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ABSTRACT We examined the possibility that cellular prion protein (PrP¢) plays a role in the Monitoring Editor

receptor-mediated apoptotic pathway. We first found that CD95/Fas triggering induced a Kunxin Luo o
redistribution of PrP¢ to the mitochondria of T lymphoblastoid CEM cells via a mechanism LBJZLEZE';Y of California,

that brings into play microtubular network integrity and function. In particular, we demon-
strated that PrPC was redistributed to raft-like microdomains at the mitochondrial membrane,
as well as at endoplasmic reticulum-mitochondria—associated membranes. Our in vitro ex-
periments also demonstrated that, although PrP¢ had such an effect on mitochondria, it in-
duced the loss of mitochondrial membrane potential and cytochrome c release only after a
contained rise of calcium concentration. Finally, the involvement of PrP® in apoptosis execu-
tion was also analyzed in PrP¢-small interfering RNA-transfected cells, which were found to
be significantly less susceptible to CD95/Fas-induced apoptosis. Taken together, these re-
sults suggest that PrP¢ might play a role in the complex multimolecular signaling associated
with CD95/Fas receptor-mediated apoptosis.
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INTRODUCTION

Prions are infectious pathogens that cause a group of invariably
fatal neurodegenerative diseases mediated by a novel mechanism.
Prion disease is seemingly due to the conversion of a normal cell
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surface glycoprotein (PrP®) into a conformationally altered isoform
(PrPS9) that is infectious in the absence of nucleic acid. Microvesicle
release has been suggested to contribute to the intercellular
mechanism of PrP diffusion and prion spread (Mattei et al., 2009).
Hence both PrP%¢ and PrP¢ have been intensively investigated, al-
though their intracellular activity is poorly understood (Prusiner,
1998). Several studies suggested that PrP¢ is involved in the regu-
lation of presynaptic copper concentration, intracellular calcium
homeostasis, lymphocyte activation, astrocyte proliferation, and
cellular resistance to oxidative stress (Bounhar et al., 2001; Watt
et al., 2005; Hu et al., 2008). Moreover, recent studies show the
involvement of PrPC in apoptotic signaling pathways (Chiesa et al.,
2005; Zhang et al., 2006). Apoptosis is a highly conserved and es-
sential feature of development and homeostasis in higher organ-
isms. Progress has been made in identifying extracellular, intracel-
lular, and cell surface molecules that regulate apoptosis (Ayllon
et al., 2002). Of note, two different apoptotic pathways have been
described: receptor-mediated apoptosis and mitochondrial-medi-
ated apoptosis. The first comes from receptor triggering, for ex-
ample, in cells expressing CD95/Fas at their surface; the second
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comes from a direct mitochondria-mediated series of events. It has
been suggested that either PrPS¢ or PrP¢ can actively participate in
the regulation of apoptosis. In particular, Roucou et al. (2005)
showed that PrP5¢ prevents Bax-mediated cell death by inhibiting
the conformational changes of this proapoptotic protein. This was
observed in human primary neurons and in epithelial cells as due
to a still unknown mechanism. Other authors, investigating how
PrP¢ could regulate cell fate, found apparently conflicting results.
In particular, Hachiya et al. (2005) showed that transgenic mice
harboring a high copy number of wild-type mouse PrP¢ developed
a spontaneous neurological dysfunction probably due to mito-
chondria-mediated neuronal apoptosis in aged transgenic mice
overexpressing wild-type PrPC. The aged mice exhibited an aber-
rant mitochondrial localization of PrP® concomitant with decreased
manganese superoxide dismutase activity, cytochrome c release,
caspase-3 activation, and DNA fragmentation, most predomi-
nantly in hippocampal neuronal cells. However, more recently, a
protective function of PrP¢ has been hypothesized in T lympho-
cytes under oxidative stress (Aude-Garcia et al., 2011). In general,
literature data seem to suggest that PrP¢ could exert a protective
role in mitochondria-mediated apoptosis, for example, due to mi-
tochondrially targeted drugs (Choi et al., 2007).

Localization of proteins to distinct subcellular compartments,
including membranes, is a critical event in multiple cellular path-
ways, such as apoptotic one. Plasma membranes of different cell
types contain microdomains, commonly referred to as lipid rafts
(Simons and lkonen, 1997). These domains are enriched in sphin-
golipids and cholesterol. In T cells, a number of proteins involved in
signal transduction pathways copurify with lipid rafts isolated on a
sucrose gradient (Anderson et al., 2000; Langlet et al., 2000). Like
other glycosylphosphatidylinositol (GPIl)-anchored proteins, most
PrP¢ molecules are found in lipid rafts from neural and nonneural
cells (Vey et al., 1996; Masserini et al., 1999; Naslavsky et al., 1999).
In addition, sphingolipid-rich rafts play an essential role in the post-
translational formation of PrPS from its normal conformer PrP¢
(Borchelt et al., 1990; Taraboulos et al., 1995).

With this in mind, we evaluated the possible role of PrP® in the
modulation of the physiological apoptotic stimulus in T cells, that
is, the receptor-mediated apoptotic signaling pathway. In this re-
gard, the role of PrP¢ in CD95/Fas—induced apoptosis, taking into
account the role of microdomains, was considered. We found that,
in T lymphoblastoid cells, upon CD95/Fas ligation, a clear redistri-
bution of PrP¢ from the plasma membrane microdomains to the
mitochondrial rafts occurred, and this relocalization was crucial for
apoptosis execution.

RESULTS

Evidence for PrP¢-MitoTracker colocalization following
CD95/Fas treatment

We analyzed the distribution of PrP® in untreated and anti-CD95/
Fas-treated lymphoblastoid CEM cells (Figure 1A). The immunoflu-
orescence analysis, performed by intensified video microscopy
(IVM) and confocal microscopy, clearly indicated a preferential
plasma membrane localization of PrPC in control samples (Figure
1A, top row), as previously demonstrated (DeMarco and Dogget,
2009). In contrast, an evident relocalization of PrP€ to the mitochon-
drial compartment was detectable in anti-Fas-treated cells (as re-
vealed by yellow staining in the merge picture of Figure 1A, second
row). Two different experimental controls were performed in order
to confirm the specificity of this redistribution: the first deals with
GM1, a marker known to colocalize with PrP¢ at the plasma mem-
brane (Mattei et al., 2002), and the second with CD71, the transfer-
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rin receptor, a plasma membrane PrPC-unrelated marker. We found
that after anti—-CD95/Fas treatment, the association GM1/PrPC at
the cell surface was decreased (Supplemental Figure S1), whereas
no overlapping fluorescence CD71/mitochondria was detected
(Supplemental Figure S2), indicating that in our experimental condi-
tions the transferrin receptor localization was unaffected by proapop-
totic stimulation.

The morphometric analysis (Figure 1B, left) also underlined that
PrP</mitochondria association occurred in a time-dependent man-
ner, starting 30 min after anti-Fas administration and reaching a
peak 1 h after CD95 engagement. As expected, the percentage of
apoptotic cells after Fas triggering increased with time (Figure 1B,
right). The redistribution of PrP¢ after CD95 engagement was par-
tially inhibited by pretreatment with the intracellular Ca?* chelator
1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraaceticacid (BAPTA)
(Figure 1A, third row, and Figure 1B, left). In the same vein, cell
pretreatment with methyl-B-cyclodextrin (MBCD), which alters lipid
raft organization, significantly prevented the anti-Fas-induced relo-
calization of PrP¢ at mitochondrial level (Figure 1A, bottom row,
and Figure 1B, left). Of importance, either BAPTA or MBCD signifi-
cantly inhibited anti-Fas-induced apoptosis as well (Figure 1B,
right). Of note, the “increase” of apoptosis in cells pretreated with
MBCD for 2 h is lower than that observed in cells without MBCD.
This means that MBCD was able to partially prevent Fas-triggered
cell apoptosis.

PrP¢ redistribution in continuous sucrose density gradient
fractions following CD95/Fas treatment

On the basis of these morphological observations, which could im-
ply a directional movement of PrP® toward mitochondrial compart-
ment, we decided to analyze in detail the subcellular distribution of
PrPC in our system, that is, following anti-CD95/Fas triggering. Ex-
periments were thus performed to analyze PrP¢ distribution by
Western blotting, by means of cell subfractionation after a continu-
ous 10-40% sucrose density gradient. PrP¢, which was concentrated
in the high-density fractions in untreated cells (Figure 2), where a
typical plasma membrane marker (CD71, transferrin receptor) is en-
riched, moved to fractions with lower density 1 h after anti-CD95/
Fas treatment. Of interest, we observed a redistribution of PrP¢ to-
ward the voltage-dependent, anion-selective channel protein-1
(VDAC-1)-enriched fractions, corresponding to mitochondria-en-
riched fractions, following CD95/Fas triggering.

Evidence for the presence of PrPC in crude mitochondria
preparations following anti-CD95/Fas treatment

Crude mitochondria preparations were subjected to 12% SDS-
PAGE. Western blot analysis revealed a 33-kDa positive band, de-
tected by anti-PrP monoclonal antibody (mAb; SAF 32) in samples
treated with anti-CD95/Fas (250 ng/ml for 1 h at 37°C; Figure 3A).
As expected, no bands were detectable from untreated cells.

Next, we evaluated the association of PrP¢ with GD3, consid-
ered as a prototypical ganglioside component of raft-like microdo-
mains in mitochondria (Garofalo et al., 2005), by coimmunoprecipi-
tation experiments. Acidic glycosphingolipids, extracted from the
PrP¢ immunoprecipitates either untreated or treated with anti—
CD95/Fas (250 ng/ml for 1 h at 37°C), were immunostained by a
high selective anti-GD3 mAb. The results indicate that PrPC strictly
interacts with GD3 in cells treated with anti-CD95/Fas (250 ng/ml
for 1 h at 37°C) but not in untreated cells (Figure 3B). The immuno-
precipitate was revealed as PrP¢, as detected by Western blot, us-
ing the anti-PrP mAb (6H4). Under the same experimental condi-
tions, the immunoprecipitation with immunoglobulin G (IgG) did
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Mitochondria PrPC Merge not result in detectable levels of PrP¢
(Figure 3C). The purity of the mitochon-
drial preparations was assessed by
Western blot by checking subunit IV of cy-
tochrome ¢ oxidase (COX-1V), lysosome-
associated membrane glycoprotein (LAMP-
1), transferrin receptor (CD71), and the
endoplasmic reticulum (ER)/mitochondria-
associated membrane (MAM)-associated
glycoprotein calnexin (Figure 3D). Our
analysis revealed the presence of COX-IV
and calnexin but not of the other markers.
This suggests that our preparation also
contains MAM (Wieckowski et al., 2009;
Gilady et al., 2010).

Next we complemented these data by
analyzing by flow cytometry the levels of
PrPC in mitochondria from untreated or anti-
Fas-treated CEM cells. As illustrated in
Figure 3E, mitochondria from untreated
BAPTA+anti-Fas CEM cells showed a very low expression of
PrPC (left, solid, light gray histogram, and
right, gray column). Treatment with anti-Fas
for 1 h significantly (p < 0.01) increased the
levels of PrP¢ associated with mitochondria
(left, open black histogram, and right, black
column). As a positive control the expres-
sion of VDAC-1 was analyzed (Figure 3E,
left, solid, dark gray histogram).
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analyses indicate a time-dependent effect of anti-Fas in inducing mitochondria/PrP¢
colocalization. The ordinate represents the percentage of cells in which yellow fluorescence
was detected. Right, the percentages of annexin V-positive cells in different experimental
conditions. Statistical analysis indicates a significant (p < 0.01) decrease of mitochondria/

swelling in mitochondria obtained from CEM
cells. First, to test the vitality of mitochondria,
we added 300 uM calcium to the mitochon-

PrPC colocalization and Fas-induced apoptosis in cells pretreated either with BAPTA or dria preparation to induce a rapid loss of mi-
MBCD. Data are reported as mean * SD of the results obtained in three independent tochondrial membrane potential. Figure 5A
experiments. (top row) shows a representative profile of
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FIGURE 2: PrP¢ redistribution in continuous sucrose density gradient fractions following CD95/Fas treatment. CEM
cells, either untreated or treated with anti-CD95/Fas (250 ng/ml for 30 min at 37°C), were lysed in lysis buffer, and
postnuclear supernatant was prepared and loaded on top of a continuous 10-40% (wt/vol) sucrose gradient. After
centrifugation, fractions were collected, separated by SDS-PAGE, and analyzed by Western blot. Fractions obtained
after sucrose density gradient centrifugation, either untreated or treated with anti—-CD95/Fas (250 ng/ml) cells, were
analyzed using anti-PrP mAb (SAF 32). As controls, fractions obtained after sucrose density gradient centrifugation from
untreated cells were analyzed using a polyclonal anti-VDAC-1 or a monoclonal anti-CD71.

the mitochondrial swelling induced by 300 pM calcium monitored
by means of the variations in tetramethylrhodamine-methyl-ester-
perchlorate (TMRM) fluorescence as a function of time. We also veri-
fied that 10 uM calcium was ineffective in itself to induce mitochon-
drial alterations. The analysis of the mitochondria swelling profile
pointed to a dose-dependent effect of rec PrP in inducing the increase
of mitochondrial membrane potential (i.e., hyperpolarization). In fact,
as shown in Figure 5A (second row), rec PrP provoked an increase in
the percentage of mitochondria with increased membrane potential
(i.e., hyperpolarized) starting from a concentration of 0.1 pg/ml.

Of interest, rec PrP was able to induce the loss of mitochondrial
membrane potential after 10 pM Ca?* addition only, indicating an
important role for calcium in the rec PrP-induced effects on mito-
chondria (Figure 5A, third row). Of importance, the addition of
10 uM calcium chloride did not induce in itself any sign of mitochon-
drial swelling, although it was indispensable for the PrP%-induced
mitochondrial membrane depolarization (Figure 5A, top row). This
result is in accord with the effects induced by the calcium chelator
BAPTA on Fas-induced apoptosis shown in Figure 1. In light of this,
we also investigated the role of Ca?* in modulating the ability of rec
PrP to induce the release of cytochrome c (cyt C) from mitochondria
purified from CEM cells. These results were obtained by analyzing
the supernatants of swelling experiments (before TMRM staining) by
means of an enzyme-linked immunosorbent assay (ELISA). Figure
5B shows that 1) 300 pM calcium chloride induced the release of a
significant amount of cyt C, 2) 10 uM Ca?* alone was ineffective in
inducing cyt C release, and 3) rec PrP induced the release of cyt C
only in the presence of 10 uM Ca?*. As a control, we demonstrated
that rec PrP, when added to crude mitochondria preparation, inter-
acts with mitochondria (Figure 5C).

Taken together, these data clearly indicate that rec PrP exerted a
direct effect on mitochondria, which was improved by a contained
rise in calcium concentration. As expected, the release of cyt C was
strictly associated with the loss of mitochondria membrane potential
(i.e., depolarization).

Cytoskeleton integrity as a prerequisite for PrP¢ trafficking

On the basis of previous work supporting the key role of microtubu-
lar network integrity in raft component trafficking throughout the
cell cytoplasm (Sorice et al., 2009), we investigated whether the mi-
crotubular network could play a role in PrP¢ redistribution after
CD95/Fas engagement. To evaluate whether microtubular network
integrity could play a role in this PrP¢ redistribution, specific immu-
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nofluorescence time-course analyses were carried out in cells treated
with anti-CD95/Fas in the presence or absence of the microtubule
polymerization inhibitor demecolcine (DMC). The results obtained
by performing a double labeling of PrP¢ and tubulin clearly indi-
cated that early after CD95 engagement (30 min) PrP%/tubulin colo-
calization was detectable in a significant percentage of anti-Fas—
treated cells (Figure 6A, second row). This percentage decreased 1
and 2 h after CD95/Fas triggering (Figure 6B, left). In cells treated
with DMC before anti-Fas administration, the colocalization PrP</
tubulin was inhibited, as demonstrated by the reduction of yellow
staining (Figure 6A, fourth row, see merge picture, and Figure 6B,
left). Finally, the analysis of the apoptotic rate by flow cytometry
evaluation of annexin V binding (Figure 6B, right) demonstrated that
DMC, at least at the low concentration used in these experiments
(0.1 ug/ml), 1) was not cytotoxic per se (apoptosis <7%), 2) impaired
PrPC traffic, and 3) reduced CD95/Fas-triggered cell death.

Taken together, our data suggest that 1) microtubular network
integrity is required for the redistribution of PrP® to the mitochon-
drial compartment following CD95/Fas triggering and 2) PrP¢ relo-
calization at the mitochondrial level plays a role in CD95/Fas—trig-
gered apoptosis of CEM cells.

Effect of PrP¢ small interfering RNA on PrP¢~tubulin
association and apoptosis

To evaluate the role of PrP¢ as a regulator of apoptosis, a small inter-
fering RNA (siRNA) was used for knock down of PrP¢ and its func-
tion. Cytofluorimetric analyses of siRNA-treated cells revealed that
PrPC expression appeared to be significantly reduced as compared
with control cells (Figure 7A, right). Optimum transfection efficiency,
confirmed by positive control siGLO laminin A/C siRNA with fluores-
cent label, was ~65% (Figure 7A, left).

The cytofluorimetric analysis of CD95/Fas—induced apoptosis re-
vealed a significant impairment of CD95/Fas-triggered apoptosis in
PrP¢ siRNA-transfected cells as compared with cells transfected
with nonsilencing siRNA (Figure 7B).

Functional role of PrP¢ in Hela cells

To confirm our results in a different CD95/Fas—sensitive cell line,
crude mitochondria preparations from Hela cells were separated by
SDS-PAGE and analyzed by Western blot. Our results confirmed the
presence of PrP¢ band in samples obtained from cells treated with
anti-CD95/Fas (250 ng/ml for 1 h at 37°C) but not in those obtained
from untreated cells (Figure 8A).
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FIGURE 3: Evidence for the presence of PrP® in crude mitochondria preparation following
anti-CD95/Fas treatment. (A) Crude mitochondria preparations from CEM cells, either untreated
or treated with anti-CD95/Fas, were obtained from CEM cells by standard differential
centrifugation according to Zamzami et al. (2001) and analyzed by Western blot. PrP¢
localization was detected using an anti-PrP mAb (SAF 32). (B) Crude mitochondria preparations
from CEM cells, either untreated or treated with anti-CD95/Fas, were lysed in lysis buffer,
followed by immunoprecipitation with anti-PrP mAb (SAF 32). A mouse IgG isotypic control was
used. The immunoprecipitates were subjected to ganglioside extraction. The extracts were run
on HPTLC aluminum-backed silica gel and were analyzed for the presence of GD3, using an
anti-GD3 MoAb (GMR19). (C) As a control, the immunoprecipitates were assessed by
immunoblot with anti-PrP mAb (6H4). (D) The purity of the mitochondrial preparations

was checked by Western blot using specific mAbs against COX-IV, LAMP-1, transferrin

receptor (CD71), or calnexin. The same amounts of proteins for each sample were run.

(E) Cytofluorimetric analysis of PrPC in crude mitochondria preparations. Left, results obtained in
a representative experiment performed in mitochondria obtained from untreated (solid, light
gray histograms) or anti-CD95/Fas-treated cells (open, black histograms). The negative control
(I9G1 plus anti-mouse Alexa 488) is represented by the dashed curves. The positive control
(anti-VDAC-1 plus anti-mouse Alexa 488) is represented by the solid, dark gray histogram.
Numbers represent the median values of fluorescence intensity histograms. Right, mean + SD of
the results obtained from three independent experiments. Statistical analysis by Student'’s t test
indicated a significant (p < 0.01) increase of the amount of PrP¢ after anti-CD95/Fas
administration.

Then we investigated the ability of rec PrP to induce swelling in
mitochondria obtained from Hela cells. The analysis of mitochondria
swelling profile pointed to a dose-dependent effect of rec PrP in in-
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ducing the increase of mitochondrial mem-
brane potential (i.e. hyperpolarization; Figure
8B). Again, rec PrP was able to induce the
loss of mitochondrial membrane potential af-
ter addition of 10 uM Ca?*. Of note, this ef-
fect was more evident than in T cells, con-
firming an important role for calcium in the
rec PrP-induced effects on mitochondria.

To evaluate the role of PrP€ in Hela cells,
siRNA was used for knock down of PrP¢ and
its function. Again, cytofluorimetric analyses
of siRNA-treated cells revealed that PrP¢
expression appeared to be significantly
reduced as compared with control cells
(Figure 8C).

The cytofluorimetric analysis of CD95/
Fas—induced apoptosis revealed a signifi-
cant impairment of CD95/Fas-triggered
apoptosis in PrP¢ siRNA-transfected Hela
cells as compared with cells transfected with
nonsilencing siRNA, as revealed by annexin
V/propidium iodide staining (Figure 8D).

DISCUSSION

Evidence for the involvement of lipid rafts in
the localization and trafficking of PrP¢, as
well as in PrP¢-mediated cellular signaling,
has recently been reported in neuronal and
nonneuronal cells (Mattei et al, 2002,
Mattei et al., 2004; Lewis and Hooper, 2011).
Lipid rafts, defined as cholesterol- and gly-
cosphingolipid-enriched plasma membrane
microdomains, are implicated in several sig-
nal transduction pathways, including CD95/
Fas-triggered apoptosis in T cells (Garofalo
et al., 2003). This may be due to the recruit-
ment of tumor necrosis factor-family recep-
tors, as well as CD95/Fas, to lipid rafts fol-
lowing receptor engagement (Hueber et al.,
2002). In addition, in the apoptotic cascade,
the recruitment of lipid raft components,
mainly GD3, to the mitochondria has also
been suggested (Garcia-Ruiz et al., 2000,
2002; Garofalo et al., 2005). In this context,
the present work 1) indicates that PrPC redis-
tributes to ER-MAM following CD95/Fas
treatment; 2) identifies PrP¢ as a new
component of mitochondrial raft-like micro-
domains in cells undergoing CD95/Fas—me-
diated apoptosis; and 3) suggests that mi-
crotubular network integrity and function
could play a role in the redistribution of PrP®
to the mitochondria.

The recruitment of PrP¢ within mitochon-
drion-associated raft-like microdomains fol-
lowing CD95/Fas triggering is quite surpris-
ing, although the involvement of lipid rafts in
the localization and trafficking of PrP® and in
the cellular signaling has already been re-

ported (Lewis and Hooper, 2011). Usually, PrPC is anchored at the cell
surface via a GPl moiety (Stahl et al., 1987). However, this protein has
also been found associated with many intracellular compartments.
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direct interaction between PrP¢ and tubulin
was already reported (Nieznanski et al.,
2005). In particular, recent evidence demon-
strated that PrP¢ can associate with different
cytoskeletal components, such as actin,
a-actinin, and tubulin (Nieznanski et al.,
2005; Petrakis and Sklaviadis, 2006). It was
suggested that, during apoptosis, microtu-
bules may be used as tracks to direct intracy-
toplasmic transport of the glycosphingolipid
microdomains toward the mitochondria
(Sorice et al., 2009). We hypothesize that in
cells under CD95/Fas proapoptotic stimula-
tion the cytoplasmic trafficking of PrP¢ could
be carried out via cytoskeletal elements by
using a nonacidic compartment bound by
cholesterol-rich membranes (Garofalo et al.,
2007). Of interest, the PrP%/cytoskeleton as-
sociation was detected even in blood plate-
lets, where it was found significantly in-
creased following their activation (Brouckova
and Holada, 2009). This is particularly inter-
esting in relation to the fact that immuno-
logical activation of platelets was reported
to be associated with mitochondria hyper-
polarization (Matarrese et al., 2009), which
was also detected in the present study (see

later discussion).

Indeed, scrambling among different cell
organelles, including plasma membrane,
ER, and MAM, as well as lysosomal vesicles
and Golgi apparatus, was also hypothesized

& ® &
¢ & Q7
S 5 &

detected using an anti-PrP mAb (SAF 32).

In fact, evidence revealed the association of PrP¢ with lipid microdo-
mains at the ER (Campana et al., 2006), as well as with the cytoskel-
eton network (Mironov et al., 2003). Because the ER-MAM represents
a subcompartment of the ER connected to the mitochondria and
displays the characteristics of lipid rafts (Hayashi and Fujimoto, 2010;
Williamson et al., 2011), we investigated whether PrP¢ may be pres-
entin this compartment. Our IM observations revealed that PrP¢ was
actually present in both MAM and mitochondrial membranes. More-
over, when we analyzed the PrPC intracytoplasmic trafficking in CD95/
Fas-treated cells, we found that the microtubular network—perturb-
ing agent DMC impaired either mitochondrial relocalization of PrP¢
or apoptosis induction. Hence we hypothesize that microtubules
could play key roles in the intracellular directional redistribution of
PrPC, as well as in the recruitment of this small polypeptide to the
mitochondrial compartment following CD95/Fas triggering. The in-
volvement of microtubules in PrP¢ traffic was not surprising since a
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2 after triggering of death receptors (Degli
{ Esposti et al., 2009). For instance, the im-

& portance of ER in the apoptotic cascade has
FIGURE 4: Evidence for the presence of PrP¢ in mitochondria and MAM following anti-CD95/
Fas treatment. (A) PrP¢ distribution in mitochondria and MAM following CD95/Fas treatment.
Immunogold labeling of PrP¢ as detectable on thin sections by transmission electron microscopy
by using a postembedding technique (Ciarlo et al. 2010). Note that gold particles (arrows) are
visible either on mitochondria (MTC) or on endoplasmic reticulum (ER). (B) PrP¢ distribution in
high-purity MAM and mitochondria fractions following CD95/Fas treatment. Crude
mitochondria preparations obtained from cells either untreated or treated with anti-CD95/Fas
were subjected to Percoll gradient fractionation. After centrifugation, high-purity MAM and
mitochondria fractions were obtained and analyzed by Western blot. PrP¢ localization was

recently been investigated (Csordas et al.,
2006; Faitova et al., 2006). Under ER stress,
ER transmembrane receptors initiate the un-
folded protein response (Lai et al., 2007). If
the adaptive response fails, apoptotic cell
death ensues. This response is associated
with organelle remodeling and intermixing
and is implicated in the pathophysiology of
several neurodegenerative and cardiovas-
cular diseases (Szegezdi et al., 2006). Fur-
thermore, the possible implication of Golgi
apparatus remodeling in apoptosis execution was also analyzed in
detail (Siegel et al., 2004). We suggest that lipid microdomains
could have a role in this traffic, participating in structural and bio-
chemical remodeling and leading to carrying out of the cell death
program. In particular, lipid rafts may be involved in a series of func-
tions, such as 1) the recruitment of proteins to the mitochondria,
including molecules associated with mitochondrial fission (Ciarlo
et al., 2010); 2) oxidative phosphorylation and ATP production (Jin
etal., 2011); and, finally, 3) the redistribution of mitochondria in dis-
crete regions of the cell cytoplasm (Sorice et al., 2011), thus contrib-
uting to cell remodeling and polarization. In line with these observa-
tions, our data seem to suggest that, upon apoptotic stimulation,
PrPC could undergo intracellular relocalization to mitochondrion-as-
sociated microdomains via MAM and the microtubular network.
The possible role of PrP¢ in apoptosis is strongly supported by
the effect of recombinant PrP on mitochondria. The analysis of the
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FIGURE 5: Effect of recombinant PrP on mitochondria. (A) Swelling induction in mitochondria.
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plot represent the percentage of mitochondria that underwent MMP increase (middle dot plot)
or decrease (top and bottom dot plots). Results obtained in a representative experiment are
shown. Note that 1) 300 pM calcium used as positive control induced a rapid loss of
mitochondrial membrane potential, whereas calcium 10 pM was ineffective (top dot plot),

2) recombinant PrP was able to induce dose-dependent mitochondrial membrane
hyperpolarization (middle dot plot), and 3) the supplement of 10 pM calcium after the PrP
administration provoked a decrease of MMP in a significant percentage of cells (bottom dot
plot). Right, analysis of MMP after TMRM staining of living isolated mitochondria in different
experimental conditions. Numbers represent the median fluorescence values. (B) Quantitative
evaluation of cytochrome crelease in the supernatant of isolated mitochondria as revealed by
ELISA. Note the effect of 10 pM Ca?* in addition to recombinant PrP on the cytochrome ¢
release. (C) Cytofluorimetric analysis of PrP® in crude mitochondria preparations. Left, results
obtained in a representative experiment performed in mitochondria obtained from untreated
cells (solid, light gray histograms) and rec PrP-treated cells (black histograms). The negative
control (IgG1 plus anti-mouse Alexa 488) is represented by the dashed curves. The positive
control (anti-VDAC-1 plus anti-mouse Alexa 488) is represented by the solid, dark gray
histogram. Numbers represent the median values of fluorescence intensity histograms. Right,
the mean + SD of the results obtained from three independent experiments.

mitochondria swelling profile pointed to a dose-dependent effect of
PrP¢ in inducing the increase of mitochondrial membrane potential
(i.e., hyperpolarization), followed by the “typical” loss of mitochon-
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dria membrane potential (i.e., depolariza-
tion) and the release of apoptogenic factors,
such as cytochrome c. Of note, our results
also suggest a key role for calcium in the
PrP-induced effects on mitochondria. Be-
cause mitochondrial microdomains have
been suggested to participate in mitochon-
drial alterations occurring during apoptosis
(Garofalo et al., 2005; Malorni et al., 2007;
Ziolkowski et al., 2010), we cannot rule out
the possibility that PrP¢ could play a further
role in the morphogenic changes occurring
to this organelle, for example, fission pro-
cesses. This hypothesis is corroborated by
the observation that silencing PrP¢ protein
by siRNA resulted in a significant reduction
of CD95/Fas-triggered apoptosis of cells.

In conclusion, although contradictory evi-
dence on the role of PrPC in the apoptotic
process has been published (Roucou et al.,
2005; Zhang et al., 2006; Anantharam et al.,
2008), our results support the view of a
proapoptotic role of PrP¢ or, at least, its as-
sociation with the apoptosis execution pro-
gram. In this regard, our findings prompted
us to hypothesize two levels of regulation of
cell apoptosis by PrP¢: on microtubules,
where an early interaction of PrP¢ with tubu-
lin can alter microtubule framework integrity
(Li et al., 2011), and, later, on the mitochon-
drial membrane, where it interacts with raft-
like microdomains. Finally, since PrP¢ raft-
mediated trafficking appears to strictly
depend upon apoptotic triggering, we can
also suggest a reappraisal of the previously
hypothesized formation of PrPS¢ within acidic
compartments. In fact, it seems conceivable
that once apoptotic stimulation triggers lipid
raft-mediated signaling, lipid rafts could
contribute to define the metabolic fate of
PrPC. In other words, if raft-embedded PrP¢
is part of the complex framework normally
contributing to the death of the cell, a defec-
tive trafficking of PrP¢ from and toward lipid
rafts could also represent a sort of “risk fac-
tor” or favor an alteration of normal PrP¢ ca-
tabolism, also leading to the formation of
the 17-kDa polypeptide hydrolysis to form
the PrP 27-30 scrapie isoform.

MATERIALS AND METHODS

Cells and treatments

Human lymphoblastoid CEM cells (Foley
et al., 1965) and Hel.a cells were maintained
in RPMI 1640 (Invitrogen ltalia, Milan, Italy)
or DMEM (both Life Technologies-BRL, Life
Technologies Italia, Milan, Italy), respectively,
containing 10% fetal calf serum plus
100 U/ml penicillin and 10 mg/ml streptomy-

cin at 37°C in humidified CO, atmosphere. For apoptosis induction,
cells were stimulated with anti-CD95/Fas immunoglobulin M (IgM)
mAb (clone CH11; Upstate Biotechnology, Lake Placid, NY) at
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250 ng/ml for the indicated incubation times at 37°C. In some ex-
periments, before anti-Fas administration, cells were treated for
20 min with 1) the intracellular calcium chelator BAPTA (10 uM;
Molecular Probes, Eugene, OR); 2) 2 mM MBCD (Sigma-Aldrich,
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St. Louis, MO); or 3) 0.2 ug/ml DMC (Sigma-
Aldrich). For swelling experiments, isolated
mitochondria were stimulated with rec PrP
(Alicon, Schlieren, Switzerland) at different
concentration (0.1, 0.3, 0.7, 1 ug/ml) for
20 min.

Immunofluorescence by intensified
video microscopy

Control and treated cells were stained with
1 mM MitoTracker Red (Molecular Probes)
After washing in phosphate-buffered saline
(PBS), cells were fixed with 4% paraformal-
dehyde in PBS for 30 min at room temper-
ature and then permeabilized with 0.5%
Triton X-100 in PBS for 5 min at room tem-
perature, as previously reported (Malorni
et al., 2008). Alternatively, lymphoblastoid
cells were incubated for 45 min for poly-
clonal antibody anti-tubulin (Santa Cruz
Biotechnology, Santa Cruz, CA), followed
by addition of Alexa Fluor 594—conjugated
anti-rabbit 1IgG (Molecular Probes). After
three washes in PBS, samples were incu-
bated with anti-PrP mAb (SAF 32; SPI Bio,
Montigny Le Bretonneux, France) for 1 h at
4°C, followed by addition (30 min at 4°C)
of Alexa Fluor 488—conjugated anti-mouse
IgG (Molecular Probes). After washing,
cells were counterstained with Hoechst
33258 and then suspended in glycerol/
PBS (pH 7.4) and observed with a Nikon
(Melville, NY) Microphot fluorescence mi-
croscope. Images were captured by a
color-chilled 3CCD camera (Hamamatsu,
Hamamatsu, Japan) and analyzed by
OPTILAB software (Graftek, Paris, France).

Morphometric analyses

Evaluation of the percentage of cells with
mitochondria/PrP¢ or tubulin/PrP¢ colocal-
ization was performed by analyzing double
color fluorescence images. At least 200 cells
for each experimental point were counted.
Only those cells in which mitochondria/PrP¢
overlapping was observed (characterized by
yellow fluorescence) were considered in our
analysis.

Sucrose gradient fractionation

Analysis of the distribution of PrP® was per-
formed by centrifugation on a continuous
density gradient, as previously described
(Stockinger et al., 2002). Briefly, ~1.5 x 108
CEM cells, either untreated or treated with
anti-CD95/Fas (250 ng/ml for 30 min at
37°C), were resuspended in 0.3 ml of buffer
(3 mM imidazole, pH 7.4, 1 mM EDTA, and

a 1:100 [vol/vol] cocktail of protease inhibitors) containing 8.5%
sucrose. The cell suspension was mechanically disrupted by
Dounce homogenization (20 strokes), and the efficiency was moni-
tored by microscopy (Olympus ltalia, Segrate, Milan, Italy). Nuclei
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were removed by 10 min of centrifugation at 1000 x g, and the
supernatant was loaded on top of 4 ml of a 10-40% continuous
sucrose gradient and centrifuged at 40,000 rpm for 16 h at 4°C in
a SW6O0Ti rotor (Beckman Instruments, Palo Alto, CA). After cen-
trifugation, the gradient was fractionated, and 20 fractions were
collected from the bottom of the tube by puncturing with an
18-gauge needle. All steps were carried out at 0-4°C. After evalu-
ation of the protein concentration by Bradford Dye Reagent assay
(Bio-Rad, Richmond, CA) samples were analyzed by Western blot-
ting using the anti-PrP mAb (SAF 32; SPI Bio).

Immuno-electron microscopy

Thin sections, collected on gold grids, were treated with PBS con-
taining 1% (wt/vol) gelatin, 1% BSA, 5% fetal calf serum, and 0.05%
Tween 20 and then incubated with anti-PrP mAb (SAF 32) and di-
luted 1:10 in the same buffer without gelatin overnight at 4°C. After
washing for 1 h at room temperature, sections were labeled with
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protein A-10-nm gold conjugate (1:10) for 1 h at room temperature
and washed again. Negative controls were incubated with the gold
conjugate alone.

Crude mitochondria preparation

Cells were harvested by a solution containing 0.25% (wt/vol) trypsin
and 0.02% (w/v) EDTA in a calcium- and magnesium-free PBS solu-
tion and collected by centrifugation. After three washing in PBS,
cells were resuspended in homo-buffer (10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES], pH 7.4, 1 mM ethylene
glycol-bis(-aminoethyl ether) N,N’,N'-tetraacetic acid [EGTA], 0.1 M
sucrose, 5% bovine serum albumin [BSA], 1 mM phenylmethylsulfo-
nyl fluoride [PMSF], and complete protease inhibitor cocktail) and
maintained for 10 min on ice. After this time, cells were homoge-
nized with ~50 strokes of a Teflon homogenizer with B-type pestle as
previously reported (Zamzami et al., 2001) for 10 min at 4°C to re-
move intact cells and nuclei, and the supernatants were further cen-
trifuged at 10,000 x g at 4°C for 10 min to precipitate the heavy
membrane fractions (enriched in mitochondria). These fractions
were then purified by standard differential centrifugation. The mito-
chondrial pellet obtained was resuspended in swelling buffer (SB)
containing 0.1 M sucrose, 0.5 M sodium succinate, 50 mM EGTA at
pH 7.4, 1 mM phosphoric acid (H3POy4), 0.5 M 3[N-morpholino]
butane-sulfonic acid, and 2 mM rotenone, kept on ice, and used
within 2 h from the preparation.

The purity of crude mitochondria preparation was assessed by
Western blot by checking LAMP-1, transferrin receptor (CD71), sub-
unit IV of cytochrome ¢ oxidase (COX-IV), and calnexin (p88, IP90),
using specific mAbs (anti-LAMP-1, BD PharMingen, San Diego, CA;
anti-CD71, BD PharMingen; anti-COX-IV, Molecular Probes) and
rabbit anti-calnexin (Sigma-Aldrich).

Fractionation of crude mitochondria

Crude mitochondria obtained from cells, either untreated or treated
with anti-CD95/Fas, were fractionated to isolate high-purity MAM
and mitochondria fractions according to Wieckowski et al. (2009).
Briefly, crude mitochondrial pellet was resuspended in 2 ml of ice-
cold mitochondria resuspending buffer (MRB) containing 250 mM
mannitol, 5 mM HEPES (pH 7.4), and 0.5 mM EGTA and loaded on
top of 8 ml of Percoll medium (225 mM mannitol, 25 mM HEPES,
pH 7.4, 1 mM EGTA, and 30% Percoll [vol/vol]) in an ultracentrifuge
tube. Afterward, the tube was gently filled up with 3.5 ml of MRB
solution and centrifuged at 95,000 x g for 30 min at 4°C in an SW 41
rotor (Beckman). After centrifugation, a dense band containing puri-
fied mitochondria was localized approximately at the bottom,
whereas MAM fraction was visible as diffuse white band located
above the mitochondria. The fractions were collected and centri-
fuged at 6300 x g for 10 min at 4°C. MAM supernatant was sub-
jected to a further centrifugation at 100,000 x g for 1 h at 4°Cin a
70-Ti rotor (Beckman). After evaluation of the protein concentration
by Bradford Dye Reagent assay (Bio-Rad), both MAM and mito-
chondria fractions were analyzed by Western blot analysis using the
anti-PrP mAb (SAF 32) (SPI Bio), as described next.

Western blot analysis of crude mitochondria preparations

Crude mitochondria preparations obtained from CEM or Hela cells,
either untreated or treated with anti-CD95/Fas, were subjected to
12% SDS-PAGE. The proteins were electrophoretically transferred
onto nitrocellulose membrane (Bio-Rad) and then, after blocking
with PBS containing 3% milk, probed with anti-PrP mAb (SAF 32;
SPI Bio). Bound antibodies were visualized with horseradish peroxi-
dase (HRP)-conjugated anti-mouse IgG (Amersham Biosciences,
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Piscataway, NJ) and immunoreactivity assessed
by chemiluminescence reaction using the ECL
Western detection system (Amersham Biosci-
ences). Densitometric scanning analysis was
performed by Mac OS X (Apple, Cupertino, CA)
using ImageJ 1.62 software (National Institutes
of Health, Bethesda, MD). The density of each
band in the same gel was analyzed, values were
summed, and then the percentage distribution
across the gel was detected.

Immunoprecipitation experiments and
ganglioside extraction

Briefly, crude mitochondria preparations ob-
tained as described earlier were lysed in lysis
buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl,
1% Nonidet P-40, 1T mM PMSF, 10 mg of leu-
peptin/ml). After preclearing, the supernatant
was immunoprecipitated with monoclonal anti-
PrP mAb (SAF 32; SPI Bio) plus protein A-acrylic
beads. A mouse IgG isotypic control (Sigma-
Aldrich) was used.

The PrP¢ immunoprecipitate was subjected
to ganglioside extraction according to the
method of Svennerholm and Fredman (1980),
with minor modifications. Samples were normal-
ized for protein content, determined as de-
scribed earlier. Briefly, gangliosides were
extracted twice in chloroform:methanol:water
(4:8:3; vol/vol/vol) and subjected to Folch par-
tition by the addition of water, resulting in a
final chloroform:methanol:water ratio of 1:2:1.4.
The upper phase, containing polar glycosphin-
golipids, was purified of salts and low-molecular
weight contaminants using Bond Elut C18 col-
umns (Superchrom, Milan, Italy), according to
the method of Williams and McCluer (1980).
The eluted glycosphingolipids were dried down
and separated by high-performance thin-layer
chromatography (HPTLC), using aluminum-
backed silica gel 60 (20 x 20) HPTLC plates
(Merck, Darmstadt, Germany). Chromatography
was performed in chloroform:methanol:0.25%
aqueous KCl (5:4:1; vol/vol/vol).

Plates were then immunostained for 1 h
at room temperature with anti-GD3 mAb
(Seikagaku, Chuo-ku, Tokyo, Japan) and then
with HRP-conjugated anti-mouse IgM (Sigma-
Aldrich). Immunoreactivity was assessed by
chemiluminescence reaction using the ECL
Western detection system (Amersham).

The immunoprecipitates were checked by
Western blot, using the anti-PrP mAb (6H4;
Prionics, Schlieren, Switzerland).

Flow cytometry analysis of crude
mitochondria preparations

Crude mitochondria preparations, obtained as
described, were fixed with 4% formaldehyde in
PBS for 30 min at room temperature. After
washings, mitochondria were incubated with
specific antibodies to PrP mAb (SAF 32; SPI Bio)
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for 1 h, washed again, and then incubated for 45 min with appropri-
ate secondary antibodies conjugated with Alexa Fluor 488 (Molecu-
lar Probes). Samples were incubated at 4°C for 1 h and, after wash-
ing, they were labeled with anti-mouse Alexa Fluor 488 (Molecular
Probes). After 45 min of incubation at 4°C, samples were washed
and immediately analyzed on a cytometer. As negative and positive
controls we used purified mitochondria incubated with mouse IgG1
immunoglobulin or with mAb to VDAC-1 (Santa Cruz Biotechnol-
ogy), followed by an anti-mouse Alexa Fluor 488, respectively.

Swelling induction in mitochondria

Crude mitochondria preparations (0.5 mg protein/ml) were resus-
pended in SB (0.5 mg/ml) at the final volume of 1.5 ml. As a general
rule, rec PrP was added 5 min after the recording was initiated. Total
recording time was 25 min. As a positive control 300 mM Ca?* was
used, in order to induce protein transition pore opening and release
of proteins (e.g., cyt C) that are normally stored in the intramembrane
space. The mitochondrial membrane potential, A¥, was quantified
by cytofluorimetric analysis after mitochondria staining with 1 mM
TMRM (Molecular Probes), a potentially sensitive probe. The incor-
poration of the dye TMRM was measured in the FL3 channel: low
levels of TMRM incorporation (revealed by a decrease of red fluores-
cence) indicated a low A, whereas high levels of TMRM incorpora-
tion (revealed by an increase of red fluorescence) indicated a high
AY (Rodolfo et al., 2004). We tested the effects on AW after treat-
ment with recombinant PrP for 20 min at different concentrations
(from 0.1 to 1 pg/ml) either in the presence or absence of 10 pM
Ca?*. In parallel, the supernatants of swelling reactions of isolated
mitochondria, carried out in the absence of TMRM, were examined
by a commercial ELISA kit (R&D Systems, Minneapolis, MN) for cyt C
detection. The cyt C release was quantified in all considered sam-
ples, including the positive control, and expressed as ng/ml.

Cell-death assay

Quantification of apoptosis was performed by evaluating DNA frag-
mentation in ethanol-fixed cells using propidium iodide (PI; Sigma-
Aldrich). Alternatively, apoptosis was also quantified by flow cytom-
etry after double staining using fluorescein isothiocyanate
(FITC)-conjugated annexin V/P| apoptosis detection kit (Eppendorf,
Milan, Italy), which allows discrimination among early apoptotic, late
apoptotic, and necrotic cells.

Knockdown PrP¢ by siRNA

CEM or Hela cells were seeded (2 x 10° cells/ml) in a 60-mm dish
in RPMI 1640~containing serum and antibiotics. Twenty-four hours
after seeding, cells were transfected with 100 nM siRNA Hs PRNP
(HP Genomewide siRNA Hs-PRNP-6; Qiagen, Valencia, CA), using
HiPerFect Transfection Reagent (Qiagen), according to the manu-
facturer’s instructions. As experimental control, cells were also
transfected with 5 nM nonsilencing siRNA (AllStars Negative Con-
trol; Qiagen). After 72 h, cells were incubated with anti-CD95/Fas
(250 ng/ml) for 1 and 2 h. Quantification of apoptosis was per-
formed as reported. The transfection efficiency was evaluated by
flow cytometry in cells transfected with a Qiagen positive silenc-
ing siRNA (FITC-siRNA). PrP¢ expression was verified either by
Western blot or flow cytometry analysis by using anti-PrP mAb
(SAF 32).

Data analysis and statistics

All samples were analyzed with a FACScan cytometer (BD Biosci-
ences, San Diego, CA) equipped with a 488-nm argon laser. At
least 20,000 events were acquired. Data were recorded and statis-
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tically analyzed by a Macintosh computer using CellQuest soft-
ware. The expression level of the analyzed proteins on isolated
mitochondria was expressed as a median value of the fluores-
cence emission curve, and the statistical significance was calcu-
lated by using Student’s t test or one-way variance analysis by
using the Statview program for Macintosh. All data reported were
verified in at least three different experiments and reported as
mean = SD. Only p values of <0.01 were considered as statistically
significant.
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