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Abstract: Prions are renowned for their role in neurodegenerative diseases in humans and animals. These are  

manifested as transmissible spongiform encephalopathies (TSEs) that result from the conversion of the normal 

glycosylphosphatidylinositol (GPI) anchored cellular prion protein (PrP
c
) to a misfolded, aggregated and pathogenic form, 

prion protein scrapie (PrP
Sc

) via a post-translational process followed by the accumulation of PrP
Sc

 within the central 

nervous system.  

New research in this area has demonstrated that PrP is over-expressed in a variety of cancers including gastric, pancreatic 

and breast cancers, affecting the growth and invasiveness of these cancers as well as playing an important role in the 

acquisition of multi-drug resistant (MDR) gastric cancer. Prion-like doppel protein (Dpl), sharing 25% amino acid 

sequence homology to PrP and whose function remains elusive, has also been shown to exhibit a high level of expression 

in a number of cancers including acute myeloid leukemia’s, myelodysplastic syndromes, gastric adenocarcinoma, 

anaplastic meningioma and astrocytomas. Furthermore, the tumour suppressor protein, p53, already known for its 

involvement in cancer development, has recently been shown to display prion-like tendencies.  

This review provides an overview of prions and prion-like proteins in mammals discussing their structure, function and 

role in cell function and disease. Furthermore, current research progress on the role of prion/prion-like proteins in the 

development, progression, and drug resistance of various cancers will be summarized. Potential implications for future 

development of new therapeutic treatments targeting prion and prion-like proteins will be discussed.  
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INTRODUCTION 

Cancer is fundamentally a disease of abnormal and 
uncontrolled cell proliferation beyond natural boundaries [1]. 
Familial or inherited cancers, resulting from known or still 
unknown predisposing genes, make up only a small percentage 
(5-10%) of cancer incidence [2, 3]. The greater percentage of 
cancer is sporadic, meaning there is no apparent inherited 
cause. Sporadic cancers are thought to be initiated by an 
accumulation of oncogenic mutations at the somatic level as 
a result of exposure to carcinogens. Carcinogens comprise 
both external and internal factors such as environmental 
pollutants, chemicals, ionizing radiations, hormones, and 
infectious diseases (e.g. by viruses). Cell division allows 
progressive passage of a DNA mutation within one cell to 
new daughter cells, thus amplifying its effect when at the 
somatic level. Accumulation of several such mutations may 
then complete the oncogenic transformation of a normal cell 
[4].  

Epigenetics is emerging as an important contributing 
factor in human diseases, including cancer. Epigenetic  
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effects are broad and not restricted to alterations in gene 
expression (e.g. due to changes in DNA methylation) as they 
also encompass post-translational changes in protein function, 
e.g. the conversion of normal cellular proteins into prions. 
The prion protein (PrP), is well known for its causative role 
in many neurodegenerative diseases such as Creutzfeldt-
Jakob disease, scrapie and bovine spongiform encephalopathy 
[5]. These prion diseases are caused by the conversion of 
normal cellular prion protein (PrP

c
) into the pathogenic 

isoform Prion Protein Scrapie (PrP
Sc

). Although the normal 
biological function of PrP

c
 remains elusive, its expression in 

non-neuronal tissues has suggested a role in multiple cellular 
pathways and signaling processes throughout the body [6]. It 
was also noted that PrP

c
 expression is up-regulated in the 

mucosa of patients infected with Helicobacter pylori while it 
was absent or weak in uninfected gastric mucosa [7]. More 
recently, H pylori infection has also been linked to 
carcinogenesis of gastric mucosa, prompting investigations 
into the relationship between PrP

c
 and gastric cancer [8]. 

Current literature now suggests PrP
c
 is involved in a  

number of cancers such as colorectal [6, 9], gastric [8-10], 
pancreatic [11], breast [12, 13] and multi-drug resistant 
(MDR) phenotypes of gastric [14-16] cancers. Surprisingly, 
these reports do not confirm the conformational state of  
PrP (i.e. whether PrP

c
 or PrP

Sc
) in the cancer tissues. 

Determining the role of PrP and other proteins displaying 
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prion-like tendencies may provide a potential new target for 
therapeutic treatment of cancer. 

Here we discuss the role of prions and prion-like proteins 
in mammals describing their structure, function and role in 
cell function and disease. Furthermore, current research 
progress on the role of prion/prion-like proteins in the 
development, progression, and drug resistance of various 
cancers will be summarized and the potential implications 
for future diagnostic techniques and their use as a potential 
target for therapeutic treatment will be discussed.  

PRION DISEASE  

Prions, an abbreviation of proteinaceous infectious 
particle [6], are renowned for their role in many 
neurodegenerative diseases in humans and animals. In 1929, 
Creutzfeldt and Jakob initially described the disease as a 
progressive dementia associated with astrocytic gliosis, gait 
abnormalities and vacuolation within the brain [17], now 
known to be a prion disease known as Creutzfeldt-Jakob 
disease (CJD). Since this time, many other prion diseases in 
both humans and other animals have been identified 
including Gerstmann-Straussler-Scheinker disease (GSS), 
familial fatal insomnia (FFI) and kuru in humans, scrapie in 
sheep and bovine spongiform encephalopathy (BSE) in cattle 
[5, 18]. This group of prion diseases is also known as 
transmissible spongiform encephalopathies (TSEs) due to 
their ability to be transmitted to humans and animals, and the 
characteristic vacuolar degradation of the gray matter [19]. 

Over the past few decades, the molecular mechanisms of 
prion diseases have begun to be uncovered. It was discovered 
that the infectious particle that may cause scrapie, is a 27-
30kDa protease-resistant protein designated as PrP 27-30 
[20]. PrP was found to be encoded by a single copy mammalian 
gene (located on chromosome 20 in humans) [21], designated 
as PRNP in humans and Prnp in animals. Furthermore, it was 
discovered that PrP27-30 was derived from a 30-35kDa 
protein in scrapie-infected animals, designated as PrP

Sc
. PrP

Sc
 

was discovered to be a derivative of the normal protease 
sensitive form of PrP that was designated as PrP

c
 [22]. TSEs 

result from the conversion of PrP
c
, to the misfolded 

aggregated and pathogenic form, PrP
Sc

 [23] in a post-
translational process,followed by an accumulation of PrP

Sc
 

within the central nervous system resulting in disease [5]. 

As in prion diseases, protein aggregation is a hallmark of 
other neurodegenerative diseases such as Alzheimer’s, 
Huntington’s and Parkinson’s diseases resulting from the 
misfolding of proteins [24, 25]. Recent experimental 
findings suggest that the protein aggregates in these diseases 
have the ability to move from the affected areas of the brain 
into the unaffected areas. These findings suggest that there 
may be a prion-like mechansim of the misfolded proteins 
underlying these diseases [26, 27]. This further infers that 
prion-like mechanisms may be present in diseases other than 
the already known TSEs, and are therefore a potential target 
for therapeutic treatment. 

THE NORMAL CELLULAR PRION PROTEIN (PRP
C)

 

Due to its central role in the development of many 
neurodegenerative diseases in humans and animals, the 

normal PrP
c
 has been extensively studied. The structure and 

cellular localizations of PrP
c
 have been elucidated from 

various studies. Owing to these and its level of expression in 
various tissues and organs, many putative functions have 
also been proposed for PrP

c
, although the exact function still 

remains in debate. 

Structure, Cellular Localisation and Function of PrP
c 

PrP
c
 is generally located on the cell membrane associated 

with cholesterol-rich microdomains (rafts) in cultured non-
neuronal and neuronal cells [28]. It is also associated  

with detergent-resistant microdomains with a basolateral 
localization in polarized cells such as epithelial cells [29]. 
The immature PrP

c
 protein is 253amino acid residues long, 

32-35kDa in mass and comprises of an unstructured N-

terminal region and a globular C-terminal domain. The C-
terminal domain consists of 3 -helices ( -1: aa144-153, -2: 
aa172-192, and -3: aa200-225), a -sheet comprising two 
antiparallel -stands ( 1: aa129-130, and 2: aa162-163) 

[30] and a signal sequence for the GPI anchor (aa231-
253)[6] as shown in Fig. (1A). In humans, the PRNP gene 
encoding PrP

c
 protein contains 2 exons and is 20kb in length. 

The PRNP locus also includes two other genes, PRND and 

PRNT. The PRNP locus spans 55kb in the p12/p13 region of 
chromosome 20 [31].  

In order to form a mature protein, PrP
c
 undergoes a 

number of posttranslational modifications, initiated by the 

removal of the N-terminal and C-terminal signal peptides 
(Fig. 1A). The nascent chain is then imported into the 
endoplasmic reticulum where two N-linked glycans and the 
GPI anchor are attached, followed by disulfide bonding 

between Cys179 and Cys214 [32, 33]. The disulfide bond 
thus connects the C-terminal -helices and serves to stabilize 
the fold of the protein [34]. The 210 amino acid PrP

c
 

proprotein [32] is then targeted to the outer leaflet of the 

plasma membrane [32, 33].  

PrP
c
 can also undergo two endoproteolytic cleavage 

events [35]. The normal constitutive cleavage, known as -
cleavage [36] (Fig. 1A), occurs between residues 110 and 

111 and has been demonstrated in the brain and in cultured 
cells. This cleavage is stimulated by agonists of the protein 
kinase C pathway [37] and results in the formation of a 9kDa 
soluble N-terminal fragment and a 17kDa C-terminal 

fragment that remains attached to the cell membrane via the 
GPI anchor [38-40]. The second cleavage, known as -
cleavage [36] (Fig. 1A), is mediated by reactive oxygen 
species (ROS) [36, 41]

 
and leads to the formation of a 19kDa 

GPI-anchored C-terminal fragment and a 7kDa N-terminal 
fragment [38, 40, 42].  

As mentioned above, the precise normal function of PrP
c
 

remains unknown [6]. Nevertheless several evidences 
suggest that it plays a role in the regulation of intracellular 
calcium and presynaptic copper concentrations, signal 
transduction, lymphocyte activation and has antiapoptotic 
and antioxidant properties [14]. There is also increasing 
evidence that PrP

c
 plays a role within the central nervous 

system (CNS), e.g. in neuronal differentiation and neuro- 
protection [43] . 
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The Level of Expression of PrP
c
 in Normal Human 

Tissues  

Human PrP
c
 is expressed early in embryogenesis. In 

adults, the highest level of PrP
c
 expression is observed in 

neurons of the brain and spinal cord [44], specifically in 
those of the cerebellum, cerebral cortex, thalamus, 
hippocampus and medulla oblongata [31, 45, 46]. It is 
primarily concentrated within the glia and neuronal synapses 
[47] and has also been found on the surface of the neuron 
[48]. However, PrP

c
 is not only expressed in the nervous 

system. It is also expressed at low levels in many normal 
peripheral tissues including secondary lymphoid organs, and 
at even lower levels in the kidney and liver. PrP

c
 expression 

has also been detected in muscle cells, nonciliated lung 
epithelial cells, endothelial cells, immature T cells and 
dendritic cells [14].  

HIGH LEVEL OF EXPRESSION OF PRP IN CANCER  

Recent studies have shown the potential involvement of 
PrP (whether PrP

c
 or PrP

Sc
 has not been conclusively proven 

in any study) in a number of cancers including gastric, 
pancreatic, breast and prostate cancers as well as multi-drug 
resistant forms of gastric and breast cancer. The potential 
role of PrP in each cancer (discussed below) suggests PrP 
may be a potential target for drug treatment.  

The Level of Expression of PrP
c 
in Gastric Cancer  

Over-expression of PrP
c
 has been reported in a number of 

human gastric cancer cell lines including SCG7901 and AGS 
[8, 9, 14]. Du, et al. [14], using northern blot and western 
blot analysis, confirmed the expression of PrP

c
 in gastric 

carcinoma cell lines; SGC7901 and SCG7901/ADR. 
Through the use of immunofluorescence staining, it was 
found that PrP

c
 is clustered within the cytoplasm or plasma 

membrane of SGC7901 and AGS cells [9, 10]. It was also 
confirmed that the over-expressed PrP in these cell lines 
were proteinase K sensitive form PrP

c
 [8]. Further western 

blot analysis, showed that PrP is widely expressed in several 
other gastric cancer cell lines including MGC803 and 
KATOIII [9]. 

PrP was also found to be expressed in gastric carcinoma 
tissues using immunohistochemical assays [9, 14]. Du et al. 
[14] discovered that PrP

c
 is expressed more strongly in 

gastric adenocarcinoma tissues than in adjacent non-tumorous 
tissues and is weakly, or not expressed, in normal gastric 
mucosa. Liang et al. [9] then examined clinical pathological 
parameters including age, sex, tumour, node, metastasis 
(TNM) stage and histological differentiation. While there 
was no correlation between PrP

c
 expression level and  

the patient’s sex or age (p>0.05), there was a significant 
correlation (p<0.05) with histological differentiation (47.2% 

 

Fig. (1). Domain structure of human PrP
c
, Doppel. A) PrP

c
 contains an N-terminal unstructured or ‘variable’ and C-terminal structured or 

‘core’ domain. The unstructured domain consists of N-terminal signal peptide, octarepeat region, hydrophobic region and two cleavage sites 

labelled  and . The structured domain of PrP
c
 contains three -helices and two -sheets along with signal peptide, GPI anchor and disulfide 

bond. B) Domain structure of Dpl is similar to the structured domain of PrP
c
, however it has an additional disulfide bond and a split 2 helix
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well differentiated, 74.3% moderately differentiated and 
84.9% poorly differentiated) and TNM stage (~92% expressing 
PrP

c
 for TNM stage III and IV compared to 62.5% for TNM 

stages I and II) [9], a result similar to that of Comincini et al. 
[49] in relation to the prion-like Dopple gene (PRND) in 
human gliomas (discussed further below). The high expression 
of PrP in both gastric cancer cell lines and tissue samples 
suggest PrP may have a potential role in the development 
and progression of gastric cancer and would therefore be a 
potential drug target.  

PrP influence on the invasive and metastatic properties of 
gastric cancer was assessed by Pan et al. [10]. While PrP 
was found to be highly expressed in metastatic cancer 
compared to non-metastatic cancer, there was no significant 
correlation between the primary site and the metastatic site 
of the same metastatic gastric cancer, suggesting that an 
increase in PrP expression is an early determinant of 
metastasis and may be useful as a prognostic factor [10]. PrP 
was also shown to promote adhesive, invasive and in vivo 
metastatic properties of gastric cancer cell lines SGC7901 
and MKN45. The effect of PrP on the adhesive ability of 
gastric cancer cell lines was investigated through the use of 
adhesive assay, comparing the ability of the cell lines, with 
and without down-regulated PrP, to adhere to a solubulized 
basement membrane (matrigel). The ability to adhere to 
matrigel was decreased in the cell lines with down-regulated 
PrP. The effect of PrP on the invasive ability was 
investigated using an in vitro invasion assay where is was 
shown that invasion of cell lines SGC7901 and MKN45 was 
inhibited at a rate of 56.4% and 43.5% respectively when 
transfected with PrP siRNA. To further investigate the in 
vivo influence of PrP on metastatic ability of gastric cancer 
cells, tail vein metastatic assays comparing gastric cancer 
cells lines transfected with PrP siRNA and control cell lines. 
It was shown transfected cell lines led to significantly less 
(p<0.05) tumours in liver surface. The results obtained from 
this investigation suggested PrP has the potential to promote 
metastasis in gastric cancer [10] and therefore may be a 
potential target for therapeutic treatment to potentially help 
decrease or inhibit the promotion of metastasis of gastric 
cancer.  

The mechanism(s) that underlie the biological actions of 
PrP was further investigated by Liang et al. [8, 9]. When 
poorly differentiated cancer cell line AGS was transfected 
with PrP

c
 cDNA, the release of reactive oxygen species 

(ROS) was significantly reduced and apoptosis was 
decreased in the transfectants. Anti-apoptosis protein Bcl-2 
was also expressed at a higher level while the expression of 
apoptosis induced proteins p53, Bax and cytochrome c was 
lower. The opposite effect was observed when cells were 
transfected with a PrP

c
 siRNA (small interfering RNA), 

further suggesting that PrP may play an anti-apoptotic role 
like Bcl-2protein by interfering with apoptotic pathways in 
gastric cancer cells [9]. PrP was also further implicated in 
stimulating cell proliferation by promoting the transition 
from G1 to S phase in the cell cycle and by elevating the 
transcription of cyclin D1. Levels of cyclin D1 were found to 
be up regulated in cells transfected with PrP cDNA at both 
mRNA and protein levels as assessed by microarray and 
western blot analysis. Furthermore, it was demonstrated that 
PrP

c
 increases the level of phosphorylated Akt. This suggests 

that the PI3K/Akt signal may mediate the transactivation of 
cyclinD1 gene transcription induced by PrP

c
 [8]. Akt is a 

serine-threonine protein kinase involved in the regulation of 
a number of cellular functions such as survival, proliferation, 
migration and metabolism [50]. PI3K, mediated by Akt, is a 
signalling cascade involved in the regulation of cellular 
homeostasis such as glucose homeostasis and cell growth 
and proliferation [51]. When Akt was blocked by LY294002, 
an Akt-specific inhibitor, the proliferating effect of PrP

c
 was 

inhibited. This further indicates that the PI3K/Akt pathways 
play a role in transducing the proliferation-promoting signal 
of PrP

c
 in gastric cancer [8].  

The Role of PrP in Multi-Drug Resistant Gastric Cancer  

Multi-drug resistance in cancer has a significant 
influence on the effectiveness of chemotherapeutic treatment 
and therefore patient survival rates [52], making the discovery 
of a potential cause of such drug-resistance a high priority. 
Primary studies on differential gene expression profiles 
revealed that the PrP gene was up-regulated in adriamycin-
resistant gastric carcinoma cell line (SGC7901/ADR) when 
compared to its adriamycin-sensitive parental cell line 
SGC7901 [53]. This indicated that PrP may have a role in 
the development of multi-drug resistant (MDR) phenotypes 
in gastric carcinomas and led to a focus on PrP expression 
levels in gastric cancer and the mechanisms of PrP action 
within MDR gastric carcinoma [14]. Using northern and 
western blot techniques, PrP was found to be highly 
expressed and promoting the MDR phenotype via up-
regulation of P-gp (P-glycoprotein) expression and 
suppression of apoptosis [14]. P-gp is a plasma membrane 
glycoprotein that functions as an energy dependent multi-
drug efflux pump [54]. The up-regulation of P-gp was 
inferred from in vitro drug sensitivity assays of the 
SGC7901/ADR cells. A greater increase was observed in 
drug resistance to P-gp substrates such as ADR, vincristine 
(VRC) and etoposide (VP-16) while only a slight increase 
was seen in drug resistant to non-P-gp substrates like 5-
fluorouracil and cisplatin (CDDP). Verapamil, a p-gp 
inhibitor, partially reversed the MDR phenotype of cell lines 
highly expressing PrP further suggesting the up-regulation of 
P-gp may be an important mechanism of PrP-related MDR 
resistance phenotype [14]. More importantly, this study also 
demonstrated that the suppression of PrP expression via 
RNAi technology could partially reverse ADR resistance in 
SGC7901/ADR and that PrP could, in an indirect manner, 
expel drugs from cells [14].  

Investigation into the role of the PI3K/Akt pathway in 
PrP upregulation in MDR gastric cancer demonstrated that 
the inhibition of the PI3K/Akt signalling pathway using 
LY2940002 (an AKT-specific inhibitor), or AKT siRNA, 
inhibited the PrP-induced drug resistance as well as the up-
regulation of P-gp in gastric cancer cells [15]. Using in vitro 
experiments, it was inferred that PrP over-expression led to 
drug resistance by decreasing apoptosis in gastric cancer 
cells through synergistic effects with Bcl-2. Furthermore, 
patients with gastric cancer, shown to over-express PrP, 
displayed poor sensitivity to chemotherapy and decreased 2-
year survival rates. On the other hand, those with negative 
PrP expression showed high sensitivity to chemotherapy and 
therefore increased 2-year survival rate [55], thus suggesting, 
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like previous results, that PrP may have an involvement in 
developing MDR in gastric cancer and is therefore a 
potential target for therapeutic treatment.  

The octarepeat region (aa51-91) of PrP (Fig. 1A), is 
known to be functionally important for its Cu

2+
/Zn

2+
 

transport and antioxidant mechanisms. This domain consists 
of a histidine rich nonapeptide (R1) and four octapeptide 
repeats (R1-R4) [56]. Owing to the importance of 
antioxidative mechanisms in MDR development, a recent 
study investigated the role of the octarepeat peptides in 
gastric cancer MDR and found that PrP octarepeat peptides 
play a role in drug tolerance and stress response in gastric 
cancer cells through a regulatory effect on the superoxide 
dismutase (SOD), and glutathionine/glutathione S-transferase 
(GSH/GST) families (reactive oxygen species scavengers). 
This was shown using an in vitro drug sensitivity assay 
where the octarepeat region of PrP was silenced using 
siRNA. It was shown anti-apoptotic ability of gastric cancer 
cells decreased when octarepeat region was silenced. 
Additionally, cells absent of ocatrepeat region had a 
diminished response to stress [52]. These results indicate that 
the octapeptide repeat of PrP may be an important 
contributing factor for the MDR phenotype of gastric cancer, 
and therefore a potential target for therapeutic treatment. 

PrP in Pancreatic Cancer  

PRNP was found to be over-expressed in pancreatic 
ductal adenocarcinoma (PDAC) in a microarray study by 
Han et al. [57]. Another study investigated seven human 
PDAC cell lines to determine whether PrP is over-expressed. 
While PrP is expressed in the PDAC cell lines, it exists in 
the form of a pro-protein (Pro-PrP) and was neither 
glycosylated nor GPI anchored. It was further determined 
that the pro-PrP binds filamin A (FLNa), which is a 
cytoskeletal linker protein that links cell surface receptors 
and integrates cell mechanics and signalling [11]. This 
occurs through the presence of a FLNa binding motif on the 
GPI peptide signal sequence [58]. Interaction of pro-PrP was 
shown to interfere with the normal function of FLNa, 
increasing aggressiveness and therefore resulting in a growth 
advantage for the PDAC cells. This was confirmed by the 
reduction in proliferation and invasiveness of PDAC with 
down-regulation of PrP [11]. More importantly, the 
expression of PrP was shown to be drastically associated 
with a faster disease progression independent of other 
factors, such as age and gender of the patients, as well as the 
size or differentiation stage of the tumour. This is because, 
like in the PDAC cell lines, PrP also promotes a growth 
advantage and aggressiveness in in vivo PDAC tumour 
models [11]. Thus, Pro-PrP, could serve as a marker for 
early detection of PDAC. Moreover, the physical interaction 
between pro-PrP and FLNa could serve as a target for 
therapeutic intervention in PDAC.  

PrP in Breast Cancer 

Studies comparing the tumour necrosis factor-  (TNF )-
sensitive breast cancer cell line MCF7 and a TNF - resistant 
clone showed that PrP was relatively over-expressed only in 
the TNF -resistant clone. It was demonstrated that PrP over-
expression in MCF-7 protects the cell line from induced cell 

death converting TNF -sensitive cells into TNF -resistant 
cells. This occurs, in part, via alterations in the cytochrome c 
release from mitochondria and in nuclear chromatin 
condensation [12]. Further research showed that resistance to 
adriamycin and tumour necrosis factor related apoptosis 
inducing ligand/-TRAIL-induced apoptosis, is associated 
with over-expression of PrP. This was suggested in the 
finding that silencing of PrP in a adriamycin-resistant and 
TRAIL-resistant breast carcinoma cell lines with PrP siRNA 
by transfection was shown to sensitize the cells to TRAIL-
mediated apoptosis. Furthermore, this increased sensitivity 
was shown not to be associated with increased recruitment of 
receptors and signalling molecules to the DISC (death 
inducing signaling complex) [59]. Li et al. [60] demonstrated 
that not only is PRNP over-expressed in MCF7/Adr cells in 
comparison to MCF7 cells, but at the protein level it 
interacts with P-glycoprotein (P-gp) playing a role in the 
resistance to Paclitaxel (P-gp substrate) and the anti-
apoptotic activity of MCF7/Adr cells.  

In another study, Roucou and colleagues [61] have 
shown that PrP prevents Bax-mediated cell death in MCF-7 
cells by inhibiting the Bax pro-apoptotic conformational 
change. This mechanism appears to be functionally 
analogous to the interactions with the Akt pathway that 
affect the functions of Bcl-2 and Bax in gastric cancer by up-
regulating anti-apoptotic properties of cells (i.e. Bcl-2 
upregulation to increase antiapoptotic functions and Bax 
down-regulation to inhibit pro-apoptotic functions). 

PrP in Colorectal Cancer 

RT-PCR analysis conducted on surgically removed 
colorectal specimens found that PRNP expression was up-
regulated (p<0.001) in colorectal carcinoma (median 
expression 0.1874) when compared to normal colorectal 
tissue (median expression 0.1266). This suggested a role for 
PrP in the development of colorectal cancer. The expression 
level of PRNP was found to be unrelated to age, gender, 
grade or stage of the carcinomas. However, it was found that 
expression levels associated with primary tumour site with 
higher expression in the rectum and left colon in comparison 
to the right colon [62].  

Further examination of PrP expression in colorectal 
cancer was conducted using formalin-fixed paraffin-embedded 
colonic neoplastic tissue samples from 110 patients. This 
study also found that PrP (whether PrP

c
 or prion form was 

not assessed) protein expression increased in cancerous 
colorectal tissues in comparison to normal tissues [63], and 
the differential expression in these tissues was even greater 
than that observed in PRNP mRNA levels of the previous 
study [62]. This over-expression of PrP correlates to that 
found in gastric carcinomas [9] as discussed previously. 
Furthermore, PrP expression was found to correlate with 
recurrence of disease, where patients with high PrP 
expression levels relapsed earlier than those with low PrP 
expression levels [63]. Overall, the investigation of PrP 
expression in colorectal cancer further provided evidence 
that PrP has potential as a new target for therapeutic and 
prognostic techniques. In fact, an in vitro study demonstrated 
that PrP antibodies could be an effective anticancer therapy. 
Different antibodies of PrP were shown to have varying 
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degrees of anti-proliferative activity with an increased 
efficiency in combination chemotherapy [64]. Another recent 
study has identified that the glycosylation state of PrP is 
critical for its anti-apoptotic functions in colon cancer cells 
and therefore could be a potential therapeutic target [65]. 
However, further studies are required to evaluate the state of 
PrP (whether PrP or prion-form) and its role in cancer 
development.  

PrP in Prostate Cancer 

PrP expression has been detected in the androgen-
independent prostate cancer cell line Du-145. A role for PrP 
in the oxidative defence stress is also evident from the 
correlation between increased PrP expression level and an 
intracellular redox state in the prostate tumour spheroids 
[66]. This suggests that PrP potentially acts as a sensor 
molecule and/or free radical scavenger for oxidative stress in 
tumour cells. In vitro studies of these tumour spheroids, 
show that the level of ROS correlated with an increase of 
PrP, Cu/Zn SOD-1 and catalase in small spheroids relative to 
the larger spheroids. This suggests that not only does PrP 
expression level correlate with redox state, but also with 
tumour size [66]. However, further research is required to 
confirm this role of PrP.  

THE PRION DOPPEL PROTEIN  

Structure and Function  

The doppel protein (Dpl), encoded by the PRND gene in 
human and Prnd in mouse, is a glycoprotein attached to the 
cell surface via a GPI anchor [67]. In humans, PRND has 
been shown to be expressed highly in the testis and in  
lower levels in other peripheral organs and brain [31, 68, 
69]. PRND is believed to have arisen from the duplication of 
a single ancestral gene [70] as it shares 24% amino acid 
sequence similarity to the C-terminal of PrP

c
 encoded by the 

PRNP that lies 27kb downstream. While structurally similar 
to PrP, it is not yet known if Dpl has the ability to form a 
prion like PrP. 

Despite the structural similarities, there are a few 
differences between Dpl and PrP (Fig. 1B). For example, 
Dpl has an N-terminal octarepeat region like PrP but it also 
contains an extra disulfide bond compared to PrP

c
; the first 

between Cys 109 and Cys 143 analogous to that in PrP and a 
second disulfide bond between Cys95 and Cys148. This 
second disulfide bond not only helps to stabilize the Dpl 
protein, but helps prevent conformational change [67]. Other 
differences include parallelity between the -sheet plane and 
helix B and C axes in Dpl (compared to the perpendicularity 
in PrP) [71] and the presence of a kinked helix B in Dpl 
(which results in a separation into two regions; B and B’).  

Similar to PrP, the N-terminal signal sequence is 
removed upon entry into the secretory pathway and its C-
terminal sequence is replaced with a GPI anchor (Fig. 1B). It 
is further modified with the addition of N-linked sugars and 
O-linked carbohydrate moieties at Thr43 [67, 72].  

While the function of the Dpl protein remains 
unresolved, it is believed that it may have functions in 
neurons antagonistic to PrP and the deregulation of the 

balance between them may result in neuropathology. Prnd-
null mice have been shown to survive until adulthood, with 
no obvious phenotype, suggesting that the Dpl protein may 
not play an essential role in embryogenesis and postnatal 
development [73].  

ROLE OF DOPPEL PRION PROTEIN IN CANCER 

Since the discovery of the PRND gene which encodes for 
the Dpl protein, expression of these at both gene and protein 
levels have been assessed in a number of cancers. These 

include astrocytomas, gastric adenocarcinomas, anaplastic 
meningiomas [49], actuate myeloid leukaemia (AML) and 
myelodysplastic syndrome (MDS) [74]. While the mechanism 
of involvement of PRND in these cancers is yet to be 

elucidated, the results obtained from the various studies 
indicate that PRND could be a possible tumour marker, or a 
potential new target for therapeutic treatment[49]. 

Astrocytomas, Gastric Adenocarcinoma and Anaplastic 

Meningioma  

Comincini and colleagues [49] studied the expression of 
PRND and Dpl in various histopathological grades of 
primary and secondary astrocytomas obtained from patients 
along with cultured astrocytoma cell lines. This research 

discovered a high level of PRND expression as well as a 
high expression of the corresponding Dpl protein in 
glioblastoma multiforme (GBM). This expression appeared 
to be related to the malignancy of the GBM. Immuno- 

histochemical studies on GBM suggested that Dpl is 
produced by a variety of cells including neoplastic cells, 
endothelial cells and lymphocytes. Comincini and colleagues 
[49] further investigated the expression of PRND in 6 gastric 

adenocarcinoma samples and 6 anaplastic meningioma 
specimens. High levels of PRND expression were also found 
in these specimens. Further examination into the role of Dpl 
in progression and development of astrocytomas, gastric 

adenocarcinomas and anaplastic meningiomas is necessary, 
however, these studies suggest that Dpl may be a candidate 
target for diagnostic and therapeutic strategies.  

Acute Myeloid Leukaemia and Myelodysplastic 

Syndrome 

Acute myeloid leukaemia (AML) is a group of 
hematopoietic stem cell disorders resulting in the 
accumulation of non-functional cells known as myeloblasts 
[75]. The cause of this group of disorders remains unknown 

[75]; although it is thought to results from the mutation  
of one or more genes controlling blood cell development 
[76]. 

Travaglino and colleagues [74], discovered that while 
Dpl protein was barely detectable or not expressed in bone 
marrow from healthy subjects, Dpl was expressed in the bone 
marrow samples from patients with AML and myelodysplastic 
syndrome (MDS). Furthermore, Dpl expression in normal 
bone marrow specimens was restricted to CD34

+
 stem cells 

and down-regulated in stem cell differentiation. Travaglino 
and colleagues [74] further found that Dpl expression 
localized on the cell surface or in the cytoplasm of the cells 
that look morphologically similar to blast cells (confirmed 
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by the correlation between the percentage of Dpl positive 
cells and the percentage of bone marrow blast cells). Bone 
marrow cells from advanced MDS were found to have 
higher Dpl protein reactivity in comparison to early forms of 
MDS which may be explained by the localization of Dpl in 
blast cells [74]. The cytoplasmic localization of Dpl in some 
cases is hypothesized to be caused by either inadequate 
surface anchoring as a result of glycosylphosphatidylinositol 
deficiency (frequently observed in MDS) or by abnormal Dpl 
cellular trafficking resulting from structural modifications  
of Dpl. Dpl patterns obtained from western blot reveals a 
band 29-35kDa in size in normal human testis [72] however, 
bands of 55-65kDa were obtained in MDS, possibly 
indicating differing glycosylated isoforms [74].  

Even though Dpl may be highly expressed in AML and 
MDS, its role in the pathophysiology of the disease and the 
mechanisms responsible for the high protein expression 
remain elusive. Over-expression of the Dpl protein may be 
due to changes in gene methylation patterns and thereby 
transcriptional activity patters observed in tumours [77]. 
High Dpl expression may also be explained by the 
immaturity of the leukemic and dysplastic cells since most 
normal CD34

+
 cells express Dpl. Overall, the differences in 

expression of the Dpl protein in AML cells and MDS cells in 
comparison to healthy cells has indicated that Dpl may be a 
possible leukaemia-associated antigen therefore making it a 
target for diagnostic and/or therapeutic strategies [74]. 

P53: A POTENTIAL PRION-LIKE PROTEIN 

Recently, p53 the tumour suppressor protein p53 (a 
transcriptions factor [78] involved in the regulation of  
the cell cycle [79]) has been shown to display prion-like 
tendencies in cancer cells. Approximately 50% of tumours 
harbour mutation in their p53 proteins [79] with the 
remaining percentage possessing a faulty component in 
either the post translational modification pathway of p53 or 
the annulment of the p53 signalling pathway [80]. Recently, 
it has been shown that cancer may be considered as an 
aggregation-associated disease through studies of mutant 
p53. It was shown that oncogenic p53 has an increased 
aggregation propensity achieved by exposure of an 
aggregation-nucleation sequence by structural destabilization 
of the DNA binding domain. Exposure results in the 
coaggregation of mutant p53 with wild-type p53 into cellular 
inclusion, eliminating wild-type p53 activity. Mutant p53 
was also demonstrated to co-aggregate with p63 and p73, 
family members of p53. Furthermore, aggregated p53 was 
shown to increase the expression of number of heat-shock 
proteins such as Hsp70, an antiapoptotic agent [79]. 
Furthering this research, a recent study set out to determine 
is wild-type p53 and hot-spot mutant R248Q have the ability 
to aggregate as amyloids under physiological conditions and 
if the mutant p53 could seed aggregates of wild type p53. 
They found that r248Q had a greater tendency to aggregate 
that wild-type p53. Furthermore, they found that full length 
p53 aggregated into amyloid-like species in a similar pattern 
to that of the p53 core domain [81]. With the known 
knowledge of p53 involvement in cancer development and 
its new found prion-like capabilities, p53 may be a potential 
target for therapeutic treatment.  

CONCLUDING REMARKS 

The theory of prion involvement in cancer development 
and progression suggests that genetic inheritance is only one 

mechanism that underlies cancer susceptibility and there may 
also be cytoplasmic inheritance of cancer-causing proteins. 
This highlights that these proteins may be a new potential 
target for therapeutic treatment of cancer. 

The over-expression of PrP and Dpl in various cancers 
has been established, with evidence supporting their 
involvement in a number of cellular processes such as 
apoptosis and kinase signalling, whose dysfunction may 

possibly promote excessive proliferation and drug-resistance 
phenotypes. With new evidence of other proteins, such as 
p53, exhibiting prion –like capabilities, as well as evidence 
of prion-like protein aggregates in other disease types such 

as neurodegenerative diseases, further suggests that prion or 
prion-like proteins may also play a role in the cancer 
development and progression and are therefore a potential 
target for future therapeutic treatment. Determining the state 

of PrP, Dpl and p53 (whether these proteins exist in the prion 
or normal form) in cancer cells and their role in apoptotic 
pathways is an essential next stage of understanding if 
prion/prion-like proteins play a role in cancer development.  

Overall, defining the role of PrP, Dpl, and other prion/ 
prion-susceptible proteins in cancer development and 
progression, will lead to their assessment as potential new 
targets for cancer prognostic, preventative and especially 

therapeutic treatment. For example, it might be possible to 
determine whether inhibition of PrP, Dpl or other prion-like 
proteins through drug targeting can be combined with 
current methods such as chemotherapy, surgery and/or 

radiotherapy, to improve patient survival rates.  
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ABBREVIATIONS 

AML = Acute myeloid leukaemia 

ADR = adriamycin resistance 

BSE = bovine spongiform encephalopathy 

CDDP = Cisplatin  

Cdk5 = cyclin-dependent kinase 5 

CNS = central nervous system 

DISC = death inducing signalling complex 

DNA = deoxyribonucleic acid 

Dpl = Dopple prion protein 
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ERK = Extracellular-signal-regulated kinase 

FFI = familial fatal insomnia 

FLNa = Filimin A 

GABAa = gamma-aminobutyric acid type A 

GBM = glioblastoma multiforme 

GPI = Glycosylphosphatidylinositol 

GSS = Gerstmann-Straussler-Scheinker disease  

MAPK = Mitogen-activated protein kinase 

MDR = multiple drug resistance 

MDS = myelodysplastic syndrome 

MMP11 = matrix metalloproteinase 11  

NCAM = neural cell adhesion molecule 

NMDAR = N-methyl-D-aspartate receptor 

PDAC = Pancreatic ductal adenocarcinoma 

P-gp = P-glycoprotein 

PrP = Proteinacious infectious particle 

PrP
c
 = Cellular prion protein 

PrP
Sc

 = Prion protein scrapie 

RNA = ribonucleic acid 

siRNA = small interfering RNA 

TNF = Tumour necrosis factor-  

TNM = Tumour, node, metastasis 

TRAIL = Tumour necrosis factor related apoptosis 
inducing ligand 

VP-16 = etoposide  

VRC = vincristine 

REFERENCES 

[1] Hanahan, D.; Weinberg, R. A. The hallmarks of cancer. Cell 2000, 

100 (1), 57-70. 
[2] Balmain, A.; Gray, J.; Ponder, B., The genetics and genomics of 

cancer. Nat Genet 2003, 33 (Suppl), 238-244. 
[3] Anand, P.; Kunnumakkara, A. B.; Sundaram, C.; Harikumar, K. B.; 

Tharakan, S. T.; Lai, O. S.; Sung, B.; Aggarwal, B. B. Cancer is a 
preventable disease that requires major lifestyle changes. Pharm. 

Res. 2008, 25 (9), 2097-2116. 
[4] Pavalko, F. The structure and function of cells. In: Human 

Physiology 4th edition. Rhoades, R.; Pflanzer, R.; Ed. Thomson 
learning inc.: USA, 2003; pp 67-107. 

[5] Sassa, Y.; Kataoka, N.; Inoshima, Y.; Ishiguro, N. Anti-PrP 
antibodies detected at terminal stage of prion-affected mouse. Cell 

Immunol. 2010, 263 (2), 212-218. 
[6] Mehrpour, M.; Codogno, P. Prion protein: From physiology to 

cancer biology. Cancer Lett. 2010, 290 (1), 1-23. 
[7] Pammer, J.; Cross, H. S.; Frobert, Y.; Tschachler, E.; Oberhuber, 

G. The pattern of prion-related protein expression in the 
gastrointestinal tract. Virchows Archiv : Int. J. Pathol. 2000, 436 

(5), 466-472. 
[8] Liang, J.; Pan, Y.; Zhang, D.; Guo, C.; Shi, Y.; Wang, J.; Chen, Y.; 

Wang, X.; Liu, J.; Guo, X.; Chen, Z.; Qiao, T.; Fan, D. Cellular 
prion protein promotes proliferation and G1/S transition of human 

gastric cancer cells SGC7901 and AGS. FASEB J. 2007, 21 (9), 
2247-2256. 

[9] Liang, J.; Pan, Y. L.; Ning, X. X.; Sun, L. J.; Lan, M.; Hong, L.; 

Du, J. P.; Liu, N.; Liu, C. J.; Qiao, T. D.; Fan, D. M. 
Overexpression of PrPC and its antiapoptosis function in gastric 

cancer. Tumour Biol. 2006, 27 (2), 84-91. 
[10] Pan, Y.; Zhao, L.; Liang, J.; Liu, J.; Shi, Y.; Liu, N.; Zhang, G.; 

Jin, H.; Gao, J.; Xie, H.; Wang, J.; Liu, Z.; Fan, D. Cellular prion 
protein promotes invasion and metastasis of gastric cancer. FASEB 

J. 2006, 20 (11), 1886-1888. 
[11] Li, C.; Yu, S.; Nakamura, F.; Yin, S.; Xu, J.; Petrolla, A. A.; Singh, 

N.; Tartakoff, A.; Abbott, D. W.; Xin, W.; Sy, M. S. Binding of 
pro-prion to filamin A disrupts cytoskeleton and correlates with 

poor prognosis in pancreatic cancer. J. Clin. Invest. 2009, 119 (9), 
2725-2736. 

[12] Diarra-Mehrpour, M.; Arrabal, S.; Jalil, A.; Pinson, X.; Gaudin, C.; 
Pietu, G.; Pitaval, A.; Ripoche, H.; Eloit, M.; Dormont, D.; 

Chouaib, S. Prion protein prevents human breast carcinoma cell 
line from tumor necrosis factor alpha-induced cell death. Cancer 

Res. 2004, 64 (2), 719-727. 
[13] Vassallo, N.; Herms, J.; Behrens, C.; Krebs, B.; Saeki, K.; Onodera, 

T.; Windl, O.; Kretzschmar, H. A. Activation of phosphatidylinositol 
3-kinase by cellular prion protein and its role in cell survival. 

Biochem. Biophys. Res. Commun. 2005, 332 (1), 75-82. 
[14] Du, J.; Pan, Y.; Shi, Y.; Guo, C.; Jin, X.; Sun, L.; Liu, N.; Qiao, T.; 

Fan, D. Overexpression and significance of prion protein in gastric 
cancer and multidrug-resistant gastric carcinoma cell line SGC7901/ 

ADR. Int .J. Cancer 2005, 113 (2), 213-220. 
[15] Liang, J.; Ge, F.; Guo, C.; Luo, G.; Wang, X.; Han, G.; Zhang, D.; 

Wang, J.; Li, K.; Pan, Y.; Yao, L.; Yin, Z.; Guo, X.; Wu, K.; Ding, 
J.; Fan, D. Inhibition of PI3K/Akt partially leads to the inhibition of 

PrP(C)-induced drug resistance in gastric cancer cells. TFEBS J. 
2009, 276 (3), 685-694. 

[16] Han, Z.; Hong, L.; Wu, K.; Han, S.; Shen, H.; Liu, C.; Han, Y.; 
Liu, Z.; Fan, D. Reversal of multidrug resistance of gastric cancer 

cells by downregulation of Akt1 with Akt1 siRNA. J. Exp. Clin. 
Cancer Res. 2006, 25 (4), 601-606. 

[17] Creutzfeldt, H. Über eine eigenartige herdförmige erkrankung des 
zentralnervensystems (Vorläufige mitteilung). Z. f. d. g. Neuru. 

Psych. 1920, 57 (1), 1-18. 
[18] Liemann, S.; Glockshuber, R. Transmissible Spongiform 

Encephalopathies. Biochem. Biophys. Res. Comm. 1998, 250 (2), 
187-193. 

[19] DeArmond, S. J.; Bouzamondo, E. Fundamentals of prion biology 
and diseases. Toxicology 2002, 181-182, 9-16. 

[20] Prusiner, S. B. Novel proteinaceous infectious particles cause 
scrapie. Science 1982, 216 (4542), 136-144. 

[21] Sparkes, R. S.; Simon, M.; Cohn, V. H.; Fournier, R. E.; Lem, J.; 
Klisak, I.; Heinzmann, C.; Blatt, C.; Lucero, M.; Mohandas, T.;  

et al. Assignment of the human and mouse prion protein genes to 
homologous chromosomes. Proc. Natl. Acad. Sci. USA 1986, 83 

(19), 7358-7362. 
[22] Meyer, R. K.; McKinley, M. P.; Bowman, K. A.; Braunfeld, M. B.; 

Barry, R. A.; Prusiner, S. B. Separation and properties of cellular 
and scrapie prion proteins. Proc. Natl. Acad. Sci. USA 1986, 83 (8), 

2310-2314. 
[23] Kim, J. I.; Cali, I.; Surewicz, K.; Kong, Q.; Raymond, G. J.; 

Atarashi, R.; Race, B.; Qing, L.; Gambetti, P.; Caughey, B.; 
Surewicz, W. K. Mammalian prions generated from bacterially 

expressed prion protein in the absence of any mammalian 
cofactors. J. Biol. Chem. 2010, 285 (19), 14083-14087. 

[24] Luhrs, T.; Ritter, C.; Adrian, M.; Riek-Loher, D.; Bohrmann, B.; 
Dobeli, H.; Schubert, D.; Riek, R. 3D structure of Alzheimer's 

amyloid-beta(1-42) fibrils. Proc Natl Acad Sci USA 2005, 102 (48), 
17342-17347. 

[25] Sunde, M.; Serpell, L. C.; Bartlam, M.; Fraser, P. E.; Pepys, M. B.; 
Blake, C. C. Common core structure of amyloid fibrils by 

synchrotron X-ray diffraction. J .Mol. Biol. 1997, 273 (3), 729-739. 
[26] Brundin, P.; Melki, R.; Kopito, R. Prion-like transmission of 

protein aggregates in neurodegenerative diseases. Nat. Rev. Mol. 
Cell Biol. 2010, 11 (4), 301-307. 

[27] Aguzzi, A.; Rajendran, L. The transcellular spread of cytosolic 
amyloids, prions, and prionoids. Neuron 2009, 64 (6), 783-790. 

[28] Vey, M.; Pilkuhn, S.; Wille, H.; Nixon, R.; DeArmond, S. J.; 
Smart, E. J.; Anderson, R. G.; Taraboulos, A.; Prusiner, S. B. 

Subcellular colocalization of the cellular and scrapie prion proteins 
in caveolae-like membranous domains. Proc. Natl. Acad. Sci. USA 

1996, 93 (25), 14945-14949. 



The Roles of Prion and Prion-like Proteins in Cancer Current Cancer Drug Targets, 2013, Vol. 13, No. 8    903 

[29] Sarnataro, D.; Paladino, S.; Campana, V.; Grassi, J.; Nitsch, L.; 

Zurzolo, C. PrPC is sorted to the basolateral membrane of epithelial 
cells independently of its association with rafts. Traffic 2002, 3 

(11), 810-821. 
[30] De Simone, A.; Zagari, A.; Derreumaux, P. Structural and 

hydration properties of the partially unfolded states of the prion 
protein. Biophys. J. 2007, 93 (4), 1284-1292. 

[31] Makrinou, E.; Collinge, J.; Antoniou, M. Genomic characterization 
of the human prion protein (PrP) gene locus. Mamm. Genome 

2002, 13 (12), 696-703. 
[32] Linden, R.; Martins, V. R.; Prado, M. A.; Cammarota, M.; 

Izquierdo, I.; Brentani, R. R. Physiology of the prion protein. 
Physiol. Rev. 2008, 88 (2), 673-728. 

[33] Stewart, R. S.; Harris, D. A. Mutational analysis of topological 
determinants in prion protein (PrP) and measurement of 

transmembrane and cytosolic PrP during prion infection. J. Biol. 
Chem. 2003, 278 (46), 45960-45968. 

[34] Welker, E.; Raymond, L. D.; Scheraga, H. A.; Caughey, B. 
Intramolecular versus intermolecular disulfide bonds in prion 

proteins. J. Biol. Chem. 2002, 277 (36), 33477-33481. 
[35] Hooper, N. Roles of proteolysis and lipid rafts in the processing of 

the amyloid precursor protein and prion protein. Biochem. Soc.F. 
Trans. 2005, 33, 335–338. 

[36] Mange, A.; Beranger, F.; Peoc'h, K.; Onodera, T.; Frobert, Y.; 
Lehmann, S. Alpha- and beta- cleavages of the amino-terminus of 

the cellular prion protein. Biol Cell 2004, 96 (2), 125-132. 
[37] Vincent, B.; Paitel, E.; Frobert, Y.; Lehmann, S.; Grassi, J.; 

Checler, F. Phorbol ester-regulated cleavage of normal prion 
protein in HEK293 human cells and murine neurons. J. Biol. Chem. 

2000, 275 (45), 35612-35616. 
[38] Jimenez-Huete, A.; Lievens, P. M.; Vidal, R.; Piccardo, P.; Ghetti, 

B.; Tagliavini, F.; Frangione, B.; Prelli, F. Endogenous proteolytic 
cleavage of normal and disease-associated isoforms of the human 

prion protein in neural and non-neural tissues. Am. J.Pathol. 1998, 
153 (5), 1561-1572. 

[39] Pan, K. M.; Stahl, N.; Prusiner, S. B. Purification and properties of 
the cellular prion protein from Syrian hamster brain. Protein Sci. 

1992, 1 (10), 1343-1352. 
[40] Nieznanski, K.; Nieznanska, H.; Skowronek, K. J.; Osiecka,  

K. M.; Stepkowski, D. Direct interaction between prion protein  
and tubulin. Biochem. Biophys. Res. Commun. 2005, 334 (2),  

403-411. 
[41] Watt, N. T.; Taylor, D. R.; Gillott, A.; Thomas, D. A.; Perera, W. 

S.; Hooper, N. M. Reactive oxygen species-mediated beta-cleavage 
of the prion protein in the cellular response to oxidative stress. J. 

Biol. Chem. 2005, 280 (43), 35914-35921. 
[42] Taraboulos, A.; Raeber, A. J.; Borchelt, D. R.; Serban, D.; 

Prusiner, S. B. Synthesis and trafficking of prion proteins in 
cultured cells. Mol. Biol.Cell 1992, 3 (8), 851-863. 

[43] Llorens, F.; Del Rio, J. A. Unraveling the neuroprotective 
mechanisms of PrP (C) in excitotoxicity. Prion 2012, 6 (3), 245-

251. 
[44] Westergard, L.; Christensen, H. M.; Harris, D. A. The cellular 

prion protein (PrP(C)): its physiological function and role in 
disease. Biochimica.Biophysica. Acta. 2007, 1772 (6), 629-644. 

[45] McLennan, N. F.; Rennison, K. A.; Bell, J. E.; Ironside, J. W. In 
situ hybridization analysis of PrP mRNA in human CNS tissues. 

Neuropathol. Appl. Neurobiol. 2001, 27 (5), 373-383. 
[46] Brown, H. R.; Goller, N. L.; Rudelli, R. D.; Merz, G. S.; Wolfe, G. 

C.; Wisniewski, H. M.; Robakis, N. K. The mRNA encoding the 
scrapie agent protein is present in a variety of non-neuronal cells. 

Acta. Neuropathologica. 1990, 80 (1), 1-6. 
[47] Haeberle, A. M.; Ribaut-Barassin, C.; Bombarde, G.; Mariani, J.; 

Hunsmann, G.; Grassi, J.; Bailly, Y. Synaptic prion protein 
immuno-reactivity in the rodent cerebellum. Microscopy Res. Tech. 

2000, 50 (1), 66-75. 
[48] Laine, J.; Marc, M. E.; Sy, M. S.; Axelrad, H. Cellular and 

subcellular morphological localization of normal prion protein in 
rodent cerebellum. Eur. J. Neurosci. 2001, 14 (1), 47-56. 

[49] Comincini, S.; Facoetti, A.; Del Vecchio, I.; Peoc'h, K.; Laplanche, 
J. L.; Magrassi, L.; Ceroni, M.; Ferretti, L.; Nano, R. Differential 

expression of the prion-like protein doppel gene (PRND) in 
astrocytomas: a new molecular marker potentially involved in 

tumor progression. Anticancer Res. 2004, 24 (3a), 1507-1517. 
[50] Brazil, D. P.; Park, J.; Hemmings, B. A. PKB binding proteins. 

Getting in on the Akt. Cell 2002, 111 (3), 293-303. 

[51] Vivanco, I.; Sawyers, C. L. The phosphatidylinositol 3-Kinase 

AKT pathway in human cancer. Nat.Rev. Cancer 2002, 2 (7), 489-501. 
[52] Wang, J. H.; Du, J. P.; Li, S. J.; Zhai, L. P.; Yang, X. Y.; Wang, Z. 

H.; Wu, Z. T.; Han, Y. Octarepeat peptides of prion are essential 
for multidrug resistance in gastric cancer cells. J. Dig. Dis. 2012, 

13 (3), 143-152. 
[53] Zhao, Y.; You, H.; Liu, F.; An, H.; Shi, Y.; Yu, Q.; Fan, D. 

Differentially expressed gene profiles between multidrug resistant 
gastric adenocarcinoma cells and their parental cells. Cancer Lett. 

2002, 185 (2), 211-218. 
[54] Juranka, P. F.; Zastawny, R. L.; Ling, V. P-glycoprotein: multidrug-

resistance and a superfamily of membrane-associated transport 
proteins. FASEBJ 1989, 3 (14), 2583-2592. 

[55] Wang, J. H.; Du, J. P.; Zhang, Y. H.; Zhao, X. J.; Fan, R. Y.; 
Wang, Z. H.; Wu, Z. T.; Han, Y. Dynamic changes and 

surveillance function of prion protein expression in gastric cancer 
drug resistance. World J. Gastroenterol. 2011, 17 (35), 3986-3993. 

[56] Chattopadhyay, M.; Walter, E. D.; Newell, D. J.; Jackson, P. J.; 
Aronoff-Spencer, E.; Peisach, J.; Gerfen, G. J.; Bennett, B.; 

Antholine, W. E.; Millhauser, G. L. The octarepeat domain of the 
prion protein binds Cu(II) with three distinct coordination modes at 

pH 7.4. J. Am. Chem. Soc. 2005, 127 (36), 12647-12656. 
[57] Han, H.; Bearss, D. J.; Browne, L. W.; Calaluce, R.; Nagle, R. B.; 

Von Hoff, D. D. Identification of differentially expressed genes in 
pancreatic cancer cells using cDNA microarray. Cancer Res. 2002, 

62 (10), 2890-2896. 
[58] Li, C.; Xin, W.; Sy, M. S. Binding of pro-prion to filamin A: by 

design or an unfortunate blunder. Oncogene 2010, 29 (39), 5329-
5345. 

[59] Meslin, F.; Hamai, A.; Gao, P.; Jalil, A.; Cahuzac, N.; Chouaib, S.; 
Mehrpour, M. Silencing of prion protein sensitizes breast 

adriamycin-resistant carcinoma cells to TRAIL-mediated cell 
death. Cancer Res. 2007, 67 (22), 10910-10919. 

[60] Li, Q. Q.; Cao, X. X.; Xu, J. D.; Chen, Q.; Wang, W. J.; Tang, F.; 
Chen, Z. Q.; Liu, X. P.; Xu, Z. D. The role of P-glycoprotein/ 

cellular prion protein interaction in multidrug-resistant breast 
cancer cells treated with paclitaxel. Cell.Mol. Life Sci CMLS 2009, 

66 (3), 504-515. 
[61] Roucou, X.; Giannopoulos, P. N.; Zhang, Y.; Jodoin, J.; Goodyer, 

C. G.; LeBlanc, A. Cellular prion protein inhibits proapoptotic Bax 
conformational change in human neurons and in breast carcinoma 

MCF-7 cells. Cell Death Differ. 2005, 12 (7), 783-795. 
[62] Antonacopoulou, A. G.; Grivas, P. D.; Skarlas, L.; Kalofonos, M.; 

Scopa, C. D.; Kalofonos, H. P. POLR2F, ATP6V0A1 and PRNP 
expression in colorectal cancer: new molecules with prognostic 

significance? Anticancer Res. 2008, 28 (2B), 1221-1227. 
[63] Antonacopoulou, A. G.; Palli, M.; Marousi, S.; Dimitrakopoulos,  

F. I.; Kyriakopoulou, U.; Tsamandas, A. C.; Scopa, C. D.; 
Papavassiliou, A. G.; Kalofonos, H. P. Prion protein expression and 

the M129V polymorphism of the PRNP gene in patients with 
colorectal cancer. Mol. Carcinog. 2010, 49 (7), 693-699. 

[64] McEwan, J. F.; Windsor, M. L.; Cullis-Hill, S. D. Antibodies to 
prion protein inhibit human colon cancer cell growth. Tumour Biol. 

2009, 30 (3), 141-147. 
[65] Yap, Y. H.; Say, Y. H. Resistance against apoptosis by the cellular 

prion protein is dependent on its glycosylation status in oral HSC-2 
and colon LS 174T cancer cells. Cancer Lett. 2011, 306 (1), 111-119. 

[66] Sauer, H.; Dagdanova, A.; Hescheler, J.; Wartenberg, M. Redox-
regulation of intrinsic prion expression in multicellular prostate 

tumor spheroids. Free Radic. Biol .Med. 1999, 27 (11-12), 1276-
1283. 

[67] Silverman, G. L.; Qin, K.; Moore, R. C.; Yang, Y.; Mastrangelo, 
P.; Tremblay, P.; Prusiner, S. B.; Cohen, F. E.; Westaway, D. 

Doppel is an N-glycosylated, glycosylphosphatidylinositol-
anchored protein. Expression in testis and ectopic production in the 

brains of Prnp(0/0) mice predisposed to Purkinje cell loss. J. Biol. 
Chem.. 2000, 275 (35), 26834-26841. 

[68] Moore, R. C.; Lee, I. Y.; Silverman, G. L.; Harrison, P. M.; 
Strome, R.; Heinrich, C.; Karunaratne, A.; Pasternak, S. H.; 

Chishti, M. A.; Liang, Y.; Mastrangelo, P.; Wang, K.; Smit, A. F.; 
Katamine, S.; Carlson, G. A.; Cohen, F. E.; Prusiner, S. B.; Melton, 

D. W.; Tremblay, P.; Hood, L. E.; Westaway, D. Ataxia in prion 
protein (PrP)-deficient mice is associated with upregulation of the 

novel PrP-like protein doppel. J. Mol. Biol. 1999, 292 (4), 797-817. 
[69] Peoc'h, K.; Volland, H.; De Gassart, A.; Beaudry, P.; Sazdovitch, 

V.; Sorgato, M. C.; Creminon, C.; Laplanche, J. L.; Lehmann, S. 



904    Current Cancer Drug Targets, 2013, Vol. 13, No. 8 Hinton et al. 

Prion-like protein Doppel expression is not modified in scrapie-

infected cells and in the brains of patients with Creutzfeldt-Jakob 
disease. FEBS Lett.2003, 536 (1-3), 61-65. 

[70] Mastrangelo, P.; Westaway, D. The prion gene complex encoding 
PrP(C) and Doppel: insights from mutational analysis. Gene 2001, 

275 (1), 1-18. 
[71] Luhrs, T.; Riek, R.; Guntert, P.; Wuthrich, K. NMR structure of the 

human doppel protein. J. Mol. Biol. 2003, 326 (5), 1549-1557. 
[72] Peoc'h, K.; Serres, C.; Frobert, Y.; Martin, C.; Lehmann, S.; 

Chasseigneaux, S.; Sazdovitch, V.; Grassi, J.; Jouannet, P.; Launay, 
J. M.; Laplanche, J. L. The human "prion-like" protein Doppel is 

expressed in both Sertoli cells and spermatozoa. J. Biol. Chem. 
2002, 277 (45), 43071-43078. 

[73] Behrens, A.; Aguzzi, A. Small is not beautiful: antagonizing 
functions for the prion protein PrP(C) and its homologue Dpl. 

Trends Neurosci. 2002, 25 (3), 150-154. 
[74] Travaglino, E.; Comincini, S.; Benatti, C.; Azzalin, A.; Nano, R.; 

Rosti, V.; Ferretti, L.; Invernizzi, R. Overexpression of the Doppel 
protein in acute myeloid leukaemias and myelodysplastic syndromes. 

Br. J. Haematol. 2005, 128 (6), 877-884. 
[75] Stone, R. M.; O'Donnell, M. R.; Sekeres, M. A. Acute myeloid 

leukemia. Hematology Am. Soc. Hematol. Educ. Program 2004, 
98-117. 

[76] Rubnitz, J. E.; Gibson, B.; Smith, F. O. Acute myeloid leukemia. 

Pediatr. Clin. North Am. 2008, 55 (1), 21-51. 
[77] De, S., Lurquin, C., Lethe, B., Martelange, V., Boon, T. DNA 

methylation is the primary silencing mechanism for a set of germ 
line- and tumor-specific genes with a CpG-rich promoter. Mol.Cell 

Biol. 1999, 19, 7327-7335. 
[78] Chen, F.; Wang, W.; El-Deiry, W. S. Current strategies to target 

p53 in cancer. Biochem. Pharmacol. 2010, 80 (5), 724-730. 
[79] Xu, J.; Reumers, J.; Couceiro, J. R.; De Smet, F.; Gallardo, R.; 

Rudyak, S.; Cornelis, A.; Rozenski, J.; Zwolinska, A.; Marine, J. 
C.; Lambrechts, D.; Suh, Y. A.; Rousseau, F.; Schymkowitz, J. 

Gain of function of mutant p53 by coaggregation with multiple 
tumor suppressors. Nat. Chem..Biol. 2011, 7 (5), 285-295. 

[80] Brown, C. J.; Lain, S.; Verma, C. S.; Fersht, A. R.; Lane, D. P. 
Awakening guardian angels: drugging the p53 pathway. Nat. Rev. 

Cancer 2009, 9 (12), 862-873. 
[81] Ano Bom, A. P.; Rangel, L. P.; Costa, D. C.; de Oliveira, G. A.; 

Sanches, D.; Braga, C. A.; Gava, L. M.; Ramos, C. H.; Cepeda, A. 
O.; Stumbo, A. C.; De Moura Gallo, C. V.; Cordeiro, Y.; Silva, J. 

L. Mutant p53 aggregates into prion-like amyloid oligomers and 
fibrils: implications for cancer. J. Biol. Chem. 2012, 287 (33), 

28152-28162. 

 
 
Received: October 23, 2012 Revised: June 11, 2013 Accepted: August 29, 2013 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24015988 


	0-CCDT_CONTENT
	1-Nieburgs Detction_CCDT_CCDT.doc
	2-Paulo_CCDT.doc
	3-Mori_CCDT.doc
	4-Uzdensky_CCDT.doc
	5-Monga_CCDT.doc
	6-Oliveira_CCDT.doc
	7-Hinton_CCDT.doc
	CCDT_BACK
	CCDT_Spine.13-8



