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Precise regulation of presenilin expression is required for sea
urchin early development
Odile Bronchain1, Laetitia Philippe-Caraty1,*, Vincent Anquetil2 and Brigitte Ciapa1,‡

ABSTRACT
Presenilins (PSENs) are widely expressed across eukaryotes. Two
PSENs are expressed in humans, where they play a crucial role in
Alzheimer’s disease (AD). Each PSEN can be part of the γ-secretase
complex, which hasmultiple substrates, includingNotch and amyloid-
β precursor protein (AβPP) – the source of amyloid-β (Aβ) peptides
that compose the senile plaques during AD. PSENs also interact with
various proteins independently of their γ-secretase activity. They can
then be involved in numerous cellular functions, which makes their
role in a given cell and/or organism complex to decipher. We have
established the Paracentrotus lividus sea urchin embryo as a new
model to study the role of PSEN. In the sea urchin embryo, the PSEN
gene is present in unduplicated form and encodes a protein highly
similar to human PSENs. Our results suggest that PSEN expression
must be precisely tuned to control the course of the first mitotic cycles
and the associated intracellular Ca2+ transients, the execution of
gastrulation and, probably in association with ciliated cells, the
establishment of the pluteus. We suggest that it would be relevant to
study the role of PSENwithin the gene regulatory network deciphered
in the sea urchin.
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INTRODUCTION
Presenilins (PSENs) are transmembrane proteins that play both
proteolysis-dependent and -independent functions in the cell
(Duggan and McCarthy, 2016; Otto et al., 2016). Two PSENs are
expressed in vertebrates, PSEN1 and PSEN2. Particular attention has
been paid to these proteins since the identification, more than
20 years ago, ofPSEN1mutations that are associatedwith the earliest
familial forms of Alzheimer’s disease (AD). Familial AD (FAD)
represents ∼2% of all AD cases, with the remaining cases being
‘sporadic’ and mostly linked to aging (Lanoiselée et al., 2017; Xia,
2019). PSENs are cleaved into N-terminal (Nter) and C-terminal
(Cter) fragments that form the enzymatic active site of the γ-secretase
complex (Oikawa and Walter, 2019). This complex cleaves the
amyloid-β precursor protein (AβPP), producing amyloid-β (Aβ)
peptides, which form aggregates that are deposited extracellularly as

amyloid or senile plaques during AD (Wolfe, 2019). Around 100
other proteins have been identified so far as γ-secretase substrates,
and besides AβPP, most of them are type-I transmembrane proteins,
such asNotch (Duggan andMcCarthy, 2016; Parks and Curtis, 2007;
Haapasalo and Kovacs, 2011). Notch plays a key role in a range of
very different contexts, including diseases such as cancer and
embryonic development (Collu et al., 2014; Bray, 2016). For
example, Notch is essential for the formation of somites, the
embryonic precursors of the vertebrae, ribs and other adult structures
(Wahi et al., 2016). Therefore, one can speculate that PSENs have a
determinant role during development that is Notch-dependent.

An abundant literature describes studies that have been
carried out in multiple model systems – from in vitro assays,
through cell cultures, to mouse or rat models expressing numerous
mutated PSENs (Duggan and McCarthy, 2016; Oikawa and
Walter, 2019). These studies have shown that PSENs can also
interact, independently of γ-secretase activity, with a variety of
proteins, including BCL-2, β-catenin, GSK3β and ubiquitin. They
are involved in apoptosis, cell signaling, synaptic function and
transcription, among other functions (Parks and Curtis, 2007;
Duggan and McCarthy, 2016). In particular, PSEN2 interacts with
mediators of intracellular free Ca2+ (Cai) homeostasis such as
SERCA pumps, inositol trisphosphate (IP3) and ryanodine receptors
(Duggan and McCarthy, 2016). This role in Cai homeostasis is
reinforced by the fact that PSENs carrying FAD mutations alter
Cai signaling in various in vitro assays (Honarnejad and Herms,
2012; Ho and Shen, 2011). In the light of all these results, one might
then expect that PSENs have a role as crucial as Notch during
development. Indeed, Psen1/Psen2 double-mutant mouse embryos
die at day 9 of development with a phenotype closely resembling
that of mice with full Notch-1 deficiency (Herreman et al., 1999). It
must also be noted that Psen1−/− mouse embryos die after birth and
show massive loss of neuronal progenitors and neurons, defects in
neuronal differentiation and development of the axial skeletal
system (Wong et al., 1997). This clearly indicates that Psen1
expression is linked to neurogenesis, alterations of which in adults
would be in part responsible for the cognitive deficits and memory
loss that occurs in AD (Hollands et al., 2016).

PSENs or PSEN homologs are expressed in genetically distant
species, and the plethora of roles played by these proteins is likely to
represent an ancestral function, as suggested by Otto et al. (2016). In
Caenorhabditis elegans, the PSEN homolog SEL-12 controls Cai
homeostasis, thus regulating morphology, mitochondrial function
and apoptosis (Sarasija and Norman, 2015). In Drosophila, the
PSEN homolog (Psn) controls theWnt pathway and the intracellular
localization of Notch proteins, and is required for proper neuronal
differentiation and associative learning (Guo et al., 1999; Prüßing
et al., 2013). The amoeba Dictyostelium discoideum contains two
PSEN genes, psenA and psenB, which have partially redundant
functions in controlling multicellular development (Otto et al.,
2016), cyclic AMP levels and Cai release (Ludtmann et al., 2014).

Handling Editor: David Glover
Received 7 January 2021; Accepted 24 May 2021

1Paris-Saclay Institute of Neuroscience, CNRS, Université Paris-Sud, Université
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Given that PSEN proteins are a part of many different signaling
pathways, their role in a given cell, tissue or organism is very
complex to unravel. Understanding PSEN activity in more simple
developing animals may thus help to clarify their role.
The remarkable knowledge of the gene regulatory networks

involved in neurogenesis (McClay, 2011; Ben-Tabou de-Leon,
2016) and various events regulating development of the early sea
urchin embryo led us to consider the use of this animal as a new
model organism to study PSENs. Interestingly, various genes that
are involved in neuronal functions in humans are also expressed in
sea urchins (Hinman and Burke, 2018). The sea urchin could
therefore represent a good model to study the role of PSEN in the
development of the nervous system. As demonstrated in other
systems, PSEN interacts with β-catenin and GSK3β, which are
key components of the Wnt pathway that has been thoroughly
investigated in the sea urchin. In the sea urchin, this cascade
interacts with that induced by Nodal and BMP2/4 (bone
morphogenetic protein), which successively generates the
neuroectoderm at the anterior pole of the embryo, the anterior
neuroectoderm (ANE) and then the ciliary band (Hinman and
Burke, 2018). The role of Notch in the sea urchin is also well
characterized, which could help to locate PSEN in the PSEN–Notch
context, as explained above. Indeed, in the sea urchin, Notch
interacts in successive steps with the Wnt pathway to segregate
endomesoderm into separate endoderm and mesoderm fates (Sethi
et al., 2012). Notch cooperates with Nodal to control the
specification of multipotent progenitors that give rise to the
different tissues of the adult after metamorphosis (Materna et al.,
2013). Notch also acts as an anti-neural signal by targeting, as does
Nodal, the zinc finger homeobox Zfhx1/Z81, which functions
during the specification of individual anterior neural precursors and
the differentiation of serotonergic neurons (Yaguchi et al., 2012). In
sea urchin larvae, Notch represses the expression of the pancreatic
and neuronal transcriptional factor Ptf1a in the ciliary band (Perillo
et al., 2016). Finally, diverse mechanistic, molecular and ionic
aspects that regulate the cell cycle, including Cai signaling, have
been analyzed in depth in sea urchin embryos (Whitaker, 2008;
Costache et al., 2014; Kumar et al., 2015). For instance, our
previously published data indicate that levels of Cai and of ERK
activity control the first mitotic divisions (Ciapa and Philippe, 2013)
and cell death fate (Houel-Renault et al., 2013; Philippe et al., 2014)
in sea urchin. The control of ERK activity (Dehvari et al., 2008) and
Cai levels by PSEN in other systems, as mentioned above,
appropriately suggests a role in cell cycle progression. For these
reasons, we have investigated the role of the single PSEN, highly
similar to that of humans, that is expressed in the sea urchin
Paracentrotus lividus. Our results suggest that PSEN controls
different steps of early development, from the first mitotic cell
cycles through gastrulation and at least to the pluteus larva stage.

RESULTS
Expression of PSEN changes during the first two
mitotic cycles
Clones of PSEN transcripts can be found in cDNA libraries
deposited in the P. lividus database (http://octopus.obs-vlfr.fr) that
have been generated either from unfertilized eggs (Pl EGG) or at the
gastrula or pluteus stage (Pl GASPLU). A single PSEN gene is
expressed at these stages. The P. lividus PSEN cDNA clone that we
used in this study contains a stop codon at position 1106 (Table S2).
We do not know the origin of this point mutation. The translated
P. lividus PSEN protein (without taking into account this stop
codon) contains 507 amino acids, with an expected molecular mass

of around 56.7 kDa (calculated using https://web.expasy.org), which
is slightly higher than that of human PSENs (Fig. 1). This protein
contains domains that are highly similar to those of the two
human PSENs, PSEN1 and PSEN2 (Fig. 1). In particular, the nine
transmembrane domains (TM1–TM9), the endoproteolytic cleavage
site, the catalytic sites and the domain that allows recognition by
nicastrin (NCT), a protein of the γ-secretase complex, are particularly
well conserved between the two species (Fig. 1). Notably, the N-
terminal end and a large domain of the cytosolic loop located
between the transmembrane domains TM6 and TM7 are notably
divergent between human and P. lividus PSENs, as is also observed
when comparing sea urchin PSEN sequences from P. lividus and
Strongylocentrotus purpuratus (Fig. S1).

Western blotting performed on extracts of unfertilized eggs using
an antibody raised against a peptide from the Nter region of
P. lividus PSEN (anti-NterPSEN) allowed the detection of three
bands at 48, 35 and 15–16 kDa. These bands all disappeared

Fig. 1. The P. lividus PSEN sequence. Comparison of P. lividus PSEN with
human (Homo sapiens) PSEN1 (NM_007318) and PSEN2 (NM_000447).
Alignment of amino acid sequences was performed using the Clustal Omega
program (https://www.ebi.ac.uk/Tools/msa/clustalo/), and positions are labeled
with Clustal Omega consensus symbols. The transmembrane domains (TM1–
TM9) are indicated (dashed lines). The large region between TM6 and TM7 is a
cytosolic loop where the endoproteolytic cleavage site (red) is located. The
catalytic sites (green) and the domains that allow recognition by nicastrin
(NCT), APH1 and PEN2 are shown.

2

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs258382. doi:10.1242/jcs.258382

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://octopus.obs-vlfr.fr
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258382
https://web.expasy.org
https://web.expasy.org
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258382
https://www.ncbi.nlm.nih.gov/nuccore/NM_007318
https://www.ncbi.nlm.nih.gov/nuccore/NM_000447
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/


with increasing concentrations of the immunogen TA-24 peptide
(Table S1, Fig. S2), confirming the specificity of this antibody.
A commercial antibody raised against the Cter region of human
PSEN1 (anti-CterPSEN) detected two main bands at 20 and 42 kDa
(Fig. 2A, panel b) the intensity of which also declined in the
presence of increasing concentrations of the related immunogen
peptide (Fig. S2). A timecourse after fertilization of PSEN
expression using both antibodies in western blot analysis was then
performed on three different batches of eggs, giving similar results.
Western blots from a representative batch are shown in Fig. 2A and
are quantified in Fig. 2B. A peak of expression was detected at
∼50 min after fertilization, the time when most embryos are at
anaphase, by using either the anti-NterPSEN antibody (Fig. 2A,
panel a; Fig. 2B, panels a and c) or the anti-CterPSEN (Fig. 2A,
panel b; Fig. 2B, panels b and c). These results suggest that the
production of Nter and Cter fragments of PSEN changes during
mitosis. This leads to the question of whether this event is linked to
cell cycle progression.

PSEN controls the first mitotic divisions
The origin of the PSEN Nter and Cter fragments is not yet clearly
elucidated. PSEN could be cleaved by a yet-to-be-discovered
presenilinase or by autoproteolysis. The latter mechanism is
currently the most accepted hypothesis (Brunkan et al., 2005).
Therefore, we first looked for a way to test whether endoproteolysis
of PSEN controls the first mitotic divisions.
To our knowledge, no specific inhibitor of the PSEN cleavage has

been found. In a first set of experiments, we reasoned that a peptide
corresponding to the endoproteolytic domain of PSEN (as described
in the Materials and Methods section) would act as a competitive
inhibitor of a putative enzyme responsible for this cleavage.
However, injection of increasing amounts of such a peptide (up to
100 µg/ml) before fertilization had no effect on early development,

at least until the blastula stage that was normally reached (data not
shown). In a second set of experiments, we tested whether inhibition
of γ-secretase activity using DAPT affected cell cycle progression,
since some γ-secretase inhibitors can reduce PSEN endoproteolysis
(Beher et al., 2001; Campbell et al., 2002). DAPT used at 8 µM is
indeed known to alter neurogenesis in the sea urchin when added
after the blastula or gastrula stages (Materna et al., 2013; Garner
et al., 2016), but whether it affects earlier times of development had
not been tested. The addition, 5 min after fertilization, of increasing
concentrations of this drug to the culture medium did not alter
division even at the highest concentration tested (20 μM, data not
shown). The lack of effect was not due to a low permeability of the
plasma membrane to the drug since its direct injection in the egg
before fertilization led to the same results (Fig. S3). Taken together,
these results suggest that if PSEN cleavage controls the first mitotic
divisions, the involved mechanism is likely independent of
γ-secretase activity.

We next tested whether the two anti-PSEN antibodies
could be used as blocking agents. Microinjections of increasing
concentrations of each of them were performed before sperm
addition and egg fertilization. In our first test experiment, we tested
each antibody at a similar concentration (100 µg/ml). None of the
embryos injected with the anti-CterPSEN antibody (14 injected in
total) divided, whereas all embryos injected with the anti-NterPSEN
antibody divided (12 injected in total). We then repeated this
experiment in two different females with the anti-CterPSEN
antibody used at this same concentration (100 µg/ml) but with a
twofold dilution of the anti-NterPSEN antibody stock (0.8 mg/ml).
All embryos injected with anti-NterPSEN antibody divided (9 and 8
in each experiment, 17 total), whereas almost all those injected with
the anti-CterPSEN antibody (11/12 and 13/15 in each experiment,
24/27 total) did not divide. Typical images are shown in
Fig. 3A. Since the anti-NterPSEN antibody had no effect, despite

Fig. 2. Timecourse of PSEN expression after fertilization. (A)Western blotting and (B) quantification performed using the same extracts fromP. lividus eggs for
each blot and either the anti-NterPSEN antibody (panel a), the anti-CterPSEN antibody (panel b) or an anti-α-tubulin antibody, which was used as loading control
(panel c). The anti-NterPSEN antibody detects three bands, while the anti-CterPSEN antibody detects two bands (MW,molecular mass in kDa). The first embryos
enter mitosis (nuclear envelope breakdown, neb) at 42 min after fertilization, the first embryos showing a metaphase spindle (M) are seen at 55 min and all
embryos have divided (100% div) at 65 min after fertilization. (B) Quantification of bands detected by western blotting was performed as explained in theMaterials
and Methods. Quantification of individual bands detected by the anti-NterPSEN antibody (48 kDa, 35 kDa and 15 kDa) and anti-CterPSEN antibody (42 kDa and
20 kDa) are shown in panels a and b, respectively. The sum of intensities for the bands detected by the anti-NterPSEN and anti-CterPSEN antibodies are shown
in panel c, illustrating that the expression peaks of the Nter and the Cter fragments are remarkably coordinated and occur at the time of mitosis (indicated by the
bold horizontal lines). Data shown are representative of three independent experiments.
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being almost ten times more concentrated than the anti-CterPSEN
antibody, it is likely that the latter has a very deleterious and a
significant effect compared to that of the anti-NterPSEN antibody.
We next tested whether these conditions altered the Cai transients

that normally occur at the time of fertilization, pronuclear migration
and cytokinesis, as seen in non-injected embryos (Fig. 3B, panel a)
and as previously reported (Tosca et al., 2012). These Cai peaks
were recorded in most embryos injected with the anti-NterPSEN
antibody before fertilization (Fig. 3B, panel a). In contrast, almost
all embryos injected with the anti-CterPSEN antibody showed only
the first fertilization Cai peak but not the following mitotic peaks
(data from three of these embryos are shown in Fig. 3B, panel b).
This effect is likely specific, since injection of the anti-NterPSEN
antibody had no effect on this early mechanism. These results
strongly suggest that the Cter fragments of PSEN may act on Cai
signaling and mitotic cycle mechanisms.
Finally, the role of PSEN synthesis was evaluated using a

morpholino (MO)-based knockdown strategy. It is well known that
the rate of protein synthesis is very low in unfertilized eggs and is
stimulated after fertilization (Colin and Hille, 1986). Altering the
maternal stock of any protein before fertilization is therefore difficult,
but de novo synthesis can be blocked from fertilization onward.

Injection of increasing concentrations of an MO targeting PSEN
(PSEN-MO), up to 200 µM, before sperm addition did not affect the
first mitotic divisions until the four to eight-cell stage (Fig. 3C, MO
panel a), a clear delay in divisions being observed when control
embryos are at the 16-cell stage (Fig. 3C,MO panel b). Although we
cannot rule out that the MO did not affect the PSEN early
expression, these results suggest that the stock of PSEN already
present in the unfertilized egg is sufficient to allow progression of
development up to this stage. This stock most probably declines
with time, as indicated by the delay in embryo division after the
eight-cell stage. After the 16-cell stage, development was severely
altered, as described below. Injection of a control MO had no effect
(data not shown).

MO-mediated loss-of-function experiments performed at later
times of development require the use of PSEN mRNAs that are
insensitive to the MO in order to rescue the effect of the MO. The
P. lividus PSEN cDNA clone that we used contains a stop codon at
position 1106, just after the sequence encoding the endoproteolytic
domain (Fig. 1), and would produce a truncated protein containing
only an intact Nter fragment. We therefore made constructs to
produce the following: (1) mRNAmade from the original clone and
sensitive (WtRNA) or made resistant (WtrRNA) to the MO, which

Fig. 3. Role of PSEN during mitosis. (A) Observation by microscopy of embryonic development after injection of anti-PSEN antibodies (Ab) prior to fertilization.
Injected embryos are indicated by an arrow and were identified using a co-injected green fluorescence marker (Fig. S3). After injection with anti-Nter PSEN
antibody (panel a), all embryos divided (17 injected from two different females). After injection with anti-Cter PSEN antibody (panel b), a very rapid arrest of
development occurred (24 out of 27 total injected embryos from two different females), one such non-divided embryo is shown on the right. The vertical line
indicates a join between two areas of the same image. (B) Timecourse of Cai changes after fertilization. Following injection of the anti-NterPSEN antibody (panel
a, pink), Cai peaks that are normally seen in non-injected embryos (red) just after sperm addition (*) and at the time of pronuclei migration (**) and cytokinesis (***)
were recorded in 11 out of 13 total embryos injected with antibody before fertilization. Following injection of the anti-CterPSEN antibody (panel b), the first
fertilization Cai peak (*) but not the following mitotic peaks (** and ***) were normally detected in 14 injected embryos out of 17 embryos from three different
females. Records of three different embryos (E1, E2 and E3) are shown. Cai changes are shown as the ratio of the fluorescence intensities measured at 340 nm
excitation (F340) and 380 nm (F380). (C) Observation by light microscopy of the first mitotic divisions after modifications of PSEN expression. Injected embryos
are indicated by arrows, and were identified using a co-injected green fluorescence marker (Fig. S4). All non-injected embryos divided normally in each
experiment, and all embryos injected with the PSEN MO (top; 158 total, 8 females) divided normally until the four-cell stage (panel a) but with a delay after the
eight-cell stage (panel b). Injection of embryos from two different females withWtRNA (middle left; 21 total) or MutRNA (middle right; 34 total) induced aberrant or
no cleavage, resulting inmostly polynuclear embryos except in four embryos injected withWtRNA that divided normally (*). Embryos injected with MOandWtRNA
(lower left; 26 total) divided normally. Those injected with MO and MutRNA (lower right) either divided, although more slowly than the non-injected embryos (22
embryos), or not (7 embryos; *). Vertical line in the MutRNA panel indicates a join between two areas of the same image.

4

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs258382. doi:10.1242/jcs.258382

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258382
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258382


should lead to the production of a truncated protein lacking the Cter
region; (2) mRNA where this point mutation is modified (see
Materials and Methods) allowing the expression of a full-length
protein and either sensitive (MutRNA) or resistant (MutrRNA) to
the MO. We first tested each of the mRNAs at 0.15 μg/μl, which is
the usual RNA concentration used in our previous experiments
(Bronchain et al., 2017) and used by others to perform rescue
experiments in sea urchins (Duboc et al., 2004). However, we were
puzzled to observe that all embryos (12–19 injected embryos per
mRNA) did not divide properly in these conditions. Both WtRNA
and MutRNA induced aberrant or no cleavage, resulting in
polynuclear embryos, and only rare normally divided embryos
could be seen after injection with WtRNA (Fig. 3C, middle panels).
In order to test whether the effects on division triggered by 0.15 μg/

μl mRNA treatment were specific, we co-injected 150 μMPSEN-MO
to titrate the effect of each mRNA. In these conditions, most embryos
injected with WtRNA and MO divided normally (Fig. 3C, lower left
panel). Embryos injected with MutRNA and MO either divided
(although more slowly than the non-injected embryos) or not
(Fig. 3C, lower right panel). Injection of the MO-resistant RNAs
(WtrRNA and MutrRNA) alone triggered aberrant divisions like
those observed with the corresponding MO-sensitive RNAs, but the
effects could not be prevented byMOco-injection (data not shown). It
is likely that the abnormal divisions induced bymRNA injection were
due to an excess of PSEN synthesis and not non-specific effects
induced by the mRNA itself because the effects of the MO-sensitive
mRNA could only be canceled by the MO. Taken together, these
results suggest that the level of PSEN, and more particularly that of
Cter part of the protein, must not be in excess during mitosis.

PSEN is expressed in endomesoderm at gastrulation stage
The γ-secretase activity of PSEN targets various substrates, one of
which is Notch. Given that Notch plays a key role in the segregation
of mesoderm from endoderm and in the specification of the
secondary mesenchyme cells (SMCs) (Sherwood and McClay,
2001), we studied the expression of PSEN during early
development. Results of immunofluorescence (IF) staining using
the anti-NterPSEN antibody are displayed in Fig. 4A. We observed
that PSEN was first uniformly expressed in the unfertilized egg
until at least the 16-cell stage, and then appeared more concentrated
on the vegetal side of the 18 h blastula embryo, namely in the
endoderm and mesoderm territories, including the primary
mesenchyme cells (PMCs) (McClay, 2011). These territories also
expressed PSEN in the 24 h gastrula, thus giving a heavy staining
at the periphery of the archenteron, in PMCs and SMCs. Similar
results were obtained using the anti-CterPSEN antibody, although
the staining appeared more diffuse and less intense than that
obtained with the anti-NterPSEN antibody (data not shown).
Analysis of western blots using the anti-NterPSEN antibody showed
that PSEN expression dramatically decreased after the first 3–4
mitotic cycles to reach a low level at the blastula stage, after which it
remained more or less constant until the gastrula stage (Fig. 4B).

Our results show that PSEN transcription and expression of the
PSEN protein follow similar kinetics until the blastula stage. The IF
results reported above corroborate those obtained by whole-mount
in situ hybridization studies (WISH) using a DAB staining protocol.
The PSEN antisense probe gave signal as follows: unfertilized eggs
were faintly and uniformly labeled, the 18 h blastula was entirely
stained but appeared more intensely stained in the endomesodermic
half, and a very strong staining was seen around the blastopore,
midgut, hindgut, PMCs and SMCs of the 24 h gastrula (Fig. 5A).
Results obtained by reverse transcription PCR (RT-PCR; Fig. 5B)

Fig. 5. PSEN transcription during development. (A) WISH labeling of
embryos arrested before (unfertilized) and 18 h (blastula) or 28 h (gastrula)
after fertilization. ThePSEN antisense (AS) probe gave a signal while no signal
was detected in this experiment with the sense (S) probe. Unfertilized eggs are
faintly and uniformly labeled, whereas the 18 h blastula is more intensely
stained in the endomesodermic half and the 24 h gastrula is strongly stained
around the blastopore and in the area of the PMCs. (B) Semi-quantitative
RT-PCR (panel a) and quantification (panel b) of PSEN expression in three
similar experiments (Exp1–3). Expression ofS18 is used as an internal control.
PSEN expression decreases 8 h after fertilization to reach a low level at the
blastula stage (∼12–15 h). A burst of expression occurs when embryos
gastrulate (∼20–24 h) with an amplitude that varies with the batch of embryos
(Exp1–3).

Fig. 4. Expression of the PSEN protein during development. (A)
Transmitted light (left panels) and IF images after labeling with the anti-
NterPSEN antibody (right panels) showing unfertilized eggs and 16 cell-stage,
blastula-stage and gastrula-stage embryos. The control experiment with
secondary antibody only did not give any signal (data not shown). PSEN is
uniformly expressed in the unfertilized egg, while a higher level of expression is
observed at the vegetal side in the 18 h blastula and the 24 h gastrula.
(B) Timecourse during development of PSEN expression as determined by
western blotting (panel a) and quantification (panel b) performed using the
same anti-NterPSEN antibody (Ab), with anti-α-tubulin shown as loading
control (MW, molecular mass in kDa). Three PSEN bands are seen, as
explained in Fig. 2, the intensity of which starts to decrease after 8 h of
development. Quantification of the 35 kDa and the 15 kDa bands (panel b) is
performed as explained in the Materials and Methods. Data shown in A and B
are representative of three experiments.
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revealed that PSEN expression started to decrease 8–10 h after
fertilization to reach a low level at the blastula stage, after which it
was transiently stimulated before decreasing again until gastrula
stage. In conclusion, PSEN is first expressed in the whole early
embryo and becomes more and more confined during embryonic
development until expression is restricted to the midgut, hindgut,
the PMCs and the SMCs of the late gastrula.

PSEN is mostly expressed around the digestive system
of the pluteus
We progressed our investigation to the pluteus stage. IF staining of
48 h embryos with the anti-NterPSEN antibody indicated that
PSEN is mostly expressed in cells scattered around the digestive
system (Fig. 6). At this stage, isolated stained cells were embedded
in the stomach epithelium and throughout the stomach, around
the esophagus, as well as in the mouth, the right coelom and the
intestine. The anti-CterPSEN antibody did not give any signal at this
time of development despite the use of various protocols for IF
staining (data not shown). PSEN expression thus seems to mirror
that of Notch, which is known to be essential for the embryonic
development of the gut in sea urchins (Perillo et al., 2016) and in
various other species including amphioxus (Holland et al., 2001)
and mouse (Schröder and Gossler, 2002).
We therefore asked whether PSEN could also have a role in neural

differentiation (Walton et al., 2006). Neurogenic capacity in the sea
urchin embryo is initially present throughout the entire ectoderm
and later becomes restricted to the ANE and the ciliary band
neuroectoderm (CBE) (Slota et al., 2020). We performed triple
stainings using Hoechst 33258, the anti-NterPSEN antibody and an
anti-acetylated tubulin antibody that is commonly used to visualize
the ciliary band of the sea urchin (Wood et al., 2018). Confocal
images of one such labeled pluteus is shown in Fig. 7. As described
above, cells expressing PSEN were mostly found around the
digestive system. Although some of these cells were obviously not
labeled with the anti-acetylated tubulin antibody, irrespective of the
observation focus, most also expressed acetylated tubulin. A few

other cells expressing PSEN but not acetylated tubulin were also
seen in the posterior part of the embryo. Finally, a faint PSEN
staining coupled to that of acetylated tubulin could be detected in the
ciliary band. In conclusion, most cells that express PSEN seem to be
ciliated cells at the pluteus stage.

PSEN expression is required for normal embryonic
development
Finally, we studied the role of PSEN synthesis during development
by using the MO-based strategy and mRNAs made as described
above. The results are shown in Fig. 8A–F, and quantification after
24 h of development is presented in Fig. 8G. Normal embryos were
observed to be at the blastula stage at∼12–15 h (Fig. 8A, panel a1), at
which time they started to gastrulate and look like ‘small gastrulae’
(Fig. 8A, panel a2). Fully invaginated gastrulaewere then observed at
23–26 h (Fig. 8A, panels b1 and b2), after which they elongated until
forming plutei 2 days after fertilization (Fig. 8A, panel c). Injection
with 150 µM PSEN-MO induced cell death that started after the 16-
cell stage. Half of the MO-injected embryos were found dead 24 h
after fertilization (Fig. 8G) and less than a third of the population
survived 2 days after fertilization. Around a third of the MO-injected
population developed to morula stage (Fig. 8B, panel a) and then to
blastula stage, with most staying at this stage 24 h after fertilization
(Fig. 8B, panels b1–b3; Fig. 8G). These embryos did not significantly
develop further but rather started to die, although we observed a few
embryos that were clearly gastrulated but were of smaller size and/or
without a fully invaginated archenteron (Fig. 8B, panels c1–c3). This
rare event occurredwith a noticeable delay, since control non-injected
embryos observed at the same time were plutei, as shown in Fig. 8A,
panel c. Injection of a control MO did not have any effect (data not
shown).

We performed rescue and titration experiments with the different
PSEN mRNAs, as described above. We first tested each of them to
assess their individual effect. A preliminary dose-response assay
indicated that a concentration of 0.08 µg/ml of each mRNA allowed
the best rate of gastrulation when injected individually (data not

Fig. 6. Expression of PSEN in the pluteus.Observation of a pluteus following
IF staining with the anti-NterPSEN antibody. The transmitted light image (A)
and the epifluorescence images obtained at different focal planes (B–E) are
shown as a merged image in F. At this stage, isolated stained cells are
embedded in the stomach epithelium and throughout the stomach, around the
esophagus (oe), the mouth (m), the intestine (i) and the right coelom (rc).
Seven plutei were imaged, giving similar results.

Fig. 7. Co-expression of PSEN with acetylated tubulin. Transmitted light
image (A) and confocal fluorescence images (B–H) of one pluteus
(representative of five analyzed plutei) stained with Hoechst 33258 (blue), anti-
NterPSEN antibody (green) and anti-acetylated tubulin antibody (red). Cells
expressing PSEN are found isolated and embedded in the stomach epithelium
and throughout the stomach, around the sphincter and the esophagus, and in
the upper lip of the mouth. Some cells are clearly either double stained for
PSEN and acetylated tubulin (red arrows) or only stained for PSEN (green
arrows) in images from multiple focal planes. Inset images in D and G show 2×
enlargements to highlight the intricate co-labeling of NterPSEN and acetylated
tubulin in the esophagus area (red asterisks; inset in D) and the ciliary band
(white asterisks; inset in G).
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shown). We observed that 80–90% of embryos injected with the
WtRNA only developed to blastula stage (Fig. 8C, panel a) and then
to normal gastrula stage (Fig. 8C, panel b1; Fig. 8G), although
10–20% of them, depending on the batch of embryos used,
remained as small early gastrulae even after 24 h of development
(Fig. 8C, panels b2 and b3). After 2 days of development, the small
gastrulae did not develop further (Fig. 8C, panel c1), while the
normal gastrulae either remained at this stage or developed into
plutei that were more or less elongated (Fig. 8C, panels c2 and c3).
Comparable results were obtained with the corresponding RNA
insensitive to the MO, WtrRNA (Fig. 8G). Injection with the
MutRNA and its corresponding RNA insensitive to the MO,
MutrRNA, gave similar results, although the percentages of
successful gastrulation were a little lower than those measured
following injection with the WtRNA (Fig. 8G).

Co-injections of the PSEN-MO together with each mRNA
were then carried out. A general view of the results indicates that
addition of any of the mRNAs to the MO injection reduced
the percentage of dead embryos and increased the occurrence of
gastrulation in comparison to that recorded after injection of the MO
alone (Fig. 8G). We first titrated the effect of the MO by co-injecting
with either WtRNA or MutRNA, which are sensitive to the MO.
Comparable results were obtained for each mRNA (Fig. 8G). Around
60% of the embryos survived 24 h after fertilization. Rare normal
gastrulae were seen (Fig. 8D, panel b1), with most other embryos
resembling very small gastrulae (Fig. 8D, panel b2) or remaining at
the blastula stage (Fig. 8D, panel b3). At 48 h after fertilization, a
third of these embryos were found to be dead, and the surviving
embryos had not significantly developed further. The small gastrulae
mostly resembled those seen in Fig. 8D, panels c1–c3, and the normal

Fig. 8. The role of PSEN expression during embryonic development. (A–F) Typical phenotypes (numbered 1–4) of injected embryos observed by transmitted
light microscopy at 16–18 h (a), 23-26 h (b) and 44-48 h (c) after fertilization, times corresponding to the blastula, gastrula and pluteus stages, respectively, of non-
injected embryos (control). All injected embryos fluoresce in red (Fig. S5) and description of each phenotype is as given in the text. (A) Control development. Two
views of a gastrula; one taken from the side of the archenteron (b1) and one a lateral view (b2) are shown. (B) MO injection. (C) MO-sensitive WtRNA injection.
(D) Dual injection of MOwith theMO-sensitiveWtRNA. (E) Dual injection of MOwithWtrRNA, which is resistant to theMO. (F) Dual injection of MOwith MutrRNA,
which is resistant to the MO. The plutei labeled with a black asterisk (D, panel c4; F, panel c4) are control plutei included for comparison with the treated plutei in
the same image, which are smaller in size. (G) Quantification of all results at 24 h of development as percentages of embryos with each phenotype (dead, at
morula or blastula stage, or at normal or abnormal gastrula stage). Embryos were injected with eachmRNAwithout (panel a) or with MO (panel b). Data shown are
mean±s.e.m. of n different females for a total ofN embryos (as indicated; n,N ) that have divided normally at least once after injection of the different RNAs with or
without MO. It must be noted that among the 17 females used in total, each was used to test between one (MO only) and five different conditions that may differ
between females. However, for embryos from the same female, the percentage of dead embryos was significantly decreased (two-tailed unpairedStudent’s t-test;
P<0.01) and the percentage of abnormal or normal gastrula was significantly increased (two-tailed unpaired Student’s t-test; P<0.01) following co-injection of
each RNAwith the MO, as compared with the values obtained after injection with the MO alone. The percentage of dead embryos and the percentage of normal
gastrula following MutrRNA and MO co-injection were significantly decreased and increased (two-tailed unpaired Student’s t-test), respectively, when compared
to those obtained following WtrRNA and MO co-injection in embryos from each of the three common females used to test these two conditions.
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gastrulae remained exactly at that same stage, except one that
developed into a small pluteus (Fig. 8D, panel c4).
Lastly, we performed experiments to rescue the MO effect by co-

injecting with either WtrRNA or MutrRNA, which had been made
insensitive to the MO. Co-injection of the MO with WtrRNA gave
rates of survival and gastrulation that were very similar to those
induced after co-injection with the MO-sensitive mRNA (Fig. 8G).
The surviving 24 h embryos either reached gastrula stage (Fig. 8E,
panel b1), or resembled blastulae that were invaginated (Fig. 8E,
panel b2) or not (Fig. 8E, panel b3). At 48 h, some gastrulae
appeared more elongated (Fig. 8E, panel c1), and a few blastulae
had developed into small gastrulae (Fig. 8E, panel c2). The MO-
insensitive MutrRNA gave the lowest rates of death and the best
rates of gastrulation (Fig. 8G). A total of 75% of these co-injected
embryos survived 24 h after fertilization, appearing either as normal
gastrulae (Fig. 8F, panel b1) or as blastulae that were more or less
invaginated (Fig. 8F, panel b2). At 48 h, a few blastulae had become
aberrant gastrulae (Fig. 8F, panels c1 and c2), and a few gastrulae
had developed into plutei, although these were of a smaller size than
that of non-injected control plutei (Fig. 8F, panels c3 and c4). These
results strongly suggest that de novo synthesis of PSEN is not only
required for development but must also be tuned at a critical level in
at least two steps: during gastrulation and during the differentiation
steps that set up the pluteus larva.

DISCUSSION
Given the multiple properties of PSEN that are either dependent on
or independent of γ-secretase activity, it is not surprising that we
found the PSEN protein to be involved at various steps of
development in the sea urchin.

Only one copy of the PSEN gene is expressed in the
sea urchin
A single copy of the PSEN gene is found in the genome of sea
urchins. A recently published evolutionary history study that includes
S. purpuratus reports that PSEN is represented by two paralogs in
vertebrates (PSEN1 and PSEN2), whereas in invertebrate metazoans
it is in unduplicated form, with the exception of C. elegans, in which
presenilin is represented by three paralogs (SEL-12, HOP-1 and SPE-
4) (Khan et al., 2020). The authors of this study suggest that
presenilins might have their origin in the last common eukaryotic
ancestor (LCEA). It is probable that studying PSEN in different
model species could lead to new avenues regarding both its catalytic
and noncatalytic roles.

PSEN γ-secretase acts during development but does not
affect the first mitotic divisions
In the γ-secretase complex, PSEN normally interacts with APH1
(APH1A and APH1B in humans), PEN2 (also known as PSENEN
in humans) and nicastrin, all of which are expressed in the sea
urchin, although the sea urchin and human homologs of these
proteins have a lesser degree of sequence similarity than observed
for PSEN (Table S3). The domains allowing recognition of PSEN
by these proteins are also well conserved (Fig. 1). Our MO injection
experiments and the fact that the γ-secretase inhibitor DAPT alters
development after the blastula stage (Ohguro et al., 2011) strongly
suggest that one of the means of control exercised by PSEN on
development occurs through γ-secretase activity. However, the
control of the first mitotic divisions by PSEN is likely to be
independent of this activity since neither DAPT treatment nor
injection of a peptide corresponding to the endoproteolytic domain
of PSEN affected these early times of development.

PSEN endoproteolysis and the role of the Cter and
Nter fragments
In humans, the endogenous PSEN exists in vivo only as Cter and
Nter fragments, and the full-length protein is usually barely
detectable (Thinakaran et al., 1996). A ‘presenilinase’ has not
been identified yet, and the accepted dogma is that endoproteolysis
is an autocatalytic cleavage event (Brunkan et al., 2005). The
expected 37 kDa Nter and 19.5 kDa Cter fragments of the sea urchin
PSEN protein that should thus be formed correspond to the main
bands detected in our western blotting experiments by the anti-
NterPSEN antibody (35 kDa) and the anti-CterPSEN antibody
(20 kDa), respectively. The 48 kDa and 42 kDa bands detected by
the anti-NterPSEN and anti-CterPSEN antibodies, respectively,
could therefore represent the full-length PSEN protein. However,
these molecular masses are somewhat smaller than that expected
(56 kDa). This could be due to cleavage by endopeptidases at other
diverse sites that can be found in the sequence of the sea urchin
PSEN (as predicted using https://web.expasy.org/cgi-bin/peptide_
cutter/peptidecutter.pl), which could also lead to the production of
the 15 kDa band detected by the anti-NterPSEN antibody. As a
matter of fact, this hypothesis has been proposed to explain the
detection of bands of various sizes in western blots of human
PSEN1 and PSEN2 (Mathews et al., 2000).

The Cter and Nter fragments of PSEN have properties of their
own. For example, the Cter fragment of PSEN1 associates with
β-catenin (Tesco et al., 1998), which via the Wnt pathway controls
centrosomal functions, including mitotic spindle formation and
centrosome separation (Bryja et al., 2017). The Cter fragment of
PSEN2, but not the full-length protein, associates with sorcin, a
modulator of the ryanodine receptor (Pack-Chung et al., 2000).
These results could explain the arrest of mitosis and the alterations
of the mitotic Cai transients that we observed in sea urchin embryos
after injection of the anti-CterPSEN antibody but not after injection
of the anti-NterPSEN antibody. This crucial role of the Cter
fragment during mitosis is also illustrated by the fact that an increase
in the level of the full-length protein, which was most probably
induced after injection of the MutRNA, seems to be more potent to
alter mitosis than the increase in levels of the truncated protein
lacking the Cter part after injection of the WtRNA. On the other
hand, the best scores in rescue experiments were obtained when
using the MutrRNA, which allows expression of the full-length
protein. It is therefore possible that the Cter fragment of PSEN plays
specific roles during development.

Correct expression of PSEN is essential for early
development
Critical thresholds of PSEN expression level are obviously required
to control different stages of development. How the level of PSEN is
regulated in a defined area of the cell or of the embryo is most
probably very complex; presenilins are expressed in various
intracellular areas including the endoplasmic reticulum (ER),
Golgi and cell surface (Area-Gomez et al., 2009; De Strooper
et al., 1997; Escamilla-Ayala et al., 2020), where their turnover most
probably varies. Too much expression, as triggered after mRNA
injection, obviously alters the first mitotic cell division and is clearly
harmful for the gastrula, which subsequently develops into the
pluteus. On the other hand, too low a level of expression (as
triggered by MO injection) is toxic, with half of the MO-injected
embryos only reaching the blastula stage, and a critical level of
PSEN is clearly required for gastrulation. This latter result was
expected since the γ-secretase activity of PSEN cleaves Notch,
which is essential throughout gastrulation (Sherwood and McClay,
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1999, 2001). Various signaling pathways, including those
controlling the cell cycle, rely on a precise control of Cai
homeostasis. They therefore respond to any stimulation or
inhibition of Cai release or uptake from or into intracellular
compartments (in ER, mitochondria and lysosomes, as well as
through the plasma membrane). It is probable that a loss (via
injection of MO or antibodies) or gain (via injection of mRNA) of
PSEN function both lead to Cai alterations and alterations of
development. This also probably explains the variable degree of
development alteration obtained upon co-injection of the MO and
mRNA, whether sensitive to the MO or not, which should give
intermediate levels of PSEN between the ‘too much’ (mRNA alone)
and the ‘not enough’ (MO alone) level.
In the pluteus, cells expressing PSEN are mostly found around

the digestive system. At that time of development, the role of PSEN
would still complement that of Notch, which acts during endoderm
development in Xenopus (Contakos et al., 2005), chicken (Matsuda
et al., 2005), zebrafish (Kikuchi et al., 2004) and Drosophila (Fuss
and Hoch, 2002), and which is known to be essential for gut
development in amphioxus (Holland et al., 2001) and mouse
(Schröder and Gossler, 2002). A few of these PSEN-positive
cells appeared to be blastocoelar cells, which are known to be
concentrated around the stomach and to mediate the larval immune
response (Buckley and Rast, 2017). PSEN could therefore be
involved in the differentiation of these immune cells, again probably
through Notch, which itself has long been known to be associated
with this event (Benson et al., 2004). One can arguably wonder
whether PSEN, mainly expressed around the gut, is involved in the
development and/or the function of the neural system. This is
possible, since PSEN is expressed in areas of the sea urchin embryo
that are known to be neurogenic. For example, oral ganglia innervate
the lower lips of the mouth, a diffuse network of neural processes
overlays the esophagus (Burke et al., 2006), and neurons are found
in the intestine and in the anus (Nakajima et al., 2004). Interestingly,
pharyngeal neurons that develop de novo from the endoderm have
been described byWei et al. (2011). Moreover, cells expressing one
or more neuropeptide precursor genes are located around the mouth
and in the mid- and fore-gut (Wood et al., 2018), and it would be
pertinent to investigate whether these cells are those expressing
PSEN. Finally, some of the cells expressing PSEN around the gut
were co-labeled with the anti-acetylated tubulin antibody that is
commonly used to visualize stable microtubules, including those of
primary cilia. Ciliated cells of the gut lumen are involved in the
feeding of the larva, and PSEN could be related to the neural control
that must necessarily act on the ciliary beating of these cells
(Annunziata et al., 2014). We also detected co-labeling for PSEN
and acetylated tubulin in the ciliary band, which in the sea urchin is
linked to the gut by sensory and motor neurons (Wood et al., 2018).
Cilia serve as hubs of cell signaling activity in many organisms,
especially during embryonic development (Morris and Vacquier,
2019). Mobile cilia are particularly necessary in sea urchins for
Hedgehog signaling (Morris and Vacquier, 2019; Warner et al.,
2013). Indeed, Hedgehog and Notch signaling interact together in
ciliated cells to influence neuronal specification (Morris and
Vacquier, 2019; Kong et al., 2015) and in the gut to regulate the
development of the enteric nervous system (Liu and Ngan, 2014).
Expression of PSEN in ciliated cells may then well be linked to
Notch, the role of which in neural specification and regulation of
proneural networks is well characterized in the sea urchin (Burke
et al., 2014). This role of Notch is indeed very well conserved from
Drosophila to humans, being critical in neural stem cell
maintenance and neurogenesis in the embryonic brain, as well as

in the adult brain (Zhang et al., 2018). Finally, expression of PSEN
was seen in the aboral ectoderm in cells that are obviously not
ciliated cells. The regulation of oral–aboral ectoderm specification
in the sea urchin embryo has been extensively studied in recent
years. It would be interesting to study whether PSEN, via the Notch
cascade, interferes with the Nodal (Materna et al., 2013) and BMP
pathways, which are well known to play a key role in driving the
setting of dorsal–ventral patterning in the sea urchin embryo
(Floc’hlay et al., 2021) and possibly in all chordates (Su et al.,
2019).

In conclusion, it would be relevant to study the role of the PSEN
gene within the gene regulatory networks of sea urchin species,
particularly those networks involving Notch and that control either
morphogenesis of the gut (Annunziata et al., 2014) or neurogenesis
(Hinman and Burke, 2018). This could help us to understand, for
instance, how the regulation of hippocampal adult neurogenesis by
PSEN is affected within AD (Hollands et al., 2016). In this regard,
the study of PSEN evolution mentioned above (Khan et al., 2020)
found that presenilin protein sites that undergomutations in FAD are
highly conserved in metazoans. The authors of this previous study
suggest that the involvement of presenilin in AD pathogenicity
cannot be ascribed to a single function such as amyloid-β
production. It is clear that new approaches and new models could
bring new insights to argue against the ‘amyloid hypothesis’, which
seems to be more and more debated (Tse and Herrup, 2017) and
has so far led to neither new methods of diagnosis nor novel
therapies.

MATERIALS AND METHODS
Handling of gametes and treatment of embryos
Gametes of Paracentrotus lividus were collected, prepared and fertilized in
artificial sea water (ASW; Reef Crystals Instant Ocean), as described
previously (Philippe et al., 2014). The γ-secretase inhibitor N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) was
dissolved in DMSO and used at a final concentration of 8 μM.

For western blotting or semi-quantitative RT-PCR analysis, samples of
eggs and embryos were taken before or at different times after fertilization
and treated as previously described (Philippe et al., 2014; Ciapa and
Philippe, 2013) to obtain dry pellets that were frozen at−80°C until analysis.
For immunofluorescence labeling or in situ hybridization experiments, eggs
were fertilized in the presence of 1 mM ATAZ (3-amino-1,2,4-triazole;
Sigma) to prevent hardening of the fertilization membrane. At 2 min after
fertilization, eggs were diluted ten times in ASWand quickly filtered several
times through an 85 µm filter to remove fertilization membranes. Decanted
embryos were rinsed twice in ASW and then left to develop in ASW until
arrest at various times post fertilization. Samples were diluted twice in ASW
containing 8% paraformaldehyde (PFA) and left for fixation for 1 h in this
medium. Embryos were then rinsed once by decantation with TBS (Tris-
HCl 10 mM, NaCl 150 mM, pH 7.4) and finally taken up in TBS and
glycerol (1:1) where they were kept at −20°C until use.

Western blotting
Dry egg pellets were dissolved in sample buffer [SB: 40% glycerol, 2%
SDS, 0.05% Bromophenol Blue and 100 mM dithiothreitol (DTT)] and
heated to 95°C. Proteins were separated using SDS–PAGE. Western
blotting and dilutions of all antibodies were performed as previously
described (Zhang et al., 2005; Ciapa and Philippe, 2013) using the following
antibodies: (1) an anti-NterPSEN antibody (1:1000), made in rabbit
immunized against a peptide (TA-24; see sequence in Table S1) located in
the Nter part of the P. lividus PSEN sequence (Proteogenix SAS, France);
(2) a commercial anti-CterPSEN antibody (1:1000; anti-presenilin 1; C-20;
sc-1244; Santa Cruz Biotechnology) with associated blocking peptide sc-
1244 P (Santa Cruz Biotechnology); and (3) a mouse anti-α-tubulin
antibody (1:2000; CP06; Calbiochem). Bands were quantified using ImageJ
(NIH, Bethesda, MD), normalized by comparison to the α-tubulin signal
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and then expressed relative to the value determined in control eggs or
embryos, which was arbitrarily taken as one.

PSEN immunostaining
Fixed eggs and embryos were rinsed in TBS containing 2% Triton X-100
(TBS-T), and labeling was performed as described previously (Zhang et al.,
2005) using the anti-NterPSEN antibody (1:500) with an anti-rabbit IgG
FITC-conjugated secondary antibody (Jackson), and an anti-acetylated
tubulin antibody (1:1000; a gift from Ina Arnone, Stazione Zoologica di
Napoli, Naples, Italy) with an anti-mouse IgG rhodamine-conjugated
secondary antibody (Jackson). For Hoechst staining, embryos were
incubated for 30 min with 5 µg/ml Hoechst 33258 (Polysciences) and
rinsed again three times with TBS-T.

Transmitted light images and fluorescence images were taken using a
Nikon D600 after observation by epi-fluorescence with a Nikon Eclipse
TE300 equipped with a 20× Plan Fluor Nikon objective. Confocal
microscopy analysis was performed using a Zeiss LSM 700 and a 40×
objective. Stacks of images taken every 3 µm were acquired on the entire
depth of the embryo.

Whole-mount in situ hybridization
To obtain a PSEN probe for whole-mount in situ hybridization (WISH), we
used a clone (SPOACLEB43YL17) from a P. lividus cDNA library (http://
octopus.obs-vlfr.fr). The translated sequence of the insert, initially in the
pSPORT-Sfi vector, was transferred to pBluescript II KS+ using the pair of
primers PSENpBl-Fw and PSENpBl-Rv. All primers and sequences are
given in Table S1 and Table S2, respectively.

DIG-labeled WISH probes were synthesized using Hind III/T7 RNA
polymerase for the sense probe (negative control) and BamH1/T3 RNA
polymerase for the antisense probe (to detect PSEN sense RNA) and were
labeled using digoxigenin-11-UTP (Roche). WISH was performed on fixed
embryos following a protocol described by Duboc et al. (2004).

Semi-quantitative RT-PCR
Total RNAwas purified from dry pellets of embryos using an RNeasy Plus
Micro Kit (Qiagen) following the manufacturer’s protocol. 1 µg RNA of
each sample was reverse transcribed using the SuperScript II RT kit
(Invitrogen) and 0.2 µM reverse primers (PSEN-Rv and S18rt-Rv;
sequences in Table S1) for both PSEN and S18 (Pliv08122.1, used as
internal control), according to the manufacturer’s instructions. Sequences
were retrieved from a P. lividus cDNA library (http://octopus.obs-vlfr.fr).
PCR was then performed using the GoTaq G2 Flexi DNA Polymerase kit
(Promega) on equal amounts of cDNAwith forward and reverse primers for
either PSEN or S18 rRNA (PSENpcr-Rv, PSENpcr-Fw, S18pcr-Rv and
S18pcr-Fw; sequences in Table S1). PCR was performed with an initial
denaturation step at 95°C for 30 s; 25 cycles of denaturation at 95°C for 30 s,
annealing at 58°C for 30 s and extension at 72°C for 30 s; and a final
extension at 72°C for 8 min. Aliquots (10–50%) of each amplicon were run
on 2% agarose gels. Bands were quantified using ImageJ, normalized by
comparison to S18 levels and then expressed relative to the value determined
in control embryos, which was arbitrarily taken as one.

Morpholinos and PSEN mRNA
The PSEN-MO, which targets a fragment of the 5′ region, and a standard
negative control morpholino (ContMo), which targets a human β-globin
intron containing a β-thalassemia mutation, were obtained from Gene Tools
(Table S1).

The PSEN original sequence (Wt) in pBluescript II KS+, as described
above, is targeted by the PSEN-MO but contains a stop codon sequence. We
replaced this stop codon with the corresponding coding sequence found in
the S. purpuratus PSEN, Sp-presenilin (SPU_006912) to obtain a new
plasmid (Mut) containing a full coding sequence. The Wt plasmid was PCR
amplified using Platinum SuperFi DNA Polymerase (Thermo Fisher
Scientific) with the phosphorylated primers P-PSEN-Fw and P-PSEN-Rv
(sequences in Table S1). The resulting PCR product was purified by
NucleoSpin PCR Clean-up (Macherey Nagel) and self-ligated using T4
DNA ligase (Fermentas). Transformation was performed with One Shot

TOP10 Chemically Competent E. coli (Invitrogen), following the
manufacturer’s protocol. Sequences of all plasmids were verified by
Sanger sequencing before further use.

The corresponding morpholino-resistant plasmids (Wtr and Mutr) were
built by overlapping PCR and by using the primers T7-Fw and MoR-Fw
with the T3-Rv primer (sequences in Table S1). PCR was carried out with
RedTaq PCR master mix (Sigma-Aldrich) and the Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific), following the manufacturer’s
instructions. Subsequent PCR products were gel purified (NucleoSpin Gel
and PCR Clean-up; Macherey Nagel) and used to perform overlapping PCR
with the primers PSENpl-Fw and PSEN-Rv (sequences in Table S1) under
the same experimental conditions (using a mix of RedTaq and Phusion
High-Fidelity DNA Polymerase). The resulting PCR product was gel
purified and cloned into pGEM-T Easy vector (Promega) following the
manufacturer’s protocol. The resulting plasmids were verified by Sanger
sequencing, and one clone with T7 promoter sequence upstream of the
modified PSEN sequence was kept as the PSEN-MoR plasmid.

The four plasmids (Wt, Wtr, Mut and Mutr) were used for in vitro
transcription. All RNAs (WtRNA, WtrRNA, MutRNA and MutrRNA)
were synthesized using the T7 mMessage mMachine (Ambion), as
described by the manufacturer, using 1 μg of HindIII-linearized plasmid
DNA matrix. After 2 h of incubation, the mixture was treated with
turboDNAse (Ambion), and RNA was purified using phenol:chloroform
then precipitated with isopropanol. RNA integrity and size were assessed on
a 1% agarose gel, and RNA concentration was quantified using a Nanodrop.
All sequences are listed in Tables S1, S2.

Injections
All injections were conducted as previously described (Houel-Renault et al.,
2013). Fluorescent injected eggs were detected under a Nikon Eclipse
TE300, equipped with a 20× or 40× Plan Fluor Nikon lens. A peptide
corresponding to the endoproteolytic domain of PSEN (Cliv-Pep, sequence
in Table S1) was synthesized (Proteogenix SAS, France). Antibodies, MO,
mRNAs and the peptide were diluted in distilled water containing 2 mM
carboxyfluorescein to visualize the injected eggs. We used a twofold
dilution of the anti-CterPSEN antibody stock solution (200 µg/ml), up to a
twofold dilution of the anti-NterPSEN antibody stock solution (1.6 mg/ml)
and up to 100 µg/ml Cliv-pep. Morpholinos were injected at concentrations
up to 150 µM. Increasing amounts of mRNAs (0.05–0.2 µg/µl), alone or
together with the MO, were injected, as explained in the text.

Intracellular Ca2+ imaging
Cai was measured as described previously (Ciapa and Philippe, 2013) by
using 10 kDa Fura-2 dextran (Molecular Probes). Results are shown as the
ratio of Fura-2 (340/380 nm excitation ratio).
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