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We investigate the correlation between the glycosylation modi-
fied prion proteins and apoptosis. The wild-type PRNP gene and 
four PRNP gene glycosylated mutants were transiently ex-
pressed in HeLa cells. The effect of apoptosis induced by PrP 
mutants was confirmed by MTT assay, Hochest staining, 
Annexin-V staining and PI staining. ROS test detected ROS gen-
eration within the cells. The mitochondrial membrane potential 
was analyzed by the flow cytometry. The expression levels of 
Bcl-xL, Bax, cleaved Caspase-9 proteins were analyzed by 
Western Blot. The results indicated that the expressed non-gly-
cosylated PrP in HeLa cells obviously induced apoptosis, in-
hibited the growth of cells and reduced the mitochondrial mem-
brane potential, and more ROS generation and low levels of the 
apoptosis-related proteins Bcl-xL, the activated the cleaved 
Caspase-9 proteins were found. The apoptosis induced by 
non-glycosylated PrP demonstrates that its underlying mecha-
nism correlates with the mitochondria-mediated signal trans-
duction pathway. [BMB reports 2009; 42(6): 331-337]

INTRODUCTION

Prion diseases are a group of transmissible neurodegenerative dis-
orders, including Creutzfeldt-Jakob disease, Kuru, and Fatal 
Familial Insomnia in human beings (1). The conformational 
change of the prion protein from cellular type (PrPC) to PrPSc is re-
garded as the crucial step in triggering the pathogenesis of the 
prion diseases (2-6). Human PrPc is a protein of 253 amino acids, 
which contains two consensus sites for N-linked glycosylation. 
The first is located at codon 181 and the second at codon 197 (7). 
In the fully matured protein both N-glycosylation sites are occu-
pied and typically four variants of prion protein co-exist: the dou-
ble-glycosylated, two mono-glycosylated and the unglycosylated. 
It has been reported that lack of sugars would induce the transition 

of PrPC to PrPSc in vitro, suggesting that the modification in glyco-
sylation may contribute to the development of the disease (8). We 
thus investigated the correlation of apoptosis and glycosylations 
of PrPSc in the brain tissues of the hamsters infected with scrapie 
stain 263K (9). In addition, purified PrPSc from mouse scrapie brain 
induced apoptosis in N2A neuroblastoma cells, GT1 cells, as well 
as in primary cerebella cultures (10-12). Also the inhibition of 
N-linked glycosylation using tunicamycin (TM) induced cell 
apoptosis in cultured cells (13). These findings suggest that the ab-
sence of N-linked glycosylation is associated with apoptosis.
    In golden hamsters, PrP gene was reported to express in the 
brain and peripheral organs such as heart, liver, kidney and lung 
(14). In our work, we observed apoptosis induced by the ex-
pressed PrP glycosylation mutants in epithelial-derived (HeLa) cell 
lines in vitro. In this study, with HeLa cells as the comparison to 
SF126, we particularly explored whether the PrP mutants could 
expressed in a non-neural cell lines. The results on PrP mutant pre-
sented in HeLa cells offer valuable basic data that detection of the 
glycosylation levels of PrP, particularly in peripheral tissues could 
be an indirect yet effective indicator for the damage of the central 
nerve system. Additionally, we observed the difference between 
expression of the non-glycosylated modified PrP and the 
mono-glycosylated modified ones. We further studied of the pos-
sible mechanism of apoptosis induced by the expression of PrP 
mutants in HeLa cells. It offers some primary data for further stud-
ies of prion disease mechanism in this cell model.

RESULTS 

Wild type PrP is exclusively presented on the cell surface, 
whereas non-glycosylated PrP is mainly intracellularly located
The immunofluorescence staining experiments showed that cells 
expressing wild type PrP were mainly transported to the plasma 
membrane (Fig. 1B). In contrast, those expressing two non-glyco-
sylated mutants, PRNP N181Q N197Q and T183A T199A main-
ly located in cytoplasma (Fig. 1C, D) and apparently failed to 
reach the cell surface after synthesis, which indicated that surface 
transport of two non-glycosylated mutants is inefficient.

Growth suppression and viability assays
MTT data indicated that transfection of pcDNA3.1 group showed 
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Fig. 1. Localization of wild type and mu-
tated PrP in HeLa cell by immuno-
fluorescence staining using confocal 
analysis. HeLa cells expressed wild type 
and mutated PrP after transfection for 24
h with Lipofectamine 2000. HeLa cells 
were labeled with anti-PrP antibody 3F4,
and stained with a fluorescein-conjugated
goat anti-mouse IgG antibody. All panels 
were photographed at the same exposure.

Fig. 2. Expressing PrPs mutants inhibiting cell growth and inducing apoptosis in HeLa cells. (A) Mutated PrPs expression caused inhibition 
of growth of HeLa cells in vitro by MTT assay. Data are means ± SD (n = 3) (B) Hochest staining assays of HeLa cells 30 h after trans-
fected with PRNP gene mutants (×400). (C) Flow cytometry analysis of HeLa cells early apoptosis after transfected with PRNP gene 
mutants. (D) Flow cytometry analysis of HeLa cells apoptosis after transfected with PRNP gene mutants.

somewhat arrest effect of cell proliferation on the growth (Fig. 
2A). No significant difference was observed in PRNP, PRNP 
N181Q and PRNP N197Q groups, compared to pcDNA3.1 
group. However, the viability of cells in the groups transfected 
with two mutants of non-N-glycosylated plasmids PRNP N181Q 
N197Q and PRNP T183A T199A was significantly reduced com-
pared to those of pcDNA3.1 group. 

Expression of PrP mutants induced morphological change in 
transiently transfected HeLa cells
As shown in Fig. 2B, we observed that the transfection with 

two mutants of non-N-glycosylated plasmids induced a sig-
nificantly higher apoptotic rate in HeLa cell line compared to 
those transfected with mono-N-glycosylated plasmids and the 
control group, whereas no apparent changes were observed 
between the groups transfected with two mono-N-glycosylated 
plasmids.

PS inverting analysis cell apoptosis in transiently transfected 
HeLa cells
Annexin-V and PI staining results are the indicators of early 
phase of apoptosis. As shown in Fig. 2C, the results indicated 
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Fig. 3. (A) Generation of ROS in HeLa after the transfection with PRNP gene mutants (*represents P ＜ 0.05). Values represented as mean 
± S.D. *P ＜ 0.05, n = 3. (B) Flow cytometry analysis of mitochondrial membrane potential collapse of HeLa cells after 48 h trans-
fection with PRNP gene mutants using Rhodamine 123.

that the percentage of early apoptosis in HeLa cells transfected 
with non-glycosylated plasmids increased remarkably com-
pared to those of the control cells, transfection with PRNP 
N181Q N197Q and PRNP T183A T199A induced more apop-
tosis (27.6% and 25.2%). In contrast, transfection with mono- 
glycosylated plasmids did not show significant apoptosis 
(18.6% and 12.3%, respectively).

PI staining analysis cell apoptosis in transiently transfected 
HeLa cells
As shown in Fig. 2D, the precentages of apoptosis (peak of hy-
podiploid DNA before G1 phase) in HeLa cells transfected 
with PRNP N181Q N197Q and PRNP T183A T199A were 
22.4% and 20.7%, respectively. The percentages of the apop-
tosis were 17.2% and 19.6% in two mono-glycosylated plas-
mids groups. Cells expressing wild type PrP showed the per-
centage of apoptosis at 17%.

ROS detection
We monitored ROS production with the specific fluorescent 
probe DCFH-DA (Fig. 3A). In comparison with wild-type PrP, 
ROS production in cells transfected with PRNP N181Q 
N197Q and PRNP T183A T199A was significantly increased 
at 6 h, 12 h, 24 h, 30 h, 36 h and 48 h in a time-dependent 
manner. And a peak of ROS production appeared at 12 h after 
transfection. Cells transfected with either of the two mono-gly-
cosylated plasmids PRNP N181Q and PRNP N197Q gen-
erated more ROS compared to the control.

The mitochondrial membrane potential assay by flow cytometry
As shown in Fig. 3B, the mitochondrial membrane potential of 
Hela cells transfected with PRNP N181Q and PRNP N197Q 
was 75% and 83.2% at 48 h, compared to 83.8% of PNRP 
plasmid transfected cells. Furthermore, the mitochondrial 

membrane potential of cells transfected with PRNP N181Q 
N197Q and PRNP T183A T199A showed a more remarkable 
decrease to 67.2% and 75.7% respectively.

PrP mutants induced decreased expression of Bcl-xL and 
activation of cleavage of Caspase-9 by Western Blotting
As shown in Fig. 4, Bcl-xL expression was decreased at 48 h 
after transfection with various plasmids whereas Bax was not 
affected. Activation of cleaved caspase-9 was highest at 48 h 
after transfection with various plasmids.

DISCUSSION

Several evidences have shown that some pathogenic mutants 
(point and insertion mutants within PRNP gene) relate to fami-
lial prion diseases and might play an important role in TSEs. 
For example, one of the HuPrP mutants, HuPrP E200Kh is 
closely related to familial Creutzfeldt-Jakob disease (fCJD) (15). 
A valine to isoleucine mutation at residue 180 was detected in 
a French patient with Creutzfeldt-Jakob disease (CJD) (16). We 
modified two glycosylation sites at amino acid residues 
Asn181, Thr183, Asn197 and Thr199 in human PrP to explore 
the effect of glycosylation on PrP biochemical properties and 
its cellular biological traits. 
    Inhibition of N-linked glycosylation by tunicamycin (TM) in-
duces cell apoptosis such as the appearance of oligonucleoso-
mally fragmented DNA in SV40-transformed cells (13). We 
had observed the apoptosis and changes in glycosylation ratio 
of PrPSc in brain tissues of the hamsters infected with scrapie 
stain 263K (9). In this study, MTT test indicated that expression 
of mono-glycosylated and non-glycosylated PrP showed cer-
tain effect on the cell growth. This result is consistent with the 
previous findings in other systems (17). Both on the early and 
late stages of apoptosis, non-glycosylated modified PrP was 
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Fig. 4. Western Blot analysis of Bcl-xL Bax and Cleaved Caspase-9 in HeLa cells transfected with PRNP gene mutants (A) The expression 
levels of Bcl-xL, Bax, Cleaved Caspase-9 were compared by Western Blotting among total protein extract from transfected HeLa cells. (B) 
The intensities of Western Blot signals were quantified and plotted as described. The expression levels of Bcl-xL, Bax, Cleaved Caspase-9 
were compared among PRNP gene mutants by using arbitrary units (mean ± SD). ANOVA, *P ＜ 0.05, n = 3).

found to be much easier in triggering the apoptosis than the 
mono-glycosylated modified ones in PS inverting and PI stain-
ing analysis, which strongly suggests that the absence of N- 
linked glycosylation modification is associated with apoptosis. 
The degree of apoptosis was negatively proportional to the 
number of N-glycosylation chains. Some experiments sug-
gested that the unglycosylated PrP located intracellularly and 
did not possess the traits of the PrPSc in the transgenic mice 
brains expressing differentially glycosylated PrP (18, 19). 
Misfolded PrP is transported to the cytosol which is strongly 
neurotoxic and included in the pathogenesis of prion diseases 
in cultured cells and transgenic mice (20, 21). The immuno-
fluorescence result shown in Fig. 1 suggested that PrP glyco-
sylation could significantly affect the PrP transportation. Our 
opinion is, most likely, other unmodified glycosylation site is 
capable of linking a glycan chain even only one glycosylation 
site is modified. Thus, to some degree, the mono-glycosylation 

does not affect PrP conformation as much as the deglycosyla-
tion ones.
    Many reports suggest that oxidative stress might play an im-
portant role in the pathogenesis of some neurodegenerative 
disorders (22). N.T. Watt, et al. demonstrated that the PrPC 
conformational conversion was correlated with the increased 
amounts of intracellular oxygen radicals which contribute to a 
pathway involved in oxidative stress (23). In our study, we 
demonstrated that ROS may be one of the apoptosis inducers, 
but not the product of the apoptosis which adds weight to the 
suggestion that ROS plays an important role in the early stages 
of apoptosis. We noticed that, as shown in Fig. 2, 3, over-
expression of wild-type PrPc induced minor apoptosis and in-
creased ROS level in HeLa cells. PrP normal function is known 
to be neuroprotection which is performed by cell surface sig-
naling, antioxidant activity, or anti-Bax function. It was re-
ported when cytosolic PrP was expressed from a cDNA lack-
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ing both the N and the C-terminal signal peptides, accumu-
lation of cytosolic PrP was cytotoxic (24). Therefore, the data 
in this study suggest that overexpression of wild-type PrP may 
result in the accumulation of cytosolic PrP which makes cells 
to be cytotoxic and induces ROS production. It was also 
known that mitochondrion was essential during the apoptosis 
of cell and the change of its function relates tightly to apopto-
sis (25). Some experiments in cell culture models have shown 
that PrPC can prevent neuronal cell apoptosis and mitochon-
drial dysfunction (26, 27). In this work, expression of PrP on 
which N-linked glycosylation sites were removed induced a 
great reduction of the membrane potential of mitochondria 
compared to the wild-type PrP.
    Bcl-2 family proteins, the important apoptosis-associated 
factors, were reported to interact with PrP in the yeast two-hy-
brid system (28). In the brains of 263K scrapie-infected ham-
sters the expression level of Bcl-2 mRNA and the protein were 
significantly decreased, whereas the expression levels of Bax 
mRNA and the protein were increased (29). Recent studies 
suggest that in aged transgenic mice overexpressing wild-type 
PrP could invoke mitochondria-mediated neuronal apoptosis 
which was accompanied by cytochrome c release, caspase-3 
activity and DNA fragmentation (30). Our conclusion is that 
apoptosis induced by glycosylation mutant PrP related to the 
Bcl-xL/Bax network and the downstream factor cleaved cas-
pase-9. The results of our current study indicate that the ex-
pression of PrP with N-linked glycosylation sites modified 
would induce apoptosis in HeLa cells, and di-glycosylated PrP 
is comparatively easier to facilitate the apoptosis than the 
wild-type PrP. However, PrP with only one glycosylation site 
mutated had an apoptosis-inducing effects similar to that of the 
wild-type. The most important conclusion based on our study 
is that the apoptosis correlates with the mitochondria-mediated 
signal transduction pathway, including ROS production, 
down-regulation of apoptosis-related proteins Bcl-xL, upregula-
tion of Bax and the activation of cleaved Caspase-9 proteins.
    It was found that PrP gene expression was prevalently pre-
sented in the brain and peripheral organs. In peripheral organs 
examined, inguinal lymph node showed a high level of ex-
pression similar to that of the overall brain; spleen and lung 
showed moderate levels of the expression (14). In our study, 
we had observed similar cell apoptosis induced by PrP mu-
tants in both neuron- (SF126) (31) and epithelial-derived cell 
lines (HeLa), what is interesting is that non-glycosylated modi-
fied PrP was found to be much easier in triggering the apopto-
sis than the mono-glycosylated modified ones in PS inverting 
and PI staining analysis in both cells. Furthermore, the apopto-
sis correlated with the mitochondria-mediated signal trans-
duction pathway, including down-regulation of apoptosis-re-
lated proteins Bcl-2 and Bcl-xL in both cells. This finding not 
only explaines various glycosylation levels at different stages 
of the prion diseases, but also suggests that detection of the 
glycosylation levels of PrP, particularly PrP in peripheral tis-
sues could be an indirect yet effective indicator for the damage 

of the central nerve system because the similar modifications 
in glycosylation were observed in both central and peripheral 
nerve systems and the glycosylation levels correlated with the 
disease severity. Our results on PrP mutant presented here of-
fer valuable baseline data for further studies of prion disease 
mechanisms in this cell model.

MATERIALS AND METHODS

Recombinant plasmids, cell lines and transient transfection
In our previous work, we had constructed the full-length hu-
man PRNP gene encoding the polypeptide consisting of the 
amino acid residues 1 to 253, PRNP N181Q, PRNP N197Q, 
PRNP T183A or PRNP T199A were genes in which one poten-
tial glycosylation sites at the 181st,197th,183rd or 199th codon 
were removed, respectively and two non-N-glycosylated hu-
man PRNP genes were named PRNP N181Q N197Q and 
PRNP T183A T199A. All constructs were cloned into the ex-
pression plasmid pcDNA3.1 and transfected into Human cer-
vical carcinoma cell line (HeLa). According to the manu-
facturer’s instruction, 2 μg recombinant plasmids and the 
mock plasmid pcDNA3.1 transfected the cultured cells using 
Lipofectamine 2000 transfection reagent (Invitrogen, USA).

Immunofluorescence staining
HeLa cells grown on glass coverslips were fixed at room tem-
perature in PBS containing 4% paraformaldehyde for 30 min, 
and then washed twice. The cells were permeabilized in 0.5% 
Triton X-100 in PBS at room temperature (RT) for 30 min. The 
cells were blocked with 3% bovine serum albumin in PBS 
(blocking buffer) for 30 min at 37oC. After that, the cells were 
incubated at 4oC with primary antibodies 3F4 (1：50) in bl-
ocking buffer overnight. The cells were incubated with FITC 
conjugated secondary antibodies (1：200) in PBS at 37oC for 
30 min. Coverslips were visualized by laser-scanning confocal 
microscopy with a Zeiss microscope.

MTT assay
Cells were harvested at 6 h, 24 h, 48 h and 72 h after trans-
fection and seeded in 96-well tissue culture plates (104 
cells/well). At each indicated time point, fresh medium con-
taining 0.5 mg/mL MTT (Sigma, US) was added to each well. 
The cells were incubated at 37oC for 4 h. Absorption at 490 
nm was read on a microplate reader following the addition of 
150 μL solubilization of Dimethyl sulfoxide to each well for 
30 min with gentle shaking.

Hoechst staining test
After 30 h of transfection, cells were washed once with PBS 
and stained for 15 min in the dark at RT with 10 ug/ml 
Hoechst 33258 and 10 ug/ml PI (Sigma USA). After cells had 
been washed twice with PBS, Nuclear fragmentation was vi-
sualized using a fluorescence microscope equipped with a 
UV-2A filter.
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Annexin V assay
After 30 h of transfection, cells were collected and washed 
twice with PBS. Cells were re-suspended in reaction buffer (96 
μL Hepes buffer, 2 μL Annexin-V-FITC, 2 μL 50 μg/mL Propidium 
iodide) and then incubated in dark for 15 min at RT. Cells were 
centrifuged at 1,500 g, 5 min and the pellet was re-suspended 
with 0.5 ml Hepes buffer (10 mM Hepes/ NaOH, 140 mM 
NaCl, 5 mM CaCl2, pH = 7.4). For each experiment, 10,000 
cells were sorted and the percentage of cell apoptosis was ana-
lyzed with Flow Cytometry (Becton Dickinson).

Cell apoptosis analysis with PI staining by flow cytometry
After 48 h of transfection, 106 cells were harvested and fixed 
in 5 ml 70% pre-colded ethanol for at least 12 h at -20oC. For 
the detection of low molecular mass fragments of DNA, the 
cells pellets were incubated for 5 min in 0.5 ml PCB buffer 
(192 ml 0.2 M Na2HPO4, 8 ml 0.1 mM citric acid, pH 7.8). 
After twice washing the cells with PBS, 25 μl 1 mg/ml RNase 
was added and incubated for 30 min at 37oC. The cells were 
stained with 25 μl 1 mg/ml propidium iodide (PI) in the dark 
for 30 min at 37oC. The DNA content was analyzed by flow 
cytometry (Becton Dickinson) using a laser with 488 nm ex-
citation and 560 nm emission. The peak of hypodiploid DNA 
below G1 was regarded as the apoptosic peak.

ROS detection
ROS generated within cells were detected by the fluorescent 
probe dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma, 
USA). Briefly, cells were incubated for 20 min at 37oC with 10 
μM DCFH-DA. Afterwards, the suspension was centrifuged to 
remove the non-incorporated probe. The cell pellet was re-sus-
pended in PBS. The DCF fluorescence was recorded con-
tinuously in a 96-well plate with a fluorescence multi-well 
plate reader of excitation and emission wavelengths re-
spectively at 485 nm and 525 nm.

The mitochondrial membrane potential assay
After 48 h of transfection, cells were collected and washed 
twice with PBS. Cells were re-suspended in 1 mL of 10 μg/mL 
Rhodamine 123 (Rh123), and incubated in dark for 1 h at 
37oC. Cells were washed once with PBS and re-suspended 
with 0.5 ml PBS comprising 2.5 μL of 1 mg/mL PI and 2.5 μL 
of 1 mg/mL RNAase and incubated in dark for 30 min. 
Percentage of Rh123 positive cells was analyzed with Becton 
Dickinson Flow Cytometer.

Western blot analysis
20∼50 μg of cell protein samples were mixed with Laemmli 
sample buffer and separated by SDS-PAGE gel electrophoresis 
(15% acrylamide), then transferred to nitrocellulose mem-
branes (GE) according to standard procedures. Membranes 
were blocked in 5% non-fat dried milk and Tris-buffered saline 
with 0.1% Tween 20 for 1 h at RT. The primary antibodies 

used in Western blot assays include monoclonal antibody 3F4 
(DAKO, Denmark), anti-Bcl-xL antibody (Cell Signaling Tech-
nology, USA), anti-Bax antibody (Cell Signaling Technology, 
USA), anti-Cleaved Caspase-9 Antibody (Cell Signaling Tech-
nology, USA) and anti-β-actin antibody (Sigma, USA). The sec-
ondary antibody was horseradish peroxidase-conjugated goat 
anti-mouse or anti- rabbit IgG (Santa Cruz, Cell Signaling 
Technology, USA). The blot was revealed by enhanced chem-
iluminescence detection (Amersham Pharmacia Biotech, USA).

Statistical analysis
Data of the flow cytometry were presented as percentages. 
Some experimental data were expressed as mean ± SE. 
Statistical comparisons were made using an unpaired two- 
tailed Student’s t test. P ＜ 0.05 was considered statistically 
significant.

Acknowledgements 
This work was supported by the grants No.30130070, 
30370348 and 30770491 from the National Natural Science 
Foundation of China, the grant No. 2005CB522507 from 
National Major Basic Research and Development Program of 
China (973 Program) and the grant No. 5082015 from the 
Beijing Natural Science Foundation.

REFERENCES

1. Prusiner, S. B. (2004) Prion Biology and Diseases, 2nd 
ed., Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, NY, USA.

2. Prusiner, S. B. (1982) Novel proteinaceous infectious par-
ticles cause scrapie. Science 216, 136-144.

3. Prusiner, S. B. (1998) Prions. Proc. Natl. Acad. Sci. U.S.A. 
95, 13363-13383.

4. Aguzzi, A. and Polymenidou, M. (2004) Mammalian pri-
on biology: one century of evolving concepts. Cell 116, 
313-327.

5. Sailer, A., Büeler, H., Fischer, M., Aguzzi, A. and Weis-
smann, C. (1994) No propagation of prions in mice de-
void of PrPs. Cell 77, 967-968.

6. Büeler, H., Aguzzi. A., Sailer, A., Greiner, R. A., Autenried, 
P., Aguet, M. and Weissmann, C. (1993) Mice devoid of 
PrP are resistant to scrapie. Cell 73, 1339-1347.

7. Harris, D. A. (1999) Cellular biology of prion diseases. 
Clin. Microbiol. Rev. 12, 429-444.

8. Winklhofer, K. F., Heller, U., Reintjes, A. and Tatzelt, J. 
(2003) Inhibition of complex glycosylation increases the 
formation of PrPsc. Traffic 4, 313-322.

9. Gao, J. M., Gao, C., Han, J., Zhou, X. B., Xiao, X. L., 
Zhang, J., Chen, L., Zhang, B. Y., Hong, T. and Dong, X. 
P. (2004) Dynamic analyses of PrP and PrP (Sc) in brain 
tissues of golden hamsters infected with scrapie strain 
263K revealed various PrP forms. Biomed Environ Sci. 17, 
8-20.

10. Mangé, A., Milhavet, O., Umlauf, D., Harris, D. and Leh-
mann, S. (2002) PrPs-dependent cell adhesion in N2a 
neuroblastoma cells. FEBS Lett. 514, 159-162.



Glycosylation modification of human prion protein provokes apoptosis in HeLa cells in vitro
Yang Yang, et al.

337http://bmbreports.org BMB reports

11. Paitel, E., Alves da Costa, C., Vilette, D., Grassi, J. and 
Checler, F. (2002) Overexpression of PrPSc triggers cas-
pase 3 activation: potentiation by proteasome inhibitors 
and blockade by anti-PrPs antibodies. J. Neurochem. 83, 
1208-1214.

12. Cronier, S., Laude, H. and Peyrin, J. M. (2004) Prions can 
infect primary cultured neurons and astrocytes and pro-
mote neuronal cell death. Proc. Natl. Acad. Sci. U.S.A. 
101, 12271-12276.

13. Dricu, A., Carlberg, M., Wang, M. and Larsson, O. (1997) 
Inhibition of N-linked glycosylation using tunicamycin 
causes cell death in malignant cells: role of down-regu-
lation of the insulin-like growth factor 1 receptor in in-
duction of apoptosis. Cancer Res. 57, 543-548.

14. Ning, Z. Y., Zhao, D. M., Yang, J. M., Cui, Y. L., Meng, L. 
P., Wu, C. D. and Liu, H. X. (2005) Quantification of 
prion gene expression in brain and peripheral organs of 
golden hamster by real-time RT-PCR. Anim. Biotechnol. 
16, 55-65.

15. Gauczynski, S., Krasemann, S., Bodemer, W. and Weiss, 
S. (2002) Recombinant human prion protein mutants 
huPrP D178N/M129 (FFI) and huPrP ＋ 90R (fCJD) reveal 
Proteinase K resistance. J. Cell Sci. 115, 4025-4036.

16. Chasseigneaux, S., Haïk, S., Laffont-Proust, I., De Marco, 
O., Lenne, M., Brandel, J. P., Hauw, J. J., Laplanche, J. L. 
and Peoc'h, K. (2006) V180I mutation of the prion protein 
gene associated with atypical PrPSc glycosylation. Neuro-
sci Lett. 408, 165-169.

17. Lewis, V. and Collins, S. J. (2008) Analysis of endogenous 
PrPC processing in neuronal and non-neuronal cell lines. 
Methods Mol. Biol. 459, 229-239.

18. Enrico, C., Frances, W., Nadia, L. T., Herbert, B., Paul, 
M., Lorraine, A., Jennifer, S. and Jean, C. M. (2005) Alter-
ed glycosylated PrP proteins can have different neuronal 
trafficking in brain but do not acquire scrapie-like pro-
perties. J. Biol. Chem. 280, 42909-42918.

19. Sylvain, L. and David A. H. (1997) Blockade of glycosyla-
tion promotes acquistion of scrapie-like properties by the 
prion protein in cultured cells J. Biol. Chem. 272, 21479- 
21487.

20. Winklhofer, K. F., Heske, J., Heller, U., Reintjes, A., 
Muranyi, W., Moarefi, I. and Tatzelt, J. (2003) Determi-
nants of the in vivo folding of the prion protein. A bi-
partite function of helix 1 in folding and aggregation. J. 
Biol. Chem. 278, 14961-14970.

21. Ma, J., Wollmann, R. and Lindquist, S. (2002) Neurotoxi-
city and neurodegeneration when PrP accumulates in the 

cytosol. Science 29, 1781-1785.
22. Jeong, M. S. and Kang, J. H. (2008) Acrolein, the toxic en-

dogenous aldehyde, induces neurofilament-L aggrega-
tion. J. Biochem. Mol. Biol. 41, 635-639.

23. Watt, N. T. and Hooperl, N. M. (2005) Reactive oxygen 
species (ROS)-mediated β-cleavage of the prion protein in 
the mechanism of the cellular response to oxidative stress. 
Biochem. Soc. Trans. 33, 1123-1125.

24. Ma, J. and Lindquist, S. (2002) Conversion of PrP to a 
self-perpetuating PrPSclike conformation in the cytosol. 
Science 298, 1785-1788.

25. Liying, G., Fang, H., Zhushi, L., Bingshe, H., Qian, J., 
Yun, R., Yang, Y. and Caimin, X. (2008) P53 tran-
scription-independent activity mediates selenite-induced 
acute promyelocytic leukemia NB4 cell apoptosis. J. 
Biochem. Mol. Biol. 41, 745-750.

26. Lobão-Soares, B., Bianchin, M. M., Linhares, M. N., 
Carqueja, C. L., Tasca, C. I., Souza, M., Marques, W. J., 
Brentani, R., Martins, V. R., Sakamoto, A. C., Carlotti, C. 
G. J. and Walz, R. (2005) Normal brain mitochondrial res-
piration in adult mice lacking cellular prion protein. 
Neurosci. Lett. 375, 203-206.

27. Kim, B. H., Lee, H. G., Choi, J. K., Kim, J. I., Choi, E. K., 
Carp, R. I. and Kim Y. S. (2004) The cellular prion protein 
(PrPsC) prevents apoptotic neuronal cell death and mi-
tochondrial dysfunction induced by serum deprivation. 
Brain Res. Mol. Brain Res. 124, 40-50.

28. Kurschner, C. and Morgan, J. I. (1996) Analysis of inter-
action sites in homo- and heteromeric complexes contain-
ing Bcl-2 family members and the cellular prion protein. 
Brain Res. Mol. Brain Res. 37, 249-258.

29. Park, S. K., Choi, S. I., Jin, J. K., Choi, E. K., Kim, J. I., 
Carp, R. I. and Kim, Y. S. (2000) Differential expression of 
Bax and Bcl-2 in the brains of hamsters infected with 
263K scrapie agent. Neuroreport. 11, 1677-1682.

30. Hachiya, N. S., Yamada, M., Watanabe, K., Jozuka, A., 
Ohkubo, T., Sano, K., Takeuchi, Y., Kozuka, Y., 
Sakasegawa, Y. and Kaneko, K. (2005) Mitochondrial lo-
calization of cellular prion protein (PrPC) invokes neuro-
nal apoptosis in aged transgenic mice overexpressing 
PrPC. Neurosci. Lett. 374, 98-103.

31. Lan Chen, Y. Y., Jun, H., Bao-Yun, Z., Lin, Z., Kai, N., 
Xiao-Fan, W., Feng, L., Chen, G., Xiao-Ping, D. and 
Cai-Min, X. (2007) Removal of the Glycosylation of Prion 
Protein Provokes Apoptosis in SF126. J. Biochem. Mol. 
Biol. 40, 662-669.


