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Abstract
Prion protein (PrPC) localizes stably in lipid rafts microdomains
and is able to recruit downstream signal transduction path-
ways by the interaction with promiscuous partners. Other
proteins have the ability to occasionally be recruited to these
specialized membrane areas, within multimolecular com-
plexes. Among these, we highlight the presence of the low-
density lipoprotein receptor-related protein 1 (LRP1), which
was found localized transiently in lipid rafts, suggesting a
different function of this receptor that through lipid raft
becomes able to activate a signal transduction pathway
triggered by specific ligands, including Tissue plasminogen
activator (tPA). Since it has been reported that PrPC partic-
ipates in the tPA-mediated plasminogen activation, in this
study, we describe the role of lipid rafts in the recruitment and
activation of downstream signal transduction pathways medi-
ated by the interaction among tPA, PrPC and LRP1 in human

neuroblastoma SK-N-BE2 cell line. Co-immunoprecipitation
analysis reveals a consistent association between PrPC and
GM1, as well as between LRP1 and GM1, indicating the
existence of a glycosphingolipid-enriched multimolecular com-
plex. In our cell model, knocking-down PrPC by siRNA impairs
ERK phosphorylation induced by tPA. Moreover the alteration
of the lipidic milieu of lipid rafts, perturbing the physical/
functional interaction between PrPC and LRP1, inhibits this
response. We show that LRP1 and PrPC, following tPA
stimulation, may function as a system associated with lipid
rafts, involved in receptor-mediated neuritogenic pathway. We
suggest this as a multimolecular signaling complex, whose
activity depends strictly on the integrity of lipid raft and is
involved in the neuritogenic signaling.
Keywords: GM1, lipid rafts, LRP1, methyl-b-cyclodextrin,
prion protein, tPA.
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In analogy with many other GPI-anchored proteins, the
cellular prion protein (PrPC) localizes in lipid rafts micro-
domains (Taylor and Hooper 2006; Mattei et al., 2015) and
over the past fifteen years, evidence has accumulated that
PrPC can act as a cell surface receptor, co-receptor or ligand,
able to recruit downstream signal transduction pathways
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(Martellucci et al., 2018; Martellucci et al., 2019). Such
function is thought to be driven by the interaction of PrPC

with promiscuous partners, within multimolecular complexes
(Hirsch et al., 2014). Lipid rafts are a dynamic assemblage of
sphingolipids, cholesterol and proteins that dissociate and
associate rapidly forming functional clusters in cell mem-
branes (Sorice et al., 2009; Sonnino, 2012). These clusters
provide highly efficient lipid–protein modules, which operate
in membrane trafficking and cell signaling (Sorice et al.,
2010). Indeed, lipid rafts are thought to function as platforms
that sequestrate specific proteins, permanently or transiently,
thus introducing and modulating cell signaling (Mattei et al.,
2017). The combinatorial possibilities offered by the wide
range of lipid isoforms, glycan structures, and actin dynam-
ics, confers an extraordinary assortment of possibilities for
receptor clustering, endocytosis and signaling at the plasma
membrane (Gonnord and Blouin, 2012). Considered the
fluidity and plasticity of lipid rafts, some proteins are
transiently recruited to these specialized membrane areas to
form the functional receptor clustering and among these
MACROBUTTON HTMLDirect is to highlight the presence
of the low-density lipoprotein receptor-related protein 1
(LRP1) (Wu 2005; Sorice et al., 2008; Roura et al., 2014).
LRP1 is a membrane-associated protein (~600 kDa) that is
nicked during biosynthesis to give two stably associated
polypeptides: an 85-kDa membrane-spanning C-terminal
fragment and a 515-kDa extracellular N-terminal chain.
LRP1 is expressed amply on neurons (Bu et al., 1994),
(Moestrup and Gliemann, 1992), where its fundamental role
is the uptake of glial-derived sterol and lipid required for
membranes and synapse formation (Mauch et al., 2001). In
addition, LRP1 binds to more than 30 extracellular ligands,
and its cytoplasmic domain binds to endocytic and scaffold
adaptors that link the receptor to other membrane proteins
(Zerbinatti et al., 2004; Herz and Chen 2006). Furthermore,
LRP1 was previously identified as receptor partner of PrPC

that is able to regulate its internalization. Indeed, LRP1 is
required for the Cu2+-dependent endocytosis of exogenous
PrPC on neuronal cells (Taylor and Hooper, 2007; Parkyn
et al., 2008). The role of LRP1 as endocytic molecule has
been first described (Strickland and Gonias, 2002; Zemskov
et al., 2007; Gonias and Campana, 2014), subsequently
ourselves and other authors showed the role of LRP1 as cell
signaling receptor in response to specific ligands (Sorice
et al., 2008; Gonias and Campana, 2014).
While for the function of the endocytic receptor, the

distribution of LRP1 on the plasma membrane is external to
the lipid rafts, to perform the signal function LRP1 is
temporarily recruited in lipid microdomain, in fact the
breakdown of the raft considerably alters the signaling
function induced by LRP1 ligands, including tissue plas-
minogen activator (tPA) and the resulting neurotrophic
function (Laudati et al., 2016), while it does not affect
endocytic function (Gonias and Campana, 2014). This

particular ability of LRP1 to locate inside or outside lipid
rafts, depending on the activity, gives to this molecule a
greater interest as a multifunction receptor that can form
multimolecular complexes with independently regulated
functions. Indeed, the interaction with different co-receptors
seems to be necessary for LRP1 to play its functions and
therefore the LRP1-dependent activation of specific cell
signaling is not ubiquitous in all cells and tissues in which
LRP1 is expressed, because different cell types or tissues
may express specific LRP1 co-receptors. In neurons and
neurite-generating cell lines, indeed, N-methyl-D-aspartate
receptor (NMDA-R) acts as an LRP1 co-receptor, physically
linked to LRP1 by postsynaptic density protein 95, activat-
ing signaling factors, such as extracellular signal-regulated
kinase 1/2 (ERK1/2) (Mantuano et al., 2013). Trk receptors
as well as NMDA-R have been also described as LRP1 co-
receptors, essential for activation of Src, ERK1/2 and Akt in
response to activated a2-macroglobulin and tPA (Shi et al.,
2009). Tissue plasminogen activator is a 527 aminoacid
residue protein that contains two kringle domains and a
proteolytic domain (Xanthopoulos et al., 2005). tPA acti-
vates plasmin formation by cleaving plasminogen (Hoy-
laerts et al., 1982; Kornblatt et al., 2003). Moreover, it was
previously suggested that the PrPC interacts with kringle-
bearing proteins (Ryou et al., 2003) and Ellis et al.
demonstrated that the PrPC participates in the tPA-mediated
plasminogen activation (Ellis et al., 2002). In particular,
they found that this complex, cleaves plasminogen to
plasmin and the cleavage reaction was greatly accelerated
(200 folds) by the presence of PrPC (Praus et al., 2003). The
stimulatory activity is conserved in the NH2-terminal
fragment and the carboxy-terminal fragment that remains
attached to the cell membrane via its GPI-anchor (Epple
et al., 2004).
Various mechanisms have been proposed to explain the

activity of tPA in the CNS, including pathways that require
binding to LRP1 and activation of LRP1-dependent cell
signaling (Zhuo et al., 2000; Samson et al., 2008;
Echeverry et al., 2010), which in turn activates kinases
such as ERK/MAPK (ERK1/2), promoting neuronal sur-
vival, and supporting neurite outgrowth (Holtzman et al.,
1995; Qiu et al., 2004; Hayashi et al., 2007; Fuentealba
et al., 2009).
In this study, we describe the role of lipid rafts in the

recruitment and activation of downstream signal transduc-
tion pathways mediated by the interaction among tPA,
PrPC, and LRP1 in human neuroblastoma SK-N-BE2 cells.
In our cell model, knocking-down PrPC by siRNA impairs
ERK phosphorylation induced by tPA and the alteration of
the lipidic milieu of lipid rafts, perturbing the physical/
functional interaction between PrPC and LRP1, inhibits this
response. We show that all these molecules are part of a
single multimolecular signaling complex, whose activity
depends strictly on the integrity of the lipid raft.
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Materials and methods

Cell cultures and treatments

Human Neuroblastoma SK-N-BE2 cell line (ATCC Cat# CRL-
2271, RRID:CVCL_0528) (not listed as misidentified cell line by
ICLAC; authenticated 12/31/2014 and Frozen 10/21/2015; lot
number 63600151), were maintained in Dulbecco’s Modified Eagle
Medium (DMEM cod. D6429, 2019) (Sigma-Aldrich, Milan, Italy),
containing 10% fetal bovine serum (Euroclone, Milan, Italy - cod.
ECS 0180L, 2018) plus 100 units/ml penicillin, 10 mg/mL strep-
tomycin (Euroclone - cod. ECB3001D, 2018), at 37°C in humified
CO2 atmosphere and used within and not further than 5th passage.
SK-N-BE2 cells were cultured until 80% confluent and then, where
indicated, treated with 10 nM tPA (Molecular Innovations, Novi,
MI, USA cod. HTPA-ALANC, 2018) for 10 min at 37°C.

To analyze the effect of disruption of lipid rafts, where indicated,
cells were treated with 30 lM fumonisin B1 (FB1) (Sigma-Aldrich -
cod. 34139, 2018), (a competitive inhibitor of ceramide synthetase)
for 24 h at 37°C (Marasas et al., 2004) or treated with 5mM methyl-
b-cyclodextrin (MbCD) (Sigma-Aldrich - cod. 332615, 2018), a
compound which is known to induce cholesterol efflux from the
membrane for 30 min at 37°C (Whitehead et al., 2012). After
treatment, cells were collected and prepared for experimental
procedures. Institutional ethical approval was not required for the
study.

Sucrose-gradient fractionation and immunoblotting analysis

Lipid raft fractions were isolated as previously described (Mattei
et al., 2011). Briefly, 7 9 107 SK-N-BE2 cells, untreated and
treated with 10 nM tPA (Molecular Innovations) for 10 min at
37°C, were suspended in 1 mL of lysis buffer, containing 1% Triton
X-100 (Sigma-Aldrich - cod. 1610407, 2018), 10 mM Tris-HCl (pH
7.5), 150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4 and 75 U of
aprotinin and allowed to stand for 20 min. Cells were mechanically
disrupted by Dounce homogenization (10 strokes). The lysate was
centrifuged for 5 min at 1300 g to remove nuclei and large cellular
debris. The supernatant (postnuclear fraction) was subjected to
sucrose density gradient centrifugation: the supernatant lysate was
mixed with an equal volume of 85% sucrose (w/v) in lysis buffer
(10 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA). The
diluted lysate was placed at the bottom of a linear sucrose gradient
(5–30%, in the same buffer) and centrifuged at 200.000 g for 18 h
at 4°C using a SW41 rotor (Beckman Institute, Palo Alto, CA,
USA). After centrifugation, the gradient was fractionated and 11
fractions were collected by volume starting from the top of the tube.
All steps were carried out at 0–4°C. The fraction samples were
loaded by volume and subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (10%). The proteins
were electrophoretically transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, Milan, Italy- cod. 1620177, 2018),
blocked with 5% bovine serum albumin (BSA) in TBS containing
0.05% Tween 20 (TBS/T) and washed with TBS/T. Membranes
were probed with anti-LRP1 (C-terminal) pAb (1 : 1000) (Sigma-
Aldrich RRID:AB_10606463) or with anti-PrP SAF32 mAb
(1 : 1000) (Spi-Bio, Bertin Pharma, France - cod. A03202, 2018)
or with anti-CD71 mAb (1:1000) (Abcam, Cambridge, MA, USA -
RRID:AB_10859929) or with anti-Flotillin pAb (1 : 1000) (San-
tacruz Biotechnologies, Heidelberg, Germany - cod. sc-48398,

2018). After washing with TBS/T, bound antibodies were visualized
with HRP-conjugated anti-rabbit IgG (1 : 5000) (Cell Signaling
Technology Danvers, MA, USA - RRID:AB_2099233) or HRP-
conjugated anti-mouse IgG (1 : 5000) (Cell Signaling Technology -
RRID:AB_330924) and immunoreactivity was assessed by chemi-
luminescence reaction, using the ECL Western detection system
(TermoFisher Scientific, MA, USA - cod. 32106, 2018). Densito-
metric scanning analysis was performed by Mac OS X (Apple
Computer International), using NIH Image 1.62 software. The
density of each band in the same gel was analyzed, values were
totaled, and then the percent distribution across the gel was detected.

Immunoprecipitation experiments

SK-N-BE2 cells, untreated or treated with 10 nM tPA (Molecular
Innovations) for 10 min at 37°C, were lysed in lysis buffer (10 mM
Tris-HCL pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin). Cell-free
lysates were mixed with protein G-acrylic beads (Sigma-Aldrich, -
cod. P3296, 2018) and stirred by a rotary shaker for 2 h at 4°C to
pre-clear nonspecific binding. After centrifugation (500 g for
1 min), the supernatant was immunoprecipitated with rabbit anti-
LRP1 pAb (2 µg) (Sigma-Aldrich), plus protein G-acrylic beads.
After vigorous mixing for 5 min, samples were further mixed. As a
negative control, immunoprecipitation was performed with an
irrelevant rabbit IgG (2 µg) (Sigma-Aldrich - RRID:AB_
1163659). The immunoprecipitates were split into two aliquots.
The first one was subjected to Western blot analysis for PrPC, or
LRP1 detection; the second one was checked by dot blot for GM1
detection.

Immunoblotting analysis of immunoprecipitates

The immunoprecipitates, obtained as reported above, were subjected
to SDS-PAGE. The proteins were electrophoretically transferred
onto PVDF membranes. Membranes were blocked with 5% bovine
serum albumin (BSA) in TBS/T and subsequently washed with
TBS/T. The membranes were probed with: anti-PrPC SAF32 mAb
(Spi-Bio) or anti-LRP1 mAb (Abcam). After washing with TBS/T,
bound antibodies were visualized with HRP-conjugated anti-mouse
IgG (1 : 5000) and immunoreactivity assessed by chemilumines-
cence reaction, using the ECL western detection system.

Dot-Blot analysis of immunoprecipitates

Briefly, aliquots of LRP1 immunoprecipitates, prepared as described
above, were spotted onto nitrocellulose strips. The strips were
blocked for 1 h with 5% BSA in TBS/T (Bio-Rad - cod. 170-6435,
2019), (Bio-Rad - cod. 170-6531, 2018), to block the residual
binding sites on the paper. The strips were rinsed for 10 min in
TBS/T and then incubated with Cholera Toxin B Subunit-Peroxi-
dase from Vibrio Cholerae (1 : 2000) (Sigma-Aldrich- cod. C1655,
2018) for 1 h at 25°C, or with anti-LRP1 mAb (1 : 1000) (Abcam -
RRID:AB_881181) and further incubated for 1 h at 37°C with
HRP-conjugated anti-mouse IgG (1 : 5000) (Cell Signaling Tech-
nology). Immunoreactivity was assessed by chemiluminescence
reaction, using the ECL Western detection system.

Knockdown PrPC and LRP1 by siRNA

SK-N-BE2 cells were seeded (2 9 105 cells/mL) 6-well plate, in
DMEM containing serum and antibiotics. Twenty-four hours after
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seeding, cells were transfected with 5 nM siRNA PrP (Qiagen,
Valencia, CA, USA - cod. GS5621, 2018) or 5 nM siRNA LRP1
(Qiagen - cod. GS4035, 2018) (Table 1), using HiPerFect Trans-
fection Reagent (Qiagen - cod. 1027281, 2018), according to the
manufacturer’s instructions. As experimental control, cells were also
transfected with 5-nM scrambled siRNA (AllStars Negative Control
- Qiagen). After 72 h, the expression of PrPC and LRP1 was
evaluated by immunoblotting analysis using anti-PrPC SAF32 mAb
or anti-LRP1 pAb (Sigma-Aldrich). Parallel cell samples were
incubated with 10 nM tPA (Molecular Innovations) for 10 min at
37°C or alternatively for 10 days in the same conditions. For long-
time exposure with tPA (10 days) every 4 days siRNA PrP and
siRNA LRP1 were replaced.

tPA activity assay

The human chromogen activity analysis commercial kit for the
plasminogen activator was used, according to the manufacturer’s
instructions (Abcam - cod. ab108905, 2018). The test measures the
ability of the tPA to activate plasminogen in plasmin in dosage
systems containing tPA, plasminogen and a specific synthetic
substrate of plasmin. The amount of plasmin produced is quantified
using a highly specific plasmin substrate, which releases a yellow
paranitroaniline chromophore (pNA). The change in pNA absor-
bance in the 405 nm reaction solution is directly proportional to the
activity of the tPA enzyme. We analyzed supernatants from cell
cultures not treated or treated with tPA 10 nM (Prospec, Ness Ziona,
Israel - cod. enz-263, 2018), in the presence or absence of
pretreatment with siRNA PrP or siRNA LRP1 and/or 5 mM
MbCD, as described above. The evaluation of tPA activity in the
supernatants of the various samples prepared allows us to indirectly
assess the functionality of the cellular tPA receptor system. In fact,
when the tPA receptor system is altered, the tPA molecules will not
be able to interact with the cells, thus remaining in the culture
supernatant in which we measure their activity. The amount of
active tPA still present in the supernatant expresses the amount of
tPA that was not able to bind to the cellular receptor system.

ERK pathway activation analysis

The activation of ERK pathway and the role of lipid raft was
assessed by Western blot in SK-N-BE2 cells, untreated or treated
with 10 nM tPA in the presence of 5 mM MbCD (Sigma-Aldrich)
for 30 min at 37°C or FB1 (Sigma-Aldrich) for 24 h at 37°C.
Briefly, SK-N-BE2 sample was lysed in lysis buffer containing
0.1% Triton X-100, 10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5 mM EDTA, 1 mM Na3VO4 and 75 U of aprotinin and allowed to
stand for 20 min at 4°C. The cell suspension was mechanically
disrupted by Dounce homogenization (10 strokes). Each lysate,
numbered and coded, was centrifuged for 5 min at 1300 g to
eliminate nuclei and large cellular debris and, after protein
concentration analysis by Bradford Dye Reagent assay (Bio-Rady-
cod. 5000006, 2018), the lysate was tested with SDS-PAGE.
Subsequently, the proteins were electrophoretically transferred to
PVDF membranes (Bio-Rad), then blocked with 5% BSA in TBS
(Bio-Rad), containing 0.05% Tween 20 (Bio-Rad), and probed with
anti-phospho ERK1/2 (p-ERK1/2) (Thr202/tyr204) pAb (1 : 1000)
(Cell Signaling Technology - RRID:AB_331646) or anti-total
ERK1/2 (t-ERK1/2) pAb (1 : 1000) (Cell Signaling Technology -
RRID:AB_330744). Antibodies were visualized with horseradish

peroxidase (HRP)-conjugated anti-rabbit IgG (GE Healthcare
Amersham Biosciences, Uppsala, Sweden) and immunoreactivity
assessed by chemiluminescence reaction, using the ECL detection
system (Amersham, Buckingamshire, UK). Densitometric scanning
analysis was accomplished with NIH Image 1.62 software by Mac
OS X (Apple Computer International) and scored by two investi-
gators blinded to treatment groups.

Immunofluorescence analysis

SK-N-BE2 cells were seeded (2 9 105 cells/mL) in 6-well plate in
DMEM containing serum and antibiotics. Twenty-four hours after
seeding, cells were treated with siRNA PrP (Qiagen) or MbCD as
described extensively above and then stimulated with 10 nM tPA
for 10 days. Every four days, siRNA PrP was replaced. After
10 days, the cells were used for immunofluorescence analysis.
Briefly, SK-N-BE2 treated as above was fixed with 4%
paraformaldehyde (Euroclone - cod. APA38131000, 2018) and
permeabilized by 0.1% (v/v) Triton X-100. After washing, cells
were incubated with rabbit anti-GAP43 mAb (1 : 200) (Cell
Signaling Technology - RRID:AB_10860076) for 1 h at 4°C,
followed by anti-rabbit Alexa fluor 488 (1 : 50) (Cell Signaling
Technology - RRID:AB_1904025) for additional 30 min. Each well
containing a stained cell sample was numbered and coded.
Sprouting frequencies were scored by two investigators blinded to
treatment groups. Differences in sprouting frequency were tested by
ANOVA. Treatment means were analyzed by a Multiple comparisons
test. Finally, cells were observed with a Zeiss Axio Vert. A1
fluorescence microscope (Zeiss, Milan, Italy).

Statistical analysis

All the statistical procedures were performed by GraphPad Prism
Software Inc. (San Diego, CA, USA). Data were analyzed using
one-way analysis of variance (ANOVA, XLSTAT 2019.2) after
Bartlett’s test for the homogeneity of variances and Kolmogorov–
Smirnov’s test for the Gaussian distribution and followed by
Newman–Keuls multiple-comparison test or, when appropriate, with
Student’s t-test. All data reported were verified in at least three
different experiments and showed as scatter plots. The horizontal
bars indicate the mean. For the outliers, Grubb’s method was used,
no data points were excluded. Only p values of < 0.05 were
considered as statistically significant.

Results

Distribution of PrPC and LRP1 in sucrose density gradient

fractions

PrPC, like many GPI-anchored proteins, resides within Triton
X-100-insoluble, cholesterol, and sphingolipid-rich rafts in
neuronal cells. Although PrPC is already known to be
enriched in lipid microdomains, we first analyzed the
distribution of this molecule in both Triton X-100-insoluble
and -soluble fractions of cell plasma membranes before and
after tPA triggering. Next, the same analysis was carried out
for LRP1 too. As shown in Fig. 1a, the analysis of PrPC

distribution in fractions obtained with a 5–30% linear sucrose
gradient confirmed that in control cells the majority of PrPC

was distributed in fractions 4–6, corresponding to lipid raft.
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This predominant distribution was more evident in tPA
stimulated cells. These results were quantified by densito-
metric analysis (right panel).
As expected, the majority of LRP1 was distributed in the

Triton X 100-soluble fractions 9-11 obtained from control
cells, while after treatment with tPA, the majority of this
protein was redistributed to the Triton X 100-insoluble
fractions 4-6 (Fig. 1b), as confirmed by densitometric
analysis (right panel).
As controls, the distribution of the transmembrane trans-

ferrin receptor (CD71), as Triton X-100 soluble protein and
of Flotillin as a marker of lipid raft, was tested in the same
sucrose density gradient fraction separation experiment.
CD71 appeared to be clearly distributed mainly in the Triton
X-100-soluble fractions (9-11) in both control and tPA-
treated cells (Fig. 1c). In contrast, the majority of Flotillin
appeared in Triton X-100-insoluble fractions (4-6) in both
control and tPA-treated cells (Fig. 1d). These results were
also quantified by densitometric analyses.

LRP1 is recruited to lipid rafts and associates with PrPC

following tPA stimulation
In order to evaluate: a) the interaction of PrPC with LRP1,
and b) the influence of tPA on the association of the two
molecules, co-immunoprecipitation experiments were per-
formed. A rabbit anti-LRP1 pAb was used to immunopre-
cipitate LRP1 on a SK-N-BE2 neuroblastoma cell line,
untreated or treated with tPA, which is known as a LRP1
ligand, able to initiate cellular signaling in neuron-like cells.
Western blot analysis, using anti-PrP SAF32 mAb, was
employed to evaluate the LRP1-PrPC interaction. It showed a
band of co-immunoprecipitation reacting with the anti-PrP
mAb, which was more evident in cells stimulated with tPA,
indicating an increased interaction of the two molecules,
LRP1 and PrPC, after tPA treatment (Fig. 2a, and densito-
metric analysis, right panel). In both untreated and tPA
treated samples, no bands were detected in control immuno-
precipitation experiments carried on using an IgG having
irrelevant specificity. LRP1 immunoprecipitate was checked
by an anti-LRP1 mAb.
Moreover, to investigate the recruitment of LRP1 to lipid

rafts following tPA stimulation, we studied the possible

interaction of LRP1 with the ganglioside GM1, a well-known
raft marker. Dot blot analysis performed on LRP1-immuno-
precipitated samples revealed that in unstimulated control
cells, GM1 was weakly associated with LRP1, but, after tPA
treatment, the association of GM1 with LRP1 significantly
increased (Fig. 2b, and densitometric analysis (right panel).
Virtually no spots were detected in control immunoprecip-
itation experiments carried on using an IgG having irrelevant
specificity. LRP1 immunoprecipitate was checked by an anti-
LRP1 mAb.

tPA works through its association with PrPC and LRP1 in a

multimolecular signaling complex, strictly dependent from

lipid raft
As already reported (Ellis et al. 2002; Kornblatt et al. 2003;
Ryou et al., 2003), tPA catalyzes the activation of plasmino-
gen by binding the fibrin or other molecules of the cell
surface and this activity has been suggested to be regulated
by PrPC, which then acts as a cofactor. We analyzed in SK-
N-BE2 cells: a) whether tPA activity in its function of
plasminogen activator is, in our cell system, actually
dependent on PrPC, b) whether the demonstrated association
of PrPC with LRP1 plays a role in the tPA activity, c) the
involvement of lipid rafts.
For this aims, we used a tPA activity determination kit to

analyze the supernatants of cell cultures stimulated with tPA.
The rationale of this experiment is based on the fact that the
tPA administered to a cellular system acts by binding to the
deputy receptor system. If this receptor system is altered, the
tPA molecules will be unable to interact with the cells
remaining in the supernatant of the culture. Therefore, the
evaluation of tPA activity in the supernatants of the various
samples prepared, allows us to indirectly evaluate the
functionality of the receptor system of the cell.
In order to evaluate the involvement of PrPC and/or LRP1

in the tPA function, SK-N-BE2 cell culture were treated with
a small interfering RNA (siRNA PrP or siRNA LRP1).
Under our experimental conditions, we found that 72 h after
siRNA PrP treatment, SK-N-BE2 cell culture showed a
significant reduction of PrPC (about 80%), as compared to
scrambled siRNA-transfected cells (Fig. 3a). In cells trans-
fected with siRNA LRP1 a significant reduction (about 60%)

Fig. 1 Lipid microdomain localization of low-density lipoprotein recep-
tor-related protein 1 (LRP1) and PrPC in SK-N-BE2 cells. Represen-

tative immunoblots of sucrose gradient fractions. SK-N-BE2 cells,
either untreated or treated with 10 nM tPA for 10 min at 37°C, were
lysed and the supernatant fraction was subjected to sucrose density

gradient. After centrifugation, the gradient was fractionated and each
fraction was recovered and analyzed by western blot using the
following: (a) an anti-PrP SAF32 mAb; (b) and anti-LRP1 pAb. Right

panel Densitometric analysis of sucrose gradient fractions. Scatter plot
indicates the percent distribution across the gel of raft-fractions 4–5

and 6 (Triton X-100-insoluble fractions) and 9–10 and 11 (Triton X-100-
soluble fractions), as detected by densitometric scanning analysis. The

horizontal bars indicate the mean. The data are presented as
densitometric units from three independent cell culture preparations
(*)p < 0.01 TX-100-insoluble fractions from tPA-treated cells versus

TX-100-insoluble from control cells; (°) p < 0.01 TX-100-soluble
fractions from tPA-treated cells versus TX-100-soluble from control
cells. As controls, fractions obtained after sucrose density gradient

from untreated or treated cells were analyzed using an anti-CD71 mAb
(c) or an anti-flotillin pAb (d).
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of LRP1 was detectable, with respect to scrambled siRNA-
transfected cells (Fig. 3a).
Furthermore, in order to evaluate the role of lipid rafts, we

analyzed tPA activity in the same samples from cell cultures
in the presence of MbCD, a compound able to induce
cholesterol efflux from the membrane (Whitehead et al.,
2012), which is known to disrupt the lipid raft structure,
preventing its functions.
The results reported in Fig. 3b showed that a significantly

higher residual activity of tPA was present in the super-
natants of MbCD + tPA-treated cells as compared to cells
treated with tPA only. Interestingly, the supernatants of cells
treated with PrP siRNA, as well as with LRP1 siRNA also
revealed a significantly higher residual activity of tPA as
compared to control cells (scrambled + tPA). This effect in
siRNA cells was exacerbated in the presence of MbCD
treatment.

The reported data showed that the residual tPA activity in
supernatants is significantly detectable only in those samples
in which the putative multimolecular receptor complex has
been disabled. Thus, these results clearly indicated that PrP,
LRP1 and lipid raft integrity are essential for tPA binding
and function.

Knocking-down PrPC and LRP1 by siRNA impairs signal

transduction induced by tPA

Cells treated with siRNA PrP were stimulated with tPA for
10 min at 37°C and analysed by Western blot using an anti-
phospho-ERK1/2 pAb. The result revealed that the phos-
phorylation of ERK1/2 was significantly reduced, as com-
pared to siRNA PrP transfected cells (Fig. 4a).
In parallel experiments, LRP1 siRNA-treated cells

were incubated with tPA and analysed by Western
blot using an anti phospho-ERK1/2 Ab. It revealed that

Fig. 2 Low-density lipoprotein receptor-related protein 1 (LRP1)
associates with PrPC and ganglioside GM1 under tPA stimulation.

SK-N-BE2 cells, untreated or treated with 10 nM tPA, were lysed in
lysis buffer, followed by immunoprecipitation with rabbit anti-LRP1
pAb. A rabbit IgG isotypic control (IRR) was employed. (a) The
immunoprecipitates were analyzed for the presence of PrPC by

Western blot analysis, using anti-PrP SAF32 mAb. A representative
experiment among three is shown. As a control, the immunopre-
cipitates were assessed by immunoblot with anti-LRP1 mAb.

Scatter plot shows densitometric analysis from three independent
cell culture preparations. The horizontal bars indicate the mean. (*)

p < 0.01 tPA versus control cells. (b) Standard GM1 (STD) and the
immunoprecipitates were spotted onto nitrocellulose strips and

incubated with Cholera Toxin B Subunit-Peroxidase (from Vibrio
Cholerae) as described in Materials and Methods. As a control, the
immunoprecipitates were assessed by Dot-blot with anti-LRP1
mAb. A rabbit IgG isotypic control (IRR) was employed. A

representative experiment among three is shown. Scatter plot
shows densitometric analysis. The horizontal bars indicate the
mean. The data are presented as densitometric units from three

independent cell culture preparations. (*)p < 0.01 tPA versus
control cells.
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Fig. 3 tPA activity levels in the SK-N-BE2 supernatants. (a) Evaluation

of PrPC and low-density lipoprotein receptor related protein 1 (LRP1)
expression after 72 h siRNA transfection byWestern blot analysis using
anti-PrP SAF 32mAb and anti-LRP1 pAb. A scrambled siRNAwas used
as control. Scatter plot in the right panel shows densitometric analysis.

The horizontal bars indicate the mean. The data are presented as
densitometric units from three blinded independent cell culture prepa-
rations. (*)p < 0.01 siRNAPrP versus scrambled siRNA and (°)p < 0.01

siRNA LRP1 versus scrambled siRNA. (b) Analysis of Tissue type
Plasminogen Activator Human Chromogenic Activity Assay in SK-N-

BE2 supernatants, untreated or treated with 10 nM tPA, in the presence

or in the absence of pre-treatment with siRNA PrP or siRNA LRP1, or in
the association or in the absence with 5 mM methyl-b-cyclodextrin
(MbCD). Scatter plot shows densitometric analysis. The horizontal bars
indicate the mean. The data are presented as densitometric units from

three independent experiments. (§)p < 0.01 MbCD + tPA versus tPA-
treated cells; (*)p < 0.01 siRNA LRP1 + tPA versus tPA-treated cells,
(**)p < 0.01 siRNA LRP1 + MbCD + tPA versus tPA-treated cells, (°)

p < 0.01 siRNA PrP + tPA versus tPA-treated cells, (°°)p < 0.01
siRNA + MbCD + tPA versus tPA-treated cells.
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the phosphorylation of ERK1/2 was significantly
reduced, as compared to siRNA LRP1 transfected cells
(Fig. 4b).

Effect of Lipid rafts disruption on tPA function through the

multimolecular complex

Gangliosides and cholesterol are structural components of
lipid rafts. Two different agents capable to perturb lipid rafts
integrity have been considered: MbCD and FB1, a ceramide
synthase inhibitor (Marasas et al., 2004). Both effectors have
the capability to disrupt lipid raft structure and function
(Fig. S1).
By the use of these molecules, we investigated whether the

integrity of the lipid microdomains may play a role in
signaling induced by tPA.

SK-N-BE2 cells were pre-incubated with FB1 or with
MbCD and then stimulated with tPA for 10 min at 37°C. As
shown in Fig. 5, Western blot analysis using a specific anti-
phospho-ERK1/2 (p-ERK1/2), indicated that tPA treatment
significantly enhanced phosphorylation of ERK1/2, which
was counteracted by pre-treatment with FB1 or MbCD.
These results were also confirmed by densitometric analysis
(Fig. 5, right panel bar graphs). Thus, these findings suggest
a role for lipid rafts in the signal transduction pathway
triggered by tPA.

Prion protein and MbCD affected neurite outgrowth induced

by tPA in SK-N-BE2

It has been reported that tPA is able to induce neurite
outgrowth in neuronal progenitor cells (Lee et al., 2014). The

Fig. 4 Effect of PrPC or low-density lipoprotein receptor-related protein
1 (LRP1) silencing on ERK phosphorylation induced by tPA in SK-N-

BE2 cells. SK-N-BE2 cells, untreated or treated with 10nM tPA, in the
presence or in the absence of pre-treatment with siRNA PrP (a) or
siRNA LRP1 (b) were analyzed by Western blot, using anti-phospho

ERK1/2(p-ERK1/2) (Thr202/tyr204) pAb or anti-total ERK1/2(t-ERK1/
2) pAb (Cell Signaling Technology). Scatter plot shows densitometric

analysis. The horizontal bars indicate the mean. The data are
presented as densitometric units from 3 independent blinded exper-

iments. (*)p < 0.01 tPA-treated cells versus untreated cells, (°)
p < 0.01 scrambled siRNA + tPA-treated cells versus scrambled
siRNA, **p < 0.01 siRNA PrP + tPA-treated cells versus tPA-treated

cells, °°p < 0.01 siRNA LRP1 + tPA-treated cells versus tPA-treated
cells.
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neurite outgrowth regulation by tPA plays a role in
plasminogen activation and is involved in pathological
conditions or regeneration (Pittman et al., 1989).
In order to study the involvement of PrPC and MbCD

molecules in the neurite outgrowth induced by tPA, we
cultured SK-N-BE2 cells in the presence or in the absence of
tPA (10 days). Phase contrast microscopy showed, as
expected, an evident morphological differentiation of cells
incubated with tPA compared to control. When the cells were
pre-treated with siRNA PrP or MbCD, the tPA-mediated
neurite outgrowth was affected (Fig. 6a). Morphological data
were quantified and confirmed by using NeuronJ plugin from

the ImageJ package Fiji, a commonly used tool for semiau-
tomatic tracing and measurement of neurites in ImageJ
(Schindelin et al., 2012; Pemberton et al. 2018) (Fig. S2).
For each treatment group, actual measurements of neurite
length and branch number were performed by two observers
in a double-blind manner, as described in Material and
Methods section.
Immunofluorescence staining using a mAb anti GAP-43,

as neuronal differentiation marker, further confirmed the
morphological result. In Fig. 6b, it is reported an anti-GAP43
staining indicating the role of PrPC and MbCD in the neurite
outgrowth by tPA. Again, cells treated with tPA in the

Fig. 5 Effect of raft disruption on ERK phosphorylation induced by
tPA in SK-N-BE2 cells. SK-N-BE2 cells, untreated or treated with
10 nM tPA, in the presence or in the absence of pre-treatment with

5 mM methyl-b-cyclodextrin (MbCD) or FB1 were analyzed by
Western blot, using anti-phospho ERK1/2(p-ERK1/2) (Thr202/tyr204)
pAb or anti-total ERK1/2(t-ERK1/2) pAb (Cell Signaling Technology).

Scatter plot shows densitometric analysis. The horizontal bars
indicate the mean. The data are presented as densitometric units
from three independent blinded experiments. (*)p < 0.01 tPA-treated

cells versus untreated cells; (§)p < 0.01 MbCD + tPA-treated cells
versus tPA-treated cells (°)p < 0.01 FB1 + tPA-treated cells versus
tPA-treated cells.

Fig. 6 Knocking-down PrPC gene and methyl-b-cyclodextrin (MbCD)
affected neurite outgrowth induced by tPA. SK-N-BE2 cells untreated

and treated with siRNA PrP, MbCD or scrambled siRNA for 72 h
were stimulated with tPA for 10 days and analyzed by

immunofluorescence analysis. Scale bars, 100 µm. (a) Morphology
of SK-N-BE2 cell lines; (b) Immunofluorescence analysis of neuronal

marker GAP43. A representative experiment among three blinded
experiments is shown.
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presence of siRNA PrP or MbCD, showed an evident
decrement of the GAP43 staining compared to tPA-treated
cells, indicating an under regulation of tPA differentiative
effect. GAP43 immunofluorescence was quantified for
fluorescence intensity using ImageJ (Fig. S3). For each
treatment group, actual measurements of neurite length and
branch number were performed by two observers in a
double-blind manner.

Discussion

In this paper, we demonstrate that tPA, PrPC, and LRP1 are
all together molecules forming a unique multimolecular
signaling complex, whose activity is strictly dependent on
lipid raft.
It is well known that lipid rafts associate and quickly

dissociate themselves forming functional clusters (Sonnino
and Prinetti 2012) and these clusters favor the interaction of
specific proteins with lipid molecules. Such molecular
associations are highly efficient in membrane trafficking
and cellular signaling (Simons, 2000; Barbat et al., 2007),
allowing the lateral segregation of proteins within the
membranes, providing a mechanism for the partitioning
and concentration of signaling components (Simons, 1997;
Pizzo and Viola 2003; Garofalo et al., 2003).
In neurons, lipid rafts have been implicated in the

recruitment of proteins involved in neurotransmitter signal-
ing. Rafts facilitate the transport and regulate the release of
the neurotransmitters, recruit the receptor molecules to the
synapse and the associated signal transduction molecules
(Aureli et al., 2015).
Mantuano et al. have shown that, when neuronal cells are

treated with tPA, LRP1 forms a complex with other
membrane molecules (Mantuano et al., 2013) and this
complex seems to be indispensable for intracellular signaling
that leads to biological responses such as neurite growth
(Tsui-Pierchala et al., 2002; Mantuano et al., 2013; Lee
et al., 2014).
In this environment, it is not surprising that a molecule that

has been shown to interact with PrP and, at the same time, bind
LRP1, may act as a recruiter of molecules that are induced to
interact with lipid raft only in particular conditions.
In fact, LRP1 in lipid rafts belongs to that subpopulation of

dynamic receptors which can be transiently recruited into

lipid rafts, more often it is localized in clathrin-coated wells,
where it is subjected to endocytosis (Wu and Gonias 2005).
Once the endocytic process has been initiated, LRP1 enters
an intracellular vesicle transport pathway, which allows it to
recycle to the cell surface with almost 100% efficiency
(Willingham et al., 1980; Dickson et al., 1981). Therefore,
although LRP1 is well known as an endocytic receptor, it can
also function as a cellular signaling molecule, in specific cell
types (Gonias and Campana 2014). In this particular case, we
show that LRP1 can transiently be localized within lipid
rafts. In this position, LRP1 is concentrated and probably
interacts with other proteins, such as PrPC, or NMDA-R
(Mantuano et al., 2015).
On the other hand, Praus et al. (Praus et al., 2003)

demonstrated that tPA-mediated plasminogen activation is
dependent on tPA interaction with PrPC and hypothesized
that the interactions among PrPC, tPA and plasminogen may
play a role in the regulation of cellular proteolysis and could
constitute a biological function of PrPC. It means that the
specific stimulation of tPA-mediated plasminogen activation
by PrPC suggests a further biological function of PrPC. In the
absence of fibrin, it might serve as a cofactor in the
regulation of plasminogen activation by tPA in the central
nervous system.
PrPC is, however, neuroprotective and plays important

roles in defense against neuronal oxidative stress and in the
homeostasis of metal ion in the brain (Taylor and Hooper,
2006). Recently, PrPC was identified as a high-affinity
receptor for Ab oligomers (Chen et al., 2010), and the
presence of PrPC in hippocampal slices was responsible for
the Ab oligomer-mediated inhibition of LTP (Laur�en et al.,
2009). Moreover, PrP-mediated toxicity of Amyloid-b
oligomers requires lipid rafts and LRP1 transmembrane
(Rushworth et al., 2013). Several ligands of this, both
endocytic and cell-signaling receptor, control the activity of
LRP1 by directing the recruited co-receptors. It has been
demonstrated that LRP1 controls both the surface and
biosynthetic trafficking of PrPC in neurons (Parkyn et al.,
2008). As LRP1, other LRPs have been implicated in the
raft-association, internalization, and amyloidogenic process-
ing of amyloid precursor protein (APP) (Pietrzik et al 2002;
Cam et al 2005; Yoon et al. 2005) and thus play a role in the
pathogenesis of neurodegenerative diseases, by altering the
catabolism of LRP’s ligands (eg IGF-I, ApoE/ lipoprotein/

Table 1 siRNA PrP and siRNA LRP1 sequences

Flexitube GeneSolution GS5621 for
PRNP

GeneGlobe Catalog
number

Flexitube GeneSolution GS4035 for
LRP1

GeneGlobe Catalog
number

TAGAGATTTCATAGCTATTTA SI03019625 TACGACCGCATCGAGACGATA SI03109400
CAGCAAATAACCATTGGTTAA SI03019324 CTGGCTATTGACTTCCCTGAA SI00036204
CTGAATCGTTTCATGTAAGAA SI04351298 CCGGAGTGGTATTCTGGTATA SI00036197

CAGTGACTATGAGGACCGTTA SI04244828 CCGCCGGATGTATAAATGTAA SI00036190
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cholesterol, tPA and a2M) and/or influencing metabolism
and accumulation of Ab, such as LRP6 in Alzheimer’s
Disease (AD) and APP processing (De Ferrari et al. 2007). It
is interesting to note that the cytoplasmic domain of LRP has
been shown to facilitate the association between the APP and
the b-site APP cleaving enzyme 1 (BACE1) and improves
APP delivery in rafts lipid through the endocytic pathway
(Yoon et al 2007; Vetrivel and Thinakaran 2010; Spuch et al
2012).
Our results demonstrated that LRP1 is recruited to lipid

rafts and associates with PrPC under tPA stimulation in SK-
N-BE2 cells, where co-immunoprecipitation experiments
clearly indicated the interaction between the two proteins.
From a theorical point of view, we cannot exclude the
possibility that a subfraction of LRP1 in the non-raft region
might associate with a minor pool of PrP in the non-raft
fraction following tPA treatment and this complex could be
then translocated to rafts. Moreover, co-immunoprecipitation
with LRP1 and ganglioside GM1 further supports the
recruitment of LRP1 into the lipid raft. This peculiar
behavior of the LRP1 has been already suggested in our
previous work (Laudati et al., 2016) and the new data
confirm and extend this previous indication. Indeed, in this
report we clearly demonstrated that knocking-down PrPC and
LRP1 by siRNA impairs signal transduction induced by tPA
and that the raft disruption by MCD or FB1 has a robust
blocking effect on the tPA function through the multimolec-
ular complex.
We demonstrated in this paper that in SK-N-BE2 cells, the

absence of PrPC affected neurite outgrowth induced by tPA.
Moreover, the neurite outgrowth regulation by tPA plays a
role in plasminogen activation and is involved in patholog-
ical conditions or regeneration (Lee et al., 2014).
The results of this study show that PrPC is strictly

associated with gangliosides in lipid rafts of neuroblastoma
cells, indeed co-immunoprecipitation analysis reveals a
consistent association between PrPC and GM1, as well as
between LRP1 and GM1, indicating the existence of a
glycosphingolipid-enriched molecular complex. These data
taken together, suggest that LRP1 and PrPC, following tPA
stimulation, may function as a part of a single system
associated with lipid rafts, involved in receptor-mediated
neuritogenic pathway. We hypothesize that the ability of
PrPC to induce cell signaling may involve a multi-receptor
complex, in which LRP1, in association with other receptors
like NMDA receptor, plays a role in signal transduction
within lipid rafts. In our cell model, knocking-down PrPC

gene impairs ERK phosphorylation induced by tPA and the
alteration of the lipidic milieu of lipid rafts inhibits this
response perturbing the physical/functional interaction
between PrPC and LRP1.
Taken together, these findings lead to our hypothesis by

which, under tPA stimulation, PrPC and LRP1 associate
within a multimolecular complex, also including ganglioside

GM1, which is dependent on the integrity of lipid raft and is
involved in the neuritogenic signaling and trafficking.
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