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Confocal image of PrP¢ staining (red) in mouse
embryo at E9.5 in the presumptive hindbrain region
(courtesy of S. Halliez, INRA Jouy en Josas, France)

The cellular prion protein PrP¢is a
ubiquitous GPI-anchored protein.
While PrP€ has been the focus of
intense research for its involvement

in a group of neurodegenerative
disorders known as transmissible
spongiform encephalopathies (TSE),
much less attention has been devoted

to its physiological function. This
notably relates to the lack of obvious
abnormalities of mice, goat or cattle
lacking PrP¢. This apparently normal
phenotype in these PrP¢ -deficient
animals however contrasts with the very
high degree of conservation of the prion
protein gene (Prnp) in mammalian
species (over 80%), and the presence of
genes with similarities to Prnp in birds,
reptils, amphibians and fish. This high
conservation together with its ubiquitous

expression, - albeit at highest levels in the brain-, suggest that PrP¢ has major physiological

functions.

Dissecting PrP¢ function is further complicated by the occurrence, in mammals, of two
potentially partially redundant homologues, Doppel, and Shadoo. The biological overlaps
between members of the prion protein family are still under investigation and much debated.
Similarly, although in vitro analyses have suggested various functions for PrP¢, notably in cell
death and survival processes, some have yielded conflicting results and/or discrepancies with
in vivo studies. This Research Topic brings together the accumulated knowledge regarding the
biological roles of the prion protein family, from the animal to the molecular scale.
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From the discovery nearly 30 years ago of the cellular prion
protein PrP®, the founder of the prion protein family, there
has been a constant quest to dissect its biological function and
that of its two homologs, Doppel and Shadoo. While clues were
greatly anticipated from the generation of PrP null mice, alter-
ations appeared quite imperceptible at first examination, beyond
the clear-cut resistance to prion infection. Taking a closer look
at these knockout mice, together with the generation of mice
invalidated for Doppel and Shadoo has in the end yielded much
information on the -sometimes overlapping- roles of these pro-
teins. These in-depth investigations have also explored func-
tions of the prion protein family beyond the central nervous
system, which was obviously the first focus of interest since
prion diseases are neurodegenerative disorders. This Frontiers
Research topic on the promiscuous functions of the prion pro-
tein family incorporates contributions ranging from the field of
developmental biology to that of structure-function, including
aspects related to cell biology, signal transduction, and neuronal
homeostasis.

Starting from the embryo, the contribution by Halliez et al.
provides a comprehensive review of the impact of PrP invali-
dation on embryonic development, compiling data from both
mice and zebrafish and highlighting the key cellular pathways
affected by PrPC deletion (Halliez et al., 2014). The review by
Makzhami and colleagues is centered on the tissue with the sec-
ond highest PrP® expression after the brain, i.e., the placenta
(Makzhami et al., 2014). It summarizes the recent data obtained
with the help of PrP invalidated mice and discusses the patho-
physiological implications stemming from the aberrant PrP®
expression in human gestational diseases. The review by Allais-
Bonnet and Pailhoux is dedicated to the gonads, a unique tissue
where PrPC, Shadoo and Doppel are all expressed, raising the
question of a potential redundancy between the three proteins,
as well as their roles in reproductive functions (Allais-Bonnet and
Pailhoux, 2014). Mehrabian et al. provide a perspective on the
potential relationship between PrP® and the pathways involved
in epithelial to mesenchymal transition, a process associated
with major changes in cell adhesion properties and that physio-
logically takes place during embryonic development, while also
involved in cancer metastasis (Mehrabian et al., 2014). A fur-
ther connection with cancer is highlighted in the mini-review
by Martin-Lannerée et al, which focuses on the contribution
of PrPC to stem cell biology and its recent association with

tumor-initiating cells (Martin-Lanneree et al., 2014). At a cellu-
lar level, Sakudo and Onodera provide an overview of the data
gathered by exploiting cell lines derived from PrP-null mice or
constitutively knocked-down for PrPC, with special emphasis on
the protective role exerted by this protein (Sakudo and Onodera,
2014).

Several contributions go down to the molecular scale and focus
on the relationship between PrPC and cell signaling. The mini-
review by Roucou elaborates on the connection between PrP®
dimerization, proteolytic processing and the recruitment of cell
signaling cascades (Roucou, 2014). Ochs and Mélaga-Trillo pro-
vide a perspective on the recurrent link between PrPC-related
signaling and src family kinases, in contexts ranging from embry-
onic cell adhesion to regulation of NMDA activity (Ochs and
Malaga-Trillo, 2014). The protective function of PrP® against
NMDA-dependent excitotoxicity is the focus of the review by
Black et al, which also discusses the pathophysiological impli-
cations of this regulation as to ischemic injury, neuroinflam-
mation, and Alzheimer’s disease (Black et al., 2014). This last
issue relates to the identification of PrP® as a cell-surface recep-
tor for Abeta oligomers, and follow-up investigations on the
contribution of PrP® to Abeta toxicity, which is summarized
in the review by Watt et al. (2014). This review additionally
focuses on the contribution of PrP° to zinc homeostasis, and dis-
cusses how age-regulated deregulation of the interplay between
PrPC, lipid rafts and zinc may contribute to Alzheimer’s dis-
ease. The fate of PrPC during aging is further discussed in
the review by Gasperini and Legname, which notably high-
lights the changes in the biochemical properties and lipid raft
association of PrP® in aged animals (Gasperini and Legname,
2014).

Further zooming on the molecule itself, the review by Rezaei
provides a global view of the biochemical and structural sim-
ilarities between PrP®, Doppel and Shadoo, as well as their
specificities, in relation with their propensity to misfold (Rezaei,
2015).

Collectively, these works underscore the advance in our under-
standing of the functions exerted by the prion protein family
and underlines their versatile roles according to the cellular con-
text and interacting partners involved. Finally, they provide some
future directions for further dissecting how the deregulation of
these proteins functions can cause or contribute to pathological
conditions.
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The deletion of the cellular form of the prion protein (PrP) in mouse, goat, and
cattle has no drastic phenotypic consequence. This stands in apparent contradiction
with PrP¢ quasi-ubiquitous expression and conserved primary and tertiary structures in
mammals, and its pivotal role in neurodegenerative diseases such as prion and Alzheimer's
diseases. In zebrafish embryos, depletion of PrP ortholog leads to a severe loss-of-function
phenotype. This raises the question of a potential role of PrPC in the development of all
vertebrates. This view is further supported by the early expression of the PrP¢ encoding
gene (Prnp) in many tissues of the mouse embryo, the transient disruption of a broad
number of cellular pathways in early Prnp~/~ mouse embryos, and a growing body of
evidence for PrPC involvement in the regulation of cell proliferation and differentiation in
various types of mammalian stem cells and progenitors. Finally, several studies in both
zebrafish embryos and in mammalian cells and tissues in formation support a role for
PrPC in cell adhesion, extra-cellular matrix interactions and cytoskeleton. In this review,
we summarize and compare the different models used to decipher PrPC functions at early
developmental stages during embryo- and organo-genesis and discuss their relevance.

Keywords: prion protein, development, neural development, stem cells, cell adhesion, extra-cellular matrix,

cytoskeleton

INTRODUCTION

Prion diseases are a group of fatal and transmissible neurodegen-
erative diseases affecting a broad range of mammals including
humans. The causative agent (the prion) is primarily com-
posed of abnormally folded and aggregated forms of a host-
encoded protein, the cellular prion protein (PrP¢). PrPC is a
glycosyl-phosphatidyl-inositol anchored cell surface sialoglyco-
protein associated with lipid rafts (Taylor et al., 2009). PrP pri-
mary sequence is highly conserved among mammals (Wopfner
et al,, 1999) and PrP putative functional domains are structurally
conserved between mammals, avians, and fish (Wopfner et al,,
1999; Rivera-Milla et al., 2006). PrPC is widely expressed in nearly
all the organism, albeit at highest levels in the adult nervous sys-
tem (Bendheim et al., 1992). Together, these data lend support for
an essential role of PrP® in mammals and possibly in vertebrates
in general. However, the production of mice, goat, and cattle lack-
ing PrP did not lead to any obvious phenotype (Bueler et al., 1992;
Manson et al., 1994a; Richt et al., 2007; Yu et al., 2009) except, for
mice, a resistance to experimental prion diseases (Bueler et al.,
1993; Prusiner et al., 1993; Manson et al., 1994b; Mallucci et al.,
2003). Additionally, goats, naturally devoid of PrP® due to a non-
sense mutation, do not seem to present any abnormal phenotype
(Benestad et al., 2012). Subtle behavioral and oxidative stress-
related alterations have been then reported in adult mice devoid of
PrPC (see Table 1) (Tobler et al., 1996; Wong et al., 2001; Roucou
et al., 2004; Meotti et al., 2007; Sanchez-Alavez et al., 2008; Le
Pichon et al.,, 2009; Gadotti et al., 2012) although some of them

are debated (Steele et al., 2007) and some may be related to Prnp-
flanking genes rather than to PrP® absence itself (Nuvolone et al.,
2013). However, none of them seems, at first glance, so impor-
tant to justify the conserved structure and broad expression of
PrPC. The physiological role of PrP® still remains highly uncer-
tain despite more than two decades of research and numerous
proposed functions (Nicolas et al., 2009; Martins et al., 2010).
To conciliate these discrepant data, it has been hypothesized that
PrPC function is either dispensable or redundant with that of
other proteins. Yet, recent advances, notably in the developmen-
tal biology, shed a new light on PrP¢ functions and suggest that,
perhaps, the quest for PrP® functions has been made at the wrong
place and/or at the wrong period of time.

EARLY DEVELOPMENTAL EXPRESSION OF THE PrP GENES

IN SELECTED VERTEBRATES

The apparent lack of a phenotype in mice invalidated for PrP¢
sounds at odds with the very early and quasi-ubiquitous expres-
sion pattern of the protein at embryonic and postnatal stages,
respectively. Expression of the gene encoding PrP—Prup—is
detected in post-implantation embryo from embryonic day (E)
6.5 in extra-embryonic regions (Manson et al., 1992) and from
E7.5 (late allantoic bud stage) in cardiac mesoderm (Hidaka
et al., 2010). Prup expression is then observed in the develop-
ing central nervous system and heart around E8 before extending
rapidly almost to the entire embryo (Tremblay et al., 2007).
Prup may even be expressed earlier on as PrP mRNAs have been
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Table 1 | Phenotypes associated to PrP invalidation/ectopic activation.

Life Type of manipulation Phenotype(s) Comments References
period/developmental

stage

Early embryo Lethal

(zebrafish)

PrP-1 knockdown

— gastrulation arrest due to
impaired cell adhesion

— partial rescue of the
morphants by the
injection of PrP mRNA
including mammalian
sequence

Malaga-Trillo et al., 2009

Early embryo (mouse)

Prnp knockout embryos

Moderately severe

— transcriptomic analysis shows
differential expression of genes
from multiple cell pathways

— transient phenotype

Khalife et al., 2011;
Passet et al., 2012

Early embryo (mouse)

PrP and Shadoo

co-invalidation obtained by:

Sprn knockdown and Prnp
knockout
Double knockout

Controversial

— impaired trophoblast
development, lethality

— no phenotype reported but no
assessment at embryonic stage

— discussed in Makhzami
et al. (2014)

Young et al., 2009;
Passet et al., 2012
Daude et al., 2012

Pharyngula stage
(zebrafish)

PrpP-2 knockdown

PrpP-2 knockout

Controversial
— differential expression of genes

involved in multiple cell pathways

— no obvious developmental
abnormalities but no

transcriptomic analysis performed

—no phenotype rescue of
the morphants

Nourizadeh-Lillabadi
etal., 2010
Fleisch et al., 2013

Larva (zebrafish)

PrP-2 knockdown

PrP-2 knockout

Controversial
— head malformations, missing
neuronal structures

— no obvious abnormalities at larval

stage

— no phenotype rescue of
the morphants

Malaga-Trillo et al., 2009;
Nourizadeh-Lillabadi
etal., 2010

Fleisch et al., 2013

Late embryo/newborn
(mouse)

Prnp knockout embryos

Minor

— increased proliferation and
maturation delay of the
oligodendrocyte precursor cell
population in the brain

— earlier formation of dentin and
enamel in the developing tooth

— no brain abnormalities
or myelin defect

- no enamel defect but
reduced hardness of
dentin at adult stage

Bribian et al., 2012

Zhang et al., 2011

Juvenile (mouse)

Prnp knockout mice

Moderately severe

— functional abnormalities and
persisting cell proliferation in the
cerebellum, impaired locomotor
abilities

— transient phenotype

Prestori et al., 2008

Adult Brain (mouse)

Prnp knockout mice

Minor

— transcriptomic and proteomic
analysis revealed no important
differences

— increased protein oxidation,
protein ubiquitination and lipid
peroxidation

— increased proliferation and
maturation delay of the
oligodendrocyte precursor cells

— delayed maturation of astrocytes

— no brain abnormalities
or myelin defect
associated

Crecelius et al., 2008;

Chadi et al., 2010

Wong et al., 2001

Bribian et al., 2012

Arantes et al., 2009

(Continued)
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Table 1| Continued

Life
period/developmental
stage

Type of manipulation Phenotype(s)

Comments References

— decreased cell proliferation in the

Steele et al., 2006

dentate gyrus (adult neurogenic

region)

Collinge et al., 1994

— functional abnormalities in the

hippocampus

Adult brain (mouse) Minor

Prnp overexpressing mice

phase

—increased cell proliferation in the
subventricular zone (adult
neurogenic region)

- shorten astrocyte maturation

— no brain abnormalities Steele et al., 2006

associated

Hartmann et al., 2013

Adult extraneural Minor

tissues (mouse) Prnp knockout mice

— delayed mineralization of the
continuously erupting incisors

- regeneration and
renewing tissues

Zhang et al., 2011;
Stella et al., 2010

- slower regeneration of muscle

fibers

- shortening of intestinal villi, cell

Morel et al., 2008

cycle alterations in intestinal
crypts and reduced size of
desmosomes in intestinal

epithelium

Adult (mouse)

Prnp knockout mice controversial

- depending of the study, no
phenotype observed to minor
alterations such as altered
olfactory behavior

Minor and/or partially

Bueler et al., 1992;
Collinge et al., 1994;
Tobler et al., 1996; Walz
et al., 1999; Nico et al.,
2005; Meotti et al., 2007;
Sanchez-Alavez et al.,
2008; Le Pichon et al.,
2009; Gadotti et al., 2012;
Rial et al., 2014

- few studies were
carried out using distinct
genetic background

Adult (zebrafish) Minor
PrP-2 knockout

convulsant drug

Fleisch et al., 2013

—increased susceptibility to a

— kinetics alteration of NMDA

receptors
Adult (zebrafish) PrP-1 knockout Unknown - no transgenic
(inducible) line
established
Aged animal (mouse) Minor Rial et al., 2009;

Prnp knockout mice

— behavior alterations

Massimino et al., 2013

Aged animal nerves Minor

(mouse) Prnp knockout and

conditional Prnp knockout peripheral nerves

— increased myelin abnormalities in

— several genetic Bremer et al., 2010

background analyzed

found maternally expressed in the zygotes of Xenopus laevis and
zebrafish (Danio rerio) (van Rosmalen et al., 2006; Malaga-Trillo
et al., 2009).

Two PrP homologs, PrP-1, PrP-2 and a more divergent form,
PrP-3, have been identified in zebrafish (Cotto et al., 2005;

Rivera-Milla et al., 2006). The expression patterns of the cor-
responding genes (PrP-1, PrP-2, and PrP-3, respectively) in
zebrafish embryos are partially conflicting (Cotto et al., 2005;
Malaga-Trillo et al., 2009) although both studies agree on their
spatio-temporal complementarity. Both studies describe early PrP
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gene expression from the mid-blastula stage although it is PrP-2
according to the Cotto et al. study and PrP-1 according to Malaga-
Trillo et al. At pharyngula stage (24-48 h postfertilization), both
studies show a strong and broad expression of PrP-2 in the devel-
oping central nervous system. Additionally, the Cotto et al. study
reports the expression of PrP-1 in the floor plate, an essential
organizing center of the central nervous system and in the periph-
eral nervous system around the same developmental period. The
expression of PrP-2 and PrP-3 in the developing neuromasts (sen-
sory organs) is also described at the larval stage. PrP-encoding
genes are also expressed in developing organs or tissues outside
the nervous system such as the heart (PrP-2 and PrP-3), the kid-
ney (PrP-2), the pectoral fins (PrP-2 and PrP-3) and the intestinal
epithelium (PrP-2) (Cotto et al., 2005).

THE EMBRYO SPILLS THE BEANS

In sharp contrast with the situation in mammals, knockdown
(KD) of PrP-1 or PrP-2 by morpholino injection led to severe
biological phenotypes in zebrafish (see Table1): gastrulation
arrest for PrP-1 KD (Malaga-Trillo et al., 2009) and malforma-
tions of the brain and the eyes associated to a reduced num-
ber of peripheral neurons for PrP-2 KD (Malaga-Trillo et al.,
2009; Nourizadeh-Lillabadi et al., 2010). However, PrP-2 KD-
induced phenotype is subject to caution as PrP-2 knockout (KO)
by zinc finger nuclease-induced targeted mutation did not lead
to any obvious developmental phenotype (Fleisch et al., 2013).
Additional and aspecific effects due to morpholino injection may
have occurred. There is less concern about PrP-1 KD phenotype
as partial rescue was obtained by the injection of PrP-1 mRNA,
PrP-2 mRNA and, remarkably, mouse Prnp mRNA (Malaga-Trillo
et al., 2009), strongly suggesting that zebrafish and mammalian
PrPs may share conserved functions.

PrP inactivation studies in zebrafish allow investigating PrP¢
functions. They also favor a more critical role of PrPC in
early development rather than during postnatal stages (see
Table 1). Accordingly, transcriptomic analyses (by RNAseq) of
Prup~/~ versus wild-type mouse embryos identified numer-
ous genes differentially expressed (73 and 263 genes at E6.5
and E7.5, respectively) (Khalife et al., 2011), while only 1 gene
was found differentially expressed in adult brains (Chadi et al.,
2010). Proteomic analysis also failed to identify major alterations
(Crecelius et al., 2008) although many cellular stress markers such
as protein oxidation, protein ubiquitination, and lipid peroxida-
tion were reportedly activated in the brains of Prup=/~ versus
wild-type mice (Wong et al., 2001). This suggests either that PrP®
is quite dispensable in the adult brain or that, in a Prup™/~
context, alternative mechanisms are activated during the brain
development to compensate the absence of PrPC. Supporting the
second hypothesis, the number of genes differentially expressed
in the adult Prnp~/~ mouse brain was substantially higher upon
postnatal depletion in neurons than embryonically (Chadi et al.,
2010), albeit to a less extent than in the embryo. The genes dif-
ferentially expressed in the embryo covered various cell functions
including adhesion, apoptosis and proliferation and are related
to heart formation and blood vessel development, vascular dis-
eases, immune response, nervous system development, and prion
diseases (Khalife et al., 2011). Interestingly and in line with the

idea of evolutionary conserved functions of PrPs, similar biologi-
cal functions were impacted by PrP-2 KD in zebrafish, as revealed
by transcriptomic analyses: development including that of the
cardiovascular and nervous systems specifically, cell death, cellu-
lar assembly, cell cycle, immunological, and neurological diseases
(Nourizadeh-Lillabadi et al., 2010).

Finally, the KD of the Sprn gene encoding a PrP-related pro-
tein, Shadoo resulted in embryonic lethality between E8 and
E11 specifically in Prup~/~ embryos, supporting a role for PrP¢
and Shadoo in mouse embryogenesis, notably cell adhesion and
placenta development, and a possible functional redundancy
between the two proteins (Young et al., 2009; Passet et al., 2012).
However, the recent generation of viable Prup~/~; Sprn™/~ ani-
mals is challenging this view (Daude et al., 2012). These appar-
ently conflicting observations are discussed in Makhzami et al.
(2014).

Thus, studying the consequences of PrP inactivation during
developmental stages rather than in adult animals could be a more
efficient, although not easier, strategy to decipher PrP€ func-
tions. Additionally, studying PrP® implications in regenerative
processes and in renewing tissues could also be an informative
approach (see Table 1).

THE CURRENT LIMITS OF /N VIVO STUDIES IN MAMMALS

As PrPC is mediating neuronal dysfunction and degeneration
in prion diseases and reportedly in Alzheimer’s disease (Lauren
et al., 2009; Klyubin et al., 2014), it has been logically suspected
to play a role in neuronal homeostasis and during neural devel-
opment. As PrP® functions in mature neurons are not under the
scope of the present review, we will not discuss them and only
focus on developmental aspects. In vivo direct evidence support-
ing a role of PrP® in neural development is quite elusive and PrP®©
expression pattern remains one of the strongest pro arguments.
Indeed, PrP® expression increases as neurons mature, although it
is not detected in mitotically active neural progenitor cells (Steele
et al., 2006; Peralta et al., 2011). Other experimental evidence
was obtained from the comparative study of WT and Prup~/—
and/or Prnp overexpressing animals (see Table 1). The levels of
PrP¢ were found to positively regulate the proliferation in neu-
rogenic regions in adult mice (Steele et al., 2006; Bribian et al.,
2012) and the maturation of astrocytes in the developing brain
(Arantes et al., 2009; Hartmann et al., 2013). Conversely, the
absence of PrP® was associated with an increased proliferation
in oligodendrocyte precursor cells both in embryos and adults
(Bribian et al., 2012). However, no brain morphology abnormal-
ities or myelin defects could be observed in Prnp~/~ animals,
casting doubt on a crucial role of PrP® in cell proliferation and
maturation during brain development or, at least, suggesting the
occurrence of compensatory mechanisms. Yet, electrophysiolog-
ical recordings on hippocampus from Prup~/~ mice (Collinge
et al., 1994) and on cerebellum from juvenile Prup~/~ mice
(Prestori et al., 2008) revealed functional alterations. However,
no hippocampus-related behavioral or learning alterations were
observed in Prnp_/ ~ mice (Bueler et al., 1992) suggesting the
hippocampus functional alterations are minor or at least compen-
sated. Conversely, cerebellum functional alterations were found
associated to a failure of juvenile Prnp~/~ mice in motor control
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test and to protracted cell proliferation in the cerebellum granular
layer at the third week of postnatal development although all these
abnormalities vanished in older animals (Prestori et al., 2008).
Taken together, these arguments suggest a delay in the maturation
of the cerebellar granule cells in Prnp™/~ mice.

Further dissecting the underlying mechanisms responsible for
the subtle phenotypes in Prnp~/~ mice is a particularly arduous
task in vivo. For example, determining whether the effects are cell-
autonomous would require the use of several transgenic lines or
genetic chimeras to limit the expression of PrP* to a subset of
cells. And this question is far from being irrelevant as PrPC is a cell
surface protein. Such topology could elicit specific cell responses
in neighboring cells. Additionally, PrP® may act at distance since
secreted forms of have been described both in vitro and in vivo
(Borchelt et al., 1993; Harris et al., 1993).

CONTRIBUTIONS OF /N VITRO AND EX VIVO MODELS TO
UNDERSTANDING THE ROLE OF PrPC IN NEURAL
DEVELOPMENT

The use of in vitro or ex vivo models has generated a wealth of
data with regard to the involvement of PrPC in neural devel-
opment and, importantly, has comforted the putative functions
suggested by the in vivo approaches. Moreover they often allow
pinpointing more precisely the cellular processes and signaling
pathways involving PrPC. Collectively, these experimental data
argue that PrP® positively regulates (1) the differentiation of
pluripotent progenitors cells toward the neural lineage (Peralta
et al, 2011), (2) the proliferation of neural progenitor cells
(Prodromidou et al., 2014) (3) the self-renewal of neural pro-
genitor cells (Santos et al., 2011; Prodromidou et al., 2014) (4)
the neuronal differentiation in terms of choice of cell fate (Steele
et al., 2006) and (5) acquisition of neuronal features (Graner
et al., 2000). However, how PrPC€ fulfills these different actions is
only partially understood. The current idea is that PrP is part of
multiprotein signaling complexes, able to bind various partners,
and participate to signal transduction events along different cel-
lular pathways depending on the cellular context (Caughey and
Baron, 2006; Watts et al., 2009; Stuermer, 2011; Hirsch et al.,
2014). Non-exhaustively, the interaction between PrP¢ and one
of its identified ligand, Stress inducible protein 1 (STI1), has
been shown to promote the self-renewal of the neural progeni-
tor cells (Santos et al., 2011). Besides, interaction with the neural
cell adhesion molecule (NCAM) can induce their neuronal dif-
ferentiation (Prodromidou et al., 2014). In cultured neurons,
STI1 binding to PrP® increases protein synthesis (Roffe et al.,
2010), STI1 and Laminin-y1 binding promotes intracellular Ca?t
increase and axonogenesis (Santos et al., 2013), and vitronectin
binding, axonal growth (Hajj et al., 2007). Experimental evi-
dence also favors a role of PrP® in glia development since the
lack of PrP® promotes the proliferation of oligodendrocyte pre-
cursor cells and delays their differentiation in culture (Bribian
et al., 2012). Studies in astrocyte primary cultures revealed that
the involvement of PrPC in astrocytes maturation is dependent
upon its interaction with STI1 and the downstream activation
of ERK1/2 (Arantes et al., 2009). Of note, PrP® action does not
necessarily rely on PrPC expression solely in the cell population
considered. For instance, proper neuritogenesis has been shown

to require PrPC expression in both neurons and surrounding
astrocytes in co-cultures experiments (Lima et al., 2007). Beyond
a role in the interactions between both populations, PrP® serves
as a neuronal receptor for laminin (Graner et al., 2000) and is
also involved in the organization of the extracellular matrix by
the astrocytes, especially through laminin deposition (Lima et al.,
2007).

It should also be stressed that PrPC partners and the cel-
lular context could tightly determine the final consequences of
PrPC stimulation. For example PrP® interaction with contactin-
associated protein (Caspr) protects Caspr from proteolysis allow-
ing it to inhibit more efficiently neurite outgrowth (Devanathan
et al,, 2010). On the opposite, PrP¢ and NCAM interactions
allow stabilization of NCAM in lipid rafts allowing Fyn kinase
activation and promoting neurite outgrowth (Santuccione et al.,
2005).

In vitro, PrPC is thereby found involved in all the major steps
of neural development. Since it notably regulates the self-renewal
and differentiation processes in neural progenitor cells, the ques-
tion arises as to whether this role can be extended to other cell

types.

WHAT THE STUDY OF STEM CELLS REVEALS

The role of PrP is far from being restricted to neural develop-
ment and a growing body of evidence support its involvement in
stem cell biology see also Martin-Lannerée et al. (2014). Whether
PrPC is expressed in embryonic stem cells (ESC) at basal state
remains unclear (Lee and Baskakov, 2010; Miranda et al., 2011),
possibly due to limitations in the sensitivity of the detection
methods, choice of the target (i.e., the gene or the protein itself)
and methods of production and culture of the cells. Nevertheless,
there is a consensus that PrPC expression progressively increases
during stem cell differentiation (Miranda et al., 2011; Lee and
Baskakov, 2013). To understand the role played by PrP¢ during
early embryogenesis, the consequences of Prnp KD or overex-
pression were studied in human ESC (Lee and Baskakov, 2013).
Forcing PrP® expression under self-renewal conditions was found
to alter cell cycle regulation and to promote ESC differentia-
tion. Blocking PrP® expression in differentiating ESC also impacts
on cell cycle regulation and inhibits the differentiation toward
ectodermal lineages, in line with PrP® functions in neural dif-
ferentiation (Peralta et al., 2011) and the reduced expression of
Nestin, an ectodermal marker, observed in ESC in the absence of
PrPC (Miranda et al., 2011; Peralta et al., 2011). Mesodermal and
endodermal differentiations were, however, not affected. Finally,
overexpressing PrPC in differentiating ESC promotes prolifera-
tion and inhibits differentiation toward all the lineages (Lee and
Baskakov, 2013).

Further supporting PrP® function in stem cell biology, PrP¢
is expressed in hematopoietic stem cells and promotes their self-
renewal (Zhang et al., 2006). PrPC is therefore involved in the
self-renewal and differentiation of stem cells although its role
and requirement seem to vary along the differentiation process
and the cell lineage considered. Identifying the molecular mecha-
nisms at play is a particularly challenging task since self-renewal,
differentiation and proliferation are highly intertwined processes
impacting each other.
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THE ROLE OF PrPC IN DEVELOPING AND RENEWING
TISSUES OUTSIDE THE NERVOUS SYSTEM

Looking outside the central nervous system in newborn to
full-grown animals allowed pinpointing subtle phenotypes in
the absence of PrPC (see Table 1), in perfect consistency with
PrPC widespread expression. PrP® is expressed in developing
human and murine teeth and study of dental cell cultures and
teeth from Prnp~/~ animals revealed multiple alterations dur-
ing tooth formation (Schneider et al., 2007; Zhang et al., 2011).
In vitro, embryonic dental mesenchymal cells from Prup=/~
embryos proliferate more rapidly and differentiate earlier and
coherently, Prnp~/~ newborn mice exhibit earlier formation
of mesenchymally- and epithelially-derived dentin and enamel,
respectively (Zhang et al., 2011).

PrPC is also abundantly expressed in muscles and, although
no abnormalities could be observed in a physiological context, it
is involved in the regeneration of skeletal muscles in adult mice.
Regeneration of locally damaged muscle fibers occurs at slower
pace in Prnp~/~ animals. Yet total recovery is finally achieved
(Stella et al., 2010). This is associated with a longer phase of pro-
liferation and a delayed maturation of muscle precursors, likely
due to a reduced level of released myogenic factors (Stella et al.,
2010). However, the identity of the releasing cells is difficult to
establish, showing again the limits of the in vivo paradigm.

Another extra-neural tissue where PrP® depletion induces
alterations is the intestinal epithelium, a constantly renewing tis-
sue. PrPC is expressed by human enterocytes (Morel et al., 2004)
and Prup~/~ animals exhibit shorter intestinal villi associated to
an increased number of mitotic cells (Morel et al., 2008).

Collectively, these observations support a role of PrPC in the
regulation of cell cycle and cell differentiation extraneurally. But
how can these functions be exerted?

PrPC REGULATES CELLULAR ADHESION, EXTRA-CELLULAR
MATRIX INTERACTIONS, AND CYTOSKELETON

REMODELING

PrP-1 KD-induced gastrulation arrest in zebrafish embryos is
due to impaired morphogenetic cell movements. This defect
is, at least partially, caused by the disruption of cellular adhe-
sion (Malaga-Trillo et al., 2009). The study revealed that PrP-1
normally accumulates at cell-cell contacts at early embryonic
stages and regulates cell adhesion, including E-cadherin process-
ing and/or storage, in a cell-autonomous way. Such functions may
be conserved in mammals as injection of mouse mRNA Prnp par-
tially rescued the PrP-1 KD-induced phenotype (Malaga-Trillo
et al., 2009). Consistent with this idea, a number of experimental
evidence have linked PrPC to cell adhesion and intimately associ-
ated processes such as cytoskeleton remodeling and interactions
with extra-cellular matrix (Petit et al., 2013): (i) the expression
pattern of PrPC. PrPC is expressed at the cell-to-cell contacts,
growth cone, and other extending process tips in cultured neural
progenitors and neurons (Santuccione et al., 2005; Devanathan
etal., 2010; Miyazawa et al., 2010), cell-to-cell junctions in human
intestinal epithelium villi (Morel et al., 2004), cell-to-cell con-
tacts in primary cultured endothelial cells (Viegas et al., 2006),
focal adhesions in HeLa cell lines (Schrock et al., 2009) and
the apical face of ameloblasts of developing teeth (Zhang et al.,

2011); (i) relevant PrPC partners and ligands, such as cell junc-
tion proteins including integrins, the cytoskeleton protein actin
and components of the extra-cellular matrix (Graner et al., 2000;
Schmitt-Ulms et al., 2001; Morel et al., 2004, 2008; Nieznanski
et al., 2005; Hajj et al., 2007; Watts et al., 2009); (iii) alterations
in cell adhesion, cytoskeleton dynamics, and extra-cellular matrix
interactions upon ectopic expression or deletion of PrP® in dif-
ferent cell systems. Prnp KD leads to alterations in the actin
cytoskeleton, remodeling of focal adhesions and over-production
of fibronectin in neuronal progenitors (Loubet et al., 2012), to
disruption of adherens junctions in carcinoma cells (Solis et al.,
2012) and to miss-localization of cell junction-related proteins
in enterocytes (Morel et al., 2008). As for Prnp overexpression,
it promotes aggregation and filopodia formation as well as alter-
ations of the focal adhesion dynamics in neuroblastoma N2a cells
(Mange et al., 2002; Schrock et al., 2009). Subtle changes were
even noticed in vivo such as a decrease in the length of desmo-
somes in the intestinal epithelium of Prnp_/ ~ mice (Morel et al.,
2008).

Interestingly, the alterations induced by the deletion of PrP¢
can be partially rescued by neutralizing antibodies to specific
integrins: use of B1 and B5 integrins was found to restore neu-
ritogenesis in differentiating PrP-deficient neuronal progenitors
(Loubet et al., 2012) and Nanog expression in differentiating
PrP-deficient ESC (Miranda et al., 2011), respectively. Moreover,
modulation of integrin activity was suspected to be a spontaneous
compensatory mechanism occurring in the absence of PrP® (Hajj
et al., 2007). This last observation supports an involvement of
PrP® in extra-cellular matrix interactions and suggests a possible
adaptive mechanism to the absence of PrPC, which may account
for the lack of drastic phenotypes in Prnp™/~ animals.

Taken together, these observations demonstrate a clear
involvement of PrP® in the regulation of cell adhesion, the
interactions with the extra-cellular matrix and the cytoskeleton
dynamics. The links between these functions and the role of PrP¢
in the regulation of cell proliferation and differentiation have
been the focus of few studies (Miranda et al., 2011; Loubet et al.,
2012). Are they under-estimated? And are these functions still
ongoing in adult organism?

STUDYING PrPC FUNCTIONS DURING AGING

Little attention has been devoted to the potential functions of
PrPC during aging (see Table 1 and also Gasperini and Legname,
2014). It is commonly accepted that the cellular machinery dete-
riorates or, at least, evolves with aging. As the potential develop-
ment of adaptive mechanisms to the absence of PrP® is assumed
to complicate the study of PrP® functions in Prnp~/~ mice, the
study of aged animals could be a way to bypass such difficulty:
because of the age-related alterations accumulation, the toler-
ance to PrP® depletion could partially break. In line with this
scenario, behavioral differences between WT and Prnp_/ ~ mice
seem more pronounced when performed on aged animals (Rial
et al., 2009; Massimino et al., 2013). Age-related physiological
traits can also be found amplified in absence of PrP®. Myelin
abnormalities in the peripheral nervous system accumulate with
aging (Verdu et al., 2000) and sciatic nerves from moderately aged
mice devoid of PrPC (in selected or all cell populations) showed
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highly precocious and increased demyelination in the absence of
neuronal PrPC (Bremer et al., 2010). If the axons-glia interactions
are known to play a key role in myelination during development
(Sherman and Brophy, 2005), their role in myelin maintenance in
adulthood is less well-understood. However, myelin maintenance
is clearly established as an active process (Bremer et al., 2011).
The early demyelination observed in the absence of neuronal
PrPC suggests axonal PrPC participates in myelin maintenance
and is likely required, directly or indirectly, in axons-Schwann
cells communication.

Thus, aging may perhaps be the ultimate stage to unravel the
mystery of PrP® function(s). However, it has to be considered
that aging could also impact on PrP¢ and/or its function(s). For
instance, the age-related change in the cholesterol/sphingolipids
ratio in lipid rafts is suspected to alter PrP® compartmentaliza-
tion (Agostini et al., 2013), which could ultimately impact on its
functions. A functional study of PrP® during aging could there-
fore be difficult to analyse due to the numerous changes occurring
at the same time.

CONCLUDING REMARKS

A major function of PrP®, consistent with its cell surface expres-
sion consists in the modulation of signaling pathways in response
to various cues. The panel of putative PrP® ligands is quite large,
including soluble ligands, extra-cellular matrix components, and
adhesion molecules. Their modes of interaction with PrP® are
variable, including cooperation (Santos et al., 2013) and both
cis- and trans-interactions for a same ligand (Santuccione et al,,
2005). The cellular context can strongly influence the compo-
sition of the PrP“-multiprotein complexes and the sub-cellular
localization of PrPC is highly dynamic: it can cycle rapidly from
the plasma membrane to internal membranes (Griffiths et al.,
2007) possibly in response to a given stimulus (Lee et al., 2001;
Brown and Harris, 2003; Caetano et al., 2008). All these elements
taken together may allow a specific response to a given signal with
regard to the cell type and differentiation state. This may explain
why PrPC appears to be involved in a multitude of functions.
Regarding development, this view perfectly fits the requirement
of different stem and progenitor cells by eliciting appropriate
cell responses to adapt efficiently to different microenviron-
ments. But how PrP precisely impacts on stemness maintenance
and differentiation processes remains unresolved. The potential
implication of PrP® in cell polarization and cytoskeleton remod-
eling in differentiating stem cells is a very attractive hypothesis
and should obviously deserve further investigation. Cell polarity
and cytoskeleton dynamics are life-long important cell processes,
notably during cell fate determination. They have been studied
more particularly during drosophilia neurogenesis and in mam-
malian neuroepithelial cells (Fietz and Huttner, 2011), but they
are fundamental processes for all sort of stem and progenitor cells
such as hematopoietic progenitor cells (Bullock et al., 2007). Our
unpublished data (Halliez et al., in preparation) reveal a polarized
expression of PrPC in neural and cardiovascular progenitor cells
of the developing mouse embryo and therefore are compatible
with such idea.

If PrPC is involved in so many cell lineages, understanding the
lack of drastic phenotype in PrPC¢-depleted animals remains an

ongoing issue. Yet, a modulation of the cell maturation phase
(generally delayed but also shortened) is consistently observed
in different models (Prnp KO but also KD and overexpression)
and may therefore be the general price to pay for the loss of
PrPC (see Table 1). This may have a more selective impact on
free-range than on laboratory animals (for example acquisition
of perfect motor control) and justify the high degree of PrP con-
servation through evolution. Moreover, building an organism
is a highly complex task requiring spatial and temporal fine-
tuning of a broad number of biological processes via multiple
regulatory networks. Cells, tissues and organs do not develop
separately along each other but rely on multiple interactions to
develop in a concerted, interconnected, and time-scheduled man-
ner. Partial redundancies into and between signaling pathways
ensure robustness to the system. That two or more proteins may
exert overlapping functions during development and therefore
allow tolerance to the loss of one of them is not unprecedented
(Yoon et al., 2005; Santamaria and Ortega, 2006; Nicolae et al.,
2007). Moreover, it is not unheard-of, notably in plants where
environment adaptation is largely studied, that redundant genes
in a regular context allow survival under environmental modifi-
cations and stress (Wu et al., 2002). Interestingly, PrP KO animals
seem to react differentially than WT animals to stressful situa-
tions (Nico et al., 2005) and to alcohol (Rial et al., 2014) and
show increased susceptibility to convulsant agents (Walz et al,,
1999; Fleisch et al., 2013) (see Table 1). The general function of
PrPC could be to facilitate responses to external stimulus/factors
at the cell- and at the organism-scale. Yet, laboratory animals are
raised in standardized and protective environment and are often
homogenous genetically. In such conditions, the time window to
apprehend the cell specific functions of PrP® may be restricted
to the developmental and perinatal phases, with so much infor-
mation provided and so much transformation occurring at the
same time.
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Based on its developmental pattern of expression, early studies suggested the implication
of the mammalian Prion protein PrR a glycosylphosphatidylinositol-anchored ubiquitously
expressed and evolutionary conserved glycoprotein encoded by the Prnp gene, in early
embryogenesis. However, gene invalidation in several species did not result in obvious
developmental abnormalities and it was only recently that it was associated in mice with
intra-uterine growth retardation and placental dysfunction. A proposed explanation for this
lack of easily detectable developmental-related phenotype is the existence in the genome
of one or more gene (s) able to compensate for the absence of PrP Indeed, two other
members of the Prnp gene family have been recently described, Doppel and Shadoo, and
the consequences of their invalidation alongside that of PrP tested in mice. No embryonic
defect was observed in mice depleted for Doppel and PrR Interestingly, the co-invalidation
of PrP and Shadoo in two independent studies led to apparently conflicting observations,
with no apparent consequences in one report and the observation of a developmental
defect of the ectoplacental cone that leads to early embryonic lethality in the other. This
short review aims at summarizing these recent, apparently conflicting data highlighting
the related biological questions and associated implications in terms of animal and human

health.

Keywords: prion, shadoo, doppel, placenta, development, mammals

INTRODUCTION

Studies on the neuropathology of transmissible spongiform
encephalopathy (TSE) revealed that misfolded, aggregated con-
formers of the host-encoded cellular protein PrP are the major
if not the sole constituent of the infectious agent termed prion
(Prusiner, 1982). Prion pathologies affect humans, with the
Creutzfeldt-Jakob and Kuru diseases for example, and animals,
with for instance the bovine spongiform encephalopathy and
sheep scrapie. PrP is a glycosylphosphatidylinositol-anchored,
ubiquitously expressed, glycoprotein encoded by the Prup gene.
The PrP primary and tertiary structures are well conserved among
mammals. Although many studies focused on PrP potential role
in the central nervous system in association with prion neurotox-
icity, the evolutionary conservation of this protein and the Prup
gene expression pattern suggested that PrP may exert important
biological roles. Numerous functions were attributed to PrP such
as its implication in various signal transductions, cell adhesion,
neuroprotection, basic biology of embryonic and tissue-specific
stem cells, T-cell regulation and immune function, oxidative
stress homeostasis and synaptic function (Westergard et al., 2007;
Linden et al., 2008; Zomosa-Signoret et al., 2008; Haigh et al,,
2010; Resenberger et al., 2011; Schneider et al., 2011; Lopes and
Santos, 2012, for recent reviews as well as associated reviews
from this special issue). However, the precise PrP biological role

remains rather elusive. It may relate to the multiplicity of partners
with which PrP appears to interact, with noticeable differences
according to the cell type considered and/or the physiological
condition assessed. These diverse cellular proteins include trans-
membrane receptors, metal ion transporters, signaling molecules,
cytoskeleton-associated proteins which could suggest that PrP is
a key component of a versatile signaling scaffold complex that
allows the activation of various biological pathways.

One further difficulty in understanding PrP physiological
function relates to the lack of obvious phenotype in Prnp-
knockout mice, apart from resistance to TSE and the disappear-
ance of the neurotoxicity associated with prions (Biieler et al.,
1992, 1993; Manson et al., 1994). This absence of a strong pheno-
type could have various, non-mutually exclusive, origins such as
(1) the lack of a crucial function of this protein in non-challenging
breeding conditions, (ii) genetic adaptation of the animals to the
lack of this protein, (iii) biological functional redundancy with
other host-encoded proteins able to take over at least some of the
PrP roles, and (iv) genetic robustness with PrP being involved in
biological functions for which several pathways naturally exist. As
mentioned above, the evolutionary conservation of the PrP pro-
tein during evolution, at least in mammals, and its involvement
in the homeostasis of various stem cells appear somehow con-
tradictory with an absence of important function(s). However,

www.frontiersin.org

August 2014 | Volume 2 | Article 35 | 16


http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/about
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org/journal/10.3389/fcell.2014.00035/abstract
http://community.frontiersin.org/people/u/148521
http://community.frontiersin.org/people/u/127308
http://community.frontiersin.org/people/u/101711
http://community.frontiersin.org/people/u/127322
mailto:jean-luc.vilotte@jouy.inra.fr
http://www.frontiersin.org
http://www.frontiersin.org/Cell_Death_and_Survival/archive

Makzhami et al.

The prion protein family: a view from the placenta

such function could be crucial only to allow adaptation of the
animal against stressful conditions, situations that have not been
yet really tested, or only in a few occasions, for Prup-knockout
mice. The second hypothesis has been challenged by the obser-
vation that invalidation only in adult neurons of the Prup locus
did not induce histopathological changes but resulted in a mod-
ulation of neuronal excitability (Mallucci et al., 2002), with very
limited associated transcriptional alteration at a global brain level
(Chadi et al., 2010). However, despite its high level of expression
in the adult nervous system, PrP biological role might be crucial at
earlier developmental stages in this and/or other tissues of the ani-
mal. Two other members of the prion gene family, that share with
PrP some structural features (Figure 1), were recently described
in the mammalian genomes, Prnd which encodes Doppel and
Sprn which encodes Shadoo. These three genes are supposedly
evolutionary derived from the retro-insertion event of a gene
belonging to one of the four subfamilies of the Zinc trans-
porter containing protein-encoding genes, the ZIP LIV-1 branch
(Schmitt-Ulms et al., 2009; Ehsani et al., 2011). The existence
of these two related proteins could be seen as being in favor of
the existence of a biological redundant mechanism. Investigations
toward testing this hypothesis led to apparently contradictory
observations that have yet to be conciliated (Young et al., 2009;
Daude et al., 2012; Passet et al., 2012).

Besides the understanding of the precise mechanism leading
to the lack of strong phenotypes in Prup-knockout mammals,
a related and yet unsolved question is the tissue where and the
developmental stage at which this phenotype would be the more
likely to occur. Because of its involvement in TSE and of its higher
level of expression in the adult nervous system, many studies first
focused on this tissue. However, accumulating evidences asso-
ciate PrP with stem cell biology and early developmental and
regenerative processes. Of specific interest is thus the potential
involvement of these proteins in the regulation of the extra-
embryonic annexes and more precisely the placenta, based on the

observation of the developmental regulation of this gene family
in such normal or pathological tissues and on the association of
alleles, including experimental gene knockouts, with phenotypes
involving or at least recalling placental functional failures. This
review summarizes our current knowledge on this specific topic.

PRION PROTEIN GENE FAMILY EXPRESSION IN
EXTRA-EMBRYONIC TISSUES

Available data on the regulation of the prion protein gene family
in extra-embryonic tissues are limited and mostly related to the
Prnp gene. Both in situ hybridization (Manson et al., 1992; Alfaidy
et al., 2013) and uses of a Prnp-promoter/LacZ reporter trans-
gene (Tremblay et al., 2007) allowed to identify mouse Prnp-gene
expression in extra-embryonic membranes as early as 6.5 days
post-coitum, E6.5, the earliest analyzed developmental stage in
these studies. This stage corresponds to a transition toward oxida-
tive metabolism and is associated with an increase of the Prnp
gene expression level (Miele et al., 2003). A similar early extra-
embryonic expression of Prup was reported in human (Donadio
etal., 2007), rat (Tanji et al., 1995), and ruminant (Kubosaki et al.,
2000; O’Rourke et al., 2011) placentas. However, this gene devel-
opmental regulation might differ between species, as observed for
example in human where the high level of Prnp expression was
restricted to the first trimester of pregnancy.

Transcription of members of the prion protein gene family
was also detected at earlier developmental stages (Table 1). Mouse
embryonic stem cells were reported to express the three genes
(Miranda et al., 2011) and human embryonic stem cells to express
at least the Prnp one (Krejciova et al., 2011; Lee and Baskakov,
2013). Prup gene expression was also observed in human tro-
phoblast cells (Alfaidy et al., 2013) and that of Sprn indirectly
suspected to occur in mouse trophectoderm (Passet et al., 2012).
We have detected Sprn and Prnd gene expressions in extra-
embryonic tissues of mouse embryos at E10.5 and E13.5 (our
unpublished observation and Young et al., 2011). In sheep, Prup

Octa-repeats B

Hydrophobic
Region

CHO

Basic-repeats

Hydrophobic
Region

GPI

CHO CHO
P

FIGURE 1 | Schematic representation of PrP, Shadoo and Doppel mature
proteins. Representations are not at scale. Light blue boxes: N-terminal
charged regions of the mature proteins. a, a-helices; B, B-strands; CHO,

CHO CHO

Mature PrP (209aa)

GPI

Mature Shadoo (98aa)

Mature Doppel (128aa)

GPI

N-glycosylation sites. GPI glycosylphosphatidylinositol. The PrP octa-repeat
region and the Shadoo basic repeat region are indicated as well as the two
protein hydrophobic domains.
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Table 1| Summary on prion protein family expression in placenta and
knockout phenotypes.

Placental and related
phenotype in knockout
mice

Gene
(Protein)

Expression in
embryonic
stem cells

Expression
in placenta

Prnp (PrP) Published Published Fetal and post-natal
growth retardation.
Placental abnormalities
(weight, structure).
Transcriptomic
alterations. (Khalifé et al.,
2011; Alfaidy et al., 2013)
Post-natal growth
retardation (Daude et al.,
2012).

Transcriptomic alterations
to be confirmed
(knockdown experiments
only, Passet et al., 2012)
No described effect but
no reported specific

analysis.

Sprn Published Published

(Shadoo)

Prnd
(Doppel)

Published Our

observation

Data on gene expression analyses are derived from various sources, origin of
which can be found in the article.

transcripts were also detected in mature and immature oocytes
and at the morula stage (Thumdee et al., 2007) while in mouse,
the recent sequencing of single oocytes revealed that the three
genes are potentially expressed at very low amounts in such cells
(Reich et al., 2012).

Opverall, these studies suggest that in most mammalian species,
the prion family genes are transcribed very early in embryoge-
nesis, in totipotent cells, and that this expression remains both
in embryonic and extra-embryonic tissues at early differentiation
stages (Table 1). At later developmental times, more restricted
and cell-specific expression patterns have been reported, but
only few studies focused on these loci. Nevertheless, these obser-
vations suggest a potential involvement of this gene family in
early mammalian developmental stages and highlight its potential
implication in the differentiation of the extra-embryonic tissues.

POTENTIAL INCIDENCE OF SINGLE PRION PROTEIN FAMILY
GENE ON PLACENTA

THE Prnp LOCUS

In sheep, PrP variants are strongly associated with differences
in animal susceptibility to prion. The observation that some of
these PrP variants confer a stronger resistance of the animal to
some prion strains resulted in selection breeding strategies aiming
at reducing the prevalence of the disease in the sheep popu-
lation through the selection of so-called resistant Prnp alleles,
such as ARR vs. VRQ at codons 136, 154, and 171, respectively
(Clouscard et al., 1995; Jeffrey et al., 2014). While selecting ARR
animals seems efficient against scrapie development, it could have
negative consequences should Prnp or closely related genes be
involved in important economical traits, since it would force the
breeder not to consider selecting for interesting traits if they are

associated to a sensitive (VRQ) genotype. Indeed, several articles
described a potential association between the Prup genotype and
specific traits such as lamb birth weight (Sawalha et al., 2007b)
and (post-natal) survival (Sawalha et al., 2007a; Gubbins et al.,
2009). Although these are complex traits with several potential
origins, a correlation between these observations and a role of PrP
during placentation/early development could be suspected.
Potential implication of PrP in the placental physiology was
also suggested by the observation of the deregulation of its gene
expression in pathological situations. In human, one of the most
studied albeit still mysterious gestational disease is preeclampsia.
Preeclampsia is characterized by a de novo gestational hyper-
tension and proteinuria. It is a major source of maternal and
neonatal morbidity and mortality (Sibai et al., 2005). In one third
of the cases, preeclampsia is accompanied with Intra-Uterine
Growth Restriction (IUGR), a disease where the fetus fails to
reach its genetic growth potential, often through placental dys-
function. Oxidative stress is associated with preeclampsia (Shaker
and Sadik, 2013) and abnormal placenta levels of zinc and cop-
per with preterm gestations and IUGR both in humans (Zadrozna
et al., 2009; Uriu-Adams and Keen, 2010; Kambe et al., 2014) and
mouse (Andrews et al., 2004; Tian et al., 2014). Placental tissues
deriving from preeclamptic pregnancies were found to over-
express both the Prnp gene mRNA and the PrP protein (Nishizawa
et al., 2007; Hwang et al., 2010). However, this over-expression
was not equally distributed within the tissue and appeared to be
restricted to the syncytiotrophoblast (the external layer of the pla-
cental villi) and to the cytotrophoblasts (the layer of cells that
underline the syncytiotrophoblast). Both in human (Bilodeau,
2014) and in a recently published preeclamptic mouse model
(Doridot et al., 2013, 2014), strong links between preeclamp-
sia and oxidative stress were described. The octapeptide region
and adjacent sites, around histidines 96 and 111, of the PrP pro-
tein localized in its amino-terminal region bind several divalent
metals (Jackson et al., 2001; Kramer et al., 2001; Walter et al.,
2009). This ability has been associated with putative PrP func-
tions in the binding and internalizations of ions, ferrireductase
and superoxide dismutase-like activities, signal transduction and
protection against oxidative stress (Brown et al., 2001; Choi et al.,
2007; Bertuchi et al., 2012; Watt et al., 2012; Singh et al., 2013).
Concurrently, a recent study by Alfaidy et al. depicted an involve-
ment of PrP in the response to oxidative stress in the placenta
(Alfaidy et al., 2013). It was thus hypothesized that these increased
protein and mRNA PrP levels could be part of a compensatory
mechanism induced by a preeclamptic status. However, beside
this protective function, PrP could also play an active role in
the establishment of preeclampsia as signaling pathways involving
PrP have been proposed to participate or to worsen this dis-
ease. The TGFp pathway, modulated by the prion protein (Wurm
and Wechselberger, 2006), is suspected to contribute to the
preeclamptic etiopathology (Stanczuk et al., 2007; Feizollahzadeh
et al.,, 2012; Ozkan et al., 2013), possibly by altering Treg cells
equilibrium (Laresgoiti-Servitje et al., 2010; Robertson et al.,
2013). Alteration of the Notch-signaling pathway leads to a defect
of trophoblast invasion that contributes to the pathogenesis of
preeclampsia (Hunkapiller et al., 2011). Interestingly, invalida-
tion of the PrP appears to modulate the placental Notch signaling
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pathway through alteration of the expression of the Jagged1 ligand
(SMR et al., unpublished observation). Thus, PrP could coordi-
nate various signal pathways in response to an oxidative stress that
lead to the development of preeclampsia.

Another indirect evidence of PrP implication in placenta-
tion came from comparative transcriptomic studies of E6.5 and
E7.5 FVB/N and FVB/N Prup~/~ embryos (Khalifé et al., 2011).
These data revealed that in Prnp gene-invalidated embryos several
major metabolic pathways such as angiogenesis, cell proliferation,
adhesion and movement were affected at these early developmen-
tal stages. Such pathways are important in placental physiology.
Furthermore, some of the identified deregulated genes were pre-
viously described as key actors of mammalian placentation, such
as Adam12 (Huppertz et al., 2006) and activin receptors (Munir
et al., 2004).

A direct implication of PrP in regulating placental function
and pregnancy outcomes was recently documented (Alfaidy et al.,
2013). This study comparatively analyzed the reproductive per-
formances of transgenic mice either over-expressing mouse PrP
(Tga20) or knockout for Prnp (Prnp_/ ~) with those of their wild
type (WT) counterpart. The litter size was decreased in Tga20
comparatively to that of Prup~/~ or WT mice. At E17.5, the
fetal and placental weights of the Prnp~—/~ mice were lower than
that of the two other genotypes and in their adulthood, both the
Prnp~/~ and Tga20 mice had lower body weights compared to
their WT counterparts. This study further highlighted a role of
PrP in placental Cu homeostasis and protection against oxida-
tive stress as well as its involvement in placental angiogenesis,
two of the altered metabolic pathways identified in the above-
mentioned embryonic transcriptomic study (Khalifé et al., 2011).
Phenotypic analysis of Prup™/~ mice revealed a compacted pla-
cental labyrinth structure and a disorganization of the vascular
tree, disorganization also observed in Tga20 placentas. Alteration
of the expression of genes specific of spongiotrophoblasts, inva-
sive trophoblasts or related to the labyrinth branching were
noticed. Trophoblastic cell mobility is an important physiolog-
ical process that allows placental cells to invade uterine tissue,
contributing to the anchorage of the placenta, to the regulation
of decidual angiogenesis and to the remodeling of the maternal
spiral arteries. This mechanism is complex and involves differ-
ent cell types and signaling pathways (Gasperowicz and Otto,
2008; Knofler, 2010, for recent reviews). PrP might also be directly
involved in angiogenesis (Turu et al., 2008) and hematopoiesis
(Palmqvist et al., 2007). This might be related to its localization
in caveolae and interaction with Caveolin-1, known to be involved
in angiogenesis (Griffoni et al., 2000; Massimino et al., 2002).

Overall these studies highlighted a role of PrP during placen-
tation. Deregulation of the expression of the gene and differences
in PrP genotypes were associated with placental perturbations
(Table 1). However, these events did not result in overt pheno-
types, suggesting either that PrP function in this tissue is not
crucial enough for its development to induce embryonic distress
or that compensatory mechanisms exist.

THE Prnd AND Sprn LOCI
The Prnd gene has been invalidated in two different mouse
genetic backgrounds, 129/0la (Paisley et al., 2004) and a mixed

C57BL6/CBA one (Behrens et al., 2002). In both experiments,
knockout males suffered from severe subfertility involving a
defect in acrosome biogenesis. These males also suffered from
other sperm abnormalities that varied between the two reports
probably in relation with the different genetic background.
Because of this male phenotype, a knockout transgenic line could
not be propagated by classical breeding and homozygous knock-
out animals were only routinely obtained using heterozygous
males. In both articles, reproduction of the knockout females
were reported to be normal in terms of fertility and litter sizes.
Although not specifically studied, none of these reports described
other associated phenotypes, suggesting either that Doppel has
no role during early embryogenesis or that, should it be involved
in placentation, its gene invalidation does not induce drastic
alterations (Table 1). However, as Doppel is expressed in mouse
extra-embryonic tissues (our unpublished observation), more
dedicated analyses should probably be conducted before formally
excluding it from the list of proteins involved in the physiology
of the placenta. The a-helical region of the Doppel protein binds
copper (Qin et al., 2003), but this interaction does not appear
to induce the protein internalization, as it is observed for PrP
(Cereghetti et al., 2004). It was also reported that Doppel expres-
sion might exacerbate oxidative damage (Wong et al., 2001), but
this property is discussed (Qin et al., 2003). Thus, analysis of a
putative role of Doppel in oxidative stress homeostasis during
placental development would be worth looking at.

The Sprn gene invalidation was also recently obtained
by homologous recombination in 129Pas ES cells (Daude
et al., 2012). These cells were used to derive C57BL/129 and
FVB/NCr/129 Sprn~/~ mice that were reported to have no gross
morphological alterations and to be fertile (Daude et al., 2012).
However, 8-16 days old knockout females from the first genetic
background were found to have slightly lighter body weights com-
pared to their wild-type counterparts, while knockout males of
both genetic backgrounds had a similar weight phenotype at older
ages, from day 28 till 42 for C57BL/129 and from day 22 to 50
for FVB/NCr/129 Sprn~/~ mice, respectively. Overall this subtle
alteration resulted in a weight decrement of about 9%. In a fol-
lowing up review, the authors suggested that the origin of this
phenotype could be related to the natural expression of Shadoo
in hypothalamic neurons, a structure associated with the control
of feeding behavior (Daude and Westaway, 2012). Several other
explanations could also be proposed. A mammary defect resulting
in modified lactation ability of the knockout females would also
induce growth retardations; however such a phenotype would
probably affect all pups similarly. Interestingly, uteroplacental
insufficiency and altered maternal nutrition during gestation
have also been associated with sex-specific post-natal develop-
ment defects of rat offsprings (Howie et al., 2012; Wadley et al,,
2013). It could thus be also hypothesized that the body weight
phenotype described for the Sprn=/~ pups arises from a defect
in the placentation process. In line with this suggestion is the
observation that the mean litter size of these Sprn~/~ females
is smaller than that of their Sprn™/~ counterparts (Table S1
in Daude et al., 2012). Transcriptomic analyses performed on
FVB/N Sprun-knockdown embryos at E6.5 and E7.5 also revealed
the differential expression of around 60 transcripts associated
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with cellular movement and development and with differentia-
tion of the hematological system. Interestingly, some of them,
such as the prolactin-related genes, pointed to a transcriptomic
deregulation affecting precisely the trophectoderm-derived com-
partment (Passet et al., 2012, 2013). Regulation of cellular metal
uptake by PrP is probably regulated through the interaction of
this protein with other membrane-bound partners such as the
lipoprotein-receptor-related protein LRP1 (Taylor and Hooper,
2007) or the glutamate receptor AMPA (Watt et al., 2012) and,
as already discussed, this function was shown to be important for
placentation (Alfaidy et al., 2013). Although not known to bind
divalent metals, Shadoo might also indirectly regulate oxidative
stress homeostasis regulatory processes through interaction with
PrP and/or other proteins from their shared interactome (Watts
etal., 2009). This hypothesis has yet to be substantiated by experi-
mental evidences. Overall, these observations are compatible with
a gene dosage effect of Sprn expression on the ectoplacental cone
differentiation and of a potential incidence of the genetic back-
ground on the resulting phenotype, as already mentioned for
Prnd (Table 1).

CO-INVALIDATION OF SEVERAL MEMBERS OF THE PRION
PROTEIN GENE FAMILY

As already mentioned, the absence of a strong phenotype in mam-
mals invalidated for a single member of the prion protein gene
family has led to the hypothesis of the existence of a biological
functional redundancy with another host-encoded protein. This
model was first developed for the implication of PrP in the cen-
tral nervous system (Shmerling et al., 1998). Such proteins should
share with PrP an overlapping pattern of expression, at least at
some developmental time points, and related biological prop-
erties. The two PrP related proteins, Shadoo and Doppel, were
suspected to play this role.

Prnd AND Prnp CO-INVALIDATION

Doppel is unlikely to compensate for the lack of PrP based on
its adult pattern of expression, mainly restricted to non-nervous
tissues and the male gonads, and on its biological properties
in terms of neurotoxicity. Indeed, induced ectopic activation of
the Prnd gene expression in the adult nervous system of some
Prnp-knockout mice was shown to be neurotoxic (Moore et al.,
1999, 2001; Rossi et al., 2001; Anderson et al., 2004) and antag-
onized by full length PrP expression (Yamaguchi et al., 2004).
However, because Doppel and PrP are both expressed during
embryogenesis, it remained possible that these two proteins share
crucial properties at earlier developmental stages. To investi-
gate a potential compensation by Doppel for the absence of
PrP, both loci were co-invalidated in ES cells, taking advantage
of their physical close linkage (Paisley et al., 2004). The result-
ing animals were reported to develop normally into adulthood
with no overt phenotype beside an infertility syndrome in the
double-knockout males indistinguishable from that observed in
their single Prnd-knockout counterparts. Thus, this experiment
strongly suggests that Doppel and PrP share no obvious com-
pensatory mechanisms. The reproductive performances of these
mice, apart that of the males, were however not specifically
assessed.

Sprn AND Prnp CO-INVALIDATION

The co-invalidation of Sprn and Prnp was achieved using trans-
genic lines derived from targeted 129Sv/Pas ES cells. Double
knockout animals were obtained by crossing Sprn™/~ with
FVB.129-Prnp~/~ mice (Daude et al., 2012). The resulting mice
were viable, fertile and produced at expected Mendelian ratios.
No overt phenotype was reported, even in aged individuals, and
the above-discussed lighter body-weight of the single Sprn=/~
mice not mentioned in these animals (Daude et al., 2012).
Altogether, this work strongly argued against compensation or
redundancy between Shadoo and PrP in the adult nervous system
and during embryogenesis (Daude and Westaway, 2012).

However, this conclusion drastically contrasts with previous
experiments aimed at lowering the expression of the Sprn gene in
various genetic backgrounds by RNA interference, RNAi (Young
et al., 2009; Passet et al., 2012). Indeed, using lentiviral ShRNA-
delivery in mouse embryos, Sprn gene knockdown resulted in
early embryonic lethality, between E8 and E11, in an FVB/N.129-
Prap~/~ genetic background that was not observed in FVB/N
mice (Young et al., 2009). This lethality was associated with a
developmental defect of the ectoplacental cone and with impor-
tant hemorrhage surrounding the embryos (Passet et al., 2012).
The restriction of the lentiviral infection to the trophoblastic cell
lineage resulted in a similar lethal phenotype (Passet et al., 2012).
Consistently, embryos invalidated for Prnp and/or knockdown for
Sprn (Khalifé et al., 2011; Passet et al., 2013) display alterations
of the expression of genes involved in placental angiogenesis,
such as angiopoietin genes (Geva et al., 2005), cathepsins (Screen
et al., 2008) and matrix metalloproteinases (Fontana et al., 2012).
It would be of interest to assess in which extent, inactivation
of Shadoo and co-inactivation with PrP affects Notch signaling
in regards of PrP invalidation alone and consistently with the
crucial role of this pathway for mouse placental fetal angiogen-
esis and proper trophoblast cell type specification (Gasperowicz
and Otto, 2008). PrP expression is positively regulated by MEK
and p38 MAPK kinases (Wang et al., 2005) and it is noteworthy
that Mek-1 deficient mice die at early embryonic stages, around
E10.5, from an angiogenesis defect of the placenta (Giroux et al.,
1999). This age is reminiscent of that of the lethality occurring
in Prnp~/~Sprn-knockdown embryos (Young et al., 2009) and
it would be of interest to also assess the effect of Mek-1 on the
transcriptional regulation of Sprn in a regular context and in the
absence of PrP.

It remains that this RNAi strategy yielded seemingly con-
tradictory result compared to the classical knockout approach.
Several explanations were proposed to conciliate these observa-
tions (Daude and Westaway, 2012; Passet et al., 2013). It was
suggested that the RNAi approach may induce a potential arti-
fact resulting from either an off target effect of the two used
shRNA only phenotypically visible in Prup-knockout embryos
or a toxicity associated with an shRNA over expression in sin-
gle Prnp or double Prnp/Sprn knockout genotypes, linked to
the role of PrP and potentially Shadoo in the regulation of the
RISC complex (Gibbings et al., 2012). Alternative hypotheses may
also be proposed, such as a higher susceptibility of the double
knockout genotype to external stresses, such as lentiviral infec-
tion. Furthermore, even if the knockdown of a gene can result
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in phenotypic outcomes comparable to that of the knockout
(De Souza et al., 2006), haplo-insufficiency may on the oppo-
site induce stronger phenotypes than the complete gene loss, as
described for Dicerl, a key regulator of microRNA biogenesis
(Lambertz et al., 2010).

The use of different genetic backgrounds is also known to
greatly influence the phenotype of genetically engineered mouse
(Doetschman, 2009). Although cautions were taken in that
respect in the knockout experiments (see comments in Daude
and Westaway, 2012), this strategy involves inbreeding crosses
over several generations. Doing so, starting from different genetic
backgrounds [129Pas for the ES cells, C57BL6 for the first estab-
lished knockout line that was then backcrossed in FVB/NCr
(Daude et al., 2012)], a selection process might take place that
progressively eliminates unfavorable allelic combinations. This
could also lead to potential miss-association between (absence
of) a phenotype and the targeted gene, as recently exemplified in
the case of PrP where abnormalities suspected to result from this
gene invalidation actually originated from co-segregating 129Sv-
derived loci (Nuvolone et al., 2013; Striebel et al., 2013). Such a
mechanism will not occur using an RNAi approach, potentially
leading to stronger associated phenotypes. One way to avoid these
potential artifacts would be to use the new custom-designed DNA
scissors to invalidate these loci in pure genetic backgrounds (Gaj
etal., 2013).

On this basis, we have engineered Sprn knockout mice through
the use of the Zinc Finger Nuclease (ZFN) technology. Our
preliminary results indicate that, as reported by Daude et al.
(2012), FVB/N Sprn~/~ and FVB/N.129 Prup~/~/Sprn~/~ mice
are viable. However, these transgenic mice suffer from various
defects that are under scrutiny. In both cases, pups exhibit a
growth retardation that can be attributed, for part of it, to a mam-
mary defect of the knockout females, probably associated with
Sprn invalidation. The FVB/N.129 Prup~/~/Sprn~/~ mice are
also characterized by increased embryonic and perinatal lethal-
ity rates compared to FVB/N or FVB/N.129 Prnp~/~ controls,
the extent of which is under analysis. Finally, some phenotypic
differences in the survival of the mice at the past weaning stage
between FVB/N Sprn~/~ and FVB/N.129 Prap~/~/Sprn~/~ mice
appear to result from the 129 genetic contribution in the double
knockout mice. Altogether, these preliminary and unpublished
observations are consistent with a role of these two related pro-
teins in placentation. They further reassert the importance of the
influence of the genetic background and suggest the contribution
of other yet unknown loci in the phenotypic consequences of the
Prnp and Sprn invalidations.

A remaining issue concerns the discrepancy observed between
the knockout and the knockdown experiments. We could exclude
a specific susceptibility of the FVB/N.129 Prup™/~/Sprn~/~ mice
toward lentiviral infection per se. Three other hypothesis are
currently tested: (i) an impact of ShRNA over-expression in
FVB/N.129 Prup~/~/Sprn~/~ embryos in relation with a poten-
tial function of these proteins in miRNA regulation, (ii) an off-
target effect of the anti-Sprn ShRNAs used in Young et al. (2009)
that would down-regulate the expression of a protein leading to a
detrimental effect on the development of the ecoplacental cone in
FVB/N.129 Prnp~/~ and/or FVB/N.129 Prup~/~/Sprn~/~ mice

or (iii) a genetic adaptation of the double-knockout embryos
to the lack of these two proteins highlighting other loci able
to compensate for the lack of them. Pursuing this analysis will
thus undoubtedly increase our knowledge on early mammalian
embryogenesis.

SIMILARITIES OF THE SIGNALING PATHWAYS ASSOCIATED
WITH THE PRION PROTEIN FAMILY IN PLACENTATION AND
IN ZEBRAFISH EARLY EMBRYOGENESIS

As mentioned before, the biological roles of the PrP, of the
related Shadoo and to a lesser extend of the Doppel proteins
still remain elusive in mammals. Investigations on the PrP bio-
logical role were also performed on more distantly species such
as Zebrafish. Again, the outcome of these studies surprisingly
differed according to the experimental approaches used, mor-
pholinos or knockout, somehow recalling the situation described
in mouse. Morpholino-induced downregulation of PrP1 or PrP2
resulted in high mortality of the depleted early embryos. Lethality
occurred at developmental stages related to the respective two
genes’ spatio-temporal patterns of expression, and was associated
with deficient morphogenic cell movements and induced apop-
totic cell death (Malaga-Trillo et al., 2009; Nourizadeh-Lillabadi
et al.,, 2010). Surviving PrP2- (Nourizadeh-Lillabadi et al., 2010)
or PrP1- (Kaiser et al., 2012) depleted embryos also highlighted a
neuroprotective role of these proteins. In contrast to PrP-2 mor-
pholino experiments, the knockout of this gene by a ZFN-based
approach resulted in no overt developmental phenotypes (Fleisch
et al., 2013). This apparent discrepancy was attributed in part to
an off target effect of the used morpholinos. In contrast, PrP1-
knockdown by morpholinos can be considered as specific as the
phenotype can be partially rescued by the injection of PrP1 or
PrP2 mRNA.

Interestingly, the function of PrP1 in early embryonic devel-
opment of the Zebrafish could be partly rescued in depleted
embryos by the injection of mammalian PrP-encoding mRNAs,
suggesting evolutionary conservation of some of the protein func-
tions (Chiesa and Harris, 2009; Malaga-Trillo and Sempou, 2009;
Malaga-Trillo et al., 2009; Solis et al., 2013). Besides, in mouse
Prup~/~ embryos, transcriptomic analyses revealed similarities
with PrP1-depleted Zebrafish eggs by highlighting the over-
expression of genes encoding proteins with proteolysis activities
that could modulate cellular adhesion and proliferation as well as
extracellular matrix deposition (Khalifé et al., 2011). The same
pathways were also deregulated in Shadoo-depleted embryos,
suggesting that this protein shares some of these PrP-functions
at least in mammals (Passet et al., 2012). In Zebrafish, the PrP1-
depleted phenotype is associated with an abnormal intracellular
processing and/or transport of E-cadherin, potentially resulting
from a modulation of the Fyn signaling pathway (Malaga-Trillo
et al., 2009). Similarly in mammals, PrP has been linked to the
activation of Src kinases, including Fyn (Mouillet-Richard et al.,
2000), while in early mouse embryos, both Prup and Sprn down-
regulations induced protocadherin and cadherin transcriptomic
alterations (Khalifé et al., 2011; Passet et al., 2012). In mouse
embryos, the trophectoderm is the first differentiated tissue to
form, with cells requiring complex adhesive structures and inva-
sive capacities. Migrating trophoblast cells are first observed at
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E6.5 (Croy et al.,, 2012). Thus, the alterations of cell adhesion
pathways in Sprn and Prup invalidated mice, similar to the alter-
ations exhibited by PrP1-depleted zebrafish, are very likely to
affect this specialized tissue at these early embryonic stages.

CONCLUSION—ONGOING OR POTENTIAL FUTURE
DIRECTIONS

Current data clearly indicate that the PrP protein has an impor-
tant role in early mammalian embryogenesis through its impli-
cation in placental physiology. The mechanistic behind these
observations has yet to be clearly deciphered and could involve
several, not mutually exclusive, processes such as an involvement
in cell adhesion and angiogenesis as well as a role in the con-
trol and response to oxidative stress. A similar implication of
Shadoo has also been suggested by several studies but whether
this protein acts through identical, complementary or unrelated
biological pathways with those of PrP remains a debatable ques-
tion. The properties of Doppel and its pattern of expression make
it an interesting potential partner, but no evidence so far has
pointed to this protein as being a key actor of placental physi-
ology. Taking into account the phenotypes observed through the
modulation of the expression of these genes in placenta and the
affected pathways, the knowledge accumulated on the function
of these proteins in this tissue could be of particular interest in
regards with their more and more recognized implication in can-
cers. A crosstalk between these so far independent studies would
be of great interest with potential benefits for human and animal
health.

A yet poorly investigated question is the relation between these
proteins and the biology of mitochondria. PrP depletion was
shown to result in reduced mitochondrial numbers and unusual
mitochondrial morphology with increased diameters and poorly
defined and sparse cristae in several mouse tissues (Miele et al.,
2002). PrP depletion induced elevated mitochondrial manganese
superoxide dismutase activity, manganese-induced mitochon-
drial depolarization and reactive oxygen species generation.
Brains of Prion-infected mice have reduced cytochrome C oxi-
dase and manganese superoxide dismutase activities and contain
swelling mitochondria. Oxidative stress conditions can induce
PrP localization in raft-like microdomains of the mitochon-
dria membranes, resulting in loss of this membrane potential.
Impaired mitochondrial function is associated with perturbations
of mouse placental (Wakefield et al., 2011) and potentially with
preeclampsia (Shi et al., 2013; Doridot et al., 2014) developments.
Thus, it is tempting to suggest that oxidative stress conditions and
preeclampsia through its induced over-expression of PrP, might
trigger the delocalization of some PrP proteins in sub-domains
of the mitochondria membrane resulting in induced mitochon-
dria dysfunctions and placentation defects. Similar implication of
the other prion protein family members is a yet-to-be explored
direction for future experimentations.

One difficulty to delineate the role of these proteins might
be related with their mode of action. As nicely highlighted by
Alfaidy et al. (2013), these proteins may act as gatekeeper of cel-
lular integrity and thus, in the absence of specific insults such as
oxidative stress conditions, their absence might not yield strong
phenotypes. Challenging through diverse approaches the existing

panel of created animal models with altered expression of these
genes would reveal such roles.

It was also suggested that these proteins, which have diverse
and large interactomes, may participate to versatile signaling
scaffold complexes, allowing activation of various biological path-
ways. As such, one might expect this function to be revealed by
invalidation of their encoding genes unless (i) biological redun-
dancy exists, (ii) the involved biological pathways are associated
with non-essential functions or related to response to various
stress as discussed just before, (iii) their absence may be, at least
partially, compensated through selection of specific genetic envi-
ronment. This latter hypothesis is attractive as it would explain
the different outcomes of the knockout of these genes according
to the genetic background, as observed for Doppel, and/or to the
methodology used, as observed for Shadoo. It would also recon-
cile the discrepancy between in vitro data, suggesting that these
proteins have key biological functions in crucial pathways such
as stem cell homeostasis, with in vivo observations, which appear
to deny or limit their importance. The classical knockout process
involves the establishment of transgenic lines in mixed genetic
backgrounds, allowing the selection process of the less detrimen-
tal genetic combinations. New approaches now exist to assess gene
invalidation in controlled genetic backgrounds, such as the use
of endonucleases (Wijshake et al., 2014). The implementation of
this approach to target the prion gene family in different mouse
strains might help us to better understand the role of each of
these proteins and their potential biological redundancy. Such
experiments are currently ongoing and their conclusions much
awaited.
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The prion-gene family comprises four members named PRNP (PRP®), PRND (Doppel),
PRNT (PRT), and SPRN (Shadoo). According to species, PRND is located 16-52kb
downstream from the PRNP locus, whereas SPRN is located on another chromosome.
The fourth prion-family gene, PRNT, belongs to the same genomic cluster as PRNP and
PRND in humans and bovidae. PRNT and PRND possibly resulted from a duplication
event of PRND and PRNR respectively, that occurred early during eutherian species
divergence. Although most of the studies concerning the prion-family has been done on
PRP¢ and its involvement in transmissible neurodegenerative disorders, different works
report some potential roles of these proteins in the reproductive function of both sexes.
Among them, a clear role of PRND, that encodes for the Doppel protein, in male fertility
has been demonstrated through gene targeting studies in mice. In other species, Doppel
seems to play a role in testis and ovary development but its cellular localization is variable
according to the gonadal developmental stage and to the mammalian species considered.
For the other three genes, their roles in reproductive function appear ill-defined and/or
controversial. The present review aimed to synthesize all the available data on these
prion-family members and their relations with reproductive processes, mainly in the gonad

of both sexes.
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INTRODUCTION

In Eutherian mammals, the reproductive system is composed by
gonads (testes and ovaries) and the genital tract (male: penis,
prostate, seminal vesicle, vas deferens, epididymis; female: vulva,
vagina, uterus, and oviduct). Gonads produce sex hormones and
gametes (sperms and oocytes), whereas the genital tract pro-
vides a suitable environment for the maturation and transport of
gametes, the fertilization and implantation of the eggs. The dif-
ferentiation of reproductive organs follows a specific and variable
chronology according to species. In every case, the sex deter-
mination occurs immediately at fertilization with the addition
of male and female gamete genomes. This step determines the
genetic sex of the embryo and induces latter on the differentia-
tion of gonads (arising from mesonephros, a transient embryonic
kidney) toward a testicular (XY) or an ovarian (XX) differenti-
ating pathway (DeFalco and Capel, 2009; for review; Figure 1).
The undifferentiated gonad is composed by a germinal and two
somatic cell-lineages. Each somatic line presents a double poten-
tiality and will be turned toward a specific gonadal fate depending
of the genes involved in sex determination, with SRY (Sex-
determining Region of Y) being at the top of them (Kashimada
and Koopman, 2010; for review). In somatic cell populations,
we distinguish: (1) the supporting cells, which will differentiate
into Sertoli cells in males and into follicular (also called granu-
losa) cells in females (these cells are responsible for the growth
and the maturation of the germ line); (2) the steroidogenic cells,
which will differentiate in Leydig cells in male and theca cells
in female (Figure 1). The phenotypic sex, which depends on the
gonadal sex and its hormonal production, is set up in many

successive steps during development from early gonad differ-
entiation until adulthood. Testes produce androgens and AMH
(Anti-Miillerian Hormone) which are responsible for the differ-
entiation of the genital tract toward the male pathway. Without
these hormones the genital tract will differentiate into the female
pathway.

Most of the major genes involved in gonad differentiation
have been discovered through human genetic studies of DSD
(Disorders of Sex Differentiation) cases, but many other genes
were found to be expressed in gonads following high through-
put mRNA sequencing or other expressional studies. Most of the
genes of this last category could putatively be involved in gonadal
processes but their role remains to be defined. Among these genes
are those of the prion-family. Notably, PRND has been shown
to be essential for testicular function in several species (Behrens
et al., 2002; Paisley et al., 2004; Kocer et al., 2007). The most
studied gene in the prion family is PRNP which encodes a cell
surface glycoprotein, the prion protein (PRP®). An infectious iso-
form of PRP¢ (PRP*¢) has been shown to be the major component
of “Prion,” the etiological agent of transmissible spongiform
encephalopathies (TSEs). These fatal neurodegenerative disor-
ders include Creutzfelt-Jacob disease (CJD) in humans, bovine
spongiform encephalopathy and scrapie in bovidae (Prusiner,
1998).

THE PRION GENE FAMILY COMPRISES FOUR MEMBERS

The “prion gene complex” encompasses four members named
PRNP, PRND (downstream prion protein-like gene), PRNT
(prion protein testis-specific gene), and SPRN (shadow of the
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FIGURE 1 | Schematic representation of mammalian gonad
differentiation. The genetic sex directs the development of the bipotential
gonad toward a male or female gonadal fate. Three cellular types are present
in differentiating gonad: somatic supporting cells, somatic steroid-producing
cells, and germinal cells. Male and female somatic supporting cells have a
common origin and differentiate respectively in Sertoli and granulosa cells.
Steroidogenic cells will differentiate in Leydig cells in testis and theca cells in
ovary. Testicularspecific features include the formation of the coelomic

arterial vessel and of the seminiferous tubules formed by germ and Sertoli
cells. Ovarian-specific features are in a chronological order: (i) entry of germ
cells into meiosis, (i) establishment of cortical and medullar compartments,
and (iii) formation of follicles, which contain oocytes surrounded by granulosa
cells. In agreement with the genetic sex, the development of the phenotypic
sex is achieved with the differentiation of the genital tract: epididymis, vas
deferens, seminal vesicle, prostate, and penis in males; oviduct, uterus and
vagina in female (Adapted from DeFalco and Capel, 2009; for review).

prion protein gene). In mouse, sheep, cattle, and rat, the PRNP
gene is composed of three exons, whereas only two are present in
humans (Yoshimoto et al., 1992; Saeki et al., 1996; Lee et al., 1998;
Figure 2). Depending on the studied species, PRND is located
16-52kb downstream of PRNP and PRNT 3 and 6kb down-
stream of human and cattle PRND, respectively (Moore et al.,
1999; Comincini et al., 2001; Essalmani et al., 2002; Makrinou
et al., 2002; Kocer et al., 2007). PRND and PRNT share with
PRNP the same genomic cluster and possibly result from a dupli-
cation, that occurred early during eutherian species divergence,
of PRNP and PRND, respectively. As PRNP, PRND structure can
vary from two to three exons between species, whereas PRNT has
two exons in humans (Comincini et al., 2001; Makrinou et al.,
2002; Figure 2). The same organization of PRNT was predicted

in cow, sheep, horse, dog and primates whereas this gene seems
to be absent in rodents (Premzl et al., 2004; Harrison et al., 2010;
Figure 2). SPRN is not part of the PRNP genomic locus, and is
located on another chromosome. SPRN comprises two exons and
its structure is conserved in fishes and mammals (Premzl et al.,
2003; Figure 2). Some of the prion-family genes produce differ-
ent transcripts of variable compositions and numbers according
to the species.

The mammalian PRNP encodes the PRP protein (PRP¢)
that contains several distinct domains, including an N-terminal
signal peptide, an octapeptide repeat domain, a highly con-
served hydrophobic segment and a C-terminal hydropho-
bic region which contains a glycosylphosphatidylinisitol (GPI)
anchor (Figure 3A). This glycoprotein possesses two N-linked
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FIGURE 2 | Schematic structural representation of prion genes family
members. PRNP, PRND, and PRNT are clustered on the same genomic
locus. The distance between PRNP, PRND, and PRNT are given in kilobases
(kb); according to species, the number of exons could be variable. SPRN

consist of two exons and is located on another chromosome in all studied
species. Arrows indicate the relative orientation of the genes. Chromosomes
carrying these genes are annotated near each species symbols. For each
gene, the open reading frame (ORF) is indicated on relevant exons.

glycosylation sites and exists in bi-, mono-, and un-glycosylated
forms (Figure 3A). Its secondary structure is defined by the
presence of three a-helices and two B-strands (Harris, 1999;
for review; Figures 3A,B). The mature Doppel protein (DPL)
encoded by PRND is a protein which resembles a N-terminally
truncated PRP¢ protein lacking the octamer repeats (Figure 3).
In contrast, SPRN encodes the Shadoo protein (SHO) which
shares with PRP a similar N-terminal region with a basic repeat
region and a hydrophobic domain (Watts and Westaway, 2007;
for review; Figure 3). Few data are available concerning the struc-
ture of PRT, the PRNT-encoded protein (Makrinou et al., 2002).
No signal peptide was predicted for the 94 aa PRT protein, sug-
gesting it could be an intracellular protein (Premzl and Gamulin,
2007). In bovine, PRNT encodes for an N-terminally truncated
protein of 55 aa in length, sharing 55% identity with its human
counterpart (Kocer et al., 2007).

Although PRP¢ and SHO are mainly expressed in the central
nervous system (CNS), these two proteins were also detected in
male and female gonads (Bendheim et al., 1992; Tanji et al., 1995;
Young et al., 2011). DPL and PRT are described as testis-specific
proteins (Moore et al., 1999; Tranulis et al., 2001; Makrinou et al.,
2002; Kocer et al., 2007). Nevertheless, a transient expression of
DPL has been observed in brain of neonatal mice, but this protein
is absent in the CNS of adult healthy animals (Li et al., 2000).

Many studies have been conducted on the role of DPL in testis
differentiation but the implication of the other prion proteins in
reproduction still remains subjective.

TESTIS-SPECIFIC PRION PROTEINS

In order to comment on the role of a testis-specific protein, it is
necessary to introduce the spermatogenesis process allowing the
production of male germ cells, spermatozoa (spz). Three differ-
ent generations of germ cells are visible at any given time among
the epithelial cells of the seminiferous tubule: spermatogonia
(sg), spermatocytes (spc), and spermatids (std; Figure 4). During
spermatogenesis, developing germ cells undergo several mitotic
divisions and two meiotic divisions after translocation through
the blood-testis barrier, to the luminal side of the epithelium,
that is defined by tight junctions between non-dividing Sertoli
cells. The final stage of spermatogenesis, known as spermiogen-
esis, consists of the complex differentiation of round spermatids
into spermatozoa (cell elongation, nucleus condensation, acro-
some formation, cytoplasm reduction; Figure 4). Throughout
spermatogenesis each cluster of germ cells, derived from a single
spermatogonium, is interconnected by cytoplasmic bridges that
are important for synchronizing the developing process. Thus, the
germ cells can be considered as being isolated cells only after they
are released as spermatozoa into the lumen of the seminiferous
tubule. Upon release, spermatozoa leave behind excess cytoplasm,
in the form of interconnected syncytial chains called cytoplas-
mic lobes (Sprando and Russell, 1987; Weber and Russell, 1987),
which are subsequently engulfed and degraded as residual bodies
by the Sertoli cells (Espenes et al., 2006). Then spermatozoa are
stored in epididymis and undergo maturation processes necessary
to acquire motility and capacity to fertilize. Final maturation is
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FIGURE 3 | Predicted structural features of Prion (PRP¢), Doppel (DPL),
and Shadoo (SHO) proteins. (A): Schematic description of these
glycophosphatidylinositol (GPI)-anchored glycoproteins structure includes
signal peptide, octarepeat or basic repeat region (OrR or rR), hydrophobic
domain (HD), alpha (a)-helices, beta (B)-strands, N-glycosylation sites (CHO).
The size of the full-length proteins in amino acids (aa) is annotated near
each species symbols. (B): Schematic representation of prion family
proteins anchored in a membrane. (Adapted from Schmitt-Ulms et al., 2009;
Daude and Westaway, 2011; for review).

completed in the female reproductive tract where spermatozoa
acquire the capacities to fertilize oocytes. This last step called
capacitation ended with acrosome reaction which consists on
the fusion of the acrosome and oocyte membranes, allowing
fertilization.

Two members of the prion-gene family could be considered
as testis-specific proteins, PRND and PRNT. PRND/DPL expres-
sion has been studied mainly during spermatogenesis in many
species. The first common observation is that DPL is expressed
in Sertoli cells at various concentrations according to the species
(Westaway, 2004; Rondena et al., 2005; Serres et al., 2006; Kocer
et al., 2007; Figure 5). Nevertheless, in germ cells, the localiza-
tion of DPL is less comparable between animals. For example in
bovidae, DPL is present early in primordial germ cells in goat
fetal gonads (Kocer et al., 2007) and in bovine, this protein is
expressed in all stages of male germ cell development during sper-
matogenesis (spermatogones to ejaculated spermatozoa, Rondena
et al., 2005; Figure 5). In contrast, DPL is only detected in sper-
matids at final stages of spermiogenesis in ovine, human and
mice, (Behrens et al., 2002; Espenes et al., 2006; Serres et al.,
2006; Figure 5). Interestingly in ram, DPL is observed in sper-
matids during the elongation process, in Sertoli cells after sperm
release and is completely absent in spermatozoa (Espenes et al.,

2006). Authors suggest that DPL is present in cytoplasmic lobes
of maturing spermatids that culminate in DPL concentration in
residual bodies which are subsequently released by spermatids
then engulfed by Sertoli cells. DPL seems not to be detected in
spermatozoa. However, sperm supplementation with recombi-
nant ovine DPL protein during in vitro capacitation, significantly
improves spermatozoa motility, vigor, viability and fertilization
rate (Pimenta et al., 2012a). At this step we can proposed that DPL
expression in ovine ejaculated sperm may be under the thresh-
old of the detection limit of the method and the antibodies used.
Otherwise, DPL could be produced by another cell type in the
genital tract thus influencing the behavior of spermatozoa. This
hypothesis was also suggested in human by Peoc’h and collab-
orators which completed previous studies by the localization of
DPL on the flagella of epididymal and mature spermatozoa, and
in seminal plasma (Peoc’h et al., 2002). As DPL seems to be
transiently expressed in spermatids but is not detected in dif-
ferentiated testicular spermatozoa, these authors considered that
DPL could be acquired during the maturation of spermatozoa
through the epididymis, as it has been described for other GPI-
anchored proteins on spermatozoa (Peoc’h et al., 2002). Serres
and collaborators reinforced this hypothesis by the observation
of a DPL-staining in epithelial cells of the boar epididymis, sug-
gesting a possible epididymal origin of DPL and a potential role
during spermatozoa maturation (Serres et al., 2006). The tran-
sient presence of DPL in the final stages of spermiogenesis points
an important role of this protein in the final remodeling of
spermatids prior to their release into the testicular seminiferous
lumen. The role of DPL in this spermiogenesis process was com-
pletely demonstrated by the analysis of mouse Prnd knock-out
lines. Indeed, ablation of Prud (Prnd—/~) in two different mouse
lines lead to infertile males with different sperm phenotypes.

The Prnd~/~ mouse line with a 129/0la genetic background
produced low numbers of spermatozoa with poor motility and
abnormal nuclei and acrosomes, greatly affecting the fertilization
process. Indeed, sperm from DPL-deficient mice appears to be
unable to undergo the normal acrosome reaction that is necessary
to penetrate the zona pellucida of the ovum and Prnd—/~ males
are completely sterile (Behrens et al., 2002).

The second Prnd~/~ mouse line produced on a mixed
C57BL6/CBA genetic background produced a normal number of
motile spermatozoa but these spermatozoa had an altered chro-
matin structure and DNA damages that induce an early arrest of
embryo development (Paisley et al., 2004). A common phenotype
between both Prnd =/~ mice is a loss of sperm head integrity.

In conclusion, the localization of DPL on both somatic (Sertoli
cells) and germinal cells strongly suggests that this protein plays
a major role in male fertility. In most species, its expression in
testicular germ cells was detected at late stage of spemiogenesis,
principally in spermatids with a transient presence in acrosome.
These data show that DPL is implicated in normal acrosome gene-
sis and thus in spermatozoa fertilizing ability. Supplemental roles
could be attributing to DPL by its presence at earliest stages of
testis development in bovine and goats, suggesting an involve-
ment in germinal cell ontogeny. Moreover, DPL has also been
detected in goat fetal Leydig cells (steroidogenic cells) where its
role remains to be defined (Kocer et al., 2007). Finally some roles
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FIGURE 4 | lllustration of spermatogenesis. Spermatogenesis occurs within
the seminiferous tubules of the testes of a post pubescent male. Diploid
primordial germ cells (also called spermatogonia; sg) near the basal lamina of
the seminiferous tubules undergo an initial mitotic division to produce diploid
primary spermatocytes (spc I). Nearly half the primary spermatocytes
produced remain near the basal lamina to continue to divide mitotically, thus
allowing spermatogenesis to be continuous during male's reproductive
lifespan. Other primary spermatocytes migrate toward the lumen of the
seminiferous tubules and begin to undergo meiosis |, resulting in haploid
secondary spermatocytes (spc ll). These secondary spermatocytes further
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divide through meiosis Il, producing haploid spermatids (std). Mature sperm
cells (spermatozoa; spz) capable of fertilizing an egg develop from spermatids
through the final stage called spermiogenesis. In this stage specific regions of
the spermatid differentiate into the head, mid-piece, and the tail of the sperm
cell. Within the head, an acrosomal space is developed which houses specific
enzymes required for fertilization. Specialized acrosomal membranes that are
pertinent for fertilization also differentiate in the head of the sperm. A
flagellum develops as a means of motility near the posterior aspect which is
fuelled by the abundance of mitochondria in the mid-piece of the sperm cell.
(Adapted from buffonescience9.wikispaces website).

of DPL in ovarian differentiation couldn’t be discarded since DPL
has been detected in female germ cells of goat fetuses and in gran-
ulosa cells and follicular fluid in bovine (Rondena et al., 2005;
Kocer et al., 2007). This last observation reinforces the idea that
DPL may contribute to regulate fertility, since follicular fluid has
been shown to influence sperm mobility and fertility (Rodriguez
et al., 2001).

In order to pinpoint putative other reproductive roles of DPL,
it will be of great interest to engineer PRND mutant animals in
mammalian species other than mice. For the sex-differentiating
process, it is know that the mouse species remains less sensible to
gene dosage and haplo-insufficiency than humans. Furthermore,
PRND expression profiles suggest additional roles for DPL in
goat testis differentiation compare to mice (Kocer et al., 2007).
Accordingly, PRND gene ablation in goats is currently under
investigation in our laboratory that has recently succeeded in such
technologies (Boulanger et al., 2014).

Three isoforms of human PRNT have been described and are
exclusively expressed in the adult testis, thus absent in fetal tissues
including testis (Makrinou et al., 2002). In goats, PRNT is weakly
and stochastically expressed in both testes and ovaries at various
developmental stages, suggesting that the expression pattern of
this gene differs between ruminant and human or, most probably,

that ruminant PRNT is a pseudogene (Kocer et al., 2007). By
contrast, recent results demonstrate that PRT is found in the ram
germinal cells. Notably, PRT expression is localized in the nuclei
of spermatogonia, spermatocytes, spermatids and in the sperm
acrosome. These observations suggest that ovine PRNT could be
a translated protein-coding gene, pointing to a role for PRT in
the ram spermatogenesis, throughout spermatogenic cell prolif-
eration and sperm maturation (Pimenta et al., 2012b). However,
it is difficult to conclude on a real role of PRT during spermato-
genesis. The lack of PRT detection in others species, supports the
hypothesis that PRT could be a pseudogene.

PRP¢ AND ITS SHADOW
In the CNS, PRP¢, and SHO present a partially reciprocal pat-
tern of expression, suggesting a common function of these two
proteins in neuronal cells. This overlapping expression leads to
Shadoo protein designation (Shadoo is the Japanese word for
shadow) and this protein was considered as the putative host-
encoded protein that compensates for the lack of PRP. Although
PRP€ and SHO are present in gonads, their single and/or common
roles are not established in reproductive biology.

PRP¢ has been more studied and was detected on sperma-
tozoa of different species including human, cattle and mouse
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FIGURE 5 | Table summarizing the cellular localization of Dopple (DPL) in gonads of various species.

(Shaked et al., 1999) but the nature of PRP€ isoforms on sper-
matozoa is debated and appears different according to antibodies.
A first study showed the presence of PRP® on epididymal sperm
extracts from epididymis of mouse and bovine and from ejac-
ulated spermatozoa from bovine and human (Figure 6). The
molecular weight of PRP¢ in epididymal sperm cells was simi-
lar to that of the brain (control tissue) whereas in mature sperm
cells, the PRP¢ isoform detected is smaller and C-terminally-
truncated. Authors suggested that the C-terminal portion of the
PRP€ is removed during the process of sperm maturation in epi-
didymis and that the protein is inserted via its N-terminal part in
the membrane of ejaculated sperm (Shaked et al., 1999). In con-
trast, Peoc’h group demonstrated that PRP® was recognized on
sperm membranes by antibodies binding to the C-terminus part
of the protein, suggesting that only N-terminally truncated frag-
ments of PRP® are present in these cells in the human species.
In addition in human testes, 3 isoforms of PRP, an unglycosy-
lated full-length and two N-terminally truncated proteins, are also
detected in spermatocytes and spermatids (Peoc’h et al., 2002;
Figure 6). Differences in the nature of PRP® truncated (C- or N-
term) could be due to differences in the protocol for preparing
spermatozoa extracts that could affect proteolysis differentially,
or to the antibodies used. Studies in ram supports the work of
Shaked and collaborators by demonstrating that one major gly-
cosylated C-terminally truncated PRP® isoform is associated with
sperm from testis, cauda epididymis and semen and also in sperm

cytoplasmic droplets that are released during maturation (Ecroyd
et al., 2004; Figure 6). Other PRP® isoforms were compartmen-
talized within cauda epididymal fluid and semina plasma (Ecroyd
et al., 2004). Indeed, Gatti and colleagues demonstrated the syn-
thesis and secretion of soluble PRP® by the epithelial cells lining
the ram epididymis (Figure 6). These cells produce large quan-
tities of a specific isoform of PRP that seems to be processed
post-secretion in different ways during epididymal transit. In
ovine spermatozoa, different forms of PRP® have been found, as
reported previously for others species (Shaked et al., 1999), that
seem to be inserted into the sperm membrane mainly during ejac-
ulation (Gatti et al., 2002). In summary, both glycosylated and
proteolytic isoforms of PRP€ are present in the male reproductive
tract. However, the main isoforms differ between the sperm and
the reproductive fluid, suggesting only a low extend of exchange
between these two compartments. By studying Prnp deficient
mice, a protective role of PRP® against copper toxicity has been
proposed since sperm cells originating from Prup~/~ mice were
significantly more susceptible to high copper concentrations than
sperm from wild-type mice (Shaked et al., 1999). The presence
of an anti-oxidant defense in the sperm-surrounding media is
highly important, especially during passage and storage in the
epididymis, since these germinal cells lack the molecular machin-
ery to regenerate damaged lipids and proteins. Nevertheless, Prup
null mice are fully fertile and the ablation of Prup in Prnd =/~
mice has no additional effect on the phenotype described for
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FIGURE 6 | Table summarizing the cellular localization of Prion protein (PRP°) in gonads of various species.

Prnd~/~ males, suggesting that PRP® is not involved in fertiliz-
ing capacity of mice spermatozoa, at least under normal breeding
conditions (Biieler et al., 1992; Manson et al., 1994; Paisley et al.,
2004).

PRPC is also present in the female reproductive tract. This
protein has been detected in the ovary, oviduct and uterus of
pregnant and cyclic ewes (Moudjou et al., 2001; Tuo et al,
2001; Figure 6). In bovine, PRNP is expressed in both theca and
granulosa cells of ovarian follicles notably in developing follicles
suggesting that it could promote the growth of dominant follicles
(Forde et al., 2008; Figure 6). Again, invalidation of this gene did
not induce any noticeable fertility defect in the studied females.
However, these animals were kept under control breeding condi-
tions and not challenged, through induction of oxidative stresses
for example. Such challenges revealed yet undiscovered function
of PrP in other organs, such as placenta (Alfaidy et al., 2013),
and such experiments would be of interest to further assess the
function of PrP in the gonads.

Although no biological role of SHO has been defined in repro-
duction, few data are available in mice. Generation of transgenic
reporter mice for the gene encoding SHO protein (Sprn) has per-
mitted to show a Sprun-LacZ expression in the male and female
gonads. In both cases, staining was cell-specific, in the intersti-
tial Leydig cells in testis and in granulosa cells of ovarian follicle
(Young et al., 2011). Leydig cells are the site of testosterone

biosynthesis that is required for the development of the male
reproductive system, and the initiation and maintenance of sper-
matogenesis. Deregulation of some genes expressed in Leydig cells
such as proliferin-related protein (PRP) result in decreased testos-
terone production and has an impact on development of male
reproductive system and fertility (Zhao et al., 2011). If we con-
sider the testicular SHO localization, could this protein have the
same function in male fertility? Another way to determine the
function of a protein is to study the ablation of its coding gene.
The lack of Sprn in mice has no effect on fertility, as judged by
the measurement of the litter size (Daude et al., 2012). Given
that DPL is implicated in spermiogenesis and PRP¢ is present
on spermatozoa, one can imagine that these close proteins can
compensate each other. Sprn invalidation in Prnd~/~ mice does
not increase the testicular phenotype associated with single Prnd
knockout (our unpublished data). In the same way, mice defi-
cient for both SHO and PRP* were also found to be viable and
fertile (Daude et al., 2012). By contrast, the Sprn knockdown
in Prnp~/~ mice presents an embryonic lethal phenotype at
developmental stage E7.5 (Passet et al., 2012). Discordant results
between SprnXC/PrnpX© and SprnXP/PrupXC could be due to dif-
ferent mice genetic backgrounds used in these studies or to a
genetic adaptation of the double knockout animals. Nevertheless,
gene-targeting experiments in mice do not allow yet defining a
putative role of SHO in reproduction.
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CONCLUSION

Among the prion-gene family members, PRND is yet the sole
to have been clearly linked to reproductive biology with a cru-
cial function during the late steps of spermatogenesis. Indeed its
gene ablation in mice leads to male infertility. Although expres-
sion of the other three members PRNP, PRNT, and SPRN has
been demonstrated at mRNA and protein levels in gonads and/or
reproductive tracts, their specific reproductive functions, if any,
remain to be elucidated. The fact that these putative functions
haven’t been pointed on by human genetics or gene-targeting
in other mammalian species may suggest that these proteins by
alone have no critical reproductive functions or that their func-
tions aren’t hugely affected by mutational events. Indeed, even
if the physiological role of PRP® remains unclear in the central
nervous system, according to the fact that Prnp~/~ mice or goats
seem to be unaffected and well-being, it is a mis-folding of PRP¢
(PRP*) that remains highly detrimental for the central nervous
system physiology (a sort of gain-of-function mutation). This
means that we cannot exclude some detrimental reproductive
effects of these proteins without any mutational changes, but with
post-translational and/or conformational changes remaining very
difficult to pin-point.
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INTRODUCTION

To someone new to the prion literature, it might be confusing
that on the one hand some researchers lament the absence of a
known function of the cellular prion protein (PrP®), while on
the other hand, there seems to be a myriad of roles assigned
to this protein (Steele et al., 2007; Aguzzi et al., 2008; Zomosa-
Signoret et al., 2008). Indeed, over the past few decades, mouse
models harboring a deletion of the prion gene have revealed
some interesting and highly diverse phenotypes, including (i)
defects in the circadian rhythm (Tobler et al., 1996), (ii) abnor-
mal development of infrapyramidal mossy fibers (Colling et al.,
1997), (iii) a reduced capacity to generate hematopoietic stem
cells (Zhang et al., 2006), and (iv) a peripheral neuropathy that is
most conspicuously characterized by a myelin maintenance defect
(Bremer et al., 2010). Due to the complex nature of the biol-
ogy underlying any of these phenotypic changes, none of them
immediately suggest how PrP¢ might be involved. It also does
not help that each of them requires a unique environment not
easily accessible by experimental means. The only phenotype for
which a wealth of available data has provided a near-complete

Abbreviations: CRISPR, clustered regularly interspaced short palindromic
repeats; EMT, epithelial-to-mesenchymal transition; FOI, Fear-Of-Intimacy; GSK-
3B, glycogen synthase kinase 3 beta; MAP, mitogen-activated protein; NCAM,
neural cell adhesion molecule; PL, PrP-like; PrPC, cellular prion protein; SFK, Src
family kinase; TGFp, transforming growth factor beta; ZIP, Zrt-, Irt-like Protein.

molecular explanation constitutes the well-known resistance of
PrP-knockout mice to infection with prion disease (Sailer et al.,
1994).

This mini-review will add to this body of literature by shin-
ing a spotlight on the possibility that the prion protein may, in
some cellular contexts, operate in signaling events that influence
a shift from cell-cell to cell-substrate modes of adherence and play,
for example, a critical role during EMT. In light of the emphasis
of this special issue on research that explores the function of the
prion protein, a brief clarification of terms and concepts may be
helpful.

THE PHYSIOLOGICAL ROLE OF A PROTEIN—PHENOTYPIC
CHANGE vs. FUNCTION

Although intuitively appealing, applying the concept of “func-
tion” to a protein can be a difficult undertaking. Any protein
that emerges from ribosome-mediated translation enters into a
unique molecular life-cycle that ultimately comes to an end when
the protein is degraded. During this cycle, a protein encoun-
ters many other molecules that may impact its own biology.
Some of these may, for instance, facilitate its post-translational
maturation and folding or influence its sorting and trafficking.
The consequences of molecular interactions may be equidirec-
tional, orthogonal or opposite with regard to a specific outcome.
They may also possess other characteristics that complicate their
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study; for example, they can be transient or long-lasting, and
can qualitatively or quantitatively change over time. The net
effect of these molecular interactions will not only depend on
the physicochemical properties of the protein of interest itself,
but also on the status of the cell or multicellular entity into
which it was born. The latter will, in turn, be influenced by
the characteristics and locations of all other molecules present
at a given time. For example, there are several proteins (e.g.,
WNT5A, RACKI, SIRT1 and several F-box proteins) whose
expression levels appear to correlate with the risk to acquire cer-
tain cancers, yet the same proteins have been observed to confer
protection against cancers in other paradigms (McDonald and
Silver, 2009; Lin and Fang, 2013; Li and Xie, 2014; Wang et al.,
2014).

A phenotypic change caused by a protein can be discerned
if its molecular interactions cumulatively change the biology of
the experimental paradigm in a way that is detectable (Crusio,
2002). It follows that the description of such a phenotypic change
only becomes meaningful if a precise account of the experimental
paradigm is also provided.

What is the relationship between phenotypic change and func-
tion? The term “function” seems overused in the protein literature
in general and the prion literature in particular. Here, the use
of this term will be restricted to an immediate and context-
independent role of a protein (e.g., the capacity of substrate
phosphorylation by a kinase) and will not be employed to capture
the contribution of a protein to a broad and indirect phenotypic
change (e.g., mitosis).

When viewed in this light, the body of literature dealing
with functional assignments of the prion protein begins to look
considerably less controversial. It comes as no surprise that a
protein studied as extensively as PrP® has been observed to con-
tribute to several biological processes that give rise to diverse
phenotypes. While the phenotypic changes a protein causes
are not to be confused with its function, once the function
is known, it will hopefully reconcile a majority of these phe-
notypic changes with a consistent molecular and mechanistic
explanation.

EMT, YET ANOTHER PHENOTYPIC CHANGE THE PRION
PROTEIN MAY CONTRIBUTE TO—BUT NOT ITS FUNCTION
The term EMT refers to a complex morphogenetic reprogram-
ming of cells observed during their transition from epithelial to
mesenchymal phenotypes. EMT is naturally initiated in cells dur-
ing distinct stages of development and wound healing (Lim and
Thiery, 2012). Similar morphogenetic changes also take place
during organogenesis and in pathological conditions, including
fibrosis and cancers, where their occurrence most often corre-
lates with a higher metastasis propensity (Thiery et al., 2009).
During the EMT process, strong epithelial cell-to-cell contacts in
the form of adherens junctions gradually give way to more tran-
sient cell-to-matrix connections evident in cultured cells (referred
to as focal adhesions). As adherens junctions are dissolved, func-
tional levels of E-cadherin, their main molecular constituent,
are also reduced. Consequently, cells acquire a more fibroblast-
like morphology and gradually rely on a more dynamic molec-
ular network involving integrins for cell-matrix interactions
(Lamouille et al., 2014). During the cellular reprogramming that
accompanies EMT, the levels and/or activities of many molecules
change (Figure 1).

The notion of an involvement of PrP® in the morphogenetic
program underlying EMT emerged recently from several inde-
pendent strands of investigation, including (1) observations in
cancer paradigms that predominantly see a role of PrPC as a pro-
moter of cellular invasiveness and malignancy; (2) morpholino-
based manipulations of PrP levels undertaken in zebrafish; (3)
a subset of available PrP protein—protein interaction data; and
(4) commonalities between PrP and the subbranch of ZIP trans-
porters from which it descended. Finally, pilot data generated in
mammalian cells in which the expression of PrP® was eliminated
using CRISPR/Cas gene editing tools (Hsu et al., 2014) are also
consistent with a role of PrP® as a modulator of a cellular pro-
gram that defines the balance between cell-cell and cell-substrate
adhesion (unpublished observations, Schmitt-Ulms laboratory).
Therefore, when asked to contribute to this special issue, we
decided to take the opportunity to further investigate the mer-
its of an involvement of PrPC in EMT based on published reports.

Epithelial state

Mesenchymal state

EMT
O O >
<

MET
E-cadherin N-cadherin
Z0-1 Bl-catepin
a1 collagen ntegrins
Syndeca?\ ] NCAM
Desmoplakin Vimentin
Cytokeratin Snail
Twist

FIGURE 1 | Schematic outlining key morphological and molecular changes that accompany EMT.
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Needless to say, no claim is made that an involvement of PrP®
in EMT, even if further substantiated experimentally, would rep-
resent its physiological function. Instead, it is hoped that this
contribution might further stimulate research that may uncover
the function of PrP®,

EVIDENCE FOR A ROLE OF PrPC IN EMT IN THE CANCER LITERATURE

In light of the central role that EMT plays in the cellular biol-
ogy that governs tumor malignancy, it may not be surprising
that some support for a possible role of PrPC in EMT can be
found in the cancer literature. Several groups have reported that
the prion protein is upregulated in a subset of human cancers
ranging from colorectal and gastric cancers to breast cancer and
glioblastomas (Mehrpour and Codogno, 2010). Furthermore, a
positive correlation has been reported between the upregulation
of PrP® and the tumorigenicity of some cancer cells, suggestive
of a more causative involvement. For instance, in one of the first
reports that tied PrPC to cancer biology, the overexpression of
PrPC was observed to promote invasive and metastatic proper-
ties of gastric cancer cell lines (Pan et al., 2006), and a more
recent report suggested that high PrP® levels can be predictive of
disease recurrence in colorectal cancers (Antonacopoulou et al.,
2010). Overall, a broad consensus seems to be emerging that
PrPC can promote key indicators of malignancy in several can-
cer paradigms. However, less information and agreement exist
at this time on the signaling pathways and molecular events
involved. Several observations suggest that PrP® may modulate
signaling downstream of TGFf. For example, it was reported
that PrP® promotes the release of certain matrix metallopro-
teinases (Pan et al., 2006; Wurm and Wechselberger, 2006) that
are activated during TGFP signaling and are known to pro-
mote the breakdown of the extracellular matrix, thereby lead-
ing to cell detachment. Also, researchers have proposed that
the serine/threonine kinases Erkl/2 may play a critical role
in the cancer-related signaling cascade emanating from PrPC,
This conclusion was drawn on the basis of data document-
ing that small-molecule inhibitors against key components of
the mitogen-activated protein (MAP) kinase signaling pathway
were able to rescue invasive and metastatic characteristics con-
tributed by PrP€(Pan et al., 2006; Du et al., 2013). Although an
inverse relationship between E-cadherin and PrPC levels has been
observed (Du et al., 2013), whether this relationship is merely
correlative or if PrP® causally influences E-cadherin biology has,
to our knowledge, not yet been addressed in the aforementioned
cancer paradigms.

ZEBRAFISH PrP KNOCKDOWN MODELS

To date, the most dramatic phenotypic change associated with
PrP deficiency was not reported for the mouse prion protein
but for one of its two orthologs in zebrafish (Malaga-Trillo
et al., 2009). More specifically, the morpholino-based knock-
down of PrP1 (but not PrP2) was observed to cause an arrest
of zebrafish embryogenesis at the gastrula stage in the course
of cellular rearrangements that rely on EMT. Interestingly, the
PrP1-deficient embryos do not appear to suffer from an inabil-
ity to initiate EMT; rather, they are impaired in their ability to
fully execute a cell migration program that is limited to a small

number of cells and requires re-establishing cellular contacts fol-
lowing their migration (Malaga-Trillo et al., 2009). Whereas in
normal embryos PrP1 was shown to activate Src family kinases
(SFKs) and modulate the post-transcriptional E-cadherin biol-
ogy, both of these activities were impaired in PrP1-deficient
embryos. A follow-up investigation revealed that several fea-
tures within PrP1, including the repeat domain, globular domain,
N-glycosylation sites and GPI anchor attachment signal, influ-
ence the proper positioning of PrP1 at cell-cell contacts (Solis
et al.,, 2013). Importantly, the phenotype does not appear to
reflect a functional specialization or idiosyncrasy of zebrafish
PrP1 because it could be rescued by the introduction of mam-
malian PrP®¢ (Malaga-Trillo and Sempou, 2009; Malaga-Trillo
et al., 2009).

PROTEIN-PROTEIN INTERACTIONS OF PrPC WITH A KNOWN EMT
CONNECTION

Although there are divergent views regarding the significance of
protein—protein interactions of PrP® (Watts and Westaway, 2007;
Aguzzi et al., 2008; Rubenstein, 2012), there appears to be a broad
consensus that PrPC exerts some of its biological role through
its affiliation with caveolae and specialized membrane domains
referred to as lipid rafts (Naslavsky et al., 1997; Mouillet-Richard
et al., 2000). Furthermore, there is agreement that the molecu-
lar microenvironment of PrPC in neurons is dominated by cell
adhesion molecules that include neural cell adhesion molecule
(NCAM) (Walsh et al., 1989), L1, integrins and non-integrin
laminin receptors known to modulate cell-to-substrate contacts
(Gauczynski et al., 2001; Watts et al., 2009). Finally, there is a
broad consensus that signals emanating from PrP® can lead to
Fyn activation (Mouillet-Richard et al., 2000; Santuccione et al.,
2005; Toni et al., 2006; Pantera et al., 2009; Tomasi, 2010; Um
etal., 2012).

Several of these physiological interactors of the prion protein
have been implicated in EMT. NCAM, for example, has recently
been shown to be a critical regulator of EMT (Lehembre et al,,
2008; Evseenko et al., 2010). Specifically, (i) increases in the lev-
els of NCAM and (ii) a redistribution of NCAM that may involve
its detachment from fibroblast growth factor (FGF) receptors and
recruitment into caveolae and/or raft-like domains (Niethammer
et al., 2002; Santuccione et al., 2005), have been recognized as
early steps during EMT (Lehembre et al., 2008). Not surprisingly,
these changes to the cellular NCAM pool and the concomitant
upregulation of functional integrins occurring during EMT lead
to increases in signaling through Fyn (Lehembre et al., 2008).
Moreover, aV-containing integrins, another family of PrP® inter-
actors (Watts et al., 2009), are critical for activation of the EMT
master regulator TGFB1 (Munger et al., 1999; Mu et al., 2002).
Mice harboring point mutations in the aV integrin “RGD” recog-
nition motif within the TGFB1 preprotein (TGFp1RCE/RGE) were
shown to phenocopy TGFB1-null mice (Yang et al., 2007). As
an additional example, B1 integrin-L1 complexes have long been
known to play a role in controlling cellular migration processes.
More recently, L1 has been linked to EMT and a molecular biol-
ogy that determines cancer invasiveness (Kiefel et al., 2012). Thus,
the stage, players and activities that PrP® is surrounded by are
familiar to the research community studying EMT.
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FUNCTION OF CLOSEST EVOLUTIONARY RELATIVES OF PrP

Members of the mammalian prion protein family (PrP®, Dpl
and Sho) were recently shown to have evolved from the family
of ZIP (Zrt-, Irt-like Protein) metal ion transporters (Schmitt-
Ulms et al., 2009), with up to 30% amino acid sequence iden-
tity observed in some pair-wise comparisons of PrP and ZIP
sequences. Subsequent work established that the founding event
of the prion gene family coincided with the speciation of early
vertebrates around 500 million years ago. This event relied on
a genomic rearrangement that involved the retroinsertion of an
ancient ZIP transcript and, probably, was mediated by retrotrans-
position elements (Ehsani et al., 2011). Amino acid sequence
comparisons revealed that PrP is most similar to ZIPs 5, 6 and
10, which constitute a distinct sub-branch within this gene fam-
ily that consists of 14 paralogs in humans (Schmitt-Ulms et al.,
2009). The primary cellular function of ZIP transporters is the
import of zinc and other divalent cations into the cytosol (Lichten
and Cousins, 2009). The PrP-like (PL) domains within ZIPs 5, 6
and 10 represent their N-terminal ectodomains and resemble PrP
with regard to orientation and relative distance to their down-
stream membrane anchorage sites. The PL domain most likely
fulfills a role as a modulator of the cation import channel to which
it is attached (Ehsani et al., 2012).

Interestingly, ZIP6 deficiency in zebrafish embryos has been
reported to give rise to a gastrulation defect that is similar to
the aforementioned defect observed in PrP1-deficient zebrafish
(Yamashita et al., 2004). Subsequent work documented that
manipulation of ZIP6 expression levels in mammalian cells leads
to equidirectional changes in levels of E-cadherin expression
(Shen et al., 2009). The close Drosophila ZIP ortholog Fear-Of-
Intimacy (FOI) (Mathews et al., 2005) has similarly been shown
to play a role in EMT-like morphogenetic cell movements under-
lying both gonad and trachea formation (Godt and Tepass, 2003;
Van Doren et al., 2003). More specifically, the zinc transport activ-
ity of FOI was shown to be essential for post-transcriptional stabi-
lization of E-cadherin expression, with loss-of-function mutants
of FOlI leading to strongly reduced levels of functional E-cadherin.
This did not preclude initiation of cell migration, but interfered
with the coalescence of cells following their migration (Mathews
et al., 2006). Additional support for the notion that ZIP proteins
may affect EMT-like signaling came from a recent genetic report
of a family afflicted with a subtype of myopia, a leading cause of
blindness in humans, which identified a nonsense mutation in
the ZIP5 gene to co-segregate with the phenotype (Guo et al.,
2014). Follow-up biochemical work led the authors to observe
that ZIP5 deficiency interfered with signaling downstream of
TGEFp.

MODEL OF PrP/ZIP E-CADHERIN MODULATION

Given that the knockdown of PrP1 or its molecular cousin ZIP6
gives rise to similar gastrulation defects in zebrafish, the ques-
tion arises as to whether a primary role of the prion protein
is to modulate ZIP-dependent cation import. The evolutionary
relationship of PrP and ZIPs and the ability of ZIPs to inter-
act with PrPC€ are consistent with such a model (Schmitt-Ulms
et al., 2009). However, close scrutiny of the precise E-cadherin
deficiencies in the respective knockdown phenotypes may suggest

a more complex scenario. Whereas the zinc import function of
the aforementioned ZIPs appears to reduce E-cadherin levels at
the transcriptional level (Yamashita et al., 2004), PrP deficiency
in zebrafish does not seem to interfere with E-cadherin tran-
scription but may prevent E-cadherin from reaching the plasma
membrane (Malaga-Trillo et al., 2009; Solis et al., 2013). Thus,
PrP/ZIPs may influence functional E-cadherin levels by a coordi-
nated transcriptional and post-translational regulation. A plau-
sible scenario (Figure 2) sees the zinc import function of ZIPs
regulate E-cadherin gene transcription, possibly by controlling
the zinc-dependent nuclear translocation of certain transcrip-
tion factors such as the zinc finger EMT master regulator Snail
(Yamashita et al., 2004). This signaling pathway may involve
glycogen synthase kinase 3 beta (GSK-3B) (Hogstrand et al.,
2013). PrP may also act as a modulator of this ZIP-dependent
zinc import by acting as a scavenger or sensor of zinc ions (Watt
et al., 2013), or on account of its ability to acquire alternative N-
terminal folds in response to changes in its surrounding cation
milieu (Chattopadhyay et al., 2005). Metal-dependent confor-
mational changes of PrP could, for instance, modulate access
of divalent cations to the ion channel present in a nearby ZIP
protein, either by sterically blocking the channel or by exerting
an influence on the arrangement of the channel transmembrane
domains. On the other hand, PrP may serve a role in control-
ling functional E-cadherin levels post-translationally through the
activation of Fyn (Lilien and Balsamo, 2005; Smyth et al., 2012).
Assuming that PrP inherited this property from its ZIP ancestor,
and that it can still be found in contemporary ZIP transporters
equipped with a PL ectodomain, these ZIP molecules may oper-
ate as highly specialized regulators of EMT. It will be interesting
to explore if the PL ectodomain of ZIPs can influence Fyn activa-
tion similar to PrP, and if such dual capability is at play in EMT
paradigms that lack the prion protein. An example could be the
process of gonad formation in Drosophila, where the ZIP para-
log FOI is known to play a critical role in modulating E-cadherin
expression and stability (Jenkins et al., 2003; Van Doren et al.,
2003; Mathews et al., 2006). Indeed, a first indication that FOI
might influence E-cadherin biology at the transcriptional and
post-translational levels emerged from elegant in vivo functional
rescue experiments conducted with FOI-knockout flies. In con-
trast to the aforementioned ZIP6 zebrafish gastrulation paradigm,
mutant zinc import-defective derivatives of FOI were, observed
to exhibit reduced DE-cadherin expression. Significantly, forced
expression of DE-cadherin from an unrelated tubulin promoter
still did not lead to a functional rescue unless FOI was also present
to ensure the post-translational stabilization of DE-cadherin
(Mathews et al., 2006).

CONCLUSIONS

During the course of EMT, cells have to master the feat of gradu-
ally shifting their cell-cell and cell-substrate contacts from a stably
adherent to a more transient and focal mode of attachment. The
cellular program underlying these changes requires the concerted
action of many molecules. Here we reviewed evidence consis-
tent with the notion that members of the ZIP/PrP protein family
may influence this program by affecting E-cadherin biology at
multiple levels. It is likely that the cellular context will play a
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FIGURE 2 | Schematic summarizing evidence consistent with a role of
PrPC in EMT. (1) The closest molecular cousins of PrP from the ZIP zinc
transporter family possess a documented role in EMT. Knockout or
knockdown phenotypes of the respective ZIPs in zebrafish, Drosophila or
mammalian cells demonstrate a critical role of ZIP-dependent zinc import in
the transcriptional control of the E-cadherin gene. Note that whereas in the
zebrafish EMT paradigm this transcriptional control is orchestrated by the
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EMT master regulator Snail and suppresses E-cadherin expression, the zinc
import function of the Drosophila FOI gene was observed to promote
E-cadherin transcription during gonad organogenesis (not shown). (2) Multiple
interactors of PrPC with a known ability to modulate the activity of Fyn (a Src
family kinase) are independently known to play a role in EMT. (3) PrP
knockdown in zebrafish is characterized by a gastrulation arrest phenotype
with cytoplasmic accumulation of E-cadherin.

critical role for the direction and extent to which the expression
of ZIPs/PrP affects this biology. With the advent of novel genome
editing technologies and advances in quantitative protein mass
spectrometry, the involvement of PrP in EMT and related cellu-
lar processes can now be studied much more elegantly. It is to
be expected that these efforts will in the not-too-distant future
lead to a much more detailed understanding of the cellular path-
ways that underlie phenotypic changes observed in PrP knockout
paradigms and, ultimately, reveal the molecular function of this
protein.
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The cellular prion protein PrP¢ was initially discovered as the normal counterpart of the
pathological scrapie prion protein PrPS¢, the main component of the infectious agent of
Transmissible Spongiform Encephalopathies. While clues as to the physiological function
of this ubiquitous protein were greatly anticipated from the development of knockout
animals, PrP-null mice turned out to be viable and to develop without major phenotypic
abnormalities. Notwithstanding, the discovery that hematopoietic stem cells from PrP-null
mice have impaired long-term repopulating potential has set the stage for investigating
into the role of PrP¢ in stem cell biology. A wealth of data have now exemplified that
PrPC is expressed in distinct types of stem cells and regulates their self-renewal as well
as their differentiation potential. A role for PrPC in the fate restriction of embryonic stem
cells has further been proposed. Paralleling these observations, an overexpression of PrP¢
has been documented in various types of tumors. In line with the contribution of PrP¢ to
stemness and to the proliferation of cancer cells, PrP¢ was recently found to be enriched
in subpopulations of tumorinitiating cells. In the present review, we summarize the current
knowledge of the role played by PrPC in stem cell biology and discuss how the subversion

of its function may contribute to cancer progression.

Keywords: cellular prion protein, stem cell, cancer, self-renewal, cell fate specification, prion infection

INTRODUCTION

The discovery of the cellular prion protein PrP® dates back
to 1985 with the identification that the scrapie prion protein
PrP5¢, the main component of the infectious agent responsible for
Transmissible Spongiform Encephalopathies (TSEs) was encoded
by a gene of the host, termed Prap (Oesch et al., 1985). PrP® has
been extensively scrutinized as the endogenous substrate for con-
version into its pathogenic PrPS¢ counterpart (Aguzzi and Calella,
2009), while studies on its physiological function have long been
overlooked. At the molecular and cellular levels, it is well estab-
lished that PrPC is anchored to the outer leaflet of the plasma
membrane through a glycosyl-phosphatidylinositol (GPI) moi-
ety (Linden et al., 2008). It may exist under a great diversity of
isoforms as a result of heterogeneous glycosylation (Ermonval
et al.,, 2003) and proteolytic cleavage (McDonald et al., 2014).
Although it is suspected that the wide repertoire of PrP® species
may endow the protein with the capacity to interact with multiple
soluble ligands, extracellular matrix components or cell-surface
proteins, the specific tissue distribution, and function of each
isoform remain elusive (Linden et al., 2008). That research on
PrPC function has lagged behind that of TSE pathophysiology
may notably be explained by the lack of major abnormalities in
PrP-null mice (Steele et al., 2007), whose most obvious phenotype

is their resistance to TSE agents (Bueler et al., 1993). Because PrP
is ubiquitously expressed and very much conserved in mammals,
with Prnp orthologs identified in fish, birds, and reptiles (Premzl
and Gamulin, 2007), the apparent normal phenotype of PrP null
mice was quite unexpected and proposed to reflect the occurrence
of compensatory mechanisms. One major contribution of these
mice, however, was the demonstration that PrP® is mandatory for
the long-term repopulating activity of hematopoietic stem cells
(HSC:s) (see below) (Zhang et al., 2006). This seminal report set
the stage for investigating into the role exerted by PrP® in stem
cell biology. Here, we provide an overview of the recent advances
regarding the contribution of PrP® to stem cell biology and their
pathophysiological implications.

PrPC EXPRESSION AND ROLE DURING DEVELOPMENT

Studies on PrPC have initially focused on the adult central ner-
vous system (CNS), since it is the only target of PrPS-associated
toxicity (Aguzzi and Calella, 2009). Further, PrPC is most abun-
dantly found in neurons (Linden et al., 2008). Notwithstanding,
PrPC is highly expressed during embryonic development, as first
shown by Manson et al. over two decades ago (Manson et al.,
1992). This in situ hybridization analysis revealed widespread
expression of Prup transcripts in the developing central and
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peripheral nervous system at embryonic days E13.5 and E16.5,
as well as in other tissues such as the intestine or the dental
lamina (Manson et al., 1992). Prnp mRNA was also detected in
extra-embryonic tissues from E6.5, pointing for the first time to
a potential role for PrP® in the placenta, which has started to
be accurately assessed recently (Alfaidy et al., 2012; Passet et al.,
2012). These first data were refined with the detection of Prup
mRNA starting at E8.5-E9 in the differentiating neuroepithelium
(Miele et al., 2003). The induction of Prnp expression at this stage
in the developing CNS and heart was confirmed in a study using
Prnp-LacZ reporter mice (Tremblay et al., 2007).

Based on this developmental pattern of expression, transcrip-
tomic analyses were carried out on early Prnp knockout vs. wild-
type (WT) embryos and revealed prominent alterations, with a
total number of 263 genes differentially expressed at day E7.5
(Khalife et al., 2011). The array of genes with altered expression
notably includes a set of growth factors and growth factor recep-
tors, supporting the notion that PrP® plays an important role
in the regulation of cascades associated with embryonic develop-
ment (Khalife et al., 2011). Interestingly, the pattern of pathways
affected overlaps with that obtained after early embryonic gene
expression profiling of zebrafish PrP2 morphants (Nourizadeh-
Lillabadi et al., 2010).

The zebrafish model actually allowed bringing to light a vital
function for PrPC since morpholino-mediated knockdown of
the PrP ortholog PrP1 in this species leads to loss of embry-
onic cell adhesion and gastrulation arrest (Malaga-Trillo et al.,
2009). Of note, the defects observed could be rescued with
mouse Prnp mRNA, indicating that this function is evolution-
ary conserved (Malaga-Trillo et al., 2009). Thus, the overall data
gained at the animal scale argue that PrPC fulfills an important
function during embryogenesis and that its ablation in mice trig-
gers the implementation of yet-to-be-deciphered compensatory
mechanisms.

PrPC REGULATES THE SELF-RENEWAL OF
STEM/PROGENITOR CELLS

The link between PrP® and stem cell biology was first uncov-
ered in HSCs. Investigations of PrPC in the hematopoietic system
were initially prompted by the observation that PrPS¢ accumulates
in lymphoid organs and by the quest to understand the cellu-
lar mechanisms sustaining prion propagation in the periphery
(Mabbott and MacPherson, 2006). These studies demonstrated
that PrPC is highly expressed at the surface of various hematopoi-
etic cells, including B and T lymphocytes, monocytes, dendritic
cells, megakaryocytes and platelets, but not erythrocytes or gran-
ulocytes (Linden et al., 2008). In the human bone marrow, PrPC
was found to be present in the CD34™ stem / progenitor cell pop-
ulation (Dodelet and Cashman, 1998) and to be preferentially
expressed on murine CD43™", B220™, IL-7R™ cells, enriched in
immature progenitors (Liu et al., 2001). A major advance was
the discovery by the team of Lodish that PrPC is very abundant
at the surface of mouse bone marrow Lin~Sca*Endoglin™ cells,
a population comprising immature HSCs (Zhang et al., 2006).
These authors then assessed the ability of bone marrow-derived
Lin~Sca™Endoglin™ cells from Prnp knockout mice to recon-
stitute the hematopoietic system of lethally irradiated mice in

serial transplantation assays, and demonstrated that HSCs from
Prnp null mice lack long-term repopulating activity (see Table 1)
(Zhangetal., 2006). These experiments further allowed substanti-
ating that the Lin~Sca™Endoglin™ cell population endowed with
long-term repopulating activity is PrP® positive (Zhang et al.,
2006).

Much like HSCs, neuroepithelial stem cells have the capacity
to proliferate through repeated symmetric divisions and gener-
ate radial glial cells, which then undergo asymmetric division
and give rise to neurons, oligodendrocytes, and astrocytes (Gotz
and Huttner, 2005). The proper proceeding of these expansive
and neurogenic phases is crucial for the development of the CNS.
By comparing neural stem cells isolated from Prup knockout, WT
or PrP overexpressing mice at embryonic day 13.5, Steele et al.
documented that PrP levels directly increase the differentiation
rate of multipotent neural precursor cells (Steele et al., 2006).
In the same study, PrP® expression levels were further found to
correlate with the proliferation rate in the two adult neurogenic
regions, the subventricular zone (SVZ) or the dentate gyrus (DG)
(Steele et al., 2006). The latter finding was corroborated by two
independent studies showing that the formation of neurospheres
from fetal (Santos et al., 2011) or postnatal (Prodromidou et al.,
2014) brains is less efficient with Prnp knockout than WT mice.

The notion that PrP® contributes to the proliferation of stem
cells extends beyond hematopoietic and neural stem cells. Indeed,
the level of PrP¢ was found to serve as an effective cell surface
marker for self-renewing mammary gland stem cells in mice (Liao
et al., 2007). More recently, PrP® was further shown to promote
the expansion and engraftment of bone marrow-derived human
mesenchymal stem cells (MSCs) (Mohanty et al., 2012). Finally,
PrPC was shown to exert either an anti- or a pro-proliferative
effect in human embryonic stem (ES) cells, depending on whether
they are grown under self-renewing or differentiating conditions,
respectively (Lee and Baskakov, 2012).

PrPC INFLUENCES STEM CELL FATE

The identification of PrP® as a broad cell surface marker for stem
/ progenitor cells raises the question as to whether the expression
of PrP® is a determinant of the stem cell fate. In this respect,
we (Mouillet-Richard et al., 1999) and others (Peralta et al.,
2011) have provided evidence that PrPC is upregulated following
the cell fate restriction of multipotential ES or embryonic car-
cinoma (EC) cells toward the neuronal lineage. Similarly, PrP®
is induced in ES-derived cardiomyogenic progenitors obtained
after embryoid body (EB) formation (Hidaka et al., 2010). In
line with this, the expression of PrP® was found to be increased
during spontaneous differentiation of mouse and human ES cells
(Lee and Baskakov, 2010; Miranda et al., 2011) and, reciprocally,
induction of PrP® in human ES cells grown under self-renewal
conditions was shown to promote their differentiation (Lee and
Baskakov, 2012). Intriguingly, exposure of ES cells to recom-
binant PrP delays their spontaneous differentiation (Lee and
Baskakov, 2010). In view of the early expression of PrP® in
extra-embryonic tissues, it is tempting to speculate that placenta-
derived PrPC may serve as a paracrine signal to maintain the
self-renewal of inner mass cells, until their appropriate induction
toward either of the three lineages.
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Table 1 | Summary of effects of PrPC depletion on stem and progenitor cells.

Cell type/tissue

PrPC-null/KD vs. wt

References

EMBRYO/POSTNATAL
ES
Human ES

Multipotent neural precursors E13.5 (telencephalon)
Neurospheres isolated from E14 forebrain

E16.5 oligodendrocyte precursor cells (OPC) in optic
nerve explants

E16.5 neocortex

P0-P2 cortical OPC primary culture

P5 neurospheres isolated from SVZ

ADULT

Dentate gyrus

Neocortex
Svz

HSC

Skeletal muscle

Human MSC

Increased apoptosis in embryoid bodies
Inhibition of ectodermal differentiation
Reduced transition from G1 to S phase during
spontaneous differentiation

Delayed neuronal differentiation

Reduced neurosphere formation

Increased proliferation (BrdU incorporation)

Increased NG2* Olig2+ OPC

Delayed differentiation

Reduced proliferation (BrdU incorporation) and
secondary neurosphere formation

Reduced proliferation (BrdU incorporation)
Reduced proliferation of neuroprogenitors and/or
neurogenesis (BrdUt NeuNT)

Increased NG2* Olig2+ OPC

Reduction of cycling GFAPT neural stem cells
Decreased Mash* progenitors and accumulation
of proliferating neuroblasts DCX*

Loss of long-term repopulating activity in serial
transplantation assays

Delayed regeneration after injury (retarded exit
from the cell cycle of myogenic precursor cells)
Reduced clonogenic potential, proliferation and

Miranda et al., 2011
Lee and Baskakov, 2012

Steele et al., 2006
Santos et al., 2011
Bribian et al., 2012
Bribian et al., 2012

Bribian et al., 2012
Prodromidou et al., 2014

Steele et al., 2006

Bribian et al., 2012

Bribian et al., 2012

Prodromidou et al., 2014

Zhang et al., 2006

Stella et al., 2010

Mohanty et al., 2012

differentiation

Beyond lineage specification, the regulation of PrP expression
also accompanies differentiation toward a given fate. Along the
hematopoietic lineage, PrP® appears to be downregulated upon
differentiation of CD34™" progenitors toward a granulocytic fate,
while its expression is retained in B and T lymphocytes as well
as monocytes (Dodelet and Cashman, 1998). In addition, PrPC
is absent from erythrocytes (Dodelet and Cashman, 1998) and
abundant in megakaryocytes and platelets (Starke et al., 2005),
suggesting that the expression of PrP® is switched off with the
commitment of megakaryocytic-erythrocytic progenitors toward
the erythroid fate, or is decreased along erythroid differentiation,
in line with (Panigaj et al., 2011).

As for neural progenitor cells, the expression of PrP® was
reported to be increased along neuronal differentiation, while
barely detected in astrocytes or oligodendrocytes (Steele et al.,
2006). This high neuronal PrP® expression is in line with the
well-documented contribution of PrP® to neuronal differentia-
tion, including neurite outgrowth (Chen et al., 2003; Santuccione
et al., 2005; Loubet et al., 2012; Santos et al., 2013) or synapse
maturation (Kanaani et al., 2005). The lack of PrPC detection in
differentiating oligodendrocytes and astrocytes in the study by
Steele et al. (2006) is, however, in contrast with several reports
documenting an abundant PrP® expression in these two cell
types in late embryos or in the postnatal brain (Moser et al,
1995; Lima et al., 2007; Bribian et al., 2012). Interestingly, both
oligodendrocytic (Bribian et al., 2012) and astrocytic (Arantes

et al., 2009) differentiation kinetics appear to be delayed in Prup
knockout mice. These observations recall the delay in neuronal
differentiation, as initially reported by Steele et al. (2006), as well
as the slower regeneration of muscle after injury (Stella et al.,
2010) in a PrP null context. Whether PrPC expression affects
the balance from one fate to another remains, however, to be
investigated. In this regard, it is worth noting that prion infec-
tion in adult neural stem cells (NSCs) favors the differentiation
toward the glial lineage at the expense of neuronal differentiation
(Relafio-Ginés et al., 2013).

STEM CELLS AND PRION REPLICATION

Whether stem cells are susceptible to prion infection may at first
seem a question without relevance, since TSEs are neurodegen-
erative diseases. However, as rightly underlined in the study by
Relafio-Ginés (Relanio-Ginés et al., 2013), exploiting the potential
of adult NSCs is currently considered as a promising avenue to
mitigate neurodegeneration (Bellenchi et al., 2013). While several
studies had reported an efficient replication of PrPS¢ in neuro-
spheres isolated from fetal brain (Milhavet et al., 2006; Herva
et al., 2010), the susceptibility of adult NSC toward prion infec-
tion has been evaluated only recently. In line with the results
obtained with embryonic-derived cultures, neurospheres isolated
from the SVZ or the DG of adult mice were shown to support
prion replication (Relano-Ginés et al., 2013). The same study
further documented the presence of dense PrPS¢ deposits in the
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DG and the SVZ of prion-infected mice, indicating that prions
colonize adult NSCs, the brain’s endogenous repair machinery
(Relafio-Ginés et al., 2013, 2014). Of note, prion replication of
adult NSCs was found to impair neuronal differentiation, both
in vitro and in vivo (Relano-Ginés et al., 2013). Thus, in addition
to constituting a reservoir of PrP%, the replication of prions in
adult NSCs may also compromise the regeneration of damaged
neurons. Finally, because PrP5¢ is known to deviate the normal
function of PrPC (Westergard et al., 2007; Pradines et al., 2013),
these observations suggest that studying the impact of prion
infection on the self-renewal and fate of NSCs may improve our
understanding of the physiological role exerted by PrP® in these
processes.

PrPC-DEPENDENT CONTROL OF STEM CELL SELF-RENEWAL
AND FATE: MECHANISTIC INSIGHT

Notwithstanding the well-established involvement of PrP in the
self-renewal of diverse types of stem /progenitor cells, the molec-
ular mechanisms at play remain obscure. One possible mode of
action of PrP® would be through the interaction with one of
its ligands. This view is clearly supported by the demonstration
that the binding of PrP with STI-1 is critical for the formation
and proliferation of neurospheres cultured from fetal forebrain
(Santos et al., 2011). While several signaling cascades elicited by
the interaction of STI-1 with PrP® have been described in a neu-
ronal context (Hirsch et al., 2014), the pathways mobilized to
sustain neurosphere self-renewal and proliferation have not been
analyzed so far (Santos et al., 2011). On another hand, the pres-
ence of PrP® on neurospheres was recently shown to be required
for NCAM-induced neuronal differentiation (Prodromidou et al.,
2014). These two sets of observations raise the question as to
the PrPC isoforms that respectively bind STI-1 and NCAM, since
these two molecules instruct distinct responses. Another PrP¢
partner that may have relevance to stem cell biology is the amy-
loid precursor protein APP, whose functional interaction with
PrP in the zebrafish modulates cell adhesion and CNS develop-
ment (Kaiser et al., 2012). Whether the APP-PrPC interaction is
involved in the regulation of E-cadherin-dependent adhesion in
zebrafish embryos deserves further investigation (Malaga-Trillo
et al., 2009). Interestingly, our own studies on a neuroectoder-
mal stem cell line also substantiate a disruption of cadherin-
mediated cell contacts upon Prp© depletion (Martin-Lannerée
et al., unpublished observations). It is of note that cell adhesion
processes are now recognized as major determinants of stem cell
biology in relation with their local microenvironment (stem cell
niche) (Marthiens et al., 2010). By affecting adhesion properties
of stem cells, the depletion of PrP® may thus in turn impact on
their retention, self-renewal or exit from their niche.

A ROLE FOR PrPC IN CANCER STEM CELLS?

The contribution of PrPC to cell proliferation appears to apply
to many cell types beyond stem/progenitor cells. These notably
include cancer cells, as first demonstrated in gastric tumor cell
lines (Liang et al., 2007a). In these cells, PrP® was shown to accel-
erate the G1 to S phase transition in the cell cycle and to sustain
proliferation by inducing the expression of Cyclin D1 through
a PI3K/Akt pathway (Liang et al., 2007a). The PrP¢-interacting

protein(s) involved in this cascade remain(s), however, to be
identified. Beyond proliferation, PrP® overexpression in cancer
cells was further shown to confer resistance to various cytotoxic
agents (Mehrpour and Codogno, 2010) as well as invasive prop-
erties (Pan et al., 2006). For instance, PrPC levels were shown
to correlate with resistance to TNFa-induced cell death in the
MCE-7 breast cancer cell line (Diarra-Mehrpour et al., 2004).
Very recently, PrP¢ was found to interact with the cell surface
protein CD44 in adriamycin-resistant breast cancer cells, and to
promote their proliferation and migration (Cheng et al., 2013).
Interestingly, CD44 has been reported to be enriched at the cell
surface of various types of tumor-initiating cells, which bear sim-
ilarities with embryonic or adult stem cells and are often referred
to as cancer stem cells (CSCs) (Medema, 2013). It is also note-
worthy that CSCs have been associated with increased resistance
to antitumor treatments (Singh and Settleman, 2010). In line with
the above-mentioned role of PrP® in the self-renewal of stem cells,
Du et al. depicted a population of CD44TPrP¢* cells from pri-
mary colorectal tumors endowed with enhanced tumor-initiating
and metastatic capacity (Du et al., 2013). At a mechanistic level,
PrPC was shown to promote an epithelial to mesenchymal tran-
sition (EMT) through the regulation of the Twist transcription
factor (Du et al., 2013). These observations are in agreement with
the notion that the emergence of CSCs and EMT are intimately
connected (Singh and Settleman, 2010).

A still unresolved question concerns the molecular mecha-
nisms sustaining the enhanced expression of PrP® in cancer cells.
PrPC expression has been shown to be increased in response to
hypoxia in gastric cancer cell lines (Liang et al., 2007b). Other
PrPC—inducing signals include oxidative (Sauer et al., 1999) and
endoplasmic-reticulum (Dery et al., 2013) stresses. Some deregu-
lation of PrP® function may also arise with aging. Indeed, PrP®
was recently shown to accumulate in lipid rafts in the mouse
aging brain (Agostini et al., 2013). Whether this change in PrP®
distribution also occurs in other tissues with aging is worth con-
sidering, since it would potentially impact on the recruitment
of downstream signaling cascades. As observed in the context of
neurodegeneration (Hirsch et al., 2014), the subversion of Prp€
function may over-activate src kinases and further promote alter-
ations in lipid raft-initiated signaling pathways, known to be
detrimental in cancer (Patra, 2008). Such changes may in turn
have consequences on the cell local environment, and, in the case
of stem cells, deregulate the interactions with their niche. This sce-
nario is considered as a potential cause of CSCs emergence (Rezza
et al., 2014), and this may have particular relevance with respect
to aging.

OPEN QUESTIONS AND THERAPEUTIC PROSPECTS

Harnessing the self-renewal and differentiation potential of stem
cells represents a major challenge for regenerative medicine. The
recent accumulation of data regarding the involvement of PrP®
in stem cell biology warrants further studying the molecular and
cellular mechanisms sustaining the contribution of this protein to
the proliferation of stem cells, their maintenance in an undifferen-
tiated state, their capacity to respond to fate determination inputs
and to implement a given differentiation program. Achieving
this task is complicated by the multiplicity of PrP® isoforms and
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partners, which may fulfill promiscuous functions. That PrPC is
required for efficient tissue repair after injury is clearly indicated
in the context of bone-marrow reconstitution (Zhang et al., 2006)
or muscle regeneration (Stella et al., 2010), which suggest that
the mobilization of PrPC-dependent cascades via appropriate lig-
ands may provide a fruitful approach to enhance the regeneration
of lesionned tissues. As a prerequisite, manipulating conditions
would need to be carefully adjusted in order to control activating
signals, given the pathological implications that may ensue from
PrP€ over-activation.

Finally, the emerging roles of PrP® in stemness on the one
hand and in various aspects of cancer cell biology on the other
hand bring new light on this already fascinating molecule. Given
the relationship between stem cells and oncogenesis, advance in
the understanding of the role played by PrP® in stem cells is
likely to illuminate the issue of its contribution to tumorigenesis
and vice-versa. One major remaining challenge is to decipher the
mechanisms controlling the expression levels of PrP® in normal
and cancer stem cells. While the cues underlying the induc-
tion of PrP® during embryonic development are elusive, several
cancer-associated conditions, including hypoxia (Liang et al,
2007b), oxidative (Sauer et al., 1999) or endoplasmic reticulum
(Dery et al., 2013) stresses have been reported to activate PrP®
transcription. More broadly, increasing our knowledge of the reg-
ulation of PrP gene expression may help design novel strategies
for therapeutic intervention in cancer, beyond directly targeting
PrPC through antisense oligonucleotides (Meslin et al., 2007) or
monoclonal antibodies (Du et al., 2013).

To conclude, progress in the stem cell and cancer fields should
increase our knowledge of how PrPC, as a cell surface receptor or
co-receptor, connects cells with their environment to drive adap-
tive, homeostatic responses and how this function is corrupted in
disease-associated states.
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Elucidation of prion protein (PrP) functions is crucial to fully understand prion diseases. A
major approach to studying PrP functions is the use of PrP gene-knockout (Prnp~/~) mice.
So far, six types of Prnp~/~ mice have been generated, demonstrating the promiscuous
functions of PrR Recently, other PrP family members, such as Doppel and Shadoo,
have been found. However, information obtained from comparative studies of structural
and functional analyses of these PrP family proteins do not fully reveal PrP functions.
Recently, varieties of Prnp~/~ cell lines established from Prnp~/~ mice have contributed
to the analysis of PrP functions. In this mini-review, we focus on Prnp~/~ cell lines and
summarize currently available Prnp=/~ cell lines and their characterizations. In addition, we
introduce the recent advances in the methodology of cell line generation with knockout or
knockdown of the PrP gene. We also discuss how these cell lines have provided valuable
insights into PrP functions and show future perspectives.
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INTRODUCTION

Prion diseases, also called transmissible spongiform
encephalopathies (TSE), are a group of neurodegenerative
disorders that affect both humans and animals (Prusiner, 1998).
Examples of these disorders in humans include Creutzfeldt-Jakob
disease (CJD), Gerstmann-Striussler-Scheinker syndrome (GSS),
kuru and fatal familial insomnia (FFI). TSEs found in animals
include scrapie, bovine spongiform encephalopathy (BSE) and
chronic wasting disease (CWD). The representative charac-
teristics of prion diseases are spongiform changes, which are
associated with neuronal loss, vacuolation, astrocytosis, forma-
tion of amyloid plaques and a failure to induce an inflammatory
response (Sakudo and Ikuta, 2009a,b). A common characteristic
of prion diseases is rapid symptom progression after a prolonged
incubation period. The damaged region of the brain differs
among each prion disease and determines the clinical signs and
symptoms of the specific disease. Although the incidence of prion
diseases is rare, it is fatal because of a lack of effective treatment
to either cure or delay disease progression. Furthermore, the risk
of prion transmission is a serious threat to public health due
to the high resistance of prion agents to standard sterilization
techniques (Sakudo et al., 2011a).

Prion protein (PrP) is the most important factor for prion
infection. This finding has been verified by experiments using
PrP gene (Prnp)-knockout (Prnp’/ ~) mice and cells derived from
these mice (Sakudo et al., 2006, 2007a,b). The first important
finding was that Prup~/~ mice are resistant to infection with
prion agents (Bueler et al., 1993; Prusiner et al., 1993; Manson
et al., 1994a,b). Secondly, Prnp~/~ primary culture neurons
are not killed by the toxicity of prion agents or PrP(106-126)

Keywords: prion protein, Prnp~/~ cell line, Doppel, Shadoo, knockout mouse

(Brandner et al., 1996a; Giese et al., 1998). Thirdly, prions cannot
proliferate in the brain of Prnp™/~ mice (Brandner et al., 1996b).
Therefore, it is apparent that PrP plays an important role in the
mechanisms of infection and contributes to the pathogenesis of
prion diseases. This is also consistent with the notion that the
conversion of cellular PrP (PrPC) into abnormal PrP (PrP5¢) con-
stitutes a fundamental feature of prion diseases (Prusiner, 1998).
It seems that PrPC acts as a cellular receptor of PrPS. Because
PrPC is thought to function as a dimeric form (Meyer et al., 2000;
Kaimann et al., 2008), PrP®-PrP%¢ interaction might alternate
between PrP-PrP5 and PrPS¢-PrP%¢ after prion infection. As
shown above, Prnp_/ ~ mice and the derived cells have confirmed
the importance of PrP in the pathogenicity of prion diseases and
have greatly contributed to the understanding of these disorders.

However, despite the numerous studies on Prnp~/~ mice, the
biological functions of PrP®, which are crucial for understanding
prion diseases, remain elusive. Cell lines are useful for detailed
analysis of gene function. Therefore, to investigate PrP® func-
tions in detail, Prnp~/~ cell lines derived from Prip~/~ mice
have been established. The present review will summarize cur-
rently available Prnp~/~ cell lines. In addition, recent advances in
strategies for producing cell lines in which Prnp is knocked out
or knocked down will be presented. Valuable insights into PrP¢
functions made possible by the availability of these cell lines will
be introduced as well.

THE ANALYSIS OF Prnp~/— MICE FOR UNDERSTANDING
PrPC FUNCTION

One approach to studying protein function is to analyze the effect
of knocking out the corresponding gene. In the case of PrPC,
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Prup~/~ mice have been widely used for this purpose. Therefore,
studies using Prnp~/~ mice should be mentioned before we
discuss Prnp~/~ cell lines. Prup~/~ mice have been used for
elucidating the functions of PrP® via analysis of the phenotype
of Prnp~/~ mice (Weissmann and Flechsig, 2003). Six lines of
Prup~/~ mice, designated Zrch I (Bueler et al., 1992), Zrch II
(Rossi et al., 2001), Npu (Manson et al., 1994a), Ngsk (Sakaguchi
etal., 1996), Rem0 (Moore et al., 1999) and Rikn (Yokoyama et al.,
2001), have been generated (Figure 1). However, there were some
discrepancies among the phenotypes of the knockout mice. The
first and second knockout lines, Zrch I and Npu, were generated
by disrupting the PrP coding region located in exon 3 of the Prnp
(Bueler et al., 1992; Manson et al., 1994a). Studies on these lines
did not show any severe abnormality. Subsequently, Ngsk, Rikn,
Rem0, and Zrch IT mouse lines were generated in which the entire
coding region and part of intron 2 was deleted (Sakaguchi et al.,
1996; Moore et al., 1999; Rossi et al., 2001; Yokoyama et al., 2001).
Because of the structure of the targeted Prup allele, intergenic
splicing between Prnp and the surrounding gene led to ectopic
expression of the surrounding gene in the brains of these mice.
This prompted the discovery of the gene Prnd located 16 kbp
downstream of Prnp, encoding the prion-related protein Doppel
(Dpl) (Moore et al., 1999), which shares ~25% identity with
two-thirds of the C-terminal region of PrP. Ectopic expression

Ataxia, Ectopic
Prnp SA Purkinje expression of

allele Exon 3 cellloss Dplin CNS
Wild type A!j— No No
_ Zrch I —%]— No No

Type-1
- Npu No No
- Ngsk E E Yes Yes
Rikn E [ Yes Yes
Type-2 @
Rem0 ﬂ Yes Yes
L Zrchll ﬂ E il ll Yes Yes

FIGURE 1 | Knockout constructs of type-1 and type-2 of prion protein
gene (Prnp)-knockout (Prmp~/~) mice. Structures of the constructs used
to produce six lines of Prnp~/~ mice. The Prnp~/~ mice are divided into
type-1 and type-2 Prnp~/~ mice depending on whether the splicing
acceptor of exon 3 is disrupted. The disruption of exon 3 is correlated with
the development of late-onset ataxia and Purkinje cell loss, which is
induced by ectopic expression of Doppel (Dpl) in the central nervous
system (CNS). The structure of wild-type (WT) Prnp exon 3 and prion
protein (PrP) coding region (green box) is shown at the top. The selection
markers are indicated by orange boxes. The presence and absence of the
exon 3 splicing acceptor (SA) is correlated with the development of
late-onset ataxia. The selection markers were PGK, mouse
phosphoglycerate kinase promoter; NEO, neomycin phosphotransferase;
HPRT, mouse hypoxanthine phosphoribosyltransferase; TK, human herpes
simplex virus type 1 thymidine kinase promoter; MT, mouse
metallothionein promoter; loxP, a 34-bp recombination site from phage P1.

of Dpl leads to the development of late-onset ataxia in Prup™/~
mice. Therefore, the ataxic phenotype of some lines of Prup™/~
mice (Ngsk, Rikn, Rcm0, Zrchll) is due to ectopic expression of
Dpl (derived from Prup/Prnd chimeric mRNAs through inter-
genic splicing) as a result of the disruption of the splicing acceptor
of Prnp exon 3 (Moore et al., 1999; Li et al., 2000a; Rossi et al.,
2001). In this review article, to discriminate between Prnp~/~
mice with and without ectopic expression of Dpl, we term the for-
mer ataxic Prnp_/ ~ mice (Ngsk, Rikn, Rem0, Zrch II) as type 2,
while the latter non-ataxic Prup~/~ mice (Zrch I, Npu) as type-1
(Figure1).

The type-1 Prup~/~ mice display no major abnormalities.
Indeed, only small abnormalities could be found in type-1
Prup-knockout mice. These include deficits related to neuronal
and other cellular functions such as abnormal learning and
sleep patterns, olfactory deficits, susceptibility to seizures, abnor-
mal neuromuscular function and depressive disorder as well
as abnormal glucose tolerance and deficits related to protec-
tion against pathophysiological stress (e.g., abnormal inflam-
matory responses, decreased protection against viral bacterial
infection, accelerated symptoms of experimental autoimmune
encephalomyelitis (EAE) and susceptibility to ischemic brain
injury (Onodera et al., 2014). In addition, the most consistent
phenotype of Prup~/~ mice is myelin degeneration (Nishida
et al.,, 1999; Baumann et al., 2007; Bremer et al., 2010). Some
of these abnormalities may be due to the genetic background
(Steele et al., 2007). Therefore, experiments using backcrossed
mice should be performed to confirm whether the observed phe-
notypes are attributable to PrP. There are also possibilities of
synergistic phenotypes in a combination of mouse strain genetic
backgrounds and knockout constructs. In addition, the breeding
condition of the mice may affect emergence of some pheno-
types. For knockout mouse studies, confirmation of findings
using mice with distinct knockout constructs and genetic back-
grounds in an independent laboratory will be required to firmly
establish conclusions regarding PrP function. Indeed, we have
recently reviewed the topic of different Prnp~/~ mouse pheno-
types to assess the physiological function of PrP® (Onodera et al.,
2014).

PrP FAMILY PROTEINS AND THEIR KNOCKOUT MICE
Recently, new members of the PrP family of proteins have been
identified; namely, Dpl, encoded by Prnd, and Shadoo (Sho),
encoded by Sprn. These PrP family proteins are all subject
to endoproteolytic processing (Mays et al., 2014) and local-
ize to similar membrane environments (Li et al., 2013). Dpl
and Sho pose interesting and important questions concerning
PrP function. Given that the function of PrP remains elusive,
information obtained from comparative structural and func-
tional studies of these PrP family proteins are of great interest.
Specifically, complementary, overlapping or interference of func-
tion among PrP family members might be found from these
analyses.

There are reports indicating functional interaction between
PrP and Dpl. It has been shown that the ataxic phenotype
observed in type-2 Prnp~/~ mice can be neutralized by cross-
ing the mice with those overexpressing wild-type mouse PrP
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(Nishida et al., 1999; Rossi et al., 2001). These findings suggest
that PrP has a neuroprotective role and functionally interacts
with Dpl. Another report showed that the toxicity of Dpl over-
expression in mice and cells is inhibited by PrP expression. In
a separate report, using immortalized Prnp™/~ neuronal cells, a
decrease of cellular copper levels brought about by serum depri-
vation was also inhibited by PrP. However, the inhibitory effect
of PrP on decreased copper levels was prevented by Dpl over-
expression (Sakudo et al., 2004). A further study demonstrated
that endoproteolysis of PrP was affected by Dpl overexpression in
Prap~/~ cells (Sakudo and Onodera, 2011b). Therefore, PrP-Dpl
interaction functions both in vitro and in vivo.

Dpl is localized in the brain for only a limited duration in
the developmental process (Li et al., 2000b), whereas analysis
of Prnd~/~ mice showed that Dpl deficiency did not inter-
fere with embryonic and postnatal development (Behrens et al.,
2002; Genoud et al., 2003). Dpl was produced at a late stage of
spermatogenesis. Spermatids of Prnd~/~ mice were reduced in
numbers, immobile, malformed and unable to fertilize oocytes,
resulting in male sterility. PrP is also expressed in testis, but unlike
other cells the PrP is expressed as N-terminally truncated iso-
forms (Peoc’h et al., 2002) or a C-terminally truncated isoform
(Shaked et al., 1999). The C-terminal region of PrP resembles Dpl,
suggesting that these proteins share a common function in testis
in the case of N-terminally truncated PrP (Peoc’h et al., 2002)
or show a complementary function to each other in the case of
C-terminally truncated PrP (Shaked et al., 1999). Currently, there
is no evidence that Dpl is associated with the pathogenesis of
prion diseases. For example, the level of Dpl expression does not
correlate with the onset of prion disease (Weissmann and Aguzzi,
1999; Tuzi et al., 2002).

By contrast, there is evidence that Sho is implicated in prion
diseases. For example, the expression of Sho decreases with the
accumulation of PrPS¢ after prion infection (Watts et al., 2007a,
2011). Sho protein levels were decreased in the brains of Prnp?
and Prnp® mice (Westaway et al., 2011), hamsters, meadow, voles
and sheep infected with natural and experimental prion strains
(Watts et al., 2011). In addition, time course experiments showed
that the levels of PrPS vs. Sho protein were inversely proportional
(Watts et al., 2011). Membrane anchoring and the N-terminal
domain of PrP both influenced the inverse relationship between
PrP5¢ and Sho (Watts et al., 2011). By contrast, increased expres-
sion of Sho did not influence prion replication (Watts et al.,
2011), suggesting Sho merely acts as a marker for prion disease.
Therefore, it remains unclear how Sho contributes to the patho-
genesis of prion diseases. Indeed, depletion of Sho appears to
be unimportant in terms of triggering prion diseases and in the
processing and degradation of PrPSc.

In terms of physiological action, Sho can exhibit neuroprotec-
tive properties similar to PrPC (Watts and Westaway, 2007b; Watts
et al., 2007a) and share a number of binding partners common
with PrPC (Watts et al., 2009). In addition, as Sho has a similar
structure to the N-terminal region of PrP (Watts and Westaway,
2007b), the relationships between the structural similarity and
functional similarity of PrP and Sho are interesting. Sprn~/~ mice
underwent a subtle alteration of body weight (Passet et al., 2013),
which was not noted in the case of double-knockout (Sprn and

Prnp) mice. In addition, Prup/Sprn knockout mice survived to
over 600 days of age without any severe abnormality, suggest-
ing the existence of a discrete signaling pathway of Prup and
Sprn to maintain neuronal survival. Sho was also found to be
expressed in the trophoblast cells of the placenta (Passet et al.,
2012). Comparative transcriptomic analyses performed between
E6.5 and E7.5 Sprn-knockdown (using RNAi) embryo and their
wild-type counterparts suggested that Sho has functions comple-
mentary, not necessary overlapping, with those of PrP, associated
with cellular movement and hematological system development
and differentiation (Passet et al., 2012). Interestingly, the expres-
sion profile of Sprn in testis and ovary resemble that of Prnp.
Thus, interaction among three PrP family members may play
important roles in reproductive tissues. Although the contri-
bution of PrP family members to embryogenesis is suggested,
Prnp/Sprn knockout mice are healthy and fertile (Daude and
Westaway, 2012a; Daude et al., 2012b). Therefore, further studies
on reproductive tissues are required to resolve the apparent dis-
crepancy in the data. The topic of Sho is also discussed in detail
in a review article in this research topic (Makzhami et al., 2014).
As mentioned above, analysis of the phenotypes of knockout mice
and comparison of PrP family members does not fully elucidate
the functions of PrP. Therefore, other approaches to analyze PrP
function are required. Next, we discuss the use of Prup~/~ cell
lines to study the role of PrP.

CHALLENGES TO INVESTIGATING PrPC FUNCTIONS /N
VITRO

Cells have been classified into approximately 200 different types
(Obinata, 2007). Through development and maintenance dur-
ing adult life, cells are differentiated and obtain characteristics
to elicit specialized functions. Differentiation can be chemically
induced by various stimuli such as growth factors, cytokines,
and hormones (Alberts et al., 2008). Histological location of
the cells also influences cell differentiation. In order to study
each cell type possessing a specialized function, the cells need
to be separated from each other. Examination of large, pure
populations of specific cell types is extremely valuable in advanc-
ing our understanding of the cells. Primary cultures are com-
posed of a heterogeneous cell population and can be maintained
only for a limited period of time. Although PrP® is highly
expressed in neurons, primary neuron cultures can be main-
tained for just a few weeks. Moreover, cells belonging to a rare
cell type are often difficult to isolate and culture. For detailed
functional gene analysis, an efficient transfection procedure is
required. However, the transfection efficiency of primary cul-
tures is generally low, especially when using primary neurons.
If gene transfer to a primary culture of neurons or other cell
types with low efficiency is necessary, a viral vector is required
for the introduction of inducible genes. In this respect, cell lines
are useful for detailed analysis of gene function because the
transfection efficiency is usually high compared to that of pri-
mary cultures. In addition, cell lines can be maintained almost
indefinitely.

However, studying pure cell lines has the disadvantage that it
can only reflect a cell-autonomous condition, whereas biological
processes in an organism involve a heterogeneous cell population.
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Co-cultures of multiple cell populations may help to mimic the
heterogeneous condition. Additionally, because there are a lot of
cell types in an organism, it is very difficult to match cell types
between cell lines when a comparison is required. Thus, compar-
isons between a wild-type and a knockout cell line are suboptimal
for analyzing a target gene. Alternatively, a cloned knockout cell
line should be compared in the absence and presence of the target
gene.

PrPC EXPRESSION AND PrPC-INTERACTING PROTEINS

PrPC is expressed in a variety of tissues. Northern blot analysis
has shown that the levels of PrP mRNA vary among tissues, with
the highest levels found in the brain and placenta; moderate lev-
els in the testis, heart, and lung; and lower levels in the spleen
and kidney (Horiuchi et al., 1995; Sacki et al., 1996). In sheep,
3-5 g PrPC/g of tissue is present in the brain, whereas the level
of PrP per gram of tissue is 100 ng in the heart and skeletal mus-
cle, 200 ng in the lung, 40 ng in the spleen, and 3 ng in the liver
(Moudjou et al., 2001). Thus, the quantity of PrP® in the brain
is 20- to 50-fold higher than in the other tissues. This observa-
tion suggests that PrPC plays an important role in several tissues,
particularly in the brain.

Recently, it has been shown that PrPC binds a variety of partner
molecules. Using radioisotope or enzyme-labeled PrP, interaction
of PrP with glial fibrillary acidic protein (GFAP), a NF-E2 related
factor 2 (Nrf2), amyloid precursor protein 1 (Aplpl), F-box
protein-6, neural F-box protein 42kDa (NFB42), postsynaptic
density 95kDa (PSD-95)/ SAP-90 associated protein, protein
tyrosine phosphatase non-receptor type-21, and predicted pro-
tein KIAA0443 was reported (Yehiely et al., 1997). A two hybrid
system showed that laminin (Graner et al., 2000), 37-kDa/67-
kDa laminin receptor (Gauczynski et al., 2001), 37-kDa laminin
receptor precursor (Rieger et al., 1997), heat shock protein 60 kDa
(Hsp60) (Edenhofer et al, 1996) and Bcl-2 (Kurschner and
Morgan, 1995) all bind PrP. Co-immunoprecipitation experi-
ments were used to identify PrP-interacting molecules, which
included prion interactor 1 (Pintl) (Spielhaupter and Schatzl,
2001), synapsin Ib (Spielhaupter and Schatzl, 2001), growth
factor receptor-bound protein 2 (Grb2) (Spielhaupter and
Schatzl, 2001), and neurotrophin receptor interacting MAGE
(melanoma-associated antigens) homolog (NRAGE) (Bragason
and Palsdottir, 2005), dystroglycan (Keshet et al., 2000), the neu-
ronal isoform of nitric oxide synthase (nNOS) (Keshet et al,
2000), glucose regulated protein 94 (Grp94) (Capellari et al.,
1999), protein disulphide isomerase (Capellari et al., 1999), cal-
nexin (Capellari et al., 1999), calreticulin (Capellari et al., 1999)
and zeta-associated protein-70 (ZAP-70) (Mattei et al., 2004).
A cross-linking method demonstrated interaction of PrP with
tubulin (Nieznanski et al., 2005) and neural adhesion molecule
(N-CAM) (Schmitt-Ulms et al., 2001). Complementary hydropa-
thy and pull-down assays were able to show the interaction of PrP
with stress inducible protein 1 (STI1) (Martins et al., 1997) and
Hsp60 of Brucella abortus (Watarai et al., 2003). Intriguingly, PrP
interacts with caveolin-1 (Toni et al., 2006), while cross-linking
of cell-surface PrP stimulated caveolin-1-dependent interaction
with Fyn tyrosine kinase (Mouillet-Richard et al., 2000), result-
ing in neurite outgrowth and differentiation of neuronal cells

(Mouillet-Richard et al., 2000; Pantera et al., 2009). Thus, PrP
contributes to the control of the cellular redox state and home-
ostasis of neuronal cells (Mouillet-Richard et al., 2007). Because
Fyn is involved in various signaling pathways, the interaction
implies that PrPC has diverse functions. Most interestingly, a
wealth of recent studies has established that PrP interacts with
Amyloid B protein (AB), which is generated by the abnormal pro-
cessing of the amyloid precursor protein (APP) by B-secretase,
p-site APP cleaving enzyme (BACE1) and involved in the patho-
genesis of Alzheimer’s disease (Larson et al., 2012; Um et al,
2012; Um and Strittmatter, 2013; Dohler et al., 2014). In addi-
tion, several reports have shown that PrPC interacts with APP
(Yehiely et al., 1997; Kaiser et al., 2012). Several reports have
further demonstrated an involvement of PrP in the toxicity of
AB, although the use of different in vitro or transgenic mod-
els has yielded contrasting results (Schwarze-Eicker et al., 2005;
Laurén et al., 2009; Balducci et al., 2010; Calella et al., 2010;
Chung et al., 2010; Kessels et al., 2010; Morales et al., 2010;
Ordoéniez-Gutiérrez et al., 2013; Gasperini and Legname, 2014).
Some groups have also reported that Fyn kinase mediates sig-
nal transduction downstream of the PrP®-AB complex (Larson
et al., 2012; Um et al., 2012; Um and Strittmatter, 2013). Because
PrPC inhibits BACE1 either by direct interaction (Griffiths et al.,
2011) or indirectly without interaction (Parkin et al., 2007;
McHugh et al., 2012), reduction of the PrP® level may increase
AB. Therefore, PrP® may be involved in the pathogenesis of
Alzheimer’s disease not only by transducing Af toxic signals but
also via regulation of neurotoxic AB production. Taken together,
most of the interacting proteins are important factors involved
in survival, proliferation, differentiation, development, and stress
response. However, it should be mentioned that this interaction
may depend on the specific cell type and/or the surrounding
tissue environment.

Currently, Prup~/~ cell lines have predominantly been estab-
lished from brain as well as fibroblast and macrophage cell lines
(Figure 2). Next, we will introduce the Prip~/~ cell lines estab-
lished so far.

Neuronaf cell Astroglial cell

HpL3-4
Zpl2-1 GpL1
NpL2 .
Macrophage/Microglia Fibroblast
SFK-B
Mtz [ ® ) sikc
PrP"0/1

FIGURE 2 | Types of Prnp~/~ cell lines that are available. Currently
available Prnp=/~ cell lines can be divided into four types i.e., neuronal cells
(HpL3-4, Zpl2-1, NpL2, F14), astroglial cells (GpL1), macrophage/microglia
(MpLZ, MGO), and fibroblasts (SFK-B, SFK-C, PrP%/9/1).
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HpL, Prnp~/~ NEURONAL CELL LINES

To gain further insights into PrP functions, cell lines (HpL and
HW) were established using the gene transfer of oncogenes by our
group (Kuwahara et al., 1999). HpL was the first Prnp~/~ cell line,
while HW is the wild-type counterpart. These cell lines were from
the hippocampal area of Rikn Prup~/~ mice and Prup™/* mice
using a target for infection with a recombinant retrovirus vec-
tor containing the simian virus 40 (SV40) T-antigen gene (Ryder
et al., 1990). The virus vector was used for transfection of {2
packaging cells, which are stable cells containing all of the struc-
tural retroviral protein genes (gag, pol, and env). The retrovirus
particles produced from the transfected {2 packaging cells were
used for immortalization by introduction of the SV40 large T
antigen gene. The hippocampal primary cultures derived from
Prup~/~ and Prup*/* mice were infected with the above retro-
virus, then incubated, selected, expanded and finally subjected to
limiting dilution to obtain cloned cell lines. Three Prap~/~ cell
lines, HpL2-1, HpL-3-2 and HpL3-4, and 3 Prupt/* cell lines
HWS8, HW9, HW19, were thereby obtained (Kuwahara et al.,
1999).

The HpL and HW cells were exposed to dibutyl cyclic AMP
(dcAMP) at 0.4-6 mM, retinoic acid (RA) at 0.1-10 wM, and
phorbol 12-myristate 13-acetate (PMA) at 160-1600 nM, for up
to 10 days of culture. These compounds all induced morpho-
logical changes, i.e., elongation of neurite-like processes, in both
HpL and HW cells. Among the tested compounds, the morpho-
logical change was best observed by stimulating the HpL and
HW cells in medium with dcAMP or PMA without fetal calf
serum (FCS). To further characterize the cell types of the cell
lines, reverse transcription polymerase chain reaction (RT-PCR)
was applied to monitor the expression of neurofilament genes.
Treatment with PMA resulted in the amplification of the pre-
dicted size products corresponding to neurofilament (NF)-68K
and NF-200K genes. The NF-68K gene was transcribed in all
3 HpL and 3 HW cell lines with or without PMA treatment.
After treatment with PMA, the NF-200K gene was transcribed
in all three HW cell lines and in only one of the HpL cell lines
(HpL2-1). The transcription of GFAP, a glial cell marker, was not
detected in HpL or HW cells. Taken together, the results suggest
that all six of these cell lines belong to the neuronal precursor cell
lineage.

Next, the characteristics of HpL cells were compared to those
of HW cells. The most remarkable feature of HpL cells by com-
parison to HW cells was observed when the serum was removed
from the culture medium (Kuwahara et al., 1999). Serum depriva-
tion caused comparable morphological changes within 1h in all
cell lines whether or not they were treated with dcAMP. However,
within 4 days the HpL cells had died in the serum-free culture.
The process started by the rounding up of the cells, cytoplas-
mic condensation and neurite retraction. By contrast, all three
HW cell lines maintained their structural integrity under the
same culture conditions. DNA fragmentation, a characteristic of
apoptosis, was firstly observed at 12h and peaked at 24 h after
serum deprivation in the HpL cells, whether or not they were
treated with PMA or cAMP. However, no such DNA fragmenta-
tion was detected in any of the HW cells after serum deprivation.
Cultured cells in serum-free medium for 6, 12, or 24h were

ethanol-fixed and stained with propidium iodide before analy-
sis by flow cytometry (Sakudo et al., 2003a). A significant peak
in the fluorescence low-intensity area (hypodiploid cells), which
corresponds to the fraction of apoptotic cells, was detected only
in the samples from HpL cells at 6, 12, and 24 h after serum
withdrawal. Because HpL3-4 cells started to generate superoxide
anion at 6h after serum deprivation, superoxide anion genera-
tion seems to induce apoptosis of the HpL3-4 cells (Sakudo et al.,
2003b). To investigate whether the abnormality observed in HpL
cells was due to the absence of PrP, the HpL cell lines (HpL2-1 and
HpL3-4) were transfected with PrP expression vector. Cells trans-
fected with PrP-expressing vector, designated HpL2-1TR and
HpL3-4TR, survived under serum-free conditions (Kuwahara
et al., 1999). In contrast, HpL2-1 and HpL3-4 cells transfected
with empty vector showed apoptotic features similar to those of
HpL2-1 and HpL3-4 cells under serum-free conditions. These
results suggest that HpL cells are susceptible to serum deprivation
and that apoptotic cell death is suppressed by reintroduction of
Prnp. Moreover, levels of superoxide anion generated from HpL3-
4 cells after serum deprivation were suppressed by reintroduction
of Prnp (Sakudo et al., 2003b). Therefore, these results suggest
that PrP functions by displaying anti-oxidative and anti-apoptotic
activity. Recent studies have shown that the anti-apoptotic activity
of PrP is species specific, as indicated by evidence that apopto-
sis was suppressed by mouse PrP but not by bovine or hamster
PrP (Wu et al., 2008). Moreover, as serum-free supernatants of
HW cell cultures could not rescue the HpL cells from apoptosis,
molecules secreted from HW cells do not appear to be involved in
the neuroprotective mechanism of PrP (Kuwahara et al., 1999).
In addition to the cell death, HpL cell lines show significantly
shorter neurite extension in comparison with HW cell lines after
treatment with PMA, suggesting that PrP is involved not only in
survival but also in differentiation (Kuwahara et al., 1999).
Recently, in addition to our group, several other groups have
independently confirmed the neuroprotective function of PrP
using the above-mentioned PrP-deficient cell lines or other cell
lines. Kim et al. reproduced our findings using HpL3-4 cells,
and detected significantly greater changes in the calcium ion
level, transmembrane potential and cytochrome c level in the
mitochondria of HpL3-4 cells over those observed in Prup-
reintroduced HpL3-4 cells after serum deprivation (Kim et al.,
2004). Mange et al. also confirmed that cell viability was increased
by the reintroduction of Prup into HpL3-4 cells (Mange et al.,
2004). By contrast, Christensen et al. confirmed a moderate but
significant cytoprotective effect of PrP in serum-deprived HpL3-
4 cells, but concluded the degree of neuroprotection offered
by PrP was either not physiologically relevant or that the cell
culture systems cannot adequately model the situation in vivo
(Christensen and Harris, 2008). However, we believe the HpL3-4
cells used in these experiments were not appropriate for this
analysis because they did not express neuronal markers (i.e., neu-
ronal nuclear antigen (NeuN), microtubule-associated protein 2
(MAP2) or NF-L) (Christensen and Harris, 2008). This opin-
ion is also supported by the evidence that Prnp-Prnd chimeric
mRNA transcribed from the Prup promoter was not detected
by RT-PCR and immunofluorescence analysis in the cells used
by Christensen et al. By contrast, our results were confirmed by
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Prnp-Prnd chimeric mRNA expression in HpL3-4 cells (Sakudo
et al., 2005b).

HpL3-4 cells are susceptible to various forms of stress. For
example, Vassallo et al. showed HpL3-4 cells are prone to cell
death induced by 3-morpholinosydnonimine (SIN-1) (Vassallo
et al., 2005). Vassallo et al. further investigated the signal cas-
cade of apoptosis induced by serum deprivation and SIN-1, and
showed that recruitment of phosphatidylinositol 3-kinase by PrP
contributes to cellular survival under conditions of oxidative
stress imposed by SIN-1 or serum deprivation in HpL3-4 cells.
Prnp-transfected HpL3-4 cells show autophagy after amyloid £
treatment. Amyloid B;_42 (AB4z) enhanced autophagic flux, such
as the formation of autophagic vacuoles, was observed in HpL3-
4 cells in which Prnp was reintroduced. However, autophagy
was impaired in HpL3-4 cells transfected with empty vector
(Nah et al., 2013). In addition, PrP-dependent recruitment of
Beclinl (BECN1) into lipid rafts was observed in the HpL3-4
cell line. Because BECNI is associated with phosphatidylinositol
3-kinase catalytic subunit type 3 (PIK3C3), there will be recruit-
ment of BECN1-PIK3C3 complex into the lipid raft, which is
an essential step for autophagy. The observed autophagy could
be due to interaction of PrP and BECNI. Therefore, stud-
ies using HpL3-4 cells revealed that PrP is involved in Afa4,
induced autophagy.

HpL3-4 cells were also susceptible to a monomeric, highly
a-helical form of PrP known as toxic PrP (Zhou et al., 2012).
Toxic PrP was identified as a recombinant form of PrP that
was subjected to denaturation, fractionation and dilution refold-
ing. However, there is no information on the comparative effect
of toxic PrP on PrP-expressing and non-expressing HpL3-4
cells. Similarly, in another report, although treatment with A4
showed a cytotoxic effect and increased levels of reactive oxygen
species (ROS) in HpL3-4 cells, there was no comparison with
the HpL3-4 counterpart in which Prnp was reintroduced (Hyeon
etal., 2012).

It has also been reported that treatment of HpL3-4 cells with
hydrogen peroxide increases intracellular calcium levels in a PrP
expression dependent manner, suggesting PrP functions as a sen-
sor of hydrogen peroxide (Krebs et al., 2007). Therefore, it appears
that PrPC plays an important role in anti-oxidative stress. As such,
the signaling cascade and oxidative metabolism were investigated
in HpL3-4 cells after serum deprivation (Sakudo et al., 2003a,b).
The studies revealed decreased expression of anti-apoptotic pro-
teins Bcl-2 and Bcl-xp, in HpL3-4 cells during apoptosis induced
by serum deprivation. Suppression of apoptosis by overexpression
of Bcl-2 and Bcl-xy, suggested that cell death in this model sys-
tem is apoptotic, and Bcl-2 and Bcl-x, play important roles in the
apoptosis of HpL3-4 cells (Sakudo et al., 2003a). Furthermore,
HpL3-4 cells subjected to serum deprivation showed a more
marked decrease in intracellular copper concentration, greater
increases of intracellular superoxide anion and caspase-3/9 acti-
vation, and a smaller increase in intracellular hydrogen peroxide
levels by comparison to HpL3-4 cells in which Prup was rein-
troduced (Sakudo et al., 2003b). HpL3-4 cells also showed a
decrease of cellular superoxide dismutase (SOD) activity and cel-
lular copper content compared to HpL3-4 cells expressing PrP
(Sakudo et al., 2003b). By contrast, levels of Prup-Prnd chimeric

mRNA and Prnd mRNA were unchanged in HpL3-4 cells after
serum deprivation (Sakudo et al., 2005¢). Higher coxsackievirus
B3 and poliovirus production in HpL3-4 cells showed that PrP
may be involved not only in the inhibition of virus replication
but also anti-apoptotic functions against virus-induced apopto-
sis (Nakamura et al., 2003b; Baj et al., 2005). Taken together, our
studies of HpL cell lines have revealed that PrP plays important
roles in differentiation, proliferation and cell survival (i.e., roles
in anti-apoptosis, anti-oxidative and anti-viral effect via regulat-
ing a variety of cell signal cascades). The results obtained from
the study of HpL cell lines are consistent with those derived
from other studies using primary cultures and other cell lines,
which also showed the involvement of PrP in neuroprotection
and differentiation (Milhavet and Lehmann, 2002; Roucou et al.,
2004).

Studies using HpL cells have contributed to identifying PrP-
interacting molecules or PrP-regulated genes because HpL does
not express PrP. Moreover, Prup-transfected HpL cells are an ideal
counterpart for PrP analysis. Zafar et al. used HpL3-4 cells in
combination with STrEP-Tactin chromatography and quadrupole
time-of-flight tandem mass spectrometry (Q-TOF MS/MS) anal-
ysis to search for PrP-interacting proteins and identified 28 new
hits (Zafar et al., 2011). Among them, Rab7a, a regulator of vesic-
ular transport located in a specific intracellular compartment
(early to late endosome) and involved in vesicle biogenesis and
vesicle fusion to lysosomes, was found to interact with PrP and
regulate PrP trafficking in HpL3-4 cells. Furthermore, 23 PrP-
interacting proteins were identified by using deletion mutants
of PrP [PrP(A23-230)], which lack the N-terminal signal pep-
tide sequence and C-terminal glycosylphoshatidylinositol (GPI)
anchor site (Zafar et al., 2014). Among them, one novel protein
(pyruvate kinase isozymes M1/M2) (PKM2) was found to bind
PrP(A23-230). In addition, PrP(A23-230) exhibits reduced anti-
apoptotic activity against staurosporine-induced cell stress with
higher expression of PKM2 than full length PrP in HpL3-4 cells,
suggesting that PrP(A23-230) regulates PKM2 and renders the
cells susceptible to stress.

Taking advantage of the absence of Prnp, HpL3-4 cells have
been used for the analysis of exogenous PrP. Hachiya et al.
reported an N-terminal PrP fragment and C-terminal frag-
ment showed distinct intracellular distribution using trans-
fection of double-labeled fluorescent PrP into HpL3-4 cells
(Hachiya et al., 2004). The N-terminal PrP fragment was asso-
ciated with microtubules and had an intracellular localiza-
tion, but did not co-localize with any intracellular organelle
markers.

OTHER Prnp~/— NEURONAL CELL LINES

As described earlier, PrP exhibits a neuroprotective effect against
apoptosis induced by serum deprivation in HpL3-4 cells, which
are derived from type-2 Prup~/~ mice (Rikn) with ectopic
Dpl expression. To investigate whether PrP inhibits apoptotic
neuronal cell death in the absence of Dpl, neuronal cell lines
were established from the brain of type-1 Prup~/~ mice (Zrch
I), which did not show ectopic Dpl expression (Nishimura
et al.,, 2007). The results showed that reintroduction of Prup
potently inhibited serum-withdrawal apoptotic cell death in
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a Zrch T neuronal Prnp~/~ cell line (NpL2). Moreover, PrP
expression was found to upregulate cellular SOD activity in
NpL2 cells. Therefore, we concluded that ectopic Dpl pro-
duction did not affect the anti-apoptotic and anti-oxidative
functions of PrP. Thus, it was confirmed that the presence
of PrP is directly correlated with protection against oxidative
stress.

Kim et al. established neuronal cell lines from hippocam-
pal neurons of Zrch I Prup~/~ mice by lipofection of SV40
large T antigen-expressing vector and found higher prolifera-
tion of neuronal cell lines from Pmp_/ ~ mice (Zpl) than those
derived from Prap™/* mice (ZW) (Kim et al., 2005). Zpl cells
do not express Dpl because the cells are derived from type 1
Prup~/~ mice (Zrch I). Moreover, Zpl cells showed higher lev-
els of apoptosis and autophagy compared to ZW cells after serum
deprivation (Oh et al., 2008). The neuroprotective activity of PrP
in Zpl cells was confirmed by reintroduction of Prup into Zpl
cells. Cleaved caspase-3 levels for apoptotic index and LC3-II
levels for autophagy index were correlated with the expression
of PrP. Furthermore, PrP(A53-94), octapeptide repeat (OR)-
deficient PrP, did not display a protective activity in Zpl cells,
indicating the importance of the OR region in the neuroprotec-
tive activity of PrP. These results are consistent with the HpL3-4
studies using deletion PrP mutants as described in the following
section.

The F14 neuronal cell line is another Prnp~/~ derived cell line,
obtained by fusion of Prnp~/~ cerebellar cells and mouse neu-
roblastoma cells (Holme et al., 2003). The cells were used for
investigating the effect of PrP mutations on PrP membrane ori-
entation, although the characteristics of PrP-expressing cells and
PrP-deficient cells have not been compared.

Although not Prnp-knockout cells, Loubet et al. used the
1C11 cell line, a neuroepithelial progenitor for shRNA (short
hairpin RNA)-mediated knockdown of Prup, to investigate the
gene silencing effect of Prup (Loubet et al., 2012). 1C11 cells
lack neuron-associated functions and acquire, upon differenti-
ation, the functions of serotogenic or noradrenergic neuronal
cells associated with cytoskeleton remodeling along neuritogen-
esis. The results showed that Prup knockdown caused impaired
neuronal polarization with inhibition of the initial sprouting of
neurite. Further analysis of the signaling pathway suggests that
PrPC contributes to neurite polarization by modulating integrin
interactions with the extracellular matrix.

ASTROGLIAL Prnp~/— CELL LINES

PrPC is expressed not only in neuronal cells but also in non-
neuronal cells such as glial cells. Therefore, studies on PrPC
functions using non-neuronal cell lines are necessary. To address
this issue, the Prnp~/~ astroglial cell line GpL1 from hippocampal
cells of Zrch I Prnp~/~ mice were established by retrovirus-
mediated SV40 large T antigen-immortalization using a retro-
virus vector employing methods described above (Nishimura
etal., 2008). GpL1 cells were confirmed to express GFAP but not
MAP-2, indicating that GpL1 is an astroglial cell line. Transfection
of Prup suppressed cell death in GpLl1 cells under serum-free
conditions. This finding is similar to the results of Prup~/~ neu-
ronal cell lines HpL3-4 and NpL2. The Prnp-transfected GpL1

cells (GpL1-PrP) showed increased SOD activity compared to
control GpL1 cells transfected with empty vector (GpL1-EM).
Thus, this study extended the notion that PrP® prevents apop-
tosis by its anti-oxidative function in not only a Prnp~/~ neu-
ronal cell line but also a Prup™/~ astroglial cell line after serum
withdrawal.

In addition to PrP® function in independent cells, we have
investigated whether PrP expression on the cell surface of astroglia
influences neuronal survival because neurons and astroglia are
closely coupled in their metabolic activities (Verkhratsky et al.,
2014). Thus, the effect of PrP expression on cell viability of
NpL2 cells under co-culture with GpL1-EM or GpL1-PrP cells
in the absence of serum was investigated (Onodera and Sakudo,
unpublished results). For co-culture experiments, GpL1-EM and
GpL1-PrP cells were prepared and replaced with a serum-free
DMEM. NpL2-EM and NpL2-PrP cells were plated onto cover-
slips, which were then transferred to a dish containing GpL1-EM
or GpL1-PrP cells. After 4 days of co-culture, the coverslips were
retracted and cell viability measured. The results showed that the
NpL2 cell viability was significantly increased under co-culture
with GpL1 cells transfected with Prap (GpL1-PrP) compared to
GpL1 cells transfected with empty vector (GpL1-EM). Similar
results were observed when we used both NpL2 cells transfected
with Prnp (NpL2-PrP) and NpL2 cells transfected with empty
vector (NpL2-EM). These findings suggest that the neuronal cell
viability depended on the PrP expression in feeder astroglia in
the co-culture system. Taken together, astroglial cell lines are
useful for revealing the mechanism of PrP® not only in indepen-
dent astroglial cells but also in the function of the neuron-glia
relationship.

MACROPHAGE/MICROGLIA Prnp~/~ CELL LINES

Recent studies have shown that cells of the immune system, such
as macrophages, dendritic cells (DCs) or lymphocytes, can act as
a replication site or as a reservoir for prions (Aucouturier and
Carnaud, 2002). Follicular dendritic cells (FDCs) in the germinal
centers of lymphoid organs are reported to be sites of PrPS¢ accu-
mulation (Mcbride et al., 1992; Hill et al., 1999; Aucouturier and
Carnaud, 2002). Current data suggest that the prion agent might
be acquired by migratory DCs and macrophages (Maignien et al.,
2005). However, the function of PrP® in macrophages remains
unclear.

Macrophages express PrP® at a very low level. To study
PrPC functions in macrophage, the mouse bone marrow-derived
macrophages (BMM) from FVB/N Prap™/* and Zrch I Prnp=/~
mice were transformed with a replication-defective retrovirus
encoding SV40 large T antigen by a similar method previously
used for the establishment of HpL, NpL, and GpL cell lines (Uraki
et al., 2010). The cells were then selected and cloned. Among
the obtained clones, we used MWF3-3 (from FVB/N Prup*/*
mice) and MplZ4-3 (from Zrch I Prup~/~ mice) for compari-
son, because these cells expressed macrophage specific proteins
(F4/80 and MOMA-2) and displayed phagocytotic properties.
Because it was previously reported that Prup~/~ neuronal HpL
and NpL cells and astroglial GpL cells are sensitive to oxida-
tive stress in serum-free conditions, MWF3-3 and MplZ4-3 cells
were subjected to serum deprivation. The MplZ4-3 cells died after
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withdrawal of serum, whereas most MWE3-3 cells survived under
the same culture conditions. These findings suggest that PrP®
increases the survival rate of macrophages.

With regard to the characteristics of the Prnp~/~ macrophage
cell line, we have analyzed their cell morphology and phago-
cytotic activity. The Prup~/~ macrophage cell line (MplZ4-3)
showed shorter pseudopodium extension and less phagocytotic
activity of latex beads than a Prup*/* macrophage cell line
(MWF3-3). These findings are consistent with the results using
peritoneal macrophages from Prnp~/~ and Prup™/* mice using
latex beads (Nitta et al., 2009). However, the findings are incon-
sistent with a previous study showing that primary cultures of
Zrch 1 Prup~/~ macrophages have increased rates of phagocy-
tosis of zymosan particles, suggesting PrP negatively regulates
this process (De Almeida et al., 2005). One possible explanation
for this discrepancy may be the different mouse strains used in
these experiments. Whereas the previous report examined pri-
mary cells derived from C57BL/6, we used a macrophage cell
line derived from FVB/N. Similarly, Prnp~/~ mice are resistant
to infection by Brucella abortus, which is supported in the report
by De Almeida et al. implying that the deletion of PrP contributes
to host defense against bacterial infection (Watarai et al., 2003).
However, this was not confirmed in the case of Brucella suis in
another laboratory (Fontes et al., 2005). In addition, a recent
report by Nuvolone et al. suggests that the increased phagocyto-
sis of apoptotic cells, which was reported as attributable to the
absence of Prnp in Prup~/~ mice, has been shown instead to be
caused by differences in a linked locus encoding signal regulatory
protein-a (Sirpa) (Nuvolone et al., 2013). Thus, further studies
would be required for investigating whether Sirpa-polymorphism
influences the responses to zymosan or phagocytosis of latex
beads.

Microglia are the primary immune cells of the central nervous
system (CNS), and are highly similar to peripheral macrophages.
These cells play important roles as the major inflammatory cell
type in the brain, and respond to pathogens and injury and con-
tribute to destroying pathogens as well as removing damaged
cells. Several studies have indicated that microglia are impli-
cated in the pathogenic events of prion diseases (Williams et al.,
1994; Brown, 2001b). However, the pathophysiological func-
tion of PrP® in microglia remains unclear. Iwamaru and Kitani
et al. obtained the MGO Prup~/~ microglial cell line, which
is derived from the brains of Rikn Prup~/~ mice (Iwamaru
et al.,, 2007). To immortalize these microglial cells for estab-
lishing the MGO cell line, c-myc-containing retroviral vector
was used. The MGO cells were confirmed to be positive for
the microglial markers Mac-1 and F4/80 and negative for the
astroglial marker GFAP and neuronal marker MAP2. Moreover,
these cells were shown to have phagocytotic activity and to
produce inflammatory cytokines, such as tumor necrosis fac-
tor a, interleukin-lo and interleukin-6, when stimulated with
lipopolysaccharide. However, there are no reports on the compar-
ison between MGO and the wild-type counterpart MG6 cell line
or PrP-overexpressed microglial cell line MG20. Persistent infec-
tion of scrapie and BSE in these cells has been reported. Further
analysis of PrP function in microglia using the MGO cell line is
keenly awaited.

FIBROBLAST Prnp~/~ CELL LINES

Satoh et al. established skin fibroblast Prip~/~ cell lines (SFK)
derived from continuous cultures of abdominal skin explants of
Ngsk Prup~/~ mice. SFK cells showed decreased expression of
Ras- and Rac-related proteins compared to Prup*/* skin fibrob-
last cell lines (SFH) (Satoh et al., 1998, 2000), while heat shock
proteins were expressed at the same level in SFK and SFH cells in
the presence and absence of heat stress (Satoh et al., 1998). Other
groups established Prnp~/~ fibroblasts (PrP%%/1 cell line) from
Ngsk Prip~/~ mice by immortalization with the chemical muta-
gen 3-methylcholanthrene (Prcina et al., 2010). The proliferation
rate of PrP%?/1 cells expressing human PrP was lower those of
non-transfected PrP%%/1 cells, and was negatively correlated with
the PrP expression level. However, the authors also stated that
these observations may be due to the antibiotic selection marker
on the vector.

MECHANISMS BY WHICH PrP PREVENTS APOPTOSIS IN
THE HpL CELL LINE

One way to identify the important regions of PrP is to gener-
ate partially deleted or mutated forms of PrP and transfect them
into the Prup™/~ cell line. Endogenous PrP expression in the
Prupt/* cell line may interfere with these experiments. Hence,
the Prup~/~ cell line is particularly useful for this approach. Here,
we introduce our studies using HpL3-4 cells for investigating the
important regions for PrP function (Figure 3).

PrP contains disulfide links (S-S), Asn-linked glycosylation
sites (CHO), a signal peptide sequence (SP) and a GPI anchor
attached to its C-terminus (Brown, 2001a). In addition, PrP¢ con-
tains two domains evolutionarily conserved among mammals;
viz., the OR (amino acid residue 51-90 in mouse PrP) and the
hydrophobic region (HR) (amino acid residue 112-145 in mouse
PrP) domains.

OR, which is composed of five octapeptide repeats,
P(Q/H)GGG(G/-)WGQ, is highly conserved among mam-
mals and can selectively bind copper (Hornshaw et al., 1995;
Brown et al., 1997; Miura et al., 1999; Viles et al., 1999; Kramer
et al., 2001). Zinc, manganese, and nickel also bind to PrP but
with lower affinity (Pan et al., 1992; Brown et al., 2000; Jackson
et al., 2001). The binding of metals occurs via histidine residues
located in the OR domain. The binding of copper to PrP is
thought to be indispensable for the SOD activity of PrP (Brown
etal., 1999; Cui et al., 2003). In addition, as metals such as copper
are essential for myelin formation and maintenance (Skripuletz
et al., 2008; Benetti et al., 2010), regulation of copper by Prp€
may be involved in demyelination of Prnp~/~ mice (Nishida
et al., 1999; Baumann et al., 2007; Bremer et al., 2010).

HR, which contains the highly conserved sequence motif
AGAAAAGA (Gasset et al.,, 1992; Schatzl et al.,, 1995), has
been shown to be critical for PrP topology in the endoplas-
mic reticullum membrane (Hegde et al., 1998), STI1 binding
(Zanata et al., 2002) as well as normal metabolic cleavage
(Chen et al., 1995; Mange et al., 2004) such as a-cleavage and
B-cleavage.

To investigate the roles of OR and HR in the anti-apoptotic
function of PrP, several deletions within these domains of
mouse PrP or fusions with mouse PrP and Dpl have been
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FIGURE 3 | Schematic representations of PrP deletion mutants or
PrP-Dpl fusion proteins and Pmp~/~ cells (HpL3-4) expressing these
mutants that undergo apoptosis under serum deprivation. Schematic
representations of deletion mutants of mouse PrP and PrP-Dpl fusion
protein are shown. Mutants of mouse PrP [PrP: wild-type PrP; A#1,
PrP(A53-94, Qb2H); A#2, PrP(A95-132); A#3, PrP(A124-146)] were
prepared using restriction digestion/ligation. Schematic locations of the
deletions as compared with the wild-type protein are shown by a space
within the bar next to the indicated protein. Dpl lacks sequences
homologous to the octapeptide repeat (OR) and hydrophobic regions (HR)
of PrR ORDpl [PrP(1-95)-Dpl] is Dpl fused with amino acid residues 1-95 of
PrP containing the OR. ORHRDpl [PrP(1-124)-Dpl] is Dpl fused with amino
acid residues 1-124 of PrP containing the OR and N-terminal half of HR. The
numbers refer to the amino acid residues in the mouse PrP sequence or
Dpl sequence. The Asn-linked glycosylation sites (CHO), signal peptide
sequence (SP), octapeptide repeat region (OR) and hydrophobic region (HR)
are shown. The regions forming an a-helix secondary structure are shown
as a1-a3, whereas those forming a B-sheet are shown as 1 and 2. Both
PrP and Dpl have a glycosylphosphatidylinositol (GPI) anchor attached to its
C-terminus. HpL3-4 cells expressing wild-type PrP (PrP), PrP(A53-94,
Q562H) (A#1), PrP(A95-132) (A#2), PrP(A124-146) (A#3), Dpl (Dpl),
PrP(1-95)-Dpl (ORDpl), PrP(1-124)-Dpl (ORHRDpl) or the empty vector alone
(EM) were serum-deprived. The rate of apoptosis of the cells after serum
deprivation for 24 h is shown on the right. The number of pluses (+)
indicates the degree of apoptosis. Minus (—) indicates a lesser degree of
apoptosis. Updated from Figure 4 in Sakudo et al. (2006) and Figure 3 in
Sakudo et al. (2007b) with permission from Bentham Science Publishers,
Ltd. and John Wiley & Sons, Inc., respectively.

made (Figure 3). The anti-apoptotic function of three PrP dele-
tion constructs and PrP-Dpl fusion constructs as well as the
control constructs was tested following stable transfection into
Prup~/~ neuronal cells HpL3-4 [HpL3-4 cells expressing wild-
type PrP (PrP: HpL3-4-PrP), PrP(A53-94, Q52H) (A#1: HpL3-
4-A#1), PrP(A95-132) (A#2: HpL3-4-A#2), PrP(A124-146)
(A#3: HpL3-4-A#3), PrP(1-95)-Dpl (ORDpl: HpL3-4-ORDpl),

PrP(1-124)-Dpl (ORHRDpl: HpL3-4-ORHRDpl) or empty
vector alone (EM: HpL3-4-EM)]. Western blotting confirmed
that the cell clones expressed the deletion mutants and fusions
at similar levels to those of clones expressing the full-length pro-
tein. In the absence of serum, HpL3-4 cells undergo cell death
with features of apoptosis, whereas Prup~/~ cells transfected
with Prnp are resistant to serum deprivation (Kuwahara et al.,
1999; Sakudo et al., 2003b, 2005a). Serum deprivation showed
that the control transfectants (HpL3-4-EM) underwent rapid cell
death, while the full-length PrP-transfected cells were signifi-
cantly protected. In contrast, the cells expressing OR-deficient
PrP (HpL3-4-A#1) showed higher levels of cell death compared
with HpL3-4-EM cells. Interestingly, the cells expressing the N-
terminal half of HR-deficient PrP (HpL3-4-A#2) underwent cell
death at equivalent levels to HpL3-4-EM cells. In contrast, the
cells expressing the C-terminal half of HR-deficient PrP (HpL3-
4-A#3) underwent cell death at equivalent levels to HpL3-4-PrP
cells. The cells expressing Dpl fused to OR (HpL3-4-ORDpl) died
at slightly higher levels compared to HpL3-4-EM cells, while the
cells expressing Dpl fused to OR and N-terminal half of HR
(HpL3-4-ORHRDpl) displayed elevated levels of survival over
HpL3-4-EM cells (Lee et al., 2006).

Therefore, the data suggest that the anti-apoptotic function
of PrP® can be regulated by not only the OR domain but also
the N-terminal half of HR. In addition, a fusion protein contain-
ing OR of PrP did not protect the cells against stress, whereas
extending the fusion to the N-terminal half of HR did provide
some protection. These findings support the notion that both the
OR and HR are important domains for PrP function. Moreover,
measurement of cellular SOD activity showed that OR and the
N-terminal half of HR are necessary for the activation of cellular
SOD in HpL3-4 cells (Sakudo et al., 2005c). Therefore, regula-
tion of the anti-oxidative defense systems, such as SOD activity,
by PrP suggests this domain contributes to the anti-oxidative
and anti-apoptotic activity during serum deprivation in HpL3-4
cells.

Mouse PrP is cleaved at the B site located in OR and near
His96 as well as the o site located at position 111/112 (Mange
et al., 2004). A PrP fragment was immunocaptured from HpL3-
4 cells expressing wild-type PrP using an antibody recognizing
the N-terminal region of PrP. This fragment mainly includes the
N-terminal portion of the protein generated after cleavage at the
B site. Interestingly, p cleavage was observed after oxidative stress
treatment in vitro (Mcmahon et al., 2001). Furthermore, HpL3-
4 cells expressing PrP(A110-119) lacking the a cleavage site were
more protected against stress than those expressing an equivalent
level of wild-type PrP (Mange et al., 2004). These observations
suggest that PrP(A110-119) is the dominant positive form of PrP.
Because the absence of a cleavage was found to enhance cell via-
bility, o cleavage appears to suppress the protective activity of
PrP. By contrast, B cleavage may contribute to protection. Further
studies are required to analyze the effect of § cleavage on the
neuroprotection mechanism of PrP.

Regarding OR and HR, several potential interactors of PrP
have been reported. Copper specifically binds the OR of PrP
(Hornshaw et al., 1995; Brown et al., 1997; Viles et al., 1999;
Kramer et al.,, 2001). STI1, binds with amino acid residues
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113-128 located in the N-terminal half of the HR of PrP (Zanata
et al., 2002). Indeed, immunoprecipitation studies suggest that
STI1 interacts with PrP in HpL3-4-PrP cells (Sakudo et al,
2005a). Therefore, we performed additional studies using HpL3-4
cells in order to determine how STI1 and copper might contribute
to PrP-dependent anti-oxidative signaling. To investigate whether
the STI1 is important for the biological activities displayed by PrP,
the effect of the inhibitory peptides against PrP-STT1 on HpL3-4-
EM cells was compared to that on HpL3-4-PrP cells under serum-
free conditions (Sakudo et al., 2005a). The inhibitory peptides
are toxic to HpL3-4-PrP cells due to inhibiting the SOD activity,
although this is not the case for HpL3-4-EM cells (Sakudo et al.,
2005a). Regarding copper, the cellular copper concentration was
decreased in HpL3-4-EM cells, but not in HpL3-4-PrP cells under
serum deprivation (Sakudo et al., 2004). Therefore, it is proposed
that STI1 and copper might be involved in PrP-dependent SOD
activation that can inhibit apoptosis via the OR and N-terminal
half of PrP.

By considering the data reported using HpL cell lines, it is
further proposed that the susceptibility of HpL3-4 cells to cell
death is probably due to reduced SOD activity, induced, at least
in part, by the absence of PrP-STI1 signals and the abnormality
of copper homeostasis as well as the lack of § cleavage. Taken
together, these findings suggest that PrP plays an anti-oxidative
role and functions only under extreme stress such as oxidative
conditions.

CONCLUSIONS AND FUTURE PERSPECTIVES

The list of abnormalities caused by PrP-deficiency from the results
of phenotype analysis of Prnp~/~ mice and from comparison
between PrP-non-expressing cells and PrP-expressing cells con-
tinues to grow. Nonetheless, there has been little consensus from
these studies regarding the overall main cellular function of
PrPC. To enable us to analyse PrPC€ in detail, Prnp_/ ~ cell lines
have been established. Recently, the number of available Prup=/~
cell lines has increased, including neuronal cells, astroglial cells,
microglia, macrophages, and fibroblasts (Table 1). Rescue of Prnp
by reintroducing into Prup~/~ cell lines will provide convinc-
ing data. If further evidence is required, genetic complementation
using the PrP transgene should be performed using a vector
driven Prnp promoter. Indeed, PrP® function may differ depend-
ing on its expression level. As a consequence, levels of PrP®
expression that are either too high or too low may mask the true
biological function of the protein. Indeed, overexpression may
cause the emergence of different functions from the real physi-
ological function. Thus, if possible, analysis should be performed
using physiological expression levels of PrP® in each cell type.
However, in the case of low PrP® expressing cells, it becomes very
difficult to detect the PrP© expression and analyse PrP® function
(Raeber et al., 1999; Prinz et al., 2004).

The use of the Prup~/~ cell lines has facilitated the identifica-
tion of abnormalities caused by PrP-deficiency at the cellular level
(Table 2). Establishment of more Prnp_/ ~ cell lines will further
contribute to our understanding of PrP® function. For exam-
ple, PrP family members are known to be expressed in repro-
ductive tissues, such as testis, ovary, and placenta (Bonnet and
Pailhoux, 2014; Makzhami et al., 2014). Thus, cells derived from

reproductive tissues should also be used for the establishment of
Prap~/~ cell lines. The importance of PrP® in leukocyte func-
tion has also been suggested because Prinp~/~ lymphocytes show
a reduction of mitogen response, cytokine production and pro-
liferation (Kubosaki et al., 2003; Bainbridge and Walker, 2005).
Recent studies have also demonstrated that PrPC plays a role
in T cell and dendritic cell interactions (Ballerini et al., 2006).
Therefore, the establishment of a Prup~/~ leukocyte cell line
would be interesting.

As knockout animals lack all PrP expression, it is unclear
whether the alteration and phenotypes in Prnp™/~ mice are
attributable to defects in cell function or development. Function
of PrP® in the maturation process is feasible (Martin-Lannerée
et al, 2014). Recent developments in regenerative medicine
enable us to use various stem cells, such as embryonic stem (ES)
cells and induced pluripotent stem (iPS) cells (Yamanaka, 2007).
Establishment of Prnp~/~ ES or iPS cells would open the oppor-
tunity for detailed analysis of PrP® function in reprogramming,
expansion, isolation and differentiation.

The most studied phenotype of Prup~/~ mice is myelin degen-
eration. This phenotype is seen in both type 1 and type 2 Prup =/~
mice (Nishida et al., 1999; Baumann et al., 2007; Bremer et al.,
2010). The myelin degeneration phenotype is caused by a defi-
ciency of PrPC, suggesting that myelin maintenance may be a
representative physiological function of PrPC. The process of
demyelination is usually related to an abnormality of the immune
system (Ramesh et al., 2013). The abnormal activity of immune
cells may cause demyelination. Indeed, defects of immune cells in
Prnp~/~ mice have been reported in several papers. Myelin sheath
is composed of Schwann cells and oligodendrocytes (Alberts et al.,
2008). As Schwann cell and oligodendroglia is one of glial cells,
the study using glial Prnp~/~ cell line GpL1might reveal some
characteristics of PrP® related to myelin maintenance.

If knockout of Prnp is not required, suppression of Prup
is relatively easily achieved by gene silencing technology using
siRNA (small interference RNA), miRNA (micro-RNA), bi-
shRNA (bifunctional short hairpin RNA), or shRNA (Kubowicz
etal., 2013). Indeed, shRNA of Prnp has been used for producing
PrPC—depleted 1C11 neuroectodermal cells (Loubet et al., 2012).
If a knockout of Prup is required, the relevant Prup~/~ cell line
should be generated (Figure 4). Recent development of immor-
talization techniques enables cells derived from Prup~/~ mice to
be immortalized using oncogene transfection, radiation, fusion
with cancer cells or treatment with chemical mutagens. In other
cases, cells derived from transgenic mice with an oncogene (e.g.,
temperature sensitive SV40 largeT or p53) that is overexpressed,
mutated or deleted can proliferate and be maintained in culture
medium, resulting in the establishment of a cell line (Obinata,
2007). Alternatively, gene editing techniques such as CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeat)
(Hsu et al., 2014), ZFN (Zinc Finger Nuclease) (Swarthout
et al, 2011) or TALEN (Transcription activator-like effec-
tor nuclease) (Wright et al.,, 2014) can be used to knockout
Prnp, resulting in the production of Prup™/~ or Prup~™/~ cell
lines.

Prup~/~ cell lines are mainly used for two experimental
purposes; analysis of PrP® function and the study of prions.
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Table 1| Prnp~/~ cell lines and their characteristics.

Names Method of production Cell type Prp~/~- Culture medium Main characterization References
of cell lines mouse origin compared to PrP

expressing cells

HplL2-1, Retrovirus-mediated Neuronal-precursor Rikn 10% FCS-DMEM Susceptible to serum Kuwahara et al.,

HpL3-2, method by SV40 large T cells (expessing NF- deprivation 1999

HplL4-3 antigen expressing 68K)
vector

Zpl2-1, Lipofection of SV40 large  Neuronal cells Zrchl DMEM Higher prolifertion rate Kim et al., 2005

Zpl2-4, T antigen expressing (expressing NeuN)

Zpl3-4 vector

SFK-B, Continuous culture of Skin fibroblast cells Ngsk 10% FCS-DMEM Decreased expression of ~ Satoh et al.,

SFK-C abdominal skin explants Ras and Rac related 1998, 2000

proteins

F14 Fusion of PrP-knockout Neuronal cells Npu Serum containing Similar distribution of Holme et al.,
cerebellar cells and (expressing NeuN, DMEM GFP-PrP fusion protein 2003
mouse neuroblastoma MAP-2, and
cells synaptophysin)

NpL2 Retrovirus-mediated Neuronal cells Zrchl 10% FCS-NB/B27 Susceptible to serum Nishimura et al.,
method by SV40 large T (expressing NF-L, medium deprivation 2007
antigen expressing NF-M, NF-H, and
vector MAP-2)

MGO Retrovirus-mediated Microglial cell Rikn 10% FCS-DMEM Comparison has not lwamaru et al.,
method by c-myc (expressing Mac-1 supplemented with been performed 2007
expressing vector and F4/80) 100 uM

B-mercaptoethanol,
10 wg/ml insulin

MpLZ4-3 Retrovirus-mediated Macrophage Zrchl 10% FCS-DMEM Shorter pseudopodium Uraki et al., 2010
method by SV40 large T (expressing extension and less
antigen expressing MOMA-2 and F4/80) phagocytotic activity
vector

PrpP0/0/1 Treatment with chemical ~ Embryonic fibroblast  Ngsk 10% FCS-MEMD Higher prolifertion rate Prcina et al.,
mutagen (expressing supplemented with (probably artificial) 2010
(3-methylcholanthrene) fibronectin) 2 mM-glutamine

GpL1 Retrovirus-mediated Glial cells Zrchl 10% FCS-DMEM Susceptible to serum Nishimura et al.,

method by SV40 large T
antigen expressing
vector

(expressing GFAP)

deprivation

2008

DMEM, Dulbecco’s modified Eagle’'s medium.
MCA, Methylcholanthrene, which is a highly carcinogenic polycyclic aromatic hydrocarbon produced by burning organic compounds at very high temperatures.
NB/B27 medium, neurobasal medium (NB) (Gibco BRL, Gaithersburg, MD, USA) supplemented with B27 supplement (B27) (Gibco) and glutamine.

Updated from Table 3 in Sakudo et al. (2006) with permission from Bentham Science Publishers, Ltd.

For example, there are several reports of the successful pro-
duction of monoclonal and polyclonal antibodies against PrP
by immunizing Prnp~/~ mice with recombinant murine PrP
(Zanusso et al., 1998), human recombinant PrP folded into a
or B (Beringue et al., 2003), purified PrP€ and PrP5¢ (Prusiner
et al., 1993; Tayebi et al., 2011), scrapie-infected mouse neurob-
lastoma cells (Nakamura et al., 2003a), DNA plasmids encoding
Prup (Krasemann et al., 1996a,b), PrP-displaying retrovirus par-
ticles (Nikles et al., 2005), and PrP-coated microbeads (Tayebi

etal., 2011). Thus, by immunizing Prnpf/ ~ mice with the derived
Prup~/~ cell lines transfected with Prup or mutated Prup, spe-
cific antibodies to wild-type or mutated PrP could be readily
obtained. Furthermore, to obtain specific antibodies to PrpSe,
immunization of Prnp~/~ mice with prion-infected Pranp~/~
cells transfected with Prnp could be a promising approach.

There is a species barrier in prion susceptibility, which is
determined by the difference between the species of the host
expressing PrP and species of prion agent (Beringue et al., 2008).
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Table 2 | Abnormality of PrP gene-deficient cell lines.

Names

Main characterization compared to PrP expressing cells

References

HplL2-1, HpL3-2, Higher rate of apoptosis by serum deprivation

Kuwahara et al., 1999; Sakudo et al., 2003a, 2005a,b,c;

HplL4-3 Kim et al., 2004; Vassallo et al., 2005; Wu et al., 2008

HpL3-4 Decrease of intracellular copper concentration after serum Sakudo et al., 2004
deprivation

HplL3-4 Decrease of cellular SOD activity Sakudo et al., 2003a

HplL3-4 Bigger increase of intracellular superoxide anion after serum Sakudo et al., 2003a
deprivation

HpL3-4 Reduced increase of intracellular hydrogen peroxide after serum Sakudo et al., 2003a
deprivation

HplL3-4 Bigger increase of caspase-3/9 activation after serum deprivation Sakudo et al., 2003a

HplL3-4 Increased sensitivity of poliovirus infection Baj et al., 2005

HpL3-4 Increased coxsackievirus B3 production and apoptotic cell death Nakamura et al., 2003a

HpL3-4 Alteration of Ca2t concentration in mitochondria after serum Kim et al., 2004
deprivation

HplL3-4 Alteration of transmembrane potentials in mitochondria after serum Kim et al., 2004
deprivation

HpL3-4 Alteration of cytochrome c level in mitochondria after serum Kim et al., 2004
deprivation

HpL3-4 Higher rate of apoptosis by SIN-1 Vassallo et al., 2005

HplL3-4 Reduced Pl 3-kinase activity Vassallo et al., 2005

HplL3-4 Decrease of cellular viability Mange et al., 2004; Christensen and Harris, 2008

HplL3-4 Shorter neurite extension after differentiation Kuwahara et al., 1999

HplL3-4 Suceptible to amyloid beta toxicity and amyloid beta-inducing Nah et al., 2013
autophagy

HpL3-4 Decreased rise in intracellular calcium following hydrogen peroxide Krebs et al., 2007
treatment

HpL3-4 Neutralization of Dpl toxicity Sakudo et al., 2005¢

NpL2 Decrease of SOD activity Nishimura et al., 2007

NplL2 Higher rate of apoptosis by serum deprivation Nishimura et al., 2007

Zpl2-1, Zpl2-4, Zpl3-4 Higher prolifertion rate Kim et al., 2005

Zpl3-4 Increased autophagy induced by serum deprivation Oh et al., 2008

Zpl3-4 Higher rate of apoptosis and autophagy by serum deprivation Oh et al., 2008

GpL1 Decrease of SOD activity Nishimura et al., 2008

GpL1 Higher rate of apoptosis by serum deprivation Nishimura et al., 2008

GpL1 Decrease of cellular viability of co-cultured neuronal cells Onodera and Sakudo, unpublished results

MplZ3-4 Shorter pseudopedium extension and reduced phagocytotic activity Uraki et al., 2010

Prp0/0/1 Higher proliferation rate (may be non-specific) Prcina et al., 2010

SFK-B, SFK-C Decreased expression of Ras and Rac related proteins Satoh et al., 1998, 2000

PI3, phosphatidylinositol 3.
SIN-1, 3-morpholinosydnonimine.
SOD, superoxide dismutase.

Updated from Table 4 in Sakudo et al. (2006) with permission from Bentham Science Publishers, Ltd.

Prap~/~ cell lines are useful for producing susceptible cells to
target species of prion agent after Prnp transfection of the tar-
get species. Importantly, endogenous PrP is not present in the
Prup~/~ cell line. Thus, interference by endogenous PrP does not
occur in a Prup~/~ cell line. The Prup~/~ cell line transfected
with deletion mutants of PrP can be used for investigating impor-
tant regions of PrP for prion infection. Previous results using the
HpL3-4 cell line and chandler scrapie strain showed that OR is an
essential region for the production of PrP> during the early stage
of infection (Sakudo et al., 2008). This was supported by other

reports using the HpL3-4 cell line and 22L scrapie strain, indi-
cating that substitution of amino acid residues of mouse PrP at
position 96, located in the region between OR and HR, decreased
PrP5¢ formation (Maas et al., 2007). The report also showed
that the C-terminal half of PrP impacts on conversion efficiency.
The C-terminal half of PrP includes regions forming a secondary
structure of a-helix, termed a1-a3, while that of B-sheet is termed
B1 and B2. Substitution of amino acid residues of mouse PrP at
position 132 (located between 1 and al), 150 (al region), 167
(located between B2 and 02), 189 (a2 region) and 204 (a3 region)
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FIGURE 4 | Strategies for obtaining cell lines in which Pmp is
suppressed or knocked out. Established Prnp~/~ cell lines can be
obtained from a number of distributors. If suppression of Prnp is required,
rather than a knockout of Prnp, gene silencing technology using siRNA
(small interference RNA), miRNA (micro-RNA) bi-shRNA (bifunctional short
hairpin RNA) or shRNA (short hairpin RNA) is applicable. In other cases,
when a new Prnp~/~ cell line is generated, immortalization of cells derived
from Prnp~/~ mice is usually performed. Alternatively, gene editing
techniques such as CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeat), ZFN (Zinc Finger Nuclease), or TALEN (Transcription
activatorlike effector nuclease) can be used to knockout Prnp, resulting in
the production of Prnp*/~ or Prnp~/~ cell lines. Cells can be immortalized
using oncogene transfection, radiation, fusion with cancer cells, or
treatment with chemical mutagens. In other cases, cells derived from
transgenic mice with an oncogene (e.g., temperature sensitive SV40
(Simian virus 40) large T, p53 etc.) that is overexpressed, mutated or
deleted can proliferate and be maintained in culture medium. Continuous
fibroblast culture can also be used. A cell line may be established after
cloning and selection of these cells.

abolished the efficient conversion of PrP5¢, Taken together, these
results suggest OR, a-helices and the surrounding region con-
tributes to the susceptibility of prion infection. Newly generated
PrPC and PrP¢ antibodies together with cell lines that are sus-
ceptible or non-susceptible to target species of prion agents will
be extremely useful for exploring prion biology.

Finally, we would like to emphasize that development
of “OMICS” such as genomics, epigenomics, proteomics,
metabolomics and transcriptomics will enable us to obtain a
global view of the network of processes that are regulated by PrP®.
By exploiting the combination of Prnp~/~ cell lines, comparison
of PrP-expressing and PrP-non-expressing cells by OMICS will
provide invaluable information on the effect of PrP-deficiency
and fundamental differences caused by PrP-deficiency. The accu-
mulated knowledge using these systems will be of great help in
understanding PrPC functions, which is also important in terms
of clarifying the etiology of prion diseases.
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The cellular prion protein (PrP€) is a glycosylphosphatidylinositol (GPI)-anchored protein
present at the cell surface. PrP¢ N-terminal moiety is intrinsically disordered and
is able to interact with a variety of ligands. Physiological ligands have neurotrophic
activity, whilst others, including protein toxic oligomers, have neurotoxic functions.
These two opposite activities involve different interacting partners and result from
different PrPC-activated signaling pathways. Remarkably, PrP¢ may be inactivated either
by physiological endoproteolysis and release of the N-terminal domain, or by ectodomain
shedding. Ligand-induced PrPC dimerization or enforced dimerization of PrPC indicate that
PrPC dimerization represents an important molecular switch for both intracellular signaling
and inactivation by the release of PrP¢ N-terminal domain or shedding. In this review,
we summarize evidence that cell surface receptor activity of PrPC is finely regulated by
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dimerization.

INTRODUCTION

PrPC is a cell surface protein with a bipartite structure: the
N-terminal domain is disordered and the C-terminal domain is
structured and contains three a-helices and two short B-strands
(Wuthrich and Riek, 2001). The physiological function of PrP®
is unclear, but a large body of evidence indicates that PrP® is a
neuroprotective and neurotrophic protein (Linden et al., 2008).
The neuroprotective function of PrP® against different insults
was demonstrated in vitro in primary neurons and in cell lines,
and in vivo (Roucou and LeBlanc, 2005; Lo et al., 2007). In these
studies, PrP¢ expression was able to slow or halt cell death whilst
PrPC absence did not prevent cell death. In a pioneer investiga-
tion, PrPC expression prevented cell death triggered by serum
deprivation of immortalized hippocampal neurons (Kuwahara
et al., 1999). Subsequent studies provided significant evidence
for the implication of PrPC in cell survival. In addition to these
neuroprotective effects, PrP® regulates cell proliferation, differ-
enciation, growth, and PrP® is also important for the expansion
of stem cells in culture (Martins et al., 2010; Miranda et al.,
2013). Some of these trophic mechanisms have been addressed
and involve the assembly of protein complexes at the cell surface.
Most of neuroprotective and neurotrophic activities result
from PrPC-mediated signaling (Martins et al., 2010; Schneider
et al, 2011). Thus, a large body of data indicate that GPI-
anchored PrPC is a cell surface receptor or co-receptor and
that its engagement with one of its numerous ligands or with
antibodies activates different intracellular pathways. Cell surface
receptors are generally activated by dimerization (Heldin, 1995),
and this may also be valid for PrP® which forms dimers in native
conditions and can be experimentally engaged with cross-linking
antibodies (Mouillet-Richard et al., 2000; Rambold et al., 2008).

Keywords: prion protein trafficking, dimerization, signaling, neuroprotection, neurodegeneration

In prion diseases, PrP® changes conformation into a patholog-
ical conformer termed PrPS¢ (Prusiner, 1998). The exact mecha-
nism of this conformational change or prion conversion is unclear
but may involve the initial formation of dimers. During the
process of prion conversion, PrP5 oligomerizes and form toxic
oligomers that interact with PrP¢ and switch its neuroprotec-
tive/neurotrophic signaling to a neurotoxic signaling (Rambold
et al., 2008; Resenberger et al., 2011).

In this review, I will summarize some of the most impor-
tant studies on the role of dimerization on the physiological and
pathological function of PrP® and PrP%, respectively.

PrPC DIMERIZATION AND CELL SIGNALING (FIGURE 1)
DETECTION OF PrPC DIMERS IN NATIVE CONDITIONS AND
CYTOPROTECTION

PrPC dimers were detected in solution in a partially purified
fraction from normal bovine brain thalamus (Meyer et al,
2000), and in murine neuroblastoma N2a cells expressing Syrian
hamster PrPC (Priola et al., 1995). Syrian hamster, human
and bovine PrPC expressed in baculovirus and purified under
native conditions spontaneously form dimers (Hundt et al,
2003). Dimerization of human PrP®¢ was confirmed in BHK
cells overexpressing PrPC and in yeast two-hybrid assays (Hundt
et al., 2003). More recently, endogenous PrPC dimers were also
detected by blue native PAGE in N2a cells and the dimeriza-
tion domain mapped to a hydrophobic domain of the pro-
tein (amino acids 112-MAGAAAAGAVVGGLGGYMLGSA-133)
(Rambold et al., 2008). Finally, PrPC dimers were detected after
chemical crosslinking in crude membranes from human neu-
roblastoma SH-SY5Y cells and mouse brains (Rambold et al.,
2008). These results convincingly demonstrate that PrPC has an
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intrinsic tendency to dimerize in native conditions and suggest
that dimerization is important for the physiological function
of PrPC.

The assembly of natural PrP¢ dimers at the plasma mem-
brane is associated with protective activity against the excito-
toxin kainate and altering dimer formation results in cell death
(Rambold et al., 2008). Based on their own data and previous
data showing PrPC-mediated signaling using anti-PrP® antibod-
ies (see below), the authors proposed that cell surface PrP© dimers
induce protective signaling through an unknown transmembrane
receptor. This study did not elucidate whether the formation of
dimers is constitutive or depends on an unknown ligand. Also,
the proportion of PrPC dimers is unknown.

ANTIBODY-INDUCED PrPC DIMERIZATION REVEALS THE SIGNALING
PATHWAY CONTROLLED BY PrPC

Antibody-induced dimerization (also termed antibody-induced
ligation or -cross-linking) is used to mimic an extracellular signal
on cell surface receptors and trigger signal transduction. Although
it is unclear if such strategy mimics the interaction with a partner
or dimerization of the receptor, antibody-induced dimerization
is largely used to engage a receptor in the absence of its ligand
and relays intracellular signals. GPI-anchored proteins associate
with raft domains in the plasma membrane and activate sig-
nal transduction pathways upon engagement with ligands or via
antibody-induced dimerization (Robinson, 1991; Suzuki et al.,
2012). For GPI-anchored proteins, signal transduction occurs
through activation of intracellular tyrosine kinases including the
Src-family kinases (Stefanova et al., 1991; Chen et al., 2006).
Mouillet-Richard et al were the first to show that engagement
of PrP® using an antibody-induced dimerization approach acti-
vates a Fyn-dependent signaling pathway in serotonergic and
noradrenergic mouse cells differenciated from the murine neu-
roectodermal progenitor 1C11 clone (Mouillet-Richard et al.,
2000). Similar results were obtained with two different antibodies,
1A8 and SAF61 targeting C-terminal epitopes. Using 4 differ-
ent antibodies to induce PrP€ dimerization, SAF61, Bar221, and
1A8 that target C-terminal epitopes, and SAF32 which targets
epitope 79-92, NADPH oxidase was subsequently identified as
the main primary target of PrPC-mediated signaling. NADPH
oxidase-dependent reactive oxygen species production stimu-
lated the phosphorylation of extracellular regulated kinases 1/2
(Erk1/2) in the 1C11 neuroectodermal precursor and its neu-
ronal differentiated progenies, the hypothalamic GT1-7 cells, and
the T lymphoid BW5147 cells (Schneider et al., 2003). PrPC sig-
naling was dependent on Fyn in neuronal cells only, indicating
specificity in the control of PrP® function. PrP“-mediated phos-
phorylation of Erk1/2 was independently confirmed in GT1-7
neuronal cells (Monnet et al., 2004) and in human neuroblas-
toma SH-SY5Y cells (Rambold et al., 2008). PrP¢-induced ROS
production and Erk1/2 phosphorylation was confirmed using an
inducible dimerization strategy (Beland et al., 2012).

These studies lend support for a role of PrP® in signal trans-
duction and further investigations provided more insight into the
physiological consequence of PrP® signaling in neuronal 1C11
cells. In 1C11 serotonergic cells expressing 5-HT5p, 5-HT1p/p,
and 5-HT>4 receptor subtypes. PrPC dimerization interfered with

the signaling activity of these three serotonergic receptors belong-
ing to the GPCR family likely by modulating the recruitment
of G-proteins (Mouillet-Richard et al., 2005). PrP€ dimerization
promoted the recruitment of the cAMP responsive element bind-
ing protein (CREB) transcription factor and the transcription
of several genes with important function in cellular protection
and neuronal plasticity (Pradines et al., 2008). In addition, Prp€
dimerization inactivated the Glycogen Synthase Kinase 3f and
activated serotonergic signaling through inhibition of the sero-
tonin 1B receptor (Hernandez-Rapp et al., 2014). CREB recruit-
ment and GSK3p are generally associated with cytoprotection,
suggesting an important function of PrP® in cell survival and
homeostasis.

For several years, these data were in contradiction with previ-
ous results indicating that antibody-induced PrP® dimerization is
neurotoxic in vivo (Solforosi et al., 2004). However, these results
were later invalidated with similar and other antibodies (Klohn
et al., 2012). This debate is still ongoing since a recent study
demonstrated that anti-PrP® antibodies induce rapid neurotoxic-
ity in mice and cerebellar organotypic cultured slices (Sonati et al.,
2012). Importantly, PrP¢ dimerization is unlikely to be involved
in neuronal toxicity since single-chain antibodies were also toxic.

PrPC SIGNALING ACTIVATED BY DIFFERENT LIGANDS

At the cell surface, PrPC interacts directly or indirectly with a
variety of ligands as diverse as metals, lipids, nucleic acids, gly-
cosaminoglycans, and other proteins (Linden et al., 2008; Beland
and Roucou, 2012). In physiological conditions, it was proposed
that PrPC is a scaffolding protein providing essential molecular
interactions and signaling neurotrophic activities (Martins et al.,
2010). PrPC ligands promoting neurotrophic activity include
laminin, the 37-kDa/67-kDa laminin receptor precursor/laminin
receptor, vitronectin, the neural cell adhesion molecule, and the
Stress Inducible Protein 1 (Martins et al., 2010).

In pathological conditions, binding of PrPS¢ to cell surface
PrPC corrupts PrPC signaling and results in cellular toxicity
(Rambold et al., 2008; Resenberger et al., 2011). This finding is
particularly important as it provides a simple explanation for the
observation that PrP® on the cell surface is critical for the neuro-
toxicity of PrPS¢ in prion diseases (Brandner et al., 1996; Chesebro
etal., 2005). PrPC dimerization is essential for the toxicity of Prpse
(Rambold et al., 2008). PrP¢ is also a receptor for other toxic
B-sheet oligomers, including AP in Alzheimer’s disease (Lauren
et al., 2009; Gunther and Strittmatter, 2010; Resenberger et al.,
2011).

PrPC INTEGRITY AT THE CELL SURFACE IS REGULATED BY
PROTEOLYSIS AND DIMERIZATION: PrP¢ METABOLITES
AND NEUROPROTECTION (FIGURE 1)

PrPC IS A TARGET FOR SEVERAL POSTTRANSLATIONAL
ENDOPROTEOLYTIC EVENTS

Following translocation into the endoplasmic reticulum, signal
peptidase removes a N-terminal signal peptide, and a C-terminal
peptide is removed prior to the attachment of the GPI anchor.
Thus, human PrP€ is translated as an immature 253 amino acids
protein and mature PrP® is a 208 residues protein. After traf-
ficking through the secretory pathway, a fraction of PrP® may
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undergo three proteolytic cleavages (Altmeppen et al., 2012). An
a-cleavage between residues 110-111 and 112 in a late com-
partment of the secretory pathway produces PrPC1, a 17kDa
GPI-anchored C-terminal polypeptide, and a 11 kDa N-terminal
polypeptide released in the extracellular space. The identity of
the protease responsible for a-cleavage, termed the o-PrPase
(Oliveira-Martins et al., 2010), is still unclear. A pB-cleavage at
amino acids 89/90 generates PrPC2, a 20kDa GPI-anchored
polypeptide, and the corresponding 8 kDa PrPN2 fragment. f3-
cleavage occurs at the cell surface mainly in pathological condi-
tions; calpains execute B-cleavage in prion diseases whilst reactive
oxygen species perform B-cleavage under conditions of oxidative
stress. In addition, a fraction of PrPC is constitutively shed from
the cell surface after proteolytic cleavage close to the GPI anchor.
In vivo, the main protease responsible for PrP® shedding is the
zinc metalloproteinase ADAM10 (Altmeppen et al., 2012).

NEUROPROTECTIVE PRPC-DERIVED PRPN1 AND PRPC1 METABOLITES

In recent years, a-cleavage attracted a lot of attention because
it results in the production of PrPNI, a natural PrPC metabo-
lite with a clear neuroprotective activity against different insults
in vivo, in primary neuronal cultures and in cell lines (Guillot-
Sestier et al., 2009, 2012; Resenberger et al., 2011; Beland et al.,
2012; Fluharty et al., 2013; Beland and Roucou, 2013a). In par-
ticular, the neuroprotection against soluble AB oligomers that
may be the culprit species in Alzheimer’s disease may pave the
way for the discovery of a new class of therapeutic molecules
(Beland et al., 2012; Fluharty et al., 2013). There is also some
evidence that a-cleavage is increased in post-mortem brain tis-
sues of Alzheimer’s disease patients, and that PrPN1 traps A into
amorphous aggregates unable to transform into soluble and toxic
AP oligomers, and that a-cleavage decrease promotes neurotoxic-
ity in prion and Alzheimer’s diseases (Pietri et al., 2013; Beland
et al.,, 2014). PrPN1 also binds to and antagonizes the toxicity
of other B-sheet rich oligomers, including PrP%¢ oligomers, and
PrPN1-derived therapeutic molecules may help treat different
neurodegenerative disorders (Resenberger et al., 2011).

The GPI-anchored PrPCl fragment after a-cleavage of PrP¢
protects against prion infection of neuronal and non-neuronal
cell lines and acts as a dominant-negative inhibitor of prion con-
version in vivo (Lewis et al., 2009; Westergard et al., 2011). The
mechanism of action of PrPC1 is unclear, but since PrPCl1 is
resistant to prion conversion, the authors proposed that PrPC1
competes with PrP¢ for binding to infectious PrPS (Westergard
etal, 2011). Thus, PrPC1-derived peptides may have therapeutic
benefits in prion diseases.

PRPC DIMERIZATION STIMULATES ITS TRAFFICKING TO THE PLASMA
MEMBRANE AND THE PRODUCTION OF PRPN1 AND PRPC1

As many experimental data converge to support the proposition
that PrPN1 and PrPC1 are neuroprotective metabolites, two ther-
apeutic avenues could be proposed in prion diseases: to provide
exogenous PrPN1- or PrPCl-derived molecules, or to increase
the natural production of PrPN1 and PrPCl by stimulating the
a-cleavage. The a-cleavage mechanism is nebulous and only two
elements are known: it occurs in the late secretory pathway but
the enzyme is still unknown, and the hydrophobic domain is

essential for this cleavage (Bremer et al., 2010; Oliveira-Martins
et al.,, 2010). This domain is also essential for the physiologi-
cal dimerization of PrP€ (Rambold et al., 2008), supporting the
hypothesis of a possible connection between dimerization and
a-cleavage. Using an inducible dimerization strategy with a per-
meable dimerizer, we were able to show that PrP¢ dimerization
in cell lines and primary neurons increase PrP° trafficking to the
plasma membrane and largely increase the production of PrPN1,
PrPC1, and shed PrPC (Beland et al., 2012). After dimerization,
conditioned medium containing these three metabolites strongly
protected cells against toxic AP oligomers.

Since levels of the products of both a-cleavage and shed-
ding rose after dimerization, we concluded that the large increase
of PrP® trafficking to the plasma membrane was sufficient to
explain the high levels of its metabolites. This effect was fast
and occurred 4 h post-dimerization. Deletion of the hydrophobic
domain, the natural dimerization domain, does not prevent PrP®
trafficking to the plasma membrane (Winklhofer et al., 2003).
Thus, dimerization is not essential for PrPC trafficking. We pro-
posed a model with a constitutive and dimerization-independent
pathway for PrPC secretion, and a pathway regulated by dimer-
ization. This regulated pathway would allow the cells to quickly
respond to toxic insults by increasing the levels of protective PrP©
metabolites (Beland and Roucou, 2013a,b).

THE DARK SIDE OF PrPC DIMERIZATION REVEALED FROM
IN VITRO PRION CONVERSION ASSAYS

PrP®— PrP5¢ conversion or prion conversion is central to prion
diseases; this process is neurotoxic and PrP5¢ molecules assem-
ble into infectious particles responsible for the transmission of
the disease (Prusiner, 1998; Mallucci et al., 2003). Not surpris-
ingly, numerous mechanistic studies have addressed this process
using recombinant PrP (recPrP) and several experimental data
have indicated an intrinsic tendency of the protein to form dimers
during the initial steps of prion conversion. A fraction of Syrian
hamster recPrP(90-231) forms alpha-helical dimers in solution in
the presence of submicellar concentrations of SDS (Jansen et al.,
2001). These dimers believed to be intermediates in prion conver-
sion were observed by size exclusion chromatography, chemical
crosslinking and analytical ultracentrifugation (Kaimann et al.,
2008; Stohr et al.,, 2008; Jansen et al., 2001). In these stud-
ies, non-denaturing concentrations of SDS were used to mimic
membrane-like features. Using a reduction-oxidation protocol to
induce the fibrillar assembly of Syrian hamster PrP(90-231), Lee
and Eisenberg also observed the presence of dimeric intermedi-
ates in polyacrylamide native gels (Lee and Eisenberg, 2003). A
similar conclusion was obtained with murine recPrP(23-231).
During the conversion of murine PrP(23-231), an intermedi-
ate water-soluble B-sheet isoform termed PrPP was identified
(Luhrs et al., 2006). The kinetics of PrP®— PrP? conversion sug-
gest that dimerization is the rate-limiting step for the transition.
The dimerization of murine recPrP(23-231) as a key molecular
step during the conversion was confirmed in a subsequent study
(Hafner-Bratkovic et al., 2011). Additionally, 3D reconstruction
of murine recPrP(91-230) amyloid fibrils led to the proposition
that dimers represent building units of such fibrils (Tattum et al.,
2006).
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These  experiments were performed with  non-
posttranslationally modified PrPC. Yet in vivo, PrP® carries
two N-glycosylations and a GPI anchor and these complex
posttranslational modifications may play an important role
in prion conversion. To address this issue, posttranslationally
modified PrP® was purified from Chinese hamster ovary cells
overexpressing Syrian hamster PrPC. This native PrP® sponta-
neously formed dimers stabilized by intermolecular $-sheets after
insertion into artificial membranes (Elfrink et al., 2008).

Altogether, these studies support the hypothesis that dimer-
ization is an important step for prion conversion but they
did not directly test this hypothesis. To address this issue, two
strategies have been used. First, two monomeric mouse PrP
(23-231) were covalently linked with a linker and recombi-
nantly purified. This tandem protein oligomerized after purifi-
cation, and thioflavine T staining indicated that such oligomers
were likely on the pathway of amyloid formation, although
this was not demonstrated (Simoneau et al., 2007). In a sec-
ond strategy, we used a conditional dimerization approach to
induce chemical dimerization of mouse recPrP(23-231) and
human recPrP (23-231). a-helical PrP dimers spontaneously con-
verted into B-sheet oligomers and amyloid fibrils were detected
by electron microscopy and thioflavinT staining (Roostace
et al., 2009). Importantly, these experiments were performed in

physiological-like conditions in the absence of any detergent or
chaotropic agents.

Models of PrP dimers and the role of dimers in prion con-
version are available (Warwicker, 2000; Gauczynski et al., 2001;
Tompa et al., 2002). However, in all the above studies, prion
conversion was assessed by the formation of PrP amyloid fibrils
and/or partial resistance to proteinase K rather than by the forma-
tion of infectious PrPS in animal bioassays. Hence, the biological
significance of PrPC dimerization for the formation of infectious
PrPS¢ remains speculative.

CONCLUSION

PrPC forms dimers in native conditions and cell surface dimeriza-
tion clearly regulates PrPC-mediated signaling and the resulting
physiological neuroprotective/neurotrophic activities (Rambold
et al., 2008). Intracellular dimerization also drastically increases
its trafficking to the plasma membrane and the production of
its natural metabolites PrPN1 and PrPC1 (Beland et al., 2012).
The combination of these two effects of PrP¢ dimerization likely
provides PrP® with a powerful neuroprotective/neurotrophic
function (Figurel). However, the flip side of the coin is
that unwanted dimerization may initiate prion conversion and
result in neuronal toxicity (Tompa et al, 2002). Regulating
PrPC dimerization may help translate these findings into

Shed PrP¢
EreNE Neuroprotective
PrP*-derived
metabolites
GPI anchor: : II :
! ! ! ! Plasma membrane
Cytosol
- a-cleavage + a-cleavage
Trafficking to the
p plasma membrane
Neuroprotective
signalling
>

] 1

I 1

! !
FIGURE 1 | PrPC Dimerization activates a neuroprotective signaling of PrPN1 and PrPC1 at the cell surface. PrPC dimerization at the cell surface
pathway and the production of neuroprotective PrPC-derived activates an intracellular signaling pathway with a neuroprotective outcome.
metabolites. En route to the plasma membrane, a fraction of prpC At the cell surface, a fraction of PrP¢ undergoes ADAM10-mediated
undergoes a physiological cleavage termed a-cleavage. Intracellular PrPC shedding. Double arrows indicate dimerization; dotted arrow indicates
dimerization stimulates trafficking to the plasma membrane and the release shedding. See text for details.
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novel therapeutic interventions in neurodegenerative diseases
(Beland and Roucou, 2013b).
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The ability of the cellular prion protein (PrPC) to trigger intracellular signals appears central
to neurodegeneration pathways, yet the physiological significance of such signals is rather
puzzling. For instance, PrPC deregulation disrupts phenomena as diverse as synaptic
transmission in mammals and cell adhesion in zebrafish. Although unrelated, the key
proteins in these events -the NMDA receptor (NMDAR) and E-cadherin, respectively- are
similarly modulated by the Src family kinase (SFK) Fyn. These observations highlight
the importance of PrP®-mediated Fyn activation, a finding reported nearly two decades
ago. Given their complex functions and regulation, SFKs may hold the key to intriguing
aspects of PrP biology such as its seemingly promiscuous functions and the lack of strong
phenotypes in knockout mice. Here we provide a mechanistic perspective on how SFKs
might contribute to the uncertain molecular basis of neuronal PrP phenotypes affecting
ion channel activity, axon myelination and olfactory function. In particular, we discuss SFK
target proteins involved in these processes and the role of tyrosine phosphorylation in the
regulation of their activity and cell surface expression.

Keywords: prion protein, Src family kinases, ion channels, myelination, tyrosine phosphorylation, endocytosis,
knockout mice, zebrafish
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Yes, there are two paths you can go by but in the long run
There’s still time to change the road you’re on
(R. Plant and J. Page)

INTRODUCTION

The abnormal accumulation of misfolded proteins is a defining
molecular landmark of neurodegenerative conditions like prion,
Alzheimer’s and Parkinson’s diseases. Interestingly, the identity of
the pathogenic protein is different in each of these illnesses, sug-
gesting that neurotoxicity may result from the excess of virtually
any rogue protein in neuronal tissue. On the other hand, at least
some of these proteins may play physiological roles in their non-
aggregated state, which are key to neuronal survival and disease.
For instance, the amyloid precursor protein and a-synuclein—
the protein culprits of Alzheimer’s and Parkinson’s disease—are
enriched in neuronal synapses and nerve terminals (Maroteaux
et al., 1988; Schubert et al., 1991). Likewise, expression of PrP€
on neuronal cell surfaces is required for pathogenic prions and
ap oligomers to trigger cellular damage (Chesebro et al., 2005;
Um et al., 2012). Beyond their propensity to misfold and aggre-
gate, little is known about how exactly these proteins contribute
to neuronal physiology and disease. For PrP, the quest for a
gene/protein function has been particularly challenging because
of the paucity of clear knockout phenotypes in mice (Steele et al.,
2007). While this phenomenon may be explained by compen-
satory mechanisms (Malaga-Trillo and Sempou, 2009), the actual
extent to which other genes can functionally replace PrP is only
partly understood (Passet et al., 2013). More recent analyses of

PrP knockout mice have revealed subtle defects in axon myelina-
tion and olfactory function as well as in the proliferation of neural
precursors and self-renewal of hematopoietic stem cells (Steele
etal., 2006; Zhang et al., 2006; Le Pichon et al., 2009; Bremer et al.,
2010). Unfortunately, the precise molecular basis of these phe-
notypes remains unclear. Adding complexity to the matter, many
of the dissimilar functions and interaction partners proposed for
PrPC cannot easily be accounted for by a single biological activity.

Among the various molecular roles ascribed to PrP€, its ability
to elicit intracellular signals is in good correspondence with its cell
surface localization and involvement in physiological processes
as diverse and complex as cell adhesion, lymphocyte activation,
neuroprotection, and synaptic function (Aguzzi et al., 2008).
That PrP signaling is pathophysiologically relevant was elegantly
shown by Chesebro and colleagues, who demonstrated that with-
out anchoring to the plasma membrane, PrP may misfold and
aggregate but not induce neuronal damage (Chesebro et al,
2005). Presently, a number of transmembrane and intracellular
molecules are known to help PrP® transduce signals into the
cell’s interior (Linden et al., 2008). Among the latter, SFKs have
gathered renewed interest because of their connection to prion-
and aP-induced neurotoxicity as well as for their contribution to
PrP-mediated cell communication in vivo. The purpose of this
article is to revisit putative functions of PrP in the context of SFK
signaling.

SFKs, A MULTIFUNCTIONAL PROTEIN FAMILY

The Src family of non-receptor protein tyrosine kinases com-
prises nine members in vertebrates, five of which are active in
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mammalian CNS neurons, namely the ubiquitously expressed
Src, Fyn, and Yes, and the tissue-restricted Lck and Lyn (Thomas
and Brugge, 1997; Salter and Kalia, 2004). Their association to
the cytoplasmic face of the plasma membrane via myristoylation
and palmytoylation enables them to receive extracellular stim-
uli and transduce them into the cell interior (Silverman et al.,
1993). SFK enzymatic activity is triggered by autophosphoryla-
tion at tyrosine residue 416 and inhibited by phosphorylation of
tyrosine residue 527 (Roskoski, 2005). Owing to their interaction
with a diverse array of transmembrane receptors and downstream
targets, SFKs can regulate a broad range of cellular processes,
including cell differentiation, proliferation, adhesion, migration,
apoptosis, and immunity (Thomas and Brugge, 1997; Roskoski,
2004). Because of their strong structural conservation, SFK mem-
bers are functionally redundant and can often compensate for
each other, encumbering analysis of their individual roles via gene
knockout approaches (Lowell and Soriano, 1996). Given their
expression and multiple functions in neurons, it is not surprising
that SFK deregulation should contribute to neurodegeneration.
In fact, prion infection triggers increased levels of Src and phos-
photyrosine proteins in cultured cells and mice (Nixon, 2005;
Gyllberg et al., 2006). Moreover, Fyn is selectively upregulated in
Alzheimer’s brains (Shirazi and Wood, 1993), where it mediates
hyperphosphorylation of the aggregation-prone, microtubule-
associated protein Tau (Lee et al., 2004). Fittingly, Fyn overexpres-
sion triggers synaptic damage in mouse models of Alzheimer’s
disease (Chin et al., 2005) whereas Fyn knockdown leads to
decreased Tau phosphorylation, increased af levels and impaired
spatial learning (Minami et al., 2012). Together, these findings
imply a direct involvement of SFKs in neurotoxic pathways that
are common to multiple neurodegenerative conditions.

SFKs AS FUNCTIONAL HUBS OF PrP

Being tethered to the outer leaflet of the plasma membrane
via a short glycosylphosphatidylinositol- (GPI) anchor, PrP is
unlikely to physically associate with cytosolic SFKs. Nevertheless,
co-immunoprecipitation data indicate that, in epithelial cells,
PrP and SFKs interact at least indirectly within a larger pro-
tein complex (Morel et al,, 2004, 2008). In addition, plenty
of evidence supports the notion that PrP and SFKs are func-
tional partners in neurons. Using antibody-mediated cross-
linking, Mouillet-Richard and colleagues were the first to show
that PrP clustering at neuronal cell surfaces triggers caveolin-
dependent activation of Fyn (Mouillet-Richard et al., 2000).
Related experiments in neuron-like PC12 cells corroborated the
contribution of caveolin to PrP¢-mediated Fyn activation, along
with the downstream activation of the Ras-Raf/ERK pathway
and the negative regulation of the entire cascade by phospho-
caveolin (Pantera et al., 2009). In cultured mouse hippocam-
pal neurons, PrP¢ was found to indirectly activate Fyn via cis
or trans associations with the neural cell adhesion molecule
(NCAM) within lipid rafts, thereby stimulating neurite out-
growth (Santuccione et al., 2005). Importantly, in vivo data from
a wide range of animal models underscore the relevance of
the PrP/SFK pathway in physiology and disease. For instance,
expression of a pathogenic PrP mutant in Caenorhabditis ele-
gans induced neuronal dysfunction in a Fyn-dependent manner

(Bizat et al., 2010), a remarkable result since nematodes do not
possess endogenous PrPs. In early zebrafish embryos, exoge-
nously added mouse PrP mimicks the positive regulation of
E-cadherin-mediated cell adhesion by endogenous PrPs, an effect
that requires Fyn and Yes activity (Madlaga-Trillo et al., 2009;
Sempou et al., submitted). In undoubtedly one of the most sen-
sational developments in the recent field of neurodegeneration,
neuronal PrPC was reported to act as a receptor for ap oligomers.
Notably, the resulting synaptic impairment was mediated by Fyn
(Um et al., 2012).

At first glance, some of these findings have no apparent con-
nection with each other, aside from the common involvement
of SFKs. However, closer scrutiny reveals mechanistic similarities
pertinent to our understanding of PrP function. This is partic-
ularly manifest in two of the aforementioned models, where the
downstream targets of PrP turned out to be transmembrane pro-
teins modulated by tyrosine phosphorylation. In the study by the
Strittmatter lab, binding of ap oligomers to PrP® triggered Fyn
activation and hyperphosphorylation of the NR2B subunit of the
NMDAR at tyrosine residue 1472 (Um et al., 2012). As a result,
NMDARs became overstabilized at the plasma membrane and
glutamate excitotoxicity ensued. Under non-pathological condi-
tions, phosphorylation of NR2B at this C-terminal regulatory
site promotes its normal cell surface expression by preventing
the binding of AP-2 adaptor complexes, which would otherwise
initiate its internalization via clathrin- and dynamin-dependent
endocytosis (Salter and Kalia, 2004). Similarly, postsynaptic den-
sity protein 95 (PSD-95) prevents NR2B endocytosis by binding
a site adjacent to tyrosine 1472 and thereby blocking access
to AP-2 (Lavezzari et al., 2003). Overall, the phosphorylation
state of NMDAR subunits is controlled by the dynamic interplay
between SFKs and protein tyrosine phosphatases (PTPs), as well
as by the input from various upstream signaling molecules (Salter
and Kalia, 2004). In addition, NMDAR function is further reg-
ulated via differential transcription, translation and trafficking
of specific subunits as well as through protein-protein interac-
tions (Sanz-Clemente et al., 2013). Notably, the regulation of
protein endocytosis by molecules that competitively bind target
motifs at cytoplasmic tails is also pivotal to the modulation of
E-cadherin cell surface expression (Ishiyama et al., 2010). Thus,
association of p120 catenin to the C-terminal juxtamembrane
domain (JMD) of E-cadherin sterically blocks binding of AP-2
and the E3 ubiquitin ligase Hakai, thereby preventing its clathrin-
mediated or ubiquitination-dependent endocytosis, respectively
(Thoreson et al., 2000; Fujita et al., 2002; Miyashita and Ozawa,
2007; Ishiyama et al., 2010). Importantly, SFK-mediated phos-
phorylation of the JMD and/or p120 catenin triggers E-cadherin
internalization (Reynolds, 2010). Additionally, SFKs phospho-
rylate and modulate components of the endocytic machinery
like clathrin, dynamin and AP-2 (Ahn et al., 1999, 2002; Wilde
et al., 1999; Zimmerman et al., 2009). In our zebrafish model,
PrPC promotes embryonic cell adhesion by stabilizing E-cadherin
at the cell-surface (Mdlaga-Trillo et al., 2009). Crucially, this
activity entails the SFK-dependent inhibition of E-cadherin endo-
cytosis (Sempou et al., submitted). Therefore, the roles of PrP¢
as a modulator of cell-cell adhesion in zebrafish and synaptic
transmission in mammals converge at a common mechanism,
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namely the ability of SFKs to control the internalization of trans-
membrane proteins by phosphorylating their endocytic signals
and/or the corresponding binding molecules. Given the func-
tional diversity of SFK target proteins, we reasoned that altered
SFK activity may account for at least some of the distinct neu-
ronal phenotypes observed in PrP knockout and transgenic
mice (Figure 1, Table 1). To address this possibility, we exam-
ined three compelling, yet poorly understood paradigms of PrP
function.

PrP AND ION CHANNELS

The NMDAR-mediated glutamate excitotoxicity induced by af
oligomers and PrPC clearly shows that the latter can influence
the activity of ion channels (Um et al., 2012). Intriguingly, while
this effect relies on the PrP-dependent overactivation of NR2B
subunits, a different study found that PrPC suppresses NMDAR
activity and glutamate excitotoxicity via the inhibition of NR2D
subunits (Khosravani et al., 2008). How PrP may influence this
pathway under physiological conditions remains to be estab-
lished. Nonetheless, a general role of PrP as a modulator of

ion channel activity and neurotransmission is consistent with its
synaptic localization (Moya et al., 2000; Um et al., 2012) and
the common occurrence of electrophysiological alterations in PrP
knockout mice (Aguzzi et al., 2008; Biasini et al., 2012). Moreover,
transgenic mice expressing neurotoxic PrP mutants show distinct
neurological phenotypes related to ion channel dysfunction. One
of these mutants, PrPACR, has 21 aa deleted from its central
region and triggers neonatal lethality characterized by the spon-
taneous degeneration of cerebellar granule neurons (CGNs) (Li
et al., 2007). Subsequent work in cultured cells and cerebellar
slices revealed that PrPACR induces spontaneous currents that
increase neuronal susceptibility to glutamate-dependent, Ca®*-
mediated excitotoxicity (Solomon et al., 2010; Biasini et al., 2013).
Based on these data, the authors suggested that PrPACR might
either activate an endogenous ion channel or form itself an
ion channel. A second PrP mutant, PG14, causes age-related
degeneration of CGNs owing to defective glutamate exocyto-
sis and impaired calcium dynamics (Senatore et al., 2012). This
phenotype was explained by the ability of PG14 to bind the
voltage-gated calcium channel (VGCC) a,38-1 subunit and retain

pathway activation
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FIGURE 1 | PrPC signaling via SFKs. Known physiological roles of PrP® such
as neurotransmission, embryonic cell adhesion, olfactory function, and
myelination converge at the use of SFKs as intracellular signaling partners. In
this model, engagement of PrPC in various cis- or trans-interactions (depicted
as "pathway activation”) elicits the catalytic activity of SFKs, leading to the
modulation of diverse downstream targets that include ion channels, adhesion
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complexes, and cytosolic signaling molecules. Phosphorylation of
transmembrane SFK targets controls their cell surface expression and/or
signaling properties, whereas phosphorylation of intracellular SFK targets
regulates the activation of additional downstream pathways, gene
transcription, and protein translation. The caption below provides concrete
examples of documented components of this cascade.
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Table 1| SFKs and downstream events involved in PrP activities.

PrP activities reported

SFKs involved

SFK target events affected

References

ap oligomer neurotoxicity Fyn Endocytosis of NMDA receptor subunit NR2B Salter and Kalia, 2004
Regulation of embryonic cell Fyn, Yes Endocytosis of E-cadherin Ishiyama et al., 2010
adhesion (zebrafish)
PrPACR neurotoxicity Fyn Gating and/or endocytosis of NMDARs Salter and Kalia, 2004
PrP PG14 neurotoxicity Src Gating and/or endocytosis of VGCCs Davis et al., 2001
Regulation of olfactory physiology Src Binding of Synapsin Ib to synaptic vesicles and actin Messa et al., 2010
Src Gating and/or trafficking of K, 1.3 channels Fadool and Levitan, 1998; Fadool
etal., 2000
Fyn Gating and/or endocytosis of NMDARs Chen et al., 2000; Halabisky et al.,
2000
Molecular control of myelination Src Activation of Akt/PKB Chen et al., 2001; Jiang and Qiu,
2003
Src Endocytosis and activation of BACE1 Zou et al., 2007
Src mTORC1-induced transcription of the MBP gene Vojtechova et al., 2008;
Ondrusova et al., 2013
Fyn Localized translation of MBP mRNA at axon—glia White et al., 2008
contact sites via hnRNP A2
unknown Endocytosis of MAG and MOG Bo et al., 1995; Kroepfl and
Gardinier, 2001a,b
Src, Fyn Gating and/or endocytosis of Ky 1.5 and 2.1 channels Sobko et al., 1998; Peretz et al.,

1999; Tiran et al., 2006

Summary of some previously described activities of PrP (see main text) and the relevant molecular targets/events regulated by SFKs. The actual involvement of

these pathways in the corresponding PrP phenotypes is hypothetical, except for those under “aB oligomer neurotoxicity” and “embryonic cell adhesion,” which

have been experimentally confirmed.

it at the ER, thus disrupting its delivery to the plasma mem-
brane. Notably, while the molecular mechanisms of these two
phenotypes seem unrelated, they are both consistent with the
ability of SFKs to regulate the activity of ligand- and voltage-gated
ion channels (Salter and Kalia, 2004). For instance, the spon-
taneous ionic currents induced by PrPACR may be explained
by alterations in SFK-mediated phosphorylation and traffick-
ing of NMDAR subunits. Detailed biochemical analyses will be
needed to distinguish between this scenario and one proposed
by the authors, namely, that the mutant PrP molecule activates
NMDARs via direct interaction (Biasini et al., 2013). For the
PG14 phenotype, the data show that intracellular retention of
VGCC ,3-1 during biosynthesis is the most likely explanation
for its reduced levels at the plasma membrane (Senatore et al.,
2012). However, here it also might be worthwhile considering that
VGCCs are modulated via tyrosine phosphorylation by, among
others, Src (Davis et al., 2001). Whether SFK regulation of VGCCs
targets their trafficking or only their gating properties is presently
unknown.

PrP AND OLFACTION

Unique among mouse PrP knockout phenotypes was the find-
ing of impaired olfactory behavior (Le Pichon et al., 2009). In
electrophysiological terms, the phenotype was attributed to olfac-
tory bulb-specific alterations in the patterns of oscillatory activity
and in the plasticity of the dendrodendritic synapse. No molecu-
lar basis was reported for these defects but the authors suggested
that due to its localization at olfactory synaptic membranes and

its interaction with Synapsin Ib (Spielhaupter and Schatzl, 2001),
PrP may be a regulatory component of the synaptic machinery.
Interestingly, several lines of evidence argue for a contribution
of SFKs and their targets to this phenotype. First, phospho-
rylation of Synapsin I by Src increases its binding to synaptic
vesicles (SVs) and the actin cytoskeleton, thereby limiting the
number of recycled SVs available for exocytosis and neurotrans-
mitter release (Messa et al., 2010). Second, Fyn-deficient mice
exhibit defects related to the olfactory dysfunction described by
Le Pichon et al.,, such as impaired suckling behavior, altered
synaptic transmission via GABA and NMDA receptors in the
olfactory bulb, and abnormal axon guidance and fasciculation
in the olfactory nerve (Yagi et al.,, 1993; Kitazawa et al., 1998;
Morse et al., 1998). Third, K,1.3 voltage-gated potassium chan-
nels are expressed along the dendrodendritic synapse and are
negatively regulated by Src phosphorylation (Fadool and Levitan,
1998; Fadool et al., 2000). Remarkably, olfactory neurons from
Ky1.3 null mice have modified action potentials and deregulated
potassium currents, resulting in structurally altered olfactory
bulbs and a heightened sense of smell (Fadool et al., 2004).
Fourth, NMDARs play a crucial role at the dendrodendritic
synapse by generating the Ca®t influx that triggers inhibitory
GABA release (Chen et al., 2000; Halabisky et al., 2000). This
essential component of olfactory learning is therefore also sub-
ject to modulation by PrP and SFKs. Hence, the combined,
SFK-mediated deregulation of Synapsin I, Ky1.3 channels, and
NMDARs provides testable explanations for the olfactory defects
of PrP knockout mice.
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PrP AND MYELINATION

Re-examination of a mild, late-onset phenotype in PrP knockout
mice led to the discovery of defects in the maintenance of periph-
eral myelin (Bremer et al., 2010). This chronic demyelinating
polyneuropathy (CDP) was triggered by the loss of PrP in neurons
but not in Schwann cells. The mechanistic basis of this pheno-
type remains unidentified, as the authors found no alterations
in the phosphorylation of Akt, and Erk, two signaling molecules
down the myelination pathway initiated with the cleavage of
Neuregulin-1 (NRG1) by the BACE1 endopeptidase (Hu et al.,
2006; Liu et al., 2007). Similarly, no differences were detected in
the expression levels of NRG1, although, neither BACE1 activ-
ity nor BACE1-mediated cleavage of NRG1 was directly assessed
in PrP knockout mice. Interestingly, Src is known to modulate
several events along the BACEI/NRG1 pathway. Some of them,
like Akt phosphorylation by Src (Chen et al., 2001; Jiang and
Qiu, 2003), are probably not involved in the PrP phenotype, as
implied by Bremer and colleagues. Others like BACE1 endocy-
tosis and activation (Zou et al., 2007) or the mTORCI1-induced
transcription of the myelin basic protein (MBP) gene (Vojtechova
et al., 2008; Ondrusova et al., 2013) would require further ver-
ification. Of note, BACE-null mice exhibit myelination defects
reminiscent of those in PrP knockout mice, as well as increased
levels of full-length NRG1 and—unlike PrP knockouts—reduced
Akt phosphorylation (Hu et al., 2006, 2008).

As with the olfactory phenotype of Le Pichon et al., copious
evidence suggests a potential involvement of SFKs in the PrP-CDP
phenotype. Comprehensive reviews on the role of Fyn during
myelination are available elsewhere (Kramer-Albers and White,
2011; White and Kramer-Albers, 2014) but for example, myelina-
tion requires Fyn activation by the myelin-associated glycoprotein
(MAG), and activated Fyn promotes MBP gene transcription
(Umemori et al., 1994, 1999). In addition, Fyn stimulates the
localized translation of MBP mRNA at sites of axon—glia contact
via phosphorylation of the heterogeneous nuclear ribonucleopro-
tein (hnRNP) A2 (White et al., 2008). Furthermore, Fyn-deficient
mice show myelination defects similar to those of BACE- and PrP-
null mice, albeit with some differences in the localization (PNS
vs. CNS), onset (late vs. early) and severity of the phenotype
(Umemori et al., 1994, 1999; Sperber et al., 2001). Interestingly,
the presence of tyrosine-based endocytic motifs in MAG and
the myelin/oligodendrocyte glycoprotein (MOG) strongly sug-
gests that their cell surface expression is modulated by SFKs (Bo
et al., 1995; Kroepfl and Gardinier, 2001a,b). In fact, the endo-
cytic trafficking and sorting of myelin proteins is key to the
establishment of membrane domains in oligodendroglial cells
(Winterstein et al., 2008). Particularly relevant to the PrP-CDP
phenotype, adult and aged MAG-null mice undergo degeneration
of myelinated fibers in the PNS (Schachner and Bartsch, 2000).

Finally, voltage- and ligand-gated ion channels constitute fur-
ther regulatory targets of SFKs during myelination. For instance,
the phosphorylation state of K,1.5 and K,2.1 potassium chan-
nels in Schwann cells is controlled by the interplay between Src,
Fyn, PTPa, and PTPe (Sobko et al., 1998; Peretz et al., 1999;
Tiran etal., 2006). This complex mechanism modulates the gating
properties of the channels, influencing Schwann cell develop-
ment and the onset of myelination. Likewise, NMDARs promote

the maturation of oligodendrocyte precursor cells (OPCs) by
enhancing the expression of myelin proteins (Li et al., 2013).
Nevertheless, experiments with NMDAR-deficient mice suggest
that, in vivo, this regulation might be relevant for re-myelination
but not for OPC development (De Biase et al., 2011; Li et al,
2013). Thus, although the molecular control of myelination is
a rather intricate phenomenon, the PrP-CDP phenotype seems
consistent with the alteration of multiple pathways downstream
of SFKs.

Altogether, the common regulation of ion channels, olfaction
and myelination by PrP and SFKs suggests that this phenomenon
may extend to some of the other subtle PrP phenotypes men-
tioned above. For instance, it would be interesting to see if the role
of PrP® in the proliferation and differentiation of various stem
cell lineages (reviewed in Martin-Lannerée et al., 2014) requires
the differential expression of SFKs and their targets at specific
stages of stem cell maturation. Along these lines, the contribution
of tissue-restricted SFKs to PrP signaling deserves further investi-
gation, as most of the available data on the PrP/SFK pathway so
far involve only the ubiquitously expressed Src, Fyn, and Yes.

CONCLUSIONS

Several key observations emerge from the present analysis. First,
the ability of PrPC to elicit intracellular signals at the cell sur-
face is central to its multiple roles in health and disease. Second,
the specificity of these signals is largely determined by extrin-
sic factors such as the plasma membrane microenvironment and
the availability of cell- and tissue-specific protein partners. Third,
the ubiquitous expression and functional redundancy of SFKs,
along with the diversity of their downstream targets offer plau-
sible explanations for some of the striking facts of PrP biology,
such as its functional promiscuity, the viability of PrP knock-
out mice, and the diversity of PrP transgenic/mutant phenotypes.
Based on these considerations, we propose that PrPC acts as a
gatekeeper between neuronal survival and toxicity by control-
ling the activity and/or endocytic trafficking of ion channels,
synaptic proteins and cell adhesion molecules via SFKs. Testing
these complex scenarios should prove a formidable but rewarding
endeavor.
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INTRODUCTION

Although it is well established that misfolding of the cellular prion protein (PrPC)
into the p-sheet-rich, aggregated scrapie conformation (PrPS¢) causes a variety of
transmissible spongiform encephalopathies (TSEs), the physiological roles of PrP¢ are still
incompletely understood. There is accumulating evidence describing the roles of PrPC in
neurodegeneration and neuroinflammation. Recently, we identified a functional regulation
of NMDA receptors by PrPC that involves formation of a physical protein complex between
these proteins. Excessive NMDA receptor activity during conditions such as ischemia
mediates enhanced CaZt entry into cells and contributes to excitotoxic neuronal death.
In addition, NMDA receptors and/or PrPC play critical roles in neuroinflammation and
glial cell toxicity. Inhibition of NMDA receptor activity protects against PrPSc-induced
neuronal death. Moreover, in mice lacking PrPC, infarct size is increased after focal
cerebral ischemia, and absence of PrPC increases susceptibility of neurons to NMDA
receptordependent death. Recently, PrP¢ was found to be a receptor for oligomeric
beta-amyloid (AB) peptides, suggesting a role for PrPC in Alzheimer's disease (AD). Our
recent findings suggest that Ap peptides enhance NMDA receptor current by perturbing
the normal copper and PrPC-dependent regulation of these receptors. Here, we review
evidence highlighting a role for PrP€ in preventing NMDA receptormediated excitotoxicity
and inflammation. There is a need for more detailed molecular characterization of
PrPC-mediated regulation of NMDA receptors, such as determining which NMDA receptor
subunits mediate pathogenic effects upon loss of PrP¢-mediated regulation and identifying
PrPC binding site(s) on the receptor. This knowledge will allow development of novel
therapeutic interventions for not only TSEs, but also for AD and other neurodegenerative
disorders involving dysfunction of PrPC.

Keywords: NMDA receptor, cellular prion protein, excitotoxicity, neuroinflammation, ischemia, beta-amyloid,
Alzheimer’s disease

PrPC is synthesized as a precursor polypeptide (254 amino

Misfolding of the cellular prion protein (PrP®) into the B-sheet-
rich, aggregate-prone scrapie conformation (PrP%) is well known
to result in several progressive and often fatal diseases termed
prionopathies. This group of disorders, also known as transmissi-
ble spongiform encephalopathies (TSEs), includes scrapie, bovine
spongiform encephalopathy (BSE, or mad cow disease), and the
human diseases Creutzfeld—Jakob disease, Gerstmann-Straussler-
Scheinker syndrome, fatal familial insomnia, and Kuru (Aguzzi
et al., 2008). PrPS aggregation and formation of amyloid-like
plaques disrupt neuronal physiology, and most TSEs involve
eventual loss of neurons (Aguzzi et al., 2008). Although much
work has been done investigating the deleterious effects of mis-
folded/aggregated prion proteins, the physiological roles of PrP®
remain incompletely understood.

Mature PrP® is a glycoprotein that is anchored to the extra-
cellular leaflet of the plasma membrane through a carboxyl
(C)-terminal glycosylphosphatidylinositol (GPI) anchor. Initially,

acids for mouse PrP®) containing an amino (N)-terminal sig-
nal sequence that directs PrP® to the endoplasmic reticulum
and is post-translationally cleaved, and a C-terminal GPI anchor
sequence that is removed and replaced with a GPI anchor
(Figure 1; Biasini et al., 2012). The N-terminal portion of PrP®
is intrinsically unstructured, contains the octarepeat region, and
has multiple copper binding sites both within and outside of the
octarepeat region (Figure 1; Klewpatinond et al., 2008; Stanyon
et al.,, 2014). The PrP® N-terminus also contains sites for binding
of oligomeric B-amyloid (AB) peptides (Figure 1; Lauren et al,,
2009; Chen et al.,, 2010). In contrast to the N-terminus, the
C-terminus of PrPC is globular in structure, with three a-helical
and two short B-strand regions, and is the location of two
asparagine residues that undergo glycosylation (Figure 1; Biasini
et al, 2012). In addition, PrP® can undergo physiological cleav-
age of different types: a-cleavage in the vicinity of residue 109
(mouse sequence) generates N1 and C1 fragments; B-cleavage in
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FIGURE 1 | Schematic representation of PrP¢. Numbering of amino acid
residues corresponds to the mouse PrPC sequence. Shown are the locations
of histidine (H) residues that bind copper ions (residues 60, 68, 76, 84, 95,
110), the amino (N)-terminal signal peptide (SP; residues 1-22), B-amyloid
oligomer (AB) binding regions (residues 23-27, 95-110), the octapeptide

T~

xPHGGGWGQPHGGSWGQPHGGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNLKH,,,

f N-linked Glycosylation

repeat region (OR; residues 51-90), the central hydrophobic domain (HD;
residues 111-130), a-helical regions (a; residues 143-152, 171-191, 199-221),
B-sheet regions (B; residues 127-129, 166-168), sites of asparagine (N)-linked
glycosylation (residues 180, 196), and the carboxyl (C)-terminal
glycosylphosphatidylinositol (GPI) signal peptide (GSP; residues 231-254).

the vicinity of residue 90 (mouse sequence) produces N2 and
C2 fragments; and cleavage at the GPI anchor releases full-length
PrPC into the extracellular environment (Altmeppen et al., 2013;
McDonald et al., 2014). However, recent data from McDonald
and co-workers using recombinant mouse PrP® reveal that cleav-
age of PrP® is quite complex, generating a number of different
N1, C1, N2, and C2 fragments (McDonald et al., 2014), although
the biological functions of these cleavage products remain to be
determined.

PrPC interacts with and signals through many different cell
surface proteins, including the a7 nicotinic acetylcholine recep-
tor (Beraldo et al., 2010), metabotropic glutamate receptors
mGluR1 (Beraldo et al., 2011) and mGluR5 (Beraldo et al.,
2011; Um et al., 2013), kainate receptor GluR6/7 (Carulla et al.,
2011), and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor subunits GluAl (Watt et al., 2012) and
GluA2 (Kleene et al., 2007; Watt et al., 2012). Furthermore, Ap
oligomers can bind to PrP® and signal through mGluR5 to acti-
vate Fyn kinase (Um et al., 2013), and an AB—PrPC—mGluRS
pathway is also involved in facilitation of long-term depression
(LTD) (Hu et al., 2014). The diversity of signaling mediated by
PrP® highlights the need for a better understanding of how the
interaction of PrP® with its binding partners is regulated in both
physiological and pathological conditions. Work from our labora-
tory revealed that PrP© also interacts with N-methyl-D-aspartate
(NMDA) receptors; PrP¢-deficient mice display increased NMDA
receptor-dependent neuronal excitability and are more suscep-
tible to NMDA-induced excitotoxicity (Khosravani et al., 2008).
Here, we briefly review properties of the NMDA receptor and
focus on evidence supporting a role for PrP¢ in preventing
NMDA receptor-mediated excitotoxicity, a process that may con-
tribute to the pathogenesis of a variety of disorders including
ischemic stroke, Alzheimer’s disease (AD), Huntington’s disease,
and epilepsy (Lai et al., 2014; Parsons and Raymond, 2014).
Similar mechanisms may be involved in PrP%-induced toxicity
(Mdller et al., 1993; Riemer et al., 2008; Resenberger et al., 2011).

NMDA RECEPTOR CHARACTERISTICS

Glutamate is the major excitatory transmitter in the mam-
malian central nervous system (CNS), and it exerts its actions
by binding to a variety of different receptor proteins. Glutamate
receptors (GluRs) are divided into two families, ionotropic and
metabotropic. Metabotropic GluRs are G protein-coupled recep-
tors, while ionotropic GluRs are ion channels. There are three
types of ionotropic GluRs, namely AMPA, kainate, and NMDA
receptors (Mayer, 2005).

NMDA receptors are cation channels that mediate entry of
Na*t and Ca’* ions and are activated by the co-agonists gluta-
mate (or NMDA) and glycine or D-serine. Activation of NMDA
receptors thus contributes to the excitatory postsynaptic poten-
tial (EPSP), as well as both long-term potentiation (LTP) and
LTD (Bartlett and Wang, 2013). In addition to co-agonist binding,
activation of NMDA receptors requires membrane depolariza-
tion to remove the Mgt ion block of the channel pore that
occurs at resting membrane potentials. NMDA receptors are het-
erotetrameric channels formed by the assembly of two obligatory
GluN1 and two GluN2/GluN3 subunits. GluN1 subunits contain
the binding site for glycine, while glutamate binds to GluN2 sub-
units. To date, there are seven known NMDA receptor subunits:
GluN1, GluN2A-GluN2D, and GluN3A-GluN3B, with alternative
splicing of GluN1 and GluN3 subunits generating further diver-
sity (Paoletti et al., 2013). GluN3 subunits also bind glycine, and
thus NMDA receptors containing only GluN1 and GluN3 sub-
units give rise to “glycine-only” receptors that cannot be activated
by glutamate or NMDA (Chatterton et al., 2002; Pina-Crespo
et al., 2010). Identity of the GluN2 subunits that combine with
GluN1 subunits to form the tetrameric channel dictates NMDA
receptor properties, such as activation and deactivation kinet-
ics, ion conductance, and affinity for glutamate (Cull-Candy and
Leszkiewicz, 2004). Pharmacological characterization using lig-
ands for specific GluN2 subunits allows differentiation of receptor
subtypes (Wyllie et al., 2013).

NMDA receptor localization can be synaptic, perisynaptic,
extrasynaptic, or even presynaptic, with receptor activity at each
location coupling to specific cellular events (Corlew et al., 2008;
Hardingham, 2009; Hardingham and Bading, 2010; Paoletti et al.,
2013). In general, activation of synaptic NMDA receptors acti-
vates pro-survival signaling, while extrasynaptic NMDA recep-
tor activity mediates pro-death signaling (Hardingham, 2009;
Hardingham and Bading, 2010). Thus, while NMDA receptors
mediate key physiological functions such as learning and mem-
ory under normal conditions, they also play a role in glutamate
excitotoxicity, which can occur in response to ischemia (Lau
and Tymianski, 2010) and is involved in many neurodegener-
ative conditions, including AD (Parsons and Raymond, 2014).
In these abnormal situations, excessive glutamate can spill over
from synaptic to extrasynaptic sites, thus activating not only the
desired synaptically-localized NMDA receptors, but also those
receptors located extrasynaptically. Because NMDA receptors are
highly permeable to Ca®t ions, this overstimulation leads to
enhanced Ca’* influx that ultimately can be fatal to cells (Lau
and Tymianski, 2010). NMDA receptors are found not only in
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neurons, but also in oligodendrocytes and myelin, and ischemia
can cause NMDA receptor-dependent damage to both myelin
and oligodendrocyte processes (Karadottir et al., 2005; Salter and
Fern, 2005; Micu et al., 2006). Hence, tight regulation of NMDA
receptor activity is of extreme importance in maintaining physio-
logical signaling while preventing excitotoxicity. NMDA receptor
activity is regulated by a number of different mechanisms, one
of which involves an intrinsic desensitization mechanism that
results in termination of channel activity even in the prolonged
presence of glutamate, a process that is potently regulated by
the receptor co-agonist glycine (Mayer et al., 1989). Recently, we
demonstrated that the absence of PrP¢ enhances NMDA recep-
tor glycine affinity, leading to persistent NMDA receptor activity
upon prolonged agonist application (You et al., 2012), which
likely underlies the greater susceptibility of PrP“-null neurons
to NMDA receptor-mediated damage and dysfunction (Rangel
et al., 2007; Khosravani et al., 2008; Gadotti and Zamponi, 2011;
Gadotti et al., 2012; You et al., 2012; Fleisch et al., 2013).

PrPC AS A REGULATOR OF NMDA RECEPTORS

In support of a role for PrPC in preventing NMDA receptor
hyperactivity, data from our and other laboratories reveal that
NMDA receptor activity is enhanced when PrPC is absent. Our
work using mouse hippocampal slices showed that the enhanced
neuronal excitability in PrPC-null neurons can be reduced by
the NMDA receptor blocker aminophosphonovaleric acid (APV),
and that NMDA receptor-mediated miniature excitatory postsy-
naptic currents (mEPSCs) recorded from cultured hippocampal
neurons from PrP¢-null mice had significantly larger ampli-
tudes and longer decay times than those recorded from wild-
type neurons (Khosravani et al., 2008). In this study we also
showed that NMDA application resulted in whole-cell currents
with a prolonged time course of deactivation in cultured PrP®-
null hippocampal neurons that could be restored to wild-type
levels by ectopic expression of mouse PrPC and mimicked by
reducing PrP® expression in cultured wild-type hippocampal
neurons. Co-immunoprecipitation experiments demonstrated
that PrP¢ and GluN2D subunits were found in the same pro-
tein complex, and immunofluorescent staining of hippocampal
neurons showed co-localization of these two proteins. Indeed,
the properties of the NMDA-evoked currents we observed in
PrPC-null neurons in this study appeared to resemble those of
heterologously-expressed GluN2D-containing NMDA receptors
(Cull-Candy and Leszkiewicz, 2004). Furthermore, siRNA knock-
down of GluN2D expression dramatically accelerated NMDA
receptor current deactivation kinetics and reduced current ampli-
tude. Taken together, these observations point to an upregulation
of GluN2D-containing NMDA receptor activity in the absence of
PrPC. However, it is also possible that activity of NMDA receptors
containing other subunits is altered by the lack of PrP®, produc-
ing GluN2D-like deactivation kinetics. Finally, in support of a role
for PrP® in protecting against NMDA receptor-mediated toxicity,
we observed significantly more cell death in response to NMDA
treatment of PrPC-null hippocampal cultures than in wild-type
cultures, and that focal injection of NMDA into the hippocampus
resulted in a lesion of significantly greater size in PrP“-null mice
than in wild-type mice (Khosravani et al., 2008). This increase

in NMDA receptor activity not only gives rise to an increased
susceptibility of neurons to cell death, but also affects other phys-
iological processes that are linked to NMDA receptor function.
For example, NMDA receptors are important for the transmis-
sion of pain signals at the spinal level. Consequently, in models of
inflammatory and neuropathic pain, we found enhanced nocicep-
tive responses in PrPC-null mice that could be restored to control
levels by MK-801 (Gadotti and Zamponi, 2011). It is also known
that NMDA receptors play a role in depressive-like behavior at the
level of the hippocampus. Consistent with this notion, we found
that PrP%-null mice displayed increased depressive-like behavior
that could be abrogated by NMDA receptor blockers (Gadotti
etal., 2012).

It is well established that PrP® is a copper-binding protein,
with up to six copper ions binding to histidine residues in
the N-terminal region both within (mouse PrPC residues 60,
68, 76, and 84) and outside of (mouse PrP¢ residues 95 and
110) the octarepeat region (Figure 1; Klewpatinond et al., 2008;
Quintanar et al., 2013). In addition, copper may bind to histi-
dine residues 176 and 186 (mouse sequence) in the C-terminus
of PrPC (Quintanar et al., 2013), and recent evidence shows that
copper can bind to the N-terminal amino group of PrP® (Stanyon
et al., 2014). Occupancy of these copper sites is known to alter
PrPC structure (Qin et al., 2000; Thakur et al., 2011; Younan
et al., 2011; Quintanar et al., 2013), and thus likely its interac-
tions with other protein partners. The ability to examine NMDA
receptor activity as an indirect readout of the interaction of the
receptors with PrP® has provided interesting insights into the
roles of the copper binding sites for PrP® function. Under nor-
mal circumstances, NMDA receptors undergo desensitization in
the prolonged presence of glutamate or NMDA, and this process
is modulated by the co-agonist glycine (Mayer et al., 1989). In
cultured mouse hippocampal neurons lacking PrP®, the desensi-
tization kinetics appear to be slowed such that a non-desensitizing
current is observed (You et al., 2012). In wild-type neurons,
copper chelation using bathocuproine sulfonate (BCS) or cupri-
zone induced a persistent NMDA current similar to that seen
in PrPC-null neurons (You et al., 2012). Acute treatment with
phosphatidylinositol-specific phospholipase C (PI-PLC), which
enzymatically removes proteins such as PrPC that are linked to the
extracellular leaflet of the plasma membrane via GPI anchors, also
induced a persistent NMDA-dependent current in rat hippocam-
pal neurons that was similar to both the current seen with copper
chelation and to that recorded from PrPC-null mouse hippocam-
pal neurons (You et al., 2012). Moreover, PI-PLC treatment did
not alter the steady-state NMDA current in PrP€-null neurons,
indicating that the enzymatic cleavage did not measurably affect
other potential regulatory proteins (You et al., 2012). Experiments
investigating the effect of glycine concentration on steady-state
NMDA current revealed that at a given glycine concentration, a
higher level of steady-state current was seen in neurons lacking
PrP® than in wild-type neurons; a similar effect was seen upon
copper chelation (You et al., 2012). In rat hippocampal cultures,
copper chelation induced cell death that could be prevented by
NMDA receptor inhibition or re-addition of excess copper (You
etal., 2012). Taken together, these results indicate that copper ions
modulate NMDA receptors by virtue of their interactions with
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PrPC. Furthermore, these findings suggests that copper ions are
key regulators of NMDA receptor function, thus adding another
layer of metal ion regulation of these receptors in addition to the
well described role of zinc ions.

Further support for PrPC-mediated regulation of NMDA
receptor activity comes from a study using zebrafish with a tar-
geted mutation of the prp2 gene encoding the zebrafish prion
protein PrP2, which has characteristics similar to mammalian
PrPC (Fleisch et al., 2013). Consistent with observations in
mammalian brain, these mutants displayed increased convulsant-
induced seizure activity compared to wild-type animals. Analysis
of mEPSC:s recorded in vivo from intact zebrafish hindbrain neu-
rons showed that the frequency of NMDA receptor-mediated
mEPSCs was reduced in prp2~/~ fish compared to controls, and
although NMDA receptor current amplitudes were the same in
both groups, NMDA receptor currents had longer decay times
in prp2~/~ zebrafish. These recent observations agree with the
earlier findings of Walz and colleagues showing that mice lack-
ing PrP€ were more sensitive to convulsant-induced seizures,
and significantly more PrPC-null mice died than wild-type mice
(Walz etal., 1999). However, a recent study found elevated thresh-
olds for convulsant-induced epileptiform activity in hippocampal
slices from PrPC-null mice compared to wild-type controls (Ratte
etal., 2011). The reason for this disparity in the literature remains
to be determined.

The presence of misfolded prion proteins could induce NMDA
receptor hyperfunction by preventing normal, PrPC-mediated
control of NMDA receptor activity. Indeed, there are several
examples of augmented NMDA receptor function in the pres-
ence of mutant or scrapie forms of the prion protein. It has been
demonstrated that NMDA receptor antagonists memantine and
MK-801 prevented PrP5¢-induced toxicity in cultured rat corti-
cal neurons (Miiller et al., 1993). Memantine also delayed death
of scrapie-infected mice (Riemer et al., 2008) and blocked the
PrP5¢-induced increase in apoptosis of PrPC-expressing SH-SY5Y
neuroblastoma cells (Resenberger et al., 2011). Recently, Biasini
and co-workers revealed a role for aberrant NMDA receptor activ-
ity in the toxic effects of a prion protein lacking residues 105-125
in the central region, termed ACR PrP (Biasini et al., 2013). In
this study, organotypic cerebellar slice cultures from ACR PrP-
expressing mice were more susceptible to glutamate-, kainate-,
and NMDA-induced cell death compared to those from PrP*/~
controls, an effect that was rescued by overexpression of wild-type
PrPC. Notably, NMDA had a more marked effect on cell death
compared to the other treatments. These authors also observed
that ACR PrP expression induces spontaneous inward currents,
which may contribute to enhanced NMDA receptor activity via
depolarization-induced relief of the Mg?t ion block of these
receptors. Importantly, the toxic NMDA receptor-dependent
effects of ACR PrP in this study were prevented by overexpres-
sion of wild-type PrP®, again supporting a neuroprotective role
of PrP® via prevention of NMDA receptor-mediated toxicity. In
another recent study, the toxicity of the misfolded form of a prion
protein fragment comprised of residues 90-231 was found to
be mediated in part by NMDA receptor-dependent excitotoxic-
ity (Thellung et al., 2013). In this study, treatment of cerebellar
granule neuron cultures for 1-3 days with the misfolded prion

protein 90-231 fragment augmented both intracellular Ca®* lev-
els and apoptosis compared to that measured in control cells,
effects that were nearly completely abolished by NMDA receptor
blockade.

Altogether, the data obtained from studies using PrPC-null
animals suggest that there is aberrant NMDA receptor activity in
the absence of normal PrPC function, which is further supported
by the fact that exogenous expression of PrPC can prevent the
NMDA receptor-dependent toxic effects of misfolded or mutant
prion proteins. This raises the possibility of restoring PrP®-
mediated regulation of NMDA receptors in pathologies where
PrPC function is perturbed as a therapeutic intervention to con-
trol NMDA receptor-mediated toxicity. This could in theory be
accomplished by mimicking the interaction of PrP® with NMDA
receptors. To achieve this, more details regarding the molecu-
lar determinants governing the interaction of PrP® and NMDA
receptor proteins are required. Additionally, if loss of physio-
logical PrP® function results in augmented activity of certain
NMDA receptor subtypes, such as those containing GluN2D sub-
units, a thorough molecular characterization of the PrP“-NMDA
receptor interaction will allow development of targeted phar-
macotherapies to reduce hyperfunction of only those receptors
affected whose activity is aberrantly upregulated. This approach
could prevent undesired effects of blocking physiological NMDA
receptor signaling.

ABSENCE OF PrPC EXACERBATES ISCHEMIC INJURY—A
ROLE FOR NMDA RECEPTOR HYPERACTIVITY?

Given the neuroprotective effects of PrP®, it may not be surpris-
ing that absence of PrPC can exacerbate the neuronal damage
that ensues following an ischemic insult. Several studies have
demonstrated increased ischemic brain damage in PrP¢-null mice
(McLennan et al., 2004; Sakurai-Yamashita et al., 2005; Spudich
et al., 2005; Weise et al., 2006; Mitteregger et al., 2007; Steele
et al., 2009). However, ischemia can induce an upregulation
of PrP¢ mRNA (McLennan et al., 2004; Mitsios et al., 2007;
Mitteregger et al., 2007) and protein (McLennan et al., 2004;
Weise et al., 2004; Shyu et al., 2005; Adle-Biassette et al., 2006;
Mitsios et al., 2007; Mitteregger et al., 2007), presumably as a
compensatory protective mechanism. The idea of compensatory
upregulation of PrPC expression protecting against cell death in
ischemia is supported by the findings that adenovirus-mediated
overexpression of PrPC reduced ischemia-induced infarct vol-
ume in rats (Shyu et al., 2005) and PrP®-overexpressing mice
showed smaller infarct volumes in response to ischemia than
wild-type controls (Weise et al., 2008). However, another showed
no difference in infarct sizes between wild-type and PrP¢-
overexpressing mice exposed to ischemia (Spudich et al., 2005).
Of note, these studies used different PrPC-overexpressing mouse
models and times of ischemia, which could account for the
observed differences. Currently, the role of NMDA receptors in
the enhanced ischemic cell death seen in the absence of PrP®
is unknown. However, because NMDA receptor hyperfunction
contributes to cell death in ischemia (Lau and Tymianski, 2010;
Lai et al., 2014), and since NMDA receptor desensitization is
reduced in the absence of PrP¢ (You et al., 2012), enhanced
NMDA receptor-mediated Ca?* influx may very well contribute
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to the increased ischemia-induced cell death that is observed in
PrPC-null mice.

Increases in extracellular glutamate concentration, such as
those seen in ischemic conditions, cause activation of both synap-
tic and extrasynaptic receptors (Hardingham and Bading, 2010;
Parsons and Raymond, 2014). Extrasynaptic NMDA receptor
activity can induce apoptotic signaling by promoting nuclear
import of FOXO transcription factor proteins (Hardingham and
Bading, 2010). FOXO3a has recently been identified as a nega-
tive regulator of the gene encoding PrPC, prup (Liu et al., 2013),
and in this study it was shown that insulin-like growth factor-1
(IGF-1)-induced PI3K/Akt activity promoted prup expression by
preventing nuclear import of FOXO proteins, thus inhibiting their
negative effect on prup expression. Therefore, it is possible that
conditions where extrasynaptic NMDA receptor activity is upreg-
ulated may lead to a down-regulation of PrPC protein expression,
which may initiate a positive feedback loop of further dysregula-
tion of NMDA receptor activity and thus toxicity. Hence, even if
there is an initial protective upregulation of PrP®, this may not
be able to be sustained due to persistent activation of extrasy-
naptic NMDA receptors in the presence of prolonged elevation
of glutamate levels.

Another important observation concerns increased shedding
of PrPC in response to neurotoxic conditions (Wang et al., 2012).
PrPC shedding results from cleavage of PrPC near the C-terminal
GPI anchor, releasing full-length, soluble PrP into the extra-
cellular milieu (Altmeppen et al., 2013; McDonald et al., 2014).
Wang and colleagues showed that upon treatment of cultured
rat cortical neurons with NMDA, soluble PrP® was released into
the culture medium, while total PrP® protein levels remained
unchanged (Wang et al., 2012). As noted earlier, our data demon-
strated that treatment with PI-PLC, which cleaves PrP¢ from
its GPI anchor thus releasing it from the cell surface, resulted
in persistent NMDA receptor-mediated current in cultured rat
hippocampal neurons that was similar to those seen in PrP¢-
null hippocampal neurons (You et al., 2012). If loss of cell
surface anchored-PrP® results in aberrant NMDA receptor activ-
ity, one could envision a scenario where a positive feedback
loop contributes to further shedding of PrPC and enhanced
NMDA receptor currents, which would be of detriment to cells.
However, it has been suggested that PrP® shedding could serve
a protective role, especially in preventing AP-mediated toxic-
ity (discussed in Altmeppen et al., 2013; Beland et al., 2014).
A recent study by Beland and colleagues showed that shed PrP¢
co-immunoprecipitated with AB (Beland et al., 2014), suggesting
that extracellular AB can be sequestered by shed PrP® to prevent
AB-induced cellular damage. As discussed below, we found that
AP1-42 induced a PrPC-dependent increase in steady-state NMDA
receptor current (You et al., 2012). Shedding of PrP¢ may thus
aid in preventing AB;-4»-induced dysregulation of NMDA recep-
tor function. Hence, PrPC shedding may ultimately be protective
in situations where PrP® function is compromised, for exam-
ple by binding of AB peptides. On the other hand, shedding of
PrPC may promote aberrant NMDA receptor activity by alter-
ing desensitization kinetics that could contribute to cell death in
conditions such as ischemia where glutamate concentrations are
elevated.

There is also evidence that ischemia induces cleavage of PrP¢
into its N- and C-terminal fragments, and that these cleavage
products can be neuroprotective. Mitteregger and coworkers also
observed that ischemia caused increased cleavage of PrP€, as
detected by elevated levels of PrP¢ C1 fragment on immunoblots
of mouse brain homogenates (Mitteregger et al., 2007). In another
study, oxygen glucose deprivation increased the secretion of the
PrPC N1 fragment from cultured retinal ganglion cells (Guillot-
Sestier et al., 2009). Moreover, application of recombinant PrP¢
N1 (PrP¢ residues 23—110) was able to prevent ischemia-induced
death of retinal ganglion cells (Guillot-Sestier et al., 2009). The
details of how PrP® N1 protects against ischemic cell death
were not fully explored, but the mechanism did involve a reduc-
tion of ischemia-induced caspase-3 activation and p53 expression
(Guillot-Sestier et al., 2009). An interesting possibility is that
the PrP® N1 fragment, which contains the octarepeat region
that binds copper, binds to NMDA receptors, thus providing
copper-dependent regulation of receptor desensitization. Of note,
inhibition of NMDA receptor activity has been shown to attenu-
ate death of retinal ganglion cells following ischemia-reperfusion
injury (Li et al., 2014).

Further support of a role for PrP“ in protecting against
ischemic cell death comes from the work of Mitteregger and
coworkers where PrPC-null mice and mice expressing a prion
protein lacking amino acid residues 32-93 had infarcts of simi-
lar volumes (Mitteregger et al., 2007), suggesting that this region
of PrPC provides protection against ischemic injury. One rea-
son for increased ischemic injury in mice expressing this form of
prion protein could be that cleavage of this mutant would not
produce the normal PrPC N1 fragment. However, this deletion
mutant lacks the copper-binding octarepeat region of PrPC. As
mentioned previously, we found a copper-dependent regulation
of NMDA receptors that is mediated in large part through PrP<,
as demonstrated by no further augmentation of NMDA receptor
currents by copper chelation in the absence of PrP® (You et al.,
2012). Moreover, exogenous copper can protect neurons from
NMDA receptor-mediated death (Schlief et al., 2006), whereas
copper chelation induced cell death that could be prevented by
NMDA receptor inhibition (You et al., 2012). Recently, data from
in vitro experiments have revealed that copper enhances one type
of a-cleavage, termed a2-cleavage, of mouse PrPC (McDonald
et al., 2014). Copper induced a2-cleavage such that the resultant
N-terminal PrPC fragments terminate at alanine residues 116 or
117, in contrast to al-cleavage observed in the absence of copper,
which produces PrP® N1 ending at lysine residue 109 (McDonald
et al., 2014). These observations suggest that copper levels may
regulate PrP® processing by influencing the amount and identity
of the N1 fragment produced, although the biological outcomes
of this copper-dependent differential PrP® cleavage are not yet
known. Of further interest is the finding that the prion pro-
teins carrying pathogenic mutations have decreased a2-cleavage
upon addition of copper (McDonald et al., 2014), suggesting
aberrant copper-dependent PrP® processing could be detrimen-
tal to the health of cells. These findings reveal the possibility
of copper-dependent processing of PrPC as another mechanism
contributing to regulation of NMDA receptor activity by cop-
per. Thus, copper may alter the activity of NMDA receptors in
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multiple ways: PrPC-independent control of receptor activity, as
evidenced by restoration of NMDA receptor desensitization in
PrPC-null neurons by addition of excess copper ions (You et al.,
2012); by mediating interaction of PrP® and NMDA receptors,
as shown by a decrease in the amount of GluN1 subunit that co-
precipitated with PrP€ upon copper chelation (You et al., 2012);
and by influencing PrP® cleavage to generate PrP® N1 fragments,
which could bind to NMDA receptors to modulate their func-
tion. Although evidence exists for the former two mechanisms,
the latter remains to be investigated.

As mentioned previously, the activity of myelinic NMDA
receptors is increased by ischemic conditions, resulting in damage
to myelin (Micu et al., 2006). Thus, a loss of PrP¢-mediated regu-
lation of NMDA current may not only be neurotoxic, but may also
contribute to demyelination that has been observed in PrPC-null
mice and in mice expressing mutant prion proteins (Radovanovic
et al., 2005; Baumann et al., 2007; Bremer et al., 2010).

AB CAN DISRUPT PrPC-MEDIATED REGULATION OF NMDA
RECEPTOR ACTIVITY

PrPC has been shown to be a receptor for oligomeric Ap peptides
(Lauren et al., 2009; Chen et al., 2010). Since these discoveries,
many studies have investigated the role of PrPC in the pathological
effects of AB (reviewed in Lauren, 2014). Overall, these findings
suggest a role for PrP® in protecting from the pathological effects
of AP peptides that occur in AD, although the requirement of
PrP€ for AB-induced toxicity has been controversial, with some
investigators finding that PrP® was not required for the patho-
logical effects of AR (Balducci et al., 2010; Calella et al., 2010;
Kessels et al., 2010; Cisse et al., 2011). Recent findings by Nicoll
and coworkers may help to reconcile these discrepancies. Their
work showed that A protofibrils, and not monomers or fibrils,
bind with highest affinity to full-length PrP® and the PrP® N1
fragment (Nicoll et al., 2013). Furthermore, protofibril-rich A
preparations blocked LTP in a PrP¢-dependent manner, whereas
LTP inhibition by fibrillar AB was independent of PrPC. These
observations underscore the need for careful characterization of
AP preparations in order to determine the nature of the AP species
used for experiments, which allow better interpretation of data
resulting from these experiments.

Notably, many studies have demonstrated that AB can alter
NMDA receptor function (reviewed in Rush and Buisson, 2014).
Recently, we demonstrated that PrPC is required for AB-induced
alterations in NMDA receptor kinetics (You et al, 2012).
Application of oligomerized APj_4, which is known to be a
high-affinity copper chelator, to hippocampal neurons gave rise
to a persistent (i.e., non-desensitizing) NMDA current, similar
to what was observed in the presence of the copper chelator
BCS or in the absence of PrPC. Of note, the effects of ABi-4
and copper chelation on NMDA current were not additive, sug-
gesting that they acted via the same mechanism. Finally, in
neurons isolated from 5XFAD mice (a mouse model of AD),
NMDA current displayed a qualitatively similar persistent com-
ponent. Altogether, these data then suggest that AB-mediated
perturbation of NMDA receptor activity depends on both PrP®¢
and copper ions. Furthermore, the AB;-4;-induced upregulation
of NMDA receptor activity may in part be responsible for the

AB;-42-mediated neurodegeneration observed in AD. If this were
the case, then why is neurodegeneration observed in 5XFAD
mice, but relatively absent in PrPC-null mice even though they
both display similar non-desensitizing NMDA receptor currents?
Slowed receptor desensitization can only manifest itself patho-
logically under conditions where there is a prolonged excess of
glutamate. It has been shown that AB;_4, prevents glutamate re-
uptake into neurons and glial cells (Danysz and Parsons, 2012),
and induces release of glutamate from astrocytes (Talantova et al.,
2013), which then would be expected to lead to just such an
excess of glutamate. Then, together with the slowed desensitiza-
tion kinetics of the receptor, this excess glutamate may damage
neuronal structures such as spines. In PrP¢-null mice, this accu-
mulation of glutamate would not be expected to occur, thus
rendering the slowed desensitization kinetics physiologically inert
(Figure 2). Nonetheless, as we discussed earlier, there are other
pathophysiological events such as chemically-induced seizures or
ischemia that are known to lead to an accumulation of glutamate
that then causes increased brain damage in PrP€-null mice (Walz
etal.,, 1999; McLennan et al., 2004; Sakurai-Yamashita et al., 2005;
Spudich et al., 2005; Weise et al., 2006; Mitteregger et al., 2007;
Steele et al., 2009).

Work by Um and colleagues provides further evidence for the
requirement of PrPC on the effects of AB on NMDA receptor
function (Um et al., 2012). In their study, they found that phos-
phorylation of the GIuN2B subunit of the NMDA receptor at
tyrosine residue 1472 was transiently increased by AP oligomers
in Fyn-overexpressing neuroblastoma cells and in cortical cul-
tures; longer treatment with A oligomers (1-3h) resulted in
decreased phospho-GluN2B levels, which correlated with an
increase in the level of STEP protein phosphatase. Moreover,
the AP oligomer-induced increase in GluN2B phosphorylation
was absent in PrP¢- and Fyn-null cultures. Indeed, they found
that AB oligomers activated Fyn kinase in a PrP¢-dependent
manner. Furthermore, brain extract from AD patients induced
Fyn activation in cultured mouse cortical neurons in a PrP®-
dependent manner, whereas extract from healthy controls did not
activate Fyn. The initial GluN2B phosphorylation was paralleled
by an increase in surface levels of GluN2B, and with longer Af
oligomer treatment a reduction in GluN2B surface expression
was observed; again, both PrP® and Fyn were required for these
AP oligomer-mediated effects on GluN2B surface expression. In
cultures from wild-type mice, pre-treatment for 15 min with Af
oligomers significantly enhanced the NMDA-induced increase
in intracellular Ca®* levels, whereas a 60 min AB oligomer pre-
treatment significantly reduced the NMDA-induced Ca** signal;
in PrPC-null cultures, AR oligomers had no effect on the Ca?*
signal induced by NMDA. Thus, AB oligomers, acting via PrP®,
induce a transient increase then a decrease in NMDA receptor-
mediated Ca?* influx into neurons. LDH release from cortical
cultures was increased upon 90 min AP oligomer treatment and
no further toxicity was observed with a 72h treatment. This
toxicity was NMDA receptor-dependent, as it was reduced by
NMDA receptor inhibition with both APV and ifenprodil, the lat-
ter being a specific GluN2B antagonist. Thus, brief exposure to Af
oligomers causes toxicity, likely by Ca?* influx mediated by the
transient increase in surface localization of GluN2B-containing
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FIGURE 2 | Slowed NMDA receptor desensitization is pathological
only in conditions of prolonged excess of glutamate. Under normal
conditions (WT), glutamate homeostasis is unperturbed and prevents
glutamate accumulation, and NMDA receptors (NMDAR) undergo fast
desensitization, thus limiting calcium entry. In the absence of PrP¢
(PrP€-null), NMDA receptor desensitization is slowed but glutamate

° Glutamate

gPrPC

homeostasis remains unperturbed, thus limited calcium entry occurs.
However, in Alzheimer's disease (AD), AB oligomers bind to PrP¢ and
cause slowed NMDA receptor desensitization. This, in combination with
AB-induced elevation of glutamate levels, for example by inhibiting
glutamate re-uptake by astrocytic glutamate transporters, leads to
enhanced calcium entry and pathology.

.. NMDA receptor

NMDA receptors. In this study, it was also shown that Af
oligomers induced spine loss in a PrP¢- and Fyn-dependent man-
ner, and that the seizures and death due to status epilepticus
in a mouse model of AD were prevented by genetic deletion
of PrPC. Taken together, these data suggest that AB oligomers
signal through PrP® to induce aberrant Fyn activation, leading
to first an increase then later a decrease in activity of GluN2B-
containing receptors, which is ultimately deleterious to neurons.
Altogether, the recent data indicate that AP oligomers, by interact-
ing with PrPC, can alter both NMDA receptor kinetics (You et al.,
2012) and the signaling pathways that modulate NMDA receptor
function (Um et al., 2012).

A study by Resenberger and colleagues showed that AB- and
PrP5-induced cell death of PrPC-expressing SH-SY5Y neuro-
blastoma cells were not additive, suggesting that these species act
via the same pathway (Resenberger et al., 2011). Furthermore,
pre-treatment with the NMDA receptor blocker memantine pre-
vented apoptosis of PrPC-expressing SH-SY5Y neuroblastoma
cells induced by PrP%, AB, and a synthetic peptide designed to
be rich in B-sheet structure. This suggests that several types of
B-sheet-containing proteins/peptides share a common mecha-
nism of toxicity, aberrant NMDA receptor activity. Thus, PrP¢
could contribute to toxicity in disorders other than TSEs and AD,
possibly by mediating aberrant NMDA receptor activity in the
presence of B-sheet-rich peptides.

Of further interest is the finding that the toxicity induced
by B-sheet-rich conformers was dependent upon the N-terminal
region of PrP® and was prevented by a soluble N-terminal domain

of PrPC (Resenberger et al., 2011). Similar protective effects of
the PrP® N1 fragment against AB-induced toxicity have been
observed in other studies (Beland et al., 2012, 2014; Guillot-
Sestier et al., 2012; Nieznanski et al., 2012; Fluharty et al., 2013).
This raises the possibility that increased PrPC cleavage to pro-
duce the N1 fragment is neuroprotective. Interestingly, cleavage
of PrP® was increased in a mouse model of AD (Ostapchenko
et al., 2013) and in post-mortem human AD brain (Beland et al.,
2014). Furthermore, the recent findings from Beland and cowork-
ers provide strong evidence for a protective role of the soluble
N1 fragment that is produced by a-cleavage of PrPC. In this
study, the binding of PrP¢ N1 and AP induced a conforma-
tional change that produced amorphous aggregates, the amount
of PrP® NI in guanidine hydrochloride extracts from insolu-
ble amyloid deposits from AD brain was increased compared
to non-demented controls, and there was a significant correla-
tion between the amount of a-cleavage, which generates the N1
fragment, and duration of AD (Beland et al., 2014). Altogether,
these observations indicate that cleavage of PrP® may reduce
AB-mediated toxicity via N1-mediated neutralization of AP pep-
tides, and N-terminal fragments may be useful as a therapy to
prevent pathological effects of AP or other B-sheet-rich peptides,
including alterations in NMDA receptor activity.

NMDA RECEPTORS, PrPC, AND NEUROINFLAMMATION

Recent evidence has emerged that glutamatergic mechanisms
operate not only in the nervous system, but also in a wide variety
of non-neuronal cells (reviews: Gill and Pulido, 2001; Skerry and
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Genever, 2001; Hinoi et al., 2004), including in the immune sys-
tem (reviews: Boldyrev et al., 2005, 2012). GluRs, both ionotropic
and metabotropic, are highly expressed in various immune cells,
such as T cells, B cells, neutrophils, macrophages and dendritic
cells, which are thought to subserve communication between the
immune and nervous systems (review: Ganor and Levite, 2012).
Interestingly, different GluRs, or different levels of certain GluRs,
are expressed in resting and activated T cells (for review see Ganor
and Levite, 2012). In particular, NMDA receptors expressed on T
cells are involved in a wide variety of T cell functions, such as
regulation of cytokine secretion (Kahlfup et al., 2014), prolifera-
tion (Kahlfup et al., 2014), apoptosis (Affaticati et al., 2011), and
induction of reactive oxygen species (Tuneva et al., 2003).

As described above, PrPC interacts with NMDA receptors
on neurons and modulates NMDA receptor-dependent neuronal
excitability and excitotoxicity (Khosravani et al., 2008). Although
the precise functions of PrP€ in immune cells remain unclear,
PrPC expression is detected in the lymphoid system (Bendheim
et al., 1992; Ford et al., 2002). Human T lymphocytes constitu-
tively express PrP© and its surface expression is influenced by the
activation state of the cells (Cashman et al., 1990; Mabbott et al.,
1997). In addition, PrP® is upregulated on mouse T cells and den-
dritic cells after activation, and the lack of PrPC increases T cell
proliferation and causes T cell over-activation in mouse (Tsutsui
et al., 2008). Therefore, PrP® may play a role as a regulator of
NMDA receptors in the immune system as we observed in the
nervous system (Khosravani et al., 2008; You et al., 2012), with a
common thread being “hyperfunction” when PrP® is absent and
cannot restrain normal physiological mechanisms.

The CNS is conventionally recognized as being “immuno-
logically privileged” (Bailey et al.,, 2006) and is anatomically
separated from the peripheral immune system by the presence
of the blood-brain barrier (BBB) (Xiao and Link, 1998; Weller
et al., 2009). Despite the presence of the BBB, which limits the
entry of cells and pathogens to the brain, lymphocytes can traf-
fic into the CNS to surveil the local environment (Xiao and Link,
1998; Kivisakk et al., 2003). It is increasingly recognized that the
CNS is capable of shaping the immune response (for review see
Xiao and Link, 1998); it is now clear that neuroinflammation
is a well-established hallmark of a number of neurodegener-
ative diseases, including AD, and is frequently detrimental to
neurological function (Akiyama et al., 2000; Rubio-Perez and
Morillas-Ruiz, 2012; Solito and Sastre, 2012; Cappellano et al.,
2013; Enciu and Popescu, 2013; Lynch, 2014). In the AD brain,
the inflammatory response is thought to be a secondary response
caused by an initial brain insult, which is provided by dam-
aged neurons, neurites, insoluble A aggregates, and neurofib-
rillary tangles as stimuli (Akiyama et al., 2000). However, recent
evidence suggests that inflammatory mediators may stimulate
amyloid precursor protein processing, and therefore, play a role
as a driving force to establish a deleterious cycle to AD pro-
gression (Heneka et al., 2010). As described above, PrPC is a
receptor for oligomeric AP peptides (Lauren et al., 2009; Chen
et al., 2010; Lauren, 2014), and AP oligomers, acting via PrP€,
modulate NMDA receptor-mediated Ca?* influx into neurons.
Perhaps, even soluble forms of small oligomers, may directly
stimulate PrP“ and modulate NMDA receptor-mediated Ca?*

influx into immune cells to trigger signaling pathways to secrete
cytokines, reactive oxygen species, and/or regulate T cell polariza-
tion at the early stage of AD. Gaining more insight into the role
of PrP¢-NMDA receptor interactions in neuroinflammation may
reveal novel approaches to visualize early AD pathogenesis and
diagnosis.

CONCLUDING REMARKS

It is becoming clear that loss of PrP® regulation of NMDA recep-
tors can result in toxicity in a variety of pathological conditions,
and that AB can cause aberrant activation of NMDA receptors
in a PrP“-dependent manner. The possibility of restoring the
NMDA receptor-PrP® interaction as a way to protect against exci-
totoxicity will need to be tested experimentally, and in order to
accomplish this, elucidation of the molecular details of the inter-
action between PrPC and NMDA receptors is needed. In light
of the recent findings regarding cleavage of PrP® and how this
is altered in disease, there is a need for investigation of how
physiological processing of PrP® impacts NMDA receptor activ-
ity in both health and disease. Overall, a better understanding
of the molecular mechanisms that determine how PrP® regulates
NMDA receptor function will open up new therapeutic avenues
in situations where the regulation of NMDA receptors by PrP® is
perturbed, such as in AD and prion diseases.
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Dysregulation of neuronal zinc homeostasis plays a major role in many processes related
to brain aging and neurodegenerative diseases, including Alzheimer’s disease (AD). Yet,
despite the critical role of zinc in neuronal function, the cellular mechanisms underpinning
its homeostatic control are far from clear. We reported that the cellular prion protein (PrPC)
is involved in the uptake of zinc into neurons. This PrPC-mediated zinc influx required the
metal-binding octapeptide repeats in PrPC and the presence of the zinc permeable AMPA
channel with which PrPC directly interacted. Together with the observation that PrPC is
evolutionarily related to the ZIP family of zinc transporters, these studies indicate that
PrPC plays a key role in neuronal zinc homeostasis. Therefore, PrP¢ could contribute to
cognitive health and protect against age-related zinc dyshomeostasis but PrP¢ has also
been identified as a receptor for amyloid-p oligomers which accumulate in the brains of
those with AD. We propose that the different roles that PrPC has are due to its interaction
with different ligands and/or co-receptors in lipid raft-based signaling/transport complexes.
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ZINC HOMEOSTASIS AND ALZHEIMER'S DISEASE

Zinc is a trace element that is essential for life and whose impor-
tance to the function of the central nervous system is increasingly
being appreciated. Zinc serves as a cofactor for >300 enzymes
that regulate a variety of cellular processes and signaling path-
ways, and is also a key structural component of numerous other
proteins (Frederickson et al., 2005; Sensi et al., 2009). In the brain,
which has one of the highest zinc contents with respect to other
organs, zinc-containing axons are particularly abundant in the
hippocampus and cortex (Toth, 2011). Zinc is predominantly,
but not exclusively, localized within synaptic vesicles at gluta-
matergic nerve terminals [sometimes referred to as gluzinergic
neurons (Mocchegiani et al.,, 2005)]. During neuronal activ-
ity, zinc is released along with glutamate into the synaptic cleft
where it affects the activity of various receptors. In addition,
zinc is itself a signaling molecule, and within the neuron it reg-
ulates the activity of multiple enzymes and plays a critical role
in the formation and stabilization of the postsynaptic density
(Beyersmann and Haase, 2001; Grabrucker et al., 2011; Wilson
et al., 2012). Both intracellular and extracellular zinc concentra-
tions must be tightly maintained within narrow optimal ranges
for the correct functioning of the nervous system. An excess
influx of zinc can damage postsynaptic neurons (Plum et al,
2010) and zinc deficiency affects neurogenesis and increases neu-
ronal apoptosis, which can lead to learning and memory deficits
(Szewczyk, 2013). Under normal circumstances, zinc homeostasis
is maintained by the coordinated actions of a range of different
proteins involved in its uptake, efflux, and intracellular storage
and trafficking. Zinc enters neurons through members of the
ZIP (Zrt/Irt-like Protein; SLC39) family of zinc transporters, as

well as through activated voltage-gated Ca®* channels, a-amino-
3-hydroxy-5-methyl-4-isoxazoleproprionate (AMPA) receptors,
and N-methyl-D-aspartate (NMDA) receptors (Cousins et al.,
2006; Sensi et al., 2009). Zinc exporters, members of the zinc
transporter (ZnT; SLC30) family transport zinc from the cytosol
to the lumen of intracellular organelles or out of the cell (Sensi
et al., 2009).

Alzheimer’s disease (AD) is the most prevalent form of demen-
tia, affecting millions of individuals world-wide. With currently
no cure, the economic and social costs associated with the dis-
ease are set to increase dramatically with our aging population.
AD is characterized by the deposition in the brain of extracellu-
lar plaques of amyloid-p (AB) peptide and intracellular inclusions
of tau protein. A is proteolytically cleaved from the larger amy-
loid precursor protein (APP), and both Ap and APP have binding
sites for zinc (Watt et al.,, 2010; Wong et al., 2014). Zinc, par-
ticularly that released from glutamatergic nerve terminals, has
a crucial role to play in the aggregation of AP into neuro-
toxic oligomers and fibrils (Bush et al., 1994; Esler et al., 1996;
Deshpande et al., 2009), and is also co-localized with Af in
amyloid plaques (Dong et al., 2003). The activity of the zinc
transporter ZnT-3 is required for the transport of zinc into the
glutamate-containing presynaptic vesicles. Key evidence for a link
between zinc and amyloid pathology in AD comes from the
crossing of ZnT-3 knockout mice with Tg2576 mice, a com-
monly used transgenic mouse model of AD. The crossed mice
had minimal synaptic zinc and as a consequence both brain
plaque load and amyloid angiopathy were significantly reduced
(Lee et al., 2002; Friedlich et al., 2004). Furthermore, in a sep-
arate study of aged ZnT-3 knockout mice, there were marked
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differences in learning and memory observed compared to wild
type mice, supporting a requirement for zinc in memory func-
tion and the maintenance of synaptic health upon aging (Adlard
et al., 2010).

PrPC AND NEURONAL ZINC UPTAKE

Recently we reported that PrP® facilitates the uptake of zinc
into neuronal cells (Watt et al., 2012). PrPC is infamous because
of its conformational conversion into PrP% being responsible
for the fatal transmissible spongiform encephalopathies, such as
Creutzfeldt-Jakob disease. PrP® is a glycosyl-phosphatidylinositol
(GPI)-anchored protein located on the surface of neurons, at both
pre- and post-synaptic sites. It is found throughout the central
nervous system and is particularly abundant in the hippocam-
pus and frontal cortex (Sales et al., 1998). Using two zinc specific
fluorescent dyes (Newport green and Zinpyr-1) we showed that
PrPC enhanced the uptake of zinc into human SH-SY5Y neu-
roblastoma cells and rat primary hippocampal neurons (Watt
et al., 2012). This PrP®-mediated zinc influx required the metal-
binding octapeptide repeat region in PrPC but not its endocytosis.
We then used selective channel antagonists to identify that AMPA
receptors were involved in the PrPC-mediated zinc uptake, and
that PrPC interacted with both GluAl and GluA2 AMPA recep-
tor subunits as shown by co-immunoprecipitation. Intracellular
protein tyrosine phosphatase activity, which is potently inhibited
by zinc (Brautigan et al., 1981; Wilson et al., 2012), was increased
in the brains of PrP€ null mice, providing evidence of a physio-
logical consequence of altered zinc uptake in the absence of PrP¢,
These observations provided the first mechanistic explanation for
the reduced zinc in the hippocampus and other brain regions of
PrPC null mice (Pushie et al., 2011) and indicate that PrPC is a key
player in neuronal zinc uptake.

Interestingly, during the course of our work showing that
PrPC mediates neuronal zinc uptake, the protein was reported
to be evolutionarily related to a subset of the ZIP family of zinc
transporters (Schmitt-Ulms et al., 2009). Bioinformatic analysis
revealed that the N-terminal extracellular domain of a distinct
sub-branch of the LIV-1 subfamily of ZIPs that includes ZIPs
5, 6, and 10 had sequence similarity to the C-terminal globu-
lar domain of PrPC. These three ZIPs are also equipped with
histidine-rich sequences N-terminal to their “prion-like” domain,
capable of divalent metal binding, which is reminiscent of the
octapeptide repeat domain of PrP® (Figure 1A). Interestingly, the
orientation and distance of the “prion-like” domain to the respec-
tive membrane attachment sites in both PrP® and the ZIPs are
similar (Figure 1A), and the primary sequence of the first trans-
membrane domain in the ZIPs and the GPI anchor attachment
sequence of PrPC are also comparable, providing further evidence
that PrPC is evolutionarily related to members of the ZIP family
(Schmitt-Ulms et al., 2009).

As PrP€ is a GPI-anchored protein residing in the outer leaflet
of the plasma membrane, in order to correlate a function for
PrPC in the transport of zinc across the lipid bilayer, we pro-
posed that PrPC requires the assistance of the channel properties
of another protein(s), such as AMPA receptors, in order to achieve
zinc transport (Figure 1B) (Watt et al., 2012). The octapeptide
repeats in the GPI-anchored PrP® act as a zinc sensor/scavenger
in the extracellular environment which then presents the metal
to the transmembrane channel for uptake of the zinc into the
cell (Watt et al., 2013). Interestingly, not all ZIP family mem-
bers have an extracellular N-terminal extension that may function
in zinc sensing: for example ZIPs 1, 2, 3, 9, and 11 have mini-
mal N-terminal extensions on the first transmembrane domain.
This raises the intriguing possibility that the two properties (zinc

ZIP transporters

Extracellular

Cytosol
AMPA
receptor
B-sheet a-helix GPl-anchor transmembrane C histidine rich
domain domain )
o
f\ N-linked hydrophobic polybasic octapeptide
K glycans domain D region repeat domain

FIGURE 1 | Schematic comparison of ZIP transporters and the PrPC-AMPA
receptor zinc transporter. (A) Model of the LIV-1 subfamily of ZIPs with a
prion-like ectodomain which is coupled to the C-terminal transmembrane
domain. PrPC is structurally similar to the ectodomain of the ZIP transporter.
(B) PrPC acts as a sensor for zinc in the extracellular space and coordinates the

low affinity binding of zinc to the octapeptide repeats. The N-terminal polybasic
region of PrPC interacts with the AMPA receptor subunits; this interaction
facilitates the transport of zinc through the AMPA receptor which forms a
channel across the membrane for the uptake of zinc in a manner similar to the
C-terminal region of the ZIP transporter. Modified from \Watt et al. (2013).
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sensing and zinc channel) present together in certain ZIPs (e.g.,
ZIPs 6 and 10) reside in separate proteins in those ZIPs with min-
imal N-terminal extensions. It will be interesting to see if PrP®
acts as the zinc sensor in combination with certain ZIPs, similar
to the situation we have proposed for PrP® and the AMPA recep-
tor (Figure 1B) (Watt et al., 2012, 2013). Such PrPC-based zinc
sensing modules may be restricted to higher eukaryotes in which
PrPC with the octapeptide metal binding repeats is present.

In addition to its role in zinc metabolism, PrPC also plays a
role in the homeostasis of other metals such as iron and cop-
per (Kozlowski et al., 2010; Singh et al., 2014). PrP® expression
alters regional zinc, copper and iron content in the mouse brain
(Pushie et al., 2011) and there appears to be crosstalk between
the different metals, with zinc modulating copper coordination
to the octapeptide repeats (Stellato et al., 2011). In addition, PrP®
modulates NMDA receptor activity in a copper-dependent man-
ner (Stys et al., 2012), suggesting that multiple receptors/channels
may be regulated by PrP® in a ligand/metal-dependent manner.

A CELL-SURFACE, LIPID RAFT-BASED COMPLEX INVOLVED
IN THE REGULATION OF ZINC UPTAKE

The GPI-anchored PrP® is localized in cholesterol-rich,
detergent-resistant lipid rafts at the cell surface (Taylor et al,
2005) and it has been proposed that PrPC functions as a key
scaffolding protein for the dynamic assembly of cell surface
signaling modules (Linden et al., 2008). PrPC, along with the
microdomain-forming flotillin or caveolin proteins, may lead
to the local assembly of membrane protein complexes at sites
involved in cellular communication, such as cell-cell contacts,
focal adhesions, the T-cell cap and synapses (Solis et al., 2010).
Lipid rafts are essential for synapse development, stabilization
and maintenance and caveolin-1 organizes and targets synaptic
components to rafts (Hering et al., 2003; Willmann et al., 2006;
Guirland and Zheng, 2007). Interestingly, when ZIP1 and ZIP3
were stably expressed in HEK293 cells, the punctate cell surface
staining observed led the authors to suggest that they were
localized to lipid rafts (although no experimental evidence for
this was provided) (Wang et al., 2004). Furthermore, treatment of
the HEK293 cells with methyl-B-cyclodextrin, which sequesters
cholesterol and disrupts cholesterol-rich lipid rafts, resulted in
a more diffuse surface staining (Wang et al., 2004), reminiscent
of what is observed for PrP® and other GPI-anchored proteins
(Parkin et al., 2003; Taylor et al., 2005). We also have disrupted
rafts in neuronal cells using methyl-B-cyclodextrin and observed
a reduction in zinc uptake, an effect exacerbated when the
cells also expressed PrPC (Watt and Hooper, unpublished). In
contrast, it has been reported that ZIP10 only partially colocalizes
with PrP® in N2a cells and is not detected in detergent-resistant
rafts (Ehsani et al., 2012). These data raise the intriguing pos-
sibility that a cell-surface, lipid raft-based complex, possibly
stabilized by PrPC, regulates the cell surface expression of certain
zinc transporters and thus zinc uptake.

PrPC IS A CELL SURFACE RECEPTOR FOR Ag OLIGOMERS

In 2009, PrP€ was identified as a high-affinity receptor for A
oligomers, the primary neurotoxic species in AD (Lauren et al.,
2009). The presence of PrPC in hippocampal slices was shown

to be responsible for the AP oligomer-mediated inhibition of
long-term potentiation (LTP) (Lauren et al., 2009). PrPC was also
required for the manifestation of memory impairments in an AD
mouse model (Gimbel et al., 2010), which were reversed by intra-
cerebral infusion of an anti-PrP® monoclonal antibody (Chung
etal., 2010). Immuno-targeting of PrP¢ was shown to block com-
pletely the LTP impairments caused by A oligomers derived from
human AD brain extracts (Barry et al., 2011; Freir et al., 2011).
AB oligomers bound to PrPC activate the non-receptor tyrosine
kinase Fyn (Um et al., 2012; Rushworth et al., 2013) and results
in pathological changes in tau (Larson et al., 2012). Although
there is general consensus that PrP® can bind oligomeric forms of
AB, some studies dispute a role for PrP® in mediating Ap toxicity
(Calella et al., 2010; Kessels et al., 2010).

It has been hypothesized that a putative transmembrane co-
receptor is required to connect the binding of AP to the GPI-
anchored PrPC on the outer surface of the plasma membrane
with downstream effects inside the cell (Cisse and Mucke, 2009;
Lauren et al., 2009). The transmembrane low-density lipoprotein-
receptor related protein-1 (LRP1) is highly expressed in neuronal
cells (Nykjaer and Willnow, 2002), facilitates the endocytosis of
PrPC (Taylor and Hooper, 2007) and has been implicated in the
neuronal uptake of AB (Fuentealba et al., 2010; Kanekiyo et al.,
2011). We hypothesized, therefore, that LRP1 may play a role in
the PrP“-mediated action of AB oligomers (Figure 2). We showed
that LRP1 is required for the binding of AB oligomers to cells,
as well as for their subsequent internalization and cytotoxicity
(Rushworth et al., 2013). In parallel with our work on LRPI,
Strittmatter and colleagues identified the metabotropic glutamate
receptor, mGIuR5, as a co-receptor with PrP® for A oligomers
and was required to activate Fyn (Um et al., 2013). Furthermore,
antagonists of mGluR5 reversed the deficits in learning, memory
and synapse density in AD transgenic mice (Um et al., 2013). In
addition, the AB-PrP¢-mGluR5 interplay is involved in mediating
both long-term depression facilitation and LTP inhibition (Hu
et al., 2014). Thus, both LRP1 and mGluR5 appear to be trans-
membrane co-receptors in the AB-PrP® interaction, which are
required for the PrP®-mediated action of AB oligomers. Whether
both LRP1 and mGluR5 reside in the same complex with PrP® or
in separate signaling complexes is currently unclear.

A CELL-SURFACE, LIPID RAFT-BASED SIGNALING COMPLEX
INVOLVED IN AB OLIGOMER ACTION

Cell surface cholesterol-rich, detergent-resistant lipid rafts are
intimately involved in the production, aggregation and toxic-
ity of AP (Rushworth and Hooper, 2010; Di Paolo and Kim,
2011). For example, these membrane microdomains have been
linked with AP toxicity via Fyn, and rafts are involved in the
neuronal internalization of AB (Williamson et al., 2008; Lai
and McLaurin, 2010). We investigated whether the integrity of
lipid rafts is required for the binding of AP oligomers and the
subsequent activation of Fyn. Treatment of cells with methyl-
B-cyclodextrin caused the re-localization of PrP¢ and Fyn from
detergent-resistant rafts to detergent-soluble, non-raft regions of
the membrane as analyzed by sucrose density gradient centrifu-
gation in the presence of Triton X-100. Surprisingly, disruption
of the rafts with methyl-B-cyclodextrin significantly reduced (by
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FIGURE 2 | Schematic of PrPC-based cell-surface, raft-based complexes
involved in zinc uptake and A binding. PrPC acts as a hub for cell surface,
lipid raft-based signaling/transport complexes. PrPC associates with various

transmembrane proteins (such as AMPA receptors, LRP1, mGIuR5, etc.) in
these multi-protein complexes in a ligand-dependent manner (here shown for
the ligands zinc and AB oligomers within separate raft-based complexes).

80.6%) the cell surface binding of the AB oligomers, even though
the cell surface expression of PrP® was unaffected, and prevented
the AP oligomers from activating Fyn (Rushworth et al., 2013).
Thus, raft localization of PrP€ is required for the binding of A
oligomers, and the integrity of rafts and/or other raft-localized
proteins are required for the AB-mediated activation of Fyn.
These observations suggest that there is a cell-surface, raft-based
signaling complex that is key to the binding of AP oligomers and
the subsequent generation of cellular responses.

AP oligomers caused mGluR5 receptors to manifest reduced
lateral diffusion as they became aberrantly clustered (Renner
et al., 2010). Antibodies against PrP¢ and the NR1 subunit of
NMDA receptors had a similar inhibitory effect on Af oligomer
binding as the antibody against mGluR5, but there was not
an additive effect of the individual antibodies, suggesting that
mGluR5, PrPC, and NR1 may be in proximity to each other as well
as the AP oligomer binding site (Renner et al., 2010). Interestingly,
addition of AP oligomers to neurons caused a large increase of
mGluR5 in the Triton-resistant fraction (Renner et al., 2010),
although no link to its possible redistribution into detergent-
resistant lipid rafts was made. In another study, disruption of lipid
rafts by cholesterol depletion reduced the interaction of AB with
a-7-nicotinic acetylcholine receptors (Khan et al., 2010). These
observations are consistent with multiple (co)receptor proteins
for AP oligomers residing in cell-surface, raft-based complex(es).

PrPC AND RAFTS ARE DYSREGULATED IN AGING

Zinc homeostasis plays a major role in many processes related
to brain aging. For example, mouse models of accelerated aging,
such as senescence-accelerated mouse prone 10 (SAMP10) mice
display a low total zinc concentration in synaptic vesicles that is
associated with brain atrophy and defects in learning and mem-
ory (Saito et al., 2000), and dietary zinc deficiency influences

hippocampal learning and memory in an age-dependent man-
ner (Mocchegiani et al., 2005; Szewczyk, 2013). ZIP6 expression
has been reported to be decreased in an age-dependent manner
(Wong et al., 2013), although nothing has been reported about
the expression, subcellular localization or function of any other
ZIP in the aged brain. Caveolin-1 has been identified as a novel
control point for healthy neuronal aging, with the localization
of caveolin-1, PSD95, and AMPA receptors in lipid rafts being
decreased in aged (> 18 months) mice compared with young (3-6
month) mice (Head et al., 2010). Furthermore, in an aging series
(age 20-88 years) of human brains we reported that PrP® was
reduced in the hippocampus with increasing age (Whitehouse
et al., 2010). Preliminary data indicate that there is a significant
reduction of both ZIP1 and ZIP3 in the hippocampus of old (79—
88 years) compared with young (20-26 years) individuals (Watt
and Hooper, unpublished). These observations suggest that alter-
ations to the structure and function of the cell-surface, raft-based
zinc transporter complex may occur in aging and contribute to
the age-related dysregulated zinc homeostasis.

Aging is the greatest risk factor for AD and recently the REST
protein was reported to have a central role in protecting aging
neurons from degeneration (Lu et al., 2014). There is a close rela-
tionship between lipid rafts, cholesterol, and the age-associated
decline and dysregulation of cellular signaling pathways (Ohno-
Iwashita et al.,, 2010). A key component of a subset of rafts,
caveolin-1, was identified as a novel control point for both Af-
based neurodegeneration and healthy neuronal aging (Head et al.,
2010), and caveolin-1 expression is altered in AD (Gaudreault
et al., 2004). In addition, the level of PrPC is altered in both
the AD and aging brain (Whitehouse et al., 2010, 2013; Larson
et al., 2012). Thus, dysregulation of the structure and function
of cell-surface, raft-based signaling complexes may occur in, and
contribute to, both AD and aging.
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CONCLUSION

PrPC appears to be involved in multiple physiological and patho-
logical processes, including as highlighted here, neuronal zinc
uptake and AP oligomer binding and toxicity. We propose that
PrPC acts as a hub for cell surface, lipid raft-based signal-
ing/transport complexes, and that the different roles that the
protein has are due to the selective interaction of PrPC with dif-
ferent ligands (such as zinc or AB oligomers) and/or co-receptors
(such as AMPA receptors, LRP1, mGluR5) in these multi-protein
complexes (Figure2). It is likely that these complexes are rel-
atively transient in nature, being stabilized upon binding of a
particular ligand for a limited time period before dissociation or
endocytosis terminates the signaling or transport process. The use
of more sophisticated techniques, such as super resolution light
microscopy, should enable the molecular details of these different
lipid raft-based signaling/transport complexes to be determined
and provide a clearer picture of the role of PrPC and lipid rafts in
neuronal zinc transport and Af action in AD. It will also be inter-
esting to determine how the interplay between PrPC, zinc, and AB
may underlie aging and age-related diseases.
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The cellular prion protein (PrP€) has been widely investigated ever since its conformational
isoform, the prion (or PrPS¢), was identified as the etiological agent of prion disorders. The
high homology shared by the PrPC-encoding gene among mammals, its high turnover rate
and expression in every tissue strongly suggest that PrP¢ may possess key physiological
functions. Therefore, defining PrPC roles, properties and fate in the physiology of
mammalian cells would be fundamental to understand its pathological involvement in prion
diseases. Since the incidence of these neurodegenerative disorders is enhanced in aging,
understanding PrPC functions in this life phase may be of crucial importance. Indeed, a
large body of evidence suggests that PrPC plays a neuroprotective and antioxidant role.
Moreover, it has been suggested that PrPC is involved in Alzheimer disease, another
neurodegenerative pathology that develops predominantly in the aging population. In prion
diseases, PrPC function is likely lost upon protein aggregation occurring in the course of
the disease. Additionally, the aging process may alter PrP¢ biochemical properties, thus
influencing its propensity to convert into PrPS¢. Both phenomena may contribute to the
disease development and progression. In Alzheimer disease, PrPC has a controversial
role because its presence seems to mediate p-amyloid toxicity, while its down-regulation
correlates with neuronal death. The role of PrPC in aging has been investigated from
different perspectives, often leading to contrasting results. The putative protein functions
in aging have been studied in relation to memory, behavior and myelin maintenance. In
aging mice, PrPC changes in subcellular localization and post-translational modifications
have been explored in an attempt to relate them to different protein roles and propensity
to convert into PrPS¢. Here we provide an overview of the most relevant studies attempting

to delineate PrPC functions and fate in aging.

Keywords: PrP, aging, Alzheimer di

INTRODUCTION

The conformational conversion of the cellular form of the prion
protein (PrP®) into a B-sheet enriched isoform denoted as prion
(PrP%) is central in neurodegenerative pathologies collectively
know as prion diseases (Prusiner, 2001).

The PrPC is a sialoglycoprotein that is attached to the outer
leaflet of the plasma membrane via a C-terminal glycosylphos-
phatidylinositol (GPI) anchor (Stahl et al., 1990). In the cell Prp€
may be expressed in different glycosylated forms, corresponding
to the variable occupancy of the residues Asn180 and Asnl96
(Haraguchi et al., 1989). While the C-terminal domain is folded
in ordered and distinctive secondary structures, the N-terminal
portion is flexible, unstructured and contains a unique octapep-
tide repeat (OR) region (Zahn et al., 2000). The OR confers prpC
one of its most salient features, i.e., the ability to bind divalent
cations, prominently copper and to a lesser extent zinc, nickel,
iron, and manganese (Stockel et al., 1998; Jackson et al., 2001;
Singh et al., 2010; Arena et al., 2012). Indeed, at physiological
pH copper shows the highest binding affinity (Chattopadhyay
et al., 2005; Liu et al., 2011). The importance of copper binding
for PrP® function is reflected in the high OR structural homol-
ogy among different species (Hornshaw et al., 1995). Two of the

prion di

most investigated putative functions for PrPC are neuroprotection
and defense against oxidative stress, both relevant in neurodegen-
eration and cell aging (Vassallo and Herms, 2003; Roucou and
LeBlanc, 2005; Aguzzi et al., 2008). In agreement with these find-
ings, PrP® copper binding sites support the reduction of Cu?*
to Cu™, thus preventing reactive oxygen species (ROS) formation
(Liu et al., 2011).

Although contrasting results are likely due to the different
experimental protocols employed, PrPC is expressed in almost
all body organs and tissues, from embryonic to aging stages
(Fournier et al., 1998; Goldmann et al., 1999; Sales et al., 2002).
However, the expression levels are differently regulated according
to the age and tissue distribution. For instance, while PrPC shows
a high expression in the central nervous system (CNS), where it is
differently regulated during development and aging, it is present
at very low levels in the liver (Horiuchi et al., 1995; Moudjou et al.,
2001; Peralta et al., 2012). The broad homology conservation of
the PrP¢-encoding gene among mammalian and avian species
(Hornshaw et al., 1995), the expression of the protein in many tis-
sues during the entire lifespan, and its high turnover rate strongly
indicate that PrP® possesses key physiological roles. However, the
definition of PrP®’s univocal function is still under debate.
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The PrP% isoform can form protein aggregates, known as
prion deposits, often present as amyloid structures, which can
propagate and possibly cause cell death. Despite continuous
steps forward toward the definition of the conformational switch
mechanism, the trigger of the posttranslational remodeling event
is still obscure, especially in sporadic prion disorders. In the
inherited forms of prion diseases, a genetic mutation in the open-
reading frame of the gene leads to amino acid substitutions, which
in turn destabilizes the protein structure over time, promoting
PrPC to PrP5¢ conversion. In the infective forms, a preformed
PrP%¢-aggregate triggers the conversion of endogenous PrP¢. In
the sporadic forms of the disease, several unknown factors may
perturb the protein structure, thus favoring PrP% formation
(Prusiner, 1991, 1994).

If a cause-effect relationship between prion deposits and cell
death does not always exist (Lasmezas et al., 1997), a probable
consequence of PrP® conversion into PrPS¢ is the loss or alteration
of its cellular function. Whether this impairment contributes
or not to disease development is still under debate. Moreover,
PrPC is also involved in Alzheimer disease (AD) (Kellett and
Hooper, 2009). Whether in AD PrP® mediates neuroprotection
or B-amyloid toxicity is still under investigation.

All these observations, together with the fact that the highest
incidence of prion disorders and AD is in the elderly popula-
tion, have renewed the interest of scientists in investigating of the
role of PrPC during aging. The two main topics under study have
been: (i) PrPC physiological functions in aging models, and (ii)
consequent changes in PrPC biochemical properties. The latter
may be triggered by the cellular aging process and may promote
prion aggregate formation. To date, studies into PrP® role in
aging are contrasting, mostly due to different animal/cellular sys-
tems employed and the lack of consistency in defining aging in
experimental models.

Here we provide a comprehensive overview of studies attempt-
ing to understand PrPC function and fate in aging and relate them
to the neurodegenerative processes.

AGING

In mammals, aging is defined as the accumulation of changes
in an individual over time and represents a multifaceted pro-
cess of social, psychological, and physical alterations (Bowen
and Atwood, 2004). Normal aging is associated with signifi-
cant cognitive declines, such as decreased speed of information
processing, working memory capacity, and long-term memory
function (Hedden and Gabrieli, 2004). However, changes that
occur in aging brains are less linked to chronological time than
it was thought in the past. For instance, individual brains may
grow old developing less alterations than others (Esiri, 2007).
The study of age-related changes in the human brain is chal-
lenging for two main reasons: (i) increasing improvement of
nutrition during the last century limits our ability to directly com-
pare human brain samples between generations; and (ii) most
elderly brains show some pathological hallmarks, thus complicat-
ing the distinction between “normal aging” and “disease” (Esiri,
2007). In the past, it was thought that the main cause of age-
related cognitive decline was massive neuron loss (Brody, 1955)
and deterioration of dendritic branches (Scheibel et al., 1976;

Scheibel, 1979). Now we know that alterations occurring in nor-
mal aging are more subtle and selective. In fact, it seems that most
age-linked behavioral impairments are due to region-specific
changes in dendritic morphology, cellular connectivity, calcium
dysregulation, gene expression or other factors that affect plastic-
ity and alter neuron network dynamics (Burke and Barnes, 2006).
A crucial factor for brain aging is the enormous requirement
that neurons have for oxidative metabolism required by energy
consumption. Neurons need extraordinary amounts of energy
because of: (i) the size and the ensuing energy-consumption
system of transport for molecules and organelles; and (ii) the
electrical activity for impulse transmission, implying ion gradient
maintenance. The high degree of oxidative metabolism generates
high amounts of ROS that damage proteins, nucleic acids and
lipids, thus interfering with normal cell metabolism and result-
ing, for instance, in altered gene expression and abnormal protein
generation (Esiri, 2007).

Mitochondrial efficiency decline, paralleled by oxidative stress,
which occurs with aging, is connected to alterations in calcium
homeostasis, in particular to higher calcium content in neuron
cytosol after excitatory stimulation. Indeed, glutamate activation
of N-methyl-D-aspartate (NMDA) receptors produces a tran-
sient elevation in intracellular calcium concentration, which is
increased in normal aging. Disruption in calcium homeostasis
predisposes aging neurons to more extended damage after stress
and eventually leads to cell death by apoptosis (Cowan et al., 2001;
Thibault et al., 2001; Esiri, 2007).

In this scenario, PrP¢ may possess different functions: (i) neu-
ron protection from oxidative stress through antioxidant activ-
ity, by sensing copper and/or free radical stimuli (Vassallo and
Herms, 2003); (ii) modulation of calcium entry through NMDA
receptor pore by inhibition of the channel activity (Cowan et al.,
2001; Lo et al., 2007); (iii) anti-apoptotic effect on Bax-mediated
cell death (Bounhar et al., 2006; Lo et al., 2007).

WHICH MOUSE AGE SHOULD BE CONSIDERED AS AN AGING MODEL?
For many reasons, researchers often use terms as aged or old mice
that may not be proper by definition. A wild-type mouse goes
through the following life phases (http://research.jax.org/faculty/
harrison/gerlvLifespanl.html) (Flurkey et al., 2007):

e Mature adult [3—-6 months old (mo) mouse]: this period is the
reference for any age change; these mice are fully developed, but
not senescent; after 6 months of age mice can show some age-
related changes, for instance females are retired from breeding
because litter size begins to diminish.

e Middle age (10-15 mo mouse): senescent changes can be
detected in some, but not all, biomarkers of aging; these mice
are generally used to determine if an age-related change is
progressive or occurs only in old age.

e Old (18-24 mo mouse, or older): senescent changes can be
detected in almost all biomarkers in all animals.

Taking into account these categories, few studies claiming the
use of old mice indeed employ a properly aged model. For the
purposes of this manuscript, this point has to be carefully taken
into account, especially in respect of studies on PrP® biochemical
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property changes in aging. On the other hand, studies on PrP®
knockout mice (also noted as Prnp®/?), when not performed on
old animals, as defined above, can nevertheless reveal progressive
age-related changes that start earlier because of PrP® absence. To
let the reader critically consider reported results and conclusions,
we will specify for each reviewed study the age of the animals used.

PrPC ROLE IN AGING

As previously mentioned, PrP€ is highly conserved and expressed
among mammals, and it may play important physiological roles.
However, numerous efforts aimed at identifying PrP® func-
tion have harbored contrasting results. Most of the work has
focused on the nervous system, which is the organ with the
highest PrP® expression and the site of prion disease pathol-
ogy. Several results have linked PrP® to many cellular pro-
cesses, such as neuronal survival, neurite outgrowth, synapse
formation/maintenance/functionality, and myelinated fiber for-
mation/maintenance (Aguzzi et al., 2008). However, its expres-
sion in many other tissues indicates that PrP® has either many
different functions or a function compatible with diverse cellular
types.

A large body of evidence suggests that PrPC plays a role in
essential metal homeostasis, resulting in protection from oxida-
tive stress. An overlap between systems controlling essential metal
homeostasis and oxygen radical metabolism has been exten-
sively documented (Avery, 2001). For instance, many antioxidant
enzymes need metal ions as cofactors. PrPC has been associ-
ated with cellular systems that control redox balance and protect
against oxidative stress (Brown and Sassoon, 2002). Indeed, PrpC-
null models show: (i) increased neuronal sensitivity to oxidative
stress (Brown et al., 1997; Rachidi et al., 2003); (ii) alterations
of superoxide dismutase 1 (SOD1) activity due to impairments
in copper incorporation (Brown and Besinger, 1998; Kralovicova
et al., 2009); (iii) higher levels of lipids and protein oxidation
(Wong et al., 2001). Moreover, PrP® expression is increased by
heat shock, hypoxia, ischemia, hypoglycemia, stroke, and knock-
down of any SOD protein while shutting down PrP® increases
extracellular-SOD expression and SOD2 activity (Brown and
Besinger, 1998; Shyu et al., 2000, 2004, 2005; McLennan et al.,
2004; Mitsios et al., 2007; Kralovicova et al., 2009). Furthermore,
in vitro PrPC possesses SOD-like activity with a dismutation con-
stant rate similar to SOD2 (Brown et al., 1999, 2001; Cui et al.,
2003; Treiber et al., 2007). A possible link between SOD and PrP®
may be copper. Indeed, SOD activity depends on copper incor-
poration and probably involves Cu?* reduction, characteristics
shared with PrP€ (Brown et al., 2001). It should also be noted
that PrPC is cleaved at the end of the OR through the action of
ROS, a process termed B-cleavage. p-cleavage is considered an
early and critical event in the mechanism through which PrP®
protects cells against oxidative stress. If a PrP construct lacks the
OR, the protein will fail to undergo ROS-mediated p-cleavage,
as occurs with two mutant forms associated with prion diseases
(Watt et al., 2005).

PrPC ROLE IN BEHAVIOR AND LEARNING AS A FUNCTION OF AGE
Two main observations suggest that PrP® plays a role in behav-
ior and learning mechanisms in aging: (i) PrP is predominantly

expressed in neurons, reaching the highest level in the hippocam-
pus (DeArmond et al., 1987; Benvegnu et al., 2010); (ii) PrPC
brain expression is increased in aging (Williams et al., 2004).
However, studies carried out on PrP€ knockout mice have some-
times produced contrasting results, likely due to differences in
lines and age.

The behavioral characterization of the first PrP¢ knockout
(ZurichI) mouse generation was performed in 7 mo mice (Bueler
et al., 1992). At this age these mice cannot be considered aged.
Nevertheless, the latter study represents a good starting point
toward analyzing alterations triggered by PrPC ablation. In the
swim test and in the Y-maze, PrP€ knockout mice did not reveal
learning impairments, although there were large individual dif-
ferences within test and control groups. In the two-way avoidance
test, in which animals have to avoid an electrical shock announced
by a light by running to the opposite chamber of the box, thus
involving also motorial ability, PrP® knockout mice showed a
slightly lower performance, but the great variability in each group
hid a possible significant difference. As Biieler and colleagues
state, these results should be carefully considered because of the
dissimilar loci surrounding Prup®/® and wild-type (Prup*/*)
alleles, due to different genetic background.

However, a follow-up study using the same mouse line showed
that Prnp®° mouse aging-related behavior alterations could not
be ascribed to surrounding loci differences, but to PrP® ablation
itself (Coitinho et al., 2003). Differently from Biieler and col-
leagues data, here statistically significant results were obtained by
applying other behavioral tests and by increasing the animal age: 9
and 3 mo Prnp®/® and Prup*/* mice were compared in regards to
fear-motivated learning, locomotor activity, exploratory behavior
and anxiety. Nine mo PrP® knockout mice showed impairments
in short- and long-term memory and exploratory activity. With
exception of the exploratory activity, 9 mo Prnp®/® mouse perfor-
mances were recapitulated in 9 mo rats injected in the hippocam-
pus with anti-PrP® antibody, thus ruling out the involvement of
the surrounding loci in memory alterations in the aging PrP®
knockout line.

Another study concerning aging-related PrPC role in behav-
ior control was performed on 3 and 11 mo mice from three
lines (wild-type, Prup®® and PrP® overexpressing Tga20 on a
Prnpo/ 0 genetic background) (Rial et al., 2009). Collectively the
data showed that PrP® overexpressing Tga20 mice were less sus-
ceptible to aging-caused alterations in locomotion, anxiety like
responses and short-term social recognition memory in com-
parison with Prup™/+ and Prnp®/® mice. On the contrary, PrP®
knockout mice resulted more susceptible to age-related decline in
comparison with wild-type mice. Biochemical analyses revealed
that Tga20 mice have lower neuron caspase3 activation and serum
acetylcholinesterase levels, and higher synaptic density. In light
of these cognition-enhancing properties, Rial and colleagues sug-
gest in particular the interaction of PrPC with the stress-inducible
protein 1 as a target for pharmaceutical intervention to attenuate
age-related cognitive impairments.

More recent results confirmed age-dependent behavioral
abnormalities in Zurichl PrP¢ knockout mice (Schmitz et al.,
2014). The following alterations were reported: (i) poor native
nest building behavior in young (3 mo) and old (9 and 20 mo)
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PrPC knockout mice; (ii) higher latency in exploring a new envi-
ronment only in young but not in old PrP® knockout mice;
(iii) more pronounced drop in anxiety during aging in PrP¢
knockout mice; (iv) decline in associative learning in old Prp€
knockout mice compared to age-matched wild-type. Schmitz and
colleagues wanted to relate the observed behavioral abnormal-
ities to neuron structural alterations in PrP® knockout mice.
They found PrPC-dependent alterations in cytoskeletal proteins
that are responsible for morphology, structure, and stability of
neurons, thus related to learning processes. Indeed, PrP® was pre-
viously reported to functionally interact with cytoskeletal proteins
(Dong et al., 2008; Malaga-Trillo et al., 2009).

Telling’s group performed a work on a slightly different line,
the Zurichl crossed with wild-type FVB animals (Nazor et al,,
2007). On the rotarod, Prup®/® on FVB background mice showed
an age-dependent motor behavior deficit in comparison to wild-
type, suggesting a function for PrP® in maintaining sensorimotor
coordination. This difference between wild-type and PrP® knock-
out mice was detected starting from 3 to 8 mo. Moreover, these
mice at 6 mo revealed vacuolation in different brain regions.
Although vacuolation has been rarely reported in PrP® knockout
mice, Telling and coworkers parallel their findings, concerning
both spongiosis and motor impairments, with results from a
transgenic murine model expressing the PrP mutation linked to
Gerstmann-Striussler—Scheinker syndrome (GSS), thus suggest-
ing the loss of PrP® function as disease mechanism.

Another study was performed by Massimino and colleagues
using three groups of congenic mice: wild-type FVB, PrP® knock-
out on FVB background and Tg46 mice in which PrP® expres-
sion was rescued over a PrP¢ knockout background (Massimino
et al., 2013). While young (3 mo) PrP€ knockout mice did not
show any alteration, aged (15-18 mo) animals revealed perturbed
behavioral pattern, in particular difficulties in adapting to new
situations and in locomotor activity, likely due to a depressive syn-
drome. The authors suggest that PrP® absence affects emotional
reactivity. The authors did not carry out histological analysis of
old Prnp®/® mice, therefore, it is not known whether the PrP¢
knockout colony employed showed the vacuolation phenotype
observed by Telling’s group studying the same mouse line. To
our knowledge, the result obtained by Telling’s and coworkers is
the only one showing vacuolation in Prnp®/° mice. For instance,
Aguzzi and colleagues did not detect any morphological anomaly
in 14 mo Zurichl Prnpo/0 mice (Bremer et al., 2010).

Taken together, all these studies demonstrate that PrP®
absence affects learning, cognitive and behavioral skills in aged
mice. A possible cause of these alterations is the lack of PrP¢-
mediated neuroprotection and reduction of oxidative stress, par-
ticularly important to preserve neuron functions in the aging
brain milieu.

PrPC ROLE IN MYELIN MAINTENANCE

Alterations occurring during both normal aging and neurodegen-
erative pathologies largely involve maintenance and regeneration
of myelin structure (Verdu et al., 2000; Peters, 2002; Bartzokis,
2011). Metal ions, in particular copper and iron, are necessary
for both myelin formation and maintenance (Skripuletz et al.,
2008; Benetti et al., 2010). Therefore, PrP¢ may influence myelin

by maintaining copper and iron homeostasis, pathways in which
PrP€ has been involved (Pauly and Harris, 1998; Brown and
Harris, 2003; Rachidi et al., 2003; Miura et al., 2005; Singh et al.,
2009). By studying 14 mo (middle aged) mice, Aguzzi’s group
reported that PrP® knockout mouse sciatic nerve contains more
digestion chambers, i.e., macrophages ingesting myelin debris of
degenerating nerve fibers, compared to wild-type mice. Moreover,
they showed that PrPC expression on neuronal cells, but not on
Schwann’s cells, is fundamental to preserve myelin fibers and pre-
vent chronic demyelinating polyneuropathy (CDP) in the periph-
eral nervous system. This finding suggests that neuronal PrP® in
trans expression is required for a directional communication from
axons to Schwann cells (Bremer et al., 2010).

As suggested in a study from our group (Benvegnu etal., 2011),
PrP® may exert a direct role in myelin sheath formation and
structural preservation through its modulation of B-secretase 1
(BACE1) (Parkin et al., 2007). Results obtained in sciatic nerves
from 15 mo mice highlight that PrP® influences cleavage and
processing of neuregulins. Neuregulins are a class of proteins cru-
cial for myelin maintenance in the peripheral nervous system,
and their cleavage by BACEL is necessary for signaling func-
tions. Hence, PrP® positively regulates neuregulin processing,
thus affecting their function in myelin homeostasis, maybe by
modulating BACE1 activity. Interestingly, in the previously men-
tioned work, Aguzzi’s group showed that CDP is prevented by
PrP® variants that are permissive for proteolytic amino-proximal
cleavage, but not by variants that do not undergo cleavage.
Indeed, all transgenic mice showing CDP lacked C1, i.e., the frag-
ment generated by a-cleavage, while all transgenic mice in which
the CDP was rescued produced high C1 levels. Hence, the cleav-
age of PrP® seems to be functional for its myelinotrophic role
(Bremer et al., 2010).

AGING-RELATED MODIFICATION OF PrPC BIOCHEMICAL
PROPERTIES

The most common occurrence of human prion diseases (about
80%) is sporadic. This means that a trigger of prion patholo-
gies may be neither a genetic mutation nor an infectious seed,
but most likely an unknown alteration that provokes the switch
from PrPC to PrPS¢ (Prusiner, 2001). The aging process itself
may modify PrP¢ biochemical properties, making the protein
more prone to convert into PrP¢. For instance, loss of glycosy-
lation in cell models favors PrPC acquisition of PrP¢-like features
(Lehmann and Harris, 1997). Indeed, glycans regulate PrP© fold-
ing, intracellular trafficking, localization and function on the
neuronal surface, thus their pattern modifications can be likely
linked to the disease development. PrP® biochemical properties
that may be altered by cellular changes occurring during the aging
process are: expression levels, post-translational modifications,
such as glycosylation and phosphorylation, as well as localiza-
tion in cellular domains, such as inside/outside membrane lipid
rafts.

As mentioned in a previous paragraph, analysis of both
parenchyma and microvessels revealed higher levels of both
glycosylated and unglycosylated PrPC in C57Bl/6] old (18
and 24 mo) mice (Williams et al,, 2004). Concerning PrpC
diverse glycosylation isoforms, the three main bands appearing
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in one-dimensional immunoblots are commonly considered
corresponding to di-glycosylated (~35 KDa), mono-glycosylated
(~32KDa) and un-glycosylated (~28 KDa) (Collinge, 2001; Pan
et al., 2002). However, by applying a panel of monoclonal
antibodies, the presence of additional lower molecular weight
bands representing N-terminally truncated PrP® isoforms has
been shown (Pan et al, 2002). Moreover, two-dimensional
immunoblot analysis revealed in human brain more than 50
PrPC species which derive from several glycosylation and cleavage
combinations. Interestingly, accumulation of aberrant full-length
PrP¢ bound to immature N-linked glycans is indeed a com-
mon feature of prion disease (Pan et al., 2005a,b,c). Spurred
by these findings, Goh and coworkers investigated N-linked gly-
cans on PrP¢ during normal aging in mouse, providing the
first glycan profile of full-length and truncated PrP® isoforms
(Goh et al., 2007). The oldest mice they used were 15 mo. First,
they found that different mouse lines (i.e., CD-1 and FVB)
have different PrP¢ metabolism resulting in isoform heterogene-
ity. In general, they showed that the truncated form of PrP®
undergoes a simplification in its glycosylation process during
aging, while the amount of complex oligosaccharides on the
full-length PrP® increases. This finding contrasts with what was
observed in aging compared to young cattle (Yoshioka et al,
2010), but resembles what was previously detected in human
brains affected by prion disorders (Pan et al., 2005b). It has been
shown that PrP® glycosylation state may modulate affinity for
copper binding (Moudjou et al., 2007). In particular, the non-
glycosylated species showed stronger binding to divalent cations
(copper and cobalt) in vitro. Therefore, decreasing PrP® glycosy-
lation levels during aging may increase copper binding capacity,
thus improving PrPC antioxidant function. Interestingly, galac-
tose, which has been detected in this study on full-length PrP¢
in aging, is also highly present on PrpSc (Safar et al., 1990).
Moreover, sialic acid content increases with aging on the trun-
cated PrP® but remains unchanged on the full-length PrP¢. As
the authors observe, the presence of anionic residues may mod-
ulate PrP%¢ mobility, thus facilitating its propagation in prion
disorders.

As previously mentioned, aging can modify PrPC subcellu-
lar localization. Indeed, our group reported that PrP¢ moves
from detergent soluble membrane fractions to lipid rafts in aged
(20-21 mo) mouse hippocampus (Agostini et al., 2013). No dif-
ferences in the total PrPC expression amount were detected, in
contrast with what had been previously reported by another
group that used the same mouse line and a very similar
age but lacked repeated samples, normalization and statisti-
cal analysis (Williams et al., 2004). Changes in the choles-
terol/sphingolipid ratio has been reported in normal brain
aging, and in degenerative disorders, such as AD (Martin
et al, 2010). As cholesterol and sphingolipids are the two
main components of lipid rafts, their relative amount influences
many cellular pathways, including protein localization (Martin
et al., 2008; Trovo et al., 2011). PrP€ is a GPI-anchored pro-
tein, thus bound to lipid rafts and likely affected by aging-
related alterations in membrane composition. PrP® shift toward
lipid rafts triggered by changes in lipid composition was con-
firmed using model systems of lipid manipulation. Moreover,

decreasing sphingolipids, thus mimicking a juvenile condition,
reduced the formation of PrP% in a cell line model. This
suggests that age-related changes influence PrP® localization
and ensuing propensity to PrPS conversion (Agostini et al.,
2013).

PrPC AND AD
The most prevalent form of dementia is AD (Burns and Iliffe,
2009). Various factors are conducive to the risk of late-onset AD,
in particular old age, genetic factors, family history, a history of
head trauma, midlife hypertension, obesity, diabetes, and hyper-
cholesterolemia (Bendlin et al., 2010). AD is characterized by the
misprocessing of two proteins: intraneuronal tau and extracellu-
lar B-amyloid peptide (AB) (Querfurth and LaFerla, 2010). AP is
generated by the aberrant proteolytic processing of the amyloid
precursor protein by BACEL. Several studies have been performed
to understand if a toxic interaction between AP and PrP exists,
but the use of different in vitro or transgenic models has yielded
contrasting results (Schwarze-Eicker et al., 2005; Lauren et al,
2009; Balducci et al., 2010; Calella et al., 2010; Chung et al.,
2010; Kessels et al., 2010; Morales et al., 2010; Ordonez-Gutierrez
etal., 2013). Thus, in this manuscript, we will consider only what
has been found by analyzing AD patient brains. Whitehouse and
colleagues found that PrPC levels are decreased in AD patient hip-
pocampus, normal aging hippocampus, and temporal lobe, but
not in AD patient temporal lobe (Whitehouse et al., 2010). With
exception of AD patient temporal lobe data, these results are in
contrast with what was reported by Saijo et al. (2011), but cor-
relate with the PrPC decrease detected in the cerebrospinal fluid
of patients affected by different neurological disorders includ-
ing AD (Meyne et al., 2009). Since PrPC inhibits BACE1 (Parkin
et al., 2007), PrPC level reduction may elevate AR production.
Therefore, Whitehouse and colleagues suggest that PrP® decrease
is not a secondary consequence, but a primary cause of AD
and, by occurring also in normal aging, increases the incidence
of AD in old individuals. Interestingly, individuals with muta-
tions in the PrP encoding gene generating a truncated form of
the protein developed clinical AD symptoms at relatively young
age (Kitamoto et al., 1993). In aging, BACEL activity strongly
increases, thus enhancing AB production and the possibility of
deposit formation. The reduction of PrP-mediated BACE1 inhi-
bition due to the decrease in PrP® levels may be a cause of the
enzyme activity elevation (Whitehouse et al., 2010). Additionally,
since PrP€ is an antioxidant protein (Vassallo and Herms, 2003;
Aguzzi et al., 2008), its downregulation likely increases neuron
susceptibility to ROS, which rises in normal aging and in AD
(Halliwell, 2006; Zhu et al., 2007), hence contributing to disease
progression. However, a decrease in PrPC levels in AD does not
exclude that the residual protein mediates some Af toxic effects.
Besides, it has been recently reported that AR and PrPC do inter-
act specifically in AD patient brains (Dohler et al., 2014). This
result was obtained by means of a PrP¢-AB binding assay and
size exclusion chromatography, and no binding was detected in
non-demented age-matched controls.

Taken together, these results indicate that PrP®¢ may be
involved in AD. Therefore, its fate in aging is likely related to the
molecular mechanisms that induce neurodegeneration.
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CONCLUSIONS

As presented in this review, relatively few studies have been
carried out on the role of aging in the expression and regula-
tion of PrPC. Nevertheless, these experiments suggest that there
may be a correlation between the physiology of the cells in which
PrPC is present and its localization and processing during aging.
Particularly in the CNS, where it is abundantly expressed, PrP¢
plays a prominent role as the precursor of PrP% and thereby
dictates the amount and extension of the conversion and accumu-
lation process of prions. In aging, the physiology and the cellular
localization of the protein may change concomitantly to differ-
ent biochemical milieus in the cell membrane. Indeed, either
membrane composition, in particular lipid raft composition, or
additional protein complexes proximity to PrP®, may influence its
physiological functions. As indicated in the final paragraph, these
changes may have a general relevance for more common causes of
dementia such as AD. More work is necessary to define the pre-
cise role of PrPC in the progression of AD and perhaps in other
neurodegenerative diseases.
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Prion protein family comprises proteins, which share not only similarity in their primary
structure, but also similarity in their fold. These two groups of similarity presume
a parceling in their respective biological function through the common biochemical
properties. In this review, biochemical and structural similarities of PrP and two other
proteins, Doppel and Shadoo, are evocated. Some evidence demonstrating respectively
similarity between PrP N-terminal and C-terminal domain with respectively Shadoo and
Doppel is presented. We extended primary structure similarity analysis to the other PrP
subdomain as 166-176 polyNQ domain and compare it to proteins using aggregation as
a support for structural information transference and structural epigenetic. Finally, we
questioned if prion protein family have conserved the PrP structural bistability, which
should be at the origin of Prion phenomenon and if Prion pathology is not, ultimately,
an exaptation of the physiological propensity of PrP to undergo a structural switch and

polymerize.

Keywords: shadoo, doppel, PrP, prion protein, amyloid, evolution, dynamic systems

PRNP AND ITS PARALOGS

When prion gene was firstly identified it was named “sine,” to
indicate scrapie incubation period of the ME7 scrapie agent in
mice (Dickinson et al., 1968), later it was shown that this gene
corresponds to the murine prion gene, and is linked to the Prn-i
gene, which determines incubation time in experimental scrapie
(Oesch et al., 1985; Carlson et al., 1986). Human PRN gene locus
contains three genes: PRNP, PRND, and a novel gene PRNT
(Makrinou et al., 2002). Cellular prion protein (PrPC) is encoded
by PRNP gene as a single copy. This last has been mapped on the
mouse chromosome 2, and on chromosome 20 in the human,
where it was mapped to band 20p12-3pte (Sparkes et al., 1986).
Human and hamster PRNP consists of two exons, with open read-
ing frame (ORF) located in exon 2. In contrast PRNP of mouse,
sheep, and rat contain three exons, with the entire ORF located in
exon 3 (Lee et al., 1998).

First prion-related gene, Doppel (Dpl) or “downstream prion
protein-like gene,” was discovered during sequencing of cosmid
clones, isolated from a Prnpb/ b mouse (I/LnJ-4), due to the effort
for characterization of the locus around PRNP (Moore et al.,
1999). The gene encoding Dpl labeled PRND is located at the
same locus with the PRNP gene. The PRND is a single copy gene
and is located on the chromosome 2 in mouse 16 kb downstream
from PRNP, and at chromosome 20 in human 27 kb downstream,
and 52 kb downstream in ovine (Moore et al., 1999). PRND con-
sists of two exons in human, or 4 and 5 exons in mouse depending
on the different splicing. The two major transcripts are encoded
by the part of exon 3 and exon 4 (Flicek et al., 2014). Current
genomic evidence indicates that Dpl was present in the last com-
mon ancestor of tetrapods, but was lost in birds since there
divergence from reptiles (Harrison et al., 2010). The third mem-
ber of PRN locus, PRNT gene, was discovered 3 kb downstream
from PRND. Even if these three gens are evolutionary related

they show low primary structure homology which could suggest
distinct biological function.

A new gene outside of PRN locus was discovered by Premzl in
2003 during an exploration for potential homolog of PrP in the
in the NCBI non-redundant protein database. The gene coding
for Shadoo protein was labeled SPRN and is located at the chro-
mosome 7 in the mouse it has two exons, but the second exon
has ORF. Unique transcript of 3374 bps is translated in to the
protein product of 147 residues in mouse (Watts and Westaway,
2007). In the Enseml database 16 ortholog sequences of mouse
SPRN gene was published in four classes of Vertebtates from
bony fishes (Osteichthyes), reptiles (Reptilia), birds (Aves), and
mammals (Mammalia) (Flicek et al., 2014).

Comparison of predicted amino acid sequences of Sho
orthologs showed highly conserved signal peptide responsible
for exportation and one Arg-rich repetitive region containing
up to six tetra-repeats of consensus XXRG. Moreover, Sho has a
hydrophobic region of 20 residues, with strong homology to PrP
106-126 poly Ala segment. Sho’s C-terminal domain contains a
conserved NXT glycosylation motif and signal peptide predicated
for glycophosphotidylinositol (GPI)-anchor attachment (PremzI
etal., 2003).

THE EVOLUTIONARY ORIGIN OF PRION GENES

Bioinformatics analyses of PRN loci revealed the evolutionary
descent of prion genes from an ancestral ZIP metal ion trans-
porter (Ehsani et al., 2011). During the emergence of metazoa,
a cysteine-flanked core domain was inserted, or de novo arose,
in a pre-existing ZIP ancestor gene to generate a prion-like
ectodomain in a sub-branch of ZIP genes. Approximately a half-
billion years later, a genomic insertion of a spliced transcript
coding for such a prion-like ZIP ectodomain may have created the
prion founder gene (Ehsani et al., 2011). Premzl and colleges were
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annotated the prion gene family (PrP-GF) in 42 complete eukary-
otic genome assemblies, uncovering new genes and pseudo genes.
According to this evidence it is likely that the Dpl gene was present
in the last common ancestor of Tetrapoda, but it was lost in the
bird lineage, since its divergence from reptiles. It has been sug-
gested that PRNP and SPRN have evolved from the same ancestral
gene into genes that may still share some functions, but may also
have also gained new biological roles (Premzl et al., 2004). SPRN
gene in mammals and fishes has conserved their genomic posi-
tion. It is located close to the proximal adjacent gene, encoding
a GTP-binding protein (GTP). This gene has tail-to-tail orienta-
tion relative to SPRN and it is conserved from fishes to mammals.
The other most proximal gene encodes an amine oxidase (AO),
is conserved between Fugu (Arothron sp.) and mammals, and it
has also tail-to-tail orientation with SPRN. The block of three
genes, with its conserved gene order (AO—GTP-SPRN) and ori-
entation is an example of conserved contiguity between fishes
and mammals, strongly indicates gene orthology. The genes distal
to SPRN are not conserved between mouse and human indicat-
ing a chromosome rearrangement in either the mouse or human
genome (Premzl et al., 2003). The proteins coded by PRNP and
his two paralogs PRND and SPRN are grouped in the prion
protein family (Prion, Dpl, and Shadoo protein respectively). In
contrast, protein product of PRNT gene does not share any dis-
tinctive homology with any of proteins of PrP-GF excluding any
functional relation (Harrison et al., 2010).

THE PrP PROTEIN

When PrP coding sequences were compared in 26 mammalian
species it was found that part of sequence for glycosylation

sites, positions of cysteines responsible for formation of disul-
fide bridge, and sequence for putative hydrophobic transmem-
brane region (Zhang et al., 1997) are perfectly conserved (Van
Rheede et al., 2003). Human PrP precursor protein consists of
253 amino acids. It is processed in the ER and Golgi complex
during the transport to the cell surface. In the ER its N-terminal
signal sequence of 22 residues is cleaved, as well as 23 residues
from C-terminal part, after addition of glycosyl phosphatidyli-
nositol (GPI) anchor (Yusa et al., 2012). PrP is properly folded
before transporting to the Golgi complex, where it can be dif-
ferently glycosylated at N181 and N197 position. In cell surface,
PrPC can exist in unglycosylated, monoglycosylated, and digly-
cosylated form (Meyer et al., 1986). Mature PrPC consists of
208 residues (human numbering). It is cell surface glycoprotein,
attached to the membrane thought GPI anchor (Figure 1). The
N-terminal domain of PrP consists of positively charged amino
acid sequences and an octapeptide repeat sequence, which can
bind copper ions. Middle region between residues 106—126 con-
stitute conserved hydrophobic domain (HD) rich with alanine
and valine. This last segment has been reported to be involved in
several regulatory processes (Rezaei-Ghaleh et al., 2011; Béland
and Roucou, 2012) and have been reported to be able to span
membrane (James et al., 1997).

Tertiary structure of PrP globular domain has been resolved
by NMR in 1996 (Rick et al., 1996) (Figure 2A). Since this first
3D structure, PrP tertiary structure of several other mammalian
species have been resolved (Lysek et al., 2005). All of them,
revealed similar and highly conserved fold. Moreover, the com-
parison between extractive PrPC, purified from bovine brain, and
bovine recPrP, produced in E.coli, revealed similar fold, meaning
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FIGURE 1 | Schematic representation of the domain architecture of PrP
family members. Doppel and PrP¢ have structured C-terminal domains
consisting of 3 a-helices (in red) and 2 short B-strands (in purple) as well as
positively-charged N-terminal regions. Disulfide bridges are indicated above
the proteins (-S-S-) and N-glycosylation sites (CHO) are denoted below the
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proteins. Repetitive regions are found in both PrPC (green) and Shadoo (dark
red) with the former possessing octarepeats binding copper and the latter
possessing tetrarepeats rich in arginine and glycine residues. A conserved
hydrophobic domain is also illustrated in PrP¢ and Shadoo (yellow) N-terminal

signal sequences are cleaved in all of them (white).
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that glycosylation and GPI anchor did not affect general PrP
fold (Hornemann et al., 2004). The PrP 3D structure reveals a
globular domain, which contains three a-helices comprising the
residues 144-154 (H1), 173-194 (H2), and 200-228 (H3) and a
short anti-parallel B-sheet comprising the residues 128-131 (B1)
and 161-164 (B2). Within the globular domain there is three
loops, between residues 167-171, at the end of H2 residues 187—
194, and in the C-terminal part of H3 residues 219-228. PrP
have a disulfide bridge between H2 and H3 helixes. The reduc-
tion of this S-S bond in vitro has been reported to be at origin of
structural switch and formation of amyloid fibrils (Jackson et al.,
1999). Moreover, it was demonstrated that the H2H3 segment
constitutes an independent folding unit (Adrover et al., 2010; Xu
etal, 2011) (Figure 2B).

DOPPEL PROTEIN

PRND gene coding Dpl a 179 residues protein, sharing 25% iden-
tity with PrP globular domain. As PrP, Dpl has a cell surface
exportation amino acids signal sequence at its N-terminus (1-27
residues) and GPI anchoring signal (from 156 to 179), at its C-
terminal domain. Dpl is processed in the ER and Golgi as PrP and
has two glycosylation sites, one at the 111 residues in the form
N-X-T occurring and second non-conserved N-V-T Asn-linked
glycosylation site at residue 99 (Figure 3A). The GPI anchor is
predict to be attached at Gly155. The Dpl, as PrP, is attached to
outer cell surface trough GPI anchored (Silverman et al., 2000).
Despite the fact that both Dpl and PrPC are attached to the
rafts, it was reported that they are attached to distinct microen-
vironments and not in the same raft domains. This observation

FIGURE 2 | 3D structure of residue 124-231 of recombinant PrP. (A)
Ribbon representation of the C-terminal domain of murine PrP (PDB:
1AG2). H1, H2, and H3 represent respectively helix 1, helix 2, and
helix 3. S1 and S2, B-sheet 1 and 2. (B) Superposition of ovine
ARQ structure (in yellow, PDB: ITPX) with the structure of purified

ovine H2H3 domain (in blue, residue 169-234, PDB: 2KTM). Left and
right represent two different view of the superimposition. As shown,
the H2H3 domain adopts quasi-similar fold the full-length globular
domain indicating that segment S1-S2-H1 does not contribute the
H2H3 folding.
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FIGURE 3 | (A) Protein sequence of Doppel. Multiple sequence alignment for
Doppel protein sequences of different species of vertebrates. Highlighted
conserved domains are in violet. Dots refers to identical residues, (-)
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represents gaps. (B) Two different view of mouse Dpl structure (PDB:1117).
(C) Two different views of the superimposition of the mouse PrP structure (in
yellow, PDB: 1AG2) and mouse Dpl structure (in blue, PDB: 1117).

makes the authors to propose that even though PrP and Dpl share
some identities they might have distinct functions (Shaked et al.,
2002).

NMR structure of the recombinant human Dpl protein
shows a short flexibly disordered N-terminal domain compris-
ing residues 24-51, and a globular domain extending from
residues 52-149 (Figure 3B). The globular domain contains
four a-helices comprising residues 72-80 (al), 101-115 (a2a),
117-121 (a2b), and 127-141 (a3), and a short two-stranded

anti-parallel B-sheet comprising residues 58-60 (f1) and 88—
90 (B2). The C-terminal peptide segment 144-149 folds back
onto the loop connecting B2 and a2 (Lithrs et al., 2003). Dpl
has two disulfide bonds (Cys95—Cys148 and Cys109—Cys143),
in contrast to the PrP who has one. This additional disul-
fide bound could contribute to restriction of Dpl conforma-
tional dynamics, making it more rigid. Even if the PrP and
Dpl present less than 25% of homology, their folds are similar
(Figure 3C).
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SHADOO PROTEIN

Nascent protein product encoded by SPRN OREF is subjected to
the similar type of processing events as the other members of
PrP family. The mature mouse Sho consists of 98 amino acids
it is a GPI-anchored protein (Premzl et al., 2003; Watts et al.,
2007). Sho also has functional ER targeting signal sequence, and
it can be modified with complex glycans and targeted to the
outer leaflet of the plasma membrane (Miesbauer et al., 2006). N-
terminal segment, from residues 25-42 has very strictly conserved

sequence (Figure 4A), with conserved methylation site at Arg27
(GGRGG). In human Sho the RGG repeats are consist of 15
residues: Arg residues are positively charged at physiological pH
and 7 Gly residues, 6 of them grouped as dipeptides “GG” giv-
ing a high degree of flexibility to the backbone. The increased
prevalence of Gly-Gly dipeptides, in the higher Eutherian mam-
mals, could suggest evolutionary pressure for increased flexibility
in this domain. In addition, proteins with an RGG-box motif
can have RNA-binding function (Thandapani et al., 2013). It
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The alignment was obtained and color coded by MEGA5 software, dots
refers to identical residues, (-) represents gaps, according to MEGA5S
convention. (B) Circular dichroism (CD) spectra of Sho at pH 3.8, 4.5,
and 70. CD spectra indicate that Sho adopts a random coil configuration
for 3.8 < pH < 70.
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is suggested that Sho could bind mRNA directly (Corley and
Gready, 2008) and thus play a role in neural plasticity as PrP,
through his involvement in neural signaling pathways (Kanaani
etal., 2005; Santuccione et al., 2005). HD in the middle of the pro-
tein is arranged in five tandem repeats (Figure 4), which consist
of GxxxG motifs. These motifs can have a role in organization of
transmembrane helixes and packaging of amyloidal fibers (Russ
and Engelman, 2000). HD has a high degree of homology with
PrP 106-126 domain. The primary structure analysis of Human
Sho reveals the existence of a one putative N-glycosilation site
(N111). Moreover, the different predication algorithms highly
suggest that Sho could be devoid of secondary structure. The CD
spectra of recombinant mouse Sho at different pH strongly sug-
gest that Sho adopts a random coil structuration (Figure 4B).
These observations strongly suggest that Sho belong to intrinsi-
cally disordered proteins (IDP) family.

STRUCTURAL DYNAMIC OF PRION PROTEIN FAMILY

In early 90th when conventional descriptions of prion pathol-
ogy failed to describe prion disease, a new theory considering an
infectious protein emerged (Griffith, 1967; Prusiner et al., 1982;
Prusiner, 1998). The prion theory, now largely extended, stipu-
late an autonomous structural rearrangement of PrP® into PrP%
conformer. The prion theory explicitly requires that PrP pro-
tein should exist, at least, in two conformations. However, the
existence of several strains, for a given PrP primary structure,

points out that PrP could exist not only in two conformations,
but as plethora of conformations, each associated with a phys-
iopathological state. The fact that PrP could adopt different
conformations, in the quasi-similar environments, makes PrP a
multi-stable protein, a hallmark of its plasticity. Therefore, one
can question why PrP protein, in particular, kept all along the evo-
lution such structural plasticity? The primary structure analysis
of prion protein family, could highlight this point. Indeed, diver-
gence of PRNP, PRND, and SPRN conduce to specific differences
in PrP, Dpl, and Sho proteins. The existence of additional disulfide
bridge in Dpl (Figure 3) highly reduces his plasticity, and there-
fore reduces Dpl’s propensity to adopt several conformations.
In terms of PrP-GF evolution, one can consider that additional
disulfide bond has been selected to reduce Dpl conformational
dynamic and hence, it’s self-propensity to undergo a deleterious
structural switch. A similar rational could be constructed for Sho.
This last protein, during the selection process have discarded seg-
ments reported to be involved in the conformational switch of
PrP, as it is the case of PrP globular part.

Another aspect of PRNP gene evolution, in relation with PrP
structural landscape, should be also evocated. Compared to Sho
and Dpl, the primary structure of PrP is highly conserved among
the mammals (Figure 5). This high conservation could be either a
hallmark of its folding, linked to its biological function, or linked
to the fact that the amount of mutations and variation in the pri-
mary structure of PrP could lead to the appearance of deleterious
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FIGURE 5 | The bootstrap consensus tree for Prion protein family.
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Prion protein sequences retrieved from NCBI Protein database: Mus
musculus Dpl (NP_001265449.1), Mus musculus Sho (NP_898970.1),
Mus musculus PrP (NP_001265185.1); Ovis aries Dpl (NP_001009261.1),
Ovis aries Sho (NP_001156033.1), Ovis aries PrP (NP_001009481.1);

—— Dpl Myotis lucifugus

‘|——DpIOvis aries
Dpl Homo sapiens

Dpl Mus musculus

substitution per site.

~_ N

Myotis lucifugus Dpl (XP_006096490.1), Myotis lucifugus Sho
(XP_006099074.1), Myotis lucifugus PrP (XP_006096489.1); Monodelphis
domestica Dpl (CAJ75789.1), Monodelphis domestica Sho (CAJ43800.1),
Monodelphis domestica PrP (NP_001035117.1); Homo sapiens Dpl
(NP_036541.2), Homo sapiens Sho (NP_001012526.2), Homo sapiens Prp
(NP_001073592.1). The horizontal bar indicates 0.2 amino-acid

Frontiers in Cell and Developmental Biology | Cell Death and Survival

February 2015 | Volume 3 | Article 5 | 111


http://www.frontiersin.org/Cell_Death_and_Survival
http://www.frontiersin.org/Cell_Death_and_Survival
http://www.frontiersin.org/Cell_Death_and_Survival/archive

Ciric and Rezaei

Conformational dynamic of PrP-genes family

events, as it is the spontaneous conversion. This last phenomenon
could be at the origin of PrP mutations responsible of the occur-
rence of GSS, FFI, and genetic CJD. To better understand this
low variability of PrP primary structure we have to consider PrP
primary structure in relation with its putative biological func-
tion. PrP protein could be segmented into two domains, the
N-terminal domain, highly flexible, binding Cu®** ions and the
globular domain. So far, most of the PrP biological functions
are reported to involve only N-terminal segment. Contribution
of the globular domain in the PrP physiological function is not
well understood (Béland and Roucou, 2012). The question may
arise: why during the mammalian evolution, the propensity of the
PrP globular domain to misfold, has not been suppressed, if PrP
biological function is only restricted to the N-terminal domain?
The answer to this question could be an entanglement between
PrP folding and biological function. Indeed, if we consider that
PrP biological function is intertwined with its structural bistabil-
ity in a highly controlled process, evolution should manage with
both PrP bistability and the homeostasis of this bistability. One of
direct consequences of this hypothesis is that highly controlled
PrP conversion could have a physiological role, and that prion
pathology could emerge as a breakdown of homeostasis of PrP
physiological conversion process, induced by appearance PrPS,
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