered protein conformation (but not DNA damage) might 

represent a whole new class of carcinogens. These potential new discoveries could aid in improved 

screening for environmental factors and cancer prevention. 

 

Implications for Future Early Diagnosis of Cancer 

It is notable that the incubation period for well-characterized prion-mediated diseases (e.g. PrPSc) is 

variable, but can be as long as 50-60 years [140]. So there could potentially be a significant time 

between diagnosis and the appearance of disease in which to intervene therapeutically if there were 

a prion involvement in cancer. If prion proteins contribute to cancer and altered protein 

conformation is a trigger for cancer initiation, then molecular diagnostics tools could be designed 

specifically to recognize the altered prion form of the protein, i.e. conformation-specific antibodies. 

This would facilitate early diagnosis of cancer and potentially provide population-wide screens. 

Considering this potential and the various prion-mediated mechanisms, we discuss below some 

prospective targets for intervention. 

 

Implications for Future Targeted Intervention in Cancer 

Prions have the potential to contributor to the initiation of cancer by creating altered patterns of 

global gene expression and by inhibition of normal homeostatic mechanisms promoting the 

accumulation of oncogenic mutations and altered ploidy often observed in cancer. However, prions 

also have the potential to act in later stages of oncogenesis by generating the phenotypic 

heterogeneity required for metastasis, angiogenesis, and drug resistance. Thus targeting prions may 

be an excellent complementary therapy that could realistically enhance conventional anti-cancer 

therapies. While targeting of prions per se has not yet been tested therapeutically in cancer, several 

studies have explored whether the human protein known to be susceptible to prion infection and to 

exhibit upregulated expression in cancer, PrP, is a potential anti-cancer target. PrP-mediated 

changes in signaling can potentially contribute to cancer progression in several ways: (1) PrP 

(whether PrPC or PrpSc was not tested) exhibits physical interaction with chaperones via its 

unstructured domain that attracts HSPs and chaperones, (2) it shifts the balance of apoptotic signals 

towards survival and (3) it affects pro-metastatic signaling pathways. The direct targeting of PrP 

with anti-PrP antibodies has been demonstrated as a potential cancer therapy via induction of 

apoptosis [141]. However, the most efficient therapeutic responses were seen when anti-PrP 

antibodies were used in combination with other therapies. Antibodies to PrP enhanced the effect of 

anti-tumor drugs irinotecan, 5-fluorouracil, cisplatin and doxorubicin to varying degrees [141]. 

Critical analysis of PrP molecular interactions shows that PrP is able to activate the PI3K/Akt 
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pathway and thus contribute to cell survival (Figure 1). Activated PI3K/Akt is known to 

significantly contribute to resistance to chemotherapy and thus suppression of the PI3K-Akt axis 

can sensitize cells in combination therapies [142]. The dual mechanisms of sensitizing cells with 

PI3K/Akt inhibition in conjunction with targeting the anti-apoptotic function of PrP may be 

effective in cancers with PrP over-expression including gastric, breast, colon, pancreatic, and 

prostate cancers [12,14,16,112,141]. For example, treatment with the PI3K inhibitors wortmannin 

and LY294002 resulted in decreased levels of phosphorylated Akt [143]. PI3K/Akt inhibition was 

sufficient to sensitize cancer cells to apoptosis induced by a second agent in pancreatic cancer cell 

lines [144], salivary gland cancers [145], breast cancer cell lines [146], colon cancer cells [147] and 

metastatic prostate cancer cells [148], all of which express high levels of PrP. Prion-targeted 

therapies may provide effective treatment wherever prions confer an infectious phenotype that 

contributes to disease progression.  

 

Targeting Phenotypic Reversion or Curing of Prions in Cancer 

An alternative approach for intervention could be to identify and “cure” amyloid prions. Yeast 

prions can be stably maintained in animal cell lines [149] and chemical treatments that cure yeast of 

prions can also cure animal cell lines of the PrPSc prion [150]. Therefore, we suggest that 

translational research for discovery of potential therapies for the treatment of prion-mediated 

disease (possibly including cancer) may be developed from the well characterized yeast models and 

adapted for mammalian disease. In yeast, a transient exposure to cell-permeable protein denaturing 

agents, in particular guanidinium chloride (GuHCl), has a strong influence on prion reversion. 

Denaturation strongly enhances phenotypic reversion of yeast prions (also called “curing”) [151]. 

Pharmaceutical reversion of the amyloid prion could help induce cell death. Recent studies have 

identified tricyclic derivatives of acridine and phenothiazine as chemical inhibitors of amyloid prion 

induction and maintenance [152]. Of these, the most effective anti-prion chemicals were found to be 

quinacrine (anti-malarial) and chlorpromazine (anti-depressant). Each of these compounds has been 

shown to be effective against both yeast and mammalian prions (PrPSc) [150]. Since these 

compounds represent drugs that are already in current clinical use and are known to cross the blood-

brain barrier, they could be immediate candidates for the treatment of amyloid prion-mediated 

diseases including, potentially, various cancers.  

 

On a related note, given the role of prions in modulating protein folding, it is intriguing to find 

reports of controversial cancer therapies like hyperthermia treatment which involve placing a 

patient in an incubator at high temperature (up to 45°C) for a period of time [153]. Heat sensitivity 

in vitro is often cited as evidence for the involvement of proteins in a biochemical process and it is 
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also known that in vivo, heat affects protein folding. At a molecular level, hyperthermia shifts the 

thermodynamic equilibrium and hence, would be expected to destabilize normal protein structure 

and conformations, which in turn would affect protein function. At higher temperatures, proteins 

could form different conformations in order to stabilize. Hence, if prions contribute to cancer, 

hyperthermia treatment could cure cancer by curing (yet to be identified) prions. This could 

possibly account for the apparent tumor cell selectivity of hyperthermia treatment and provide a 

hypothesis for the molecular basis of hyperthermia therapy. 

 

Targeting Drug Resistance and Metastasis in Cancer 

Drug resistance and metastasis are both known to be influenced by PrP (whether PrPC or PrpSc was 

not tested) and can be targeted in different ways. The molecular mechanism of multi-drug resistance 

(MDR) in cancer cells has long been associated with P-glycoprotein, an energy-dependent multi-

drug efflux pump (reviewed in [154]). Recently, it was shown that PrP interacts with P-glycoprotein 

and is essential for drug resistance in breast cancer cells [155]. Several studies have also 

functionally linked MDR and tumor metastasis [156-159]. In fact, depletion of PrP inhibited MDR-

induced metastasis of breast cancer cells [155]. Interestingly, emerging evidence also suggests that 

different prion strains can confer drug resistance in cell populations via natural selection and 

conformational fitness [160]. As mentioned above, another mechanism by which PrP promotes 

metastasis is the activation of the Akt pathway (Fig. 1).  Inhibition of Akt kinase activity or 

knockdown of Akt with siRNA has been shown to inhibit PrP-associated drug resistance in gastric 

cancer cells [130]. Furthermore, the anti-prion drug chlorpromazine, that is effective against 

mammalian prions, has been shown to prevent the development of resistance to ionizing radiation 

and anti-tumor drugs in cancer cells [161-162]. 

 

 

Conclusion 

The activity of prion proteins to induce protein-only inheritance in the context of formation and 

progression of cancer has extensive circumstantial evidence (summarized in Table 3). Prion protein 

over-expression and influences on apoptosis, kinase signaling, and sequestration of chaperones 

implies that conversion of a normal cellular protein to a prion and the ensuing metabolic disruption 

can potentially enhance the cancer phenotypes. That prions such as PrPSc are infectious (transferred 

via exosomes) suggests the possibility that prion induction may also promote the transfer of the 

cancer phenotype to neighboring cells. This could potentially promote the rapid development of 

phenotypic heterogeneity, including resistance to chemotherapeutics, cancer invasion and 

metastasis, preceding the appearance of genetic mutations. Thus, there is a need to define the role in 
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cancer of PrPC itself, prions that infect PrPC (like PrpSc) and potentially other yet to be discovered 

prions that may affect other cellular signaling proteins contributing to cancer. The knowledge 

obtained could be utilized to develop potential strategies for more effective prevention, early 

diagnosis, prognostic assessment, and therapeutic intervention in prion-dependent diseases, which 

may well include various types of cancer.  

 
 
Acknowledgements 
 
The authors gratefully acknowledge research grant funding from the Australian Research Council 

(ARC DP110100389) to ALM, MQW & YOC; the National Health and Medical Research Council 

(Program Grant ID: 442903) to KK; a Dr. Jian Zhou Smart State Fellowship (Queensland State 

Government), the NH&MRC, and Cancer Council Queensland to MQW; and the National Institutes 

of Health (R01GM58763) to YOC. 



 23 

Figure 1. A schematic diagram showing the molecular interactions of the cellular prion 
protein (PrP). The cellular prion protein (PrP) consists of 3 α-helical domains and a highly 
disordered but functionally conserved N-terminal domain that interacts with a number of key 
regulatory proteins of several pathways to promote cell survival and proliferation. PrP has been 
shown to directly bind the chaperone protein αβ-crystallin which could then promote cell cycle 
progression via de-repression of cyclin D1 and also via the conversion of the p53 tumor suppressor 
to a mutant conformation. PrP can inhibit the activation of both the extrinsic and intrinsic apoptotic 
pathways. It can potentially inhibit the activation of caspases and/or pro-apoptotic Bax and promote 
the stabilization of the pro-survival protein Bcl-2. PrP over-expression can also activate the 
PI3k/Akt pathway promoting cancer cell invasion and metastasis via increased expression of the 
matrix metalloproteinase 11 (MMP11). A putative prion infected mutant p53 could promote cell 
cycle progression and prevent apoptosis via the functional alteration of wild-type p53. Solid arrows 
in the figure indicate documented interactions from the literature and dashed arrows indicate 
hypothetical interactions proposed in this review. 
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Table 1. Currently known roles of PrP (whether PrPC or PrpSc was not tested) in different 

types of cancers  

Cancer 
type 

Expression of PrP Conformation 
of PrP in vivo 

Functions/Properties of PrP observed 

Gastric Highly expressed in 
metastatic cells [129]  

Non-prionic form 
- PrPC 

• PrP promoted adhesive, invasive, and in vivo metastatic 
abilities through activation of MEK/ERK pathway and 
consequent transactivation of MMP11 [129]  

• PrP slowed down apoptosis via suppression of ROS and 
upregulation of Bcl-2 [99]  

• Increased PrP expression in gastric adenocarcinomas correlated 
with histopathological differentiation and tumor progression 
[129]  

• PrP expression was related to multidrug resistance in gastric 
cancer [12] 

Breast Expressed in normal 
breast tissue mainly by 
myoepithelial cells, 
but specifically 
associated with ER-
negative breast 
cancers [11]  

Not verified • PrP expression correlated with metastatic invasiveness [141] 
and resistance to chemotherapy, possibly via resistance to cell 
death (ie. TNF-induced apoptosis) [100,11]   

• Silencing of PrP sensitized breast carcinoma cells to TRAIL-
mediated cell death [112] 

Colorectal Highly elevated PrP 
expression in 
neoplastic compared 
to normal tissue [13]. 
Over-expression of 
PRNP in human 
colorectal cancers [17]  

Not verified • PrP levels correlated with metastatic invasiveness in colon 
cancer cell lines [141]  

• PrP antibody is an effective anticancer therapy that reduced cell 
proliferation, with increased efficiency in combination 
chemotherapy [141] 

• PrP can serve as a cancer marker - data suggested that cells may 
be using PrP as a mechanism to aid cell proliferation and 
aggressive tumors over-expressed PrP as an anti-apoptotic 
mechanism [141]  

• PrP can serve as a prognostic marker - protein levels correlated 
with disease recurrence [13]  

Pancreatic PrP is not detected in 
normal human 
pancreatic 
ductal cells but is 
expressed in human 
PDAC cell lines [14] 
and 40% of pancreatic 
cancer patients [15]. 
PRNP is over-
expressed in 
pancreatic cancer cell 
lines [18] 

In PDAC, PrP 
existed as a pro-
PrP which was 
neither 
glycosylated nor 
GPI anchored, but 
retained its GPI 
anchor 
peptide signal 
sequence [14] 

• pro-PrP binds to FLNa, which disrupts the normal functions of 
FLNa and confers a growth advantage to PDAC [14]  

• Downregulation of PrP altered the organization of actin 
filaments and signaling events in PDAC cell lines [14] 

• PrP modulated the proliferation, invasiveness, and growth of 
PDAC cell lines [14] 

• PrP expression in tumors correlated with a marked decrease in 
patient survival [14]  

 

Prostrate PrP is expressed in 
multi-cellular prostate 
tumor spheroids 
of the androgen-
independent Du-145 
cancer cell 
lines [16]  

Not verified • PrP expression correlated with the intracellular redox state of 
tumor spheroids, which suggests a role for PrP in the anti-
oxidative defense system [16] 
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Table 2. Comparison of yeast and mammalian prion characteristics  

 

Characteristics of Prions Yeast Prions Mammalian Prions 

Conformational diversity Prion “variants” with diverse 
conformations demonstrate 
differences in phenotypic 
manifestation and stability of 
maintenance [26-27,33,39] 

Prion “strains” with diverse 
conformations and/or 
glycosylation patterns exhibit 
specific incubation times, 
different distribution of 
vacuolar brain lesions, varied 
accumulation patterns or 
different activity states [4,62] 

Formation of amyloid fibrils/aggregates Yes [6-7,21,23] Yes [4,19] 
Resistance to proteinase K Resistant [6,8] Resistant  [19] 
Intercellular aggregate propagation in vivo Unknown Via exosomes [121] 
Prion forming domains (PrDs) Yes  Q/N-rich PrDs 

present in the N-terminus [7-
8], except in [Het-s] which 
has a non Q/N rich PrD in its 
C-terminus [79] 

Yes  Q/N rich or non Q/N 
rich PrDs present in the N-
terminus [59-60,66-67] 

Interaction with and dependency on chaperones Yes e.g. Hsp104p [8,54,83], 
Hsp70p [8], Sis1p (Hsp40) 
[8], etc. 

Yes e.g.  αβ-crystallin (sHsp) 
[84] 

Curing or prion reversion (reversible 
denaturation) 

Yes  Treatment with 
GuHCl or ablation of 
Hsp104p function [151] 

Yes  Treatment with 
Guanidine [163] or GuHCl 
[164]  
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Table 3. Summary of similarities between mechanisms observed in prions and cancer 

Mechanisms in Prions Mechanisms in Cancers 
Have a long incubation period [140]  Sporadic cancers are often late-onset (i.e. 

increased incidence with age) [165-166]  
Frequency of reversible phenotypic switching 
observed in prions: 10-5 – 10-7 per cell per 
generation [52,102]  

Frequency of phenotypic alteration and 
reversion observed in metastatic cancer cells: 
~10-5 per cell per generation [122]  

Heritably increase phenotypic diversity [128] Heritable phenotypic heterogeneity in tumor cell 
subpopulations derived from the same primary 
cell [127,122,124,123]  

Exosomes transmit infectious prions between 
human cells [121] 

Exosomes confer metastatic activity to cells 
[120] 

Chlorpromazine is an effective drug against both 
yeast and mammalian prions [150] 

Chlorpromazine prevents the development of 
resistance to ionizing radiations and anti-tumor 
drugs in cancer cells [161-162] 

Prion form of MAPKKK causes self-
hyperactivation of MAPKKK such that it 
becomes independent of upstream signals [49]  

Auto-activation of MAPK signaling is one of the 
molecular mechanisms of cancer [50] 

Over-expression of PrP observed in prion 
diseases [3-5] 

Highly elevated PrP expression in many cancers 
(Table 1) 

May increase phenotypic plasticity and therefore 
the ability of yeast to survive adverse 
environmental conditions [29] 

Drug resistance [11,130], metastasis [14,129] 
and anti-apoptotic mechanisms [100,112] 
observed and can be influenced by PrP  

Different prion strains confer drug resistance in 
cell populations via natural selection and 
conformational fitness [160] 

Depletion of PrP inhibits multi-drug resistance-
induced metastasis of breast cancer cells [155] 
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