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Inhibition of the FKBP family of peptidyl prolyl 
isomerases induces abortive translocation and 
degradation of the cellular prion protein

ABSTRACT  Prion diseases are fatal neurodegenerative disorders for which there is no effec-
tive treatment. Because the cellular prion protein (PrPC) is required for propagation of the 
infectious scrapie form of the protein, one therapeutic strategy is to reduce PrPC expression. 
Recently FK506, an inhibitor of the FKBP family of peptidyl prolyl isomerases, was shown to 
increase survival in animal models of prion disease, with proposed mechanisms including 
calcineurin inhibition, induction of autophagy, and reduced PrPC expression. We show that 
FK506 treatment results in a profound reduction in PrPC expression due to a defect in the 
translocation of PrPC into the endoplasmic reticulum with subsequent degradation by the 
proteasome. These phenotypes could be bypassed by replacing the PrPC signal sequence 
with that of prolactin or osteopontin. In mouse cells, depletion of ER luminal FKBP10 was 
almost as potent as FK506 in attenuating expression of PrPC. However, this occurred at a 
later stage, after translocation of PrPC into the ER. Both FK506 treatment and FKBP10 deple-
tion were effective in reducing PrPSc propagation in cell models. These findings show the in-
volvement of FKBP proteins at different stages of PrPC biogenesis and identify FKBP10 as a 
potential therapeutic target for the treatment of prion diseases.

INTRODUCTION
The cellular prion protein (PrPC) plays a pivotal role in the develop-
ment of a number of incurable and debilitating neurodegenerative 
diseases, known as prion diseases, which include Creutzfeldt–Jakob 
disease in humans, bovine spongiform encephalopathy, and chronic 
wasting disease in deer and elk. These diseases are characterized by 
the accumulation in lymphoid tissue and brain of a misfolded oligo-
mer of PrPC termed PrP-scrapie (PrPSc). Pioneering work by Prusiner 
and coworkers identified PrPSc as the predominant component of 

the transmissible agent (Prusiner, 1982; Prusiner et al., 1983). In the 
current model of PrPSc propagation, direct contact between PrPSc 
and PrPC results in a templated change of the latter to the PrPSc 
conformer with further oligomerization that often leads to the for-
mation of amyloid fibrils. Subsequent fibril fragmentation and sec-
ondary nucleation result in self-propagating exponential growth of 
amyloids (Masel et al., 1999; Knowles et al., 2009). Of importance, it 
has been shown that host PrPC expression is a prerequisite for prion 
disease development (Brandner et al., 1996; Mallucci et al., 2003) 
and that the presence of the glycosylphosphatidylinisotol (GPI)-
membrane anchor of PrP contributes to the development of clinical 
symptoms of scrapie (Chesebro et al., 2005).

Given that prion diseases are fatal and incurable, there is intense 
interest in identifying drugs that impede prion propagation. Many 
candidates have been identified, such as polyanionic compounds, 
polyene antibiotics, tetrapyrrolic, tetracyclic, and tricyclic com-
pounds, Congo red and analogues, and β-sheet breaker peptides 
(reviewed in Trevitt et al., 2006). Several of these act by binding di-
rectly to either PrPC or PrPSc. However, their utility is limited due to 
poor efficacy, inability to cross the blood–brain barrier, or the need 
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graded via the lysosomes with a half-time of 4–6 h (Caughey et al., 
1989; Borchelt et al., 1990).

In this study, we examined the effects of FK506 treatment on the 
biogenesis of PrPC. We show that in drug-treated cells, the expres-
sion of PrPC is selectively reduced in a process that does not depend 
on calcineurin inhibition or degradation via lysosomes. Instead, 
FK506 increases abortive translocation of PrPC and subsequent pro-
teasomal degradation. Furthermore, in mouse cells, knockdown of 
one of the six ER luminal FKBPs, FKBP10, induces PrP degradation 
almost as potently as FK506 treatment, although this occurs at a 
stage after translocation and involves both lysosomal and protea-
somal pathways. Both FK506 treatment and FKBP10 depletion ef-
fectively inhibit propagation of PrPSc in a mouse neuroblastoma cell 
model.

RESULTS
FK506 treatment down-regulates PrPC expression
The mouse neuroblastoma N2a cell line was used to assess the ef-
fect of FKBP inactivation on endogenous PrPC expression. Under 
control conditions, an immunoblot of PrPC revealed three isoforms 
that differed in extent of Asn-linked glycosylation from zero to two 
glycans (Figure 1A; Orsi et al., 2007). In addition, a minor proteolytic 
C1 cleavage product could be detected at ∼20 kDa in some experi-
ments (e.g., see ## in Figure 2; Liang et al., 2012). After overnight 
treatment with 20 μg/ml FK506, PrPC levels were found to be sub-
stantially reduced compared with the ER-resident Hsp70 protein BiP 
or cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
Figure 1A). This selective down-regulation of PrP was also observed 
by flow cytometry, increasing in magnitude as a function of FK506 
concentration over the range 0–20 μg/ml (Figure 1B). In contrast, 
surface major histocompatibility complex (MHC) class I expression 
was unaffected by drug treatment. Cell viability was not affected 
over this concentration range, nor was there an induction of the 
unfolded protein response (UPR), as evidenced by lack of increased 
BiP expression (Figure 1A) and absence of spliced Xbp1 transcrip-
tion factor mRNA (Figure 1C). The lack of a detectable UPR is impor-
tant because this stress response was previously shown to be associ-
ated with a preemptive quality control mechanism resulting in 
reduced PrPC translocation into the ER and its subsequent degrada-
tion by the proteasome (Kang et al., 2006).

We further evaluated whether the FK506-induced reduction 
in PrPC expression was reproducible in a human cell line that ex-
presses PrPC. We used HepG2 hepatoma cells and examined en-
dogenous PrPC expression after treatment with FK506 or cyclosporin 
A (CsA), another immunosuppressive drug that, like FK506, acts by 
inhibiting calcineurin. As shown in Figure 1D, overnight treatment 
with 25 μg/ml FK506 resulted in a substantial reduction in PrPC ex-
pression, whereas no effect was observed on the levels of the secre-
tory proteins transferrin and albumin, ER-residing proteins (BiP and 
PDI), or the cytosolic protein GAPDH. In contrast, CsA treatment had 
no effect on PrPC expression, indicating that the reduced expression 
associated with FK506 treatment was not mediated by inactivation 
of calcineurin. We further tested whether FK506 might be inhibiting 
PrPC translation. We assessed this by pulse radiolabeling transiently 
transfected HepG2 cells with [35S]Met and immunoisolating newly 
synthesized PrPC (Figure 1E). Translation was not affected, since 
comparable amounts of radiolabeled PrPC were recovered in the ab-
sence or presence of FK506, although there was a marked increase 
in nonglycosylated PrPC with FK506. This suggested that the effect 
of FK506 treatment occurs posttranslationally, possibly at the level of 
PrPC translocation into the ER or at subsequent stages of folding, 
presumably through the inactivation of ER-residing FKBPs.

to use them at very early, asymptomatic stages of prion infection. An 
alternative approach of reducing PrPC expression and thereby limit-
ing PrPSc propagation has been more successful. This was first dem-
onstrated in Prnp−/− mice, which lack PrPC and are resistant to PrPSc 
infection and subsequent disease development (Bueler et al., 1993). 
Similarly, conditional neuronal knockout of PrPC expression had no 
major deleterious effects in mice and prevented disease progres-
sion, even reversing pathology when the knockout was performed 8 
wk after infection (Mallucci et al., 2003). Lentiviral-mediated RNA 
interference has also been used therapeutically to reduce PrPC ex-
pression in brains of prion-infected mice and reduce subsequent 
disease pathology and extend survival time (White et  al., 2008). 
Therefore reducing PrPC expression appears to be a viable thera-
peutic approach for the treatment of prion disease. A recent screen 
for human-approved drugs that reduce cell surface PrPC level by 
>50% identified nine such compounds, including the immunosup-
pressive drug tacrolimus, also known as FK506 (Karapetyan et al., 
2013).

FK506 binds to the FK506-binding protein (FKBP) family of pep-
tidyl prolyl isomerases and inhibits their enzymatic activities (Barik, 
2006). However, its immunosuppressive effect arises from the bind-
ing of FK506-FKBP complexes to calcineurin, inhibiting its phospha-
tase activity and resulting in inactivation of the nuclear factor of ac-
tivated T-cells that is required for T-cell activation (Flanagan et al., 
1991; Liu et al., 1991). Several recent studies examined the effect of 
FK506 treatment on PrPC or PrPSc levels in cells and on disease pro-
gression in prion-infected mice. Mukherjee et al. (2010) showed that 
FK506 protected mouse N2a neuroblastoma cells against the toxic 
effects of exogenously added PrPSc and also reduced the severity of 
disease and increased survival time in prion-infected mice. These 
effects were attributed to FK506 inhibition of the elevated calcineu-
rin activity observed in both infected cells and mouse brain. Other 
studies found that FK506 treatment reduced PrPC expression in 
mouse PK1 neuroblastoma cells and inhibited PrPSc replication, but 
no increase in survival was observed in prion-infected mice (Kara-
petyan et al., 2013). The reduced PrPC expression occurred post-
transcriptionally, but enhanced autophagy was ruled out as a possi-
ble mechanism. In contrast, Nakagaki et  al. (2013) observed that 
FK506 treatment of mouse N2a58 neuroblastoma cells modestly 
reduced PrPC levels, activated autophagy, and strongly impaired 
PrPSc propagation. It also reduced pathological changes and in-
creased survival times in mice infected with the Fukuoka-1 or ham-
ster 263K prion strains. Therefore, although promising results have 
been obtained with this human-approved drug, there are conflicting 
views as to how it impairs prion propagation and essentially no in-
formation on the mechanism by which it reduces PrPC expression.

PrPC is a GPI-anchored cell surface protein existing in a number 
of isoforms. It has one disulfide bond and two N-glycosylation sites, 
which are used with different efficiencies, resulting in three glyco-
forms: nonglycosylated, monoglycosylated at either of the two N-
linked sites, or diglycosylated. PrPC is targeted to the endoplasmic 
reticulum (ER) by its N-terminal signal peptide, but ∼10–20% is inef-
ficiently recognized by the translocation machinery, resulting in 
abortive translocation and redirection into the cytosol for subse-
quent degradation by the proteasome (Drisaldi et al., 2003; Rane 
et al., 2004; Kang et al., 2006). The abortive translocation has been 
proposed to be a part of a regulatory mechanism acting to lessen 
the burden of translocation of nonessential and potentially misfold-
ing-prone proteins upon stress conditions (Kang et al., 2006). After 
translocation, the majority of PrPC undergoes GPI modification 
within the ER, transport through the canonical secretory pathway, 
and expression at the cell surface. Here it is internalized and de-



Volume 27  March 1, 2016	 FKBP function affects PrP expression  |  759 

largely resistant to digestion, consistent with 
the loss of its GPI anchor. This was observed 
by flow cytometry (Supplemental Figure 
S1A) and immunoblotting (Supplemental 
Figure S1C). Control experiments revealed 
that sensitivity to trypsin digestion remained 
unaltered and that transmembrane-an-
chored MHC class I molecules were unaf-
fected by either PI-PLC or trypsin treatment 
(Supplemental Figure S1B).

Because PrPC translation was normal in 
FK506-treated cells (Figure 1E), it seemed 
likely that its impaired expression was due to 
degradation at some stage after translation. 
Repeating the experiment of Figure 2C in 
the presence of bortezomib, a potent inhibi-
tor of proteasome activity, confirmed this 
notion. Under these conditions (Figure 2E), 
PrPC expression could be largely rescued af-
ter trypsin treatment. Strikingly, the predom-
inant species of PrPC that accumulated in 
FK506- and bortezomib-treated cells mi-
grated more rapidly than the PrPC within 
cells lacking FK506 (Figure 2E), being similar 
to a nonglycosylated form of PrPC (see 
Figure 4 later in this article). This species ap-
peared to be present at low levels in FK506-
treated cells in the absence of proteasome 
inhibitor as in Figure 2C, but its presence 
was highly variable and in many cases unde-
tectable (e.g., Figures 2A and 1D). It has also 
been reported that FK506 treatment in-
duces autophagy and that autolysosomal 
activity is responsible for the drug-induced 
enhancement of PrPSc degradation ob-
served in prion-infected cells (Nakagaki 
et al., 2013). To test whether lysosomal deg-
radation contributes to the observed reduc-
tion of PrPC expression in FK506-treated 
cells, we compared the abilities of chloro-

quine and lactacystin, inhibitors of lysosomal and proteasomal deg-
radation, respectively, to inhibit PrPC degradation. As shown in 
Figure 3A, lactacystin treatment clearly inhibited PrPC degradation in 
the presence of FK506, whereas chloroquine had little, if any, effect. 
In the absence of FK506, chloroquine increased all forms of PrPC, as 
expected, given the normal turnover of PrPC in lysosomes.

FK506 down-regulates PrPC expression by potentiating 
abortive translocation into the ER
There are several stages in PrPC proteostasis at which FK506 could 
potentially induce proteasomal degradation, such as abortive 
translocation of PrPC into the ER or ER-associated degradation 
(ERAD) of misfolded PrPC after its translocation. It is also conceiv-
able that newly synthesized PrPC could reach the cell surface but is 
rapidly internalized and degraded. To test the latter possibility, we 
incubated control and drug-treated N2a cells in the presence of 
0.025% trypsin overnight to continuously remove any PrPC appear-
ing on the surface of the cells. As shown in Figure 3B (lanes 4 and 
8), trypsin treatment had little effect on the accumulation of PrPC 
associated with FK506 and lactacystin treatment, strongly suggest-
ing that the PrPC destined for degradation did not pass through the 
cell surface.

FK506 treatment induces proteasome-mediated 
degradation of PrPC

To further characterize the FK506-induced down-regulation of PrPC 
expression, we examined the kinetics of the process. Figure 2, A and 
B, shows that total PrPC expression, which mainly consists of cell sur-
face PrPC, dropped with a half-time of ∼8 h during drug treatment. 
This is only slightly slower than the published turnover rates of sur-
face PrPC (4–6 h; Caughey et al., 1989; Borchelt et al., 1990), sug-
gesting that relatively little newly synthesized PrPC was reaching the 
plasma membrane to replenish the surface PrPC pool. This was con-
firmed by repeating the time course after first removing cell surface 
PrPC by a brief digestion with trypsin and then allowing cells to re-
cover in the absence or presence of FK506 (Figure 2, C and D). 
Whereas control cells recovered steady-state PrPC expression after 
∼10 h, the recovery of PrPC expression was profoundly inhibited by 
FK506. Surprisingly, we also noted that after trypsin treatment, the 
PrPC that reached the cell surface after overnight recovery in the 
absence or presence of FK506 treatment differed in its sensitivity to 
phospholipase C (PI-PLC) digestion (Supplemental Figure S1). 
Whereas cell surface PrPC in control cells exhibited the expected 
sensitivity to PI-PLC, reflecting its GPI anchorage, the small portion 
of PrPC that reached the cell surface in FK506-treated cells was 

FIGURE 1:  Effect of FK506 treatment on PrPC expression. (A) N2a cells were treated with 
20 μg/ml FK506 overnight, and the cell lysates were analyzed by immunoblotting for expression 
of endogenous PrP, BiP, and GAPDH. Here 0–2 indicate the different glycoforms of PrPC. 
(B) FK506 at the indicated concentrations was incubated overnight with N2a cells, and the 
expression of endogenous PrPC and MHC I was assessed by flow cytometry (n = 4, ±SD). (C) UPR 
activation was assessed by an XbpI mRNA splicing assay, using RNA isolated from N2a cells 
after overnight incubation with FK506. Tunicamycin (Tm) was used as a positive control, and 
DMSO served as a vehicle control. (D) HepG2 cells were incubated with 20 μg/ml CsA or 25 μg/ml 
FK506 overnight, followed by immunoblotting for PrPC, transferrin (Trf), albumin (Alb), PDI, BiP, 
and GAPDH. (E) N2a cells transiently transfected with a plasmid encoding hamster PrP were 
treated with DMSO or 20 μg/ml FK506 for 1 h. The cells were then starved in Met-free medium 
for 15 min and then radiolabeled with 150 μCi/ml [35S]Met for 20 min in the continued presence 
of the drug. PrPC was immunoisolated with mAb 3F4 and analyzed by SDS–PAGE and 
fluorography. Band doublets are due to the presence of both precursor and GPI-anchored forms 
of PrPC (Orsi et al., 2007).
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ERAD components were chosen for knock-
down: SEL1L, a binding partner of the Hrd1 
E3 ubiquitin ligase that is involved in ERAD 
of many misfolded soluble and some mem-
brane proteins (Sun et al., 2014), and VCP, 
an AAA-ATPase that plays a central role in 
ERAD of most misfolded substrates regard-
less of their topology (Lilley et al., 2004; Ye 
et al., 2004). Control and knockdown cells 
were treated with 20 μg/ml FK506 over-
night, and surface PrPC expression was mea-
sured using flow cytometry (Supplemental 
Figure S2A). Neither of the knockdowns had 
any effect on the FK506-induced reduction 
in PrPC expression despite their effective-
ness in inhibiting the ERAD of MHC class I 
molecules induced by the human cytomeg-
alovirus immunoevasin protein US11 (Sup-
plemental Figure S2B). These findings sug-
gest that ERAD was an unlikely mechanism 
for the degradation of PrPC during FK506 
treatment.

We next assessed the possibility that 
FK506 enhances abortive translocation of 
nascent PrP. It is well established that PrPC 
possesses an inefficient signal sequence 
that results in as much as 20% of the pro-
tein failing to translocate into the ER and 
subsequently undergoing degradation by 
the proteasome (Rane et  al., 2004). This 
abortive translocation can be reduced by 
replacing the PrPC signal sequence with 
those of proteins that are more efficiently 
translocated (Rane et al., 2004). For these 
experiments, mouse N2a cells were tran-
siently transfected with plasmids encoding 
hamster PrPC preceded either by its own 
signal sequence or the signal sequences of 
the more efficiently translocated proteins 

osteopontin (Opn) and prolactin (Prl). After 24 h, the transfectants 
were treated with or without FK506 overnight, and hamster PrPC 
expression was evaluated by immunoblotting with monoclonal an-
tibody (mAb) 3F4. Similar to endogenous PrPC, FK506 treatment 
induced the degradation of hamster PrPC containing its natural 

signal sequence (Figure 4A, lane 2), and 
this could be blocked by inhibiting protea-
some activity, with concomitant accumula-
tion of a rapidly migrating form of PrPC 
(Figure 4A, lane 3, arrowhead). In marked 
contrast, FK506 had no effect on the ex-
pression of PrPC containing the osteopon-
tin or prolactin signal sequences. Similarly, 
proteasome inhibition did not cause the 
accumulation of the rapidly migrating spe-
cies observed in the case of wild-type ham-
ster PrPC, although some variable increases 
in nonglycosylated PrPC were seen for all 
three constructs (Figure 4A, lanes 3, 6, and 
9, denoted as 0). Because the degradation 
of PrPC induced by FK506 treatment can be 
bypassed by replacing the PrPC signal se-
quence with more efficiently translocated 

To test whether FK506 was inducing ERAD of PrPC, we knocked 
down components of the ERAD machinery and assessed whether 
this affected the drug-induced degradation of PrP. We used human 
U373-MG cells, due to their high efficiency of infection with the len-
tivirus used for short interfering RNA (shRNA) knockdowns. Two 

FIGURE 2:  FK506 treatment induces proteasome-mediated degradation of PrPC. (A) N2a cells 
were incubated with DMSO or 20 μg/ml FK506 for the indicated times, and PrPC expression was 
monitored by immunoblotting. (B) PrPC bands in A were quantified by densitometry, normalized 
to the GAPDH loading control, and expressed as a percentage of the protein present at the 
0-min time point (n = 6, ±SEM). (C) N2a cells were digested with trypsin to remove surface PrPC 
and then treated with DMSO or 20 μg/ml FK506 for periods up to 22 h. The recovery of PrPC 
expression was monitored by immunoblotting. (D) Quantitation (n = 6–7, ±SEM). (E) The 
experiment in C was repeated with the addition of 5 μM bortezomib (bortez) to inhibit 
proteasome activity.

FIGURE 3:  FK506 down-regulation of PrPC is not mediated by internalization and lysosomal 
degradation. (A) N2a cells were treated with 20 μg/ml FK506 or DMSO in combination with 
25 μM chloroquine (Chloro) or 25 μM lactacystin (Lacta) overnight. PrPC expression was 
subsequently measured by immunoblotting. (B) N2a cells were incubated in serum-free DMEM 
with 20 μg/ml FK506 or DMSO in combination with 25 μM lactacystin and/or 0.025% trypsin 
(Tryp) overnight as indicated. PrPC expression was then measured by immunoblotting.
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with transiently expressed ΔSP-PrPC that 
lacks a signal sequence and hence is di-
rected to the cytosol where it retains its C-
terminal transmembrane (TM) segment. The 
latter construct was expressed in the pres-
ence of endogenous PrPC but is well re-
solved as the most rapidly migrating species 
(Figure 4C, lane 5, arrow). As shown in 
Figure 4C, no difference was observed in 
the mobilities of signal-cleaved, deglycosyl-
ated, and GPI-anchored PrPC (lane 3) and 
ΔSP-PrPC (lane 5), indicating little influence 
of TM cleavage and GPI anchorage on elec-
trophoretic mobility in our system. Of im-
portance, the species accumulating after 
FK506 and lactacystin treatment (Figure 4C, 
lanes 2 and 4) migrated more slowly than 
either of the signal-cleaved TM-anchored 
(Figure 4C, lane 5) or GPI-anchored species 
(Figure 4C, lane 3), consistent with the ac-
cumulated PrPC having an intact N-terminal 
signal sequence, as would be expected if it 
fails to translocate into the ER.

Depletion of ER-localized FKBP10 
down-regulates PrPC expression
The observed effects of FK506 were presum-
ably due to its inhibition of one or more FK-
BPs involved in supporting the translocation 
of PrPC into the ER. As a first step to identify-
ing the FKBPs involved, we assessed the 
steady-state mRNA levels of all cytosolic and 
ER luminal FKBPs in human HepG2 cells. As 
shown in Supplemental Figure S3A, the 
most abundant mRNAs were those encod-
ing cytosolic FKBP1A (also known as FKBP12) 
and ER-localized FKBP10 (FKBP65), which 
made them attractive candidates for involve-
ment in PrPC translocation. RNA interference 
was then used to deplete all 12 FKBPs indi-
vidually to assess their effects on PrPC ex-
pression. Knockdown efficiency ranged from 
70 to 95% (Supplemental Figure S3B), but 
surprisingly little effect was observed on PrPC 
expression (Supplemental Figure S3C). Only 

in the case of FKBP10 depletion was a substantial reduction in PrPC 
expression observed in several of the replicates (40–60% reduction in 
four of 18 replicates). The failure to recapitulate the effects of FK506 
treatment by depleting individual FKBPs suggested that there might 
be some functional overlap between family members.

The attenuation of PrPC expression that was observed in a few 
cases of FKBP10 depletion was intriguing, and we decided to pur-
sue this further in mouse N2a cells. In contrast to humans (Barnes 
et  al., 2012), mice with an FKBP10-null mutation do not survive 
birth, suggesting that there might be less functional overlap be-
tween family members within this species (Lietman et  al., 2014). 
Consistent with this view, depletion of FKBP10 by RNA interference 
in N2a cells reduced PrPC expression almost as effectively as FK506 
treatment (Figure 5A and Supplemental Figure S4). Again, this ef-
fect was selective, in that other proteins, such as the ER Hsp70 chap-
erone BiP, cytosolic GAPDH, and the GPI-anchored cell surface pro-
tein CD90, exhibited no reduction in expression.

signals, the results demonstrate that FK506 is indeed enhancing 
the abortive translocation of PrPC.

PrPC that fails to translocate into the ER would be expected to 
lack Asn-linked oligosaccharides and retain its signal sequence. 
Consequently, we examined the mobility of PrPC that accumulates 
upon inhibiting proteasomal degradation in FK506-treated cells. 
This species was found to be nonglycosylated based on its resis-
tance to digestion with peptide N-glycanase F (PNGase; Figure 4B, 
compare lanes 4 and 8). Furthermore, it had a distinctly slower mo-
bility than signal-cleaved, deglycosylated, and GPI-anchored PrPC 
from control cells (compare lanes 7 and 8 in N2a cells and lanes 11 
and 12 in HepG2 cells; arrows). This mobility difference could arise 
either at the N-terminus due to differences in signal peptide cleav-
age or at the C-terminus as PrPC undergoes conversion from a trans-
membrane form to a GPI-anchored form. To test the influence of 
GPI anchorage on electrophoretic mobility, we compared signal-
cleaved, deglycosylated, and GPI-anchored PrP from control cells 

FIGURE 4:  FK506 treatment enhances abortive translocation of PrPC. (A) N2a cells were 
transiently transfected with plasmids encoding hamster PrPC with either its wild-type (wt) signal 
sequence or that of osteopontin (Opn) or prolactin (Prl). After overnight treatment with DMSO 
or 20 μg/ml FK506 in the absence or presence of 5 μM bortezomib, cell lysates were 
immunoblotted with mAb 3F4 to selectively detect hamster PrPC. (B) N2a or HepG2 cells were 
treated overnight with DMSO, or 20 or 25 μg/ml FK506, respectively, in the absence or 
presence of 25 μM lactacystin. Cell lysates were split and digested with or without PNGase as 
indicated, followed by immunoblotting to detect PrPC. Arrows indicate the reduced mobility of 
PrPC that accumulates in FK506- and lactacystin-treated cells. (C) N2a cells were treated 
overnight with DMSO or 20 μg/ml FK506 in the absence or presence of 25 μM lactacystin as 
indicated. Cell lysates were split and subjected to PNGase digestion or left untreated. These 
samples were compared with N2a cells transiently transfected with control plasmid or plasmid 
encoding mouse ΔSP-PrPC, which lacks a signal sequence. The mobility of ΔSP-PrPC is indicated 
by the arrow. In all of these experiments, the SDS–PAGE gels were run for extended times to 
increase the resolution between the unglycosylated signal-cleaved and signal-uncleaved species. 
These forms of PrPC were typically not resolved under the SDS–PAGE conditions of the 
preceding figures.
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ated PrPC in control cells, suggesting that its 
signal sequence had been cleaved (Figure 
5B). We then expressed the PrPC variants 
possessing prolactin and osteopontin signal 
sequences in FKBP10-depleted cells. These 
more efficiently translocated variants were 
degraded to a similar extent as wild-type 
PrPC in FKBP10-depleted cells (Figure 5D). 
Collectively these results indicate that, in 
contrast to FK506 treatment, FKBP10 de-
pletion does not enhance the abortive 
translocation of PrPC. Instead, the data are 
consistent with translocation of PrPC into the 
ER, where it undergoes signal cleavage, gly-
cosylation, and then disposal by both pro-
teasomal and lysosomal degradation. The 
different phenotypes observed between 
FK506-treated and FKBP10-depleted cells 
suggest the contribution of additional FKBP 
family members that act upstream of 
FKBP10 during the biogenesis of PrPC.

FK506 treatment or FKBP10 depletion 
impairs the propagation of scrapie PrP
Because FK506 or FKBP10 knockdown af-
fected PrPC expression, we were interested 
in evaluating these approaches as a means 
to reduce the propagation of PrPSc. Mouse 
scrapie-infected N2a (ScN2a) and scrapie 
mouse brain (SMB) cells that are chronically 
infected with scrapie prions and produce 
PrPSc were treated for 6 d with different con-
centrations of FK506. The cells were subse-
quently lysed, and the cell lysates were split 
either for direct assessment of total PrP ex-
pression or for proteinase K (PK) digestion 
to monitor the levels of PK-resistant PrPSc. 
As shown in Figure 6, FK506 not only re-
duced total PrP, but it also strongly inhibited 
the steady-state level of PK-resistant PrPSc in 
both cell lines. Similarly, we evaluated the 
effect of FKBP10 depletion on PrPSc propa-
gation in the same cells. The knockdown ef-
ficiency was >90% for ScN2a cells and >70% 

for SMB cells (Figure 7, A and B). Although the depletion of FKBP10 
resulted in a rather modest reduction of total PrP expression (∼40%), 
it nevertheless strongly depressed the level of PK-resistant PrPSc by 
as much as 80% (Figure 7, A–D). This suggests that FKBP10 might 
constitute a novel target for the treatment of prion disease.

DISCUSSION
For susceptibility to infectious prions and the development of per-
sistent prion disease, PrPC has to be expressed (Bueler et al., 1993; 
Brandner et al., 1996; Mallucci et al., 2003; Chesebro et al., 2005), 
which involves not only its translation, but also its subsequent trans-
location into the ER, GPI-anchoring, and export to the cell surface 
(Priola et al., 2009). The current understanding of the disease sug-
gests that altering at least one of the foregoing processes may 
break the chain of events, leading to PrPSc propagation and the 
development of disease (Mays et al., 2014). Several research groups 
reported a new potential therapeutic, FK506, which might be 
clinically useful against prion diseases (Mukherjee et  al., 2010; 

Because FKBP10 knockdown results in down-regulation of PrPC 
in a manner similar to FK506 treatment, it was important to test 
whether it also occurs by enhancing abortive translocation. We first 
assessed whether the loss of PrPC could be blocked by inhibiting 
proteasome or lysosome activity. To facilitate quantitation of the ef-
fects of inhibitors, samples were deglycosylated with PNGase F. We 
were surprised to note that the addition of the proteasome inhibitor 
MG132 only partially blocked degradation and that the addition of 
chloroquine also partially blocked degradation, indicating that the 
loss of PrPC was occurring by both proteasomal and lysosomal pro-
cesses (Figure 5B, compare lanes 5–7; quantified in Figure 5C). This 
was supported by immunofluorescence microscopy, which revealed 
the accumulation of PrPC in LAMP1-positive structures upon FKBP10 
depletion in the absence or presence of chloroquine, as well as its 
accumulation in nonlysosomal compartments upon MG132 treat-
ment (Supplemental Figure S5). Furthermore, the mobility of degly-
cosylated PrPC accumulating upon FKBP10 knockdown and either 
MG132 or chloroquine treatment was similar to that of deglycosyl-

FIGURE 5:  FKBP10 depletion induces degradation of PrPC through proteasomal and lysosomal 
pathways. (A) Knockdowns (KDs) were performed over a period of 7 d in N2a cells using either 
FKBP10-specific siRNA or nontargeting control siRNA, and FKBP10 expression was assessed by 
immunoblot. Expression levels of PrPC, BiP, GAPDH, and CD90 were also monitored. For 
comparison, N2a cells were treated with 25 μg/ml FK506 overnight. (B) N2a cells were treated 
with FKBP10-specific siRNA or control siRNA for 3 d and subsequently treated with DMSO, 
10 μM MG132 (MG), 25 μM chloroquine (Chl), or both (M+C) for 16 h. After deglycosylation with 
PNGase, FKBP10, PrPC and GAPDH levels were assessed by immunoblot. (C) Densitometric 
quantification of PrPC levels was carried out using ImageJ software (National Institutes of 
Health, Bethesda, MD). Values are expressed as a percentage of the level in control siRNA + 
vehicle–treated cells (n = 4 for FKBP10 siRNA + M+ C; n = 5 for all other conditions, ±SEM). 
*p < 0.005. (D) Knockdowns were performed over a period of 6 d in N2a cells using either 
FKBP10-specific siRNA or nontargeting control siRNA. In addition, the cells were transiently 
transfected on day 5 with plasmids encoding hamster PrPC with either its WT signal sequence or 
that of Prl or Opn. After deglycosylation with PNGase, the expression levels of FKBP10, PrPC, 
and GAPDH were monitored by immunoblot.
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cytosolic, ER-resident, and cell surface pro-
teins, including another GPI-anchored pro-
tein, CD90. Furthermore, drug treatment 
did not induce an ER unfolded protein re-
sponse. It was crucial to control for UPR 
because a similar phenotype of enhanced 
abortive translocation of PrP has been re-
ported in response to dithiothreitol (DTT)- 
or thapsigargin-induced stress, which 
might serve as a means to minimize the 
toxicity associated with PrPC misfolding 
within the ER (Kang et al., 2006). The ob-
served effects of FK506 were not mediated 
by calcineurin inhibition, as previously sug-
gested (Mukherjee et  al., 2010), since a 
second inhibitor of calcineurin, cyclosporin 
A, had no effect on PrPC expression. How-
ever, this does not exclude the possibility 
that FK506-mediated inhibition of calci-
neurin function might be an important ad-
ditional contributor to the reduced neuro-
toxicity observed in PrPSc-infected cells and 
mice (Mukherjee et  al., 2010). Similarly, 
neither we nor other workers could detect 
evidence of FK506-induced autophagic 
degradation of PrPC (Karapetyan et  al., 
2013). This appears to contrast with a re-
port that FK506 treatment activates au-
tophagy to enhance PrPSc degradation in 
both cell and animal models of prion infec-
tion (Nakagaki et al., 2013). However, be-
cause it is well established that autophagy 
is a major pathway of PrPSc degradation 
(reviewed in Goold et al., 2015), the latter 
observation might be specific to aggre-
gated PrPSc and raises the possibility that 
both PrPC reduction through abortive 
translocation and the autophagic disposal 
of PrPSc both contribute to the reported im-
proved pathology and prolonged survival 
of prion-infected mice treated with FK506 
(Mukherjee et  al., 2010; Nakagaki et  al., 
2013).

How does FK506 potentiate the abortive translocation of PrPC? 
It is well established that N-terminal signal sequences differ substan-
tially in efficiency and that the signal sequence of PrPC is measurably 
less efficient than other signal sequences, such as that of prolactin 
(Kang et al., 2006). This leads to the constitutive production of ∼10–
20% of PrPC molecules that are not translocated into the ER and are 
degraded by the proteasome. An investigation into factors contrib-
uting to differences in translocation efficiency revealed that proteins 
with less efficient signals like PrPC depend on trans-acting factors 
such as translocating chain-associating membrane protein (TRAM; 
Voigt et  al., 1996), the translocon-associated protein complex 
(TRAP; Fons et  al., 2003), and soluble ER luminal proteins (Kang 
et  al., 2006), whereas proteins like prolactin can translocate effi-
ciently in their absence. Indeed, just replacing the PrPC signal se-
quence with that of preprolactin can bypass these requirements. 
One potential explanation for the effects of FK506 on PrPC translo-
cation is that it might induce changes in isomerization state of a 
proline residue within the PrPC signal sequence, leading to even less 
efficient signal function. However, an examination of the mouse and 

Karapetyan et al., 2013; Nakagaki et al., 2013). Its utility was vari-
ously ascribed to its inhibition of the elevated calcineurin activity 
observed in PrPSc-treated cells and mice (Mukherjee et al., 2010), a 
reduction in PrPC expression at an undefined posttranscriptional 
stage (Karapetyan et al., 2013), or induction of autophagy to accel-
erate the degradation of PrPSc (Nakagaki et al., 2013). Here we show 
that FK506 effectively reduces PrPC expression, and it does so by 
enhancing its abortive translocation and accompanying degrada-
tion by the proteasome. Furthermore, the residual PrPC that reaches 
the cell surface suffers from inefficient GPI anchoring, which, to-
gether with reduced PrPC expression, translates into profoundly re-
duced propagation of PrPSc in in vitro cell models. We also show 
that in mouse cells, depletion of a single ER family member, FKBP10, 
strongly down-regulates PrPC expression and reduces cellular prop-
agation of PrPSc. However, FKBP10 depletion affects PrPC biogene-
sis at a later stage after translocation, resulting in its disposal by 
both proteasomal and lysosomal pathways.

The abortive translocation and degradation of PrPC was spe-
cific, since FK506 treatment did not affect the levels of a variety of 

FIGURE 6:  FK506 treatment effectively reduces PrPSc propagation. (A) ScN2a and (B) SMB cells 
were treated with DMSO or the indicated concentrations of FK506 for 6 d. The cells were lysed 
and split for the direct assessment of total PrP levels or for PK digestion and assessment of 
PK-resistant PrPSc levels. Total PrP and PrPSc were quantified and expressed as a percentage of 
the level in DMSO-treated control cells for (C) ScN2a and (D) SMB cell lines (n = 3, ±SD).
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quences during translocation (High et  al., 
1993), or TRAP, a multispan membrane 
complex of four subunits (Hartmann et al., 
1993), enhances translocation in a signal-
sequence dependent manner remains un-
clear. However, alterations in proline isom-
erization state in either protein might 
modulate function sufficiently to affect the 
translocation of those proteins with the least 
efficient signal sequences such as PrPC. Al-
ternatively, given that undefined ER luminal 
proteins also affect translocation efficiency 
in a signal sequence–dependent manner 
(Kang et al., 2006), there are potentially ad-
ditional candidates whose functions could 
be modulated by loss of FKBP activity.

In an effort to identify FKBPs whose func-
tions contribute to the translocation of PrPC, 
we individually depleted 12 FKBP family 
members within the ER and cytosol of hu-
man HepG2 cells. Unfortunately, none of 
the single knockdowns could recapitulate 
the reduced PrPC expression observed with 
FK506 treatment, which suggested the pos-
sibility of functional overlap between FKBP 
family members. In contrast to human 
HepG2 cells, we found that in mouse N2a 
cells, individual depletion of ER luminal 
FKBP10 was associated with a profound re-
duction in PrPC expression. This might be 
due to less functional overlap between ER 
luminal FKBPs in mouse cells compared with 
human cells. Indeed, recent work showed 
that the FKBP10-null phenotype is more se-
vere in mice, since they do not survive birth, 
whereas in humans, the deficiency is associ-
ated with osteogenesis imperfecta (Barnes 
et al., 2012; Lietman et al., 2014). Surpris-
ingly, the mechanism of PrPC down-regula-
tion in FKBP10-depleted mouse cells dif-
fered from the abortive translocation 
observed in cells treated with FK506. On 
FKBP10 depletion, PrPC underwent signal 
cleavage and was degraded by both prote-
asomal and lysosomal processes. Further-
more, replacement of the PrPC signal se-
quence with more efficiently translocated 
signal sequences failed to bypass this deg-
radation. Collectively these findings suggest 
that FKBP10 is acting after translocation, 
most likely during PrPC folding, and that its 
depletion results in PrPC disposal both by 

ERAD and after export to lysosomes. Of interest, this function of 
FKBP10 does not appear to require its peptidyl prolyl isomerase 
activity, since efficiently translocated variants of PrPC (possessing 
signal sequences from preprolatin and osteopontin) were not sub-
jected to degradation when all FKBP activities (including FKBP10) 
were inhibited by FK506 treatment (Figure 4A). This is consistent 
with previous reports indicating that FKBP10 can act as a chaperone, 
independently of its enzymatic activity, to delay in vitro fibril forma-
tion of type I collagen (Ishikawa et al., 2008) and assembly of tropo-
elastin fibrils (Cheung et al., 2010; Miao et al., 2013), as well as to 

human PrPC signal sequences reveals no candidate proline residues 
that could be affected in this manner. Alternatively, trans-acting fac-
tors like TRAM and TRAP are candidates for proteins whose func-
tions might be affected by FK506 treatment. Because FK506 binds 
to the active sites of all cellular FKBPs and inhibits their activities, it 
appears that it is the impaired peptidyl prolyl isomerase function of 
one or more FKBPs that underlies this translocation arrest rather 
than the involvement of an associated chaperone function that has 
been reported for several of the family members (Barik, 2006). How 
TRAM, a multispanning membrane protein that contacts signal se-

FIGURE 7:  FKBP10 depletion effectively inhibits PrPSc propagation. FKBP10 knockdown was 
performed transiently using siRNA in (A) ScN2a and (B) SMB cells. The efficiencies of the 
knockdowns were validated in PNGase-treated lysates by immunoblotting for FKBP10 with actin 
as loading control. To evaluate PrP and PrPSc levels, cell lysates were split for the direct 
assessment of total PrP levels after PNGase treatment or for PK digestion and assessment of 
PK- resistant PrPSc. Here # and ## indicate C2 and C1 PrP fragments, respectively. Total PrP and 
PrPSc were quantified and expressed as a percentage of the level in control cells for (C) ScN2a 
and (D) SMB cell lines (n = 4, ±SD).
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5′-ACGGGATCCATGAAAAAGCGGCCAAAGCCTGGAG; and re-
verse primer, 5′-CGAGCGGCCGCTCATCCCACGATCAGGAA-
GATGA. The fragment was ligated into a new pcDNA3.1 plasmid 
using BamHI and NotI restriction sites.

Plasmid transfection
Transfections were performed in six-well plates. pcDNA plasmids 
(1–4 μg) were mixed with 250 μl of OptiMEM (Life Technologies) and 
then combined with 12 μl of Lipofectamine 2000 previously diluted 
in 250 μl of OptiMEM. After 15 min, the mixture was added to plates 
of 50% confluent cells in 2 ml of DMEM without serum. After 4 h, the 
medium was adjusted to 10% with serum. The cells were grown for 
24 h and then treated with drugs as indicated and analyzed.

RNA interference
Knockdowns in HepG2 cells using small interfering RNA (siRNA) 
were performed as previously described (Rutkevich et  al., 2010, 
2012). Knockdowns in N2a cells were performed with 50 nM of 
Stealth Select siRNA (Life Technologies) and 7.5 μl of Lipofectamine 
RNAiMAX (Life Technologies) in 3 ml of DMEM without serum or 
antibiotics. After 4 h, the medium was adjusted to 10% serum in a 
total of 5 ml. Both cell lines were transfected on day 1 and again on 
day 4, followed by analysis on day 7. Controls were performed with 
nontargeting negative control Stealth Select siRNA.

Knockdowns using shRNA were performed with pLKO.1 plas-
mids obtained from the RNAi Consortium (www.broadinstitute.org/
rnai/trc), using their protocol for lentiviral production. In brief, 293T 
cells growing in T25 filter cap flasks were used as packaging cells 
and transfected using FuGENE 6 with 100 ng of envelope plasmid 
VSV-G/pMD2.G, 900 ng of packaging plasmid pCMV-dR8.74psPAX2, 
and 1 μg of targeting pLKO.1 plasmid. The cells were cultured for 
∼18 h after transfection, followed by a medium replacement con-
taining 30% FBS. Virus was collected after 48 h and added to U373-
MG cells in growth medium with 8 μg/ml Polybrene. Puromycin se-
lection (1 μg/ml) was initiated 48 h postinfection for 3 d.

Quantitative PCR
The levels of various FKBP transcripts were analyzed under both 
steady-state and specific knockdown conditions. Untransfected 
HepG2 cells or cells that had been transfected with an FKBP-specific 
siRNA or a nontargeting negative control were subjected to total RNA 
extraction using the RNeasy Mini Kit (Qiagen, Toronto, Canada) and 
used in a reverse transcription experiment using the SuperScript VILO 
cDNA Synthesis Kit (Life Technologies). The resulting cDNA library 
was used to selectively amplify by real-time quantitative PCR FKBP 
transcripts using the Life Technologies TaqMan Gene Expression 
Master Mix on an Applied Biosystems 7500 Standard thermocycler. 
The primers and probes used were as follows: FKBP1A, Hs00356621_
g1; FKBP1B, Hs00997682_m1; FKBP2, Hs00234404_m1; FKBP4, 
Hs00427038_g1; FKBP5, Hs01561006_m1; FKBP7, Hs00535040_m1; 
FKBP8, Hs01014664_m1; FKBP9, Hs01119941_m1; FKBP10, 
Hs00222557_m1; FKBP11, Hs01042990_g1; FKBP14, Hs00215735_
m1; FKBP15, Hs00293374_m1; and β-actin, Hs01060665_g1. The 
relative levels of each FKBP transcript were normalized to that of the 
reference transcript, β-actin, using the delta delta threshold cycle 
(ΔΔCt) method. Briefly, ΔΔCt = [Ct(target, untreated) – Ct(reference, 
untreated)] – [Ct(target, treated) – Ct(reference, treated)]. The ratio of 
the target transcript to the reference transcript is equivalent to 2−ΔΔCt.

Analysis of PrPC expression
N2a or HepG2 cells were treated overnight with either dimethyl 
sulfoxide (DMSO) or various concentrations of FK506 and then 

enhance the degradation of mutant glucocerebrosidase by ERAD 
(Ong et al., 2013). The distinct differences in PrPC phenotypes be-
tween FK506 treatment, which causes abortive translocation, and 
FKBP10 depletion, which affects PrPC posttranslocation, suggests 
that FKBP family members act at distinctly different stages in PrPC 
biogenesis. Efforts are ongoing in various cell lines to identify those 
members acting upstream of FKBP10 that enhance the efficiency of 
PrPC translocation.

We tested both FK506 treatment and FKBP10 knockdown for 
their effectiveness in reducing PrPSc propagation in cell models. In 
both cases, the approaches were found to reduce PrPSc levels by 
75–90%, suggesting that either strategy might be of therapeutic 
value. Of interest, FK506 was tested in animal models of prion dis-
ease before and was shown to be successful in extending survival in 
two of three studies (Mukherjee et al., 2010; Karapetyan et al., 2013; 
Nakagaki et al., 2013). In each case, FK506 treatment was initiated 
well after the initial infection, 20 d later for intracerebral inoculation 
and 210 d later for intraperitoneal administration. With our insight 
into the effects of FK506 treatment on down-regulating PrPC expres-
sion and its potency in reducing PrPSc propagation in cell-based sys-
tems, future animal studies could be designed with FK506 treat-
ment starting before or soon after the infection with PrPSc. The 
complicating effects of immunosuppression might be mitigated 
through the use of analogues that retain FKBP binding but exhibit 
less immunosuppressive activity (Xiao et al., 2007). Furthermore, our 
study identifies FKBP10 as a potential new therapeutic target for the 
treatment of prion disease that may have particular applicability to 
nonhuman species, in which there might be less functional overlap 
between FKBP family members. Species of interest include wild 
deer, elk, and other ruminants in which chronic wasting disease is 
prevalent. The identification of an inhibitor selective for FKBP10 is 
an exciting avenue for future investigation.

MATERIALS AND METHODS
Cell culture
Mouse neuroblastoma N2a cells, human hepatoma HepG2 cells, 
and human glioblastoma astrocytoma U373-MG cells were cultured 
in high-glucose DMEM (Life Technologies, Burlington, Canada) 
supplemented with 100 IU/ml penicillin, 100 μg/ml streptomycin, 
2 mM l-glutamine, and 10% fetal bovine serum (FBS). ScN2a (Butler 
et al., 1988) and SMB (Clarke et al., 1970) cells were cultured in high-
glucose DMEM (Life Technologies) supplemented with 10% FBS.

Antibodies and plasmids
The following antibodies were used: anti-BiP (BD Biosciences, 
Mississauga, Canada), anti-albumin, anti-transferrin, and anti-mouse 
actin (Sigma-Aldrich), anti-GAPDH (mAb 6C5; Millipore, Toronto, 
Canada), anti-human or hamster PrP (mAb 3F4; Cedarlane, Burling-
ton, Canada), anti-mouse PrP (mAb Sha31; Bertin Pharma, Montigny 
le Bretonneux, France), anti-human MHC I (mAb W6/32; Ziegler 
et al., 1982), anti-mouse MHC I (mAb Y3; Jones et al., 1981), anti-PDI 
(AssayDesigns, Farmingdale, NY), anti-CD90 (Abcam, Cambridge, 
MA), anti-mouse FKBP10 (BD Biosciences), anti-human FKBP10 
(Abcam) and anti-mouse LAMP1 (mAb 1D4B; Developmental Stud-
ies Hybridoma Bank, University of Iowa, Iowa City, IA).

pcDNA3.1 plasmids encoding wild-type hamster PrPC or ham-
ster PrPC with its N-terminal signal sequence replaced with that of 
rat osteopontin or bovine prolactin were obtained from R. Hegde 
(MRC Laboratory of Molecular Biology, Cambridge, United King-
dom). ΔSP-PrP that encodes mouse PrP lacking its N-terminal sig-
nal sequence was generated by PCR from full-length mouse PrP 
cDNA in pcDNA3.1 using the following primers: forward primer, 
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analyzed for total PrP levels by immunoblotting or for surface PrP 
by flow cytometry. For time courses of PrPC expression after DMSO 
or 25 μM FK506 treatment, cells were plated after trypsinization 
and allowed to recover for 24 h before drug addition. To monitor 
the kinetics of PrPC recovery after surface removal by trypsiniza-
tion, cells were plated and treated with DMSO or 25 μM FK506 
immediately after being trypsinized. At each time point, cells were 
harvested by scraping and lysed in 1% SDS and 100 mM Tris, 
pH 8, boiled for 7 min, and vortexed vigorously. The lysates were 
cleared by centrifugation and the protein content of the superna-
tant determined by bicinchoninic acid assay (ThermoFisher, 
Burlington, Canada). Samples subjected to a PNGase F digestion 
were treated overnight at 37°C with 200 U of enzyme. All samples 
were precipitated by incubation with five volumes of cold metha-
nol for 2 h at −70°C before being centrifuged, dried, and solubi-
lized by boiling for 10 min in SDS–PAGE sample buffer containing 
5 mM DTT. Proteins were separated using 15% SDS–PAGE and 
transferred onto methanol-activated polyvinylidene fluoride mem-
branes, and PrPC was detected by immunoblotting using enhanced 
chemiluminescence. Quantitation of bands was conducted by 
scanning films and subsequent measurement of band intensity 
with Quantity One software (Bio-Rad, Mississauga, Canada).

For flow cytometry, control and drug-treated cells were ana-
lyzed for surface PrPC or MHC I expression using specific primary 
antibody and secondary anti-mouse immunoglobulin G labeled 
with Alexa Fluor 647 dye. A FACSCalibur flow cytometer (BD 
Biosciences) was used to collect the data; 10,000 events for each 
sample. The data were analyzed using FlowJo software (Tree Star, 
Ashland, OR).

Unfolded protein response assessment
As described previously (Rutkevich et al., 2010), total RNA was iso-
lated from cells using the RNeasy kit (Qiagen) and subjected to 
one-step reverse transcription PCR (Qiagen) using either human or 
mouse Xbp1 amplification primers: human, 5′-GGAGTTAAGACA
GCGCTTGG-3′ and 5′-GAGATGTTCTGGAGGGGTGA-3′; mouse, 
5′-GGCCTTGTGGTTGAGAACCAGGAG-3′ and 5′-GAGTCTGA
TATCCTTTTGGGCATTC-3′. As a positive control, cells were incu-
bated with 10 μg/ml tunicamycin overnight.

Evaluation of PrPSc

ScN2a or SMB cells were incubated for 6 d with the indicated con-
centration of FK506 and then lysed and evaluated for PrPSc using 
proteinase K digestion as described previously (Mays et al., 2012). In 
brief, 125 μg of cell lysate protein was digested with 100 μg/ml 
proteinase K for 1 h at 37°C and then inactivated with 1 mM phenyl-
methylsulfonyl fluoride and analyzed by immunoblotting using mAb 
Sha31. Total PrPC expression was evaluated by immunoblotting 
50 μg of cell lysate protein.

Immunofluorescence microscopy
N2a cells were grown on acid-treated glass coverslips in 60-mm 
dishes. On day 3 after siRNA transfection, cells were fixed for 15 min 
in 3% paraformaldehyde, washed three times, and then permeabi-
lized in 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 
15 min. Coverslips were washed three times and then incubated in 
PBS containing 10% FBS and 0.02% sodium azide for 30 min. Incu-
bations with anti-PrP or LAMP1 primary antibodies were carried out 
for 2 h, followed by three washes and then incubation with Alexa 
Fluor 647– or 488–conjugated secondary antibodies for 1 h. After an 
additional three washes, coverslips were mounted onto slides using 
DAPI Fluoromount-G (Southern Biotech, Birmingham, AL) and 
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