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INTRODUCTION

Transmissible spongiform encephalopathies (TSEs), or pri-
on diseases, are fatal neurodegenerative diseases that affect 
several mammalian species, including humans. The caus-
ative infectious agents are prions, which are aggregates of 
the disease-associated forms of the prion protein (PrPSc; PrP 
denotes the prion protein). PrPSc is a conformational isoform 
of the non-pathogenic cellular prion protein (PrPC), an N-gly-
cosylated and glycosylphosphatidylinositol (GPI)-anchored 
membrane protein expressed in normal humans and animals.1) 
The conformational conversion of PrPC to PrPSc is a key pro-
cess in the propagation of prions, and the molecular mecha-
nisms responsible for this conversion remain controversial. In 
humans, TSEs are found as sporadic, acquired, or hereditary 
diseases, such as Creutzfeldt-Jakob disease (CJD), Gerstmann-
Sträussler-Scheinker disease, fatal familial insomnia, kuru, 
and variant CJD, in which the conversion of PrPC to PrPSc  
is initiated by an unknown etiological background or expo-
sure to exogenous prions, or due to mutations in the PRNP 
gene encoding PrP, which is located on chromosome 20 in the 
human genome.

In most studies performed to date, ectopically expressed 
human prion proteins have been characterized in mammalian 
host cells in the presence of the endogenous wild-type (WT) 
prion protein gene.2) However, difficulties are associated with 

specifically distinguishing ectopic PrPs from background sig-
nals by endogenous PrP; the precursor form of PrP has a mem-
brane-translocating signal sequence at the N terminus and 
a GPI-anchoring signal sequence at the C terminus, both of 
which are cleaved off during maturation (UniProt access no. 
P04156), thereby preventing PrPs being added by epitope tags 
at either the N or C terminus. Furthermore, endogenous PrPs 
may affect the behavior of ectopically expressed PrPs of inter-
est. To date, PrP-disrupted human cell lines have not been 
reported, although PrP gene-disrupted murine cells have been 
established for the analysis of PrP functions.3,4) To overcome 
these issues, we herein constructed a PRNP-disrupted cell line 
from human neuroblastoma BE(2)-M17 cells using a clus-
tered regularly interspaced short palindromic repeats (CRIS-
PR)/CRISPR-associated protein-9 (Cas9) system. Within the 
PRNP-disrupted human neuroblastoma cell line, we examined 
the biochemical properties of two human PrP variants associ-
ated with hereditary CJD cases5–9): one has the substitution of 
Glu196 to Lys (referred to as E196K), and another has the sub-
stitution of Glu200 to Lys (referred to as E200K).

MATERIALS AND METHODS

Cell Line, Cell Culture, and Transfection of Plasmids   
The human neuroblastoma cell line BE(2)M-17 was purchased 
from the European Collection of Authenticated Cell Cultures 
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(ECACC: 95011816) and maintained in normal growth medi-
um consisting of high-glucose Dulbecco’s modified Eagle’s 
medium (Fujifilm Wako Pure Chemical Co., Osaka, Japan) sup-
plemented with 10% fetal bovine serum (Nichirei Bioscience  
Inc. ,  Tokyo,  Japan) ,  1% non-essent ial  amino acids  
(Fujifilm Wako Pure Chemical Co.), and penicillin-streptomy-
cin (Fujifilm Wako Pure Chemical Co.). Cells were detached 
by AccuMax dissociation solution (Innovative Cell Technol-
ogies, CA, USA) and passaged at a split ratio of 1:5. Lipo-
fectamine®2000 reagent (Thermo Fisher Scientific, MA, USA) 
was used for the transfection of plasmids to cells.

Design of Single-Guide RNAs (sgRNAs) Targeting PRNP 
and the Construction of a Vector for the CRISPR/Cas9 Sys-
tem      The plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9, 
which expresses humanized Cas9 was a gift from Feng Zhang 
(Addgene plasmid #42230; http://n2t.net/addgene: 42230; 
RRID: Addgene_42230).10) sgRNAs were designed using 
the freeware ZiFiT (http://zifit.partners.org/ZiFiT/Choice-
Menu.aspx) and synthesized with BbsI overhangs (Eurofins  
Genomics, Tokyo, Japan) (Fig. 1A); a pair of oligonucleotides 
5’-CAC CTA GTA ATT TCA ACA TAA ATA-3’ and 5’-AAA 
CTA TTT ATG TTG AAA TTA CTA-3’ for the Target site A, 
and a pair of oligonucleotides 5’-CAC CGG ACC ATG CTC 
GAT CCT CTC-3’ and 5’-AAA CGA GAG GAT CGA GCA 
TGG TCC-3’ for the Target site B. They were phosphoryl-
ated by T4 polynucleotide kinase (New England Biolabs, 
MA, USA), annealed, and ligated to the BbsI site of pX330-
U6-Chimeric_BB-CBh-hSpCas9.

Generation of PRNP-Disrupted Cells      pX330-U6-Chi-
meric_BB-CBh-hSpCas9 for Target site A and that for Tar-
get site B were co-transfected with pSELECT-puro-mcs  
(InvivoGen, CA, USA) into BE(2)-M17 cells. After cultur-
ing transfected cells in normal growth medium supplemented 
with 2.5 µg/mL of puromycin (Takara Bio Inc., Shiga, Japan) 
for one week, viable cells were subjected to double serial dilu-
tions followed by single cell isolation using fluorescence-acti-
vated cell sorting (FACS) with the FACSAria III machine (BD 
Biosciences, NJ, USA) for the absence of PrP expression on 
the cell surface stained by the mouse monoclonal anti-PrP 
antibody 6H4 (Roche Diagnostics, Basel, Switzerland), which 
reacts with the PrPs of various mammalian species. The estab-
lished cell line, named BE(2)-K-041, was maintained in nor-
mal growth medium.

PCR Analysis and DNA Sequencing of PRNP      Genom-
ic DNA was isolated from cells using NucleoSpin Tissue 
(Takara Bio Inc.). A polymerase chain reaction (PCR) was 
performed using the following primers: primer set-1 (primer 
1-Fw; 5’-CCT AGG GTA CAG CAG GTA CTG TTT AG-3’, 
primer 1-Rv; 5’-TCT CAG GTC TAC TCT ATG TTT TCC 
AGT-3’, both of which are outside of the region flanked by 
Target sites A and B), and primer set-2 (primer 2-Fw; 5’-GAG 
CAG GCC CAT CAT ACA TT-3’, primer 2-Rv; 5’-TCC CTC 
TCG TAC TGG GTG AT-3’, both of which are within the open 
reading frame (ORF) of PRNP) (Fig. 1A). PCR products by 
primer set-1 were subjected to a DNA sequence analysis.

Flow Cytometric Analysis      Cells were detached by 
AccuMax and treated with the anti-PrP antibody 6H4, or the 
mouse immunoglobulin G1 (IgG1) isotype control, which 
lacks specific target binding (MEDICAL & BIOLOGICAL 
LABORATORIES CO., Aichi, Japan), in phosphate-buffered 
saline (PBS) at 4°C for 30 min. After washing with PBS, cells 
were incubated with an Alexa Fluor 488-conjugated goat anti-

mouse IgG antibody (Thermo Fisher Scientific) in PBS at 4°C 
for 30 min. Cells were washed with PBS and analyzed with a 
FACSCalibur flow cytometer (BD Biosciences).

Stable and Transient Expression of PrPs in Cells      The 
cDNA of human WT-PrP was obtained from the genomic 
DNA of BE(2)-M17 cells by PCR. The cDNAs for mutants 
(E196K-, E200K-, and E219K-PrPs) were generated by 
mutagenesis using the PrimeSTAR Mutagenesis Basal Kit 
(Takara Bio Inc). The mutagenic primers for E196K; 5’-AAG 
GGG AAG AAC TTC ACC GAG ACC GAC-3’ and 5’-GAA 
GTT CTT CCC CTT GGT GGT TGT GGT-3’, for E200K; 
5’-CTT CAC CAA GAC CGA CGT TAA GAT GA-3’ and 
5’-TCG GTC TTG GTG AAG TTC TCC CCC TT-3’, and for 
E219K; 5’-CCA GTA CAA GAG GGA ATC TCA GGC CTA-
3’ and 5’-TCC CTC TTG TAC TGG GTG ATA CAC ATC-
3’ were used, respectively. To obtain cells that stably express 
WT-PrP and mutant PrPs, the corresponding cDNAs were 
cloned into the PiggyBac Dual Promoter Vector PB514B-1 
(System Biosciences, LLC, CA, USA), in which one promot-
er drives PrP gene expression and another promoter drives a 
puromycin resistance gene (purr) and a red fluorescent pro-
tein (RFP) gene bicistronically. Vectors were co-transfected 
with the Super PiggyBac Transposase Expression Vector (Sys-
tem Biosciences, LLC) for the integration of a cDNA-purr-RFP 
transposon cassette into the genome.11,12) Cells were grown in 
normal growth medium supplemented with 4 µg/mL of puro-
mycin, and sorted for RFP expression with FACSAria III to 
obtain cells, in which the cDNA-purr-RFP transposon cassette 
was integrated into the genome. The empty vector PB514B-1 
was used as “MOCK”.

Regarding the transient expression of non-glycosylated 
PrP, cDNA was mutagenized to change N-glycosylation sites 
(Asn181 and Asn197) to Thr (N181T and N197T). The muta-
genic primers for N181T were 5’-TGC GTC ACC ATC ACA 
ATC AAG CAG CAC-3’ and 5’-TGT GAT GGT GAC GCA 
GTC GTG CAC AAA-3’. The primers for N197T mutagenesis 
in WT- and E219K-PrPs were 5’-GGG GAG ACC TTC ACC 
GAG ACC GAC GTT-3’ and 5’-GGT GAA GGT CTC CCC 
CTT GGT GGT TGT-3’. The primers for N197T mutagene-
sis in E196K-PrP were 5’-AAG GGG AAG ACC TTC ACC 
GAG ACC GAC-3’ and 5’-GAA GGT CTT CCC CTT GGT 
GGT TGT GGT-3’, and the primers for N197T mutagene-
sis in E200K-PrP were 5’-GGG GAG ACC TTC ACC AAG 
ACC GAC GTT-3’ and 5’-GGT GAA GGT CTC CCC CTT 
GGT GGT TGT-3’. cDNAs were cloned into PB514B-1, and 
transfected into cells without the Super PiggyBac Transposase 
Expression Vector. After cultivation for 48 h without puromy-
cin, the transfected cells were subjected to Western blotting 
analysis.

Methionine and valine at codon 129 are polymorphic var-
iations associated with susceptibility to prions.13) Throughout 
the present study, we used the cDNA of PRNP, which encodes 
methionine (M) at codon 129.

Microscopic Analysis      Live cells were observed under 
the BZ-8000 microscope (Keyence Co., Osaka, Japan) and 
analyzed using BZ Analyzer (Keyence Co.) software. In the 
immunofluorescent analysis of PrPs, cells were fixed with 
PBS containing 4% paraformaldehyde at room temperature for 
10 min, and permeabilized with PBS containing 0.1% Triton 
X-100. After a 3-hour incubation with 1.0 µg/mL of the mouse 
monoclonal anti-PrP antibody SAF 32 (Cayman Chemical, 
MI, USA), which is preferentially used in immunocytochemis-
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try, and a 1-hour incubation with 0.8 µg/mL of the Alexa Fluor 
488-conjugated anti-mouse IgG secondary antibody (Thermo 
Fisher Scientific), cells were observed using the laser scanning 
confocal microscope LSM 700 (Zeiss, Oberkochen, Germany) 
with ZEN 2011 software (Zeiss).

Western Blot Analysis      All manipulations were per-
formed on ice or at 4°C unless otherwise noted. Cells were 
incubated in 100 mM Tris-HCl (pH 7.0) buffer containing 
0.5% NP-40, 0.5% sodium deoxycholate, 10 mM ethylenedi-

aminetetraacetic acid (EDTA), and 100 mM NaCl (hereafter 
referred to as NP40-DOC buffer) for 15 min for lysis. After 
centrifugation at 1,000×g for 5 min, supernatants were collect-
ed and protein concentrations were measured using a bicin-
choninic acid (BCA) protein assay kit (Takara Bio Inc.). Pro-
teins were precipitated in 4 volumes of ice-cold acetone by 
centrifugation at 20,000×g for 30 min. Air-dried pellets were 
dissolved in sodium dodecyl sulfate (SDS) loading buffer (3% 
SDS, 3 M urea, 100 mM dithiothreitol (DTT), 5% glycerol, 

Fig. 1.   Dual sgRNA-Guided Deletion of PRNP
(A) Target site A (the 5’UTR of PRNP) and Target site B (the 3’  -end of ORF) are shown. Both targets have the 5′-TGG-3′ protospacer adjacent motif (PAM). Primer set-1 

(primers 1-Fw and 1-Rv) is on the outside of the expected deletion regions, while primer set-2 (primers 2-Fw and 2-Rv) is in the sequence flanked by Target sites A and B. *; cor-
responding to the deletion site shown in (D). (B) A flow cytometric analysis of K-041 cells stained by the anti-PrP 6H4 antibody. Red; BE(2)-M17. Black; K-041. Shade; BE(2)-
M17 stained with the isotype control IgG1 (negative control). (C) PCR analysis of genomic DNA. Primer set-1 amplified PRNP in the genome of BE(2)-M17 cells or detected 
the deletion of endogenous PRNP in K-041 cells. Primer set-2 could amplify not only PRNP in the genome of BE(2)-M17 cells, but also WT- or mutant PRNP integrated into the 
genome of transformants. (D) A DNA sequence analysis of PRNP in K-041 cells identified two deletions of 730 and 729 bp in length. This difference was attributed to the presence 
or absence of a single adenine at the deletion junction.
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0.04% bromophenol blue, 3 mM EDTA, and 62.5 mM Tris-
HCl, pH 6.8) and boiled for 10 min. Regarding the removal 
of N-linked glycans, samples were treated with peptide-N-gly-
cosidase F (PNGase F) (New England Biolabs) according to 
the manufacturer’s instructions. Briefly, 20 µg of protein in the 
denaturing buffer (0.5% SDS and 40 mM DTT) was denatured 
by heating for 10 min at 100°C, and incubated for overnight at 
37°C with 500 units of PNGase F in the reaction buffer (0.5% 
SDS, 40 mM DTT, 1% NP-40 and 50mM sodium phosphate, 
pH 6.0). Samples were subjected to SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) using 15% e-PAGEL gels (ATTO 
Co., Tokyo, Japan) and Tris-glycine EzRun buffer (ATTO 
Co.), and transferred to polyvinylidene difluoride membranes 
(ATTO Co.). The primary and secondly antibodies used were 
the anti-PrP antibody 3F4 (BioLegend, CA, USA) (0.5 µg/mL)  
in Can Get Signal Immunoreaction Enhancer Solution  
(TOYOBO Life Science, Osaka, Japan), and a horseradish 
peroxidase-labeled (HRP-labeled) anti -mouse IgG antibody  
(Jackson ImmunoResearch, PA, USA) (0.7 µg/mL) in Tris-
buffered saline with 0.05% Tween 20. Proteins were detect-
ed by Immobilon Western Chemiluminescent HRP Sub-
strate (Merck Millipore, MA, USA) and a LAS-3000 mini 
chemiluminescence imaging system (Fujifilm, Tokyo, Japan) 
with ImageGauge software (Fujifilm). To ensure equivalent 
amounts of proteins were applied onto the gels (i.e., loading 
control), the membranes were reprobed with anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody (Enzo 
Life Sciences, NY, USA) in Can Get Signal Immunoreaction 
Enhancer Solution and processed in a similar way as described 
above.

Denaturing of PrPs by Guanidinium Chloride (Gdn-
HCl), Urea, or Trichloroacetic Acid (TCA)      After cell lysis 
with NP40-DOC buffer, lysates were added to urea (final con-
centration, 4 M), incubated at room temperature for 2 h, and 
boiled for 10 min in SDS loading buffer. Alternatively, lysates 
were added to equal volumes of 6 M GdnHCl, incubated at 
room temperature for 5 min, and diluted with 5 volumes of 
distilled water. Proteins were precipitated by the addition of 10 
volumes of 10% TCA-acetone.

Regarding the pretreatment of cells with TCA, cells in 
12-well plates were washed with PBS and incubated on ice 
with 10% TCA for 30 min. After washing 5 times with dis-
tilled water, cells were dissolved in NP40-DOC buffer. Sam-
ples were sonicated and centrifuged at 10,000×g for 1 min to 
precipitate debris. Protein concentrations in the supernatant 
were measured by the BCA assay, and proteins in the superna-
tant were precipitated by the addition of ice-cold acetone and 
centrifugation at 10,000×g for 30 min.

RESULTS AND DISCUSSION

Establishment of a PRNP-Disrupted Human Neuroblas-
toma Cell Line      To disrupt the PRNP gene in human neuro-
blastoma BE(2)-M17 cells, we designed sgRNAs correspond-
ing to a 5’-untranslated region (5’-UTR) of PRNP (Target site 
A) and the 3’-region in ORF (Target site B) (Fig. 1A). Cells 
were co-transfected with the pSELECT-puro-mcs plasmid (see 
Materials and methods). After selection by puromycin, cells 
were subjected to a limiting dilution and screening by FACS, 
and a clonal cell line named BE(2)-K-041 (which is hereafter 
referred to as K-041 for simplicity) was obtained. In the FACS 
analysis with the anti-prion monoclonal antibody 6H4, paren-

tal BE(2)-M17 cells exhibited a positive signal (Fig. 1B, red 
line) relative to the negative control experiment with the IgG1 
isotype control, which has no known specificity (Fig. 1B,  
shaded area). This was consistent with the BE(2)-M17 cell 
genome having WT PRNP alleles. In contrast, K-041 cells 
exhibited no discernible positive signal (Fig. 1B black line), 
which almost overlapped with the signal observed for BE(2)-
M17 cells stained with the negative control IgG1 (Fig. 1B, 
shaded area). PRNP alleles in the parental BE(2)-M17 cell line 
were found to be heterologous, encoding Met and Val at codon 
129. It should also be noteworthy that K-041 cells are sensi-
tive to puromycin, probably because the pSELECT-puro-mcs 
plasmid initially co-transfected was spontaneous eliminated 
during the establishment of the cell line.

A genomic PCR analysis demonstrated the occurrence of 
~0.7-kbp deletions of the PRNP gene in the genome of K-041 
cells (Fig. 1C, upper panel), which is consistent with the length 
of the genome between Target sites A and B. The sequencing 
of PCR amplicons by the Sanger method confirmed the dele-
tion site(s), and identified two different deletions with lengths 
of 730 and 729 bp, both of which included the initiation codon 
(ATG) of PRNP (Fig. 1D). Using primer set-2 (Fig. 1A), no 
PCR product was obtained from K-041 (Fig. 1C, lower pan-
el), ensuring the deletions in this region of the two different 
PRNP alleles (Fig. 1A). K-041 showed no marked changes in 
viability or morphology from parental BE(2)-M17 (see also 
below). This was consistent with previous findings showing no 
overt phenotypes in mice that lacked the prion protein gene 
(Prnp),14,15) and no apparent defect in the growth of neuronal 
cells established from Prnp-knockout mice.16)

Stable Transformants of K-041 Cells with Human PrP 
Variants      The precursor of human PrPC is composed of 253 
amino acids, and the mature form consists of the amino acid 
sequence Lys23-Ser230 from the precursor. More than fifty types 
of mutations (amino acid substitutions, repetition, and trunca-
tion) have been associated with hereditary human prion diseas-
es.5–7) The substitution of Glu200 to Lys (referred to as E200K) 
is linked to clusters of CJD patients in particular regions in the 
world,8,9) while the substitution of Glu196 to Lys (referred to as 
E196K) has been identified in hereditary cases of CJD.17) The 
existence of patients with heterozygotic alleles suggests that 
E200K and E196K both have dominant effects.8,9,17,18)

To obtain K-041 transformants that stably express various 
types of human PrP variants, K-041 cells were transfected by 
PB514B-1 vectors that contained the cDNAs of WT-, E196K-, 
E200K-, and E219K-PrPs, together with the Super PiggyBac 
Transposase Expression Vector. After passages in medium 
containing puromycin (4 µg/mL), cells were sorted by FACS 
for the RFP signal derived from PB514B-1. The resultant bulk 
populations of RFP-positive cells were named MOCK/K-041, 
WT/K-041, E196K/K-041, E200K/K-041, and E219K/K-041, 
respectively, although they were not clonally purified. Stable 
expression of RFP after 30 passages in each cell population 
was confirmed with fluorescence microscopy (Fig. 2A right 
panels). In the PCR analysis with primer set-1 (Fig. 1A), these 
cells yielded ~0.7-kbp amplicons, which provided proof of 
the deletion of endogenous PRNP (Fig. 1C). PCR with prim-
er set-2 (Fig. 1A) yielded ~0.3-kbp amplicons in WT/K-041, 
E196K/K-041, E200K/ K-041, and E219K/K-041 (Fig 1C 
lower panel), supporting integrations of the cDNA of WT-, 
E196K-, E200K-, and E219K-PrP into the genome.

BE(2)-M17, K-041, and these K-041-derived stable trans-
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formants showed no marked morphological differences under 
phase-contrast microscopy (Fig. 2A). In an immunocytochem-
ical analysis of permeabilized cells by confocal microsco-
py, all of the ectopically expressed PrP variants were largely 
localized on the cell surface, while some dotted signals of PrP 
were observed in the cytosol (Fig. 2B). The intracellular local-
ization patterns of the PrP variants were almost identical to the 
pattern of WT-PrP in K-041 cells and that of endogenous WT-
PrP in BE(2)-M17 cells.

Biochemical Characterization of E-to-K PrP Mutants 
Expressed in K-041 Cells      PrP is post-translationally mod-
ified at two potential N-glycosylation sites (-Asn181-Ile-Thr- 
and -Asn197-Phe-Thr-),19) and it was demonstrated that the 
N-glycans attached to PrP are divergent with more than 400 
different PrP glycoforms20) although the contribution of N-gly-
cans to metabolism and cellular localization of PrPC remain 
enigmatic.21,22) In the Western blot analysis after SDS-PAGE, 
WT-PrP and E219K-PrP showed similar glycosylation pat-
terns: their di-glycosylated forms were more abundant than the 

non- and mono-glycosylated forms (Fig. 3A). In contrast, the 
mono-glycosylated form was found to be more abundant than 
the two other forms in E196K-PrP, and the non-glycosylated 
forms were the most abundant form in E200K-PrP (Fig. 3A). 
The difference in the glycosylation pattern of E196K may be, 
at least partly, attributed to the substitution of E196K poten-
tially affecting glycosylation at the adjacent Asn197. Nota-
bly, the substitution of Phe198 to Ser (which is a CJD-relevant 
mutation occurring next to Asn197) was reported to induce an 
altered glycosylation pattern of PrP.23) Previous studies showed 
that E200K-PrP exogenously expressed in M-17 BE(2)C cells 
exhibited different metabolism to that of WT-PrP due to the 
difference in the glycoforms between WT and E200K.7,24)

We then investigated the mobility of the non-glycosylat-
ed forms of these PrPs in SDS-PAGE after the removal of 
N-glycans with PNGase F. The non-glycosylated forms from 
endogenous PrP in parental BE(2)-M17 cells and ectopi-
cally expressed WT-PrP in K-041 cells migrated identical-
ly in SDS-PAGE, displaying their relative molecular weight 

Fig. 2.   Morphology and Immunofluorescent Analysis of Cells
(A) Morphology of cells under phase-contrast microscopy and RFP signals in WT- or mutant PrP/K-041 cells. No significant morphological difference was observed in K-041 

cells transfected with an empty PB514B-1 vector (MOCK) and vectors having the cDNAs of WT-, E196K-, E200K-, and E219K-PrPs. BE(2)-M17 cells showed a similar morphol-
ogy (left panels). Bars indicate 50 µm. After 30 passages, RFP signals (right panels) in MOCK, WT, E196K, E200K, and E219K/K-041 cell populations were confirmed, which 
indicate that each cDNA-purr-RFP transposon cassette are stably integrated into the genome of K-041. K-041 and BE(2)-M17 cells are negative for RFP signal. (B) Immunofluo-
rescent analysis of WT- and mutant PrPs to demonstrate the subcellular localization of PrPs under confocal microscopy using the SAF 32 antibody (see Materials and methods). 
WT-PrP and E-to-K mutant PrPs mainly localized at the cell surface, similar to endogenous PrP in BE(2)-M17 cells. Bars indicate 20 µm.
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(MWr) ~20,000 (Fig. 3B). On the other hand, non-glyco-
sylated PrPs derived from the mutants (E196K-PrP, E200K-
PrP, and E219K-PrP) displayed their MWr ~22,000. E196K-
PrP, E200K-PrP migrated slightly faster than E219K-PrP 
(Fig. 3B). To confirm variant-dependent differences in mobil-
ity, we constructed cDNAs encoding PrP mutants incapable 
of undergoing N-glycosylation (WTnG-, E196KnG-, E200KnG-, 
and E219KnG-PrPs), in which Asn at the two N-glycosyla-
tion sites were changed to Thr. When expressed in K -041 
cells, these non-glycosylated PrPs exhibited similar mobili-
ty shifts to those of PNGase F-treated PrPs (compare Fig. 3B 
and 3C). These variant-dependent mobility shifts were unlike-
ly to have been due to artifacts that may have occurred dur-
ing or after cell lysis because the fixation of cells by TCA 
prior to cell lysis did not affect the mobility of mutant PrPs  
(Fig. 4B). The mobility shifts of the E196K and E200K mutant 
PrPs in SDS-PAGE were not affected by their exposure to cha-

otropic reagents such as urea and GdnHCl (Fig. 4A and 4B), 
suggesting that the shifts were not due to the difference in con-
formations of PrPs in SDS-PAGE. The mechanisms responsi-
ble for mobility shifts have not yet been elucidated. Previous 
biophysical and biochemical analyses demonstrated that WT-, 
E196K-, and E200K-PrPs had similar overall thermodynamic 
stabilities, while slight differences may exist in the intramo-
lecular interactions of several amino acid residues or solvent 
accessibility of the surface of PrP.25–28) Thus, subtle local elec-
trostatic differences among E196K-, E200K-, and E219K-PrPs 
may affect electrophoretic mobility; however, these three PrPs 
had equal net charges after the E-to-K substitution.

In the present study, we established the human neuroblas-
toma cell line K-041, which lacked endogenous PRNP. K-041 
cells enabled us to analyze PrP variants associated with human 
hereditary prion diseases in the absence of possible interfering 
effects by endogenous PrP.

Fig. 3.   Western Blot Analysis of PrPs
(A) Twenty-five-microgram aliquots of protein samples of bulk cell populations which stably expressed WT-PrP or mutant PrPs were subjected to a Western blot analysis using 

the anti-PrP antibody 3F4 (upper panel). Anti-GAPDH antibody was used as a loading control (lower panel). (B) Analysis of non-glycosylated PrPs. N-glycans of endogenous PrP 
(BE(2)), WT-PrP (WT), and mutant PrPs (E196K, E200K, and E219K) were removed by PNGase F. Five-microgram aliquots of protein samples were subjected to a Western blot 
analysis and detected by 3F4 antibody (upper panel) or anti-GAPDH antibody (lower panel). The variation of the expression levels or the mobility shifts caused by PRNP muta-
tion were observed although little is known about the details of the metabolism or conformation of mutant PrPs. (C) Electrophoretic mobility of glycosylation-deficient mutants. In 
these mutants, glycosylation sites (Asn181 and Asn197) were replaced by Thr. These glycosylation mutants were transiently expressed in K-041 cells. Fifteen-microgram aliquots of 
protein samples were subjected to a Western blot analysis using 3F4 antibody (upper panel) or anti-GAPDH antibody (lower panel). MWr; relative molecular weight.
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Fig. 4.   Electrophoretic Mobility of the Non-Glycosylated form of PrPs af-
ter a Treatment by Urea and GdnHCl. 

Non-glycosylated PrPs were transiently expressed in K-041 cells. Cell lysates were 
treated with 4 M urea (A) or 3 M GdnHCl (B) before SDS-PAGE. Alternatively, cells 
were fixed with 10% TCA to inactivate cellular enzymes before lysis in NP40-DOC 
buffer, and lysates were applied to SDS-PAGE (B).
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