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 The copper-binding, membrane-anchored, cellular prion protein (PrPC) has two constitutive cleavage sites pro-
ducing distinct N- and C-terminal fragments (N1/C1 and N2/C2). Using RK13 cells expressing either human PrPC, 
mouse PrPC or mouse PrPC carrying the 3F4 epitope, this study explored the influence of the PrPC primary sequence 
on endoproteolytic cleavage and one putative PrPC function, MAP kinase signal transduction, in response to exoge-
nous copper with or without a perturbed membrane environment. PrPC primary sequence, especially that around the 
N1/C1 cleavage site, appeared to influence basal levels of proteolysis at this location and extracellular signal-regulat-
ed kinase 1/2 (ERK1/2) phosphorylation, with increased processing demonstrating an inverse relationship with basal 
ERK1/2 activation. Human PrPC showed increased N1/C1 cleavage in response to copper alone, accompanied by spe-
cific p38 and JNK/SAPK phosphorylation. Combined exposure to copper plus the cholesterol-sequestering antibiotic 
filipin resulted in a mouse PrPC-specific substantial increase in signal protein phosphorylation, accompanied by an 
increase in N1/C1 cleavage. Mouse PrPC harboring the human N1/C1 cleavage site assumed more human-like profiles 
basally and in response to copper and altered membrane environments. Our results demonstrate that the PrPC pri-
mary sequence around the N1/C1 cleavage site influences endoproteolytic processing at this location, which appears 
linked to MAP kinase signal transduction both basally and in response to copper. Further, the primary sequence ap-
pears to confer a mutual dependence of N1/C1 cleavage and membrane integrity on the fidelity of PrPC-related signal 
transduction in response to exogenous stimuli.
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Introduction

Cumulative experimental evidence supports that ab-
normal isomers of the prion protein constitute the caus-
ative agent in transmissible spongiform encephalopathies 
(TSEs, also known as prion diseases) [1, 2], with neu-
ronal expression and membrane anchorage of wild-type 
PrP being essential for efficient pathogenesis [3-9]. The 
disease-associated conformer, termed PrPSc, is a structur-

ally altered form of the normal cellular protein, PrPC. 
PrPC is a glycosylphosphatidylinositol (GPI)-anchored 
cell surface glycoprotein, which has been shown to bind 
copper within an N-terminal octameric repeat region and 
also at one or more sites slightly more C-terminal of the 
repeat region [10-13]. 

Despite much investigation and characterization of the 
properties of PrPC and PrPSc, the primary function of PrPC 
and the principal pathogenic pathways of TSEs remain 
unresolved. One suggested role for PrPC is the transduc-
tion of signals from the external environment into the 
cell interior, a function circumstantially supported by the 
localization of PrPC within plasma membrane detergent-
resistant microdomains (also known as lipid rafts), which 
are now widely recognized as membrane-signaling plat-
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forms [14]. The plasma membrane constitutes a critical 
site for the activation of intracellular, and transduction of 
extracellular, receptor-mediated signaling, and the lipid 
environment itself appears to play an extensive role in 
modulating the activation of signaling pathways [15, 16]. 
PrPC has been thought to have a role in lymphocyte sig-
nal transduction for some time [17], with suggested out-
comes including T-lymphocyte activation or the initiation 
of a proliferation response [18, 19]. PrPC crosslinking in 
lymphocytes results in mitogen-activated protein kinase 
(MAPK) activation and subsequent extracellular signal-
regulated kinase 1/2 (ERK1/2) activation [20]. 

PrPC has been shown to interact with several proteins 
that lead to signal transduction. Co-immunoprecipitation 
identifies Grb2, an adaptor protein that putatively func-
tions to link extracellular receptors to intracellular sig-
naling molecules, as directly interacting with PrPC [21]. 
Interaction with stress-inducible protein 1 (STI-1), which 
occurs at the cell surface mainly on the cell body, has 
been shown to induce neuritogenesis and neuroprotection 
via the MAPK pathway [22]. Additionally, clustering of 
PrPC at the cell surface activates ERK1/2 [23-25]. This 
may be mediated by epidermal growth factor receptor 
(EGFR [23]) or by the signaling molecule Fyn tyrosine 
kinase, recruited in turn by the interaction of caveolin-1 
and PrPC [25, 26]. 

PrPC is highly conserved across mammalian species, 
both at the primary amino acid sequence and the tertiary 
folded structure levels [27]. PrPC constitutively under-
goes two well-defined endoproteolytic cleavage events. 
The first cleavage site, termed α-cleavage and producing 
fragments designated N1/C1, is at amino acids 111/112 
of the human PrPC sequence (110/111 of the mouse se-
quence) and is known to be a site for the enzymes A Dis-
integrin And Metalloprotease 10 (ADAM10) and Tumor 
necrosis factor α-Converting Enzyme (TACE) [28]. The 
second cleavage site, termed β-cleavage and producing 
N2/C2 fragments, is around the end of the octameric re-
peat region, amino acid 91 of the human sequence (residue 
90 of the mouse sequence), and can be caused by reac-
tive oxygen species (ROS) without the need for enzymes 
[29, 30]. Enhanced N2/C2 cleavage is associated with 
disease [31]. Increased prominence of the C2 fragment 
is found in the brains of sporadic Creutzfeldt-Jakob 
disease patients and progressive central nervous system 
accumulation of this cleavage product occurs during the 
incubation period of rodent disease models [32]. Given 
the evolutionary conservation of PrP and the apparently 
ubiquitous occurrence of cellular endoproteolytic pro-
cessing, especially alpha cleavage in the non-diseased 
state, it is plausible that cleavage events may be integral 
to both normal PrPC function and pathogenesis.

Mouse PrPC is often substituted for human PrPC in 
studies of prion diseases due to its ability to propagate in-
fection within cell culture systems and the availability of 
a bioassay to properly confirm cell culture results. There 
are, however, differences in the protein sequence across 
the two species, notably at the N1/C1 cleavage site 
where the human sequence contains a methionine residue 
at amino acid 111 as opposed to the valine residue at the 
equivalent position (amino acid 110) of the mouse se-
quence. With the exception of human, chimpanzee, ma-
caque and some hamster species, which have the methi-
onine residue, all characterized mammalian species have 
the valine residue at the N1/C1 cleavage site [27]. Since 
single amino acid substitutions at certain positions within 
the PrPC sequence are sufficient to cause hereditary prion 
disease, it seems likely that even small differences in the 
protein sequence homology could be highly influential in 
PrPC processing, function and cellular membrane interac-
tions.

To explore potential relationships between PrPC en-
doproteolytic processing and signal transduction, we 
developed a model in which different primary sequences 
notably varying around the N1/C1 cleavage motif were 
expressed in the same cell line. The rabbit kidney epithe-
lial (RK13) cell line was chosen because of the absence 
of detectable levels of potentially confounding endoge-
nous PrPC and the ability to reproducibly achieve similar 
expression levels upon transfection of the various PrPC 
constructs. For our model, intermediates of the MAP 
kinase signal transduction pathway were chosen for 
analysis because of the specific evidence for involvement 
of this cascade in PrPC-related cellular activities and the 
general centrality of this pathway across a range of cel-
lular signaling events. Employing this paradigm, the spe-
cific aims of the present study were: (1) to assess basal 
and copper-induced PrPC cleavage profiles, especially 
around the N1/C1 cleavage site, and the corresponding 
activation states of key MAP kinase intracellular signal-
ing intermediates and (2) to assess the effect of perturba-
tions to plasma membrane integrity on endogenous PrPC 

cleavage and the activation of key MAP kinase-signaling 
intermediates in response to copper across different PrPC 
primary sequences. Overall, our results demonstrated a 
significant influence of PrPC primary sequence around 
the N1/C1 cleavage site on endoproteolytic processing at 
this location, which appeared linked to MAP kinase sig-
nal transduction both basally and in response to copper. 
Further, the primary sequence appeared to confer a mu-
tual dependence between N1/C1 cleavage and membrane 
integrity on the fidelity of PrPC-related signal transduc-
tion in response to exogenous copper.
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Results

Generation of cell lines expressing human or mouse 
PrPC primary sequences

Human and mouse PrPC share 89% (full-length 
sequence) or 91% (minus signal peptides) sequence 
identity (Supplementary information, Figure S1A). To 
investigate the influence of the species-specific differ-
ences in PrPC amino acid sequence on cellular process-
ing and signaling responses, basally and in response to 
membrane perturbations, human and mouse PrPC genes 
were transfected into RK13 cells (referred to as huRK13 
and moRK13 cells, respectively). The results presented 
encompass experiments using clones from three indepen-
dent transfections where clones of equivalent expression 
levels were selected (Supplementary information, Figure 
S1B and S1C), and were, additionally, verified using an 
unselected mixed population. The RK13 cell line is a 
rabbit kidney epithelial line, which shows no detectable 
PrPC and therefore represents a neutral or “null” back-
ground for expressing these genes. Furthermore, RK13 
cells have been used as an effective host for the propaga-
tion of infection using transfected PrPC sequences from 
various species [33, 34]. The empty vector was also 
transfected and selected to act as an appropriately treated 
control cell line (referred to as vecRK13). No difference 
in PrPC detergent solubility or cell membrane localiza-
tion/orientation (as determined by phosphatidylinositol-
specific phospholipase C digestion) was seen between 
the huRK13 and moRK13 cell lines (data not shown); 
however, a slight difference in the mobility of the smaller 
fragments is apparent by western blot (Supplementary 
information, Figure S1B).

Human and mouse PrPC show different basal C1 cleav-
age in RK13 cells 

To look at the quantity of the C1 and C2 cleavage 
fragments compared to the full-length PrPC molecule, 
PNGase F-digested cell lysates were analyzed by west-
ern blot. Blots and graphical results are shown in Figure 
1A. The C2 fragment is not clearly seen in the example 
blots due to the much lower levels present. Densitomet-
ric quantification of the bands showed that basal N1/C1 
cleavage of moPrPC is significantly greater than that of 
huPrPC. This was not true for the N2/C2 cleavage, which 
was not significantly different across the cell lines.

Expression of human and mouse PrPC in RK13 cells in-
fluences ERK activation 

Since PrPC cleavage may be linked to its cellular func-
tion, and one suggested function is signal transduction, 
the effect of expressing human and mouse PrPC in the 

RK13 cell line on basal signaling protein activation was 
investigated. Assessment of basal levels of phosphoryla-
tion of central signaling molecules was made by western 
blotting lysates of the huRK13, moRK13 and vecRK13 
cells with antibodies against p-ERK1/2 and ERK1/2, 
p-JNK/SAPK and JNK/SAPK, and p-p38 and p38. For 
each antibody pair, the phosphorylated form was blotted 
first to avoid dephosphorylation by membrane stripping. 
Expression of mouse PrPC significantly reduced basal 
p-ERK1/2 levels compared to those of the human PrPC 

and vector-only cells (Figure 1B and 1C). Only faint 
signal was seen for basal phosphorylation of p38 and 
JNK/SAPK, and no significant alterations were observed 
across the three RK13 cell lines (Figure 1B). Addition-
ally, expression of human or mouse PrPC in the RK13 
cells did not alter steady state expression of any of the 
signaling proteins studied. 

Expression of PrPC in RK13 cells does not alter intracel-
lular ROS levels

Since PrPC is linked to protection against ROS insults 
and ROS have been shown to be involved in PrPC cleav-
age, the basal levels of ROS within the RK13 cell lines 
were assessed by DCFDA assay.  The CM-H2-DCFDA 
assay detects the ROS H2O2 (in the presence of endog-
enous metal ions only), HO˙, ROO˙ and ONOO- [35]. 
Under basal conditions there was no difference in the in-
tracellular ROS production between the PrPC-expressing 
RK13 cells and the vector-only control (Figure 1D). 

Exogenous copper and altered membrane fluidity exerts 
a greater influence on huRK13 N1/C1 cleavage than 
moRK13

Since PrPC is a plasma membrane, lipid raft-associated 
protein, and its localization is considered important for 
normal function and pathogenesis factors that alter mem-
brane fluidity or lipid raft integrity were deemed likely 
to alter PrPC membrane position, and therefore cleavage 
and/or PrPC-associated intracellular signaling events. 
Several well-characterized conditions for altering mem-
brane fluidity were utilized, including 10 mM benzyl al-
cohol (BA), to increase membrane fluidity and lowering 
cell temperature to 25 ºC, with or without the stiffening 
agent DMSO (0.5% v/v), to decrease membrane fluidity 
[36-38]. In addition to these conditions, 1 μM Filipin, 
an antibiotic that binds and sequesters cholesterol, was 
employed to specifically disrupt the more densely packed 
cholesterol-rich lipid raft domains, with the decrease in 
membrane cholesterol also leading to increased mem-
brane fluidity. To confirm that these treatments were hav-
ing the expected effects, we used an ANS-based assay 
to verify membrane fluidity (Supplementary informa-
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Figure 1 Basal PrPC cleavage, MAPK activation and intracellular ROS in moRK13, huRK13 and vecRK13 cells. (A) Basal 
PrPC cleavage of huRK13 and moRK13 cells. Lysates were PNGase F digested and western blotted with mab ICSM18 to 
detect the C1 fragment. β-Tubulin was blotted as a loading control. Western blots are shown on the left and densitometric 
quantification on the right (shown are the mean and s.e.m. of four repeats from three independently selected clones and an 
unselected mixed cell population).  Quantification of the untreated C1 and C2 fragment band intensities is shown as a ratio to 
full-length PrP and reveals that moRK13 cells show significantly greater C1 cleavage compared with the huRK13 
cells (t = 5.671, P = 0.0048, n = 4). No significant difference is seen between the cell lines for the C2 cleavage fragment (t = 
0.368, P = 0.7328, n = 4). Western blots of basal activation of the intracellular signaling proteins ERK1/2, JNK/SAPK and p38 
are shown in (B) and quantification of the ratio of p-ERK1/2 to ERK1/2 is shown in (C). The densitometric quantification of 
ERK1/2 phosphorylation depicts the mean and s.e.m. of five replicates using three clones. A significant decrease in the basal 
level of ERK1/2 activation (phosphorylation) is observed for cells expressing moPrPC (F = 8.713, P = 0.0029, **P < 0.01, *P < 
0.05). To assess if the expression of PrPC within the RK13 cells alters basal ROS production, the DCFDA assay was used to 
quantify basal ROS (D). Cells were loaded with CM-H2-DCFDA and fluorescence was monitored at the assay start and after 
30 min incubation. The plot shows the mean and s.e.m. change in fluorescence from the time 0 reading for three indepen-
dently selected clones. No significant differences were seen between the cell lines by one-way ANOVA (F = 0.681, P = 0.5413). 
For all graphs, black, white and gray bars represent huRK13, moRK13 and vecRK13 cell line results, respectively.
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Figure 2 PrP N1/C1 cleavage profiles of the huRK13 and moRK13 cells treated with the membrane perturbing conditions with 
and without increased exogenous copper. HuRK13 cells (A) and moRK13 cells (B) PrP N1/C1 cleavage profile in response to 
treatment with each condition for 30 min before harvesting cells. Lysates were PNGase digested before electrophoresis and 
western blotting with mab ICSM18. Left plates show example blots and right plates show the corresponding densitometric 
quantification of the full-length PrP and C1 band signals with graphs representing the mean and s.e.m. of three independently 
selected clones. Significant differences, as determined by one-way ANOVA, are indicated by *P < 0.05 and ***P < 0.001.

tion, Figure S2). The huRK13 and moRK13 cells were 
exposed to increased exogenous copper and each of the 
conditions altered membrane fluidity both with and with-
out copper. PrPC is widely accepted to be a copper-bind-
ing protein. Exposing the cell lines to copper resulted in 
a selective increase in N1/C1 cleavage restricted to the 
huRK13 cells (Figure 2A); a trend toward increased N1/
C1 cleavage is seen for mouse PrP but this is not signifi-
cant (Figure 2B). Using BA to non-specifically increase 

membrane fluidity significantly altered huRK13 PrPC N1/
C1 cleavage (Figure 2A). The huRK13 N1/C1 cleavage 
is also increased above untreated cells for the BA plus 
copper treatment; however, this increase is not signifi-
cantly different to the copper-alone treatment, suggesting 
that there is no cumulative cleavage response. The only 
condition to induce a significant change in moRK13 N1/
C1 cleavage was the combined copper and filipin treat-
ment; this was also significant for the huRK13 cells. Sig-
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nificant N1/C1 cleavage within huRK13 was also seen at 
25 ºC, and at 25 ºC with DMSO and increased exogenous 
copper.

Increased exogenous copper activates PrPC-specific sig-
nal transduction in huRK13 cells only 

Copper treatment increased ERK1/2 phosphorylation 
in all of the cell lines including the vecRK13 cells, indi-
cating that copper induces a non-specific reaction via this 
pathway (Supplementary information, Figure S3A and 
S3B). A significant huRK13-specific increase in phos-
phorylation was seen for JNK/SAPK and p38 (Figure 3). 

Global increases or decreases in membrane fluidity re-
duce huRK13 signal fidelity in response to copper

Increasing membrane fluidity eliminates the fidelity of 
the JNK/SAPK and p38 signaling response seen in the 
huRK13 cells (Figure 3). The phosphorylation of these 
intermediates under conditions of increased fluidity is 
not significantly different to the vecRK13 control cells. 
Lowering the cellular temperature decreases membrane 
fluidity and the addition of DMSO allows phase transi-
tion of membranes (into the gel phase) to occur at 25 ºC, 
resulting in reduced mobility of membrane proteins.  No 
clear trends in signaling were observed for the 25 ºC 
(without DMSO) condition across the cell lines, either 
with or without exogenous copper (Supplementary in-
formation, Figure S4). The addition of DMSO increased 
the huRK13 phosphorylation of p38 and JNK/SAPK in 
the presence of copper but only the p38 phosphorylation 
is significantly raised when compared with the vecRK13 
control. Thus, under conditions of reduced protein mo-
bility due to gel phase transition of cellular membranes, 
huPrP is still able to elicit a PrPC-specific response to 
copper through p38 signaling (Supplementary informa-
tion, Figure S4). As observed previously ERK1/2 phos-
phorylation appeared to be a non-specific response to gel 
phase promoting conditions, with the vector control cells 
responding equivalently to the PrPC-expressing cells 
(Supplementary information, Figure S3C).

Lipid raft disruption has a pronounced effect on moPrP-
induced signal transduction in the presence of copper

 The filipin III complex is an antibiotic that acts by 
binding and sequestering cholesterol. This makes it an ef-
ficient disruptor of lipid raft (cholesterol rich) membrane 
domains. The filipin treatment caused a non-specific in-
crease of signal protein phosphorylation in all of the cell 
lines (Figure 4A-4C). When the cells were treated with 
filipin and copper together, the moRK13 cells showed a 
dramatic and significant increase in phosphorylation of 
all the three signal transduction proteins.

Figure 3 JNK/SAPK, and p38 activation in huRK13 and 
moRK13 cells exposed to increased exogenous copper and 
benzyl alcohol. HuRK13, moRK13 and vecRK13 cells were 
treated with increased exogenous copper for 30 min, both in 
the presence and absence of the membrane fluidizing agent 
benzyl alcohol. Lysates were western blotted with antibody sets 
against p-JNK/SAPK and JNK/SAPK (A), p-p38 and p38 (B). 
Bands were quantified densitometrically and huRK13, moRK13 
and vecRK13 cells are shown as black, white and gray bars, 
respectively. Graphs represent the mean and s.e.m. (from four 
independent experiments) of the phosphorylated form to the 
total signaling protein ratio, and are expressed relative to the 
untreated cell control. Example blots are shown above the cor-
responding graph. Conditions that significantly changed the ratio 
of phospho-signaling molecule to signaling molecule, compared 
by one-way ANOVA within each cell line and by two-way ANOVA 
with the vecRK13 cell controls, are indicated by *P < 0.05, **P 
< 0.01 and ***P < 0.001. Copper induces a huPrP-specific in-
crease in JNK/SAPK and p38 phosphorylation, the specificity of 
which is lost when the membrane fluidity is increased.
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Activation of signal transduction in response to copper 
and filipin is dependent on the presence of moPrP

To check that the dramatic cellular signaling responses 
seen in response to the copper and filipin treatments were 
not due to clonal drift from selection pressure, the RNAi 
system described in Daude et al. [39] was employed 
to knock down the expression of PrPC in the moRK13 
cells, and by doing so to allow the innate responses of 
the cell line to be assessed in the setting of attenuated 
PrPC expression. ERK1/2 signaling was assessed in the 
knockdown cells following treatment with copper and fil-
ipin. ERK1/2 signaling was chosen for analysis because 
ERK1/2 phosphorylation was altered in these cells ba-
sally and, whilst ERK1/2 responses to copper alone were 
non-specific, significant increases were observed in the 
moRK13 cells when the copper was applied with filipin. 
Further, Daude et al. [39] used ERK as a loading control, 
so we were confident that ERK1/2 levels would not be 
altered by the siRNA transfection. Since the moRK13 
cells are transfected to overexpress PrPC, a complete 
knockdown of PrP proved difficult; however a ~30% re-
duction in protein expression was reproducibly achieved 
(Figure 5A and 5B), and this corresponded with a ~48% 
decrease in ERK1/2 phosphorylation when treated with 
copper and filipin (Figure 5A and 5C) compared with 
cells expressing unaltered levels of moPrP. Therefore, 
it is unlikely that the cell line has suffered clonal drift 
that would account for the signaling responses. Instead 
moPrPC seems essential for these signaling responses to 
occur. To further ensure that the cell lines used had not 
drifted from the original population, the untransfected 
RK13 cells were treated with the copper and filipin con-

Figure 4 Induction of signal transduction in huRK13, moRK13 
and vecRK13 cells by copper when lipid rafts are disrupted. The 
cholesterol-sequestering antibiotic filipin was used to increase 
membrane fluidity by disrupting the cholesterol-rich lipid raft do-
mains and cells were treated for 30 min with and without copper 
before lysis and western blotting. Example blots of p38 activa-
tion† are shown above the corresponding graphical data in (A) 
and graphical data only for ERK and JNK/SAPK are shown in (B) 
and (C), respectively. Graphs represent the mean and s.e.m. of 
four independent experiments of huRK13 (black bars), moRK13 
(white bars) and vecRK13 (gray bars) cells. MoRK13 cells show 
a dramatic and significant response (in contrast to hu/vecRK13 
cells) of all of the signaling proteins to the filipin and copper 
treatment (ERK, F = 12.86, P < 0.0001; p38, F = 3.506, P = 
0.0494; JNK/SAPK, F = 7.663, P = 0.0003; *P < 0.05, **P < 0.01, 
***P < 0.001). †These blots are separated between the filipin 
and non-filipin treatments, as these conditions were originally 
run on the same blot (for quantification purposes) with bands for 
other treatments between the two conditions; these have been 
removed to show only the relevant data here.
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Figure 5 Dependence on moPrPC expression and time frame of the copper- and filipin-mediated signal transduction event. 
(A -C) RNAi knockdown of the overexpressing moRK13 cell line was carried out using transient transfection of siRNA duplex-
es targeted against PrPC or scrambled as a control for non-specific responses to transfection. (A) Western blots of PrP and 
ERK1/2 signaling in the untransfected, siRNA-transfected cells and scrambled siRNA controls, when treated with and without 
100 μM copper and 1 μM filipin III. (B) Densitometric quantification of the PrPC western blots. Expression of PrPC is signifi-
cantly reduced in the cells receiving the siRNA directed against PrPC (black bar; t = 5.549, P = 0.0051, n = 3) but not in those 
receiving the scrambled siRNA (white bar; t = 2.81, P = 0.107, n = 3). (C) Induction of ERK1/2 signaling, shown as the ratio 
of p-ERK1/2 to total ERK1/2, by 100 μM copper and 1 μM filipin III is reduced in cells transfected with siRNA directed against 
PrPC (F = 40.23, P < 0.0001, n = 3,   *P < 0.05; black, white and gray bars represent no siRNA, PrP-targeting siRNA and 
scrambled control siRNA, respectively). (D, E) Activation of ERK1/2 when moRK13 cells were treated with 100 μM copper 
and 1 μM filipin III was followed over a period of 1 min to 1 h. Blots are shown in the left plate (D) and densitometric quantifi-
cation of the p-ERK1/2 to total ERK1/2 ratio in the right panel (E). Phosphorylation of ERK1/2 is seen from immediately post 
treatment and plateaus after 10 min of treatment. Statistical significance is achieved at 30 min and maintained until 60 min (F 
= 4.831, P = 0.0165, n = 4, *P < 0.05). Graphs show the mean and s.e.m..

ditions. The results obtained were not significantly differ-
ent from the vecRK13 cells (Supplementary information, 
Figure S5).

Copper- and filipin-induced signal transduction occurs 
rapidly and peaks around 30 min after exposure

To make certain that the 30 min time point at which 
the various treatments were assessed was not limiting the 
responses seen, especially as many ERK1/2 signal trans-
duction events occur within minutes of stimuli, a time 
course was performed on the moRK13 cells. Cells were 
treated with the copper and filipin treatments from 1-60 
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min and western blotted for ERK1/2 phosphorylation. 
Activation of signaling can be seen as early as 1 min post 
exposure to copper and filipin, and phosphorylation con-
tinues to increase until 30 min, after which it appears to 
start decaying (Figure 5D and 5E). Significant difference 
is achieved at the 30 and 60 min time points.

Cell lines endogenously expressing PrPC show similar 
profiles to the transfected RK13 cell lines

Whilst PrPC transfection into a neutral host spe-
cies provides a convenient background for looking at 
protein sequence-specific responses, the behavior of 
endogenously expressed proteins may still vary. The 
human SH-SY5Y and mouse Neuro2a (N2a) cell lines 
were used to look at the responses of cells endogenously 
expressing PrP, and the mouse PrP-null CF10 cell line 
[40] was additionally considered to identify PrP-specific 
responses. These cell lines are derived from neuronal 
lineages, whereas the RK13 cells are epithelial, and 
would, therefore, identify distinct reactions observed due 
to cell origin differences. Each of the cell lines were as-
sayed with the copper and filipin conditions as described 
for the RK13 cell lines and western blotted for ERK1/2 
(Figure 6A), p38 (Figure 6B) and JNK/SAPK (Figure 
6C), and the SH-SY5Y and N2a cells were additionally 
western blotted for PrP following PNGase F digest-
ing (Figure 6D). The signaling trends seen in the RK13 
cells are mostly preserved across the cell lines, with the 
mouse N2a cells showing significant increases in phos-
phorylation of all signal transduction intermediates in 
response to the combined copper and filipin condition. 
The human SH-SY5Y cells, whilst retaining the reduced 
phosphorylation response to copper and filipin, do not 
show the increase in phosphorylation of p38 and JNK/
SAPK in response to copper alone that was seen for the 
huRK13 cells. This may indicate that the copper-induced 
signaling by huPrP when lipid raft integrity is preserved 
is influenced by cell lineage or that overexpression of 
huPrP in the RK13 background renders it more poised to 
respond to copper than when expressed at endogenous 
levels. The cleavage profiles are not identical to those 
seen in the RK13 cells, with the SH-SY5Y cells showing 
very limited cleavage responses but the N2a cells show-
ing a significant increase in N1/C1 cleavage in response 
to combined copper and filipin treatment.

Introduction of the human N1/C1 cleavage region motif 
into mouse PrPC results in mixed cleavage and signaling 
responses

The region encompassing the human N1/C1 cleavage 
site has two methionines, which are lacking in the mouse 
sequence (Supplementary information, Figure S1A, 

boxed); this is known as the 3F4 site, as this sequence is 
detected by the 3F4 anti-PrP antibody. To further inves-
tigate how the N1/C1 cleavage site influences the mouse 
PrPC response to increased exogenous copper and the 
membrane-perturbing conditions, this motif was cloned 
into the mouse sequence and stable mixed population 
cell lines were selected, referred to as 3F4moRK13 cells. 
Basally, 3F4moRK13 cells showed less N1/C1 cleavage 
than moRK13 but more than huRK13 cells (Figure 7A 
and 7B), and N1/C1 cleavage in 3F4moRK13 cells was 
not significantly affected by copper and/or filipin treat-
ment (Figure 7C). No significant difference in the basal 
levels of the C2 fragment was observed (data not shown). 
A basal difference is also apparent for ERK1/2 phospho-
rylation, with 3F4moRK13 showing decreased levels 
of phosphoERK1/2 compared to huRK13 but greater 
levels than moRK13 cells (Figure 7D and 7E). The N1/
C1 cleavage correlates inversely with the basal phospho-
rylation levels (r2 = 0.88, P < 0.0001). The 3F4moRK13 
cells were treated with copper and/or filipin in parallel 
with the mixed population moRK13 and huRK13 cells as 
described previously. The PrPC-independent response of 
ERK1/2 phosphorylation to copper treatment was main-
tained in the 3F4moRK13 cells (Figure 7D and 7F); con-
versely, the specific response of the moRK13 cells to the 
combined filipin and copper treatment was lost, with the 
3F4moRK13 cells showing no significant difference from 
the huRK13 cell response. The huRK13-specific phos-
phorylation of p38 and JNK/SAPK in response to copper 
was also abolished (Figure 7G-7I), and all phosphoryla-
tion appeared reduced. The consistency of the cellular 
responses did, however, show that, although attenuated, 
the increase in JNK/SAPK phosphorylation that was 
observed for moRK13 cells after treatment with both fil-
ipin and copper was still significant for the 3F4moRK13 
cells, but this was not the case for p38 phosphorylation.

Discussion

Our results suggest PrPC alpha cleavage and PrPC-
mediated signal transduction may be linked events. 
Further, both events are influenced by cell membrane 
and particularly lipid raft integrity. In the context of the 
neutral RK13 cell background, the primary sequence of 
PrPC, specifically the N1/C1 cleavage site, exerts a domi-
nant influence over signal transduction through MAPK 
intermediates both basally and in response to membrane 
perturbation in the presence of copper. These effects are 
summarized in Figure 8.

In the current study, increased basal N1/C1 cleavage 
was associated with lower basal ERK phosphorylation, 
but increased N1/C1 cleavage in response to perturbation 
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Figure 6 Human SH-SY5Y and murine Neuro2a cell responses to copper and filipin treatments. To consider how the 100 
μM copper and 1 μM filipin III treatments may alter signaling and cleavage in cell lines endogenously expressing PrPC, and, 
hence not subject to overexpression or selection pressure artifacts, the aforementioned treatments were carried out on SH-
SY5Y and Neuro2a (N2a) cell lines as described for the RK13 cell lines. The murine neuronal PrP-null CF10 cell line was 
also compared to look for PrP-specific responses. (A -C) Western blot and densitometric quantification (mean and s.e.m.) of 
SH-SY5Y (black bars), N2a (white bars) and CF10 (gray bars) cells treated with copper, filipin, or copper and filipin together 
to disrupt lipid rafts. Shown are the changes in ERK1/2 (A), p38 (B) and JNK/SAPK (C) signal transduction as ratios of the 
phosphorylated form of the signal protein to the total expression levels and normalized to untreated cells.  Significant differ-
ences, as determined by two-way ANOVA with Bonferroni secondary testing, were seen between the N2a and both the SH-
SY5Y and CF10 cell lines (ERK1/2 F = 67.39, P < 0.0001, n = 4; p38 F = 3.96, P = 0.018, n = 4; JNK/SAPK F = 12.50, P = 0.0001, 
n = 4; *P < 0.05, **P < 0.01, ***P < 0.001). (D) PrP N1/C1 cleavage of SH-SY5Y (black bars) and N2a (white bars) cells 
following treatment with copper, filipin, and copper with filipin. Shown are western blot of the PNGase F-treated cell lysates 
and densitometric quantification of band intensities. Two-way ANOVA with Bonferroni secondary testing identifies that the cell 
lines are significantly different from each other (F = 9.314, P = 0.0055, n = 4, *P < 0.05).
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resulted in increased signal transduction through MAPK 
intermediates. This may indicate that N1/C1 processing 
preceded PrPC localization at the cell surface, and that 
sequestration of the cleavage fragments in lipid raft do-
mains renders them inactive. Release from the lipid raft 
domains by cholesterol depletion or other cellular pertur-
bations may allow rapid activation of signal transduction 
pathways in response to stimuli such as copper. Raft se-
questration is a known control mechanism for the activa-
tion/deactivation of certain enzymes. An example of this 
is TACE, where raft sequestering suppresses its catalytic 
activity until released [41]. Alternatively, release from 
rafts may allow TACE to cleave PrP at the N1/C1 site 
and once a threshold is reached the N1/C1 cleavage frag-
ments produce dramatic cellular response. The former 
suggestion is supported by a recent study from Walmsley 
et al. [42], where alpha cleavage appears to occur along 
the secretory pathway, probably in the Golgi, on the way 
to the cell surface. The increase in PrPC N1/C1 cleavage 
may, therefore, follow the signal transduction event to 
replenish PrPC C1 at the cell surface. The activation of 
signal transduction intermediates by human PrPC where 
no response was seen for mouse PrPC, despite the higher 
basal levels of alpha cleavage, may reflect differing abili-
ties of the two proteins to engage the signal transduction 
machinery.

The 3F4 epitope alters the structure of the alpha cleav-
age site as shown by the recognition specificity of the 
3F4 antibody. The sulfur-containing methionines, as 
found in the human sequence, are substantially different 
from the charged histidine with its imidazole ring and 
the small aliphatic valine of the mouse sequence. PRNP 
point mutations within the structured C-terminal region 
are associated with human prion diseases, therefore 
supporting the likelihood that introduction of the 3F4 
epitope into murine PRNP may have significant biologi-
cal consequences. The difference in sequence may result 
in a different presentation of the alpha cleavage site to 
processing enzymes, resulting in the observed different 
cleavage patterns, which in turn influences PrPC function. 
These potential downstream biological consequences 
of this sequence variation may impact on studies that 
use the 3F4 epitope to differentiate between human and 
mouse PrPC when overexpressing one in the cellular 
background of the other. Researchers using these con-
structs in the future may wish to consider the bearing this 
may have on conclusions about the function of PrPC.

N1/C1 cleavage is partially under the control of 
ADAM10 and TACE activities [28]. Unlike ADAM10, 
TACE has a very narrow substrate specificity [43]; 
TNFα, its preferred substrate, is cleaved between alanine 
and valine residues as found at the mouse N1/C1 cleav-

age site but not at the human. TACE may therefore have 
a greater role in the N1/C1 cleavage of mouse PrPC than 
human, particularly under altered cellular conditions. 
The intermediate extent of the N1/C1 cleavage of the 
3F4moRK13 cells also indicates that, whilst the N1/C1 
site is clearly influencing this cleavage, further sequence 
differences appear to be involved, perhaps by modulating 
binding partner interfaces, membrane interaction or cel-
lular trafficking.  

Regardless of primary sequence, copper loading ap-
peared to play an important role in PrPC-mediated MAPK 
signal transduction. The activation of signal transduc-
tion in the moRK13 cells following lipid raft disruption 
was not due to the potential toxicity of copper, since a 
lesser reaction was observed following copper treatment 
alone. Copper binding has been reported to be essential 
for PrPC protection against oxidative stress [44, 45], and 
this protection may be via activation of signal transduc-
tion pathways and the subsequent cellular response [30]. 
Furthermore, there is recent evidence for MAPK activa-
tion by signaling endosomes [15]. PrPC is internalized 
in response to copper [46], and this reaction requires the 
octameric repeat domain and the palindromic sequence 
starting at the N1/C1 cleavage site to be intact [47, 48]. 
Signaling endosomes have been especially associated 
with clathrin and dynamin mediated internalization [15, 
49, 50], and these are both pathways with which PrPC 
has been shown to interact [51, 52]; hence, the role of 
copper in these reactions may be to promote the internal-
ization of PrPC to facilitate engagement with signaling 
intermediates. This is further supported by the findings 
of Caetano et al. [53], who show that signaling by STI-1 
through ERK1/2 requires internalization of PrPC and was 
inhibited by a dominant-negative mutant of dynamin.

Although multiple binding partners for PrPC have 
been suggested to have a role in the activation of cellular 
signal transduction, including Grb2, EGFR and caveolin 
[21, 23, 25], the part PrPC processing plays in relation 
to such events is uncertain. N1/C1 cleavage has been 
shown to play a role in apoptosis through modulation of 
caspase-3 activation. The C1 fragment is able to increase 
p53 transcription and induce caspase-3 activation [54]. 
In transgenic mice overexpressing a truncated PrP spe-
cies (lacking amino acids 32-134), caspase-3 activation 
is via ERK1/2 and p38 activation [55]. The finding that 
ERK1/2 and p38 signal protein activation correlated 
with the changes in mouse C1 cleavage suggests that the 
mouse PrPC may be able to interact more efficiently or 
with a greater number of intermediates involved in acti-
vating these pathways. The human PrPC-expressing cells 
demonstrated more restricted associations by showing 
a significant linkage only between N1/C1 cleavage and 
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Figure 8 Schematic depiction of PrP N1/C1 cleavage and MAPK-signaling relationships. (A) The relationship between PrP 
N1/C1 cleavage and ERK1/2 phosphorylation in the RK13 cells in the unperturbed state, showing the inverse relationship. 
(B) The relationship between the PrP cleavage and intracellular signaling when an increased amount of exogenous copper 
is available to PrP. In the presence of copper, a direct relationship is observed between N1/C1 cleavage and signaling. Open 
arrowheads show how lipid raft disruption enhances these effects and blocked arrows indicate how non-specific changes in 
fluidity alter the specificity of the reactions.

Figure 7 Introduction of the 3F4 epitope into moPrP alters cleavage and signaling profiles both basally and in response 
to copper and filipin treatments. Example PNGase-F-digested basal PrP blots (A) and densitometric quantification (B) of 
huRK13, moRK13 and 3F4moRK13 cells. C1 cleavage of the 3F4moPrP falls between the levels of moPrP and huPrP, and 
is significantly different from moPrP. Cells were treated with copper and the lipid-raft disrupting antibiotic filipin for 30 min. 
Alterations in PrP N1/C1 cleavage are shown in (C). Example ERK1/2 blots are shown in (D). Densitometric quantification 
of this data show that basal ERK1/2 phosphorylation differs across the cell lines with the 3F4moRK13 levels greater than 
the moRK13 but lower than the huRK13 cells, and statistically different to both (E) (F = 29.86, P = 0.0002, n = 4). The abil-
ity of 3F4moRK13 cells to induce ERK1/2 signaling in response to the filipin and copper treatment is significantly reduced 
compared to moRK13 cells (F) (F = 34.83, P < 0.0001). p38 (blots are shown in G and quantification in H) and JNK/SAPK 
(blots are shown in G and quantification in I) signaling of the 3F4moRK13 cells are significantly different from both huRK13 
and moRK13 cells(p38, F = 3.385, P = 0.0284, n = 3; JNK/SAPK, F = 3.805, P = 0.0142, n = 3), with the 3F4moRK13 cells 
showing a lesser ability to signal through these molecules; however, JNK/SAPK phosphorylation is still significantly increased 
above untreated cells in response to filipin and copper together (F = 9.376, P = 0.0054, n = 3; *P < 0.05, **P < 0.01, ***P < 
0.001). All plots represent the mean and s.e.m. of four independent experiments and black, grays and white bars represent 
the huRK13, 3F4moRK13 and moRK13 cell line results, respectively.

p38 activation. The consistency of the PrPC signal across 
the western blots also shows that the alteration in signal-
ing is not due to significant amounts of PrPC dissociating 
from the cell surface due to shedding of the GPI anchor, 
as has previously been reported in response to filipin 
and copper [56, 57]. This could be due to species or cell 
culture model differences. Rabbit PrPC varies from hu-
man and mouse PrPC around the site of the GPI anchor; 

consequently, the rabbit host enzymes involved in cleav-
age at the GPI anchor may have a lower recognition for 
human and mouse PrPC, resulting in less shedding within 
this system.

The N2/C2 cleavage event was also considered during 
this study (Supplementary information, Figure S6); how-
ever, alterations in N2/C2 cleavage did not correlate with 
any PrP-related selective change in the MAPK-signaling 
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intermediates studied. Overall, there was no difference 
between moRK13, huRK13 or 3F4moRK13 basal N2/C2 
processing. This is to be expected if the primary cleavage 
mechanism at the N2/C2 cleavage site is ROS-related, as 
there was no difference in intracellular ROS production 
between the cell lines, nor in the N2/C2 site motifs of hu-
man and mouse PrPC. Moreover, it shows that the N1/C1 
cleavage has no direct influence on the N2/C2 cleavage.

Transfecting different PrP primary sequences into 
identical host cells with negligible endogenous expres-
sion allowed focused research and detection of potential 
species-related differences in processing, particularly at 
the alpha site, and consequent activation of MAPK sig-
naling. Further studies are required to confirm that the 
associations we found between PrPC processing and ac-
tivation of MAPK signaling are mechanistically directly 
linked steps in a cellular pathway, rather than simply 
occurring as unrelated parallel events. Further, while 
the RK13 cells afforded a permissive and conveniently 
manipulable system for the expression of PrP constructs 
of interest, the applicability and translation of our find-
ings from these overexpressing cells of epithelial origin 
to the situation occurring in neuronal cells endogenously 
expressing PrPC is supported by data with SH-SY5Y and 
N2a cell lines. 

In conclusion, the data presented here relate PrPC pro-
cessing to signal transduction, and show the inter-depen-
dence of the PrPC primary sequence, particularly the N1/
C1 cleavage site, and the cell membrane in these events. 
The PrPC primary sequence influences the predominant 
type of proteolysis likely to occur in response to specific 
cellular perturbations, and to what extent consequent sig-
nal transduction will occur. Generally, membrane integ-
rity appears important for the fidelity of signal transduc-
tion occurring in relation to PrPC processing, although 
under certain conditions membrane disruption may allow 
proteolytic processing not normally accessible to the 
particular PrPC primary sequence. For huRK13 cells, the 
selectivity of signal transduction activation due to copper 
treatment was often lost when membrane integrity was 
compromised, becoming similar to non-PrPC-expressing 
cells. Independent of the overall PrPC primary sequence, 
increased N1/C1 cleavage of PrPC appears linked to the 
MAPK pathway, with alterations in amino acid sequence 
at this proteolytic site markedly influencing processing 
and signal transduction.

Materials and Methods

Cell culture
All cell lines were cultured in Dulbecco’s Modified Eagles Me-

dia (DMEM; Gibco – Invitrogen, Victoria, Australia) supplement-
ed with 10% fetal bovine serum (Invitrogen), 50 U/ml penicillin 

and 50 μg/ml streptomycin solution (Sigma-Aldrich; New South 
Wales, Australia). Cells were maintained at 37 ºC with 5% CO2 in 
a humidified incubator. For microtitre plate assays, (used unless 
otherwise stated) cells were plated to be 90%-95% confluent at the 
start of the assay.

Constructs and transfection
pIRES-puro2 (Clontech – Scientifix, Victoria, Australia) con-

tain the full-length human or mouse PrPC open reading frame, as 
well as the vector alone was transfected into RK13 cells using Fu-
Gene 6 transfection reagent (Roche, New South Wales, Australia) 
as per the product protocol for a 3:1 reagent:DNA ratio. A total of 
2.5 μg/ml puromycin (Sigma-Aldrich) was used for cell selection 
and both stable clones of equivalent expression levels and mixed 
populations were selected. Cells were maintained in 2.5 μg/ml 
puromycin during routine culture. A further mixed population cell 
line expressing moPrP with the 3F4 epitope (human N1/C1 cleav-
age site motif) was created by transfection using Lipofectamine (as 
per the product protocol: Invitrogen). The mixed population was 
selected and maintained as described above.

RNAi
The siRNA duplexes described by Daude et al. [39] were pur-

chased from Sigma-Aldrich. Cells were plated 1 day prior to treat-
ment with the siRNA at approximately 50% confluence. siRNA 
duplexes were delivered into the cells using FuGene HD trans-
fection reagent in a 4:1 reagent:siRNA ratio as described in the 
product protocol. The final concentration of duplexes delivered to 
the cells was 400 nM. Cells were then incubated for 2 days under 
standard conditions before treatment and extraction as described 
below.

Western blot
Cells were treated for 30 min with appropriate test reagent 

before lysis in 20 μl RIPA buffer (50 mM Tris-HCl pH 7.4, 150 
mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate, 
1% (v/v) NP-40) supplemented with 0.5 U/ml Benzonase (Sigma-
Aldrich) for 20 min at 37 °C. Lysates were mixed with 10 μl of 
3× LDS loading dye (Invitrogen) supplemented with 5% (v/v) 
β-mercaptoethanol (Sigma-Aldrich) and denatured gently at 80 °C 
for 10 min. A total of 20 μl of lysate was loaded into 15-well 12% 
NuPAGE Bis-Tris gels (Invitrogen). Gels were run at 200 V for 35-
40 min (until the dye front reached the bottom) in the Invitrogen 
NuPAGE gel tank system, using MES running buffer (Invitrogen). 
Gels were transferred onto a nitrocellulose membrane (BioRad, 
New South Wales, Australia) in a Bio-Rad wet blotting system at 
100V for 45 min. Membranes were blocked for 1 h in 5% (w/v) 
fat-free milk powder in PBS-0.1% (v/v) Tween-20 (PBS-t). For 
PrPC detection, western blot incubations used a 1 in 30 000 ICSM-
18 primary monoclonal antibody (mab; mouse epitope 142-152, 
human epitope 143-153 (DGen, London, UK)) in 1% milk PBS-t;  
with anti-mouse HRP secondary (GE Healthcare, New South 
Wales, Australia). Signaling antibodies phospho(T202/Y204)-
p44/42 (p44/42 is more commonly known as ERK1/2, therefore, 
p-ERK1/2 is used to refer to this antibody); p44/42 (ERK1/2); 
phospho(T180/Y182)-p38 (p-p38); p38; phospho(T183/Y185)-
JNK/SAPK (p-JNK/SAPK); and SAPK/JNK were all used at 1 in 
1 000 dilution (Cell Signaling – Genesearch Pty, Queensland, Aus-
tralia) in 1% (w/v) bovine serum albumin (BSA; Sigma-Aldrich) 
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in PBS-t, with 1 in 5 000 anti-rabbit HRP secondary (Cell Signal-
ing) in 1% (w/v) BSA in PBS-t. Anti-β-tubulin (Sigma-Aldrich) 
was used as a loading control and blotted using a 1 in 20 000  
dilution with anti-mouse-HRP secondary used at 1 in 10 000. 
Membranes were stripped between probing with each antibody by 
incubation in low-pH stripping buffer (25 mM glycine-HCL, pH 2; 
1% (w/v) SDS) for 10 min at room temperature with agitation, and 
then washed once in PBS-t before incubation in blocking solution 
for 1 h.

PNGase F digestion
Media were removed from the cells and 20 μl RIPA buffer plus 

0.5 U/ml Benzonase were added per well. Plates were incubated at 
37 °C for 20 min. A total of 2 μl 10× denaturation buffer (5% (w/v) 
SDS, 5% (v/v) β-mercaptoethanol, 50 mM EDTA, 0.02% (v/v) so-
dium azide in PBS, pH 8.0) was added per well and samples were 
heated at 80 °C for 10 min to denature. The plate was allowed to 
cool to room temperature, and 2.5 μl 10% (v/v) NP-40 and 5.5 μl 
incubation buffer (50 mM EDTA and 0.02% (v/v) sodium azide 
in PBS, pH8.0) plus 1 U PNGase F (Sigma-Aldrich) were added 
per well. Plates were incubated overnight at 37 °C in a humidified 
chamber. 3× NuPAGE LDS sample loading buffer supplemented 
with 5% (v/v) β-mercaptoethanol was added to the wells and sam-
ples were denatured at 80 °C for 10 min. A total of 20 μl of sample 
was loaded per well, with PrPC detection as described above.

DCFDA assay
Media were removed and replaced with 50 μl of dPBS contain-

ing 5 μM 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein 
diacetate, acetyl ester (CM-H2-DCFDA, Invitrogen). Cells were 
incubated at 37 °C for 20 min, then the probe solution was re-
moved and replaced with 100 μl of Opti-MEM® I Reduced-Serum 
Medium (without phenol red) with or without test reagent added. 
Readings were taken at time 0 and 30 min, using 488 nm excita-
tion and 530 nm emission filters in a Fluostar Optima (BMG 
Labtech, Victoria, Australia).

Densitometry and statistical analyses
Luminescent signal of the bands on the western blots was cap-

tured using a Las-3000 intelligent darkbox (FujiFilm – Berthold, 
Victoria, Australia), and the intensity was quantified after the sub-
traction of background, by ImageJ 1.38×. Statistical analyses were 
carried out using GraphPad Prism 4 or Minitab15 statistical soft-
ware. Two-way ANOVA with Bonferroni secondary tests was used 
to determine different cell line responses to the same conditions 
(these are tabulated in Supplementary information, Table S1) and 
one-way ANOVA with Tukey’s secondary test was used to identify 
differences within a single cell line. The graphs shown through-
out show the mean ± s.e.m. of all of the data; blots from replicate 
clone/mixed cell line data were averaged and treated as one repeat.
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