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Prions are proteinaceous infectious particles which cause fatal neurodegenerative disorders in humans
and animals. They consist of a mostly 3-sheeted aggregated isoform (PrP>%) of the cellular prion protein
(PrP<). Prions replicate autocatalytically in neurons and other cell types by inducing conformational
conversion of PrP¢into PrP>c, Within neurons, PrP>¢ accumulates at the plasma membrane and

in vesicles of the endocytic pathway. To better understand the mechanisms underlying neuronal
dysfunction and death it is critical to know the impact of PrP> accumulation on cellular pathways. We
have investigated the effects of prion infection on endo-lysosomal transport. Our study demonstrates
that prion infection interferes with rab7 membrane association. Consequently, lysosomal maturation
and degradation are impaired. Our findings indicate a mechanism induced by prion infection that
supports stable prion replication. We suggest modulation of endo-lysosomal vesicle trafficking and
enhancement of lysosomal maturation as novel targets for the treatment of prion diseases.

Prions are a class of infectious agents that are composed exclusively of protein, namely a misfolded isoform of the
cellular prion protein PrP¢ which is called PrPS!. Prions replicate autocatalytically by transmitting their aberrant
conformation to PrP. Upon direct interaction between PrP¢ and PrP5, new PrPS molecules are generated. In
contrast to PrP¢, PrP% has a high 3-sheet content, and forms aggregates and amyloid fibres*%. Upon infection of
animal or human hosts, PrP aggregates accumulate in the brain of individuals and cause fatal neurodegenerative
disorders, e.g. Creutzfeldt-Jakob disease (CJD) in humans, scrapie in sheep, bovine spongiform encephalopathy
(BSE) in cattle, or chronic wasting disease in cervids®~.

On a cellular level, PrP* is a plasma membrane protein attached to the cell surface by a glycosylphosphatidyl-
inositol (GPI) anchor®. In prion-infected cells a portion of PrP¢ is constantly converted into PrPS, for which PrP¢
expression® and its cell surface localisation!®"!3 are required. Consequently, PrP% can be found at the plasma
membrane and along the endocytic pathway'#1°. It has been demonstrated that the plasma membrane, recycling
endosomes, and multivesicular bodies are cellular compartments of prion conversion'®-2°. Whereas it has been
shown that prion infection interferes with post-Golgi protein trafficking both in prion infected neuroblastoma
(N2a) cells and mouse models of prion infection and thereby suppresses insulin receptor signaling?!, only little is
known about how the accumulation of PrP in endocytic vesicles affects their subcellular trafficking.

Rab proteins comprise a large family of small GTPases which are localized to distinct intracellular mem-
branes and regulate vesicle trafficking. They switch between an inactive, GDP-bound cytosolic state and an
active, GTP-bound membrane associated state. Rab proteins are activated by the exchange of GDP with GTP
which is catalysed by guanine nucleotide exchange factor (GEF), and membrane association is mediated by
C-terminal prenylation. The active form interacts with effector proteins and is inactivated by GTP hydrolysis.
Inactive, GDP-bound rabs are recognized and bound to rab GDP dissociation inhibitor (rabGDI) in the cytosol.
Membrane properties such as the lipid composition can influence the recruitment of rab proteins to certain
compartments?*?3,
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Studies on axonal transport in motor neurons of prion infected mice revealed an impairment of retrograde
transport, which involves a rab7-mediated pathway?*. In cells overexpressing mutant PrP the level of functional
rabl1 was reduced due to an overexpression of RabGDIq, resulting in mutant PrP accumulation in the secretory
pathway?*. In brains from CJD patients enlargement of rab5 and rab7 positive vesicles corresponding to early and
late endosomes, respectively, is found associated with PrP%¢ depositions®. Another study demonstrated that rab7a
interacts directly with PrP?’.

These findings and the described distribution of PrP5 aggregates in vesicles along the endocytic pathway
led us to investigate a possible influence of prion infection on endocytic vesicle trafficking in neuronal cell lines
(CAD5 and N2a) persistently infected with prion strain RML and/or 22L.

We found that the amount of membrane-bound rab7 is reduced upon prion infection. Since functional rab7 is
involved in lysosomal maturation, we compared the efficiency of lysosomal degradation in N2a and 22LN2a cells.
We found a significantly lower degradation rate in prion infected cells. Our data suggest a mechanism induced
by PrPS¢ accumulation that can support the persistent replication of prions by preventing PrP% degradation in
lysosomes. Notably, perturbations of the lysosomal degradation pathway may be linked to neurodegeneration and
neuronal death, as observed in prion infected individuals. Based on our results, we suggest induction of lysosomal
maturation as a target for treatment of prion diseases.

Results

Prion infection interferes with rab7 membrane attachment. In prion infected neuronal cells Prp%
aggregates are mainly located at the cell surface and in vesicles along the endocytic pathway'#1>171928 ‘We hypoth-
esize that the presence of membrane associated protein aggregates can interfere with vesicle trafficking, and
decided to compare the amounts of active, i.e. membrane-bound rab proteins in non-infected and prion-infected
CAD?5 and N2a cells, respectively. N2a cells were persistently infected with prion strain 22L, whereas CAD5 cells
were infected with either 22L or RML prions. We compared levels of rab7 which is a late endosomal rab protein,
rab9 which mediates vesicle shuttling between the trans-Golgi network (TGN) and late endosomes, and rab11
which localizes to recycling endosomes®.

We prepared crude membrane fractions of CAD5, 22LCAD5, RMLCADS (Fig. 1), N2a and 22LN2a (Fig. 2)
cells. As a control, we used homologous cells cured of prion infections by treatment with pentosan polysul-
fate (PPS), a substance known to interfere with PrPS propagation®, or with glivec, which increases the deg-
radation rate of PrP5¢. In order to determine if cells were cured successfully, we subjected lysates of CAD5,
22LCAD5, RMLCADS and their PPS treated counterparts to proteinase K (PK) digestion or not and analysed ali-
quots by immunoblot using the monoclonal anti-PrP antibody 4H11. Whereas in the non-treated 22LCAD5 and
RMLCADS5 high amounts of PK resistant PrP* were detectable, in both non-infected and PPS treated CAD5 cells
no PrP% was found (Fig. 1a), demonstrating that CAD5 cells were cured from prion infection at least to an extent
that PrP* levels were below the detection limit of immunoblots. Next, we analysed the amounts of rab7, rab9 and
rabll, respectively, contained in the crude membrane preparations by immunoblot. Equal amounts of protein
were loaded, in addition the ER membrane protein TRAP« served as a loading control. Whereas rab9 and rab11
levels did not differ between CAD5, 22LCAD5 and RMLCADS5 cells with or without PPS treatment, a statisti-
cally significant reduction of rab7 to approximately 50% of the non-infected cells was observed in 22LCAD5 and
RMLCADS (Fig. 1b). However, in 22LCAD5 and RMLCAD?5 cured with PPS, the rab7 signals were comparable
to those in non-infected CADS5 cells and significantly higher than those found in their non-treated counterparts.
Of note, PPS treatment did not affect the levels of any of the tested rab proteins in non-infected cells.

In order to confirm that the observed reduction of membrane-bound rab7 was not specific for one cell line,
we performed a similar analysis using N2a and 22LN2a cells. 22LN2a cells were cured from prion infection by
treatment for 10 days with the drug glivec (STI571) which induces autophagy®! and thereby increases degrada-
tion of PrP53. After omitting the drug the amounts of PrP% in treated (+ Gli) and untreated (—Gli) N2a and
22LN2a cells upon PK digestion of cell lysates were analysed to confirm the absence of PrP5¢ (Fig. 2a). Whereas
non-treated 22LN2a cells (Fig. 2a) as well as crude membrane preparations of 22LN2a cells (Fig. S1) contained
PrP%, 22LN2a + Gli cells treated with glivec as well as N2a cells (—/+Gli) and membrane preparations of these
cells did not harbor detectable levels of PK-resistant PrP (Fig. 2a and Fig. S1). Next, we used crude membrane
preparations of N2a and 22LN2a cells treated or not with glivec and tested for amounts of rab7, rab9 and rab11
by immunoblot. Figure 2b depicts representative immunoblots and quantitative results of membranes pre-
pared from three consecutive passages of cells of glivec treated cells, and six individual experiments for N2a
and 22LN2a, respectively, without glivec treatment. In non-treated 22LN2a cells a significant reduction of rab7
levels was observed, similar as in 22LCAD5 and RMLCADS cells. In 22LN2a cells cured from prion infection
(22LN2a + Gli) this reduction was no longer evident, rab7 levels were significantly higher than in 22LN2a-Gli
and comparable to those found in N2a cells. Similar to PPS treatment, also glivec treatment did not significantly
influence the amounts of either of the analysed rab proteins in N2a cells (compare N2a —/+Gli). Furthermore,
rab9 and rabl11 signals were not significantly affected by prion infection (N2a vs. 22LN2a cells without glivec).
However, the levels of total, i.e. membrane-bound and cytosolic, rab7 did not significantly differ between N2a
and 22LN2a cells (Fig. 3).

In summary, with this set of experiments we were able to demonstrate that crude membrane preparations
of prion-infected cells contain less rab7 than those of non-infected cells or cells cured from prion infection.
This effect was not specific for the cell line or prion strain used for infection, as all prion-infected cell lines, i.e.
22LCAD5, RMLCADS and 22LN2a showed a reduction of membrane-bound rab7.

Sensitivity to RabGDI extraction is not altered by prion infection. We and others have shown
previously that prion infection results in up-regulation of cholesterogenic genes, concomitant with increased
levels of unesterified cholesterol both in vitro and in vivo®*-3*, which is usually found incorporated into cellular
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Figure 1. Reduced membrane association of rab7 in CAD?5 cells infected with prion strains 22L or RML.
(a) Lysates of CAD5, 22LCAD5 or RMLCADS5 cells —/+ PPS treatment (1 pg/ml for 10 days) as indicated
were subjected to PK digestion (20 png/ml, 30 min, 37 °C) or not. Aliquots were analysed by immunoblot using
monoclonal anti-PrP antibody 4H11. (b) Crude membrane preparations (100 ug protein) of CAD5, 22LCAD5
and RMLCADS5 cells —/+4PPS as indicated were subjected to SDS-PAGE and levels of rab7, rab9 and rabl1,
respectively, were analysed by immunoblot. TRAPa served as a loading control. Signals of three independent
experiments were quantified by ImageQuant TL (GE Healthcare) and statistical evaluation using one-way
ANOVA test, followed by post-hoc analysis with Tukey’s test (GraphPad Prism software; **p-value < 0.01;
***p-value < 0,001; ns = not significant). Bars represent standard deviation.

membranes®. High membrane cholesterol levels can modulate the tightness of rab protein membrane bind-
ing®~*°. With 22LCAD5, RMLCAD5 and 22LN2a cells harboring diminished levels of membrane-bound rab7, we
decided to analyse the extractability of rab 7, 9 and 11 from cellular membranes of N2a and 22LN2a cells in order
to determine whether an increased sensitivity to rabGDI extraction accounts for this reduction.
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Figure 2. Levels of membrane-bound rab7 are reduced in 22LN2a cells. (a) N2a and 22LN2a cells were
treated for 10 days with glivec (+ Gli; 10 uM) or not (—Gli). Cells were lysed and lysates were subjected to

PK digestion (4+PK; 20 ug/ml) or not (—PK). Aliquots were analysed by immunoblot using anti-PrP mAb
4H11. (b) Crude membrane extracts (100 pg protein) of N2a or 22LN2a cells treated with glivec (+Gli) or not
(—Gli) were subjected to immunoblot and analysed for rab7, rab9 or rab11 levels. TRAP« served as a loading
control. Signals of three (4-Gli) or six (—Gli) independent experiments were densitometrically quantified and
statistically evaluated using one-way ANOVA and Tukey’s test (GraphPad Prism; *p-value < 0.05; ns = not
significant). Bars represent standard deviation.
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Figure 3. No effect on total levels of rab7 in 22LN2a cells. Overall levels of rab7, rab9 and rab11, respectively,
in cell lysates of N2a and 22LN2a cells. 3-actin served as a loading control. Average values of 3 independent

experiments are shown; statistical analysis was performed using student’s t-test (ns = not significant; GraphPad
Prism software). Bars represent standard deviation.
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Figure 4. Sensitivity to RabGDI extraction is not disturbed in prion-infected cells. (a) Crude membranes

of N2a and 22LN2a cells were incubated with 0 (in duplicate) or 3 uM (in triplicate) rab-GDI for 1 hour

at 37 °C under constant shaking. Insoluble membrane fractions were separated from soluble fractions by
centrifugation (100,000 x g; 10 min). Equal amounts of proteins from soluble and insoluble fractions were
subjected to immunoblot analysis using anti-rab7, rab9 or rab11 antibodies. (b) Signals of soluble fractions were
densitometrically evaluated and expressed as percentage of the total amount of the respective rab protein found
in membrane preparations. Triplicate or duplicate values from one experiment were averaged. The averages of
at least three independent experiments were statistically analysed using one-way ANOVA and post-hoc analysis
with Tukey’s test (*p-value < 0.05; ns = not significant). Bars represent standard deviation.

Therefore, we incubated crude membrane preparations from N2a and 22LN2a cells with 0 or 3 M of recom-
binantly expressed and purified rabGDI which solubilises membrane-bound rab proteins®. The insoluble mem-
branes and soluble fractions were separated by centrifugation and aliquots of both fractions were analysed by
immunoblot using anti-rab7, -rab9 and -rab11, respectively (Fig. 4a). The signals found in soluble fractions upon
incubation with 0 or 3 pM rabGDI were quantified. Without rabGDI, none of the rab proteins was detectable in
the soluble fraction. However, upon addition of rabGDI, the amount of solubilised rab proteins detected in the
supernatant was significantly increased, confirming activity of rabGDI. At least three independent experiments
were performed each in triplicate, the average values of the triplicates were used for statistical evaluation. The
total amounts of the respective rab protein detected without rabGDI treatment served as 100%. The amounts
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of solubilised rab proteins were compared between N2a and 22LN2a cells. However, using these conditions, no
statistically significant differences were found (Fig. 4b).

Altogether, these data indicate that the strength of rab7, rab9 and rab11 membrane association is not altered
upon prion infection.

Decelerated lysosomal degradation and reduced lysosomal acidification in prion infected
cells. Our experiments demonstrate that prion infection results in reduced levels of membrane bound rab7
in persistently prion infected neuronal cells. Association of rab7 with late endosomal membranes is critical for
lysosomal maturation, and diminished rab7 expression levels can interfere with lysosomal degradation*! .

In order to characterize possible functional consequences of reduced rab7 membrane association we deter-
mined lysosomal degradation efficiency in N2a and 22LN2a cells by measuring the half-life of epidermal growth
factor receptor (EGFR) which is a commonly used marker protein for lysosomal degradation*®. First, we estab-
lished N2a and 22LN2a cells that stably overexpress EGFR (N2a-EGFR and 22LN2a-EGFR, respectively) by
transduction with recombinant retroviruses since we were not able to detect uptake of Alexa488-labeled EGF
in N2a cells (Fig. S2a). With this method, a comparable number of transduced N2a and 22LN2a cells expressed
EGFR, as demonstrated by analysing the number of cells that internalized Alexa488-labeled EGF using con-
focal microscopy (Fig. 5a). Quantitative single cell analysis revealed that there was no statistically significant
difference in the number of EGF-positive vesicles (foci) per cell as well as the intensity of fluorescence of indi-
vidual foci between N2a-EGFR and 22LN2a-EGFR (Fig. S2b). To study the degradation of EGFR, N2a-EGFR
and 22LN2a-EGFR cells were pre-treated with cycloheximide. Then EGFR internalisation and its lysosomal deg-
radation were stimulated by addition of EGE. As a positive control for lysosomal inhibition, N2a-EGFR cells
were in addition treated with NH,CI throughout the experiment. None of these treatments was significantly
toxic to the cells as demonstrated by XTT assay (Fig. S3). Cells were lysed at the time point of EGF addition
(0Omin) and 15, 60, 120 and 180 min after stimulation with EGF, and EGFR levels in cell lysates were tested by
immunoblot (Fig. 5b). Signals were quantified and normalized using 3-actin signals which served as a loading
control. Whereas in N2a-EGFR cells EGFR signals were strongly reduced after 60 min (<25%), in 22LN2a and
N2a-EGFR + NH,Cl even after 180 min a strong EGFR signal was detectable (Fig. 5b). We have determined
the EGFR half life from each individual experiment, and statistical analysis revealed a significant increase in
the EGFR half life in 22LN2a-EGFR and N2a-EGFR 4 NH,Cl compared to N2a-EGFR, whereas the difference
between 22LN2a-EGFR and N2a-EGFR + NH,CI was not significant (Fig. 5¢). PK treatment of N2a-EGFR and
22LN2a-EGFR cell lysates, followed by immunoblot analysis confirmed that 22LN2a-EGFR cells harbored high
amounts of PrP* at the time of EGFR degradation analysis (Fig. 5d).

If lysosomal maturation is affected by the lack of membrane-bound rab7 we expected that the numbers of
lysosomes will be reduced in 22LN2a cells. To verify this, we co-stained N2a cells, 22LN2a cells and 22LN2a + Gli
cells that were cured from prion infection with anti-lamp1 for detection of late endosomes and lysosomes, and
with lysotracker red-dnd99 which accumulates in a pH-dependent manner in lysosomes (Fig. 6). Whereas in all
three cell lines the staining with anti-lamp1 revealed a similar distribution and number of vesicles, in 22LN2a
the number of vesicles accumulating lysotracker dye appeared to be considerably reduced in most of the cells. Of
note, in 22LN2a+ Gli cells, the pattern was similar to that in N2a cells, containing more lysotracker-positive ves-
icles than untreated 22LN2a cells. These data confirm that prion infection interferes with lysosomal maturation
and are consistent with our finding that lysosomal degradation is reduced in prion infected cells.

Our findings are summarized in Fig. 7 and demonstrate that prion infection reduces the amounts of
membrane-associated rab7 in neuronal cells which can be reversed by curing the cells from prion infection. Rab7
is critical for maturation of lysosomes, and consequently, the efficiency of lysosomal maturation is reduced. Since
PrP% can, albeit with a long half-life, be degraded in lysosomes, the impairment of lysosomal degradation may
contribute to sustained prion propagation in persistently infected cells.

Discussion

We demonstrate here that in two neuronal cell lines, CAD5 and N2a, infected with one or both prion strains 22L
and RML the levels of membrane-bound rab7 are reduced, whereas the level of total rab7 in 22LN2a cells is com-
parable to that in non-infected N2a cells. Curing the cells from prion infection with two different anti-prion drugs
can restore the amounts of membrane-bound rab7 to the levels found in non-infected CAD5 or N2a cells. None
of the drugs exerted effects on the levels of any of the tested membrane-bound rab proteins in non-infected cells.
This indicates that the decreased levels of membrane-bound rab7 are induced by prion infection. The reduction
of membrane-bound rab7 is not due to an increased sensitivity to rabGDI extraction.

A number of valuable studies has been performed that aimed to identify the subcellular compartment of
prion conversion!”1#4445 In these studies, trafficking pathways were modulated by overexpression of wild type,
constitutively active or transdominant negative rab proteins, as well as knockdown of endogenous rab protein
expression. Thereby, it has been shown that the stimulation of retrograde transport towards the ER can enhance
PrP* formation*. By perturbing trafficking in the endocytic pathway, a role of early endosomes in the conversion
process could be excluded and recycling endosomes'” as well as multivesicular bodies'® have been favoured as
major compartments of prion conversion. Our own results demonstrate that increasing the transport from late
endosomes to the trans-Golgi network by rab9 overexpression interferes with PrPS¢ accumulation®®, which also
points at a role of late endosomes for prion conversion.

In contrast, the aim of our current study was to investigate prion-host cell interactions, specifically how prion
accumulation affects subcellular vesicle trafficking. Proteomics studies have revealed increased expression levels
of RabGDI alpha upon expression of mutant PrP resulting in reduced membrane association of rab11%. In vivo
studies demonstrated defects in rab7-mediated retrograde axonal transport in motor neurons of prion infected
mice?*. Both reports indicate a reduction of rab protein activity, and our data showing reduced membrane
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Figure 5. Lysosomal degradation is impaired in 22LN2a cells. (a) N2a and 22LN2a cells were transduced
with recombinant retroviruses encoding human EGFR. Expression of EGFR was confirmed by visualising the
internalisation of Alexa488-labeled EGF (green) using confocal microscopy. Nuclei were stained with Hoechst
33342 (blue). (b) EGFR degradation was monitored in N2a-EGFR, 22LN2a-EGFR and N2a-EGFR + NH,Cl
cells. Upon pre-treatment with cycloheximide or NH,CI (if indicated) cells were either directly lysed (0 min),
or EGF (50 ng/ml) was supplemented and cells were lysed at indicated time points after EGF addition. Lysates
were analysed by immunoblot using an anti-EGFR antibody (upper panel) or anti-3-actin (lower panel) to
control for equal loading. (c) The halflife of EGFR (signal intensity of 50% compared to the 0 min time point)
was determined from three independent experiments upon quantification of EGFR signals and normalization
against 3-actin signals. Statistical analysis was performed using one-way ANOVA test followed by Tukey’s test
(**p-value < 0.01; ***p-value < 0,001; ns = not significant). (d) Representative analysis of PrP signals in lysates
of N2a-EGFR and 22LN2a-EGFR with (4PK) or without (—PK) PK digestion.

association of rab7 are in line with the latter in vivo study®. Rab7 is critical for early to late endosome matu-
ration*® and for lysosomal maturation®.. Recently, knock-down of rab7 has been shown to reduce PrP5¢ signals
which was ascribed to an inhibition of early-to-late endosome maturation’®. This appears contradictory to our
hypothesis that reduced active rab7 levels are beneficial for prion propagation. However, our analysis by confo-
cal microscopy revealed that lamp-1staining which detects late endosomes and lysosomes is similar in infected
and non-infected cells. Furthermore, the accumulation of lysotracker dye which is pH-dependent is reduced in
22LN2a cells, indicative of a lack of lysosomes. Therefore, we argue that the acidification and transition of late
endosomes into lysosomes is impaired, rather than early-to-late endosome transition.
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Figure 6. Distribution of late endosomes and lysosomes in N2a and 22LN2a cells. N2a (upper panel),
22LN2a (middle panel) and 22LNa + Gli (lower panel) were incubated with lysotracker-red (red) for 30 min.
Then cells were fixed and stained using an anti-lamp-1primary antibody followed by cy-2-conjugated secondary
antibody (green). Yellow colour indicates co-localisation. Confocal images were taken using a Zeiss LSM710.

Lysosomes are critical for protein degradation in the endocytic pathway, and as a consequence of the described
alterations, we observed that the overall lysosomal degradation capacity is impaired upon prion infection. PrP%
can be degraded to a certain extent by lysosomes at a steady state*” and degradation can be enhanced upon activa-
tion of macroautophagy®*#4_ It is tempting to speculate whether prions have evolved a mechanism of escaping
lysosomal degradation upon prevention of rab7 recruitment. This will ensure that the kinetics of degradation and
propagation favour propagation, which is important to sustain persistent infection in neuronal cells*. In addition
to the perturbation of PrP5 degradation, the retention time of PrP% in late endosomes/multivesicular bodies
which are major sites of prion conversion'® is increased if lysosomal delivery is delayed. This can further benefit
prion propagation.

Evasion of lysosomal degradation is a survival mechanism that is used by bacteria or viruses, e.g. Escherichia
coli K1°! which has mechanisms to prevent lysosome fusion, or hepatitis B virus X protein which interferes with
lysosomal acidification®. The effect of E. coli K1 on lysosomal fusion depends on the presence of long chains of
polysialic acid®!. Interestingly, PrP® and PrP5 are sialoglycoproteins®. Clustering of sialylated GPIs as induced
upon PrP% aggregation has been linked to neurodegeneration®, and PrP* sialylation also controls PrPS¢ amplifi-
cation rate and biochemical properties®. The observation that lysosomal maturation is reduced in prion infected
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Figure 7. PrP% accumulation reduces rab7 membrane attachment and lysosomal maturation. In prion
infected neuronal cells, PrPS accumulates at the plasma membrane and along the endocytic pathway (1). This
results in an impairment of rab7 attachment to membranes (2). As a consequence, lysosomal maturation and
overall degradation capacity are impaired (3).

cells might also be related to sialylation of PrP and a subsequent inhibition of late endosome/lysosome fusion.
Interestingly, a recently published study demonstrated that expression of mutated forms of PrP can impair the
function of mahogunin, a protein which is involved in amphisome/multivesicular body and lysosome fusion®.
This functional impairment resulted in a reduced lysosomal degradation capacity®, and according to our results,
accumulation of PrP% has similar effects on lysosomal maturation.

What might interfere with rab7 recruitment to membranes in prion infected cells? A huge body of evidence
provided by our group and others both in in vitro and in vivo systems indicates an impact of prion infection
on cholesterol metabolism and membrane properties. Cholesterol synthesis is increased both in cultured neu-
rons*»*%* and in prion infected mice at preclinical stages of disease®, resulting in high levels of unesterified
cholesterol. Unesterified cholesterol appears to be sequestered in cell membranes®. Furthermore, membranes
of prion-infected N2a cells are more rigid*’, which could be due to high cholesterol levels. Notably, membrane
properties can affect the motility of vesicles through rab proteins®”*%3%, Taken into account the findings about
alterations in cholesterol metabolism and membrane properties in prion infection, it is likely that these alterations
are the reason for reduction of rab7 membrane recruitment.

In summary, our study sheds new light into prion-host cell interactions, and points at a prion-induced mech-
anism that prevents PrP%¢ clearance. This can contribute to sustaining persistent prion replication. In addition,
continuous blocking of endo-lysosomal vesicle trafficking can result in damage of neurons. Our finding that
prions can modulate pathways that are non-beneficial for their propagation expands the range of information
that can be encoded by protein conformation. Based on our data, we suggest modulation of vesicle trafficking as
a target for treatment of prion diseases.

Methods

Reagents. Proteinase K and Pefabloc proteinase inhibitor were obtained from VWR. Immunoblotting was
done using the enhanced chemiluminescence blotting technique (ECL plus) from Pierce. The monoclonal anti-
PrP antibody (mAb) 4H11 has been described®. Polyclonal anti-rab7, rab9 and rab11 antibodies were purchased
from Santa Cruz, Alexa488-labelled EGF and lysotracker red dnd-99 were obtained from Molecular Probes.
Polyclonal antibodies against EGFR and TRAP«, respectively, were from Abcam. All other chemicals were from
Sigma.

Cell culture and treatment of cells.  The cell lines N2a (ATCC-CCL131; murine brain-derived; neuro-
blastoma) and 22LN2a have been described3>*°. The CNS cell line CAD5 has been derived from catecholamin-
ergic neuronal cells and can be infected with multiple prion strains®®®!. Cells were kept in Opti-MEM (Gibco)
containing 10% fetal bovine serum (PAA laboratories) and penicillin/streptomycin (Gibco). 22LN2a cells were
cured from prion infection by treatment with glivec® (10 uM) or pentosan polysulfate? (PPS; 1 ug/ml) for 10 days
and then passaged four times before they were used for further experiments. Non-infected cells were treated in
parallel. For analysis of total rab protein, cell pellets were resuspended in PBS and sonicated. Appropriate volumes
of sample buffer for SDS-PAGE were added and aliquots were analysed by immunoblot.

Cell lysis, PK digestion and immunoblot analysis. Cell lysis and immunoblot was performed as
described previously". For PK digestion, 50% of the cell lysate was incubated with PK (20 pg/ml) for 30 min at
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37°C. Digestion was stopped by addition of Pefabloc protease inhibitor (VWR), and samples were processed for
immunoblot.

Preparation of crude membrane extracts. The procedure has been described previously™. In brief, cells
were swollen in Hepes buffer (10 mM, pH 7,4) for 10 min on ice, scraped into homogenization buffer (Hepes pH
7,4 20 mM, sucrose 250 mM, EDTA 1 mM, DTT 1 mM) and homogenized by passing through a 22 gauge needle.
Upon centrifugation (3,000 x g, 5min, 4°C) membranes fractions were pelleted from postnuclear supernatants
(100,000 x g, 15min, 4°C). Pellet (membrane) fractions were resuspended in homogenization buffer and protein
concentrations were determined. For immunoblot analysis, 100 pg of protein was loaded. Signals were quantified
using Image Quant TL (GE Healthcare). Statistical evaluation of results from 3 independent experiments was
done using one-way ANOVA and post-hoc analysis with Tukey’s test (GraphPad Prism software).

Rab-GDI extraction of rab proteins. RabGDI cloned into pRSET (kindly provided by Dr. Oliver Ullrich,
Hamburg, Germany) was expressed in E. coli strain BL21 and purified as described®?. Membrane fractions con-
taining equal amounts of the respective rab protein were incubated in rabGDI extraction buffer (Hepes pH7.4
20mM, KCl 100 mM, MgCl, 1 mM, GDP 1 mM, BSA 0.5 mg/ml, Pefabloc) containing 0 or 3 M of purified
rabGDI for 1h at 37°C. Insoluble (membrane bound) proteins were separated by centrifugation (100,000 x g,
10 min, 4°C) from solubilised rab proteins®’. Signals were quantified using Image Quant TL (GE Healthcare).
Statistical evaluation of results from at least 3 independent experiments was done using one-way ANOVA and
post-hoc analysis with Tukey’s test (GraphPad Prism software).

Retroviral transduction. VSV-glycoprotein pseudotyped retroviruses were produced using the pVPack
system (Stratagene) and pBABE-EGFR (Addgene) co-transfected into HEK 293FT cells. Forty-eight hours post
transfection cell culture supernatants were collected and cell debris was removed by centrifugation (120 x g,
5min). Transduction of N2a and 22LN2a cells was performed as described®. Expression of EGFR was confirmed
by monitoring the uptake of Alexa488-labelled EGE.

EGFR degradation assay. N2a-EGFR and 22LN2a-EGFR were pre-treated with cycloheximide (25 pg/ml)
for 90 min before stimulation with EGF (50 ng/ml). Cells were lysed after cycloheximide treatment (0 min) and
15, 60, 120 and 180 min after EGF addition. To inhibit lysosomal degradation, NH,Cl (10 mM) was added one
hour before and during cycloheximide treatment and EGF stimulation. Equal amounts of protein were analysed
by immunoblot for EGFR expression. Signals were quantified using Image Quant TL (GE Healthcare) or Quantity
one software (Biorad) and normalized using 3-actin signals. Statistical evaluation of results from 3 independ-
ent experiments was done using one-way ANOVA and post-hoc analysis with Tukey’s test (GraphPad Prism
software).

Immunofluorescence staining and confocal microscopy. Cells were fixed with paraformaldehyde
(4%) prior to treatment with NH,Cl/glycine (50 mM/20 mM), triton-X 100 (0, 2%), and gelatine (0, 2%) for
10 min each. Primary antibody recognizing lamp-1 (BD Bioscience) and cy-2 conjugated secondary antibody
were incubated for one hour each at room temperature. For lysosomal staining, lysotracker red dnd-99 (50 nM)
was added for 30 min to the cell culture medium prior to fixation. Images were acquired using a Zeiss LSM710
confocal microscope.
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