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Abstract
Background: Prions and amyloid-β (Aβ) oligomers trigger neurodegeneration by hijacking a poorly understood
cellular signal mediated by the prion protein (PrP) at the plasma membrane. In early zebrafish embryos,
PrP-1-dependent signals control cell-cell adhesion via a tyrosine phosphorylation-dependent mechanism.
Results: Here we report that the Src family kinases (SFKs) Fyn and Yes act downstream of PrP-1 to prevent the
endocytosis and degradation of E-cadherin/β-catenin adhesion complexes in vivo. Accordingly, knockdown of
PrP-1 or Fyn/Yes cause similar zebrafish gastrulation phenotypes, whereas Fyn/Yes expression rescues the PrP-1
knockdown phenotype. We also show that zebrafish and mouse PrPs positively regulate the activity of Src kinases
and that these have an unexpected positive effect on E-cadherin-mediated cell adhesion. Interestingly, while PrP
knockdown impairs β-catenin adhesive function, PrP overexpression enhances it, thereby antagonizing its nuclear,
wnt-related signaling activity and disturbing embryonic dorsoventral specification. The ability of mouse PrP to
influence these events in zebrafish embryos requires its neuroprotective, polybasic N-terminus but not its
neurotoxicity-associated central region. Remarkably, human Aβ oligomers up-regulate the PrP-1/SFK/E-cadherin/
β-catenin pathway in zebrafish embryonic cells, mimicking a PrP gain-of-function scenario.
Conclusions: Our gain- and loss-of-function experiments in zebrafish suggest that PrP and SFKs enhance the
cell surface stability of embryonic adherens junctions via the same complex mechanism through which they
over-activate neuroreceptors that trigger synaptic damage. The profound impact of this pathway on early zebrafish
development makes these embryos an ideal model to study the cellular and molecular events affected
by neurotoxic PrP mutations and ligands in vivo. In particular, our finding that human Aβ oligomers activate the
zebrafish PrP/SFK/E-cadherin pathway opens the possibility of using fish embryos to rapidly screen for novel
therapeutic targets and compounds against prion- and Alzheimer's-related neurodegeneration. Altogether, our data
illustrate PrP-dependent signals relevant to embryonic development, neuronal physiology and neurological disease.
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Background
Transmissible neurodegenerative disorders like CreutzfeldtJakob disease and bovine spongiform encephalopathy are
commonly associated with the accumulation of misfolded
prion protein (PrPSc) in the brain. In fact, PrPSc oligomers
can induce neuronal damage in vitro and in vivo [1, 2], and
some of the cellular mechanisms involved have begun to
emerge [3]. On the other hand, expression of the normally
folded protein (PrPC) on the surface of neurons is necessary
for PrPSc to effectively trigger neurodegeneration [4]. Moreover, some PrP mutations cause neurotoxicity in transgenic mice and familial prion disease patients even
without inducing PrPSc formation [5, 6]. These observations strongly suggest that alterations in the function of
PrPC contribute to the early onset of neurodegeneration.
This notion is further supported by the finding that PrPC
transduces neurotoxic signals from Aβ oligomers in
Alzheimer’s patients [7, 8].
Uncovering mechanisms of PrP function in vivo remains a challenging task because no overt phenotypes
are evident in PrP knockout mice, save for subtle abnormalities in olfactory physiology, neurogenesis, peripheral
myelination and muscle regeneration [9–13]. Unfortunately, the biochemical basis of these defects and their
connection to prion disease are yet to be established. On
the other hand, in vitro studies have uncovered numerous putative roles for PrPC. Of special interest among
these is the concept of PrPC as a cell surface receptor
and modulator of important signaling molecules like
MAP kinases, PI3K/Akt, PKA, PKC and the SFK member
Fyn [14, 15]. This non-receptor protein tyrosine kinase
has been linked to prion [13, 16–18] and Alzheimer’s
pathologies [19, 20] as well as to the synaptic impairment
caused by binding of Aβ oligomers to PrPC [7]. However,
the physiological relevance of the PrP-Fyn interaction is
unknown, as is the involvement of other SFK members in
PrP-mediated events.
We formerly identified PrP as a positive regulator of
cell-cell adhesion in vivo [21]. Morpholino knockdown
of the zebrafish orthologue PrP-1 in early embryos led to
the down-regulation of E-cadherin and the destabilization
of adherens junctions (AJs). The progressive loss of tissue
integrity in these morphant embryos resulted in gastrulation arrest due to their inability to carry out epiboly, an
E-cadherin-dependent morphogenetic cell movement. Importantly, this lethal phenotype was partially rescued by
expression of mouse PrP, highlighting the functional conservation among vertebrate PrPs. In the same study, we
showed that PrP-1 engages in homophilic trans-interactions at cell-cell contacts and recruits Fyn to these sites.
We therefore proposed that SFK-related signals mediate
the effect of PrP-1 on embryonic cell adhesion [22].
Due to its anatomical simplicity, the zebrafish gastrula is
ideally suited for biochemical and cell biological analyses
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upon genetic or pharmacological manipulations. Here, we
used it to dissect the molecular mechanisms through
which PrP and SFKs modulate embryonic AJ stability
under physiological conditions. We also examined how
this pathway is affected by PrP gain- and loss-of-function,
by exposure to human Aβ oligomers, and by the expression of mouse PrP mutants with altered neurotoxic or
neuroprotective properties.

Results
PrP-1 regulates the turnover of selected AJ components

During gastrulation, the cell-surface expression of Ecadherin is dynamically regulated to promote tissue
cohesiveness while allowing for coordinated cell movements [23]. In zebrafish embryos and mammalian cells,
the 120 kDa cell-surface, mature E-cadherin protein is derived from the intracellular cleavage of a 140 kDa precursor polypeptide residing largely in intracellular vesicles
[24, 25]. We reported that PrP-1 knockdown leads to depletion of mature E-cadherin but not its precursor form,
suggesting that biosynthesis of the protein is normal but
either its turnover or maturation are impaired [21]. To
characterize this phenomenon, we first analyzed the
effect of PrP-1 knockdown on E-cadherin internalization using immunofluorescence and Western blot.
Treatment of morphant embryos with Dynasore, an
inhibitor of clathrin- and dynamin-dependent endocytosis, restored the cell surface localization of Ecadherin by 6 hpf (Fig. 1a). In addition, Dynasore induced a concentration-dependent recovery in the
levels of mature E-cadherin (Fig. 1b), indicating that
its depletion in PrP-1 morphants is a consequence of
increased endocytosis. Consistent with these molecular
changes, Dynasore prompted a clear reduction -up to
40.23 %; p < 0.005- in the proportion of arrested/deformed
PrP-1 knockdown embryos (Fig. 1c).
To determine the mechanisms of E-cadherin depletion
in PrP-1 morphants, we treated them with MG-132 and
chloroquine, inhibitors of proteasomal and lysosomal
protein degradation, respectively. By 6 hpf, MG-132 caused
a substantial recovery in the levels of mature Ecadherin, whereas chloroquine only enhanced the
levels of its 140 kDa precursor form (Fig. 1d). Moreover, MG-132, chloroquine and ammonium chloride
(another lysosomal inhibitor) improved the morphology of knockdown embryos (Fig. 1c), suggesting that
both the mature and precursor forms of E-cadherin contribute to embryonic cell adhesion under these conditions.
Notably, MG-132 -which restores the mature E-cadherin
product- had the strongest rescuing effect of all inhibitors
tested (71.26 % reduction in the proportion of arrested
embryos, Fig. 1c) and restored E-cadherin localization
(Additional file 1: Figure S1B). Together, these experiments indicate that in the absence of PrP-1, mature
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Fig. 1 PrP-1 prevents the endocytosis and degradation of AJ components. a. E-cadherin (green) and β-catenin (magenta) localization in 6 hpf
deep cells upon treatment with 10 μM Dynasore (DYNA); MO = lissamine-tagged PrP-1 morpholino (red); scale bar = 10 μm. b and d. Total levels
of E-cadherin and β-catenin at 6 hpf upon treatment with Dynasore, MG-132 and Chloroquine (Chlq). c. Phenotypic analysis upon treatment with
inhibitors. Top: progression of epiboly by 7.5 hpf is assessed by the downward extension of the embryonic margin (arrowheads) relative to the
control (dashed horizontal line); brackets show the thickness of the blastoderm. Bottom: phenotypic quantification. Mean values are shown. e.
AJ protein levels in 6 hpf embryos injected with increasing PrP-1 morpholino doses. WB = Western blot; IF = immunofluorescence. Red and black
arrowheads in 1B, D and E indicate mature E-cadherin (120 kDa) and its more abundant precursor form (140 kDa), respectively. Densitometric
analysis of Western blot bands is expressed in arbitrary units (AU) in B, D and E; average values of three independent experiments ± SEM are
shown; statistical significance was assessed using unpaired, two-tailed t-tests; ns = not significant (p > 0.05), * = p ≤ 0.05, ** = p ≤ 0.01. In (e),
E-cadherin and β-catenin levels were significantly reduced (p ≤ 0.05) at all three morpholino concentrations; p120ctn levels were not significantly
changed at any morpholino dose (p > 0.05). See also Additional file 1: Figure S1

E-cadherin is increasingly endocytosed and degraded via
a proteasome-dependent mechanism.
Binding of β-catenin to the cytoplasmic tail of Ecadherin helps anchor AJs to the actin cytoskeleton [26].
When detached from E-cadherin, free β-catenin accumulates in the cytosol and is rapidly degraded unless induced
to activate gene transcription in the nucleus [27]. Given
the strong cytosolic localization of β-catenin in PrP-1 morphant gastrulae (Fig. 1a), we examined the stability of this
protein pool. Western blot and immunofluorescence analyses confirmed that β-catenin is internalized and strongly

down-regulated in these embryos, and that this effect can
be reverted by MG-132 or chloroquine (Fig. 1d and
Additional file 1: Figure S1B). Interestingly, although
β-catenin is not a direct target of the endocytic machinery,
Dynasore treatment also restored its cell surface localization (Fig. 1a). Because β-catenin associates to the plasma
membrane only indirectly via E-cadherin, this result implies that its internalization and degradation in PrP-1 morphants are secondary effects of E-cadherin endocytosis.
p120-catenin stabilizes E-cadherin at the cell surface
by binding to its cytoplasmic tail and preventing its
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endocytosis [26]. Since p120-catenin depletion leads to
the internalization and degradation of the entire AJ
complexes, [28], we asked if its levels were reduced in
PrP-1 morphants. Interestingly, Western blot revealed
that while E-cadherin and β-catenin became increasingly
degraded at higher PrP-1 morpholino doses, the levels
of p120-catenin remained unaltered (Fig. 1e). Taken
together, these data show that, in vivo, PrP-1 prevents
the internalization and proteasomal/lysosomal degradation of E-cadherin/β-catenin complexes independently of
p120-catenin.
Fyn and Yes act downstream of PrP-1 to maintain
embryonic AJ stability

PrP activates Fyn under diverse experimental conditions
including cross-linking of PrP via antibodies as well as
binding of PrP to other PrP molecules, NCAM or Aβ
oligomers [7, 14, 21, 29]. In agreement with these data,
we previously observed the accumulation of zebrafish
embryonic Fyn at PrP-dependent cell-cell contacts [21].
On the other hand, genetic or chemical inactivation of
Fyn and the related SFK Yes have been shown to impair
zebrafish gastrulation [30–32]. Given the common involvement of SFKs in PrP signaling, zebrafish gastrulation,
and the modulation of cadherin-based cell adhesion [33],
we examined whether Fyn and Yes jointly mediate the
effect of PrP-1 on AJs in vivo. First, we assessed the extent
of the similarities between SFK and PrP loss-of-function
phenotypes. At 6 hpf, Fyn and Yes single morphants
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showed epibolic arrest and deformed blastoderms (55–
60 % of injected embryos), clearly resembling the PrP-1
morphant phenotype (Fig. 2a and b). The combined Fyn/
Yes knockdown produced a stronger effect than the single
knockdowns (82 % of injected embryos, Fig. 2a and b), indicating functional synergy between the two kinases. The
protein knockdowns were titrated and verified by Western
blot using an anti-Src antibody against the conserved Cterminus of SFKs (Fig. 3b): morphant embryos showed a
clear reduction in the 65 and 50 kDa bands representing
zebrafish Src/Yes and Fyn, respectively [34] (Fig. 3b). In
line with the phenotypic quantifications, SFK downregulation was more pronounced upon combined Fyn/Yes
knockdown. We then asked whether the morphological
resemblance between SFK and PrP-1 morphants involved
common defects in AJ function. In fact, intracellular accumulation of E-cadherin and β-catenin was evident in Fyn
and Yes, single and double knockdown embryos (Fig. 3a
and Additional file 1: Figure S2A). Furthermore, Fyn/Yes
morphant embryos displayed reduced levels of mature
E-cadherin and β-catenin at 6 hpf (Fig. 3c). Hence,
the morphological and molecular convergence of Fyn/
Yes and PrP-1 knockdown phenotypes suggests that
these proteins act cooperatively to stabilize embryonic
AJ components.
Because SFKs transduce extracellular signals from
trans-membrane receptors and GPI-anchored molecules
like PrP [35, 36], we verified whether zebrafish Fyn
and Yes are downstream effectors of PrP-1 and could

Fig. 2 Fyn and Yes act downstream of PrP-1 during epiboly. a. 7.5 hpf embryos injected with different morpholinos or co-injected with PrP-1
morpholino and WT or CA Fyn/Yes EGFP mRNAs. Transmission and fluorescence images are shown merged (morpholinos in red). Expression of
WT or CA Fyn/Yes-EGFP (green) is displayed separately on the lower right. Arrowheads and dashed horizontal line as in Fig. 1c. b. Corresponding
quantification of embryonic phenotypes at 7.5 hpf. Mean values are shown. c. Expression pattern of WT or CA Fyn- and Yes-EGFP in deep cells of
7.5 hpf PrP-1 morphants. Scale bar = 10 μM
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Fig. 3 PrP-1 regulates AJs via Fyn and Yes. a. Localization of AJ components (immunofluorescence) in deep (top) and EVL cells (bottom) of 6 hpf
PrP-1, Fyn/Yes morphants or PrP-1 morphants co-injected with Fyn/Yes mRNAs. Scale bars = 10 μM. See also Additional file 1: Figure S2. b. Reduction
in Src/Yes (65 kDa) and Fyn (50 kDa) total levels in 6 hpf Fyn and Yes single or double knockdowns. c, d. Levels of AJ components in 6 hpf embryo
lysates. Activated WT or CA Fyn- and Yes-EGFP were detected with an anti-phospho-Y416 Src antibody. E-cadherin arrowheads as in Fig. 1. WB = Western
blot. Densitometric analysis of Western blot bands is expressed in arbitrary units (AU) in b, c and d; average values of three independent
experiments ± SEM are shown; statistical significance was assessed using unpaired, two-tailed t-tests; ns = not significant (p > 0.05), * = p ≤ 0.05,
** = p ≤ 0.01, *** = p ≤ 0.001

therefore rescue the PrP-1 knockdown phenotype. We
tested for this genetic interaction by co-injecting zebrafish Fyn and Yes EGFP-tagged mRNAs into PrP-1
morphants. To assess if the rescues were directly related to SFK enzymatic activity, we used wild-type
(WT) and constitutively active (CA) forms of Fyn and
Yes, the latter exhibiting higher kinase activity due to
mutation of the conserved negative regulatory site at
tyrosine (Tyr) 527. After verifying the proper localization
and expression levels of the SFK constructs (Figs. 2c and
3d), their rescuing ability was quantified by scoring embryonic phenotypes between 6 and 7.5 hpf (Fig. 2a and b).
Co-injection of Fyn/Yes mRNAs at 75 pg/embryo significantly reduced the proportion of arrested/deformed morphant embryos (41 % reduction, p < 0.01). Notably, CA
Fyn/Yes mRNAs produced a more efficient rescue of the

PrP-1 phenotype (64 % reduction; p < 0.01) using less
mRNA (6 pg/embryo) (Fig. 2b). The higher enzymatic activity of the CA constructs was confirmed by Western blot
using phospho-specific antibodies against activated SFKs
(phosphorylated at Tyr416) and their target residue on βcatenin (phosphorylated at Tyr142) [37]. These Western
blots show that the depletion of phospho-β-catenin in
PrP-1 morphants is reversed upon expression of increasingly active WT and CA Fyn/Yes (Fig. 3d). Finally, we
verified if SFK expression induced the recovery of AJ components in PrP-1 morphant embryos. Indeed, exogenous
Fyn and Yes restored the cell surface localization and
levels of E-cadherin and β-catenin by 6 hpf (Fig. 3a and b).
Altogether, these data indicate that Fyn and Yes act
downstream of PrP-1 to promote AJ function via tyrosine
phosphorylation.
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PrP-1 modulates embryonic SFK function

Having identified Fyn and Yes as downstream effectors
of PrP-1 in vivo, we next asked whether PrP modulates
the levels and activity of SFKs. In fact, Western blots of
6 hpf embryos showed reduced levels of Src/Yes (65 kDa
band, 29.77 % reduction; p < 0.05) and Fyn (50 kDa
band, 43.36 % reduction; p < 0.05) upon PrP-1 knockdown (Fig. 4a and b). This effect, also evident in whole
mount immunostainings (Fig. 4e), became more pronounced at higher morpholino doses (Additional file 1:
Figure S3A) and could be partially rescued with chloroquine but not with MG-132 (Fig. 4d). Interestingly,
PrP-1 knockdown and chloroquine also modified the
levels of phospho-Tyr142-β-catenin, suggesting that PrP-1
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effectively modulates SFK catalytic activity. To verify this,
we measured the ratios of active and non-active SFKs in
PrP-1 morphants. Using phospho-specific antibodies, we
found a significant decline in the ratios of active (phosphorylated at Tyr416) vs. total Src/Yes and Fyn (44.28 %
and 83.29 % reduction, respectively; p < 0.01) upon PrP-1
knockdown (Fig. 4c). Notably, no significant changes were
observed in the ratios of inactive (phosphorylated at
Tyr527) vs. total Src/Yes and Fyn (Additional file 1: Figure
S3B), indicating that PrP-1 preferentially stabilizes the
levels of activated SFKs. Accordingly, overall tyrosine
phosphorylation was reduced in the deep cells of PrP-1
morphants (Additional file 1: Figure S3C). Therefore, our
experiments show that PrP-1 positively modulates the

Fig. 4 PrP-1 modulates SFK levels and activation. a-c. Levels of total and activated (phosphor-Y416) SFKs in 6 hpf embryos (a), and densitometric
analysis of Western blot bands (b and c). Phospho-SFK values were normalized to those of total SFKs. Average values ± SEM of four independent
experiments are shown. d. SFK levels in 6 hpf embryos upon PrP-1 knockdown and additional treatment with degradation inhibitors. e. SFK
localization in deep (top) and EVL cells (bottom) of 6 hpf embryos. WB = Western blot; IF = immunofluorescence. Scale bar = 10 μM. Densitometric
analysis of Western blot bands (b, c and d) is expressed in arbitrary units (AU); average values of four independent experiments ± SEM are shown;
statistical significance was assessed using unpaired, two-tailed t-tests; ns = not significant (p > 0.05), * = p ≤ 0.05, ** = p ≤ 0.01. See also Additional
file 1: Figure S3
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levels and activity of SFKs in the gastrula, partly by preventing their lysosomal degradation.
Embryonic PrP gain-of-function phenotype

We have reported that PrP overexpression in zebrafish
induces a distinct morphological phenotype characterized by asymmetric epiboly and increased cell-cell adhesion [21, 38]. To mechanistically link the zebrafish PrP
gain- and loss-of-function phenotypes, we characterized
PrP-overexpressing (PrP-OE) embryos at the cellular and
molecular levels. Normally, between 5 and 6 hpf, cellular
structures known as the germ ring and the shield define
the marginal and dorsal regions of the zebrafish gastrula,
respectively [39]. PrP-OE embryos lack these morphological features and develop instead a large dorsal thickening (Fig. 5a). This abnormal accumulation of cells results
in mechanical stress and bursting of the embryo before
completion of epiboly (Additional file 2: Video S1). We
reasoned that if PrP-1 knockdown destabilizes AJ components, PrP overexpression would enhance their cell surface expression and lead to the observed cell
clumping. In fact, embryos overexpressing mouse PrP
showed normal plasma membrane localization of Ecadherin and β-catenin at 6 hpf (Additional file 1:
Figure S5A). Surprisingly, while their levels of mature
E-cadherin were increased (Fig. 5b), those of β-catenin
were strongly reduced and could not be restored with
MG-132 or chloroquine (Fig. 5c). Given the asymmetric
deformation of these embryos, we asked if the opposite
changes in the levels of E-cadherin and β-catenin might
stem from local alterations in their distribution along embryonic axes. Whole mount immunostainings of 6 hpf
control embryos revealed an increasing, ventral to dorsal
gradient of both proteins (fluorescence profiles in Fig. 5d).
In contrast, embryos overexpressing mouse or zebrafish
PrPs exhibited increased dorsal E-cadherin accumulation
and reduced dorsal β-catenin (Fig. 5d and Additional file
1: Figure S5B). Concomitant with these alterations, dorsal
cells appeared deformed and enlarged (Fig. 5e). Thus, cell
surface E-cadherin becomes locally up-regulated in the
dorsal cells of PrP-OE embryos, whereas the associated βcatenin is down-regulated via a mechanism other than
protein degradation.
Crucially, β-catenin signaling is pivotal to dorsal specification. As early as the 128-cell stage (2.25 hpf), cytosolic
β-catenin enters the nuclei of a small group of marginal
blastomeres to activate the transcription of dorsalizing
genes [40]. Given the lack of shield and reduced levels of
dorsal β-catenin in 6 hpf PrP-OE embryos, we considered
the possibility that PrP might disturb earlier stages of axis
formation by locally depleting dorsal nuclear β-catenin.
Indeed, quantitative confocal analysis of dorsal marginal
blastomeres at 3 hpf showed a clear reduction in the average number of cells stained for nuclear β-catenin, from ~7
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in control embryos to ~1.8 and ~2.5 in embryos overexpressing zebrafish PrP-1 or mouse PrP, respectively (Fig. 6a
and b; p < 0.001). Therefore, the dorsalizing nuclear function of β-catenin in these early embryos is compromised
as a result of increased PrP activity.
In mouse embryonic stem cells, cell surface Ecadherin can bind and sequester β-catenin at the plasma
membrane, thus preventing its internalization and nuclear translocation [27]. Given the dorsally increased
levels of cell surface E-cadherin in 6 hpf PrP-OE embryos, we examined if a similar mechanism could induce
the observed reduction of dorsal nuclear β-catenin earlier, at 3 hpf. Fittingly, Western blot analysis of 3 hpf
PrP-OE embryos revealed a ~60 % increase in the levels
of mature, cell surface E-cadherin (Fig. 6c). Moreover,
fluorescence measurements indicated that the ratio of
plasma membrane vs. cytosolic β-catenin was 1.8 times
higher in the dorsal cells of PrP-OE embryos than in
their control counterparts (Fig. 6d). This difference was
not due to cytosolic degradation of β-catenin, as control
and PrP-OE embryos showed comparable levels of this
protein at 3 hpf (Fig. 6c). Rather, the increased
plasma membrane localization suggests that β-catenin
is retained by cell surface E-cadherin, thus reducing
the pool of cytosolic molecules available for translocation to the nucleus.
It is well-established that preventing the nuclear
localization of β-catenin in dorsal blastomeres produces
ventralized embryos by 1 dpf [41]. This effect could only
rarely be observed in PrP-OE embryos because they died
from excessive cell adhesion before completing gastrulation. We circumvented this problem by microinjecting
lower mRNA amounts to overexpress PrP at sub-lethal
levels. The resulting PrP hypomorphic embryos completed epiboly and by 1 dpf presented a distribution of
ventralized phenotypes with variable penetrance and
expressivity (Fig. 6e). The anterior and dorsal defects
varied in strength, ranging from mildly reduced eyes,
brain and notochord to completely undifferentiated
heads and shortened anterior-posterior axes. This result
further supports the notion that PrP overexpression
impairs the role of β-catenin in axis formation by exacerbating its adhesive function.
Finally we asked if, consistent with the PrP-1 knockdown data, SFKs also mediate the PrP gain-of-function
phenotype. In fact, at 3 hpf, the relative levels of activated
(p-Tyr416) Src/Yes and Fyn were elevated in PrP-OE
embryos (Fig. 6c). This higher SFK activity was further
evident from the corresponding increase in the levels of
p-Tyr142-β-catenin (Fig. 6c). Moreover, blocking SFK
activity with the pharmacological inhibitor PP2 reduced
the proportion of 6 hpf PrP-OE embryos with abnormal
morphology from 83.26 % to 49.97 % (Fig. 6f; p < 0.01). To
ascertain whether this early increase in SFK activity may
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Fig. 5 Morphological and molecular phenotypes upon PrP overexpression. a. Shield formation (red arrowhead) in 6 hpf embryos. See also
Additional file 2: Video S1. b. Levels of E-cadherin, β-catenin and SFKs in 6 hpf embryos expressing mouse PrP. E-cadherin arrowheads as in Fig. 1.
c. Effect of protein degradation inhibitors on the β-catenin levels of PrP-OE embryos. d. Dorsoventral distribution of AJ molecules upon PrP
overexpression. Lateral views (midsections) of whole 6 hpf embryos, along with fluorescence profiles through the dorsoventral axis (indicated by
red arrows; V = ventral, D = dorsal). See also Additional file 1: Figures S4 and S6. e. Close-up from (d) showing aberrant morphology of dorsal deep
cells expressing mouse PrP. WB = Western blot; IF = immunofluorescence. Densitometric analysis of Western blot bands (b and c) is expressed in
arbitrary units (AU); average values of four experiments ± SEM are shown; statistical significance was assessed using unpaired, two-tailed t-tests;
ns = not significant (p > 0.05), * = p ≤ 0.05

contribute to the dorsal accumulation of cell surface
E-cadherin, we analyzed their distribution along embryonic axes. Confocal analyses of whole untreated
embryos at 3 hpf revealed that SFKs and E-cadherin
are similarly distributed in a ventral to dorsal gradient
(Additional file 1: Figure S5C). Interestingly, this gradient

was more pronounced in PrP-OE embryos, suggesting
that exogenous PrP enhances E-cadherin adhesion preferentially in dorsal blastomeres by activating their already
higher levels of SFKs. Of note, the conserved link between
PrP and SFK activation was also observed in human
MCF-7 cells, where expression of mouse or fish PrPs
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Fig. 6 PrP overexpression up-regulates E-cadherin, inhibits nuclear β-catenin and produces ventralized embryos. a. Localization of β-catenin in
the nuclei of dorsal marginal blastomeres at 3 hpf (immunofluorescence). Arrowheads indicate β-catenin-positive nuclei. Scale bar = 20 μm.
b. Quantification of cells with nuclear β-catenin in 3 hpf embryos expressing zebrafish and mouse WT PrP constructs. Average numbers of cells
with nuclear β-catenin per embryo ± SEM are shown (n = 10, three independent experiments); statistical significance was assessed using unpaired,
two-tailed t-tests; *** = p ≤ 0.001. c. Levels of E-cadherin, β-catenin and SFKs in 3 hpf embryos expressing mouse PrP (Western blot and densitometric
analysis). E-cadherin arrowheads as in Fig. 1. Densitometric analysis of Western blot bands expressed in arbitrary units (AU); average values of three
independent experiments ± SEM are shown; statistical significance was assessed using unpaired, two-tailed t-tests; ns = not significant (p > 0.05),
* = p ≤ 0.05, ** = p ≤ 0.01. d. Ratios of plasma membrane to cytosolic β-catenin immunofluorescence in dorsal blastomeres of 3 hpf embryos. Mean
ratios ± SEM are from 10 cells/embryo (n = 7, three independent experiments); statistical significance assessed by unpaired, two-tailed t-test, *** = p < 0.001.
e. Ventralized hypomorphic phenotypes (v1-3) of 1 dpf embryos injected with 20 ng/μl mouse PrP mRNA. f. Quantification of 6 hpf embryos with
abnormal dorsoventral specification upon injection of mouse PrP alone, together with PP2, or with its inactive analog PP3

triggered the accumulation of SFKs at contacts sites and
the corresponding increase in SFK activity (Additional
file 1: Figure S6). Altogether, our data point at the positive regulation of SFK activity and AJ function by PrP as
the underlying mechanism behind the zebrafish PrP gainand loss-of-function phenotypes.
Functionality of mouse PrP mutants in zebrafish embryos

Deletions in the central region (ΔCR, residues 105-125)
and the N-terminal polybasic stretch (Δ23-31) of mouse
PrP (Fig. 7a) modulate its neurotoxic activities. For
instance, PrPΔCR triggers a lethal neurodegenerative
phenotype in transgenic mice [42] whereas PrPΔ23-31
abrogates this neurotoxic effect as well as the rescuing
(neuroprotective) activity of WT PrP [43–45]. Because
mouse PrP can partially revert the zebrafish PrP-1

knockdown phenotype [21, 38], we used mRNA rescue
experiments to assess whether the ΔCR and Δ23-31 mutations modify the conserved PrP function required for
zebrafish epiboly. After verifying and titrating expression
of the mouse constructs in zebrafish embryos (Fig. 7b),
mRNAs and PrP-1 morpholinos were co-injected into
fertilized eggs, and the resulting phenotypes were scored
at 6 hpf (Fig. 7c). Notably, PrPΔCR retained full activity
and rescued the PrP-1 morphants as efficiently as WT
PrP. In contrast, PrPΔ23-31 showed a strongly reduced
rescuing activity (~74 % relative to WT PrP), similar to
an additional mutant carrying both deletions, PrPΔCR/
Δ23-31. The reduced activity of the Δ23-31-contanining
constructs was not due to deficient cell surface expression, as demonstrated by whole-mount immunofluorescence (Fig. 7d).
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Fig. 7 (See legend on next page.)
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(See figure on previous page.)
Fig. 7 Effect of Δ23-31 and ΔCR deletions on PrP activity. a. Mouse PrP deletion mutants. Protein domains are marked with different colors:
SP = signal peptide, R = repetitive domain, H = hydrophobic stretch, G = globular domain; green triangles = GPI-anchor. b. Detection of mouse WT
or mutant PrPs using the D18 anti-PrP antibody on 6 hpf embryo protein lysates. c. Phenotypic quantification of 7 hpf embryos co-injected with
PrP-1 morpholinos and PrP mRNAs. d. Localization of mouse PrP constructs in the deep cells of 6 hpf embryos (6H4 anti-PrP antibody staining).
Scale bar = 10 μm. e. Embryonic phenotypes upon expression of zebrafish (ZF) or mouse (mo) PrP mRNAs (7 hpf, lateral views); arrowheads show
abnormal dorsal thickening; V = ventral, D = dorsal. f. Quantification of 7 hpf embryos with dorsoventral phenotypes upon expression of mouse
PrPs. Mean values are shown in (c) and (f). g. MTT viability assay of HEK cells expressing mouse or zebrafish PrPΔCRs after Zeocin treatment.
WB = Western blot; IF = immunofluorescence. Data are shown as the average percentage of A570 values in untreated cells ± SEM; statistical
significance was assessed using unpaired, two-tailed t-tests, * = p ≤ 0.05, ** = p ≤ 0.01

To confirm the rescue data without the confounding
effect of the PrP-1 knockdown phenotype, we also conducted gain-of-function experiments and measured the
ability of the mutants to induce the conserved PrP overexpression phenotype (Fig. 7e). In these assays, the activity
of the ΔCR construct was again comparable to that of
WT PrP (~95 % of embryos with overexpression phenotype), whereas deletion of residues 23-31 reduced this
effect by ~50 % (Fig. 7f). Importantly, these results reflect
the ability of the constructs to inhibit nuclear β-catenin
signaling (Additional file 1: Figure S7), as expression of
WT and ΔCR PrPs significantly reduced the numbers of
marginal blastomeres positive for nuclear β-catenin (2.5
and 3.7 cells/embryo, respectively, vs. 7 cells/untreated
embryo). Moreover, β-catenin nuclear translocation was
barely affected by overexpression of Δ23-31 or Δ23-31/
ΔCR PrPs (7.8 and 7.7 cells/embryo, respectively). Therefore, we conclude that the N-terminal polybasic stretch
(residues 23-31) is critical for the control of embryonic
cell adhesion by PrP, and that the ΔCR mutation does not
significantly impair this PrP function.
Importantly, expression of mouse PrPΔCR in the presence or absence of endogenous PrP-1 did not cause
enhanced toxicity or lethality in fish embryos. A possible
explanation is that ΔCR toxicity requires the expression
of a developmentally regulated PrP partner absent from
the zebrafish gastrula. Alternatively, ΔCR toxicity might
be a specific property of mammalian PrPs. To address
this issue, we asked whether zebrafish PrPΔCRs can induce toxicity in an established mammalian cell model.
For this, we generated ΔCR versions of zebrafish PrP-1
and -2 (Additional file 1: Figure S4), and tested them in
HEK cells using the drug-based cellular assay (DBCA)
[46]; changes in cell viability were assessed by the MTT
assay. Notably, cells expressing either zebrafish or
mouse PrPΔCRs were less viable than those expressing the corresponding WT PrPs (Fig. 7g; 20 %, 40 %
and 45 % reduction in MTT metabolic activity for
PrP-1-, PrP-2- and mouse PrP-expressing cells; p <
0.05, p = 0.01, and p = 0.01, respectively). This suggests
that the role of the central region as a suppressor of
cytotoxicity is evolutionarily conserved and that the
corresponding toxic cascade in zebrafish may become
active only after gastrulation.

PrP-dependent influence of Aβ oligomers on zebrafish
embryonic SFKs and AJs

In mammalian neurons, binding of Aβ oligomers to
neuronal PrP activates Fyn and blocks the endocytosis of
the NR2B subunit of the NMDA receptor (NMDAR),
leading to glutamate excitotoxicity and synaptic damage
[7]. In our zebrafish embryos, PrP-mediated activation of
Fyn and Yes prevents the endocytosis of E-cadherin to
support embryonic cell adhesion. The obvious similarity
between these two unrelated events prompted us to ask
if Aβ oligomers would modulate zebrafish embryonic
SFKs and AJ components in a PrP-dependent manner.
As a negative control, we used monomeric Aβ, which
unlike oligomeric Aβ, does not induce Fyn activation
(Um et al, 2012). To facilitate access of Aβ to embryonic
cell surfaces, we dissociated 5 hpf zebrafish control and
PrP-1 morphant embryonic cells and allowed them to
re-aggregate for one hour in the presence or absence of
0.5 μM Aβ oligomers before analyzing them for changes
in the levels of SFKs and AJ components. Notably, Aβ
oligomers triggered increased levels of p-Tyr416 (activated) Src/Yes and Fyn (4.4-fold and 10.1-fold increase, respectively; p < 0.001) without significantly
affecting their total levels (Fig. 8c-e). In addition, the levels
of E-cadherin and β-catenin were elevated by 2.6- and
2.2-fold, respectively (p < 0.001, Fig. 8a and b). The
increase in p-Tyr416 SFKs and β-catenin was
dependent on endogenous PrP-1 expression and Aβ
oligomerization, since it was observed neither in PrP-1
morphant cells nor upon exposure to Aβ monomers.
Interestingly, the increase in mature E-cadherin was also
PrP-1-dependent but it was indistinctively triggered by Aβ
monomers or oligomers (see Discussion). Thus, in zebrafish blastocytes, Aβ oligomers induce biochemical changes
consistent with a PrP gain-of-function scenario.

Discussion
Identifying conserved molecular pathways controlled by
PrPC in vivo is an important step towards understanding
mechanisms of neurodegeneration. Using multiple knockdown and cross-rescue experiments, we define here a genetic pathway in which SFKs act downstream of PrP-1 to
support embryonic AJ function. Although Fyn activation
by PrP is widely recognized, its physiological significance
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Fig. 8 Aβ oligomers induce a PrP gain-of-function effect in zebrafish
embryonic cells. Levels of AJ proteins (a and b) and SFKs (c-e) in 6
hpf embryonic cells upon treatment with Aβ monomers (m) or
oligomers (o). Actin was used as a protein loading control (f).
E-cadherin arrowheads as in Fig. 1; arrows = distinct SFKs bands
(black: Src/Yes; grey: Fyn). Densitometric analysis of Western blot
bands is shown in arbitrary units (AU). Data were collected from
three independent experiments (average values ± SEM); statistical
significance was assessed using unpaired, two-tailed t-tests,
* = p ≤ 0.05, *** = p ≤ 0.001

had so far remained unclear. This notion can now be
extended to Yes, which we here identify as a previously
unknown effector of PrP in vivo. As with our findings in
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zebrafish, synergistic contributions of SFKs to cell adhesion are evident in Fyn/Src and Fyn/Yes knockout mice
[47]. Furthermore, single Fyn, Yes or Src knockouts exhibit mild developmental phenotypes but double (Fyn/Src
or Src/Yes) and triple knockouts are embryonic lethal [48,
49]. The specific requirement of SFKs during gastrulation
is particularly evident in frogs and zebrafish [30, 50 and
this study]. Aside from these similarities across model organisms, differences are also apparent: Fyn/Yes knockout
mice undergo kidney degeneration but remain viable [49],
whereas Src is essential for epiboly in Xenopus but
not in zebrafish [30, 50]. Our data on PrP, Fyn and
Yes suggest that PrP utilizes multiple SFKs to modulate a wide spectrum of cellular responses. Hence, the
functional redundancy of SFKs and the diversity of
their downstream targets might explain the differences between the PrP loss-of-function phenotypes of mice and
zebrafish [13].
Both our gain- and loss-of-function data indicate that
PrP-1 positively regulates Fyn and Yes activity. Does this
imply that PrP can directly activate SFKs? To our knowledge, PrP has neither kinase nor phosphatase activities.
Moreover, it is not clear whether the GPI-anchor of PrP
can extend across the plasma membrane and interact
with cytoplasmic SFKs. Nevertheless, clustering of PrP
at cell-cell contacts can induce coalescence and crossactivation of SFK molecules, or their activation by PrPassociated, tissue-specific trans-membrane proteins like
N-CAM or mGluR5 [29, 51]. In addition, the GPIanchor of PrP influences its interaction with signaling
complexes by determining its localization within distinct
membrane microdomains [52]. Particularly relevant to
our findings is the modulation of SFKs through the preferential degradation of their activated (p-Tyr416) forms
via lysosomal pathways [53]. In fact, activated SFKs were
reduced in PrP-1 morphants and this effect partially required lysosomal function. Moreover, it was recently
shown that the degradation of activated SFKs can switch
from proteasomal to autophagic/lysosomal when a key
stimulus such as focal adhesion kinase (FAK)-signaling
is absent [54]. Similarly, the loss of PrP-1 could direct activated SFKs to a lysosomal degradation pathway. Thus,
PrP-1 supports SFK function either by inducing their
activation and/or by eliciting a signal that inhibits the degradation of their activated forms.
Because PrP enhances the levels and plasma membrane localization of E-cadherin and β-catenin via SFKs,
our data also offer mechanistic insights into poorly understood aspects of AJ regulation. For instance, while classical
studies in oncogene-transformed cells found that SFK
activity disrupts AJs, more recent reports indicate the
opposite. This contradiction has been explained through a
“bimodal” model in which SFKs promote cell adhesion at
low, physiological levels but suppress it at high, oncogenic
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levels [33]. The positive regulation of AJs by SFKs in
zebrafish (this study) and Drosophila embryos [55] provides in vivo support for this model. On the other hand, it
is widely recognized that Tyr phosphorylation of βcatenin by SFKs promotes AJ disassembly [56]. How could
the same phosphorylation events have positive and negative effects on AJs? In our analyses, β-catenin Tyr142 was
indeed phosphorylated by SFKs but increased pTyr142
levels did not result in the loss of cell adhesion. Therefore,
similar to [47, 57], our experiments suggest that Tyr
phosphorylation of β-catenin is not the predominant
event leading to the disruption of AJs under physiological
conditions.
Importantly, SFKs also phosphorylate E-cadherin and
modify its accessibility to binding partners that compete
to promote or prevent its retention at the plasma membrane. Of key relevance among these molecules are AP2 -a clathrin-associated mediator of endocytosis- and
p120, which protects E-cadherin from AP-2 binding and
Hakai-mediated ubiquitination [58]. Our finding that
SFK activity prevents the clathrin-dependent endocytosis
and degradation of E-cadherin is consistent with this
mechanism and suggests that the regulation of E-cadherin
endocytosis overrides the effect of β-catenin (Tyr) phosphorylation on AJ stability. Along the same lines, blocking
E-cadherin endocytosis in PrP-1 morphants restored the
plasma membrane association of β-catenin, whereas preventing β-catenin degradation did not rescue E-cadherin
levels. These data further suggest that increased Ecadherin endocytosis precedes and drives β-catenin internalization upon PrP-1 knockdown. Since key regulators
of AJ turnover like AP-2, Hakai, p120 and protein tyrosine
phosphatases (PTPs) are themselves targets of SFKs, more
complex regulatory scenarios cannot be excluded at this
time.
Consistent with our PrP-1 knockdown data, PrP overexpression induced a lethal gastrulation phenotype by
enhancing SFK activity and E-cadherin cell surface expression. This accounts for the increased Ca+2-dependent aggregation observed in PrP-OE embryos [21], as well as for
their morphogenetic defects and death by mechanical disruption. Unexpectedly, β-catenin is not up-regulated along
with E-cadherin in these embryos but instead its early role
as a dorsalizing signal becomes lessened. Its increased cell
surface localization and reduced levels in mid-blastula
dorsal nuclei agree with the reported ability of E-cadherin
to sequester β-catenin at the plasma membrane [27]. A
similar phenomenon is known in Xenopus and Drosophila
embryos, where E-cadherin up-regulation antagonizes
β-catenin signaling [59–61]. Interestingly, β-catenin can
promote its own transcription [62, 63], suggesting that its
reduction in the dorsal nuclei of 3 hpf PrP-OE embryos
might impair its local biosynthesis. Accordingly, dorsal βcatenin is down-regulated by 6 hpf and this effect is not
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due to protein degradation. Although no specific antibodies are available to distinguish between the two zebrafish β-catenins (β-catenin-1 and -2), our data suggest that
PrP modifies the function of at least β-catenin-2, as only
this duplicate has dorsalizing activity [64].
Canonical Wnts promote β-catenin signaling by preventing the degradation of its cytosolic pool [56]. In contrast, PrP overexpression inhibits β-catenin signaling by
stabilizing it at the plasma membrane. This might suggest that PrP antagonizes Wnts in dorsal marginal cells
of the blastula. However, the two pathways likely act
independently because β-catenin degradation is neither
increased in PrP-OE embryos nor reduced in PrP-1 morphants. In addition, mutants of the zebrafish dorsalizing
gene Wnt8 exhibit a different dorsoventral phenotype
with no defects in cell adhesion [65]. Interestingly, a
modulatory effect of PrP on Wnt signaling may depend
on its sub-cellular localization. For instance, in the nucleus of intestinal epithelial cells, PrP can interact with
β-catenin and promote the transcription of Wnt-target
genes [66]. Such a mechanism was not evident in our
overexpression experiments and may therefore be restricted to differentiated cell types with significant levels
of PrP and β-catenin in the nucleus. Given the prominent role of Wnt signals in cancer and neurodegeneration, it will be of interest to explore additional regulatory
interactions between PrP and Wnt across cell types and
tissues.
The ability of mouse PrP to modulate SFKs and AJs in
the zebrafish gastrula is greatly enhanced by residues
23-31, which also control neuronal survival and neurotoxicity in transgenic mice [43–45]. Could such dissimilar
activities of PrP have a common regulatory basis? The 2331 equivalent regions of mouse and zebrafish have low
amino acid sequence identity. However, their conserved
basic character suggests that positive charge is key to their
function. In fact, N-terminal polybasic regions can greatly
enhance the plasma membrane association of many proteins via electrostatic interactions with membrane lipids.
As demonstrated for Gα subunits, the ensuing lateral
segregation within plasma membrane sub-regions has a
profound effect on the molecule’s signaling properties
[67]. Along these lines, we have proposed that the polybasic N-terminus of PrP allows its insertion into the plasma
membrane [43]. Therefore, the 23-31 region of PrP could
indirectly facilitate its interaction with distinct functional
partners located at special microdomains of the plasma
membrane.
PrPΔCR neurotoxicity in mice has been attributed to a
disrupted interaction between the CR and a hypothetical
neuroprotective partner [42]. The effect of zebrafish
PrPΔCRs on HEK cell viability (this study) implies that
this phenomenon is conserved across vertebrate PrPs.
Yet, no ΔCR-associated lethality was evident in zebrafish
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gastrulae, suggesting that the relevant cytotoxic molecule is absent in early embryonic cells. Accordingly,
PrPΔCR causes toxicity in neurons only upon exposure
to glutamate or cationic drugs [68]. Moreover, ΔCR
transgenic mice become ill only one week after birth
[42]. Therefore, a related effect in fish may be restricted
to neuronal cell types at later developmental stages and/or
require induction by additional factors.
The WT-like activity of the ΔCR construct in our assays shows that the CR is not essential for embryonic
PrP function. Nevertheless, the ability of PrPΔCR to induce spontaneous ionic currents in cultured cells [69]
adds to increasing evidence showing that PrP can influence ion channel function at neuronal plasma membranes
[70, 71]. Given the known role of SFKs as modulators of
synaptic ion channel activity [13, 72], the PrP/SFK pathway described here provides a testable molecular hypothesis linking PrP dysfunction, abnormal SFK activity and
downstream alterations in synaptic physiology.
Remarkably, nanomolar concentrations of human Aβ
oligomers activate the PrP/SFK cascade both in mammalian neurons [7] and zebrafish embryonic cells (this study),
leading to increased NMDAR or AJ stability at the plasma
membrane, respectively. The similarity between these
findings extends beyond the common involvement of PrP
and SFKs. Although structurally and functionally unrelated, NR2B and E-cadherin are membrane proteins
whose endocytic trafficking is negatively modulated by
Tyr phosphorylation. The existence of a molecular mechanism able to control both cell adhesion and synaptic
transmission has interesting implications for neurodegeneration, as cadherin adhesive complexes play critical roles
in synapse formation and plasticity [73], and their inhibition accelerates Aβ-induced synaptic damage [74]. Our
data suggest that PrP/SFK-mediated dysregulation of cadherins and NMDARs jointly contribute to Aβ-induced
synaptic failure. This is an interesting scenario that can
now be experimentally addressed in Alzheimer’s research
models.
In line with the study by Um and colleagues [7], we
did not observe SFK activation by Aβ monomers. The
reason for this might be stoichiometric: an Aβ oligomer
-containing up to 100 monomeres [75]- is likely to bind
more PrP molecules than a monomer and induce the
amount of PrP clustering required for SFK activation.
Nonetheless, Aβ monomers did up-regulate E-cadherin
in an SFK-independent manner, suggesting that Aβ monomers and oligomers activate mutually exclusive pathways
that converge in the modulation of E-cadherin expression.
Among the molecules that could mediate the effect of
Aβ monomers on E-cadherin, receptor tyrosine kinases
(RTKs) are particularly interesting. Many RTKs localize to
AJs; some -like the epidermal growth factor receptor
(EGFR)- can phosphorylate cadherin/catenin complexes
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independently of SFKs [76] and interact with PrP [77].
Moreover, the insulin-like growth factor-1 receptor (IGF1R) mediates a neuroprotective activity of Aβ monomers
[78], binds and modulates E-cadherin [79], and is expressed in the zebrafish gastrula [80]. Therefore, our results support the view that Aβ monomers exert biological
activities distinct from those of Aβ oligomers [81]. The
ability of the Aβ peptide to interact with any given partner
(PrP or RTKs) probably depends on its aggregation state,
as oligomerization causes its C-terminal half to assume a
unique conformation that masks some of its amino acid
side chains and creates new epitopes from its polypeptide
backbone [82–84]. On the other hand, the biochemical
changes induced by human Aβ peptides in zebrafish cells
strongly suggest that the Aβ-binding sites of PrP are
evolutionarily conserved structures. In fact, zebrafish
PrPs contain positively charged regions similar to those
identified as the two major Aβ-binding sites of mammalian PrPs [75, 85].
Altogether, our work lays out a mechanistic framework
in a simple model organism to explore the physiological
complexity of PrP-associated signals, their connection to
protein aggregation diseases, and their potential use in the
identification of novel therapeutic targets and compounds.

Conclusions
The present study combines genetic, biochemical and
cell biological approaches in zebrafish embryos to explore the physiological significance of PrP signaling and
expand our knowledge about the regulation of SFKs and
AJ components during gastrulation. In particular, we
show that: 1) PrP activates not only Fyn but also the
related SFK member Yes, and that it preferentially
controls the degradation of their activated forms; 2) Fyn
and Yes positively regulate E-cadherin by preventing its
endocytosis and degradation; 3) Tyrosine phosphorylation of β-catenin is not the predominant event leading
to AJ disruption; 4) PrP-mediated control of the SFK/AJ
pathway requires the same N-terminal stretch needed
for its neuroprotective activity; 5) Exposure to Aβ oligomers overactivates the SFK/AJ pathway in a PrP-dependent
manner.
This early developmental mechanism is also relevant
to the study of PrP pathogenesis, as it provides us with a
simple experimental system to monitor the cellular events
impaired by mammalian neurotoxic PrP mutants in vivo.
The fact that Aβ oligomers trigger PrP-dependent changes
not only in Fyn but also in Yes function suggests that multiple SFKs and their diverse cellular targets are common
players in prion and Alzheimer’s pathologies. Furthermore, our observations relate to key oncogenic pathways because they illustrate how SFKs regulate AJs under
physiological conditions. On the other hand, the similar
control of E-cadherin and NMDAR endocytosis via PrP-
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and SFK-dependent tyrosine phosphorylation suggests a
general role of PrP in controlling the stability of membrane
proteins in diverse physiological scenarios. Altogether, our
findings highlight the zebrafish as a powerful tool to dissect
the complex roles of PrP in physiology and disease as well
as to facilitate drug discovery efforts.

Methods
Zebrafish

Wild-type (WT) zebrafish were kept at the University of
Konstanz's animal facility following standard procedures
[86]. Embryos were raised and staged as described previously [21].
Molecular cloning

Plasmids encoding zebrafish WT Fyn and Yes cDNAs, a
kind gift of Dr. Jeroen den Hertog, were used to create Cterminally tagged EGFP fusion constructs. The following
PCR primers (Eurofins MWG Operon) were designed to
remove stop codons: Fyn-F-(EcoRI): 5′-CGAATTCAT
GGGCTGCGTACAGTG-3′ and Fyn-R-(ApaI): 5′-G
GGGCCCAGAGGTTGTCCCCGGGTTGG-3′; Yes-F(EcoRI): 5′-CGAATTCATGGGCTGCGTAAAAAGC-3′
and Yes-R-(ApaI): 5′-GGGGCCCACAGGTTGTCTCCG
GGCTGATA-3′. Constitutively active (CA) forms were
generated by mutating Tyr residues 531 in Fyn and 540 in
Yes to Phe using instead the following reverse primers:
Fyn CA-R-(ApaI): 5′-GGGGCCCAGAGGTTGTCCCCG
GGTTGGAAC-3′ and Yes CA-R-(ApaI): 5′-GGGGCCC
ACAGGTTGTCTCCGGGCTGAAAC-3′. PCR products
were cloned into pCRII-TOPO (Invitrogen), digested with
EcoRI/ApaI and subcloned into pEGFP-N1 (Clontech).
For expression in zebrafish embryos, inserts lacking 9 bp
upstream of the EGFP stop codon were excised with
EcoRI/BsrGI, and inserted into the corresponding sites of
pCS2 + -EGFP, thereby restoring the full-length fusion
constructs. pCS2 + -EGFP was constructed by inserting
EGFP into the EcoRI/XbaI sites of pCS2+. Mouse PrP
cDNAs containing the 3 F4 epitope were excised from
pcDNA3 and inserted into pCS2+ at the following sites:
HindIII/BamHI for WT, ΔCR and Δ23-31/ΔCR PrP, and
HindIII/XhoI for Δ23-31 PrP. The missing 92 bp fragment
of pCS2+ downstream of the HindIII site (containing the
SP6 promoter) was re-introduced using the cloning oligos
SalI/HindIII-oligo 1: 5′-TCGACgatttaggtgacactatagaatacaa
gctacttgttctttttgcaagctaaatccactgtgatatcttatgttcgatgaacaaga
aaaacgtTTCGA-3′ and SalI/HindIII-oligo-2: 5′-AGCT
TtgcaaaaagaacaagtagcttgtattctatagtgtcacctaaatcG-3′ (Eurofins MWG Operon). Oligos were annealed for 10 min at
50 °C and the resulting fragment was inserted into
pCS2+ at the SalI/HindIII sites. Zebrafish ΔCR PrPs
were generated by deleting amino acids 374-393 (GFGK
KAVVAAGVGAMAGMAI) in PrP-1 and 295-314 (GFGK
QAIIAAGAGAVAGMAL) in PrP-2 via inverse PCR.
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The corresponding WT cDNAs in pCS2+ were used
as templates with the following primer combinations:
PrP-1-ΔCR-Fwd: 5′- pGGCTATGGAATAGGAAACTT
TCAACG -3′/PrP-1-ΔCR-Rev: 5′- pTTTGGATTTTG
CAGAAGGGTTGTAGC -3′, and PrP-2-ΔCR-Fwd: 5′pGGATATGGCCTGGGAAGTTTCCCCCG -3′/PrP-2ΔCR-Rev: 5′- pCTTTGATTTGTAAGAAGGGGCCA
TAC -3′. PCR products were blunt end ligated to generate
circular DNA.
Morpholino and mRNA injections

Lissamine-tagged, non-overlapping morpholinos against
PrP-1 were described earlier [21]: MO-PrP1-1: 5′GGTCCATAAAAAGGTTGAAGAAGCG-3′ and MOPrP1-2: 5′-TCTCTCCCGCAGCACTCTCTGCTCA-3′.
Similarly designed morpholinos against zebrafish Fyn
and Yes [30] were purchased from Gene Tools (Oregon):
Fyn: 5′-TGTCCTTACATTGCACACAGCCCAT-3′ and
Yes: 5′-CCTCTTTACTCTTGACACAGCCCAT-3′. Morpholinos were microinjected at 0.5 ng/nl (PrP-1-1 and -2,
each) and 1.6 ng/nl (Fyn and/or Yes, each) in 1X Danieau
buffer/0.125 % Phenol Red (Sigma). Capped mRNAs were
synthesized in vitro using the mMessage mMachine SP6
kit (Ambion). For comparable levels of PrP overexpression, mRNAs were microinjected in 0.05 M KCl/0.125 %
Phenol Red at 40 ng/μl (WT PrP), 30 ng/μl (ΔCR and
Δ23-31 PrP) and 20 ng/μl (Δ23-31/ΔCR PrP and PrP-1).
For PrP rescue or hypomorph experiments, mRNAs were
co-injected at half the above concentrations. For Fyn and
Yes rescue experiments, mRNAs were co-injected with
morpholinos at 11 pg/nl (WT) and 1 pg/nl (CA), each.
Microinjections were carried out at the one- to-four-cell
stage using an injection volume of 5 nl per embryo. For
phenotypic analyses, at least 200 embryos per experiment
were examined in three independent experiments.
Average numbers of embryos with a given phenotype
are given as the percentage of total embryos treated,
and statistically validated with two-tailed unpaired t-tests.
Images of live embryos were acquired with a LUMAR.V12
microscope (Zeiss) and processed using Axiovision
and Adobe Photoshop CS5.
Chemical inhibitors

Pharmacological inhibitors were co-injected with morpholinos or mRNAs at 100 μM (chloroquine, Sigma),
50 mM (ammonium chloride, Calbiochem), 10 μM (MG132, Calbiochem) in 0.05 % DMSO; 10 or 50 μM
(Dynasore, Calbiochem) in 0.1 % or 0.02 % DMSO,
respectively; and 5 μM (PP2 or PP3) in 0.05 % DMSO; all
final concentrations.
Immunofluorescence

Embryos were stained as described previously [21]. The
following primary antibodies were used: mouse monoclonal
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anti E-cadherin (BD Biosciences, 1:250), anti β-catenin (BD
Biosciences, 1:250), anti-phosphotyrosine (Cell Signaling,
1:500), anti-PrP 6H4 (Prionics, Switzerland); rabbit polyclonal anti β-catenin (Sigma, 1:500) and anti-Src (Cell
Signaling, diluted 1:100). Secondary antibodies: Alexa488 conjugated goat anti-rabbit or -mouse and Cy3conjugated donkey anti-rabbit or -mouse (Jackson Immunoresearch, 1:1000), Cy5 conjugated goat anti-rabbit or
-mouse (Invitrogen, 1:1000). Whole embryos were imaged
as flat (deyolked) or thick (with yolk) mounts on LSM 510
and 710 confocal microscopes (Zeiss), and images were
further processed using Adobe Photoshop CS5. Differences in protein distribution along embryonic axes were
visualized using fluorescence profiles generated with LSM
510 and ZEN software (Zeiss). To study β-catenin translocation, Z-sections of whole embryos were generated and
marginal cells with nuclear β-catenin were counted. To
determine ratios of plasma membrane vs. cytosolic βcatenin in dorsal blastomeres, whole cell/cytoplasm areas
were outlined and the corresponding fluorescence (integrated densities) measured and subtracted using Image J.
Western blot

Embryos were dechorionated in 1 mg/ml Pronase
(Sigma) for 10 min at 30 °C, washed four times in 30 %
Danieau buffer, and mechanically dissociated in deyolking and wash buffer as previously described [87]. The
dissociated embryonic cells were disrupted in ice-cold
lysis buffer (20 mM Tris–HCl, pH 7.5, 2 mM EDTA,
100 mM NaCl, 5 mM MgCl2, 1 % Triton X-100, 10 %
glycerol) supplemented with 1X Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific). Protein
concentrations were determined using the Bradford
Assay (Sigma), and 17 μg of lysate per lane (approximately ten 6-hpf embryos) were loaded onto 10 % or
12 % SDS gels. For improved detection of E-cadherin
isoforms, embryos were dissociated on ice and directly
lysed in SDS loading buffer. The following primary antibodies were diluted in TBS-0.1 % Tween containing 3 %
bovine serum albumin (Sigma Aldrich): mouse monoclonal anti-E-cadherin (BD Biosciences, 1:1000), antiβ-catenin (BD Biosciences, 1:1000), Prion (3F4) antibody
(Covance); rabbit polyclonal anti-phospho-β-catenin
Y142 (1:500), anti-δ-catenin (1:1000), anti-α-tubulin
(1:5000) from Abcam, and anti-Src (1:1000), antiphospho-Src Y416 (1:500), anti-phospho-Src Y527
(1:500) from Cell Signaling; goat polyclonal anti-Actin
(Santa Cruz Biotechnology, 1:1000). The specificity of
commercial antibodies on total and phosphorylated
zebrafish proteins was carefully assessed through comparison of fish and mammalian amino acid target epitopes,
preliminary Western blots and immunofluorescence
controls, as well as experiments published by us and
colleagues [21, 34, 38]. Secondary, HRP-conjugated
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antibodies: rabbit polyclonal goat anti-rabbit or rabbit
anti-goat IgG (H + L) (Jackson Immunoresearch, 1:10000);
goat polyclonal anti-mouse IgG (H + L) (Invitrogen,
1:5000) and anti-human IgG (Sigma Aldrich, 1:10000). The
anti-PrP hybridoma D18 was provided by Dennis R.
Burton (The Scripps Research Institute, La Jolla, CA);
the purified antibody was used at 0.5 μg/ml. The intensity of Western blot signals was quantified using ImageJ and statistically evaluated using Excel and Graphpad
Prism 6.0d.
Drug-based cellular assay (DBCA)

HEK293 (ATCC CRL-1573) cell culture conditions, the
DBCA, and MTT assay have been described previously
[46]. Cells were plated at 70 % confluency, transfected
for 6 h with Lipofectamine 2000 (Invitrogen), and further incubated for 18 h before treatment with 0.5 mg/ml
Zeocin for 24 h at 37 °C.
Aβ treatment

Embryos were dissociated at 5 hpf as described above and
cells were incubated for 1 h at 28.5 °C in 30 % Danieau
medium containing 0.5 μM monomeric or oligomeric Aβ.
Aβ oligomers were prepared as reported previously [88].
Cell lyses and WB analyses were performed as described
above.

Additional files
Additional file 1: Figure S1. Recovery of epiboly in PrP-1 morphants
by treatment with degradation and endocytosis inhibitors. A. Treatment
of PrP-1 morphants with DMSO alone does not restore epiboly. B. Treatment
with protein degradation inhibitors restores AJ components at the plasma
membrane of PrP-1 morphants (only MG-132 shown). Immunofluorescence
(IF) analysis of E-cadherin and β-catenin in the deep cell layer of 6 hpf embryos.
Scale bar = 10 μM. Figure S2. Fyn and Yes act downstream of PrP-1 during
epiboly. A. Immunofluorescence (IF) of E-cadherin and β-catenin in 6 hpf
Fyn and Yes single knockdown embryos. Scale bar = 10 μM. B. Photos of live
embryos at 6 hpf displaying normal or arrested epiboly. Recovery of epiboly
is visible in PrP-1 morphants expressing EGFP-tagged WT or CA Fyn and
Yes. Lissamine (Lis)-tagged PrP-1 morpholinos were used. Figure S3.
Changes in levels of total or phosphorylated SFKs, and phospho-tyrosine
upon PrP-1 knockdown. A. SFK levels in 6 hpf embryos (WB) after injection with
increasing PrP-1 morpholino doses. B. Changes in relative p-Tyr527 levels in
PrP-1 morphants, as measured by densitometric analysis of WB bands. WB for
total or p-Tyr527 SFKs was performed with 6 hpf embryo extracts. Values for
phospho Y527 SFKs were normalized to those of total SFKs. Average values ±
SEM of three independent experiments are depicted. C. Immunofluorescence
of total phosphorylated tyrosine in deep and EVL cells in 6 hpf embryos. Scale
bar = 10 μM. Figure S4. Sequence comparison of mouse and zebrafish
N-terminal polybasic and central regions (CR). A. Basic residues are marked
in turquoise and gray boxes indicate repetitive domains. B. Boxed areas
indicate the CRs. Hydrophobic domains are marked in red. Figure S5.
Effects of embryonic PrP OE on the localization of SFKs and AJ components.
A. Immunofluorescence in dorsal deep cells of 6 hpf embryos
(animal views); arrowheads point at plasma membrane localization; scale
bar = 10 μM. B. Gastrula midsections of 6 hpf ZF PrP-1 overexpressing
embryos, immunostained as indicated and shown from lateral or animal
perspectives. Graphs present fluorescence profiles along the ventral-dorsal
axis (indicated by red arrows; V = ventral, D = dorsal). C. Blastula midsections
of 3 hpf embryos (two different planes from animal view), immunostained
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as indicated; arrowheads point at areas of increased immunofluorescence.
Figure S6. Changes in Src activation and localization upon expression of
mouse and zebrafish PrPs in MCF-7 cells. A. WB analysis with lysates of
MCF-7 cells expressing EGFP-tagged PrPs. B. Subcellular distribution of
EGFP-PrPs and Src immunofluorescence in MCF-7 cells. Scale bar = 10 μM.
C. Quantification of Src immunofluorescence at cell-cell contact sites. Graph
depicts percentages of cells (average values ± SEM) with different percentage
of Src at cell-cell contact sites. Values were normalized to whole cell Src
immunofluorescence. Figure S7. Quantification of cells with nuclear
β-catenin in 3 hpf embryos expressing various PrP constructs. Average
numbers of cells with nuclear β-catenin per embryo ± SEM are shown
(n = 10, three independent experiments). (DOCX 3704 kb)
Additional file 2: Video S1. PrP OE induces a lethal gastrulation
phenotype characterized by mechanical disruption. Time-lapse recording
between 6 and 9 hpf. Control embryo (left), PrP-1 morphant embryo
(center), and embryo overexpressing mouse PrP (right). (MOV 11369 kb)

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
ES carried out experiments, data analysis and helped to draft the manuscript.
EB and DAH participated in the design and analysis of the experiments with
PrP deletion mutants (provided the constructs), aβ peptides and DBCA.
APO generated the zebrafish SFK constructs and their corresponding mRNAs.
EMT conceived, designed and coordinated the study, performed
experiments, analyzed data and wrote the manuscript. All authors read and
approved the final manuscript.
Acknowledgements
We thank J. den Hertog for kindly providing the plasmids encoding zebrafish
Fyn and Yes cDNAs; T. Massignan for her invaluable help with the DBCA
experiments; A.Y. Loos and K. Jechow for animal care and technical
assistance, respectively. This work was supported by grants from the
Deutsche Forschungsgemeinschaft (MA 2525/2-1), the Ausschuss für
Forschungsfragen der Universität Konstanz and the Fondo de Apoyo a la
Promoción de las Publicaciones UPCH to EMT, and National Institutes of
Health (R01 NS040975 and R01 NS065244) to DAH. Dedicated to our dear
friend and colleague Sarah B. Engel.

Page 17 of 19

6.
7.

8.

9.

10.

11.

12.

13.
14.

15.
16.

17.
18.

19.

20.
Author details
1
Department of Biology, University of Konstanz, Constance 78457, Germany.
2
Present address: Department of Pediatrics, Yale University School of
Medicine, New Haven, CT 06520, USA. 3Department of Biochemistry, Boston
University School of Medicine, Boston, MA 02118, USA. 4Present address:
Dulbecco Telethon Institute, Laboratory of Prions and Amyloids, Centre for
Integrative Biology (CIBIO), University of Trento, 38123 Trento, Italy. 5Present
address: Max PIanck Institute for Brain Research, Department of Synaptic
Plasticity, 60438 Frankfurt/Main, Germany. 6Department of Biology,
Universidad Peruana Cayetano Heredia, Lima 31, Perú.
Received: 1 September 2015 Accepted: 18 January 2016

21.

22.
23.
24.
25.
26.

References
1. Novitskaya V, Bocharova OV, Bronstein I, Baskakov IV. Amyloid fibrils of
mammalian prion protein are highly toxic to cultured cells and primary
neurons. J Biol Chem. 2006;281(19):13828–36.
2. Simoneau S, Rezaei H, Salès N, Kaiser-Schulz G, Lefebvre-Roque M, Vidal C,
et al. In vitro and in vivo neurotoxicity of prion protein oligomers.
PLoS Pathog. 2007;3(8):e125.
3. Moreno JA, Radford H, Peretti D, Steinert JR, Verity N, Martin MG, et al.
Sustained translational repression by eIF2alpha-P mediates prion
neurodegeneration. Nature. 2012;485(7399):507–11.
4. Chesebro B, Trifilo M, Race R, Meade-White K, Teng C, LaCasse R, et al.
Anchorless prion protein results in infectious amyloid disease without
clinical scrapie. Science. 2005;308(5727):1435–9.
5. Aguzzi A, Baumann F, Bremer J. The prion’s elusive reason for being.
Annu Rev Neurosci. 2008;31:439–77.

27.

28.
29.

30.
31.

Solomon IH, Schepker JA, Harris DA. Prion neurotoxicity: insights from prion
protein mutants. Curr Issues Mol Biol. 2010;12(2):51–61.
Um JW, Nygaard HB, Heiss JK, Kostylev MA, Stagi M, Vortmeyer A, et al.
Alzheimer amyloid-beta oligomer bound to postsynaptic prion protein
activates Fyn to impair neurons. Nat Neurosci. 2012;15(9):1227–35.
Larson M, Sherman MA, Amar F, Nuvolone M, Schneider JA, Bennett DA,
et al. The complex PrP(c)-Fyn couples human oligomeric Abeta
with pathological tau changes in Alzheimer’s disease. J Neurosci.
2012;32(47):16857–16871a.
Bremer J, Baumann F, Tiberi C, Wessig C, Fischer H, Schwarz P, et al.
Axonal prion protein is required for peripheral myelin maintenance.
Nat Neurosci. 2010;13(3):310–8.
Le Pichon CE, Valley MT, Polymenidou M, Chesler AT, Sagdullaev BT,
Aguzzi A, et al. Olfactory behavior and physiology are disrupted in prion
protein knockout mice. Nat Neurosci. 2009;12(1):60–9.
Steele AD, Emsley JG, Ozdinler PH, Lindquist S, Macklis JD. Prion protein
(PrPc) positively regulates neural precursor proliferation during
developmental and adult mammalian neurogenesis. Proc Natl Acad Sci U S A.
2006;103(9):3416–21.
Stella R, Massimino ML, Sandri M, Sorgato MC, Bertoli A. Cellular prion
protein promotes regeneration of adult muscle tissue. Mol Cell Biol.
2010;30(20):4864–76.
Ochs K, Málaga-Trillo E. Common themes in PrP signaling: the Src remains
the same. Front Cell Dev Biol. 2014;2:63.
Mouillet-Richard S, Ermonval M, Chebassier C, Laplanche JL, Lehmann S,
Launay JM, et al. Signal transduction through prion protein. Science.
2000;289(5486):1925–8.
Linden R, Martins VR, Prado MA, Cammarota M, Izquierdo I, Brentani RR.
Physiology of the prion protein. Physiol Rev. 2008;88(2):673–728.
Bizat N, Peyrin JM, Haik S, Cochois V, Beaudry P, Laplanche JL, et al.
Neuron dysfunction is induced by prion protein with an insertional
mutation via a Fyn kinase and reversed by sirtuin activation in
Caenorhabditis elegans. J Neurosci. 2010;30(15):5394–403.
Nixon R. Prion-associated increases in Src-family kinases. J Biol Chem.
2005;280(4):2455.
Gyllberg H, Löfgren K, Lindegren H, Bedecs K. Increased Src kinase level
results in increased protein tyrosine phosphorylation in scrapie-infected
neuronal cell lines. FEBS Lett. 2006;580(11):2603–8.
Chin J, Palop JJ, Puolivali J, Massaro C, Bien-Ly N, Gerstein H, et al. Fyn
kinase induces synaptic and cognitive impairments in a transgenic mouse
model of Alzheimer’s disease. J Neurosci. 2005;25(42):9694–703.
Minami SS, Clifford TG, Hoe HS, Matsuoka Y, Rebeck GW. Fyn knock-down
increases Abeta, decreases phospho-tau, and worsens spatial learning in
3xTg-AD mice. Neurobiol Aging. 2012;33(4):825. e815-824.
Málaga-Trillo E, Solis GP, Schrock Y, Geiss C, Luncz L, Thomanetz V, et al.
Regulation of embryonic cell adhesion by the prion protein. PLoS Biol.
2009;7(3):e55.
Málaga-Trillo E, Sempou E. PrPs: Proteins with a purpose: Lessons from the
zebrafish. Prion. 2009;3(3):129–33.
Montero JA, Heisenberg CP. Gastrulation dynamics: cells move into focus.
Trends Cell Biol. 2004;14(11):620–7.
Babb SG, Marrs JA. E-cadherin regulates cell movements and tissue
formation in early zebrafish embryos. Dev Dyn. 2004;230(2):263–77.
Ozawa M, Kemler R. Correct proteolytic cleavage is required for the cell
adhesive function of uvomorulin. J Cell Biol. 1990;111(4):1645–50.
Niessen CM, Leckband D, Yap AS. Tissue organization by cadherin adhesion
molecules: dynamic molecular and cellular mechanisms of morphogenetic
regulation. Physiol Rev. 2011;91(2):691–731.
Orsulic S, Huber O, Aberle H, Arnold S, Kemler R. E-cadherin binding
prevents beta-catenin nuclear localization and beta-catenin/LEF-1-mediated
transactivation. J Cell Sci. 1999;112(Pt 8):1237–45.
Davis MA, Ireton RC, Reynolds AB. A core function for p120-catenin in
cadherin turnover. J Cell Biol. 2003;163(3):525–34.
Santuccione A, Sytnyk V, Leshchyns’ka I, Schachner M. Prion protein recruits
its neuronal receptor NCAM to lipid rafts to activate p59fyn and to enhance
neurite outgrowth. J Cell Biol. 2005;169(2):341–54.
Jopling C, den Hertog J. Fyn/Yes and non-canonical Wnt signalling converge
on RhoA in vertebrate gastrulation cell movements. EMBO J. 2005;6(5):426–31.
Sharma D, Holets L, Zhang X, Kinsey WH. Role of Fyn kinase in signaling
associated with epiboly during zebrafish development. Dev Biol.
2005;285(2):462–76.

Sempou et al. Molecular Neurodegeneration 2016, 10:
http://www.molecularneurodegeneration.com/content/10/1/

32. Tsai WB, Zhang X, Sharma D, Wu W, Kinsey WH. Role of Yes kinase during
early zebrafish development. Dev Biol. 2005;277(1):129–41.
33. McLachlan RW, Yap AS. Not so simple: the complexity of
phosphotyrosine signaling at cadherin adhesive contacts. J Mol Med.
2007;85(6):545–54.
34. Lemeer S, Ruijtenbeek R, Pinkse MW, Jopling C, Heck AJ, den Hertog J, et al.
Endogenous phosphotyrosine signaling in zebrafish embryos. Mol Cell
Proteomics. 2007;6(12):2088–99.
35. Bromann PA, Korkaya H, Courtneidge SA. The interplay between Src family
kinases and receptor tyrosine kinases. Oncogene. 2004;23(48):7957–68.
36. Horejsi V, Drbal K, Cebecauer M, Cerny J, Brdicka T, Angelisova P, et al.
GPI-microdomains: a role in signalling via immunoreceptors. Immunol
Today. 1999;20(8):356–61.
37. Piedra J, Miravet S, Castaño J, Pálmer HG, Heisterkamp N, García de Herreros
A, et al. p120 Catenin-associated Fer and Fyn tyrosine kinases regulate
beta-catenin Tyr-142 phosphorylation and beta-catenin-alpha-catenin
Interaction. Mol Cell Biol. 2003;23(7):2287–97.
38. Solis GP, Radon Y, Sempou E, Jechow K, Stuermer CA, Málaga-Trillo E.
Conserved roles of the prion protein domains on subcellular localization
and cell-cell adhesion. PLoS ONE. 2013;8(7):e70327.
39. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of
embryonic development of the zebrafish. Dev Dyn. 1995;203(3):253–310.
40. Schneider S, Steinbeisser H, Warga RM, Hausen P. Beta-catenin translocation
into nuclei demarcates the dorsalizing centers in frog and fish embryos.
Mech Dev. 1996;57(2):191–8.
41. Kelly C, Chin AJ, Leatherman JL, Kozlowski DJ, Weinberg ES. Maternally
controlled (beta)-catenin-mediated signaling is required for organizer
formation in the zebrafish. Development. 2000;127(18):3899–911.
42. Li A, Christensen HM, Stewart LR, Roth KA, Chiesa R, Harris DA. Neonatal
lethality in transgenic mice expressing prion protein with a deletion of
residues 105-125. EMBO J. 2007;26(2):548–58.
43. Turnbaugh JA, Westergard L, Unterberger U, Biasini E, Harris DA.
The N-terminal, polybasic region is critical for prion protein neuroprotective
activity. PLoS ONE. 2011;6(9):e25675.
44. Solomon IH, Khatri N, Biasini E, Massignan T, Huettner JE, Harris DA.
An N-terminal Polybasic Domain and Cell Surface Localization Are Required
for Mutant Prion Protein Toxicity. J Biol Chem. 2011;286(16):14724–36.
45. Westergard L, Turnbaugh JA, Harris DA. A nine amino acid domain is
essential for mutant prion protein toxicity. J Neurosci. 2011;31(39):14005–17.
46. Massignan T, Stewart RS, Biasini E, Solomon IH, Bonetto V, Chiesa R, et al.
A novel, drug-based, cellular assay for the activity of neurotoxic mutants of
the prion protein. J Biol Chem. 2009;285(10):7752–65.
47. Calautti E, Cabodi S, Stein P, Hatzfeld M, Kedersha N, Paolo Dotto G.
Tyrosine phosphorylation and src family kinases control keratinocyte cell-cell
adhesion. J Cell Biol. 1998;141(6):1449.
48. Klinghoffer RA, Sachsenmaier C, Cooper JA, Soriano P. Src family kinases
are required for integrin but not PDGFR signal transduction. EMBO J.
1999;18(9):2459–71.
49. Stein PL, Vogel H, Soriano P. Combined deficiencies of Src, Fyn, and Yes
tyrosine kinases in mutant mice. Genes Dev. 1994;8(17):1999–2007.
50. Denoyelle M, Valles AM, Lentz D, Thiery JP, Boyer B. Mesoderm-independent
regulation of gastrulation movements by the src tyrosine kinase in Xenopus
embryo. Differentiation. 2001;69(1):38–48.
51. Um JW, Kaufman AC, Kostylev M, Heiss JK, Stagi M, Takahashi H, et al.
Metabotropic glutamate receptor 5 is a coreceptor for Alzheimer abeta
oligomer bound to cellular prion protein. Neuron. 2013;79(5):887–902.
52. Paladino S, Lebreton S, Tivodar S, Campana V, Tempre R, Zurzolo C.
Different GPI-attachment signals affect the oligomerisation of GPI-anchored
proteins and their apical sorting. J Cell Sci. 2008;121(Pt 24):4001–7.
53. Kim M, Tezuka T, Tanaka K, Yamamoto T. Cbl-c suppresses v-Src-induced
transformation through ubiquitin-dependent protein degradation.
Oncogene. 2004;23(9):1645–55.
54. Sandilands E, Serrels B, McEwan DG, Morton JP, Macagno JP, McLeod K,
et al. Autophagic targeting of Src promotes cancer cell survival following
reduced FAK signalling. Nat Cell Biol. 2012;14(1):51–60.
55. Takahashi M, Takahashi F, Ui-Tei K, Kojima T, Saigo K. Requirements of
genetic interactions between Src42A, armadillo and shotgun, a gene
encoding E-cadherin, for normal development in Drosophila.
Development. 2005;132(11):2547–59.
56. Nelson WJ, Nusse R. Convergence of Wnt, beta-catenin, and cadherin
pathways. Science. 2004;303(5663):1483–7.

Page 18 of 19

57. Takeda H, Nagafuchi A, Yonemura S, Tsukita S, Behrens J, Birchmeier W.
V-src kinase shifts the cadherin-based cell adhesion from the strong to
the weak state and beta catenin is not required for the shift. J Cell Biol.
1995;131(6 Pt 2):1839–47.
58. Ishiyama N, Lee S-H, Liu S, Li G-Y, Smith MJ, Reichardt LF, et al. Dynamic
and Static Interactions between p120 Catenin and E-Cadherin Regulate the
Stability of Cell-Cell Adhesion. Cell. 2010;141(1):117–28.
59. Fagotto F, Funayama N, Gluck U, Gumbiner BM. Binding to cadherins
antagonizes the signaling activity of beta-catenin during axis formation in
Xenopus. J Cell Biol. 1996;132(6):1105–14.
60. Sanson B, White P, Vincent JP. Uncoupling cadherin-based adhesion from
wingless signalling in Drosophila. Nature. 1996;383(6601):627–30.
61. Heasman J, Crawford A, Goldstone K, Garner-Hamrick P, Gumbiner B,
McCrea P, et al. Overexpression of cadherins and underexpression of
beta-catenin inhibit dorsal mesoderm induction in early Xenopus embryos.
Cell. 1994;79(5):791–803.
62. Bandapalli OR, Dihlmann S, Helwa R, Macher-Goeppinger S, Weitz J,
Schirmacher P, et al. Transcriptional activation of the beta-catenin gene at
the invasion front of colorectal liver metastases. J Pathol. 2009;218(3):370–9.
63. Li Q, Dashwood WM, Zhong X, Al-Fageeh M, Dashwood RH. Cloning of the
rat beta-catenin gene (Ctnnb1) promoter and its functional analysis
compared with the Catnb and CTNNB1 promoters. Genomics.
2004;83(2):231–42.
64. Bellipanni G, Varga M, Maegawa S, Imai Y, Kelly C, Myers AP, et al. Essential
and opposing roles of zebrafish beta-catenins in the formation of dorsal
axial structures and neurectoderm. Development. 2006;133(7):1299–309.
65. Lekven AC, Thorpe CJ, Waxman JS, Moon RT. Zebrafish wnt8 encodes two
wnt8 proteins on a bicistronic transcript and is required for mesoderm and
neurectoderm patterning. Dev Cell. 2001;1(1):103–14.
66. Besnier LS, Cardot P, Da Rocha B, Simon A, Loew D, Klein C, et al. The
cellular prion protein PrPc is a partner of the Wnt pathway in intestinal
epithelial cells. Mol Biol Cell. 2015;26(18):3313–28.
67. Crouthamel M, Abankwa D, Zhang L, DiLizio C, Manning DR, Hancock JF,
et al. An N-terminal polybasic motif of Galphaq is required for signaling
and influences membrane nanodomain distribution. Mol Pharmacol.
2010;78(4):767–77.
68. Biasini E, Unterberger U, Solomon IH, Massignan T, Senatore A, Bian H, et al.
A mutant prion protein sensitizes neurons to glutamate-induced
excitotoxicity. J Neurosci. 2013;33(6):2408–18.
69. Solomon IH, Huettner JE, Harris DA. Neurotoxic mutants of the prion
protein induce spontaneous ionic currents in cultured cells. J Biol Chem.
2010;285(34):26719–26.
70. Biasini E, Turnbaugh JA, Unterberger U, Harris DA. Prion protein at the
crossroads of physiology and disease. Trends Neurosci. 2012;35(2):92–103.
71. Senatore A, Colleoni S, Verderio C, Restelli E, Morini R, Condliffe SB, et al.
Mutant PrP suppresses glutamatergic neurotransmission in cerebellar
granule neurons by impairing membrane delivery of VGCC alpha(2)delta-1
Subunit. Neuron. 2012;74(2):300–13.
72. Ebner-Bennatan S, Patrich E, Peretz A, Kornilov P, Tiran Z, Elson A, et al.
Multifaceted modulation of K+ channels by protein-tyrosine phosphatase
epsilon tunes neuronal excitability. J Biol Chem. 2012;287(33):27614–28.
73. Seong E, Yuan L, Arikkath J. Cadherins and catenins in dendrite and synapse
morphogenesis. In: Cell Adh Migr, vol. 9. 2015. p. 202–13.
74. Andreyeva A, Nieweg K, Horstmann K, Klapper S, Muller-Schiffmann A,
Korth C, et al. C-terminal fragment of N-cadherin accelerates synapse
destabilization by amyloid-beta. Brain. 2012;135(Pt 7):2140–54.
75. Lauren J, Gimbel DA, Nygaard HB, Gilbert JW, Strittmatter SM. Cellular prion
protein mediates impairment of synaptic plasticity by amyloid-beta
oligomers. Nature. 2009;457(7233):1128–32.
76. Mariner DJ, Davis MA, Reynolds AB. EGFR signaling to p120-catenin through
phosphorylation at Y228. J Cell Sci. 2004;117(Pt 8):1339–50.
77. Llorens F, Carulla P, Villa A, Torres JM, Fortes P, Ferrer I, et al. PrP regulates
epidermal growth factor receptor function and cell shape dynamics in
Neuro2a cells. J Neurochem. 2013;127(1):124–38.
78. Giuffrida ML, Tomasello F, Caraci F, Chiechio S, Nicoletti F, Copani A.
Beta-Amyloid Monomer and Insulin/IGF-1 Signaling in Alzheimer's Disease.
In: Mol Neurobiol, vol. 46. 2012. p. 605–13.
79. Canonici A, Steelant W, Rigot V, Khomitch-Baud A, Boutaghou-Cherid H,
Bruyneel E, et al. Insulin-like growth factor-I receptor, E-cadherin and alpha v
integrin form a dynamic complex under the control of alpha-catenin.
Int J Cancer. 2008;122(3):572–82.

Sempou et al. Molecular Neurodegeneration 2016, 10:
http://www.molecularneurodegeneration.com/content/10/1/

Page 19 of 19

80. Eivers E, McCarthy K, Glynn C, Nolan CM, Byrnes L. Insulin-like growth factor
(IGF) signalling is required for early dorso-anterior development of the
zebrafish embryo. Int J Dev Biol. 2004;48(10):1131–40.
81. Giuffrida ML, Caraci F, De Bona P, Pappalardo G, Nicoletti F, Rizzarelli E, et al.
The monomer state of beta-amyloid: where the Alzheimer’s disease protein
meets physiology. Rev Neurosci. 2010;21(2):83–93.
82. Lührs T, Ritter C, Adrian M, Riek-Loher D, Bohrmann B, Döbeli H, et al. 3D
structure of Alzheimer’s amyloid-beta(1-42) fibrils. In: Proc Natl Acad Sci
USA, vol. 102. 2005. p. 17342–7.
83. Kayed R, Head E, Thompson JL, McIntire TM, Milton SC, Cotman CW, et al.
Common structure of soluble amyloid oligomers implies common
mechanism of pathogenesis. Science. 2003;300(5618):486–9.
84. Soreghan B, Kosmoski J, Glabe C. Surfactant properties of Alzheimer’s A beta
peptides and the mechanism of amyloid aggregation. J Biol Chem.
1994;269(46):28551–4.
85. Chen S, Yadav SP, Surewicz WK. Interaction between human prion protein
and amyloid-beta (Abeta) oligomers: role OF N-terminal residues. J Biol
Chem. 2010;285(34):26377–83.
86. Westerfield M. The zebrafish book: a guide for the laboratory use of
zebrafish (Brachydanio rerio); Eugene 1993.
87. Link V, Shevchenko A, Heisenberg CP. Proteomics of early zebrafish
embryos. BMC Dev Biol. 2006;6:1.
88. Fluharty BR, Biasini E, Stravalaci M, Sclip A, Diomede L, Balducci C, et al. An
N-terminal fragment of the prion protein binds to amyloid-beta oligomers
and inhibits their neurotoxicity in vivo. J Biol Chem. 2013;288(11):7857–66.
doi:10.1186/s13024-016-0076-5
Cite this article as: Sempou et al.: Activation of zebrafish Src family
kinases by the prion protein is an amyloid-β-sensitive signal that
prevents the endocytosis and degradation of E-cadherin/β-catenin
complexes in vivo. Molecular Neurodegeneration 2016 10:.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

